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ABSTRACT

Chemical composition distribution (CCD) of copolymers describes the distribution of
average comonomer content among copolymer chains. This information is very
important as CCD can significantly influence physical properties of copolymers. The
main goal of this study is to further our understanding of the CCD of copolymers.

The present understanding of CCD of multicomponent copolymers is very
limited and there are no analytical equations capable of describing this distribution. In
the present study, analytical expressions for describing the CCDs of random
multicomponent copolymers are developed using a statistical approach. The results
from this theoretical expression are validated with the results from Stockmayer’s
distribution and Monte Carlo simulations for limiting cases.

In the case of semi-crystalline binary copolymers, temperature rising elution
fractionation (Tref) and crystallization analysis fractionation (Crystaf) can be used for
the estimation of CCD. The effects of chain microstructure and operating conditions
on these techniques are investigated using a series of ethylene/a-olefin copolymers
with well-defined microstructures. Both molecular weight and comonomer content
are shown to significantly affect the shape of Crystaf profiles. Fortunately,
comonomer content is the main determining factor for Crystaf peak temperature,

permitting the use reliable calibration curves for this technique. A Crystaf model

vi



based on the average ethylene sequence distribution in the chains is proposed and the
results from this model show very good agreement with the present and previously
reported experimental data.

The typical operating conditions used in Tref and Crystaf analyses are found
to lead to fractionation conditions that are far from the thermodynamic equilibrium.
Consequently, crystallization kinetics can strongly influence the CCD estimated with
Tref and Crystaf. Sample cocrystallization during analysis is also considered as it
may interfere with the fractionation processes of both techniques. The similarity of
chain crystallizabilities and fast cooling rates are found to promote cocrystallization.
Cocrystallization under a certain conditions can be so strong that it can seriously

affect the interpretation of the CCD measured with Crystaf and Tref.
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RESUME

La distribution de la composition chimique (DCC) des copolymeéres décrit la
distribution du contenu moyen en comonomeére parmi des chaines copolyméres. La
connaissance de la DCC est importante car elle influence grandement les propriétés
physiques des copolyméres.

La compréhension actuelle de la DCC des copolymeres a composants
multiples est limitée. Il n’y a pas d’expressions analytiques capables de décrire cette
distribution. Dans cette ¢tude, des expressions analytiques pour décrire les DCCs des
copolymeres aléatoires a composants multiples sont développées en utilisant une
approche statistique. Les résultats de cette expression théorique sont validés par les
résultats de la distribution de Stockmayer et des simulations Monte Carlo pour des
cas limités.

Pour les copolymeres semicristallins binaires, la fractionnement par €lution
(Tref) et la fractionnement par cristallisation (Crystaf) peuvent étre utilisées pour
Pestimation de la DCC. Les effets de la microstructure des chaines et des conditions
expérimentales sur ces techniques sont étudiés pour une série de copolymeéres
d’éthyléne/o-oléfine & microstructures bien définies. Il est trouvé que la masse
moléculaire et le contenu en comonomeére influencent, tous les deux, grandement la

forme des profils de Crystaf. Heureusement, le contenu en comonomere est le facteur
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principal déterminant la température de créte du Crystaf, permettant ainsi une
utilisation fiable de courbes de calibrage pour cette technique. Un modéle basé sur la
distribution de la séquence d’éthyléne moyenne est proposé pour la technique de
Crystaf. Les résultats de ce modele sont en accord avec les résultats présentés ici et
antérieurement.

il a été trouvé que les conditions expérimentales typiques utilisées pour les
analyses Tref et Crystaf aboutissent a des conditions de fractionnement loin de
I’équilibre thermodynamique. En conséquence, la cinétique de cristallisation peut
fortement influencer la DCC estimée par Tref et Crystaf. La co-cristallisation de
I’échantillon pendant I’analyse a €té aussi étudiée, puisque cela peut interférer avec le
fractionnement pour les deux techniques. Il a été trouvé que la similitude du pouvoir
de cristallisation des chaines et des vitesses de refroidissement rapides favorisent la
co-cristallisation. La co-cristallisation dans certaines conditions peut étre tellement
forte que cela peut sérieusement affecter I'interprétation de la DCC mesurée par

Crystal et Tref.
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CHAPTER 1

INTRODUCTION

A science is any discipline in which a fool of this generation
can go beyond the point reached by the genius of the last generation.

Max Gluckman

1.1 BACKGROUND

The unique properties of polymers come from the large size of their molecules and
the fact that they are composed of molecules having a distribution of chain
microstructures. It is generally known that the properties of polymers depend not only
on their average microstructural characteristics, but also on the detailed distribution of
their microstructures. Both average chain length and chain length distribution, for
example, significantly affect the physical properties of polymers.

In the case of copolymers, the properties are also influenced by how
comonomer units are distributed on the copolymer chains. Comonomer incorporation
gives rise to two different distributions: The monomer sequence length distribution
(SLD) and the chemical composition distribution (CCD). Figure 1.1 illustrates these
distributions for a typical Ziegler-Natta linear low-density polyethylene (ZN-
LLDPE). The SLD describes how the monomers are distributed within the copolymer
chains and reflects intramolecular heterogeneity. On the other hand, the CCD
describes the distribution of the average comonomer content among the copolymer

chains, thus reflecting intermolecular heterogeneity.
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Figure 1.1 Illustration of sequence length and chemical composition distributions of a
typical Ziegler-Natta linear low-density polyethylene (ZN-LLDPE). reflecting the
intramolecular and intermolecular heterogeneity of these copolymers

The knowledge of these distributions is of great important for constructing
structure-property  relationships, tailor-making polymers with predetermined
properties, and understanding the nature of polymerization mechanisms. The present
study intends to further the current understanding of these distributions.

The theory describing the SLD for various copolymerization models, for both

binary and multicomponent copolymers, is well developed. However, a general
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analytical equation for the CCD of multicomponent copolymers is not yet available.
The first objective of this study is to develop a general theoretical expression using a
statistical approach. Experimental methods for determining the CCD of
multicomponent copolymers are not available; therefore, the results from this
theoretical expression are validated by comparison with the results from Monte Carlo
simulations.

In the case of semi-crystalline binary copolymers, two techniques are widely
used for the estimation of CCD: temperature rising elution fractionation (Tref) and
crystallization analysis fractionation (Crystaf). Both of these techniques fractionate
polymer chains of different crystallizabilities via crystallization from dilute solutions.
Details of the operations of both techniques will be discussed in the subsequent
chapters.

This study examines these two techniques to determine the factors governing
the fractionation process and how these factors can influence the CCD estimated
using both techniques. The effects of both chain microstructure and operating
conditions are considered. Cocrystallization during the analyses can interfere with the
fractionation process and may, therefore, affect the estimated CCD. Therefore,
cocrystallization phenomena in Tref and Crystaf are also investigated in this study.
An attempt is also made to develop a mathematical model for Crystaf based on a

distribution of chain microstructures using Monte Carlo simulations.

1.2 RESEARCH OBJECTIVES

The main goal of this study is to further our understanding of the CCD of copolymers.
In the case of binary copolymers, where experimental measurements are possible, this
study also investigates the details of the fractionation process to better understand
these analytical techniques and identify the potential factors that may affect the
estimated CCD. More specifically, the objectives of this work can be summarized as

follows:

(1) To develop an analytical expression for the CCD of multicomponent copolymers.



(2) To establish a mathematical model for Crystaf analysis using a statistical method
and Monte Carlo simulation.

(3) To identify key parameters governing the fractionation process in Tref and Crystaf
analysis and to understand the effect of these parameters on the analysis results.

(4) To investigate the cocrystallization phenomenon during Crystaf analysis and to

determine the factors influencing this phenomenon.

1.3 THESIS OUTLINE

This thesis is divided into 7 chapters. Chapter 2 presents the research background and
a summary of the published literature on CCD, Tref, and Crystaf analyses. In Chapter
3, a rigorous derivation of the CCD of terpolymers using a statistical approach is
presented. The extension of this expression to the case of random multicomponent
copolymers is also presented.

In Chapter 4, the effect of chain microstructure on Crystaf profiles,
specifically average molecular weight and comonomer content, are examined
experimentally. These experimental results are then used to validate the proposed
Crystaf models. Chapter 5 discusses the effects of crystallization kinetics and
cocrystallization on Tref and Crystaf data. The investigation of cocrystallization
during Crystaf analysis is described in more detail in Chapter 6. Finally, Chapter 7

summarizes the conclusions and notes the original contributions of the present study.

1.4 GUIDE TO MANUSCRIPTS

This thesis is written using the manuscript-based thesis option following the
guidelines for thesis preparation provided by the Faculty of Graduate Studies and
Research. The thesis is based on 4 manuscripts. It is prepared in such a way that each
chapter is as self-contained as possible with sufficient introduction, research rational,
and references provided. However, readers who go through this thesis in order will
find a logical connection from one chapter to the next. The following list provides a

guide for the readers to the manuscripts related to each chapter:



Chapter 3
e Anantawaraskul S., Soares J.B.P. and Wood-Adams P.M., “Chemical

Composition Distribution of Multicomponent Copolymers”, Macromolecular

Theory and Simulation, 2003, 12, p. 229-236.

Chapter 4
e Anantawaraskul S., Soares J.B.P., Wood-Adams P.M. and Monrabal B.;

“Effect of Molecular Weight and Average Comonomer Content on the
Crystallization Analysis Fractionation (Crystaf) of FEthylene «-Olefin
Copolymers”, Polymer, 2003, 44, p. 2393-2401.

Chapter 5
e Anantawaraskul S., Soares J.B.P. and Wood-Adams P.M., “Effect of

Operation Parameters on Temperature Rising Elution Fractionation and
Crystallization Analysis Fractionation”, Journal of Polymer Science: Part B:
Polymer Physics, 2003, 41, p.1762-1778.

Chapter 6
e Anantawaraskul S., Soares J.B.P. and Wood-Adams P.M., “A Study on the

Cocrystallization of Blends of Ethylene/1-Olefin Copolymers during
Crystallization  Analysis  Fractionation  (Crystaf)”,  submitted to

Macromolecular Chemistry and Physics.



