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PROCESS FOR THE PREPARATION OF BRANCHED POLYBUTADIENE
WITH A HIGH CONTENT OF 1,4-CIS UNITS

The present invention relates to a process for the
preparation of polybutadiene with a high content of 1,4-
cis units, said process being effected in the presence of
a catalytic system obtained by the reaction between (1) a
carboxylate of neodymium, preferably neodymium versatate,
(ii) an alkyl derivative of aluminum, (iii) a chlorinated
compound of an aluminum alkyl, fed directly into the re-
action environment, in such quantities that the quantity
of Nd ranges from 1 to 3 mmoles/Kg of butadiene and the
Al/Nd molar ratio ranges from 4/1 to 12/1, and the Cl/Nd
molar ratio is within the range of 2/1:6/1.

More specifically, the present invention relates to
a process for the preparation of polybutadienes with a
high content of 1,4-cis units which allows both the mo-
lecular weight distribution and the branching degree to
be modulated. In other words, the process of the present

invention allows the preparation, in continuous reactors,
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of branched polybutadienes with a high ci1s content and
with a molecular weight distribution whereby the polydis-
persion index indicated by the Mw/Mn ratio can vary from
1.9 to 2.5 (in this case it will be a narrow molecular
weight distribution) up to ranges of between 2.5 and 4
(in this case the molecular weight distribution will Dbe
indicated as wide).

For the sake of simplicity, when not otherwise indi-
cated, the term polybutadiene refers, in the following
description, to a polybutadiene with a content of 1,4-cis
units higher than 90%.

As the rheological characteristics of polybutadiene
(as of other polymers) are a direct consequence of the
molecular weight, molecular weight distribution and
branching degree, the possibility of having the availl-
ability of means for modifying the structure of the poly-
butadiene on the same production plant allows a high
range of products to be obtained, whose application var-
ies from the modification of plastic materials (HIPS) to
the tyre i1ndustry.

With respect to the use of polybutadienes 1in the
construction of treads, these are normally linear or
branched polybutadienes whose branching degree 1is 1lim-
ited, however, to avoid the excessive elasticity of the

raw rubber, a characteristic which makes the englobement
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of the fillers difficult. EP-A-1,557,433 and EP-A-
1,650,227 describe two different processes for their

production. Both processes envisage a first step for the
preparation of polybutadienes having a narrow molecular
weight distribution (Mw/Mn < 2,5 orientatively). In a
subsequent step, the polybutadienes thus obtained are
subjected to a post-modification reaction, in the case of
EP-A-1,557,433 by means of peroxide substances, 1n the
case of EP-A-1,650,227 by means of coupling agents be-
longing to the group of epoxidated vegetable oi1ls or res-
ins functionalized with polar groups possibly maleinized.
The branched structures were prepared according to two
different mechanisms. Whereas the use of peroxides, 1n
fact, caused the formation of macro-radicals preferably
on the high-molecular-weight fraction generating a
branching oriented on high molecular weights (long chain
branching), in the second case, the terminals still ac-
tive at the end of the conversion were involved 1in the
coupling reaction; in this way, due to the greater abun-
dance of active términals belonging to low-molecular-
weight chains, a branching with a higher degree of the
latter was obtained.

Both of the above processes have drawbacks. They

cannot be carried, in fact, beyond a certain level, oth-

erwise there 1is the formation of insoluble fractions.
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Furthermore, two reaction steps are always required, a
polymerization step to linear polybutadiene and a second
branching step of the linear polybutadiene previously ob-
tained. Due to the fact, as already mentioned, that the
branching degree cannot be carried over a certain limit
without the appearance of an insoluble fraction, both of
these processes are only suitable for the production of
polybutadiene for tyres with Mooney viscosity values
measured at 100°C ranging from 40 to 50 and a viscosity
of the solution at 5% by weight 1in styrene measured at
25°C within the range of 180-400 c¢Ps. With these viscos-
ity values, the above polybutadienes are not suitable for
use in the modification of plastic materials as for this
field, the viscosity in styrene must be lower than 180
cPs and falls within a range in which the lower limit 1s
40 cPs, even with a Mooney viscosity not lower than 35.
With respect to the materials used as modifiers of
plastic materials, on the other hand, these consist of
polybutadiene with a molecular weight and structure which
are such that its solution in styrene at 5% by weight has
a low viscosity at 25°C, normally within the range of 40-
180 c¢Ps. In this way, suitable conditions are created for
the preparation of a HIPS (High Impact PolyStyrene) with
a morphology which is such as to have a good Izod value.

This polybutadiene for the modification of plastic mate-

-4 -
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rials, possibly branched if types are requested with a
very low viscosity in styrene, is normally synthesized
anionically in reactors of the continuous or batch type.
If rubbers in which the vinyl unit 1s completely ab-
sent are regquired, polybutadienes synthesized with cata-
lysts of the Ziegler-Natta type are used. Four different
technologies using Ziegler-Natta catalysts can be used
for the production of polybutadiene with a high content
of 1,4-cis units: titanium, cobalt, nickel and neodymium.
These are the metals which are most widely used for the
preparation of this group of catalysts. The characteris-
tics of the polybutadienes produced with these different
types of metal are different with respect to both the mo-
lecular weight dispersion and also the branching degree;
even if the content of the cis unit can be modified, 1t
is generally kept high, and in any case > 96%, by acting
on the reaction conditions or on the stoichiometric ra-
tios of the constituents of the catalyst, or by modifying
the nature of the components of the mixture used 1in the
preparation of the catalyst. In general, polymers synthe-
sized with Nd, upon MALLS analysis, show an essentially
linear structure with dispersion 1ndexes centered on 3;
polymers synthesized with titanium-based catalysts have a
narrow molecular weight distribution (Mw/Mn = 2.5-3) and

an essentially linear structure; polymers synthesized
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with nickel have a relatively high MW dispersion (Mw/Mn =
4-4.5), with a limited branching and equal to about 0.9
branches for every 1,000 C atoms, whereas polymers based
on cobalt have a polydispersion 1index ranging from 3 to
3.5, with a sustained branching (1.7-2 branches/1,000
carbon atoms). The use o0of catalysts Dbased on cobalt
therefore allow branched polybutadienes to be prepared
with a relatively 1limited polydispersion index; theilr
viscosity in solution is consequently lower than that of
polymers based on Ni or Ti or Nd. The use of catalysts
based on Ti, Ni and Co, however, 1is problematical due to
the toxicological characteristics of the metal (Co and
Ni) and consequently, in the case of Co and Ni, to the
necessity of availing of an effective extraction section
of the metal from the polymeric solution.

