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ABSTRACT

Anionic polymerization of methyl methacrylate (MMA) was
initiated with the disodium salt of dihydroxy-poly(tetra-
methylene oxide) (PTMO) in tetrahydrofuran in the presence

and the absence of a crown ether. The resulting block copolymer
of poly(methyl methacrylate) (PMMA) and PTMO was character-
ized by 'H NMR spectroscopy, gel permeation chromatography,
and solvent extractions. In the absence of the crown ether, a
linear triblock copolymer of PMMA-PTMO-PMMA was predomi-
nantly obtained, showing a unimodal and relatively narrow molecu-
lar weight distribution. In the presence of the crown ether, a
linear triblock copolymer and a PTMO grafted block copolymer
due to the transesterification reaction between PTMO and a
methoxy group in MMA were produced with an increase in poly-
mer yield. The stereosequence distributions of the PMMA part
in the copolymers were essentially atactic and the addition of the
crown ether increased the fraction of the rr triad.
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A-B-A type triblock copolymers have recently received much
attention because they contain physically and chemically incompatible
segments in one macromolecular chain, A large number of block
copolymers have been synthesized by various techniques [ 1]. Due to
the low melting and glass transition temperatures of poly(tetramethyl-
ene oxide) (PTMO), it is suitable for the center block., Several attempts
have been made to synthesize block copolymers of PTMO and a few
monomers [ 2-10], Tobolsky and his co-workers prepared a peroxide-
terminated PTMO and tried to initiate the radical polymerization of
methyl methacrylate (MMA) [5]. However, appreciable amounts of
MMA homopolymer and unreacted PTMO existed in the product in
addition to the block copolymer of PTMO and poly(methyl methacry-
late) (PMMA). They could not isolate the pure block copolymer and
could not characterize the resulting copolymer,

In previous papers we have studied syntheses of the A-B-A type
triblock copolymers of poly(ethylene oxide) (PEO) and PMMA [ 11,

12] and of PEO and polymethacrylonitrile [ 13] by using the disodium
salt of PEO as an initiator. As an extension of this technique, we
have investigated the capability of initiating the polymerization of
MMA with the disodium salt of PTMO, which is considered to be
inferior to PEO in cation-binding ability.

The present paper describes the synthesis and characterization
of a triblock copolymer of PTMO and PMMA, The effect of the addi-
tion of a crown ether on the polymerization is discussed.

EXPERIMENTAL SECTION
Materials

Tetrahydrofuran (THF) and benzene were distilled twice over
LiAlH; under a nitrogen atmosphere and were stored over Molecular
Sieve 4A. Commercial MMA was purified by the usual method and
was distilled over calcium hydride at reduced pressure and stored
over Molecular Sieve 4A., Sodium naphthalene and lithium naphtha -
lene were prepared in THF by the usual methods., Dicyclohexyl-18-
crown-6 (Nakarai Chemical) and 15-crown-5 (Nakarai Chemical)
were freeze-dried from benzene solutions and stored as benzene
solutions, Dihydroxy-PTMO was a commercial PTG-100 (Nihon
Polyurethane, Mn = 1070 and Mw/Mn = 2,22) and was freeze-dried

from a benzene solution before use.

Polymerization Procedure

The polymerization was carried out in a three-necked flask under
an argon atmosphere, A certain amount of PTMO was introduced into
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the flask and freeze-dried from the benzene solution for 5 h under
vacuum, THF was distilled directly into the flask under vacuum,
After the system was flushed with argon and cooled to 0°C, the THF
solution of sodium naphthalene or lithium naphthalene was added
(double the molar quantity of PTMO). A calculated amount of ben-
zene solution of a crown ether (double the molar quantity of PTMO)
was added to this solution at 30°C. A certain amount of MMA was
introduced at 30°C after an hour. Polymerization was stopped after
17 h by adding 2 mL of 2-propanol containing a small amount of
hydrochloric acid. The reaction mixture was concentrated to one-
third of its volume and poured into a large amount of petroleum
ether. The polymer was filtered off, washed with petroleum ether,
and dried in vacuo at an ambient temperature, In some cases the
polymers were fractionated using chloroform solutions of polymer
(1.0 g in 15 mL) with methanol (100 mL).

