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SYNOPSIS

Propylene was polymerized in a slurry phase over superactive and stereospecific catalyst
prepared by the reaction of Mg(OEt), with benzoyl chloride and TiCl, in the presence of
AlEt; with or without an external donor. A kinetic analysis of propylene polymerization
was carried out. The polymerization rate was first order with respect to monomer concen-
tration and the dependence of overall polymerization rate on the concentration of AlEt
can be explained by the Langmuir adsorption mechanism. Maximum activity was observed
around an Al/Ti mole ratio of 20. The average rate over 90 min of polymerization as a
function of temperature showed a maximum around 42°C and the overall activation energy
was 8.5 kcal/mol at T < 42°C and —4.0 kcal/mol at T > 42°C. The analysis of the phe-
nomenon of an optimum temperature gave 2.2 kcal /mol for the activation energy of the
rate-determining step, and 6.3 kcal /mol, for the adsorption energy of AlEt;. The addition
of small amount of p-ethoxyethyl benzoate (PEEB) as an external donor increased the
percentage of isotactic polymer to 98% and slightly increased activity in spite of the decrease
in the concentration of active centers due to the stabilizing effect of the active centers by
the external donor. The temperature showing maximum yield was shifted to the higher
temperature when AlEt; and PEEB ([AlEt;]/[PEEB] = 5) was used as a cocatalyst.

© 1994 John Wiley & Sons, Inc.

INTRODUCTION

Highly active Ziegler-Natta catalysts obtained by
combining a component comprising a magnesium
compound and a titanium compound with an acti-
vating organoaluminum compound were reported
about 20 years ago and have gained significant in-
dustrial importance in recent years because the im-
proved activity has eliminated catalyst removal
procedures after polymerization.'® The polymer-
ization activity and the stereospecificity of these
catalysts can be improved by incorporating an elec-
tron donor (Lewis base) into the catalyst compo-
nent.
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During the preparation of this type of catalyst,
various kinds of magnesium compounds such as
MgCly, Mg(OH)C), MgR,, Mg(OR),;, Mg(OH).,
and Mg powder may be used as a starting substance
for a support.? These magnesium compounds can
be transformed into MgCl, by TiCl, and organic
compound-containing halogens. The halogenation
of magnesium dialkoxides or diaryloxides by reacting
with titanium tetrachloride in the presence of an
inert hydrocarbon solvent has been proposed in the
patent literature. These halogenated reaction
products may be modified by reacting further with
an electron donor. More improved catalysts of this
type and processes for olefin polymerization were
disclosed by Shell Oil Co.%® These catalysts are pre-
pared by halogenating a magnesium compound
MgR'R” (wherein R’ and R” are alkyl, aryl, alkoxide,
or aryloxide groups and R” may also be a halogen)
by reaction with a halide of tetravalent titanium in
the presence of an electron donor and a halohydro-
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carbon, followed by further contact of the haloge-
nated product with a tetravalent titanium com-
pound.

In a previous article, we described detailed steps
to prepare one of this type of catalyst obtained by
reacting Mg (OEt), with TiCl, and benzoyl chloride
(to generate ethyl benzoate [EB] in situ) in the
presence of chlorobenzene and investigated poly-
merization rate profiles, chemical compositions, and
the reaction among TiCl,, Mg(OEt),, benzoyl chlo-
ride, and chlorobenzene by using FTIR and quan-
titative analysis of Lewis base, BET, thermal anal-
ysis, and X-ray diffraction.” Through the determi-
nation of the number of active centers for propylene
and ethylene polymerization with this catalyst, it
was found that this type of catalyst had more active
sites than that of a MgCl,-supported highly active
catalyst or conventional Ziegler-Natta catalysts.®

In this article, semibatch polymerization tests
were performed in n-heptane slurry under constant
propylene pressure to investigate the kinetic behav-
ior of the catalyst.

