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Summary: Linear olefin block copolymers (OBCs) have microstructures that are unique

among polyolefins and exhibit properties that are different from those of other

polyolefin elastomers. Characterizing their chain microstructures is a challenging task,

as conventional characterization techniques cannot probe directly block length

distribution or composition. In this work, we used a Monte Carlo model to predict

the microstructure details of OBCs and a modified version of the Crystaf model

previously developed in our groups to describe theoretical Crystaf profiles for model

OBCs. This model can be used as a tool to interpret Crystaf results of these interesting

new polyolefins and to relate them to OBC microstructures. Effects of polymerization

parameters on OBC microstructure and Crystaf profiles were also discussed.
Keywords: chain shuttling; Crystaf; crystallization analysis fractionation; olefin block

copolymers; polyethylene elastomers
Introduction

Linear olefin block copolymers (OBC)

constitute a new class of polyolefins pro-

duced using chain shuttling catalyst tech-

nology.[1,2] Chain shuttling polymerization

uses two catalysts with different comono-

mer reactivity ratios in combination with a

chain shuttling agent (CSA). The CSA acts

as a reversible chain transfer agent, ‘‘shut-

tling’’ polymer chains between the two

catalysts and producing linear block copo-

lymer chains with a statistical distribution

of block sizes and number of blocks per

chain. For an ethylene/a-olefin copolymer,

the catalyst with the high comonomer

reactivity ratio may be used to produce

soft or low-crystallinity blocks, while the

catalyst with the low comonomer reactivity

ratio makes hard or high-crystallinity

blocks. These linear block olefin copoly-

mers have been claimed to have novel end-
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use properties (such as higher heat and

abrasion resistances) and enhanced proces-

sability, providing advantages over conven-

tional polyolefin elastomers.

While the crystallization and rheological

behavior of OBCs have been investi-

gated,[3–5] characterizing their chain micro-

structure is a challenging task. Even though

analytical temperature rising elution frac-

tionation (ATREF) and crystallization

analysis fractionation (Crystaf) results have

been reported for OBCs,[6] linking these

results to chain microstructural distribu-

tions is difficult because neither ATREF

nor Crystaf can probe directly the block

length and composition distributions of

these polymers.

Recently, a model for describing Crystaf

profiles of random homo- and copolymers

was developed in our groups.[7–9] This

model has an advantage over previously

proposed models[10–15] because it takes

crystallization kinetics into account and

can describe experimental Crystaf results of

random polyolefins measured under differ-

ent cooling rates very well. The model can

provide useful, quantitative insights on the

Crystaf fractionation mechanism and its

relation to polymer microstructure.
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In the present publication, we developed a

Monte Carlo model to simulate the micro-

structure of OBCs and used this information

to predict their Crystaf profiles using a

modified version of our kinetic Crystaf

model. Effects of polymerization parameters

such as chain shuttling probability, propaga-

tion probability, and catalyst ratio on Crystaf

profiles were examined from a theoretical

perspective. We believe this approach could

be useful to infer the chainmicrostructures of

OBCs based on Crystaf analysis.
Model Development

Monte Carlo Simulation of OBC

Microstructures

OBC microstructures, as defined by their

molecular weight distribution, comonomer

fraction, and longest ethylene sequences

per chain, were simulated using a Monte

Carlo model. Polymer chains were gener-

ated following the chain shuttling polymer-

ization mechanism published in the litera-

ture[1,2] and illustrated schematically in

Figure 1. Random numbers between 0

and 1 were used to select among the
Figure 1.

Chain shuttling polymerization mechanism. Only one c
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different polymerization steps shown in

Figure 1. A simplified flowchart for the

algorithm used in the Monte Carlo simula-

tions is shown in Figure 2.

To start the formation of a polymer

chain, the catalyst type was randomly

selected using themolar fraction of Catalyst

1 in the reactor (for simplicity, we assumed

that both catalysts had the same overall

activity; this hypothesis can be easily

relaxed without affecting the general

results reported herein). If the random

number (R) is less than the mole fraction of

Catalyst 1 in the reactor (Pcat1), the chain

starts growing on Catalyst 1; otherwise, it

starts growing on Catalyst 2. In this study,

Catalyst 1 was assumed to make ethylene-

rich chains, while Catalyst 2 produced a-

olefin-rich chains. The first monomer

molecule added to the catalyst was selected

based on the monomer (Pm) and como-

nomer (Pc) incorporation probabilities

assumed for each catalyst type. If R�Pm/

(PmþPc), ethylene is the first unit to react;

otherwise, the a-olefin.

