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ABSTRACT: A dimethylsilylene-bridged metallocene
complex, (CH3)2Si(Ind)2ZrCl2, was supported on a nano-
sized silica particle, whose surface area was mostly exter-
nal. The resulting catalyst was used to catalyze the poly-
merization of propylene to polypropylene. Under identical
reaction conditions, a nanosized catalyst exhibited much
better polymerization activity than a microsized catalyst.
At the optimum polymerization temperature of 558C, the
former had 80% higher activity than the latter. In addition,
the nanosized catalyst produced a polymer with a greater
molecular weight, a narrower molecular weight distribu-
tion, and a higher melting point in comparison with the

microsized catalyst. The nanosized catalyst’s superiority
was ascribed to the higher monomer concentration at its
external active sites (which were free from internal diffu-
sion resistance) and was also attributed to its much larger
surface area. Electron microscopy results showed that the
nanosized catalyst produced polymer particles of similar
sizes and shapes, indicating that each nanosized catalyst
particle had uniform polymerization activity. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 107: 1387–1394, 2008
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INTRODUCTION

Polypropylene (PP) is one of the most important
thermoplastics. It has a wide range of current uses
and large potential for new applications such as thin
films, fibers, blends, and composites.1–3 Commercial
isotactic PP is traditionally produced in a continuous
slurry reactor or in a gas fluidized bed reactor with
MgCl2-supported Ziegler–Natta catalysts.

Metallocene-based catalyst systems have much
higher activity and lower polydispersity than tradi-
tional Ti-based Ziegler–Natta catalysts.4 In 1985,
Kaminsky et al.5 discovered the production of isotac-
tic PP by a homogeneous metallocene catalyst [an
ethylidene-bridged zirconocene complex, racemic
(C2H4)(Ind)2ZrCl2, activated with methylaluminox-
ane (MAO)]. Since then, numerous studies have
been performed to optimize polymerization perform-
ances of ansa-metallocene polymerization catalyst
systems. Optimization targets have included higher
activity/stereospecificity of the systems and desired
high-molecular-weight polymers.

For ansa-metallocene polymerization catalysts, the
size and type of the bridge connecting cyclopenta-
dienyl (or indenyl) rings affect opening on the oppo-
site side of the transition metal and, consequently,
the relative rates of elementary steps in the polymer-
ization mechanism.6 Dimethylsilylene-bridged metal-
locene catalysts comprise some of the most com-
monly studied types of ansa-metallocene catalysts.7 It
has been found that the homogeneous catalyst dime-
thylsilylbis(1-indenyl) zirconium dichloride/methyl
aluminoxane [Me2Si(Ind)2ZrCl2/MAO)] is able to
produce PP with a significantly higher molecular
weight, melting point, and isotacticity in comparison
with the catalyst Et(Ind)2ZrCl2/MAO under identical
reaction conditions.8

Supported metallocene catalysts are preferred for
the production of isotactic PP on an industrial scale
because they can solve the problems observed with
the soluble homogeneous catalysts (including the
difficulty in controlling the polymer morphology, the
very large amount of MAO needed, and the reactor-
fouling problem).9–15 Silica is one of the most fre-
quently used supports because it leads to good mor-
phological features for polymer particles. The most
common method for preparing silica-supported met-
allocene catalysts is to treat the support with MAO
first and then adsorb the metallocene on it.14 In the
literature, the sizes of the silica particles used to sup-
port metallocene/MAO catalysts for propylene poly-
merization to PP have usually been in the range of
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micrometers. For example, several microsized silicas
have been used to support the Me2Si(Ind)2ZrCl2/
MAO catalyst for propylene polymerization.16–20

Nanosized silica particles have a very large exter-
nal specific surface area. Recently, we used a nano-
sized silica as a support for the catalyst (C2H4)
(Ind)2ZrCl2/MAO and found that a nanosized cata-
lyst exhibited higher propylene polymerization
activity than a microsized catalyst.21 However, the
molecular weight and isotacticity of PP produced by
the nanosized-silica-supported (C2H4)(Ind)2ZrCl2/
MAO catalyst were not high enough, probably
because of the smaller rigidity of the ethylidene
bridge in (C2H4)(Ind)2ZrCl2/MAO [compared with
the Me2Si bridge in Me2Si(Ind)2ZrCl2].

