


Macromolecular Symposia | 257

Polyolefin Characterization

Selected Contributions
from the conference:
The First International Conference on
Polyolefin Characterization (ICPC)
Houston, TX (USA), October 16–18, 2006

Symposium Editor:
João B. P. Soares
(University of Waterloo, Canada)



Elias, H.-G.

Macromolecules
Volume 3: Physical Structures and
Properties

approx. 693 pages with approx.
360 figures and approx. 100 tables 2007,
Hardcover
ISBN: 978-3-527-31174-3

Elias, H.-G.

Macromolecules
Volume 4: Applications of Polymers

approx. 660 pages with approx.
270 figures and approx. 170 tables 2008,
Hardcover
ISBN: 978-3-527-31175-0

Meyer, T., Keurentjes, J. (eds.)

Handbook of Polymer Reaction
Engineering

1137 pages in 2 volumes with 373 figures
and 96 tables 2005, Hardcover
ISBN: 978-3-527-31014-2

Odian, G.

Principles of Polymerization

832 pages
2004, Hardcover
ISBN: 978-0-471-27400-1

M. Buback, A. M. V. Herk (Eds.)

Radical Polymerization:
Kinetics and Mechanism

Macromolecular Symposia 248
ISBN: 978-3-527-32056-1

R. A. Hutchinson (Ed.)

Polymer Reaction Engineering VI

Macromolecular Symposia 243
ISSN: 1022-1360

Macromolecular Symposia Related Titles



Polyolefin Characterization

Selected Contributions
from the conference:
The First International Conference on
Polyolefin Characterization (ICPC)
Houston, TX (USA), October 16–18, 2006

Symposium Editor:
João B. P. Soares
(University of Waterloo, Canada)

� 2007 Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim

ISBN 3-527-32192-6

Macromolecular Symposia Vol. 257



Full text and further information: www.ms-journal.de

Editors (all Macromolecular Journals):

Sandra Kalveram

Stefan Spiegel

Mara Staffilani

Assistant Editors:

Kirsten Severing

Carmen Teutsch

Deputy Managing Editor:

Sibylle Meyer

Administration:

Inge Dittmer

Petra Pinto

Production:

Katja Kornmacher

Editorial Office:

macro-symp@wiley-vch.de

Macromolecular Symposia

is published 14 times a year

Annual subscription rates 2008

Macromolecular Full Package

(All seven Macromolecular Journals; 101 issues in

total):

Europe Euro 8,999 9,899

Switzerland Sfr 14,995 16,495

All other areas US$ 11,895 13,085
print only or print and

electronic only electronic

Postage and handling charges included.

All Wiley-VCH prices are exclusive of VAT.

Prices are subject to change.

Individual subscriptions, single issues and back

copies are available.

Please ask for details at: service@wiley-vch.de

Orders may be placed through your bookseller

or directly at the publishers:

WILEY-VCH Verlag GmbH & Co. KGaA,

P.O. Box 10 11 61, 69451 Weinheim, Germany,

Tel. þ49 (0) 62 01/6 06-400,

Fax þ49 (0) 62 01/60 61 84,

E-mail: service@wiley-vch.de

Copyright Permission:

Fax: þ49 (0) 62 01/6 06-332,

E-mail: rights@wiley-vch.de

Executive Advisory Board:

M. Antonietti, Golm, Germany

D. L. Kaplan, Medford, USA

S. Kobayashi, Kyoto, Japan

K. Kremer, Mainz, Germany

T. P. Lodge, Minneapolis, MN, USA

H. E. H. Meijer, Eindhoven, Netherlands

R. Mülhaupt, Freiburg, Germany

T. P. Russell, Amherst, USA

A. J. Ryan, Sheffield, UK
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The final properties and applications of

polyolefins are determined by their micro-

structures. This statement can be made for

any polymer, but it is even more relevant

for polyolefins since they are composed of

such simple building blocks. Therefore, it is

no surprise that the study of polyolefin

microstructure has always been an essential

part of catalyst research, process trouble-

shooting and optimization, and product

development. In addition to conventional

Ziegler-Natta polyolefins, which already

have rather intricate microstructures, there

is a rapidly growing interest in producing

polyolefins with increasingly more complex

molecular architectures, using combina-

tions of single and multiple-site catalysts

and/or polymerization processes with two

or more reactors operated in series at

different conditions. Recent examples are

linear-block and branch-block copolymers

with elastomeric properties, copolymers

with long chain branches made by one or

more single-site catalysts, and bimodal

resins made in tandem or multizone reactor

processes. The increasing sophistication of

catalyst systems and polymerization pro-

cesses can only be fully realized in practice

if efficient and easy to use polyolefin

characterization techniques are available.

The First International Conference on

Polyolefin Characterization (ICPC) was

organized to fill this important industrial

and academic need, providing a discussion

forum on the characterization and fractio-

nation techniques of polyolefins.

The first ICPC took place in Houston,

TX, from October 16 to 18, 2006. One

hundred and seven participants from 18

different countries attended the confer-

ence: 65 from the industry, 24 from

academia, and 18 from vendor companies.

The strong participation from the polymer

manufacturing industry from North Amer-

ica, Europe and Asia shows the industrial

relevance and need of such a conference. In

addition, a one-day course on polyolefin

characterization techniques was offered

before the beginning of the conference for

those participants interested in an update

on the principles of gel permeation chro-

matography (GPC), temperature rising

elution fractionation (TREF), and crystal-

lization analysis fractionation (CRYS-

TAF).

The oral presentations given during the

1st ICPC were divided according to main

topic areas into Separation and Fractiona-

tion, High Throughput, Thermal and

Crystallinity Analysis, Spectroscopy, and

Rheology. In addition to the oral presenta-

tions, 29 posters were displayed.

We intend to continue organizing the

ICPC biannually, alternating betweenNorth

American and European locations. The 2nd

ICPC will take place in September 2008

(exact dates are still to be defined) in

Valencia, Spain. Readers interested in being

included in the conference’s mailing list are

welcome to send us their requests by e-mail

to raquel.ubeda@icpc-conference. org

João B. P. Soares

� 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de
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An Overview of Important Microstructural

Distributions for Polyolefin Analysis

João B.P. Soares

Summary: Polyolefins with complex microstructures are becoming increasingly

common in academic and industrial applications. Polyolefin analytical techniques

are evolving to provide a more detailed picture of these microstructures, with the

development and improvement of hyphenated-techniques and cross-fractionation

methods. These modern analytical techniques provide a wealth of information on

polyolefin microstructure and, despite being extremely useful, they can also be hard

to interpret without the help of mathematical models that link polymerization

kinetics to chain microstructure and polymer characterization results. In this paper

we review some of the most important distributions for polyolefin microstructure

and derive a few new expressions that help understand the results obtained with

several polyolefin characterization techniques.

Keywords: polyethylene; polymer characterization; polymer fractionation; polymer

microstructure; polyolefins

Introduction

The remarkable versatility of polyolefins

come from the fact that ethylene, propylene

and a-olefins can be copolymerized to

create polymer chains with microstruc-

tures that lead to very different physical

properties.

Polyolefin properties are ultimately

defined by the way the monomers are con-

nected to form linear and branched poly-

mer chains with different degrees of regu-

larity. It is, therefore, very important to

characterize the microstructure of polyole-

fins and to quantify this microstructure

using fundamental models.

In this short overview, we will present

some important equations that describe

polyolefin microstructure and discuss

some modeling principles that can be used

to help understand the results obtained

with several polyolefin characterization

techniques.

Distribution of Chain Length,
Chemical Composition, and
Long Chain Branching

The most general distribution for the micro-

structure of polyolefins made with coordi-

nation catalysts is given by the equation:[1,2]

wðr;F; iÞ ¼ 1

ð2iþ 1Þ! r
2iþ1t2iþ2

expð�rtÞ
ffiffiffiffiffiffiffiffi
r

2pb

r
exp � rðF � FÞ2

2b

" # (1)

In Equation (1), w(r,F,i) is the height of

the weight distribution for chains of length

r, comonomer fraction F, and i long chain

branches (LCB) per chain. This equation

has only two parameters, b and t, defined as:

b ¼
Fð1� FÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4Fð1� FÞð1� r1r2Þ

q (2)

t ¼rate of transferþrate of LCB formation

rate of propagation

(3)

Finally, F is the average fraction of

comonomer in the copolymer (as calculated

Macromol. Symp. 2007, 257, 1–12 DOI: 10.1002/masy.200751101 1
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from Mayo-Lewis equation, for instance)

and r1 and r2 are the comonomer reactivity

ratios.

This equation was derived based on

the mechanism widely accepted for olefin

polymerization with coordination catalysts

where chains can propagate by monomer

insertion, terminate through several transfer

mechanism, and LCBs are formed by the

incorporation of vinyl-terminated polymer

chains, commonly called macromonomers.

No other assumptionwere needed formodel

development.[1,2]

It is interesting to point out that Equa-

tion (1) becomes Stockmayer distribution

for linear chains, that is, for i¼ 0:[3]

wðr;FÞ ¼
rt2 expð�rtÞ

ffiffiffiffiffiffi
r

2pb

q
exp � rðF�FÞ2

2b

h i
(4)

In addition, if we integrate Equation (4)

over all comonomer compositions we

obtain Flory’s most probable chain length

distribution (CLD):[4,5]

wðrÞ ¼
Z1
�1

wðr;FÞdðF � FÞ

¼ rt2 expð�rtÞ (5)

For linear chains, the parameter t is the

reciprocal of the number average chain

length, rn:

t ¼ rate of transfer

rate of propagation
¼ 1

rn
(6)

Therefore, in the same way that Stock-

mayer’s distribution is the extension of

Flory’s distribution to binary copolymers,

Equation (1) is the extension of Stock-

mayer’s distribution to non-linear copoly-

mers. We will now start applying Equa-

tion (1), (4), and (5) to several common

polyolefin characterization techniques.

Molecular Weight Distribution of
Linear Chains

Molecular weight distributions (MWD) of

polyolefins made with single site catalysts

follow Flory’s most probable distribution,

Equation (5). MWDs are usually measured

with high-temperature gel permeation chro-

matography (GPC) and expressed in log

scale. Before we can use Equation (5) to

describe the experimental MWD of poly-

olefins, we need to apply two simple math-

ematical transformations. First, we need to

change the CLD into a MWD using the

relation,

wðMWÞdMW ¼ wðrÞdr (7)

whereMW is the polymer molecular weight.

Since dMW/dr equals the molar mass of the

repeating unit in the polymer chain (mw),

Equation (5) becomes,

wðMWÞ ¼ MWt̂2 expð�MWt̂Þ (8)

where,

t̂ ¼ t

mw
¼ 1

rn �mw
¼ 1

Mn
(9)

and Mn is the number average molecular

weight of the polymer.

Equation (8) must now be rendered in

log scale through the transformation:

wðlogMWÞd logMW

¼ wðMWÞdMW (10)

Consequently:

wðlogMWÞ
¼ 2:3026�MW2t̂2 expð�MWt̂Þ (11)

Figure 1 shows that the MWD of a

polyethylene sample made with two metal-

locene catalysts supported on the same silica

carrier is well represented by the super-

position of two Flory’s distributions. Since

we have two single-site catalysts in Figure 1,

the MWD of the combined polymer, W(log

MW) is described by the weighed sum of two

Flory’s distributions,

WðlogMWÞ
¼ mZrwðlogMWÞZr
þ ð1�mZrÞwðlogMWÞHf (12)

where mZr is the mass fraction of polyethy-

lene produced by the zirconium catalyst.

Macromol. Symp. 2007, 257, 1–122
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This modeling concept is commonly

extended to catalysts that have more than

one site type, such as heterogeneousZiegler-

Natta and Phillips catalysts.[7] Figure 2

shows an example of such a MWD repre-

sentation for the case of a polyethylene

resin made with a heterogeneous Ziegler-

Natta catalyst.

Therefore, we can generalize Equa-

tion (12) for the case of a catalyst with n

Macromol. Symp. 2007, 257, 1–12 3

Figure 1.

Comparison of the GPC-measured MWD of a polyethylene sample made with two metallocenes supported on

silica and model prediction using Flory’s distribution. The peaks for polymer made with both metallocenes are

described with Equation (8).[6]

Figure 2.

MWD of a polyethylene sample made with a heterogeneous Ziegler-Natta catalyst. The MWD is represented as a

superposition of four Flory’s distributions, having themass fractions (m) and number averagemolecular weights

(Mn) indicated in the table.

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



different site types:

WðlogMWÞ ¼
Xn
j¼1

mjwjðlogMWÞ

¼ 2:3056

�MW2
Xn
j¼1

mjt̂
2
j expð�MW t̂jÞ (13)

Equation (13) is a statement of our first

modeling principle:

Principle 1: The microstructural distri-

bution of a polymer made with a multiple-

site catalyst can be represented as aweighted

superposition of distributions for single-site

catalysts.

This principle must be used with care: we

must keep in mind that it only provides a

convenient way to represent microstruc-

tural distributions of polymers made with

multiple site catalysts.

Hyphenated Techniques: GPC-IR

The use of a infrared detector (IR) with

GPC is becoming increasingly popular for

polyolefin characterization. This relatively

simple combination permits the detection

of the average chemical composition (gen-

erally reported as molar fraction of a-olefin

or short chain branching frequency) as a

function of molecular weight. Figure 3

shows the GPC-IR plot for a linear low

density polyethylene (LLDPE) resin. We

immediately notice the fingerprint mark of

a heterogeneous Ziegler-Natta catalyst: as

the molecular weight increases, the fraction

of 1-butene in the sample decreases.

It is possible to use Modeling Principle 1

to interpret this profile. Figure 4 shows that

the MWD can be represented as a super-

position of five Flory’s distributions. If we

assume that each distribution is associated

with an active site type that produces

LLDPE with a distinct average molar

fraction of 1-butene (Fj), we can say that

the overall 1-butene fraction measured by

the IR detector in a given molecular weight

(DMW) interval is,

FðDMWÞ ¼
X5
j¼1

DwjðDMWÞFj (14)

where Dwj is the mass fraction of polymer

made on site type j eluting from the GPC

column set in the interval DMW. The mass

fractions Dwj are obtained from the inte-

gration of the Flory distribution associated

with each site type:

DwjðMWÞ ¼ mj

ZMWþDMW

MW

wjðMWÞdMW

¼ mj

ð1þMW t̂jÞ expð�MW t̂jÞ
�½1þ ðMW þ DMWÞt̂j�
exp½�ðMW þ DMWÞt̂j�

8<
:

9=
;

(15)

Macromol. Symp. 2007, 257, 1–124

Figure 3.

GPC-IR plot of a LLDPE resin.
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Notice that for the low molecular weight

region, one may have to account for the

effect of methyl end groups on the experi-

mental IR data.

This simple representation of GPC-IR

profiles permit a systematic interpretation

of results observed in several academic and

industrial polyolefin analytical laboratories.

Chemical Composition
Distribution of Linear Chains

The bivariate distribution of chain length

and chemical composition of linear poly-

olefins is given by Stockmayer’s distribu-

tion, Equation (4). A short description of

its main features is useful to clarify several

properties of binary copolymers such as

LLDPE and propylene/ethylene copoly-

mers.

Figure 5 shows Stockmayer’s distribu-

tions for four model single-site polyolefins

with the same reactivity ratio product

(r1r2¼ 1, random copolymers) and average

ethylene fraction (F ¼ 0:8), but with differ-

ent average chain lengths. Notice that, as

the number average chain lengths of the

samples increase, their distributions become

narrower on the chemical composition

dimension. This trend is also observed for

each sample individually: shorter chains

have a broader chemical composition distri-

bution (CCD) than longer chains. This is a

well known effect, caused by the statistical

averaging of the chemical compositions per

chain as the chains get longer. Samples with

infinite length would all have comonomer

fractions exactly equal to the average

comonomer fraction of the polymer.

The other important property of

Stockmayer’s distribution is shown in

Figure 6: the CCD component broadens

steadily when the reactivity ratio product

increases, that is, as the copolymer passes

from alternating to random and, finally, to

block comonomer sequences. This is also

an intuitive concept, since all chains of a

perfectly alternating copolymer have the

same composition (F¼ 0.5), while a tende-

ncy to form long blocks of one of the

comonomer will necessary increase inter-

molecular heterogeneity.

We can apply our Modeling Principle 1

to Stockmayer’s distribution to describe

the bivariate distribution of chain length

(or molecular weight) and chemical com-

position of polyolefins made with multiple

site catalysts. In this case, the following

generic expression applies,

Wðr;FÞ ¼
Xn
j¼1

mjwjðr;FÞ (16)

where wj(r,F) for each site is given by

Equation (4). It should be clear that this

equation can be transformed into a mole-

cular weight distribution and expressed in

either linear or log scale, using the trans-

formations demonstrated above for Flory’s

distribution.

Macromol. Symp. 2007, 257, 1–12 5

Figure 4.

GPC-IR representation using five site types. The table lists the mass fractions (m), number average molecular

weights (Mn), and 1-olefin fraction (F) of polymer made on each site type.

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



Figure 7 illustrates two bivariate dis-

tributions for LLDPE resins. The experi-

mental distribution on the left side was

measured using Polymer Char CFC 300, a

cross fractionation instrument that com-

bines fractionation by temperature rising

elution fractionation (TREF) and GPC,[8]

while the distribution on the right side of

the figure is a model representation using

Equation (16) for a three site-type catalyst.

Very few polyolefin characterization

laboratories have cross-fractionation instru-

ments available, but most have either a

TREF and/or a crystallization analysis frac-

tionation (Crystaf) unit. We can obtain the

CCD component of Stockmayer’s distribu-

tion with the integration:

wðFÞ ¼
Z1
0

wðr;FÞdr

¼ 3

4
ffiffiffiffiffiffiffiffi
2bt

p
1þ ðF�FÞ2

2bt

h i5=2 (17)

We will use Equation (17) to help us define

our second modeling principle:

Principle 2: Individual microstructural

distributions can be obtained from the

integration of multivariate distributions.

Notice that we had already used Model-

ing Principle 2 to isolate the CLD com-

ponent, Equation (4), from Stockmayer’s

distribution.

Figure 8 shows how the breadth of the

CCD depends on the product of the para-

meters b and t. The distribution broadens

as the polymer chains become shorter

(increasing t) or the copolymer chains

become blockier (increasing b). These

trends had already been described in

Figure 5 and 6, and appear now as part

of a lumped parameter given by the

product bt. Figure 8 captures the essence

of olefin copolymermicrostructure in a very

elegant plot.

Similarly to the procedure we adopted

to describe the MWD of polyolefins made

with multiple-site catalysts, the CCD of

polyolefins made with these catalysts can

be represented as a weighted superposition

of single-site CCDs:

WðFÞ ¼
Xn
j¼1

mjwjðFÞ (18)

The MWD and CCD (measured as

TREF elution profiles) of an ethylene/

1-butene copolymer made with a hetero-

geneous Ziegler-Natta catalyst is shown in

Macromol. Symp. 2007, 257, 1–126

Figure 5.

CLD and CCD of four model single-site polyolefin with different number average chain lengths, rn. Model

parameters: F ¼ 0:8, r1r2¼ 1, and t¼ 1/rn.
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Figure 9. Both profiles can be well repre-

sented with four site types. It should be

noticed, however, that TREF and Crystaf

profiles are related to, but are not in fact the

CCD described by Equation (17). There-

fore, the mathematical treatment illustra-

ted in Figure 9 is only a first over simplified

approximation. The development of funda-

mental models for TREF and Crystaf is a

hard subject that is beyond the scope of this

short review.[9,10]

Hyphenated Techniques: TREF-LS

When a light-scattering detector is added

to TREF, it is possible to measure the

weight average molecular weight (Mw) of

polyolefin as a function of elution tempera-

ture or comonomer fraction. This technique

provides a complementary analysis to the

other hyphenated technique, GPC-IR, des-

cribed above. Similar information can also

obtained by projecting the CFC results

onto the TREF elution temperature plane

and computing the Mw for each elution

temperature.

Figure 10 shows one analytical result for

an ethylene/a-olefin copolymer with rather

complex microstructure. We notice that

there is a strong correlation between the

elution temperature (or comonomer frac-

tion) and the weight average molecular

weigh of the polymer. The trends for the

Macromol. Symp. 2007, 257, 1–12 7

Figure 6.

CLD and CCD of three model single-site polyolefin with different reactivity ratio products, r1r2. Model

parameters: F ¼ 0:5, t¼ 0.001.
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low crystallinity peak (indicated in the

oval section in Figure 10) are particularly

interesting: Mw passes through a maximum

as we go across the peak.

Once again, the fundamental micro-

structural models we have been working

with in this article can help us understand

this trend. The weight average chain

length (rw) of a polymer as a function of

its composition can be calculated from

Stockmayer’s distribution as:

rwðFÞ ¼
Z1
0

rwðr;FÞdr

¼ 15b3t2

½2bt þ ðF � FÞ2�7=2
(19)

Similarly, the number average chain

length (rn) is calculated as:

rnðFÞ ¼
Z1
0

rf ðr;FÞdr

¼ 3b2t

½2bt þ ðF � FÞ2�5=2
(20)

where f (r,F) is Stockmayer’s molar distri-

bution:

f ðr;FÞ ¼ wðr;FÞ
rt

(21)

Finally, the polydispersity index as a func-

tion of chemical composition is given by:

PDIðFÞ ¼ rwðFÞ
rnðFÞ ¼

5bt

2bt þ ðF � FÞ2 (22)

Macromol. Symp. 2007, 257, 1–128

Figure 7.

Bivariate distributions for experimental (left) and model (right) LLDPE resins. The temperature axis on the

experimental distribution can be converted into a comonomer fraction.
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CCD component of Stockmayer’s distribution. The lumped parameter bt determines the breadth of the CCD.
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Equation (19) and (22) are shown in

Figure 11, together with a CCD of a model

binary copolymer. Notice that the trends

predicted for rw are the same as the ones

measured for the Mw of the lowest crystal-

linity peak in Figure 10. This result confirms

one of our previous observations with

Stockmayer’s distribution that the como-

nomer fraction in the longer chains approx-

imates more closely the average comono-

mer fraction in the whole copolymer. Since

the peak position in TREF is associated

with the average comonomer fraction in

the copolymer, we should expect that the

molecular weight should increase as we get

closer to this peak. Interestingly, the PDI

also passes through a maximum value of

PDI¼ 2.5 when F ¼ F at the peak position

for a polymer made with a single site

catalyst. To our knowledge, this theoretical

prediction has not been validated experi-

mentally yet.

Our third and last modeling principle

can now be defined:

Principle 3: Average properties can be

obtained from a bivariate distribution by

integrating over one of its dimensions.

The TREF-Mw profile for the multisite

catalyst shown in Figure 10 can now be

described as a superposition of CCD curves

Macromol. Symp. 2007, 257, 1–12 9
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TREF – Mw plot of an ethylene/a-olefin copolymer with complex microstructure (Polymer Char).
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and average weight average chain lengths

(Rw) with the equation,

RwðFÞ ¼
Xn
j¼1

DwjðFÞmjrwjðFÞ (23)

where Dwj(F) is the fraction of polymer

with comonomer composition F made on

site type j, calculated as:

DwjðFÞ ¼
ZFþDF

F

wjðFÞdF (24)

Figure 12 shows a model plot for three

site types. These results are only qualita-

tive; they represent trends, not actual

values, since the representation of TREF

profiles directly from Stockmayer’s distri-

butions is not accurate enough for quanti-

tative calculations.

Long Chain Branching Distribution

Figure 13 shows the predicted distributions

of chain length and comonomer composi-
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experimental plot (insert) but this representation is only qualitative.
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Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



tion for chains with different number of

LCBs per chain, as defined by Equation (1).

As the number of LCBs per chain increases,

the CLD move towards higher averages

and the CCD becomes narrower. This

equation quantifies the intuitive notion

that more branched chain will have higher

average lengths and that longer chains will

have compositions that are closer to the

average copolymer composition. This is,

of course, the same prediction given by

Stockmayer distribution for linear chains.

Each of the distributions shown in

Figure 13 are normalized but, in reality,

their fractions in thewhole polymer will vary

depending on the polymerization condi-

tions.[1,2,12] Regardless of these conditions,

the less branched chains always have higher

molar fractions (but not necessarily higher

mass fractions) than more branched chains.

Macromol. Symp. 2007, 257, 1–12 11

Figure 13.

Trivariate distribution of chain length, chemical composition and long chain branching. Model parameters:

t¼ 0.002, F ¼ 0:5, r1r2¼ 1.

Figure 14.

CLD and average LCB/chain distributions for a model branched polymer. Model parameters: a¼ 0.1 and

t¼ 0.001.
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Molar and mass fractions of populations

with i LCBs per chain are given by the

equations:

fi ¼ ð2iÞ!
i!ðiþ 1Þ!

ai

ð1þ aÞ2iþ1
(25)

mi ¼ ð2iÞ!
i!ðiþ 1Þ!

aið1� aÞð2iþ 1Þ
ð1þ aÞ2iþ2

(26)

The parameter a is a function of poly-

merization conditions and catalyst type and

varies from zero (no LCB formation) to one

(infinity LCB formation).[12]

Figure 14 shows the overall and indivi-

dual CLDs of a model branched polymer.

The average number of LCBs as a function

of chain length is also illustrated. Notice

that most of the polymer chains are linear,

but a significant fraction contain LCBs.

It is also interesting to notice how the

average number of LCBs per chain incre-

ases with chain length. An analytical solu-

tion for this distribution is possible, but too

lengthy to show here. The final expression is

given below:

LCB ¼ fI2ð2fÞ
I1ðfÞ (27)

f ¼ rt
ffiffiffi
a

p
1þ a

(28)

and Ik are modified Bessel functions of first

kind and order k.

Conclusions

In this article we provided an overview

of equations that are useful to interpret

microstructural distributions of polyolefins.

Simple expressions for the distributions

of chain length, chemical composition and

long chain branching can be found for

polymers made with single site catalysts.

The treatment of polyolefins made with

multiple site catalysts is more elaborate and

there is no consensus in the literature on

how to best model their microstructure. A

simple approach consists in assuming that

multiple site catalysts behave as a collection

of single site catalysts, but this approach

is used for convenience only and is still

subject to experimental scrutiny.

We have also shown that these distri-

butions capture the essence of different

microstructural characterization analytical

approaches, from techniques using single to

dual detectors (hyphenated-techniques)

and more sophisticated cross-fractionation

analyses.
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Development of an Automated Cross-Fractionation

Apparatus (TREF-GPC) for a Full Characterization of

the Bivariate Distribution of Polyolefins

Alberto Ortin,* Benjamin Monrabal, Juan Sancho-Tello

Summary: A compact automated instrument has been developed for measuring the

bivariate distribution by TREF fractionation and subsequent GPC analysis of the

fractions in a single run. The configuration of this instrument and its operation

principles are covered here. High resolution TREF fractionation of HDPE and fast

methods with overlapped GPC injections are also discussed. Future developments,

such the addition of comonomer or molar mass sensitive detectors, as well as

operation in GPC – TREF mode for broad MWD resins are outlined.

Keywords: fractionation of polymers; gel permeation chromatography (GPC); microstructure;

polyolefins; temperature rising elution fractionation (TREF)

Introduction

Advances in polyolefin catalyst research

andmanufacturing processes, such asmulti-

ple reactor technologies, have resulted in

quite complex end products that can be

accurately tailored to different applications

by producing carefully designed micro-

structures in terms of molecular weight

distribution, chemical composition distribu-

tion, and how the comonomer is incorpo-

rated as a function of the molecular weight.

This trend will continue in the future and is

already challenging the polyolefin character-

ization technology which needs to account

for the different distributions of a given

product and for their interdependency. The

full characterization polyolefin microstruc-

ture can be achieved by defining a two

dimensional distribution with molecular

weight and chemical composition as in-

dependent variables, which constitutes the

so-called bivariate distribution.

Single dimension fractionation techni-

ques have been widely used for both deter-

mining the molecular weight distribution

(MWD) by gel permeation chromatogra-

phy[1] and the chemical composition dis-

tribution (CCD) by temperature rising

elution fractionation (TREF)[2,3] or crystal-

lization analysis fractionation (CRYS-

TAF).[3,4]

In order to elucidate the relationships

between structural parameters, different

methods have been developed using several

online detectors coupled single dimension

analytical techniques. Examples of these

techniques include the determination of

comonomer distribution across the MWD

by fixed band[5] or Fourier transform[6]

infrared detectors coupled to GPC, or the

measurement ofmolecular weight along the

CCD by addition of molar mass sensitive

detectors to TREF[7,8] or CRYSTAF[9,10]

instruments. Although being powerful tools,

those methods cannot provide all the

information on polyolefin microstructure,

as they are based on fractionation accord-

ing to one microstructural distribution and

the simultaneous measurement of only

average values of the other distribution,

thus loosing significant information in the

process.

The direct measurement of the two-

dimensional distribution by cross-fractionation

in terms of both molecular weight and
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chemical composition is the most compre-

hensive way to obtain the full definition of

polyolefin microstructure. This goal can be

achieved by coupling the CCD fractiona-

tion by TREF and the MWD fractionation

by GPC to measure the bivariate MWD-

CCD for the polymer. The method can be

further extended by the use of multiple

detectors after the cross-fractionation process

Possibly due to the lack of the appro-

priate instrumentation and high effort

required, this comprehensive approach

has not been widely used until recently,

despite of its potential. Preparative fractio-

nation followed by analysis of the fractions

has been the preferred method when trying

to elucidate this bivariate distribution, but

this procedure is both time consuming and

quite complex, taking from days to weeks

before the results are available. A descrip-

tion of this method and its application was

given by Wild, starting with a preparative

fractionation by TREF followed by off-line

GPC analysis of the fractions.[11] The first

attempt to automate an analytical system

for cross-fractionation of polyolefins was

presented by Nakano and Goto,[12] who

combined a crystallizability fractionation

device with a commercial GPC instrument.

Recently, an in-house cross-fractionation

system has also been described,[13] having

increased throughput by using multiple

TREF ovens.

A new bench-top, fully automated

instrument for cross-fractionation of poly-

olefins has now been developed based on

the combination of a high resolution TREF

system (TREF-300, Polymer Char)[9] with a

compact dedicated GPC subsystem built as

an isothermal oven holding the columns

and detectors. The standard procedure to

achieve the cross-fractionation of the poly-

mer samples consists of TREF fractionations

performed in discontinuous isothermal

steps with subsequent on-line GPC analysis

of the TREF fractions and IR detection

of the polymer. Details of the operation

principles, hardware configuration, and

data processing are covered in this paper,

together with different application exam-

ples.

Experimental Part

A schematic diagram of the new cross-

fractionation instrument is shown in

Figure 1. It was build by modifying the

design of a TREF 300 unit (Polymer ChAR,

Spain) which incorporates an oven used for

sample preparation and a high precision

TREF column oven. Other components

are: syringe pump, HPLC pump, high

temperature isothermal oven (GPC oven)

in which the injection valve, a multi-

position selection valve and the GPC

column set are placed. A dual band IR4

infrared detector (Polymer ChAR, Spain)

is used as the concentration detector.

Inside of the TREF oven, a set of five

stainless steel vessels with internal filters

and magnetic stir bars is used for dissolu-

tion of the up to 5 different samples that can

be analyzed sequentially. Solvent is added

to the vessels through a syringe pump, while

the TREF oven is heated typically to

150 8C. Once the polymer sample is fully

dissolved, an aliquot is taken from the

vessel through its internal filter and loaded

into the TREF column by using again the

syringe pump, moving the injection valve to

the ‘‘load’’ position. Depending on the

sample heterogeneity and number of frac-

tions required, typically 1 to 3 milligrams of

material are loaded into the TREF column.

The polymer in the TREF column is

then crystallized, typically at 0.5 8C/min

with no flow, keeping the injection valve in

‘‘load’’ position during the crystallization

process. Meanwhile, a stand-by flow of

solvent is maintained through the GPC

columns. The flow rate is increased, typi-

cally to 1.0 mL/min at a pre-defined

stabilization time prior to the first injection.

Figure 2 shows a typical temperature profile

followed by the TREF oven along the full

cross-fractionation analysis, where dissolu-

tion, crystallization, and stepwise elution

are identified.

Once the polymer has been crystallized

and the fractions having different crystal-

linities have been segregated into the TREF

column, a discontinuous elution process is

followed at increasing temperature steps. At

Macromol. Symp. 2007, 257, 13–2814
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each temperature, and after a given dis-

solution time, the injection valve is

switched to the ‘‘inject’’ position in order

to allow the solvent to elute the dissolved

polymer from the TREF column. Once that

fraction is eluted, the injection valve is

closed again to ‘‘load’’ position so that the

flow through the TREF column is stopped.

Then, the oven temperature is increased to

start dissolving the fraction that will be

eluted in the next step.

Following that process, different TREF

fractions with increasing crystallinity are

injected into the GPC columns, where they

are fractionated this time according to

molar mass. An IR4 infrared detector is

used to record the final chromatograms

continuously, as depicted in Figure 3, where

the raw IR detector and oven temperature

signals from a real experiment are plotted.

It must be noted that each of the peaks in

the IR detector signal is in fact a full GPC

Macromol. Symp. 2007, 257, 13–28 15

Figure 2.

Temperature profile followed by the TREF oven in a typical cross-fractionation experiment with indication of the

different processes.

Figure 1.

Schematic diagram of the new automated crossfractionation instrument. Injection valve shown in ‘‘load’’

position A; ‘‘inject’’ position marked as B.
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chromatogram of one of the TREF frac-

tions; therefore the MWD of each narrow-

CCD fraction is obtained.

The dissolution and injection processes

are illustrated in Figure 4, with an expanded

view of the temperature and IR absorbance

recorder signals plot. The dashed horizon-

tal arrow indicates the dissolution time of

the polymer fraction within the TREF

column. The solid downwards arrow shows

the injection. Solvent flows through the

TREF column for a time long enough to

elute all the species dissolved at that

temperature. The injection valve is closed

as indicated by the solid upwards arrow.

At that time, the TREF oven tempera-

ture is increased to that of the next

fractionation step. Meanwhile, the TREF

polymer fraction travels through the GPC

columns, being fractionated by molar mass,

producing the peak in the IR detector signal

indicated by the circle in Figure 4.

An interesting improvement has been

implemented in this system to allow for the

injection of one fraction before the pre-

vious one has completely exited the GPC

columns, hence reducing the overall ana-

lysis time. In Figure 5, a direct comparison

of standard and overlapped injection ana-

lyses is provided. In a period of three hours,

Macromol. Symp. 2007, 257, 13–2816

Figure 3.

IR detector signal and TREF oven temperature collected during a full cross-fractionation run.

Figure 4.

Detailed view of the injection process.
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only four TREF fractions are analyzed in

the first case, while up to eleven fractions

can be analyzed when overlapping the

injections. This feature can be exploited

either to reduce the cross-fractionation

time or to increase the resolution of the

method by generating more TREF frac-

tions in a given time. No loss of quality in

the results was observed by the authors

using this technique, probably due to the

low concentration of the fractions effec-

tively injected into the GPC columns and

also due to the stability of the IR detector

along the multiple injection process.

Data Processing

The IR detector generates a continuous

signal from which the software automati-

cally separates the individual chromato-

grams synchronized by the injection signal.

This process can be visualized in Figure 6. A

series of raw chromatograms, together with

their elution temperatures is stored in a raw

data file, which is used for further proces-

sing.

Every chromatogram is baseline-

corrected and integrated in order to obtain

the molecular weigh distribution (MWD)

based on a polystyrene-standard calibration

curve of the GPC columns. Such calibration

is generated beforehand by injecting a set of

mixtures of narrow distribution polystyr-

enes to the GPC columns, following the

same injection process as for the cross-

fractionation analysis, and using the TREF

column as injection loop. The different

molecular weight averages can be com-

puted after the MWD is acquired, such as

the weight, number and z-average mole-

cular weights (Mw, Mn, Mz), as well as

Macromol. Symp. 2007, 257, 13–28 17

Figure 5.

Comparison of standard GPC injections (left side) versus overlapped GPC injections (right side). In a period of

three hours, a larger number of fractions are analyzed in the second case, resulting in shorter analysis time or

increased resolution.

Figure 6.

Continuous raw IR signal (left) and separated chromatograms (right) obtainned as first step in the processing of

the cross-fractionation raw signals.
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polydispersity index (PDI). The weight

fraction at each temperature is also com-

puted by comparing the area of every single

chromatogram to the total area.

That set of MWDs measured at different

temperatures are combinedwith their respec-

tive weight fractions to generate a 3D

plot representing the bivariate composition-

molar mass distribution of the sample.

Numerical interpolation smoothing spline

algorithms are used in this step, in an

approach similar to that described by

Nakano and Goto.[12]

The whole sample MWD is also recov-

ered as the weighted sum of the MWD of

individual fractions according to their

weight fractions. The reconstruction of

the TREF profile of the whole sample is

a more complex process. It is based on

constructing a discontinuous TREF cumu-

lative curve with the progressive sum of the

weights of the fractions at each elution

temperature, starting with the soluble

fraction at the initial temperature and

ending with the total weight at the final

temperature. The first derivative of the

smoothed interpolation line of the cumu-

lative curve constitutes the reconstructed

TREF profile.

Results and Discussion

In order to demonstrate the operation of

this new cross-fractionation instrument and

to show its capabilities, a series of poly-

ethylene samples have been analyzed and

the results are presented in this section.

The standard cross-fractionation condi-

tions used are summarized in Table 1,

resulting in an overall analysis time of

roughly 11 hours per sample for a quite

reasonable number of fractions and very

good resolution.

Blend Analysis

A two component blend of metallocene

polyethylenes was first used to evaluate the

resolution of this method. The description

of the components in the blend is summar-

ized in Table 2.

A view of the 3D plot of the bivariate

distribution of this blend is shown in

Figure 7, together with its contour plot.

The logM axis was obtained with the GPC

calibration curve, while the temperature

axis corresponds to the elution tempera-

tures of the different TREF fractions. The

elution temperature can be related to

comonomer content considering that high

crystalline materials eluting at high tem-

perature have little or no comonomer,

while increasing levels or comonomer re-

duce crystallinity and result in lower TREF

temperatures. The height of the surface

plot represent the relative IR absorbance

signal, directly related to concentration at

every molar mass-temperature point, so it

represents the amount of material having a

given molar mass and eluting at a given

temperature.

Macromol. Symp. 2007, 257, 13–2818

Table 1.
Standard conditions for cross-fractionation analysis of polyethylene samples.

Solvent 1,2 ortho dichlorobenzene with 300 ppm antioxidant (BHT)
Dissolution 60 minutes at 150 8C at 200 rpm stirring inside the stainless steel vessels
Sample weight loaded
into TREF column

1.6 mg

Crystallization rate 0.5 8C/min
Elution 24 fractions from 40 8C to 120 8C, temperature step every 3 8C,

overlapped GPC injections with 19 minutes inter-injection time
GPC analysis flow rate 1 mL/min
GPC column set 3 PLGel 10 micron mixed columns (Polymer Laboratories Inc.)

Table 2.
Description of metallocene polyethylene blend com-
ponents.

Component Density
(g/cm3)

MI Weight
percent

A 0.957 19.6 50%
B 0.921 0.25 50%
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The 3D graph on the left side of Figure 7

already gives a clear idea of the separation

and of the main structural features of the

blend components. Having higher density,

component A has an elution temperature

around 95 8C, higher than the lower density

component B, while its molar mass is shifted

to lower values, as expected by their respec-

tives MIs. Component A has narrower com-

position distribution, resulting in a higher 3

dimensional peak. A certain tailing can also

be seen in both components in the direction

of lower TREF temperatures and molar

masses. This last effect, as well as the relative

positions in the temperature-LogM plane are

more clearly seen in the contour plot.

The MWD of the fractions, weighted

according to their relative amounts, are

presented in Figure 8 (thin lines), while the

summation of all of them, which constitutes

the distribution for the whole sample, is

presented with a thicker line in Figure 8.

For comparison purposes, and in order

to validate the procedure followed to

Macromol. Symp. 2007, 257, 13–28 19

Figure 7.

3D-surface plot (left) and 2-dimensional contour plot (right) of a metallocene polyethylene blend.

Figure 8.

Weighted MWD curves from all the fractions measured at every elution temperature (thin lines) overlaid with

the recovered MWD of the polyethylene blend (thicker line).
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recover the original MWD from the frac-

tions, a special analysis was performed in

which the whole sample was injected from

the TREF column to the GPC columns in

the same manner as the fractions were

injected. In this way, a direct GPC analysis

of the whole sample was performed and the

resulting MWD was overlaid in Figure 9

with the recoveredMWD.Given the number

of individual fractions that were measured

and integrated independently, it is remark-

able how similar the two results are.

The chemical composition view is

obtained by reconstructing the TREF

profile from the individually recovered

weights of the fractions. This curve is pre-

sented in Figure 10, in which the higher

resolution achieved in the comonomer

dimension is clearly seen, in comparison

with the typical lower resolution in the

molar mass dimension. The high quality of

the recovered TREF curve is quite compar-

able to that directly obtained with analy-

tical TREF.

Figure 10 also plots the Mw of the

fractions as a function of the chemical

composition distribution. In this case, the

high density material has a lower average

molar mass than the lower density one. At

the same time, it is also seen that there is a

trend of decreasing Mw with increasing

comonomer content or lower TREF elution

temperatures for both materials.

Similar information can be obtained by

coupling molar mass sensitive detectors

such as laser light scattering or viscometer

detectors to an analytical TREF instru-

ment.[8–10] However, this information is

much more evident in the 3D surface and

contour plots, which can only be directly

measured by this cross-fractionation tech-

nique. It is important to emphasize the

tremendous power of having the full MWD

at each elution temperature, which allows

the determination of the polydispersity and

other parameters of interest.

Linear Low Density Polyethylene (LLDPE)

A commercial LLDPE was run in this

cross-fractionation unit using the same

conditions summarized in Table 1. The

3D surface and contour plots are presented

Macromol. Symp. 2007, 257, 13–2820

Figure 9.

Overlay of directly measured MWD of the whole polyethylene blend with the recovered MWD after the

cross-fractionation process.
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in Figure 11. In this case, the soluble

fraction, amounting to approximately 5 wt%

of the sample, is represented as a separate

smoothed peak. The contour plot clearly

shows the direct dependency of TREF

elution temperature and molar mass, in

good agreement with previous publica-

tions,[11] demonstrating the relative higher

comonomer incorporation in the shorter

polymer chain, while the less short chain

branched fractions (sometimes referred to

as homopolymer) exhibits the highest

molar mass.