Furthermore, the use of catalysts based on Ti, Co
and Ni requires the use of aromatic solvents, as the
catalytic complexes useful for the polymerization are 1in-
soluble in aliphatic or cyclo-aliphatic solvents.

Experts in the field therefore felt the necessity of
availing of a polymerization system in which the use of a
salt of a non-toxic metal soluble in an aliphatic solvent
would allow a wide range of products to be covered, from
use for tyres (linear to moderately branched polybutadie-

nes) to that of the modification of plastic materials. It

-6 -
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is known that polymerization catalysts based on organic
salts of neodymium obtained by reacting a neodymium salt
with an aluminum alkyl and a chlorinating substance are
soluble in aliphatic or cyclo-aliphatic solvents. The
5 polymers thus obtained, however, have an essentially lin-
ear structure with quite a wide molecular weight distri-
bution.
EP-A-1,431,318 describes a process for the prepara-
tion of polybutadiene which uses a “preformed” and “sown”
10 catalytic system comprising (a) a compound of neodymium;
(b) an aluminum organ derivative containing at least one
halogen atom; (c) an organometallic compound of aluminum
having the general formula AlR;R;R;, wherein R; and R; are
selected from hydrogen and hydrocarbyl groups having from

15 1 to 10 carbon atoms, R; is a hydrocarbyl group having

from 1 to 10 carbon atoms; (d) alumoxane and an aliquot
of butadiene and (e) a bidentate chelating complexing
agent such as acetyl-acetone. This 1s therefore a "“pre-
formed and prepolymerized” catalytic system. Under suit-
20 able process conditions (isotherms from 70°C to 140°C,
preferably from 80°C to 120°C, or adiabatic with an 1ini-
tial temperature ranging from 50 to 90°C and a final tem-
perature of 100°C to 150°C) polybutadienes with extended
branchings are obtained, which are such as to have (see

25 table 5 of the above patent) a viscosity 1n a styrene soO-
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lution at 5% within the range of 75 to 147 c¢Ps and with a
Mooney viscosity of 40 to 45. With this catalytic system,
polymers having a branched structure were consequently
obtained directly in synthesis. The preparation of the
above catalyst, however, was complicated and not practi-
cal mainly due to the use of large quantities of alumox-
ane; furthermore, the necessity of preparing a prepoly-
merized catalyst, by the addition of butadiene on the
preformed catalyst, caused the formation of extremely
viscous solutions due to the association of the polar
terminals of the oligomers formed, consequently with
great difficulty in feeding the above preformed catalyst
from the preparation container to the polymerization re-
actor in industrial practice.

A process has now been found which overcomes the
drawbacks described above as it allows polybutadienes to
be prepared, using a polymerization catalyst prepared 1in
situ starting from an organic salt of neodymium 1n an
aliphatic or cyclo-aliphatic solvent, 1n a single reac-
tion step, which can be adopted 1in both the field of
tyres and also in the field of modifiers of plastic mate-
rials 1n relation to the molecular parameters, mainly the
molecular weight, the dispersion degree and branching de-
gree. The process of the present i1nvention, 1in fact, al-

lows both the branching degree and the molecular weight
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distribution to vary within a wide range.

lates to a process

In accordance with this, the present 1nvention re-

F

for the preparation of polybutadiene

having the following characteristics:

*

content of 1,4-cis units hiligher than 92%, preferably

higher than 95%;

*

Mooney viscosity from 30 to 70, preferably from 40

to ©00;

%

bly

M.,/M, from 1.9 to 4, preferably from 2 to 3;

branching 1ndex value (gy) from 0.4 to 0.9, prefera-

from 0.5 to 0.80;

absolute viscosity in styrene (solution at 53 at a

temperature of 25°C) ranging from 100 to 450 cPs;

the above preparation being characterized 1n that:

K

F

fected by means of the polymerization of bu-

gr——
aad

1t 18 e:

tadiene in an aliphatic and/or cyclo-aliphatic solvent 1in

the presence of a catalytic system prepared in situ which

comprlses:

(1)

a carboxylate of neodymium soluble 1n the process

solvent, preferably neodymium versatate, containing a

p—

variable quantity of water, the H,O/Nd molar ratio rang-

ing from 0.001/1 to 0.50/1, preferably from 0.001/1 to
0.30/1;
(ii) an alkyl compound of alumlnum;

-0~
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r—

(1iii) an alkyl compound of aluminum 1in which at least one

ﬁ

bond of Al consists of an Al-Cl bond;

the total Al/Nd molar ratio ranging from 4/1 to 12/1, and

the C1l/Nd molar ratio ranging from 2/1 to 6/1.

o
e

ol it 1s effected in continuous at a temperature rang-

ing from 70°C to 130°C, preferably from 80°C to 95°C.

