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’ INTRODUCTION

The synthesis and characterization of long-chain branched
metallocene catalyzed polyethylenes, both linear and short-chain
branched, has attracted considerable interest.1�5 This is due to
major advantages of these products compared to those synthe-
sized by Ziegler�Natta (Z�N) catalysts. With metallocene
catalysis, the molar mass can be adjusted over a broad range
and the polymers show a narrow molar mass distribution
(MMD).6 Highly tactic and tailored copolymers can be produced
due to the stereo- and regiospecific nature of the catalysts.7�9

Polymer chains containing a terminal vinyl group can be used as
macro-comonomers, leading to the formation of long-chain
branched (LCB) polymers.10 The introduction of such macro-
comonomers (produced either online or offline) leads to a
distinctly higher LCB concentration.11�14

Single-site catalysts produce a novel combination of structures
for LCB�PE with a narrow molar mass distribution, which was
first reported in the patent literature in the mid-1990s.15,16

Scientific papers covering this topic were published a few years
later.3,17 The first scientific proof of the formation of long-chain
branches using metallocene catalysts was performed by a combi-
nation of SEC, NMR and rheology.18

Since then, many reports have revealed the high sensitivity of
rheological measurements compared to the classical analytical
methods for the detection of the LCBs in LCB�mPE.5,18�23

These developments are based on the following. Linear
mHDPE and mLLDPE follow the exponential relationship of

η0 ¼ 9� 10�15Mw
3:6, for Mw > Mc ð1Þ

between the zero shear-rate viscosity η0 and the weight-average
molar mass Mw. This relationship is valid for Mw larger than a
critical molar mass Mc, and is independent of the molar mass
distribution.24 Furthermore, it is unaffected by the comonomer
content of linear ethene/R-olefin copolymers (mLLDPEs) up to
30 wt % comonomer.25�27

The zero shear-rate viscosity η0 of LCB�mPE lies distinctly
above the η0�Mw relation of linear samples when compared at
the same absolute molar masses Mw.

2,6,19,28,29 This deviation from
the η0�Mw relation is often assessed by the zero shear-rate
viscosity enhancement factor η0/η0

lin, with η0
lin describing the

zero shear-rate viscosity η0 of a linear sample of the same molar
mass Mw calculated from eq 1. Bersted28 reported that η0/η0

lin

goes through a maximum with increasing degree of long-chain
branching at constantMw. Highly branched samples of a different
architecture, such as LDPE, lie below the η0�Mw line,21,28�32

but a low molecular LCB�mPE was found to lie below this
threshold.11,24 On the other hand, comb-like mPE with short
arms can lie above the η0�Mw relation.14,33

Besides η0, the other terminal value, the linear steady-state
elastic compliance Je

0 is increased by the presence of long-chain
branches,21,22,34,35 whereas the plateau modulus is essentially not
affected by the long-chain branches.36 For LCB�mPE, an
increase in Je

0 from approximately 1 � 10�4 (lin. PE) to 30 �
10�4 was reported.20�22,35 It was established qualitatively for
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ABSTRACT: Different rheological quantities, such as the zero shear-rate
viscosity η0 and the linear steady-state elastic compliance Je

0 of long-chain
branched metallocene-catalyzed ethene homopolymers and ethene-/R-
olefin copolymers with a polydispersity Mw/Mn ≈ 2, were correlated with
the molar massMw and degree of long-chain branching λ. A linear reference
for the δ(|G*|) plot was used to show the effect of long-chain branches on
this rheological property. The linear steady-state elastic compliance Je

0

correlated with the zero shear-rate viscosity increase factor η0/η0
lin and

the characteristic phase angle δc. However, the latter only works when compensating for the influence of themolar mass on Je
0 by the

relationship between Je
0 and Mw established elsewhere (Stadler and M€unstedt, JoR, 2008). The characteristic phase angle δc and

zero shear-rate viscosity enhancement factor η0/η0
lin are linked to each other by the linear dependencies for the type I and type II

viscosity functions.
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LCB�mPE that a higher branching level increases Je
0 more than

a lower one,20,21,35 but there is insufficient data available to give
more details on this issue. On the other hand, data on LDPE
indicates that Je

0 also goes through a maximumwhen considering
it as a function of the long-chain branch content, taking into
account that Je

0 of LDPE is approximately at the same level as an
LCB�mPE with an intermediate degree of long-chain
branching.24 In addition, the literature shows that the molar
mass distribution and long-chain branches do not have additive
effects, as Je

0 of monodisperse stars is essentially the same as Je
0 of

LCB�mPE,20,21,33,35 which is a mixture of linear and star-
branched chains.37 Je

0 of the linear chains increases by at least
1 decade when going from monodisperse hydrogenated poly-
butadiene (which is essentially LLDPE) to mLLDPE.5,26,33

This study examined the correlations between the rheological
quantities and molecular structure. A further intention is to
establish a connection between the rheological quantities, which
are relatively easy to measure, such as the critical phase angle δc,
the intercept between the tangents laid through the turning
points of δ(|G*|), and those requiring considerable experimental
effort. These correlations can then be used to make measure-
ments of similar systems easier. In addition, the question as to
whether the full range of shear rheological behavior of a grade can
be predicted after only a few tests is addressed.

’EXPERIMENTAL SECTION

Samples. The samples used in this paper have different origins. Most
were synthesized by Prof. Kaminsky (University Hamburg).6,19,20,38,39

Several other samples are from earlier projects. All samples were
synthesized using metallocene catalysts. Some commercial samples
have been produced by various polyolefin companies.

For the mHDPEs, Table 1 lists Mw, Mw/Mn, Mz/Mw, and the zero
shear-rate viscosity η0.

Tables 2, 3, and 4 list the zero shear-rate viscosity increase factor η0/
η0

lin, the critical phase angle δc, and degree of long-chain branching from
both SEC�MALLS and rheology for the LCB�mHDPEs (Table 2) and
LCB�mLLDPEs (Tables 3 and 4).

All polyethylenes produced with catalysts B (rac-[Et(Ind)2]ZrCl2),D
([Me2Si(Me4Cp)N

tertBu)]TiCl2),E (Cp2ZrCl2), and F ([Ph2C(2,7-
ditertBuFlu)(Cp)]ZrCl2) were synthesized by Kaminsky’s group
(Tables 2and 3).6,20,41 MAO was used as a cocatalyst for all syntheses.
In addition, two products of Gabriel42 (LCB�mHDPE 1 and 2) and
several LCB�mLLDPEs of Dow and Exxon (designated as LBx, where
x is a consecutive number) are discussed in this paper (cf. Table 4).