Those observations can be confirmed in

the reconstructed TREF view, overlaid

with the Mw of the fractions, as presented

in Figure 12. We have also overlaid two

independent analysis in Figure 12 to show

the good reproducibility of this automated

analytical instrument and the reliability

of the numerical reconstruction of the

TREF profiles. The Mw values show more

scatter in the temperature ranges with

lowest weight fractions because of the

lower detector signal to noise ratio in these

areas.

Macromol. Symp. 2007, 257, 13–28 21

Figure 11.

3D-surface plot (left) and 2-dimensional contour plot (right) of a LLDPE sample including the representation of

the soluble fraction as a separate peak. A trend line is added to the contour plot to indicate the direct relation of

elution temperature to molar mass.

Figure 10.

Reconstructed TREF profile (solid line) based on the weight fractions collected at each elution temperature and

weight average molecular weight (Mw) of the individual fractions (dots) as a function of elution temperature.
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Polyethylene Resins Made in

Multiple Reactors

Another commercial product that has a

broad and complex chemical composition

distribution, in this case produced presum-

ably by a multiple reactor process, was

analyzed using the cross-fractionation instru-

ment under the same conditions as in the

previous sections. The 3D plots in Figure 13

show a peculiar structure in which three

different populations can be identified.

One of the remarkable characteristics of

this product is the highly short chain

branched component eluting in the range

of 55 to 70 8C showing a higher molecular

weight than that of the more crystalline

population eluting at higher temperatures.

This product is a good example of materials

with very heterogeneous and multimodal

chemical composition distributions. This

can also be seen very clearly the recon-

structed TREF profile shown in Figure 14.

Macromol. Symp. 2007, 257, 13–2822

Figure 12.

TREF profile and Mw plot for a LLDPE sample. Two independent cross-fractionation analyses are overlaid to

demonstrate the good reproducibility of this technique.

Figure 13.

3D-surface plot (left) and 2-dimensional contour plot (right) of a multiple reactor polyethylene sample.
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On the other hand, the MWD analysis of

the whole sample measured by GPC would

provide little information on its structural

complexity. In fact, the MWD of this

product is basically unimodal, showing a

small high molecular weight shoulder, as

can be visualized from the surface and

contour plots of Figure 13 due to the

overlapping of the molecular weight dis-

tributions of the different polymer popula-

tions.

Distribution of Comonomer as a Function

of MWD of HDPE Pipe Grade Resins

A higher resolution method was used for

the analysis of high density resins because

of their narrow chemical composition

distribution due to the low amount of

comonomer present in the copolymer. At

the same time, a very good definition of the

bivariate distribution in the 3D plot was

required to obtain all the comonomer

distribution information. Analysis condi-

tions are summarized in Table 3.

In the lower temperature range from the

60 8C to 82 8C, TREF fractions were taken

every 2 8C so that enough material was

eluted to produce a detectable chromato-

gram. Fractions were taken every 1 8C from

82 8C to 100 8C in order to obtain the best

temperature resolution and gather the

maximum information from the cross-

fractionation process.

Figure 15 presents the 3D surface and

contour plots after the high resolution

cross-fractionation analysis of a pipe grade

Macromol. Symp. 2007, 257, 13–28 23

Figure 14.

TREF profile and Mw plot for a multiple reactor polyethylene sample.

Table 3.
High resolution conditions for cross-fractionation analysis of HDPE samples.

Solvent 1,2 ortho dichlorobenzene with 300 ppm antioxidant (BHT)
Dissolution 60 minutes at 150 8C at 200 rpm stirring rate inside

stainless steel vessels
Sample weight loaded into TREF column 1.6 mg
Crystallization rate 0.1 8C/min
Elution 27 fractions from 60 8C to 105 8C, temperature step

every 1-2 8C, overlapped GPC injections with 19 minutes
inter-injection time

GPC analysis flow rate 1 mL/min
GPC column set 3 PLGel 10 micron mixed columns (Polymer Laboratories Inc.)
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HDPE sample. This HDPE is a reverse

comonomer composition resin, in which a

low level of comonomer was added to the

higher molecular weight components in

order to achieve the desired end product

properties.

Figure 15 clearly shows the heterogene-

ity of this product. The pronounced tailing

towards lower elution temperatures in the

low molecular weight range is explained by

the effect of the chain ends which act as a

source of crystal defects as described by

Nieto et al.[14] and produce a depression in

TREF elution temperatures. The fact that

for molecular weights lower than 10,000

there is a rather sharp decrease in TREF

temperatures is also in good agreement

with Nieto’s observations based on CRYS-

TAF analysis of narrow-MWD polyethy-

lene fractions and paraffins. This low

molecular weight effect on TREF elution

temperatures can be compensated in the

processing software when translating the

TREF temperature axis into the comono-

mer weight percent in order to produce the

two dimensional distributions of molar

mass and comonomer composition.

On the other hand, the higher molar

mass fractions from LogM from 5 to 6 show

a broad TREF elution temperature range

produced, in this case, by the addition of

comonomer in that area of the molar mass

distribution.

In the TREF view plot (Figure 16), Mw

values are rather uniform for most all

temperatures, decreasing only at lower

temperatures because of the low molar

mass tail observed in the two dimensional

plots. The different contributions to the

TREF temperature decrease by either

comonomer addition or low molar mass

species are clearly seen in this two-

dimensional plot measured with the cross-

fractionation instrument. They would not

be detected by one-dimensional techni-

ques, even with multiple detectors.

Figure 16 also shows how the polydis-

persity index depends on the TREF elution

temperature. PDI increases dramatically as

the temperature is reduced, from initial

values of approximately 5 at high tempera-

tures to about 30 at low temperatures, due

to the bimodality of the measured chro-

matograms.

In the case of these HDPE products with

broad MWD it has been of great interest to

study the molar mass view and also to add

the comonomer distribution information to

it. An approach to investigate this problem

using the cross-fractionation information in

the 3D plots is outlined in the following

paragraphs.

The recovered MWD for the whole

sample is shown in Figure 17. The MWD is

clearly bimodal and the question now is to

determine the range across this broad

MWD in which comonomer is present.

In this study we start by realizing that for

every molar mass value, a TREF-like profile

is obtained from the 3D surface plot,

Macromol. Symp. 2007, 257, 13–2824

Figure 15.

3D-surface plot (left) and 2-dimensional contour plot (right) of a HDPE pipe grade resin.
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representing the TREF profile of a very

narrow molecular weight fraction. Figure 18

helps visualizing this approach by presenting

a surface plot cut in the direction of the

TREF temperature axis, highlighting the

equivalent TREF curve at logM value of 5.5.

For the generated TREF curve, the

weight average elution temperature, Tw, is

computed with the equation:[4]

TW ¼
P

ci � TiP
ci

(1)

Similar TREF curves and Tw averages

can be obtained for every molar mass value

to generate a Tw versus Log M plot. The

Macromol. Symp. 2007, 257, 13–28 25

Figure 17.

Recovered MWD of the whole HDPE sample by a weighted sum of the individual MWDs based on their respective

weight fractions.

Figure 16.

TREF profile and Mw and PDI plots for a HDPE pipe grade resin.
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resulting data series is overlaid with the

MWD curve in Figure 19.

It is well established[2,3,15] that Tw is

correlated to the methyls groups per 1000

carbons (CH3/1000C), even for molecular

weights down to 1000 (either coming from

short chain branches or chain ends) by

a linear inverse function; consequently, a

Macromol. Symp. 2007, 257, 13–2826

Figure 18.

3D surface plot of a HDPE sample with a cut view produced at LogM¼ 5.5 in the direction of the temperature

axis. The highlighted edge of the surface plot represents a TREF profile at that molar mass value.

Figure 19.

MWD of a HDPE sample and Tw averages as a function of molecular weight. The values of Tw decrease sharply for

molecular weights lower than 10,000 due to chain end effects in TREF fractionation. Tw decreases in the high

molecular weight range due to comonomer incorporation.
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linear calibration curve can be developed

to translate Tw values into CH3/1000C.

Although work is being conducted to

obtain an accurate calibration curve for

this method, in order to show the potential

of this approach, a simulated Tw –CH3/

1000C calibration curve was used in this

work to obtain the methyl frequency as a

function of molecular weight.

A correction for the effect of chain ends

based on molecular weight was applied to

obtain the short chain branch frequency

(SCB/1000C) along the MWD (Figure 20).

Provided the type of comonomer is known,

as it is usually the case, the comonomer

weight percent can be directly computed

from the SCB frequency.

This result proves that the cross-

fractionation instrument operating as TREF–

GPC can provide the same information as

online or offlineGPC-IR techniques.Ahigher

precision is expected from the cross-

fractionation method because precision is

not related to detector signal-to-noise ratio

but to the TREF separation mechanism

which is known to be highly reproducible.

An alternative approach, starting with

fractionation by molecular weight and then

analyzing the narrow-MWD fractions by

TREF may seem more suitable for those

broad MWD samples. However, provided

that the bivariate distribution is accurately

measured, there should be no difference in

using TREF or GPC as the primary

fractionation method, and the choice of

cross-fractionation configuration should be

made according to convenience and avail-

able instrumentation.

Conclusions

A new automated compact cross-

fractionation instrument has been developed

with special attention to efficiency, flexibility

and robustness. The main hardware compo-

nents, as well as operation principles, have

been described in somedetail, togetherwith a

special feature for producing overlapped

GPC analysis of TREF fractions.

A series of application examples has

been presented for different types of
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Figure 20.

Short chain branch (SCB) frequency along the MWD obtained from the cross-fractionation data, showing that

the higher molecular weight material has the higher SCB frequency due comonomer incorporation.
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polyethylene samples to demonstrate the

resolution and comprehensive information

produced by this instrument. Other analy-

tical methods with slower crystallization

rates down to 0.01 8C/min, sub-ambient

temperatures for less crystalline polymers,

higher elution temperatures for polypropy-

lene, or different flow rates are easily

programmed through the virtual instru-

mentation software user interface.

This cross-fractionation instrument also

proves to be a very powerful tool for

obtaining the SCB distribution along the

MWD for the most demanding applications

of pipe grade HDPE resins having very

little comonomer incorporated. An

approach for measuring the distribution

of comonomer along the MWD for HDPE

products based on cross-fractionation data

obtained by TREF fractionation and GPC

analysis has been studied and its feasibility

established using the instrument and ana-

lysis conditions described in this work.

Addition of other detectors online will

still increase the amount of information

generated by this cross-fractionation instru-

ment. A methyl sensitive head can be

incorporated to the IR detector in order to

measure the methyl groups concentration

and, as a result, the comonomer weight

percent directly both for polyethylene and

polypropylene copolymers. Future devel-

opments also include coupling viscometer

and light scattering detectors to this

instrument, which will provide absolute

molecular weight and long chain branching

detection as well as the possible adaptation

to work in reverse mode as GPC fractiona-

tion followed by the TREF analysis of the

GPC fractions.
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Examples of Using 3D-GPC-TREF for

Polyolefin Characterization

Wallace W. Yau*1,2

Summary: Selected examples of using 3D-GPC-TREF to solve polyolefin characteriz-

ation problems are described in this paper. The term 3D-GPC-TREF stands for a

home-build hybrid system of gel permeation chromatograph (GPC) coupled with the

capability of the temperature rising elution fractionation (TREF) that includes three

online detectors, i.e. the infrared (IR), the differential-pressure viscometer (DP), and

the light scattering (LS) detectors.

Keywords: polyolefin characterization; short-chain and long-chain branching;

structure-property relations; triple-detector GPC; triple-detector TREF

Introduction

A hybrid 3D-GPC-TREF system is built by

installing a TREF add-on oil bath to an

existing Waters 2000 CV GPC system[1]

that has a built-in refractive index detector

and a differential-pressure viscometer. Two

additional detectors are added to the

system; these are the Polymer ChAR IR4

dual-wavelength detector[2] and the PDI-

1040 light scattering detector.[3] The Poly-

mer Lab 20 micron mixed bed light

scattering columns[4] are used in the GPC

experiment. The configuration of the instru-

ment is shown in the schematic in Figure 1.

The six port valve in the system automati-

cally switches the hot solvent flow through

either the GPC or the TREF columns at

several pre-determined time sequence

steps. The column selection valve-switching

is automatically synchronized with the oil

bath temperature cooling and heating

cycles in the TREF mode of operation.

With the auto-sampler capability of the

Waters 2000 CV system, up to 24 TREF

samples can be loaded at one time and

analyzed in an unattended operation at the

rate of eight samples for every 24 hours.

The TREF conditions for most of results

reported in this paper are the following: the

solvent is o-dichlorobenzene (ODCB) at

150 8C; the TREF column is packed with 27

micron glass beads; each three-hour TREF

cycle consists of a 1.5 8C/min cooling step

down to 25 8C followed by a 2 8C/min

heating step back to 150 8C. The operation

of this hybrid system has been reported in

detail in two earlier publications.[5]

Polyolefin samples can have complex

microstructures due to polymer branching

and stereo-regularity differences. While the

3D-GPC experiment can be used to study

polymer molecular weight distribution

(MWD) and long-chain branching (LCB),

the 3D-TREF experiment is needed to

analyze polymer short-chain branching

(SCB), co-monomer composition distribu-

tion (CCD), and the effect of stereo-

regularity differences. For example, in a

sample of Ziegler-Natta linear-low-density

polyethylene (ZN-LLDPE), multiple TREF

peaks are commonly observed that reflect

the multiple-site nature of this catalyst type.

However, the MWD curves of these ZN

sites are broad and overlapping; therefore,

they are not resolved in the 3D-GPC

experiment. This is the value of using
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GPC and TREF in a complementary way to

analyze polyolefins for greatly improving the

understanding of their complex structures.

One way to explain the complex multi-

ple-site nature of polyolefin structures is to

visualize it in a three-dimensional picture,

as shown in Figure 2. In this illustrative

model of a ZN-LLDPE sample, we can

explain the structural features seen by GPC

versus those seen by TREF. When viewing

the graph in the GPC direction (bottom left

frame), one sees the result of the over-

lapping MWD profiles of the multiple sites

that are stacked together with one behind

Macromol. Symp. 2007, 257, 29–4530

Figure 1.

Configuration of the hybrid 3D-GPC-TREF system.

Figure 2.

A three-dimension illustration of the complex nature of polymer m-structure.
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the other. Only in the TREF view (top right

frame) can one see the resolution of the

multiple-site populations in the polymer

structure. Viewing from the top (bottom

right frame), one sees the three-dimensional

aspect of the polymer structure.

In the study examples presented in the

next section, we will see the synergistic

value of combining the 3D-GPC and the

3D-TREF results in solving polymer char-

acterization problems. In some cases, we

show a single ‘‘polymer m-structure’’ plot

made up by the side-by-side display of the

results from 3D-GPC and 3D-TREF. The

term ‘‘polymer m-structure’’ is used in

reference to the molecular structural fea-

tures of polymer that include MW, MWD,

SCB, LCB, and CCD.

Study Examples

There are many unique features and

capabilities of the 3D-GPC-TREF techni-

que useful for supporting all functions in a

polyolefin R&D program. They have been

used to solve problems in catalyst research,

pilot plant and product development trials,

tech-service and customer complaints, and

competitive product analyses. A selective

number of examples of such studies are

presented below.

High Precision Detection of Subtle

Polymer Structural Differences

In an effort to develop a LLDPE product to

qualify for a stretch film application, some

level of LCB detrimental to film perfor-

mance was detected by 3D-GPC as shown

in Figure 3. The level of LCB can be

quantified by the size of the high molecular

weight hump in the LS curves. The result

shows that the LCB is much less in the two

competitor products. It is plausible that this

unexpected LCB in the current product

might be the result of the melt extrusion

process used to produce polymer pellets. To

answer this question, tests were done on a

sample of the reactor powder as well as on

the pellets made from the powder. The

small LCB difference between the pellet

and powder seen in Figure 3 clearly shows

that the melt extrusion process could not be

the culprit of the LCB problem. This result

helped direct attention to the reactor

kinetics and catalyst preparation to solve

the problem. This example is selected to

emphasize the importance of the high

precision quality of the polymer analysis

data in solving real life problems.

Another example for the need of high

precision data is the study of peroxide type

in a low-density polyethylene (LDPE)

process. As shown in Figure 4, the differ-

ences made by peroxide change are very
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Current LLDPE Lot (Pellet) Better Competitor Product
Current LLDPE Lot (Powder) Best Competitor Product (Industrial Standard)

3D-GPC ZN-LLDPE PELLETS vs POWDERS

LS = Mw x Conc.

IR = Conc.

DP = IV x Conc.

The effect of mixer is too small to account for 

the LCB difference between current LLDPE 

lot and the competitor resins.

Current LLDPE Lot (Pellet) Better Competitor Product
Current LLDPE Lot (Powder) Best Competitor Product (Industrial Standard)

3D-GPC ZN-LLDPE PELLETS vs POWDERS

.566.555.544.53

Log MW (conventional Calibration)

LS = Mw x Conc.

IR = Conc.

DP = IV x Conc.

The effect of mixer is too small to account for 
the LCB difference between current LLDPE 
lot and the competitor resins.

Figure 3.

High precision detection of LCB in ZN-LLDPE.
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small, but they were clearly recognizable in

our 3D-GPC-TREF results. These subtle

LCB differences would not have been

revealed so clearly without the high precision

features of our 3D-GPC-TREF instrument.

The good repeatability of our instrument is

shown by the results of repeat sample

analyses in Figure 4. These differences in

LCB and product density as detected by

3D-GPC-TREF are very small, but they are

responsible for significant differences in

polymer end-use properties. Great empha-

sis was made in our home-made 3D-GPC-

TREF system with many built-in auto-

mated control features to maximize the

repeatability of sample analyses.

LCB Detection in 3D-GPC-TREF

As demonstrated in Figure 3 and 4, the

effect of LCB can be seen qualitatively by

visual inspection of the 3D-GPC or 3D-

TREF curves. However, in order to quan-

tify the LCB level more precisely, we have

introduced two LCB indices to process

the data, as described in Figure 5 and 6. The

formulations of these two new LCB indices

(gpcBR and trefBR)[6] are created in a way

that they can be used for direct comparison

with the LCB index (LCBI) used in the

rheological tests.[7] The definition of gpcBR

and trefBR takes advantage of the four

most precisely measured parameters in the

3D-GPC-TREF experiments, i.e., the LS-

measured Mw, the viscometer-measured IV,

and the conventional GPC-measured Mw

and Mv values, where Mw, IV, and Mv stand

for the weight-average molecular weight,

intrinsic viscosity, and viscosity-average

molecular weight, respectively. The calcu-

lated gpcBR and trefBR values represent

the average LCB level in the bulk sample.

The calculated gpcBR and trefBR

values are included in the final report of

every 3D-GPC-TREF analysis. An exam-

ple of such a report is shown in Figure 7

and 8 for the comparison of a tubular versus

an autoclave LDPE sample. It is commonly

observed that the tubular LDPE has higher

density (higher TREF elution temperature)

and lower LCB (lower gpcBR and trefBR

values) than its autoclave LDPE counter-

part.

The value of the combined information

from 3D-GPC and 3D-TREF serves nicely

for the purpose of answering a usual

question of ‘‘gel’’ or ‘‘un-melt,’’ a problem

Macromol. Symp. 2007, 257, 29–4532

Figure 4.

High-precision 3D-GPC-TREF study of peroxide effect on LDPE production.
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often encountered in thin films of high-

density polyethylene (HDPE). The results

of one of these studies are shown in the

m-structure plot in Figure 9, where the

results of the ‘‘gel’’ particle are being com-

pared with the results of the clear HDPE

film base that contains no ‘‘gel.’’ Here,

the 3D-GPC side of the plot shows the

structure being mainly of a linear high

molecular weight material with no signifi-

cant LCB. This observation is derived from

the fact that the size of viscosity peak also

increases along with the increase in the LS

peak. The presence of LCB would increase the

viscometer peak to a lesser extent than the LS

peak. The 3D-TREF side of the plot shows

the structure being mainly of the high

melting type, just like the HDPE film base,

with no indication of significant branching

structure. These results are indicative of the

problem being more of a high molecular

weight ‘‘un-melt’’ rather than that of a

‘‘gel’’ or cross-linking branching problem in

the usual sense. Because a very limited

amount of the ‘‘gel’’ particles can be extra-

cted from a film sample, the very small

Macromol. Symp. 2007, 257, 29–45 33

Figure 5.

High-precision LCB index gpcBR by 3D-GPC.

Figure 6.

High-precision LCB index trefBR by 3D-TREF.
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Figure 7.

The 3D-GPC-TREF m-structure plot for tubular versus autoclave LDPE.

Figure 8.

3D-GPC-TREF summary report for tubular versus autoclave LDPE.
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sample sizes makes it very difficult for them

to be studied by most other analytical tests.

This makes 3D-GPC-TREF uniquely use-

ful for samples as little as a fraction of a

milligram. Highly cross-linked gels may

exist in samples that may not dissolve in hot

TCB. These gel structures would not be

injected in either the GPC or TREF

column, and would not be detected. The

presence of these gel fractions can be

estimated by the percent mass recovery

data in the GPC or TREF experiment.

In the next study example, we show that

one can distinguish different types of LCB

in polymers and that LCB is not limited to

LDPE. LCB can exist in HDPE made from

ZN slurry process or as a result of thermal

degradation and chain extension processes

in melt extrusion. While the 3D-GPC side

of the m-structure plot in Figure 10 shows

the existence of LCB in all three samples,

3D-GPC is not capable of distinguishing the

LCB types. However, the LCB in LDPE is

clearly distinguished from that in the

HDPE samples by the 3D-TREF result

shown in Figure 10. The two HDPE

samples with LCB content elute from

TREF at high temperature, but the LDPE

sample has a lower TREF elution tem-

perature because of its high content of butyl

(C4) branching. These C4 branches are the

result of the chain-end backbiting branching

mechanism in the high-pressure LDPE pro-

cess. It is kind of fascinating to picture that the

basic structure of LDPE minus the presence of

LCB would not be very different from a

single-site hexene LLDPE copolymer of very

narrow CCD.

Moderation of Co-Crystallization Effect in

TREF Separation

Co-Crystallization of polymer blends is a

complicating factor that can compromise

the accuracy of the compositional analyses by

TREF and by crystallization analysis fractio-

nation (Crystaf).[8] Strong co-crystallization

distorts the elution profile of TREF and

Crystaf separations. Evidence has been

reported that the co-crystallization problem

is less severe in TREF than in Crystaf.

These reports conclude that TREF is more

appropriate for analyzing samples with

complex CCDs because it provides better

peak resolution of blends. Nevertheless,

Macromol. Symp. 2007, 257, 29–45 35

Figure 9.

3D-GPC-TREF determination of ‘‘gel or un-melt?’’ structure in HDPE film.
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co-crystallization still is a concern in fast

TREF separations using fast cooling rates.

In our study reported below, we have

managed to reduce the co-crystallization

effect in TREF by using glass bead packing

instead of polymeric di-vinyl benzene

(DVB) packing. Reasonable control of

the co-crystallization effect has been made

possible even at fast TREF analyses at the

rate of three to four hours per sample. The

results of this study are explained in

Figure 11 and 12 for the DVB and glass

bead TREF columns, respectively. (The

glass beads GL-0191 of 18–27 microns were

purchased from MO-SCI Specialty Pro-

ducts, LLD, 4000 Enterprise Dr., Rolla,

Macromol. Symp. 2007, 257, 29–4536

Figure 10.

LCB in LDPE versus LCB in HDPE.

Figure 11.

Strong co-crystallization effect in a TREF column with DVB packing in a 3-hour TREF experiment.
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MO 65402.) In each figure, there are three

experimental TREF elution curves: one for

each of the two components in the blend

and a third curve for a solution blend

sample of the two components. The fourth

curve in each figure is the digitally co-added

results of the two component curves.

The difference between the curve of

solution blend and the co-added curve

provides themeasure of the co-crystallization

effect. It is clear that co-crystallization effect

is much worse with the DVB packing in

Figure 11 than for the glass bead TREF

column in Figure 12. The cooling rate is

found to have an effect on the degree of

co-crystallization, but only to a much lesser

extent than the effect caused by the differ-

ence of the TREF packing material. It is

clear that, under proper TREF conditions,

the co-crystallization problem can be

moderated considerably as shown in

Figure 12, which gives still reasonably short

TREF analyses at the rate of four hours per

sample.

Analyses of Resin Compositions in A

Multi-Layer Polymer Film

Under the TREF conditions without strong

co-crystallization, the 3D-TREF technique

can be used to study the compositions of

polymer blends or components in the

multi-layer films. In the example study

below, we were asked to find out the resin

compositions in an unknown polymer film.

We were provided with five resin samples

that might have been used in making the

film. To approach this problem, we first

obtained the 3D-TREF results for the film

and the five resins. We then used the Excel

solver program to search for the answer.

The results are explained below with the

help of Figure 13 and 14 for the raw

3D-TREF data and the solver search

results, respectively.

The top row in Figure 13 shows the IR,

DP and LS profiles of the TREF runs for

the unknown film sample. The bottom row

shows the corresponding detector tracings

of the TREF runs for the five resin samples.

The 3D-TREF curves of the five resins are

consistent with the following polymer types:

1¼ an isotactic polypropylene (iPP), 2¼ a

metallocene LLDPE (mLLDPE), 3¼ a

ZN-LLDPE, 4¼ a second mLLDPE, and

5¼ a plastomer. The first thing we observed

was that resins 2 and 4 had identical 3D-

TREF profiles. They are likely the same

mLLDPE product.

The goal of the study was to find the best

combination of the TREF curves for these

Macromol. Symp. 2007, 257, 29–45 37

Figure 12.

Minor co-crystallization effect in a TREF column with glass bead packing in a 4-hour TREF experiment.
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resins to match those of the unknown film

sample in each of the three detector signals.

This was quite a curve-fitting challenge that

would not have been possible without the

help of a curve-fitting program like the

Excel Solver. The Solver search results,

shown in Figure 14, indicate that the film

was made up by three resin components –

iPP, mLLD, and a ZN-LLD – with the

estimated weight percentage of 10, 40, and

50%, respectively. The co-added curve

from this three-resin combination for each

detector is shown in Figure 14 and com-

pared with the 3D-TREF data of the

Macromol. Symp. 2007, 257, 29–4538

Figure 13.

Raw 3D-TREF data of an unknown multi-layer film and the five possible resin components.

Figure 14.

Use of 3D-TREF and Excel Solver for the compositional analysis of a multi-layer film.
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unknown film sample. We were pleasantly

surprised to see the very good fit between

the predicted and the experimental data for

the film sample. With the success of this

study, it is possible to say that under

favorable conditions, the 3D-TREF can

be quite useful for quantitative studies of

polymer blends and can be used as a tool for

the compositional reverse-engineering of

fabricated products.

Characterization of Reverse

MW-SCB Dependency

Comonomer incorporation is a very impor-

tant practice for optimizing the properties

of LLDPE and HDPE products. It is highly

desirable to have the comonomers distrib-

uted more in the higher molecular weight

fractions of the sample to achieve a greater

effect of the comonomer presence to the

polymer property. For catalysis research

and product development, there is a strong

need for analytical techniques that can

determine the molecular weight depen-

dency of comonomer and SCB distribution

in polymer products. One approach has

been reported with the use of an online

Fourier transform IR detector (FTIR) in a

GPC experiment.[9] However, in a rather

roundabout way, some aspect of the poly-

mer MW-SCB dependency can also be

determined by the 3D-TREF method. This

can be explained with the help of the

sketches shown in Figure 15 and 16.

Figure 15 depicts a GPC experiment

where a ZN-LLDPE sample is separated

across the MWD in the x-direction. The

downward pointed wide-arrow in the mid-

dle of the Figure is an illustration for this

ZN-type MW-SCB dependency, i.e., the

SCB (or co-monomer content) decreases

with increasing molecular weight. What

researchers wish to achieve is the reversed

MW-SCB dependency in the product, i.e.,

theMW-SCB trend depicted by the upward

pointed wide-arrow in the Figure. The

nature of the MW-SCB analyses is obvio-

usly a two-dimensional problem. We need

comonomer detection (e.g. FTIR) in the

y-direction to complement the GPC-MWD

information in the x-direction. This is how

the GPC-FTIR method works. Alterna-

tively, one can also get the SCBD information

by a cross-fraction of GPC fractions by a

second TREF analysis, as depicted on the left

y-axis of the sketch. This would be called a

GPC-TREF cross-fractionation.

To explain how 3D-TREF works to

determine MW-SCB dependency, we turn

the GPC-based sketch in Figure 15 into the

TREF-based sketch in Figure 16 by a 908
rotation of the plot. In this case, we now
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Figure 15.

A sketch to explain the determination of polymer MW-SCB dependency by GPC-FTIR analysis.
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have the SCB and comonomer content

information displayed across the x-direction.

The wide-arrows for the ZN and reversed

molecular weight dependency are still in

place to show the desired information we

try to determine. What is needed in this

case is the molecular weight information in

the y-direction. This need is met obviously

by the LS-Mw and Viscometer-IV informa-

tion derived from the triple-detector fea-

tures of the 3D-TREF technique. If GPC is

used to get the MWD information of the TREF

fractions, this situation of course becomes the

technique known as the TREF-GPC cross

fractionation.

An example of a typical 3D-TREF

report on polymer MW-SCB dependency

is shown in Figure 17 for two LLDPE

samples: one is a ZN type and the other is of

the reversed MW-SCB type produced with

a mixed metallocene catalyst. To help the

visualization of the relative molecular

weight dependency across the TREF

curves, the 3D-TREF curves in this figure

are plotted in the so-called ‘‘relative-scale’’

mode, where the three detector signals are

normalized to the same height at the peak

of the highest IR peak. In this plot option,

the relative molecular weight and IV trend

in the three temperature zones can easily be

recognized visually. Typically, we report

the results in three zones, i.e., the ‘‘soluble

fraction’’ zone 1, the ‘‘high-impact’’ zone 2,

and ‘‘homopolymer fraction’’ zone 3. The

elution temperature limits of these zones

can be varied to fit the specific need of

the 3D-TREF study. If needed, reporting

the results in more number of temperature

zones can be easily accommodated. In

the example shown in Figure 17, these three

zones are chosen to be the soluble fraction

that elutes below the temperature of 40 8C,
zone 2 of elution temperature between

40 8C and 85 8C, and zone 3 for fractions at

elution temperatures higher than 85 8C.
For sample A of the ZN-LLDPE type

shown at the upper left corner of Figure 17,

we see first that the multiple TREF peaks

reflecting the multiple sites are clearly

separated. Second, we see that the LS

signal decreases toward the lower-melting

fractions. That means that the comonomer

fraction is higher in the lower molecular

weight chains in zone 2. This is a MW-SCB

trend that is opposite to what a researcher

would have wished to make. On the other

hand, for sample B from a mixed mLLDPE

catalyst, we see that LS signal is higher for

the lower melting peak of higher comono-

mer content. This gives a clear indication

that the comonomer fraction is indeed

higher in the higher molecular weight

Macromol. Symp. 2007, 257, 29–4540

Figure 16.

A sketch to explain the determination of polymer MW-SCB dependency by 3D-TREF analysis.
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chains in this sample, as one would have

hoped to achieve in catalyst research. To

quantify this reversed MW-SCB depen-

dency, we process the TREF results in the

three zones to provide the values of weight

percentage, Mw, and IV in each zone. The

results of such calculations are shown in the

bottom table of Figure 17. The ratio of

the Mw and IV values between zone 2 and

zone 3 is also reported in the last column of

the table. The degree of reversed MW-SCB

dependency can therefore be quantified by

theses ratio values. The level of reverse

MW-SCB dependency is proportional to

how much higher the molecular weight

ratio exceeds the value of 1.0. Therefore,

the reversed MW-SCB dependency in

sample B is reflected in the high molecular

weight ratio of 1.60, while the value is 0.61

and less than one for sample A of ZN-

LLDPE type.

The molecular weight and the amount of

the soluble fraction, or the lack of it, are

important pieces of information of the

samples as well, especially for studying

high-impact polypropylene, thermoplastic

olefin (TPO) and tie-layer products that

depend on the solid state rubbery-

versus-crystalline phase separation in their

end-use applications. Some examples for

such applications are presented below.

Structural Studies of Functional Polyolefin

The value of the sub-ambient TREF

capability of our instrument using ODCB

solvent is demonstrated in the study

example of the two commercial tie-layer

products shown in Figure 18. The rubber

phase components in the two products both

elute as the ‘‘soluble fractions’’ in the 25 8C
TREF experiment shown in the top two

curves. The important compositional dif-

ference of the rubber components used in

the two products can only be revealed in the

sub-ambient 0 8C TREF experiment shown

in the two bottom curves.

Good use can be made of the dual-

wavelength feature of the IR4 detector in

our 3D-GPC-TREF system. One wave-

length (IR1) in this detector has compar-

able detection sensitivity for both the

aliphatic methylene (CH2) and methyl

Macromol. Symp. 2007, 257, 29–45 41

Figure 17.

Quantification of the reverse MW-SCB dependency of LLDPE samples.
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Figure 18.

Value of sub-ambient TREF capability for the compositional study of the rubber phase components in tie-layer

products.

Figure 19.

Dual-wavelength IR detection of TPO structures in TREF fractions.
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(CH3) groups in polyolefins, while the 2nd

wavelength (IR2) is more sensitive for

detecting CH3 than the IR1 wavelength.

An example of the dual-wavelength IR

application is shown in Figure 19 for a

TREF study of a polypropylene-based TPO

sample. With the presence of both IR1 and

IR2 detector signals, one can see the

ethylene-propylene compositional differ-

ences across the TREF curve by observing

the relative peak heights between the IR1

and IR2 signals. By doing so, one can easily

identify the structure of the three main

peaks in the TREF curve as the following: a

large isotactic polypropylene component at

high-melting, a small HDPE peak near

90 8C and a large EP copolymer rubber

component in the soluble fraction peak.

In the study example below, the effect of

visbreaking on HDPE was studied with and

without a functional modifier. The results

are shown in Figure 20. Under the condi-

tion of no modifier, one sees only the effect

of the chain scission effect of the visbreak-

ing process. In this case, we see a decrease

in molecular weight (lower LS signal) of the

product as compared to the starting HDPE

material. The visbroken product in this case

still has the microstructure of a HDPE, as

indicated by the fact that the TREF peak

remains at the same high elution tempera-

ture position. For the case where a functional

modifier is included in the visbreaking

process, one sees that there is an additional

shift of resulting material to a lower TREF

elution temperature. This observation of

the down shift in elution temperature is of

value to learn about how the modifier

molecules are incorporated into the final

product. The TREF result suggests that the

grafting of the modifier to polyethylene has

more likely occurred onto the chain back-

bone, rather than to the chain ends. This is

because, only side chains in the polyethy-

lene backbone will decrease TREF elution

temperatures. Modifiers added to the poly-

ethylene chain ends would not have a

strong effect on the TREF elution tem-

perature.

In this next study of two high impact

polypropylene samples shown in Figure 21,

the goal of the study is to find ways of

modifying the features of company A

polymer to mimic that of the company B

product. From the 3D-GPC results, one

sees that the company B product has higher

molecular weight. But, there is still the

question of not knowing where one needs

to make a boost in molecular weight,

whether it needs be in the rubber phase

component or in the crystalline component

of the company A product. The answer can

Macromol. Symp. 2007, 257, 29–45 43

Figure 20.

3D-TREF study of HDPE visbreaking versus reactive extrusion with modifiers.
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be clearly seen in the 3D-TREF results of

the two samples. The 3D-TREF result

shows clearly that the increase in molecular

weight needs to be in the rubbery compo-

nent of the product. In fact, the molecular

weight difference between the two products

shown in the table at the bottom the

Figure 21 also provides the information

about how much increase of the rubber

molecular weight is needed.

Concluding Remarks

We found that the combination of 3D-GPC

and 3D-TREF in a form of a hybrid system

is a very powerful toll for studying poly-

olefin m-structures. Most of the successful

applications of the technique in solving

company problems are credited to a very

large part to the high precision capability of

our instrument. Automation of sample

injection and temperature programming

in our system is the key to our high

precision analyses. Analytical information

provided by this technique has the value to

greatly shorten the product development

time. Not only is 3D-GPC-TREF useful in

understanding the m-structure of a given

resin, it also has been useful in analyzing the

composition of polymer blends and fabri-

cated products. In today’s challenging times

in polyolefin industry, a strong program in

3D-GPC-TREF technology is a highly

desirable element in a modern day poly-

olefin research organization.
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Separation and Characterization of

Ethylene-Propylene Copolymers by High-Temperature

Gradient HPLC Coupled to FTIR Spectroscopy

Andreas Albrecht,1 Lars-Christian Heinz,1 Dieter Lilge,2 Harald Pasch*1

Summary: The chromatographic separation of ethylene-propylene (EP) copolymers

with regard to chemical composition was accomplished by a new technique - high-

temperature gradient HPLC. Using a mobile phase of ethylene glycol monobutylether

(EGMBE) and 1,2,4–trichlorobenzene (TCB), and silica gel as the stationary phase,

copolymers with different ethylene contents were separated according to their

chemical compositions. Using a sample solvent of n-decanol and a column tempera-

ture of 140 8C, chromatographic conditions were established that correspond to

separation in a precipitation-redissolution mechanism. With the aim to obtain

further information on the separation process, the HPLC system was coupled to

FTIR spectroscopy through a LC-Transform interface. The FTIR data confirmed that the

copolymers were separated according to the ethylene content of the eluted samples.

Keywords: ethylene-propylene copolymers; FTIR; high performance liquid chromatography;

polyolefins

Introduction

Ethylene-propylene (EP) copolymers are

important polymeric materials. Depending

on the comonomer content of the EP

copolymers their properties change from

crystalline (low comonomer content) to

amorphous (high comonomer content).

The determination of the chemical compo-

sition distribution (CCD) of EP copolymers

requires fast and efficient analytical meth-

ods. The analysis of EP copolymers and

blends of polyethylene and polypropylene

by DSC is a well established and simple

method;[1–6] however, it is not a separation

method and, thus, cannot provide a CCD.

For separations according to chemical

composition, temperature rising elution

fractionation (TREF) is used.[7–14] In a

TREF experiment the sample is dissolved

at high temperature and precipitated using

a slow cooling process. In a second step,

fractions of the precipitated material are

eluted at increasing elution temperatures.

The fractionation occurs mainly regarding

sample crystallinity and cannot be used for

amorphous samples. In addition, the long

analysis times and the complexity of the

method prevent a routine use on a daily

basis. With crystallization analysis frac-

tionation (CRYSTAF), which is partially

similar to TREF but requires less analysis

time, determinations of the CCD of EP

copolymers, high density polyethylene

(HDPE), low density polyethylene (LDPE),

linear low density polyethylene (LLDPE)

and polypropylene (PP) were accomplish-

ed.[15–19] It should be noted that amorphous

EP copolymers that do not crystallize

cannot be separated using the mentioned

fractionation techniques. Other techniques

that separate polyolefins according to

chemical composition are selective extrac-

tion with appropriate solvents and solu-

tion-precipitation techniques.[20–22] These

Macromol. Symp. 2007, 257, 46–55 DOI: 10.1002/masy.20075110446
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techniques, however, require significant

amounts of solvents, time and labour.

Within the large variety of liquid chro-

matographic techniques, only size exclusion

chromatography (SEC) has been used so

far for the analysis of polyolefins. High

temperature SEC enables a more or less

correct determination of molar mass distri-

butions of olefin copolymers, but compo-

nents with different chemical compositions

may co-elute. Even by coupling SEC with

FTIR spectroscopy, only average chemical

compositions corresponding to each elution

volume, but not CCDs, can be deter-

mined.[23–25]

High performance liquid chromatogra-

phy (HPLC) is an important tool for fast

separation of complex polymers with regard

to chemical composition.[26,27] Different

separation mechanisms such as adsorption-

desorption or precipitation-redissolution

are used.[28,29] Typical concentration detec-

tors like differential refractive index (DRI)

and evaporative light scattering detectors

(ELSD) do not provide information on

the chemical composition of the separated

species. When HPLC is coupled to FTIR,

however, information on the chemical com-

position of the chromatographic fractions

can be obtained.[30–32]

Unfortunately, up to now, HPLC techni-

ques for the separation of polymers have

been used only at temperatures below

100 8C. For polyolefins, however, tempera-

tures between 130–160 8C are necessary for

keeping the polymer samples in solution. In

our previous work,[33] a gradient HPLC

system was developed that enables to

separate blends of olefin homopolymers

(PE and PP) according to their chemical

composition at high temperatures. Polar

silica gel, as the stationary phase, and

a mobile phase comprising ethylene gly-

col monobutylether (EGMBE) and 1,2,4-

trichlorobenzene (TCB) were used. The

separation was based on the fact that

EGMBE is a non-solvent for linear poly-

ethylene (above �20 kg/mol) and a sol-

vent for isotactic polypropylene. Thus,

polyethylene precipitates on the column

while polypropylene is eluted when pure

EGMBE is used as the mobile phase.

With a gradient of EGMBE and TCB,

the separation of polypropylene and poly-

ethylene can be achieved, where poly-

propylene elutes in the SEC mode and

polyethylene elutes with the solvent gra-

dient, respectively.[33]

In the present paper, the separation of

EP copolymers by high temperature gra-

dient HPLC according to chemical compo-

sition is reported. For the first time the

coupling of gradient HPLC with FTIR

spectroscopy at temperatures that are

suitable for the characterization of poly-

olefins is described.

Experimental Part

High-Temperature Chromatograph

PL XT-220

A prototype high-temperature gradient

HPLC system PL XT-220 (Polymer Labor-

atories, Varian Inc, Church Stretton, Eng-

land) was used.[34] The stationary phase

was silica gel Nucleosil 500, column size

25� 0.46 cm I.D., average particle diameter

5 mm (Macherey Nagel, Düren, Germany).

