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ABSTRACT 

• 
The linear grawth rates of solution grown low molecular weight 

1 

r 

polyethylene single crystals have been investigated as a Punction of' 

crysta11ization temperature,- molecular weight and solution concentra

tion. Sharp fractions were used cov.eriil~"the· m~lecular weight range 

froln 3100 to 11600. The crystals, were 'character1zed br studying (1) 

the equilibrium meltiIlg/d1ssolution temperature as a function of the 

molecular weight~ (2) the lamellar thickness as a function of the cry-
~""\ 

s~allization temperature and (3) the fusion/dissolution behavior as a 
~ 

function of crystallization tempera~*" 
1 

The most interesting results are as follows: (a) The lamellar 

thickness varies continuously with crystallization temperature. This . 
behavior has been interpreted to provide infor~ation on the important 

. 
question of the location of the chain ends in the crystals. (b) For 

the higher molecular weight fractions the growth rate decreases monoto-

nica11y with the crystallization temperattlre. In contrast for frac-

tions. in the molec~lar weight range of 3000 to 4000 the growth rate 
" ... 

versus crystallization temperature éurves 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 ois interpreted to mean 

that the transiti~n temperatures correspond to changes in the conf or-

mation of the molecules deposited on the growth faces. The growth rate 

Il 
da.ta have bet;n analyz:ed using current kinetic theories of polymer cry-

stal: growth. Basal surface free energies thus obtained are compared 
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"" , . , with the esHmates from the relations between lamellar thlékness and 

J. supercooling a,nd melting/4 issolution temperature and lamellar thick-

.--....- ~ 

ness. Thes e resul t s are discussed ln relation to the molecular strue-
\. 

ture of the crystals. 
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RESUME 

-"\ 
Les taux de croissance linéai re de monocristaux de polyéthylène' 

de faible \poids moléculaire obtenus à partir de sol~tions dans le 
\ 

xylène ont été étudiés en fonction de la température de cristal1illa-

t ion, du poids moléculaire et de la concen1tration de la solution. . Ii 
A 

cette fin des fractions ayant une disttibution étroite du poids molécu-

laire ont été utilisées. Ces, poids moléculaires variaient de 3100 à 
> 

11600. Les cristaux ont été caracterisés par l' étude de: 1) la" ~emp-é-
, 

rature de dissolution et de fusion, à l' équi 11 bre, -en fonction du poids 

moléculaire; 2) l'épaisseur des monocristaux lamellaires en fonction de 

la température de cristallisation et 3) le comportement du polymère 

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

crhtallisation. 

Parmi les résultats les plus intéressants on notera que: 

a) l'épaisseur des lamelles varie de façon continue en fonction de la 

t eJIlpérature de cristall Isat ion. L'interprétation de ce phénomène a 

donné certaines informations quant à- 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 façon 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 été observées dans les courbes donnant le taux de croissance 

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

distfngue deux branches se rejoignant à une température, dite tempéra-

~ure de transition, et à laquelle il y 8 discontinuité pour le coeffi-

cient de température des vitesses de croissance des cristaux. Cette 
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discontinuité"' a été interprétée comme c~rrespondant à des mod~fications 
" 

de la conformation des molécules,déposées sur les surfaces croissantes. 
" 

Les résultats des études de taux de croissance ont été analysés à 
~ 

l'aide des théories cinétiques actuelles sur la croisstnce des cristaux 
/ 

, 
polymériques. Les valeurs obtenues des énergies libres de surface des 

\, Q 

l ' 

plans de base ont été comparées à celles estimées à l'aide des corréla-
, 
" 

tions entre.! 'épaisseur des lamelles et la surfusion, et entre la tem-

p€rature de, dissolution et de fusion et l'épaisseur des lamelles. Ces 

résultats ont été discutés en 'fonction de la st-tUcture moléculaire dès ) 

cristaux . , 
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RREF'ACE 

The work described in this thesis was carried out 

" 

... 
under the 

supervision of Dr. R->. St. John Manley as part of the postgraduate 
o • 

res'earch program conducted in the Department of Chemistry in coopera-

tion with the Pu1p' and Paper Research Institute of Canada at McGill 
/' 

University. ,The general aim of the research is' to study the properties 

and 
4 

crystall1zation kinetics of low molecular weight solution grown 

'polyethylene single crystals. The thesis ia present..,ed in the follow~ng 

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

of polymer crystals and theories of polymer crystallization are 

reviewed. The "Scope and Aims" of the thesis are a1so inclucjld in this 

chapter ~s the co~cluding ~ection. 

The main body. of the t.hesis is presented ,in three chapters which 

follow the IntroducÜon. T,hese chapters have been written in ,the fot:m 

of self-contained sc1e,ntific papers which may be submitted for publica-

t ion wi th mi nor changes. Chapter II deals with the variation of· the 

J , 
lamellar thickness with crystallization ,Atemperature and the measurement 

r 
of the equilibrium meltin~and dissolution temperature as a function of 

molecular weight. Chapter III deals with the melting and dissolution 

t emperatures 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 , 

. concentration and crystallization temperature. " 

The thesis conc1udes with claims to original research and sugges-

tions for furthet research. 
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MORPHOLOGY OF SYNTHETIC CRYSTALLlNE POLYMERS 

A polymer ls a large molecule built up by-the repetition of small 
, 

chemical unlts (monomers) held together ~ covalent bonds. The repeat-

ing units May be simple or quite complex. They can link together line-

arly or interconnectedly to form three-dimensional networks. Many 

polymers,. 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 bot~ sharp features associated with 

regions of three-dimensional orde,r, and more diffuse features charact-

eristic of molecularly disordered regions. The co-existence of the 

ordered and disordered regions in most crystalline polymers is one of 

the characteristics of crystalline polymers. 

An understanding of the crystallization process ls impor~ant in 

order to control the properties ,of a polymer in the solid stàte. The 

density or relative amorphous to crystalline content, crystallite size, 

• arrangement and distribution of crystallites, and the crystalline form 

(spherulites, d.:;ndrites, etc.) a11 characterize the super-molecular 

level of ordering in polymers, which in turn dictates the solid state 

properties. The morphological features may be modified by varying the 

molecular weight, the molecular weigh~ distribution, the crystalliza-

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

and by anneallng the sample. 

, \ ~. 1 · The fOl,loWing sect 7;ns will consider the requirements for crys-

tallization in polymers and generai aspects of polymer morphology. 

o , , 
1 
f 
1 
'l 
1 
l 
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Prerequ1s1teè for Crystall1zation 

. 
It 18 well known that the crystallinity of Il polymer i8 directly 

related to the regularity of ita molecular atructure. 

irregularities, such as chain branchlng ln pQIyethylene, hinder the 

extent of cryatallization but do;) not prevent Ha occurrance. On the 

other hand, polymers with irregular structures such as copolymers wit~ 

significant amounts of t~o or more quite different monamer constitu-

enta, or atactic polymers cannot crystallize. 

There are two types of regularities: 

stereoreJLlarity. 

(A) Chemical Regularity: 
\ 

chemieal regulari,ty and 

When a Unear polymer chain bas identieal repeating unHs, then 

complete chemical regularfty exista. This Und of polymer 1s ~alled a 

homopolymer. Many important polymers, howe~er, have two or more mono-
, 1 

mers polymer1zed together ~nd are therefore called ~opoly~ers. If the 

ag;angement of the monomer units ls random, they are called random ' 

capolymers. If the polymer chain 15 made up of subcha1ns of A units 

and B units linked at the!r ends, such as A-A-A-A ... A-A-A-B-B-B-B-A-A-A-

A-A, ft Is caIléd a black copolymer. While random capolymer~ have no 
:; , 

chemical regularity, black copolymers wou Id appear superficially to 

have aIl the ehemical regularity necessary for °crystal1ization. This 

would be true on1y if a11 the A subcha1ns were of the same length ,nd., 

1 
aIl the B subcha1ns were of the same length. If A and B subchains are 

not completely monodisperse, irregularity in these polymers still 

~1sts due to the vadoue lengths of the A and B subehains in the tot,al 

chains. 

/ 

) ... 
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Some polymers such as polyethylene, have side branches and may be 

. 
represented schemat1cally by the sequence 

-CH -CH -9H -CH -9H -CH -
2 2J2 2J2 2 

where the B units are chemlcally different pendent groups such as CH 3 , 

~ C2Hs, C 3H7' etc. The amount of such irregularity depends very much on 

the polymerlzatlon process and has a very pronounced effect on the 

crystall1ni ty. Crystallinlty decrenses from 90% ,to 40% for polyethy-

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

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 i~ addition polymers. It 

usua11y occurs in the free-radica1 polymerlzation, but the fraction of 

head-to-head as compared to head-to-tail sequences Is generally small 

o and cannat prevent the crystal1izatlon from occurring. 

(B) St ereore,gul arity: 1 
When the polymers contaln sid-e groups, the carbon atam to which 

the side group is attached i8 an asymmetric carbon atom, and the possi-

t 
bility of stereo-isomerism occurs. In order that these ~olymers can 

crystal1ize they must, generally speaking, be stereoregu1ar. The back-

bone carbon stems whlch are arranged in zigzag conformation defines a 

plane. The sid e groups may be attached 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 ls, 

} , 

" 
1 

1 

, , 1 
! 

1 
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FIGt1RE 1.1 

Aq illustration of the ~haln configuration in (a) isotactic, (b) syndi
\.;,~ 

otactic, and (c) atactic polymers. 
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irregular and is called atactic~ Polymer chains with sucn an irregular 

configuration do not crystall1ze. If aIl the pendent groups are on one 

side, the structure 18 called isotactic. If the pendant groups are 

alternately left and right of the backbone plane, the st~cture Is 

called syndlotactlc. Both lsotactic and syndlotactic have the neces-

sary configurational regularity for crystallization. 

Polymer Crystal Structures 

Analysis of the diffraction patterns of crystall1ne polymers 

revealed that the chain MOlecules are in par:allel alignment within the 

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

" , 
three-dimensional lattice repeating ;Jndeflnitely. The at; oms along a 

given chain' are held together by vl\J.ence forces as opposed to atoms 

belonging to adjacent chains where lesser forces of, for instance, the 

van der Waals type are in effect. This means that the periodic;tty 

along the chains will be closely linked to the structure of the 

lI1olecules. 

The, process of crystal structure analysis in polymers can be 

d ivided into two stages: (i) the conformation of the chain molecule 

and (if) the packing of the chains. The chain conformation is the most 

important and i5 characteristic of the polymer. Thus the chain can be 

a pl~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 helicity depending on the chemical constitution of the chain in 

the different polymers. 
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H 

l6H 

FIGURE 1.2 

The orthorhombic unit cell of polyethylene. 

(a(General view showing the pl anar zig-zag form. 

(b) Projection along c axis (chain direct 10n). 

FIGURE 1.3 

b 

o 

The he'l~cal confofmatlon of Isotactlc ,polypropylene chains. Small and 

large circ~e~ are the backbone carbon atoms and the methyl branches 

respectively. 

• 
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The chain packing is less intrinsic unles8 S'ume specifie 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. A variety of elosely similar packing requirements 

can exist whieh iB the origin of polymorphism of some polymer crystal 
,1 

structures. 

Fringed Micelle Model 

ln the 19208, about the same time that chemists recognized that 

polymers were long-chain eovalently bonded moleeules, rather than col-

loidsl sggregates, X-ray diffraction studies demonstrated that many 

polymers yielded a few broad Bragg diffraction peaks superimposed on a 

diffuse, liquid-like scattering pattern. Froi the width of the dif-

fraction rings and the diffuse, liquid-like scat t eri ng background, ft 

was eoncluded that polymerie substances contain relatively perfect 

ery'stals (with size rarely exceeding a few hundred angstroms) in an 

amorphous mat rix. This conclusi on led ta the concept of the 'fringed 

micelle' as ~he primary crystalline or mqrphological form (2,3). The 

idea of this model was that the chai n molecules were in crystallogra-

phie alignment over :i 
1(('~ 

d sta.J!!ces corresponding to the dimension of the 

erystallites while other segments were constituents of amorphous 

regions., A given molecule was thought to pass through several crystal-
" 

line and amorphous regions. This model is illustrated in Figure 1.4. 

J . 
This model enjoyed widesptead ,'recognit ion and popularity for many 

, " 

years, mainly because it led ,f0 simple and appealing COn!;équences such 
1 

'. 
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~FIGURE 1.4 

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

polymer. The molecules pass alternately through several crystalline 

and amorph~us regions. 

<- ., 
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as the strong bonding 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 percent ages of 

well-defined crystalline and amorphous regions. However, 'H was recog-

'l nized as an oversimplification by many investigators (4). The detai!ed 
\ 

observ.ations of polymer morphology of the pas t, several decades have 

shawn 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 ..... 

Spherulites, as suggested by their name, are spherical aggregates 

of erystals. It is the dominant morphologieal entity formed when poly-

mers crystallize from the melt. They were first observed in polyeth~~ 

lene by Bunn and Alcoek (5) and Bryant (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 al1gned tangentially to the spherul1te, which obviously, 

cannot be interpreted by the frillged micelle mode!. No satisfactory 

explanation of spherul1tic growth could be found upti! the chain fold-

<. ing phenomenon in polymer crystallizat i on and the lamellar morphology 

had been recognized. 

1 

1 
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Lamellar Single Crystals 

In 1938, Storks (7) prepared thin films of gutta percha [trans-

1 ,4-po1y(2-methy1butadiene») by evaporation from a dilute solution in 

chloroform. Based on the elect ron 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-

tian normal ta the film surface. l t Is presumed that the macromole-

cules are fo1ded back and forth upon themselves in such a way that 

adjacent sections remain parallel." Unf ortunat e1y, 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 lamella-like crystallites grown from solution for linear 

polyethylene in severa1 1aboratories (8-11) were reported. Typically 

such crysta1s are composed of 1amel1ae with 1 - 50 ~ in latera1 dimen-

sion and with a thickness on the arder of 100 - 200 A. Electron dif-
4 

fraction patterns revealed that the mo1ecular chains were oriented 

<.. 

perpendicular to the upper and lower surfaces of the lamellae (10,11). 

Since the molecules are thousands of angstroms long, the on1y plausible 

explanation of these apparently paradoxical observaqons is that the 

Molecules are folded back and forth within the crystal with a fo1d 

period corresponding ta the thickness of the 1amellae. This is schema-

tica1ly shown in Figure 1.5. 

For the sake of simplicity, the monolayered crystal shawn in 

Figure 1.5 depicts ~lecular axis as being normal to the upper and 

10l0/er surfaces (fOld\sUrf~Ces). 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 delineate four sectors or domains. The arrows 

in each sector Indicate the orientation of the planes along which the 

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

considered to be sharp and regular. 

• 

1 
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are seldom planar as grown. Polyethylene crystals are usually found to 

be hollow pyramidal structures (12). The polymer chains are oriented , 
parallel to the pyramid axis and thus are not exactly normal to the 

fold surf aces. It should be noticed that polymer molecules fold up and 

down along planes which are parallel to the growth faces of the cry-

staI. As a result, the lamellae are subdivided Into a number of dis-

tinguishable sectors. In each sector, the molecules are folded along 

the fold planes paralle! to the particular lateral crystal face that 

subtends the sect or. This sectorizat ion of lamellar polymer crystals 

is shawn in Figure 1.5. 

Normal paraffins whose chain Iengths are less than 100 A usually 

form crystals without chain folding. These ext ended chain crystals are 

usually flat and without sectors. It ls 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 ln 8 polymer 

single crystal and hence is the al'proximate thickness of the crystal. 

Follawing the discovery of chain folding ln 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 crystallization tempe-

rature (15-19). Fischer and Lorenz (20) reported that the change of 

the long period with the <:rystall1zation temperature was the same for 

. , 
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polyethylene single crystals formed from several sol vents. Hawever, 

later ,data (21-29) Indicat,ed that there waB a variation with solvent 

and the long perio<! waB' dependent on the supercooling rather than the 

absolute temperature of crystall1zation (FIg. 1.6). 

The variation of the long period with molecul ar weigh t i8 less 

weil documented. Early data (13,30) showed that at a glven crystalli-

zation temperature the long perio<! does not vary with molecular weight. 

Hawever, Kawai et al (31) did observe a variation of long period of 

polyethylene with molecular weight ln the low molecular weight range. 

By using sharp fract Ions of low molecular weight polyethylene in the 

present work, it was shawn clearly that the long period decreases with 

increasing molecular weight at aoy one crystallization temperature (see 

Chapter II of this thesis). As predicted by Sanchez' and DiMarzio (32), , 

the equUibrium dissolution temperature T/, and hence the supercool

ing, decreases with molecular weight when the molecular weight is below 

lOS. Thus the dependence of long period on mol ecular wetght is really 

\ 

a ~elation between the long period and the supercooling. 

Fin811y, it abould be mentioned that unI ike polyethyl ene, poly-

(ethylene oxide) crystals do not show a gradùal increase in long period 

with increasing crystallization temperature. Instead, their thickness 

~ 

increases step-wise according to the reduction in the number of f olds 

per molecule (33,34) • This i6 probably due to the presence of the 

hydrogen bonding between the hydroxyl end groups of the polymer. 

• 
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Variation of long period wi th crystallization temperature for polyethy-

lene single crystals grown from severa! different solvents. Curve (1) 

decalin; (2) toluene, xy1ene and tetral1n; (3) n-octane; (4) n-hexade-

cane; (5) diphenylether. [From Nakajima !!. ~ (23)]. 
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The Equilibrium Melting and Dissolution Temperature of Polymer Cryltals 

The -driving force of the crystalUzation of polymer molecules 

from solution/melt is the free energy difference between the super-

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

difference in turn 18 a sensitive function of the supercool1ng (~T) of 

the system. Supercooling lB deflned as /:,T '" T 0 - T, where T 0 18 the 
m m 

equl1ibrium meltlng temperatere and T 18 the temperature at which cry-

stallization ls studled. In crystallizatlon from solution, ~T - T
d

o
-

T, where T
d 

° Is the equ!ll brium dissolution temperature. Thus lt 18 

critically important to obtain precise values of T
m

o or T
d 

0 in the 

analysls of the growth rate data or polymer crystals. 

T ° may be def 1 ned as the t emperature at which a large perfect 
m 

crystal (conslstlng of extended chain' Molecules) is ln thermal equlli-

brium with the surrounding pure liquld polymer, whereas T
d

o ls defined' 

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

with the polymer solution. 

weight of the polymer (32). 

Both Tm 0 and T
d 

0 depend on the molecular 

A widely used method to determine T 0 or 
ID 

T
d 

0 18 to measure meltlng/dissolution temperatures' (Tm/T
d

) at varlous 

-....."lalDellar thickness Ct) and extrapolate the data to Infinite lamellar 

thickness, according to the relation (35) 

(1.1 ) 

where 0e is the basal surface free energy and Ah
f 

:ls the heat of 

fusion. Rowever, it has been polnted out that these kinds of experi-

ments may not be sensitive enough to evaluate Tm 0 (T
d 

0) as a function 
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" 
of molecular weight (32) and the vaHdity of. applying this relat i on to 

/ 

low molecular we1ght poJ,ymers has been questioned (~4). Flory and Vrij 

(69) hav~ derhed a elation which allows one to calculate T 0 theore
m 

tically at various olecular weights. Sanchez and DiMarzio (32) aIso 

proposed 8 sëîni -emp rieal equat Ion for T
d 

0 

T 0 _ 

d 
(1.2) 

wherè Tm 0 and 'd 0 are respectively the Flory-Vrij (69) and Pennlngs 

(72) estlmates f "r ~the equllibrium melting temperature and the equiU-

t)r'j um dissolu t ion t emperature. Unf ortunat ely this equat1 on does oot 

give reliable relsults for low moleeular weight polymers as will be 

discussed in this thesis. 

jl 
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'2. THEORI~S OF CRYSTALLIZATION 
", 

The classical concept of ~ryBtal nucleation for small molecules 

was developed by Gibbs (36), Volmer (37). and Kossel (38) and has been 

applied successfully to polymer c,rystallization. It is based on the 

consideration of heterophase 'fluctuations about the thennodynamic state 

of equilib,rium at the crystal growth face caused by the repeated depo-

sitlon and remeltlng of molecules. A' stable nucleus Is first requi red 

on which growth may occur. When several molecules spontaneously cry-

stallize together, the ehemical poteptial of the system 15 reduced by 

the molecular interactions created, but, the net reduction in Gibbs free 

energy is modified by the energy expended in creating the crystal sur-

faces. At temperatures below the melt~ng point the net free energy 

change is positive and unfavourable for the stabllization of very smal} 

nuclei, passing over a maximum at a certain critical nucleus size. If 

the nuclei ar~ larger than this critieal size they are stable and 

growth may occur on them . 

. However, there are many dlfferences between the crystallization 

/ of small lIloleeuJes and polymers that the theories of crystalli2:ation of/ . / .. ' 
polymers should account for." Small molecules are incorporate/X~~ 
after another into molecular erystals, producing entities of ~rosco-

pre size in thrée dimensions. In contrast, 

linear polymer molecules crystallize by forming 

/' 
under many /conditions 

plat el e~l.f th(! ord er 
// 

/ 

of 50 - 200 Â thick - and the remaining tWQ dimensions" are very large in 
. / 

, / 
~ompar!son with this thicKness.' The thiékness qi the crystal~ us~ally 

does not change at a given crystallization t,e"mperature 
/ ' 

but varies with 

/ 

/ 

, 
J 

'1 • 
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in a reciprocal manner. The fold surf aces a"rè the 

h1ghest surfaces in the crystal, yet it Is just these surfaces 

that do nq.l grow at aIl. In addition, polymers, especially when cry-

stallized .from the melt, exhibit a persistent amount of noncrystalline 

1) 

mate.rial even aiter prolonged storage at a .temperature where crystaIli-
, "'-'fi.:.... , 

~iition was initially quite rapid. This fs not a result of impurities 

and has no analog in molecular crystals consisting of smaU molecules. 

AIl these peculiaritles arise from the long-chain character of the 

polymer molecule. 

