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ABSTRACT

Médting and crygdlization of linear, flexible molecules of different lengths was studied by
temperature-modulated differentid scanning caorimetry, TMDSC. Various techniques for
TMDSC with sngle and multifrequency modulations have been analyzed to optimize the conditions
for the present sudy. The finaly chosen method involved a quasi-isotherma mode with a
temperature amplitude of 0.5 K and a period of 60 s(frequency = 0.167 Hz). Theinterpretation
of the revergble and irreversble medting was developed by comparison of a variety of different
modes of andysis (snusoidd, sawtooth, and complex sawtooth). The analyzed molecules ranged
from n-paraffins, oligomeric fractions of polyethylene and poly(oxyethylene) to macromolecules
of polyethylene. Themaost important discovery wasthet thereisacritical chainlength for reversible
mdting and crystalization of small, flexible moleculesat 10 nm or about 75 backbone chain atoms.
Below this chain length, melting and crygdlizaion is reversble under the given conditions of
andysis and in the presence of primary crysta nude. Above this chain length, the crystdlization
requires adegree of supercooling which becomes congtant for 200 chain atomsor more at avalue
of 6.0110 K. This criticd chain length sets a lower limit for the need of supercooling, a
characterigtic property of flexible polymers. This result was then applied to resolving the problem
of the existence of asmdl amount of reversble mdting in polymers, discovered about five years
ago. The following was shown: chain segments with mdting temperatures equa to oligomers of
less than the critica chain length can crystdlize and mdt reversibly, even when contained withinthe

metagtable sructure of semicrystdline polymers. Abovethischain length, longer ssgmentscan only

iv



show reversble mdting when a molecular nucleus remains on the crysd surface after partia
mdting. The short-chain segments have been seenin linear-low-dengty polyethylene. The longer
segments in the main melting pesk of polyethylene. These obsarvations are combined with the
knowledge derived from the ATHAS data bank to propose three reversible and threeirreversble

caorimetric contributions to the heat capacity of flexible macromolecules.
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CHAPTER 1

INTRODUCTION

It iswell known that crystallization does not occur under equilibrium conditions, but
at lower than the melting temperature, i.e., crystallization occurs with supercooling. The
reason is that to initiate the crystalization, primary nucleation is necessary due to a free
energy barrier to crystallization. For small molecul esthe supercooling can beavoided by self-
nucleation or heterogeneous nucleation. In the presence of primary nuclel, small molecules
can easly add on the pre-existing crystal surface and crystalization does not need
supercooling, asillustrated on the left of Figure1.1. For polymer molecules, however, there
is dways a supercooling needed to crystallize, even in the presence of crystals. A polymer

molecule isnot acompact smadl particle, but aflexible, long chain. Inthe meltitisarandom

small molecule polymer molecule

in melt
O %
Q 3 § partially

stretched

crystallization

In the presence of pre-existing crystal surfaces

Figurel.1. Illustration of difference on heterogeneousnucleation
between small molecule and polymer molecule crystallization.
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coil. The polymer molecule as arandom coil cannot add to the pre-existing crystal surface.
It first must be stretched to some degree as shown in Figure 1.1. A more extended chain can
then more easlly add to the crystal surface. The stretching process decreases the entropy of
the molecule and, thus, increases the free enthalpy, so that polymers supercool even in the
presence of primary nuclei or crystals. To rationalize the supercooling of polymers on
crystallization even in the presence of nuclel, asecond barrier to crystallization was assumed
in addition to the free energy barrier for primary nucleation, and the term ‘molecular
nucleation’ was coined by Wunderlich [1].

To study thedetail of the molecular nucleation process, the n-paraffins C.,H, 4., C,,Hgp
and C,H., were chosen in my MS thesis as ssimple model compounds for polyethylene, a
flexible polymer. Theearlier study on the n-paraffins showed unexpectedly no supercooling
on crystalization from the melt [2]. It seems that the n-paraffins, which are flexible chain
molecules and obviously need some chain extension, require only a short time to overcome
this barrier for the molecular nucleation. In a recent study of the heterogeneous and
homogeneous nucleation of n-alkanesby Sirotaet al. [3-5] smilar resultswere reported for
n-paraffins with 21<n<37 carbon atoms.

A question, thus, arises from this surprising observation. What if the chain lengths
increase beyond n-C,H,,,? In the other direction, what if the chain lengths of polymers
decrease gradually from the lengths showing a large amount of supercooling? Would the
supercooling decrease gradually or abruptly with the chain lengths? What isthelimit of chain
length where a polymer behaves like a small molecule on crystallization or how long must a

mol ecul e be before anoticeable nucleation barrier existsfor crystalization? To answer these
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guestions the study described in thisthesisis designed to analyze very flexible polymerslike
polyethylene, poly(oxyethylene), and poly(oxytetramethylene). Themolecular nucleationwill
be addressed in section 1.1.3 with a general description of melting and crystallization. The
other two magjor points studied in this thesis are the development of the method of analysis
inform of temperature-modulated calorimetry of sufficient precision, and the description of
the change of reversble melting as one increases the chain length from paraffins to
polyethylene.

In this study eliminating any instrumental effect isvery important to see the intrinsic
characteristics of crystallization of linear molecules. The recently developed temperature-
modul ated differentia scanning calorimetry (TMDSC), specialy inthequasi-i sothermal mode,
which ismain tool used in the research described in this thesis, can meet this requirement.
The quasi-isotherma mode permits the measurement of heat effects with a zero underlying
heating rate, i.e., by modulation about afixed temperature, T,. Inthisway the supercooling
studied inthisthesisisdue only to the sampleitsalf, without major instrument effects. Using
TMDSC, atotal apparent heat capacity is measured smilarly as by standard DSC, but this
total apparent heat capacity can be separated into areversing and anon-reversing part. An
apparent heat capacity may have a latent heat effect [C* = (OH/Ow,), ;] besides the true
thermodynamic heat capacity [C, = (OH/JT), ] Where p designates the constant pressure
andw, the constant crystallinity. Thereversing heat capacity isthe heat capacity that reverses
on modulation. It may still contain contributions from slow irreversible processes, such as
annealing or melting, as well as errors due to incomplete description of the reversing

contribution, as will be discussed in section 2.3. After all these nonreversible effects and
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errors have been excluded, the remaining apparent heat capacity is called reversible in the
thermodynamic sense. The apparent reversible heat capacity, in turn, must be separated into
its true thermodynamic heat capacity and the latent heat contribution arising from reversible
melting and crystallization over the temperature range of one modulation cycle.

The reversing heat capacity is measured to study the degree of supercooling of the
chain moleculesand the detail of the reversing heat capacity will be given with the description
of the TMDSC in section 1.3.3. The understanding of the reversible heat capacity
measurement isbasic to the thermal analysis of flexible linear macromolecules. Recently we
identified six different contributions to the apparent heat capacity which will be described in
section 1.1.4 and form the basis of the discussion of the TMDSC measurements displayed in

thisthesis.

1.1 Méelting and Crystallization

1.1.1 Mé€lting

The equilibrium state of a system of two phases at constant temperature is
characterized by zero in the change of Gibbs free energy when going from one phase to the
other:

AG = AH - TAS (1.2
where AGisthe changein free enthalpy, AH in enthalpy, and ASinentropy. Themost stable
state of a given system is reached at the minimum of G [6].

Traditionally, condensed phases are classfied as crystals, glasses, or liquids. Inthe

vicinity of the melting temperature, or in contact with itscrystalsliquid phasesare also called
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melts. At sufficiently low temperature, the solid phases (glasses and crystals) have vibrations
astheir only thermal motion. Theideal crystals are fully ordered, i.e., their entropy is zero,
and glasses have a degree of order similar to the liquid. The liquid phase shows in addition
to their vibrations, dl possibletypesof large-amplitude motion for the givenmolecule. Large
amplitude motions are trandation, rotation, and internal rotation (conformational motion).
The transition from crystals to meltsis characterized by the loss of order and the attainment
of this large-amplitude motion. The transition from glasses to liquids, in contrast is
characterized by no change in order but also the attainment of large-amplitude motion.

In aplot of Gibbs free energy versus temperature as shown in Figure 1.2, the slope
for the melt isgreater than that for the crystal. From the equilibrium conditions as expressed
by eq (1.1) it follows that below the point of intersection only the crystal is stable and at

temperature higher than the point of intersection only the melt is stable. The temperature

crystal

T melt

T

Figure 1.2. Gibbsfree energy versustemperature. Thinlineisfor
crystal and the thick lineis for melt.
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where both phases are stable is called the equilibrium temperature (equilibrium melting
temperature, T,,,°). Theequilibrium melting transition ischaracterized thermodynamically by:

_AHY
AS®

1]
m

(1.2)

where T,° is the equilibrium melting temperature and AH,° and AS° are the enthalpy and
entropy of fusion, respectively [7].

Meltingisafirst order transition, defined by adiscontinuity of the volume (V) and the
enthalpy (H) which are the first derivatives of the free energy, G, i.e,, V=dG/dp and H =
dG/dT. Figurel.3isan illustration of the specific volume (a) and enthalpy (b) asafunction
of temperature. The temperature of the discontinuity is the melting temperature. The jump
inenthalpy at T, in Figure 1.3 (b) isthe latent heat of fusion which isa*hidden” heat, since
it does not change the temperature.

Thermodynamically one would write at constant pressure:

dH:[a—H) dT+[a—H] dn (1.3)

oT » on Tp

where (0H/OT) isthe heat capacity, C,, (0H/on) the latent heat, and n represents the progress
in the phase transition as expressed, for example by the crystallinity w,.. So in calorimetric
measurement the measured heat capacity, thefirst derivative of the enthalpy isnot just aheat

capacity but an apparent heat capacity (the heat capacity + the latent heat).



(a) /
melt

|
v |
|
|
/
crystal T
T
T
(b) )
/
| melt
H : } AHg
|
t
crystal Tim

Figure 1.3. Illustrations of the specific volume (a) and enthalpy
(b) as afunction of temperature. Copied from ref. [8].

1.1.2 Crystallization

The crystdlization is the reverse of the melting process, a process where the order
with the crystal is produced from the mdlt or dilute solution. Crystals usually grow from
nuclei rather than being generated uniformly throughout the random phase of melt (or
solution). Asaresult melting and crystallizationarerarely thermodynamically reversible Two
distinctive steps are needed, nucleation and crystal growth.

If the crystallization is fully reversible to melting, crystals grown on cooling would
haveto bedistributed uniformly over the bulk that hasreached the melting temperature where

AG iszeroineq (1.1). In redity, the crystallization does often not occur at the melting
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temperature, but at lower temperature, from asupercooled melt or solution. Any crystal must
have a nucleus with a small specific surface area (in cm? g %) at the start. The initial step
leading to anucleus is called primary nucleation. Figure 1.4 is a schematic of the primary
nucleation. A primary nucleus must be formed via a path of positive AG. The maximum in
AG correspondsto the critical size of the nucleus at the corresponding temperature and isthe
free energy barrier opposing crystalization. Thenucle to theleft of the maximum are called
embryos, thenuclei to theright supercritical nuclei. Assoon asthe nucleusreachesanegative
AG it becomesastablecrystal. Asillustrated in Figure 1.4 when thetemperature decreases,
the size of the critical nucleus becomes smaller and nucleation is speeded up. But as the
temperatureisreduced, theviscosity increases, so that the nucleation slows down after apeak
in nucleation rate, as shown in experimental data of Figure 1.5. Crystalization occurs
normally only between the melting temperature and the glass transition temperature [10].

When smdll nuclel are generated randomly throughout the melt (or solution) without

« critical nucleus

embryo

supercritical nucleus

stable crystal, nucleus

Figure 1.4. Schematic representation of the change in free
enthalpy as afunction of sizeillustrating the nucleation process.
Copied from ref. [9].
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Figure1.5. Nucleation rate asafunction of temperature. Copied
from ref. [11].

the helpfrom pre-existing surfacesit iscalled homogeneous nucl eation. The number of nuclei
formed homogeneously depends on the temperature and time of crystallization (see Figure
1.5), if al other factorsare kept constant. Foreign surfaces such asdust particlesor thewalls
of container of the melt (or solution) reduce the size of nucleus needed for crystal growth
because the creation of theinterface between the crystal and the surface may be lesshindered
than the creation of the corresponding free crystal surface. When the previous melting is not
complete, crystals are left and act as nuclel (so-called self nucleation). Thistype of primary
nucleation with pre-existing nucle is called heterogeneous nucleation. The number of nuclei
may be constant from the beginning in heterogeneous nucleation and al crystals grow then
to the same size at the given crystallization temperature. This heterogenous nucleation isthe

major case observed in the case of polymer crystallization.



After theinitia crystal nucle are formed further nucleation of crystal growth may be
needed. Secondary and tertiary nucleation have been proposed to be involved in the growth
of crystals. Because the new interfacial arearequired by these types of nucleation is smaller
thanfor the primary nucleation, asillustrated in Figure 1.6, the freeenthal py barrier to growth
isalso smaler than the primary nucleation and the peak in the nucleation rate for secondary
nucleation occurs at higher temperature. The crystal growths of most polymers produce
sufficiently rough crystal surfaces to obviate secondary nucleation. Tertiary nucleation is
almost never necessary.

Thekineticsof theoveral crystallizationisusually described by the Avrami equation,
which was originally derived for the crystallization of metals. The following equation isthe

general Avrami equation.

v

1 - exp(-K t") (1.4)

| - > Y P,

(@ (b) (©

Figure 1.6. Types of crysta nuclei. (a) Primary nucleus, (b)
secondary nucleus, (c) tertiary nucleus. Copied from ref. [12].
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whereV, isthe crystal volume at timet, K isageometry and nucleation dependent constant,
and n isthe Avrami exponent. The constant K is a quantity proportional to the number of
nuclei per unit volume or the rate of nucleusformation. It isalso dependent on the geometry
of the growing crystals. The Avrami exponent, n, should always be a whole number and
provides information about the nature of the crystal growth theoreticaly [8].

For polymers this description isincomplete. The crystallization of polymers stops
long before a crystalinity of 100% isreached. The resulting semicrystalline polymers must,

thus, lose equilibrium at temperature below the equilibrium melting temperature.

1.1.3 Mdting and crystallization of flexible linear macromolecule

Mélts of small molecules, such as metals or water, supercool before crystallization
only because of the need of crystal nucleation. Crystal nucleationis, thus, thefirst step of any
crystallization, but it can be circumvented by either incomplete melting before crystallization
(sdf nucleation) or by adding of foreign nuclei (crystallization by heterogeneous nucl eation)
[1]. For example, indium shows reversible melting and crystalization on analysis by
temperature-modul ated differential scanning calorimetry (TMDSC). In this technique the
temperatureiscycling about amean value. Aslongasthe melting during the previous heating
cycleisincomplete and nuclei are left for re-crystallization during the cooling cycle thereis
no supercooling [13, 14]. Once, melting is completed; i.e., no nucle are left, the sample
needs to be supercooled by an amount AT (= T~ T,) of 1-1.5 K [13, 14].

In contrast to small molecules, it iswell known, that flexible linear macromolecules

(usudly just called polymers) do not crystallize at the temperature where they melt, even if
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the melt or solution is nucleated by seeding or self-seeding. Polymers usually need a’5-30
K supercooling to crystallize. Experiments approaching homogeneous nucleation with
dispersions of smal droplets need even larger supercoolings, of the order of 50-140 K as
seenin Figure 1.7 [15]. A polymer moleculeis not asmall particle, but along flexible chain
which needs a proper conformation to be added to a crystal surface, the polymer molecule
must be nucleated itself before the rest of the molecule can add to the growing crystal.
Crystalization without supercooling due to molecular nucleation is unlikely since the first
segment of the molecule that adds to a crystal restricts the molecule as a whole, i.e., the

entropy decrease of the molecul e cannot be made up by the small heat of crystallization of the

T (°C)
jol40__ 120 100 _ 80
0.8
0.6
0.4
0.2

DD'l |

n/ng

AT (K)

Figure 1.7. Fraction of solidified polyethylene as a function of
supercooling. Databy Cormia, et al. Cooling rate0.17 K min™™.
Region of no nucleation down to 125°C. Region of
heterogeneous nucleation down to 100°C. Region of increasing
nucleation with help from heterogeneous nuclei perhaps between
100°C and 85°C. Homogeneous nucleation below 85°C.
Copied from ref. [15].
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initial chain segment [16]. To rationalize that even in the presence of primary nuclel and
crystal surfaces polymer melts and solutions supercool, a second barrier to crystalization is
assumed. We expect that each amorphous polymer molecule must traverse many cooperative
steps of conformational motion before ordering to the macroconformation that addsto the
existing crystal growth face. To describethisinitial stage of crystallization of the polymer in
the presence of primary nuclei, the term molecular nucleation was coined [1, 17, 18].

Below the equilibrium melting temperature, after crystal nucleation, the second,
reversible nucleation process, the molecular nucleation occurs and overcomes the positive
barrier infree enthapy. The processis shown schematically in Figures 1.8 (@) and (b). The
completion of the crystallization of the moleculeis drawn in Figure 1.8 (¢). Assoon asthe
whole molecule is melted, crystallization is not possible until sufficient supercooling has
occurred to permit renewed molecular nucleationinthe presence of polymer crystalsor nucle
[16]. The critical length for molecular nucleation is measurable by a study of the lengths of
moleculesthat get rejected by the growing crystal surface despite the fact that they are below
their equilibrium melting temperature.

Only few details of molecular nucleation, however, have emerged over the last 20
years[19-21]. Most important, in addition to the supercooling behavior, is the observation
that segregation of molecules of lower masses on crystalization can occur below the
equilibrium melting temperature of the regected species. It was suggested earlier that

molecular nucleation is such a process, athough the detailed mechanism is not known [22].
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Figure 1.8. A schematic of molecular nucleation of linear
macromolecules, (a) to (b) describing molecular nucleation, and
(c) the completion of crystallization of the molecule. Copied
from ref. [23].
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Qualitative evidence for molecular nucleation can be derived from the observation of
segregation of molecular weight into different crystals[24]. On crystallization of a mixture
of two different molecules (A>B), between the eutectic temperature and the equilibrium
temperature of A, the molecules A will crystallize and the molecules B will melt. The final
crystal will be formed by only A. Molecules B will be all rgected to the melt. At the
equilibrium melting temperature of B, one can predict that both A and B can crystallize.
Observations of Mehtagave, however, surprising results[18]. On crystallization even below
the equilibrium melting temperature of B, its molecules are still regjected and a crystal is
formed with only A molecules. That is, even below the equilibrium temperature the melting
of B molecules there must be a reversible process that separates A from B molecules. This
process isthought to be the molecular nucleation. Only if amolecule A has sufficient length
can it undergo step (a) to (b) in Figure 1.8 at atemperature below its melting temperature.
The step (b) to (c) goes then quickly without further nucleation. Knowing that n-paraffins
CH 4, Or shorter do not have amolecular nucleation barrier, but segregate at the equilibrium
melting temperature led to the main project of this thesis work, to find the chain length for
molecular nucleation and identify molecular nuclel during the melting of polymers.

If secondary nucleation were involved in molecular segregation, only one molecule
could be properly selected per crystal layer. Once a secondary nucleus is formed, al
molecules of different length can crystallize until completion of the crystal layer. The study
of segregation of molecular weights on melt-crystallization shows that the individual
molecules need a kind of nucleation process on crystallization. The technique involves

fractional dissolution of lower melting crystals and separation by filtration. Only if the
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molecules are completely separated from other, such separation of higher melting crystalsis
possible. As soon as tie molecules exist between crystals of different stability, the lower
melting portion of the molecule can be dissolved, but not removed from the sample by
filtration. The formation of such tie molecules could be shown to increase with molecular
weight and supercooling [25]. Thisexpected increasein tie moleculesis an indication of the
limits to molecular mobility. As soon as a molecule participates in one or more crystals it

cannot be rejected as amolecule [22].

