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ABSTRACT: The polymerization of methyl methacrylate by alkali metal alkoxides 
was carried out in aprotic dipolar solvents such as hexamethylphosphoramide, dimethyl­
sulfoxide, and dimethylacetamide. The polymerization was drastically promoted by 
these solvents, even by the presence of small quantities of them. Tetramethylethyl­
enediamine and ethereal solvents also promoted the reaction, although these solvents 
were less effective than the aprotic dipolar type. Such an effect of the solvent was 
explained in terms of the donor property and the dielectric constant of the solvent. 
Alkali metal salts of 2-substituted ethanols such as 2-methoxyethanol and 2-dimethyl­
aminoethanol were effective as the initiator. The structure of the polymer was dis­
cussed with regard to the property of the propagating active end. 
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Hitherto it was known that alkali metal salts 
of primary alcohols cannot initiate the poly­
merization of methyl methacrylate (MMA) in 
ether. 1 On the other hand, it was also well­
known that aprotic dipolar solvents such as 
hexamethylphosphoramide (HMP A)2 and di­
methylsulfoxide (DMSO)3 solvate cationic species 
strongly and hence promote the nucleophilic 
reactions. Several studies of the polymerization 
in such solvents have been reported, 4 - 10 but 
there is very little information relating to the 
role of such solvents. In the previous paper, 11 •12 

we reported that Grignard's reagents which did 
not polymerize styrene or a-methylstyrene in 
toluene could polymerize these monomers in the 
presence of HMP A. It was concluded that such 
a drastic change is due to coordination of HMP A 
with the magnesium of Grignard's reagent. 

In this paper, the polymerization of MMA 
by alkali metal alkoxides in the presence of 
aprotic dipolar solvents was investigated because 
it was expected that such solvents would in­
crease the reactivity of the alkoxide. 
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EXPERIMENT AL 

Materials 
All the solvents used were purified by con­

ventional methods: toluene, p-xylene, and tetra­
hydrofuran (THF) were distilled over metallic 
sodium under a nitrogen atmosphere. HMP A, 
DMSO, dimethylacetoamide (DMAc), dimethyl­
formamide (DMF), N,N,N' ,N' -tetramethylethyl­
enediamine (TMEDA), diethylene glycol dimethyl 
ether (diglyme), and 1,2-dimethoxyethane (DME) 
were refluxed and distilled over calcium hydride 
either under a nitrogen atmosphere or in vacuo. 
MMA was purified by conventional methods, 
refluxed, and distilled over calcium hydride in 
vacuo just before use. Alcohols were refluxed 
and distilled over calcium hydride under a 
nitrogen atmosphere. 

Sodium and potassium salts of the alcohols 
were prepared by the equimolar reactions of the 
corresponding alkali metals with the alcohols 
in toluene or in p-xylene. The alkoxide solution 
in HMP A was prepared from the corresponding 
p-xylene solution by removing this solvent under 
vacuum and adding HMP A to the dry alkoxide 
salt. Lithium alkoxide was prepared by the 
reaction of lithium metal with an excess of 
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alcohol followed by removing the excess under 
vacuum. The concentration of the alkoxides 
was determined by acid-base titration. 

Polymerization Procedure 
The polymerization was carried out under a 

nitrogen atmosphere. In a 30-ml polymerization 
tube equipped with a self-sealing rubber cap, 
the monomer and a solvent were charged and 
the mixture was. brought to the polymerization 
temperature. The polymerization was initiated 
by introducing a toluene solution of a catalyst 
with a syringe through the rubber cap. 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 50°C. 

Measurements 
Reduced viscosities were measured in a ben­

zene solution at 25°C. The NMR spectra of 
the polymer solution in nitromethane were 
measured at 120°C by means of a JNM C-60H 
spectrometer. The degree of association of the 
alkoxides was measured by the cryoscopic method 
in p-xylene (Kf=4.313) and in HMPA (Kf=6.9314) 
under a nitrogen atmosphere. 

