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Synthesis of Core-Crosslinked Star Polymers via Organocatalyzed 
Living Radical Polymerization 
Yichao Zheng,a Jit Sarkar,a Hiroshi Niino,b Shunsuke Chatani,b Shu Yao Hsub and Atsushi Goto *a 

Core-crosslinked star polymers were prepared using organocatalyzed living radical polymerization via a “grafting-through” 
approach. A PBA homopolymer, an amphiphilic PMMA–PPEGA block copolymer, and a hard-soft PMMA–PBA block 
copolymer were synthesized as macroinitiators, where PBA is poly(butyl acrylate), PMMA is poly(methyl methacrylate), 
and PPEGA is poly(poly(ethylene glycol) methyl ether acrylate). The macroinitiators were utilized in the polymerizations of 
crosslinkable divinyl monomers, generating core-crosslinked star polymers in 40–80% yields. The PMMA–PBA block 
copolymer macroinitiator was synthesized from a PMMA with an unsaturated chain end (PMMA–Y) via an addition-
fragmentation chain transfer method. The ease of the handling of PMMA–Y is an advantage of the use of PMMA–Y. One-
pot synthesis of a PBA star was also successful, giving a star in a relatively high yield (73%). The one-pot synthesis offers a 
practical approach for synthesizing a core-crosslinked star. The present approach is free from metals and odorous 
compounds, which is an attractive feature of the present approach. 

 

Introduction 
Star-shaped polymers (star polymers) comprise one central 
core with multiple arm segments. Star polymers exhibit unique 
physical/chemical properties such as low viscosity, reduced 
crystallinity, and stimuli responsiveness and are exploited in 
viscosity modification, biosensing, bioimaging, encapsulation, 
and catalysis.1-20  

Star polymers are generally synthesized by three 
approaches, i.e., (i) “grafting-from”, (ii) “grafting-to”, and (iii) 
“grafting-through” approaches. The “grafting-from” approach 
employs a central core molecule with multiple initiating sites, 
from which the arm segments grow via the polymerization.21,22 
The “grafting-to” approach employs a central core molecule 
with multiple functional groups, to which pre-formed polymers 
are coupled. In the two approaches, the number of the arm 
segments is pre-determined by the number of the initiating 
sites or functional groups in the central core molecule. In 
contrast, the “grafting-through” approach makes use of pre-
formed linear polymers as arm segments, which are combined 
with divinyl monomers (cross-linkers) to form a densely cross-
linked core with multiple arm segments. The obtained star 
polymers are often termed as microgel-core star23 or core-

crosslinked star polymers.3,24,25 
For the synthesis of core-crosslinked star polymers, living 

radical polymerization (also termed as reversible deactivation 
radical polymerization (RDRP))26-30 is widely used. In the first 
synthetic step, a linear polymer with a terminal initiation 
moiety (macroinitiator) or a polymerizable chain end 
(macromonomer) is prepared. In the second step, a divinyl 
monomer is polymerized from the macroinitiator or is 
copolymerized with the macromonomer, forming a core-
crosslinked star polymer. Various core-crosslinked star 
polymers have successfully been prepared using, e.g., atom 
transfer radical polymerization (ATRP),31-36 nitroxide-mediated 
radical polymerization,37 reversible addition-fragmentation 
chain transfer (RAFT) polymerization.38,39 While the highly 
crosslinked core domain provides high storage capacity of 
functional materials, the arm polymers can effectively protect 
the loaded core or provide stimuli responsive functions. The 
obtained core-crosslinked star polymers are used as gene/drug 
carriers25,40-42 and nanoreactors,43-45 for instance. 

 

 

 
 
 
 
 
 

Scheme 1. Reversible activation in RCMP (A+ = Bu4N+ in the present study). 
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Our research group developed an organocatalyzed living 

radical polymerization utilizing an alkyl iodide (R−I) as a 
dormant species and an iodide anion (I–) as a catalyst 
(activator).46-50 The dormant species (Polymer–I) and the 
catalyst are supposed to form a halogen bonding complex 
(Polymer–II–). The complex subsequently reversibly 
generates the propagating radical (Polymer•) and I2

•– (Scheme 
1a). Because I2

•– is not a stable radical, two I2
•– species would 

react (disproportionate) to generate I– and I3
– (Scheme 1b). I3

– 
works as a deactivator (Scheme 1c). The regenerated I– works 
as an activator (Scheme 1a). We term this polymerization 
reversible complexation mediated polymerization (RCMP).50 I− 
is used in the form of salts such as tetra-n-butylammonium 
iodide (Bu4N+I−) (BNI). RCMP is attractive for no use of a special 
capping agent or a metal catalyst and its amenability to a wide 
range of monomers. 

