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ABSTRACT: Soluble poly[styrene-co-(acrylic acid)] (PSA)
modified by magnesium compounds was used to support
TiCl4. For ethylene polymerization, four catalysts were
synthesized, namely PSA/TiCl4, PSA/MgCl2/TiCl4, PSA/
(n-Bu)MgCl/TiCl4, and PSA/(n-Bu)2Mg/TiCl4. The cata-
lysts were characterized by a set of complementary techni-
ques including X-ray photoelectron spectroscopy, Fourier-
transform infrared spectroscopy, X-ray diffraction, thermogra-
vimetric analysis, scanning electron microscopy, and element
analysis. Synthesis mechanisms of polymer-supported TiCl4
catalysts were proposed according to their chemical environ-
ments and physical structures. The binding energy of Ti 2p
in PSA/TiCl4 was extremely low as TiCl4 attracted excessive
electrons from ACOOH groups. Furthermore, the chain struc-
ture of PSA was destroyed because of intensive reactions tak-

ing place in PSA/TiCl4. With addition of (n-Bu)MgCl or
(n-Bu)2Mg, ACOOH became ACOOMg- which then reacted
with TiCl4 in synthesis of PSA/(n-Bu)MgCl/TiCl4 and PSA/
(n-Bu)2Mg/TiCl4. Although MgCl2 coordinated with ACOOH
first, TiCl4 would substitute MgCl2 to coordinate with
ACOOH in PSA/MgCl2/TiCl4. Due to the different synthesis
mechanisms, the four polymer-supported catalysts corre-
spondingly showed various particle morphologies. Further-
more, the polymer-supported catalyst activity was enhanced
by magnesium compounds in the following order: MgCl2 >
(n-Bu)MgCl > (n-Bu)2Mg > no modifier. VC 2011 Wiley Periodi-
cals, Inc. J Appl Polym Sci 123: 2517–2525, 2012
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INTRODUCTION

Since Chirkov created metal complexes immobilized
on polymer supports, various functionalized poly-
mer materials have been investigated to be supports
of catalysts,1,2 such as Ziegler-Natta catalysts for ole-
fin polymerization.3,4 The side effects of inorganic
support could be eliminated by using polymers as
support of Ziegler-Natta catalysts.

From the aspect of practical application, it is a
challenge to anchor transition-metal complex onto a
polymer support by a simple synthetic procedure
and with minimum alteration of the ligand environ-
ments. In general, the presence of functional groups
in the polymer structure is fundamental to promote
chemical interactions between the catalyst and the

support.5 However, direct attachment of transition
metals to the functional groups has negative effects
on the performance of polymer-supported Ziegler-
Natta catalysts. Magnesium compounds are often
used to modify the polymer supports with an aim to
optimize the performance of polymer-supported cat-
alyst. Sun et al.6,7 synthesized various polymer-
supported Ziegler-Natta catalysts and conducted a
preliminary investigation. They provided multiple
hypotheses of the reaction mechanism based only on
the kinetic curves of ethylene polymerization. No
characterizations of catalysts and polymer were
offered. Mteza et al.8 supported TiCl4 on a polyeth-
ylene-based copolymer with dual functional groups
for ethylene polymerization. They prepared several
catalysts under varied conditions to optimize the cat-
alyst performance and provided a plausible theory
for interpretation of the modifiers role. Schuchardt
and coworkers9 synthesized chlorinated organic
polymers-supported TiCl4 without any modification.
They focused on the ethylene polymerization behav-
ior of the catalysts.
Despite numerous efforts, the question regarding

how the coordination between polymer support and
transition metals affects the chemical environment as
well as the ethylene polymerizations still has not
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been definitively answered. Actually, the coordina-
tion effects are essential to the performance of poly-
mer-supported catalysts. According to the Fourier-
transform infrared spectroscopy (FTIR) results, Kaur
et al.10 concluded that TiCl4 was coordinated with
potential Lewis base sites, such as oxygen of car-
bonyl group and OCH3 group on poly(methyl acry-
late-co-1-octene). The surface chemical environment
around polymer functional groups or Ti atoms was
not analyzed.

