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polymerization 
S Pasynkiewicz and B Mank 
Warsaw Technical University (Politechnika), Faulty of Chemistry, 00-661 Warszawa, Koszykowa 75, 
Poland 

Ethylalumoxanes and ethylchloroalumoxanes as 
components of Ziegler-Natta catalysts for poly- 
merization of propylene have been studied. The 
influence of the degree of hydrolysis of triethyl 
aluminium (Et,AI) and diethylaluminium chlorilp 
(Et,AIC1)2] in the range 0.5-1.5:l on the activity 
and the stereospecificity of the catalytic systems 
was determined (the degree of hydrolysis is 
defined as the molar ratio H,O/organoaluminium 
compound). It was found that the activity of the 
catalytic system ethylalumoxane-TiCI, is a little 
higher than the activity of the Et2AICI-TiCI4 
system. The ethylchloroalumoxane-TiCI, system 
is about six times more active than the classical 
Ziegler-Natta system. Our studies showed that 
alumoxanes react with TiCI, as follows: (a) to form 
compounds of the AI-0-TiCI, type; (b) to 
exchange alkyl groups for chlorine; (c) to form 
donor-acceptor complexes. Reactions of types (b) 
and (c) occur mainly in the cases of alumoxanes of 
low degree of hydrolysis (0.5-0.7). In cases of 
alumoxanes of a degree of hydrolysis equal to 0.7- 
1.0, reactions of all three types occur, and for 
alumoxanes of degree of hydrolysis > 1.0 reactions 
of types (a) and (c) are preferred. 
Keywords: Titanium, aluminium, polymeriza- 
tion, propylene 

INTRODUCTION 

Alumoxanes, compounds possessing oxygen 
bridges linking two aluminium atoms, 
Al-0-Al, are formed by hydrolysis of simple 
organoaluminium compounds. They are used as 
components of homogeneous and heterogeneous 
catalysts for olefin polymerization. 
Heterogeneous catalysts based on alumoxanes 
were mainly used for polymerization of ethylene. 
Catalytic systems of (Et2A1)20, (EtClAl),O 
( i - B ~ ~ A l ) ~ o ,  chloroalumoxane with titanium 

chlorides'-4 and (R2AI2)0 with VOC12,' have 
been studied. These catalysts are more active 
than classical Ziegler-Natta systems. There are 
only patent reports on polymerization of propy- 
lene on catalytic systems containing alumoxanes. 
Catalysts with activity of about 46 kg product per 
mol titanium per hour were prepared using an 
excess of (Et,Al),O. Polypropylene obtained on 
these catalysts had an isotacticity index (11) of 
about 70% .'-I2 

Kaminsky13 obtained highly active homo- 
geneous systems for polymerization of ethylene 
using methylalumoxanes (MAO) and Cp,MC12 
(M = Ti, Zr). In the cases of polyproplyene and 
higher olefins (because of stereospecificity require- 
ments), catalytic systems where the transition 
metal compound has bulky substituents or/and 
a chiral centre14-19 were used. Polypropylene 
of isotacticity over 99% was obtained with an 
MAO/racemic system of a stereoisomer of ethyl- 
enebis(indeny1)zirconium dichloride or ethylene- 
bis(tetrahydroindeny1)zirconium dichloride,2" but 
with an MAO/tetrabenzylzirconium system, poly- 
propylene of isotacticity about 60 % was formed. 
A change of methylalumoxane for ethyl alumox- 
ane or isobutylalumoxane causes a drastic 
decrease of yield and s tere~specif i ty .~ ' -~~ 

The purpose of our work was to study alumox- 
anes obtained from ethyl- and chloroethyl- 
aluminium compounds as components of catalysts 
for propylene polymerization. Determination of 
the influence of degree of hydrolysis of the alu- 
moxane and of molar ratio alumoxane /titanium 
tetrachloride on yield and tacticity of the polypro- 
pylene product were the main tasks of this work. 

