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a  b  s  t  r  a  c  t

Novel  aryloxy-containing  MgCl2-supported  Ziegler–Natta  catalysts  were  prepared  by  treating  TiCl3(OAr)
(Ar =  C6H5-, 2,6-Me2C6H3-, 2,6-i-Pr2C6H3-, 2,6-t-Bu2C6H3-) with  MgCl2 in  batch  reaction.  The  influences
of aryloxy  group  on the  titanium  content  and  aryloxy/Ti  molar  ratio in  the  catalysts  was  investigated.
Because  of  ligand  exchanges  between  the  immobilized  titanium  species  and  TiCl3(OAr)  in the  solution,  the
aryloxy/Ti  molar  ratio in  these  catalysts  were  less  than  1.  Using  triethylaluminum  (TEA)  or  triisobutyla-
luminum  (TIBA)  as cocatalyst,  these  catalysts  showed  different  catalytic  behaviors  in  ethylene-1-hexene
copolymerization.  Using  TIBA  as  cocatalyst,  the  aryloxy-containing  catalysts  showed  higher  activity  than
iegler–Natta catalyst
opolymerization

a  TiCl4/MgCl2 blank  catalyst.  Although  the  total  1-hexene  incorporation  of  the  copolymers  prepared
by  the  novel  catalysts  were  lower  than  that  of the  blank  system,  the  difference  in  1-hexene  content
between  the  boiling  n-heptane  soluble  part  and  the  insoluble  part was  markedly  lower,  and  the  blocki-
ness  of  comonomer  sequence  distribution  was evidently  higher.  The  TIBA activated  aryloxy-containing
catalysts  were  found  to produce  poly(ethylene-co-1-hexene)  with  more  uniform  chemical  composition
distribution.
. Introduction

Linear low-density polyethylene (LLDPE) made by copolymer-
zation of ethylene with higher �-olefins (1-butene, 1-hexene or
-ocene) has become one of the most widely applied polymeric
aterials in the world. Introduction of �-olefin comonomer units

n the polyethylene chains leads to decreased crystallinity, melting
emperature, and consequently a series of physical properties [1].

Industrial production of LLDPE is realized by catalyzed ethylene-
-olefin copolymerization with MgCl2-supported Ziegler–Natta
atalysts or metallocene catalysts, with Ziegler–Natta catalysts
ccount for more than 80% of LLDPE production. For heterogeneous
iegler–Natta catalysts, because of the presence of multiple active
ites, LLDPE with broad molecular weight distribution (MWD)  and
hemical composition distribution (CCD) are formed [2–6]. The
-olefin comonomer is found to be highly enriched in fractions
f low molecular mass [4–7]. This kind of CCD is actually unfa-

orable as it causes poor polymer properties [8–10]. Therefore,
here are strong demands to improve the CCD of LLDPE resins
ased on Ziegler–Natta catalysts. Since the 1990s, m-LLDPE with
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narrow MWD  and CCD are produced by metallocene catalysts,
which belong to single-site catalysts. However, narrow MWD  of m-
LLDPE resin makes its processing more difficult [11]. It is expected
that LLDPE with the characteristics of broad MWD  and narrow CCD
can show more balanced mechanical and processing properties.
This could be realized by modifiying the copolymerization prop-
erties of heterogeneous Ziegler–Natta catalysts. There are mainly
two different ways to modify the MgCl2-supported Ziegler–Natta
catalysts. Organo electron donors have been added in the MgCl2-
supported Ziegler–Natta catalysts for ethylene copolymerization
[4,6]. It was  found that electron donors introduced in the process
of catalyst preparation lead to increased �-olefin incorporation in
the high molecular weight chains [6],  while those added in the poly-
merization system lead to decreased �-olefin incorporation [4].  The
other way is to bond organic groups to the catalyst, with an aim
to improve the activity or comonomer incorporation rate of the
catalysts [12–16].  Mulhaupt et al. found that the activity of a MgCl2-
supported Ziegler–Natta catalyst for ethylene copolymerization
was greatly improved when phenol with bulky substituents was
added to the catalyst system [12]. Dupuy and Spitz [13] prepared
modified MgCl2-supported catalysts by bonding cyclopentadienyl

ligands to the immobilized Ti species. Sharp increases in ethy-
lene polymerization activity were observed after the modification.
Shiono et al. [14] prepared MgCl2-supported catalysts by treat-
ing CpTiCl3 with the support, and polyethylene with broad MWD

dx.doi.org/10.1016/j.molcata.2011.12.010
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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as synthesized. In a recent work, Huang et al. studied ethylene-
-octene copolymerization with two kinds of MgCl2-supported
atalysts prepared by reacting TiCl3(OPentyl) or TiCl3(OBz) with
gCl2 [15]. The catalysts showed higher activity and comonomer

ncorporation rate as compared with a simple MgCl2/TiCl4 catalyst
ithout organo ligands. However, in these literatures concern-