Functional polystyrene is a kind of versatile sup-
port material for catalysts.11–13 Researchers usually
use linked polystyrene beads to support active cata-
lysts. The homogeneous distribution of active sites is
difficult to achieve due to the limitation of diffusion
inside the polymer particles.14 In our study, gel im-
mobilized system was adopted for efficient utiliza-
tion of the entire polymer support with active cen-
ters fixed on it.15 Soluble poly[styrene-co-(acrylic
acid)] (PSA) used here can swell or dissolve in sol-
vents. Therefore, the magnesium compounds and
catalytically active centers appear not only at the
polymer surface but also in the bulk.15,16 Further-
more, the potential to modify the polymer supports,
especially the functional groups, provides an oppor-
tunity to directly investigate the influence of the
chemical environments of the support on the olefin
polymerization process.11,17

We modified the soluble PSA by several magne-
sium reagents, including magnesium chloride
(MgCl2), n-butylmagnesium chloride [(n-Bu)MgCl)],
and di-n-butyl- magnesium [(n-Bu)2Mg]. Gel poly-
mer was formed in the addition of magnesium com-
pounds. TiCl4 was then anchored on this gel poly-
mer. Nonpolar solvent (n-hexane) was added in the
gel system to precipitate the PSA-supported cata-
lysts. Polymer-supported catalyst powders were
obtained after drying. For characterization of the cat-
alysts, X-ray photoelectron spectroscopy (XPS), FTIR,
X-ray diffraction (XRD), X-ray scanning electron mi-
croscopy (SEM), thermogravimetric analysis (TGA),
and element analysis were used. We sought to find
the synthesis mechanisms of polymer-supported
TiCl4 catalysts modified by various magnesium
reagents. In addition, ethylene polymerizations were
conducted to provide insight into the influence of
synthesis mechanisms on catalyst activity.

EXPERIMENTAL

Materials

All chemicals were manipulated under an inert
atmosphere using standard Schlenk technique. High-
purity nitrogen, polymerization-grade ethylene, and
hydrogen were obtained from Sinopec Shanghai
Corporation (Shanghai, China) and purified by

sequentially passing them through copper catalyst
column and alumina column. Solvents (heptane,
hexane, tetrahydrofuran, and toluene) were dried
over 4 Å molecular sieves for at least 10 days and
then purified by solvent purification system of Inno-
vative Technology. Magnesium chloride (MgCl2,
97.5% wt, H2O—2% max), (n-Bu)MgCl (20 wt % so-
lution in THF/toluene), (n-Bu)2Mg (1.0M solution in
heptane) and titanium (IV) chloride (TiCl4, �98.0%
wt) were used as received from J&K Company,
China. Triethylaluminium (TEA) was purchased from
Aldrich, China. PSA provided by Changchun Insti-
tute of Applied Chemistry, Chinese Academy of Sci-
ence, was dried at 70�C under nitrogen flow for 24 h
before use. The average molecular weight of PSA
was 19,225, containing 3.5 mmol ACOOH/g PSA.

Synthesis of polymer-supported catalysts

We used the same type of agitator and the same
speed for well stirring in all experiments of prepar-
ing catalysts. PSA (7.50 g) were dissolved in THF
solution (150.0 mL) and stirred for 2 h at 60�C, to
prepare PSA/THF solution (0.05 g/mL). PSA/tolu-
ene solution of 0.05 g/mL was also prepared by dis-
solving 5.00 g PSA in 100.0 mL toluene. Four cata-
lysts, shown in Table I, were synthesized by varying
the modification reagents.

PSA/TiCl4 catalyst

PSA/THF (40.0 mL) solution in a Schlenk flask (150
mL) was stirred at 0�C for 30 min. TiCl4 (0.70 mL)
was slowly added into the PSA solution by drop-
wise at 0�C. The mixture was stirred for 2 h, and
then n-hexane (40.0 mL) was added into the mixture.
The generated solid was precipitated. The mixture
was decanted and washed by hexane for several
times until the liquid was colorless. The residual
solid was dried under vacuum at room temperature
for 4 h.

