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Abstract

The effect of the polystyrene chain as a bulky long ester group of methacrylate monomer on the chain tacticity was investigated in the
radical chain polymerization of w-methacryloyloxyethyl polystyrene macromonomers of different molecular weights. The macromonomers
and 3-phenylbutyl methacrylate (3PBMA), which corresponds to the unimer model of the macromonomer, were synthesized and
polymerized with azobisisobutylonitrile in benzene at 60°C. The polymers obtained were converted to poly(methyl methacrylate)s by
acid hydrolysis reaction followed by methyl esterification with diazomethane to estimate the chain tacticity of the original polymers by
'H- and "*C-n.m.r. It was found that the backbone chains of poly(macromonomer)s as well as the poly(3PBMA) chain had a syndiotactic
triad in the range of 58—62%, but the chains still had a similar tactic structure comparable with those of poly(methacrylate)s having a short
alkyl chain and the fractions of tactic triads obeyed the Bernoullian statistics. This fact indicates that the specific multibranched structure
around the propagating radicals as well as the ester polymer chain of the macromonomer does not have much effect on the chain tacticity,
although the molecular conformation of the central backbone chain of the formed poly(macromonomer)s is strongly affected by the

polystyrene branch chains of high branch density, as described previously. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polymerization behaviours of macromonomers have been
reported by several researchers [1]. Ito et al. [2] reported on
the radical polymerization of w-vinylbenzylalkyl poly-
(oxyethylene) macromonomers in micelles, and Kobayashi
et al. [3] recently reported the synthesis and polymerization
of w-vinylbenzyl amylose macromonomers. On the other
hand, Kitayama et al. [4,5] reported stereospecific polymer-
izations of w-methacryloyl stereoregular poly(methyl
methacrylate) macromonomers by anionic polymerizations.
We have been studying the radical polymerization
behaviour of w-methacryloyloxyethyl and w-vinylbenzyl
polystyrene macromonomers of narrow molecular weight
distributions to investigate the influence of the presence of
the polymer chain coupled to the polymerizable end group
[1,6—10]. However, there have been no reports on the tactic
structure of the backbone of poly(macromonomer)s
prepared by radical chain polymerizations so far.

* Corresponding author.

On the other hand, chain polymerizations of end-vinyl
macromonomers produce multibranched polymers of well-
defined structure, in which every repeating unit of the back-
bone chain of the polymerization products has one long
branch at all times [6-8]. Thus, the branch density is
extremely high. In addition, the branch length and the
branch number of poly(macromonomer)s can be controlled
by the molecular weight of the macromonomer and the
polymerization conditions. Such multibranched polymers
show very unique and interesting properties, which are
very different from those of the corresponding linear
polymers [11-18]. For better understanding of the
molecular properties of poly(macromonomer)s, it is of
great importance to know the chain tacticity of the central
backbone, which can affect the molecular conformation
reflecting the conformation of the central backbone
chain.

In this context, we have investigated here the chain tac-
ticity of the central backbone of the poly(macromonomer)s
formed by the radical polymerizations of w-methacryloyl-
oxyethyl polystyrene macromonomers.
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Scheme 1. Synthesis of 3PBMA and MA-PSt macromonomers.

2. Experimental
2.1. Materials

w-Methacryloyloxyethyl polystyrene macromonomers
(MA-PSts) were synthesized by the living anionic polymer-
ization technique in previous work [8,9,11]. The number-
average molecular weights of MA-PSts are 800 and 2900,
with the polydispersity index (M, /M) being 1.11 and 1.07,
respectively. 3-Phenylbutyl methacrylate (3PBMA), which
corresponds to the unimer model of the macromonomer,
was synthesized by a condensation reaction of 3-phenyl-
butyl alcohol with methacryloyl chloride. Isolation of
3PBMA was carried out using a silica gel column using
hexane/ethyl acetate (9:1) mixed solvent. The productions
of MA-PSts and 3PBMA were confirmed by 'H-n.m.r. spec-
tra using GE QE-300 (300 MHz) and Varian XL500
(500 MHz) instruments. Azobisisobutylonitrile (AIBN)
was purified by recrystalization from a methanol solution.

2.2. Polymerizations

These macromonomers, as well as 3PBMA, were
polymerized with AIBN in benzene at 60°C for 24 h. The
reaction mixtures were placed in glass ampoules and
degassed and sealed under vacuum. After the polymeriza-
tion, the products were precipitated in a large amount of
methanol to remove unreacted compounds, and then
freeze-dried from benzene solutions. Methyl methacrylate
(MMA) monomer was also polymerized under the same
conditions for comparison.