For dissolution and injection of the samples

a robotic sample handling system PL-XTR

(Polymer Laboratories) was used. The

temperature of the auto sampler with the

sample block and the injection needle,

the injection port and the transfer line

between the auto sampler and the column

compartment was set to 140 8C. The mobile

phase flow rate was 1 mL/min and 50 mL

of sample solutions were injected. The

polymers were dissolved in TCB at a

concentration of 1–1.2 mg/mL at a tem-

perature of 150 8C. The column outlet was

connected either to an evaporative light

scattering detector (ELSD, model PL-ELS

1000, Polymer Laboratories) or to a LC-

Transform FTIR Interface (Series 300, Lab

Connections, Carrboro, USA). The ELSD

was operated at a nebulisation temperature

of 160 8C, an evaporation temperature of

270 8C and an air flow of 1.5 mL/min.

The LC-Transform was operated at a stage

temperature of 164 8C and a temperature

Macromol. Symp. 2007, 257, 46–55 47
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of the transfer line of 150 8C. A tempera-

ture gradient of the nozzle was used due to

the different boiling points of the mobile

phase components. The rotation velocity of

the Germanium disc was 10 degree/min.

FTIR spectra of the deposited fractions

were recorded using a Nicolet Protegè

460 (Thermo Electron, Waltham, USA).

For data collection and processing, the

WinGPC-Software (Polymer Standards

Service, Mainz, Germany) was used.

Crystaf

A Crystaf model 200 (Polymer Char S.A,

Valencia, Spain) was used for the frac-

tionation. For the analysis, 20 mg of the

sample were dissolved in 30 mL of 1,2-

dichlorobenzene in a stirred vessel. A

cooling rate of 0.1 8C/min was used for

the fractionation of the samples.

Solvents

1,2,4-Trichlorobenzene (TCB), n-decanol

and ethylene glycol monobutylether

(EGMBE), all of synthesis quality (Merck,

Darmstadt, Germany) were used as receiv-

ed in this study.

Samples

Linear polyethylene (PE) with a weight-

average molar mass of Mw 126 kg/mol was

obtained from Polymer Standards Service

(Mainz, Germany). Moplen HP 400R (Mw:

305 kg/mol) is a commercial polypropylene

of BASELL Polyolefine GmbH, Frankfurt,

Germany. A blend of 2.52 mg PP and

2.26 mg PE was used for developing a

coupling methodHT-gradient HPLC-FTIR.

EP copolymers were obtained from

BASELLPolyolefineGmbH and their char-

acteristic data are summarized in Table 1.

The samples were prepared by the gas

phase process.

Results and Discussion

Separation of EP copolymers

The fractionation of amorphous EP copoly-

mers with regard to chemical composition is

difficult. These samples do not crystallize

and, hence, TREF or CRYSTAF cannot

be used for fractionation. The CRYSTAF

curves of samples EP1-EP4 are presented

in Figure 1. As can be seen, there are

no crystallizing fractions indicating that

the samples are fully amorphous. On the

other hand, the CRYSTAF results indicate

that the samples do not contain any PE

or PP homopolymers. These components

would crystallize producing peaks in the

CRYSTAF curves of Figure 1.

For the chromatographic separation of

the copolymer samples regarding chemical

composition, gradient HPLC is the method

of choice. In gradient HPLC experiments,

very frequently the sample is dissolved in

a good solvent and then injected into a

mobile phase of low solvent strength or

even a non-solvent. This causes the sample

to precipitate on the column. By stepwise or

continuously increasing the solvating power

of the eluent, the precipitate is re-dissolved

and separated by adsorptive or solubility

effects. These adsorptive or solubility effects

correlate with the chemical composition

of the sample and separation according to

chemical composition can be achieved.

As has been shown previously, PE-PP

blends can be separated by high-temperature

gradient HPLC using silica gel as the

stationary phase. A mobile phase of TCB

as the thermodynamically good solvent and

EGMBE as the poor solvent is used. TCB

is a good solvent for both PE and PP,

while EGMBE is a good solvent for PP

and a non-solvent for PE.[21,35] Starting

with 100% EGMBE for 2 min, the volume

Macromol. Symp. 2007, 257, 46–5548

Table 1.
Average molar masses, polydispersities (PD) and ethylene contents of the copolymers.

Sample Mw (SEC) [g/mol] Mn (SEC) [g/mol] PD Ethylene (FTIR) wt [%]

EP1 277,000 77,600 3.57 49
EP2 270,000 49,000 5.52 32
EP3 757,000 97,700 7.76 26
EP4 277,000 72,400 3.82 38
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fraction of TCB is increased linearly to

100% in 3 min and held constant for 3 min.

Finally, the initial chromatographic condi-

tions are re-established. The corresponding

gradient profile is shown in Figure 2.

Because of the column void volume and

the dwell volume of the chromatographic

system, the gradient reaches the detector

with a delay of 5.03 min, i.e., the gradient

reaches the detector at 7.03 min. For the EP

copolymers, chromatograms are obtained

that are presented in Figure 3. Qualitatively

similar chromatograms are obtained for all

samples. All samples elute in three differ-

ent elution regions. These can be attributed

to different separation mechanisms and
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Gradient profile, stationary phase: Nucleosil 500, mobile phase: linear gradient EGMBE-TCB.

Figure 1.

CRYSTAF curves of samples EP1, EP2, EP3 and EP4.
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different chemical compositions. The poly-

mer fractions that appear between 1.5 and

2.2 mL elute with the initial mobile phase

and, thus, are soluble in EGMBE at 140 8C.
Taking into account the results of our pre-

vious investigations[33] these fractions can

be assumed to be EP copolymers with low

ethylene contents. In addition, these frac-

tions could contain some atactic PP. The

next elution region correlates with the sol-

vent peak (n-decanol) at an elution volume

of 2.3 mL. The polymer fractions that

elute with the sample solvent n-decanol are

assumed to be EP copolymers with medium

ethylene contents. Polymers that are inso-

luble in EGMBE and do not elute with

n-decanol appear later in the chromato-

grams. They elute with the TCB gradient in

the elution volume region of 7–9 mL. These

polymer fractions are supposedly EP copoly-

mers with higher ethylene contents. As has

been shown by the CRYSTAF experiments

(see Figure 1) the samples do not contain

PP or PE homopolymer fractions.

Coupling of HT-gradient HPLC and FTIR

As is shown in Figure 3 the chromatograms

indicate that the EP copolymer samples

are separated with regard to chemical

composition by high-temperature gradient

HPLC. To prove that this is the case and

to get more information on the separation

mechanism, the HPLC system was coupled

to FTIR spectroscopy. The most suitable

way of combining the two techniques is by

using the LC-Transform interface where

the eluate coming from chromatography

is sprayed on a rotating Germanium disc.

Under high temperature spraying condi-

tions the mobile phase evaporates and the

polymer fractions are deposited as solid

layers at different positions of the disc.

Subsequently, the disc is placed in a FTIR

spectrometer and spectra are taken from all

polymer fractions.

One major issue of the spray deposition

procedure is the boiling point of the mobile

phase. In particular, when conducting gra-

dient HPLC separations, problems arise
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Gradient HPLC chromatograms of samples EP1-EP4, stationary phase: Nucleosil 500, mobile phase: linear

gradient EGMBE-TCB, column temperature: 140 8C, detector: ELSD, sample solvent: n-decanol, sample concen-

tration � 1.3 mg/mL.
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from the fact that the components of the

mobile phase have different boiling points.

In the present case these are 220 8C for

TCB and 170 8C for EGMBE. Therefore,

the evaporation temperature in the LC-

Transform interface has to be changed con-

tinuously and corresponding to the actual

mobile phase composition. A linear tem-

perature gradient for the LC-Transform

nozzle has been found to be the optimum,

see Figure 4. Starting with a nozzle tem-

perature of 90 8C for 6.5 min, the nozzle

temperature is raised linearly to 151 8C in

the following 3 min and than kept constant

for another 3 min. Finally, the nozzle

temperature is decreased back to 90 8C.

To prove that the system is working

properly, a model PP-PE blend was frac-

tionated and analyzed byHPLC-FTIR. The

concentration profile of this separation

obtained by the ELS detector is shown in

Figure 5.A, indicating that a perfect sepa-

ration into two components was obtained.

The first peak eluting at 2 mL corresponds

to PP and the later eluting peak corre-

sponds to PE. The Gram-Schmidt plot

resulting from summarizing all FTIR peak

intensities in the range of 2800–3200 cm�1

as a presentation of the concentration

profile is given in Figure 5.B. The compar-

ison of the Gram-Schmidt plot (Figure 5.B)

with the concentration chromatogram
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Temperature gradient for the spray nozzle of the LC-Transform interface.
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(Figure 5.A) indicates that the first eluting

peak appears to be broader in the Gram-

Schmidt plot. An explanation for this

behaviour is the use of n-decanol as the

sample solvent (boiling point 233 8C) that

cannot evaporate as fast as EGMBE at the

present conditions. Traces of n-decanol

that were not evaporated were detected

even on the Germanium disc.

The quantitative analysis of the FTIR

spectra was carried out by analyzing the

absorption bands for the CH3 groups at

1376 cm�1 and the CH2 groups at

1462 cm�1.[36] The presence of CH3 groups

indicates branching and is characteristic for

propylene units while the concentration

of CH2 groups is a measure for total

polymer concentration. In Figure 5.B the

ratio of CH3/CH2 (1394–1328 cm�1/1394–

1488 cm�1) is plotted against the elution

volume.

For the PP-PE blend in Figure 5, peak

area ratios of 0.75 for the PP peak and

0.10 for the PE peak were detected. The

low concentration of CH3 groups in the

PE fraction indicates that the material is

slightly branched. The corresponding FTIR

spectra at the peak maximum verify the

chemical composition of the first peak as PP

and of the second peak as PE, respectively,

see Figure 6.

Analysis of EP copolymers by HPLC-FTIR

As has been demonstrated, PP-PE blends

can be separated by HT-gradient HPLC

with regard to chemical composition. The

quantitative analysis of the fractions is con-

ducted by FTIR spectroscopy using the

LC-Transform approach. A similar proce-

dure shall be used also for the analysis of

the EP copolymers. Using the same experi-

mental conditions for the LC-Transform

and the FTIRmeasurements, the EP copoly-

mers are analysed with regard to chemical

composition as is shown in Figure 7.

A comparison of the Gram-Schmidt

plots and the elution profiles obtained with

the ELS detector shows that the Gram-

Schmidt peaks are slightly broader. This is

due to the fact that a certain spreading

cannot be avoided in the spraying proce-

dure of the LC-Transform interface. This,

however, does not affect the quality of

separation with regard to chemical compo-

sition.

The peak area ratios CH3/CH2 for the

different elution peaks show clearly that

early eluting peaks exhibit a higher peak

area ratio than late eluting peaks. This

clearly indicates that the early eluting frac-

tions have lower ethylene contents than

the late eluting fractions. Over the entire

elution volume range the ratio of CH3/CH2

decreases with an increase in the elution

volume. This is in full agreement with the

proposed separation mechanism.

If the ethylene content in the copolymer

increases, a decrease in solubility is observed.

Copolymers with high propylene content

(peak area ratio>0.55) elute in EGMBE or
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FTIR spectra of the PP and PE peaks (in Figure 5) taken at peak maximum.
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with the sample solvent peak. From the fact

that the peak area ratio is less than for pure

PP (0.75 in Figure 6) it can be concluded

that the early eluting peaks do not contain

PP but EP copolymer with low ethylene

contents. This is in a good agreement with

the CRYSTAF measurements, where no

isotactic PP and no PE were detected. With

increasing PE content the EP copolymer

becomes less and less soluble in EGMBE

and elutes with the solvent gradient accord-

ing to the solvent strength. The EP copoly-

mers start to elute close to the starting point

of the gradient between 7.1 and 7.5 mL.

Apparently, there is a solubility threshold

at a certain copolymer composition. Accor-

dingly, rather similar CH3/CH2 ratios are

obtained for the end of the first peak and

the beginning of the second peak. For the

EP copolymer fractions with the lowest

propylene content, peak area ratios of

0.25 to 0.35 are measured. Compared to

the blend separation in Figure 5 a shift to

lower elution volumes is observed for the

late eluting peaks. This additionally indi-

cates that the peaks are due to EP copoly-

mer and not PE homopolymer. Finally, the

decreasing peak area ratio with increasing

elution volume within the late eluting peaks

clearly confirms the separation with regard

to chemical composition. Due to the steep

gradient it is not surprising that the peak

positions of the EP copolymers do not vary

much. For a better separation of the

fractions A more shallow gradient has to

be chosen.

As mentioned earlier, the higher boiling

point of n-decanol compared to EGMBE

results in a certain spreading of n-decanol

on the Germanium disc. The elution peak

appearing at an elution volume of 4 mL

corresponds to the solvent peak in Figure 3.

This peak contains small amounts of EP

copolymer with medium ethylene content

as can be seen in Figure 7.

As indicated in Figure 7, the analyzed

EP copolymers exhibit broad distributions

with chemical compositions ranging from

0.7 to 0.3 (relative amount of CH3/CH2).

The differences between the samples can be
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Gram-Schmidt plots of the HT-gradient HPLC separation of EP copolymers 1–4, full line Gram-Schmidt plots,

& relative amount of CH3 groups (peak ratio CH3/CH2), chromatographic conditions see Figure 3.

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



understood from the chemical compositions

of the different eluting fractions. Sample

EP1 has the highest average ethylene con-

tent (49%) while sample EP3 has the

lowest average ethylene content (26%),

see Table 1. The results in Figure 7 indicate

the same trend: in EP1 the first eluting

(propylene-rich) fraction shows a peak area

ratio of 0.63–0.5 while for EP3 this ratio is

higher with 0.72–0.5. This indicates that the

propylene content of this fraction is higher

for sample EP3. In addition to the higher

propylene content, the area of this peak is

higher as compared to EP1. This is a clear

proof that the average propylene content of

EP3 is higher as compared to EP1.

The aim of forthcoming investigations is

the exact calibration of the FTIR system for

a strict quantitative analysis of the ethylene

content of the EP copolymers. To achieve

this goal NMR data of model EP copoly-

mers will be correlated with corresponding

FTIR bands for PP and PE. By using a fully

calibrated system, absolute chemical com-

position values of amorphous EP copoly-

mers can be obtained and the chemical

composition distribution of these copoly-

mers can be described.

Conclusions

High temperature gradient HPLC is the

first chromatographic method that enables

separation of EP copolymers with regard to

their chemical composition. Using a polar

stationary phase and a solvent gradient of

EGMBE/TCB it is possible to fractionate

complex copolymers in the direction of

increasing ethylene content. The separation

of a PE-PP blend and EP copolymers into

components of different chemical composi-

tions was confirmed by coupling of the

gradient HPLC with FTIR. This is the first

time that a LC-Transform FTIR interface

was used for gradient-HPLC at tempera-

tures suitable for the separation of poly-

olefins.
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Molecular Topology Fractionation of Polystyrene

Stars and Long Chain Branched Polyethylene Fractions

David M. Meunier,*1 Theodore M. Stokich Jr.,1 David Gillespie,2 Patrick B. Smith1

Summary: Control of long chain branching (LCB) architecture is an area of consider-

able interest in materials science because LCB can have a dominating effect on

polymer rheology and properties. Currently no analytical technique provides a

quantitative description of the LCB topologies in these materials beyond a basic

estimation of the average number of branch points per molecule. Neither the

molecular weight of the branch, nor the shape of the branched molecule (e. g. star,

comb, ‘‘H’’ or other) can be determined using current state of the art methodology

such as size exclusion chromatography (SEC) with molecular weight sensitive

detectors or nuclear magnetic resonance spectroscopy.

In our laboratory, we have developed a fractionation method that sorts polymer

solutes based on LCB topology. The approach, which we term molecular topology

fractionation (MTF), utilizes a separating medium comprising channels having

dimensions similar in size to the dimensions of the macromolecules being analyzed.

An applied flow field provides the driving force for the separation. Although the

details of the separation mechanism are not well understood at this time, two

possible mechanisms are being considered. In one, dissolved solute molecules are

restricted by the channels such that the relaxation modes for reorientation determine

the rate of transport. In the second, pinning (or entanglement) of molecules on

the stationary phase determines the rate of transport. Both mechanisms result in the

largest molecules eluting latest (opposite to the sequencing in SEC), and produce

significant additional retardation for LCB chains above that of linear chains. This

additional retardation leads to fractionation of an LCB distribution even if the

hydrodynamic radii of the components are the same.

In this paper, an overview of the MTF experiment will be provided. MTF fractionation

of PS stars is presented to demonstrate the separation of LCB chains from linear

chains and LCB chains based on topology. The application of MTF for characterizing

LCB polyolefin fractions will be shown. The paper will also include a brief discussion of

the coupling of MTF and SEC in an on line two dimensional approach for determi-

nation of LCB distributions.

Keywords: branching distribution; characterization; entanglement; lightly cross-linked

homogeneous ethylene octene copolymer; long chain branching; pinning; star polystyrene;

topology fractionation

Introduction

Molecular topology fractionation[1] (MTF)

is a relatively new dilute solution polymer

separation technique developed within the

DowChemical Company.[2] The development

Macromol. Symp. 2007, 257, 56–70 DOI: 10.1002/masy.20075110556
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of MTF was driven by a need for better

tools for characterizing long chain branch-

ing (LCB). Present state-of-the-art techni-

ques such as 13CNMR[3] and size-exclusion

chromatography (SEC) with molecular

weight sensitive detectors[4] provide informa-

tion about the average number of branches

per molecule. Neither technique provides

information about the molecular weights of

the branches nor the shapes of the branched

molecules. Additionally, for low levels of

branching, both techniques are operating at

relatively low signal to noise, making

detection of low levels of LCB a challenge.

Long chain branching is introduced into

polymers because it can have substantial

impact on the rheological behavior of the

system provided the branch lengths are

significantly larger than the entanglement

molecular weight.[5] Because their radii of

gyration are smaller, LCB polymers shear

thin to a greater extent than linear polymers

of the same molecular weight. On the other

end of the shear spectrum, LCB polymers

offer higher zero shear viscosity than their

linear counterparts. This is because LCB

polymers entangle much more effectively

than their linear counterparts. The enhanced

entanglement of LCB polymers was the

motivation for the present embodiment of

MTF. The idea was to create an entangling

environment within a chromatographic

column through which LCB molecules

and linear molecules would be forced to

flow. It should be noted here that the term

‘‘entanglement’’ in the MTF experiment is

interchangeable with the term ‘‘pinning’’.

The original idea behind MTF column

development was to create a series of posts

on which LCB chains or linear chains could

become pinned.

In the first successful demonstration of

MTF, poly(styrene-co-divinylbenzene) mono-

lithic columns, having macropores (channels)

of average diameter on the order of

100–200 nm, were used in the separation.[1]

In that work, MTF was characterized by a

flow rate dependent reversal in elution

order of linear PS molecular weight stan-

dards. Additionally, chains possessing LCB

were shown to be retained longer than

linear chains of the same hydrodynamic

size.

It was recognized that a second mechan-

ism may also be operative in the MTF

separation. This second mechanism involves

chain restriction followed by relaxation/

reorientation. In this mechanism, dissolved

solutes may become restricted by a fraction

of the column macropores such that the

relaxation times for reorientation determine

the rate of transport. Either mechanism,

pinning or relaxation/reorientation, is exp-

ected to be sensitive to topology; both may

be operative in a real system.

In this work, new MTF columns are

introduced. The columns were prepared via

high pressure packing of sub-micron, non-

porous silica (surface functionalized with

PS) into stainless steel columns. The new

columns were used to study the elution

behavior of regular PS stars. In addition,

the columns were used to perform high

temperature MTF on relatively narrow

fractions of lightly cross-linked homoge-

neous ethylene octene copolymers.

Experimental Part

Materials and Samples

The silica used to pack MTF columns was

obtained from Admatechs Co. Ltd. (Aichi,

Japan). The product identification number

was SO-C2 lot BMI206. An SEM image of

these particles is shown in Figure 1. In

addition, particle size distribution data

provided by the vendor revealed that the

average particle diameter was 0.5 micro-

meters and the half-width of the distribu-

tion was �0.3 micrometers.

Narrow molecular weight polystyrene

(PS) standards were obtained from Poly-

mer Laboratories (Amherst, MA) and were

used as received. Polymer standard solu-

tions for MTF studies were prepared

individually with concentrations ranging

from 0.5 to 1 mg/ml depending on the

molecular weight, with lower molecular

weight standards prepared at higher con-

centration and vice-versa. The tetrahydro-

furan (THF) used for standard dissolution

Macromol. Symp. 2007, 257, 56–70 57
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was obtained directly from the LC reservoir

so as to minimize the contributions from

solvent mismatch peaks. Standard solutions

were stored in the dark at ambient

temperature when not in use. For SEC,

standards were prepared as cocktails and

the concentration of each standard in a

cocktail was 0.5 mg/mL.

A three arm star PS sample was obtained

from Polymer Source, Inc. (Dorval, Que-

bec, Canada). The star was made via

anionic polymerization followed by cou-

pling of the living anions with a trifunc-

tional coupling agent as depicted in

Figure 2. The vendor reported a weight-

average molecular weight (MW) of 1480 kg/

mol for the arms of the star and 4760 kg/mol

for the whole star sample. The reported

whole polymer MW does not make sense

considering the sample was supposed to be

a three arm star with some uniarm material

present. The higher than theoretically

possible MW for the whole sample may

suggest the presence of some high mole-

cular weight impurities. Further, our char-

acterization of the 3-arm star sample (see

Results and Discussion Section) indicates

that the uniarm material is actually sub-

stantially lower in molecular weight than

the value supplied by the vendor.

Lightly cross-linked homogeneous ethy-

lene octene copolymer samples were frac-

tionated via a solvent non-solvent method

to produce relatively narrow fractions for

MTF. A preparative fractionation unit

(PolymerChar, Valencia, Spain) was used

to separate each whole polymer sample into

narrow fractions with the resulting MW’s

nominally from 20 to a maximum of

200–400 Kg/mole and polydispersities

PDI’s ranging from 1.3 to 1.5. For the

whole polymer samples, short chain branch

frequencies ranged from 17 to 32 short

branches per thousand backbone carbon

atoms, and short chain branching had

minimal influence on MTF elution. Long

chain branching frequencies (LCBf) of the

unfractionated materials were determined

by triple detector SEC[4] and ranged from

Macromol. Symp. 2007, 257, 56–7058

Figure 1.

SEM Image of non-functionalized Admatechs Silica.

The silica was functionalized with PS and packed into

a column by Mel Cabey of the Diazem Corporation.

Figure 2.

Reaction Scheme used by Polymer Source Inc. to synthesize the 3-arm star sample.
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0.005 to 0.7 long branches per thousand

backbone carbon atoms. LCBfs were not

determined for the fractions themselves.

Because a fractionation was carried out, it is

not clear that the average LCBfs still apply

to each fraction in a series. It is expected

that fractions from the LCBf¼ 0.005 sam-

ple would have a very small population of

long chain branched molecules, while

fractions from the LCBf¼ 0.70 sample

would be expected to have a large popula-

tion of multiply-branched LCB molecules,

especially in the higher molecular weight

fractions.

Equipment for MTF

The LC system used for MTF and SEC

analyses consisted of a Waters Alliance

2695 pump/autosampler and a Viscotek

model 302 multidetector array. The 2695

pump was used to deliver precise flowrates

in the 0.01 to 0.05 mL/minute regime for

MTF. HPLC grade THF (Omnisolv, HPLC

Grade, EMD Chemicals) was used as the

solvent and eluent. The eluent was con-

tinuously degassed. Injection volumes were

0.01 mL. The multi-detector array included

UV absorbance, low angle (LALLS) and

right angle laser light scattering, differential

refractive index (DRI) and differential

viscometer detectors. The detectors and

columns were held at 50 8C for SEC.

Column dimensions for MTF were 4.6 mm

I. D. X 150 mm L and were packed with PS

functionalized silica (made from SO-C2

described above).

A Waters Alliance Model GPCV2000

was used for high temperatureMTF experi-

ments. A flow of 0.01ml/min was employed,

and like the Waters 2695 pump used in

ambient temperature experiments, the

pump in the high temperature SEC was

able to deliver this low flow rate both

reliably and reproducibly. The carousel,

injector and column regions were all

controlled at 145 8C. Two detectors were

used for the sample analysis: (1) A Polymer

Char Model IR4 (Valencia, Spain) infrared

concentration detector and (2) A Precision

Detectors, Inc. (Franklin, MA) dual angle

light scattering detector, Model 2040 PDI,

with sensors at 158 and 908. The pairing of

these detectors provided the capability to

observe the molecular weight distribution

and produce an estimate of radius gyration

across the elution profile of a sample.

The TCB eluent was continuously

degassed by sparging the reservoir with

helium and by the operation of the in-line

system degasser. Injection volumes for

these experiments were 0.01 mL. For high

temperature MTF, concentrations were

chosen to keep the product of intrinsic

viscosity and concentration (C� [h]) less

than�0.15. Samples were prepared directly

in the autosampler vial by weighing an

aliquot of the polyethylene fraction, adding

the appropriate amount of solvent and

shaking for 2 hours at 160 8C.

MTF Columns and Functionalized

Packing Material

The polydisperse silica obtained from

Admatechs was functionalized with PS by

Mel Cabey of the Diazem Corporation

(Midland, MI). Columns for MTF were

packed with this PS functionalized silica by

Diazem. The packing procedure consisted

of slurrying the particles in a proprietary

mixture of solvents and pressure packing

them into the column at 6,000 PSI. Pressure

was held at 6,000 PSI for 8 hours. The

column outlet frit was constructed as

follows. A nominal 0.5 micrometer frit

was placed in the column outlet. Next, a

short (e. g. a few millimeters) layer of

2 micrometer non-porous silica was packed

next to the outlet frit. Finally, the column

was filled with the packing particles. The

column was then flushed overnight with

THF or TCB before MTF experiments

commenced.

SEC Experiments

SEC was carried out using the same liquid

chromatography hardware as was used for

MTF in order to define the polydispersity of

the 3-arm star test sample as precisely as

possible. A set of four mixed-B columns

from Polymer Laboratories (Amherst, MA)

was chosen for the separation. A flowrate of

1.0 ml/minute and an injection volume of

Macromol. Symp. 2007, 257, 56–70 59
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0.05 ml were used. Both conventional SEC

results (relative to linear PS) and absolute

molecular weight results (from LALLS)

were determined. Data were reduced using

OmniSEC software from Viscotek.

The cross-linked polyethylene whole

polymers and fractions were characterized

by triple detector high temperature SEC.

The system consisted of a PL-220 with light

scattering (PDI 2040 as described above),

differential viscometry (Viscotek 4 capil-

lary bridge design), and concentration

detectors (IR4 and DRI). The column set

consisted of 3 mixed-B columns from

Polymer Laboratories. Sample concentra-

tions were 1 to 2 mg/ml and injection

volume was 0.100 ml. Data were reduced

using custom written software.

Results and Discussion

SEC Characterization of

the 3-Arm Star Sample

SEC and SEC-LALLS-DV were used to

determine the molecular weight distribu-

tion (MWD) of the 3-arm star in order to

compliment and aid in the analysis of MTF

results. The linear PS equivalent MWD

is shown in Figure 3. It is readily apparent

that there are at least three components

in this sample, even though they are not

well resolved. Based upon calibration with

linear polystyrene standards, these three

components have apparent peak molecular

weights of approximately 1,250, 2,500, and

3,500 kg/mole, as annotated on the dis-

tribution. It is arguable that there is a fourth

component at apparent molecular weight

above 3,500 kg/mole because the shape of

the distribution in that regime appears

slightly non-Gaussian. But if there were

material eluting in that region, its molecular

weight would not be known from this

analysis.

The linear PS equivalent MW and

number-average molecular weight (MN)

of the 3-arm star determined from the

distribution shown in Figure 3 were, 3,260

and 2,700 kg/mol, respectively. The MW

value from LALLS was, 3,760 kg/mol. The

fact that the absolute MW was larger than

the linear equivalent MW is consistent with

the presence of branched molecules in the

distribution. The Mark – Houwink plot

from SEC-LALLS-DV, shown in Figure 4,

also provides strong evidence for the

presence of branched species in the dis-

tribution.

Macromol. Symp. 2007, 257, 56–7060

Figure 3.

Linear PS apparent molecular weight distribution of the 3-arm star sample as determined by SEC. The numbers

next to the arrows represent the linear PS equivalent molecular weight at the apices of the individual peaks.
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In summary, SEC characterization of the

3-arm PS star indicated that it was not

a pure component, but rather consisted of a

mixture of single arm, two-arm, and 3-arm

species. Secondly, the molecular weights

were lower than reported by the vendor for

both the arms and the whole polymer

sample. Arm molecular weights of �1,250

kg/mol were found in this study, versus

1,480 kg/mol reported by the vendor. A

whole polymer MW value of 3,760 kg/mol

was found here, versus 4,760 kg/mol

reported by the vendor. Considering the

distribution shown in Figure 3 (�5%

uniarm, �45% two arm and assuming the

balance of material is 3-arm), it is not

possible to rationalize the MW value deter-

mined in this study, nor by the vendor. The

only way to rationalize either reported MW

is to consider the presence of higher

molecular weight species in the sample

(e. g. 4-arm stars or higher).

MTF Separation of the 3-Arm Star Sample

The 3-arm star sample was injected onto an

MTF column packed with the PS functio-

nalized silica. The flowrate was 10 ml/

minute, thus providing the MTF elution

order reversal for molecular weights exceed-

ing the critical molecular weight.[1] The

resulting MTF fractogram, as detected by

908 light scattering is shown in Figure 5.

Because the detector only responds to

polymeric species, the fractogram reveals

the presence of a least 4 different polymeric

modes in the sample. Based on the SEC

data obtained for this sample, one would

have expected at least three modes in the

distribution, but there was no clear evi-

dence of a fourth mode in the SEC data.

Interpretation of the MTF fractogram of

the 3-arm star sample presented a chal-

lenge. However, the combination of LALLS

detection and UV detection enabled esti-

mates of the MW values across the MTF

profile. Additionally, the MTF elution

times of the species present in the 3-arm

star were compared to those of linear PS

standards. The ratio of LALLS detector

response to the concentration detector

response increased progressively from mode

1 to mode 4. In fact, the progression of the

ratio followed a 1�, 2�, 3� and 4� order

upon moving from mode 1 to mode 4,

respectively. Thus, the elution order

observed in Figure 5 is consistent with that

expected for MTF[1], and the progression

of molecular weight is consistent with

that expected for a star sample constructed

via coupling of discreet arms. However,

although the 4th mode may have been

anticipated from the SEC and LALLS data,

Macromol. Symp. 2007, 257, 56–70 61

Figure 4.

Mark – Houwink plots of linear PS and star PS.
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its presence is now clearly revealed in the

MTF experiment. Formation of the 4-arm

star is discussed below.

Considering the SEC data, it would

appear that a small amount of uniarm

material and a relatively large amount of

two-arm material was present in the sample.

Both uniarm and two-armmaterial are linear

species, and as such, their MTF elution

behavior should match that of linear PS

standards. A comparison of the relative

peak elution volumes (or times) of linear PS

standards and the peaks of the 4 modes in

the 3-arm star sample is shown in Figure 6.

The molecular weights of the first two

modes were taken from the SEC data and

assigned based on the known elution order

of MTF. As can be observed, the elution

volumes of the first two modes are

consistent with those of linear PS standards,

and thus, these two modes appear to

represent the uniarm and 2-arm species

present in the sample. It is clear that the

latter two modes were retained far longer

than the corresponding linear chains and,

the LALLS/UV ratios suggest that the

molecular weights of these modes are 3 and

4 times the molecular weight of mode 1,

respectively.

The light scattering detector used in

these studies employed detection angles of

7 degrees and 90 degrees. Although it is

possible to estimate the radius of gyration

(RG) from two angle light scattering data,

the expected RG values for a multi-arm

species having arm molecular weights of

1,250 kg/mol exceed the values that can be

determined reliably from two angle data.[6]

Calculations of the 7 degree particle

scattering form factor, P(7), for PS stars[7]

having arm molecular weights of 1,250 kg/

mol suggest that MW values obtained from

7 degree light scattering data should

provide reasonably accurate molecular

weights of the potential species present in

the fractogram.

To improve the signal to noise ratio for

both the concentration detector response

and the light scattering response, the injec-

ted mass of the 3-arm star sample was

increased by a factor of five over the

standard conditions. The improved signal

to noise enabled a reasonable estimate of

the absolute MW values across the MTF

elution profile of modes 3 and 4. This

analysis revealed that the third mode

included molecular weights ranging from

�3,100 kg/mol to 3,900 kg/mol. A 3-arm

Macromol. Symp. 2007, 257, 56–7062

Figure 5.

MTF fractogram of 3-arm star sample as detected by 908 light scattering. The assignments of the four modes

observed in the fractogram are discussed in the text. The modes are numbered 1 through 4 with 1 being the

earliest eluter and 4 being the latest eluter.
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star would be expected to have a molecular

weight of �3,750 kg/mol based on the

molecular weight of the uniarm species.

Thus, the third mode appears to represent

the 3-arm star material. Finally, the fourth

mode includes molecular weights ranging

from�4,500 kg/mol to�7,000 kg/mol. Near

the apex of the fourth mode, the MW is

�5,000 kg/mol. The expected Mw of a

4-arm star is 5,000 kg/mol. The fourth mode

would appear to be, predominantly, 4-arm

star material. The higher molecular weights

detected near the tail of the distribution

most likely stem from low signal to noise in

both the concentration detector and light

scattering detector traces due to the very

low concentration of material present.

Based on the reaction scheme used to

make the star sample, one would not

immediately expect the formation of a

4-arm star. However, in the synthesis of star

polymers, it has been observed that mole-

cules having more arms than the function-

ality of the coupling agent are often

produced. The chemistry responsible for

this observation is known as the lithium-

halide exchange reaction.[8] In the case of

the chemistry used to make this 3-arm star

sample, synthesis of species having more

than 3 arms is entirely possible.

Interpretation of the MTF fractogram

has revealed some interesting characteris-

tics of theMTF separationmode. First, long

chain branched molecules are retained

substantially longer than linear molecules

of the same molecular weight. Referring to

Figure 6, one can see that a 4-arm star is

retained nearly a factor of two longer than a

linear molecule of the same molecular

weight (the highest molecular weight linear

standard in the figure is approximately the

same molecular weight as the 4-arm star).

Additionally, the 3-arm stars are also

retained much longer than linear molecules

of the same molecular weight by about a

factor of 1.4. Secondly, the 3-arm star and

4-arm star co-eluted in SEC, but these

species are clearly separated in the MTF

mode. Thus, MTF would not only appear to

separate long chain branched molecules

from linear molecules, but appears to

separate long chain branched molecules

Macromol. Symp. 2007, 257, 56–70 63

Figure 6.

Relative peak elution volume (or peak elution time) of linear PS standards (solid diamonds) and the four modes

observed in the PS star fractogram (open triangles) shown in Figure 5.
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having similar hydrodynamic volumes and

differing long chain branching topology.

Sample recovery from the MTF column

was also studied. For linear chains, quanti-

tative recoveries were obtained over the

molecular weight range of 10 kg/mol to

5,000 kg/mol. For the 3-arm star sample,

recoveries on the order of 60% were

typical. Because recoveries were quantita-

tive for linear chains, it is assumed that the

lack of recovery was due to incomplete

elution of the star branched molecules.

Even though recovery was below 100%, it is

still clear that MTF separates based on

topology. The estimate of peak MW came

from ratioing the light scattering detector

signal to the concentration detector signal.

The accuracy of the estimate, and hence the

interpretation of the fractogram, does not

require complete elution of the sample.

Recent data acquired at the University of

Amsterdam[9] with a similar column,

revealed near quantitative elution (recov-

ery >95%) of the same 3-arm star sample

studied here. Longer run times were

required to achieve the near quantitative

recovery. Run time has no influence on

MTF resolution. Flow rate and macropore

dimensions within the column are the two

largest factors influencing resolution. The

fact that longer run times were required to

achieve near quantitative recovery suggest

that even higher order stars (more than

4 arms) were present in the sample, and

more time would be needed to elute these.

MTF of Polyethylene Fractions

The molecular weight range of the poly-

ethylene fractions relative to the MTF

reversal molecular weight is an important

consideration. Figure 7, for example, shows

an overlay of all the MTF peak elution

times for the complete set of polyethylene

fractions (full range of MW’s and LCBf’s),

superimposed with those of the linear

polystyrene standards. For the linear poly-

styrene standards, the MW’s have been

plotted after scaling them down by a factor

of 0.43 in order to adjust for the difference

in the hydrodynamic volume relative to

linear polyethylene. After accounting for

hydrodynamic size differences, the super-

positions are good as was observed pre-

viously for the PS, polybutadiene pair.[1]

However, the MW’s for most fractions lie

too close to the reversal or critical mole-

cular weight, MC, for it to be differentiated

based on branching (all points in the set lie

on one curve). For each LCBf, at least one

fraction lies above MC, by about a factor of

two, as MC for polyethylene would appear

to be on the order of �100 Kg/mole. Even

these fractions cannot be distinguished by

their peak elution times.

Macromol. Symp. 2007, 257, 56–7064

Figure 7.

MTF reversal curve comparing peak elution times of linear PS standards with those from lightly cross-linked

homogeneous ethylene octene copolymer fractions.
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In previous work,[1] long chain branched

samples had to exceed MC before any

additional retention was observed. The

same observation was made in this study.

Figure 8 provides an overlay of the MTF

fractograms for polyolefin fractions having

MW values of �100 kg/mol and spanning

the entire range of LCBf (i. e. virtually at

theMC for this column).With the exception

of a slight amount of tailing observed for

the fraction coming from the highest LCBf

polymer, the fractograms in Figure 8 are

virtually identical. There are a couple of

reasons for this. First, the fractions are too

close to MC and too close in MW (see

Table 1) to be differentiated by their peak

elution times, and second, except for the

highest LCBf fraction, Mark – Houwink

plots from triple detector SEC indicated

there was little LCB detected in the parent

polymer samples near 100 kg/mol.

MTF fractograms of the highest MW

polyethylene fractions are compared in

Figure 9. Details concerning the molecular

weights and polydispersities of these frac-

tions and the LCBf’s of the parent polymers

are provided in Table 1. Although the MW

values from SEC differ slightly among the

fractions, the polydispersities, and hence

the breadths of the size distributions, are all

very similar. Additionally, the MW values

for these fractions all exceed MC by more

than a factor of two. The main differentiat-

ing feature among these fractions is the long

chain branch frequency. For the fraction

coming from the sample having the lowest

Macromol. Symp. 2007, 257, 56–70 65

Figure 8.

MTF Fractograms of lightly cross-linked homogeneous ethylene octene copolymer fractions. All fractions

had MW values near MC. LCBf of parent polymers from which these fractions were acquired varied from 0.005 to

0.77 per 1000 backbone carbons. Details concerning the fractions can be found in Table 1. Detection was by laser

light scattering at a detection angle of 158.

Table 1.
SEC and LCB data for polyethylene fractions.

LCBf (branches/1000 C)a) MW (kg/mol) from SECb) Polydispersity (MW/MN)
b)

0.005 220/115 1.4–1.4
0.045 215/119 1.5–1.3
0.088 229/103 1.5–1.4
0.161 254/102 1.5–1.3
0.223 383/127 1.7–1.5
0.7 209/109 1.5–1.4

a) Values from parent polymer from which fractions were acquired.
b) Values from SEC based on linear HDPE, first value represents Mw of highest molecular weight fraction, while

second value represents Mw of fraction closest to MC.
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LCBf, about one chain in ten contains a

long chain branch site. At the other

extreme, for the fraction coming from the

sample having the highest LCBf, there are

about 10 branch sites per molecule.

As is evident in Figure 9, MTF is able to

fractionate these higher molecular weight

samples. MTF provides six distinct distri-

butions for these samples and the main

structural parameter that distinguishes

these samples is the LCBf. Therefore, when

there is a LCB distribution within the

sample whose MW exceeds MC, MTF can

fractionate it.

The fractionation of the polyolefin

samples by MTF yields fractograms that

look different from those observed for the

polystyrene star. However, considering the

types of branching present in the stars

versus the PE fractions, one would expect

the fractograms to look different. In the

case of the PS star, the MW values of the

3-arm and 4-arm material exceeded MC, by

more than a factor of 10. Additionally, the

PS stars consisted of nearly discreet com-

ponents, as they were made via anionic

polymerization followed by coupling. On

the other hand, these PE fractions come

from randomly branched polymers. Thus,

in each fraction, there is a distribution in

number of branches and lengths of

branches.

The other feature to note in Figure 9 is

that not all species in these fractions appear

to be MTF-effective. This is evident beca-

use the peak in the distribution is not

sensitive to the LCBf. This is most likely

due to the fact that a significant portion of

the material in these fractions consists of

linear chains. However, the breadth of the

fractogram and degree of tailing both

increase with increasing levels of LCB.

Yet to be determined is whether the ‘‘MTF-

effective’’ branches (i. e. those having the

longest retention times) are also those that

have a dominating effect on zero shear

viscosity.

Finally, the use of MTF fractograms to

derive a long chain branching distribution

for a given hydrodynamic volume slice (e. g.

from SEC) can be visualized with the aid of

Figure 10. In this figure, an overlay of all

three detector responses is provided for the

highest LCBf fraction studied. The traces in

the figure are actually the fitted results from

exponentially modified Gaussian fits of the

experimental data.[10] The agreement be-

tween the fitted data and experimental data

was excellent. Figure 10 provides additional

insight into the MTF separation. First, it

Macromol. Symp. 2007, 257, 56–7066
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Figure 9.

MTF Fractograms of lightly cross-linked homogeneous ethylene octene copolymer fractions. All fractions

had MW values nearly two times MC. LCBf of parent polymers from which these fractions were acquired varied

from 0.005 to 0.7 per 1000 backbone carbons. Details concerning the fractions can be found in Table 1. Detection

was by laser light scattering at a detection angle of 158.
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can be noted that the ratio of 158 light

scattering response to 908 remains roughly

constant across the fractogram. This means

that the RG’s of the chains eluting across the

fractogram are roughly constant. Roughly

constant RG across the distribution is not

surprising considering the fraction had a

relatively narrow size distribution (i. e. SEC

MW/MN �1.4). Secondly, the ratio of 158
light scattering to IR4 (concentration) is

not constant across the fractogram, but

rather, it increases with increasing retention

times. Thus, in MTF, chains having the

same RG’s but different molecular weights

are being separated, and retention in-

creases with increasing molecular weight.

