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ABSTRACT

The linear growth rates of solution grown low‘ molecul.ar weight
polyethylene single crystals have been investigated as a function of’
crystallization temperature, molecular weight and solution concentra-
tion.. Sharp fractions were used coveri‘;i"g/’"the' mt;lecular weight range
from 3100 to 11600. The crystals were bharacfer;ized by studying (1)
the equilibrium melting/dissolution temperature as a function of the
molecular weight, (2) the lamellar thickness as a function of the cry-

G
sgallization temperature and (3) the fusion/dissolution behavior as a

v

function of crystallization temperature..

The most interesting results are as follows: (a) The lamellar
thickness varies conginuously with crystallization temperature. This
behavior has been interi)reted to provide information on the important
question of the location of the chain ends in tt'xe crystals. (b) For
the higher molecular weight fractions the growth rate decreases monoto-
nically with the crystallization temperatire. In contrast for érac-
tions in the molecular weight range of 3000 to ltObO the growth rate
versus crystallization tempera:;e:xre curves show a notched appearance in
which two branches can be distinguished. These branches intersect at a
transition temperature where the temperature coefficient of the growth
rates changes discontinuously. This behavior .is interpreted to mean
that the transition temperatures correspond to changes in the confor-
mation of the molecules deposited on the growth faces. The growth rate

i
data have been analyzed using current kinetic theories of polymer cry-

stal growth. Basal surface free energies thus obtained are compared

iy

g

T ‘a"la‘wx‘*’bkmd&ﬂl"\"ﬂ‘“e e SR

g W ap

b 0 b i e




B T .

-9

rs

R S e R

Bt n e

PGt TR AN

T S R

f—

vith the estimates from the relations between lamellar thickness and

supercooling and melting/dissolution temperature and lamellar thick-

ness. These results are discussed in relation to the molecular struc-
R
ture of the crystals. ‘ .
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Les taux de croissapce linéaire de monocristaux de polyéthyléne

de faible \poids moléculaire obtenus & partir de solutions dans 1le

\
xyldne ont &té étudiés en fonction de la température de cristallisa-

tion, du poids moléculaire et de la concenfwtrat‘ion de la solution. A

cette fin des fractions ayant une distribution étroite du polds molécu-

-

laire ont &té utilisées. Ces.poids moléculaires variaient de 3100 3

>

11600. Les cristaux ont &té caracterisés par 1'étude de: 1) la"tempé—

-

!
rature de dissolution et de fusion, & 1'équilibre, -en fonction du poids

\

moléculaire; 2) 1'épaisseur des monocristaux lamellaires en fonction de
la température de cristallisation et 3) le comportement du polymére

lors de la fusion et de la dissolution en fonction de la température de
I

cristallisation.

Parmi les résultats les plus intéressants on notera que:

a) 1'épaisseur des lamelles varie de fagon continue en fonction de la

!

température de cristallisation. L'interprétation de ce phénoméne a

donné certaines informations quant 3 la position des bouts de chaine

dans les cristaux. b) Dans le cas des fractions des plus hauts poids

moléculaires le taux de croissance diminue de fagon monotone avec la

)

température de cristallisation. Par contre dans le cas des fractions

dont le poids moléculaire se situe entre 3000 et 4000 des discontinu-

ités ont é&té observées dans les courbes donnant le taux de croissance

"

en fonction de la température de cristallisation. Sur ces courbes on

distingue deux branches se rejoignant 3 une température, dite tempéra-
tture de transition,

et a laquelle 11 y a discontinuité pour le coeffi-

cient de température des vitesses de croissance des cristaux. Cette

[84
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discontinuité a &té interprétée comme correspondant 3 des modifications °

de la conformation des molécules déposées sur les surfaces croissantes.

Les résulta;:s ﬁes études de taux de croissance ont €té analysés &

1'aide des théories cin:'etirques actue&les sur la croiss®nce des cristaux'

polymériques. Les/ valeurs obtenues des \c’\anesgies libres de surface des
‘ ‘

plans de base ont &té comparées 3 celles estimées 3 1'aide des corréla-

f
- o 3

L
tions entre 1'épalsseur des lamelles et la surfusion, et entre la tem—
. P

. *

pérature de dissolution et de fusion et 1'épaisseur des lamelles. Ces

résultats ont été discutés en fonction de la stfucture moléculaire des

©

cristaux.
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BREFACE ’

The work described in this thesis was carried out under\the

'3 . °

supervision of Dr. B St. John Manley as "part of the postgradua.te

3

research program conducted in the Department of Chemistry in coopera-
tion with the Pulp’ ax;q Paper Research Institute of Canada at McGili
University. .The general aim of the research is to study thfa properties
and crystallizgti_on kinetics of low molecular weight solution grown
‘polyethylene single crystals. The thesis is presented in the following

format. First there,is a general introduction in which the properties

- - o

of polymer crystals and theories of polymer crystallization are

AN

reviewed. The "Scope and Aims™ of the thesis are also incluﬁd in this

" chapter as the concluding section.

The main body. of tfhe thesis is presented in three chapters which
follow the Introduction. T,hesle chapters have been written in the form
of self-contained scientific papers which may be submitted for publica-
tion with minor changes. Chapter II deals with the variation of- the
lamellar thickness with crystallization .temperature and the measurement
olf the gquilibrium meltingfand dissolution temperature as a functi{on of
molecular weight. Chapter III1 deals with the melting :md dissolution
temperatures and the heats of fusion.of crystals grown at various \tem—

peratures. Chapter IV describes the kinetics of isothermal growth of

the crystals from solution as a function of molecular weight, solution

e

"concentration and crystallization temperature.
The thesis concludes with claims to original research and sugges-

tions for further research.
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1. MORPHOLOGY OF SYNTHETIC CRYSTALLINE POLYMERS -

A polymer is a large molecule built up by -the repetition of small
chemical units (monomers) held together by covalent §onds. The repeat-
ing units may be simple or quite complex. They can link together line-
arly or interconnectedly to form three-dimensional networks. Many
polymets{ in spite of the fact that they may contain thousands of
repeating units, are partially crystalline. The X-ray diffraction pat-
terns of crystalline polymers show botn,;harp features associated with
regions of three—dimensional order, and more diffuse features charact-
eristic of molecularly disordered regionms. The co—existe;ce of the
ordered and disordered regions in most crystalline polymers 1s one of
the characteristics of crystalline'polymers. '

An understanding of the crystallization process is impor§ant in
order to control the properties .of a polymer in the solid state. The
density or relative amorphous to crystalline content, crystallike size,
arrangement and distribution of crystallites, and the cryséalliﬁe form
(sphe;ulites, dendrites, etc.) all characterize the super-molecular
level of ordering in polymers, which in turn dictates the solid state
properties. Tﬁe morphological features may be modified by varying the

molecular weight, the molecular weight distribution, the crystalliza-

tion conditions (e.g., temperature), the degree of molecular branching,

.

. and by annealing the sample.

* The following sect%éns will consider the requirements for crys-

¢

tallization in polymers and general aspects of polymer morphology.

~
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Prerequisites for Cr}'stall ization

+

It is well known that the crystal“linity of a polymer is directly
related to the regularity of i1its molec¢ular structure. Occapional
irregularities, such as chain branching in pquet‘hylene, hinder the
extent of crystallizai:ion but dosnot prevent its occurrance. On the
other hand, polymers with irregular structures such as copolymers vitl}

significant amounts of two or more quite different monomer comstitu-

ents, or atactic polymers cannot crystallize.

There are two types of regularities: chemical regularity and

stereore)xlarity. '

(A) Chemical Regularity:
\ t
When a linear polymer chain has identical repeating units, then

[

complefe chemical regularity exists. This kind of polymer is called a

homopolymer. Many important polymers, howewver, have two or more mono-

v !

mers polymerized together and are therefore called Qopolymers- If the

argangement of the monomer units 1s random, they are called random -

copolymers. If the polymer chain is made up of subchains of A units
and B units linked at their ends, such as A-A-A-A~-A-A-A-B-B-B-B-A-A-A-
A-A, it is called a block copolymer. While random copolymers have no

chemical regularity, block copolymers would appear éuperficially to

have all the chemical regularity necessary for ‘crystallization. This

would be true only if all the A subchains were of the same length gnd .

§
all the B subchains were of the same length. If A and B subchains are

not completely monodisperse, irregularity in these polymers still

exists due to the various lengths of the A and B subchains in the total

,

chains.

i /! 'S / \\ /
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Some polymers such as polyethylene, have side branches and may be

represented schematically by the sequ“ence

v

—CHZ—CHZ-—EHZ-CHZ—IHZ—CHZ—
where the B units are chemically different pendent groups such as CH,,

CH., C.H

o0, CoHo, etc. The amount of such irregularity depends very mrch on

the polymerization process and has a very pronounced effect on the
crystallinity. Crystallinity decreases frém 902 to 40% for polyethy-

lene as the side groups increase from about three per 1000 chain units

[y -

to three per 100 chain units (1).

Another type ‘of chemical irregularity arises from the 'head-to—
head' as compared to 'head-to-tail'’ sequences ‘ir; addition polymers. It
usually~occurs in the free-radical polymerization, but the fraction of
head-to—~head as compared to head-to-tail sequences is generally small
and cannot prevent the crystallization from occurring.

(B) Stereoregularity: 3

When the polymers contain side groups, the carbon atom to which
the side group is attached is an asymmetric carbon atom, ;nd the possi-
bility of stereo-isomerism occuri. In order that these polymers can
crystallize they mist, generally speaking, be stereoregular. The back-
bone carbon stems which are arranged in zigzag conformation defines a
plane. The side groups may be attacht'ed either to the right or the left
of the plane (Figure 1.1). If these groups are randomly placed to the

left or the right of the backbone carbon plane, the structure is.

7
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Aﬁ illustration of the chain configuration in (a) isotactic, (b) syndi-

otactic, and (¢) atactic polymers.
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N

irregular and 1s called atactic. Polymer chains with suclH an irregular
configuration do not crystallize. If all the pendent groups are on one
gside, the st,ructure is called 1isotactic. If the pendent groups are
alternately left and right of the backbone plane, the structure is
called syndiotactic. Both isotactic and syndiotactic have the neces-
sary configurational regularity for crystallization.

L3 ol

Polymer Crystal Structures

»

Analysis of the diffraction patterns of crystalline polymers
revealed that the chain molecules are in parallel alignment within the

crystals. The atoms along the chain are in register and define a

A
5

three~dimensional lattice repeating !indefinitely. The atoms along a
g“iven chain "are held together by valence forces as opposed to atoms
belonging to ad jacent chains where lesser forces of, for instance, the
van der Waals type are in effect. This means that the periodicity
along the chains will be closely linked to the structure of the

molecules.

The. process of crystal structure analysis in polymers can be
divided into two stages: (1) the conformation‘ of the chain molecule
and (ii) the packing of the chains. The chain conformation is the most
important and is characteristic of the polymer. Thus the chain can be
a plé{r zigzag of carbon atoms as in polyethylene or polyamides
(Figure 1.2) or can be a helix as in polypropylene (Figure 1.3), the
‘type of he)licity depending on the.chemical constitution of thxe chain in

* i

the different polymers.
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FIGURE 1.2
The orthorhombic unit cell of polyethylene.
. (a)hlGeneral view showing the planar zig-zag form.

{b) Projection along c¢ axis (chain direction).

t
+

~

FIGURE 1.3

3

The helical confoimation of isotactic polypropylene chains. Small and

(» " large circles are the backbone carbon atoms and the methyl branches

Rk

P respect ively.
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The chain packing is less intrinsic unless some specific inter-
chain forces are operative, as for example, the hydrogen -bonds in poly-
amides. In most cases the chains will pack in some hexagonal or pseu-
dohexagonal pattern. Axvariety of closely similar packing requirements

can exist which 1is the origin of polymorphism of some polylger crystal

st ructures.

Fringed Micelle Model .

ln the 1920s, about the same time that chemists recognized that
polymers were long-chain covalently bonded molecules, rather than col-
loidal aggregates, X-ray diffraction studies demo‘nstrated that many
polymers yielded a few broad Bragg diffraction peaks superimposed on a
diffuse, liquid-1like scattering pattern. Froi the width of the dif-
fraction rings and the diffuse, liquid-like scat‘tering background, it
was concluded that polymeric substances co\ntain relatively perfect
crystals (with size rarely exceeding a few hundred angstroms) in an
amorphous matrix. T?lis conclusion led to the concept of the 'fringed
micelle' as the primary crystalline or morphological form (2,3). The
idea of this mode]l was that the chain molecules were in crystallogra-
phic alignment over disf;&ces corresponding to the dimension of the
crystallites while other segments were constituents of amorphous
regions.. A given molecule was thought to pa;ss throggh several crystal-
line and amorphous regions. This model is illustrated in Figure 1.4.

S

This model enjoyed widespread recognition and populalri‘ty for many

years, mainly because it led to simple and appealing consequences such



™~

_—FIGURE 1.4

An illustration of the fringed micelle structure of a semi-crystalline

polymer. The molecules pass alternately through several crystalline

and amorphous regions.
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as the strong bondi-ng of crystalline and amorphous regions into a com—
posite structure of good mechanical properties, and the simple inter-
pretation of degree of crystallinity in terms of the percentages o.f
well—-defined crystalline and amorphous regions. However, «it was recog—-
nized as an oversimplification by many investigators (4). The detailed
\

observations of polymer morphology of the past several decades have
shown that the fringed micellar model gives little insight into the

structures of larger entities such as spherulites and draws attention

away from the fine structure of polymer crystals..

Spherulites b

Spherulites, as suggested by their name, are spherical aggregates
of crystals. It is the dominant morphological entity formed when poly—
mers crystallize from the melt.. They were first observed in polyethy-
lene by Bunn and Alcock (5) and B;‘yant (6). The size of the spheru—
lites may range from submicroscopic to millimeters in diameter, depend-
ing on the magnitude of the supercooling. Each spherulite exhibits an
extinction cross centered at the spherulite center with the arms of the
cross oriented parallel to the vibration directions of the polarizer
and analyzer of the microscope.

From the birefringence measurement, the molecular chains were
found to be aligned tangentially to the spherulite, which obviously,
cannot be interpreted by the fripged micelle model. No satisfactory
explanation of spherulitic growth could be found until the chain fold-

ing phenomenon in polymer crystallization and the lamellar morphology

had been recognized.

§

-
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Lamellar Single Crystals

.
'

{

In 1938, Storks (7) prepared thin films of gutta percha [trans-
1,4-poly(2-methylbutadiene)] by evaporation from a dilute solution in
chloroform. Based on the eleétron diffraction studies, he concluded:
“"Films of gutta percha are found to be composed of relatively large
crystallites which are precisely oriented with their fiber axis direc-
tion normal to the film surface. It is presumed that the macromole-
cules are folded back and forth upon themselves in such a way that
ad jacent sections remain parallel.” Unfortunately, this report was
virtually neglected for many years. A major advance in the understand-
ing of the crystallite structure only came seventeen years later when
platelets or la;nella—like crystallites grown from solution for linear
polyethylene in several laboratories (8-11) were reported. Typically
such crystals are composed of lamellae with 1 - 50 um in lateral dimen-
iion and with a thickness on the order of 100 — 200 A. Electron dif-
fraction patterns revealed that the molecular chains were oriented
perpendicular to the Lpper and lower surfaces of the lamellae (10,11).
Since the molecules are thousands of angstroms long, the only plausible
explanation of these apparently paradoxical observations is that the
molecules are folded back and forth within the crystal with a fold
period corresponding to the thickness of the lamellae. This is sgchema—
tically shown in Figure 1.5.

For the sake of simplicity, the monolayered crystal shown in
Figure 1.5 depicts the mylecular axis as being normal to the upper and

lower surfaces (fold\ surfices). ~ In actuality, polymer single crystals

*
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FIGURE 1.5

An idealized lamellar chain-folded polymer crystal. The lines on the
surface of the crystal del:l_neate four sectors or domains. The arrows
in each sector indicate the orientation of the planes along which the

molecules are folded (the fold planes). In this model the folds are

considered to be sharp and regular.

ey
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are seldom planar as grown. Polyethylene crystals are usually found to
be hollow pyramidal structures (12). The polymer chains are Joriented
parallel‘ to the pyramid axis and thus are not exactly normal to the
fold surfaces. It should be not\iced that polymer molecules fold up and
down along planes which aré parallel to the growth faces of the cry-
stal. As a result, the lamellae are subdivided into a number of dis-
tinguishable sectors. 1In each sector, the molecules are folded along
the fold planes parallel to the particular lateral crystal face that
subtends the sector. This sectorization of lamellar polymer crystals
is shown in Figure 1.5.

Normal pafaffins whose chain lengths are less than 100 A usually
form crystals wit;mut chain folding. These extended chain crystals are
usually flat and without sectors. It is thus suggested that sectoriza-

tion and pyramidal geometry are the direct consequences of folding

(14).

Temperature Variation of the Long-Period in Polyethylene

The long period is the distance between the folds in a polymer
single crystal and hence is the approximate thickness of the crystal.
Following the discovery of chain folding in polymer crystals, much work
was done on the variation of the long period of crystals as a function
of crystallization temperature. The results demonstrated a general
increase of the long period with increase of the crystallizagion tempe-
rature (15-19). Fischer and Lorenz (20) reported that the change of

the long period with the crystallization temperature was the same for
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polyethylene single crystals formed from several s'olvents. However,
later .data (21-29) indicated that there was a variation with solvent
and the long period was dependent on the supercooling rather than the
absolute temperature of crystallization (Fig. 1.6).

The variation of the long period with molecular weight 1is less
well documented. Early data (13,30) showed that at a given crystalli-
zation temperature the long period does not vary with molecular weight.
However, Kawai et al (31) did observe a variation of 1long period of
polyethylene with l;nolecular weigl;t in the low molecular weight range.
By using sharp fractions of low molecuiar weight polyethylene in the
present work, it was shown clearly that the long period decreases with
increasing molecular weight at any one crystallization temperature (see
Chgpter I1 of this thesis). As predicted by Sanchez and DiMarzio (32),
the equilibrium dissolution temperature T,°, and hence the supercool-
ing, decreases with molecular weight when the molecular weight is below
103. Thus the dependence’ of long period on molecular wejght is really
a relation between the long period and the supercooiing-

Finally, it whould be mentioned that unlike polyethylene, poly-
(ethylene oxide) crystals do not sh;)\i a gradual increase in long period
with increasing crystallization temperature. Instead, their thickness
increases step-wise according to the reduction in the number of folds
per molecule (33,34). This is probably due to the presence of the

hydrogen bonding between the hydroxyl end groups of the polymer.
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FIGURE 1.6

Variation of long period with crystallization temperature for polyethy-
lene single crystals grown from several different solvents. Curve (1)
decalin; (2) toluene, xylene and tetralin; (3) n-octane; (4) n~-hexade-

cane; (5) diphenylether. [From Nakajima et al (23)].
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The Equilibrium Melting and Dissolution Temperature of Polymer Crystals
\ The -driving force of the crystallization of polymer molecules
from solution/melt is the free energy difference between the super-

cooled solution/melt and the equilibrium crystal. The free energy

»

difference in turn is a sensitive function of the supercooling (AT) of
the system. Supercooling is defined as AT = 'I‘m° - T, where Tm° is the
equilibrium melting temperatere and T is the temperature at which cry-
stallization is studied. In crystallization from solution, AT - Td° -

