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Method for continuous polymerization of diene elasatmer
with lithium amide initiator

The present invention relates to a continuous gghprocess, by means of
several reactors in series, making it possiblebtaia a diene elastomer exhibiting a
narrow molecular weight distribution and a high teo of living polymer, in the
case of an initiation with a lithium amide.

Now that savings in fuel and the need to proteet ¢éimvironment have
become a priority, it is desirable to produce paysnhaving good mechanical
properties and a hysteresis which is as low asifdess order to be able to employ
them in the form of rubber compositions which canused in the manufacture of
various semi-finished products involved in the cosipon of tyre covers, such as,
for example, underlayers, bonding rubbers betwedibars of different natures,
coating rubbers for metal or textile reinforcingrelents, sidewall rubbers or treads,
and to obtain tyres with improved properties, imtipalar having a reduced rolling
resistance.

The reduction in the hysteresis of the mixturesnngoing objective of the
tyre industry in order to limit fuel consumptiondato thus protect the environment.
This must, however, be carried out while keepingadhthe processability of the
mixtures.

Many solutions have already been experimented withrder to achieve the
objective of a fall in hysteresis. Mention may irarficular be made of the
modification of the structure of diene polymers acmpolymers at the end of
polymerization by means of functionalization agentsupling agents or star-
branching agents with the aim of obtaining a gaadraction between the polymer,
thus modified, and the filler, whether this is aartblack or a reinforcing inorganic
filler. Mention may also be made of the use of actional initiator having a
functional group which interacts with the filler.

Mention may be made, by way of illustration of tpisor art, of the use of
diene elastomers functionalized by alkoxysilane poamds and amine compounds.
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Mention may be made of Patent JP4655706B2, in wpiokision is made
to combine the functionalization of the living chaénd with a compound of the
alkoxysilane type bearing an amine functional graugh the initiating with an
amine-functional alkyllithium with the aim of minizing the hysteresis. In the same
way, provision is made, in Patent Application US20245275A1, to combine the
functionalization of the living chain end with amspound of the alkoxysilane type
bearing an amine functional group with the initigtiwith a lithium amide but also
with a functional monomer of the vinylaminosilangpé. Finally, in Patent
Applications WO02015063161A1, WO02015044225A1, WO 72A1 and
W02015018600A1, provision is made to combine thiatmg with a lithium amide
with the reaction of the living chain end with coounds of the alkoxysilane type
bearing different groups having an affinity foricsal.

As illustrated above, the use of functional ingi&t having a group which
interacts with silica, such as amine-functionalyliithiums or lithium amides, is
advantageous in reducing the rolling resistancdemtiecreasing the dissipation of
energy related to the free chain ends. It thus agpadvantageous to be able to use
them on the industrial scale in competitive proesdsr the synthesis of elastomers.

It is known to a person skilled in the art that thmmous synthesis processes
are more competitive than batchwise synthesis gemse for which frequent
shutdowns and restart-ups are necessary. Howewde the use of initiator of the
lithium amide type results in high conversions aimomers (greater than 85%) and
high contents (greater than or equal to 90%)\0fdj polymer chains in the O™
form being jointly obtained in the batchwise prages high conversion of monomers
(greater than 85%) is associated with a low contériving polymer chains (less
than 60%) and a high content of living polymer cisaigreater than or equal to 90%)
is associated with a low conversion of monomerss(ithan 70%) in the case of a
conventional continuous process in a reactor.

The reduction in the distribution of the moleculareights before
functionalization of the elastomer also makes itsgiiole to improve the
hysteresis/processing compromise of the material.

The synthesis of the elastomers with a process atthlwise type is
preferable in this regard, since this type of psscmakes it possible to control the
molecular distribution in order to obtain diene alymers with a narrow molecular
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weight distribution before functionalization, urdika continuous process, which
provides a wide molecular weight distribution.

Mention may be made, by way of example, of Patéifis 6 313 232,
EP 1318172 and EP 1 829 906, which assert thatuptedexhibiting a low
polydispersity are favourable to a reduced hysierésnear polymers with narrow
molecular distributions exhibit in addition an iroped processing.

Patent US 5 587 420 describes a method for thenpmoigation of diene
monomers in solution in a hydrocarbon solvent usasginitiator, an organolithium
compound, batchwise. An organotin compound is adtethg or at the end of the
batch. This type of batchwise process is less mtidkiand less economical than a
continuous process. This is described in Patent6UR.3 232, which describes a
continuous process with a first stage of polymeigrain the presence of a tin-
derived compound, followed by a stage of functicaion with the tin at the outlet
of the reactor for production of a diene polymethwimproved physical properties,
including the reduction in the hysteresis. Howewle polydispersity values of
polymers synthesized with this method are not izigid.

Moreover, as explained above, in order for the pely obtained to be able
to be upgraded, the synthesis process must be tibrgo@nd economical. In this
sense, a process of continuous type is preferbloleever, this type of process with
a reactor, considered to be continuous stirred-taaktor,does not make it possible
to control the polydispersity index, like the preses of batchwise type.

Many patents describe the synthesis of functiolzstemers in a continuous
process. Mention may be made of Patent JP 1988083833-235305JP), which
describes an economical continuous polymerizatioocgss where the polymer
obtained has a broad molecular distribution.

Patent EP 1 829 906 describes a continuous prdoeske production of
diene and vinylaromatic copolymers in the preseoica polarity-modifying agent
(THFA-ethyl) in order to obtain a random incorpavat of the monomers. The
synthesis is carried out by means of at least ®aztors in series. The copolymer
obtained exhibits a polydispersity index of betwédhand 2.5.

Mention may also be made of Patent US 6 372 863wBich describes a
continuous process for the polymerization of stgrand butadiene in two reactors in
series, according to which all of the styrene isoeuced into the first reactor with
only a part of the butadiene, the remainder ofailiadiene being introduced into the
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second reactor. This process makes it possibleynthasize random elastomers
having a low vinyl content with an absence of stgrélocks.

The aim of the invention is thus to identify a goobus synthesis process
which makes it possible to jointly obtain a highneersion of monomers (greater
than 70% by weight) and a high content of livindypeer chains (greater than or
equal to 90% by number) on conclusion of the polymad¢ion stage in the case of an
initiation with a lithium amide. A high content ¥ing polymer on conclusion of the
polymerization stage is desirable in order to ble &b functionalize, couple or star-
branch, as desired, the polymer chains. The systipgecess should also make it
possible to synthesize diene elastomers exhibittnglow molecular weight
distribution before functionalization which makesspible a gain with regard to the
hysteresis/processing compromise of the matenie synthesized.