7

In this study, we used an MAO-treated nanosized
silica particle to support Me2Si(Ind)2ZrCl2 for pro-
pylene polymerization. In comparison with the
microsized catalyst, the nanosized Me2Si(Ind)2ZrCl2/
MAO catalyst not only exhibited significantly better
propylene polymerization activity but also produced
PP with a significantly larger molecular weight and
higher melting point when the polymerization tem-
perature was greater than 408C.

EXPERIMENTAL

Catalyst preparation and characterization

Two silica sources were used for supporting the
Me2Si(Ind)2ZrCl2/MAO catalyst. One silica was nano-
sized and was supplied by SeedChem (Melbourne,
Australia); another silica was microsized and was
supplied by Strem (Newburyport, MA). The silica-
supported metallocene/MAO catalysts were pre-
pared with a method reported before22 according to
the following procedure: (1) calcination of silica par-
ticles at 4508C under a nitrogen flow (100 mL/min)
for 3 h, (2) immobilization of MAO on the supports
by the heating and agitation of 3.5 mL of a 10 wt %
MAO solution (in toluene) with 0.5 g of silica particles
at 508C for 24 h followed by washing and agitation
with toluene three times, (3) reaction of the MAO-
treated supports with 0.036 g of rac-Me2Si(Ind)2ZrCl2
at 508C for 16 h followed by washing and agitation
with toluene three times, and (4) drying of the cata-
lysts at 508C. The operations of steps 2–4 were carried
out under a dry argon atmosphere with the Schlenk
technique. rac-Me2Si(Ind)2ZrCl2 and MAO (10 wt %
solution in toluene) were supplied by Strem and
Albemarle (Baton Rouge, LA), respectively.

The specific surface areas of the silica samples
were determined by nitrogen adsorption at the tem-
perature of liquid nitrogen with a Micromeritics
model ASAP 2020 Brunauer, Emmett, Teller (BET)
surface area analyzer (Norcross, GA). The zirconium
and aluminum contents of the supported metallo-
cene/MAO catalysts were determined with an

inductively coupled plasma/atomic emission spec-
trometer (model S-35, Kontron, Munich, Germany)
after HF acid digestion of the solid.

Propylene polymerization and polymer
characterization

A 100-mL, high-pressure autoclave reactor (supplied
by Parr Instrument Co., Moline, IL) equipped with
an impeller and a temperature control unit was
employed for carrying out the catalytic polymeriza-
tion of propylene. In a typical experiment, 50 mL of
anhydrous toluene (water content < 10 ppm;
Aldrich, St. Louis, MO), 0.01 g of the supported rac-
Me2Si(Ind)2ZrCl2/MAO catalyst prepared by the
impregnation method mentioned previously, and
then a 0.4-mL MAO solution were charged into the
reactor. The reactor was heated to the desired tem-
perature. Propylene at 100 psi was then introduced
into the reactor to initiate the polymerization, and
the propylene pressure was kept constant at 100 psi.
The agitator speed was set at 500 rpm, and the reac-
tion time was 2 h, unless specified otherwise. A agi-
tator speed of 500 rpm should be enough to elimi-
nate external mass transfer resistance because no sig-
nificant difference in the polymerization results was
observed when the agitator speed was greater than
350 rpm. The polymerization was then terminated
by the addition of acidic methanol, and the polymer
product was dried in a vacuum oven. The experi-
mental results were highly reproducible under iden-
tical reaction conditions.

