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ABSTRACT: The polymerization of ethyl methacrylate (EMA) with -C,H,MgBr in toluene
at low temperature gave a highly isotactic polymer as in the case of living and highly isotactic
polymerization of methyl methacrylate (MMA) with -C,H,MgBr. Although the molecular weight
distribution (MWD) of the poly(EMA) was bimodal, both species giving higher and lower molecular
weight fractions contributed to the formation of highly isotactic block copolymers with bimodal
MWD, indicating the living nature of both species. The polymerization of EMA with the living
anion of isotactic PMMA formed with -C,H,MgBr gave a highly isotactic block copolymer with
unimodal MWD. This suggests that the multiplicity of active species observed in the polymerization
of EMA with +-C,H,MgBr was caused by the initiation of EMA with ¢-C,H,MgBr. Conventional
copolymerization of EMA and MMA afforded a highly isotactic copolymer with bimodal MWD,
confirming the above consideration. **C NMR spectrum of the copolymer indicated the comonomer
sequence to be random. Glass transition temperatures of the isotactic and syndiotactic copolymers
of EMA and MMA could be changed from 8 to 120°C by changing composition and tacticity.
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Many papers have been published on the
stereospecific polymerization of methacrylates
with various anionic initiators. Isotactic
polymethacrylates are usually prepared in
non-polar solvents by anionic initiators
such as alkyllithium or Grignard reagent.!?
However, most of the polymerization reac-
tions cannot be fully controlled owing to
side reactions and multiplicity of active spe-
cies, making the molecular weight distri-
bution (MWD) of the resulting polymer
broad. Recently, we found that polymeriza-
tion of methyl methacrylate (MMA) with
t-C,HyMgBr prepared in diethyl ether gave
highly isotactic poly(methyl methacrylate)

* To whom cortespondence should be addressed.
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(PMMA) with narrow MWD in a living
manner in toluene at —78°C.>* Stereo-
regularity in the anionic polymerization of
methacrylates usually depends on the structure
of the ester groups. For example, in the
polymerization of ethyl methacrylate (EMA)
with #-C,H,Li in toluene at —78°C, there are
at least two types of active species which give
isotactic and syndiotactic-rich polymers,’
while the polymerization of MMA under the
same conditions gives isotactic-rich polymer
only.

In this article, anionic polymerization of
EMA by -C,H,;MgBr in toluene was studied
in detail, especially in regard to the stereo-
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regularity of the polymer and living character
of the polymerization. The copolymerization
of MMA and EMA as well as the polymeriza-
tion of EMA with the PMMA living anion or
the polymerization of MMA with the poly-
(EMA) living anion were also studied to pre-
pare copolymers and block copolymers with
high stereoregularity. The effects of tacticity
and comonomer composition on glass transi-
tion temperature of the copolymers were also
examined using highly stereoregular copoly-
mers.

EXPERIMENTALS

Monomers were purified by fractional dis-
tillation, dried over calcium dihydride and
vacuum-distilled just before use.

t-C,H MgBr was prepared from t-C,HyBr
and Mg in diethyl ether.* (+-C,Hg),Mg was
prepared by adding a large amount of
1,4-dioxane to the r-C,Hy MgBr solution.
The polymerization was carried out in a glass
ampoule filled with dry nitrogen. Block co-
polymerization was performed in a reaction
vessel equipped with a mechanical stirrer. The
polymerization reactions were terminated with
methanol containing a small amount of HCl
at the polymerization temperature. After the
solvent and unreacted monomer were removed
under high vacuum, the residue was dissolved
in benzene. Insoluble materials were removed
by centrifugation and the polymeric material
was recovered by freeze-drying. When the
formation of high molecular weight product
(M,>2 x 10*) was expected, the polymer was
recovered by precipitation from the reaction
mixture with hexane, followed by filtration and
drying in vacuo.

'H and !'3C NMR spectra were measured
on a JNM-GX500 or JNM-FX100 NMR
spectrometer. In the 'H NMR spectra of
poly(EMA) and copolymer of EMA with
MMA measured in CDCl; at 55°C and at
100 MHz, the methyl proton signals of ester
group in EMA unit overlapped with a-methyl
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proton signals for the isotactic sequence.
However, triad tacticity could be determined
by the peak eliminated FT NMR method.® The
chemical shift difference between the o-CH,
proton signals for MMA and EMA units in
the copolymers was so small that the aver-
age tacticity was obtained by this method.
Molecular weights were determined on a
Hitachi 117 vapor pressure osmometer in
toluene at 60°C or a JASCO FLC-A10 GPC
chromatograph equipped with Shodex GPC
columns KF803 and A-80M using tetrahy-
drofuran as an eluent. GPC chromatogram
was calibrated against standard polystyrene
samples.