Two main classes of theory have been proposed in order to account 

f or the phenomena of polymer crystallizat ion. They are equili briu,m and 

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

thermal 10ng1 tudinal and torsional oscillations of the chaiq térid- to' ~ '\ 

smear out the lattice potential energy field and hence increase the 

free energy density of the crystal. This effect increases with increa-

sing length of the ~rystftl1i{éd polymer chain segment. '1;he f old sur-

face would, in contrast, contr1bute a constant positive free energy to 

the overall free energy of the crystal. Combining these factors could 

lead to a minimum free energy of the cryst·al at a finite chain length. 

According to the kinetic theories (32,43-53), chains are regularly 

t
1 

folded in crystallites because of a nucleation reqùirement. The 
~ 

i , 
observed chain-folded crystals correspond tp the structure with maxi~ . , 
crystallization rate rather than maximum thermodynamic stability. 

erystals with extended chains should be in the lowest state of f.ree 

energy. The equili bd,um theory will not be detailed here because in 

, 
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. 
";1 ts present form it does not adequately aécount for the experimental 

observations' that have been made. For instance, ft does not account' 

f or the observed dependence of the fOld, leogth 00 supercool1ng rather 

than on temperature of crystallization. Also, reve:rsibility with tem-

perature would be expected from the theory, but i8 definitely not 

observed with chain-folded single crystals. This need not mean that a 

thermodynamic criterion does not exist by whlch the stablest crystal is 

. 
of Hnite thlckness, but according to ava:f.lable evidence this does not 

seem to govern the folding behavior of the ~rystals which appears to be 

of kinet ic origi n. 

Nucleation 

According to the klnetic theories of crysta1lizatioo, two ouc1ea-

'. 
tion steps are necessary in the grOW'th of a crystal. A stable three-

d imensional nucleus has to be formed first. This ls called a primary 

nucleus. Then a two-dlmensional secondary nucleus ls requlred to form 

... on a smooth crystàl face before another molecular layer cao be added. 

These oucleation processes are the rate-determining steps in crystal1i-

zation. The primary nucleation rate determines the induction Ume 

while the formation of stable secondary nuclei controis the rate of 

growth of the crystais. 

(A) Pri1l!ary Nucleation: 

Consider a crystallj,ne cIuster of polymer molecules that ia 

f ormed at a temperature below the meIt ing point (Figure 1.7). The free 

energy of formation of this cluster, or the primary nucleus, ,1DIlY be 

expresSJlli as (44 »45) 

-j 

1 
l 

! 

{ 

t 

1 
1 .-r-
1 

t 
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(L3) 

,where 6' i~e change of the free energy ~uring the formation of a 

nucleus. 1 Is the thin dimension of the crystal, x ls the l~rge dimen-

sIon. cr is the lsteral surface free energy representing the Interfacial 

energy due ta the interfac1al surf ace tensions between the liquid and 

solid. cr 1s the fold surface free energy cons1sting of Interfac1al 
e 

energy and st rain energy of the folds and M i8 the free energy of 
'" 

fusion which 18 the difference ln chemical potential of the liquid and 

solid, Near the melting point M can be approxlmated by assuming that 

the heat of fusion (t.h
f

),· ls independent of temperature (54) 

.. tJl
f 

6T /T m 0 

where T 0 i6 the equil1brium melting temperature and '6T Is tbe super
m 

cooling. 

The positive energy change caused by the creation of surfaces 18 

balance<! by the reductlon in bulk free 'energy. A plot of 'the free 

energy of formation as a funet ion of 1 and x i6 a sadd le shaped sur-

f ace, the lowest barrier eorrespondlng ta the saddle point (Figure 

1,8). The dimensions of a nucleus at the saddlec point can be obtained 
, 

by equating ta zero the derivative of llt with respect ta oR. and x ln 

turn. The eritieal parameters for the prlmary nucleus are then 

\ 
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FIGURE 1.7 

Primary folded-cha1n crystal nucleus • 

... . 

---
(. 

FIGURE 1.8 .. 
J 

Variation of the fTee energy of formation of a primary nucleus as a 

functlon of nucleus Bize and fold periode 
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* 1. 40 lM (l. Sa) 
e 

* x 40 lM (l.5b) 
e 

* 320 02/(tJ.f)2 fl4l - (l. Sc) 
e 

Thus the most probable value of the thlckness of the prlmary nucle1, 

corresponding to the lowest free energy barrler at a glven temperature, 

* ls 1.. The free energy of a nucleus with such a fold perlod will 

* decrease and the nucleus becomes stable when x ~ x. It has been shown 

that the probability of findlng a nucleus of length 1. compared to that 

* of finding one of length 1. ls (43) 

* P - exp - [M - tJ.~ ) IkT ] (l. 6) 

For polyethylene the distriDutlon ln 1. Is sharp, and the dispersion 

* about the mean of 1.12 1. Is small. AlI stable nuclel then have very 

- - -
nearly the same length. Once a stable nucleus has been formed more 

molecules can add on with folding to length 1. Thus the thlckness of 

the developing platelet will remain quite constant and close to the 

* critical nucleus Iength 1. • 

It appears that the constant thlckness (and its temperature 

dependence) of single crystals of higij polymers resul ts di rectly from a 

nuc1eation-controlled growth wherein growth of nuclei Is inhlblted in 

directions normal to the plane of the folds. 
\ 

Tr ~ritlcal nucleus 
: 
1 
1 

\ 
1 • 
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sizes as a function of crystallization temperature demonstrates that 

the polymer molecular weight just sufficient to form the nuc1el by t 
Intramolecular crystall1zation increases markedly as the supercool~ 

decreases. The logarithms of the nuc1eation !nduction times (62) were 

shown to be proportional to 1fT {).T demonstrating how sensitive nuclea
c 

tion 18 to supercooling. 

(B) Secondary Nucleation: 

Laurftzen and Roffman (55) have proposed a theory of the secon-
+ 

dary nucleation. The model used ls shCJlii'n ln Figure 1.9. A polymer 

molecule from the solution or supercooled melt is cQnsidered to be 

physically adsorbed onto the surface of the crystal and then comes into 

crystallographic register with the substrate, forming the first s~em. 

The molecule then folds back on itself and crystaliizes in a position 

adjacent to the first stem. By repeatlng this procedure, the surface 

nucleus of molecular width a, thickness band helght ~ that is fixed at 

a specified supercool1ng grows along the g' direction and the overall 

growth of the crystal is in the G direction. The free energy of forma-

tion when v stems and v
f 

- v - 1 folds have been formed (ignoring 

chai n-end ef f ects) is 

(l. 7) 
p.. 

When v-l, the free energy of formation 1s 1ncreased by (2bla - ablM) 

because of the formation of two new surfaces and the increase of the 

crystal volume. Formation of a second stem by folding will cost 2aba 
e 
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FIGURE 1.9 ( 
Model for surface nucleation and growth of chain-folded crystal. A 

surface nucleus composed of stems of length ~, width 8, and thckness b, 

with folds, forms on the substrate and spreads in the direction g. The 

surface nucleus th en completes a layer of thlckness b ~ spreadlng to 

the crystal width L, causlng the crystal to grow in the G direction. 
-b 

The lateral and ford surface free energies 0 and 0 
e 

[From Hoffman !!.. al (59)]. 

are 8lso shawn. 

.. 

l 
1 
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because a fold surface i8 created. No new lateral surface ls formed at 

th1s time and the bulk free energy is decreased again by ab.tM. Suc-

cessive crystal11zation as the surface nucleus spreads in the direction 

g will eventually lead the system to attain the region of stabllity. 

The change of the free energy of formation of a chain-folded surface 

nucleus as a function of number of stems is shawn 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 fo1d surface free energy of the crystal. 

Regim4 1 and Regime II CrystaI1ization 

Lauritzen and Hoffman et al (55,56) considered that there are two 

me ans by which a growth strip might fill in. ln the first case, wh1ch 

they refer to as Regime l, they assume that \ nucleation is the rate 

determining step. Each nuc1eation act once accomplished, quickly com-

pIetes the growth strip of length L, adding a complete layer of thick-

• 
ness b before a new nuc1eation act occurs (Figure 1.11). The growth 

rate can be described as (55) 

G - biL (1. 8) , 
where i 1s the rate of deposition of chain-fo1ded nuclei on a unit 

length of a substrate, L the length of the side of the crystal and can 

( be expressed as L ~ Dsa, ns fs the number of sites where surface nuclel 
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FIGURE 1.10 

Pree energy o'i.. formation of a chaln-folded surface nucleus. 
J 

The dia-

.-
gram shows the relationship of the rate constants Ao' BI' A and B to 

the free energy of the processes involved in the formation and grCMth 

of the surf ~e nucleus as it spreads in the g direction. The rate 

constants of forward and backward reactions between the state v E 0 and 

\1 ,., lare Ao and BI' respectiveIy, and aIl the subsequent forward and 

backward reaet ions are gi ven by A and B, ~ ls a parameter, ranging from 

zero to unit y and 15 related to the fraction of the polymer segments 

whlch is crystallographically attached onto the substrate. [From 

Hoffman et ~ (59)]. 

,. 
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FlGURE 1.11 

Schematic representation of growth front morphology for regime land 

reg1me II grawth. 

Regime 1: Diagrams at left. Single nucleus f orlDS on surf ace, 

rapidly completes new layers. Folds are paraI leI to edge of crystal. 

Regime Il: Diagrams at right. Many new stlrface nuclei form 

before previous layer is complete, leading to reentrant or creneleated 

growth frong. Some folds are parallel to direction of overall grawth. 

[From Hoffman ~ al (59) J • 

• 
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canJ be 1n1t1ated on the substrate ànd a 18 the w1dth of the molecule. 

One readily finds in cases where G a: i that (55) 

* G • G exp [-U /R(T - T ) ]exp [-4b<1<1 / (M )KT] o m e (1. 9) 

* where the factor exp [;-U /R(T - T ) J represents the temperature depen-
CD 

dence of the segmental jump rate ln polymers. Factors not strongly 

dependent on temperature are eollected into the pre-exponential term 

" G. T ls a hypothet ieal temperature where aIl motion assoe1ated with 
o IX! 

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

glass transition temperature of the polymer, T . 
g 

* ~ 1 * 
exp{-U /R(T - T )J i5 replaeed by exp(-llH /RT). 

co . 

For dilute solutions, 

* Here ~ is the aeti-

vation energy of diffusion in solution, whieh is u8ua11y smal1, ~ 1 - 3 

Keal/mole. 

Regime II growth considers the case where surface nuclei form in 
( 

large numbers on the substrate at a rate i and' spread slow1y at a velo-

city g. Aecord1ng to Sanchez and DiMarzio (57), the crystal growth 

rate in this case 18 proportional to the square root of the surface 

nueleatlon rate, i.e., G - b(ig)\, where i ls the surface nucleatlon 

rate and g Ù the spreading rate on the lateral surface. The followlng 

equatlon can then be derived (57): 

* G .. G expI-ij IR(T - T )Jexp[-2boo I(M)KT] (1. 0 10) 
o - e 

A general expression for the crystal growth rate for bath reglmes 

may now be formulated J 

" . 
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* .. G exp(-U IR(T .. T ) )exp[-K IT(t.T)f] o CI) g 
(l.11) 

where t.T is the supercooling, f a factor nea~ unit y that accounts for 

the slight diminution of the heat of fusion as the temperature falls 

* below T o. For dilute solutions, exp[-U IR(T - T )] i8 replaeed by m œ 

* exp[-llH IRT] as described before. 

By comparison wlth equations 1.9, 1.10 and 1.11, ft ls seen that ... 
for regime l 

while for regime II 

• 

4booT °/(/:J:If)K 
e m 

2b 0'0' T 0/ (/:J:If)K 
e m 

(1.12) 

(1.13) 

The growth rate G for reglme II differs from that for regime 1 by 

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

tally from the fact that G(l) lit i, while G(II) lit i\. Regime II would 

be expected to lead to a rough growth front, fQr many netol surface 

nuclei form befdre the previous layer is complete. In addition many 

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

in Figure 1.11. 

Lauritzen (58) has shawn that a dimensionless quantlty Z - 1L 2/4g 

governs the distinction between regime land regime II behavior. If Z 

( 0.01, regime l ~havior is expected. If Z - 0.1 reglme 1 behavior is . 

. ) 

1 

\ 
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proxiœated within about 10%. When Z :> 1, . regilIIe II 1s approached. 

The test for'"regime 1 and regime II la as follows. The 'value of 

. 
K ~ 18 obtained from ,the analysis of exper.lmental data. Z can be 

g 

81?proxlmated as (55) 

z lL2/4g '" lO3(L/2a)2exp [-X/T(àT)] (1.l4a) 
, 

X - K for'~est of reglme l with Z ( 0.01 (1.14b) 
g ,. 

X = 2K for test of 
g 

regime 'II with Z :> 1 (1.l4c) 

From. equation 1.14, it ls possible to estimate the range of L values 

consistent with regime l or reglme Il behavi or. What frE!quently hap-

pens is that this procedure suggests 'a reasonable value of L for one 

regime, a,d an unrealistlc value for the other. Thus a correct choice 
" 

may be made b'etween them. 

Roffman et al (59) analyzed the data of Rolland a,nd Lindenmeyer , 

(60) for the gtowth of polyethylene single crystals' from xylene and 

found that the growth rate data were just on the border of regime l 
~ 

type crystallizatlon. Cooper and Manley (61) reported the growth rates 

for polyethylene fractions of molecular weight 25200 and 83900 in 

xylene at a somewhat larger sURercooling than Bolland et al and sugges-

t ed that the dat a were on the border of regime land regime II (K '" g 

3boo
e

T
d

o/(Àh
f

)K). 1t appear,s then that polyethylene, as crystallized 

, 
l' 

1 , 
1 

l 

, 
> , 
) 
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~ 
from dilute solution, may pass from regime 1 ta regime II behavior on 

increasing the Bupercooling. This transition is IlUch more clear in 

polyethylene grown from the melt ~s reported by Roffman et al (56). A 

transition temperature at about 127 0 C was detected, above which ~nly 

axialites were observed and regime 1 behavior was obtained, and below 

which spherulitic mQrphology and regime II behavior was indicated. A 

Ji 
number of4 other polymers, such as poly(chlorot rifluoroethylene), are 

a1so found to give regime l growth at high temperature, while others, 

such as isotactic polystyrene, faU 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 formation of a chain-folded surface nucleus 

simu1taneously governs the crystal grOlo1th and the initial thickness of 

the chain-folded crystal. The restriction of the crysta1s to a finite 

thickness is fundamentally a result of kinetic considerations. The 

surface free energies cr and cr control the thickness while the product 
e 

of cr and cr governs the tempetature dependence of the grow~h rate. 
e 

The th,eory has been widely applied and Is supported by a large 

amount of kinetic data on po1ymers. Rowever, certain fundamental con-

cepts of the theory are still under debate. The theory is based on the 

mode! of chain folding with adjacent reentry in the crystal. .It 

describes a highly restricted form of growth. Once a single unit of a 

chain is attached to the interface, the final position of any other 

. 
unit in the molecule is almost predetermlned. Su ch a process seems 

l 
\ 

l 
• ! 

1 
1 

" 
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i 
Î 
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! 
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~ 

likely in the crystallh,ation fro~ dilute solution where the de.nsity of 

chains in the liquid is low and competition between chains for the 

growth sites i8 iofrequent. ln growth from the melt, however, DIlch 

more competition betw.een chalns or different parts of the same chain 

for growth sites is expected, since the densities of molecular units in 

the melt and crystal are nearly ,the same. Moreover, the model ooly 

considers Infinite molecular weight polymer' chains with many folds. 

Chain end and concentration effects are not inc1uded. It i8 apparent 

that the th~ry cannat be used in !ts present form to predict the vari-, , 

ation of the growth rate of polyethylene single crystals from dilute 

solution with molecular weight and conce'ntration. 

Sanchez-D1Marzio Theory for' Crysta1l1zat10n of Hnite Mol ecular' We,ight 

Polymers From Dilute Solution 

CA) General Description: 

Sanchez and DiMarzio published a dilute solution theory for poly

mer single c'rystals (~$~) in 1971, in which ,they attempted to predict 

the effects of molecular w~ight aad---c-Oncent ration on the growth rate. 

The basic postulate of the theory i8 self-nucleat ion by cilia (Figure 

.1.12). Cilia are' the dangling eends of mol~culés that are 'Trt:1~l1Y," 

incorporated into the crystal lattice. They are formed in th~ 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 the molecule. 
~ 

When these ffrst segments have 

attached to the crys~al the two ends of the molecule ar~ left dangl1ng 

,. , 
1 



FIGURE }.12 

NUCLEATION 
EVENT 

- 35 - / 

Schemat1c re.presentat1on of the ··seli-nuc1eating·' mechan1sm. A c111um 

formed in an underly1ng growth strip nucleates a new growth str1p. 

[From Sanchez and DiMarz10 (53»). 
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in solution. If the long chain portion begins folding, the shorter one 

will be left dangling in solution as a primary c1l1um, and if the pro-

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

chain from solution or B previous1y formed ci1ium into the growing 
1> 

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

Figure 1.13. In dilute solution crystallization, secondary ciliation 

wjl] be less 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 fractional number of 

stem lengths. It is the primary cilia which may nucleate the fo11owing 

growth strfp. Making w,hat fs considered to be a reasonable assumption, 

that once a new growth strip is nuc1eated then U1Ung in by chain 

folding of molecules is a rapid process (45,46,48,49). Sanchez and 

DiMarzio studied theoretically the effects of molecular weight and 

temperBture on the concentration dependence of crystal growth rates. 
p 

Two mod els were cons id ered in the theory. In the Hrst model, 

primary cilia are not allowed to reenter the crystal, wheteas in the 

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

growth strip. The total nucleation rate Scan be expressed as a l1near 

r 

combination of the cilia nucleat10n rate SC and the nucleation rate SS 

for solution molecules: 

, 
s • (1.15) 

~ 

where W} and W
2 

are weighting constants. S"anchez and DiMarzi~ Were not 

~ 
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1 
• 
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• 

(b) 

, \ 

se condary 
........ cïr.a ..,.. 

Schematic· representaqon of primary and secondary clUa formation. In 

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

place aIong its contour length. One of the dangling chain portions 

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

interrupts Hs growth (c). [From Sanchez and DiMarzio (53)]. 

. 
1 
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able to estimate the values of W
1 

and W
Z

' hawever, they pointed out 

that W
1 

18 proportlonal to l/MW sinee the shorter the moleeular length 

the greater the number of cilia present per unit length of growth 

strip. 

(B) Behavior of S sand SC 

The reader i8 referred to the original papers for details con

cerning the derivations of the t~eory. Some important predictions from 

s e the theory for the behavlor of S and S for polyethylene as crysta1-

lized from xylene solution are summarized below: 

s 
(1) S is generally found to be proportiona1 to the concentration 

raised to the first power. The first order kinetics indicates that the 

rate of nucl,eation is direct1y dependent on the number of molecules in 

solution. At very low molecular weights this proportionalitY4 tends to 
...... 

exceed unit y indicating that one molecule is of insufficient length ta 

. stabilize itself by chain fa1ding; several more stems from other mo1e-

cules are needed to stabilize the nucleus. 

(2) SC is proportional to the concentration raised to a power 

less than one (Figure 1.14). This indicates that although solut ion 

molecules are "net being used in nucleating a growth strip directly, 

they are usually requ!red to stabilize the nucle! formed by cilia which 
1 

are too short to stabilize themselves by chain folding. As the _cry~ 

stallization temperature increases, the long period increases and the 

number of stems that a cilium can contribute to stabilize the nucleus 

decreases. The nucleus becomes increasingly dependent on solution 
o 

molecu1es as the supercooling decreases and the eoncentraiion exponent 
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then increases slightly with T • 
c 

As the molecular weighL increases up 

to about MW - 105 the cilia are of suffic1ent Iength to stabi he them-

c 
selves and therefore there is no change of S with conc ntration 

(Figure LIS). 

(3) The dependence of SS on molecular weight at various crystal-

lizat10n temperatures Is shawn in 'Figure 1.16. The _nuc1eat ion rate 

f 1rst 1ncreases wi th 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 supercooli ng. 

This effect ls 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 SC and molecular 

weight. SC increases monotonically with mo1ecu1ar weight (Figure 

1.17). 

(4) The effects of concentration on S8 and SC are shawn in Figure 

1.17. s As expected, S increases proportionally with concentration over 

the molecular weight range while SC increases with concentration at low 

molecular weight but becomes ind ependent of concent rat ion at molecular 

weights above - 10 5. 

Recent1y. Cooper and Manley (63) have shawn that the predictions 

c 
of the theory can be readily checked by studying the behavior of Sand 

SS indiv1dually under varying conditions of mo1ecu1ar weight, tempera-

ture and concentration. The resu1ts were found to be compatible with 

the self":nuc1eation mechanism. 
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FlGURE 1.14 

The effect of crystall1~ation temperature T on the concentration 
c 

dependence of the lsothermal cilie nuc1eation rate Sc. The concentra-

tion dependence increases sl1ghtly as T Increases. [From Sanchez and 
c 

D1Marzio (32»). 

FIGURE 1.15 

The effect of ii'&lecular we1ght on the concéntration dependence of the 

isothermal cil1a nucleation rate Sc. The concentration dependence 
D 

decreases aS the molecular weight increases. [From Sanche~ and 

DiMarzio (32)] • 

.. 
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FIGURE 1.16 

The 1sothermal nucleation rate for solution molecu1es S6 versus molecu-

lar weight. The isotherms pass through a shallow maximum which shifts 

to higher molecu1ar weights as the crystallization temperature increa-

ses. [From Sanchez and DiMarzio (32)J. 

