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ABSTRACT: The present paper focuses on the atom transfer radical polymerization (ATRP) of vinyl
ether (VE) based macromonomers with a methacryloyl group at the chain end. Living cationic
polymerization of isobutyl VE (IBVE) initiated with the HCl adduct of a VE carrying a pendant
methacryloyl group in conjunction with ZnI2 yielded the macromonomer (MA-PIBVE) with a narrow
molecular weight distribution (MWD) (Mh w/Mh n < 1.1). The ATRP of MA-PIBVE was carried out using a
halide initiator and the CuBr/4,4′-di-n-heptyl-2,2′-bipyridine catalytic system. The number-average
molecular weight of the polymacromonomer increased in proportion to the monomer conversion, while
the MWDs stayed fairly narrow (Mh w/Mh n ∼ 1.2). Thus a novel type of polymacromonomers with controlled
chain lengths for both the backbone and the side chain have been synthesized through a combination of
living cationic polymerization and ATRP techniques.

Introduction

There have been a number of studies concerning the
synthesis and application of macromonomers in the
literature.1 In the past, macromonomers were used
mainly for the synthesis of graft copolymers by their
copolymerization with conventional monomers. How-
ever, there has been increasing interest in polymac-
romonomers, which are prepared by the homopolymer-
ization of macromonomers.2-8 They are regular multi-
branched macromolecules characterized by an extremely
high branch density along the backbone. They can have
unique molecular morphologies ranging from star-
shaped spheres to rodlike cylinders, depending on the
degrees of polymerization (DP) of the backbone and
branch chains.3 For instance, polymacromonomers with
a sufficiently large DP and long branches have been
reported to exhibit a lyotropic phase, which originates
from the steric overcrowding of side chains forcing the
macromolecule to take a rodlike conformation.4 It has
been difficult, however, to synthesize polymacromono-
mers with a high DP because of the inherently low
concentration of polymerizable groups and the steric
hindrance of side chains. Indeed, it was not until
recently that the radical homopolymerization of a mac-
romonomer in a highly concentrated medium yielded
polymacromonomers with a high DP.2 It has also been
reported that the poly(ethylene oxide) macromonomers
organized into a micellar structure in an aqueous
medium undergo radical polymerization at an unusually
high rate.5 Other polymerization techniques such as
anionic,9 cationic,10 and group transfer polymeriza-
tions11 have been reported to give only oligomacromono-
mers. Still more difficult has been the living polymer-
ization of macromonomers in a controlled manner.9-13

On the other hand, the recent development in the
controlled/“living” radical polymerizations14 based on the
use of reversibly blocking agents, such as sulfur com-
pounds,15 stable nitroxyls,16,17 organometal complexes,18

and halogens,19-22 has provided possibilities for the
synthesis of not only well-defined polymers with low
polydispersities but also those with novel and complex
architectures. Among them is the transition metal-
catalyzed atom transfer radical polymerization
(ATRP),19-22 which is proving to provide a versatile
route for the synthesis of polymers with well-controlled
structures from a variety of radically polymerizable
monomers. Herein, we report on the ATRP of isobutyl
vinyl ether (IBVE) based macromonomers with the
methacryloyl group at the initiating end (MA-PIBVE).
This macromonomer is synthesized by living cationic
polymerization. The combined use of living cationic
polymerization and ATRP has led to a new type of well-
defined polymacromonomer that is controlled with
respect to both backbone and side chain lengths and
length distributions (Scheme 1).

Results and Discussion

1. Macromonomer Synthesis by Living Cationic
Polymerization. The IBVE-based macromonomer car-
rying a methacryloyl group at the R-initiating end was
synthesized by living cationic polymerization.23,24 The
living cationic polymerization of IBVE was conducted
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by the HCl adduct of 2-(vinyloxy)ethyl methacrylate
(VEM-HCl)25 as the initiator in conjunction with zinc
iodide (ZnI2) in toluene at -40 °C (Scheme 1). In a
typical run with [IBVE]0 ) 0.5 M, [VEM-HCl]0 ) 50
mM, and [ZnI2]0 ) 1.0 mM, the polymerization quan-
titatively proceeded to yield a macromonomer (M1) with
a narrow molecular weight distribution (Mh w/Mh n ) 1.07).
Figure 1 shows the 1H NMR spectrum of M1. The
spectrum exhibits all the key signals arising from IBVE
repeating unit (g-k), methacryloyl group at the initiat-
ing end (a-f), and the terminal acetal groups (l and m).
The number-average end functionality (Fhn) was derived
from the peak intensity ratio of the vinyl protons in the
methacryloyl group a to the one at the ω-end group l
(a/2l). The estimated Fh n was close to unity, indicating
that the macromonomer has one methacryloyl group at
the initiating end. The number-average degree of po-
lymerization (DPn) of MA-PIBVE was also deter-
mined from the 1H NMR peak intensity ratio of the
methyl protons in the isobutyl groups k to the vinyl
protons in the methacryloyl group a (k/3a). The evalu-
ated DPns were in good agreement with the IBVE/
initiator (VEM-HCl) feed molar ratios. Table 1 sum-
marizes the synthesis of a series of MA-PIBVEs with
various DPns of PIBVE by regulating the IBVE/initia-
tor ratio. Apparently, all the macromonomers have a
narrow molecular weight distribution (MWD) and con-
trolled DPn.

