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ABSTRACT: The nature of polyolefin branch-block copolymers produced using mixed-metallocene
catalysts has been further characterized in an attempt to relate polymer microstructure to properties.
These copolymers were synthesized by incorporating vinyl-terminated, crystallizable macromonomers
into amorphous backbones. It was shown that polymer properties depended strongly on the fine details
of the polymerization procedure (sequential or ex-situ vs simultaneous or in-situ). Here we present
rheological, chromatographic, and thermal data along with polymerization kinetic model simulations to
interpret the observed property differences between ex-situ and in-situ produced polymers.

Introduction
The tailoring of polyolefin molecular profile through

nanodesign of single-site catalyst systems has been the
subject of many studies.1 By proper selection of catalyst
and reactor process variables, one can control the
various distributions that describe molecular size, com-
position, and long-chain branching (LCB), all of which
affect polymer properties.2,3 The knowledge gained to
date on how single-site catalyst systems performing in
different environments is a stepping stone toward
understanding more complex systems, such as mixed-
catalyst or mixed-activator systems.2-10 Besides the
polymeric species generated by the individual catalysts,
the polymers produced by a mixed-catalyst system may
contain cross products. The cross products are formed
when one catalyst produces reactive macromonomers
that are utilized by the other catalyst during chain
propagation, thus generating long-chain branch archi-
tectures of diverse compositions.2,8 Such branched spe-
cies, even when present at minute concentrations, can
significantly alter the polymer property profile.11 Our
ability to control the type and population of these cross
products will depend on developing reactor-engineering
models and advanced characterization capabilities, in
addition to our knowledge of catalyst systems. This
paper describes the characterization and modeling of
branch-block copolymers made using a pair of metal-
locene catalysts. The paper is aimed at relating polym-
erization process conditions to polymer compositions and
microstructures that may be further related to the
polymer property profiles.3

The polymers discussed here were made in a solution
reactor using a mixed-metallocene catalyst system and
a monomer feed consisting of ethylene and 1-butene.
One of the catalysts (“linear catalyst”) is chosen because
it has low comonomer incorporating capability and
produces linear crystalline chains and macromonomers
with size distribution having Flory most probable
distribution; the particular catalyst used here was

bis(cyclopentadienyl)zirconium dichloride activated with
methylalumoxane. The other catalyst (“LCB catalyst”)
is chosen to have high reactivity ratios toward comono-
mer and macromonomer incorporation. The LCB cata-
lyst, which in this case was dimethylsiladiyl(tetra-
methylcyclopentadienyl) (cyclododecamido)titanium di-
chloride activated with methylalumoxane, produces
chains with amorphous backbones having branches of
crystalline or amorphous macromonomers, as illustrated
in Figure 1.

The linear catalyst may be selected from the bis-
(cyclopentadienyl) catalyst families that typically have
low comonomer incorporating capability. The LCB
catalyst could be chosen from a similar family or could
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Figure 1. Mechanism of chain formation with dual metal-
locene systems. The linear catalyst has low reactivity ratio
toward R-olefins and makes only (a) linear crystalline chains
and macromonomers. The LCB catalyst has high reactivity
toward R-olefins and makes (b) linear and branched amor-
phous chains and (c) semicrystalline branch-block chains.
Chains containing more branches made by the LCB catalyst
are possible but not shown here for brevity.
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be from the family of monocyclopentadienyl catalysts
that have high comonomer incorporating capability. The
selection of the appropriate pair is critical in controlling
the types of polymer species produced.

As for the macromonomer, the characteristics of the
catalyst producing it and the process conditions strictly
govern its crystalline nature as well as its size distribu-
tion. The cross products may range in architecture from
3-arm stars to combs to hyperbranched topologies.11,12

The distribution of species may be modeled using
statistical techniques. The cross products may be ho-
mogeneous or heterogeneous in composition, as indi-
cated in Figure 1, depending on the compositional
similarity between the backbone and the long chains.

The definition of long chain is relative to the intended
effect on properties. If the macromonomer is polyeth-
ylene and one is interested in studying how its crystal-
lization characteristics affect mechanical properties,
then its length must be at least eight carbons long.13 If
the macromonomer is intended for altering viscoelastic
characteristics, then it must have size dimensions larger
than the entanglement molecular weight (Me).14

How chain topological variations affect properties is
an evolving field, and attempts are underway to classify
and model these complex variations.11,12 Our focus here
will be on the analytical characterization and the kinetic
modeling of polyolefin branch-block copolymers, in
which the backbone and the LCB have different com-
position.