In accordance with this, the present invention re-

-

lates to a process for the preparation of polybutadiene,

the process comprising polymerizing butadiene 1n an ali-

phatic solvent, a cyclo-aliphatic solvent, or both, 1in

P

the presence of a catalytic system prepared 1in situ,

whereln

the polymerization 1s continuous and conducted at a tem-

perature ranging from 70°C to 130°C,

the catalytic system comprises:

'

(i) a carboxylate of neodymium soluble 1in the solvent,

comprising water, in which a H;O0/Nd molar ratio 1s from

0.001/1 to 0.30/1;

bl

(1ii) an alkyl compound of aluminium; and

ﬁ

(iii) an alkyl compound of aluminium 1in which at least

one bond of Al consists of an A1l-Cl bond;

a total Al/Nd molar ratio is from 4/1 to 12/1;

a Cl/Nd molar ratio ranging from 2/1 to 6/1; and the

polybutadiene has:

a content of 1,4-c1s units higher than 92%;

~-10~
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a Mooney viscosity from 40 to 60;

M/Mg from 2 to 3;

branching index wvalue (gy) from 0.5 to 0.8; and

an absolute viscosity 1n styrene 1is from 100 to 450 cPs,

in which the styrene is in solution at 5% w/w at a tem-

F

perature of 25°C.

In accordance with this, the present invention re-

lates to a process for the preparation of polybutadiene,

the process comprising polymerizing butadiene in an ali-

phatic solvent, a cyclo-aliphatic solvent, or both, 1in

#

the presence of a catalytic system prepared 1n situ,

wherein

the polymerization 1s carried out 1n batch reactors and

conducted at a temperature ranging from 70°C to 130°C,

the catalytic system comprises:

(1) a carboxylate of neodymium soluble 1n the solvent,

comprising water, 1n which a H;O/Nd molar ratio is from

0.001/1 to 0.30/1;

gley.

(11) an alkyl compound of aluminium; and

o

(111) an alkyl compound of aluminium 1n which at least

F P

one bond of Al consists of an Al-Cl bond;

a total Al/Nd molar ratio is from 4/1 to 12/1;

a Cl/Nd molar ratio ranging from 2/1 to 6/1; and the

polybutadiene has:

~-10a-
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P

a content of 1,4-cis units higher than 92%;

a Mooney viscosity from 40 to 60;

M,/M, from 2 to 3;

branching i1ndex value (gy) from 0.5 to 0.8; and

an absolute viscosity 1n styrene 1s from 100 to 450 cPs,

in which the styrene is in solution at 5% w/w at a tem-

perature of 25°C.

The gn parameter (for 1ts definition, see the exper-

imental part) 1s an 1ndex of the llnearity or non-

ﬁ

linearity of the polybutadiene chain. A g, value equal to

e

1 1is characteristic of a linear structure whereas wvalues

ﬁ

lower than 1 are typical of a branched chain. The lower

-

the gy value, the greater the branching degree of the

polymeric chain will be.

The term “Mooney viscosity” refers to the viscosity

of the polymer measured at 100°C with a wide rotor (L) by

go—

preheating for 1 minute and effecting the measurement for

4 minutes according to the method ASTM D 1l64o.

-

The solvent used in the process of the present 1in-

vention 1s selected from aliphatic and cyclo-aliphatic
hyvdrocarbons such as butane, pentane, hexane, heptane,

cyclohexane, cyclopentane and the relative mixtures. AS

is known to experts 1n the field, the solvent must be as

P

anhydrous as possible and free of protogenic substances.

A distillation followed by treatment on beds of alumina

~-10b-



CA 02719728 2016-04-26

n

and molecular sieves 3A or 4A 1is sufficient for obtaining

a sultable solvent.

—-10c-
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As far as the carboxylates of neodymium (1) are
concerned, the preferred is neodymium versatate having
the water content indicated above. The above versatates
can be prepared according to what is described in US-A-
6,090,926. The above neodymium versatates, however,
should have a content of free versatic acid which 1s such
that it does not exceed the RCOOH/Nd molar ratio of
0.5/1, preferably 0.3/1.

With respect to the alkyl compound of aluminum (1i1),
this 1is selected from one or more aluminum alkyls se-
lected from those having the general formula (Ia) Al(R);
or (Ib) AlH(R), wherein R represents an (iso)alkyl radi-
cal having from 1 to 10 carbon atoms. Typical examples of
compounds (ii) are trimethyl aluminum, triethyl aluminum,
tri-n-propyl aluminum, tri-isopropyl aluminum, tri-n-
butyl aluminum, tri-isobutyl aluminum, tripentyl alumi-
num, trihexyl aluminum, tricyclohexyl aluminum, trioctyl
aluminum, diethyl aluminum hydride, di-n-propyl aluminum
hydride, di-n-butyl aluminum hydride, di-isobutyl alumi-
num hydride, dihexyl aluminum hydride, di-isohexyl alumi-
num hydride. Among the above aluminum alkyls, triethyl
aluminum, tri-isobutyl aluminum, diethyl aluminum hydride
and di-isobutyl aluminum hydride are preferred.

As far as compound (iii) is concerned, this 1s se-

lected from one or more compounds having the general for-

-11-
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mula AlCl,R;3.x) with x = 1 or 2 and R 1is an (iso)alkyl
radical having from 1 to 10 carbon atoms. Typlcal exam-
ples are diethyl aluminum chloride, ethyl aluminum ses-
quichloride, ethyl aluminum dichloride.

With respect to the reaction conditions, the neodym-
ium carboxylates are used in a quantity ranging from 0.1
to 5 mmoles per 1,000 grams of butadiene to be polymer-
ized. When the gquantity is lower than 0.1 mmoles, the re-
action rate is reduced to unacceptable values, whereas
when the quantity is higher than 5 mmoles, the concentra-
tion of the catalyst is excessively high and the average
molecular weight of the polymer obtained 1s too low for
use. The neodymium carboxylate is preferably used 1in a
quantity ranging from 1 to 3 mmoles per 1,000 grams of
butadiene. With reference to the H,0/Nd ratio used 1in the
present invention, reference is made to the circumstance
that it 1is almost impossible or in any case far from the
restrictions of normal industrial practice to prepare a
perfectly anhydrous neodymium carboxylate. It 1is possi-
ble, on the other hand, to prepare neodymium carboxy-
lates, particularly neodymium versatates, with a varying
content of water according to what is described in EP-A-
1,840,112. Following what 1s indicated i1n the above pat-
ent, it is possible to prepare and characterize a neodym-

ium carboxylate having an H;O/Nd ratio within the range

-12-
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specified above, in relation to the desired molecular
weight distribution and branching degree. There will be a
narrow distribution of the same, operating at the lowest
H,O/Nd molecular ratios and, if the temperature 1s higher
than 70°C in relation to the residence time, a branching,
also extended, will be observed 1n relation to the proc-
ess parameters already mentioned. Operating within the
range indicated above, on the contrary, but with higher
H,O/Nd ratios, wider molecular weight distributions will
be obtained with an increase in the above ratio with a
progressive reduction, until the complete disappearance,
in each branching.

