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bstract

A silica-magnesium bisupport (SMB) was prepared by a sol–gel method for use as a support for a metallocene/Ziegler–Natta hybrid cat-
lyst. The SMB was treated with methylaluminoxane (MAO) prior to the immobilization of TiCl4 and rac-Et(Ind)2ZrCl2. The prepared rac-
t(Ind)2ZrCl2/TiCl4/MAO/SMB catalyst was applied to the ethylene–hexene copolymerization with variable amounts of 1-hexene used. The
atalytic activity of rac-Et(Ind)2ZrCl2/TiCl4/MAO/SMB showed a volcano feature with respect to the amount of comonomer used. The melting
oint attributed to the Ziegler–Natta catalyst was not changed significantly, while that attributed to the metallocene catalyst was broadened and
radually shifted to the lower temperature with increasing 1-hexene content. The number of chemical composition distribution (CCD) peaks was
ncreased and the short chain branches were distributed over the lower temperature region with increasing 1-hexene content. The majorities of
amella distributions whose content was more than 50 wt.% shifted to the smaller lamella size with increasing 1-hexene content. The average

equence length of ethylene was steadily decreased with increasing comonomer content, while that of 1-hexene was not changed significantly.
oth blocky sequence ([EHH]) and non-blocky sequence ([EHE]) were increased with increasing comonomer content. However, the increasing

ate of blocky sequence formation was much higher than that of non-blocky sequence.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The mechanical and reological properties of polyethylene are
enerally affected by the molecular weight (Mw) and the molec-
lar weight distribution (MWD) of the polyethylene sample. In
he case of an ethylene–alpha olefin copolymer, however, the
hemical composition distribution (CCD) and the identity of
lpha olefin used are also important factors in determining the
hysical and chemical properties of the copolymer [1,2]. The

hemical composition distribution (CCD) and the microstruc-
ure of the copolymer are strongly affected by the catalyst sys-
ems and/or the polymerization conditions.

∗ Corresponding author. Tel.: +82 2 880 9227; fax: +82 2 888 7295.
E-mail address: inksong@snu.ac.kr (I.K. Song).
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Metallocene catalysts have been considered as the next gen-
ration catalysts due to their high catalytic activity and excellent
bility of comonomer incorporation, compared to Ziegler–Natta
atalysts [2–5]. It is well known that polymers produced by a
etallocene catalyst have very narrow molecular weight dis-

ributions, and therefore, they have limitation in polymer pro-
essing [4]. However, polymers produced by a Ziegler–Natta
atalyst show good processability due to their broad molecular
eight distribution [6,7]. The Ziegler–Natta catalysts used in

ommercial polymerization processes are heterogeneous cata-
yst systems, while metallocene catalysts are basically homoge-
eous catalyst systems. Thus, metallocene catalysts need to be

eterogenized on the support in order for use in the existing com-
ercial processes such as slurry and gas-phase processes [8,9].
or this purpose, inorganic materials such as silica, alumina, and
eolite have been employed as a support for metallocene cata-
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ysts [10,11]. The hybridization of metallocene catalyst with
iegler–Natta catalyst on a support can be an alternative choice

or the practical application of a metallocene catalyst as a het-
rogeneous catalyst.

Mixtures of metallocene and Ziegler–Natta catalysts have
een examined in order to improve the physical properties of the
esulting polymers [12,13]. Another promising example for uti-
izing both metallocene and Ziegler–Natta catalysts is to hybrid
hese catalysts by impregnating these two components on a
ingle support [14–18]. It was reported that a polyethylene pro-
uced by a metallocene/Ziegler–Natta hybrid catalyst impreg-
ated on MgCl2 support showed a bimodal molecular weight
istribution, indicating the existence of two different active sites
n the support [14,15]. A silica-magnesium bisupport (SMB)
repared by a sol–gel method was also used to impregnate both
etallocene and Ziegler–Natta catalysts on the support, by tak-

ng advantage of the fact that silica and magnesium dichloride
re excellent supports for metallocene and Ziegler–Natta cat-
lysts, respectively [16,17]. In this hybrid catalyst system, the
xistence of two different active sites on the single support was
learly confirmed by the observation of a bimodal molecular
eight distribution and two melting temperatures of polyethy-

ene [18,19].
In this work, a silica-magnesium bisupport (SMB) was

repared by a sol–gel method for use as a support for
metallocene/Ziegler–Natta hybrid catalyst. The prepared

atalyst (rac-Et(Ind)2ZrCl2/TiCl4/MAO(methylaluminoxane)/
MB) was applied to the ethylene–hexene copolymerization
ith variable amounts of 1-hexene used. Chemical composition
istributions and microstructures of ethylene–hexene copoly-
ers produced by the rac-Et(Ind)2ZrCl2/TiCl4/MAO/SMB cat-

lyst were examined.

