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Anionic Polymerization of Ethylene Oxide 
by Anhydrous Potassium Hydroxide 

AMIRAM BAR-ILAN and ALBERT ZILKHA 

Department of Organic Chemistry 
The Hebrew University 
Jerusalem, Israel 

SUMMARY 

The heterogeneous anionic polymerization of ethylene oxide in tetrahydro- 
furan by anhydrous potassium hydroxide, prepared in situ by addition of an 
equivalent of water to potassium naphthalene, was studied. The effect of 
time of polymerization, degree of conversion, and monomer and catalyst con- 
centration on the molecular weights was studied. The system was a living 
one with no chain transfer. The efficiency of the catalyst was low. The 
polymerization was faster than those previously reported using solid potas- 
sium hydroxide due to the high dispersion of the catalyst prepared in this 
manner. The rate of polymerization increased about threefold by addition 
of two equivalents of dimethylsulfoxide to  the catalyst due to  solvation 
effects. 

INTRODUCTION 

The polymerization of ethylene oxide by solid potassium hydroxide has 
been studied for a long time [l-101 . The monomer was usually polymerized 
without solvent under pressure at relatively b h  temperature, 100-1 2OoC. 
The reaction time was long, sometimes several weeks, and the conversions 
were usually not higher than 50%. These drastic conditions did not permit 
efficient control of the molecular weights, and the molecular weights 
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obtained were not high. The potassium hydroxide was used either as pellets 
or was dried by heating and pulverized. Polymerization of ethylene oxide by 
alcoholic solutions of potassium alkoxides was also studied [ 11, 121. Due to 
termination by the protic solvents, the molecular weights obtained were low. 
A detailed study of the polymerization in dimethylsulfoxide (DMSO) was also 
carried out [13]. The kinetics of the polymerization of ethylene oxide by 
alkali metal rnethoxides, prepared in liquid ammonia, in chlorobenzene at 
110°C was studied [ 141 . 

We have now studied the polymerization of ethylene oxide in tetrahydro- 
furan catalyzed by solid anhydrous potassium hydroxide prepared in situ by 
reaction of potassium naphthalene with water. This mode of preparation of 
the catalyst is simple, and the potassium hydroxide obtained is totally an- 
hydrous and is in the form of a fine crystalline dispersion. The effect of the 
concentration of reactants and the degree of conversion on the molecular 
weight of the polymers was studied. The effect of added DMSO on the polym- 
erization was investigated. 

EXPERIMENTAL 

Materials 

Ethylene oxide gas (Matheson), 99.9% purity, was used without further 
purification. Tetrahydrofuran (THF) was dried as before [ 151 . DMSO was 
dried by azeotropic distillation with benzene. Potassium naphthalene solution 
in THF was prepared as previously described [ 151 . Argon, 99.98% purity 
(Matheson), was dried by passing through concentrated sulfuric acid followed 
by sodium hydroxide pellets. Liquid reagents and solutions were kept under 
argon and transferred by hypodermic syringes, applying positive argon 
pressure. 

Polymerization and Isolation Procedure 

All manipulations were carried out under argon. The polymerizations were 
run in three-necked flasks fitted with a mechanical stirrer passing through a 
Teflon seal, a thermometer, and an outlet fitted with a self-sealing rubber cap 
through which the reagents were introduced with syringes. A calibrated flow- 
meter was connected to the flask to measure the amount of ethylene gas in- 
troduced, and another one was connected to the exit to measure any escaping 
gas. The flask was dried by flaming in vacuo and cooled under argon. 
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ANIONIC POL YMERIZA TION OF ETHYLENE OXIDE 1729 

A solution of potassium naphthalene in THF was introduced followed by an 
equivalent of water. After that the green color of the potassium naphthalene 
disappeared, and the desired amount of monomer was added. The reaction 
mixture was diluted with THF to a constant volume and the reaction mixture 
was kept at 25”. The polymerization was terminated by addition of acetic 
acid (1.1 equivalents), and the polymer was precipitated by addition of an- 
hydrous ether, which dissolved naphthalene and dihydronaphthalene. The 
crude polymer was dissolved in chloroform, filtered from the insoluble potas- 
sium acetate, and precipitated by ether. In cases where the polyethylene 
oxide was a viscous syrup, it was purified from naphthalene by extraction 
with water and evaporation of the solvent. 

