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Abstract—Based on an analysis of experimental results and published data, the main elementary steps of the
anionic coordination polymerization of butadiene rubber on a cobalt-containing catalyst in the presence of eth-
ylene were found, and a mathematical model of the periodic process at an optimum water content was devel-
oped. The molecular-weight characteristics of the process depending on ethylene concentration were studied

with the use of this model.

INTRODUCTION

The possihility of preparing cis-1,4-polybutadiene
in the presence of cobalt-containing catalysts was dem-
onstrated more than 40 years ago [1]. Later, research-
ers interest in catalytic systems based on cobalt com-
pounds in combination with alkylaluminum halides
somewhat decreased because of the high sensitivity of
the reaction to the slightest changesin the composition
of the system and the occurrence of secondary cationic
processes. The current intensification of studies in
polybutadiene production in the presence of cobalt-
containing catalytic systems is due to a number of
advantages over traditional catalysts based on titanium
halides: the low concentration of the catalyst in use, the
high molecular weight of the resulting polymer, weak
branching, and the cost efficiency of the process.

The question of the structure of a catalytic complex
isstill an open question. A study of reasonsfor the gen-
eration of several types of active sites in the Ziegler—
Natta catalytic systems resulted in the conclusion that
the concentration of water and its dual nature have the
greatest effect on the inhomogeneity of the catalytic
system. The ability of water to exhibit both electron-
acceptor and proton-donor properties is of common
knowledge. The dissolution of water in toluene at low
temperatures shifts the equilibrium to the formation of
H;0% ions, the occurrence of which in the system
resultsin an increase in the positive charge on ametal.

It is well known that a high stereospecificity of the
catalytic system, a maximum steady-state rate of the
process, and a high molecular weight of the polymer
are observed at an optimum water content. The effect of
water concentration on the formation of active centers
has been reported [2, 3]; it was noted that at an opti-

mum water content, active centers responsible for the
anionic mechanism of polymerization are formed (in
these centers, the metal ion occurs in a high oxidation
state). These are the so-called active centers of the first
type. The formation of active centers that result in sec-
ondary cationic processes does not occur at an optimum
concentration of water and on freezing to —20°C.
Therefore, in the polymerization of butadiene, the fol-
lowing stages of complex formation are performed to
provide the formation of active centers of the same
type:

—moisture formation in toluene with the monomer
added;

—preparation of an inactive complex at —10 to
-20°C;

—preparation of an active complex by heating the
inactive complex for 0.5-1.0 h at 20-25°C;

—moisture formation in the mixture at —20°C for
0.5-1.0 h before the polymerization process.

Because only one-type active centers occur at an
optimum concentration of water, the concentration of
active centersin the system remains almost unchanged
in the course of the reaction.

In the development of a mathematical model for the
synthesis of synthetic butadiene rubber on acobalt-con-
taining catalyst, a molecular-kinetic scheme of the pro-
cess is required, which would take into account the
main reactions that occur in the system. Based on vari-
ous experimental relationships published [4-10], a
mechanism for the polymerization process can be pro-
posed, and its main elementary steps can be identified,
athough the structure of active centers in cobalt-con-
taining catalytic systems and the reactivity of these sys-
tems are still unclear.
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The process of butadiene polymerization consists of
severa steps. At the first step (initiation), the formation
of a catalytic complex (active centers) takes place; in
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the presence of the monomer, a Teallyl complex of the
transition metal is formed, whereas cobalt metal is
formed in the absence of the monomer [11]:

R3Al + CoCl, —» R,AICI + [RCoCl] —» R+ R,y + Co” + CoCl,
l C.Hq

/CHZ
HC\fofI::CoCI
CH

@)

\
CH,R

Because the reaction of initiation is performed in the presence of a diene, the organometallic compound does

not decompose to form cobalt metal.

