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Preparation and Properties of Polyallenes. 
1. Polymerization of Allene by Ziegler -Type 
Catalysts 

R. HAVINGA and A. SCHORS 

Centraal Laboratorium TNO 
Delf t ,  The Netherlands 

Summary 

The polymerization of allene induced by organoaluminum-vanadium 
oxytrichloride catalysts has been investigated in  aliphatic hydro- 
carbons and a t  normal pressure.  For the catalysts investigated, the 
polymerization activity decreases  a t  decreasing order  of alkylation 
of the aluminum alkyl: AIR, > AIR,X > AIRX, (R is Et or i-Bu;X is 
halogen). Compared with other aluminum trialkyls, trimethylalumi- 
num shows a low activity. For the Al-i-Bu,-VOCl, system, the 
effects of catalyst ratio,  reaction time, and temperature have been 
studied. 

The polyallenes obtained are generally highly crystalline and 
melt between 115 and 125°C. 

The s t ructure  of the polymers was investigated by means of an 
NMR-infrared analysis. 

The activity of the initiating systems has been related to reactions 
taking place between the catalyst components. It is concluded that 
active catalysts are formed under conditions that favor the formation 
of vanadium (I1 or 111)-aluminum complexes of a relatively low solu- 
bility and stability. A polymerization mechanism is proposed in 
which the propagation s t a r t s  with a coordination of the monomer with 
a vanadium center. In the next step the monomer is inserted into the 
vanadium-carbon bond of the growing polymer chain. It is assumed 
that the chain grows a t  the central carbon atom of the monomer unit. 
Vinyl and internal double bonds may have been formed as a result  of 
isomerization of the chain end by a proton shift. 

In the years  between 1961 and 1964 the polymerization of allenes 
has  been studied in this laboratory, using radical, conventional ionic, 
and complex metal catalysts. Radical-induced polymerization of 
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2 R .  Huuingu and A.  Schors 

allene in solution (initiator dibenzoyl peroxide) and in emulsion 
(potassium persulfate, 50°C; redox-system cumene hydro-peroxide- 
ferrous pyrophosphate, 0- 10°C) did not yield reaction. Solid linear 
polymers of allene and of some of i ts  homologues were obtained when 
Ziegler catalysts were applied [I]. Some cationic catalysts gave 
r i se  to more or less cross-linked polymers. 

Until then, the only authentic high molecular weight polyallene 
had been reported by Baker [2, 71. The polymer w a s  obtained by 
polymerization of allene using triisobutylaluminum-transition metal 
salt combinations a s  catalysts, and could be obtained in an amorphous 
a s  well as a crystalline form. Its structure appeared to be com- 
posed of blocks of vinylidene-, vinyl-, and cis-olefin structures. 
Recently, a polyallene of a more regular structure, composed pre- 
dominantly of vinylidene units, was reported by Otsuka et  al. [3] and 
Griesbaum [4].  This polymer was obtained from allene using 
n-complexes of nickel as  catalysts. 

Our results on the polymerization of allene induced by Ziegler- 
type catalysts a r e  presented in this paper. A second paper describes 
in some detail the dependence of the physical state of this polyallene 
on the polymerization conditions and after-treatments [l, 51, while a 
third paper will deal with the polymerization of some homologues of 
allene with Ziegler-type catalysts [l, 61. 

POLYMERIZATION OF ALLENE BY ZIEGLER-TYPE 
CATALYSTS 

Introductory experiments showed that high polymerization activity 
was especially obtained with Ziegler catalysts containing vanadium. 
Therefore, the systematic investigation reported here has been per- 
formed with catalysts based on vanadium oxytrichloride and alumi- 
num alkyls. In this investigation were studied the effect of various 
aluminum alkyls, of catalyst ratio, of temperature, of time of poly- 
merization, and of the presence of small quantities of propyne on the 
polymerization and the properties and structure of the polymers. All 
experiments were carried out at normal pressure under nitrogen. 
Because of a possible influence of small amounts of impurities on 
the polymerization, by preference only experiments have been com- 
pared that were performed with reagents of the same supply. 