1.1.4 Heat capacitiesin the melting/crystallization range

In the therma analysis of flexible linear macromolecules, there are six different
contributionsto an apparent heat capacity, whichisaheat capacity with additional latent heat
contributions, inthe melting and crystallization region of the analyzed polymer. Theseare(1)
vibrational heat capacity, (2) conformational contribution, (3) reversible melting and
crystallizationtransition, (4) primary crystallizationand melting, (5) secondary crystallization,
andfindly (6) the various annealing and crystal perfection processes[26-30]. Thevibrational
heat capacity (1) isthe true thermodynamic heat capacity of solids with afast response time
(picoseconds) and the others may have additional latent heat contributions. The first three
aretruly reversible and the second three contributions are irreversible.

(1) the vibrational contribution to the heat capacity has been described for many
macromolecules as the sum of the skeletal and group vibration motion, data given in the
ATHAS Data Bank at the web-site: http://web.utk.edu/~athas. It represents the largest

contribution to the enthalpy of the macromolecules.
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(2) the conformational contribution is a heat capacity arising from large-amplitude
molecular motion. As the temperature of a crystal increases, some of the vibrations may
change to a large amplitude motion, such as trandation, rotation, or internal rotation. In
polyethylene, as seen in Figure 1.9, the measured heat capacity of crystaline PE starts to
deviate from the vibrationa heat capacity (1), far from the melting temperature. Thishigher
heat capacity isdue to alarger gauche concentration [31] and contributes alarger amount of
potential energy when compared to the corresponding torsional oscillation.

(3) the reversible melting is a phenomenon which cannot be explained with present
theories of melting and crystallization of polymers, where the phase transformation from the
solid crystalline phase to the melt and vice versa are considered to beirreversible processes.

Crystallization should always occur vianucleation with supercooling (i.e., the creation of the

50
— 40 experimental +—
E heat capacity
30
2
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Figure 1.9. Deviation of the heat capacity of crystaline
polyethylene from the computed vibrational heat capacity.
Copied from ref. [31].
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appropriate crystal and molecular nuclel as mentioned in the sections 1.1.2 and 1.1.3),
followed by crystal growth and perfection. After crystal growth and perfection are
compl eted, the melting can only occur at aconsiderably higher temperature. Although crystal
nucleation can be avoided by seeding with heterogeneous nuclel or incomplete melting,
molecular nucleation cannot be avoided. Parts of the heating and cooling cycles in the
poly(ethylene-co-octene), however, arefully reversibleinthe melting range[27]. Accepting
the need of molecular nucleation this reversible crystallization and melting must be due to
small chain segments arrested on one or both sides on the surface of higher melting crystals
which are as short asthe paraffins described to melt reversibly in thisthesis. It isknown, for
example, that sde-chains of polymers, when they are tied to the main chain with a flexible
spacer of four to eight CH,- groups can crystallize and melt similar to the corresponding small
moleculeg, i.e., crystallizeand melt reversibly with amelting temperature not far from the small
molecules, severed from the main chain [6]. Paraffins of this length show no supercooling
[2]. Two locations offer themselves in the structure of semicrystalline polymers for such
chain segments. Oneis found for chain segments that melt only partially because of their
attachment to other, higher melting parts of the crystalline matrix, the other is found for
secondary, fringed-micdlar crystals, grown within the network of the primary crystals. In
both cases, the amount and itslow equilibrium melting temperature can be extracted from the
TMDSC data [29]. The observed reversible melting at temperatures that exceed the
reversible paraffin melting temperatures must have a different explanation. In this case one
has a direct measure of the molecular nuclei as they exist on the crystal surface on partial

melting. Thisisthe main observation of the research of this thesis that there exists acritical
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chain length above which reversible melting is not possible. First experiments which prove
that, indeed, the reversible melting (3) of polypropylene occurs on the growth surface were
giveninref. [30].

(4) the contribution is the well-studied initia crystallization. It is commonly the
biggest latent heat effect and showslargetemperature differences between crystal growth and
melting, i.e., itisirreversible. The anayssof the thermodynamic stability of both primary and
secondary crystals is complicated by crystal perfection, even when its growth occurs
isothermally.

Thefina two contributions (5) and (6) may contribute to annealing peaks[29]. The
contribution (5) involvesless perfect crystal growth which occurs later than observed for the
initid crystals. The contribution (6) involves crystal perfection. Typicaly the perfected
crystals melt 5-20 K above the annealing temperature, as demonstrated by the common
annealing peaks[1].

A series of homopolymers analyzed with TMDSC shows that these reversible and
irreversible contributions seem to occur universaly in flexible linear macromolecules. The
homopolymers analyzed in our laboratory were poly(oxyethylene) [32, 33], poly(ethylene
terephthalate) [34, 35], poly(trimethylene terephthalate) [36, 37] and polydioxanone [38].

Recently, al six contributions were shown clearly on poly(ethylene-co-octene) [26, 28].

1.1.5 Crystallinity calculations
Thecrystallinity asafunction of time, w,(t) iscal culated by dividing the partial integral

of the smoothed heat-flow rate signal by the heat of fusion of PE at the temperature where
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the isothermal crystallization experiment is performed. Using these w,(t) values, the
thermodynamic base line heat capacity, C,(b) is calculated as [39]:

C0) = w(HC(0) - (1-w())C () (1.5)
where C(c) and C,(a) are the literature vaues of the crystalline and amorphous PE,
respectively, at the measurement temperature [available in ATHAS Data Bank]. The excess
heat capacity, C,(e), due to the reversible melting and crystallization is calculated from the
difference between the reversing heat capacity discussed in section 1.3.3 and the basdline heat
capacity. Thereversbility of thecrystallinefraction that followsthe temperature modulation,

Aw,(rev), can be obtained finally using the equation:

A,C (e)

AH,

Aw (rev) = (1.6)

where A; is the temperature amplitude applied in this modulation. Mathot et al. identified
58% of the crystalinity of the PE sample on isothermal crystallization as reversible and the
Aw(rev) iscaculated to be 0.01-0.013 [39]. So 1.7-2.2% of total crystalline fractions melt
and crystallize reversibly.

Androsch studied the reversible melting/crystalization in poly(ethylene-co-octene)
[26, 28] and isotactic polypropylene [30]. He measured the degree of reversibility of
melting/crystalization with TMDSC. With combination of quantitative standard DSC,
TMDSC, X-ray diffraction and AFM he concluded that the reversble melting and
crystallization iniPP occurs at an active lateral surface [30]. Strobl et al., who believe that

thelateral surface metingisirreversible process and disappear upon long-time annealing, get
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the conclusion from TMDSC and SAX S experimentsthat the reversible process occurs at the
fold surface [40, 41].

Thereisno clear evidencefor thelocation where the reversible melting/crystallization
in polymer can take place. It might be the lateral surface, the fold surface or both. Even
though there are not enough experimental results, still it isobvious, that the localy reversible
melting and crystallization exists in polymer. More experimental data will be added to the

evidence for the process in this thesis.

1.2 n-Par affins and Polyethylene

1.2.1 Similarity

Paraffinsare saturated hydrocarbons(alkanes) withachemical formulaof C H,,,, with
straight chains (normal or n-paraffins) or branches (isomeric or iso-paraffins). Astheir name
indicates in Latinparum affinis they have very little chemica reactivity except for
combustion [42]. In general, the odd-numbered n-paraffin crystals have an orthorhombic
structure and even-numbered ones have a triclinic structure (up to C24) or a monoclinic
structure (above C26) at room temperature [43]. At higher temperatures, the more stable
structures are the structures with higher symmetry like hexagonal structures (6-fold rotation
axis). Then-paraffinsarelong chain molecules and the rotation of the whole moleculeinone
step isnot possible. Instead, the segmental motion along the back bone chainsis at the root
of the disordering of the chains. These phases with larger mobility within the molecules are
not crystals anymore, but are called mesophases. In this particular case they are

conformationally disordered crystal, called condis crystals.
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Inthisthesis| would liketo study the short and long flexible chain molecul es, so when
| say polyethylene, it is restricted only to linear polyethylene. The branched or cross-linked
polyethylenes are not of interest in this study. Polyethylene, flexible linear macromolecule
with chemical structure of (CH,-)y, isalso made up of saturated linear hydrocarbon chains
and has smilarity in its molecular structure to n-paraffin as can be easily found from their
chemical structure. The crystal structure is also similar. PE is common in orthorhombic
morphology.

At high pressure PE is known to exhibit an equilibrium hexagonal phase between its
low temperature orthorhombic phase and theisotropic liquid phase [44, 45]. Thishexagonal
phase is a mesophase similar to the one in n-paraffins, but stable only at high pressure.

Their crystallization processes are smilar. The crystallization is driven by the free
energy of ordering the methylene sequencesinto the all-trans configuration and packing into
an orthorhombic sub-cell structure which is the common structure in PE crystal and in n-
paraffin crystal with high molar mass. The n-paraffin forms a lamellar morphology with
extended-chain crystals up to C,gH:o,, Which is the limit for chain folding [46, 47].
Polyethylene is normally know to form chain folding crystals with 10-20 nm lamellar
thickness. It is observed to form extended-chain crystals only in its oligomeric size or on

crystallization into the hexagonal phase under elevated pressure [48].

1.2.2 Differences
Themaindifferencebetween n-paraffinsand linear polyethylenesisthe monodispersity

in the paraffin and polydispersity in PE. In n-paraffin crystal the order in crystalline layer
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whose spacing corresponds to the molecular length and where the methyl groups lie at the
interlamellar planes, and with some case they maybe fully crystallize with 100% crystdlinity.
Polyethylene, however, forms crystals which are only a fraction of a molecular length and
whose surfaceis populated by chain folds ends, and linksinto the amorphous phase. Typica
polyethylene has only 50-80% crystalline.

As mentioned in the section 1.2.1 polyethylene is smilar to n-paraffins in crysta
structure, but the chain distribution cannot be neglected in PE crystal. Evenwith avery small
polydispersity index, for example, a low molecular weight PE (M,, = 595) with low
polydispersity of 1.11, the chain distribution causes differences in PE crystal structure from
n-paraffin with the same molecular weight. The lamellar chain packing in orthorhombic
structure is same but the molecular bridges across lamellae are observed in PE sample [49,
50]. Also, ahigher chain fractions still exist in polyethylene with polydispersity of 1.11 (in

this case the molecular weight was 700) [51].

1.3 Temperature-modulated Differential Scanning Calorimetry

(TMDSC)

1.3.1 Calorimetry

Caorimetry isamain thermal analyssmethod. It involvesthe measurement of heat,
Q, inunits of joules (J). Since thereisno perfect insulator for heat, heat-loss problems are
of overriding significance in calorimetry [52]. To better eliminate heat losses, twin
calorimeters have been developed that permit measurements in a differential mode. Both
calorimeters should then have similar heat losses and eliminate the major loss contribution.
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The scanning mode is usualy a continuous, linear, temperature change of both calorimeters
or their surroundings. These two developments in calorimetry, coupled with a decrease in
size to milligrams to increase the measuring speed, are combined in modern differential
scanning calorimetry, DSC. The details of the method will be discussed in the next Section.
A rather new development incalorimetry isthetemperature-modul ated DSC (TMDSC) which
adds a modulation to the temperature change. By collecting only the response in heat-flow
rateto the fixed modulation frequency of temperature, the heat-losses arefarther reduced and
higher accuracy calorimetry becomes possible. An extensive research was undertakeninthis
thesis to optimize the modulation method and extend it to multi-frequency experiment. The
TMDSC will beintroduced in Section 1.3.3 and the experimenta detailsare givenin Sections

2.1-2.3.

1.3.2DSC

There are two types of differentia scanning calorimeters, a heat-flux and a power
compensation DSC. Of the heat-flux type, aMettler-Toledo DSC 820 and a TA Instruments
Therma Analyst 2920 system are used for the research described in this thesis. Since the
differential mode in calorimetry is coupled with the development of twin calorimeters, the
precise name of DSC is scanning isoperibol (equal surrounding) twin calorimetry [53].

Differential measurements are made with areference and a sample calorimeter within
the slver furnace block, asillustrated in Figure 1.10 [54]. There has been some confusion
regarding their description. The two “calorimeters’ consist of small pans, usually made of

aluminum to have high heat conduction. The reference calorimeter consists usually only of
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Figure 1.10. Schematic drawing of the Therma Analyst 2920.
Copied from ref. [54].

the empty aluminum pan with atemperature sensor underneath and outside of the cal orimeter
proper. The sample calorimeter consists of an identical aluminum pan that encloses the
sample of interest, again, with the sensor underneath and outside of the calorimeter. Both
sides are heated by conduction from a single furnace, governed by the block temperature
(Mettler-Toledo DSC 820) or aseparate block temperature sensor and the sample sensor (TA
Instruments Therma Analyst 2920) [52, 55]. In contrast, a power compensation DSC, such
asthe Perkin EImer DSC 7, has reference and sample sides heated separately as required by
their temperatures and temperature difference[52, 56]. The Perkin-Elmer DSC wasnot used
in thisresearch. Only the heat-flux DSC will be discussed in this Chapter.

Sample and heating block (furnace) temperatures are shown in Figure 1.11 [57] for
the beginning of atypical heating scan. The block temperature, T,, increases linearly and is
followed, after reaching steady state, by the sample temperature, T, with the same heating
rate, but lagging intemperature proportional to the heat capacity of the sampleand pan which
comprise the sample side [58]. A similar graph can be drawn for the reference temperature

at theintermediatetemperature T,. For heat capacity measurement only data generated after
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Figure 1.11. Typical start of a heating scan for the block,
reference and sample temperatures of astandard DSC, T,, T, and
T, respectively. T, isinitial temperature. Copied from ref. [54].

AT = Tr_Ts
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steady state is reached are used to diminate the kinetic aspects caused by the scanning
operation. Another condition for quantitative measurement is a negligible temperature
gradient within the sample. With a negligible temperature gradient the heat-flux into the
sample calorimeter is directly dependent on its heat capacity. At steady state, the heat-flow
rates of the reference and sample calorimeters are then governed only by the rate of
temperature change and their heat capacities. The difference in temperatures between the
reference and sample calorimeters (AT = T, - T,) isdirectly proportiona to this heat-flow

rate. Therefore, heat capacity is described by:
C, = K— (1.7)

where K isthe Newton’ slaw constant (in JK *min%), which depends mainly on the thermal
conductance from the DSC heater to the sample and reference calorimeters, and q is the
heating rate (in K min™%). Actually, for an equation for heat capacity of the sample, a minor

correction needs to be added the basic equation (1.7) since the sample and reference
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calorimeters change their heat capacities with temperature, i.e., T, and T, in Figure 1.11 are

not strictly paralel to T,. The heat capacity at steady state is then [59]:

mc, = Kﬂ + C, dAT
P q dT,

(1.8)

where misthe sample mass, c, is the specific heat capacity of the sample (in J K'g"),C.is
the total heat capacity of the sample calorimeter (sample + pan). The second term on the
right-hand side is only asmall correction term [60]. This correction term can be calculated

and does not need any further measurement.

1.3.3TMDSC

In the more recently developed temperature-modulated DSC (TMDSC) [61-63], a
sinusoidal or other periodic changeintemperature issuperimposed on the underlying heating
rate. The heat capacity measurement using TMDSC is easy as long as the condition of
steady state and negligible temperature gradients within the sample can be maintained, as
required for eq (1.8). The modulation adds, then, a small periodic component to the linear
heating ramp <g>t, where the < > indicate an average over one full modulation cycle, as
depicted in Figure 1.12. The basic temperature-modulation equation for the block
temperature can be written as:

=T, + <g>t + ATbsinwt (1.9

with T, representing theisotherm at the beginning of the scanning. The modulation frequency

w isequal to 2m/p inunitsof rad s, with p representing the length of one cyclein seconds.
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Figure 1.12. A typical heating scan for the sample temperature
(T of aTMDSC, the lineindicated with <g>t islinear response.
T, isinitia temperature. Copied from ref. [54].

Depending an added subscript to T, eq (1.9) can be used to express the sample, or reference
temperature (T, or T,, respectively) with an additional phase shift added to the sineterm. The
temperature difference is proportional to the heat-flow rate (®) and is used as the response
function for the computation of the heat capacity. The heat flow caused by the temperature
modul ation measuresthe “reversing” heat capacity, atermintroduced in TMDSC to identify
a heat effect that appears to be reversed within the temperature range of the modulation
amplitude. Aslong asthe heat capacity responseisfast and no latent heat contributionsexist,
the reversing heat capacity is, indeed, the reversible, equilibrium heat capacity. If dow
processes or transitions are involved, the reversing heat capacity may be an “apparent” heat
capacity and isin need of special interpretation. The reversing heat capacity as calculated by
the TMDSC softwareissoldly the first harmonic response to the modulation and isextracted
from the time domain data on temperature and heat-flow rate by Fourier transformation into
the frequency domain [64].

The basic heat capacity anadysis of TMDSC is derived from the well-known
alternating-current (AC) calorimetry [65]. The heat capacity of a sample calorimeter, C (=

mc, + C,, where C,’ is the heat capacity of the pan) can be determined from the amplitude
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of the heat-flow rate response of the sample, Ay, to the amplitude of the sinusoidal sample-
temperature modulation, A, and the modulation frequency, w. The following equation

gives the relationship for the case of an AC calorimetry:

C, = (1.10)

Note that A, w is also the amplitude of the modulated heating rate. In the case of the
TMDSC, an additional factor should be considered because of it being a twin calorimeter.
The sample calorimeter and reference show a phase shift in their response to the modulation
[52]. Thefollowing equation was proposed for the reversing heat capacity from the heat-flux
type TMDSC [64] under the conditions of maintained steady state and negligibletemperature

gradient within the sample:

€ - C) = @\1(5]2 + C.2 (1.11)

A, ®
where C, isthe heat capacity of the reference calorimeter (identical to Cp’ when it consists of
an identical empty pan as the sample calorimeter), A,; and A are the maximum amplitudes
of the modulation found inthe temperature difference and sample temperature, respectively,
and w is the modulation frequency. This expression can be modified to the following

eguation:

(1.12)

where Ay is the modulation amplitude of the heat-flow rate. The derivation of equation

(1.12) isdescribed in ref. [64] in more detail.
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The*“total heat capacity,” isthe quantity determined from astandard DSC by eq (1.8).
Under ideal conditionsit can also be extracted normal TMDSC with an underlying heating
rate <g> # 0. Using <AT> and <¢>, the sliding averages over one modulation period in eq
(1.8). When there is a difference between the result of the equations (1.12) and (1.8), it is
caled a nonreversing heat capacity. It is connected to irreversible processes within the
sample that cannot be modulated properly, such as a dow chemica reactions (oxidation,
curing, evaporation, etc.) and non-equilibrium phase transitions (crystallization and
reorganization). It may even enable us to separate the complicated simultaneous fusions,

glass trangitions, and annealing, common in many macromolecules [64].

1.3.3.1 Quasi-isothermal TMDSC

When the underlying heating rate <g> equals zero, the experiment is called a quasi-
isothermal TMDSC, whichisthemode used extensively inthisthesis. Such quasi-isothermal
experiments involve a modulation about a constant temperature and can be extended over
long periods of time, so that slow processes can be eliminated after agiven time. The total
heat capacity is not available in this case and must be derived from parallel standard DSC
experimentsor by integration of the quasi-isothermal response over long periods of time. The
nonreversing heat capacity, obtained by calculating the difference between the total and
reversing heat capacity, must smilarly computed indirectly. Among several modes of
TMDSC, the quasi-isothermal TMDSC gives the most precise heat capacity measurement.
One can await steady state before beginning data collection and extract only the contribution

that is snusoidally modulated with a given frequency. Most of the accidental losses are
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eliminated. Since quasi-isothermal TMDSC experiments have no time limit other than the
limit of the instrument stability, wide ranges of kinetic studies can be accomplished.
Furthermore, details of the kinetics can be extracted by an analysis of the heating and cooling
cyclesin the time domain.