LCBR is the long-chain branching content determined from rheolo-
gical indicators, which are discussed elsewhere.6,20

LCBSEC is the long-chain branching content as determined from
SEC�MALLS. It is taken as a qualitative indicator on how much coil
contraction is found, i.e. approximately how many long-chain branches/
molecule are present at high molar masses. The highest molar mass
detectable by SEC�MALLS depends on the sample and is roughly
factor 10 higher thanMw. Therefore, samples with a higher molar mass
have more long-chain branches than lower molecular ones at the same
degree of long-chain branching λ [LCB/10000 monomer]. Hence,
LCBSEC and λ differ in their quantification. Because of the coil contrac-
tion, quantification of the results is possible. However, the sensitivity is
limited to radii of gyration Ærg2æ0.5 > 20 nm, which is approximately
equivalent toM = 100 kg/mol for linear PE; and this limit for branched
PE is even higher. Hence, only the highest fractions of the molar mass
distribution of normal PE (typicallyMw > 100 kg/mol) can be used for
the LCB fraction, which means that any average degree of branching is
limited to only a rather small fraction—namely the highest molar

Table 1. Molecular data and zero shear-rate viscosities of the
linear HDPE-samples (M-sh. means a shoulder in the molar
mass distribution) used to establish the linear reference of the
δ(|G*|)-plot

Mw [g/mol] Mw/Mn Mz/Mw

η0 [Pa s]

(T = 150�C) remarks

C1 42 000 3 2 520 low M-sh.

C3 120 000 2 1.6 17 800

C4 224 000 3 1.7 113 200 high M-sh.

A4 564 000 4.3 2.1 6 732 310

Table 2. Rheological and Molecular Characteristics of the LCB�mHDPEs

Mw [kg/mol] MMD η0 (T = 150 �C) [Pa s] η0/η0
lin δc [deg] LCBR LCBSEC λ [LCB/10000 monomer]

B2 93 1.9 8.7 � 105 126 35 significant high 7

B4 100 2.0 6.6 � 105 73 37 significant high 7

B5 67 2.1 4.2 � 103 2.0 68 very weak none ,1

B6 106 2.5 >108 a >9000 26 very significant very high 9

B7 76 1.8 4.0 � 104 12 51 significant high 5

B8 69 2.0 1.2 � 104 4.9 65 Weak low <1

B9 66 1.8 6.3 � 103 3.1 69 Weak high 2

B10 66 2.1 3.2 � 103 1.6 71 very weak none ,1

B11 65 2.1 1.8 � 104 9.3 56 significant high 4

B12 101 2.5 ≈2.0 � 105 17 38 very significant very high 8

D1 1410 2.0 >9 � 108a >6.7 - significant none ,1

D4 74 2.0 4.5 � 103 1.5 83 very weak none ,1

D5 365 2.6 >9.0 � 106a >12 - very significant high 3

E6 47 2.0 1.2 � 103 2.0 - very weak low 1

F1 102 2.0 3 � 104 3.1 72 Weak high 1

F2 1150 4.0 >1010 >169 - very significant low 0.2

F3/F0 173 2.0 4.4 � 105 6.8 63 significant high 1

LCB�mHDPE 1b 128 2.2 3.7 � 105 25.3 41 significant high -

LCB�mHDPE 2b 109 2.3 3.1 � 105 16.9 46 significant high -
a ηmax (no value for η0 could be determined). bData by Gabriel et al.,35 SEC�MALLS data not suitable for comparison.
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mass fractions. Whether this fraction is representative to the total
molar mass distribution is not easy to answer. The understanding of
reaction kinetics for low degrees of long-chain branching states that it
should be constant.10,37 However, no experimental proof of this has
been published so far for metallocene-catalyzed polyethylenes with a
technologically relevant molar mass range to the best of the authors’
knowledge.

Furthermore, there is no proof of the correctness of the Zimm�
Stockmayer theory.40 Hence, branching degrees determined with this
theory are not 100% reliable. For the few cases where both direct
quantification and SEC�MALLS were performed a reasonable agree-
ment ((20%) was found.

The question how far the branching degree determined by the
Zimm�Stockmayer theory40 deviates from the real degree of long-chain
branching, is not easy to answer. Because of the similarity of the
branching structure of the samples, it can be safely assumed that the
deviations between themeasured values are systematic. For samples with
very short long-chain branches, as can be synthesized by the macromer
technique,11,14 the deviation is significant, however. Hence, it is safe to
assume that for regular LCB�mPE-samples—as discussed in this article—
the long-chain branches are long enough that a molar mass dependence
of the coil contraction is no longer present. For this reason, the degree of
long-chain branching determined by SEC�MALLS can be considered
to be reasonably reliable.

On the basis of this, the degree of long-chain branching can, be
approximately quantified as an average branching level λ, measured in

LCB/10000 monomers. The highest molar mass, at which a branching
level can be determined, depends on Mw and because a constant
branching level λ. Therefore, the more long-chain branches, the more
coil contraction is present the higher the molar mass. For this reason, the
quantification for low branching levels becomes the better the higher the
molar mass for constant λ. ForMw below 120 kg/mol, an experimental
error of 1�1.5 LCB/10000 monomer is found, for higher molar masses,
the error is expected to be around 0.2 LCB/10000 monomer. The
reason for the higher accuracy lies in the larger concentrations of
polymer in the molar mass range, in which Ærg2æ0.5 is detectable safely,
and resulting from that the higher fraction of the molar mass distribu-
tion, in which Ærg2æ0.5 can be assessed.

Two types of LCB�mLLDPE were characterized: several commer-
cially available samples and samples synthesized with catalyst F6,19,20,38

(except for B13P), varying distinctly more in their molecular composi-
tion than the commercial samples. The samples synthesized with cat. F
are referred to “fluorenyl series”.19,20 The comonomer type and molar
comonomer content nc and weight content wc are also given in Table 3
and 4, because the comonomer influences the thermal properties
distinctly in these samples.
SEC�MALLS.Molar mass measurements were carried using a high

temperature size exclusion chromatograph (Waters, 150C) equipped
with refractive index (RI) and infrared (IR) (PolyChar, IR4) detectors.
All measurements were taken at 140 �C using 1,2,4-trichlorobenzene
(TCB) as the solvent. The high temperature SEC was coupled with a
multi-angle laser light scattering (MALLS) apparatus (Wyatt, DAWN

Table 3. Comonomer Content, Molecular, Thermodynamic, and Rheological Properties of the Laboratory Scale
LCB�mLLDPEs.19,20,38

comonomer

[CnH2n]

nc
a

[mol %]

wc
b

[wt %]

Tm

[�C]
Tc

[�C]
ΔH

[J/g]

xc
c

[%]

Mw

[kg/mol] MMD

η0 (T = 150 �C)
[Pa s]

η0/

η0
lin

δc
[deg] LCBR LCBSEC

λ [LCB/10000

monomer]

