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Abstract

Formation, deactivation and transformation of stereospecific active sites on TiCl4/dibutylphthalate (DBP)/Mg(OEt)2

Ziegler–Natta catalyst induced by short time reaction with triethylaluminum (TEA) cocatalyst (with TEA pretreatment time
from 0 to 600 s) were investigated by stopped-flow propene polymerization combined with temperature rising elution frac-
tionation (TREF) and GPC methods. It was demonstrated that both formation and deactivation of active sites with broad
multiplicity in isospecificity on the catalyst are slow reactions with an induction period of ca. 0.2 s. It was most important to
find that the formation of active sites with the highest isospecificity strongly depends on the interaction between the catalyst
and cocatalyst (up to 60 s of pretreatment) even in the presence of internal donor. This newly observed phenomenon (according
to our knowledge) suggested that the transformation of monometallic active sites (aspecific or less isospecific) into bimetallic
active sites (highly isospecific) through reversible complexing with TEA cocatalyst (or its reaction product diethylaluminum
chloride (DEAC)) in Ziegler–Natta catalysts cannot be overlooked even in the presence of internal electron donor. The exis-
tence of –OC2H5 ligand in the catalyst most probably gave birth to a new group of active titanium species. The stability of active
sites increases with increasing isospecificity in the early stage of pretreatment (up to 60 s of pretreatment). While all the active
sites became relatively stable in the later stage of pretreatment (from 60 to 600 s of pretreatment). The extraction of internal
donor DBP by TEA from the catalyst within the pretreatment procedure is found to initiate from 60 s of pretreatment resulting
in slight transformation of isospecific active sites into aspecific sites. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The large-scale increasing production of polyolefins
has been significantly enhanced by the development
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of highly efficient supported Ziegler–Natta catalysts.
However, a complete understanding of these catalysts
has not been achieved in spite of almost half a century
of research efforts in this field. Particularly, the topics
concerning the formation mechanism and nature of
stereospecific active sites as well as the polymeriza-
tion mechanism are still open for discussion, because
direct characterization of the formation process and
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stereochemical state of active sites are very difficult
during polymerization proceeds, and most of the
information by now is solely derived from indirect ex-
perimental indications. The use of an Al-alkyl cocata-
lyst, such as triethylaluminum (TEA), as an activating
agent is indispensable for olefin polymerization with
Ziegler–Natta catalysts. It is generally accepted that
the formation of active sites on Ziegler–Natta catalysts
for olefin polymerization is accomplished through re-
duction and alkylation of surface titanium species by
interaction of the catalyst with Al-alkyl cocatalyst [1].
The stereospecificity of the active sites formed after
the interaction of the catalyst with Al-alkyl cocatalyst
is known to be greatly affected by different types of
cocatalysts [2]. Whereas, the specific mechanism on
how the cocatalyst affects the formation process and
physicochemical feature of stereospecific active sites
has remained ambiguous. Moreover, the formation
process of active sites resulted from the interaction
between catalyst and cocatalyst is usually very fast
and difficult to observe by usual methods. At the
same time, the induction potential of the surface tita-
nium species in the formation reaction of active sites
may greatly depend on the type of catalyst as well
as the surface heterogeneity of the catalyst [3–5].
This means that titanium species of potential active
sites on different types of catalysts or on different
surface location of the same type catalyst may exhibit
different tendency in the formation of active sites. It
would be most interesting if the formation tendency
of active sites could also be correlated with the stere-
ospecificity of these active sites. On the other hand,
the active sites formed may suffer from deactiva-
tion due to over-reduction of active titanium species
through its further contact with Al-alkyl cocatalyst
during the polymerization process [6–9]. It is also
important to remember the existence of non-uniform
state of active sites, each type of which having dif-
ferent isospecificity may demonstrate different over-
reduction potential, so to speak each type of active
site with different stereospecificity is expected to have
different tendency in the deactivation process as well.