. Experimental

.1. Materials

High purity ethylene (World Gas) and nitrogen (Daesung
as) were further purified by sequential passage through

olumns containing molecular sieve 5A (Kokusan Chemi-
al Works) and anhydrous P2O5 (Yakuri Chemicals). Toluene
Samjun Chemicals) and 1-hexene (Aldrich) were purified
y distillation over sodium metal. MgCl2 (Junsei Chemical),
olloidal SiO2 (LUDOX HS-40, Aldrich), rac-Et(Ind)2ZrCl2
Strem), TiCl4 (Aldrich), methylaluminoxane (MAO, Alber-
ale), and triethylaluminum (TEA, Aldrich) were used without

urther purification.

.2. Preparation of supported hybrid catalyst

The silica-magnesium bisupport (SMB) was prepared
ccording to a method reported in a previous study [16].
he SMB was then treated with methylaluminoxane (MAO)

ccording to a reported method [16]. The MAO-treated SMB
MAO/SMB) (2 g) was suspended in toluene (100 ml), and it
as reacted with TiCl4 (2 ml) at 50 ◦C for 2 h. The resulting

lurry was washed seven times with toluene (100 ml), and then
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a
t
T
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t was dried under vacuum to obtain TiCl4/MAO/SMB. The
iCl4/MAO/SMB was suspended in toluene (20 ml), and sub-
equently, it was reacted with rac-Et(Ind)2ZrCl2 dissolved in
oluene (10 ml). The resulting slurry was washed seven times
ith toluene (100 ml), and it was finally dried under vacuum to
ield rac-Et(Ind)2ZrCl2/TiCl4/MAO/SMB.

.3. Copolymerization of ethylene with 1-hexene

Toluene (300 ml), supported catalyst (0.04 g), and known
mounts of cocatalyst (triethylaluminum (TEA) and methy-
aluminoxane (MAO)) were introduced into a glass reactor
1000 ml) equipped with a magnetic stirrer under a flow of
itrogen. Known amounts of 1-hexene and cocatalyst were intro-
uced into the reactor before the initiation step. The molar
atios of cocatalyst with respect to transition metal were fixed
t Al/Ti = 300 (TEA) and Al/Zr = 300 (MAO). After evacuating
he nitrogen in the reactor by a vacuum pump, hydrogen was
ed into the reactor at a pressure of 0.2 atm. The polymerization
as initiated by introducing ethylene at a constant pressure of
.3 atm. The copolymerization of ethylene with 1-hexene was
onducted at 55 ◦C for 60 min. The copolymerization was termi-
ated by adding an excess amount of a hydrochloric acid solution
iluted with methanol. A series of ethylene–hexene copolymer-
zations were carried out by varying the amount of 1-hexene
sed from 2 to 10 ml.

.4. Characterization of ethylene–hexene copolymer

The melting temperature (Tm) of the ethylene–hexene
opolymer was measured using a differential scanning calorime-
er (DSC, TA 2010) with a heating rate of 10 ◦C/min. The molec-
lar weight (Mw) and molecular weight distribution (MWD) of
he ethylene–hexene copolymer were determined by a gel per-

eation chromatography (GPC, PL-GPC 220) at 160 ◦C using
,2,4-trichlorobenzene as a solvent. The GPC column was cali-
rated using standard polystyrene. The comonomer content and
riad sequence in the ethylene–hexene copolymer were analyzed
sing a 100 MHz 13C nuclear magnetic resonance spectrometer
13C NMR, Avance 500) at 130 ◦C on the basis of the Randall
ethod [20].