EFFECT OF SOME PARAMETERS ON THE POLYMERIZA- 
TION ACTIVITY 

Unless stated otherwise, all polymerization experiments were 
carried out according to the following scheme. Into the flask con- 
taining the solvent, gaseous allene was added with vigorous shaking 
of the flask until the desired quantity of monomer was dissolved. 
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Properties of Polyallenes. I 3 

Subsequently, vanadium oxytrichloride and aluminum alkyl were add- 
ed successively, a s  molar solutions in the solvent used, giving r ise  
in the majority of cases to the development of a violet to dark brown 
turbidity. For the duration of the experiment, allene was passed 
over at the rate of approximately 100 ml/min. The polymerization 
started at once, and generally the polymer separated a s  a gel. In 
some experiments, however, the polymer appeared a s  a fine powder 
or  a s  fibers. The reaction proceeded under the evolution of heat. 
Isopropanol was added to the reaction mixture to decompose the 
catalyst. The white polymer was collected on a filter, pulverized 
in methanol in a Braun household mixer, again collected on a filter, 
washed with methanol, and dried in vacuo over phosphorous pent- 
oxide. It was stored under nitrogen in ampoules. 

Organoaluminum Compound 
The influence of the organoaluminum compound on the yield of 

polyallene was  investigated in a series of experiments. The time of 
polymerization was 15 min. In Table 1 the varying reaction con- 
ditions and the results a r e  given. 

TABLE 1. Influence of the Aluminum Compound on the Conversion 
of Allene 
(10 g of allene (250 mmoles) dissolved in 300 ml of 
cyclohexane, 0.4 mmole VOCl,, varying quantities of 
aluminum alkyl, allene introduced for 15 min, room 
temD.1 

Monomer 
converted, 

A1/V, Polyallene, moles/mole 
A1 compounda molar Color developed g voc1, 

Al-i-Bu3 
AlEt, 
AlHex, 
AlMe, 
A1 - i - Bu, C 1 
A1 - i - Bu, Br 
AlEt,Br 
AlEt,Br 
A1 -i - BuBr , 
Ali-BuBr, 
AlEtBr, 
AlEtBr, 
AlMeBr , 
AlMeBr, 

9 
9 
9 
9 
9 
13 
9 
13 
9 
26 
9 
27 
9 
26 

Violet + brown 
Violet +brown 
Violet + brown 
Red + brown 
Violet + brown 
Violet + brown 
Violet -+brown 
Violet 4 brown 
Yellow- brown 
Yellow -+ brown 
Yellow+ brown 
Orange + brown 
Red + brownish 
Red + brownish 

4.2 
2.2 
3. 6 
0.21 
0. 20 
1.1 
0.39 
0.37 
0 
0 
0 
0 
0 
0 

~ 

2 63 
? 38 
215 

13 
13 
69 
24 
23 

0 
0 
0 
0 
0 
0 

"Et, ethyl; Hex, hexyl; i-Bu, isobutyl; Me, methyl. 
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4 R .  Havinga and A .  Schors 

A s  will be seen from this table, the organoaluminum compound has 
a distinct influence on the activity of the catalyst. With the exception 
of trimethylaluminum, the highest akylated compounds have the 
highest activity, then follow the dialkylaluminum monohalogenides, 
whereas monoalkylaluminum dihalogenides a re  inactive: 
AIR, > AIR,X > AIRX, (X = C1, Br). Of the aluminum-trialkyls, 
triisobutylaluminum seems to have the highest activity. In the follow- 
ing experiments, triisobutylaluminum-vanadium oxytrichloride was 
used as a catalyst combination. 

AlR,/VOCl, Ratio 
Keeping the concentration of the vanadium compound constant, 

the ratio of the catalyst components was varied. There is a distinct 
increase in activity with increasing Al/V ratio up to Al/V = 2-3, 
but after that the yield of polymer i s  practically independent of this 
ratio (Fig. 1). 

polyollene 

0 1 2 3 4 5 6 7 8  - Al/V(mole ratio) 

FIG. 1. Yields of polyallene at  varying Al-i-Bu,/VOCl, ratios 
(300 ml of cyclohexane, 10 g of allene, 0. 5 mmole of VOCl,, 
polymerization time 15 min, initial temperature; room tempera- 
ture, allene passed over during the experiment). 