CHAPTER 2

RESEARCH BACKGROUND AND
LITERATURE REVIEW

Science is built up with facts, as a house is with stones.
But a collection of facts is no more a science than a heap of stones is a house.

Henri Poincaré

This chapter presents a brief literature review and provides some theoretical
background relevant to the present study. Research works related to the chemical
composition distribution (CCD) of copolymers are summarized first. The published
literature on two analytical techniques for measuring CCD of binary semi-crystalline
copolymers, temperature rising elution fractionation (Tref) and crystallization
analysis fractionation (Crystaf), are then reviewed. Finally, polymer-diluent systems,
which are related to Tref and Crystaf operations, are considered from a theoretical

viewpoint using the Flory-Huggins theory.

2.1 CHEMICAL COMPOSITION DISTRIBUTION

The chemical composition distribution (CCD) of copolymers is a microstructural
characteristic that reflects the composition heterogeneity of copolymer chains. This
term has also been referred to in the literature as comonomer composition distribution
and short chain branching distribution (SCBD). However, the term SCBD is generally
restricted to linear low-density polyethylene (LLDPE), where a-olefin comonomers

(e.g., 1-butene, 1-octene) act as short branches in the chain topology. Therefore, the
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term CCD, which is more general and applicable to all copolymer systems, is more

appropriate and will be used in the thesis.

2.1.1 Stockmayer’s bivariate distribution

Stockmayer’s bivariate distribution is an analytical expression describing the weight
distribution of kinetic chain length and chemical composition for linear binary
copolymers. Stockmayer [l] obtained this expression with the aid of some
approximations from a general theory of chain copolymerization described earlier by
Simha and Branson [2].

Despite its simplifying assumptions, this distribution function has been found
to be useful for understanding the chain microstructures of several copolymers [3-5].
It has also been used to model fractionation techniques that are based on CCD, e.g.
temperature rising elution fractionation (Tref) [6] and crystallization analysis
fractionation (Crystaf) [7-9].

Stockmayer’s bivariate distribution for linear binary copolymers can be

expressed as follows,

2
w(r,y)'dr-dy-—-r-r2 -exp(»r-r)-dr-ﬁ.;ﬁ7-exp(;ﬂy/r]-dy (2.1)
f=F-(1=F)1+4-F-(1-F)-(r -1 - 1) 22)

where Fl— is the average mole fraction of monomer type 1 in the copolymer, y is the

chemical composition deviation from E , r 1s the kinetic chain length, r; and r;, are
the reactivity ratios for copolymerization, and 7 is the ratio of the transfer rate to the
propagation rate. This ratio can be easily estimated, as it is equal to the reciprocal of
the number average chain length.

Integrating Equation (2.1) over all chain lengths, one obtains the equation
describing the CCD component of Stockmayer's distribution, independently of chain

length:
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Equation (2.3) has been found to be useful for describing polymers synthesized with
multi-site type catalysts and for modeling CCDs of polymers synthesized with both

multi-site and single-site type catalysts [6-9].
2.1.2 Origins and effects of composition heterogeneity in copolymers

Several factors contribute to the composition heterogeneity of the CCD of
copolymers [10]. The first cause of deviation from the average comonomer
composition is caused by the statistical nature of polymerization and is well described
by Stockmayer’s bivariate distribution discussed earlier. For chain growth
polymerization, the formation of each bolymer chain follows a stochastic process
governed by the probabilities of chain propagation and comonomer incorporation.

Even if copolymers are produced by single-site type catalysts, polymer chains
differ in chain length and comonomer composition. Large variations in comonomer
composition are generally observed for shorter polymer chains. The type of the
copolymerization statistics also affects the broadening of the CCD. Block copolymers
have broader CCD than random copolymers, while perfectly alternating copolymers
have an extremely narrow CCD.

The type of catalyst used during polymerization can also greatly influence the
shape of the CCD. For multi-site type catalysts, e.g. heterogeneous Ziegler-Natta
catalysts, each active site type produces polymer chains with a distinct set of
polymerization kinetic constants, ie. a different set of probabilities governing the
polymerization process [10-12]. Therefore, the polymers synthesized using these
catalysts are mixtures of chains of different chain lengths and comonomer
compositions from all active site types. This generally produces polymers with an

extremely broad and non-unimodal CCD.
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This broad CCD of heterogeneous copolymers may induce microphase
separation, where the highly short chain branched molecules segregate from the less
branched chains and form a disperse phase [13-15]. This, of course, significantly
affects the crystallization process and influences the mechanical and optical
properties of the product.

Another important cause of CCD heterogeneity is nonuniform polymerization
conditions, ie. temporal and spatial variations in monomer concentration and
temperature during polymerization. This phenomenon can be caused by macro- and
micromixing effects in the polymerization reactor. For batch or semibatch reactors,
compositional drift can also broaden the CCD.

Composition heterogeneity of copolymers has been reported to significantly
influence their physical properties. For example, linear low-density polyethylene
(LLDPE) with narrow CCDs can have dramatically improved film properties as
compared to LLDPE with broad CCDs [16-17]. The CCDs have also been related to
other properties, such as environmental stress crack resistance (ESCR) [18] and the

dependence of dynamic mechanical behavior on temperature [19].
2.2 TEMPERATURE RISING ELUTION FRACTIONATION (TREF)

Temperature rising elution fractionation (Tref) is an analytical technique that is
widely used for determining the distribution of chain crystallizabilities. As chain
crystallizabilities are mainly controlled by the chain composition in the case of
ethylene/a-olefin copolymers, the results from Tref analysis, together with an
appropriate calibration curve, can be used to estimate CCD.

In the case of stereoregular polymers (e.g. isotactic or syndiotactic
polypropylene), where tacticity is the main factor affecting chain crystallizabilities,
Tref can provide information on the distribution of chain tacticities. It has also been
applied to determine blend compositions in polyolefins. A number of extensive
reviews of this technique have been published [10, 20-23].

A schematic diagram of Tref is shown in Figure 2.1. Tref analysis involves

two temperature steps: crystallization and elution. Before the crystallization step, the
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sample is dissolved in a thermodynamically good solvent at high temperature and
then introduced into a column containing an inert substrate, such as glass beads or
steel shots. The temperature in the column is then decreased at a slow, constant rate.
This step allows polymer chains to crystallize in an orderly fashion. A molecule with
higher crystallizability will precipitate and deposit as a layer on the inert substrate at
higher temperatures. Subsequently, chains with lower crystallizabilities, ie. with
higher comonomer content, will precipitate at lower temperatures as outer layers on
the substrate. The crystallization step is the most important one in Tref, as the

fractionation process occurs during this step.

Low crystallinity

High crystallinity

Support

2. Crystallization/Precipitation

Solvent + Detector

Solvent _ : Polymer

LU

Figure 2.1 Schematic diagram of Tref

In the elution step, pure solvent flows through the column while the
temperature is being increased. This allows the outer layers of polymer to dissolve
back into the solvent in the reverse order in which they were precipitated. The
concentration of polymer eluted from the column by the solvent and the elution
temperature are monitored. This step can be carried out in two ways, as described

below.



In the first method, called analytical Tref (or A-Tref), the temperature in the
elution step is increased at a slow constant rate. This method provides information on
the distribution of chain crystallizabilities in terms of the weight fraction of polymer
eluted at each temperature, commonly referred to as the Tref profile. The second
method is called preparative Tref (or P-Tref). In this case, the temperature is
increased as a step function. The second method is used to prepare a series of larger
fractions, each containing relatively narrow compositional heterogeneity that can be
further investigated by other analytical and characterization techniques.

The effect of molecular weight on the fractionation process in Tref was
examined by Wild et al. [24]. They reported a very strong molecular weight
dependence when polymers with low molecular weight (<10,000) were involved. Tref
results become independent of chain length, however, for polymers with higher
molecular weights.

Comonomer content is found to significantly affect Tref profiles. This is to be
expected, as the comonomer units are known to reduce chain regularity, thus lowering
chain crystallizability. A linear relationship between the average comonomer content
and the elution peak temperature is generally observed for ethylene/o-olefin
copolymers [10, 20-21]. Comonomer type also has an effect on Tref profiles. This
effect causes a change in the slope of the calibration curve, which is the plot of
comonomer content versus elution temperature [25].

The major difficulty in using Tref analysis to obtain quantitative CCDs is that
the calibration curve is material-dependent, i.e. it depends on the comonomer type,
comonomer content, and comonomer sequence length distribution [26-27]. This
means that in addition to the characterization of samples using analytical Tref,
preparative Tref has to be performed for each material in order to obtain its correct
calibration standards. The compositions of these calibration standards have to be
determined using another analytical technique, such as *C NMR, so that the
comonomer composition versus elution temperature calibration curve can be
determined for each sample type.

Pigeon and Rudin [26] reported a difference between the branching

frequencies measured with analytical Tref and with preparative Tref at the same
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elution temperature. Their results imply that a calibration curve produced from
preparative Tref can not be used for converting raw, analytical Tref results to CCD. It
is necessary to modify the analytical Tref results before applying the calibration curve
by taking into account the elution time associated with the volumes of the A-Tref and
P-Tref columns.

To reduce the complexity of using preparative Tref to obtain calibration
curves, Pigeon and Rudin [27] proposed an alternative technique using analytical Tref
and a dual infrared spectrometry (dual-IR) detector. The dual-IR system proposed
allowed them to measure both concentration and branching frequencies as functions
of elution temperature. This eliminated the need to perform preparative Tref on every
sample and to correct the analytical Tref results.

Several researchers have attempted to model Tref. Soares and Hamielec [6]
used Stockmayer’s distributions to simulate the CCD of linear binary copolymers
synthesized using multi-site catalysts assuming that the fractionation process of Tref
was controlled only by the comonomer composition of copolymer chains. For the
case of ethylene/a-olefin copolymers made with multiplé-site catalysts, they
described the CCD of the whole polymer as the summation of the CCDs of
copolymers produced at each active site. Their model, however, did not account for
the peak broadening in Tref analysis.