B13P 3 n.d. n.d. n.d. n.d. n.d. 53 65 2.0 5.7� 103 2.8 64.5 medium -e -e

F8A 8 1.1 4.3 120 100 128 44 240 2.1 1.2� 106 5.8 64 significant high 0.7

F8B 8 1.8 6.8 116 96 110 38 190 2.0 4.4� 105 4.8 66 medium medium 0.5

F10A 10 1.1 5.3 120 102 131 45 160 2.0 1.5� 105 3.0 71 medium high 0.5

F10B 10 1.7 8.0 116 97 93 32 170 2.0 1.4� 105 2.3 76 weak medium 0.3

F10Cd 10 2.1 9.7 n.d. n.d. n.d. n.d. 166 2.0 1.1� 105 1.9 80 very weak none ,0.2

F12A 12 1 5.7 120 101 133 46 172 2.1 2.5� 105 4.0 69 medium high 0.6

F12B 12 1.7 9.4 116 96 99 34 160 2.0 1� 105 2.0 78 weak medium 0.2

F12Cd 12 2.3 12.4 n.d. n.d. n.d. n.d. 173 2.0 9.6 � 104 1.5 83 very weak none ,0.2

F18A 18 0.4 3.5 128 108 131 45 183 2.3 5.0� 105 6.3 65 significant high 0.6

F18B 18 1.5 12.1 117 98 110 38 167 1.9 1.6� 105 2.9 76 weak medium 0.3

F26A 26 0.5 6.1 129 106 136 47 185 2.1 4.5� 105 5.5 66 significant high 0.6

F26B 26 1.6 17.4 116 98 96 33 194 2.1 2.8� 105 2.9 75 weak medium 0.4
a comonomer content in mol% (determined by melt-state NMR43,44). b comonomer content in wt % c determined by WAXS,45�47 d synthesized with a
new batch of catalyst F, thus have slightly different properties compared to the samples synthesized with the old batch regarding the degree of long-chain
branching.19,20 The new batch has a higher activity and forms more long-chain branches because of the higher output that increases the concentration of
the available macromers. eNo reliable branching data available.

Table 4. Thermal and Molecular Characteristics of the Commercially Available LCB�mLLDPEs

comonomer

[CnH2n]

nc
a,b

[mol %]

wc
a,c

[wt %]

Tm

[�C]
ΔH

[J/g]

xc
[%]

Mw

[kg/mol]

Mw/

Mn

η0 (T = 150 �C)
[Pa s]

η0/

η0
lin δc[deg] LCBR LCBSEC

λ [LCB/10000

monomer]

LB1 8 5.9 20.1 101 97 33 94 2.2 4.2� 104 6.3 64 significant high 3

LB2 8 6.2 20.9 98 94 32 89 2.3 3.2� 104 7.1 63 significant high 3

LB3 8 2.6 9.6 112 88 30 85 1.9 3.8� 104 9.8 56 significant high 4

LB4 8 n.d. n.d. 103 n.d. n.d 85 2.3 5.1� 104 13.1 58 significant high 4

LB5 8 4.3 15.2 108 108 37 69 2.3 8.0� 103 4.3 69 medium medium 2
aDetermined by FT-IR.48 bComonomer content in mol %. cComonomer content in wt %.
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EOS). Details of the experimental SEC�MALLS setup and measuring
conditions are described elsewhere.24

The SEC�MALLS data are given in the tables as the weight-average
molar mass Mw, polydispersity index Mw/Mn, and if applicable, the
degree of branching calculated from the coil contraction according to the
Zimm�Stockmayer theory.40

Melt State NMR, FT-IR and WAXD. The melt-state NMR was
performed by K. Klimke, MPI Mainz, Germany, on a Bruker Advance
500 dedicated solid-state NMR spectrometer. The results are published
in detail elsewhere.20,44 The Fourier-Transform IR-spectroscopy mea-
surements were performed using a Nicolet Magna 750-spectrometer.48

The wide-angle X-ray diffraction measurements were obtained using a
MiroMax007 diffractometer (Rigaku Denki Co. Ltd.) operated at 40 kV
and 20 mA.45�47

Rheology. The samples were compression molded into circular
discs of 25 mm in diameter and between 1 mm and 2 mm in height.
Antioxidative stabilizers (0.5 wt % Irganox 1010 and 0.5 wt % Irgafos 38
(Ciba SC)) were added to the laboratory scale samples. The commercial
samples were sufficiently stable without an additional stabilizer. More
details are given elsewhere.24

Shear rheological tests were carried at a constant temperature of
150 �C in a nitrogen atmosphere. Most tests were carried out using a
Bohlin/Malvern Gemini but some tests were also conducted using a
Bohlin CSM, a Rheometric Scientific/TA Instruments ARES, and a TA
Instruments AR-G2. The tests by Gabriel et al.42 were performed using a
self-built magnetic bearing rheometer.49 Dynamic-mechanical tests
(frequency sweeps) were carried out in the linear viscoelastic regime
between frequencies ω of 1000 s�1 and 0.01 s�1. Typically oscillatory
stresses with amplitudes τ0 between 10 and 100 Pa or deformation
amplitudes γ0 of approximately 5% were applied depending on the
viscosity of the sample. The thermal stability was measured by conduct-
ing a frequency sweep after loading the sample and repeating the same
test after longer creep and creep-recovery tests, which took up to 3 days
per measurement. In some cases the thermal stability was extremely
good, up to 2 weeks at 150 �C.

Creep and creep-recovery tests were performed to determine the zero
shear-rate viscosity η0 from the creep compliance J(t0) by

log η0 ¼ lim
t0 f ¥

log
t0

J

� � !
ð2Þ

The linear steady-state elastic compliance Je
0 was determined from the

elastic (creep-recovery) compliance Jr(t) by

J0e ¼ lim
t, t0 f ¥

JrðtÞ ð3Þ

The linearity and stationary nature was ensured for all creep and creep-
recovery tests (for the precise methods and further experimental
requirements to properly perform such tests see refs 50 and 51).
Typically, creep stresses τ between 2 and 50 Pa were applied depend-
ing on the viscosity of the sample. If the terminal relaxation time was
too long to reach the zero shear-rate viscosity η0 or the linear steady-
state elastic compliance Je

0,50�52 the acquired values were designated
as ηmax and Je, respectively. In some cases, terminal values of Je

0 were
reached, but it was not possible to prove their linearity; these terminal
values of Jr(t) are also designated as Je. ηmax and Je are always less than
or equal to the terminal and linear values η0 and Je

0. Examples of creep
and creep-recovery tests are given in Figure 1. For very long creep
times, the creep compliance reaches a constant slope of 1, which is
equal to a plateau in t0/J (eq 2). At very long recovery times, the elastic
recoverable compliance Jr(t) reaches a plateau, which is the linear
steady-state elastic compliance Je