Glass transition temperatures were measured
on a Rigaku DSC-8230 differential scanning

calorimeter at a heating rate of 10°C min~?.

RESULTS AND DISCUSSION

Polymerization of EMA with -C,HyMgBr in

Toluene

t-C,H,MgBr prepared in diethyl ether gives
living and highly isotactic PMMA with narrow
MWD in toluene at low temperature.>* We
found that the initiator solution contains an
excess amount of MgBr,, which affects the
Schlenk equilibrium of the Grignard reagent:

2RMgX = R,Mg+ MgBr,

Since RMgX gives an isotactic PMMA and
R,Mg a syndiotactic one,”® the ratio of
Mg/t-C,Hy— is an important factor for the
formation of highly isotactic PMMA .4

Table I shows the results of the polymeriza-
tion of EMA with -C,HyMgBr of various
Mg/t-C,Hy— ratios in toluene at —78°C.
The initiators with various Mg/t-C,Hy— ratios
were prepared by mixing certain amounts of
t-C,H,MgBr (Mg/t-C,Hg—=2.21) and
(+-C4Hy),Mg. The initiator with a Mg/
t-C,Hqy— ratio of 0.69, which should contain
a large fraction of (+-C,H,),Mg, gave syn-
diotactic-rich polymer and the initiators
with Mg/t-C,H,— ratios of 1.17, 1.84, and 2.21
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of various Mg/t-C,H,— ratios®

Polymerization of EMA in toluene at —78°C for 48 h with +-C,H,MgBr

Mg/t-C,Hg— t-C,H,Mg— Yield¢ M, M,/103 Tacticity/%*®
M,/10%°
mol/mol mmol % M, High? Low! mm mr rr
0.69 0.18 99.3 56.2 7.39 — — 12 20 68
1.17 0.20 88.8 14.8 4.66 118 7.2 97 3 0
1.84 0.19 95.6 15.7 345 118 9.6 97 3 0
2.21 0.20 87.9 13.0 2.99 80 8.5 97 3 0

2 EMA 20 mmol, toluene 10 ml.
Hexane insoluble part.

Molecular weights at peak maxima of higher and lower molecular weight peaks in GPC curve.
Determined from 'H NMR spectra by peak elimination method.®

b
¢ Determined by GPC.
d

gave highly isotactic poly(EMA)s. MWDs
of the isotactic polymers were bimodal but
difference between molecular weights of the
higher and lower molecular weight fractions
increased with decreasing Mg/ t-C,Hqy— ratio
and, as a result, the M, /M, increased. Thus,
the dependency of the stereospecificity on the
Mg/t-C,Hy— ratio of the initiator in the po-
lymerization of EMA is very similar to that
in the polymerization of MMA,* but the
isotactic-specific active species in the polym-
erization of EMA is not a single type in re-
gard to reactivity.

Temperature dependence of polymerization
was examined at 0 ~ —78°C at a ratio of initial
concentration of monomer to that of initiator,
[M]o/[T]y of 50. GPC chromatograms of the
polymers formed are shown in Figure 1.
Polymers formed at 0~ —30°C showed uni-
modal MWD but M, /M, increased with
decreasing temperature (1.25—1.86). In this
temperature range, the yields decreased with
increasing temperature, indicating the occur-
rence of termination reactions at higher
temperature. Polymers formed at and below
—40°C showed bimodal or trimodal MWD.
All the polymers were highly isotactic (mm >
95%), except for the polymer formed at 0°C
(mm:mr:rr=92:6:2). These results suggest
that at lower temperatures the highly isotactic-
specific active species having different re-
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Yield —25%
Mw/Mn 1.25

Yield  68%
Mw/Mp 1.9

(A)O°C, Th (E)-40°C, 7Th

Yield  62%
Mw/Mn 2.40

Yield  43%
Mw/Mn 1.75

(B)-10°C, 7h (F)-50°C, 7h

Yield  61%
Mw/Mn 1.86
(6)-60°C, 12h

Yield  66%
Mw/Mn 2.68

(€)-20°C, 7h

Yield  70%
Mw/Mn 1.71
(H)-78°C,
24h

Yield  67%
Mw/Mn 3.64
(D)-30°C, 7h

100 100 108 10° 100 10> MW(PSY)
Figure 1. GPC curves of poly(EMA)s prepared with

t-C4HgMgBr in toluene at various temperatures. EMA
10mmol, C,H,MgBr ([Mg?*]/[t-C,Hy-1=1.30) 0.2
mmol, toluene 5ml.

activities propagate independently to give
polymers which show distinctive GPC peaks.

