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ABSTRACT: Polymerization of methacrylonitrile (MAN) with methylaluminum porphyrin (1) as initiator
proceeded rapidly in the presence of methyaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3). The
living polymer of methyl methacrylate (MMA) with a (porphinato)aluminum enolate growing terminal
(2), prepared by the polymerization of MMA with 1, also brought about the polymerization of MAN in
the presence of 3, affording the corresponding block copolymer with M/M, ranging from 1.1 to 1.3. The
living nature of polymerization was confirmed by a delayed sequential two-stage polymerization of MAN
initiated with 2 (living prepolymer of MMA on aluminum porphyrin). Pyridine instead of 3 was also
effective for the rapid block copolymerization of MAN from 2 to give the block copolymer of controlled
molecular weight. Copolymerization of MAN and MMA initiated with 1 proceeded more rapidly in the
presence of 3 or pyridine than in the absence. In the presence of 3, the consumption of MAN was much
more accelerated than that of MMA, while in the presence of pyridine, the consumptions of MAN and
MMA were almost equally accelerated. The poly(MMA-b-MAN) obtained by the block copolymerization
of MAN from the living prepolymer of MMA (2) was found to form micellar aggregates in organic solvents
such as CHCI; and THF, depending on the composition and block length, as well as the concentration
and temperature. Furthermore, a microphase separated structure was clearly observed by transmission

electron microscopy for the block copolymer membrane cast from CHCI3/THF.

Introduction

Controlled synthesis of polymers with well-defined
architecture is one of the ultimate goals of synthetic
polymer chemistry. For this purpose, it is essential to
select an appropriate initiator to ensure the uniform
chain growth of all polymer molecules without side
reactions. For the anionic polymerization of methacrylo-
nitrile (MAN), many initiators have been developed,
which include alkali-metal alkyls such as butyllithium,?!
(triphenylmethyl)sodium,? (phenylisopropyl)potassium,?
the disodium salt of living a-methylstyrene tetramer,3
alkali-metal amides,* alkoxides,> and hydroxide,® alkali
metal in liquid NH3,” quaternary ammonium hydrox-
ide,® and silyl ketene acetal coupled with nucleophilic
or Lewis acidic catalysts.® However, only a single
example of the synthesis of PMAN with narrow molec-
ular weight distribution can be cited, and the reported
number-average molecular weights were much higher
than those calculated from the stoichiometry of the
butyllithium initiator.?

We have reported that aluminum porphyrins (1)
initiate the living polymerizations of a wide variety of
monomers such as lactones,’© epoxides,’* alkyl meth-
acrylates,'? and alkyl acrylates,'® affording the corre-
sponding polymers of controlled molecular weight with
a narrow molecular weight distribution. Recently, we
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have discovered the new method “high-speed living
polymerization” of methyl methacrylate, by using (eno-
lato)aluminum porphyrin (2) as a nucleophilic initiator
in conjunction with organoaluminum compounds, such
as methylaluminum bis(2,6-di-tert-butyl-4-methylphe-
nolate) (3),as Lewis acids.!* On the other hand, we have

(TPP)AIX (1)

Bu Me ' Bu
Q O
Bu
reported that some reactions of aluminum porphyrin
take place only when Lewis bases are added to the
reaction system. For example, the addition of a Lewis
base is essential for the reaction of aluminum porphy-
rins with carbon dioxide. We postulate that the added
Lewis base coordinates to the central aluminum atom
and enhances the reactivity of aluminum porphyrins.1®
In the present paper, we report the living anionic
polymerization of methacrylonitrile by two initiating

systems such as the aluminum porphrin—Lewis acid
system and the aluminum porphyrin—Lewis base sys-
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tem, which enable the synthesis of poly(methyl meth-
acrylate-b-methacrylonitrile)s of controlled molecular
weights. Furthermore, the unique properties of the
copolymers in solution and as films are discussed.

Experimental Section

Materials. 5,10,15,20-Tetraphenylporphine (TPPH,) was
synthesized from pyrrole (0.8 mol) and benzaldehyde (0.8 mol)
in propionic acid (2.5 L) under reflux for 0.5 h, and the crude
product, which precipitated when the reaction mixture stood
overnight at room temperature, was recrystallized from CHCI3/
MeOH (1/2 viv) to give TPPH; in 20% yield.’® Trimethylalu-
minum (MesAl) was fractionally distilled under reduced pres-
sure under a nitrogen atmosphere. 2,6-Di-tert-butyl-4-methyl-
phenol and triphenylphosphine were recrystallized from hex-
ane. Pyridine and 1-methylimidazole were dried over CaH,
and fractionally distilled under a nitrogen atmosphere.

Methyl methacrylate (MMA) and methacrylonitrile (MAN)
were fractionally distilled over CaH, under reduced pressure
under a nitrogen atmosphere.

Dichloromethane (CH.CI;) was washed successively with
concentrated H,SO,, water, and aqueous NaHCOg, dried over
CaCl,, and distilled over CaH; under a nitrogen atmosphere.
Deuterated dichloromethane (CD,Cl,), stirred at room tem-
perature with a small amount of triethylaluminum, was
subjected to several freeze-to-thaw cycles, collected in a trap
cooled in a liquid-nitrogen bath, and stored under nitrogen.
Benzene (CsHs), deuterated benzene (C¢Ds), and hexane were
distilled over sodium benzophenone ketyl under a nitrogen
atmosphere. Deuterated chloroform (CDCI;3) and deuterated
tetrahydrofuran (THF-dg) were fractionally distilled over CaH,
under a nitrogen atmosphere. Deuterated dimethyl sulfoxide
(DMSO-dg) was fractionally distilled over CaH; under reduced
pressure under a nitrogen atmosphere.

Preparation of Methylaluminum 5,10,15,20-Tetraphen-
ylporphine (1; X = Me). To a round-bottomed flask (50 mL)
equipped with a three-way stopcock containing TPPH; (0.25
mmol) under dry nitrogen, were successively added CH,Cl; (10
mL) and MesAl (1.2 equiv, 0.03 mL) by means of hypodermic
syringes under a nitrogen stream, and the mixture was stirred
for 1 h under a nitrogen atmosphere. Then, volatile fractions
were removed from the reaction mixture under reduced
pressure to leave 1 (X = Me) as a purple powder.’