EXPERIMENTAL 

All reactions were carried out in an atmosphere 
of dried and deoxygenated nitrogen. 
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Table 1 Elemental analysis of ethylchloroalumoxanes and ethylchloroalumoxanes 

Analysis (wt YO) 
Degree of AUC1 

No. Alumoxane hydrolysis” Al C H CI (mollmol) 

1 .  Ethylalumoxane 0.5 
0.6 
0.7 
0.8 
0.9 
1 .0 
1.25 
1 .so 

2. Ethylchloroalumoxane 0.5 
0.6 
0.75 
0.85 
1 .oo 
1.25 
1.50 

29.0 ,51.6 10.6 - 

30.4 48.5 10.0 - 
31.6 45.7 9.6 - 

33.1 42.4 8.9 - 

34.6 39.0 7.9 - 
35.7 35.5 7.5 - 

38.9 26.5 5.7 - 
43.6 14.4 3.3 - 

27.1 24.1 5.3 35.7 0.998 
28.3 20.2 4.2 37.2 1.000 
30.2 13.9 2.9 39.7 1.OOO 
31.5 9.3 2.1 41.4 1.000 
30.9 8.1 2.0 40.6 1.001 
28.7 10.3 3.4 37.7 1.001 
26.7 10.2 3.5 35.2 0.997 

Water/organoaluminium compound, molar ratio 

IR spectra of alumoxanes and the products of 
their reactions with TiC1, were recorded in Nujol 
on a Specord M80 spectrometer. 

Hexane, toluene and THF were deoxygenated 
and dried with a sodium-benzophenone complex. 

Synthesis of alumoxanes 

Hydrolysis reactions of Et’Al and Et,AlCl were 
carried out at the molar ratios given in Table 1. 

For the molar ratio Et3Al/H20 = 1: 1 the reac- 
tion was carried out in a 500-cm’ three-necked 
flask equipped with a magnetic stirrer and dry-ice 
cooling bath. Vapour of a water-toluene azeo- 
trope [lo0 cm3 of toluene containing 1.962 g 
(0.109 mol) of water] were introduced slowly 
(within 2 h) to a vigorously stirred solution, 
cooled to -78 “C, of Et’Al(15 cm’; 0.109 mol) in 
150cm’ toluene. The reaction mixture was 
warmed to room temperature and stirred for 24 h. 
Then it was refluxed for 6 h .  The solvent was 
distilled off under reduced pressure and the 
powder obtained was dried at 100°C under oil- 
pump vacuum. 

Hydrolyses of Et’Al and Et,AlCl in other molar 
ratios (H,O/organoaluminium compound) were 
carried out as above. 

Full stoichiometric characterization of the alu- 
moxanes obtained was not attempted for these 
polymerization reactions. 

Reactions of alumoxanes with TiCb 

Reactions of alumoxanes with TiCI, were carried 
out at various molar ratios alumoxane/TiCl, using 
an excess of TiC1, over alumoxane as well as, 
alternatively, an excess of alumoxane over TiC1,. 

Reaction with excess of TiCI4 
Alumoxane prepared at the molar ratio 
H,O/Et,Al= 0.5: 1 (1 g containing 0.012 mol Al) 
and hexane (10cm’) were placed in a 100-cm’ 
Schlenk tube and cooled to -78°C. A solution of 
TiCI, (11.384 g; 0.060 mol) in hexane (50 cm’) 
was then added dropwise to this vigorously stirred 
solution during 0.5 h. The reaction mixture was 
stirred for 1 h at room temperature and then 
refluxed for further 2h .  The brown powder 
obtained was isolated by filtration and the 
remaining TiC1, was carefully washed out with 
hexane. The solid was dried at 60°C for 12 h at 
oil-pump vacuum. 

Reaction of TiCl, with alumoxanes prepared at 
other H,0/Et3Al molar ratios was carried out as 
above, changing the amounts of added TiCI, to 
obtained a fivefold excess of TiCI, over the calcu- 
lated amount of aluminium in alumoxane. 

In the case of ethylchloroalumoxanes, the re- 
actions were carried out in two stages. In the first 
stage the reactions were carried out as described 
for ethylalumoxanes using a twofold excess of 
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TiCl, over aluminium contents in the products of 
Et,AICI hydrolysis. In the second stage the 
powder obtained was added to freshly distilled 
TiCl, and heated at  the boiling point of TiCI, until 
a change of colour to violet. The solid was then 
isolated by filtration and the excess of TiC1, was 
carefully washed out. The powder obtained was 
dried at 100 "C for 12 h under oil-pump vacuum. 