For supported Ziegler–Natta catalysts, electron
donor (Lewis base) is often employed as a necessary
third component to improve the stereospecificity of the
catalysts. Although many understandings have been
achieved on the effects of electron donors, the specific
mechanism still remained unclassified [2,10–15]. For

example, how the existence of internal electron donor
in the neighborhood of the surface titanium species
of potential active sites would affect the formation,
deactivation and transformation of stereospecific ac-
tive sites after interaction with Al-alkyl cocatalysts
is waiting for elucidation. Furthermore, the internal
electron donor, which may affect both stereospeci-
ficity and reactivity of the active sites on internal
donor contained-type catalysts, might be extracted by
the Al-alkyl cocatalyst during the polymerization pro-
cess [16–22]. How and when the extraction of internal
electron donor from neighborhood of the active sites
by the cocatalyst would affect the distribution state
of stereospecific active sites are also important and
interesting topics which we would like to deal with
herein. In general, all the above-mentioned factors
will surely result in the successive change of nature
and distribution state of stereospecific active sites on
the Ziegler–Natta catalysts in the whole polymeriza-
tion process, which is very difficult to be investigated
using a conventional method and seldom reported in
the literature.

In this work, stopped-flow propene polymerizations
using a supported Ziegler–Natta catalyst pretreated
by TEA cocatalyst within a short period of time were
utilized as model reactions for probing the mecha-
nism concerning the dynamic successive formation,
deactivation and transformation of stereospecific ac-
tive sites on the catalyst in the presence of internal
electron donor during the polymerization process.
The stopped-flow polymerization using Ziegler–Natta
catalysts within an extremely short period (ca. 0.2 s),
which is much less than the average lifetime of the
growing polymer chains, has been proven to be a
quasi-living polymerization process. During the pe-
riod, the states of the active sites are constant without
time-dependent changes and any type of side reac-
tions including chain transfer and deactivation after
the initiation of polymerization can be negligible.
The technique has been extensively applied to various
kinds of investigations in heterogeneous Ziegler–Natta
catalysis for studies on the nature of active sites and
elucidation of the olefin polymerization mechanism
[3,5,10,14,23–38]. The nature and distribution state
of active sites on the catalysts derived from short
time interaction with TEA cocatalyst can be studied
through direct characterization of those polymers ob-
tained in the method. Recently, we have demonstrated
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that the combination of stopped-flow technique with
temperature rising elution fractionation (TREF) and
GPC methods provided an ideal method for substan-
tial research on the stereospecific nature of active sites
[10,30]. The concentration of active sites and chain
propagation rate constant can be calculated based on
GPC analysis of the polymer obtained. While, the
distribution state of isospecificity of active sites on
the catalysts can be derived from the isotacticity dis-
tribution of the polypropene analyzed by means of
TREF method. As it is commonly assumed that the
crystallinity of the polypropenes is mainly governed
by isotacticity [13]. Recently, many reports have been
published on TREF analysis, which is suitable for the
determination of the microstructural heterogeneity of
semicrystalline polyolefins [39–44]. TREF is a sophis-
ticated system, by which the polymer samples having
different crystallinity are separated at different tem-
perature, and thus the distribution state of crystallinity
of the polymer can be obtained. For polypropene, the
distribution state of crystallinity is corresponding to
its isotacticity distribution. However, the isotacticity
distribution state cannot be directly correlated with
the intrinsic state of isospecificity of active sites on
Ziegler–Natta catalysts when the polypropene is pro-
duced from a conventional polymerization method
(usually with long duration of polymerization time),
because there exist time-dependent changes of the
states of active sites and various unfavorable side re-
actions, such as chain transfer and deactivation, etc.
and thus several hundreds or thousands of polymer
chains are produced from each active site in a varying
state during the whole conventional polymerization
process. This problem can be completely overcome by
using the stopped-flow polymerization method (usu-
ally with ca. ∼0.2 s polymerization time), in which
each polymer chain is considered to be only produced
from one active site, resulting in that the variation
in the TREF profile of polypropenes obtained with
the catalyst at different length of TEA pretreatment
time directly reflect the time-dependent change in the
nature and distribution state of isospecificity of the
active sites. Therefore, the TREF method is imple-
mented for the analysis of the polypropenes obtained
by stopped-flow polymerization to achieve the dis-
tribution state of isospecificity of active sites on the
catalyst under a TEA pretreatment procedure (with
varying length of pretreatment time).

