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Process for the preparation of a block copolymer comprising a first polymer block of an anionically polymerizable monomer
selected from the group consisting of monoviny! aromatic hydrocarbons, conjugated dienes and mixtures thereof, and a second polymer
block of polydimethylsiloxane, said process comprising the steps of: (a) combining at a temperature of from -10 to 60 °C into ome
reaction mixture at least the anionically polymerizable monomer (s), an organoalkali metal initiator, hexamethylcyclotrisiloxane and a
polar promoter, thus effecting polymerization of the anionically polymerizable monomer(s); (b) allowing the polymerization to proceed
until the block polymerization of the anionically monomer(s) and the subsequent cross-over reaction between the living polymer chains
and the hexamethylcyclotrisiloxane is complete; (c) raising the temperature to a temperature in the range of from 60 to 120 °C, thus
effecting polymerization of hexamethylcyclotrisiloxane at the end of the living polymer block obtained in step (a); and (d) terminating the
polymerization.
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PROCESS FOR THE PREPARATION OF POLYDIMETHYLSILOXANE BLOCK
COPOLYMERS

The present invention relates to a process for the preparation
of polydimethylsiloxane block copolymers. More specifically, the
present invention relates to a process for the preparation of block
copolymers comprising a first polymer block of anionically poly-
merizable monomer(s) and a second block of polydimethylsiloxane.

From J.C. Saam et al., MACROMOLECULES Vol. 3, No. 1, p. 1
(1970) a process for preparing polystyrene-polydimethylsiloxane
diblock copolymers is known comprising the polymerization of
hexamethylcyclotrisiloxane with living, i.e. lithium-terminated,
polystyrene. Accordingly, the process disclosed involves first
preparing living polystyrene chains by anionically polymerizing
styrene in a hydrocarbon solvent in the presence of an alkyllithium
initiator, followed by the addition of a first portion of hexa-
methylcyclotrisiloxane. After about 1 hour stirring at 50-60 °C the
typical orange colour of the living polystyrene chains had
disappeared indicating that the cross-over reaction between the
siloxane monomer and the living polystyrene chains had taken place.
Subsequently, the remaining hexamethylcyclotrisiloxane was
introduced together with tetrahydrofuran serving as the poly-
merization promoter. After about 4 hours the polymerization was
complete and the reaction was terminated.

Hence, the manufacture of block copolymers of polystvrene and
polydimethylsiloxane according to the reference discussed above
involved two separate polymerization steps. First, polystyrene is
anionically polymerized to the desired molecular weight and only
then can the hexamethylcyclotrisiloxane be added to polymerize the
polydimethylsiloxane block on the polystyrene polymer. This
multiple polymerization method was generally believed to be
necessary, because polymerizing such polymers in the presence of

both monomers at the same time was expected to lead to tapering
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between the blocks which causes poor phase separation and broad

molecular weight distribution in the final polymer, thereby

affecting properties negatively, e.g., low strength. Thus, it
would be advantageous to be able to produce block copolymers of
vinyl aromatic hydrocarbons and/or conjugated dienes on the one
hand and polydimethylsiloxane on the other hand in the presence of
both monomers without causing any tapering between the blocks and
an acceptably narrow molecular weight distribution in the block
copolymer produced.

Accordingly, the present invention relates to a process for
the preparation of a block copolymer comprising a first polymer
block of an anionically polymerizable monomer selected from the
group consisting of monovinyl aromatic hydrocarbons, conjugated
dienes and mixtures thereof, and a second polymer block of
polydimethylsiloxane, said process comprising the steps of:

(a) combining at a temperature of from -10 to 60 °C into one
reaction mixture at least the anionically polymerizable
monomer(s), an organoalkali metal initiator, hexamethyl-
cyclotrisiloxane and a polar promoter, thus effecting
polymerization of the anionically polymerizable monomer(s);

(b) allowing the polymerization to proceed until the block
polymerization of the anionically monomer(s) and the
subsequent cross-over reaction between the living polymer
chains and the hexamethylcyclotrisiloxane is complete;

(c) raising the temperature to a temperature in the range of from
60 to 120 °C, thus effecting polymerization of hexamethyl-
cyclotrisiloxane at the end of the living polymer block
obtained in step (a); and

(d) terminating the polymerization.

