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ABSTRACT: The Rh-catalyzed polymerization of an acetylene-terminated poly(methyl methacrylate) (PMMA)

macromonomer (M-PMMA) provided a helical poly(macromonomer), poly(M-PMMA) [Mw up to 136,000, weight-

average degree of polymerization (DPw) = 80], consisting of a polyacetylene main chain and PMMA side chains.

The macromonomer M-PMMA was synthesized by ATRP of MMA initiated by a functionalized initiator, 2-bromo-

2-methylpropionic acid (S)-1-methylpropargyl ester (l), in the presence of CuBr/N,N,N0,N00,N00-pentamethyldiethylene-

triamine (PMDETA) catalyst/ligand system in toluene at 70 �C. Poly(M-PMMA) was a light yellow solid soluble in

common organic solvents such as THF, CHCl3, and toluene. Poly(M-PMMA) exhibited a strong CD signal at around

350–357 nm with molar ellipticities ([�]) of +26300–+27500 deg cm2 dmol�1 in THF, CHCl3, toluene and DMF. This

indicates that it possessed a predominantly one-handed helical conformation. Poly(M-PMMA) had stable helical con-

formation irrespective of solvents and temperature. [doi:10.1295/polymj.PJ2006260]
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The synthesis of helical polymers is an important
field in macromolecular science as they are used in
a wide variety of potential applications based on the
chiral structure.1–5 There are several classes of well-
ordered synthetic helical polymers including poly-
(alkyl methacrylates),6–9 polychloral,10,11 polyisocya-
nides,12–15 polyisocyanates,16–19 and polysilanes.20–23

Besides, some helical polyacetylenes have been syn-
thesized by Rh-catalyzed polymerization of acetylenic
monomers having chiral side groups such as chiral
carboxylic acids,24–29 alcohols,30–33 amino acids,34–40

sugars41–43 and terpenes44 as the helical sources.
Recently, our laboratory reported that (S)-1-methyl-
propargyl alcohol served as a powerful helical source
for substituted polyacetylenes.45 The polymers de-
rived from the alcohol and its esters form helical
structures with predominantly one-handed screw
sense. The remarkable ability of such a small chiral
moiety to induce helicity is probably due to location
of the chiral group adjacent to the main chain. Thus,
a wide variety of helical polymers are attainable
by transformation of the hydroxyl group of chiral
1-methylpropargyl alcohol into other functional
groups.
Poly(macromonomers) exhibit interesting proper-

ties different from those of their linear counterparts
in solid state and solution.46–48 Different from poly-
acetylenes derived from small acetylenic monomers,
the polymerization of macromonomers bearing a
polymerizable acetylene unit can lead to poly-

(macromonomers) consisting of a polyacetylene main
chain and polymer side chains such as polysty-
rene (PS),49,50 poly(methyl methacrylate) (PMMA),50

poly(ethylene oxide) (PEO),51 and poly(dimethyl-
siloxane).52 For example, novel cylindrical polymer
brushes composed of a poly(phenylacetylene) main
chain and either PS or PMMA side chains featuring
high molecular weight above one million or narrow
molecular weight distribution have been synthesized
by the polymerization of phenylacetylene-terminated
PS or PMMA macromonomers.50

To the best of our knowledge, there have been few
examples of helical poly(macromonomers) in the lit-
erature. One example reported by Yashima and co-
workers is a series of optically active, stereoregular
poly(phenylacetylene)s by the polymerization of poly-
peptide macromonomers having a phenylacetylene
chain end.53 Helical poly(macromonomers) are fasci-
nating because they may show unique properties not
observed in linear helical polymers. We have previ-
ously reported the synthesis of a helical poly(macro-
monomer) derived from a chiral acetylene-terminated
PS macromonomer.54 The PS macromonomer was
prepared via the atom transfer radical polymerization
(ATRP)55–58 of styrene employing an initiator 2-bro-
mo-2-methylpropionic acid (S)-1-methylpropargyl
ester (l) derived from (S)-1-methylpropargyl alcohol.
To expand the scope of helical poly(macromono-
mers), here we report the synthesis of poly(macro-
monomer) composed of a polyacetylene main chain
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and PMMA side chains, which was prepared the poly-
merization of a PMMA macromonomer obtained by
ATRP of MMA using initiator 1.