FIGURE 1.17 

The relative effect of concentration on solution molecule and cilium 

isothermal nucleatlon rates SS and SC t as a functlon of molecular ... 

welght. [From Sanchez and DiMarzl0 (32) J. 
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, 
Recent Deve}opment of the Kinetic TQeories of Polymer Cryatal Growth 

(A) General Description: 

As mentioned above, kinetic theories based on coherent surface 

nucleation have been proposed (45,48) to account for the folded conf or-

mation of polymer chains during / crystallization. A direct means to 

test' the validity of the theories and probe the origin of the chain 

folding ln polymer crystallfzation Is to study the crystallization of 

low molecular weight polymers in tre 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 set of data 

which has been obtained is that for lov molecular weight hydroxyl ter-

minated poly(ethylene oxide) (PEO) sinile 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 

systemat1cally in the molecular weight and supercooling region where 

ç,he polymer chains are ,either folded a small number of times or exten-

ded. 1t has been shawn (33) that the lamellar thickness ..t of PEO is an 

Integral submultiple of the overall chain length L. This indicates 

that each molecule il; folded exactly a small number of Umes 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 T curves for a typical high molecular weight polymer, inc~ud
c 

ing giving approximately the characteristic Hnur .relation between 
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log G vs l/T(6T). The current klnetlc theorles, which ~sume molecular 

weight to be infinite, do not permit a consistent analysis of the kine-
,> 

tic data on the low molecular weight poly(ethylene oxide) samples. 

Recenpy, 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. Bas i cally. the ext ended theory is 

s imilsr to the current kinetic theorles patterned after Hoffman and 

Lauritzen (45); 1t is still based on coherent sur~ace nucleation and 

the formation of the surf ace nucleus i5 assumed ta' be a sequential 

process. What 18 new Is that the chain end effects, are taken 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 

ls 

2b-to + œ2aba - cjJ& (,l, T) 
e c 

(1.16) , 

where a, band 1 are the geometrical dimensions of the stem. 0 and ~e 

are the lateral surface free energy and the excess free energy assochi-

t ed with th~ two dangling chain ends respectively (Figure 1.19), a Is a 

factor ranging from zero ta unit y and ls used here to account for a 

possible asymmetry of the act.ivation barrier assodated with 2abo • e 

The parameter ~, also ranging from zero to unit y, Is related ta whethe~ 

or not the polymer molecule 18 physically absorbed on the surface prior 

1 
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Crystal growth-rate G versus temperature T for four low MW fractions of 

PEO: At M - 1890; n, M • 3900; C, M .. 5970; D, M • 1760 and one 
n n n n 

high MW sample: E, M - 152 000 after Kovacs and coworkers (64-66). 
n 

Parameter shawn is n, the number of folda per molecule. [From Buck1ey 

(68)]. 

L 

FIGURE 1.19 
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-Crystallographic deposit ion of a single stem onto th~ giawth face. 

[From Point and Kovacs (61)J. 
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to actual crystallographic, attachment onto' the substrate. 
1 

Thus the':-

tirst and second terms of fl~ are poS'ltive and correspond to the Cre'8 
o . 

, 
tion of the new surface and the excess free energy created by the 

cilia, respectiveIy. The third term representB the decrease in the 

bulk free energy of crystallizat ion relevant to the stem o'f I~ngth 1. 
, " 

It should be noticed that 6~ Dnlst be positive in order to prevent the 
, 0 

nucleation frequency, and thus the growth rate from increasing 'with 1. 

Under steady state conditions, the flux sct) over the nùc1eation 

barrier to generate a monomolecular layer of length 1. can be' e~wressed 

by (55): 

set) - N A (A - B)/(A - B + BI) o 0 
(1.17) 

where "0 and BI are the rate· of deposition and full detachment of thé 
, 

first st,em, respectively. They can be written as 

A - ~exp(-6~ /KT) 
o 0 

\) 

- 13 exp [(-2b.R.a - a2aba + Q1~ )/KT] 
.e c 

- A ~[(2b.R.a + 2aba - 6.F )/KT] 
0_ e c 

• f3 exp' {[-cl - ~)âF + (1 - a)2aba J/J<T} 
c e 

(1.19) 

-
A a~ B are the forward and backward reaètion rates for the attachment 

JI 

of additional stems of length .R. in an adjacènt position to the first. 

" 
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They can be expressëd by 

'- ' 

A - ~ exp[(cpàF - a;'2abb- )/KT] c e 

- f3 exp{[-(1 - 1jI)6F' + (1 - a')2abo J/KT} (1.21) c e 

where - 0 represents the average. value of the basal surface free energy 
e 

per stem. This ls because for short chains tb~ additional stems may 

include either chain ellds or folds or other types of crystal defects. 

The factor CI' associated' with -;. fs generally assulDed to be equal to 
e 

unit y (48,55). The total flux ST which contraIs the growth rate is 

given by fnt egrating over va11 possible values of 1. 

mimimum to L, vb.,· 

. \ 

~ u 

L 
t Sel) 

.tmin 

, b 

-
! 

,,-1 
u 

" 

, 
ranging from a 

li 
(1.22) 

where J. i8 the lel!gth of one repeating un!t. This 18 one of a major 
u 

departure ffom the infinite molecular weight approximation ~n which the 

upper limit of tbe Integration is i'hfinity. 
q""I ~ 

... 
From these basic equations, Point and Kovacs (67) obtainea... grc:wth 

rate expressions for extended chain crystals corresponding to the- case 

of PEO. 

, .!. 1 
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'1 C a2abO' (0)] 11 [2abO' (0) <V n p - e., e - exp e, e 
kT kT 

( 1.23) 

where~o (0) i8 ,the surface free energy contribution of one free 
, e. e 

energy contribution of one chain end i~ a surface involving n c:: 0 and i 
• 
- 1 for regime l growth and i .. ~ for regime II growth. Similarly, the 

general growth rate expression for folded chain PEO crystals fa given 

by the equation: 

Gi(n, .T) a: A(l - (~/A)]exp{-[2bl 0'+ a2ab(O' - '0 )J(i/KT)} (1.24) 
• n e e 

where it is 8ssumed that (i) the length l of the growth nuc1ei is 
n 

always an integer,>'Subllllltiple of the chain length. i.e .• .R. - L/(1+n), 
n 

and lts value increases step-wise with T corresponding to the change of 

n, and (11) B • BI' thus a - al. 

CC) Comparison with Experiment: 

In order to avoid the arb!t rary assignment of the unknown parame-

t ers such as cp and -a, kint and Kovacs (67) expresséd G in terms of an 
~. 

appropriate redu~ed variable enabling direct comparison of the data 

obtained for any paJ,r of PEO fractions investigated. 

chain crystal growth, the expression 
Il 

For extended-

1 • i 

1 
1 

, 1 
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( / )-( y + q,') [2lb..tua ( - )] 
Pl P2 exp Pl P2 

KT (CD) 
m 

(1.25) 

can be obtained for any two fractions of PEO from equatlon 1.23 and the 

relation ~(p) ~ JP-Y (70) in which P is the degree of polymerization of 

a fraction, J is the frequency factor which is insensitive to -smaii 

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 reduceC: supercooling e = (PIT) [T (CI» - T]. Thus they 
m .. 

deduced the following rerluctfon ruIe: 

"The logarithmic growth rate branches G(o, p) of extended chain 

crystals, obt ai ned wi th low molecul ar weight PEO fract ions (or simllar 

materials), plotted against the reduced undercoollng e, are superposa-

ble within a fair accuracy by me~ns of vertical shifts, except in the 

vicinity of the relevant melting temperatures T (0, p), where G(O, p) 
m 

vanishes ... 

Point and Kovacs found that the reduction rule 1s weIl support~ 

by the experimental d at a. However, when they rearranged ectuation 1.25 

to the expression 

io ... 
2.303kT ( ... ) [ GCc p) 1 P ] 
~2-:-b.t-:-u-:(-P2-m_--P1-:)- log G(c: P~)' e - (y + q,' )log P~ (1.26) 

and attempted to estimate the laterai surface free energy ,0 by assuming 

upper and Iower 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 characterizlng the 

; 
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sharp boundary between a crysta111ne substrate and the melt. Further-

more, the app~rent 1(1 value ls reclprocally related to the chain 

length. This is inconsistent wlth the theoretical model, implying cr to 

be independent of the chain length. 

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

4>(n, T) _ {4>t:$ [L(l + n)-l. TI - a2ab~ (n) }(KT)-l 
c e 

. (1.27) 

~ can express the ratl0 of the growth rates observed ,t any two cor-

responding temperatures T • involving the same value of <Il, by 
n 

Gi(n. T) 
exp l- 21bLa 

[ (n 
1 1 J! (1.28) '" 

Gi(n', T) k + l)T (n' + l)T' 
4> 

Not e also that the right hand side of this equation 1$ indepen-

dent of <p and depends only sl1ghtly upon T. Thus a similar role can be 
) 

stated: The various G(n, T) growt~branches plotted against ~/~ should 

be superposable merely by vertical shift over the entire overlapping 4> .. 
range. This theoretical requirement was found approximately fulfilled. 

However, the apparent values of i a d eri ved f rom eq uat ion 1.28 are very 

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

acceptable values at relatively large supercooling. 

When plot t ing G(n, T ) agalnst T , the theory predlcts the exis-
m c 

tence of discrete growth branches for lntegral values of n. Reasonable 

quantitative agreement with experlment ls found for high values of n. ~ 

, 
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For low values of n and small supercool1ng, however, there 1s a large 

~ 
quantitative d1screpancy between the predicted and observed G values. 

Moreover, the theory predicts a dramatic increase for both 1 and G 

{which fias been referred to as the 01 catastrophe (55» when 6~ 
o 

becomes negat:1ve, 1. e.» when cjI6F' > 2bla + a2abo. This may arise when 
c e 

the crystallization temperature is low enough. Experimental results 

show a levelling aff for both 1 and G at low temperature (T ( 300 K) 

rather than an increase. Point and Kovacs have concluded that the 

nature of the failure of the theoretical predictions reveals a series 

of fundamental d iscrepancies cont radict ing the model of coherent sur-

face nucleation resulting in a sequential deposition of chain segment 

of fixed length. These discrepancies may originate from the incorrect 

evaluation of the free energy barrier 6~ (equation 1.16) which opposes 
o 

jr 

the crystallographic 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 scattering shows that the chain conformations in SOlution 

and melt-crystallized polymers are( not alike (71) and that melt cry

stalllzatlon do •• not alt.r Slgnifi~ntly,tb. radius of gyrstlon of tb. 

chains from that in the l1quid siate, where they have a random coU 
( 

conformation. This' suggests that crystal growth may not involve a 

unique process as set out in the kinetic theory. 

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

oxlde) ls typlcal of low molecular weignt crystalline polymers in 

l 
l 

1 
i 
1 

j 
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~nera1 or 8ssQCiated with end group pairing, due to hydrogen bonding 

between the terminal hydroxyl groups. Thus in order to further our 

understanding of the onset of chaill folding in polymers, 8 polymer 

should be used in which there are no strong attractive forces between 

the end groups. 

" 
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SCOPE AND AIMS OF THE !RESIS 

Although the phenomenon of chain folding ln polymers has been 

extensively Investigated during the past twenty-flve years, it Is still 

not completely understood. Recent studies of the melt crystallizat10n 

of low molecular weight hydroxyl termlnated poly(ethylene oxide) show 

that the lamellar thickness varies with the crystallization temperature 
D 

in a step-wise manner, corresponding to an Integral change in the num-~ 

ber of folds per chain (n) ln the crystals. Growth ~te data show 

branches corresponding to each Integral value of n. .Systematic analy-

sis of the growth rate data has revealed a number of inconslstencles 

and led to the claim that tl:l.,ere i8 a fundamental conceptual failure in 

the current kinetic theorles of po]ymer crystal growth. It Is not 
y 

clear, however, whether the results are of general validlty or associa-

t ed w:1th hyd rogen bond ing between the hyd roxyl end groups in the s.pe-

cial case of po]y(ethylene oXide) chains. 

In order to further our understanding of the crystallization of 

Iow molecular weight' polymers and more generally of the origins of the 

chain folding phenomenon. the foilowing questions need to be an8wered: 

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

stallization temperature in poly(ethylene oxide) a general phenomenon 

C-
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 

lowwmolecular weight polymers? 

, 

t 
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(3) 1& the current kinetic theory, which 18 modelled on inft-

nitely long polymer chains, still valid for low molecula{ weight 

polymers? 

(4) 18 there any difference in the growth meehanism of fo1ded and 

extended chain crystals? If 80, will ft be ref lected in the growth 

rate? 

The work present ed in this thesis is designed to provide answers 

to these questions. Lamellar thickness, fusion behavior, crystal mor-

",0 \- "-poolo~ and growth rat es of ,s)tion ~r;. \polyethylene single crystaIs 

were studied as a function/of crysta111zation temperature, molecp1ar 
i 

! 

weight and solution concen9ration. The regions of molecular weight and 

supercool1ng that have been ehosen are such that the transition for 

extended chain to folded chain crystal growth ean be obserioed. The 
~ 

main Tesson for cboosing polyethylene i~ that strong ~~IacLiy~ for~ 

do not exist between the end groups, ~hus it should be possible to test 

the general1ty of the result8 previous1y obtained with poly(ethylene 

oxide). Furthermore the decision was taken to study solu~on crysta1-

11zation sinee 1t would permit a wider range of supercoolings ta be 

encompassed than wou1d be possible in melt crystallization. 

Finally, it may be noted that in work of tbis 'kind there 1s 

always a real difficulty in determining the supercooling which i8 eri-. ~ 

1. 

t ically dependent on an accurate measurement of the equili brium disso-

~lutjon temperature. A method has therefore been devised ,for the direct 

calorimetrie measurement of the e. 

This el1minates the ambiguity in the analysis of thermodynamit: 

kinetic data caused by the uncertainty in the value of r. 

~ l 
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The work is present~d in three sections as follaws: 

Chapter II deals with the measurement of the equilibrium. melt1ng 

and dissolution temperature of the erystals as a function of molecular 

weight, and the variation of the lamellar thiekness with crystall1za-

'\ 

t ion temperture. The data are analyzed in order to estimat e the basal 

surface fr~ energies of the erystals. 

Chapter III deserlbes the measurement of the melting and dissolu-

tian temperatures and heâts of. fusion of erystals 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 f~slon of the cryetals will be 

shawn to provide evidence for a transition ln the conformation of the 

Qi 
molecules deposlted on the growth faces. 

F1nally ln Chapter IV th,e kineties of isotherma! growth of the 
' .... 

crystals ls described. The concentration, molecular weight and tempe-

rature dependence of the growth rates are diseussed J and :ft will be 

shawn that', as in the case of poly(ethylene oxide), the kinetic data 
,J .' provide evidence for a conformationsl transition in the molecules as 

the crystalllzat ion temp"erature is d eereased. 
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CHAPTER II 

ISOTHERMAL GROWTH OF LOW MOLECULAR WEIGHT POLYETHYLENE 

DISSOLUTION 

LAMELLAR 
) 

\) 

VARIATION OF EQUILIBRIUM 

MOLECULAR WEIGHT AND 

WITH CRYSTALLIZATION TEMPERATURE 
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ABSTRACT 

The relation between the equilibrium melting/dissolution tempera-

ture (Tmo/r
d 

0), the molecular weight, the lamellar thickness and the 

crystallization temperature have been investigated for linear poJyethy-

l ene fractions, with molecular weights ranging from 1000 to 11600, 

crystallized from dilute xylene solution. The v~lues of Tm °/T
d 

° 

increase sharply with molecular weight and approach an asymptotic value' 

above a molecular weight of about 5000. The measured values of T 0 are 
m 

found to' be in excellent accord with the expected values calculated 

f rom the Flory-Vrij equation. On the other hand the observed values of 

T d 0 are always somewhat higher than estimat es from either the Pennings 

equation or the Sanchez-DiMarzio equation. It is found that the lamel-
10 

lar thickness increases continuously with crystallization temperature. 

This 1s In contrast to the beha'Vior of low molecular weight poly(ethy-

l ene oxide) fractions which show a step-wise variation with crystalli-

zation té'mperature. Analysis of the measurements of lamellar th1ckness 

as B function of supercooling yields 'values of the interfacial ·free 

ene rgy a rangi ng from 20 to 60 
e 

are low by comparison with the 

2 
erg/cm • f These observed values of ct e 

2 
value of 93 erg/cm expected for high 

molecular weight samples. 
~. 

The difference may be attributed to the 

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



( - 66 -

INTRODUCTION 

Flexl ble stereo regular polymers generally crystallize from solu-

tion as lamellar structures in which the chain molecules are folded 

(1,2). Although this phenomenon has been widely studied, ft is still 

not completely understood. In this thesis, we propose to address the 

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

crystal growth, from solution, using low molecular welght fractions of 

polyethylene for which the transition from extended to folded chain 

grOW'th should be observable. In this connection ft Is import~nt to 

have accurate data on the variation of the lamellar thickness of the 

erystals with the temperature of crystallizat ion and of the equili brium 

dissolution temperature with molecular weight. This is the essential 

purpose of the present chapter. Comparison of the lamellar thickness 

wlth the overall chain length provides information on the structure of 

the crystals by indicating whether the chains are extended or folded in 

the crystal lattice and the number of foids per molecule. As will be 

seen Iater, these questions are important in attempting to analyze and 

interpret the results of the growth rate experiments. 

~-
Th,e lamellar thickness of single crystals of linear crystal1ine 

polymers, notable polyethylene, 18 generally known to inerease monoto-
, 

nieally with the temperature of crystallization (T ) (3-6). l1owever. , c 

in\ the case of low molecular weight hydroxyl-terminated poly(ethylene 

oxide) (PEO) crystallized from the mèlt. the lamellar thickness increa-

• ses in a step-wise manner with Tc (7). The question arises whetber 8, 
1 
1 
1 

• 
~ 
~ 

J 

i-
l 

1 
Ij 

1 
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similar effect can be demonstrated in polyethylene by eareful measure-

ments on low molecular weight samples. 

Prev10us studles of the variation of the lamellar thickness of 

solution-grCMn polyethylene erystals have been malnly concerned with ) 

1 
samples of high molecular welght. Few attempts have been made 50 far 

to systematlcally explore these effects for well-defined 10'" molecular, 

weight material (8). ln the present work we have measured the lamellar 

thickness of solution grown polyethylene crystals over a wide range of 

crystallizatlon temperatures for fractions rangin'g from 1000 to 11600 

! ., 
in molecular weight. The data have been aflBlyzed 1n terms of the k1ne-

tic theory of ~ymer crystal growth in order to derive values of the 

basal surface free energy. 

ing 

In analyzlng the experimental data a knCMledge of the supercool

," 
(AT • T

d 
0 - Te) or the equilibrium dissolution temperature (T

d 
0) 

(where If 16 the crystallization temperature) is critically important. 
e 

T
d 

0 ls deflned as the temperature at wh1ch d1lute polymer solution 16 

1n equil1brium w!th the equilibrium (1. e., extended cha1n) crystal and 

1s dependent: on the molecular weight of the polymer (10,11). A wldely 

~ 

used procedure to determine T! 0 1& ta measure the dls.s01ut1on tempera-

ture of crystals of various lamellar thicknesses and extrapolate the 

data to Infinite lamellar thickness using the Gibbs-Thompson Equation 

(9). Th1s procedure w11l be discussed in Chapter III. For polyeth)'-

lene, an alternative approach ls used to estlmate T
d 

0 using semi-e.mpi

rieal Equations derhed by Pènnings (lI) and by Sanchez and DiMsr:zio 

1 

(10). However, these Equations do not give rel1able results for low 

molecular we!ght samples. For these ressons we have dev.ised 8 method 
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for directly measuring the eQuili b.rium dissolution temperature of cry-

sta1s of "the vadous fractions. The measurements vere 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). 

Materials 

EXPERIMENTAL 
... , , 

The materials used cover the molecular weight range from the 

paraffin-dotriacontane (MW'" 450) to 11600. Dotriacontane was obtained 

from the Eastman Kodak Company. PElOOO and PE2000 were obtained from 

Polysciences Inc. and characterized J:>y Spr\rtgborn Laboratories, Inc., 

Enfield, Conn. The number average molecular weights were determined by 

vapour pressure osmometry. The polydispersity (M lM ) i8 not known 
w n 

exactly, but analyt ical gel permeation chromatograms ·showed only a 

single narrOW' peak suggelting a fairly sharp distribution. The rest of 

the fractions were prepared and characterized at the Research Center of 

SNPA at Lacq, .France. The technique of fract ionation by preparat ive 

gel p'ermeation chromatography (GPC) has been described by Peyrouset et 

al (12,131. The weight average molecular weights (M ) were determined 
w 

by analytical GPC previously cal1brated by light s~atter1ng. Number 

aver,age molecular weights (M ) were deterœined by vapour pressure osmo-
. n .. 

metry. The molecùlar parameters of- the various samples are given in 

Table 2.1. 

1 

1 
! 
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• 

TABLE 2.1 

Characteristlcs of the Pollethyl ene Fractions Studied 

" - - M!M Fractions M M 
w n w n 

Ptl1bno 11,600 11.100 1.11 , 

PE6750 6,750 6,100 1.10 

1'E4050 4,050 3,900 1.04 

PE3100 3,100 2.900 1.07 
J. 

PE2000 1,791 , ' 

PEIOOO 980 

Measurement of the Eguilibrium Dissolution Temperature (T
d 

0) 

By defini tion the equlli brium dissolution temperature is the 

melting point of a perfect extended chain crystal in equil1brium vith 

r 
an infinite amount of BoIvent. Accord~ngly the procedure used to 

determine T
d 

0 ?sts upon the folloving premise. The melting point of 

pure extended chain crystals corresponds to the thermodynamic melting 

point T 0 which is depressed in the presence of a solvent. Thus the 
,,~ m 

d 15s01ution temperature of the extended chain crystals vas measured at 
r 

various crystal/solvent weight fractions and the data extrapolated to 

infinite dilution lo g:f,ve T
d 

o. 

The samples were retained in glass tubes (5 1IIID, in internaI diàllle-

ter) which were evacuated and sealed in order to min1mize oxidative 

degradation. The sealed tubes vere placed in a silicone oU bath 

, 

.. 

j 
f • 

l 
i 
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maintalned at 150° C for about 20 minutes in order to ensure complete 

. 
mel t lng of the sample. The melted sample was then qulckly transferred 

ta another thermostat set at a predetermined crystallization temper:l 

ture and controlled to better than 0.05° C. Aft~r allowlng the sampI[) 

ta crystall1ze for the deslred length of time, the temperature of tl~e 

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 determ1ned by small angle x-ray scattering in order to 

determine the degree of chain extension. 