At constant RG, increasing molecular

weight stems from increasing levels of

branching. Thus, in MTF, chains containing

the highest levels of branching are retained

the longest.

In SEC, molecules are separated by

hydrodynamic size, and for a sample contain-

ing LCB, this means branched chains and

linear chains of the same hydrodynamic size

co-elute. Among these co-eluting species,

chains containing more branching will be of

higher molecular weight than those contain-

ing little or no branching. In Figure 10, it

was shown thatMTF separates chains of the

same size according to molecular weight,

which means MTF separates chains accord-

ing to the amount of branching present.

Thus, the coupling of SEC and MTF with

light scattering detection (two or more

angles) would enable the determination of

a branching distribution for each SEC

fraction. The approach would proceed as

follows: Across the MTF elution profile

from each SEC fraction, both MW and RG

are obtained from light scattering. For

many linear polymers, including polyethyl-

ene, the relationship between RG and MW

has been determined from multi-angle light

scattering.[11] Alternatively, one can use the

Flory-Fox equation to estimate the linear

chain radii of gyration, RG,L for a

given MW.[12] The radii of gyration of the

branched species, RG,B, are determined

from the angular dependence of their light

Macromol. Symp. 2007, 257, 56–70 67
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Exponentially modified Gaussian fits of experimental MTF fractograms obtained for the most highly branched

homogeneous ethylene octene copolymer fraction. Shown are the concentration detector (IR4), 158 and 908 light
scattering traces.
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scattering as these species elute from the

MTF column. Thus, with knowledge of

both RG,B and RG,L, one can determine the

branching index, g, across the entire MTF

elution profile. The Zimm-Stockmayer

model can then be used to predict the

number of branch sites per chain across the

MTF elution profile from g.[13] This process

can be repeated for each size fraction from

SEC. The distribution information poten-

tially gleaned from the SEC-MTF-light

scattering experiment cannot be obtained

by any other technique at present. For

example, SEC with molecular weight

sensitive detectors provides only an aver-

age number of branch sites at each hydro-

dynamic size interval.

Particle Size Dependence of MC

All MTF results presented to this point

were obtained using columns packed with

functionalized, polydisperse silica having

an average particle diameter of 0.5 mm. To

learn more about the particle size depen-

dence of MTF, additional columns were

packed with 0.81 and 0.75 mm silica. These

silicas, obtained from Bangs Laboratories

(Fishers, IN), had very narrow size distribu-

tions in contrast to the 0.5 mm material. The

nominal sizes of these materials were 0.97

and 0.8 mm, respectively. The sizes reported

above were estimated from SEM images.

These columns were also packed by Mel

Cabey, Diazem Corporation (Midland, MI)

and the silica was not functionalized prior

to packing.

The dependence of MC on packing

particle size is shown in Figure 11. It is

clear that the critical molecular weight falls

off monotonically with decreasing particle

size. However, the correlation does not

appear to be linear, but with only three data

points, it is difficult to estimate the func-

tional form of the relationship with any

certainty. The decrease in MC with decreas-

ing particle size is consistent with previous

MTF work performed using monolithic

columns.[1] While the exact details of the

MTF separation mechanism are not under-

stood, it is clear that there is a certain

critical solute size that has to be reached

before the MTF mechanism is operative.

Macromol. Symp. 2007, 257, 56–7068

0.00E+00

1.00E+05

2.00E+05

3.00E+05

4.00E+05

5.00E+05

6.00E+05

7.00E+05

8.00E+05

9.00E+05

0.90.80.70.60.50.40.30.20.10

Particle size (µµµµm)

C
ri

ti
ca

l M
W

 (
lin

ea
r 

P
S

, g
/m

o
l)

Figure 11.

Dependence of critical molecular weight (MC) on packing particle size.
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This critical size, expressed here as MC

(linear PS), decreases with particle size (i. e.

macropore channel dimension). The func-

tional form of the relationship between MC

and particle size may offer insight regarding

the separation mechanism, but further

work is needed to establish the relationship

between MC and particle size.

Conclusions

In a detailed analysis of a 3-arm star PS

sample, it was shown that MTF can

separate LCB chains from linear chains,

and can separate LCB chains of differing

topologies. The example shown in this

paper included near baseline MTF resolu-

tion of at least 4 components present in a

nominal 3-arm star sample. Despite having

the same hydrodynamic volume, the 3-arm

star was separated from the 4-arm star by

MTF. Multidetector SEC results, knowl-

edge of the synthesis chemistry and on-line

low angle laser light scattering detection

was used to interpret the MTF fractogram

of the PS star sample. The clean MTF

separation of star components synthesized

via coupling of discreet arms will enable

experimental validation of the Zimm-

Stockmayer model for predicting the sizes

of branched polymer chains.[13]

In a second application, polyolefin

samples having similar hydrodynamic size

distributions (i. e. similar breadth in SEC

chromatogram) were fractionated differ-

ently byMTFwith themajor differentiating

feature being the LCBf of the parent

polyolefin polymer. For fractions exceeding

MC, MTF was shown to produce increas-

ingly broader fractograms with increasing

branching frequency.

Further interpretation of the polyolefin

MTF fractograms with two angle light

scattering detection revealed little change

in RG across the fractogram, but significant

increases in MW across the fractogram,

especially for the highest branch frequency

samples. At roughly constant RG, branched

chains are higher in molecular weight than

linear chains. Thus, retention in MTF

increased with increasing levels of branch-

ing. The fractionation provided by MTF

combined with the structural information

attainable with on line multiangle light

scattering detection will potentially enable

determination of a long chain branching

distribution for each hydrodynamic size

slice or fraction. Coupling of MTF and SEC

in an automated on line fashion would

facilitate determination of long chain

branching distributions across the molecu-

lar weight distribution of a sample. Present

state-of-the-art technologies such as SEC

with molecular weight sensitive detectors

or 13C NMR provide only an average

number of branches per chain. Thus, the

determination of branching distributions

across the molecular weight distribution

would provide structural information that is

not attainable at present.

In this paper, new columns for MTF

were introduced. The columns were packed

with submicron polydisperse silica that had

been surface treated with PS. MTF elution

order reversal was observed for PS stan-

dards and PE fractions injected onto these

new columns. Additionally, MC was found

to be dependent on packing particle size.

Thus, MTF elution order reversal was not

unique to the previously studied monolithic

columns,[1] but rather, appears to be a

general phenomenon attainable when the

interstitial channels (i. e. macropores) in a

column are of the appropriate dimensions,

and when the flow rate is reduced.

Although the mechanism of MTF is not

completely understood, two potential

mechanisms are pinning (or entanglement)

and polymer restriction followed by relaxa-

tion. Both may be operative in a MTF

experiment. Both are expected to be

sensitive to long chain branching topology.
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Crystallization Elution Fractionation. A New

Separation Process for Polyolefin Resins

B. Monrabal,* J. Sancho-Tello, N. Mayo, L. Romero

Summary: New crystallization procedures have been developed for the analysis of the

chemical composition distribution in polyolefins by pumping a small flow of solvent

during the crystallization cycle. One of the new techniques, crystallization elution

fractionation (CEF) combines the separation power of TREF and CRYSTAF and has been

shown to provide very fast analysis of the composition distribution.

Keywords: CCD; CRYSTAF; crystallization; polyethylene; TREF

Introduction

The introduction of single site catalysts and

multiple reactor technology allows the

design of new polyolefin resins with

improved properties for each application,

and the chemical composition distribution

(CCD) is the most discriminating micro-

structure parameter in these polymers. The

proper analysis of the CCD necessarily

requires a fractionation process, and as the

incorporation of comonomer will result in

the presence of branches or functional

groups, and those will influence the crystal-

linity, it seems obvious that existing tech-

niques like temperature rising elution

fractionation and crystallization analysis

fractionation were based on a fractionation

step according to crystallizability.

Temperature Rising Elution Fractionation

Temperature rising elution fractionation

(TREF) has been the most used analytical

approach for the analysis of the CCD since

its introduction in the industrial practice

by Wild et al.[1] to characterize linear

low density polyethylene. TREF analysis

resembles a liquid chromatography separa-

tion where the sample is first dissolved in a

proper solvent at high temperature and the

solution is then introduced into a column

containing an inert support; this is followed

by a crystallization step at a slow cooling

rate with no flow, during which polymer

fractionation occurs by segregation of

crystal aggregates of decreasing crystal-

linity as temperature goes down. Fractiona-

tion takes place within this cycle without

physical separation of the fractions; all the

crystal aggregates, from different crystal-

linity or branch content are still mixed

together and are being deposited in situ on

the same spot of the column where the

initial polymer solution has been loaded.

TREF still requires a second tempera-

ture cycle to physically separate or quantify

those fractions. This is achieved by pump-

ing new solvent while the temperature is

being increased. The eluant dissolves frac-

tions of increasing crystallinity, or decreas-

ing branch content, as temperature rises.

These fractions are collected (preparative

TREF) or their concentration monitored

with an infrared detector (analytical

TREF) to generate the CCD curve. The

name temperature rising elution fractiona-

tion derives from this second temperature

cycle.

Although analytical conditions are per-

formed far from thermodynamic equili-

brium, it has been shown that the elution

temperature still follows a linear relation

with the molar fraction of comonomer

incorporated (mc) as predicted from Flory

equation for copolymers,[2] that after

proper simplification can be reduced to
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Equation (1):

Tm ffi T0
m � RðT0

mÞ2
DHu

�mc (1)

where Tm is the equilibrium melting tem-

perature of the polymer-diluent mixture, T0m
the melting temperature of the pure poly-

mer, andDHu the heat of fusion per polymer

repeating unit. Equation (1) assumes that

DHu is constant in the crystallization tem-

perature range and that the presence

of solvent, when crystallizing in solution,

plays as an additional temperature shift

factor.

Analysis of the CCD by TREF is today a

common practice in the polyolefin industry

and the long analysis time of the first

homemade instruments[1,3] (three or four

days per sample) has been reduced sig-

nificantly down to a few hours; still, there is

an interest in further reducing TREF

analysis time. Reviews of the TREF techni-

que have been done byWild,[4] Glöckner,[5]

Fonseca and Harrison,[6] Soares and

Hamielec,[7] Anantawaraskul, Soares and

Wodd-Adams,[8] and Monrabal.[9]

Crystallization Analysis Fractionation

Crystallization analysis fractionation (CRYS-

TAF) was developed by Monrabal[10,11] in

1991 as a process to speed up the analysis of

the CCD, and it shares with TREF the same

fundamentals on separation according to

crystallizability, but the whole fractionation

process is carried out during crystallization.

In CRYSTAF the analysis is carried out

in stirred crystallization vessels with no

support, by monitoring the polymer solu-

tion concentration, through the crystal-

lization process, while decreasing tempera-

ture. Aliquots of the solution are filtered

(through an internal filter inside the vessel)

and analyzed by a concentration detector.

In fact, the whole process is similar to a

classical stepwise fractionation by precipita-

tion with the exception that, in this approach,

no attention is paid to the precipitate but to

the polymer that remains in solution.

The first data points, taken at tempera-

tures above any crystallization, provide a

constant concentration equal to the initial

polymer solution concentration; as tem-

perature goes down the most crystalline

fractions, composed of molecules with zero

or very few branches (highly crystalline)

will precipitate first, resulting in a steep

decrease in the solution concentration on

the cumulative plot. This is followed by

precipitation of fractions of increasing

branch content (or less crystallinity) as

temperature continues to decrease; the last

data point, corresponding to the lowest

temperature of the crystallization cycle,

represents the fraction which has not

crystallized (mainly highly branched or

amorphous material) and remains in solu-

tion at the lowest temperature. The first

derivative of this curve corresponds to the

CCD, very similar in shape to the one

obtained in TREF with the only difference

of a temperature shift, as equilibrium is not

reached, and CRYSTAF is measured in the

crystallization while TREF is measured in

the dissolution (melting).

With this approach, the CCD can be

analyzed relatively fast in a single crystal-

lization cycle without physical separation of

the fractions. The term crystallization

analysis fractionation stands for this pro-

cess. Reviews of the CRYSTAF technique

have been done by Soares and Hamielec,[7]

Anantawaraskul et al.[8] and Monrabal.[9]

Dynamic Crystallization

In the previous sections, TREF and CRYS-

TAF methods have been reviewed, and it

has been discussed how both techniques

share the same principles of fractionation

on the basis of crystallizability through a

slow cooling of a polymer solution. TREF is

carried out in a packed column and

demands two full temperature cycles,

crystallization and elution, to achieve the

analysis of the composition distribution. In

CRYSTAF the analysis is performed in a

single step, the crystallization cycle.

In Figure 1.a, the analysis of a blend of

three different components by TREF is

represented in three steps: 1) Sample

loading into the column, 2) Crystallization

cycle where the components are being

crystallized in the same location where

Macromol. Symp. 2007, 257, 71–7972
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sample was loaded, and 3) Elution cycle

where a solvent flow, Fe, is passed through

the column to elute the fractions being

dissolved as the temperature rises. The

three components of the blend are physi-

cally separated from each other in the last

cycle as shown in Figure 1.a.

A new separation approach is presented

here based on the same principles of

crystallizability and using a packed column

like in TREF, but performing the physical

segregation of fractions in the crystalliza-

tion step as in CRYSTAF. The new

separation process is known as dynamic

crystallization because the cooling is per-

formed while a small flow of solvent is

passed through the column.

Dynamic crystallization is also a three-

step procedure as represented in Figure 1.b,

but physical separation of the components

takes place within the column itself in the

crystallization cycle. In dynamic crystal-

lization, a small solvent flow, Fc, is passed

through the column during crystallization,

in such a way that when a component

reaches its crystallization temperature it is

segregated and anchored on the support

while the other components, still in solu-

tion, move along the column until they

reach their own crystallization tempera-

ture. At the end of the crystallization cycle,

the three components are separated inside

the column according to crystallizability.

The flow rate in during crystallization,

Fc, plays an important role as it has to be

adapted to the crystallization rate, Cr,

crystallization temperature range, DTc, of

the components to be separated, and

column volume, Vc, in order to crystallize

all the components within the column

length; Fc is calculated as follows from

Equation (2):

Fc ¼ Vc

DTc
� Cr (2)

Once the crystallization cycle is com-

pleted, the flow is interrupted and the

column is heated for a few minutes at a

temperature where all components are

dissolved. After that, the elution cycle

begins by adding a proper elution flow to

the column. The separation order of

Macromol. Symp. 2007, 257, 71–79 73

Figure 1.

Separation diagram by crystallizability. a) TREF separation process, b) Dynamic crystallization, c) Crystallization

elution fractionation.
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the components will be according to

CRYSTAF rather than TREF elution

temperatures, as separation occurred in

the crystallization and not in the dissolution

process.

Proper analysis by this technique

demands that the temperature range of

the polymer components to be separated,

DTp is within the crystallization temperature

range DTc, and the full power of the dynamic

crystallization analysis will be obtained when

DTp is equal to the DTc used, resulting in the

components crystallizing along the whole

length of the column.When the range of DTp
is narrower and within the range of DTc, only

a fraction of the separation power, equiva-

lent to the ratio of the two temperature

ranges, will be obtained.

Crystallization Elution Fractionation

Once dynamic crystallization was devel-

oped as a new separation process, it was

easy to realize the possibility to combine

this crystallization step with a final elution

cycle as in TREF to obtain a new extended

separation. This is represented in Figure 1.c

where the dynamic crystallization cycle, at a

crystallization solvent flow of Fc, is followed

by the temperature rising elution cycle,

with a solvent flow Fe as in TREF. The new

process is known as crystallization elution

fractionation (CEF), as it combines the

separation obtained in the crystallization

step with the one obtained in the elution

cycle; this is schematically represented in

Figure 1.c by the extended separation of the

three components at the exit of the column

in CEF analysis as compared to the TREF

approach.

It is quite interesting that the separation

power of CRYSTAF (obtained by dynamic

crystallization) and TREF are combined in

CEF when both systems are based on the

same crystallizability principles, and when

TREF requires both cycles per se. On the

other hand, one could expect that analysis

of particular blends where differences in

supercooling result in separation of the

components during crystallization in an

opposite direction to the one obtained by

elution-melting would result in poor CEF

separation.

Macromol. Symp. 2007, 257, 71–7974

Figure 2.

Schematic diagram of the combined CEF, dynamic crystallization and TREF instrument.
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Experimental Part

Dynamic crystallization and CEF experi-

ments were performed in a specially

developed apparatus constructed around

a simplified Polymer ChAR TREF instru-

ment. As the interest of CEF technology in

these initial stages was focused on high

throughput analysis, the instrument built

incorporated an autosampler for 70 vials of

10 ml.

The CEF instrument diagram is quite

simple as shown in Figure 2. The auto-

sampler dissolves the sample in o-dichloro-

benzene and it is loaded into the injection

valve loop through the syringe dispenser. The

sample is injected with the pump flow into

the column head and the dynamic crystal-

lization process begins at a given cooling

rate and crystallization flow. As the crystal-

lization ends, the oven starts the heating

program and flow is adapted to the elution

flow (usually higher than crystallization

flow) passing through the column to a dual

wavelength infrared detector, so concen-

tration and composition can bemeasured at

once. A dual capillary viscometer, as shown

in the diagram, was added to the system to

measure the composition – molar mass

dependence.

The same instrument can be pro-

grammed to run TREF, dynamic crystal-

lization, or CEF analysis as described

squematically in Figure 1.

Results

Dynamic Crystallization

A blend of two metallocene resins of

densities 0.902 and 0.937 g/ml was used to

test the separation power of dynamic

Macromol. Symp. 2007, 257, 71–79 75

Figure 3.

Dynamic crystallization analysis of a blend of two metallocene resins. The top diagram is the elution curve

showing the separation of the two components. The bottom diagram is the temperature profile with the flow

being used at each step.
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crystallization analysis. The sample at a

concentration of 0.8% w/v was dissolved

in a 10 ml vial at the autosampler and 0.1 ml

solution was injected into the column. The

crystallization ratewas 0.5 8C/min.The crystal-

lization flow calculated by Equation (2),

according to the column interstitial volume,

was 0.01 ml/min. Once the crystallization

ends, the flow is stopped and the oven goes

in a fast ramp up to 150 8C, staying for ten

minutes to ensure full dissolution of the

components previously crystallized in the

column. After that time, the elution flow

begins at 0.1 ml/min to elute the two

metallocene resins separated into the

column as shown in Figure 3. When the

same experiment was repeated without any

crystallization flow, only one peak is

obtained.

Crystallization Elution Fractionation

Most work done with crystallization elution

fractionation so far has been directed to

reduce analysis time for applications in high

throughput screening of catalyst formula-

tions. The CEF analysis of a complex

polyolefin, EliteTM (trademark of the Dow

Chemical Company) is shown in Figure 4

with a total analysis time of 23 minutes. The

analysis was performed at very fast crystal-

lization and heating rates (10 8C/min), and

still the separation of the three components

of this resin is reasonably good as shown by

the infrared transmission plot in Figure 4

and the final calculated composition dis-

tribution in Figure 5.

The capabilities of the CEF technique for

high throughput screening were tested

analyzing automatically the same sample in

10 different vial preparations every half an

hour at a crystallization rate of 5 8C/min and

heating rate of 10 8C/min. The samples were

previously dissolved at 150 8C for 30 minutes

with gentle shaking in the autosampler. The

results presented in Figure 6 show the good

repeatability of the CEF analysis.

Macromol. Symp. 2007, 257, 71–7976

Figure 4.

CEF analysis of an EliteTM resin performed at fast crystallization and heating rates of 10 8C/min. The top diagram

shows the elution infrared transmission curve. The bottom diagram is the crystallization and elution

temperature profile.
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Comparison of CEF and TREF

A blend of two metallocene resins of

densities 0.902 and 0.916 g/ml was used to

compare the separation of CEF and TREF

under fast analytical conditions with the

same column. In both cases the crystal-

lization and heating rates were 2 8C/min

and the elution flow rate 0.2 ml/min. The

Macromol. Symp. 2007, 257, 71–79 77

Figure 5.

CEF analysis of an EliteTM resin obtained at crystallization and heating rates of 10 8C/min, injection volume of

20 ml (0.5%w/v) and elution flow rate of 0.5 ml/min.

Figure 6.

Multiple CEF analysis (�10) of an EliteTM resin obtained at crystallization rate 5 8C/min and heating rate

10 8C/min, injection volume of 20 ml (0.5%w/v), and elution flow rate of 0.5 ml/min.
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only difference between CEF and TREF

analysis was the crystallization flow of

0.12 ml/min present in the CEF analysis.

The results presented in Figure 7 show the

improved resolution of CEF over TREF

analysis in the separation of the two

components.

Multiple Detectors

The incorporation of other detectors in line

to CEF analysis is as easy as with GPC or

TREF techniques. In the initial experi-

ments, a dual capillary viscometer and a

composition sensor were installed in the

CEF instrument to evaluate their potential.

The analysis of a linear low density

polyethylene is shown in Figure 8. The

ratio of CH3 over CH2 signals (B/A plot)

results in the gray composition line

(methyls per 1000 carbon atoms) increasing

linearly, as expected, towards lower tem-

peratures. The ratio of viscometer over

concentration signals (C/A) results in the

intrinsic viscosity black line that increases

towards higher temperatures (lower branch

content) as expected in a Ziegler-type resin.

Conclusions

A new dynamic crystallization approach

has been developed to separate semicrys-

talline polymers into a packed column

according to crystallizability. The physical

separation takes place in the crystallization

cycle and therefore the results will correlate

to CRYSTAF temperature data. Future

work is required to better evaluate the

interest of this new approach in industrial

processes for analytical or preparative

fractionation purposes.

Having developed dynamic crystalliza-

tion, it was obvious to consider this

approach to replace the static crystalliza-

tion cycle being used in TREF before the

elution step. The combination of dynamic

crystallization and temperature rising elu-

tion crystallization results in a new techni-

Macromol. Symp. 2007, 257, 71–7978

Figure 7.

Analysis of a blend of two metallocene resins by CEF and TREF.
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que with extended separation. The new

technique has been named crystallization

elution fractionation, CEF, as it combines

the separation power obtained in the

crystallization cycle (equivalent to CRYS-

TAF), with the one obtained in the elution-

melting cycle (equivalent to TREF).

CEF is performed in a simplified TREF

instrument and can easily adapt viscometry,

light scattering, composition, or other detec-

tors to determine molar-mass composition

dependence or to obtain further information

of polymer microstructure. The same CEF

apparatus can perform TREF and dynamic

crystallization.

The analysis time of the CCD has been

dramatically reduced with improvements in

TREF column and hardware design, and

with newer techniques becoming available.

The analysis by classical TREF of one

sample took 100 hours in the eighties

(around five samples could be analyzed

per week). The development of CRYSTAF

in the nineties allowed analyzing five

samples in 8 hours (15 samples per day).

In the last years, improvements in TREF

allowed the analysis of five to ten samples

per day. Today, CEF can analyze one

sample in less than 30 minutes, enough for

the demanded high throughput screening of

50 samples per day.
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Figure 8.

CEF analysis of a linear low density polyethylene. A - Concentration (CH2), B - Composition (CH3) and C -

Viscometer output.
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Block Index for Characterizing Olefin

Block Copolymers

Colin Li Pi Shan,* Lonnie G. Hazlitt

Summary: Olefin block copolymers produced by chain shuttling catalysis exhibit

crystallinity characteristics that are distinct from what would be expected for typical

random olefin copolymers with comparable monomer compositions produced from

either ‘single-site’ or heterogeneous catalysis. Olefin block copolymers produced by

chain shuttling catalysis have a statistical multiblock architecture. A unique struc-

tural feature of olefin-based block copolymers is that the intra-chain distribution of

comonomer is segmented (statistically non-random). Fractionating an olefin block

copolymer by preparative temperature rising elution fractionation, TREF, results in

fractions that have much higher comonomer content than comparable fractions of a

random copolymer collected at an equivalent TREF elution temperature. We have

developed a ‘‘block index’’ methodology which quantifies the deviation from the

expected monomer composition versus the analytical temperature rising elution

fractionation, ATREF, elution temperature. When interpreted properly, this index

indicates the degree to which the intra-chain comonomer distribution is segmented

or blocked. The unique crystallization behavior of block copolymers determine the

magnitude of the block index values because the highly crystalline segments along an

otherwise non-crystalline chain tend to dominate the ATREF (and DSC) temperature

distributions.

Keywords: ATREF; DSC; ethylene-alpha olefin copolymer; olefin block copolymer; random

copolymer; TREF

Introduction

The recent break-through in chain shuttling

catalyst technology has enabled the pro-

duction of novel linear olefin multi-block

copolymers via coordination catalysis in

Dow’s continuous solution process. The

chain shuttling technology is based on two

catalysts with varying comonomer incor-

poration capabilities and a shuttling agent

which transfers a growing polymer chain

from a good comonomer incorporator

catalyst site to a poor comonomer incorpo-

rator catalyst site in a reversible manner.

The good comonomer incorporator makes

the soft (or non-crystallizing) segments and

the poor comonomer incorporator makes

the hard (or crystallizing) segments of the

block copolymer. The polymerization and

properties of these olefin block copolymers

(OBCs) have been reviewed recently.[1,2]

This new type of olefin block copolymer

is constructed from hard block segments

that are rich in ethylene and soft block

segments that have a-olefin comonomer

along the same polymer chain. These block

copolymers have relatively narrow MWD

(Mw/Mn �2) and contain multiple block

segments that arise from statistical addi-

tion. The number and length of block

segments are controlled by the concentra-

tion of chain shuttling agent present during

the polymerization. In addition to control-

ling the overall density and melt index of

the copolymers, the amount and composi-

tion of the segments can be controlled

Macromol. Symp. 2007, 257, 80–93 DOI: 10.1002/masy.20075110780
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to tailor-make materials for specific appli-

cations.[3]

Figure 1 provides an example of the

hypothetical microstructure of an OBC

produced by chain shuttling catalysis. This

type of block copolymer can be termed a

‘‘linear statistical multiblock’’ or LSMB

and is quite different than the conventional

block copolymers made by living polymer-

ization chemistry as well as commercially

available polyolefins. In a LSMB the chain

lengths, comonomer distribution, and block

distribution of block sizes and lengths are

polydisperse. By contrast, the traditional

block copolymers have structures that are

well-controlled to be nearly mono-disperse

(equal chain lengths) and the lengths of

each type of block are essentially equal

from chain to chain as dictated by the

polymerization chemistry and conditions.

For typical random polyolefins, the

molecular structure distributions such as

the molecular weight distribution and/or

the short chain branching distribution can

be measured by GPC and ATREF/CRYS-

TAF, respectively. However, neither of

these techniques is able to measure the

blockiness of a copolymer (without prior

knowledge of its structure), as reflected in

the intrachain monomer distribution. To

our knowledge, there are no analytical tools

in the literature to specifically characterize

an olefin block copolymer.

In this paper, we describe some of the

unique analytical characteristics of an olefin

block copolymer. In addition, based on

deviations from the observed relationship

for structure and ATREF elution tempera-

ture for random copolymers, we outline a

‘‘Block Index’’ method to quantify the

observed microstructure and distinguish it

from traditional random copolymers.

Experimental Part

Materials

An olefin block copolymer synthesized by

the chain-shuttling method was produced in

a continuous polymerization process as

described by Arriola et al.[2] The olefin

block copolymer was produced using ethyl-

ene and 1-octene comonomer as per the

design shown in Table 1.

Material Analysis

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was per-

formed on a TA Instruments Q1000 DSC

equipped with an RCS cooling accessory

and an auto sampler. A nitrogen purge gas

flow of 50 ml/min was used. The sample was

pressed into a thin film and melted in the

press at about 190 8C and then air-cooled to

room temperature (25 8C). About 3–10 mg

of material was then cut, accurately

weighed, and placed in a light aluminum

pan (ca. 50 mg) which was later crimped

shut. The thermal behavior of the sample

was investigated with the following tem-

perature profile: the sample was rapidly

heated to 190 8C and held isothermal for

3 minutes in order to remove any previous

thermal history. For these octene-based

polymers, the sample was then cooled to

�40 8C at 10 8C/min cooling rate and held at

�40 8C for 3 minutes. The sample was then

heated to 150 8C at 10 8C/min heating rate.

The cooling and second heating curves

were recorded.

Macromol. Symp. 2007, 257, 80–93 81

Figure 1.

A pictorial example of a linear statistical multiblock copolymer.
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Analytical Temperature Rising Elution

Fractionation (ATREF)

In ATREF analysis, the composition to be

analyzed was dissolved in 1,2,4 trichloro-

benzene (2 mg/ml) at 160 8C and allowed to

crystallize in a column containing an inert

support (stainless steel shots) by slowly

reducing the temperature to 208C, at a rate

of �0.1 8C/min, where the temperature was

held for one hour. The instrumentation was

equipped with an IR4 infra-red detector

(PolymerChar,Valencia, Spain).AnATREF

chromatogram curve was then generated by

eluting the crystallized polymer sample (at a

flow rate of 1 cc/min) from the column while

slowly increasing the temperature of the

columnand eluting solvent (trichlorobenzene)

from 20 to 1208C (at a rate of 1.08C/min).

13C Nuclear Magnetic Resonance (NMR) Analysis

The samples were prepared by adding

approximately 3 g of a 50/50 mixture of

tetrachloroethane-d2/orthodichlorobenzene

to 0.4 g sample in a 10 mm NMR tube. The

samples were then dissolved and homo-

genized by heating the tube and its contents

to 150 8C. The data was collected using a

JEOL EclipseTM 400 MHz spectrometer or

a Varian Unity PlusTM 400 MHz spectro-

meter, corresponding to a 13C resonance

frequency of 100.5 MHz. The data was

acquired using 4000 transients per data file

with a 6 second pulse repetition delay. To

achieve maximum signal-to-noise for quan-

titative analysis, multiple data files were

added together. The spectral width was

25,000 Hz with a minimum file size of 32K

data points. The samples were analyzed at

130 8C in a 10 mm broad band probe. The

comonomer incorporation was determined

using the method reported by Zhou et al.[4]

Polymer Fractionation by TREF

Large-scale TREF fractionation was car-

ried out by dissolving 15–20 g of polymer in

2 liters of 1,2,4-trichlorobenzene (TCB) by

stirring for 4 hours at 160 8C. The polymer

solution is forced by 15 psig (100 kPa)

nitrogen onto a 3 inch by 4 foot (7.6 cm�
121.9 cm) steel column packed with a 60:40

(v:v) mix of 30–40 mesh (600–425 mm)

spherical, technical quality glass beads

(available from Potters Industries, HC

30 Box 20, Brownwood, TX, 76801) and

stainless steel, 0.02800 (0.7mm) diameter cut

wire shot (available from Pellets, Inc.

63 Industrial Drive, North Tonawanda,

NY, 14120). The column is immersed in a

thermally controlled oil jacket, set initially

to 160 8C. The column is first cooled

ballistically to 125 8C, then slow cooled to

20 8C at 0.04 8C per minute and held for

one hour. Fresh TCB is introduced at about

65ml/minwhile the temperature is increased at

0.167 8C per minute. Approximately 2000 ml

portionsof eluant fromthepreparative TREF

column are collected in a 16-station, heated

fraction collector. The polymer is concen-

trated in each fraction using a rotary

evaporator until about 50 to 100 ml of

the polymer solution remains. The concen-

trated solutions are allowed to stand over-

night before adding excess methanol,

filtering, and rinsing (approx. 300–500 ml

of methanol including the final rinse). The

filtration step is performed on a 3 position

vacuum assisted filtering station using

5.0 mm polytetrafluoroethylene coated

Macromol. Symp. 2007, 257, 80–9382

Table 1.
Design of a olefin block copolymer.

Example Density
(g/cc)

I2
(g/min)

wt% Hard
Segment or
polymer
in blend

Targeted�

wt% Octene
Hard Segment
or polymer
in blend

Targeted�

wt% Soft
Segment
or polymer
in blend

Targeted�

wt % Octene
in Soft
Segment
or polymer
in blend

Chain
Shuttling

Agent Present

OBC 0.8786 1.5 29 0.4 71 15 Yes
In Reactor Blend 0.8895 0.9 39 0.4 61 15 No

� As controlled by the polymerization conditions via predictive reactor modelling.
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filter paper (available from Osmonics Inc.,

Cat# Z50WP04750). The filtered fractions

are dried overnight in a vacuum oven at

60 8C and weighed on an analytical balance

before further testing.

Results and Discussion

Figure 2 shows that olefin block copolymers

produced by chain shuttling catalysis have a

relatively constant melting-point-versus-

density relationship. Karande et al.[3] have

shown that OBCs exhibit elastomeric

character while still retaining a highmelting

point (115–120 8C) which is attributed to

the presence of HDPE-like hard segments.

However, the observation of a high melting

point alone is not sufficient to confirm a

polymer’s blocky nature. When compared

to random copolymers, OBCs in the

solid-state have a unique crystal morphol-

ogy and show improved physical properties

such as compression set, elastic recovery,

and abrasion resistance.[3,5]

Figure 3 shows the analytical TREF

profile comparing an olefin block copoly-

mer (0.878 g/cc, 1.5 I2) to a random

copolymer (AFFINITYTM VP8770, 0.887

g/cc, 0.9 I2) and a polymer blend (0.89 g/cc,

1.0 I2) with components that are represen-

tative of the hard and soft segments within

the olefin block copolymer. Although not a

perfect comparison, the differences shown

in Figure 3 cannot be reconciled by the

slight differences in density and melt index

of these polymers. Table 2 summarizes the

analytical characteristics of these polymers.

Figure 3 shows that for this particularOBC,

90 wt% of the polymer eluted at a peak

temperature of 80 8C. The nearly complete

elution of this OBC, despite being 0.878 g/cc

(19 wt% crystallinity) is unique when com-

pared to the blend and random copolymer

that have peak elution percentages of

35 wt% and 75 wt%, respectively. For the

0.889 g/cc blend, the 35 weight % of the

ATREF peak is consistent with the tar-

geted amount of high crystallinity polymer

made. The fraction eluting below 30 8C

Macromol. Symp. 2007, 257, 80–93 83

Figure 2.

Melting point characteristic of olefin block copolymers.
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is referred to as the non-crystalline or

‘‘purge’’ fraction and contains the soft, low

crystallinity polymer made. The 55 8C
elution temperature and 75 weight percent

peak area for the VP8770, random co-

polymer is consistent with its 0.887 g/cc

density and 0.9 I2. For the OBC, the area of

the eluted peak was significantly higher

than the targeted amount of hard segments

in the overall polymer (29 wt% hard

segments for this particular OBC). This

indicates that the hard segments dominate

the elution behavior of the OBC and are

present in the backbone of the chains

(supporting the contention that the soft,

lower crystallinity segments are connected

to the hard, higher crystallinity segments,

which provides an indication of its blocky

nature).

To confirm this observation, preparative

TREF fractionation was carried out. Frac-

tions were eluted in 5 8C increments and

then analyzed for their octene content by

NMR. Figure 4 and Tables 3–4 shows the

expected behavior of the fractions prepared

from an LLDPE produced by Ziegler-

Natta catalysis (ATTANETM 4203, 0.90 g/cm3,

0.8 I2) and an LLDPE produced by

Macromol. Symp. 2007, 257, 80–9384

Table 2.
Analytical characteristics of the polymers studied.

Example Density
(g/cc)

Mol %
Octene

I2 I10/I2 Mw Mw/Mn Heat of
Fusion

Crystallinity Tm Tc ATREF
Elution T

wt%
Peak

(g/cc) (mol %) (g/mol) (J/g) Wt% ( 8C) (8C) (8C) wt%

Random (VP8770) 0.8872 9.1 0.9 8.2 98000 2.2 74.8 25.6 83.2 65.1 55 75
Blend 0.8895 9.3 0.9 13.4 137300 13.8 90 30.8 125 111 82 35
OBC 0.8786 10.8 1.5 6.7 104600 2.0 55 18.8 120 101 96 90
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Figure 3.

Analytical TREF profile of an OBC, a random copolymer, and a polymer blend.
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single-site catalysis (AFFINITYTM PL1880,

0.90 g/cm3, 1 I2).As shown for these polymers

produced with the same comonomer type, a

distinct relationship between the elution

temperature and comonomer content is

observed, indicating that regardless of the

catalyst nature, the fractions from these

random copolymers, for all practical pur-

poses, have a statistically random distribu-

tion of comonomer. Wild has demonstrated

that the peak elution temperature directly

relates to the degree of short chain

branching in a copolymer.[6] Brull et al.

has demonstrated that the melting point or

crystallization point depression of propylene-

alpha olefin copolymers occurs linearly

with increasing comonomer content and

type regardless whether the analysis was

performed in the melt or solution.[7]
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Figure 4.

Comonomer versus elution temperature relationship for random copolymers.

Table 3.
Ziegler-Natta LLDPE TREF fractionation results.

Example - Ziegler-Natta Ethylene-Octene Copolymer
(ATTANETM 4203, 0.90 g/cc, 0.8 I2)

Fractionation
Temperature
(8C)

Weight
Fraction
Recovered

ATREF T (8C) Mol %
Octene
(NMR)

20 0.08 20 12.0
20–35 0.02 46.5 10.0
35–40 0.050 49 8.0
40–45 0.035 56.5 7.0
45–50 0.047 57.5 6.6
50–55 0.067 61 6.0
55–60 0.079 63.5 5.4
60–65 0.105 67.5 4.9
65–70 0.104 72 4.3
70–75 0.110 75.5 3.7
75–80 0.089 79 3.1
80–85 0.062 83.5 2.5
85–90 0.045 90 1.7
90–95 0.041 95.5 1.1
95–100 0.056 100 0.5
100–105 0.007 101 0.2

Table 4.
Single-site LLDPE TREF fractionation results.

Example – Single-site Ethylene-Octene Copolymer
(AFFINITYTM PL1880, 0.90 g/cc, 1.0 I2)

Fractionation
Temperature
(8C)

Weight
Fraction
Recovered

ATREF T
(8C)

Mol %
Octene
(NMR)

40–45 0.025 56 7.3
45–50 0.041 61.5 6.5
50–55 0.073 63.5 5.7
55–60 0.124 66.5 5.3
60–65 0.180 69.5 4.9
65–70 0.228 72 4.4
70–75 0.241 74 4.2
75–80 0.050 76.5 3.8
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Figure 5 and Tables 5–6 show the results

for the OBC and in-reactor blend. Strik-

ingly, it can be seen that for a givenATREF

elution temperature, the octene content of

the preparative fractions from the OBC

copolymer is significantly higher than that

of the preparative fractions from traditional

random copolymers.

The expected comonomer composition

versus elution temperature is shown by the

calibration line for random copolymers. In

terms of the distribution of comonomer in

this OBC, it can be concluded that the

comonomer distribution is statistically non-

random and highly blocked (or segmented).

Thus, for the high elution temperatures

observed, the comonomer content of the

fractions is significantly higher due to the

presence of the octene-rich soft segment

within the chain. In comparison, the octene

content of the fraction from the in-reactor

blend produced with no chain shuttling

agent falls along the random copolymer line

as expected.

Random Versus Block Copolymers

The observation that the TREF fractions

from an OBC contain a higher than

expected amount of comonomer demon-

strates that the intrachain comonomer

distribution or sequence distribution is

Macromol. Symp. 2007, 257, 80–9386
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Figure 5.

Comonomer versus elution temperature of OBC.

Table 5.
OBC TREF fractionation results.

OBC TREF Fractionation (0.8786 g/cc, 1.5 I2)

Fractionation
Temperature
(8C)

Weight
Fraction
Recovered

ATREF T
(8C)

Mol %
Octene
(NMR)

20 0.162 20 14.1
20–60 0.104 67 13.7
60–65 0.040 70.5 12.6
65–70 0.053 73 12.2
70–75 0.126 77 11.7
75–80 0.220 81 10.5
80–85 0.192 84 9.8
85–90 0.065 88.5 7.0
90–95 0.019 92 5.2

Table 6.
In-reactor blend TREF fractionation results.

BLEND TREF Fractionation (0.8895 g/cc, 0.9 I2)

Fractionation
Temperature
(8C)

Weight
Fraction
recovered

ATREF T
(8C)

Mol %
Octene
(NMR)

20 0.63 20 14.5
20–105 0.37 96 0.6
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non-random and is in fact blocked, because

it deviates from that of a statistically

random copolymer in a theoretically pre-

dictable manner. Since the amount of

comonomer can be predicted from a given

elution temperature for a statistically ran-

dom copolymer, the ‘‘blockiness’’ of an

olefin block copolymer can be defined on

the basis of Flory’s equilibrium crystal-

lization theory.[8] For random copolymers,

Flory proposed a theoretical relationship

for the probability of having a minimum

crystallizable sequence length determined

primarily by the equilibrium crystallization

temperature. The conditional probability of

sequential monomer insertion (ethylene in

the case of the OBCs described here) is

defined as p. The magnitude of the condi-

tional probability, p, is compared to the

molar fraction of monomer in the whole

polymer, XA, (refer to Figure 6) to test

whether, based on a random probability of

the intrachain monomer distribution, the

copolymer is random. If the conditional

probability of observing a crystallizable

sequence is less than that determined by

average molar monomer content of the

whole polymer, then the polymer is des-

cribed as having an alternating distribution.

If the probability of observing a crystal-

lizable sequence was greater than that

determined by the average molar monomer

content of the whole polymer, then the

polymer is described as having a blocky

Macromol. Symp. 2007, 257, 80–93 87

Figure 6.

Flory’s polymer probability definitions.
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structure. Finally, if the conditional prob-

ability and molar fraction are equal, the

copolymer is random.

In the discussion below, we chose to

express the mole fraction of ethylene as P,

with the understanding that it is only

equivalent to the conditional probability,

p, described above when the copolymer is

random. From this point forward, we will

consider the measured mole fraction of

ethylene (X) from NMR or other technique

for a polymer as an estimate of the

conditional probability.

Having now proposed a ‘‘blocky’’ struc-

ture for the OBC, we are in a position to

validate the proposed structure on the basis

of Flory’s equilibrium melting theory as

extended to the ATREF elution tempera-

ture. The key relationship of Flory’s theory

is:[8]

1

Tm
� 1

T0
m

¼ � R

DHu

� �
lnP (1)

In Equation (1) the mole fraction of

crystallizable monomers, P, is related to the

melting temperature, Tm, of the copolymer,

and the melting temperature of the pure

crystallizable homopolymer, T0m. The equa-

tion is similar to the experimentally deter-

mined relationship for the natural loga-

rithm of the mole fraction of ethylene as a

function of the reciprocal of the ATREF

elution temperature or melting point (8K)

as shown in Figure 7 for various homoge-

neously branched copolymers of ethylene.