Subsequent reactions taking place at the

catalyst, chain propagation, chain shuttling,

or chain transfer, were determined by
atalyst type is illustrated for simplicity.
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Figure 2.

A simplified Monte Carlo algorithm to simulate the microstructure of OBC copolymers.
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comparing another random number with

the propagation (Pp), chain shuttling (Ps),

and chain transfer probabilities (Pt). A

polymer chain propagates if R�Pp, is

shuttled if Pp<R�PpþPs, and terminates

otherwise. Note that PpþPsþPt¼ 1 for

each catalyst type, since these three prob-

abilities encompass all the possible events

taking place during the life time of a

polymer chain, as proposed in Figure 1.

The parameter Pt is related to the number
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
average chain length, rn, of polymer

produced with a given catalyst type by

the relation Pt¼ 1/rn.

In the case of propagation, another

random number is generated to decide

which monomer type is incorporated onto

the chain. This decision is made by

comparing the random number with Pm

and Pc. The monomer (ethylene in the

present simulations) is considered to be

incorporated into the polymer chain when
, Weinheim www.ms-journal.de
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R�Pm/(PmþPc); otherwise, the a-olefin is

selected for propagation. We assumed that

the copolymerization followed Bernoullian

statistics, that is, the propagation probabil-

ity of a given monomer is equal to its

average mole fraction in the copolymer.

First or higher order Markovian statistics

can be easily incorporated into our Monte

Carlo algorithm if necessary.

When a polymer chain is selected to react

withachain shuttlingagent, another random

number is generated to decide to which

catalyst type the selected chain will be

transferred, according to themolar fractions

of Catalyst 1 and Catalyst 2 in the reactor. If

theR�Pcat1, the chain is shuttled to another

Catalyst 1 molecule and no new block is

formed; if R>Pcat1, the chain is transferred

to Catalyst 2, starting the formation of an

ethylene/a-olefin block with composition

different from the previous one.

This process is repeated until the chain

terminates. After chain transfer, informa-

tion on the chain microstructure is

recorded. It is important to note that all

probabilities (Pp, Ps, Pt, Pm, and Pc)

considered in the model are assumed to

be different for each catalyst type. For the

simulations discussed in this paper, 200,000

polymer molecules were generated to

provide an adequate representation of the

OBC microstructure.
Crystaf Model for Random Ethylene/a-

Olefin Copolymers

Since the detailed model formulation and

validation of Crystaf profiles for random

ethylene/a-olefin copolymers have been

reported earlier,[7-9] only the key concepts

will be reviewed in this section. In the case

of random ethylene/a-olefin copolymers,

the longest ethylene sequence (LES) in each

chain, which depends on both molecular

weight and comonomer content, is pro-

posed to be the main factor determining

chain crystallizability in solution and, con-

sequently, Crystaf profiles.

To simulate Crystaf profiles, polymer

chainsareseparatedintoseveralpopulations

with similar LES. Assuming that the crystal-
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
lization kinetics of each population follows

the Avrami equation and that the relation-

ship between dissolution temperature and

LES can be described with the modified

Gibbs-Thomson equation, the degree of

crystallinity (X) as a function of LES, cooling

rate (CR), and crystallization temperature

(TC) for each population is given by,

XðLES;TCÞ

¼
0; TC�TdðLESÞ�Tl

1�exp �k ðTdðLESÞ�Tl Þ�TC

CR

h inn o
; TC<TdðLESÞ�Tl

(

(1)

where n is the Avrami exponent, k is the

apparent Avrami rate constant, Tl is the

temperature lag in the Crystaf oven (which

is a function of the cooling rate and given by

the expression Tl¼ 5.02�CR� 0.05 for our

Crystaf unit), and Td(LES) is the dissolution

temperature for a chain population with

similar LES,

TdðrÞ ¼ A� B

LES
(2)

where A ¼ To
d � TS, B ¼ To

d � a, and To
d is

the equilibrium dissolution temperature of

a chain with infinite length (this parameter

depends on solvent and polymer type), TS is

a supercooling temperature (to account for

supercooling during Crystaf analysis), and a

is a constant that is inversely proportional

to the enthalpy of fusion. The model

parameters (n, k, A, and B) for ethylene/

a-olefin copolymers with several comono-

mer contents at various cooling rates were

reported in our previous publication.[16]

Because crystallization takes place from

a dilute solution, an increase in crystallinity

is related to a decrease in the weight

fraction of polymer remaining in solution,

C(TC). We proposed a very simple equation

to describe this relationship (the integral

Crystaf profile) by taking the information

from the weight distribution function of

LES, W(LES) into account,

CmodelðTCÞ

¼
X1
r¼1

ðWðLESÞ � ð1�XðLES;TCÞÞÞ

(3)
, Weinheim www.ms-journal.de



Figure 3.