Characterization of the Copolymers

Gel permeation chromatograms (GPC) were recorded on a Waters
ALC/GPC 244, equipped with four p-styragel columns (10° + 10* +
10° + 500 A) with THF as the eluent (1.5 mL/min, 25°C). The weight-
average molecular weights (MW) and the number-average molecular

weights (Mn) of the polymers were estimated from their GPC traces,

'H NMR spectra were recorded at 100 MHz on a JEOL-FX100 using
CDCl; solutions of the polymers at ambient temperature. Triad
stereosequence distributions of the PMMA part in the copolymers
were determined from the a¢-methyl proton resonances,

RESULTS AND DISCUSSION

Initiation with Disodium Salt of PTMO

The results are summarized in Table 1, The Mn-expected was

simply calculated from the mole ratio of monomer to initiator (M/I).
The Mn—GPC was estimated from the GPC trace of the copolymer.

Since standard polystyrenes were used for calibration in the GPC
analyses, the true molecular weights of the copolymers may be
somewhat different than those reported herein, due to differences in
the hydrodynamic volumes of polystyrenes and the copolymers, The
average numbers of MMA monomer units per PTMO segment (MMA /
PTMO-NMR) in the copolymers were obtained from their *H NMR
spectra by comparing the relative intensities of the a-methyl proton
and PTMO methylene proton resonances, Mn—NMR was simply
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FIG. 1. 100 MHz 'H NMR spectra of PTMO-b-PMMA (No. 2 in
Table 1) prepared in the absence of the crown ether: chloroform-
methanol insoluble (A) and soluble (B) fractions.

calculated from the value of MMA/PTMO-NMR on the assumption
that only one PTMO molecule was incorporated into one copolymer
molecule. The average number of MMA monomer units per PTMO
segment in the copolymers (MMA /P TMO-calculated) was also cal-
culated from the yield of the copolymer and the amount of PTMO
used, on the assumption that all of the initiator was reacted and was
incorporated into the copolymer.

The polymerization of MMA initiated by the dilithium salt of
PTMO in the presence of 15-crown-5 or dicyclohexyl-18-crown-6
did not proceed at all as well as did initiation with the dilithium salt
of PEO as was previously reported [ 12].

In general, alkali metal salts of primary alcohols, except lithium
t-butoxide, cannot initiate the anionic polymerization of MMA unless
a complexing agent like hexamethylphosphoramide is added [ 14-16].
Since PEO has a complexation capability toward alkali metal cations
[ 17-19], the disodium salt of PEO initiated the anionic polymeriza-
tion of MMA in the absence of the crown ether [ 12]. It has not been
reported that PTMO has a cation-binding ability like PEO., As can
be seen from Table 1, the polymerization of MMA initiated by the
disodium salt of PTMO proceeded even in the absence of the crown
ether (Nos. 1 and 2) as well as in the presence of the crown ether
(Nos. 3-5). This can be interpreted as follows: (1) PTMO effectively
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captures the sodium cations to enhance the nucleophilicity of alkoxy
anions of PTMO; (2) an alkoxy anion of PTMO is '"soft" in comparison
with lower molecular-weight alkoxy anions such as sodium methoxide,
which is advantageous for addition to the carbon-carbon double bond
in MMA. The latter possibility seems to be more reasonable,

In Fig. 1 are shown the ‘H NMR spectra of the chloroform-
methanol-soluble and -insoluble fractions of copolymer No, 2, which
was prepared in the absence of the crown ether, In both spectra the
resonances of methylene protons adjacent to oxygen atom (a, 3.49)
and of internal methylene protons (b, 1.66) in PTMO are observed in
addition to those of PMMA, The spectra of copolymers prepared in
the presence of the crown ether were essentially identical to the
spectra shown in Fig., 1, Since PTMO is soluble and PMMA is insol-
uble in methanol, the appearance of the absorptions ascribed to PTMO
and PMMA in the spectrum of the methanol-insoluble fraction indi~
cates that a block copolymer of PTMO and PMMA was formed. | The
PTMO used in this study (PTG-100) was soluble in methanol; higher
molecular weight PTMO was insoluble. ]