Preparation of Methylaluminum Bis(2,6-di-tert-butyl-
4-methylphenolate) (3). To a 50-mL round-bottomed flask
equipped with a three-way stopcock, containing 2,6-di-tert-
butyl-4-methylphenol (25 mmol, 5.51 g), were successively
added hexane (20 mL) and MesAl (12.5 mmol, 1.2 mL) at O
°C, and the mixture was stirred at room temperature for 1 h,
whereupon white precipitates were formed. The white sus-
pension was allowed to stand without stirring at room tem-
perature, and the supernatant, upper layer (9 mL) was taken
out by a syringe under a nitrogen stream. To this flask
containing the wet powdery residue was added hexane at 60
°C under a nitrogen stream until the powder completely
dissolved (5.5 mL), and the solution was cooled to room
temperature, affording 3 as white crystals (3.7 g, 62% yield),
which were dried under reduced pressure at room tempera-
ture.t®

Polymerization. Polymerization of Methacrylonitrile
Initiated with Methylaluminum Porphyrin (1; X = Me)
in the Presence of Methyaluminum Bis(2,6-di-tert-butyl-
4-methylphenolate) (3). To a 100-mL round-bottomed flask
equipped with a three-way stopcock containing a CH.Cl,
solution (20 mL) of (TPP)AIMe (1; X = Me) (0.25 mmol), was
added MAN (25 mmol, 2.1 mL) by a syringe under a nitrogen
stream. The mixture was irradiated with a xenon arc light (1
> 420 nm) at room temperature. After 2-h irradiation, 3 was
added (10 equiv with respect to 1) at room temperature under
diffuse light. After 5 h, MeOH (5 mL) was added to the flask,
and the reaction mixture was subjected to *H NMR and GPC
analyses to determine the monomer conversion and to estimate
the average molecular weights of the produced polymer,
respectively.
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For isolation of the produced PMAN, the polymerization
mixture was poured into a large volume of MeOH (500 mL),
and the slightly colored polymer that precipitated was collected
and dried in vacuo to give PMAN as a pale green powder in
almost quantitative yield.

Polymerization of Methacrylonitrile Initiated with an
(Enolato)aluminum Porphyrin (2) in the Presence of
Methylaluminum Bis(2,6-di-tert-butyl-4-methylpheno-
late) (3) or Pyridine. A typical example is given below by
the block copolymerization of MMA and MAN in the presence
of methyaluminum bis(2,6-di-tert-butyl-4-methylphenolate (3).
To a 100-mL round-bottomed flask attached to a three-way
stopcock, containing a CH,ClI; solution (20 mL) of (TPP)AIMe
(1; X = Me) (0.25 mmol), was added MMA (25 mmol, 2.7 mL)
by a syringe under a nitrogen stream, and the mixture was
irradiated with xenon arc light (A > 420 nm) at room temper-
ature. After 2-h irradiation, 3 was added (1 equiv with respect
to 2) to the reaction mixture at room temperature under diffuse
light. After 5 min, an aliquot of the reaction mixture was
taken out by a syringe under a nitrogen stream and subjected
to NMR analysis to confirm the complete monomer consump-
tion and to GPC analysis to estimate the average molecular
weights of the MMA prepolymer produced. Then MAN (25
mmol, 2.1 mL) was added to the polymerization system by a
hypodermic syringe under a nitrogen stream. After 3 h, MeOH
(5 mL) was added to the flask, and the reaction mixture was
subjected to *H NMR and GPC analyses to determine the
monomer conversion and to estimate the average molecular
weights of the produced polymer, respectively.

Polymerization of MAN with 2 in the presence of pyridine
was carried out similarly to the above under irradiation or in
the dark.

Isolation of Block Copolymers. To isolate the produced
PMMA—-PMAN block copolymer, the polymerization mixture
was poured into a large excess of MeOH (500 mL); the polymer
that precipitated was redissolved in a minimum volume of
CHCI3, and the solution was added dropwise into a large
volume of MeOH with vigorous stirring. The slightly colored
precipitates that formed were collected and reprecipitated
similarly, to give the polymer as white precipitates, which were
collected, dissolved in CsHs, and subjected to freeze—drying
to give a PMMA—-PMAN block copolymer as a white powder
in 80% vyield.

Three-Stage Polymerization of MMA, MAN, and MAN
in the Presence of Methylaluminum Bis(2,6-di-tert-bu-
tyl-4-methylphenolate) (3). To a 100-mL round-bottomed
flask attached to a three-way stopcock containing a CH.Cl,
solution (20 mL) of 1 (0.25 mmol) was added MMA (25 mmol,
2.7 mL) by a syringe under a nitrogen stream. The mixture
was irradiated with xenon arc light (1 > 420 nm) at 35 °C.
After 2-h irradiation, 3 was added (1 equiv with respect to 2)
to the polymerization system at room temperature under
diffuse light. After 5 min, an aliquot of the reaction mixture
was taken out by a syringe under a nitrogen stream and
subjected to NMR analysis to confirm the complete monomer
consumption and to GPC analysis to estimate the average
molecular weights of the produced PMMA. Then MAN (12.5
mmol, 1.1 mL) was added to the polymerization system by a
hypodermic syringe under a nitrogen stream. After 4 h, an
aliquot of the reaction mixture was taken out by a syringe
under a nitrogen stream and subjected to NMR and GPC
analyses for the confirmation of the complete monomer
consumption and for the estimation of the average molecular
weights of the block copolymer, respectively. The polymeri-
zation mixture that remained in the flask was allowed to stand
at room temperature for 15 h, and then the second part of
MAN (12.5 mmol) was fed. After 6 h, MeOH (5 mL) was added
to the flask, and the polymerization mixture was subjected to
1H NMR and GPC analyses.

Copolymerization of Methacrylonitrile and Methyl
Methacrylate. Copolymerization of methacrylonitrile (MAN)
and methyl methacrylate (MMA) was carried out as follows.
To a 100-mL round-bottomed flask fitted with a three-way
stopcock, containing a CHCl, solution (10 mL) of (TPP)AIMe
(1) (0.25 mmol) under nitrogen, was added MMA (25 mmol,
2.7 mL), and the mixture was stirred at room temperature
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Table 1. Block Copolymerization of Methacrylonitrile (MAN) with the Living Prepolymer of Methyl Methacrylate
(MMA) (2) in the Presence of Methylaluminum Bis(2,6-di-tert-butyl-4-methylphenolate) (3)2

prepolymer (2)P

block copolymer

Mpn of PMAN blockd

entry no. [MMA]o/[1]o [3]o/[1]o Mp¢ Mw/Mp¢  [MAN]o/[2]o time/h Mpn¢ Mw/Mp¢ MAN/mol %¢®

1 30 4.0 100 18 11 100 1.27 (6 700)f 77.3

2 50 3.0 9 200 1.13 50 2 16 000 1.19 6 800 (3 400)

