
Graft Polymerization of Styrene and Acrylates
on the Prepolymer Having TEMPOL Residues

Yu MIURA,1 Yutaka ISOBE,1 Tetsuya NAKAMURA,2;3

Motoyuki SUGIURA,3 and Yoshio OKAMOTO1;y,yy

1Department of Applied Chemistry, Graduate School of Engineering, Nagoya University,

Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan
2Joint Research Center for Precision Polymerization-Japan Chemical Innovation Institute,

Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan
3NOF Corporation, 82, Nishumon, Taketoyo-cho, Aichi 470-2398, Japan

(Received April 19, 2005; Accepted May 18, 2005; Published August 15, 2005)

ABSTRACT: A simple two-step synthetic method of a graft polymer using a radical process is reported. Using

living radical polymerization, graft polymers consisting of a poly(methyl methacrylate) main chain and side chains

composed of various monomers, such as styrene and n-butyl acrylate, were synthesized. The polymers had a narrow

polydispersity. Especially, for the graft polymerization of acrylates, the addition of a small amount of TEMPOL to

the polymerization system on the side chain improved the livingness of the polymerization. The effect of added free

TEMPOL was also studied on the homopolymerization of n-butyl acrylate using an initiator bearing a TEMPOL

residue. [DOI 10.1295/polymj.37.617]
KEY WORDS Graft Polymer / Radical Polymerization / Acrylate / TEMPOL / Nitroxide-

Mediated Polymerization (NMP) /

The addition of a graft polymer having different
monomer sequences as the main and side chains to a
mixture of their homopolymers facilitates the forma-
tion of a homogenous blend. The polymer alloy thus
obtained is expected to have excellent physical pro-
perties, which are valuable when used as products.
The control of the side chain length of a graft polymer
can produce a graft copolymer with a well-defined
structure, which is expected to improve the physical
properties of the surface and interface of a material.1–3

The living radical polymerization with a broad appli-
cability4–8 seems to be suitable to produce the graft
copolymers of various monomers.
Living radical polymerizations have been achieved

by several procedures including nitroxide-mediated
polymerization (NMP),4–6 metal-catalyzed polymer-
ization,7–9 reversible addition-fragmentation chain
transfer (RAFT) polymerization,10–12 and organo-
tellurium-mediated living radical polymerization
(TERP).13 In the present study, we used the NMP
process because of its simple procedure that can be
performed without the preparation of a specific agent
and the very careful precautions required for the pro-
cedure.
The nitroxides used in the NMP method are

commercially available, stable in air, and easy to ap-
ply to a large-scale production. Therefore, several ex-
amples of the graft polymerization using the NMP

method have been reported.14–17 Here, we used 118

bearing a 4-hydroxy-(2,2,6,6-tetramethylpiperydine-
1-oxyl) (TEMPOL) residue as the monomer to obtain
the prepolymer with methyl methacrylate (MMA) and
subsequently employed the prepolymer for the nitro-
xide mediated graft polymerization of styrene (St)
and n-butyl acrylate (n-BuA) (Scheme 1).

EXPERIMENTAL

Materials
MMA (Tokyo Kasei, purity >99%) was washed

with aq. NaOH (5%) and water, dried over magnesi-
um sulfate, and distilled over calcium hydride under
reduced pressure before use. St and n-BuA (both
Tokyo Kasei, purity >99%) were distilled under
reduced pressure before use. Cyclohexanone, N,N-
dimethylformamide (DMF), and tetrahydrofuran
(THF) (both Wako, purity >99%) were distilled under
a reduced pressure before use. An initiator, tert-butyl-
peroxypivalate, were used as received from the NOF
Corporation. 4-Hydroxy-(2,2,6,6-tetramethylpipery-
dine-1-oxyl) (TEMPOL) (Aldrich) was also used as
received.