The inventors have now discovered, surprisinghat tthe aims of the
invention could be obtained by a continuous synshpsocess comprising several
reactors in series, monomer, solvent or a polantaggtionally being reinjected into
one or more of the reactors other than the firg,imtrinsic conversion by weight in
the first reactor being less than 70%, the polyraion being continued in such a
way that the total conversion by weight at the etutf the final reactor is greater than
70%, the diene elastomer obtained exhibiting agispersity index varying from 1.1
to 1.7 and a low content of dead chains.

A subject-matter of the invention is thus a procéss the continuous
synthesis of a diene elastomer by means of n msacioto rn, considered to be
continuous stirred-tank reactomghich are equipped with an internal stirring system
and which are arranged in series, n varying frota 25, preferably from 2 to 9, the
reactor rl being fed by an input solution compdsia solvent, one or more
monomer(s), an anionic polymerization initiator séo from lithium amides and a
polar agent, one or more of the reactors r2 toddit@nally being optionally fed by
reinjection of a purified solution comprising satteand/or monomer(s) and/or polar
agent, the temperature of each reactor varying fRfC to 150°C, preferably
varying from 30°C to 120°C, and being greater tbarequal to the temperature of
the reactor which immediately precedes it, the tenaure of the reactor rn being
greater than the temperature of the reactor rl,

the amount by weight Wof monomer(s) introduced into the reactor rl1
being such that:
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the amount by weight Wof monomer(s) reinjected into the reactor ri, when

W, # 0, i varying from 2 to n, being such that:
0<—i_ 0.9
W

and such that Wepresents from 5% to 100% by weight of the wedajhhe
solution reinjected into the reactor ri, whenX\0,

where W is the amount by weight of monomer(s) introduc#d the reactor
rj, j varying from 1 to n,

the amount by weight of all of the monomers entgtime reactors rl to rn
representing from 5% to 25% by weight of the sunthef total inputs by weight of
the reactors rl to rn,

the intrinsic conversion by weightGsic.1 in the first reactor being less than
70%,

where Gﬂrinsic,l = P/W;

where R is the weight of polymer formed in the reactor r1,

the total conversion by weightfCat the outlet of the reactor rn being

greater than or equal to 70%,
where:

n
C. = i=1 Pi
tot — n W'
j=1""J

where Ris the weight of polymer formed in the reactor ri,
the overall conversion by weightferan i in each reactor ri, i varying from 1
to n, being such that:

Ctot Ctot
n —0.2 X Ctot < Coveralli < T"' 0.2 X Ctot

andCoveralli >0

where:
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P;
Coveralli = "W,
j=1""]

where Ris the weight of polymer formed in the reactor #arying from 1
ton,

the diene elastomer obtained exhibiting a polydspeindex varying from
1.1to 1.7, preferably varying from 1.2 to 1.6.

In the context of the present patent applicatiba,term "reinjection” refers
to the repeating of the action of injectiorio a reactor ri, other than the reactor r1,
already fed by the stream from ri-1. The reinjectiovhen it takes place, can be
carried out directly into one or more of the reastor, advantageously, by mixing
with the stream resulting from ri-The reinjection can be carried out with streams
having a composition identical to or different frahme rl feed stream. When the
reinjection takes place in at least two reactdws,natures of these reinjections can be
identical or different. The term "reinjected monatnefers to the monomer injected
into ri not resulting from the stream originatirrgrh ri-1.

Thus, the term "amount by weight;\WWf monomer(s) introduced into the
reactor ri" is understood to mean, when i = 1,dheunt of monomer(s) present in
the input solution and introduced as such intordastor 1 and, when i = 2 to n, the
amount of monomer(s) optionally reinjected into téactor i.

By control of the conversion in each reactor andh®/number of reactors,
the continuous process according to the inventiakas it possible to obtain, at the
outlet of the final reactor, a content of livingaihs of greater than or equal to 90%
by number, with respect to the total number ofnigvichains initiated by a lithium
amide in the reactor rl. However, the reinjectellitem or solutions have to be
purified in order not to degrade the living polymer

In the case of an anionic polymerization, the kivahain is a carbanion. The
carbanion is a very reactive entity. It reacts wpttotic entities or electrophilic
entities.

Thus, if the feedstock of the first reactor congganotic impurities (alcohols,
water, acids, and the like) or electrophilic impies (carbonyls, and the like), the
initiator will react first with these impurities tiead to inactive entities (alkoxides)
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incapable of initiating the polymerization of thenomers. The difference between
the amount of initiator introduced at the inlettbé reactor r1 and the amount of
initiator which has reacted with the impuritieshr reactor r1 constitutes the amount
of active initiator. The number of living chainstiated in the reactor rl is equivalent
to this amount of active initiator in the reacttr r

On the other hand, for the subsequent optionajesion(s) between the
reactors, the neutralization of the impurities aduiced by the reinjection will be
carried out by the polymer carbanion. This neutedion prevents the polymer chain
from propagating and the chain thus becomes déatl,id to say inactive, towards
the polymerization but also the functionalizatidrhis entity is no longer reactive
with the optional stopping, functionalization, cting or star-branching agents.

This is why, apart from the feedstock of the fisactor, it is necessary to
control the purity of each reinjected solution nder to guarantee the lowest possible
dead-polymer content at the outlet of the reaator.e. less than 10% by number,
with respect to the total number of chains inithire the reactor rl.

The term "amount by weight of all of the monomeggjering the reactors
rl to rn" is understood to mean the sum of the aihby weight of monomer(s)
introduced into the reactor rl1 by the input solutaond of the amounts by weight of
the monomer(s) optionally reinjected into one orenaf the reactors r2 to rn.

The term "sum of the total inputs by weight of tleactors rl to rn" is
understood to mean the sum of the amount by weigtite input solution and of the
amounts by weight of the solutions optionally reatgd.

The term "polydispersity index" is understood toamethe ratio of the
weight-average molecular weight to the number-ayeeranolecular weight. The
weight-average and number-average molecular weigines measured by size
exclusion chromatography.

The process according to the invention also makpsessible to control the
polydispersity index of the polymer synthesizedty control of the conversion, by
the balancing of the temperatures in each reaatbbg the number of reactors.