PSA/MgCl2/TiCl4 catalyst

MgCl2 (0.42 g) was added into PSA/THF solution
(26.0 mL) in a Schlenk flask (150 mL), stirred at 0�C

TABLE I
The Composition of the Four Catalysts

Components Name
Mg

(wt %)
Ti

(wt %)

Mg/Ti
molar
ratio

PSA/TiCl4 PT 0 0.10 0
PSA/MgCl2/TiCl4 PMT 2.70 3.44 1.54
PSA/(n-Bu)MgCl/TiCl4 PB1T 1.39 1.66 1.64
PSA/(n-Bu)2Mg/TiCl4 PB2T 2.58 5.96 0.84

2518 LIJUN ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



until MgCl2 was completely dissolved. TiCl4 (0.45
mL) was added into the PSA/MgCl2/THF solution
by dropwise at 0�C. The solution became yellow. Af-
ter 2 h, n-hexane (50.0 mL) was slowly added into
the solution by syringe. Yellow solid was precipi-
tated from the solution. The residual solid was sepa-
rated, washed several times until the liquid was col-
orless, and then dried at room temperature under
vacuum for 4 h.

PSA/(n-Bu)MgCl/TiCl4 catalyst

PSA/THF solution (20.0 mL) was added in a
Schlenk flask (150 mL) and cooled down to 0�C.
Then (n-Bu)MgCl (2.50 mL) was added into the solu-
tion by dropwise. The mixture was agitated for 1 h,
followed by dropwise addition of TiCl4 (0.35 mL) at
0�C. After 2 h, n-hexane (40.0 mL) was slowly added
into the black colored mixture. Black yellow solid
was separated from the mixture, washed several
times by n-hexane until the liquid was colorless. The
remaining slurry was dried under vacuum at room
temperature for 4 h.

PSA/(n-Bu)2Mg/TiCl4 catalyst

As (n-Bu)2Mg is stable in nonpolar solvent, we used
PSA/toluene solution. PSA/toluene solution (20.0
mL) placed in a Schlenk flask (150 mL) was cooled
down to 0�C. Then (n-Bu)2Mg solution (1.20 mL)
was added into the solution by dropwise. White sol-
gel was formed. The mixture was stirred for 1 h, fol-
lowed by dropwise addition of TiCl4 (0.35 mL) at 0
�C. The black yellow mixture reacted for another
2 h, followed by slow addition of n-hexane
(40.0 mL). The residual solid was separated, washed
by hexane for several times, and then dried under
vacuum at room temperature for 4 h.

Ethylene homopolymerization

Slurry ethylene homopolymerization were per-
formed in a 1 L Büchi stainless steel autoclave reac-
tor, equipped with mechanical stirrer, a mass flow
meter, and a temperature control unit consisting of
cooling water and an electric heater. The reactor was
heated above 90�C for more than 2 h and repeatedly
pressurized with nitrogen, purged and evacuated
(<10 mbar) before polymerization. Then, the reactor
temperature was set to the desired polymerization
temperature. 350 mL n-heptane was added into the
reactor. The catalyst was introduced into the reactor
under nitrogen purging after the injection of appro-
priate TEA as cocatalyst. The stirring speed was set
at 350 rpm. The polymerizations were performed at
0.50 MPa. At the end of the polymerizations, the re-
actor was rapidly vented, and the produced polymer

was precipitated and washed with acidified (2 wt %
hydrochloric acid) ethanol, filtered, and dried at
50�C under vacuum for 12 h.

Characterization

The XPS measurements were performed on a Kratos
Axis Ultra DLD spectrometer using monochromatic
a Al Ka souse (hm ¼ 1486.6 eV). Spectra were taken
at room temperature in high resolution modes for O
1s and Ti 2p. All of the binding energies at various
peaks were calibrated using the binding energy of C
1s (284.8 eV). For every XPS spectra, we deconvo-
luted the experimental curve in a series of peaks
which represent the contribution of the photoelec-
tron emission from atoms in different chemical envi-
ronments. FTIR measurements were performed on a
Nicolet 5700 spectrometer. The crystallographic
phases of the virginal PSA and the four catalysts
were characterized by powder XRD (X’pert Pro
MPO, Philip, the Netherlands) with Cu Ka (45 KV,
40 mA, graphite monocharomators). The scans were
performed for diffraction angle from 2y ¼ 5 to 80�

with a step of 0.2� and a counting time of 12 s. The
samples were also observed by the Hitachi S-4700
SEM. Virginal PSA as well as the four catalysts was
subjected to TGA using Mettler Toledo SDTA851 sys-
tem. Samples of <10 mg were heated from 25 to
600�C at heating rate of 10�C/min in nitrogen atmos-
phere, and the corresponding weight loss was
recorded. The magnesium content was determined by
a titration method using the chelating agent, ethylene-
diamine tetraacetic acid. The content of titanium in the
catalysts was determined by ultraviolet spectroscopy
(UV). UV measurements were performed in 10-mm
quartz glass cells on Unico UV-2102PC spectrophotom-
eter. The intensity of the peak at 410 nm was used to
quantify the titanium content.