The right-hand square-root expression in eq (1.12) can be smplified to K(w), a
dimensionless frequency-dependent constant. One can get afina equation for the reversing

heat capacity from TMDSC measurement as.

cre As K(®)
= W
P A, (1.13)

Ts
where C, is the reversing heat capacity of a desired ssmplein JK™*. For the last several
years, the research about the frequency dependent constant K(w) was done in our research
group using multi-frequency modulation studies carried out with sawtooth-like modul ations.
The frequency dependent constant K(w) can be determined by quasi-isothermal
TMDSC measurements at different frequencies or by one quasi-isothermal TMDSC using
sawtooth modulation and analyzing higher harmonics of the Fourier series of the sawtooth

modulation. Empiricaly it can also be rewritten as:

K(w):\ll + [C}(“’ = 1+ 12e? (114)

where T is a time constant which can be determined from the response to different

frequencies. The correction function K(w) wasinitially derived for asinusoidally modul ated
heat-flux calorimeter operating under steady state conditions and with a negligible

temperature gradient withinthesample[eq (1.12)] [66]. Thevaluefor Tineq(1.14) canthen

-31-



be obtained by plotting theinverse of the squared, uncorrected heat capacities (C,"*") which
are computed from eq (1.13) by setting K(w) = 1 versus the square of the frequency [67].

Therelationshipis:

R R 1.15
C uncor. Cpcor. ( : )

p

If this procedure yields alinear function, T is independent of w and can be determined from
the slope of the curve and the corrected heat capacity C,* is given by the intercept.

Initially, T was determined for a power-compensated, sawtooth modulated TMDSC
from the first harmonic of the Fourier series from measurements at different frequencies w
[67]. Later, it was discovered that the higher harmonics of the Fourier series from one
measurement at one frequency w can also be used to determine the correction function [68].
The Fourier series of a centro-symmetric sawtooth contains only odd numbered sinusoidal
harmonics, i.e., it representsasum of sinusoidal modulations of different frequencies (1™, 3",
5 ... harmonics). Inthiscase, w ineq(1.15) should be written vw to describe the different
frequencies from the higher harmonics of frequency w and v=1, 3,5, 7 and 9, the numbers
of the harmonics considered. Therefore, the reversing heat capacity equation (1.13) should
be changed with Ag(vw), A (Vw) and vw, instead of Ag, A and w, and then one can get
the reversing heat capacity data depending on the frequency from one measurement. This
techniqueis very useful in glass transition studies where the thermal history of the sampleis
critical [69].

Unfortunately, however, theamplitudesof the higher harmonicsdecreasequickly with

v, the order of the harmonic. This decrease in amplitude should lead to a diminished
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precision of the measurement. Despite the small amplitudes, it was possible to use up to the
11" harmonic to assess the frequency response of the calorimeter and to derive the
characteristic relaxation times for the instrument [68].

In order to improve the precision of the analysis, a new, complex sawtooth-
modul ation was proposed [70]. It isgenerated by adjusting the 1%, 3, 5™, and 7" harmonics
of the sawtooth to equal amplitudes. The result was a complex sawtooth with 26 different,
linear segments. This complex sawtooth with 26 segments can be simplified without losing
much of the smilarity of the first amplitudes of the Fourier series by using only 14 segments.

In ref. [71], this smplified complex-sawtooth was tested using a heat-flux DSC, as
built by Mettler-Toledo Inc., whichiscontrolled closeto the heater. Modulation frequencies,
sample mass, and sampling frequency were varied to find abest performance. It was proven
that it was possible to reach a 0.1% precision with a temperature-modulated DSC. Similar
analyses with a heat-flux DSC controlled close to the sample temperature [72] and with a
power-compensation DSC which is controlled at the heater position [73] were also carried
out and compared. Each of these differently constructed DSCs gives adifferent response to
the modulation with the complex sawtooth and needs specific analysis and calibration
methods to reach peak performance.

The TMDSC in the melting and crystallization region of linear macromolecules is
complicated by the need to evaluate the reversible heat capacity in the presence of
superimposed, | atent-heat effectswhich areoften non-reversing and causeinstrument lagsand
distort the sinusoidal response of the calorimeter and even the temperature modulation. The

latent heat may be absorbed or evolved abruptly, causing difficulties in the Fourier analysis
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of the apparent heat capacity, so that the data analysis hasto be carried out on the raw heat-
flow and sample-temperature data in the time domain [HF(t) and Tt), respectively, where
HF(t) is proportiona to the temperature difference AT = T, - T] [13]. Despite these
difficulties, TMDSC offersthe possibility of new insight into the micro-structure of polymers

by yidding information on re-crystallization, crystal perfection, melting and crystallization

kinetics, and metastability.
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CHAPTER 2

EXPERIMENTAL

2.1 Instrumentation

Themelting and crystallization of short and |ong flexible chain moleculeswere studied
using calorimetry in this thesis. The general descriptions of calorimetry including specific
descriptions of standard differential scanning calorimetry (DSC) and temperature-modul ated
differential scanning calorimetry (TMDSC) were given in the Section 1.3.

For the calorimetry two heat-flux differential scanning calorimeters(DSC) were used.
The Mettler-Toledo DSC has a temperature control close to the heater, and the TA
Instruments DSC is controlled close to the sample. Both calorimeters give a somewhat
different response and have used in different modulation modes in addition to a standard

DSC.

2.1.1 Mettler-Toledo DSC 820 and its New Sensor
The Mettler-Toledo DSC 820 module was used for al measurements, except for the
sinusoidal temperaturemodulation for quasi-isothermal analyses[66, 74]. Thesewerecarried

out with the Therma Anayst 2920 M DSC® from TA Instruments, described in Sect. 2.1.2.
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Figure 2.1. Schematic drawing of the Mettler-Toledo DSC 820.
The calorimeter is modulated at the furnace temperature. The
sensor consists of multiple thermocouples, to give an averaged,
sensitivemeasurement of the temperature difference AT. Copied
from [TAM 20-11], drawn after Mettler-Toledo instrument
descriptions.

In the Mettler-Toledo DSC 820 module, a sample and a reference calorimeters are
separated, as shown in Figure 2.1. The heat from the furnace to both calorimeters flows
through the heat leak disk. The heating rate is controlled through the furnace temperature
sensor, and the temperature of the reference calorimeter, T,, is calibrated relative to this
furnacetemperature. The temperaturedifference between thereferenceand the samplesides,
AT, is obtained with the heat-flux meter shown in Figure 2.2, located underneath the
calorimeters(seeFigure2.1). InthisDSC, temperatureis measured closeto thefurnace body
and used to control the modulation and also to establish the reference temperature. In
addition, the temperature difference between reference and sample is measured by the heat-

flux sensor FRS-5.
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marker

Figure 2.2. Top view of a FRS5 sensor plate with 56
thermocouplesfor sampleand reference. Copiedfrom[TAM 20-
11] drawn after a picture in ref. [76]. Note that the
thermocouples alternate between inside and outside of the
calorimeter, averaging the temperature difference between the
sensor plate and the calorimeter placed on the inside
thermocouples.

Theobtained AT signal isproportional to the heat flux, aswill be shown below. Both,
the reference temperature T, and the temperature difference, AT, are recorded by the
computer. The noise level is+1 uW, sample volumes of 35 and 150 mm?® can be analyzed
with different crucibles, heating rates of up to 250 K min™* can be programmed [75]. The
furnacelidisoperated automatically. Dry N, gaswith aflow rate of 20 mL min* was purged
through the furnace chamber. Cooling was accomplished with a liquid-nitrogen cooling-
accessory. To avoid condensation of water during operation below room temperature which
leads to high damage of the computer chip installed near by the furnace, dry N, gas or
compressed air with aflow rate of 200 mL min™* was purged through the surroundings of the
furnace. Before these limitations were realized, serious errors occurred on fast cooling and
low-temperature measurements. The Mettler-Toledo DSC 820 isnot suited for cooling rates
faster than 15 K min™* with the liquid N, accessary because of a faulty design of the
connection to the cooling-accessory which was discovered by extended trial and error

experimentation.
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The Mettler-Toledo DSC 820 was upgraded in 1998 with a new ceramic sensor
(FRS5) with 56 vapor-deposited thermocouples, asshownin Figure 2.2, to givean averaged,
sensitive measurement of the heat-flux difference, proportional to the temperature difference
T.-T,= AT. Theconventional sensors where single thermocouples used to measurethe AT
signd directly and generate asignd of lower magnitude [ 76] and, thus, yield reduced basdline
stability and repeatability. With the new sensor actually the heat-flux between the two
thermocouple junctions, indicated with ‘a and ‘b’ in Figure 2.2, ismeasured on 28 positions
oneachside. The heat-flux into the sampleisdQJ/dt, expressed by the difference between the

heat-flux to the sample and pan on the sample side and the empty pan on the reference side.

FRENRAR 2

where R, is the thermal resistance between ‘@ and ‘b’, and T4 and T, are the temperature
differences of thei™ thermocoupl e on the sampleand reference sides, respectively. The heat-
flux measured and summed in this manner is proportional to AT. The reference and sample
sides and therma amplification of the sensor signa is accomplished by connecting al
thermocouplesin series[76].

The temperature modulation is controlled using the furnace temperature sensor, at a
position far from the sample (see Fig. 2.1) [57]. As aresult, the reference side shows the
standard modulation and the sample side is influenced by the sample behavior. During
melting, for example, the sample temperature will stop changing except for developing

temperature gradients until melting is compl eted.
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Theheat-flow rate curvesare automatically smoothed by the manufacturer’ ssoftware
[77]. Therefore, the heat flow rate curves are not the raw data. An adaptive data smoothing
technology isemployed, working in the following way: Through all of the data pointsinside
an arbitrary window of time, a smooth function is fitted. The next step is to calculate the
square of the deviations of dl data points from the fitted function. If the average of thissum
is larger then a defined, but not specified limit, the window size is made smaller and the
procedureisrepeated. Out of thisfitted function only the smoothed data point in the center,
is computed. This new data point replaces now the old data point. Next, the window is
moved by steps of one second until the whole DSC traced issmoothed up to the point where
larger changes from the baseline occur.

Withthe help of Mettler-Toledo wefound away to turn off thisautomatic smoothing.
Onemust create amodule called ‘ berthAxxx’ to seetheorigina data. To do this, one opens
the *Install” window and chooses ‘ Topic’'/ ‘Modul€’, then chooses ‘File'/ * Open’ and selects
the module from the list. After the data are seen, choose ‘File'/ ‘SaveAs. When it is
prompted for the file name, type 'berthA001'. After saving the module under the new name,
goto‘Topic'/‘Portand Device' . Fromthiswindow, click onthe currently connected module
and it will disappear. Then, click on the empty space and connect to the new 'berthA00L'
module. Any data collected with this module will now be raw, unsmoothed data as needed

for the analysis.
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2.1.2 Thermal Analyst 2920

A Therma Anayst 2920 M DSC® from TA Instruments Inc. with modulation control
at the sample-temperature sensor was used for dl sinusoidal, quasi-isothermal analyses. As
the Mettler-Toledo calorimeter it is an isoperibol heat-flux twin calorimeter, but has only a
singlethermocoupl e underneath each cal orimeter for measurement. Itsschematic wasalready
shown in Figure 1.10 (see the Section 1.3.2). The furnace block is programmed to give a
linear increase in the sample temperature, and the sample temperature sensor controls the
temperature modulation[78]. Thetemperaturerangeisfrom 125t0 1000K [the heating rate,
0.1 to 100 K min™%, noise, +5 uW, and the sample volume may be 10 mm?] [58]. The
constantan disc provides sufficient thermal resistance to maintain most of the temperature
gradient which limitsthe heat-flow outsidethe samplecalorimeter. The heat from thefurnace
flowsthrough the disk symmetrically to both cal orimeters (see Figure 1.10. in Section 1.3.2.)
[54]. Cooling was achieved with arefrigerated cooling system (RCS, cooling capacity to 220
K). Dry N, gaswith aflow rate of 20 mL min * was purged through the instrument. Dry N,
gas with a flow rate of 10 mL min* flowed through the cell. The recorded data consist of
the sample temperature T, and the temperature difference AT =T, - T.. The heat-flow rate
isproportional to AT and available asthe uncorrected measurement, in contrast to the Mettler

DSC 820.

2.2 Calibration

The sample temperature was first calibrated in the standard DSC mode. The onset-

temperatures of the transition peaks were used for this calibration [tin (505.05 K), indium
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(429.75 K), H,0 (273.15 K), and n-octane (216.4 K)]. A scanning rate of 10 K min™* was
employed. The onset of melting was determined by extrapolating the sample temperature
from the linear portion of the melting peak to the baseline [52, 69]. The heat-flow rate was
then calibrated approximately with the heat of fusion of indium (28.62 Jg™*) [79]. For the
Mettler-Toledo DSC 820 calorimeter there was an additional tau-lag calibration with indium
prior to both calibrations. It largely eliminatesthe effect of different heating rates, so that the
onset temperatures do not change significantly with heating rates. However, this calibration
does not work well for cooling, so that the transition temperatures on cooling change with
cooling rates.

Because of the influence of temperature gradients within the sample and thermal
conductivity effectsthe typica accuracy of temperatures measured by DSC isnot better than
+0.5 K. Thesmallest possi bletemperature-modulation amplitudeis0.05 K with stepsof +0.1
K and this leads to arelative accuracy of perhaps +0.01 K for temperature differences. For
n-paraffinswhich have narrow transition regions, the 0.05 K amplitude can fix themelting end
with accuracy as high as £0.05 K by covering the complete melting range in steps of 0.1 K.
For the polymers, however, it would take 50 timesas|ong to measurewith amplitudes of 0.05
K without leaving gaps in the analysis because their transition regions are much broader.
Therefore, as a compromise 0.5 K of temperature amplitudes were chosen for the polymer
fractionsinthisthesiswork. Thismatchesthe accuracy of absolute and relative temperature
measurement. The melting temperature of indium was in addition to measurement by
standard DSC, also measured in the quasi-isotherma modulation mode using the Thermal

Anayst 2920 with 0.05 K and 0.5 K of temperature amplitudes, and a 60 s period to identify

-41-



thedifferencesbetweentwo modes of measurement (see Section 1.3.3). To carry out this
TMDSC, the melting temperature, T,,,, of indiumwas set to be429.75 K inthe standard mode
at 10 K min™! and found then to be 429.34 K in the modulation mode with a 0.05 K
temperature amplitude, as seen in Figure 2.3 [14]. This difference between the two
measurementsisnot fully explained at present, but rests mainly with a0.03 K change of onset
temperature per K min * heating rate [14]. It occurs aso in the quasi-isothermal sawtooth
modulation mode with a 0.05 K temperature amplitude and 60 s period using the Mettler-
Toledo DSC 820. Inthiscase 0.44 K werefound in an additional experiment. To correct the
sample temperatures from quasi-isotherma measurements we added 0.41 K asacalibration
constant to dl data of quasi-isothermal measurements with a0.05 K temperature amplitude

and 60 s period. This correction is needed for the C60 data in this thesis and was applied

Calibration by Quasi-isothermal TMDSC
p=60s m = 1.085 mg
A=2005K  T,increasing 0.1 K stepwise
_430.0¢
[} E |
§ 429.8F — eX0 0.0 %
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D 42906F f ] m
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Figure 2.3. Difference between standard DSC and quasi-
isotherma TMDSC measurements for melting temperature of
indium. Measured by TA Instruments 2920 with 0.05 K
temperature amplitude and 60 s modulation period and copied
from [14].

-42-



earlier to the data for C,¢H,,, C44 and C50 [2].

When the temperature amplitude in the modulation mode was changed to 0.5 K,
which is the most often used temperature amplitude in this thesis, the melting temperature,
T, of indium was found to be 428.88 K after it was set to be 429.75 K in the standard mode
at 10 K min"%. Figure 2.4 showsthe analysis. The difference of 0.87 K was similarly added
as a cdlibration constant for the sample temperature to dl data out of quasi-isothermal
measurements with a 0.5 K temperature amplitude and a 60 s period.

The relation between the temperature difference and modulation frequency is not
established yet. For moreinformation regarding to the differences depending on temperature

amplitude afurther study is necessary and in progress.
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Figure 2.4. Difference in melting temperature of indium between
standard DSC and quasi-isothermal TM D SC measurementswhen
the temperature amplitude is 0.5 K.
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2.3 Evaluation of reversing heat capacity

To measurethereversing heat capacities, three measurementsare necessary, asample
run, an empty run, and a reference run using an identical temperature programing method.
The sample run isdone with the desired samplein an duminum pan on the sample side of the
calorimeter and an about 1 mg lighter empty aluminum pan than the sample side pan on
reference side. The pan on reference side stays on the reference side for al three
measurements and the empty pans on the sample side are al similar in their masses, 1 mg
heavier than the reference pan. The empty run uses asimilar mass empty pan on the sample
side calorimeter and the same empty pan on reference side. The referencerun is carried out
with areference materia in apan for heat capacity, normally sapphire single crystal, on the
sample side calorimeter and the same empty pan on reference side. The sampling intervas
are3 sand 1 s per point for Therma Analyst 2920 MDSC® and Mettler-Toledo DSC 820,
respectively.

After these three measurements, the modulated heat-flow rates are analyzed in the
time domain and the amplitudes of the first harmonic of the Fourier series (Ag) are collected.
The modulated sample temperatures are treated in same way and the amplitudes of the first
harmonic of the Fourier series (A;) are collected. Using eq (1.13) assuming that the
frequency-dependent constant K(w) equals one, a preiminary apparent, reversing heat
capacity is calculated for each temperature in units of mJ K . The derivation step of eq

(2.13) isdescribed in the Section 1.3.3 briefly and details can be found in ref. [16].



Figure 2.5 shows an example of the resulting preliminary, reversing heat capacity for
each measurement in the time domain for 22 consecutive runs of a CyH,,, mixture with
C,H,g, inthe melting range. The software provided by the TA Instruments computes the
preliminary, reversing heat capacity (C,”°) using the following equation [80]:

smoothed <Ay>
C pre -

P smoothed <A..> o
3

(2.2)

and gives the figure after each measurement, but they call it “complex heat capacity” which
IS an incorrect nomenclature.

The next step in the evaluation was an inspection of the preliminary, reversing heat
capacity and sample temperature of each run in the time domain. The sample temperature
should be T, of eq (1.9) (see the Section 1.3.3), which corresponds to the mid-temperature

of the modulated temperature. In TA Instruments softwarethey call it “ sampletemperature’.
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Figure 2.5. An example of the preliminary, reversing heat
capacity from quasi-isothermal TMDSC measurements for each
temperature, T, in the time domain.
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Each quasi-isothermal run lasted 20 min. The last 10 min data of the preliminary, reversing
heat capacity in time domain are taken as the data point for the given T, and plotted as a
function of sample temperature for each measurement. When data over the last 10 min are
practically constant, as shown in most data in Figure 2.5, there is no problem to evaluate a
reversing heat capacity. If the reversing heat capacity, however, keeps changing (increasing
a‘c inFigure25or decreasing at ‘d, ‘b’, ‘d’, and ‘€ in Figure 2.5) even after the 20 min
run, not reaching a steady state which is necessary to evaluate areversing heat capacity, the
data must be discussed in the time domain. In this case the last data point is taken and
recorded it as areversing heat capacity after 20 min. To get atruly reversible heat capacity
the duration of modulation should be extended up to 600 min. The reversing heat capacity
from a 600 min measurement is fit into an appropriate exponential function and then
extrapolated to infinite time. Outside the transition regions, 20 min modulation is enough
to get the steady state. The details of the extrapolation to infinite time will be discussed in
Section 4.

To approximately correct for the asymmetry of the equipment, the heat capacity of
the empty run is subtracted from those of the sample run and the reference run. Data are
recorded as specific quantitiesfor asample mass of onegram, Jg K ~* or with the molar mass
of small molecule or repeating unit of polymer, Jmol *K™*. Asafina step the preliminary,
reversing heat capacity of the sample run is multiplied by the heat capacity calibration
constant (K.), calculated from the reference run with sapphire at the given temperature,

frequency and pan weights, as given by:
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C,"(sapphire)
C,P"*(sapphire)

K. =

where C."* (sapphire) is the literature heat capacity data of sapphire, available in ref. [81].
With this K, the constant K(w) in eq (1.13) is aso corrected.