The control of the conversion in all the reactangparticular in the first and
the final reactor, is provided by the temperattine, residence time, the amount of
polar agent and the amount of monomer enteringethesctors, the concentration of
living polymer. A person skilled in the art knowswh to vary these different
parameters in order to control the conversionbéndifferent reactors.
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By operating at increasing temperature, the projp@man the reactors is
accelerated. This is why, preferably, the tempeeain at least one reactor ri is
greater than the temperature of the reactor rirdfepably, the temperature of each
reactor ri is greater than the temperature of éaetor ri-1, i varying from 2 to n.

The optional reinjection of a portion of the monemeto one or more of
the reactors starting from the second has an impacte amount of monomers
present in the reactor and the residence time nithe said reactor. Thus, these
reinjections, which constitute an advantageous empintation of the process
according to the invention, also contribute tollaégancing of the conversions and, as
explained above, to the control of the polydispgrisidex.

Advantageously, the very high purity of the monosnezinjected makes it
possible to reduce the impact of the side reactiamsh have a tendency to widen
the molecular distribution of the polymer formed.

The residence times and the temperatures are htsger in order not to
promote these side reactions.

Preferably, the reactors are equipped with anniadestirring mechanism.

Preferably, the intrinsic conversion by weightufssic 1 in the reactor rl is
less than 65%, preferably less than 60%. Preferalytotal conversion by weight
Ciot at the outlet of the reactor rn is greater thaeaual to 80%, preferably greater
than or equal to 85%.

Preferably, the number of reactors is equal to 2, @referably 2.

When the number of reactors is equal to 2, the gg®@ccording to the
invention preferably exhibitat least one of the following characteristics anoren
preferably all of the following characteristics:

- a reinjection of a solution comprising monomerg)arried out in the

reactor r2,

- the purity of the solution optionally reinjecteddrthe reactor r2 is such

that the content of impurities in the reinjectetlon is minimized at a
value of less than or equal to 5% of the numbédivofg chains initiated
in the reactor r1,

- the temperature of the reactors rl and r2 varies) f20°C to 150°C,

preferably from 30°C to 120°C, the temperaturehef teactor r2 being
greater than the temperature of the reactor rl,
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- the amount by weight of monomer(s) introduced ithte reactor rl is
greater than 10% and less than 100% of the totaluamby weight of
the monomers introduced into the reactors r1 aneviizn a reinjection
is carried out in r2,

- the amount by weight of monomer(s) reinjected threactor r2 is less
than 90% by weight of the total weight of monomgn(gected into the
reactor rl and reinjected into the reactor r2, wheainjection is carried
outinr2,

- the amount by weight of all of the monomers entgthre reactors r1 and
r2 represents from 5% to 25% by weight of the sunthe inputs by
weight of the reactors rl and r2, when a reinjecisocarried out in r2,

- the intrinsic conversion by weight in the reactds preferably less than
65%, more preferably less than 60%.

Preferably, the residence time in the reactor besveen 1 and 60 minutes,
preferably between 5 and 60 minutes, more prefefadtween 10 and 50 minutes. It
is calculated in the following way:

Qi

T;

with:
- Vj, volume of the reactor;R varying from 1 to n
- Qui = flow rate by volume exiting the reactor i.

As explained above, a solution comprising solventd/er monomer(s)
and/or polar agent is optionally reinjected int@ @m more of the reactors r2 to rn.

As explained above, the purity of each reinjectetut®on has to be
controlled.

The term "purity of a reinjected solution" is unstend to mean the
proportion by weight of optional monomer(s), andpfional solvent and of optional
polar agent, with respect to the total weight &f thinjected solution.

The purification stage consists in removing, frdra teinjected solution, the
protic compounds (water, alcohol, acids, and tke)land electrophilic compounds
(carbonyl, and the like) which can deactivate thedg chain end, so as to reduce
their amount in this reinjected solution to a cantf less than or equal to 5 mol% of
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the active initiator, preferably of less than ova&lgto 2 mol% of the active initiator.
Each reinjected solution contains purified solvant/or purified monomers and/or
purified polar agent.

The constituent or each constituent of the reieg@ctolution(s) can be,
before reinjection, purified independently by anyification means normally used to
purify the constituents, for example by adsorptiaqyid/liquid extraction, gas/liquid
extraction or distillation.

In particular, the solvent and/or the monomer(gj/anthe polar agent can
be independently purified by adsorption, liquiddid extraction, gas/liquid
extraction or distillation.

Alternatively, the solution(s) to be reinjectedgwising all or part of the
combination of its constituents, catpefore reinjection, be purified by any
purification means normally used to purify the ddosnts, for example by
adsorption, liquid/liquid extraction, gas/liquidteaction or distillation.

The adsorption can be carried out on zeolite callomina.

The liquid/liquid extraction can be carried out Iogeans of sodium
hydroxide.

The gas/liquid extraction can be carried out by m3eaf a stream of air or
nitrogen.

The distillation can be a single-stage distillatiithout reflux (or flash
distillation) or a column distillation, optionaliynder vacuum.

The flash distillation is carried out by means of avaporation
compartment. The column distillation is carried dayyt means of a distillation
column.

Whatever the purification process chosen for eamfstituent or for the
solution to be reinjected, the purified phase isduto constitute the stream to be
reinjected.

According to one embodiment, the residues from gracess(es) for the
purification of the or each constituent or of th@luson(s) to be reinjected are
reinjected into the input solution feeding thetfirsactor. These residues consibt
the monomers and/or of the solvent with a high eatration of impurities. The
residues can then either constitute an extra d¢aitoin of monomer and/or of solvent
and/or of polar agent to the input solution, or @amstitute the sole source of
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monomer and/or of solvent and/or of polar agenttled input solution. This
embodiment makes it possible to limit the loss atenial in the case of reinjection.

The term "diene elastomer" should be understooda iknown way, as
meaning an (one or more is understood) elastonseitieg at least in part (i.e., a
homopolymer or a copolymer) from diene monomers noneers bearing two
conjugated or non-conjugated carbon-carbon doubtels). More particularly, the
term "diene elastomer" is understood to mean anmdpmlymer obtained by
polymerization of a conjugated diene monomer haftiam 4 to 12 carbon atoms or
any copolymer obtained by copolymerization of onenore conjugated dienes with
one another or with one or more vinylaromatic moamrhaving from 8 to 20 carbon
atoms. In the case of copolymers, the latter corftam 20% to 99% by weight of
diene units and from 1% to 80% by weight of vinglaatic units.