Thermal measurements on the crystsls were made on a Perkin-Elmer 

differential scann~ng calorlmeter, DSC-2C. The t emperature scsle was 

cali brat ed wltp naphthalene, benzoic acld and indium standards ove~ the 

t emperature range. The crystals were placed ln a pre-weighed ssmple 
~ 

pan and weighed on a Caho microbalance. p-xylene was deli vered by a 

microsyrlnge and the sample pan was then hermetically sealed. The' pan 

was weighed ,again to determlne the amount of soivent. At least 5 sam-

pIes were prepared for eacb fraction in the concent ration range 4% to 

100% ,(w/w). Each sample pan was weighed again after thè thermal mea-

"II 
surement to check for leakage. Tbe procedure for the thermal measttre-

ments was as ~~ows. The sample was heated at 10° C/mln up to a pre

selected temperature which was about 10° C below the estlmated dissolu-

tion temperature. The ca10rimetèr was allowed to remain at this tem-

perature for 20 to 30 min to permit the sol vent to penetrate the cry

stal lattice. The heatin~ was then resumed st 0.625 or 1.25 de.s C/lIlin. 

These low heatlng rates were 
~ 

used in order to allow anneaU ng t 0 
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produce more perfect crystals. "The peak temperat<ure was used ta define 

the dissolution temperature and melt1ng point of the polymer. Standard 

corrections were made for changes in apparent melting point and thermal 

res istartce as a function of heat ing rate (14). 

Preparation of Crystals and Measurement of Lamellar Thickness 
• 

The crystal1izatlons were carried out isothermally in p-xylene as 

solvent at temperatures (T ) spanning the range of 65 to 900 C. At 
c 

higher crystallization temperatures self-seeding (15,16) ",as u;ed in 

- arder ta minimize the time necessary ta obtain complete crystalli-

zat j on. 

More precisely, the procedure was as follows. A suspension of th{1 

polymer was heated in an ail bath at 1000 C for 20 mins in arder ta 

f' 
ensure complete dissolution. An a11quot of the salut i on W8S then 

L 

transferred ta 8 thermostat held at tht crystallization temperature Tc 

and alloweg éo equi li brat e. An appropriate. amount of pure solvent, 

previously equili brated at the crystallization temperature, was poured 

into the polymer solution. The time requi red to establish thermal 

equili brium was thus minimhed. The final concent ration at which the 

crystals grew was in the range 0.02 - 0.5% (w/v) depending on the 

supercooling. The precipitate was filtered at the crystallization 

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

vacuo a~ room temperature. The mats thus obtained were examined by 

sma1!. angle x-ray sc'attering (SAXS) in order to determine the lamellar 

thickneS5 of tne crystals. The SAXS patterns were r~orded photographi-

cally with pin hale collilDstion using nickel fUtered CuK(l radiation. .. .. 
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In aIl cases clearly defined low angle reflect ions were observed in 

several orders, sometimes as high as four. Long spacings were der1ved 

from messurements on m1crodensitomet~r traeings of the SAXS patterns. 

The Lorentz correction (12) was estimated ,to be negligib1e and was not 

appl1ed. 

For aIl the fractions, e1ectron diffraction patterns of the s1n-

gle crystals showed on1y (hkO) spots; this Indicates that the chain 

mo1ecules are oriented normal, or nearly sa, ta the làmellar surfaces. 

RESULTS AND DISCUSSION 

Equilibrium Melting and Dissolution Temperatures 

The crystallizat10n conditions and lamellar thlckness of the 

crystals used for the measurement of the equilibrium melting and d1sso-

-lutfontetnperatures are -Hsted in -=T-abie 2-.2. Comparison of the ext en-

ded chain length with the lamellar thickness reveals that crystals of 
~ 

PE1000, PE2000, PE3100 and PE4050 are composed of extende~ins; 

samp1e PE6750 consists of defect extended chain crystals and ~1600 

has chalns that are approximately once folded. 

Selected thermograms are shawn in Figures 2.1 and 2.2. Figure 

2.1 shOiis the me1ting behavior of the pure P'E11600 and PE4050 fra5' 

t10ns. For PE1l600 there 18 a major peak at 409.17 K and a sma11 peak 

at 412.7 K. It i8 interesting to note that the temperaturé of the 

small peak agrees very well \lith the theoretically expected equilibr1um 

mel t 1 ng temperatur;e T 0 calC:1I1lated from the Flory-Vrij equat10n (17). 
m 

1 
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TABLE 2.2 

AI 

Crystallization Conditions and Lamellar Thickness of Law 

Molecular Weight Polyethylene Single Crystals 

FractiLons Chain Cryst a11ization Lamellar . L/1 

* 

'ct, 

PE11600 

PE6750 

PE4050 

PE3l00 

PE2000 

PE1000 

Length (L) 

991 

544 

31(8 

259 

!Ir 
17. 

!Ir 
117 

Condition 

1 week at 125° C 

1 week at 125° C 

1 week at 120° C 

1 week at 115° C 

3 days st 110° C 

3 days st 105° C 
\; 

Thickness (1) 

407 

356 

299 

242 

167 

110 

1.53 

1.16 

1.07 

1.02 

1.06 

Estimsted from the alym.ptotic values of lamellar thickness of the 

single crystals (see Figs. i.s and 2.6). 

A tentative exp1anation of the thermograms for this fraction may there-

fore be given as follows. Duriqg .the crystallization at 125 0 C, on1y a 

-.mall fraction of the polymer crystallized as extended chain crystals. 

The amount is not detectab1e by SAXS but is revealed by the small endo-

therm peak at 412.7 K. When 'the temperature was slowly decreased as 

d escri bed in the experimenta1 section, the polymer crystallized more 

rapldly at 8 temperature som.ewhere be10w 125° C and the once folded 

chain crystals were formed.· Accordingly the 1I18jor end~therm peak can 

be ass1gn~ to the melting _ of the once folded chain crysta1s and the 

1 
\ ' f 

" t 

. --~. --~.--~ 
__ , . .., __ ~" l 

J 
4 
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smaller endotherm peak to the melting of the extended chain crystals. 

For fraction PE4050 the thermogram shows a sharp endotherm peak 

vith tvo shoulders at temperatureS lower ~han the main peak. The tem-

perature of the main peak corresponds closely with the expected equlli-

brium melting temperature for extended chain crystals of this fraction 

as. calculat~d from the Flory-Vrij equation (17). ln generaI, for aIl 

the pure fractions, the highest melting pèak in the thermogram cou Id be 

identified as correspdnding to ",the melting of the extended chain cry",: 

stais. Values of the equllibrium melting temperature T 0 observed for 
m 

the various fractions are listed in Table 2.3 and compared vith the 

theoretically expected - values calculated from the Flory-V;rij equatiotl. 

Figure 2.2 shows typical endotherms for dissolution of the poly-

ethylene fraetlons in xylene. rn generai the endotherm peaks are broa- ; 

der when the polymer 18 in contact with soivent. It should be noted 

that sample PE1l600 is mainly composed of once foided chains and the 

obse~~therm peak corresponds to the dissolution of such cry-

etaIs. Consequently T d ° could not be measured direct Iy' for this 

sample. 

Plots of the dissolution temperatures as a functlon Qf concentra-

tion are shown" in Figure 2.3. Th~ equilibrium <l.issolution temperature 

(T
d 

0) wa~ obtained by extrapolation of the data to zero concentration. 

The values thus obtained are listed Jn Table 2.3. It 18 of interest to 

compare these results with theoretjcal estimates of T
d

o calculated from 

equations given by various Buthors. 

• 

\ .' 

,r 
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\ 
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FIeURE 2.1 , 

Tfpical Dse fusion thermograms for samples PE11600 and PE40S(t at ,a 

heatin~ rate of 0.625 deg C/min. 
/ 

standard temperature corrections. 
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DSC dissolution thermograms of single .crystals of PE4050 in the pre .... 

sence of xyleoe at various concenatrations. The heat1ng rate 1s 0.625 • 
deg C/min. Tbe temperature Bcde i8 adjusted, for standard cj.r'rectioAs. 

u 

The concent ration 1s expressed as weJght percent of crystals suspencJed' 

sll 

in .xylene • 
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FIGURE 2.3 

Plots of dissolution temperature in the presence of xylene as a func-

t:ion of concentration for the vari'ous fractions of polyethylene. The 

concentration is expressed as weight percent of crystals. 
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'1. 

... 
TABLE 2.3 

;; 

List of the Calculated 'and Experimental T
m

o and T
d

o Values for Various Law Molecular Weight 
" 

~~PQlyethylene Samples e 

T ° (K) m T ° (K) m T
d 

° (K) T
d 

0 (K) T
d 

0 (K) 

Fraction from from from frop! from 
- .... 1 

Flory-Vrij eq. This Work Pennings eq. S-D eq. This Work 

Dotr1acontane 341.8 341.2 244.7 278.8 302.0 

PEIOOO 386.4 386.0 325.2 3;38.7 352.0 

PE2000 396.3 396.2 334.1 350.7 364.1 

PE3100 403.5 403{'7 349 .. 2 361.9 367.4 

PE4050 406.7 406.8 356.2 366.9 371. 5 
. \ 

PE6750 411.0 410.1 366.4 374;2 37p.8 
,-

373.8 382.0 * 'j. PE11600 413.8 412.7 379.3 

'" txtrapolated value 
,-

", 

, 
~ '1 

<J JI 

'~ 

,. 
..... ~ - ~~'-"---~ ..... - ~ 

.... .." ... ,.,., .... -M""1I'~~~~~'Pto~~ 



c 

\ 

( 

.. 

- 79 - 1 

From fundamental t,J:termodynamic considerations it can be shawn 

(10) that the equilibrium dissolution temperature of a l4mellar polymer 

crystal can be estimated by one of the following equations ,depending on 

the assumptions made in deriving an expreJsion for the free energy 

diff erence between liquid polymer and crystal: 
" 

(2.1) 

(2.2) 

T 0 _ T 0 (1 + y) 
d m 

~(2.3) 

" wheçe T ° i8 the equllibrium melting temperature and 
m 

y - RT o ln a (Tde)/NI (T 0) 
m u u m 

where a i8 the aet i vi ty which is a measure of the polymer/solvent 
u 

interaction and tJH i8 the heat of fusion per mole of monomer. 
u 

1 
T,hese equations show that T

d
o depends on two variables, T. o and 

1 m 

au' which are molecular weight dependent. The molecular weight depen-

dence of T 0 has been estimated (17-19). 
m 

Penni ngs (U) has given a method for determining 

solutions his equation i8 

ln a .. 
u 

J 

a • 
u 

(2.4) . 

1 

# 

1 
'1 
l 
/ 

~ 

1 , 
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where A2 i8 the lSecond vlrlal coefficient, v
2

'" 15 the partial specifie 

volume of the polymer, v2 15 the volume fraction of the polymer, V
l 

fs 

I~ the molar volume of the sQlvent, V the mol ai- vqlume of the monomer 
u 

unit, and x i5 the ratio of the molar volumes of the polymer and s01-, 

vent. Pennlngs (11) and Krigbaum and Trementozzi (18) have estimated 

A
2 

from osmotlc pressure measurements of polyethylene in xylene as a 

function of molecular weight. The Penning~ relation between A
2 

and 

molecular welght (M) ls 

= 1.45 x 10-3 + 0.29 M-O• 5 
1 

Sanchez and Dj.Marzio (10) have shawn that the dependence of T
d 

0 

on the approximate form of Equations 2.1 - 2.3 is weak. We have cal cu-

lated values of T
d 

0 from Equation ~.2 and, the 'Pennings relations, Equa- , 

tions 2.4 and 2.5, using the following input data: ôH 
u 

* 980 cal Imol • 

'Ir 

d 10-4. 
an v~' *' Values of T 0 

m 

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

the following units in this thesis: erystallizaVon temperature Tc 

in degree Celcius (0 C), lamellar thickness 1 in Angstrom unit, A, 

-3 -1 
the heat of fusion in erg cm or cal g , surface f.ree energies cr 

,-2 -1 -1 
and 0e in units of erg..,clh ,gas constant R s 1.987 cal mol K • 

~~o:;e:~i:n efr:ct:::3 t: s:. ;n;t:_:re 10·C:1= g ~:3.:64 ~~21 X A 1:61:-: _:~ 
.'.L' -2 -2 -1 -1 l erg cm = 1 mJ m , 1 cal mol .. 4.184 J mol and R 8.314 J 

-1 -1 
mol K ) 

'j 
~ 
i , 



.' 
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(~ 

~ 

were calculated from the Flory-Vrlj equation (17). The results are 

tabulated in Table 2.3. 

Sanchez and DIMarzl0 (10) have proposed the following seml-emp1-

rieal, relation for T 0 for polyethylene in xylene: .. ' 
d 

T 0 _ IT 0 

,d m 29j'1/2 (2.6) 

where Tm 0 and 'd 0 are? respectively, the Flory-Vrij estimates for tJw 

equilibrium melting temperature and the 
~ 

Pe'!)nirU~B./ estimates for the 
, t 'f-

equilibrium dissolut.ion t\mperature. Values of T
d 

D calculat ed from 

~quation{ 2.6 are also listed in Table 2.3 . ln Figure 2.4 the measured 

. 
values of T

d 
0 and Tm 0 are shown as a function of molecular weight and 

compared with estimates from the Pennings, Sanchez-DiMarzio and F1ory-

f' 
Vrij equations, respectively. It 15 seen that the measured values of 

T
m

o obrained in the present work are in go?d agreement with the v~lues 

given by the Flory-Vrij equation. At 10w molecular weights the diffe-

rence ls fnsig~ifica~t. At molecular weights of' 6750 and 11600 the 
-., 

. . t\ 
-~bserved value of T 0 i5 about l K lower than the thearetical value. 

m 

This ~d1fference is prohably due to experimental difficulties in ohtain-

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

hand, the measured values of T d D are considerably higher than those 

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

lower the molecular weight the gre~ter ~s the difference. The dlscre-

pancy.is not surpri5ing sinee Pennings (11) has already noted that the 

expression for the second vlrial coefficient, A
2

• breaks down for la,,", 

• 

" 
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• Molecular weight _10:1 

FIGURE 2.4 

Compar:1son of the molecular we:1ght dependence of Tm 0 ,and T
d 

o. as/mea
Î 

sured in the present WOrk,\ w~th the relationshlp estimated from the 

Floty-Vri j equat ion, the ~nningS equation and the Sanchez-DiMarzl0 

equation. For the T D Imolecul'ar weight relation the data poin~s, are 
m 

the observed values whl1e the curve 15 p8}ctdated from the Flory-Vrij 

equat:1on. 

• 
1 
! 

! 
\ 

'/ J 
/ 1 

1 

" 
~~ 
1 
! 
i 
"$ 

l 
f' 
't 
1 

i, 



c 

, \, 

( 

.,--

.. 
- 83 -

molecuÎar weights. 
l' 

probably because of the negle'Ct of the temperatur~ 

,dependence of À
2

• 

\ ' 

• « , 
Variation of Lamellar Thickness with T" 

c 

, 

Figures 2.5' -and 2.61 shOli the dependence of the long spacing on 

the crystall~zation temperature for the various molecular weight frac-

tions studied. The experimental data are Usted in Tanle 2.4. "For the 

~ 
f,our fractions with mo1~cu1ar weight.s from 3100 to 11600 the principal 

trend i5 the app,arently continuous increase of the long spacing with 

crystallization temperature. For these fractions aIl the curves seem 

t~ ~haw a limiting long spacing at lower crystall~'~ation temperatures ,0 

while at !'t1gher temperatures the curves are displacedr from each other 

in such a manner that the crystallization temperature required to pra-
l 

duce crystals with a given long spacing increases with 'molecular 

weight. This behavior 1-s consistent witn the known fact that for a 

given chain length the long spacin'g depends on the· reciproeal super-

coo1ing (!:JT - T 0 - T ) and shorter chains are e:xpected to have a 10wer 
d c, 

equi1ibrium dissolution temperature. 

Considering now the fract ions wi th molecula,r weights of PEIOOO 

and PE2000. the long spacing tends progressive1y towards a I1miting 

value near the length of the extended chain. It i5 interesting ,to note 

that for sample PElOOO' significant departures from the- classical !:J.T 

relation, 18 observed (see Figure 2.7). This behav10r has already been 

predicted by Mandelkern et al (20) using nucleat ion theory pertinent to 
,}-

chains of Unite length. 
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The temperature variation - of the' long spacing for fractions 

PElOOO and PE2000 suggests a model in which the terminal port~ons of 

the ch~t1ns are excluded from the crystal interior Ieading to cilia i 

dangling from the basal surfaces of the lamella. Thf~ model fa con- , 

sistent with the ffndings of Keller and Priest (21), that about 90% of 

the chain ends are localized on the foid surfac~s of solution grown 

polyethylene crystais. For the present low molecular weight samples 

the asymptotic approach of the long spacing to full chain extension 

1ndicates tl}at the degree of surface disorder in these crystals decrea-

~ses wi.t:h increasing crystallization temperature. 

For the" low molecular weight polyethylene samples the apparently 
,,," 

continuous increase of the lohg spacing with crystallization temp~ra-

ture is at variance with the behavior of low molecular weight hy'droxyl 

terminated poly(ethy1.ene oxide) fractions crystallized from the melt. 

For thls case it has been r:eported that the long spacing increases 

discontinuously wi th T (7). The long spacings of such crystals show 
c 

that _ the chalns are either fully extended or folded a smal1..t, Integral 

number of rimes. The chain ends are thuB localfzed in the surf ace 

layers of the lamella. The lamellar thickness is therefore an integral 
~ 

submul tiple of the overall chain length. It has been sugges ted that 

this behavior i8 due to strong attractive forces (hydrogen bonds) 

between the hydroxyl end groups resulting in end group pairing. Thus a 

step-wise or discontinuous increase in lame'llar thickness with T would 
c 

not be expected in polymers such as polyethylene where there can be no 

association of the end groups. Nevertheless', ft i~ interesting tQ 

.' 
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!' 
consider whetiher a step--'Wise change in lamellar thickness could have 

\ 
remained undetected by the SAXS measurements. Taking into cbnsidera-

fI>). ' ... 

1:ion the chain length of the various fractions used in the present 

woJ, the number of stern lengths per molecule can be readily est;imated 

for the crystals over the accessible range of crystallization tempera
~ 

tures. For this purpose we have taken the length of the -CH2- unit in 

the planar"zig-zag conformation as 0.125 nm and the molecular mass of 

the -CH2 - unit as 14. The mean extended chilin length is therefore 

CM /14) x' L25 A. For example, for PE3100 the extended chain' length is 
n 

259 Â and ov~r the temperature range investigated the lamellar thick-
, . --

ness changes from 104 to 174 A which, assuming rejecUon of fractional 

stems from the crystal 1attice (21), corresponds ta a change from one 
?o 

\ to two stems 'per molecule. Thus if the chain ends were local i zed on 
~~) 

the lameIlar surfaces and the change from one to two stems per molecule 

occurred in a step-wise (manner, the change in loqg spacing would have 

been 130 A which is suffjcj ently large to bè easilYr detected by SAXS. 

A similar conclusion can be drawn for sample FE 4050 but for samples 

PE6070 and PE11600 -8 discontinuous change in the lamellar thickness 

could not be easily detected by SAXS beCBuse of the sma11 incremental 

change in each step. Accordingly, taking the t:avourable case of ~~he 
, , 

f racti ons PE3100 and "". ~ PE4050 it seems reasonable ta conclude that the 

i 
observed apparent cont i nuous increase of the lamel1ar thickness with 

~ 

T is substantially correct. As will be seen Iater these considerations 
c 

lire important in at tempting to int erpret 
~ 

presented in Part III. 

the growth rat e dat a to be 

) 

\ 
1 
\ 
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The Basal Surface Free Energy (0 ) 
~ 

Accord1ng to the k1netic theory of polymer crystal growth from 

solution, the init1al thickne88 Ct*) of a chain folded lamella i8 of 
g 

the form 

.t* 
g - (2.7) 

where 0 18 the fold surface fr~e energy, 1.e., the work involved in 
e 

the formation of a unit area of folded surface; T 0 16 the equilibrium 
d .. 

d i 1 ti t t AT T 0 - T is the d of supercooling sso u on empera ure; Ll - d c egree 

corresponding to the crystal1ization temperature Tc; t.h
f 

i8 the bulk 

enthalpy of fusion per unit volume, and 6.t is an approximately constant 

term whose explicit form is different in various the'pries. Accord1ng 

to Equation 2.7 a plot of .t~ againat T
d 

0/ bT should be linear and have a 

p.os1tive intercept of &1 on the .t: axis and a slope of 2oe/&tf· Thus 

if àh
f 

is known 0e can be determined. 

It may be noted that polymer crystals are the,l;"modynamically meta-

stable and slDwly increase in thickn'ess spont~neously at the crystalli-

zatioD temperature. It is aSl?umed that this process, which is often 

encountered on crystallization from a cooled melt, i8 virtually absent 

at the t'emperatures involved in crystallization trom dilute solution. 

Indeed evidence in support of thls assumption has been reported (22). 

Consequently the measured lamellar thickness can be identified with the 

initial fold Iength as predicted by the th.eories. 

Figure 2.8 shows the resul ts that are obta1ned when the long 
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spac'tng data for the various fractions are p10tted according to Equa-
" 

tion f.7. For samp1es PE3000 ta PEll600 Equation 2.7 is obeyed within 

the experimental error, giving an intercept ôf c.l of 60 - 75 Â This 

may be compared with the value of 43 - 55 A obtained with higher mole-

cular weight polyethylene samples crystallized from xylene (23). Tak-

1 9 3 
ing llh - 2.80 x 10 erg/cm the values of cr obtained as shawn in Table 

e 
2 

2.5 are in the range 50 to 60 erg/cm. These values are somewhat lower 

2 
than the 93 erg/cm that is considered to be the upper l1mit of this 

parameter (23). In this connection it is pertinent to emphasize that 

(1 ls known to depend on chain length for low molecu1ar weights and 
e 

2 
reaches the asymptotic value of 93 erg/cm at high molecular weight 

'" (24,25). The observed values of cr are therefore weIl within the ami
e 

cipated range. 