For the data from the Mettler-Toledo DSC 820, the Fourier transformation of the
experimental data of the heat-flow rate and the sample temperature had to be carried out
separately using software provided by the manufacturer. The obtained amplitudesfor thefirst
harmonic of the heat-flow rate (Ag) and the sample temperature (A; ) were then transferred
asASCII datato aPC and the preliminary, reversing heat capacity, C ¢, was evaluated using
eq (1.13) with K(w) = 1 through the commercia SigmaPlot™ program version 4.00. Once
getting the preliminary, reversing heat capacity for al three runs, calculation process is same

as done for datafrom TA Instruments.

2.4 Samples

The paraffin discussed inthisthesisis n-hexacontane (Cy,H,,,, C60) with 98% purity.
It wasobtained from Aldrich Chemical Co., Inc., Milwaukee, WI. Databank values(estimate
based on ref. [82]) of thermal properties for this paraffin are listed in table 2.1 with other
paraffins with shorter chain length analyzed in my master thesis.

Polyethylene (PE) standard materials were purchased from Scientific Polymer
Products Inc., Ontario, NY. Their weight average molar masses (determined by scattered

light photometry) are 560, 1150, 2150 and 15520 and the samples are labeled as PE560,
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PE1150, PE2150, and PE15520. The number average molar masses are determined to be
515, 960, 1870 and 14400, respectively by membrane osmometry. The polydispersity indices
are, thus, 1.09, 1.20, 1.15 and 1.08. The polymers PE560, PE1150 and PE15520 were
synthesized by hydrogenation of polybutadiene.

Poly(oxyethylene) (POE) molar mass standard for 1500 Dawith aM,, of 1500, aM,,
of 1428, and a M /M, = 1.05 was purchased from Polyscience, Inc., Warrington, PA
(POE1500). Two additional poly(oxyethylene)sfrom FlukaChemie AG haveweight average
molar masses of 1960 and 3060 (POE1960 and POE3060, respectively). They are polymer
standardsfor Liquid chromatography (L C) and Gel permeablechromatography (GPC). Their
polydispersity indices are 1.03. The thermal properties of PE and POE are summarized in

Table 2.2. Also, the crystalline properties of PE and POE are listed in Table 2.3.

Table 2.1. Thermal properties of paraffins from ATHAS data bank

sample equilibrium T (K) | heat of transition (kJmol %)
N-CogHs, T,=326.5 AH, = 32.22
T,=3295 AH, =59.5
N-C,Heo? T, = 359.6 AH, = 140.1
N-CygoH 0,2 T, = 365.3 AH, = 158.17
N-CgoH 120 T, =372.9 AH, = 178,51

& Samples analyzed in [2].
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Table2.2. Thermal propertiesof equilibrium polyethyleneand poly(oxyethylene) from

ATHAS data bank
sample equilibrium heat of transition glass transition
temperature (K) (kJmol )2 temperature (K)
polyethylene T, =414.3 AH, =4.11 T,=237
poly(oxyethylene) T, =342.0 AH;, = 8.66 T,=206

#Themoleinthe dimension refersto one CH,-group in PE and one OCH,CH,-group

in POE, i.e, it is 14.03 and 44.06 Da., respectively.

Table 2.3. Crystal properties of polyethylene and poly(oxyethylene)

PE POE
crystal structure orthorhombic monoclinic
chain conformation (A * u/t)® 2x2/11 3 x7/2
unit cell parameters (A) a 7.407 8.05
4.949 13.04
c 2551 19.48
angle (°) - B=1254
density (g cm3) 0.9961 1.229

@ All datafrom fiber samples. PE data from ref. [83] and POE datafrom ref. [84].
® The symbol represents a helix with motifs of A chain atoms, u motifsand t turns of

the helix per trandatory identity period along the helix axis[85].
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The reference sample (calibration material for heat capacity) is an auminum oxide
(Al,O,) single crystal disc (sapphire) of 22.56 mg purchased from TA Instrumentsinc. Itis
aclear crystal and itsmelting temperatureis2323 K. The outer diameter is0.135 inches and
the thickness is 0.020 inches. The indium, calibration materia for temperature and heat
capacity is purchased from Mettler-Toledo. It is manufactured as a disc with 0.015 inches
thickness and flattened for better heat conduct when it is encapsulated in a pan.

The samplemassesused for anadyseswere0.2)1.0, 0.7) 2.1 and 2.1) 2.5 mg for C60,
PE samples and POE samples, respectively. The samples were weighed on a Cahn C-33
electro-balance to an accuracy of £0.001% of thetotal load (50 mg). For the Mettler-Toledo
DSC 820 the samples were encapsulated in the 40 pL standard aluminum pans without
center pins and with a cold-welded cover. The reference pan was an duminum pan with a
center pin and acover. Therma Analyst 2920 M DSC® from TA Instruments Inc. was used
with 20 puL standard Al panswith cover for the samplesand the empty reference. Inall cases
the reference pan was the same, and its mass was smaller than the sample pans.

Theequation (2.4) isheat of fusion of low molar mass PE asafunction of temperature
derived from experimental data of paraffin and PE at the melting temperature [7]. Initially,
the heat capacity-temperature relation was measured and the temperature dependence of the
heat of fusion was derived from the relation. The heat of fusionisgiveninJg™*. At 414.8
K this equation leads to a heat of fusion of 295 Jg*, which correspondsto 4.14 kJmol * in

good agreement with the equilibrium heat of fusion at equilibrium melting temperature of PE.

AH, = 93.22 + (4249 x 10°%)T? - (7.413 x 10°%)73 (2.4)

The PE samplesanayzed inthisthesisarelow molar massfractions much shorter than

equilibrium PE. When one calculatesthe crystallinity, the equilibrium heat of fusion leadsto
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wrong result. The heat of fusion depending on the temperature should be used as reference
for the crystallinity.

Also the POE samplesin thisthesis are low molar massfractions, so the temperature
dependence of the heat of fusion should be considered. For POE thereisno derived equation.
One can derive the heat of fusion as afunction of temperature based on the definition of the
heat of fusion expressed by:

AH, = H, - H, (2.5)
where H, is the enthal py of amorphous and H,, the enthapy of crystalline.

Then, the expression of eq (2.6) is derived from eq (2.5).

dAH,
dT

= Cp(a) - Cp(c) (2.6)

That is, the heat of fusion depending on the temperature can be obtained from the difference
between the heat capacities of 100% crystalline and 100% amorphouslisted in ATHAS data

bank. The data of PE and POE are summarized with the melting temperaturesin Table 2.4.
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Table 2.4. Médting temperature and heat of fusion of polyethylene and

poly(oxyethylene) fractions cal culated depending on their molar mass.

sample | melting temperature (K)? | heat of fusion (kJmol %)°
PE560 T,=3545 AH, = 4.17
PE1150 T,=383.3 AH, =421
PE2150 T, =397.2 AH, = 4.19
PE15520 T,=4119 AH, =4.15
POE1500 T,=3223 AH, =931
POE1960 T,=3265 AH, =931
POE3060 T,=3317 AH, =9.30

4The melting temperatures depending on the molar masses of PE fractions cal culated
by eq (3.1) and that of POE fractions by eq (3.2).

® The heats of fusion depending on the melting temperature of PE calculated by eq
(2.4) and those of POE was taken from the differences between the crystalline and
amorphous heat capacity at the corresponding temperatures listed in ATHAS data
bank.
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CHAPTER 3

RESULTS

3.1 n-Hexacontane, n-CyH,,,

The analysis of the n-paraffins C,,H,,,, C,,Hy, and C,H., which were chosen as
simple model compounds for polyethylene was described in the master thesis of J. Pak,
Department of Chemistry, The University of Tennessee, Knoxville, TN, 2000 [2]. All these

paraffins solidify as extended chain crystals. Unexpectedly these paraffins did not show

supercooling on crystallization from the melt as shown in Figure 3.1 [86, 87]
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Figure 3.1. Onset temperatures of the phase transitions of n-
paraffins as a function of the scanning rate, as measured by
standard DSC. Melting and crystallizationismarked by @: C60,
F: C50, A: C44,[1: C26 (for C26 isotropization). Datafrom ref.

[2] except for C60.
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recent study of the heterogeneous and homogeneous nucleation of n-alkanes by Sirotaet al.
[3-5] such results were reported for n-paraffins with 21<n<37 carbon atoms. The same
authors reported an about 15 K supercooling before homogeneous nucleation of paraffinsis
possible. This is much smaller than the degree of supercooling of 50 K needed for
homogeneous nucleation of polyethylene, which inturnislessthan the supercooling of most
other polymers analyzed [1].

Quiterecently alonger n-paraffin samplebecameavailable, n-hexacontane, n-CyH,,,.
This paraffin was used to extend the earlier analysis and to check on the phase diagram of

3.1.1 Standard DSC of n-CgH .,

The onset temperatures of crystallization and melting of n-hexacontane asafunction
of scanning ratewhen measured by standard differential scanning calorimetry (DSC) isadded
to Figure 3.1 (filled circles). The open symbols are the onset temperatures of the transition
of the n-paraffins hexacosane, tetratetracontane, and pentacontane [2]. The onset
temperatures of melting and crystallization of n-CyH,,, are somewhat lessthan 372.9K, the
equilibrium melting temperature, T,,°, as caculated from the empirical equation of
Broadhurst [88] which fits the experimental data from n-C,,H,, to n-C,,,H,,, with a root-

mean-square deviation of £0.41 K [7]:

T _ 4146 (x - 15)
m (x + 5.0

(3.1)

with x representing the number of carbon atomsin the n-paraffin.
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There seemsno supercooling for n-CyH,,, melt crystallization and n-Cg,H,,, behaves
like al the other n-paraffins analyzed. More accurate data of the apparent reversing heat
capacity were generated by quasi-isothermal TMDSC with a very small amplitude of 0.05
K and 60 s of period on heating and cooling sequences. The data are presented in Section

312

3.1.2 TMDSC of n-CgH .,

Figure 3.2 displaysthe results of the measurement of the apparent heat capacities by
standard DSC on heating at 10 K min™*, followed by quasi-isothermal TMDSC of melt-
crystallized n-Cg,H,,, after acooling at arate of 10 K min™*, and afinal sequence of quasi-

isothermal TMDSC with successively lower temperatures starting from the melt. The

901 ¢, H,,, 0.198 mg
804 TA Inst. 2920
70 Standard DSC
at 10 Kimin
_—~ 60
=2 50-
X
— 404
~ O heating
O 301 , cooling
204 Quasi-isothermal TMDSC
10 A=0.05K p=60s 372.0K
0l @@« ® @ @ @

345 350 355 2360 365 370 375 380
Temperature (K)

Figure 3.2. Heat capacity of n-Cg,H,,, on heating by standard
DSC and apparent reversing heat capacities on heating and
cooling by quasi-isothermal TMDSC. Open circles and filled
circles represent the first heating and subsequent cooling,
respectively.
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apparent total C, by standard DSC, run prior to the quasi-isothermal measurements is
indicated by the solid line. The open circles are the apparent, reversing heat capacities,
obtained from the subsequent quasi-isothermal TMDSC at increasing temperatures. The
guasi-isothermal measurements with decreasing temperatures depicted by thefilled circles.
The quasi-isothermal runs are started at the constant temperature, T, and heated and cooled
sinusoidally for 20 min within £0.05 K temperature with a period of 60 s. Inside the
transition region, the duration of the modulation was extended to 40 min to achieve steady
state which is necessary to evaluate steady state heat capacity values.

The quasi-isothermal heating runs show that the end of melting is 372.0 K. The
quasi-isothermal cooling run after thefirst heating provesthat the beginning of crystallization
occurs also at 372.0 K. There is, thus, also no supercooling of n-CyH,,, in the quasi-
isothermal TMDSC experiments with 0.05 K of amplitude as was also found for the other
paraffins analyzed in ref. [2].

The apparent reversing heat capacity plot from the run at increasing temperature
showsasizeable contribution to the melting, but lessfor the run with decreasing temperature.
The width of the region of melting of n-Cy,H,,, ismore than 5 K, and the maximum in the
reversing C, of heating run reaches about 60% of the C, of the melting peak by standard

DSC.

3.1.3 Eutectic study, 50:50 mixture of n-CgH, 4, and n-CgH 5,
An equamolar mixture of the paraffinsn-Cg,H, o, and n-C¢H,,, was made by heating

at 10K min *followed by crystallization fromthemelt. InFigure 3.3, the apparent reversing
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Figure 3.3. Apparent, reversing heat capacities of mixture of
n-CgH,,, and n-C.,H,,, compared with those of n-CyH,,, and
n-Cg,H,, 0on heating by quasi-isothermal TMDSC. Data for
N-CgyH, 0, Was modified from [86].

heat capacities are plotted as afunction of temperature. The opencirclesaren-C,,H,,, data
from ref. [2] and the triangles are the n-C,H,,, data recalculated from the identical
experiments asfor the open circlesin Figure 3.2. Asseenin Figure 3.3, the melting peak of
the mixture shiftsto higher temperature in comparison of the melting peak of puren-C,H,,,
paraffin and it results in a peak temperature of 365 K. The detailed calculation of a phase
diagram is given in the discussion section. The melting peak of the mixtureis at a lower
temperature than the melting peak of pure n-CyH,,,. Also, the width of melting of the

mixtureis about 12 K, wider than either melting peaks of n-CgH, o, or n-CyH,,,.
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3.2 Polyethylene-Extended Chain Crystals

As seen in section 3.1, n-paraffins up to n-Cg,H,,, did not show any supercooling.
Therefore, | decided to extend this research with n-paraffins with lengths that ultimately
would exceed the length for chain folding. With such materials, the effects seen in multi-
component systems could be avoided, simplifying the interpretation of the data. It iswell
known, that paraffins of different chain length, as well as polymer fractions below molar
masses of about 20,000 Da can undergo eutectic phase separation on crystallization [7].
Sufficiently long paraffins to undergo chain folding were produced in the past in Great
Britain with support of their Engineering and Physical Research Council (EPSRC). Our
request for samples, known to be available, was denied because “universally and without
exception” EPSRC imposed the condition that “no material must leave the country.”
Naturally, we are of the opinion that fundamental research will be impeded when nationa
interests limit exchange of information. Fortunately, the commercially available sample
PES60 is sufficiently similar in its crystal nucleation behavior to n-paraffins up to C,H,,
studied earlier inmy thesis[2], that major parts of the research did not have to be abandoned.
The surprising finding that n-paraffins practicaly do not need primary, secondary, or
molecular nucleation up to considerablelengthsintypical experimental environmentscarries
over into oligomer fractions generated out of polymers (PE560, PE1150, and PE2150) as

main samples described in thisthesis.
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3.2.1 Melting temperatures as a function of scanning rates

To observe the difference between linear macromolecules and paraffins, the low-
molecular mass polyethylene (PE560) with a molar mass close to the paraffin C40 was
investigated first in the same manner prior to the further study with longer polyethylene
oligomers.

Figure 3.4 contains a plot of the peak temperatures of crystallization and melting of
the oligomers of this research asafunction of the scanning rate when measured by standard
differential scanning calorimetry (DSC). Thesquaresin Figure 3.4 arethe peak temperatures
of the transition of PE560. The peak temperatures of melting of PE560 are somewhat less
than 354.5 K, the equilibrium melting temperature, T,,,°, of n-C,,Hg,, as calculated from the

empirical equation (3.1). Thenumber-averagemolar massof PE5S60 correspondston-C,,H-,

400 F—
Tmo of C1 53H303 o 5 OPE021 5%
9390' Tm of Cg2H166 o PE 1150
< o 0 0 © A A A A A
L3804 A A A T\ 4o
2
o
2 370-
£
©
— 3604
Y
SRy P PE 560
o 3509d Tm of C4oHg2 - 0o o
O o d o o O
340 T T T T T T T
-15 -10 -5 0] 5 10 15

Rate of Temperature Change (K/min)

Figure 3.4. Temperatures of crystallization and melting peaks of
polyethylene oligomers as a function of scanning rates when
measured by standard DSC at 10 K min'*. F: PE 2150, A: PE
1150, [1: PE 560.
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which has according to eq (3.1) aT,,” of 350.2 K. Between the data taken on heating and
coolingthereisat best asmall indication of supercooling whichisfurther investigated bel ow
by using quasi-isothermal TMDSC. Because of the molar mass distribution in PE560, one
might assume that the smallest crystals melt first, but the largest molecules crystallizefirst,
complicating the quantitativeinterpretation of the melting peaksthat lead to Figure 3.4. The
very small indication of supercooling is in need of further research and analyzed with
TMDSC in Section 3.2.2.

The melting and crystallization temperatures of the longer polyethylene oligomers,
PE1150 (=C82) and PE2150 (= C153) area so shownin Figure 3.4 with trianglesand circles,
respectively. In contrast to the paraffins and PE560, there is a significant amount of
supercooling in the PE1150 and PE2150. The PE1150 and PE2150 are expected to have
equilibrium melting temperatures of 383.0 K and 397.2 K, close to the observed values.
From thisobservation, it isobviousthat these two oligomers have the extended chain crystal
morphologies. Of importance for the further discussion is that both, PE1150 and PE2150
show similar supercoolings of about 10 K on crystallization, compared to almost none seen

for the n-paraffins and PES60.

3.2.2 TMDSC of PE560

Figure 3.5 displays the results of measurements by standard DSC and quasi-
isothermal TMDSC of melt-crystallized PE5S60. The apparent total C, by standard DSC, run
prior to the quasi-isothermal measurements, is measured with a heating rate of 10 K min*

and is indicated by the solid line. In this figure, and all subsequent ones, the mole in the
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Figure 3.5. Apparent heat capacities measured by standard DSC
and quasi-isothermal TMDSC for PE560 crystallized first from
the melt on cooling at 10 K min. The solid lineis obtained by
standard DSC at 10 K min* and the open circles represent the

apparent, reversing heat capacity by quasi-isothermal
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measurements.

dimension of the heat capacity refersto one CH,-group, i.e., itis14.03 Da. Theopencircles
are the apparent, reversing heat capacities, obtained from the subsequent quasi-isothermal
TMDSC at increasing temperatures. A quasi-isothermal modulation TMDSC runiscarried
out at one temperature (mid-temperature of sinusoidal temperature cycle). Samples are
raised to the chosen constant temperature, T, and are heated and cooled for 20 min within
+0.5 K temperature range by the sinusoidal modulation program of a60 s period. Outside
the melting transition region, 20 min was enough to reach steady state, but inside the
transition region, it was not enough so the duration of the modulation was sometimes
extended up to 600 min to achieve steady state which is necessary to evaluate the accurate

reversible, apparent heat capacities. Only when necessary, was the duration of the
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modulation extended. The apparent, reversing heat capacities are obtained from 20 min
modulation series. The measurement series, for example, are accomplished from 261 K to
388 K for PE560 in steps of 1.0 K (inside the transition region) to 5.0 K (outside the
transition region). Thecrystallinity was determined by standard DSC using the heat of fusion
at the average temperature of measurement [7]. It was 70% after cooling at 10 K min %, and
improved to 82% after the long-time, quasi-isothermal runs on cooling in steps to different
values of T, which permit the increased annealing. The two peaks in the melting curve of
Figure 3.5 are not clearly separated in the standard DSC run, but are revealed more clearly
inthe TMDSC runs. The melting temperature of 354.5 K for n-C,,Hg, with asimilar molar
mass to PE560, approximates the higher temperature peak. Thefirst peak ismost likely due
to the eutectic separation of the different mass crystals and may aso contain some of the
enthal pies of transition to a high-temperature mesophase, observed in paraffinswith alower
massthan n-C,,Hg,. The apparent reversing heat capacity plot showsasizeable contribution
to the melting, but not as much asis seen for the pure n-C,H,, which crystallizesreversibly
to almost 100%. When measured by quasi-isothermal TMDSC with an amplitude of aslittle
as0.05 K, 66% of the total crystals of n-C,H,,, melt within 0.1 K or less, and all fusionis
completewithin 1.0 K [86], i.e., with the present, larger modulation amplitude of 0.5 K, the
melting would have been practically fully reversing. The width of the region of melting of
PES60 is more than 30 K, and the maximum in the reversing C, reaches only haf the C, of
the melting peak by standard DSC. The broadening of the melting of PE560 in the quasi-
isothermal measurements is, thus, most likely due to the chain-length distribution. The

additional shift to higher temperature in the standard DSC experiment for the high-
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temperature potion of the melting peak and the end of melting isdueto thethermal lag of the
calorimeter when heated at 10 K min™* through the melting region [89].