2. ATRP of Macromonomers. As with ATRP for low
molecular weight monomers, the polymerization of MA-
PIBVE by ATRP was conducted under a homogeneous

condition using 4,4′-di-n-heptyl-2,2′-bipyridine (dHbipy)
as the ligand, which coordinates copper(I) to solubilize
the resulting complexes in the polymerization medium.20c

The polymerization was carried out using ethyl 2-bro-
moisobutyrate as the initiator in conjunction with
copper(I) bromide (CuBr) in diphenyl ether solution (50
wt %) at 50 °C. Figure 2 shows the time-conversion
curves for the polymerization of M1 with a molar ratio
[M1]0/[I]0/[CuBr]0/[dHbipy]0 ) 30/1/1/2. The polymeri-
zation smoothly occurred without an induction period,
and the conversion reached ca. 90% in 5 h. Moreover,
the plot of ln[M]0/[M] vs time was linear up to about
70% conversion, indicating that the number of growing
radicals remained constant. Deviations from the linear
line were observed at higher conversions. This might
be attributed to the increasingly high viscosity of the
polymerization medium rather than to irreversible
termination reactions such as recombination of growing
radicals. It has been suggested for the ATRP of 4-ac-
etoxystyrene,26 the radical polymerization of bulky
monodendritic monomers,27 and the homopolymeriza-
tion of macromonomers2 that as the polymerization
proceeds and the viscosity of the medium increases, the
propagation mechanism can change from a chemically
controlled to a diffusion controlled process. Even though
direct evidence is lacking, we believe that such a
mechanistic change in the propagation step of mac-
romonomer polymerization is likely to occur.

As shown in Figure 3, the number-average molecular
weights (Mh n) of the obtained polymacromonomers in-
creased linearly with the conversion, while the MWDs
stayed fairly narrow with Mh w/Mh n < 1.2 (slightly increas-
ing with conversion). These Mh n and Mh w/Mh n values were
estimated by polystyrene-calibrated GPC, and hence
they are apparent values. Static light scattering mea-
surements were made for one of the polymacromono-
mers (entry 1 in Table 2). The weight-average molecular
weight (Mh w) determined by light scattering was 5.0 ×
104. This value is much larger than the GPC value (Mh w
) 2.4 × 104) but reasonably well agrees with the
theoretical value of 4.2 × 104 calculated from Mh w )
Mh n,calcd × (Mh w/Mh n)GPC, where Mh n,calcd is the Mh n value
calculated with the initiator to (converted) monomer
(Mh n,calcd ) 1260) ratio, and (Mh w/Mh n)GPC is the GPC
polydispersity index. All these results support the

Figure 1. 1H NMR spectrum of MA-PIBVE (M1) in CDCl3
at room temperature.

Table 1. Synthesis of PIBVE Macromonomersa

DPn

code calcdb obsdc Mh n
d Mh w/Mh n

d Fh n
e

M1 10 11 1600 1.07 1.03
M2 20 21 3000 1.04 0.97
M3 40 39 5300 1.04 0.98
a Reaction conditions: with VEM-HCl/ZnI2 in toluene at -40

°C. [IBVE]0 ) 0.5 M, [VEM-HCl]0 ) 50 mM, [ZnI2]0 ) 1.0 mM
(M1); [IBVE]0 ) 0.5 M, [VEM-HCl]0 ) 25 mM, [ZnI2]0 ) 1.5 mM
(M2); [IBVE]0 ) 1.0 M, [VEM-HCl]0 ) 25 mM, [ZnI2]0 ) 2.0 mM
(M3). Conversion ∼ 100%. b DPn (calcd) ) [IBVE]0/[VEM-HCl]0.
c Determined by the 1H NMR peak intensity ratio; DPn (obsd) )
k/3a (see Figure 1 and text). d Estimated by polystyrene-calibrated
GPC. e Determined by the 1H NMR peak intensity ratio; Fh n ) a/2l
(see Figure 1 and text).

Figure 2. Plots of conversion and ln[M]0/[M] vs time for the
polymerization of M1 in diphenyl ether (50 wt %) at 50 °C:
[M1]0/[initiator]0/[CuBr]0/[dHbipy]0 ) 30/1/1/2 (molar ratio).
Ethyl 2-bromoisobutyrate was used as the initiator.
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“living” nature of the ATRP of MA-PIBVE. The small
value of Mh w (or Mh n) estimated by GPC suggests the
multibranched structure of the polymacromonomer that
is more compact in hydrodynamic volume than the
linear analogue with a similar molecular weight.

