Equilibrium Melting Temperature Determination of Semicrystalline
Polymers through Nonlinear Hoffman-Weeks Extrapolation and

Secondary Crystallization of Ethylene/Styrene Copolymers

Jiannong Xu

Dissertation submitted to the Faculty of the
Virginia Polytechnic Institute and State University

in partial fulfilment of the requirement for the degree of

Doctor of Philosophy
in

Chemistry

Dr. Hervé Marand, Chair
Dr. James O. Glanville
Dr. Allan R. Shultz
Dr. Thomas C. Ward
Dr. Garth L. Wilkes

October 21, 1999
Blacksburg, Virginia

Keywords: Equilibrium Melting Temperature, Secondary Crystallization

Copyright 1999, Jiannong Xu



Equilibrium Melting Temperature Determination of Semicrystalline
Polymers through Nonlinear Hoffman-Weeks Extrapolation and

Secondary Crystallization of Ethylene/Styrene Copolymers

Jiannong Xu

(ABSTRACT)

The applicability of the conventional Hoffman-Weeks (HW) linear extrapolation for the
determination of the equilibrium melting temperatures of semicrystalline polymers is critically
reviewed. It is shown that the linear extrapolation of observed melting temperatures cannot, in
general, provide a reliable estimate of the equilibrium melting temperature. A more rigorous
nonlinear HW analysis is proposed in this dissertation, which yields more accurate estimates of
the equilibrium melting temperatures for semicrystalline polymers. The proposed nonlinear HW
analysis is successfully applied to the cases of isotactic polypropylene and poly(ethylene oxide).
The predicted initial lamellar thickness as a function of the crystallization temperature matches
well with experimental results and/or literature values. Results based on the nonlinear HW
analysis are consistent with those obtained from the analysis of the temperature dependence of
the crystal growth rates. The general applicability of the Lauritzen Hoffman (LH) secondary
nucleation theory is also addressed for isotactic polypropylene and poly(ethylene oxide). While
the LH theory provides an excellent account of the temperature dependence of spherulitic growth
rates and ratio of nucleation constants for different regimes, it appears not to yield a meaningful

value for the substrate length,for poly(ethylene oxide).

In a second project, the effects of structural and topological constraints on the morphology,
melting and crystallization behavior of ethylene/styrene copolymers are investigated. During
cooling from the melt, the longest ethylene sequences crystallize into lamellae in the primary

crystallization process, while the shorter ethylene sequences are suggested to form fringed



micelles in the secondary crystallization process. Kinetic studies indicate that secondary
crystallization is characterized by an Avrami exponent of ¥2 which is consistent with a one
dimensional, diffusion controlled growth. The increase in the melting temperature of secondary
crystals with crystallization time is tentatively explained by a decrease in the molar
conformational entropy of the remaining amorphous fraction as a result of secondary

crystallization, although the possible role of an increase of crystal lateral dimensions with time

cannot be rigorously ruled out.
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Chapter 1. Introduction

1.1. General introduction to polymer crystallization

Polymer crystallization has been the subject of technical and scientific interest for decades.
Morphology of polymer crystals is generally described in terms of chain folded larhelldeh
are thin along the chain directiohif Figure 1.1, ca. 50 — 300 A) and large in the other two
directions K andY in Figure 1.1, in the magnitude of micrometers), when polymers crystallize
from solution or from a quiescent melt. Crystallinity, which is defined as the fraction of crystals
in the whole system, is invariably less than one hundred percent for polymeric materials with
intermediate to high molecular weight. The observation of a semicrystalline state implies that
polymer crystallization is controlled by kinetic rather than thermodynamic factors. Indeed,
according to the Gibbs phase ralthermodynamic control of the crystallization process would
imply the observation of a pure crystalline state below the equilibrium melting temperature. The
morphology observed for semicrystalline polymers is the one which is associated with the fastest
growth rate of crystallization. The melting temperature of polymer crystals in the most stable
state, which is an infinite stack of fully extended chain crystals with chain ends in an equilibrium
state of pairing, is defined as the equilibrium melting temperature for that polymer. This
guantity is one of the most important thermodynamic properties of crystallizable chain polymers,
as it is the reference temperature from which the driving force for crystallization is defined.
Crystallization processes in polymers are generally thought to occur through a sequence of
primary nucleation and crystal growth mechanisms, the rates of which, at a tempgraanea
function of the undercoolingT, (T, -Tx), whereT, is the equilibrium melting temperature.
Knowledge of this quantity is essential for a proper understanding of the temperature dependence
of bulk crystallization and linear crystal growth rates. More importantly, a precise determination
of this thermodynamic quantity is necessary for evaluation and comparison of crystallization

theories>™®
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Figure 1.1. Schematic of a polymer lamellar crystal.

Since the morphology of semicrystalline polymers is controlled by kinetic factors rather than
by thermodynamic ones, practitioners in this field are faced with the unfortunate fact that
equilibrium crystals of even low to intermediate molecular weight polymers cannot be obtained
experimentally. The equilibrium melting temperature for the crystalline form of a polymer can
therefore only be obtained through extrapolative procedures. Four general methods have been
devised for the assessment of equilibrium melting temperatures of semicrystalline polymers: the
Gibbs-Thomsofi® and the Flory-Vrii® approaches, the Hoffman-Weeks (HW) linear
extrapolatio®® and the fitting of growth rate data at sufficiently low undercooling with the
classical theory of lamellar crystal growth**> The advantages and limitations of each method
will be discussed in the next two chapters. Among the four methods, the HW linear
extrapolation is the one most widely applied because of its straightforward experimental
implementation and analytical simplicity. However, this method does not yield reliable
equilibrium melting temperatures in most cases and a critical review of this method is given in
the next chapter. One of the objectives of this dissertation is to propose a more rigorous method
yielding a more accurate estimate of the equilibrium melting temperatures of semicrystalline

polymers, and apply this method to isotactic polypropylene and poly(ethylene oxide).

When most homopolymers crystallize from a free, unconstrained melt, semicrystalline

superstructures such as spherulites form and grow until they impinge upon one another. These



superstructures, which consist of radial arrays of periodically stacked lamellae, have dimensions
ranging from micrometers to millimeters. However, even after the impingement of spherulites,
the degree of crystallinity keeps increasing. It is therefore convenient to introduce here the
concepts of primary and secondary crystallization, concepts which will be referred to very often
in this work. The primary crystallization is defined as the fast sigmoidal increase in the degree
of crystallinity at the early stage of the crystallization process. This stage is related to the
formation and growth of lamellae from a free unconstrained melt. Secondary crystallization is
then defined as any process leading to an increase in crystallinity through further crystallization
within the superstructures generated by the primary crystallization process. Secondary
crystallization generally takes place from the melt constrained by lamellae that resulted from the
primary crystallization process. Superstructures like spherulites are lost when defects (such as
short chain branches, regio or stereo defects) are introduced into polymer backbones because
crystallization is highly prohibited by the existence of the noncrystallizable déteTtse effect

of structural and topological constraints on the crystallization behavior of polymers is a topic of
great importance and has received significant attention in industrial and academic research
laboratories. In particular, many studies have focused on copolymer systems with one
crystallizable unit (i.e. ethylene) and a noncrystallizable unit (e.g. 1-octene, 1-butene, etc.). If
the content in the noncrystallizable unit increases, the length of ethylene sequences decreases,
and the ability of the copolymer to form lamellar structures decreases. One of the fascinating
qguestions for such systems is then what is the fate of ethylene sequences which are too short to
form lamellae. Do they remain amorphous upon cooling? Can they crystallize by another
mechanism? If they do, what is this mechanism? These questions will be addressed in this

dissertation.

This dissertation is organized in such a way that each chapter (Chapter 2 to Chapter 5) is
relatively independent from the others with its own introduction, experimental section, results,
discussions and conclusions. Chapter 6 provides general conclusions and suggested future
studies. To make it convenient for the readers, each chapter also has its own references listed at

the end of it. The specific organization of this dissertation, which was motivated by the fact that



each chapter corresponds to a published or submitted paper, unfortunately leads to some

repetitions, especially in the introduction for each chapter.

In Chapter 2,the conventional HW linear extrapolation is critically reviewed and a more
rigorous nonlinear HW analysis is proposed, which yields more accurate equilibrium melting

temperatures for semicrystalline polymers.

In Chapter 3,* the new nonlinear HW analysis is applied to isotactic polypropylene. The
results are compared with those obtained from the analysis of the temperature dependence of
crystal growth rates. The general applicability of the Lauritzen-Hoffman (LH) secondary
nucleation theory is also addressed. The effect of molecular weight on spherulitic growth rates
and melting behavior is also addressed qualitatively. This latter part of the work was carried out

after the publication of ref.15.

In Chapter 4,* the general applicability of the nonlinear HW analysis is further tested with
poly(ethylene oxide) and the equilibrium melting temperature of PEO is determined. Results are
compared to those from the analysis of the temperature dependence of crystal growth rates, and a

rigorous test of the LH theory is carried out.

In Chapter 5,* the effect of the structural and topological constraints on the morphology,
crystallization and melting behavior of ethylene/styrene copolymers is investigated. Specifically,
secondary crystallization in this copolymer system is addressed and secondary crystals are
suggested to be of fringed micellar type. Crystallization kinetics of these secondary crystals is

also addressed.

1.2. Polymer crystallization theory
Several theories have been proposed to describe the kinetics of polymer crystallization, such

as Sadler's rough surface md@éf and Lauritzen-Hoffman (LH) secondary nucleation thédry.

" Chapters 2 and 3 have been publist{éd.Chapters 4 and 5 are being prepared for submission to Macromolecules.

4



The latter, which is the one most widely applied in literature, suggests that the rate of crystal
growth is controlled by two elementary processes, the secondary nucleation process with rate
and subsequent lateral spreading with ateThe LH theory then predicts that the polymer
crystal growth can be categorized into three regimes. Let us first assume that the melt/crystal
interface or the growth front can be described as a substrate with leagith thickness$ (the

lamellar thickness), shown in Figure 1.2. At high crystallization temperatusesiuch smaller

than g, leading to the fact that once a nucleus deposits on the substrate, it grows in both
directions to complete the total crystalline layer on the substrate before the next nucleation event
occurs. This situation is denoted as regime | and the overall growth rate of polymer ¢gystals,

boiL, whereb, is the thickness of one crystalline layer. As temperature decreases, regime Il
mechanism sets in, where the magnitudé afidg are comparable. Thus, multiple nucleation
occurs on the substrate and the nuclei spread laterally at the growth front but compete with each
other to give rise to a new crystalline layer. In regim&lk bo(2ig)1’2. Further decrease in the
crystallization temperature results in a much largempared t@, and the secondary nucleation
becomes the rate-determining step because there is no longer time for secondary nuclei to grow
laterally. This regime is defined as regime Il aBd= boilL', wherel' is the average distance
between niches, which is about 2 ~ 3 times the width of a stem. The detailed derivation of the
expressions forandg has been given in a review paper by Hoffman and Milkerd will not be
repeated here. The equation relating the overall growth @Gteand the crystallization

temperatureT,, in the LH theor§/is expressed as

G=G exd — 2 Jexd-——9_
J R(T,-T,) TAT

whereU* andT,, are the Vogel-Fulcher-Tamman-Hesse parameters describing the transport of
polymer segments across the liquid/crystal interphaﬁg‘? is a prefactor assumed to be
independent of temperatuaddKg; is the secondary nucleation constant in a given regiag.

has been derived in the LH theory as

_IbyooeT (1.2)
¥ AH(k
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Figure 1.2. Schematic of the crystal growth in different regimes according to the LH theory.

where o and o, are the lateral and fold surface free energy, respectidelyjs the theoretical

heat of fusion an#l is the Boltzmann constant. In the equatjon4 in regime | and Il angd= 2

in regime Il. Hence, the LH theory predicts that a plot & #h U*/R(Ti-T,) versusUT,AT
yieldsKg; as the slope and the slope in regime Il is one half of those in regime | and Ill, namely,
Kg /Kgn = Kgm/Kg 1 = 2. The intercept of the plot in each regime provides the vaICEgP &dr

that regime.G° is useful in the calculation of the substrate lengtha value that has to be
physically meaningful. When the temperature dependence of crystal or spherulitic growth rates
is analyzed as discussed above, even small variations in the choice of the equilibrium melting
temperature can lead to significant changes in the magnitude of the calculated secondary
nucleation constantsy, and the surface free energy prodaet. More importantly, it can lead

to the artificial creation or disappearance of regime transitions when the raw spherulitic growth

rate data are presented in a LH plot.

A more rigorous method is proposed in this dissertation to give a more accurate estimate of

the equilibrium melting temperatures for semicrystalline polymers and is applied successfully to



isotactic polypropylene and poly(ethylene oxide). The general applicability of the LH theory is
also tested in the systems of isotactic polypropylene and poly(ethylene oxide) in this work, using
the value of the equilibrium melting temperatures obtained through the nonlinear HW analysis.

1.3. Copolymer crystallization theory

Copolymers usually exhibit the existing properties of both homopolymers as well as new
properties by controlling the composition of the system. A good example is the ethylene/styrene
copolymer system synthesized by metallocene-based cat&lyAtsiide range of properties can
be shown for these copolymers by controlling the styrene content. A low styrene content allows
the copolymer to have a fairly high crystallinity, exhibiting typical plastic behavior of linear
polyethylene, while a high styrene content copolymer shows typical glassy behavior of
polystyrene. At an intermediate styrene content, the copolymer exhibits a typical elastomeric

behavior due to the low crystallinity of the system.

Let us consider an A-B copolymer where A is a crystallizable unit (i.e. ethylene) and B acts
as a defect in the polymer backbones (i.e. styrene). Properties of this copolymer largely depend
on whether the defects can be included in the crystals or if they are completely excluded.
Though investigations of the exclusion or inclusion of defects are not the main goals of this
work, it is necessary to understand these concepts thoroughly. *°Roegicted the melting
temperature and the crystallinity of the copolymer system as a function of temperature and
sequence distribution length based on a phase equilibrium theory, assuming that B units are
totally excluded from the crystals. The theory predicts a minimum stable crystallite lgngth,
which is determined by the crystallization temperatdre, At a givenT,, only those A
sequences with a length larger than or equaf wall crystallize, while other A blocks with a
length smaller tha will remain amorphous.J increases with an increaseTp During the
cooling of copolymers from the melt 1q, crystallization occurs in such an order that longer A
sequences always crystallize earlier until the end of crystallization, where the lengths of the rest

of the A blocks are smaller thafiTx). Thus, the equilibrium crystallinity as a function of the



crystallization temperature can be calculated. The melting temperature depression of the
copolymer system is predicted as,

1T, —1/T,°=—(R/AH,)In p (5.3)
where T, is the melting temperature of the copolymds, is the equilibrium melting
temperature of the homopolym®&,is the gas constam/ is the heat of fusion per unit of the
homopolymer, ang is the sequence propagation probability. In a random copolymer system,
= 1 - Xg, whereXg is the content of the B unit. Since Flory’'s theory is based on the assumption
that all the B units are excluded from the crystals, the melting temperature and the crystallinity of
the system will not depend on the chemical nature of the B unit. This prediction is consistent
with the experimental observatidi€®that the melting temperature of homogeneous ethylene/
olefin copolymers decrease with an increase in the comonomer unit content to an extent which
does not depend on the chemical nature of the comonomer unit (assuming comonomers are
larger than propylene). Quantitative comparisons of Flory's theory with experimental results are,
however, not very satisfying, because the theory is based on a phase equilibrium assumption,

while copolymer crystallization always occurs in a manner controlled by kinetics.

On the other hand, Sanchez and’Efydeveloped a theory based on the assumption that the
comonomer units can be included into the crystal, and the extent of inclusion depends on the
crystallization temperature employed. A faster crystallization rate results in a higher extent of
inclusion. Sanchez and Eby predicted that the melting temperature of the copolymers decreases
with increasing comonomer unit content due to the excess enthalpy caused by the introduction of
the comonomer units (acting as defects) into the crystal. This differs from Flory’s theory, which

ascribes the melting temperature depression to an entropic effect.

The size of the comonomer units decides whether they can be included or not. Methyl
branches can be included in the polyethylene cry&tass ethylene/propylene copolymers can
be described by Sanchez and Eby's inclusion model. However, for comonomer units larger than
propylene, diverse opinions exist. Experimental results show that the melting temperature and

crystallinity of homogeneous ethylenedlefin copolymers (comonomer unit: 1-butene, 1-



pentene, 1-hexene, 1-octene) do not depend on the chemical nature of the comonomers while
they strongly depend on the comonomer cortéfft. These results strongly support the
application of the exclusion model. Theoretical work by Helfand and Laifftizesists that the
inclusion of comonomer units in the crystals is universal, the difference is only the degree of

inclusion.

In this work, we will show that the extent of the inclusion of comonomer units is too small to
affect the materials’ properties, thus the exclusion model will be applied. The objective of this
project is to study the effect of the structural and topological constraints on the morphology,
crystallization and melting behavior of ethylene/styrene copolymers. This work will specifically
focus on the secondary crystallization behavior of ethylene/styrene copolymers. A detailed
literature review about the previous studies of other authors in this field is given in Chapter 5.
This subject is also motivated by understanding the very practical phenomenon that the
properties of many polyolefins, including ethylene copolymers and polypropylene, change
dramatically at room temperature after their solidification. Such a phenomenon is likely to be
related to the secondary crystallization process of these materials. The introduction of styrene
units into the polymer backbones results in a large amount of ethylene blocks that are not long
enough to form chain-folded lamellae. The role of these ethylene blocks in the crystallization
process is investigated when the copolymers are cooled from the melt. They are likely to
crystallize into another type of crystals (i.e. fringed micelle) without chain folding at low
temperatures in the secondary crystallization process. The Kkinetics of the secondary
crystallization is studied and the formation of the secondary crystals is found to be consistent

with a one-dimensional, diffusion controlled growth.
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Chapter 2. Determination of the Equilibrium Melting Temperature of

Semicrystalline Polymers by Non-linear Hoffman-Weeks Extrapolation

2.1. Introduction

The equilibrium melting temperaturg,, , of a polymer crystal is defined as the melting
temperature of an infinite stack of extended chain crystals, large in directions perpendicular to
the chain axis and where the chain ends have established an equilibrium state of pairing. This
guantity is one of the most important thermodynamic properties of crystallizable chain polymers,
as it is the reference temperature from which the driving force for crystallization is defined.
Within the current paradigm of crystallization theoriéknowledge of this quantity is essential
for a proper understanding of the temperature dependence of bulk crystallization and lineal
crystal growth rates. More importantly, a precise determination of this thermodynamic quantity
is necessary for evaluation and comparison of crystallization theories. Crystallization processes
in polymers are generally thought to occur through a sequence of primary nucleation and crystal
4growth mechanisms, the rates of which, at a tempergtyrare a function of the undercooling
AT (Tyn -Ty), where Ty, is the equilibrium melting temperature. When the temperature
dependence of crystal or spherulitic growth rates is analyzed in the context of the Lauritzen-
Hoffman (LH) secondary nucleation thedry,even small variations in the choice of the
equilibrium melting temperature can lead to significant changes in the magnitude of the
calculated nucleation constéefy, and surface free energy produet.. More importantly, it can
lead to the artificial creation or disappearance of regime transitions when the raw spherulitic

growth rate data are presented in a LH plot.

Since the morphology of semicrystalline polymers is controlled by kinetic factors rather than
by thermodynamic ones, practitioners in this field are faced with the unfortunate fact that
equilibrium crystals of even low to intermediate molecular weight polymers cannot be obtained
experimentally’”’ The equilibrium melting temperature for the crystalline form of a polymer can
therefore only be obtained through extrapolative procedures. Four general methods have been

devised for the assessment of equilibrium melting temperatures of semicrystalline polymers: the
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Gibbs-Thomsoti*®° and the Flory-Vrij approaché&*? the Hoffman-Weeks proceddfeand

the fitting of growth rate data at sufficiently low undercooling with the classical theory of
lamellar crystal growth®*> The applicability of the latter two methods relies on the assumption
of a specific crystal growth model. The former two methods are based solely on thermodynamic

arguments and should be a priori more reliable, although they have limitations of their own.

The Flory-Vrij formalism was developed to determine the equilibrium melting temperature
of polyethylene in the long chain limit and is based on the availability of equilibrium melting
temperature data for a series of pure short chain paraffins, which are homologues of
polyethylene. The equilibrium melting temperature of an extended chain crystal of linear
polyethylene havingn CH, groups and two methyl end groups can then be calculated from the
latent heat and entropy of fusion per methylene group, the methyl end groups contribution to the
enthalpy and entropy of fusion and the localization entropy associated with the pairing of chain
ends. These thermodynamic input parameters are obtained through refinement of paraffin
melting and heat capacity data. As this approach requires the availability of a homologous series
of strictly monodisperse materials and an inordinate amount of thermodynamic data, it has not

been widely applied to other semicrystalline polyntérs.

The Gibbs-Thomson approach is based on the thermodynamic argument, that the melting
temperature of a crystal of finite size is depressed below that of an infinite size crystal, the result
of an increase in free energy of the crystal with a decrease in its dimensions. In the case of
polymer lamellar crystals, it is generally but not universally observed, that the lamellar thickness
is much smaller than the other two dimensions, in which case, the melting temperature
depression is proportional to the ratio of the crystal basal surface free energy to the theoretical
enthalpy of fusioni(e. to the reciprocal of the lamellar thickness, see below). Limitations of this
thermodynamic treatment have been discussed in the litéritard are not of particular
concern for relatively high molecular weight flexible linear polymers, for which the equilibrium
melting temperature becomes approximately independent of chain length. A plot of the observed

melting temperature as a function of the reciprocal of the lamellar thickness, if linear, would
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therefore yield the equilibrium melting temperature as the intercept. This method, which appears
at first sight very straightforward, is only suitable if a number of experimental conditions are
satisfied. First, lamellar crystals should be large enough along directions parallel to their basal
plane for the lateral surface free energy contribution to the melting point depression to be
negligible. Second, the crystal lamellar thickness should be measured just prior to the onset of
their melting. If the crystal thickness is recorded at the crystallization temperature or at ambient
conditions, the crystals may reorganize, melt and recrystallize or thicken during the heating scan
required to record their melting temperatlireln most instances, the lamellar thickness is
actually determined at room temperature from either small angle X-ray scattering measurements,
electron microscopy observations or from the longitudinal acoustic modes (LAM) observed by
Raman spectroscopy. It must be emphasized that in the case of Raman LAM studies the
correction for chain tilt with respect to the normal of the basal crystal planes must be carried out
to determine the actual lamellar thickness. Furthermore, as a result of the finite crystal-melt
interfacial thickness at the crystal basal plane, it is anticipated that both the SAXS and the LAM
analyses lead to a slight overestimation of the core lamellar thickness. In the SAXS analysis this
arises from the equal apportionment of the interphase thickness to the crystal and amorphous
phases. In the Raman LAM analysis of polyethylene, overestimation results from the variable
persistence of trans sequences into the interfacial region. In any case, for linear polyethylene,
estimates of the interfacial thickness through SAXS and Raman spectroscopy suggest that this
overestimation should be of magnituda 5 A per interphase. Unless the above issues are
rigorously addressed, one should not expect the Gibbs-Thomson method to provide an accurate

estimate of the equilibrium melting temperature.

The best possible approach may consist in following simultaneously the evolution of the
SAXS and WAXD patterns of a semicrystalline polymer during heating using a synchrotron
radiation sourcé’ The latter assertion obviously assumes that the semicrystalline polymer
morphology can be reasonably approximated by the lamellar stack model, so that the correlation
or interface distribution function approach can be reliably used to determine the length scales

associated with spatially periodic electron density fluctuatidfis.It is therefore doubtful that
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such a technique could be rigorously applied to polymers such as poly(ethylene terephthalate),
poly(ether ether ketone) or poly(phenylene sulfide), since morphological studies carried out by
transmission electron microscopy have unambiguously revealed that, over most of their practical
crystallization temperature range, these polymers display thin lamellae of relatively narrow

width.20-22

The determination of the equilibrium melting temperature through the analysis of the
temperature dependence of spherulitic growth rates was first proposed by Maratid erad.

will be addressed for the case of isotactic poly(propylene) in the next chapter.

The Hoffman-Weeks (HW) method involves the extrapolation of a linear regression of
experimentally observed melting temperatuiigs,, for various crystallization temperaturé@s,,
to the equilibrium liner,y =T, . The associated HW equation results from a combination of the
Gibbs-Thomson equation and an expression derived from the LH secondary nucleatioh’theory,
which relates the initial stem length to the undercooling. It is also based on the assumption that
the difference between crystallization and observed melting temperatures is solely due to the
thickening of lamellae formed at the crystallization temperature. The thickening coeffigignt,
which is calculated as the reciprocal of the slope ofTihieversusT, regression line, should
account, in principle, for the thickening process occurring during isothermal crystalliZation.
Because of its straightforward experimental implementation and its analytical simplicity, this
method has been widely used for the determination of the equilibrium melting temperatures of
semicrystalline polymers. It should be noted, however, that this procedure was not developed to
provide the best estimate of equilibrium melting temperatures, but merely to explain the
observed increase in melting temperature with crystallization tempefatur&as been reported
that in some cases this approach fails as a result of enhanced lamellar thickening for samples
crystallized at the lowest undercoolirffS. It is also commonly but incorrectly accepted (see
below) that the observation of a linégy versusT, behavior is an indication that the lamellar
thickening coefficient is constant. At this stage, it is important to realize that a necessary

prerequisite for the isothermal lamellar thickening process is the existence of some molecular
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mechanism for segmental motion within the lamellar crystal. It is generally agreed that the
observation of a crystalline relaxation (through dielectric, dynamic mechanical and NMR
spectroscopic measurements), provides compelling evidence for the existence of segmental
motion within the lamellar crystaf8. However, one should note that the existence of such a
relaxation is a necessary, but not sufficient, prerequisite for the lamellar thickening process.
Other factors such as the presence of non-crystallizable units along the polymer backbone
(branches, comonomer, etc..), a high entanglement density in the interlamellar regions and the
nature of the lamellar morphology (for example the cross hatched morphdfogyn isotactic
polypropylene) may affect the kinetics of this process in such a way that lamellae do not thicken
considerably after their formation. Furthermore, a number of polymers such as PEEK, PPS, PET,
nylons, it-PS, and so forth show no sign of a distinct crystadlinelaxation in the temperature
range where their crystallization/melting behavior has been investifatEdese materials are
therefore not expected to exhibit lamellar thickening under isothermal crystallization conditions.
Time resolved SAXS studies have actually suggested that for this latter class of materials, the
average lamellar thickness does not increase during primary or secondary crystallization but
appears to decrease, most likely the result of secondary crystalliZatfom light of the above
discussion, it is rather puzzling to note that the linear HW analysis almost invariably yields
thickening coefficients between 2 and 3, regardless of the polymer under consideration, its

molecular weight, and the existence or absence of a crystalfiglaxation.

The goals of this work are then to examine the assumptions involved in the linear HW
extrapolation and to investigate the applicability of this method to the determination of the
equilibrium melting temperature and thickening coefficient of a given polymer crystal. Firstly,
the general relationship between observed melting and crystallization temperatures is recalled,
expected on the basis of the LH theory, and the validity of the various approximations involved
in the HW linear extrapolation are discussed. Secondly, the conditions are examined under
which the linear extrapolation is expected to provide a reliable estimate of the equilibrium
melting temperature, the effect of lamellar thickening is investigated in the temperature range

where experimental data are accessible. Thirdly, a number of model calculations are carried out
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using different values of the thickening coefficiept=(1 and 2). The case=1 is elaborated

upon to provide insight into the behavior of polymers whose crystals do not exhibit isothermal
lamellar thickening or for which the melting temperature of non-thickened crystals can be either
recorded experimentally or inferred from experimental data. Finally, the case of a hypothetical
linear polyethylene material of sufficiently high molecular weight (the equilibrium melting
temperature is independent of chain length) is considered. The choice of this polymer is dictated
by the a-priori reliable estimate of its equilibrium melting temperature (upper bound) through the
Flory-Vrij treatment, and by the availability of thermodynamic and crystallographic
parameters™3' Pertinent molecular characteristics and thermodynamic properties for this

material are listed in Table 2.1.