In the process of the present 1nvention, the molar
ratio between the neodymium carboxylate component (i) and
component (ii) normally ranges from 1/1 to 1/30, prefera-
bly from 1 to 1/10. The molar ratio between the neodymium
carboxylate (i) and component (1iii) usually ranges from
1/1.5 to 1/5, preferably from 1/2 to 1/4.

The organ derivative of aluminum containing chlorine
(1ii) is fed so that the ratio between the chlorine and
non-chlorinated aluminum alkyl (i1i) ranges from 0.5 to 5,
preferably from 0.5 to 1.5.

In the preferred embodiment, the catalytic system
used in the process of the present invention 1is formed by

feeding the alkylating agent (ii) in a suitable quantity

~13-
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for maintaining the Mooney viscosity at the preferred
values, the mixture consisting of the chlorinating agent
(iii) and part of the alkylating agent (i11) and finally
the solution of Nd-carboxylate, separately into the reac-
tion environment.

The process of the present invention 1s also charac-
terized in that it can be effected 1in a single step, at a
temperature ranging from 70°C to 130°C, the rise i1n tem-
perature causing an increase in the branching and an in-
crease in the H,0/Nd ratio creating a broadening of the
molecular weight distribution and, at the same time, a
progressive reduction in the branching degree, until 1its
complete disappearance. The regulation of the branching
degree also relates to the residence time 1nside the re-
actors; this parameter however is an inverse function of
the process temperature and 1t 1s therefore extremely
convenient to 1ncrease the temperature rather than the
residence time, thus avoiding a reduction 1n the hourly
productivity of the plant.

At the end of the polymerization, the polybutadiene
is recovered by means of a so-called flash operation, 1in
which the rapid decrease 1n the pressure causes the loss
by evaporation of the residual monomer and part of the
solvent with a consequent 1ncrease 1in the concentration

of the polymer in solution.
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The catalytic system is then quenched by means of
protic substances, for example water.

It should be remembered that the process of the pre-
sent invention is a process in continuous which can be
carried out in one or more reactors, preferably 1n two
reactors in series. Alternatively, it can also be carried
out in batch reactors, care being taken to control the
temperature which must be kept within the wvalue limits
specified above by vaporization of the solvent-monomer
mixture which is condensed and re-fed 1nto the reactor;
this type of reactor is indicated by experts in the field
as “boiling reactor”.

In the preferred embodiment, the chlorinating spe-
cies is fed in a mixture with an aliquot of the alkylat-
ing species so as to maintain an Al/Cl ratio ranging from
0.5/1 to 5/1, preferably from 0.5/1 to 1.5/1. The cata-
lytic system of the present invention 1s preferably pre-
pared by feeding (a) the alkylating agent in a suitable
quantity for maintaining the Mooney viscosity at the pre-
ferred values, (b) the mixture consisting of the chlorin-
ating agent and part of the alkylating agent and finally
(c) the solution of Nd-carboxylate, separately 1into the
reaction environment.

The process of the present invention has the consid-

erable advantage of being simple and flexible.
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As far as the flexibility 1s concerned, the two
characterizing parameters (H,O0/Nd ratio and temperature)
can be modulated independently of each other, thus ob-
taining the desired branching degree and molecular weight
distribution (M,/M,), in relation to the final applica-
tion.

The possibility of modifying the branching degree
and molecular weight distribution allows materials to be
obtained, in which the elastic and viscous characteris-
tics can be modified with a wide range enabling them to
be used in very different fields, such as the modifica-
tion of plastic materials (polystyrene) and the prepara-
tion of blends for tyre treads.

It is possible to prepare, for example, polymers
which, although having the same Mooney (40), have a
variation in the viscosity measured in a solution at 5%
by weight at 22°C within a range of 450 to 100 cPs: these
differences in viscosity derive from a different molecu-
lar weight distribution whose polydispersion index passes
from 4 to 2.5 respectively and, at the same time, from a
higher branching which is practically absent 1n polymers
with a greater viscosity and polydispersion 1ndex, becom-
ing progressively important with a decrease 1in the mo-
lecular weight dispersion. As a non-limiting example,

whereas in polymers with a high viscosity, the 1index
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value gy is at values close to 1 typical of linear poly-
mers, for polymers having a low viscosity, 1t passes to
values of up to 0.65 typical of polymers characterized by
a distributed branching.

A further advantage of the present invention 1s that
it is effected in a single step unlike the prior known
art in which the preparation of linear polybutadiene was
effected first, followed by its branching.

Finally the process is effected with an aliphatic
solvent and in the presence of a non-toxic metal.

The following examples are provided for a better un-
derstanding of the present invention.