The polymerization of EMA with
t-C,HoMgBr ([EMA],/[t-C,H MgBr], = 50)
was carried out at — 78 and — 60°C for various
polymerization times. Figure 2 shows the first
order plots of monomer consumption for the
polymerizations. The linear relations obtained
indicate that the propagation rate obeys first
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Figure 2. First order plots of monomer consumption for
the polymerization of EMA with ~-C,H,;MgBr in tolu-
ene at —60 and —78°C. EMA 10mmol, +-C,H;MgBr
([Mg?*]/[t-C,Hy-]=1.30) 0.2 mmol, toluene 5ml.

order kinetics, though the MWD was not
unimodal and thus the active species was not
single. The apparent rate constants for
propagation at —78 and —60°C were found
to be 2.2x 1073 and 13.4x 107 31mol"1s71,
respectively. The rate constant for propagation
at —78°C is five times as large as that for the
polymerization of MMA with -C,H,MgBr at
the same temperature (4.3x10”*Imol~!
s 1).* The larger propagation rate for the
polymerization of EMA could be ascribed
partly to the existence of the active species
which gives a higher molecular weight fraction
as described below.

Figure 3 illustrates the GPC chromatograms
of the polymers prepared at —60°C for various
polymerization times. The chromatogram of
the polymer formed in the polymerization for
10 min consisted of two sharp peaks (Figure
3A). As the polymerization proceeded, the peak
maxima for both fractions shifted to the higher
molecular weight side, and the higher mo-
lecular weight peak further split into two
peaks. The M,’s and yields of the lower and
higher molecular weight fractions were esti-
mated by the deconvolution of the chromato-
grams. Plots of M,’s against the yield of each
fraction gave linear relations as shown in
Figure 4. Though the total number of molecule
estimated was slightly less than the amount of
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Yield 100%
Mn 739
Mw/Mn 3.4

Yield 64%
Mn 5160

(B) 40min Mw/Mn 3.0

Yield 22%
Mn 1670

(A) 10min Mw/Mn 1.7

1 1 1
109 104 1% w pst)

Figure 3. GPC curves of poly(EMA)’s prepared with
t-C,H,MgBr in toluene at —60°C for various times. EMA
10mmol, +C,H,MgBr (Mg?*]/[t-C,Hs-]=1.30) 0.2
mmol, toluene 5ml.

initiator used, probably because the M,’s were
determined by GPC, the number of polymer
molecules in each fraction was almost constant
during the polymerization. The number for
the higher molecular weight fraction formed
for 10 min was smaller than others probably
due to incomplete separation in the GPC
chromatogram. These results suggest that in
the polymerization of EMA with +-C,H;MgBr
in toluene at —60°C there exist at least two
types of propagating species which are living
and highly isotactic—specific but have different
activities.

The M,’s of the higher molecular weight
fractions were one order larger than those of
the lower molecular weight fractions both in
the polymerizations at —78 and —60°C. Thus,
one can assume that the rate constants for the
propagation of the active species giving the
higher molecular weight fractions (k) are 10
times as large as those of the species giving
lower molecular weight fractions (k). On the
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Figure 4. Changes of M, and number of polymer molecules for higher (A) and lower (B) molecular
weight fractions of poly(EMA) prepared with -C,HyMgBr in toluene at —60°C. EMA 10 mmol,
1-C,HoMgBr ([Mg?*}/[:-C,Hy-]=1.30) 0.2 mmol, toluene 5ml.

other hand, the ratio of the numbers of polymer
molecules (moll™!) in the higher (Ny) and
lower molecular weight fractions (V) was 1 : 27
at —78°C and 1:11 at —60°C. Then, the
average rate of polymerization Rp is written as
follows using the average rate constant k:

RP = k(NL + NH)[M] = (kLNL + kHNH)[M]