The next step of polymerization is the reaction of chain propagation:

_CHy _CH,
HC{>CoCl + C4Hg —= HC( > CoCl
CH “CH
\ CH,  CH.,R
CH.R & N
2 HC CH=CH

I

== RCH,~CH=CH-CH,~CH,~CH=CH-CH,CoCl

The chain-propagation reaction has a number of
special features[12]:

—first order with respect to monomer concentra-
tion;

—first order with respect to catalyst (cobalt) con-
centration;

—total activation energy of 8.2 kcal/mol;

—one active center (on acobalt basis) resultsin the
formation of a considerable number of molecules due
to chain-transfer reactions.

I
_CH, HC
HC: > CoCl —
C{H R-C “H
CH5R H

In this case, conjugated double bonds are formed at
the ends of the chain [18].

(2) The regeneration of the active center; that is, the
growth of anew polymer chain

HCoCl + C,Hy — 1-C,H,CoCl. (Iv)

In essence, reactions (111) and (1V) are the consecu-

tive steps of spontaneous chain transfer rather than the

reaction of chain transfer to the monomer. In spite of
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I
H(F -CoCl | — RCH=CH-CH=CH, + HCoCl

The reactions of chain transfer to the monomer, eth-
ylene, and a polymer; spontaneous transfer; and poly-
mer crosslinking occur simultaneously with chain
propagation.

There is an opinion [13-18] that the reaction of
chain transfer to the monomer consists of two consecu-
tive steps:

(1) The decomposition of the active center and the
formation of a hydride complex:

(I10)

this fact, chain transfer to the monomer will aso be
considered for generality.

The same hydride complex can add to a growing
chain with the formation of an additional active center
onit; thisresultsin chain branching, that is, chain trans-
fer to the polymer

HCOX + ~wCHy—CH=CH—CHy— ~~P*
fo, wwCHy—CH-CH-CHy— =P (V)
Cox*
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Moreover, B.A. Dolgoplosk suggested that conju-
gated double bonds are also formed as a result of the
migration of double bonds

NCH2(:H=CHCI‘Ichz(_jH:CI"ICHZN
" )
A ~CH,CH,CHCH,CH,CH=CHCH,~

* CH,CH,CH=CH-CH,-CH=CHCH,~  (VI)

+ +)
. ~CH,CH,CH,CHCH,CH=CHCH,~

*, CH,CH,CH,CH=CH-CH=CHCH,~

Conjugated double bonds alow macromolecules to
enter, while slowly, crosslinking reactions in the inter-
action with the active center of another macromolecule:

R-CH=CH-CH=CH-R* + HCoXR
—» R-CH,~CH-CH-CH,-R*

* - CoX- -~ (VID

|
R

Thisleadsto the formation of various branched poly-
mer structures. The rate of growth of the macromolecule
increases with the increasing number of active centersin
it; in turn, the number of active centersincreaseswith the
increasing size of this macromolecule [19].

Moreover, the appearance of branched moleculesis
anecessary but insufficient condition for gel formation.

CH,

CH\ MeX + CyH; —= RCH=CHCH,CH,CH,MeX

R
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A situation can occur in which thetotal monomer inthe
system undergoes polymerization before a macro-
scopic three-dimensional polymer network has a
chance to form. Gel formation is associated with a
sharp inhomogeneity in the growth of various polymer
chains; because of this, individual highly branched
molecules can grow to macroscopic sizes even at low
degrees of conversion. To determine the conditions of
gel formation, the change in the statistical characteris-
tics of the molecular-weight distribution of polymer
chains with time should be studied. The crosdinking
reaction of polymer chainswas described intheliterature
[19] for radical polymerization, whereasaparticular case
of the crosdinking of “living” and “dead” macromole-
culeswas considered for anionic polymerization [20].

Therefore, we consider one more reaction: the
branching (crosslinking)

R, 1)+ R(j,n) <O R(i+j,1+n), (Vi)
where R(i, I) and R(j, n) are the concentrations of mac-

romolecules with i and j active centers and | and n
monomer units.

