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ABSTRACT: One polyethylene and nine ethene/R-olefin copolymers differing in amount (0.4-2.9 mol %) and
molar mass of the comonomer were characterized by NMR, SEC-MALLS, and rheology. Samples were
polymerized using a [Ph2C(2,7-di-t-BuFlu)(Cp)]ZrCl2/MAO catalyst, with octene, octadecene, and hexacosene
as comonomers, resulting in polymers ofMw ≈ 190 kg/mol. The comonomer content was determined by melt-
state NMR. For the homopolymer 0.37 and 0.30 LCB/molecule were found by NMR and SEC-MALLS,
respectively. Rheological quantities, such as the zero shear rate viscosity (η0), increased with LCB as compared
to linear samples of the sameMw. The shape of the viscosity function and the linear steady-state elastic compliance
(Je

0) showed a dependence on comonomer content and length. These findings are used to elucidate the various
long-chain branching architectures. The highest comonomer content samples behaved like typical linear polymers
in rheological experiments, while those with less comonomer contents were found to be long-chain branched.
Besides the comonomer content, the type of comonomer has an influence on the branching structure.

Introduction
The synthesis and characterization of polyolefins, especially

polyethylenes (PE) and ethene/R-olefin copolymers synthesized
using metallocene catalysts, have gained great interest in recent
years. This is due to several major advantages of these systems
over those produced by Ziegler-Natta (Z-N) catalysis. With
metallocene catalysis, the molar mass is adjustable over a broad
range,1 and the polymers show a narrow molar mass distribution
(MMD).2,3 Because of the stereo- and regiospecific nature of
the catalysts, highly tactic and tailored copolymers may be
produced.4-6 Metallocene catalysts also have a high affinity to
incorporateR-olefins into growing chains and are even able to
produce homopolymers of these higherR-olefins.7-9 In contrast,
copolymerization ofR-olefins with more than eight carbon
atoms by Z-N catalysts proves difficult. Polymer chains
containing a terminal vinyl group, created in situ, can also act
as macrocomonomers, leading to the formation of long-chain
branched (LCB) polymers.

Single-site catalysts produce a novel structure combination
for LCB-PE with narrow molar mass distribution being first
reported in patent literature in the mid-1990s.10,11 The first
scientific papers covering this topic were published a few years
later.12-14 Evidence for long-chain branching in metallocene PE
(mPE) was published by Wood-Adams et al.15 using a combina-
tion of NMR, SEC, and shear rheology. However, for the
quantification of the small amount of LCB by NMR extremely
long measurement times, of up to 2 million scans, were needed.

Most constrained geometry catalysts found to produce LCB
are either half-metallocenes10,16or ansa-metallocenes.17-19 The

non-ansa-metallocene Cp2ZrMe2 system, activated with either
B(C6F4)3 or methylalumoxane (MAO), was also reported to
produce long-chain branches.1,11,12,19,20Long-chain branching
in metallocene-catalyzed polymerizations is believed to take
place via a copolymerization route, with the incorporation of a
vinyl-terminated polyethylene chain into a growing polymer
chain.12,21,22Investigation into the polymerization behavior of
several metallocene catalysts revealed that the termination
mechanisms were catalyst specific. Depending on the catalyst
structure, the termination of chain growth occurred via either
â-H elimination, hydrogen transfer to the monomer, or chain
transfer to the cocatalyst. Further research indicated that catalysts
with high vinyl selectivity and good copolymerization ability
were the most prominent for producing polymers with modified
rheological properties.23,24

The formation of LCB depends on many different factors,
including the presence of comonomers. IfR,ω-dienes are
incorporated, the additional terminal vinyl groups act as starting
points for long-chain branching and thus result in a higher degree
of LCB.24 Initial investigations indicated thatR-olefin comono-
mers decrease the amount of LCB, as they tend to terminate
the growing chain.25 The resulting vinylidene group at the end
of a macromer is believed to be sterically hindered from
reintroduction into a growing chain by the short-chain branch
residing at the 2-position. Additionally, vinyl-terminated poly-
mer chains are sterically hindered from incorporation as LCB
due to the short-chain branches in the growing chain and
macromonomer. Thus, the degree of LCB tends to decrease with
increasing comonomer content.

