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Abstract

Investigations into the compositional heterogeneity of ethylene/1-hexene copolymers obtained with various zirconocene/MAQO catalysts,
either homogeneous or supported on inorganic carriers such as a complex of magnesium chloride with tetrahydrofuran or methyl alcohol, were
conducted. The dependence between metallocene structure, as well as catalyst immobilization, and the compositional heterogeneity of the
related products was investigated. It was found that the heterogeneity of copolymers is determined by the metallocene catalyst structure. The
amount of peaks on the DSC thermograms of copolymers and their division increase with the increase of bulkiness of the ligand in the catalytic
system. The immobilization of the investigated catalysts on the magnesium carrier leads to an increase of the copolymer’s compositional
heterogeneity. However, the modification of the Mg€arrier by tetrahydrofuran or methyl alcohol seems to not have any influence on the
copolymers’ CCD.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the macromolecules is characterized by molecular weight
distribution (MWD, M,,/M,). In the case of copolymer
Linear low-density polyethylenes (LLDPES) that are ob- composition, the macromolecules can differ in the amount
tained by the copolymerization of ethylene with a small of comonomer incorporated as well as comonomer distri-
amount of higher olefin such as 1-butene, 1-hexene or 1-bution along the copolymer chain (chemical composition
octene, are, at present, one of the most important classeslistribution—CCD). As the physical properties of these
of synthetic polymers. Incorporation of the other olefin copolymers, and, eventually, polymer behaviour during pro-
molecule into a polyethylene chain results in the final stage cessing in addition to its final operational properties, are de-
in polymeric materials with favoured properties that cannot pendent on the above-mentioned quantity, it is necessary to
be achieved through ethylene homopolymerization. know the value of all the above named quantities and establish
This type of copolymer, like other synthetic copolymers, the structure—property—processing relationgh]p
is heterogeneous with relation to both molecular weight  Recently, to characterize compositional heterogeneity of
and structural composition. The difference in the size of copolymers three main methods have been used: tempera-
ture rising elution fractionation (TREF2-8], crystallization
- analysis fractionation (CRYSTAH,9] and DSC fractiona-
’ Eorre.Spond'ng author. : . tion techniquef2,3,6,10-18]. The last method includes many
-mail addressesnarzena.bialek@uni.opole.pl (M. Biatek), . . .
krystyna.czaja@uni.opole.pl (K. Czaja), bsacher@uni.opole.pl techniques such as the stepwise isothermal segregation tech-
(B. Sacher-Majewska). nigue (SIST), stepwise crystallization (SC) or successive self-
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nucleation/annealing (SSA). All these DSC techniques are mogeneous ones were only dissolved intoluene). The copoly-
based on the special heat treatment of samples and the subsenerization processes were carried out in an aliphatic solvent
quent analysis of melting behaviour by DE(2]. Compara- (hexane), at 50C, at constant ethylene pressure (0.5 MPa)
tive studies of the mentioned methods have been made. It wador 30 min. As a cocatalyst methylaluminoxane (MAO) was
shown that the DSC methods are not only less time consum-used.

ing in comparison to TREF but also give comparable results

[6]. It seems that among them SSA is the most promising; it 2.2. Methods

exhibits better separation than SC, especially in the low tem-

perature region, and provides results in a shorter fitd¢ The 1-hexene content was determined@ NMR and

Our previous study confirmed this observat[@@]. There- FT-IR spectroscopy according to the procedures described in
fore, in the present work the SSA procedure was chosen forRefs.[19—-21]. The molecular weight and molecular weight
the investigation of the heterogeneity of ethylene/1-hexene distribution of the copolymer was estimated by gel perme-
copolymers. ation chromatography (GP@)9].