The number-average molecular weights @,) of the polyethylene oxides 
were determined by acetylation with acetic anhydride in pyridine [ 161 , the 
samples for the determination were further purified by solution in chloro- 
form and precipitation by ether. 

RESULTS 

The potassium hydroxide initiator was obtained by addition of 1 equivalent 
of water to potassium naphthalene in THF. Experiments in which 1.5, 2, or 
3 equivalents of water were added did not lead to polymerization of the 
ethylene oxide under the conditions investigated. 

The effect of time of polymerization was studied. Two series of experi- 
ments were carried out, one in THF (Table 1) and. the other in THF in the 
presence of two equivalents of DMSO t o  the initiator (Table 2), at the same 
[monomer] /[initiator] ratio (M/C) = 10. 

It is seen that the degree of conversion increased with time. In THF after 
6 hr the conversion was only 0.3% and became 90% after 54 hr. A strong ac- 
celeration in rate was observed after about 17 hr (Fig. 1). In the presence of 
DMSO the polymerization was faster and after 20 hr the conversion was 79%. 
The of the polymers increased ,with time, parallel to the increase in the 
degree of conversion, Thus, while the polymer obtained after 17 hr in the 
case of THF had Mn = 2140, that obtained after 54 hr had?& = 10,000. The 
polymers having low molecular weights (less than 1000) were viscous, while the 
higher polymers were solid. In the presence of DMSO the Mn values were not 
much different at the high conversions from those obtained in THF. 

Assuming that the polymerization was of the “living” type and no trans- 
fer reactions occurred, it was possible from the DPn obtained and the per cent 
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TIME, HOURS 

Fig. 1. Dependence of conversion on time of polymerization (polymerization 
in THF). 

conversion to calculate the per cent or the amount of initiator that participated 
in the polymerization by using the equation, X = (Y X M/C)/DPn, where X is the 
fraction per cent of the catalyst that initiated polymerization, Y is the monomer 
conversion, and M/C is the initial ratio of monomer to catalyst. The efficiency 
of the catalyst thus calculated was low and increased with the time of polymer- 
ization and the degree of conversion. 

an increase in the amount of catalyst which initiated polymerization. It can 
also be seen that from about 73 to 90% conversion, the amount of catalyst 
which initiated polymerization remained approximately constant. In the case 
of added DMSO (Table 2) a similar picture was observed but here from as low 
a conversion as 27% the amount of catalyst that participated in the initiation 
remained approximately constant. 

were drawn (Fig. 2). It is observed that two linear regions exist having two 
different rate constants, the passing from one to the other being continuous. 
The observed rate constant for the first (slow) stage in THF was kobs 1 = 6.4 
X lo-' sec-' and for the second (fast) one was kobs 2 = 2.0 X lo-' sec-' . The 
polymerization was faster in the presence of two equivalents of DMSO and 
kobs 2 was 4.7 X lo-' sec-' . 

From Table 1 it can be seen that the acceleration in rate observed is due to 

From the data of Table 1,  first-order plots for the disappearance of monomer 
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Fig.  2. First-order plot of the disappearance of monomer vs. time (polymer- 
ization in THF). 

Effect of Monomer Concentration 

T h s  was studied in THF solution at three catalyst concentrations (Table 3). 
The polymerizations were carried out for 60 hr, and the yields were about 
85-97%. The number-average molecular weights Mn increased (not linearly) 
with increasing monomer concentration, and were much higher than those 
calculated from the M/C ratios. To compare the Mnvalues more accurately, 
corrected Mn values were estimated from Fig. 3 on the basis of the same 
conversion (97%). The per cent of the catalyst participating in initiation 
increased with increasing monomer concentration. The efficiency of the in- 
itiator was higher at the lower catalyst concentrations. 