T, where Td" is the equilibrium dissolution temperature. Thus it is

critically important to obtsein precise values of Tm or Td° in the

analygis of the growth rate data of polymer crystals.
Tm° may be defined as the temperature at which a large perfect
crystal (consisting of extended chain molecules) is in thermal equili-

brium with the surrounding pure liquid polymer, whereas Td° is defined’

as the temperature at which a large perfect crystal is in equilibrium

with the polymer solution. Both Tm" and T, depend on the molecular

d
welight of the polymer (32). A widely used method to determine Tm° or

Td° is to measure melting/dissolution temperatures (Tm/Td) at various

~~~lamellar thickness () and extrapolate the data to infinite lamellar

thickness, according to the relatioq (35)
° ° -
Tm (or Td) Tm (or Td ) [1 Zoe/(Ahf’),Q]' (1.1)

where O is the basal surface free energy and Ahf is the heat of

fusion. However, it has been pointed out that these kinds of experi-

ments may not be sensitive enough to evaluate Tm (Td") as a function
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of molecular weight (32) and the validity of applying this relation to
low molecular weight pojzy/mers has been questioned (64). Flory and Vri}
(69) have deriyed a Yelation which allows one to calculate Tm" theore-

tically at various molecular weighfs. Sanchez and DiMarzio (32) also

proposed a sémi-empirical equation for Td°

T,° = [T =29 + 1,012 (1.2)

where Tm" and 1,° are respectively the Flory-Vrij (69) and Pennings

(72) estimates fgr the equilibrium melting temperature and the equili-

4

brium dissolution temperature. Unfortunately this equation does not
give reliable results for low molecular welght polymers as will be

discussed in this thesis.
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‘2. THEORIRS OF CRYSTALLIZATION

~
The classical concept of crystal nucleation for small molecules

was developed by Gibbs (36), Volmer (37) and Kossel (38) and has been
applied successfully to polymer crystallization. It is based on the
consideration of heterophase“fl;lctuations about the theﬁnodynamic s.tate
of equilibrium at the crystal growth face caused by the rgpeated depo-
sition and remel’ting of molecules. A’ stable nucleus is first required
on which growth may occur. When several molecules spontaneously cry-
stallize together, the chemical potential of the system is reduced by
the molecular interactions created, but the net reduction in Gibbs free
energy is modified by the energy expended in creating the crystal suf-
faces. At temperatures‘below the melting point the net free energy
change 1s positive and unfavourable for the stabilization of wvery small
nuclel, passing over a maximum at a certain critical nucleus size. If
the nuclei are larger than this critical size they are stable and
grwgh may occur on them. '

However, there are many differences between the crystallization
of small molecu,}es'and polymers that the theories of crystallization/of’/
polymers should account for.” Small molecules are incorporated/,)f;’:e
after another into molecular crystals, produ;:ing entities of nz.;c/rosco-
pic size in thrée dimensions. In c\ontrast, under many/é;nd;tions
linear polymer molecules crystallize by forming platel?/t of the order
of 50 - 209 R thick-and the remaining twg diu;enSior}s’"‘;re very large in

’ /
comparison with this thickness. The thickness of the crystals usually

does not change at a given crystallization temperature but varies with

/s
/S )
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that do nof grow at all. In addition, polymers, especially when cry-

,

stallized,ffom the melt, exhibit a persistent amount of noncrystalline
material e\Dren after prolonged storage at  a -\temperature where crystalli-
zéiiou was initiNall)" quite rapid. This 1s not a result of impurities
and has no analog in molecular crystals convsisting of small molecules.
All these peculiarities arise from the long-chain character of the
polymer molecule.

Two main classes of theory have been propose:i 19 order to account

for the phenomena of polymer crystallization. They are equilibrium and

kinetic theories. The equilibrium theory (39-42) suggests that the

.

thermal longitudinal and torsional oscillations of the chain teid to
smear out the lattice pt;tential energy field and hence increase the
free energy density of the crystal. This effect increases with increa-—
sing length of the grystalliféd polymer chain segment. The fold sur-
f.ace would, in 'cm;trast, contribute a constant positive free energy to
the overall free energy of the crystal. Combining éhese factors could
lead to a minimum free energy of the crystal at a finite chain length.
According to the kinetic theories (32,43-53), chains are regularly

‘4
folded in crystallites because of a mnucleation requirement. \The
- \‘
observed chain—folded crystals correspond tp the structure with maximum
hY
# R
crystallization rate rather than maximum thermodynamic stability.

Crystals with extended thains should be in the lowest state of free

energy. The equilibx:ipm theory will not be detailed here because in

-
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its present form it does not adequately &dccount for the exper?lmental

observations that have been made. For instanée, it does not account’

for the observed dependence of the fold length on supercooling rather
than on temperature of crystallization. Also, reversibility with tem—
perature would be expected from the theory, but 18 definitely not
observed with chain-folded singlg crystals. .This need not mean that a
thermodynamicv criterion does not exist by which the stablest crystal is
of finite ;:hickneés, but according to‘available evidence this does not

seem to govern the folding behavior of the c_:rystals which appears to be

-
v

of kinetic origin.

Nucleation
-

According to the kix;etic theories of crystallization., two nuclea-
tionm steps are necessary in the growth of a crystal. A stable three-
dimensional nucleus has to be formed first. This is called a primary
nucleus. Then a two—dimensional secondary nucleus 1is required to form

won a smooth crystal faceli)efore another molecular“layer can be added.

These nucleation processes are the ratedetermining steps in crystalli-
zation. The primary nucleation rate determines the induction time
ifhile the formation of stable secondary nuclei controls the rate of
growth of the crystals.

-

(A) Primary Nucleation:

Consider a crystalljne cluster of polymer molecules that is

formed at a temperature below the meIting point (Figure 1.7). The free

energy of formation of this cluster, or the primary nucleus, may be

expressed as (44,45)

© Bt o

o s
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Ay = 4xQgt 21(20e - x23(af) (1.3)

.Where A¢ 18 ,the change of the free energy during the formation of &

nucleus, £ 1s the thin dimension of the crystal, x 1is the large dimen-
sion, o is the la‘teral surface free energy representing the interfacial
energy due to the interfacial surface tensions between the liquid and
solid, o, is the fold surface free energy consisting of interfacial
energy and strain energy of the folds and Af is the free energy of
fusion which 1s the difference in chemical potential of the liquid and

solid. Near the melting point Af can be approximated by assuming that

the heat of fusion (Ahf).~ i1s independent of temperature (54)

Af = Ahf -'IASf = Ahf -T(Ahf)/Tlll = AHfAT/Tm \/{1.4‘},

o

where Tm is the equilibrium melting gemperature and AT is the super-
cooling.

The positive energy change caused by the creation of surfaces is
balanced by the reduction in bulk free ‘energy. A plot of 'tl;e free
energy of formation as a function_of 2 and x is a saddle shaped sur-
face, the lowest barrier corresponding to the saddle point (Figure
1.8). ‘The dimensions of a nucleus at the saddle® point c;an be obtained

by equating to zero the derivative of A¢ with respect to % and x in

turn. The critical parameters for the primary nucleus are then



FIGURE 1.7

Primary folded—chain crystal nucleus.

FIGURE 1.8 =
o e -
Variation of the free energy of formation of a primary nucleus as a

function of nucleus size and fold period.

[
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*
L = 4oe/Af (1.5a)
) ‘ *
X = dce/Af (1.5bH)
*
AD = 320e02/(Af)2 (1.5¢)

Thus the most probable value of the thickness of the primary nuclei,
corresponding to the lowest free energy barrier at a given temperature,
is Jl*. The free energy of a nucleus with such a fold period will
decrease and the nucleus becomes stable when x > x*. It has been shown
that the probability of finding a nucleus of length 2 compared to that

*
of finding one of length 2 1is (43)
*
P = exp - [8¢ — 8¢ )/KT] (1.6)

For polyethylene the distribution in £ is sharp, and the dispersion

* - -
about the mean of 1.12 g is small. All stable nuclei then have very

nearly the same length. Once a stable nucleus has been formed more
molecules can add on with folding to length 2. Thus the thickness of

the developing platelet will remain quite constant and close to the

*
critical nucleus length £ .

It appears that the constant thickness (and its temperature

dependence) of single crystals of high polymers results directly from a
nucleation—controlled growth wherein growth of nuclei is inhibited in

directions normal to the plane of the folds. Tlr’e' critical nucleus
\
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sizes as a function of crystallization temperature demonstrates that
the polymer Pmolecular weight just sufficient to form the nuclei by
intramolecular crystallization increases markedly as the supercooling
decreases. The logarithms of the nucleation 'induction times (62) were
shown to be proportional to 1/TCAT demonstrating how se;nsitive nuclea-
tion is to supercooling.

(B) Secondary Nucleation:

Lauritzen and Hoffman (55) have proposed a theory of the secon-
dary nucleation. The model used is shown in Figure 1.9. A polymer
molecule from the solution or supercooled melt is considered to be
physically adsorbed onto the surface of the crystal and then comes into
crystallographic register with the substrate, forming the first stem.
The molecule then folds back on itself and crystaliizes in a position
adjacent to the first stem. By repeating this procedure, the surface
nucleus of molecular width a, thickness b and height £ that is fixed at
a specified supercooling grows along the g'di'rection and the overall
growth of the crystal is in the G direction. Th‘e free energy of forma-
tion when v stems and ve = v T 1 folds have been formed (ignoring

i

chain-end effects) is

<

- + - .
A¢V . 2bo 2vfaboe vab RAf Q1 7;
When v = 1, the free energy of formation is increased by (2bfo - ablaf)
because of the formation of two new surfaces and the increase of the

crystal volume. Formation of a second stem by folding will cost 2aboe

-~
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FIGURE 1.9 (/f

Model for surface nucleation and growth of chain-folded crystal. A
surface nucleus composed of stems of length %, width a, and thckness b,
with folds, forms on the substrate and spreads in the direction g. The
surface nucleus then campletes a layer of thickness b Ky spreading to
the crystal width L, causing Othe crystal to grow in the G direction.
The lateral and fold surface free energies ¢ and Ty are also shown.

[From Hoffman et al (59)].
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because a fold surface is created. No new lateral surface is formed at
this time and the bulk free energy is decreased again by abRAf. Suc-
cessive crystallization as the surface nucleus spreads in the direction
g will eventually lead the system to attain the region of stability.
The change of the free energy of formation of a chain-folded surface
nucleus as a function of number of stems is shown schematically in
Figure 1.10.

Calculation of the rate constants leads to estimates of the mean
fold period and the lateral growth rate G which in turn gives informa-

tion about the fold surface free energy of the crystal.

Regim&rl and Regime I1 Crystallization

-

Lauritzen and Hoffman et al (55,56) considered that there are two
means by which a growth strip might f111 in. In the first case, which
they refer to as Regime I, they assume that nucleation is the rate
determining stepL Each nucleation act once accomplished, quickly com-
pletes the growth strip of length L, adding & complete layer of thick-
ness b béfore a new ;ucleation act occurs (Figure 1.11). The growth

rate can be described as (53)
G = biL (1.8)

where i is the rate of deposition of chain-folded nuclei on a unit
length of a substrate, L the length of the side of the crystal and can

be expressed as L = n_a, n is the number of sites where surface nuclei
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FIGURE 1.10

Free er;ergy of formation of a chain-folded surface nucleus. The dia-
gram shows the relat‘ionship of the rate constants Ao, Bl’ A and B to
the free energy of the processes involved in the formation and growth
of the surf?e nucleus as it spreads in the g direction. The rate
constants of forwa;'d and backward reactions between the state v = 0 and

v = 1 are A0 and B respectively, and all the subsequent forward and

1)

backward reactions are given by A and B, ¢ is a parameter, ranging from
zero to unity and 1s related to the fraction of the polymer segments

which is crystallographically attached onto the substrate. [From

4

Hoffman et al (59)].

'
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FIGURE 1.11
Schematic representation of growth front morphology for regime I and
regime II growth.
Regime I: Diagrams at left. Single nucleus forms on surface,
rapidly completeé new layers. Folds are parallel to edge of crystal.
Regime II: Diagrams at right. Many new surface nuclei form
before previous layer is complete, leading to reentrant or creneleated
growth frong. Some folds are parallel to direction of overall growth.

[From Hoffman et al 59 ].
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can,be initiated on the substrate and a is the widrth of the molecule.

One readily finds in cases where G = i1 that (55)
*
G = Goexp[-U /R(T ~ Tm)]exp[-l;bcoe/(Af)KT] (1.9)

where the factor exp[;U*/R(T - Tm)] represents the temperature depen-—
dence of the segmental jump rate in polymers. Factors not strongly
dependent on tempe}ature are collected into the pre-exponential term
G . Tm is a hypothetical temperature where all motion associated with

(o]

viscous flow ceases and is generally taken to be about 50° C below the

glass transition te:nperature of the polymer, 'l‘g. For dilute solutions,
exp[—U*/R(T - Tm)} is replaced by exp(—A‘H*/RT). Here AH* is the acti-
vation energy of diffusion in solution, which is usually small, ~1 - 3
Kcal/mole.

Regime II growth considers the case where surface nuclei form in
large numbers on the substrate at a rat; i and spread slowly at a veio—
city g- According to'Sanchez and DiMarzio (57), the crystal growth
rate in this case is proportional to the square root of the surface
nucleation rate, i.e., G = b(ig)k, where 1 is the surface nucleation

rate and g ¥ the spreading rate on the lateral surface. The following

equation can then be derived (57):
*
G = G_ exp[-U /R(T - T_)lexp[~2boc,/(Af)KRT] (1.10)

A general expression for the crystal growth rate for both regimes

may now be formulated ' J

-4
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*

% = Go exp|[-U /R(T ~ TQ)]exp[-Kg/T(AT)f] (1.11)
where AT is the supercooling, f a factor near unity that accounts for
the slight diminution of the heat of fusion as the temperature falls

*
below Tm". For dilute solutions, exp[-U /R(T - Tm)] is replaced by
*
exp[~AH /RT] as described before.

By comparison xith equations 1.9, 1.10 and 1.11, it is seen that

for regime I

Kg(I) 5bcoeTm°/(Ahf)K (1.12)

while for regime II

Kg(II) 2booeTm°/(Ahf)K (1.13)

\J

The growth rate G for regime 11 differs from that for regime I by

a factor of one—half in the nucleation exponent. This arises fundamen-

tally from the fact that G(I) « 1, while G(II) « i%. Regime 11 would

be expected to lead to a rough growth front, for many new surface
nuclei form befdre the previous layer is complete. In addition many

folds would be parallel to the direction of overall growth as depicted

v

in Figure 1.11.

Lauritzen (58) has shown that a dimensionless quantity Z = iL</4g
governs the distinction between regime I and regime II behavior. 1If Z

< 0.01, regime I behavior is expected. If Z = 0.1 regime I behavior is

s
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The test for 'regime I and regime II is as follows. The value of
K.g'is obtained from,the analysis of expenimenta‘l data. Z can be

approximated as (55)

Z = iL2/4g = 103(L/2a)2exp[-X/T(AT)] (1.14a)
Y

X = l(g for test of regime I withZ < 0.01  (1.14b)

. X = ZKg for test of regime Il with Z > 1 (1.14c)

From equation 1.14, it 1is possible to estimate the range of L values

consistent with regime I or regime II behavior. What frequently hap-‘

pens is that this procedure suggests "a reasonable value of L for one
regime, av,;;d an unrealistic value for the other. Thus a correct choice
may be made b’etwgen them.

_Hoffman et al (59) analyzed the data of Holland and Lindem;leyer
(60) for the growth of polyethylene single crystals from xylene al;ld
found that the growth rate data were just on the border of regime I
type crystallization. Coo:er and Manley (61) reported the growth rates

for polyethylene fractions of molecular weight 25200 and 83900 in

xylene at a somewhat larger supercooling than Holland et al and sugges-

_ted that the data were on the border of regime I and regime II (l(g =

3boaer°/(Ah,f)K). It appears then that polyethylene, as crystallized

proximated within about 10%. When Z > 1, .regime II is approached.
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from dilute solution, may pass from regime I to regime II behavior on
increasing the supercooling. This transition 1s much more clear in
polyethylene grown from the melt §s reported by Hoffman et al (56). A
transition temperature at about 127° C was detected, above which only
axlalites were observed and regime I behavior was obtained, and bel'ow
which spherulitic merphology and regime II behavior was indicated. A
number of* other polymers, such as poly(chlorotrifluoroethylene), are
also found to give regime I growth at high temperature, while others,
such as isotactic polystyrene, fall almost entirely into regime II
(55).

In summary, the theory emphasizes the details of how the first
step element and fold go on the substrate. It is apparent from the
theory that the rate of bformation of a chain—folded surface nucleus
simltaneously governs the crystal growth and the initial thickness of
the chain-folded crystal. The restriction of the crystals to a finite
thickness is fundamentally a result of kinetic considerations. The
surface free energies ¢ and o, control the thickness while the product
of ¢ and o, governs the temperature dependence of the growth rate.

The theory has been widely applied and is sﬁpportéd by a large
amount of kinetic data on polymers. However, certain fundamental con-
cepts of the theory are still under debate. The theory is based on the
model of chain folding with adjacent reentry in the crystal. It
describes a highly restricted form of growth. Once a single unit of a
chaif is attached to the interface, the final position of any other

unit in the molecule is almost predetermined. Such a pr(;cess seems

—
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likely in the crystallization from dilute solution where the ge'nsity of
chains in the 1liquid is low and competition between chains for the
érowth sites is infrequent. In growth from the melt, however, mch
more competition between chains or different parts of the same chain
for growth sites is expected, since the densities of molecular units i‘n
the melt and crystal are nearly the same. Moreover, the model only
considers infinite molecular weight polymer: chains with many folds.
Chain end and concentration effects are not included. It is apparent
that the th@pry cannot be usgd in its present form to predict the vari-

ation of the growth rate of polyethylene single crystals from dilute

solution with molecular weight and concentratiom.

Sanchez-DiMarzio Theory for Crystallization of Finite Mol ecular Weight

L]

Polymers From Dilute Solution

(bA)' General Description:'

Sanchez and DiMarzio published a dilute solution theory for poly-
mer single crystals (3@,.535 in 1971, in which ‘they attempted to predict
the effects of mol‘eculaJr weight and—concentration on the growth rate.

The basic postulate of t‘n'e theory is self—nuclegtion by cilia (Figure
X.12). Cilia are the dangling -ends of mole:cule's that are prrtifally‘,
incorporated into the crystal lattice. They are formed in the follow-
ing manner. The first segment of. a solution molecule to deposit ‘on a
crystal growth strip would likely be not an end portion but some more
central region of th;a molecule. Wheri> these first segments have

~ -

attached to the crystal the two ends of the molecule are, left dangling

v
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- FIGURE 1.12
Schematic representation of the "self-nucleating” mechanism. A cilium
formed in an underlying growth strip nucleates a new growth strip.

[From Sanchez and DiMarzio (53)].
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in solution. If the long chaln portion begins folding, the shorter one
will be left dangling in solution as a primary cilium, and if the pro-

cess of chain folding is interrupted by the incorporation of ‘a new

chain from solution or a previously formed cilium into the pgrowing

-4

strip, then a secondary cilium is formed. This is 1illustrated in

F"igure 1.13.  In dilute solution crystallization, secondary ciliation
will be 1e§s important than primary ciliation simply because of the
sparsity of polymer molecules in solution around the growing face and
the lengths of the secondary cilia are usually a fractiomal number of

stem lengths. It is the primary cilia which may nucleate the following

growth strip. Making what is considered to be a reasonable assumption,
that once a new growth strip is nucleated then filling in by chain
folding of molecules is a rapid process (45,46,48,49). Sanche’z and
DiMarzio studied theoretically the effects of molecular weight and

temperature on the concentration dependence of crystal growth rates.
4 '

Two models were considered in the theory. In the first model,
primary cilia are not allowed to reenter the crystal, whereas in the

second model, primary cilia are allowed to reincorporate in the next

’

growth strip. The total nucleation rate S can be expressed as a linear

(
combination of the cilia nucleation rate SC and the nucleation rate Ss

for solution molecules:
c s ’
S =.W ST+ W,S (1.15)

g
where wl and w2 are weighting constants. Sanchez and DiMarzio were not
4
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place along its contour length.

l
l

(.c:) (b) Qg\ :

secondary

FIGURE 1.13

Schematic’ representation of primary and secondary cilia formation. In

&
(a) a chain molecule attaches in the growth niche at some arbitrary

One of the dangling chain portionms

proceeds to fold (b) until it completes folding or until a new molecule

interrupts its growth (c). {[From Sanchez and DiMarzio (53)}].
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able to estimate the values of Wl and Wz, however, they pointed out