Generally, in this work, the dynamic successive
formation, deactivation and transformation of stere-
ospecific active sites on a supported Ziegler–Natta
catalyst induced by TEA pretreatment had been
studied by the combination of GPC, TREF and
stopped-flow propene polymerization methods with
respect to different length of pretreatment time. The
modified stopped-flow system has been found to be
most feasible in investigating the catalyst pretreat-
ment effects induced by various reagents including
Al-alkyl cocatalyst as well as developing novel block
copolymers [10,14,29,32,33,35]. Substantially, using
a modified stopped-flow system with three vessels, a
first step of TEA pretreatment (0–600 s) to the catalyst
(TiCl4/DBP/Mg(OEt)2) followed by a second step of
propene polymerization (polymerization time is set
at 0.15 s) can be precisely controlled. By varying the
length of pretreatment time from 0 to 600 s, the dy-
namic reaction process during interaction between the
catalyst and cocatalyst can be directly observed. The
work is carried out as one of our serial efforts to elu-
cidate the effects of Al-alkyl cocatalyst [10], electron
donor [14,30,32,34,35], catalytic component and cat-
alyst preparation method [5], etc. on the stereospecific
polymerization of olefins by Ziegler–Natta catalysts
utilizing the unique advantages of the stopped-flow
techniques.

2. Experimental

2.1. Materials

Propene of research grade (donated by Chisso
Corp.) was used without further purification. Dibutyl-
phthalate (DBP, purchased from Wako Pure Chemical
Industries Ltd.) was used as an internal electron donor
after dehydration with molecular sieves. Anhydrous
Mg(OEt)2, TiCl4 (both donated by Toho Titanium
Co. Ltd.), triethylaluminum (donated by Tosoh Akzo
Corp.) and nitrogen (purchased from Uno Sanso Co.)
were used without further purification. TEA was used
as heptane solution. Heptane was purified by passing
through a molecular sieves 13X column.

2.2. Catalyst preparation

The performance of supported Ziegler–Natta
catalysts is known to be drastically affected by the
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preparation method as well as the property of each
component used as raw material [3,5]. In this work, a
diester-type catalyst TiCl4/DBP/Mg(OEt)2 was pre-
pared by a chemical reaction method without mechan-
ical treatment (e.g. ball milling). TiCl4 was reacted
with a mixture of Mg(OEt)2 and DBP in the follow-
ing procedure: Mg(OEt)2 (10 g) and TiCl4 (20 ml) in
toluene (80 ml) were heated up to 90◦C, mixed with
DBP (2.7 ml) and reacted at 115◦C for 2 h. The mix-
ture was washed with toluene, and reacted again with
TiCl4 (20 ml) in toluene (80 ml) at 115◦C for 2 h.
Finally, the catalyst obtained was washed with heptane
for several times. Ti content was 0.54 mmol Ti/gcat.
The catalyst was used as heptane slurry.

