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’ INTRODUCTION

Polyethylenes produced by metallocene/MAO systems have
gained more and more commercial importance because of their
superior material properties. However, the lack of a pronounced
shear thinning and strain hardening is a significant problem for
industrial applications. One strategy to adjust the properties of
this class of materials is the generation of long-chain branches
(LCB). The introduction of LCB with metallocene catalysts is
achieved by a copolymerization of ethylene and chains termi-
nated by a vinyl end group.1 An enhancement of the LCB content
has been tried by adding long vinyl-terminated chains, so-called
macromers, to the reactor, thus increasing the availability of
potential LCB.2,3 Until recently, only ethylene-based macromers
were used,2,3 since they consist of sterically unhindered vinyl end
groups which are able to be inserted easily, thus forming LCB.
Long-chain branched polymers were produced with this method
by copolymerization of ethylene-based macromers with ethyl-
ene or propylene monomers.2,3 However, the separation of
nonincorporated ethylene-based macromers from the long-chain
branched product is not easy and in most cases yields insufficient
material quantities after the separation process. An improvement
can be achieved by the synthesis of ethylene/propylene macro-
mers, which exhibit low crystallinity.4With this approach, it is not
only possible to separate highly crystalline long-chain branched
polyolefins from excess macromers (of a low crystallinity) but
also to create polyolefins with novel properties, which can be very
interesting for various industrial applications.

Although such ethylene/propylene amorphous or partially
crystalline macromers are well-known, the main problem is to
create materials consisting of sterically unhindered vinyl end
groups which are, thus, able to act as macromers (this means
that no side group may be at the β- and γ-position of the
macromer).

It was established before4 that the following approach is suit-
able for the synthesis of macromers and, thus, comb-PE, the arms
of which are incorporated macromers (Figure 1). The synthesis
includes two steps. As a first step, ethylene/propylene macromers
are synthesized by using the catalyst (CpMe5)2ZrCl2, which has
the special property to terminate growing chains with a 1,3-
insertion of propylene; i.e., the catalyst incorporates a propene
in away that nomethyl side group is produced and then terminates
the reaction, leaving a high percentage of vinyl groups without a
methyl group at the R- or β-position. Such moieties are sterically
hindered and, thus, the biggest hindrance to produce long-chain
branched polypropylene by metallocene catalysts without any
special agents, such as vinyl chloride5 or R�ω-dienes.6 This
macromer is subsequently fed into a reactor using ethene and
the catalyst system [Ph2C(2,7-di-tert-Bu2Flu)(Cp)]ZrCl2/MAO
to copolymerize the macromer with the ethylene to produce
long-chain branched macromer polyethylene.
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ABSTRACT: A sequential metallocene-catalyzed synthesis of
ethylene/propylene macromers, which are subsequently incor-
porated into growing polyethylene chains, leads to comb-like
polymers. After the synthesis, a Soxhlet extraction ensures the
purity of the sample. The GPC-MALLS analysis reveals nar-
rowly distributed samples with a non-negligible degree of
branching. The comb polymers show a very high viscosity,
which significantly differs from conventional long-chain
branched metallocene polyethylenes (LCB-mPE) but is in
agreement with findings on comb model polymers. The zero shear rate viscosity η0 lies significantly above the relation between
Mw and η0 for linear and for conventional LCB-mPE. The thermorheological behavior is complex and differs from that observed for
LCB-mPE but also does not resemble an LDPE-like thermorheological behavior.
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In order to prove the incorporation ofmacromers, threemethods
are available. As the macromers contain methyl side groups, but the
main chain does not, even the concentration of the macromers can
be detected byNMR (nuclearmagnetic resonance spectroscopy). It
follows from the amount of methyl groups in the branched material
compared to that in the macromer.3 The second method is to
measure the coil contraction by GPC-MALLS, which is caused by
the macromers being included within the coil of the main chain.

A very sensitive method for the detection of long-chain branches
is rheological properties.7,8

While the linear viscoelastic behavior of monodisperse combs
is relatively well understood, the knowledge on the nonlinear
behavior is still very limited, as only very few reports exist on
elongational viscosity,9 large-amplitude oscillatory shear,10,11 and
relaxation behavior and damping functions.12

For the characterization of long-chain branches in polyolefins
in the linear viscoelastic regime several different methods have
been reported. Linear polymers follow the well-known correla-
tion between the zero shear rate viscosity η0 and the weight-
average molar mass Mw with an exponent of around 3.4,13,14

which was recently shown to be valid for HDPE and LLDPE of a
very wide range of molar masses, molar mass distributions, and
comonomer contents.15�17 The introduction of some few long-
chain branches, in general, leads to a failure of that correlation
toward higher zero shear-rate viscosities η0.