EXPERIMENTAL

Measurements
1H NMR spectra were recorded on a JEOL EX-400

spectrometer using chloroform-d (CDCl3) as a solvent
with tetramethylsilane as internal reference (� ¼ 0).
The weight-average molecular weight (Mw), num-
ber-average molecular weights (Mn) and polydisper-
sity ratios (Mw=Mn) of the obtained polymers were de-
termined by gel permeation chromatography (GPC)
on a Jasco Gulliver System (PU-980, CO-965, RI-
930, and UV-1570) equipped with a series of PS gel
columns (Shodex KF805L � 3, bead size: 10 mm, mo-
lecular weight range up to 4� 106, flow rate 1mL/
min), using THF as an eluent at 40 �C with a PS cal-
ibration. Specific rotations (½��D) were measured on a
JASCO DIP-1000 digital polarimeter with a sodium
lamp as a light source. Circular dichroism (CD) and
UV-vis spectra were recorded on a JASCO J-820
spectropolarimeter using a quartz cell (thickness:
1 cm).

Materials
Copper(I) bromide (CuBr) (Aldrich, 98%), N,N,-

N0,N00,N00-pentamethyldiethylenetriamine (PMDETA)
(Wako, Japan 98%) were used as received. Methyl
methacrylate (MMA) (Wako, Japan 98%) was distill-
ed from CaH2 under reduced pressure and stored at
�30 �C under argon. Toluene and CHCl3 were distill-
ed from CaH2 under argon. o-Dichlorobenzene was
purified by distillation from CaH2 under reduced pres-
sure. Tetrahydrofuran (THF) was distilled from so-
dium benzophenone ketyl under argon. The ATRP
initiator, 2-bromo-2-methylpropionic acid (S)-1-meth-
ylpropargyl ester (1),45 and (nbd)Rhþ[�6-(C6H5)B

�-
(C6H5)3] (nbd = 2,5-norbornadiene)59 were synthe-
sized according to the literature.

Synthesis of M-PMMA
Methyl methacrylate (3.28 g, 32.8mmol), initiator 1

(0.718 g, 3.28mmol), CuBr (0.235 g, 1.64mmol), and
toluene (1.5mL) were placed in a 40-mL flask equip-
ped with a three-way stopcock, and the mixture was
subjected to three freeze-pump-thaw cycles. The flask
was placed in an oil bath preheated to 70 �C, and
PMDETA (0.284 g, 1.64mmol) was added with an
argon-purged syringe. After 10 minutes, the mixture
was cooled, diluted with THF, and passed through a
neutral alumina column to remove the catalyst. The
solution was concentrated to ca. 8mL by rotary evap-
oration. The product was precipitated in a large

amount of hexane and dried under reduced pressure
to give 1.70 g (52%) of M-PMMA as a white powder.
GPC (THF): Mw ¼ 1690, Mw=Mn ¼ 1:3. Weight-
average degree of polymerization (DPn) = 16. ½��D ¼
�10� (c ¼ 0:10 g/dL, in THF, r.t.). 1H NMR (400
MHz, CDCl3): � ¼ 5:35 (t, CHCH3), 3.73 (s, terminal
CO2CH3), 3.70–3.30 (broad s, CO2CH3 on backbone),
2.80–2.60 (broad m, CH2 of terminal MMA moiety),
2.39 (s, �C–H), 2.20–0.60 (broad m, CH2 and CH3

of backbone), 1.45 (d, CHCH3).

Polymerization of M-PMMA
A typical procedure is as follows (Run 4, Table I):

A solution of (nbd)Rhþ[�6-(C6H5)B
�(C6H5)3] (2.06

mg, 0.004mmol) in THF (0.10mL) was added to a
solution of M-PMMA (102mg, 0.08mmol) in THF
(0.30mL) under argon. After polymerization at
30 �C for 24 h, the solution was added to a large
amount of diethyl ether to precipitate the product
poly(M-PMMA) [diethyl ether is a good solvent for
M-PMMA and a poor solvent for poly(M-PMMA)].
The resultant polymer was collected, filtered, and
dried under reduced pressure until constant weight.
Yield: 85%. GPC (THF): Mw ¼ 136;000, Mw=Mn ¼
5:6. Weight-average degree of polymerization (DPw)
of main chain = 80. ½��D ¼ þ166� (c ¼ 0:10 g/dL,
THF, r.t.). 1H NMR (400MHz, CDCl3): � ¼ 5:35 (s,
CHCH3), 3.73 (s, terminal CO2CH3), 3.70–3.30
(broad s, CO2CH3 on backbone), 2.80–2.60 (broad
m, CH2 of terminal MMA moiety), 2.20–0.60 (broad
m, CH2 and CH3 of backbone), 1.47 (s, CHCH3).
The signal assigned to olefinic protons on the main
chain was not observed probably due to its broadness.