2.3. Stopped-flow propene polymerization

As for the precise control of the short pretreatment
time, a modified three-vessel-type stopped-flow appa-
ratus (Fig. 1) was used [10,29]. The first step of cat-
alyst pretreatment was carried out with TEA at Al/Ti
molar ratio of 30 at 30◦C for different period of time
ranging from 0.2 to 600 s followed by a second step of
stopped-flow propene polymerization which was per-
formed with the catalyst (0.47 mmol Ti) and 14 mmol
of Al(C2H5)3 (70 mmol/l, Al/Ti molar ratio= 30) in
heptane at 30◦C. In all cases, the polymerization time
was adjusted to be ca. 0.15 s. As shown in Fig. 1, the
heptane slurry (100 ml) of the catalyst and Al(C2H5)3
solution in heptane (100 ml) were placed in vessels A

Fig. 1. Schematic illustration of the modified stopped-flow ap-
paratus for TEA pretreatment and propene polymerization of the
TiCl4/DBP/Mg(OEt)2 Ziegler–Natta catalyst (A–C: vessels with
water jacket; D: ethanol with HCl as a quenching agent; X and
Y: three-way Teflon taps).

and B, respectively, while propene-saturated heptane
(100 ml) was placed in vessel C. The pretreatment of
the catalyst with TEA was conducted in the Teflon
tube from point X to Y, followed by the stopped-flow
propene polymerization in the part from point Y to
Z. The pretreatment time can be accurately controlled
between 0.2 and 10 s by changing the length of the
Teflon tube from point X to Y. In case of the pre-
treatment beyond 10 s, it was performed in vessel A,
whereas only heptane was introduced into vessel B.
Heptane in vessel C was saturated with propene. When
polymerization was conducted using catalyst without
pretreatment, the TEA solution in heptane saturated
with propene was placed in vessel C, while the cata-
lyst slurry and heptane were placed in vessels A and
B, respectively.

2.4. GPC characterization of polypropenes

Molecular weight and molecular weight distribution
of the polypropenes obtained in this study were deter-
mined by gel permeation chromatography (GPC, Sen-
shu SSC-7100) with polystyrene gel columns (Tosoh
TSK-GEL G3000HHR and TSK-GEL G5000HHR)
at 140◦C using o-dichlorobenzene (ODCB) as a
solvent.

2.5. TREF analysis of polypropenes

Isotacticity distribution of the polypropenes ob-
tained in this study was determined by TREF (Senshu
SSC-7300) with ODCB as an extraction solvent,
which contains 0.03 wt.% of 2,6-di-tert-butyl-p-cresol
as an antioxidant. A fraction column packed with
Chromosorb (bought from Celite Corp.) with 10 mm
in diameter and 30 cm in length was used for the TREF
characterization. About 70 mg of each polypropene
sample was dissolved in 10 ml of ODCB at 140◦C,
and a part of the solution (ca. 6 ml) was passed
through the fraction column, which was slowly cooled
down at 6.7◦C/h from 140 to 20◦C simultaneously.
Elution of the deposited polymer with ODCB at a
flow rate of 150 ml/h was first carried out at 20◦C
for 30 min to obtain the ODCB-soluble fraction,
and then the column was heated at 16◦C/h up to
140◦C. The eluted polypropene solution was analyzed
by a refractive index detector to obtain the TREF
profile.
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3. Results and discussion

The relationship of yield, number average molec-
ular weight (M̄n) and molecular weight distribu-
tion (M̄w/M̄n) of the polypropenes obtained by
stopped-flow polymerization versus the time period
(0–600 s) of TEA pretreatment to the catalyst is shown
in Table 1. As it can be seen, the catalyst shows quite
low activity for the stopped-flow propene polymeriza-
tion without TEA pretreatment, as well as with up to
0.2 s of TEA pretreatment. The activity was found to
increase gradually from 2 to 10 s of TEA pretreatment
and then to decrease from 10 to 60 s followed by a
very slowly decreasing up to 600 s of TEA pretreat-
ment. Accordingly, the number average molecular
weight of the polypropenes gradually increases up
to 60 s of pretreatment before reaching a plateau at
ca. 3700–3800 in the later stage of TEA pretreatment
(from 60 to 600 s of pretreatment). The molecular
weight distributions of the polypropenes are broad
and lying at 4.3–5.4 indicating a broad distribution
state of active sites due to the TEA pretreatment. The
change tendency of GPC curves of the polypropenes
obtained with increasing length of TEA pretreatment
time can also be observed in Fig. 2. As shown in
Fig. 3, the variation tendency of active sites concen-
tration [C∗] and chain propagation rate constant (kp)
versus the period of TEA pretreatment time take on
the same tendency as the polymer yield and number
average molecular weight versus the period of TEA