that Wl is8 proportional to 1/MW since the shorter the molecular length
the greater the number of eilia present per unit length of growth
strip.

(B) Behavior of s® and s€

The reader is referred to the original papers for details con-
cerning the derivations of the tgeory. Some important predictions from
the theory for the beilavior of s® and s€ for polyethylene as crystal-
lized from xylene solution are summarized below:

(1) Ss is generally found to be proportional to the concentration
raised to the first power. The first order kinetics indicates that the
rate of nucleation is directly dependent on the number of molecules in
solution. At very low molecular weights this proportionality tends to

e
exceed unity indicating that one molecule is of insufficient length to

‘stabilize itself by chain folding; several more stems from other mole-

cules are needed to stabilize the nucleus.

(2) s€ is proportional to the concentration raised to a power
less than one (Figure 1.14). This indicates that although solution
molecules are -not being wused 1;71 nucleating a growth strip directly,

tpey are usually required to stablilize the nuclel formed by cilia which

are too short to stabilize themselves by chain folding. As the cry—/\

stallization temperature increases, the long period increases and the

\d 9

number of stems that a cilium can contribute to stabilize the nucleus
decreases. The nucleus becomes increasingly dependent on solution

molecules as the supercooling decreases and the concentration exponent

-~

~

~
~
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then increases slightly with Tc. As the molecular weight increases .up
to about MW ~ 10° the cilia are of sufficient length to stabilize them-
selves and therefore there is no change of s with concantration
(Fig:lre 1.15). '

(3) The dependence of s® on molecular weight at various crystal-
lization temperatures is shown in'Figure 1.16. The nucleation rate
first increases with molecular weight, passes through a broad maximum
and then decreases slightly. The increase of the nucleation rate with
molecular weight is of course due to the increase of supercooling.
This effect is opposed by the localization free energy (53) which
increases with molecular weight and causes the maximum in the curve.
No maximum is predicted in the relation between 5S¢ and molecular
welight. s€ increases monotonically with molecular weight (Figure
1.17).

(4) The effects of concentration on s® and s¢ are shown 1n Figure
1.17. As expected, $°% increases proportionally with concentration over
the molecular weight range while S* increases with concentration at low
molecular welght but becomes independent of concentration at molecular
weights above ~ 10°5. )

Recently, Cogper and Manley (63) have shown that the predictions
of the theory can be readily checked by studying the behavior of Sc and
s® individually under varying conditions of molecular weight, tempera-

ture and concentration. The results were found to be compatible with

the self-<nucleation mechanism.

P —
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FIGURE 1.14

The effect of crystallization temperature Tc on the concentration
dependence of the isothermal cilie nucleation rate s¢. The concentra-

tion dependence increases slightly as 'I‘c increases. [From Sanchez and

DiMarzio (32)].

FIGURE 1.15
The effect of felecular weight on the concentration dependence of the
isothern{n}al cilia nucleation rate S°. The concentration dependence

decreases as the molecular weight increases. [From Sanchez and

DiMarzio (32)].
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FIGURE 1.16
The fsothermal nucleation rate for solution molecules 5° versus molecu-
lar weight. The isotherms pass through a shallow maximum which shifts

to higher molecular weights as the crystallization temperature increa-~

ses. [From Sanchez and DiMarzio (32/)].

FIGURE 1.17
The relative effect of concentration on solution molecule and cilium

isothermal nucleation rates s® and Sc, as a function of molecular
o

welght. [From Sanchez and DiMarzio (32)].
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Recent Development of the Kinetic Theories of Polymer Cry‘stal Growth

(A) General Description:

As mentioned above, kinetic theories based on coherent surface
nucleation have been proposed (45,4B) to account for the folded confor-
mation of polymer chains during/crystallization. A direct means to
test the validity of the theories and probe the origin of the chain
folding in polymer crystallization is to study the crystallization of
low molecular weight polymers in the region of molecular weight and
supercooling where the transition from extended—chain to folded-chain
crystal growth can be observed. By far the most exhaustive se“t of data
which has been obtained is that for low molecular weight hyc!roxyl ter—
minated poly(ethylene oxide) (PEO) single crystals grown from bulk by
Kovacs and co—workers (64—-66). They investigated the growth kinetics,
melting and thickening behavior of bulk samples of PEO single crystals
systematically in the molecular weight and supercooling region where
the polymer chains are either folded a small number of times or exten-
ded. It has been shown (33) that the lamellar thickness % of PEQO is an
integral submultiple of the overall chain length L. This indicates
that each molecule ik folded exactly a small number of times n, with
chain ends rejected on the surface layers of the crystalline lamellae
and the chain folds are tight with adjacent re-entry. The growth rate
data of PEO show distinct branches corresponding to each integral value
of n (64) (see Figure 1.18). Each branch has the quantitative shape of
log G vs 'I‘C curves for a typical high molecular wéight polymer, inc&.ud—

ing giving approximately the characteristic linear relation between
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log G v8 1/T(AT). The current kinetic theories, which assume molecular
weight to be infinite, do not permit a consistent analysis of the kine-
Zic data on the low molecular weight poly(ethyleﬁe oxide) samples.
Recently, Point and Kovacs (67) and Buckley (68) had extended the
existing kinetic theories to short chain polymers, particularly to the
low molecular weight PEO system. ‘Basically, the extended theory is
similar to the current kinetic theories patterned after Hoffman and
Lauritzen (45); it is still based on coherent surface nucleation and
the formation of the surface nucleus jis assumed to be a sequential
process. What is new is that the chain end effects are taicen into

consideration in a consistent manner.

(B) Theoretical:

On the attachment of the first stem of a short chain molecule

onto a crystal surface, the variation of the free energy of formation

is
A¢° = 2bio ¢+ aZaboe - ¢AFc(x, T) (1.16).

where a, b and % are the geometrical dimensions of”the sten, cwaud 0,
are the lateral surface free energy and t};e excess free energy associa-
ted with the two dangling chain ends respectively (Figure 1.19), «a i8 a
factor ranging from zero to unity and is used here to account for a
possible asymmetry of the activation barrier gssociated with Zabue.
The parameter ¢, algo ranging from zero to unity, is related to whether

or not the polymer molecule is physically absorbed on the surface prior

.
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FIGURE 1.18

S0 55 60O
rieg

Crystal growth-rate G versus temperature T for four low MW fractions of

PEO: A, Mn = 1890; B, Mn = 3900; C, Mn = 5970; D, Mn = 7760 and one

high MW sample: E, Mn = 152 P00 after Kovacs and coworkers (64—66).

Parameter shown is n, the number

of folds per molecule. [From Buckley
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Crystallographic deposition of

a

‘[From Point and Kovacs (67)].
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to actual crystallographic attachment onto the substrate. Thus the~
first and second terms of A4>° are ;:os'itive ar;d cor'respond to tl;e crea
tion of' the' new surface and the excess free eneréy created by the
cilia, respectively. The third term represents the decrease ix{ the
bulk free energy of crystallization relevant to the stem of lénéth L.
It should be noticed that A¢)° must be positive in order to prevent the

3

nucleation frequency, and thus the growth rate from increasing with 4.

!

Under steady state conditions, the flux S(1) over the nucleation

barrier to generate a monomolecular layer of length & can be expressed

by (353):

5(2) = NA (A-B)/(A-B+B) (1.17)

(%

vhere & and B
0 1

first stem, respectively. They can be writtén as

A= Pexp(-A¢_/KT)
= B exp[(-2bRo - o2abo, + ¢4F )/KT] _£1.18)
’ AN
\\
\<
B, = A eip[(2bRo+ 2abg - AF )/KT] ¥

B exp {[-(1 - ¢)&F_+ (1 - o)2abg J/KT]  (1.19)

A and B are the forward and backward reaction rates for the attachment

-
of additional stems of length % in an adjacent position to the first.
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They can be expressed by N

- - '}B
A = B exp[(q;AFc - a'Zabeye)/l(T] ~ ‘ (1.20)-

B = B exp{[-(1 - ¢)&F_+ (1 - a')2abg J/KT} (1.21)

1

where - R represents the aver‘age‘ value of the basal surface free energy

per stem. This is because for short chains the additional stems may

include either chain ends or folds or other types of crystal defects.
The factor a' associated with ;e is generally assumed to be equal to

unity (48,55). The total flux ST which controls the growth rate is

" given by integrating over . all possible values of {, ranging from a

minimum to L, wviz.; - K

L .L ' n
S, = IS = x;l S s(aXy (1.22)
. Jmin s min

4 s

-

- Y R , t «
where lu is the length of one repeating unit. This is one of a major

departure from the infinite molecular veight approximati‘on in which the
ﬁpper limit of the integrationm is i’-hfipity-

From these basic equations," Point and Kovacs (67) obtained. grqwth
rate expressions for extended chain crystals correspond:lngqto the case

| 2
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G, (0, p) = B(plexp (- 2m‘°> exp [ vablah, a7
kT KT_(=)T

2
¢'1nCp - e abce‘,e(o) 31 - exp zabce,e(o) -
kT kT

AFC(L.T)]
. kT B (1.23)

where'oe e(0) is ‘the surface free energy contribution of one free

»

fnez:gy contribution of one chain end 1n’ a surface involving n = 0 and {
= 1 for regime I growth and i = & for regime II growth. Similarly, the
general growth rate expression for folded chain PEO crystals fs given
¥
by the equation:
j
G(n, T) « A[1 - (B/A)]exp{-[2bg o + a2ab(o, - o )1U/KTY} (1.26)
where ;t is assumed that (i) the length ,Qn of the growth nuclei is
always an integersubmultiple of the chain length, i.e., o= L/(14n),
and its value increases step—wise with T corresponding to the change of
n, and (ii) B = Bl, thus ¢ = a'. .
(C) Comparison with Experiment: -
In order to avoid the arbitrary assignmt'znt of the unknown parame-
ters such as ¢ and &, Point and Kovacs (97) expressed G in terms of an
appropriate reduced variable enabling direct comparison of the data

obtained for any pair of PEO fractions investigated. For extended-

chain crystal growath, the expression

” @
)

.
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Gi(O, pl) . (pllpz)—(y + ¢')exp['21bluo (pl - PZ)] (1.25)
6, (0, p,) KT, (=)

can be obtained for any two fractions of PEO from equation 1.23 and the
relation B(p) = Y (70) in which p is the degree of polymerization of
a fraction, J 1s the frequency factor which is insensitive to small
temperature changes and the value of the exponent y ranges from zero to
unity. Note that the right hand side of this expression is independent
of both T and the reduced supercooling 6 = (P/T)(Tm(:) = T). Thus they

deduced the following reduction rule:

"The logarithmic growth rate branches G(o, p) of extended chain
crystals, obtained with low molecular weight PEO fractions (or similar
materials), plotted against the reduced undercooling €, are superposa—
ble within a fair accuracy by means of vertical shifts, except in the
vicinity of the relevant melting temperatures Tm(O, p), where G(0, p)
vanishes." \\\\_///

Point and Kovacs found that the reduction rule is well supported

by the experimental data. However, when they rearranged equation 1.25

to the expression

2.303kT _(=) [ G(o, p;)
io

P
2
— log 1, = (y + ¢'")log ———] (1.26)
2bs (py ~ py) G(o, p,)]0 P

1

and attempted to estimate the lateral surface free energy o by assuming
upper and lower limits to the unknown parameters, they noticed that the
o values are much smaller than those usually reported (59). Actually,

they are too low to have any physical meaning for characterizing the
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sharp boundary between a crystalline substrate and the melt. Further-

more, the apparent ig value is reciprocally related to the chain

length. This is inconsistent with the theoretical model, implying o to

be independent of the chain length.

Similarly, for the growth of n times folded crystals, by defining

#(n, T) = {¢aF [L(1 + n)7L, T) - azabBe(n)}(xr)‘l (1.27)

one can express the ratio of the growth rates observed a}t any two cor-

responding temperatures Tn, involving the same value of ¢, by

Gy T) |, eng - 2ibLo [ 1 - 1 ] (1.28)
G|, X (@ + DT CHER

Note also that the right hand side of this equation is indepen-

dent of ¢ and depends only slightily up;on T. Thus a similar rule can be
stated: The various G(n, T) growthgbranches plotted against ¢/¢ should
be superpoiable merely by vertical shift over the entire overlapping ¢
range. This theoretical requirement was found approximately fulfilled.
However, the apparent values of io derived from equation 1.28 are very

low at values of n and increase rapidly with decreasing n, attaining

acceptable values at relatively large supercooling.

-

When plotting G(n, Tm) against Tc’ the theory predicts the exis-
tence of discrete growth branches for integral values of n. Reasonable

quantitative agreement with experiment is found for high values of n.

e

@t § Do o ot

s

¢ e e

PR

m g e e e




i T e

ek

- 52 -

For low values of n and small supercooling, however, there is a large
quantitative discrepancy between the predicted and observed G values.
Moreover, the theory predicts a dramatic increase for both £ and G
(vhich tas been referred to as the 5% catastrophe (55)) when Mo
becomes negative, 1.e., when ¢AFC> 2bRo + a2aboe. This may arise when
the crystallization temperature is low enough. Experimental results
show a levelling eff for both £ and G at low ‘temperature (T < 300 K)
rather than an increase. Point and Kovacs have concluded that the
nature of the fallure of the theoretical predictions reveals a series
of fundamental discrepancies contradicting the model of coherent sur-
face nucleation resulting in a sequential deposition of chain segment
of fixed length. These discrepancies may ox"iginate from the incorrect
evaluation of the free energy barrier A¢, (equation 1.16) which opposes
the cry:tallographic attachment of the first stem. The failure of the
postulate of the sequential deposition of the consecutive stems of
fixed length (i.e., the use of equation %.17) cannot be ruled out.
Recent data on the chain conformation in polymer crystals as revealed
by neutron scatfering shows that the chain conformations in solution
and melt-crystallized polymers are<not alike t71) and that melt cry-
stallization does not alter signifif}ntlyythe radius of gyration of the
chains from that in the 1liquid s()fate, where they have a random coil
conformation. This suggests that crystal growth may not involﬂve a
unique process as set out in the kinetic theory.

It is not, however, certain whether the behavior of poly(ethylene

oxide) is typical of low molecular weight crystalline polymers in

T ¢
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%eneral or assqciated with end group pairing, due to hydrogen bonding
between the terminal hydroxyl groups. Thus in order to further our
understanding of the onset of chain folding in polymers, a polymer
should be used in which there are no strong attractive forces between

L 3

the end groups.
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SCOPE AND AIMS OF THE THESI1S

Although the phenomenon of chain folding in polymers has been
extensively investigated during the past twenty-five years, it is still
not completely understood. Recent studies of the melt crystallization
of low molecular weight hydroxyl terminated poly(ethylene oxide) show

that the lamellar thickness varies with the crystallization temperature
f

in a step~wise manner, corresponding to an integral change in the num—,
)

ber of folds per chain (n) in the crystals. Growth =xate data show
branches corresponding to each integral value of n. .Systematic analy-
sis of the growth rate data has revealed a number of inconsistencies
and led to the claim that there is a fundamental conceptual failure in

the current kinetic theories of polymer crystal growth. It is not

\f

clear, however, whether the results are of general validity or assocla-
ted with hydrogen bonding between the hydroxyl end groups in the spe-
cial case of poly(ethyfene oxide) chains.

In order to further our understanding of the crystallization of
low molecular weight'pol§mers and more generally of the origins of the
chain folding phenomenon, the following questions need to be answered:

(1) Is the step—wise variation of lamellar thickness with cry-

stallization temperature in poly(ethylene oxide) a general phenomenon

<
in low molecular weight polymers? -

(2) Are the distinct branches that are observed in the growth

rate-temperature curves in poly(ethylene oxide) a general phenomenon in

low-molecular weight polymers?

t
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(3) Is the current kinetic theory, which 1is modelled on infi-
nitely long polymer chains, still valid for 1low ﬁbﬂia\f weight
polymers?

(4) 1s there any difference in the growth mechanism of folded and

extended chain crystals? 1If so, will it be reflected in the growth

s

rate?

The work presented in this thesis is designed to provide answers
to these questions. Lamellar thickness, fusion behavio‘r, crystal mor-
phelogy and growth rates of ,80 tion i@r\l‘\,polyethylene single crystals
were studled as a function /of crystallization temperature, molecular
welight and solution concenv}'ration. The regions of molecular weight and

supercooling that have been chosen are such that the transition for

extended chain to folded chain crystal growth can be obserfed. The

A
main reason for choosing polyethylene is that strong attractive farces
do not exist between the end groups, Fhus it should be possible to test
the generality of the results previously obtained with poly(ethylene

oxide). Furthermore the decision was taken to study soluﬁon crystal-

lization since it would permit & wider range of supercoolings to be

encompassed than would be possible in melt crystallizationm.
Finally, it may be noted that in work of this ‘kind there is
always a real difficulty in determining the supercooling which is cri-
‘ %

tically dependent on an accurate meas"urement of the equilibrium disso-

"Jution temperature. A method has therefore been devised £or the direct

calorimetric measurement of the equilibrium dissolution temperatire.

This eliminates the ambiguity in the analysis of thermodynamie¢ Aand

\
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The work 1is presented in three sections as follows:

Chapter II deals with the measurement of the equilibrium melting
and dissolution temperature of the crystals as a function of molecular
weight, and the variation of the lamellar thickness with crystalliza-
tion temperture. The data are anaiyzed in order to estimate the basal
surface fr&€p energies of the crystals.

Chapter III describes the measurement of the melting and dissolu-
tion temperatures and heats of. fusion of crystals grown at various
temperatures. From the data, equilibrium melting/dissolution tempera-
tures and basal surface free energies of the crystals are estimated.
The temperature variation of the heat of fusion of the crystals will be
shown to provide evidence for a transition in the conformation of the

N

mole{éﬁles deposited on the growth faces.

Finally in Chapter IV the kinetics of isothermal growth of the

L

crystals is described. The concentration, molecular weight and tempe-
rature dependence of the growth rates are discussed, and it will be
shown that, as in the case of poly(ethylene oxide), the kinetic data
provide ew;idence for a conformational transition in the molecules as
the crystallization temperature is decreased.
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CHAPTER 1II

ISOTHERMAL GROWTH OF LOW MOLECULAR WEIGHT POLYETHYLENE
SINGLE CRYSTALS FROM SOLUTION. 1. VARIATION OF EQUILIBRIUM
Z 4

DISSOLUTION ERATURE WITH MOLECULAR WEIGHT AND

LAMELLAR THIC]SN‘E WITH CRYSTALLIZATION TEMPERATURE
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ABSTRACT
The relation between the equilibrium melting/dissolution tempera-—

ture (Tm°/T °), the molecular weight, the lamellar thickness and the

d
crystallization temperature have been investigated for linear polyethy-

lene fractions, with molecular weights ranging from 1000 to 11600,

crystallized from dilute xylene solution. The values of Tm°/Td°

0}

increase sharply with molecular weight and approach an asymptotic value’

above a molecular weight of about 5000. The measured values of 'I‘m" are

found to be in excellent accord with the expected values calculated
from the Flory-Vrij equation. On the other hand the observed values of
Td" are always somewhat higher than estimates from either the Pennings
equathion or the Sanchez~DiMarzio equation. It is found that the lamel-
lar thickness increases continuously with crystallization temperature.
This 1s in contrast to the behavior of low molecular weight poly‘(ethy-
lene oxide) fractions which show a step-wise variation with crystalli-
zation témperature. Analysis of the measurements of lamellar thickness
as a function of supercooling yields ‘values of the interfacial free
energy o ranging from 20 to 60 erg/cmz. ¢ These observed values of de
are low by comparison with the value of 93 erg/cm2 expected for high

H E
molecular weight samples. The differencg may be attributed to the

effects of chain ends in the interfacial regions of the crystals.

"
",
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INTRODUCTION

Flexible stereo regular polymers generally crystallize from solu-
tion as lamellar structures in which the chain molecules are folded
(1,2). Although this phenom;enon has been widely studied, it is still
not completely understood. In this thesis, we propose to address the

question of the origin of chain folding by studying the kinetics of

‘ crystal growth, from solution, using low molecular weight fractions of

polyethylene for which the transition from extended to folded chain
growth should be observable. In this connection it is important to
have accurate data on the variation of the lamellar thickness of the
crystals with the temperature of crystallization and of the equilibrium
dissolution temperature with molecular weight. This is the essential
purpose of the present chapter. Comparison of the lamellar thickness
with the overall chain length provides information on the structure of
the'crystals by indicat‘ing whether the chains are extended or folded in
the crystal lattice and the ‘number of folds per molecule. As will be
seen later, these questions are important in attempting to analyze and
interpret the results of the growth rate experiments.