EXPERIMENTAL

Materials

Extrapure heptane (from Tedia Co., USA) and hex-
ane (from Duksan Pharmaceutical Co., South Ko-
rea) were dried over sodium and fractionally distilled
before use. A solution of benzoyl chloride (PhCOCI,
from Kanto Chemical Co., Japan) in benzene was
washed with 5% NaHCO; cold solution, separated,
dried with CaCl,, and distilled. Chlorobenzene
(PhCl, from Kanto Chemical Co.) was purified by
the same method as was PhCOCI and passed through
a Linde 4 A molecular sieve column. p-Ethoxyethyl
benzoate (PEEB, from Aldrich, USA) and phen-
yltriethoxysilane (PTES, from Aldrich) were diluted
with anhydrous heptane before use. Mg(OEt),
(from Strem Chemical Co., USA), AlEt; (from Al-
drich), and TiCl, (from Kanto Chemical Co.) were
used as received.

Preparation of Catalyst

A Schlenk-type reactor (300 mL) equipped with a
fritted disc (ASTM 10-15) was used to prepare the
catalyst. The reactor was first dried for 1 day above
150°C and introduced into dry box to put the exact
amount of Mg(OEt), into the reactor. The reactor
was designed to facilitate hot filtration, washing, and
reaction with additional TiCl,, with or without
PhCOCL

Mg (OEt), (50 mmol) was stirred at 100°C with
PhCOCI (15.6 mmol) and 75 mL of PhCl as TiCl,
(75 mL.) was added dropwise for 20 min. The mix-
ture was brought to 100°C and stirred for 180 min,
then filtered hot. The hot-filtered solid product was
slurried in 75 mL of PhCl and held at 100°C for 120
min, then filtered hot. Again, the hot-filtered solid
was slurried in TiCl, (50 mL) containing 5.2 mmol
of PhCOCI and reacted at 100°C for 120 min, then
filtered hot. The greenish solid was washed with 150
mL of boiling n-hexane seven times and stored un-
der n-heptane for the polymerization.

Polymerization

Slurry-phase polymerization of propylene was car-
ried out in a 250 mL glass reactor. A Teflon magnetic
spinbar was used for the agitation. First, 100 mL of
heptane containing the prescribed amount of AlEt;
was introduced into the reactor; the nitrogen was
then pumped off and the reactor was flushed out
with monomer. After raising the temperature to a
desired point, propylene was saturated into the hep-
tane solvent. When no more absorption of propylene
into heptane was observed, a prescribed amount of
catalyst slurry was introduced into the reactor by a
tuberculin syringe and then the polymerization was
started. To obtain reproducible results (within
+5%), it was essential to prepare polymerization
mixtures in an identical manner. All the components
of polymerization were made up in a similar manner
and mixed in the same order. The polymerization
reactor setup is shown in Figure 1.

The polymerization mixture was stirred at the
speed of 1600 rpm to avoid the effect of monomer
diffusion through the gas-liquid interface. The tem-
perature of polymerization was controlled within
+0.1°C. The polymerization rate was determined at
every 0.01 s from the rate of propylene consumption,
measured by a hot-wire flowmeter (Model 5850D
from Brooks Instrument Div.) connected to a per-
sonal computer through a A /D converter. The poly-
mer yield estimated from the consumption rate of
propylene agreed within £5% with the actual yield
measured by the weight of polymer after polymer-
ization. A known amount of CO was injected into
the polymerization reactor through a gas-tight sy-
ringe and the decrease in the overall rate of poly-
merization was measured simultaneously to deter-
mine the number of active centers.®°

Analysis

The nascent morphology of the catalyst was exam-
ined using a scanning electron microscope (SEM)



Figurel Propylene polymerization setup: (A) monomer
inlet; (B) nitrogen inlet; (C) vacuum pump; (D) pressure
gauge; (E) vacuum gauge; (F) valves; (G) reactor; (H)
septum inlet adapter; (1) constant temperature bath; (J)
magnetic stirrer; (K) mass flowmeter; (L) A/D converter;
(M) personal computer.

technique under an inert atmosphere. The selectivity
to isotactic polypropylene was determined by mea-
suring the amount of xylene soluble (XS) material.
About 2 g of sample was placed in the thimble of a
Soxhlet extractor with about 100 mL of xylene and
subjected to extraction under reflux of the boiling
xylene for 16 h. The amount of polymer dissolved
in the xylene was determined after evaporating xy-
lene and further drying the residue in a vacuum oven
at 80°C for 16 h. The magnitude of XS in the case
of propylene homopolymer is typically about 2%
greater than the amount of polymer extractable in
refluxing n-heptane.® Thus, the isotacticity index
(1.1.) of polypropylene (amount insoluble in reflux-
ing n-heptane) is approximately 100 — (XS — 2).