.5. Chemical composition distribution of ethylene–hexene
opolymer

A stepwise annealing procedure was conducted to analyze the
hemical composition distribution (CCD) of ethylene–hexene
opolymer [21–23]. As shown in Fig. 1, the temperature was
ncreased to 160 ◦C at a rate of 10 ◦C/min and maintained
or 2 h for complete melting. The melted polymer was slowly
ooled at 137, 130, 123, 116, 109, 102, 95, 88, 81, and 74 ◦C
or 2 h, respectively, and was finally cooled to 30 ◦C at a
ate of 10 ◦C/min. The chemical composition distribution of

thylene–hexene copolymer was determined using a DSC with
heating rate of 10 ◦C/min. The lamella thickness of the frac-

ionated ethylene–hexene copolymer was determined using the
homson–Gibbs equation [24].
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Fig. 2. Catalytic activity profiles of rac-Et(Ind)2ZrCl2/TiCl4/SMB with time
on stream in the ethylene–hexene copolymerization with variable amounts of
1-hexene used: (a) 2 ml, (b) 4 ml, (c) 6 ml, (d) 8 ml, (e) 10 ml; ethylene pres-
sure = 1.3 atm, hydrogen pressure = 0.2 atm, Al/Zr = 300 (MAO), Al/Ti = 300
(TEA), polymerization temperature = 55 ◦C, polymerization time = 60 min, sol-
vent = toluene (300 ml).
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ig. 1. Stepwise annealing procedure for chemical composition distribution
nalysis of ethylene–hexene copolymer.

. Results and discussion

.1. Catalytic activities and physical properties of
thylene–hexene copolymer

Table 1 shows the catalytic activities of rac-Et(Ind)2ZrCl2/
iCl4/MAO/SMB and physical properties of ethylene–hexene
opolymer with variable amounts of 1-hexene used. The
atalytic activity of the rac-Et(Ind)2ZrCl2/TiCl4/MAO/SMB
howed a volcano feature with respect to the amount of
omonomer used. The maximum catalytic activity was observed
hen 6 ml of 1-hexene was used. Excessive amounts of

omonomer were not favorable for the catalytic activity of the
ac-Et(Ind)2ZrCl2/TiCl4/MAO/SMB. Fig. 2 shows the catalytic
ctivity profiles of rac-Et(Ind)2ZrCl2/TiCl4/SMB with time on
tream. The catalytic activity was high at the initial stage and then
teadily decreased with time on stream. However, the catalytic
ctivity was not changed significantly when 10 ml of 1-hexene
as used. As expected, the comonomer content was increased
ith increasing the amount of 1-hexene used.
Fig. 3 shows the DSC profiles of ethylene–hexene copoly-

ers produced with variable amounts of 1-hexene used. The
elting temperatures (Tm) of ethylene–hexene copolymers are

lso summarized in Table 1. As shown in Fig. 3, two melting tem-
eratures (Tm) of ethylene–hexene copolymers were observed
ithin a temperature window of 99–132 ◦C. One melting point

◦
ppearing at around 130 C was attributed to active sites of the
iegler–Natta catalyst, and it was not changed significantly with

espect to the amount of comonomer used. It is interesting to note
hat the other melting point in the low temperature region, which

t
a
i
s

able 1
atalytic activities of rac-Et(Ind)2ZrCl2/TiCl4/MAO/SMB and physical properties o

-Hexene used (ml) Al/Zr Al/Ti Catal
(g cop

2

300 (MAO) 300 (TEA)

1470
4 1700
6 2750
8 2570
0 890
ig. 3. DSC profiles of ethylene–hexene copolymers produced with variable
mounts of 1-hexene used: (a) 2 ml, (b) 4 ml, (c) 6 ml, (d) 8 ml and (e) 10 ml.

as attributed to active sites of the metallocene catalyst, gradu-
lly shifted from 124.9 to 99.4 ◦C with increasing the amount of
-hexene used. These results are due to the large difference in

he ability of comonomer incorporation between Ziegler–Natta
nd metallocene catalysts. Judging from the fact that the melt-
ng point of the copolymer caused by the metallocene catalyst
hifted to the lower temperature and was broadened with increas-

f ethylene–hexene copolymer with variable amounts of 1-hexene used

ytic activity
olymer/g metal atm h)

