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1t is known that 1 3-pentadiene ¢an be polymerized in
varjous ways depending on whether the polymerization
involves only one double bond or both conjugated double
bonds.

In the first case there can be obtained either 1,2-
monomeric units, if the polymerization involves the ead
Juulde bond, ar 3,4-units, if the polymerization invelves
the inner deuble bond.

1n the second case, 1,4-unils are obtained which can
be cither cis-1,4 or trans-1.4 depending oa the configura-
tion of the double bond.

While in the case of the polymerization of butadiene,
only one trans-1.4 or cis-1,4 polymer can be obtained,
with pentadiene there can be various polymers conmisting
only of trans-1,4 or enly of cis-1.4 units, which polymers
arc diffcrent from sach other since they have o different
order in the configeration of fertiary carbon atoms of the
chains. There can be, for example, trans-1,4 polypenta-
dienes or cis-1,4 polypentadienes in which the distribu-
tion of the configuretions of tertiary carbon atoms is
cither disorderly or in the form Of slereoblocks,

It is an object of the present invention to provide cis-
|, 4-polymers of pentadiene having a syndiotactic struc-
ture.

A further object is to provide a process for preparing
these polymers.

Another object is the production of certain valcanized
products obtained from or containing these polymers.

Further objects and advantages of the present invention
will become hereanafler apparent.

We have surprisingly found that with the zid of suit-
able soluble catalysts, pentadiene can be polymerized 10
polymers having a high content of cis-1,4 unis (com-
prisedt hetween 65 and 90% ) and which have a syndiotac-
tic disposition of tertiary carbon atom configurations.

Potymers of this type have not heretofore been de-
seribed.

‘These polymers are demonstrated to be crystalline at
room temperature and have a melting temperature which
varies according to the structural regularity of the chains.

The identity period of thess polymers along the chain
axis appears 1o be about 8.5 A., ie, it is very close to
hat of cis-1.4 polybutadiene and contains 2 monameric
umits. This identity period is consistent only wilh a
syndintactic distribution of the configurations of tertiary
carbon stoms. For a structure of isolactic type with an
identity period containing two monomeric units, this value
should be about § A

A teprescotation of a hypothetical isotactic cis-1,4 poly-
pentadiene chain, considered as iaid on a theoretical plane,
s shown in FIGURE 1 of the sccompanying drawings.

The structute of syndiotactic cis-1,4 polypentadiens
is reported in FIGURE 2.

From the representations, it is evident that the two
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polymers sve different due to & different steric disposition
of methyl groups. 1n the case of the hypothetical iso-
tactic polymers, the methyl groups are all on the same
side of the theoretical plane at Jeast for long stretches of
the main chain; while in the case of the syndiotuctic poly-
mer, they are allernatively on one or on the other side,

FIGURE 3 shows a graph of Geiger counter traciog
of the X-rav diagram (Cu-Ka) of u polypentadiene of
the present invention. In this graph the relative intensity
is shown on the ordinate axis and the values for angle 2#
are shown on the abscissa.

Syndictactic cis-1,4 polypentadiene can be prepared,
according to the present invention, with the aid of cata-
lysts oblaned by remcting a hydrocarbon soluble cobait
compound or a hydrocarbon soluble nickel compound
with a mono atkyl aluminum dichloride (in which the
alkyl groups contain 1 to 15 carbon stoms) complexed
with an elestien-dencr substance of the Lewix hase type.

As complexing agent, a pyridic base (e.g., pyridine or
isoquinoline ), thiophepe, furane or, in general, organic
compounds containing nitrogen, sulphur or oxygen can
be used.

The molar rotio between the aluminum compound and
complexing agent is, in general, between about 1:0.1 and
about 1:10. The molar ratio between aluminum com-
pound and complexing ngent varies, however, depending
on the complexing sgent used, For example, when using
a pyridic base or oxygen-containing compound this ratio
can vary from abent 1:0.1 to about 1:0.99, preferably
from about 1:0.5 to about 1:0.9; while with thiophene
this ratio varies from about 1:0.1 to about [:10, prel-
erably for esonomical reusons, [om ebout 1:05 to about
1:2.