In the method of the present invention, the monomer(s), an
organo alkali metal promoter, hexamethylcyclotrisiloxane and a
polar promoter are mixed together in the solvent at a temperature
of 0 °C to 60 °C. The polymerization of the vinyl aromatic
hydrocarbon and/or conjugated diene monomer(s) is allowed to

.+ . . .
proceed until the colour of the monomer - Li species (which is
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initially produced) fades. This, namely, is a clear indication
that the polymerization of the anionically polymerizable monomers
has been completed and that the cross-over reaction between the
siloxane monomer and the living polymer chains has taken place. The
temperature is then raised to 60 to 120 °C, causing the
hexamethylcyclotrisiloxane to polymerize at the end of the living
vinyl aromatic hydrocarbon and/or conjugated diene monomer(s)
polymer chains. Finally, the polymerization is terminated,

As is well known, polymers containing aromatic unsaturation
can be suitably prepared by anionically polymerizing a vinyl
aromatic hydrocarbon monomer using anionic polymerization
initiators. Such polymers may be prepared using bulk, solution or
emulsion techniques. In any case, the polymer will generally be
recovered as a solid such as a crumb, a powder, a pellet or the
like. Conjugated dienes may be used in place of the vinyl aromatic
hydrocarbon to form polydiene/polydimethylsiloxane polymers.
Mixtures of vinyl aromatic hydrocarbons and conjugated dienes may
also be anionically polymerized herein, thus resulting in random or
tapered blocks. Suitable conjugated dienes which may be
polymerized anionically include those conjugated dienes containing
from 4 to 12 carbon atoms such as 1,3-butadiene, isoprene,
piperylene, methylpentadiene, phenylbutadiene, 3,4-dimethyl-1,3-
hexadiene, 4,5-diethyl-1,3-octadiene and the like. Butadiene and
isoprene are the preferred conjugated dienes. Suitable monovinyl
aromatic hydrocarbons include styrene and various alkyl-substituted
styrenes, such as a-methylstyrene and p-methylstyrene. Styrene is
most preferred.

In the process of the present invention it is preferred to use
a monovinyl aromatic hydrocarbon, preferably styrene, as the sole
anionically polymerizable monomer.

Suitable anionic polymerization initiators include Group IA
metals, their alkyls, amides, silanolates, naphthalides, biphenyls
and anthracenyl derivatives. Preferably, an organo alkali metal

compound is used. The most preferred anionic polymerization
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initiators afe alkyl lithium compounds, such as n-butyllithium and
sec-butyllithium.

The polydimethylsiloxane polymer is formed by polymerizing
hexamethylcyclotrisiloxane, (Me2SiO)3, in the presence of a polar
promoter. The promoter can be, for example, tetrahydrofuran,
diethoxyethane, ethyleneglycoldimethyl ether, N,N,N' N'-tetra-
methylethylenediamine, etc. 1Its purpose is to decrease the
reaction time of the polymerization of hexamethyleyclotrisiloxane.
The polymerization reaction is carried out at a temperature of from
60 to 120 °C and the amount of promoter used may range from as low
as 100 ppm to as high as 100% by weight (i.e. the polar promoter is
used as solvent) based on total polymerization mixture.
Conveniently, the promoter is used in an amount of from 0.5 to
10% by weight based on total polymerization mixture. It will be
clear that the higher the amount of promoter, the shorter the
reaction time will be.

The process of the present invention can be suitably concluded
in a hydrocarbon solvent. In this case, any of the solvents known
in the pri»r art to be useful in anionic polymerization processes
may be used. The most suitable solvents include straight- and
branched-chain hydrocarbons such as €.g. pentane, hexane and
heptane and cycloaliphatic hydrocarbons such as cyclopentane,
cyclohexane and cycloheptane. Mixtures of two or more of such
solvents may also be conveniently used.

Alternatively, no hydrocarbon solvent is used. In this case
the monovinyl aromatic hydrocarbon initially serves as the solvent
in step (a) for the other components, while the reaction heat
produced upon polymerization of this monovinyl aromatic hydrocarbon
in step (b) melts the hexamethylcyclotrisiloxane, which then serves
as the solvent for the living poly(monovinyl aromatic hydrocarbon)
polymer produced. This is possible, because the polymerization of a
monovinyl aromatic hydrocarbon, suitably styrene, is an exothermic
reaction. Accordingly, as the styrene polymerization proceeds, the
generated reaction heat will contribute to raising the temperature

of the reaction mixture. Eventually, the hexamethyleyclotrisiloxane
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will melt (at about 63 °C). The molten hexamethylcyclotrisiloxane
will then serve as the solvent for the living polystyrene polymer
formed and for the other components present. As the temperature
rises (to above 60 °C), the polymerization of the hexamethyleyclo-
trisiloxane will proceed on the ends of the living polystyrene
chains. Suitably, this latter polymerization takes place at a
temperature between 65 °C and 100 °C for 2 to 5 hours.