An example of such a heterogeneous composition was
described in an earlier paper.3 Some of these copoly-
mers, which are thought to consist of amorphous
backbones from which crystallizable long chains ema-
nate, were shown to display thermoplastic elastomer
properties. The polymer properties were shown to
depend on the catalyst pair selected and the details of
the polymerization scheme. A polymer in which the
macromonomer was prepolymerized and then intro-
duced into the reactor gave distinctly different property
profile compared to one where the macromonomer and
the backbone were cogenerated in the same reactor. The
two polymers had different microphase separation pat-
terns, shear sensitivity, tensile, and elastic properties
as compared to those of a highly elastic hydrogenated
styrene-isoprene-styrene triblock copolymer.

Since the reactor product was a complex mixture of
species, model studies were undertaken to assess the
nature of the LCB distribution. The model studies
showed that the LCB species were concentrated in the
high molecular weight tail, becoming significant past
the number-average molecular weight region and pro-
gressively getting more branched with increasing mo-
lecular weight. Some of the high molecular weight
components had over 10-60 LCB/chain, depending on
the catalyst and process used. The nature of the high
molecular weight long chain branched tail was thought
to underline the observed properties, but not enough
evidence was presented at that time. We decided to
investigate the nature of the cross product in more
detail, as shown below.

In this work we provide additional gel permeation
chromatographic (GPC), thermal, rheological, and reac-
tor kinetic modeling results to differentiate and char-
acterize the molecular architectures of two branch-
block copolymers that have different property profiles.
Also, reactor kinetic simulations were made to model
the generation of the various reactor products as a

function of polymerization condition, namely when
macromonomers are produced ex-situ or in-situ.

Mathematical Model Development

The structural evolution of branch-block composi-
tions can be described using polymerization reaction
kinetics. It will be assumed that there is no interaction
between the mixed catalysts: the linear catalyst pro-
duces linear polymer with saturated and unsaturated
chain ends (macromonomers), while the LCB catalyst
produces linear polymer chains as well as incorporate
the macromonomers to form branch-block structures.
The linear catalyst affects the system only through the
production of unsaturated macromonomers and linear
dead chains. Under this assumption, the basic kinetic
steps derived from each individual catalyst can describe
the polymerization reactions in the mixed-catalyst
system. The connection between the two catalysts is
described through the macromonomer incorporation
step.

A polymerization kinetic model was developed to trace
the evolution of linear and branched structures during
polymerization in a semibatch reactor for both in-situ
and ex-situ operations. A statistical model was also used
to describe the molecular weight distribution of branched
species. The possible branched structures are illustrated
in Figure 1 and include poly(ethylene-co-1-butene)
grafted onto poly(ethylene-co-1-butene) (EB-g-EB) and
polyethylene grafted onto poly(ethylene-co-1-butene)
(EB-g-PE), as well as higher levels of grafting deriva-
tives such as EB-g-(EB-g-PE). These fine details are not
differentiated in the present mathematical model due
to lower probability of formation of chains with higher
levels of grafting.

Population Balance Model. The mathematical
model developed below monitors only the molar fraction
of linear chains, homogeneous branched chains (back-
bone and LCB of the same type), and heterogeneous
branched chains (at least one LCB differs from the
backbone). Molecular weight is not described in this
model. (A more detailed version of this model, including
molecular weight distribution predictions, is beyond the
objectives of the present investigation and will be
published elsewhere.15) The model applies to semibatch
polymerization under constant ethylene pressure, which
were the conditions used for the synthesis of the
polymer samples studied in this investigation.

Polymerization Mechanism for ex-Situ LCB For-
mation. In this case, polyethylene (PE) macromonomer
made with the linear catalyst in a separate polymeri-
zation run is added to the reactor containing the LCB
catalyst. At any time during polymerization with the
LCB catalyst a complex mixture of chains will be
present in the reactor:1 PE linear chains added to the
reactor and linear poly(ethylene-co-1-butene) (EB) chains
made by the LCB catalyst;2 homogeneous branched
chains of the type EB-g-EB, and3 heterogeneous branched
chains of the type EB-g-PE. Several higher levels of
grafting will also occur, e.g., EB-g-(PE-g-PE), EB-g-(PE-
g-EB), EB-g-(EB-g-PE), but as mentioned above, the
present model will not describe these fine microstruc-
tural details.

The mechanism for branch formation used for model
development is detailed in Table 1. For simplicity, it is
assumed that all dead chains contain terminal vinyl
unsaturations. Catalyst deactivation is also neglected.
All branch-formation reactions are assumed to have the
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same reaction rate constant (kD), and all transfer
reactions are considered to be by â-hydride elimination,
also with the same kinetic rate constant (kâ). The model
can be easily extended to include more detailed polym-
erization kinetic steps, but the simplified version pre-

sented herein leads to simpler equations that are ideal
to achieve the main objective of this investigation, i.e.,
to compare the microstructures of polymers made by in-
situ and ex-situ polymerizations.