The slope of the lines depicting the dependence of Mn on monomer con- 
centration decreased with increasing initiator concentration, showing that the 
effect of increasing Mn with monomer concentration is less pronounced at 
the high initiator concentrations. The slope of the lines depicting Mn vs. 
monomer is also greater at the low monomer concentrations, showing that 
the change in Mn at these concentrations is more pronounced. 

Experiments were carried out in which the monomer was added in two 
portions, the second one being added after 60 hr, i.e., approximately after 
complete conversion of the former. The Mn values obtained were similar 
to those obtained when all the monomer was added in one portion. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 3
. 

Ef
fe

ct
 o

f M
on

om
er

 C
on

ce
nt

ra
tio

na
 

4
 

v
 2
 

C
at

al
ys

t 
Po

ly
m

er
 

-
 

[e
.o

.] 
[C

at
al

ys
t] 

C
on

ve
rs

io
n 

-
 

M
n 

ef
fic

ie
nc

y 
m

P 
("

C)
 

b 
(m

ol
e/

 1)
 

(m
ol

e/
 1)

 
(%

) 
M

n 
(c

or
re

ct
ed

) 

2.
42

 
0.

24
2 

4.
84

 
0.

24
2 

7.
26

 
0.

24
2 

10
.9

0 
0.

24
2 

79
 

96
 

92
 

95
 

4,
95

0 
5,

30
0 

14
,6

00
 

14
,6

70
 

18
,5

70
 

18
,8

70
 

20
,7

00
 

20
,9

00
 

6.
1 

58
.0

 

6.
0 

64
.0

 

6.5
 

64
.5

 

8.
8 

65
 .O
 

4.
84

 
0.

72
7 

84
 

9,
50

0 
9,

96
0 

2.
6 

61
.0

 

7.
27

 
0.

72
7 

87
 

12
,7

00
 

13
,1

50
 

3.
0 

62
.0

 

14
.5

4 
0.

72
7 

91
 

17
,9

20
 

18
,3

50
 

4.4
 

64
.5

 

4.
84

 
0.

97
0 

97
 

9,
42

0 
9,

42
0 

2.
3 

61
.5

 
.b
 

9.
70

 
0.

97
0 

83
 

11
,5

00
 

1 2
,4

00
 

3.2
 

63
.0

 
%

 

4.
84

c 
0.

24
2 

88
 

13
,2

00
 

13
,7

00
 

5.
9 

63
.5

 
b
 e 

19
.4

0 
0.

97
0 

90
 

14
,1

50
 

14
,5

50
 

5 .
5 

64
.0

 
k % & b

 
14

.5
4c

 
0.

72
7 

93
 

18
,7

70
 

18
,9

50
 

4.2
 

64
.5

 

aE
xp

er
im

en
ta

l c
on

di
tio

ns
 as

 in
 T

ab
le

 1
. 

R
ea

ct
io

n 
tim

e,
 6

0 
hr

. 
N

 
3
 

bT
he

 M
n 

va
lu

es
 w

er
e 

co
rr

ec
te

do
n 

th
e 

ba
sis

 o
f t

he
 S

am
e c

on
ve

rs
io

n 
(9

7%
) 

es
tim

at
ed

 fr
om

 F
ig

. 3
. 

m
on

om
er

 w
as

 a
dd

ed
 in

 tw
o 

eq
ua

l p
or

tio
ns

, t
he

 s
ec

on
d 

po
rti

on
 b

ei
ng

 a
dd

ed
 6

0 
hr

 a
fte

r t
he

 fi
rs

t. 
To

ta
l t

im
e 

of
 

po
ly

m
er

iz
at

io
n,

 1
20

 hr
. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ANIONIC POL YMERIZA TION OF ETHYLENE OXIDE I735 

0 20 40 60 80 100 

CONVERSION, O/o 

Fig. 3. Dependence of the number-average molecular weight on per cent con- 
version (polymerization in THF). 