It was shown by Kokko et al.,19 for the catalyst systemrac-
[Et(Ind)2]ZrCl2/MAO, that both the temperature dependence of
the viscosity and the viscosity (at an angular frequency ofω )
0.02 s-1) itself decreased when introducing up to 3.4 mol %
hexadecene. This finding was explained by a decreasing amount
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of LCB. However, the data indicated that 3.4 mol % comonomer
was not sufficient for the complete suppression of LCB. The
viscosity atω ) 0.02 s-1 was distinctly above the zero shear-
rate viscosity of a linear polymer of equal molar mass; the
activation energy of 41 kJ/mol was also much higher than that
expected for a truly linear HDPE system (28 kJ/mol).26 It was
also shown that the presence of gaseous hydrogen during
polymerization dramatically decreased the degree of long-chain
branching using certain metallocene catalysts.19,24Investigation
of the combined influence of hydrogen andR-olefins, although
commonly used in industry to tailor PE properties, has to date
not been undertaken.

Long-chain branches are known to strongly influence the
processing behavior of PE by not only increasing the shear
thinning behavior at smaller angular frequencies/shear rates but
also improving the stability of elongation-dominated processes
by strain hardening. Some aspects of the processing behavior
can be assessed by measuring the viscosity function in shear
and extension.27

The investigation of the influence of comonomer content and
comonomer size on LCB using melt-state NMR, SEC-MALLS,
and linear viscoelastic shear rheology is presented in this paper.
The combination of these methods was found to be a very
powerful method to characterize LCB in short-chain branched
metallocene polyethylenes (LCB-mLLDPE), with various chemi-
cal composition. Although the influences of comonomer and
hydrogen on LCB have previously been separately investigated,
their combined interaction has not been studied. The data
presented herein is thought to be the first comparison of LCB
for different comonomers in the presence of hydrogen during
polymerization. Furthermore, to our knowledge hexacosene is
the longest narrowly distributed comonomer used for mPE so
far. All polymers were synthesized using the same catalyst
system under comparable conditions.

Characterizations of LCB in polyolefins produced with this
particular catalyst by rheology, melt-state NMR, and SEC-
MALLS have not previously been reported. Melt-state NMR
was used to quantify the comonomer content in the copolymers
and the degree of LCB in the homopolymer. Because of the
lack of chemical shift resolution, LCB was defined as branches
of gC4, as found elsewhere in the literature,15 and thus
represents an upper limit of possible long-chain branching. The
influence of short-chain branching on crystallization and solid-
state mechanical properties was also studied and is published
elsewhere.28

Experimental Section

Synthesis.A set of 10 polymers was synthesized under similar
conditions using the metallocene [Ph2C(2,7-di-t-BuFlu)(Cp)]ZrCl21

as catalyst precursor and methylalumoxane (MAO) as cocatalyst.
Experimental details are described elsewhere.23 The mPE samples
differ only in length and amount of comonomer. As comonomer,
the R-olefins octene, octadecene, and hexacosene (C26 containing
C28 impurities) were used. For reference, an ethene homopolymer
was synthesized under similar conditions.

A summary of the synthesized products and monomer feeds is
given in Table 1. All reactions were carried out at 60°C, with 9
mmol of hydrogen gas fed into the reactor prior to polymerization.
(The homopolymer F0 is the same sample as F3 in a related
publication.1)

Molecular Characterization: Size Exclusion Chromatogra-
phy/Multiangle Laser Light Scattering (SEC-MALLS). Molec-
ular characterization was carried out by means of a high-temperature
size exclusion chromatograph (Waters, 150C) equipped with
refractive index (RI) and additional infrared (IR) (PolyChar, IR4)
detectors. All measurements were performed at 140°C using 1,2,4-

trichlorobenzene (TCB) as solvent. The high-temperature SEC was
coupled with a multiangle laser light scattering (MALLS) apparatus
(Wyatt, DAWN EOS). Details of the experimental SEC-MALLS
setup and conditions of use have previously been published.29

Nuclear Magnetic Resonance Spectroscopy.Melt-state NMR
spectroscopy was carried out on a Bruker Advance 500 dedicated
solid-state NMR spectrometer operating at a proton and carbon
Larmor frequency of 500.13 and 125.75 MHz, respectively. All
measurements were undertaken using a commercial Bruker13C-
1H optimized, high-temperature, 7 mm magic-angle spinning (MAS)
probehead using zirconia rotors and rotor caps. Nitrogen gas was
used for all pneumatics to limit thermal oxidation. All measurements
were conducted atωr/2π ) 3 kHz spinning speed at 150°C sample
temperature, while compensating for thermal MAS effects.

