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Introduction

The relationship between polymer chain topology, i.e. long

chain branching (LCB), and rheological properties in

polyolefins obtained using single-site catalysts has been the

topic of major scientific activity since the late 1990s

[1–14]. Indeed, melt-state rheological measurements are

being considered as one of the most sensitive methods for

detecting sparse LCB in polyethylene (PE) [1, 15]. For

example the flow activation energy, Ea, related to the

temperature dependence of viscoelastic properties, is

altered by the presence of LCB, and the cross-point fre-

quency between storage and loss moduli, xx, and the cross-

point modulus, Gx, are also very sensitive features to the

molecular architecture [16–18]. In this context, the study of

these properties can give us information about the rela-

tionship between polymer chain topology and catalyst

structure. In this work, a set of PE samples was synthesized

using different metallocene catalysts. The main objective is

to find relationships between chemical structure of the

catalysts and polymer chain architecture by rheological

testing. This is an interesting task as there is still a lack of

information in the literature concerning how the catalyst

structure affects the creation of LCB during polymerization

[15]. The PE samples were synthesized using the catalysts

shown in Table 1, together with MAO as co-catalyst. The

synthesis of the samples was carried out under the same

experimental conditions: a reactor temperature of 20 �C, an

ethylene pressure of 2 bar, 3 9 10-5 mol L-1 of metallo-

cene concentration, and a molar ratio MAO (methyl

aluminoxane)/metallocene of 3,000 [17–21]. The metallo-

cene catalysts were prepared using synthetic protocols that

we have previously reported [20, 21]. The molecular

properties of the polymer samples obtained by size exclu-

sion chromatography analysis are listed in Table 1. The

details about the experimental procedures are described

elsewhere [18, 19]. It has been very difficult to estimate the

molecular features in the case of C4 sample, probably due

to extremely high molecular weight. In this case we have

estimated molecular weight and polydispersity index by

rheological methods.

The materials were stabilized with 1.0 wt.% Irganox

1010 to avoid degradation at high temperatures. The rhe-

ological measurements were carried out using parallel

plate geometry (15 mm diameter). Frequency sweeps in the

linear viscoelastic regime were performed with a Bohlin

CVO rheometer in the angular frequency range between

0.006 and 60 rad s-1. The linear viscoelastic regime has

been located by previous strain sweeps. The measurements

have been performed in the temperature range between 145

and 190 �C and the time-temperature superposition prin-

ciple (TTSP) applied to a reference temperature of

T0 = 190 �C. From these results, the characteristic features

described above (Ea, xx, and Gx) have been obtained for

the materials under study (see Table 1).

The material labeled as A0 has been synthesized by

using the [Zr(g5-C5H5)2Cl2] catalyst (A), which is the

simplest structural fragment used in this study. This cata-

lyst has been previously reported to produce LCB [2, 14].

The sample shows a very high Ea value and a significant

elastic character, in spite of the very narrow molecular
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weight distribution (Mw/Mn = 2.3). This is revealed by the

low value of Gx, which is one order of magnitude lower

than in the rest of the samples (see Table 1). These are

characteristic features of polyolefins with high LCB con-

tent like low-density PE [17]. This material can be clearly

distinguished from those obtained by means of catalyst C

series. All the samples show the characteristic Ea value of

high-density PE (around 25 kJ mol-1) [18]. The linear

viscoelastic response of these materials (storage modulus,

G0; and loss modulus, G00) referred to the average relaxation

time of the samples, sx, as given by the reciprocal cross-

point frequency, 1/xx (see Table 1), can be observed in

Fig. 1. These samples show the typical viscoelastic fin-

gerprint of linear PE with very high molecular mass. The

relaxation times follow the expected trend of reptation

motion with the molecular mass of linear polyethylene

(sx * Mw
3.4) [22].