Model equations for the molar fractions of chain
populations were obtained by developing population
balances for living and dead species and making the
pseudo-steady-state approximation for the living chains.
Table 2 shows the resulting differential-algebraic
system of equations needed to model this process.

Polymerization Mechanism for in-Situ LCB For-
mation. The mechanism for in-situ polymerization is
also presented in Table 1. The general model assumes
that both catalysts can form LCB chains. For our
particular simulations, only the LCB catalyst forms
LCB, while the linear catalyst makes only linear chains.
This is easily achieved by setting the rate constant for
branch formation for catalyst 2, kD2, to zero. Similarly,
model equations are obtained by population balances,
making the pseudo-steady-state approximation for the
living polymer chains, as shown in Table 2. Note that
for the case when kD2 ) 0, xb2 ) yb2 ) ym2 ) 0; i.e.,
catalyst 2 (linear catalyst) does not produce branched
species of any type, as required for our experiments.

Statistical Model. In this approach, it is assumed
that EB-g-PE structures are the only branched species
formed during the polymerization; these structures are
formed through the random grafting of preformed PE
macromonomers onto EB backbones. The probability for
a backbone with r monomer units and b branch points
can be described by a binomial distribution.16 In most
cases, the number of branch points is much smaller than
the number of monomer units on the backbone. Thus,

Table 1. Mechanism for ex-Situ and in-Situ
Polymerizations Used with the Population Balance

Modelsa

ex-situ
in-situ

catalyst 1
in-situ

catalyst 2b
kinetic

constants

Branch Formation Reactions
P + m f Pm P1 + D1 f Pb1 P2 + D2 f Pb2 kD1, kD2
P + D f Pb P1 + D2 f Pm1 P2 + D1 f Pm2 kD1, kD2
P + Db f Pb P1 + Db1 f Pb,1 P2 + Db2 f Pb,2 kD1, kD2
P + Dm f Pm P1 + Db2 f Pm,1 P2 + Db1 f Pm,2 kD1, kD2
Pb + m f Pm P1 + Dm f Pm,1 P2 + Dm f Pm,2 kD1, kD2
Pb + Db f Pb Pb1 + D1 f Pb1 Pb2 + D2 f Pb2 kD1, kD2
Pb + Dm f Pm Pb1 + D2 f Pm1 Pb2 + D1 f Pm2 kD1, kD2

Pb1 + Db1 f Pb1 Pb2 + Db2 f Pb2 kD1, kD2
Pb1 + Db2 f Pm1 Pb2 + Db1 f Pm2 kD1, kD2
Pb1 + Dm f Pm1 Pb2 + Dm f Pm2 kD1, kD2

Termination Reactions
P f D + C* P1 f D1 + C1

/ P2 f D2 + C2
/ kâ1, kâ2

Pb f Db + C* Pb1 f Db1 + C1
/ Pb2 f Db2 + C2

/ kâ1, kâ2

Pm f Dm + C* Pm1 f Dm + C1
/ Pm2 f Dm + C2

/ kâ1, kâ2

a Definitions: m ) macromer, P ) living linear chain, D ) dead
linear chain, Pb ) living homogeneous-branched chain, Db ) dead
homogeneous-branched chain, Pm ) living heterogeneous-branched
chain, Dm ) dead heterogeneous-branched chain. For in-situ
polymerization, subscripts 1 and 2 indicate catalyst type. b For the
sake of completeness, it is considered that both catalyst 1 and 2
are allowed to form branches. For the simulations of the particular
system considered in this investigation, the rate constant of branch
formation for the linear catalyst, kD2, is set to zero.

Table 2. Population Balance Equations for in-Situ and ex-Situ Modelsa

description in-situ ex-situ

molar fraction of dead linear chains dx
dt

)
kâY
Q

(y - x)
dx1

dt
) Y

Q
[kâ1

(y1 + µ1x1) - kâ2
µ2x1]

dx2

dt
) Y

Q
[kâ2

(y2 + µ2x2) - kâ1
µ1x2]

molar fraction of dead homogeneous
branched chains

dxb

dt
)

kâY
Q

(yb - xb)
dxb1

dt
) Y

Q
[kâ1(yb1 + µ1xb1) - kâ2µ2xb1]

dxb2

dt
) Y

Q
[kâ2(yb2 + µ2xb2) - kâ1µ1xb2]

molar fraction of dead heterogeneous
branched chains

dxm

dt
)

kâY
Q

(ym - xm) xm ) 1 - x1 - xb1 - x2 - xb2

molar fraction of macromonomer
added to the reactor

xmm ) 1 - x - xb - xm

molar fraction of living linear chains
y )

kâ

kDQ + kâ
y1 )

