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The principles on which our recent theory of stereospecifie propene polymerization 
with a-TiC13/A1R3 was based, appear applicable to a much wider field. Not only can the 
molecular structures of diene polymers prepared with the same catalyst system be ex- 
plained but also the change in molecular structure of polymers on variation of the crystal 
structure of the solid phase of the catalyst. 

It is deduced from crystal chemistry that, whereas at the surface of the layer-lattice 
modifications of TIC13 (a,,) only one kind of active center is present (a~), there exist two 
kinds at the crystal surface of f~-TiCl~, one with a single and the other with two chlorine 
vacancies (t~i and ~IT). 

From the structure of the active centers and their situation at the crystal surface it 
follows that (1) in the presence of a-TiC13 monoolcfins polymerize to isotactic products 
whereas conjugated dienes give trans-l,4 polymers; (2) in the presence of ~-TiCla mono- 
olefms can form polymer molecules ranging from fully isotactic to atactic, whereas 
conjugated dienes give mixtures of trans-l,4 and c/s-l,4 polymers. 

Theory and experiment appear to be in fair agreement. 

I. INTRODUCTION 

The theory of the stereospecific polymeri- 
zation of propene with a-TiCl3/A1Et~ pro- 
posed in preceding contributions (1-3) 
implies tha t  the molecular structure of the 
polymer depends in a subtle but  well-defined 
way on the structure of the active center 
and on its situation in the crystal surface. 
As these structural  and textural  features are 
int imately connected with the crystal  struc- 
ture, it is plausible tha t  different modifica- 
tions of TiCls should lead to polymers of 
different stereospecificity. This is indeed 
borne out by  the experimental facts (4, 5). 
The layer-lattice modifications (a- and 
3,-TiCls) induce polymerization of propene 
to isotactic polymer and of butadiene to 
trans-l,4 polymer. The chain-lattice modi-~ 
fication (fl-TiCls), however, converts propene 
into a product with a lower content of 
isotactic molecules, and butadiene into :~ 

mixture of trans-l,4 polymer and cis-l,4 
polymer. 

The present work endeavors to show tha t  
the same principles tha t  furnished a detailed 
mechanism for the formation of isotactic 
polypropene provide a rational explanation 
of all facts mentioned above. 

A n  essential argument  of the theory is 
tha t  the crystal surfaces of the TiCl~ modi- 
fications contain t i tanium ions incompletely 
coordinated by  chlorine ions and therefore 
carrying one or more vacancies ([~). These 
surface sites, TIC15[3 or TiCl~[~2, on reaction 
with the alkyl a luminum compound will 
form the active centers TiC14RD and 
TiC13R[~2, respectively. In  the following 
the situations at  the crystal surfaces of a- 
and ~-TiC13 will continually be compared. 
In  the first section the surface structure 
of a-TiC13, discussed formerly (2) will be 
summarized as a basis for dealing with the 
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corresponding feature of ~-TiC13. From the 
surface structure the properties of the active 
centers readily follow. 

The second section will discuss the conse- 
quences of these structural features for the 
stereochemieal course of the polymerization 
of propene. Finally it will be shown that the 
same factors, in combination with the 
specific properties of the conjugated dienes 
lead to an explanation of the structural 
phenomena in their polymerization. 

II. SURFACE ~TRUCTURE AND 

ACTIVE CENTERS 

a. a-TiCl~ 

In the a-TiCla (2) lattice titanium ions 
are so arranged in the hexagonal close-pack- 
ing of the chlorine ions that the crystal may 
be considered as built up of elementary 
sheets, each consisting of two chlorine layers 
sandwiching a titanium layer. These elemen- 
tary sheets are perpendicular to the c axis 
and have the composition (TiC13)~. 