It is important to note that the catalyst C series is

characterized by the phenyl substituents in the cyclopen-

tadienyl (Cp) ring of the basic fragment (catalyst A). These

results agree with those found by Kokko et al. [6] and Piel

et al. [16]. In both studies the samples obtained from cat-

alyst A with alkyl (methyl and butyl)-substituted Cp rings

possessed a linear structure. Piel et al. suggested that a

substituted Cp configuration determines LCB formation,

and therefore the open aperture gap in catalyst A should be

the cause for the formation of LCB structures.

Notwithstanding, the inclusion of extremely bulky sub-

stituents based on anthracene in the Cp ring leads to

materials with a particular linear viscoelastic response.

Both samples obtained with catalyst series B are charac-

terized by an extremely high elastic character, as G0 is

higher than G00 in the whole range of frequencies available.

The cross-point modulus is not obtained experimentally,

but it can be envisaged that Gx is lower than 20 kPa (as in

the case of branched sample A0). This is a typical feature

of polymers with LCB and very high molecular mass. A

master curve has also been constructed to compare the

results of the branched (A and B) and the linear samples

(C). The result is plotted in Fig. 2. The branched series

show a very interesting behavior when the linear response

is reduced to the same relaxation time as the linear series.

A characteristic dilution of G0 and G00 together with a

broader relaxation time spectrum of the branched polymers

are clearly seen in Fig. 2, accounting for the strong effect

of LCB in molecular dynamics.

However, the materials obtained from D catalyst series

display a more remarkable behavior [4–10, 15]. These are

ansa-metallocene catalyst systems with bulky substituents

(1-phenylethyl and 1-(1-naphthyl)ethyl) in the Cp rings.

The temperature dependence of the linear viscoelastic

Table 1 Molecular and rheological properties of the materials studied

Catalyst Sample Mw (kg mol-1) Mw/Mn Ea (kJ mol-1) xx (rad s-1) Gx (kPa)

[Zr(g5-C5H5)2Cl2] A0a 170 2.3 97.9 7.1 9 10-1 15.0

[Zr(g5-C5H5)(g5-C5H4{CHMeC14H9})Cl2] B1 384 4.4 – 3.1 9 10-3b \ 20.0

[Zr(g5-C5H4{CHMeC14H9})2Cl2] B2 720 4.0 – 5.1 9 10-5b \ 20.0

[Zr(g5-C5H5)(g5-C5H4{CHMePh})Cl2] C1 480 8.8 22.9 1.1 105

[Zr(g5-C5H5)(g5-C5H4{CHButPh})Cl2] C2 600 5.0 25.8 3.3 9 10-1 115

[Zr(g5-C5H4{CHMePh})2Cl2] C3 1,055 4.8 25.0 5.0 9 10-2 125

[Zr(g5-C5H5)(g5-C5H4{CHPriPh})Cl2] C4 n.d. [4,500] n.d. [5.0] 26.2 9.0 9 10-4b \120

[Zr{Me2Si(g5-C5Me4)(g5-C5H3{CHMeC10H7})2Cl2] D1 79.3 4.4 53.9 34.7 90.5

[Zr{Me2Si(g5-C5Me4)(g5-C5H3{CHMePh})2Cl2] D2 197 7.1 55.0 1.1 85.3

a Synthesized with [Zr(g5-C5H5)2Cl2], a known catalyst able to produce LCB [1, 15]
b Estimated values by horizontal shifting to a master curve (see text)

The values between brackets have been estimated from the rheological properties
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Fig. 1 Linear viscoelastic moduli versus normalized angular fre-

quency, xsx, of linear C series. Storage modulus, G0 (open symbols),

and loss modulus, G00 (close symbols), for (hj) C1, (�d) C2, and

(4m) C4. The inset shows the plot of the relaxation time versus

molecular mass for (d) linear PE series and (+) results from the

literature [21, 22]
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properties is quite particular. As observed in Fig. 3, the

TTSP does not apply in the phase angle, d (tan d = G00/G0)
for these samples. In fact, the low-frequency properties

show more pronounced temperature dependencies than the

high-frequency properties. This means the flow activation

energy, Ea, is different depending on the frequency (or

modulus) domain, in agreement with previous observations

made for LCB polyolefins obtained from other ansa-

metallocene [4–10] and constrained geometry catalysts

[11–13]. This complex thermorheological behavior could

arise from multiple relaxation mechanisms with different

temperature dependencies, resulting from macromolecules

with different configurations or molecular topologies. The

Ea values listed in Table 1 for this series correspond to the

high-frequency domain.