The polymers produced were characterized with
X-ray diffraction (XRD), scanning electron micros-
copy (SEM), optical microscopy, differential scanning
calorimetry (DSC), solution viscometry, gel permea-
tion chromatography (GPC), and 13C-NMR. The
polymer particle morphology was observed with
a scanning electron microscope (JSM-6700F, JEOL,
Tokyo, Japan). The polymer crystal structure was
examined by XRD crystallography on a Shimadzu
XRD-6000 diffractometer (Kyoto, Japan) with Cu Ka
radiation. DSC measurements for the determination
of the polymer melting point were carried out on a
differential scanning calorimeter (Pyris 1, Perkin-
Elmer, Waltham, MA) at a heating rate of 108C/min.
The structure of the melt-crystallized polymer was
observed with an optical microscope (E400, Nikon,
Tokyo, Japan) in cross-polarized light. The fraction
of mmmm pentads in the polymer was evaluated
from quantitative 13C-NMR spectra, which were
recorded with a Varian Unity-600 NMR spectrometer
(Palo Alto, CA) at 1008C with o-C6D4Cl2 as the sol-
vent. The polymer molecular weight was determined
with the solution viscosity method. The intrinsic vis-
cosity ([h]) of the dried polymer was measured with
a Schott AVS 300 system (Hofheim, Germany) at
1358C with o-C6H4Cl2 as the solvent. The viscosity-
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average molecular weight (Mv) was calculated from
the [h] data with the Mark–Houwink equation ([h]
5 KMv

a) for isotactic PP with K 5 1.3 3 1024 dL/g
and a 5 0.78.23 The molecular weight distributions
(MWDs) were determined by high-temperature GPC
with a Waters Alliance GPCV20000 system (Milford,
MA) equipped with three columns (two Styragel
HT6E and one Styragel HT2) at 1358C. o-Dichloro-
benzene was used as the mobile phase.

RESULTS AND DISCUSSION

Effect of the polymerization time

Figure 1 shows the PP yield as a function of reaction
time t for nanosized and microsized catalysts at a
polymerization temperature of 508C. It can be clearly
seen from Figure 1 that the nanosized catalyst pro-
duced significantly more PP than the microsized cat-
alyst did.

Table I compares the polymerization rate [Rp (kilo-
grams of PP produced per hour per gram of cata-
lyst)] as a function of the reaction time for the two
catalysts. The results in Table I indicate that the Rp

values of the nanosized catalyst were more than 2
times the corresponding rates of the microsized cata-
lyst. For both catalysts, the rates at t 5 0.5 h were
smaller than the rates at 0.5 h 5 t 51 h, and this

should be due to the occurrence of an induction pe-
riod at t 5 0.5 h.17

Figures 2 and 3 show SEM pictures of PP particles
produced with the nanosized catalyst at t 5 0.5 h
and t 5 2 h, respectively. The polymer particle mor-
phology in Figure 2 (t 5 0.5 h) is quite different from
that in Figure 3 (t 5 2 h). In Figure 2, polymer par-
ticles are aggregated together and form a aggregate
with a nearly spherical shape. In Figure 3, polymer
particles are separated from one another and are
presented as tiny, discrete particle forms with simi-
lar sizes and shapes. Most polymer particles in
Figure 3 have a length of approximately 2 lm, which
is about 200 times that of the original silica particles
(length � 10 nm21). The similarity of the polymer

Figure 1 Polymer yield as a function of the reaction time
for (a) nanosized and (b) microsized catalysts.

TABLE I
Effect of the Reaction Time on Rp

Time range (h) 0–0.5 0.5–1 1–2

Rp for the nanosized catalyst
(kg of PP/h g of catalyst) 0.152 0.214 0.119

Rp for the microsized catalyst
(kg of PP/h g of catalyst) 0.064 0.106 0.049

Polymerization temperature 5 508C; Rp 5 polymer
weight produced/(time interval 3 catalyst weight used).

Figure 2 SEM micrograph of PP particles produced with
the nanosized catalyst (polymerization time 5 30 min).

Figure 3 SEM micrograph of PP particles produced with
the nanosized catalyst (polymerization time 5 2 h).
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particle sizes and shapes in Figure 3 suggests that
each nanosized catalyst had uniform catalytic activity.