Single-pulse excitation spectra were acquired using 10µs 13C
π/2 excitation pulses andπ pulse-train heteronuclear dipolar
decoupling. For the copolymers, depending on degree of incorpora-
tion, between 16 and 424 scans were needed to achieve the desired
signal-to-noise-ratio of theR peak at 34.6 ppm (SNRR ) 50) using
a 2 s recycle delay and 16 dummy scans. The overall measuring
time of all copolymer samples was about 45 min. Short measure-
ment times were primarily achieved due to investigation in the bulk
state, combined with the use of a short recycle delay.30 For the
homopolymer (F0) 78 000 scans were acquired under the same
conditions and resulted in a SNRR ≈ 5 after 48 h.

Rheological Characterization.Rheological measurements were
carried out on constant stress rheometers (Bohlin/Malvern CVOR
“Gemini” and a Bohlin/Malvern CSM) using a 25 mm parallel plate
geometry at 150°C. To prevent thermal degradation during
measurement, all samples were stabilized with 0.5 wt % Irganox
1010 and Irgafos 168 (CIBA SC, Basel), and the oven of the
rheometers was purged with nitrogen.

Frequency sweeps, in the linear viscoelastic regime, were
performed in the angular frequency range between 0.01 and 1000
s-1 using the stress-controlled mode. With the frequencies applicable
in the dynamic-mechanical tests not low enough to reach the
terminal regime for both viscosity|η*(ω)| and the storage compli-
anceJ′(ω) all samples were also characterized by creep and creep
recovery at stresses providing linear viscoelastic response. A
detailed description of the experimental method used for the creep
and creep recovery experiments can be found elsewhere.31

The creep complianceJ(t′) is the deformation normalized by the
constant stressτ applied. The creep recovery complianceJR(t) is
the elastic part of the creep deformation normalized by the constant
stressτ. It is measured by the reversible deformation of the sample
after the stress ceases.

Two examples of creep and creep recovery tests are shown in
Figure 1. The sample F8A had the higher zero shear rate viscosity
η0 ) 1.22× 106 Pa s in comparison to F26C, withη0 ) 0.087×
106 Pa s. The creep recovery complianceJR(t) of F8A was a factor
of 10 higher than that of F26C. The creep stressτ for both samples
was chosen within the linear viscoelastic regime.

The long measurement times necessary to obtain the steady state
of J(t′) andJR(t) illustrate the need for thermal stability. To check
for thermal degradation, frequency sweeps before and after the creep
and creep recovery tests were compared. A deviation ofG′(ω) by

Table 1. Compositions of the Samples

sample comonomer feed [mol %]a

F0 none 0
F8A 1-octene 10
F8B 1-octene 15
F8C 1-octene 20
F18A 1-octadecene 5
F18B 1-octadecene 15
F18C 1-octadecene 20
F26A 1-hexacosene 5
F26B 1-hexacosene 15
F26C 1-hexacosene 20

a Total monomer concentration was 0.5 mol/L for all copolymerizations
and 0.41 mol/L for HDPE F0.
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no more than(5% was taken as the stability criterion. All products
were found to be stable for at least 20 h at 150°C, with some
stable for more than 70 h.

The creep recovery complianceJR(t) data were transformed into
G′(ω) and G′′(ω) (this is only possible if the terminal regime is
reached in the creep test and if the creep stressτ is low enough
that the test is conducted in the linear viscoelastic regime) by
determining a discrete retardation spectrum according to the method
of Kaschta and Schwarzl.32 It was thus possible to obtain the storage
and loss modulus in a frequency range of at least 7 decades without
performing any kind of time-temperature superposition (TTS). This
was of particular importance as LCB polyethylenes are not
thermorheologically simple fluids.33 Furthermore, the low activation
energy in combination with a small experimental temperature
window (Tm < T < Tdegradation) reduces the benefit of TTS.

Results and Discussion

Molecular Characterization: NMR. An estimation of
comonomer incorporation was achieved by integration of the

signals of the quantitative proton-decoupled13C melt-state NMR
(cf. Figure 2). The ratio of integrals associated with a branch
site to that of the bulk backbone CH2 sites (Abulk) allows direct
access to the degree of incorporation. Although the actual CH
branch site (*) is resolved at 38.3 ppm, the three sites adjacent
to this (R) at 34.6 ppm are used for branch quantification due
to their increased sensitivity. The comonomer incorporation, in
units of mol % (nc) and wt % (wc), was calculated from the
relative area of theR peak at 34.6 ppm (AR) to that of the bulk
peak at 30 ppm (Abulk) using

wherenδ andn4 are the number ofδ and 4 sites per branch and
l is the total number of carbons in the comonomer. The factors
of 2 and1/3 in eq 1 combine the influence of the two backbone
carbon sites per mole of monomer and the threeR sites per
branch. The term1/3AR(4 - nδ - n4) correctsAbulk so that only
the backbone sites are represented by the denominator.