0.
The relaxation spectra were calculated using the method reported by

Stadler and Bailly.54,55

’RESULTS

δ(|G*|) Plots.Oneof themost successful ways of detecting long-
chain branches is the δ(|G*|) plot if linear and long-chain branched
samples with the same molar mass distribution are compared.
Materials C1, C3, C4, and A46,24,39 were chosen as the linear

standards, and are shown in Figure 2. The points fall on a line
within the accuracy of the measurement.
Figure 3 shows δ(|G*|) plots of several samples synthesized

with catalyst B (rac-[Et(Ind)2]ZrCl2). Although the molar mas-
ses Mw of samples B7, B8, and B10 are similar (Mw of B6 is
slightly higher), the deviation from the linear reference (dashed
line) is significantly different for the samples shown. To quantify
the deviation from the linear reference, the characteristic point pc
(/ symbol) was defined by the intercept of the tangents to the
turning points of the curves (g symbols).56 pc is described by
Gcand δc, which will be discussed later in more detail.
δc decreases with increasing degree of long-chain branching.

Although a high degree of branching was detected for B6,
SEC�MALLS did not detect any LCBs for B10 (cf. Table 2).
B7 and B8 are lightly branched.
Before being able to fully utilize the viscoelastic data for the

characterization of the long-chain branches, it is important to

Figure 1. Examples of the creep and creep�recovery tests for samples
F8B and LB153.

Figure 2. Plot of the linear references, C1, C3, C4, and A4.
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determine how other factors, namely the molar mass and molar
mass distribution Mw/Mn of a sample, affects the viscoelastic
behavior δc and Gc of long-chain branched samples.
Besides the characteristic phase angle δc, the x-coordinate of

the characteristic point the complex modulus Gc shows a molar
mass dependence.
This effect is shown in Figure 4 for δc of approximately 64� and

27� (even though δc could not be determined for D5). The
higher molar mass of F0 than B8 leads to a shift of Gc toward
lower values by a factor of approximately 5. Although, there is no
1:1 correlation, this ratio is the same as the change in ratio
between the characteristic relaxation times λ1 and λ2, scaling with
Mw with an exponent of 5.5 and 3.6, respectively.

57 The function
δ(|G*|) of B8 and F0 also differ distinctly in their shape. In the
case of B8, the characteristic point pc is determined only by a
small bend, whereas F0 shows a plateau of δ of 1.8 decades in
|G*|. Therefore, it is much easier to determine pc of F0 than B8.
B6 shows a small minimum in δ(|G*|) leading to δc ≈ 27�.

Sample D5 with an approximate triple molar mass Mw has
approximately the same δc but at significantly lower |G

*|. This is a
consequence of a very highMw and a very longmaximum relaxation
time following from a high molar massMw and long-chain branches.

The results indicate that the total number of long-chain
branches per chain have an influence, which will be discussed
later in more detail. It can also be concluded that two materials
with same δc and MMD but different molar massMw will have a
differentGc, which corresponds to different arm relaxation times.
Viscosity Functions. The different viscosity functions |η*(ω)|

can be classified into two different types by its shape, as shown in
Figure 5. The group of LCB�mPE viscosity functions without a
minimum and maximum in the slope are designated as type I and
type II, respectively. At a low Mw (B8, B6), the viscosity function
shows an approximately constant slope between these character-
istic curvatures, whereas at higherMw (F0, D5), the slope shows a
minimum between the bends (marked by the arrows in Figure 5).
The introduction of long-chain branches into a melt leads to a

change in the relaxation spectrum by the appearance of additional
modes. The deviation of long-chain branched samples from the linear
reference is caused by a secondmainmode,which is a consequence of
LCB�mPEbeing amixture of linear and long-chain branched chains,
predominantly stars. The stronger molar mass dependence of the
stars compared to the linear chains for armmolarmassesMaJ 17 kg/
mol means that the ratio of the relaxation times of these two main
modes increases with increasing molar mass. Therefore, the shape of
the viscosity function |η*(ω)| (and also of the other plots, such as
G0(ω), G00(ω), and δ(|G*|)) changes with the molar mass.
In LCB�mPE, the two bends are visible (in the case of B8

(Figure 5) these bends are approximatelyω = 300 and 0.05 s�1, and
the low frequency bends of B6 and D5 are not reached). Never-
theless, the samplemust possess such a high frequency bend because
this bend corresponds to the transition of a double log slope between
typically �0.1 and �0.8 to a high frequency value of �1, which
corresponds to a constant modulus |G*(ω)|, and thus to the plateau
modulus GN

0, which all well entangled polymers must have.58Type I
viscosity functions can be described successfully using the Car-
reau�Yasuda model extended by a second relaxation term,63,64 in
which two characteristic relaxation times, λ1 and λ2 can be
assigned.65,66 The characteristic relaxation time λ2 is equivalent to
the characteristic relaxation time λ from the Carreau�Yasudamodel
and scales with Mw

3.6, whereas λ1 was attributed to the long-chain
branches and scales with Mw

5.15.57 Owing to the minimum in the
slope of the viscosity function, it is not possible to fit the type II-
viscosity functions with this model with acceptable accuracy.
This “two-dimensional” dependence of the linear viscoelastic

behavior complicates the assessment without a model.

Figure 5. Viscosity functions |η*(ω)| of B6, B8, D5, and F0.Figure 3. δ(|G*|) plot of several samples synthesized with catalyst B.
The dashed line is the linear reference (Figure 2).

Figure 4. Characteristic coordinates pc of the δ(|G*|) plot of B6, B8,
D5, and F0.
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Correlation between the Characteristic Phase Angle δc
and the Zero Shear-Rate Viscosity Enhancement Factor η0/
η0

lin. A correlation can be found between the critical phase angle
δc and zero shear-rate viscosity enhancement factor η0/η0

lin shown in
Figure 6. The correlation is independent of the molar mass within
the accessible range, where on one hand, a clear sign of a decrease
of complex viscosity (with frequency) is present (Mw ≈ >60 kg/
mol) but on the other hand, themaximum zero shear-rate viscosity
η0 (≈2 000 000 Pa s) has a maximum relaxation time still short
enough to be measured by creep tests (t0 = 100 000 s).
For δc > 40�, a linear correlation between the zero shear-rate

viscosity enhancement factor η0/η0
lin and δc is found, which can be

described as

δc ¼ 90� 1� 0:378 log
η0
η0lin

� �� �

¼ 90�� 34:02� log
η0
η0lin

� �
ð4Þ

For η0/η0
lin > 20, the correlation fails. Only type II viscosity

functions were found in this regime. Therefore, reaching such
high zero shear-rate viscosity enhancements η0/η0