In astudy of the effect of '“C-labeled ethylene on the
molecular weight of polybutadiene, it was found that
ethylene was a constituent of the chain [21]. It was also
found that a decrease in the molecular weight of the
polymer was related to an increase in the rate of chain
transfer on going to a Tralyl state to the o bond
~CH,—CoX in accordance with the reaction scheme

(IX)

— HMeX + RCH=CHCH,CH=CH,

Chain transfer in the presence of ethylene resultsin
the formation of the nonconjugated system of double
bonds ~CH,CH=CHCH,CH=CH,. Previousy, the
occurrence of a reaction of this kind was experimen-
tally established using the interaction of (TC,H,NiCl),
with ethylene in a benzene solution as an example [21].
The reaction products at 20°C were a mixture of hex-
anes and nonconjugated hexadiene. Direct experimen-
tal evidence was obtained in a study of the concentra-
tion of conjugated double bonds in polybutadiene
formed under the action of the nickel ol eate—diisobuty-
laluminum chloride-water system at a 1 : 150 : 21
molar ratio between components. The system used
resulted in the formation of low-molecular-weight
polymers; this seemed necessary for the quantitative

evaluation of the concentration of conjugated double
bonds.

The formation of five conjugated systems of double
bonds in the absence of ethylene can be due to only the
migration of double bonds in a polymer chain. Under
certain conditions, this migration occurs under the
action of catalyst components.

In the presence of ethylene, the molecular weight of
the polymer decreases symbatically with anincreasein
the concentration of ethylene; in this case, the concen-
tration of conjugated double bonds decreases.

Based on the above considerations, we can propose
the following kinetic scheme for polymerization on a
cobalt-containing catalyst in the presence of ethylene:
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Initiation
Chain growth

Spontaneous chain transfer, which occurs in two steps
(a) chain transfer

(b) reinitiation
Chain transfer to the monomer

Chain transfer to the polymer

Polymer crosslinking reaction
Chain transfer to ethylene

Here, | isthe concentration of aninitiator; M isthe con-
centration of the monomer; St is the concentration of
transient species resulting from chain transfer (proba-
bly HCoCl); E is the concentration of ethylene; and k
are the rate constants of the corresponding reactions.
Therate of macromolecule crosslinking is proportional
tok(in+ jl); that is, it depends on the number of active
centers in the interacting molecules and on their
lengths; R(i, ) is the concentration of macromolecules
with i active centers and | monomer units.

In the development of a mathematical mode! for the
polymerization of synthetic butadiene rubber on a
cobalt-containing catalyst at an optimum concentration
of water in the presence of ethylene, a number of
assumptions were made:

(1) One type of active center is formed at an opti-
mum concentration of water.

(2) The total concentration of active centers is con-
stant and equal to the concentration of an initiator.

(3) The process is considered as “unterminated”
(without deactivation) at the optimum water content of
the system.

According to the kinetic scheme, the set of equa
tionsthat describes changesin the concentrations of the
monomer, ethylene, and growing chainswith timefor a
periodic process has the form

M~ MR, a M|, = M, )
at
dE - \.ER a E|,_, = E,. ?)
at
ORG.1) _ ;) OR(i1)
ot )Y

+ (Kgp + knM + K E)[ (i + 1)R(i + 1, 1) —iR(i, )]
il
k . o .
+§CZI[J(I—n)+n(l—J)]R(J,n)
i=0g
xR(i —j, 1 —=n)dn—k.R(, 1)
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I+M 5 R(LD),
RGi, 1) + M 2> R(i, | + 1),
R(, I)—»R(i—l )+,
S +M M- R(L 1),
R(, |)+M‘L“"»R(|—1 ) +R(1, 1),
kml
R, 1)+ R(, ) — ko — R({i+1,1)+R(j—1,n)
— R(i—-1,1)+R(j +1,n),

RG, 1) + R(, n)M»R(HJ | + 1),
R(i, I)+E Ri—-1,1)+R(, 1).

XZI(inﬂI)R(Ln)dn 3)

i=0g
()

thpy IjJ’R(j, n)dn[R(i — 1, 1) —= R(i, )]
j=0 o

0 0

+kp 3 [IR(G, Mdn[(i + DRG + 1, 1) =R, 1]

i=00
+ (kg + kM + ki E) 1685, 19(1),

0<l<o, i=12,...