EXAMPLES

Characterization of the polymers

e Mooney viscosity, according to the method ASTM D

1646;

e Analysis of the microstructure (cis content), accord-

ing to the internal method via I.R. spectroscopy;

e Absolute viscosity, measured in a solution of styrene
at 5% w/w at T = 25°C;

e Determination of the molecular mass distribution
(MWD) , according to the internal method via GPC 1in Tetra-
hydrofuran at T = 25°C;

Determination of the average molecular weight and meas-

urement of the branching by means of the GPC/MALLS tech-
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nique. By coupling a multi-angle'light scattering detec-
tor (MALLS) with a traditional SEC/RI elution system, 1t
is possible to contemporaneously effect the absolute
measurement of the molecular weight and gyration radius
of the macromolecules which are separated by the chro-
matograph system; the quantity of light scattered from a
macromolecular species in solution can, 1n fact, be used
directly for obtaining its molecular weight, whereas the
angular variation of the scattering 1s directly corre-
lated with its average dimensions. The fundamental rela-

tion which is used is the following:

K*c 1
= +2A,c (1)
Re Mw PB
wherein:
e K¥ = optical constant, which depends on the wave-length

of the light used, the dn/dc of the polymer, the solvent

used

e M, = weight average molecular weight
e ¢ = concentration of the polymeric solution
e Ry = scattered light intensity measured at an angle 0

e Py = function which describes the scattered 1light

variation with the angle at which 1t 1s measured,
equal to 1 for an angle 6 equal to 0.
For very low concentrations (typical of a GPC sys-

tem, (1) is reduced to
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K*C 1
= — (2)
IQB hwa%)

and effecting the measurement on various angles, the ex-

trapolation at zero angle of the function K*c/ Rg in re-

lation to sen? 6/2 directly provides the molecular weight
from the intercept value and gyration radius from the

slope.

Furthermore, as this measurement 1s effected for
every slice of the chromatogram, it is possible to obtain
a distribution of both the molecular weight and also of
the gyration radius.

The macromolecular dimensions in solution are di-
rectly correlated to their branching degree: with the
same molecular weight, the smaller the dimensions of the
macromolecule with respect to the corresponding 1linear
macromolecule, the higher the branching degree will be;
the information relating to the macrostructure of a poly-
mer 1s deduced 1n two ways:

1. Qualitatively, from the wvalue of the parameter «,
which represents the slope of the curve which correlates
the gyration radius with the molecular weight: when, un-
der the same analysis conditions, this value decreases
with respect to a macrostructure of the 1linear type,

there 1s the presence of a polymer having a branched-type
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macrostructure; the typical value for a high-cis linear
polybutadiene in THF 1s equal to 0.58-0.60.

2. Quantitatively, by evaluating the branching 1index
gu, wWhich is defined for each macromolecule, as a ratio
between the average dquadratic gyration radius of the
branched macromolecule with that of the linear macromole-

cule, having the same molecular weight:

<r’>,

Emi =
o<t (3)

!

The average branching index gy represents the aver-
age of said ratio along the molecular mass distribution,
and ranges from 0 to 1.

NEODYMIUM VERSATATE USED IN THE PREPARATION OF THE

POLYMERS

The synthesis of the polymers are effected using
different types of Nd-versatate, (Ndl - Nd5), character-
ized by the presence of different aliquots of water and
free versatic acid, in particular as shown 1n the follow-

ing summarizing table.
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B ~ [ RCOOH/Nd (moles/moles) | H,O/Nd (moles/moles)
. N1 | 05 | 0.5 N

N2 | 03 | 0.30

Nd3 | 03 - 0.1 |
 Nd4 | 0.3 | 0.03

Nd5 | 0.3 | 0.001

Comparative EXAMPLES 1-6

SYNTHESIS OF POLYBUTADIENES A-F

It is demonstrated that in a batch polymerization,
the progressive decrease 1in protogenic substances (free
RCOOH and H;0) causes a progressive i1improvement 1in the
properties of the polymer (lower Mw/Mn) and a lower con-
sumption of Nd for preparing polymers having comparable
Mooney viscosities. In all the cases described, the poly-
mers are linear even if the polymerization 1s carried out
at a higher temperature (compare example 6 1in which the
operating temperature is 80°C, with respect to the other
examples in which the operating temperature is 60°C). The
characteristics of the above polybutadienes are indicated
in Table 1.

Comparative EXAMPLE 1- Synthesis of Polymer A effected 1in

a batch reactor

10 kg of an anhydrous hydrocarbon solvent consisting

of a mixture of hexanes and brought to a temperature of
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60°C are fed to a 20-litre autoclave equipped with a
stirrer and cooling system. The following products are
added to this solvent in order: 1,200 g of anhydrous bu-
tadiene, Nd versatate of the type Ndl, corresponding to
2.8 mmoles of Nd per 1,000 g of butadiene, DIBAH (diiso-
butyl aluminum hydride)in such a quantity that the final
DIBAH:Nd molar ratio is equal to 6 and, finally, a mix-
ture of DIBAH-DEAC (diethyl aluminum chloride) (1:1) 1in
such a quantity that the Cl:Nd molar ratio 1s equal to 3.
After 90’ the reaction is considered complete and inter-
rupted; a conversion equal to 94% 1s measured. The poly-
meric solution is extracted from the reaction container
and a phenolic antioxidant 1i1is added (Irganox® 1520, in a
quantity of 0.06% with respect to the polymer); the poly-
meric solution is then fed to a container containing
boiling water by the entry of vapour and stirred; the
solvent 1is thus eliminated and the coagulate 1s col-
lected, which is previously pressed 1in a cold calender
and subsequently completely dried in a roll calender at
80°C.

The M, measured by GPC has a value of 390,000,
whereas the dispersion index M,/M, measured via GPC 1s
equal to 3.8. Upon MALLS analysis, the polymer proves tO
be linear (gw=1l), the cis content 1s equal to 96.1l% and

the Mooney viscosity 42.