Note: The ATREF Elution Temperature-NMR

calibration depicted in Figure 7 is not intended

to be ‘‘universal’’ in that ATREF instrumenta-

tion and methodology varies considerably in

the literature. The calibration in this paper is

therefore to be considered to be unique and

must be repeated for each ATREF instrument.

Also, the preparative TREF fractions or homo-

geneous random copolymers that were chosen

have weight average molecular weights of at

least 100,000 daltons and polydispersity

values of no greater than about 2.5.

Preparative TREF fractions of nearly all

random copolymers and their blends fall on

this line, except for the small, predictable

effects of molecular weight. According to

Flory’s definition, if one observes a differ-

ence between the measured (X) and pre-

dicted value (P) of the mole fraction of

Macromol. Symp. 2007, 257, 80–9388

Figure 7.

The relationship of ethylene mole fraction to ATREF peak elution temperature (^) and DSCmelting temperature

(^) for various homogeneously branched copolymers can be interpreted on the basis of Flory’s equation.
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ethylene in an unknown polymer, then the

intrachain distribution of comonomer

within the polymer is not random.

A TREF fraction of a blocky copolymer

should have more comonomer (octene)

than a comparable random copolymer

fraction with the same ATREF elution

temperature (or DSC melting tempera-

ture). Figure 8 shows that TREF fractions

from the OBC all lie below the random

copolymer line when plotted as ln X versus

1/TATREF. Thus, they have more octene

than their random counterparts at the same

TREF elution temperature.

Block Index

The mole fraction of ethylene in random

copolymers is determined by the under-

lying statistic(s) of the ethylene segment

distribution produced during the polymer-

ization. The crystallization behavior, and

ultimately the minimum equilibrium crystal

thickness at a given crystallization tem-

perature and melting temperature provides

a useful way to at least qualitatively mea-

sure how ‘‘blocky’’ a given TREF fraction is

relative to its random equivalent copolymer

(or random equivalent TREF fraction). In

Figure 8, the ln X versus 1/TATREF relation-

ship shows the magnitude of the deviation

of an OBC fraction from the expected

random relationship. However, it is impor-

tant to realize that there are two random

equivalents for a given blocky fraction, one

corresponding to constant elution or melt-

ing temperature and one corresponding to

constant mole fraction of ethylene. These

form the sides of a right triangle as shown in

the Figure 9.

For any of the fractions in Figure 9, the

distance to the random copolymer line is

easily calculated using Pythagorean Theo-

rem with the guidance of Figure 9.

In Figure 9, the TX and XX values are the

ATREF elution temperature and the

ethylene mole fraction measured by NMR,

respectively, for an arbitrary preparative

TREF fraction from an olefin block copoly-

mer. The TA and PA values are the ATREF

elution temperature and the ethylene mole

fraction for the pure ‘‘hard segment’’. This

point can be set to values for high density

polyethylene homopolymer or it can be set

to values corresponding to the actual hard

segment, if known. The PAB value corre-

sponds to the measured (NMR) ethylene

mole fraction in the whole polymer prior to

fractionation and the TAB value corresponds

Macromol. Symp. 2007, 257, 80–93 89

Figure 8.

OBC TREF Fractions (^) have higher comonomer content than random equivalents (^).
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to the calculated random copolymer

equivalent ATREF elution temperature

based on the measured PAB. From the

measured ATREF elution temperature, TX,

the corresponding random ethylene mole

fraction, PX0, can also be calculated.

Similarly, from the measured NMR com-

position, XX, the corresponding random

elution temperature, TX0, can be calculated.

The square of the block index (BI) is

defined to be the ratio of the area of the (TX,
Xx) triangle and the (TA, XAB) triangle, as

described in Equations (2) and (3). Since

the right triangles are similar, the ratio of

areas is also the squared ratio of the

distances from (TA, XAB) and (TX, XX) to

the random line. In addition, the similarity

of the right triangles means the ratio of the

lengths of either of the corresponding sides

can be used instead of the areas.

Block Index ¼ 1=Tx � 1=Tx0

1=TA � 1=TAB
(2)

Block Index ¼ LnXx � LnPx0

LnPAB � LnPA
(3)

The application of this calculation to TREF

fractions from the OBC is shown in

Figure 10 and Tables 7–8. As shown

previously, the TREF fractions from the

OBC lie well below the line established for

random copolymers on the ln P versus

1/TATREF plot in Figure 8. Using the defini-

tion for TA hard segment temperature which

was set to 372.158K (99 8C) and the linear

regression parameters for the random

calibration line (Table 7), the block indices

were computed from the fraction’s ATREF

elution temperature, and molar fraction of

ethylene measured from NMR. As shown,

the BI values range from 0.36 to 0.69, where

a higher BI value indicates a greater

deviation from the expected random beha-

vior. In contrast, for the TREF fraction

from the blend which had an ATREF

elution temperature of 96 8C and 0.6 mol%

octene, the calculated BI value was zero;

thus indicating that the fraction is random

in nature. This last result was expected

since no chain shuttling agent was used to

make this polymer.

Now that the method to calculate the BI

value has been established, to further

quantify these parameters, an average BI

and BI breadth can be calculated using the

amount of polymer recovered for each

Macromol. Symp. 2007, 257, 80–9390

Figure 9.

Graphical definitions for the ‘‘Block Index’’ methodology.
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fraction. This provides a weighted average

of the block index and can be used as a

value to quantify the overall deviation of

the whole polymer from the expected ran-

dom behavior, as shown in Equation (4).

Additionally, by calculating the second

moment about the mean, a breadth index

can be developed that relates to the

uniformity of the block indices observed,

see Equation (5).

AverageBI ¼ BI ¼
X

ðwi � BIiÞ (4)

BIBreadth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

wiðBIi � BIÞ2
ðN�1Þ

P
wi

N

vuut (5)

Table 8 shows the complete calculation for

the OBC example. The average block index

(ABI) for this OBC is estimated to be 0.531

and the block index breadth is 0.136.

Table 9 shows the block index results for

the in-reactor blend (produced with no

CSA) and the Ziegler-Natta LLDPE and

single-site LLDPE. As expected, the block

index average is reported to be zero for

these polymers.

Further Applications of the Block Index

As demonstrated above, the method can be

used to quantify the deviation of olefin

block copolymers with a crystallizable hard

Macromol. Symp. 2007, 257, 80–93 91

Figure 10.

Block Index results for TREF fractions of an OBC.

Table 7.
Preliminary values needed for block index calculations.

Variable Name Value Explanation

tSlope �237.8341 Slope of regression line for Loge of the mole fraction of
ethylene versus reciprocal of analytical TREF elution temperature (8K)

tIntc 0.6390 Intercept of regression line for Loge of the mole fraction of
ethylene versus reciprocal of analytical TREF elution temperature (8K)

TA 372.15 Analytical TREF elution temperature (8K) of hard segment
PA 1.000 Mole fraction of ethylene of hard segment
PAB 0.892 Mole fraction of ethylene in whole polymer
TAB 315.722 Equivalent analytical TREF elution temperature (8K) of

whole polymer calculated from whole polymer ethylene content
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block or segment from the expected

comonomer content versus elution tem-

perature relationship for statistically ran-

dom copolymers. The most perfect block

distribution (ABI equal to unity) would

correspond to a whole polymer with a single

eluting fraction at the point (TA, PAB). A

polymer that elutes at this point would

preserve the ethylene segment distribution

in the ‘‘hard segment’’, yet contain all the

available comonomer (presumably in runs

that are nearly identical to those produced

by the soft segment catalyst). In most cases

the ‘‘soft segment’’ will not crystallize in the

ATREF (or preparative TREF). For the

examples shown, the average block index

was calculated for the crystallizable poly-

mer that elutes. To include the non-

crystallizing polymer contained in the

purge peak (<30 8C), block index Equation

(2) and (3) can still be applied. However

special consideration is required to obtain

lower temperature resolution or extend the

calibration using DSCmeasurements of the

purge fraction. In the case where more

resolution is required, it is possible to extend

the comonomer versus temperature calibra-

tion to lower temperatures by operating the

ATREF to subambient conditions using a

solvent such as ortho-dichlorobenzene.

Overall, the proposed ‘‘Block Index’’

methodology is useful to quantify the

deviation of an olefin block copolymer

from a polymer’s expected monomer com-

position versus the ATREF elution tem-

perature. If differences are observed from

this relationship, it can be concluded that

the intrachain distribution of comonomer

Macromol. Symp. 2007, 257, 80–9392

Table 8.
Fractionation Block Index (BI) calculations.

Fraction
#

Weight
Recovered

(g)

ATREF Elution
Tempera–ture

(8K)

Mole
Fraction
Ethylene
(NMR)

Weight
Fraction
Recovered

Random
Equivalent
ATREF

Tempera-ture
from NMR
Ethylene
Weight

Fraction (8K)

Random
Equivalent

mole
fraction
ethylene

from ATREF
Tempera-ture

Fractional
Block Index
based on

Tempera-ture
formula

Fractional
Block
Index

based on
Loge of
mole

fraction
formula

Weighted
Fractional
Block
Indices

Weighted
Squared
Deviations
about the
Weighted
Mean

Array
Variable
Name->

Tx Xx w TX0 PX0 fBI fBI w � fBI w � (fBI - ABI)

1 3.0402 (Note 1) 0.859 0.165 (Note 1) (Note 1) 0 0 0 (Note 1)
2 1.9435 340 0.873 0.106 307 0.941 0.659 0.659 0.070 0.0017
3 0.7455 343.5 0.883 0.041 312 0.948 0.622 0.622 0.025 0.0003
4 1.0018 346 0.882 0.054 311 0.953 0.676 0.676 0.037 0.0011
5 2.3641 350 0.896 0.128 318 0.960 0.607 0.607 0.078 0.0007
6 4.1382 354 0.895 0.225 317 0.968 0.684 0.684 0.154 0.0052
7 3.5981 357 0.902 0.195 320 0.973 0.665 0.665 0.130 0.0035
8 1.2280 361.5 0.930 0.067 334 0.981 0.470 0.470 0.031 0.0003
9 0.3639 365 0.948 0.020 343 0.987 0.357 0.357 0.007 0.0006

Totals: 18.4233 Total Weight 1.000 Normalization check Weighted Sums 0.531 0.0135

Final Calculations

Weighted Average Block Index (ABI) 0.531
Partial sum of weights with fBI > 0 (See Note 2 above) 0.835
Square root of sum of weighted squared deviations about the weighted mean 0.136

Note 1: Fraction #1 does not crystallize in the analytical ATREF and is assigned fBI¼ 0.

Note 2: The weighted squared deviations about the weighted mean use only fBI >0.

Table 9.
Block Index summary of OBC and random copolymers.

Example Type Chain Shuttling Agent? Average Block Index BI Breadth

In-reactor Blend Blend No CSA 0 0
OBC Chain Shuttling CSA 0.531 0.136
Random References
ATTANE 4203 Ziegler-Natta NA 0 –
AFFINITY PL1880 Single-site NA 0 –
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within the polymer is not random and that

the blocks or segments within the polymer

are blocked. Block indices can have a range

of values between zero and unity, with unity

being the largest possible deviation from

random based on the hard block composi-

tion.

Conclusions

A unique structural feature of olefin based

block copolymers is that the intra-chain

distribution of comonomer is segmented

(statistically non-random). Fractionating

an olefin block copolymer by preparative

temperature rising elution fractionation,

TREF, results in fractions that have much

higher comonomer content than compar-

able fractions of a random copolymer

collected at an equivalent TREF elution

temperature.

We have developed a ‘‘block index’’

methodology which quantifies the deviation

from the expected monomer composition

versus the analytical temperature rising

elution fractionation, ATREF, elution

temperature. When interpreted properly,

this index indicates the degree to which the

intra-chain comonomer distribution is seg-

mented or blocked. The unique crystal-

lization behavior of block copolymers

determine the magnitude of the block

index values because the highly crystalline

segments along an otherwise non-crystalline

chain tend to dominate the ATREF (and

DSC) temperature distributions.
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A Mathematical Model for the Kinetics of

Crystallization in Crystaf

Siripon Anantawaraskul,*1 João B.P. Soares,2 Preechathorn Jirachaithorn1

Summary: A series of ethylene homopolymers and ethylene/1-hexene copolymers

with different molecular weight distributions (MWD) and chemical composition

distributions (CCD) was analyzed by crystallization analysis fractionation (Crystaf) at

several cooling rates to investigate the effect of MWD, CCD, and cooling rate on their

Crystaf profiles. Using these results, we developed a mathematical model for Crystaf

that considers crystallization kinetic effects ignored in all previous Crystaf models

and can fit our experimental profiles very well.

Keywords: chemical composition distribution; crystallization analysis fractionation

(Crystaf); modeling; molecular weight distribution; polyethylene

Introduction

Consisting of simple monomeric units,

polyethylene and its analog, hydrogenated

polybutadiene, have been viewed as simple

model polymers. This is partly true for

some specially synthesized samples having

chain microstructures that allow us to draw

several conclusions on the effect of chain

microstructure and topology on physical

properties. However, the notion that we

have thoroughly understood this polymer

is far from the true. In fact, the chain

microstructure and topology of commercial

polyethylene are far from simple, but rather

extremely complex.

Average microstructural properties such

as number average molecular weight and

average comonomer content are insuffi-

cient to describe the physical properties of

such complex polymers. Details on both

intra- and intermolecular heterogeneity

(e.g., molecular weight distribution, che-

mical composition distribution, sequence

length distribution, and long chain branch-

ing level) are often required to fully des-

cribe commercial polyethylene. Despite the

fact that understanding chain microstruc-

ture and structure-property relationships

is crucial for developing new generations

of polymers, establishing reliable structure-

property relationships remain a challenging

task for polymer engineers.

Crystallization analysis fractionation

(Crystaf) is an important polyolefin char-

acterization technique because it can ana-

lyze crystallizability distribution of semi-

crystalline polymers and this distribution

can be used to infer the molecular weight

distribution (MWD) of homopolymers, the

chemical composition distribution (CCD)

of binary copolymers, and the tacticity

distribution (TD) of stereoregular poly-

mers.[1–3] Quantitative distributions can

be obtained using a calibration curve, a

relationship between chain crystallizability

and chain microstructure for each case.

Crystaf involves the non-isothermal crys-

tallization of polymer chains from a dilute

solution. During crystallization, the concen-

tration of polymer remaining in solution is

monitored as a function of crystallization

temperature (integral Crystaf distribution).

The first derivative of the integral Crystaf

distribution (differential Crystaf distribution)

represents the weight fraction of polymer

that crystallizes at each temperature.
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Several attempts have been made to

model Crystaf profiles. The models pro-

posed in the literature can be divided into

two groups: models based on Stockmayer’s

bivariate distribution,[4–6] and models based

on Monte Carlo simulation.[7–9] Although

these models can describe Crystaf profiles

for a certain set of samples and fractiona-

tion conditions, they suffer from a major

conceptual flaw because they assume that

the fractionation occurs at, or near to, ther-

modynamic equilibrium. We have recently

shown that this is not the case and that

crystallization kinetic effects influence

Crystaf analysis.[10] For a typical operation

condition (a cooling rate of 0.1 8C/min),

Crystaf is far from thermodynamic equili-

brium, because using slower cooling rates

broaden Crystaf peaks and shift them to

higher crystallization temperatures.

In this paper, we propose a new semi-

empirical mathematical model that accounts

for the effect of crystallization kinetics

during Crystaf analysis. The model was

validated by fitting experimental Crystaf

profiles measured at several cooling rates

for a series of ethylene homopolymers and

ethylene/1-hexene copolymers. Good agre-

ement between the experimental data and

the model was obtained for all the samples

investigated.

Experimental Part

Materials

Seven polyethylene samples (four ethylene

homopolymers and three ethylene/1-hexene

copolymers) were used in this investigation.

Table 1 summarizes some average proper-

ties of these samples. Two of the samples

(PE16 and PE32, with trade names

SRM1475 and SRM1483, respectively)

were purchased from the National Institute

of Standards and Technology (NIST, USA).

The other polyethylene samples were

synthesized in the olefin polymerization

laboratory at University of Waterloo in a

300 mL Parr autoclave reactor operated in

semi-batch mode. A detailed description of

the polymerization procedure can be found

in a previous publication.[11]

Crystaf

Crystaf analysis was performed using a

Crystaf model 200 manufactured by Poly-

merChar S.A. (Valencia, Spain). The poly-

mer was dissolved in 1,2,4 trichlorobenzene

(TCB) in a 60 mL, stirred crystallization

vessel at a concentration of 0.1 mg/mL. The

polymer solution was held at 160 8C for

60 min to ensure the complete dissolution

of the polymer. Then, the temperature of

the solution was decreased to 110 8C and

kept at that temperature for 45 min for

stabilization before starting the fractiona-

tion. During analysis, the temperature of

the crystallization vessel was reduced to

30 8C under constant cooling rates (0.02–

1.0 8C/min). The decrease in polymer con-

centration in TCB solution with tempera-

ture wasmonitored using an in-line infrared

detector. The amount of polymer crystal-

lized at each temperature was obtained by

numerical differentiation.

Crystaf Model

Model Formulation for Homopolymers

For isothermal polymer crystallization, the

relationship between crystallinity, X(t), and

Macromol. Symp. 2007, 257, 94–102 95

Table 1.
Properties of polyethylene and poly(ethylene-co-hexene) samples.

Sample (Trade Name) Polymer Type Number average
molecular weight (MN)

Polydispersity
Index (PDI)

Mol percent
of 1-hexene

PE8 Ethylene homopolymer 7,900 3.20 0
PE16 (SRM1475) Ethylene homopolymer 15,400 3.51 0
PE32 (SRM1483) Ethylene homopolymer 31,600 1.31 0
PE48 Ethylene homopolymer 47,900 2.15 0
EH06 Ethylene/1-hexene copolymers 36,100 2.5 0.68
EH15 Ethylene/1-hexene copolymers 35,200 2.35 1.51
EH31 Ethylene/1-hexene copolymers 34,300 2.18 3.14
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time, t, can be described using the Avrami

equation,

XðtÞ ¼ 1� expð�k � tnÞ (1)

where n and k are the Avrami constants.

This equation can be used to describe

crystallization from polymer melts and

from polymer solutions.[12–14] The fractio-

nation in Crystaf is not isothermal; how-

ever, for a group of homopolymers with

similar chain microstructures, the range of

crystallization temperatures during Crystaf

analysis is very narrow. Therefore, we first

make the assumption that both Avrami

parameters can be considered constant for

each homopolymer at each condition.

The Avrami exponent, n, is known to be

constant over a range of temperatures, so it

should be a constant over a range of cooling

rates as well. However, the Avrami para-

meter k depends greatly on the crystalliz-

ation temperature and, therefore, on cool-

ing rate. The parameter k used in the model

for homopolymers should be considered

an effective or apparent parameter (i.e., an

average value measured over a range of

temperatures) at each cooling rate. We will

show that, despite of this simplification,

we can still use the model to describe the

Crystaf profiles very well for the polyethy-

lene samples studied in this investigation.

To use Equation (1), we must establish

a relationship between the crystallization

temperature, TC, and the crystallization

time, t. Generally, a slow, constant cooling

rate, CR, is used during Crystaf analysis.

Therefore, the relationship between crys-

tallization temperature and time can be

simply written as:

dTC

dt
¼ �CR (2)

At the onset of crystallization (t¼ 0), the

crystallization temperature should be equal

to the dissolution temperature, Td. For the

case of homopolymers, Td is a function of

kinetic chain length, r. The modified Gibbs-

Thomson equation introduced byBeigzadeh

et al.[7] was used for this purpose:

TdðrÞ ¼ To
d

r � a

r

h i
� TS (3)

In Equation (3), To
d is the equilibrium

dissolution temperature of a chain with

infinite length (this parameter depends on

solvent and polymer type), TS is a super-

cooling temperature (to account for super-

cooling during Crystaf analysis), and a is

a constant that is inversely proportional

to the enthalpy of fusion. To reduce the

number of parameters in the model, Equa-

tion (3) is rearranged as follows,

TdðrÞ ¼ A� B

r
(4)

where

A ¼ To
d � TS andB ¼ To

d � a (5)

Since both To
d and TS are essentially

constant for a given polymer/solvent com-

bination, we expect the value of the

parameter A to remain constant. Similarly,

because a is a constant that is inversely

proportional to the enthalpy of fusion, the

parameter B should also remain constant

for all cooling rates.

We also have to consider the difference

between the temperature measured in

the Crystaf oven and the temperature inside

the crystallization vessel (temperature lag,

Tl). For our Crystaf instrument, the emp-

irical relation between the temperature

lag and cooling rate was reported in our

previous publication:[10]

Tl ¼ 5:02� CR� 0:05 (6)

This empirical equation was established

for a cooling rate range of 0.02–1 8C/min,

which covers the experimental conditions

studied in the present investigation.

Considering the temperature lag in the

system, the initial condition for Equation

(2) is TC(0)¼ Td(r) – Tl. We must integrate

Equation (2) with this initial condition to

obtain the relationship between crystalliz-

ation temperature and time:

t ¼ ðTdðrÞ � TlÞ � TC

CR
(7)

We obtain our final equation relating

the degree of crystallinity as a function of

chain length, cooling rate, and crystallization

Macromol. Symp. 2007, 257, 94–10296
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temperature for homopolymers by combin-

ing Equation (1), (4), and (7):

Since crystallization takes place only

when the temperature is lower than Td – Tl,

the crystallinity is set to 0 when the tem-

perature is higher than Td – Tl. 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 propose a very simple equation to des-

cribe this relationship (the integral Crystaf

profile):

CmodelðTCÞ

¼
X1
r¼1

mðrÞ � ð1�Xðr;TCÞÞ (9)

where m(r) is the weight fraction of chains

with kinetic chain length of r. The differ-

ential Crystaf profile can be obtained by

differentiation of Equation (9) with respect

to the crystallization temperature, i.e. by

calculating dCmodel(TC)/dTC.

The model parameters (n, k, A, and B)

were determined by minimizing the sum of

the squares of differences between the

simulated and experimental Crystaf profiles

(F):

F ¼
XTfinal

TC¼Tinitial

CmodelðTCÞ � CexpðTCÞ
� �2

(10)

Model Formulation for Binary Copolymers

The Crystaf model for homopolymers can

be extended to binary copolymers such as

ethylene/1-olefin copolymers. In the case

of homopolymers, molecular weight is

considered as the key factor influencing

the chain crystallizabilities. However, in

the case of binary copolymers, the longest

ethylene sequence (LES),[7] which depends

on both molecular weight and comonomer

content, is considered to be the key factor

determining chain crystallizability.[7] The

theoretical expression describing the weight

distribution function of LES for random

copolymer, W(LES), was reported in our

previous publication:[8]

WðLESÞ

¼ ð1� PaÞð1� ppÞ
Pa

Fð1� pmLESÞ
�Fð1� pmLES�1Þ

� �
(11)

The function F(K) and parameter Pa in

Equation (11) are defined as,

FðKÞ ¼ Pa:K

ð1� Pa:KÞ2

LESð1� Pa:K

1� pmLES
Þ þ Pa:K

1� pm

� �
(12)

Pa ¼ ppð1� cpÞ
1� ðcp:ppÞ (13)

where pm is the monomer addition prob-

ability (pm¼ pp.cp), cp is the monomer/

comonomer choice probability (cp¼ 1-cpp),

cpp is the comonomer propagation probabi-

lity, and pp is the propagation probability.

Note that the comonomer propagation

probability (cpp) is equal to the average

comonomer mole fraction in the copolymer

for random copolymers. The chain propa-

gation probability (pp) can be calculated

from the number average chain length (rN)

and average comonomer content with the

expressions,

pp ¼ rN � 1

rN
(14)

rN ¼ MN

MCO � cppþMMOð1� cppÞ (15)

where MN is the number average molecular

weight, MCO is the molecular weight of the

comonomer (84 g/mol for 1-hexene), and

Macromol. Symp. 2007, 257, 94–102 97

Xðr;TCÞ ¼
0 ; TC � TdðrÞ � Tl

1� exp �k ðA�B=r�TlÞ�TC

CR

h inn o
; TC < TdðrÞ � Tl

(
(8)
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Figure 1.

Comparison between experimental and modeled Crystaf profiles for polyethylene measured at several cooling

rates.
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MMO is the molecular weight of the mono-

mer (28 g/mol for ethylene).

Following the assumption that the long-

est ethylene sequence (LES) is the key

factor governing chain crystallizability,

instead of molecular weight as for homo-

polymers, we can rewrite Equation (3) to

(8) substituting r by LES. Note that the

parameters A and B for binary copolymers

in Equation (5) are no longer constant as

the equilibrium dissolution temperature is a

function of comonomer content.

Taking the information from the weight

distribution function of LES, W(LES),

calculated fromEquation (11) into account,

the simulated Crystaf profile of copolymers

can be calculated as:

CmodelðTCÞ

¼
X1
r¼1

WðLESÞ � ð1�XðLES;TCÞÞð Þ

(16)

Using the same approach, the model

parameters (n, k, A, and B) were determined

by minimizing the sum of the squares of

the differences between the simulated and

Macromol. Symp. 2007, 257, 94–102 99

Figure 2.

Comparison between experimental and modeled Crystaf profiles for ethylene/1-hexene copolymers measured at

several cooling rates.
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experimental Crystaf profiles (F), Equa-

tion (10).

Results and Discussion

Figure 1 and 2 compare experimental and

modeled Crystaf profiles polyethylene and

ethylene/1-hexene copolymers measured at

several cooling rates. The proposed model

adequately describes the effect of cooling

rate on Crystaf profiles for all samples

and correctly follows the broadening of the

distributions due to crystallization kinetic

effects. The model also captures well the

comonomer content effect by predicting

the shift of Crystaf profiles to lower crystal-

lization temperatures and the broadening

of the distributions as the comonomer

content increases.

Optimummodel parameters (n, k, A, and

B) were obtained by minimizing the func-

tion F in Equation (10). Figure 3 and 4

shows the Avrami and modified Gibb-

Thomson parameters estimated for the

polyethylene samples at several cooling

rates. As expected, the values of n, A, and B

are practically independent of cooling rate

(or crystallization temperature). For poly-

ethylene, the average values for these three

parameters are n¼ 3.96, A¼ 90.45 8C, and
B¼ 654.75 8C � (number of repeating unit).

Previous investigations on polymer crystal-

lization from solution by Devoy et al.[12]

Macromol. Symp. 2007, 257, 94–102100

Figure 3.

Estimated Avrami parameters for the Crystaf model. The parameter k is an apparent or average value. (The

dashed line is the average value for the estimated parameters).
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and Raiande and Fatou[13–14] showed that

the closest integer for parameter n for

polyethylene in several solvents was 4. This

agrees very well with an average n value of

3.96 obtained from our parameter estima-

tion. Our average value of parameter A

(90.45 8C) is also close to the values for

the crystallization temperature of ethylene

homopolymers in several solvents (85–

90 8C) reported earlier by Jackson and

Mandelkern.[15]

Our estimated value for the parameter k

is in the range of 2� 10�8 to 16� 10�5

min�n. To the best of our knowledge, no

values have been reported for the para-

meter k for polyethylene in TCB, but k

values for polyethylene crystallized in seve-

ral other solvents are in the range of 10�5

to 10�15 min�n.[12–14] It has also been

reported that the parameter k increases as

crystallization temperature decreases. This

observation agrees well with our results

since we show that k increases with incre-

asing Crystaf cooling rates (the faster the

cooling rate, the lower the crystallization

temperature.)

For ethylene/1-hexene copolymers, the

estimated values of the parameter n are

relatively constant, as expected; however,

the average value of the parameter n of

ethylene/1-hexene copolymers (n¼ 4.49) is

slightly higher than the one for polyethy-

lene (n¼ 3.96). The value of parameter k

was found to increase with a cooling rate as

we had also observed for the polyethylene

samples. Moreover, the k value of ethylene/

Macromol. Symp. 2007, 257, 94–102 101

Figure 4.

Estimated Gibbs-Thomson parameters for the Crystaf model as a function of average comonomer content (The

dashed lines are to aid the eye only).
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1-hexene copolymers decreases as como-

nomer fraction increases. This might be

because the comonomer unit disrupts

the regularity of the chain, thus lowering

the chain crystallizability and rate of crys-

tallization; similar observations have been

reported in the literature.[16]

Parameters A and B were found to be

relatively independent of the cooling rate

used, but strongly dependent on comono-

mer content. The trends show that both

parameters A and B decrease as comono-

mer content increases. This is expected

and can be explained from Equation (5)

because the equilibrium dissolution tempe-

rature decreases as the comonomer fraction

in the copolymer increases.

In summary, we believe that our model

performed quite well considering that the

only input for predicting the Crystaf profile

of homopolymers is molecular weight and

for predicting the Crystaf profile of copo-

lymers is molecular weight and comonomer

content.

The model certainly captures the effect

of cooling rate on Crystaf profiles peak

positions and width. In the case of poly-

ethylene, the model parameters were shown

to be within the range of earlier reported

values. In the case of ethylene/1-hexene

copolymers, these parameters deviate from

those found for the homopolymer, but do

follow the expected trends.

Applications of this model include

construction of the generic Crystaf calibra-

tion curves for data interpretation. These

calibration curves based on a theoretically

sound model could lead to a more efficient

use of Crystaf. For example, one may per-

form an analysis at fast cooling rate (shorter

analysis time) and use the calibration curve

to help predict the Crystaf profile that

would be measured at a slower cooling

rate. Demonstration of this approach will

be the subject of a future publication.

Conclusions

We developed a new model for Crystaf

analysis of homopolymers and binary

copolymers that considers the kinetics of

crystallization based on the Avrami equa-

tion. The model could fit the experimental

Crystaf profiles of polyethylene resins

measured at a broad range of cooling rates.

In addition, the model parameters are

theoretically sound and agree with values

previously reported in the literature for

similar systems. The model also describes

well howmolecular weight and comonomer

content affects the Crystaf profiles of

polyethylene and ethylene/1-olefin copoly-

mer samples.
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Characterization of Ethylene-1-Hexene Copolymers

Made with Supported Metallocene Catalysts:

Influence of Support Type

Beatriz Paredes,1 João B.P. Soares,*2 Rafael van Grieken,1

Alicia Carrero,1 Inmaculada Suarez1

Summary: It is known that the nature of the support, as well as the technique used to

anchor the metallocene onto it, play important roles on catalytic activity and on the

properties of the polymers produced with supported metallocenes. In the present

work, the effect of different support types on the microstructure of ethylene/

1-hexene copolymers made with supported metallocene catalysts has been investi-

gated through the analysis of molecular weight and chemical composition distri-

butions using high temperature gel permeation chromatography (GPC) and

crystallization analysis fractionation (Crystaf). The copolymer samples obtained

using commercial carriers (silica and silica-alumina) had unimodal chemical com-

position distributions and were used to create a linear calibration curve relating the

peak crystallization temperature from Crystaf and the comonomer content as deter-

mined by 13C NMR. This calibration curve is useful to determine the 1-hexene fractions

for each peak in the resins showing bimodal chemical composition distributions,

such as those obtained with catalysts supported on MCM-41 and SBA-15 materials.

The structure and chemistry of the support used had a large influence on comonomer

incorporation and the shape of the chemical composition distribution of the polymer,

which suggests that the supporting process creates different types of active sites.

Keywords: crystallization analysis fractionation (Crystaf); MCM-41; SBA-15; silica-alumina;

supported metallocene catalysts

Introduction

Metallocene catalysis can be considered a

major breakthrough in polyolefin produc-

tion technology. The discovery of metallo-

cene/alkylaluminoxane systems allowed the

synthesis of polyolefins with very different

properties from those made with Ziegler-

Natta catalysts.

Metallocenes combine high activity with

excellent polymer microstructural control[1]

but, because they are homogeneous cata-

lysts, they produce polymer particles with

ill-defined morphologies that cause reactor

fouling when used in slurry reactors. On the

other hand, these catalysts have been used

very effectively in solution processes by

several companies worldwide.

The immobilization of metallocenes on

supports is a technical and economical

solution to these limitations.[2] Moreover,

to replace the conventional heterogeneous

Ziegler–Natta catalysts used in indus-

trial slurry and gas-phase processes with

metallocene catalysts (drop-in technology),

metallocene catalysts have to be immobi-

lized on supports. It is important to find

a way to attach the metallocene to the

support without losing the performance of

the homogeneous complex, while improv-

ing the morphology of the polymer parti-

cles.[3]
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In general, when a metallocene catalyst

is supported, its activity decreases because

of the significant steric hindrance around

the active site caused by the large support

surface, deactivation of catalytic sites, or

inefficient production of active sites during

the supporting process.[4] It is known that

the nature of the support, as well as the

technique used to anchor the metallocene

onto it, play important roles on catalytic

activity and on the properties of the poly-

mers produced with supported metallo-

cenes.[5]

There are three basic methods of sup-

porting aluminoxane-activated single-site

catalysts: (1) supporting the aluminoxane

first, then reacting the aluminoxane-treated

support with the metallocene; (2) support-

ing the metallocene first, then reacting

the metallocene-treated support with the

aluminoxane; and (3) contacting the alu-

minoxane and the metallocene in solution

before supporting and then adding this

solution to the support. The last method

has some advantages over the other two:

It maximizes the number of active centers

by activating the metallocene in solution

instead of carrying out the process with

either the metallocene or the aluminoxane

immobilized on the support, reduces the

preparation time, and lowers the amount of

solvent required for supporting.[6]

There are many publications describing

the heterogeneization of metallocenes onto

supports such as silica,[7–10] alumina,[11]

magnesium chloride,[12] starch,[13] zeoli-

tes,[14] cyclodextrin,[15] and synthetic poly-

mers.[16,17] Metallocenes can also be attac-

hed onto the inner surface of mesoporous

molecular sieves.[18] The large surface areas

of mesoporous molecular sieves can pro-

vide high dispersion of the metallocenes.

These materials allow studying the effect of

different structural variables, such as pore

size, pore volume and surface areas, and

of chemical properties by varying the ratio

of silicon to aluminium during support

synthesis.[19] These properties may have a

significant influence on the catalytic beha-

viour of metallocenes and on the properties

of the obtained polymer.

In this work, mesostructured MCM-

41 materials[20] with different Si/Al ratio

and SBA-15 materials[21] with different

pore sizes have been used to immobilize

(nBuCp)2ZrCl2/MAO. Commercial carriers

such as silica and silica-alumina have also

been investigated for comparison.

Metallocene catalysts are generally

believed to have uniform site types even

after being supported. In general, polymers

produced by supported metallocenes have

narrow molecular weight distributions

(MWD)[22,23] with polydispersity indexes

close to two or slightly higher. Some sup-

ported metallocenes may also make poly-

olefins with broad MWDs, which has been

associated with the formation of several

active site types[24] and/or mass transfer

resistances during polymerization.

The effect of different support types

has been studied for the copolymerization

of ethylene and 1-hexene. For the case of

copolymers, besides MWD determination,

it is necessary to measure the chemical

composition distribution (CCD) to have a

more complete understanding of active site

types and polymer properties. Therefore, in

this study the influence of support type has

been investigated through the analysis of

MWDand CCD using high temperature gel

permeation chromatography (GPC) and

crystallization analysis fractionation (Crys-

taf), respectively. It will be shown that

polyolefins having a narrow MWD can

have a very broad and multimodal CCD,

indicating the presence of more than one

active site type during the polymerization.

Experimental Part

Synthesis of the Carriers and

Preparation of Supported Catalysts

Commercial carriers silica and silica-alumina

fromW.R.Gracewere heat-treated at 400 8C
and at 200 8C, respectively, for 5 hours

before use.

The MCM-41 supports were synthe-

sized in basic medium at room tempera-

ture[20] using hexadecyltrimethylammonium

bromide (C16TABr, 99 wt%, Aldrich) as

Macromol. Symp. 2007, 257, 103–111104
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surfactant, water, dimethylamine (DMA,

40 wt%, Aldrich), tetraethyl ortosilicate

(TEOS, 98 wt%, Aldrich) as the silica

source, and aluminium (molar ratio of Si/

Al¼ 15, 60 and infinite) was incorporated

during synthesis using aluminium isoprop-

oxide (AIP, 99 wt%, Aldrich) as the alu-

minium source. The surfactant was first

dissolved in water and DMA. The mixture

of TEOS and AIP was added to this solu-

tion to form the MCM-41 supports. The

final mixture was subjected to an ageing

procedure at 105 8C for 48 hours. Finally,

the resulting material was filtered and

calcined at 550 8C for 5 hours in static

conditions.

The SBA-15 supports were prepared

according to a direct synthesis procedure

previously published in the literature[21,25–27]

in acidic medium at 40 8C using pluronic

EO20PO7EO20 (P123, Aldrich) as surfac-

tant, hydrochloric acid (HCl, 35 wt%,

Sharlau) and tetraethyl ortosilicate (TEOS,

98 wt%, Aldrich) as the silica source. The

surfactant was first dissolved in a solution of

HCl (pH¼ 1.5), then TEOS was added and

the mixture was kept at 40 8C for 20 h. In

order to make silica SBA-15 supports with

different pore sizes 1,3,5-trimethylbenzene

(TMB, 98 %wt, Aldrich) and n-decane

(98 wt%, Fluka) were used as swelling

agents. After crystallization, they were

aged at 105 8C for 24 hours. Finally, the

resulting material was filtered and calcined

at 500 8C for 5 hours under dry air flow.

Heterogeneous catalysts were prepared

by impregnating commercial and synthe-

sized supports with a mixture (Al(MAO)/

Zr¼ 170 mol/mol) of methylaluminoxane

(MAO 30 wt% in toluene, Witco) and

a solution of bis(butylcyclopentadienyl)

zirconium dichloride ((nBuCp)2ZrCl2,

Crompton) in dry toluene (99 wt%, Schar-

lab) under inert nitrogen atmosphere using

Schlenk techniques and a glove box. The

ratio between the volume of impregnating

solution and support pore volume was three.

The reaction was performed at room tem-

perature, in a stirred vessel during 3 hours.

The supported catalyst was dried under

nitrogen flow and stored in a glove-box.

Characterization of Supports and Catalysts

Nitrogen adsorption-desorption isotherms

at 77 K were obtained with a Micromeritics

Tristar 2050 apparatus. The samples were

previously out-gassed under vacuum at

200 8C for 2 hours. Surface areas were

calculated by means of the BET equation

whereas mean pore size was obtained from

themaximumof BJH pore size distribution.

Polymerization and Polymer

Characterization

Polymerizations were performed at 70 8C in

a 1 litter stirred-glass reactor. The ethylene

flow rate was followed by a mass-flow indi-

cator in order to keep the reactor pressure

at 5 bar during the polymerization. Differ-

ent amounts of 1-hexene were injected into

the reactor with a syringe at the beginning

of the polymerization. In these reactions,

tri-isobutylamunimum (TIBA, 30 wt% in

heptane, Witco) was added as scavenger in

an Al(TIBA)/Zr molar ratio of 400. After

30 minutes, the polymerization was stopped

by depressurization and quenched by addi-

tion of acidified (HCl) methanol. The poly-

mer obtained was separated by filtration

and dried under atmospheric pressure at

70 8C.
Molecular weight averages and distri-

butions were determined with a Waters

ALLIANCE GPCV 2000 gel permeation

chromatograph (GPC) equipped with a

refractometer, a viscosimeter and three

Styragel HT type columns (HT3, HT4

and HT6) with exclusion limit 1� 107 for

polystyrene. 1,2,4-Trichlorobenzene was

used as solvent, at a flow rate of 1 cm3min�1.

The analyses were performed at 145 8C.
The columns were calibrated with standard

narrow molar mass distribution polystyr-

enes and with linear low density polyethy-

lenes and polypropylenes.

Polymer melting points (Tm), crystal-

lization temperatures (Tc) and crystalli-

nities were determined in a METTLER

TOLEDO DSC822 differential scanning

calorimeter (DSC), using a heating rate of

10 8Cmin�1 in the temperature range 23–

160 8C. The heating cycle was performed

twice, but only the results of the second
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scan are reported, because the former is

influenced by the mechanical and thermal

history of the samples.

Chemical composition distributions were

measured by Crystaf (Polymer Char) using

1,2,4-trichlorobenzene as a solvent. Dis-

solution took place at 160 8C for 90 min

followed by equilibration at 95 8C for 45min.

The crystallization rates were 0.1 8C/min

from 95 to 19 8C. A two channel infrared

detector was used to measure the concen-

tration of polymer in the solution during

crystallization.

A BRUKER AC300 spectrometer at

75 MHz was used to characterize the

copolymers by 13C NMR measurement

and determine their 1-hexene molar

fraction. The samples were added into

sample tube (a diameter of 5 mm) with

the mixture of 1,2,4-trichlorobenzene and

1,1,2,2-tetrachloroethylane-d2 in a concen-

tration of 10 vol%. Each sample was mea-

sured with 10 s pulse repetition.

Results and Discussion

The main physical properties of the com-

mercial and synthesized materials are sum-

marized in Table 1. The nitrogen adsorp-

tion–desorption isotherms at 77 K (not

shown) belonged to type IVof the I.U.P.A.C

classification corresponding to mesoporous

materials. As it can been observed in the

table, three MCM-41 materials with similar

pore diameter and different silicon to alu-

minium molar ratio were obtained, and

three SBA-15 carriers with different pore

size, as a function of the swelling agent

employed in the synthesis, were prepared.

The effect of the structure and chemical

properties of support material on the

ethylene-1-hexene copolymerization has

been investigated using these materials

as supports of the catalytic system

(nBuCp)2ZrCl2/MAO.

All the supported catalysts had good

activities for polymerization, with activities

varying from 0.46 to 9.91 � 106 g PE/mol

Zr � h � bar, observing a positive comonomer

effect with a different maximum value

depending on the support employed.

Molecular weight averages of polymers

made with (nBuCp)2ZrCl2/MAO suppor-

ted on the commercial carriers were not

affected significantly when 1-hexene was

added (Table 2). The polydispersity index

Macromol. Symp. 2007, 257, 103–111106

Table 1.
Physical properties of the supports.