Figure 3.6 contains three eutectic diagrams of PE560 with several paraffins, n-
Cy¢Hs,,n-Cy,H,s and n-C,,H,.,. Asdepicted in the figure, the eutectic points are cal culated
tobe329.4 K, 347.6 K and 353.6 K, respectively. Thearrowsin theleft Y-axis point to the
equilibrium melting temperatures for each paraffin and the arrow in the right Y-axis for
PES60. The detail of the eutectic diagram is given in discussion section.

In Figure 3.7, the experiment of Figure 3.5 is continued by quasi-isothermal
measurements with decreasing temperatures starting from the melt. The apparent reversing
heat capacities are plotted as a function of temperature, as before. The quasi-isothermal

heating runs show that the end of meltingisat 355 K. The quasi-isothermal cooling run after
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Figure 3.6. Eutectic phase diagrams computed for mixtures of
PE560/C50, PE560/C37 and PES60/C26. (Note that PES60 has
an average chain length of 40 chain atoms.)
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Figure 3.7. Apparent, reversing heat capacities of PE5S60 on
heating and cooling by quasi-isothermal TMDSC. Open circles
and filled circles represent the first heating and subsequent
cooling, respectively.

the first heating proves that the beginning of crystallization occurs also at 355 K. Thereis
no supercooling of PE560 in the quasi-isothermal TMDSC experiments with 0.5 K of
amplitude.

In Figure 3.8, the experiment of Figure 3.7 is continued by quasi-isothermal
measurements with increasing temperatures starting from 260 K, followed by a subsequent
second cooling run. The apparent reversing heat capacitiesfrom the second heating runsare
added to Figure 3.7. A second cooling run is not depicted in Figure 3.8, but it was identical
to thefirst and proves that the beginning of crystallization occursalso at 355 K. The quasi-
isothermal second heating runs show that the end of melting is at 355 K, therefore, it is
obviousthat thereisno supercooling of PES60 in the quasi-isothermal TMDSC experiments

with 0.5 K of amplitude. The shifts of the peak positions between first and second heating
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Figure 3.8. Apparent, reversing heat capacities of PE560 on
heating and cooling by quasi-isothermal TMDSC. Open circles,
filled circles, and trianglesrepresent thefirst heating, subsequent
cooling, and the second heating, respectively.

runs can be explained by changes in the co-crystallization of different chain lengths and
perfection in the crystal morphology, as is aso indicated by the increase in the overall
crystallinity mentioned above.

The higher apparent reversing heat capacitiesin the regions of the points marked a-f
in the cooling sequence relative to g-i in the heating sequence are analyzed in the more

detailed graphs in discussion section.

3.2.3TMDSC of PE1150
Figure 3.9 represents the results for PE1150. The thick, continuous solid lineisthe
apparent total C, from the standard DSC at 10 K mi n', carried out prior to the quasi-

isothermal TMDSC measurements. The open circles are the apparent reversing C, obtained
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Figure 3.9. Apparent heat capacities of PE1150 crystallized first
from the melt on cooling a 10 K min*. The solid line is
obtained by standard DSC at 10 K min™* and the open circles
represent the apparent, reversing heat capacity by quasi-
isothermal TMDSC.

from thefirst quasi-isothermal heating TMDSC runs. The peak temperature of 383.61 K of
the standard DSC run iscloseto the equilibrium melting temperature of n-Cg,H, ¢, (383.0 K).
Thecrystallinity is82.9%, cal culated from the heat of fusion obtained from the standard DSC
run, and the melting range is, again, about 30 K wide.

Figure 3.10 displays only the reversing heat capacity plots of PE1150 as afunction
of temperature, enlarging the ordinate. The dotted lineindicatesthe heat capacity of a100%
amorphous, liquid sample, as giveninthe ATHAS databank.® The solid line is computed
for an 83% crystalline sample. The end of melting on first heating is at 386.2 K, and the
onset of crystallization on first cooling is382.1 K. Thedifference of about 4.1 K represents

the supercooling of PE1150.
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Figure 3.10. Apparent, reversing heat capacities of PE1150 on
heating and cooling by quasi-isothermal TMDSC. Open circles
and filled circles represent the first heating and subsequent
cooling, respectively.

In Figure 3.11, the experiment of Figure 3.10 is continued by quasi-isothermal
measurements with increasing temperatures starting from 301 K, followed by a subsequent
second cooling run. The apparent reversing heat capacitiesfrom the second heating runsare
added to Figure 3.10. A second cooling run is not depicted in Figure 3.11, but it was
identical to thefirst. The second heating runs exhibit that the end of melting isalso at 386.2
K. The apparent reversing plots of C, on cooling and on second heating are matched from
low temperature to around 354 K. After 354 K, the C, on second heating starts to deviate
and the maximum becomes higher than on first heating and on cooling. The apparent
reversing C, on first heating is somewhat higher in the low temperature region, but the

maximum is lower than for the other runs. The magnitude of the apparent reversing C, in
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Figure 3.11. Apparent, reversing heat capacities of PE1150 on
heating and cooling by quasi-isothermal TMDSC. Open circles,
filled circles, and trianglesrepresent thefirst heating, subsequent
cooling, and the second heating, respectively.

themeltingissmaller than for PE560, but issimilar to that found for other polymers[32—-35],
but still larger than that for most polymers. At low temperature, the expected heat capacity

without latent heat contributionsis reached only below 301 K.

3.24 TMDSC of PE2150

Figure 3.12 representstheresultsfor PE2150. Again, thethick, continuoussolidline
isthe apparent total C, from the standard DSC at 10 K min™*, carried out prior to the quasi-
isothermal TMDSC measurements. The open circles are the apparent reversing C, obtained
from thefirst quasi-isothermal heating TMDSC runs. The peak temperature of the standard
DSC run is close to the equilibrium melting temperature of nN-C,;H,ps (397.2 K). The

crystallinity is89%, calculated from the heat of fusion obtained from the standard DSC run,
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Figure3.12. Apparent heat capacitiesmeasured by standard DSC
and quasi-isothermal TMDSC for PE2150 crystallized first from
the melt on cooling at 10 K min. The solid lineis obtained by
standard DSC at 10 K min* and the open circles represent the
apparent, reversing heat capacity by quasi-isothermal
measurements.

and the melting range is, again, about 30-40 K wide, although the main melting peak is
much narrower and steeper than seen in PE5S60. The apparent reversing heat capacity plot
shows only avery small contribution to melting. The shallow peak at about 370 K in the
standard DSC trace is also largely irreversible, i.e., it is very much reduced in the quasi-
isothermal TMDSC runs. Enlarging the ordinate, as shown in Figure 3.13, reveals that the
remaining 370 K-peak on first heating disappearsfully on cooling, and does not reappear on
second heating, due to the better crystallization on cooling under TMDSC conditions.

Figure 3.13 displays the apparent, reversing heat capacity plots of PE2150 as a
function of temperature as described in Figure 3.7 for PE560. The dashed lineisthe C, for

100% crystalline PE without latent heat contributions, and the dotted line is for a 100%
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Figure 3.13. Apparent, reversing heat capacities of PE2150 on
heating and cooling by quasi-isothermal TMDSC. Open circles
and filled circles represent the first heating and subsequent
cooling, respectively.

amorphous sample, as given in the ATHAS data bank [90]. The solid line is computed for
an 89% crystalline sample, as measured by standard DSC. The end of melting on heating is
at 397.8 K, and the onset of crystallization on cooling is 392.0 K. The difference of about
5.8 K represents the supercooling of PE2150.

In Figure 3.14, the experiment of Figure 3.13 is continued by quasi-isothermal
measurements with increasing temperatures starting from 281 K, followed by a subsequent
second cooling run. The apparent reversing heat capacitiesfrom the second heating runsare
added to Figure 3.13. A second cooling run is not depicted in Figure 3.14, but it was
identical to the first and ascertains that the beginning of crystallization occurs also at 392.0
K. The second heating runsexhibit that the end of meltingisat 397.9K, little bit higher than

the first heating runs. However, it is not significant. The difference of about 5.8 K
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Figure 3.14. Apparent, reversing heat capacities of PE2150 on
heating and cooling by quasi-isothermal TMDSC. Open circles,
filled circles, and trianglesrepresent thefirst heating, subsequent
cooling, and the second heating, respectively.

represents the supercooling of PE2150. The apparent reversing plots of C, on cooling and
on second heating are matched from low temperature to the temperature of the maximum.
The maximum on first heating is higher than on second heating and on cooling. Theinitial
crystals melt during the first heating sequence and then crystallize into better crystals on
subsequent cooling, due to the slower quasi-isothermal heating and cooling experiments.
The better crystals melt on subsequent second heating with aretracing of the reversing C, of
the prior cooling experiment. The magnitude of the small amount of apparent reversing C,
inthemelting rangeissimilar to that found for other polymers[32—35]. Atlow temperature,
the expected heat capacity without latent heat contributionsis reached only at about 280 K,
i.e.,, a smal amount of reversing melting and crystallization exists even below room

temperature. Thisincreasein heat capacity below room temperatureisknown from standard
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calorimetry for amost 40 years [91]. It increases substantially with decreasing crystal
perfection, as was studied recently by an extensive analysis of poly(ethylene-co-octene-1)
[27, 28]. Moredetailsabout the crystallization and melting are displayed in thetime domain
in the discussion section.

PE1150 and PE2150 behave similarly and are examples of extended-chain crystals

which crystallize with supercooling.

3.3 Polyethylene-Folded Chain Crystal

3.3.1 Melting temperatures as a function of scanning rates

The true polyethylene PE15520 (=C1106) is analyzed next. Figure 3.4 is plotted
again now with the additional datafor PE15520 asfilled circlesin Figure 3.15. In contrast
to PE5S60 and similar to PE1150 and PE2150 thereisasignificant supercooling in PE15520,
as indicated by the mark } The PE1150 and PE2150 melt not far from the expected
equilibrium melting temperatures extrapolated from eq (3.1) in Section 3.2.1 as marked in
Figures 3.4 and 3.15. However, the melting temperature of PE15520 is about 30 K lower
than that expected for an equilibrium crystal of polyethylene of this molar mass with an
extended chain macroconformation (411.9 K), and even approximately13 K lower than that
for PE2150, in spite of the fact that PE15520 is 7 times longer than PE2150. It is obvious
that chain folding, which has been observed for chain lengths above 37 nm [46, 47], isthe
mainreason for thelarge difference between the expected and measured melting temperature
of PE15520 [7]. Furthermore, one might expect a difference between extended chains and

folded chains for the molecular nucleation process, but there seems to be no difference. Of
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Figure 3.15. Temperatures of crystallization and melting peaks
of polyethylene and its oligomers as afunction of scanning rates
when measured by standard DSC at 10 K min™*. M: PE 15520,
F: PE 2150, A: PE 1150, [I: PE 560. (Compare to Figure 3.4)

importance for the further discussion is, thus, that both, the chain-folded PE15520 and the
extended-chain PE2150 show similar supercoolings of amost 10 K as depicted in Figure

3.15.

3.3.2 TMDSC of PE15520

Figure 3.16 represents the results for PE15520. Again, the thick, continuous solid
lineis the apparent total C, by standard DSC at 10 K min™*, carried out prior to the quasi-
isothermal TMDSC measurements. The open circlesarethe apparent reversing C,,, obtained
from the quasi-isothermal heating TMDSC. The crystallinity determined from the heat of
fusion measured by standard DSC is55%. On the standard DSC trace, there aretwo peaks

which are close to each other. Probably, the second peak results from better crystals
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Figure3.16. Apparent heat capacitiesmeasured by standard DSC
and quasi-isothermal TMDSC for PE15520 crystallized first
from the melt on cooling a 10 K min*. The solid line is
obtained by standard DSC at 10 K min™* and the open circles
represent the apparent, reversing heat capacity by quasi-
isothermal measurements.

produced by annealing during heating [7]. Inthe apparent, reversing C, trace, the two peaks
merge to one very small peak at 380.8 K. Thereisalso avery broad, shallow maximum at
367.8 K which seems to correspond to the shoulder at 370 K in the standard DSC trace.
Overdl, the quasi-isothermal, apparent reversing heat capacity covers only asmall part of
the total melting peak, but extends to low temperature. Melting and crystallization is thus
largely irreversible with an extended |ow-temperature, reversing contribution.

Figure 3.17 shows again an enlarged representation of the reversing melting with
additional cooling TMDSC traces. Thedouble-peak by standard DSCin Figure 3.16 at about

380 K reducesto asingle peak onfirst heating by TMDSC, and isbarely visible on cooling.
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Figure 3.17. Apparent, reversing heat capacities of PE15520 on
heating and cooling by quasi-isothermal TMDSC. Open circles
and filled circles represent the first heating and subsequent
cooling, respectively.

The end of melting on first isat 387.3 K, and the onset of crystallization on first cooling is
at 381.8 K. Thedifference of about 5.5 K is the supercooling of PE15520.

In Figure 3.18, the experiment of Figure 3.17 is continued by quasi-isothermal
measurements with increasing temperatures starting from 291 K (second heating run),
followed by a subsequent second cooling run. The apparent reversing heat capacities from
the second heating runsare added to Figure 3.17. Thedouble-peak by standard DSC at about
380 K in Figure 3.16 is aso barely visible on second heating after disappearance on first
cooling. A second cooling runisidentical to thefirst, and not plotted in Figure 3.18. The
first peak in Figure 3.18 on TMDSC is at the position of the weak shoulder at 367.8 K. The
end of melting on second heating is at 386.8 K, 0.5 K lower than the first heating and the

onset of crystallization on second coolingisat 381.8 K, too. Thedifferenceisstill about 5K
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Figure 3.18. Apparent, reversing heat capacities of PE15520 on
heating and cooling by quasi-isothermal TMDSC. Open circles,
filled circles, and trianglesrepresent thefirst heating, subsequent
cooling, and the second heating, respectively.

anditisthe supercooling of PE15520. Thedotted linerepresentsthe heat capacity of a100%
liguid amorphous sample, as given in the ATHAS data bank [90], and the solid lineisfor the
expected heat capacity for a sample of 55% crystallinity, as it was determined by standard
DSC, measured after all quasi-isothermal TMDSC runs were compl eted.

Thereversing C, measured on first heating has higher values than on second heating
over theentiretemperaturerange. On cooling thereversing heat capacity ismuch lower. For
the first effect, it is assumed that the initially poorer crystals melt during the first heating
sequence and then recrystallize to higher perfection on subsequent cooling, dueto the slower
coolinginthe TMDSC experiments. These better crystalsanneal |esson subsequent heating,
eliminating the peak at 380 K, but show, otherwise, a similar apparent reversing heat

capacity asthe first heating. Of further interest is the much higher C, on heating than on
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cooling, in contrast to PE2150, which retraced the reversing C, of the prior cooling
experiment on second heating (see Figure 3.14) and to PE560 where the TMDSC on cooling
showed thelarger reversing C, (see Figure 3.8). Integrating the reversing heat capacity over
the whole melting range leads to less than 10% reversing crystallinity for the cooling runs.

PE15520 as an example of the folded-chain crystal with supercooling is described
in more detail about the crystallization and melting in the time domain in the discussion

section.

3.4 Poly(oxyethylene)-Extended Chain Crystal

Toincreasetheexamplesof linear macromol ecul eswith extended-chaincrystals, low
molecular mass poly(oxyethylene)s with lengths close to those of polyethylene fractions

investigated in the previous section 3.2 were studied.

3.4.1 Melting temperatures as a function of scanning rates

Figure 3.19 contains aplot of the peak temperatures of crystallization and melting of
the poly(oxyethylene)s as a function of the scanning rate when measured by standard
differential scanning calorimetry (DSC). The squares in Figure 3.19 are the peak
temperatures of thetransition of PE1500. The peak temperaturesof melting of POE1500 are
somewhat less than 322.3 K, the equilibrium melting temperature, T,,° as calculated from
the experimental equilibrium melting temperature equation which fitsthe experimental data

from 42 fractions of different molecular weights of extended chain crystals or close to
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extended chain crystals as collected by Buckley and Kovacs with a root-mean-square

deviation of £1.43 K [92]:

1890

T = 3408 -
X

(3.2)

with x representing the number of backbone atoms (3 times the number of repeating units).

The melting and crystallization temperatures of the longer poly(oxyethylene)
oligomers, POE1960 (x =133) and POE3060 (x =208) are aso shown in Figure 3.19 with
triangles and circles, respectively. The POE1960 and POE3060 are expected to have
equilibrium melting temperatures of 326.6 K and 331.7 K, close to the observed values.
From this observation, it is obvious that these three poly(oxyethylene) oligomers have the

extended chain crystal morphologies.

T, of POE 3060 POE 3060
330_“— O O O O O
— T2 of POE 1960 POE 1960
< SRS A A
— o M iy 4
> 1.2 of POE 1500
2 320- O O oo o
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Figure 3.19. Temperatures of crystallization and melting peaks
of poly(oxyethylene) oligomers as a function of scanning rates
when measured by standard DSC at 10 K mint. F: POE 3060,
A: POE 1960, and [J: POE 1500.
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3.4.2 Standard DSC of POE1500

Selected from severa standard DSC runs, the raw data of heat-flow rate on heating
and cooling of 10 K min™* are depicted in Figure 3.20 as afunction of sample temperature.
In each heat-flow rate curvesthe upward direction isthe exothermic direction, in contrast to
heat capacity plots. There exist two peakson cooling and only one peak on heating. A more
careful look at the peak on heating shows that it seemsto consist of two peaks that merged
into one. All measurements at the different scanning rates from 1 K min* to 15 K min*
show the same results with two separated peaks on cooling and a merged single peak on
heating. Based on the fact that the equilibrium temperature of POE1500 is 322.3 K and

POE1500 is too short to form folded-chain crystals, it is clear the high-temperature peak is

64
POE1500 1.027 mg
=]
— 4 ‘[ﬁ standard DSC at 10 K min
<
E 2
2 D
£ o0 N
z L
(o]
w24 >
g
T -4
-6-
270 280 290 300 310 320 330 340 350
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Figure 3.20. HF(t) of POE1500 ver sus sampletemperature. The
upward direction HF(t) isexothermic. Heating and cooling rates
are 10 K mint.
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the main melting peak which ismain interest in thisthesis. Therefore, the peak temperature

of high-temperature peak was chosen to generate the Figure 3.19.

3.4.3 TMDSC of POE1500

Figure 3.21 displays the apparent, reversing heat capacity plots of POE1500 as a
function of temperature, originally measured by Dr. Kazuhiko Ishikiriyamain our |aboratory
severa years ago. The open circles are the apparent reversing C, obtained from the first
quasi-isothermal heating TMDSC runs, the triangles from the cooling runs and the squares
from the second heating runs. The dotted lineisfor a 100% amorphous sample, asgivenin

the ATHAS data bank [90]. The solid lineis computed for an 93.8% crystalline sample, as

160 } —O— Quasi-isothermal 1st heating 04’315'7 K
I melt-crystalized POE )
140 | —2— Cooling POE1500
- D 2nd heating
5 120
E X
W, 100
x HEROOOCE0O
= 80
> [ e
© a0 e

40 :-'*'% 93.8% crystallinity
[ 100% crystallinity 2 1 0 Fold

220 240 260 280 300 320 340 360 380
T (K

Figure 3.21. Apparent, reversing heat capacities of POE1500 on
heating and cooling by quasi-isothermal TMDSC. Open circles,
triangles and squares represent the first heating, subsequent
cooling, and the second heating, respectively. Copied from[32].
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measured by standard DSC prior to quasi-isothermal TMDSC. In thisfigure the molein
the dimension of the heat capacity refersto one OCH,CH,-group, i.e., with amass of 44.06
Da. The end of melting on heating is at 318.7 K, and the beginning of crystallization on
coolingisat 316.7 K. Thedifference of about 2 K represents the supercooling of POE1500.
In contrast to previous paraffin and PE samples, the apparent reversing heat capacity plot on
cooling shows that there is no contribution to crystallization, the amount of contribution to
the melting on first heating is much smaller than paraffin and PE samples, and there is a
barely visible peak on second heating.