In view of the electroneutrality require- 
merit part of the titanium ions in a sheet 
of finite dimensions will be surrounded by 
five chlorine ions and one chlorine vacancy. 
For energetic reasons the chlorine vacancies 
are located at the edges of the sheets. Calcu- 
lations show that each titanium ion at the 
edge carries one chlorine vacancy and thus 
forms a potentially active site, TiCla[Z. It 
follows that in the real crystal these sites 
will be found at faces formed by combination 
of sheet edges. Four of the chlorine ions of a 
TiCl~D group are bound to a second ti- 
tanium ion also; the fifth chlorine ion is 
linked to the central titanium ion oi~ly and 
therefore is loosely bound. The coordination 
sites of the loosely bound chlorine ion and 
of the vacancy, though both belonging only 
to the central titanium ion are, however, not 
equivalent. They differ in the number of 
surrounding chlorine ions. 

b. ~-TiCl3 

Whereas here too the chlorine ions form 
a hexagonal close-packing, the titanium ions 
are arranged in such a way that the crystal 
can be considered as built up of elementary 
chains parallel to the c axis, with the com- 

position (TiC13)~. Every chain contains a 
straight row of titanium ions, filling all 
octahedral interstices of the chlorine lattice 
along the row. A typical feature is that the 
chlorine ions belonging to a chain are co- 
ordinated directly with two titanium ions 
of the same chain but not with titanium 
ions of a neighboring chain. In view of the 
requirement of electroneutrality each chain 
should carry an average of three chlorine 
vacancies (2). For energetic reasons they 
will be found at the ends of a chain since it 
is there that chlorine ions are bound to one 
titanium. Thus the structure of an individual 
chain probably is 

C1 C1 / C1 ~ C1 C1 

[]ii ii li:, ii; iio 
(A) (B) 

Apparently at the surface of ~-TiC13 two 
kinds of surface sites are possible: 

(A) The first type has one chlorine 
vacancy and two loosely bound chlorine 
ions. As a consequence it has a formal charge 
of 

( 3 - - 3  X ½ - - 2  × 1)e = --½e. 

(B) In the second type there are two 
chlorine vacancies and one loosely bound 
chlorine ion, resulting in a formal charge of 
+½e. 

Note that (A) differs from the TiC15D of 
a-TiCl~, which has one loosely bound chlorine 
ion and whose formal charge therefore is 
zero. 

The situation at the surface of the ~-TiC13 
crystal can be deduced in an analogous way 
as for a-TiC13 (2) from the structure and the 
habit of the crystal. ~-TiCla forms needles 
(6) with their longest dimension parallel 
to the c axis. Apparently the elementary 
chains are bundled in the way given sche- 
matically in Fig. 1. The crystal will have its 
main faces parallel to the c axis; these will 
exclusively contain chlorine ions. However, a 
crystal of finite dimensions will also have 
faces making an angle with the c axis. 
Geometrically this means that, reckoned 
from the outside to the inside, every chain 
will be longer than its predecessor by a 
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certain number of TiCI3 units, each consist- 
ing of a trigonal pyramid with three chlorines 
at  its base and a titanium at its apex, as 
shown in Fig. 1. 

TiC[ 3 UNIT 

® TERMINAL Ti WITH ONE VACANCY 

~ )  TERMINAL Ti WITH TWO VACANCIES 

0 

' 7 

~ xis 

(0001) 

F~G. 1. f~-TiC13 crystal ;  cut  paral lel  to c axis. 

At these faces there should be equal 
numbers of TiCI~[2 (A) and TiCI4~2 (B) 
in order to ensure over-all electroneutrality. 
Their distribution should be such that elec- 
troneutrality is attained within the smallest 
possible domain. The ideal distribution of 
equal amounts of opposite charges is that 
on a square array as realized for Na + and 
C1- at the (100) face of sodium chloride. The 
symmetry properties of ~-TiCI~ exclude the 
presence of such an array at its crystal 
surface. It will be shown, however, that it 
is possible to approach this ideal situation 
rather closely. Starting with a hypothetical 
(0001) plane with a distribution of (A) and 
(B) as given in Fig. 2(a), a crystal face 
making a sharp angle with the c axis can be 
built up by stacking TIC13 units onto (A) 

and (B) sites in (0001) according to a certain 
pattern. Suppose that, in Fig. 2(a) n TIC13 
units are added per site along TU, 2 n along 
VW, and so on. The faces so obtained have 
the Miller indices (n r~ 0 2) on the basis of 
the elementary cell given by Natta et al. 
(7). How (A) and (B) will be distributed at 
these faces is showI1 schematically in Fig. 
2(b). It appears that the greater the value 
of n, the larger the deviations of the distribu- 
tion of opposite charges from the ideal square 
array. 