RESULTS AND DISCUSSION

Elimination of Diffusional Effects

Since there are a number of different processes in
heterogeneous Ziegler-Natta polymerization that
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can interfere with each other in different ways, it is
necessary to find a kinetically controlled polymer-
ization condition. For the study of the kinetics of
slurry-phase olefin polymerization at steady-state
conditions, the elimination of physical effects (e.g.,
heat and mass transfer) in the polymerization re-
actor is very important.!® To avoid this effect, we
estimated the effect of monomer diffusion on the
polymerization rate [(dR,/dt),] extrapolated to the
beginning of the reaction by changing the rotating
speed of the stirrer.!! Figure 2 shows that the initial
rate, (dR,/dt),, becomes constant and independent
of the stirring speed above 750 rpm. At this stirring
speed, the absorption rate of monomer through the
n-heptane solvent to the polymerizing particles is
larger than the rate of polymerization, indicating
that there is a stationary monomer concentration
in the solvent. Hence, all the polymerizations were
carried out at the stirring speed of 1600 rpm. For
reproducible kinetic results, it is essential to main-
tain the amount of polymer in n-heptane less than
33% by volume. This indicates that 100 mL of n-
heptane solvent may contain at most 15 g polymer
with a bulk density of 0.4 g/cm?3.

In slurry-phase olefin polymerization, it is very
important to determine whether polymerization is
diffusion-controlled by measuring the polymeriza-
tion rate with different amounts of catalyst. Figure
3 shows the first-order dependency of R, on the
amount of catalyst. As the amount of catalyst was
doubled and tripled, the maximum rate (R, ) in-
creased as much as 2.1 and 3.1 times, respectively,
and the corresponding average polymerization rate
over 60 min of polymerization (R, g min) increased
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Figure 2 Initial rate, (dR,/dt),, as a function of the
stirring speed. Polymerization conditions: T = 50°C;
[CsHe] = 0.43M; Ti = 4.1 X 107* g; [AlEt;] = 8.9 mM.
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Figure 3 Polymerization profiles at T = 50°C, [C3Hg]
= 0.43M, [AlEt3] = 8.9 m M, and various amounts of cat-
alyst: (A) Ti=2.05X10"*g (B)4.1 X 10™* g; (C) 6.15
X 10™*g.

2.0 and 2.9 times. According to the criterion for dif-
fusion limitation in coordination polymerization, '
the polymerization process may be diffusion-limited,
if the initial rate of polymerization is proportional
to the square root of catalyst concentration. The
first-order dependence of catalyst concentration on
the rate of polymerization in our polymerization
system indicates that no diffusional limitation
through the polymer film at the surface of the cat-

alyst exists and that the amount of catalyst can be
increased in our experimental conditions without
causing the decrease of the monomer concentration
in the liquid phase.

To determine the internal diffusion limitation in
the porous catalyst, the Thiele modulus (®), char-
acteristic of the ratio of an intrinsic polymerization
rate in the absence of diffusion limitations to the
rate of diffusion into the pore under polymerization
conditions, was calculated according to following
equation:

*\1/2
@:(_kPDC") So (1)

where C; is the initial concentration of active cen-
ter; Dy, the diffusivity of propylene (cm?® s™'); k,,
propagation rate constants (M ! s !); and S;, the
initial radius of catalyst particle (cm). In a previous
article,® we measured k, = 221 M™! s™! when C*
was 0.26 mol/mol Ti at 50°C. The radius of the
catalyst was measured with a scanning electron
microscope. As shown in Figure 4, the catalyst is
an agglomeration of subparticles, about 0.35 um
in diameter having an irregular shape. When poly-
merization takes place, loosely bound subparticles
become separated and the voids will be filled with
polymer.'>'® By using D,, = 35 X 10 cm? s ™! from
published data!* and S, from the SEM picture, we