The lamellar thickness of single crystals of linear cr;rstalline
polymers, notable polyethylene, is generally known to increase monoto-
nically v;ith the temperature‘of crystallization (TC) (3-6). However,
in' the case of low molecular weight hydroxyl-terminated poly(ethylene

oxide) (PEO) erystallized from the mélt, the lamellar thickness increa-

ses In a step~wise manner with Tc (7). The question arises whether 8,

. |
i
;
3
?
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similar effect can be demonstrated in polyethylene by careful measure-
ments on low molecular weight samples.

Previous studies of the variation of the lamellar thickness of
solution-grown polyethylene crystals have been mainly concerned with

{

samples of high molecular weight. Few attempts have been made so far

to systematically explore these effects for well-defined low molecular:

weight material (8). 1In the present work we have measured the lamellar
thickness of solution grown polyethylene crystals over & wide range of
crystallization temperatures for fractions ranging from 1000 to 11600

/ -
in molecular weight. The data have been armalyzed in terms of the kine-

tic theory of ?ﬂﬁymer crystal growth in (ln'der to derive values of the
basgl surface free energy.

In analyzing the experimental data a knowledge of the supercool-
ing (gT = Td' - Tc) or the equilibrium dissolution temperature (Td")
(vhere ’I‘c is the crystallization temperature) is critically important.
Td° is defined as the temperature at which dilute polymer solu‘tion is
in equilibrium with the equilibrium (i.e., extended chain) crystal gnd
is dependent on the molecular weight of the polymer (10,11). A widely
used procedure to determine ;g\’ is to measure tahe dissolution tempera-
ture of crystals of various lamellar thicknesses and extraspolate the
data to infinite lamellar thickness using the Gibbs-Thompson equation
(9). This procedure will be discussed in Chapter 1II. For polyethy-
lene, an alternative approaclh is used to estimate Td° using semi-e_mpi-
rical equations derived by Pennings (11) and by Sanchez and DiMarzio

(10). However, these equations do not give reliable results for low

molecular weight samples. For these reasons we have devised a method

i e o A,
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for directly measuring the equilibrium dissolution temperature of cry-—
stals of the various fractioms. Thg measurements were made by diffe-—
rential scanning calorimetry using suspensions of extended chain cry-
stals in xylene. The results are compared with values estimated from
Pennings equation (11) and the semi-empirical relation of Sanchez and

DiMarzio (10).

EXPERIMENTAL '

~
~
~

Materials

The materials used cover the molecular weight range from the
paraffin~dotriacontane (MW = 450) to 11600. Dotriacontane was obtained
from the Eastman Kodak Company. PE1000 and PE2000 were obtained from
Polysciences Inc. and characterized by Spr!ngborn Laboratories, Inc-,
Enfield, Conn. ;rhe number a\;erage molecular veights were determined by
vapour pressure osmometry. The polydispersity (Mw/Mn) is not known
exactly, but analytical gel permeation chromatograms ‘showed only a
single narrow peak suggebting a fairly sharp d:l:stribution. The rest of
the fractions were prepared and characterized at the Research Center of
SNPA at Llacg, .France. The technique of fractionation by preparative
gel permeation chromatography (GPC) has been described by Peyrouset et
al (12,13). The weight average molecular weights (Mw) were determined
by analytical GPC previously calibrated by light s,gat'f:ering. Number
average molecular weights (Mn) were detsrmned by vaéour pressure osmo—
metry. The molecular parameters of the various samples are given in

Table 2.1.

o A A P ML A .3 Mot
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TABLE 2.1

Characteristics of the Polyethylene Fractions Studied

- Al -

Fractions Mw Mn . ﬁw /ﬁn
PEXT600 11,600 11,100 1.11
PE6750 6,750 6,100 1.10
“PE4OS0 4,050 3,900 1.04
PE3100 3,100 2,900 1.07
PE2000 - ¢ 1,791 -

PE1000 - 980 -

-

Measurement of the Equilibrium Dissolution Temperature (T, °)
4

¢

By definition the equilibrium dissolution temperature is the
4
melting point of a perfect extended chain crystal in equilibrium with
an infinite amount of solvent. Accordingly the procedure used to

d

pure extended chain crystals corresponds to the thermodynamic melting -

determine T, ° x;}sts upon the following premise. The melting point of

point Tm" which is depressed in the presence of a solvent. Thus the
Wt

dissolution temperature of the extended chain crystals was measured at
s [

.

various crystal/solvent weight fractions and the data extrapolated to
infinite dilution to give Td"-
The samples were retained in glass tubes (5 mm in fnternal diame-

ter) which were evacuated and sealed in order to minimize oxidative

degradation. The sealed tubes were placed in a silicone oil bath

¥
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s
maintained at 150° C for about 20 mi‘r;utes in order to ensure complete
melting of the samf)le. The melted sample was then quickly transferred
to another thermostat set at a predetermined crystallization tempera-
ture and controlled to better than 0.05° C. After allowing the sampi
to crystallize for the desired lenéth of time, the temperature of the
thermostat was slowly lowered (at about 8°/hour) to room temperature.
The crystals were then removed from the glass tubes and their lamellar
thickness was determined by small angle x-ray scattering in order to
determine the degree of chain extension. -
Thermal measurements on the crystals were made on a Perkin—-Elmer
differential scanning calorimeter, DSC-2C. The temperature scale was
calibrated with naphthalene, benzoic acid and indium standards over the
temperature range. The crystals were placed in a pre-weighed sample
pan and weighed on a Cah; microbalance. p—gcylene was delivered by a
microsyringe and the Lsample pan was then he;‘metically sealed. The pan
was weighed .again to determine the amount of solvent. At least 5 sam-
ples were prepared for each fraction in the concentration range 42 to
100Z (w/w). Ea-ch sample pan was weighed again after the thermal mea-
surement to check for leakage. The procedure for the thermal measure-
ments was as flol\lows. The sample was heated at 10° C/min U,Ip to a pre-
selected temperature which was about 10° C below the estimated dissolu-
tion temper;ture. Tpe calorimeter was allowed to remain at this tem-

’

perature for 20 to 30 min to permit the solvent to penetrate the cry-
stal lattice. The heatiné was then resumed at 0.625 or 1.25 deg C/min.

These low heating rates were used in order to allow annealing to

>
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produce more perfect crystals. “The peak temperature was used to define
the dissolution temperature and melting point of the polymer. Standard

corrections were made for changes in apparent melting point and thermal

“

resistarce as a function of heating rate (14).

34

Preparation of Crystals and Measurement of Lamellar Thickness

The crystallizations were carried out isothermally in p-xylene as
solvent at temperatures (Tc) spanning the range of 65 to 90° C. At

higher crystallization tewmperatures self-seeding (15,16) was used in

"order to minimize the time necessary to obtain complete crystalli-

zation. .
LN Rt

-
.

More precisely, the procedure was as follows. A suspension of the/’[

polymer was hz;ated in an oil bath at 100° C for 20 mins in order to
ensure’complete dissolution. An aliquot of the solution was then
transferred to a thermostat held at thg crystallization temperature Tc
and éllowegl fo equilibrate. An appropriate amount of pure solvent,
previously equilibrated at the crystallization temperature, was poured
into the polymer solution. The time required to establish thermal
equilibrium was thus winimized. The final concentration at which the
crystals grew was in the range 0.02 - 0.5 (w/w) depending on the
supercooling. The precipitate was filtered at t’he crystallization

temperature; the resulting mats were washed with acetone and dried in

vacuo at room temperature. The mats thus obtained were examined by

small. angle x-ray scattering (SAXS) in order to determine the lamellar

thickness of the crystals. The SAXS patterns were recorded photographi-

cally with pin hole collimation using nickel filtered CuK, radiation.
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In all cases clearly defined low angle reflections were observed in
several orders, sometimes as high as four. Long spacings were derived
from measurements on microdensitometer tracings of the SAXS patterns.
The Lorentz correction (12) was estimated to be negligible and was not
applied.

For all the fractions, electx_'on diffraction patterns of the sin-

gle crystals showed only (hkO) spots; this indicates that the chain
3

molecules are oriented normal, or nearly so, to the ldmellar surfaces.

RESULTS AND DISCUSSION

Equilibrium Melting and Dissolution Temperatures

The crystallization conditions and 1lamellar thickness of the

crystals used for the measurement of the equilibrium melting and disso-

" lutfon temperatures are listed im Table 2:2. Comparison of the exten-

ded chain length with the lamellar th»\ickness reveals that crystals of
PE1000, PE2000, PE3100 and PE4050 are composed of extended” chyins;
sample PE6750 consists of defect extended chain crystals and PEY16Q0
has chains that are approximately once folded.

Selected thermograms are shown in Figures 2.1 and 2.2. Figure
2.1 shows the melting behavior of the pure PE11600 and PE4050 frac-
tions. For PE11600 there is a major peak at 409.17 K and a small peak
at 412.7 K. It is interesting to note that the temperature of the
small peak agrees very well with ~the theoretically expected equilibrium

melting temperature Tm" calculated from the Flory-Vrij equation (17).

.
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3
- "~ TABLE 2.2 oy

Crystallization Conditions and Lamellar Thickness of Low

Molecular Weight Polyethylene Single Crystals

Fractions Chain Crystallization Lamellir . L/2
Length (L) Condition Thickness (&)
AR
PE11600 991 1 veek at 125° C 407 2,43
PE6750 544 1 week at 125° C 356 1.53
PE4050 348 1 week at 120° C 299 1.16
PE3100 259 1 week at 115° C 242 1.07
PE2000 176 3 days at 110° C 167 1.02
PE1000 117" 3 days at 105° C 110 1.06

k!

R

Estimated from the agymptotic values of lamellar thiclkness of the’,/ :
single crystals (see Figs. 4.5 and 2.6).
A

A tentative explanation of the thermograms for this fraction may thex:e—
fore be given as follows. During .the crystallization at .125" C, only a
wpmall fraction of the polym:r crystallized as extended chain crystals.o
The amount is not detectable by SAXS but is revealed by the small endo-
therm peak at 412.7 K. When ‘the temperatu;e was slowly decreased as
described in the experimental section, the polymer crystallized more
rapidly at a temperature soméwhere below 125° € and the once folded

chain crystals were formed.  Accordingly the major endotherm peak can

be assigned to the melting. of the once folded chain crystals and the

b g

B . L
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stals. Consequently T

v
o

smaller endotherm peak to the melting of the extended chain crystals.
For fraction PE4050 the thermogram shows a sharp endoth*erm peak
with two shoulders at temperatures lc;wer than the main peak. The tem-
perature of the main peak corresponds closely with the expected equili-
brium melting temperature for extended chain crystals of this fraction
as, calculated from the Flory-Vrij equation (17). 1In géneral, for all
the pure fractions, the highest melting peak in the thermogram could be
identified as corresponding to<the melting of the éxtended chain cry-
stals. Values of the equilibrium melting temperature Tm° observed for
the various fractions are listed in Table 2.3 and compared with the
theoretically expectec{' values calculated from the Flory-Vrij equation.
Figure 2.2 shows typical endosherms for dissolution of the poly-
ethylene fract{ons in xylene. In general the endotherm peaks are broa-
der when the polymer is in contact with solvent. It should be noted
that sample PE11600 is mainly composed of once folded chains and the

obse&(ed\erﬁptherm peak corresponds to the dissolution of such cry-

d° could not be measured directly for this

sample.

Plots of the dissolution temperatures as a function Qf concentra-
tion are shown in Figure 2.3. The equilibrium dissolution temperature
(Td°) was‘ obtained by extrapolation of the data to zero concentration.
The values thus obtained are listed jn Table 2.3. It is of interest to
compare these results with theoretical estimates of T,® calculated from

d

equations given by various authors.
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FIGURE 2.1 ,

Typical DSC fusion thermograms for samples PE11600 and PE405¢ at a

heating Eate of 0.625 deg C/min. The temperature scalefis ad justed for

o

standard temperature corrections.
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FIGURE 2.2 .
DSC dissolution thermograms of single crystals of PE4050 in the pre-
sence of xylene at various concena;rations- The heating rate is 0.625
deg C/min. The temperature scale is ad justed for standard cgrrectiofis.
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tion of concentration for the various fractions of polyethylene. The

concentration 15 expressed as weight percent of crystals.
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TABLE 2.3
List of the Calculated ‘and Experimental Tm° and Td° Values for Various Low Molecular Weight
Polyethylene Samples ®
-] ° -] -] -]
T ° (K) T ° (K) T,° (K) T,” (K) T," (K} \
Fraction from from from from from !
Flory-Vri]i eq. This Work Pennings eq. S~D eq. This Work
Dotriacontane 341.8 341.2 244.7 278.8 302.0
PE1000 ° 386.4 386.0 325.2 338.7 352.0
PE2000 396.3 e 396.2 334.1 350.7 364.1
PE3100 403.5 403,7 349.2 361.9 367.4 ' “ .
PE4C50 406.7 406.8 356.2 366.9 321.5
PE6750 411.0 410.1 366.4 374.2 '376.8 : . E
) . *
‘ PE11600 413.8 432.7 373.8 379.3 382.0
* , -
Extrapolated value ,
?
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From fundamental thermodynamic vconsiderations it can be :shown

(10) that the equilibrium dissolution temperature of a lgmellar polymer
crystal can be estimated by one of the following equations depending on

the assumptions made in deriving an expression for the free energy

]

difference between liquid polymer and crystal:

.

T,° =T °[1/Q -'p] (2.1)
T, =T o[y + (.1 + O (2.2)
T,® = T_°(1+y) *(2.3)

4
where Tm° is the equilibrium wmelting temperature and

Y = RT° In a (T,°)/48 (T °)

v

“where a is the activity which i1s a measure of the polymer/solvent

s
»

interaction and AHu is the heat of fusion per mole of monomer.

b
These equations show that Td° depénds on two variables, Tino and
f R
au, which are molecular weight dependent. The molecular weight depen—

(
dence of Tm° has been estimated (17-19).

/”

Pennings (11) has given a method for determining a,- /Egr/d/ilute, E

solutions his equation is

domgg &
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~and Gy in units of erg ,.cﬁi_z, gas constant R = 1.987 cal mol-1 K~ .

e 1] -
e

where A2 is the second virial coefficient, ;2 is the partial specific
volume of the polymer, v, is the wvolume fraction of the polymer, V] is

the molar volume of the solvent, Vu the molar volume of the monomer

2

unit, and x 1is the rati‘o of the molar volumes of the polymer and sol-
vent. Pennings (11) and Krigbaum and Trementozzi (18) have estimated
A, from osmotic pressure measurements of polyethylene in xylene as a

2
function of molecular weight. The Penningg relation between A2 and

molecular weight (M) is

3 0.5

+0.29 M (2.5)

A, =1.45x 10

2

7 Q

Sanchez and DiMarzio (10) have shown that the dex;endence of Td°
on the approximate form of Equations 2.1 — 2.3 is weak. We have calcu—
lated wvalues of Td° from Equation 2.2 and- the Pennings relations, Equa— -
tions 2.4 and 2.5, using the following input data: Aﬁu = 980 cal/mol*,'

-2 2 - = —4 °
V1/v2 87.0 g /(ml mol), vl/vu = 7.73 and v,. = 10 ". Values of T

*
In accordance with normal practice in work of this kind we have used

the following units in this thesis: crystallizagion temperature Tc
in degree Celcius (° C), lamellar thickness 2 in Angstrom unit, A,
. the heat of fusion in erg cm_3 or cal g_l, surface free energies o

-1

The conversion factors to SI units are 0° C = 273.16 K, 1 A = 10“1 nm
=1 -10 m, 1 erg cm—3 = 0.1 J m—a, 1 cal g_l = 4.12 x 106 J m—3,

1 erg en? = 1w n?, 1 cal mol™ = 4.184 J mol™) and R = 8.314 J

mol K . /‘
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vere calculateé from the Flory-Vrij equation (17). The results are

tabulated in Tabl’e 2.3.

Sanchez and DiMarzio (10) hdve proposed the following senﬁ-empi-

rical relation for Td° for polyethylene in xylene: -’
T,* = IT.° - 29+ 1\°)/2 (2.6)

where Tm° and -td° are,, respectively, the Flory-Vrij estimates for the

temperature and the Pennir;gs"/estimates for the
! ? f_

equilibrium dissolution t‘ﬁmperature. Values of 'I‘d" calculated from

equilibrium melting
]

équation£2.6 are also listed in Table 2.3. 1In Figure 2.4 the measured

values of Td° and Tm° are shown as a function of molecular weight and

compared with estimates from the Pennings, Sanchez—-DiMarzio and Flory—

Vrij equaticns, respectively. It is seen that the measured values of

T ° obtained in the present work are in good agreement with the values

given by the Flory-Vrij equation. At low molecular weights the diffe—

"

At molecular weights of 6750 and 11600 the
.
1,

® is about 1 K lower than the theoretical value.

rence is fnsignificant .

-observed value of Tm

This \‘difference is probably due to experimental difficulties in obtain-

-

ing perfect extended chain crystals for these samples. On the other

hand, the measured values of Td" are considerably higher than those

estimated from either the Pennings or Sanchez-DiMarzio equation. . The

lower the molecular weight the grepter is the difference. The discre-

pancy_ 1s not surprising since Pennings (11) has already mnoted that the
expression for the second virial coefficient, AZ, breaks down for low

7
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-

Comparison of the molecular weight dependence of Tm° ,and Td°, as;bea-
" /'

sured in the present work; with the relationship estimated from the

Flory-Vrij equation, the nnings equation and the Sanchez-DiMarzio

“ /

equation. For the Tm"/moIecul‘ar weight relation the data points:are /

the observed values while the curve is caleuTated from the Flory—Vrij

o

equation.
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molecular weights, probably because of’ the 'negle“ét of the temperature

dependence of AZ. ‘ . .
e

Variation of Lmneilar Thickness with T’

A )

Figures 2.5 ‘andn.2.6} show the dependence of the long spacing on
the crystall}zation temperature for the various molecular weight frac-
tions studied. The experimental data are listed in Table 2.4. [For the &
four fractions wil%h molecular weights from 3100 to 11600 the principal
trend is the apparently continuous increase of the long spacing with
crystallization temperature. For these fractions all the curves seem
to show a limiting long spacing at lower crystall:il';zation temperatures’’
while at higher tempera'tures the curves are displacedr from each other

]

in such a manner that the crystallization temperature required to pro-—
duce crystals with a given long spacing increases with 'molecular
weight. This behavior is consistent wit;{ the known f;ct that for a
given chain 1length the long s;aacin'g depends on the.reciprocal super-
cooling (AT = 'I‘d° - Tc,) and shorter chains a;'e expected to have a lower

equilibrium dissolution temperature.

[

Considering now the fractions with moleculé'r weights of PE1000
and PE2000, the long spacing tends progressively towards a limiting
value near the length of the extended chain. It is interesting to note
that for sample PE1000" significant departures from theﬁjclassical AT
relat;ion, is observed (see Figure 2.7). This behavior has already been
predicted by Mandelkern et al (20) using nucleation theory pertinent to

2.
chains of finite length.
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Lamellar thickness as a function of crystallization temperature for

various low molecular weight polyéthylene single crystals.
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TABLE 2.4

¥

» Lamellar Thickness of Low Molecular Weight Polyethylene Single

Crystals at Val;iods Crystallization Temperatures.

Sample T, (° C) L (R) Sample Tg (° C) L (R)
PE1000 36.6 101 PE2000 36.6 95
N 51.2 105 51.2 101
¢ 56.2 114 56.2 106
58.9 115 60.5 109
64.6 117 65.0 "125.
69.7 140 -
) 72.0 145
75.1 155
‘- .
PE3100 40.2 104 PE4050 50.0 103
49.9 105 55.0 106
54.9 106 64.5. 113
60.4 116 68.4 120
64.5 119 ‘ 73.8 129
66.8 121 | q 75.1 * 137
; 71.0 131 | 77.4 138
74.0 137 ! 80.2. 144
75.0 Thbh . 82.2, 153
82.2 174 85.2 (165
. { ~
PE6750 60.1 103 PE11600 *  64.0 103
- 67.0 105 69.0 111
74.0 115 75.1 113
80.9 126 ,81.0 128
84.5. 136 o 82.9 133
. 90.0 © 170 85.7 140
) 87.3 149
o~
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Lamellar thickness as a function of- supercooling (AT = Td" - TC),for

n

polyethylene single cr‘ystals of various molecular weights. The .data

for Marlex 6000 is-taken from the literature (see reference 9).
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¢ The temperature variation- of the °long spacing for fractions

~

PEIO00 and PE2000 suggests a model in which the terminal portions of

the chdins are excluded from the ecrystal interior leading to cilia

dangling from the basal surfaces of the lamella. This model is con- :

sistent with the findings of Keller and Priest (21), that about 90% of
the chain ende; are localized on the fold surfaces of solution grown
polyethylene crystals. For the present low molecular weight samples
the asymptotic approach of the long spacing to full chain extension
indicates that the degree of surface disorder in these crystals decrea-

~For the’ low molecular yeight polyethylene samples the apparently
continuous increase of the long spacing with crystallization ‘tempera—
ture is at ,variance with the behavior of low molecular wéight hydroxyl
terminated poly(ethylene oxide) fractions crystallized from the melt.
For this case it has been reported that the long spacing increases
discontinuously with Tc (7). The long spacings of such crystals show
thath the chains are either fully extendec‘i or folded a s’mal]x] integral
number of times. The chain ends are thus localized in the surface
léyers of the lamella. The lamellar thickness is therefore an integral
submultizle of the overall chain length. It has been suggested that
this behavior is due to strong attractive forces (hydrogen bon&s)
between the hydroxyl end groups resulting in end group pairing. Thus a
step—wise or discontinuous increase in lamellar thickness with Tc would
not be expected in polymers such as polyethylene where there can be no

-

association of the end groups. Nevertheless, it i8 interesting to
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consider whether a step—wise change iIn lamellar thickness could have

¢
. remalned undetected by the SAXS measurements. Taking into cdnsidera-

L

{tion the chain length of the various fractions qs(c)ed in the present
wori, the number of stem lengths per molecule can be readily estimated
for the crystals over the accessible range of crystallization tempera—