However, when the steps starting from 
(A) in Fig. 2(a) along the directions RS and 
LM are of unequal height (n, p) faces are 
obtained with a more favorable (A), (B) 
distribution. Generally these faces have the 
Miller indices [n/5(~- :~)2]. In particular 
when p = 1 and n = 3, (A) and (B) form a 
nearly rectangular array. The angle between 
the rows in this array is 88 ° and the identity 
periods differ only by a factor of 1.24. There- 
fore it is assumed that this face (3 i 2 2) 
will preferentially occur at the surface of 
~-TiC13 crystals. Figure 3, in which the 
loosely bound chlorine ions have been omit- 
ted, shows this practically rectangular 
arrangement of chain-end titanium ions. 

Note that half of the chain-end titanium 
ions lie on top of a triangle of chlorine ions 
with a corner towards the outside of the 
crystal whereas the other ones have a side 
of the chlorine triangle protruding. Along 
one side of the rectangular array the situa- 
tions are the same but they alternate along 
the other side and along the diagonals. 

Figure 4 shows the same structure, but 
now with the loosely bound chlorine ions 
inserted. At sites (A) the two chlorine ions 
can be arranged in three ways on the three 
available coordination sites. At sites B the 
loosely bound chlorines may occupy three 
positions or possibly an intermediate posi- 
tion. No attempt has been made to find the 
thermodynamically most favorable position 
for the loosely bound chlorine ions. Figure 
4 merely demonstrates the arrangement of 
the (A) and (B) active sites and shows that 
geometrically two kinds of (A) and two 
kinds of (B) sites are present depending on 
whether a corner or a side of the triangle 
protrudes. 
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(b) FACE MAKING A SHARP ANGLE WITH c-AXIS 

Era. 2. Faces of B-TiC].. 

FIG. 3. Position of Ti in the (3 1 2 2) face of 
~-TiCI3. Loosely bound C1 omitted. 

c. Active Centers 

On the assumpt ion  tha t  in all cases the  
essential funct ion of the alkyl a luminum 
compound is the  subst i tut ion of an  a lkyl  

FIG. 4=. The (3 1 2 2) face of ¢~-TiC13 with the 
loosely bound C1 (dark). 

group for a loosely bound  chlorine ion, the  
properties of the active centers are easily 
found. 
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a-TiCl3. The active center (ax) is the 
octahedral unit TiCI4~R. All chlorine ions 
are firmly bound. The sites of [ ]  and R are 
erystallographically nonequivalent (3). 

fi-TiC13. A site (A) will be converted 
into an oetahedral unit TiCI4[ZR. However, 
at this active center (~) three chlorine ions 
are firmly and one is loosely bound. In 
principle, therefore, the latter chlorine ion, 
the alkyl group, and the vacancy may change 
positions around the central t i tanium ion. 

A site (B) will form the active center 
(~H), TiC13[]2R. All chlorine ions are firmly 
bound. Theoretically i% has three coordina- 
tion sites at its disposal. I t  might either 
easily change its coordination site or be 
imagined to occupy an intermediate position, 
giving rise to a nearly tetrahedral arrange- 
ment around the t i tanium ion. 

III .  THE 1DOLYMERIZATIOI~ OF PROPENE 

a. a-TiCla 

The propagation is visualized (3) as pro- 
ceeding according to the following scheme: 

position, thereby restoring the original 
stereochemical situation. 