8,18�21

The introduction of long-chain branches also results in an
increase of the steady-state recoverable compliance Je

0.7,9,19,22�28

The analysis of the frequency-dependent data (|η*(ω)|, G0(ω),
G00(ω), ...) is much less developed due to its inherent complex-
ity. It is generally accepted, however, that the introduction of

Figure 1. Reaction scheme for ethylene-graft-ethylene/propylene copolymers (P stands for the polymer main chain).

Table 1. Molecular Properties and Zero Shear Rate Viscosity η0
a

run cethylene [mol/L] MM % in the feed nc [mol %] wc [wt %] Tm [�C] Mw [g/mol] Mw/Mn η0 at 150 �C [Pa 3 s]

MM-0h 2 0 0 0 136 101 000 2 3.0 � 104

MM-0.5h 3 0.5 0.16 31.4 134 105 000 1.8 >2.8 � 106

MM-1h 4 0.1 1 0.17 32.7 132 120 000 1.8 .1.4 � 108

MM-2h 5 2 0.31 47.1 130 78 000 2.1 3.5 � 105

MM-5h 6 5 0.58 60.4 126 122 000 2.7 .1.3 � 107

MM-0l 7 0 0 0 136 33 000 2.0 142

MM-0.5l 8 0.5 0.20 36.4 134 30 500 1.7 n.d.

MM-1l 9 0.05 1 0.26 42.7 131 32 700 1.7 n.d.

MM-2l 10 2 0.35 50.4 129 34 000 2.0 538

MM-5l 11 5 0.515 59.7 121 39 000 2.1 280
a nc = molar (macro-)comonomer content; wc = weight (macro-)comonomer content.
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long-chain branches leads to the appearance of additional rela-
xation processes.7,8,29,30

The analysis of the thermorheological behavior has been
used for the characterization of a wide range of branched poly-
ethylenes, too. The introduction of branches in general leads to an
increase of the activation energy. For short-chain branched PE
(LLDPE) a linear dependence between the weight content of the
side chains and the activation energy Ea was found recently,31,32

generalizing an earlier method by Vega et al.33 for different
comonomer types. For highly long-chain branched LDPE activa-
tion energies between 55 and 75 kJ/mol have been reported,34�38

while lower values were established for LCB-mPE, which addition-
ally behave thermorheologically complex;35,39 i.e., master curves
cannot be constructed.

In this paper, we present results on the synthesis and character-
ization of the novel class of graft copolymers obtained by the
copolymerization of ethylene/propylene macromers and ethylene.
The characterization was carried out by SEC-MALLS, NMR, and
rheological measurements. The rheological characterization focuses
on the linear viscoelastic regime, especially on modulus functions,
the zero shear-rate viscosity, and the temperature dependence of
rheological data.

’EXPERIMENTAL SECTION

Synthesis. Chemicals. Ethylene (99.8%) was provided by Linde and
purified by passage through columns of BASF R3-11 oxygen scavenger
and 4 Å molecular sieves for the polymerization. Propylene (99.8%) was
provided by Gerling, Holz & Co. and was purified by the same process.
Nitrogen was purified by passage through columns containing activated
molecular sieves and Q-5 oxygen scavenger.

Pentane, hexane, toluene, and benzene were purified by passage through
columns of activated alumina andBASFR3-11 oxygen scavenger. The polar
solvents THF and CH2Cl2 were also purified by passage through two
columns of activated alumina. THF-d8 was stored over Na/benzophenone
ketyl. CDCl3 and CH2Cl2 were stored over P2O5.

Methylaluminoxane (MAO)was provided by AkzoNobel and purified
by condensation.
Synthesis of EP-Macromers. All polymerization reactions were per-

formed in a 1 L glass reactor (B€uchi). The 1 L reactor was heated up to
90 �C and flushed with argon several times. Dry and powdered MAO
was introduced to the reactor. The reactor was loaded with 400 mL of
toluene. The solution was then saturated with propylene and ethylene.

The ethylene pressure was kept stable by mass-flow control. The reaction
was initiated by the injection of the desired volume of a stock solution of
catalyst A into the reactor. The reaction was quenched after 2 h by the
addition of 10 mL of ethanol. Then the reactor was emptied and washed
with toluene and ethanol. 100mLof dilute hydrochloric acidwas added to
the reaction solution, and the mixture was stirred overnight. The organic
phase was separated and washed three times with water. It was concen-
trated under vacuum, and the waxy product was dried in the vacuum oven
overnight at 40 �C.

Synthesis of Long-Chain Branched Polyethylene. The 1 L reactor
was heated together with EPmacromers at 60 �C for 1.5 h, and 400mg of
dry and powdered cocatalyst MAO was introduced to the reactor. The
reactor was filled with 200 mL of dry toluene. Hydrogen gas was fed to
the reactor for 2 min, and the solution was saturated with ethylene under
stable pressure by mass-flow control. The reaction was initiated by
injection of the desired volume of a solution of the fluorenyl catalyst
([Ph2C(2,7-di-tert-Bu2Flu)(Cp)]ZrCl2) into the reactor.