The unique aspect of the present invention is that the
polymerizations of the anionically polymerizable monomers as well
as of the siloxane monomer are carried out in one and the same
reaction mixture wherein all of the reactants and promoters are
mixed together simultaneously. Thus, the monovinyl aromatic
hydrocarbon and/or conjugated diene monomers, the organo alkali
metal promoter, the hexamethylcyclotrisiloxane and the polar
promoter are mixed together. If a solvent is used, it may be
selected from the solvents described above. Initially, the
temperature is within the range of -10 to 60 °C, preferably -5 to
25 °C, to allow the polymerization of the polystyrene to proceed.
At the outset, the reaction mixture takes on an orange colour due
to the presence of the PSLi* species, if styrene is used as the
sole anionically polymerizable monomer. This preferably takes 1 to
1.5 hours. When this colour fades, the polystyrene reaction and
the subsequent cross-over reaction between the lithiated sides of
the living polymer chains and the hexamethylcyclotrisiloxane
monomer is essen:ially complete. The temperature is then raised to
60 to 120 °C, preferably 65 to 100 °C, using the heat of reaction
of the polystyrene polymerization and external means, if necessary.
After a period of 2 to 5 hours, preferably 3 to 4 hours, during
which the hexamethylcyclo-trisiloxane polymerizes on the ends of
the polystyrene chains, the polymerization is terminated and the
polystyrene/polydimethysiloxane block copolymer is recovered.

As stated above, it is a preferred embodiment of the present
invention that the process be carried out in the absence of an
added solvent. This has significant advantages, especially from a

capital standpoint. Without the necessity of handling a solvent,
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the process utilizes relatively small reactors and there is no need
for solvent removal facilities or solvent recycle equipment.
Process cycle times are also reduced due to faster kinetics of the
reaction. The reaction may take place in an extruder.

The last step of the process is termination of polymerization.
This can be accomplished by adding e.g. trimethylchlorosilane or
vinyldimethylchlorosilane to the polymerization solution. Other
methods of termination include the addition of dimethyl dichloro-
silane, as a result of which coupled tri-block polymers could be
prepared.

The process of the present invention works very well because
it was found that styrene (and/or the dienes) reacts much faster
with itself than it will with hexamethylcyclotrisiloxane in the
selected temperature range of from -10 to 60 °C. This is because
at such temperatures the polymerization kinetics are much faster
than the "crossover" reaction kinetics (the reaction between
styrene or a short polystyrene chain and hexamethylcyclotri-
siloxane). Unlike the block copolymerization of two dienes or
styrene and a diene, tapering (or randomization which causes broad
molecular weight distribution) between blocks hardly occurs because
the chain ends of polydimethylsiloxane cannot crossover to styrene
monomer due to insufficient reactivity at the selected reaction
temperature. If some crossover to siloxane occurs before all of
the styrene monomer is consumed, the only result will be a somewhat
broader molecular weight distribution of the polystyrene block.
However, the broadening of the molecular weight distribution is
tolerable and allows the production of polymers at greatly reduced
costs and reaction times.

The polymers produced in accordance with this invention are
useful in surface-inactive coatings and in impact modification of
engineering thermoplastics, since they incorporate the strength of
vinyl aromatic hydrocarbons such as polystyrene and the high
flexibility of polydimethylsiloxane and its extremely low

solubility parameter compared with polystyrene.
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Example 1
To a 100 ml polymerization bottle was added 10 g (MezsiO)3

monomer, 40 g cyclohexane, 3.3 g styrene monomer and 50 mg
diethoxyethane promoter (1000 ppm). The solution was titrated at
25 °C with sec-butyllithium (s-buli) solution (1.4 M) until the
yellow colour due to psTLi" persisted for about 30 seconds. Then
0.67 mmoles of s-bulLi (in cyclohexane) was added to initiate
polymerization.

The polymerization was allowed to proceed at room temperature
with stirring until the orange colour due to psTLit had dissipated
(about 90 min.) indicating that the styrene block polymerization
was complete and that all living chain ends had crossed over to the
siloxane monomer. The polystyrene block peak MW was about 5000 by
gel permeation chromatography (GPC).

Then 0.5 g additional diethoxyethane was added (total promoter
concentration about 1% by weight) and the reaction was heated at
80 °C for 3 hours to polymerize the polydimethylsiloxane block
(PDMS). After 3 hours, 2 mmoles MeBSiCl was added to terminate the
polymerization and the reaction mixture was heated at 80 °C for
30 minutes and then cooled.

