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ABSTRACT:  The polymerization of methacrylates with alkali-metal alkoxide de-
rivatives of poly(ethylene oxide) (PEO) yielded copolymers which consisted of PEO and
polymethacrylates containing block and graft units. The block copolymerization was
initiated by addition of the alkoxide to the carbon—carbon double bond of methacrylates,
and the graft reaction onto the block copolymer formed was thought to proceed by
transesterification between the pendant ester groups of the copolymer and the unreacted
alkoxide. The grafting of the alkoxide derivative of PEO having two terminal hydroxyl
groups resulted in formation of cross-linked copolymers, while the polymerization with

the alkoxide having one active end gave soluble copolymers.

The relative amount of

the grafted ester groups in the copolymers was estimated by NMR spectroscopy.
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In a previous paper,' it was shown that the
polymerization of methyl methacrylate (MMA)
with alkali-metal salts of 2-substituted ethanols
such as 2-methoxyethanol and 2-dimethylamino-
ethanol proceeded easily in the presence of
hexamethylphosphoramide (HMPA). In this
paper, the polymerization of MMA and ethyl
methacrylate (EMA) with alkali-metal alkoxide
derivatives of poly(ethylene oxide) (PEO) has
been investigated, since the formation of block
copolymers, poly(ethylene oxide-b-methacrylates),
was expected from the similarity of structure
between 2-methoxyethanol and the PEO carrying
terminal hydroxyl groups. The block or graft
copolymers composed of polymers having dif-
ferent properties, e.g., rubbery and glassy or
hydrophilic and hydrophobic, have been noted
as a kind of new prospective polymer materials.?
PEO has hydrophilic and rather rubbery prop-
erties, while polymethacrylates have hydrophobic
and glassy ones. For example, poly(methyl
methacrylate-g-ethylene oxide) have already been
synthesized by the grafting of alkoxide derivatives
of PEO onto poly(methyl methacrylate).®

In this study, the synthesis of poly(ethylene
oxide-b-methacrylates) was attempted by means
of the anionic polymerization of vinyl monomers
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(MMA and EMA) with macromolecular initiators
(alkoxide derivatives of PEO). Such block co-
polymers, which consist of alkylene oxide and
vinyl or diene monomers, have already been
synthesized by radical copolymerization, but
not by anionic polymerization.

EXPERIMENTAL

Reagents

Tetrahydrofuran (THF) was distilled over me-
tallic sodium under a nitrogen atmosphere.
HMPA was refluxed and distilled over calcium
hydride in vacuo. PEO having terminal hydroxyl
groups was dried by azeotropic 'distillation in
toluene.® 2-Methoxyethanol was refluxed and
distilled over calcium hydride under a nitrogen
atmosphere. Ethylene oxide (Nippon Shokubai
Kagaku) was used without further purification.
MMA and EMA were purified by conventional
methods, refluxed, and distilled over calcium
hydride under vacuum just before use. Sodium
and potassium alkoxide derivatives of PEO or
2-methoxyethanol were prepared by the metalla-
tion of the alcohols with the corresponding
alkali metal—naphthalene complexes in THF
under a nitrogen atmosphere.® The concentra-
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tion of the alkoxides was predetermined by acid-
base titration.

Polymerization Procedure

The polymerization was carried out by the
following three methods under a nitrogen
atmosphere:

Polymerization of MMA with Alkali-Metal
Salts of PEO Having Two Terminal Hydroxyl
Groups. In a 30-m/ polymerization tube MMA
and solvents were charged, and the polymeriza-
tion was initiated by introducing a THF solution
of the alkoxides derived from PEO. When the
alkoxide solution was highly viscous, MMA was
finally introduced to the solution. After a given
time the polymerization mixture was poured
into methanol. The precipitated polymer was
collected by filtration, washed with methanol,
and dried in vacuo at room temperature. The
polymer obtained was concluded to be a copoly-
mer of MMA and PEO on the basis of the
following facts: (1) the homopolymerization of
MMA with alkali-metal methoxides, which might
be formed by transfer or graft reactions in the
polymerization of MMA with the alkoxides
derived from PEO, did not occur under the
conditions similar to those of the polymerization
with the alkoxides derived from PEO; (2) the
unreacted PEO was soluble in methanol. When
the polymer was a mixture of soluble and in-
soluble copolymers, the mixture was extracted
with benzene at the reflux temperature. The
insoluble part was separated by filtration or
centrifugation, washed with benzene, and dried
in vacuo. The filtrate containing the soluble
copolymer was concentrated, poured into meth-
anol, filtrated, and dried.