The following in particular are suitable as conjiggadienes which can be
used in the process in accordance with the inventlg3-butadiene, 2-methyl-1,3-
butadiene, 2,3-di(Cto G alkyl)-1,3-butadienes, such as, for example, 23ethyl-
1,3-butadiene, 2,3-diethyl-1,3-butadiene, 2-me8ygthyl-1,3-butadiene or 2-
methyl-3-isopropyl-1,3-butadiene, phenyl-1,3-butadi, 1,3-pentadiene and 2,4-
hexadiene, and the like.

The following in particular are suitable as vingaratic monomers: styrene,
ortho-, meta- or para-methylstyrene, the "vinylasia" commercial mixture, para-
(tert-butyl)styrene,  methoxystyrenes, vinylmesibde divinylbenzene and
vinylnaphthalene, and the like.

The diene elastomer is preferably selected from gheup of highly
unsaturated diene elastomers consisting of poldoenas (BRs), synthetic
polyisoprenes (IRs), butadiene copolymers, in paldr copolymers of butadiene and
of a vinylaromatic monomer, isoprene copolymers dhd mixtures of these
elastomers. Such copolymers are more particulauadiene/styrene copolymers
(SBRs), isoprene/butadiene copolymers (BIRs), sopistyrene copolymers (SIRS)
and isoprene/butadiene/styrene copolymers (SBIRs)ong these copolymers,
butadiene/styrene copolymers (SBRs) are partigutadferred.

The diene elastomer is prepared by anionic polyragadn in the presence
of a lithium amide polymerization initiator includién the input solution.
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The lithium amides are the products of the reactbran organolithium
compound, preferably an alkyllithium compound, asfda non-cyclic or cyclic,
preferably cyclic, secondary amine.

Mention may be made, as secondary amine which earséd to prepare the
initiators, of dimethylamine, diethylamine, diprdgsine, di(n-butyl)amine, di(sec-
butyl)amine, dipentylamine, dihexylamine, di(n-didynine, di(2-ethylhexyl)amine,
dicyclohexylamine, N-methylbenzylamine, diallylarajn morpholine, piperazine,
2,6-dimethylmorpholine, 2,6-dimethylpiperazine, thyépiperazine, 2-
methylpiperazine, 1-benzylpiperazine, piperidine,3-@imethylpiperidine, 2,6-

dimethylpiperidine, 1-methyl-4-(methylamino)pipédnd, 2,2,6,6-
tetramethylpiperidine, pyrrolidine, 2,5-dimethylpgiidine, azetidine,
hexamethyleneimine, heptamethyleneimine, 5-benyyhatole, 3-

azaspiro[5.5]undecane, 3-azabicyclo[3.2.2]nonaadyazole, bistrimethylsilylamine,
pyrrolidine and hexamethyleneamine.

The secondary amine, when it is cyclic, is prefgrabhosen from
pyrrolidine and hexamethyleneamine.

The alkyllithium compound is preferably ethyllitiy n-butyllithium (n-
BulLi), isobutyllithium, and the like.

The polymerization is carried out in the preserica solvent included in the
input solution.

The solvent used in the process according to thention is preferably an
inert hydrocarbon solvent which can, for example, dn aliphatic or alicyclic
hydrocarbon, such as pentane, hexane, heptanectasep cyclohexane or
methylcyclohexane, or an aromatic hydrocarbon, stischenzene, toluene or xylene.

As explained above, the input solution, and alstiooplly one or more of
the reinjected solutions, used in the process doupito the invention comprise(s) a
polar agent.

Suitable in particular as chelating polar agentsctvtcan be used in the
process in accordance with the invention are then@gcomprising at least one
tertiary amine functional group or at least oneseflunctional group and preferably
agents of tetrahydrofurfuryl ethyl ether or tetraimyéethylenediamine type.

According to a first specific embodiment, the odtpieam from the reactor
n containing the living chains is brought into axitwith one or more agents for
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stopping the polymerization as known per se, wisédre injected continuously into
the process.

In this first embodiment, the living diene elastomecluded in the output
stream from the reactor n can, prior to the stoppbe reacted with one or more
functionalization, coupling or star-branching agernfthe distinguishing feature of
these functionalization, coupling or star-branchengents is that they can either
modify the elastomer so as to improve the inteoacivith a reinforcing filler (this is
the case for functionalization, coupling and certtar-branching agents) or confer a
given structure to the polymer (this is the casecéotain star-branching and coupling
agents).

According to a second specific embodiment, thengivdiene elastomer
included in the output stream from the reactor nréacted with one or more
functionalization, coupling or star-branching agealso acting as agent for stopping
the polymerization. It is then not necessary to addonventional stopping agent
known per se in order to bring the polymerizatiomh end.

Whatever the embodiment, any agent known per sebeaanvisaged as
functionalization, coupling or star-branching agent

The abovementioned characteristics of the preseweniion, and also
others, will be better understood on reading tHéowvieng description of several
implementational examples of the invention, givgnsay of illustration and without
limitation.

Measurements and tests used

Conversion

The conversions are measured by weighing the sotideent of the solution
containing the polymer. In this method, solutiomtaining the polymer is withdrawn
at the outlet of the reactor. This solution isadiuced into a pre-tared tray. The mass
of solution is thus weighed.

The sample is dried under a reduced pressure ofr2Blg at 140°C for 15
minutes. The tray is subsequently placed in a dagic containing silica gel for 2
minutes. Weighing the tray then makes it possilbledétermine the weight of
polymer of the withdrawn sample.
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The different conversions are then worked back tiné following way:

_ w(solids content)1 _Qq
Cintrinsic 1- —

w(sample)l Wi

with:

W; the flow rate by weight of monomers introduceaitite reactor 1,

Q1 the sum of all the flow rates by weight of theitas entering the reactor

w(solids content)i Q;

Csol F :
solids content i~ w(sample)i 2;21 w;

with:
Qi the sum of all the flow rates by weight of theited entering the reactor

Sj=1W;
Coverall i— Csolids content < n_ CIaverall i-1
Zk:1 Wk

Ciotal= Z?:l Coverall i

Glass transition temperature

In these examples, the glass transition tempemai{irg) of the elastomers

are determined using a differential scanning caleter, according to standard
ASTM E1356-08 (2014).