Synthesis of the Monomer Bearing a TEMPOL
Residue

m-/p-[2-Hydroxy-1-(40-hydroxy-20,20,60,60-tetrameth-
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ylpiperidine-10-oxy)ethyl]styrene (1) (Scheme 2) was
synthesized as follows.18 4-Acetoxy-2,2,6,6-tetra-
methylpiperidine-1-oxyl (2.14 g, 10.0mmol) was dis-
solved in a mixture of 1,3- and 1,4-divinylbenzene
(DVB-960, Nippon Steel Chemical Group, 15.0 g)
and cooled to 0 �C. To the solution was added diiso-
propylperoxydicarbonate (2.08 g, 10.0mmol) under
dry nitrogen, and the mixture was heated to 55 �C
for 5 h. After cooling, the reaction mixture was evapo-
rated to dryness. The crude product was purified by
column chromatography eluting with dichlorome-
thane/hexane = 1/1 to give the purified m-/p-[2-
isopropyloxycarbonyloxy-1-(40-acetoxy-20,20,60,60-tetra-
methylpiperidine-10-oxy)ethyl]styrene (2) (3.16 g,
70.5%). To a solution of 2 (2.24 g, 5.0mmol) in etha-
nol (50mL) was added aq. 10% NaOH solution (8.0 g)
and refluxed for 2 h. The reaction mixture was concen-
trated under reduced pressure and diluted with diethyl
ether (140mL). The solution was washed with water
(50mL� 3). The organic layer was dried with sodium
sulfate and evaporated to dryness. The crude product
was purified by recrystallization from a mixed solvent
of ethyl acetate/hexane to afford 1 as a white solid
(1.13 g, 71.0%). 1H NMR spectrum was shown in
Figure 1. MS (FAB) m=z (%): 320 ½Mþ H�þ; EA

calcd (%) for C19H29NO3 (319.21) C, 71.44; H,
9.15; N, 4.38. Found: C, 71.40; H, 9.19; N, 4.45.

Synthesis of Prepolymer
The preparation of the prepolymer was carried out

under dry nitrogen in a glass tube equipped with a 3-
way stopcock. In a typical polymerization, MMA (2.1
mL, 20mmol), 1 (0.20 g, 0.65mmol), THF (10mL),
and tert-butylperoxypivalate (1.4mmol in 0.36mL)
were placed in the glass tube under dry nitrogen,
which was left in a thermostated bath at 60 �C for
5 h. The reaction was terminated by cooling them at
�78 �C. The reaction mixture was precipitated in a
large excess of methanol and isolated by centrifuga-
tion. The molar ratio of MMA to 1 in the obtained
polymer was determined by 1H NMR. Each prepoly-
mer was yielded around 48% after centrifugation.

Graft Polymerization on the Prepolymer
Graft polymerization was carried out in sealed glass

vials. In a typical example, the prepolymer (0.3 g,
Mn ¼ 40;800 and Mw=Mn ¼ 1:53), styrene (1.7mL),
and DMF (1.9mL) were mixed in a glass flask. The
feed weight ratio of the prepolymer and each mono-
mer (St, n-BuA) was 1/5. The solution was then div-
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Scheme 1. Overview of graft polymerization using nitroxide-mediated polymerization.
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ided into glass vials. The vials were cooled with liquid
nitrogen, evacuated, and purged with dry nitrogen.
The polymerization was initiated by immersing them
in a thermostated bath at 125 �C. The reaction was
terminated by cooling them at �78 �C. Homopolyme-
rization of n-BuA was carried out in the same method.

Separation of the Styrene Homopolymer from the
Graft Polymer
The graft polymer sample (conversion ¼ 79:4%,

Mn ¼ 113;800, Mw=Mn ¼ 2:06) was ground with a
pestle in a mortar. The sample (100mg) was then add-
ed to cyclohexane (10mL), which dissolves only the
styrene homopolymer, and stirred for 1 h. The mixture
was divided into cyclohexane-insoluble and -soluble
parts by filtration, and each part was dried under re-
duced pressure. The insoluble part (50mg) was added
to cyclohexane (5mL) and stirred for 1 h. The mixture
was again separated as insoluble and soluble parts by
filtration.

Synthesis of the Initiator Bearing TEMPOL
The initiator (4) bearing TEMPOL was synthesized

according to the synthetic method for a similar com-
pound.19 The preparation of 1-benzyloxy-2-phenyl-
2-(40-hydroxy-20,20,60,60-tetramethylpiperidine-10-oxy)-

ethane (3), a precursor of 4, was first carried out. To a
solution of benzoyl peroxide (3.00 g, 12.4mmol)
in distilled styrene (128mL, 1.11mol) was added
TEMPOL (4.80 g, 27.9mmol) under dry nitrogen,
which was heated at 80 �C for 25 h. After cooling,
the reaction mixture was evaporated to dryness and
the resulting yellow viscous liquid was purified by
column chromatography eluting with chloroform/
hexane = 8/2 followed by chloroform to give the pu-
rified initiator as a pale yellow solid (0.626 g, 6.4%).
To a solution of 3 (0.382 g, 0.962mmol) in ethanol
(12.0mL) was added aq. 1N NaOH (1.20mL, 1.20
mmol) under dry nitrogen, which was refluxed for
2 h. After cooling, the reaction mixture was evaporat-
ed to dryness and dissolved in a mixture of water
(20mL) and chloroform (20mL). The aqueous layer
was further extracted with chloroform (10mL� 2),
and the combined organic layers were evaporated to
dryness. The crude product was purified by column
chromatography eluting with chloroform followed
by chloroform/2-propanol = 1/1 to give the purified
initiator (4) as a white solid (0.230 g, 81.5%).