lin will de-
crease δc to a lesser extent than reduce η0/η0

lin. If the slope of the
δc�η0/η0

lin relation does not change, theoretically, the max-
imum η0/η0

lin would be 442 (δc < 0� is physically impossible),
which would pose a limitation without any physical relevance.
For higher molecular LCB�mHDPE samples with a type II

viscosity function, anotherδc�η0/η0
lin relationwas derived leading to

δc ¼ 52:9�� 8:8� log
η0
η0lin

� �
ð5Þ

The two samples of the fluorenyl series with a type II viscosity
function have only a very small minimum and hence agree with the
δc�η0/η0

lin relation of eq 4.
Therefore, the distinct minimum in the δ�|G*| plot leads to a

significant increase in η0/η0
lin. This findingmakes sense, because

a minimum in δ means that the elasticity of a melt does not
decrease monotonously with decreasing frequency (i.e., δ does

not increase monotonously) but shows a small increase (just
above δc in frequency), which is only visible in the case of
significantly separated main relaxation times. Therefore, such
materials have a drastically lengthened the terminal relaxation
time. This increases η0, but also leads to very long measurement
times to reach η0, which in many cases exceeds the thermal
stability of the samples. For this reason, these samples could not be
shown in Figure 6. Their (not terminal) data (i.e., ηmax) suggests
that η0/η0

lin is significantly higher than 30, which would be in the
regime of the relation between δc and η0/η0

lin according to eq 5.
This suggests that an increase in the “rheological effectiveness”

of the long-chain branches (i.e., the increase of the LCB concen-
tration or LCB length) is accompanied by a lengthening of the
characteristic relaxation time λ1 in relation to the molar massMw.
This can be understood considering that mPE does not contain
exclusively long-chain branched chains but also significant
amounts of linear chains.10,37,39

A higher degree of branching leads to an increase in the
average maximum relaxation time because the maximum relaxa-
tion time of long branched chains is much longer than that of a
linear chain of equal molar mass. In addition, an increase in the
degree of branching not only leads to fewer linear molecules but
also to molecules with 2 or more LCBs/molecules, which have
inner segments that are much more difficult to disentangle and
have longer maximum relaxation time.
Linear Steady-State Elastic Compliance Je

0.As themeasure-
ment of the linear steady-state elastic compliance Je

0 (particularly
the proof that the steady-state value of the elastic compliance Je
actually is Je

0) requires numerous tests and very long measurement
times, it was not possible tomeasure this quantity for allmaterials. In
many cases, the thermal stability was insufficient or the necessary
test timewas simply too long, because one test would have exceeded
several days (and often also the thermal stability of the sample).
For this reason, the nonstationary values Je determined from

Jr(t) or viscoelastic data (J0(ω)) were also used as an estimate of
Je
0. These nonstationary and/or nonlinear values need to be

considered carefully because they are smaller than Je
0. In many

cases, it is possible that Je
0 does not lie much higher by a

comparison of the behavior of one sample to a similar one or
by extrapolation of the functions recovery Jr(t) or storage
compliance J0(ω). Nevertheless, these values are only estimates
and the scientific interpretation is, thus, limited.

Figure 6. Critical phase angle δc as a function of the zero shear-rate
viscosity enhancement factor η0/η0

lin. The error bars represent an error
of (20% with respect to η0/η0

lin stemming from the (5% uncertainty
in the determination ofMw by SEC�MALLS,δc can be determined with
a reproducibility of approximately (2�.

Figure 7. Plot of the linear steady-state elastic compliance Je
0 (filled

symbols) and steady-state elastic compliance Je (open symbols) as a
function of the molar mass Mw. A line was added to guide the eye.
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As the melt elasticity is highly sensitive to the molar mass
distribution,42 only samples withMw/Mn≈ 2( 0.2 and without
any high or low molecular tail are considered.
Before discussing the findings in detail, all the samples, whose

zero shear-rate viscosity could be determined (thereby at least
roughly fulfilling the stationarity criterion), and which were stable
enough to at least obtain an estimate of Je, are plotted in Figure 7 as
a function of the molar mass Mw. The dependence of the elastic
compliance on the molar mass Je

0(Mw) of linear mLLDPE is
reported elsewhere.26 The long-chain branched samples exhibit
elastic compliances between 2� 10�4 and 2� 10�3 Pa�1, which
are distinctly higher than the values of the linear samples. Thus far,
no LCB�mPE was found, which has a lower linear steady-state
elastic compliance Je

0 than that of the linear mLLDPE samples of
the same molar mass distribution. This is in agreement with the
findings for monodisperse, hydrogenated polybutadienes with
different architectures.33,67,68 The reason is that long-chain
branches lead to a broadening of the relaxation spectrum in the
terminal regime, which is equivalent to a higher Je

0, as will be
discussed in detail later.
No Je

0-value was found for almost all the LCB�mHDPEs
because most were synthesized with catalyst B, which produced
samples with insufficient thermal stability to reach the stationary
regime in creep recovery. The samples marked by the asterisk
were obtained from Gabriel and M€unstedt.21

The degree of long-chain branching determined by SEC�
MALLS has too much error to be of any use for a quantitative
discussion. Therefore, only the correlations between the elasti-
city and other rheological quantities are reasonable. Another
problem of the SEC�MALLS is its high detection limit for long-
chain branches (particularly at low molar massesMw), which has
been discussed in detail elsewhere.69

Correlation between the Linear Steady-State Elastic Com-
pliance Je

0 and the Zero Shear-Rate Viscosity Enhancement
Factor η0/η0

lin.A plot of the linear steady-state elastic compliance
Je
0 (or Je, if Je

0 was not reached) as a function of the zero shear-rate
viscosity increase, η0/η0

lin (Figure 8), shows that samples with
different molar masses lie on different curves. This means that a
lowermolarmassMw leads to a lower Je

0 value (as a function ofη0/
η0

lin) for both linear and long-chain branched materials.
A comparison of the linear extrapolation (the dashed line in

Figure 8 suggests its approximate shape) of the approximate
functions of Je

0(η0/η0
lin) (full lines in Figure 8) toward η0/η0

lin=1

(i.e., a linear chain) with the values for linear chains, the extra-
polation lies above the measured values by a factor of 2�3 (shown
for the fluorenyl series in Figure 8). Therefore, for very low degrees
of long-chain branching, a significant increase in elasticity was
found. This increase in melt elasticity is a good indicator for a very
small degree of long-chain branching.
The distinct differences between Je

0 for low and high molecular
long-chainbranchedmaterials (open andfilled symbols inFigure8,
respectively) was approximately a factor of 3, which is similar to
that found for linearmLLDPE.26On the other hand, the reason for
the increase in Je