Investigations of the reaction products of ethyl- 
alumoxane and ethylchloroalumoxanes with an 
excess of TiCl, 
The product formed in the reduction of alumox- 
ane (degree of hydrolysis =0.5-1.0) and excess of 
TiC1, (1 g) and THF (10cm') was refluxed in a 
S0-cm3 Schlenk tube for 20 min and then filtered 
at 60 "C. TiCI,. 3THF crystallizes from the filtrate 
at 0 "C. 

Product data were as follows IR (CH2C12): 
1038, 986, 862, 368cm-'. Analysis: found, Ti 
12.89, C1 28.72; C 38.91; H 6.49; calcd for 
C,,H,,Cl,O,Ti: Ti 12.93; C1 28.75; C 38.88; H 
6.48 YO. The product was obtained in the solid 
state, as described previously above. 

Polymerization 

Propylene was introduced at 7 atm to the reactor 
described above containing the prepared catalyst. 
Polymerization was carried out for 1 h at room 
temperature under a pressure of propylene of 
7 atm. Polymerization was then stopped by addi- 
tion of a solution of conc. hydrochloric acid in 
methanol (1:50, v/v). The solvent was filtered off 
and the polypropylene product was dried at 60 "C 
until constant weight was achieved. The 
Isotacticity Index was determined by Soxhlet 
extraction with heptane. 

RESULTS AND DISCUSSION 

Ethylalumoxanes or ethylchloroalumoxanes are 
formed in reactions of water with Et3Al or 
Et2AlCl respectively. Formation of a trimer of 
tetraethylalumoxane [(Et4AI20),] in the reaction 
of water with Et3Al at a molar ratio 1:2 was 
postulated p r e v i ~ u s l y . ~ ~ - ~ ~  Increasing the molar 
ratio to 1:1 led to the formation of (EtAIO), 

11) : 
Reactions with an excess of alumoxane 
Into a vigorously stirred suspension of 
ethylchloroalumoxane (0.1 g containing 1.1 mmol 
aluminium-degree of hydrolysis = 1) in hexane 
(1 cm3) a solution of TiCI, in hexane (0.23 cm3 
containing 0.011 mmol TiCl,) was added drop- 
wise within S min. The reaction mixture was then 
stirred at room temperature for 24 h. The product 
was used for catalyst synthesis without isolation. 

In case of other alumoxanes the procedure was 
as described above, changing the amount of TiCI, 
to obtain aluminium/TiC1, ratios of 10,20, SO, 100 
and 200: 1. 

Catalyst synthesis 

Catalysts were synthesized in the same reactor in 
which propylene polymerization was carried out. 
This was a 200-cm3 steel reactor equipped with a 
magnetic stirrer. Hexane (40cm3) and a 
1.0 mol dm-, solution of Et3AI in hexane (the 
volume being calculated to obtain the 
Et,Al/titanium ratios given in Table 2) were 
placed in the reactor and the product of the 
reaction of alumoxane with TiC1, was added (the 
amount being calculated to produce a titanium 
content 0.01-1 .0 mmol). The mixture was stirred 
at room temperature for 20min and used for 
polymerization without isolation. 

+ 2nEtH%2(EtAlO),, + nEtH [ 11 

Formation of a pentamer of ethylchloroalu- 
moxane was postulated in the reaction of water 

Table 2 Influence of molar ratio Et,Al/titanium on activity of 
catalysts prepared from ethylchloroalumoxane of degree of 
hydrolysis 1 .O 

Yield 
Et3AI/Ti (kg product per 

No. Catalyst" (mol/mol) mol Ti per h) I1 (wt YO) 

1 1  10 
90 

100 
200 

2 I1 1 
10 
30 
50 

100 

47.9 
578.5 
60.0 
61.2 

152.1 
174.3 
206.0 
208.9 
213.6 

91.2 
90.5 
89.7 
79.3 

50.2 
49.3 
48.5 
42.4 
38.7 

a I, Catalysts obtained with an excess of TiCI4 over aluminium; 
11, catalysts obtained with an excess of ethylchloroalumoxane 
over TiCI4 (molar ratio aluminiumlTiC1, = 1OO:l). 
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with Et,AICI at a molar ratio of 1:2 and 
(EtCIA1)20.H20 was formed at a molar ratio of 
1: 1 .29 Further increase in the degree of hydrolysis 
led to the formation of Al(OH)2CI (Eqn [2]). 

