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Kinetics of Cyclopolymerization of Isoprene
with C,HgAICI, + TiCl, Catalyst
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Prague, Czechoslovakia

and

N. G. GAYLORD

Gaylord Associates Inc.
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SUMMARY

The polymerization of isoprene in aromatic solvents, catalyzed by an
ethylaluminum dichloride—titanium tetrachloride system, proceeds via a
complex of the monomer with the catalyst, chain growth occurring when a
monomer cation-radical is formed through the transfer of one electron from
the monomer to the catalyst. The deactivation of the active species results
from the dissociation of the complex polymer cation-radical to free ions.
The over-all reaction is a nonstationary process during which the concentra-
tion of free ions increases and the concentration of the active species de-
creases. A reaction mechanism is proposed which leads to kinetic expressions
that quantitatively describe the experimental data.

1529
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INTRODUCTION

A catalytic system consisting of ethylaluminum dichloride and titanium
tetrachloride has been found to be very active in the polymerization of
isoprene and butadiene to polymers whose proposed structure contains
fused rings, e.g., perhydrophenanthrenes [1, 2]. Although changes in the
Al/Ti molar ratio within the range 0.1-10 did not affect the structure of
the isoprene polymers, wherein the content of linear structural units did
not exceed 15%, such changes apparently influenced the structure of the
butadiene polymers [2]. In both cases a cation-radical mechanism, cap-
able of explaining essentially all of the experimentally observed phenomena,
has been proposed [2-4].

Whereas an earlier paper [1] dealt with a Kinetic analysis of the poly-
merization of isoprene in n-heptane, which yields insoluble polymers, the
present study describes a more detailed kinetic analysis of the reaction in
aromatic solvents, which leads to completely soluble products.

EXPERIMENTAL

Monomer, catalyst components, and solvents were always handled in
vacuo. Their purification has been described earlier [1]. The final drying
of isoprene and of all solvents was carried out by refluxing with sodium
hydride over a period of at least 2 days. The purity of the solvents was
checked by means of mass spectrometry and gas chromatography.

Polymerizations were performed in a preevacuated all-glass apparatus
in which all connections including those to the reservoir containing the
monomer, to the storage ampoule containing the solvent, and to the high
vacuum manifold were made by means of high vacuum stopcocks of stain-
less steel. Before each run the entire apparatus was dried by prolonged
evacuation with simultaneous heating. A known volume of the dry, de-
gassed solvent was then distilled into the reaction vessel in vacuo. Both
ethylaluminum dichloride and titanium tetrachloride were charged by
magnetically breaking thin-walled ampoules containing the individual com-
pound. The mixture of the catalyst components was allowed to undergo
reaction for 1 hr and then the polymerization was started by the intro-
duction of gaseous monomer from the storage vessel. Reaction rates were
determined from the pressure drop in the reservoir, while the concentra-
tion of isoprene in the reaction medium was kept constant.

In some experiments the electrical conductivity of the reaction mixture
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was also followed, using a modified reaction vessel containing platinum
electrodes [5].

Molecular weights were determined either by light scattering or visco-
metrically using the Kuhn-Mark equation with the following constants [6] :
a=022,K =525 X 1073 (benzene, 25°C).

RESULTS

Polymerizations in Benzene

The individual components of the catalyst failed to induce the polymer-
ization of isoprene to solid products either in n-heptane or in benzene,
toluene, or p-xylene when complete removal of moisture was achieved.
However, when the components were mixed together an active catalyst re-
sulted, leading to rapid polymerization even under extremely dry conditions.

The conversion curves in benzene (Fig. 1) distinctly show a continuous
decrease in the reaction rate with an increase in the time of reaction. Since
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Fig. 1. Conversion curves in polymerization of isoprene in 30 ml benzene

at 20°C. g = yield in grams in 30 ml of reaction mixture. [EtAICl,] =

[TiCl4] = 1.33X 107 mole/liter [Isoprene], mole/liter: (1) 1.045, (2)
0.635, (3) 0.361, (4) 0.212.

the concentration of isoprene during each experiment was kept constant,
this effect may be attributed to the decrease in the number of active inter-
mediates. At any instance of the reaction, the reaction rate depends
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linearly on the concentration of monomer (Fig. 2). Changes in the Al/Ti
ratio within the range 0.3-3 had no apparent influence on the reaction
course as long as the product of the concentration of the catalyst compo-
nents [EtAICl,] - [TiCly] was constant.