In the present paper, we report the synthesis of core-
crosslinked star polymers via the “grafting-through” approach 

using RCMP (Scheme 2). Homopolymers and block copolymers 
with an iodide chain end were synthesized via RCMP and 
purified (first step). These polymers were subsequently used 
as macroinitiators, from which divinyl monomers were 
polymerized to generate core-crosslinked star polymers 
(second step). The studied macroinitiators are PBA–I 
homopolymers and PMMA–PBA–I and PMMA–PPEGA–I block 
copolymers, where PBA is poly(butyl acrylate), PMMA is 
poly(methyl methacrylate), and PPEGA is poly(poly(ethylene 
glycol) methyl ether acrylate). This is a “two-pot (two-step)” 
synthesis.   

Our research group previously reported the use of a PMMA 
with an unsaturated chain end (PMMA–Y (Fig. 1)) as a 
precursor of macroinitiator to generated diblock 
copolymers.51,52 (The mechanism will be described below.) 
While PMMA–I lacks the long-term stability upon storage, 
PMMA–Y does not bear iodide and hence is stable upon 
storage, which is an advantage of the use of PMMA–Y. In this 
present work, we prepared PMMA–PBA–I block copolymers 
from PMMA–Y and used them as macroinitiators to yield core-
crosslinked star polymers. 

We further explored a “one-pot” synthesis of core-
crosslinked star polymers. Namely, macroinitiators were 
synthesized and were not purified (not isolated). In the 
reaction mixture after the macroinitiator synthesis, divinyl 
monomers were directly added, generating core-crosslinked 
star polymers in the same pot. The one-pot synthesis skips the 
purification of the macroinitiators, which is attractive for 
industrial use. 

Our approach for using RCMP to synthesize core-
crosslinked star polymer is attractive as it does not use metals 
or odorous compounds. The use of stable PMMA–Y as a 
macroinitiator precursor also provides a practical approach to 
synthesize PMMA–PBA core-crosslinked stars.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2. Synthetic procedure of core-crosslinked star polymer. 

 
 

 

Fig. 1 Structures of monomers, crosslinkable monomers, and PMMA-Y 
studied in this work. 
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Table 1. Synthesis of PBA–I and PMMA–PPEGA–I macroinitiators. 

aM = monomer. bAlkyl iodide initiating dormant species. cDetermined with 1H NMR. dPMMA-calibrated GPC value after purification (reprecipitation). The GPC eluent 
was THF for entries 1 and 2-1 and DMF for entry 2-2. eTheoretical Mn value calculated according to ([M]0/[R–I]0)  (molecular weight of monomer)  (monomer 
conversion) + (molecular weight of R–I). 

 

Results and discussion 
Synthesis of PBA star polymer 

A core-crosslinked star polymer with PBA arms (PBA star 
polymer) was synthesized in a two-pot process. A PBA–I 
macroinitiator was synthesized via an RCMP of butyl acrylate 
(BA) (200 equiv) using 2-iodo-2-methylpropionitrile (CP–I 
(Scheme 2)) (1 equiv) as an alkyl iodide initiating dormant 
species and BNI (4 equiv) as a catalyst at 110 oC for 10 h (Table 
1 (entry 1)). We intentionally stopped the polymerization at a 
relatively low monomer conversion (37% as determined with 
1H NMR) to retain the high iodide chain-end fidelity. The Mn 
and dispersity (Ð = Mw/Mn) values of the polymer obtained 
after purification (reprecipitation in a methanol/water mixed 
solvent (8/2 (v/v)) (a non-solvent)) were 12000 and 1.27, 
respectively, where Mn and Mw are the number- and weight-
average molecular weights, respectively. The Mn and Mw 
values are PMMA-calibrated gel permeation chromatography 
(GPC) values (not absolute values). The iodide chain-end 
fidelity of the obtained (purified) PBA–I was estimated using 1H 
NMR (Fig. 2). The OCH2 protons (d) of the BA repeating units 
(pendant groups) appeared at 3.77–4.25 ppm, and the CH 
proton (c’) of the terminal BA unit (backbone chain) appeared 
at 4.26–4.36 ppm (Fig. 2).53 The mentioned Mn value is not an 
absolute value, and hence we estimate the degree of 
polymerization (DP) from the initial molar ratio (200) of the 
monomer (BA) to the alkyl iodide dormant species (CP–I) and 
the monomer conversion (37%). The estimated DP value is 74. 