By using the ratio of ky/k;~10, k. can be
written as follows:

ki =k(14+ Ny/Np)/(1+10- Ny/Ny)
where Ny/N; is 1/11 at —60°C and 1/27 at
—78°C.
Then, k; and ky were estimated as follows;
k,=7.7x10"3(—60°C) and
1.66 x 1073 (—78°C),

ky=77x10"3 (—60°C) and
16.6 x 1073 (—78°C).

ky at —78°C is still higher than the rate con-
stant for the polymerization of MMA under
the same conditions (4.3 x 10 *1mol "*s~1).4
Thus, the higher apparent rate constant for the
polymerization of EMA than that for the
polymerization of MMA is ascribable not only
to the formation of highly active species in
small amounts but also to the enhanced
reactivity of the predominant species. Thus, the
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structure of the monomer affects the rate
constant for polymerization with +-C,H,MgBr.
Although the difference in structure of the
highly isotactic—specific active species giving
higher and lower molecular weight fractions is
not clear at present, there is the possibily that
the highly active and highly isotactic-specific
active species are produced.

Copolymerization of EMA with MM A

The polymrization of MMA with the living
anion of poly(EMA) formed with t-C,H,MgBr
was carried out in toluene at —60°C under
several conditions as shown in Table II to
examine the living nature of the anion. Figure
5 shows GPC curves of the isotactic block
copolymers of EMA and MMA (A, C, and E)
and those of the poly(EMA) formed in the
control experiments (B, D, and F). The control
poly(EMA) showed bimodal MWD and the
M, /M, values (1.43—3.01) increased as the
[M]o/[I]y ratio increased. Both the higher and
lower molecular weight peaks in the chromato-
grams of the parent poly(EMA) shifted to the
higher molecular weight side on block copo-
lymerization. The M,’s and weight fractions
of higher and lower molecular weight frac-
tions were roughly estimated from the GPC
curves by deconvoluting the chromatograms.
The number of polymer molecules in each
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Table II.

M, and numbers of polymer molecules (V) in the higher and lower molecular weight

fractions of poly(EMA) and poly(EMA)-block-PMMA prepared with
t-C,H MgBr in toleune at —60°C

High MW fraction Low MW fraction

[EMA],/[IMMA],/[t-C,H,MgBr],* Yield
N¢ N¢
mol/mol/mol % M,/10%" ,/10%°

mmol % mmol %
20/ 0/1 100 —d —a  _d —d 4 _d
20/50/1 100 325 0049  (5) 6.13 093 (95
30/ 0/1 100 169 0040 (4) 3.17 086  (96)
30/50/1 100 436 0052 (5 6.29 097 (95
50/ 0/1 100 302 0062 (6) 4.24 090  (94)
50/50/1 100 583  0.043 (5 9.13 090 (95

a 1-C,H,MgBr ((Mg?*]/[t-C,Ho—]=1.30) 1.0mmol, [EMA + MMA]/toluene = 1.43mol 1" *.

> Estimated from GPC curve.

¢ Number of polymer molecules in mmol and in percentage determined from M, and amount of each fraction
estimated by deconvoluting the GPC chromatogram.
4 Peak separation in the GPC curve was not enough to estimate these values (see Figure SF).

(EMAIg/ IMMATg /[ 1 lg
50/50/1

Mn 11270
Mw/Mn 2.61

(A)

50/ 0/1 5280

Mw/Mn 3.01
(B)
30/50/1 Mn 7930
Mw/Mn 2.89
N
(C) —
Mn 3700
30/ 01 Mw/Mn 2.14
o T
20/50/1 Mn 7510
Mw/Mn 2.23
3] ~
20/ 0/1 Mn 3480
Mw/Mn 1.48
F)
L L 1
10° 104 10 MW (PSt)

Figure 5. GPC curves of poly(EMA)-block-PMMA’s
(A), (C), and (E) and poly(EMA)s (B), (D), and (F)
prepared with +-C,H,MgBr in toluene at —60°C (cf. Table
ID).

fraction determined from these data (Table
II) was almost constant regardless of the
[M]y/[1], ratio, and hardly changed on block
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copolymerization. Thus the living character
of both higher and lower molecular weight
poly(EMA) propagating species at —60°C is
indicated. The constant ratios of the num-
bers of polymer molecules in the higer and
lower molecular weight fractions suggest
that the number of active species giving the
higher molecular weight fraction is govern-
ed mainly by the initiator itself and not by
impurities contained in the monomer.