3 50 4.0 6 500 1.27 50 1 11 700 1.24 5200 (3 400)

4 50 10.0 6 600 1.37 50 0.5 11200 1.35 4 600 (3 400)

5 100 3.0 10 700 1.19 50 2 16 100 1.23 5400 (3 400) 40.1
69 100 10.0 11 200 111 100 3 20 800 117 9 600 (6 700) 56.7
79 100 10.0 11 100 1.19 150 3 23 600 1.35 12 500 (10 100) 62.3
89 100 10.0 13 500 1.14 200 5 24 000 1.48 10 500 (13 400)

9 200 3.0 50 3 30 300 1.18 (3 400) 19.4

10n 200 10.0 22 900 1.11 200 14 39 300 1.24 16 400 (13 400) 50.1

a|n CH,CI, under nitrogen at room temperature; [2]o = 25 mM, 100% conversion. P Prepared by the living polymerization of MMA
initiated with (TPP)AIMe (1) in CH2CI; at 35 °C under irradiation with xenon arc light (1 > 420 nm) in the presence of methylaluminum
bis(2,6-di-tert-butyl-4-methylphenolate) (3), 100% conversion. ¢ By GPC based on polystyrene standards. ¢ (M, of the block copolymer) —
(M, of the prepolymer). & Calculated from N content in elemental analysis. f Calculated from [MAN]o/[2]o x (MW of MAN (67)). 9 [2]o =

12.5 mM. " [2]o = 6.3 mMM.

under irradiation with xenon arc light (1 > 420 nm). After 3
h, an aliquot of the reaction mixture was taken out by a syringe
under a nitrogen stream and subjected to NMR analysis to
determine the monomer conversion. Then an equimolar
amount of MAN with respect to the unreacted MMA and 3
equiv of methylaluminum bis(2,6-di-tert-butyl-4-methylphe-
nolate) (3) with respect to aluminum porphyrin (2) were
successively added to the reaction mixture under diffuse light
at room temperature. An aliquot of the reaction mixture was
periodically taken out by a syringe under a nitrogen stream
and subjected to *H NMR and GPC analyses.

Copolymerizations of MAN and MMA were carried out in
the absence of 3 under irradiation and in the presence of
pyridine under diffused light.

Conversion of Polymethacrylonitrile into Poly(methyl
methacrylate). Hydrolysis of polymethacrylonitrile (0.3 g)
was carried out in a 30% aqueous solution of KOH (100 mL)
under reflux.’® After 200 h, the polymer solution was acidified
with 5 N HCI, and white powder was separated by filtration
and dissolved in MeOH (200 mL). After insoluble KCI was
filtered off, the MeOH solution was concentrated to about 20
mL and poured into ether (500 mL). The polymer that
precipitated was collected by filtration, washed with ether, and
dried in vacuo (0.16 g, 36%). Poly(methacrylic acid) (0.04 g)
thus obtained was dissolved in MeOH (20 mL), to which was
added Me3SiCHN; (10% in hexane, 2 mL) for methylation.?
The solution gradually turned heterogeneous while it was
stirred for 2 h. The powdery precipitate was collected by
filtration, washed with MeOH, and dried in vacuo to give poly-
(methyl methacrylate) as a white powder (0.20 g, 45%).

Measurements. Gel permeation chromatography (GPC)
was performed at 40 °C on a TOSOH Model 8020 high-speed
liquid chromatograph equipped with a differential refracto-
meter detector and a variable-wavelength UV—vis detector,
using tetrahydrofuran as eluent at a flow rate of 1.0 mL min~2.
The molecular weight calibration curve was obtained by using
standard polystyrenes; M, = 2890000 (Mw/M, = 1.09),
422 000 (1.04), 107 000 (1.07), 43 900 (1.01), 16 700 (1.02), 9000
(1.06), 6200 (1.04), 4000 (1.10), and 2800 (1.05). 'H and **C
NMR measurements were performed in CDCl;, CD;0D, CD.Cl,
DMSO-ds, or THF-dg using a JEOL type GSX-270 spectrom-
eter, where the chemical shifts were determined with respect
to tetramethylsilane (6 0.00) for *H or CD,Cl, (6 54.0) for 3C
as internal standards. Turbidity measurements of the polymer
solution were made with a Jasco Ubest-50 spectrophotometer
using a quartz cell with optical path length of 1 cm. Calori-
metric scans were obtained on a Shimadzu DSC-50 instrument
at a heating rate of 12 °C/h.

Electron Microscopy. The poly(methyl methacrylate-b-
methacrylonitrile) was cast from CHCI3/THF (8/2 viv) (1%
solution) on a copper mesh with thin carbon film. The
copolymer film was dried at 25 °C under atmospheric pressure
for 20 h, stained with I, vapor, and subjected to the transmis-
sion electron micrography (TEM). Micrographs were obtained

by using a JEOL JEM-100SX electron microscope operating
at an accelerating voltage of 80 kV.

Results and Discussion

Polymerization of Methacrylonitrile and Meth-
ylaluminum Porphyrin (1) in the Presence of
Methylaluminum Bis(2,6-di-tert-butyl-4-methylphe-
nolate) (3). Polymerization of methacrylonitrile (MAN)
was first attempted by using methylaluminum porphy-
rin (1) as initiator under diffuse light in CH,ClI, at room
temperature ([MAN]o/[1]o = 100); however, the reaction
of MAN and 1 did not occur at all. However, under
irradiation with visible light (A > 420 nm) at 35 °C, the
polymerization of MAN took place, accompanied by a
color change from bluish purple to brownish purple. The
polymerization proceeded very slowly, and the monomer
conversion reached only 25% even after 1 week, afford-
ing polymethacrylonitrile (PMAN) with M, and M,,/M,,
values of 2900 and 1.31, respectively. In sharp contrast,
when methylaluminum bis(2,6-di-tert-butyl-4-meth-
ylphenolate) (3) (10 equiv with respect to 1) was added
to the above reaction mixture, the chain growth readily
proceeded and was completed in 5 h. The polymeriza-
tion system was homogeneous at earlier stages of the
reaction but turned heterogeneous at a later stage due
to the poor solubility of PMAN in the polymerization
medium. The GPC profile of the PMAN finally obtained
showed a unimodal but broad chromatogram (My/M,, =
1.35). The M, value of the polymer (7800), as estimated
from GPC, was close to that expected from the initial
monomer-to-initiator mole ratio by assuming that every
molecule of aluminum porphyrin produced one polymer
molecule (6700), indicating that the added 3 could not
be a new initiator for the polymerization of MAN.
Actually, 3 alone did not bring about the polymerization
of MAN under identical conditions.