Support SiO2 SiO2-Al2O3 MCM-41 Si/Al SBA-15 swelling agent

15 60 infinite none n-decane TMB

Average pore diameter (nm)a) 28.5 18.2 2.1 2.4 2.5 8.8 11.3 22.7
BET surface area (m2/g) 285 370 837 1015 1129 628 608 588
Pore volume (cm3/g) 1.55 1.29 0.58 0.77 0.77 1.16 0.78 1.73

a) Determined from the maximum of BJH pore size distribution.

Table 2.
Characterization of poly(ethylene-co-1-hexene) samples made with (nBuCp)2ZrCl2/MAO supported on commer-
cial carriers.

Support mL 1-hexene 0 5 15 25 35 50 60 75

SiO2 Mn(g/mol) 81061 53853 55415 58336 64847 67197 73903 75450

Mw=Mn 2.91 3.06 2.76 2.58 2.59 2.58 2.79 2.91
Tm (8C) 133 122 113 108 104 95 94 91
Tc (8C) 116 112 98 98 91 86 86 73
Crystallinity (%) 64 51 40 37 22 27 25 19

SiO2-Al2O3 Mn (g/mol) 70613 48307 44687 47541 78729 67887 77617 52250

Mw=Mn 2.89 2.70 2.63 2.78 2.62 2.87 3.09 3.28
Tm (8C) 132 122 115 109 104 96 104 94
Tc (8C) 117 111 102 95 87 78 85 79
Crystallinity (%) 64 51 43 36 30 24 28 24
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(Mw=Mn) varied from 2.58 to 3.28, higher

than the value of 2.0 expected for homo-

geneous single-site catalysts, suggesting

some heterogeneity in the nature of the

active sites.[28] Melting and crystallization

temperatures decreased with increasing

comonomer content, as expected.

Figure 1 shows the Crystaf profiles of the

polymers produced with (nBuCp)2ZrCl2/

MAO supported on SiO2 and SiO2-Al2O3.

Crystallization temperatures are correlated

to the comonomer content.[29] As all of

them have narrow, unimodal CCDs, they

are useful to create a calibration curve since

it covers a broad range of comonomer

incorporation.[30] The linear relationship

between Crystaf peak temperature, Tpeak,

and the molar fraction of 1-hexene mea-

sured by 13C NMR is illustrated in Figure 2.

Macromol. Symp. 2007, 257, 103–111 107

Figure 1.

Crystaf profiles of poly(ethylene-co-1-hexene) made with (nBuCp)2ZrCl2/MAO supported on commercial carriers:

& SiO2 and * SiO2-Al2O3.

Figure 2.

Crystaf calibration curve for poly(ethylene-

co-1-hexene) made with (nBuCp)2ZrCl2/MAO sup-

ported on commercial carriers.
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Several investigations have pointed out

that the formation and stabilization of

zirconium cations (Zrþ) may be easier

when support materials have surface acidic

properties.[3,31] In this work, we have

studied this phenomenon through the use

of synthesized MCM-41 materials with

different silicon to aluminium molar ratios.

Table 3 shows that the acidity of the support

does not have a significant influence on

the properties of the copolymers, apart

from those related with the incorporation

of higher amounts of the a-olefin. When

MCM-41 is used, the MWD continues to be

narrow, but the CCD broadens significantly

with increasing 1-hexene content and even

becomes bimodal for certain 1-hexene con-

centrations, as shown in Figure 3. This may

be related to the presence of two catalyst

site types on the surface of the support.

Therefore, the Si/Al ratio can be used to

control the shape of the CCD. Interestingly,

lower temperature peaks become more

prominent with decreasing Si/Al ratios.

Another important property affecting

the behaviour of support materials for

metallocenes is pore size, since the support

has to be able to anchor the catalyst

precursor, the cocatalyst, and permit easy

access to the active sites for the mono-

mers.[18] The geometrical constraints of the

parallel hexagonal channel structure of the

SBA-15 materials may affect the pattern

of monomer insertion and chain growth

process, which offers a way to control the

polymer chain structure and morphology

during the polymerization.[32] To study this

effect, we have synthesized three SBA-15

materials with different pore sizes using

several swelling agents, as described above.

Table 4 summarizes the properties of

the poly(ethylene-co-1-hexene) made with

(nBuCp)2ZrCl2/MAO supported on SBA-15

materials. TheMWD is still narrow, but the

CCD can also become broad and bimodal,

as depicted in Figure 4. Larger pore sizes

seem to favour 1-hexene incorporation

slightly, which may be related in part to

intraparticle mass transfer resistances.

Finally, we have calculated the overall

mol% of 1-hexene for the copolymer sam-

ples obtained with (nBuCp)2ZrCl2/MAO

supported on both MCM-41 and SBA-

15 using the calibration curve shown in

Figure 2. These results are reported in

Table 5, together with overall 1-hexene

mol% measured with 13C NMR. The good

agreement between the two techniques

indicates that our calibration curve also

works well for the bimodal CCD copoly-

mers made with (nBuCp)2ZrCl2/MAO sup-

ported on both MCM-41 and SBA-15.

Macromol. Symp. 2007, 257, 103–111108

Table 3.
Characterization of the poly(ethylene-co-1-hexene) made with (nBuCp)2ZrCl2/MAO immobilized on supports
synthesized with different Si/Al ratios.

Support mL 1-hexene 0 5 25 50 75

MCM-41-15 Mn (g/mol) 62358 37521 44796 63216 54288

Mw=Mn 2.95 2.85 2.94 3.3 3.58
Tm (8C) 136 124 109 103 100
Tc (8C) 113 110 95 95 82
Crystallinity (%) 66 54 36 32 26

MCM-41-60 Mn(g/mol) 60915 38927 46271 60234 52746

Mw=Mn 2.9 2.7 2.75 3.09 3.85
Tm (8C) 133 123 110 110 110
Tc (8C) 116 110 91 94 86
Crystallinity (%) 62 53 36 32 31

MCM-41-infinite Mn(g/mol) 67674 40961 46713 40065 51420

Mw=Mn 3.21 3.07 3.07 4.25 4
Tm (8C) 133 124 110 111 108
Tc (8C) 116 110 91 93 102
Crystallinity (%) 65 52 37 34 32
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Table 4.
Characterization of the poly(ethylene-co-1-hexene) made with (nBuCp)2ZrCl2/MAO immobilized on supports
synthesized with different pore sizes.

Support mL 1-hexene 0 5 25 50 75

SBA-15 Mn (g/mol) 74530 48869 55640 49333 68525

Mw=Mn 2.67 2.47 2.67 3.01 3.22
Tm (8C) 133 124 113 113 108
Tc (8C) 116 111 95 93 88
Crystallinity (%) 65 53 38 31 30

SBA-15-n-decane Mn (g/mol) 53530 34968 43432 55751 58114

Mw=Mn 2.78 2.66 2.69 3.03 3.44
Tm (8C) 133 122 112 108 108
Tc (8C) 117 109 94 89 91
Crystallinity (%) 66 52 37 34 28

SBA-15-TMB Mn (g/mol) 61391 44489 48885 59091 87092

Mw=Mn 2.67 2.61 2.60 2.80 2.93
Tm (8C) 133 123 110 106 102
Tc (8C) 116 112 95 85 82
Crystallinity (%) 65 50 37 29 26

Figure 3.

Crystaf profiles of poly(ethylene-co-1-hexene) made with (nBuCp)2ZrCl2/MAO supported on MCM-41 with

different Si/Al molar ratios: & infinite; * 60 and ~ 15. The mol% 1-hexene upper x-axis was calculated

using the calibration curve in Figure 2.
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Conclusions

All the poly(ethylene-co-1-hexene) sam-

ples made with (nBuCp)2ZrCl2/MAO sup-

ported on SiO2, SiO2/Al2O3, MCM-41

with different Si/Al ratios, or SBA-15 with

different pore size, had narrow MWD, but

CCDs that could vary from narrow and

unimodal to broad and bimodal. The CCDs

of copolymers made with (nBuCp)2ZrCl2/

MAO supported on SiO2 and SiO2/Al2O3

were always unimodal, but those made

with MCM-41 and SBA-15 became bimo-

dal with increasing 1-hexene content. This

bimodality may be related to the presence

of two catalyst site types on the surface of

the support. Lower Crystaf temperature

peaks (that is, polymer populations with

higher 1-hexene fractions) became more

prominent with decreasing Si/Al ratio, and

larger pore sizes seemed to favour 1-hexene

incorporation slightly.

This investigation demonstrates that

copolymer samples that do not differ sig-

nificantly in their MWD shapes can have

totally distinct CCD profiles as measured by

Crystaf. Therefore, Crystaf (or equivalently,

temperature rising elution fractionation,

Macromol. Symp. 2007, 257, 103–111110

Figure 4.

Crystaf profiles of poly(ethylene-co-1-hexene) made with (nBuCp)2ZrCl2/MAO supported on SBA-15 with different

pore sizes: & 22.7 nm; * 11.3 nm and ~ 8.8 nm. The mol% 1-hexene upper x-axis was calculated using the

calibration curve in Figure 2.
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TREF) is an essential analysis to character-

ize copolymers made with coordination

catalysts, even when they are expected to

behave as single-site type catalysts.
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Table 5.
Comparison of 1-hexene mol% of poly(ethylene-
co-1-hexene) samples measured by 13C NMR and cal-
culated with the Crystaf calibration curve.

Support mol%
1- hexene
13C NMR

mol%
1- hexene
calibration

curve

MCM-41-15 0.79 1.05
3.12 3.08
3.54 3.77
4.39 4.49

MCM-41-60 0.94 1.09
3.10 3.17
3.74 3.79
3.75 3.71

MCM-41-infinite 0.80 1.04
2.83 2.67
2.90 2.91
3.35 3.26

SBA-15 0.76 1.00
2.67 2.68
3.44 3.42
3.72 3.72

SBA-15- n-decane 0.87 1.16
2.87 2.95
4.20 3.89
4.22 4.11

SBA-15-TMB 0.79 1.21
3.01 3.18
4.32 4.24
4.71 4.71
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Application of Fractionation Techniques to the

Study of Olefin Polymerization Kinetics and

Polymer Degradation

Hisayuki Nakatani,1 Hitoshi Matsuoka,2 Shoutarou Suzuki,3 Toshiaki Taniike,3

Liu Boping,3 Minoru Terano*3

Summary: Temperature rising elution fractionation (TREF) has been regarded as a

powerful technique for study of semicrystalline polymers. In this paper, two examples

of unique applications of TREF were introduced. One was the study on the influence

of extraction of internal donor on the variation of isospecific active sites of a MgCl2-

supported Ziegler catalyst, and the other was the estimation of the relationship

between polymer micro-tacticity and degradation rate of isotactic polypropylene

(iPP). The former example revealed the conversion from high to low isospecific site by

the extraction of internal donors, whereas the latter showed a negative correlation

between the level of isotacticity and the degradation rate. These results demon-

strated that TREF was useful in these research applications.

Keywords: catalyst; degradation; fractionation polymers; isotactic; polypropylene

Introduction

Analytical TREF has been a useful tech-

nique for the quantitative structural ana-

lysis of semicrystalline polymers.[1–3] In

addition, TREF is a well-known procedure

to fractionate each polymer component by

differences of crystallizability. TREF has

been regarded as the method of choice for

the analysis and fractionation of polymer

crystalline distribution.

It should be noticed here that the

crystallizability of isotactic polypropylene

(iPP) strongly depends on its isotacticity.

In the case of iPP synthesized by MgCl2-

supported Ziegler catalysts, the iPP obta-

ined often shows a broad distribution

of isotacticities. This distribution directly

reflects the existence of various isospecific

active sites on the catalyst, with individual

fractions of narrow isotactic distributions

being produced by each corresponding

active site type. TREF application for

such iPP reveals the distribution profile

of isospecific active sites on the Ziegler

catalyst.[4,5]

Another substantial advantage of TREF

is the fractionation of iPP with broad iso-

tacticity distribution into several fractions

of different isotacticities. In our previous

studies,[6,7] the effect of tacticity on thermal

oxidative degradation of polypropylene was

investigated using highly isotactic, syndio-

tactic and atactic polypropylene resins,

suggesting that the degree of oxidation of

iPP was the severest. On the basis of this

result, it was concluded that the tacticity

affects one reaction path in the degradation

process. However, the relationship between

the level of tacticity and the rate of degra-

dation had not been systematically clarified.

The elucidation of this phenomenon requ-

ires the use of a systematic iPP series
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with various isotacticities. By development

of polymerization catalyst technology in

recent years,[8–10] it is possible to control

the tacticity of polypropylene. However,

it is difficult to directly synthesize an iPP

series with different isotacticities with only

one kind of catalyst. The study of the rela-

tionship between degradation characteris-

tics and isotacticity of iPP requires an iPP

series with systematic isotacticity variation,

and it has been difficult to synthetically

supply such iPP series in practice. A better

method is to fractionate a single iPP resin

having broad isotacticity distribution witeh

TREF to generate such a iPP series with

various isotacticities.

In this paper, two kinds of TREF appli-

cations are reported: one to evaluate the

influence of extraction of internal donor on

the change of isospecificity distribution on

MgCl2-supported Ziegler catalysts and the

other to clarify the relationship between the

level of tacticity and the rate of degradation

of iPP.

Experimental Part

Materials

Research grade propylene, donated by

Tokuyama Corp., was used without further

purification. MgCl2 was kindly supplied by

Toho Titanium Co., Ltd.

Propylene of research grade (donated

by Tokuyama Corp and Chisso Corp.),

anhydrous MgCl2, TiCl4, TiCl3 (donated by

Toho Catalyst Co.), nitrogen (purchased

from Uno Sanso Co.), and triethylalumi-

num (TEA) (donated by Tosoh Finechem

Co.) were used without further purification.

Heptane, toluene, ethylbenzoate (EB) and

dibutylphthalate (DBP) were purified by

passage through a 13X molecular sieves

column. TEA, EB and DBP were used as

toluene solution.

Catalyst Preparation

Two types (Cat-A and Cat-B) of TiCl4/

MgCl2 catalysts with two types of internal

donors and one type of TiCl3/MgCl2 cata-

lyst without any donors were prepared as

follows.

Cat-A: MgCl2 (36 g; 11 m2/g), and EB

(7.2 ml) were placed in a 1.2 L stainless

steel vibration mill pot with 55 balls (25 mm

diameter) under nitrogen and ground for

30h at room temperature. The ground pro-

duct (200ml) was treatedwith TiCl4 (200ml)

in a 1.0 L three-necked flask at 90 8C for 2h

with stirring under nitrogen, followed

by washing several times with heptane

and finally stored as a toluene slurry be-

fore polymerization. The Ti content of

the catalyst was found to be 0.46 mmol-

Ti/g-cat.

Cat-B: Cat-B was prepared by the same

procedure as Cat-A, with DBP (7.2 ml)

instead of EB. The Ti content of the catalyst

was found to be 0.50 mmol-Ti/g-cat.

TiCl3/MgCl2: TiCl3/MgCl2 catalyst was

prepared by grinding MgCl2 and TiCl3 in a

1.2 L stainless steel vibration mill pot with

55 balls (25 mm diameter) under nitrogen

atmosphere for 30 h at room temperature.

The Ti content of catalyst was 0.05 mmol-

Ti/g-cat.

Extraction of Internal Donor

The MgCl2 supported catalyst (about 1 g),

TEA (14 mmol, Al/Ti mole ratio¼ 30) and

toluene (200 ml) were placed in a 300 ml

flask under nitrogen and the mixture was

stirred at 30 8C for a selected time (from 1

to 30 min). The resulting catalyst was then

recovered by filtration.

Propylene Polymerization and

Estimation of Kinetic Parameters

by Stopped-Flow Method

Stopped-flow polymerization of propylene

and estimation of the kinetic parameters

were carried out according to a previ-

ously reported method.[11–13] The propy-

lene polymerization was typically perfor-

med with the catalyst (Cat-A or Cat-B:

ca.1.0 g) and TEA (14 mmol, Al/Ti mole

ratio¼ 30) in toluene at 30 8C for 0.15 s.

The TEA solution in toluene (100 ml) satu-

rated with propylene (1 atm) was placed

into the vessel.

The propagation rate constant (kp) and

the concentration of active sites ([C�]) were
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determined by the following equations:

Mn ¼ M0 � kp � ½M� � t
1þ ktr � t (1)

Y ¼ kp � ½M� � ½C�� � t (2)

where Mn, M0, [M], t, ktr, and Y are number-

average molecular weight of polymer,

molecular weight of monomer, monomer

concentration, polymerization time, trans-

fer rate constant, and polymer yield, respec-

tively.

The iPP having broad isotacticity distri-

bution was synthesized using TiCl3/MgCl2
catalyst and TEA. Polymerization was per-

formed at an Al/Ti molar ratio of ca. 2 at

30 8C for 30 min in toluene. In order to

remove catalyst residues, the obtained iPP

was reprecipiated from a boiling xylene

solution into methanol under nitrogen

atmosphere.

Temperature Rising Elution

Fractionation (TREF)

The isotacticity distribution of iPP poly-

merized with the TiCl3/MgCl2 catalyst sys-

temwas determined by TREF (Senshu SSC-

7300) using o-dichlorobenzene (ODCB)

containing antioxidant (2,6-di-t-butyl-p-

cresol) as the extraction solvent. A fractio-

nation column packed with Chromosorb

(Celite Corp.) with 10 mm diameter and

30 cm in length was used for the TREF

characterization. About 1.4 g of iPP was

dissolved in 70 ml of ODCB at 140 8C. A

Macromol. Symp. 2007, 257, 112–121114

Table 1.
Yield, molecular characterization, and kinetic data of iPP.

Catalyst Extract. time Int. donor cont.a) Yield Mn(Mw/Mn)
b) mmmmc) kp [C�]

min wt% g/mol-Ti mol% l/mol � s mol%

none 9.7 130 6100(3.3) 92.0 2700 2.15
1 1.6 108 4800(3.8) 81.2 2400 2.01

Cat-A 5 0.7 85 4700(4.0) 70.3 2100 1.81
30 0.3 71 4000(4.2) 60.4 1600 1.75

none 12.8 53 6600(3.2) 94.0 3000 0.79
1 8.7 45 5400(3.6) 88.4 2650 0.77

Cat-B 5 8.0 42 5200(3.8) 85.2 2500 0.75
30 5.5 37 4700(4.2) 78.5 2300 0.72

Polym. condition: Al/Ti¼ 30, polym. temp.¼ 308C, polym. time¼ 0.15s;
a) Amounts of remaining internal donor on catalyst after extraction experiment were determined by GC;
b) Molecular weight and its distribution were determined by GPC;
c) Meso pentad fraction was determined by 13C-NMR.

Figure 1.

Plots of extraction time versus isotacticity of iPPs obtained from Cat-A and Cat-B: Dashed line represents

isotacticity of iPP obtained from no internal donor catalyst.
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part of the solution (50ml, ca. 20 mg/ml) was

eluted through the fractionation column.

The column was then cooled to 20 8C slowly

(6.7 8C/h). Elution with ODCB (150 ml/h)

was first carried out at 20 8C for 30 min

to obtain the ODCB-soluble fraction, and

then the column was heated up to 140 8C at

10 8C/h.
The precise fractionation of iPP was

carried out with the same TREF device,

solvent, and column. About 70 mg of the

iPP was dissolved in 10 ml of ODCB at

140 8C, and a part of the solution (ca. 6 ml)

was passed through the fractionation col-

umn, which was slowly cooled down at

6.7 8C/h from 140 8C to 20 8C. Elution of the

deposited iPP with ODCB at a flow rate of

150 ml/h was first carried out at 20 8C for

30 min to obtain the ODCB-soluble frac-

tion, and then the column was heated at

16 8C/h up to 140 8C. The eluted iPP solu-

tion was analyzed by a refractive index

detector to obtain the TREF diagram.

Moreover, tacticity fractions of the iPP

with increasing crystallinity were then eluted

with ODCB at the temperatures increasing

stepwise from 20 8C to 140 8C divided into

5 steps (20, 60, 90, 106 and 140 8C). Polymer

was eluted during 90 min at every step after

the temperature had stabilized for 30 min.

The fraction was then collected and pre-

cipitated in methanol. All fractionated iPP

were TREF fractions insoluble below 20 8C.
The weight fraction of the soluble part

(below 20 8C) was 52 wt%, and its mole-

cular weight and tacticity were very low

(Mn¼ 6,000 and mmmm¼ 25 mol%). Since

this soluble part was considered to contain

impurities, such as unsaturated polymer

chain end groups, for promoting degrada-

tion,[10] it was completely removed.

Macromol. Symp. 2007, 257, 112–121 115

Figure 2.

Content of residual internal donor as a function of the

extraction time.

Figure 3.

TREF diagrams of iPPs obtained from the extracted Cat-A.
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GPC Characterization

The sample in the small vial was dissolved

in 5ml of ODCB containing 2,6-di-t-butyl-

p-cresol as an antioxidant, and the obtained

solution was directly measured by GPC. The

molecular weight was determined by GPC

(Senshu, SSC-7100) with styrene-divinylbe-

nzene gel columns (SHODEX,HT-806M) at

140 8C using ODCB as a solvent.

13C-NMR Measurement

Isotacticity was determined by 13C-NMR

measurement using a Varian Gemini-300

spectrometer at 120 8C on 20 % (w/v) solu-

tion in 1,2,4-trichlorobenzene or hexachloro-

1,3-butadiene. Benzene-d6 or 1,1,2,2-tetra-

chloroethane-d2 was added as an internal

lock and was used as an internal chemical

shift reference.

Thermal Oxidative Degradation

Thermal oxidative degradation of the frac-

tionated iPP was performed at 130 8C for

10–120 min in air using a Senshu SSC-9300

heater. No additional antioxidant was used

in any cases. The iPP sample was first dried

Macromol. Symp. 2007, 257, 112–121116

Figure 4.

TREF diagrams of iPPs obtained from the extracted Cat-B.

Table 2.
Characterization and kinetic data of Fraction I and
Fraction II in the iPP obtained from extracted Cat-A
catalyst�.

Fraction Extract.
time

Mn mmmm kp [C�]

min mol% l/mol � s mol%

0 10 500 95.0 4700 10
1 10 500 94.7 4700 13

Fraction I 5 11 000 94.3 4900 18
30 10 500 94.5 4700 24
0 27 800 98.6 12 500 40
1 27 600 98.2 12 300 36

Fraction II 5 28 000 98.4 12 500 30
30 27 400 98.5 12 200 16

b) *Polymerization condition and analytical methods
are the same as Table 1.

Table 3.
Characterization and kinetic data of Fraction I and
Fraction II in the iPP obtained from extracted Cat-B
catalyst�.

Fraction Extract.
time

Mn mmmm kp [C�]

min mol% l/mol � s mol%

0 10 600 95.2 4800 8
1 10 700 95.1 4900 9

Fraction I 5 10 500 95.4 4700 11
30 10 500 94.8 4700 14
0 27 500 98.5 12 300 22
1 27 400 98.5 12 200 19

Fraction II 5 27 300 98.6 12 200 15
30 27 600 98.7 12 300 10

a *Polymerization condition and analytical methods
are the same as Table 1.
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in vacuo at 60 8C for 3 h. Then, 5 mg of

each iPP sample placed in a small vial was

transfer to the heater and covered with a

heating jacket to achieve effective heat

transfer to the iPP sample.

Thermogravimetric Analysis

Decrease in weight of iPP was analyzed

by thermogravimetric analysis (TGA,

METTER TG50) at 130 8C for 40 h under

air (air flow rate: 50ml/min.).

Results and Discussion

TREF Application for

Polymerization Kinetics

Polypropylene was prepared by the stop-

ped-flow method. It is noticed here that this

method applies very short polymerization

times in which chain transfer reactions can

be disregarded to simplify Equation (1).[11]

Characterization and kinetic data of the

obtained iPPs were summarized in Table 1.

All yields and Mn decrease with the

treatment time by TEA, suggesting that

the extraction of internal donor critically

affects the concentration of active sites

([C�]) and kp in TiCl4/MgCl2 catalyst

systems.

Figure 1 plots extraction time versus

isotacticity. The isotacticity decreases with

increasing extraction time. It seems that

Cat-A and Cat–B loose their isospecific

active sites in the extraction process. In the

case of the TiCl4/MgCl2 catalyst without

internal donor, the isotacticity (mmmm)

was almost 58 mol% under the same poly-

merization conditions (see the dashed line

in Figure 1). As shown in the figure, the

isospecificity of Cat-A rapidly reaches that

of the catalyst without internal donor,

indicating that the interaction between

active sites and EB is weaker than that

between active sites and DBP.

The content of the residual internal

donor as a function of extraction time is

shown in Figure 2. Here the contents of

these residual donors were determined by

gas chromatography. EB was extracted

rapidly from the catalysts. The extraction

rate of EB is higher than that of DBP,

demonstrating that the interaction between

EB and MgCl2 is weaker. It is noticed here

that this rapid change is apparently dif-

ferent from the rather slow one for

isospecificity. Although donor extraction

certainly causes a decrease in the number of

isospecific active sites, it can not account

Macromol. Symp. 2007, 257, 112–121 117

Figure 5.

TREF diagram of iPP with broad isotacticity distri-

bution.

Table 4.
Fraction ratio and molecular weight of fractionated iPPs.*

Sample Range of elut. temp. Fraction ratio Mn Mw/Mn

/8C /wt%

–— 20 52 0.6� 104 –—
iPP52 20–60 17 1.1� 104 4.6
iPP76 60–90 12 1.8� 104 5.1
iPP87 90–106 9 2.5� 104 3.2
iPP91 106–140 10 7.4� 104 8.5

b *Analytical method is the same as Table 1.
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entirely for such slow decrease in isospe-

cificity.

The application of TREF visually eluci-

dates the changes in the distribution of

isospecific active sites shown in Figure 3

and 4. There exist two remarkable peaks

in these TREF diagrams. The higher tem-

perature (ca. 115 8C) peak corresponds to a

higher isospecific active site, and the lower

(ca. 108 8C) to lower isospecific site. The

intensity of the higher peak gradually

decreases with increasing extraction time.

Interestingly, the lower peak grows with

increasing extraction time of the internal

donor. The growing suggests that the higher

isospecific active site is converted to the

lower one by the extraction of the internal

donor. In order to study this phenomenon

in detail, the iPPs were fractionated into

two fractions (denoted as Fraction I and

Fraction II) in two temperature ranges of

90� 112 8C and 112� 135 8C, respectively.
Fractions I and II are produced with the

lower and higher isospecific active site,

respectively, permiting the estimation of

the [C�] for each site type. The character-

ization and the kinetic data are summarized

in Table 2 and 3. It appears that the [C�] of
the lower isospecific site increases as the

[C�] for the higher isospecific site decreases.
In particular, this tendency is remarkable

in the iPP series made with Cat-A, in good

agreement with the changes in the TREF

profiles. The TREF results demonstrate

that the higher isospecific active site is con-

verted into the lower one by the extraction

of the internal donor.

In conclusion, TREF has been proved to

be quite effective to evaluate the change of

stereospecificity of active sites.

TREF Application to Polymer

Degradation Behavior

PP is very vulnerable against oxidation.

This process is called ‘‘degradation’’ and it

is a very important practical issue. Although

many researchers have been involved in

developing industrial polypropylene resins,

Macromol. Symp. 2007, 257, 112–121118

Table 5.
13C-NMR pentad distribution (mol%) for iPPs.

Samples mmmm mmmr rmmr mmrr mmrmþrrmr mrmr rrrr mrrr mrrm

iPP52 51.5 13.3 1.7 12.2 5.6 1.4 5.2 4.1 5.0
iPP76 76.3 9.8 0.0 7.0 2.0 0.0 1.8 0.6 2.5
iPP87 87.0 6.2 0.7 3.2 0.7 0.1 0.6 0.4 1.1
iPP91 90.6 6.5 0.4 1.4 0.3 0.1 0.1 0.1 0.5

Figure 6.

Thermogravimetric analysis results of fractionated iPPs.
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polypropylene degradation has not been

comprehensively studied with the viewpoint

of a stereochemical reaction. The reason for

this is that it is difficult to prepare a series

of polypropylene resins with various tacti-

cities.

As shown in Figure 5, we succeeded in

the synthesis of iPP with broad isotacticity

distribution using the TiCl3/MgCl2 cata-

lyst.[9] Four kinds of iPP with different

isotacticities were easily obtained from

the fractionation of this iPP by TREF.

The fraction ratios and molecular weights

are summarized in Table 4. The nomen-

clature of the fractionated iPP is as follows:

iPP91 denotes iPP with the pentad fraction

(mmmm) of ca. 91 mol%. All pentad frac-

tions of the iPPs are shown in Table 5.

The dependence of thermal oxidative

degradation on the isotacticity was carried

out with these iPPs. It is noticed here that

all of the thermal oxidations have been

Macromol. Symp. 2007, 257, 112–121 119

Figure 7.

An example of weight change curve showing a determination of the durations of induction period (tdi).

Figure 8.

Arrhenius plots of tdi for thermal oxidative degradation of iPPs.
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performed at 130 8C. At such higher

temperature,[14,15] the degradation initiator

(radical species) can be diffused sufficiently

in the iPP crystalline part, and the degrada-

tion reaction proceeds homogeneously in

the whole of the iPP sample.

These weight change curves measured

by TGA are shown in Figure 6. The thermal

oxidative degradation was performed at a

constant temperature (130 8C) in atmo-

spheric air. The weight changes of iPPs

display multi-stages with advance of degra-

dation.[16,17] A period of constant weight,

namely induction period, is initially seen,

and then the weight is increasing by

oxidation. Beyond a given maximum wight,

weight loss starts to take place as some

components are volatilized, and finally the

mass balance becomes negative. Figure 6

shows that the weight increase, or end

of the induction period, starts earlier as

the mmmm becomes higher. These results

show that the initiation of the degradation

reaction depends strongly on the isotacti-

city. As illustrated in Figure 7, the duration

of induction period (tdi) was defined as

the time (in seconds) at the intersection of

the tangent at the inflection point with the

plateau line of induction period. The tdi was

determined using the weight change curves

obtained from the measurements at four

constant temperatures (130, 135, 140 and

145 8C). These values have been fitted to

an Arrhenius expression to obtain the

apparent activation energy (DE). As shown

in Figure 8, the tdi apparently obeys the

Arrhenius law within the chosen tempera-

ture limits. All the obtained DE are plotted

against the mmmm in Figure 9.

It appears that DE is inversely propor-

tional to mmmm. The relationship obeys

the following equation:

DEðkJ=molÞ
¼ �1:24� ½mmmm� þ 220 (3)

This result implies that the stability of

iPP can be predicted without thermal

degradation testing using the simple Equa-

tion (3). Actually the availability of this

equation has been confirmed by using a

higher iPP (mmmm¼ 95 mol%, Mn ¼ 1.8�
104 g/mol, Mw=Mn ¼ 4:9).

Therefore, we demonstrated that TREF

can be very useful for the study the influ-

ence of isotacticity on the degradation of

polypropylene.

Macromol. Symp. 2007, 257, 112–121120

Figure 9.

Activation energy (DE) versus meso pentad fraction (mmmm) for all of degraded iPPs.

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



Conclusions

TREF has been regarded as a powerful

technique for the structural study of semi-

crystalline polymers. In this paper, two

examples of TREF applications were

reported for isospecific propylene poly-

merization kinetics and for degradation

behavior of isotactic polypropylene. TREF

could detect the conversion from higher

to lower isospecific sites by extraction of

internal donor and estimate an inverse

correlation between isotacticity and degra-

dation rate of isotactic polypropylene. It

was found that TREF possesses an exten-

sive applicability to different problems in

polymer science.
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Synthesis and Characterization of Ethylene/Propylene

Copolymers in the Whole Composition Range

Ma. Joaquina Caballero,1 Inmaculada Suarez,1 Baudilio Coto,*1

Rafael Van Grieken,1 Benjamı́n Monrabal2

Summary: The incorporation of comonomer molecules in the backbone of a homo-

polymer can influence the final properties of the material, decreasing its crystallinity

and the melting and glass transition temperatures, and increasing its impact

resistance and transparency. In the present work, ten ethylene/propylene copolymers

have been synthesized using a supported metallocene catalytic system covering the

whole composition range. Any desired composition was obtained by controlling the

feed composition during the reaction. These synthesized copolymers have been

characterized by different techniques in order to study the effect of the comonomer

incorporation onto their final properties. When the comonomer content is low, the

behaviour of the copolymer is similar to that of the corresponding homopolymer.

Nevertheless, if the comonomer content increases, the copolymer becomes more

amorphous (low crystallization temperature and soft XRD signals) and easily deform-

able, reaching a behaviour close to that corresponding to an elastomeric material. In

order to corroborate these results the samples have been characterized by TREF and

GPC-MALS. TREF analysis showed that copolymers containing less than 10% and more

than 80% of ethylene are semicrystalline, with elution temperatures typical of this

kind of polymers. Molecular weights are higher for homopolymers and they decrease

as the comonomer concentration increases, whereas the polydispersity index keeps

almost constant at the expected value for this kind of samples.

Keywords: ethylene/propylene copolymers; gel permeation chromatography (GPC);

metallocene supported catalysts; multiangle light scattering (MALS); temperature rising

elution fractionation (TREF)

Introduction

The thermoplastic polymer production with

elastomeric properties has been the focus

of scientists and manufacturers in the last

decade.[1] Polypropylene (PP) is a semi-

crystalline polymer widely used in packa-

ging, textile, and automobile industries

because of its good processability and pro-

perties. Nevertheless, its applications are

limited because PP toughness is low, espec-

ially at room and low temperatures.[2] This

is the reason why the copolymerization pro-

ducts of propylene with small amounts of

ethylene are of practical importance since

they allow to control the crystallization

processes.[3]

The development of metallocene cata-

lyst technology has provided a rich set of

new copolymers materials with well-defined

microstructures.

In order to synthesize these products,

the combination of single site catalysts

with methylaluminoxane (MAO) as coca-

talyst for olefin polymerization throughout

the last two decades has been the subject

of intensive research, as a result of high
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catalytic activity and versatile control of

polymer structure and properties via mani-

pulation of the ligand sphere surrounding

the metal atom[4] allowing the preparation

of homogeneous products covering a wide

range of copolymer microstructures and

properties.[5]

It is of great importance[6] to immobilize

the homogeneous metallocene catalysts on

inorganic carriers[4] for applying them to

gas or slurry phase[7] polymerization pro-

cesses because supported catalysts can avoid

reactor fouling, allow the reduction of the

amount of cocatalyst during the reaction,[8]

and control the morphology of the produ-

ced polymer more easily.[9] The anchorage

of the catalytic system can be carried out by

several well-known techniques.[10,11]

In addition to the catalytic system used,

the properties of ethylene-propylene copoly-

mers also depend on comonomer content

(composition) and its distribution, which, in

turn, essentially depend on polymerization

conditions.[12] Such conditions have to be

kept constant over the entire polymeriza-

tion period,[3] with a good control of the

feed monomer ratio to obtain a copolymer

with a defined composition in a semi-batch

reactor.

The influence of these properties can be

studied by analyzing the samples through

different techniques. The use of gel per-

meation chromatography (GPC) with light

scattering detector (MALS) provides quan-

titative information on molecular weight

distribution and conformation of the chains;

this technique has been studied intensively

in recent years,[13–15] but there are not

publications for ethylene/propylene copoly-

mers. The behaviour of semicrystalline

copolymers can be studied using different

techniques. Differential scanning calori-

metry (DSC) allows the measurement of

transition temperatures and crystallinity

percentage. Such crystallinity is related

with the signals obtained by X-ray diffrac-

tion (XRD). Temperature rising elution

fractionation (TREF) yields the qualitative

estimation of chemical composition dis-

tribution (CCD) which is also related to

crystallinity.

In this work, the catalytic system MAO/

rac-Me2Si[2Me-Ind]2ZrCl2 was impregnated

on a thermally-treated silica support. This

catalyst was used in ethylene-propylene

copolymerization reactions. The polymer-

ization processes was carried out with a

variable and controlled feed of the mono-

mers which allowed the synthesis process

to take place in a wide range of relative

concentration of the different monomers in

the solution.

In order to check the effect of the

copolymers composition on their proper-

ties, the copolymers were analyzed by

X-ray diffraction (XRD), differential scan-

ning calorimetry (DSC), 13C nuclear mag-

netic resonance (13C-NMR), scanning elec-

tron microscopy (SEM), temperature rising

elution fractionation (TREF), and gel per-

meation chromatography coupled to multi-

angle light scattering (GPC-MALS).

The results show how the behaviour of

the copolymers is typical of an elastomeric

material when the percentage of both

monomers is similar, while they are very

close to the homopolymer behaviour when

the content of one of the monomers is

much higher than the other.

Experimental Part

Synthesis

The chemicals used were ethylene (Air

Liquide S.A., polymerization grade 99.99%),

propylene (Air Liquide S.A., polymeriza-

tion grade 99.99%) and n-heptane (Scharlab

S. A., 99%) as solvent. Themetallocene cata

lyst used was rac-dimethyl-silylbis (2-methy-

lindenyl) zirconium dichloride (Boulder

Scientific Company) supported on silica

(Grace Davidson) modified with methy-

laluminoxane, MAO (Witco, 30 wt% in

toluene) and the cocatalyst added to the

reactor was triisobuthylaluminium, TIBA

(Witco, 1 M in toluene).

All the air-sensitive compounds were

handled in a dry nitrogen atmosphere

inside a glove box and by using Schlenk

techniques.

Macromol. Symp. 2007, 257, 122–130 123
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The conditions of the support pre-

treatment, the determination of the hydro-

xyl content and the physical properties of

the silica in these conditions were reported

previously.[16]

The immobilization method was carried

out in two steps: 1) reaction between 1 g

of silica material and MAO (30 wt % in

toluene) solution to a volume ratio of three,

at room temperature and 30 rpm in a stirred

vessel; 2) anchorage of the metallocene

on 2 g of the silica/MAO sample pre-

viously synthetized. The catalyst (rac-

Me2Si[2MeInd]2ZrCl2) was dissolved in

75 mL of toluene and this mixture was

kept at room temperature under stirring

(900 rpm) for three hours.

Copolymerization reactions were carried

out in a 1 liter Büchi stirred glass reactor

which allows the control of the temperature

during the reactions at 70 8C. The solvent

(400 cm3 of n-heptane) was saturated with

an ethylene/propylene gas mixture pre-

viously to the copolymerization reaction.

The Al/Zr molar ratio used in all the reac-

tions was 400.

Ethylene and propylene were deoxyge-

nated and dried through columns contain-

ing R-3/15 BASF catalyst, alumina and 3 Å

molecular sieves before entering the poly-

merization reactor. The monomers were

fed in order to keep the reactor pressure at

5 bar during the entire copolymerization.

The ethylene/propylene ratio in the gas

phase (C2/C3) was kept constant. Real-time

monitoring of the gas phase composition

was performed by means of a Micro-GC

(MGC supplied by Varian). The reactions

were carried out during 30 minutes, and

finally, the copolymers were precipitated

by acidic methanol, washed and dried in

vacuum.

Characterization

Copolymers synthetized were observed by

SEM (XL30 ESEM) in order to study the

replication phenomenon and the external

morphology. Crystallinity was analyzed by

powder X-ray diffraction (Philips X’PERT

MPD diffractometer using Cu Ka). Melting

points and glass transition temperatures

were measured by differential scanning

calorimetry (DSC, 822e METTLER

TOLEDO).
13CNMR spectra were recorded in

deuterated 1,1,2,2-tetrachloroethane and

1,2,4-trichlorobenzene at 100 8C using a

BRUKER AC300 spectrometer and the

final composition of the copolymers was

calculated by 13C-NMR triad distribution

using known methods.[17,18]

GPC-MALS is a combined method of

gel permeation chromatography (Waters

ALLIANCEGPCV 2000) with multi-angle

light scattering (DAWNEOS 18 angle light

scattering photometer, Wyatt Technology).

Polymer conformation can be obtained by

GPC-MALS by direct application of the

Zimm-Stockmayer approach.[19] Solvent

was 1,2,4-trichlorobenzene (TCB) at a flow

rate 1 mL/min and the temperature was

145 8C.At each chromatographic slice, both

the absolute molecular weight (Mw) and

radius of gyration (Rg) can be obtained.[20]

The refractive index increment dn/dc value

for these copolymers in TCB and 145 8C is

0.101 mL/g.[21]

Chemical composition distributions were

measured by TREF 200 (Polymer Char)

using o-dichlorobenzene (oDCB) as a sol-

vent. In the elution step oDCB flowed

through the column at a constant flow rate of

0.5 mL/min with a temperature profile from

35 8C to 140 8C at a constant rate (1 8C/min).

The concentration of polymer wasmeasured

by a two-channel infrared detector.

Results and Discussion

Table 1 lists the copolymers obtained. They

were named EP followed by an integer

number related to the molar percentage

value of ethylene. As can be seen, in the

synthesis procedure the gas phase com-

position C2/C3 was controlled in the range

0.010 to up to 100 and that lead to copoly-

mers in the whole composition range.

The external morphology of the samples

was observed by SEM. Three SEM micro-

graphs for different copolymers are shown

in Figure 1. When supported catalytic

Macromol. Symp. 2007, 257, 122–130124
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systems are used, it is expected that the

polymer particles replicates the shape of

the support.[22] This behaviour can be seen

in Figure 1.a and 1.b, with independent

particles distribution, for copolymers where

one of the monomers is the main compo-

nent in the backbone of the chain. How-

ever, when the percentage of both mono-

mers in the copolymer chain is similar, the

final product does not present a defined

morphology, as can be seen in the SEM

image corresponding to the EP59 sample

(Figure 1.c). This characteristic is typical

of polymers synthesized with a dissolved

catalytic system.[23] Such different behav-

iour could be related to the amorphous

character of the material: EP59 is elasto-

meric and the support particle can not

be broken when the polymerization takes

place.