We recently developed an on-line GPC/
NMR instrument in which a 500 MHz NMR
spectrometer is linked to a GPC chromato-
graph as a detector® ~'2 and used it for analy-
sis of the molecular weight dependence of
copolymer composition in block and random
copolymers of MMA and butyl methacryate.!?
GPC/NMR analysis of the block copolymer of
EMA and MMA (Figure 5A) indicated that
both the higher and lower molecular weight
fractions contained comparable amounts of
MMA and EMA units.'* If the poly(EMA)
anions giving the higher and lower molecular
weight fractions add MMA at a similar rate,
the content of the MMA unit in the higher
molecular weight fraction should be much
lower than that in the lower molecular weight
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Table III. Preparation of isotactic PMMA-block-poly(EMA) with -C,H,;MgBr
in toluene at —60°C?

. _ = . e

MMA EMA [M]o/[To Yield M, M, MMA /EMA? Tacticity/%
mol  mol  mol/mol %  Obsd® Caled A7, Poymer
0.70 0.70 100f 97 12500 10800 1.29 59/59 97 2 1
0.50 0.90 280 88 26900 26900 2.11 97/151 95 3 2
0.30 0.91 300 99 27200 30900 1.76 64/182 95 3 2
1.18 0.25 285 100 29700 29200 1.42 35/50/200# 97 2 1
0.80 0.40 90f 100 8200 9400 1.17 25/28/258 95 3 2

* [MMA +EMA],/toluene =2.0 (mol1~ 1), [Mg?*]/[+-C,Hy-]=1.70.

® Determined by VPO.

¢ Determined by GPC.
d

e

[Mg?*)/[+-C,Hy-1=2.21.

Number of monomeric units per chain determined by chemical composition and M, data for the copolymer.
Determined from 'H NMR spectra by peak elimination method.®

f
¢ Triblock copolymer; PMMA-block-poly(EMA)-block-PMMA.

fraction. Therefore, the results mean that the
poly(EMA) anions giving the higher molecular
weight fraction add much more MMA
molecules than those giving the lower mo-
lecular weight one. The difference in the
reactivity of the poly(EMA) anions is retained
even when the anions turn into MMA anions
during the propagation process of MMA. The
details of the analysis of various copolymers
of MMA and EMA by the GPC/NMR method
will be published in the near future.
Polymerization of EMA with the living
PMMA formed with -C,HyMgBr in toluene
at —60°C gave isotactic PMMA-block-isotac-
tic poly(EMA) whose MWD were unimodal
but rather broad (Table III). The block
copolymer with shorter poly(EMA) block had
relatively narrow MWD. Figure 6 shows GPC
chromatograms of PMMA-block-poly(EMA)
with the DP of each block of 59 and PMMA
obtained in the control experiment. The GPC
curve of the block copolymer did not show any
peak in the range of the elution time where the
control PMMA showed its peak, indicating
that all the PMMA living anions and EMA to
form the block copolymer. The MWD of this
block copolymer is fairly narrow in contrast
to the case of poly(EMA)-block-PMMA
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Mn 12500

Mn 5700

Mw/Mn 1.11
(8)
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10° 1t 1% mw (pst)

Figure 6. GPC curves of PMMA-block-poly(EMA) (A)
and poly(EMA) (B) prepared with +-C,H,MgBr in tolu-
ene at —60°C. (A): MMA 0.70mol, EMA 0.70mol,
1-C,HoMgBr ((Mg?*]/[--C,Hy-]=1.74) 14.0 mmol, tolu-
ene 700 ml. (B): MMA 10 mmol, -C,H,;MgBr ((Mg?*)/
[t-C4Hg-]=1.74) 0.2 mmol, toluene 5ml.

(Figure 5A) with similar molecular weight and
composition. As the poly(EMA) block length
became longer, MWD of the block copolymer
became broader (Table III). However, the
polymerization of EMA with PMMA anion
did not involve remarkable multimodal MWD
differently from the homopolymerization of
EMA and the polymerization of MMA with

Polym. J., Vol. 22, No. 5, 1990
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Table IV. Preparation of isotactic poly(MMA-co-EMA) with +-C,H,MgBr
in toluene at —60°C*