Incorporation of PTMO into the Copolymer

Figure 2 shows the molecular weight distributions (MWDs) of the
PTMO homopolymer and of the copolymers prepared at various M/I
ratios. Since the GPC curves of the copolymers did not indicate the
presence of any components having a molecular weight of 1000, it
seems reasonable to conclude that no unreacted PTMO was present
in these materials, As seen in Table 1, all the values of MMA/
PTMO-calculated are in good agreement with those of MMA/PTMO-
NMR, It can be concluded from these results that all the PTMO
used as the initiator was reacted and was completely incorporated
into the copolymer,

The Copolymer Prepared in the Absence of the
Crown Ether

The values of Mn-GPC and Mn-NMR of the copolymers prepared

in the absence of the crown ether (Nos. 1 and 2) are in fair agreement,
As shown in Fig. 2, the MWDs of the two copolymers are relatively
narrow and unimodal, and shift according to the M/I ratios. In this
case, therefore, the polymerizations probably proceeded uniformly,
without any side reactions, to give linear triblock copolymers of
PTMO and PMMA,

The fractionation of the copolymer No. 2 was carried out with a
chloroform-methanol system, The results are summarized in
Table 2 and the MWDs of the original copolymer and of the methanol-
soluble and -insoluble fractions are shown in Fig. 3. 75% of the
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FIG. 2. Gel permeation chromatograms of PTMO homopolymer
and of PTMO-b-PMMA prepared at various M/I ratios in the pres-
ence or absence of the crown ether: (a) No. 5 (M/I = 180, crown
ether), (b) No. 4 (M/I = 128, crown ether), (¢} No. 3 (M/I = 96, crown
ether), (d) No. 1 (M/I = 180, no additive), {e) No. 2 (M/I = 96, no
additive), (f) PTMO homopolymer,

copolymer was soluble in methanol and 25% was insoluble., The
values of Mn—GPC and Mn-NMR of the methanol-soluble fraction

were in good agreement, In the '"H NMR spectrum of the methanol-
soluble fraction of this copolymer, the relative intensity of a-methyl
to methoxy proton resonances of the PMMA part was unity, In addi-
tion, the MWD of this fraction is narrow and unimodal as shown in
Fig. 3. Consequently, the methanol-soluble fraction of this copolymer
is considered to be essentially a linear triblock copolymer of PTMO
and PMMA,

In the methanol-insoluble fraction of copolymer No. 2, the value
of Mn-NMR (7,300) appeared considerably smaller than that of Mn-

GPC (14,800) and the relative intensity of methoxy proton resonance
was slightly smaller than that of the @-methyl proton resonance

"(CH3:CH30 = 3,00:2,90). These results strongly suggest that a trans-

esterification reaction occurred between the disodium salt of PTMQ
and either ester groups present in the PMMA part of the copolymer
or the ester groups present on MMA monomer. Such reactions would
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TABLE 2. Fractionation of the Copolymers Nos. 2 and 32

M, X 1078

No. TFraction Wt% GPCP NMRC Mw/Mnb MMA /P TMO-NMRE
2 Original - 53 6.4 252 53.6

Insoluble 25 14.8 1.3 1.87 61.9

Soluble 75 4.2 6.1 1.67 50.6
3 Original - 125 9.7 5.85 86.6

Insoluble 72 27.3 9.5 3.73 84.2

Soluble 28 4.5 9.8 1.76 87.7

3Nos. 2 and 3 were prepared in the absence and the presence of the
crown ether, respectively (M/I = 96). The copolymers were frac-
tionated with the chloroform-methanol system.

bEstimated from GPC traces.

CObtained by 'H NMR spectra.

dMMA monomer units/PTMO obtained by '"H NMR spectra.

(¢)

(a)

Molecular Weight
FIG. 3. Gel permeation chromatograms of PTMO-b-PMMA (No, 2)
prepared in the absence of the crown ether: chloroform-methanol
insoluble (a) and soluble (b) fractions and unfractionated copolymer
(c); M/I = 96,
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result in the formation of PTMO grafted block copolymers, just as
was reported previously for polymerizations of MMA initiated by

the disodium salt of PEO [ 12]. Since the MWD of this fraction is
relatively narrow and unimodal, the extent of the transesterification
reaction must be small. Considering the small portion of this fraction
(25%), the contribution of the transesterification reaction to the whole
copolymer should not be significant,

In conclusion, polymerization in the absence of the crown ether
proceeds uniformly to give mainly a linear triblock copolymer of
PMMA-PTMO-PMMA and to give a small amount of PTMO grafted
block copolymer which is insoluble in methanol.