kâ1µ1

kD1Q + kâ1

y2 )
kâ2µ2

kD2Q + kâ2

molar fraction of homogeneous living
chains yb )

kDQy(x + xb)

kDQ(xm + xmm) + kâ
yb1 )

kD1Qy1(x1 + xb1)

kD1Q(x2 + xb2 + xm) - kâ1

yb2 )
kD2Qy2(x2 + xb2)

kD2Q(x1 + xb1 + xm) - kâ2

molar fraction of heterogeneous
living chains

ym ) 1 - y - yb

ym1 )
kD1Q(y1 + yb1)(x2 + xb2 + xm)

kâ1

ym2 ) 1 - y1 - yb1 - ym1 - y2 - yb2
total concentration of dead chains in

the reactor Q )
kâ

kD
(1 - e-kDYt) + m0e

-kDYt Q )
kâ1µ1 + kâ2µ2

kD1µ1 + kD2µ2
{1 - exp[-(kD1µ1 + kD2µ2)Yt]}

a Y is the total concentration of catalyst. For the ex-situ model, m0 is the initial concentration of macromonomer. For the in-situ model,
the subscripts 1 and 2 indicate catalyst type, and µ1 and µ2 are the molar fractions of catalyst 1 and 2, respectively.
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the binomial distribution can be approximated by a
Poisson distribution, i.e.,

where λ is the probability of macromonomer insertion
or branch density (number of branch points per back-
bone monomer). The molar concentration of chains with
r units on the backbone, b branch points and a total of
s monomer units on all the branches can be expressed
as

where nB(r) is the number distribution of molecular
weight for the backbone. úb(s) is the mole fraction of
branches with a total chain length of s monomeric units;
this can be obtained from the molecular weight distri-
bution of branches.17 Assuming that the molecular
weight distribution of the branches follows the Schulz-
Zimm distribution,

Gu et al.17 derived the following equation for the number
distribution of comb-branched copolymers:

where Mns is the number-average molecular weight of
branches; k is related to the polydispersity of the
branches and is defined as:

The mole fraction of linear backbone is given by:

The population distribution of branched species can
be described as a function of the number of branches
using eq 4. The parameters required for a model
calculation involve the number of branches, molecular
weight distribution, and branching density. The molec-
ular weight distribution can be obtained using GPC
techniques while the number of branches can be ob-
tained using FTIR or other techniques that may involve
labeling of various types. The branch density can be
calculated using reaction kinetics involving macromono-
mer incorporation. Comb structures are formed when
macromonomers are added through insertion mecha-
nism into backbone. It is assumed that all reactive
double bonds have the same copolymerization reactivity
regardless of chain length. The reaction pathways can
be described using the reaction steps outlined in the
Appendix. Branch formation depends on the competition

between monomers and macromonomers; the branching
density can be written as

Experimental Section

Materials/Synthesis. The two samples of interest are
labeled ex-situ and in-situ. Their synthesis conditions and
select properties, extracted from an earlier paper,3 are sum-
marized in Table 3. The ex-situ product was made sequentially
whereby the macromonomer was first made and then allowed
to be consumed in the second, assembly stage. In the in-situ
case, the macromonomers and the backbone were formed
simultaneously.

As described elsewhere,3 all catalyst preparations were
performed in an inert atmosphere with <1.5 ppm of H2O
content. Metallocene catalyst precursors were activated with
either methylalumoxane (MAO, 10% in toluene, from Albe-
marle Inc.) or dimethylanilinium tetrakis(perfluorophen-
yl)borate (Boulder Scientific Co.). The catalyst was added
to a stainless steel tube by pipet and transferred to the
reactor.

Macromonomer synthesis was conducted in a 1 L Zipper-
clave reactor equipped with a water jacket for temperature
control. High-purity (>99.5%) solvent (toluene or hexane, 600
mL) and comonomer (butene) were introduced into the reactor,
the temperature of which was set at 90 °C, and the system
was allowed to reach equilibrium. The ethylene pressure
regulator was set to 20 psi above the reactor pressure, and
ethylene was added to the reactor until a steady-state condi-
tion was achieved, as measured by zero ethylene uptake.
Catalyst was injected using a catalyst tube, and the ethylene
supply manifold was immediately opened to the reactor in
order to maintain a constant reactor pressure as ethylene was
consumed. The reaction medium was mixed using a flat-paddle
stirrer rotating at 750 rpm. Injecting methanol after 15-30
min terminated the reaction. The product was poured into
excess isopropyl alcohol to precipitate the polymer that was
then evaporated to dryness.