One thing is apparent already: When 
variations are induced in the steps described 
above by virtue of the specific properties of 
other active centers such as fix and f ~  a 
polymer of a different molecular structure 
may result. 

b. ~-TiCl~ 

fii centers. Theoretically R, the loosely 
bound CI, and []  may be distributed in six 
different ways over the three coordination 
sites. These distributions may be classed in 
two sets: in one R, C1, and []  are in clock- 
wise, in the other in anticlockwise sequence. 
Interchanging the positions of 1% or C1 with 
[]  reverses the sequence. 

The two sets correspond to the two ar- 
rangements of R and []  at a~. In the latter 
case the situation is unambiguous as soon as 
a favored position of 1% has been defined 
but in the ease of fix the problem arises of 
choosing between six arrangements. Even 
if it were possible to eliminate three or more 

R 

I / '  
C L -  Ti - -  [] 

/I CL 
C[ 

._J,"/ 

C L - -  Ti U - -  I 

/1--..1 
CL Ct / C '  H 

H 

-t- C 3 H 6 

H- T 
(2) 

H 

R / I C I  

( 1 ) ~ C t - -  Ti 

/ I  el 
c[ /% 

I H 

R CH 3 

i/ y. 
~" C [ - -  Ti --C"------ H I 

c[ 

(3) 

CH 3 
R~.~jH 

I 

• C [ - -  r i  - -  13 

/1 c[ 
c[ 

where (1) represents the chemisorption of 
monomer by ~r bonding. Owing to the situa- 
tion of the active center in the crystal 
surface there is only one reactive position of 
the monomer that  can lead to incorporation 
of the monomer according to reaction (2). 
As the sites of vacancy and alkyl group are 
not equivalent the newly formed larger 
alkyl group shifts back (3) to the favored 

of them this would not automatically mean 
that  the remaining ones belong to one set. 
This reasoning already suggests that  the 
presence of a loosely bound chlorine ion at 
5i (difference with ai) might entail non- 
identity of successive incorporation steps 
and therefore lead to a polymer of irregular 
structure. However, to what extent this is 
true in practice will depend on the situation 
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of the active centers/~t in the crystal surface. 
Consider the active center which will be 

formed from (A~) in Fig. 4. For sterie reasons 
the coordination site of the vacancy on the 
outside of the crystal will be favored by the 
alkyl group. As the loosely bound C1(1) has 
seven next chlorine neighbors and CI(2) has 
six, C1(1) might be removed preferentially. 
The active center then will be in a situation 
closely resembling that of the active centers 
at at a-TiC13 and isotactic polymer will be 
formed. 

Energetically, however, the positions C1(1) 
and C1(2) do not differ greatly so that it is 
quite feasible for C1(2) to be removed in the 
reaction with A1Eta. Then the immediate 
surroundings are hardly asymmetrical so 
that two reactive positions of the propene 
molecule are possible; an irregular polymer 
will then be formed. Moreover, it is con- 
ceivable that the above situations pass into 
each other by a shift of C1(1) to the site of 
C1(2) and vice versa during the course of the 
polymerization reaction. At (A2) with two 
coordination sites towards the outside the 
position of C1(4) will be inaccessible to R for 
steric reasons; it will prefer one of the outside 
positions. For the remaining loosely bound 
chlorine ion this might also apply because 
at (4) it has eight next neighbors and at (3) 
only three. Then the propene would ac- 
commodate itself in a hole surrounded 
by five chlorine ions and an alkyl group; 
isotactic polymer would be formed. How- 
ever, when during the polymerization the 
loosely bound chlorine should shift from 
(3) to (4) the situation would become favor- 
able for the formation of irregular polymer. 

Thus the conclusion seems warranted that 
there will be active centers fit at which a 
single arrangement of R, Cl, and [] is pre- 
ferred, at least temporarily, but that there 
also will be active centers where several 
arrangements are equally probable. Then it 
only depends on the activation energy of 
the transition between these arrangements 
whether successively arriving propene mole- 
cules encounter sterically identical or dif- 
ferent situations. 

flII centers. When propene is chemi- 
sorbed at the s~te of one vacancy its methyl 
group presumably will point towards the 
other vacancy and vice versa. As a reason 

can hardly be seen for the propene favoring 
one position above the other it is to be ex- 
pected that the polymer formed at ~ will 
have a randomly irregular structure. 