2.2. Linear and non-linear Hoffman-Weeks extrapolation

This section starts with the conventional Hoffman-Weeks treatment, followed by the
discussion why this method is not valid in most cases. The strict conditions for using the
conventional Hoffman-Weeks extrapolation are derived. Finally, a non-linear Hoffman-Weeks
extrapolation is introduced, both its advantage over the conventional Hoffman-Week linear

treatment and its limitations are discussed.

Table 2.1. Thermodynamic constants for high molecular weight linear polyethylene.

Tm (°C) 145.%

AH; (J.cm) 283
cem= oe (erglcnf)  90.4

Cz (R) 43.25

2 Flory-Vrij extrapolation (see ref. 2jcalculated using a density of 0.968 gtat 145.5°C (ref. 45, (ref. 2)
16



2.2.1. The conventional Hoffman-Weeks linear treatment

The HW approach assumes that the initial lamellar thickiessf a polymer crystal
growing under isothermal and quiescent conditions is appropriately described by the LH
secondary nucleation theory. It is also assumed that the Gibbs-Thomson equation, in its standard
form, provides an accurate estimate of the melting temperature depression associated with the
finite thickness of lamellar crystals. This latter assertion has been rigorously verified for
polymers in the long chain length lindit® We recall that a rigorous use of the Gibbs-Thomson
equation requires recording both the melting temperature and the lamellar thickness for the same
crystals (minimize reorganization, pre-melting or thickening of the crystals during heating or
measure the lamellar thickness just before the onset of melting). According to the LH theory, the
average initial lamellar thickness observed at the temperature of crystalliZatisngiven by

* _ 20ex (2.1)

| =
AGsy

+dly

where oz andAG are, respectively, the basal plane crystal/melt interfacial free energy and the
bulk free energy of fusion &, anddly is the thickness increment above the minimum lamellar
thickness, which enables the secondary surface nucleus to enter a region of thermodynamic
stability at the fastest rate Bt>? The importance ofl, is generally recognized by noting that it
prevents a crystal formed &t to melt at its own crystallization temperature. Inghe 0 version
of this theory? dl, is expressed by

s ( KTy ](40X+ a)AGfX] (2.2)

- 2lpoy /\ 20y + agAGiy

where oy is the lateral crystal/melt interfacial free energy at the crystallization tempetatsre,

the Boltzmann constaniy is the thickness of the secondary nucleus in the direction normal to
the growth front andy is the width of the stem in the direction parallel to the long dimension of
the growth plane. It should be noted that Equation 2.1 has been criticized as being invalid for
some polymers (such as isotactic polystyf@nat large undercoolings, where apparently the
lamellar thickness becomes independent of crystallization temperature. However, inspection of
this earlier experimental study indicates that it is the long spacing and not the actual lamellar

thickness, which becomes independentTef This criticism is not rigorously warranted for
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flexible chain polymers with small repeat units, as the LH theory only addresses isothermal
growth rates and stem lengths of isolated crystals and cannot provide any information on the
thickness of the interlamellar amorphous region, except, however, for low molecular weight
polymers, where chain folds and cilia are the only amorphous constituents of these’repons.

other polymers, such as polyamidésthe maximization of interchain hydrogen bonded
interactions may prevent the lamellar thickness from varying smoothly with crystallization
temperature. Such specific cases need to be recognized but are beyond the focus of this work

and will not be discussed here.

The bulk free energy of fusion at the crystallization temperature can be expressed in terms of
the undercooling AT =Ty, - Ty ), the latent heat of fusion at the equilibrium melting temperature,
AH; and a correction factdg accounting for the temperature dependence of both the latent heat
and entropy of fusion.

_ fAH(Tn - Ty) (2.3)

m

The termfy can be rigorously determined by carrying out a Taylor series expansion of the Gibbs

free energy of fusion arourigh.*%*2

Let us consider a lamellar crystal of thicknéssyith lateral dimensions{ andY. Setting
the free energy of fusion of the finite size crystal at the observed melting tempéefgtute,be
zero, we obtain

XYAG,, -2 XYo,,— 2( X+ Yo ,,=0 (2.4)

whereAGyy, oeni @and oy are the bulk free energy of fusion, and the basal and lateral interfacial
free energies at the observed melting temperdidreespectively. ExpressimiGy, in terms of
the melting temperature depressigp- T,y in a similar manner as shown in Equation 2.3 leads
to the classical Gibbs-Thomson equation

26 (2.5)
Ifry AH

T = Tm(l—

when the conditionsy,/X andom/Y << cery/l are satisfied.
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Since a number of polymer crystals thicKezither isothermally &f, or upon heating to the
melting temperature, the lamellar thickness at the time of meltingay be greater than the
initial lamellar thicknessl*. An average thickening coefficienty,, is introduced and defined

by
(2.6)

7’xm=|*

It should be noted thag., is generally a function of crystallization temperature, time and

possibly heating conditions up to the melting temperattie®®

At this juncture, we can combine Equations 2.1, 2.3, 2.5 and 2.6 to obtain the general form of
the relation between the observed melting temperature and the crystallization tempetature.

_ 2.7
Tmlsz 1— 1 Tm TX O em L 1 ( )
7 xm Tm O oy fm' 1+ dxAH f fx(Tm _Tx)

20T,

A number of approximations are generally made to render this approach tractable. First, it is
assumed that both the ratio of the fold surface free energies and thafofetimes are close to

unity. Under these conditions, the expression relatiig@ndT, becomes

2.8
Tm':Tm(l—&j+ 2 9
7 xm 7xm
where
0. — 1
X dAH: T (T, =T,
14 X f x( m x) (2_9)
20exIm

Second, if we consider crystallization processes carried out at low undercoolings, such that the
term Ay AH; fy (T Ty) is significantly smaller than&y Tr,, then we may neglect the contribution
from the dy containing term to the melting depression below the equilibrium melting

temperature and assume tlgtis unity. This consideration, combined with the assumption that
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the thickening coefficiengm, is constant, constitutes the various approximations which are at the
origin of the classic linear Hoffman-Weeks appro&tchThis approach, therefore, implicitly
assumes that,, is greater thafy solely due to crystal thickening effects and yields a linear
relationship between observed melting and crystallization temperatures

. ._THW(l_Lj_i_ Ty (2.10)
i
m YHW/  7HW

where T,y and s are the “equilibrium melting temperature” and the thickening coefficient
obtained from the intercept with the equilibrium line and the reciprocal of the slope Tf the
versus Ty regression line, respectively. One of the goals of this manuscript is therefore

concerned with the determination of the conditions under whigH = Ty, andyw = 7.

It is apparent in the conventional HW treatment, thatdhderm, which is of prime
importance when considering the rate of substrate compfefitayys no role in relating the
melting temperature to the crystallization conditions. On cursory examination, this assumption
seems justified in the case of polyethylene and a few additional polymers such as PEO, which
display relatively large lamellar thicknesses> 100 A). Indeed, thé, value, calculated from
Equation 2.2 to be 18 1 A for polyethylene in the practical isothermal crystallization range,

would make a negligible contribution koespecially at low undercooling.

Rather than assuming that the initial lamellar thickness is given by Equation 2.1, a prediction
of the LH theory, it appears safer to exptédsy

=, (2.11)
AT

whereC; andC, are constants, obtained experimentally. It has been previously suggested for
polyethylené®'”* that the quantityC, is approximately equal toaTw/AHm . On the other
hand,C, is found to be ca. 43 A, which is about three to four times larger thaslthalue
calculated from Equation 2.2. The origin of this discrepancy between the magnitOgaraf

dy is discussed below. Since large valuesCgfare also found for other semicrystalline

polymers®” it would follow that the approximatiorC, << I* is generally unjustified.
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Furthermore, if we exclude polyethylene and poly(ethylene oxide), which can crystallize fairly
rapidly at low undercooling to yield thick lamellae, most polymers crystallize sufficiently rapidly
under isothermal conditions only at fairly large undercoolings. Under these conditions, their
lamellar thickness is expected to be much lower than observed for PEO or even IPE108.

A). Consequently, the above approximatio®, << I*) will be more inaccurate for these

polymers than for PE and PEO.

Another important consequence of the above approximation is that the linear HW treatment,
in the conventional form (Equation 2.10), cannot describe the melting of polymer crystals which
do not thicken isothermally or upon heating, = 1), as this yields the erroneous conclusion that
Tn =Tk If lamellar crystals formed at a crystallization temperalyranelt and recrystallize
into thicker crystals during the heating process, the basic premise of the HW treatment, that we
can correlate the crystallization temperature to the resulting observed melting temperature, is not

satisfied and this treatment should not be used without further modification.

2.2.2. A more rigorous relationship between observed melting and crystallization
temperatures

We noted in the previous section a discrepancy between the magniDdarafd,. This
discrepancy can be qualitatively accounted for on the basis of stem length fluctuations during the
chain folding process. Lauritzen and Pass#yfisoposed a stem length fluctuation model in
which they computed the “kinetic” fold surface energy,, accounting for the extra lateral
surface energy due to fold protrusion and for the mixing entropy associated with stems of
different lengths. The kinetic roughening of the fold surface leads to an increase in the basal
plane interfacial free energy with increasing undercooling, which is approximated by:

ey = Tu(l+ YAT) (2.12)
wherey is a small positive constant awg" is the fold surface free energy estimated from the

slope ofl* versus IAT.*? Under these conditions, the undercooling dependence of the initial

lamellar thickness can be recast as
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20.Ty  200yT (2.13)
= + + Ay
AH{AT  AHg

I*

The sum of the last two terms on the R.H.S. of Equation 2.13 can be taken as constant (i.e.
independent of undercooling), which we associate with the @rmThe constany has been
evaluated®***'from the experimental value @, and the estimate af,, defined by Equation

2.2, and has been quoted in the range from 0.0025 to 0:05\€ will however not indulge here

in such calculations, which we feel are unlikely to shed new light on this problem, as (1) the
quantity dl , given in Equation 2.2, actually depends on the magnitude®afhich, although
thought to be small, is not known accurately and may differ for substrate completion and first
stem deposition process®s(2) the exact temperature dependencesgfis unlikely to be
rigorously linear*® In any case, examination of a number of studies lends support to the
applicability of Equation 2.11 and to the need to account for the temperature dependence of the
kinetic fold surface free energy. In recent treatméfishas been implicitly assumed that the

fold surface free energyys' which appears in the teri@; is approximately equal to that
appearing in the Gibbs-Thomson equation. Although one should expect the quagltitind

oem 10 be slightly different®3 experimental results in the literature are not accurate enough to
allow us to differentiate these quantities. The linearity, universally observed in Gibbs-Thomson
plots, indeed, suggests thai,, can be assumed constant, in agreement with the prediction that
the equilibrium roughness of the fold surface is only very weakly temperature dep&rdent.
The use ofoen, rather thanogy in the Gibbs-Thomson equation implies that either subsequent to
the folding process afy or during heating to the melting temperature, the fold surface has
enough mobility to reach a state of equilibrium roughness. If we nevertheless assume, for the
sake of completeness, that the magnitudesdfand o., may differ slightly, combination of
Equation 2.5, 2.6, 2.11-2.13 leads to the following relationship betWgeandT,
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We note that Equation 2.14 differs from similar relationships given in the literature in two

respects. First, and most significanth}, has been replaced Igs, which, as will be shown

below, renders the approximati@®(T,) = 1 very inaccurate. Second, a new tetmos’) is

introduced in thel,, versusTy relation, which may or may not be significant, but whose value

should be obtained experimentally for a more rigorous estimatidg. of

2.2.3. Conditions when the linear extrapolation is rigorously valid

Focusing on polymer crystals which may exhibit isothermal lamellar thickening and/or

lamellar thickening during heating, without melting-recrystallization, we investigate the

conditions under which th€, = 0 approximation is justified. To do so, we calculate the

difference between the observed melting temperature predicted by the linear HW equation

(Equation 2.10) and that derived from the more general relation (Equation2.14) and determine

the conditions under which this difference is less than some fixed erréhis procedure allows

us to define a range of undercoolings up to which the linear extrapolation is a good

approximation of the non-linear one. As justified above, we emphasize that, from here on, we

describe the undercooling dependence of the initial lamellar thickness using the, teather

thandly. Subtracting Equation 2.10 from Equation 2.14 and setting the absolute value of the

difference to be less tharieads to

(
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a(Tm - Tx)2 - a“37’xm(-|_m - Tx)_<97’mem <0 (2.16)

wherea is defined as

_ GAH; (2.17)
205
The only physically meaningful solution of Equation 2.16 is
( 1 \ (2.18)
2 &y xm2AH ¢

This derivation implies that for a given set T, ot , AHs , oym and C, values, the observed
melting temperature predicted by the HW equation (Equation 2.10) differs by at st the
melting temperature predicted by the more rigorous approach (Equation 2.14), if the
undercooling is less than that given by Equation 2.18. In Table 2.2, these maximum
undercoolings are given for various choices of the thickening coefficient and of the allowable
error, ¢, in the case of polyethylene. The input material parameters for polyethylene are given in
Table 2.1. Considering the results shown in Table 2.2, it is immediately apparent that the linear

extrapolation is only valid at very small undercoolings, where crystallization would not occur on

Table 2.2. Undercooling\Tnax up to which the linear (Equation 2.10) and the non-linear

(Equation 2.14) expressionsf = f(Ty) differ by less tham for xm=1 and 2.

Yam = 1 Yxm = 2

g (OC) ATmax (OC) ATmax (OC)

0.1 2.5 3.6
0.5 5.8 8.4
1 8.4 12.1
2 12.1 17.8
5 20.2 30.3
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any practical time scale. These calculations also indicate that for a larger but constant thickening
coefficient, there is a larger temperature range below the equilibrium melting temperature, where
the linear extrapolation is accurate. Recalling that among all known polymers, polyethylene
exhibits one of the highest crystallization rates at a given undercooling, one can conclude that
other polymers will generally crystallize at a finite rate only at larger undercoolings. Thus, their
observed melting temperature will be more significantly depressed below the equilibrium
melting temperature than for the case of polyethylene, and systematic deviations between the
linear approximation and the non-linear formTgf = f(Tx) will become more significant. This
simple calculation therefore indicates that, if the linear extrapolation is used, accurate values of

the equilibrium melting temperature should not be expected in general.

2.2.4. Practical consequences of the linedar,, versusTy extrapolation

To examine the implications of using the linear LH treatment in a temperature range where it
is not rigorously applicable, we first generate a sefpfversusT, data using Equation 2.14,
assuming a constant thickening coefficient. To generate this data for polyethylene, we make use
of the thermodynamic constants listed in Table 2.1. Theoretical plotg, ofersusT, for
different values of the thickening coefficiefkm = 1 andim = 2) are then constructed using
Equation 2.14, where, as indicated above, we assipre oo and takd to be unity, anaym to
be independent of temperature. The latter approximations are of no consequence here. The
results of these calculations are shown in Figure 2.1, where predicted melting temperatures are
plotted as a function of crystallization temperatureyfgr= 1 andym = 2. It is clear that these
plots exhibit significant curvature in the hypothetical crystallization temperature range between
100°C and 140°C. Linear extrapolations, carried out from different data sets selected over a
10°C crystallization temperature interval lead to different intercepts witfithe Ty line, the
worst case being when the extrapolation is carried out far from the true equilibrium melting
temperature and the thickening coefficient is low. We now apply the HW procedureTig the
versus Ty generated data for the experimental range of crystallization temperatures that is
appropriate for linear polyethyleneg from T, = 120 to 130 °C). Below 120 °C, isothermal

crystallization may not be achieved with bulk samples, as primary nucleation and growth process
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Figure 2.1. Dependence of the observed melting temperature on crystallization temperature as
calculated from Equation 2.14 fog,, = 1 (@) and 2 @). The full lines are the corresponding

HW linear regressions and extrapolations from the 120 - 130°C crystallization temperature
range. Tn, (FV) is the equilibrium melting temperature calculated from the Flory-Vrij equation.
T (y=1) and TV (y=2) are the “equilibrium melting temperatures” determined by the

linear HW extrapolation for the indicated thickening coefficients.

could occur during cooling. Above 130 °C, isothermal thickening becomes very significant,
leading unavoidably to a non-constant thickening fatot. Linear regressions of the predicted
melting points in the 120 - 130 °C crystallization temperature range for the)gase$ andym

= 2 are also shown in Figure 2.1. Intersection of these linear extrapolations Wigh th&, line

leads to apparent equilibrium melting temperatures of 136.9 °C and 142.9 6 #ot andym

= 2, respectively. These values are 8.6 °C and 2.6 °C lower than the Flory-Vrij esiimate (
145.5 °C), which was used to generate the theordti¢alersusT, data.
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It is also worth noting that the apparent thickening coefficient, which is calculated from the
slope of the HW linear extrapolation, overestimates the value chosen in the calculatiom.pf the
versusTy data. The data generated with, = 1, when fitted by a straight line in tfig range
from 120 to 130 °C, leads to an apparent thickening coefficienty@f= 1.77. For the data
generated withsm, = 2, 1w IS equal to 3.54. The results of HW extrapolations carried out over

various temperature intervals in the 100 to 140°C are shown in Table 2.3.

This exercise allows us to draw a number of conclusions. First, the linear extrapolation is not
justified on theoretical grounds, as it is shown to hold only at exceedingly low undercoolings,
which are not experimentally accessible. Second, the linear extrapolation leads to an
underestimation of the equilibrium melting temperature and an overestimation of the thickening
coefficient. The extent of this underestimation decreases as the thickening coefficient increases,
but could become extremely significant if the range of undercoolings, over which the linear
extrapolation is carried out, is far removed from the equilibrium melting temperature. We assert
that the principal reason for the inaccuracy of the HW procedure lies in the negledCef the

Table 2.3. Hoffman-Weeks analysis of theoretiGglversusT, data generated usi@@y = 43.25
A, ol = 90.4 mJI, T, = 145.5°C, fory=1 andy= 2. The HW linear extrapolation is carried

out over different temperature ranges from 100 to 140 °C.

Temperature Range Considered

100°C-110°C 110°C-120°C 120°C-130°C 130°C-140°C

y=1  Tm(HW) (°C) 130.3 133.4 136.9 141.1
aw 2.74 2.23 1.77 1.36

y=2 Tm (HW) (°C) 139.6 141.2 142.9 144.6
aw 5.48 4.46 3.54 2.73
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is noted that the linear extrapolation does not appear to lead to a large error in the case of PE,
since this polymer crystallizes at relatively low undercoolings. However, the constant thickening
coefficient assumption made here in the analysigpf Ty data is not appropriate, as was clearly
pointed by Alamoet al.?®> These authors clearly showed that, as a result of the temperature
dependence of the lamellar thickening coefficient, it is actually very difficult to define rigorously

a temperature region over which to carry out the extrapolation. These authors furthermore
demonstrated that linear extrapolations lead to different “equilibrium melting temperatures”
when carried out with series of samples exhibiting different degrees of crystallinity. Similar
results were obtained by Hoffman and Weeks for poly(chlorotrifluoroethytén€he origin of

such discrepancies can now be understood as arising from (1) the fact that linear extrapolations
are not justifiable even for samples crystallized at different temperatures but exhibiting the same
lamellar thickening coefficient and (2) isothermal crystallization at different temperatures to the
same level of crystallinity invariably leads to systematic variations in the lamellar thickening

coefficient.

The above exercise also suggests that one should anticipate even larger errors for slower
“crystallizers”, such as isotactic poly(propylene) (it-PP), where the practical range of
crystallization temperatures is further removed from the equilibrium melting temperature, and
where, consequently, the average lamellar thicknesses are smaller than for PE. The case of it-PP
will be discussed in detail in the next chapter. Finally, polymers such as it-PS, PEEK and PPS,
whose crystals do not exhibit any isothermal lamellar thickening, deserve particular attention, as
in this case, the difference between observed melting and crystallization temperatures cannot be
accounted for by the magnitude xgf, since it must be unity. If the use of the LH theory is still
justified for these semi-flexible chain polymers, and if melting-recrystallization-remelting effects
can be ignored, one would have to face the fact that the simple application of the HW procedure
would lead to a very significant underestimation of their equilibrium melting temperatures (tens
of degrees). For these materials, the assumption that the melting temperature depression is only

associated with the thickness of the crystals and not with their width (Gibbs-Thomson equation)
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may not even be valid, except possibly at the highest crystallization temperatures. This specific

issue will be dealt with in future works.

2.2.5. New nonlinear analysis of experimental ,', T data
We now consider another method for the analysis of experim&gtatersus T, data.
Defining the quantitied/ and X (scaled melting and crystallization temperaturesivby Ty, /
(Tm - Ty) andX =Ty / (T - Ty), respectively, and using the definition of the teargiven in
Equation 2.17, we can rearrange Equation 2.14 as
1 (2.19)

O
M = yxm;e-(x+ a)
em

This simple equation seems to provide a means to assess whether the thickening cogfficient,
is constant or not. On the basis of linearity ofMinversusX plot, one may be tempted to
conclude that the quantitieg,, anda are independent of temperature and can be obtained in a
straightforward manner from the slope and intercept. In principle, this procedure provides access
to the quantityC,, if oe", oemandAH; are known from independent measurements (in the absence
of I* versusAT data, we noted earlier that' = o may be a good approximation). Conversely,
for a polymer crystal of unknowh, , if the magnitude ofsy can be determined experimentally
(e.g. SAXS, LAM Raman), then varying the equilibrium melting temperature until the correct
value of %, is obtained, would enable the determination of the equilibrium melting temperature.
It is important to note that an observed non-linearity iMarersusx plot can arise for a variety

of reasons, such as a significant but unrecognized temperature dependggoer gimply an
inadequate choice df,. It should be recalled, in contrast, that the linearity h,aversusTy

plot is not expected on theoretical grounds, nor should its observation jrdeebe constant.

Let us consider again thk, versusTy data (shown in Figure 2.1), where we chgggto be
either 1 or 2. Recalling that, was calculated using the Flory-Vrij estimateTaf (145.5°C),

we can ploM versusX for different choices of,, and attempt to infer from the linearity of these
plots whether the appropriate valueTgf was selected. Such plots are shown on Figures 2.2a
and 2.2b forT,, values of 138 °C, 145.5°C and 150°C for the cagsgs= 1 andym = 2,

respectively.

29



For the casgm = 2, it is clear that, except when the correct equilibrium melting temperature
is used, the plots! versusX are no longer linear and the apparent slopes differ from the initially

chosenym values.

In the casesxm = 1, these theoretical plots exhibit only minor curvature. This curvature
would most likely not be observed due to data scatter, if experimental, instead of theoretical,
values of the observed melting temperature were used. In this case, the artificial observation of
linearity in theM versusX plot cannot guarantee that the correct equilibrium melting temperature
was used. Recalling that the curvature M &ersusX plot increases with the magnitude of the
thickening coefficient, we can state that an equilibrium melting temperature determination will
be most accurate for crystals that exhibit large but constant thickening coefficients! This result is
obviously discouraging as it is difficult, if not impossible, to crystallize samples at different
temperatures with a-priori the same lamellar thickening coefficient. Historical considerations of
the widespread use of the HW linear approach lead us to believe that one might be tempted to
apply “blindly” the M versusX procedure to determine the equilibrium melting temperature for
any polymer. Therefore, it is necessary to emphasize that scatter in the data and slight but
unrecognized variations 0%, with temperature may prevent the optimum equilibrium melting
temperature to be determined by this simple procedure, unless further assumptions are made, as

will be discussed below.

30



80

ol @ T =138°C
T =1455°C
~ P
60
l_
1 50 +—
S
T =150°C
= a0+ m
~
S
'; 30
= 20+
10 | | | | |
0 10 20 30 40 50 60
200
[ J
0) 1 -1sec
—~ 160 +—
e
l—
'C 120 T =1455°C
l_
~
— 80~
1
= 40- T =150°C
0 | | |
10 20 30 40 50

X=T /(T -T)

Figure 2.2. M versusX plot assumingl,, = 138°C @), 145.5°C @) or 150°C ¢). T, was
calculated for eacly using thermodynamic data in Table 2.1. Regression lines are shown to
highlight the departure from linearity whép, differs from the Flory-Vrij value used to calculate

Ty for eachT,. M andX were calculated using the above value3pf (a) form= 1, (b) for

Jm = 2.
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2.2.6. Practical use and limitations of theM-X method

Having noted in the previous section that the temperature dependence of the lamellar
thickening coefficient prevents an accurate determination of the equilibrium melting temperature
through an optimization of au versusX regression, we consider the case where the thickening
coefficient is assumed to be constant and a-priori known and where the experimental data exhibit
a certain amount of random scatter. This is equivalent to treating the case where polymer
crystals formed at different temperatures exhibit slight and random variations in the thickening
coefficient about a known average. We first generate a set of theofgfiCal data points in
theT, range from 120°C to 130°C using the thermodynamic input parameters in Table 2.1 and an
a-priori thickening coefficieny. We then impart a certain amount of random scatter to the
variousT,,’ values (maximum scatter was0.3°C, which is considered an absolute upper bound
rarely encountered by a careful experimentalist). Since we attempt to deal with practical
situations, we only consider the analysis of a rather small number of data points. However, we
“chose” the random scatter in such a way that the sum of the deviations between theoretical
observed melting temperaturdg, and scattered observed melting temperatdigsat IS small
(ca. 0.03°C). We then assume an equilibrium melting temperdiyrand calculate for this
choice ofT, the magnitude ok andM associated with each and Ty, scat- A linear regression
of theM versusX generated data allows us to derive values©#s: . From these two values, we
can calculate the fitted valuesMf denotedVis;, and the fitted observed melting temperatiiye,
it . The sum of the squares of the deviations between the fitted observed melting temperatures
and the scattered observed melting temperatures is then calculated and denoted by the quantity
. The process is repeated for different choices of the equilibrium melting temperature. These
calculations are carried out for a number of initial sets of scattered observed melting
temperatures. Typical results are shown in Figures 2.3 and 2.4 for the=<dsend in Figures
2.5 and 2.6 for the cage=2. Focusing first on Figure 2.3, we note that the equilibrium melting
temperature estimated from the first minimum in the varig@ider y = 1 is 137.0°C, which is
significantly lower than the expected value of 145.5°C. Furthermore, if this value of 137.0°C is
chosen for the equilibrium melting temperature of polyethylene, the thickening coefficient

derived from this analysis is estimated tojhe= 1.7 as opposed to the expected value of 1.0.
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Figure 2.3. Dependence of the thickening coefficignt,and of the variance, on the choice
of the equilibrium melting temperatur€,, used to generate thé versusX plot (see text for

details). Case= 1.

Similarly, the C, value inferred from the quantitg;; is estimated to be 4 A instead of the
expected 43.3 A. If, on the other hand, we assume a-priori knowledge of the thickening
coefficient (in this caser = % = 1), we infer from the plot shown in Figure 2.3, that the
equilibrium melting temperature is 145.2°C, which is an acceptable estimate of the theoretical
equilibrium melting temperature (145.5°C). Under these conditionCAlvalue inferred from

the quantityay; is estimated to be 44.8 A instead of the expected 43.3 A.
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Figure 2.4. Variation of,,, with T,. Theoretical (Equation 2.14, full curve), Scattered theoretical
in the 120 - 130°C temperature ran®®,(Non-linear fit 1 T, defined by the minimum o,
short dash curve), Non-linear fit Z( defined byy = 1, +), HW linear regression and

extrapolation (Equation 2.10). Cage 1.

On Figure 2.4, we show the theoretical variatiom,pfwith Ty, the variation ofTy, scat With
Ty, the linear HW extrapolation of the scattered data and the non-linear extrapolafigngbf
versusT, for cases wher&,, is chosen as 137.0°C (nlf1) or wheris chosen as 1.0 (nlf2). Note
that the non-linear fit nlf2)(= 1.0) cannot be discerned from the theoretical data and that the
HW linear extrapolation significantly underestimates the equilibrium melting temperature and
overestimates the thickening coefficient. Similar results are obtained for the case where we

initially calculateT,, from T, for y= 2. Minimization of the variance through change$,of
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Figure 2.5. Dependence of the thickening coefficignt,and of the variance, on the choice
of the equilibrium melting temperatur€,, used to generate thé versusX plot (see text for

details). Case= 2.

leads to a more accurate estimation of the equilibrium melting temperature in the=caskan

for y=1 (T, = 142.3°C fory = 2 nlfitl on Figure 2.5). Again, assuming a-priori knowledge that

y = 2, leads to a further increase in the accuracy of the estimation of the equilibrium melting
temperature T, = 145.4°C for nlfit2 on Figure 2.5). In this ca&®,is estimated to be 45.2A.