Table 1
The relationship of yield, number average molecular weight(M̄n), molecular weight distribution(M̄w/M̄n) and weight fractions of
polypropenes obtained in stopped-flow polymerization with the TiCl4/DBP/Mg(OEt)2 Ziegler–Natta catalyst at different TEA pre-
treatment timesa

Pretreatment time (s) Yield (g PP/mol Ti) M̄n
b M̄w/M̄n

b Weight fractionc (%)

∼20◦C 20–100◦C 100–110◦C 110–140◦C

0 NDd – – – – – –
0.2 Trace – – – – – –
2 15 2000 4.3 – – – –

10 35 2800 4.7 24 40 29 7
60 30 3700 5.2 21 41 23 15

180 29 3800 4.6 30 32 24 14
600 28 3700 5.4 34 32 20 14

a The polymerization was carried out with TEA ([Al]= 70 mmol/l, Al /Ti = 30) in heptane at 30◦C for ca. 0.15 s after the pretreatment.
b Determined by GPC method.
c Fractionated by TREF method.
d Not detected.

Fig. 2. Dependence of GPC curves on catalyst pretreatment time
for polypropenes obtained in stopped-flow polymerization with the
TEA-pretreated TiCl4/DBP/Mg(OEt)2 catalysts. TEA pretreatment
time: 10, 60, 180 and 600 s.

pretreatment time, respectively. The facts mentioned
above demonstrate that the formation of active sites
on the catalyst after its contact with TEA cocata-
lyst proceeds slowly, and consequently these active
sites just formed are relatively stable and mostly
not so easily subject to deactivation during further
contact with TEA cocatalyst under the pretreatment
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Fig. 3. Dependence of active sites concentration [C∗] (�) and chain
propagation rate constantkp (�) on catalyst pretreatment time
in stopped-flow propene polymerization with the TEA-pretreated
TiCl4/DBP/Mg(OEt)2 catalysts.

procedure. These unique features of this catalyst in
terms of slow active sites formation, and slow de-
activation upon TEA pretreatment may be mainly
ascribed to its raw material, that is the effect of
–OC2H5 ligand, which can decrease the reduction
potential of the original surface tetravalent titanium
species as well as the reduction potential of the ac-
tive titanium species due to its electron donation
property. This may be one of the main reasons that
account for the existence of an induction period
(∼0.2 s) and the high stability of the active sites on
this catalyst. The effect of the catalyst preparation
method may not be completely ruled out. The co-
catalyst pretreatment-dependent gradually increase
in activity of the Mg(OEt)2-supported Ziegler–Natta
catalyst system has also been observed in our previ-
ous study [5]. Table 1 also shows the weight fractions
of polypropenes obtained by TREF method. Each
PP sample is fractionated in four different temper-
ature ranges, namely∼20, 20–100, 100–110 and
110–140◦C, which are thought to be corresponding
to four kinds of active sites with different isospeci-
ficity defined as aspecific active site (AS site, creating
the∼20◦C fraction), semi-isospecific active site (IS1
site, producing the 20–100◦C fraction), the second
highest isospecific active site (IS2 site, making the
100–110◦C fraction) and the highest isospecific ac-

Fig. 4. Dependence of TREF profiles on catalyst pretreatment time
for polypropenes obtained in stopped-flow polymerization with the
TEA-pretreated TiCl4/DBP/Mg(OEt)2 catalysts. TEA pretreatment
time: (a) 10 s; (b) 60 s; (c) 600 s.