In view of the above it is to be expected 
that on the average considerably more 
ataetic material will be formed with brown 
~-TiC13 than in the presence of the violet 
modifications a- and "y-TiCI3. The fact that 
with catalyst systems containing "brown 
TiCla" as the solid phase, polymers ranging 
from low to medium isotacticity are formed 
may be related to the fact that these brown 
catalysts, which are generally prepared 
through reduction of TIC14 by alkyl alumi- 
hum compounds, contain a fair amount of 
A1C13 in solid solution (8). Though the bulk 
structure still may be that of C-TiC13 the 
surface structure may be different from that 
of pure 3-TIC13. Moreover, even at room 
temperature these solids of ~-TiC4 structure 
gradually transform into the ~/-TiC13 strut- 
ture (8). If the surface layers in particular 
should be involved in this transition a small 
degree of conversion would suffice for a 
radical change in the ¢~/7 ratio at the surface 
and thus in the irregular/stereoregular ratio 
in the polymer. 

IV. THE POLYMERIZATION OF 
CONJUGATED DIENES 

In comparison with the a monoolefins, the 
conjugated dienes present the following new 
features: 

(1) the possibility that one or both ear- 
bon-carbon double bonds are involved in 
~r bonding of monomer with the transition 
metal; 

(2) the appreciable double-bond character 
of the C2-Ca bond in conjugated dienes, 
which is the cause of their existing in two 
conformations, viz. single cis and single 
trans. It has been derived (9, 10) that for 
butadiene the energy difference between 
the s cis and the s trans is 2.3 kcal/mole so 
that under normal conditions s trans largely 
predominates. This is corroborated by 
electron diffraction (11, 12) and spectroscopy 
(18, 14). 

a. a-TiCl3 

At the active center ai, with its one 
vacancy, butadiene will be ehemisorbed 
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SOLID L I N E  S INGLE TRANS FORM 
DASHED LINE SINGLE CIS FORM 

H 
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\\ H c/s H i \ / ' /  / / 

CO(E) ,,,,c4: - ' ' ' - - ~ - -  'c 3 / I  
I I / C ( : ]  

~'H I M / 
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I 
I 

"OL H J -CL 

Fie.  5. Reactive position of butadiene at the active center ai. The butadiene is projected perpendicularly 
onto the TiClsR plane. 

through one of its double bonds. The 
chemisorption complex is comparable to 
Fe(CO)4C4H6 (15), where butadiene oc- 
cupies one coordination site. The infrared 
spectrum of the latter complex reveals that 
only one double bond is used in ~r bond 
formation. For energetic reasons the con- 
formation of the butadiene may be assumed 
to be trans. This contrasts with the complex 
Fe(CO)3C4H6 (16), which shows no absorp- 
tion typical for a free double bond. From 
X-ray diffraction (16) it appears that the 
diene occupies two coordination sites and is 
in the cis conformation, all its carbon atoms 
being equidistant from the Fe atom. 

The assumption that butadiene is chemi- 
sorbed at a~ in the trans conformation by 
means of one terminal double bond (C1-C2) 
leads to the reactive position shown in Fig. 5. 
The plane of the butadiene is supposed to be 

parallel to that of the square TiClaR. Calcu- 
lation on the basis of van der Waals and 
ionic radii shows that the distance between 

o 

the two planes will be about 2.86 A.* When 
in this reactive position the Ti-R bond is 
weakened as a consequence of the ~r bond 
formation, the first carbon of R, C~, has not 
only the possibility to react with C2--as in 
the case of propene--but it may also react 
with C~. The essential argument is that Ca 
preferentially reacts with C4 instead of with 
C2 because the distance C4-C~ in the chemi- 
sorption complex is shorter than C2-C~. 