RESULTS AND DISCUSSION

Spectroscopic properties of the catalysts

As shown in Figure 1, the O1s region of the X-ray
photoelectron (XPS) spectrum from organic materials
was wide. The oxygen peak of carbon materials is
frequently deconvoluted into two components: one
in the range 531.2–532.6 eV, attributed to oxygen
doubly bound to carbon, and the other one in the
range 532.8–533.1 eV, attributed to oxygen singly
bound to carbon.18 In this article, XPS Peak 4.1 soft-
ware was used to deconvolute the high resolution
O1s peak. The results are given in Table II. The
chemical environments of the materials investigated
here must be taken into consideration to understand
the results. Peak 1 with higher BE value is assigned
to CAO in the carboxyl group and peak 2 with
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lower BE value is owed to C¼¼O in the carboxyl
group.

As listed in Table II, the peak of O1s in PSA/TiCl4
catalyst (PT) was deconvoluted into 534.0 eV and
535.7 eV. Similar result was found in case of PSA/
MgCl2/TiCl4 catalyst (PMT). Generally, as the posi-
tive charge on the atom increases by formation of
chemical bonds, BE will increase.19 Thus, the decon-
volution results with much higher BE values of O 1s
in PT and PMT are assigned to species which are in
electron-poor environments, probably due to the shift
of electrons to Ti from ACOOH groups. This indicates
that TiCl4 directly coordinate with ACOOH groups in
PT and PMT. In contrast, the BE of O 1s in PSA/(n-
Bu)MgCl/TiCl4 catalyst (PB1T) and PSA/(n-Bu)2Mg/
TiCl4 catalyst (PB2T) clearly reduced, suggesting that
no electron shifts to Ti atoms from ACOOH groups.
ACOOH groups may attract excessive electrons from
(n-Bu)MgCl or (n-Bu)2Mg and lose the H atoms,
resulting in electron-rich environments around O
atoms. Thus, the BE of O 1s decreases in PB1T and
PB2T. Based on these findings, it can be concluded
that TiCl4 has no direct chemical coordination with
ACOOH groups in PB1T and PB2T.

As shown in Figure 2, the BE values of Ti 2p in
the four catalysts were higher than TiCl3 (458.5 eV)
and lower than TiCl4 (459.8 eV).20 The Ti 2p peak in
the spectrum of PT was at 458.9 eV, which was
lower than the Ti 2p peak at 459.2 eV of the other
three catalysts. In general, as the negative charges

on the atom increase by formation of chemical
bonds, BE will decrease.19,21 Lower Ti 2p BE value
in PT illustrates that titanium atoms obtain more
electronic charges in PT than in the other three cata-
lysts. This can be explained by coordination between
several ACOOH groups with one TiCl4 molecule.
Above all, the synthesis methods of polymer-sup-

ported catalysts exert a strong influence on the elec-
tron density around O and Ti atoms. TiCl4 is sup-
posed to directly coordinate with several ACOOH
groups in PT. Excessive electrons are shifted to TiCl4
from ACOOH, leading to electron-poor environment
around O atoms and extremely high electron density
around Ti atoms. Ti atoms in PMT also attract elec-
trons from ACOOH groups as well as in PT. How-
ever, the modification by MgCl2 disables Ti to
occupy electrons from several ACOOH groups, lead-
ing to higher BE of Ti 2p in PMT than in PT. As
(n-Bu)MgCl and (n-Bu)2Mg react with ACOOH,
ACOOMg- with strong chemical bond in OAMg is
formed, Ti is inhibited to directly coordinate with
ACOOH. Meanwhile, electron-rich environments
around O appear in PB1T and PB2T due to the H
atoms in ACOOH groups has been drawn by these
two magnesium compounds.
The FTIR spectra of virginal PSA and PSA-

