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Summary

Blend of isotactic PMMA and syndiotactic poly(benzyl methacrylate) was
found to form stereocomplex when annealed at 80°C. The blend showed endo-
therm in DSC thermogram due to the melting of the complex. The complex was
also formed in toluene, which was evidenced by 1H NMR spectroscopy and thermal
analysis. Several syndiotactic polymers of substituted benzyl methacrylates
and aliphatic methacrylates having primary alkyl ester group with branching at
R-position, such as methallyl and cyclopropylmethyl methacrylates, were also
found to form stereocomplexes with isotactic PMMA in bulk by annealing.

Introduction
It has been known that isotactic (iso-) and syndiotactic (syn-) poly-~

(methyl methacrylate) (PMMA) chains associate to form a crystalline stereocom-
plex in certain solvents such as toluene, dimethylformamide and acetone, a
concept of which was first introduced by Liquori et al. (1). The structure
of the complex has long been investigated by several scientists but it is
still not completely clear. From X-ray diffraction data and conformational
energy calculations, Bosscher et al. (2) proposed that the stereocomplex is a
double-stranded helix in which a helix of iso-PMMA chain with a small radius
(a 30/4 helical conformation) is surrounded by a syn-PMMA helical chain with a
large radius (a 60/4 helical conformation). Very recently, Schomaker and
Challa (3) proposed another double-stranded helix model for the stereocomplex
with a 9/1 helical symmetry and 18.9A pitch. In these models, where the
ester groups of syn-PMMA chain are all pointing outward, a modification of the
ester groups of the syn-chain would have much smaller influence on the feasi-
bility of stereocomplex formation than that of the ester groups of the inner
iso-chain. However, only a limited number of stereocomplex of polymethacryl-
ates other than PMMA have been so far reported; stereocomplex between iso~PMMA
and syn-poly(isocbutyl methacrylate) (PiBuMA) (4) and that between iso-PMMA and
syn-poly(methacrylic acid) (5). Other reported pairs leading stereocom-
plexes are isotactic polymers of (R)~ and (S)-t-butylthiiranes (6), isotactic
polymers of (R)- and (S)-poly(a-methylbenzyl methacrylate)s (7), optically
active polymers of (R)- and (S)-ca-ethyl-a-methyl-p-propiolactones (8,9),
optically active polymers of +y-benzyl L- and D-glutamates (10-12), and
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polymers of L- and D-lactides(13), all of which are the complexes between
enantiomeric polymer chains.
In this work we examined polymethacrylates of primary alkyl esters with
branching at B-position as syndiotactic component in the complex,
//C— /C-
—O—CHZ—C\ or -O—CHZ—CH\
C- C-
and found, using differential scanning calorimetry {(DSC) and NMR spectro-
scopy, that the stereocomplex formation took place between these syndiotactic
polymethacrylates and iso~-PMMA. In this report, preliminary results mainly
on the complex formation between syn-poly(benzyl methacrylate) (PBzMA) and
iso-PMMA are described.

Experimental

Iso-PMMA was prepared by polymerizing methyl methacrylate (MMA)
with t—C4H9MgBr in toluene at -60°C (14); Mn=33000, Mw/Mn=1.25. Syn-poly-
methacrylates were obtained with t—C4H9Li—R3AI (R=ethyl or butyl, Al/Li=3
mol/mol) in toluene at -78°C (15). Characteristics of the syn-polymeth-
acrylates are summarized in Table 1. Blends of the polymers were prepared
by precipitating the mixtures in chloroform to hexane.

1y NMR spectra were measured in toluene—d8 on a JEQL JNM-FX100
spectrometer at 100 MHz. Differential scanning calorimetric analysis was
performed with a Rigaku DSC 8230 at a heating rate of 10 OC'min_l. X-ray
powder diffractogram was obtained with a Rigaku model RAD-ROC X-ray dif-
fractometer.

Results and Discussion

A blend of iso-PMMA and syn-PBzMA with a unit mole ratio of 1:1 was
annealed at 80°C for 48h. DSC thermogram of the blend is shown in Figure 1
together with those for both components. Glass transitions observed in the
thermograms of iso-PMMA and syn-PBzMA almost disappeared in the thermogram of
the annealed blend, and a clear endotherm appeared with a maximum temperature
of 109°C, which is attributed to the melting of the stereocomplex as described
below.