Microstructure of the elastomers

The microstructure of the elastomers is charaadrizy the near-infrared

(NIR) spectroscopy technique.

Near-infrared spectroscopy (NIR) is used to quatily determine the

content by weight of styrene in the elastomer alsd &s microstructure (relative
distribution of the 1,2-, trans-1,4- and cis-1,d¢daliene units). The principle of the
method is based on the Beer-Lambert law generafared multicomponent system.
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As the method is indirect, it involves a multivaeiacalibration [Vilmin, F., Dussap,
C. and Coste, N., Applied Spectroscopy, 2006, &9; 2] carried out using standard
elastomers having a composition determined®yNMR. The styrene content and
the microstructure are then calculated from the Njiectrum of an elastomer film
having a thickness of approximately 730 pm. Thecspen is acquired in
transmission mode between 4000 and 6200 with a resolution of 2 cthusing a
Bruker Tensor 37 Fourier-transform near-infrare@csmpmeter equipped with an
InGaAs detector cooled by the Peltier effect.

Number-average molar mass and polydispersity index

The number-average molar mass and the polydispeisdex of the
polymer are determined using SEC (size exclusioarohtography).

The SEC (Size Exclusion Chromatography) techniga&e®s it possible to
separate macromolecules in solution according éir #ize through columns filled
with a porous gel. The macromolecules are separatecording to their
hydrodynamic volume, the bulkiest being eluted firs

SEC makes it possible to comprehend the averagarmaedsses and the
distributions of the molar masses of a polymer. Vagous number-average molar
masses (M) and weight-average molar massesyMan be determined from
commercial standards and the polydispersity inddx= M,/M,) can be calculated
via a "Moore" calibration.

There is no specific treatment of the polymer sani@fore analysis. The
latter is simply dissolved in the elution solvehaaconcentration of approximately 1
g.I". The solution is then filtered through a filterthvia porosity of 0.45 pm before
injection.

The apparatus used is a Waters Alliance chromatbgrdine. The elution
solvent is either tetrahydrofuran or tetrahydrofutal vol% of diisopropylamine + 1
vol% of triethylamine, the flow rate is 1 ml.nfinthe temperature of the system is
35°C and the analytical time is 30 min. A set obtWaters columns with the
Styragel HT6E trade name is used. The volume o§dtihation of the polymer sample
injected is 100 pl. The detector is a Waters 24itferéntial refractometer and the
software for making use of the chromatographic dathe Waters Empower system.



10

15

20

25

30

16

The calculated average molar masses are relative ¢alibration curve
produced for SBRs having the following microstruetu28% by weight of units of
styrene type, 18% by weight of units of 1,2- tyB&% by weight of units of trans-
1,4- type and 23% by weight of units of cis-1,4pdy

Content of living chains in the elastomer at thdedwf the reactors

In the examples, the living polymer solution at tlaitlet of the
polymerization reactors is brought continuouslyointontact with the DEAB
(diethylaminobenzophenone) functionalization agenexcess with a contact time
sufficient for the complete reaction of all theitig chains with the functionalization
agent. The content of grafted DEAB (content of fior@al group in the examples) is
determined by an NMR analysis. This determinat®aarried out with respect to the
amount of elastomer. In this way, the results olet@dican be expressed as molar %,
in mmol/kg of elastomer or as phr (per hundred grafrelastomer).

The samples (approximately 25 mg of elastomer)diseolved in carbon
disulfide (CS2) in approximately 1 ml. 1Q0 of deuterated cyclohexane are added
for the lock signal.

The spectra are acquired on a Bruker Avance 500 Mplectrometer
equipped with a 5 mm BBI Z-grad "broad band" probe.

The quantitativéH NMR experiment uses a simple 30° pulse sequende a
a repetition time of 5 seconds between each ad¢iquisi256 accumulations are
carried out at ambient temperature.

The 'H NMR signals of the 8 quantified protons (protdsended to the
carbons identified 1 to 4 in Figure 1) of the gedftDEAB correspond to a broad
unresolved peak with a chemical shift of 3.2 ppm.

The edited 20H/**C '] HSQC NMR correlation spectrum makes it possible
to confirm the nature of the grafted unit by virtofethe chemical shifts of the carbon
and proton atoms. The signal of the carbons 1hasda chemical shift at 44.4 ppm.

The'H NMR spectrum makes it possible to quantify thaftgd DEAB units
by integration of the broad unresolved peaks afia®described above: H1, H2 for
the dehydrated DEAB form and H3, H4 for the carbDBAB form.

The grafted diethylaminobenzophenone, dehydratedcarbinol forms, has
the following formula:
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X
/\ |
— o
Polymer =— Polymer OH
_ ~
\_/ P

<cH3 h ( W Figure 1

The chemical shifts are calibrated with respet¢héprotonated impurity of
carbon disulfidés ppm 1H at 7.18 ppm, reference with regard to T®IBpm*H at
0 ppm) ands ppm 13C at 192 ppm reference with regard to TMBpm*C at
0 ppm).

The simple pulse 1BH NMR spectrum makes it possible to quantify the
units of the polymer by integration of the broadaswolved peaks of characteristic
signals. For example, for an SBR (styrene/butadighber), the broad unresolved
peaks considered for the calculation are styren€obsbtons) between 7.4 ppm and
6.0 ppm, 1,4-PB(polybutadiene)2H + 1,2-PB 1H betw®8& ppm and 4.9 ppm and
1,2-PB 2H between 4.9 ppm and 4.3 ppm.

Thus, knowing the total amount of chains by thevsllue obtained by SEC
analysis, it is possible to determine the contéiityimg chains corresponding to the
content of DEAB-functionalized chains.

Content of HMN-initiated chains

The content of HMN-initiated chains is determingd\tMR analysis.

The samples (approximately 200 mg) are dissolvexpproximately 1 ml of
carbon disulfide (C8. 100 ul of deuterated cyclohexane are addedetgdhution for
the lock of the spectrometer.

The spectra are acquired on a Bruker Avance 500 Mpctrometer
equipped with a BBI Z-grad "broad band" 5 mm cryiye.
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The quantitativéH NMR experiment uses a simple 30° pulse sequende a
a repetition time of 5 seconds between each at¢guisi64 to 1024 accumulations
are carried out. Two-dimension&#/C experiments were carried out in order to
determine the structure of the functional polymdmse proton chemical shifts are
calibrated with respect to the protonated impuritthe CS at 7.18 ppm.