Polymerization Time 
The rate of polymerization decreases with increasing polymeri- 

zation time (see Fig. 2). Right from the beginning the activity of the 
catalyst rapidly decreases, and is very low after about 5 min. 
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Properties of Polyallenes. I 5 

pol y rn er I za t i o  n veloc I t y 
( g r a m  PolYmer/hrxmmole VOCl3)  

LOOr 

pol y rn er I za t i o  n veloc I t y 
( g r a m  PolYmer/hrxmmole VOCl3)  

LOO- 

300 

200- 

100- 

1 1 I I I I 1 
0 5 10 15 

-reaction time (min) 

FIG. 2. Rate of polymerization vs. reaction time (300 ml of cyclo- 
hexane, 10 g of allene, 0.4 mmole of VOCl,, Al/V = 9, allene pas- 
sed over during the reaction). 

Reaction Temperature 
The influence of the reaction temperature on the activity of the 

polymerization was studied in cyclohexane (Table 2) and in heptane 
(Fig. 3).  Both ser ies  of experiments display an increase of the poly- 
merization activity with increasing temperature between 0 and 80°C. 
The activity in heptane at temperatures below 0°C is very low. In 
both ser ies  the temperatures stated a re  initial temperatures. The 
true reaction temperatures, however, a r e  rather indefinite, parti- 
cularly for  the experiments at  higher temperatures, where much heat 
was developed, owing to the high conversions. Consequently, much of 
the dissolved monomer was set f ree  again during these experiments. 
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TABLE 2. Influence of the Polymerization Temperature 
on the Yield and the Viscosity of Polyallene 
(600 ml of cyclohexane, 10 g of allene, 0. 5 mmole 
of VOCI,, 4 . 4  mmoles Al-i-Bu3, time 15 min, 
determined in C6H5Br at 110°C) 

Temp. Polymer, [q] ,  
"C g dl/g 

R.  Havinga and A .  Schors 

7 1.1 6.3 

20 2.7 7.0 
50 4.9 10-11 

FIG. 3. Yield of polyallene vs. reaction temperature (reaction in 
300 ml of n-heptane; 10 g of allene, 0. 35 mmole of VOCl,, 3.2 
mmole of Al-i-Bu,, polymerization time 2 hr  (- 80 to -40°C) and 
15 min (-40" to 80°C). 

PROPERTIES AND STRUCTURE 

General Properties 

fibers; some products were obtained as very fine powders. Elemen- 
tary C-H analyses were in good agreement with the formula 
(C3Hp)n. Ash contents varied from 0.04 to 0.50 wt.%; in the ashes 
aluminum and vanadium were detected spectrographically. At ele- 
vated temperatures (13O-16O0C), polyallene can be pressed to films 
that a r e  light brown and brittle. Densities of these films at  22. 5°C 
vary from 1.02 to 1.03. Polyallene shows a marked tendency to 
crystallize: i ts  crystallinity i s  generally high, and greatly depends 

The polymers of allene generally are white, coarse powders or 
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Properties of Polyallenes. I 7 

on the conditions of preparation [5]. The polymers generally melt 
between 115 and 125°C (double-refraction melting-point microscope). 

molded specimen with the temperature is shown in Fig. 4 Apart 
The change of the shear modulus and damping of a compression- 

G(N/m2) -polyotlene (1 c/s) 

1 
10 

10 

10 

* 
---- polypropylene(l0-1 c/s) 
. . . . . . . . . . . , . ethylene - 

propytene copolymer 
(60 LO,  10-1 C/S) 

\ 
\ 

I 1 

100 
-100 0 -T (OC) 

FIG. 4. Shear modulus vs. temperature and damping vs. tempera- 
ture curves of polyallene at 1 cycle/sec. For comparison, the 
corresponding curves for isotactic polypropylene and for an 
ethylene-propylene copolymer [8] a re  included. 

from i ts  very low glass transition temperature (damping peak for 
1 cycle/sec at -5O"C), the dynamic mechanical behavior of polyal- 
lene appears to be very similar to that of isotactic polypropylene 
[8] (damping peak for 1 cycle/sec at  about 0°C). 
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8 R.  Hauinga and A .  Schors 

All the investigated polymers of allene swell in hot aliphatic and 
aromatic solvents such a s  isooctane, benzene, and monochloro- 
benzene. They a r e  practically entirely soluble in monochloro- 
benzene at 130°C. The solubility in solvents with a lower boiling 
point greatly depends on the molecular weight and the crystallinity 
of the polymer. The following picture is based on a ser ies  of ex- 
tractions of several samples of polymer; it may be regarded a s  rep- 
resentative for the solubility of the Ziegler-type polyallene: (1) not 
soluble in n-pentane or  diethyl ether; (2) for a small part soluble in 
hot n-hexane; (3) for  the greater part, o r  entirely, soluble in boiling 
benzene, cyclohexane, n-heptane, n-octane, and trichloroethylene; 
(4) entirely soluble in toluene, tetralin, and halogenated aromatic 
hydrocarbons at temperatures higher than 100°C. 