0 for linear mLLDPE is unclear. Several possibi-
lities have been suggested but none could be proven or disproven.
Themost likely possibilities for the dependence of Je

0 on themolar
mass are the intrinsic dependence found only for polydisperse
polymers because of the broader relaxation spectrum or the
dependence of Je

0 on the comonomer content.26

This can be understood from the finding that a higherMw leads
to overproportional lengthening of the terminal relaxation time for
samples with a similar δc but different Mw exhibiting a different
|G*| for the x-position of pc (fshift of Gc, Figure 4). Because such
an increase in the distance between the twomain relaxationmodes
is basically a broadening of the relaxation spectrum, the linear
steady-state elastic compliance Je

0 increases (as it would also be a
consequence of a broad MMD). As shown before, the zero shear-
rate viscosity η0 of linear samples is independent of the MMD,
which means that a long-chain branched mPE with a higher molar
massMw has a higher Je

0 than a lower molecular one.70

To counter these relaxation spectrum width effects, a normal-
ization of the elastic compliance Je

0 to the elastic compliance of
the linear sample of equal molar mass Mw Je

0(lin), determined
from the relationship between Je

0 and Mw for mLLDPEs,26 was
performed, which is defined as follows:

Je
0ðlinÞ ¼ Je0

0 þ c1 expðMw=c2Þ ð6Þ
Here, Je0

0 =3.33 � 10�5 Pa�1, c1 = 5.71 � 10�6 Pa�1, and c2 =
56027 mol/g (its parameters do not have any physical meaning).
Aftermolarmass normalization of the elastic compliance Je

0 on
the linear reference, the data of the LCB�mPE falls on one
common “master curve” (the dashed line in Figure 9 suggests its
approximate shape), which means that the elastic compliance is
not only dependent on the branching structure itself but also on
the molar mass of the sample, because Mw affects Je

0 as well
(eq 6). For η0/η0

lin > 2, this “master curve” can be described by
the following equation:

Je0

Je0ðlinÞ ¼ 3:78
η0
η0lin

� �0:469

ð7Þ

which is given as the solid line in Figure 9.
Correlation between the Linear Steady-State Elastic Com-

pliance Je
0 and the Characteristic Phase Angle δc.The plot of

Je
0/Je

0(lin) as a function of the critical phase angle δc also shows a
linear relationship (Figure 10). However, no direct comparison
of Je

0 for a linear sample is possible due to the fact that δc is not
defined for linear samples. Nevertheless, the complex modulus,
at which the characteristic point pc(δc, Gc) is found, corresponds
to a phase angle of δ > 85� for linear polymers (withMw/Mn ≈
2). A linear correlation between Je

0/Je
0(lin) and δc

lin
Je
0

Je
0ðlinÞ

 !
¼ 2:06� 0:018δc ð8Þ

Figure 8. Je
0 (or Je) as a function of the zero shear-rate viscosity increase

η0/η0
lin. The error bar is equal to (15%.
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leads to Je
0/Je

0(lin)≈ 3 for δ = 85�, which is similar to that found
for Je

0/Je
0(lin) at η0/η0

lin = 1 (Figure 9).
This again shows that the correlation between δc, the slope

between the main relaxation modes in the extended Carreau�
Yasudamodel, andη0/η0

lin can also be extended to Je
0, whichmeans

that the quantities, which are difficult to measure (the zero shear-
rate viscosityη0 and linear steady-state elastic compliance Je

0) can be
deduced from the correlations between the different rheological
quantities described here with sufficient accuracy.
Relation between Rheological Properties and Molecular

Structure. Besides the molar mass Mw and the molar mass
distribution (which is approximately constant for all samples
discussed in this article) the most important molecular indicator
of molecular structure is the branching content, which is dis-
cussed in terms of the branching frequency λ in units of LCB/
10000 monomer, determined according to the Zimm�Stock-
mayer theory.40 In general, the branching frequency λ should be a
function of molar mass. Hence, giving the branching frequency,
as a one single quantity is only possible due to the macromer

process and intramolecular branching, which incorporates
vinyl-terminated polymer chains as long-chain branches.10,37,71

Piel et al.6 and Stadler et al.72 showed for long-chain branched PE
that the long-chain branch frequency λ is roughly independent of
molar mass. For the samples in this article—as far as λ was
measurable—λ is approximately independent of molar mass M.
Figure 11 shows the relation between λ and δc for the samples

with a molar mass Mw between 60 and 130 kg/mol and also
between 150 and 250 kg/mol. Samples, for which the degree of
long-chain branching could not be safely established, because it
was too low, are omitted in Figure 11.
It is obvious that the samples fall on two linear relations. For

the lower molecular samples, a relation with a slope of �5.6�/
(LCB/10000 monomer) describes all the data within the experi-
mental accuracy. For the high molecular “fluorenyl-series” a
higher slope of �22.1�/(LCB/10000 monomer) is found to
describe the data well.
On the basis of the relation established above, it is logical that

also Je
0/Je

0(lin) and η0/η0
lin scale with λ.

The higher slope of the higher molecular samples can be
explained by the fact that at constant λ, the average concentration
of long-chain branches per sample depends on the weight-
average molar mass Mw. Typically, the lower molecular series
has a molar mass Mw of 80 kg/mol, while the higher molecular
series hasMw≈170 kg/mol, whichmeans that this series contains
a more than twice as high LCB concentration.
In order to eliminate this influence, the molar mass Mw is

multiplied with the degree of long-chain branching λ, which
makes all samples roughly fall on one linear relation exhibiting a
statistical scatter of about (5� in δc. No systematic trend in the
deviation could be detected (such as the one for the relation
between Je

0 and η0/η0
lin).

’DISCUSSION

The relations established above can be summarized by three
statements:
1. Zero shear-rate viscosity η0 and steady-state elastic recov-

ery compliance Je
0 are increased by the introduction of

long-chain branches. For better visualization, these quan-
tities are normalized to their linear counterparts

2. A more or less pronounced minimum in the phase angle is
observed, which can be quantified by the characteristic

Figure 11. Relation between the critical phase angle δc and branching
frequency λ. The error bars correspond to (2� on the y-axis and (1
LCB/10000 monomer on the x-axis.

Figure 9. Normalized linear steady-state elastic compliance Je
0/ Je

0

(lin) (or Je/Je
0 (lin)) as a function of the zero shear-rate viscosity

enhancement factor η0/η0
lin. The error bars indicate an error of (15%

for the determination of Je
0 and of (20% for η0/η0

lin.

Figure 10. Normalized linear steady-state elastic compliance Je
0/Je

0(lin)
(or Je

0/Je
0(lin)) as a function of the critical phase angle δc. The error bars

indicate an error of (15% for the determination of Je
0 and (2� for δc.
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phase angle δc. Its “pronouncedness” increases with in-
creasing molar mass and level of long-chain branching.