The copolymerization reaction was quenched after 2 h by the addition
of 10 mL of ethanol. The reactor was emptied and washed with toluene
and ethanol. 100 mL of dilute hydrochloric acid was given to the reaction
solution, and the mixture was stirred overnight. The polymer solution was
strained by suction filtration and washed three times with ethanol. The
product was dried under vacuum in an oven overnight at 40 �C.

Purification of Long-Chain Branched Polyethylene. Soxhlet extrac-
tion was used to purify the long-chain branched polyethylene. The
residual ethylene/propylene macromers of low molar mass were sepa-
rated from the LCB-PE of high molar mass by making use of the
property that, in contrast to the LCB-PE, the macromers are soluble in
toluene. Toluene was put into a flask. The flask was heated, and the
toluene gas rose up through the condenser. Then the condensed solvent
dropped into the Soxhlet tube and perfused the product in the paper
thimble. The hot toluene extracted ethylene/propylene macromers
from the product. When the level of solvent was higher than the
U-shaped side arm, the solvent with the dissolved low molar mass
fraction was drained into the flask.
NMR. The macromer incorporation was determined by 13C-Igated

measurements at 100 �C (Bruker Avance 400 spectrometer). NMR
samples were dissolved in hexachlorobutadiene referenced against
1,1,2,2-tetrachloroethane-d2.
Differential Scanning Calorimetry. The melting and glass transi-

tion temperatures of the polymers were measured by DSC. The measure-
ments were carried out on a Mettler Toledo DSC 821. Indium with a
melting point of 156.61 �Cwas used as a calibration standard. The sample
for the measurements of about 5 mg was kept in aluminum pans. The
heating rate was 20 �C/min, and the temperature ranged from �100 to
200 �C.
SEC-MALLS. The molecular characterization of the products were

performed in 1,2,4-trichlorobenzene at 140 �C using a high-temperature
SEC (Waters 150C) coupled with a multiangle light scattering instrument
(Dawn EOS, Wyatt). Details of the experimental setup, the mearsuring
procedure, and the evaluation of the data are given elsewhere.15,18

Rheology. The rheological characterization was performed with a
Bohlin/Malvern Gemini using an electrically heated nitrogen purged
oven with a 25 mm parallel-plate geometry. Dynamic-mechanical tests
were carried out at 150 �C as a standard and at 170, 190, 210, and 230 �C

Figure 2. Dependence of the melting point of LCB-PE at high
(0.1 mol/L) and low (0.05 mol/L) ethylene concentration on the
content of macromer in the feed.

Figure 3. Signal correlated to the vinyl carbon atom in EP macromer.
δ = 33.3 ppm refers to the shift of the branching C in the macromer.
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to extend the frequency regime. Creep and creep recovery tests were
performed at 150 �C in the linear range of deformations to determine η0.
A more in-depth description of the testing methods used is given
elsewhere.15 The thermal stability was proven by performing a frequency
sweep at 150 �C as the first and the last test with each sample after
preceding measurements. If the two tests agree within (5% for all
frequencies in both G0(ω) and G0 0(ω), it was concluded that the sample’s
thermal stability limit was not exceeded. In general, the materials were
found to be very stable, which is in accordance with results on other
samples obtained earlier using this catalyst.7,17,40

For a further analysis, relaxation spectra were calculated according to
the method of Stadler and Bailly.41,42

’RESULTS

Synthesis. LCB-PEs were synthesized in two steps. First,
the EP macromers were generated, and then copolymeriza-
tions were run using the MAO activated fluorenyl catalyst
([Ph2C(2,7-di-tert-Bu2Flu)(Cp)]ZrCl2), which has shown to

be a very successful catalyst for comonomer incorporations into
LLDPEs.7,43

Fluorenyl-based catalysts produce PEs with very high molar
masses (>1 � 106 g/mol), which create problems for rheological
measurements due to their very long relaxation times. The molar
masses of thematerials were regulated by the addition of hydrogen
as explained later in this section.18,44

EP-macromers with Mw = 8000 g/mol were used to generate
LCB-PEs due to their higher solubility and the higher content of
propylene in the chain compared to EP-macromers with a higher
molar mass, which feature a lower propylene content.4 Polymer-
ization was performed for 2 h, and the ethylene consumption was
monitored by amass flow control system. The bimodal copolymer
fractions were purified by washing with hot toluene and Soxhlet
extraction. This method resulted in the synthesis of LCB-PEs with
novel properties by a controlled insertion of comonomers.
Table 1 shows the synthesis conditions alongwith themolecular

data and the zero shear-rate viscosity of the macromer polyethyl-
enes. MM stands for macromer followed by a number designating