When the polymers a re  stored in a i r  for a long time they be- 
come yellowish. This yellowing effect i s  accompanied by oxidative 
degradation and cross-linking. This instability of polyallene can be 
attributed to the high content of activated hydrogen atoms and double 
bonds, and is promoted by metallic residues [9, lo], particularly 
vanadium, which occur in the samples in varying quantities. A dis- 
tinct increase in stability was obtained, however, when the polymers 
were stored under exclusion of oxygen. Accordingly, the polymers 
were, as soon a s  possible after their isolation. kept in sealed tubes 
under nitrogen. Thus stored they were found to be still completely 
white after more than 1 year. 

Viscosity Measurements 

of the viscosity. Initially it was difficult to perform somewhat 
reliable viscosity determinations, owing to oxidative and thermal 
decomposition while dissolving the samples in the hot solvent. Al- 
though a distinct improvement was observed when certain stabili- 
zers  were added, degradation could not be avoided completely. A s  
a result, the original viscosities presumably a r e  higher than those 
measured after the samples had been dissolved. In the systematic 
viscosity measurements this disadvantage was evaded by taking the 
contact time between polymer and solvent equal for all determina- 
tions. The following procedure proved to be successful: the polymer 
was dissolved under nitrogen in monobromobenzene at 110°C in a 
concentration of 0.01-0.05 g/lOO ml, in the presence of phenyl-P- 
naphtylamine (0. 5 wt.% with respect to the solvent). After a heating 
time of 3 hr, the viscosity was measured in an Ubbelohde visco- 
meter at  110°C. It is seen that (1) the viscosity as a function of the 
Al/V ratio ratio follows the same curve a s  the polymerization ac- 
tivity against this ratio (Fig. 5); (2) the viscosity increases with in- 
creasing reaction time and reaches a constant value after some 
minutes (Fig. 6); and (3) the viscosity increases with increasing poly- 
merization temperature (Fig. 7 and Table 2). 

The instability of polyallene is of influence on the determination 
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6 -  
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reac t ion  time (min) 
1 

2 4 6 8 

FIG. 5. Intrinsic viscosity vs. AI/V ratio (see Fig. 1) (monobromo- 
benzene, 1 10°C). 

FIG. 6. Viscosity vs. time of polymerization (see Fig. 2). 
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10 R .  Havinga and A.  Schors 

/ 
*/ 
/ 

/ 
/ 

/ 
f 

/ 

FIG. 7. Viscosity vs. polymerization temperature (see Fig. 3). 

Chemical Structure 
The structure of the polyallenes has been investigated by infra- 

red and by nuclear magnetic resonance. 
Infyared Investigation. A typical spectrum of polyallene (KBr 

disks) is given in Fig. 8. In agreement with the results of Baker [2], 

500 3000 2500 1500 1000 
FREQUENCY (cm-'1 

FIG. 8. Infrared spectrum of a Ziegler polyallene. 

three types of unsaturation appear to be present: in high concen- 
tration the vinylidene group (the intensive absorption band at 880 
cm-I corresponding with the C-H out-of -plane deformation vibra- 
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tion of >C=CH,) corresponding with the structural unit 

and in much lower concentrations-vinyl and internal ethene-cis 
groups (the bands at  990 and 690 cm-l, respectively). The band at  
1635 cm-1 is attributed to the C=C valency vibration. The band at 
1425 cm-1 corresponds with the C-H in-plane deformation vibra- 
tion of >C=CH, and -CH=CH,. The scissoring of the -CH, group, 
which normally is present at 1465 f 20 cm-1, upon closer investi- 
gation appears to occur at approximately 1435 cm-l as a shoulder 
of the band at 1425 cm-l. Apparently this band has shifted to lower 
frequencies under the influence of neighboring vinylidene groups. 
Baker [2] situates the -CH, scissoring in polyallene at 1425 cm-l. 
Bellamy [ll] states that shift of the frequency of the scissoring of 
the saturated -CH, group in -C=C-CH2- to lower frequencies can 
occur when the double band i s  part  of a ring, a s  in some steroles. 
Nakanishi [ 121 mentions that the scissoring of -CH2- in -CH,-C=C- 
lies at 1445-1430 cm-l and shifts to a lower frequency when the 
-CH, group lies between two double bonds. 