3. δc, η0 and Je
0 can be related to each other. The correlations

of Je
0 and η0 with the other quantities, however, are only

possible after normalization of linear samples with equal
Mw (Je

0(lin) and η0
lin, respectively). For Je

0, the require-
ment for normalization is rather unexpected.

This raises the question as to what causes these correlations.
To answer this, the following question needs to be answered:

How is the molecular structure of a LCB�mPE made up and on
which parameters does it depend?

’MOLECULAR STRUCTURE OF LCB�MPE

Soares and Hamielec10 reported that the LCB formation
mechanism of LCB�mPE is terminal branching. In terminal
branching, vinyl terminated chains (macromonomers) insert
into the growing chain. This process is comparable to the
production of random copolymers and differs only from this
by the much lower content of the much higher molecular macro-
monomer than a typical comonomer. This “intermolecular
macromer incorporation” is a widely accepted mechanism.
Nevertheless, there are many experimentally observed trends,
particularly for slurry and gas phase polymerizations, which
cannot be explained by this mechanism.71 For example, B10
was produced under the same conditions as B6, except for a
higher polymerization temperature. On the basis of the terminal
branching mechanism, the probability of vinyl ended chain
production is high. Consequently, the LCB content must be
higher for B10 but B6 has a higher degree of LCB. This
phenomenon was also observed for E3 and E6.

Therefore, a new “intra-molecular macromer incorporation”
mechanism was proposed by Yang et al..71 They stated that the
previously produced chain with vinyl end remains attached to the
active site during subsequent chain growth, and can act as a
macromer that becomes incorporated on a growing chain as a
LCB. On the basis of this explanation, the high molecular weight
part of a polymer, contains longer branches.

Costeux et al.37 established a model to describe the reaction
mechanism based on the random incorporation of vinyl-terminated
chains. Because the structure of LCB�PEproduced via inter- and or
intramolecular macromer incorporation approaches10,71,73 are
similar, and only the long-chain branching contents differ, an
approximation of the structure of LCB�mPE can be drawn.

The discussion above suggests that an LCB�mPE is roughly
comprised of three components:
1. Linear chains with Mw slightly smaller than Mw

total,
2. Star-like chains with Mw ≈ 3Mn

total (=1.5 Mw
total)

3. Higher branched chains, typically comb-like with a linear or
star-like backbone with Mw . Mw

total.
These three components exist in various ratios. Higher-branched

chains are significantly rarer than star-like chains as long as no extra
macro-monomer is introduced and the degree of long-chain
branching is rather low. According to Costeux et al.,37 the concen-
tration of higher branched chains is approximately one-third of the
star-like species with not too high levels of long-chain branching.

On the basis of these theories,10,37 the average number of
LCB/molecule m should be theoretically sufficient for the
characterization of LCB�mPE. The universality of the δc(Mw �
λ) relation (Figure 12) is a good indicator that this finding is true
within the accuracy of the experiment.

’RHEOLOGICAL BEHAVIOR

Literature Data on Model Branched Polymers. Star Polymers.
Starpolymers are the simplest long-chainbranching structure imaginable
consisting only of one branching point with 3 or more branches
originating from it. The rheological behavior of stars shows η0/η0

lin <
1 for small molar masses (f short arms) and >1 for high molar
masses.33,67,74�81 Gabriel42 reported for these different systems that
η0/η0

lin as a function of M/Me is independent of the polymer type,
and depends only on the number of arms, f, per molecule (thus η0/
η0

lin(M/(Me � f)) is universal).
Pearson and Helfand82 derived the equation

η0 �
Ma

Me

� �R

exp υ0
Ma

Me

� �
ð9Þ

to describe the correlations between η0 andM, whereMa is the
arm length, Me the entanglement molar mass, R ≈ 1 and ν0 ≈
0.5. This theoretical description was refined later83 based on the
tube model.83�85 The viscosity and modulus functions of the
star polymers were found to be quite similar to linear polymers
in shape but exhibited a wider transition area, which is related to
the increase in linear steady-state elastic compliance Je

0 by a
factor of approximately 20 compared to linear monodisperse
samples.33

Comb and Pom-PomPolymers. Few data for pom-poms exist,
which have yielded some insight into their rheological
behavior.86�89 A special class of pom-poms, which are somewhat
easier to synthesize, have only two arms per branch point, known
as H-polymers.88,90�97 The pom-pom-model83 is generally con-
sidered to be valid for describing the linear rheological properties
of this class of polymers.
Comb polymers are defined as having a single backbone

with a length (in entanglements) with q arms attached, where
the chain ends of the backbone also count as arms from their
last branching point.33,88,92,93 For monodisperse comb poly-
mers, Inkson et al.98 found an approximate relationship
between the molar mass M and zero shear-rate viscosity η0.
The correlation between the zero shear-rate viscosity η0 and
molar mass Mw for both pom-pom and combs exceeded the
η0-Mw-correlation for three-arm stars in the case of two
branches per molecule,33 which is in agreement with the
comb-model.

Figure 12. relation between the critical phase angle δc and weight-
average molar mass multiplied with branching frequency Mw � λ.
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One problem regarding the characterization of long-chain
branched chains is obvious from the model polymers. The
maximum relaxation time τd is always increased distinctly compared
to linear samples with the sameM. The molecular reason for this
lies in the fact that the reptation which only linear chains are
capable of is faster for medium or highly entangled systems99

than the fluctuation processes that all types of chains can under-
go. Therefore, the full spectrum is much broader (as well as the
necessary measurement time regime for capturing it) for long-
chain branched polymers than for linears.
McLeish101 has given an overview of the methods to modeling

the rheological data of such model architectures.
Conclusions for LCB�mPE. The rheological data for mon-

odisperse star and comb model polymers clearly shows that
the terminal relaxation time of branched polymers is signifi-
cantly higher than that for linear ones, provided all the seg-
ments are well entangled.33,98,102 A shorter terminal relaxation
time (and thus a lower η0 than for linear samples of equal
molar mass) is found only for combs or trees with very short
arms.
The polydispersity will change these relationships somewhat

because unlike linear samples, the relationship between the
terminal relaxation time and molar mass of star-like polymers
is exponential rather than a power law (linear polymers).
Therefore, when assuming a double logarithmic mixing

law,103 which is approximately fulfilled in many cases, a broad-
ening of the molar mass distribution at constantMw leads to an
increase in the zero shear-rate viscosity η0 and terminal relaxa-
tion time τd.
The typical LCB�mPE is a mixture of linear, star-like and

higher branched molecules. With the exception of the very highly
branched samples (e.g., B12), branched molecules comprise only
a small fraction of chains. For this reason, it is logical that such
samples also show the characteristics of linear samples, as
indicated in the relaxation spectra in Figure 13. The spectrum
for linear polymers,104 adjusted to theMw of the LCB�mLLDPE
LB4 resembles closely the characteristics of LB4 for τ<10�2 s, i.e.,
for the highest frequencies. For longer relaxation times (lower
frequencies), however, the curves disagree. This becomes more
pronounced at longer relaxation times.
These higher relaxation strengths are clearly a trace of the

long-chain branches, which introduce long-time modes. The

spectrum differs significantly according to the materials but the
general pattern (agreement with the linear reference for short
relaxation times and deviation to higher relaxation strengths at
long relaxation times) is present for all samples.
These differences in the relaxation spectra can be related to the

zero shear-rate viscosity increase factor,η0/η0
lin, and the steady-state

elastic recovery compliance Je
0, as both quantities are integrals of

the spectrum (eqs 11 and 12 refer to the continuous and discrete
spectra, respectively):