ng MgCl2/TiCl4 catalysts with chemically bonded organic ligands,
o attention has been paid to the influences of the organic lig-
nds on the CCD of ethylene copolymers. In our previous work
16], a TiCl4/ID/MgCl2 type catalyst, where ID is a diester, was
reated at room temperature with 2,6-iPr2C6H3OH at ArOH/Ti = 1.
thylene/1-hexene copolymerization with the modified catalyst
nd the unmodified catalyst were compared. The modified cata-
ysts showed similar activity and lower 1-hexene incorporation as
ompared with the original catalyst, but the copolymer showed
vidently more uniform CCD. This encouraged us to make a more
ystematical investigation in the effects of introducing organic lig-
nds onto MgCl2-supported Ziegler–Natta catalysts. In this paper,
our kinds of such catalysts were prepared by treating MgCl2
upport particles with TiCl3(OAr) (Ar = C6H5-, 2,6-Me2C6H3-, 2,6-
Pr2C6H3-, 2,6-tBu2C6H3-) in a batch reaction mode. A MgCl2/TiCl4
lank catalyst was also prepared for comparative studies. Ethylene-
-hexene copolymerization with these catalysts was studied, with
pecial emphasis paid to the changes of copolymer CCD. The influ-
nce of copolymerization conditions on the catalytic behavior of
hese catalysts will be reported in detail in a subsequent paper.

. Experimental

.1. Chemicals and synthesis

Catalyst preparation and polymerization were carried out under
ry nitrogen using standard Schlenk techniques or in a glove box.
iCl4 (Shanghai Meixing Chemical Factory) and four ArOH com-
ounds (Ar = C6H5-, 2,6-Me2C6H3-, 2,6-iPr2C6H3-, 2,6-tBu2C6H3-,
urchased from Alfa Aesar Co.) were distilled under reduced pres-
ure and stored in N2 atmosphere before use. Toluene (Hangzhou
hemical Reagent Corporation) and light petroleum ether (b.p.
0–60 ◦C, Hangzhou Chemical Reagent Corporation) was  distilled
ver sodium/benzophenone ketyl under N2 atmosphere before
se. Anhydrous MgCl2 in fine granules was purchased from Alfa
esar Co. Butyllithium (a 2.5 M solution in hexane, Alfa Aesar) was
sed as received. n-Hexane (analytical grade, Hangzhou Chemi-
al Reagent Corporation) was dried and purified by refluxing over
odium/benzophenone ketyl under dry N2 atmosphere before use.
thylene (polymerization grade, a product of Sinopec) was dried
nd purified by passing through columns of 4 Å molecular sieves
nd PEE deoxygenate catalyst (Dalian Samat Chemicals Co. Ltd.)
efore use. 1-Hexene (97%) from Acros was purified by distilla-
ion over Na and stored in a Schlenk tube containing 4 Å molecular
ieves. Triethylaluminum (TEA, 97%) from Albermarle was diluted
ith n-heptane to make a 2 M solution before use. Triisobutylalu-
inum (TIBA, 97%) from Albermarle was diluted with n-heptane to
ake a 2 M solution before use.

.2. Preparation of MgCl2-supported Ziegler–Natta catalyst
ontaining aryloxy ligands

Four kinds of TiCl3(OAr) compounds (Ar = C6H5-, 2,6-Me2C6H3-,
,6-i-Pr2C6H3-, 2,6-t-Bu2C6H3-) were synthesized by the reactions
f ArOH and TiCl4 according to literature [17].
The procedures of synthesizing TiCl3(OC6H5) were as follows.
henol (0.75 g, 8.0 mmol) in toluene (30 mL)  was added via a syringe
o TiCl4 (1.65 g, 8.2 mmol) in toluene (40 mL)  and the solution was
efluxed until the released gas passing over butyllithium no longer
is A: Chemical 355 (2012) 161– 167

form white mist. The solution was  then filtered, the solvent was
removed and the residue was washed with light petroleum (5×
20 mL) and dried under vacuum to give TiCl3(OC6H5) in solid pow-
der.

The procedures of synthesizing TiCl3(OC6H3
iPr2-2,6) was  as fol-

lows. 2,6-Diisopropylphenol (2.35 g, 13.2 mmol) in toluene (40 mL)
was added to TiCl4 (2.5 g, 13.2 mmol) in toluene (40 mL)  and the
mixture was  refluxed until the production of HCl ceased after 12 h.
The solution was filtered and the solvent removed to give a gum
like solid in deep red color. TiCl3(OC6H3

iPr2-2,6) in the form of
solid powder was obtained by gently heating (water bath 60 ◦C)
the crude product under vacuum for several hours.

The synthesis processes of the other two  TiCl3(OAr) compounds
(Ar = 2,6-Me2C6H3- and 2,6-t-Bu2C6H3-) were similar to that of
TiCl3(OC6H3

iPr2-2,6).
A QM-1F ball miller (Nanda Instruments Co.) was used to mill

the anhydrous MgCl2 powder. About 15 g MgCl2 was sealed in a
120 mL  ball-milling can of containing 35 vol.% steel balls of 10 mm
and 5 mm diameters, and ball-milled at a rotation rate of 250 r/min
for 48 h under a dry N2 atmosphere. Then the activated MgCl2 was
transferred to a glass bottle and kept in glove box before use.