A transmission electron micrograph (shown in the
previous article21) indicated that the original silica
particles (before catalyst preparation) had a length of
approximately 10 nm and a width of 2–4 nm. After
catalyst preparation, the nanosized-silica-supported
Me2Si(Ind)2ZrCl2 catalyst had a tendency to aggre-
gate, and each aggregate consisted of a large number
of catalyst particles, as shown in Figure 4 (the cata-
lysts are shown in the dark area of the transmission
electron micrograph). The polymer chains initially
produced within the catalyst aggregated to form a
nearly spherical polymer aggregate, as shown in Fig-
ure 2. The catalyst aggregates then disintegrated into
individual catalyst particles with further propylene
polymerization, and each catalyst particle produced
a discrete polymer particle with a length of approxi-
mately 2 lm, as shown in Figure 3. Therefore, a PP
aggregate in Figure 2 is much larger than an individ-
ual PP particle in Figure 3.

The polymerization time was found to have little
effect on the polymer molecular weight produced
with the nanosized catalyst (Mv 5 40,295, 40,865,
and 40,193 g/g mol at t 5 0.5, 1, and 2 h, respec-
tively). With a microsized catalyst, Zechlin et al.17

found that the weight-average molecular weight
(Mw) of PP decreased significantly with increasing

polymerization time. They proposed that the mono-
mer concentration at the active centers decreased
with progressive polymerization (because monomer
diffusion was decreased markedly), and this resulted
in a decrease in the polymer’s molecular weight and
melting point. The results that we obtained here
(insensitivity of the molecular weight to the poly-
merization time) suggest that the monomer con-
centration and chain-transfer constant were nearly
constant (independent of the polymerization time) at
the active centers of the nanosized catalyst.

Catalyst characterization

Inductively coupled plasma measurements indicated
that the Zr contents were 1.91 and 1.46 wt % for the
nanosized and microsized catalysts, respectively.
The Al contents were 7.15 and 4.43 wt % for the
nanosized and microsized catalysts, respectively.
The higher Zr and Al contents of the nanosized cata-
lyst should be due to its larger surface area. BET
measurements indicated that the nanosized silica
had a surface area of 582 m2/g, which was about
2 times that of the microsized silica (surface area
5 305 m2/g).

As reported earlier, nanosized silica had a slender
shape with a length of 10 nm and a width in the
range of 2–4 nm. By assuming that it was a cylindri-
cal particle with a length (L) of 10 nm, a diameter
(D) of 4 nm, and a density (q) of 2.3 g/cm3, we cal-
culated the specific external surface area (Sex) of
nanosized silica to be 520 m2/g, using the equation
Sex 5 [2(D2/4) 1 DL]/[qLD2/4]. The calculated Sex
value was about 90% of the total surface area (582
m2/g) measured with the BET method. Therefore,
most of the nanosized silica surface area was exter-
nal surface area, and active sites on the nanosized
catalyst external surface should be free from internal
diffusion resistance. An SEM micrograph (shown in
the previous article21) indicated that microsized silica
had a size of approximately 100 lm. By assuming it
was a spherical particle with D 5 100 lm and q 5
2.3 g/cm3, we calculated Sex of microsized silica to
be 0.026 m2/g (using the equation Sex 5 6/[qD]),
which was only 0.0085% of the total surface area
(305 m2/g) measured with the BET method. There-
fore, almost all of the microsized silica surface area
was internal (i.e., inside the pores) surface area, and
active sites on the microsized catalyst internal sur-
face should have strong diffusion resistance.

Effect of the polymerization temperature

Figure 5 shows the polymerization activity as a func-
tion of the polymerization temperature and indicates
that the nanosized catalyst had significantly better
polymerization activity than the microsized catalyst

Figure 4 Transmission electron micrograph of the nano-
sized-silica-supported Me2Si(Ind)2ZrCl2 catalyst.
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in the temperature range of 40–708C. Both curves in
Figure 5 exhibit a volcano shape with a maximum
polymer activity at 558C. The maximum polymeriza-
tion activities were 919 and 509 kg of PP/mol of Zr
h for the nanosized and microsized catalysts, respec-
tively. The former was 1.8 times the latter.