Asshownin Figure 3.20 in section 3.4.2, there were two peaks which were not fully
separated on heating but clearly separated on cooling. In Figure 3.21, only on quasi-
isothermal first heating runs, the low-temperature peak isvisible at about 282 K separately.
However, there is no peak on quasi-isothermal cooling runs and second heating, in contrast

to the results from standard DSC measurement.

3.4.4 TMDSC of POE1960

Figure 3.22 represents the results for POE1960. The thick, continuous solid lineis
the apparent total C, from the standard DSC at 10 K min*, carried out prior to the quasi-
isothermal TMDSC measurements. The open circles are the apparent reversing C, obtained
from thefirst quasi-isothermal heating TMDSC runs. The peak temperature of the standard
DSC runisidentical to the equilibrium melting temperature (326.6 K). The crystalinity is
61.7%, calculated from the heat of fusion obtained from the standard DSC run, and the

melting range is, again, about 13 K wide, much narrower and steeper than seen in PE
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Figure3.22. Apparent heat capacitiesmeasured by standard DSC
and quasi-isothermal TMDSC for POE1960 crystallized first
from the melt on cooling a 10 K min*. The solid line is
obtained by standard DSC at 10 K min™* and the open circles
represent the apparent, reversing heat capacity by quasi-
isothermal measurements.

samplesin sections 3.2 and 3.3. The apparent reversing heat capacity plot showsonly avery
small (almost negligible) contribution to melting.

Figure 3.23 displaysthe enlarged apparent, reversing heat capacity plotsof POE1960
as a function of temperature. The dotted line is for the heat capacity of a 100% liquid
amorphous sample, as given in the ATHAS data bank [90]. The solid line is computed for
an 62% crystalline sample, as measured by standard DSC. The end of melting on heating is
at 324.9 K, and the beginning of crystallization on cooling isat 319.6 K. The difference of

about 5.3 K represents the supercooling of POE1960. In contrast to previous paraffin and
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Figure 3.23. Apparent, reversing heat capacities of POE1960 on
heating and cooling by quasi-isothermal TMDSC. Open circles
and filled circles represent the first heating and subsequent
cooling, respectively.

PE samples, the apparent reversing heat capacity plot on cooling shows that there is no
contributionto crystallization and theamount of contributionto meltingismuch smaller than
paraffin and PE samples.

In Figure 3.24, the experiment of Figure 3.23 is continued by quasi-isothermal
measurements with increasing temperatures starting from 241 K, followed by a subsequent
second cooling run. The apparent reversing heat capacitiesfrom the second heating runsare
added to Figure 3.23. A second cooling run is not depicted in Figure 3.14, but it was
identical to the first. The second heating runs exhibit that the end of melting is a same
temperature of thefirst heating runs. The apparent reversing plots of C, on cooling and on
first heating are matched at low temperature regions except 241 K measurement but that on

second heating is somewhat higher than others in the same regions. The maximum on
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Figure 3.24. Apparent, reversing heat capacities of POE1960 on
heating and cooling by quasi-isothermal TMDSC. Open circles,
filled circles, and trianglesrepresent thefirst heating, subsequent
cooling, and the second heating, respectively.

second heating islower than on first heating but thereis still asmall contribution to melting
in contrast to the cooling runs. The magnitude of the small amount of apparent reversing C,

in the melting range and no contribution to crystallization is similar to that found for the

other POE samples as shown in section 3.4.2.

3.4.5 TMDSC of POE3060

Figure 3.25 represents the results for POE3060. The thick, continuous solid lineis
the apparent total C, by standard DSC at 10K min*, carried out prior to the quasi-isothermal
TMDSC measurements. The open circles are the apparent reversing C,,, obtained from the
quasi-isothermal heating TMDSC. The crystalinity determined from the heat of fusion

measured by standard DSC is 62.2%. In the standard DSC trace, there are two peaks at
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and quasi-isothermal TMDSC for POE3060 crystallized first
from the melt on cooling a 10 K min*. The solid line is
obtained by standard DSC at 10 K min™* and the open circles
represent the apparent, reversing heat capacity by quasi-
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isothermal measurements.

325.87 K and 331.77 K. Probably, thefirst peak results from poor crystals produced when
the samples are manufactured because this run was done with fresh sample from the bottle
without any pre-heating or cooling. In the apparent, reversing C, trace, there is only one
small peak at 328.94 K. To make sure, a second heating by standard DSC was carried out

after the TMDSC followed by cooling at 10 K mint. The results are shown in Figure 3.26.

The peak was practically disappeared.

The dotted line in Figure 3.26 which is an enlarged figure of Figure 3.25 showsthe
second heating trace. The double-peak by standard DSC (solid line) is seen asasingle peak
with asmall shoulder on second heating by standard DSC. The peak on heating by TMDSC

is at the onset of melting on second heating. Therefore, the second peak on first heating
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Figure 3.26. Heat capacities of POE3060 measured by standard
DSC at 10 K min* before and after the quasi-isothermal
TMDSC.

(solid line in Figure 3.25) is the main melting peak most interested.

Figure 3.27 shows only the enlarged TMDSC traces including the cooling
experiment. The dotted line represents the heat capacity of the 100% liquid amorphous
sample, as given in the ATHAS data bank [90], and the solid line is for the expected heat
capacity for asample of 64% crystalinity, asit was determined by standard DSC, measured
after all quasi-isothermal TMDSC runs were completed. As shown in TMDSC results of
POE1960 there is no apparent reversing heat capacity contribution to crystallization on
cooling. When the crystallization starts, the value of reversing heat capacity drastically drop
below the liquid heat capacity and then gradually decreases to the value of semicrystalline
heat capacity. The end of melting on first heating occurs at 329.9 K, lower than the
equilibrium melting temperature. And the onset of crystallization onfirst coolingisat 318.7

K. The difference of about 11.2 K is the degree of supercooling of POE3060. The heat
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Figure 3.27. Apparent, reversing heat capacities of POE3060 on
heating and cooling by quasi-isothermal TMDSC. Open circles
and filled circles represent the first heating and subsequent
cooling, respectively.

capacitiesmeasured on heating and cooling are matched alow temperature starting from 317
K, except in the 282-302 K region.

In Figure 3.28, the TMDSC experiment of Figure 3.27 is continued by quasi-
isothermal measurementswith increasing temperatures starting from 244 K (second heating
run), followed by a subsequent second cooling run. The apparent reversing heat capacities
from the second heating runs are added to the Figure 3.27. The second cooling run is
identical to the first, and not plotted in Figure 3.28. The reversing C, measured on first
heating has almost same val uesthan on second heating over the entiretemperature range, but
the maximum on second heating runs is somewhat lower than on first heating. And this
reduced heat capacity values on second heating at the maximum is the same as observed in

POE1960.
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Figure 3.28. Apparent, reversing heat capacities of POE3060 on
heating and cooling by quasi-isothermal TMDSC. Open circles,
filled circles, and trianglesrepresent thefirst heating, subsequent
cooling, and the second heating, respectively.

3.5 Effect of seeding on degr ee of supercooling

The polyethylene fractions analyzed in this thesis except for PES60 showed some
degree of supercooling. It can be due to any kind of nucleation. Melts of small molecules,
such as metals or water, supercool before crystallization because of the need to nucleate
crystals before growth can commence. Crystal nucleation is, thus, the first step of any
crystallization, but it can becircumvented by either incompl ete melting before crystallization
(self nucleation) or by adding of foreign nuclei (crystallization by heterogeneous nucl eation)
For example, indium shows reversible melting and crystallization on analysis by
temperature-modulated differential scanning calorimetry (TMDSC). In this technique the

temperatureiscycled about amean value. Aslongasthemelting during the previousheating
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cycleisincomplete and nuclei areleft for re-crystalization during the cooling cyclethereis
no supercooling [13, 14]. Once, melting is completed; i.e., no nuclei are left, the sample
needs to be supercooled by an amount AT (=T,,-T,) of 1-1.5K [13, 14]. Inthis casethe
1-1.5K of supercooling is needed for the crystal nucleation of indium.

To make surethat the degree of supercooling observed in thisthesisisnot for crystal
nucleation as in indium crystallization, the seeding of PE with a high-melting temperature
into the PE oligomers and polymer was done. PE fiber which has approximately 1 M Da.
of molar mass and a melting temperature of about 406 K was used as aseed. The PE2150
and PE15520 fractions, whose melting temperatures are about 15 K below that of the fiber
were heated from 350 K to 396 K, to melt the PE samples completely, but the seeds do not
start their melting. Next the samples were cooled to 350 K to recrystallize the PE fraction
samplesto seeif thedegree of supercooling decrease or not. The sampleswerethen reheated
to 416 K, above the melting temperature of the seed and then cooled down again to 350 K
to make sure that the PE fiber was still present and not miscible with the PE fractions. The
result for PE15520 is depicted in Figure 3.29 as afunction of time. Thereisonly one peak
on eachfirst heating and cooling cycle as shown in beginning of Figure 3.29 and second peak
appears on each second heating and cooling cycle. For clarifying the crystallization
temperature of PE15520 with the seed the Figure 3.29 is transposed to a plot versus sample
temperature in Figure 3.30. On first cooling, a crystallization peak appears at about 375 K
and the crystallization temperature is same as in other experiments of PE15520 without any

seed, i. e, there is no effect of the seed to supercooling of PE15520. On second run an
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Figure 3.29. HF(t) of PE15520 with seeds versus time. The
upward direction HF(t) isexothermic. Heating and cooling rates
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Figure 3.30. HF(t) of PE15520 with seeds versus sample
temperature. The upward direction HF(t) is exothermic.
Heating and cooling rates are 10 K min™%.
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endothermic peak and an exothermic peak at 406 K and 393 K, respectively are evidences
of seed existence during the first measurement. With PE2150 | got same results.
Similar experiments of seeding of polyethylene with higher melting samples were

done long time ago in our laboratory [93] and the results agree well with the present ones.
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CHAPTER 4

DISCUSSION

4.1 Melting and Crystallization of PE Observed by Quasi-isothermal

TMDSC

4.1.1 Comparison of PE560 with n-Par affins

The C,H,4,, CHgo, and CsHe, N-paraffins were analyzed previously with standard
and temperature-modulated DSC [86, 87]. As depicted in Figure 4.1 for n-C,H,,, the
paraffinsn-C,,Hy, and n-C.,H,,, show only asingle, largely reversible melting transition, as

expected from the well-known fact that n-paraffins above n-C,,H,, exhibit only one crystal

70
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Figure 4.1. Heat capacity of n-CyH,.,. The filled circles

represent the reversing heat capacities by quasi-isothermal

TMDSC, the solid line, the heat capacity by standard DSC.

Copied from ref. [86].
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phase, while paraffins between n-C,,H,, and n-C,;H-,,, asanalyzed by usby TMDSC for the
example of n-C,H.,, display a disordering transition to a mesophase below T, in addition
to the melting transition (see Figure 4.2). Inthiscase, the melting transition should be called
more precisely an isotropization transition since the mesophase can be considered as being
aready “partially melted [94].” The PE560 oligomer whose mass and number-average
lengths correspond to n-C,,Hg, and n-C,,H.,, respectively, shows two transition peaks. In
arecent reference [3], the mesophase transition was detected up to n-C;;,H,,. The peak on
TMDSC and the shoulder on DSC at about 333 K in Figure 3.5 might, thus, contain
contributions from the mesophases of n-C,,H-, and shorter chains, as observed in n-C,¢H,
[87]. The main part of the melting peak at 333 K, aswell as the broadening of the melting

range, however, should be caused by the eutectic phase behavior, known to occur on careful
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Figure 4.2. Heat capacity of n-C4Hs,. The filled circles
represent the reversing heat capacities by quasi-isothermal
TMDSC, the solid line, the heat capacity by standard DSC.
Copied from ref. [87].
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crystallization of paraffin solutions[7].

To understand typical eutectic phase diagramsin paraffins, the eutectic temperature
of the PE560 system can be analyzed using the Flory-Huggins equation or its extension to
multi-component systems [95]:

Tlm - T_lm - Ain[—mvp FR - DA - V) - R - v 41
where T,, is the temperature of the chosen equilibrium, and T,.°, the equilibrium melting
temperature of the pure species of the molar mass considered and given by eq (3.1). The
partial molar volumefraction of the considered speciesinthe meltisv, and y, theinteraction

parameter. The appropriate average size-ratio of the considered speciesrelativeto all other

speciesof lengthi is:

> VX
DV,

For two components only, x= x, and the Flory- Huggins equation is recovered. A eutectic

X_:

(4.2)

point about 1.3 K below T,,° of PE560 can, thus, be cal culated for aPE560/n-C,,H,, solution
assuming x = 0. The calculated eutectic phase diagram is displayed in Figure 3.6 together
with thetwo additional mixtures, PES60/n-C,¢H-, and PE560/n-C,,H-,. For PES60/n-C;,H
this difference between eutectic and equilibrium melting temperaturesincreased to 7 K, and
for PES60/n-C,sHs,, t0 25 K. Therefore, a broadened eutectic can easily contribute to the
secondary peak in Figure 3.5, seen 10 K below the melting peak. Experimental data of
extended-chain crystals of polyethylene of a weight-average molar mass of 2550 Daand a

polydispersity of 1.6, much larger thanin PE560, showed an even broader melting rangewith
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several lower-temperature eutectic peaks [96], while a phase diagram of a mixture of pure
n-C,,H,, and n-C,,H , has a melting range between the eutectic and the melting temperature
of n-CyH,, of up to 24 K [1], making the eutectic crystallization a likely cause for the
broadening of the melting in PE560 of Figure 3.5.

Theapparent reversing heat capacity plot showsasi zeabl e contributionto the melting
(seeFigure 3.5), but not as much as seen for the puren-C,H,,, which crystallizesreversibly
toalmost 100%. When measured by quasi-isotherma TMDSC with an amplitudeof 0.05K,
66% of the total crystals of n-C,,H,,, melt within 0.1 K or less, and all fusion is complete
within 1.0 K as seen in Figure 4.1 [86], i.e., with the present, larger modulation amplitude
of 0.5 K, the melting would have been practically fully reversing. The width of the region
of melting of PES60 is more than 30 K, and the maximum in the reversing C, reaches only
haf the C, of the melting peak by standard DSC. The broadening of the melting of PE5S60
in the quasi-isothermal measurements is, thus, most likely due to the chain-length
distribution. The additional shift to higher temperature in the standard DSC experiment for
the high-temperature potion of the melting peak and the end of melting is due to the thermal
lag of the calorimeter when heated at 10 K min ! through the melting region [89].

Asshownin Figures 3.5 and 3.16, the reversibly melting fraction of PE560 is much
larger than for the high molar mass PE15520, and the biggest crystalsin PE560 which melts
last on heating also crystallize first on cooling without supercooling. Again, such behavior
is expected from a eutectic phase diagram at equilibrium. On heating, the last crystals

melting and on cooling, the first crystals growing, both consist of the pure component of
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highest molar mass, as observed in Figure 3.8. Quitesimilar resultswerefound on TMDSC
of asample of not quite pure n-C,,Hg, in Figure 4.3 [87].

Thequasi-isothermal measurementson paraffinswith smaller modul ationamplitudes
when compared to the present data in Figure 3.8, showed incomplete melting and
crystalization in the temperature-range of modulation dueto limitations of the heat flow for
thegiven small changesin temperature (0.05 K) coupled with thelow thermal conductivity
of the paraffins[87]. Inthe modulation cycle of the next higher value of T, the crystalsthat
should have melted at the lower temperature melted irreversibly during the first few cycles
at arate until the new steady state was reached. In this case, the reversing heat-flow rateis

strongly asymmetric (see Figure 4.4) due to the larger melting contribution during heating,
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Figure 4.4. Modul ated heat-flow rate and sample temperature of
modulation set D in Figure 4.1. Copied from ref. [2].

and naturally, the first harmonic of this asymmetric response of the sample alone is not
usable for a quantitative analysis. In the present analysis of PE560, these problems were
largely avoided by choosing larger modulation amplitudes, and helped by the inherently
smaller amount of change in crystalinity over the much broader melting range in the
corresponding runs.

The higher apparent reversing heat capacitiesin the regions of the points marked a-f
in the cooling sequencerelative to g-i in the heating sequence in Figure 3.8 are analyzed in
the more detailed graphsin Figure 4.5. Corresponding datafor the marked points are given
in the graphs for the apparent, reversing, specific heat capacity in the time domain. After
attainment of steady-state, the specific heat capacity continuesto decreaseat thetemperatures
from f-a and converges towards the measurements on heating at points g-i which show a

constant reversing heat capacity in each run after about 10 min.
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Figure 4.5 shows the practically constant apparent reversing heat capacity at points
g-i after reaching steady state. Every modulation-cycle is symmetric in crystallization and
melting, so that the overall progress of melting occurs when the temperature is increased
from one quasi-isothermal T, to the next, and the amplitude of the apparent reversing heat
capacity can be separated into a contribution due to the reversible thermodynamic heat
capacity and the reversible latent heat exchanged on crystallization and melting as graphed
in Figure 3.8. If measurements would have been carried out with an underlying heating rate
<g> and not quasi-isothermally, the modulation amplitudes in successive cycles would
overlap, and theintegral reversible heat of fusion would erroneously exceed the total heat of

fusion, as was demonstrated for the reversible melting of indium [89].
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4.1.2 Comparison of PE2150 to PE560 and PE15520

Although PE2150 is an oligomer and much shorter than PE15520, it has a similar
amount of supercooling and higher melting temperature asseenin Figure 3.15. Themelting
temperature is close to the equilibrium melting temperature of n-C,;Hps With 219.2 nm
chain length. Therefore, PE2150 should be an extended-chain crystal as in the paraffins,
PES60 discussed above, and expected from the well-established upper limit of 37 nm for
extended-chain crystallization of paraffins at atmospheric pressure [46, 47]. The extended
chain crystal, PE2150 grows at about six kelvins below the melting temperature, as seenin
Figure 3.13.

In contrast, PE15520 showsin Figure 3.17 an end of melting about 25 kelvins below
the equilibrium melting temperature of 411.9 K (see Figure 3.15). This agrees with a
reasonablelamellar crystal thicknessof about 10.5 nm, as can be cal culated from an equation
derived from alarge number of data on the melting temperatures of polyethylenes of known

lamellar thickness[7]:
Tm
L = 0627 —— (4.3)
0

where T,, ismelting temperature of the folded-chain crystal, T,,,° the melting temperature of
the extended chain crystal represented by eq (3.1), and L isthelamellar thicknessinnm. The
three analyzed samples, thus, show much different crystallization and melting behaviors.
While PE560 shows no supercooling and crystallizes largely reversibly, PE2150 shows a
supercooling of 5.8 K and PE15520 one of about 30 K based on T,,°, i.e., both crystallize

irreversibly. While PE2150 melts close to the equilibrium temperature, PE15520 melts 25
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kelvins below, at atemperature close to the zero-entropy-production temperature where the
free enthalpy of the metastable crystal (with lamellar thicknessL = 10.5 nm, inthiscase) is
egual to thefreeenthal py of the supercooled melt asillustratedin Figure4.6. Fromthiszero-
entropy-production melting temperaturethe crystalli zation of PE15520 showsasupercooling
of 55K, asshown in Figure 3.17.