5.0 g activated MgCl2 was  added in one batch to a stirred toluene
(60 mL)  solution of TiCl3(OAr) (8.5 mmol) at room temperature.
The mixture was  then heated to reflux (about 120 ◦C) for a des-
ignated time and cooled to room temperature and then filtered.
The residue was repeatedly washed with toluene (20 mL  2×) and
n-hexane (20 mL  2×) and finally dried under vacuum at 60 ◦C. With
the same procedure, a blank TiCl4/MgCl2 supported catalyst was
prepared by treating the support with TiCl4.

2.3. Characterization of the catalysts

The Ti content was determined by the standard photometric
method [18]. A known quantity (∼0.2 g) of catalyst was  dissolved
in 4 N sulfuric acid and treated with hydrogen peroxide to form a
yellow solution. The concentration of Ti was calculated from the
absorbance of the solution at 410 nm recorded by a UV–vis spec-
trophotometer (Cary 100 Bio).

The amount of aryloxy group in the aryloxy-containing catalysts
was measured by the procedure as follows. 200–300 mg of catalyst
was hydrolyzed by 0.5 N HCl and then extracted by toluene (5 mL
4×). The combined extract was transfered to a volumetric flask.
Benzophenone was  added into the volumetric flask as an internal
standard. Additional toluene was  added into the volumetric flask to
make a 25 mL solution. The concentration of ArOH in the solution
was quantitatively determined by gas chromatography (Shimadzu
GC-8APF), and the content of ArO group in the catalysts was calcu-
lated.

2.4. Polymerization

Polymerization at 1 bar ethylene pressure was carried out in a
50 mL Schlenck flask equipped with a magnetic stirring bar. Firstly
the flask was  filled with ethylene of 1 bar. 30 mL  n-heptane was  then
injected into the flask. 6 mmol  of 1-hexene was added into the flask
in the copolymerization runs. The flask was immersed into a ther-
mostatic oil bath at 60 ◦C and stirred for 5 min. Then a designated
amount of cocatalyst (TEA or TIBA, Al/Ti = 100) was introduced into
the flask. Since the titanium content of those catalysts were differ-
ent form each other, the amount of catalyst were regulated to make
the amount of titanium in the polymerization system constant.
20–30 mg  of catalyst was subsequently added into the flask. The

reaction was  continued for 30 min  under stirring and continuous
supply of 1 bar ethylene. At the end of polymerization, ethylene was
stopped and the slurry was  poured into 200 mL  ethanol containing
1 mL  hydrochloric acid to terminate the reaction and settle down
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Table 1
Composition of catalysts prepared by batch reaction of titanium compounds and MgCl2.

Catalyst Titanium compound Ti/MgCl2 (mmol/g) Temp.a (◦C) Timeb (h) Tic (wt.%) ArO /Tid

Cat-0 TiCl4 1.7 120 16 2.00 –
Cat-1 (C6H5O)TiCl3 1.7 120 16 1.52 0.82
Cat-2  (2,6-Me2C6H3O)TiCl3 1.7 120 16 1.38 0.30
Cat-3  (2,6-i-Pr2C6H3O)TiCl3 1.7 120 16 1.56 0.13
Cat-4  (2,6-t-Bu2C6H3O)TiCl3 1.7 120 16 1.69 0.45
Cat-7  (2,6-t-Bu2C6H3O)TiCl3 4 120 24 3.19 0.05

a Temperature of the immobilization reaction.
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of the immobilized TiCl3(OAr) with the support and the neighbor-
ing surface Ti species. This effect makes the OAr group anchored on
the catalyst more unstable.
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Cl
b Duration of the immobilization reaction.
c The titanium content in catalyst.
d Molar ratio of aryloxy ligand and titanium in the catalyst determined by GC ana

he polymer. The polymer was filtered and washed with alcohol for
hree times, then dried overnight in a vacuum oven at 60 ◦C.

.5. Polymer characterization

About 1.5 g of copolymerization product was extracted by boil-
ng n-heptane in Soxhlet extractor for 24 h. Thus the sample was
ivided into two parts. The soluble part was concentrated and then
ried in vacuum.

The molecular weights and molecular weight distributions of
he fractions were measured by gel permeation chromatography
GPC) in a PL 220 GPC instrument (Polymer Laboratories, Ltd.)
t 150 ◦C in 1,2,4-trichlorobenzene. Three PL mixed B columns
500 ∼ 1× 107) were used. Universal calibration against narrow
olystyrene standards was adopted.

13C NMR  spectra of the fractions were measured on a
arian Mercury Plus 300 NMR  spectrometer at 75 MHz. o-
ichlorobenzene-d4 was used as the solvent to prepare the polymer

olution of 10 wt.%. The spectra were recorded at 120 ◦C with
examethyldisiloxane as an internal reference. Chromium triacety-

acetonate (about 2 mg)  was added in each sample to shorten the
elaxation time and ensure the quantitative results. Broadband
ecoupling with a pulse delay of 3 s was employed. Typically, 5000
ransients were collected.