η0 ¼
Z ¥

�¥
HðτÞτ dðln τÞ ¼

Xn
i¼ 1

giτi ð11Þ

Je0 ¼

Z ¥

�¥
HðτÞτ2 dðln τÞ

ð
Z ¥

�¥
HðτÞτ2 dðln τÞÞ2

¼

Xn
i¼ 1

giτi2

ð
Xn
i¼ 1

giτiÞ2
ð12Þ

Therefore, it is logical that the dependencies of η0/η0
lin and Je

0/
Je
0 (lin) correspond to each other, as their spectra have approxi-

mately the same shape.
δc is more difficult to obtain from the spectrum. On the basis of

the Kramers�Kronig relations, the slope of the spectrumH(τ) or of
the viscosity function |η*(ω)| in log�log scaling is roughly related to
δc. The validity of the relation has been demonstrated indirectly by
finding direct relationships between η0/η0

lin and n, i.e., the slope
between themain relaxation timesλ1 andλ2 in themodifiedCarreau-
Yasuda-model, and the relationship between n and δc.

57,65,66

The molecular meaning of the relationships between δc, η0/
η0

lin and Je
0/Je

0(lin) lies in the following:
1. The quantities react similarly to changes in molecular

structure so that it is possible to find simple correlations
between them.

2. In the range of molar masses accessible by rheological
quantities, the molar mass has an effect, which can be
normalized by the relationships between the molar mass
and η0 and Je

0 for linear samples.
These relationships are valid despite the finding that the δ

(|G*|) plot shows a clear molar mass dependence, which was also
found for the λ1�Mw and λ2�Mw relations, which have different
slopes and can lead to a molar mass dependent ratio.57

Overall, with the establishment of the relationships between
δc, η0/η0

lin and Je
0/Je

0(lin) it is sufficient to measure one of these
quantities to determine the others with reasonable accuracy.
Obviously, δc is the easiest of the three quantities to measure. For
this reason, it is suggested to determine only δc and then estimate
η0 and Je

0 from the relationships discussed in this article. This will
save approximately 90% of the measurement time.
The fact that δc correlates very well with λ�Mw, which can be

considered as a quantity proportional to the number of long-
chain branches at a characteristic molar mass (e.g.,Mw), is a good
indicator that δc is only influenced by the concentration of long-
chain branches present in the material (in terms of average
number of LCB/molecule—expressed by λ�Mw) and that their
length or the molar mass of the total polymer does not play a
significant influence. As established before, Je

0 is influenced by
molar mass, which is why a correlation between δc and Je

0 only
works for Je

0 normalized on the linear reference.
Self-evidently, theδc(λ�Mw) correlation implies that the same

correlation is also present for η0/η0
lin(λ�Mw) (cf. Figures 6 and 12).

Nevertheless, this correlation is surprising. On the basis of eq 9

Figure 13. Comparison of the spectra of long-chain branched LB 4 and
the linear reference, average of the spectra of 6 LLDPE, normalized by
molar mass.
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and also on the more complicated comb-model,98 it is expected
that a longer long-chain branch should increase the zero shear-
rate viscosity increase factor η0/η0

lin. Such longer long-chain
branches are expected to be formed by the macromer long-chain
branch formationmechanism10 when increasing with molar mass
Mw for constant MMD Mw/Mn and λ � Mw.
Giving a definite reason for this deviation between theory and

measurement is not possible. There are several possible reasons:
1. The degree of long-chain branching of the higher molec-

ular fluorenyl series is rather small, so that the molar mass
dependence cannot be detected, as not enough long-chain
branches are present.

2. The range of molar masses covered by the δc(λ � Mw)
relation is not sufficient for finding a distinct Mw depen-
dence of δc(λ � Mw).

3. An increase in molar mass of the vinyl-terminated potential
LCBs reduces the likeliness of their incorporation into the
growing chain, as their solubility in the solvent toluene used
for the polymerization is decreased distinctly. Hence, pre-
ferably shorter macromers are incorporated into the growing
chain. Therefore, the average long-chain branch length does
not increase proportional toMw but only mildly increases.

Possibility 2 is hard to judge: an increase of η0/η0
lin of an ideal

symmetric star by factor >1000 between Mw = 65 kg/mol and
200 kg/mol is found, which, however, might not be enough to
unravel the disagreement. Because not all chains in LCB�mPE are
symmetric stars, such a disagreement might be concealed. To this
end, it is impossible to judge whether possibility 2 is true or not.
Possibility 3—the preferred incorporation of shorter macro-

mers due to their better solubility—probably plays a role, too.
This can be seen from the fact that the higher the molar massMw

of the sample, the lower the degree of long-chain branching.
However, it is impossible to judge this effect quantitatively, as the
length of the long-chain branches cannot bemeasured individually.
As the samples of the fluorenyl series LCB�mPEs in Figure 12

show a trend having a somewhat higher slope than the lower
molecular LCB�mPEs, it is likely that possibility 1 plays a role. This,
however, does not mean that possibility 2 and 3 are irrelevant.

’SUMMARY

η0/η0
lin and δc are related to each other but for the type II

viscosity functions, which have a δc < 45� the relationship
established for materials with a type I viscosity function is
replaced by another linear correlation with a much smaller slope.

Unlike the correlation between η0/η0
lin and δc, no molar mass

independent correlation was found for Je
0. This is a consequence

of the elastic properties being strongly dependent on the
molecular structure, more distinctly than the viscous properties.
Therefore, only a molar mass dependent relationship between
η0/η0

lin and the elastic compliance Je
0, i.e. Je

0/Je
0(lin) leads to a

“master curve” for the increase in this quantity with increasing
degree of branching.

An indication for a universality in the relation between δc and
η0/η0

lin on one hand and the branching frequency λ�Mw on the
other hand was found.
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