Figure 4 Scanning electron micrograph of the catalyst (magnification = X6000).



obtained a value of ® = 4.96 X 10~*. This value of
&$ is much smaller than unity and also smaller than
that of a-TiCl;/AlEt; (1.5 X 1072?) and that of
(C-H,)3TiCl/Mg(OH)Cl (3.3 X 107?) for propylene
polymerization reported by other authors,* indi-
cating that this catalytic system is not affected by
the internal diffusion limitation. As a result, a ki-
netic analysis of propylene polymerization was car-
ried out under the experimental conditions where
the internal and the external diffusion limitation do
not affect the intrinsic kinetic polymerization rate.

Effect of Monomer Concentration

The effect of monomer concentration on the rate of
polymerization is shown in Figure 5. The maximum
rate of polymerization, R, ,, was obtained immedi-
ately upon the addition of the catalyst. Figure 6
shows that the polymerization rates at 3, 20, 60, and
90 min of polymerization at different monomer con-
centrations are directly proportional to the monomer
concentration. Since we have identified the first-or-
der dependency of R, on the concentration of cat-
alyst from Figure 3, the results of Figure 6 can be
expressed as

R, = k,[C*][M]

throughout the course of polymerization, where [ C* ]
is the active site concentration of the catalyst.

Effect of Aluminum Alkyl Cocatalyst

The Al alkyl strongly affects the propylene poly-
merization kinetics and polymer stereoregularity.
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Figure 5 Polymerization rate profiles at T = 50°C, Ti
=4.1 X107 g, [AlEt;] = 8.9 m M, and various [ C;Hg] of
(A) 0.32, (B) 0.43, (C) 0.53, and (D) 0.60 M.
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Figure 6 Dependence of polymerization rate on the
monomer concentration. Polymerization conditions are
the same as those indicated in Figure 5. Polymerization
time: (A) 3 min; (B) 20 min; (C) 60 min; (D) 90 min.

The kinetic behavior, however, is difficult to gen-
eralize, since different results have been reported
according to the olefin and the catalyst used.!® In
this sense, we investigated a detailed rate-time pro-
file according to the concentration of Al alkyl and
the result is shown in Figure 7. The rate of poly-
merization drops considerably after reaching max-
imum as the concentration of AlEt; increases. At
all Al/Ti ratios, R, , was reached in 1 or 2 min.
Then, R, decreased rapidly to a slow steady rate
where the polymerization rate is about one-third to
one-sixth of R, ,, within 30 min. The similar kinetic
behavior was also observed for the typical highly
active catalyst of Mitsui-Montedison type.!%’
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Figure 7 Polymerization rate profiles as a function of
the concentration of AlEt; at T = 50°C, Ti = 4.1 X 10™*
g, [CsHg] = 0.43 M: (A) 1.12; (B) 2.23; (C) 3.35; (D) 8.9;
(E) 20.1; (F) 42.4 mM.
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Figure 8 Dependence of polymerization rate on the
concentration of AlEt;. Polymerization conditions are the
same as those indicated in Figure 7. Polymerization time:
(A) 3 min; (B) 20 min; (C) 60 min.

The dependence of the polymerization rate on
the concentration of AlEt; at various polymerization
times is shown in Figure 8. A maximum rate of po-
lymerization was observed at an Al/Ti ratio of ap-
proximately 20. In the case of the TiCl,/EB /MgCl,
catalyst, according to Spitz et al.,'® the activity ini-
tially increases with the AlEt; concentration and
then remains constant, tending to decrease only at
very high AlEt; concentrations. On the other hand,

90 T T

other authors%71"19-?! reported a marked maximum

in the activity vs. AlEt; concentration relationship.
Depending on the catalyst system, maximum activ-
ity occurred at the ratio of Al/Ti between 10
and 50.