It should be noted that in the melt state theδ, γ, and 4-sites
are integrated as a single peakAbulk. A number of assumptions
are made when using the area of this peak as an internal standard
representing the backbone. Because of the broad base of the
peak at 30 ppm in the melt state, the integral range is limited
by neighboring peaks at 32.2 and 37.2 ppm. This leads to an
underestimation ofAbulk and correspondingly to an overestima-
tion of the branching. However, when considering the relative
sizes of the areas in question (see Figure 2), the differences
between the true and approximated values ofAbulk are small
and propagate into only minor deviations in calculated comono-
mer incorporation.

Figure 1. Creep and creep recovery compliance of F8A and F26C.

Figure 2. (a) Typical melt-state13C NMR SPE spectrum and assignment of polyethylene containing branches of six carbons in length or longer
(F18C: 13.7 branches per 1000 backbone carbons). (b) Melt-state spectrum of the homopolymer showing 8 ethyl and 6 hexyl or longer branches
per 100 000 CH2 (F0: 78 000 scans).

nc ) 100× 2 ×
1
3
AR

Abulk + 1
3
AR(4 - nδ - n4)

[mol %] (1)

wc )
ncl

nc(l - 2) + 2
[wt %] (2)
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As well as the error in incorporation calculation, another
source of error lies in the shorter than usual recycle delayτrd

of 2 s used to acquire the spectra. This is less than the common
criteria ofτrd > 5T1

C for quantitative NMR, whereT1
R ≈ 0.5 s

andT1
bulk ≈ 1.5 s. However, it has previously been shown that

under these conditions branch quantification usingAR andAbulk

is still valid.30

Considering these sources of error, the comonomer incorpora-
tions as determined by melt-state NMR are given to one decimal
place. Repeating the branch quantification for a low (F26A)
and high (F18C) incorporation sample 20 times gave a relative
standard deviation in branch content of 2.0 and 2.9%, respec-
tively.

For the homopolymer F0 the higher number of scans (78 000)
allowed for the determination of lower branch contents. Because
of the broad nature of the “foot” of the bulk peak, all CH2 sites
are incorporated intoAbulk, including theR branch sites. Separate
integration of the branch sites only (Abr) allows the branch
content (Bbr) per CH2 to be calculated from the ratioBbr ) Abr/
Abulk. It should be noted that for ethyl branchesAbr ) 1/2AR
whereas for hexyl and longer branchesAbr ) 1/3AR.

Under these conditions∼0.03 mol % branching was still seen.
Such branches may occur in metallocene-catalyzed homopoly-
merizations via isomerization reactions, although these are less
important for polyethylenes than for polypropylenes. The degree
of branching was found to be approximately evenly distributed
between ethyl and hexyl or longer branches, corresponding to
0.8/10 000 CH2 and 0.6/10 000 CH2, respectively. Thus, the
average molecule of F0 had∼0.37 branches of 6 or more
carbons. With no comonomer used, this number was taken as
an upper limit of the possible amount of LCB present. It should
be stated that the absolute number of LCB cannot be determined
by melt-state NMR as no chemical shift distinction is seen
between branches of 6 carbons in length and those of the
entanglement molar massMe (≈100C, see Stadler et al.29 for a
detailed analysis of the literature data). However, only branches
greater thanMe are considered long-chain branches relevant for
processing.

It is evident that only a fraction of the feed (≈10%) is
incorporated into the polymer (Table 2). Although the maximum
comonomer content (nc) of F26C seems small, the comonomer
accounts for about 20 wt % of the sample, due to hexacosene
having ∼13 times molecular weight than ethene. For the F8
and F18 copolymers the amount of comonomer does not play
such a decisive role concerning weight fraction.

SEC-MALLS. The distributions of molar mass of the three
polyethylene cooctenes F8 are shown in Figure 3. The molar
mass distribution of all polymers investigated shows a narrow
distributionMw/Mn ∼ 2, typical of metallocene catalysis. The

products differed in molar mass averagesMw only, with none
showing a high molecular weight component.