From this estimated DP value and the peak area ratio of 
protons (d) and (c’), the iodide chain end fidelity was 
estimated to be 90% (with  10% experimental error). We also 
carried out a chain extension test of the obtained PBA–I (a 
polymerization of BA (800 equiv) from the PBA–I (1 equiv) 
using BNI (16 equiv) at 110 oC for 40 h), which showed that 
80% of the PBA–I extended (Fig. S1 in ESI). This result suggests 
that the iodide chain-end fidelity was at least 80%, considering 
a further slight loss of the living iodide chain end during the 
chain extension test. 

We used the obtained PBA–I as a macroinitiator for 
synthesizing a PBA star polymer. We carried out an RCMP of a 
crosslinkable monomer, i.e., diethylene glycol diacrylate 
(DGDA (Fig. 1)) (30 equiv (10.5 wt%)) with PBA–I (1 equiv (19.5 
wt%)) and BNI (2 equiv) in toluene (70 wt%) at 110 oC (Fig. 3 
and Table 2 (entry 1)). Fig. 3a shows the GPC chromatograms 
at different polymerization times. After 4 h, PBA–I was 
extended via the polymerization of DGDA, and the Mn value 
increased from 12000 (0 h) to 14000 (4 h). A star was not yet 
formed. After 8 h of reaction, a shoulder appeared on the high 
molecular weight side in the chromatogram, suggesting that 
intermolecular coupling of the polymer chains started to occur 
via the polymerization of the pendant vinyl groups in the 
polymer chains. Subsequently, the intermolecular coupling 
further proceeded, forming a star polymer via the coupling of 
multiple polymer chains (16–48 h). The molecular weight of 
the star increased over time (Fig. 3a). After 48 h, the GPC 
peaks of the star and macroinitiator were clearly separated 
(Fig. 3a), allowing us to determine the Mn and Ð values of the 

Entry Ma R–Ib 
[M]0/[R–I]0/[BNI]0 

(equiv) 
Solvent 

T 
(oC) 

t 
(h) 

Monomer convc 

(%) 
Mn

d (Mn,theo
e) Ðd 

1 BA CP–I 200/1/4 Bulk 110 10 37 12000 (9700) 1.27 

2-1 MMA CP–I 100/1/0.5 Bulk 70 0.5 27 3100 (2900) 1.25 

2-2 PEGA PMMA–I 100/1/8 Bulk 110 8 23 12000 (14000) 1.19 

 

Fig. 2 1H NMR spectrum (CDCl3) of PBA–I after purification (Table 1 (entry 1)). 
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star to be 210000 and 1.17, respectively. The peak of the 
macroinitiator gradually decayed over time (Figs. 3a and 3b). 
After 48 h, 80% of the macroinitiator was converted to a star 
polymer. The conversion (decay) of the macroinitiator was 
determined by the GPC peak resolution (Fig. S2 in ESI); the 
chromatogram of the macroinitiator is known and was 
subtracted from the chromatogram after the polymerization, 
giving the chromatogram of the star. Thus, after 48 h, the large 
fraction (80%) of the macroinitiator was successfully converted 
to the star polymer. The retention of the small amount (20%) 
of the macroinitiator is ascribed to the presence of the dead 
polymer chains generated in the macroinitiator synthesis and 
the loss of the living chain end during the star synthesis. In 
addition, the microgel core might become so sterically 
hindered that further insertion of the arm polymer chains into 
the core could be difficult. However, the observed 
macroinitiator conversion (80%) is (nearly) the same as the 
iodide chain-end fidelity (80%) estimated by the chain 
extension (yielding extended linear chains without the steric 
hindrance), suggesting that the main reasons for the retention 
of the macroinitiator were the dead polymer chains generated 
during the macroinitiator synthesis and the star synthesis. All 
of the GPC chromatograms and molecular weight values given 
in the present paper were obtained using columns with a size 
exclusion limit of 400000. We also analyzed the 48 h sample 
using columns with a higher size exclusion limit of 20000000, 
giving Mn = 120000 and Ð = 1.13 for the peak of the star. The 
Mn value (120000) was somewhat smaller and the Ð value 
(1.13) was close to those (Mn = 210000 and Ð = 1.17) obtained 

with columns with a size exclusion limit of 400000. The reason 
why we used columns with a size exclusion limit of 400000 is 
to clearly observe the whole range of molecular weight (103–
105) of the macroinitiator and star. However, in the high 
molecular weight (105) region, the molecular weights may be 
viewed as somewhat overestimated values, while the Ð values 
may be consistent.   