The crystallinity of the synthesized

samples has been studied qualitatively by

XRD. The results are shown in Figure 2 for

all the copolymers. It is possible to check

how for copolymers EP99 and EP3 the

typical peaks for polyethylene and poly-

propylene, respectively, are obtained. When

the propylene is the monomer with higher

percentage (Figure 2, EP3), it is possible to

distinguish four fundamental signals in the

spectra for 2u values of 14.1, 16.9, 18.6, and

21.7, associated to the a or monoclinic

modification of iPP.[24]

The peaks are wider when the ethylene

content increases because the second mono-

mer inclusion introduces higher disorder

into the lattice. The maximum disorder is

found for the EP59 copolymer, where it is

impossible to distinguish any characteristic

peak of the homopolymers.[12] On the other

composition limit, when the ethylene con-

tent is larger, two signals can be observed

which could be related with the orthor-

hombic[25] phase for 2u values of 21.58 and
23.98, respectively.

Figure 3 shows the results obtained by

DSC for the glass transition temperature

(Tg) and the melting temperature (Tm2) in

function of the ethylene content. It is clear

that values for these temperatures are

lower for copolymers close to 50/50 ethy-

lene/propylene ratio. This is related to the

considerable decrease of crystallinity, since

the crystal domains which are being formed

Macromol. Symp. 2007, 257, 122–130 125

Table 1.
Obtained copolymers.

Copolymer C2/C3 (mol/mol)
gas phase composition

% E molara)

EP3 0.010 3.4
EP6 0.013 5.8
EP13 0.029 12.7
EP21 0.126 20.5
EP31 0.390 30.4
EP59 0.970 59.0
EP81 5.046 80.7
EP87 6.740 86.7
EP94 19.000 93.8
EP99 107.69 99.0

a) Copolymer composition obtained from triad distri-
bution as E¼ EEEþEEPþPEP.

Figure 1.

SEM micrographs for three different copolymers (a:

EP99, b: EP3, c: EP59).
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are smaller because the increase of irregu-

larities in the macromolecular chains.

From DSC results, values for the enthal-

py of this second melting of the copolymers

are obtained. It is possible to determine the

percentages of crystallinity by relating

such values to those for the corresponding

homopolymers (291.6 J/g for polyethy-

lene[26] and 207.1 J/g for polypropylene[27]).

The calculated values are listed in Table 2

and corroborate how the copolymers with

close to 50/50 ethylene/propylene ratio are

amorphous materials, in agreement with

the characterization by XRD.

From the experimental triad values for

the copolymers determined by 13C-NMR, it

is possible to calculate the parameters nE

and nP, which represent the relative

average number of ethylene and propylene

units in the copolymer chain, respectively,

and they give information about the distri-

bution of comonomers along the copolymer

chain. The values calculated for nE and nP
are also listed in Table 2 and they can be

related directly to the crystallinity obtained

by DSC analysis. It can be concluded that,

in the heterogeneous copolymers in the

conditions of the reactions, when a chain

contains 5 units of the same consecutive

monomer, it crystallizes.

Another set of experimental properties

related to crystallinity is the elution tem-

perature (Te) and the percentage of soluble

fraction (SF%) determined by TREF.

Macromol. Symp. 2007, 257, 122–130126

Figure 2.

Qualitative comparison of the crystallinity determined by XRD for copolymers with different percentages of

ethylene.

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



Figure 4 shows the results obtained byTREF

as a function of the ethylene comonomer

content and Figure 5 shows the TREF

profiles for these copolymers.

This technique was limited to copoly-

mers with very different comonomer con-

tents, since in the middle range of como-

nomer content an amorphous copolymer

was reached. In this case, the limit is lower

than 10% molar of ethylene and higher

than 80% molar of ethylene. For copoly-

mers with low ethylene content (EP3 to

EP13), values for Te decreases faster with

%Emolar than in the high ethylene content

(EP81 to EP99). This should be due to the

fact that the crystallinity of copolymers

with high propylene content is influenced

by the composition and sequence distribu-

tion, besides tacticity. This make the study

of the chemical composition distribution

of polypropylene copolymers more com-

plicated. The study of both tacticity and

composition distribution should be com-

pleted with other techniques like FTIR. For

low and high comonomer contents, the SF is

low too, while for intermediate comonomer

contents the SF is very high, as expected.

In Table 3 the weight average molecular

weight (Mw) and the polydispersity index

(Mw=Mn) of the copolymers by GPC and

GPC-MALS are shown.

Mw and Mw=Mn values obtained by

GPC are higher than the ones obtained by

GPC-MALS. The Mw values are depen-

dent on comonomer content, showing the

lowest values from 20 to 60%E molar. The

polydispersity index is approximately con-

stant, as expected for this single-site

catalyst.[28]

The use of a multiangle light scattering

detector allows the evaluation of both the

molecular weight and the mean radius of

gyration (Rg), for each slice of the size

exclusion chromatogram. The dependence
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Table 2.
Crystallinity and nE and nP values for the copolymers.

Copolymer Crystallinity (%)a) nE nP

EP3 38.9 1.05 30.06
EP6 35.3 1.20 20.42
EP13 19.0 1.15 7.88
EP21 – 1.14 4.51
EP31 – 1.25 2.85
EP59 – 2.07 1.41
EP81 18.1 4.64 1.14
EP87 28.2 6.67 1.12
EP94 37.5 15.00 1.10
EP99 51.1 81.84 1.00

a) Calculated from the second melting point.

Figure 3.

Glass transition and second melting temperatures for the copolymers in function of the ethylene content

(% E molar).

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



of Rg on molecular weight is established

by the scaling law Rg¼Q �Mq
w.

[29] Figure 6

shows the plot of Rg versus Mw obtained

for the copolymers that were shown in

Figure 1, together with values for poly-

ethylene (NBS 1475) and polypropylene

(PP isotactic), taken as reference.

The slope of the plot provides the q

coefficient which is related with the shape

of the chain. The results obtained for the

parameter q for all the samples studied

are shown in Table 4. Values of q in the

range 0.5 to 0.6 are typical for linear random-

coil chains.[30]

A value of q¼ 0.54 was obtained for

both homopolymers, thus showing a typical

random coil in 1,2,4-TCB. However, the

presence of comonomer decreases the value

Macromol. Symp. 2007, 257, 122–130128

Figure 5.

Influence of comonomer content on TREF profiles.

Figure 4.

Influence of comonomer content on TREF elution temperature and percentage soluble fraction.
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for the parameter q, reaching a value of

0.42 for copolymers with an ethylene molar

percentage of 31%. This result shows how

the presence of comonomers modifies the

random coil structure of a homopolymer in

the same way as the presence of long chain

branching.

Conclusions

Good control system for the gas phase C2/

C3 ratio in the polymerization process

allows obtaining copolymers in the whole

composition range. Different studies in

function of composition have been carried

out. SEM clearly shows the lack of morpho-

logy in copolymers close to 50/50 ethylene/

propylene ratio, which could be related to

the absence of crystallinity of those sam-

ples. DSC and XRD analyses show, for

copolymers with low comonomer content,

similar behaviour to that of the correspond-

ing homopolymer, but when the comonomer

content increases, the melting temperature

and glass transition temperature decrease

and the copolymer becomes amorphous.

TREF analysis indicates that copolymers

containing between 10% and 80% of ethy-

lene comonomer are essentially amorphous,

Macromol. Symp. 2007, 257, 122–130 129

Table 3.
Molecular weight and polydispersity index obtained
by GPC and GPC-MALS.

Samples GPC GPC-MALS

Mw (g/mol) Mw=Mn Mw (g/mol) Mw=Mn

EP3 112387 2.049 95 900 1.664
EP6 115940 2.215 98 270 1.780
EP13 86273 2.092 73 490 1.658
EP21 71163 2.005 57 450 1.687
EP31 61636 2.084 49 360 1.691
EP59 68752 2.289 54 470 2.001
EP81 128611 2.760 98 910 2.266
EP87 151595 2.647 11 8500 2.213
EP94 268488 2.780 20 1500 2.361
EP99 303465 3.382 22 7000 2.530

Table 4.
Values of q for ethylene/propylene copolymers.

Samples q

PPa) 0.54
EP3 0.51
EP6 0.50
EP13 0.47
EP21 0.47
EP31 0.42
EP59 0.47
EP81 0.47
EP87 0.50
EP94 0.50
EP99 0.53
NBS 1475b) 0.54

a) polypropylene isotactic (Sigma-Aldrich);
b) polyethylene linear reference (NBS).

Figure 6.

Relationship between radius of gyration and molecular weight for some copolymers.
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while copolymers with ethylene comono-

mer content out of this range are semi-

crystalline in the tested conditions.

GPC-MALS technique shows the

dependence of Mw with comonomer con-

tent, showing a minimum in the intermedi-

ate position. The incorporation of como-

nomer also affects the shape (random coil)

of the polymer in solution.
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[29] J. Búrdalo, R. Medrano, E. Saiz, M. P. Tarazona,

Polymer 2000, 41, 1615.

[30] S. Podzimek, T. Vlcek, Journal of Applied Polymer

Science 2001, 82, 454.

Macromol. Symp. 2007, 257, 122–130130

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



Characterization of Polyethylene Nascent Powders

Synthesized with TpTiCl2(OR) Catalysts

Emilio Casas,1 Arquı́medes Karam,*1 Antonio Dı́az-Barrios,1 Carmen Albano,1

Yanixia Sánchez,1 Bernardo Méndez2

Summary: Different kinds of polyethylene and ethylene-1-hexene copolymers were

synthesized with TpTiCl2(OR) (Tp¼ hydrotris(pyrazolyl)borate; R¼ Et, i-Pr, n-Bu)

catalysts with and without H2. The polymers were characterized by 13C NMR, capillary

viscosimetry or GPC, and DSC. The homopolymers showed properties characteristic of

ultra-high molecular weight polyethylenes (UHMWPE) with linear structure and high

density polyethylenes (HDPE) with molecular weights in the range of commercial

grades under hydrogen atmosphere. The copolymers showed a 1-hexene incorpora-

tion up to 6 mol-%. Important differences in the thermal properties were observed

between the first DSC (nascent powders) and the second DSC heatings (melt-

crystallized samples), which evidenced the molecular weights influence on the

melt-crystallized samples.

Keywords: hydrogen transfer; 1-hexene; nascent powders; polyethylene; TpTiCl2(OR)

Introduction

Ethylene can be polymerized under various

conditions to yield polyethylenes having

markedly different chain structures and

physical properties as a function of differ-

ent structural parameters that influence

their ultimate properties, such as type,

amount and distribution of comonomer(s)

and branching, average molecular weight

(MW) and molecular weight distribution

(MWD).[1] In the last few years, authors

have pointed out that polyethylene reactor

powders have a unique morphology and

higher crystallinity thanmelt-crystallized or

solution-crystallized samples.[2–4]

Better understanding of the nature of

the nascent morphology of polyolefins,

namely the formation andmolecular organ-

ization of polymer particles initiated by

heterogeneous or homogeneous catalyst

systems in the reactor, and its related

physical properties, is an important rese-

arch topic.[2,5] The development of the

nascent state morphology of polyolefins in

the reactor is reasonably well understood

on the micrometer level. However, at the

molecular scale, the physical properties

of nascent polyolefins are less clearly

understood.[6,7] Although different catalyst

types and synthesis conditions clearly play

a role, there is no consensus on the origin

of the high value for the peak melting

point commonly seen in nascent polyethy-

lene.[2,8–16] Interpretations which invoke

chain-extended and/or fibrilar crystals,[8–11]

strained noncrystalline tie points,[12,13]

instrumental effects,[2] or small crystals

which reorganize on heating,[14,15] have

been invoked to describe aspects of the

thermal behavior. Nascent samples of

UHMWPE also exhibit a peak melting

point which approaches the equilibrium

value (T0m) for polyethylene, but is irrever-

sibly lowered following a melt crystal-

lization cycle.[2,10,14,16] In this sense, the

nascent morphology of UHMWPE repre-

sents a unique combination of morphology,

crystallinity and melting characteristics
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which is generally inaccessible via melt

crystallization of polyethylene.[16]

Although the high melting temperature

of nascent polyolefins is known for more

than three decades, the thermal pro-

perties of polyethylenes made with non-

metallocene precatalysts have not been

investigated. The alkoxyl effect of

TpTiCl2(OR) (R¼ Et, i-Pr, n-Bu) com-

plexes on the polymerization of ethy-

lene,[17,18] ethylene-1-hexene, and ethylene

in the presence of H2 have been recently

investigated in our laboratories. The aim

of the present work is the characterization

the polymers obtained by these complexes

in order to compare the physical proper-

ties of polyethylenes and the differences

between nascent powders and melt-

crystallized samples.

Experimental Part

The polymers were characterized by
13C NMR using a JEOL 270 Spectrometer.

The polymer samples were prepared in

tetrachloroethane or 1,2,4-trichlorobenzene

(TCB) in a 5 mm NMR tube. The 1-hexene

content was calculated according to

the ASTM X70-8605-2 method.[19]

Average molecular weights were mea-

sured in TCBwith 0.2%v/v of IRGANOX1

at 135 8C using a high temperature gel

permeation chromatographer (GPC). The

average molecular weights and the poly-

dispersities were obtained using a universal

calibration curve made with polystyrene

standards. When the polymer was not

dissolved in TCB, the viscosity-average

molecular weights were established by

one-point determination of the intrinsic

viscosity measured from an Ubbehlode

dilution viscometer in decalin stabilized

with 0.2% v/v of IRGANOX1 at 135 8C.
The average viscosimetric molecular

weights were determined using the Schulz-

Blaschke correlation.[20]

The thermal properties of the polymers

were analyzed in a METTLER TOLEDO,

DSC822e calorimeter. The essays were

carried out using the following procedure:

polyethylene samples (3 to 10 mg) were

sealed in an aluminium pan, heated at

10 8C/min from 25 8C to 170 8C (1st heating),

kept 5 minutes at 170 8C isothermally,

cooled at 10 8C/min from 170 8C to 25 8C,
and finally heated at 10 8C/min from 25 8C
to 170 8C (2nd heating). The analysis of

the final curves led to the melting peak

temperature (Tm) and the melting enthalpy

(DH). The crystallinity degrees (Xc) were

calculated using the expression (DHsample/

DHtheoric)�100, whereDHsample is the experi-

mental value and DHtheoric is the melt

enthalpy of crystalline polyethylene

(290 J/g).[21] Additionally, the superheating

phenomena was tested varying the sample

mass, the first heating rate, and the tem-

perature of isothermal treatment when the

thermal history was erased.

Results and Discussions

The polyethylenes were characterized by
13C NMR, capillary viscosimetry measure-

ments and DSC. The 13C NMR analysis of

the polyethylenes showed a single signal

of methylene group (CH2) at 29.59 ppm.

Signals corresponding to terminal methyl

groups (CH3) and tertiary carbon (CH)

were not detected due to their relatively

low concentrations with respect to the

methylene groups (CH2), which is an evi-

dence that all polymers were mainly linear.

Figure 1 shows the 13C NMR spectra of

the polyethylene made with TpTiCl2(OEt),

which is representative of the all polyethy-

lenes evaluated.

The capillary viscosimetry analysis

showed that the average viscosimetric

molecular weights (Mv) were strongly

influenced by the alkoxyl ligands. As can

be seen in Table 1, the Mv of the polymers

increases as the TpTiCl2(OR) steric hin-

drance increases showing the following

tendency: i-Pr> n-Bu>Et. This result sug-

gests that the alkyl chain size reduces the

ratio of chain transfer rate to propagation

rate. This property allowed us to classify the

samples as UHMWPE. The DSC analysis

of the polyethylenes showed melting

Macromol. Symp. 2007, 257, 131–138132
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temperatures around 138 8C and crystal-

linities between 39 to 47% (in the second

heating), which agrees with UHMWPE

characteristics.

The thermal properties between the

nascent powders (1st heating) and the

melt-crystallized samples (2nd heating) of

these polyethylenes were significantly

different. Although the melting tempera-

ture does not change significantly with

the type of alkoxyl group used in the

catalyst, there is a difference of almost 8 8C
between the first and second heating. The

nascent powder samples exhibit a high

peak melting temperature at 145 8C, while
the melt-crystallized samples show a lower

peak melting temperature around 138 8C.
This behavior might indicate that the

crystals in the nascent polymer are better

formed (larger) than the crystals formed

after the first melt, which implies that the

crystallization kinetics of nascent and

molten polyethylene are different. How-

ever, superheating phenomena could pos-

sibly be present due to heat diffusion

problems in the samples. Similar trends

were found when comparing the crystal-

linities of the nascent polymers and melt-

crystallized samples. In all cases, the

crystallinities of the nascent powders were

higher than those of the melt-crystallized

samples, reaching values up to 76% and

47%, respectively.

Figure 2, 3 and 4 show the effect of

sample mass (3, 5, 7 and 9 mg.), first heating

rate (2, 5 and 10 8C/min), and the tempera-

ture of isothermal treatment when the

thermal history was erased (170, 190, 210

and 227 8C) on themelting temperature and

crystallitinity of the first and second heating

for polyethylene made with TpTiCl2(OEt).

As shown in Figure 2.a, the melting

temperature of the first and second heating

increases slightly (around 1 to 2 8C) with

sample mass, remaining constant between 3

to 7 mg. This trend is in agreement with

results reported the literature,[8–10] where

superheating occurs when the sample

mass increases. However, the differences

in melting temperatures between the 1st

and 2nd meltings when different polymer

masses were used were the same in all cases

Macromol. Symp. 2007, 257, 131–138 133

Table 1.
Physical properties of polyethylenes.

Catalyst Mv� 105

(g/mol)
1st

Heating
2nd

Heating

Tm Xc Tm Xc

(8C) (%) (8C) (%)

TpTiCl2(OEt) 23.3 145.8 69 137.7 39
TpTiCl2(OiPr) 34.8 145.7 76 137.9 47
TpTiCl2(OnBu) 25.6 145.2 75 138.0 46

Figure 1.
13C NMR of polyethylene produce by TpTiCl2(OEt).
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(around 8 8C). In contrast, the crystallinity

presented an opposite behaviour to the

melting temperature (Figure 2.b). It was

observed that the crystallinity increases

when the sample mass decreases. In agree-

ment with other authors,[22] when the

polymer is treated above the melting

temperature, the entanglement density

increases with the mass, reducing the chain

mobility and hindering the crystallization.

Despite of this fact, the differences of

crystallinities between 1st and 2nd heatings

for samples of different masses were the

same in all cases (around 30%).

We also evaluated the influence of the

1st heating (thermal history erasing) at

different rates (2, 5 and 10 8C/min) on

these properties. As can be observed in

Figure 3.a, the melting temperature incre-

ases around 4 8C between 5–10 8C/min

(1st heating) with the heating rate. How-

ever, significant variations were not observ-

ed in the 2nd heating (2 8C approximately).

In contrast, for both the 1st and 2nd heatings

the crystallinity decreases when the heating

rate increases (Figure 3.b), showing a max-

imum at 5 8C/min (45% and 79%, respec-

tively). The differences in crystallinity were

around 30% between each heating of each

thermal history erasing rate tested. This

behaviour is similar to the described in the

sample mass case.

Some authors[23,24] have proposed that

UHMWPE exhibits high concentration of

tie molecules. When the nascent UHMWPE

aggregates are heated up to 190 8C, the

polymers retains its crystalline entities due

to the long molecules entanglement points,

which are present even after melting.[25,26]

In this sense, the effect of the temperature

of the isothermal treatment was analysed

upon the melting temperature and crystal-

linity, as shown in Figure 4. Figure 4.a

shows that, in the 1st heating, the melting

temperature does not show a significant

variation when the temperature of the

Macromol. Symp. 2007, 257, 131–138134

145,8

143,1143,1143,0

137,7
135,5 136,1135,6

130

135

140

145

150

9753

Sample Mass (mg)

T
m

 (
ºC

)

1st Heating 2nd Heating

69
787782

39
464645

0

20

40

60

80

100

9753

Sample Mass (mg)

X
c (

%
)

1st Heating 2nd Heating

(a) (b)

Figure 2.

Effect of sample mass on melting temperature (a) and crystallinity (b).

145,8

142,0141,7

137,0 135,8
137,7

130

135

140

145

150

1052

First Heating Rate (ºC/min)

T
m

 (
ºC

)

1st Heating 2nd Heating

69
79

71

41 45
39

0

20

40

60

80

100

1052

First Heating Rate (ºC/min)

X
c (

%
)

1st Heating 2nd Heating

(a) (b)

Figure 3.

Effect of first heating rate on melting temperature (a) and crystallinity (b).

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



isothermal treatment was increased. How-

ever, in the second heating, the melting

temperature evidenced a significant drop

(around 7 8C) when the nascent powder was
heated over 190 8C. This behaviour might

indicate that all crystalline entities initially

present in the polyethylene were destroyed

above 190 8C. Regarding the crystallinity,

both 1st and 2nd heatings showed that the

crystallinity increases with the temperature

of isothermal treatment. In agreement

with the literature,[23,26] this tend suggest

that the tie molecules were completely

destroyed during the melting process.

These experimental results indicated

that the best DSC conditions for this kind

of polyethylenes were: sample mass¼ 7 mg,

heating rate¼ 10 8C/min and isothermal

temperature treatment¼ 170C, which were

used to evaluate the polymers obtained by

the other systems.

For the TpTiCl2(OR)/MAO/ethylene/1-

hexene system, the copolymers were char-

acterized by 13C NMR, GPC and DSC. The
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presence of 1-hexene in the copolymer

was analyzed by 13C NMR. Figure 5 shows

an spectrum of a copolymer made with

TpTiCl2(OEt) which is representative of

those made with TpTiCl2(OR) complexes.

According to the ASTM X70-8605-2

method, all the spectra showed character-

istic signals of ethylene/1-hexene copoly-

mers.

As seen in Table 2, the 1-hexene con-

tent in the copolymers synthesized with

TpTiCl2(OEt) for the established comono-

mer concentrations showed a higher value

at 0.5 M (6.1 mol %). The lower 1-hexene

content (1.2 mol %) was obtained with

TpTiCl2(OiPr), which was attributed to

catalyst steric effects. The average molec-

ular weights of the copolymers made with

TpTiCl2(OEt) decreases from 18.7� 105 to

10.4� 105 g/mol as the 1-hexene concentra-

tion in the feed was increased (0.3–0.5 M).

These results are in agreement with the

propagation rate of comonomer insertion

and 1-hexene concentration. The copoly-

mers showed wide molecular weight dis-

tributions, as can be noted in Table 2, in

agreement with the results obtained by

Nakazawa et al.,[27] Jordan et al.,[28–30] and

our previous study[18] on ethylene poly-

merization. This fact is an evidence that

more of one active species is present in the

catalyst.

On the other hand, Table 2 shows the

1-hexene concentration effect on the 2nd

melting temperature. Themelting tempera-

ture did not vary significantly when the

1-hexene concentration in the feed was

between 0.3–0.4. However, at themaximum

1-hexene concentration in the feed (0.5),

the melting temperature drops down. This

behavior might indicate that when the

1-hexene content in the copolymer incre-

ases, the side chains hinder the growth of

crystal lamellae, bringing about a drop

of melting temperature. The copolymers

showed melting temperatures ranging from

126 to 131 8C and crystallinities between 47

to 49 %. Additionally, the effect of alkoxyl

group type on thermal properties was not

significant. All these properties allowed to

infer that the obtained copolymers showed

high molecular weights (around 10� 105 g/

mol) with low comonomer incorporation

(up to 6 mol-%).

A difference of 15% was observed

when the thermal properties of the nascent

powders (1st heating) and the melt-

crystallized sample (2nd heating) of the

copolymers were compared. A similar

behavior was found in the homopolymers

(Table 1), which showed a difference of

30% in its crystallinities. The lower differ-

ence observed in the copolymers case

can be a consequence of the entangle-

ment density reduction as a result of lower

molecular weights present in the copo-

lymers. This behavior allows higher chain

mobility during the crystallization process.

For the TpTiCl2(OR)/MAO/ethylene/

H2 system, the homopolymers were char-

acterized by 13C NMR, GPC and DSC. The

results are summarized in Table 3.

The 13C NMR analysis of the polyethy-

lene samples showed a single signal of

methylene group at 29.5 ppm, which shows

that all polymers were linear. It is worthy

mentioning that the weight average molec-

ular weights (Mw) were strongly influenced

Macromol. Symp. 2007, 257, 131–138136

Table 2.
Physical properties of ethylene-1-hexene copolymers.

Catalyst [1-Hex] C6 Mw� 105 (g/mol) Mw/Mn 1st Heating 2nd Heating

(M) mol-(%) Tm Xc Tm Xc

(8C) (%) (8C) (%)

0.3 3.3 18.7 28 136.7 59 130.2 48
TpTiCl2(OEt) 0.4 2.2 14.8 27 137.2 59 130.7 47

0.5 6.1 10.4 25 134.2 60 126.8 49
TpTiCl2(OiPr) 0.5 1.2 6.2 21 135.7 58 128.8 47
TpTiCl2(OnBu) 0.5 3.4 16.4 33 137.0 64 129.5 47
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by hydrogen pressure (Table 3). Thus, when

the Pethylene/hydrogen ratio was increased,

the Mw increased from 1.04� 105 to 5.23�
105 g/mol. This tendency was expected in

accordance with industrial practice, where

the decrease of the hydrogen pressure

reduces the probability of the transfer

reaction to occur as a consequence of the

drop of the hydrogen concentration in the

reaction medium around the active site. On

the other hand, the polyethylene polydis-

persities were lower than the copolymers

case. This might indicate that, for the

catalytic systems evaluated, hydrogen is

capable of inhibiting a fraction of active

species during the polymerization.

The polyethylenes showed melting tem-

peratures in the interval from 138 to 140 8C
and crystallinities between 65 to 75%.

Additionally, no significant effects on

thermal properties were observed when

the type of alkoxyl group was changed. The

characterization results evidenced that all

the properties corresponded to a high

density polyethylene (HDPE) with molec-

ular weights in the range of commercials

grades.

As seen in Table 3, it was found that

the melting temperature and crystallinity

did not show significant variation between

the 1st and 2nd heatings. This behaviour

shows that molecular weight has an impor-

tant influence on the thermal properties

of the melt-crystallized sample: the differ-

ences in the thermal properties between the

nascent powders and the melt-crystallized

samples were higher when the molecular

weight increased.

Conclusions

The characterization by 13CNMR, capillary

viscosimetry or GPC, and DSC, showed

that the catalytic system has an impor-

tant influence on the final properties of

nascent powders. Important differences

were observed between the thermal proper-

ties obtained from the first DSC heating

(nascent powders) and the second DSC

heating (melt-crystallized samples). This

behaviour was attributed to the crystal-

lization process during the polymer synthe-

sis which likely leads to less entangled

morphologies (better formed crystals) than

those obtained with the melt-crystallized

sample, due to the fact that the crystal-

lization kinetics of the nascent and molten

polyethylene are different. Furthermore,

an important influence of the molecular

weight on the melting temperature and

crystallinity of the melt-crystallized sam-

ples was corroborated.
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Characterization of LDPE grafted with Diethylmaleate

by Gamma Radiation: Application of FTIR, GPC and

SSA Techniques

Y. Sánchez,1 C. Albano,*1,2 R. Perera,*3 A. Karam,1 P. Silva4

Summary: The grafting of diethyl maleate onto low-density polyethylene using

gamma irradiation as initiator has been evaluated. The grafting degree was estimated

by FTIR and with the use of a calibration curve. The functionalized polymers were

characterized by DSC, MFI, SSA and GPC. An increase in the grafting degree with the

radiation dose and the concentration of the functional monomer was found.

Branching seemed to be the preferential reaction induced by radiation, causing

an increase in average molecular weights with the consequently reduction of melt

flow index values. The molecular segregation induced by the calorimetric treatment

showed that grafting occurs preferentially through secondary carbon sequences.

Keywords: diethylmaleate; gamma radiation; grafting; GPC; polyethylene; SSA

Introduction

The enhanced compatibility properties of

grafted polyethylenes have increased their

interest due to their potential applications,

especially in the improvement of interfacial

adhesion in composites and polymers

blends,[1] as a consequence of the presence

of polar groups able to provide interaction

sites for hydrogen or covalent bonding.[2–5]

Polymer grafting has been reported by

extrusion and solution methods.[3,5–6] Using

these techniques, several functional mono-

mers with unsaturated polar groups have

been tested,[2–11] e.g.: maleic anhydride,

maleic acid, acrylic acid, maleic and fumaric

esters, diethyl maleate, etc. These studies

additionally have shown that other reac-

tions can occur while the functionalization

reaction takes place, such as monomer

homopolymerization, crosslinking and cou-

pling reactions. However, some of these

reactions can be prevented using diethyl

maleate, because in this case insertion is the

prevailing mechanism.[4–5]

As it is well known, the grafting

mechanism requires a radical initiator able

to promote the functional monomer inser-

tion.[4] In this sense, the study of the effects

of gamma rays in polymers[12–14] has allowed

proposing grafting by gamma radiation as a

promising method for the insertion of

functional groups into different polymer

matrices, considering its advantages such as

the high radical generation rate with the

additional exclusion of chemical initiator

agents.[15–17]

The study of grafting by gamma irradia-

tion could be similar to other methodolo-

gies used, where the grafting degree is

related to monomer and initiator concen-

tration, chemical nature of the substrate,

with the additional consideration of the

radiation conditions. However, it is well

known that exposition to g-rays can induce

polymer modifications[18–19] Therefore, the

selection of appropriate grafting conditions

is an important task.
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In this sense, interesting results in

preliminary studies have been found in

our laboratory[20] when diethyl maleate

(DEM) was grafted onto low-density poly-

ethylene (LDPE) using different radiation

doses and varying the monomer concentra-

tion. In this work, the grafted polymer was

characterized to determine the degree of

DEM incorporation and the g-ray dose

effects on its properties.

Experimental Part

A commercial low-density polyethylene

(LDPE) supplied by CORAMER, C.A.,

with a MFI of 4.06 dg/min, determined at

190 8C and 2.16 kg according to ASTM

D-1238 standard procedure, was used.

Solutions were prepared at 10% wt/vol

using a blend of cis and trans decahydro-

naphtalene (Decalin 99%), supplied by

Riedel de Haën, as solvent. Ethanol and

n-hexane were employed as washing sol-

vents. Diethyl maleate (DEM), manufac-

tured by Aldrich Chemical Company Inc.

was used as the functional monomer.

Solutions of LDPE and 30% DEM in

decalin were prepared and irradiated with

g-rays from a 60Co source in air at a dose

rate of 4.8 kGy/h at room temperature. The

Integral doses were 50, 100, 200 kGy. The

grafting degree (GD), was determined by

Fourier transform infrared spectroscopy

(FTIR) in a Nicolet Magna-IR 560 spectro-

meter, measuring the ratio of absorption

band areas at 1740 cm�1, corresponding to

the C¼O of the DEM, and at 1460 cm�1

(A�1
1740cm/A

�1
1460cm) a band characteristic of

polyethylene. Relative areas of these

absorption bands are proportional to the

concentration of carbonyl groups (C¼O) in

the polymer. The molar concentration

percent (% molar) was estimated using a

calibration curve reported elsewhere,[10]

which relates this area ratio with the molar

concentration of DEM determined experi-

mentally by 13C NMR.

Samples were characterized by FTIR

using a NICOLETMagna-IR 560 equipment.

Spectra were recorded from compression-

molded films at 190 8C. The unsaturation

bands were followed, identifying the char-

acteristic bands present in the grafted

polymers and establishing the correspond-

ing band area ratios, using the peak at

1460 cm�1 as the internal standard band

for LDPE.

The average molecular weights and

molecular weight distribution were mea-

sured by gel permeation chromatography

(WATERS Alliance GPCV 2000) at 135 8C
with 1,2,4-trichlorobenzene as mobile phase,

stabilized with 0.25 g/l of butylated hydro-

xytoluene (BHT). The results were ana-

lyzed using a universal calibration curve

based on polystyrene standards.

The distribution of melting points

induced by the self-nucleation annealing

technique (SSA) developed by Muller

et al.[21] was recorded in a Mettler Toledo

DSC 821. Once the thermal history was

erased, the sample was heated at 10 8C/min

up to the selected self-seeding and anneal-

ing temperature (Ts), where it was iso-

thermally kept for 5 min and then cooled

down to 25 8C. Then, the sample was heated

again to a new self-seeding and annealing

temperature, which was 5 8C lower than the

previous Ts and held again for 5 min before

cooling to 25 8C at 10 8C/min. This thermal

treatment was repeated, being each Ts 5 8C
lower than the previous one, until the

minimum temperature selected was reached.

Finally, the sample was heated at 10 8C/min

up to 170 8C and its thermogram recorded.

Results and Discussion

Figure 1 evidences the feasibility of using

gamma radiation as initiator in the functio-

nalization reaction of LDPE with DEM.

The GD, known as the molar concentration

of the functional monomer inserted into the

polymer chains, was found to be dependant

on the radiation dose, increasing as higher

doses were used. The functionalized poly-

mers in this study achieved a maximum

grafting degree of 0.34 molar% at 200 kGy.

That means that the polymer needs higher

radiation energies in order to produce

Macromol. Symp. 2007, 257, 139–146140

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



enough number of radicals that can induce

the functional monomer insertion.

FTIR spectra not only allowed identifying

the DEM insertion, but also to identify[22]

and quantify[6] the vinyl unsaturations,

through the absorption bands analysis in

the region 1000–800 cm�1(Figure 2). The

observed bands were assigned to out of

plane C–H vibrations, associated to pen-

dant vinyl groups (R2C¼CH2) at 887 cm�1

and transvinylene groups (RCH¼CHR) at

967 cm�1. The presence of these bands

depends on the radiation dose, because the

transvinylene group is evident only when

high radiation doses are employed. This

group has been related[22] to the generation

of long chain branching and additional

unsaturations, due to the coupling reactions

between radicals that take place, simul-

taneously, with the grafting reaction

Macromol. Symp. 2007, 257, 139–146 141

Figure 1.

Grafting degree of LDPE at different radiation doses, using 30% DEM in the solution.
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Figure 2.

FTIR of grafted LDPE at different radiation doses, using 30% DEM in the solution; detail of the 800–1000 cm�1

region.
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(Figure 3). Theses bands were more

pronounced at 200 kGy, evidencing that

the branching reaction can occur addition-

ally as a consequence of radiation effects.

Table 1 shows that the pendant vinyl

groups are consumed during the grafting

reaction, while the amount of trans-vinyl

groups corresponding to long-branch for-

mation increases, which is a consequence of

coupling allylic radicals.[6] Additionally, the

content of pendant vinyl groups increase

with the radiation dose at doses higher than

50 kGy, which could be a consequence of

other secondary reactions like branch

scission, as Figure 4 shows. Branch scissions

take place at lower proportions. Thus, their

effect on the molecular-weight distribution

curve is negligible. Additionally, the inter-

connection of the long branches could lead

to crosslinking of the polymeric chains.

Macromol. Symp. 2007, 257, 139–146142

Figure 3.

Mechanism of long-chain branching and/or crosslinking: (a) allyl hydrogen abstraction; (b) H abstraction to form

a secondary radical; (c) reaction of products from (a) and (b) to form long branches.[22]
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Figure 5 shows the molecular weigh

distribution curves of the grafted products,

which show a noticeable displacement

towards the fractions of higher molecular

weights. An increase in the high molecular

weight portion of the distribution curve

with the radiation dose is clearly seen. This

effect was attributed to the branching or

crosslinking reactions that caused an

increase in the average molecular weight

compared to that of the unmodified LDPE,

as shown in Table 2. The polydispersity

Macromol. Symp. 2007, 257, 139–146 143

Table 1.
Absorbance area ratios of unsaturations of grafted LDPE at different radiation doses, using 30% DEM in the
solution.

Absorbance Area Ratios of Unsaturations �103

Pendants Vinyls
Group 887 cm�1/1460 cm�1

Trans-Vinyl
Group 967 cm�1/1460 cm�1

0DEM_0kGy 8.9 0.0
30DEM_30kGy 2.7 0.2
30DEM_50kGy 2.8 0.2
30DEM_200kGy 3.5 4.7
30DEM_400kGy 6.7 10.6

Figure 4.

Formation of pendant unsaturation in tertiary radical.[23]
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Figure 5.

Molecular-weight distribution curves of grafted LDPE at different radiation doses, using 30% DEM in the

solution.
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index (PDI) value change only at high

radiation doses, where a reduction in its

value was observed.

The final DSC curves, obtained after

applying the SSA technique, showed the

heterogeneity in the branching distribution,

according to the segregation mechanism

based on similar lengths of linear crystal-

lizable sequences.[21] The final SSA ther-

mograms showed nine fractions (Figure 6),

corresponding to the segregation of the

chains as a function of the branching

content. As it is clearly noticed, the area

under the peak with the highest melting

temperature decreases significantly with

the radiation dose, corresponding to the

increase in grafting degree. This fact

indicates that the insertion of DEM pro-

duced an interruption in the more linear

sequences, showing that the grafting occurs

preferentially in secondary carbons.[21,22,24–25]

This fact could be corroborated comparing

the results showed in Table 3, where a

significant reduction in the partial area of

the peak with the highest melting point in

the grafted LDPE is observed, simulta-

neously with an increase in the melting

peak areas of the fractions with higher

branch contents. The maximum area reduc-

tion was observed in the LDPE grafted at

200 kGy. However, this modification could

also be attributed to long-branch genera-

tion, as a consequence of radiation effects,

which are as well able to interrupt the linear

sequences. This fact was evidenced com-

paring the SSA curve of the neat irradiated

LDPE, as shown in Figure 7. Additionally,

no significant changes were observed in the

melting temperatures of each fraction,

which only depended on the chosen self-

seeding temperature.

Conclusions

The characterization results evidenced the

grafting of LDPE by gamma rays. LDPE

needs high radiation doses in order to

produce high grafting degrees. The gen-

eration of branching and unsaturations in

the LDPE molecular structure depends on

Macromol. Symp. 2007, 257, 139–146144

Table 2.
Average molecular weights of grafted LDPE at differ-
ent radiation doses, using 30% DEM in the solution.

Radiation Dose Mn Mw PDI

0DEM_0 kGy 8233 158680 19.3
30DEM_30 kGy 13099 239267 18.4
30DEM_50 kGy 20109 387837 19.3
30DEM_100 kGy 28982 410477 14.2

Figure 6.

SSA curves of grafted LDPE at different radiation doses, using 30% DEM in the solution.
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the radiation dose and induced a significant

increase in average molecular-weights. The

insertion of DEM produced an interruption

of the more linear sequences, which means

that the functional monomer follows an

insertion mechanism onto the secondary

carbons.

Acknowledgements: The authors acknowledge
FONACIT for its financial support through
Grant F-2000001365.

[1] D. R. Paul, C. B. Bucknall, Polymers Blends, Eds.,

John- Wiley Sons, New York Vol. 1 and 2, 2000.

[2] N. G. Gaylord, R. Mehta, V. Kumar, M. Tazy, J. Appl.

Polym. Sci. 1992, 44, 1941–1949.

[3] N. Liu, W. Baker, K. Russell, J. Appl. Polym. Sci. 1990,

41, 2285–2300.

[4] M. Aglietto, R. Bertani, G. Ruggeri, L. Segre,

Macromolecules 1990, 23, 1928–1933.

[5] M. Aglietto, R. Bertani, G. Ruggeri, F. Ciardelli,

Makromol. Chem. 1992, 193, 179–186.

[6] C. Rosales, R. Perera, M. Ichazo, J. Gonzalez, H. Rojas,

Y. Sanchez, A. Diaz-Barrios, J. Appl. Polym. Sci. 1998, 70,

234.

Macromol. Symp. 2007, 257, 139–146 145

Figure 7.

SSA curves of neat LDPE irradiated at different absorbed doses.

Table 3.
Partial areas and melting peak temperatures of grafted LDPE at different radiation doses, using 30% DEM in the
solution as a function of self-seeding temperature (Ts) and radiation dose.

Ts Radiation Dose (kGy)

% Area Melting Temperature (8C)

0 30 50 100 200 400 0 30 50 100 200 400

112 32.2 25.8 22.5 26.4 25.6 20.0 112 111 111 111 112 112
107 15.0 21.0 18.3 19.1 19.3 22.3 106 106 106 106 107 107
102 12.5 13.9 13.2 13.4 12.2 15.2 101 101 101 101 102 102
97 9.7 10.4 9.8 9.8 10.0 11.6 96 96 96 96 102 97
92 7.2 7.1 8.6 7.8 5.8 8.9 91 91 91 91 91 92
87 5.9 6.2 6.3 6.0 5.8 6.1 86 86 86 86 87 87
82 4.8 5.2 4.5 5.0 5.4 4.7 82 81 81 81 82 83
77 3.9 3.5 4.8 4.2 4.2 3.8 77 76 77 76 77 78
72 3.4 2.7 3.2 2.5 3.5 2.9 72 72 72 72 73 73

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



[7] A. y. Simmons, W. Baker, J. Polym. Eng. Sci 1989, 29,

16, 1117–1123.

[8] R. Greco, G. Maglio, P. Musto, J. Appl. Polym. Sci.

1989, 37, 777–788.

[9] K. y. Ganzelved, L. Janssen, Poly. Eng. Sci. 1992, 32,

7, 467–474.

[10] C. Rosales, L. Márquez, J. González, R. Perera, B.
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Thermal Stability Evaluation of PA6/LLDPE/

SEBS-g-DEM Blends

Luis Cataño,1 Carmen Albano,*1,2 Arquı́medes Karam,1

Rosestela Perera,3 Pedro Silva4

Summary: The thermal stability of a polyamide-6/low linear density polyethylene

blend (PA6/LLDPE) was studied using thermal analysis techniques. The thermogravi-

metric studies carried out showed that when a diethyl maleate grafted styrene-

ethylene/butadiene-styrene terpolymer (SEBS-g-DEM) is added to the PA6/LLDPE

blend there is an actual enhancement of the thermal stability due to the increase in

the interfacial area within the blend. The Invariant Kinetic Parameter method (IKP)

proved to be a qualitative technique unfolding the type of degradation mechanisms

taking place in the material vicinity. Nucleation and phase boundary reactions are the

kinetic models of thermal decomposition with the most significant probability of

occurring.

Keywords: activation energy; compatibility; IKP; polyethylene (PE)

Introduction

Linear low-density polyethylene (LLDPE)

has a widespread range of applications due

to its properties arising from the comono-

mer addition.[1,2,3] From toy design to com-

plex engineering applications, this polymer

shows an exceptional performance. How-

ever, some of its properties limit its expan-

sion towards new application fields, such as

those requiring adhesion characteristics.