NMR Investigation. The NMR investigation has been performed 
at  5 wt.% gelatinous solution of polymer i n  o-dichlorobenzene a t  
temperatures of about 100°C. A typical spectrum is shown in Fig. 
9. It displays two intensive peaks at  r= 5 .08  and 7.27. r = 5 . 0 8  
is a good value for terminal =CH, groups. r = 7.27  is a reasonable 
value for  the =C-CH2-C- grouping (Jackman [13] gives 7.1). More- 
over, both peaks have the same surface, so it may be concluded that 
the NMR spectrum is in agreement with the presence of the repeat- 
ing unit 

I-- ----.__J 

2.96 5 08 7 27 I0 0 
w r  

FIG. 9. NMR spectrum of polyallene. 
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22 R. Havixga and A .  Schors 

No indications could be found for the presence of the vinyl and inter- 
nal cis groupings, however. Nonterminal cyclic olef inic protons 
absorb at T = 4.45-4.95. 

The results from the infrared and NMR investigation a r e  sup- 
ported by the dynamic mechanical behavior (Fig. 4). This is in 
agreement with a rather high percentage of crystallinity, i.e. a fairly 
regular structure. Its low glass transition in comparison with, e.g., 
isotactic polypropylene (0°C) [8] might be caused by the regular SUC- 
cessions of unsaturated groups (compare, e.g., poly-cis-isoprene-l,4 
[14] and poly-cis-butadiene-1, 4 [15], glass transitions at  approx. 
-50 and -95°C) respectively. The width of the glass transition peak, 
especially at the side of lower temperatures (< -50°C) indicates that 
the composition of the polymer chain is not completely homogeneous*; 
next to the presence of blocks of the main structure 

(-CH2-C-), 
I1 
CH2 

links of increased mobility must be present too (vinyl, cis). The 
spectrum of polyallene does not show the presence of the so-called 
y-peak, which occurs in the ethylene-propylene copolymer at about 
-120°C [14] and ar ises  from the presence of (-CH2-)4 groupings. 
Therefore, this structure is not present in polyallene. 

DISCUSSION 

Initiation Reactions and Activity of the Catalysts 

tion conditions such as the type of organoaluminum compound, the 
ratio of the catalyst components, the reaction time, and the tempera- 
ture. This may ar i se  mainly from differences in composition and/or 
concentration of the actual si tes of polymerization at the varying 
conditions of the polymerization experiments. 

Generally, reactions between the components of Ziegler-type 
catalysts to form the catalytic active species a re  accompanied by a 
reduction of the transition metal compound. It is assumed that this 
reduction takes place via the formation of unstable organo-transi- 
tion metal compounds. In the case of organoaluminum-vanadium 
catalyst, it has been found that for a given alkyl group the power of 
the aluminum compound to reduce vanadium compounds such as 

The polymerization of allene appears to depend greatly on reac- 

*We do not think that the other explanation for the width of the 
peak-an extremely broad molecular weight distribution-is applicable 
to this case. 
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Properties of Polyallenes. I 13 

VOC1, and VC1, decreases at decreasing degree of alkylation of the 
aluminum compound AlR, > AIR,X > AIRX, (R, alkyl; X, halogen) 
[ 16-19]. With all three types of organoaluminum compounds, species 
with both t r i -  and divalent vanadium have been demonstrated, the 
percentages being dependent on reaction conditions such a s  concen- 
tration of the aluminum compound and ratio of the catalyst compon- 
ents. It has been shown further that soluble a s  well as insoluble 
reaction products may be formed in which vanadium is in a complex- 
ed form with organoaluminum halide. Formation of a soluble V-A1 
complex is preferred when organoaluminum halide, especially RAlX,, 
and a high Al/V mole ratio (e.g. > 9) are  applied. This type of 
catalyst has been studied in detail in the system Sn(C,H,),-A1Bu3- 
VCl,, in which it has a stable, pink color. It has a very high activity 
to polymerize ethylene. It is assumed that the catalytically active 
species is a low (presumable 11) valence organovanadium compound 
that is stabilized and kept in solution by organoaluminum halide 
[19-23). On the other hand, insoluble, colloidal, dark-colored pre- 
cipitates a re  formed by preference, when aluminum alkyls with high- 
e r  alkyl substitution, e.g., AlR,, and lower Al/V ratios are applied 
r17.20. 21  1. 

