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Reactions Between AlRC12 and Ti (OR‘), 
and Activity in Diolefin Polymerization * 

S. CUCINELLA, A. MAZZEI, W. MARCONI, and C. BUSETTO 

SNAM PR OGETTI 
Laboratori Riuniti Studi e Ricerche 
S. Donato 
Milan, Italy 

SUMMARY 

Through the use of a Ti(OR’)4-AIRC12 catalyst system, high 1,4& 
isoprene polymers and crystalline 1,4-trans polybutadiene are obtained. 
Neither monomer is polymerized at a AI/Ti mole ratio of less than 4. 
The maximum activity and stereospecificity for isoprene is observed at 
AI/Ti = 4. For 1,4-trans butadiene polymers the activity increases 
progressively with increasing AI/Ti ratio. The investigations carried out 
on this catalyst system show that at a AI/Ti mole ratio of 4 the formation 
of crystalline P-TiClJ takes place, while at lower ratios insoluble chloro- 
alkoxide derivatives of Till1 with different compositions separate. Soluble 
complexes containing aluminium and titanium are initially formed before 
precipitation occurs. Chemical data and investigations by IR and NMR 
spectroscopy indicate exchange reactions between Al-CI, AI-R, and 
Ti-OR groups, together with reduction of the transition metal. A re- 
action mechanism and a hypothesis on the nature of the active catalyst 
are given. 

*Paper presented at the IUPAC International Symposium on Macro- 
molecular Chemistry, Budapest, Hungary, August 25-30, 1969. 
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Copyright @ 1970. Marcel Dekker, Inc. 
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INTRODUCTION 

The preparation of polymers of butadiene and isoprene having predom- 
inantly 1,2 and 3,4 structures, respectively, by means of Ziegler-Natta 
catalyst prepared from titanium alkoxides and aluminum trialkyls is well 
known [ 1 ) .  It has been reported that aluminum alkyl dichloride is not a 
stereospecific catalyst for the polymerization of diolefins with either TiC14 
or P-TiC13 [2].  

AlRClt-Ti(OR’)4 catalyst was employed [3] in the polymerization of 
olefins and in their copolymerization with vinyl monomers. The catalytic 
activity of this system is related to soluble, uncharacterized complexes. 
The insoluble part, which formed on aging, was completely inactive. 

In view of this, it is ra!her surprising that we obtained completely differ- 
ent results when employing AlRC12 -Ti(OR’)4 systems in the polymerization 
of diolefins. Thus, polymerization of the aforementioned diolefins with 
A1C2HSClz and Ti(O-nC,H,), yields high 1 ,Ccis (up to 96%) polyisoprene 
and crystalline 1,4-trans polybutadiene. 

EXPERIMENTAL 

Materials 

Aluminum alkyl dichloride was synthesized by reaction of AIR3 with 
AICIJ and purified by distillation. Pure commercially available titanium 
alkoxides were purified by distillation. Phillips “polymerization grade” 
butadiene was dehydrated by standing on Alz03  and bubbling through an 
A1(C2 H 5 ) 3  solution. Pure Phillips isoprene was dehydrated by distillation 
on Na. Solvents were purified and dehydrated according to the usual ac- 
cepted methods. All operations were carried out under a dry, inert 
atmosphere. 

Polymerization 

The polymerizations were carried out in screw-cap bottles of about 200 
ml capacity as previously described [4]. The catalysts were preformed in 
the absence of the monomer and aged 30 min at room temperature. During 
the course of polymerization the bottles were left in a rotating thermostatic 
bath, then the content of the bottles was poured into methyl alcohol con- 
taining an antioxidant. IR determinations on the polymer were carried out 
in CS2 solutions by the Binder method [S] . 
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Catalyst Investigations 

The catalysts were prepared by adding a AIRClz solution in 5 0  ml of 
n-heptane dropwise to a stirred solution of 10 mmoles of Ti(OR'), in 250 ml 
of n-heptane. The reactions were carried out at room temperature for 20 
hr. The mixture was filtered through a porous glass filter G4 and washed 
five times with 50 ml of heptane each time. The solid part was dried in 
vacuum and analyzed. The liquid phase and the washing solvent were con- 
centrated and analyzed. 

The reactions were carried out at higher concentrations (Ti = -0.25 M) 
and performed under UV light when AICH,CI2 was used. 

Analyses and Phyicochemical Measurements 

Both aluminum and titanium were determined colorimetrically [ 6 ] .  
Chlorine was determined by the Vohlard method. Low valency titanium 
halides were determined using the Martin and Stedefeder method [7] .  
Deuterobenzene solutions were employed for NM R measurements (Varian 
A 60) 15 min after the mixing of reactants. Heptane solutions were used 
for infrared (Perkin Elmer 125) and EPR (Varian 45021) investigations. 

RESULTS 

The influence of AI/Ti molar ratio on the polymerization of isoprene is 
shown in Table 1. The best yield, together with the higher 1,4-cis content, 
corresponds to a AI/Ti molar ratio of 4. At lower ratios the system was 
inactive; at higher ratios the yield, and then the stereospecificity, decrease 
gradually. 

obtained at AI/Ti > 7 are mixtures of high 1,Ccis and 1,4-trans polymers or 
copolymers. 