RESULTS 

Effects of the Addition of Aprotic Dipolar Solvents 
Figure 1 shows the results of the polymeriza­

tion of MMA by sodium 2-methoxyethoxide in 
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Figure 1. Polymerization of MMA with CH8-

OCH2CH2ONa on addition of HMP A in toluene: 
[M]o, 2.34M; [CH3OCH2CH2ONa], 2.41 x I0-2M; 
temp, 0°C; time, 23 hr; 'Y/sp/c, benzene solution at 
25°C, c=0.25 g/d!. 
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Figure 2. Polymerization of MMA with CH3-
OCH2CH2ONa on addition of DMSO in toluene: 
[M]o, 2.34M; [CH3OCH2CH2ONa], l.92x 10-2M; 
temp, 0°C; time, 24 hr; 'YJsp/c, benzene solution at 
25°C, c=0.25 g/d!. 

the presence of HMPA. The polymerization 
did not occur with this alkoxide alone, while 
it proceeded easily on addition of HMP A. The 
yields of polymers increased with increasing 
molar ratio of HMP A/alkoxide. The molecular 
weights of polymers, on the contrary, decreased 
with an increase in HMP A concentration, and 
became approximately constant at higher HMP A 
concentration. 

The results of the polymerization on addition 
of DMSO are shown in Figure 2. The behavior 
of the polymerization in the presence of DMSO 
was found to be similar to that in the case of 
HMP A. However, HMP A was slightly more 
effective as an additive for the polymerization 
than DMSO. The polymerization occurred also 
on addition of other solvents such as DMAc 
and DMF, while it did not on addition of THF, 
TMEDA, sulfolane, triphenylphosphine, or di­
pyridyl. These facts indicate that, as was ex­
pected, the aprotic dipolar solvent increased the 
reactivity of the alkoxide. 

Effects of Solvent and the Structure of Catalyst 
Table I shows the results of the polymerization 

initiated with various alkoxides in various sol­
vents. Sodium n-butoxide could initiate the 
polymerization of MMA in HMPA, DMSO, 
DMAc, THF, and diglyme, but not in TMEDA, 
DME, or toluene. Lithium 2-methoxyethoxide 
could initiate the polymerization only in HMPA, 
DMSO, and DMAc, while the sodium salt could 
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Table I. Polymerization of MMA by alkali polymerize MMA in all the solvents except 
toluene. The potassium salt, moreover, could 
initiate the polymerization even in toluene. 
These results indicate that aprotic dipolar sol­
vents such as HMPA, DMSO, and DMAc are 
most effective for the increasing the reactivity 
of the alkoxide. 

metal alkoxides 

(a) Effects of solventa 

Initiator Solvent 

n-BuONa HMPA 
DMSO 
DMAc 
TMEDA 
Diglyme 
DME 
THF 
Toluene 

CH3QCH2CH2OLi HMPA 
DMSO 
DMAc 
TMEDA 
Diglyme 
DME 
THF 
Toluene 

CH3OCH2CH2ONa HMPA 
DMSO 
DMAc 
TMEDA 
Diglyme 
DME 
THF 
Toluene 

CH3OCH2CH2OK Toluene 

Yield, 
% 

60 
54 
11 
0 
5 
2 

11 
0 

100 
90 
96 
0 
0 
0 
0 
0 

100 
91 
84 
90 
61 
35 
38 
0 

93 

YJsp/C,b 
d//g 

0.30 
0.22 
0.13 

0.20 
0.14 
0.32 

0.24 
0.14 
0.22 
0.31 
0.16 
0.18 
0.33 

0.57 

The reactivity of the alkoxide was also found 
to be dependent on the structure of the alkoxide. 
In the case of the n-butoxide, the polymeriza­
tion proceeded only in the presence of large 
amounts of the aprotic dipolar solvents, while 
the methoxy and the dimethylamino derivatives 
could polymerize MMA in the presence of small 
amounts of these solvents. In conclusion, the 
reactivities of the alkoxides as the initiator 
decreased in the order 

(CH3)2NCH2CH2O- > CHsOCH2CH2O-

» CH3CH2CH2CHp-

Table I shows also that the reactivities of the 
catalysts concerning counter ions decreased in 
the order 

K>Na>Li 

Structure of Polymers 

a [M]o, 2.34M; [Initiator], 2.2x I0-2M; solvent, 5 

The tacticity of poly(methyl methacrylate) 
obtained under various conditions was measured 
by NMR spectroscopy. 15 The results are shown 
in Table II and Figure 3, which shows the 
relationship between the triad tacticity and 
Bovey's single-term parameter, a. The syndio­
tacticity was found to increase with increasing 

ml; temp, 0°C (20°C in the case of DMSO); 
time, 20hr. 

b Benzene solution at 25°C, C=0.25 g/d/. 