The dependence of the over-all reaction rate on the concentration of any
catalyst component {concentration of the other component being constant)
is not linear, as shown in Fig. 3. A dependence of the form V410 = k*Chyts
where C,¢ is the concentration of the catalyst component which was varied
and n is any number > 0, did not satisfactorily describe the observed be-
havior. The reason for such behavior, however, may be readily understood
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Fig. 2. Dependence of the reaction rate (V, in g/min in 30 ml of reaction

mixture) on the isoprene concentration (c) in 30 ml benzene at 20°C.

[EtAICL, | = [TiCl4] = 1.33 X 1072 mole/liter. Polymerization rate: (0) at

beginning of reaction, (@) after 30 min, (v) after 60 min, (0) after 100 min,
(w) after 130 min.

by considering that the initiating particle is a complex arising from an

equilibrium reaction between ethylaluminum chloride and titanium tetra-
chloride, e.g.,

AIE(Cl, + TiCls = (TiCl; AIE(Cl; ) (1

which is faster than the reactions in which the complex disappears.
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Fig. 3. Dependence of the reaction rate (V, in g/min in 30 ml of reaction

mixture) on the concentration of EtAICl, (A) and on the concentration of

TiCl, (B) in 30 ml benzene at 20°C. Isoprene concentration maintained con-

stant at 0.212 mole/liter. Polymerization rate: (la,lb) initial rate, (2a, 2b)
after 60 min., (3a,3b) average rate between 120 and 180 min.

Ethylaluminum dichloride may react in the dimeric form so that the struc-
ture of the resultant complex may also be different {3].

From the definition of the equilibrium constant and from the material
balance in the equilibrium, it follows that the initial equilibrium concentra-
tion of the complex particles is given as a root of a quadratic equation of
the form:

a2 -ab+c+1/K)+(bc)=0 )

where a = concentration of the complex particles (TiCl; *EtAIC1;7) in
equilibrium before the polymerization starts, b = initial (added) concentra-
tion of EtAICl,, and ¢ = inijtial (added) concentration of TiCl,. Conse-
quently, the initial equilibrium concentration of titanium tetrachloride is

[TiClaleg=c -2 3)

The shape of the dependence of the equilibrium concentration of the
catalytically active species (TiCl; *EtAICI; ) on the initial concentration of
either AIEtCl, or TiCl, depends on the magnitude of the equilibrium con-
stant K (presuming that the establishment of the equilibrium is fast). There
are two extreme cases when the concentrations in equilibrium are essentially
directly proportional to the initial concentrations:
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1). K< 1. In this case the equilibrium concentration of the complex is
lowered and can be neglected in the material balance so that the equilibrium
concentrations of free EtAICl, and TiCl, are very close to the initial con-
centrations. Thus, a ~ K'*b-¢

2). K> 10*. In this case both components react nearly quantitatively
to yield the complex. The equilibrium concentration of the complex is
then essentially equal to the initially charged concentration of the compo-
nent which was charged in the lower quantity. This dependenceof a onb
would consequently be a ~ K'+b, where ¢ = constant and b < c.

The initial concentrations of the catalyst components can be substituted
into the rate equations only in these cases. If, however, the value of K lies
within the indicated limits, the entity a calculated according to Eq. (2)
should be used. Unfortunately the correct value of K is not readily acces-
sible and, in addition, would undergo considerable change in the presence of
monomer due to solvation effects. The equilibrium (1) would be expected
to shift to the left in the absence and to the right in the presence of
monomer.

It can be shown that the experimental data from Fig. 3, when plotted in
the form Vi y4to VS- 2, concentration of the complex which was calculated
according to Eq. (2), show a linear relationship when the constant K is of
the order 10%-10%, the best results being obtained for K =5 X 10% (at a
monomer concentration of 0.212 mole/liter, and under the assumption
that all reaction partners are solvated by monomer without chemical re-
action). Since the equilibrium concentration a of the complex particles
depends on the concentrations of both ethylaluminum dichloride and
titanium tetrachloride, all the data from Fig. 3 can be plotted in a single
relationship, as shown in Fig. 4, The reaction rate apparently depends
linearly on the catalyst concentration but this concentration must be ex-
pressed as the equilibrium concentration of the intermediate complex. It
should be noted, however, that deviations from linearity occur at a higher
excess of any of the catalyst components, apparently the result of the
distortion of the equilibrium by several postreactions which lead to the
reduction of the complex [1].