Rp is generally expressed by18

Rp ¼ kp½C��½M�n ð1 < n < 1Þ (1)

where kp is the propagation rate constant, [C*] is the
concentration of catalytically active species C*, [M] is
the monomer concentration, and n is the reaction
order. Therefore, the observed polymerization activ-
ity (shown in Fig. 5) was determined by kp, the C*
concentration, and the monomer concentration (i.e.,
propylene solubility in toluene). The volcano shape
appearing in Figure 5 was caused by the contradic-
tory effects of temperature on kp, the C* concentra-
tion, and the monomer concentration. It is known
that the solubility of propylene in toluene decreases
linearly with an increase in the temperature.24 The
C* concentration in eq. (1) is related to the material
balance of all zirconocene species according to the
following equation:25

½C�� þ 2½C2� þ ½C�MAO� þ ½Cd� ¼ ½Zr� (2)

where C2 and C-MAO are two types of inactive spe-
cies that are in dynamic equilibrium with C* and Cd

is the dead species resulting from irreversible cata-
lyst deactivation. With the increase in the polymer-
ization temperature, kp increased, but both the mono-
mer concentration and C* concentration decreased.
When the polymerization temperature was 5558C, kp
increased more rapidly than the decrease of the C*

concentration and monomer concentration, and this
resulted in the increase of the observed polymeriza-
tion activity. When the polymerization temperature
was above 558C, the extents of the C* concentration
and monomer concentration decrease were more
profound than the extent of the kp increase, and this
resulted in the decrease of the observed polymeriza-
tion activity, as shown in Figure 5.

Figure 5 indicates that the nanosized catalyst had
greater Rp than the microsized catalyst, and this is
consistent with the results shown in Figure 1 and
Table I. There are four possible reasons responsible
for the higher rate observed with the nanosized cata-
lyst: (1) the nanosized catalyst had a higher mono-
mer concentration at the active sites because of the
elimination of internal diffusion resistance, (2) the
nanosized catalyst had a higher C* concentration
because some of the microsized catalyst’s internal
active sites were not accessible to propylene, (3) the
nanosized catalyst had a much higher surface area
and therefore a much higher concentration of effec-
tive active sites, and (4) the nanosized catalyst might
have a higher value of kp. Reasons 1 and 2 were
caused by the fact that the nanosized catalyst’s
active sites were located at the external surface,
whereas the microsized catalyst’s active sites were
located inside the pores.

For propylene polymerization over supported met-
allocene/MAO catalysts, Bonini et al.16 proposed a
kinetic model based on the following three levels of
diffusion resistance for the monomer: (1) external
film surrounding the growing particle, (2) macropar-
ticle level (the monomer diffuses inside the pores
among microparticles), and (3) microparticle level
(the monomer diffuses in an amorphous polymer
phase as far as the catalyst surface, where the reac-
tion takes place). The results that we obtained here
(the nanosized catalyst had a higher polymer yield
than the microsized catalyst) suggest that the level 2
diffusion resistance was significant for the micro-
sized catalyst, which was a macroparticle and con-
tained many microparticles. The microparticles were
generated from fragmentation of the macroparticle.

For heterogeneous catalytic reactions, an internal
diffusion effect can be evidenced by a difference in
the reaction rates for the reaction over two differ-
ently sized catalyst particles.26 Our experimental
data showed that the nanosized catalyst had higher
polymerization activity than the microsized catalyst.
The observed difference in the polymerization activ-
ity for the two catalysts evidences that the micro-
sized catalyst had internal diffusion resistance.