Tm (◦C) Comonomer content
(mol%)

124.9/130.1 4.0
117.2/130.3 6.5
111.8/130.7 7.2
102.8/131.7 8.4
99.4/131.7 9.5
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Table 2
Lamella thickness of fractionated ethylene–hexene copolymer and its
distribution

1-Hexene used (ml) Peak number Lamella thickness (Å) wt.%

2

1 263 27.7
2 131 41.5
3 87 22.3
4 63 8.50

4

1 236 16.9
2 84 58.4
3 61 14.6
4 51 10.1

6

1 241 14.4
2 76 36.7
3 59 24.4
4 50 12.2
5 43 8.9
6 38 3.4

8

1 263 17.0
2 60 30.8
3 50 20.7
4 43 15.1
5 38 8.2
6 34 8.2

10

1 274 36.4
2 60 22.2
3 50 16.2
4 43 13.1
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ig. 4. Chemical composition distributions of ethylene–hexene copolymers ana-
yzed by a stepwise crystallization method: (a) 2 ml, (b) 4 ml, (c) 6 ml, (d) 8 ml
nd (e) 10 ml.

ng the amount of 1-hexene used, it is likely that the crystallinity
f the copolymer produced by the metallocene active sites was
ecreased with increasing the amount of 1-hexene used.

The molecular weights (Mw) of ethylene–hexene copolymers
roduced by rac-Et(Ind)2ZrCl2/TiCl4/SMB were in the order of
a. 1.0 × 104 g/mol, and the molecular weight distributions of
thylene–hexene copolymers were in the range of 3.0–5.0.

.2. Chemical composition distribution and lamella
hickness of ethylene–hexene copolymer

Fig. 4 shows the chemical composition distributions of
thylene–hexene copolymers analyzed by a stepwise crystalliza-
ion method. Four peaks were observed in the ethylene–hexene
opolymers when 2 ml and 4 ml of 1-hexene were used. Two
dditional peaks were observed in the ethylene–hexene copoly-
ers when the amount of 1-hexene was increased from 6 to

0 ml. It is noteworthy that the peak temperatures shifted to
he lower temperature region with increasing the amount of 1-
exene used. It can be summarized that the number of CCD
eaks was increased from 4 to 6 and the short chain branches
f ethylene–hexene copolymer were distributed over the lower
emperature region with increasing the amount of 1-hexene
ncorporated.

Table 2 shows the lamella thickness of fractionated
thylene–hexene copolymer and its distribution determined on
he basis of the Thomson–Gibbs equation [24]. The copolymer
roduced with 2 ml of 1-hexene showed a lamella with a thick-
ess of 131 Å, which was not found in the other copolymers.
ver 50 wt.% of the lamellas in the ethylene–hexene copoly-
ers produced with 4 and 6 ml of 1-hexene were distributed in

he range of 59–84 Å, while lamellas between 87 and 131 Å were

ound to be over 50 wt.% in the copolymer produced with 2 ml
f 1-hexene. On the other hand, ca. 50 wt.% of the lamellas
n the copolymer produced with 8 ml of 1-hexene were dis-
ributed in the range of 50–60 Å. This implies that the more

i
w
c
f

5 38 7.1
6 33 5.0

-hexene was used, the smaller sizes of lamellas were produced.
n other words, the majorities of lamella distributions whose con-
ent was more than 50 wt.% shifted to the smaller lamella size
ith increasing the amount of 1-hexene used; 87–131, 59–84,

nd 50–60 Å for 2, 4–6, and 8 ml of 1-hexene, respectively. The
opolymers produced with 8 ml and 10 ml of 1-hexene showed
amellas below 40 Å, which were not found in the copolymers
roduced with 2 and 4 ml of 1-hexene. Although the amount
f small lamellas was increased with increasing the amount of
-hexene used, 36.4 wt.% of the lamellas retained a thickness of
74 Å in the copolymer produced with 10 ml of 1-hexene.