Figure 4. 13C NMR spectra of MM-PE (a) and homo-PE (b) obtained by [Ph2C(2,7-di-tert-Bu2Flu)(Cp)]ZrCl2/MAO. The small peaks in MM-PE
correspond to the carbons in the proximity of the methyl branches of the macromers.
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the molar content of macromer in the feed (0�5 mol %). The h
and l indicate high and low monomer (ethylene) concentration,
respectively, which, as the hydrogen content in the reactor was
kept constant throughout the syntheses, varies the ratio of ethylene
to hydrogen. This ratio determines themolarmass, as the likeliness
of hydrogen leading to a termination of the sample depends on the
concentration of hydrogen relative to that of the monomers.45

As a consequence, the molar mass of the “h-samples” is adjusted
toMw ≈ 100 kg/mol, while the “l-samples” have a molar mass of
Mw ≈ 33 kg/mol, only.4,18

Differential Scanning Calorimetry.The melting point of the
LCB-PEs was investigated by DSC. The comparison of melting
points shows differences between the homopolyethylenes (MM-
0l and MM-0h) and the long-chain branched samples. The
melting point is reduced from 136 to 121 �C, even at a very
low content of incorporated macro-macromers (Figure 2).
Themelting temperaturesTm for different macromer contents

nc are not distinctly different from conventional LLDPE with
various comonomer contents, despite the fact that the macro-
mers are much longer.46 This means that the melting point is
distinctly higher than the values being expected from the weight
content wc.

47 The MM-PEs have a weight macromer content wc

of up to 60wt% and still crystallize reasonably well. Furthermore,
the single melting point is a clear indicator for the existence of
copolymers and not blends, as a blend component would leave
the melting point of the PE unchanged.
NMR. For a quantification of the branches, the materials

synthesized in this work the inverse gated decoupled 13C
NMR was used. The carbon atom, at which the side chain was
attached, could not be detected directly in the LCB-PEs by 13C
NMR measurements. This can be due to either an overlap of the
carbon signal due to the coupling of the macromer with other
signals or the very low effective concentration of the branching
carbon atoms. The signal δ = 33.3 ppm in the EP macromer was
taken as a reference for the carbons carrying methyl groups
(Figure 3). Thus, the methyl content of the total sample was
determined, whose value is directly proportional to the macro-
mer content, which is given in Table 1.
As the signals of the CH2 moiety in both the LCB-PE and the

EP macromer are around δ = 30 ppm, the overlapping signal
coming from the EPmacromerwas extracted from that of themain

LCB-PE signal. The 13C NMR spectrum of HDPE and LCB-PE
are shown in Figure 4. The signals from the EP macromer are
clearly observed as the extra peaks in the spectrum (Figure 4a)
compared to that of the homopolyethylenes (Figure 4b).
SEC-MALLS. Broad molar mass distributions and long-chain

branches can have a similar effect on some rheological properties
of a material. In order to assess the effect of long-chain branching,
the materials were measured by size exclusion chromatography
coupled with multiangle laser light scattering (SEC-MALLS).48

The multiangle light scattering (MALLS) detector measures
the radius of gyration. The presence of long-chain branches leads
to a decrease of the radius of gyration Ær2æ0.5, compared to the
fraction of a linear material of the same molar mass.
The molar mass distribution (MMD) and Ær2æ0.5 are given in

Figure 5 for materials prepared at low ethylene concentration
(0.05 mol/L) and different macromer concentrations in the feed.
From the MMD it is seen that the samples are unimodal,
indicating that the purification step was successful in removing
the not incorporated macromers. For the materials shown in
Figure 5 Mw/Mn ≈ 2 is found (see Table 1), which is typical of
metallocene-based PE. Because of the quite low molar mass of
the materials the scatter of Ærg2æ0.5 is so high that it cannot be
decided whether long-chain branches are present in the samples.
The materials prepared at higher ethylene concentration

(c = 0.1 mol/L) and different macromer feeds were also analyzed
by SEC-MALLS. As an example, the MMD of the material with
2% macromer in the feed is presented in Figure 6. It is unimodal,
and therefore, the material does not contain any noticeable
residual EP macromers. In contrast to the samples in Figure 5,
a significant contraction of Ærg2æ0.5 was found for this sample in
comparison to the linear PE (Figure 6), indicating the existence
of long-chain branches. This clear result is due to the fact that the
molar masses and, thus, the resolution of the MALLS are higher.
GPC-MALLS measurements were also performed for the

other materials prepared at higher ethylene pressures with
varying macromer feeds. Ærg2æ0.5 of all the materials deviates
from the linear reference, and contractions are found for all the
samples (Figure 7). These SEC-MALLS measurements indi-
cate that the materials prepared with a feed of 1, 2, and 5% of
macromer contain some long-chain branches.