In the case of the butadiene polymerization (Table 2), 1 , 4 4 s  polymers 
prevailed for initial AI/Ti ratios of 4-6. On the basis of the similarity of 
composition for soluble and insoluble fractions, it is possible to conclude that 
the polymers do not consist of a mechanical mixture of all 1,4-cis and 1,4- 
trans chains. Furthermore, a weak 1,4-trans crystallinity present in the raw 
polymer suggests the existence of block copolymers. By further increasing 
of the AI/Ti ratio the polymer structure changed to a prevailing 1,Ctrans 
enchainment. As shown in Table 3, the amount of these polymers ex- 
tracted by different boiling solvents was more than 80%. According to IR 

Further investigations is necessary in order to clarify whether the polymers 
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Table 3. Fractionation Results with Different Boiling 
Solvents for Butadiene Polymers Obtained by 
Al(C2 Hs )C1, -Ti(O-nC4H9)4 System at High 

AI/Ti Ratios 

Diethyl ethera Hexaneb Benzene 
extract extract extract ResidueC 

AI/Ti (%) (70) (%) (%) 

8 46.3 33.6 0.3 19.4 

I0 45 36.4 2.1 12.1 

12 49 42.5 0.9 11.8 

14 50 44.3 0.2 5.5 

aInfrared analysis: 1,4 cis, % = 17.5-9; 1,4 trans, % = 81.5-90; 1,2 % = 
1-2. Total found = 93-85. 

bInfrared analysis: 1,4 cis, % = 6-5.5; 1,4 trans, % = 93.5-94; 1,2 % = 
0- 1. Total found = - 105. X-ray crystallinity, % = 50-70. 

%-ray crystallinity, % < 5. 

and X-ray determinations, the soluble fractions consist of prevailing 1,4-trans 
chains. The residue, which was difficult to characterize, shows a low degree 
of crystallinity (< 5%) and probably contains cyclized polymers. 

An investigation of the reaction between the components of the catalyst 
was necessary in order to explain the polymerization data. 

By adding n-heptane (or benzene) solutions of AIRClz to solutions of 
Ti(OR')4 (R = -CH3, -C,H,; R'= -C2HS, nC4H9), a reaction takes place 
which brings about the final separation of different insoluble chloro-alkoxides 
of Ti+3, depending on the initial AI/Ti ratio. 

Our investigations have been carried out by taking in account both the 
chemical analyses and EPR measurements on the final insoluble products, 
and NMR and IR measurements on the reaction mixture before precipitation. 

Chemical Analyses 

Chemical analyses of the reaction products between AI(C2 HS )C1, and 
Ti(O-nC4H9), are reported inTable 4. At a AI/Ti mole ratio of 4, where the 
higher catalytic activity in the isoprene polymerization is observed, the solid 
part of the catalyst consists exclusively of crystalline &TiCI3. At lower AI/Ti 
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mole ratios different chloro-alkoxides of Till1 separate. At AI/Ti = 1 the re- 
action is very slow, ethane and ethylene are evolved, and insoluble Till1 
derivatives whose composition is Ti(OR')2-xCII - x  (x = 0.2-0.5) precipitate. 
For Al/Ti ratios higher than 4, the A1(CzHS)C12 excess does not further re- 
duce P-TiC13. 

In an attempt to follow the different steps of the reaction, we have ex- 
tended our investigations to a similar system based on AlCH3C12, whose 
reaction with titanium alkoxides is slower. This behavior agree with the 
higher stability of titanium compounds containing Ti-CH3 bonds with 
respect to the other alkyl derivatives [8].  Furthermore, a more simple in- 
terpretation of the spectroscopic data (NMR) is available by employing 
AlCHjCl2. 

The analytical data for the reaction products of A1CH3Cl2 and 
Ti(O-nC4H9)4 are in good agreement with the data reported in Table 4. 

Spectroscopical Investigations 

The course of the reactions was followed by NMR, IR, and EPR measure- 

EPR spectra of the reaction mixtures in whch  insoluble compounds were 
ments at different initial Al/Ti mole ratios. 

already formed show a broad signal with a g-value of 1.959, attributed to 
the trivalent titanium species, in agreement with other authors [9]. No 
EPR signal is present before separation of the insoluble compounds. 

tetramethylsilane as the internal standard. Three kinds of NMR signals can 
be observed for the reaction between AlCH3C12 and Ti(O-nC4H9), at 
AI/Ti = 1:  a signal at -19 Hz attributed to the Al-CH3 resonance [ 101 ; a 
complex pattern of signals at about 90 Hz due to protons on the 0-, y-, 
and 6-carbon atoms of alkoxy groups; and a triplet not resolved at 280 Hz 
with a broader signal at 255 Hz. The 280 Hz signal is correlated to the 
protons on the a-carbon atoms of alkoxy radicals. The signal centered at 
255 Hz has been assigned to  the presence of Ti-O(CH2R)-A1 bridges. The 
presence of bridged methyl protons, AICH3Ti, should correspond to a sig 
nal at -90 Hz (i.e., an average value between 137 and -24 Hz observed 
for TiCI3CH3 and AlCH3C12, respectively). In any event, we have not been 
able to observe such a signal, owing to the complexity of the alkyl signal in 
that area. 