The average rate over 90 min of polymerization
showed a similar maximum behavior as shown in
Figure 9, i.e., the maximum average rate occurred
at the Al/Ti ratio of about 20. In the case of pro-
pylene, isotacticity as well as kinetics are influenced
by the nature and concentration of the Al alkyl. As
observed by many authors,®?%?* besides activity,
the isotacticity is also higher with AlEt; than with
AlEt,Cl, contrary to what happens with a conven-
tional catalyst. Isotacities obtained with the present
catalyst system decrease with increase of AlEt; con-
centration, similar to the case of typical TiCl,/EB/
MgCl, catalyst,®!” as shown in Figure 9.

Several kinetic models based on a number of
plausible mechanisms of propagation and chain
transfer have been suggested to interpret experi-
mentally observed phenomena in propylene poly-
merization.” Langmuir-Hinshelwood rate laws have
been applied in the kinetic analysis of Ziegler-Natta
polymerization by Vasseley for propylene polymer-
ization with TiCl;—AlEt;.% According to this model,
chain propagation occurs by the insertion of an ad-
sorbed monomer molecule at the propagation center.
When the base metal is the polymerization center,
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Figure 9 Dependence of average rate of polymerization (90 min) and isotacticity on the

concentration of AlEt;.



both aluminum alkyl and the monomer compete for
the active sites on the catalyst surface. Adsorption
of monomer and aluminum alkyl can be described
by the Langmuir adsorption isotherms as follows:

O = Ku[M]/(1 + Ku[A] + Ky[M])  (2)
04 = Ka[A]/(1 + K4[A] + Ky[M])  (3)

where [M] and [A] represent the bulk concentra-
tions of monomer and aluminum alkyl, respectively,
and Kj; and K, are equilibrium constants for the
corresponding adsorption equilibria. Then, the sta-
tionary propagation rate per unit mass of a transi-
tion-metal compound becomes

R, = k0,0
=k KaKulAl[M]/
(1+ Ku[A] + Ky[M])?® (4)

In eq. (4), it is assumed that the adsorption sites of
both molecules are the same. At high [A],1 + K4{A]
> Ky[M], and eq. (4) reduces to

R, = R, KuKu[A1[M1/(1 + K4s[A])®  (5)

Even if eq. (5) is an approximate form of eq. (4),
the identical rate expression can be obtained by as-
suming that propagation proceeds by the reaction
of a solute monomer with adsorbed aluminum alkyl
dimer molecules and a vacant site.

According to the results obtained by Keii et al., !’
the form of rate expression is independent of the
polymerization time at which the rate equation is

0 10 20 30 40
{A]l, mmoi/1

Figure 10 Langmuir-Hinshelwood plot for the data in
Figure 8. Polymerization time: (A) 3 min; (B) 20 min;
(C) 60 min.
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Figure 11 Polymerization rate profiles at Ti = 4.1
X 107* g, [CsHg] = 0.43 M, [ AlEt;] = 8.9 m M, and various
temperatures: (A) 25°C; (B) 40°C; (C) 50°C; (D) 60°C;
(E) 70°C.

determined, except for the value of the apparent rate
constant, k(¢). Then, eq. (5) can be written as

R,. = k() [M]Ka[A]/(1 + K4s[AD?  (6)

This suggests that the rate decay is independent of
monomer and alkyl aluminum. Keii et al. confirmed
the linear form of eq. (6) for MgCl,-supported TiCl,/
EB catalyst, activated by AlEt;.)” Upon applying
eq. (6) to the data shown in Figure 8, linear plots
were obtained within the experimental error range
(Fig. 10). The K4 values estimated from Figure 10
at 3, 20, and 60 min of polymerization times are 180,
190, and 210 M, respectively, and the &(t) values
are 4.59 X 107%, 1.27 X 107%, and 6.63 X 107* s !,
respectively. These results show that the decrease
in the k(t) value is mainly responsible for the rapid
decrease of the polymerization rate during poly-
merization.