When the radius of gyration of F0 was compared to a known
linear reference A2, evidence for LCB was found (Figure 4).
Detailed information on the linear reference is given elsewhere.29

The straight line for the linear sample in Figure 4 can be
described by

with 〈rg
2〉0.5 in nm andM in g/mol. The exponent is the same

as that published by Tackx and Tacx.34

The radius of gyration of F0 deviates from the linear reference
for molar masses above 400 000 g/mol, tending toward smaller

Table 2. Results of Analytical and Rheological Characterizations of PE and Copolymer Samples

sample
comonomer

[CnH2n]
comonomer
feed [mol %] nc [mol %]a wc [wt %]a

Mw

[kg/mol]
Mn

[kg/mol] Mw/Mn η0 [kPa s]b
Je

0

[10-4 Pa-1]

F0 0 0.012 (<C2)/
0.016 (>C2)c

173 85 2.0 445 12

F8A 8 10 1.1 4.3 240 112 2.1 1224 18d

F8B 8 15 1.8 6.8 190 92 2.0 440 11
F8C 8 20 2.7 10.0 152 76 2.0 51 2.2
F18A 18 5 0.4 3.5 183 80 2.3 498 15
F18B 18 15 1.5 12.1 167 84 1.9 164 6.4d

F18C 18 20 2.2 16.8 159 79 1.9 55 1.4
F26A 26 5 0.5 6.1 185 89 2.1 450 11
F26B 26 15 1.6 17.4 194 82 2.1 284 7.6d

F26C 26 20 2.3 23.4 175 78 2.1 87 1.6

a As determined by melt-state NMR.b At 150 °C. c Branches>C2 are taken to be the upper limit of the long-chain branch content (0.37 LCB/molecule).
d Steady-state of elastic recovery complianceJe

0 not proven to be reached.

Figure 3. Molar mass distribution of the polymers of the octene series.

Figure 4. Radius of gyration as a function of absolute molar mass for
a linear reference polymer (A2) and the homopolymer (F0).

〈rg
2〉0.5 ) 0.024M0.58 (3)
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values, thus indicating a contraction of the coils in solution.
Such a contraction is typical of long-chain branched molecules.

Using the Zimm-Stockmayer theory,35 the average number
of three functional branch points per molecule was estimated.
If these are assumed to be identical with the number of LCB
for F0, a value of 0.3 LCB per molecule can be given, which
is in good agreement with the upper limit of 0.37 LCB/molecule
determined by NMR.

The influence of comonomer type and concentration on long-
chain branching was analyzed based on the comparison of the
radii of gyration (cf. Figure 5).

From Figure 5 it can clearly be seen that the radius of gyration
of all copolymers with the lowest comonomer contents deviates
from the linear reference above molar masses of 400 000 g/mol.
(The deviation from the linear behavior at smaller molar masses
is mainly due to the physical limitations of the MALLS. At
low molar masses the MALLS has a detection limit of about
20 nm due to the wavelength of the laser used.) Thus, it can be
concluded that F8A, F18A, and F26A possess long-chain
branches. The deviation is smaller than that of the homopolymer
F0 (cf. Figure 4). From this finding it can be concluded that
these samples are less branched than F0. As the amount of LCB
determined for F0 was already small, the amount of LCB in
the copolymers is even lower. Hence, a further quantification
of LCB in these systems was not undertaken.

Additionally, the decrease of the radius of gyration by short-
chain branches also has to be taken into consideration, with
significant effects often seen for comonomer contents larger than
20 wt %.36 However, with the comonomer contents smaller than
this value for most copolymers studied, with the exception of
F26C, these effects are thought to be small.

To our knowledge, it is the first time that a copolymer with
a comonomer longer than octene was investigated by SEC-
MALLS. Even the comonomer hexacosene does not decrease
the radius of gyration (as found for the linear sample F26C).

For the octene-based copolymers the difference to the linear
reference becomes less pronounced with increasing comonomer
content, with no deviation seen for F8C (Figure 6). A similar
behavior was found for the longerR-olefin copolymers.

From the SEC-MALLS measurements it was concluded that
the catalyst system [Ph2C(2,7-di-t-BuFlu)(Cp)]ZrCl2/MAO pro-
duced LCB, even ifR-olefins of greater than 8 carbons in length
were used as comonomers. However, the incorporation of LCB
was found only for copolymers containing a low comonomer
content. With a maximum LCB content of only 0.61 LCB/
10 000 CH2 determined for F0, the question arises whether the

amount of LCB in the samples with a high comonomer content
is below the detection threshold for SEC-MALLS or whether
long-chain branches are not generated at all. To gain deeper
insight into the existence of LCB in these copolymers, rheo-
logical measurements were performed, as they are very sensitive
with respect to very small amounts of LCB.