Measurements
The number average molecular weights (Mn) and

polydispersities (Mw=Mn) of the polymers were meas-
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Figure 1. 1H NMR analysis of intermediary products generated during the synthesis of PMMA-graft-PSt.
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ured by size exclusion chromatography (SEC) using
THF at a flow rate 1.0mL/min. at 40 �C on two poly-
styrene gel columns; TSKgel G3000HHR and TSKgel
GMHHR-H, that were connected to a JASCO PU-980
precision pump and a JASCO RI-930 detector. The
molecular weight was calibrated against eight stand-
ard polystyrene samples (Mn ¼ 526{900;000). The
monomer conversions were determined from the con-
centration of the residual monomer measured by gas
chromatography using methyl benzoate as the internal
standard, which was added after the reaction was
terminated.

RESULTS AND DISCUSSION

Synthesis of the Prepolymer
First, the copolymerization of MMA with 1

(Scheme 2) at a molar ratio of 30/1 was carried out
to obtain the linear prepolymer with TEMPOL resi-
dues as the side chains. The obtained copolymer con-
tained less MMA (22/1) compared with the feed mo-
lar ratio (30/1). This indicates that 1 is more reactive
than MMA. This result agrees with that of the copoly-
merization of a large excess MMA and styrene (St)
under the same condition. Figure 1 shows the
1H NMR spectra of the prepolymer and 1. After the
copolymerization, the peaks due to a vinyl group (a–
c) disappeared and the peaks of the TEMPOL residues
(i, j) were observed in the prepolymer.

Graft Polymerization of Styrene on the Prepolymer
To the prepolymer (Mn ¼ 40;800 and Mw=Mn ¼

1:53, MMA/1 = 22/1, yield ¼ 48%), the St mono-
mer was added and heated at 125 �C in DMF to
prepare graft copolymers via dissociation of the
TEMPOL residues in the prepolymer. Figure 2 shows
the SEC curves of the graft polymers obtained at
various conversions and Figure 3 shows the plots of
the St conversion versus Mn or Mw=Mn in the graft

polymerization of St on the prepolymer at the weight
ratio of prepolymer/St = 1/5. As the conversion
increased, Mn increased without a significant increase
in the polydispersity. These results support the fact
that the graft polymerization proceeded in a living
manner.
The graft polymerization system may also produce

a styrene homopolymer. This was confirmed accord-
ing to the method described in the experimental sec-
tion and the results are shown in Scheme 3. From
the first filtration, a cyclohexane-insoluble part (93.7
mg) and soluble part (4.1mg) were obtained. The sec-
ond filtration afforded a cyclohexane-insoluble part
(47.2mg) and -soluble part (0.1mg). The molar ratios,
1/MMA and St/MMA, of each part calculated by
1H NMR are summarized in Table I. The calculation
was performed according to the following equations.

1

MMA
¼

n

m
¼

4n=4

3m=3

¼
area (aromatic ring)=4

area (�-methyl)=3
ð¼ YÞ

St

MMA
¼

nðpþ qÞ
m

¼
f4nþ 5nðpþ qÞ � 4ng=5

3m=3

¼
area (aromatic ring)=5

area (�-methyl)=3
�

4

5
Y

The 1H NMR of the cyclohexane-soluble part
separated during the second filtration (Fraction F in
Table I) indicated the absence of a polymer, suggest-
ing that the St homopolymer was completely separat-
ed by the first filtration. Therefore, the efficiency of
the graft polymerization was calculated to be 94%
by the following equation.

X ¼

St (graft polymer)

MMA

St (graft polymer)þ St (homopolymer)

MMA

¼
5:18

5:51
¼ 94:0 ð%Þ
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Figure 2. SEC curves of the graft polymers obtained from the
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The graft polymerization of styrene on the prepoly-
mer efficiently proceeded almost without forming
styrene homopolymers.