Effect of Temperature

The effect of temperature on the rate of propylene
polymerization is shown in Figure 11. The maximum
average rate of polymerization occurs around 40°C
due to the much faster decay above 50°C. Because
of catalyst deactivation, the polymerization rate de-
clines rapidly during the early stage of polymeriza-
tion; thus, the average rate (R,) is somewhat de-
pendent on the duration of polymerization. From
the average rate over 90 min polymerization, the
overall activation energy was estimated to be 8.5
kcal/mol at T < 42°C and —4.0 kcal/mol at T
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> 42°C from the Arrhenius plot as shown in Figure
12. Keii et al. estimated the overall activation energy
for the propylene polymerization with MgCly-sup-
ported TiCl,/EB catalyst, activated by AlEts, to be
11.95 kcal /mol at T < 41°C and —5 kcal/mol at T
> 41°C.Y" A similar temperature dependence has also
been observed for ethylene polymerization with
TiCl;/ AlEt,Cl (Ref. 27) and propylene polymeriza-
tion with TiCly/AlEt;.”2 For the propylene poly-
merization with TiCl,/EB /MgCl,, the catalyst ac-
tivity showed a maximum near 60°C and then de-
creased with increasing temperature.'®?®% The
decrease in the polymerization rate has been pro-
posed to be irreversible in nature and, thus, in prin-
ciple, can be ascribed to an irreversible deactivation
of the active sites. Nevertheless, other explanations
are possible. Berger and Grieveson?’ recognized a
change of kinetics from R, oc P (ethylene pressure)
at lower temperatures, at which the activation en-
ergy is high, to R, oc P? at higher temperatures
where the activation energy is low and proposed that
a change of the rate-determining step from a chem-
ical reaction at lower temperatures to a monomer
diffusion at higher temperatures. Keii et al.'” pro-
posed another explanation for the observed depen-
dence of the polymerization rate on the temperature.
According to the usual adsorption kinetics, the con-
stants k(t) and K4 from eq. (6) can be expressed as
follows:

k(t) = k(t)%exp(—E/RT) (M
K4 = Kiexp(—E./RT) (8)
where E is the activation energy of k(t) and E, is

the adsorption energy of AlEt;. Keii et al. approx-
imated eq. (6) as
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Figure 12 Arrhenius plot of R,/[M]vs. 1/T.

R, oc k(1)[M]/KalA] (9)
when K [{A] > 1 at lower temperatures and
R, o k(t)[M]KA[A] (10)

when K [A] < 1 at higher temperatures. Then, the
overall activation energy E,, at lower temperatures
is

E,=E+E, (11)
whereas at higher temperatures,
Eou =F - EA (12)

Applying these relations to the experimental results,
we find

E = 2.2 kcal/mol and E, = 6.3 kcal/mol (13)

The values of E and E, obtained by Keii et al.l”
for the MgCl,-supported TiCl,/EB catalyst were 3.6
and 8.6 kcal /mol, respectively. The optimum tem-
perature at which the polymerization rate is maxi-
mum, i.e., E,, = 0, can be calculated as follows: Using
eq. (6), we have

E,, = RT*d[In(R,/[M])]/dT

with 8, = K4[A]/(1 + Ks[A]).

The value of 6, at the optimum temperature is
equal to 0.325 using the experimental values of E
and E,. The above results demonstrate that the ad-
sorption energy of AlEt; is a contribution to the
overall activation energy.

Effect of External Electron Donor

It is well known that the addition of various types
of external electron donors in amounts less than
that of the organoaluminum compounds to the cat-
alyst system improves the isotacticity for propylene
polymerization.!®!* However, the improvement of
isotacticity is marginal and there can be an adverse
reduction in the polymerization rate. It is possible
to produce a catalyst system capable of high isotac-
ticity without losing its high activity by balancing
the ability of external Lewis base to modify the ratio
of the number of the isotactic site to that of the
atactic site.!®