tures. For this I:erose we have taken the length of the —-CHZ— unit in
the planar®zig-zag conformation as 0.125 nm and the molecular mass of
the -CH,- unit as 14. The me;an extended chain length 1s therefore
(Mn/l4) x 1.25 A. For example, for PE3100 the extendedv chain length is
259 A and over the temperature range investigated the lamellar thick—
ness changes from 104 to 174 A\‘whi(’:h,iassumingi rejection of fractional
stems from the crys‘tal lattice (21), correséonds‘ to a change from one

Z

to two stems ‘per molecule. Thus if the chain ends were localized on
W

KL.

the lamellar surfaces and the change from one to two stems per molecule
occurred in a step-wise ‘hanner, the change in long s;;acing would have
been 130 A which is sufficiently large tc be easily, detected by SAXS.
A similar conclusion can be drawn for sample PE 4050 but for samp*les
PE6070 and PE11600 -a discontinuous change in the lamellar thickness
could not be easily detected by SAXS because of the small incremental
change in each step. Accordingly, ta}dng the ffivourable case (:'of ithe
fractions PE3100 and PE4D50 it seems reasonable tE\ conclude that the
observed apparent continuous increase’ of the lamellar thigkness with
Tcis substantially correct. As will be seen later these consideratioms
are importvant in attemptinmg to interpret the growth rate data to be
presented in Part III. ' g \
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The B gy
he Basal Surface Free Ener (oe_)_

According to the kinetic theory of polymer crystal growth from
solution, the initial thickness (x;) of a chain folded lamella is of

the form
* - ° + .
L 20 '1‘i /Ahf(AT) 62 2.7)

where ce is the fold surface free energy, i.e., the work involved in
the formation of a unit area of folded surface; Td° is the equilibrium

dissolution temperature; AT = Td°’- Tc is the d‘egree of supercooling
correspondit}g to the crystallization temperature TC; Ahf is the bulk
enthalpy of fusion per unit volume, and 6% is an approximately constant
term whose explicit form is different in various theories. According

to Equation 2.7 a plot of 1; against Td°/AT should be linear and have a

positive intercept of 5§12 on the 1; axis and a slope of ZGE/Ahf. Thus

if Ah_ is known ce can be determined. ,

f

e

It may be not.ed that polymer crystals are thermodynamically meta—
stable and sl;;wly increase in thickness spontaneously a;t the crystalli-
zation temper;ture. It is assumed that this process, which is often
encountered on crystallization from a cooled melt, is virtually absent
at the temperatures involved in crystallization from dilute solution.
Indeed evidence in support of this assumpt:lo‘n has been reported (22).
Consequently the measured lamellar thickness can be identified with the

initial fold length as predicted by the theories.

Figure 2.8 shows the results that are obtained when the long
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spac‘i\ng data for the various fractions are plotted according to Equa—~
tion 27 For samples PE3000 to PE11600 Equation 2.7 1is obeyed within
the experimental error, giving an intercept ®f 6% of 60 — 75 A This
may be compared with the value of 43 - 55 A obtained with higher mole-
cular weight polyethylene samples crystallized from xylene (23). Tak-
ing Ah = 2.80 x 1109 etg/cm3 the values of o, obtained as shown in Table
2.5 are in the range 50 to 60 erg/sz. These values are somewhat lower
than the 93 erg/cm2 that is considered to be the upper limit of this
parameter (23). 1In this connection it is pertinent to emphasize that
o is known to depend on chain ]ength’ for low molecular weights and
reaches the asymptotic value of 93 erg/cm2 at high molecular weight
(24,25). The obse?ved values of 9, are therefore well within the anti-
cipated range.

For sa;ples PE1000 and PE2000 the plots of x; versus 1/AT show
deviations from linearity at 1low supercooling AT. This 1is certainly
related to the fact that 2; reaches an asymptotic value at low super-
cooling where the lamellar thickness and the ch‘ain length became equal.
From the slope of the linear portion of these curves at higher super-
cooling we calculate a value of Op = 20 erg/cm2 for sample PE1000 and
0, = 40 erg/cm2 for PE2000, The crystals of sample PElOOO'are essen-
tially extended chain crystals and hence th}/l'ow value of O for this
sample undoubtedly reflects the exclusive contribution of the chain

ends. The value of o, = 40°¢ erg/cm2 for PE2000 suggests that this sam—

ple contains some folds in spite of its short chain length. .

[
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Plots of lamellar thickness versus reciprocal supercooling for single
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, _TARBLE 2.5, :

Values of the Basal Surface Free Energy o, and the Intercept

Obtained from the Plots of % vs 1/AT

Sample o, (erg cm_z) 88 (A)
PE1000 20.4 89.3
PE2000 42.1 81.5
PE3100 48.9 . 75.2
PE4050 ’ 48.5 75.2
PE6750 51.7 71.1
PE11600 60.1 : 61.5
CONCLUSIONS

The equilibrium melting (Tm°)/dissolution ,(Td°) temperature of
low molecular weight polyethylene fractions have "been determined
directly by calorimetric measurements on macroscopi\c extended chain

crystals. The measured values of Tm° are in good agreement with the

|
theoretically expected values calculated from the Flory-Vrij equation.

-

For Td° the calorimetrically measured values are somewhat higher than

those predcited by the relations .of Pennings and Sanchez-DiMarzio but,
as will be shown in Chapter III, they are in good accord with values
obtained from thermodynamic measurements.

-

When the same low moleéular weight fractions are crystallized

e g g g e e
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from dilute solution the long spacing or lamellar thickness increases
continuously with crystallization temperature. The chains thus undergo
a gradual unfolding as the supercooling decreases. This implies that
the chain ends ﬁust either be located outside the lamellae where they
dangle as cilia of variable length, or are incorporated into the cry-
stal lattice. The former interpretation would be consistent with the
finding of Keller and Ptiestéthat in polyethylene single crystals 902
of the chain ends are localized on the basal surfaces.

The observed behavior of these low molecular weight polyethylenes
stands in sharp contrast to that of low molecular weight poly(ethylene
oxide) single crystals grown from the melt where the chain ends are
preferentially rejected onto the lamellar surfaces so that the folding
occurs in a quantized manner.

Analysis of the observed temperature variation of the lamellar
thickness for these low molecular weight polyethylene fractioms, ﬁsing
the kinetic theory of polymer crystal growth, yields values of the

basal surface free energy of 20 to 60 erg/cmz. These values are well

within the anticipated range. 8

e W e %
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CHAPTER III

ISOTHERMAL. GROWTH OF LOW MOLECULAR WEIGHT POLYETHYLENE SINGLE

Q

b4 CRYSfALS FROM SOLﬁTION¢ I1. MELTING AND DISSOLUTION BEHAVIOR.
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ABSTRACT

Melting and dissolution temperatures('rm and Td) and enthalpies of
fusion (AH ) Pave been measured as a function of crystallization tempe~-
rature (Tc) for solution grown‘c?ystals of poiYEthylene fractions
covering the molecular weights range.l1000 to 11600. .Analysis of the
data yields values of the basal surface free energies oé}which increase
with molecular weight and lie in the range 40 - 60 erg/cm2 for the
molecular weights from 3000 to 11600. Values of the equilibrium melt-
ing/dissolution temperatures obtained from the intercept of Tm (Td)
plots versus the reciprocal lamellar thickness are 1n good agreement
with those obtained from direct measurements on extended chain crystals
of large lateral dimensions and thickness.

The efthalpies of fusion of the crystals of the various fractionms

h ]
f .
generelly increase monotonically with Tc in parallel with their thick-

ness. ’However, for samples with molecular weights of 3100 and 4050
sigmoidal curves are obtained when the enthalples of fusion are plotted
against crystallization temperature. This is interpreted to mean that

in this wolecular weight range there is a transition from extended to

folded chain crystallization as 'I‘c decreases.
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INTRODUCTION '

The problem of chain folding in polymers has attracted much inte-
rest since Keller's discovery (1) of the phenomenon some twenty-five
years ago. Despite the considerable advances that have been achieved a
complete understanding of the mechénism remains a challeﬁge. As stated

“\

in Part I, jthe basic aim of the present work is to study the growth

¥

kinetics and\ﬂghysical properties of solution grown crystals of low -

molecular weight polyethylene fractions for which the transition from
extended chain to folded chain growth c;i be observed. The first phase
of the investigation, described in Part I, involved the measurement of,
the variation of the lamellar thickness of the crystals with the tempe-
rature of crystallization and of the equilibrium dissolution tempera:
ture of the samples with molecular weight. It was found that tﬂe la-
mellar thickness increases monotonically with ecrystallization tempe-
rature which %ﬁdicates that the chains undergo a gradual unfolding as
the supercooling decreases. ?his behavior may be contrasted with that
of low molecular weight poly(ethylene oxide) single crystals grown from
the melt for which the lamellar thickness increases in a step-wise
manner with Tc (2,3).

The- immediate purpose of the present paper is to further charadc—
terize the low molecular weight polyethylene crystals by examining
their thermal behavior using differential scanning calorimetry. The
pattefn of the paper is as follows. First)we consider the effect of

/ .
the heating rate on the melting/dissolutioa temperature of crystals

grown from solution at various temperatures. By analysis of the ther~

TR M g il
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mograms the melting and dissolution temperatures of the crystals are
obtained. The next stage in the paper involves the analysis of melting
point (Tm)/dissolution temperature (Tz) arlld crystal thickness (&)
measurements In order to estimate ‘values of the basal surface free
eqergies and the equilzprium Enelting/dissolution temperatures. The
validiyty of carrying out this analysis by the classical method, which
assumes a unique linear relation between Tm or Td and 1/2 1s discussed.

.

Finally, measurements are pi‘esented of the enthalpy of fusion of

4
the low molecular weight polzthylene crystals grown at various tempe-

ratures. From these data information on the structure of the basal

crystal surfaces 1s derived. The principal finding of these studies

was that crystals in the molecular weight range of 3000 to 4000 exf\ibit

a transition froo? extended to folded chain growth as the crystalliza-

tion temperature is decreased.

2
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EXPERIMENTAL

The samples used were linear polyethylenes covering the molecular
werght range from 1000 to 11600. Details of the origin and characteri-
zation of the samples have been given in Table 2.1 in Chapter II. The
solvent used was coanercial p—xylene distilled before use. d
+ Crystallization from dilute xylene solutions was carrjied out
isothermally over mtemperatu‘re range 35 to 65° C i;or PE1000 and 65 to
90° C for the other fractions. The procedure used was similar to that
described by Holland and Lindenmeyer (4). A solution of the polymer in
xylene was prepared at 110° C. A suitable aliquot. of this soh\:tion was
added with gentle Q}stirr:lng to an appropriate‘ dgmount of pure xylene
which had pfeviouf;ly been brought to the crystallization temperature.

In this way the time required to establish thermal equilibrium was

minimized and the stirring was discontinued. The final concentration

. at which the crystals grew was in the range 0.02 - 0.5% (w/w) depending

e A R S

\ .
on the supercooling. The sunspension of crystals was filtered at the
crystallization temperature, washed first with aliquots of fresh xylene
and then with acetone and dried in vacuo at room temerature. \

6 A}

Thermal measurements of the different fractions were performed in
a Perkin-Elmer Differential écanning Calorimeter, model DSC-2C. For
the measurement of melting and dissolution temperatures, approximately
0.1 mg of the dry sample was weighed into sealable sample pans using a
Cahn electrobalance. When dissolution temperatures were to be measured

an aliquot of xylene was delivered to the sample pan by microsyringe,

the sample pan was then hermet:lcélly sealed and weighed to determine
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the amount of solvent. kThe concentrations were in the range 0.4 - 0.52
(w/w). It has been demonstrated in Chapter II that the dissolution
temperature measuged by DSC is essentialli' independent of concentration
within this concentration range. / ’

The apparent melting/dissolution tempe(rature was determined ‘—from
the peak temperature of the endotherms. It is well known that polymer
crystals tend fo thicken during heating and rapid heating rates have
often been 't;sed to minimize this effect (5). In the ‘present work the
samples were heated at différent rates up to 160° C/min; the apparent
melting/dissolution temperatures v;ere plotted against heating rate and
extrapolated to zero heating rate to obtain the true melting/dissolu-
tion temperature.

The temperature scale of the calorimeter was calibrated with
naphthalene (Tm. = §0.2° C), benzoic acid (’1‘m = 122.4° C) and indium
('I‘m = 156° C). Standard corrections were made for changes in melting
temperature and thermal resistance as a function of heating rate (6).

The heats of fusion of the dry crystals were determined from the
area under the melting endotherm. For ’these measurements the sample
gizes weex/in the range of 0.2 - 0.3 mg. The DSC baseline was sto:;ed
in the calorimeter computer and was subtracted from subsequent runms.
The value of the heat of fusion was calibrated with indium heated under
the same running conditions. Heating rates of 5 to 20 deg C/min were .’
found to have no effect on the value of the heat of fusion. At least
four runs were made for each sam’ple and averaged to obt)hin the heat of

* ¢

fusion. The precision of the results from these rgpéated experiments.

r

was *+ 1 cal/g. . J/ S
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RESULTS AND DISCUSSION

Melting and Dissolution Behavior

When simple substances such as benzolc acid are heated in the DSC

\only a single melting peak 1s observed. Moreover the melting peak

temperature Tp increases monotonically with heating rate, s. This is

illustrated in Figure 3.1 for benzoic and adipic acid. The continuous
. "

increase in Tp with heating rate has been explained as due to the tper—

mal inertia of the sample (7) and possibly the finite melting rate of

the crystals (8,9). The true welting temperature Tm can be obtained by

extrapolating the curve to zero heating rate.

When the melting pealé temperature of the dry polyethylene single
crystals is plotted against heating rate, the results are quite diffe-
‘rent from those of simple substances. As shown 1in Figure 3.2 for the
single crystals of the fractions PE11600 and PE6750 the fusfon curves
usually show two melting peaks at low heating ratesy (i.e., below s =
20j). At higher heating rates the two peaks broaden and merge to a
single ‘peak. For the first (low temperature) peak Tp remains in the
same position as s increases. ,On the other hand, for the second (high
temperature) pe;k Tp first decreases with heating ratg, then after
passing through a minimum it increases monotonically with heating rate
(Figure 3.3). These results can be interpreted in terms of partial
melting followed by re<:<r)—'/s‘.tallizatic;n. Thus the peak at the lower
temperature represents the partial mwmelting of the initially present

o

crystals, while the upper peak correspond% to the complete melting of

¥
recrystallized or reorganized material. Accordingly, for. these samples

: 7
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Melting endotherms obtained at different heating rates s (in deg C/min)
for fraction PE6750 crystal aggregates grown at 84.5° C from xylene

solution.




Bigsmer g ~ e

- 106 -

3g8 }
. o/
" 396 -
T, K
3g4
sg2}
390 1 1 1 1 [ 1 { ]
o 40 80 120 160
Heating rate, °C/min
%
S
FIGURE 3.3

Melting peak temperatures TP versus heating rate s for sample PE6750

crystallized from xylene at 74° C.

L

Al e



- 107 -

the true melting temperature can be obtained by extrapolating the appa-
rent melting point of the first peak to zero heating rate-l As men-
tioned above, for the second peak '1‘p passes through a ninimum and then
increases with s in the manner characteristic of simple substances.
Experimental results show that the extrapolated value of the second
melti‘ng peal\( Tp at 8 = 0 18 within the experimental error. equal to Tm
of the first peak. This suggests that at sufficiently high heating
rates the origin of the second peak changes. No longer does it repre-
sent the melting of recrystallized material; rather, since the crystals
are unable to reorganize in the time scale of the experiment, it cor-
responds to zegentropy pro&uction melting (10) of the original mate-
rial at the particular heating rate. Accordingiy it may be assumed
that extrapolation of Tp of the second peak from higher s values to s =
0 gives the true melting point of these fractions. Due to the long
extrapolation the error in estimatfng Tm in this way is about t 1° C.
Let us now consider the fractions PE3100 and PE4050. As an exam-
ple, Figure 3.4 shows typical endotherms for PE3100 crystallized at
temperatures in the range of 60 to 75° C. At the lower heating rates
of 0.25 ~ 10 deg C/min, only a single endotherm peak is observed and
this is assigned to the melting of reorganized or recrystallized mate-
rdal. This may be compared with the behavior of the higher molecular
weight fractions for which two peaks appear even at heating rates as
low as 0.625 deg C/min. Clearly reorganization in these samples is
much more rapid than in the previous examples. This is not surprising
since PE3100 and PE4050 are composed only of extended, once or twice

folded chains depending on the crystallization temperature. As the

R
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heating rate increases two peaks appear corresponding to partial melt-
ing of the original crystals (lower peak) and complete melting of
recrystallized material (upper peak). Finally, at the highest heating
rates (8 » 80 deg C/min) a single endotherm peak 1s again observed
because sufficient time 1s not available for reorganization. ' This
single high te:nperature peak thus represents zero entropy production
melting of the original crystals. By plotting Tp of the high tempera-
ture peak against s, the extrapolation procedure described above was
used to obtain the true melting point of these samples, (Figure 3.5).

Finally, for the fractions PE1000 and PE2000 the thermogi'ams show
only one endotherm peak at all heating rates. This is consistent with
the fact that these crystals are essentially extended chain structures
and therefore less susceptible to reorganization than the higher mole-
cular weight samples. As shown 1in Figure 3.6, the melting peak tempe-
ratures are almost independent of s at the lowest heating rates, but at
dhigher heating rates Tp increases with s as for simple substances.
Thus the true melting point could be obtained by the extrapolation
procedure described befor'e.

Figure 3.7 shows an example of the thermograms obtained when the
crystals of the various fractions were heated in the presence of sol-
vent. In. all cases only a single endotherm peak 1is observed. The
principal effect of the solvent is to cause a lowering of the melting
temperature. As illustrated in Figure 3.8, the endotherm peak tempera-
ture iIncreases continuously with s. This {indigates that t};ere is little

or no rearrangement or annealing in the\crystals before dissolution.

.
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This observation is in agreement with the results obtained by Blackad-
der and Schleinitz (11) which show that heating rates of 1 - 2° C/min
are high enough to suppress the annealing of crystals in the presence
of solvent. Extrapolation of the curve to s = O gives the true disso-

lution temperature.

The various wvalues of Tm and Td obtained from the fusion and

t
dissolution studies are summarized in Table 3.1. As expected, the

values of Tm and Td increase with Tc in parallel with the thickness of

the crystals.

Surface Free Energies and Equilibrium Melting/Dissolution Temperatures

A widely used method for determing the basal surface free energy

O and the equilibrium melting temperature Tm" of polymer crystals is

based upon the following equation derived by Hoffman and Weeks (12)

o= Tol1-2% ) (3.1)
" Bh. X

where Ahf is the heat of fusion per unit volume of the crystal, 'I’Ill is

the observed melting point of the crystal, and % is the crystal thick-

ness. Accordingly a plot of Tm against 1/2 should be linear witf\ a.

o °
slope of 20e 'I‘m /Ahf and an intercept o‘f Tm . Thus if Ahf is known, o,
can be determined. In the case of dissolution experiments Tm in Equa-
tion 3.1 is replaced by T,°, the equilibrium dissolution temperature.
For high molecular weight polyethylene samples (13,14) Equation' 3.1 is

obeyed within the experimental error and a value of oe-93 + 8 erg/cm2
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TABLE 3.1

*
Melting/Dissolution Temperature and the Reciprocal of the Lamellar Thickness

of Polyethylene Single Crystals Grown at Various Temperatures Tc.

PE11600

PE6750

PE4050

PE3100

PE2000

PE1000

T, K

C'

341.46
347.16
354.06
358.06
365,76

333.26
341.46
347.16
354.06
357.66
363.06

333.26
341.16
347.16
351.41
353.36
358.36

333.26
341.16
347.66
353.16
357.46

333.66
338.16
342.86
348.16
353.36

309.46
324.36
332.06
337.76

T,» K

397.7
398.4
400.9
401.3
405.7

391.7
391.9
393.4
394.4
395.5
396.5

388.5
389.9
390.1
391.6
392.4
393.4

386.8
387.6
388.5
390.4
391.0

382.6
383.5
384.0
386.1
386. 5

380.4
381.3
383.1
383.4

Ty, K

369.2
369.4
372.1
372.5
375.6

364.5
365.6
366.1
366.6
366.7
369.8

360.2
361.5
361.8
363.1
363.4
364.1

355.4
356.9
357.3
359.2
359.5

351.0
352.0
354.1
354.4
359.6

339.8
361.1
342.9
345.9

172 x 103, g1

9.372
8.850
7.937
7.246
5.000

9.804
9.372
8.850
7.968
7.353
6.061

9.259
8.547
7.752
7.246
6.579
6.042

8.968
8.032
7.090
6.211
5.236

9.079
8.130
7.246
6.494
6.154

10.152
9.390
.696
8/511

* Lamellar thickness data have already been presented in Chapter 1I.
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¢

+ 18 obtained for both dried single crystals and single crystals in

xylene suspensions. The value of 'l‘m‘ is about 146° C for dried single
crystals and the equilibrium dissolution temperature 'I‘d' is 114° C
(xylene). Balr and Saleovey (15) have shown that Ty is approximately
independent of molecular weight in the moderate to high range. However
it is known that for low molecular weight samples, T depends upon the
chain length a'nd increases to the:asymptotic value of 93 erg/c:m2 at
high molecular weights (16,17).

For the various fractions studied in the present work the data
compiled in Table 3.1 were plotted in accordance with Equation 3.1.
Examples are shown in Figures 3.9 and 3.10. Linear relations were