The ex-situ polymerization was conducted in a 2 L autoclave
reactor. In one experiment, the reactor was charged with
toluene (300 mL), macromonomer (5-30 g), and triisobutyl-
aluminum (0.5 mL of 1 M solution in toluene), followed by an
appropriate amount of monomer and comonomer. The reactor
was heated to the desired temperature and equilibrated for 5
min, and then the catalyst and the activator (in 3 mL of
toluene) were injected. After 15-20 min, the reactor was cooled
to 25 °C and vented. The product was poured into excess
isopropyl alcohol to precipitate the polymer, which was then
dried in air overnight.

To synthesize in-situ branch-block copolymers, the reactor
was purged with nitrogen and pressure tested using ethylene.
Solvent (toluene, 600 mL) and comonomer (butene, 20 mL)
were added to the reactor. The reactor temperature controller
was set to 90 °C, and the system was allowed to reach
equilibrium. The ethylene pressure regulator was next set to
100 psig, and ethylene was added to the system until a steady
state was achieved, as measured by zero ethylene uptake. The
mixed-catalyst (Cp2ZrCl2 and (C5Me4SiMe2NC12H23)TiCl2) ac-
tivated with 10% methylalumoxane (MAO) solution in toluene
was injected. The 100 psig ethylene supply manifold was
immediately opened to the reactor in order to maintain a
constant reactor pressure as ethylene was consumed by
reaction. Injecting methanol after 7 min terminated the
reaction. The product was poured into excess isopropyl alcohol
and evaporated to dryness.

Gel Permeation Chromatography. The gel permeation
chromatography data were taken on a high-temperature GPC
equipped with an online LALLS detector and viscometer. The
details of the detector calibrations have been described else-

(λr)b

b!
exp(-λr) (1)

nc(r,s,b) ) nB(r)
(λr)b

b!
exp(-λr)úb(s) (2)

n(s) ) 1
(k - 1)!

k
Mns

( ks
Mns

)k-1
exp(- ks

Mns
) (3)

nc(r,s,b) ) nB(r)
(λr)b exp(-λr)

b!(kb - 1)!
k

Mns
( ks
Mns

)kb-1

exp(- ks
Mns

) (4)

k )
Mns

Mws - Mns
or

Mws

Mns
) k + 1

k
(5)

nc,0(r) ) nB(r)(1 - λ)r ) nB(r) exp(-λr) (6)

λ )
macromonomer incorporation rate

propagation rate + macromonomer incorporation rate
(7)

Macromolecules, Vol. 35, No. 25, 2002 Metallocene-Based Branch-Block Copolymers 9589



where;19 attached below are brief descriptions of the compo-
nents. A Waters 150C high-temperature GPC with three
Polymer Laboratories PLgel 10 mm Mixed-B columns, a
nominal flow rate 0.5 cm3 /min, and a nominal injection volume
300 µL is common to both detector configurations. The various
transfer lines, columns, and differential refractometer (the
DRI detector, used mainly to determine eluting solution
concentrations) are contained in an oven maintained at 135
°C.

The LALLS detector is the model 2040 dual-angle light
scattering photometer (Precision Detector Inc.). Its flow cell,
located in the SEC oven, uses a 690 nm diode laser light source
and collects scattered light at two angles, 15° and 90°. Only
the 15° output was used in these experiments. Its signal is
sent to a data acquisition board (National Instruments) that
accumulates readings at a rate of 16 per second. The lowest
four readings are averaged, and then a proportional signal is
sent to the SEC-LALLS-VIS computer. The LALLS detector
is positioned after the SEC columns, but before the viscometer.

The viscometer is a high-temperature model 150R (Viscotek
Corp.). It consists of four capillaries arranged in a Wheatstone
bridge configuration with two pressure transducers. One
transducer measures the total pressure drop across the detec-
tor, and the other, positioned between the two sides of the
bridge, measures a differential pressure. The specific viscosity
for the solution flowing through the viscometer is calculated
from their outputs. The viscometer is inside the SEC oven,
positioned after the LALLS detector but before the DRI
detector.

Rheology. The linear viscoelastic properties were obtained
with an Advanced Rheometrics Expansion system (ARES)
rheometer using 25 mm parallel plate geometry. Experimental
specimens were stabilized and compression-molded at 190.
Care was exercised to ensure linear viscoelastic response.
Isothermal frequency sweeps were performed at various tem-
peratures over 10-2 < ω < 390 rad/s.

Crystaf. Crystallization analysis fractionation (Crystaf)
uses a unique approach to monitor the solution crystallization
of polymers. The crystallization is carried out in 60 mL stirred
vessels where dissolution and filtration take place automati-
cally.20 The analysis is carried out by monitoring the polymer
solution concentration during crystallization as the tempera-
ture is reduced. The dual wavelength infrared detector to-
gether with a heated follow-through microcell is used to
measure the concentration. Samples are prepared by dissolving
30 mg of polymer sample in 30 mL of 1,2,4-trichlorobenzene
at 160 °C for 60 min and then rapidly cooled to 100 °C at a
rate of 25 °C/min. This is followed by a slow cooling step in
which the polymer solution is cooled at a rate of 0.2 °C/min
between 100 and 30 °C. The initial polymer concentration is
assigned a 100% value, and a pure solvent is defined as 0%. A
derivative of the concentration vs temperature curve provides
a pictorial representation of the branching distribution.