+ 2 E t H q E t C 1 A 1 ) 2 0 .  H 2 0  

2HZ0 
-2AI(OH)2CI + 2EtH [2] 

Ethylalumoxanes and ethylchloroalumoxanes 
obtained at molar ratios (H,O/organoaluminium 
compounds) in the range 0.50-0.60 were liquids 
and those obtained at molar ratios of 0.70-1.50 
were amorphous powders. A broad band at 
760-790 cm- ', assigned to stretching vibrations of 
AI-O-AI,'4~-'R were observed in the IR spectra 
of the liquid products. In alumoxanes of degree 'of 
hyrolysis 0.70 and higher, a broad band at 
3100-3550 cm- I ,  characteristic for associated 
hydroxyl groups, was observed additionally. 
Ethylochloroalumoxanes showed also a strong 
absorption at 430-470 cm-' probably due to 
vibrations of AI-CI bridges. 

Results of elemental analysis (Table 1) of alu- 
moxanes of degree of hydrolysis 0.50 and 0.60 
correspond to hypothetical compositions 
[(Et&I,AI),O],, and (Et, ,-,CI,AIO, 6 ) n  where x = 
0 or 1. IR spectra and results of elemental analysis 
show in alumoxanes of degree of hydrolysis 0.5 
and 0.6 the presence of AI-Et and AI-0-A1 
fragments (in ethylchloroalumoxanes, AI-CI 
also) and in alumoxanes of higher degree of 
hydrolysis the presence of AI-OH fragments as 
well. The presence of ethyl groups was observed 
even in the product of hydrolysis of Et,AICl at 
molar ratio water/Et,AICI = 1.5: 1. This could be 
caused by an extended structure of alumoxane 
association resulting from the inaccessibility of 
some ethyl and hydroxyl groups. 

As shown in Table 1 the molar ratio AUCI does 
not depend on the degree of hydrolysis 
(Al/CI = 1 : 1). This indicates that the AI-Cl 
bond in (Et2AICI), does not hydrolyse at the 
molar ratios studied. This phenomenon was also 
observed by Bole~iawski.~" 

The alumoxanes obtained gave in the reactions 
with TiCI,, products used as components of cata- 
lysts for propylene polymerization. The main par- 
ameters influencing catalytic activity of these 
products obtained from alumoxanes and TiCI, are 

the degree of hydrolysis of alumoxane and the 
molar ratio, aluminium/TiCl,. Reactions of alum- 
oxanes with TiCI4 were carried out for various 
values of this molar ratio, calculated from the 
percentage of aluminium in alumoxane (Table 1): 

(1) at an excess of TiCI, over aluminium; 
(2) at an excess of aluminium over TiCI4. 

Reactions of alumoxane with TiCl4 

The presence of A1-OH, A1-Et and 
AI-0-A1 bonds causes the possibility of occur- 
rence of various reactions between TiC1, and 
alumoxane (Eqns (31-[5]). 

\ \ 
/ AI-OH + TiCl4+,AI-0-TiCl3 + HCI [3] 

\ red. \ 
AI-Et + TiCI,-+ ,AI-CI 
0 

+ TiC1:3FTiC13.3HF 

+ alumoxane [4] 

A1 
,AI-0-AI( \ + TiCI4+ 'O-+TiCl, [5]  

A/ 

Strong broad bands at 750-780 and 722 cm-I, 
assigned to AI-%A1 and AI-0-Ti vib- 
rations, were observed in IR spectra of the reac- 
tion products of TiCI, and alumoxanes of degree 
of hydrolysis 0.5-1. No absorption was observed 
in the region characteristic for hydroxyl groups. 
Strong absorptions, probably due to AI-CI and 
Ti-CI vibrations, were observed at 368, 380, 406 
and 440cm-I. The absence of absorptions in the 
hydroxyl group region and the appearance of 
additional bands in the region characteristic for 
M-0-M  vibration^^'-^^ confirm that the reac- 
tion occurred according to the Eqn [3]. 

An absorption at 3150-3500 cm-' was observed 
in the products of reactions of TiCI4 with alumox- 
anes of degree of hydrolysis higher than one. This 
is probably caused by the presence of hydroxyl 
groups inaccessible to an attack of TiC1,. 