tive site (IS3 site, generating the 110–140◦C fraction),
respectively. It can be seen from Table 1 that there
exist four kinds of active sites on the catalyst with 2 s
of TEA pretreatment reflecting a broad multiplicity
in the isospecificity of active sites: AS, IS1, IS2 and
IS3 sites, which are corresponding to a strong sharp
peak at below 20◦C, a weak and broad area between
20 and 100◦C with a peak at ca. 95◦C, a strong peak
at ca. 104–105◦C, and a weak peak at ca. 110◦C in
TREF curve (a) of Fig. 4, respectively. In comparison
with MgCl2-supported Ziegler–Natta catalysts [38],
a newly emerged peak at ca. 95◦C for all the TREF
curves is an indication of the presence of a new type
of active surface titanium species (here defined as
the third highest isospecific active sites expressed
as IS∗

1 site, which are included in the IS1 site) and
more dispersed state of isospecificity of active sites
on Mg(OEt)2-supported Ziegler–Natta catalysts. The
multiplicity of active sites for Mg(OEt)2-supported
catalysts has also been reported in [45,46]. Taking the
ligand effect into consideration, these IS∗

1 site might
be related to the –OC2H5 ligand. As illustrated by
Lee et al. [47], the presence of the –OC2H5 ligand
made the reactions in the catalyst preparation much
more complicated. As shown in Table 1, the succes-
sive and significant increasing of the 110–140◦C PP
fraction (over 100% increasing of 110–140◦C PP
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fraction from 10 to 60 s of pretreatment, while the
corresponding decrease of overall active site concen-
tration from 10 to 60 s is only ca. 30% as shown in
Fig. 3) with increasing length of TEA pretreatment
time up to 60 s indicates the successive time-delayed
formation of the highest isospecific active sites (IS3
site) from 10 to 60 s of pretreatment time, which also
can be seen from the obvious increase of intensity
of the TREF curve peak at 110–140◦C, as well as
the peak shifting towards higher elution temperature,
from TREF curves (a) and (b) in Fig. 4. This fact also
coincides with the successive and significant increas-
ing of chain propagation rate constant and number
average molecular weight up to 60 s of TEA pretreat-
ment as shown in Table 1. As it is generally accepted
that the chain propagation rate constant of different
types of active sites significantly increases with aug-
ment of isospecificity of the active sites [30,48]. Here
it is a clear demonstration that there exists a succes-
sive time-delayed formation of active sites with the
highest isospecificity (IS3 site) under the TEA pre-
treatment procedure (up to 60 s of pretreatment), so
to speak the formation of active sites with the high-
est isospecificity (IS3 site) still strongly depends on
the interaction between the catalyst and the Al-alkyl
cocatalyst (up to 60 s of pretreatment) even in the
presence of internal electron donor DBP in this cata-
lyst. There are two reasons that may account for this
phenomenon. The first possible explanation is that the
activation (reduction and alkylation) of the precursors
of active sites with the highest isospecificity is the
slowest due to the corresponding highest steric hin-
drance around and thus results in the slowest forma-
tion of IS3 site in the early stage of the pretreatment
procedure (up to 60 s of pretreatment). Whereas, it is
evident from Table 1 that some active sites with the
highest isospecificity were formed in the much earlier
stage of TEA pretreatment (10 s of pretreatment). The
first mechanism cannot explain this time-delayed for-
mation characteristics well and thus is unreasonable.
While the second possible mechanism might be that
some active sites with lower isospecificity (AS, IS1 or
IS2 site), which were formed after the first activation
(reduction and alkylation) process, were transformed
into active sites with the highest isospecificity (IS3
site) through some secondary reactions between the
activated titanium species and the cocatalyst, e.g.
TEA (or the by-products of the first reduction and