Bosscher et al. reported that the complex between iso-PMMA and syn-
PiBuMA was obtained by precipitation from dimethylformamide at 4°C during 14
days (4). They also described that the blend of iso-PMMA and syn-PiBuMA
annealed at 120°C for 12 days showed endotherm at 160°C but the endothermic
peak was attributed to the melting of crystalline iso~PMMA in the mixture.
We also observed that iso-PMMA annealed at 80°C for 72h showed a melting point
of 138°C in the DSC thermogram, which was almost 30°C higher than that observ-
ed for the blend. To make sure further whether the melting point of the
blend is due to the stereocomplex or crystalline iso-PMMA, X-ray powder pat—
terns of the iso-PMMA and the blend annealed at 80°C for 3 days were examined
(Figure 2). The pattern of the iso-PMMA(Figure 2A) was similar to that of
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Figure 1 DSC thermograms of iso-PMMA (A), syn-PBzMA (B) and
1:1 mixture of iso-PMMA and syn-PBzMA annealed at 80°C for 48h (C)
(Heating rate 10°C-min-1)

iso~-PMMA reported by Bosscher et al. (4), and the pattern for the blend
(Figure 2B) was completely different from the pattern of the iso-PMMA. The
X-ray diffraction pattern of the blend showed weak reflections at 26=4.2¢ and

6.49, along with a strong one at 14.0° The reflection at 26=4.29 corres—
ponding to an interplanar distance of 2.10 nm, is close to an equatorial
reflection for the stereocomplex of iso-PMMA and syn-PMMA (16). These

results indicate that the crystalline phase formed in the annealed blend of
iso-PMMA and syn-PBzMA is not due to crystallized iso~PMMA but a new stereo-
complex formed between these two polymers. The complex formation was attain-
ed more easily than in the case of iso-PMMA and syn-PiBuMA reported by
Bosscher et al. (4).

The association between PMMA molecules in solution was elucidated by
1H NMR spectroscopy(17-19). When association occurs between polymer mole—
cules, the mobility of the protons of the polymer decreases and their high
resolution NMR signals become too broad to be detected. Then the degree of
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Figure 2 X-ray powder diffractograms of iso-PMMA (A) and the blend of
iso-PMMA and syn-PBzMA (1:1) (B) both annealed at 80°C for 72h,
and the blend without annealing (C)

association, Da, can be determined from the following equation;
Da=1- I/I.

Here, I represents the observed signal intensity and Iy the intensity for
the case in which no association takes place in the same solution at the
same temperature. In this work, the value of Iy was estimated using a
solution of octane in toluene—d8 containing the same amount of hydrogen as
that in the polymer solution. 15 NMR spectra were measured for iso-PMMA,
syn-PBzMA and an equimolar mixture of iso~-PMMA and syn-PBzMA in toluene—dg.
The summation of the intensities of all the signals was determined at various
temperatures. The measurements were performed from lower to higher tempera-
tures. Figure 3 shows the plots of Da values against temperature.
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Figure 3 Degree of association of iso-PMMA(a), syn-PBzMA (o) and

1:1 mixture of iso-PMMA and syn-PBzMA (e) in tolue?e-—dg
at various temperatures (conc.=0.46-0.47 unit mol:1™ )
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Figure 4 DSC thermogram of a 1:1 mixture of iso-PMMA afld
syn-PBzMA in toluene (conc.=10wt%, heating rate 10 °C.min™ ')
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Da values for iso-PMMA and syn-PBzMA increased below -40°C with a decrease
in the temperature. At -80°C the syn-PBzMA showed larger Da than the iso-
PMMA. The curve for the polymer mixture suggests that association between
iso-PMMA and syn-PBzMA in toluene—d8 began to occur rather sharply at around
30-40°C and the Da values became much larger than those for the individual
polymer chains at lower temperatures. In fact, the NMR sample solution of
the mixture formed gel at ambient temperature and the gel melted by human
body heat. The gel melting temperature of this complex was about 20°C
lower than that of the PMMA stereocomplex.

The gel melting point was also detected by DSC measurement. A 10%
solution of a 1:1 mixture of iso-PMMA and syn-PBzMA showed endotherm with a
maximum temperature of 40°C due to the melting of the gel (Figure 4). The
temperature is close to that observed by 1H NMR spectroscopy. These
results clearly indicate that the stereocomplex between iso-PMMA and syn-
PBzMA form in solution as well as in bulk similarly to the case of PMMA
stereocomplex.