At such concentrations, also, high conversions are attained in relatively
short reaction times so that the increased viscosity of the reaction medium
becomes important.

When all side reactions of the catalyst which can be suppressed by the
choice of suitable reaction conditions and also all high conversion effects
are neglected, the reaction course can be described by the empirical
equation:
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vbl‘utto = f(t)'Mo'a (3)

where M, is the monomer concentration, a is the equilibrium concentration
of the true catalyst at the beginning of the polymerization, and f(t) is a
time-dependent empirical factor that involves a combination of the equilib-
rium and velocity constants from all reaction steps with variable t. There-
fore, for a given t, f(t) = constant. Consequently, the product f(t)-a
represents the product of Kp times the concentration of active centers at
any instant of the reaction.

o'y
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Fig. 4. Dependence of the reaction rate (V, in g/min in 30 ml of reaction

mixture) on the concentration of the intermediate complex a, calculated

according to Eq. (2). Experimental conditions as given in Fig. 3. Polymer-

ization rate: (1) after 10 min, (2) after 30 min, (3) after 60 min, (4) after
100 min.

The time dependence of the factor f(t) was obtained by plotting the
slopes of the lines from Figs. 2 and 4, divided by the corresponding a in
the first case and by My in the latter case, versus time. This dependence
is shown in Fig. 5 in coordinates log f(t) vs. t. Analysis of the shape of
the curves leads to a formal expression describing the changes of In f(t)
with t, ie.,

inf(t)=K-e " -t +B 4

where K, v, a,, and B are characteristic constants whose meaning will be
discussed later.
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T T T
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Fig. 5. Dependence of log f(t) on time: (1) benzene, (2) toluene, (3)
p-xylene.

The over-all activation energy for the initial stage of the polymerization
in benzene was found to be Ept1o = 18 kcal/mole, whereas the value
Eprutto = 3 kcal/mole was obtained for the slow reaction (120-180 min
after the start of the reaction).

Polymerization in Toluene, p-Xylene, and n-Heptane

In both aromatic hydrocarbons the conversion curves have the same
shape as in benzene, i.e., the reaction rate decreases as the reaction proceeds.
The dependence of the reaction rate on the monomer concentration and on
the equilibrium concentration of the complex particles (TiCl; *EtAICl; "),
calculated in the same manner as in the case of benzene, are also linear.
Deviations from the linear path occur, however, at shorter reaction times.
Nevertheless, in both cases when the times at which the deviations become
serious are omitted, the velocity is again expressed by the same form of the
rate Eq. (3) as in benzene. The plot of log f(t) ~ t is shown in Fig. 5.

The conversion curves obtained in n-heptane and in the aromatic solvents
are compared in Fig. 6. It follows that in aromatic solvents the more basic
the solvent the slower the polymerization. This is in contrast with the situ-
ation when pure AIEtCl; in the presence of moisture was used as the
catalyst [7].

The character of the reaction in n-heptane medium differs substantially
from that in aromatic solvents because, under condition comparable with
those used in aromatic solvents, the reaction rate is nearly constant over a
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Fig. 6. Conversion curves in polymerization of isoprene in 30 ml solvent

at 20°C. g = yield in grams in 30 ml of reaction mixture. Isoprene con-

centration maintained constant at 1.045 mole/liter. [EtAICl,} = [TiCl,y] =

1.33 X 1072 mole/liter. Solvent: (1) n-heptane, (2) p-xylene, (3) toluene,
(4) benzene.

long time period. This indicates that the concentration of the intermediate
complex particles must also be constant for a considerable reaction period
and therefore the reaction proceeds under steady-state conditions. The
comparison with the course of the reaction in aromatic solvents where,
from the very beginning of the polymerization, the reaction rate decreases
(and consequently the concentration of the catalytically active complex
also decreases) leads to the conclusion that the aromatic molecules are in-
volved in all reactions of the active centers. They apparently promote the
polymerization as well as the consumption of the original complex. There-
fore, the reaction rates in aromatic solvents are higher than in n-heptane
but, on the other hand, the rates decrease with time.