In Figure 2.6, we show the theoretical variationTgf with Ty, the variation ofTy, scat With Ty,

the HW linear extrapolation of the scattered data and the non-linear extrapolatitnsf
versusTy for cases wher&,, is chosen as 142.3°C (nlfl) or wheris chosen as 2.0 (nif2). Note
again that the non-linear fit nlf- & 2.0) cannot be discerned from the theoretical data and that

the HW linear extrapolation underestimates the equilibrium melting temperature and
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extrapolation (Equation 2.10). Case 2.

overestimates the thickening coefficient. These results allow us to conclude thiavéngusX
approach can only provide an accurate estimation of the equilibrium melting temperature in two
situations: (1) when the thickening coefficient is constant and much larger than unity, in which
case an a-priori knowledge of the thickening constant is not required and an acceptable estimate

(within a few degrees) of the equilibrium melting temperature can be obtained by minimizing the
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variance of the fit (see above) and (2) when the thickening coefficient is known to be unity and
the equilibrium melting temperature is determined using the consgraift It is worth pointing

out that the latter method appears to be significantly more accurate. We will show in the next
chapter that the melting temperature of unthickened lamellar crystalsl] can indeed be
inferred by extrapolation of the melting behavior of samples isothermally crystallized for

different times.

In connection with the former method, it is noted that whiesnconstant, two minima are
generally observed in plots of the variance versus the equilibrium melting temperature (a hint for
the existence of a second minimum at highgralues is apparent upon examination of Figures
2.3 and 2.5). This should be expected on the basis of the relationship b&f{vaedT,. Using
Equation 2.14 and assuming, = os, We can express the quanfity - T, as a function of,.

o - To-T, (2.20)
Tl T = (T =T~ (_;nj[Tm +a(T, - Tx)j

The functionT,, - Tx = f(Ty) = 0 has two rootsl,, and T, (1+ (1&).(1-1/»)). At each of these
values, the theoreticdl,, = f(Ty) curve crosses th&, = Ty line. Obviously, the equilibrium
melting temperature should correspond to the smaller of these two solutions since the guantity
must be positive ang must be larger or equal to unity. Note that for 1, the two roots are
equal to each other and the theoretiGal = f(Ty) curve is tangential to thg, = Ty line at the
equilibrium melting temperature. It is therefore important when using the aldoxersusX
approach for large and constarto ensure that the non-linear regression analysis only yields the

melting temperature associated with the first minimum of the variance versus temperature plot.

2.3. Conclusions

We have shown through an examination of the various assumptions inherent to the Hoffman-
Weeks linear extrapolation that the increase in melting temperature with crystallization
temperature cannot be solely attributed to the existence of lamellar thickening during

crystallization or upon heating to the melting temperature. A significant contribution to the
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difference between melting and crystallization temperatures arises fro@y tkem, which, in

the LP secondary nucleation theory, accounts for both the temperature dependence of the fold
surface free energy and the thickness incrensénédbove the minimum (thermodynamic)
lamellar thickness. When the value chosenGgfor polyethylene is appropriately taken from
experimental LAM or SAXS dataC, = 43.3 A), it makes a significant contribution to the
elevation of the melting temperature above the crystallization temperature. The contribution of
the termC, leads to a non-linear relationship between observed melting temperature and
crystallization temperature. Not accounting for this term (HW linear approach) leads to an
underestimation of the equilibrium melting temperature and overestimation of the thickening
coefficient. The inaccuracy of the HW linear extrapolation was shown to worsen for polymer
crystals which do not thicken and have a relatively large val@ ahd when it is carried out in

the temperature range far from the true equilibrium melting temperature. The experimental
observation of a lineaf,, - Tx behavior is shown to be inconsistent with a constant thickening
coefficient. Finally, a new method is proposed for a more accurate estimation of equilibrium
melting temperatures. This method should only be used to arfialyZE, data, wher,y values

refer to real or hypothetical lamellar crystals exhibiting a temperature independent lamellar
thickening coefficient. It is important to note that this new approach relies on a specific
relationship between initial lamellar thickness and undercooling. This method is applied in the
next two chapters to the cases of isotactic poly(propylene) and poly(ethylene oxide), where it is
shown that the use of the linear HW extrapolation leads to an underestimation of the equilibrium
melting temperature by as much as 25 - 30 °C for it-PP. The non-Me&arsusX approach,

when applied to the melting of unthickened crystats 1), yields an estimate of the equilibrium
melting temperature which is consistent with that obtained from the analysis of the temperature

dependence of spherulitic growth rate data, as will be shown in the next two chapters.
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Chapter 3. Equilibrium Melting Temperature and Temperature Dependence

of the Spherulitic Growth Rate of isotactic Poly(propylene)

3.1. Introduction

In the last chapter, it is suggested that in the absence of isothermal lamellar thickening
effects, the equilibrium melting temperature of a crystallizable polymer can be obtained through
consideration of the non linear dependence of the observed melting temperature on
crystallization temperature. Studies to be discussed in the present paper indicate that such
concepts can be successfully applied to the case of isotactic poly(propylene) synthesized with
Ziegler-Natta catalysts.  Specifically, our results indicate that the equilibrium melting
temperature for the—phase of it-PP derived from the non-linear Hoffman-Weeks (HW) analysis
is in good agreement with that derived from a study of the temperature dependence of isothermal

spherulitic growth rates.

It-PP is specifically chosen for this study for three reasons: first, there appear to be
considerable discrepancies in the literature between values reported for both the equilibrium
melting temperatufé® and the secondary nucleation constdnfs?=®second, some claims
have been madé? that there is agreement between the evaluation of the equilibrium melting
temperature by the linear HW and the Gibbs-Thomson (GT) approaches, which, if verified,
would contradict the assertion from the last chapter that the linear HW extrapdlitiomt
justified on theoretical grounds and third, the recent synthesis of isotactic poly(propylene) of
controlled defect content and type, using metallocene catalysts, has led to a renewed interest in
this polymer in academic and industrial circles and comparison of these polymers to their
Ziegler-Natta counterpart requires the knowledge of the effect of defects on the equilibrium

melting temperature.

Another important issue addressed in this manuscript is concerned with the general
applicability of the Lauritzen-Hoffman (LH) secondary nucleation théb#y.Although the LH

concepts seem to successfully account for a large number of experimental observations in the
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case of linear polyethylene, criticism of the concept of regimes continues to appear in the
literature®’ It has been stated before and is important to realize that a proper test of the LH
secondary nucleation theory cannot be carried out in the absence of an accurate estimate of the
equilibrium melting temperature for that polymer. Critics of the regime theory have emphasized
that experimentally observed regime transitions are too sharp to be associated with a change in
the surface nucleation rate. Such criticism can be considered meaningful only if the
experimental data are evaluated with an acceptable estimate of the equilibrium melting
temperature and with knowledge of the uncertainty associated with the experimental growth
rates. Similarly, evaluation of secondary nucleation constants for regimes Il and Il and
comparison of their ratio to the LH theoretical predictiénd® demand that the correct
equilibrium melting temperature be used, as it is known that their magnitude depends sharply on

the equilibrium melting temperature adopted in the analysis.

Finally, it is shown that a careful analysis of both the temperature dependence of the
spherulitic growth rate and the relationship between crystallization and observed melting
temperatures provide some stringent conditions on possible values for the equilibrium melting
temperature, basal plane interfacial free energyGarmhrameter. These constraints allow one to
predict not only the temperature dependence of the initial lamellar thickhesE€{/AT + C,),
but also the crystallization time dependence of the average lamellar thickness when experimental
data on the evolution of the melting behavior with crystallization time is available. Comparison
of these theoretical predictions with actual experimental morphological data would then
constitute a final and necessary check as to the self-consistency of the parameters derived from
the spherulitic growth rate analysis. It is only under such conditions that secondary nucleation
parameters obtained for different polymers can be compared and correlation between chain

structure and crystallization behavior can be drawn.
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3.2. Experimental procedures

Three narrow molecular weight distribution isotactic poly(propylene) fractions of relatively
high isotactic content, from the Exxon Chemical Company were used in this study. Sample
characteristics are listed in Table 3.1. Thin filma. 60 um) were prepared by melt pressing at
ca. 200 psi in a hot press at 210°C under dry nitrogen purging and subsequent quenching in an
ice-water mixture. Prior to carrying out the isothermal crystallization studies, it-PP films were
melted at 200 °C for 5 minutes under nitrogen in a Linkam heating stage whose temperature
scale was calibrated with benzoic acid, indium and tin. The samples were crystallized
isothermally at temperatures in the range from 123 to 155°C and the spherulitic growth was
recorded using a Zeiss polarized light optical microscope equipped with a Javelin video camera
and Hitachi videotape recorder. The diameter of the spherulites was recorded as a function of
crystallization time using a calibrated video caliper. As expected, the spherulite radius was
observed to increase linearly with crystallization time until impingement. Under isothermal
conditions, spherulitic growth rates are then calculated from the slope of the spherulite radius
versus time plots. For each crystallization temperature, an average spherulitic growth rate was
estimated from a minimum of 5 individual experiments, each being carried out with a fresh film.
The uncertainty on these average growth rates was invariably less than 5% of the magnitude of
G. The spherulitic growth rates were shown to be independent of film thickness for thicknesses
larger than 15um. The uncertainty associated with temperature fluctuations in the heating stage

was estimated to be + 0.1°C.

Table 3.1. Sample characteristics of it-PP provided by the manufacturer.

Sample ID M (g/mol) My/M Regio defect  Stereo-defect

it-PP1 26 700 2.38 0 1.17
it-PP2 41 800 2.09 0 1.11
it-PP3 78 300 3.56 0 1.14

44



It-PP samples were also crystallized under isothermal conditions in the temperature range
from 126 to 146°C in a Perkin Elmer differential scanning calorimeter model 2 operated under
nitrogen flow and calibrated at different heating rates with high purity standards from Perkin
Elmer Co.. Crystallization temperatures were calibrated by extrapolation of the melting
temperature of the standard to zero heating rate. The melting behavior of isothermally
crystallized samples was recorded by heating these samples from their crystallization
temperature up to 220°C at a rate of 10°C/min. The observed melting temperature was taken as

the peak temperature, corrected for thermal lag.

Morphological studies were carried out for it-PP samples after being isothermally
crystallized for a given time in the temperature range 126 - 150°C in the heating stage under the
protection of the dry nitrogen. For each crystallization temperature, enough time (available from
the DSC studies) was given for the it-PP sample to finish the primary crystallization. Then the
it-PP samples were quenched to room temperature. Morphological measurements were
conducted in a NanoScope Ill SPM instrument (Digital Instrument) operating in a tapping mode
at room temperature. In the tapping mode of AFM, an etched single crystal silicon probe is
mounted at the end of a cantilever, which vibrates at or near its resonance frequency. The
detected signal is the deflection of this lever caused by a force due to the interaction between the
tip and the specimen. Height and phase images of the specimen surface are achieved by
recording the amplitude and the phase changes of the cantilever during the interaction with the
specimen. Phase image was used to measure the lamellar thickness, and a large amount of
measurements were completed for each sample with the average taken as the lamellar thickness

specific to a given crystallization temperature.

3.3. Results

This section is organized into four parts. The first three parts are results of the it-PP fraction
2 with M, = 41 800g/mol and the results of other two it-PP fractions are presented in the last

part. The first three parts are arranged as: first, the non-linear HW analysis based on the data
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from the DSC studies, second, the analysis of the temperature dependence of the spherulitic

growth rates and third, the temperature dependence of the lamellar thickness measured by AFM.

3.3.1. Non-linear Hoffman-Weeks analysis

The equilibrium melting temperature of it-PP was determined following the method
described in the last chapter. As was discussed in the last chapter, iy argysusT, type
analysis to be meaningful and reliable, it is imperative that the lamellar thickening coefficient be
the same for samples crystallized at different temperatures. When isothermal lamellar thickening
occurs, its rate increases with crystallization temperature. On the other hand, in the usual
temperature range where crystallization proceeds isothermally from the melt state, the rate of
crystallization decreases with increasing temperature. It is then generally an impossible task to
crystallize a given polymer over a wide range of crystallization temperatures, while ensuring a
constant thickening coefficient. Rather than adjusting the crystallization time at a given
crystallization temperature to control the extent of thickening, it appears more practical to obtain
the observed melting temperature of non-thickened crystats 1) by extrapolation of the

melting temperature of thickened lamellae to zero crystallinity.

To determine the observed melting temperature of original lamellar crystals, we follow
simultaneously the evolution of the crystallinity and the observed melting temperature with
crystallization time during primary crystallization for various crystallization temperatures. The
expected melting temperature of initial lamellar crystal$, is then estimated by extrapolation
to the time where crystallinity is first detected. An example of the above analysis is shown in
Figure 3.1 for a crystallization temperatdie= 136°C for it-PP2. The crystallinity at tinteis
determined from the heat of fusion recorded by calorimetry during a heating run initidted at
after crystallization for time,. Fitting the evolution of the crystallinity with time at early
crystallization times allows one to determitg the induction time at this crystallization
temperature. For a given crystallization temperature, the observed melting temp@kgture,

increases linearly with the logarithm of crystallization time during the primary crystallization
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Figure 3.1. Evolution of the degree of crystallinitg, and the observed peak melting
temperature with crystallization time at 136.0°C for it-PPR =M1 800 g/mol.

stage. We can then define paramefgi&) andB(T) for each crystallization temperature such
that:

T[T.t] = A[T,] +B[T,] logl[t, ] (3.1)
The observed melting temperature of original crystals & then estimated as

T[T,t,] = A[T,] +B[T ] log[t,] (3.2)

A similar behavior for the evolution of the melting temperature with crystallization time is
observed for different crystallization temperatures (Figure 2.2, data for it-PP2). Combining data
shown in Figure 2.2 with the corresponding evolution of the degree of crystallinity with time
allows one to derive the parametek§l,], B[T,] for each crystallization temperature, the
inductionty(Tyx) andT, [T x, t], the melting temperature of initial lamellar crystals,@t.) (Table
3.2).
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Let us define the quantitiés andX by1 M=Tyn/ (Tm- Ty) andX =T,/ (T - Ty), WhereTy,
is the equilibrium melting temperaturé&,, is the observed melting temperature of original
crystals formed af,. For a set ofl,/, Tx values, corresponding sets ldf X values can be
calculated for a given choice of the equilibrium melting temperature. It has been shown in the
previous chapter that if the initial lamellar thickness is givetyby Ci/AT + C,, whereC; is
equal to 2. T/AH; andC, is a constant accounting for both the tesipnand the temperature
dependence of the kinetic fold surface free eneasgy then the crystallization temperature

dependence of the observed melting temperature can be rewritten as

Table 3.2. Parameters describing the crystallization time dependence of the observed melting
temperature and the induction time for the primary stage of isothermal crystallization at different
temperatures for it-PP2, M 41 800 g/mol. Also shown are the observed melting temperatures

of the initial lamellar crystals (at the induction time or zero crystallinity).

T« (°C) AlT{ (°C) B[T{ (°C) to(Ty) (min) T [Toto]
126.0 158.72 0.63 0.2 158.3
129.0 160.06 0.76 1.5 160.2
131.0 160.33 0.82 4.6 160.9
134.0 161.33 0.86 7.3 162.1
136.0 161.85 0.89 11.7 162.8
139.0 161.73 1.49 27.9 163.9
141.0 162.18 1.71 36.5 164.9
146.0 163.83 1.97 50.0 167.2
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Figure 3.2. Evolution of the observed peak melting temperature with crystallization time at

various crystallization temperatures for it-PP2,#41 800 g/mol.

3.3
M :7(2}1 j(X+a) &3

em

where ogn, is the fold surface free energy appearing in the Gibbs-Thomson equatmen,
AH:CJ20¢. It has been discussed in the last chapterdhatay a prior differ slightly frono™.
However, studies of linear polyethylene suggest that, within experimental uncertainty (ca. 5 —
10%), these quantities cannot be unambiguously differentiandt}.is the theoretical heat of
fusion andC,, as noted in the last chapter, is a functiodlgfthe lamellar thickness increment
above the minimum lamellar thickness necessary for crystal growth to proceed at a finite rate.
When this method is applied to the melting of “original” crystats ), a plot ofM versusX for

the “true” equilibrium melting temperature should yield a straight line of slope unitg'(i
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Figure 3.3. Plot of the scaled observed melting temperdture T./(T-Try') versus scaled
crystallization temperatur&X = T./(TTx) for various choices of the equilibrium melting
temperature], for it-PP2, M, = 41 800 g/mol.

oem) and intercept equal @ Figure 3.3 shows the evolution Mf versusX plots for different
choices of the equilibrium melting temperature in the case of it-PP2. Figure 3.4 shows the
variation in the slope oM versusX plots with the value adopted for the equilibrium melting
temperature for it-PP2. The equilibrium melting temperature of it-PP2 obtained by this method
(¥ =1) is found to bel,, = 212.1°C. The value dd associated with this equilibrium melting
temperature is then obtained from the intercepdl afersusx with the M axis & = 3.45). Figure

3.5 shows the evolution of the extrapolated melting temperature of initial crystals with
crystallization temperature for it-PP2. Also shown are the HW linear and non-linear
extrapolations constructed as described in the last chapter. It is quite clear that the linear and

non-linear extrapolations lead to significantly different estimates of the equilibrium
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Figure 3.4. Plot of the thickening coefficiemt,as a function of the chosen equilibrium melting

temperature for it-PP2, M= 41 800g/mol.

melting temperature, the non-linear estimate being higher by about 30°C. Furthermore, the
apparent thickening coefficient inferred from the linear HW analysis is estimated;te Bed

for it-PP2, a value which is physically meaningless, as it would imply instantaneous and

significant thickening of polymer lamellae at very short times after their formation. The constant

apparent thickening coefficient suggested by the linear HW arligsfsirthermore inconsistent

with the increase in thickening rate with crystallization temperature which can be inferred from

Figure 3.2 (data in Table 3.2) and from the literataré&:=>°
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Figure 3.5. Plot of the observed melting temperature of initial lamellar crystals versus

crystallization temperature for it-PP2,,M 41 800 g/mol. The solid curve is the non-linear HW
extrapolation calculated usirg= 3.45,y =1 andT,, = 212.1°C. The dotted curve is the linear

HW extrapolation based on experimental data pol@is (

3.3.2. Temperature dependence of spherulitic growth rates

Spherulitic growth rates for thephase of it-PP measured at temperatures between 123 and
154°C are plotted as a function of crystallization temperature in Figure 3.6. A barely visible
discontinuity in the temperature dependence of the curvature Gf WiersusTy is observed
around 139°C - 140°C. This discontinuity has been observed by previous investigators in the
same temperature range and has been interpreted as a regime Il - Ill tr&n&ftion. To
analyze these data in the context of the Lauritzen-Hoffman secondary nucleatiors tfietrey,

growth rate is plotted as a function of the undercooling according to the classical equation:
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Figure 3.6. Plot of experimental spherulitic growth rate versus crystallization temperature for it-
PP2, M, = 41 800g/mol. Error bars for the magnitude of the growth rate at each crystallization
temperature are shown. The solid curves represent the theoretical expres&om@ssafsT, in

each regime calculated using Equation 3.4 and data in Table 3.8+fa212.1°C.

ING;+ —————=InG - _ S 34)
R( X oo) N Tx(Tm_Tx)
whereU* andT,, are the Vogel-Fulcher-Tamman-Hesse parameters describing the transport of
polymer segments across the liquid/crystal interphase kKgnds the secondary nucleation
constant in a given regime at@jo is a prefactor assumed to be independent of temperature.

Although we initially chose for the VFTH parameters the universal values recommended
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Figure 3.7. Ratio of secondary nucleation constants in regimes Il atgll, Kqy, and overall

variance of the fitS, as a function of the chosen equilibrium melting temperaifsefor it-
PP2, My = 41 800 g/mol.

by Hoffmanet al® * (i.e. U* = 1500 cal/mol and, = T, -30K), similar analyses were also
carried out using different pairs of andT., inferred from viscoelastic measurements on at-PP
melts by Plazelet al’® and by Pearsoet al** Since we do not know a-priori the equilibrium
melting temperature],, for the a-phase of it-PP, we use a technique developed earlier for
spherulitic growth studies on poly(pivalolactotféf by Huang et al. and calculate, for a given
choice of T, , the variance of the fit of the growth rate data to Equation 3.4. The equilibrium
melting temperature appropriate for the polymer of interest can then be defined as that leading to
a minimization of the variance of this fit. In the case of it-PP spherulitic growth, this process has
to be carried out separately for crystallization temperatures below and above 139.5°C to
investigate the possibility of a regime Il to Ill transition at that temperature. Furthermore, it is

expected on theoretical grounds that regime transitions are not sharp but develop over
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Figure 3.8. LH plot of it-PP2, M= 41 800 g/mol using, = 212.1°CU* = 1500 cal.mot, T,, =

Ty - 30 K. Regime Il data used in the analys$. (Regime II data used in the analysis ().

Data in the transition region ignored in the analys)s (

some finite temperature ranife So the linear regression over the experimental data is conducted
in such a way as to ignore data points in the direct vicinity of the hypothetical transition (i.e.
between 135 and 143°C). Alternatively, if it is established that the polymer of interest exhibits a
[I/11l regime transition, we could define the equilibrium melting temperature as that leading to a
ratio of the secondary nucleation constants in regimes Ill and Il equal ¥ %.0he results of
these analyses (usigf = 1500 cal/mol and.. = Ty - 30K) are shown in Figure 3.7 for it-PP2
where the overall variance§ and the ratio of secondary nucleation constants in the two
hypothetical regimesKgy ; and Kq y are plotted as a function of the equilibrium melting
temperatureT,, chosen in the analysis. Examination of Figure 3.7 allows one to conclude that

the best fit of experimental spherulitic growth rate data above and bElew 139.5°C
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Figure 3.9. LH plot of it-PP2 foF,, = 185°C,U* = 1500 cal.mof, T., = Ty - 30 K. Regime Il

data used in the analysim)( Regime II data used in the analysis (e). Data in the transition

region ignored in the analysig)(

is obtained for a value of the equilibrium melting temperaityre 215.5°C. For this choice of

the equilibrium melting temperature, the ratio of the two secondary nucleation constants is 1.99,
in good accord with predictions from the LH theory. Alternatively, for the ratio of secondary
nucleation constants to be equal to 2.0, the equilibrium melting temperature should be 214.5°C.
The results of similar analyses carried out with different sett8*andT,, are given in Table 3.3

for it-PP2. In this table, enclosed are the value$.pKy i , Kg i andKg n/Kq 1 determined

using four different criteria (A-D). For criterion A, the “best” equilibrium melting temperature is
that leading to the minimization of the variance in Regime Il. Similarly, criterion B defines the
best choice ofT,, from the minimization of the variance in regime Ill. Criterion C uses a

minimization of the overall variance (sum of variances in regimes Il and Ill) to define the best
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Figure 3.10. Difference between experimental and fitted spherulitic growth rates of it-PP2 as a
function of 1M,AT for regimes Il and Il for LH plot based on (&) = 212.1°C, (b)l, = 185°C.

Tm, Whereas criterion D determing&g, as the value leading to a ratio of two for the secondary

nucleation constants in regime Il and Il. We have also analyzed the temperature dependence of

spherulitic growth rates usirlg* = 1500 cal/mol and, = Ty - 30 K and assuming eith&, =

185°C the most widely reported equilibrium temperaturexfphase it-PP*%?" or T,,, = 212.1°C,

the equilibrium melting temperature predicted by the non-linear HW analysis. The results of
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these analyses are given in Table 3.4. Plots Gf ynU*/R(T«-T.,) versus IILAT for Ty, =

212.1°C and, = 185°C are shown in Figures 3.8 and 3.9, respectively. Note that, in both cases,

the data “appears” to be linearized.

However,

if one calculates the difference between the

Table 3.3. Equilibrium melting temperature and secondary nucleation constants determined

through the analysis of the temperature dependence of the spherulitic growth rate assuming

specific values oU* andT,, and specific criteria (A through D, see text). Results are for it-PP2,
M, =41 800 g/mol

Criteria  U* (cal/mol) 0 15007 2043° 26841 29320
T, (K) 231.2’ 233.2° 22421 213.2°
A Tm (°C) 212.6 223.6 228.4 231.5 230.8
10° Kgy (K?) 3.60 5.70 6.82 7.63 7.46
10° Ky (K3  7.23 10.8 12.7 14.0 13.7
Kgm / Kgu 2.00 1.89 1.86 1.83 1.83
B Tm (°C) 196.6 209.2 214.9 218.3 217.1
10°Kgy (K?) 1.92 3.56 451 5.18 4.97
10°Kgn (K%  4.49 7.40 9.03 10.14 9.78
Kgm / Kgn 2.34 2.08 2.00 1.96 1.97
C Tm (°C) 204.0 215.5 220.6 223.9 222.9
10°Kgy (K?) 2.62 4.42 5.42 6.15 5.95
10°Kgn (K?  5.66 8.79 10.5 11.7 11.3
Kgm / Kgu 2.16 1.99 1.93 1.90 1.90
D Tm (°C) 213.1 214.5 215.1 215.2 214.7
10° Kgy (K?) 3.66 4.28 4.54 4.68 4.59
10°Kgy (K3  7.33 8.56 9.08 9.36 9.18
Kou ! Kqi 2.00 2.00 2.00 2.00 2.00
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experimental values of &+ U*/R(T-T.,) and the calculated values of @y - Kgi/ TXAT for both

Tn = 212.1°C andT,, = 185°C, systematic deviations are observed between fitted and
experimental values only for the lower equilibrium melting temperature (Figures 3.10 (a) and
(b), respectively). This is a clear indication that the curvature Gf iersusT, is much better
accounted for by choosinfy, = 212.1°C as the appropriate equilibrium melting temperature for
this polymer. Examination of Figures 2.6 and 2.8 suggests that the transition between regimes Il
and Ill for it-PP occurs gradually over a temperature range of approximately 9°C. The
criticism®’ that the observed II/Ill Regime transition is too sharp is therefore not supported by the

current study.

Table 3.4. Secondary nucleation constants and basal plane interfacial free energy of it-PP2
determined through the analysis of the temperature dependence of the spherulitic growth rate
assumingJ* = 1500 cal/molT,, = Ty - 30 K and different values af,.

Tm=185°C Tm=212.1°C
10°Kqy (K?) 1.01 3.94+0.41
10° Kgu (K?) 3.02 8.03 + 0.67
Kgm / Ky 2.99 2.04 +0.05
oe (erg.cm?) 50.9 152 + 48

" A (110) growth plane was assurfiednd the value of was calculated using the Thomas-Staveley empirical
equatiort’ The uncertainties are calculated very conservatively assuming separate uncertainties of B;3a@8con
+2 erg.cnif ono.
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3.3.3. Temperature dependence of the crystal thickness

The dependence of the observed melting temperature on the crystallization temperature is
derived through (1) the correlation between the crystallization temperature and the initial
lamellar thicknessl{ = C/AT + C,), (2) the relation between the lamellar thicknésand the
observed melting temperature (Gibbs-Thomson equation) and, (3) the ratio between the lamellar
thickness and the initial lamellar thicknegs=(I / I*). Having established the values Bf, o,
andC; (the calculation ofC, will be shown in the Discussion section), the correlation between
the initial lamellar thickness and the crystallization temperature can be predicted (see
Discussion). It is thus very important to carry out morphological studies to check the
consistency between the predicted and the experimental crystal thicknesses as a function of the

Table 3.5. The induction time and the observed melting temperature of the initial lamellar

crystals (at the induction time) at different crystallization temperatures for it-PP1 and it-PP3.

it-PP1, M, = 26 700 g/mol it-PP3, V= 78 300 g/mol

T (°C) (T (Min)  Tn[Txt] (°C) T (°C) 1T (Min) - T[Tyt (°C)
127.5 1.1 155.51 126.5 1.2 161.19
128.5 1.2 155.95 127.5 1.6 161.54
129.5 1.8 156.40 128.5 2.7 162.06
130.5 2.4 156.79 129.5 3.5 162.47
131.5 3.1 157.11 130.5 3.8 162.80
132.5 4.6 157.54 131.5 45 163.20
135.6 9.9 158.89 132.5 5.5 163.60
137.6 16.4 159.63 133.5 7.2 163.88
140.6 29.9 161.73
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Figure 3.11. (a) the micrograph of it-PP2 after isothermal crystallization at149°C for 20 hours.
(b) The lamellar thickness versus the crystallization temperature for it-BP2,44 800 g/mol.
Samples were isothermally crystallized at edghior a given time, which allows the primary
crystallization to finish. Solid symbols: measured lamellar thickness, solid curve: predicted
initial lamellar thickness using Equation 3.5, open symbols: predicted lamellar thickness after the

samples were isothermally crystallized 60 min @ 129.0°C and 300 min @ 141°C.

crystallization temperature. Figure 3.11(b) shows the temperature dependence of the lamellar
thickness measured by AFM for it-PP2 (solid symbols). Figure 3.11(a) is a AFM micrograph of
it-PP2 after isothermal crystallization at 149°C for 20 hours. The lamellar thickness at each
temperature is the average value of more than 50 measurements. Large error bars are shown to
indicate the limitation of the technique employed. One must note that the lamellar thickness
measured is not the initial lamellar thickness because the samples were isothermally crystallized

for a given time until the primary crystallization was over. On the other hand, if the
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crystallization time dependence of the observed melting temperature at a certain crystallization
temperature is experimentally available, the lamellar thickness can be predicted through the
Gibbs-Thomson equation (see Discussion). Thus, predicted lamellar thickness can be compared
to experimental thickness after the sample is isothermally crystallized for a given time at a

temperature for which the observed melting temperature data is available.