Effect of Initiator Concentration 

This was investigated using a high and a low monomer concentration 
(Table 4). The molecular weights increased with decreasing initiator concen- 
tration but not linearly. The dependence of R n  on 1/[C] was much more 
pronounced at the higher monomer concentrations (Fig. 4). The efficiency 
of the initiator decreased with increasing initiator concentration, and it was 
between 2 to 6%. However, the absolute amount of initiator molecules 
that initiated polymerization increased with increasing initiator concentration, 

DISCUSSION 

The present polymerization of ethylene oxide was initiated by potassium 
hydroxide formed by the reaction of water with potassium naphthalene. 
Monomer was introduced only after the intense color of the potassium 
naphthalene disappeared completely, so that the latter cannot be the effective 
initiator. The fact that addition of 1.5 t o  2 equivalents of water t o  the 
potassium naphthalene did not lead to potassium hydroxide, which could initi- 
ate polymerization, indicates that anhydrous potassium hydroxide is the ef- 
fective catalyst, and its effect is completely destroyed in the presence of water. 
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Fig. 4. Dependence of the number-average molecular weight on the reciprocal 
of the catalyst concentration (polymerization in THF; [monomer] , 9.70 mole/l). 
(8) Calculated from M/C. (0) Experimentally found. (0) Corrected on the 

basis of 97% coaversion. 

A threshold concentration of potassium hydroxide was necessary for poly- 
merization, and this may be connected at least in part with the heterogeneous 
nature of the initiator. The same applies to the low efficiency of  the initiator. 
Monomer molecules add easier to growing chains than to insoluble initiator. 

tion increased initially with time of polymerization, and there was also an in- 
crease in the molecular weights, indicating that new chains and propagation 
were occurring simultaneously at the early stages of the polymerization initiation. 
At the latter stages of polymerization, the amount of catalyst which initiated 
polymerization, as calculated from the molecular weights, did not increase 
further, while the molecular weights continued to increase, indicating that at 
these stages of the polymerization essentially propagation occurred but not 
initiation. 

Since the polymerization is of the “living” type, the rate equation for these 
latter stages of the polymerization will be (provided that the reaction is first- 
order to the catalyst which initiated polymerization) -d [e.o.] /dt = kp[Co] [e.o.] 

It was seen that the per cent of initiator that participated in the polymeriza- 
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or in its integrated form ln[e.o.] o/[e.o.]t = kp[Co]t, where kp is the propaga- 
tion rate constant and Co is the concentration of the growing ends which is 
equivalent t o  the average initiator concentration which participated in the 
polymerization at the high reaction times. 

The kobs values found from the slope of In[e.o.] o/ [e.o.] t vs. t (Fig. 2) 
are therefore equal to kp[Co]. Now in the case of THF, Co = 18.2 X 
mole/l (calculated from DPn and per cent conversion) and therefore kp = 
1.05 X 1 mole-' sec-' , as calculated from kobs2. In the case of 
THF t 2 equiv DMSO, C o  = 14.0 X lom3 mole/l and since kobs 2 = 4.7 X lo-' 
sec-' , therefore kp = 3.35 X 
times larger than that obtained in the absence of DMSO. 

merization of ethylene oxide by sodium methoxide and ethoxide in dioxane 
at 30" where kp was 2.95 X 
respectively [ 171 . 