supported catalysts were studied to confirm the var-
iations in chemical environment of the catalysts
(Fig. 3). Typical adsorption band at 908.32 cm�1

attributed to AOH on carboxyl group22 shifted to
877.47 cm�1 in the spectra of PT and PMT. However,
this typical adsorption band almost disappeared in
the spectra of PB1T and PB2T, indicating no ACOOH
present in the catalysts. ACOOH may become
ACOOMg- due to the reaction between PSA and
(n-Bu)MgCl or (n-Bu)2Mg. This finding supports the
results of XPS. Further, the characteristic band at

Figure 1 XPS survey spectra of O 1s recorded from the
four catalysts (a) PT; (b) PMT; (c) PB1T and (d) PB2T.

TABLE II
The Deconvolution Results of O 1s Survey Patterns

Catalyst PT PMT PB1T PB2T

Peak 1 (eV) 534.0 534.2 530.7 530.8
Peak 2 (eV) 535.7 535.8 532.3 532.5

Figure 2 XPS survey spectra of Ti 2p recorded from the
four catalysts (a) PT; (b) PMT; (c) PB1T and (d) PB2T.
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1700 cm-1 assigned to the C¼¼O stretching vibration22

shifted to 1627 cm�1 after PSA supported catalysts.
The other typical absorption-bands in the spectrum of
virginal PSA,23 including 757 and 698 cm�1 (the phe-
nyl CAH out-of-plane bending and benzene out-of-
plane ring bending), 2850–2950 cm�1 (aliphatic CAH
stretching resonances), 1493 and 1452 cm�1 (the phe-
nyl C¼¼C stretching resonance), were much weaker or
almost disappeared in the spectra of catalysts. This
also confirms the chemical reactions between ACOOH
groups and TiCl4 or magnesium compounds.

XRD measurements were performed to evaluate
the effects of synthesis methods on the structure of
polymer-supported catalysts. Spectra in Figure 4 indi-
cate that the crystallinity of PSA obviously changes
when it is used to support catalysts. The main peak
of virginal PSA at 19� (2y) with high intensity disap-
peared and a new peak at 8� (2y) appeared in the
pattern of PT, which may be associated with lattice
disorder in PSA chains. In case of other catalysts,
which were modified by magnesium agents, the main
peak at 19� (y) disappeared but no new peak
appeared in the XRD patterns. This confirms that the
coordination between magnesium agents and
ACOOH groups prevents PSA from recrystallization.
As a result, PMT, PB1T, and PB2T are amorphous.

The morphology of the catalysts

XRD results imply that different particle morpholo-
gies may be observed in the four polymer-supported
catalysts. To confirm the XRD results, SEM micro-
photographs of the polymer-supported TiCl4 cata-
lysts were taken. Overall, the catalyst particles were
granular, having pores with different sizes and
shapes. As observed in Figure 5(a), PT particles
were highly compact with pores formed due to sol-

vent evaporation, like the polymer membrane pre-
pared by phase inversion method.24,25 The polymer
bulk in PT particles was tight. As shown in Figure
5(b–c), the catalyst particles were more disordered
with the addition of magnesium compounds. On the
other hand, regular first particles with interstices of
considerable size were created in the modified cata-
lysts. This means that the magnesium reagents are
effective in disordering of polymer support struc-
ture. The coordination between PSA and magnesium
compounds could change the chain arrangement
and inhibit the recrystallinity of PSA.
However, the degree of disorder varies under dif-

ferent types of modifiers. The structure of PMT is
found to be the most disordered, containing small
thin slices with large interstice as wide as 2–3 lm.
The interstice between the first particles of PB1T and
PB2T, is much smaller than PMT. Especially, the first
particles of PB2T are granular and more compacted.
By correlation with the XPS results, it is confirmed
that the modification mechanism of MgCl2 is different
from (n-Bu)MgCl and (n-Bu)2Mg. TiCl4 is hypothe-
sized to be inserted into PSA and MgCl2 which have
been already weakly coordinated before. As a result,
two-times reformation of chain structure takes place
in PMT, leading to more intensively disordered cata-
lyst particles. The chemical bonds between the other
magnesium reagents and PSA are strong enough that
TiCl4 has no chance to take the place of (n-Bu)MgCl
or (n-Bu)2Mg to coordinate with PSA. Thus, only one
structure reformation occurs in PB1T and PB2T.