3.3.4 Results of it-PP1 and it-PP3

Similar experiments except morphological studies were carried out for the other two it-PP
fractions. Results of the induction time and the observed melting temperature of the original
crystals as a function of the crystallization temperature are given in Table 3.5. The equilibrium
melting temperatures determined by the nonlinear HW analysis are given in Table 3.6. Also
given are the "equilibrium melting temperatures" extrapolated by the linear HW procedure for
comparison. Raw spherulitic growth rates were plotted against the crystallization temperature in
Figure 3.12(a) for the three it-PP fractions. A barely observable transition was found at ca.
140°C for all three it-PP fractions. Similar regime analyses as discussed in the second part were
performed on the crystal growth rates of it-PP1 and it-PP3, all leading to the confirmation of a
regime llI/Il transition. Values of the equilibrium melting temperature and the ratio of the
nucleation constants in regime Il and Il are listed in Table 3.7, wsing 1500 cal/mol and .

=Tg - 30 K, according to the criterion A through D, defined in the second part.

Table 3.6. Equilibrium melting temperatures determined by the linear and the nonlinear HW
extrapolations for the three it-PP fractions. Also enclosed are the thickening coeffictast,

value ofa from the nonlinear HW analysis, andC, (see discussion).

linear HW analysis nonlinear HW analysis
Sample T (°C) y Tm (°C) 7 a a'(erg.en?) C2(A)
it-PP1 176.8 2.31 205.2 1.00 3.48 117 42
it-PP2 182.5 2.40 212.1 1.00 3.45 146 52
it-PP3 183.6 2.55 216.8 1.00 3.39 154 54

62



A number of conclusions can be drawn based on the results of the three it-PP fractions from
studies of the melting behavior using the nonlinear HW analysis and from investigations of the
temperature dependence of spherulitic growth rates. First, the linear HW extrapolation
significantly underestimates the equilibrium melting temperatures (ca. 30 K lower than those
determined by the nonlinear HW analysis) and overestimates the thickening coefficient.
Although the observed melting temperatures used in the analysis are the values extrapolated to
zero crystallinity, the thickening coefficients obtained from the linear HW analysis are ca. 2.4.
These values are physically meaningless because they reflect a fast and significant thickening of
the original crystals right after their formation, which does not have any experimental support in

Table 3.7. The equilibrium melting temperature and the ratio of the secondary nucleation
constants in regime Il and Il obtained from the analysis of the temperature dependence of the
crystal growth rates, using* = 1500 cal/mol and,, = Ty - 30 K, according to the criteria A

through D, defined in the second part of this section.

Criteria it-PP1 it-PP2 it-PP3
A Tm (°C) 196.1 223.6 333.0
Kgm / Kgu 2.06 1.89 1.56
B Tm (°C) 239.0 209.2 267.1
Ko / Kgu 1.64 2.08 1.67
C Tm (°C) 211.1 215.5 330.9
Ky / Kgu 1.84 1.99 1.57
D Tm (°C) 199.5 214.5 217.3
Ko / Kgu 2.00 2.00 2.00
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Figure 3.12. The raw crystal growth rate data of the three it-PP fractions versus the

crystallization temperature (left) and the undercooling (right)values in Table 3.6 are used).
(m) it-PP1, M, = 26 700 g/mol, ©) it-PP2, M, = 41 800 g/mol and/X), it-PP3, M, = 78 300

g/mol.

the case of it-PP. Second, the equilibrium melting temperatures determined by the nonlinear HW

analysis for the three it-PP fractions are located in the same temperature range (ca. 210°C), and

the equilibrium melting temperature increases with the increase in molecular weight.

But the

guantitative evaluation of the molecular weight dependence of equilibrium melting temperature

will not be further discussed here due to the very limited molecular weight range probed.

Furthermore, the high stereo defects of it-PP1 and high polydispersity of it-PP3 may lead to a

certain uncertainty in the determination of the equilibrium melting temperature.

Third,

independent criteria yield very close equilibrium melting temperatures for it-PP2, the fraction

with the lowest polydispersity and the highest isotacticity. The nonlinear HW analysis yields
212.1°C and the criteria C and D in Table 3.7 yields 215.5 and 214.5°C, respectively. For it-
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PP1, criteria C and D, and the nonlinear HW analysis also yield close equilibrium melting
temperatures (211.1, 199.5, 205.2°C), the result based on the nonlinear HW analysis, which is
also identical to the average value (205.3°C), is taken as the final equilibrium melting
temperature for it-PP1. For it-PP3, only criteria D and the nonlinear HW analysis give close
equilibrium melting temperatures (216.8 and 217.3°C), and the value from the nonlinear HW
analysis is taken as the true equilibrium melting temperature for it-PP3. Criteria C yields
unreasonabld, value for it-PP3, which possibly results from the high polydispersity of the
sample. Experimental work is necessary to address the polydispersity dependence of the crystal
growth rate at a given temperature, thus, the equilibrium melting temperature determined from
criterion C. This issue is beyond the goal of this thesis and will not be further discussed. Having
established the equilibrium melting temperatures for the three it-PP fractions (values from the
nonlinear HW analysis), crystal growth rates were plotted against the undercooling in Figure
3.12(b) for a clean observation of the crystal growth rates at various

undercoolings/crystallization temperatures.

3.4 Discussions
3.4.1. Analysis of the temperature dependence of spherulitic growth rates

The criterion C used in the last section for estimation of the equilibrium melting temperature
of a-phase it-PP was used successfully in the crystallization studies of poly(pivalolactone) and
blends of poly(pivalolactone) with vinylidene fluoride homo and copolymers by Huang and
Marand?*** This method is based on the assumption that the spherulitic growt rafehigh
enough molecular weight polymerise( non-oligomeric) can be well represented far above the
glass transition temperature by the expressida inl/ T,AT , whereAT is the undercoolingTg,
- Ty) below the equilibrium melting temperature. A reliable estimafg,afan then be obtained
through linearization and refinement of the fit of experime@talata using results of secondary
nucleation theories. As long as the analysis is restricted to growth rate data obtained on the right
hand side of th& versusTy curve, the estimate thereby obtained should be fairly independent of
the choice of functional form or specific parameters used to describe the effect of chain transport

on the crystal growth rate. Examination of Table 3.3 indicates that regardless of the choice of
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the U*, T, pair used in the analysis, the equilibrium melting temperature is always significantly
higher than 185°C and more likely in the vicinity of 212°C. The best redudtsti{ese
simultaneously yielding the lowest value of &d a ratio oKy 11 to Kg y equal to 2.0) are
obtained when the valués® = 1500 cal/mol and., = T - 30K are used. One should ascertain,
whether this result is an indication that the segmental dynamics in the direct vicinity of a crystal
growth front indeed differs from that in the bulk melt or whether the LH secondary nucleation
theory is only capable of capturing the essential features of the growth kinetics at low
undercoolings, where the supercooled melt is not too far from equilibrium. Incidentally, at low
undercoolings, the kinetics of the crystal growth process is largely dominated by secondary
nucleation effectsi.e. the second exponential term in Equation 3.4) and independent of the
details associated with the segmental dynamics. Although this should not be a surprise to those
who use the LH theory, the classical growth rate expression (Equation 3.4) is actually the result
of a number of approximations that are only justifiable at low undercoolings. Indeed, the major
goal of Hoffman and coworkers has been to provide a physically meaningful account of linear
polyethylene crystallizationi.é. at undercoolings less than 30 K). Although an exhaustive

listing of the assumptions necessary to reach Equation 3.4. is beyond the scope of the current
work, the reader is reminded that the LH theory assumes, for the sake of mathematical
tractability, that the segmental dynamics associated with first stem deposition is identical to that
associated with subsequent stem depositions. That this is inadequate can be anticipated by
stating that first stem deposition is viewed as a local segmental process (Rouse like), while
substrate completion may involve significant reeling in effects and therefore the friction
coefficient of a whole chain (for chain lengths low enough that multiple pinning at different sites

is not likely)***® Second, and more closely related to the choice of the specific values to be used
for U* andT.., the friction coefficient used in the transport tefinshould be viewed as an
apparent friction coefficient and not as the true friction coefficient associated with the reptative
motion of polymer chains in an equilibrium melt. As was discussed by Snyde?*ét? e

friction coefficient, which is defined through the equality between the nucleation based substrate
completion rate and the forced-reptation based substrate completion rate, must also reflect the

multitude of unsuccessful conformational transitions involved in the process of chain folding.
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As was proposed by Snyder et al., the apparent friction coefficient may be a complicated
function of the apportionment factors for first and subsequent stem placement and of the work of
chain folding. One should therefore not expect a priori to obtain a best fit of the temperature
dependence of crystal growth rates by simply combining the “secondary nucleation” exponential
with the Vogel or Arrhenius transport term obtained from viscoelastic studies of the bulk melt.
This should be especially true at large undercoolings near and below the growth rate maximum,
where the segmental dynamics becomes more important. It was actually showed in the case of
isotactic polystyrene, which can be crystallized isothermally at temperatures in the vicinity of the
glass transition that consideration of a third exponential term, involving the work of chain
folding allows to reconcile the values of the Vogel-Fulcher-Tamman-Hesse parameters obtained
from growth rate and viscoelastic measureméfits. Such an approach cannot however be
rigorously attempted here, since growth rate measurements are only available on the high
temperature side of the growth rate curve for it-PP.

With this proviso in mind, we can nevertheless state that the equilibrium melting temperature

derived from the non-linear HW analysis is consistent with that obtained through the growth rate

Table 3.8. Thermodynamic and crystallographic parameters for

the monocliniax-crystal phase of it-PP

ref no., comments

AH¢ (J/9) 207 ref 81
o (glent) 0.934 ref 75
a, (cm) 5.49x 108 ref 57 assuming (110) growth fr8ht
b, (cm) 6.26x 108 ref 57 assuming (110) growth fr8ht
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analysis, wheJ* = 1500 cal/mol and., =Ty - 30K. It is also comforting to note in Table 3.3,

that the ratio of the secondary nucleation constants in regimes Il and Ill does not depend
significantly on the choice a#* andT.. Examination of Table 3.3 further shows that, although

the equilibrium melting temperature predicted by the analysis of spherulitic growth rates is
significantly higher than currently accepted value of 185°C, variation in the paratdétard

T, may lead to a somewhat significant uncertainty in the valu€é,pfwhen variance-based
criteria are used. These results further indicate that different equilibrium melting temperatures
are predicted depending on which regime is considered in the minimization of the variance.
Although resolution of this issue must await 1) a better understanding of the exact temperature
dependence of segmental dynamics during crystallization (see above) and 2) a more rigorous
extension of Equation 3.4 for high undercoolings, it appears, at least for it-PP, that criterion D
(Kg m/Kg 1 = 2) leads to a much narrower spread in the estimateclues. Obviously, use of

this criterion relies on the assumption that regime transition concepts are physically meaningful.

Examination of Tables 3.3 and 3.4 also allows one to confirm the earlier statement that reliable
secondary nucleation constants can only be obtained if the estimate of the equilibrium melting
temperature is sufficiently accurate. In Figure 3.13, the average secondary nucleation constant
(0.5Kg 11 + Kg 1) is plotted as a function of equilibrium melting temperature (data from Tables
3.3 and 3.4). A clear correlation between the equilibrium melting temperature chosen for the
analysis and the resulting secondary nucleation constant derived from the LH plot can be
observed. Note the large difference between nucleation constants for theTigwalstes (182.8

and 185°C) and for thE&, value extracted from the non-linear HW analy3js€ 212.1°C).

Knowledge of the secondary nucleation constiiptis andKg ; (see Table 3.4) and of the
various thermodynamic and crystallographic parameters for it-PP (Table 3.8) allows one further
to determine the magnitude of the basal plane interfacial free energyif the lateral
melt/crystal interfacial free energys, is known (Equation 1.2). This later quantity can be

calculated either from the Thomas-Staveley equéti@rs = 11.3 erg.cd) or from the recently
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Figure 3.13 Average secondary nucleation constant ((,6#Kq ) versus the equilibrium

melting temperature,.J chosen in the LH analysis.

proposed correlation betweenandC., the chain characteristic ratiod,, = 12.6 erg.cr).”
Taking the average of these two valuesdpthe value ofos is determined to be 146 erg.ém
for it-PP2, values of.' for the other two it-PP fractions are also calculated and all the results are

included in Table 3.6.

3.4.1 Correlations between crystallization temperature, melting temperature and lamellar
thickness
Using the value obtained feg', we can now perform an estimate of Geparameter fot-
phase it-PP from the intercepbf theM versusX plot shown in Figure 3.3 for=1. Assuming
T = 212.1°C, the value obtained for it-PP2Qs = 52A, which appears reasonable, when
considered in light of that estimated for linear polyethyléle(RE) = 43.3 A} Values ofC,
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for the other two it-PP fractions were calculated ugdipdrom the nonlinear HW analysis and

they are 42 and 54 A for it-PP1 and it-PP3, respectively, shown in Table 3.6. Note that the value
of C;, so estimated is larger that calculated using the LH theory with= 0 ¢l = 6 A), a result

which was discussed previously in the case of linear polyethylétmwledge ofss C, and of

the theoretical enthalpy of fusion efphase it-PP (Table 3.8) enables the estimation of the
temperature dependence of the initial lamellar thickness for it-PP, and an example is given below
for it-PP2,

. 7342

N (3.5)
©2121-T,

52
wherel* is given in A andT, in °C. The accuracy of this relationship is dependent on the
validity of the assumption that is appropriately given either by the Thomas-Staveley empirical
equation or by th€,, - o correlation, since the magnitude @f (146 erg.crif) was calculated

from the ratio ofco. (derived from K's) to that ofe. Furthermore, one must bear in mind that

the proposed relationship depends on the ability to extract the melting temperature associated
with the initial lamellar thickness through an extrapolation to short times of the melting
temperature of annealed crystals. Finally, this relationship only pertains to the thickness of the
leading radial lamellae and not to the subsidiary lamellae which nucleate epitaxially, initially on
leading lamellae and subsequently on daughter lamellae and which give rise to the well
documented cross-hatched morpholdfy? Despite all the limitations discussed above about
Equation 3.5, the predicted initial lamellar thickness matches well at low crystallization
temperatures with the experimentally measured lamellar thickness, as both are plotted against the
crystallization temperature in Figure 3.11. The deviation at high crystallization temperatures is
because the experimental lamellar thickness is not the initial lamellar thickness, it was measured
after the samples had been isothermally crystallized for a given time that is enough to
accomplish the primary crystallization. Apparently, it takes much longer time to finish the
primary crystallization process at high crystallization temperatures, furthermore, high
temperatures give rise to a faster thickening rate of the lamellae. As a result, the experimental
lamellar thickness matches well with the predicted initial lamellar thickness at low crystallization

temperatures within experimental uncertainty, but becomes larger than the predicted value with
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the increase in the crystallization temperature, and the amount of difference increases at higher
crystallization temperatures. One must note that large error bars are presented with the measured
lamellar thickness, which is due to the limited resolution (ca. 10A) of the instrument used to
carry out the experiments. Thought AFM has become a technique widely used to measure the
lamellar thickness, a careful calibration at the magnitude of ca. 100A (lamellar thickness is about
50 — 300 A) has seldom been reported. It is safer to add a larger error bar (20 A) to Figure 3.11,
since no calibration has been done in the current work. The purpose of the morphological work
is to prove the prediction of the initial lamellar thickness as a function of the crystallization
temperature is correct within an acceptable uncertainty. A more accurate measurement of the
lamellar thickness as a function of the crystallization temperature for it-PP, thus, becomes one of

the future works.

Having established new values for the equilibrium melting temperature, Cthe
parameterand the basal plane interfacial free energy for dhghase of it-PP, we can now
discuss the extent of lamellar thickening to be expected for isothermally crystallized it-PP.
Equation 3.5 provides an estimate of the undercooling dependence of the initial lamellar
thicknessJ*. The Gibbs-Thomson equatiSr(Equation 3.6, below), on the other hand, yields a
relationship between observed melting temperature and the lamellar thi¢ckness,

Tm'=Tm[1—§Z—ef”iJ (3:6)
Combination of Equations 3.5 and 3.6 with the definition of the thickening coefficremt*,
allows one to predict the crystallization time and temperature dependence of the thickening

coefficient and the lamellar thickness:

20T,
(t)_@_ AH (T -To) (o) M) _ M) (3.7)
= | * B Zo'ele - o'el (X+a)_(X+a)
——=+C,
AH f (Tm _Tx)
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From the data presented in Figure 2.2, a plift)oversus the crystallization time at various
temperatures is shown in Figure 3.14. This plot clearly suggests that the thickening coefficient
for the a-phase of it-PP increases with increasing crystallization temperature but remains very
minimal in the temperature range investigated. The predicted lamellar thickness ranges from 145
A at 126°C to nearly 170 A at 146°C for a crystallization time of approximately four hours.
These predictions appear to be in good agreement, especially at low crystallization temperatures,
with recent morphological studies by Whéeal.>” Also the predictions are consistent with the
measurements of the lamellar thickness at low temperatures in the current work, according to
Figure 3.11. Also included in Figure 3.11 are the calculated lamellar thickness of it-PP2 after the
samples were isothermally crystallized (1) 60 minutes @ 129.0°C and (2) 300 minutes @
141.0°C, shown by open triangles. These calculations can be done because the relationship
between the observed melting temperature and the crystallization time at these two temperatures
is available (Figure 3.2 and Table 3.2). It is also worth noting that a significant increase in the
thickening rate is observed at the onset of regime Il. This is obviously expected from a higher
probability for adjacent reentry folding in regime Il than in regimé®llIA similar conclusion
was reached by Mezghaat al*?> Lamellar thickening for it-PP is certainly expected on the
basis of the existence of a crystarelaxation®® for this polymer, relaxation associated with
helical jump motions in the crystal phase which allows a net transport of segments from the
metastable amorphous fraction into the more stable crystal phase. We may speculate that the
small extent of lamellar thickening for it-PP, as compared to polyethylene, may be related to the
combination of a significantly higher activation energy for ¢hprocess of it-PP?® and the
crystallization in regimes Il and Il for it-PP as opposed to Il and | for PE. Raising the
crystallization temperature of PE through the I/l regime transition has already been shown to

lead to a significant enhancement in the rate of lamellar thickéhing.
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Figure 3.14 Estimated lamellar thickness as a function of crystallization time and temperature.
Calculation based ofi, = 212.1°G C, = 52A, 0. = 146 erg.crif andAH; = 193 J.cri.

3.4.2. Self-consistency of the analysis and comparison with previous results

At this juncture, it is worth comparing the results presented in this manuscript with those
from previous investigations. We will first address the evaluation of the equilibrium melting
temperature through the linear HW and the Gibbs-Thomson analyses. The discussion will
obviously be restricted to the analysis of the thermodynamic parameters describing the crystal

growth and melting processes for taphase of it-PP.

Equilibrium melting temperatures obtained by the HW linear extrapolation generally fall into
two widely different ranges 185-190°€ and 208-220°¢2'%*'°  Certainly a range of
equilibrium melting temperatures is expected a-priori on the basis of tacticity and molecular

weight differences between samples studi€d.Furthermore, recent studies by VanderHrt
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al.** indicate that different defect types are included to different extents incitg#Pase crystals.
Specifically, the regio defects found in metallocene based isotactic poly(propylene) are thought
to be for the most part excluded from the lamellar structw®s10% inclusion), whereas the
stereo defects found in both metallocene and Ziegler-Natta it-PP are much more significantly
incorporated ¢a. 50-60% inclusion). The level of defect incorporation obviously also depends
on crystallization temperature (the lower the undercooling, the lower the expected level of defect
inclusion). The fact of that stereo defects can be at least partially included in the lamellar
crystals furthermore provides some justification for the use of the Gibbs-Thomson and LH
theories for it-PP. It is noted that such theories should not rigorously apply for statistical
copolymers or stereo-irregular homopolymers where defects are not included in the crystalline
lattice, since in these cases, the average lamellar thickness is not solely controlled by the
undercooling but is also strongly influenced by the defect distribution along the polymer

backbone.

Since most of the early studies focused on Ziegler-Natta it-PP but did not report the tacticity
of the materials investigated, we only consider the two most recent studies byettahgnd

Mezghaniet al?

where the stereo defect content was less than 1%. Clearly, for these latter
materials, the highest possible value of the equilibrium melting temperature éoptiase of it-

PP should be obtained. Both studies concluded through a combination of linear HW
extrapolation and the Gibbs-Thomson (GT) analysis that the equilibrium melting temperature in
the high chain length limit should l&. 185°C. In the above studies, the observed melting
temperature used in the linear HW analyses was either that recorded visually at the
disappearance of birefringence of very small spherulites during heating in an optical microscope
hot stag® or that taken as the onset of the melting endotfleEmamination of results obtained

in the current study confirms that, indeed, a linear extrapolatidi, ofersusTy in the limit of

very short crystallization times yields a similar value for the apparent equilibrium melting
temperature. From the studies in the last chapter, it has been, however, established that such a
linear extrapolation is without physical basis and that the extrapolation must indeed be non-

linear, if it is to be consistent with the theory it is based ¢turthermore, from the examination
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of the T,y versusTy data from Mezghanet al,*?

we can infer that the apparent thickening
coefficient (reciprocal of the slope of thg' versusTy regression) is in the range 2.4 - 2.7 even

for samples that were crystallized for extremely short times at crystallization temperatures in the
range 116 to 145°C. The thickening coefficient inferred from samples crystallized for short
times is actually predicted to be higher than for samples crystallized for long times. Such a value
of the apparent thickening coefficient is clearly inconsistent with the expectation of insignificant
isothermal lamellar thickening in very small spherulites and with an increase in the magnitude of
y with crystallization time. Further examination of these data confirms the prediction from the
previous chapter that as the range of crystallization temperatures, where the linear extrapolation
is carried out, is shifted down, the linearly extrapolated value of the apparent equilibrium melting
temperature is more significantly underestimat&g™® = 184.5°C forT, in the range 116 -
136°C versusT,2® = 188.5°C forT, in the range 126 - 145°C). In this wdfkthe linear
extrapolation of observed melting temperature versus crystallization temperature data for
impinged spherulites leads to an apparent equilibrium melting temperature of 210.1°C. The
situation appears here very similar to that encountered in the last chapter for the melting of linear
polyethylene. An apparently correct value of the equilibrium melting temperature is obtained for
fortuitous reasons associated with the effect of crystallization temperature and crystallization
time on the magnitude of the thickening coefficient. The larger scatter in the data for long
crystallization times than for short ones is again a hint that samples crystallized at different
temperatures and for different durations exhibit a non-constant thickening coefficient. Similar

conclusions can be drawn from the data published by Géteaid

Let us now turn our attention to the Gibbs-Thomson analyses of it-PP published in the
literature and specifically to these by Chenigl® and Mezghanét al’* which appear to present
the most complete data sets. In all cases, the GT analysis was carried out through a combination
of differential scanning calorimetry to measure observed melting temperatures and small angle
X-ray scattering to estimate lamellar thicknesses. In one®ctise lamellar thickness was
obtained at the crystallization temperature using the correlation function approach, whereas in

the other cas¥, it was estimated at room temperature from the Lorentz corrected long period and
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the bulk crystallinity measured through wide angle X-ray diffraction. Plotg,oversus 1/are

then constructed to obtain the equilibrium melting temperature from the interceptad ahd

the basal plane interfacial free energy,from the slope. Focusing first on Mezghanial.s

data!? the equilibrium melting temperature is found to be 186.1°C in good agreement with the
values of 184.5 and 188.8°C obtained from the linear HW analysis. The magnitatdeas not
reported but can be estimated to be 45 er§.cifa value of 193 J/ciris used for the theoretical

heat of fusion. From this value of the fold interfacial free energy, one can infer a work of chain
folding, g = 4.4 kcal/mol, if a (110) growth plane is assumed. Turning now to Géiealds

data’ the inferred equilibrium melting temperature is 185°C, again in agreement with the linear
HW extrapolation. The fold interfacial free energy value is calculated to be 31 érgading

to a work of chain foldingg = 3 kcal/mol. The values reported above for the work of chain
folding are obviously significantly different from one anothes (50%), but more surprisingly

are lower than that of linear polyethyleme=<(4.9 kcal/mol)*® Furthermore, these values appear

to be inconsistent with those obtained from the analysis of the temperature dependence of
spherulitic growth rates (52 -70 erg.ém?’ when one assum&g, = 185°C and = 11.5 erg.cm

2. It is also important to realize, as was pointed out by Moness®.? that if a higher
equilibrium melting temperature is usace (T, = 208°C), the estimate of the fold surface free
energy value is significantly higher. Using the secondary nucleation constants given by Monasse
et al® and the thermodynamic and crystallographic parameters in Table.3i8,estimated to

be 141 erg.cif (q = 13.9 kcal/mol), consistent with the results in the current work.

Having addressed above and in the last chapter the reasons for the lack of applicability of the
linear HW extrapolation, it is a necessity now to discuss why the GT analysis also generally
leads to erroneous results in the case of it-PP. To shed some light on this issue, it is worth
examining again Mezghaet al'? and Chengt al® SAXS data. From the GT plots published
by these authors, it is possible to determine the range of lamellar thicknesses and observed
melting temperatures investigated. In the former stéawplculated lamellar thicknesses range
from 98 A (T; = 164°C) to 166 AT, = 173.5°C), whereas in the latter stidiey range from
27 A T,y =131.9°C) to 98 AT,y = 171.9°C). Some inconsistency between these two data sets
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is already apparent in the fact that for it-PP samples of identical stereo defect content (less than
1%) and of identical lamellar thickness (98 A), a difference of 8°C in the observed melting
temperature is reported. This discrepancy cannot be explained by differences in the definition
adopted for the melting temperature (the endotherm peak in orté @agehe endothmeric peak

onset in the other cajeand is inconsistent with the observation that both studies yield the same
extrapolated equilibrium melting temperature. One could argue that the correlation function
approach cannot be employed to analyze SAXS data for it-PP after cooling below the isothermal
crystallization temperature. According to Stra#tl al,®® the lack of applicability of the
correlation function approach stems from the significant increase in crystallinity observed during
cooling, the associated change in the specific inner surface and the departure of the morphology
from the lamellar stack model. Indeed, in one ddaeellar thicknesses were estimated using

the correlation function approach with scattering data recorded at each crystallization
temperature, whereas in the second ¢ashey were determined at room temperature by
multiplying the Lorentz-corrected long periods, by the WAXD crystallinity,X.". Stroblet

al.% point out that the significant increase in crystallinity observed in it-PP upon cooling below
the crystallization temperature is not accompanied by a change in long spacing. One would
therefore expect that the it-PP lamellar thicknesses estimated through a combination of room
temperature SAXS and WAXD measurements are overestimated. This conclusion is however
neither supported by a comparison of the two sets of SAXS/DSC atmy is it supported by
comparison of SAX%"2and TEM’ data.