Borrajo ef al. [28] and Elicabe et al. [29-30] proposed a thermodynamic
model for Tref based on the Flory-Huggins theory. They attempted to relate the
distribution of crystallizable chain lengths with the elution temperature profile. The
proposed model assumed extended-chain length crystallization. Therefore, it can not
adequately explain the results when long polymer chains are involved, as chain
folding effects during crystallization are found to play an important role for such

chains.
2.3 CRYSTALLIZATION ANALYSIS FRACTIONATION (CRYSTAF)

Crystallization analysis fractionation (Crystaf) is a new thermal characterization

technique developed as an alternative to Tref. Crystaf relies on the same fractionation



principle as in Tref, i.e. crystallization of chains with different crystallizabilities from
a dilute polymer solution. However, Crystaf involves a single polymer solution
crystallization step, compared to the two crystallization/elution steps in Tref. Because
of this, Crystaf requires a relatively shorter analysis time than Tref to provide the
same information. Moreover, Crystaf can also be used to measure the soluble fraction
(amorphous polymer fraction) of the polymer being analyzed.

Figure 2.2 is a schematic diagram of Crystaf. In Crystaf analysis, the polymer
sample is first dissolved in a good solvent at high temperature to ensure complete
dissolution. The temperature of the solution is then decreased at a slow, constant rate
to allow polymer chains to crystallize and fractionate according to their
crystallizabilities. During this crystallization period, the concentration of the polymer
solution is monitored as a function of the crystallization temperature, leading to a
cumulative concentration profile (Figure 2.3). The first derivative of this profile is
called the derivative profile and represents the fraction of polymer crystallized at each
temperature. This derivative profile is generally referred to as the Crystaf profile. As
in the case of Tref, Crystaf results can be used to estimate the CCD of copolymers by
means of an appropriate calibration curve. More details on the operation of Crystaf
are available in the literature [31-34]. The limitations of Tref regarding sample-
specific calibration curves also apply to Crystaf.

As a new characterization technique, Crystaf has been compared to other
techniques, specifically Tref and DSC [31-33, 35]. It is generally accepted that
Crystaf and Tref profiles differ mainly by a temperature shift due to the supercooling
effect in Crystaf, similar to the difference between the heating and cooling cycles in
DSC.

Gabriel et al. [35] compared Crystaf, Tref, and DSC profiles for LLDPE
synthesized using a Ziegler-Natta catalyst. Their results showed that these profiles
provide the same information and, in fact, can simply be shifted on the temperature
axis. Special care should be taken, however, when comparing results from different
characterization techniques, because of differences in the typical operating conditions

between techniques.
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Britto et al. [31] compared Crystaf and Tref results for various LLDPE
samples. Although qualitatively good agreement between the two techniques was
found, quantitative disagreements were observed. Tref analysis clearly revealed the
presence of a high-crystallinity double peak, while Crystaf could not detect it. The
nature of this double peak is still unclear and the subject of debate in the literature.

All microstructural features affecting chain crystallizability can potentially
influence the fractionation process during Crystaf analysis. The main microstructural
properties of interests are: (1) number average molecular weight, (2) avefage
comonomer content, and (3) comonomer type.

Nieto et al. [36] investigated the effect of chain length on Crystaf profiles
using a series of ethylene homopolymers with various molecular weights. A plot of
Crystaf peak temperature versus number average molecular weight indicated that the
crystallization temperature decreases with molecular weight below a certain chain
length threshold (My < 6,000). However, at a reasonably high molecular weight, the
crystallization temperature was found to be independent of molecular weight. In
addition, the overall Crystaf profiles were found to broaden with decreasing
molecular weight.

These results have two main implications. Firstly, Crystaf profiles can reflect
the molecular weight distribution when low molecular weight chains are present.
(Luckily, it does not significantly affect the Crystaf peak position unless very low
molecular weight samples are analyzed.) Secondly, chains with low molecular weight
can interfere with the Crystaf profiles, if fractionation due to other microstructural
characteristics (e.g., average comonomer content) is the only fractionation mechanism
considered. This can lead to discrepancies (most likely widening of the CCD) in the
case of the CCD of copolymers with low molecular weights.

The number of comonomer units in the copolymer chains is the most
important factor affecting chain crystallizability. This is due to the fact that
comonomer units interrupt the chain regularity and thus greatly lower chain
crystallizability.

Sarzotti et al. [8-9] investigated the effect of comonomer content on Crystaf

profiles in great detail using a series of ethylene/l-hexene copolymers having
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approximately the same molecular weight, thus eliminating misinterpretations that
might arise due to molecular weight effects. As expected, the Crystaf peak
temperature was dramatically influenced by the average comonomer content in the
copolymer chains. Moreover, the Crystaf profiles became broader with increasing
comonomer content.

The effect of comonomer type was studied by Brull er «l. [37] using
propylene/a-olefin copolymers with various comonomers (1-octene, I-decene, 1-
tetradecene, and 1-octadecene). They reported that for their set of samples, not only
Crystaf peak temperature but also melting and crystallization temperatures measured
by DSC were independent of comonomer type but were strong functions of
comonomer content.

Earlier work by da Silva Filho ef al. [11], however, showed that the
comonomer in ethylene/oi-olefin copolymers had a significant effect on the
‘relationship between comonomer content and crystallization temperature. Their
results from ethylene/1-butene and ethylene/1-octene copolymers give significantly
different Crystaf calibration curves. The trend observed in their work is in a good
agreement with previous studies that examined the effect of comonomer on Tref
calibration curves [25]. A more detailed study is necessary to understand the
conflicting conclusions from these two experimental studies. Notice, however, that
the work by Brull er al was performed with propylene as the main monomer, not
ethylene. It may be that the effect of a-olefin comonomer units on the crystallinity of
propylene/o-olefin copolymers is independent of comonomer length, as opposed to
the case of ethylene/a-olefin copolymers.

One of the main applications of Crystaf analysis is the estimation of the CCD
of semi-crystalline copolymers, particularly LLDPE. The CCD of copolymers can be
obtained from the Crystaf profile with the help of a calibration curve relating average
comonomer content to crystallization temperature. The renormalization of the
transformed CCD is generally required to ensure that the area under the distribution is
equal to one. For routine analysis, a calibration curve can also provide a quick

estimate of the average comonomer content from the Crystaf peak temperature.
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Two methods for preparing Crystaf calibration curves have been reported.
Both methods involve performing Crystaf on a series of copolymer samples having
known comonomer contents (measured with FTIR or °C NMR) and narrow CCDs,
with crystallizabilities covering a broad range of crystallization temperatures. The
only difference between these two methods is the type of sample used in the
calibration. The first method uses a series of samples synthesized using a single-site
catalyst, while the second method uses a series of fractions from broad CCD Ziegler-
Natta copolymers obtained by preparative-Tref (P-Tref). After all the samples are
analyzed, the relationship between Crystaf peak temperature (or weight-average
crystallization temperature) and average comonomer content is plotted and used as a
calibration curve.

A number of calibration curves have been reported [32-34, 37]. Unfortunately,
as in the case of Tref, calibratién curves for Crystaf depend on polymer type, solvent
type, cooling rate, and method of sample preparation. Therefore, the calibration
curves depend strongly on sample type and analysis conditions. Published calibration
curves can still be used, however, if care is taken to replicate as closely as possible
the conditions under which they were obtained. These curves are useful for obtaining
an approximate CCD or for the relative comparison of CCDs (e.g., the broadness of
CCD from different polymers can be compared, provided that the same calibration
curve is used).

Although several previous investigations considered the Crystaf analysis of
blends, early work was intended only to quantify the limitations of Crystaf due to
cocrystallization [32-33]. Only recently has Crystaf been used to provide quantitative
information on blend compositions [38-40].

Pasch er al. [40] considered Crystaf analyses of blends of commercial HDPE
and LDPE. By comparing the known composition of the blends with the blend
composition measured by Crystaf, they found that Crystaf was quantitatively accurate
over a very wide range of compositions. For instance, Crystaf can detect blend
components present in amounts as small as five wt-%. In the analysis of waste plastic
samples, Crystaf was found to be superior to conventional DSC for determining blend

composition.



Although Crystaf has been established as a good alternative to Tref during the
last decade, accurate quantitative models for describing the fractionation process
during Crystaf analysis are currently unavailable. Incidentally, they are equally
unavailable for Tref. The main difficulty in developing generalized models is the
complexity of the crystallization mechanism and fractionation process that occur in
both techniques.

Two main approaches have been proposed to model Crystaf fractionation: (1)
models based on Stockmayer’s bivariate distribution [7-8] and (2) models based on
the distribution of chain crystallizabilities using Monte Carlo simulation [41-43].
Sarzotti ef al. [8-9] used Stockmayer’s distribution (Equation 2.3) together with a

relationship between crystallization temperature and average comonomer content to

model Crystaf profiles. Two variables in Equation (2.3), E and 7, were used as
adjustable parameters to minimize the sum of squares of the residuals between model
and experimental profiles. Even though the mode] fitted the experimental profiles
adequately, the molecular weights calculated from the model (easily obtained as 1/ 7)
were significantly underestimated, compared to the molecular weights measured by
GPC, indicating that the model was not theoretically sound and provided only a
convenient empirical fit of experimental data.

Soares et al. [7] proposed a model using Stockmayer’s distribution with
additional help from a generic instrumental spreading function to account for the
instrumental peak broadening in Crystaf. Again, although the model fitted the
experimental profiles well, an attempt to determine a general function for the
parameters used in the spreading function was not successful.

Although these models are not rigorously correct, the fact that they can fit
reasonably well the experimental profiles is surprising, considering that using
Stockmayer’s distribution to model CCD obtained from Crystaf is based on a number
of severe simplifying assumptions. These models assume that: (1) the polymer is
prepared under uniform polymerization conditions (7.e., the absence of composition
drift and other reactor condition nonuniformities), (2) the fractionation process in
Crystaf is controlled only by the average copolymer composition per chain, (3)

cocrystallization is completely absent during the analysis, (4) the fractionation
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process is independent of molecular weight even for short chains, and (5)
crystallization kinetics does not influence Crystaf profiles or, in other words, the
fractionation takes place at thermodynamic equilibrium.

