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Summary

The control of molecular weight of polymers in polymerization of styrene (St) with
manganese(III) acetylacetonate [Mn(acac)3] in the presence of organic halides (RX) in
toluene at 80°C was investigated. In the polymerizations of St with Mn(acac)3 in
combination with benzyl bromide (BzBr) as RX, the molecular weight of the polymer
increased with polymer yields, and the relationships between the molecular weight of
polymer and polymer yield gave a straight line passing through the original point.
However, the molecular weight distribution was not narrow, but kept almost constant
(Mw/Mn was about 2) throughout the polymerization. The mechanism of the
polymerization of St with Mn(acac)3-BzBr was also discussed.

Introduction

Living radical polymerization is fascinating method from the view point of
macromolecular architecture    and now has well developed [1]. This polymerization
can control the molecular weight and the molecular weight distribution of the
polymers, since chain transfer reactions and a termination reaction by bimolecular
propagating radicals were neglected. The bond formed at the chain end during the
polymerization is able to cleave again by physical or chemical stimulus to yield the
propagating radicals and stable radicals. The living radical polymerization was
achieved by nitoroxides mediated polymerization using 2,2,6,6-tetramethyl-4-
piperidinyloxy (TEMPO), transition-metals-mediated radical polymerization [2,3], a
reversible addition fragmentation chain transfer (RAFT) process [5], and iniferter [6]
process. Among them, the living radical polymerization with transition metal
compound [Mt] in combination with organic halides (RX) has the advantage of
applying for various vinyl monomers under mild conditions such as relatively low
temperature like 60°C. The mechanism for the living radical polymerization with
Mt/RX was proposed as shown in Scheme 1. In this polymerization system, Ru [2],
Cu [3], Fe [10], Ni [7], Rh [8], and Pd [9] complexes were used as the transition
metals. When RX used has a similar structure to that of the monomer used, the rate of
initiation becomes faster with comparable rate of the propagation [4]. The effect of
additive such as aluminum isopropoxide (Al(OiPr)3) and 2,2'-bipyridine (bpy) was
reported. From the proposed polymerization mechanism, other transition metal
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complexes are also expected to induce the living radical polymerization.

Transition metal acetylacetonate [Mt(acac)x] was reported to initiate radical
polymerizations of vinyl monomers [11,12]. Among Mt(acac)x investigated,
Mn(acac)3 revealed a high activity for the polymerization of St and methyl
methacrylate (MMA). The proposed mechanism for the polymerization with
Mn(acac)3 alone is shown in Scheme 2 [11]. Taking the polymerization mechanism
into consideration, Mt(acac)x in combination with RX system seems to be effective
for the polymerization of various vinyl monomers. Nevertheless, polymerization of
vinyl monomers with Mn(acac)3 in the presence of RX has not been investigated. If
the polymerization proceeds with Mn(acac)3-RX by a similar mechanism with the
transition metals mediated radical polymerization, it will be possible to control the
molecular weight of the polymers. We reports here the polymerization of St with the
Mn(acac)3-RX.
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Experimental

Materials

Commercially available Mt(acac)x were used as received. St, benzyl bromide (BzBr)
and methyl 2-bromopropionate (MBP) were distilled over calcium hydride before
use. Solvents and other reagents were purified by conventional methods.

Polymerization Procedure

Polymerization was carried out in sealed glass tube in a thermostat at 80°C for a given
time. After the required amounts of reagents were charged, the tube was degassed and
then sealed under high vacuum. After the polymerization, the tube was opened, and
the contents of the tube were poured into a large amount of methanol to precipitate the
polymer formed. The polymers were washed well with an excess of methanol, and
dried in vacuo at room temperature. The polymer yield was determined by gravimetry.

Characterization

The number average (Mn) and weight average (Mw) molecular weight of the polymers
were determined by GPC using a Tosoh GPC-8800 at 38°C in THF as calibrated with
poly(St) standards. The 1H NMR spectra for the polymers were recorded on JEOL
JMN A-400 spectrometer in CDCl3 at 50°C. The IR spectra of the polymers were
recorded on JEOL FT-IR 430 spectrometer.