obtained for all but the two lowest fractions. Adopting Ahf =2.8 x
109 erg/cm3, values of O, Tm" and Td° obtained from the plots are
colle"cted in Table 3.2. Also included in the Table are values of c,
obtained from the analysis of measurements of lamellar thickness as a
function of supercooling as described in Chapter II. It is seen that
within the experimental error the values of o, obt alned by the two
methods are 113 gbod agreement but they are somewhat Jlower than the
accepted value of 93 erg/cm2 obtained for high molecular weight sam—
ples. The difference is undoubtedly caused‘ by the inclusion of chain

end effects in the effective value of Oe due to the finite chain length

of the samples. It may also be noted that O increases with molecular

r

weight over the range encompassed. This behavior is expected for these
low molecular weight samples since chain'end effects will diminish with

increasing molecular weight; furthermore, it implies that as the
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TABLE 3.2

Basal Surface Free Energy % and the Equilibrium Melting/Dissolution Temeprature (Tm°/Td°) Obtained from a Plot

?f T, (or Td) ve. 1/2

v

A

-2 5 - Q ° °m °¢7

+ g,» erg cm Tm , deg K Td , deg K T (=), Td (=)

. eg K deg K

o From From

Fraction melting dissolution Average From From From x From From A% From From
= temp. data temp. data Chapter II'  Eq. 3.1 Chapter 11 Eq. 3}§.Chapter I Eq.3.2 Eq.3.2
PE11600 62.8 60.7 61.7 60.1 415.0 412.7 384.8 382.0 417.9 387.0
PE6750 49.1 48.7 ,48.9 51.7 406.8 410.1 377.7 376.8 411.3 381.7
PE4050 45.3 45.6 . 45.5 48.5 401.8 406.8 372.0 371.5 408.6 378.1
PE3100 42.2 40.7 41.5 48.9 398.2 403.7 365.7 367.4 406.6 373.3

)

From the analysis of lamellar thiekness as a function of supercooling.

From the direct calorimetric measurements on macroscopic extended chain crystals.

————— o wak o abu oMesas aWmna o a3 ha



- 119 «

molecular weight increases there are significant differences in the
structure of the surface layers of the lamellae.

Turning now to the results for the equilibrium melting and disso-
lution temperatures, 1t can be seen from T&ble 3.2 that the wvalues
derived from Equation 3.1, are {n reasonably good accord with the
directly measured values using extended chaln crystals of each fraction
as described in Chapter II. It should be emphasized that in the pre-
sent work the values of the equilibrium melting and dissolution tempe-
ratures obtained from Equation 3.1 relate to extended chain crystals of
large lateral dimensions and thickness corresponding to n chain units.
It is therefore not surprising that the values are lower than tEg equi-
librium melting/dissolution temperatures of polyethylene chains of
infinite length (Tm° = 419 K; Td° = 387 K) as cited above. Buckley and
Kovacs (18) Pave discussed the applicability of Equation 3.1 to cry-
stals of low molecular weight poly(ethylene oxide) fractions and have

shown tﬁat when the effect of finite chain length is taken into consi-

deration, the following relation is wvalid as a first approximation:

oy2
o= rcofi-2%1]- M) mp 2

In this equation, Tm° refers to the equilibrium melting temperature for
infinite molecular weight polymers and p is the number of monomer1%nits
per molecule. According to Equation 3.2 a plot of Tm (or Td) versus
1/2 will give the same value of g, as Equation 3.1. However, the ordi-

nate intercept at 1/2 = 0 will be less than the true value of Tm° (Td°)
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for a chain of infinite length by the amount of the (ln p)/p term.
Furthermore, the discrepancy in Tm° (Td°) is predicted to increase with
decreasing p as observed. It can be seen from Table 3.2, however, that

the correct values of Tm" (T,°) are not obtalned when the ordinate

d
intercept is corrected by adding the (ln p)/p term. To resolve the
problem a more exact analysis of the melting/dissolution behavior of

these low molecular weight polyethylene fractions is required, but this

is beyond the scope of the present investigation.

Enthalpies of Fusion

Table 3.3 lists the results for the measurement of the enthalpy
of fusion of the various fractions crystallized isothermally from solu-
tion at different temperatures and filtered at the crystallization
temperature. In Figure 3.11 the enthalpies of fusion are plotted
against crystallization temperature. For PE11600 and PE6750 (Figure
3.11a) the results fall on a common curve that increases monotonically
v;ith temperature in the r;nge investigated. Similar behavior is
observed for PE1000 and PE2000 although two separate curves are
obtained. In striking contrast for PE3100 and PE4050 the data fall on
sigmoidal curves as shown in Figure 3.11b. Thus for these fractions AH
increases with Tc slowly at first, then at an accelerating rate and
finally at higher crystallization temperatures AH reaches a level 'where
it increases more slowly( with temperature. Since AH is proportional to

the degree of crystallinity which is very sensitive to morphological

detail, it can reasonably be supposed that the sigmoidal curves

|
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TABLE 3.3

Enthalpy of Fusion of Polyethylene Single Crystals

Fraction Tc’ °C M, cal/g Fraction Tc' °C M , cal/g
PE11600 68.3 52.8 PE6750 68.3 53.6
74.0 53.5 74.0 56.0
’ - 80.9 56.7 80.9 57.0 .
84.9 58.0 84.5 58.1
92.6 60.4 89.9 59.9
PE4050 60.1 54.8 PE3100 "60.1 54.3
68.0 55.4 68.0 . 55.5
70.0 56.4 69.8 56.6
74.0 55.9 ‘ 74.0 58.5
. /;r"'ﬁs.z 59.1 83.2 64.7
82.2 63.7 . 86.9 65.7
—~ 85.2 64.7 |
— PE2000 . 60.5 63.5 PE1000 36.3 63.0
U 65.0 64.4 51.2 64.2
70.4 - 64.9 . 58.9 64.7
75.0 65.4 64.6 64.9
80.2 65.7
\
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FIGURE 3.11

(a) Plots of the enthalpy of fusion AH versus crystallization tempera-

ture TC for fractions PE6750 and PE11600 crystallized from xylene

solution.

A

(b) Plots of the enthalpy of fusion AH versus crystallization tempera-
ture TC for fractions PE1000, PE2000, PE3100 and PE4050 crystal-

lized from xylene solution. (/’
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Plots of enthalpy of fusion AH as a fun¢tion of reciprocal lamellar

thickness for various polyethylene fractions crystallized from xylene.
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reflect changes in the structure of interfacial regions of the crystals
as the crystallization temperature increases.

The 'enthalpy of fusion data can be further examined in terms of
the molecular nature of the crystals. The measured enthalpy of fusion
M is related to the surface enthalpy of the crystals 9, by the follow-
ing expression which can be derived from thermodynamic principles

(19,20)

s o= ﬁHu - qu/Q (3.3

where AHu is the heat of fusion per segment for extended chain crystals
of infinite molecular weight, and { is the average number of segments
in a section of the polymer chain running between the two lamellar
surfaces and is equal to f/a, where % is the lamellar thickness and a =
1.25 A is the projected length of the polyethylene monomer unit on the
crystal c-axis. Thus a plot of AH against 1/% should be linear with an
intercerpt equal to Aﬂu and a slope equal to 2aqe. Plots of the data
according to Equation 3.3 are shown in Figure 3.12 for the wvarious

fractions. It is seen that good linear relations are obtained for the

fractions PE1000, PE2000, PE6750 and PE11600; the points for PE6750 and

‘PE11600 fall on a single line, while PE1000 and PE2000 give a line with

a different slope. On the other hand for PE3100 and PE4050 the data
points corresponding to higher values of 1/ coincide with the line for
the two highest fractions, while the points corresponding to the lowest

A

values of 1/2 follow a different linear relationship with a slope

S
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intermediate between that of the highest and lowest fractions. For all
the lines the intercept corresponding to 1/%{ = O is 69.6 cal/g which
agrees well with the valaue of 68.6 cal/g expected'for AHu for polyethy*{
lene (21). From the slopes of the plots, the values of the surface
enthalpies q, w-ere calculated. Then combining these values with the
known surface free energies O the values of the surface entropies 5
were calculated at T = 400 K in accordance with the well known relation
o, = 4, ~ Tse. The results are given in Table 3.4. It is interesting
to compare the magnitudes of the observed surface enthalpies and entro-
ples with values obtained by other investigators. For example, for
solution grown single crystals of a high molecular weight polyethylene
(Marlex 6000 Type 50) Roe and Bair found q, = 22.1 + 2.0 kcal/mol of
folds and 5, = 39 + 5 eu/mol of folds at T = 400 K. The experimental
values found for the present low molecular weight fractions are thus
abnormally low, most probably because of chain end effects.

In order to interpret these results in terms of the molecular
nature of the crystals we must consider how the number of stems per
molecule v (i.e., the ratio of extended chain léngth to lamellar thick-—
ness) varies with the temperature of crystallization for t;e various
fractions. The relevant data are derived from measurements described
in Chapter 11. For crystals of PE2000, v varies from about 1.6 to 1.0
over the accessible temperature range. Thus the crystals of this frac-
tion are essentially extended chain structures. The surface free
enthalpy of these crystals thus represents the enthalpy of a surface

with only chain ends and cilia. Larger 9, values would suggest the

existence of folds, chain ends and possibly surface roughness.

7
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TABLE 3.4

Surface Enthalpy and Entropy of the Polyethylene Single Crystals

Surface Enthalpy Surface Entropy
Fraction © Qg K cal/mol of folds Ses eu/mol of segment
PE11600 9.4 15.7
PE6750 9.4 16.8
PE4050 9.4 17.3
{high supercooling)
PE3100 9.4 ' 17.3
{high supercooling)
PE4050 4.8 6.0
(low supercooling) [
PE3100 4.8 6.5
(low supercooling)
PE2000 3.9 4.3
PE1000 . 3.4 5.7
A
]
J
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Crystals of PE3100 and PE4050 pgrown in the high supercooling

4
range (i.e., with larger values of 1/%) have the same surface enthalpy

as crystals of PE6750 and PE11600, which are at least twice folded over -

the range of crystallization temperatures studied. Lamellar thickness
data for PE3100 and PE4050 crystals grown in this temperature range
also indicate that the polymer chains are at least once folded. From
these’hit mist be concluded that i?e structure of the interfacial
regions of these crystals must be similar. The picture that emerges is
that these crystals are composed principally of folded chains but
because of the low values of o, and q, they mist also have a substan-
tial amount of chain ends in ther interfacial regions.

For PE3100 and PE4050 the crystals grown at lower supercoolings
(i.e., with lower values of 1/%) have a surface enthalpy that is larger
than that of extended chain crystals but considerably lower than that
of folded chain crystals. This 1is consistent with the fact that the
corresponding average values of v (the average stem length per mole-
cule) are about 1.5 for PE3100 and 2.3 for PE4050. The data thus sug-
gest that the interfacial regions of these crystals contain both chain
ends and folds, the former being in higher proportion. From these
considerations it may be inferred that for the fractions PE3100 and
PE4050 the sigmoidal shape of the AH versus TC plots indicates a tran-
sition from folded chain to extended chain crystals as Tc increases.

As will be seen in Chapter IV, evidence for such a transition is also

obtained from growth data.
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CONCLUSIONS

The meagnitude of th.e surface free energy g, of polymer single
crystals is an important indicator of the structure' of the interfacial
reglons. The present work has shown that for llow molecular w:eight
solution grown polyethylene single crystals the value of O, obtained
from plots of melting/dissolution temperatures against the reciprocal
of the lamellar thickness, are in g\ood agreement with those previously
derived 'from an analysis of measurements of lamellar thickness as a
function of undercooling‘. The values obtained increase with molecular
weight and 1lie in the range of 40 - 60 erg/cm? for the molecular
weights from 3100 to 11600. By comparison with the value of 93 erg/cm?

expected for high molecular weight samples, which are essentially free

of chain end effects, the observed low values may be attributed to the

presence of chain ends in the interfacial regions of the crystals.
Values of the equilibrium melting/dissolution temperatures

obtained from the intercept of the Tm or T, versus 1/% plots are in

d

good agreement with those obtained from direct measurements on macro-
scopic extended chain crystals of each fraction. These equilibrium

melting/dissolution temperatures correspond to the values for polymer
-

v

chains of finite length and will be used subsequently in Chapter IV as

{ .
the temperatures from which/ to measure the supercooling when analyzing

kinetic data.
I

The enthalpies of fusion increase monotonically with crystalliza-

tion temperature. This is to be expected from the previously observed

-

.
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increase of lamellar thickness with crystallization temperature for the
same samples. Surprisingly, however, for the samples with molecular
weights in the range of 3000 to 4000, the increase in the enthalpy of
fusion follows a sigmoidal pattern. From this observation it is sug-
gested that%{q\t&s molecular weight range there is a transition ix; the
structuvre of the interfacial regions of the crystals as the crystalli-
zation tgmperature increases. It is proposed that this change in¥
interfacial structure involves a transition from extended to folded
chain growth as Tc decreases. If this interpretation is correct it is

anticipated that evidence for such a transition should also be found in

growth rate data. This will be discussed in Chapter IV.
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CHAPTER 1V

ISOTHERMAL GROWTH OF LOW MOLECUALR WEIGHT POLYETHYLENE

SINGLE CRYSTALS FROM SOLUTION. III. KINETIC STUDIES
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ABSTRACT
*

Single crystals of four polyethylene fractions ranging in molecu-
lar weight from ,3100 to 11600 were grown isothermally from bolution
using the self-séeding technique. Growth rates of the crystals were
measured as a funption of solution concentration, molecular weight, and
temperature of cr¥stallization. The growth rates were found to be
proportional to the concentration raised to a power less than unity.
The variation of the concentration exponent with crystallization tempe-
rature ar;d molecular weight is discussed qualitatively in terms of a
dilute solution theory of polymer crystal growth, proposed by Sanchez
and DiMarzio, in which it 1s comnsidered that the secondary nucleation
required for continued growth may involve cilia\as'Well as solution
molecules.

The most interesting results concern the temperature variation of
the growth rates. For the higher molecular weight fractions the growth
rate decreases monotonically with the crystallization temperature. In
contrast for fractions in the molecular weight range of 3000 to 4000
the growth curves show a notched appearance in which two branches can
be distinguished‘. These branches intersect at a transition temperature
where the temperature coefficient of the growth rates changes disconti-
nuously. This behavior is interpreted to mean that the transition
temperatures correspond to changes in the conformation of the chains
deposited on the growth faces. Thus above and below the transition,

the "crystals are composed of n—times and (n + 1)-times folded chains,

respectively. This interpretation of the growth transitions is

a
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rationalized with the observed continuous variation of the lamellar
thickness by assuming a model of the growth process in which t#e chain
ends are preferentially rejected to the exterior of the lamellae.

In accordance with the kinetic theory of polymer crystal growth
based on coherent surface nucleation, the growth rate data for the four
fractions were analyzed by plotting log G versus 1/TAT, where G is the
growth rate, T 18 the crystallization t:empetatureZ and AT is the super—
cooling. Values of the basal surface éree energies obtained from the
analysis are discussed in relation to the molecular structure of the

ctystals.
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INTRODUCTION ’

) Flexible macromolecules Lsﬂith a sufficiently regular gtructure
characteristically crystallize from dilute supersaturated solutions or
from the melt in the form of thin lamellae. Since the chains are nor-
mal to the plane of the lam;allae and the chain length greatly exceeds
the lamellar thickness it has been proposed that ’the' chains must fold
on themselves many times (1).

For most polymers it has been observed that the lamellar thick-
nes’s generally increases monotonically with the temperature of crystal-
lization 'I‘c so that the mean number of folds per chain decreases as Tc
increases (2). This observation forms the basis'for most theoretical
analyses of the chain folding problem. Several kinetic theories have
been advanced to account for the chain folding phenomenon (3-12).
These theories are usually based on a modification of coherent nuclea-
tion theory and predict the rate of growth and lamellar thickness as a
function of the supercooling AT. The theories’ generally imply sharp
molecular folds with adjacent re-entry; it is assumed that the fold
length and hence the crystal thickness is equal to the critical r:ucleus
size and is therefore determined by the interfaci;l energies and the
bulk free energy of crystallization. The theories have been remarkably
successful and provide an excellent fit of the experimental data
(11,13).

These conclusions are valid for polymers of sufficiently high
molecular weight that the chain length greatly exceeds the lamellar

v

thickness. They are, however, only partially applicable to chains

I R
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whose length is of 'the same order of magnitude as the lamellar thick-
ness. A partiacularly interesting case in point is the behavior of low
molecular weight fractions of hydroxyl terminated poly(ethylene oxide).
For these fractions the increase of lamellar thickness with Tc occu'rs
in & discontinuous or step—wise manner and the lamellar thickness
assumes discrete values which are whole number multiples of the length
of the chain (14-16). This step-wise variation of the lamellar thick-
;less is due to the lo;:alization of the chain ends in the lamellar sur-
face as a result of hydrogen bonding between the. end groups.

Kovacs and Gonthier (17) have measured the isothermal growth
rates of hydroxyl terminated poly(ethylene oxide) single crystals from
the melt wusing low molecular weight fractions. Their results show
abrupt variations in the temperature coefficient of the growth rate
corresponding to sudden changes in the number of folds per molecule and
therefore of the lamellar thickness. Application of kinetic theories
to the ogrowth rates and lamellar thickness of these low molecular
weight poly(ethylene oxide) fractions has revealed a series of funda-
mental 1inconsistencies contradicting the model of coherent surface
nucleation resulting in a sequential deposition of chain segments of
fixed length (18). In particular it was found that the lateral surface
free energy (o) appegfs to vary as the inverse of the lamellar thick-
ness Instead of remaining invariant as required by the theoretical
model.

The work of Kovacs et al invites the question whether the

) -

observed phenomena are general or arise from end group pairing in the
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speclal case of hydroxyl terminated poly(ethylene oxide). It therefore

seems of obvious interest to extend the observations to a polymer such

as polyethylene where strong attractive forces do not exist between the
end groups. Accordingly the purpose of the present work is to further

" probe the origins of the chain folding phenomenon by studying the

growth rates of polyethylene single crystals from solution as a func-
tion of molecular weight, crystallization temperature and solution
concentration. Sharp molecular fractions have been used covering the
range from 3000 to 11000. In this range the transition from extended
to folded chain crystallization should be observable. Solution grawth
has permitted a wider range of supercoolings to be encompassed than
would be possible in crystallization from the melt. The results have
been analyzed in combination with data on the equilibrium dissolution
temperature ‘of the fractions and theQ temperature variation of the
lamellar thickness as presented in Chapters II and III.

Finally it may be noted that several authors have previously
studied the growth rates of single crystals from solution. Holland and
Lind enmeyer (18)rfound that the growth rate of single crystals of poly-
ethylene crystallized from xylene decreases with decreasing mo'lecular
weight and with decreasing temperature; Keller et al {20,21) and
Cooper and Manley (22) found that the growth rates of polyethylene
single crystals from xylene is proportional to the concentration raised
to a power less than un?lty, and Johpson and Lehmann (23) found a simi-

lar concentration exponent for poly-3,3-bis(chloromethyl)-oxetane

(PENTON) crystallized from m~xylene. In all of these cases the molecu-
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lar weights of the samples were in excess of 10000. As 4ndicated

above, the present work covers a lower range of molecular vweights.

EXPERIMENTAL

The camples were the same low molecular weight linear polyethy-
lene fractions used in the previous work (Chapters II‘ and III), The
molecular weights, polydispersities and equilibrium dissclution tempe-
ratures T ° are listed in Table 4.1. The solvent was commercial p-

d
xylene distilled before use.

Table 4.1

Characteristics of the Polyethylene Fractions

Fractions ﬁw ﬁ“ ﬁv/ﬁ.n 'I'd°, deg K T_, deg K
PE11600 11600 11600 1.11 382.0 369.7
PE67 50 6750 6100 1.10 . 376.8 368.4
PE4050 4050 3900 1.04 371.5 367.6
PE3100 3100 2900 1.07 367.4 365.9

Solutions of the desired concentration (usually about 0.1I; w/w)
were prepared by mixing carefully weighed amounts of polymer and sol-

vent and refluxing under nitrogen for 15 minutes. The solutions were

ML, Wk Syt s P e ae e %
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crystallized at 75° C and then cooled to room temperature. These cry—
stal suspensions were used as stock samples in the crystallization
kinetics experiments.

The self-seeding method (24,25) was used to initiate crystal
growth at the desired temperature and concentration. Approximately
5 wlL of the crystal suspension, c\ontained in a test tube equipped with
a ground glass stopper, was Ilmmersed in an oil bath at 75° C. The
temperature was Increased to some value '1‘s at a rate of 8 deg C/min and
held at this temperature for 30 min. Ts is the temperature at which
only the crystal nuclei remain in suspension. The sample tube contain-
ing the nuclei was transferred to & thermostat at the desired crystal-
lization temperature 'I‘c and a suitable amount of pure solvent, previ-
ously equilibrated at Tc’ was immediately added with gentle stirring.
