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Polymerization of 1,P-Epoxides Initiated by 
Tetraalkyl Aluminates.* 1. Polymerization of 
Ethylene Oxide in the Presence of Sodium 
Tetrabutyl Aluminate 

CH. B. TSVETANOV,? E. B. PETROVA, and I. M. PANAYOTOV 

Central Laborotory for Polymers 
Bulgarian Academy of Sciences 
1040 Sofia, Bulgaria 

A B S T R A C T  

The polymerization of ethylene oxide (EO) initiated by NaA1Bu4 is 
shown to proceed upon initial complex formation between monomer 
and initiator. In polymerization in toluene a high order  of the 
kinetic equation with respect to initiator was found, indicating that 
chain propagation proceeds on dimers and t r imers  of the active 
center. An induction time of polymerization in THF is observed. 
It is necessary to reach a specific concentration of the NaAIBuq.EO 
complexes which take part  in the polymerization process. The wide 
molecular weight distribution, the high effectivity coefficient ( initia- 
tion efficiency), and the polymerization rate increase with polymer 
yield a re  evidence of a polycentric polymerization mechanism. 

*Dedicated to Prof Dr B. L. Erusalimsky on the occasion of his 70th 

tTo  whom correspondence should be addressed. 
birthday. 
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1310 TSVETANOV, PETROVA, AND PANAYOTOV 

"Ate" complexes with aluminum as the central atom (aluminates) 
are capable of initiating the polymerization of vinyl [ 11, diene [ Z ]  , and 
cyclic [3] monomers. Due to their large solubility in hydrocarbons 
(especially NaA1Bu4), they offer favorable possibilities for studying 
the specific solvation of alkali and alkaline-earth metal cations by 
electron donor agents. Thus, tetrahydrofuran (THF) was found to 
form two types of complexes with NaA1Bu4, with 1: 1 and 4: 1 stoichiom- 
etry, respectively [4], the ethereal oxygens being coordinated to the 
sodium counterion and not to the central aluminum atom [5]. 

The aim of the present communication is to summarize our results 
on the mechanism of NaA1Bu4-initiated polymerization of another cyclic 
monomer-ethylene oxide. In several cases, experiments were also 
carried out with NaA1Et4 and Ca(A1Et4)2. It is known that, in spite of 
its lower basicity, EO exceeds THF in solvation capacity with respect 
to alkali metal counterions, presumably due to the steric factor (61, 
This favors the formation of an intermediate complex in the interaction 
between alkali aluminates and EO even in THF solutions. Thus, in the 
proposed reaction scheme for the alkylation of epoxides by alkali 
aluminates, the participation of an intermediate complex of the type 
EO . . . M+AlR4 was assumed [7]. The alkylation reaction actually 
represents the initial step, viz., the initiation of EO polymerization. 
Due to the high strain in the triatomic monomer ring, the formation of 
products of higher molecular weight can be further expected, all the 
more as it was already shown by Stewart 8 that calcium and magne- 
sium aluminates of the general formula M + (A1 ( OPr)4)2 initiated the 
polymerization of EO. 

a 1  

E X P E R I M E N T A L  

All  experiments were carried out in vacuo ( torr) by using a 
high vacuum line technique a s  described elsewhere o r  in an atmosphere 
of absolutely pure and dry argon using sealed glass systems equipped 
with break seals. Sodium aluminates, NaAlBu and NaA1Et4 were pre- 
pared following the procedure of Frey [9] by heating the respective tri- 
alkylaluminum derivative with a sodium dispersion (excess of metal) 
for  2 to 3 h at 110°C in toluene. Ca(AlEt4)2 was prepared as described 
in Ref. 10. The products obtained were analyzed for aluminum and 
sodium by complexometric titration with EDTA and back titration of the 
0.1 N HCl excess with 0.1 N NaOH. 

Ethylene oxide (Fluka) was evacuated, dried over calcium hydride, 
and distributed in vacuo into ampules equipped with break seals. The 
usual purification procedure for solvents was applied, with toluene, THF, 
and n-hexane being refluxed over a sodium-potassium alloy, rectified, 
and evacuated immediately afterward. 