For samples PElOOO and PE2000 the plots of .l* versus Ï/I1T show 
g 

d eviations from linearity at low supercooli ng liT. This ls certainly 

related to the fact that .l* reaches an asymptotlc value at low super
g 

coollng where the lamellar thickness and the chain length became equal. 

From the slope of the linear portion of these curves at higher super-
• 

2 
cooling we calcu1ate a value of Cf - lO erg/cm for sample PEIOOO and 

e 
2 

(1 ta 40 erg/cm for PE2000. The crystals of sample PElOOO are essen-
e 

t ially extended chain crystals and hence thJÀ'OW value of cre for this 

sample undoubtedly reflects the exclusive contribution of the chain 

ends. 
2' 

The value of cr = 40" erg/cm for PE2000 suggests that this sam
e 

pIe contains some folds in spite of its short chain length. 
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Plots of lamellar thicknes8 versus reciprocal supercooling for single 

crystals of various low molecular weight polyethylene fractions. 
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TABLE 2.5. 

Values of the Basal Surface Free Energy cr and the Intercept 
e 

Obta1ned from the Plots of 1 vs 1/6T 

Sample 
-2 cr (erg cm ) 

e 
61 (A) 

---------
PElOOO 20.4 89.3 

PE2000 42.1 81.5 

PE3l00 48.9 75.2 

PE4050 48.5 75.2 

PE6750 51.7 '71.1 

PE1l600 60.1 61.5 

CONCLUSIONS 

The equ1libr1um melt1ng (TmO)/dissolution ,(T
d 

0) temperature of 

low molecu1ar weight polyethylene fractions have been determ:l.ned 

-
directly by calorimetrie measurements on macroscop1c extended chain 

crystals. The measured values of T
m

o ~~e~in_good agreement w.ith the 
1 

theoretically expected values calculated from the Flory-Vrij equation. 

For T
d 

0 the calorim.::trically measured v~lues are somewhat higher than 

those vredcitèd by the relations ,of Pennings and Sanchez-DiMarzio but" 

as will be shawn in Chapter III, they are in good accord with values 

obtained from thermodynamdc measurements. 

When the same low molecular weight fractions are crystallized 

!> 

.. 
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from dilute solution the long spacing or lamellar thlckness increases 

continuously with crystallization temperature. The chains thu8 undergo 

a graduaI unfolding as the supercool1ng decreases. This impl1es that 

the chain ends IIJ.lst 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 Priest that in polyethylene single crystals 90% 

of the chain ends are loca~ized 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 trom the melt where the chain ends are 

pref~rentially rejected onto the lamellar surfaces so that the folding 

occurs in a quantized manner. 

Analy~is of the observed temp~rature variation of the lamellar 

thickness for these low molecular weight polyethylene fra~tions. ùsing 

the kinetic theory of polymer crystal growth, yields values of the 

2 
basal surf ace free energy of 20 to 60 erg/cm. These values are weIl 

wlthln the antlcipated range. 

o 



, 

( 

- 95 -

,REFERENCES 

1. A. Keller, Phil. Mag., ~, 1171 (1957). 

2. E.W~ Fischer, Z. Naturforsch., ~, 153 (1957). 

3. A. Keller and A. O'Connor, Discuss. Faraday Soc., 25, 114 (1958). 

4. A. Nakajima, F. Hamada, S. Hayashi and T. Sumida, Kol1oid-Z.u.Z. 

Po1ymere, 222, 10 (1968). 

5. A. Nakajima, S. Hayashi, T. Korenaga and T. Sumida, Kolloid-

z.u.z. Polymere, 222, 124 (1968). 
, 

6. T. Kawai and A. Keller, Phil. Mag., 11, 1165 (1965). 

7. J.P. Arlie, P. Spegt and A. Skoulios, Makromol. Chem., 104, 212 

(1967) . 

8. A. Keller and Y. Udagawa, J. Polymer Sci., A2, ~, 221 (1972). 
6 

9. T.W. Huseby and H.E. Bair, J. Appl. Phys., ~, 4969 (1968). 

la. I.C. Sanchez and E.A. DIMarzio, Macromolecules. ~, 677 (1971): 

Il. A.J. Pennings, in "Characteization of Macromolecu1ar Structure", 

Publication No. 1573 by the National Academy of Science, Washing-

ton, D.C., 1968, p. 214. 

12. A. Peyrouset and R. Panaris, J. Appl. Polym. Sei., .!&., 315 

(1972). 

13. A. Peyrouset, R. Prechner, R. Panaris and H. Benoit, J. Appl. 

Polym. Sci., l!. 1363,(1975). 

14. Perkin-Elmer, Instruction Manual for the Model DSC-2C Differen'-

tial Scanning Calorimeter. 

15. D.J. B1undel1, A. Keller and A.J. Kovacs, J. Polym. Sci., B4. 481 

(1966). 



.~ ... , " , 

( 

", ' 

- 96 -

16. D. J • Blundell and A. Ke1,ler, J. ~acromo1. Sei., ~, 301 (1968) • 

17: P.J. Flory and W. Vrij, J. Amer. Chem. Soc., 85, 3548 (1963). 

18. W.R. Kr;l.gbaum and Q.A. Tremontozzi, J. Polymer Sc!., 28, 295 

(1958) • 

19. M.G. Broadhurst, J. Res. Nat. Bur. Stand •• Sect.' A. !.2.... 481 

\ (-1966). 

20 • t. Hand elkern, J. G. F st ou and C: aow. rd, J. Physi cal Che ... \ 68, 

3386 (1964). 

21. A. Keller and J.D. Priest, J. Macromo!. Sci.-Phys., B2. 479 

(l968) . 

22. J.F. Jackson and 1. Mandelkern. J. Polymer Sei .• Part B. 2; 557 

(1967) • 

23. J.D. Hoff~ani ;.T. Davis and J.L. Lauritzen, Jr' l in "Treatise on 

SoUd State Chemistry", Vol. 3. N.B. Bannay. 

24. J.D. Hoffman. L.J. Fro1en, G.S. Ross and J.I. Laur'itzen; Jr., J. 

Res. Nat. Bureau. Stds.-A. Physics and Chemistry, !.!!..!, 671 

(1975). 

25. L. Mande1kern, A.L. Allou. Jr. and M. Gopa1an, J. PhYs. Chem., 

72:., 309 (1968). 

\ 

1 

) . , 

., 



97 -

1 

l 

CHAPTER III 

• 

ISOTHERMAL GlOWIH OF LOW MOLECULAR WEIGBT POLYETHYLENE SINGLE 
c • 

III CRYSTALS FROM SOLUTlON. II. MELTING AND DISSOLUTION B-EHAVIOR. 

" \ 
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ABSTRACT 

Melting and dissolution temperatures(T
m 

and T
d

) and enthalpies of 

fusion (6H ) have been measured as a funct10n of crystallizat10Q tempe

" \ 

rature (T ) for solution grown 'cÎ'ystals of polye'thylene fractions 
c 

covering the molecular weights range, 1000 to 11600. .Analysis of the ," 

data yields values of the basal surface free energies a ~hich 1ncrease 
e 

2 
with molecular weight and lie in the range 40 - 60 erg/cm for the 

molecular weights from 3000 to 11600. Values of the equil1 brium melt-

ing/dissolution temperatures obtained from the intercept of Tm (T
d

) 

plots versus the rec1procal lamell~r thickness are in good agreement 

with those obtained from direct measurementô on extended chain crystals 

of large lateral dimensions and thickness. 

The e~halpies of fusion of the crystals of the various fractions 

~ . 
generelly increase monotonica11y with T in parallel with their t'hick

C 

ness. , However. for samples with molecular weights of 3100 and 4050 

sigmoidal curves are obtained when the enthalpies of fusion are p10tted 

against crystallization temperature. This is inte'rpreted to. mean that 

in this molecular weight range there i!> a transition from extended ta 

folded chain crysta1lization as T decreases. 
c 

f 
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INTRODUCTION 

The problem of chàln folding in polymers has attracted much 1nte-

rest sinee 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 mechanism remains a challenge. As stBted 
~\ ! 

in Part l, (he' basic aim of the present work is to study the growth , 
klnetics and\ ,~hysical properties of s01utlon grown crystals of low 

molecular weight polyethylene fractions for which the transition from 
J 

extended chain to folded chain growth can be observed. The first phase 

1-
of the investigation, described in Part l, involved the measurement of. 

the variation of the lamellar thickness of the crystals with the tempe-

rature of crystall tzat ion and of the equilibrium dissolut 10n tempera::' 

ture of the samples with molecular weight. lt was found that the 1a-

mellar thickness increases monotonica1ly with crystal11zatfon tempe

rature which :Psd1cates that the chains undergo a graduaI unfoldlng as 

• the supercooling decreases. This behavior may be contrasted with that 

of lo~ mo1eeular weight poly(ethylene oxide) single crysta1s grown from 

the melt for whieh the lamellar thickness inereases in a step-wise 

manner with T (2,3). 
c 

The- Immediate purpose of the present paper is to further charac-

tetize the low moleeular weight polyethylene crystals by examining 

their thermal.behavior using differentlal scanning calorimetry. The 

patte~n of the paper ia as fol1ows. First re eonsider the effect of 

the heating rate on the me1ting/dissoluti2 temperature of crystals 

grown from solution at various temperatures. By analyais of the ther-

o 

• 
i 

1 

1 

1 

" " 

: 
l . 
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mograms the melting and dissolution temperatùres of the crystals are 

obtained. The next stage in the paper involves the analysis of melting 

Ir~ 1 

point (T
m

)/dissolut1on temperature (T
d

) and crystal thickness CO 

measurements in order to estimate 'values of the basal surface free 

energies and the equili ~rium ~elting/dissolution temperatures. The , . 
validity of carrying out this analysis by the c1assical method. which 

as sumes a ~nique l1near relation between Tm or T
d 

and Il J. i8 discussed. 

the 

FinalIy. measurements are presented of the enthalpy of fusion of 

low ~olecular weight POI~thYlene crystaIs grown at various tempe-

ratures. F!,om these data information on the structure of the basal 

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

~ q 

was that crystals in the molecular weight range of' 3000 to 4000 exhibit 

a transition frorl extended t~ folded chain growth as the crystalliza-
. 

tion temperature is decreased: 

1 

.. 

, " 

l 
·1 

1 
1 , 
î , 
1 

. " 1 
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EXPERIMENTAL 

The sa ~es used were 11near polyethylenes cover1ng the molecular 

""'" we1ght range rom 1000 to 1l600. Deta11s of the origin and characteri-

zation of the samples have been given in Tab}e 2.1 in Chapter II. The 

solvent used was commercial p-xylene distilled' before use. 
?" 

Crystallization from dilute xylene solutions was carr~ed out 

isothermally over lb.temperature range 35 to 65 0 C for PEIOOO and 65 to 

90° C for the. other f~act1ons. The procedure used was simi1ar to that 

described by Rolland and Lindenmeyer (4). A solution of the polyme~ in 

~ 

xylene was prepared at 110 0 C. A suitable aliquot. of this solution was 

ad~ed with gentle \tirring to an appropriate àmount of pure xylene 
i 

( which had previously been brought to the crystal1ization temperature. 

In this wa,y the time required to establish thermal equili brium was 

minimized a,nd the st1rring was discontinued. The final concentration 

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

\ 
on the supercool1ng. The spspens10n of crystals was fil t ered at the 

~ crystal1ization temperature, washed first with aliquots of fresh xylene 

and then with acetone and dried in vacuo at room temerature. \ 

Thermal measurements of the drfferent fractions were perfgrmed in 

a Perkin-Elmer DifferentiaI Scanning Calorimeter, model DSC-2C. For 

the measurement of melting and dissolution temperatures, approx1mately 

0.1 mg of the dry samp1e was weighed into sealable sample pans using a 

Cahn electrobalance. When dissolution temperatures were to be measured 

an al1quot of xylene was delivered to the "sample pan by microsyringe, 

the sample pan was th en hermetically sealed and weighed to determine 

", 

i 
}1 

t 
1 

! 
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the amount of solvent. The concentrations were in the range 0.4 - 0.5% 

(w/w). It has' been demonstrated in Chapter II that the dissolution 

temperature measured by DSC is essentially !ndêpendent of concentration 

within this concentration range. 

The apparent melting/dissolution temperature was determined from 

the peak temperature of the endotherms. It i8 well known that polymer 

crystals tend to thicken durlng hea~ing and rapid heating rates have 

often been 'used to minim1ze thls effect (5). In the 'present work the 

samp1es vere heated at different rates up to 1600 C/min; the apparent 

melting/disso-lution temperatures were plotted against heating rate and 

extrapo1ated to zero heating rate to obtain the true melting/dissolu-

tion temperature. 

The temperature scale of the calorimeter was cali brated with 

naphthalene (T . - 80.2° C). benzoic ac1d CT - 122.4° C) and indium 
m m 

CT - 156 0 C). Standard corrections vere made for changes in melting 
m 

temperature and thermal resistance as a function of heating rate (6). 

The heats of fusion of the dry crystals were determined from th"e 

ares under the melting endotherm. For these measurements the samp1e 

sizes we~n the range of 0.2 - 0.3 mg. The DSC baseline was stored 

in the calorimeter computer and was subtracted from subsequent rons. 

The value of the heat of fusion vas calibrated with indium heated under 

the same running conditions. Beating 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 sample and ,averaged to obt;tin che heat of 
, 1 

fusion. The precision of the results fro1l1 these r~péated experiments, 

was ± 1 cal/go 1 

\ 
'0 

j 
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RESULTS AND DISCUSSION 

Meltlng and Dissolution Behavior 

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

only a single melting peak is observed. Moreover the melting peak. 

t emperature T increases monotonically with heating rate, s. This i8 
. P 

illustrated in Figure 3.1 for benzoic and adipic acid. The continuou8 

increase in T with heating rate has been explained as due to the ther
p 

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

the crystals (8,9). The true melting temperature T can be obtained by 
m 

extrapolating the curve to zero heating rate. 

When the melting peak temperature of the dry polyethylene single 

crystals 18 plotted agalnst heating rate, the results are quite diffe-

'rent from those of simple substances. As shawn in Figure 3.2 for the 

single crystals of the fractions PE1l600 and PE6750 the fusion curves 

usually shOloT two melting peaks at low heating rates (i. e., below s -

20). At higher heat ing rates the two peaks br~aden and merge to a 

single peak. For the fi r8 t (lOlO' temperature) peak T remains in the 
p 

same position as s increases ... On the other hand, for the second (high 

temperat;ure) peak T first decreases with heating rate, then after 
p 

passing through a minimum it increases monotonically with heating rate 

(Figure 3.3). These results can be interpreted in tenns of partial 

o 
melting followed by recrystallization. Thus the peak at the lower 

temperature represent8 the partial melting of the initially present 

crystals, while the upper peak corresponds to the complete me1ting of 
• 1 11 

recrystalllzed or reorganlzed material. Accordingly, for· these samples 

~ ... 
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the true melting temperature can be obtained by extrapolat1ng the appa-

rent meltlng point of the !irst peak to zero heatlng rate. As men-

t:1 oned above, for the second peak T passes through a minimum and then 
p 

increases with s in the manner characteristic of simple substances. 

Experimental results show that the extrapolated value of the second 

, 
melting peak T

p 
at s - 0 Is within the experim~ntal error equal to Tm 

of the first peak. This suggests that at sufflciently hlgh heat ing 

rates the origin of the second peak changes. No longer does it repre-

sent the melting of recrystallized material; rather, sinee the crystals 

are unable to reorganize in the time Beale of the experiment, it cor-

responds to ze,entropy production meltlng (l0) of the original mate-

rial at the particular heating rate. Accordingly it may be assumed 

that ext rapolation of T of the second peak from higher s values to s .. 
p 

o gi ves the true mel ting point of these fractions. Due t 0 the long 

extrapolation the error in estimat:Lng T in this way ls about :t 1 0 C. 
m 

\ Let us now consider the fractions PE3100 and PE4050. As an exam-

pIe. 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 

thi,s is assigned to the melting of reorganh:ed or recrystall!zed mate-

r4al. This may be compared with the behavior of the higher molecular 

weight fractions for which two peaks appear Even at heat lng rat es 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 

s inee PE3100 and PE4050 are composed only of ext ended. once or twice 

folded chains depending on the crystallization temperature. As the 
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heating rate increases two peaks appear corresponding to partial melt-

ing of the original erystals (lower peak) and complete melting of 

recrystallized material (upper peak). Finally, st the highest heating 

rat es (s ) 80 deg C/min) a single endotherm peak ls again observed 

because suffic1ent time is not avaiIable for reorganizatlon. 'This 

single high temperature peak thus represents zero entropy production 

melting of the original crystals. By plotting T of the high tempera
p 

ture peak against s, the extrapolation procedure described above was 

used to obtain the true meIting point of these sampI es, (Figure 3.5). 

Finally, for the fractions PElOOO and PE2000 the thermograms show 

only one endotherm peak at aIl heating rates. This 18 consistent wlth 

the fact that tnese crystaIs are essentially extended chain structures 

and therefore less susceptib1e to reorganization than the higher mo1e-

cular weight samp1es. As shawn in Figure 3.6, the meltlng peak tempe-

ratures are almost independent of s at the lowest heatlng rates, but at 
., 
higher heating rates T increases with s as for simple substances. 

p 

Thus the true meltleg point could be obtained by the extrapolation 

procedure described before. 

Figure 3.7 shows an example of the thermograms obtained when the 

crystals of the various fractions were heated in the presence of 801-

vent. ln_ aIl cases only a single endotherm peak ls observed. The 

principal effect of the soIvent ls to cause a lowerlng of the meltlng 

temperature. As illustrBted in Figure 3.8, the endotherm peak tempera-

ture increases continuous1y with s. This indi ates that there i8 litt1e 

or no rearrangement or annealing in 18 before dissolution. 
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Melting endotherms obtained at various heating rates s (deg C/min) for 
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Melting peak temperature Tp as a function of heating rate s for cry-
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This observation i8 in agreement with the result8 obtained by Blackad-

der and Schleinitz (11) which ahOli that heating rates of 1 - r C/min 

are hlgh enough to 6uppress the anneal! ng of crystals ln the presence 

of solvent. Extrapol",ation of the curve to 8 - 0 gives the true disao-

lut ion temperature. 

The various values of Tm and T
d 

obtai ned from the fusion and 
, 

dissolution studies are 8ummarlzed in Table 3.1. As expected, the 

values of Tm and T
d 

increase with Tc in parallel with the thicknesB of 

the crystals. 

Surface Free Energies and Equilibrium Mel ting/Dissolution Temperatures 

A widely used method for determing the basal surface free energy 

cr and the equi11 brium melting temperature T 0 of polymer crysta1s ls 
e m 

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

T 
m 

20 
e 

t:Jt f 

(3.1) 

where Ah
f 

i 8 the heat of fusion. per uni t volume of the crystal, Tm 18 

the observed melting point of the crystal, and .i is the crystal ,thick-

ness. Accordingly a plot of T agai nst l/.i should be linear with a. 
m 

slope of 2 cr T 0/ t.h
f 

and an int ercept of T o. Thus if t.h
f 

i8 known, 0e 
e m , m 

can be det ermined. In the case of dissolution experiments T in Equa
m 

tion 3.1 i8 rep1aced by T
d 

a, the equili brium dissolution temperature. 

For high molecular weight polyethylene samples (13,14) Equation' 3.1 i5 

2 
obeyed within the experimental error and a value of C1 -93 ± 8 erg/cm e 

! 
-

'1 
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TABLE 3.1 

Melting/Dissolution Temperature and the Reciproca1 of the Lame1lar * Thickness 
of Polyethylene Single Crystals Grown at Various Temperature~ Tc. , 

T • K . c Tm> K Td • K 1/J. x 103 • A-1 

., 
PE11600 341.46 397.7 369.2 9.372 

347.16 398.4 369.4 8.850 
354.06 400.9 372.1 7.937 
358.06 401.3 372.5 7.246 
365,. 76 405.7 375.6 5.000 

'FE6750 333.26 39I. 7 364.5 9.804 
341.46 391.9 365.6 9.372 
347.:1.6 393.4 366.1 8.850 
354.06 394.4 366.6 7.968 
351.66 395.5 366.7 7.353 
363.06 396.5 369.8 6.061 

PE4050 333.26 388.5 360.2 9.259 
J 

341.16 389.9 36I.5 8.547 
347.16 390.1 361.8 7.752 
351.41 391. 6 363.1 7.246 
353.36 392.4 363.4 6.579 
358.36 393.4 364.1 6.042 

PE3100 333.26 386.8 355.4 8.968 
341.16 387.6 356.9 8.032 
347.66 388.5 357.3 7.090 
353.16 390.4 359.2 6.211 ...... /-

357.46 391.0 359.5 5.236 

PE2000 333.66 382.6 351.0 9.079 
338.16 383.5 352.0 8.130 
342.86 384.0 354.1 7.246 
348.16 386.1 354.4 6.494 
353.36 386.5 359.6 6.154 , 

j , 
PEIOOO 309.46 380.4 ;339.8 10.152 1 

324.36 381.3 341.1 9.390 1 

(" 332.06 383.1 342.9 ~96 
, 

1 

337.76 383.4 345.~ 8511 

* Lamel1ar thickness data have already been presented in Chapter II. 

1 
4.1_ • - . 
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• 18 obtained\ for both driecl single crystals and single crystals in 

xylene suspensions. The value of T • 18 about 1460 C for dried single 
m 

crystals and the equilibr1um dissolution temperature T
d

• 1s 114° C 

(xyl ene). Bair and Salovey (15) have shown that cr 15 approximate1y 
e 

Independent of molecular weight in the moderate to hlgh range. However 

i t 15 known that for law molecular weight samp1es, cr depends upon the 
-e 

2 
chain length and Increases to the- aSYIllptotic value of 93 erg/cm 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. 