The effect of the external donor, PEEB, on the
polymerization rate is shown in Figure 13. As the
ratio of the concentration of PEEB to that of AlEt;
increases, the maximum R, decreases. However, the
rate of deactivation becomes slow when the small
amount of PEEB is present in the polymerization
medium. Accordingly, the average polymerization
rate over 90 min of polymerization increases slightly
when small amount of PEEB ([PEEB]/[AlEt;]
= (.1-0.2) is used as a coactivator as shown in Figure
14. Both maximum R, and average R, decrease
sharply when the ratios of AlEt; to PEEB are 0.3
and 0.5. The increase of R, at the expense of R, .
at the small ratios of [PEEB]/[AIEt;] may be un-
derstood in terms of the complexation between AlKt,
and PEEB, which will reduce the complexation of
EB (internal donor) with AlEt;. Hence, the disso-
ciation of catalytic active species into inactive spe-
cies or atactic active species may be retarded.
Therefore, the catalytic activity remains more stable
during polymerization. On the other hand, R,, ,, be-
comes smaller, probably because of the smaller
number of active sites or the slower activation re-
action due to the complexation of AlEt; with PEEB.
Further increase in the [ PEEB]/[ AlEt;] ratio de-
creases R, ,, and R,, because uncomplexed PEEB is
a strong poison to active sites.

As expected, Figure 14 shows a significant in-
crease in isotactic index by adding a small amount
of PEEB. Busico et al.?! Soga and Shiono,*? and
Kim et al.” showed that the internal Lewis base (EB)
is readily removed by AlEt; when polymerization is
carried out in the absence of external Lewis base.

_Rp, kg PP/g-Ti hr

0] 30 60 90
Time, min

Figure 13 Polymerization rate profiles at T' = 50°C, Ti
=41X 10 g, [CsHg] = 0.43M, [AlEt;] = 8.9 mM, and
various [ PEEB] of (A) [PEEB]/[AlEt;] = 0, (B) 0.1,
(C)0.2; (D) 0.3; (E) 0.5.
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Figure 14 Maximum and average polymerization rate
and isotactic indices at the various concentrations of
PEEB.

As a result, the isotacticity of the polymer decreased
drastically with an increase in the polymerization
time. It is interesting to point out that the relevant
isotacticity of the polymer is constant during poly-
merization when the amount of PEEB is one-fifth
of AlEt; (Fig. 15). Busico et al.®! interpreted the
enhancement of isotacticity by two types of Lewis
base: the internal base, which is one component of
the solid catalyst, and the external base, which is
one component of the cocatalyst solution, based on
a plausible model of catalytic sites. According to this
model, there may exist two types of Ti*® species on
the (100) surface of MgCl, in the absence of an in-
ternal donor: One is a mononuclear species having

100
8
-0 o] 0 0—
134
3
@
°
£
o 8of
B
g A
0
[
60 e - - —
0 20 40 60 80 100
Time, min

Figure 15 Relationship between isotactic index and
polymerization time: (A) when [PEEB]/[AlEt;] = 0; (B)
when [PEEB]/[AlEt;] = 0.2.
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two vacant sites and the other is a binuclear species
having one vacant site. Isotacticity is dictated by
nonbonded interactions of the monomer at the cat-
alytic center. They proposed that, contrary to the
centers resulting from the mononuclear TiCl; com-
plex, catalytic centers derived from chiral Ti,Clg di-
mers on the (100) faces of MgCl, crystals can have
stereoregulating ability. If AlEt; and the external
base are used together to activate the catalyst, the
following equilibria may be considered based on the

proposal by Busico et al.?:
Ti,Clg + 0O = 2TiCl, (15)
O+ B(sol) = B(ads) (16)

2TiCl; + B(sol) = Ti,Clg + B(ads) (17)

where TiCl; is mononuclear surface complex; Ti,Cl,,
a dinuclear complex; B (sol), the Lewis base in so-
lution; B(ads), the Lewis base adsorbed on MgCl,
surface; and [, the empty Mg coordination site.

Since the coordination of B and AlEt; seems not
to be very strong, B should be partly eliminated dur-
ing polymerization to generate a mononuclear sur-
face complex. Therefore, equilibrium (15) may be
established. If external donor, PEEB, is present in
the polymerization medium, empty Mg coordination
sites may be blocked, and, consequently, equilibrium
(16) takes place. As a result, equilibrium (17) is
shifted toward the formation of dinuclear centers
by PEEB that blocks empty Mg coordination sites
on the MgCl, surface. The steady isotactic index
with polymerization time in the presence of PEEB
may be explained by this proposal.