Results and discussion

Polymerization of St with Mn(acac)3-BzBr

Polymerization of St with transition metal acetylacetonate [Mt(acac)x] in combination
with BzBr were conducted, and the results are listed in Table1. Some Mt(acac)x in the
presence of BzBr were found to initiate the polymerization of St giving high
molecular weight polymers. Although Mn(acac)3-BzBr showed a high activity for the
polymerization of St among Mt(acac)x examined, the Mn(acac)2-BzBr afforded the
polymer in a low yield. This seems to be a difference in initiation ability.

The effect of BzBr on the polymerization of St with Mn(acac)3-RX was examined.
The results are shown in Figure 1, in which the polymerization of St in the absence of
BzBr is also indicated for comparison. In the polymerization of St with Mn(acac)3

alone, the polymer yield increased with reaction time at the initial stage of the
polymerization, but soon after the polymerization hardly proceeded. On the contrary,
in the polymerization of St with Mn(acac)3-BzBr, the polymer yield increased as a
function of reaction time. The relationship between Mn of the polymers and polymer
yield gave a straight line, and it passed through the original point as shown in Figure
2. Although the Mw/Mn of the polymer was about 2, the values kept constant
throughout the polymerization. The GPC elution curves for the polymers obtained
with Mn(acac)3- BzBr shifted to the higher molecular weight side with reaction time
as shown in Figure 3. Accordingly, it is clear that the molecular weight of the
polymers is able to be controlled in the polymerization of St with Mn(acac)3- BzBr.
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Polymerization Mechanism

To elucidate the mechanism for polymerization of St with Mn(acac)3-RX, the
copolymerization [13] of St (M1) and MMA (M2) with Mn(acac)3-BzBr was
investigated. The monomer reactivity ratios were determined to be r1 = 0.52, r2 = 0.46,
which are in good agreement with those obtained from radical copolymerization
initiated by AIBN (r1 = 0.52, r2 = 0.32) [14]. The triad tacticity of the poly(St) was
determined to be mm=10%, mr=24%, and rr=66%, which agrees well with that
obtained with AIBN (mm=14%, mr=30%, rr=56%) [15]. Thus, it is clear that the
polymerization of St and MMA with the Mn(acac)3-BzBr proceeds via a radical
intermediate.
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The structure of the polymer obtained from the polymerization of St with
Mn(acac)3-BzBr was determined by NMR spectroscopy. When the BzBr was used ,
the polymer chain end could not be determined by an overlapping of the signal based
on the St unit. So we used MBP instead of BzBr as a RX, and the polymerization of
St with Mn(acac)3-MBP was performed. The relationship between polymer yield and
molecular weight was also linear through the original point. The 1H NMR spectrum of
the formed polymer is shown in Figure 4, in which signals based on the methyl proton
peak at the initiation end derived from MPB were observed at 0.8 ppm, along with the
peaks based on the main chain of the St units [16]. In addition, a signal attributed to
the methine proton adjacent to the bromine atom was observed at 4.9 ppm, which was
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assigned as the terminal chain end. This indicates that BzBr as well as MBP acts as an
initiator for the polymerization of St, and the BzBr plays an important role to control
the molecular weight of the resulting polymers.

The IR spectra of the polymer obtained from the polymerization with the
Mn(acac)3-BzBr showed a characteristic absorption at 1720cm-1 based on the carbonyl
group derived from the ligand of Mn(acac)3. The activity of Mn(acac)2-BzBr for the
polymerization of St was low. From the ESR spectroscopy, Mn4+ species was
detected by the reaction of the Mn(acac)3 and BzBr. On the basis of these results, we
would propose the polymerization mechanism as shown in Scheme 3, although the
detailed mechanism is not confirmed. One initiating radical was formed from
Mn(acac)3 (eq1), where the Mn(II) was produced and it was reacted with Mn(IV) , and
Mn(III) was recovered (eq7). In another radical the amount of the initiation from acac
was small as compared with that from R derived from BzBr (eq2), and the initial end
was determined by NMR spectroscopy when MBP was used instead of BzBr. Slow
initiation causes a broad molecular weight distribution of the polymer. However, the
molecular weight of polymer can be controlled in the polymerization of St with
Mn(acac)3-BzBr, since the propagation proceeds through a similar mechanism to the
transition metal mediated living radical polymerizations (eq4∼6).
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