The reduction of TiCl, by alumoxane of degree 
of hydrolysis 0.5- 1 .0 was confirmed by the isola- 
tion of titanium trichloride in the form of a com- 
plex TiCI3.3THF from the products of reaction 
[41. 
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I 
0.5 1.5 

H20/organoaluminium compound 
1 mol/moll 

Figure 1 Dependence of percentage of titanium in catalyst 
precursor on degee of hydrolysis of alumoxane: A, ethylalu- 
moxane; x , ethylchloroalumoxane. 

Catalysts obtained in an excess of TiCl4 

Catalysts for propylene polymerization were pre- 
pared according to Scheme 1. 

An excess of TiC1, was added to the alumox- 
ane; the mixture was heated and the remaining 
TiC1, was washed out from the catalyst precursor. 
Ethylalumoxanes react with TiC1, more easily 
than do ethylchloroalumoxanes (ethylalumoxanes 
of degree of hydrolysis 0.5-1.0 react with TiCl, at 
room temperature; this was not observed for 
ethylchloroalumoxanes). 

TiCI, 

60-130°C 
Alumoxane -catalyst precursor 

Et3AI 

room temp. 
-catalyst 

Scheme 1 

The dependence of the percentage of titanium 
in the catalyst precursor on the degree of hydroly- 
sis of alumoxane is shown in Fig. 1. It was found 
that the highest percentages of titanium were 
obtained in the reactions of alumoxanes of degree 
of hydrolysis 0.5. A substantial decrease of the 
amount of titanium in the reaction products was 
observed for alumoxanes obtained at molar ratios 
(water/Et,Al) of 0.5-1 .O. Further increase of 
degree of hydrolysis causes only a minor decrease 
of titanium content (Fig. 1). For ethylchloroalu- 
moxanes a steady decrease of titanium content 

with an increase of degree of hydrolysis was 
observed. The highest content of titanium was 
22.1 wt% for ethylalumoxane and 19.2 wt% for 
ethylchloroalumoxane, and the lowest was 7.3 
and 6.3 wt% respectively. The lowest content of 
titanium was in both cases for alumoxanes of 
degree of hydrolysis 1.50. 

2.1. Ethylalumoxanes as catalyst components 
(degree of hydrolysis 0.5 and 0.6) 
Catalysts obtained from ethylalumoxanes and 
TiCI, are more active than Ziegler-Natta cata- 
lysts (Et,Al-TiCl,). For example, 29.5 kg product 
per mol titanium per hour (I1 =42.8 %) and 
25.6 kg product per mol titanium per hour 
(I1 = 36.6%) were obtained from catalysts formed 
from ethylalumoxanes of degree of hydrolysis 
equal to 0.50 and 0.60 respectively, while for the 
Ziegler system (Et,Al/TiCl,) prepared by the 
same method only 23 kg product per mol titanium 
per hour (IT = 47.8 YO) was obtained. Further 
increase of the degree of hydrolysis of ethylalu- 
moxane causes a decrease of activity of the pre- 
pared catalysts (Fig. 2). The system prepared for 
alumoxane of degree of hydrolysis 1.5 was com- 
pletely inactive. 

Prepared catalysts are characterized by low 
isotacticity index (11), e.g. with a maximum of 
42.8 YO for the system prepared from ethylalu- 

H20/or anoaluminium compound 
Qmol/mol I 

Figure2 Dependence of catalytic activity on degree of 
hydrolysis of alumoxane. Catalysts were prepared from the 
products of reactions of alumoxanes with an excess of TiCI,: 
A, ethylalumoxane; x , ethylchloroalumoxane. Yield is in kg 
product per mol Ti per hour. 
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loo{ 

- I 

0.5 1.5 
H20/organoalurninium compound 

1 r n o l h o l  I 

Figure 3 Dependence of isotacticity index of polypropylene 
on  degree of hydrolysis of alumoxane. Catalysts were pre- 
pared from the products o f  reactions of alumoxanes with an 
excess of TiCI,: A, ethylalumoxane; x , ethylchloroalumox- 
ane. 

moxane of degree of hydrolysis 0.50. An increase 
of the degree of hydrolysis of ethylalumoxanes 
causes a decrease of the stereospecificity of pre- 
pared catalysts (Fig. 3). 