-22-



CA 02719728 2010-09-24

WO 2009/121516 PCT/EP2009/002218

10

15

20

25

Comparative Example 2- Synthesis of Polymer B effected in
a batch reactor

Under the same conditions 1indicated 1in Example 1,
using however Nd versatate of the type Nd2 in a quantity
of 2.5 mmoles of Nd/Kg of butadiene, DIBAH 1n such a
quantity that the final DIBAH:Nd molar ratio 1s equal to
5 and, finally, a mixture of DIBAH-DEAC (1:1) 1in such a
quantity that the Cl:Nd molar ratio 1is equal to 3, a
polymer is prepared having the characteristics 1indicated
in Table 1. After 90’ the conversion 1s equal to 96.5%.
After adding 0.06% w with respect to the polymer of Irga-
nox® 1520, the solvent is eliminated using the same pro-
cedure described above; analysis of the polymer shows
differences with respect to the previous point: 1in par-
ticular, M, GPC 1is equal to 380,000 and the dispersion
index is equal to 3.2. The gy value is equal to 1, 1ndi-
cating a 1linear polymer. The cis content 1s equal to
95.8% and the Mooney viscosity 44.
Comparative Example 3- Synthesis of Polymer C effected in

a batch reactor

Under the same conditions 1indicated 1n Example 1,
the quantity of Nd versatate of the type Nd3 1s reduced
to 2.2 mmoles per 1,000 g of butadiene, DIBAH in such a
quantity that the final DIBAH:Nd molar ratio 1is equal to

4.2 and, finally, a mixture of DIBAH-DEAC (1:1) 1n such a
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quantity that the Cl:Nd molar ratio i1s equal to 2.5. In
this case, the conversion 1s practically complete after
60’ (98%). After adding 0.06% w of Irganox: 1520, polymer
C 1s recovered.

In particular, M, GPC is equal to 350,000 and the
dispersion index is equal to 2.9. The gy value 1s equal
to 1, indicating a linear polymer, the c¢is content 1s
equal to 96.1% and the Mooney viscosity 45.

Comparative Example 4- Synthesis of Polymer D effected in

a batch reactor

Under the same conditions indicated 1i1n Example 1,
the quantity of Nd versatate of the type Nd4 1s reduced
to 2.0 mmoles per 1,000 g of butadiene, DIBAH 1in such a
quantity that the final DIBAH:Nd molar ratio 1is equal to
3.6 and, finally, a mixture of DIBAH-DEAC (1:1) 1in such a
quantity that the Cl:Nd molar ratio 1is equal to 2.5.

In this case, the conversion is practically complete
after 60’ (99%). After adding 0.06% w of Irganox® 1520,
polymer D 1s recovered.

In particular, M, GPC 1is equal to 330,000 and the
dispersion index is equal to 2.6. The gy value 1s equal
to 1, indicating a 1linear polymer, the cis content is
equal to 97% and the Mooney viscosity 43.

Comparative Example 5- Synthesis of Polymer E effected in

a batch reactor
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Under the same conditions 1indicated 1in Example 1,
with a quantity of Nd versatate of the type Ndé equal to
1.6 mmoles per 1,000 g of butadiene, DIBAH 1in such a
quantity that the final DIBAH:Nd molar ratio 1s equal tO
3.6 and, finally, a mixture of DIBAH-DEAC (1:1) in such a
quantity that the Cl:Nd molar ratio 1s equal to 2.5. In
this case, the conversion is practically complete after
60’ (99%). After adding 0.06% w of Irganox. 1520, polymer
E i1s recovered.

In particular, M, GPC is equal to 326,000 and the
dispersion index is equal to 2.4. The gy value 1s equal
to 1, indicating a linear polymer, the cis content 1is
equal to 97.5% and the Mooney viscosity 42.

Comparative Example 6- Polymer Ebis - Example with a dif-

ferent starting reaction temperature

The same procedure is effected as described in exam-
ple 5, with a quantity of Nd versatate of the type Nd5
equal to 1.6 mmoles per 1,000 g of butadiene, DIBAH 1in
such a quantity that the final DIBAH:Nd molar ratio 1s
equal to 3.6 and, finally, a mixture of DIBAH-DEAC (1:1)
in such a quantity that the Cl:Nd molar ratio 1s equal to
2.5, with the only difference that the starting tempera-
ture is 80°C. In this case, the conversion is practically
complete after 30’ (99%). After adding 0.06% w of Irga-

nox® 1520, polymer Epis is recovered.
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In particular, M, GPC 1is equal to 332,000 and the
dispersion index is equal to 2.5. The gy value 1s equal
to 1, indicating a linear polymer, the cis content 1is

equal to 96.5% and the Mooney viscosity 42.

Table 1
!—— | TypeofNd | Nd/1000g | DiBAH:
polymer Mw | gV
carboxylated. BDE DEAC:Nd ' Mn
A | Nd1l 2.8 | 6:3:1 "?Eot.s 1.0
B | Nd2 3.2 [ 1.0
c | Nd3 . .2:2.5:1 [ 350 2.9 [ 1.0
D | Nd4 | | 30 | 2.6 | 1.0
| E Nd5 | 2.3 1.0
Ebis | Nd5 | 1.6 3.6:2.5:1 | 332 I‘E,cl 1.0 |

EXAMPLES 7-11 (Polymer F,G,H,I,L synthesized in continu-

ous reactors
It is demonstrated that the use of various types of
neodymium versatate cause a progressive improvement 1in
the polymerization rate in a way which 1s 1nversely pro-
portional to the content of protogenic substances. In
particular and analogously to what has been observed in
batch reactors, the decrease 1n the water content causes
a progressive decrease in the Mw/Mn index.
Unlike the tests carried out batchwise as de-

scribed above, however, for particularly clean catalysts,
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a progressive decrease in the viscosity in styrene 1s oOb-
served, with the same Mooney value, due to a branching
revealed by a progressive value of the gy index (compare
polymers F, G, H, I, L).
The branching increases with an increase 1n the

synthesis temperature.
Examples 7-11 - Second synthesis of the polymers
F,G,H,I,L