Exemples are shown ln Figures 3.9 and 3.10. Linear relat ions were 

obtained for aIl but the two lowest fractions. Adoptlng t.hf .. 2.8 x 

9 3 
10 erg/cm, values of a , T 0 and T

d
o obtained from the plots are 

e m 
,"' 

collected in Table 3.2. Also included in the Table are values of cr 
e 

obtained from the analysis of measurements of 1amellar thickness as a 

1 " 

function of supercoo1ing as described in Chapter II. It ls seen that 

withln the experlmental error the values of cr obtained by the two 
e 

methods are in good agreement but they are somewhat lower than the 
• 

2 
accepted value of 93 erg/cm obtained for high molecular welght sam-

pIes. The differenee 19 undoubtedly caused by the inclusion of chain 

end effects in the effective value of 0 due to the finit.e chain length 
e 

of the samples. It may a1so be noted that cr inereases with molecular 
e . 

we:f.ght over the range encompassed., This behavior 15 expected for these 

low molecular weight samples since cha1~' end eff eets will diminish with 

increaslng 1II01ecular weight; furthermore. ft ImpUes that as the 

e . 
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TABLE 3.2 
~ 

Basal Surface Free Energy a and the Equili~rium Melting/Dissolution Temeprature (T o/T
d

O) Obtained from a Plot 
e m 

of Tm (or Td ) vs. 1/1 

, a , erg cm- 2 - T 0, deg K T
d

o, deg K T 0(",,), T 0( ... ) 
e m 

:tes K d~S K . , 

From From 
• Fraçtion m.elting dissolution Average From From From From 1: From ** From From 

* ** temE' data temE' data ChaEter II ES' 3.1 ChaEter II Eq. 3.~ ChaEter II ES.3.2 ~2 
'> 

PEl1600 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 4Q,-6.8 372.0 371. 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 

" 

* 1 From the analysis of lamellar thiekness as a function of supercooling . . 
** From the direct calorimetrie measurements on macroscopic extended chain crystals. 

, 
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molecular welght increases there are slgnlficant differences in the 

structure of the surface layers of the lamellae. 

Turning DOW to the results for the equilibrium melting and disso-

lution temperatures, ft can be seen from nible 3.2 that the values 

fi 

derived from EquaUon 3.1, are in reasonably good accord w!th the 

directly measured values using extended chain crystals of each fraction 

• as described in Chapter II. It should be emphasized that ln the pre-

sent work the values of the equllibrium 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 surprls1ng that the values are lower than the equi-
-, 

librium melting/dlsso1ution temperatures of polyethylene chalns of 

Infinite length (T
m

O 
- 419 Kj T

d 
0 .. 387 K) as cited above. Buckley and 

Kovacs (l8) have discussed the applicabilfty of Equation 3.1 ta cry-

stals of low molecular weight poly(eth;Ylene oxlde) fractions and have 

shawn that when the effect of finite chain length is taken into consi-

deratioo, the following relation ls valid as a first approximation: 

T 
m - (3.2) 

lIB f 

In this equation, T 0 refers to the equilibrium melting temperature for 
m 

<1 infinite molecular weight polymers and p ls the number of monomer units 

per mol,ecule. According to Equation 3.2 a plot of Tm (or T
d

) versus 

1/1 will give the same value of cr aS Equation 3.1. However, the ordl
e 

nate inter,cept at III - 0 will be less than the true value of T 0 (T 0) m d 

~ 
-~-----_-.. 
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for a chain of Infinite length by the amount of the {ln p)/p terme 

Furthermore, the discrepancy in Tm co (T
d 

0) is predicted to increase with 

decreasing p as observee. It can be seen from Table 3.2, however, that 

the correct values of T 0 (T 0) are not obt ained when the ordinate 
m cl 

intercept ls corrected by adding the (ln p)/p term. To resolve the 

problem a more exact analysis of the melting/disso1ution behavior of 

these low molecular weight polyethylene fractions is requlred, but this 

18 beyond the 8cope 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 crystal1ized isothermal1y from solu-

tion at different temperatures and flltered at the crystallization 

t emperature. In Figure 3.11 the enthalpies of fusion are plotted 

against crystallization temperature. For PE11600 and PE6750 (Figure 

3.11a) ~e resu1ts fall on a c01I!JIlon curve that increases monotonica1ly 

vith temperature in the range inve_stigated. Similar behavior i5 

ob8erved for PE1000 and PE~~~OO ~lth_ough two sepa:rat.e curves are 

obtained. In striking contrast for PE3l00 and PE40S0 the data fall on 

sigmoidal curves as shawn in Figu~e 3.llb. Thus for these fractions ôH 

increases with T slowly at first, then at an accelerating rél,te and 
c 

finally at higher crystal1izatlon temperatures AH reaches a 1eve1 where 

it increases more slowly wlth temperature. Slnce ôH ls proportiona1 to 

the degree of crystallinity which ia very sensitive to morphologi cal 

detail, ft can reasonably be supposed that the sigmoldal curves , 

1 
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Enths.1py of Fusion of 

Fraction T c' 
Oc 

PEl1600 68.3 

74.0 

80.9 

84.9 

92.6 

PE4050 60.1 

68.0 

70.0 

74.0 r 8
•

2 

---~~1 82.2 
85.2 

PE2000 

65.0 .., 
70.4 

75.0 

80.2 

tJl • ca1/g 

52.8 

53.5 

56.7 

58.0 

60.4 

54.8 

55.4 

56.4 

55.9 

59.1 

63.7 

64.7 

63.5 

64.4 

64.9 

65.4 

65.7 
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TABLE 3.3 

Polyethylene Single Crystals 

Fraction T 
c' 

Oc m • cal/g 

PE6150 68.3 53.6 

74.0 56.0 
0 

80.9 57.0 

84.5 58.1 

89.9 59.9 

PE3100 60.1 54.3 

68.0 55.5 

69.8 56.6 

74.0 58.5 

83.2 64.7 

86.9 65.7 

PE1000 36.3 63.0 

51.2 64.2 

58.9 64.7 

64.6 64.9 
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FIGURE 3.11 

(a) Plots of the enthalpy of fusion ~ versus ctysta111zation tempera-

ture TC for fractions PE6750 and PEl1600 crystal11zed from xylene 

solution . 

(b) Plots of the enthalpy of fusion ôH versus crystal1izat1an tempera-

ture TC for fractions PEIOOO, PE2000, 

lized from xylene solution. 
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OPE 11600 
~ PE IU150 
• PE 4050 
Â PE 3100 
DpI: 2000 o PE 1000 

Plots of enthalpy of fusion bH as a funçt10n of reciprocal lamellar 

thickness for various polyethylene fractions crystallized from xylene. 

The slopes of the straight lines for PElOOO and PE2000 are sa close to 
'" 

each other that t within the experimental error, a common line can be 

drawn (broken line). 
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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 examl ned in tenns of 

the molecular nature of the crystals. the measured enthalpy of fusion 

t.H Is related to the surface enthalpy of the cryst aIs q by the follow-
e , 

ing expression which cao be derived from thermodynamio.... principles 

(19,20) 

If{ - 2q / f.: 
u e 

(3.3) 

where t,H ls the heat of fusion per segment for extended chain crystals 
u 

of infinfte molecular we1ght, and ~ is the average number of segments 

in a section of the polymer crain running between the two lamellar 

surfaces and is equal to l/a, where 1 is the lamellar thickness and a -

1.25 A is the projected length of tbe polyethylene monomer unit on the 

crystal c-axis. Thus a plot of t.H egainst 1/1 should be linear with an 

inteJ'cerpt equal to t.H and a slope equal to 2aq . Plots of the data 
u e 

according ta Equation 3.3 are shawn in Figure 3.12 for the various 

fractions. It i8 seen tbat good linear relations are obtained for the 

f~actions PEIOOO, PE2000, PE6750 and PE11600; the points for PE6750 and 

,PEll600 fall on a single line, while PElOOO and PE2000 give a line with 

a dit! erent slope. On the ather hand for PE3l00 and PE4050 the data 

points corresponding to higher values of 1/1 coincide with the line for 

the two highest fractions, while the points correspanding ta the lowest 

values of 1/1 follow a different linear relationship with a slope 
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Intermedlate between that of the hlghest and lowest fractlons. For al1 

the lines the Intercept corresponding to 1/1 - 0 18 69.6 cal/g which 

agree8 weIl with the value of 68.6 cal/g expected for ha for polyethy-
• u ( 

lene (21). From the slopes of the plots, the values of the surf ace 

enthalpies qe were calculated. Then combining these values w!th the 

known surf ace free energies ° , the values of the surface ent ropies s 
e e 

were calculated at T .. 400 K in accordance with the weIl knovn relation 

0e '" qe - Ts
e

• The results are given in Table 3.4. It Is interesting 

to compare the magnitudes of the observed surface enthalpies and entro-

pies 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 
e 

f old sand s - 39 ± 5 eu/mol of foids at T • 400 K. The experimentsl 
e 

values found for the present low molecular loIeight fractions are thus 

abnormally low, most probably because of chain end effects. 

ln order to int erpret these resul ts ln terms of the molecular 

nature of the crystals we IWst consider how the number of stems per 

molecule v {i.e., the ratio of extended chain lên~th to lamellar thick-, ( 
ness) varies with the temperature of crystallization for the various " 

fractions. The relevant data are derived from measurements described 

in Chapter II. 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 surf ace free 

entha1py of these crystals thus represents the entha1py of a surface 

with only chain ends and ci lia. Larger q values wou1d suggest the 
e 

existence of folds, chain ends and possibly surface roughness. 

-----" .. ...-
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TABLE 3.4 

Surface Enthalpy and Entropy of the Polyethylene Single Crystals 

Surface Enthalpy Surface Entropy 

Fraction qe' K cal/mol of folds Se' eu/mol- Qf segment 

PEl1600 9.4 15.7 

PE6750 9.4 16.8 

PE4050 9.4 17.3 
(high supercoo11ng) 

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 

{ PElOOO 3.4 5.7 

(. 

( 
- 1 

J 



1 

( 

( 

- 128 -

Crystals of PE3l00 and PE4050 grown in the high supercooling 
;1 

range (i.e., with larger values of Ilx) have the same surface enthalpy 

as crystals of PE6750 and PElI600, which are at Ieast t~ice folded over 

the range of crystallization temperatures studied. Lamellar thickness 

data for PE3IOO and PE4050 crystals grown in this temperature range 

also indicate that the polymer chains are at least once folded. From 

t 
these ft must be concluded that the structure of the interfacial ... 
regions of these crystals must be similar. The picture that emerges is 

that these crystals are compose<! princfpally of folded chains but 

becaus~ of the low values of 0 and q they must also have a substan-
e e 

tial amount of chain ends in ther interfacial reglons. 

For PE3100 and PE4050 the crystals grown at lower supercoollngs 

(i.e., with lower values of Ill) have a surface enthalpy that Is larger 

than that of extended chain crystals but considerably lower than that 

of folded chain crystals. This ls consistent with the fact that the 

correspond ing average values of v (the average stem length per mole-

cule) are about 1.S 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 ft May be inferred that for the fractions PE3100 and 

PE4050 the sigmoidal shape of the ~H versus T plots indicates a tran
c 

sition from folded chain to extended chain crystals as T increases. 
c 

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

obtained from growth data. 

f 
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CONCLUSIONS 

6 
The magnitude of the surface free energy cr of polymer single 

e 

crystals 18 an important indicator of the structure of the interfacial 

re~ions. The present work has shawn that for low molecular weight 

solution grown polyethylene single crystals the value of 0 , obtained 
e 

from plots of melting/dissolution temperatures against the reciprocal 

" of the Iamellar thickness, are in good agreement with those prevlously 

derlved from an analysis of measurements of lamellar thickness as a 

function of undercooling. The values obtained increase with molecular 

weight and lie in the range of 40 - 60 erg/cm2 for the molecular 

weights from 3100 ta 11600. By comparison with the value of 93 erg/cm2 

expected for high molecular weight sampIes, which are essentially free 

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

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

Values of the equilibrium melting/dissolution temperatures 

obtai ned from the intercept of the Tm or T
d 

versus l/.R. plots are in 

good agreement with those obtained from direct measurements on macro-

scopie extended chain crystals of each ftaction. These equilibrium ..... 

melting/dissolution temperatures correspond ta the values for polymer 
~ 

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

t 1 

the temperatures from whicb to measure the supercooling when analyzing 

kinetic data. 

The enthalpies of fusion increase monotonlcally wlth 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 sample& w1 th molecular 

weights ln the range of 3000 to 4000. the increase in the enthalpy of 

fusion follows a sigmoidal patter!l. From this observation it is sug-

gested that~s molecular weight range there ls a transition in the 

structure of the interfacial regions of the crystals as the crystalli-

zation t,mperature increases. It i& proposed that this change 1nlf 

interfac1al structure involves a transition trom extended to folded 

chain growth as T decreases. If this Interpretation i8 correct ft is 
c 

ant1cipated that evidence for such a transition should also be found in 

growth rate data. This w111 be discussed in Chapter IV. 

" 

1 
< g 
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CHAPTER IV 

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 solution 

uslng the s~lf-se ding technique. 
, 

Growth rates of the crystals were 

measured as a fun tion of solution concent ration, molecular wéight, and 

temperature of cr stallization. The growth rates were found to be 

proportional to the concentration rBised tto a power less than unlty. 

The variation of the concentration exponent with crystall1zation tempe-
, 

rature and molecular weight is discussed qualitatively in terms of a 

dllute solution theory of polymer crystal growth, proposed by Sanchez 

and DiMarzio, in which ft is considered that the secondary nuc1eatioo 

required for continuee! growth may involve ciHI\ as weIl as solution 
> 

molecules. 

The most interest.ing results concern the temperat'bre variation of 

the growth rates. For the higher molecular weight fractions the growth 

rate decreases monotonically with the crystallization temperature. ln 

contraat for fraètions 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 grow,th rates changes disconti-

nuously. This behavior Is int erpret ed to meao that the t r ans it 100 

temperatures correspond to changes in the conformation of the chains 

deposited on the growth faces. Thus above and below the transition, 

the 'crystais are composed of n-times and (n + l)-times folded chains, 
r 

( .~r .. 
;t-

resp.ectively. This interpretation of the growth transitions is 

f 

r / 
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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~ chain 

ends are preferentially rejected to the exterior of the lamellae. 

ln a~cordance with the kinetic theory of p-01ymer crystal growth 

based on coherent surface nucleation, the growth rate data for the four 

fractions vere analyzed by plotting log G versus 1/T6T, where G 1s the 

growth rate, T 18 the crysta1l1zatlon temperaturJ and /).T 18 the super-

cooling. Values of the basal 8urf ace free energies obta1ned from the 

analysis are discussed in relation to the molecular structure of the 

crystals . 

" 
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INTRODUCTION 

Flexible macromolecules ~ith a sufficiently regul~r {tructure 

characteristically crystallize from dilute supersaturate~tions or 

f rom the melt in the form of thin lamellae. Since the chains are nor-

mal to the plane of the Iamellae and the chain length greatly exceeds 

the lamellar thickness it has been proposed that ,the' chains III.Jst fold 

on themselves Many times (1) • 

For most polymers it has been observed that the lamellar thick-

ness generally increases monotonlcally with the temperature of crystal-

1 izat i on T 80 that the mean number of folds per chain decreases as T 
c c 

lncreases (2). This abservat ion forms the basis far oost theoretieal 

analyses of the chain falding problem. Several kinetic theories have 

been advanced ta account for the chain falding phenomenon (3-12). 

These theories are usually based on a modification of coherent nuclea-

tian theory and prediet the rate of growth and lamellar thickness as a 

function of the supercoal1ng 6T. The theories' generally Imply sharp 

molecular falds with ad jacent re-ent ryj 1t is assumed that the fald 

~ 

length and hence the crystal thickness is equal to the cri ticai nucleus 

size and is therefore determined by the interfacial energies and the 

bulk free energy of crystallization. The theories have been remarkably 

successful and pravide an excellent fit of the e:xperimental data 

(11,13). 

These conclusions are vaUd for polymers of sufficiently high 

molecular ,weight that the chain length greatly e:xceeds the lamellar 

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

1 
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whose length i8 of 'the s'ame arder of magnitude a8 the lamellar thiclt-

ness. A particularly intere8ting case in point is the behavior of low 

molecular weight fractions of hydroxyl terminated poly(ethylene oxide). 

FQ'l' these fractions the increase of lamellar thickness with T occurs 
c 

in a discontinuous or step-wise manner and the lameliar thickness 

assumes discrete values which are whole number DIlltiples of the length 

of the chain (14-16). This step-wise variation of the lamellar thick-

ness is due to the local1zatian of the chain ends in the Iamellar sur-

f ace as a result of hydrogen bonding between the end groups. 

Kovacs and Gonthier (17) have measured the isothermal growth 

rates of hydroxyl terminated po1y(ethylene oxide) single crystais from 

th-e' meit using low mo1ecular welght fractions. Their results show 

abrupt variations in the temperatut'e coefficient of the growth rate 

corresponding to sudden changes in the number of foida per moiecuie and 

therefore of the 1amellar thickness. Application of klnetic theories 

to the ogrowth rates and lamellar thlckness of these low molecular 

weight poly(ethylene oxide) fractions; has revealed a series of funda-

mental inconsistenc1es contradicting the model of coherent surface 

nuc1eation resuiting in a sequentlal deposition of chain segments of 

fixed length (18). In particular it was found that the Iatera! surface 

free energy (<1) appea'1s to vary as the inverse of the lamellar thick-

ness instead of remaining invariant as required by the theoretical 

model. 

The work of Knvacs et al invites the question whether the 

obsetved phenomena are generaI or arise from end group pairing in the 
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special case of hydroxyl terminated pol'y(ethylene oxlde). It therefore 

seems of obvious lnterest ta 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 falding phenomenon by studying the 

growth rates of polyethylene single erystals from solution as a func-

tion of molecular we1ght, crystall1zatlon te~perature and solution 

concentration. Sharp molecular fraet ions have been used covering the 

ran~e from 3000 ta 11000. In this range the transition from extended 

to folded chain crystallization should be observable. Solution growth 

has permitted a wider range of supercoolings to be encompassed than 

would be possible in crystallization from the melt. The r~sults have 

~een analyzed in combination with data on the equllibrium dissolution 

It 

temperature of the fractions and the temperature variation of 

lamella~ thiekness as presented ln Chapters II and III. 

Finally 1t may be noted that several authors have previously 

studled the grow'th rates of single erystals from solution. Rolland and 

Lindenmeyer (18) found that the growth rate of single erystals 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 gr~th rates of polyethylene 

single erystals from xylene 15 proportional to the concentration raised 
o 

~ ta a power less than unit y, and Johpson and Lehmann (23) found a simi-

t lar conc'entration exponent for poly-3,3-bls(chloromethyl )-oxetane 

( (PENTON) crystall1zed from m-xyl ene. In aIl of these cases the molecu-
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lar we1ghta of the samples vere in excess of 10000. As indIcat ed 

above. the present work covera a lover range of molecular weights. 

EXPERIMENTAL 

The samples were the same low molecular we1ght l1near polyethy-

• 
lene fractions used in the previous work (Chapters Il and III). The 

molecular weights. polydispersities and equllibrium dissolution tempe-

rat ure s T d 0 are l i 8 t ed i n T 8 b le" . 1 • The sol vent was commercial p-

xylene dlstilled before use • . 

Table 4.1 

Characteristics of the Polyethylene Fractions 

. -;: 

V~ T
d 

0» l Fractions Mw M" deg K T • deg K 
~ s , 
, 

PE1l600 11600 11600 1.11 382.0 369.7 

PE6750 6750 6100 1.10 1- 376.8 368.4 

PE4050 4050 3900 1.04 371.'; 367.6 

PE3100 3100 2900 1.07 367.4 365.9 

Solutions of the desired concentration (u5uaUy about 0.1%; w/w) 

were prepared by mixing carefully we1ghed amounts of polymer and 501-

vent and refluxing under nitrogen for 15 minutes. The solutions w-eTe 
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crystall1zed at 75° C and then cooled to room temperature. These cry-

stal suspensions were used as stock sl!JDples in the crys,tallization 

kineti'cs experiments. 

The self-6eeding method (24,25) was used to initiate crystal 

growth at the desired temperature and concentration. Approximat ely 

5 mL of the crystal suspension, contained in a test tube equipped with 

" 
a ground glass stopper, was immersed in an oil bath at 75° C. The 

temperature was increased to some value T at a rate of 8 deg C/min and 
s 

held at this temperature for 30 min. T is the temperature at which 
s 

only the crystal nuclei remain in suspension. The sample tube contain-

ing the nuc1ei was transf erred to a thermostat at the desired crystal-

lization temperature T and a suitable amount of pure solvent, previ
c 

ously equili brated at T , was immediately added with gentle stirring. 
c 

In this way thermal equllibrium 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 a11 the 

crystals had reached the same size. Measurement of about a dozen cry-

stals at each sampl1ng time during the growth indicated that the indi-

vidual measurements were within 1% of the average. As found previously 

by Rolland and Lindenmeyer (19) and Blundell and Keller (26) the growth 

of the crystals was initia11y l1near and then falls off as the polymer 

beeomes depleted. The measurement of the ini t i al growth rat e i6 of 

particular interest sinee it is re1ated to the initial concentration. 

The T
s 

value has a direct infl1j.ence on the duration of the linear 

growth phase. 
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At a low T more nuelei will exist and the pol ymer molecules in 
s 

solution will b, eonsumed more rapidly during the crystall1zation pro

cess. Thus the duration of the l1near growth phase will be shorter. 

Ideally, a low density of nuclei should be used so that constant growth 

rate can be malntained over a long periode Howe/er, a compromise was 

sought in order to obtain a suitable number of crystals on sampl1ng the 

preparat i on for eIect ron mi croscopy. Values of T were chosen' such 
s 

that the growth rate was linear during the initial 1000 nm of growth as 

measured from the center of a crystal ta any {110} face. The T values 
s 

" used for eaeh fraction in the present work are l1sted in Table 4.1. 