Because k,/k, and k/k, are aways lower than
unity, the monomer consumptionsin chain-transfer and
reinitiation reactions in Eq. (1) can be neglected. The
first term in the right-hand side of Eq. (3) describesthe
changeinR(, |) asaresult of growth; thefollowing five
terms describe the changesin R(, |) asaresult of chain-
transfer, crosslinking, and termination reactions; the
last term describes the appearance of new short macro-
moleculesin reinitiation.

The results of a study of cobalt-containing catalysts
demonstrated that polymerization usually occurs with
no induction period. Therefore, we assume that initia
tion is instantaneous. By this is meant that the follow-
ing initial conditions are considered: M = M, and
L, i =j

L1 %]
absence of termination, the condition of instantaneous
initiation implies that the total concentration of active

centers R + S* is constant and equal to the initiator con-
centration .

RG, D)= 19,8, where & ; = . In the

It is believed that the initiation reactions occur at
least as quickly as the reaction of chain transfer (other-
wise, it would be morelikely atermination reaction). In
this case, the concentration of transient species S* is
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found from the quasi-steady-state relationship, which
corresponds to the kinetic scheme,

dst SO

W_k R-— D(M+k+kth|R(|,IESk~O.
Therefore, 5 = — K2R =L S IR 1) isth

HrOre S = M+ k kP ¢ = ) IR(i.1) isthe

il
total concentration of growing chains, and P =
ZIR(i, ) = Myx is the total concentration of the

keR Kk
b R
monomer in the system). Because S* < kM < oM

K

—=E_ which characterizes the inten-
k,Mo’
sity of spontaneous transfer, isvery low (o < 1; other-
wise, an oligomer rather than polymer would be
formed), S* < R and active centers mainly occur on
growing chains.

Equation (3) was written in the approximation of
long chains. Integrating Eq. (1) and using the definition

and theratio o =

: M
of converson x=1 —
My’

dence of monomer conversion

we obtain the time depen-

Holot

x=1l-e “)
Equation (2) can also be easily integrated:
E = E(1-x)"" (5)

With the use of the definition of conversion and the
time dependence of monomer conversion, weturn from
the time dependence to the conversion dependence in
Egs. (3).

Then, Egs. (3) can be written in the form
6R(| ) _ oR(i, 1)

ol
+ (K + kM + ke E)[ (i + 1)R(i + 1, 1) =iR(i, 1)]
i |
ZI[J(' —n) +n(i - IR, )R —j, I =n)dn
i=00
=k JR(i, NMox =k JIR(i, )1, (6)

kolo(1 =) T8 = ik Mo(1—X)

k
+ thep * KanMo(1 = %) *+ kieEo( 1= X) 1 5108,,18(1)
p

+ Kyl lo[R(i =1, 1) =iR(i, )]
+ KMoX[ (i + DRI + 1, 1) —iR(i, )] .

Taking into account that vy, = (Bk,,)/k, is the intensity
of chain transfer to the monomer, y;, = K, /(k l,) is the
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intensity of spontaneous transfer, y, = (Bk,,)/k, is the
intensity of chain transfer to the polymer Ye = K/1oK, IS
the intensity of the crosslinking reaction of macromol-
ecules, and y, = k.Ey/(K,ly) is the reaction intensity of
transfer to ethylene, EqQ. (6) takes the form

ARG, 1) _

l
BaR(l 1 L0
0Xx

%l_xwm

0
- H i+1)R3G+1,1)=iR(i, )]
Y0

(1-x)

2(1 x)ZI““—”)

i=00
+n(i—j)]R(j nR(i —j, I —n)dn
(7

(1 (R Mox = IRG, D)

O O
PRy e —Te 015, 13(1)

(1-x)

[R(i—1,1)—iR(i, )]

B(l X)

+ L2+ DR+ 1,1) -iRG, D], T = 1,23,

E .
wheree = VO is the mole fraction of ethylene.
0

Withtheuse of thefunctionf = zl"" e "' R, hd,

whichisusually termed agenerating functlon, the set of
Egs. (7) can be reduced to the following single equa-
tion:

0
of _ o of . OV Ye  [q_gof
X - Bpas-l-%l +ym _VeD(l S)as

(1-% ™
_ Yo Ofof Yo of _, ofpy
l—xsasap 1—xa\/loxsas °9p]
0 0 (3)
e py o Ye Dy
_X 1_ye[|
(1-% ™
Ve of . XV o _0f
B0t Y5 Tt Y5s
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Fig. 1. Comparison between experimental data and calcu-
lated conversion dependence of the degrees of polymeriza-

tion: (1) number-average P,,, (2) weight-average P,,, and
(3) zaverage P, degrees of polymerization. Points and
lines indicate experimental data and calculated curves,
respectively. kg, = 0.69 min™'; k. = 002 min™!; k, =
045/ mol~" min!; k, = 788 1 mol™! min’!; k, =
034Imol™" min!; k. = 06lmo™ min!; 1, =
0.0000562 mol/l; M, = 1.48 mol/l; ethylene content € =
2.1 mal %.

Repeatedly differentiating Eq. (8) with respect to s
and p, we can obtain relationships for calculating the
macromolecule statistical moments of polymerization
degree (I) and active center number (i) distributions.

We introduce the following notation: J; =
ai +j f
0sop'[325
molecular-weight distribution (MWD), Jyy = f|s-; =

p=0
Mo is the total concentration (number) of polymer

; by the definition of the moments of the

chainsat apointtintime; J,, = of L=l isthetotal
p=0
concentration (number) of active centersat apointtin
time; J,, = of oo q = Hi=-Mx is the concentration
p=0
of polymer formed by a point t in time (of the opposite
sgn); Jp, = o f2 - =W and Jy; = 6 f eo1 =i ae
a p p _: 0 a p p _: 0

the second and third moments, respectively. The set of
equations for calculating MWD moments has the form

0] [l
dJoo _ OVs +y, + Ye g YeMoX Lo,
dx El X 1-% 1-x
(1-x) °
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Fig. 2. Comparison between experimental data and the cal-
culated conversion dependence of the polydispersity index

(Pw/Pp). € =2.1 mol %. Points and line indicate experi-
mental data and the calculated curve, respectively.
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dJ Y Y
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—d—;—z - ZB(Jll_‘]Zl)
O v [
Qe iy Yo Oy
o 5]
(1-x)
Ye
- m(leJn +2J11d2)
+2J13315 + J10dog + Ja0Jd0s)
Yp Pos O
0 O
dJ
—= = —B|O—BJzo—D_ySp +Vm+¢%‘11
dx %—X 1-3
(1-x °
Y
_(:LVTCX)(Jil"'JzoJozHoJoz) p BJOZ X‘]ﬂD’ ©)
0 D
% = _2[|_ysp + + —ye
dx %L_X Ym %
(1-x) °
2y, 2y
_ lodqg + Jopd p[ Jy—xJ }
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Fig. 3. Dependence of the number-average degree of poly-
merization (P,) on conversion at different ethylene con-

tents: € = (1) 1, (2) 3, or (3) 6 mol %.

—_
9]
S
(=]
TTTTTTTTTTTT

Fig. 4. Dependence of the weight-average degree of poly-
merization (P,,) on conversion at different ethylene con-

tents: € = (1) 1, (2) 3, or (3) 6 mol %.

400
300

200

100

Fig. 5. Dependence of the z-average degree of polymeriza-
tion (P,) on conversion at different ethylene contents. € =
(1) 1, (2) 3, or (3) 6 mal %.

0 O
dJ30 = OYs Ye D
CCU= R L
(1-x) P&
Ye
_3(1_ X)(ZJZOJM +19dp + J3odyg + Jx0d21)
Yo Baa 5 O
S 1-x0p ~XJaqy,
dJ
d_;l - _BJso_ZBJzo
0 O
_ZDVSD +y,+ Ye DJ21
-x 'm Ly
(1-x) ™
__Ye (2350300 + 235, + 21 4d 1 + Jo0d
(T—x) 2o 1 od12 t Japdoz

Y
+ 2J20J12 + 3J21J11) —Zﬁ(g%lz - XJZ]E
Initial conditions: atx=0 Yy=1lp, l; = =3 =J;; =
=3y =3 =33 =0.