Once this is accepted it follows read- 
ily that trans-l,4-polybutadiene is formed. 
When Ca reacts with C4 concertedly a new 

bond between Ti and C1 is formed with 

* In the corresponding case ° of the c/s conformation 
this distance would be 2.97 A. 
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R, Ti AND C[ IN ] 
___/CHLORINE VACANCIES ABOVE I, THE PLANE OF DRAWING 

[CHLORINE IONS BELOW J 

FIG. 6. Butadiene at  an active center ~ii. 

conservation of the trans conformation of the 
monomer. Only occasionally will Ca add to 
C~, causing the polymer to contain a few 
per cent of monomer units with vinyl groups 
as side chains. C4-C~ < C~-C~ depends on 
the bond length Ti-C~. It  follows from sim- 
ple geometry that it applies if Ti-C~ is 

o 

greater than 2.15 A, corresponding to the 
point M in Fig. 5. 

No experimental data on the Ti-C~ dis- 
tance in compounds of trivalent titanium 
are available, but a reasonable estimate can 
be based on data regarding TiCl~CH3. From 
its infrared spectrum the force constant (K) 
of the Ti-C bond was calculated recently 
(17) to be ~ = 0.185 ± 0.02 Mdyne/cm. 
With the aid of Badger's formula (18), 
~-0.5 = 2.00(D0 -- 1.06), the equilibrium dis- 
tance (Do) for Ti-C is found to be Do = 2.23 
± 0.06 A. 

Probably in a trivalent compound the 
Ti-C distance will be slightly larger so that 
Ti-C~ = 2.30 A_ seems a fair estimate. The 
position of Ca in Fig. 5 is given in accordance 
with this. Apparently the above condition 
is fulfilled. With the distance between the 
butadiene plane and the TiCI~R plane of 
2.86& the distances C~-C4 and C~-C2 
are calculated to be 3.21 A and 3.33 A, 
respectively. 

As a substantiation, results of Natta (19) 
and co-workers are mentioned. With a-TiC13/ 
A1Et3 polybutadiene containing 90% of 
1.4-trans, 4% of 1,4-cis, and 6% of 1,2 units 
was obtained. 

b. ~-TiCl~ 
p~ centers. I t  is to be expected that at 

~ butadiene will be chemisorbed in the same 
way as at ai. That in this case the subsequent 
reactive positions will not always be identi- 
cal, owing to the mobility of R, C1, and [] 
at the three available sites, is immaterial as 
long as the polymer does not contain asym- 
metric carbon atoms. Therefore at ~ centers 
trans-l,4 polymer will be formed. 

fi~ centers. The important feature of 
~ is that it offers two coordination sites in 
the correct position for butadiene to be 
chemisorbed in the single cis conformation 
as a kind of bidentate ligand. The reactive 
position is assumed to be that given in Fig. 
6. The plane of the butadiene is taken 
perpendicular to the bisector of the two free 
valencies of the titanium. Incorporation will 
again be due to weakening of the Ti-C~ 
bond under the influence of the r bond. Ca 
will add to a terminal carbon atom, say C4, 
and concertedly a ~ bond between Ti and 
C1 will be formed with conservation of the 
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Fla .  7. ~r-Allyl complex of growing chain on an act ive center  ai or t~i. 

cis form of the chemisorbed molecule. Thus 
at flH cis-l,4 polymer is formed. 

It follows that in the presence of #-TIC13, 
butadiene may be expected to give a mixture 
of trans-l,4 and cis-l,4 polymer. This is in 
accordance with results described by Natta 
(20). The product of the polymerization of 
1,3-butadiene at 15°C with a system ~-TiC13/ 
A1R~ could be separated by extraction into 
two-thirds having a trans-l,4 structure 
(>90%) and one-third having a cis-l,4 
structure (>90%). Apparently the two 
kinds of active centers are largely inde- 
pendent of each other. This is understand- 
able if we bear in mind the relatively large 

distances between the active centers at the 
crystal surface, which for the face repre- 
sented by Figs. 3 and 4 are 6.90 and 8.70 A. 