TGA of the catalysts

The thermal decomposition behavior of virginal
PSA, PT, PMT, PB1T, and PB2T were shown in

Figure 3 FTIR spectra of pure PSA and the four catalysts
(a)PSA; (b) PT; (c) PMT; (d) PB1T and (e) PB2T.

Figure 4 XRD patterns of virginal PSA and the four cata-
lysts (a) PSA, (b) PT; (c) PMT; (d) PB1T and (e) PB2T.
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Figure 6. Weight losses and the temperature at maxi-
mum rate of decomposition were determined. The
TG curves in Figure 6(1) illustrate that the virginal
PSA and magnesium compounds-modified catalysts
perform the similar tendency in the TGA process.
They showed slow weight loss under 300�C and one
distinctive loss between 350 to 450�C. The curve of

PT presented two dramatic reductions in weight
from 150 to 210�C and from 260 to 400�C, respec-
tively. Differential thermogravimetric (DTG) curves
of PMT, PB1T, and PB2T in Figure 6(2) showed the
maximum decomposition rate at 412�C, as well as
the virginal PSA. This implies that the PSA molecu-
lar structure is not destroyed during the catalyst

Figure 5 The morphologies of the four catalysts observed by SEM (a) PT; (b) PMT; (c) PB1T; (d) PB2T.
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supporting process. However, two peaks of thermal
decomposition existed in the DTG curve of PT, at
193�C and 302�C, respectively, indicating a distinct
deterioration in thermal stability occurs in PT. It was
concluded previously that one TiCl4 molecule could
coordinate with several ACOOH groups in PT. Ran-
dom chain scissions of PSA is arose by such a fierce
interaction causes. Random chain scissions can
quickly cause serious destruction in polymer mole-
cules and deterioration of thermal stability.26

Proposed structure of PSA-supported catalysts

The titanium and magnesium contents were listed in
Table I. The supporting efficiency of Ti in PT was
much lower than the other catalysts. The titanium
content was only 0.102% in PT, confirming the con-
clusion that one TiCl4 molecule can react with sev-
eral carboxyl groups available on PSA molecules.
The titanium content in the polymer-supported cata-

lysts increased significantly when PSA was modified
by magnesium compounds. This is caused by inhibi-
tion of direct and fierce coordination between TiCl4
and PSA due to the presence of the magnesium
reagents. Magnesium compounds are expected first
to react with carboxyl groups on PSA, followed by
anchoring of TiCl4 molecules on the modified poly-
mer support. Reasonably, stoichiometric relationship
between TiCl4 and ACOOH would vary in PMT,
PB1T, and PB2T.
The previous detailed description of the results

from XRD, FTIR, XPS, SEM, TGA, and element anal-
ysis is used to deduce the synthesis mechanisms of
polymer-supported catalysts under various modifi-
cation reagents. Four different synthesis mechanisms
were provided in Schemes 1–4, respectively. The
synthesis mechanism of PT is provided by Scheme
1. One TiCl4 coordinates with multiple ACOOH
groups from one or several PSA chains. The PSA
chains aggregate again after the addition of nonpolar
solvent. As shown in Scheme 2–4, the magnesium
compounds may coordinate with ACOOH and insert
into the PSA chains to prevent polymer aggregation.
This leads to polymer gel with serious disordered
structure and good dispersion of catalyst compo-
nents. Diffusion of reactants to access active centers
is enforced. As routine principles, TiCl4 would coor-
dinate with (n-Bu)MgCl to produce PB1T. TiCl4 is
also reduced when it coordinates with (n-Bu)2Mg in
preparation of PB2T. However, TiCl4 takes the place

Figure 6 The TG results of the four catalysts (1)TG
curves; (2) DTG curves: (a) PSA; (b) PT; (c) PMT; (d)
PB1T; (e) PB2T.

Scheme 1 The proposed structure of PT.