Hence, there has been recent works related

to the modification of the properties of

LLDPE involving addition of different

polymeric components.

On the other hand, PA6 is one of the

engineering plastics most used on indus-

trial applications. It has been blended with

LLDPE in order to get the best of both

polymers’ characteristics in one material.

However, because of their different nat-

ures, the PA6/LLDPE interface must be

optimally increased by means of an inter-

facial or compatibilizing agent, such as a

SEBS terpolymer.[4]

In the present work, the thermal stability

of a PA6/LLDPE blend when SEBS-g-

DEM is used as a compatibilizer agent was

studied.

Experimental Part

Materials

A LLDPE with 1-butene as comonomer

(SCLAIR1 11D1) provided by Dupont, a

PA6 (Sniamid1 ADS 50), a SEBS terpoly-

mer (Kraton1), DEM supplied by Sigma

Chemical, dicumyl peroxide provided by

Aldrich Chemical, Irganox B1171 and

Irganox 1098 supplied by CIBA, were used.

Blend Preparation

The SEBS terpolymer was functionalized

through reactive extrusion in a Berstorff

ECS-2E25 corotating twin-screw extruder,

using DEM as a comonomer and DCP as
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initiator under the conditions shown in

Table 1. The grafting degree achieved in

SEBS-g-DEM functionalization lies around

0.4 wt %. This grafting degree was deter-

mined according to Rosales et al.[5] by

FTIR and a calibration curve.

The PA6/LLDPE (20/80% wt., respec-

tively) and PA6/LLDPE/SEBS-g-DEM

blends were prepared in a Werner & Pflei-

derer ZSK-30 corotating twin-screw extru-

der under the conditions shown in Table 1.

The compatibilizer (SEBS-g-DEM) was

added at a concentration of 5% wt. Irganox

B-1171 and Irganox 1098 were added

before melt blending (0.5 and 0.25% wt.,

respectively) to avoid thermal degradation

during processing.

Thermogravimetric Analysis (TGA)

Thermograms were obtained by thermo-

gravimetric analysis on a Mettler-Toledo

TGA/STDA851e thermal analyzer under

the following conditions: samples of 10 mg

each were heated up to a temperature of

800 K under nitrogen atmosphere and vari-

ous heating rates (bi¼ 5, 15 and 20 8C/min).

Subsequently, thermal kinetic para-

meters were determined by means of the

Invariant Kinetic Parameters method.[6]

Molau Test

The Molau test[7] was performed on the

blends in order to determine if there was a

possible compatibilizing effect. Samples of

the blends were dissolved in concentrated

formic acid (2% w/v solution) and allowed

to rest for 8 h at room temperature.

Scanning Electron Microscopy

Scanning ElectronMicroscopy (SEM) anal-

yses were carried out on the cryogenically-

fractured surface of compression-molded

samples using a Philips 505 microscope.

Samples were metallized with gold-

palladium.

Invariant Kinetic Parameters (IKP)

Method[8,9,10]

Todetermine the invariant activation energy

(Einv) and the pre-exponential factor (Ainv)

the rate expression, da/dt, was assumed to

be equal to the following equation:

da

dt
¼ k� f ðaÞ (1)

where a is the degree of conversion and

k ¼ A� expð�E=RTÞ according to Arrhe-

nius law.

Eighteen apparent activation energies

(Eiv) and pre-exponential factors (Aiv) were

determined employing the Coats-Redfern

method.[11] The IKP method is based on

the principle of the compensation effect

quite well reviewed in the literature. For

each function fj(a) proposed by themethod,

log(Aj) versus Ej is plotted. If a compen-

sation effect is observed, then a linear

relationship is seen for each heating rate bv,

which is defined by the following expres-

sion:

logAiv ¼ Bv þ lvEjv (2)

where Aiv and Ejv are the apparent pre-

exponential factor and the activation energy,

respectively, calculated using a function

fj(a) at bv.

Inappropriate assigning of the kinetic

model function results in the distortion of

the kinetic parameters and in the false or

superficial classification of the compensa-

tion effect.

The values Bv and lv are calculated from

the intercept and the slope of the straight

lines obtained by Equation (2). Lesnikovich

Macromol. Symp. 2007, 257, 147–157148

Table 1.
Conditions used in blending and SEBS grafting.

Condition Grafting Mixing

Temperature profile (8C) 238-227-238-238-238 130-225-238-218-216
Melt Temperature (8C) 244 232
Die Temperature (8C) 225 225
Pressure drop (psi) 1000 750
Screw rate (rpm) 50 110
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and Levchik[8,9] discussed the significance

of these values and demonstrated the

following relationships:

Bv ¼ logðkvÞ (3)

lv ¼ ð2:3RTvÞ�1 (4)

where kv is the rate constant at of the system

at the temperature Tv; these two parameters

are characteristic of the experimental

conditions.

The curves log(kv) versus 1/Tv are plotted

in order to calculate the intercept and slope

of this equation:

logðkvÞ ¼ log Ainvð Þ � Einv=2:3RTv (5)

which finally results in the values of the

invariant activation energy and the pre-

exponential factor of the evaluated sample.

The probabilities associated with the 18

degradation functions proposed in the liter-

ature are presented in Table 2. The degra-

dations are complex phenomena and must

be represented by a set of functions instead

of a single one.

Results and Discussion

The thermograms of PA6/LLDPE/SEBS-g-

DEM are presented in Figure 1 for three

heating rates under nitrogen atmosphere.

Thermal decomposition proceeded in a

single step; however, for the higher heating

rate, a slight change in the slope as the

sample heats up can be seen. The main

decomposition step takes place in a broad

temperature range (680-780 K). Moreover,

the TGA thermograms of PA6/LLDPE/

SEBS-g-DEM shift towards the right as

the heating rate increases in the samples.

No significant difference could be noticed

between the thermograms with and without

the interfacial agent.

DTG curves of PA6/LLDPE/SEBS-g-

DEM are shown in Figure 2. Degradation

rates are being shifted to higher tempera-

tures due to the use of higher heating rates

which promote a difference in the tempe-

rature profile in the sample. As the heating

rate increases, there are some differences in

the occurrence of the degradation reaction

mechanisms. For instance, the DTG peak

shifts towards the right and decrease its

degradation rate as the heating rate incre-

ases (Figure 2(a)). On the other hand, PA6/

LLDPE DTG curves (Figure 2(b)) do not

exhibit a remarkable change on the degra-

dation rate, possibly due to the fact that

there is no interfacial area enough to reach

Macromol. Symp. 2007, 257, 147–157 149

Table 2.
Degradation functions used in the IKP method.[6]

Kinetic models fj(a) gj(a) Observations

Nucleation and nucleus
growth

1
n
ð1� aÞð� lnð1� aÞÞ1�n ð� lnð1� aÞÞn S1-n¼ 1/4

S2-n¼ 1/3
S3-n¼ 1/2
S4-n¼ 2/3

Phase boundary reaction ð1� aÞn 1� ð1� aÞ S6 Plane Symmetry

2 1� ð1� aÞ1=2
h i

S7 Cylindrical Symmetry

3 1� ð1� aÞ1=3
h i

S8 Spherical Symmetry

Diffusion 1=2a�1 a2 S9 Plane Symmetry

ð� lnð1� aÞÞ�1 ð1� aÞ lnð1� aÞ þ a S10 Cylindrical Symmetry

3=2 ð1� aÞ�1=3 � 1
h i�1

1� 2=3a� ð1� aÞ2=3 S11 Spherical Symmetry

3=2ð1� aÞ1=3 ð1� aÞ�1=3 � 1
h i�1

ð1� aÞ1=3 � 1
h i2 S18 Jander’s Type

Potential law ð1=nÞa1�n anð0 < n < 2Þ S12-n¼ 1/4
S13-n¼ 1/3
S14-n¼ 1/2
S17-n¼ 3/2

Reaction order ð1� aÞ � lnð1� aÞ S5-n¼ 1

ð1=nÞð1� aÞ1�n
1� ð1� aÞ1=2 S15-n¼ 1/2

1� ð1� aÞ1=3 S16-n¼ 1/3
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an activation of different decomposition

models.

This phenomenon is in agreement with

those reported in the literature[12] on the

basis of using several heating rates with the

purpose of calculating the thermal kinetic

parameters.

The IKP method uses the compensation

effect in order to determine the values that

would serve us to calculate the invariant

parameters independent of the heating rate

employed. Figure 3 illustrates the linear

relationship found between log(Aj) and Ej

for PA6/LLDPE/SEBS-g-DEM blend at
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Figure 1.

(a) PA6/LLDPE/SEBS-g-DEM and (b) PA6/LLDPE thermograms.
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several heating rates. A similar trend is

observed for PA6/LLDPE blend.

Once the straight line is obtained from

the apparent kinetic parameters determined

through the Coats-Redfern method, the

values Bv and lv are then calculated in order

to plot a new straight line whose slope

and intercept correspond to the invariant

activation energy and pre-exponential fac-

tor, respectively.
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DTG curves of (a) PA6/LLDPE/SEBS-g-DEM and (b) PA6/LLDPE.
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The invariant kinetic parameters obtain-

ed are depicted in Table 3. These results

show that the addition of the interfacial

agent in the PA6/LLDPE blend improves

the thermal stability of the material.

The calculated invariant activation

energy for the PA6/LLDPE/SEBS-g-DEM

was 540 KJ/mol, which shows an increase of

nearly 100% when compared to that of the

PA6/LLDPE blend. This could be due to

the better phase dispersion achieved when

the SEBS-g-DEM is added to the blend,

which is somehow improving the thermal

stability of the material. Additionally,

the IKP method allowed determining the

probabilities of several degradation mecha-

nisms to occur. The kinetic models assumed

in the thermal decomposition are shown in

Table 2.

Degradation profiles are governed by

a combination of nucleation and phase

boundary reactions in both of the studied

blends. The probabilities of phase bound-

ary reaction and nucleation mechanisms

(Figure 4 and 5) were raised by 26%,

accounting for an increase of the surface

area between PA6 and LLDPE on the

samples, evidencing that SEBS-g-DEM

could effectively be acting as a compatibi-

lizing agent in this blend, supporting the

increase of the Ea. The Molau test also

evidenced this phenomenon. Differences

on material reactivities cause the blend to

exhibit a thermal resistance.[13] Nucleation

and nucleus growing reaction mechanisms

were the most probable to take place in

both samples, with and without SEBS-g-

DEM.

On the other hand, Figure 6 presents the

dependence of the kinetic functions taking

place in the degradation with the degree of

conversion achieved by the material. The

equation plotted in Figure 6 is given by:

f ðaÞ ¼
X

j¼1to18

ð%ÞfjðaÞ (6)

The continuous line represents the

behavior of the PA6/LLDPE, while the
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Figure 3.

Compensation effect observed in PA6/LLDPE/SEBS-g-DEM.

Table 3.
Invariant kinetic parameters obtained by the IKP
method.

Sample Einv (KJ/mol) log Ainv

PA6/LLDPE 283 19.03
PA6/LLDPE/SEBS-g-DEM 519 35.15
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dotted curve belongs to the PA6/LLDPE/

SEBS-g-DEM. The influence of the addi-

tion of SEBS-g-DEM turns significant at

early degradation stages when it starts

decomposing in its surface. However, this

influence decreases as the degree of con-

version increases. On the other hand, for

the PA6/LLDPE blends, the curve stays

flat indicating that there is not a signi-

ficant dependence of those kinetic models
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Probability distribution of the 18 kinetic models used in the IKP method for the PA6/LLDPE blend.
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Probability distribution of the 18 kinetic models used in the IKP method for the PA6/LLDPE/SEBS-g-DEM blend.
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occurring with the degree of conversion.

Still, at lower conversion degrees, the PA6/

LLDPE/SEBS-g-DEMexhibits higher func-

tion values, but when the conversion degree

rises (a> 0.4), the function values of the

PA6/LLDPE/SEBS-g-DEM decreases even

to lower values than those of the PA6/

LLDPE, which is attributed to a protective

barrier[14] due to the better phase disper-

sion achieved by the interfacial agent. This

statement is confirmed by scanning electron

microscopy (SEM). SEM micrographs are

shown in Figure 7.

The degradation rates V versus a and T:

V ¼ Ainv � exp �Einv=RTð Þ
�

X
j¼1to18

%ð Þfj að Þ (7)

are plotted in Figure 8 and 9 for PA6/

LLDPE and PA6/LLDPE/SEBS-g-DEM
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SEM micrographs of (a) PA6/LLDPE and (b) PA6/LLDPE/SEBS-g-DEM.
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Degradation rate of PA6/LLDPE versus conversion degree and temperature.
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Degradation rate of PA6/LLDPE/SEBS-g-DEM versus conversion degree and temperature.
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samples, respectively. The 3D plots show

that the blend without the interfacial agent

decomposes faster at higher temperatures

and at any given conversion degree than the

PA6/LLDPE/SEBS-g-DEM blend. Degra-

dation rates are lower in the blend with the

interfacial agent, evidencing that its inclu-

sion enhances the thermal stability of the

blend.

Conclusions

The thermogravimetric analysis carried out

in these samples showed that when the

SEBS-g-DEM is added to the PA6/LLDPE

there is an actual enhancement of the

thermal stability due to the increase in the

interfacial area within the blend. The IKP

method proved to be a qualitative techni-

que evidencing the type of degradation

mechanisms taking place in the material

vicinity. Nucleation and phase boundary

reactions are the kinetic models on the

thermal decomposition more likely of

occurring. Statistical calculations along

with the Molau test evidenced that the

inclusion of SEBS-g-DEM in the PA6/

LLDPE increases the thermal stability.

Appendix[15]

The degradation is modeled by computing

the probabilities associated with the 18

degradation functions showed in Table 2.

Degradation of a polymer material often

cannot be represented with a single degra-

dation function. The kinetic functions fj(a)

may then be discriminated using the log Ainv

and Einv values obtained. Having n of the

ith of the experimental values of (da/dT)iv,

the residual sum of squares for each fj(a)

and for each heating rate bv may be

computed as:

ðn� 1ÞSj2jv

¼
Xi¼n

i¼1

da

dT

� �
iv

�Ainv

bv

exp � Einv

RTiv

� �
fj aivð Þ

����
����
2

(A1)

The most probable function is then

chosen by the average minimum value of

Sj defined by the relationship,

Sj ¼ 1

p

Xv¼p

v¼1

Sjv (A2)

where p is the number of heating rates used.

The probability associated with each value

fj(a) can be calculated by defining the ratio,

Fj ¼
S
2

j

S
2

min

(A3)

where S
2

min is the average minimum of

residual dispersion. This ratio obeys the F

distribution,

qðFjÞ ¼ GðvÞ
G2ðv=2Þ

F
ðv=2Þ�1
j

ð1þ FjÞv (A4)

where n is the number of degrees of freedom

equal for every dispersion and G is the

gamma function. It is interesting to note

that the average of the residual dispersion,

and not simply the residual dispersion, was

chosen to define the ratio Fj because the

average S
2

j is a good non-biased estimate of

all S2jv values and gives a better statistic

representation of the process.

The probabilities of the jth function

are computed on the assumption that the

experimental data with L kinetic functions

are described by a complete and indepen-

dent system of events:

Xj¼L

j¼1

Pj ¼ 1 (A5)

Therefore we obtain:

Pj ¼ qðFjÞPj¼L

j¼1

qðFjÞ
(A6)
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Using Solvents to Improve the Chemical Shift

Differences Between Short-Chain Branch Methines

and Long-Chain Branch Methines in

Polyethylene Copolymers

Dan Baugh,*1 O. David Redwine,2 Angela Taha,1 Ken Reichek,1 Janece Potter1

Summary: Detection and quantification of long-chain branches in some polyethylene

copolymers is challenging due to the near coincidence of the chemical shifts for the

carbons at the short-chain and long-chain branches present in these copolymers. The

small chemical shift difference can be enhanced by changes in solvent and tempera-

ture. This allows one to use lower field magnets for some copolymers. Results are

presented comparing several solvents and blends at a variety of temperatures using

500, 600 and 750 MHz spectrometers.

Keywords: branched; LLDPE; NMR; polyethylene (PE); solvent

Introduction

Ethylene-octene and ethylene-hexene

copolymers are common linear low density

polyethylene (LLDPE) polymers, repre-

senting over 75% of the total LLDPE

market. As new materials are developed

and commercialized for this growing market

(6% global annual growth rate), it is expec-

ted that ethylene-octene and ethylene-

hexene copolymers will continue to con-

stitute a major portion of it. To fully

evaluate these new materials, it is of critical

value to expand and improve the available

analytical methods for long-chain branch-

ing (LCB) analysis. Detection and quanti-

fication of LCB in these copolymers is

challenging due to the near coincidence of

the chemical shifts for the carbons at the

short-chain branches (SCB) and long-chain

branches present in these copolymers

(Figure 1).

Solvent screening experiments have

shown that solvent and temperature effects

on the shift difference between the short

and long-chain branch methines are quite

significant. The small chemical shift differ-

ence observed in samples prepared using

high boiling chlorinated aromatic solvents

can be enhanced by changes in solvent and

temperature. This allows one to use lower

field magnets for some copolymers. A

combination of resolution enhancement,

solvent selection, sample temperature and

high magnetic field (188 MHz, 150 MHz

and 125 MHz 13C) have been used to

achieve enhanced resolution for the respec-

tive methine carbons of these two branch

types. Quantification of LCB was validated

by the measurement of a controlled sample

that contained a known amount of long-

chain branches.

This work is a continuation of the

extensive application of NMR, rheology,

and solution property methods to charac-

terize polyolefins.[1] This capability will

allow extended characterization of compe-

titive copolymers and enhanced materials

science understanding of new polyolefin

materials.
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Experimental Part

Sample Preparation

A total of 0.45 g of polymer is weighed

into a 10 mm o.d. NMR tube. The solvent is

added to the NMR tube. The tube is capped

and placed in a heating block. The nominal

temperature of the heating block is 150 8C.
The hot sample is frequently mixed using a

vortex mixer or a Buchi oven with rotating

sample holder. The solvents used in this

study are marginal polyethylene solvents;

therefore preparation of a homogeneous

sample is tedious. A significant amount of

time and mixing is required to achieve

solutions of sufficient homogeneity.

Sample Description

The total polymer weighed is a mixture of

a linear low density ethylene-hexene or

ethylene-octene copolymers and a long-

chain branched homopolymer containing a

known amount of branching. The various

solvents used in this study are summarized

in Table 1.

Data Acquisition

Nalorac high temperature 10 mm Z-spec

probes were used at both 600 MHz and

750 MHz. Prior to data acquisition, the

observed pulse widths are verified for both

the 13C and 1H channels. Typical acquisition

parameters for the Varian Inova 500 and

600 MHz and Varian Unity Plus 750 MHz

NMR spectrometers are 64 K data file,

3.3 sec repetition rate and a 908 pulse width.

Data Processing

Chemical shift assignments are based on

previously determined values of 30.0 ppm

for the backbone methylene signal.[2,3] All

data processing is done using NUTS (NMR

Utility Transform Software) available from

Acorn NMR.[4] The data files were pro-

cessed with a weak Gaussian apodization

function by setting LB¼�0.7 Hz and GF¼
0.10. This effectively changed the lineshape

from Lorentzian to Gaussian without sig-

nificant resolution enhancement except at

the peak base.

Results and Discussion

The primary feature of interest when

quantifying LCB in these copolymers is

the separation between the LCB CH and

the CHof the SCB associated with the EOE

Macromol. Symp. 2007, 257, 158–161 159
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Methine Carbons

Figure 1.

Structure illustrating SCB and LCB methine carbons in an ethylene-octene (EO) copolymer.

Table 1.
Solvent compositions used in this study.

Name Composition

TCE/ODCB 50/50 by weight 1,1,2,2-tetrachloroethane (TCE-d2) and o-dichlorobenzene (ODCB).
Biphenyl 90/10 wt/wt biphenyl/biphenyl-d10
Mesitylene 90/10 wt/wt 1,3,5 trimethyl benzene and 1,3,5 trimethyl benzene-d12
Biphenyl/TCE 3.6/1 wt/wt biphenyl/TCE-d2
Naphthalene 90/10 wt/wt naphthalene/naphthalene-d8
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or EHE triad. It is this chemical shift

separation that has been adjusted by using

various solvents in this work. It is also

important to maintain some resolution

between the LCB CH resonance and the
13C satellite resonance of the SCB CH

resonance. The optimum placement of the

LCB methine signal is approximately 8.5

to 9 Hz down-field from the SCB CH

resonance as shown in Figure 2 for an

ethylene-hexene copolymer in biphenyl/

TCE at 150 MHz 13C. Using chlorinated

aromatic solvents this degree of separation

requires a magnetic field in excess of

Macromol. Symp. 2007, 257, 158–161160

Figure 2.

A 150 MHZ 13C spectrum of a sample containing a mixture of a linear ethylene-hexene copolymer and a

long-chain branched HDPE. The LCB spike has a known level of 0.24 LCB per 1,000 total carbons.
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Figure 3.

A bar chart comparing the LCB-SCB methine separation at 120 8C for an ethylene-octene copolymer. The

optimum solvent, naphthalene, gives a separation at 125 MHz which is over 2.5X the separation observed in the

usual chlorinated solvent system at 188 MHz.
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750 MHz. A comparison of the LCB-SCB

methine resonance separation is plotted in

Figure 3. Figure 4 shows the resolved

SCB and LCB methine signals for an EO

copolymer.

Conclusions

The NMR methods described in this report

produce 13C spectra that satisfy the resolu-

tion and sensitivity requirements for LCB

analysis in ethylene-hexene or ethylene-

octene copolymers produced by transition

metal polymerization. Dramatic shift enhan-

cements have been observed for a variety

of solvents using biphenyl and naphthalene

as the primary solvents. Limited under-

standing of this effect is based on a rotat-

ional isomeric state conceptual model of

the CH chemical shifts. The observed shifts

for the SCB methine and the LCB methine

are both average values over the population

of the various rotomers possible for the

main-chain and side-chain carbons near

the methine carbon. Biphenyl and naphtha-

lene produce a different population distri-

bution and therefore result in different

shifts compared to TCE/ODCB. It is

believed that the differences occur mainly

at the ends of the side-chains. These

carbons are close enough to the side-chain

end to give some selectivity in solvation for

the SCB side-chain. This primary difference

causes a secondary effect of changed steric

effects at the CH carbon resulting in changes

to the SCB and LCB methine resonance

frequency.

Regardless of the mechanism at play we

have succeeded in developing solvent sys-

tems which give the optimum separation of

approximately 8.5–9Hz for ethylene-hexene

copolymers at 150 MHz 13C (biphenyl/

TCE), and ethylene-octene at 188 MHz
13C (naphthalene).
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Figure 4.

A 125 MHZ 13C spectrum of sample containing a mixture of a linear ethylene-octene copolymer and a long-chain

branched HDPE. The LCB spike has a known level of 0.24 LCB per 1,000 total carbons. This spectrumwas obtained

in the optimum solvent, naphthalene, and shows a separation of 5.7 Hz.
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The Effect of Feed Composition of Styrene and

Acrylic Acid on the Properties of Modified

Low Density Polyethylene

Shenglong Ding, Mingzhu Liu*

Summary: Low density polyethylene (LDPE) was functionalized with different molar

ratios of styrene (St) to acrylic acid (AA) in the presence of dicumyl peroxide (DCP) in

the molten state. The resultant LDPE was characterized by gel content and torque

analysis. The results showed that the gel content of polymers grafted with small

molar ratios (St/AA¼ 0.5) was always higher than those grafted with the equimolar

St/AA ratio. The effect of DCP amount and AA concentration on the grafting degree of

AA was investigated. The suitable DCP amount and AA concentration was obtained.

Functionalized LDPE [LDPE-g-(AA-St)] was characterized by Fourier transform infrared

spectroscopy (FTIR), melt flow rate (MFR), water contact angle and capillary rheo-

metry. The results showed that both MFR and grafting degree of AA of LDPE-g-(AA-St)

was the highest when an equimolar AA/St ratio was used, but when mixtures of St

and AA (St/AA¼ 1/10) were loaded, the water contact angle of the film prepared from

the LDPE-g-(AA-St) was the smallest, which indicated that the hydrophicity of the film

surface not only depended on the grafting degree, but also the molar ratios of the

hydrophobic/hydrophilic groups.

Keywords: acrylic acid; graft copolymers; modified polyethylene; rheology; styrene

Introduction

Low density polyethylene (LDPE) is a

commodity polymer used in extrusion opera-

tions such as blown film, coating, blow mold-

ing, and foaming for its low cost. However,

its application is greatly limited due to its

lack of polarity and lower reactivity.

Chemical modification of LDPE is an

important method to expand the applica-

tions of LDPE and generate value-added

materials with improved mechanical, ther-

mal, polar, and chemical properties.

Modified LDPE can react with chemical

coupling agents to increase the polymer

interfacial interactions with inorganic fillers

and its miscibility with polar polymers as

well as to produce polyolefin with improved

adhesion and dyeability.

From an industrial point of view, free

radical initiated functionalization of poly-

olefins in the molten state had received

much attention over the past decades.

Acrylic acid (AA),[1,2] glycidyl methacryl-

ate (GMA),[3,4] and maleic anhydride

(MAH) were employed widely as mono-

mers to enhance polarity and reactivity of

polyolefin.[5–7] Grafting copolymerization

of LDPE with AA was investigated by

Ghosh[8] and the conclusion was drawn that

the grafting reaction in the molten state was

first order with respect to AA concentra-

tion. Besides, the information of pendant

structures of LDPE-g-AA suggested that

AA monomers grafted onto the LDPE

backbonewere several units long[9] and that

the grafted AA could act as a nucleating

agent for crystallization of LDPE.[10]

Styrene (St) as a second monomer in the

melt-grafting system not only increases the

graft degree of most monomers on poly-

olefin, but also reduces crosslinking of

Macromol. Symp. 2007, 257, 162–170 DOI: 10.1002/masy.200751116162
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LDPE. However, the addition of St will

decrease the hydrophobicity of the LDPE-

g-(AA-St) surface.

Grafting AA onto LDPE has been

reported in the literature, but there are

few articles that study the effect of the

amount of St on the hydrophilicity and

rheological properties of LDPE-g-(AA-St).

In this work, the effects of feed composition

of St and AA, and concentrations of initiator

and monomer on the grafting degree of AA

and extent of crosslinking of modified LDPE

were systematically studied. LDPE-g-(AA-

St) would be used as compatibilizer for

blends of LDPE and nylon 6.

Experimental Part

Materials

LDPE with MFR¼ 2 g/10 min (190 8C,
2.16 kg) was supplied by Lanzhou Petro-

Chemical Co. (China). Reagent-grade acrylic

acid (AA, 99% purity) and styrene (St,

99% purity) were purchased from Tianjin

Institute of Chemical Reagents (China)

and used without further purification.

Dicumyl peroxide (DCP), purified by re-

crystallization from ethanol prior to use,

was purchased from Shanghai Reagent Co.

(China). DCP has a half-time of about

1.45 min at 175 8C. The modified LDPEs

using AA, and St and AA, were designated

LDPE-g-AA and LDPE-g-(AA-St), respec-

tively. St/AA represents the molar ratio of

styrene to acrylic acid.

Melt Grafting

The grafting reactions were carried out in a

Haake Rhemix 600P batch mixer, equipped

with roller blades and a mixing head with a

volumetric capacity of 69 cm3. A 45 g

charge of the vacuum-dried LDPE at 60 8C
was blended with the desired amount of St,

AA andDCP, then fed into themixer which

had already been adjusted to the optimum

conditions, which for processing in the

Haake Rhemix 600P was selected from our

previous work:[11] temperature of 170 8C,
mixing speed of 80 rpm, and reaction time

of 10 min. After mixing, the samples were

taken from the chamber and quenched with

liquid nitrogen to stop further reactions.

Purification and Characterization of

the LDPE-g-(AA-St)

About 3.0 g of gross grafted products were

dissolved in 150 mL boiling xylene and

precipitated in 500 mL acetone to remove

unreacted monomers and homopolymers

formed during grafting. Then the polymer

was extracted with acetone for 6 hours once

again. All purified polymer samples were dried

to a constant weigh at 50 8C under vacuum.

The Fourier transform infrared (FTIR)

spectra of the purified polymers were record-

ed with a FTIR spectrometer (AVATAR

360 FTIR, Nicolet, US). The resolution was

4.0 cm�1, and the scanned wave number

ranged from 4000 to 400 cm�1. The purified

products were pressed into thin films at

180 8C for FTIR measurement. From the

FTIR spectrum, the absorbance ratio (Ra)

of the area of the bands at 1709 cm�1 and

1467 cm�1 represents the relative grafting

degree of the AA. Ra was calculated with

the following equation:

Ra ¼ A1709=A1467 (1)

where A1709 is the peak area of absorbance

at 1709 cm�1, characteristic of the carbonyls

from AA, and A1467 is that of the absor-

bance at 1467 cm�1, characteristic of

the CH2 groups.

The melt flow rates (MFR) of the

purified polymers were determined using

XRZ-400 type MFR equipment at 190 8C
with a load of 2.16 kg according to the

ASTM 1238–89 standard.

The gel content was obtained by the

following measurement: An unpurified

sample (100–120 mg) was packed in a

preweighed nickel net (120 mesh) and put

into a Soxhlet extractor, extracted with

boiling xylene for 24 hours, then dried in a

vacuum oven at 60 8C until its weight was a

constant. The gel content was calculated

with the following equation:

Gel content ð%Þ
¼ ðWs �WnÞ=Wp � 100% (2)
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where Ws, Wn, and Wp represents the total

weight of polymer and nickel net after

being extracted, the weight of nickel net,

and the weight of polymer, respectively.

LDPE film specimens were cast into thin

films of about 0.1 mm thickness by dropping

a dilute solution of ca. 5 wt% concentration

in xylene onto clean glass slides and

evaporating the solvent. The films were

further dried under vacuum for a few days

before use. The film specimens were care-

fully peeled from each glass slide just before

measuring the contact angle on the glass

side of the films.

The contact angles of double-distilled

water on the control LDPE and grafted

LDPE films were measured at ambient

temperature. Liquid droplet was gently

placed on the specimen. The height (h)

and the base (w) of the droplet were

measured from the photograph and geo-

metric considerations. Each contact angle

was the average of at least eight measure-

ments.

The rheological behavior of LDPE and

LDPE-g-(AA-St) was investigated with an

XLY-II flow tester (capillary rheometer)

(Jinlin University Science and Educational

Instrument Plant, Changchun, China). The

fixed-temperature method was used. The

nozzle diameter was 1 mm, and the nozzle

length was 40 mm. The operation tempera-

ture was fixed at 190 8C, with experimental

loads of 20, 30, 40, 50, 60 and 70 kgf/cm2.

More detailed information cand be found in

elsewhere.[12]

Results and Discussion

FTIR Spectroscopy Analysis of the

Grafted LDPE

The FTIR spectra of LDPE, LDPE-g-AA,

and LDPE-g-(AA-St) are shown in

Figure 1. In the cases of LDPE-g-AA and

LDPE-g-(AA-St), the new absorption band

at 1709 cm�1 was observed, which can be

assigned to the absorption of the carbonyl

groups (–C¼O) of AA. This new peak

confirmed that the AA monomer was

grafted onto the LDPE chain. The absorp-

tion bands at 1369 cm�1 and 1467 cm�1,

were also observed, which can be attributed

to scissor vibrations of methyl (–CH3) and

methylene (–CH2) groups. The absorption

band at 719 cm�1 corresponds to the swing

vibration of methylene groups. In the case

of LDPE-g-(AA-St), the characteristic

absorption band of benzene ring groups

at 700 cm�1 overlapped that of 719 cm�1.

The intensity of the carbonyl absorption

band at 1709 cm�1 for LDPE-g-(AA-St)

Macromol. Symp. 2007, 257, 162–170164

Figure 1.

FTIR spectra of LDPE, LDPE-g-AA and LDPE-g-(AA-St).
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samples was much stronger than that for

LDPE-g-AA, although themolar ratio of St

to AAwas equal to 0.1. The spectra showed

that the addition of St could significantly

increase the grafting degree of AA.

Effect of St/AA on the Gel Content and

MFR of LDPE-g-(AA-St)

The effect of St/AA on the gel content and

MFR of LDPE-g-(AA-St) is shown in

Figure 2. The AA and DCP concentration

were fixed at 5.0 wt% and 0.1 wt% based on

LDPE, respectively. The MFR increased

with increasing St/AA ratio and reached a

maximum when St/AA was approximately

equal to 1:1. This was because the addition

of St could effectively decrease crosslinking

reactions and prolong the life of the

macroradicals. MFR changed only slightly

when the St/AA ratio was higher than 1

because formed St radicals were enough to

stabilize the produced macroradicals when

St/AA was bigger than 1. As shown in

Figure 2, the gel content is higher than

30 wt% in the absence of St although the

initiator concentration is comparatively

lower. This was because AA can easily

auto-polymerize at high temperatures and

auto-polymerization of AA decreases the

consumption of DCP; consequently DCP

would produce a greater amount of primary

radicals. According to the grafting mechan-

ism,[11] an increase in the amount of

macroradicals leads to severe crosslinking

of LDPE. Entanglements between poly

(acrylic acid) and LDPE backbones also

become severe. However, the gel content

decreased gradually when the St concen-

tration increased, especially at high St con-

centrations. As was reported previously,[13]

St can easily react with the primary radicals

produced by the initiator, stabilizing the

radicals on the LDPE backbone and hinder-

ing the crosslinking reactions.

As shown in Figure 3, the gel content of

LDPE-g-(AA-St) (St/AA¼ 1) is much

lower than that of LDPE-g-(AA-St) (St/

AA¼ 1/2). This is in agreement with the

results shown in Figure 2, although there

was difference inAA content in the grafting

systems. Apparently, the addition of St can

reduce the gel content of the LDPE-

g-(AA-St) when the St/AA is equal to 1.

The gel content in the lower curve of

Figure 3 is almost independent of the DCP

concentration, when the DCP concentra-

tion is greater than 0.10 wt% because the

grafting reactions under these conditions

are dominating in the melt system. As

shown in the upper curve of Figure 3, the
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Figure 2.

Effect of the St concentration on the gel content and MFR value of the LDPE-g-(AA-St), AA: 5 wt%, DCP: 0.1 wt%.
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gel content increases with increasing DCP

concentration. This was expected when the

DCP concentration was higher.

Effect of DCP Concentration on MFR and

Ra of LDPE-g-(AA-St)

Figure 4 shows the effect of the DCP

concentration on the MFR and Ra under

equimolar feed composition. Increasing the

concentration of the initiator leads to more

crosslinking reactions and the MFR of

LDPE-g-(AA-St) tails off. When the

DCP concentration was about 0.3 wt%,

the value of Ra reaches a maximum of 0.62.

But the severe crosslinking reaction

decreases the MFR. Intuitively, this was

what should be expected as mass transfer

became limited by the viscosity increase at

high peroxide concentrations and grafting

reactions gave way to crosslinking and

Macromol. Symp. 2007, 257, 162–170166

Figure 3.

Effect of the feed molar composition on the gel content, !: St/AA¼ 0.5; ~: St/AA¼ 1, AA: 6 wt%.

Figure 4.

Effect of DCP concentration on the MFR and Ra of LDPE-g-(AA-St), AA: 6 wt%.
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gel-formation reactions. This effect led to

an even lower value for Ra. Considering Ra

and MFR of LDPE-g-(AA-St), a suitable

DCP concentration was 0.2 wt%.

Effect of AA Concentration on MFR and Ra

of LDPE-g-(AA-St)

Figure 5 shows the MFR and Ra of LDPE-

g-(AA-St) versus comonomer (AA) con-

centration (St/AA¼ 1). The MFR of

LDPE-g-(AA-St) was the lowest when

the AA concentration was 1.0 wt%. This

was due to the severe crosslinking reactions

for the higher amount of DCP. MFR

reaches a maximum value when the AA

concentration is equal to 2.0 wt% and then

decreases gradually. A reasonable explana-

tion for this behavior is that the gel content

decreases under these conditions. On the

other hand, Ra was still smaller. When the

AA concentration increases, crosslinking

reactions become more important than

grafting reaction. As a result, higher Ra

values correlate with lower MFRs. There-

fore, Ra initially increases and reaches a

maximum when the AA concentration is

about 5.0 wt%. At higher AA concentra-

tions, the value of Ra starts decreasing

slightly. This behavior is probably a result

of the incompatibility between LDPE and

AA. The polar AA monomer molecules

tend to form aggregates dispersed in the

LDPE matrix.[14] Furthermore, the AA

would tend to homopolymerize noticeably.

So the optimum AA concentration is about

5.0 wt%.

Rheographs of LDPE-g-(AA-St)

Torque rheometry has frequently been

used to monitor chemical reactions during

reactive melt mixing. The torque-time

behavior of LDPE-g-(AA-St) (St/AA¼ 1)

were measured to further investigate the

effect of DCP concentration (from

0.05 wt% to 0.3 wt%) on the equilibrium

torque. From the rheographs in Figure 6,

we notice that when theDCP concentration

is below 0.1 wt%, the maximum torque

peak is absent. Increasing the DCP con-

centration caused the torque peak of the

reaction to rise dramatically. When the

DCP concentration was 0.2 wt% (Figure 6,

curve c), not only the torque peak of the

reaction increased dramatically, but also

the values of the equilibrium torque were

almost equal to that of curve b in Figure 6.

This indicates that under this condition, the

grafting reaction occurred to a suitable

degree and that the crosslinking reactions

were limited to a minimum degree.[16]

However, when the 0.3 wt% DCP was

added to the system, the crosslinking
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Figure 5.

Effect on monomer concentration on MFR and Ra of LDPE-g-(AA-St), DCP: 0.2 wt%.
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became severe for higher values of equili-

brium torque. This is not desirable for

processing with twin-screw or single-screw

extruders.

It was observed from the rheographs

that the torque is stabilized after approxi-

mately five minutes of mixing, suggesting

that mixing and grafting reactions had

occurred within these five minutes. In all,

the suitable value of the DCP was about

0.2 wt% from both Figure 4 and Figure 6.

Hydrophilicity Characterization of the

Grafted Films

The contact angles of water on the films of

LDPE-g-AA and various LDPE-g-(AA-St)

are presented in Table 1. The data shows

that all the equilibrium contact angles of

the samples tend to decrease when com-

pared with 1218, the water contact angle of

the control LDPE film. The contact angle of

LDPE-g-(AA-St) is the smallest when St/

AA is equal to 1:10. However, when St/AA

is equal to 1:1, the contact angle increases

again. When small amounts of St are added

to the grafting system, there is an obvious

increase of Ra of AA.[15] On the other hand,

the St groups located on the surface of the

film are comparatively lower. Both factors

improve the surface polarity of the film and

reduce the contact angle. When the St/AA

ratio increases, the amount of St introduced

onto the LDPE film increases and the

hydrophobic benzene ring reduces the

surface polarity of the film. However, as

we can see from the Table 1, when the St/

AA ratio is higher than 1:1, the grafting

degree of AA is elevated concomitantly,

but the St groups located on the surface

severely hinder the hydrophibility of the

grafted film. Therefore, the contact angle

began to increase again. These results can

be seen clearly in Figure 7.

Rheological Properties

Capillary rheometry was used to character-

ize the control LDPE (St/AA¼ 0/0) and the

Macromol. Symp. 2007, 257, 162–170168

Figure 6.

Rheographs of LDPE as a function of DCP concentration, a: 0.05%; b: 0.1%; c: 0.2%; d: 0.3% DCP based on LDPE,

AA: 6 wt%.

Table 1.
Relationship between the contact angle of water, Ra
and the feed molar composition.

St/AA ue (Degree �2) Ra

LDPE 121 0
0/1 108 0.2650
0.1/1 82 0.3843
0.5/1 90 0.4502
1/1 94 0.5705
1.5/1 101 0.5568
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grafted LPDE samples. The viscosity

curves as a function of the shear rate at

190 8C of the control and grafted LLDPEs

with different St/AA ratios are presented in

Figure 8. The viscosities of the control

LDPE and its grafted products decrease as

the shear rate increases, indicating a

pseudoplastic behavior. LDPE-g-(AA-St)

Macromol. Symp. 2007, 257, 162–170 169

Figure 7.

Water drops on the films of LDPE, LDPE-g-AA, and LDPE-g-(AA-St), a: LDPE; b: LDPE-g-AA; c: LDPE-g-(AA-St)(1/0.1);

d: LDPE-g-(AA-St)(1/1).

Figure 8.

Apparent viscosity as a function of shear rate for control LDPE and three functionalized LDPE with AA and St.
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displayed higher melt viscosities with

increasing St/AA ratios and a more pesu-

doplastic type behavior than the control

LDPE, in particular in the low shear rate

range which is more sensitive to interchain

interactions. Similar effects have been

found for GMA-grafted polyolefins[17]

and this could be mostly ascribed to polar

interactions between polar groups of AA in

the polymers chains. However, the marked

increase observed in the melt viscosity of

LDPE-g-(AA-St) could not be accounted

only by the effect of the grafting degree of

the LDPE and suggested the possible

occurrence of crosslinking reactions

between the grafted chains in the melt.[18]

Conclusions

AA has been successfully grafted onto the

LDPE backbone in the presence of DCP.

LDPE-g-(AA-St) with high grafting degree

of AA could be obtained when styrene was

added to the melt grafting system. When

the St/AA ratio was less than or equal to 1,

increasing the concentrations of St

improves the grafting degree of AA and

the optimum molar ratio was 1. The flow

properties of LDPE-g-(AA-St) could be

adjusted by tailoring the St/AA ratio under

this condition. But the hydrophobic nature

of LDPE-g-(AA-St) was not consistent

with the grafting degree of AA when St

was used as a comonomer.When the St/AA

ratio was 0.1, the LDPE-g-(AA-St) pos-

sessed better hydrophilicity. Suitable DCP

andAA concentrations were about 0.2 wt%

and 5 wt%, respectively for comprehensive

properties of modified LDPE. The suitable

modification time was about five minutes.

Rheological properties indicated that

LDPE-g-(AA-St) made at various feed

compositions displayed higher melt viscos-

ities with increasing St/AA ratios and more

pesudoplastic behavior than the control

LDPE samples, in particular in the low

shear rate range. This copolymer with high

reactivity and better flow properties could

be widely used as a compatibilizer for

LDPE and other polar polymers.
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