The molecular distribution of the star can be narrower and 
broader than that of the macroinitiator, depending on the 
system. The macroinitiator has a certain molecular weight 
distribution. By random coupling of short and long 
macroinitiator chains into the core, the molecular weight of 
the star will become averaged, if each star contains the same 
number of the macroinitiator chains. On the other hand, if 
each star contains a very different number of the 
macroinitiator chains, the molecular weight distribution of the 
star will become broader. In the present system, the Ð (= 1.13–
1.17) value of the 48 h star was smaller than that (= 1.27) of 
the macroinitiator, suggesting that each star contains a similar 
number of the macroinitiator chains and a relatively uniform 
star was generated. Fig. 3b shows the changes in the monomer 
(DGDA) conversion and macroinitiator (PBA–I) conversion over 
time. The monomer conversion was determined with 1H NMR 
based on the decay of the vinyl proton peaks. The monomer 
conversion reached 88% after 48 h (1.76 vinyl groups of the 2 
vinyl groups of DGDA were consumed on average). The high 
conversions of both the monomer (88%) and macroinitiator 
(80%) are attractive for practical use.   
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 (a) GPC chromatograms for the star polymer synthesis from PBA–I (Table 2 (entry 1)): the crude polymer mixture at t = 0 h (red line), 4 h (blue line), 
8 h (green line), 16 h (purple line), 24 h (yellow line) and 48 h (cyan line). (b) Plots of ln([M]0/[M]) and PBA–I conversion vs time (t). (c) DLS intensity 
distribution curves of macroinitiator (dashed line) and purified star polymer (solid line). 
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Table 3. Summary of purified star polymers. 

Entry Star polymer 
Mn (Star) 

(GPC)a 
Ð (star) 
(GPC)a 

Mw (arm) 
(GPC)a 

Mw,ab (star) 
(SLS)b,c 

dn/dc c,d 
(mL/g) 

Z-average diameter 
(DLS)c,e (nm) 

Peak-top diameter 
(DLS)c,e (nm) 

narm
f 

1 
PBA star  

(Table 2, entry 1, 48 h) 
230000 1.17 16000 560000 0.0613 31 34 22 

2 
PMMA-PPEGA star 

(Table 2, entry 5, 24 h) 
90000 2.89 15000 2000000 0.0363 80 79 45 

3 
PMMA-PBA star 

(Table 4, entry 2, 46 h) 
390000 1.16 27000 3000000 0.0557 49 51 54 

4 
PBA star (one-pot) 

(Table 5, entry 1-2, +46 h) 
230000 1.42 17000 820000 0.0554 41 44 35 

aPMMA-calibrated GPC value. The GPC eluent was THF for entries 1, 3, and 4 and DMF for entry 2. bMolecular weight of purified star polymers determined using static 
light scattering (SLS). cThe solvent was THF for entries 1, 3, and 4 and DMF for entry 2. dThe determination of dn/dc is described in ESI. eDetermined using DLS. fNumber 
of arms per star polymer = (weight fraction of arm polymer) × Mw,ab (star)/Mw (arm).  

 
The star polymer was easily 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. No trace of the macroinitiator was observed in the 
GPC chromatogram (Fig. S3 in ESI) of the purified star polymer 
that was synthesized for 48 h (Table 2 (entry 1)). The Mn and Ð 
values (determined using GPC) of the purified star polymer 
were 230000 and 1.17, respectively (Table 3 (entry 1)). The 
purified star polymer was analyzed using dynamic light 
scattering (DLS) in tetrahydrofuran (THF) (Fig. 3c). A single 
peak was observed in the DLS intensity distribution curve, 
suggesting insignificant aggregation of the star (insignificant 
inter-core coupling). The PBA arm segments would effectively 

protect the core, preventing the inter-core crosslinking. The 
size of the star was 34 nm (DLS peak top) and the size 
distribution index was 0.148, where the DLS size distribution 
index is defined as ((standard deviation)/(mean particle size))2. 
The DLS peak-top size clearly increased from 6.5 nm for the 
macroinitiator (PBA–I) (Fig. 3c (dashed line)) to 34 nm for the 
star polymer (Fig. 3c (solid line)). 