MMA EMA Mlo/o Yield M, M, MMA/EMA® Tacticity/%*
mol mol mol/mol % Obsd® Calcd M, in polymer mm mr rr
42 11 290 93 35500 27800 3.57 78/22 96 3 1
460 460 300 93 31800 29900 1.78 51/49 96 3 1
10 10 103f 100 11300 11200 1.53 51/49 96 3 1
10 29 240 96 25700 25500 242 26/74 97 2 1
2 [MMA +EMA],/toluene =2.0 (mol1~ 1), [Mg?*}/[-C,Hs-]=2.21.
b Determined by VPO.
¢ Determined by GPC.
4 Determined from 'H NMR spectra.
¢ Determined from 'H NMR spectra by peak elimination method.®
f [Mg2*)/[t-C,Hy] = 1.74.
poly(EMA) anion. Thus, the multiple active
species observed in the homopolymerization of
EMA with -C,H ;MgBr in toluene at low
. Cele e IMMA]g_ 2
temperatures may mostly occur in the initiation mo_ 1 Mn 5420
Mw/Mn 1.55

process.

In a similar manner, isotactic triblock
copolymers, PMMA-block-poly(EMA)-block-
PMMA, with fairly narrow MWD were also
obtained as shown in Table III. All the M,
values determined by VPO are close to the
expected values, indicating the quantitative
initiation by -C,Hy,MgBr in these polymeriza-
tions.

Conventional copolymerization of EMA
and MMA with -C,H;MgBr in toluene at
—60°C gave highly isotactic copolymer, but its
MWD was not unimodal (Figure 7). The
chromatogram of the copolymer consisted of
a strong narrow peak and a broad higher
molecular weight peak of weak intensity. As
EMA content in the initial monomer mixture
increased, the amount of higher molecular
weight fraction increased. These results also
suggest that active species with which EMA
participates in the initiation process tend to,
produce multiple active species. GPC/NMR
analysis revealed that the compositions of the
higher and lower molecular weight fractions
were almost identical.!* The copolymerization
was also carried out under several conditions

Polym. J., Vol. 22, No. 5, 1990

Mn 6020
Mw/Mn 2.28

IMMAJo_ 1
[EMAlp 2
Mn 7040
Mw/Mn 2.51

105 104 100 MW (PSD)

Figure 7. GPC curves of poly(MMA-co-EMA)’s pre-
pared with +-C,H,;MgBr in toluene at —60°C for 24 h at
several feed ratios. MMA +EMA 10 mmol, +-C,H,;MgBr
(Mg?*1/[t-C4Hy-]1=1.30) 0.2 mmol, toluene 5ml.

to obtain higher molecular weight copolymers
as shown in Table IV. The results include a
large scale preparation. The Mn values
determined by VPO were close to the expected
ones, indicating high initiator efficiency in the
copolymerization.

13C NMR chemical shifts of carbonyl
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Figure 8.

125 MHz *3C NMR spectra of carbonyl carbons in poly(MMA-co-EMA) prepared with AIBN

at 60°C (A), that prepared with +-C,H,MgBr in toluene at —60°C (B) and PMMA-block-poly(EMA)
prepared with -C,H,MgBr in toluene at —60°C (C). M and E denote MMA and EMA units, respectively.

The spectra were measured in CDCl; at 55°C.

carbons of polymethacrylates are known to be
sensitive to stereochemical sequences. Pentad
to heptad assignments were made for radically
prepared PMMA.**!* The carbonyl carbon
signals for the copolymer of methacrylate are
sensitive both to pentad stereochemical se-
quences and to triad comonomer sequences.
Thus, it should be hard to make assignment of
the signals in regard to both tactic and
comonomer sequences, especially in the case of
the copolymer with low stereoregularity.
Figure 8A shows the 125MHz *C NMR
spectrum of carbonyl carbons in a radically
prepared copolymer of MMA and EMA with
1:1 composition. The spectrum was much
complicated due to the existence of different
configurational sequences as well as different
compositional sequences. The high stereo-
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regularity of block and random copolymers
prepared with -C,H,;MgBr made the spectrum
simple and permitted us to distinguish the peak
splittings due to tacticity and monomer se-
quence distribution. Figure 8B shows the '*C
NMR spectrum of highly isotactic random
copolymer obtained by the polymerization of
an equimolar mixture of MMA and EMA with
t-C,H,MgBr in toluene at —60°C. The signals
of MMA- and EMA-centered sequences in the
mmmm configurational pentad showed split-
tings due to the triad monomer sequences. The
peak assignments indicated in the figure were
made by comparing the spectra of the isotactic
copolymers with different compositions with
those of both isotactic homopolymers. Small
slittings observed in the peaks assigned
to (MME+EMM) and (MEE+EEM) (M,
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MMA unit, E, EMA unit) might be due to
the effects of longer sequences or different
conformations, although the reason is not
clear at present. The relative peak intensities of
MMA : MME + EMM : EME and EEE: EEM
+MEE:MEM were 1:2:1, indicating that
the distributions of both MMA- and EMA-
centered triads of comonomer sequences are
almost random.