IH NMR in CDClj3 at 55 °C of poly(methyl methacry-
late) (PMMA) converted from PMAN produced as above?!
indicated that the polymer was almost atactic (I:H:S =
0.28:0.52:0.20), while PMMA prepared by the polymer-
ization using the 2—3 system (M, = 10 700, M\,/M,, =
1.19; prepolymer in entry no. 5, Table 1) was rich in
syndiotactic sequences (I:H:S = 0.02:0.37:0.61).

Block Copolymerization of Methyl Methacrylate
and Methacrylonitrile with Aluminum Porphyrin
(2) in the Presence of Methyaluminum Bis(2,6-di-
tert-butyl-4-methylphenolate) (3). The block copo-
lymerization of MAN was attempted from a living
prepolymer of MMA carrying a (porphinato)aluminum
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Figure 1. Block copolymerization of methyl methacrylate
(MMA) and methacrylonitrile (MAN) in CH.CIl, with the
methylaluminum porphyrin (1)—methylaluminum bis(2,6-di-
tert-butyl-4-methylphenolate) (3) system: GPC profiles of (I)
the prepolymer of MMA ([MMA]o/[1]o = 100, under irradiation
>420 nm, 35 °C, 100% conversion, M, = 12 000, M\/M;, = 1.13)
and (I1) the block copolymer of MMA and MAN (in the
presence of 3, [MAN]o/[1]o/[3]o = 100/1.0/10, room temperature,
100% conversion, M, = 20 800, My/M, = 1.17).

Scheme 1
MeO\ Me
/
m //c—c\\ M
o C eq M
L wna I e me
Al—Me AlI—O c%(li—c%Me
hv [ (l:zo m-1
1 m OMe
/Me
n HC=C
CN
MAN

3

Al-{MAN)—{ MMA}—Me
I

enolate growing terminal (2) (Scheme 1); however,
without 3, the polymerization of MAN from 2 did not
occur. However, when 100 equiv of MAN was added to
a CHCl; solution of 2 (M, = 12 000, M/M,, = 1.11;
prepared with [MMA]o/[1]o = 100, 100% conversion,
under irradiation (A > 420 nm)) in the presence of 3 ([3]o/
[2]o = 10.0, [2]o = 12.5 mM) at room temperature, the
polymerization of MAN started with color change of the
polymerization system. The polymerization proceeded
smoothly and was completed within 3 h; the polymer-
ization mixture was homogeneous throughout the reac-
tion.

The GPC profile provides a unimodal, sharp elution
pattern for the polymer finally obtained (Figure 1 (11)),
in which the peak due to the prepolymer of MMA
(Figure 1 (I)) is not observed, showing that a MMA—
MAN block copolymer was produced quantitatively. The
My value of the polymer, as estimated by GPC, was
20 800 (Mw/Mp = 1.17), which is close to that (16 700)
expected for the initial MAN-to-2 mole ratio (entry no.
6, Table 1). Successful block copolymerization indicates
that all the molecules of the growing PMMA (2) pro-
duced in the first stage participated in initiating the
second-stage polymerization of MAN.

The consumption of MAN showed a linear dependence
on the reaction time (Figure 2), when the polymerization
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Figure 2. Polymerization of methacrylonitrile (MAN) with
the living prepolymer of methyl methacrylate (MMA) (2; m =
50, M, = 9200, MW/M, = 1.13)—methylaluminum bis(2,6-di-
tert-butyl-4-methylphenolate) (3) system ([MAN]o/[2]o/[3]o = 50/
1.30/3.0, [2]o = 22.6 mM, CHCI; as solvent, room tempera-
ture): conversion—time relationship.

3.0 ¢
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Figure 3. Polymerization of methacrylonitrile (MAN) with
the living prepolymer of methyl methacrylate (MMA) (2; m =
50, M, = 9200, MyW/M, = 1.13)—methylaluminum bis(2,6-di-
tert-butyl-4-methylphenolate) (3) system ([IMAN]o/[2]o/[3]o = 50/
1.0/3.0, [2]o = 22.6 mM, CHCI, as solvent, room tempera-
ture): relationship between M, (®) (M./M, (O)) of the polymer
and conversion.

of MAN using the living PMMA (2; M,, = 9200 (My/Mp,
= 1.13)) as initiator was carried out in the presence of
3 (3 equiv with respect to 2) at room temperature. The
M, value of the polymer increased linearly with the
conversion, giving a straight line (solid line in Figure
3), which is in good agreement with the broken line as
expected from the initial mole ratio of MAN to 2 and
the conversion, and the molecular weight distribution
(MWD) of the block copolymer stayed narrow (My/Mp
= 1.1-1.2) throughout the polymerization (Figure 3).
When the amount of 3 was increased from 3.0 to 10.0
equiv with respect to 2, the polymerization of MAN
proceeded more rapidly (Figure 4). However, the M
value of the PMAN sequence obtained at 100% conver-
sion was almost constant, irrespective of the ratio of 3
to 2 (entry nos. 2—4, Table 1). These results indicate
that the added 3 did not serve as an initiator but served
as an accelerator for the polymerization of MAN.
When the initial mole ratio of MAN to the prepolymer
of MMA (2) was increased from 50 to 200, the M,, value
of the PMAN sequence increased almost proportionally
from 5400 to 16 400, with the ratio M,/M,, remaining
in the range of 1.2—1.3 (entry nos. 5—7, 10, Table 1;
Figure 5). Since PMMA—PMAN block copolymers with
longer PMMA sequences were more soluble, the polym-
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Figure 4. Polymerization of methacrylonitrile (MAN) with
the living prepolymer of methyl methacrylate (MMA) (2)—
methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3)
system ([MAN]o/[2]o = 50, [2]o = 22.6 mM, CH,ClI; as solvent,
room temperature, initial ratios of 3 to 2 = 3.0 (@), 4.0 (a),
and 10 (m)): effect of the amount of Lewis acid (3) on the rate
of polymerization.
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Figure 5. Polymerization of methacrylonitrile (MAN) with
the living prepolymer of methyl methacrylate (MMA) (2)—
methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3)
system in CH,CI; at room temperature. Relationship between
M, of the PMAN block (®) (Mw/M, (O)) of the polymer formed
at 100% conversion and the initial monomer-to-initiator mole
ratio ([MAN]o/[2]o).

erization mixture was homogeneous throughout the
polymerization of MAN, even when a block copolymer
with a long PMAN sequence was formed, and the MWD
of the produced block copolymer was narrow (entry nos.
8 and 10, Table 1).