DSC measurements were carried out on a TA Q200 DSC calorime-
er. About 5 mg  of each sample was sealed in an aluminum sample
ell. The sample was first melted at 170 ◦C for 5 min  to erase
he thermal history, and then cooled to 40 ◦C at a cooling rate of
0 ◦C/min, followed by reheating to 170 ◦C at a scanning rate of
0 ◦C/min to observe the melting behavior.

. Results and discussion

.1. Preparation and characterization of the MgCl2-supported
atalysts containing aryloxy group

Five kinds of aryloxy-containing supported catalysts were pre-
ared by reacting TiCl3(OAr) with ball-milled MgCl2 in toluene.

 blank TiCl4/MgCl2 supported catalyst was prepared by reacting
iCl4 with MgCl2 in the same procedures. The Ti content and the
mount of ArO group of the catalysts were determined, and the
esults are summarized in Table 1.

As shown in Table 1, the titanium content of catalysts (Cat-1,
at-2, Cat-3, and Cat-4) containing aryloxy ligands was  slightly

ower than that of the blank catalyst, Cat-0. On the other hand, the
nfluences of different aryloxy group on the titanium content were
ather limited. It is interesting that the molar ratio of ArO/Ti in these
atalysts was lower than 1. This means that a part of the immo-

ilized titanium species are not TiCl3(OAr) but TiCl4. The ArO/Ti
olar ratio was the highest in Cat-1 that contains PhO ligand,

nd then decreased with increasing bulkiness of substituents at
he ortho positions of the aryl ring. However, Cat-4 that contains
2,6-t-Bu2C6H3O ligand showed higher ArO/Ti molar ratio than
Cat-3 that contains 2,6-i-Pr2C6H3O ligand. This may  be caused by
lower stability of the t-Bu substituents in acidic conditions. It has
been reported that the ease of dealkylation of a number of alkyl-
benzenes was  in the order of tertiary > secondary > primary alkyls
under acidic conditions [19,20]. We  have also found that all the
2,6-t-Bu2C6H3O ligands in Cat-4 were converted to phenol after
hydrolysis of the catalyst with 0.5 N HCl. Therefore, it is likely that
much of the t-Bu substituents in Cat-4 has been removed during
the reaction of (2,6-t-Bu2C6H3O)TiCl3 with MgCl2, leaving PhO
ligands on the catalyst. This led to reduced steric congestion of the
catalyst surface and higher retention of the ArO ligands.

The lower ArO/Ti molar ratio of Cat-1–Cat-4 may be explained
by the exchanges of ArO- group of the immobilized Ti species with
Cl of TiCl3(OAr) in the solution, as depicted in Scheme 1.

Actually, Nielson et al. [17] has found that [TiCl3(OC6H4CMe3-
4)] in solution undergoes the following disproportionation
reaction:

2[TiCl3(OC6H4CMe3-4)] → [TiCl2(OC6H4CMe3-4)2] + TiCl4 (1)

This clearly indicates that TiCl2(OAr)2 is more stable than
TiCl3(OAr) in solution. The extremely low ArO/Ti ratio of Cat-7
(see Table 1), which was prepared under higher TiCl3(OAr)/MgCl2
ratio, is also an evidence for the exchange reaction of Scheme 1.
From the data of Table 1 it can be estimated that only about 20%
of the titanium in the reaction feed was immobilized on MgCl2 in
Cat-1, Cat-2, Cat-3 and Cat-4. This means that there was  plenty of
TiCl3(OAr) in the solution to react with the anchored TiCl3(OAr).
In the case of Cat-3, the ArO/Ti ratio in the solution increased
from 1:1 to 1.23:1 during the immobilization, indicating that some
TiCl2(OAr)2 was  present in the solution. The decrease of ArO/Ti
ratio in the catalyst with increasing size of ortho substituents of the
TiCl (OAr) compounds might originate from the steric congestion
MgCl Cl Cl Cl MgCl Cl Cl Cl

Scheme 1. Exchange of aryloxy ligands of Ti species immobilized on model MgCl2
surface (110 cut) with Cl of TiCl3(OAr) in the solution.
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Table  2
Ethylene/1-hexene copolymerization catalyzed by different catalysts/TEA.

Sample Catalyst Activity (kg/g Ti h) Mw (×104) Tm (◦C) �H (J/g)

EH-0 Cat-0 17.59 20.48 123.16 100.7
EH-1 Cat-1 14.76  28.13 122.94 99.51
EH-2 Cat-2  21.95 25.61 123.65 84.01
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EH-3 Cat-3 20.39 30.76 123.93 103.0
EH-4 Cat-4  16.11 25.52 123.64 90.81