The purified star polymer was analyzed using static light 
scattering (SLS) in THF to determine its absolute molecular 
weight (Mw,ab (star)) to be 560000. The number of arms per 
star polymer (narm) was calculated according to narm = (weight 
fraction of arm in star polymer)  Mw,ab (star) / Mw (arm), 
where Mw (arm) is the Mw (= 16000) of the macroinitiator (arm 

Table 2. Synthesis of star polymers using macroinitiators. 

Entry Ma R–Ib 
[M]0/[R–I]0/[BNI]0 

(equiv) 
Solvent 
(70%) 

T 
(oC) 

t 
(h) 

Monomer 
convc (%) 

R–I convd 
(%) 

Peak-top molecular weight (star)e 

1 DGDA PBA–I 30/1/2 Toluene 110 8 22 40 NA 

      16 50 55 150000 

      24 63 65 170000 

      32 73 72 190000 (Mn = 170000, Ð = 1.18)f 

      48 88 80 210000 (Mn = 210000, Ð = 1.17) f 

2 EGDMA PBA–I 30/1/2 BuAcg 110 24 NA NA Gelation 

3 EGDMA PBA–I 10/1/2 BuAcg 110 24 83 45 380000 

4 
EGDMA 
/BMA 

PBA–I (20/20)/1/0.5 BuAcg 110 24 67/38 66 170000 

5 DGDA 
PMMA– 
PPEGA–I 

120/1/2 Diglyme 110 12 20 38 140000 

      24 37 40 340000 

aM = monomer. bMacroinitiator (polymeric alkyl iodide initiating dormant species (R–I)). PBA–I (Mn = 12000 and Ð = 1.27). PMMA-PPEGA–I (Mn = 12000 and Ð = 1.19). 
cDetermined with 1H NMR. dConversion of the macroinitiator (R–I) determined from the peak resolution of the GPC chromatogram. ePMMA-calibrated GPC value of 
the star polymer (high molecular weight peak). The GPC eluent was THF for entries 1–4 and DMF for entry 5. fGPC peaks of the star and macroinitiator were clearly 
separated, allowing the determination of the Mn and Ð values of the star.  gBuAc = butyl acetate. 
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polymer) determined using PMMA-calibrated GPC. For a 
relatively low molecular weight region (macroinitiator), the Mw 
value determined using SLS may not be very accurate, and 
hence we used the PMMA-calibrated GPC value as a rough 
estimate. The narm value of the purified PBA star polymer was 
calculated to be 22 as an estimate.  

Besides the diacrylate (DGDA), we used a dimethacrylate, 
i.e., ethylene glycol dimethacrylate (EGDMA (Fig. 1)), as a 
crosslinkable monomer. We used the same molar ratio of 
monomer (EGDMA (30 equiv)), PBA–I (1 equiv), and BNI (2 
equiv) as in the DGDA system and carried out the 
polymerization at 110 oC (Table 2 (entry 2)). Butyl acetate 
(Table 2 (entry 2)) was used as an alternative solvent to 
toluene (Table 2 (entry 1)). Butyl acetate has a higher boiling 
point (126 °C) than toluene (111 °C) and was somewhat easier 
to handle for the polymerization at 110 °C. After 24 h, 
insoluble gel was generated. The propagating radical formed 
from the macroinitiator is more reactive with EGDMA 
(methacrylate) than DGDA (acrylate), because the produced 
methacrylate chain-end propagating radical is more stable 
than the produced acrylate chain-end propagating radical. 
Thus, the crosslinking of EGDMA would extend in the entire 
reaction mixture before a sufficiently large fraction of the 
macroinitiator initiated. Therefore, we reduced the molar ratio 
of the monomer (EGDMA) to the macroinitiator (PBA–I) from 
30 equiv to 10 equiv to avoid the gelation. After 24 h of the 
polymerization, we obtained a star with a peak-top molecular 
weight of 380000 (Table 2 (entry 3)). The monomer conversion 
reached high (83%), but only 45% of the macroinitiator was 
converted to the star (Fig. S4 in ESI). The consumption of 
EGDMA still tended to be faster than the initiation from the 
macroinitiator. The co-use of EGDMA (20 equiv) (crosslinkable 
monomer) and butyl methacrylate (BMA) (20 equiv) (spacer 
monomer) increased the macroinitiator conversion to 66% 
after 24 h of the polymerization (Table 2 (entry 4)) (Fig. S5 in 
ESI). The dilution of EGDMA by BMA would delay the core-
formation, so that a larger fraction of the macroinitiator could 
be able to initiate and be incorporated into the core. However, 
as a whole, DGDA (diacrylate) afforded a higher macroinitiator 
conversion (80%) than EGDMA (dimethacrylate) did (45–66%). 
Therefore, we used DGDA (diacrylate) in all experiments 
described below. 