Figure 5. Molar mass distributions and radii of gyration for the samples
prepared at low ethylene pressure (MM-0l: no macromer; MM-2l: 2%
macromer; MM-5l: 5% macromer in the feed).

Figure 6. Molar mass distribution and radius of gyration of the sample
MM-2h prepared at high ethylene concentration (c = 0.1 mol/L, 2%
macromer in the feed). Two samples are shown to demonstrate the
reproducibility of the experiment.
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The comparison between the data of the LCB-PEs shows that
Ær2æ0.5 of the materials deviates the more strongly from the linear
reference the higher the amount of macromer in the feed. This leads
to the conclusion that the higher the macromer content in the feed,
the higher the LCB content in the final polymer. Compared to
normal LCB-PE, however, the deviation from the linear reference
does not increase much with rising molar mass.18,49�51

Using the data in Table 1, it is possible to get a more quantitative
insight into the molecular structure of the comb PEs. The macro-
mer weight contentwc increases with growing feed. Following from
nc, more than 10% of the available macromer is incorporated. As
similar incorporation ratios are known for conventional comono-
mers (C8�C24) with this catalyst,7,43 the length of the comono-
mer/macromer does not seem to play a role for the insertion
process. Because of the high molar mass of the macromer—several
hundred times larger than conventional comonomers—very high
weight contents are obtained as Figure 8a shows.
The backbone molar mass Mw

bb calculated according to

Mw
bb ¼ Mwð1� wcÞ ð1Þ

is discussed in Figure 8b. The data indicate that the molar mass
of the backbone decreases significantly upon incorporation of
macromers. The trend of Mw

bb is identical for both ethylene
concentrations, when normalized with the molar mass of the
samples without macromer additionMw

0 . The fact that the catalyst
reacts very susceptible to hydrogen makes the correlation some-
what error afflicted.52

Rheological Investigations. The zero shear-rate viscosities
were determined from creep tests by plotting t0/J(t0) as a function
of time in the linear range of deformation.53,54 t0 is the creep time,
and J(t0) is the creep compliance. Figure 9 shows that the plateau
value and, therewith, the zero shear-rate viscosity η0 is reached for
MM-2h after about 6000 s. However, it is not possible to attain a
plateau value forMM-1hwithin this timewindow; thus, it can only
be concluded that the zero shear-rate viscosity η0 of MM-1h is
distinctly higher than 108 Pa 3 s.
Zero Shear-Rate Viscosities η0. The dependency of the zero

shear-rate viscosityη0 on the absolutemolarmassMw is a powerful
relation to detect long-chain branches and to gain some qualitative

insight into the long-chain branching structure.24,55 In order to
compare the new class of materials investigated in this paper to
“normal” LCB-mPE, the results obtained in our previous papers
are plotted in Figure 10 as the gray area, which encompasses the
values available to the authors (about 60materials).7,8,18,56 Although
it was not possible to measure the zero shear-rate viscosity η0 of any
of theMM-PE sampleswith amolarmassMw above 100 000 g/mol,
it becomes immediately evident that the high molar mass samples
distinctly deviate from the linear reference, while the low molecular
samples are very close to the reference line of the linear products,
which has been discussed in detail before.4 The high molar mass
MM-PE differ more distinctly from the η0�Mw relation for linear
polymers in comparison to the “normal” LCB-mPE; i.e., they have a
higher zero shear rate viscosity increase factor η0/η0

lin than the
“normal” LCB-mPE, if compared at the same Mw. In general, the
actual zero shear rate viscosityη0 is expected to become higher by at
least a factor of 10 than themaximumviscosities plotted in Figure 10
for all samples withMw > 100 000 g/mol.
This strong deviation raises the question about the origin for

this unusual behavior. The NMR spectroscopy showed a signifi-
cant amount of methyl side groups in the samples, which can only
stem from the macromers. However, as stated before, SEC-
MALLS did not give any hint to unbound macromers, hence, it
can be assumed that all of them are incorporated into the polymer

Figure 7. Radius of gyration as a function of the absolute molar mass
MLS of the samples prepared at high ethylene pressure and different
amounts of macromer (0�5% macromer) in the feed.

Figure 8. (a) Weight content of macromer (open symbols) and (b)
reduction of backbone molar mass (filled symbols) in relation to the
samples without macromer in the feed as a function of macromer feed.
Lines drawn to guide the eye.
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main chain. But the question remains how the branching topo-
graphy looks like. From the probable reactionmechanism, it can be
assumed that the structure is most likely comb-like and that the
macromers are not part of the backbone.57

Nevertheless, there is no way to conclude this from the
molecular characterization directly. An alternative possibility
would be a tree-like morphology. However, this can be ruled
out by the η0�Mw plot, as tree-like morphologies, typical of
LDPE and dendrimers, result in data below the η0�Mw relation
for linear polymers.36,37,58 Values for combs, however, are found
distinctly above the η0�Mw relation for linear polymers as long
as the arms are not too short and too numerous.21,59,60 On the
basis of the sampleMM-0h, which according to η0(Mw) seems to
be slightly long-chain branched itself, few combs with star-like
backbones can be expected.
As it is justified to assume from the reaction mechanisms, SEC-