The compiexed alkyl aluminum dichloride can be used
with practicaily any soluble coball or nickel compound
or complex to obtain catalysts suitable for preparing
syndiotactic cis-1,4 polypentadiere. Among these cobalt
and nickel compounds or complexes there can be men-
tioned cobalt and nickel acetylacetonates, cobalt and nickel
salts of organic acids such as butyrates, stearates, ethyl-
hexanties, sl conyplexes of cobalt snd nickel balides
with Lewis bases in general, such as furane tetrahydro-
furane, pyridine, thiophene, diethylether, diethyl sulphide,
triatkylamines, etc.

1n the preparation of the catalyst according to the pres-
ent invention, the Al/Co or AL/Ni ratio can be varied
within very wide limits, e.gz., from 1 10 sbove 1000,

The catalyst can be prepared hefore the addition of the
monomer, for instance by the reaction between a solution
of complexed monoatkylaluminum dichloride and a cobalt
or nickel compound solation.

An alternative procedure consisis of preparing the cata-
lyst in the presence of the monomer, for example, by
adding the monoalky! nluminum dichloride w0 & hydro-
carbon solution containing the coball of nigkel compouiul
or complex, the pentadiene and the alkyl sluminvm di-
halide complex in the aforementioned ratics, of by adding
the cobalt or nickel compound, preferably in solation, W
a soluiion containing the monamer and the complexed
alkyl aluminum dichloride.

The temperature range in which the polymerization can
be carried out is from approximutely —100° C. to about
4 100° C., preferably from —30" C, to +30° C,

As polymerization solvent, any hydrocarbon solvent,
preferebly an aromstic or a mixture of aromatic and
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ahphatic hydrocarbons, can be used. ‘lhe polymenza-
tion can also be carried out in the nbsence of extrancous
solvents, by operating with the liquid monomer.

With the catalysts of the present invention, only the
trans-isomer of pentadiene is polymerizable 1o the cis
1.4 polymer. However, it is not necessary to have avail-
able pure trens pentadiene since the commerically avail-
able mixtures of trans- and cis-isomers con also be used,
In this case only the trans-isomer polymerizes, whereas
the cis-isomer remains unaltered and can be recovered at
the end of the polymerization, together with small pro-
portions, if any, of popolymerized trans-isomer. It is
known that the cis-isomer can in turn be isomerized by
various methods 1o give a mixture, contzining about 85%
of trans-isomer, which mixiure can be used again in the
polymerization.

The fact that the cis-isomer of pentadiene does not dis-
turb the polymerization of the trans-isomer can be utilized,
if so desired, to operale in the absence of a solvent. In
this cese, the cis-isomer itself can be used as the solvent.

The crude pentadiene polymerization products nbtained
with the said of Al{alkyl)Cl,. complexing agent-cobalt
compound catalyats, in general, do not have a cis-1,4
unit content higher than 807, while those obtained vsing
the corresponding nickel catalysts have 2 cis-1,4 con-
tent in the order of 65 to T0%. In general, the poly-
mers appear to contain different compositions of macro-
maolecnios, but the polymers always possess a high con-
tent of cis-1.4 vnits. The polymers, which are oblained
by using Ni catalysts tend to have a lower molecular
weight than those obtained when using Co catalysts,

We have also found that the macromolecules with a
lewer cis content can be removed from the crude product
by repeated dissolution of the polymer in benzene and re-
precipitation with methylethylketone.
crude polymer obtained with the [Al(C,H;)CL.0.5 pyri-
dine/cobalt discetviacetorara| catalvtic svitem and having
a ¢is-1.4 unit content of 70%, after 4 successive dissolu-
tions in benzene and 4 reprecipitations with methylethyl-
ketone reaches a cis content of above 85%.

This method of purifying the crude pelymer is based
on the fact that the solubility of the macromolecules
when their molecular weight is not very differcnt, varies
with the steric purity; the less pure macromoiccules being
more soluble, For most uses the crude polypentadiene,
obtained according to the process described above, can
be used as it is, and recourse need be had to the afore-
mentioned purification method only when products hav-
ing & higher cis content are desired,

An interedting feature of the catalysts of the present
invention is thet by varying the pariiswler somplesing
agent bound to the Allalkyl)Cls, it is possible to vary
within certain limits the stereoregularity and therefore
the melting point of the crystalline cis-1,4 polypentadienes,
For example, a polypentadiene obtained with the catalytic
system  [AICCH, )l (0.5 ) CoHgN /cobalt diacetylaceto-
nate] has a final melting temperature between 50° and §5°
C,, while a polypenizdicne obtained with the system
[ AC,H5)Cly. (0.9 )thiophene/cobalt  diacetylacetonate?,
has a final melting temperature of about 40° C.