Rheological Characterization.Long-chain branching influ-
ences a number of linear and nonlinear rheological properties.
These include the viscosity function and the dependence of the
zero shear rate viscosity (η0) on the absolute mass-average molar
massMw. The dependence of the phase angle (δ) on the complex
modulus (|G* |) is significantly influenced by the presence of
LCB, too.1 Long-chain branched systems also show increased
linear steady-state elastic compliances (Je

0) if compared with
linear counterparts.26 It should be mentioned, however, that most
of these rheological properties are dependent on both LCB and
molar mass distribution (MMD). An exception is the relation
betweenη0 and Mw which was found to be independent of
polydispersity within the accuracy of the measurements.29 All
of these rheological properties were used to investigate the
presence of LCB in the copolymers as the influence of the molar
mass distribution can be neglected due to their similar poly-
dispersity (Table 2).

Zero Shear Rate Viscosityη0. For the zero shear rate
viscosityη0 the relationship

is well established in cases of linear polymers above a critical
molar massMc, which is about 2 times the entanglement molar
massMe. At 150°C the material constants were found to beK1

) 9 × 10-15 andR ) 3.6 for linear polyethylenes withη0 in
Pa s andMw in g/mol. Substantial deviation from this simple
relationship occurs with the presence of LCB. For long-chain
branched mLLDPE and mHDPE the zero shear rate viscosity
was typically found to be greater than the valueη0

lin, calculated
for a linear sample of the same molar mass using eq 4.26

The zero shear rate viscosityη0 was measured for all samples
by means of creep experiments (Figure 1). The results are plotted
as a function ofMw in Figure 7. The zero shear rate viscosities
of the samples F0, F8A, F18A, F8B, and F18B lie distinctly
above theη0-Mw line established for linear polyethylenes.

The ratioη0/η0
lin provides a more subtle representation of

the influence of the LCB on the zero shear rate viscosities and
is very suitable for a discussion of the role of the various
comonomers regarding the LCB architecture. Therefore,η0/η0

lin

Figure 5. Radius of gyration as a function of molar mass for various
copolymers with the lowest comonomer content each.

Figure 6. Radius of gyration as a function of molar mass for the octene
copolymers.

η0 ) K1Mw
R (4)
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is plotted in Figure 8a as a function of the comonomer feed
and in Figure 8b in dependence on the comonomer content.

Generally,η0/η0
lin was found to decrease with increasing feed

and comonomer content as well, approaching the ratio of 1 for
purely linear systems. The highest increase of the zero shear
rate viscosity was observed for F0 withη0/η0

lin ≈ 6.9. The
copolymers with the lowest comonomer content (F8A, F18A,
and F26A) show an increase ofη0 between 6.3 and 5.5. The
copolymers with medium comonomer contents exhibit values
of 4.8 and 3.0 for F8B and F18B/F26B, respectively.

The question arises about the nature of the mechanism of
the copolymer influencing the LCB formation.

It is evident that each comonomer has a different influence
on η0/η0

lin as a function of feed and content. In general, the
incorporation of LCB into the growing chain can be influenced
either by the comonomer feed concentration or by the already
incorporated comonomer. In the first case the influence is mainly
due to diffusion and kinetic effects. It can formally be considered
a terpolymerization reaction; ethene, the comonomer, and the
LCB-forming macromer act as competing reactants.

For all copolymerizations discussed herein an increase of the
polymerization activity was observed up to a certain comonomer
concentration in the feed.23 The activity reached a maximum
much higher than that of the ethene homopolymerization and
decreased when more than about 10 mol % of comonomer was
in the reactor feed. This comonomer effect was observed often
in the literature for many metallocene-catalyzed ethene/R-olefin
copolymerizations.37-39 Seppa¨lä et al. ascribe this to a participa-
tion of the comonomer on the activation of the active center.40,41

This leads to a decrease of the activation energy for the insertion
of a monomer into the carbon-metal bond and thereby facilitate
the chain growth and the chain-transfer reactions. This phe-
nomenon is very catalyst and comonomer specific. For ethene/
propene copolymerizations in solution it was furthermore found
that the comonomer effect is also lowered with higher ethene
concentration in feed.42 Figure 8a shows for the comomoner
feed a decreasing effect on the LCB incorporation with
increasing comonomer concentration. Looking at the influence
of the reaction mixture there is a less pronounced difference
between the comonomer types used; most important is their
amount in solution. In contrast to that, the comonomer acts very
differently after insertion into the polymer chain. In contrast,
after insertion into the polymer chain the various comonomers
acted very differently, with the steric hindrance of the polymer
side chains strongly determining LCB formation (Figure 8b).
For example, although F26C and F8B have approximately the

same comonomer content (1.9 mol %), each sample exhibited
significantly different viscosity ratios of approximately 5 and
1, respectively. The latter lies on theη0-Mw line for linear PE
(Figure 7). The octadecene (F18) and hexacosene (F26)
copolymers did not show a large difference inη0/η0

lin as a
function of the comonomer contentnc. When comparing
octadecene and hexacosene copolymers, the comonomer length
is not found to play an important role in LCB incorporation.
However, comparing octene and octadecene (or hexacosene)
polymers, the LCB incorporation is obviously different. Thus,
the additional 10 carbons of octadecene have a distinct effect
on η0/η0

lin while the additional 8 carbons between octadecene
and hexacosene do not strongly influence this quantity.