Block index results for OBCs.[6]
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The differential Crystaf profile can be

obtained by differentiation of Equation (3)

with respect to the crystallization tempera-

ture, that is, by calculating dCmodel(TC)/dTC.

Adaptation of the Crystaf Model for OBCs

In the case of OBCs, we have assumed that

the longest ethylene sequence (LES) in each

chain remained the key factor determining

chain crystallizability. This hypothesis is

tentative and needs further experimental

confirmation, but it provides one of the
Figure 4.

Effect of chain shuttling probability on the longest e

Pp,1¼ Pp,2¼ 0.999067, Mn¼ 30 kg/mole. Subscripts indic
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crucial pieces of information needed for the

adaptation of our Crystaf model. Crystal-

lization kinetics of each OBC chain can be

calculated following the same procedure

adopted for random ethylene/a-olefin

copolymers. However, the additional factor

that needs to be considered when simulat-

ing Crystaf profiles of OBCs is the

systematic shift to higher crystallization

temperatures that is observed when

ATREF profiles of OBCs are compared

to those of ethylene/a-olefin random
thylene sequence distribution (Pc,1¼ 0.01, Pc,2¼ 0.1,

ate catalyst type.).

, Weinheim www.ms-journal.de



Figure 5.

Effect of chain shuttling probability on Crystaf profiles (Pc,1¼ 0.01, Pc,2¼ 0.1, Pp,1¼ Pp,2¼ 0.999067, Mn¼ 30 kg/

mole. Subscripts indicate catalyst type.).
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copolymers with the same a-olefin molar

fraction. To quantify this temperature shift,

we used the definition of block index

introduced by Li Pi Shan and Hazlitt.[6]

The block index (BI) quantifies how the

ATREF peak elution temperature of OBCs

deviates from that of random ethylene/a-

olefin copolymers with the same a-olefin

molar fraction,

BI ¼ 1=Tx � 1=Tx0

1=TA � 1=TAB
(4)

where Tx is the ATREF elution tempera-

ture (Te) of an OBC fraction of narrow

chemical composition, Tx0 is the Te of the

equivalent narrow-composition random

copolymer, TA is the Te of chains composed

of a single hard block, and TAB is the Te of a

random copolymer with the same average

composition of the whole OBC. When

carefully examined, the degree to which the

intra-chain comonomer distribution is

blocked can be interpreted from this

parameter; the larger the BI, the more

‘‘blocky’’ the polymer will be.

For the present simulations, we arbitra-

rily assumed that the temperature shift due

to the ‘‘blockiness’’ of OBCs in Crystaf was

approximately equal to that for ATREF.

Therefore, the BI value can be used to shift
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
the crystallization temperature from the

expected crystallization temperature of the

equivalent random ethylene/a-olefin copo-

lymers (Tx0) to that of the OBC (Tx). This

hypothesis is most likely inaccurate, but was

required for simulation purposes, as BI

results for Crystaf analysis of OBCs have

not been reported in the open literature. As

these results become available in the future,

the simulation results reported herein can

be easily updated.

For each simulated OBC chain, the

average comonomer content was used to

estimate block index (BI) using a linear

relationship based on results previously

reported by Li Pi Shan and Hazlitt[6] and

illustrated in Figure 3,

BI ¼ 4:783 � CC þ 0:143 (5)

where CC is the mole fraction of a-olefin of

the OBC chains generated via Monte Carlo

simulation.

The degree of crystallinity of random

ethylene/a-olefin copolymer chains with

the same average comonomer content

and LES as each simulated OBC chain

obtained from Monte Carlo simulation can

be calculated using Equation (1). This

information, together with the BI estimated
, Weinheim www.ms-journal.de



Figure 6.