Na*CioHio™
HO-CH,CH;0)--H —
THF

MMA
THF (+HMPA)

The results are shown in Table I. The poly-
merization of MMA with sodium salt of PEO
(molecular weight, M,, 200) proceeded readily
both in THF and in a THF—HMPA mixture.
The polymerization with sodium salt of PEO
(M, 1000) did not proceed in THF, but proceeded
in the presence of large amounts of HMPA.
On the other hand, the corresponding potassium
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Polymerization of MMA and EMA with Living
Polymers of Ethylene Oxide. In a 30-ml poly-
merization tube equipped with a self-sealing
rubber cap, ethylene oxide and HMPA were
charged and the mixture was brought to the
polymerization temperature. The polymerization
of ethylene oxide was initiated by introducing
a THF solution of 2-methoxyethoxides with a
syringe through the rubber cap. After a given
time interval MMA or EMA were introduced
into the solution of living poly(ethylene oxide).

Polymerization of EMA with Alkali-Metal Salts
of PEO Having One Terminal Hydroxyl Group.
PEO having one terminal hydroxyl group was
obtained by quenching living poly(ethylene oxide)
produced by use of 2-methoxyethoxides as an
initiator. The PEO was reconverted to alkali-
metal salts by metallation in THF. The poly-
merization of EMA was initiated by introducing
EMA into a solution of this alkoxide.

Measurements

Reduced viscosities were measured in a benzene
solution at 25°C. The NMR spectra of the
copolymer solution in chlorobenzene or nitro-
methane were recorded at 120°C on a JNM C-
60H spectrometer.

RESULTS

Polymerization of MMA with Alkali-Metal Al-
koxide Derivatives of PEO Having Two Terminal
Hydroxyl Groups
The syntheses of triblock copolymers of PEO

and MMA were attempted by the following

scheme.

at~O-+CH:CH:0--—-CH:CH:0-Na*

n—=1

- (MMA-—O0-CH:CH:0-,;--MMA),

salt could polymerize MMA even in the absence
of HMPA. The polymerization with bifunc-
tional alkali salts derived from PEO (M, 1000)
gave both benzene-soluble and -insoluble copoly-
mers. The polymerization with alkali-metal
alkoxide derivatives, in which 21—499% of the
terminal hydroxyl groups of PEO (M, 2000 and
6000) were metallated, gave also soluble and
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Table I. Polymerization of MMA with alkali metal alkoxide derived from PEO®

Metallate i 9
No. PEOXIOL (1, et grﬁg;}, Counter  HMPA, Yield, %
% Soluble (Total) Insoluble
1 6.55 (200) 100 Na+ 0 32 (32) 0
2 5.50 (200) 100 Na+ 1 42 (42) 0
3 4.60 (1000) 100 Na+ 0 (0)
4 3.55 (1000) 100 Na+ 1 0)
5 4.60 (1000) 100 Na+ 5 (8)
6 4.60 (1000) 100 Na+ 10 24 37 13
7 3.30 (1000) 100 K+ 0 41)
8 3.30 (1000) 100 K+ 1 30 (40) 10
9 3.30 (1000) 100 K+ 5 (46)
10 11.2 (2000) 49 Na+* 0 0)
11 11.2 (2000) 49 Na+ 5 (58)
12 11.2 (2000) 21 Na+ 10 226 (34) 12
13 19.3 (2000) 49 K+ 0 150 (18) 3
14 9.00 (2000) 25 K+ 10 6° 8) 25
15 9.50 (6000) 32 K+ 5 (32)
16 1.2 (6000) 39 K+ 5 (22) 16
17 8.70 (6000) 23 K+ 0 1 9 8

¢ Solvent, THF+HMPA, 20m/; MMA, 1.87x10-2mol (No. 16, 3.74x 10-2mol); temp, room tempera-

ture; time, 15 hr.

o

Copolymer compositions, [MMA]:[EO], and 5sp/c (d//g) of soluble parts were as follows: No. 12,

3:1, 0.47; No. 13, 13:1, 0.52; No. 14, 4:1, 0.40.

insoluble copolymers. The yield of the insoluble
copolymer increased in the case of the poly-
merization with potassium salts and of the
polymerization in the presence of large amounts
of HMPA.

Polymerization of MMA and EMA with Living
Poly(ethylene oxide)

CH30CHzCH20-Na*

CH: CH;

No/ HMPA

The anionic polymerizations of ethylene oxide
in polar solvents such as HMPA® and dimethyl-
sulfoxide® have been confirmed to cause a living
polymerization. The syntheses of block copoly-
mers of ethylene oxide and MMA were at-
tempted by the reaction of living PEO with
MMA as follows.