Electrical Conductivities

The specific conductivity of a 3 X 107> M solution of ethylaluminum
dichloride in n-heptane at 21°C is k = 2.5 X 107> Q7! cm™ and that of
a solution of titanium tetrachloride under the same conditions and of the

same concentration k = 3.0 X 107" 27! ¢cm™'. When the solution of
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TiCl, is added to the solution of AIEtCl, in n-heptane the specific con-
ductivity increases to a maximum and then decreases (Fig. 7). The conduc-
tivities in benzene and toluene are by several orders of magnitude higher
than those in n-heptane, e.g., a 3 X 1072 M solution of AIEtCl, in benzene
at 21°C has the specifice conductivity k = 1.0 X 107'° Q7! cm™'. The
time dependence of the specific conductivity during the reaction AIEtCl, +
TiCl, in benzene and toluene also differs from that in n-heptane, showing a

5
[ﬂ'lcm"]
F1s 4

YOO

i 1

0 100 200 t [min

Fig. 7. The change in the specific conductivity ¥ of the EtAICl, + TiCl,
system in n-heptane at 21°C with time. [TiCls] = 3.66 X 1072 mole/liter.
Al/Ti mole ratio: (1) 2.9/1, (2) 0.64/1.

much slower increase with time. However, the change in the specific con-
ductivity during the reaction of the pure catalyst components is evidently
not of great importance for an understanding of the polymerization
mechanism, because the time dependence of x in a polymerizing system,
i.e., in the presence of isoprene, differs profoundly from the cases shown

in Fig. 7. After the admission of isoprene, the specific conductivity in
n-heptane increases rapidly within the first 30 min to a nearly constant
value which depends on the concentrations of all of the components and
which is by 3 orders of magnitude higher than the value before the addition
of the monomer (Fig. 8). The increase of « is slower in benzene and it
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0 20 40 tlmn]
Fig. 8. The change in the specific conductivity k during the polymerization
of isoprene with the EtAICl, + TiCl, catalyst system in n-heptane at 21°C.
Isoprene concentration maintained constant at 1.00 mole/liter. [EtAICL,] =
2.54 X 1072 mole/liter. k before addition of isoprene 1.0 X 107'2 Q7!
cm™ . Al/Ti mole ratio: (1) 1/6.8 (catalyst aged 300 min), (2) 1/10 (catalyst
aged 300 min), (3) 1/10 (catalyst freshly prepared).

reaches the limiting value after longer reaction times. The absolute values,
however, are much higher than in n-heptane (Fig. 9).

Molecular Weights

The molecular weights of all polymers prepared in benzene are higher
than those prepared in toluene and p-xylene, telomers being the main
product from reactions in the latter solvents. Only insoluble polymers are
formed in n-heptane. It is evident that the solvent molecules participate ex-
tensively in the chain transfer in a similar manner to that which already has
been observed in other cases [8], thus indicating the cationic nature of the
propagation step. In all cases, the molecular weights increase with increasing
concentrations of both catalyst and monomer. However, because the con-
version simultaneously increases it is very probable that this effect can be
attributed to chain transfer with polymer. Table 1 shows the dependence
of the molecular weights on the duration of the polymerization and on the
yield at constant catalyst and monomer concentration. The increase in the
molecular weights with the time of the reaction is exponential, as is com-
mon in cross-linking reactions. The importance of the chain transfer with
polymer is also supported by very high values of the heterogeneity coefficient
B = My, /M, = 100 and by the appearance of microgel.
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Fig. 9. The change in the specific conductivity k during the polymerization
of isoprene with the EtAICl, + TiCl, catalyst system in benzene at 21°C.
Isoprene concentration maintained constant at 0.212 mole/liter. [EtAICL, ]
[TiCl4] = 1.33 X 1072 mole/liter. k before addition of isoprene

193X 107 Q'em™?,

Table 1. Dependence of the Molecular Weights of Cyclopolyisoprenes

on the Polymerization Time? -
Polymer yield Polymerization Molecular weight
®) time (min) X 10%
1.05 50 20
1.40 80 31
1.65 120 67
2.05 170 210

4Polymerization in 30 ml benzene at 20°C, isoprene concentration, 0.361
mole/liter; [EtAICL,] = [TiCls] = 1.33 X 1072 mole/liter.