At higher Al/Ti mole ratios a large number of signals appear in the range 
-19 to -25 Hz for the presence of different methyl-aluminum species, de- 
pending on the formation of methyl-alkoxy-aluminum derivatives. A pro- 
gressive shift to higher fields of the signal centered at 255 Hz could be 

NMR investigations were carried out in deutero-benzene solutions using 
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justified by the increasing chlorination of the titanium atom. At the same 
time the increase in intensity of this signal is correlated with the decrease 
of Ti-OR terminal (not bridged) alkoxy groups and the increase of alkoxy 
aluminum-titanium bridge derivatives. For AI/Ti 2 3 the signals at 270-280 
Hz, due to the protons of terminal alkoxy radicals on titanium atoms, are 
completely absent, while a new triplet appears at 220 Hz attributed to a 
new Ti-O(CH2 R)-A1 species. Again, at AVTi 2 3 a signal for TiCH3 methyl 
appears at 137 Hz. This interpretation is consistent with the presence of a 
signal at the same field for TiCH3CI3. 

creasing AI/Ti mole ratios a decrease of the intensity of absorption bands 
at 1 115 and 1080 cm-’ is observed. These bands are assigned t o  Ti-OCH2R 
groups, in good agreement with other authors [ 111. 

At the same time the intensities of the absorptions both of AI-OCH2R 
groups at 1060 and 1025 cm-’ and of TiCl at 490 cm-’ increase. In 
addition, absorption bands at 450 and 535 cm-’ , due to the Ti-C bond 
[ 121 , distinctly appear at AI/Ti = 4. 

IR data on heptane solutions generally agree with NMR data. At in- 

DISCUSSION 

On the basis of the above results, the mechanism scheme reported in 
Fig. 1 is proposed. The principal steps can be summarized as follows: 

1). Soluble complexes between AlRC12 and Ti(0R’k - are formed, 
in which the chlorine content on the titanium atoms increase with increas- 
ing initial AI/Ti ratio. 

place in these complexes. 

number of chlorine ligands on the titanium atom. 

2). An  internal exchange reaction AlCl t TiOR’ + AIOR’ + TiCl takes 

3). The stability of the complexes decreases with an increase in the 

No attention was given to the exact coordination of titanium; thus, an 
addition aluminum species (e.g., akoxy derivative) could complex on the 
titanium without influencing the general trend of the reactions. 

In order to verify the general mechanism of the reaction, we have re- 
acted the chloro-alkoxy-titaniumJV derivatives [viz., Ti(OR)3CI, Ti(OR)2Clz, 
Ti(OR)CI3] with stoichiometric amounts of AI(C2 HS)C12, and we have com- 
pared the chemical analyses of the insoluble products obtained with the 
values obtained for the corresponding products at the different reaction 
steps. Good agreement was observed (Table 5). 
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INITIAL 
AIR CL2/Ti(OR0)4 
MOLAR RATIO 

INSOLUBLE 
FINAL 

PRODUCT 

Figure 1. 

In addition, we have observed an almost complete correlation between 
the NMR spectra of deutero-pyridine solutions of the soluble intermediates 
from the reactions of Ti(OR), and AlCH3C12 at Al/Ti mole ratios of 1, 2, 
3, and 4 and the NMR spectra of deutero-pyridine solutions of Ti(OR)4, 
Ti(OR)3Cl, Ti(OR)2Clz, and Ti(OR)C13, respectively (Table 6). This could 
confirm that the TiOR + TiCl exchange takes place almost completely in 
the homogeneous phase before the reduction of the titanium. 

plains the activity of these systems in the isoprene polymerization. The 
initiator is certainly originated by the absorption of some aluminum alkyl 
species (derived from the reactions of AIRClz) on the P-TiC13 surface; in 
fact, we obtained up to 96% 1,4-cis polyisoprene by employing, e.g., the 
catalytic system P-TiC13 t Al(CzHS)(OR)C1. 

tures at AI/Ti < 4 have no catalytic activity under our experimental 
conditions. 

At Al/Ti 2 6 some cationic character appears (due to the large excess 
of A1RCl2) and was evidenced by the progressive activity in the polymer- 
ization of isobutylene at -78OC. However, the blymerization of butadiene 

The formation of P-TiCl3 (which we find enhanced by UV radiation) ex- 

The different chloro-alkoxides of Ti3 + separated from the reaction mix- 
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is not related merely to the cationic activity of AIRClz. In fact Al(C2 H5 )CIz 
itself, under the same experimental conditions, gives completely amorphous 
products in low yield; on the contrary, crystalline 1,4-trans polybutadienes 
were obtained by using AI(C2H5)C12 together t o  B-TiC13 at a AI/Ti 2 2 
ratio. 
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