With re'gard to the polymerization activity of these systems, it 
has been shown that the activity to polymerize ethylene and ethylene 
(co)propylene is in the order RAlC1, > R,AlX > AIR, 121,241. From 
our polymerization experiments with allene it is concluded that the 
polymerization activity has the opposite order AlR, > AlR,X > 
AlRX, (p. 4). In some orientating experiments, the catalyst combina- 
tions of Table 1 have also been studied on their activity to polymer- 
ize ethylene. All combinations were active, and in consistence with 
the results of de Liefde Meyer and van der Kerk, reported above [21], 
highest activity was observed with EtAlBr, -VOC1, catalysts, 
especially when high Al/V ratios c> 30) were applied. Under these 
conditions practically clear solutions were obtained, in which, how- 
ever, allene could not be polymerized. 

These data indicate that in Ziegler catalysts containing vanadium, 
different init iatorse.g. ,  different a s  regards physical state, valency, 
and arrangement of groups around the vanadium-may be operative. 
The soluble organovanadium compound mentioned above, if formed 
by preference when monoalkylaluminum dihalides and high Al/V 
ratios a re  applied, is very active in the polymerization of ethylene. 
Apparently, allene is not to be polymerized with this catalyst. When 
higher alkylated aluminum alkyls (AlR,, AlRX,) are applied, less 
stable, colloidal, low-valence vanadium-aluminum complexes will 
be formed predominantly. The polymerization of ethylene-be it less 
effective-may be initiated also by this type of catalyst. Such cata- 
lysts could be responsible for the polymerization of allene. 

to alteration [16,17,24]. Junghanns et  al. [24] assume that, in these 
It has been shown that this very type of catalyst is strongly liable 
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systems, the initially formed active catalyst is transformed into an 
inactive species, A rapid loss in activity was  also observed during 
the polymerization of allene (Fig. 2). In these experiments the cata- 
lyst was  prepared in the presence of monomer, but polymerization 
activity decreased also when the catalyst components were mixed in 
the absence of allene and the monomer was added after a certain 
time of aging, The decrease in activity during polymerization must 
also be due to a lowered transport of monomer to the reaction mass 
a s  a result of the increasing viscosity of the system. This factor is 
certainly important in those experiments in which high conversions 
were obtained. 

The low activity of trimethylaluminum (Table 1) may be caused 
by an increased stability of metal-carbon bond in the methylvana- 
dium compound formed, a s  has been found in the case of methyl- 
titanium compounds [17,25-271. In the polymerization of ethylene 
with an AlMe, -TiCl, catalyst, the stability toward disproportionation 
of the Me-Ti bond causes an induction period during which, by in- 
sertion of ethylene into the Ti-C bond, higher alkyl-Ti compounds 
a re  formed, which rapidly disproportionate and restore the cata- 
lytic activity [25,27]. It was observed i n  our experiments that the 
solutions obtained by mixing methylaluminum compounds and VOCl, 
in cyclohexane all showed a rather stable, red color (Table 1). The 
ultimate low yield of polyallene suggests that the addition of an 
allene molecular to a methyl-transition metal bond proceeds with 
much more difficulty than with an ethylene molecule. 

Polymerization Mechanism 
From the physicochemical measurements it is assumed that the 

polyallene chain consists essentially of monomer units having vinyli- 
dene structure, linked together by units with vinyl and cis  structures: 

R.  Hauinga and A.  Schors 

-+CH,-C+CH+CH~-C+CH~-CH CH+CH,-C+~ 
/ I  c1s 11 I / I  

CH, C=CH2 CH, 

In general, little variation was observed in the ratios of the res -  
pective infrared absorbance intensities (KBr disks), and no correla- 
tion was  found between the structure of the polymer and polymeri- 
zation conditions. In a typical sample, the quantity of vinylidene 
groups was determined as 80 mole Yo of the total unsaturation.* 