Aromatic Residues in Polymers

Due to the fact that aromatic hydrocarbons are very susceptible to
electrophilic attack, chain transfer with solvents is very important and leads
to the incorporation of solvent residues in the polymer chain [2-4]. The
aromatic moieties in the cyclopolyisoprenes increase with increasing concen-
tration of monomer. Table 2 shows the results of the infrared analyses of
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Table 2. Molecular Weights and Amounts of Tolyl Groups in
Cyclopolyisoprenes Prepared under Various Conditions?

Al/Ti [TiCl,4] Tolyl group content Molecular weight
molar ratio X 10° (Wt%) X 107
1/1 0.667 6.1 32
/1 1.33 7.7 7.5
1/1 2.65 9.1 220.0
0.33/1 1.33 6.8 6.7
0.67/1 1.33 8.6 11.5
1.50/1 1.33 8.2 14.5
1/0.33 0.445 12.8 1.3
1/0.67 0.885 9.5 7.0
1/15 2.0 8.9 24.0

3Polymerization in 30 ml toluene at 20°C; isoprene concentration, 1.045
mole/liter; reaction time, 180 min; catalyst aged 60 min.

the contents of tolyl moieties in cyclopolyisoprenes prepared under various
conditions. When comparing the aromatic residue content with molecular
weight it is seen that one polymer molecule must contain more than one
aromatic nucleus, in accordance with previous results [3, 4}. Thus, in ad-
dition to chain transfer with the solvent, other reactions leading to the in-
corporation of the solvent residues into the macromolecule also occur. The
mechanism of such reactions has already been proposed [3, 4].

DISCUSSION

The reaction of ethylaluminum dichloride with titanium tetrachloride is
rather complex and has already been the subject of several studies {9-11].
Arlman and de Jong [9] investigated the rate of formation of titanium
trichloride at 80°C in isooctane. Adema, Bartelink, and Smidt {10] used the
ESR method to follow the reaction course in n-heptane and assigned the ESR
signal to two types of paramagnetic particles which were formed during the
reaction. The concentration of the first type increased with time to a limiting
constant value while that of the other type underwent a steady increase with
constant rate after a rapid initial stage. Bestian and Clauss [11] showed that
the reaction of titanium tetrachloride with methylaluminum dichloride is an
equilibrium reaction in which alkyltitanium chlorides are formed.



10: 59 25 January 2011

Downl oaded At:

1542 MATYSKA, ANTROPIOVA, SVESTKA, AND GAYLORD

The conductivity measurements indicate that after the mixing of both
catalyst components an intermediate is formed which dissociates to free
ions. The concentration of free ions reaches a maximum due to the fact
that the primary reaction product (a complex which is either in a dissoci-
ated or undissociated form) undergoes further decomposition (Fig. 7).

The reaction scheme of Adema and co-workers [10] seems to represent
satisfactorily the complexity of the reactions taking place in the system.
The non-jonic nature of the paramagnetic particles found by Adema et
al. is confirmed by the comparison of the time dependence of the ESR
signal [10] and the specific conductivity, the latter showing a sharp
maximum (Fig. 7). The irreversible nature of the over-all reaction does
not exclude, however, the reversibility of some individual steps. As

has been postulated previously [1], and as was also proposed by Adema
et al., free, excess ethylaluminum dichloride and titanium tetrachloride
take part in the decomposition reactions of the intermediate complex,
leading to the final unreactive products such as TiCl;, AICl,, etc.

In benzene medjum the ions are solvated by the solvent molecules
which cause higher degrees of dissociation but the reactions of the sol-
vated particles with excess original components are slower so that the de-
composition reactions leading to the disappearance of ions and to the de-
crease of electric conductivity are evident after longer reaction times.