Comparing the shape of the melting curvesby standard DSCin Figures 3.5, 3.12, and
3.16, onefindsthe broadest melting peak for PE560 (=40 K), the narrowest for PE2150 (= 15
K), and a broad peak of about 40 K with a superimposed sharper peak of about 20 K for
PE15520. The more detailed analysis shown in Figures 3.8, 3.14, and 3.18 revedls a
beginning deviation from the heat capacity dueto vibrations-only at 260to 280K, only little
abovetheglasstransition. For PE5S60 thisearly deviationisfully reversible, asfound earlier

for the paraffins[82]. Thefirst separation between reversing and total Cisseen at 330K,

Free Enthalpy Diagram
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Figure 4.6. Free enthalpy diagram illustrating the zero entropy
production melting. Modified from ref. [97].
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well into the melting peak, at an apparent heat capacity of 95 J K *mol * (see Figure 3.5).
For PE2150, the first separation between total and reversing heat capacity occurs at about
360K, before major melting, at an apparent C, of about 30 JK *mol *, whilefor P15520 this
separation is seen at about 260 K, at an apparent C, of about 25 J K *mol * (see Figures 3.12
and 3.16). For all three samplesthe apparent reversing heat capacity reachesthelevel of the
melt before major melting has begun. These observations point to the difficultiesthat arise
when attempting to define a baseline for the determination of the heat of fusion.

The next question concerns the reversing portion of the melting, as reveaed in
Figures 3.8, 3.14, and 3.18. The discussion of PE560 was done in connection with the
similarity of paraffins. A large portion of the melt is reversible within the range of
modulation. The remaining irreversible part is expected to be connected with incomplete
separation of the various species, asis seen on cooling at temperaturesa-f in Figure 4.5 and
discussed in the section on the kinetics. The PE2150 is characterized by a minimum of
reversible melting, as aso seen for poly(oxyethylene)s in the same molar mass range
(POE1500 to POE5000) [32, 33]. Theremaining reversibleincrease in heat capacity seems
to belargely reversible since the quasi-isothermal reversing heat capacities are independent
of time (see Figure 4.7). The polymer PE15520, behaves quite differently. It shows an
irreversible melting component at all temperatures between the glassand melting transitions
and the reversing contribution to the melting peak is larger than for PE2150 when one
considersthat the crystallinity islittle more than half that of PE2150 (compare Figures 3.14
and 3.18). To discuss more of the details of the small amount of reversing melting and

assessthetruly reversible fraction the possible annealing of the sample must be analyzed as
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Figure 4.7. Detailed anaysis in the region of the reversing
melting peak of PE2150. Apparent reversing heat capacity
during cooling and subsequent heating in thefirst crystallization
steps and at the melting peak. A to C indicate runs that can be
used for the study of crystallization.

doneinthesection4.2. Thelarge difference between reversing heat capacity on cooling and
on heating indicates that as much as half of the species contributing to the reversing melting
crystalize irreversibly at temperatures below the melting temperature, different from
PE2150, which grows all reversibly melting species close to the melting temperature after
the initial supercooling, while PES60 has a larger reversing C, on cooling, as discussed

above.

4.2 Kinetics of the Processes Seen by TMDSC

Thekinetics of the changesin the quasi-isothermal anaysis of PES60 in terms of the
apparent, reversing heat capacity and the total heat-flow rate is shown in Figure 4.8. The

higher apparent reversing heat capacities in the regions of the points marked a-f in the
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Figure 4.8. Detailed analysis in the region of the reversing

melting peak of PE560. Apparent reversing heat capacity, total
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and subsequent heating. Corresponding pointsto Figure 3.8 are
marked.

cooling sequence relative to g-i in the heating sequence in Figure 3.8 are analyzed in the
more detailed graphs in Figure 4.8. Corresponding data for the marked points are given in
the graphs for the modulation of the temperature (bottom), the total heat-flow rate (center),
and the apparent, reversing, specific heat capacity (top).

For PE560 much of the response is reversible within the parameters of modulation.
Thelarger apparent total heat capacity of the final melting peak in Figure 3.5islinked to the

kinetics of the processes which may arise not so much from lags of the calorimeter, but from
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slow kineticsto reach equilibrium within the sample by diffusion and sel ection of thevarious
species attaining equilibrium only at the proper crystal thickness. The instrument-caused
effectshavebeen seenin earlier work on pure paraffins, analyzed with adifferent cal orimeter
using sawtooth modulation [87]. Themissing reversing heat of fusion wasin thelatter cases
evolved during the heating from one base temperature to the next and at the melting peak
also in the first few modulation cycles at the higher temperature. With the present
instrumentation, no recording of the heat-flow rateis possible between runs, but we assume
that it may occur, although to asmaller degree. The melting range of PE560 is sufficiently
broad, so that no additional melting at the higher temperature can be distinguished during the
approach to steady state as seen, for example, in Figure 4.9 in runs during the time up to the
277 min point. Reversible low-latent-heat transitions of liquid crystals where similarly

analyzed [98]. Temperature lags in the sample pan could also be documented directly by

r
(8]

at points: PES60

- i NM -

i Wi
1|

N
—_
1

—_ -
LN (o]
Lk 1

I

el e

] EXO¢%

—_
W
Ll

Modulated Heat-flow Rate (mWw)
o

250 260 270 280 290 300 310
Time (min)

Figure 4.9. Raw heat-flow rate data ®(t) as a function of time.
Data for PE560 as a function of time for points a b and c in
Figures 3.8.
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contact-less measurements within the DSC cell by infrared thermography [99].

Slow, irreversible processes within the sample of PE560 can be seen from the
decrease of the reversing heat capacity with timein the cooling sequence f-aof Figure 4.8.
It was suggested in the discussion, above, that this decrease in reversing heat capacity may,
in time, reach agreement with the quasi-isothermal experiments on heating (sequence g-i).
Approximately 100 min should be sufficient to reach such true equilibrium.

Figure4.9 addsthe actual, raw datain the time domain of the heat-flow rate of PES60
for selected temperatures in order to judge the symmetry of the response to the modulation
and find causes for the nonreversing contributions. Figure 4.9 indicates a largely
symmetrical heat-flow rate, but from 277-287 minutesinto the experiment, after attainment
of steady state, the amplitude of the endothermic cycle decreases faster than the exothermic
one. This observation indicates that in every cycle a small amount of the recrystalized
material achieves a sufficiently higher melting point due to better crystal perfection to fall
outside the temperature range covered on the subsequent heating. We speculate that with
time a better segregation of the molar mass distribution into crystals of equal length is
possible. Similar decreasesin apparent reversing heat capacity are seen also in polymerson
annealing. Examplesareseeninlinear low density polyethylenesonannealinginthemelting
range of sequences of paraffinic lengths [27, 28], and on annealing of poly(ethylene
terephthalate) in the melting region [34, 35].

The anaysis of the PE2150 in Figure 3.12 shows that its melting is largely
irreversible. Only asmall reversing contribution to the apparent heat capacity beginsat about

260 K and developsto a10 JK * mol * peak, as seen in Figure 3.13. Figure 4.10 displays
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more details about the crystallization and melting in the time domain, using graphs for the
modulation of the temperature (bottom), the total heat-flow rate (middle), and the apparent,
reversing, specific heat capacity (top). Attheinitial crystallization (marked A) <®> reaches
an almost constant, but slightly elevated exothermic level, while the apparent reversing heat
capacity increases continuously. Next, at temperature B the total heat-flow rate <®>
decreasesfrom astrongly exothermic level, whilethereversing C, continuesto increase. At
point C and lower temperatures, both <®> andthereversing C, decrease. Thesechangeswill
be discussed below on hand of the raw data of the heat-flow rate and compared to the lower

and higher molar mass materials.
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Figure 4.10 reveal s that except for temperatures A, B, and C, little changes occur in
the apparent reversing heat capacities with time, i.e., the effect has reversible causes. The
small irreversible peaks, like the one at 370 K and the increased reversing peak at 390 K
disappear from thereversing heat capacity on more careful crystallization, an indication that
poorer crystallization increasesthe apparent reversing heat capacity. Quitesimilar increases
in apparent reversing heat capacity were observed for POE with molar masses of 1500 and
5000 Daand most other polymersanalyzed to date[29, 89]. Their existence hasbeen linked
to surface melting either on fold surfaces [39, 40], or on side surfaces [30, 34].

The kinetic effect at points A, B, and C, in Figure 4.10, which represent the initial
temperatures of crystallization, may shed some light on the development of the reversing
melting on crystallization. At the point A in Figure 4.10, one observes the first linear
increase in the apparent reversing heat capacity. It starts only after steady state is reached
and the total heat-flow rate is dlightly more exothermic than the response of the melt,
indicating a constant rate of crystallization starts slightly earlier and causes a continuing
linear increase in reversibly melting material. Figure 4.11 shows at the temperature A that
the amplitude of the responseto modulationislargely symmetric with slight increasesin the
exotherm. The endotherm increases also, but only half asmuch, i.e., about half of the added
crystallization in each cooling cycle is melted again in the subsequent heating. Full
reversibility isnot reached inthetime of analysis. Attemperature B, theincreasein apparent
reversing heat capacity continues and reaches a constant level at C (see Figure 4.10). The
total heat-flow rate, inturn, ismuch different. A large, irreversible crystallization exotherm

that decreases with time and isless in each subsequent analysis step is superimposed on the

-107-



o
-~

EXO 4 PE2150

Wi i
A

KRR e
* atpoins: i v

1 7 ] T T T T T T
200 210 220 230 240 250 260
Time (min)

n !
[y ]
'R I A A A

F
E
g

—_
w
AR BRI N

Modulated Heat-flow Rate (mW)
co

Figure 4.11. Raw heat-flow rate data ®(t) as a function of time.
Data for PE2150 as a function of time for pointsA, B, and Cin
Figure 3.14.

modulation effect, as seen in Figures 4.10 and 4.11. At temperature B, the reversing heat-
flow rate, again, islargely symmetric and increases somewhat by increasing the exotherm
dightly more than the endotherm in successive steps. In C there is hardly any asymmetry
detectible and, judging from the total heat flow, by this time the bulk of the irreversible
crystallization hastaken place. Thereversible crystallization stays constant for several more
steps of cooling before decreasing, but reaches zero only closeto the glasstransition. Below
about 370 K, the total and reversing apparent heat capacities are equal which meansthat all
of the early melting isreversible.

The PE15520, true polymer behaves different from PE oligomers. The low-
temperature melting is, in this case, only partially reversible, and the fraction of reversing
apparent heat capacity is more than in PE2150 and is larger in the more poorly crystallized

sample (see Figures 3.16 and 3.18). Figure 4.12 displays, as before, more details about the
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Figure 4.12. Detailed analysis in the region of the reversing

melting peak of PE15520. Apparent reversing heat capacity,

total heat-flow rate <®>, and sample temperature T (t) during

cooling and subsequent heating in the region of the melting

peaks.
crystallization and melting, using graphsfor the modul ation of the temperature (bottom), the
total heat-flow rate (middle), and the apparent, reversing heat capacity (top). The points
chosen for analysis are in the temperature region of the broad peak of the cooling data of
Figure 3.18. Inthe given scale al values of <®> are constant with time after attainment of
instrumental steady state. The reversing C, on cooling also changes only little, but in the
heating sequence, it starts at higher values and decreases with time. Therefore, the gap of
reversing C, between heating and cooling run decreases, but on extrapol ationto longer times
does not reach equal levels.

Figure 4.13 shows that on cooling the reversing apparent heat capacity is constant

with time, while on heating it is larger and decreases with time. Figures 4.14 and 4.15
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illustrate the changes at 379.9 K in along-time experiment for a sample with an even larger
peak in the reversing, apparent heat capacity than shown in Figure 3.18. The ultimately
reached level of reversing heat capacity of 48.55 JK * mol* in Figure 4.14 is still much
above the constant level reached on cooling. Asfor all other polymers of high molar mass
that have been analyzed in this fashion, two processes seem to be involved in the kinetics
withtheindicated relaxation times. Both arelonger than the response of the calorimeter, and
Figure 4.15 indicated that a slightly larger exotherm leads the change, which is otherwise
largely symmetric. One expects thus that an annealing processisinvolved in the decrease

of thereversing heat capacity, starting with asmall exotherm of crystal perfectionwhichthen
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isremoved asaperfected crystal from the subsequent melting cycle. It takes severa hundred

minutes until this process is completed.

4.3 Méelting and Crystallization of POE Observed by Quasi-isothermal

TMDSC

The study of the reversing melting and crystallization of POE1500 was carried out
several years ago in our laboratory [32]. When it is analyzed with standard DSC recently,
there exist two peaks on cooling and only one peak on heating as seenin Figure 3.20. The
two peaks on cooling may be caused by primary and secondary crystallization with different
rates of crystal perfection on prior heating run. The quasi-isothermal TMDSC results show
different melting and crystallization behavior compared to that of PE. The reversing heat
capacity peak of POE1500 on heating is relatively smaller than for PE1150, even thought
they are similar in molar mass and chain length. (See Figure 4.16 and compare to Figure
3.9). Inaddition to the smaller melting peak inreversing heat capacity, POE1500 al so shows
no peak in reversing heat capacity on cooling as shown by the trianglesin Figure 3.9. The
reversing heat capacities, however, after thebeginning of crystallization on cooling areabove
the heat capacity of semicrystalline expected from the crystallinity, so still one can say there
isareversing apparent heat capacity contribution on thereversing heat capacity from cooling

runs that may arise from alatent heat.
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When the molar mass of POE increases, these small melting peak on heating and no
peak on cooling remain. The newly analyzed samples, POE1960, asseenin Figure 3.22, and
POE3060, in Figure 3.25 have very small peak in reversing heat capacity on heating. Also,
there is no peak for these POE1960 and POE3060 on cooling. (See Figure 3.23 and 3.27).

The longer POE sample, POE5000 (its actual molar mass is 4540) has extremely
small peak on heating, almost no peak (see Figure 4.17) and no peak on cooling. The degree
of supercooling based on thisFigureisabout 20 K, much higher than the other POE samples
in thisthesis. On first and second heating, the last melting took place at 333.7 K which is
close to the equilibrium temperature of 333.8 K calculated by eq (3.2) in the section 3.4.1.
On cooling POES000 isstill liquid amorphousat 313.7 K, i.e., thefirst crystallization occurs

at lower temperature. The beginning of crystallization is about 6 K below the melting
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Figure 4.17. Quasi-isothermal TMDSC of POE5000 on heating
and cooling. Circles, triangles, and squares represent the first
heating sequence, a subsequent cooling sequence, and a second
heating sequence, respectively. Indicated also are databank heat
capacities. Copied from [32].

temperature of twice-folded chain crystal of POE5000. It seems that the POE5000 is an
extended-chain crystal when it melts on heating, but it is not re-formed by following
crystallization on subsequent cooling, and then on second heating it anneal sto the extended-
chain crystal again during long time quasi-isothermal TMDSC measurements, resulting in
the melting temperature close to the equilibrium temperature. This annealing behavior is

quite similar to the chain-folded crystal of polyethylene, but the annealing in thiscaseisjust
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When POE1500 was modulated at 315.7 K for 600 min quasi-isothermally, the
reversing heat capacity curve was increasing and settled to constant, as depicted in Figure
4.18 [32]. This long-time modulation shows that at the peak temperature on heating of
Figure 3.21, it takes along time to approach the steady state. The reversing heat capacity
dowly reaches a higher level than initially observed. This observation is in contrast to
changes to lower levels that were observed in the analysis of poly(ethylene terephthal ate)
(PET) [34], and PE15520 asseenin Figure4.14. A polymer showsthe decreasing reversing
heat capacity on long time modulation and it isusually explained asaloss of restraint of the
molecules with time due to crystal perfection.

The explanation for the increasing reversing heat capacity of POE1500 has several

possibilities. As time goes on, the crystalinity decreases from 92.3% to 69.5%. The

Quasi-isothermal Melling/Crystallization of POE
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Figure 4.18. Change of the apparent heat capacity at 315.7 K of
POE1500 as a function of time (temperature close to the
maximum in apparent reversing heat capacity, sample of Figure
4.16; see dso Figure 3.21, open circles). Copied from [32].
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reducing crystallinity can be one reason for theincreasing reversing heat capacity with time.
The crystal with 92.3% in the beginning might be a mixture of different length crystals.
During the long-time heating and cooling cycles, shorter chain crystals could be extracted
from the longer chain crystals and the resulting crystals have uniformed chain length but
lower crystallinity. A chainwhichwasoriginaly partially attached to higher melting crystals
can be detached on a heating cycle, but on next cooling cycle the detached chain (now it is

arandom coil) may not be re-attached.

4.4 Critical length for nucleation

4.4.1 Degree of Supercooling vs. Number of Carbons

In Figure 4.19 data are given to answer the question of ‘ how long must a molecule
be before anoticeable nucleation barrier existsfor crystallization? The dataof Figure4.19
includeinformationfromtheliteratureonn-paraffins[2, 3, 86, 87], on polyethylenefractions
[100] and on POE1500 [33], and the new polyethylene and poly(oxyethylene) fractions
measured in this thesis. All physical property data for these samples analyzed in our
laboratory arelisted in Table 4.1.

The degree of supercooling listed in Figure 4.19 is the temperature difference
between the zero-entropy-production melting temperature and the crystal lization temperature,
as determined by quasi-isothermal TMDSC data to eliminate any instrumental effect. The
zero-entropy-production melting temperature is the equilibrium melting temperature or the
lower nonequilibrium melting temperature at which a metastable crystal melts into a

similarly metastable melt so that no entropy production occurs. The supercooling depends
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Figure 4.19. Degree of supercooling as a function of the number of
chanatomsin thebackbone. Open circlesare paraffin datafromref.
[2], the filled circles are paraffins analyzed in ref. [87] and the
polyethylene polymer fractions, triangles refer to poly(oxyethylenes).

on primary, secondary, and molecular nuclestion rate. At faster cooling rates, the degree of
supercooling gets larger.  Primary, homogeneous nucleation does not need to be considered
because its degree of supercooling is known to be much larger than observed in the present
experiments. For example, it reaches 56 K for linear PE and 66 K for POE (M,, 12400) [15,
101]. Inthisresearch we need to measuretheintringc degree of supercooling dueto themolecules
themselves, i.e, the molecular nuclestion may be involved. Crysad growth after molecular
nucleationis, again, expected to be much faster than the capacity of measurement by calorimetry.
Quas-isotherma TMDSC with a zero underlying heating and cooling rates during melting and
crystalization is the anadyss method of choice since it is the only method permitting long-time

measurements of caorimetry.
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Table4.1

Molar masses, chain-lengths, and melting temperatures of paraffins, polyethylenes

and poly(oxyethylene)

Number of Molar mass (Da) | Chainlength? Equilibrium

backbone atoms (hm)
N-CyeHs, © 26 366.70 3.16 T, =3295
N-CyyHg © 44 619.20 5.44 T, =359.6
N-CooHy0 © 50 703.37 6.20 T, =365.3
N-CeoHi2o 60 843.64 7.46 T, =372.9
PES60 40 560 4.93 T,=354.5
PE1150 82 1150 10.25 T,=383.3
PE2150 153 2150 19.23 T,=397.2
PE15520 1106 15520 139.78 T,=4119
PE130000¢ 9266 130000 1172.02 T,=4143
POE1500 102 1500 9.39 T,=3223
POE1960 133 1960 12.27 T,=326.5
POE3060 208 3060 19.15 T,=3317
POES5000 309 4540 2841 T,=333.8

2 For POE samples, it isreplaced with the c-axis lengths.
b All mdlting temperatures, T,,, and the isotropization temperature, T;, for the paraffins and
polyethylenes refer to the gpproximate vaues for the extended chain crystas as caculated from

eq (3.2).
conformationaly disordered crystal (the “rotor phasg’) occurs at 326.5 K.  On cooling, this

The disordering temperature, Ty, of n-CyHs, from the orthorhombic to the

trangition typically supercools by 4.0 K, while T; is close to reversble. The TMDSC of the
POE1500 and POES5000 has been studied earlier [32, 33].