To show the general failure of the SAXS technique to provide reliable morphological details
for isotactic poly(propylene), let us briefly review the pertinent literature. First, it is established
that, when it-PP crystallizes in the form afphase spherulites, the spherulites exhibit a
birefringence whose sign and magnitude depend on crystallization tempétaturélhe
birefringence continuously decreases from positive values at low crystallization temperatures to
negative values at higher temperatures. The temperature where the changes in the birefringence
sign is observed, is dependent on molecular weight and on the content in stereo and other defects

along the chains. Second, it is equally well established that the change in spherulite
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birefringence with crystallization temperature is associated with the corresponding change in the
relative fraction of radial and nearly tangential lamellae within the spherthifté®> Following

the nomenclature of Bassett, the dominant lamellae within the spherulites are obviously always
radial but subsidiary lamellae can be either radial or tangential. Tangential lamellae are initiated
by homoepitaxy on radial lamellae and subsidiary radial lamellae are initiated by similar epitaxy
on tangential lamellae. This crystallographic lamellar branching, apparently uniquede the
phase of it-PP, is triggered by the similarity in the unit cell a aadi€ dimensions and the
presence of helices of the same hand in two successive ac layers of the parent*i2fiehis
cross-hatching morphology manifests itself for most melt crystallization conditiensgtween

90 and 160°C}® Examination of the cross-hatched morphology by TEM suggests that leading
radial lamellae are thicker than the daughter tangential lamellae and do not pack in stacks, except
possibly at the highest crystallization temperatures (150°C and above) in the outer regions of
spherulites’ Lamellar stacking, when observed by transmission electron microscopy at
intermediate crystallization temperatures (120-150°C), appears to be limited to daughter
tangential lamellae, and is generally spatially restricted. In view of the difference between
daughter and parent lamellae and the difference in their stacking behavior, one should not expect
to find a simple correlation between the peak melting temperature (characteristic of the thicker
radial lamellae) and the lamellar thickness calculated from the SAXS data (most likely
dominated by periodic density fluctuations within the stacks of thinner lamellae). Qualitatively,

it appears that lamellar thicknesses inferred from the SAXS analysis are much lower than those

estimated by transmission electron microscoify’’

Further inconsistencies in the results obtained by SAXS are uncovered when considering
recent studies by Ryast al.®® Using, simultaneously, calorimetry and synchrotron SAXS and
WAXD techniques, they followed the evolution of the invariant, correlation function, and degree
of crystallinity of it-PP during isothermal melt crystallization at 133°C. During primary
crystallization, the long spacing obtained either from the correlation fundtjpor(the Bragg
maximum in the Lorentz corrected scattering profilg) (s constant. However, in contrast with

I-12

the SAXS analysis at room temperature by Mezgktaal~“ whereLg was systematically larger
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thanL, by ca. 20%, study by Ryaet al®® yields the opposite conclusione( Lg is lower tharL,

by ca. 20%), suggesting apparent but unexplained differences in long spacing distributions. In
the latter study, the lamellar thickness estimated from the correlation function appears to be
independent of crystallization time during the primary crystallization $fadéis is apparently
inconsistent with the suggestion by Mezgheinal*? that significant lamellar thickening occurs

even during primary crystallization and is at the origin of the increase in observed melting
temperature. For a quantitative assessment of the relationship between lamellar thickness and
increase in observed melting temperature, we have plotted on Figurd,3.1&rsusl data

112 and these estimated

generated with th&,,, o values reported by Chemrg al,” Mezghaniet a
in this chapter. We have shown in Figure 3.2 that for all crystallization temperatures
investigated in the current study, the observed melting temperature increases linearly with the
logarithm of crystallization time during primary crystallization. For crystallization temperatures
in the range 129 to 136°C, the increase in observed melting temperature during the primary
crystallization stage is approximately 1.0 to 1.5 °C, in agreement with data reported with
Mezghaniet al.*®> For a crystallization temperature of 133°C, the long spacing and lamellar

1% are approximately ca. 200 A and 135 A, respectively, in

thickness estimated by Rya a
qualitative agreement (within 20% or so, see above) with estimates by Mezghahi’
Focusing now on Figure 3.15, a 1.0 - 1.5 °C change in observed melting temperature can arise
from a change in lamellar thickness, the magnitude of which depends only on the magnitude of
the o, Ty parameters fow-phase it-PP. If our parameters are used, the predicted change in
lamellar thickness is relatively small (3.5 to 5A or so). On the other hand, whether Mezighani

al. or Chenget al’s values are used, a measurable change in lamellar thickness is expécted (

10 or 25 A). Since such changes are not observed in Byal' s data®® it suggests an
inconsistency in the SAXS/DSC approach. Morphological studies of the evolution of the
lamellar thickness with crystallization time will be one of the future works to confirm the
relatively small change in lamellar thickness with crystallization time. The fact that lamellar
thicknesses obtained by SAXS are underestimated has been verified in the current work (Figure

3.11) and is also confirmed in recent work by Whital.>”
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Figure 3.15 Correlation between observed melting temperature and lamellar thickness. Full
curve (this work), long-dash curve (Cheeteal® ), dotted curve (Mezghaet al*?).

A final issue related to the use of SAXS to determine lamellar thickness, pertains to the
possibility that samples crystallized at extremely large undercoolings (as in @heslg
studies), may contain a non negligible fraction of smectic or efgphase it-PP. These two
different phases would contribute in some unpredictable fashion to the SAXS profile but are

ignored in the calorimetric analysis if one focuses on the endotherm peak position.

It should therefore be apparent from the above discussion that use of the Gibbs-Thomson
analysis to infer the equilibrium melting temperature of it-PP has very serious limitations, when
it is based on SAXS data. These limitations could obviously be overcome if the thickness of
leading radial lamellae is measured through a direct technique such as transmission electron

microscopy.
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Having established a rationale for the lack of accuracy in previous estimdigsiod o,
obtained from a combination of SAXS and DSC and for the problems associated with the linear
HW approach, a different strategy has been proposed for the evaluation of these thermodynamic
guantities. The value af, = 212 + 5°C appears to be well established on the basis of the non-
linear HW approach and is consistent with results from the analysis of the temperature
dependence of spherulitic growth rates. The new values proposed in this work for the basal
plane interfacial free energy.!, and theC, parameter depend critically on the choice of Bioth
and o. Note that similar estimates aef were obtained from the Thomas-Staveley empirical
relation and thes - C,, correlation. It would be however more satisfying to obtain independent
estimates of o' through measurements of initial lamellar thickness as a function of
crystallization temperature and through correlation between lamellar thickness and observed

melting temperature, using electron or atomic force microscopy.

For the sake of completeness and rigor, it is also important to note a number of unresolved
issues for it-PP crystallization, which are clearly pertinent to the above discussion. First, there is
still some uncertainty as to the nature of the growth plane fax-fitease of it-PP. All previous
analyses of the temperature dependence of it-PP spherulitic growth rates have universally
adopted (110) as the growth plane for this crystal phase. The appropriateness of this choice
appears to be supported by electron microscopy studies by Lotz, Wittmann and coworkers using

the decoration methdd. On the other hand, Petraccaateal %8

suggest on the basis of tacticity

and crystallographic considerations that folding must occur in a direction parallel to the (010)
plane. If this suggestions is indeed correct, then the folding process would take place along the
long axis of it-PP lath-like crystals (i.e. folds would not be parallel to the growth front but
perpendicular to it and into the melt). This situation obviously differs dramatically from that
addressed by the LH secondary nucleation nfodfeind one should not expect the growth rate
data to be accounted for by that model. It is however fairly difficult to envision how such
process could indeed take place. In a more recent study, Petratcalfé calculated fold

conformational energies for possible folds in it-PP, assuming folding parallel to the (010) plane.
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The corresponding fold interfacial free energies are found to be in the range of 50 - 7¢,erg.cm
in accord with estimates derived from the analysis of the temperature dependence of spherulitic
growth rates fora-phase it-PP assuminfy, = 185°C. However, as indicated above, the LH
theory should not apply for folding in directions normal to the growth front and a melting

temperature of 185°C is not justifiable.

A second unresolved issue pertains to the multiple melting behavior observed for Ziegler-
Natta it-PP in two different ranges of crystallization temperatlire {20°C and 135°C 9 <
150°C)#38 97974 The most complete studies suggest that, in both cases, this phenomenon is
associated with a melting-recrystallization-remelting pro€eSsThis assertion can certainly be
understood for the lowest crystallization temperature range, where, indeed, initial melting occurs
in a temperature range where recrystallization could take place on a short time scale. It is
however difficult to understand why this process would reappear at relatively high temperatures
(135°C - 150°C), where rates of crystallization appear to be increasingly slower, whereas it is not
present in the intermediate temperature range (120P€ €35°C). It appears more appealing to
rationalize the onset of the double melting behavior for samples crystallized in the higher
temperature range in terms of a bimodal distribution of lamellar thicknesses (thicker dominant
radial lamellae and thinner tangential or radial daughter lamellae). Indeed, as shown bgt White
al.,>” for crystallization temperatures beloga. 130°C, the difference in thickness between
dominant and cross-hatching lamellae becomes vanishingly small, whereas at higher temperature
(ca 140°C) the thickness of these lamellae differ more significantly, thus leading to separate and
easily resolvable melting endotherms. As the temperature of crystallization is raised dacther (
150 - 160°C) the population of cross-hatching lamellae decreases significantly leading again to a
single melting endotherm, as observed experimerfalfy. It is likely that melting-
recrystallization occurs to a limited extent upon heating, especially at the lowest heating rates. It
is however unlikely, especially in view of the recrystallization rates reported in the litéfature
and the known existence of a bimodal distribution of lamellar thickn@sskat the double
melting behavior be entirely attributed to a melting-recrystallization process. The most recent

work by Mandelkern et & assigns the two melting peaks of it-PP to the existence of the mother
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and the daughter lamellae. The thickness of the radial lamellar is only slightly above that of the
tangential lamellae at low crystallization temperatures and become much thicker than that at high
crystallization temperatures. Studies of optical microscopy verified that the tangential lamellae
melt earlier than the radial lamellae (the birefringence become negatively enhanced at the point
where the tangential lamellae have melted while the radial lamellae have not.). The work by
Mandelkern et &f? is not out of question, the area of the lower melting peak, which is assigned
to the melting of the tangential lamellae, becomes larger at higher temperatures, indicating that
more tangential lamellae are formed at higher crystallization temperatures. This issue, certainly,
deserves further attention.

On a related matter, the existence of two limiting structures have been proposedufor the
form.”>"" The a, structure is an ordered limiting structure (crystallographic symmetiiz)P2
with well defined arrangement of up and down f&lices, whereas the; structure is a
disordered limiting structure (crystallographic symmetry C2/c) with a random distribution of up
and down helices. Guerea al.”® showed on the basis of diffraction studies that structures more
akin to the o, form are favored at high annealing temperaturgs X> 153°C). Using
complementary calorimetric studies they inferred from the observation of single endotherms in
the thermogram of annealed samples that the annealing process at high temperature leads to a
“continuum” of structures intermediate between #heand thex, forms. It is concluded from
their study that annealing below 153°C should not yield wildly different crystal structures. From
this observation, it would be tempting to conclude that the spherulitic growth rates reported in
the current study (measured from 123 to 154°C) can be safely analyzed in the context of a single
crystalline phase. It is however not known at this time how the result of these annealing studies
can be applied to the case of isothermal crystallization. Recent studies b{’ Awygest that
isothermal melt crystallization at 155°C of a low molecular weight it-PP results in a
predominantlyo, crystal form. Furthermore, significant melting-recrystallization effects would
hamper our ability to correlate crystallization and melting temperatures. Recrystallization during
heating would lead to the formation of the more ordered structure, which is likely to have a

slightly different equilibrium melting temperature than the initial disordered limiting striture.
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While these issues cannot be resolved with currently available information, they certainly place
some limitations on the claims that are made in the present manuscript. It is nevertheless
anticipated that future and more accurate examinations of the correlation between crystallization
temperature, melting temperature and lamellar thickness can shed some light on the validity of

the assumptions used in this manuscript and on how serious the above limitations truly are.

3.5. Conclusions

In this chapter, a new strategy has been applied for the evaluation of the thermodynamic
parameters relevant for the crystal growth and the melting processes in the case of isotactic-
polypropylene prepared by Ziegler-Natta catalysts. The reliability of the method is strictly
dependent on (1) the applicability of the classical relationship between the initial lamellar
thickness and the undercoolifg=(20:"/AG; + Cy), (2) the assumption that! can be equated to
oem and (3) the appropriateness of the method used to estimate melting temperatures of initial
(i.e. non-thickened) lamellae. It can be concluded that, for ifTRR, 212 £ 5°C,0. = 146 + 48
erg.cn? and 8l = 52 + 17 A. These values are more consistent with the limited direct
morphological data available in the literature than those previously reported on the basis of a
linear HW approach or of the SAXS based Gibbs-Thomson analysis. Predictions of the initial
lamellar thickness as a function of crystallization temperature based on these quantities are
consistent with the morphological studies accomplished in this lab. It has been emphasized in
this chapter that an accurate estimation of the equilibrium melting temperature is of center
importance in the analysis of crystal growth rate data and in a rigorous test of the Lauritzen-
Hoffman surface nucleation model. Possible limitations of the current approach for the case of
isotactic poly(propylene) have been discussed. Further possible refinement of the magnitude of
the basal plane interfacial free energy., and theC, parameter must await more complete
morphological studies of it-PP. The results of such studies can in turn provide an evaluation of

the self-consistency of the LH theory.
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Chapter 4. Equilibrium Melting temperature and temperature

dependence of crystal growth rate of poly(ethylene oxide)

4.1. Introduction

The crystalline morphology and crystallization kinetics of poly(ethylene oxide) (PEO)
have commanded much attention during the past three décdd@swide range of values
for the equilibrium melting temperaturg,, have been quoted in the literature and applied in
the analysis of the temperature dependence of crystal growth®tit&s. Three major
methods have been adopted in literature to obtain extrapolated valugs fof PEO.
Buckley and Kovacsextended the theoretical treatment developed by Flory antf Vij
PEO, and obtained a value of ca. 69°C for the equilibrium melting temperature. The same
treatment was also employed by Beech and Bbathd Afifi-Effat and Hay'® but a slightly
different extrapolation procedure was used, which resulted in the valug 0&.T76°C.
However, the extended application of the Flory and Vrij treatment to PEO was criticized on
theoretical grounds by Mandelkern and Staan the basis that nearly monodisperse low
molecular weight PEO fractions are not molecular species and cannot form molecular
crystals. According to the studies by Beech and B8aind Marentette and Brown,
experimentally recorded melting temperatures of high molecular weight PEO fractions can
exceed 69°C, thus casting some doubts on theTlpualue estimated by Kovacs et’alThe
second method is based on the Gibbs-Thomson equation and involves a linear extrapolation
of the observed melting temperature of lamellar crystals as a function of the reciprocal of
their thicknes$® Results from this treatment also lead td,avalue in the vicinity of
69°C 32 which according to Beech and Bobtis incorrect. These authors indicate that the
fold surface free energy of PEO fractions is highly molecular weight dependent in the low
molecular weight rang¥. It is important to note that lamellar thicknesses and melting
temperatures must be measured simultaneously in a rigorous application of the Gibbs-
Thomson method for intermediate to high molecular weight fractions to ensure that these two
parameters are associated with the same crystal. According to Alfonso and Russell,
evaluation of lamellar thicknesses by X-ray scattering or diffraction techniques is not feasible

due to the intrinsically large thickness of PEO crystals. Hence, great efforts (i.e. the use of
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ultra small angle X-ray scattering) may be required to apply the Gibbs-Thomson method to

the determination of PEO’s equilibrium melting temperature.

The third method is the Hoffman-Weeks (HW) linear extrapolafiorThis method
which is easy to implement experimentally and involves a relative simple data analysis has
been widely used in the literature. The HW treatment is based on a linear regression of the
observed melting temperatures,,, for various crystallization temperatures,, and
extrapolation to the equilibrium lind,,y = Tx. As pointed out in two earlier publications
from this groug>?® results from HW linear extrapolations greatly depend on the chosen
crystallization temperature range and residence time at each temperature. It is thus not
surprising that values of,, obtained from this method range from 70 to §0C°
Therefore, at this time the equilibrium melting temperature for PEO is not firmly established.
Furthermore, as demonstrated in the last two chapters, analyses of the temperature
dependence of spherulitic growth rates are strongly dependent on the chdige @i
incorrectTy, could lead to the artificial creation or disappearance of regime transitions when
the temperature dependence of crystal growth rates is analyzed in the context of Lauritzen-
Hoffman (LH) secondary nucleation thedfy.

Validity of the conventional HW linear extrapolation has been re-evaluated and the
specific conditions for the validity of HW linear extrapolation were discussed in Chapter 2.
It was found that the HW linear extrapolation invariably underestimates the equilibrium
melting temperature and overestimates the thickening coefficient of semicrystalline polymers
in the practical crystallization temperature raffy&Such deviations are the result of a crucial
approximation in the derivation of the HW equation, which has been discussed in detail in
the second chapter. A more rigorous nonlinear HW extrapolation was proposed, which
reveals that the dependencelgf on Ty is nonlinear in nature. In the second chapter of this
dissertation, a strategy was designed for a more rigorous analysis of the nonlinear
dependence dF,, on Ty, under conditions where the thickening coefficient is independent of
crystallization temperature and known a priori. The proposed nonlinear HW analysis was
successfully applied to Ziegler-Natta isotactic polypropylene in the preceding chapter, and
the conditions of a constant thickening coefficient were achieved by extrapolating the

observed melting temperatures of thickened lamellae as a function of crystallization time to
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zero crystallinity ¢ = 1) for each crystallization temperature. The equilibrium melting
temperature of it-PP was thus determined to be ca. 212°C, about 25 K above the most widely
reported value of 186°&. Consistency between the result obtained by the nonlinear HW
extrapolation T, = 212°C) and those obtained through the analysis of the temperature
dependence of spherulitic growth rat@g, € 215°C) is very satisfactory. Furthermore, as
discussed in the last chapter, the predicted initial lamellar thickness of it-PP matches well the

measured value at a certain crystallization temperature.

In this chapter, the nonlinear HW analysis is applied to PEO to determine its equilibrium
melting temperature. PEO was specifically chosen as a model system for three reasons.
First, PEO has only one crystal phasgecond, issues of tacticity and polydispersity which
could be raised in the case of it-PP are avoided in the case of PEO. Narrow molecular weight
PEO fractions with polydispersity as low as 1.03, can be readily obtained. Third, PEO
appears to show similarities to polyethylene in the sense that three crystallization regimes
have been reported in literature.If this is confirmed, one should be able to estimate some
important fundamental parameters such as the substrate Iengiihus, one may be able to
check quantitatively the validity of the LH theory in the case of PEO. Finally, as discussed
in the second chapter, the degree to whichTthealue is underestimated by the linear HW
extrapolation is predicted to decrease when the crystallization temperature range over which
the HW technique is applied corresponds to lower undercoolings. Such a prediction can be
tested in the case of PEO because PEO appears to crystallize at much lower undercoolings
than it-PP.

In addition to determining the equilibrium melting temperature for PEO, the applicability
of the LH secondary nucleation theory to PEO is also addressed in this chapter. Although the
LH theory appears to successfully account for a large number of experimental obsefations,
criticism of the concept of regimes and the LH theory in general continues to make its way
into the literaturé? Since knowledge of an accurate estimatdgfs crucial for regime
analysis, most criticisms of the theory cannot be taken seriously until the issue of equilibrium
melting temperature has been resolved. In the previous chapter, confusions in the case of it-
PP have been clarified and a regime II/1ll transition has been confirmed at ca.?148°C.

important issue in the case of PEO relates to the report of a change in crystallographic growth
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face by Point et df at a temperature very close to the regime II/Ill transition temperature
reported by Cheng et &. Conclusions drawn by Point et al. were later confirmed by
Marentette and Browlt. and cast some doubts as to the meaning of regime transitions
reported by Cheng et al. In this chapter, crystal growth rate data as a function of temperature
and molecular weight from Cheng et‘hhre re-analyzed using the LH theory.

4.2. Experimental procedures

Three poly(ethylene oxide) fractions with narrow molecular weight distributions
purchased from Polymer Laboratory Inc. were used in this study. The molecular
characteristics of these fractions are shown in Table 4.1. The PEO samples were stored in

vacuum before experiments to prevent absorption of moisture and degradation.

PEO samples were isothermally crystallized in the temperature range from 50 to 60°C in
a Pyris differential scanning calorimeter from Perkin Elmer, operated under dry nitrogen
flow and with an ice-water bath. The temperature scale was calibrated using the high purity
indium from Perkin Elmer, sandwiched between two polymeric films to account for
differences in thermal conductivity between metals and polymers. Crystallization
temperatures were calibrated by extrapolation of the melting temperature of the standard to
zero heating rate. The melting traces of isothermally crystallized samples were recorded at
10 K/min from their crystallization temperatures to 85°C. The observed melting temperature
was taken as the peak melting temperature, corrected for thermal lag. A small mass of PEO

samples (ca. 2 mg) was used in all the DSC studies to minimize thermal lag effects.

Table 4.1. Molecular Characteristics of PEO Fractions.

Sample M (g.mol%) Mu/M,,
PEO1 72 555 1.03
PEO2 112 080 1.02
PEO3 217 776 1.03
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4.3. Results

The heating rate dependence of the peak melting temperature of PEO was first
investigated to ascertain whether melting-recrystallization-remelting or crystal thickening
processes take place during the heating scans at 10 K/min. PEO samples were kept at 90°C
for 3 minutes to erase prior thermal history and were subsequently quenched to 30°C. Then,
heating scans from 30 to 85°C were recorded at different rates. Results for PEO1 are shown
in Figure 4.1 after thermal lag correction. The peak melting temperature is plotted as a
function of heating rate in Figure 4.2 for PEOL1. Crystal reorganization during heating is
observed only when the heating rate is less than 5 K/min. We note that the heating rate
dependence of the peak melting temperature of PEO is quite similar to that of linear
polyethylene, which is known to exhibit lamellar thickening during heating at low?rates.

In order to successfully apply the nonlinear HW analysis, the thickening coeffijgient,
has to remain constant in the whole crystallization temperature Tarfg®. polymers which
exhibit crystal thickening during the isothermal crystallization process, a practical technique
was proposed in the last chapter to ensure that the thickening coefficient is constant prior to
the analysis ofly, Tx data. The technique is through the extrapolatiom,pfat variousty
(thickened lamellae) for a giveny to the induction time, yielding the observed melting
temperature of the original crystals Bt (» = 1). The induction time at eadl can be
obtained by extrapolating the crystallinity at varidu$o zero crystallinity. This technique
allows one to obtain for various crystallization temperatures the observed melting
temperatures of initial crystals, thus, ensuring that the thickening coefficient has the same

value (y= 1) for all crystallization temperatures.

Isothermal crystallization of PEO fractions was carried out at vafipéer different
times. The evolution of the degree of crystallinXy, with crystallization timet at 56.06°C
is given in Figure 4.3 for the three PEO fractions. A fast sigmoidal increase of the
crystallinity in the primary crystallization region is observed, followed by a slower increase
of the crystallinity in the secondary crystallization region. Though the total degree of
crystallinity decreases with increasing molecular weight, the fraction of the crystallinity

developed in the secondary crystallization region increases with increasing molecular weight.
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Figure 4.1. The heating scans at various rates for PEO1 after the samples were quenched

from the melt.

This implies that the higher molecular weight PEO fraction tends to thicken more in the
secondary crystallization region due to the lower crystallinity developed during primary
crystallization. Figure 4.4a shows the evolution of the peak melting temperBtyrejth

logty for the three PEO fractions.T,, is observed to increase sharply in the primary
crystallization region, and much more slowly in the secondary crystallization region. The
leveling off of T, is likely due to the extremely high crystallinity of PEO fractions (ca. 80%)
developed in the primary crystallization region. In other words, very narrow amorphous
layers resulted from the primary crystallization give rises to the dramatic decrease of lamellar

thickening, thus, the shifting rate &f, with logt, in the secondary crystallization region.
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Figure 4.2. The peak melting temperature versus the heating rate for PEO1.

Such a phenomenon was not observed in the case of it-PP whose crystallinity is greatly less
than PEO (ca. 50%). Furthermore, the rate of shiff gfwith time during secondary
crystallization increases with molecular weight, suggesting that crystals thicken more in
higher molecular weight (lower total crystallinity) fractions. This is consistent with the fact
that the crystallinity fraction developed during secondary crystallization increases with
increasing molecular weight as shown from Figure 4.3. It is also important to note from
Figure 4.4a that the rate of shifity of with time during primary crystallization decreases

with increasing molecular weight, suggesting that the larger number of entanglements present
in the interlamellar amorphous phase of higher molecular weight samples impedes more

significantly the crystal thickening process.

95



1.0
o8] . oo- N
o PEO2 A o « * ° °
m] ... d
e PEOS3 e ©
0.6 + A
O
0.4 + :
]
O
°
0.2 o
A
m
:
0.0 #ggﬁuu —— 1
1 10 100 1000
Time (min)

Figure 4.3. Evolution of the crystallinity with the logarithm of the crystallization time at
56.06°C for PEO fractions. The theoretical heat of fusion used in the calculation, 198 J/g,

was obtained from ref.1.

The induction timet,, for the three PEO fractions was obtained by extrapolating the
crystallinity (using a sigmoidal function) at varioiytso zero crystallinity, and the results are
listed in Table 4.2. Two extrapolative procedures were used to achieve the observed melting
temperature at the induction time. First, we could approximate the evolutidf o¥ith
time by assuming a linear variation ©f, with logtk in the primary crystallization range
(Figure 4.4a). Alternatively, we could fit the evolutionTaf(t,) with logty by a sigmoidal
function (Figure 4.4b). The latter extrapolation yields a slightly highgT «, t,] value than
the former one, and the differences are 0.14°C and 0.30°C for PEO2 and PEO1, respectively
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Figure 4.4. The evolution of the peak melting temperature versus the crystallization time for
PEO fractions at 56.06°C. (@) Linear extrapolation in the primary crystallization region, (b)
sigmoidal fitting in the whole temperature range.
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(no difference in case of PEO3). The results obtained from the former method will be used

below and the difference between the two methods is taken as an uncert@ify oft,] .

The results of [Ty, t,] for three PEO fractions are given in Table 4.2 for varibuslf

the conventional HW linear extrapolation is performed, as depicted in Figure 4.5, values ca.
Tm = 72°C are obtained for PEO, which are similar to those reported by Alfonso and
Russell*®

In the second chapter, the derivation of the non-linear equation relafirgnd Ty
(Equation 2.14) was given. If the initial lamellar thickness is givet* by Ci/AT + C,,
whereC; is equal to 2 T/AH;, C, is a constant accounting for both theterm and the
temperature dependence of the kinetic fold interfacial free eneggythen Equation 2.14
can be rearranged intd:

1 4.1
Te (X+a) @

M=y

em
In this equationM = T/(Tm - Ti), X = To/(Tm - Ty), oem iS the fold interfacial free energy
appearing in the Gibbs-Thomson Equation, amdAHC,/20:t, wheredH; is the theoretical

Table 4.2. Induction time and the observed melting temperature of initial lamellar crystals as

a function of crystallization temperature for PEO fractions.