Anhydrous butadiene and solvent anhydrified by pas-
sage on a bed of molecular sieves 3A are fed into a pilant
consisting of two reactors of 100 litres each, equipped
with wall-scraper stirrers and specific temperature con-
trol devices, in such ratios that the concentration of
the monomer proves to be equal to 12.5%w and the hourly
quantity of butadiene is equal to 8 kg/hour. The tempera-
ture of the monomer-solvent mixture is established at a
value not lower than 35°C and in any case such as to be
able to regulate (together with the quantity of vapour
circulating in the jackets of the reactors) a synthesis
temperature, in the two reactors, which 1is constant and
centered on a value equal to 80°C with an oscillation not
exceeding 3°C. The DIBAH and mixture of DIBAH-DEAC are
fed in order in the same feeding 1line (1:1 in moles),
whereas the Nd-versatate is fed separately directly into

the reactor; the quantity of neodymium versatate together
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with the DIBAH:Nd and DEAC:Nd ratio was established so as
to guarantee a sufficient reaction rate for obtaining a
total conversion egqual to and at least 95% and a Mooney
viscosity of the end-product centered on a value of 45.
The experimentations differed mainly 1in the type of Nd-
versatate; the variations in the absolute quantities of
the various constituents of the catalyst, as also their
relative ratios were a direct consequence of the neces-
sity of maintaining the reaction conditions at such a
level that the total conversion was not lower than 95%
and the Mooney viscosity was centered on a value of 45
with an oscillation not greater than 4 units more or
less. Table 2 indicates the synthesis conditions adopted
for the preparation of polybutadienes F,G,H,I and L, and
the relative characteristics.
EXAMPLES 12-14 - Preparation of polymers M,N,O

Anhydrous butadiene and solvent anhydrified by pas-
sage on a bed of molecular sieves 3A are fed into the
same plant as the previous example, consisting of two re-
actors of 100 litres each, equipped with wall-scraper
stirrers and specific temperature control devices, 1n
such ratios that the concentration of the monomer proves
to be equal to 12.5%w and the hourly quantity of butadi-
ene is equal to 8 kg/hour; the temperature of the mono-

mer-solvent mixture i1is established at a wvalue not lower

-28-



CA 02719728 2010-09-24

WO 2009/121516 PCT/EP2009/002218

10

15

20

25

than 45°C and in any case such as to be able to regulate
(together with the quantity of vapour circulating 1in the
jackets of the reactors) a synthesis temperature, 1in the
two reactors, which is constant and centered on a value
equal to 95°C with an oscillation not exceeding 3°C. The
DIBAH and mixture of DIBAH-DEAC are fed in order in the
same feeding 1line (1:1 1in moles), whereas the Nd-
versatate is fed separately directly 1into the reactor;
the quantity of neodymium versatate together with the DI-
BAH:Nd and DEAC:Nd ratio was established so as to guaran-
tee a sufficient reaction rate for obtaining a total con-
version equal to and at least 97% and a Mooney viscosity
of the end-product centered on a value of 45.

The experimentations differed mainly in the type of
Nd-versatate: the variations in the absolute quantities
of the various constituents of the catalyst, as also
their relative ratios were a direct consequence of the
necessity of maintaining the reaction conditions at such
a level that the total conversion was not lower than 95%
and the Mooney viscosity was centered on a value of 45
with an oscillation not greater than 4 units more or
less. Table 2 indicates the synthesis conditions adopted
for the preparation of polybutadienes M,N,O.

EXAMPLES 15-16 - Preparation of polymers P and Q.

Anhydrous butadiene and solvent anhydrified by pas-
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sage on a bed of molecular sieves 3A are fed into the
same plant as the previous example, consisting of two re-
actors of 100 litres each, equipped with wall-scraper
stirrers and specific temperature control devices, 1n
such ratios that the concentration of the monomer proves
to be equal to 12.5%w and the hourly quantity of butadi-
ene is equal to 8 kg/hour; the temperature of the mono-
mer-solvent mixture is established at a wvalue not lower
than 55°C and in any case such as to be able to regulate
(together with the quantity of vapour circulating in the
jackets of the reactors) a synthesis temperature, 1in the
two reactors, which is constant and centered on a value
equal to 105°C with an oscillation not exceeding 3°C. The
DIBAH and mixture of DIBAH-DEAC are fed in order 1in the
same feeding 1line (1:1 in moles), whereas the Nd-
versatate is fed separately directly 1into the reactor;
the quantity of neodymium versatate together with the DI-
BAH:Nd and DEAC:Nd ratio was established so as to guaran-
tee a sufficient reaction rate for obtaining a total con-
version equal to and at least 99% and a Mooney Vviscoslty
of the end-product centered on a value of 45. The experi-
mentations differed mainly 1n the type of Nd-versatate;
the variations in the absolute quantities of the various
constituents of the catalyst, as also their relative ra-

tios were a direct consequence of the necessity of main-
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taining the reaction conditions at such a level that the
total conversion was not lower than 99% and the Mooney
viscosity was centered on a value of 45 with an oscilla-
tion not greater than 4 units more or less. Table 2 indi-
cates the synthesis conditions adopted for the prepara-

tion of polybutadienes P and Q.

Table 2
Typ;_;f [ Nd | Di- | Conv | | -
Pol _ mmoli | BAH:DE T 1st Mo- Visc
Y Ndbo‘;ar /1000 AC: oc | reac | one Mw cPs
‘ g BDE Nd . Y _
8.1:
F Nd1 3,2 80 49 400 350
2.9:1 83
6.5: 80 87 48
G N2 2.9 385 3.2 1.0 310
3.1:1
T 4.7 92 | a7 | (I ' |
H Nd3 2.2 80 365 2.8 1.0 280
3.1:1
T Nd4 . 340 2.6 I 0.98 | 220
. . 1 I
L NdS . 330 2.3 | 0.97 | 200
M Nd3 . o 365 2.9 | 0.96 240
N Nd4 . o 335 2.6 .
0 Nd5 . T 320 2.4 :
§
' 3.85: 99 44 '
p | Nd4 2.2 105 330 2.5 .
2.4:1
3.9:;: 105 99 477
o) Nd5 2.2 315 2.4
2.4:1

Comparative Examples 17-19. Synthesis of polymers R, S, T

To show the effect of the water content 1in the Nd
salt, the salt Ndl was used in the same reactor configu-

ration described above at temperatures of 95°C and 105°C.
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Table 3 indicates the synthesis conditions adopted for
the preparation of polymers R, S and T together with

their characteristics.