alkylation process, e.g. DEAC) in the early stage
of the TEA pretreatment procedure (up to 60 s of
pretreatment). These secondary reactions should be
the reversible bimetallic complexing reactions be-
tween the catalyst and the cocatalyst, e.g. TEA (or
the by-products of the first reduction and alkylation
process, e.g. DEAC). Such reversible bimetallic com-
plexing reactions have been previously suggested
by some researchers for explaining the presence of
stereoblock microstructures in polypropenes pro-
duced by supported Ziegler–Natta catalysts [11–13].
Monometallic active sites are thought to be aspecific
or less isospecific, while bimetallic active sites are
envisioned to be highly isospecific. In this work, our
experimental evidence might directly demonstrate the
dynamic process of transformation of active sites with
lower isospecificity into the highest isospecific active
sites through interaction between the catalyst and co-
catalyst up to 60 s of pretreatment in approaching to
an equilibrium sate of monometallic and bimetallic
active sites as proposed by Xu et al. [12]. The re-
sults somewhat suggest that the contribution from the
bimetallic active sites to the stereospecificity of the
Ziegler–Natta catalysts cannot be overlooked even in
the presence of internal electron donor through a plau-
sible mechanism as shown in Scheme 1. After the first
step of instant alkylation (reaction (1)), an aspecific
active site (site A) might be obtained. Further TEA
pretreatment might induce the bimetallic complex-
ing (reaction (2)) leading to the formation of site B.
According to a generalized stereospecific active site
model proposed by Busico and coworkers [13,49] re-
cently, site B is a kind of highly isospecific active site.
This mechanism seems highly possible and feasible
in explaining the time-delayed successive formation
of active sites with the highest isospecificity.

The formation of the other three types of active sites
with lower isospecificity (i.e. AS, IS1 and IS2 sites)
seems already finished up to 10 s of TEA pretreat-
ment in the presence of internal electron donor judg-
ing from the data shown in Table 1 and Fig. 4. The
obvious deactivation of active sites, which occurred
from 10 to 60 s of TEA pretreatment, is mainly due to
the deactivation of AS, IS1 and IS2 sites. The stability
of active sites increases with the increasing isospeci-
ficity of the active sites in the early stage of TEA
pretreatment (up to 60 s of pretreatment). This might
be rationalized by the facts that the active sites with
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Scheme 1. Plausible mechanism of transformation of aspecific active site into highly isospecific active site in the presence of internal
electron donor (ED) (X: –Cl or –Et or –OEt;�: coordination vacancy).

higher isospecificity are usually less acidic as well as
less accessible (due to higher steric hindrance) and
thus more over-reduction resistant to TEA pretreat-
ment [15]. Thereafter, all types of active sites on the
catalyst become relatively stable in the later stage of
TEA pretreatment from 60 to 600 s of pretreatment,
which also accounts for the high stability in activity,
number average molecular weight and chain propaga-
tion rate constant in this period of TEA pretreatment.
This indicates that the residual active sites regardless
of isospecificity are relatively more stable after de-
activation of the unstable part of each type of active
site. The extraction of internal electron donor DBP by
the TEA from the isospecific active sites on the cat-
alyst in the TEA pretreatment procedure is thought
to have occurred from 60 s of pretreatment judging
from the slight decrease in relative weight percentages
of the 110–140, 100–110 and 20–100◦C PP fractions
as well as simultaneous obvious increase in relative
weight percentage of the∼20◦C PP fraction in the
later stage of TEA pretreatment (from 60 to 600 s of
pretreatment, see Table 1 and the tendency from TREF
curves (b) and (c) in Fig. 4). This is an indication of
slight transformation of isospecific active sites into as-
pecific sites due to extraction of internal donor DBP
by TEA resulted from longer period of TEA pretreat-
ment (from 60 to 600 s of pretreatment). This reflects
the dynamic process of interaction between cocatalyst
and internal donor approaching to an equilibrium sate
as suggested by Sacchi et al. [11] to explain the for-
mation of stereoblock microstructures in polypropenes
produced by supported Ziegler–Natta catalysts in the
presence of electron donor. In this work, our experi-
mental evidence might directly visualize the dynamic
process of the initiation of electron donor extraction