2.3. Tacticity measurements
The polymers obtained were converted to poly(methyl

methacrylate)s (PMMAs) by acidic hydrolysis reaction
followed by methyl esterification with diazomethane. The

acidic hydrolysis was carried out using conc. H,SO, at room
temperature (ca. 25°C) for 2 days. The reaction mixture was
poured into water and then the water-insoluble fraction was
solubilized into methanol to recover poly(methacrylic acid).
Methy! esterification of the poly(methacrylic acids)s pro-
duced was carried out by adding a diethyl ether solution
of diazomethane into each polymer/benzene mixture at
room temperature. The addition of diazomethane solution
was completed in ca. 60 min and then the mixture was stir-
red overnight. The hydrolysis products became soluble in
benzene as the reaction with diazomethane proceeded. The
PMMA was recovered by precipitation of a benzene-soluble
fraction into methanol. After this, the PMMAs were purified
by precipitation into methano! and freeze-dried with benzene.
Tacticity of the PMMAs, which reflects the tacticity of the
original polymers, was determined by the signal intensity of
a-methyl protons in 'H- and "*C-n.m.r. spectra.

The hydrolysis of the ester groups by conc. H,SO4
was confirmed by the disappearance of the phenyl proton
signals in the 'H-n.m.r. spectra of the converted polymers.
Hydrolysis using HCl (35%) was not successful in the case
of the poly(macromonomer)s. When a large fraction of the
reaction mixture after the hydrolysis was insoluble in
methanol, the insoluble fraction was recovered and the
hydrolysis reaction was repeated.

3. Results and discussion

MA-PSts and 3PBMA were synthesized according to
Scheme 1. The 'H-n.m.r. spectrum of MA-PSt800 is
shown in Fig. 1. In this figure, clear peaks of the a-sec-
butyl protons and w-end vinyl protons are seen at around
0.6-0.7 and 5.4-5.9 ppm, respectively. The peak intensity

' As far as we know, there is no report on the synthesis of 3PBMA. The
synthesis and polymerization of 4PBMA and tacticity of the obtained
polymer have been reported [19].
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Fig. 1. '"H-n.m.r. spectrum of MA-PSt800 macromonomer in CDCl ;.

ratio of the w-end vinyl protons to the a-sec-butyl protons
gives the end group functionality f = 0.99. Fig. 2 shows the
'H-n.m.r. spectrum of 3PBMA, where the relative signal
intensity of the peaks a—f indicates the formation of 3PBMA".

The polymerization conditions of MA-PSt macro-
monomers and 3PBMA and the molecular weights of the
polymerization products are shown in Table 1. The data for
MMA monomer are also included. Polymerization solutions
were completely transparent, which shows that polymeriza-
tions were taking place under homogeneous reaction
conditions. The degrees of polymerization (DPs) of all
polymer samples obtained are greater than 100.

Fig. 3 shows the 'H-nmr. spectrum of poly-
(MA-PSt2900) after conversion to PMMA. Determination
of the chain tacticity of PMMA by n.m.r. spectroscopy has
been well established [20,21]. Triad tacticity was deter-
mined by the corresponding signal intensity of «-methyl
protons in the 'H-n.m.r. spectrum. There are no phenyl
proton signals at all. This indicates that the hydrolysis reac-
tion was complete. Fig. 4 shows the *C-n.m.r. spectrum of

PMMA converted from poly(MA-PSt2900), where the
signals corresponding to rr, mr and mm triads are indicated
in the figure. The relative signal intensity of the tactic
triads in *C-n.m.r. spectra for all samples were almost the
same as those in '"H-n.m.r. spectra. These spectra indicate
that the PMMAs, and thus the original poly(MA-PSts), as
well as poly(3PBMA), have syndiotactic-rich atactic
structures.

The fractions of rr, mr and mm triads estimated from the
relative signal intensity of a-methyl proton peaks are sum-
marized in Table 2. In this table, the values for PMMA are
also included for comparison. It is seen that the values of rr
triad fraction for all polymers in Table 2 are 58—62%, while
the fractions of mm triad are 5-7%. The values for rr triad of
poly(MA-PSts) are 62%, which is slightly larger than that of
poly(3PBMA), but the difference is small. This indicates
that the presence of the long bulky polystyrene chain does
not have much effect on the chain tacticity. The fractions of
tactic triads of poly(3PBMA) are also similar to those of
PMMA, indicating that the 3-phenylbutyl ester group, which
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Fig. 2. '"H-n.m.r. spectrum of 3PBMA in CDCls,
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Table 1
Polymerization conditions and characterization of original polymers®
Code M] [AIBN] Time Polymer

(mol 17" (mol 17" (h) M, P(x 10 M, (X 10%) MM, " DP
MMA 3.1 0.015 24 117 64.3 1.83 643
3PBMA 14 0.02 24 934 51.9 1.80 238
MA-PSt800 0.10 0.016 24 140 80.0 1.75 100
MA-PSt2900 0.12 0.016 24 1569 1164 1.35 401

“Polymerizations were carried out at 60°C

*Molecular weights of poly(macromonomer)s were determined by using g.p.c. equipped with a low angle laser light scattering detector (LALLS) and that of
poly(3PBMA) was determined from g.p.c. with a calibration curve with polystyrene standards

corresponds to the root of the polymer chain in MA-PSt,
does not affect the stereochemistry of polymerization.