MALLS, NMR characterization, and the rheological measure-
ments as well that the dominating structure of the MM-PEs is
the comb, the zero shear rate viscosities obtained can qualitatively
be compared to the comb model for monodisperse polymers by
Inkson et al.60,61 The highest viscosity found at certain molar mass
Mw with the comb model is given in Figure 10 as the thick dashed
line. It has to be considered, however, that the MM-PEs are
polydisperse. Hence, only a qualitative comparison can be drawn.
Dynamic-Mechanical Experiments.The plot of the phase angle

δ as a function of the magnitude of the complex modulus |G*| has
been proven to be a valuable tool for the detection of long-chain
branches for samples with a known MMD.18,19,62�64 A deviation
of δ(|G*|) for unknown samples from the curve of a reference
established for linear samples of approximately the same MMD and
Mw is a strong indicator for the presence of long-chain branching.
From Figure 11 it is obvious that even the homopolymer MM0

deviates distinctly from the linear reference, indicating a weak
long-chain branching due to the characteristic phase angle δc

62,65

of 72�, which confirms the conclusions from the η0�Mw plot.18

TheMM-PE samples show a very strong deviation from the linear
reference. Fixing pc is not possible for theMM-PEof the “h-series”,
as the changes in slope are rather small. However, an approximate
area for pc can be given, which is indicated by the dashed ellipse
in Figure 11. The positions of pc, albeit not fixable exactly, are
totally untypical of LCB-mPE in the molar mass range below
Mw = 300 000 g/mol. The shapes of the functions δ(|G*|) of

the MM-PE have some similarities with a totally different class
of materials—the highly branched low-density polyethylenes
(cf. LDPE 1 and LDPE 2 in Figure 11), which are believed to
have a tree-like branching structure and a very broad molar mass
distribution.
The conclusion is that the MM-PE samples must possess long-

chain branches with rather short relaxation times of the first
hierarchical level. On the other hand, they also possess long
terminal relaxation times (cf. Figure 9). Hence, it is concluded that
two processes, a long and a short relaxation process, occur in case of
the MM-PE. Such processes could be the relaxation process of
short long-chain branches and the slow relaxation by fluctuation of
the backbone. Short, entangled macromers attached to a backbone
are a possible architecture for this type of behavior, as they are short
enough to fluctuate quickly, thus showing short relaxation times.
The fact that the terminal relaxation times are, nevertheless, very
long is not a contradiction, as a backbone with long-chain branches
attached to it cannot reptate, but relaxes by fluctuations, which are
significantly slower than the reptation processes.60,67

When comparing the shapes of the measured curves to the
topography maps by Trinkle et al.68 and the expanded version by
Liu et al.,69 to the data of the MM-PE, similarities appear. The
topography map designates certain areas of the δ(|G*|/GN

0 ) plot
to certain topographies.
According to Trinkle et al.,68 the materials are located in the

δ(|G*|) plot (the critical point pc, with its coordinates δc andGc)
in the regime of stars and H-like polymers, close to the regime of
highly entangled systems. However, Liu et al.69 pointed out
the topography map of Trinkle et al.68 is incomplete, as too few
model polymers were considered.
According to Liu et al.,69 the MM-PEs’most likely topographies

are either stars with an arm molar mass Ma around 25 kg/mol, an
asymmetric star with Ma around 20 kg/mol, and one significantly
longer arm, anHwith a significantly longer backbone than the short
arms (10 kg/mol) or a comb with few short arms (10 kg/mol).
AlthoughLiu et al.69 used amolecularmodel61 and not experimental
data, the advanced level of themolecularmodel nowadays allows for
drawing a qualitative comparison. A stretched H and a comb with 2
arms can be considered to be almost identical structures.
The first possibilities—symmetric and asymmetric stars—are

very unlikely because the synthesis conditions make the formation

Figure 10. Correlation between the weight-average molar massMw and
the zero shear rate viscosity η0. The gray area indicates the range,
experimentally found for “normal” LCB-mPE.7,8,18

Figure 9. Creep time t0 divided by creep compliance J(t0) as a function
of creep time for MM-1h and MM-2h.
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of stars with rather long arms rather unlikely. The “stretched H”
and the “comb with few arms”, however, closely resemble what
would be expected from the synthesis conditions for M = Mw.
Even the length of the side chains (M = 10 kg/mol) is rather
similar.
Although a clear assignment to a certain topography is not

possible, the topography maps indicate that the conclusion from
the reaction mechanism that the synthesis produces structures
that can be designated as combswith few arms or stretchedH and
not other highly branched structures is plausible.
A similar structure from the point of view of hierarchical

relaxation is found in low-density polyethylenes (LDPE), which
are believed to have a tree-like morphology with chain segments
in the same range as the macromers in the MM-PEs. The clear
difference, however, lies in the fact that LDPE has a morphology
with a branched backbone, comparable to a Cayley tree. Never-
theless, recent experiments on tree-likemodel polymers and their
modeling have demonstrated that the differences in the rheolog-
ical behavior between different topographies become the smaller
the more complex the topography.58,70�74