In the case of a butadiene homopolymer, or a ptéene, the quantitative
simple pulse 1D'H NMR measurement makes it possible to observe tivead
unresolved peaks (2.8 ppm to 3.0 ppm and 2.3 ppn2.%0oppm) respectively
corresponding to the protons 1 and 2.

1 /2\/\ Polymer
N

The integration of the protons 2 makes it posdiblestimate the amount of
HMN units grafted to a 1,4-butadiene and the irgggn of the protons 1 makes it
possible to estimate the total amount of HMN ugitsfted to the polybutadiene
chains.

In the case of a copolymer of butadiene and oessyrthe quantitative
simple pulse 1DH NMR measurement makes it possible to observegiesbroad
unresolved peak (2.8 ppm to 3.0 ppm) corresponidirige protons 2. The
integration of the protons 2 makes it possiblestingate the amount of HMN units
grafted to a 1,4-butadiene only. The signal ofgtetons 1 is masked by the aliphatic
signal of the SBR matrix. In the case of an SBRy tile amount of HMN units
grafted to a 1,4-butadiene can thus be estimated.

Thus, knowing the total amount of chains by thevsllue obtained by SEC
analysis, it is possible to determine the contéhtMN-initiated chains (only the
HMN units bonded to a 1,4-butadiene unit are gtiabte in the case of copolymers
of butadiene and of styrene).

Examples of preparation of elastomers
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Methylcyclohexane, butadiene, styrene and tetradfydiuryl ethyl ether are
continuously introduced, according to the propodialescribed in each example,
into a pilot-scale continuous polymerization plantaining one or more stirred
continuous reactors, considered to be continuaueditank reactoraccording to a
person skilled in the art. n-Butyllithium is introcked in a sufficient amount in order
to neutralize the protic impurities introduced by tdifferent constituents present in
the line input and then lithiated hexamethyleneemmintroduced in order to initiate
the polymer chains. Lithiated hexamethyleneimingyisthesized in situ continuously
by reaction of one equivalent of hexamethyleneimared 1.02 equivalents of
butyllithium in a reactor considered to be contimsigtirred-tank reactor.

For Example D, a purification of the reinjectedduiene solution is carried
out continuously by means of a column of alumindss column is packed with a
fixed bed of aluminas of Axsorb 920 type.

The minimum L/D ratio of the fixed bed is 4.

The minimum column diameter/mean alumina particeneter ratio is 10.

The empty-tank Reynolds number is greater than 2.

The minimum residence time of the fluid in the fedlumn is 5 minutes.

The column is maintained under the following coioais:

- Temperature = 10°C
- Pressure = 5 bar.

The residence times and the concentrations indicatehe examples are
calculated from the flow rates of the different stinents entering the
polymerization process.

Example A— Comparative - Continuous process with 1 reactor

A synthesis of butadiene/styrene polymer is carmed according to a
comparative process using 1 single stirred reactorsidered to be continuous
stirred-tank reactor.

The operating conditions are specified in Table 1.
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Table 1
Operating Value Unit Reactor
conditions
Number of 1 - -
reactors
Volume of the 14 1
reactors
% Styrene (1) 33 % 1
% Monomers 12 % 1
by weight (2)
Polar agent 3.51x10 mol/| 1
(tetrahydro- 4
furfuryl ethyl
ether)
Active initiator 6.45x10 mol/I 1
(lithiated 4
hexamethylene-
imine)
Residence time 30 min 1
Temperature 90 °C 1
Conversion by 87 % 1
weight (3)

(1) by weight, with respect to the sum of all thputs by weight of monomers of
the process

5 (2) by weight, with respect to the sum of all thptits by weight of the process
(3) conversion by weight of monomers in the reactor

The characteristics of the polymer obtained atdbiet of the reactor are
given in Table 2.
10

Table 2

Vinyl content (4) 25.5 %
Styrene content (5) 28 %
Tg -45 °C
Pl 2.0 -

Mn 123.2 kg/mol
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Amount of HMN functional groups 6.1 mmol/kg
Content of HMN-initiated chains (6) 76 %
Amount of DEAB functional groups 4.2 mmol/kg
Content of living polymer (7) 51 %

(4) by weight, with respect to the butadiene upitesent in the polymer
chains

(5) by weight, with respect to the butadiene agdesie units

(6) molar ratio of the amount of HMN functional gms, determined by
NMR, to the number of chain ends, calculated frben M, value measured
on the elastomer recovered on conclusion of thgestd functionalization
with DEAB.

(7) molar ratio of the amount of DEAB functionalogps, determined by
NMR, to the number of chain ends, calculated frben M, value measured
on the elastomer recovered on conclusion of thgestd functionalization
with DEAB.

Thus this comparative example shows that a low coraétiving polymer
and a distribution of the molar masses which isalev than that targeted are
obtained.

Example B — According to the invention - 2 reactors in seneishout
reinjection

A synthesis of styrene/butadiene polymer is carmed according to a
process according to the invention using 2 stirredctors, considered to be
continuous stirred-tank reactors, in series.

The operating conditions are specified in Table 3.

Table 3

Operating condition Value Unit Reacto

Number of reacto 2 - -
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14 1
Volume of the reactors 12 L 5
% Styrene (1) 35 % 1
% Monomers by weight ( 12 % 1
Polar agenttetrahydrofurfuryl ethy | 1.1x1C* mol/I -
ether)
Active initiator (lithiated | 5.54x1(* mol/I 1
hexamethyleneimine)
Residence time 30 Min 1
30 Min 2
Temperature 62 °C 1
80 °C 2
Overall conversion by weight 60 % 1
33 % 2
Intrinsic conversion by weight 60 % 1
Total conversion by weight 93 % 2

(1) by weight, with respect to the sum of all the itsply weight of monomers
of the process
(2) by weight, with respect to the sum of all the itgololy weight of the process

5 The characteristics of the polymer obtained ataihiéet of the reactor 2 are
given in Table 4.

Table 4
Vinyl content (3) 25 %
Styrene content (4) 29 %
Tg -45 °C
Mn 153.4 kg/mol
Pl 1.7 -
Amount of HMN functional groups 4.9 mmol/kg
Content of HMN-initiated chains (5) 75 %
Amount of DEAB functional groups 5.9 mmol/kg
Content of living polymer (6) 91 %
10 (3) by weight, with respect to the butadiene upitesent in the polymer
chains

(4) by weight, with respect to the butadiene agdesie units
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(5) molar ratio of the amount of HMN functional gms, determined by
NMR, to the number of chain ends, calculated frben M, value measured
on the elastomer recovered on conclusion of thgestd functionalization
with DEAB.