In accordance with views held by Carick et al. [ 19,281 and others 

'Extinction at 880 cm-1 of 0 .1  wt. Yo polyallene dissolved in 
o-dichlorobenzene at  125°C; molar extinction of X = C H ,  measured 
for 2-methylnonene-1 and 2-methylnonadecene-1. Total unsaturation 
= 1 double bond per monomer unit. 
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[29-321 pertaining to the polymerization of olefins with complex 
metal catalysts, the polymerization may be assumed to be initiated 
by formation of a a-type bond between the monomer and the transi- 
tion metal, after which the monomer is inserted into the vanadium- 
carbon bond of the catalyst, e.g., via the scheme ‘., 6+ 6- ‘\\ ‘\\ 6+ 6- 

,/’ 1‘ ,‘ ‘ 
‘,V- R- ‘ v - - - -R- ’,v---c-cH, R 

1 1  
, I  

H,C=C=CH, H2C’ = b ~ H z ” ’  CH, 

In this scheme the polymer grows at the central carbon atom of 
the monomer unit. Units containing vinyl and internal double bonds 
may have formed by proton shift toward this active chain end from 
a neighboring carbon atom: 

6- 

1 2  
RCH -C=CH, 

6- 6t/n&i* 
RCH,-C*.*V 

I/ 
C*, 

or 

RCH = CH - CH$-”.VF+ 

This shift gives no explanation for the occurrence of exclusively 
internal c i s  structures, however. In a mechanistic interpretation of 
his results Baker assumes in the propagation step an isomerization 
to a cyclic six-membered intermediate, in which the two last mono- 
mer units and the transition metal a re  involved. From this mech- 
anism, the occurrence of internal saturation in the cis form next to 
vinyl easily follows [2]. 

EXPERIMENTAL 

Mate r ia ls  

by dehalogenation of 2,3-dihalopropene [33]. This gas was very 
pure (glc analyses) and did not contain detectable quantities of 
propyne (i.e. < 0. 01 vol.%, trioctylphosphate column). Using a 
quality of allene, obtained by cracking of isobutene [34], that was 
contaminated with propene (e.g., 0. 5 vol. Yo), a serious drop in poly- 
merization activity was observed. The original yields of polymer 

The allene used in the experiments described above was obtained 
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were obtained, however, when this gas was led through effective 
washing towers containing, e.g., solutions of silver nitrate in glycerol. 

active copper catalyst (BTS catalyst, BASF) at  70°C and through 
drying towers with silica and Anhydron, successively. 

Cyclohexane (May and Baker) was treated with oleum (60%) for 
1 hr ,  washed until neutral, dried, and distilled. This treatment was 
repeated until no aromatics could be detected by ultraviolet spec- 
troscopy. 

Heptane (May and Baker) was  treated with concentrated H,SO,, 
washed to neutral, dried over CaC12 and distilled over Na. 

Vanadium oxytrichloride was originally prepared by refluxing a 
mixture of V,O, and SOC1,. After 6 h r  reaction time, the yellow 
VOC1, was distilled off (b.p. 124. 8-125°C) [35] and collected in am- 
poules under nitrogen. Lateron (Stauffer) in commercial quality was 
used. 

Triethyl-and trimethylaluminum were obtained from the Ethyl 
Co., triisobutylaluminum from Texas Alkyls and Schering-Bergka- 
men, and trihexylaluminum and diisobutylaluminum chloride from 
Texas Alkyls. The other alkylaluminum halides were prepared from 
higher alkylated organoaluminum compounds and aluminum tr i -  
halide [36,37]. 

Instruments 
Perkin-Elmer Spectrophotometer No. 221; NMR spectrometer 

Varian A 60. The shear modulus and damping were measured by 
means of the Nonius torsion pendulum [38]. For each temperature, 
measurements were done at three frequencies. The values at 1 
cycle/sec were determined by interpolation (for temperatures 
< 100°C), or by extrapolation (for temperatures > 100°C). 

Techniques of Catalyst Transfer and Polymerization 

As the catalysts a re  sensitive to oxygen and moisture, catalyst 
transfer and polymerization reactions were carried out under nitro- 
gen, by means of well-established techniques (see, e.g., [39]) using a 
dry-box, hypodermic syringes, and needles flasks that can previous- 
ly be filled with nitrogen, Connections between needles and flasks 
were made through flat rubber membranes and serum caps. 