This fact is important from a practical point of view
since for different applications, products having differ-
ent melting temperatures mav be preferred.

Syndiotactic cis-1,4 polypentadiene can be valeanized
by the methods normally used for preparing vulcanized
products. In the case of polymers having 2 high melting
point (>30" C.), the vuolcanized products ars rubbers,
which are suitable for high temperature uses whereas in
the case of polymers having a lower melting point, the
vuleanized products are rubbers soitable for various uses
&t room temperature.

The vulcanized products obtained from the polypenta-
dienes have very good mechanical properties even in the
sbsence of reinforcing fillers, and a good rebound elastic-
ity.

For instance, a
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The good mechanical properties are ascribed to the fact
that also in the vulcanized state the macromolccules,
which are amorphous in the unstretched state, are capable
of crystallizing under stretching conditions.

The analysis of the polypentadicnes of the present in-
vention is carried out by infrared spectrography. The
polymer is examined in CS; solution (60-100 mg. of
polymer in 10 ml, of solution), For determining the
trans unsaturation, the band at 10.35 microns is wtilized,
sponds 103<10% as absorption coefficient, which corre-
sponds (o the average value piven in the literature (see
H. L. McMurray, V. Thornton, Anal. Chem. 24, 318
(1952)).

Unsaturation due to the vinyl group, which should have
been revealed by a band at 11 microns, is sbsent, The
unsaturation of cis type is determined by taking the
difference between 100 and the trans unsaturation con-
tent.

The optical density of the band at 10.35 microns is
read on a base line drawn between 10,08y and 10.55..

The parcentage of trans unsnturation is calculated from
the formula:

C o= (D 3% 68 10) (S P)

in which:
Iy ya==optical density of the band at 1035
§=1hickness of the cell (cm.)
F=mg of palymer dissolved in 10 ml. of solution,

The percentage of cis unsaturation is calculated by dif-
ference, ie., from the expression;

Coe %o =100—-C%

Other analysis methods can be employed for determin-
ing the cis-14 unit content of polypentadienes. The
various other methods may give values which differ
slightly from each other.

When giving the eis 1,4 unit content of a polypentas
diene, it is therefore necessary 1o mention also the analyti-
cal method emploved. For this reason we have described
in detail the method used for the examination of the poly-
pentadienes of the present invention,

The following examples are given to illustrate the in-
vention.

Unless otherwise indicated. all parts and proportions
are by weight.

Example |

The following compounds are introduced into a 100-
ce. glass reactor under dry nitrogen in the followi ng order:

Anhydrovs benzene . ____ . ______ eC. . 50
ACHTCY oo oo o]l e 0y
Thiophene ... ... ________ . ________ £C-- 0.3
Cobait diacetylacetonate __________. . ____ .. 0.0026
Pentadiene-1,3  (with  97-98% of trans-iso-

17 SRR NN - . 15

After polymerization for 10 hours at 0° C.. the poly.
mer is coagulated with an excess methanol, carcfully
washed with methsnol snd vacuum dried at room tem-
rerature.

7.8 g. of polypentadiene, which i demonstrated to be
crystsliine by X-ray examination and has a cis-1,4 unit
content of about 75 %, is obtained.

The polymer is dissolved in 100 cc. of benzene and is
reprecipitated with an excess of methylethylketons, The
product thus purified has a cis content of 82%. After a
further dissolution in benzene and reprecipitation with
methylethylketone, & product having the following char-
acteristics is obtained :

Cis-ld umits _____ . _________ | __
Vievl bands .ooovuauuoea o
Melting temperature (under the polar-
izing microscope) - _..._.______
Intrinsic viscosity (determined in tolu-
eneat 30° C.) .. .______. _._ 35 (100 ¢¢./g.).

Absent.
42° C.
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The product is shown to be crystalline by X-ray exanu-
nation sod gives the spectram (registered with a Geiger
counter (CuKa)}), reported in FIGURE 3. Further treat-
ments with benzene and methylethylketone, such as in-
dicated sbove, do nol cause any variation in the char-
acteristics of the product.