Results and Discussion

Molecular Weight Distribution and Long-Chain
Branching. Table 3 summarized the GPC-DRI/viscom-
eter/LALLS data on the two polymers. Since the two
polymers were run under different batch reactor condi-

tions (see Experimental Section), it is not surprising
that their molecular weights are different (because of
such differences as impurities and chain-transfer mech-
anisms). However, the molecular weight distribution
(MWD) and its moments tell us a story that is consistent
with the kinetic model. The multidetector GPC data
show that the ex-situ product has much broader mo-
lecular weight distribution (Mw/Mn ) 3.2) compared to
the in-situ product (Mw/Mn ) 2.1). That the branching
density is higher in the ex-situ product, particularly at
the high MW ends, is supported by the higher Mz/Mw
value for ex-situ (Mz/Mw ) 2.7) compared to the in-situ
(Mz/Mw ) 1.7).

The branching index, g′, shows how the branching
increases with increasing molecular weight, as evi-
denced by the progressively lower value of the g′ factor
(a g′ of 1.0 indicates linear polymer chain). This trend
is further supported by the intrinsic viscosity data. The
fact that the polymer solution viscosity is lower than
that of the linear reference, and that it gets progres-
sively lower with increasing molecular weight, indicates
the increasing level of long-chain branching as a func-
tion of molecular weight.

Even though LALLS and intrinsic viscometer data
give clear evidence of the presence of long chain-
branched species, they are not discriminating enough
to allow fingerprinting the small but significant differ-
ences between the two samples. Rheological techniques
were therefore used to map these fine differences.

Rheology. Some LCB structures exhibit a power law
relaxation behavior over a finite frequency range.21,22

As a consequence, G′ and G′′ scale with frequency as
ωn and tan δ becomes frequency independent over that
finite frequency range. Figure 2 shows the complex
moduli as a function of frequency at 210 °C for ex-situ
and in-situ samples. It can be observed that the dynamic
moduli of both samples is nearly parallel in the low-
frequency region, and consequently the tangent of the
phase angle becomes independent (or nearly indepen-
dent) of frequency which is confirmed by Figure 3,
indicating the presence of LCB. The tan δ of a linear
(hydrogenated polybutadiene) polyethylene is included
in this figure as a reference. Furthermore, the tan δ of
the ex-situ sample is lower than that of the in-situ at
low frequencies. This is a good indication that the ex-
situ sample has more LCB than the in-situ material.21-23

This is not surprising since, as will be discussed in the
modeling section, the macromonomer is abundantly
available during ex-situ polymerization, while in the in-
situ case the macromonomers have to be produced as
the polymerization progresses before they can be used
to form branched chains. This section is meant to
establish the presence of long-chain branching in these
materials rather than more detailed information on the
branched structures.

Table 3. Characterization of Branch-Block Copolymers

tensile propertiesd

GPC-DRI/viscometer/LALLS
sample polymerizationa Mn (×103) Mw (×103) Mz (×103) Mw/Mn Mz/Mw g′(avg)

tensile
strength (psi)

elongation
at break (%)

recovery
(%)

ex-situ sequentialb 87 281 775 4.4 2.7 0.961 2401 905 76
in-situ simultaneousc 225 466 785 2.5 1.7 0.996 3054 669 87

a Polymerization temperature ) 90 °C. Catalysts: bis(pentadienyl)zirconium dichloride activated with methylalumoxane (MAO, 10%
in toluene) and dimethylsiladiyl (tetramethylcyclopentadienyl) (cyclododecamido)titanium dichloride activated with methylalumoxane
(MAO, 10% in toluene). b Ex-situ means C2

2-/C4
2- macromonomer was first synthesized and then copolymerized with C2

2-/C4
2-. c In-situ

synthesis of macromonomer and backbone using mixed metallocene catalyst. d Standard tensile testing was performed on an Instron
4505 instrument at room temperature using ASTM Method D1708. Elastic recovery was measured at 150% stain.
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Analytical Crystaf Results. Figure 4 shows the
Crystaf plots of the two polymer samples, showing the
type and population of the crystalline components in the
semicrystalline polymer. The ex-situ product displays
three main fractions, while the in-situ sample has only
two main fractions.