¢ The detailed analyses of these samples are in the master thesis of J. Pak, Department of
Chemigtry, The University of Tennessee, Knoxville, TN, 2000.

d Polydispersity index is 13.26. Studied earlier [93].
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One expects for the paraffins that the most perfect crystas mdt last and the analyss has
shown that they aso crysdlizefirst. On quad-isotherma TMDSC hesting runs, the poorer crystas
mdt at lower T, and acrysd which is daoseto equilibrium (in the case of extended-chain crystas)
mets lagt, S0 a the next higher T, the reversing heat capacity reaches the heat capacity of an
100% amorphous liquid. The temperature where the last crysta melts is taken as the melting
temperature of the sample. On subsequent cooling runs of quasi-isotherma TMDSC, the next
lower temperature after finding a heat capacity of an 100% amorphous liquid is taken as the
cryddlizationtemperature. 1t was proven earlier [93] that no primary nuclestion viaheterogeneous
nucle isinvolved in these supercooling snce seeding with higher melting polyethylene crystasdoes
not change the supercooling. Similar experiments were performed with the materids andyzed in
thisthess.

The crystds to the left of the bresk in the temperature scale in Figure 4.19 are dl of the
extended-chain type as can be deduced from these melting temperatures. Thisstudy wasoriginaly
planned to be limited to these extended-chain types, but the PE15520, which has afolded-chain
macroconformation shows aso smilar degree of supercooling. Even though the PE15520 is 7
times longer than PE2150, the degree of supercooling is 6 K, i.e, it does not increase with
molecular weight. It seemsthat the degree of supercooling isrelated to theinitia lamellar thickness
rather than the molecular weight. In this respect, the PE15520 seemsto melt and crystallize with
same laméelar thickness. For the POES000, however, the evauation was not easy as was
mentioned in section 4.3. It seemsthat the extended-chain crystals which melt on heating is not

reformed by the following crygdlization from melt on subsequent cooling, i.e, thinner lamellar
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caygdsaeinitidly formed. But, they areanneded very quickly during the subsequent heating runs
and the much higher mdting temperatures of the extended-chain crystas are measured on heeting.
So PE15520 is added to the right of the break in Figure 4.19 and POE5000 isexcluded. That is,
the Figure4.19 indludesonly crystadswhaose lamdlar thicknessesisnot changed significantly during
the TMDSC measurements. Using asgmoidd equation with three parameters, the fit of the solid
linein Figure 4.19 was attained. It isclearly seen that thereisacritica number for the backbone
atoms at which secondary or molecular nuclestion startsto be important for the description of the
crystd growth. From Figure 4.19, one can definethis critical number asthe mid point between n-
CsoH12, and n-Cg,H 6,4 asfixed by PE1150 which are the last datum of zero supercooling and the
firg datum of substantia supercooling, respectively. It isreached at about 75 backbone atomsor
about 10 nm of chain-length, much less than the 37 nm which is the critical chain length for n-
paraffin to chain-fold [46, 47] under smilar crystdlization conditions.

An extensve DSC andysis of crysdlization and mdting of polyethylene of amuch higher
mass average of 130,000 Da and a polydispersity of 13 was made earlier in the presence and
absence of equilibrium crystd seeds. The average degree of supercooling for theinitia growth of
chain-folded crystalswas 7.5 K from their subsequent melting temperature, in good agreement with
Fgure4.19[86]. Recently, poly(oxytetramethylene) with molar mass of 2000 (POTM2000) was
measured using the quasi-isotherma TMDSC [102]. The number of backbone atoms of
POTM?2000 is 139. Itsdegree of supercooling was reveded to be four kelvins, which again fits

well into the sgmoida curve in Figure 4.19.
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4.4.2 Entropic work of extension

Although 37 nm is the critical length to chain-fold [46, 47], the lamélar thickness for
polymer crystads is usudly known to be 10-20 nm. Of coursg, for flexible macromolecules the
lamdlar thicknesscan beincreased by an annedling process. It seems, however, there arereasons
for the thickness that commonly gppearsin polymer crystas and the critica chain length discussed
inthe section 4.4.1. To reved these reasons, the force was calculated which is needed to stretch
a random coil to an extended zig-zag chain as shown schemdicdly in Figure 4.20. Using the
entropy elasticity concept, the force for extension can be expressed by [103]:

Ar
<r 2>

f " 3RT

(4.4)

wheref istheforcein Jm''mol'!, Ris the gas constant, 8.31 JK'! mol'?, Ar isthe extension of
the random coil in nm, and <r> is the mean square end-to-end distance assuming a Kuhn length

of 0.398 nm for the chain length with an expansion ratio, ¢ = 6.7 for PE [104].

a d b . e ;ﬁ\*u \'\-\_rf-’ ‘x\.
D254 i
A

<rm = gnl

extension ratin, ¢ = 87

L=0.1524 nm
Figure4.20. Illudration of the extenson from arandom coil to afully
extended chain of n-paraffin.
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The force is computed for n-paraffins with the number of carbon atoms from 20 to 300.
The parameters used in this computation and the resulting force are listed as the calculated force
and work doneto the chainin Table 4.2.

The n-paraffin, C,sH,5, was established as a criticd chain length for the crystd growth
without supercooling in thisthes's (see Figure 4.19) and corresponds to the chain length of 10 nm.
It matches the common lamellar thickness of 10120 nm, typicaly observed in polymer crystds.
It can be dso conddered a critica limit for the spontaneous extenson from random cails to fully
extended chains. In Figure 4.21 the vaues of the work are plotted ver sus the number of carbon
atoms. Theentropic work of extension, i.e., theoveral freeenergy barrier AG* is 14 kamol** for
N-C,Hys. At 381 K which is the mdting temperature of n-C,sH,5,, the thermal energy of a
degree of freedom without potential energy is 1.6 kmol'! (RT/2). Thisisone-ninth of the 14 kJ
mal** calculated and enough to find a sufficient fraction of energetic moleculesthat can activate the
crystalization (0.008%).

One may interpret the Figure 4.21 that the overdl free energy barrier, AG* leads to the
Speculation that on crystdlization of long chain molecules only a segment of about 10 nm might be
dretched sufficiently by random fluctuations to permit crystdlization. Perhgps the segment length
of alonger molecule that may initidly crystdlize is dso related to the Sze of a molecular nucleus.
Once the molecular nucleation occurs for a portion of the molecule, the rest of the chain can
ayddlize easly, amilarly, ontemperature-modulated DSC amolecule that mdtsonly partidly and

retains amolecular nucleus can recrygdlize reversibly during the cooling cycle.
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Table 4.2 The parameters and resulting work for random coils to be stretched with

comparison to the thermodynamic entropic term on crystallization.

number calculated? calculated”®
of carbon T d r Ar f work

atoms (K) (nm) (nm) (nm) | (x10%Im*'mol™®) | (Imoal™)
20 306.80 2.40 1.74 0.66 1.68 560.69
30 337.60 3.67 2.15 1.52 2.78 2117.10
40 354.71 4.93 2.49 2.44 3.48 4245.81
50 365.30 6.20 2.79 341 3.99 6792.72
60 372.87 7.46 3.06 4.40 4.37 9605.58
70 378.67 8.73 3.31 5.42 4.67 12648.73
80 382.89 10.00 3.54 6.46 491 15857.63
90 386.23 11.26 3.76 7.50 511 19150.25
100 388.93 12.52 3.97 8.55 5.27 22550.84
120 393.00 15.00 4.35 10.65 5.52 29382.76
150 397.21 18.85 4.86 13.99 5.85 40940.17
300 405.76 37.82 6.89 30.93 6.59 101844.21

23RTAr/<r?>, see Figure 4.20.
b 3RTAr%2<r?>
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Figure4.21. Thework versusthe number of carbon atoms. The
circlesrepresent the amount of work that should be done for the
random coilsto be fully stretched.

We proposethisto bethereason for the experimental fact of no supercooling in melt-
crystallization of n-paraffinsup to C4H,,, documentedinthisthesis. Onecaneasily estimate
that the longer chains than C,.H,., will need certain degree of supercooling for their
crystallization. From thisfact, the critical chain length, 10 nm established in thisthesis can
get an explanation. It also can be areason why polymers have usualy 1020 nm lamellar

thickness.

4.5 Contributionsto apparent heat capacities

As mentioned in the section 1.1.4, there are six different thermodynamic
contributions to an apparent heat capacity in the melting and crystallization region of the
analyzed polymer. In our laboratory, TMDSC studies on severa polymers show that this

reversible and irreversible contribution were analyzed separately. The PET is one of the
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polymers. A quasi-isothermal TMDSC analysis of the poorer crystallized PET showed a
surprising, apparent reversing heat capacity although it is smaller than the apparent heat
capacity from standard DSC run. By extending the time of quasi-isothermal TMDSC
measurement in the melting region, it could be observed that the apparent reversing heat
capacity decreases with time and the kinetics could be followed similarly to PE15520 as
described in the section 4.2. Figure 4.22 isaplot of the apparent reversing heat capacity of
PET from the quasi-isothermal TMDSC runs. The open circles are evaluated from normal
20 min modulation and the two filled circles are extracted along the long-time modulation
at T, =522 K after given time. The triangles with marked with ‘' is extrapolate one to
infinite time. It reveds that after six hours, the reversing melting and crystallization had

practically disappeared, i.e., the reversing heat capacity reached the heat capacity for 100%

FTT Tt L L
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Figure 4.22.  Apparent reversing heat capacity of PET. The

open circles are evaluated from normal 20 min modulation and

the two filled circles are extracted along the long-time

modulation at T, = 522 K after given time. Copied from ref.

[105].

400 420
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amorphous liquid. These experiments were interpreted as showing that the melting of
polymersis basically irreversible, but specific details of the crystals can be uncovered that
were never before seen by calorimetry.

The same analysiswas attempted for PE15520. Figure 4.23 isaplot of the apparent
reversing heat capacity of PE15520. The thin line with the large melting peaks is the
apparent heat capacity from standard DSC and the thick solid line is the reversing heat
capacity from 20 min modulation experiments. The open circles are the reversing heat
capacity at various stages of the 600 min modulation at T, = 380 K. For clear view the
outlined region isenlarged at the top of theleft corner. The reversing heat capacity at initial
time decreases continuously like observed in PET (see Figure 4.22), but even after the

infinite time it reaches neither to the heat capacity of 100% amorphous liquid nor the value

70 PE15520
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Figure 4.23. Heat capacities of PE15520 on heating by standard

DSC (thinline) and quasi-isotherma TMDSC (thick line). Open

circles represent the change in apparent, reversing heat capacity

for the data of Figure 4.15.
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for a semicrystalline polymer (in this case, 55%). It seems the PE15520 involves the
relatively large amount of irreversible contributionsat 380 K, whichis7 and 2 kelvins below
its melting and crystallization temperatures, respectively. This reversing heat capacity is
measured from one quasi-isothermal run at T, = 380 K among heating sequences from 300
K to 400 K. The similar analysis was done at same temperature, T, = 380 K, but among
cooling sequences starting from 400 K to 300 K. In this opposite direction sequence, the
measured reversing heat capacity from 600 minat T, = 380 K was much smaller than that
depicted in Figure 4.23 and it was amost constant.

The reversing heat capacity extrapolated to infinity is now atruly reversible heat
capacity. It may consist of the vibration, conformational, and reversible melting and
crystallization contributions. The vibration contribution can be obtained from the
crystallinity of the polymer analyzed, for example, in Figure 4.22 the PET has 44%
crystallinity. Sothetrue heat capacity, vibration contribution should be the long dashed line
in Figure 4.22 and the small difference between the dashed line and the triangle resultsfrom
the conformation and reversiblemelting/crystallization contributions. Thesubtraction of the
truly reversible heat capacity ( heat capacity at infinity) from the reversing heat capacity at
thegiventimegivesusthethreeirreversible contributions, which areyet hard to be separated
one another, at the corresponding given time. In this respect, the amount of irreversible
contributions to the reversing heat capacity of PET is decreasing with time in Figure 4.22.

Same interpretation can go to Figure 4.23. PE15520 has 55% crystallinity and the
thin line at the bottom is the computed heat capacity, vibration contribution only. The

reversing heat capacity at infinity whichisidentified to be atruly reversible heat capacity in
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the prior paragraph, is now further from the thin line. It can be said that the PE15520 has
more local reversible melting/crystallization than the PET at that temperature(380 K).
Thetruly reversible heat capacity with temperatureis most important to interpret the
melting/crystallization behavior of semicrystalline polymers. For example, in Figure 4.22,
if thelong-time quasi-isothermal TMDSC run had been done at higher temperature (marked
by A in Figure4.22) and the reversing heat capacity decreases, it could have reached the heat
capacity of 100% amorphous liquid (the top solid line). In this case, one can conclude that
the melting of the sample can be completed at that temperature although the measured
reversing heat capacity (as shown with the circlesin Figure 4.22) appears higher than C, of
liquid. But if the reversing heat capacity had reached below the C, of liquid at the same
temperature, the interpretation should be that the melting of the sample cannot be completed
at that temperature, i.e., there exist some crystals which need higher temperature to melt.
Whenever one interprets the six contributions to the truly reversible heat capacity (infinity

C,) should be determined first.

4.6 Degree of reversibility

4.6.1 Reversibility in n-paraffins

Thereversibility in n-CH,,, is calculated by the equation (1.4), modified from ref.
[39] with aprocessdescribedinasection 1.1.5. Thetotal crystallinity is 100% and Aw,(rev)
varieslittlefrom 1.3-2%. Figure4.24isaplot of the Aw(rev) asafunction of time. Itisthe
same experiment depicted in Figures 4.1 and 4.4. Therefore, ‘C’ and ‘D’ is corresponding

the modulation sets which gave maximum in the reversing heat capacity and the first liquid
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Figure 4.24. The Aw,(rev) as a function of time for n-C;H,,.
‘C’ and ‘D’ correspond to the modulation sets which gave
maximum in the reversing heat capacity and the first liquid heat
capacity in Figure 4.1, respectively.

heat capacity, respectively). The modulation setsup to ‘C’ which is completely symmetric
in melting and crystallization peaks gave constant Aw,(rev) asexpected (only ‘C' isdepicted
in Figure 4.24). The modulation set ‘D’ where the melting occurs more dominantly and
finaly reachesto liquid state, i.e., the T, isalready higher than the melting temperature, gave
the decreasing Aw,(rev) curve starting from 2% and reaching to zero. Attheend of ‘D’ the
reversible crystalline fraction also melt completely. This is just an trial evaluation and
further studies are required.

Thereisno clear evidencefor thelocation wherethereversiblemelting/crystallization
in polymer can take place as mentioned in the section 1.1.5. It can bethe lateral surface, the
fold surface or both. Wethought it might be thelateral surface. To make surethereversible

melting in the lateral surfaces, a set of experimentswas planned on n-C,H,,, single crystals

-129-



in different sizes. Maybe we could see how many surface layers melt reversibly.
Unfortunately, the size of the single crystal of the paraffin was too small to observe. We

chose PE2150 and PE11520 for the same experiment. It will be future work.
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CHAPTER S

CONCLUSIONS

Quantitative calorimetry supported by temperature-modul ated cal orimetry opensthe
possihility to gain considerable new insight into the crystallization and melting of polymers.
Of special importance is the observation that there exists a narrow range of chain lengths
below which paraffinic and related flexible chain molecules act like smal molecules and can
melt reversibly in the presence of primary crystal nuclel (see Figure 4.19). For n-paraffins,
oligomeric fractions of polyethylene and poly(oxyethylene), and polyethylene, this range
centers around a critical chain length of about 75 chain atoms. This corresponds to a chain
length of about 10 nm, a molar mass of about 1050 Da, and for paraffins, an equilibrium
melting temperature of about 380 K. For poly(oxytetramethylene) the melting temperature
for reversible crystallization should be about 300 K, and the measurements of the equivalent
oligomers to the short-chain paraffins are in progress.

The observed increase of the apparent reversing heat capacity in the melting range of
n-paraffins, oligomericfractionsof polyethyleneand poly(oxyethylene), and polyethylenecan
be related to one or more of the following three causes:

(1) A gauche-trans equilibrium within the crystals. Using the known vibrational heat
capacity as a quantitative baseline, it is seen, that a ow increase of the heat capacity of the
crystalsstartsat about 250 K. The cause of thisincrease was documented for n-paraffins[82]
and polyethylene [90, 91] and was linked to the introduction of gauche defects into the
crystals which collect at higher concentrations at the chain ends or fold surfaces[106]. The
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main increase in heat capacity is the potential-energy increase caused by the addition of the
gauche defects. In thisthesis the increase was shown in al analyzed samples.

(2) Equilibrium melting and crystallization of short-chain oligomers as illustrated in this
thesisby the paraffins. These paraffins melt reversibly at atemperature that can be estimated
from eq 3.1, and modified by the changes of multicomponent systems, as described by the
Flory-Huggins formalism [95, 96]. It must be remembered in that chain-ends (cilia) or
segments connected on both ends to polymer crystals can act as paraffins when given
sufficient mobility, as was shown for polymers with sufficiently long side chains[7].

(3) Partialy melted polymer segmentsthat remain attached to polymer crystals. Thesewere
identified by their inability to be removed physicaly after melting [25], and may be able to
crystallize and melt reversibly without the need togo through any nucleation process.
Thisisthe mgor contribution in the high-temperature reversible melting peaks of polymers
since the melting temperatures, as judged by eq 3.1, exceed in this case the limit where the
small-molecule behavior changes to the polymer behavior (see Figure 4.19). Since global
equilibria do not exist in the melting region of polymers, the reversible processes must take
place locally within a metastable structure, set up by the main body of the interconnected
crystals of the macromolecules. Other components of this metastable structure are the
mobile- and rigid-amorphous fractions [107] that can also be studied by TMDSC [108].

The study of the kinetics of changes of the reversing heat capacity alows the
separation of annealing processesfromtruly reversible processes, eveninthe presenceof fully
irreversible crystallization. The best meansto study the irreversible behavior isto compare

separate standard DSC data which yield the total, apparent heat capacity data with the
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reversing data from quasi-isothermal measurements, as shown in Figures 3.5, 3.9, 3.12, and
3.16. The quasi-isotherma analyses permit the identification of instantaneous processes
relative to the time scale of calorimetry, as well as Slower processes, as shown in Figures
4.8-4.12 and 4.14.

To summarize the results on polyethylene and the three fractions analyzed in this
paper, only PE560 approaches equilibrium and much of it's reversble melting can be
explained by effects (1) and (2), in addition to the possible existence of mesophasetransitions
for the lower molar mass fractions and some irreversible effects due to instrument lag and
sample kinetics (diffuson and recrystalization). Practically al chain lengths of its
components are below the critical chain length of Figure 4.19. The crystals of PE1150 and
PE2150 are also of the extended chain macroconformation, as are the paraffins, but the
molecular lengths are within the range of change form reversible to irreversible melting of
Figure 4.19. These two samples have the most completely irreversible melting and
crystalization behavior of the four samples. All increases in the apparent reversible heat
capacity at low-temperaturesbeyondthat of thevibrationa contribution are probably of cause
(1). Thetruereversibility of PE560 changesincreasingly from cause (2) to cause (3) (peaks
in Figures 3.11 and 3.14). In the polymer PE15520, finally, the apparent, reversing heat
capacity increasesand stretches over awider temperaturerange. At low temperatureitisless
than the total heat capacity, i.e., the effect (1) is mixed with some irreversible melting or
annealing and possibly contains some reversible melting of small paraffinic crystals (2), as
seen to a much larger extent in the poly(ethylene-co-octene)s [27, 28]. The final, small

amount of reversing melting above about 380 K, again, isexpected to result from cause (3).
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Obvioudly these assignments make up only afirst attempt of separating the various
reversible processes between the glass and melting transition. It isalso obviousthat the limit
of the TMDSC method has not been reached. Further work, coupling quantitative kinetics
of the various dlow processes with specific, morphological studies can probably give specific
insightsinto the interplay between flexible chainsin the crystal on the crystal surface, and in
the melt within their overal irreversible nanophase-separated superstructure. For example,
reversible effects described at the fold surface of polyethylene [39] must still be separated
quantitatively from possible additional side-surfaceeffectsasare expected fromthe molecular
nucleation and proven, for example, for polypropylene[30] which shows no reversible effects
onthefold surface. Finaly, the possible complication from rigid amorphousfractions can be
separated, removing a complication of particular importance for the stiffer polymer chains,

as shown for polycarbonate [108].
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