80
[PEEB]/[AIEL,] =

60
E » 0.0
if * 0.1
o
~N o 0.2
o 40
L; X 0.3
~ 005
&

20

0.3

[col/[Ti]

Figure 16 Relationship between the polymerization
rate and the amount of CO added at R, ,,. Polymerization
conditions are the same as those indicated in Figure 13.

TableI No. Active Sites, C*, and the
Propagating Rate Constant, &,, in the
Polymerization of Propylene with
Different [PEEB]/[A]Et3] Ratios

R, ..

[PEEB] (kgPP/g LI 102 X C* k,
[AlEts] —Tih) (%) (mol/mol Ti) (L/mol s)
0 74.6 67.2 26 221
0.1 64.6 87.3 21 227
0.2 55.9 96.2 18 229
0.3 37.3 98.2 10 118
0.5 6.2 98.1 2 109

To elucidate the kinetic feature of the active sites
in the presence of PEEB as coactivator, an attempt
was made to determine the number of active centers
C* at the maximum rate by the CO inhibition
method and the propagation rate constant k,.%*® The
dependence of the residual rate on the amount of
CO introduced is shown in Figure 16. Assuming that
an active site reacts with one molecule of CO, we
measured the number of active sites from the min-
imum amount of CO consumed to stop the poly-
merization. The results are summarized in Table I,
together with k, values calculated from the relation
R, = k,C* [ M], with the observed values of C*. The
C* value decreases from 0.26 at [PEEB]}/[AlEt;]
= 0.0 to 0.18 at [PEEB]/[AlEt;] = 0.2, whereas
the k&, value remains unchanged within experimental
error. Considering the increase in the isotactic index
at the expense of the C* value, PEEB increases the

90

[+
o

(£
o

Rp, kg PP/g-Ti hr

Time, min

Figure 17 DPolymerization rate profiles at Ti = 4.1
X 107* g, [C3Hg] = 0.43M, [AlEt;] = 8.9 mM, [PEEB])/
[AlEt;] = 0.2, and various temperatures of (A) 20°C, (B)
30°C, (C) 40°C, (D) 50°C, (E) 60°C, and (F) 70°C.
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Figure 18 Arrhenius plot of R,/{M]vs. 1/T.

catalyst isospecificity mainly by the selective poi-
soning of the sterically less hindered atactic active
site rather than by an increase in the number of
isospecific active sites.?* A decrease in both the C*
value and the k, value above a [PEEB]/[AlEt;]
ratio of 0.3 demonstrates that PEEB in the poly-
merization medium deactivates not only atactic sites
but also part of isospecific active sites.

The complicated effects of external donor on the
catalyst affect the thermal stability of the catalyst.
The kinetic curves of polymerization at different
temperatures were obtained in the presence of PEEB
(Fig. 17). When polymerization was conducted
without using PEEB (Fig. 11}, the maximum rate
was obtained at 42°C. However, the temperature
showing maximum activity was shifted to 60°C in
the presence of PEEB. The Arrhenius plot of R,
averaged for 90 min polymerization vs. 1/ T repre-
sents a smooth curve, as shown in Figure 18. The
slope of the curve is steep, between 20 and 40°C,
indicating that high temperature is needed to obtain
high activity due to the fact that complicated equi-
libria (15)-(17) are difficult to form at low tem-
perature, i.e., 20°C, by the presence of PEEB. Free
PEEB not present in the formation of the equilibria
at 20 or 30°C will hinder both nonisospecific and
isospecific active sites. A relatively large amount of
PEEB introduced participates in the establishment
of equilibria (15)-(17), with a lesser amount of free
PEEB remaining above 40°C. The complexed PEEB
is thought to change nonisospecific sites to isospe-

cific ones. The reactivity of PEEB does not change
so much between 40 and 60°C; hence, the slope of
the curve is gradual. A negatively steep slope above
60°C also shows that the thermal stability of active
species formed by the presence of PEEB decreases
sharply.
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