Although the above mechanism ade- 
quately explains the formation of trans-l,4 
polymer at ai and ~i and of cis-l,4 polymer 
at ~H active centers, it is conceivable that 
the presence of a C-C in the growing chain 
in the "allyl" position with respect to the 
titanium should entail connection of the 
growing chain to the metal not by a ~ bond, 
Ti-CH2-CH-CH2-R (I) but by way of a 
7r-allyl complex (II), as proposed by Natta 
and Porri (21). For situation (I) one coordi- 
nation site of the 
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H 
C 

U \  H2 "" CH--CH2R 
7i 

(n) 

Ti is required whereas a complex as in (II) 
probably occupies two sites, as is shown in 
Fig. 7, for which the results of the X-ray in- 
vestigations (22, 23) of (CaHhPdC1)2 have 
been taken into account. The plane of the 
a]lyl group is taken perpendicular to the 
bisector of the two free valencies of the 
titanium. If the growing chain should be 
connected to the titanium in this way, it 
would have to be assumed that the monomer 
to be chemisorbed induces the allyl struc- 
ture (II) to pass into the alkyl structure (I) 
prior to the above-described steps that lead 
to incorporation. 

c. C5 H~mologs of 1,3-Butadiene 

1,3-Butadiene being the simplest example 
of a conjugated diene, the question arises 
whether the mechanisms proposed also apply 
to its homologs. A full discussion of this 
problem is outside the scope of this contribu- 
tion, the more so as generalizations in this 
field are extremely dangerous. Only a few 
remarks will be made regarding the C5 
homologs, viz. 3-methyl-l,3-butadiene-(iso- 
prene) and 1,3-pentadiene (piperylene). 

Under normal conditions the single trans 
conformation will be prevalent with these 
dienes too. For isoprene the conformations 
are simply 

~CH= 

/ /  \ 
1Ctt~ CHa 

and 

CHa 
H / 

~C--3C 

' C H ~  ~ H 2  

but in the case of piperylene ordinary cis- 
trans isomers exist so that four conforma- 
tions have to be considered according to the 
scheme in the next column. 

For steric reasons conformation (IV) can- 
not be realized with all carbon atoms in one 

trans Isomer 
H CHa 

H \ C = C  / ~ 
\ /3  4 \  

C--C H 
/ ,  

H 2 \  

(I) Single trans 

cis [semer 
H H H H 
\ / \ /  

C~C CHa IC 

H / 1  2~" ~ C ' / C  s oil 
/3 ~\ /2\  

H CHa 
\ a  4 /  

H C~---C 
\ /  \ 
2C H 

IC 
/ \  

H H 

(II) Single c/s 

CHa 
/ 

H H H C-~--C 
/ a  4 \  

H H 
(III) Single trans (IV) Single cis 

plane, so that it will hardly occur. In all 
cases it will be the C1C2 double bond that is 
involved at the ai active centers of a-TiCla. 
The C4Ca double bond carries two bulky 
groups; this will sterically prevent the 
formation of the chemisorption complex 
in this position. This hypothesis is sup- 
ported by the fact that 2-methylpropene 
(isobutene) and butene-2 (cis and trans) do 
not polymerize. 

Although the presence of the methyl group 
will prevent isoprene in its single trans 
conformation from approaching the Ti of 
the active center as closely as butadiene, its 
reaction in the presence of a-TiCla does lead 
to trans-l,4 polymer (19). 

When the trans isomer of piperylene is 
polymerized it will be chemisorbed in con- 
formation (I). Reaction with the alkyl group 
of the active center at C4 then leads to 
trans-l,4 polymer with a fixed configuration 
at C4: The product is an isotactic trans-l,4 
polymer. When the c/s isomer of piperylene 
is polymerized it will be chemisorbed in its 
conformation (III). The only difference with 
(I) is that now the methyl group (5) points 
towards the alkyl group of the active center 
instead of away from it. 