Graft Polymerization of n-Butyl Acrylate on the Pre-
polymer
As described above, the graft polymerization of sty-

rene on the prepolymer proceeded in a living fashion
and the graft polymers with a controlled side chain
were obtained. Although the living polymerization
of styrene effectively proceeded using the nitroxide,
the living radical polymerization of an acrylate such

as n-butyl acrylate (n-BuA) may be difficult because
this has been realized only using the designed nitro-
xide.20–24 The living radical polymerization of acryl-
ates using other initiator or catalyst systems has been
reported.10,13,25–29

The graft polymerization of n-BuA on the prepoly-
mer (Mn ¼ 32;400 and Mw=Mn ¼ 1:46, MMA=1 ¼
23=1, yield ¼ 43%) was carried out in DMF at
125 �C. The polymerization did not proceed in a living
manner, but reached a 94% conversion after 4 h. The
polymerization proceeded by forming both the graft
polymer and the n-BuA homopolymer. The poly-
merization may start in a short time mainly by the
radicals produced via the dissociation of the TEMPOL
residues. However, rapid equilibrium between the
TEMPOL residues and the dissociated species
(Scheme 4) cannot take place due to the existence
of negligible amounts of the TEMPOL radical.
To shift this equilibrium to the dormant species,

small amounts of TEMPOL were added to the poly-
merization system. Figure 4 shows the SEC curves
of the obtained polymers via the graft polymerization
of n-BuA in the presence of TEMPOL. As the reaction

125 °C
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Table I. Molar Ratios in Fractions A–F Obtained by 1H NMR

Fraction
1/MMA

molar ratio
St/MMA
molar ratio

A 0.0461 —

B 0.0461 5.51

C 0.0461 5.28

D �0 �1

E 0.0461 5.18

F — —
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proceeded, the peak tops of the obtained polymers
moved to a higher molecular weight as well as in
the graft polymerization of styrene. Figure 5 shows
the plots of the n-BuA conversion versus Mn or Mw=
Mn for the graft polymerization. In the absence of
TEMPOL, the polymerization rapidly proceeded and
the molecular weights were almost constant regardless
of the conversion. As the polymerization proceeded,
the polydispersities increased and finally reached
5.0 after 4 h. On the other hand, in the presence of
TEMPOL, the graft polymerization of n-BuA on
the prepolymer (Mn ¼ 25;400 and Mw=Mn ¼ 1:52,
MMA=1 ¼ 22=1, yield ¼ 46%) was also carried out
in DMF at 125 �C. The reaction was depressed, and
the molecular weights increased with an increase in
the conversion, keeping the polydispersities around
1.5.
The graft polymerization system may also produce

a n-BuA homopolymer by undesirable thermal initia-
tion similar to the graft polymerization of styrene. The
separation of the n-BuA homopolymer from the graft
polymer was attempted by the same method as the
separation of styrene homopolymer but failed.
To confirm the effect of added free TEMPOL on

the polymerization of n-BuA, the homopolymeriza-
tion of n-BuA was carried out in the presence and ab-
sence of TEMPOL using the initiator 4 (Scheme 2)
that has the same structure as that in the prepolymer.

The polymerization proceeded in both the cases, while
a faster polymerization occurred in the absence of
TEMPOL (42% and 25% conversion in 140 h).
Figure 6 shows the SEC curves of the homopolymers
of n-BuA and the Mn and Mw=Mn values for the main
peaks of the curves. Although the main peaks of the
SEC curves moved to higher molecular weight with
an increase in conversion and showed narrow polydis-
persities in both polymerizations, narrower ones were
obtained for the polymers obtained in the presence of
TEMPOL. In addition, higher molecular weight
fraction, which was probably formed by uncontrolled
radical polymerization, was larger in the absence
of TEMPOL. Furthermore, the main peaks became
finally broader (Mw=Mn ¼ 2:82), for the polymers
obtained without TEMPOL in 42% conversion. These
results suggest that the addition of TEMPOL reduces
the concentration of the radical species and makes the
polymerization more controllable.
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Scheme 4. Mechanism of NMP process.
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Influence of TEMPOL Concentration
Since TEMPOL exhibited a clear effect on the

polymerization, its effect on the graft polymerization
of the prepolymer (Mn ¼ 34;300 and Mw=Mn ¼ 1:50,
MMA=1 ¼ 22=1, yield ¼ 49%) was further studied.
The results are summarized in Table II and Figure 7.
The effect on the polydispersity was clearly observed

at [TEMPOL]0/[1 in Prepolymer]0 = 5� 10�6 and
the conversions decreased with an increase in the
TEMPOL content.

CONCLUSIONS

The syntheses of the graft polymers with various
side chains were carried out using the monomer 1
having a TEMPOL residue. The prepolymer was first
prepared by the copolymerization of MMA and 1. The
graft polymers were obtained through the dissociation
of the TEMPOL residue of 1. The graft polymeriza-
tion of St on the prepolymer proceeded in a living
manner. The addition of a small amount of TEMPOL
made the graft polymerization of n-BuA on the pre-
polymer more controllable.
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(right).
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