The polymerization of MAN with 2 in the presence of
3 proceeded with living character. Clear evidence for
this was given by the sequential two-stage polymeriza-
tion of MAN initiated with the system of (enolato)-
aluminum porphyrin 2 (living PMMA; M,, = 13 200, M,/
Mp = 1.22; Figure 6 (1)) in the presence of 3 (1/3), where
50 equiv of MAN with respect to 2 was polymerized up
to 100% conversion (4 h) at the first stage and, after a
16-h interval at room temperature, 50 equiv of MAN
was charged to the mixture. In spite of a long interval
between the completion of the first-stage polymerization
and the second monomer feed, the second-stage polym-
erization ensued and was complete within 6 h. The
GPC profile of the product (the block copolymer) shows
a clear increase in molecular weight from 17 500 (the
first stage: Figure 6 (I1)) to 20 700 (the second stage
(111) with a shift in the sharp peak (My/M; from 1.21
to 1.29).
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Figure 6. Sequential three-stage polymerization of methyl
methacrylate (MMA), methacrylonitrile (MAN), and MAN in
CH_CI; at room temperature with methylaluminum porphyrin
(1)—methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate)
(3) system: GPC profiles of the polymers formed at the first
stage (I; [MMA]o/[1]o = 100, 100% conversion, M, = 13 200,
Mw/M, = 1.22), the second stage (11; [MAN]o/[1]o = 50, 100%
conversion, M, = 17 500, M\/M, = 1.21), and the third stage
(111; [MAN]o/[1]o = 50, 100% conversion, M, = 20 700, M\/M,
= 1.29).
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Figure 7. Polymerization of methacrylonitrile (MAN) with
the living prepolymer of methyl methacrylate (MMA) (2)—
pyridine system ([2]o = 20.7 mM, CH.CI; as solvent, room
temperature, [MAN]o/[2]o = 100, [pyridine]o/[2]o = 0.6 (M, O0),
10 (@, O)) under diffuse light (l, ®) and under irradiation of
visible light (1 > 420 nm) (O, O): conversion—time relationship.

Block Copolymerization of Methyl Methacrylate
and Methacrylonitrile with Aluminum Porphyrin
(2) in the Presence of Pyridine. Pyridine in place
of methylaluminum bis(2,6-di-tert-4-methylphenolate)
(3) was also effective for the polymerization of MAN
from the living PMMA (2). An example is shown by the
polymerization of MAN under irradiation with the 2 (M,
= 4000, My/Mp, = 1.09, prepared with [MMA]o/[1]o =
40, 100% conversion)—pyridine system at an initial mole
ratio [MAN]o/[2]o/[pyridine], of 100/1.0/0.6. MAN was
polymerized up to 63% conversion in 65 h (Figure 7 (O0)),
where the GPC peak of the polymer formed was
observed to shift clearly toward the higher molecular
weight region (M, = 7600), retaining the narrow MWD
(Mw/Mp = 1.26) (Figure 8), and the peak corresponding
to the prepolymer of MMA was not observed. These
facts clearly demonstrate the successful polymerization
of MAN from 2, affording a PMMA—PMAN block
copolymer. In sharp contrast to the polymerization of
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Figure 8. Block copolymerization of methyl methacrylate
(MMA) and methacrylonitrile (MAN) in CH.CIl, with the
methylaluminum porphyrin (1)—pyridine system: GPC pro-
files of (1) the prepolymer of MMA ([IMMA]o/[1]o = 40, under
irradiation > 420 nm, 35 °C, 100% conversion, M, = 4000,
Mw/M;, = 1.09) and (11) the block copolymer of MMA and MAN
(in the presence of pyridine, [MAN]o/[1]o/[pyridine]o, = 100/1.0/
0.6, room temperature, 63% conversion, M, = 7600, My/M,, =
1.26).

MAN, polymerization of MMA with aluminum porphy-
rin (2) was retarded by pyridine. For example, in the
presence of 2 equiv of pyridine with respect to 2, the
polymerization of 100 equiv of MMA proceeded very
slowly to attain 25% conversion in 18 h under irradia-
tion, while in the basence of pyridine, the polymerization
of MMA with 2 was complete within 12 h under
otherwise identical conditions.

When the amount of pyridine was increased from 0.6
to 10 equiv with respect to the living PMMA (2)
(IMAN]o/[2]o = 50), the polymerization of MAN under
visible light irradiation proceeded more rapidly (Figure
7 (O)), where the M, value of the produced polymer
increased linearly with conversion, retaining the ratio
Mw/M,, in the range of 1.1-1.3. A good agreement
between the observed and expected M, values of the
polymer (solid and broken lines, respectively) again
indicates quantitative initiation from every molecule of
the living PMMA (2) (Figure 9).

It is particularly noteworthy that a dramatic ac-
celeration by irradiation with visible light was observed
in the presence of pyridine for the polymerization of
MAN initiated with the living PMMA (2) (Figure 7; |,
® — [0, 0).22 For example, the polymerization of MAN
with 2 ([IMAN]o/[2]o/[pyridine]o = 100/1.0/10) proceeded
rapidly up to 67% conversion in 18 h under visible light
irradiation (A > 420 nm) (O), while under diffused light
under otherwise identical conditions, the conversion of
MAN after 20 h was only 22% (®). All the block
copolymers produced under irradiation and under dif-
fused light were of narrow MWD.

When 1-methylimidazole was used as a Lewis base
(10 equiv with respect to aluminum porphyrin, in the
dark) under otherwise identical conditions, the polym-
erization proceeded more rapidly, up to 28 and 90%
conversion in 9 and 116 h, respectively. However, in
this case, the GPC profile of the produced polymer
showed a bimodal, broad elution pattern, where the
peak due to the prepolymer of MMA remained. In
contrast, when triphenylphosphine (10 equiv) was used,
a narrow MWD copolymer was obtained, although the
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Figure 9. Polymerization of methacrylonitrile (MAN) with
the living prepolymer of methyl methacrylate (MMA) (2; m =
60, M, = 6900, My/M,, = 1.10)—pyridine system ([MAN]o/[2]o/
[pyridine]o = 100/1.0/10, [2]o = 20.7 mM, CHCI; as solvent,
room temperature): relationship between M, (®) (M./M, (O))
of the polymer and conversion.
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Figure 10. Copolymerization of methacrylonitrile (MAN) and
methyl methacrylate (MMA) with the living prepolymer of
MMA (2; m = 10) ([2]o = 17.5 mM, CHCI; as solvent, room
temperature, [MAN]o/[MMA]o/[2]o = 90/90/1.0) under irradia-
tion of visible light (A > 420 nm) (a, A), in the presence of
methylaluminum bis (2,6-di-tert-butyl-4-methylphenolate) (3)
([3]e/[2]0 = 3.0) (®, O) and in the presence of pyridine
([pyridine]o/[2]o = 3.0) (M, O): conversion—time (MAN, A, @,
B, MMA, A, O, O) relationships.

polymerization proceeded rather slowly even under
visible light irradiation (13% conversion in 40 h).