Polymer characterization

Figure 6 shows polymer Mv as a function of the po-
lymerization temperature. At a polymerization tem-

Figure 5 Polymer activity as a function of the polymer-
ization temperature for the nanosized and microsized cata-
lysts (polymerization time 5 2 h). The Al/Zr ratios were
325 and 425 for the nanosized and microsized catalysts,
respectively.
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perature greater than 408C, the nanosized catalyst
produced PP with a significantly higher molecular
weight than that produced with the microsized cata-
lyst, and the Mv difference between them increased
rapidly with increasing polymerization temperature.
At a polymerization temperature of 708C and an Al/
Zr ratio of 325, PP produced with the nanosized cat-
alyst had Mv 5 30,914 g/g mol, which was close to
Mw of PP (36,000 g/g mol) obtained with a homoge-
neous Me2Si(Ind)2ZrCl2/MAO catalyst at a polymer-
ization temperature of 708C and an Al/Zr ratio of
15,000.8

For a homogeneous Me2Si(Ind)2ZrCl2/MAO cata-
lyst, it was proposed that27

1=Pn ¼ ðkTM=kpÞð1=½M�Þ þ kTO=kp (3)

where Pn is the degree of polymerization [number-
average molecular weight (Mn)/propylene molecular
weight], [M] is the monomer concentration, kTM is
the chain termination rate constant due to b-H trans-
fer to the metal, and kTO is the chain termination
rate constant due to b-H transfer to an olefin. Equa-
tion (3) indicates that the higher the monomer con-
centration is, the higher the molecular weight is of
the polymer produced. Therefore, the higher molecu-
lar weight observed for the polymer produced with
the nanosized catalyst (shown in Fig. 6) should be
caused by the higher monomer concentration at the
active sites of the nanosized catalyst. As mentioned
previously, the nanosized catalyst’s active sites were
located at the external surface and had no internal
diffusion resistance; most of the microsized catalyst’s
active sites were located inside the pores and had
strong internal diffusion resistance. Therefore, the
active sites on the nanosized catalyst had a higher
monomer concentration than the internal active sites
on the microsized catalyst and thus produced a
polymer with a higher molecular weight.

Figure 6 also indicates that the polymer molecular
weight difference between the nanosized catalyst
and microsized catalyst increased rapidly with the
increase in the polymerization temperature. The
results suggest that the monomer concentration at
the internal active sites of the microsized catalyst
decreased more rapidly with increasing polymeriza-
tion temperature. This was caused by the fact that
the diffusion step became more important than the
reaction step when the polymerization temperature
was increased because kp is more temperature-sensi-
tive than diffusivity.

Figure 7 shows the effect of the polymerization
temperature on the melting point of the polymer for
the nanosized and microsized catalysts. The melting
points were obtained from DSC measurements. At a
polymerization temperature of 408C, the melting
point of the polymer produced with the nanosized
catalyst (147.18C) was about the same as that pro-
duced with the microsized catalyst (147.78C), and
this is consistent with the molecular weight results
shown in Figure 6 (at a polymerization temperature
of 408C, Mv was 41,069 and 40,569 g/g mol for the
former and latter, respectively). When the polymer-
ization temperature was between 45 and 658C, the
nanosized catalyst produced a polymer with a
higher melting point than that produced with the
microsized catalyst, and this should be primarily
due to the higher molecular weight of the former.

At a polymerization temperature of 558C, the
microsized catalyst produced a polymer with a poly-
dispersity index (PDI; i.e., Mw/Mn) of 3.1, and the
nanosized catalyst produced a polymer with a PDI
of 1.92. That is, the nanosized catalyst produced a
polymer with a narrower MWD than the microsized
catalyst did. In the presence of an internal diffusion
limitation, even if all sites were chemically identical,

Figure 7 Effect of the polymerization temperature on the
melting point of the polymer for the nanosized and micro-
sized catalysts (polymerization time 5 2 h).

Figure 6 Effects of the polymerization temperature on Mv

of the polymer.
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polymer chains with different MWDs would be pro-
duced at different radial positions, and thus a rather
wide overall MWD would result.28 Therefore, the
larger PDI obtained for the polymer produced with
the microsized catalyst provided more evidence that
the microsized catalyst had significant internal diffu-
sion resistance.