.2. Ethylene/1-hexene copolymerization activated by
riethylaluminum

Triethylaluminum (TEA) and triisobutylaluminum (TIBA) are
he most frequently used cocatalysts for activating titanium-based
iegler–Natta catalysts. Due to the difference in electron donation
bility and steric hindrance between ethyl and isobutyl, the chain
tructure (stereo-selectivity, chemical composition or monomer
equence distribution) of those polymers prepared by TEA or TIBA
re different from each other [21–23].  Firstly, using TEA as cocat-
lyst, the catalytic behavior of Cat-0–Cat-4 in ethylene/1-hexene
opolymerization was investigated. As shown in Table 2, the cat-
lytic activity of Cat-1 and Cat-4 was a little lower than that of
at-0. However, the catalytic activity of Cat-2 and Cat-3 was much
igher than that of Cat-0. As shown in Table 1, the ArO /Ti value
f Cat-1 was the highest. Namely, most of the active sites in this
atalyst might be influenced by the ArO group either directly or
ndirectly. These influences may  reduce the polymerization rate,
eading to lower catalytic activity. Due to dealkylation of the 2,6-
-Bu2C6H3O ligand, the molecular structure of a part of ligands
n Cat-4 may  be similar to that of the ligand in Cat-1, but the con-
ent of aryloxy ligand in Cat-4 was lower than that in Cat-1. So
he catalytic activity of Cat-4 was higher than that of Cat-1, but
till a little lower than that of Cat-0. In the cases of Cat-2 and Cat-
, the ligand content in these two catalysts was much lower than
hat in Cat-1 and Cat-4. Therefore it could be the electron dona-
ion ability of the substituent on the ortho position of aryl ring
layed the key role to affect the catalytic behavior. Both methyl
nd isopropyl are good electron donor which might enhance elec-
ron density on some types of active sites and change their catalysis
ehaviors. Therefore, the catalytic activity of Cat-2 and Cat-3 was
igher than that of the other catalysts. Compared with Cat-0, Cat-
–Cat-4 produced ethylene/1-hexene copolymer with much higher
olecular weight. TEA is a chain transfer agent, which can reduce

he molecular weight of the resultant polymer. In Cat-1–Cat-4 the
teric hindrance of ArO groups could to some extent inhibit the
ropagation chain from transferring to monomer and TEA. Thus the
olecular weight of EH-1–EH-4 was higher than that of EH-0 (as
hown in Table 2). Due to the highest steric hindrance of isopropyl,
at-3 produced EH-3 with the highest molecular weight. The ther-
al  analysis results showed that the melting points and melting

nthalpy of EH-0, EH-1 and EH-3 were similar to each other, but

able 3
ractionation results of EH-0–EH-4.

Sample EH-0 EH-1 EH

Fraction Sol. Insol. Sol. Insol. Sol

Content (wt.%) 45.0 55.0 44.8 55.2 4
Tm (◦C) 113.0 124.0 115.0 124.4 11
�Tm

a (◦C) 11.0 9.4 10
�H  (J/g) 52.9 124.4 62.0 121.8 4
�(�H)b (J/g) 71.5 59.8 68
Mw (×104) 2.6 35.4 3.8 48.4 

(Mw)I/(Mw)S 13.6 12.7 9.3
Mw/Mn 5.10 6.85 6.09 6.41 

a �Tm = (Tm)I − (Tm)S;
b �(�H) = (�H)I − (�H)S.
is A: Chemical 355 (2012) 161– 167

EH-2 and EH-4 show lower melting enthalpy than EH-0. Judging by
the data of Table 2, it is hard to tell the differences in chain structure
of these five copolymers.

Ethylene/1-hexene copolymers synthesized with heteroge-
neous Ziegler–Natta catalysts usually have broad chemical
composition distribution (CCD). A simplified way of characterizing
the CCD of olefin copolymer is successive extraction of the polymer
by different solvents. In this work by boiling n-heptane EH-0–EH-
4 were separated into two  fractions: boiling n-heptane insoluble
fraction (Insol.) and n-heptane soluble fraction (Sol.). The fraction-
ation results of EH-0–EH-4 and some characterization results of
every fraction were summarized in Table 3. There was no much
difference in the content of Sol. and Insol. among these five sam-
ples. Since the value of �Tm and �(�H)  of EH-1–EH-4 were a
little lower than that of EH-0, it to some extent indicated that
the CCD of ethylene/1-hexene copolymers prepared by Cat-1–Cat-
4 was  a little more uniform than that prepared by Cat-0. Moreover,
the molecular weight of both Sol. and Insol. in EH-1–EH-4 were
much higher than that in EH-0. Namely, the presence of ArO ligand
not only increased the molecular weight of the n-heptane solu-
ble fraction, but also increased the molecular weight of the boiling
n-heptane insoluble fraction. Since the values of (Mw)I/(Mw)S of
EH-1–EH-4 were little lower than that of EH-0, to some extend
it indicated that the composition of EH-1–EH-4 was a little more
uniform than that of EH-0.

To further disclose the difference in the chemical composi-
tion between EH-0 and EH-1–EH-4, the fractions of EH-0–EH-4
were characterized by 13C NMR. According to Seger’s method [24],
the sequence distributions in poly(ethylene-co-1-hexene)s were
quantitatively analyzed and summarized in Table 4. The nH values
(average sequence length of 1-hexene) of all the boiling heptane
insoluble fractions equalled to 1. It means that in these fractions
polyethylene segments were isolated by single 1-hexene unit. As
shown in Table 4, among these five copolymers there were no obvi-
ous difference in sequence distributions for not only the soluble but
also the insoluble fractions. The ratios of hexene content of the sol-
uble fraction to that of the insoluble fraction ([H]S/[H]I) show that
the copolymers prepared by Cat-2 and Cat-3 have more uniform
CCD than the blank system Cat-0.