from the catalyst surface by TEA cocatalyst from 60
up to 600 s of pretreatment in approaching to the equi-
librium sate. The DBP extraction extent by TEA was
observed to be much lower than the case when ethyl-
benzoate (EB) was used as internal donor [38]. This
is consistent with some previous reports that DBP as
internal donor can coordinated much more strongly
with the catalyst surface and thus is much more diffi-
cult to be extracted by the TEA cocatalyst during the
polymerization process compared with EB [15,22,38].
The high retention ability of the internal donor DBP
in this catalyst responded to the extraction behavior
from TEA cocatalyst may also partially contribute to
the relatively high stability of active sites due to DBP’s
steric and electronic effects.

In this work, the new concept of model reactions in
terms of stopped-flow propene polymerizations using
supported Ziegler–Natta catalysts under a TEA co-
catalyst pretreatment procedure with varied length of
pretreatment time from 0 to 600 s combined with GPC
and TREF methods have been demonstrated to be
most efficient in probing the mechanism concerning
the dynamic successive formation, deactivation and
transformation of stereospecific active sites on sup-
ported Ziegler–Natta catalysts during a conventional
polymerization process. Many valuable new evidences
concerning the formation, deactivation and transfor-
mation mechanisms as well as the stereochemical na-
ture of the active sites had been obtained with respect
to the roles of Al-alkyl cocatalyst, electron donor,
catalytic component, etc. Several attempts using other
highly efficient supported Ziegler–Natta catalysts
under Al-alkyl cocatalyst pretreatment procedure
accomplished by the combination of stopped-flow
technique with TREF method and GPC analyses will
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also be available for publication, in which more
profound insights into the stereochemical nature of
active sites will surely be achieved progressively.
The objective is to pursue a state-of-the-art catalyst
designing for developing novel tailor-made poly-
olefins with ultimate stereospecificity.

4. Conclusions

The difficulties in pursuing basic understanding on
the formation mechanism and stereochemical nature of
active sites as well as the stereospecific polymerization
mechanism in heterogeneous Ziegler–Natta catalysis
was partially overcome by utilizing the great merits
of stopped-flow technique combined with TREF and
GPC methods. Furthermore, a TEA cocatalyst pre-
treatment procedure (from 0 to 600 s of pretreatment
time) provided direct observation of the dynamic pro-
cess of formation, deactivation and transformation of
stereospecific active sites on a TiCl4/DBP/Mg(OEt)2
catalyst. It was demonstrated that both formation and
deactivation of active sites with broad multiplicity in
isospecificity (reflected from the coexistence of four
kinds of stereospecific active sites, namely AS, IS1,
IS2 and IS3 sites for all the pretreated catalysts) are
slow reactions with an induction period of ca. 0.2 s. It
was most important to find that the formation of ac-
tive sites with the highest isospecificity (IS3 site) still
strongly depends on the interaction between the cat-
alyst and cocatalyst (up to 60 s of pretreatment) even
in the presence of internal electron donor DBP. This
is proposed to originate from a secondary reversible
bimetallic complexing reaction between the catalyst
and the cocatalyst (or its reaction products) in the
early stage of TEA pretreatment procedure (up to 60 s
of pretreatment) resulting in the time-delayed succes-
sive formation of some bimetallic active sites with
the highest isospecificity (IS3 site). The existence of
–OC2H5 ligand most probably gave birth to a new
group of active titanium species (IS∗

1 site included in
IS1 site). The stability of active sites increases with
increasing isospecificity in the early stage of pretreat-
ment (up to 60 s of pretreatment). While all the active
sites become relatively stable in the later stage of
pretreatment (from 60 to 600 s of pretreatment). The
extraction of internal electron donor DBP by the TEA
from the catalyst surface within the TEA pretreatment

procedure is thought to have occurred from 60 s of
pretreatment resulting in slight transformation of
isospecific active sites into aspecific sites.
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