The structural and molecular parameters of ethylene/1-  Differential scanning calorimetry (DSC) measurements
olefin copolymers are strictly related to the catalyst type were performed using the apparatus DSC-2010 TA Instru-
used for copolymerization and the copolymerization condi- ments. The melting temperature and heat of fusion (AH) de-
tions[13]. Many metallocene catalysts provide polyethylenes terminations were obtained from samples formerly melted
with narrow molecular weight distribution and it is believed and recrystallized, which then were heated to 148Gt the
that they should produce ethylene/1-olefin copolymers with rate 10°C/min. From theAH the percentage of crystallinity
narrow comonomer compositional distribution. Such an abil- was calculated using the expressi@h(%)=AH(100/290)
ity by these catalysts differentiates them from traditional ti- [22]. The SSA fractionation was performed according to the
tanium or vanadium-based Ziegler—Natta ones, which pro- principles described earli¢t7]. Initially, the samples were
duce polymers with broad MWD and CC|3,15]. In our heated to 170C at the rate 10C/min and maintained at this
previous study[17], the influence of catalyst type metal- temperature for 5min. Thenthe samples were cooled€ 0
locene and Ziegler—Natta (bis(cyclopentadienyl)zirconocene Heating—annealing—cooling cycles were repeated for temper-
dichloride and vanadium oxytrichloride catalysts supported atures: 125, 119, 114, 111, 107 and @3 The figures are
on an inorganic support), on the intermolecular heterogene-presented in original form generated by TA-Instruments DSC
ity of ethylene/1-hexene copolymers was investigated. It was 2010 software package. For determination of single peak ar-
found that copolymer obtained by supported metallocene eas of overlapping DSC peaks, Netzsch Peak Separation soft-
catalyst is not homogeneous with regards to its composi- ware was used. The peak profile was simulated by asymmet-
tion. However, it is less heterogeneous than a Ziegler—Nattarical Fraser—Suzuki function.
based one. In this paper, those investigations are extended
to copolymers obtained by different zirconocene/MAO cata-
lysts: either homogeneous ones or supported on inorganic3. Results and discussion
carriers such as a complex of magnesium chloride with
tetrahydrofuran or methyl alcohol. The dependence be- Much research carried out nowadays deals with the poly-
tween the metallocene structure and the structure of themerization and copolymerization of olefin with metallocene
related products, as well as the influence of catalyst im- catalysts. Most of them refer to the influence of catalyst struc-
mobilization on copolymer compositional heterogeneity is ture on catalyst activity; comonomer incorporation; and the
presented. molecular weight of (co)polymer and its distribution. The

other problem often investigated is heterogenization of cat-
alytic systems and its influence on polymer yields and prop-

2. Experimental erties. In our study, the impact of catalyst structure and cat-
alyst heterogenization on ethylene/1-hexene compositional
2.1. Materials and synthesis process heterogeneity was investigated. The structures of the studied

zirconocene compound are presente8déheme 1.

The ethylene/1-hexene copolymers were synthesised by As can be seen, the zirconocene compounds differ in type
a metallocene catalyst either homogeneous or supported orof ligand L,ZrCl, (L = cyklopentadienyl or indenyl) and in
inorganic supports: a complex of magnesium chloride with the case of CgZrCly, the ligand Cp can contain substituent
tetrahydrofuran or methyl alcohol. The magnesium carriers R (R =iso-propyl orn-butyl). In order to examine the ef-
were chemically modified before their use (treated with Al(i- fect of catalyst heterogenization on polymer structures some
Bu)3). The metallocene precursors were heterogenized onof these compounds were immobilized on an inorganic car-
the support surface by ball-milling the catalyst component rier (a complex of magnesium chloride with tetrahydrofurane
in toluene. Then the solid product was filtered off, washed or methyl alcohol). The basic characteristics of ethylene/1-
four times with hexane and dried. For copolymerization, sup- hexene copolymers obtained with the above-mentioned cat-
ported catalysts were used as a suspension in hexane (the halysts are listed ifable 1.
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Properties of ethylene/1-hexene copolymers studied
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Catalyst compositich 1-Hexene Molecular weight My/M, Melting temperature Crystallinity (%)
content (mol%) (x1073) (M) (°C)
CpZrCly 6.4 6.3 34 110.6 39.1
(iPrCpyZrCl; 6.9 15.8 3.0 111.9 41.3
IndLZrCl; 6.7 78.1 3.8 110.3 30.3
MgCl(THF),/Al(i-Bu) 3/CppZrCly 6.7 17.1 18 119.2 35.3
MgClz(MeOHu/Al(i-Bu) 3/CpZrCla 6.3 14.1 25 119.1 47.0
(nBuCp)ZrCl, 4.9 17.6 3.3 112.5 49.2
MgCl(THF)2/Al(i-Bu) 3/(nBuCp)ZrCl, 4.6 89.7 31 113.9 40.5

a Cocatalyst: MAO.
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Scheme 1. Structures of metallocene compounds used for ethylene/1-hexent
copolymers synthesis.
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It is known that, during conventional DSC heating of
ethylene/1-olefin copolymers, the increase of 1-olefin con-
tribution in copolymer cause the DSC peak widening, and
in some cases even two melting peaks apfdéd}. On exoup |
the conventional DSC curves of copolymers investigated . . ) ‘ .
by us only peak broadening was observed. The DSC en- 40 60 80 100 120 140
dotherms of the copolymers synthesised with homoge-
neous metallocene catalytic systems;ZClo/MAO (A),
(iPrCphZrCly/MAO (B), Ind2ZrCl2/MAO (C) after thermal
fractionation using the SSA method are presentdgign 1.