Scheme 2 The proposed structure of PMT.
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of MgCl2 to coordinate with ACOOH in the system
of PMT due to the weaker chemical bonds between
MgCl2 and PSA. The proposed synthesis mecha-
nisms are the main reactions in preparation proc-
esses of the catalysts. Some vice-product may also
exist in the catalyst system.

Activity profiles in ethylene homopolymerization

Figure 7 shows the polymerization profiles at 75�C.
The catalyst activity was calculated as the mass of
resulting polymer divided by the grams of metal per
minute. Overall, the catalyst activity is enhanced by
magnesium compounds in the following order:
MgCl2 > (n-Bu)MgCl > (n-Bu)2Mg > no modifier.
PT shows the lowest activity because of the low Ti
content and large numbers of ineffective active site
OATi. PMT showed the highest initial and average
activity among the four catalysts. Furthermore, PMT
reached the maximum activity in 15 min, much
faster than the other catalysts. Two aspects are
assigned to the good performance of PMT. First,
modification with MgCl2 provides a beneficial elec-
tron environment for TiCl4. Second, the most disor-
dered structure of catalyst with large pore size

inside particles enhances the diffusion of reactants to
access the interior active centers. The less degree of
disorder and smaller pore size in P1BT allow its ac-
tivity rise slowly to the top and then keep constant
until the termination of polymerization. The activity
of PB2T slowly increased during the whole polymer-
ization process. Although much ethylene was con-
sumed in the ethylene polymerization of PB2T, the
catalyst activity based on per gram Ti was low due
to the high titanium content in PB2T. Over-reduced
TiCl4 owing to the strong reduction ability of
(n-Bu)2Mg27 and inadequate surface area in the com-
pacted catalyst particles are attributed to the low
activity of PB2T.
Ethylene polymerizations were also performed at

different temperatures, including 50 and 85�C.
Although the average catalyst activity is still
enhanced by magnesium compounds in the follow-
ing order: MgCl2 > (n-Bu)MgCl > (n-Bu)2Mg > no
modifier, the shape of activity profiles is varied. PT
shows low activity at any temperature. The differ-
ence in the activity of the other three modified cata-
lysts becomes more significant with increasing poly-
merization temperatures. PB2T shows the highest
activity at 50�C while PMT and PB1T have the maxi-
mum activity at 75�C. The degree of the swelling of
polymer support and the nature of active sites are
varied at different temperature. Both of them can
directly influence the performance of the catalysts
(Figs. 8 and 9). A more thorough discussion of ethyl-
ene polymerizations under various conditions will
be provided in a forthcoming paper.

CONCLUSIONS

Four PSA-supported TiCl4 catalysts modified by var-
ious magnesium reagents were synthesized and

Scheme 3 The proposed structure of PB1T.

Scheme 4 The proposed structure of PB2T.

Figure 7 Activity profiles of ethylene polymerization at
75�C.
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used for ethylene polymerization. Chemical environ-
ments and physical structures of the synthesized cat-
alysts were investigated. According to these results,
the mechanisms of reactions between polymer sup-
port, magnesium compounds and TiCl4 were pro-
posed. It was novel to find that TiCl4 could substi-
tute MgCl2 to coordinate with ACOOH in the
synthesis of PSA/MgCl2/TiCl4. However, TiCl4 had
no chance to access ACOOH groups in preparation
of PSA/(n-Bu)MgCl/TiCl4 and PSA/(n-Bu)2Mg/
TiCl4 due to the strong chemical bonds between O
and Mg in ACOOMg-. On the other hand, the modi-
fication by magnesium compounds disordered the
chain structure of PSA. The disordered degree was
depended on the type of magnesium compounds.
Ethylene polymerization results indicated that the
polymer-supported catalyst activity was enhanced
by magnesium compounds in the following order:
MgCl2 > (n-Bu)MgCl > (n-Bu)2Mg > no modifier.

The performance of the catalysts was varied at differ-
ent polymerization temperatures. The chemical envi-
ronments around Ti atoms and physical structures of
the polymer-supported catalysts are the reasons for
different performance in the ethylene polymerization
process. For understanding more about the polymer-
supported catalysts, a more thorough investigation of
ethylene polymerizations under various conditions
will be discussed in the following work.
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Figure 8 Activity profiles of ethylene polymerization at 50�C.

Figure 9 Activity profiles of ethylene polymerization at
85�C.
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