— CH;0-(CH;CH;0-)~CH,CH,0-Na*

MMA
———— CH30«-CH:CH:0-; 75t MMA).

The results are shown in Table II. The insoluble
copolymer was not formed in the case of using
an initiator in which the polymer alkoxide
carried one living end per chain. The tacticity
of the poly(methyl methacrylate) part in the
copolymer was measured by NMR spectroscopy:’
it was predominantly syndiotactic and hetero-
tactic, as had been expected from the polymeriza-
tion results obtained in the presence of HMPA.

It was not clear whether or not there was a
graft reaction of the alkoxide in this case, for
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PEO (—OCH,CH,0—) and poly(methyl meth-
acrylate) (—OCH,) gave an overlapped resonance
peak at =~3.6. In order to make clear the
possible occurrence of the graft reaction, the
polymerization of EMA with living PEO was
carried out: the methylene protons of PEO
(—OCH,CH,0—) and poly(ethyl methacrylate)
(—OCH,CHj,) can be distinguished by means of
NMR spectroscopy. Figure 1 shows the NMR
spectrum of the copolymer. The structure of
the copolymer could be represented as follows.

Polymer J., Vol. 8, No. 2, 1976
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Table II. Polymerization of MMA and EMA with living poly(ethylene oxide)»

Ethylene . Copolymer .

No. o;?ide Il>1<1t110a41c‘>)r M(>)<nl%r2ner HMPA, Yield, com}faos};tion, 9sp/C,° Tacticity, %
X108 ol mol’ m/ %  [MMA or  d/jg I H s
mol EMAJ]/[EO]

18 4.10 0.80 MMA 3.74 5 7 2.1 0.58 6 34 60
19 13.1 3.00 MMA 3.74 10 53 0.3 0.42 10 45 45
20 5.60 3.80 MMA 9.35 5 32 8.0 0.26 13 47 40
21 7.40 5.70 MMA 3.74 5 46 1.2 0.19 14 42 44
22 11.0 5.70 EMA 8.00 10 29 2.34 0.22 — — —
23 1.70 1.10e EMA 2.40 1 13 144 0.25 — — —

2 Solvent, THF-+HMPA, 10m/; temp, room temperature; time (polymerization of ethylene oxide),
72 hr; time (polymerization of methacrylate), 24 hr.

® Sodium 2-methoxyethoxide.
¢ Benzene solution at 25°C, ¢=0.25g/dl.

4 The ratio of grafted esters to total esters was as follows: No. 22, 4.

e Potassium 2-methoxethoxide.

CH;

|
CH;3+OCHCHz~,~O«CH,—C-)
|

C—

|

O—

o QH;A) |
CHEOCH,CHA,06CH-C 4 CH-C;
(B) (I:ZO (8) ?:O

0-CH,CH,0¢CH,CHO}CH,

(D) (A) (c)

CH®

A

1 1 1 1 L
3

§

Figure 1. NMR spectrum of PEO—EMA copoly-

mer (No. 22 in Table II): chlorobenzene solution,
120°C.

2
(ppm)

Assignments of signals could be made as shown
in the figure. The ratio of the numbers of
grafted ester groups to all of the ester groups,
v/(u+v), was calculated from the relative in-
tensity between the methylene protons of the
pendant esters and of the backbone. The ratio
was calculated as follows
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1%;

No. 23, 6.2%.

CH;
|
—tCH—C 35
(0] (|:=0
CH.CH; O-+CH:CH:0-),-CH;s
v _ % _ I_DCH2
u-+v u+v Bcﬂz

where Bcn, and Dgn, are the resonance areas
of methylene protons CH,B) and CH,(D) in
Figure 1, respectively. The percentage of the
grafted ester groups thus estimated in the PEO—
EMA copolymer was 4—6%.

The polymerization of EMA was also carried
out in the absence of HMPA. In this case,
PEO having one terminal hydroxyl group was
prepared by the polymerization of ethylene oxide
with potassium 2-methoxyethoxide, and was
metallated in THF. The results of the poly-
merization are shown in Table III.

CH;3+OCH;CH;-)-OH

K+*C1oHio™
—_— CHa-(—OCHzCHz-}n—O"K+
THF

EMA
— CHyOCH;CH; -0 EMA),

In this case also, the percentage of the grafted
ester groups was ca. 5%, i.e., the graft copoly-
mer containing one PEO side chain per about
20 EMA units was obtained.