Ethylchloroalumoxanes as catalyst components 
Catalysts obtained from ethylchloroalumoxanes 
of degree of hydrolysis 0.5-1.0 were much more 
active than Ziegler systems (Et,AICI-TiCI,). The 
highest yield of 63.5 kg product per rnol titanium 
per hour (I1 = 90.3 YO) was obtained for a catalyst 
prepared from ethylchloroalumoxane of degree 
of hydrolysis 0.85, while for an Et,AICl-TiCI, 
system prepared by the same method, a yield of 
31.5 kg product per mol titanium per hour 
(I1 = 87.6 YO) was obtained. 

An increase of degree of hydrolysis over 1.0 
causes a rapid decrease of activity of prepared 
catalysts (a catalyst prepared for water 
Et,AICI= 1.5:l had activity of 15.4 kg product 
per mol titanium per hour I1 = 63.2 YO) (Fig. 2). 

' 0.50* 

100 200 LO 

A1alumox. / T i C 1 4  (mol/mol I 
Figure 4 Influence of molar ratio, aluminiumlTiCI,, on activity of catalysts prepared 
from ethylchloroalumoxanes of various degrees of hydrolysis, as indicated on  each 
curve (*). Yield is in kg product per rnol Ti per hour. 
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Catalysts obtained from ethylchloroalumox- 
anes are characterized by high stereospecificity. 
The isotacticity index (11) polypropylene was 
about 90 Yo for catalytic systems based on ethyl- 
chloroalumoxanes of degree of hydrolysis 0.5-1 .O 
(Fig. 3). An increase of degree of hydrolysis over 
1.0 causes a decrease of isotacticity index. 

Catalysts obtained with an excess of 
alumoxane (aluminium/TiC14= 10, 20, 
50, 100 and 200: 1 ) 

An increase of the molar ratio of aluminium/TiCl, 
has various influences on activity of catalysts pre- 
pared from ethylalumoxanes and ethylchloroalu- 
moxanes. A small increase of activity together 
with a substantial decrease of isotacticity index of 
the polypropylene was observed for ethylalumox- 
anes. For example, 33.7 kg product per mol tita- 
nium per hour (I1 = 18.34 YO) was obtained with a 
catalyst prepared from ethylalumoxane of degree 
of hydrolysis 0.5 (aluminium/TiCl,= 10: 1). An 
increase of degree of hydrolysis leads to a loss of 
catalytic activity. 

A severalfold increase of activity together with, 
in contrast, a decrease of isotacticity index was 
obtained for catalysts prepared from ethylchloro- 
alumoxanes. 

A yield of 206 kg product per mol titanium per 
hour (I1 = 50.79 YO) was obtained for ethylchloro- 
alumoxane of degree of hydrolysis 1.0 and molar 
ratio aluminium/TiCI, = 100: 1 (Fig. 4). Molar 
ratios (alumininm/TiCl,) have a substantial 
influence on catalyst activity. It was found that an 
optimum molar ratio, aluminium/TiCl,, was 
about 1OO:l  (Fig. 4). No rapid decrease of catalyst 
actvitiy was observed with an increase of degree 
of hydrolysis over 1.0. 

Catalysts prepared from alumoxanes of degree 
of hydrolysis 1.25 and 1.50 were more active than 
catalysts prepared from alumoxanes of degree of 
hydrolysis 0.50-0.85, but a decrease of isotacti- 
city index of the polypropylene was observed. For 
example, 56.7 kg product per mol titanium per 
hour (I1 = 51.2 YO) was obtained for ethylchloro- 
alumoxane of degree of hydrolysis 0.85 and 
128.4kg product per mol titanium per hour 
(I1 42.3 Yo) was obtained for ethylchloroalumox- 
ane of degree of hydrolysis 1.50. 

A substantial influence on a catalytic activity 
was the amount of Et3AI used in the catalyst 
preparation reaction (Scheme 1). 

For ethylchloroalumoxane, an optimum molar 
ratio (Et,Al/titanium in precursor) was about 

100:l in the case of an excess of TiCI, and about 
30:l in cases of an excess of alumoxane (Table 2) 
(content of titanium in the catalyst precursor are 
shown in Fig. 1). Further increase of the amount 
of Et,A1 leads to a small increase of yield with a 
simultaneous substantial decrease of isotacticity 
index. 
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