Figure 8C illustrates the spectrum of
PMMA-block-poly(EMA) prepared from the
isotactic PMMA living anion at —60°C. The
biblock copolymer, in which the DP’s of both
sequences are 59, showed two strong signals at
176.51 and 176.37 ppm with weak signals of
equal intensity at 176.60 and 176.28 ppm. The
first two strong signals were assigned to
carbonyl carbons of the MMM and EEE triads
in isotactic configuration (mmmm), respec-
tively, by referring to the spectra of isotactic
PMMA and poly(EMA). The latter weak
signals were assigned to MME and MEE triads
in the mmmm configuration by comparing the
spectrum with that of the random copolymer.
These triads should exist at the switching point
of MMA and EMA sequences;

--MMMMMEEEEE:---.

|

In another respect, the existence of these triads
indicates that the PMMA and poly(EMA)
blocks are linked together, and thus the signals
permit us to distinguish the block copolymer
from blend of isotactic PMMA and isotactic
poly(EMA). Some other small peaks ascribable
to chain end units were also observed in the
spectrum. The details will be published
elsewhere.

Glass Transition Temperature of Stereoregular
Copolymer
Glass transition temperature (T,) of copoly-
mer generally varies with its composition. It is
also known that T, of polymethacrylate
strongly depends on its tacticity; isotactic
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Figure 9. Glass transition temperature of isotactic and
syndiotactic block and random copolymers of EMA and
MMA with various compositions. O, block copolymer;
A\, random copolymer.

PMMA has lower 7, than syndiotactic
PMMA. Therefore, control of the stereo-
regularity of the copolymer may provide
another means for the control of T, of the
copolymer. Figure 9 shows T,’s of isotactic
and syndiotactic block and random copolymers
of MMA and EMA. The syndiotactic co-
polymers were prepared with -C,HgLi—(n-
C,H,),Al as reported previously.!’ Isotactic
random copolymers of MMA and EMA
prepared with -C,H,MgBr (¢f. Table IV) lay
between 8 and 49°C (M,=1.13—3.55x10%)
and decreased with increase in the content of
EMA units in the copolymer. The isotactic
block copolymers of MMA and EMA
(M,=0.82—2.97x 10*) showed single T,’s
which also decreased as EMA content
increased and were slightly lower than those
of the random copolymers with similar
compositions. The random copolymer with a
1: 1 composition (M, =31800) had T, of 29°C,
while the block copolymer with the same
composition (M, =12500) showed T, of 19°C.
A 1:1 mixture of isotactic PMMA (M,=
16400, 7,=49°C) and isotactic poly(EMA)
(M,=13000, T,=8°C) showed two T,’s of
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44°C and 4°C. The single T, of the block
copolymer seems to indicate that the copolymer
does not show microphase separation, prob-
ably because of too short chain length of either
block to form the microphase.!® The block
copolymer of polystyrene and poly(a-methyl-
styrene) is known to have single T,'” and
exhibit one-phase behavior.!® However, Gaur
and Wunderlich found that the block copoly-
mers of higher molecular weights (400000—
1060000) have two glass transitions, even
thought the transitions occur in a wider
temperature range than those of the corre-
sponding homoplymers.'® Thus, investigation
on the effects of block length on glass transition
of the isotactic block copolymer of PMMA and
poly(EMA) is needed and the preparation of
the copolymer with various molecular weights
in now under way for this purpose.

T,’s of the syndiotactic random and block
copolymers prepared with -C,HyLi—(n-
C,H,),;Al'S increased from 75 to 120°C with
increasing MMA content. Therefore, T,’s of
the copolymer could be controlled in the tem-
perature range of 8 to 120°C by changing the
tacticity and copolymer composition. The
isotactic copolymers whose T,’s are around
room temperature showed shape-memory
ability; the copolymer sample stretched 3 times
as much as the original sample in length at
60°C and shrank back immediately to the
original length when warmed at 60°C.
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