(b) Effects of the structure of alkoxide• 

Initiator, RCH2CH2OM Initiator Donor solvent 
concnx 102, [Donor]/[Initiator ], 

R M M mol/mol 
Time, Yield, YJsp/C, b 

hr % d//g 

(CH3)2N Na l.94 DMSO 3.6 18 42 0.82 
(CH3)2N Na l.65 HMPA 2.0 12 92 0.37 
CH3O Na 2.23 DMSO 3.2 18 13 1.40 
CH3O Na 2.41 HMPA 2.4 23 74 0.50 
CH3CH2 Na 2.20 HMPA 20 43 0 
CH3CH2 Na 2.20 HMPA 185 20 60 0.30 
CH3Q K 0.77 HMPA 0.9 16 79 0.56 
CH3O Na 2.41 HMPA 1.2 23 6 3.25 
CHsO Li 2.42 HMPA 4. I 100 0 
CHsO Li 2.42 HMPA 180 1 99 0.20 

a [M]o, 2.34M; solvent, toluene; temp, 0°C. 
b Benzene solution at 25°C, C=0.25 g/d/. 
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Table II. The triad tacticity (I, H, and S) of poly(methyl methacrylate) obtained 
by the polymerization with alkali metal alkoxides• 

Donor solvent Number 
in Figure 3 

M in initiator, 
CHsOCH2CH2OM [Donor ]/[Initiator], 

Tacticity, % 

mol/mol I H s 

1 
2 
3 
4 

5 
6 
7 
8 
9 

Li HMPA 148 11 35 54 
Li HMPA 74 10 38 52 
Na HMPA 2.4 11 43 46 
Na HMPA 11.8 6 40 54 
Na DMSO 1.2 58 26 16 
Na DMSO 2.4 37 34 29 
Na DMSO 4.9 30 38 32 
Na DMSO 9.1 12 47 42 
Na DMF 4.1 79 12 9 

10 K HMPA 0.9 24 51 25 

• Polymerization conditions: [M]o, 2.34M; [Initiator], l.9-2.4x 10-2M; solvent, toluene,· 0°c,· 
time, 16-24 hr. temp, 

o 0.2 o.+ o.6 o.s 1.0 
<i 

Figure 3. Tacticity of poly(methyl methacrylate) 
and Bovey's single-term parameter, a: O, I; EB, H; 
•, S; numbers in the figure are defined in Table II. 

molar ratio of donor-solvent/alkoxide, and to 
increase in the presence of the donor solvents 
in the following order: HMPA>DMSO>DMF. 
The triad tacticity of the polymers obtained on 
addition of small quantities of DMSO or DMF 
did not obey the statistics of Bovey's single­
term parameter, while that of the polymers 
obtained in the presence of a small and a large 
amounts of HMP A or a large amount of DMSO 
obeyed such statistics. This result indicates the 
absence of the penultimate effect in the latter case. 

Association of Alkali Metal Alkoxides 
Table III shows the degree of association of 

alkali metal alkoxides in p-xylene and in HMP A. 
In the case of sodium 2-substituted ethoxides, 
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Table III. Association of alkali metal alkoxides 
in p-xylene and HMP A 

Alkoxide, Degree 
RCH2CH2OM Concnx 10, of association in 

M 
R M p-xylene HMPA 

CHsO Na 1.18 11 ±1 
CHsO Na 1.20 4±0.5 
CHsO Li 1.23 8.5±1 
CHsO Li 1.20 5±0.5 
(CHs)2N Na 1.23 9 ±1 
(CHs)2N Na 1.16 7±1 
(CHs)2N Li 1.20 2.5±0.5 
CHsCH2 Na• 0.90 2±0.5 

• This salt was only slightly soluble in p-xylene. 

the degree of association in p-xylene was about 
ten, while these alkoxides were present as less 
aggregated forms in HMP A. The degrees of 
association of RCH2CH2ONa in HMP A with 
three different R were found to decrease in the 
order: (CH3) 2N->CHs0->CH3CH2-. The 
variation in the degree of association with 
counter ions was small in the case of the 
methoxy derivative, but was considerably larger 
in the dimethylamino derivative. The degree of 
association of the potassium salts could not be 
measured because the salts were only slightly 
soluble in p-xylene and HMP A. 