Polymerizations 

Polymerizations were performed in round-bottomed flasks of 
500 and 1000 ml for the larger-scale experiments, and in pressure 
bottles of about 200 ml for the experiments on a smaller scale. The 
round-bottom flasks a re  provided with gas inlet and outlet tubes, 
and can also be provided with a thermometer. The polymerizations 
were carried out with shaking. It was tried to keep the temperature 
constant during the experiment by external cooling. A s  a result of 

R.  Havznga atid A. Schors 

Nitrogen was  purified by pass ng it through a tower containing an 
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Properties of Pol-yallenes. I 1 7  

rapid heat evolution and bad movement of the reaction mass at high 
conversions, this could only be attained at experiments with low 
conversions. In the other experiments the temperature may have 
become rather high locally, and a rise of the thermometer tempera- 
ture of 5-10°C was possible. 

Extractions 

bility of the polymers when a hot-extraction apparatus of the conven- 
tional type was used. This must be ascribed to the great swelling 
tendency of the polymer, by which the filter clogs and a sufficient 
draining of the polymer mass by the solvent is impeded. Much bet- 
t e r  results were obtained when an extraction apparatus was used in 
which the dissolution step and filtration step can be performed 
separately (see Fig. 10). The general procedure for an extraction 

It appeared impossible to obtain reliable information on the solu- 

to pump 

H H 

Nrbomb and buffer 
Nrbomb 

u 
FIG. 10. Extraction apparatus. 
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is a s  follows. Round-bottomed flasks A (volume 250 ml) and B 
(500 ml), and dropping funnel C (250 ml) a re  filled with the polymer 
(750-250 mg) and 200 ml of extraction solvent, 50 ml of solvent, and 
250 ml of solvent, respectively. To avoid oxidation during the extrac- 
tion, the whole apparatus is evacuated and filled with nitrogen (three 
times) by an appropriate manipulation of stopcocks D, E, F, H, and J. 

The solvent in A and B is heated to reflux, and boiling is main- 
tained until the polymer in A has been dissolved o r  has become 
wholly transparent (V2 to 2 hr). The hot polymer solution in A is 
forced over into B by building up nitrogen pressure in A, and separa- 
ted from undissolved polymer by passing a wad of glass wool (W) 
in the siphon (S) and a GI-filter in B. The extraction procedure is 
repeated twice by introducing into A a new amount of solvent from 
C, etc. The dissolved part of the polymer (in B) is isolated by cool- 
ing the solution o r  distilling off the solvent, and treating the polymer 
thoroughly with methanol (containing antioxidant). It is dried in 
vacuo over P20, and kept in closed ampoules. 
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20 R. Havinga and A. Schors 

Zusammenfassung 
Die Polymerisation von Allen mit organischen Aluminium-Vanadium- 
oxytrichlorid Katalysatoren in aliphatische Kohlenwasserstoffe ist  
untersucht worden. Die Polymerisationsf'ihigkeit nimmt ab in den 
Reihefolge: AIR, > AIRzX > AIRX, (R, Aethyl oder iso-Butyl; X, 
Halogen). Trimethylaluminium ist  sehr wenig aktiv. Fir das Sys- 
tem Al-i-Bu, -VOC1, sind die Einflisse von Al/V Verhaltnis, 
Reaktionszeit und Temperatur auf die Polymerisation untersucht 
worden. 

125°C schmelzen. Die Struktur der Polymere ist aufgekl'grt mit 
Hilfe der IR- und NMR-analyse. Die Aktivitat des Katalysators 
riihrt von Reaktionen zwischen die Aluminiumverbindungen und das 
Vanadinoxychlorid her. 

Weiterhin wird ein Polymerisationsmechanismus vorgeschlagen. 

Die Polyallene sind hoch-kristalline Kijrper, die zwischen 11 5 und 

R6sume 
L a  polymerisation d'allcne en solution hydrocarburique sous 1' 
influence des  catalyseurs contenant des composes alkylaluminium 
et l'oxychlorure de vanadium. L'activite des catalyseurs decroit 
dans l'ordre suivant: AIR, > AIR,X > AIRX, (R, Bthyle on isobutyle; 
X, halogkne). Le Al(Me), es t  t r6s  peu reactif. Pour l'initiateur 
Al-i-Bu3-VOCl3 on a etudiC l'influence du rapport solaire Al/V, le 
temps de reaction et l a  temperature sur la polymerisation. 

entre 115 et 125°C. La structure des polymsres obtenuesa 8 6  
examinee en r6sonance magnetique nucl6aire et par  spectrographie 
infrarouge. 

Les polyal lhes  sont des compos6s hautement cristallines, fondant 

Le m6canisme de polymerisation est  discute. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