Unfortunately, most of these assumptions have recently been proven to be
invalid [44-46]. Even though modeling Crystaf profiles using Stockmayer’s
distribution can provide a reasonable fit of the data, these models are, at best, only
semi-empirical. It is clear that a truly physics-based model of the Crystaf
fractionation process is essential to predict the correct distribution.

Monte Carlo simulation is a numerical technique for solving stochastic
problems that is widely used in polymer science and engineering. Specifically for
studies of polymer microstructure, it has been used to predict the CCD of copolymers
and the distribution of stereoregularity [47-48]. One of the advantages of this
technique is that one can obtain detailed statistical information about chain structures
from relatively easy-to-obtain polymer properties such as average comonomer
content and molecular weight.

Beigzadeh ef al. [41-42] proposed the first Monte Carlo model for simulating
Crystaf profiles. They assumed that the crystallization of a copolymer chain during
Crystaf was solely governed by the length of its longest crystallizable monomer
sequence. For the particular case of ethylene/a-olefin copolymers, the longest
ethylene sequence per chain was assumed to govern the crystallization process in
Crystaf. They proposed that Crystaf profiles could be calculated from the distribution
of the longest ethylene sequence instead of the CCD and used Monte Carlo
simulation to obtain this distribution. A modified Gibbs-Thompson equation [41] was
used as the thermodynamic equilibrium relationship between the crystallization
temperature and the length of the longest ethylene sequence, which was assumed to
be proportional to the lamella thickness,

— (2.4)

C

where T¢ is the crystallization temperature measured in Crystaf, Té’ is the equilibrium

melting temperature of a chain with infinite chain length, « is a constant proportional
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to 1/ 4H,,, LS is the longest ethylene sequence, and /7 is the supercooling temperature

in Crystaf. They reported good agreement with the experimental Crystaf profiles for

their series of ethylene/1-octene copolymers.

2.4 THERMODYNAMIC CONSIDERATIONS OF POLYMER-DILUENT
SYSTEMS

The fractionation processes in both Tref and Crystaf analyses are based on differences
in chain crystallizabilities in a dilute solution. Therefore, knowledge of polymer-
diluent systems is crucial to understanding their operation. In this section, the

thermodynamic theory of polymer-diluent systems is reviewed.
2.4.1 Thermodynamic considerations for homopolymer-diluent systems

The Flory-Huggins expression for the free energy of mixing can be used to describe
the thermodynamic behavior of a concentrated solution where a uniform distribution
of diluent and polymer segments can be assumed [49-51]. From the application of the
phase equilibrium conditions and the Flory-Huggins mixing expression, one can
determine the decrease in the equilibrium melting temperature due to diluent and

number of chain segments in homopolymer-diluent systems as follows:

AL RNV ) (1) 2
Tm T]g (AHUJ(V[J‘: N +(1 XJV] yARRS J (25)

where 7, ,2 is the melting temperature of the pure polymer, 7,, is the equilibrium

melting temperature of the polymer-diluent system, 4H, is the heat of fusion per
repeating unit, ¥, and V; are the molar volumes of the polymer repeating unit and
diluent, respectively, v; and v, are the volume fractions of the diluent and polymer,
respectively, x is the number of segments, and y; is the Flory-Huggins
thermodynamic interaction parameter.

The crystallization step during Tref and Crystaf analysis, however, occurs in

dilute solution. Theoretically, this situation is more complicated, as polymer segments
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are non-uniformly distributed throughout the medium. Therefore, the Flory-Huggins
free energy function is no longer valid. To account for the non-uniform segment
distribution, the general theory of dilute solution where the chemical potential of the
solvent species is expressed in virial form has to be considered. Fortunately, it has
been found that the change in chemical potential of the polymer species with dilution
is so small that it does not have any appreciable effect on the equilibrium melting
temperature [52]. Therefore, Equation (2.5), derived from the Flory-Huggins theory,
is obeyed over the complete concentration range of dilutions.

To examine the effect of chain length on the melting temperature of the
polymer in dilute solution, it is useful to rearrange Equation (2.5) as follows:

1 i R V 2 R ln(v v
L _u{"l"ll'vl ]~ ,__._2_),4,_‘ (2.6)
T, 70 4H, Y, A1, r

u

Here, the number of repeating units per molecule (r) is used instead of the number of
segments (x). The second term on the right hand side represents the influence of chain
length. It indicates that the equilibrium melting temperature decreases with a
reduction in molecular weight [53]. However, the second term on the right hand side
is important only for chains with low molecular weights. For large values of r, the
case of polymers with high molecular weight, the melting temperature becomes
independent of chain length, and Equation (2.6) can be reduced to:

1 1 RV,

2
= "‘["1*751"’1 ] (2.7)
Tm T,g AH, V)

Equation (2.7) implies that all polymer chains having reasonably large
molecular weights will crystallize at the same temperature. In other words, molecular
weight effects are negligible in the Tref and Crystaf analysis of high polymers. This is

in an agreement with the recent experimental observations of Nieto e al. [36].

2.4.1 Thermodynamic considerations for copolymer-diluent systems

In the case of copolymer-diluent systems, the change in melting temperature is
slightly more complicated, as it also depends on the interactions between various

monomeric units and the diluent. Considering the case when the crystalline phase is
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pure (i.e., only monomeric units of type A crystallize, and no diluent is present in the
lattice), the decrease in melting temperature can be derived in a similar manner as fof
homopolymer-diluent systems using the same Flory-Huggins theory with an
appropriate modification [52].

Taking into account the interactions between both monomer types and diluent,
the net interaction free energy between binary copolymers and diluent has to be

modified as follows:

1=V X1AYVB X1B~ VA VB XA4B (2.8)
where y; is the interaction parameter of a binary copolymer with pure solvent, y; 4
and y;p are the interaction parameters of the corresponding homopolymers in the

same solvent, y ,p 1s the interaction parameter between A and B units in the
copolymer chain, and v, and vy are the volume fractions of the monomer A and B in
copolymer molecules, respectively.

In the case when the steric structures of both units in random copolymers are
similar, the melting temperature depression equation will be in the same form as
Equation (2.5), with the new interaction parameter expressed by Equation (2.8). For a
given copolymer, the crystallizabilities of copolymer chains in dilute solution
strongly depend on the chain composition. From thermodynamic considerations, this
can be explained by the fact that the change in composition of copolymer chains also

alters the net interaction parameter as shown in Equation (2.8).
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CHAPTER 3

CHEMICAL COMPOSITION DISTRIBUTION OF
MULTICOMPONENT COPOLYMERS

This is the remarkable paradox of mathematics:
no matter how determinedly its practitioners ignore the world,
they consistently produce the best tools for understanding it.

Henri Poincaré

This chapter presents the development of analytical expressions for the number and
weight chemical composition distributions (CCD) of multicomponent copolymers
using a statistical approach. As an experimental method for measuring CCD of
multicomponent copolymers is not yet available, the results of the derivation will be
validated by comparing with results calculated using Stockmayer’s distribution for
the case of binary copolymers and with results of Monte Carlo simulations for the

case of terpolymers.

3.1 INTRODUCTION

Sequence length distribution (SLD) and chemical composition distribution (CCD) are
important structural characteristics of copolymers as they govern several physical and
mechanical properties of these materials. The average comonomer sequence length
and sequence length distribution can be determined experimentally. Theories for
various copolymerization models (e.g., terminal, penultimate, and pen-penultimate)
and for both binary and multi-component copolymers are well developed [1]. On the

other hand, a general theory for the CCD of multicomponent copolymers is not yet

3-1



available, even though terpolymers and higher copolymers have found a number of
practical applications, and their CCDs are relevant for the understanding of their
properties.

For linear binary copolymers, the analytical expression for describing the
weight distribution of kinetic chain length and chemical composition developed by
Stockmayer is useful for understanding their microstructure [2-6]. Stockmayer [7]
obtained this simplified expression with the aid of some approximations from the
more general theory of copolymerization described earlier by Simha and Branson [8].
Later, Tacx et al. |9] presented an extension from the original Stockmayer
distribution that includes the effect of the molar masses of different monomer types
on the final distribution. This distribution function has also been modified for special
cases [10-12].

An equation similar to Stockmayer’s distribution was developed by Costeux et
al. [13] using a statistical approach. They investigated the CCD of random binary
copolymers using Monte Carlo simulation and developed an analytical expression
describing this distribution function. The results from their analytical expression
agree well with the ones from Monte Carlo simulations and from Stockmayer’s
distribution.

Recently, Xu [14] attempted to develop an equation describing the CCD for
random terpolymers using the same strategy used by Stockmayer. The equations are,
however, too complex for convenient use.

In the present study, a more convenient equation for terpolymers is developed
using the approach of Costeux et al. [13]. This result is then generalized to the case of
multi-component copolymers. The analytical solution obtained in the present study is
validated using results from the Monte Carlo simulations. Even though some
copolymers do not follow random copolymerization statistics, there are a significant
number of new copolymers, notably those made with single-site coordination
catalysts such as metallocenes, that are random or nearly random. The distributions
derived in this chapter can be used to describe the microstructures of these important

new copolymers.
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3.2 MONTE CARLO SIMULATIONS

The CCD of random terpolymers was investigated numerically using Monte Carlo
simulations. Starting with random numbers between 0 and 1, each polymer molecule
is simulated by comparing these random numbers with a chain propagation
probability and the probabilities of incorporating each monomer type.

The probability of chain propagation, defined as PP, is used to decide if
propagation takes place. Polymer chains propagate if the random number is less than
PP and terminate if it is greater than PP. This parameter is related to the number
average kinetic chain length (ry) as follows:

-1
pp="N (3.1)
rn

If the chain propagates, another random number is generated and used to
decide which monomer type reacts. Considering A-B-C terpolymers, P/A], P[B], and
P[C] are the probabilities that monomer of type A, B, or C will be incorporated into
the molecule (note that P[A/+P[B]+P[{C] = 1). Figure 3.1 shows the Monte Carlo

l START I

A 4

algorithm used in the simulation.