(6) molar ratio of the amount of DEAB functionalogps, determined by
NMR, to the number of chain ends, calculated frben M, value measured
on the elastomer recovered on conclusion of thgestd functionalization
with DEAB.

Thus, this example shows that it is possible tocoamitantly obtain, with
the continuous process according to the invenaonigh conversion, a high content
of living polymer and a narrow distribution of theolar masses.

Example C —Comparative - 2 reactors in series with unpurifiethjection
of butadiene

A synthesis of styrene/butadiene polymer is carmed according to a
process according to the invention using 2 stirredctors, considered to be
continuous stirred-tank reactors, in series.

The reinjected butadiene is not purified. The ofpega conditions are
specified in Table 5.

Table 5

Operating conditions Value Unit Reactor

Number of reactors 2 - -
14 1

Volume of the reactors 17 L 5

% Styrene (1 35 % 1

% Monomers by weight ( 12 % 1

Polar agent (tetrahydrofurfuryl ethyl| 1.2x10" mol/l -

ether)

Active initiator (lithiated | 5.76x10" mol/l 1

hexamethyleneimine)
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Residence time 30 Min

30 Min 2
Temperature 62 °C 1

80 °C 2
Butadiene reinjection ( 3C % 2
Overall conversion by weight 50 %

42 % 2
Intrinsic conversion by weig 62 % 1
Total conversiorby weight 92 % 2

(1) by weight, with respect to the sum of all the itsploly weight of monomers

of the process

(2) by weight, with respect to the sum of all the itgpoy weight of the process
(3) by weight, with respect to the total weight of thenomers injected into all

of the reactors

The characteristics of the polymer obtained ataiiget of the reactor 2 are

given in Table 6.

Table 6

Vinyl content (4)

Styrene content (5)

Tg

Mn

PI

Amount of HMN functional groups
Content of HMN-initiated chains (6)
Amount of DEAB functional groups
Content of living polymer (7)

25

28.5

-45.5

146.0

1.60
5.1
75
5.8
85

%
%

°C

kg/mol
mmol/kg
%
mmol/kg
%

(4) by weight, with respect to the butadiene upitssent in the polymer

chains

(5) by weight, with respect to the butadiene agdesie units

(6) molar ratio of the amount of HMN functional gms, determined by
NMR, to the number of chain ends, calculated frben M, value measured
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with DEAB.
(7) molar ratio of the amount of DEAB functionalogps, determined by
NMR, to the number of chain ends, calculated frbm ¥, value measured
on the elastomer recovered on conclusion of thgestd functionalization
with DEAB.

Thus, this example shows that, if the reinjectiolutson is not purified, then
it is not possible to obtain the targeted contdnliving polymer and thus a high
content of functionalized chains.

Example D —According to the invention - 2 reactors in semeth purified
reinjection of butadiene

A synthesis of styrene/butadiene polymer is carmed according to a
process according to the invention using 2 stirredctors, considered to be
continuous stirred-tank reactors, in series.

The reinjected butadiene is purified by an alumioédumn. The operating
conditions are specified in Table 7.

Table 7
Operating conditions Value Unit Reactor
Number of reactors 2 - -
Volume of the reactors 14 L 1

14 2

% Styrene (1 35 % 1

% Monomers by weight ( 12 % 1

Polar agent (tetrahydrofurfuryl ethyl| 1.2x10" mol/l -

ether)

Active initiator (lithiated | 5.76x10" mol/l 1

hexamethyleneimine)

Residence time 30 Min 1
30 Min 2

Temperature 62 °C 1
80 °C 2
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Butadiene reinjection (3) 30 %

Overall conversion by weigl 50 % 1
42 % 2

Intrinsic conversion by weight 62 %

Total conversion by weight 92 %

(1) by weight, with respect to the sum of all the itsply weight of monomers

of the process

(2) by weight, with respect to the sum of all the itgololy weight of the process
(3) by weight, with respect to the total weight of thenomers injected into all

of the reactors

The characteristics of the polymer obtained ataihiet of the reactor 2 are

given in Table 8.

Table 8

Vinyl content (4)
Styrene content (5)
Tg

M,

PI

Amount of HMN functional groups
Content of HMN-initiated chains (6)
Amount of DEAB functional groups

Content of living polymer (7)

25
28.5
-45.5
146.0
1.6
5.1
75
6.4
93

%
%
°C
kg/mol
mmol/kg
%
mmol/kg
%

(4) by weight, with respect to the butadiene upitssent in the polymer

chains

(5) by weight, with respect to the butadiene agdeste units
(6) molar ratio of the amount of HMN functional gpms, determined by
NMR, to the number of chain ends, calculated frben W, value measured
on the elastomer recovered on conclusion of thgestd functionalization

with DEAB.

(7) molar ratio of the amount of DEAB functionalogps, determined by
NMR, to the number of chain ends, calculated frben M, value measured
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on the elastomer recovered on conclusion of thgestd functionalization
with DEAB.

Thus, this example shows that it is possible tocoamitantly obtain, with
the continuous process according to the invenaonigh conversion, a high content
of living polymer and a narrow distribution of theolar masses.

Example E — According to the invention - 3 reactors in senggh a
temperature gradient and without reinjection oflligne

A synthesis of butadiene/styrene polymer is carmed according to a
process according to the invention using 3 stirredctors, considered to be
continuous stirred-tank reactors, in series.

The operating conditions are specified in Table 11.

Table 11

Operating conditions Value Unit Reactor

Number of reactors 3 - -

Volume of the reactors 14 1
14 2
14 3

% Styrene (1 28 % 1

% Monomers by weight | 12 % 1

(2)

Polar agent | 8.8x10° mol/l -

(tetrahydrofurfuryl ethyl

ether)

Active initiator (lithiated | 5.86x10" mol/l 1

hexamethyleneimine)

Residence time 30 min 1
30 min 2
30 min 3

Temperature 50 °C 1
70 °C 2
80 °C 3

Overall conversion by | 40 % 1
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weight 30 % 2
23 % 3

Total conversion b 93 % 3

weight

Intrinsic conversion b 40 % 1

weight

(1) by weight, with respect to the sum of all thputs by weight of monomers of

the process

(2) by weight, with respect to the sum of all thputs by weight of the process

The characteristics of the polymer obtained atatliget of the reactor 3 are

given in Table 12.