The Copolymer Prepared in the Presence of the
Crown Ether

The values of Mp-NMR of the copolymers prepared in the pres-
ence of the crown ether are smaller than those of Mn-GPC (Nos. 3-5).

The MWDs of these copolymers are fairly broad and bimodal, and are
quite similar regardless of the M/I ratios, as shown in Fig, 2,

These results suggest the occurrence of the transesterification re-
action.

The fractionation of copolymer No. 3 was also carried out with the
chloroform-methanol system. The results are summarized in Table 2,
and the MWDs of the original copolymer, methanol-soluble, and
methanol-insoluble fractions are presented in Fig. 4. In contrast to

(c)

(a)
(b)

1 1 1 1
108 10 104 10°
Molecular Weight
FIG. 4. Gel permeation chromatograms of PTMO-b-PMMA (No. 3)
prepared in the presence of the crown ether: chloroform-methanol
insoluble (a) and soluble (b) fractions and (c) unfractionated copolymer;
M/I = 96.
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the results obtained with copolymer No, 2, 28% of the copolymer was
soluble in methanol and 72% was insoluble,
The values of Mn-GPC and Mn-NMR of the methanol-soluble frac-

tion are not so different from each other compared to those of the
insoluble fraction, The relative intensity of a-methyl to methoxy
proton resonances was exactly unity in the '"H NMR spectrum of the
methanol-soluble fraction of copolymer No, 3. As the MWD of this
fraction is narrow and unimodal, a linear triblock copolymer is con-
tained in the methanol-soluble fraction, as in the case of copolymer
No. 2.

In the methanol-insoluble fraction of copolymer No. 3, the value
of Mn—NMR (9,500) is considerably smaller than that of Mn-GPC

(27,300) and the relative intensity of methoxy proton resonance was
smaller than that of @-methyl proton resonance (CHs :CH:O = 3,00:
2.84), The MWD of this fraction is broad. Therefore, this fraction
seems to be a PTMO grafted block copolymer that has been modified
considerably by the transesterification reaction. Thus polymerization
in the presence of the crown ether gives predominantly the PTMO
grafted block copolymer of PTMO and PMMA as well as a small
amount of linear triblock copolymer,

The addition of the crown ether resulted in an increase in the
copolymer yield and showed a marked tendency to give fairly high
molecular weight copolymers regardless of the M/I ratios. The high
molecular weight copolymers thus obtained contained the PTMO
grafted block copolymer due to the transesterification reaction,
Taking into account the result regarding the stereosequence distribu-
tions of the PMMA part in the copolymers described below, the crown
ether accelerates not only the transesterification reaction but the
propagation reaction as well.

Stereosequence Distributions of PMMA Part in the
Copolymers

The observed and calculated triad stereosequence distributions
of the PMMA part in the copolymers are summarized in Table 3. The
stereosequence distributions of the PMMA part are essentially atactic,
In general, an anionic polymerization of MMA in a polar solvent is
considered to proceed in a solvent-separated ionic manner to give a
syndiotactic PMMA (rr ~ 0.60) [ 20]. It is also well-known that
fluorenyl sodium exists as an equilibrium mixture of contact and
solvent-separated ion pairs in THF at room temperature [ 21].

In the copolymers prepared in the absence of the crown ether,
the fractions of rr triads (0.30-0.37) are considerably smaller than
0.60, This is attributed to association of sodium counterions with
carbonyl groups present at living chain ends., The triad stereo-
sequence distributions of samples No. 1 and No. 2 deviate slightly
from those calculated from Bernoullian statistics. In the absence of
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the crown ether, therefore, not only a solvent-separated ion pair but
a contact ion pair should be considered to exist in the polymeriza-
tion system, .

In the presence of the crown ether, the fractions of rr triads
increase significantly and the triad stereosequence distributions are
in good agreement with those calculated from Bernoullian statistics.
It is obvious, therefore, that a sodium cation is captured by the
crown ether to form a propagating chain end that is predominantly
an agent (crown ether) separated ion pair.
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