Table 3

CaRaae s o . 4 A P —— . 1 . 1 _
|

Con-

ver
1gt MOO

T °C ney Mw

reac.
8.4: I
‘ R Nd1l 3.2 95 410 3.5 1 I 420 ‘

' 8.8 : [~ 105 | 87 46
S Nd1 3.2 420 | 3.7 | 1| a30
3.1:1
' 7.5 105 | 89 44 I |
T Nd?2 2.9 1.1 | | 390 | 3.4 | 1 365
| - | | | | | |

Comments on Tables 2 and 3

Mw / Visc
car- 1000 Mn In cPs

Nd
Type mmo- Di-
of Nd 1i/ BAH : DEAC
box. g Nd

BDE

86

48

The polymerization conditions adopted demonstrate
the importance of the Nd:H;O0 ratio in the Nd salt for the
regulation of the Mw/Mn index value; as already men-
tioned, with a decrease 1in the quantity of water, a
higher reaction rate is observed, together with a reduc-
tion in said index value. A temperature increase, on the
other hand, causes a progressive increase 1n the branch-
ing degree as verified by the decrease i1n the gy value. A
comparative examination of the tests show that only Nd
salts characterized by an Nd:H;O ratio <0.03 produce ex-
tensive branched polymers and with viscosity values lower
than 150 c¢Ps. If the synthesis 1s carried out at tempera-
tures higher than 80°C, for Nd salts with a water content

higher than 0.3, no branching 1s observed.
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CLAIMS

1. A process for the preparation of polybutadiene, the
process comprilising polymerizing butadiene in an aliphatic
solvent, a cyclo-aliphatic solvent, or both, in the pres-
ence of a catalytic system prepared in situ,

whereln

the polymerization is continuous and conducted at a tem-

perature ranging from 70°C to 130°C,
the catalytic system comprises:

(1) a carboxylate of neodymium soluble in the solvent,

comprising water, 1in which a H,0/Nd molar ratio is from

0.001/1 to 0.30/1;

(11) an alkyl compound of aluminium; and

(111) an alkyl compound of aluminium in which at least

P

one bond of Al consists of an Al-Cl bond;

a total Al/Nd molar ratio is from 4/1 to 12/1:

a Cl/Nd molar ratio ranging from 2/1 to 6/1; and the

polybutadiene has:

a content of 1,4-cis units higher than 92%;
a Mooney viscosity from 40 to 60;

M,/M, from 2 to 3;

pranching index value (gy) from 0.5 to 0.8; and
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an absolute viscosity in styrene is from 100 to 450 cPs,
1in which the styrene is in solution at 5% w/w at a tem-

perature of 25°C.

2 . The process according to claim 1, wherein the poly-

butadiene has a content of 1,4-cis units higher than 95%.

3. The process according to claim 1 or 2, whereiln the
neodymium carboxylate soluble in the process solvent 1is

neodymium versatate.

4 . The process according to any one of claims 1 to 3,

wherein the alkyl compound of aluminium (i1) is selected

from the group consisting of triethyl aluminium, tri-
1sobutyl aluminium, diethyl aluminium hydride and di-

1sobutyl aluminium hydride.

5. The process according to any one of claims 1 to 4,
wherein the alkyl compound of aluminium in which a bond

of Al comprises an Al-Cl bond (iii) i1is selected from the

group consisting of diethyl aluminium chloride, ethyl al-

uminium sesquichloride and ethyl aluminium dichloride.
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6. The process according to any one of claims 1 to 5,
wherein the aliphatic solvent, the cyclo-aliphatic sol-
vent, or both, 1s at least one selected from the group
consisting of butane, pentane, hexane, heptane, cyclohex-

ane and cyclopentane.

7. The process according to any one of claims 1 to 6o,

wherein the neodymium carboxylates are used in a quantity

of from 0.1 to 5 mmoles per 1,000 grams of butadiene.

8. The process according to any one of claims 1 to 6,

whereln the neodymium carboxylates are used 1n a quantity

of from 1 to 3 mmoles per 1,000 grams of butadiene.

9. The process according to any one of claims 1 to 8§,
wherein the catalytic system 1s prepared in situ by a
process comprising feeding into the reaction environment:
(a) part of the alkyl compound of aluminium (ii), (b)) a
mixture comprising the alkyl compound of aluminium in
which at least one bond of Al consists of an Al/Cl bond,
as a chlorinating agent (iii1) and the alkyl agent (ii),

and finally (c) a solution of Nd-carboxylate (i).
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10. The process according to any one of claims 1 to 9,

wherein the Al/Cl molar ratio is from 0.5/1 to 5/1.

11. The process according to any one of claims 1 to 9,

5 wherein the Al/Cl molar ratio is from 0.5/1 to 1.5/1.

12. The process according to any one of claims 1 to 11,

wherein the temperature is from 80°C to 95°C.

gri=e.

10 13. The process according to any one of claims 1 to 12,

wherein the neodymium carboxylate contains free carbox-

vlic acid, and a free carboxylic acid/Nd molar ratio of

less than 0.5/1.

15 14. The process according to any one of claims 1 to 12,

whereln the neodymium carboxylate contains free carbox-

ylic acid, and a free carboxylic acid/Nd molar ratio of

less than 0.3/1.

20 15. The process according to any one of claims 1 to 14,

wherein a molar ratio of the neodymium carboxylate (i) to

the alkyl compound of aluminium (1ii) is from 1/1 to 1/30.
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16. The process according to any one of claims 1 to 15,

wherein a molar ratio of the neodymium carboxylate (1) to

the alkyl compound of aluminium 1n which a bond of Al

comprises an Al-Cl bond (iii) is from 1/1.5 to 1/5.

5

17. The process according to any one of claims 1 to 16,
wherein a molar ratio of the alkyl compound of aluminium
(1i1) to the alkyl compound of aluminium 1n which a bond
of Al comprises an Al-Cl bond (1i1) 1s from 0.5 to 5.

10
18. The process according to any one of claims 1 to 17,
wherein the polymerization is continuous, and conducted
1n two reactors 1in series.

15
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