Ty PEO1 PEO2 PEO3
(°C) | to (Min) | Tw[Tx 1] (°C) | to (MiN) | T[T, 1] (°C) | to (MiN) | T[T, t] (°C)
52.06 0.7 65.57

53.06 1.1 65.35 1.1 65.87

54.06 | 0.7 65.24 1.8 65.77 2.0 66.20
55.06 | 1.4 65.53 2.1 66.05 2.6 66.56
56.06 | 2.1 65.87 3.2 66.37 4.7 66.86
57.06 | 3.0 66.24 4.4 66.79 8.1 67.40
58.06 | 3.8 66.68 6.3 67.13 14.1 67.68
59.06 | 4.7 67.02 9.2 67.62

60.06 | 9.3 67.45
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Figure 4.5. The conventional HW linear extrapolations for PEO fractions, results are listed
on the plot.

heat of fusion. For a set df,, Tx values, a corresponding set i, X values can be
calculated for a given choice of the equilibrium melting temperature. The slopéJof a
versusX plot yields the thickening coefficient, provided tlat = o which is a reasonable
assumption based on the study of linear polyethylene. As a result, the thickening coefficient,
7, can be obtained as a function of the choggwalue (see Figure 4.6 for PEO1). Sifige

values used in the analysis are the observed melting temperatures of initial lamellar crystals,
a plot ofM versusX for the true equilibrium melting temperature should yield a straight line

of the slope unity ¥ = 1) and intercept equal @ The equilibrium melting temperature
obtained by this method for PEOL1 is therefore found to be 80.6°C. The same method was
used for PEO2 and PEOS3, resulting in equilibrium melting temperatures of 82.3 and 83.7°C,
respectively. If the uncertainty of,[Ty t] is taken into account, the results of the
equilibrium melting temperature are 81.4, 82.7 and 83.7°C for PEO1, PEO2 and PEOS3,
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Figure 4.6. Plot of the thickening coefficiemt,as a function of chosen equilibrium melting

temperature for PEOL.

respectively. As expected, the magnitudeTqf increases with molecular weight. A
quantitative analysis of the molecular weight dependence of the equilibrium melting
temperature is however not carried out due to 1) the very limited molecular weight range
employed in the current study and 2) the uncertainty associatedaith, t,] through the
extrapolation methods. Figure 4.7 shows the pld¥lofersusX for each of the three PEO
fractions investigated here using the equilibrium melting temperatures derived frpm the
condition. Figure 4.8 shows the HW linear and nonlinear extrapolations based on the set of
Tm, Tx data for PEOL, wher€&,, is the extrapolated melting temperature of initial lamellar
crystals andly is the crystallization temperature. Linear and nonlinear extrapolations lead to
estimates of the equilibrium melting temperature, which differ by ca. 10K. The

underestimation of the equilibrium melting temperature by the linear Hoffman-Weeks
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Figure 4.7. M versusX plot for PEO fractions],, used for each PEO fraction is the value

which yieldsy=1. Values ofl,, anda are tabulated on the plot.

extrapolation is much smaller in the case of PEO (10 K) than in the case of it-PP (25 K).
This result is consistent with the prediction that the extent to whidl underestimated by

the linear analysis decreases if isothermal crystallization is carried out at very low
undercoolings and if the crystals are more susceptible to thickening. Furthermore, the
thickening coefficient inferred from the linear HW analysis in Figure 4.8 is having a
magnitude of 2.7, which is not supported by recent time resolved synchrotron SAXS studies

for PEO™!

4.4. Discussion

One expects on theoretical grounds the nonlinear HW analysis to yield a more accurate
equilibrium melting temperature than the conventional linear HW extrapolation. However,
the results obtained through this nonlinear extrapolation must also be consistent with those
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Figure 4.8. Plot of the observed melting temperature of initial lamellar crystals versus the
crystallization temperature for PEO1. The solid curve is the nonlinear HW analysis
calculated usingl, = 80.6°C,y = 1 anda = 9.56. The dotted line is the linear HW

extrapolation based ony,’, Ty data.

obtained from the analysis of the temperature dependence of spherulitic growth rates. Thus
spherulitic growth rate data from the literature are analyzed in the context of the LH

secondary nucleation theory, following an approach similar to that discussed for it-PP. Then,
the temperature dependence of the initial lamellar thickness predicted using the
thermodynamic parameters calculated in this work is compared to experimental data

published recently by Talibuddin et3l.

4.4.1. Analysis of the temperature dependence of the spherulitic growth rates
Figure 4.9 shows spherulitic growth rate data for three PEO fractions (defined as PEOA4,

PEOS5, PEOG6) as a function of the crystallization temperature. These data were scanned from
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Figure 4.9. The raw crystal growth rates versus the crystallization temperature for three PEO

fractions with the characteristics listed on the plot. Data scanned from ref.11.

a recent publication of Cheng et*aland constitute the only data set providing growth rates

up to very high crystallization temperatures. The molecular characteristics of these three
PEO fractions are shown on Figure 4.9. PEO5%\66 300 g.mét, M,/M,, = 1.05) is taken

as an example to discuss the regime analysis. The results shown below are all concerned
with this fraction unless otherwise noted. A dip is observed at ca. 50°C in each of the growth
rate curves shown in Figure 4.9. This dip was taken as a regime Il/lll transition in the
original paper by Cheng et #lwhenT,, = 69°C was used in the regime analysis. However,
Point et al. reported a crystal growth face transformation at ca. 50°C, changing from (120) at
temperature above 50°C to (010) at lower temperataréghis change of the growth front

was subsequently confirmed by Marentette and Brbwilt is also important to note that

crystal growth rates below 50°C are close to or exceedmf3. As a result of the fast
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crystallization, a large amount of heat is released at the growth front, and the local
temperature at the growth front is altered. Therefore, the crystallization temperature differs
from that set in the hot-stage and the growth rates are underestimated. Hence, the crystal

growth rate data below 51°C will not be included in the analysis.

The LH secondary nucleation theory predicts the following relation between the
spherulitic growth rate3, and the crystallization temperatufg,*
* 0 Kg (4.2)

. |n G - 791
R(Tx _Too ) : Tx (Tm _Tx )

In Gj +
whereU* andT,, are the Vogel-Fulcher-Tamman-Hesse (VFTH) parameters describing the
temperature dependence of the transport of polymer segments across the liquid/crystal
interphaseK; is the secondary nucleation constant in a given regimeGaisl the prefactor
assumed to be independent of temperature. The VFTH parameters recommended by
Hoffman et af* areU* = 6270 J/mol and’., = Ty - 30K. A plot of the left hand side of
Equation (4.2) versus T{AT yieldsKg; as the slope. According to the LH theory, the ratio of
the secondary nucleation constants in regime | and regirdg /K s, should be equal to%.
Previous studies showed that the choice of an equilibrium melting temperature has a
profound effect on the magnitude §; and on their ratios. Figure 4.10 shows the results of
the LH analysis of crystal growth rates for PEO5 usipg= 81.5°C, a value close to that
obtained from the nonlinear HW extrapolation. A slope change is observed at ca. 57°C, and
the nucleation constant at temperatures below 57°C is found to be one half of that at
temperatures above 57°C, suggesting that a regime I/ll transition exists at ca. 57°C. A
gradual transition, over ca. 3 K, is observed at ca. 57°C, so the data in the transition zone
(open triangles) are excluded from the analysis. Figure 4.11 shows the evolution of the ratio
of Ky to Kg as a function of the valughosen foiT, in the analysis. The ratio &, to Kq
is equal to 2 forT,, = 81.5°C. Therefore, choosing 81.5°C for the equilibrium melting
temperature satisfies the criterion D defined in the previous chapter for it-PP. As discussed
in the previous chapter, valuesTyf obtained through other criteria (A - C) are significantly
affected by the quality of the data. Therefore, analyses based on criteria A through C will not
be carried out in the case of PEO since the scatter in the growth rate data of Cheng et al.

appears significant.
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Figure 4.10. LH plot for PEO5 using U* = 6270 J/mol and=T190.2 K. Solid circle:
regime |; solid square: regime Il; open triangle: data in the transition zone and they are not
included in calculating{y values; solid diamond: data below 51°C where the growth face has

changed and they are not included in the analysis.

A similar analysis based on criterion D is carried out With= 29.3 kJ/mol, a value used
by Buckley and Kovac$,Cheng et at! and Marentette and Brown. Unreasonably high
estimates off,, (102.9°C) and of the secondary nucleation constants are obtained in this case,
as shown in Table 4.3. However, choosuig = 29.3 kJ/mol appears to be unreasonable
since this value is actually the activation energy associated with self-diffusion in low
molecular weight PE®. Thus, this value should be used in the Arrhenius rather than the
VFTH formulation of the transport term. If an Arrhenius form is used for the transport term,

equation (4.2) becomes:

Qy* (4.3)

RT,

K.
=InGj0 9

InG. + -
) Tx(Tm_Tx)
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Figure 4.11. Evolution of the ratio of the secondary nucleation constant in regime | to that in
regime Il as a function of chosen equilibrium melting temperaturel,At81.5°C, the ratio

is equal 2.

whereQg¢* is the activation energy for diffusidfi. The results of the regime analysis based

on Equation 4.3, usin@q* = 29.3 kJ/mol and criterion D are also listed in Table 4.3. ltis
reassuring to observe that these latter results are very similar to those obtained using
Equation 4.2 antl* = 6270 J/mol. As pointed out by Hoffman and Miffthoth Equation

4.2 and Equation 4.3 can be used when the crystallization temperatures are in eXgess of
100K, and only Equation 4.2 should be used when crystallization is carried out at
temperatures belowy + 100K. Since the crystallization temperature range for PEO is
located abov@y + 100K, the crystal growth process is fairly independent of the details of the

transport mechanism and either equation is appropriate.

An activation energy of 29.3 kJ/mol however appears to be inappropriate for the analysis
of spherulitic growth rates of intermediate to high molecular weight PEO fractions.
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According to Cheng et &f.and Appel et af! the activation energy for diffusion decreases
sharply with molecular weight at molecular weights above ca. 20,000 g/mol. An activation
energy of 16 kJ/mol, reported by Appel et al., for molecular weights above 20,000 g/mol,
was also used in the analysis of the temperature dependence of spherulitic growth rates
(Table 4.3). Only slight differences in the valuesTgf(ca. 1.5 °C) and of the nucleation

constants result from changi@g* from 29.3 to 16 kJ/mol.

Similar calculations are also performed for PEO4 and PEOG6, and the results are given in
Table 4.3 for comparison. ValuesTf obtained usingJ* = 6270 J/mol for Equation 4.2 or
using Qq¢* = 16 kJ/mol for Equation 4.3 are located in a very narrow temperature range
(78.2°C - 83.8°C) for each of the three PEO fractioiig. values in all cases increase as
expected with molecular weight and are found to be slightly larger (2 K) when derived from
Equation 4.2¢* = 6270 J/mol) than from Equation 434t = 16 kd/mol).

Table 4.3. Results from the LH analysis using criteriorkp /Ky 1 = 2.0). DifferentU*

values (Equation 4.2) ar@* values (Equation 4.3) were adopted in the analyses.

Sampl U* =6270 J/mol U* =29.3 kdJ/mol Qg* = Q¢* =

e T.=190.2 K T.=190.2 K 29.3 kJ/mol 16 kJ/mol

PEO4 T,(°C) 80.5 109.5 79.7 78.2
10°K 4, (K?) 1.83 12.49 1.69 1.42
10°K gy (K?) 0.92 6.25 0.84 0.71

PEO5 T, (°C) 81.5 102.9 80.8 79.5
10°K g, (K?) 2.07 9.80 1.92 1.66
10°K gy (K?) 1.03 4.90 0.96 0.83

PEO6 T, (°C) 83.8 115.9 82.9 81.2
10°K g, (K?) 2.34 15.88 2.15 1.82
10°K gy (K?) 1.17 7.94 1.08 0.91
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The equilibrium melting temperatures obtained from the analysis of the temperature
dependence of spherulitic growth rates (79.3°C to 83.8°C) are very similar to these obtained
from the nonlinear HW analysis (80.6°C - 83.7°C). Such an agreement supports the general
applicability of both the nonlinear HW extrapolation and the LH secondary nucleation theory
for the determination of equilibrium melting temperatures. While a regime I/Il transition was
clearly observed at ca. 57°C in the LH plot (Figure 4.10), it is reassuring that this transition is
also visible in the original growth rate data (Figure 4.9). Data below 51°C were not included
in the regime analysis, but are also presented in Figure 4.10 to show that there is no change
of slope at ca. 50°C. The slope shift at ca. 50°C in the original paper by Chereasl.
solely due to the use of an incorrdgt value (69°C). The same conclusion was reached by
Marentette and Brown based on their analysis of the temperature dependence of the crystal
growth rates. A change in slope of the LH plot is observed at ca. 503dgfchosen to be
69.0°C but disappears whég, is chosen to be 76.0°C. It is clear that the choic&,ob
crucial for a rigorous regime analysis. An incorrégtvalue (only 7°C lower in this case)
easily leads to the artificial appearance or disappearance of a regime transition. In the
analysis of the original data by Cheng et'hin addition to regime Il/Ill transition at ca.
50°C, a regime I/Il transition was observed at ca. 57°C, in the vicinity of the regime I/l
transition temperature reported in this work. In Cheng’s work, howeveKthatio (1.63)
was significantly smaller than the theoretical value (2.0). More surprisingly, a reversal of
regime | back to regime Il was reported at still higher temeperdturds. the analysis
presented, this unusual transition from regime | to regime Il upon increasing the
crystallization temperature does not appear at all. As a result, all data points above 57.0°C
are in regime I. Although the data are slightly scattered, they are distributed randomly along

the linear regression line (Figure 4.10).

Knowledge of the equilibrium melting temperature, the secondary nucleation constants
and the theoretical heat of fusion of PEO enables one to calculate the product of the surface
free energypoe, using predictions of the LH theory:

4db,00,.T,, (4.6)

o =2Ka =" &

whereb, is monomolecular layer thickness in the direction normal to the growth*frdfar
the (120) growth facdy, = 0.462 nnt> T, is taken a81.5C for U* = 6270 J/mol (Equation
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4.2) andaH; = 231 J.cit.t oot is then calculated to be 1006 2ogi®. Two methods have
been proposed in literature to estimate the value. ofThe first method is the empirical
correlation between heat of fusion and lateral interfacial free energy by Thomas and
Staveley’®

12
ors =a(ab ) "AH, (4.5)

wherea = 0.1 for polyethylend’ Though the physical meaning of theparameter is not

well understood, a value of 0.1 has been widely used in the literature. This low value of
(0.1) was found appropriate for a class of polymers including polyethylene and isotactic
poly(propylene), while a higher value (0.25) was proposed for high melting aliphatic
polyesters, such as poly(pivalolactof&)Considering that PEO and PE are fairly similar in
structure, we assume= 0.1 and obtain a value of 10.2 ergzfor . The second method

is based on the theory developed by Hoffman ef athich relateso to the chain
characteristic ratioC... This theory proposes thats given by:

SESE 9

where g is the width of polymer chains along the growth front. Talking 0.462 nm for the
(120) growth face of PEO ar@,, = 4.0%° o, was determined to be 12.7 ergitmThese
two methods yield very similar values of the lateral surface free energy, indicating that
0.1 is a reasonable assumption for PEO. The average of the two values (11.4)eisy.cm
then used to calculate the fold interfacial free enesgy(88.3 erg.crif). This value is only
slightly higher than that reported by Alfonso and Russell (76 ef),thbut is much higher
than that reported by Kovacs and Gonthier (22.4 eff.drased on studies of low molecular
weight PEO fraction$.

4.4.2. Correlations between crystallization temperature, melting temperature and
lamellar thickness.

As discussed in the Results section, when a good estimate of the equilibrium melting
temperature is used to generat®l-«X plot, the slope is equal to the thickening coefficient
and the intercep, is given bya = AHC»/20:". The value ofC, is available from previous

studies by Cheng et H#l. These authors found th&, = 76A and is approximately
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independent of molecular weight. TakiBg= 76A,a = 9.56 for PEO1 (Figure 4.6ys" was
calculated to be 91.8 erg.®&m The nonlinear HW extrapolation and the analysis of the
temperature dependence of the spherulitic growth rates yield similar valigs values
(80.6 - 83.7°C and 81.5 - 83.8°C) and nearly identical values'q®1.8 erg.crif for PEO1

and 88.3 erg.cih for PEO5). All the input values and results of calculations are listed in
Table 4.4.

The correlation between the initial lamellar thickness and the crystallization temperature

can be expressed?3s

v Cic 20T o (47

[*=—+C,=
AT 72 AH AT 2

Having established estimates for the equilibrium melting temperature and the fold surface
free energy, it is now straightforward to predict the crystallization temperature dependence of
the initial lamellar thickness for PEOL1,

[ 2811

_ (4.8)
~ (80.6-T,)

+ 76

wherel* is given in A, andT, is in °C. Figure 4.12 shows the plot of the predicted initial

lamellar thickness against crystallization temperature for PEO1. Also shown are two data

Table 4.4. Comparison of the results from the nonlinear HW extrapolation (PEO1) and from
the regime analysis of the temperature dependence of the crystal growth rates using Equation
4.2 andU* = 6270 J/mol (PEOS).

Nonlinear HW Extrapolation Lauritzen-Hoffman Theory

Tm (°C) 80.6 Tm (°C) 81.5
a 9.56 by (nm) 0.462

C, (A) 76 o (erglcenf) 11.4

AH; (Ilem) 231 AH; (Ilem) 231
oe (erglcnd) 91.8 oe (erg/cnd) 88.3
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Figure 4.12. Plot of predicted initial lamellar thickness versus crystallization temperature for
PEO. Also shown are the two data points obtained through real time small angle X-ray

measurements reported by Talibuddin ét al.

points obtained from Talibuddin et &.,using real time small angle X-ray scattering
measurements. In this study, since PEO samples were isothermally crystallized at 45 and
50°C for very short times (7 minutes and 10 minutes, respectively), the measured lamellar
thicknesses must be very close to those characteristic of initial lamellae. In further support
for the validity of the M-X approach, we note that the agreement between theoretical
predictions and experiments is well within the experimental uncertainty. We note that very
limited information on the temperature dependence of initial lamellar thicknesses is available
in literature, especially at high crystallization temperatures. One possible reason, as pointed
out by Alfonso and Russell, is that at higher crystallization temperatures, the thicknesses of
PEO lamellar crystals are too large to be detected by conventional X-ray scattering or

diffraction *®
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Figure 4.13. Calculated lamellar thickness of PEO1 versus the crystallization time at various

Tx. Gibbs-Thomson equation was used in the calculations of the lamellar thickness.

The correlation between the observed melting temperature and the lamellar thicisess,

expressed by the Gibbs-Thomson equation,

(4.9)

Since the values foF,, and o are known and the observed melting temperature is measured

experimentally (a function of;, and Ty), it is possible to calculate the evolution of the
lamellar thickness of PEO crystals as a function of the crystallization time for different
crystallization temperatures (Figure 4.13). This plot suggests that the PEO lamellar thickness
increases more rapidly with the logarithm of the crystallization time at higher temperatures,
an expected result because thickening is a thermally activated process. To determine the

extent of lamellar thickening after isothermal crystallization at dadior a given period,
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Equation 4.9 and 4.10 were combined, resulting in an equation relating the thickening
coefficient and the crystallization time at various temperatures,

20 el (AH ¢ (T =T 1)) ( aem]M (t) _M () (4.10)

|
7/:—: = =
* 26T I(AH ( (T,,—T,))+C, X+a X+a

O'el
Though the absolute amount of thickening increases with increasing temperature, the relative
percentage of thickening remains the same for various temperatures at the longest
crystallization times and the value is ca. 20%. For example, the lamellar thickness of PEO1
increases from 242A (10 minutes' isothermal crystallization at 60.0°C) to 282A for a
residence time of 150 minutes at 60.0°C. The relative increase in lamellar thickness during
secondary crystallization is therefore much higher for PEO (20%) than for it-PP (5%). This
observation is likely to be the result of the much higher flexibility of the PEO chains as

compared to it-PP.

4.4.3. Arigorous test of the Lauritzen-Hoffman secondary nucleation theory

The LH secondary nucleation theory has been applied to a large number of
semicrystalline polymers in literature, and appears to successfully account for a large number
of experimental observations, such as the undercooling dependence of both the initial
lamellar thickness and the crystal growth rates, and the existence and origin of breaks in
growth rate curve&3*3® However, except for polyethylene which has been studied
extensively by Hoffman and Millé’ no other polymers have ever been tested rigorously.
By a rigorous test, one refers to rigorously estimating fundamental parameters in the theory
such as the substrate length. The Z-test proposed by Latticzenonly give a very rough
estimate of the substrate lendti**” The substrate length for polyethylene lamellar crystals
was found to be 865 A within a factor of about 1.5. This value is believed to be associated
with the range of the lattice coherence, which can be inferred from a careful analysis of the
diffraction pattern. For a rigorous calculation of the substrate lehgth, be possible, it is
necessary that the particular polymer under consideration exhibits a transition between
regimes | and Il. PLLA and cis-polyisoprene are among the very few polymers which
exhibit regime | and Il crystallization behavior, as reported by Vasanthakumari*edrai.
Phillips et a®®>. However, no estimate of the substrate length was given in the latter, and the

Z-test was used to estimate the substrate length in the former and the result was claimed to be
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reasonable. PEO is known to show regimes | and Il crystallization behavior, though no
estimate was given of the substrate length in the original pap&rrigorous calculation of

the substrate length is carried out for PEO in the remainder of this section.

According to the LH theory/, the substrate length is given hy= n.a,, wheren_ is the
number of chain stems on the substrate agdis the width of the stem along the growth

front. The explicit expressions for the prefactors in regime | and Il are given in the LH

theory by
Go _(cosz j(bokBT] ke Ta, AHAT (4.11)
' n h 4o | ,o°T,,
and
12 12 (4.12)
G,° - C,"%k (b, kT a,AHAT Y kT expl—q/ 2.T)
n h ol 2b,al,

In the above two equation§;° is the prefactor for a given regime and is obtained from the
intercept of the LH plotC, is the configurational path degeneragys a numerical constant
and its determination is discussed belowis the average number of repeat units in the
polymer chain feeling the force of reptation during substrate completion nard
(2/3)(M,1MW)1’2/Mre whereM;. is the molar mass of a repeat uhits the Planck’s constarit,

is the projected length of one repeat unit in the chain directiongasdhe work of chain
folding, q = 2a.b,0e. All other parameters in the above two equations were defined earlier.
Elimination ofC, from these two equations yields

o o BT [ 2AHATY G exptark,m
h O-TI’T'I nGIIO

(4.13)

This equation holds only at the temperature associated with the I/ll regime transition. Thus,
with G° values available from the crystal growth rate dataan be estimated, provided that
x is known. Two methods were introduced in the LH th&bty calculate the absolute
substrate completion ratg, When the expression gfobtained from the nucleation theory

is equated to that derived from reptation theory, the quanigybtained

x =hexpQ, */ RT,) exp@/ Kk T)/ &, *? (4.14)
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wherel* is the initial lamellar thickness at the regime I/l transition temperatures,aadhe
friction coefficient at the reference temperatligewhich can be obtained from independent
studies. By a combination &@f = n.a, and Equations 4.13 and 4.14 yields the following

expression foL,
L 2a bk, TAHAT | G,° oxed Qi (4.16)
ol 1 *2 T nG,° RT,

So far, we have reviewed the procedure to follow the calculations of the substrate length

for a given polymer, if it exhibits regime | and Il behavior. Such calculations yield a value of

865A for polyethylene. Such calculations were not performed for it-PP in the last chapter
because it-PP only exhibits regime Il and Il crystallization behavior. Calculations of the

substrate length for PEO are carried out below at the I/l regime transition temperature of
57.0°C.

A detailed study of the diffusion coefficient of PEO as a function of molecular weight
and temperature was reported by Cheng & &lsing these results, the diffusion coefficient
for PEO at the reference temperature of 57°C can be obtained by extrapolation. The friction
coefficient at the same reference temperature (57°C) is thus calculated tx1@° 28y s
cm?, which is within a factor of 3 of that of polyethylene (10 erg s crif at 176°C}*
With all the other input parameters listed in Table 4.5, the substrate length is calculated for
the three PEO fractions and results are given in Table 4.5. For each PEO fraction, results are
given using Equation 4.2 andt = 6270 J/mol, and Equation 4.3 aQgt = 16 kJ/mol. o
values in the table are calculated from Equation 4.4 u§jrand T, values in Table 4.3. The
initial lamellar thickness was calculated based on Equation*4véJues with a symbol “$”
at the beginning are results of the initial lamellar thickness by usingstead ofC, in
Equation 4.7. In the case of polyethyle@@g,rather thandl was used for estimations of the
substrate lengtff Using C, in equation 4.7, yields a value of ca. 10 A for the substrate
length of PEO lamellar crystals, which is clearly too small by nearly two orders of
magnitude. Usingl in the calculation of the initial lamellar thickness leads to a substrate

length in the vicinity of ca. 30 A, which is still too small to be physically meaningful.
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The possible origins of this discrepancy between theory and experiments are now
discussed for PEO. (1) The activation energy for diffusion for most polymers increases
slightly with increasing molecular weight and an asymptotic value is reached at intermediate
to high molecular weight®?*' Though an abnormal situation for the activation energy for
diffusion was reported for PE®? calculations of the substrate length using the highest
reported value of the activation energy of PEJY = 29.3 kJ/mol and Equation 4.3, only
increases the substrate length by about 10 percent. (2) The value of the friction coefficient
was obtained indirectly by extrapolation, but the uncertainty is likely to be less than 100
percent.

Table 4.5. Calculations of the substrate length for PEO. U* refers to using Equation 4.2 and
U* = 6270 J/mol; @ refers to using Equation 4.3 and*@ 16 kJ/mol (see text for details).

Parameter PEO4 PEOS PEOG6
U* Qqd* u* Qq" u* Qd*

M, (g.mol) 23 000 56 300 105 000
MWD 1.04 1.05 1.05
a (Nm) 0.462
b, (NmM) 0.462
AH¢ (3/en?) 231
o (erg.cn?) 11.4
Eo 1.9x10° (erg.s.crif)
Tm (°C) 80.5 78.2 81.5 80.3 83.8 81.2

Ttransition 11 57.3°C 57.3°C 58.0°C 56.3°C 56.9°C 56.8°C

G° (um/s) | 9.0%10" | 5.27%10" | 4.95¢10" | 5.85<10" | 3.61x10" | 1.32«10"

G/° (um/s) | 5.6%10" | 1.71x10" | 8.16<10° | 3.68x10" | 6.91x10" | 1.66x10’

ce (erg.cnf) | 78.4 61.3 88.3 76.0 99.3 77.6
I* (A) 180 165 191 173 190 174
% (A) 112 98 124 106 123 106
L (A) 10.2 12.2 10.0 10.7 7.3 7.9
L (A) 28.4 334 24.1 32.9 16.3 19.5
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Furthermore, the value obtained is comparable to that reported for polyethylene, indicating
no abnormality in the derivation of this value. (3) To make it similar to polyethylene, where
CH, is take as the repeat unit, a bond which is an average over the three bonds (two C-O and
1 C-C) in one monomer of PEO is assumed to be the repeat unit. Thus the vdiuesof

one third of the molar mass of PEO monomer (14.67 g/mol). If, on the other hand, the PEO
monomer is taken as the repeat unit in the calculation, the substrate length is calculated to be
three times large as before(4) some researchers account for the transport of polymer
segments across the melt/crystal interphase using the universal WLF paraotete41@0

cal/mol andT., = Ty — 51.6K)%*3® However, use of these parameters in the analysis of the
temperature dependence of crystal growth rate and of the substrate length do not affect the
results for PEO, (5) the scatter in the growth rate data leading to inaccuracy in the
determination of the I/ll regime transition temperature and the prefactors, (6) a revision of
the LH theory may be necessary to yield a different chain length dependence of the
spherulitic growth rate. In a recent publication, Snyder & dinted out that a different
treatment of the transport term should be used for the first and subsequent stems in the LH
theory. Indeed, the deposition of the first stem is a local segmental process and the
deposition of the following stems involves a reeling in effects and therefore the friction of a
whole chain. If the deposition of the first stem is treated differently from that of subsequent

stems, the prefactor in Equation 4.2 or 4.3 will have different chain length dependence.