In summary, the TEA-activated MgCl2-supported Ziegler–Natta
catalysts containing aryloxy ligands did not affect the chemical
composition and CCD of poly(ethylene-co-1-hexene) significantly.

3.3. Ethylene-1-hexene copolymerization activated by
triisobutylaluminum

Using triisobutylaluminum (TIBA) as cocatalyst, Cat-0–Cat-4

were used to copolymerize ethylene and 1-hexene. The copolymer-
ization results were summarized in Table 5. The catalytic activities
of Cat-1–Cat-4 were higher than that of Cat-0. The molecular
weights of EH-1′–EH-4′ were not lower than that of EH-0′. The

-2 EH-3 EH-4

. Insol. Sol. Insol. Sol. Insol.

6.9 53.1 39.8 60.2 48.1 51.9
2.2 123.1 114.8 123.5 114.7 124.1
.9 8.7 9.4
6.0 114.4 72.1 122.2 59.5 122.7
.4 50.1 63.2
4.8 44.5 4.1 48.9 3.6 46.4

 11.9 12.9
6.65 8.24 5.77 8.80 5.82 6.96
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Table 4
Monomer sequence distributions of the fractions in EH-0–EH-4.

Sample EH-0 EH-1 EH-2 EH-3 EH-4

Fraction Sol. Insol. Sol. Insol. Sol. Insol. Sol. Insol. Sol. Insol.

[EHE] 7.49 1.51 6.15 1.07 7.25 1.90 6.58 1.28 7.25 1.52
[EHH]  3.37 0 2.09 0 3.12 0 1.45 0 2.90 0
[HHH] 0 0 0 0 0 0 0 0 0 0
[HEH] 2.47 0 0.86 0 2.18 0 1.58 0 1.89 0
[EEH] 12.57 2.94 12.68 2.30 13.64 3.61 11.32 2.66 12.40 2.51
[EEE]  74.10 95.55 78.22 96.63 73.81 94.49 79.07 96.06 75.56 95.97
[EE]  80.39 97.02 84.55 97.78 80.63 96.30 84.73 97.39 81.76 97.23
[EH]  17.93 2.98 14.40 2.22 17.81 3.70 14.54 2.61 16.79 2.77
[HH]  1.68 0 1.05 0 1.56 0 0.72 0 1.45 0
[E] 89.35  98.51 91.75 98.89 89.54 98.15 92.00 98.69 90.15 98.61
[H] 10.65  1.49 8.25 1.11 10.46 1.85 8.00 1.31 9.85 1.39
[H]sum 5.61 4.31 5.89 3.98 5.46
[H]S/[H]I 7.15 7.43 5.65 6.11 7.09
nE 9.97 66.11 12.74 89.13 10.05 52.98 12.65 75.62 10.74 71.07
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H]S/[H]I = ([H] of Sol fraction)/([H] of Insol fraction).

elting points of the former were 4–5◦ lower than that of the lat-
er. Among these five copolymers there was no much difference
n melting enthalpy (�H). Compared with the TEA activated sys-
ems (see the data in Table 2), TIBA brought about higher catalytic
ctivity and molecular weight but lower melting points and melting
nthalpy of the copolymer. It implies that using TIBA as cocatalyst
s beneficial to the production of ethylene copolymer with high
-hexene incorporation rate.

The copolymer samples EH-0′–EH-4′ were also separated into
wo fractions by extraction with boiling n-heptane, and the results
f fractionation as well as thermal properties and molecular weight
ata of the fractions were summarized in Table 6. It can be seen
hat there was no much difference in the content of boiling n-
eptane soluble fraction among these five samples. However, the
elting temperature of the boiling n-heptane insoluble fractions

ecreased for 4–5◦ when catalysts containing aryloxy group (Cat-
–Cat-4) were used. The melting enthalpy of the insoluble fraction
lso decreased by about 15% as compared with that of values of Cat-
. On the other hand, the melting enthalpy of the soluble fractions
repared with catalysts containing aryloxy group was increased,
hough their melting temperature decreased slightly as comapred
ith the sample of Cat-0. Because of these differences between the

ryloxy-containing catalysts and the blank system, �Tm (difference
etween the melting temperature of Insol and Sol) and �(�H)  (dif-
erence between the melting enthalpy of Insol and Sol) values of
H-1′–EH-4′ were obviously lower than that of EH-0′. It means that
n the presence of aryloxy ligand, the soluble fraction contains more
rystalline PE segments (higher �H) and the insoluble fraction con-
ains more noncrystalline random copolymer segments (lower �H)
s compared with the blank catalyst. In this context it may  be said
hat the copolymers EH-1′–EH-4′ have more homogeneous chain
tructure distribution than EH-0′. Comparing the data in Table 3
ith those in Table 6, it is obvious that the TIBA-activated catalysts

roduced ethylene/1-hexene copolymers with more homogeneous
hain structure distribution than the TEA-activated systems when
at-1–Cat-4 were used. In the case of Cat-2/TIBA combination, �H
f the soluble fraction accounts for 43% of the �H of the insoluble

able 5
thylene/1-hexene copolymerization catalyzed by different catalysts/TIBA.