To illustrate this point, results on two typical LDPEs are
also presented in Figure 11. LDPE 1 is a high molecular LDPE,
previously studied in uni- and biaxial elongation,35,74 and LDPE 2
is a lower molecular grade.35

Viscosity Functions. Figure 12 shows the viscosity functions
|η*(ω)| of the MM-PEs of the “h”-series. For comparison, also
the viscosity function of LDPE 1 and the mLLDPE L432,77,78 are
plotted in the same figure. L4 has a molar mass very close to that
of the MM-PEs of the “h”-series (Mw = 114 kg/mol), and it is
proven to be strictly linear. The degree of short-chain branching
is approximately equivalent to the comonomer content of the
MM-PE (stemming from the methyl short-chain branches of the
macromers).
MM-0h shows a small deviation in shape from the linear reference

L4, which is typical of lightly branched LCB-mPE.76,79,80 However,
this deviation is relatively small in comparison to theMM-PE, which
differ from the linear reference by a factor of up to 1000 at ω =
0.01 s�1. The MM-PEs present a different type of viscosity function
in comparison to regular LCB-mPE in the molar mass range
between Mw = 50 and 200 kg/mol (e.g., MM-0h). The slope of

|η*(ω)| is decreases continuously with decreasing frequency
(in double-log scaling); additionally, a slight leveling off at low
frequencies can be observed. This behavior is untypical of LCB-mPE
(here, two clearly separated main relaxation times would be expected,
which lead to amore or less constant slope between them), but it is in
close resemblance of the viscosity function of high molecular LDPEs
such as LDPE 1, plotted also in Figure 12. However, the viscosity at
high frequencies of the mPEs (L4, MM-0h, and all MM-PE samples)
is about 3 times higher than for LDPE 1.
These differences indicate that the entanglement structure of

the MM-PE samples is similar to the mPEs, despite their high
level of long-chain branching. LDPE is lower in viscosity at high
frequencies and, thus, seems to possess a looser entanglement
network, which is caused by the fact that LDPEs have significant
amounts of unentangled, lowmolecular components (which lead
toMn of LDPE typically below 30 kg/mol).36,81,82 Furthermore,
it has to be considered that LDPE 1 has a molar massMw around
350 kg/mol, which is about 250% higher than the MM-PEs,
although the latter have significantly higher viscosities in the
whole range of frequencies, especially at low frequencies. This is a
very good indicator that theMM-PEs are fundamentally different
in their behavior from classical LDPEs, but also that they show
clear differences at low frequencies as compared to the linear L4
or LCB-mPE MM-0h. Hence, they can be considered to be a
different class of PE, with viscosity functions just between LDPE
and LCB-mPE.
The Supporting Information contains graphs of the viscosity

and modulus functions of the MM-PEs.
Thermorheological Behavior. From the thermorheological

behavior conclusions can be drawn with respect to the branching
structure of polyethylenes.31�35,39,40,58,78 It was investigated for
the samples of the high molar mass series (“h”-series)with 0, 0.5,
and 2 mol % macromer feed.
To find out whether a material is thermorheologically complex

or simple, it was shown that it is straightforward to analyze the
δ(|G*|) plot.35,64,83�85 A temperature independency of δ(|G*|)
indicates a thermorheologically simple behavior. From Figure 13
thematerialMM-0.5h appears to be thermorheologically simple at
a first glance, as the curves at different temperatures approximately
fall together. Viewing the area marked by the dashed box more
closely, however (see inset), it becomes evident that an increase of
T results in a slight enhancement of δ(|G*|). Although the effect is
quite small (e.g., only 3.2� at 350 000 Pa), it points to a

Figure 12. Viscosity functions |η*(ω)| of the “h”-series MM-PEs in
comparison to LDPE 1 and mLLDPE L4.Figure 11. δ(|G*|) plot of the reference polymer MM-0h without MM

and of the samples with different MM-content. The linear reference was
established elsewhere for linear mPE withMw/Mn ≈ 2.75,76 The critical
point pc of MM-0h is denoted by the g symbol.
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thermorheological complexity due to its systematic nature. This
deviation, however, is small in comparison to LCB-mPE.35

For the MM-PE samples with 2 mol % macromer feed, the
effect related to thermorheological complexity is found to be
even smaller. The reason for this behavior lies in the fact that the
higher macromer content leads to a more “homogeneous”
distribution of the macromer chains.
For MM-PE-2h, the macromer content is 50% higher than for