4.5. Conclusions

The nonlinear HW analysis proposed in the second chapter was carried out in the case of
PEO. The equilibrium melting temperature of PEO is found to be a@2°82 ca. 10 K
higher than that obtained by the linear HW extrapolation. This study further confirmed that
the linear HW extrapolation underestimates the equilibrium melting temperature and
overestimates the thickening coefficient. However, the extent to wiiighwas
underestimated is much smaller in the case of PEO (10 K) than in the case of it-PP (25K),
because PEO crystallizes at very low undercoolings and PEO crystals thicken more during
isothermal crystallization. The fold surface free energy of PEO is found to be ca. 90%erg/cm
based on the nonlinear HW analysis. The temperature dependence of the initial lamellar
thickness predicted for PEO is in excellent agreement with available morphological data on
this polymer. Values obtained by the nonlinear HW analysis for both the equilibrium
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melting temperature and the fold surface free energy of PEO crystals are consistent with
those obtained from the temperature dependence of spherulitic growth rates of PEO. This
latter study yields a value fd¥, of ca. 82°C and a value ef’ ca. 88 erg/cf It is therefore
concluded that the temperature dependence of spherulitic growth rates is well accounted for
by the LH secondary nucleation theory. A regime I/Il transition was observed at ca. 57°C
and the ratio (1.97) of the nucleation constants in regime | and Il is close to the value of 2
predicted by the secondary nucleation theory, when the equilibrium melting temperature used
in the LH analysis (80.6°C) is that obtained from the nonlinear HW method. The crystal
growth rate data below 50°C were not included in the regime analysis because of two
reasons. First a growth face change has been reported at this temperature and second very
high growth rates (ca. > 10m/s) in this temperature range cast some doubt as to the exact
temperature at the crystallization front. Finally, when experimental values of the growth rate
prefactor are used to calculate the substrate length for PEO, unreasonably small values (ca.
10 — 30 A) are obtained. This finding suggests that, a modification of the LH theory, such as
that proposed by Snyder et & may be necessary.
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Chapter 5. The Effect of Structural and Topological Constraints on the
Morphology, Melting and Crystallization Behavior of Ethylene/styrene

Copolymers

5.1. Introduction

Primary crystallization of semicrystalline polymers from a free, unconstrained melt
involves, sequentially, the formation of nuclei and the growth of lamellar structures. In the
case of most homopolymers, lamellae can be organized into superstructures such as
spherulites, axialites, quadrites or hedrites. Such superstructures are lost when a large
concentration of defects is introduced into the backbone of a homopolymer because
crystallization by chain folding is highly impeded by the presence of noncrystallizable
defects, such as short chain branches or non-crystallizable comoridmérontinuous
morphological shift from spherulites with stacked lamellae at very low branch content, to
thin lamellae with reduced lateral dimensions at higher branch content, and to bundle-like
crystals at the highest branch contents has been recently reported in studies of ethylene/1-
octene random copolymetd. The degree of crystallinity also continues to increase after
completion of primary crystallization. This secondary crystallization takes place in the
amorphous fraction constrained by primary crystals. While the kinetics of primary
crystallization has been thoroughly studied and little controversy exists at the empirical level
of experimental observations, detailed investigations of the secondary crystallization process
are less numerous and have been rationalized by a variety of models. Lamellar thickening
and increase in crystal perfection are by far the two most common models quoted for semi-
flexible polymers (PE, it-PP, PEOQO, etc.), which exhibit a crystaltineslaxation>® For less
flexible semicrystalline polymers (e.g. it-PS, PET, PEEK, PPS), for which the existence of an
o, relaxation has not been firmly established, secondary crystallization has been postulated to
be associated with the formation of smaller lamellar structures between primary lamellae or
within the inter-fibrillar regions. When uncrystallizable comonomer units are introduced
into a semi-flexible homopolymer, lamellar thickening or increase in crystal perfection are
generally impeded. The formation of new chain-folded lamellar crystals between primary
lamellae is also thought to be unlikely, especially at high undercoolings. Indeed, the

topological constraints experienced by chain sections in interlamellar amorphous layers make
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it difficult to envision how chain folding lamellar growth can proceed. In recent
publications, Alizadeh et &land Marand et dlproposed that secondary crystallization may
be associated with the formation of fringed micellar crystals at high undercooling (high
topological constraints) and mosaic block crystals at lower undercooling (lower topological

constraints).

While the earliest reports of morphological investigations of semicrystalline polymers
favored the fringed micelle mod®t!! the pioneering work of Keller established that the
basic morphological unit in solution crystallized polymers is the chain folded lamellar
structure’®>  Subsequent morphological studies demonstrated that primary crystallization
from a free, unconstrained melt also leads to chain folded lamellar structures. Although the
fringed micelle model fails to represent the crystalline morphology resulting from primary
crystallization, early studies of ethylene/vinylacetate random copolymers by Okui and
Kawai*'® led to the proposal that fringed-micellar type may form during secondary
crystallization. A similar proposal was later formulated by Chatut¥edr trans-1,4-
polyisoprene. These authors furthermore suggested that the coexistence of lamellar and
fringed-micellar structures may be at the origin of the multiple melting behavior observed for
these materials. These studies were apparently not recognized for a number of years and the
multiple melting behavior of semicrystalline polymers has since either been accounted for on
the basis of a melting-recrystallization-remelting protfess associated with a bimodal
population of lamellae of different thicknesséslt is only recently that the fringed micelle
model was revived to explain the low endothermic transition of homogeneous etfrylene/
olefin copolymerg. In this latter study, the authors proposed that during cooling from the
free, unconstrained melt the longest ethylene sequences crystallize first, leading to the
formation of chain folded lamellar structures (primary crystallization), the shorter ethylene
sequences crystallize subsequently from the residual amorphous fraction constrained by
primary lamellar crystals resulting in the formation of fringed micellar structures (secondary
crystallization). Significant differences in specific surface area and in environment at the
time of melting between primary lamellar crystals and secondary fringed micellar crystals
then provide a logical account for the differences in their melting behavior and in the location
of their respective melting transitions. Isothermal crystallization leading to lamellar

structures was found to be characterized by a nucleation-controlled growth process with
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Avrami exponent in the range of 1 - 3, while crystallization at lower temperatures in the
fringed micellar form was always characterized by Avrami exponent of 1/2. Similar Avrami
exponents were reported by Okui and Kalidgr the primary crystallization and by Schultz

and Scotf for the secondary crystallization of linear polyethylene at high undercoolings.
These latter authors furthermore concluded that the formation of secondary crystals is
consistent with a one-dimensional, diffusion-controlled growth mechanism. We note that the
deviation of the Avrami exponent from 3 is associated with the disappearance of the
spherulitic superstructures at high comonomer content. Studies of ethylene/vinyl*acetate
and ethylene/1-octefieandom copolymers also demonstrated that, subsequent to isothermal
crystallization, the low endotherm melting temperature increases linearly with the logarithm
of crystallization time. While the latter authors tentatively explained this behavior by a
decrease in the molar conformational entropy of the residual amorphous fractions as a result
of secondary crystallizatichpthers have argued that the increase in melting temperature of
secondary crystals with time is more consistent with an increase in their lateral dimensions.
Similar studies of the secondary crystallization process have also been carried out and
identical conclusions have been obtained with random copolymers of ethylene with 1-butene,
1-pentene, and 1-hexene in our laborafdry.Studies in our laboratory of secondary
crystallization in semiflexible polymers such as poly(ether ether ketone), bisphenol A
polycarbonate, isotactic polystyrene, nylon-6 and poly(ethylene terephthalate) suggest that

the behavior exhibited by ethylene/1-octene copolymer may be univétsal.

It is well established that the degree of crystallinity, the upper melting temperature and
the average crystal thickness decrease systematically with an increase in the incorporation of
a-olefin comonomers, but are independent of the n-alkyl branch size (if larger than a methyl
group)® Thus, it is a logical conclusion that branches larger than the methyl group are
excluded from the crystalline regions. It would be very interesting to contrast the behavior of
copolymers exhibiting n-alkyl branches such as ethylene/1-octene copolymer with that of a
copolymer having a different branch structure and bulkiness. Ethylene/styrene copolymers
with phenyl side groups appear to be a good candidate for such a study. Copolymerization of
ethylene and styrene was not successful using free radical or conventional Ziegler-Natta
catalyst$'?> The use of metallocene-based single site catalysts made it possible to

synthesize ethylene/styrene copolymers, where the styrene content can be varied from one to
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eighty weight percent. Depending on composition, ethylene/styrene copolymers exhibit a
wide range of properties intermediate between those of polyethylene and atactic
polystyrené> The present study deals with the secondary crystallization behavior of
ethylene/styrene interpolymers synthesized using the INITtEchnology at the Dow
Chemical Company. The present study of this particular copolymer was further motivated by
the observation that at the same comonomer mole fraction, the glass transition temperature
(Tg) of ethylene/styrene copolymers is ca. 40K above that of ethylene/l-octene
copolymers®. Secondary crystallization of this material can then be observed near room
temperature and should take place over longer time scales than for etirglefiey
copolymers. Morphological studies by atomic force microscopy will also benefit from the
lower compliance of these materials as compared to EO copolymers, which should provide

better resolution of the fringed micellar structures, if these are indeed present.

5.2 Experimental
5.2.1. Materials

Six metallocene-based ethylene/styrene copolymers (trade name I\DEXe used as
received from Dow Chemical. The molecular characteristics provided by the manufacturer
are shown in Table 5.1. Samples are hereafter referred to as ES-x, where the suffix is the

mole percentage of styrene in the copolymers. All the ES copolymers have similar weight
average

Table 5.1 The molecular characteristics of ethylene/styrene copolymers.

Sample ID  wt% Styrene wt% at-PS 1M, (g.mol?) Mu/M, I,

ES-1.9 6.8 0 160.2 2.3 1.0
ES-3.4 11.6 0 175.1 2.2 0.90
ES-5.1 17.7 1.3 164.6 3.5 0.91
ES-8.7 26.5 0.4 182.3 2.3 0.67
ES-11.6 33.0 0.3 208.9 2.2 0.62
ES-15.1 40.1 0.4 207 4.4 0.70
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molecular weights (1821K), and the polydispersity index is generally in the vicinity of 2.2
but was slightly higher for two of the samples. The quantiiy the table refers to the melt
index (ASTM). During preparation of the ethylene/styrene copolymers it is difficult to avoid
the formation of a small fraction of at-PS homopolymer. The at-PS fraction, detailed in

Table 5.1 was however generally very small in the samples investigated in this study.

5.2.2. Differential Scanning Calorimetry

Calorimetric experiments were performed in a Perkin Elmer DSC Model 7, using a dry
nitrogen purge and a dry ice-isopropanol bath. Thin films (caurhp@vere prepared by
melt pressing at ca. 150 psi and 170°C in a Carver laboratory hot press under dry nitrogen
atmosphere and subsequent quenching in an ice-water mixture. Similar sample mass was
used in all DSC studies in order to simplify the thermal lag corrections. Prior to
crystallization all samples were kept in the melt state at 180°C for 2 minutes. DSC traces
were recorded during cooling at different rates for studies of the crystallization process. A
heating rate of 10K/min was employed for studies of the melting behavior subsequent to
isothermal crystallization experiments. Temperature calibration of the DSC7 during cooling
was carried out using the isotropic to nematic transition (136.0°C) of p-azoxyanisole.
Temperature calibration during heating was performed using an indium sample sandwiched
between two polymer films, to account for differences in thermal conductivity between
polymers and metals. Finally, calibration of heat flow rates using a sapphire standard was

performed to obtain the sample absolute heat capacity as a function of temperature.

5.2.3. Atomic Force Microscopy

Thin films (ca. 70m) were melt pressed under the same conditions as described in the
last section. Samples were re-melted in a Linkham heating stage to erase previous thermal
and mechanical history and were subsequently slowly cooled to room temperature (CR =1
K/min). All AFM experiments were conducted in a NanoScope Il SPM instrument (Digital

Instrument) operating in a tapping mode at room temperature.
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5.3. Results

This section is organized in four parts. The first part focuses on the evolution of the
degree of crystallinity during cooling from the melt at different rates. The second part is
concerned with studies of the melting behavior after cooling at a constant rate or after
qguenching. In the third part, an investigation of the melting behavior subsequent to
isothermal crystallization at different temperatures for various times is presented. The last
part is concerned with morphological studies.

5.3.1. Evolution of the degree of crystallinity during cooling

The crystallization behavior of ES copolymers was first monitored in the DSC-7 during
cooling from 180°C to —20°C at various rates (40, 20, 10, 5, 2.5 and 1 K/min). After thermal
lag correction and sapphire calibration, the heat capacity is plotted against temperature for
ES-0.0 (i.e. linear polyethylene), ES-3.4, ES-8.7 in Figure 5.1. The experimental heat
capacities in the melt are found to coincide well with the theoretical heat capacities of ES
copolymers, which are approximated by

C, (copolyme) =¢C ' (PS)+ (1-#)C,' (PE) (5.1)

wherel refers to the melt or liquid state, agdis the weight fraction of styrene in the
copolymer. Cp(PS) andCp (PE) are the theoretical heat capacities of atactic polystyrene and
polyethylene, respectively, obtained from the ATHAS data Banks elaborated upon later,

this treatment is an approximation since the conformational entropy associated with the
styrene units in the copolymer must differ from that inferred from pure at-PS, since styrene

dyads do not exist in the copolymer.

ES copolymers crystallize over a much broader temperature range than linear
polyethylene, and actually exhibit a relatively sharp crystallization exotherm at high
temperature and a much broader exotherm at lower temperature. The temperature at
maximum crystallization rate decreases at larger styrene content and exhibits a strong cooling
rate dependence. Figure 5.2 shows the peak crystallization temperature versus comonomer
content at 40 K/min and 1 K/min cooling rates.
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Figure 5.1. Heat capacity versus temperature during cooling at various rates for ES-0.0, ES-
3.4 and ES-8.7.
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Figure 5.2. The peak crystallization temperature of ES copolymers versus the comonomer

content at different cooling rates.

Based on the heat capacities of ES copolymers (Figure 5.1), the degree of crystallinity
can be calculated as a function of temperature during cooling. It is first important to
establish a correct heat capacity baseline for the ES copolymers. Two steps were taken in the
calculation process. The first step is to tﬁl&ecalculated for each copolymer from Equation
5.1 as the first heat capacity baseline. The degree of crystallinity as a function of temperature
can then be calculated through Equation 5.2,

JEgm - Chm)T

X (T) =182 e (5.2)
f

where AH? is the theoretical heat of fusion of the fully crystalline polyethylene at the
equilibrium melting temperatur€,*®is the apparent heat capacity obtained after calibration
of the rate of heat flow. The second step is to establish a correct heat capacity l@,ﬂbline,
(T), consistent with the degree of crystallinity at each temperatu(e):
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Figure 5.3. Heat capacity and the theoretical heat capacity baseline for ES-3.4 versus
temperature.

C, (b =¢C,' (P9 + X.C,*(PE) +(1-¢ - X.)C,' (PE) (5.3)

whereg is the weight fraction of styrene in the amorphous fraction. The plots of original heat
capacity and the second baseline against temperature are shown in Figure 5.3 for ES-3.4.
The degree of crystallinity can then be recalculated through Equation 5.2 using the new heat
capacity baseline. Repeating the same procedure using Equation 5.3 and Equation 5.2 leads
to more accurate estimates of the degree of crystallinity and heat capacity baseline. This
iterative process converges very quickly (after the second step). Finally, the resulting degree
of crystallinity was divided by the weight fraction of ethylene in the ES copolymers to yield a
normalized degree of crystallinity. The temperature dependence of the normalized degree of
crystallinity for each ES copolymers and linear polyethylene is presented in Figure 5.4 at

various cooling rates. Two important assumptions were made in the calculations of the
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Figure 5.4. Evolution of the degree of crystallinity during cooling at various rates from the
melt for linear polyethylene and ES copolymers. ES-1.9 (5 and 10 K/min), ES-5.1 and ES-
8.7 (5 and 20 K/min), others (5, 10, 20 K/min).

crystallinity. First, the heat capacity per repeat unit for the styrene component in the ES
copolymers is assumed to be identical to that in the polystyrene homopolymer. The
coincidence of the experimental heat capacities of ES copolymers in the melt with the
theoretical calculations shows that this assumption is reasonable. The second assumption
relates to the use of the theoretical heat of fusion of fully crystalline linear polyethylene in
Equation 5.2. This approximation leads to the underestimation of the degree of crystallinity
because of three reasons addressed below. First, the theoretical heat of fusion decreases with
temperature, and the experimental temperature range is far below the equilibrium melting
temperature. Second, the appropriate theoretical heat of fusion for copolymer crystals should

be lower than that used for linear polyethylene since the unit cell of the copolymers is
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Figure 5.5. Normalized degree of crystallinity versus the comonomer content for the ES and

EO copolymers. Data of EO copolymers were obtained from ref.8.

slightly dilated in comparison to that of linear polyethylene. This dilation is not the result of
any incorporation of styrene comonomers in the crystal phase (see below) but arises as from
interfacial stresses at lamellar surfaces due to lower adjacent reentry folding and steric
repulsions between short branchésFinally, crystallization of these copolymers is likely to

lead to the formation of some hexagonal phase crystals for which the heat of fusion is
expected to be smaller than that of the orthorhombic pfia$e.our knowledge, corrections

for these latter two factors cannot be carried out at the present time. The underestimation
associated with the temperature dependence of the heat of fusion is less than ten percent of
the measured crystallinity, based on calculations carried out in our laboratory. Since all
estimations were carried out following the same procedure, the results presented here for
different copolymers, although not leading to absolute degrees of crystallinity, can, however,

be compared to each other on a relative basis.

131



Examination of Figure 5.4 indicates that the degree of crystallinity of ES copolymers
increases steadily during cooling down to - 20°C. In contrast, the degree of crystallinity of
linear polyethylene reaches a plateau in the vicinity of 60°C. The normalized degree of
crystallinity of ES copolymers achieved at -20°C is plotted against the styrene mole percent
in Figure 5.5. Also shown in this figure for comparison is the normalized degree of
crystallinity of ethylene/1-octene copolymérs.At the same comonomer content, the
crystallinity of ES copolymers is lower than that of EO copolymers, and the difference

becomes more significant for larger comonomer contents.

Examination of Figure 5.4 suggests the existence of different crystallization mechanisms
above and below a crossover temperalige This cross over temperature decreases with an
increase in the styrene content. Abdwgethe degree of crystallinity is strongly cooling rate
dependent; while belowr, the degree of crystallinity is cooling rate independent. In
contrast to ES copolymers, the degree of crystallinity of linear polyethylene is cooling rate
dependent throughout the temperature range. We also note that the fraction of the overall
crystallinity that develops through the low temperature mechanism increases with styrene

content. Identical observations were reported for ethylene/1-octene copolymers.

5.3.2. Melting behavior after cooling at a constant rate or quenching

In order to further explore the differences in crystallization mechanism below and above
Tr for these ES copolymers, we recorded their heating scans at 10 K/min from —20 to 180°C
immediately after cooling from the melt at 10 K/min. From this data, and using the method
discussed above, the evolution of the degree of crystallinity during heating is obtained
(Figure 5.6). A cooling-heating hysteresis is shown in the high temperature regiorrabove
On the other hand, a reversible crystallization-melting behavior is observed in the low
temperature region. Again, we note a difference in behavior between ES copolymers and the
linear polyethylene. In the low temperature region, the crystallinity of linear polyethylene
appears to remain constant, indicating that neither crystallization nor melting can detected.
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Figure 5.6. Degree of crystallinity versus temperature during cooling and heating cycle for
ES-0.0, ES-3.4 and ES-5.1. Dotted line: cooling at 10 K/min, solid line: subsequent heating
at 10 K/min.

The peak melting temperatures of ES copolymers, measured at a heating rate of 10 K/min
after quenching from the melt are plotted against styrene content in Figure 5.7. Also shown
for comparison are the melting temperatures of EO copolyiévielting temperatures of
both ES and EO copolymers decrease with an increase in the styrene content. At the same
comonomer content, ES copolymers exhibit a lower melting temperature than EO
copolymers, the difference in melting temperature becoming larger with at higher styrene

content.
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Figure 5.7. The apparent melting temperature versus the comonomer content for the ES and

EO copolymers. Data of EO copolymers were obtained from ref.8.

The effect of heating rate on the melting behavior of the ES copolymers was also studied
to investigate the possibility of crystal reorganization during heating. The heating scans after
thermal lag correction are shown in Figure 5.8, for ES-3.4 and ES-5.1 for 5, 10 and 20
K/min. The lack of dependence of heating traces on heating rate implies that reorganization
effects are insignificant during heating of ES copolymers in the range of heating rates

employed.

5.3.3. Melting behavior after isothermal crystallization
In this section, isothermal crystallization kinetics will be investigated in the temperature
regions below and abovig (see Figure 5.4). Samples were quenched from the melt at 180°C

to the desired crystallization temperatufrg, After residing afl, for a time interval}y, the
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Figure 5.8. Heating scans at different rates for ES-3.4 and ES-11.6 after the samples were
guenched from the melt. (a) 20 K/min, (b) 10 K/min, (c) 5 K/min.
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Figure 5.9. Evolution of the melting behavior for ES-5.1 after quenching from 180°C to

50.7°C, crystallization at 50.7°C for various times, and subsequent quenching to —20°C.

samples were further quenched to - 20°C and immediately reheated at a rate of 10 K/min
from - 20°C to 180°C. Figure 5.9 shows the DSC traces of ES-5.1 crystallized for various
times at 50.7°C, a temperature beldy Crystallization of ES-5.1 at 50.7° should be viewed

as secondary crystallization becadge= 50.7°C is far below the temperature at maximum
crystallization rate for this polymer. Examination of Figure 5.9 indicates that isothermal
secondary crystallization subsequent to primary crystallization during cooling results in a
multiple melting behavior above the secondary crystallization temperature. The high
endotherm melting temperature does not change with crystallization time, while the low
endotherm shifts to higher temperature with increasing crystallization time. We also note
that although the enthalpy of fusion associated with the low endotherm increases with

crystallization time, the overall enthalpy of fusion remains constant.
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In order to study the kinetics of secondary crystallizatioh,athe crystallization time
dependence of the low endotherm enthalpy of fusion has to be evaluated. Two methods were
employed for this estimation. The first method involves the deconvolution and fitting of the
overall melting endotherfh. Four Gaussian peaks are used to obtain the best fit of the DSC
trace associated with the quenched sample 0 min, Figure 5.10a). Another Gaussian
curve is added to fit the endotherm that appears #ftstightly above the secondary
crystallization temperaturé@, (Figure 5.10b). One must be aware that peak fitting is a
mathematical procedure without physical significance, and that the choice of peak shape to
describe the various endotherms is arbitrary and only guided by the quality of the resulting
fit. The low endotherm melting temperature and enthalpy of fusion are then obtained from
the characteristics of this last Gaussian peak. The second method considered involves the
direct subtraction of the DSC heating trace associated with the quenched samplenin)
from these obtained for samples crystallized for various titges @ min). Results of this
analysis are presented in Figure 5.11. Each trace exhibits a negative and a positive
component. The area of the positive component (endotherm) increases with crystallization
time as a result secondary crystallizatio,at The negative component observed in the low
temperature region is explained by the fact that melting at low temperatures is more
significant for the quenched sample than for samples undergoing secondary crystallization at
T«. The observation that the magnitudes of the negative and positive contributions are
identical and increase with secondary crystallization time first indicates that the total fraction
of ethylene sequences which remain in the amorphous fraction after coolipgrd which
would crystallize during further cooling to - 20°C is independent of residence tilge a
longer residence time aj leads to a larger fraction of secondary crystals formdg and a
smaller fraction of crystals formed during cooling to -20°C. This is consistent with the fact
that the total enthalpy of crystallization measured at -20°C does not depend on the
crystallization time affy. To increase the accuracy of our estimation of the low endotherm
enthalpy of fusion we therefore calculated the average of the areas associated with the
negative and positive contributions. For a given crystallization time, the deconvolution and
the subtraction methods yield values of the enthalpy of fusion for the low endotherm which
differ by less than 5%.
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Figure 5.10. Peak-fitting process for ES-5.1 at 50.7°C, see text for details.
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Figure 5.11. Melting traces for ES-5.1 after the samples were isothermally crystallized at
50.7°C for various times. The heating trace for the quenched sample was subtracted from

that of each sample crystallized at 50.7°C.

The enthalpy of fusion associated with the low endotherm is plotted in Figure 5.12a as a
function of crystallization time, in double logarithmic form. This data can then be analyzed
with the Avrami equation, which at short times (or for low degree of crystallinity) can be
written as:

AH, =kt" (5.4)

where AH; is the enthalpy of fusion of crystals formedTatwithin the timet,, k is the
crystallization rate constant at that temperature, and the Avrami exponent, which
describes the geometry and the mechanism of the crystal growth. Primary crystallization of

homopolymers from the melt, where spherulitic superstructures form, often yields an Avrami
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exponent in the vicinity of 3. The initial Avrami exponent is therefore given by the slope of
the plot shown in Figure 5.12a at short time in the secondary crystallization region. From
this analysis, we conclude that an Avrami expone#tisfcharacteristic of the early stage of
secondary crystallization of ES-5.1 at 50.7°C. The early stage of secondary crystallization is
then defined by the range of crystallization times over which secondary crystallization is
characterized by a constant Avrami exponent (her&), while the late stage corresponds to

time scale over which a deviation from the Y2law is observed.

Figure 5.12b shows the increase of the low endotherm melting temperature with
logarithm of secondary crystallization time. Two regions can be defined in Figure 5.12b,
which corresponds approximately with the early and late stages of secondary crystallization.
In both early and late stages of the secondary crystallization, the peak melting temperature
increases linearly although at different rates with the logarithm of secondary crystallization
time:

T =T, = AT,) +B(T,)*log(t,) (5.5)
whereA(Ty) andB(Ty) are the intercept and the slope, respectively. The magnitusi@,pf
at the early and late stages of secondary crystallization are show on the graph in Figure
5.12b. We recall that the early stage of secondary crystallization of EO copolymers was
much shorter (ca. 15 minutes), so that differences in the magnit@{&pfor early and late
stages of secondary crystallization could not be observed. Finally it is important to note that
the low endotherm melting temperature extrapolates to the secondary crystallization
temperature at very short times (i.e. a few seconds). This observation which was also made
for EO copolymers and PEEK is consistent with the reversibility of the
crystallization/melting phenomena for ES copolymers in the low temperature régiomy)

discussed in the context of Figure 5.6.

The effect of the crystallization temperature on the magnitudTQf andn are now
discussed. First, studies of the crystallization behavior at temperaturesTalareereported
for the casdy = 90.4°C (see Figure 5.4). DSC heating traces of sample ES-5.1 after various
crystallization times at 90.4°C are shown in Figure 5.13. Except for the quenched sample,

two endotherms are observed. The upper endotherm is associated with the melting of
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Figure 5.13. Evolution of the melting behavior for ES-5.1 after quenching from 180°C to

90.4°C, crystallization at 90.4°C for various times, and subsequent quenching to —20°C.

crystals formed affy = 90.4°C, while the broader endotherm corresponds to the melting
formed during cooling subsequent to isothermal crystallizatidi. at\nalysis of the higher
endotherm was carried out as previously discussed and the results are shown in Figure 5.14.
An Avrami exponent = 1.11 is obtained for the early stage of crystallization. The rate of
shift of the low endotherm to higher temperatuB€Ty), is found to be 1.12, which is
significantly lower than the value, 3.04 obtainedTor 50.7°C. It is very important to note

that isothermal crystallization at any temperailire Tr (hereTx = 90.4°C) takes place in an
environment initially devoid of any crystallinity (i.e. initially a free melt). In this case, the

Avrami exponent corresponds to the initial stage of primary crystallization.
Results obtained from crystallization at other temperatures for ES-5.1 are shown in

Figure 5.15, wherd3(Ty) and n are plotted against the crystallization temperattixe A

crossover temperaturé®, can then be defined as the temperature above which the Avrami
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Figure 5.14. Evolution of the low endotherm characteristic For ES-5.1 after crystallization at

90.4°C for different times. (a) heat of fusion, (b) peak melting temperature.
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exponent increases abo¥andB(Ty) decreases below its low temperature plateau value. In
the case of ES-5.T* is found to be in the vicinity of 60°C.

Similar experiments were carried out for all other ES copolymers. PlatarafB(Ty)
versusTy are presented for these materials in Figure 5.16.B@l) values are associated
with the late stage of crystallization. In both plots, a temperdttis observed for each ES
copolymer, below whicm and B(Ty) are constant and respectively equal“4and 3.0,
respectively. Deviation of abovezand ofB(Ty) below 3.0 are observed aboV&. For
each copolymer, the temperatufésshown in Figure 5.16 antk shown in Figure 5.4 are
remarkably similar to the temperature at maximum crystallization Tatgax , plotted in
Figure 5.2. This indicates that isothermal crystallization at temperatures abagea
primary crystallization process, while isothermal crystallization at temperatures Beleva
secondary crystallization process. Temperatlifedr and T, naxdecrease with an increase
styrene content.

5.3.4. Morphology of ethylene/styrene copolymers

Atomic force micrographs of ES copolymers obtained in tapping mode are shown in
Figure 5.17a-d. This series of micrographs indicates that as the styrene content increases, the
thickness, the lateral dimensions and the regularity and extent of stacking of lamellar
structures decrease. In the case of ES-15.1, only isolated, thin and short lamellar blocks are
visible. Therefore, a continuous and significant degradation in the morphological features of

lamellar structures occurs as the styrene content increases.