The crystal population was sampIed at any required stage of 

growth using the method deseribed by Blende!1 and Keller (26). Using 8. 

1 

pre-heated micropipette., a few drops were transferred from the erysta!-

lizing solution to a test tube eontainins pure solvent at a lower tem-

perature T
e2

• At this stage, the solutions contained seH-seeded cr~

staIs grown to a certain size and the remaining unerystall1zed polymer. 

On quenehing into pure soIvent at a lower temperature T
e2

, the crystals 

continued ~o grow at a lower rate and with a thickness appropriate to 

crystallization at the lower temperature. Thus a diseontinuous down-

ward step on the crystal surface was formed and this deUned the size 

of the erystals at the time of sampl1ng. The aetual observation of the 

growth rates were made from measurements ln the elect~on microscope 

after depositing drops of the crystal suspension on specimen gtids and 

\ 
shadowing with platinum. The linear crystal dimensions, as measured 

, 

from the center of a crystal up to the step on a {iIot-gJ.O.Qwth face, , i 

1-
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were plotted agalnst the crystall1zation Ume. Linear growth with time, . 

during the initIal stages of growth, wa~bserved in most cases. For 

very rapid crystallizatlon 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 
t 

which was studied as a function of crystal1ization temperature J solu-

tion concentration and moleeular weight. 
, 

The queneh temperature T
e2 

was malnly determined by the moleeular 

weight of the sample. ldeally, the lowest praetieal queneh temperature 

should be used ainee the larger the dlfferenee of the lame!lar thick-

ness eharacteristic of the two temperatures Tc and Tc2 ' the more clear 

and easily observed the step will be. Too low values of T
c2 

give rise 

to the formation of undesirable 1IJJltilayer crystals. For the fractions 

PE11600 and PE6750, it was found that simple monolayer growth oceurred 

when 60° C ( T
e2 

( 70° C. For the fractions PE4050 and PE3100, T
eZ 

Was 

eonveniently set at 50° C for monolayer growth. 

The measurement of the size of a glven crystal could be made 

within 2% from calibrated electron micrograp~s. On considering other 

possible sources of error, sueh as fluctuations in the temperature" of 

the oil baths used for crystallization and the precision of the timing 

of the cr)l'stal sampling, it ls estimated that the uncertainty in the 

grdWth rates ls about ± 3%.. 
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RESULTS AND DISCUSSION 

Concentration and Molecular We1ght Dependence of the Growth Rate 

Growth rate data for the ~our fractions studied are shawn in 

Tables 4.2 oto 4.5 as a function of solution conêentration and crystal-

l ization temperature. It has previously been shawn (21 .• 22) that the 

concentration dependence of the growth rate may be described by the 

relation 

where G i8 the grOMth rate, C i8 the concentration and a is a constant, 

hereafter ref erred to as the concentration exponent. In the present 

work a pronounced concentration dependence "as observed in a11 cases. 

As seen in Figure 4.1 for the higher mo1ecu1ar weight fractions 

(PE1l600 and PE6~50), logarithmic plots of ,grawth rate against concen-

tration sheN a good linear relationship oyer the entl re concentration 

range investigated. Thus for these cas~s a reliable value of a can 

readlly be derived. On the other hand for the l~er molecular weight 

fractions (PE4~50 and PE3l00), the plots aie curved indicating that the 

concentration exponent is not a constant if the whole concentration 

range Is co~sldered (Figuré 4.2). Nevertheless, if we choose to ignore 

the point at the highe8t concent ration a straight Une can readlly be 

drawn through the remaining points. Values of the con~ration expo-
d 

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 {1~0} Faces of 
, 

Polyethylene Single Crystals 

'ia from Xylene Solution.' Fraction PE3l00 
1 

Conen: 0.05 wt% CODen: 0.01 wt% Canen: 0.005 wt% Conen: 0.001 wt% 

T G T G T G T G 
e e e e 

± 0.01° C (nm/sec) ± 0.01° C (nm/sec) ± 0.01° C (nm/sec) ± 0.01° C (nm/sëc) 

70.45 7.67 68.90 5.77 68.90 3.93 70.45 1.06 

72.93 6.53 70.45 5.ll 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 74.95 1.27 76.10 0.56 
(J 

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 , 
! 

" 1 
85.00 0.36 81.00 Q.7I 80.30 0.54 83.00 0.17 

') 

86.25 0.18 82.40 0.54 p 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 

86.25 0.13 87.70 0.03 

67.70 0.06 

1· 
(i 

~ 
~ • 1 

i ~ 

. ~ 
~ 

l 
, 

~ ..... ~-- ..... -----.. . ---' yi -. __ .d .... ~~"......,~~ .. ....... : ...... ~ - J 
~_~L_ ~ ~_ ~_ _ _ 
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TABLE 4.3 

Growth Rate Data for the {no} Faces of Polyethylene Single Crystals 
" '-r 
" ~, 

frOlll XIlene Solution. Fraction PE4050 J " . - 1 , 
! ! Conen: 0.05 wt% ConeD: 0.01 wt% Concn: 0.005 wt% CODcn: 0.001 wt% 

j ! 

t T G T G T G T 
~1 

G 
c e e c 

± 0.01 0 C (nm/sec) ± 0.01 0 C (nm/sec) ± 0.01 0 C (nm/see) ± 0.01 0 C (nm/see) 1 
! 

70.85 9.93 68.90 6.04 68.90 4.43 69.10 1.21 , 
~ 1 

73.40 6.67 69.90 5.80 69.10 4.29 71.00 1.16 

74.85 5.4~ 70.85 4.~2 70.85 3.63 73.40 0.82 

77 .00 3.21 72.10 4.80 7~06 2.71 75.00 0.58 

f 77.50 2.91
1 

74.00 3.01 75.00 1.52 77 ;00 0.30 
~ 
1 

78.05 2.18 74.85 2.57 76.00 1.17 77.60 0.30 ~ 
\ 
'-

t . 78.90 1.93 77 .00 1.42 77 .00 1.13 78.90 0.22 
é a i 80.00 1.88 77.70 1.28 78.40 0.70 80.00 0.21 i 

il 
81.60 1.26 78.05 0.97 78.90 0.67 81.60 0.16 i; 

>-

'- 82.00 k 1.22 78.90 0.86 80.30 0.57 82.00 0.13 
~4 
'r 
II 83.00 0;7~ 8'0.00 0.79 81.60 0.41 82.95 0.12 p 

'" r 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 .86.10 0.03 .... 

.... 
86.10 0.24 82.40 0.59 84.10 0.17 

" 88.00 0.07 85.00 0.26 85.00 0.13 
~' 

~ , 

J" p 86.70 O.p 86.70 0.06 , 

l, 87.70 0.05 87.70 0.03 , 
p 1 .,. 

~ (} 
i;l "'/ 

• - .<J" 

'i J 

~~_-, -. -~ ____ -~ __ ~~. -~, -_-•••• ,.!-~ .. J. J.WSVP 
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TABLE 4.4 

Growth Rate Data fot the {110} Faces of Polyethylene Single Crysta1s 

from Xllene Solution· Fraction PE6750 

Conen: 0.05 wt% Concn: 0.01 wt% Conen: 0.001 wt% 

T G G G 
e 

:t 0.01° C (nm/sec) (nm/sec) (nm/sec) 

1 
,. 

75.50 21.60 1l.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 
,r 

86.00 0.25 0.13 0.05 

88.10 ~'1, 
~l 0.07 0.04 0.02 

-. 
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TABLE 4.5 

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

trom Xylene Solution. Fraction PEl1600 

Conen: 0.05 wt% Conen: 0.01 wt% Conen: 0.001 wt% 

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 N 1. 71 

81.40 7.17 2.83 1.19 

83.00 4.01 l.82 0.61 

86.00 0.99 0.42 0.17 

-< 87.40 0.38 

,- 88.00 0.24 0.10 0.04 
~, 

;{ 89.10 0.07 
~. 

" 
0.03 

• 

..... 
r~> 

, 
'/ " 

~, Cl N' 

t 
~ 

" , 

1 
il 
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TABLE 4.6 

Values of the Concentration Exponent a as a Funct10n of 

PE3100 

0.652 

0.634 

0.612 

0.571 

0.552 

0.522 

0.506 

0.457 

0.413 

Crystallization Temperature T 
c 

a for fraction 

PE4050 PE6750 

0.673 
, 

0.673 

0.669 

0.650 0.503 

0.625 0.554 

0.621 0.602 

0.611 0.605 

0.604 0.575 

0.544 0.493 

.. 

\ 

.. 

-' 

J ,p , 

PE1l600 

0.348 

0.417 

0.471 

0.474 

0.452 

0.443 

1 

1 
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employed fractional order growth kinetiçs is observed, the values of a 

being in the range 0.3 to 0.7. 

As illustrated in Figure 4.3 the variation of a with crystalliza-

tion temperature depends upon the molecu1ar weight of the samp1e. For 

molecular welghts of 3100 and 4050, a decreases monotonically vith 

increasing crystallization temperature. On the other liand for the 

samples with mo1ecular weights of 6750 and ll600, a tirst increases 

with crystallization temperature, th en it passes through a maximum and 

d ecreases. These observations may be compared with earlier work (22) 

using polyethylene samples with molecu1ar weights in the range 15700 to 

450000 where the value of a was found to increase with crystal1ization 
1. 

t emperature for a11 but the sample of highest mo1ecular weight for 

which a remained essentially constant. 

When conside-&.ng the values obtained for a with the different 

fractions at fixed crystallization temperature it was seen that a first 

i ncreases and passes through a maximum as the molecu1ar weight increa-

ses (Figure 4.4). By contrast, it has,prev,iously been shawn experimen-

tally that for high molecular weight samples a decreases with increas-

ing mo1ecu1ar we!ght (22). 

The various trends ln the concentration dependence of the growth 

rate as described above can be qualitatively discussed in relation to a 

dllute solution theory of polymer crystal growth proposed by Sanchez 
'" 

and DiMarzio (12). The theory predicts the effects of molecular 

weight, solution concentration, and crystall1zation temparature on the 

growth rate of single crystals from solution. It 18 eonsidered that 
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the secondary nucleation required for continued growth of a crystal may 

involve cilla as weIl as solution molecules. 

Cilia are the dang'ling ends of molecules that are partially 

Incorporated Into the crystal lattice. They are generated in the 

course of crystal growth in the followlng manner. When the first seg~ 

ments are attached to a growing strip at some arbitra.ry position along 

the chaln, the two ends of the molecule are left dangling ln solution. 

If nOW the longer chain portion _ Is incorporated lnto the lattice by 

chain folding, the shorter portion will be Ieft dangllng in solution as 

a permanent cllium. Sanchez and DIMarzl0 proposed that these cl1ia can 

participate in nucleating B new growth strip (foid plane) on the cry-

stal surface by a kind of "self nucleatloo" mechanlsm. 

The theory makes the followlng predictions. For high molecular 

weights, if cilia nucleation Is the only means of propagating the 

.growth of the ct;"ystal the concentration exponent a K 0 and the nuclea-

c 
tlon rate S ls independent of concentration. For 10'10' molecular 

welghts SC ls proportional to/concentration ralsed to a power less than 

unlty. On the other hand, when nucleation by solution molecules is thé 

s 
801 e mechanism, the nucleation rate S 15 proportiona1 to the concen-

} 

tration raised to the first power, except at very 1010' molecular welght 

" when the concentration exponent tends to exceed unlty. Usually the 

secondary nucleation is a mixed process involving both cilla and 801u-

tion molecu1e nucleation, hence a will be between unit y and zero. The 

theory further predicts that fot cUia nucleation a should increase b 

vith increasing T at fixed molecular weight or decrease vith molecular 
c 

Weig~ at fixed Tc' 
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The observed trends :ln Cl are more complex than the theoretical 

predictions and detalled analysis and explanation te not possible 

because the theory, although derived for finite mo1ecu1ar weights, 

breaks down when app11ed to the very low molecular weight samples ueed 

in the present woik. For samp1es PE6750 and PE11600 the observed ini-

tia1 increase of ~ with T 
c 

.... 
as shawn in Figure 4.3 is in harmony with 

the theoretica1 prediction for cilia nucleation. As discussed Dy 

Sanchez and DiMarz10 (12) the reason why the concentration dependence 

of SC tends to :lncrease with T can be understood on physical grounds 
c 

as follows. With 1ncreasing T the lamellar thickness increases and 
c. 

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 molecules trom 

solution are required to stabl11ze thé nucleus. Sioce the av~ilability 

of solution molecules for stabilizat ion depends 00 the concentration of 

the polymer solution, the cone,entration dependence tends to increase. 

Proceeding further vith the discussion of the data in Figure 4.3 

it is reasonable to Interpre~ the maximum in the Cl versus T plots for 
c 

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

propagation opposes cilia nucleation and event~ally supervene~. It is 

tempting to suggest that the opposing mechanism ls nucleation by poly-

mer molecules in solution but this cannot be the correct exp1anation 

sinee in that case the value of a sho~ld remUn close to unity. For 

fractions PE3100 and PE4050. for which a deçreases monotonically with 
> ,- f., • 

\li , 

T • ft seems qulte safe to conclude that the crystallizat10n process 
c 

"-
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should be entirely different from a c111a nucleat10n mechanlsm. In 

fact, whatever the detalled mechanism may be, the behavior of these 

fractions seems to be similar to that of tractions PE6750 and PE1l600 

at temperatures above the maximum. , 
Finally, the variation of a with molecular welght (Figure 4.4) 

seems to show very clearly that the mechanism of 'crystal growth changes 
~ 

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

decreases with moleeular weight, i8 predicted by the theory of Sanchez 

and DiMarzio for a cilia nucleation mechanlsm. At low molecular 

welghts the observed increase in a with molecular welght strongly sug-. 
gests the operation of a different mecha.nism in that range. 

The variation of growth rate with molecular weight is shawn in 

Figure 4.5 for various crystallization temperatures. and concentrations. 

The characteristlc feature of these isotherms ls that as the moleculat 

welght increases the growth rate passes througlt a minimum a~d then 

increases sharply. The 'increase in growth rate with molecular weight 

at higher molecular weights lB in agreement with the observations of , 
J aekson and Mandelkern (28) and Blundell and Keller (6) who found that 

j 

higher molecular weight fractions crystallize faster t,han low molecular 

veight fractions. 
,if' 

.JI 

This effect can readily be explained in terms of the 

intrease in supercooling (âT - T
d 

0 - Tc) wlth molecular welght, sinee 

the growth rate 18 proportionaf to exp(-K /âT), where K 15 tbe nuclea-
g g 

tion parameter (10). and the equllibrium dissolution temperature T
d 

0 

increases vith molecular weight. 

The existence of a minimum ln the growth rate/molecular weight 
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Isotherms has not previously been reported, presumably because measure-

menta were not made at sufficiently low molecular weights. A detailed 

Interpretation of this phenomenon i8 not possible at present, but tbe 

general shape of the isotherms seems to be ~on8i8tent with tbe sugges-

tion made above that the mechanlsm of crystal growth changes at tbe 

molecular weight corr~sponding~o the minimum ln the isotberms. 

Temperature Variation of the Growtb Rates 

Figures 4.6 and 4.7 show growth rate data as a functlon of cry-

stallIzation temperat1,lre for the fractions PE4050 and PE11600. For 

,PE11600 the growth rate decreases monotonically with the temperature of 

crystallization T. This behavior ls typical of high molecular weigbt 
c 

melt crystallized polyethyl'ene samples (10). Simllar results were 

obtalned with PE6750. ln contrast, for fractions PE~lOO and PE4050 the 

grCMtb curves shaw a notched appearance ln whlch two branches can be 

", 

distinguished. These branches appear to intersect at a deflnlte tempe-

* ratur~ T (78 0 C for PE4050 and 74 0 C for PE3l00) where tbe temperature 

coefficient of the growth rate d(log G)/dT changes discontinuously witb , 

* \ T. For a fixed moleculat' we1gbt the transitIon temperature T seems c 

to be independent of the concentration of the polymer solution. : 

The results obtained with the lower molecular weight fractions 

are strikingly similar to the behavior exhiQited by low molec1,l1ar 

weight melt crystallized ftactions of pp)y(ethylene oxide) as studied .; 

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

considered to correspond to changes in the of tl}~ chains 
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deposited on the growing faces. Thus above the transition telllPeratureW 

grCMth proceeds by deposition of n-times folded chains t .whereas below 

the transition temperature, growth consists of the deposition of (n + 

1 )-times folded chains. This interpretation followed logically trom 
.Ij , 

the observation that the lamellar thickness shows a quantized change at 

the transition temperature. 

~'" In the case of the polyethylene samples studied in the present 

work the interpretation of the apparent transition temperaturea ia not 

as strai,ghtforward as for poly(ethyleJ;Je oxide) ,because the lamellar 

thickness apparently increases continuously Jo'.ith T 8S demonstratee:! in 
C • <, , 

Chapter II.' Nevertheless. there are two lines of evidence suggesting 

1 
that, as in the case 'of poly(ethylene oXide) - transition tempera-

1 ~ 

tures correspond to changes in the conforma the 1IIOlecules depo-

) 

\) sited on the growth faces. 
< 

First, as described in Chapt,er III. the temperature variation of 

• 
the heat of fusion follows a sigmoidal pattern for lSamples with molecu-

lar weights in the range of 3000 to 4000. This has been intetpretee:! to 

mean that there is a cJnge in the structure of the interf acial regions 

of the crystals as T decreases, corresponding to a transition from 
c 

extended to folded chain growth. The second !ine ~t evidence in sup-

port of the proposed Interpretation of the apparent grCNth transitions 

comes from 'an, examinatlon of the morphology of crystals of PE3100 grown 

at various temperatures, and filtered and washed with pure sol vent at 

the crystal1:.lzation temperature. As illustrated in Figure 4.8 the 

crystals gr<*n at' high supercooling below the transition temperature 
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exhlbit sectorlzation whlch 18 an lnherent consequence of chain fold-

i ng. On the other hand, crystals grown at low 8upercooling above tran-

sition temperature are not sectorized, indicating that they are princ1-

pally composed of extended chains. Clear1y there IIUst be a temp~rature 

at which there is a transformation from one form of growth to the 

other. 

Havi ng pres ent ed evidence in support of the interpret at ion that 

the growth transitions correspond to changes~in the conformation of the 

molecu1es 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 CO descri bed in Chapter II together with the known 

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

d ily estimat ed as v • L/1. It turns out that the number of stems per 

molecu1e increases as T decreases and the transition temperatures 
c 

observed in the growth cui'ves for FE3IOO 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 th.e crystal 

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

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

change from once fo1ded to extended chain growth for PE3IOO and from 

twice folded to once foided chain growth for PE405Q,. It 18, however, 

.important to emphasize that the val1dity of this interpretation depends 

on what happens to the chain ends during crys,tal growth. Three models 

of the crystallization process can be envisaged t viz:~ (a) chain ·ends 
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FIGURE 4.8 

Bright field (left) and dark field (right) electron micrographs of 

" single crystals of PE3100 grown from d!lute xylene solution and fil-
e 

tered from solution at the crystallization temperature which i6 81 0 C 

in (a) and 55 D C in (b). The crystals in (a) 'are typical of those 

grOiin above the growth transition temperature (74 0 C) and are not sec-

torized, indicating they are composed of extended chains. The crystals 

in (b) are typica1 of those grown below the growth transition tempera-

ture and exhibit the characteristic sectorlzatlon which 18 an inherent 

consequence of chain folding. The dark field micrographs were taken 

uBing a {no} reflecti,on. Bar lines represent 1 IJDI. 
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localized on the surface of the lamellae, (h) chain ends rejec~ed te) 

the exterior of the lamellee as cilia and (c) chain .ends incorporated 

with1n the crystal lattice. According to the proposed Interpretation 

of the growth transitions, model (a) would requlre a step-wise change 

ln lamellar thlckness as T increases in contrast to the observed conti
e 

nuous increase. For mode! (c) as pointed out by Sanchez and DiMarzio 

(12) the surface energry product GO would tend to increase with 
e 

decreasing molecular weight which i6 t~opp06ite of what is observed. 

According to model (b) ft can .be assllaed that fractional stems are 

, 
rejected from the crystal lattice as cilia. In this caae it 1s evident 

t hat as T decreases the pendant cilia would become longer and follow
c 

-ing Hoffman et al (10) ft ean be postulated that when the length of the 

ciliull becomes equal to the lamellar thicknes8 a fold will appear. In 

this process the temperature variation of the Iamellar thickness would 

be expected to be continuous. Thus according to this lIIodel a quan~1zed 

change in the conformation of the molecules deposited on The growth , 

• 
faces can occur even though the lamellar thickness changes continuously 

wi th temperature. 
,. 

In concluding this sect ion it may be of interest to not e that 

growth transitions of the type described above have not previously been 

observed in studies of the growtb kinetics of low molecular weight 

polyethylene samples. ,Hoff man et al (l0) and Labaig (27) have measured 

the grawth rates of polyethylene fractions crystallized from the melt 

covering the molecular weight range trom 3600, to 17000. The results 

show that log G decreases monotonically with temperature over the range 

\' 

------- --~ -;-:----.- ~ --..... ";: .. ~ 

-



l 

(: 

,~ 166 

of T explored. The fsilure to observe the grOlolth transitions in these 
c 

experll1Jent~s ls presumably related to the relatlvely low supercool1ngs 

acceulble ln melt crystal11zatlon as compa}'ed to crystallization from 

solution. In the vork of Hoffman et al for the fraction vith a molecu-

'" lar welght of 3600 the maximum supercooling was 15.4 0 C, whereas in our 

experiments with the fraction of 'inolecular weight 3100 the transition 

temperature occurs at a supercooling of slJout 20· C. 

Basal Surface Free Energies 

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

basal surface free energies for the crysta1s of the' various fractions. 