Table 1 Stereocomplex formation between iso-PMMA2 and several
syn-polymethacrylates in bulk

Syndiotactic polymethacrylate Stereocomplex

ppC Mw Tacticity(%) Tg Annealing Melting

Ester group Mn mm mr rr {°C) temp(°C) point(°C)

~CHs 226 1.26 2.7 8.6 88.7 120 150 189
—CH2«<::> 35 1.09 0.7 8.0 91.3 51 80d 109
H3
~CHy 24 1.08 2.1 11.4 86.5 22 80 114
—CH24<::>—CH3 55 1.08 2.2 11.1 86.7 53 80 121
—CHZA<::>-OCH3 82 1.13 0.5 11.1 88.4 57 80 123
CH
s
~cig-c” 41 1.13 2.0 5.3 92.7 15 120 146
CHg
~CH2
~CHg-CH 71 1.20 0.9 10.1 89.0 50 80 129
\CHZ
_-CH3
~CHg-CH 50 1.15 2.7 8.2 89.1 53 120 156
\CH3

a pP=330, Mw/Mn=1.25, mm:mr:rr=97.3:1.7:1.0, Tg=5100.

b Unit mole ratio of iso~-PMMA and syn-polymethacrylate = 1:1.
Blend was annealed for 24h.

C Degree of polymerization.

d Annealed for 48h.
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Syndiotactic polymers of several substituted benzyl methacrylates also
formed stereocomplex with iso-PMMA when the blends were annealed at 80 or
850C (Table 1). The results indicate that substitution on the phenyl! ring
of PBzMA hardly affects the ability of complex formation and thus a wide
variety of the stereocomplexes can be prepared between iso-PMMA and syn-
polymer of substituted benzyl methacrylate.

The blend of iso-PMMA and syndiotactic polymer of methallyl, cyclo-
propylmethyl or isobutyl methacrylate also showed melting point due to
stereocomplexes when annealed at 80 or 12009C (Table 1). The melting points
of the complexes with syn-polymers of isobutyl (1560C) and methallyl (146°C)
methacrylates are higher that those of the complexes with syn-polymers of
benzyl methacrylate and its derivatives (109-1230C). All of the syn-poly-
methacrylates have branching at B-position in their ester groups. A blend
of iso-PMMA and syn-poly(ethyl methacrylate) did not show melting point as
long as it was annealed at 80 or 1200C for 48h.

As mentioned before, Bosscher et al.(4) claimed that the melting point
observed for annealed blend of iso~PMMA and syn-PiBuMA was due to the melting
of crystallized iso-PMMA. However, we found that the iso~-PMMA showed melting
point of 143°C when annealed under the same conditions as the blend of iso-
PMMA and syn-PiBuMA, which is 139C lower than the melting point of the anneal~
ed blend. We also observed that iso~PMMA and syn-~PiBuMA formed gel easily in
toluene at 00C. These results suggest that the stereocomplex between these
polymers should form in solid and in solution.

Table 1 indicates that the melting point of the complex can be control-
led in a wide temperature range (from 109°C for syn-PBzMA to 189°C for syn-
PMMA) by selecting an appropriate syndiotactic component.

Blends of iso-PMMA and syndiotactic random copolymers of MMA and
BzMA with various compositions showed melting points in their DSC thermograms
when annealed at 80°C. The melting point depended on the copolymer composi-
tion; the copolymer of higher MMA content showed higher melting point. A
ternary blend of iso-PMMA, syn~-PMMA and syn-PBzMA (unit mole ratio = 1:0.4:
0.6) could also form crystalline phase when annealed at an appropriate temper-
ature. When the blend was annealed at 800C, at which temperature iso~-PMMA
and syn-PBzMA form stereocomplex as described above, it showed a melting point
of 1120C. On the other hand, the blend annealed at 1400C showed a melting
point of 1750C, which corresponds to the melting of PMMA stereocomplex.
Therefore, the complexation in this ternary mixture could be controlled by the
annealing temperature. Further details of these subjects will be published
in the near future.

Since the first report on the stereocomplex formation appeared, it seems
to have been believed that the pair of isotactic and syndiotactic polymers
which can form the complex is limited to methyl ester even though a few excep—
tions have been reported (4, 5). However, the present work revealed that
there should be a wide variety of stereoccomplexes between iso-PMMA and syn-
polymethacrylates and thus stereocomplex will have much more chance for the
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application to material design.
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