The complex viscosity, jg*j, of all the materials studied

has been reduced to the same relaxation time in Fig. 4.

Complex and shear viscosity, gð _cÞ, are empirically related

by the Cox–Merz rule [23], which is generally applicable

to homogeneous polymer melts; so some interesting con-

clusions about the behavior of materials during processing

can be anticipated. Considering that the differences in

polydispersity index are not so high (see Table 1), the

viscosity shape disparity found in Fig. 4 can be ascribed to

the diverse molecular topologies as we have discussed

above. Once again, it is possible to classify the materials in

to three different groups. Linear B series shows a clear

transition zone between the limiting zero-shear viscosity

and the shear-thinning region at high frequencies (shear

rates). Branched series A, B, and D show a prominent

pseudoplastic behavior, particularly in the latter case. No

sign of a transition exists in these samples, as the zero-

shear viscosity ‘‘plateau’’ is shifted to very low frequen-

cies, corresponding to materials with very long relaxation

time and broad relaxation time distribution. The trend in D

series is to reach higher values of the zero-shear viscosity,

as occurs in those systems for which mechanical relaxation

in the terminal zone is hindered due to the presence of long

branches. No conclusions about zero-shear viscosity can be

drawn in the case of A and B series, as no leveling-off of

jg*j is observed at low frequencies. However, the viscosity

at intermediate-to-high frequencies (shear rates) is around

one order of magnitude lower than in the rest of the

samples, which points to less resistance to flow and good

processing behavior, as in the case of low-density PE. A

comparison of the different series has been made in terms
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Fig. 2 Linear viscoelastic moduli versus normalized angular fre-

quency, xsx, of branched PE A and C series. Storage modulus, G0

(open symbols), and loss modulus, G00 (close symbols), for (hj) A0,

(�d) B1, and (4m) B2. The lines indicate the result obtained for

linear C series: solid line, G0, and dashed line, G00
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Fig. 3 Phase-angle dependence of angular frequency at a reference

temperature of 190 �C for different materials: (solid line) complete

linear C series; (open symbols) branched A0, and (close symbols)

branched D1. The different symbols correspond to different temper-

atures between Tm and 190 �C: (hj) 145 �C, (�d) 167.5 �C, and

(4m) 190 �C
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Fig. 4 Normalized to sx complex viscosity curves of all the materials

studied at 190 �C: (solid line) linear C series, (h) branched A and B

series, and (4) branched D series. The inset shows the plot of the

relaxation time versus molecular mass for (d) linear C series, (j)

branched A and B series, and (m) branched D series
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of the relaxation time obtained from the reciprocal cross-

point frequency, sx = 1/xx. The characteristic values of

the relaxation time are two orders of magnitude or higher

than those corresponding to the linear homologues with the

same molecular weight, which is the common sign that

reptation is hindered because of the presence of LCB (see

the inset in Fig. 4).

The diverse catalysts studied show different abilities for

the incorporation of LCB in the macromolecular structure.

The polymers synthesized by means of catalysts A (unsub-

stituted Cp) and B (extremely bulky substituted Cp) show the

typical viscoelastic fingerprint of samples with high amounts

and/or very long branches. The samples obtained with cat-

alysts C (substituted Cp) show the unique viscoelastic

response that corresponds to linear macromolecules with

characteristic ultrahigh molecular mass. Finally, the poly-

mers obtained with ansa-metallocene catalysts D show a

very complex response, representative of materials with

macromolecules with different topologies.
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8. Kokko E, Wang W-J, Seppälä JV, Zhu S (2002) J Polym Sci:

Polym Chem 40:3292
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