In the presence of monomer the course of the specific conductivity
in the AIEtCl, + TiCl, system is quite different from that in its absence
(Figs. 8 and 9). In n-heptane, under the experimental conditions, k in-
creases rapidly to a nearly constant value which decreases very slowly in
later stages. At the same time the reaction rate is practically constant.
During the polymerization polymer slowly precipitates from the reaction
medium due to its insolubility in n-heptane. The fact that the concen-
tration of active centers in this case remains nearly constant over a con-
siderable period of the reaction shows that the active centers are regen-
erated in the termination step of the chain growth. The concentration
of free ions is closely related to the concentration of the active particles,
probably through a dissociation equilibrium. It is also evident that the
reactions of free catalyst components with the intermediate complex or
with ions formed therefrom, leading to the decomposition of the complex
and finally to the reduction of titanium tetrachloride according to the
reaction scheme of Adema et al., are less important in the presence of
monomer. The final result of the polymerization is also the reduction
of titanium tetrachloride; however, the actual reducing agent in this case
is isoprene. In fact, it has been observed that the formation of the solid
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TiCl3 in the system TiCly + AIEtCl, is highly accelerated in the presence
of isoprene and that there is a close parallel between the appearance of
TiCl; and the start of the polymerization.

In aromatic solvents there is no parallel between the rate of the poly-
merization and the change in the specific conductivity, both showing op-
posite time dependence, i.e., the concentration of ions increases with the
simultaneous decrease of the reaction rate (compare Figs. 1 and 9). Due
to the maintenance of the monomer concentration at a constant level
during the reaction, the decrease in the reaction rate with time must be
connected with the disappearance of the active centers. The simultaneous
increase of the conductivity, however, indicates that free ions are not
identical with active centers and also that during polymerization active
centers are finally converted to stable free ions.

Taking all the experimental data into consideration, the principal
features of the polymerization mechanism can be summarized as follows:

1). The reaction of ethylaluminum dichloride with titanium tetra-
chloride leads to a product that is active as the catalyst either as an un-
dissociated complex or as an ion pair. This complex or ion pair is in
equilibrium with free ions which are unreactive.

2). The solvation of the complex with monomer protects it against
further reaction with excess catalyst components.

3). The active complex is consumed during the polymerization with
a simultaneous increase in the concentration of free ions.

4). Titanium tetrachloride is reduced during the polymerization pro-
cess to the trivalent state.

Therefore, the reaction scheme proposed by Adema et al. in the ab-
sence of monomer should be modified by considering all ions and ion-
pairs as solvated by the monomer molecules which are the most basic
species in the reaction system, and by replacing the reactions of the inter-
mediate complex with excess catalyst components with its reaction with
monomer. The reaction of isoprene with the intermediate complex
(existing probably as an ion-pair) may be the actual initiation step leading
to the formation of an active monomer cation-radical, as proposed by
Gaylord et al. [3, 4}. The cation-radical is closely associated with its
counterion so that the electron transfer takes place inside of a donor-
acceptor complex. Reaction (1) is thus followed by the initiation step:

(TiCl3*AIEtCl, ") + M —— (TiCl . . .M*. . . AIEtCl; ") (5)



10: 59 25 January 2011

Downl oaded At:

1544 MATYSKA, ANTROPIOVA, SVESTKA, AND GAYLORD

The actual form of the (TiCl;) moiety is unknown. It may represent one
of the possible forms proposed earlier [3]. The chain growth proceeds
through the addition of further monomer to the complexed monomer
cation-radical. By chain transfer with the solvent or with polymer, e.g.,
with internal double bonds, the active catalyst is regenerated from the
complex polymer cation-radical which is the prevailing termination re-
action in heptane. Termination of the chain growth may also occur as a
result of the dissociation of the complexed polymer cation-radical due to
the effect of steric factors in the voluminous polymeric mass. Another
possibility is that the polymer cation-radical eliminates a porton to form
the inactive TiCl;, the slightly active H*AIEt,Cls ™, and the polymer chain
bearing a radical. The polymer radical either recombines or, before
combination, grows by addition of further monomer molecules to produce
linear segments, or abstracts hydrogen from the solvent. A complete
description of the proposed mechanism has been published elsewhere

[3, 4].