Example 2

By operating according to the procedure of the preced-
ing example, the following compounds are used:

e,

Anhydrous benzend «-we-eemeommmceecemo—ne 70
A TTTan (o PN S 1.05
Anhydrous pyridine oo ccccnmcmcn o mm——— 0,49
Cobalt diacetylacetontte ...ecenemmmomemeeaan 0.0028
Pentadiene (98% trans-isomer) - oo o-. 15
After polymerization for 12 hours at 0° C., methsnol

is inroduced and the polymer is coagulated with the same
solvent. After drying, 8.5 g. of polypenisdiene having a
cis-1,4 unit content of T2% are obtained.

The product is shown to be crystalline by X-ray exami-
nation and presents a spectrum similar to that shown in
FIGURE 3.

The product is then purified by successive dissolutions
in benzene and reprecipitations with methylethylketone.
After 4 treatments of this type, a ¢rystalline product hav-
ing the following characteristics is obtained:

Infrared analysis:

Citel, 8 BOIE o cnmmminmne TR,
LI SR )| P —
Trans double bonds oo 10%.
Melting temperature (under the
polarizing microscope) —.... 52° C.
Intrinsic viscosity {in toluene at
] iy YR S O 2.72 (100 ¢e./g.).

Upon operating as described above, but nsing the cis
isomer of pentadiene as the monomer, no polymer is
chiained.

Example 3

The following substances are introduced into a 100 cc.
glass reactor:

Anhydrous benzene _______ . . eoo..CC.. 60
AMCTHEICl o cismmis mm st B 1
THOPHEN o simrs s iursamesise e asu .. 033
CObBR MBRIME o o vuisnivimimmnmii wimwiimm e OLE
Pentadiene-1,3 (containing 96% of trans-isomer

and 3.9% of cis-isomers) . __.__________ B 16

The polymerization is carried out at 18° C. for 5 hours.
The polymer is then coagulated with merhanol, carefully
washed with methano] and finally dried under vacuwm.

8.7 & of a solid polymer, which possesses a crystallinity
under X-ray examination similar to the polymers of the
preceding examples, has an intrinsic viscosity (in toluene
at 30" C.) of 2.86 (100 ¢c./g.) and upon infrared ex-
amination is shown to bave a cis content of 79%, are
obtained.

Example 4

By operating as in Example 3, bul using, instead of
cobalt stearate, an equimolar amount of cobalt 2-cthyl-
hexanosate, & polymer possessing the same characteristics
is obtained.

Exampie §

By operating as described in Example 1, but using, in-
stead of thiophene, an equimolar amount of isequinoline,
syndiotactic cis-1.4 polypentadiene having a cis-1,4 unit
content of about 74% is obtained.
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Example 6 70
The following compounds are introduced into & 50 cc.
glass reactor while operating under nitrogen:
Anhydrous BRRZENC e CCun 25
FY (o ) 75 T o MR . . S | {3 |

6
Thiophéng - ccocaun T | I ol ..o D3
Colbalt diacetylacetonate - .- -cveevomeoe—ene g-- 0.002
Pentadiene-1.3 (98% of trans-isomer) - .. &0

The polymerization is carried out at 20° C, for 3 hours.
There is obtained 5.5 g of crystalline syndiotactic poly-
pentadiens, having a cis-1,4 content of about 81%.

Example 7
100 parts by weight of syndiotactic cis<1,4 polypenta.
diene, obtained according o Example I, are mixed in &

roll mixer with the following ingredients (all parts by
weight):

Parts
Phenyl f-naphibiylanine cee e vnecncaccnann 10
T LT P S| RSO 1
Zinc oXide - oo 50
Yolealor BBS Y oo ocicciutausaiiaes e L8
LT TR | I —— 22

L Oyclobexyibengathia vyleniphnmide, a produet of ICH
¢ s Morpholine @galphide, o product of Monsnate Chemibeal
iy

The mix thus obtained is velcanized in a press at 150° C
for 40 minutes. The vulcanized product has the follow-
ing characteristics,

Tensile strength .o oo cinnaaa KB /emAo. 138
Elongation &t break . eeeeeewrcooeons 800
Modulus at 300% __._. 14
Shore A hardness ... .. 5]
Rebound elasticity at 20° 70