GPC analysis showed the final product to have peak Ms
(polystyrene equivalent MW) = 12,900. The molecular weight
distribution value (MWD) was 1.11 which compares well with
conventional anionic polymerization values for MWD (1.01 to 1.10).
The polymer was precipitated with isopropanol and dried.

Example 2

This reaction was identical to Example 1 except that the
styrene block was polymerized at 0 °C for 90 minutes. Ms = 12,800
for the final product with MWD = 1.08.

The following examples describe solventless sequential PS-PDMS
block copolymer polymerizations in the presence of both monomers .
Example 3 '

To a 50 ml polymerization bottle was added 10 g (Me25i0)3
monomer, 3.3 g styrene monomer and 14 mg (1000 ppm) diethoxyethane

promoter. The system was cooled to 0 °C with stirring and
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0.4 mmoles s-buli (in cyclohexane) was injected. A vigorous
exotherm was observed with the appearance of a red colour
indicative of PS_Li+. Within 30 seconds the colour had dissipated
indicating that the styrene polymerization and the crossover
reaction with siloxane monomer were both complete. This compares
with 90 minutes at 0 °C in solution (Example 2). As the liquid
styrene monomer was consumed, the system passed through a transient
fused mass state [consisting of both PS.Li+ polymer and solid
(MezsiO)3 monomer]. However, as the exotherm rose above the
(Me2810)3 melting point of 63 °C, the system liquified again and
the PS'Li+ dissolved in the siloxane monomer (now the solvent).

After the PS—Li+ colour had disappeared; 0.4 g additional
diethoxyethane was added to the system (total promoter
concentration = 3% by weight) and the temperature was increased to
80 °C and maintained there for 2 hours. The viscosity increased
steadily during this period as the (MezsiO)3 was consumed,
eventually giving a viscous syrup of PS-PDMS polymer in trace
monomer and promoter.

After two hours, the polymerization was terminated by addition
of 1.2 mmoles of Me3SiC1. The reaction was heated at 80 °C for
30 minutes and then cooled. The polymer was dissolved in tetra-
hydrofuran, precipitated with isopropanol and dried.

GPC analysis showed peak Ms = 16,900 with MWD = 1.32. The PS
block was calculated to be 8,200.
Example 4

This reaction was identical to Example 3 except that the PDMS
block was allowed to polymerize for 3 hours. Peak Ms = 20,800 for
the finalfproduct with MWD = 1.35. More complete polymerization of
the siloxane monomer was obtained in this experiment with longer

reaction time as evidenced by the higher MW of the final product,
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CLAIMS

1. Process for the preparation of a block copolymer comprising a
first polymer block of an anionically polymerizable monomer
selected from the group consisting of monovinyl aromatic
hydrocarbons, conjugated dienes and mixtures thereof, and a second
polymer block of polydimethylsiloxane, said process comprising the
steps of:

(a) combining at a temperature of from -10 to 60 °C into one
reaction mixture at least the anionically polymerizable
monomer (s), an organoalkali metal initiator, hexamethylcyclo-
trisiloxane and a polar promoter, thus effecting poly-
merization of the anionically polymerizable monomer(s):

(b) allowing the polymerization to proceed until the block
polymerization of the anionically monomer(s) and the
subsequent cross-over reaction between the living polymer
chains and the hexamethylcyclotrisiloxane is complete;

(c¢) raising the temperature to a temperature in the range of from
60 to 120 °C, thus effecting polymerization of hexamethyl-
cyclotrisiloxane at the end. of the living polymer block
obtained in step (a); and

(d) terminating the polymerization.

2.  The process of claim 1, wherein the anionically polymerizable

monomer is a monovinyl aromatic hydrocarbon.

3. The process of claim 2, wherein the monovinyl aromatic

hydrocarbon is styrene.

4. The process of any one of claims 1 to 3, wherein steps (a) and

(b) are conducted at a temperature in the range of from -5 to 25 °C
and wherein in step (c) the temperature is raised to a temperature
in the range of from 65 to 100 °C.

5. The process of any one of claims 1 to 4, wherein steps (a),

(b), (c¢) and (d) are conducted in a hydrocarbon solvent.
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6. The process of any one of claims 2 to 5, wherein in step (a)
the monovinyl aromatic hydrocarbon initially serves as the solvent
for the other components, while the reaction heat produced upon
polymerization of this monovinyl aromatic hydrocarbon in step (b)

5 melts the hexamethylcyclotrisiloxane, which then serves as the
solvent for the living poly(monovinyl aromatic hydrocarbon) polymer

produced.
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