4' 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
2
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYMERIZATION OF 1,2-EPOXIDES. I 1311 

Polymerization was carried out in vacuo in thick-walled glass am- 
pules immersed in a thermostated liquid. After the reaction, solvent 
and unreacted monomer were removed by vacuum distillation and the 
polymer was dried in vacuo to constant weight. In order  to eliminate 
catalyst inclusion, the polymer was dissolved in water, salted out with 
NaCl, and extracted with chloroform. 

The average molecular weights were determined on a Ihauer  vapor 
pressure apparatus, and the viscometric molecular weights were calcu- 
lated according to 

[q] = 3.97 X lo-' Mo'686 P I  
using data for benzene at 25°C. 

IR spectra of the reaction mixtures in NaAlBu4-EO were recorded 
in thermostated cells in the temperature range -60 and +20"C on a 
Carl  Zeiss Jena Spectrometer UR-20 (NaC1 cells with path lengths of 
0.1 and 0.25 cm). 

Conductivity measurements of NaA1Bu4 solutions in toluene in the 
presence of small amounts of EO were carried out in a thermostated 
cell provided with platinum electrodes (cell constant, 0.009 cm- ') 
with the aid of a TESLA BM 509 automatic capacitance bridge. 

R E S U L T S  AND DISCUSSION 

1 .  C o m p l e x  F o r m a t i o n  b e t w e e n  E O  a n d  N a A 1 B u 4  

In order  to get an idea about the nature of the interaction between 
EO and initiator, the IR spectra of equimolar EO-NaAlBu4 reaction 
mixtures in toluene were recorded at -50°C. A s  a result of the inter- 
action with NaA1Bu4, the band at 866 cm-' of the C-0-C asymmetric 
stretching vibrations in the EO ring shifted to 873 cm-l,  which is an 
indication of complex formation. This is most probably due to coordin- 
ative bonding of the oxygen atoms to the sodium counterions rather 
than to the central aluminum atoms. This assumption is supported by 
the results of Day on the structure of NaA1Bu4 complexes with T H F  [ 51, 
as well as by reference to IR spectra of equimolar EO-A1Bu3 mixtures 

recorded in the course of our  studies. In the latter case the spectrum 
of EO was similarly affected by the aluminum compound but the change 
was appreciably smaller,  the C-0-C band shifting only to 869 cm-'; 
i.e., as expected, the interaction of EO with group I11 metals was weak- 
er  than with alkali metals. 
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1 1.6 

EO/ NaAIBuL 

FIG. 1. Conductivity measurements a t  different EO/NaAlBu4 ratios 
in toluene at 20°C. [NaA1Bu4] = 0.27 mol/L. 

The interaction between NaA1Bu4 and EO was confirmed by equiva- 
lent conductivity measurements of NaAlBu solutions in toluene taken 

a t  gradual increases of the EO/NaA1Bu4 ratio (Fig. 1). Two extremes 
in the curve at different EO/Na ratio values, the maximum a t  EO/Na = 
1 and the inflection at  EO/Na = 4, proved the formation of two types of 
complexes with the corresponding stoichiometry. 

It should be noted that-the complexes formed were relatively stable, 
since the band a t  873 cm I can also be registered even +t 20°C with- 
out a tendency to shift in direction to the band at 866 cm ' which is 
characteristic of free EO. 

Mixtures of approximately equimolar amounts of NaA1Bu4, THF, 

and EO showed in the IR spectrum the formation of mixed complexes. 
Thus, the addition of EO to a previously formed NaA1Bu4THF com- 
plex resulted in an increase of the ratio between free and bound THF 
(Fig. 2). 

A certain part  of the THF molecules was obviously expelled from 
the coordination shell of the sodium counterions by EO molecules, in 
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C ~ 

0 .- 
CI 

Q 

0 
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THF 

0 
1000 1100 cm" 

FIG. 2. IR spectra of NaA1Bu4-THF-toluene solutions at  20°C: 
(-) THF/NaA1Bu4 = 1, [NaA1Bu4] = 0.27 mol/L; ( -  -) after adding 

equimolar amount of EO, [NaA1Bu4] = 0.15 mol/L. 

agreement with the greater solvation power of EO in comparison with 
THF, as reported by Hogen-Esch [6]. 