However, this situation is not seriously 
hindered sterically; in the neighborhood of 
the methyl group of (III) the growing chain 
consists of Ti-CH2-CH=CH and therefore 
is not bulky. So, with the cis isomer too, 
isotactic trans-l,4 polymer is expected to be 
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Fro. 8. Isoprene a t  an  active center fizz. 

formed. If a mixture of cis- and lrans- 
piperylene is used, the monomer in eoa- 
formations (I) and (III) will be incorporated 
randomly so that a 1,4 polymer with aa 
irregular arrangement of the methyl groups 
is obtained. 

The above is ia agreement with the experi- 
mental evidence given by Natta and co- 
workers (23) for piperylene in a catalyst 
system containing VC13 (isomorphous with 
a-TiCl3). The polymers from the trans and 
the cis isomer were identical and melted at 
95 °. With mixtures of cis- and trans-pipery- 
leae 1,4 polymers with lower melting points 
were obtained. 

Extension of the discussion of the poly- 
merization of butadiene in the presence of 
~-TiC13 to isoprene and the like makes one 
expect that at the fl~ centers trans-l,4 and 
at the ~H centers cis-l,4 polymer will be 
formed. At flH the bulky methyl group 
might cause the chemisorption complex 
(Fig. 8) to be less symmetrical than that of 
butadiene (Fig. 6). In consequence R might 
be envisaged as likely to react preferentially 
with C4 so that the cis-l,4 polymer formed 
would have the methyl groups ia regular 
positions along the chain. In conformity with 
the above, catalyst systems containing 
"brown TiCI~" in general produce a mixture 

of trans-l,4 and cis-l,4 polyisoprene (4, 5). 
However, with pure ~-TiCI~ predominantly 
cis-l,4 is formed (19). 

The explanation of the variation of the 
cis/trans ratio in the polymer in dependence 
on the diene and the catalyst system (19, 25) 
is a problem now being studied. 

V. CONCLUDING REMARKS 

It is emphasized that the theory pre- 
sented deals with well-defined catalyst 
systems. They are supposed to contain pure 
TIC13 crystals of the ideal structure, reacting 
with alkyl aluminum compounds, exchang- 
ing chlorine against an alkyl group. That in 
quite a few eases polymerization takes place 
in accordance with the schemes proposed is 
viewed as an indication of the essential 
correctness of the approach. However, ia 
practical systems deviations from ideal 
behavior might be encountered owing to 
compositional and/or structural impurity of 
the transition metal compound, to reactions 
with the alkyl aluminum compound going 
further than mere alkylation, to addition of 
foreign compounds reacting at the active 
sites or centers or with the alkyl aluminum 
compound, etc. Still more complications may 
arise when the solid phase is prepared in 
situ; then its composition, structure, and 
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Crystal structure 
of catalyst 

Active centers Structure of polymers 

Composition Location Characteristics a Olefins 1,3-Diolefins 

Layer lattice 
TIC13 (~,~,) 

Til~CI~[] Edges of elementary 1. All CI firmly bound Isotactie trans-l,4 
(ai) sheets 2. Sites of R and [] 

nonequivalent 

Chain lattice 
TiC13 (fl) 

TiRC14D Ends of elementary 1. One C1 loosely bound Varying from trans-l,4 
(f~i) chains 2. 1% preferentially at atactic to 

outer site isotactie 
3. Sites of C1L and [] 

nearly equivalent 
TiRC13[~2 Ends of elementary 1. All C1 firmly bound Atactic cis-l,4 
(~ii) chains 2. Sites of [] 's 

equivalent 

available surface will depend on the nature  
of the procata lys ts  and their reaction condi- 
tions. I t  is believed, nevertheless, t ha t  the 
present  theory  can serve as a background  for 
the  explanat ion of the  effects of the numer-  
ous variables of the cata lyst  systems men-  
t ioned above. 

The  rat ionalizations obtained so far in 
this series of publicat ions are summarized  
in Table  1. 

I t  demonst ra tes  tha t  on the basis of a few 
principles a considerable amoun t  of facts in 
the field of stereospecific polymeriza t ion of 
olefins can be explained in a consistent way.  
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