Generate random number P Generate 2 new molecule
R1:U{0:1) % uie iqg—
] No Yes
Propagation & R1>PP » Termination
Generate random number Save information of
R2:U(0:1) this molecule
J 0<=R2<=P[A]
B Add monomer A

PIAJ<R2<=P[A}+P[B]

Consider
R2

a Yes
Add monomer B

No

] B “
v

Figure 3.1 Algorithm for Monte Carlo simulation

PIARPIB]<R2<=1
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The kinetic chain length (#), molecular weight (M), and numbers of each
monomer type that are incorporated into each molecule (N4, Np, and N¢) are recorded
for each chain (note that N+Npt+Nc = r). The mole fraction of each monomer type

can then be calculated. For example, the mole fraction of monomer type A is: ny =

Ny4/r. The average mole fraction of monomer type A ( 2,4) for the whole polymer
population is equal to PfA4].

P[A]=n4, P[B]=ns, P[C]=nc (3.2)

The chemical composition distribution can be obtained in terms of number

and weight fractions corresponding to n4and #p. In all simulations, a million polymer

molecules are generated to ensure an accurate representation of the statistical

properties. The parameters used for the simulations were: P[4/ = 0.3, P/B] = 0.4,

P[C]=0.3, My =28, Mg =42, Mc =104, and PP = 0.95 where M,, My, and Mc are

the molecular weights of monomer types A, B, and C, respectively. The results from

the simulation are then used to validate the analytical solution developed in the next

section.
3.3 DEVELOPMENT OF THEORY FOR BINARY COPOLYMERS

The CCD of random binary copolymers was described by Stockmayer [7]. His
expression was later modified to account for the effect of the different molar masses

of each monomer type [9]. The resulting function can be reduced to:

1 (n ——;:)2
Tws(rin,)= :L-exp{-— J—-}- — -exp[— __,_‘4__,4._*___}
) r ) J2mm(1=n,)/fr 2 (1-n)fr|

__ (3.3)
<11+ (nA_nA)ﬂ*MB/MA)
My/M, +n,1-M,/M,)

Recall that this function describes the weight fraction of molecules that have a kinetic
chain length of 7 and a mole fraction A of ny.
Using a statistical approach, Costeux ef al. [13] obtained a similar bivariate

distribution of kinetic chain length and chemical composition. When the effect of the



molar masses of different monomer types is accounted for, their expression can be

written as follows (see Appendix A):

Fyp(ring)=Cl, -PLA]™ (1= P[A]) """ .r* (1~ PP)* . PP™

.

| Min My (1-n,) (3.4)
MA 'P[A]"'Ml; '(I“P[A])

where the binomial coefficient (C) is defined as

A Al

B =i BiE (3-5)

This distribution function was developed using the same strategy used here for
the derivation of the CCD of terpolymers, which is described in detail in the
following section. To verify the validity of the statistical approach, the results from
Equations (3.3) and (3.4) are compared for PP = 0.95, Z= 0.4, My =28, and Mp =

42 (see Figure 3.2). Results from the two approaches are in very good agreement.

0.08 T . T T
— Stockmayer dist. (Eq. 3.3)
0.07 | e r=10(Eq.3.4) 7]
- o 1=20(Eqg. 34
ko) 0.06 | v r=40(Eqg.34) 1
g
< 005} 4
c
.02
3 004 | 4
®
T 0.03 r=10 -
=y
2 0.02 / F=20
0.01 r=40 ]

L

0.00
0.0 0.2 04 0.6 08 1.0

Mole fraction A (n,)

Figure 3.2 Comparison of chemical composition distributions from

Stockmayer (Equation (3.3)) and statistical approach (Equation (3.4))
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It is important to note that Equation (3.4) is derived in the discrete domain,
while approximation functions were used to derive Stockmayer’s distribution, which
is a continuous function. Therefore, the small discrepancies shown in Figure 3.2 are
due to the approximation function used by Stockmayer. The errors in the Stockmayer
distribution become more pronounced for short polymer chains.

It is possible to transform Equation (3.4) into the continuous domain by using

the Stirling approximation:

nl=A27 -n""? exp(—n) (3.6)
The combinatory factor can then be evaluated in the continuous domain as
follows:
Al A 4"
Cy = = Y a 3.7
(A—-B)!B! 27-B(A-B) B"(4A-B)’

Using Equation (3.7), Equation (3.4) can be rewritten in the continuous domain as:

Fon re(l=ny)
_ 1 (Prajy " (1-P[A4] 4
fW’P(r’nA)—\/27r~r'nA(1—nA) ( 14 J ( l-ny J
xr?.(1-pPP)?.ppr] (3.8)

v MA'HA*i-MB'(l“}’lA)
My-P[A]+Mpg-(1-P[A4])

Unlike the model for binary copolymers, the model for terpolymers cannot be
easily validated using an existing theory. Further derivations will be compared instead

with the results of Monte Carlo simulations.

3.4 RANDOM TERPOLYMERS: NUMBER DISTRIBUTION FUNCTION OF
CHEMICAL COMPOSITION

It is well known that the number and weight chain length distributions of linear
terpolymers synthesized with single-site catalysts follow the most probable

distribution:

fu(r)=(1=PP)-PP" 3.9
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fo(r)=r-(1-PP)*. PP~ (3.10)
If a specific kinetic chain length is considered, the number distribution
function of chains having N, units of type A and Np units of type B can be

determined from

Sw(NaNglr)=Cy -Co M -praja praj™s
(3.11)
x(1=P[A]-P[B])" N4~
Recall that Equation (3.11) gives the fraction of molecules with kinetic chain length »
that have N, and Np units of type A and B respectively.

The first two binomial coefficients in Equation (3.11) describe all possible
arrangements of comonomer units in the chain having a kinetic chain length of r, N4
units of A, Np units of B, and r-N4-Ng units of C. The remaining terms describe the
probability that a particular molecule can be generated. It is always important to

verify that

r rANA

D DS (NyNyir)=1 (3.12)

N =0 Ny=0
A more useful expression for the distribution of n, and np in the continuous
domain is obtained by using Stirling’s approximation to replace the combinatory

factors (Equation 3.13) in Equation (3.11):

Cr r—NA _ r'/
Ny "Ny N Ngl(r-Ny4-Ng)!

AN p! A B/

1 r r’(r—NA—NB)”(”“NA‘NB) (3.13)

=57;\/NA‘NB(r"NA“NB) N NangNe
/"FIA F'HB
fN(”A:”B|7)=~r—~\/ : (P[A]J [M]
27T }’lAl’lB(l—l’lA—nB) I’IA I’lB

(3.14)

X[l _P[A]- P[B]]”“"”/‘ ~"'s)

1-n 4~ RBp
Again, Equation (3.14) is simply a continuous version of Equation (3.11).
A more general form of this distribution function can be obtained for the

complete distribution of chain lengths:



fN(r,nA,nl,szN(nA,nBlr)'fN(r) (3.15)
where fy(r) is given by Equation (3.9). Equation 3.15 describes the number

fraction of chains that have kinetic chain length », and mole fractions of comonomers
A and B, ny4 and np respectively.

Note that, the above distribution function satisfies the following condition:

1-n,

C
[ [ [rernm,)-dngdndr=1 (3.16)

r=1ny=0n,y=0

3.5 RANDOM TERPOLYMERS: WEIGHT DISTRIBUTION FUNCTION OF
CHEMICAL COMPOSITION

The weight distribution function of chemical composition can be calculated from the
number distribution function by taking into account the weights of the chains. The
wéight distribution function of chains of kinetic chain length » with mole fractions of
n4 and np is given by Equations (3.17) and (3.18).

Jw(ngnglr)=fy(nqnglr)

y My-ng+Mp-ng+Mpo(l-n,y—-ng) (3.17)
My -P[A]+Mp-P[B]+Mq-(1-P[A]~P[B])

¥ 1
ny,nplr)=-—
Sfw(ng,nglr) P P Np—

X[ PrA4 ]]M”(P[B ]]”’”B( 1-P[A]-P[B] ]"”*””_"B) (3.18)
1y np

N MA'I’IA+MB'}’IB+MC(]-—I7A—HB)
My -Pl[A]+Mp-P[B]+Mc~(1-P[A]-P[B]))

]*—I’IA —Hapg

The validity of Equation (3.18) is demonstrated in Figure 3.3. A more general form of
Equation (3.18) can be obtained by considering the weight distribution function of

chains having different kinetic chain lengths:

Jw(rngng )= fu(n,nglv) fu(r) (3.19)
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Figure 3.3 Comparison between results from

Monte Carlo simulation and Equation (3.18)

One can also calculate the weight distribution function of any particular
comonomer type by integrating Equations (3.18) and (3.19) over the other

components.

I-n,

fa(nlr)= [fy(ny,ny|r)-dn, (3.20)

ng=0
Equation (3.21) gives the distribution function of mole fraction of monomer A (n,)

for a particular kinetic chain length r:

g rli—ny)
- 1 [ 2LATY (A= PLAD .
fW(nA’r)—\/Zit-r-nA(l—nA) ( n, J ( I-n, J I

. +{i_P[~§L_MB +1—P[A]-P[B],M(}.(]ﬁnA)
1-P[ 4] 1-P[A]
M, -P[A]+M, P[B]+M, (1-P[A]-P[B])

(3.21)




When compared with the results of the Monte Carlo simulation, Equation (3.21) gives

very good agreement (see Figure 3.4).