Example §

A 100 ce. test tube provided with a side inlet for appiy-
ing vacuum and introducing mitrogen is used as reactor.
Into this test tube, from which air has been removed

and replaced with pure nitrogen, the following substances
are introduced in the following order:
¢C.
Anhydrous bERZene ... .cccvvnrmicscnammnacnes 40
Monoethyl aluminum dichloride oo ____ 0.2
WTREIBIS (oo b 0 B i 012
1. 3-pentadiene (98% wans-isomer and 2% cis-
BOMRE): iiniies s .= 10

5.47 mg. of nickel diacetylacetonate dissolved in 2.5 cc.
of benzene are then added to the homogenized mixture.

After 8 hours at 15" C,, the polymerization is stopped
by the addition of methanol and the polymer is carefuily
coagulated with methanol.

5.5 g. of polymer. which by infrared analysis is demon-
strated to have a content of 64% cis-1,4 units, are
obtaincd.

The polymer is dissolved in 15 cc. of benzene and
reprecipitated again with an excess of methyiethylketone.
This reprecipitated polymer is analvzed as follows:

Infrarcd analysis: 799 of cis-1.4 unita.

X-ray analysis: crystalline, the X-ray spectrum appears
identical with that described for the polymers of the
preceding examples.

lntat;"nsiz\ viscosity: 0.46 (100 cc./g.) (in toluene at

*C).

Melting point: 37° C. (determined under the palarizing
miCroscope ).

Example ¢

Ihe same procedure as that of Example 8 is followed,
but 0.2 cc. of thiophene is used instead of 0,12 cc.

The product thus obtained has the same cheracteristics
as that of the product in Example 8.

Examples 10 10 13

The same procedure is followed as that of Example 4,
but monoethyl alumirum dichloride is whstituted for by
the following substances respectively: monopropyl alumi-
num  dichloride, monoisobutyl aluminum  dichloride,
monchexyl aluminum dichloride and monododecy! alumis
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num dichloride. The product obtained with each of these
sluminum compourds has the same characteristics as
pelymer product of Example 8.

Example 14

Opersting as in Example 8, the following substances
are used:

ce,
Banveor o oo s s s 50
Monoethyl aluminum dichloride . convnnnans 0.4
Anhydrous pyridine oo oo 0.1%
1,3-pentadienc (999 trans-isomer) .. . cueocucu-- 15

6 mg. of nickel diacetylncetonate dissolved in 4 cc. of
benzene are added to the homogenized mixture.

The whole mass is kept at 25° C, for 10 hours.

7.6 g. of polymer with a content of cis-1.4 units of
65% are obtained. The polymer is purified by dissolu-
tion in a3 smaell an amount as possible of benzene and
by reprecipitation with methylethylketone. This dissolu-
tion and reprecipitation is repeated three times. .

The purified polymer has the following characteristics:

80
05

The polymer is crystalline, under X-ray examination,
in the same way as the praduct of Example 8.

Examples 15 10 18

Content of c¢is-1,4 units
In] (in toluene at 30° C.)uooo .. 100 co./g--

The same procedure as that of Example 8 s followed, -

but, instead of nickel diacetyl acctonate, equimalecular
emounts of one of the following compounds are used
respectively:  NiClg-pyridine complex, mckel stearate;
NiCly-triphenylphosphine, NiClg-triphenyl stibine. The

polymer product thus obtained has the same characteristics

as the product obtained in Example 8.
Example 19

Operating as in the preceding Examples 15-18, the
following compounds are used:

ce,
Anhydrous benzene _ . o i 70
ANCHICYy oo e - 0.26
Anhydrous pyridine - ... ______________.___ Q.12
Cobalt diacetylacetonate _ ... _.._______ 0.0028
Pentadiene (98% trans-isomer)._ .. ... .. 15

After polymerization for 12 hours a1 0* C., methanol
is introduced and the polymer is congulated with the same
solvent.  After drying, 6 g. of a crude polvpentadiene,
Laviag u cis-1.4 unit content of 709%, are obuained.

The product is demonstrated to be erystalline by X-ray
examination and presents a spectrum similar to that shown
in FIGURE 3.

The polvmer is purified by successive dissolntion in
benzene and reprecipitations with methylethylketone.
Adlter three treatments of this type, a crystalline preduct
having a cis-1,4 content of 86% (determined by infrared
analysis) is obtained.