Synthesis of PMMA–PPEGA star polymer 

Besides the PBA–I homopolymer, we also studied a PMMA–
PPEGA–I block copolymer as a macroinitiator. PMMA–PPEGA–I 
contains a hydrophobic (PMMA) segment and a hydrophilic 
(PPEGA) segment. We carried out an RCMP of MMA (100 

equiv) with CP–I (1 equiv) and BNI (0.5 equiv) at 70 oC for 0.5 h 
(monomer conversion = 27%) and obtained a PMMA–I with Mn 
= 3100 and Ð = 1.25 after purification (Table 1 (entry 2-1)). We 
then conducted an RCMP of poly(ethylene glycol) methyl ether 
acrylate (PEGA) (Mn = 480) (100 equiv) with PMMA–I (1 equiv) 
and BNI (8 equiv) at 110 oC for 8 h and obtained a PMMA–
PPEGA–I block copolymer with Mn = 12000 and Ð = 1.19 after 
purification (Table 1 (entry 2-2)).  

We subsequently used the purified PMMA–PPEGA–I as a 
macroinitiator and carried out an RCMP of DGDA (120 equiv) 
with PMMA–PPEGA–I (1 equiv) and BNI (2 equiv) in ethylene 
glycol methyl ether (diglyme) (solvent) at 110 °C (Fig. 4 and 
Table 2 (entry 5)). Diglyme was used to dissolve the PMMA–
PPEGA–I macroinitiator with a hydrophilic PPEGA segment. 
After 24 h of the polymerization, only 40% of the 
macroinitiator was converted to a star with a peak-top 
molecular weight of 340000 (Fig. 4a and Fig. S6 in ESI). 
Compared with the PBA–I macroinitiator, the PMMA–PPEGA–I 
macroinitiator gave a much lower macroinitiator conversion 
(80% vs 40%). A possible cause is the bulkier pendant group 
(poly(ethylene glycol) group) of the PPEGA segment, which 
may hinder the efficient insertion of the arm (macroinitiator) 
chains to the core. The star polymer was separated from the 
remaining macroinitiator by reprecipitation in diethyl ether, 
which is a good solvent for the macroinitiator and a non-
solvent for the star polymer, and analyzed using DLS in N,N-
dimethylformamide (DMF) (Fig. 4b). A single peak was 
observed in the DLS curve, and the size of the star was 79 nm 
(DLS peak top). The purified star polymer was also analyzed 
using GPC and SLS (Fig. S7 in ESI and Table 3 (entry 2)), and the 
narm value was estimated to be 45 (Table 3 (entry 2)). 

 

 

 
 
 
 
 
 
 
 

 

Fig. 4 (a) GPC chromatograms for the star polymer synthesis from PMMA–PPEGA–I 
(Table 2 (entry 5)): the crude polymer mixture at t = 0 h (red line), 12 h (blue line), and 
24 h (green line). (b) DLS intensity distribution curves of macroinitiator (dashed line) 
and purified star polymer (solid line). 
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Table 4. Synthesis of PMMA–PBA star polymer from PMMA–Y. 