The copolymers having high molecular weights
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Table III. Polymerization of EMA with potassium salts of PEO having one terminal
hydroxyl group*

EMA

Copolymer

No. PEO, Nsp/Cs? % 102, Feed ratio, Yield, composition, Nsp/C,P Grafted ester,®
8 dig o [EMAJEO] % (pUPOES:  dig %

24 1.90 (0.07) 4.80 1.11 22 21.5 0.31 5.7(5.5)

25 2.20 (0.08) 2.40 0.48 10 10.0 — 5.0(5.0)

26 1.40 (0.08)¢ 4.80 1.51 34 11.3 0.53 6.7(3.1)

27 0.90 (0.09) 4.80 2.34 50 17.5 0.30 2.9(0.5)

28 1.40 (0.09) 6.40 2.01 40 14.5 0.38 3.6(6.7)

= Solvent, THF, 10m/; temp, 0°C; time, 24 hr.
b Benzene solution at 25°C, ¢=0.25g/dl.

¢ The values were determined from the ratio of the resonance areas of methylene protons (B and D
in Figure 1), and the values in parentheses were determined from methyl and methylene protons

(A and D in Figure 1).
4 M,=920 (by VPO).

and high EMA contents (7,,/c, ca. 0.3; [EMA]/
[EO], ca. 10) were insoluble in methanol, while
the copolymers having low molecular weights
and high PEO contents (7s/c<ca. 0.1; [EMA]/
[EO], ca. 2) were found to be soluble in metha-
nol; the latter copolymers were recovered from
filtrates obtained by separation of the insoluble
copolymers, and were precipitated by using the
solvent—nonsolvent system: methanol—water.

The transesterification of the copolymer (No.
26) with potassium methoxide in HMPA (70°C,
100 hr) gave freed PEO, which was detected by
IR spectroscopy. This finding also supports the
presence of the grafted chains. However, the
quantitative analysis of the grafted ester groups
could not be carried out since the transesterifica-
tion proceeded imperfectly (ca. 309 based on
total ester groups).

DISCUSSION

It was confirmed that alkali-metal alkoxides
derived from PEO could polymerize MMA and
EMA, and a copolymer which consisted of
polyether- and polymethacrylate-structures could
be obtained. This copolymer contained block
and graft units. The polymerization with the
bifunctional alkoxide derivatives gave both
benzene-soluble and -insoluble copolymers. The
insoluble (cross-linked) copolymer was considered
to be formed by the grafting of the unreacted
alkoxide onto the soluble copolymer. It has
already been reported by Zilkha, er al., that
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poly(methyl methacrylate-g-ethylene oxide) could
be prepared by transesterification between the
pendant ester groups of poly(methyl methacrylate)
and the alkoxide derivative of PEO.® In this
study, a similar grafting by transesterification
was also found to give an insoluble or graft
copolymer. This concept can be supported from
the fact that the graft copolymer was formed
in the polymerization of methacrylates with
monofunctional alkoxides derived from PEO.
If the initiation of the polymerization of
methacrylates with alkoxides is rapid, the amount
of the graft reaction between alkoxides and the
pendant ester groups would decrease. However,
the amount of the graft reaction was found to
increase with an increase in the reactivity of
alkoxides: viz., the graft reaction proceeded
more readily in the case of the polymerization
with potassium alkoxides or the polymerization
in the presence of large amounts of HMPA.
This fact shows that selectivity in the reaction
of methacrylates with alkoxides decreases with
an increase in the reactivity of alkoxides, and
that the reaction of alkoxides with the ester groups
occurs in preference to the reaction with the
carbon—carbon double bond in methacrylates.
In accord with this, it has been reported that
the attack of initiators on the ester group of
MMA and/or the metallation of MMA occurred
during the polymerization of MMA with highly
reactive initiators such as n-butyllithium,® and
no polymer was produced through the attempted

Polymer J., Vol. 8, No. 2, 1976
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polymerization carried out at ambient tempera-
ture.’

In the polymerization with monofunctional
alkoxides no cross-linked polymer was formed,
as had been expected, but the graft reaction
was found to proceed. Unfortunately, in the
present stage a ‘‘pure’’ block copolymer was not
obtained by our polymerizations with alkoxides
derived from PEO. This polymerization method,
however. seems to be of greater advantage than
Zilkha’s method® for producing graft copolymers
composed of PEO and polymethacrylates, be-
cause in our method methacrylate monomers
can be used as the starting material.
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