The area under the rectangular peak is proportional
to the fraction of polymer that remained in solution at
the end of the analysis. In the case of the ex-situ sample,
there are two semicrystalline populations of more or less

equal intensity centered at about 76 and 32 °C, besides
the fraction that still remained in solution below 15 °C
(lower fractionation temperatures were not attempted
to avoid solvent freezing). The peak centered at 75 °C
probably contains linear PE chains (Figure 1a) and some
branch-block structures containing PE segments of
high molecular weight (Figure 1c). The peak centered
at 36 °C contains species of lower crystallinity, due to
the formation of branch-block chains of the type shown
in Figure 1c, where the molecular weight of the PE
segments is not high enough. It can be speculated that
the amorphous segments attached to the crystalline PE
segments impair their ability to fit the crystal lattice,
thus lowering their melting point. Finally, the amor-
phous fraction is mostly composed of linear and branched
EB chains as represented in Figure 1b. It is possible
that some EB chains containing very short PE segments
will also be present in this fraction, though his has not
been confirmed (such as by the C-13 NMR characteriza-
tion of the Crystaf fractions).

In contrast, the in-situ product has only two major
peaks. Keeping with the interpretation of the previous
paragraph, it is clear that the in-situ product has a
much smaller amount of branch-block polymer that the
ex-situ polymer. The crystalline peak centered at about
80 °C is likely formed mainly of linear PE chains, while
the amorphous peak is composed of linear or branched
EB chains.

It is also interesting to notice that the two semicrys-
talline peaks of the ex-situ sample are broader than the

Figure 2. G′ and G′′ of ex-situ (top) and in-situ (bottom)
samples as a function of frequency, recorded at 210 °C.

Figure 3. Plot of tan δ against frequency for ex-situ and in-
situ samples relative to a model linear homo-polyethylene
(synthesized by living anionic polymerization).

Figure 4. Crystaf profiles ex-situ (top) and in-situ (bottom)
samples. The area of the rectangular section is proportional
to the fraction of polymer soluble below the lowest crystal-
lization temperature (15 °C for the in-situ sample and 30 °C
for the ex-situ sample).
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80 °C peak of the in-situ sample, which is another
indication that the ex-situ polymer is considerably more
heterogeneous than the in-situ polymer.

Therefore, both microstructural and rheological char-
acterizations seem to point out that the ex-situ sample
contains a higher fraction of the desired cross-product
EB-g-PE. These observations are also confirmed by
mathematical modeling of this system, as described in
the next section.

Simulations Results: Population Balances. The
population balances presented in Table 2 were solved
numerically in Matlab using an adjustable step size
Runge-Kutta method. The resulting system of ODE is
well behaved and very easy to integrate.

Figure 5 shows how the molar fractions of the differ-
ent species of dead polymer change in the reactor as a
function of polymerization time for the case of ex-situ
polymerization. Model parameters were set arbitrarily
to kDY ) 1.0 × 10-3 s-1, kâ/kD ) 2.0 × 10-2 mol L-1,
and m0 ) 0.02.

Notice that, since the concentration of macromonomer
is at its maximum at the beginning of the polymeriza-
tion, the polymer chains made initially are almost
entirely heterogeneous (EB-g-PE). Supposing the po-
lymerization can run long enough, the fraction of
homogeneous branched chains will eventually increase,
while the free macromonomer is consumed in the
polymerization. Therefore, it is clear that this approach
will always maximize the amount of branch-block
chains formed in a semibatch polymerization.

Figure 6 shows similar results for the case the in-
situ approach. Model parameters were set to the fol-
lowing arbitrary values: kD1Y ) 1.0 × 10-3 s-1, kD2Y )
0, kâ1/kD1 ) kâ2/kD2 ) 2.0 × 10-2 mol L-1, and µ1 ) µ2 )
0.5.

It is apparent that the formation of branch-block
species in this case is completely different from the ex-
situ case previously studied. Particularly, the rate of
branch formation is much smaller at the beginning of
the polymerization, since there is no macromonomer
available for this reaction to take place at t ) 0. If the
catalyst deactivates in the reactor, this effect will be
magnified even further.

These results agree well with the experimental evi-
dence shown above. Since it is assumed that the block-
branch chains are responsible for the appearance of the

lower crystallinity shoulder in the Crystaf profile for the
ex-situ run, it is illustrative to compare the rate of
branch-block chain formation for several polymeriza-
tion conditions (Figure 7). Notice how the formation of
branch-block species at lower polymerization times is
favored for the ex-situ approach. This is most likely the
case of the samples analyzed by Crystaf in this study.
Therefore, it can be proposed that the peak centered at
36 °C observed in the Crystaf profile of the ex-situ
sample is due to these branch-block chains. The same
is not observed for the in-situ synthesis because not
enough of these species were formed during polymeri-
zation.