Entry Ma R–Ib 
[M]0/[R–I]0/ 

[PMMA–Y]0/[BNI]0  
(equiv) 

Solvent 
T 

(oC) 
t 

(h) 
Monomer 
convc (%) 

R–I convd 
(%) 

Mn
e Ðe Peak-top molecular weight (star)e 

1 BA CP–I 100/1/1/4 Bulk 110 24 85 NA 15000 1.81 NA 

2 DGDA PMMA–PBA–I 60/1/0/2 BuAcf 110 28 45 45 NA NA 330000 

      46 55 45 NA NA 420000 (Mn = 370000, Ð = 1.19)g 

aM = monomer. bAlkyl iodide. cDetermined with 1H NMR. dConversion of the macroinitiator (R–I) determined from the peak resolution of the GPC chromatogram. 
ePMMA-calibrated GPC value (THF eluent) of PMMA–PBA–I after purification (reprecipitation) for entry 1 and of the star polymer (high molecular weight peak) for 
entry 2. fBuAc = butyl acetate (70 wt%). gGPC peaks of the star and macroinitiator were clearly separated, allowing the determination of the Mn and Ð values of the star. 

 

Table 5. One-pot synthesis of PBA star polymer. 

Entry Ma R–Ib 
[M]0/[R–I]0/[BNI]0  

(equiv) 
Solvent 

T 
(oC) 

t 
(h) 

BA convc 
(%) 

DGDA convc 
(%) 

R–I convd 
(%) 

Mn
e Ðe 

Peak-top molecular 
weight (star)e 

1-1 BA CP–I 100/1/4 Bulk 110 24 86 NA NA 13000 1.29 NA 

1-2 DGDA PBA–I 50/1/4 Toluenef 110 +32 88 16 68 NA NA 130000 

      +46 92 22 73 NA NA 180000 

aM = monomer. b Alkyl iodide. cDetermined with 1H NMR. dConversion of the macroinitiator (R–I) determined from the peak resolution of the GPC chromatogram. 
ePMMA-calibrated GPC value (THF eluent) of the reaction mixture at 24 h for entry 1-1 and the star polymer (high molecular weight peak) for entry 1-2. f70 wt% of 
toluene and total 30 wt% of the initial BA and added DGDA.  

 

Synthesis of PMMA–PBA star polymer from PMMA–Y 

To further expand the macroinitiator scope, we used a PMMA–
PBA–I block copolymer as a macroinitiator. We prepared a 
PMMA–PBA–I block copolymer from PMMA–Y. We heated a 
mixture of BA (100 equiv), CP–I (1 equiv), PMMA–Y (Mn = 3900 
and Ð = 1.67) (1 equiv), and BNI (4 equiv) at 110 oC for 24 h 
(Table 4 (entry 1)). In the presence of BNI, CP–I initiates the 
polymerization of BA to generate a poly(butyl acrylate) radical  
(PBA), which undergoes the addition to PMMA–Y to generate 
an intermediate radials PBA–(Y)–PMMA (Scheme 3a).46 
Because PMMA is sterically more hindered and is 
energetically more stable than PBA, the fragmentation of 
PBA–(Y)–PMMA favourably generates PMMA and PBA–Y 
(Scheme 3a). The generated PMMA can propagate with BA to 
produce a PMMA–PBA–I (Scheme 3a). The generated PBA–Y 
can act as a macromonomer in the subsequent polymerization 
of BA to give a branched polymer (Scheme 3b). After 24 h of 
the polymerization, the monomer conversion reached 85%. 
The 1H NMR analysis showed that 86% of PMMA–Y was 
converted to PMMA–PBA–I. PMMA–PBA–I may contain linear 
and branched block copolymers. We obtained a PMMA–PBA–I 
with Mn = 15000 and Ð = 1.81 after purification (Table 4 (entry 
1)).  

We used the purified PMMA–PBA–I as a macroinitiator and 
carried out an RCMP of DGDA (60 equiv) with PMMA–PBA–I (1 
equiv) and BNI (2 equiv) in butyl acetate (70 wt%) at 110 oC 

  
 

 
 
 
 
 
 
 
 
 

Scheme 3. (a) Addition-fragmentation chain transfer of PBA and PMMA–Y 
and (b) propagation of PMMA–PBA with PBA–Y. 

 
 
 
 
 
 
 
 
 
 