The increase in rate observed in the presence of 2 equiv of DMSO cannot 
be due to a n  increase in the bulk dielectric constant of polymerization medium 
since the amounts of DMSO added were small, but sokation effects should be 
important, DMSO, being a Lewis base, can effectively solvate the potassium 
cations. This can increase the rate of both initiation and propagation. Com- 
parison of the per cent initiator that participated in the polymerization in the 
case of THF t 2 equiv DMSO with that in the presence of THF alone showed 
that less KOH participated in initiation in the former so that the increase in 
the rate of propagation is the more dominant effect of the solvation. 

dependence of the molecular weights on the monomer concentration and in- 
verse dependence on the initiatior concentration. Increasing the monomer 
concentration at constant initiator concentration (Table 3) shows that initially 
there is a relatively large increase in molecular weight with increase of monomer 
concentration but afterwards the increase is much smaller. This may be due to 
the fact that increasing the monomer concentration increases not only the 
length of the growing chains but also introduces more initiator molecules into 
the reaction. Likewise, increasing the catalyst concentration (Table 4) decreases 
the slope of the dependence of Mn vs. monomer due to  the same reason, i.e., 
more catalyst initiates polymerization with increasing catalyst concentration. 

was obtained from the following considerations: Pepper [ 181 has shown that 
for living polymerizations the reciprocal of the degree of polymerization is 
directly proportional to the reciprocal of the degree of conversion, y, accord- 
ing to the equation: 

liter mole-' sec-' , which is about three 

These values may be compared with those found in the homogeneous poly- 

and 7.2 X lo-' liter mole-' sec-' , 

Although the initiation is heterogeneous, there is direct although not linear 

Evidence for the absence of transfer reactions in the present polymerization 
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ANiONIC POL YMERIZATiON OF ETHYLENE OXIDE I 739 

where Co and Mo are the starting catalyst and monomer concentrations, re- 
sepctively, and ktr and kp  are the transfer and propagation rate constants. 
The last term of the equation takes account of any transfer reactions occur- 
ring during the polymerization. The slope of the line gives the ratio, Co/Mo, 
and its intercept the value of ktr/kp t ktr. 

In cases where the initiation process is rapid and there are no transfer re- 
actions, the plot of l/DPn vs. I /y should be linear. In cases where the initi- 
ation is slow and both propagation and initiation are occurring simultaneously, 
the dependence will not be linear. 

To find the behavior of the present polymerization, we plotted 1/DPn vs. 
l / y  (Fig. 5 ) .  The plots were not very clear but it could be seen that for both 
series of experiments, in the presence of THF and THF t DMSO, two linear 
regions having different slopes are obtained, the turning point being at l /y  = 
1.36, i.e., a conversion of about 73% in the case of THF, and at l / y  = 2.0, 
i.e., a conversion of about 50% in the case of THF t DMSO. 

I /  Y 

Fig. 5. Dependence of l /DPn on l/conversion (1/Y) (complete conversion 
taken as 1) (polymerization in THF t 2 equiv DMSO). 
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Therefore, in the first stage of the reaction there is both initiation and 
propagation due to slow initiation. Extrapolation of the second line goes to  
zero, and therefore ktr = 0, i.e., there is no transfer to monomer or to solvent. 
The slope of this line is Co/Mo = 3.3 X and since Mo = 4.85 mole/l , then 
Co = 19.0 X 
pated in the reaction. This value compares favorably with Co calculated from 
DPn which was 18.2 X lo-' f 1.4 mole/l for the experiments (Table 1) 
(THF) for which the slope of the line was drawn. Co in the case of THF t 2 
equiv DMSO was 14.0 X mole/l, obtained experimentally, and from the 
slope of Fig. 5 it was 16.0 X mole/l, which is also in good agreement. 

In conclusion, it was seen that the potassium hydroxide formed in situ by 
addition of water to a solution of potassium naphthalene in THF was more 
active as an initiator of polymerization of ethylene oxide than solid potassium 
hydroxide previously used, notwithstanding the heterogeneous nature of the 
polymerization, Addition of only two equivalents of DMSO to the catalyst 
was found to increase the rate of polymerization threefold. 

mole/l , and Co is the initiator concentration which partici- 
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