2 .  E O  P o l y m e r i z a t i o n  i n  T o l u e n e  

Yield vs time plots made under equal conditions for different initia- 
tor and monomer concentrations are presented in Figs. 3 and 4. Kinetic 
data computed according to the differential method produced the fol- 
lowing equation for  the apparent polymerization rate in toluene: 

R = k[In]".'[M] 
P 

The high order  of the kinetic equation with respect to the initiator 
can be explained by assuming that the polymer chain growth proceeds 
on associates (predominantly t r imers  of the "ate" complex). This 
assumption is confirmed by the aggregation of NaA1Bu4 in cyclohexane 
(from dimers to pentarners, depending on concentration) as previously 
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10 30 50time.hrs. 

FIG. 3. Polymerization of EO in toluene at different initiator 
(NaA1Bu4) concentrations: (0 ) 0.075 mol/L, ( o ) 0.06 mol/L, 

( A )  0.031 mol/L, ( D )  0.018 mol/L. [EO] = 7.7 mol/L; T = 15°C. 

FIG. 4. Polymerization of EO in toluene at different monomer 
concentrations: ( 0 ) 4.8 mol/L, (0 ) 6.45 mol/L, (d ) 3.2 mol/L. 
[NaA1Bu4] = 0.052 mol/L; T = 15°C. 
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, hrs 

FIG. 5. Polymerization of EO in toluene at different reaction tem- 
peratures: (.) 69"C, ( 0 )  49.3"C, ( A )  36"C, ( @ )  20°C. [NaA1Bu4] = 
0.045 mol/L; [EO] = 7.7 mol/L. 

demonstrated [12], and by our studies on NaA1Bu4 association in ben- 
zene carried out by the aid of the vapor pressure method. 

In the concentration range from 0.07 to 0.33 mol/L the aluminate 
was found to form trimeric species exclusively. Acceleration of the 
polymerization process was observed on raising the temperature 
(Fig. 5). A value of 12 f 1 kcal/mol was derived for the effective ac- 
tivation energy in the range between 15 and 70°C. 

Table 1 presents molecular weight and catalyst efficiency data for 
the polymerization in toluene. 

The effectivity coefficient F = (x [M ] )/( [In]Fn) can be used as a 
measure of the degree to which the coordination bonds of aluminum are 
involved in the process of monomer incorporation. An alternative ex- 
planation for the high values of F is to take into account a chain transfer 
process; the probability for this, however, is very small. 

A t  polymerization temperature of 15"C, as well as a t  higher tempera- 
tures in experiments of lower conversion, the effectivity coefficients 
were less than unity, the molecular weight distribution being relatively 
narrow, which is indicative of chain growth on a single coordination of 
aluminum. At  elevated temperatures, F reached values up to 2-3 for 
sodium and up to 5-6 for calcium, but did not exceed the total number 
of coordination bonds in the initiator molecule. Presumably, propaga- 
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POLYMERIZATION OF 1,2-EPOXIDES. I 1317 

tion on the different coordination bonds of aluminum did not proceed 
simultaneously. This explanation is in agreement with the observed 
broadening of molecular weight distribution which follows an increase 
of F. 

3. E O  P o l y m e r i z a t i o n  i n  T H F  

An induction period was observed in the polymerization in THF 
which was longer for low initial initiator concentration. The form of 
the yield v s  time curves (Fig. 6) suggests a succession of reactions 
of the following type: 

k2=k 
- c  kl A - B  

Most probably a complex between NaA1Bu4 and EO was initially formed 
(B),  the monomer expelling some of the THF molecules from the sol- 
vation shell of the sodium ion: 

kl NaA1Bu4.4THF + EO -- NaAlBu4.E0.3THF 

FIG. 6. Polymerization of EO in THF a t  different initiator con- 
centrations: ( e )  0.054 mol/L, ( 0 )  0.036 mol/L, ( A )  0.028 mol/L. 
[EO] = 7.7 mol/L; T = 31°C. 
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Table 2 shows that the first-order equation with respect to both 
monomer and initiator, In M o m ,  = k [c*] T, as indicated by the 
kinetic curves when using the integral method, holds only for rela- 
tively low yields ( k  = constant). On raising the yield, the polymeri- 
zation rate increased, which is presumably due to an increase in the 
number of active centers. 