Copolymerization of Methyl Methacrylate and
Methacrylonitrile with Aluminum Porphyrin (2).
In the copolymerization under irradiation with visible
light at room temperature ([MMA]o/[MAN]o/[2]o = 90/
90/1.0), the reactions of MAN and MMA took place very
slowly, and the conversions of monomers were only 48
and 35%, respectively, in 1250 h (Figure 10 (4, A)). On
the other hand, by the addition of 3, both MMA and
MAN were polymerized more rapidly; the conversions
of MAN and MMA were 97 and 25% in 30 min (Figure
10 (@, O)). Pyridine also accelerated the copolymeriza-
tion of MAN and MMA to attain 56 and 27% conversion
in 255 h (Figure 10 (M, O0)). Itis of interest to note that
the consumption of MMA in the copolymerization with
MAN initiated with 1 was accelerated by pyridine, while
the homopolymerization of MMA was decelerated by
pyridine.
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Figure 11. Copolymerization of methacrylonitrile (MAN) and
methyl methacrylate (MMA) with the living prepolymer of
MMA (2; m = 10): plots of MAN consumptions versus MMA
consumptions under irradiation of visible light (m), in the
presence of methylaluminum bis(2,6-di-tert-butyl-4-methylphe-
nolate) (3) (®) and in the presence of pyridine (a) (for reaction
conditions, see Figure 10).
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Figure 12. Copolymerization of methacrylonitrile (MAN) and
methyl methacrylate (MMA) with the living prepolymer of
MMA (2; m = 10): GPC profiles of the polymers formed (A)
under irradiation of visible light, (B) in the presence of
methylaluminum bis (2,6-di-tert-butyl-4-methylphenolate) (3),
and (C) in the presence of pyridine (for reaction conditions,
see Figure 10).

Plots of the consumptions of MAN against those of
MMA indicated that the rates of consumption of two
monomers were rather close to each other under ir-
radiation in the absence of 3 and pyridine (Figure 11
(m)), although the homopolymerization of MMA initiated
with methylaluminum porphyrin (1) proceeded much
faster than that of MAN. This tendency is almost
unchanged under accelerating conditions in the pres-
ence of pyridine, where the relative consumption of
MAN to MMA was slightly higher than that observed
in the copolymerization under irradiation (Figure 11
(a)). However, much more notably, the polymerization
of MAN proceeded much more rapidly than that of MMA
in the presence of 3 (Figure 11 (@)).

The copolymer obtained by the copolymerization in
the presence of 3 showed a 'H NMR spectrum very
similar to that of the block copolymer. In contrast, the
copolymers formed in the copolymerizations under ir-
radiation or in the presence of pyridine gave different
spectra, where the signals due to the copolymer were
complicated.

The copolymers produced under irradiation (MAN,
48% conversion; MMA, 35% conversion) and in the
presence of pyridine (MAN, 56% conversion; MMA, 27%
conversion) exhibited unimodal, broad GPC chromato-
grams (Figure 12A,C), from which the M, (M\/Mp)
values were estimated as 9900 (2.61) and 9800 (1.38),
respectively. On the other hand, the GPC chromato-
gram for the polymer produced in the presence of 3
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(MAN, 100% conversion; MMA, 10% conversion) exhib-
ited a bimodal MWD consisting of a broad peak with a
sharp shoulder on the low-molecular-weight side (Mp
=24 800, M,,/M,, = 4.24) (Figure 12B). This is probably
due to the low initiation efficiency of the homopolym-
erization of MMA from the living PMAN and the rapid
chain growth of PMAN. In this relation, when MMA
was added to the living block copolymer of PMMA—
PMAN (M, = 14 500, My/M;, = 1.30) in the presence of
10 equiv of 3, a rapid polymerization took place to attain
100% conversion within 10 min. The GPC showed a
bimodal elution pattern (M, = 23 200, My/M, = 2.32).
The peak in the lower molecular weight region corre-
sponds to PMMA—-PMAN, indicating that only a part
of the prepolymer took part in the third-stage polym-
erization of MMA.

All the above results lead to the following conclusions.
Addition of 3 or pyridine under diffused light results in
the accelerated consumptions of comonomers. In the
presence of pyridine, the consumptions of MAN and
MMA are almost equally accelerated, compared with the
case using irradiation in the absence of pyridine. In
that instance, the addition of 3 accelerates the con-
sumption of MAN much more than that of MMA.

Interactions between Monomers and Methyl-
aluminum Bis(2,6-di-tert-butyl-4-methylphenolate)
(3). NMR Studies. In the 'H NMR spectrum of a
mixture of 3 and MAN (0.9/1.0) in CD,Cl, at 25 °C, all
the signals of MAN protons clearly shifted downfield
(CHy, 6 6.16 and 6.11; CHgs, 2.03) from those of MAN
alone (CHjy; 0 5.79 and 5.71, CHg; 1.96) (Figure 13).
When the mole ratio of 3 to MAN was changed from
0.2 to 1.8, the downfield shifts became more remarkable;
for example, the signal due to CH; and CHj3; groups
appeared at 6 6.21 and 6.17 ppm and at ¢ 2.08 ppm,
respectively.

The signals due to C=N (6 118.7), CH,=C (6 119.6),
and CHj3 (6 21.2) of MAN in the 13C NMR spectrum were
broadened and shifted upfield to 6 114.9, 119.0, and
19.6, respectively, in the presence of 1.8 equiv of 3.
When the mole ratio of 3 to MAN was increased, the
upfield shift became more remarkable, particularly for
the signal due to CN. Each signal due to MAN was
broadened with an increase in the ratio of 3 to MAN,
and the broadening was also most remarkable in the
signal due to CN. As for the signals of 3,23 the C—0O
signal of the phenolate ligands shifted most remarkably
from 6 152.8 to 154.0 ([3]o/[MAN], = 1.8). These
observations indicate the occurrence of coordination of
the CN group in MAN to 3.

The 13C NMR of an equimolar mixture of MAN and
MMA in the presence of 1.5 equiv of 3 in CD,ClI, at 25
°C showed a shift for the C=N signal of MAN from ¢
118.7 to 6 115.9, while the MMA C=0 signal was only
slightly shifted (0.4 ppm), although a large shift (2.7
ppm) was observed for a mixture of MMA and 3 (2.0/
1.0) under similar conditions.