MM-PE-0.5h, which supports the assumption of more molecules
being similar than in the case of few macromers, only. It was
concluded previously that one of the factors contributing to the
amount of thermorheological complexity is the level of structural
inhomogeneity in the sample, which is the reason why LDPE,
which does not have significant amounts of high molar mass
linear chains, shows a smaller thermorheological complexity than
LCB-mPE, which typically consists of more than 30% linear
chains.35,51,86

MM-PE exhibits a thermorheological complexity, which is
similar to that of LCB-mPE. However, due to the different shape
of the δ(|G*|) plot, the features of the thermorheological
complexity appear different and become obvious at low δ, only.
This behavior will be discussed in detail elsewhere along with
other thermorheologically complex samples.86 Nevertheless, the
result is another hint to the existence of branching at least for the
sample MM-0.5h.

’CONCLUSIONS

The use of macromers for introducing long-chain branches
into HDPE chains makes it possible that comb-like polymers
(MM-PE) with a linear or star-like backbone are formed. From
SEC-MALLS and NMR results, it can be concluded that the vast
majority of the macromers occurring in the material after
purification is chemically bonded to the HDPE backbones.

The rheological data measured support this conclusion. The
values for the MM-PEs lie distinctly above the η0�Mw relation
for linear PE and even above those of conventional LCB-mPEs.
Taking the supposed degree of long-chain branching into
account, which is significantly higher than for normal LCB-
mPE, the classical highly branched low-density polyethylene
(LDPE) with a tree-like topography could be expected to come
close to theMM-PE. The important difference between theMM-
PEs and LDPE, however, are their opposite positions with

respect to the reference line for linear PE in the η0�Mw plot.
This finding alone is already a good indicator that the resulting
branching architecture of the MM-PE synthesis is not tree-like
but rather star-like or comb-like. As experiments on materials of
such architectures and their theoretical descriptions have shown,
only star-like, H/pompom-like, and comb-like architectures lead
to an increase in η0, while a tree-like morphology induces a
decrease, if compared to η0 of a linear product at the same
Mw.

9,20,60,61,71�73 The comb model of Inkson et al.60,61 suggests
that the increase of the zero shear rate viscosity η0 for combs in
comparison to linear chains and even star-like PE of the same
molar mass is the consequence of a (relatively) quick relaxation
of the side chains followed by a much slower relaxation of the
main chain by fluctuation instead of the much faster reptation
process linear chains exhibit.

The shapes of the rheological functions δ(|G*|) and |η*(ω)|
of the “h-series” are significantly different from typical LCB-mPE,
especially in the range of molar masses Mw around 100 kg/mol.
This finding suggests a topography different from the LCB-mPE,
which regarded as blends of linear and star-shaped molecules.7,68

However, the rheological functions of the MM-PEs measured
are relatively similar to those of high molar mass LDPE, despite
the much broader MMD and the different topography of the
latter.36,82,87,88 This finding is supported by results from the
literature that the modulus functions of monodisperse Cayley
trees and combs are similar to some extent.9,61,71�73

The comb model of Inkson et al.60,61 and their experimental
data suggest a similarity in the shapes of the rheological functions
between combs and the MM-PEs investigated in this paper. The
nearly constant slope of |η*| (ω) of the MM-PEs can be
explained by the overlapping of the side chain and main chain
relaxations, which are smeared out due to polydispersity.

The MM-PEs also exhibit a previously not reported thermo-
rheological behavior. An only relatively small degree of thermo-
rheological complexity is observed at low phase angles δ but
not at high δ. This finding is different from that of classical LDPE,
for which a constant modulus shift factor bT can be used for
eliminating the thermorheological complexity.83 It also does not
resemble the thermorheological complexity observed for LCB-
mPE, showing deviations of δ(|G*|) at high δ and not at low δ.

A comb-like architecture, which is in accordance with the
NMR data and does not contradict the proposed reaction
mechanism, is therefore very probable.

The results show that from rheological experiments above
quantitative conclusions with respect to the molecular structure
are difficult to be drawn, particularly in the case of branching.
There are certain limitations as different branching architectures
can result in comparable rheological properties or vice versa.

It is interesting to note that the SEC-MALLS data do not
show very significant differences between the samples. This fact
emphasizes once more the analytical power of rheological
experiments with respect to investigations on the branching
architecture of polymers.

’SUMMARY

By using vinyl-terminated macromers, it is possible to synthe-
size polyethylenes with a tailored degree of long-chain branching
and a comb-like topography. While these samples have some
similarity with classical LDPEs in terms of rheological behavior
and level of branching, their viscosity is significantly higher and
their molar mass distribution is much narrower.

Figure 13. δ(|G*|) plot of MM-0.5h at different T.
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