This is more clearly illustrated in Figure 8, where the
microstructures of samples made in-situ and ex-situ are
compared after 10 min of polymerization. Notice that
these products have completely different microstruc-
tures and consequently will have distinct mechanical
and rheological properties.

Simulation Results: Statistical Approach. The
simulation results presented in the previous section help
explain the enhanced formation of branch-block species
during ex-situ polymerization, but the simplicity of the
model does not allow the description of molecular weight
details of the polymer formed during the polymerization.

Figure 5. Concentration of dead polymer chains as a function
of polymerization time for in-situ polymerization. Simulation
parameters are kDY ) 1.0 × 10-3 s-1, kâ/kD ) 2.0 × 10-2 mol
L-1, and m0 ) 0.02 mol L-1.

Figure 6. Concentration of dead polymer chains as a function
of polymerization time for ex-situ polymerization. Simulation
parameters are kD1Y ) 1.0 × 10-3 s-1, kD2Y ) 0, kâ1/kD1 ) kâ2/
kD2 ) 2.0 × 10-2 mol L-1, and µ1 ) µ2 ) 0.5.

Figure 7. Fraction of branch-block chains as a function of
polymerization time for several polymerization conditions.
Simulation conditions are the same used for Figures 7 and
8.

9592 Dekmezian et al. Macromolecules, Vol. 35, No. 25, 2002



This limitation can be overcome by using the statistical
formulation described with eqs 1-6.

An example of model calculation is shown in Figure
9. For the cases presented in our earlier paper,3 a
significant fraction of molecules has one branch. The
population of molecules with higher number of branches
decreases with the number of branching. Species with
higher number of branches are located at the high
molecular weight end. Population distributions of all
branched species can be averaged over the number of
branching for all species. The averaged data are shown
in Figure 10. The averaged number of branching
increases with molecular weight, consistent with ex-
perimental observations on model PE-g-EB copolymers.3

Conclusion
Mixed-catalyst systems may well usher the next wave

in polyolefin architecture design. Through detailed

structural characterization and polymerization kinetic
model simulation, we have shown that mixed-metal-
locene catalysts under different polymerization pro-
cesses can yield architecturally different branch-block
copolymers. The next challenge would be to establish
the direct relationship between architectural details
(e.g., the size and distribution of the PE blocks) and
mechanical and flow properties of the polymers pro-
duced. Such an undertaking would require the applica-
tion of more advanced fractionation and characterization
tools. It will also benefit from more detailed kinetic data,
the synthesis and study of model polymers, and math-
ematical models that could account for the distribution
of various branch architectures. Even though many of
these analytical and mathematical tools exist today,
their application for mapping the complex structure-
property patterns observed in the polymer systems
resulting from the use of mixed catalysts is just begin-
ning.

Appendix. Polymerization Pathways and
Population Balance of Various Species

The kinetic scheme that represents the long-chain
branching formation in a dual catalyst system is pre-
sented below. The model comprises the basic kinetic
steps of olefin polymerization: initiation, propagation,
termination, and the necessary steps for long-chain
branch formation through macromonomer incorpora-
tion. The mechanism of LCB formation is copolymeri-
zation of vinyl-terminated macromolecules. Notice that
catalyst 1 produces linear polymer chains only. It is also
assumed that polymers ending with ethylene form vinyl
chain ends through â-hydride elimination, and only
these macromonomers can be incorporated to produce
LCB.

propagation
Pi + M1 98

kp11
Pi+1 kp11

Pi + M2 98
kp12

Qi+1 kp12

Qi + M1 98
kp21

Pi+1 kp21

Qi + M2 98
kp22

Qi+1 kp22

Ri,b + M1 98
kp12

Ri+1,b kp12

Ri,b + M2 98
kp12

Si+1,b kp12

Si,b + M1 98
kp12

Ri+1,b kp12

Si,b + M2 98
kp12

Si+1,b kp12

Figure 8. Molar fractions of the different chain structures
present after 10 min of polymerization. Simulation conditions
are the same used for Figures 7 and 8.

Figure 9. Population distribution of combs having a progres-
sion of branches.

Figure 10. Molecular weight distribution and average num-
ber of LCB/chain EB-g-PE from model simulation.

initiation (catalyst 1 produce linear chains only)

C1
/ + M1 f P1

C1
/ + M2 f Q1

C2
/ + M1 f R1,0

C2
/ + M2 f S1,0
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â-hydride elimination (polymer PI,b and RI,b are
terminated with ethylene)

Pi 98
kâ11

Pi
2- + C1

/ kâ,11

Qi 98
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Q′i + C1
/ kâ,11

Ri,b 98
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Si,b 98
kâ11

S′i,b + C1
/ kâ,11

chain transfer (chain termination)
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/
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/
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/

Si,b + CTA 98
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/

long-chain branching
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