Example 20

By operating as in Example 3, the following compounds
were used:

Anhydrous toene — . . coneoioceem e 0C... 60
Aluminum monoethyldichloride ... . _____ec._ 0,24
THOPDBIG win e —anen i i dwi G mm e 01
ObRIE MBRPMP. o i i s e s 8. 0.03
Pentadiene-1,3 (95% transisomer, 5% cis

DO ) i e i i .. 14

After polymerization for 15 hours at 0° C,, 6 g. of
crude polypentadiene having a cis 1,4 unit content of 75%
are obtained.

&
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Example 21

This example is carried out by operating as in Example
1, but using, instead of ANC;Hg)Cly, an equimolar
smount of aluminum isobutyl dichloride.

A syndiotactic cis-1,4 polypentadiene having the same
characteristics as the polymer of Example 1 is oblained.

Many variations and modifications can, of course, be
practiced without departing from the spirit and scope of
the present invention.

Having thus described the present inveation, what it is
desired to secure and claim by Letters Patent is:

1. A lincar homopolymer of pentadiene having a con-
tent of ¢is-1.4 units above 65%, a syndiotact’'c disposi-
tasn ol the terdimy carbon sluas aad o coystallineg siouc-
ture in the solid siate with an identity period of about
8.5 A, along the chain axis.

2. A linear homopolymer of penladene according to
claim 1, having a content of cis-1,4 units higher than 85%.

3. A process for preparing the lincar homopolymer
of pentadiene of clsim 1, which comprises polymerizing
1, 3-pentadiene in the presence of a catalyst cbtained by
the reaction of

(1) a metal compound selected from the group con-

sisting of hydrocarbon-soluble cobalt compounds and
hydrocarbon-solable nickel compounds with

(2) an alky! aluminum dichloride complexed wih a

Lewis base type organic electron-donor substance
selected from 1he group comsisting of pytidine, is0-
quinoline, thiophene, and furane.

4. A process necording to claim 3, wherein the metel
compound is an acetylacetonate,

5. A pracess according to claim 3, wherein the trans-
isomer is used ag the 13.-pentadiene monomer.

6. A process according to claim 3, wherein a mixeure
of the cis and Irans-isomer is used as the 1,3-pentadiene
monomer,

7. A process nccording to claim 3, wherein the molar
ratio of said alky! aluminum dichloride to said Lewis hase
type electron-donor substance is from about 1:0.1 1o about
£:10.

8. A process according to claim 3, whercin the melar
ratio of sawd alkyl aluminum dichloride compound &0 said
metal compound is from about 1 to 1000,

9. A process according to claim 3, wherein the polym-
erization js carried out at a temperature of from —100°
to 4 100" C.

10. A precess according 1o claim 9, wherein the tem-
perature is from —30" to +430° C.

11. A process according (o claim 3, whereiu the polyni-
erization is carried out in the presence of a hydrocarbon
salvent.

12. A process according to claim 3, wherein the polym-
erization is carried oet in nbsence of an extranecus sol-
vent by using the liguid monomer as the solvent,

13, The process according to claim 12, wherein the cis.
isomer of pentadiene is used as the solvent.

14. A process according to clrim 3, wherein the ¢s
content of crude polypentadiene product is enriched and
the sterically Jess pure macromolecules are separated
therefrom by solvent dissolution and reprecipitstion aof
said crude poivmer.

15, A process according to claim 3, wherein the metal
compound is an alkoxide.

16. A process aceording to claim 3. wherein the meial
compound is a salt of mn organic acid.

17. A process according to claim 3, wherein the metal
compound is a complex of a halide of the meta] with o
Lewis type base sclected from the group consisting of
furane, tetrahydrofurune, pyridine, thiophene, diethyl
etber, diethy] sulphide and trialkylamines.

18. A vulcemizale of a lincar homopolymer of penta-
diene according to claim 1.

19, Vulcanirzed products of claim 18 which ure sub-.
stantially amorphous in the non-streiched state nnd erys-
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GRAPH OF GEIGER COUNTER TRACING OF THE X—~RAY DIAGRAM

(Cu—Ke) OF CIS—1, 4 POLYPENTADIENE HAVING SYNDIOTACTIC
STRUCTURE.