10 L] ] i i

@ r=20

8 v r=50
- @ r=100 iy

Equation (3.21)

w(n,|n

0.0 0, . 0.6 . 1.0
Mole fraction of A (n,)

Figure 3.4 Comparison of results of Monte Carlo simulation with Equation (3.21)

Considering different kinetic chain lengths, one can obtain:

S (rna) = Fy(rg|7)- fi(r) (3.22)
B} ! (Prapy™ (a-prapy "
fW(r'nA)~J2ﬂ-r-nA(1—nA) ( ny ) ( 1-ny )

xr?.(1-pp)?.pp (3.23)

P[B] |~ P[A]-P[B] L

My -P[A]+Mp -P[B]+Mc(1-P[A]-P[B])

X

One can clearly see the similarity between Equations (3.8) and (3.23). The difference
is only the last term where the molar mass of C comonomer is considered in Equation

(3.23). In fact, the coefficient in front of (1-n4) in the last term is merely the average



molar masses of monomers B and C. Moreover, Equation (3.23) collapses to
Equation (3.8) when 1-P/4/-P{B] = 0. This further confirms the validity of our
derivation as it correctly reduces to the special case of a binary copolymer.

One can also confirm that Equations (3.18), (3.19), (3.21), and (3.23) satisfy

the following conditions:

1 l-ny

[fw(nmy (7)-dnydn, =1 (3.24)
n=0n,=0
R
[ [fwcrniny) dnydn,dr=1 (3.25)
r=l =0 ny=0
1
[fu(nir) dn, =1 (3.26)

a,y=0

o ]

[ [#(rn,)-dndr=1 (3.27)

r=ln,

3.6 RANDOM MULTI-COMPONENT COPOLYMERS
Here the more general case where copolymers consist of more than 3 types of
monomer is considered. One can develop a general equation similar to the one found

in the case of terpolymers using the same strategy. For m-component copolymers,

Jfo(r.n n,, . n, )= fp(n.n,..n,  |¥) f,(r) (3.28)

where,

Jwn,ny, iy |r)=

m—1

) P[l])r-n] (P[szr-nz (P[m B ]]jr»nm_,

m ) n

(3.29)
1~ P[1]-P[2]..—P[m~1]

- By —Hy...— Ay

J/‘(']—11,-«/72...~/7m_1)

x

Fm 113
(M) Z(Mi'P[i])}
i=]

i=1
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By substituting m = 2 and 3 into Equation (3.28), one obtains Equations (3.8) and

(3.19), the special cases of binary copolymers and terpolymers, respectively.

3.7 CHEMICAL COMPOSITION DISTRIBUTION IN RANDOM
TERPOLYMERS

Equation (3.19) is now used to illustrate an interesting aspect of the chemical
composition distribution of terpolymers. Similar attributes also exist in the cases of
copolymers of more than three components. Figures 3.5, 3.6, and 3.7 show 3D and
contour plots of the chemical composition distribution of monomer of type A and B
for kinetic chain lengths of 20, 50, and 100, respectively. The parameters used are:

P[A]=03,P[B]=04, P[C]=03, M,=28, Mp=42, Mc= 104, and PP = 0.95.
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Figure 3.5 Chemical composition distribution in random terpolymers (» = 20)

3-12



1.0
100
< 08 L
2
°
5 m
[a]
-§- = 06 -
3 pe]
2 £
2 e 04}
2 S
f’) =
[
= 02}
0.0
0.0

r=50
with a step of 10

10

o,
) -
2
10,

1 i 5

02 04 06 038 1.0
Mole fraction of A

| T r=100 10
|
! E ! [ ]
100, | : | i } i
< Lo | ! 08 -
£ AR R o
o -
s L] 5o
=1 ’ S bk
Q : | i <
g 0 \ \1 | .
2wl | | &
NN L og
-~ !
%)20 ) =
= ol 0.0 0.2
0.0
00

r=100
with a step of 20

80 N
60
40
20

i 1 L

0.2 04 06 0.8 1.0
Mole fraction of A

Figure 3.7 Chemical composition distribution in random terpolymers (r = 100)

These figures show that the higher the molecular weight of the chains, the

narrower is the chemical composition distribution. Although the breadth of the

distribution is altered, the peak position remains the same. The same results are
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predicted for random binary copolymers using Stockmayer’s bivariate distribution

[7].
3.8 CLOSING REMARKS

In this chapter, analytical expressions for the chemical composition distribution of
random binary copolymers, terpolymers, and multi-component copolymers were
developed. The derivations were validated using Stockmayer’s distribution in the case
of binary copolymers and with Monte Carlo simulations in the case of terpolymers.

For random terpolymers, chemical composition distributions for molecules
with different kinetic chain lengths were derived. The results show a broadening of

the distribution with decrease in kinetic chain length. For all cases, the peak position,

however, is independent of kinetic chain length and located at the position (;1_; , E).

NOMENCLATURE

i monomer type (e.g., A, B, C, 1,2, 3)

P[i] probability of incorporating monomer type / into a molecule
PP propagation probability

M; molecular weight of monomer type i

r kinetic chain length

Fy number average kinetic chain length

M molecular weight of a molecule

N; number of monomer type i that is incorporated into a molecule
ny mole fraction of monomer type i = Ny/r

f(r) distribution function of chains having kinetic chain length »
f(rnyg) distribution function of chains having kinetic chain length r

and mole fraction of ny
f(r.ng,ng) distribution function of chains having kinetic chain length 7

and mole fraction of n,4 and #p
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finglr) distribution function of chains having mole fraction of 14 when

only chains having kinetic chain length r are considered

f(nyg,ngir) distribution function of chains having mole fraction of n, and

ng when only chains having kinetic chain length » are

considered

N 4 Nglr) distribution function of chains having number of monomer A =
A4V B

N4 and number of monomer B = Ny when only chains having

kinetic chain length r are considered

Subscripts

number distribution function
distribution function derived using statistical approach
distribution function from Stockmayer distribution

weight distribution function
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CHAPTER 4

EFFECT OF MOLECULAR WEIGHT AND
COMONOMER CONTENT ON CRYSTAF

Not one thing comes to be randomly,
but all things from reason and necessity.

Leucippus

While the measurement of CCD of multicomponent copolymers is not possible, the
CCD of binary semi-crystalline copolymers can be estimated using crystallization
analysis fractionation (Crystaf). This chapter and the next explain this analytical
technique and how polymer chain microstructures and Crystaf operation conditions
can influence the results. The chapter first looks at the effect of chain microstructures,
specifically the effect of molecular weight and average comonomer content, on
Crystaf analyses of ethylene/l-hexene copolymers. Experimental results previously
reported in the literature are combined with new data from the present study to test

the proposed Monte Carlo Crystaf models.

4.1 INTRODUCTION

The chemical composition distribution (CCD) of ethylene/u-olefin copolymers
significantly affects the physical and thermal properties of these materials. It is
therefore necessary to have quantitative analytical techniques for measuring CCD.

Temperature rising elution fractionation (Tref) has been used for several years [1-4],



but is a very tedious technique because of the required two-step procedure described
in Chapter 2.

Recently, crystallization analysis fractionation (Crystaf) was developed as an
alternative to Tref [5-8]. Requiring shorter analysis times, Crystaf provides results
comparable to those of Tref. Crystaf involves a single-step solution crystallization
process, in which polymer molecules precipitate at different temperatures according
to their crystallizabilities. Crystaf data, which are the amounts of polymer remaining
in solution at each crystallization temperature, can be converted to CCD using a
calibration curve that relates crystallization temperature to comonomer content. Since
Crystaf is still a relatively new technique, a better understanding of the detailed
fractionation mechanism and how polymer molecular structure influences
fractionation is required. In this chapter, these effects are investigated.

In the case of ethylene/a-olefin copolymers, the average comonomer content
and molecular weight are the main structural characteristics that affect their
crystallizability and thus their fractionation by Crystaf. Beigzadeh et /. [9-10]
proposed a Monte Carlo model for Crystaf fractionation based on certain assumptions
about the crystallization mechanism and the relationship between lamella thickness
and crystallization temperature. The results from the model showed good agreement
with their limited experimental data for ethylene/1-octene copolymers.

Later, Costeux ef al. [11] derived an analytical expression describing the
numerical results obtained by Beigzadeh et al. [9-10] following statistic arguments.
They also explored the predictions of the model for a wider range of parameters from
a theoretical point of view but without experimental validation. Recently, Sarzotti et
al. [12-13] reported experimental results on the effect of comonomer content on
Crystaf profiles for ethylene/l1-hexene copolymers. In this chapter the extensive
experimental data on the effect of comonomer content from Sarzotti et al. [12-13] and
on the effect of molecular weight determined in the present study are used to evaluate

and to propose improvements to the model of Beigzadeh er al. [9-10].

42



4.2 EXPERIMENTAL

4.2.1 Materials

Ethylene/1-hexene copolymers were used in this investigation. The effect of the
number average molecular weight on Crystaf fractionation was studied using
fractions of three copolymers with varying 1-hexene content made with metallocene
catalysts. These copolymers were fractionated by molecular weight using the
preparative fractionation apparatus (PREP) in the solvent/non-solvent mode
(PolymerChar, Spain).

In PREP, polymer samples are fractionated by controlling the interaction
parameter using successive additions of non-solvent to the polymer solution. In the
present study, xylene and diethylene glycol monobuthyl ether were used as the
solvent and the non-solvent, respectively. The polymer samples were dissolved at
130°C, before holding at 120°C for stabilization and fractionation. The total volume
of solution used in each fractionation step was 180 ml. Table 4.1 shows the volume

fraction of solvent in solution used for fractionating each sample.

Table 4.1 Volume fraction of solvent in the solvent/non-solvent mixture for each

fraction
Sample Volume fraction of solvent in the solvent/non-solvent solution
Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5
A 0.400 0.500 0.556 0.588 1.000
B 0.500 0.526 0.556 0.571 1.000
C 0.500 0.526 0.556 1.000 —

The fractions of each sample have the same average [-hexene content but

‘different average molecular weights, as shown in Table 4.2 The molecular weight

distribution for each fraction of sample A is displayed in Figure 4.1.




Table 4.2 Properties of fractionated samples for the study of molecular weight effects.