Experiments were also carried out with higher [M]0/
[I]0 ratios and higher molecular weight macromonomers
(Table 2). Preliminary experiments using M1 with the
molar ratios of [M]0/[I]0/[CuBr]0 ) 60/1/1 and 100/1/1
showed that the polymerization proceeded too slowly or
did not occur at all. We then attempted polymerization
with an increased [CuBr]0/[I]0 ratio to promote polym-
erizability (entries 2-4 in Table 2). In all cases up to
the ratio of [M]0/[I]0 ∼ 200, the polymerization proceeded
in a controlled manner to give polymacromonomers with
a narrow MWD. The ATRP of the higher molecular
weight macromonomers (M2 and M3, entries 5-7 in
Table 2) were also accomplished and gave polymac-
romonomers with low polydispersities. In the case of
M3, however, the conversion was rather low despite a
high concentration of CuBr. This is due to the low molar
concentration of the polymerizable methacryloyl groups
in M3. A much longer reaction time would be required
to achieve high conversions with this macromonomer.

In conclusion, we have synthesized IBVE-based mac-
romonomers carrying a methacryloyl group at the
R-initiating end by living cationic polymerization. The
ATRP of these macromonomers yielded a new type of
well-defined polymacromonomers, i.e., those with a low-
polydispersity backbone as well as low-polydispersity
side chains.

Experimental Section

Materials. 2-(Vinyloxy)ethyl methacrylate (VEM)28 and its
HCl adduct25 were prepared as already reported. Commercial
IBVE (Tokyo Kasei) was washed with 10% aqueous sodium
hydroxide and then with water, dried overnight over potassium
hydroxide (pellets), and distilled twice over calcium hydride
before use. Toluene (polymerization solvent) and carbon
tetrachloride (internal standard for gas chromatography) were
purified by the usual methods and distilled twice over calcium
hydride prior to use. ZnI2 (Aldrich; purity >99.99%) was used
as received. Diethyl ether (Dojin, anhydrous) for the ZnI2

solvent was distilled over calcium hydride before use. Diphenyl
ether was dried over molecular sieves. Ethyl 2-bromoiso-
butyrate and CuBr were used without further purification.
4,4′-Di-n-heptyl-2,2′-bipyridine (dHbipy) was prepared as al-
ready reported.20c

Cationic Polymerization. Cationic polymerization was
carried out under dry nitrogen in a 50-mL baked flask
equipped with a three-way stopcock with magnetic stirring at
-40 °C. The reaction was initiated by the sequential addition
of chilled solutions of the initiator (VEM-HCl adduct in
toluene; 1.50 mL) and of ZnI2 (in diethyl ether; 1.50 mL) into
the monomer solution (in toluene; 17.0 mL) under dry nitrogen
and terminated by the addition of chilled ammonical methanol
(10 mL). The quenched reaction mixture was washed with a
10% aqueous sodium thiosulfate solution and then with water
to remove the initiator residues, evaporated to dryness under
reduced pressure, and vacuum-dried to yield the macromono-
mers, MA-PIBVE.

ATRP of Macromonomers. Into a glass tube were weighed
CuBr and dHbipy, and the mixture of the macromonomer and
initiator in diphenyl ether was added in predetermined ratios.
The concentration of macromonomer was kept constant at 50
wt %. The mixture was immediately degassed several times
by freeze-pump-thaw cycles. The tube was then sealed under
vacuum and placed in an oil bath at 50 °C. After a prescribed
time, the reaction mixture was cooled to room temperature,
dissolved in THF, and subjected to GPC measurement. Con-
version of the macromonomer was determined by comparing
the GPC peak area of the resulting polymacromonomer with
that of the macromonomer.

Measurements. 1H NMR spectra were obtained using a
JEOL AL-400 spectrometer operating at 400 MHz. The GPC
measurements were carried out in THF at 40 °C using a
TOSOH HLC-8020 high-speed liquid chromatograph equipped
with polystyrene gel columns (TOSOH G2500H, G3000H, and
G4000H) and a refractive index detector. The number-average
molecular weight (Mh n) and polydispersity ratio (Mh w/Mh n) were
estimated on the basis of a polystyrene calibration. Static light

Figure 3. Mh n, Mh w/Mh n, and MWD curves of polymacromonomers obtained by the ATRP of M1. See Figure 2 for reaction conditions.

Table 2. ATRP of MA-PIBVEs

entry
MA-

PIBVE
[M]0/[I]0/

[C]0
a

time,
h

conversion,
% Mh n

b
Mh w/
Mh n

b

1 M1 30/1/1 25 93 19 800 1.20
2 60/1/2 21 91 30 400 1.27
3 100/1/3.3 25 91 45 400 1.25
4 200/1/4.8 110 87 99 200 1.19
5 M2 30/1/2 19.5 79 40 000 1.24
6 100/1/4.6 96 72 62 200 1.10
7 M3 30/1/10 22 26 46 000 1.12
a Key: M, MA-PIBVE; I, initiator; C, CuBr. [M] ) 50 wt % for

all cases. b Determined by polystyrene-calibrated GPC.
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scattering measurements were performed in ethyl acetate at
25 °C with a DLS-7000 photometer (Otsuka Electronics,
Japan), which was calibrated with benzene. The refractive
index increment (dn/dc) in ethyl acetate at 25 °C was deter-
mined to be 9.05 × 10-2 mL/g by a DRM-1030 differential
refractometer (Otsuka Electronics).
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