RESULTS AND DISCUSSION

The PMMA macromonomer bearing an acetylene
chain end (M-PMMA) was prepared by the ATRP
of MMA using 1 as initiator in the presence of
CuBr/PMDETA as catalyst/ligand system in toluene

Table I. Polymerization of M-PMMA (Mw ¼ 1690,

Mw=Mn ¼ 1:3) with (nbd)Rhþ[�6-(C6H5)B
�(C6H5)3]

a

[M-PMMA] [Rh]
Poly(M-PMMA)b

(M) (mM) YieldRun

(%)
Mw

c Mw=Mn
c DPw

d

1 0.10 5.0 73 48,200 4.0 29

2 0.10 10 81 32,500 3.6 19

3 0.20 5.0 64 105,000 8.4 62

4 0.20 10 85 136,000 5.6 80

aConditions: in THF, 30 �C, 24 h. bDiethyl ether-insoluble

product. cEstimated by GPC in THF on the basis of a PS

calibration. dWeight-average degree of polymerization (calcu-

lated by Mw,poly(M-PMMA)=Mw,M-PMMA, Mw,M-PMMA ¼ 1690).
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at 70 �C (Scheme 1). It is known that the reactivity of
macromonomer decreases with increasing molecular
weight because of the increasing sterical hindrance
of PMMA chains attached to the polymerizable acet-
ylene group.48 Thus the molar monomer-to-initiator
ratio in the feed was chosen to be 10 : 1 in order to
obtain a low molecular weight macromonomer. As
a result, the Mw and Mw=Mn of PMMA were 1690
and 1.3, respectively, according to gel permeation
chromatography (GPC). The well-defined structure
of M-PMMA was verified by 1H NMR analysis (see
Figure 1 and Experimental Section).
The macromonomer M-PMMA was polymerized

with a zwitter ionic complex (nbd)Rhþ[�6-(C6H5)B
�-

(C6H5)3], which is frequently employed in the poly-
merization of monosubstituted acetylenes, in THF at
30 �C. The variation of monomer and catalyst concen-
trations led to the formation of poly(macromonomers)
[poly(M-PMMA)] with different molecular weights as
listed in Table I. As seen in Run 1, poly(M-PMMA)
was formed in a good yield of 73% under the con-
ditions of [M-PS] = 0.1M and [Rh] = 5.0mM, and
possessed an Mw of 48,200 and an Mw=Mn of 4.0.
Increasing the catalyst concentration to 10mM, poly-
mer with a lower molecular weight and a narrower

molecular weight distribution (Mw ¼ 32;500, Mw=
Mn ¼ 3:6) was produced in a higher yield (81%)
(Run 2). Changing the macromonomer concentration
to 0.2M with keeping a catalyst concentration of
5mM effectively improved the molecular weight
(Mw ¼ 105;000) but the value of Mw=Mn became
broader (Mw=Mn ¼ 8:4) (Run 3). Further, increasing
the catalyst concentration to 10mM led to a polymer
with a high molecular weight (Mw ¼ 136;000) and an
Mw=Mn of 5.6 in a good yield (85%) (Run 4).
Solvent effects on the polymerization of M-PMMA

were examined, whose results are shown in Table II.
The polymerization in CHCl3 resulted in a low molec-
ular weight polymer (Mw ¼ 25;900) in a good yield
(�70%) (Run 2). Toluene as solvent did not enhance
the molecular weight (Mw ¼ 39;600) and yield (63%).
o-Dichlorobenzene led to a relatively high molecular
weight (Mw ¼ 68;900) but the yield was modest
(58%) (Run 4). Thus, among the solvents examined,
THF was the most favorable with respect to both poly-
mer yield and molecular weight. Poly(M-PMMA) was
a light yellow solid soluble in THF, CHCl3, toluene,
acetone and DMF, but insoluble in diethyl ether,
MeOH, hexane and DMSO. By contrast, the reported
poly(M-PS) is insoluble in acetone.54

The structure of poly(M-PMMA) was characterized
by 1H NMR. Figure 1 shows the 1H NMR spectra of
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Scheme 1. Synthesis of M-PMMA and poly(M-PMMA).

Figure 1. 1H NMR spectra of M-PMMA and poly(M-

PMMA).

Table II. Solvent effects on the polymerization

of M-PMMA (Mw ¼ 1690, Mw=Mn ¼ 1:3)

with (nbd)Rhþ[�6-(C6H5)B
�(C6H5)3]

a

Poly(M-PMMA)b

Yield ½��DeRun Solvent

(%)
Mw

c Mw=Mn
c DPw

d

(deg)

1 THF 85 136,000 5.6 80 166

2 CHCl3 69 25,900 3.5 15 87

3 Toluene 63 39,600 4.1 23 102

4 o-Dichlorobenzene 58 68,900 4.9 41 125

aConditions: [M-PMMA] = 0.20M, [Rh] = 10mM, 30 �C,

24 h. bDiethyl ether-insoluble product. cEstimated by GPC in

THF on the basis of a PS calibration. dWeight-average degree

of polymerization (calculated by Mw,poly(M-PMMA)=Mw,M-PMMA,

Mw,M-PMMA ¼ 1690). eMeasured by polarimetry at room tem-

perature, c ¼ 0:1 g/dL in CHCl3.
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poly(M-PMMA) as well as its monomer M-PMMA
for comparison. The resonance peak (� ¼ 2:39 ppm)
of the acetylenic proton observed in the 1H NMR
spectrum of M-PMMA disappeared completely in that
of poly(M-PMMA). This indicates that polymeriza-
tion occurred through the addition reaction of the tri-
ple bond of the macromonomer as expected. The Rh
catalyst, (nbd)Rhþ[�6-(C6H5)B