The morphology of ES-3.4 is shown at higher magnification in Figure 5.18. Periodically
stacked lamellae, observed edge-on appear to coexist with very small crystalline entities,
which are characterized by dimensions not exceeding a few nanometers in any direction.
These very small crystals appear uniformly distributed along the lamellar structures but
always reside in the direct vicinity of the lamellar surfaces. Similar bundle-like crystals or
fringed micellar structures have been recently observed by Alizadef@idMinick et at®

in ethylene/1-octene copolymers.
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Figure 5.17. Atomic force micrographs in tapping mode (phase image) of (a) ES-0.0, (b) ES-

3.4, (c) ES-8.7, and (d) ES-15.1. after crystallization during cooling from the melt at a rate of
1 K/min
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Figure 5.18. Atomic force micrograph in tapping mode of ES-3.4 after crystallization during

cooling from the melt at a rate of 1 K/min.

5.4. Discussions

Ethylened-olefin copolymers have been under investigations for decades. The
properties of ethylene copolymers depend strongly on the crystallizable sequence distribution
along the polymer backborié&* Comparative analyses of results from earlier studies were
rendered difficult by differences in the crystallizable sequence length distribution. For
example, at 4.0 mol% branch content, a Ziegler-Natta based ethylene copolxhiits an
peak melting temperature of 126°C, ca. 20 K higher than the metallocene based random
ethylene copolymer®. With the advent of metallocene-based catalysts in the early 1980's,
the synthesis of random copolymers has now become possible. Furthermore, materials such

as copolymers of ethylene and styrene, which could not be prepared by free radical method
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or Ziegler-Natta cataly$t;*? can now be synthesized using these new geometry constrained
catalysts. These new copolymers exhibit typical plastic properties at low styrene content
(high crystallinity), elastomeric behavior at higher styrene content (low crystallinity), and
glassy behavior at the highest styrene content (amorphous Tyitrabove room
temperature}® It is furthermore of interest to compare the properties of ES copolymers with
those of ethylenetolefin copolymers because the former copolymers have a phenyl group,
quite different in chemical nature from the linear hexyl branch in EO copolymers. In the first
part of this section, the morphology, crystallization and melting behavior of the ES
copolymers are discussed and compared to those of the EO copolymers. The second part of
the discussion section will focus on the secondary crystallization behavior of the ES

copolymers.

5.4.1. Morphology, crystallization and melting behavior of the ethylene/styrene
copolymers

It is well established that the melting temperature, the crystallinity and the lamellar
thickness of random ethyleneolefin copolymers are depressed by the presence of short
chain branches. It is also well known that these effects are independent of the alkyl branch
size if the branch is larger than a methyl grofip.Alizadeh et al. showed that random
copolymers of ethylene with 1-butene, 1-pentene, 1-hexene and 1-octene exhibit the same
melting temperature and normalized degree of crystallinity at the same comonomer mole
fraction. One can conclude that short branches larger than methyl group are excluded from
the crystals formed by the ethylene sequences. In a previous publication by thi§ group,
properties of EO copolymers were also compared to those of hydrogenated poly(butadiene)
(HPB), a model random ethylene copolymer systtmThe identical decrease in the
normalized degree of crystallinity and melting temperature with increasing branch content,
imply that hexyl branches are approximately randomly distributed in the EO copolymers. In
summary, metallocene-based (single site catalysts) ethylefefin copolymers can be
considered to be random copolymers and branches of size larger than that the methyl group
are excluded from the crystals. The properties of the ES copolymers are now compared to
those of EO copolymers.
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Figure 5.5 and 5.7 indicated that at the same comonomer content, the crystallinity and the
melting temperature of ES copolymers are lower than those measured under similar
conditions for EO copolymers. This difference appears to become more significant at higher
styrene contents. This observation is at first surprising since any departure from a random
sequence distribution toward a more blocky distribution should give rise to an increase in
both crystallinity and melting point. NMR studies have, however, shown that there are no
styrene-styrene dyads in ES copolym®rsindeed, because of steric hindrance effects the
addition of a styrene unit at the end of a growing chain is considerably slower than that of an
ethylene unit. Therefore each styrene monomer (S) is always followed by an ethylene
monomer (E) and ES copolymers should be viewed as random copolymers of ethylene (E)
and ethylene-styrene (E-S) units. As a result, the styrene comonomer content should be
replaced for all comparisons by the effective (ES) comonomer content. A simple calculation
can be carried out to calculate the effective comonomer content (the content of E-S in the
copolymer of E and E-S). Starting with an ES copolymer characterizeanmjes E ang
moles of S, the mole percent of S will be $Q©+y). If E-S is taken as the apparent
comonomer, there agemole E-S andxty) mole E, and the mole percent of E-S is calculated
to be 10§/x. Thus, for ES copolymers, if the styrene content (S) is 108y/(the effective
comonomer content (E-S) is 8 which is larger than 100yy). When the melting
temperature of ES copolymers is plotted versus the effective comonomer content (Figure 5.7,
open symbols), the same melting point depression is observed for EO and ES copolymers.
Similarly, plotting the normalized degree of crystallinity versus the effective comonomer
content for ES copolymers (Figure 5.5, open symbols) indicates similar behavior for EO and
ES copolymers. Therefore, the ES copolymers can be considered to be random copolymers

if the S-E dimer is taken as the comonomer.

Experimental results have shown that the degree of crystallinity and the melting
temperature of random ethyleaedlefin or ES copolymers are independent on the chemical
nature of the branches if the branches are larger than the methyl group. This observation is
consistent with the exclusion model proposed by Florylthough Flory's predictions are
qualitatively consistent with experimental results, they are not quantitative as the predicted
degree of crystallinity is far above the experimental value. The reason for this discrepancy

lies in the fact that Flory’s theory is based on a model of equilibrium crystalliZaticnije
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actual crystallization processes are kinetically controlled. Although experimental results are
consistent with the exclusion model, Helfand et*and Wendling et af* proposed that

inclusion of the comonomer in the crystal can not be avoided because it is a kinetically
controlled process, namely, some comonomers will be trapped in the crystal. Since the
extent of the comonomer inclusion in the crystalline regions is too small to lead to any effect
on macroscopic copolymer properties, the exclusion model is considered for guidance in this

study of the crystallization behavior of ES.

Random ethylene copolymers are expected to crystallize over a much broader
temperature range than homopolymers because of the large distribution of crystallizable
sequence lengths. Indeed, the upper temperature at which a crystal is stable is a function of
the crystal thickness, which is directly controlled by the crystallizable sequence length.
When copolymers are cooled from the melt, crystallization occurs approximately in the order
of decreasing ethylene block length. Long ethylene sequences can crystallize into thick chain
folded lamellae; thus they crystallize at high temperatures. Intermediate-size ethylene
sequences form thinner lamellae at temperatures where the thinner lamellae can stay stable.
Shorter ethylene sequences, which are not long enough to form chain folded crystals (the
minimum length to fold is ca. 50 carbons), most likely form bundled-chain crystals without
chain folding mechanism at low temperatures. Because of their small dimensions, these
bundled-chain crystals, or fringed micelles, exhibit low thermal stability and can only exist at
low temperatures. In view of the existence of crystals of different sizes it is therefore not
surprising to observe a very broad melting range for these copolymers. Current work has
demonstrated that the ES copolymers exhibit broader crystallization and melting peaks than
linear polyethylene, and the width of the crystallization and melting peaks increases with the
increase of the styrene content (Figure 5.1). Similar results have been documented in the
literaturé>® for ethyleneg-olefin copolymers, indicating that this is a general property of

random ethylene copolymers.

When the styrene content increases, the average ethylene block length decreases
dramatically, leading to the decrease in the temperature at maximum crystallization rate, the
observed melting temperature, and the dimensions of the crystals formed, as shown in

Figures 5.2, 5.7 and 5.17, respectively. The strong cooling rate dependence of the
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temperature at maximum crystallization rate for each ES copolymer indicates that primary
crystallization is a typical nucleation controlled process. Examination of the plot of
normalized crystallinity versus temperature during cooling at various rates leads us to
postulate the existence of temperature regions characterized by different crystallization
mechanism (Figure 5.4 is used to separate these two regions). In the high temperature
region Ty > Tg), where primary crystallization takes place, the evolution of the degree of
crystallinity is dependent on the cooling rate. However, in the low temperature région (

Tr), the evolution of the degree of crystallinity is independent of cooling rate. As is well
known, the formation of lamellar crystals involves the nucleation and subsequent growth, a
process very sensitive to cooling rate. Thus, we conclude that lamellar crystals are formed in
the high temperature region, where the longest ethylene sequences can undergo chain
folding. Using a similar line of reasoning we infer that crystallization in the low temperature
region does not result in lamellar formation. Short ethylene sequences, which are not long
enough to form folded chain crystals, can still crystallize by a bundling or local aggregation
process to form small crystals at lower temperattir&sudies of the evolution of the degree

of crystallinity during consecutive cooling/heating cycles has provided supporting evidence
for the proposed mechanism. The cooling-heating hysteresis observed in the high
temperature region in Figure 5.6, is consistent with the nucleation controlled lamellar
crystallization and with the usual difference between melting and crystallization
temperatures. On the other hand, a reversible crystallization-melting behavior is shown in
the low temperature region, implying that crystals formed in the low temperature region
exhibit very low thermal stability (i.e they melt just above their formation temperature). No
significant crystallization or melting is observed in the low temperature region in the case of
linear polyethylene. This indicates that either the fraction of bundle-chain crystals is very
small and cannot be detected or it is altogether absent. Crystallization in the low temperature
region of the ES copolymers most likely involves the formation of the bundle-chain or
fringed micellar crystals. Fringed micellar crystals show a reversible crystallization-melting
behavior due to their small sizes, and exhibit no cooling rate dependence during the cooling

process because their formation is instantaneous.

Although a similar crystallization behavior has been reported for EO copoRntieese

copolymers develop a higher degree of crystallinity during secondary crystallization than ES
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copolymers. This difference in behavior is readily explained if we note that secondary
crystallization in ES copolymers always takes place much closer to the glass transition
temperature than was the case in EO copolymers. Figure 5.19 shows the glass transition
temperatures of the ES and Co copolymers as a function of the comonomer content. Detailed
studies of the kinetics of primary and secondary crystallization are presented in the next

section to discuss the mechanism of secondary crystallization for ES copolymers.

5.4.2. Secondary crystallization of the ethylene/styrene copolymers

Since the nucleation and growth of secondary crystals cannot be observed in-situ in a
time resolved fashion at the present time, a mechanistic description of the secondary
crystallization process has to rely on bulk measurements of the evolution of the degree of
crystallinity as a function of time and temperature. ES copolymers were isothermally
crystallized at different temperatures for various times in a broad temperature range and
subsequently cooled to low temperature. Heating of such samples always leads to the
observation of multiple melting peaks when the isothermal crystallization takes place at low
temperaturesT < Tr). A melting-recrystallization-remelting mechanism has been proposed
to explain this behavior by Minick et al. in the case of the EO copolytherss is well
known, this particular mechanism is a strong function of the heatind’rateus, a study of
the heating rate dependence of the melting trace was carried out and the results were
presented in Figure 5.8 for ES-3.4 and ES-11.6. The DSC melting traces corrected for
thermal lag effects are independent of heating rate in the range employed (5, 10, 20 K/min),
indicating that melting-recrystallization-remelting cannot explain multiple melting behavior
in these copolymers. On the other hand, melting-recrystallization-remelting cannot be
excluded if a very low heating rate (such as 1 K/min) is used. From a morphological point of
view, crystals formed at high undercoolings are usually small and imperfect, and often have
the tendency to undergo melting-recrystallization-remelting processes during heating.
However, recrystallization is a kinetically controlled process and would be very hindered by
the presence of the branches along the polymer backbone. For the heating rate of 10 K/min
used to study the melting behavior of isothermally crystallized copolymers, we therefore

anticipate that reorganization effects are very minor if at all present.
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Figure 5.19. Glass transition temperatures of the ES and EO copolymers. Diagind:
ES copolymers from ref. 23 and 24; open triang@jeof EO copolymers, data from ref. 24;
rectangelTy of ES copolymers from this work, data obtained as the intercept of the

experimental, curve with the calculate@, baseline (Figure 5.3).

Therefore, it is safe to conclude that the multiple melting behavior of the ES copolymers
is due to a bimodal population of crystals with different sizes, thus different stability. The
high endotherm is associated with the melting of the lamellar crystals formed during the
primary crystallization procedd>'**" The low endotherm is associated with the melting of
secondary crystals formed & (T, < Tr). While Akpalu et al’ proposed that secondary
crystals are thin lamellae, others describe secondary crystals are fringed-micellar, or bundle-
chain crystal§’* Kinetic studies of secondary crystallization will help shed some light on

this issue because these two types of crystals exhibit different crystallization behavior.
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Figure 5.9 shows the evolution of the melting trace with the crystallization time at 50.7°C
for ES-5.1. The high endotherm position does not change with crystallization time, while the
low endotherm increases in magnitude and shifts to higher temperatures with an increase in
crystallization time. From Figure 5.12a, where the enthalpy of fusion of the low endotherm
is plotted versus the crystallization time in a double log scale, a fast and linear increase was
observed in the early stage of the crystallization time (ca. 100 minutes) with a slope, 0.5. A
decrease in the rate of secondary crystallization is observed during the late stage of secondary
crystallization. According to Equation 5.4, the slope value, 0.5, is the Avrami exponent of
the isothermal crystallization at 50.7°C for ES-5.1. Such an Avrami exponent is consistent
with a one-dimensional diffusion controlled growth. The same Avrami exponent was
reported by Shultz and Scott in the study of the secondary crystallization of linear

polyethylene at temperatures lower than the primary crystallization tempéfature.

Figure 5.12b shows the evolution of the low endotherm melting temperature with the
logarithm of crystallization time. The rate of shift of the low endotherm increases from 1.97,
during the early stage of secondary crystallization to 3.04, in the late stage. It is also noted
that the low endotherm melting temperature extrapolates to the crystallization temperature at
very short crystallization time, i.e. a few seconds. This result is consistent with the reversible
crystallization-melting behavior observed in Figure 5.6 at temperafure3g. It is now
logical to exclude the possibility that secondary crystals are thin lamellae, since many studies
have shown that for lamellar systems the melting temperature at high undercoolings is
significantly above the crystallization temperature. This fact derives from the consideration
that for a lamella to grow at a finite rate, its thickness must be significantly larger (by an

amountdl) than the minimum lamellar thickné&s® (for which T, = T)).

From the above discussion and considering that short crystallizable sequences do
crystallize but cannot undergo chain folding, it is proposed that the morphology of secondary
crystals formed at 50.7°C for ES-5.1 are of the fringed micellar type. Secondary
crystallization in these copolymers always takes place from a topologically constrained melt
because residual amorphous sequences are pinned at the crystal/liquid interface after primary
crystallization. This pinning leads to a decrease in segmental mobility and is expected to

prohibit further chain folding processes. At the early stage of secondary crystallization, it is
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relatively easy for crystallizable sequences to diffuse toward one another to form bundle-
chain crystals, or fringed micelles. As secondary crystallization proceeds, chain mobility in
the amorphous fraction is reduced due to “crosslinking” of the amorphous chains by fringed
micelles. This reduction in mobility could then explain the slowing down of secondary

crystallization at the late stages. The increase in enthalpy of fusion with crystallization time
would then be explained by an increase in the number of fringed micellar crystals formed

during the secondary crystallization process.

There is however another possible explanation for the existence of two stages in the
secondary crystallization process. The early stage may involve the rapid formation of fringed
micellar structures from neighboring crystallizable sequences of the appropriate length and
right conformation. The later stage may correspond to a further growth of these fringed
micelles in directions perpendicular to the chain axis. An increase in secondary crystal size
through further growth along directions perpendicular to the polymer chain axis could also
explain the increase in melting temperature. Although one would anticipate such growth to
be very limited, based on Gambler's ruin type concEpgsowth in a tapered fashion could
certainly be envisioned. However, it is not clear how such a growth process can be

reconciled with the two step crystallization experiments to be discussed next.

Now let us turn our attention to the origin of the shift of the melting temperature with the
logarithm of crystallization time. Two possibilities can be considered: first, one can consider
that during secondary crystallization existing crystals can become more perfect or increase in
size; second, one can invoke the decrease in entropy of the residual constrained amorphous
fraction as a result of secondary crystallization. A specific experiment was designed to
investigate the first possibility. Isothermal crystallization of ES-5.1 was performed
successively at two different temperatures, 60.7°C and 50.7°C. The residence time at 60.7°C
was kept constant, while residence at 50.7°C was varied from 15 to 200 min. The sample
was then quenched to -20°C, and the heating scan was recorded immediately at 10 K/min
from -20°C to 180°C. The resulting DSC traces, shown in Figure 5.20, exhibit three
endotherms. The high endotherm, which results from the melting of primary crystals formed

during cooling to 60.7°C, is invariant. The intermediate endotherm associated with the
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Figure 5.20. Heating traces from -10 to 180 °C at 10 K/min of ES-5.1 after samples were
isothermally crystallized at 60.7°C for 45minutes and various times at 50.7°C (shown in plot

by t,).

melting of crystals formed at 60.7°C also remains constant, while the low endotherm
associated with the melting of crystals formed at 50.7°C increases in magnitude and shifts to
higher temperature with an increase in residence time at 50.7°C. This result suggests that the
secondary crystals formed at 60.7°C do not change with residence time at 50.7°C, which is
only 10 K below. If perfection or increase in size of all secondary crystals occurred, the
intermediate endotherm would have shifted to higher temperatures. A logical conclusion is
that the increase in perfection or size of secondary crystals during residence at temperature
slightly below their formation temperature is insignificant. From a morphological point of
view, it is recalled that the presence of branches at the surface of fringed-micellar crystals

may hinder the segmental motion required for an increase in crystal perfection.
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Similar shifts of the low endotherm to higher temperature with increasing crystallization
time have been reported by Alizadeh et al. in the study of the EO copoRyriéms.shift in
the low endotherm melting temperature with logarithm of crystallization time, however,
showed only one slope of magnitude in the vicinity of 3.0. For these materials an Avrami
exponent of 0.5, was also shown to be characteristic of the early stage of secondary

crystallization below .

The origin of the difference in the evolution of the low endotherm melting temperature
with time for EO and ES copolymers may be attributed to a variance in their glass transition
temperatures and the relative extent of early and late secondary crystallization stages. At the
same comonomer contefl for ES copolymers is ca. 40 K above that of EO copolymers
(Figure 5.19). The early stage of secondary crystallization in ES copolymers, which exhibit
the highest glass transition temperatures, appears to extend to longer crystallization times.
While the time,ty, associated with the completion of the early stage of secondary
crystallization is only ca. 15 minutes for all EO copolymers, and it varies with styrene
content in the ES copolymers. These characteristic times are given in Table 5.2 for each ES
copolymer at various crystallization temperatures below the crossover tempefatur,

general trend observed in Table 5.2 indicates thatecreases with increasing styrene

Table 5.2. The timey, for the early stage of the secondary crystallization for ES copolymers

ES-1.9 T, (°C) 80.4
tg (mMin) 60
ES-3.4 Tx (°C) 60.4
ty (min) 40
ES-5.1 T, (°C) 60.4 50.7 40.7
ty (min) 40 60 100
ES-8.7 T« (°C) 30.8 20.4 10.7
tg (min) 20 20 25
ES-11.6 T« (°C) 10.7 0.7 -9.3
ty (min) 15 15 30
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content, reflecting the effect of the glass transition temperature on the rate of secondary
crystallization in the ES copolymers. For each copolymenxhibits a significant increase at

the highest undercoolings, where crystallization takes place in the direct vicinity of the glass
transition temperature. Data for ES-1.9 and ES-3.4 are not available at very besause

the low endotherm enthalpy of fusion becomes less than™]1 Which is close to the DSC

detection limit.

Hence, for EO copolymers, the rate of sH#(T,), of the low endotherm melting
temperature with logarithm of crystallization time characterizes the late stage of secondary
crystallization. Similar values @(T,) (ca. 3.0) are observed for both EO and ES copolymer,

during this late stage of secondary crystallization.

Let us now discuss the crystallization behavior of ES-5.1 at temperatureS abdireen
crystallization of this copolymer is carried out at 90.4°C, an Avrami exponent of 1.1, is
obtained. The peak melting temperature of the endotherm resulting from crystallization at
this temperature also increases linearly with the logarithm of crystallization time but the
slope B(Ty) = 1.12) is now much lower than that for samples crystallized b&lowResults
are shown in Figure 5.14. Primary crystallization of linear polyethylene from a free melt
usually yields an Avrami exponent in the vicinity of 3. The deviation of the Avrami
exponent from 3 in the case of the ES copolymers is accounted by the fact that spherulitic

superstructures are no longer formed. Similar results were obtained for all ES copolymers.

The Avrami exponent, and the rate of shi#(T,) of the endotherm in the late stage are
plotted against the crystallization temperature. A transition temper@tyrean be assigned
to each ES copolymer. Wha@p< T*, B(Ty) andn of all the ES copolymers are constant with
values of 3.0+ 0.1 and 0.50t 0.05, respectively. The results indicate that secondary
crystallization takes place in the temperature raiige, T*. The saman value implies the
same growth mechanism of the secondary crystals --- fringed micelles for all ES copolymers
atT <T*. WhenT > T*, B(Ty) starts to decrease andtarts to increase, respectively, above

and below their low temperature values, implying a change in crystallization mechanism at
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Figure 5.21. Variation of* versus the comonomer content for both EO and ES copolymers.

The effective branch content was used for ES copolymers.

T* or Tr (Figure 5.4). Primary crystallization occurs in the temperature range @aboaad

it is a typical nucleation controlled growth as mentioned in the last section. The fact that the
T* is within experimental uncertainty equal Tg confirms that this crossover temperature
separates the temperature ranges where primary and secondary crystallization are dominant.
T* decreases significantly with styrene content. Comparison of the evolutioh aé a
function of comonomer content for both the ES copolymers and the EO copolymers is shown
in Figure 5.21, where the effective branch content was used for ES copolymers. The error
bar was added to eadH value to indicate that the transition from primary to the secondary
crystallization temperature region is gradual. From Figure 5.21 it is concluded that the

decrease ifi* with increasing branch content is identical for EO and ES copolymers.
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5.5. Conclusions

Studies of ES copolymers made it possible to extend the structure/property relationship of
random ethylene copolymers having linear short chain branches to these having cyclic
branches. Considering the ES copolymers to be random copolymers of ethylene and
ethylene-styrene, the apparent melting temperature, the crystallinity and the crossover
temperatureT* are very similar to those characteristic of random ethyeakfin

copolymers for the same comonomer content.

From the crystallization studies of ES copolymers, it is concluded that, during cooling,
long ethylene sequences crystallize first leading to lamellar structures in the primary
crystallization process, and shorter ethylene sequences crystallize subsequently to form
fringe-micelles in the secondary crystallization process. While the primary crystallization
takes place from the free, unconstrained melt, secondary crystallization is believed to involve
chain sequences pinned at primary crystal surfaces and takes place from a constrained
amorphous fraction. Primary crystallization is a typical nucleation-controlled growth, and
secondary crystallization can be described by a one-dimensional, diffusion-controlled
growth. The small size of the fringed micellar structures is responsible for their reversible
crystallization-melting behavior and the cooling rate independence of the degree crystallinity
at low temperatures. The shift of the low endotherm to higher temperatures with
crystallization time is tentatively explained by a decrease in the conformational entropy of
the residual constrained amorphous fraction as a result of secondary crystallization, although
the possible role of a slow increase in crystal dimensions during secondary crystallization

needs to be further investigated.

The crystallization and melting behaviors of ES copolymers are very similar to those of
EO copolymers and a similar crystallization mechanisms was proposed for EO copolymers in
a previous publication by Alizadeh et®aDifferences between ES and EO copolymers only
lie in the different time scales for secondary crystallization and are associated with a
difference in theirTy values. A further consequence of the differencéjinalues between
these two types of ethylene copolymers is the slightly lower degree of secondary crystallinity

observed during cooling of ES copolymers as compared to EO copolymers.
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Chapter 6. General Conclusions and Future Studies

From Chapter 2 to Chapter 4, the application of the conventional HW linear extrapolation in
the determination of the equilibrium melting temperatures for semicrystalline polymers has been
critically reviewed. It is found that the linear HW approach always underestimates the
equilibrium melting temperature and overestimate the thickening coefficient. A more rigorous,
nonlinear analysis was proposed and was successfully applied to isotactic polypropylene and
poly(ethylene oxide). As a result, the equilibrium melting temperature of it-PP is determined to
be ca. 212°C, about 25K higher than the most frequently qugtedlue in literature, and the
equilibrium melting temperature of PEO is ca. 82 K, which is about 10 K higher than the
literature value. The values of the equilibrium melting temperature and the fold surface free
energy inferred from the nonlinear HW approach are consistent with those obtained from the
analysis of the temperature dependence of the spherulitic growth rates. The predicted
temperature dependence of the initial lamellar thickness matches well experimental results
reported either in this dissertation (it-PP) or in the literature. The general applicability of the LH
secondary nucleation theory was also addressed in the current work. With the exception of the
prefactor, G°, the LH theory stands well in both cases of it-PP and PEO. Different
crystallization regimes were observed for both it-PP (regime Il and 1ll) and PEO (regime | and
II). The ratios of the secondary nucleation constants in regime | to Il (PEO) and in regime Il to
Il (it-PP) are identical with the predictions from the LH theory, provided that the correct
equilibrium melting temperature is adopted in the analysis of the temperature dependence of the
spherulitic growth rates. However, calculations of the substrate length from the magniBjftle of
yield an unreasonably small value (ca. 10 A) in the case of PEO, though similar calculations
yield a substrate length, ca. 860 A, for polyethylene. If the possibility that the inconsistent
results from a large scatter in the PEO growth rate data or the use of incorrect input parameters in
the calculations of L can be excluded, this inconsistency implies that a modification of the LH
theory may be necessary. For instances, one may need to treat the deposition of the first stem
and subsequent stems on the substrate in different ways, as suggested by Snyder et al..
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The continuation of this project will cover the following three topics. First, a detailed and
more accurate morphological study will be carried out to further examine the predictions arising
from the nonlinear HW analysis. The predictions included (1) the relationship between the
initial lamellar thickness and the crystallization temperature in the cases of it-PP and PEO, (2)
the extent of lamellar thickening during isothermal crystallization in the case of it-PP is small,
This goal can possibly be achieved by following in situ the isothermal crystallization process
through microscopy like AFM or spectroscopy like Raman LAM. Second, the nonlinear HW
analysis will be further applied to other polymers such as PLLA, s-PP, PS, PEEK, PPS and so
on. An adjusted Gibbs-Thomson equation may be necessary to account for the small lateral
dimensions of lamellar crystals in the case of semi-flexible polymers. It is also important to
ascertain whether there is any recrystallization during the heating scans to find the observed
melting temperatures prior to carrying out the nonlinear HW analysis. Third, more careful
measurements of the crystal growth rates of PEO fractions as a function of crystallization
temperature and molecular weight will be carried out. Regime analysis based on these data will
be used to carry out a more rigorous test of the LH theory and probe the assumption in the LH
theory thatG o n*. Meanwhile, efforts will be put to develop a modification of the LH theory,
which considers different chain length dependence for the deposition of the first and subsequent

stems.

In Chapter 5, the effect of structural and topological constraints on the crystallization and
melting behavior of ethylene/styrene copolymers was presented. During the cooling process, the
longest ethylene sequences crystallize into chain-folded lamellar crystals (primary crystallization
process) at relatively low undercoolings, while the shorter ethylene sequences form fringed
micellar crystals without chain folding at relatively high undercoolings (secondary crystallization
process). Kinetic studies of isothermal crystallization at various temperatures showed that
crystallization into lamellar crystals is a nucleation controlled process, while the formation of
fringed micelles is likely to be a diffusion-controlled growth process. The increase in the peak
melting temperatures of secondary crystals with the logarithm of crystallization time is

tentatively explained by a decrease in the molar conformational entropy of the remaining
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amorphous fractions as a result of secondary crystallization. However, an increase in crystal
dimension with time, which would lead to the same observation, cannot be rigorously ruled out.
Quite similar crystallization behaviors were observed for ethylene/styrene and ethylene/1-octene
copolymers, both exhibit very similar apparent melting temperatures and degrees of crystallinity
for the same branch content, provided that the effective branch content is used for the
ethylene/styrene copolymers. However, ethylene/styrene copolymers crystallize more slowly
than the ethylene/l-octent copolymers in the secondary crystallization process because the
crystallization temperatures are much closer to the glass transition temperature in the former case

than that of the latter.
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