Pn = M/Ho, Pw = Wolly, Pz = Ua/py.

The results of calculations from the set of Egs. (9)
with the use of the Mathematica 4.1 package and exper-
imental data are compared in Figs. 1 and 2.

Experiments were performed to identify the
kinetic constants of the model of polymerization.
The relative deviations of the experimental charac-
teristics y©*PY from the calculated characteristics

(calcd) (expt)
yealed). z Yo =y
]

— min, where i is the
y(expt)
1

characteristic number, were evaluated. In this case, the

(expt) |5§16><pt) —‘(Nexpt) I5§8Xpt)

. O
experimental data set [X
O

I?,(expt) 0
_‘(’“apt) Owas used. The modd was identified by varying
PO
the parameters Ky, Ky, Ky, ke, and K.

The maximum difference between the experimental
and calculated data was 18.6%; this provides support
for the validity of the mechanism proposed for butadi-
ene polymerization on a cobalt-containing catalyst.

The conversion dependence of the number-average,
weight-average, and z-average degrees of polymeriza-
tion (Figs. 3-5) indicates that the addition of ethylene
to the system decreased the molecular weight of the
polymer symbatically with an increase in the concen-
tration of ethylene.

KINETICS AND CATALYSIS Vol. 45 No.2 2004
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The incorporation of branching reactions (transfer
to the polymer and crosdlinking) into the polymeriza-
tion model resulted in a good agreement between
the calculated and experimental data. It can be seenin
Fig. 2 how branching changes with conversion: the
polydispersity index P, /P, approximately changed
from 2.5 to 3.6; this is indicative of considerable
branching at monomer conversions higher than 40%.

CONCLUSIONS

(1) Based on published and experimental data, a
kinetic scheme and a mathematical model were devel-
oped for the polymerization of butadiene rubber on a
cobalt-containing catalyst in the presence of ethylene
for abatch process.

(2) The addition of ethylene to the system decreased
the molecular weight of the polymer symbatically with
an increase in the concentration of ethylene. In this
case, the concentration of conjugated double bonds
decreased.

(3) An important role of branching reactions (chain
transfer to the polymer and the crosslinking of macro-
molecules) was found. Simulation was performed for
living-to-living macromolecule crosslinking.

(4) The mathematical model presented can form a
basis for recommendations concerning changes in the
process conditions of butadiene polymerization and for
the optimization of the properties of synthetic rubber.
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APPENDIX

Symbols:
k; is the rate constant of initiation;

k., istherate constant of chain transfer to the mono-
mer;

k, is the rate constant of propagation;
k;, istherate constant of spontaneous chain transfer;

k,, is the rate constant of chain transfer to the poly-
mer;

k; isthe rate constant of reinitiation;

k. isthe rate constant of transfer to ethylene;

k. isthe rate constant of molecule crosslinking;
M, —

Mo

I, isthe concentration of an initiator;

M isthe concentration of the monomer;

M, istheinitial concentration of the monomer;

R(, |) is the concentration of macromolecules with
i active centers and | monomer units;

is the conversion of the monomer;

KINETICS AND CATALYSIS Vol. 45 No.2 2004
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P, isthe number-average degree of polymerization;
P. isthe weight-average degree of polymerization;

P, isthe z-average degree of polymerization;

B =M/, isthetheoretical degree of polymerization
of aliving polymer at full conversion;

Y = (BKyn)/K, istheintensity of chain transfer to the
monomer;

Y, = K/(K,lo) is the intensity of spontaneous chain
transfer;

Y, = (Bk,)/k, isthe intensity of chain transfer to the
polymer;

Y. = kJ/lok, is the reaction intensity of molecule
crosslinking;

Y. = kEo/(K,l) isthereaction intensity of transfer to
ethylene;
0

E
€= M. isthe mole fraction of ethylene.
0
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