As all high comonomer content samples (F8C, F18C, and
F26C) are found to lie atη0/η0

lin ≈ 1, it can be concluded that
these samples are predominantly linear. This finding is in good
agreement with the SEC-MALLS experiments. The effect
between the different samples, however, is much more obvious
than by SEC-MALLS as the effects are much larger than the
small deviations of the radius of gyration of the branched
samples from the linear standard.

Viscosity Function. The dynamic viscosities of F18B and
F18C are represented over a very wide frequency range in Figure
9. They were obtained by dynamic-mechanical measurements
and conversion of creep recovery data.32 Both samples have
the same comonomer and similar molar masses of 167 for F18B

Figure 7. Zero shear rate viscosityη0 as a function of molar massMw

for the homopolymer and octene/octadecene copolymers.

Figure 8. (a, b) Ratio of zero shear rate viscosityη0/η0
lin as a function

of comonomer feed and content, respectively. The approximate
experimental error ofη0/η0

lin is about(20% (shown for the octene
series) assuming(5% error inMw.
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and 159 kg/mol for F18C, respectively. The dynamic data
extracted from the retardation spectrum (calculated from creep
recovery tests32 (an example of a creep recovery test is shown
in Figure 1)) overlap very well with the dynamic data from the
frequency sweeps.

The viscosity functions of F18B and F18C are distinctly
different. Taking molecular parameters into account, this is
thought to be a consequence of differing degrees of LCB. At
angular frequencies above 10 s-1 the viscosity functions
|η*(ω)| of F18B and F18C are similar. However, below this
value, F18B exhibits the typical LCB-PE behavior of two
distinct “bends” at 10 and 10-3 s-1. Only one such “bend” is
seen for F18C, being typical of linear samples.

As the two samples differ in zero shear rate viscosity,
normalization is needed for further analysis. The normalized
viscosity |η*(ω)|/η0 was plotted as a function of the reduced
angular frequencyη0ω (Figure 10). This normalization can only
be made assuming the validity of the Cox-Merz rule for these
samples. However, this has been proven for virtually all single-
phase polymer melts. The change in shape of the reduced
viscosity functions of F18A, F18B, F18C, F0, and L4 is shown
in Figure 10. L4 is a linear ethene/butene copolymer whose
rheology can be found in the literature.26

At high frequencies a slope of approximately-1 was reached
in a double-logarithmic scale. For samples not exhibiting LCB
the shape of the viscosity curve depends only on the molar mass
distribution. Significant differences are seen for samples con-

taining LCB. From the results in Figure 10 it can be concluded
that F18C does not contain a large amount of LCB, which agrees
with the findings of SEC-MALLS.

While F18C and L4 show no signs of LCB, samples with
lower comonomer contents exhibit viscosity functions with a
shape typical of LCB which becomes the more pronounced the
lower the comonomer content is. F18B shows an intermediate
behavior, between that of F18A and F18C.

|G* |-δ Plot. The phase angleδ as a function of the absolute
value of the complex modulus|G* | is another versatile tool for
getting insight into the molecular structure, having the advantage
that no normalization with respect to the molar mass is needed.

However, a characterization of LCB by the|G* |-δ plot is
only possible if the shape of the molar mass distribution is
known. Bimodal or very broad molar mass distributions show
a behavior similar to that of LCB. For all the materials studied
having a polydispersity of around 2 these limitations do not
apply.

For linear systems the dependence of the phase angleδ with
|G* | is found to sharply increase at small phase angles and
approach a plateau upon reaching the limiting phase angle of
90°. A typical linear behavior was seen for F26C (Figure 11);
the strongest indication of LCB was observed for F0. The lower
comonomer content hexacosene copolymers, F26A and F26B,
also show slight deviations from L4 and F26C, suggesting LCB
contents between those found in F26C and F0. It can thus be
concluded that F0 had the highest degree of LCB followed by
F26A and F26B, while F26C showed no indication of LCB.
Similar trends with comonomer content were found for the
octadecene and hexacosene copolymers.