Mechanistic Aspects. To summarize the above
results, methylaluminum bis(2,6-di-tert-butyl-4-meth-
ylphenolate) (3) accelerates the polymerization of MAN
with aluminum porphyrin. Together with the results
of the NMR investigations, the accelerated polymeriza-
tion of MAN with the 2—3 system is concluded to be
the result of activation of MAN through the coordination
to 3 for the nucleophilic attack of aluminum porphyrin
(electrophilic activation of monomer by Lewis acid). As
also indicated by 13C NMR studies, 3 interacts more
preferably with MAN than with MMA. Thus, in the
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Figure 13. 'H NMR spectra in CD,Cl, at 25 °C of (A) methacrylonitrile (MAN) (B) a mixture of MAN and methylaluminum

bis(2,6-di-tert-butyl-4-methylphenolate) (3) (1/0.9).

copolymerization of MAN and MMA, the homopolym-
erization of MAN takes place at an early stage, on
account of the preferential activation of MAN by 3.

On the other hand, it is well demonstrated that Lewis
bases coordinate to aluminum porphyrin to form a six-
coordinated complex!®2* and enhance the reactivity of
aluminum porphyrins.’> Therefore, the rapid polym-
erization of MAN with the 2—pyridine system is a
consequence of the coordinative activation of the alu-
minum porphyrin by pyridine (nucleophilic activation
of the growing species by Lewis base). Due to the
activation of the growing species by pyridine, the
consumption of MAN and MMA in the copolymerization
was almost equally accelerated.

It was difficult to determine by 1H NMR whether the
structure of the active end of the growing PMAN was
(TPP)AI—C(Me)(CN)—CH,—polymer or (TPP)AI—N=
C=C(Me)—CH,—polymer because the spectrum ob-
tained for the living PMAN was very complicated.

Chacterization of Poly(methyl methacrylate-b-
methacrylonitrile)s. For the estimation of the com-
position, the PMMA—-PMAN block copolymers synthe-
sized with the living prepolymer of the MMA (2)—
methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate)
(3) system were isolated by repeated precipitations from
CHCI3/MeOH and subjected to elemental analysis. On
the basis of the analytical value for nitrogen, the lengths
of the PMAN block were calculated to be in good
agreement with those expected by the initial MAN-to-
MMA comonomer feed ratios (entry was 1, 5—7, 9, and
10, Table 1). The estimation by 'H NMR gave different
values of the PMAN block content, depending upon the
solvent and the temperature used for measurement.

Solution Properties of Poly(methyl methacry-
late-b-methacrylonitrile)s. (1) Micelle Formation
in Organic Solvent. In general, PMMA is highly
soluble in common organic solvents such as benzene,
toluene, CHCI3;, THF, and DMSO. In sharp contrast,
PMAN is dissolved in limited solvents such as DMSO,
DMF, and trifluoroacetic acid. Therefore, in a particular
organic solvent, PMMA—PMAN block copolymers are
expected to form micelle-like aggregation because of the

a C
CH CH
fo-om{E-on
H—C—CH2 C—CH2—Me
o ckal
CN CO,CH3
e
(A) e
d c
| — |

™S

(B)

(C) e

[
DMSO a b

™S

r | E—

T T T
4.0 3.0 2.0 1.0

Figure 14. 'H NMR spectra in CDCl; (A), THF-ds (B), and
DMSO-ds (C) of the poly(methyl methacrylate-b-methacry-
lonitrile) (M, = 39 300, My/M, = 1.24, MAN content by
elemental analysis 51.0%) obtained with the (enolato)alumi-
num porphyrin (2)—methylaluminum bis(2,6-di-tert-butyl-4-
methylphenolate) (3) system (entry no. 10, Table 1).

T T T L

0.0 ppm

different solubilities of the segments.?> For the inves-
tigation as to this expectation, narrowv MWD PMMA—
PMAN block copolymers were synthesized by the se-
guential polymerization of MMA and MAN with alu-
minum porphyrin (2) in the presence of Lewis acid (3)
or Lewis base (pyridine). Figure 14B,C shows the 'H
NMR spectra (6 —0.5 to +4.5 ppm) of the block copoly-
mer (entry no. 10 in Table 1) at 25 °C in THF-dg and in
DMSO-ds (20 mg/mL), respectively, where the signals
due to the CH3 (6 1.5—1.9) and CH; groups (6 2.0—2.5)
in the PMAN segment are observed: the relative
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Figure 15. 'H NMR of poly(methyl methacrylate-b-meth-
acrylonitrile) (M, = 39 300, Mw/M,, = 1.24) (entry no. 10, Table
1) in CDCI3/DMSO-ds mixed solvent at 25 °C ([polymer] = 20
mg/mL): relationships between relative intensities of the
signals due to polymethacrylonitrile sequence in the block
copolymer and the solvent composition.

intensity ratio of the signals due to the PMAN segment
in the block copolymer (entry no. 10), as calculated from
the intensities of the signals due to the CH; groups in
the PMAN and PMMA segments and that due to the
CHs group in the PMAN segment, was 52.6%, which
was very close to that determined from the elemental
analysis (51.0%). On the other hand, in CDCls, the
signals due to the PMAN segment were very weak,
where the relative intensity of the PMAN signals was
only 12.3% (Figure 14A). In CDClI3 containing DMSO-
ds (20/1 viv), the peaks due to the PMAN segment in
the block copolymer (entry no. 10) were larger than in
CDCl3 alone. When the amount of DMSO-ds in the
CDClI3/DMSO-dg mixed solvent was increased, the sig-
nals due to the PMAN segment were sharper and more
enhanced. The calculated value for the relative inten-
sity of the PMAN segment increased with the amount
of DMSO-dgs and reached 52.6% in CDCIl3/DMSO-d¢ (8/
2), which is the same as that calculated from the
spectrum in DMSO-dg (Figure 15). These facts indicate
that the block copolymer molecule is dispersed in
DMSO-ds and in THF-dg, while in CDCls, the PMAN
segments associate to form a micelle.

In CDCI3; at higher temperature, the signals due to
the PMAN segment in block copolymer (Table 1, entry
no. 10) became larger (Figure 16 (W)). Thus, the micelle
was considered to be broken into dispersion by elevating
the temperature. The spectrum of the block copolymer
(entry no. 10) in DMSO-ds was almost unchanged at
25—90 °C (Figure 16 (®)). However, quite unexpectedly,
in THF-ds, the signals due to the PMAN segment
became smaller as the temperature was elevated (Fig-
ure 16 (a)). This change is opposite to the behavior in
CDCl3, showing that the block copolymer formed a
micelle at high temperature in THF-dg. This fact
indicates that the PMAN segments aggregate by de-
solvation at higher temperature.