�(C6H5)3], is known
to produce stereoregular cis-transoidal polyacetylenes,
which display a sharp signal at 6.0–6.5 ppm due to the
olefinic proton in the main chain.24–29 However, the
cis olefinic proton signal was not observed in the
1H NMR spectrum of poly(M-PMMA), probably be-
cause of the low mobility of the polyacetylene main
chain.50

The GPC traces of M-PMMA and poly(M-PMMA)
(Run 4, Table I) are illustrated in Figure 2. The GPC
peak of poly(M-PMMA) shifted to a high molecular
weight region (Mw ¼ 136;000) without any tailed
trace of the residual macromonomer. This indicates
that the use of diethyl ether as the precipitant proved
to be feasible for the purification of the product [it is
a good solvent for M-PMMA but a non-solvent for
poly(M-PMMA)]. The weight-average degrees of
polymerization (DPw) of poly(M-PMMA)s were cal-
culated to be in the range of 15–80 based on the Mw

of the macromonomer as listed in Tables I and II.
Poly(M-PMMA) displayed relatively small optical

rotations (½��D ¼ þ87�–+166�, see Table II), which
were opposite in sign to the value of M-PMMA
(½��D ¼ �10�). However, poly(M-PMMA) (Run 4,
Table I) exhibited strong CD effects at around 350–
357 nm with molar ellipticities ([�]) of +26300–
+27500 deg cm2 dmol�1 in THF, CHCl3, toluene and
DMF (Figure 3). The CD patterns in these solvents
were similar to one another. Since the solution of
M-PMMA was CD-inactive at wavelength longer than
300 nm, the CD bands at 350–357 nm should corre-
spond to the absorption of the segments of the polyene
backbone of poly(M-PMMA), thus unambiguously
confirming that its polyene chain possessed a helical
conformation with an excess of one-handedness.

Other polymer samples in Tables I and II also showed
similar CD and UV-vis spectra. It is noted that the
DPs of poly(M-PMMA) are high enough for the for-
mation of helix albeit they are relatively small. This
can be attributed to the remarkable ability of the chiral
moiety adjacent to the main chain to induce helicity.53

The UV-vis absorption maximum and CD signal of
poly(M-PMMA) appeared in the region of 350–357
nm, which are red-shifted compared to those of (S)-
1-methylpropargyl alcohol (305–315 nm) and its ester
derivatives (323–328 nm).53 This indicates that poly-
(M-PMMA) has a longer conjugated main chain than
those of (S)-1-methylpropargyl alcohol and its ester
derivatives, and that poly(M-PMMA) forms a rather
relaxed helical conformation presumably due to the
bulky side PMMA chains.
The variable-temperature CD and UV spectra of

poly(M-PMMA) (Run 4, Table I) were measured in
toluene in the range of 0 to 60 �C to examine the ther-
mal stability of the helical conformation (Figure 4).
The shape of CD signal hardly changed with temper-
ature, although the intensity slightly decreased with
increasing temperature. It is assumed that the main
chain of poly(M-PMMA) takes practically one-hand-
ed helical structure which is stable toward tempera-
ture, and that the persistence length of helix only
slightly increases at low temperature. These results
give a contrast to that of the previously reported case
that the intensities of CD signals and/or specific rota-
tions of helical poly(N-propargylamides) and poly-
(phenylacetylenes) considerably decrease as tempera-
ture is raised.60,61 This phenomenon can be explained
by the idea that the main chain of these polymers is
quite flexible so that the regular helical form is readily

Figure 2. GPC curves of M-PMMA and poly(M-PMMA)

(Run 4, Table I) measured with THF as an eluent using linear

PS standards.

Figure 3. CD and UV-vis spectra of poly(M-PMMA) (Run 4,

Table I) measured in toluene, THF, CHCl3, and DMF (c ¼ 0:76

mM) at 20 �C.
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transformed into more or less irregular random-coiled
structure by thermal stimulus. On the other hand, the
present poly(macromonomer) possesses a rigid main
chain, and eventually, the helix of poly(M-PMMA)
is thermally more stable than those of other substitut-
ed polyacetylenes. The chiroptical properties of poly-
(M-PMMA) were basically the same as those of the
corresponding PS side chain-containing poly(macro-
monomer), namely, the helix was sufficiently stable
to solvents and temperature.54
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