Effect of molecular weight on the longest ethylene sequence distribution for several chain shuttling

probabilities (Pc,1¼ 0.01, Pc,2¼ 0.1).
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for each chain generated with our Monte

Carlo algorithm, was used to shift the

crystallization temperatures of the OBC

chains and predict their Crystaf profiles.
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
Results and Discussion

Figure 4 illustrates the effect of the chain

shuttling probability (Ps) on the LES
, Weinheim www.ms-journal.de



Figure 7.

Effect of molecular weight on Crystaf profiles for several chain shuttling probabilities (Pc,1¼ 0.01 and Pc,2¼ 0.1).
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distribution of OBCs. Starting with Ps¼ 0

(no chain shuttling), we notice that each

catalyst makes its own independent poly-

mer population with very distinct LES
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
distributions: Catalyst 1 makes ethylene-

rich copolymer and, therefore, its LES

distribution is shifted to the right (longer

LES), while polymer made with Catalyst 2,
, Weinheim www.ms-journal.de



Figure 8.

Effect of mole fraction of Catalyst 1 on the longest ethylene sequence distribution for several chain shuttling

probabilities (Pc,1¼ 0.01 and Pc,2¼ 0.1).
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the ethylene-poor catalyst, has much

shorter LES. With the introduction of

CSA in the reactor, and consequent

increase of chain shuttling frequency, these

two independent polymer populations start

to merge, generating a unimodal LES

distribution with increasing Ps. It is also

interesting to notice that, as Ps increases,

the LES distribution narrows and shifts to

the left, approaching the LES distribution of

the ethylene-poor catalyst. This should be

expected, as increasing the chain shuttling

frequency will necessarily lead to the

formation of progressively shorter polymer

blocks.

The equivalent effect of chain shuttling

frequency on the predicted Crystaf profiles
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
is shown in Figure 5. Increasing chain

shuttling frequency from zero to 0.2306 will

make the original bimodal Crystaf profile

(corresponding to a blend of polyolefins

with different a-olefin fractions) to shift to

narrow and unimodal Crystaf profiles.

Figure 6 and 7 illustrate the effect of

changing the molecular weight on the LES

distribution and on the predicted Crystaf

curves, respectively. As already observed

with random ethylene/a-olefin copoly-

mers,[7–9] decreasing the molecular weight

average will shift the LES distribution

towards lower averages. The same phe-

nomenon is observed for OBCs, albeit this

tends to be a minor effect for high

molecular weight polymers.
, Weinheim www.ms-journal.de



Figure 9.

Effect of mole fraction of Catalyst 1 on Crystaf profiles for several chain shuttling probabilities (Pc,1¼ 0.01 and

Pc,2¼ 0.1).
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Finally, Figure 8 and 9 investigate the

effect of the mole fraction of Catalyst 1 in

the reactor on the LES distribution and

predicted Crystaf profiles, respectively. Not

surprising, as the fraction of Catalyst 1

increases for a given probability of chain

shuttling, the LES distribution moves

towards higher averages, since Catalyst 1

was assumed to have a lower probability of

comonomer incorporation than catalyst 2

(Pc,1¼ 0.01 and Pc,2¼ 0.1). It is illustrative

to notice how changing the ratio of the two

catalysts in the reactor can lead to the

formation of products with completely

different microstructures and, conse-

quently, distinct mechanical and rheologi-

cal properties. It is easy to see that this

approach is a very effective way for
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
controlling polymer properties and devel-

oping OBC formulations for new applica-

tions.
Conclusion

Crystaf profiles of OBCs produced with

chain shuttling catalyst technology were

simulated by combining the OBC chain

microstructures generated with a Monte

Carlo simulation model with a Crystaf

model modified using theOBC block index.

The effect of polymerization parameters

(chain shuttling probability, propagation

probability, and catalyst ratio) on the

distribution of the longest ethylene

sequence per chain and Crystaf profiles
, Weinheim www.ms-journal.de
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were examined. Even though several

hypothesis made in this model are yet to

be tested (assuming that the block index

expression derived for ATREF applies to

Crystaf and that the crystallization of OBCs

is mainly regulated by the longest ethylene

sequence in the chains), this modeling

approach offers a first glance into some

properties of these fascinating materials

and is useful to interpret Crystaf and

ATREF results as well as to relate them

to OBC chain microstructure. The model

can also be applied in the future to examine

the effect of polymerization parameters on

OBC microstructure to fine tune process

conditions to make OBCs with desired

chain microstructures and properties.
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