All copolymers contain a similar amount of 1-hexene incor-
porated (about 6.4—-6.9 mol.%) and have similar polydisper-
sity (M,,/M,, =3.0-3.8) but very different molecular weights  branchesin the polymer chains, the smaller the lamellar thick-
(from 6.3x 10° to 78.1x 10°). During the isothermal crys-  nesg12,23]. Thus, the high temperature peaks of the sample
tallization steps the separation of the crystalline material correspond to unbranched or weakly branched molecules,
into groups of lamellae of different thicknesses, depending the low temperature endotherms can be associated with more
on the amount and distribution of the 1-olefin units in the branched molecular species. As can be seen, despite the fact
macromolecular chain, take plagE3]. In other words, on  that the copolymers shown Fig. 1are obtained with homo-

the DSC thermogram, after thermal fractionation endotherms geneous catalytic systems, none of them are homogeneous
appeared, each one representing molecules with differentwith regards to their compositions. All copolymers show mul-
branches content. The short branches reduce the regularitytiple melting peaks on their DSC curves. However, the dif-
of the polymer chains and decrease the lamellar thicknessference in the number of peaks, their location and their great-
of the formed crystallites. The greater number of short chain ness of size can be observed. Catalysts B and C give copoly-

Temperature, °C

Fig. 1. Comparison of the melting curves of ethylene/1-hexene copoly-
mers obtained with GZrClo/MAO (A), (iPrCp)ZrCl,/MAO (B) and
Ind>ZrCl,/MAO (C) catalysts using the SSA method for analysis.

Table 2
DI values obtained for ethylene/1-hexene copolymers synthesised over various homogeneous metallocene catalysts
Catalyst composition 1-Hexene content (mol%) Dl values

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
CppZrCla/MAO 6.4 1.00 0.20 0.34 0.39 0.31 -
(iPrCppZrCla/MAO 6.9 1.00 0.22 0.34 0.31 0.24 0.01
IndLZrClo,/MAO 6.7 1.00 0.17 0.22 0.25 0.02 0.02
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mers with six peaks on their thermograms; between 98.6 anding the SSA procedure. It is clearly shown that the im-
127.8°C for (B) and 94.5 and 128 for (C), although in mobilization of the CpZrCl,/MAO catalyst on magnesium
the latter case a shoulder at the fourth peak can be observedchloride changed the properties of the synthesised copoly-
The first catalyst (A) produced copolymers with five sep- mers. On the endotherms of both the copolymers synthe-
arated peaks between 100.9 and 118.9. Unlike copolymerssised with supported catalysts, there appears two additional
(B) and (C), the fraction containing unbranched or weakly peaks in comparison to their counterpart obtained over a
branched macromolecules is not present in copolymer (A). homogeneous one. Like the previous catalytic system, the
The other copolymers contain one or two fractions of this (nBuCp»ZrCl,/MAO (Fig. 3, curve A) catalyst after het-
type of macromolecule. For all copolymers considerable dif- erogenization on MgG(THF),/Al(i-Bu) 3 (Fig. 3, curve B)
ferences in size of the peaks can be also observed. also produced more heterogeneous copolymers. This same
For the estimation of the heterogeneity of the ethylene/1- dependence is observed despite the fact that the copoly-
olefin copolymers the concept of the DSC index (DI) is very mers produced with the last catalytic systems contained
often used4,15]. DI values can be obtained either through smaller amount of 1-hexene incorporated (about 4.5 instead
the calculation of the ratio of the peak height of each peak to of 6.5).
the maximum peak in the thermogram of a polymer or, for ~ The comparison of the melting curves of the copoly-
more accurate weight distribution, tieH e ; for each frac- mers obtained with homogeneous and heterogeneous cata-
tion should be measured and used for DI calculation insteadlysts shows that on the melting curve of copolymers syn-
of peak heigh{15]. In our work, the later concept was ap- thesised with heterogeneous catalysts the additional peaks
plied. The comonomer distribution is considered to be homo- arise in the higher temperature region. The other big dif-
geneous in cases where the Dl values are all close tfiéhe ference is that for the supported catalysts the fifth frac-
The values of DI for copolymers obtained over the homoge- tion has much higher contribution in comparison to the
neous catalysts A, B and C are presentedable 2. In all fifth fraction for the unsupported counterparts. And it also
cases the DI values are different for each peak, therefore thecan be noted that the modification of magnesium chloride
comonomer distribution along polymer backbone is hetero- by tetrahydrofuran or methyl alcohol seems to not have a
geneous. Among investigated copolymers, the most nearingvery importantinfluence onthe macromolecule’s heterogene-
DI values shows copolymer obtained with catalyst A, thus ity.
this copolymer can be consider as the most homogeneous Dl values obtained for ethylene/1-hexene copolymers syn-