Mays and co-workers [19] investigated the chain tacticity
of poly(4-phenylbutyl methacrylate) prepared by radical
polymerization with AIBN at 50°C. The polymer obtained
was reported to have tactic triads of rr/mr/mm = 63:29:8,
which is similar to the tacticity of the poly(3PBMA)
obtained in this study, indicating that the difference in
position of the phenyl ring has almost no influence.

It should be noted here that PMMAs obtained from the
poly(macromonomer)s and the poly(3PBMA) were purified
by precipitation in methanol, in which methanol-soluble
oligomers might be removed and their stereostructures are
unknown. However, the triad tacticity of poly(MA-PSt800),
the DP of which is 100, is very similar to that of poly(MA-
PSt2900), whose DP is 401. This indicates that the chain
tacticity is not very dependent on the molecular weight and
the soluble oligomer may not affect the above discussion,
although further study is necessary to clarify this point.

The probabilities of an isotactic triad I, syndiotactic triad

Poly(MA-PSt2900) n = 26

S and heterotactic triad H are given by:
I=Pr=01-P)
S=(1=Pyn)’ =P,

H=2P,(1-P,)=2(1 -P)P,

with the assumption that the chain tacticity obeys the
Bernoulli trial process; here, P, and P, are the probabilities
of generating a meso diad and a racemo diad, respectively,
and P, + P, = 1. The calculated values using the above
relation are shown in Table 2, in which the P, value was
determined from the rr triad fraction instead of P, for better
accuracy. It is seen from the table that the observed values
of I and H are consistent with the calculated values. These
results indicate that the backbone chain tacticity of
poly(MA-PSts) as well as poly(3PBMA) obeys the Bernouli
trial process, as does that of PMMA.

Judging from these results, we can conclude that the
multibranched structure around the propagating radical
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Fig. 3. 'H-n.m.r. spectrum of PMMA converted from poly(MA-PSt2900) in CDCl;.
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Fig. 4. BCnm.r. spectrum of PMMA converted from poly(MA-PSt2900) in CDCl;.

Table 2
Tacticity of PMMA derived from the original polymer

Original polymer Observed’ rr/rm/mm (%) Bernoulli® rr/rm/mm (%) PP, (%)
PMMA 57:37:6 57.37:6 76:24
Poly(3PBMA) 58:35:7 58:36:6 76:24
Poly(MA-PSt800) 62:33:5 62:33:5 79:21
Poly(MA-PSt2900) 62:33:5 62:33:5 79:21

“Determined by the relative peak intensity of a-methyl protons in the "H-n.m.r. spectrum of PMMA derived from the original polymer
bCalculated by P, determined from the peak intensity of the «-methyl proton of the syndiotactic triad under the assumption of Bernoulli trial process

site and the presence of the polystyrene chain coupled to the
polymerizable end group have no, or only slight, influence
on the chain tacticity of the central backbone of poly(ma-
cromonomer)s under the polymerization conditions used in
this paper, although the rate constants for propagation and
termination in the radical polymerization of MA-PSt macro-
monomers are very different from the values of MMA under
similar polymerization conditions [6,9,10].

Recently, Nakano et al. [22] reported that free radical
polymerizations of triphenylmethyl methacrylate (TrMA)
gave highly isotactic polymers under appropriate con-
ditions. The isotactic triad fraction exceeded 98% due to
the bulky triphenylmethyl ester group, which could induce
the helical structure of the propagating radical. The differ-
ence between the polymerizations of TrMA and MA-PSts
might be ascribed to the difference in the chemical structure
in the vicinity of the ester linkage. The polystyrene chain of
MA-PSt is bulky; however, the polystyrene chain is con-
nected to the carbonyloxy group via two methylene units.
Therefore, the bulkiness of the polystyrene chain cannot
directly inflaence the steric crowdedness around the ester
linkage to affect the backbone chain tacticity.

This fact is interesting because the polystyrene side
chains can strongly affect the conformation of the central
backbone of poly(macromonomer)s, where the effect is so
strong that the backbone chain is highly extended and poly-
(macromonomer)s behave as rod-like molecules in solution
[12,15-17,23]. It is worthwhile noting here that the highly
extended backbone chain cannot take a fully trans zig-zag

conformation, but might be extended with a certain fraction
of trans-gauche conformation according to the fraction of
each tactic triad obtained in this work [18].

In conclusion, the stereochemistry of the radical polymer-
ization of methacrylate monomers appeared to be sensitive
to the local structure near the ester linkage, i.e. the number
and shape of the substituent on the ester linkage, but not to
the linear polystyrene branch chain. Further study on
macromonomers possessing modified end groups is in
progress and will appear elsewhere.
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