Steady-State Creep Recovery ComplianceJe
0. The pres-

ence of LCB may also be studied using the steady-state creep
recovery complianceJe

0. Since all systems investigated have a
similar molar mass distribution and short-chain branching does
not effect this property,26 no dependence on molar mass
distribution has to be regarded for the systems investigated here.
High molar mass components, which increaseJe

0 signifi-
cantly,43 are not observed for any of the copolymers by SEC-
MALLS. Thus, the only factor influencingJe

0 for the materials
under investigation is the degree of LCB.

The linear steady-state elastic complianceJe
0, as a function

of the comonomer contentnc, is shown in Figure 12. Because
of the long retardation times found for F8A, F18B, and F26B,
it was not possible to reach the steady state. For these systems
the value ofJe

0 is higher than that measured. The homopolymer

Figure 9. Comparison of the complex viscosities of F18C and F18B
obtained by frequency-sweep (FS) and calculated from creep recovery
(CR).

Figure 10. Viscosity functions normalized byη0 for F0, L4, and the
octadecene copolymers.

Figure 11. δ(|G* |) plot for the samples of the hexacosene series, linear
reference (L4), and the homopolymer F0.
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F0 and the copolymers with a low comonomer content (F8A,
F8B, F18A, and F26A) were found to have a value ofJe

0

between 10× 10-4 and 20× 10-4 Pa-1. For F18B and F26B
slightly lower values ofJe

0 ≈ 7 × 10-4 Pa-1 were observed.
These data are all within the typical range previously reported
for narrowly distributed LCB-mPE.26 For the higher comonomer
content copolymers (F8C, F18C, and F26C)Je

0 is slightly
above 10-4 Pa-1, which indicates an absence of LCB.26

Conclusions

For the homopolymer, a maximum degree of long-chain
branching of 0.37 and 0.30 LCB/molecule was determined by
melt-state NMR and SEC-MALLS, respectively. Good agree-
ment is seen considering the small contents quantified, both of
which being at the lower limit of detection for the two
techniques, and the simplifying assumptions of the Zimm-
Stockmayer theory.35 For the copolymers, smaller LCB contents
were found with SEC-MALLS. The resolution of this classical
method is not high enough, however, for a clear discrimination
of the influence of the various comonomers on the LCB content.

Therefore, rheology was used to further distinguish between
the LCB content as some rheological quantities have been
proven to react very sensitively on the existence of long-chain
branches. Lower degrees of LCB were detected in the copoly-
mers than were found in the homopolymer. Higher comonomer
content and comonomers of greater length were also found to
result in lower degrees of LCB, in qualitative agreement with
the SEC-MALLS measurements. Because of the high sensitivity
of rheological methods with respect to LCB, a clearer discrimi-
nation could be gained from the results.

The results of the SEC-MALLS and more pronounced the
rheological characterization indicate for this series of copolymers
that the catalyst used produced linear and long-chain branched
samples depending on the comonomer content. The homopoly-
mer showed the highest long-chain branch content. Any addition
of comonomer decreased the degree of long-chain branching.
For the samples with the highest comonomer content no long-
chain branches were detected neither by SEC-MALLS nor by
rheology. This effect depends on both the molar mass (length)
and the content of the comonomer. The LCB content decreases
with growing number of incorporated comonomers per chain
and with their increase in length. For the samples with the lowest
comonomer content only a very small difference to the
homopolymer was found. Similar results are reported by Kokko

et al.19 and Walter et al.,44 but in these articles only one
comonomer was used. The dependency of the long-chain branch
incorporation and thus of the rheological properties on the
comonomer feed was also investigated for different catalyst
systems by the groups of Mu¨lhaupt44 and Seppa¨lä.18,19,24,25The
long-chain branch incorporation ceases at much higher comono-
mer contents, however, than shown in this study. These
differences can be related to the use of hydrogen gas for molar
mass control and the different catalyst systems in this study.

While a clear difference in LCB content was observed
between the polymers copolymerized with octene and octa-
decene, the difference between those with hexacosene and
octadecene is small. These findings can be understood when
looking at the chemical mechanism of the long-chain branch
incorporation. A short-chain branch of longer length provides
a stronger steric hindrance concerning the incorporation of a
vinyl-terminated macromonomer into the growing chain than
that of a smaller length. The effectiveness of octadecene and
hexacosene seems to be above a steric threshold, where the
hindrance is so strong that macromers are not attached to the
backbone anymore. These conclusions could only be attained
by using hexacosene as comonomer which has not been
previously investigated in the literature for the metallocene-
catalyzed synthesis of polyethylenes.
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