.3. Comonomer content, average sequence length, and
riad sequence

Table 3 shows the comonomer content, average sequence
ength (ñE, ñH), and triad sequence in ethylene–hexene copoly-

er evaluated by the Randall method [20]. 4.0–9.5 mol% of
omonomer was incorporated in the ethylene–hexene copoly-
er when the amount of 1-hexene was increased from 2 to

0 ml. It was observed that the average sequence length of ethy-
ene (ñE) was steadily decreased with increasing comonomer
ontent, while that of 1-hexene (ñH) was not changed signif-

cantly. It was also found that the blocky sequence ([EHH])
as increased from 2.4 to 6.9 mol% with increasing comonomer

ontent, while the non-blocky sequence ([EHE]) was increased
rom 1.6 to 2.6 mol%. Fig. 5 shows the variation of [H] content,
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Table 3
Comonomer content, average sequence length, and triad sequence in ethylene–hexene copolymer

1-Hexene used (ml) Comonomer content (mol%) Average sequence length (ñ) Triad sequence (mol%)

[E] [H] ñE ñH [EHE] [EHH] [HHH] [HEH] [HEE] [EEE]

2 96.0 4.0 33.6 1.4 1.6 2.4 0 0 5.7 90.3
4 93.5 6.5 22.5 1.6 1.8 4.7 0 0 8.4 85.1
6 92.8 7.2 19.4 1.5 2.3 4.9 0 0 9.5 83.3
8 91.6 8.4 16.7 1.5 2.5 5.9 0 0 10.9 80.7

10 90.5 9.5 15.0 1.6 2.6 6.9 0 0 12.1 78.4

[E]: ethylene, [H]: 1-hexene.
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[15] H.S. Cho, W.Y. Lee, J. Mol. Catal. A 191 (2003) 155.
ig. 5. Variation of [H] content, [EHH] sequence, and [EHE] sequence in the
opolymers as a function of 1-hexene used: (a) [H] content, (b) [EHH] sequence
nd (c) [EHE] sequence.

EHH] sequence, and [EHE] sequence in the copolymers as a
unction of 1-hexene used. One again, it was clearly observed
hat the increasing rate of blocky sequence ([EHH]) formation
as much higher than that of non-blocky sequence ([EHE]),

ndicating that the comonomer was preferably incorporated into
he ethylene–hexene copolymer as a blocky sequence form over
he rac-Et(Ind)2ZrCl2/TiCl4/MAO/SMB catalyst.

. Conclusions

A silica-magnesium bisupport (SMB) was prepared by a
ol–gel method, and it was used as a single support for a
etallocene/Ziegler–Natta hybrid catalyst. The prepared cata-

yst (rac-Et(Ind)2ZrCl2/TiCl4/MAO/SMB) was applied to the
thylene–hexene copolymerization with variable amounts of
-hexene used. It was found that the catalytic activity of rac-
t(Ind)2ZrCl2/TiCl4/MAO/SMB showed a volcano feature with

espect to the amount of comonomer used. The maximum cat-
lytic activity was observed when 6 ml of 1-hexene was used.
t was also observed that the melting point attributed to the
iegler–Natta catalyst was not changed significantly while that

ttributed to the metallocene catalyst was broadened and gradu-
lly shifted to the lower temperature with increasing the amount
f 1-hexene used. The number of CCD peaks was increased from
to 6 and the short chain branches were distributed over the

[

[

ower temperature region with increasing comonomer content.
he majorities of lamella distributions whose content was more

han 50 wt.% shifted to the smaller lamella size with increas-
ng 1-hexene content. The average sequence length of ethy-
ene (ñE) was steadily decreased with increasing comonomer
ontent, while that of 1-hexene (ñH) was not changed signifi-
antly. Both blocky sequence ([EHH]) and non-blocky sequence
[EHE]) were increased with increasing comonomer content.
owever, the increasing rate of blocky sequence ([EHH]) forma-

ion was much higher than that of non-blocky sequence ([EHE]).
his indicates that the comonomer was preferably incorporated

nto the ethylene–hexene copolymer in the form of a blocky
equence.

cknowledgement

The authors wish to acknowledge support from Taeyoung
ndustry Corporation (Grant No. 0458-20060008).

eferences

[1] H.S. Cho, W.Y. Lee, Kor. J. Chem. Eng. 19 (2002) 557.
[2] A.J. Müller, Z.H. Hernandez, M.L. Arnal, J. Sábchez, J. Polym. Bull. 39
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