The whole process is certainly more complicated than previously con-
sidered; however, the rate controlling steps may be those discussed above.
The following reaction scheme is thought to describe satisfactorily the
principal reactions:

A+BR (A Ko are B (a)
p- ki "
(A'B) + M —— ABM} (b)
k
ABMY + M —E> ABM,* (c)

% kP
ABM; + M — ABM,,,,

k
ABM} + S > (A*B) + P )
« Kd .
ABM[ — inactive products (e)

(formed by dissoci-
ation, decomposition
with formation of
TiCl;, etc.)

where A = A(C,H;)Cl,, B = TiCls, S = solvent, and ABMY, ABM7J, . . .,
ABMj, = cation-radical.

Assuming that the rate of the establishment of the equilibrium (a) is high,
the following set of differential equations describe the process:
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q_[(_f;:B')] = -kij[M]o [(A*B7)] + ky[S] [ABM*]
AT i MIo [(AB)] - (kg + Ky (1) [ABM*]

+d[M -
HIMT M [(ATBO] - kp[M]o [ABM*]

Because the concentration of isoprene [M], was kept constant, the sys-
tem is linear and homogeneous. Solution of the first two equations for the
initial conditions t = 0, [(A*B7)] = a, [ABM*] = 0, and substitution in the
third equation (in which the first term on the right side is neglected) yields:

%I:l =a'[M]o(Cl'e_alt*'cz'e-azt) (6)
Constants C,, C,, a,, and a, involve the rate constants kj, kp, k¢, kg, and
the concentration of isoprene {M],. Their explicit forms are rather compli-
cated so that they are not of practical use in the determination of the in-
dividual rate constants.

The utility of Eq. (6) in the description of the polymerization process,
however, was verified by comparison of experimental curves of the
dependence of the polymerization rate on time with model curves represent-
ing Eq. (6), by means of an analog computer using various values of C;, C,,
a,, and a,. Figure 10 shows, for one example in benzene, that experimental

6 - ) T -1 B
()

5k 1
s ]
b 1
2} .
1— -
c 1 1 1

0 60 120 180 t(min)

Fig. 10. Dependence of f(t) on time. (——) Theoretical curve obtained on
analog computer for the values of the constants given in Table 3. (0)
Calculated values of f(t) from the experimental points in Curve 2 in Fig. 1.

i = M / ) -2
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points (circles) fit the theoretical curve (drawn line). Values of the con-

stants C,, C,, @, and a, correctly describing the time dependence of the

reaction rate in benzene, toluene, and p-xylene obtained from the computer

are summarized in Table 3. It is also seen that for any given time t the

reaction rate depends linearly on My and a, as was found experimentally.
Comparing Eq. (6) with the empirical Eq. [3]:

f(t) = Cy-e (1 + Cy/C,y e (@2 )Yy

Table 3. Values of Constants from Eq. (6)

Analog computer?d Experimental®

Solvent C‘ Cz 2 3} 223 C, G 4 3%

Benzene 386 7.95 29X 107 33X 1072 53 55 7.1X107?
Toluene 48 38 50X 107* 36X 107% 5.1 2.7 58X 107?
pXylene 12 40 84X 107* 45X 1072 15 12 65X 107

3Values obtained by fitting the model curves to experimental time de-
pendence of f(t) vs. time (Fig. 10) in conversion Curve 2 of Fig. 1.
bValues obtained from the dependence of log f(t) vs. t from Fig. 5.

After converting to logarithmic form and expansion of the logarithm of the
expression in parenthesis:

Inf(t)=1nC; -t +C,/C, -e_(a2'al)t (7)

which is identical with Eq. (4) derived by the graphical analysis of the ex-
perimental curves in Fig. 5. The validity of Eq. (7) is limited by the
condition

-1 < Cy[Cyre(@-a)t g

and by the fact that from the expansion series only the first member was
taken into account. In spite of these simplifications, the equation describes
the experimental data satisfactorily. The meaning of the constants in Eq. (4)
is now evident. From the time dependence of log f(t) represented in Fig. 5
it is possible to determine the constant C,, C,, and &, according to Eq. (7)
using the limiting case t = 0 and t = oo, The values of the constants obtained
in this manner are also included in Table 3.
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Chain transfer to polymer is probably responsible for the increase of the
molecular weight with the time of reaction. Its existence, however, cannot
be distinguished from kinetic measurements of the total reaction rate be-
cause it would only change the magnitude of the rate constant k.

(1]
(2]
[3]
[4]
(5]
(6]
7]
(8]
1%}
(10]

(1]
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