The kinetlc theory of nuc1eat10n controlled grOlolth of po1ymer crystals 

with infinitely long folded chains leads to Fhe following expression 

for the grOlolth rate G (l0). r 

* G - G exp(-_ IkT) exp[-K /T(6T)fl 
o g 

(4.1) 

* where liB is the ~ivation eneJ,"gy for transport of chain segments to 

the ~rystal-solution interface, G contains factors not stronsly depen-
o. ~ 

dent on te1llperature J T is the cryst~llization temperature, I::.T fa the' 

-
supercooling T

d 
0 - T, f which 1& given by 2T/(T

d
• + T) 1& a factor near 

7 
unit y that accounts for the slight diminution of the heat of fusion lIh

f 

as the t emperature f aIls below the equiUbrium temperature T
d

• and k 

/ 
\~ 
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Is the Boltzmann con~tant. The nucleatlon parameter K has the general 
,g 

form 

K· - I.xbooeT dO / (6h
f

)k (4.2) 
g 

,'" , 

where b ls the thlckness of the depoè !ting growth layer; T 0 

d 
is the 

equlli brium dissolution temperature whlch i8 mol~cular weight depen-

dent; CJ and cr are respectlvely the lateral and basal surface free 
e 

energies; and ~hf is the heat of fusion. The value of x depends on t~e 

nucleation regime. ln regime l gr~th where the formation of a surf ace 

nucleus 19 followed, by rapid completion of the entire substrate, x has 

a value of 4. For regime II gr~th where numerous nuclel form on the 

èubstrate and 8pread slowly, x has a value of 2. 

By pIot'tlng log G agalnst l/T(lIT)f a l1near relatlonshlp shouid 
,~ . 

be obtained if EquatIon 4.1 Is obeyed and the numericai value of K can 
() g 

'( 

be derived from the sloJle. Bence the important parameter cr can be 
e 

estlmated, if the laterai surface free energy ls known. 

ln carn'ing out the analysis a precise knowledge of the equiIi-

1;1 0 
brium dissolution temperlBture T

d 
is required since K and the sup'er

g 

cooling fj,T are very sensitive ~o it. ln the present work, which 

lnvol ves c~s of fini tle length with n chain units, T
d 

O(n) has been 

'-- , 
determined experlmentally by measurlQg the dissolution tmeperature of 

1 

large extended ch~in crystt' Is~ correspondin: to n, 

ter II. For the four fractions studied, the 
l ' 

as described in Chap

values of T
d 

0(0) used 

throughout the data ana1ys18 iare listed in Table 4.1. 
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Figures 4.9 and 4.10 show plots 
À 

of log G versus l/T(ô,T)f 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 and PE4050, one can dlstingulsh two 

ranges of supereooling in whleh the slopes of ,the plots have Bubstan-

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

in slope of these log G curves lDUst be due to a change in cr sinee aIl 
e 

* the other parameters, ô,H , b, cr and 6h
f

, are Independent of chain 

length and conformation. For the various fractions, values of nuclea-

tion constant K derived from the slopes of the log G versus l/T(ô,T)f • 
g 

plots are colleeted in Table 4.7. Dit f erences in the value of K for 
g 

grawth at the various concoentrations do not appear to be significant; 

consequently it was assumed that K is independent of concentration and 
, g 

the average value was used in the calculations to follow. In order to 

estimate whether the obser'led values of K fcrr a given fraction carres 
g 

t\ pond to regime l or regime 11 kinetics, we have used the so-called Z-

criteria proposed by Lauritzen (29). According to this proposaI the 

param~ter governing the distinction between regime l and II ls the 

/ 
(imensionless quantity 

(4.3) 

where i is the surface nucleatioil rate, g fa the spreading rate and L 

18 tbe. 8ubs-t rate length. If Z " 0.1. regime l behav:lor holds, while 

t . 
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Values of K 
g 

Temperature 

Fraction li ans e , 0 C 

PE3l00 70-74 

74-86 

P}40SO 69-78 

.". 78-86 

'" 

PE6750 75-88 

.... 
PE1l600 76-89 

( 
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TABLE 4.7 

Ca1cu1ated from Plots of 10,8 G vs l/T(flT}f 

K (K2) 
( 

at concn. (X w/w) 
8 

0.05 '0.01 0.005 0.001 > 

27000 25000 26000 23200 

~16900 17000 16300 15200 
.. 

/ 
45300 45300 44800 41300 

27600 26700 26700 23300 

·80000 77000 -1 74200 
f 

90900 88600 87300 

t 

1 , 

", . 

/1 

--~---~--------
4' .... ~p 1". - ;",.~ 

Average 

25300 

16300 

44200 

26100 

'" 

77200 

88900 

.. 

r 

i 
1 
j 
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I 
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1 
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for reglme II behavlor, Z > 1. From the q.periment al value df K 
g 

Z parsQleter can be e6t1mated from the approxlmat e ekpress10D 

z • iL 
48 

;: z(L/2a)2 exp[-X/TAT]exp[2abo IkT] (4.4) 
e 

the 

where z ls the number of -CH 2- units correspondlng to the lamellar 

thickness, a and b are the molecular width and layer thickness respec-

tively, k Is the 'Boltzmann constant and where X - K when Z " 0.1 
g 

(regime 1) and X -= 2K when 2 ;> 1 ~regime II). 
g 

• From Equation 4.4 it ls possible to estlmate the range of L 

values that are consistent wlth regi,me l or regime II behavior. Usu-

a11y the correct chole, of regime ean be made by considering whether 

the value of L i5 reasonable or unrealistic. The value of L IIIlst he ... 

cons fst-ent with' morphplogical: informat ion: for examp1e, 
, 
L cannot 

1 

exceed the known Iateral dimensions of the sIngle crystals and 1t 

should be at least severaI times larger 'than the molecular width. 

The following input data were used in the calcu-lationa: molecu-

lar width a - 4.55 x 10-8 cm; layer thlckness b • 4.15 x 10-8 cm; T 0 

d 

values as listed in Table 4.1, z was estlmated from the 1amel1ar thick-

1i'e'ss at a given crystallization temperature di vided 
, "/ 

.length of the -CH2- unit which i8 1.25 A; values of 

f ree energi es as es t 'fmat ed in Chapt ers II and III. 

by the projected 

~ 
the basal surface 

To 1l1ustrate the results of tlle calculat10ns we cODslder two , 
examples. First for fraction PE11600 assuming that .the observed yalue 

of K refera to regime 1 kinetlcs 'We calculate using IlT - 2).8- C, T -
g 

":: :-~': ... ~ 
« 

" 
.' 

, 

li 

1 
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85D C and Z <; 0.1 that L <; BA. <ri This vâlue 18 too small to be real1stic 

since it is of the same order of magnitude as the molecular width. À 
" .. . 

recalculation assuming regime II kinetics gives ~ ) 750 nm which ie. 

-
considered ta be tao large 'in comparison with the observed dimensions 

of crystals grown at the chosen temperature. We are thus led to the 

conclusion that for these crysta1s the growth' kinetics ls intermediate 

between regime land regime II so that Kg" 3baa
e

T
d 

01 (Ahf)k mst 

applYi this implies mixed regime l and regime II behavior. A 'Bimilar 

conclusion 1s reach-ed for fraction PE6750. 

• Considering nOilif the calculatlon for fraction PE4Q50 in the low 

temperat\lre range, a test for regime l behavior at T .,- 15° C and /J.To
c 

23.3° C gives L <; 0.73 A which i8 c1early absurdo For the test of 

regilDe II behavior we obtain L > 12.4 Â which i8 considered to be a 

reasonable substrate 1ength. For the high temperature range at T -
Id 

\. 83D C and AT-.15.3° C, L <; O.5~ A for regime 1 behavior and L > 17 A for 

regime II beha",ior. It i8 thuG concluded that for this fraction the 

growth follows regime II kinetics, so that Kg u· 2acre~d 0 1 (!J.hf )k. the 

calculations for fractiol PE3100 lead to conclusions siUÏilar ta· tnose 

for f1;'actiçn PE4050. 

Table 4.8 summarize8 the conclusions concerning the ass;igned 

grOlth regimes' ~nd liets the correspondlng values of the prdduct 00' 
e 

~ 

for each fraction. ln order ta extract the kineti. value of 0e from 

the product aa we need to know the value' cif the Iateral surface energy 
e , 

a. For polyethylene, studies of both bulk' and dilute solution crystal- 1 

i

lization rates yield a oa value of about l300.terg/cm2 eorresponding to 
e 
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/ TABLE 4.8 

Values of the surface ener roeluct and the basal surface enersdes. 
, " • ../ 

" 
, o • erg cm-2 o , erg cm- 2 

e e 
" 

.-J' 

Fraction Temperature Growth Average 0(1 °e' erg cm- 2 (,frqlll .t vs l/6T .(from T
d 

(or r ) vs e " m 

-. range, 0 C regime erg2 cm- 4 (kinetics) plots) 1/1. p1ot:-s) 

/ PE3100 70-74 II 320 22.9 41.5 48.9 

II 14.8 
.. 

208 74-86 
& 

---
PE4050 69-78 II 555 39.6 45.5 • 48.5 ., . 

II 327 23.3 .. . , '78-86 

""" 

PE6750 7 5-88 [) mixed 1 & II --fi 36 45.4 48.9 51.7 

( 
-' 

PE11600 76-89 mixed J & II 727 51.9 '1.. 61.7 60:-1 1 

'1 ---;-• 
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the iimiting vBhi'e at high molec~lar welghts. Al'so for high molecurar 

~eigh t polyethylene samples a value of cr - 93 erg/cm2 has been det er
e . 

... 
mined independently by thermodyn~mlc means (30). This gives a .:value of -·0 == 14 erg/crr!2 which is implicH:iy assumed !io be Independent of chain 

lengt h. For the four fractions studied, values of 0 , calculat~d by e . 

dividing oa by 14, are given in Table 4.8. 
e 

For'purposes of comparison 

~he t abJe also includes talues of cre' derived by the t\JO independe~t 

methods described in Chapters .Il. and III. 

On considering these resul ts several points of lnterest emerge. 

First, ft is seen that the kinetic values of cr are generally somewhat 
e 

lower than the values derived from plots of lamella'l" thickness versus 

reciproca1 supercooling and dissolution temperature versus reciprocal 

lamellar thlckness. The slgnificance of this deviation ls not hnmedi-

ately apparent. Nevertheless, for the t\JO highest fractions and for 

PE4050 in the 10w temperature range the three sets of values agree 

vithin about 15% which considering the errors and approximations ls 

satisfactory. This inspires confidence in the assignment of the grow~h 

regimes that was made on the hasis of the Z-criterlon. From Equation 

4.2 itl 15 obvious thBt no other assignment \Jould have given acceptable 

values for ci • 
e 

It 16 also interesting to Dote that for' fraction PE40S0 the value 

of cre for-the high temperature branch is essent ially equal ta the value 

of 0 derived from the low temperature hranch of fraction PE3100. This 
e 

indicates that the 'structure of, the interfacial regions of ,thé crystals 

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

( 
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This is 
~ 

consi s tent wHI>! th~ interpretation discussed above, that the 

high temperature branch of fract ion PE4050 and the low temperature 

branch 'of PE3o[OO correspond to the grOW'th of .+rystals that are once 

folded. 

For fraction PE3100 the vhlue of cr obtEiined from the slope of 
e " 

the high temperature growth branch is 14.9 erg/cm 2 which is essentially 

equal to' the accepted value of the lateral. surface free energy of poly

ethylene crystals (14 '~rg/cm2) and urust be the same as the bas'al sur-

face free energy in the absence of chain folding. This is ln excellent 

accord with the interpretation that for th'is fr'act.-i(!)n the high tempoera-

ture branch corresponds to the growth of extended chain cryst.als •• 

The foregoing analy,sis has demonst rated that the dat a yield 
,; 

linear plots of log G versus I/T(tJT)f and reasonable values of the 

basal surface free energies are obtained. In this sense the data are 

evidently consistent, with the theory ~f polymer' crystal gr~wth involv-
o ( 

_ Ing coherent surface nucle'atiO\ Neve~th~less. ~ should be 

the theory was derived fo~ Infinite chains and questions 

noted that 

have been 

raised about its applicability to short chains. The problems that thus 

arise Rave beeb discussed by Kovacs et al (31) • 

.. 

... 

j / 
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CONCLUSIONS 

The main conclusion of the present work is that for solùtion 

grown polyethylene single cry~tals, with molecular weights in the range 

of 3000 to 4000, the temperature coefficient of the growth rate under-

goes a sharp t ransition. ~his fs in.t erpret ed to mean that at the t ran-

sition temperature there is an abrupt change in t\1e conformation of the 

mo1ecules .deposited on the growth faces. For a fraction with a molecu-

lar weight of 3100 t1,le change Is from extended to once folded chains, 

while 'for a molecular weight 'of 4050 the transition temperature corres-

ponds to a change hom once folded to twice folded chains. 
1 

At first 'sight 'the proposed Interpretation of the growth transi-

t ions would appear to be inconsistent wi th the observed cont inuous 
\ 

variation of the lamell'ar thickness with temperature. However. this 

objection is only valid· if the chain ends are considered to be prefe-

rentially localized on the lamellar surfaces as in th'e case of poly-

(ethylene axide). The apparent paradax cah be resolved if a model of 

the growth process is invoked in which the chain ends are rejected ta 

the exterior of the lam~l1ae as pendant cilia. Thus as the crystalli-

zation temperature decreases a pendant cilium will irÎcrease in length 

and form a fold when it becomes ~equa;l to the lamellar thickness. In 
ta 

this process the change' in lamellar thiekness with temperature would bé 
1 • 

expected ta occur in a continuous manner. 

The present, experiments confirm and generalize the uresults of 

3 oxide). 

, . 
et al on lov molecuiar weight hydroxyl terminated. poly(ethylene 

fractions crystallized from the melt. Since the same basic 

J .. 1 

• '1. 
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ph~nomenon (i. e., the;' existenc~ of gn1wth transition~) is 'observed not 

onlr in pOlyethyle'ne,' but also in solution crystallizatio~ ·it., is evi-

dent that the behavioJ of poly(ethylen'e oxide) is not special after 

al1. It has been assumed that in poly(ethy1ene ,oxide) the growth tran-

sitions are attributable ta· the quantized increase of the lamellar 

thickness with crystal\ization temperature. l t is now appa,rent, how-

ever, that this fs not a necessary condition ror the observation of the 

growth transitions. 

The origin oC the obse}ved , 
different number of ,folds per 

trfnsition between growth modes with 

molecule remains unexp1ained. The 

approach ta this question requires the development of an appropriate 

theory of the growth process, but this i5 beyond the scope of the pre-

sent investigation: 

r " 
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, 
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CLAIMS TO ORIG,INAL RESEARCH 
... 

The following points" are considered to be t:he original and sign1-

ficant findings of .this 1!lork. 

,. 

Chapter II , 
(1) A method' was devised' to directly determine the equilibrium 

1" 
melting/dissolution temperâtures (Tm 0 IT

d 
0) Qf low molecular weight 

polyethylene single cr'ystals. The lIIJ2asured T 0 values were compared 
~ ,m 

with the values calr.ulated from the Flory-Vrij equation while the)mea-

sured val\Jes ,Qf T
d 

o~ in xylene were compared wi~h the Pennings and 

Sanchez-~Marzio equatrons. 

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

Ir " 
molecular weight polyethylene fractions· wj,th crystallization tempera-

, ' 

_ ture was measure..d. The result 'is in sharp contrast with the behavior 

of low molecular weight, poly(et;hylene oxide) fr~ctions. The signifi-

canee of this finding was discussed. , 

(3) Basal surf ace free energy (0" ) of crystals of low moleeular 
e 

weight polyethylene fractions were estimate4 by the analysis of mea-

surements of lamellar thickness as a fun"ction of supercooling. "The 

~. 

variation of the 0" values with moleeular weight was discussed in terms 
e 

of chain-end eff eets • 

• '!.) 

" , ( 
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Chapter III 

(4) Melting and "disso'lutlon temperatures of 10'10' molecular 'weight 

polyethylene crystals grown at diff erent temperat~res were measured and 

the validity of ,the linear relation between Tm or T
d 

and l/lwas 

tested. 
1 

(5) The 'enthalpies of fusion of 10'10' molecular w"eight polyethylene 

single crystals wer~'meas~red as a furtction of crystallization tempera-

ture. An âbrupt change of enthalpy of fusion and surface enthalpy Was 

dëtected in the fractions of M 
10' 

... 
3100 and M,. :: 4050. Thi~ behavior 

was interpreted in tenDS of 8 transition in the conformation of the 

, 
molecules deposited on-the growth faces .of the crysta1s. 

Chapter IV 

(6) The growth rate G of the {lIO} faces of 10'10' molecular weight 

polyethylene single crystals crystall1zed from xylene solution were 

e measured as a function of molecular weight, solution-toncentration and 

érystallization jemperature. The experimental trends for the vari\ation 

of growth rate with molecular weight and the variati.on "of concentration 

exponent with crystallization temperature and molecular weight ,!ire 
'\ 

quite different from what has been previously observed in high mo1ecu-

1ar weight polyethylene and cannat be explained by the existing 

theories. " 

(7) Distinct branches of the growth rate-temperature curves, 

similar ta the 10w mo1ecu1ar weight poly(ethylene oxide) system, were 

observed in two lôw lIloiecular weight polyethylene fractions. 



,-

( 

" , . '. 

,. 

. ~ \ . 
f 1 rs t time that thls behavior has been observed in JPolyethylene. the 

, 
; • 1 1 

The slgnificance of ttiis flndlng was dlscussed • . " 

(8) For low molecular weight polyrethylene fract 10ns. growth rate 
/!. 

data were analysed with the current klnetlc theories of polymer cry-

s tallizat ion. It was found that the linear relation of log G against 

l/T(l'.'I), was obeyed. Th~ growth regime was estlmated for each fraction 

and values of C1 were extracted from the analysis.· The results were 
e 

discussed ln terms of the molecular structure of the crystals. 

/' \. 

/ 

\' 
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SUGGESTIONS 'FOR FURTHER RESEARCH 

~. Solvent Effects 

In the presertt work aIl measureme.nts were made on erystals grown 

from di1ute xylene ~o1utions. It is known that the conformation of a 

po+ymer mdIecule in solution i8 partiaIIy dependent upon the properties 
<, 1 

of the s61 vent, and there i8 evidence to ,sqg~est that the variation of 

the growth rate, with concentration and t,emperature i8 affected by the 

so1v~nt (1). Thus Keller and Pedemonte (1) fo;Und that the concentra-

t ion dependence of the crystal growth rate was general1y mQre marked 
H 

when using octane as thè po}.ymer soI vent than was found when using 
'1 

xylene as the solvent. ,Accordingly, as an extension of the present 

work ft might be of interest to investigate the effect of 'so1vents 
~ ~ 

other than xylene on the. ratoes of crystal growth. Oct ane and decaIin 

cou1d be c~n as' r~presentat,iv~ of s01vents respectively poorer and 

better than xylene. /' 

2. Growth Rate~ of Po1y(ethyle~e oxid,e) Single Crytals trom Solution 

As indicated elsew,here' in this thesis, low mol;cul sr weight frac-

tians of hydroxyl terminated poiy(et'hylene oxlde) show s discont!nuous ... 
~change of the lamellar thi~ness with crystallization temperature when 

crystallized from the mel t. On the other hand ft has recent1y' been 

reported (2) that when crystallized from solut-ion, the same polymer 

~ 
shows a continuous change of the lamellar thickness wi th crystalliza-

tion tempera!ure. The explanation for this difference. in behavior is 

provided by infrared analysis which shows that almost aIl of the mole-

.. 



( 

- 185 -

cular chain ends are associated in the 'inolten state, whereas' a large 

part of the end~ are free in dllute solution (2). For these reasons it 

." 

would be of considerable int erest- to carry out a study simllar to that 

d escribed in the present thesis using solution grown crystals ~ 10w . . \ , 

molecular weight hydroxyl termintaed poly(etchy1ene oxide). 

Such a study would provide a further test as to whether a quan
~ 

t ized 1ncrease in lamellar thicknes wi th temperature is a necessary 

condition for the observation of dist net branches in the growth rate 

curves. 

3. Development of a The.,ry of Polymer Crystal Growth Appl icable to 
/' 

Solution Crystallizat10n of Low Molecular Weight Polyethylene. 

An important question which has. not been answered in the present 

thesis ls the origin of the observed transition between growth modes 

,5-
with different numbers of folds per molecules. A definl tive answer to 

this question would probably solve the probl~m of chain fo1ding in 

polymers. The approach .to this problem requires the deve'lopment of a 
ol' 

model of the crystallization process. Sanchez and DiMarzio (3) have 

proposed a kinetic theory for crystallization from dilute solution 

allowing for finite molecular weight, but this theory -1$ not suffi-

\ 
'~iently detailed to resolve the problem. Therefore as a l\reblem for 

further r.search, it is suggested that atte"P'- should be mad~o deve-

1 

lop a theory that would al10w prediction of the growth rate ve"rsus tem-
l' 

perature curves for low molecular weight polyethylene fractÜons and 

a~ount for the tr~siqol\. from extended te folded-chain crystal growth 

with increasing supercooling. 

1 

• 



" 

t f J 

'\../ 
IF 

( 

. 

. ~ . 

.. 
" 

186 -
o ' 

\Po 
l' p 

i \ 

4. Growth Kinetics of~r;rstals of 
\' 

n-Paraffins 

• 
In the present work growth rate measurements were made wi th sam-...... \. ~ , 

pIes covering th~ mole~ular weight range of 3000 to 11609. It would be 

pf interest" to extend these measurèments to lfier molecular we'ights 

into the range of n-paraffins. ,In this range prob1ems of chain folding 

\ 

would not arise aince we wou1d be deal1ng essentially with extended ....... 

chain crystals. It wou1d be of partlcular Interest to know whethq the 

concept of coherent surface. nuclealion ajplles to these very low mole

cul ar weight polymers. Furthermore by the ,applicat ion of U(e reduction 

rule of Kovacs 
'. 

---- .r -
face energy Cf i~vot} ved in th1 crystallographic attachment of B new 

'chain segment onto the grow,Ul face. According to Kovacs'- analysie of 

grow'h rate dat"a for low molecular weight poly(ethylene oltide) samples, 

Cf varies with chain 1ength. in contradiction to the theoretical predic-

..... 
t ions. The proposed experiments would provide a test of these con-

clusions. 
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