one. thesised with both the homogeneous catalyst and its sup-
The next diagram (Fig. 2) presents the DSC curves ported counterparts (Table 3) indicate that none of the copoly-

of ethylene/1-hexene copolymers obtained ovepAT@l, mers are homogeneous. DI values calculated for each fraction

IMAO catalysts: homogeneous one (curve A) and those sup-are different, although the greater dissimilarity is observed for

ported on inorganic carriers (Mg&IrHF),/Al(i-Bu) 3 (curve the heterogeneous catalytic system.

B) and MgCh(MeOH),/Al(i-Bu) 3 (curve C)), after display- As was explained before, comonomer incorporation into

the polyethylene chain changes the ethylene sequence length.
The many melting peaks observed in DSC heating curves
L ©) arise due to the segregation of the crystallizable sequence

(B) &)

Heat flow
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Fig. 2. Comparison of the melting curves of ethylene/1-hexene copolymers

obtained with the homogeneous zirconocene catalysZCH,/MAO (A) Fig. 3. Comparison of the melting curves of ethylene/1-hexene copolym-
and its supported counterparts MgQIHF),/Al(i-Bu) 3/CpZrCl,/MAO ers obtained with the homogeneous zirconocene catalyBuGp)

(B), MgCla(MeOH)4/Al(i-Bu) 3/CppZrCl;, (C) using the SSA method for ZrCla/MAO (A) and its supported counterpart MgCTHF),/Al(i-
analysis. Bu)z/(nBuCp)ZrCla/MAO (B) using the SSA method for analysis.
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Table 3
Comparison of DI values obtained for ethylene/1-hexene copolymers synthesised over homogeneous and supported metallocene catalysts
Catalyst compositich 1-Hexene content (mol%) Dl values

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7
CpZrCly 6.4 1.00 0.20 0.34 0.39 0.31 - -
MgClo(THF)o/Al(i-Bu) 3/CpZrCly 6.7 1.00 0.25 0.33 0.26 0.61 0.09 0.07
MgCla(MeOH),/Al(i-Bu) 3/CpZrCly 6.3 1.00 0.19 0.32 0.32 0.59 0.07 0.01
(nBuCp)ZrCly 4.9 1.00 0.25 0.26 0.17 0.35 - -
MgCla(THF),/Al(i-Bu) 3/(nBuCp»ZrCl, 4.6 1.00 0.21 0.29 0.30 0.58 0.11 0.03

a Cocatalyst: MAO.

length. The longer segments recrystallized to longer lamel- (414.5K), 8¢ the surface energy of a polyethylene crystal
lar crystals, which melt at a higher temperature. Thus, the (70 x 10-3J/n?), AH the enthalpy of fusion of 100% crys-

number of peaks is related to the CCH). talline polyethylene per unit volume (28810° J/n?), andl.
The thickness of different lamellae can be calculated from the thickness of the lamellae with melting poir (m)
the Thomson—Gibbs’ equatiqg4]: The relative amount of lamellae of different thick-
1_ 25 nesses was calculated based on the area of the ther-
Tm=T3 (—e> ) mogram peaks. The lamellar thickness distributions in
AH Xl the copolymers obtained over the three homogeneous
where Ty, is the observed melting point (KY;% the equi-  catalysts: CpZrClo/MAQ (A), Ind2ZrClo/MAO (B) and

librium melting point of an infinite polyethylene crystal (IPrCpRZrClo/MAQ (C) are presented iRig. 4.
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Fig. 4. Comparison of the share of lamellae with different thicknesses in ethylene/1-hexene copolymers obtained with homogeneous metallocene catalysts:
CpZrCh/MAO (A), Ind2ZrCl/MAQO (B) and (iPrCpZrCl,/MAO (C).
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Fig. 5. Comparison of the share of lamellae with different thicknesses in ethylene/l-hexene copolymers obtained with the homogeneous catalyst
(nBuCppZrCl2/MAO (A) and with the same catalyst supported on MgTHF),/Al(i-Bu) 3 (B).
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