The micelle formation in THF at high temperature
depends on the MAN content and the M value of the
copolymer. In comparison with the block copolymer
(entry no. 10) (Figure 17 (a)), a block copolymer with
almost the same M, value and a lower MAN content
(entry no. 9) and a block copolymer with a lower My,
value and almost the same MAN content (entry no. 6)
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Figure 16. 'H NMR of poly(methyl methacrylate-b-meth-
acrylonitrile) (M, = 39 300, Mw/M,, = 1.24) (entry no. 10, Table
1) in CDCl; (), DMSO-ds (®), or THF-dg (a) ([polymer] = 20
mg/mL): relationships between relative intensities of the
signals due to polymethacrylonitrile sequence in the block
copolymer and temperature.
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Figure 17. 'H NMR of poly(methyl methacrylate-b-meth-
acrylonitrile)s in THF-dg ([polymer] = 20 mg/mL): relation-
ships between relative intensities of the signals due to
polymethacrylonitrile sequence in the block copolymer and
temperature (block copolymers entry no. 9 in Table 1 (M), entry
no. 6 (@), and entry no. 10 (a)).

do not form micellar aggregates, as shown by the
constant relative intensity of the PMAN signals ir-
respective of the temperature (Figure 17 (B and @)). A
block copolymer with a shorter PMMA segment and a
longer PMAN segment (entry no. 1, Table 1) forms a
micellar aggregate in THF even at room temperature,
which was demonstrated by the 'TH NMR analysis at
25 °C, giving a lower integral ratio for the PMAN signals
(70%) than the MAN content given by the elemental
analysis (77%).

(I1) Aggregation by Elevating Temperature.
When the temperature was elevated, the THF solution
of the block copolymer (entry no. 1) became turbid. As
shown in Figure 18 (@), the transmittance of visible light
(A = 500 nm) through the THF solution of th block
copolymer (entry no. 1, 2 mg/mL) in a quartz cell (optical
path length 1 cm) became smaller as the solution was
heated. The copolymer solution turned apparently
homogeneous as the temperature was lowered (Figure
18 (0)), indicating that this phenomenon was reversible.
On the other hand, the solution of a block copolymer
with a lower MAN content (entry no. 6, Table 1) looked
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Figure 18. Change of the turbidity of the THF solutions of
poly(methyl methacrylate-b-methacrylonitrile)s (entry no. 1 in
Table 1, ®, O; entry no. 6, A): relationships between transmit-
tance (4 = 500 nm) of the THF solutions and temperature in
the quartz cell (optical path length 1 cm, [copolymer] = 2 mg/
mL).
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Figure 19. Calorimetric scans for the THF solutions of poly-
(methyl methacrylate-b-methacrylonitrile)s (entry no. 10 in
Table 1 (A) and entry no. 1 (B); [polymer]o = 2 mg/mL, heating
rate 12 °C/h; ACp = the change in specific heat capacity at
constant pressure).

homogeneous throughout the observation in the same
range of temperature (Figure 18 (Aa)). These results
show that when the PMAN segments are relatively
longer, the block copolymer molecules associate into
large aggregates on account of the quite strong interac-
tion between the PMAN segments resulting from de-
solvation at high temperature.

In this relation, the DSC profile for the THF solution
of the block copolymer (entry no. 1, 2 mg/mL) showed
an endothermic peak at 44.1 °C (Figure 19B), and this
temperature is close to the cloud point as observed
above. In contrast, no peak was observed in the DSC
profile for the block copolymer (entry no. 10) having a
longer PMAN block with a lower MAN content (Figure
19A).

Microphase Separation in Membrane. Block
copolymers tend to form a microphase-separated struc-
ture in the solid state similarly to the micellar formation
in solution.?® This is also the case for the PMMA—
PMAN block copolymers synthesized in the present
study. The film of the PMMA—-PMAN block copolymer
(entry no. 10), cast from CHCI3/THF (8/2 in v/v) at 25
°C and stained with I, vapor, was subjected to trans-
mission electron microscopy (TEM). Figure 20A shows
a micrograph of the block copolymer (entry no. 10) in
which the microphase-separated structure is clearly
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Figure 20. Transmission electron microscopic views of poly-
(methyl methacrylate-b-methacrylonitrile) (entry no. 10 in
Table 1): cast samples from CHCIs/THF (8/2) at 25 °C (A),
THF at 25 °C (B), and THF at 60 °C (C).

observed. Since the TEM photograph for the block
copolymer (entry no. 10) is darker than that for the block
copolymer (entry no. 9) with the lower MAN content,
the dark, uniformly scattered circles are the domains
from the PMAN segment, while the light region shows
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the domains from the PMMA segment. Thus, the
morphology with the PMAN domains in a matrix of
PMMA was formed in a film of the block copolymer
(entry no. 10). When the film of the block copolymer
(entry no. 10) was cast from THF alone at 25 °C, the
micrograph exhibited no clear phase separation (Figure
20B), while the polymer membrane sample cast from
THF at 60 °C showed clear phase separation again
(Figure 20C). The block copolymer (entry no. 9), which
has a relatively shorter PMAN chain, showed no clear
phase separation in micrographs irrespective of the
casting conditions. These results are quite consistent
with the solution behavior that the block copolymer with
a long enough PMAN segment forms micelles in CHCI3
at room temperature or in THF at higher temperature,
while the block copolymer with a shorter PMAN seg-
ment does not aggregate under similar conditions.

Conclusion

A novel living polymerization of methacrylonitrile was
developed by using as initiator the living polymer of
methyl methacrylate having an (enolato)aluminum por-
phyrin at the growning terminal (2). The presence of
an electrophilic activator for the monomer (methylalu-
minum bis(2,6-di-tert-butyl-4-methylphenolate (3)) or
nucleophilic activator for the growing species (pyridine)
was essential for the rapid and clean chain growth in
the polymerization of methacrylonitrile with 2.

On the basis of the living polymerization of meth-
acrylonitrile from the living prepolymer of methyl
methacrylate, (methyl methacrylate-b-methacryloni-
trile)s with controlled molecular weights were synthe-
sized.

The poly(methyl methacrylate-b-methacrylonitrile)s
carrying two segments with different solubilities in
organic solvents reveal microphase separation in solu-
tion as well as in the solid state. Furthermore, this
block copolymer is the first example of the formation of
micelle-like aggregation of a polymer in an organic
solvent upon elevating temperature.
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