 
Fig. 5 (a) GPC chromatograms for the star polymer synthesis from PMMA–PBA–I (Table 
4 (entry 2)): the crude polymer mixture at t = 0 h (red line), 28 h (blue line), and 46 h 
(green line). (b) DLS intensity distribution curves of macroinitiator (dashed line) and 
purified star polymer (solid line). 
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(Fig. 5 and Table 4 (entry 2)). After 26 h of the polymerization, 
the monomer conversion was 45%, and 45% of the 
macroinitiator was converted to a star. After a prolonged 
polymerization for 46 h, the monomer conversion slightly 
increased to 55% and the molecular weight of the star also 
slightly increased (Fig. 5a) (reaching Mn = 370000 with Ð = 
1.19), but no further macroinitiator was converted to the star 
(the macroinitiator conversion remained 45%) (Fig. S8 in ESI). 
The saturated macroinitiator conversion suggests that the 
remaining fraction (55%) of the macroinitiator lost a living 
chain end (an iodide chain end) during the preparation of the 
macroinitiator, as indicated by the high dispersity (Ð = 1.81) of 
the macroinitiator. Nevertheless, the Ð value (= 1.19) of the 
star was relatively small, and the DLS curve of the purified star 
in THF (Fig. 5b) showed a single peak (peak top at 51 nm), 
suggesting the formation of the relatively uniform star. The Mn 
and Ð values (determined with GPC) of the purified star were 
390000 and 1.16, respectively (Table 3 (entry 3)) (Fig. S9 in ESI). 
The absolute Mw (Mw,ab (star)) value determined with SLS was 
3000000 and the estimated narm value was 54 (Table 3 (entry 
3)). 

One-pot synthesis of star polymer 

In the star polymer synthesis described above, we synthesized 
a macroinitiator in one pot, purified the macroinitiator, and 
used it in the star polymer synthesis in another pot, which is a 
“two-pot” synthesis. Here, we describe a “one-pot” synthesis. 
Namely, we synthesized a macroinitiator and did not purify 
(did not isolate) the macroinitiator, and in the same reaction 
pot, we added a divinyl monomer, generating a star polymer in 
the same pot. 

We heated a mixture of BA (100 equiv), CP–I (1 equiv), and 
BNI (4 equiv) at 110 oC for 24 h. The monomer conversion was 
86%, and a PBA–I with Mn = 13000 and Ð = 1.29 was generated 
(Table 5 (entry 1-1)). To the same reaction solution, DGDA (50 
equiv) and toluene (70 wt% of toluene and total 30 wt% of the 
initial BA and added DGDA) were added, and the 
polymerization continued at 110 °C for another 46 h (70 h in 
total) (Fig. 6 and Table 5 (entry 1-2)). Because of the presence 
of unreacted BA upon the addition of DGDA, the core of the 
generated star would contain both BA (non-crosslinkable 
monomer) and DGDA (crosslinkable monomer) units and have 
somewhat diluted crosslinking. After another 46 h of the 
polymerization, 73% of the macroinitiators were converted to 
a star polymer with a peak-top molecular weight of 180000 
(Fig. S10 in ESI). The macroinitiator conversion (73%) in the 
one-pot system was slightly smaller than that (80%) in the two-
pot system (Table 2 (entry 1)) but was still relatively high. The 
DLS curve of the star in THF (Fig. 6b) showed a single peak 
(peak top at 44 nm). The Mn and Ð values (GPC) of the purified 
star were 230000 and 1.42, respectively (Table 3 (entry 4)) (Fig. 
S11 in ESI). The absolute Mw,ab (star) value determined with 
SLS was 820000 and the estimated narm value was 35 (Table 3 
(entry 4)). Thus, the one-pot synthesis of the PBA star polymer 
was successfully achieved. 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6 (a) GPC chromatograms for the one-pot star polymer synthesis (Table 5 (entry 1-
2)): the crude polymer mixture at t = 24 h (red line), +32 h (blue line), and +46 h (green 
line). (b) DLS intensity distribution curves of macroinitiator (dashed line) and purified 
star polymer (solid line). 

Conclusions 
Core-crosslinked star polymers were successfully synthesized 
using RCMP via the “grafting-through” approach with 40–80% 
macroinitiator conversions. The arm polymers 
(macroinitiators) encompassed a PBA homopolymer, an 
amphiphilic PMMA–PPEGA block copolymer, and a hard-soft 
PMMA–PBA block copolymer. The PMMA–PBA block 
copolymer macroinitiator was synthesized from PMMA–Y and 
was subsequently crosslinked to yield a PMMA–PBA star. The 
ease of the handling of PMMA–Y is an advantage of the use of 
PMMA–Y. One-pot synthesis of a PBA star was also successful 
with a relatively high macroinitiator conversion (73%), offering 
a practical approach to synthesize a core-crosslinked star. The 
present approach is free from metals and odorous compounds, 
which is an attractive feature of the present approach and may 
be suitable to electronic, biological, and personal care 
applications. 
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