Figure 8 displays XRD spectra of PP produced
with the nanosized catalyst and microsized catalyst
at a polymerization temperature of 508C. Both spec-
tra exhibit (110), (040), (130), (041), and (131) diffrac-

tion peaks of PP (with peak maxima appearing at 2y
values of 14.2, 17.1, 18.7, and 21.88).3 The patterns in
Figure 8 indicate that the polymer produced was iso-
tactic PP with a monoclinic a phase (each chain was
in contact with three adjacent enantiomorphous
chains and two adjacent isomorphous chains).29,30

The similarities of the XRD spectra in Figure 8 indi-
cate that the nanosized and microsized catalysts pro-
duced PPs with similar crystal structures. Figure 9
shows a polarized optical micrograph of PP pro-
duced with the nanosized catalyst at 558C. An a-
spherulite structure31 is revealed in the figure with a
spherulite dimension of approximately 220 lm.

Influence of metallocene

Figure 10 compares the Mv values of polymers pro-
duced with the nanosized-silica-supported Me2Si
(Ind)2ZrCl2/MAO catalyst and the nanosized-silica-
supported Et(Ind)2ZrCl2/MAO catalyst, indicating
that Mv of the former was more than 2 times that of
the latter. In addition, the former had better isotactic-
ity than the latter (13C-NMR measurements indicated
that the mmmm pentad concentration was 92.9% for
the former and 83.7% for the latter when the poly-
merization temperature was 508C). Therefore, the
former had a higher melting point than the latter
(e.g., at a polymerization temperature of 508C, the
melting point was 144.18C for the former and
135.18C for the latter). It has been proposed that the
one-membered silicon bridge in Me2Si(Ind)2ZrCl2 is
preferable to the two-membered unsubstituted ethyl-
ene bridge in Et[Ind]2ZrCl2, imparting higher rigid-
ity and favorable electronic characteristics to the
metallocene and thus inducing higher isotacticity
and molecular weight of the polymer.32

Figure 9 Polarized optical micrograph of the polymer
produced with the nanosized catalyst at a polymerization
temperature of 558C and crystallized isothermally at
1358C.

Figure 10 Comparisons of Mv of the polymer for the
nanosized-silica-supported Me2Si(Ind)2ZrCl2/MAO catal-
yst and nanosized-silica-supported Et(Ind)2ZrCl2/MAO
catalyst.

Figure 8 X-ray diffractograms of PP produced with (a)
the nanosized catalyst and (b) the microsized catalyst at a
polymerization temperature of 508C.
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CONCLUSIONS

A nanosized silica (whose surface area was mostly
external) and a microsized silica (whose surface area
was mostly internal) were used to support the cata-
lyst Me2Si(Ind)2ZrCl2/MAO. The effects of the silica
particle size, polymerization temperature, and poly-
merization time on the propylene polymerization ac-
tivity and polymer properties were investigated. At
the optimum polymerization temperature of 558C,
the nanosized catalyst had 80% higher polymeriza-
tion activity than the microsized catalyst. When the
polymerization temperature was greater than 408C,
PP produced with the nanosized catalyst exhibited a
significantly greater molecular weight, narrower
MWD, and higher melting point in comparison with
that produced with the microsized catalyst. The bet-
ter performances of the nanosized catalyst were
explained in terms of the higher monomer concen-
tration at its active sites (which were located at the
external surface and were free from internal diffu-
sion resistance) and the much higher surface area.
On the contrary, the microsized catalyst’s internal
active centers had strong internal diffusion resist-
ance, which resulted in the lower monomer concen-
tration and inferior performances. SEM studies
showed that the nanosized catalyst produced poly-
mer particles with similar shapes and sizes, suggest-
ing that each nanosized catalyst particle had similar
catalytic activity. XRD and optical microscopy stud-
ies indicated that the polymer produced with the
nanosized catalyst was highly crystalline isotactic PP
with the a form. The nanosized-silica-supported
Me2Si(Ind)2ZrCl2/MAO catalyst produced PP with a
significantly higher molecular weight, isotacticity,
and melting point in comparison with that produced
with the nanosized-silica-supported Et(Ind)2ZrCl2/
MAO catalyst.
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