given in Fig. 7. Reduced induction times were observed a t  elevated 
temperature, proving that the reaction of the initial complex forma- 
tion between NaA1Bu4 and EO ( A  --B) was intensified. The polym- 
erization rate increased uniformly up to about 46°C but dropped down 
a t  higher temperatures as seen from the experiments carried out at 
60°C. This is probably due to certain changes in the polymerization 
mechanism, e. g. , changes related to the formation and decomposition 
of the activated complex B. A value of 16.5 f 1 kcal/mol for the effec- 
tive activation energy was determined from the linear plot of In k v s  
1/T in the region below 46°C. Results from the initiator effectivity 
and molecular weight determinations of samples prepared under differ- 
ent polymerization conditions in THF are presented in Table 3. 

P 

P 

Kinetic curves taken at different polymerization temperatures a re  

60- 

50 

0 5 10 15 time ,hrs 

( 0 )  60°C) ( 0 )  46"C, ( A )  31"C, ( X )  21°C. [NaA1Bu4] = 0.036 mol/L; 
[EO] = 7.7 mol/L. 

FIG. 7. Polymerization of EO in THF at different temperatures: 
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The number-average molecular weights of the polymers obtained 
are in a relatively narrow range from 2000 to 4500. By raising the 
initial EO/In ratio, the degree of conversion, and the polymerization 
temperature, a slight increase in the molecular weight was observed. 
In most cases the molecular weight distribution was relatively broad, 
which was ascribed to the high effectivity coefficients. 

4. E O  P o l v m e r i z a t i o n  i n  n - H e e t a n e  

The polymerization of EO in n-heptane proceeds at  a reduced rate 
in comparison with the processes in toluene o r  THF (Fig. 8). The 
reason for this is probably the separation of the polymer in solid- 
phase precipitation polymerization. No induction period was observed 
as in the polymerization in toluene. Table 4 shows the molecular 
weight and the initiator efficiency dependence on the reaction conditions. 

In contrast to polymerization in solution (in toluene o r  THF), the 
polymers prepared by precipitation polymerization in n-heptane had a 
broader molecular weight distribution. The polymerization rate in- 
creased uniformly with temperature. 

1 ooy 

5 10 
time, hrs. 

01 

FIG. 8. Comparison between yield vs time plots in the polymeriza- 
tion of EO initiated by NaA1Bu4 in different solvents: (0  ) THF, ( 0  ) 
toluene, (A ) n-heptane. [NaA1Bu4] = 0.04 mol/L; [EO] = 7.7 mol/L; 
T = 50°C. 
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CONCLUSIONS 

The polymerization of EO initiated by NaA1Bu4 in certain aspects 
differs from conventional EO polymerization. Some of its typical 
features are: 

1. The molecular weight dependence on polymer yield is not 
clearly defined. 

2. High values of effectivity coefficients, usually higher than unity 
but not exceeding the coordination number of aluminum in the "ate" 
complex. 

3. Different kinetic behavior in different solvents. An induction 
period is observed in THF, while in toluene the kinetic equation is of 
a higher order  with respect to initiator. 

The anomalies listed for the polymerization process suggest a rela- 
tively complicated mechanism including an initial complex formation 
between monomer and initiator which is characteristic of ionic-coor- 
dination polymerization. EO forms a complex in the solvation shell of 
the sodium ion while incorporation most probably proceeds in the co- 
ordination sphere of aluminum. This can adequately explain the high 
effectivity coefficients as well as the tendency of the chain growth to 
be limited within a fixed molecular weight. Complex formation with 
EO is hindered in THF because of association with the solvent mole- 
cules. The polymerization process does not s tar t  immediately after 
the monomer and the initiator come into contact. It appears necessary 
that a certain stationary concentration of complexes in which EO mole- 
cules take part  must first occur in order to induce polymerization 
progress to an appreciable extent, and this explains the induction period 
for polymerization in THF. The high order  with respect to initiator in 
the kinetic equation of polymerization in toluene can be explained by the 
aggregation of NaA1Bu4 in nonpolar solvents as demonstrated in the 
present work and previously by Day et al. The addition of EO does not 
cause decomposition of the associates, but results only in complex for- 
mation. Hence, polymer-chain growth proceeds on "ate" complex asso- 
ciates and not on ion pairs as is the case with polymerization in THF. 
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