Sample Catalyst Activity (kg/g Ti h) Mw (×104) Tm (◦C) �H (J/g)

EH-0′ Cat-0 16.08 39.14 123.31 71.79
EH-1′ Cat-1 16.90 52.80 119.01 75.93
EH-2′ Cat-2 22.47 37.17 119.45 66.56
EH-3′ Cat-3 21.00 41.32 118.72 75.14
EH-4′ Cat-4 19.37 42.55 118.59 71.42
8 1 1.10 1 1.17 1

fraction, in contrast to 21% of the Cat-0/TIBA system. Meanwhile,
the �H of the insoluble fraction of EH-2′ was only 86.7 J/g, in con-
trast to the values of 114.4 J/g for EH-2 (Cat-2/TEA system) and
124.4 J/g for EH-0 (Cat-0/TEA system). It is also found that the dif-
ference in molecular weight of the Sol and Insol fractions became
slightly smaller when the aryloxy-containing catalysts were used.

To further investigate the difference in chemical composition
among these five copolymers, the fractions of EH-0′–EH-4′ were
characterized by 13C NMR. The sequence distribution of the frac-
tions were quantitatively analyzed and summarized in Table 7.

As shown in Table 7, the amount of incorporated 1-hexene
([H]sum) of EH-1′–EH-4′ was obviously lower than that of EH-0′.
However, the 1-hexene content of the insoluble fractions of EH-
1′–EH-4′ was twice that of the insoluble fraction of EH-0′. On the
other hand, 1-hexene content of the soluble fractions of EH-1′–EH-
4′ was lower than that of the soluble fraction of EH-0′. Thus, the ratio
[H]S/[H]I of the copolymer was markedly decreased after introduc-
ing the aryloxy ligands in the catalyst. In the samples EH-1′–EH-4′,
more 1-hexene comonomer units are found in the insoluble frac-
tions as compared with EH-0′, though the content of insoluble
fraction has not been changed much by introducing the aryloxy
ligands (see Table 6). It becomes clear that the catalysts contain-
ing aryloxy ligands produced copolymers with more homogeneous
comonomer distribution. On the other hand, the melting enthalpy
of the insoluble fractions ((�H)I) was  markedly lowered by the ary-
loxy ligands, meaning that there are more noncrystalline short PE
segments in these fractions than in the insoluble fraction of the
blank system. Meanwhile there are still enough amount of crys-
talline PE segments in these fractions to ensure their insolubility
in boiling heptane. Therefore, the insoluble fractions of EH-1′–EH-
4′ actually have higher degree of blockiness than that of EH-0′ in
words of comonomer sequence distribution. The increase in melt-
ing enthalpy of the soluble fractions ((�H)S) also means increased
blockiness of the soluble fractions. This feature of chain structure
in copolymers synthesized with the aryloxy-containing catalysts
could lead to special physical and mechanical properties, which
will be investigated in the future.

As to the influences of substituents of the aryloxy ligand on the
catalysis behaviors, the differences among the 1-hexene incorpora-
tion rate and [H]S/[H]I ratio of copolymers synthesized with Cat-1,
Cat-2, Cat-3 and Cat-4 are too small to make reliable judgments.
It seems that the catalysts containing bulky aryloxy groups (Cat-2,

Cat-3 and Cat-4) showed stronger effects of the organic ligand than
Cat-1.

It is interesting to make comparisons between the TEA and TIBA
activated polymerization systems. For the blank catalyst, the TEA
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Table  6
Fractionation results of EH-0′–EH-4′ .

Sample EH-0′ EH-1′ EH-2′ EH-3′ EH-4′

Fraction Sol Insol Sol Insol Sol Insol Sol Insol Sol Insol

Content (wt.%) 43.4 56.6 38.4 61.6 48.1 51.9 43.9 56.1 41.2 58.8
Tm (◦C) 115.7 124.3 113.0 119.5 113.9 119.8 112.9 119.2 109.8 118.8
�Tm

a (◦C) 8.6 6.5 5.9 6.3 9.0
�H  (J/g) 22.1 107.6 31.5 87.4 37.1 86.7 35.5 93.3 29.5 85.7
�(�H)b (J/g) 85.5 55.9 49.6 57.8 56.2
Mw (× 104) 11.5 61.1 13.3 78.4 14.2 59.0 14.2 63.2 15.7 62.0
(Mw)I/(Mw)S 5.3 5.9 4.2 4.4 3.9
Mw/Mn 4.60 4.01 4.90 4.81 5.41 4.60 5.20 4.50 5.94 3.74

a �Tm = (Tm)I − (Tm)S;.
b �(�H) = (�H)I − (�H)S.

Table 7
Monomer sequence distributions of the fractions in EH-0′–EH-4′ .

Sample EH-0′ EH-1′ EH-2′ EH-3′ EH-4′

Fraction Sol. Insol. Sol. Insol. Sol. Insol. Sol. Insol. Sol. Insol.