DISCUSSION 

It was confirmed that the alkali metal alkoxides 
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can initiate the polymerization of MMA in the 
presence of the aprotic dipolar solvents. The 
alkoxides are known to associate in ether16 and 
even in HMPA. 5017 The result obtained in this 
study also supports such a fact. It could be 
assumed, therefore, that the alkoxides are also 
present as aggregated forms in the polymeriza­
tion systems, though the polymerization was 
done at lower concentration of the alkoxide 
than that in the measurement of the degree of 
association. The fact that the alkoxide associates 
appreciably even in HMPA suggests that the 
degree of association of the alkoxide must 
scarcely decrease in a mixture of solvents of 
toluene and a small amount of HMP A. Sodium 
dimethylaminoethoxide, which is the most ag­
gregated species in HMPA, was most effective 
as the initiator, while the n-butoxide, the less 
aggregated species, was less effective. Moreover, 
the lithium salts was less effective than the 
sodium salts, though the degrees of association 
of both salts did not differ too greatly. These 
findings suggest that the reactivity of the alkoxide, 
at least in a mixture of solvents of toluene and 
a small amount of a donor such as HMP A, 
cannot be explained only in terms of the extent 
of association of the alkoxide. 

In the case of the reactions of alkoxides with 
ethylene oxide,5 •18 vinylidene chloride,19 or 
MMA, 20 the active species are usually considered 
to be monomeric species (ion pair and/or free 
ion), which coexist at equilibrium with aggre­
gated species 

__!_(RO-M+)n RO-M+ RO-+M+ 
n 
(aggregates) (ion pair) (free ion) 

In this study, alkali metal salts of 2-substituted 
ethanols such as 2-methoxyethanol and 2-di­
methylaminoethanol were used as the initiator. 
In such a case, the ion pairs seem to have 
five-membered rings which could be formed by 
the coordination of the hetero atoms in the 
substituents with the counter ions, as shown in 
Figure 4.19 Such alkoxides with sodium or 
lithium counter ions, however, were not effective 
as the initiator in the absence of the donor, 
though the methanol-soluble oligomer might be 
formed. This fact could be explained on the 
assumption that the oxygen-metal bonds of 
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CHa CH2-CH2 

"' / "' 0 o-

Figure 4. Intramolecular association of alkoxides: 
M is Li, Na, or K. 

CHa CH2-CH2 
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mD 

(Ila) 

CHa CH2-CH2 

"' / "' N O-
/ ............. , .... ,,,,.,...,.. ..... 

CHa M+ 
i 

mD 
(lib) 

Figure 5. Coordination of donor with counter 
ion: M, Li or Na; D, donor; m, number of donor 
moleculs coordinated to a counter ion. 

these alkoxides are not polarized enongh to 
react with the MMA. In the presence of the 
donor, moreover, such species could be assumed 
to change to more polar species which can react 
with MMA. The free ions and the activated 
ion pairs20 such as Formula Ila and Ilb seem 
to correspond to such polar species. The electric 
conductivity of sodium 2-methoxyethoxide, how­
ever, was too small to be measured in a mixture 
of toluene and a small amount of HMP A. 
This fact suggests that the free ion was scarcely 
present in such a mixture of solvents. On the 
other hand,. the activated ion pair, which is 
formed by the coordination of the donor to the 
counter ion, may be regarded as an agent­
separated ion-pair. 21 The oxygen-metal bonds 
of species Ila and Ilb must be more polar than 
those of species Ia and lb, respectively, which 
are present in the absence of the donor, and 
hence species Ila and Ilb could initiate the 
polymerization of MMA. 

The explanation for the observed order in the 
reactivities of the initiators concerning 2-sub­
stituents is given below. The nitrogen of the 
dimethylamino group is considered to interact 
with alkali metal ions more strongly than the 
oxygen of the methoxy group. Actually the 
electronic spectra22 of 9-substituted fluorenyl 
salts as Formula Iii showed that the relative 
amounts of the contact ion-pairs in THF decreas­
ed with R in the order: (CH3) 2N- > CH30-» 
CH3CH2-. 

Polymer J., Vol. 6, No. 5, 1974 
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A A 
II 1-1 II 
V'-v/V 

/"-. 
/ CH2 R: (CH3)2N-, CHsO-, CHsCH2-

M+ I 
, CH2 M: Li, Na 
\/ 
R 

(III) 