In this way thermal equilibrium as rapidly attained and growth immedi-
ately commenced on the nuclei. The growth rate of the crystals was
then uniform throughout any one preparation so that at any time all the
crystals had reached the same size. Measurement of about a dozen cry-—
stals at each sampling time during the growth indicated that the indi-
vidual measurements were within 12 of the average. As found previocusly
by Holland and Lindenmeyer (19) and Blundell and Keller (26) the growth
of the crystals was initially linear and then falls off as the polymer
becomes depleted. The measurement of the initial growth rate is of
particular interest since it 18 related to the initial concentration.
The Ts value has a direct inflyence on the duration of the 1lipear

growth phase.
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At a low 'I‘s more nuclei will exist and the polymer molecules in
solution will b’? consumed more rapidly during the crystallization pro-
cess. Thus the duration of the linear growth phase will be shorter.
Ideally, a low density of nuclei should be used so that constant growth
rate can be maintained over a long period. Howey/er, a compromise was
sought In order to obtain a suitable number of crystals on sampling the
preparation for electron microscopy. Values of Ts were chosen" such
that the growth rate was linear during the initial 1000 nm of growth as
measured from the center of a crystal to any {110} face. The T values
used for each fraction in the present work are listed in Table 4.1.

The crystal population was sampled at any required stage of
growth using the method described by Blundell and Keller (26). Using a
p‘re—heated micropipette, a few drops were transferred from the crystal-
lizing solution to a test tube containing pure solvent at a lower tem—
perature Tc?.' At this stage, the solutions contained self-see,ded cry=
stals grown to a certain size and the remaining uncrystallized polymer.
On quenching into pure solvent at a lower temperature TcZ’ the crystals
continued to grow at a lower rate and with a thickness appropriate to
crystallization at ‘the lower,temperature. Thus a discontinuous down-
ward step on the crystal surface was formed and this defined the size
of the crystals at the time of sampling. The actual observation of the
growth rates were made from measurements in the electron microscope
after depositing drops of the crystai suspension on specimen gtids and
shadoving with platinum. The linear crystal dimensions, as measured
from the center of a crystal up to the step on a {iib}-zgt-qu\rth face,

14
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were plotted against the crystallization time. Linear growth with time,’

during the initial stages of growth, wadbserved in most cases. For
2

very rapid crystallization rates, where the linear phase of growth was
short, the initial slope of the curve was used for the measurements.
The slope of a plot of crystal size versus time gave the growth rate
which was studied as a function of crystallization temperature, solu~-
tion concentration and molecular weight.

The quench temperature Tc2 was mainly determine& by the molecular
welght of the sample. Ideally, the lowest practical quench temperature
should be used since the larger the difference of the lamellar thick-
ness characteristic of the two temperatures 'i‘c and Tc2’ the more clear
and easily observed the step will be. Too low values of Tc2 give rise
to the formation of undesiratzle multilayer crystals. For the fractions
PE11600 and PE6750, it was found that simple monolayer growth occurred

when 60° C < Tc < 70° C. For the fractions PE4050 and PE3100, Tc2 was

2
conveniently set at 50° C for monolayer growth.

The measurement of the size of a given crystal could be made
within 22 from calibrated electron micrographs. On considering other
possible sources of error,a‘such as fluctuations in the tewmperature* of
the oil baths used for crystallization and the precision of the timing

of the crystal sampling, it 1s estimated that the uncertainty in the

growth rates is about * 3%Z.
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RESULTS AND DISCUSSION

Concentration and Molecular Weight Dependence of the Growth Rate

Growth rate data for the gour fractions studfed are shown in
Tables 4.2 -to 4.5 as a function of solution concentration and crystal-
lization temperature. It has previously been shown (21,22) that the

concentration dependence of the growth rate may be described by the

relation -

where G is the growth rate, C is the concentration and a is a comstant,
hereafter referred to as the concentration exponent. In the present
work a pronounced concentration dependence was observed in all cases.
As seen 1in Figure 4.1 for the higher molecular weight fractions
(PE11600 and PE6750), logarithmic plots of ,growth rate against concen-
tration show a éow linear relationship over the ertire concentration
range investigated. Thus for these cases a reliable value of a can
readily be derived- On the other hand for the lower molecular weight
fractions (PE4850 and PE3100), the plots are curved indicating that the
concentration expoment is not a constant if the whole concentration
range is considered (Figure 4.2). Nevertheless, if we choose to ignore
the point at the l':ighest concentration a straight line can readily be
dréwn through the remaining points. dValues of the congentration expo-

nent thus obtained are listed in Table 4.6 together with the values for

the two higher fractions. It is seen that under the conditions
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TABLE 4.2

Growth Rate Data for the {110} Faces of Polyethylene Sinéle Crystals

. 8 from Xylene Solﬁtioq. Fraction PE3100 -
Concn: 0.05 wtZ Conen: 0.01 wtZX Concn: 0.005 wt¥ Concn: 0.001 wtX
T G T G T G T, G :
+ 0.01° C (nm/sec) ' + 0.01° C (nm/sec) + 0.01° C (nm/sec) + 0.01° C (om/séc) }
70.45 7.67 68.90 5.77 68.90 3.93 70.45 1.06 ,3
72.93 6.53 70.45 5.11 69.90 3.57 71.20 1.01
74.05 5.27 72.10 4.83 71.20 2.88 72.93 0.89
76.10 4.41 72.93 3.98 73.06 2.42 74.05 0.69
77.00 4.40 74.05 2.39 74.05 1.68 74.95 0.64
78.25 2.93 74.95 2.24 764.95.  1.27 76.10  0.56
79.80 1.16 76.10 2.09 76.10 1.20 77.00 0.48
81.00 1.25 77.00 2.03 77.00 1.11 78.25 0.47
83.00 0.72 77.70 1.51 78.40 0.96 79.80 0.32 ‘
84.00 0.60 79.80 0.88 79.80 0.73 81.00 0.20 i
85.00 0.36 81.00  0.71 - 80.30 0.54 83.00 0.17 ;
86.25 0.18 82.40 0.56-  83.20 0.34 85.00 0.10
84.00 0.35  84.00 0.21 86.40 0.05
85.00 0.25 86.25 0.10
186.25 0.13 87.70 0.03
87.70 0.06
£
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TABLE 4.3
v Growth Rate Data\for the {110} Faces of Polyethylene Singl‘e Crystals :
from Xylene Solution. Fraction PE4050 3
Concn: 0.05 wtZ Concn: 0.01 wtZ Concn: 0.005 wtZ Concn: 0.001 wtZ ' %
T, G T, G T, G T, 1 G
+ 0.01° ¢ (nm/sec) +0.01° C (nm/sec) + 0.01°C (nm/sec) 0.01° ¢ (nm/sec)
70.85 9.93 68.90 6.04 68.90 4,43 69.10 1.21 ,
73.40 6.67 69.90 5.80 69.10 4.29 71.00 1.16 *
74.85 5.41 70.85 4.62 70.85 3.63 73.40 0.82 :
77.00 3.21 72.10 4.80 73-06 2.71 75.00 0.58
77.50 2.91 74.00 - 3.01 75.00 1.52 77:00 0.30
78.05 2.18 74.85 2.57 76 .00 1.17 77.60 0.30 :
" 78.90 1.93 77.00 1.42 77.00 1.13 78.90 0.22
80.00 1.88 77.70 1.28 78.40 0.70 80.00 0.21 |
81.60 1.26 78.05 0.97 78.90 0.67 81.60 0.16
~82.00 1.22 78.90 0.86 80.30 0.57 82.00 0.13
83.00 0.72 80.00 0.79 81.60 0.41 82.95 0.12
84.10 0.52 80.50 0.71 82.00 0.38 85.00 0.05
85.00 0.30 '81.60 0.63 83.20 0.28 .86.70 0.03
86.10 0.24 82.40 0.59 84.10 0.17 T 4
88.00 0.07 85.00 6.2(}; 85.00 0.13 ,
86.70 0.12 86.70 0.06
' 87.70 0.05 87.70 0.03
" e
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TABLE 4.4

Growth Rate Data for the {110} Faces of Polyethylene Single Crystals

from Xylene Solution. Fraction PE6750

Concn: 0.05 wtZ Concn: 0.01 wt?¥ Concn: 0.001 wtZX
T G G G
c
+ 0.01° C (nm/sec) (nm/sec) (nm/sec)
- )
75.50 21.60 11.25 3.40
77.80 13.10 5.55 1.50
78.95 11.33 3.79 0.96
»
81.60 3.33 1.09 0.35
83.60 1.08 0.36 0.13
S
86.00 0.25 0.13 0.05
88.10 o 0.07 0.04 0.02
125
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TABLE 4.5
' Growth Rate Data for the {110} Faces of Polyethylene Single Crystals
from Xylene Solution. Fraction PE11600
Concn: 0.05 wtZ Concn: 0.01 wt2 Concn: 0.001 wtZ
T . G G G
C
+ 0.01° C (nm/sec) (nm/sec) (nm/sec)
76.00 26.67 14.56 6.79
78.00 16.33 8.49 3.20
80.00 10.83 4.96 - “1.71
81.40 7.17 2.83 1.19
\ 83.00 4.01 1.82 ' 0.61
‘ 86.00 0.99 0.42 0.17
. 87.40 0.38 - - C-
g 88.00 0.24 0.10 . 0.04
,{ A
: 89.10 0.07 0.03 0.0/
T,-“
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TABLE 4.6

Values of the Concentration Exponent a as a Function of

Crystallization Temperature Tc

a for fraction

T, °¢C PE3100 PE4050 PE6750 _ PE11600
70 0.652 0.673 - -
72 0.634 0.673 - . -
74 0.612 0.669 - -
76 0.571 0.650 0.503 0.348
78 0.552 0.625 | 0.554 0.417
80 0.522 0.621 0.602 0.471

& 82 0.506 0.611 0.605 0.474
84 0.457 0.604 0.575 0.452
86 0.413 0.544 0.493 0.443

-
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FIGURE 4.1

Typical logarithmic plots of the linear growth rate, G, of the {110}
faces as a function of concentration for fraction PE11H00 at different

temperature.
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Typical logarithmic plots of the linear growth rate, G, of the {110}
faces as a ﬁunction of concentration for fraction PE4050 at different

temperature.
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employed fractional order growth kinetics is observed, the values of a
being in the range 0.3 to 0.7. .

Ag 1llustrated in Figure 4.3 the variation of a withlcrystalliza-
tion temperature depends upon the molecular weight of the sample. For
molecular weights of 3100 and 4050, o decreases monotonically with
increasing crystallization temperature. On the other hand for the
samples with molecular weights of 6750 and 1]1600, a first increases
with crystallization temperature, then it passes through a maximum and
decreases. These observations may be compared with earlier work (22)
using polyethylene samples with molecular weights in the range 15700 to
450000 where the value of g was found to increaif with crystallization
temperature for all but the sample of highest molecular weight for
which a remained essentially constant.

When consideﬁ&ng the wvalues obtained for g with the different
fractions at fixed crystallization temperature it was seen that o first
increases and passes through a maximum as the molecular weight increa-
ses (Figure 4.4). By contrast, it has previously been shown experimen-—
tally that for high molecular weight samples « decreases with increas-
ing molecular we¥®ght (22).

The various trends in the concentration dependence of the growth
rate as described above can be qualitatively discussed in relation to a
dilute solution theory of polymer crystal growthkpr0posed by Sanchez
and DiMarzio (12). The theory predicts the effects of molecular
wei%pt, solution concentration, and crystallization temperature on the

growth rate of single crystals from solution. It is8 considered that
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the secondary nucleation required for continued growth of a crystal may
involve cilia as well as solution molecules.

Cilia are the dangling ends of wmolecules that are partially
incorporated into the crystal lattice. They are generated in the
course of crystal growth in the following manner. When the first seg-
ments are attached to a growing strip at some arbitrary position along
the chain, the two ends of the molecule are left dangling in solution.
If now the longer chain portion _is incorporated into the lattice by
chain folding, the shorter portion will be left dangling in solution as
a permanent cilium. Sanchez and DiMarzio proposed that these cilia can

\
participate in nucleating a new growth strip (fold plane) on the cry-
stal surface by a kind of "self nucleation” mechanism.

The theory makes the following predictions. For high molecular

weights, if cilia nuclestion is the only mweans of propagating the

.growth of the crystal the concentration exponent ¢ = 0 and the nuclea-

tion rate S¢ is independent of concentration. For low molecular
veights s€ is proportional to;ﬁoncentration raised to a power less than
unity. On the other hand, when nucleation by solution molecules is the
sole mechanism, the nucleation rate s® is proportional to the concen-
tration raised to the first pdaer, except at-very low molecular weight
when th;\concentration exponent tends to exceed unity. Usually the
secondary nucleation is a mixed précess involving both cilia and solu-
tion molecule nucleation, hence a will be between unity and zero. The

theory further predicts that fotr cilia nucleation a should increase

with increasing Tc at fixed molecular weight or decrease with molecular

weigrx at fixed T .
c
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The observed trends in a are more complex than the theoretical
predictions and detailed analysis and explanatioh is not possible
because the theory, although derived for finite molecular weights,
breaksvdown when applied to the very low molecular weight samples used
in the present work. For samples PE6750 and PE11600 the observed ini-
tial increase ofﬂh with Tc as shown in Figure 4.3 is 3; harmony with
the theoretical prediction for cili; nucleation. As discussed by
Sanchez and DiMarzio (12) the reason why the concentration dependence
of S€ tends to increase with TC can be understood on physical grounds
as follows. With dncreasing Tc the lamellar thickness increases and
this is accompanied by a decrease in the length of the primary cilia in
a growth strip. When the cilia become sufficiently short they are no
longer able to stabilize themselves by chain folding and moleculés from
solution are required to stabilize the nucleus. Since the availability
of solution molecules for stabilizationdepends on the concentration of
the polymer solution, the concentration dependence tends to increase.

Proceeding further with the discussion of the data in Figure 4.3

it is reasonable to interpret the maximum in the a versus Tc plots for

" samples PE6750 and PE11600 as indicating that some other mechanism of

propagation opposes cilia'nucleation and eventualiy supervenes. It is
tempting to suggest that the opposing mechanism is nucleation by poly-
mer molecules in solution but this cannot be the correct explanation
since in that case the value of « should remain close to unity. For

fractions PE3100 and PE4050, for which a degieases monotonically with

’
w

Tc' it seems quite safe to conclude that the crystallizaéion process
i + -
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should be entirely different from a cilia mnucleation mechanism. ;n
fact, whatever the detailed mechanism may be, the behavior of these
fractions seems to be similar to that of fractions PE6750 and PE11600
at temperatures above t‘he maximum. v .

Finally, the variation of « with molecular weight (Figure 4.4)

seems to show very clearly that the mechanism of ’crystal grov‘lth changes
-

with molecular weight.., The behavior at high molecular weights, where «a

decr‘eases with molecular weight, is predicted by the theory of Sarichez

and DiMarzio for a c¢ilia nucleation mechanism. At low molecular

weights the observed increase‘in a with molecular weight strongly sug-

gests the operation of a diff‘erent mechanism in that range.

The variation of growth rate with molecular weight 1is shown in
Figure 4.5 for various crystallization temperatures and concentrations.
The characteristic feature of these isotherms is that as the molecular
weight increases the growth rate passes through a minimum apd then
increases sharply. The increase in growth rate with molecular weight
at higher molecular weights is in agreement with the observations of
Jackson and Mandelkern (28) and Blundell and Keller (6) who found that

.

highef molecular weight fractions crystﬁllize faster than low molecular

weightwf,ractions. This effect can readily be explained in terms of the

F 7
isrcrease in supercooling (AT = Td° - TC) with molecular weight, since

the growth rate is proport:lonaf to exp(-Kg/AT), where Kg is the nuclea-

tion parameter (10), and the equilibrium dissolution temperature 'I'd°
N )

increases with molecular weight.

The existence of a minimum in the growth rate/molecular weight
-
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9

isotherms has not previously been reported, presumably because measure-

ments were not made at sufficiently low molecular weights. A detailed'

interpretation of this phenomenon 1is not possible at present, but the
general shape of the isotherms seems to be consistent with the sugges—
tion made above that the mechanism of crystal growth changes at the

molecular weight corresponding ‘to the minimum in the isotherms.

Temperature Variation of the Growth Rates

Figures 4.6 and 4.7 show growth rate data as a function of cry-
stallization temperature for the fractions PE4050 and PE11600. For
iPE11600 the growth rate decreases monotonically with the temperature of
crystallization Tc- This behavior is typical of high molecular weight
melt crystallized polyethylene samples (10). Similar results were
obtained with PE6750. 1In contrast, for fractions PE3100 and PE4050 the
growth curves show a notched appearance in which two branches can be
distinguished. These branches ap;ear to Intersect at a definite tempe-
rature, T* (78° C for PE4050 and‘ 74° C for PE3100) where the temperature
coefficient of the growth rate d(log G)/dT changes discontinuously with
Tc' For a fixed molecular weight the transition temperature T*r sséems
to be independent of the concentration of the polymerhsolution. )

_ The results obtained with the lower molecular weight ffactions
are strikingly similar to the behavior éxhi'bited by lov wmolecular
weight melt crystallized fractions of poly(ethylene oxide) as studied

by Kovacs et al (17). In that case the transition temperatures were

considered to correspond to changes in the cghformation of the chains
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Temperature dependence of the growth rate for fraction, PE4050 at varf-
ous cc;ncentrations- The upper abscissa scale shows the number of ‘stems
per molecule (v) corresponding to the temperature scale. Forvfraction
PE3100, because of the difkiculty of accurately measuring the gf'aw‘th
rates at the highest supercoolings, the low teﬁberature branch of the

growth curve has fewer data points :::3 the notched apperance is not as

pronounced as for PE4050.
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deposited on the growing faces. Thus above the transition tempetature'
growth proceeds by deposition of n—times folded chains, .whereas below
the transition temperature, growth consists of the deposition of (n +
1)-times folded chains. This interpretation followed logically from
£

the observation that the lamellar thickness shows 2 quantized(change at
the transition temperature.

In the case of the polyethylene samples “studied in the present
work the interpretation of the apparent transition temperatures is not

as straightforward as for poly(ethylene oxide) because the lamellar

thickness apparently increases continuously with Tc as demonstrated in

“ %

» b

Chapter II.’ Nevertheless, there are two lines of evidence suggesting
that, as in the case -of poly(ethylene oxideS. transition tempera—
tures correspond to. changes in the c:mforma on af ;:he molecules depo-
sited on the growth fajces. <)

First, as described in Cha;tgr II1, the temperature variation of
the heat of fusion follows a sigmoidal pattern for samples with molec\‘x-
lar weights in the range of 3000 to 4000. This has been interpreted to
mean that there is a chzzmge in the structure of the interfacial regions
of the crystals as TC decreases, corresponding to a transition from
extended to folded chain g;rowth. The second line of evidence in sup-—
port of the proposed interpreta;ion of the apparent growth'transitions
cnomes from an, examination of the morphology of crystals of PE3100 grown
at various temperatures.and filtered and washed with pure solvent at
the crystalli\zation‘temperatut‘e. As illustrated 4n Figure 2&.8 the

14

crystals grown at’ high supercooling below the transition temperature

f
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exhibit sectorization which is an inherent consequence

of chain' fold-

ing. On the other hand, crystals grown at low supercooling above tran-

sition temperature are not sectorized, indicating that they are princi-

pally composed of extended chaims. Clearly there must be a tempgrature

at which there 18 a transformation from one form of growth to ghe

other.

°

Having presented evidence in support of the interpretation that

the growth transitions correspond to changesin the conformation of the

molecules deposited on the growth faces, we now consider the molecular

nature of the transitiohs.

From the measurements of the temperature variation of the lamel-

lar thickness (1) described in Chapter II together with the known

extended chain length (L) the number of stems per molecule can be rea-

dily estimated as v = L/%. It turns out that the number of stems per

molecule increases as Tc decreases and the transition témperatures

observed in the growth cutves for PE3100 and PE4050 correspond respec—

tively to 1.9 and 2.5 stems per molecule (see Figure 4.6). Accord-

ingly, assuming that the incorporation of v stems into ;he crystal

results in the formation of v — 1 chain folds, the growth transitions

can, to a fair approximation, be interpreted as corresponding to a

change from once folded to extended chain growth for PE3100 and from

twice folded to once folded chain growth for PE405Q. It is, however,

on what happens to the chain ends du}ing Erys.tal growth.

&

.important to emphasize that the validity of this interpretation depends

Three models

of the crystallization process can be envisaged, viz:s (a) chain -ends

R = v ALY
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Bright field (‘left) and dark field (right) electron micrographs of
?ingle crystals of PE3100° grown from dilute xylene solution and fil-
tered from solution at the crystallization temperature which is 81° C
in (&) and 55° C in (b). The crystals in (a) are typical of those
grown above the growth transition temperature (74° C) and are not sec-
torized, indicating they‘ are composed of extended chains. The crystals
in (b) are typical of those grown below the growth transition tempera-
ture and exhibit the characteristic sectorization which is an inherent

consequence of chain folding. The dark field micrographs were taken

using a {110} reflection. Bar lines represent 1 pm.
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localized on the surface of the lamellae, (b) chain ends rejected to
the exterior of the lamellee as cilia and (c) chain ends incorporated
within thé crystal lattice. According to the proposed interpretation
of the growth transitions, model (a) would require a step-wise change
in lamellar thickness as Tcincreases in contra;st to the observed conti-
nuous increase. For model (c) as pointed out by Sanchez and DiMarzio
(12) the surface energry product ao, would tend to increase with
decreasing molecular weight which is the opposite of what 1s observed.
According to model (b) it can .be assumed that fn'act:lonal stems ére
rejected from the crystal lattice as cilia. 1In this cage it is evident
that as Tc decreases the pendant cilia would become longer and follow-
ing Hoffman et al (10) it can be postula:ed that when the length of the