Sample Number | Fractionated Number Number Mol
average sample average average chain | percent of
molecular molecular length 1-hexene
weight (M,,) weight (M,,) (rw) (CPPYS.
A 36,100 Al 16,700 581 S1.27 700
A2 28,400 990 ;127
A3 44,900 1,564 | 127 %
A4 73,200 2,549 | 127
A5 104,100 3,626 N 12777
B 35,200 Bl 30,900 1,055 23
B2 51,100 1,746 2.3
B3 71,900 2,454 23
B4 97,300 3,323 23
BS 151,600 5,178 23
C 34,300 Cl 22,900 770 3.2
C2 32,100 1,078 3.2
C3 39,500 1,325 32
C4 67,100 2,253 3.2

* The mele fraction of 1-hexene in the fractionated samples Is assumed.to.be equal to the one measured
by C"° NMR for the parent samples, as the mole fraction of comonomer was reported to be almost
constant and independent of chain length for samples synthesized with single site catalyst [14]
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Figure 4.1 MWD of each fraction of sample A



4.2.2 Crystaf analysis

In Crystaf analysis, the polymer is dissolved in trichlorobenzene (TCB) at a
concentration of 0.1 mg/mL. During the dissolution step, the polymer solution is held
at a temperature of 160°C for 60 minutes to ensure complete dissolution. The
temperature is then decreased to 95°C and kept at this value for 45 minutes for
stabilization before starting the fractionations.

The polymer solution is then cooled at a constant rate of 0.1°C/min to 30°C.
Polymer chains with low comonomer content crystallize at higher temperatures inside
the vessel. Aliquots of the polymer solution are collected via an in-line filter (to avoid
sampling the polymer chains that have already precipitated) and transferred to the in-
line infrared detector. The infrared detector monitors the change in polymer
concentration in solution with temperature, yielding the integral Crystaf curve. The
differential form of the curve, ie. the weight fraction change at each crystallization
temperature, is then obtained by numerical differentiation of the integral curve. More

details on Crystaf operation procedures are given by Monrabal [5-6].

4.2.3 Other Experimental Data

In the second part of this investigation, the data of Sarzotti et al. [12-13] were used to
validate the Crystaf model. In their work, the effect of comonomer content on Crystaf
analysis was studied using a set of ethylene/1-hexene copolymers synthesized using a
single-site catalyst. These samples have approximately the same number average
molecular weight (M,) of 36,300 (well within the range of + 10% attributed to
experimental error in gel permeation chromatography) but different comonomer
contents (varying from 0.68 to 4.2 mol% 1-hexene). Table 4.3 summarizes the

properties of these samples.
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Table 4.3 Properties of samples for the study of comonomer effects

Sample | Number average | Number average | Mol percent PDI
molecular weight chain length of 1-hexene
(My) (rn) (CPP)
1 34,500 1,138 4.20 L 2.16
2 34,300 1,151 3.14 | 218
3 34,900 1,190 2.32 216
4 36,300 1,258 1.51 235
5 36,100 1,259 1.21 2.43
6 37,200 1,310 0.68 2.50
4.3 SIMULATION

4.3.1 Chain microstructure

Figure 4.2 is a schematic of an ethylene/a-olefin copolymer chain, which shows the
definitions of ethylene sequence (ES), longest ethylene sequence (LES), and average
ethylene sequence (AvgES). For a single molecule ES is defined as the number of
ethylene units incorporated in a segment of the polymer chain (each segment is
separated by one or more comonomer units).

In each copolymer molecule, there is a distribution of ES, as there is generally
more than one ethylene segment per molecule. Again considering a single molecule,
the LES is defined as the largest ES, and AvgES is the average ES value. These
definitions can naturally be extended to any other polymer chain having crystallizable

and non-crystallizable segments.



—-—' -j
monomer comonomer
n
D ES,
AvgkS ==l
n

Figure 4.2 [llustration of ethylene sequence (ES), longest ethylene sequence (LES),

and average ethylene sequence (AvgES) for a LLDPE molecule

4.3.2 Monte Carlo Simulation

Monte Carlo simulations were used to generate a population of copolymer molecules
having the statistical properties of an ethylene/a-olefin copolymer synthesized with a
single-site or metallocene catalyst [9-10]. These simulations depend upon two
parameters: an overall propagation probability (PP) and a comonomer propagation
probability (CPP). The parameter PP is compared to a randomly generated number to
decide whether the chain propagates or terminates. If the chain propagates, the
parameter CPP is used to choose between the addition of an ethylene or of a 1-olefin
molecule. For metallocene-catalyzed copolymers, PP can be calculated from the

number average chain length (ry) and average comonomer content (CC) as follows:

M
ry = " (4.1)
M, xCC+M,, x(1-CC)
pp=ul (4.2)
Iy
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where M, is the number average molecular weight, Mo is the molecular weight of
comonomer (84 for 1-hexene), and My is the molecular weight of monomer (28 for
ethylene). As such materials are random copolymers, CPP and CC are equal. This
algorithm was used to generate populations representing unfractionated polymer
samples (A, B, C and 1 to 6)

In order to simulate the molecular weight-fractionated samples (Samples Al-

5, B1-5, and C1-4), the preceding algorithm was modified as shown in Figure 4.3.

A Experimental MWD of a fractionated sample (e.g., A1)

w(in MW) \ AN\

VZ mass fraction m; of MW class i

v

l[1] Discretization of MWDI

» In MW
1.2 3.4, i n
'
1
A :
w(y) \ e
v LES distribution of
1 -
| MW class i (w(y) [Z]Obtain LES distribution
A for each MW fraction
A
ld
> p» LES ()
//
/7
I
{
Ar !
wiy}

Overall LES distribution

[3] Calculate overallLES
distribufion from equation (3)

-

LES (y)

Figure 4.3 Illustration of the computational steps for
determining the LES distribution when the MWD is known



First, the experimental MWD of each fractionated sample (e.g., Al) was
discretized in n molecular weight classes and the mass fraction (m;) of each molecular
weight class was recorded. Secondly, the LES distribution, w;(y), was calculated via
Monte Carlo simulation for each molecular weight class. Finally, the overall LES
distribution for the whole polymer fraction, w(y), was obtained by adding up all wi(y)

using the equation:

w(y)=3m w(y) 43)

An important assumption made in the second step of the above procedure is
that each molecular weight fraction has the same average comonomer content. This
hypothesis is valid for polymers made with single-site catalysts under uniform
polymerization conditions, such as the ones investigated here. Analysis of
metallocene-catalyzed LLDPEs by GPC-FTIR also confirmed that average
comonomer content is independent of molecular weight [14].

For the solvent/non-solvent system, the effect of comonomer content and
crystallinity on fractionation is negligible, since the fractionation is carried out at a
temperature higher than the polymer dissolution temperature. This concept comes
from the theoretical treatment of Stockmayer and Fixman and was later confirmed by

the experimental work of Tung [15].

4.3.3 Crystal thickness and crystallization temperature and their relationship to
Crystaf

Polyethylene forms a lamellar crystal structure, as it is crystallized from a dilute
solution. The lamella thickness (¢) is a strong function of the crystallization
temperature (7¢). This relationship is well described from thermodynamic
considerations by the Gibbs-Thompson equation [16]:

T = T;)(é'——a)_T

¢ s 4.4
; (4.4)
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Beigzadeh er al. [9-10] introduced an additional empirical parameter (T) to account
for supercooling during the crystallization process. In this equation, 75” is the
equilibrium dissolution temperature, and « is a constant related to the enthalpy of
fusion.

In the Crystaf model proposed by Beigzadeh e al., the lamella thickness is
assumed to be proportional to the LES. This assumption is based on the hypothesis
that comonomer units cannot be part of the lamella lattice. Therefore, the longest
ethylene sequence (LES) is the first segment in the chain to crystallize as Crystaf
temperature decreases and thus governs the lamella thickness. As soon as the LES
crystallizes, the entire molecule precipitates from solution and is no longer detected
by the IR detector in Crystaf. Consequently, according to this model, Crystaf profiles
are obtained from Equation (4.4) simply by replacing ¢ by the LES distribution and
finding values for the parameters o, Ts°, and Ty that adequately describe the
_experimental data.

This is clearly a bold simplification of a rather complex problem, since it
ignores chain folding and polymer crystallization kinetic effects. However, it will be
shown that this approach leads to a semi-empirical model that better describes the
crystallization phenomena taking place in Crystaf. In the present study, the AvgES
distribution is also considered as an alternative to the LES distribution for modeling

Crystaf profiles.
4.4 RESULTS AND DISCUSSION
4.4.1 Effect of number average molecular weight (3,)

Molecular weight can affect the crystallizability of polymer chains in two subtle
ways. First, a molecule with higher molecular weight has more difficulty folding and
fitting into the crystal lattice than another with lower molecular weight and the same
crystallizability. Chain movement is certainly more difficult for a molecule with high
molecular weight, as the hydrodynamic radius and friction coefficient increase with

molecular weight.



‘ Second, molecular weight can affect the crystallization process, because it is
related to the LES distribution. Costeux et al. [11] showed that LES increases with
molecular weight. As the LES can be related to crystallization temperature through
the Gibbs-Thomson equation, molecular weight inevitably affects the crystallization
process.

Experimental Crystaf profiles for the molecular weight fractions of sample A
(recall that each fraction has the same 1-hexene content of 1.27 mol%) are shown in
Figure 4.4. Fractions of samples B and C show the same trends. The results
demonstrate that as the molecular weight increases, the Crystaf profiles become
narrower. This change in the shape of Crystaf profiles is especially pronounced for
low molecular weight fractions, with the appearance of a low crystallinity tail. Nieto
et al. [17] performed Crystaf analysis of a series of ethylene homopolymers of
varying molecular weights. They found that the Crystaf profiles of homopolymers

changed with molecular weight in a similar way to that shown in Figure 4.4.

0.5 , :
| —e— A1:M,=16,700
04 | —o— A2:M,=28400 _
| _a— A3:M, =44,900
| —o— A4:M,=73,200
§ og| |~ ASM= 104100 |
= . -
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[0} .
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0.0

Crystallization temperature (°C)

Figure 4.4. Effect of molecular weight on Crystaf profile (Experimental results)

‘ Although a trend of increasing peak temperature with molecular weight is also

visible, it is well within the experimental error of + 1°C observed in Crystaf. Thus,
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this effect is practically negligible for this variable. This allows the construction of
calibration curves relating comonomer content and peak position that are independent
of molecular weight for most polymers of commercial interest. This is a very
important conclusion for the use of calibration curves in Crystaf analysis.