This fact suggests that the interaction of the 

substituents with the alkali cations decreases in 

such an order. The oxygen-metal bond of the 

dimethylamino derivative (species Ilb), there­

fore, seems to be more polarized than that of 

the methoxy derivative (species Ila). Such a 

polarization of the oxygen-metal bond cannot 

be expected in the case of the n-butoxide. In 

conclusion, a strengthening of the coordination 

of the hetero atom in the substituent is con­
sidered to result in an increasing of the re­

activity of the alkoxide. 
The reactivities of the alkoxides concerning 

counter ions were found to increase with de­

creasing ionization potentials of the correspond­

ing alkali metals. The oxygen-metal bond of 

the potassium alkoxide is more polar than that 

of the sodium salt, 23 and hence the potassium 

salt seems to be effective as the initiator even 

in the absence of the donor solvent. A similar 
explanation must also be reasonable in a com­

parison of the reactivities of the sodium and 

the lithium salts. 
The aprotic dipolar solvents were found to 

increase markedly the reactivity of the alkali 
metal alkoxide. Such a solvent effect could be 

explained in terms of the donor charactor and 
the dielectric constant of the solvent, as given 

below. Recently Gutmann24 proposed the donor 

number or donicity (Dn) as a measure of the 

donor property of the solvent. However, it 

has not been clear whether or not the donicity 

is a valuable guide in the explanation for the 
interaction of "hard" ions25 with the solvents. 

It has been reported by Popov, et al., 26 that 

the plot of the 23Na chemical shifts for the 

sodium tetraphenylborate solutions vs. Gutmann's 
donor numbers is linear. The donor number, 

therefore, seems to be effective in accounting 
for the interaction of the hard ion such as an 

alkali metal ion with the donor solvent. The 

Polymer J., Vol. 6, No. 5, 1974 

solvents such as HMPA, DMSO, and DMAc 

having high donor numbers (Dn=38.8, 29.8, 

and 27.8, respectively24) could coordinate highly 
with the counter cation of the alkoxide and 
thereby increase the reactivity of the alkoxide 

as previously described. Though such three 

solvents have also high dielectric constants (e= 

30.0, 45.0, and 28.9 at 25°C, respectively24), it 

seems reasonable to assume that there is little 

difference in the dielectric constants between 
toluene, a mixture of solvents of toluene and 

a small amount of such a donor. Moreover, 

the fact that a small quantity of the donor 
solvent affected the reactivity of the alkoxide 

suggests that the coordination of the donor to 

the alkali cation plays a principal role in in­

creasing the reactivity at least in the system 
containing a small amount of the donor. It 

could therefore be accounted for by the differ­

ence in the donicities that HMPA was slightly 

more effective as an additive than DMSO. 
Such a coordination must also affect the pro­

pagation reaction in addition to the initiation. 

Actually the syndiotacticity of the polymer ob­

tained on addition of the donor solvent increased 

with an increase in the concentration of the 

donor, and the penultimate effect disappeared 

at the same time. This fact suggests that pro­

pagation by a free ion or a solvent-separated 
ion pair, 27 which are formed by the interaction 

of a propagating ion-pair with the donor be­

comes predominant as the concentration of the 

donor increases. The effect of the donor sol­

vents on the syndiotacticity of the polymers 

could also be explained in terms of the order 

in the donicities of the solvents, that is, 
HMPA>DMSO>DMF. 24 The effect of the 

donor on the molecular weight of the polymer 
could not be discussed, because the effect of the 

donor on the rates of initiation, propagation, 
or termination was not investigated in this 

study. The results as showed in Figure 1 and 

2, however, could be explained by assuming 

that the initiator efficiency increased with an 

increase of the concentration of the donor, 
from analogy with the results of the polymeriza­

tion of styrene11 and a-methylstyrene12 with the 
organomagnesium compounds/HMP A system. 

The polymerization with sodium 2-methoxy­

ethoxide proceeded moderately in solvents such 
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as TMEDA, diglyme, DME, and THF, while 
these solvents were not as effective as the addi­
tive. The donor numbers of these solvents 
except THF (Dn=20.0) are not reported by 
Gutmann, 24 but it is reported by Agami and 
Caillot28 that the donor charactors (for chloro­
form or phenylacetylene) of DME and diglyme 
are almost equal to the donor charactor of THF, 
and that these ethers are very inferior to HMP A 
or DMSO as the donor. However, it can not 
be understood that TMEDA was not effective 
as the additive, because TMEDA and DMSO 
are reported to interact with chloroform to a 
similar extent28 and the donor number of 
TMEDA is considered to be similar to that of 
HMPA (Dn=-55 in the case of primary 
amines29). In the presence of a large amount 
of the donor solvent, the dielectric charactor 
of the solvent is also a significant factor because 
the dissociation of ion pairs into free ions must 
proceed easily with an increase in the dielectric 
constant of the reaction medium. 24 The effec­
tiveness of the ethers as the media seems to be 
due to the moderate dielectric constants (s-630) 

in addition to the donor charactors of the ethers. 
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