cilium becomes equal to the lamellar thickness a fold will appear. In

this process the temperature variation of the lamellar thickness would

i H
be expected to be continuous. Thus according to this model a quantized

change in the conformation of the molecules deposited on the growth
f aces can occur even though the lamellar thickness change; continuously

with temperature. ) A

In concluding this section it may be of inteyestrto note that
growth transitions of the type described above have not previously been
observed in studies of the growth kinetics of low molecular weight
polyethylen; samples. Hoffman et al (10) and Labaig (27) have measured
the growth rates of polyethylene f;actions crystallized from the melt
covering the molecular weight range from‘36(‘)0\ to 1;000. The results

show that log G decreases monotonically with temperature over the range

Ay

e

- o A

.
af



et A et St e R L

g R, A VA i F it 2

5

- 166 -~

‘

of Tc explored. The failure to observe the growth transitions in these

experiments is presumably related to the relatively low supercoolings

-

accessible in melt crystallization as compared to crystallization from

solution. In the work of Hoffman et al for the fraction with a molecu~

lar weight of 3600 the maximum supercooling was 15.4° C, whereas in our

experiments with the fraction of ‘molecular weight 3100 the transition

temperature occurs at a supercooling of about 20° C.

4

Basal Surface Free Energies

We now wish to analyze the growth rate data in order to estimate

basal surface free energies for the crystals of the various fractions.

The kinetic theory of nucleation controlled growth of polymer crystals

with infinitely 1long folded chains leads to the following expression

for the growth rate G (10).

¢ = ¢ exp(~# /KT) exp[-K _/T(AT)E] (4.1)

s

*
vhere pAH is the g_ytivation energy for transport of chain segments to

the ¢rystal-solution interface, Go contains factors not strongly depen-

dent on temperature, T is the crystallization temperature, AT is the-

supercooling Td° - T, f which is g:iven by ZTI(Td° + TY is a factor near

unity that sccounts for the slight diminutfon of the heat of fusion Ahf

as the temperature falls below the equilibrium temperature Td" and k

P
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is the Boltzmann constant. The nucleation parameter Kg has the general

form

L

.om N ° .
I(g xboo T,°/(sh )k (4.2)

where b is the thickness of the depositing growth layer; Td° is the

equilibrium dissolution temperature which is molecular weight depen-
dent; ¢ and o, are res’pectlvely the lateral and basal surface free
energies; and Ahf is the heat of fusion. The value of x depends on the ;
nucleation regime. }n regime I gro\th where the formation of a surface
ducleus is followed, by rapid completion of the entire substrate, x has
a value of 4. For regime II’ growth where numerous nuclei form on the
Bubstrate and spread slowly, x has a value of 2.

By plofting log G against 1/T{AT)f a linear relationship should

Py
v

be obtained if Equation 4.1 is obeyed and the numerical value of Kg can

be derived from the slope. Hence the important parameter o, can be

estimated, if the lateral surface free energy is known.

-

In carrying out the analysis a precise knowledge of the equili-

d

cooling A_T are very sensitive o it. In the present work, which

brium dissolution temperature%'r is required since Kg and the super-

1nvolves Ch»&i{& of finitle length with n chain units, Td“(n) has been

determined experimentally by measuripg the dissolution tmeperature of

1
1
I

large extended chain crystrlsi corresponding to n, as described in Chap-

ter I1. For the four fractiong studieés, the values of 'i’d°(n) used
|

CP : throughout the data analysis iare listed in Table 4.1.
’ |
|
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Figures 4.9 and 4.10 show plots of log ‘G versus 1/T(AT)E for
fractions PE11600 and PE4050 at various concentrations. For PE11600
and PE6750 linear relationships are obtained over the entire range of
supercoolings investigated. On the other hand, for the two lowest
molecular weight fractions, PE3100 dfid PE4050, one can distinguish two

ranges of supercooling in which the slopes of .the plots have substan-

tially different values. According to Equations 4.1 and 4.2 the changé .

in slope of these log G curves must be due to a change in %, since all
the other parameters, AH*, b, o and Ahf, are independent of‘ chain
length and conformation. For the various fractions, values of nuclea-
tion constant Kg derived from the slopes of the log G versus 1/T(AT)f
plots are collected in Table 4.7. Differences in the value of Kg for
growth at the various concentrations do not appear to be significant;
consequentzly it was assumed that I(8 is independent of concentration and
the average value was used in the calculations to follow. In order to
estimate whether the observed values of K8 for a given fraction corres
pond to regime 1 or regime II kinetics, we have used the so~called Z-
criteria proposed by Lauritzen (29). According to this proposal the
parameter governing the distinction between regime I and II is the

¢imensionless quantity

z = 3iL2/4g (4.3)

i

where 1 is the surface nucleation rate, g is the spreading rate and L

is the, substrate length. If Z ¢ 0.1, regime I behavior holds, while

-
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Plots of the logarithm of the linear grovth rate G against 1/T(AT)f for

fraction PE11600 at various concentrations. Fraction PE6750 shows

similar behavior.
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~ : TABLE 4.7 4

Values of Kg Calculated from Plots of log G vs 1/T(AT)f

|
Kngz) at concn. (X w/w) ! Average §
. i
Temperature :
Fraction range, ° C 0.05 '0.01 0.005 0.001 - §
PE3100 70-74 27000 25000 26000 23200 25300 !
74-86 ~16900 17000 16300 15200 .16300 ' i
; §
P‘ﬁloOSO 69-78 45300 45300 44800 41300 44200
78-86 27600 26700 26700 23300 26100 :
‘ Iy ;
PE6750 75-88 . 80000 77000 - 74200 77200 g
’ * ;
: 5
PE11600 76-89 90900 88600 - 87300 88900 |
1
3 . 2:
3
y i
A3 /‘ ;q
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for regime II behavior, Z > 1. From the experimental value of Kg the
2 parameter can be estimated from the approximate ekpression

>

Z =1L = z(L/2a)2 exp[—x/TAT]exp[Zaboe/k'i‘] (4.4)
4g

where z is the number of -CHZ- units corresponding to the lamellar
thickness, a and b are the molecular width and layer thickness respec-
tively, k is the *‘Boltzmann constant and where X = Kg wvhen Z < (;.1
(regime I) and X = 21(g when 2 > 1 (regime II).

From Equation 4.4 1t is possiblé to estimate the range of L
values that are consistent with regime I or regime II behavior. Usu-
ally the correct choice of reéime can be made !Jy considering whether
the value of L is reasonable or unrealistic. The value of L mst be
cons fstent Witil; mrphpngical,' informat ion: for examp.{e, L cannot
éxceed the known later;l dimensions of the single crys‘;als and it
should be at least several times larger 'than the molecular width.

The following input data were used in the calculations: molecu-
lar width a = 4.55 x 1078 cm; layer thickness b = 4.15 x 1078 cm; 'l‘d'

values as listed in Table 4.1, z was estimated from the lamellar thick-

{e%s at a given crystallization temperature divided by the projected
s

. ]
Jength of the -CH,~ unit which is 1.25 A; values of the basal surface

/

free energies as estimated in Chapters II and IXI.
To illustrate the results of the calculations we consider two
N . -
examples. First for fraction PE11600 assuming that the observed value

of Kg refers to regime I kinetics we calculate using AT = 21.8°C, T =

'
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85° C and Z < 0.1 that L‘ ¢ 8A.¥ This value is too small to be realistic

since it is of the same order of magnitude ag the moelecular width. A
recalculation assuming regime II kinetics gives L > 750”nm which is
considered to be too large in comparison with the observed dimensions
of crystals grown at the chosen temperature. We are thus led to the
conclusion that for t‘hese crystals the growth’'kinetics 1is intermediate
between regime I and regime II so that Kg - 3bcoer°/ (Ahf )k mst
apply; this implies mixed regime I and regime II behavior. A Similar
f:onclusion is reached for fraction PE6750.

+ Considering now the calculation for fraction PE4050 in the low
temperatyre range, a test for regime I behavior at Tc .= 75° C and AT =
23.3° C gives L < 0.73 A which is clearly absurd. For the test of

a

regime II behavior we obtain L > 12.4 A which is considered to be &

2

re&sonable substrate length. For the high temperature range at T =

KL and AT= 15.3° C, L < 0.5 A for regime I behavior and L » 17 A for

o .

regime II behaxior. It is thus conclbuded that for this fraction the
growth follows regime II kinetics, so that Kg "“200"1' °/(Ah Y. The
calculations for fractio& PE3100 lead to conclusions similar to” those
for fraction PE4050.

Table 4.8 gummarizes the conclusions concerning the assigned
grovth regimes and 1lists the corresponding values of the product oo,
for each fraction. 1In order to extract the kineti&value of e fr;m
the product oo, we need to know the value df the lateral surface energy

o. For polyethylene, studies of both bulk and dilute solution crystal-

. B &
lization rates yield a o, value of about 1300 erg/cm? corresponding to

/

©
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// 0 TABLE 4.8 b ’ T
) Values of the surface energy product and the basal surface energies. '
N {
» ‘ oo *
- . 3 < -2 -2
) —~ . . ’ g, erg cm . O,» €rg cm
Fraction Tempera;:ure Growth Average oo, . O, erg cm™2 (Ergm 2 vs 1/AT Afrom Td (or Tm) vs
. A ‘ . N
- range, ° C regime erg? cm™“ - (kinetics) plots) L 1/4% plots)
t M . : .
Vel PE3100 70-74 11 320 22.9 41.5 48.9
g 74-86 11 208 14.8 ) :
; . i - « . . .
i - o 4 ) .
; PE40S50 69-78 11 . 555 39.6 , . 45.5 ' - 48.5
- -~ . . o
: *78-86 I1 327 ) 23.3 ¥
+ . o~ ~
. ]
| PE6750 75-88 ¢ mixed I & II ~636 45.4 © 48.9 . 51.7
— i .. . =
i AN .. .
PE11600 76-89 mixed I & II 721 - 5149 > 61.7 . 60.1 !
' &l . .
/ 2 ) ’
- . ~_ . 5 \
4 El
: S »
» . T -
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the limiting value

»

at high molecular weiéhts. Also for high molecuTar

weighzt polyethylene samples a value of o, = 93 erg/cm? has been deter-

A

o

mined independently by thermodyngmic medns (30). This éives a value of

- Ll
-0 = 14 erg/cu? which is implicitly assumed to be independent of chain v

» length. For the four fractions studied, values of Og» caleulatéd by

dividing oo, by 14, are given in Table 4.8. For’purposes of comparison

the table also Includes Eralues of ce' derived by the two independent

methods described in Chapters I1 and III.
On considering these results several points of interest emerge.

First, it is seen that the kinetic values of o, are generally somewhat

lower than the values derived from plots of lamellar thickness versus

reciprocal supercooling and dissolution temperature versus reciprocal

lamellar thickness. The significance of this deviation is not immedi-

ately apparent. Nevertheless, for the two highest fractions and for

PE4050 in the low temperature range the three sets of values agree

within about 157 which considering the errors and approximations is

satisfactory. This 'inspires confidence in the assignment of the growth

Tegimes that was made on the basis of the Z-criterion. From Equation
)

. 3

4.2 it is obvious that no other assignment would have given acceptable

values for c’e.

It is also interesting to note that for fraction PE4050 the value

of % for-the high temperature branch is essentially equal to the value

of g derived from the low temperature branch of fraction PE3100. This
indicates that the structure of the interfacial regions of the crystals

of these fractions is similar in the temperature ranges in question.

~
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'{his is consistent with the interpretation discussed above, that the

high temperature branch of fraction PE40S0 and the low temperature

branch “of PE3400 correspond to the growth of .prystals that are once «

folded-

For fraction PE3100 the value of Gy obtained from the slope of

’

- the high temperature growth branch is 14.9 erg/cm? which is essentially

equal to'the accepted value of the lateral. surface free energy of poly-
ethylene crystals (14 Ierg/cmz) and must be the same as the basal sur-
face free energy in the absence of chain folding. This 1is in excellent

ac;:ord with the interprefation that for this fraction the high tempera-

~

ture branch corresponds to the growth of extended chain crystals.,

Y

The 'foregoing analysis has demonstrated that the data yield
-

linear plots of log G versus 1/T(AT)f and reasonal;le values of tt;e
basal surface free energies are obtained. In this sense the data are
evidently consistent with the theory of polymer crystal gx;é)wth 1(nv0139—
ing coherent surface nucleation. Nevertheless, i.:;\sho:.xld be noted that
the theory was derived fo¥ infinite‘chains and questions have been
rai;ed about its applicability to short chains: The problems that .thus

arise have been discussed by Kovacs et al (31).

’
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CONCLUSTIONS {

The m'a:ln conclusion of the present work is t‘hat for soldtion
gr‘own polyeth};lene single crystals, with molecular weights In the range
of 3000 to 4000, the temperature coefficient of the growth rate under-‘
goes a shax:p transition. *his 1s in'terpreted to mean that at the tran—
sition temperature there 1s an abrupt change in the conformation of the
molecules .deposited on the growth faces. F;r a fraction with a molecu-
lar weight of 3100 the change is from extended to once folded chains;
while for a molecular welight 'of 4050 the transition temp;zrature corres—
ponds to a change from once folded to twice folded chains.

/
At first sight the proposed interpretation of the growth transi-

tions would appear to be inconsistent with the observed continuousQ
variati‘oh of the lamellar thickness with temperature. However, this
o-bjection is only valid -if the chaln ends are considered to be prefe-
rentially localized on the lamellar surfaces as in the case of poly-
(ethylene oxide). The apparent paradox cah be resolved if a model of
the growth process is 1invoked iIn which the chain ends are rejected to
the exte.rior of the lameilae as pendant cilia. Thus as the crystalli-
zation temperature decreases \a pendant cilium will increase in length
and form a fold when it becomés ‘equa)l to the lamellar thickness. In

b
this process the change’ in lamellar thickness with temperature would be

4
expected to occur in a continuous manner.

The present experi;nents confirm and 'generalize the aesults of
Kovack et al on low molecu.iar weight hydroxyl terminated poly(ethylene

oxide)' fractions crystallized from the melt. Since the same basic
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phenomenon (i.e., the)existence of growth transitions) is observed not

only in polyethyle-ne,)but also in solution crystallizatior@ 1t 1s evi-
dent that the behaviop of poly(ethylene oxide) is not special after
all. It has been assumed that in ‘poly(ethylene oxide) the growth tran-
sitions are attributable to. the quantized increase of the lam’ellar
thickness with crys.talltization tempera&ure. It is now apparent, how-

ever, that this is not a necessary condition for the observation of the

growth transitions. L1

. v

The ;)rigin of the obsex;ived tr§msition between growth modes with !
different number of -folds per molecule remains unexplained. The
;pproéch. to this question requires the devel~opment of an appropriate
theory of the growth 1;roc;ess, but this is beyond the scope of the pre-

sent 1nvestigation’. s

s
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CLAIMS TO ORIGINAL RESEARCH

- -

The following points’are considered to be the original and signi-

¢

ficant findings of,.this work. o
, )
Chapter II ’ ' '
’ €

(1) A method was devised to directly determine the equilibrium
melting/dlissolution temperatures (Tm°/Td°) of low molecular wei?éht
polyethylene single crystals’. The ’geasured, :I‘m° value's were compared
with the values calculated Jfrom the Flory-Vrij equation while the/mea—

sured values of T, ,° in xylene were compared with the Pennings and

d

S anchez-lﬁMarz io equations.

(2) The variation of lamellar thickness of sin‘gle crystals of low .

; n ] .
molecular weight polyethylene fractions” with crystallization tempera-

¢

_ture was measured. The result is in sharp contrast with the behavior
of low molecular weight poly(e;};ylene oxide) frpctions. The signifi-
cance of this finding was discussed. | o

(3) Basal surface fr,ee energy (oe) of crystals of low molecular

weight polyethylene fractions were estimated by the analysis of mea-

surements of lamellar thickness as a fun‘ctii)g of supercooling. .The

variation of the o, values with molecular w;aight was discussed in terms

of chain-end effects. ) .

J o

€



Chapter II1 .

(4) Melting and ‘dissolution temperatures of low ‘molecular ‘weight

»

polyethylene crystals grown at different temperatyres were measured and

and 1/% was

“

the validity of the linear relation between Tm or Td

tested. . #
!
(5) The enthalpies of fusién of low molecular weight polyethylene

«

single crystals were measured as a furnction of crystallization tempera-
ture. An abrupt change of enthalpy of fusion and surface enthalpy was
detected in the fractions of ﬁw = 3100 and Mz = 4050. This behavior

was interpreted in terms of a transition in the conformation of the

molecules deposited on-the growth ‘faces of the crystals.

Chapter IV ' ) g

(6) The growth rate G of the {110} faces of lo;: 'moleculaf weight
polyethylene single ‘crystals crystallized from xylene solution were
measured as a function of tpolecular weight, solution~toncentration and
crystallization ;emperature. The experimental trends for the vari\agion
' of growth rate w.ith molecular wei;ht and the variation of concentration
exponent with crystallization temperature and molecular weight are
quite different from what has been previously observed i\n high molecu-
lar weight polyethylene and cannot be explained by the existing
theories. ‘ .

(7) Distinct b;'anches of the growth rate-temperature curves,

similar to the low molecular weight poly(ethylene oxide) system, were

observed in two low moiecular weight polyethylene fractions. This is



. o . .A L . . N .
. the first time that this behavior has been observed in !polyethylene.

\

The significance of tKls finding was discussed- . .

v
. ty

(8) For low molecular weighg polyethylene f'ractions, growth rate
& '
data were analysed with the current kinetic theories of polymer cry-

stallization. It was found that the linear relation of lég G against -
\ f

» ' M M

1/T(AT), was obeyed. The growth regime was estimated for each fraction
and values of o, Were extracted from the analy"sis.' The results were

discussed in terms of the molecular structure of the crystals.

~

~—
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SUGGESTIONS FOR FURTHER RESEARCH

. Solvent Effects

In the present work all measurements were made on crystals grown

)
> 3

from dilute xylene solutions. It 1s known that the conformation of a

polymer molecule in solution is partially dependent upon the properties
. N /
of the so6lvent, and there 1s evidence to syggest that the variation of

the growth rate with concentration and temperature is affected by the

solvent ’(1). Thus Keller and Pedemonte (1) found that the'concentra—

- '

tion dependence of the crystal growth rate was generally more marﬁed

<

when using octane as the polymer solvent than was found when using
Ty

xylene as the solvent. . Accordingly, as an extension of the present
work it might be of interest to investiéate the effect of ’solxents
other than xylene on the rates of crystal growth. Octane and decalin

could be c!wen as represe»ntatlive’ of solvents res;;ectively poorer and

-

better than xylene. P

2. Growth Ratel of Poly(ethyler?e oxide) Single Crytals from Solution

As indica}:ed elsewlherelin this thesis, low molgcular weight frac-
tions of hydroxyl terminated poiy(et'hylene oxide) show a discontinuous
change of the iamellar thickness with crystallization t—emperature when
crystallized from the melt. On the other hand it has recently been
reported (2) that when crystall.:lzed from solution, the same polymer
shows a continuous chaonge of the lémellar thickness ;ith crystallwiza-

tion temperature. The explanation for this difference, in behavior is

provided by infrared analysis which shows that almost all of the mole-

LY

s '



- 185 -

R
\ ) *
[} ‘

cular chain ends are associétgd in the molten state, whereas a large
~ ‘ H

part of the endg are free in dilute solution (2). For these reasons it
would be of considerable interest to carry out a study similar to that
described {n t‘he present tht\:sis using solution grown cryst‘als of low
molecular weight h):dréxyl termintaed poly(ethylene oxide).

Such a study would provide a further 1gest: as to whether a quan-
tized increase in lamellar thicknes) with temperature is a necessary
condition for the observ:;tion of distinct branches in the growth rate

§

curves.

3. Development of a Thepry of Polymer Crystalhz;owth Applicéble to 2
o

Solution Crystallization of Low Molecular Weight Polyethylene.

VAn important question which hag not been answered in the present
thesis 1s the orig;ln of the observed transition between growth modes -
with different numbers of folds per"molecules. A definitive answer to
this question would probably solve the problgm of chain folding in
polymers. The approach to this problem requireg the deveflopment' of a

, P
model of the crystallization process. Sanchez and DiMarzio (3) have y

-

proposed a kinetic theory for crystallization from dilute solution
allowing for finite molecular weight, but this theory 'is\ not suffi-
‘giently detailed to resolve the problem. Therefore as a\?p\roblem for
further research, it 1is suggested that attempts should be madt\ayo deve-

[3

;4
lop a theory that would allow prediction of the growth rate vq‘ksus t em~
Y
perature curves for low molecular weight polyethylene fractions and

ageount for the tra:tlsit;,ioq from extended to folded-chain crystal growth

with increasing supercooling.
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4. Growth Kinetics ofglrystals of n-Paraffins
A}

In the present work growth rate measuTements Were made .with sam—
ples covering the molecular weight range of{ 3000 to 1160(_)‘. It would be
of interest-to extend these measuréments to lqwer molecular weights
into the range of n-paraffins. 1In this range problems of chain foiﬁing
would not arise since we would bey dealing essentially with extended
chaiﬂn crystals. It would be of particular interest to know whether the
concept of coherent surface nucleation applies to these very low mole—
cular we:ight polymers. Furthermore by the ,application of tﬁne reduction

rule of Kovacs (4) it should be possible o determine the lateral sur-—

5

face energy o involved in th% crystalfo‘graphic attachment ;f a new

‘chain segment onto the growth face. According to Kovacs' analysis of

growq'h rate data for low molecular weight poly(ethylene oxide) samples,

o varies with chain length in contradiction to the theoretical predic-

tions. The proposed Nexperiments would provide a test of these con-

Al
r~

clusions-
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