[EHE] 10.37 1.08 8.69 2.39 8.87 2.27 8.65 2.64 9.03 2.62
[EHH]  7.31 0 4.17 0 2.22 0 3.03 0 2.80 0
[HHH] 1.63 0 0 0 0 0 0 0 0 0
[HEH]  5.23 0 2.95 0 2.48 0 2.42 0 3.16 0
[EEH]  18.64 2.30 15.38 4.77 15.08 3.92 14.70 5.36 15.88 5.13
[EEE]  56.82 96.62 68.80 92.84 71.35 93.81 71.21 92.00 69.13 92.25
[EE] 66.14 97.77 76.49 95.23 78.89 95.77 78.56 94.68 77.08 94.82
[EH]  28.58 2.23 21.42 4.77 20.00 4.23 19.93 5.32 21.53 5.18
[HH] 5.28 0 2.09 0 1.11 0 1.51 0 1.40 0
[E]  80.43 98.88 87.20 97.61 88.89 97.89 88.52 97.34 87.84 97.41
[H]  19.57 1.12 12.80 2.39 11.11 2.11 11.48 2.66 12.16 2.59
[H]sum 9.13 6.39 6.44 6.53 6.53
[H]S/[H]I 17.47 5.36 5.27 4.32 4.69
nE 5.63 88.5 8.14 40.9 8.89 46.3 8.88 36.6 8.16 37.6
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H]S/[H]I = [H] in Sol./[H] in Insol.

ctivated system produced copolymer with much lower 1-hexene
ncorporation in the soluble fraction than that of the TIBA activated
ystem. This made the former system to show lower [H]S/[H]I value
han the later. However, judging by the much larger (Mw)I/(Mw)S
alue of the former than the later, it seems hard to say which system
roduced copolymer with more uniform chain structure distribu-
ion. These differences in copolymer structure in relation with the
ocatalyst could be ascribed to the different tendencies of the AlR3
r AlR2Cl (formed in the alkylation of the catalyst) to adsorb on the
atalyst. The strong adsorption of TEA or AlEt2Cl on TiCl4/MgCl2
atalyst has been reported recently [25]. Such adsorption might
nfluence the coordination of bulky �-olefin in the active centers.
or the lack of experimental data on the adsorption of TIBA or
liBu2Cl on MgCl2-supported Ti catalysts, it is impossible to unam-
iguously explain the different behaviors of these two  cocatalysts.

t is worth noting that, in the aryloxy-containing catalysts, the dif-
erences in copolymer chain structure between the TEA and TIBA
ystems became smaller, though the TIBA activated catalysts pro-
uced copolymer with more uniform chain structure in words of
CD and MWD.

Comparing with the modified catalyst prepared by directly
reating a TiCl4/ID/MgCl2 type catalyst with 2,6-iPr2C6H3OH
t ArOH/Ti = 1 [16], the catalysts prepared by immobiliz-
ng (2,6-iPr2C6H3O)TiCl3 onto MgCl2 (this work) can produce
oly(ethylene-co-1-hexene) with more uniform CCD. For example,
oly(ethylene-co-1-hexene) produced by a 2,6-iPr2C6H3OH treated
iCl4/ID/MgCl2 catalyst produced copolymer with [H]S/[H]I value

f 10.6 under the same polymerization conditions as this work and
sing TIBA as cocatalyst. In contrast, EH-3′ produced by the (2,6-

Pr2C6H3O)TiCl3 immobilized catalyst has a [H]S/[H]I value of only
.32 (see Table 7).
1 1 1.15 1 1.13 1

The mechanism of the aryloxy effects on the polymerization
behaviors is not clear yet, but we  can still get some hints from
the above mentioned results. First, the catalysis activity and the
contents of soluble and insoluble fractions are not significantly
changed by the aryloxy ligands, implying that the locations of tita-
nium species and their chemical environment on the surface of
MgCl2 are not changed much. Second, the aryloxy-containing cat-
alysts clearly possess active sites that can produce copolymer with
both long PE segments and relatively high 1-hexene incorporation
rate. It means that at least a part of active sites in these systems
have been significantly affected by the organic ligands. The inter-
actions of the organic ligand with the active site might be fluxional,
leading to swing of the active sites between two different states,
namely, a state favoring �-olefin incorporation and a state favoring
production of long PE segments. This may  explain the formation of
blocky copolymer in the aryloxy-containing systems. More experi-
ments will be done to find the real mechanism of the new catalysis
systems reported in this work.

4. Conclusions

By treating MgCl2 with TiCl3(OAr), a series of aryloxy-containing
MgCl2-supported Ziegler–Natta catalysts were prepared. Because
of ligand exchanges between the immobilized titanium species
and TiCl3(OAr) in the solution, the molar ratio of aryloxy group
and Ti in these catalysts were less than 1. Using TEA as cocatalyst,
these novel catalysts showed higher catalytic activity and pro-

duced poly(ethylene-co-1-hexene)s with higher molecular weight
than the blank catalyst without aryloxy group. However, in the
TEA activated catalysts, the aryloxy group did not significantly
affect the 1-hexene incorporation rate and CCD of the copolymer.
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