Table 12

Vinyl content (3)

Styrene content (4)

Tg

Pl

My

Amount of HMN functional groups
Content of HMN-initiated chains (5)
Amount of DEAB functional groups
Content of living polymer (6)

25.5

27.5

-46
1.45

146.2

5.3
77
6.5

95

%
%
°C
kg/mol
mmol/kg
%
mmol/kg
%

(3) by weight, with respect to the butadiene upitssent in the polymer

chains

(4) by weight, with respect to the butadiene agdesie units

(5) molar ratio of the amount of HMN functional gms, determined by
NMR, to the number of chain ends, calculated frbm Mn value measured
on the elastomer recovered on conclusion of thgestd functionalization

with DEAB.

(6) molar ratio of the amount of DEAB functionalogps, determined by
NMR, to the number of chain ends, calculated frbm Mn value measured
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on the elastomer recovered on conclusion of thgestd functionalization
with DEAB.

Thus, this example shows that it is possible tocoamitantly obtain, with
the continuous process according to the invenaonigh conversion, a high content
of living polymer and a narrow distribution of theolar masses.
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CLAIMS

1. Process for the continuous synthesis of a déém&omer by means of n
reactors rl to rn, considered to be continuougestitank reactors, which are
equipped with an internal stirring system and whach arranged in series, n varying
from 2 to 15, preferably from 2 to 9, the reactbrbeing fed by an input solution
comprising a solvent, one or more monomer(s), aon& polymerization initiator
chosen from lithium amides and a polar agent, aneare of the reactors r2 to rn
additionally being optionally fed by reinjection af purified solution comprising
solvent and/or monomer(s) and/or polar agent, #raperature of each reactor
varying from 20°C to 150°C, preferably varying fra@@°C to 120°C, and being
greater than or equal to the temperature of thetweavhich immediately precedes it,
the temperature of the reactor rn being greater tiwa temperature of the reactor r1,

the amount by weight Wof monomer(s) introduced into the reactor rl
being such that:

w, <1

0l<——"1—<

the amount by weight Wbf monomer(s) reinjected into the reactor ri, when
W, # 0, i varying from 2 to n, being such that:
0<2i__.o9
=1 Wj
and such that Wepresents from 5% to 100% by weight of the wedajfhhe
solution reinjected into the reactor ri, whenX\0,
where W is the amount by weight of monomer(s) introduc#d the reactor
rj, j varying from 1 to n,
the amount by weight of all of the monomers entgtime reactors rl to rn
representing from 5% to 25% by weight of the sunthef total inputs by weight of
the reactors rl to rn,
the intrinsic conversion by weightsic.1 in the first reactor being less than
70%,
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where ci\ntrinsic,l = P/W,

where R is the weight of polymer formed in the reactor r1,

the total conversion by weightcat the outlet of the reactor rn being
greater than or equal to 70%,

where:

n
C. = i=1 Pi
tot — n wW.
j=1 Wj

where Ris the weight of polymer formed in the reactor ri,

the overall conversion by weight,ai i in each reactor ri, with i varying
from 1 to n, being such that:

Ctot Ctot
- 0.2 X CtOt < Coveralli < n + 0. 2 X CtOt
andCoveralli >0
where:
C P
overalli =
j=1W;

where Ris the weight of polymer formed in the reactor warying from 1
ton,

the diene elastomer obtained exhibiting a polyd&speindex varying from
1.1to 1.7, preferably varying from 1.2 to 1.6.

2. Process according to Claim 1, characterizedhan the temperature in at
least one reactor ri is greater than the temperaitithe reactor ri-1; preferably, the
temperature of each reactor ri is greater thantdéhgperature of the reactor ri-1, i
varying from 2 to n.
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3. Process according to Claim 1 or 2, characteliizédat n varies from 2 to
3, preferably n = 2.

4. Process according to any one of the precediaigns| characterized in
that the intrinsic conversion by weight.fnsic.1 in the reactor rl is less than 65%,
preferably less than 60%.

5. Process according to any one of the precediaigns| characterized in
that the total conversion by weight,@t the outlet of the reactor rn is greater than or
equal to 80%, preferably greater than or equabéb.8

6. Process according to any one of the precediaigns| characterized in
that one or more of the reactor(s) r2 to rn is taldally fed by reinjection of a
purified solution comprising solvent and/or mono(agand/or polar agent.

7. Process according to any one of the precediaigns| characterized in
that the solution(s) to be reinjected or indepetigehe or each constituent of the
reinjected solution(s) is/are, before reinjectiparified by adsorption, liquid/liquid
extraction, gas/liquid extraction, or distillation.

8. Process according to Claim 7, characterizethanm the residues from the
process(es) for the purification of the or eachstitient or of the solution(s) to be
reinjected are reinjected into the input solutieading the first reactor.

9. Process according to Claim 8, characterizethanm the residues from the
process(es) for the purification of the or eachstitient or of the solution(s) to be
reinjected constitute an extra contribution of moeo and/or of solvent and/or of
polar agent to the input solution.

10. Process according to Claim 8, characterizetanthe residues from the
process(es) for the purification of the or eachstituent or of the solution(s) to be
reinjected constitute the sole source of monome¥acarof solvent and/or of polar
agent of the input solution.
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11. Process according to any one of the precedaims, characterized in
that the residence time in the reactor ri, i vagyfrom 1 to n, is between 1 and 60
minutes, preferably between 5 and 60 minutes, moeéerably between 10 and 50
minutes.

12. Process according to any one of the precedaigs, characterized in
that the output stream from the reactor rn conagirhe living chains is brought into
contact with one or more agents for stopping polyra¢ion injected continuously
into the process.

13. Process according to Claim 12, characterizethan the living diene
elastomer included in the output stream from tlaet@ n, before reaction with the
stopping agent, is reacted with one or more funefiaation, coupling or star-
branching agents.

14. Process according to any one of Claims 1 tchldracterized in that the
living diene elastomer included in the output stideom the reactor n is reacted with
one or more functionalization, coupling or stardwmiaing agents.