However, it is interesting to note that the onset of crystallization takes place at
lower temperatures as molecular weight increases for samples A2 through AS5. This is
probably related to crystallization kinetics effects, since shorter chains can crystallize
faster than longer ones and are therefore likely to be closer to the assumed
thermodynamic equilibrium. Evidently, if the molecular weight is too small (fraction
Al), the LES becomes too short to crystallize at a high temperature, and a decrease in
the onset of crystallization temperature is observed.

Figure 4.5 compares experimental and simulated results (based on LES
distribution) for these fractions. The computation was done using Equation (4.4) with
the two parameters reported by Beigzadeh et al. [9-10] (a =10, Ts" =89°C), while the
supercooling temperature 7s was chosen to match the present experimental data. The
simulations agree qualitatively with the experimental data. Especially important is the
fact that the model can properly describe the low temperature tails for the lower
molecular weight fractions. One can, however, observe increasing discrepancies
between model and experiments as the molecular weight increases.

Using the LES distribution, the best-fit supercooling temperature (7s) in
Equation (4.4) was found to be a function of the number average chain length and
comonomer content. Figure 4.6 shows the relationship for each set of fractionated
samples (sample A, B, and C). Interestingly, molecular weight and comonomer
content (up to a limiting comonomer fraction when the comonomer effect overtakes
the influence of molecular weight) synergistically affect the supercooling

temperature, as indicated by the steeper slope of the curve for sample C.

4.4.2 Effect of comonomer content

The crystallizability of ethylene/oi-olefin copolymers is governed primarily by

comonomer content. As the amount of comonomer incorporated into the polymer
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chains increases, the crystallizability of the chain decreases, and the crystallization

temperature is lowered.
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Figure 4.5 Comparison of experimental data with simulation results using LES
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Figure 4.6 Effect of number-average chain length on supercooling temperature
for various comonomer content levels

The Crystaf experimental results of Sarzotti e al. [12-13] are shown in Figure
4.7. Their results show a significant decrease in Crystaf peak temperature as
comonomer content increases. The results also show another significant effect of
comonomer: a broadening of the Crystaf distribution as comonomer content
increases.

The same features can also be observed in the simulation results (Figure 4.8).
The model overestimates the severity of the low temperature tail and underestimates
the temperature for the onset of crystallization. The discrepancies increase as
comonomer content decreases. This indicates a systematic lack of fit between the

LES-based Crystaf model and the experimental data.
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Figure 4.7 Effect of comonomer content on Crystaf profile
(Experimental results from Sarzotti ef al. [12])

The supercooling temperature, 75, was found to increase linearly with
comonomer content, as shown in Figure 4.9. Since it was previously demonstrated
that T increases linearly with kinetic chain length, least squares regression was used
to obtain Equation (4.5) relating the supercooling temperature to comonomer content
and molecular weight:

T, =1.387+6.818x107" xr, +5.689x10% x CPP 4.5)
All the experimental data for samples A, B and C, and those of Sarzotti er al. [12-13]
were used to obtain Equation (4.5). Figure 4.10 compares the results predicted using
Equation (4.5) with the experimental data. Recall that Equation (4.5) applies to the
LES-based model described previously.
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4.4.3 Comparison of Crystaf simulations based the LES and AvgES distributions

As demonstrated previously (Figure 4.8), the LES-based model overpredicts the
tailing of the distributions and underpredicts the temperature for the onset of
crystallization. An alternative model can be developed using the AvgES distribution
to replace the LES distribution in Equation (4.4). This method makes use of the
numerical procedure described by Beigzadeh er al. with the exception that the lamella
thickness is now assumed to be determined by the AvgES instead of the LES.

After refitting the parameters « and Ts in Equation (4.4) (a = 6, T’ = 89°C),
the AvgES-based model performs better than the LES-based model. Figures 4.11 and
4.12 compare the AvgES-based simulations of the Crystaf profiles with experimental
data for the fractions of sample A and for samples 1 through 5. As compared to the
LES-based model, the AvgES-based model slightly improves the fit of the
experimental data for the fracﬁonated samples (compare Figures 4.5 and 4.11), but
this improvement becomes significant for the samples with different levels of
comonomer content (compare Figures 4.8 and 4.12). The improved prediction of the
onset of crystallization temperature and low temperature tail argue strongly in favor
of using the AvgES distribution instead of the LES distribution for modeling Crystaf
fractionation.

One can only speculate as to why the AvgES distribution gives a better fit to
the data. The use of the LES distribution assumes that the fractionation process in
Crystaf occurs close to thermodynamic equilibrium, thus leading to crystals of
maximum achievable size under the experimental conditions used during
crystallization. This might not be the case, since it is very likely that kinetic effects
interfere with the crystallization process in Crystaf, producing smaller crystallites, as
is discussed later in more detail [18]. This might be the reason for the systematic lack
of fit when the LES distribution is used to simulate Crystaf profiles. The use of
AvgES may indirectly take into account these effects by predicting smaller lamellae
than the ones simulated with LES. The AvgEs-based model may thus be less

fundamental but more useful as a model of Crystaf fractionation.
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Figure 4.11 Comparison of experimental data with simulation results using the
AvgES distribution for various M, (fractions of sample A, a =6, 75" =89°C)

The supercooling temperature was again found to be a function of molecular

weight and comonomer content. Equation (4.6) is an empirical equation obtained by

least squares fit that relates T to ry and CPP for the AvgES-based model:

T, =3.0736+2.9933x 107" xr, +2.038x10* x CPP
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Figure 4.13 compares the results from the above equation and the

experimental data. This model permits the accurate simulation of Crystaf profiles for

ethylene/1-hexene copolymers as a function of molecular weight and comonomer

content.
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Figure 4.13 Effects of comonomer content and molecular weight
on the supercooling temperature (model using avgES distribution)
4.5 CLOSING REMARKS

Both molecular weight and comonomer content significantly affect Crystaf profiles.

Although Crystaf peak temperatures are practically independent of molecular weight,

increased tailing of the Crystaf profile in the low temperature region is observed with

decreasing molecular weight. The comonomer content is the most important

parameter affecting the location of the Crystaf peak temperature for a given set of

operating conditions. Therefore, comonomer content can be quickly estimated using a

calibration curve relating peak location and comonomer content. This is the standard

procedure in Crystaf analysis, and this investigation proves that it is quantitatively

accurate.

The model proposed by Beigzadeh er al. [9-10] shows good qualitative

agreement with the experimental data, but a systematic lack-of-fit can be observed.
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Using the AvgES distribution instead of the LES distribution seems to give a better

semi-empirical modeling of Crystaf profiles.

NOMENCLATURE

AvgES average ethylene sequence (see Figure 4.2)

CC  average comonomer content
CPP comonomer propagation probability
ES  ethylene sequence (see Figure 4.2)
LES longest ethylene sequence (see Figure 4.2)
M,  number average molecular weight
Mco molecular weight of comonomer (hexane = 84)
My molecular weight of monomer (ethylene = 28)
ry number average chain length
PP propagation probability
Ts supercooling temperature
Ty  equilibrium dissolution temperature
Te crystallization temperature
a constant in equation (4.4)
lamella thickness
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CHAPTERSS

EFFECT OF OPERATION PARAMETERS
ON TREF AND CRYSTAF

Simplicity is the key to effective scientific inquiry.
Staniey Milgram

In the last chapter, the effects of chain microstructure on Crystaf were examined. This
chapter explores the effect of operation parameters on both Tref and Crystaf analyses
using a series of ethylene/a-olefin copolymers and their blends. The operating
parameters investigated are the cooling, heating, and solvent flow rates. Therefore,
this chapter focuses mainly on the role of crystallization kinetics in the fractionation
processes of both techniques. The possibility of cocrystallization is also discussed in

this chapter.
5.1 INTRODUCTION

Temperature rising elution fractionation (Tref) and crystallization analysis
fractionation (Crystaf) are techniques widely used for the qualitative estimation of
chemical composition distribution (CCD) of semi-crystalline copolymers, specifically
ethylene/o~olefin copolymers. Both techniques can fractionate polymer chains of
different crystallizabilities via crystallization from dilute solution.

Trefis a two-étep process consisting of precipitation and elution [1-4]. In the

first step, polymer chains are crystallized and precipitated from a dilute solution at a
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constant cooling rate in a column loaded with inert support. In the second step,
solvent flows through the column while the temperature is increased, thus eluting the
polymer precipitated in the first step. The concentration of polymer eluted at each
elution temperature is monitored with a mass-sensitive detector.

Crystaf [5-8] is based on a single, polymer-solution crystallization step at a
constant cooling rate. The change in concentration of the polymer solution is
monitored during the crystallization period, leading to a cumulative concentration
profile. The derivative of the cumulative concentration profile indicates the fraction
of polymer crystallized at each temperature, thus providing the same information
obtained using Tref in a shorter time.

The preferred condition for fractioning polymer chains of different
crystallizabilities is close to thermodynamic equilibrium, where crystallization kinetic
effects should be negligible. Ideally, this allows each polymer chain to crystallize and
precipitate separately at its crystallization temperature. Practically this condition is
very difficult if not impossible to achieve, as very long analysis times would be
required. In practice, a low cooling rate, in the range of 0.1-0.3°C/min is used.

This chapter investigates the effect of crystallization kinetics on Tref and
Crystaf and explains the optimum compromise between analysis time, accuracy, and
resolution of the fractionation. This chapter also looks at cocrystallization effects
during polymer crystallization from dilute solution. Cocrystallization is the
phenomenon whereby chains with different crystallizabilities crystallize at the same
temperature. For the specific case of ethylene/o-olefin copolymers, this leads to the
simultaneous crystallization of chains with different o-olefin content, which is highly
undesirable when one is<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>