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Al3STRACT The relation between the equilibrium melting/dissolution temperature (Tmo / Tdo), the molecular 
weight, the lamellar thickness, and the crystallization temperature has been investigated for linear polyethylene 
fractions, with molecular weights ranging from 1000 to 11 600, crystallized from dilute xylene solution. The 
values of Tmo and Tdo increase sharply with molecular weight and approach an asymptotic value above a 
molecular weight of about 5000. The measured values of Tmo are found to be in excellent accord with the 
values calculated from the Flory-Vrij equation. On the other hand, the observed values of Tdo are always 
somewhat higher than estimates from either the Pennings equation or the Sanchez-DiMarzio equation. It 
is found that the lamellar thickness increases continuously with crystallization temperature. This is in contrast 
to the behavior of low molecular weight poly(ethy1ene oxide) fractions which show a stepwise variation with 
crystallization temperature. Analysis of the observed temperature variation of the lamellar thickness, using 
the kinetic theory of polymer crystal growth, yields values of the interfacial free energy 'T, ranging from 20 
to 60 erg/cm2. These observed values of a, are low by comparison with the value of about 90 erg/cm2 expected 
for high molecular weight samples. The difference may be attributed to the effects of chain ends in the interfacial 
regions of the crystals. 

Introduction 
Flexible stereoregular polymers generally crystallize from 

solution as lamellar structures in which the chain molecules 
are folded.'V2 Although this phenomenon has been widely 
studied, it is still not completely understood. In the 
present series of papers, we propose to address the question 
of the origin of chain folding by studying the kinetics of 
crystal growth from solution, using low molecular weight 
fractions of polyethylene for which the transition from 
extended- to folded-chain growth should be observable. In 
this connection it is important to have accurate data on 
the variation of the lamellar thickness of the crystals with 
the temperature of crystallization and of the equilibrium 
dissolution temperature with molecular weight. This is 
the essential purpose of the present paper. Comparison 
of the lamellar thickness with 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 folds per molecule. 
As will be seen later, these questions are important in 
attempting to analyze and interpret the results of the 
growth rate experiments. 

The lamellar thickness of single crystals of linear crys- 
talline polymers, notably polyethylene, is generally known 
to increase monotonically with the temperature of crys- 
tallization (T,).3-6 However, in the case of low molecular 
weight hydroxy-terminated poly(ethy1ene oxide) (PEO) 
crystallized from the melt, the lamellar thickness increases 
in a stepwise manner with T,.7 The question arises 
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whether a similar effect can be demonstrated in poly- 
ethylene by careful measurements on low molecular weight 
samples. 

Previous studies of the temperature variation of the 
lamellar thickness of solution-grown polyethylene crystals 
have been mainly concerned with samples of high molec- 
ular weight. Few attempts have been made so far to 
systematically explore these effects for well-defined low 
molecular weight material.s In the present work we have 
measured the lamellar thickness of solution-grown poly- 
ethylene crystals over a wide range of crystallization tem- 
peratures for fractions ranging from 1000 to 11600 in 
molecular weight. The data have been analyzed in terms 
of the kinetic theory of polymer crystal growth in order 
to derive values of the basal surface free energy. 

In analysis of the experimental data a knowledge of the 
supercooling (AT = Tdo - T,) or the equilibrium dissolu- 
tion temperature (Tdo)  (where T,  is the crystallization 
temperature) is critically important. Tdo is defined as the 
temperature at which dilute polymer solution is in equi- 
librium with the equilibrium (i.e., extended-chain) crystal 
and is dependent on the molecular weight of the poly- 
mer."," A widely used procedure to determine Tdo is to 
measure the dissolution temperature of crystals of various 
lamellar thicknesses and extrapolate the data to infinite 
lamellar thickness by using the Gibbs-Thompson equa- 
t i ~ n . ~  This procedure will be discussed in part 2. For 
polyethylene, an alternative approach is used to estimate 
Tdo using semiempirical equations derived by Pennings" 
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Table I 
Characteristics of the Polyethylene Fractions Studied 

fraction Mw M, MwlMn 
PE11600 11600 11100 1.05 
PE6750 6750 6100 1.10 
PE4050 4050 3900 1.04 
PE3100 3100 2900 1.07 
PE2000 1791 
PEl000 980 

and by Sanchez and DiMarzio.'O However, these equations 
do not give reliable results for low molecular weight sam- 
ples. For these reasons we have devised a method for 
directly measuring the equilibrium dissolution temperature 
of crystals of t he  various fractions. The measurements 
were made  by differential scanning calorimetry using 
suspensions of extended-chain crystals in  xylene. T h e  
results are compared with values estimated from Pennings' 
equation'l and the  semiempirical relation of Sanchez and 
DiMarzio."' 

Experimental Section 
Materials. The materials used cover the molecular weight 

range from the paraffin dotriacontane (molecular weight 450) to 
11 600. Dotriacontane was obtained from the Eastman Kodak 
Co. PElOOO and PE2000 were obtained from Polysciences Inc. 
and characterized by Springbom Laboratories, Inc., Enfield, CT. 
The number-average molecular weights were determined by vapor 
pressure osmometry. The polydispersity (M,/M,) is not known 
exactly, but analytical gel permeation chromatograms showed only 
a single narrow peak suggesting 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 
fractionation by preparative gel permeation chromatography 
(GPC) has been described by Peyrouset et al.12913 The weight- 
average molecular weights (M,) were determined by analytical 
GPC previously calibrated by light scattering. Number-average 
molecular weights (M,) were determined by vapor pressure os- 
mometry. The molecular parameters of the various samples are 
given in Table I. 

Measurement of the Equilibrium Dissolution Tempera- 
ture (Tdo). By definition the equilibrium dinsolution temperature 
is the melting point of a perfect extended-chain crystal in 
equilibrium with the dilute polymer solution. Accordingly the 
procedure used to determine Tdo rests upon the following premise. 
The melting point of pure extended-chain crystals corresponds 
to the thermodynamic melting point Tmo which is depressed in 
the presence of a solvent. Thus, the dissolution temperature of 
the extended-chain crystals was measured at  various crystal/ 
solvent weight fractions and the data extrapolated to infinite 
dilution to give Td". 

The samples were retained in glass tubes (5 mm in internal 
diameter) which were evacuated and sealed in order to minimize 
oxidative degradation. The sealed tubes were placed in a silicone 
oil bath maintained at  150 OC for about 20 min in order to ensure 
complete melting of the sample. The melted sample was then 
quickly transferred to another thermostat set at a predetermined 
crystallization temperature and controlled to better than 0.05 "C. 
After the sample was allowed to crystallize for the desired length 
of time, the temperature of the thermostat was slowly lowered 
(at about 8 "C/h) to room temperature. The specimen, which 
was essentially a stack of crystals, was then removed from the 
glass tubes and the lamellar thickness was determined by 
small-angle X-ray scattering (SAXS) in order to determine the 
degree of chain extension. 

Thermal measurements on the crystals were made on a Per- 
kin-Elmer differential scanning calorimeter, DSC-2C. The tem- 
perature scale was calibrated with naphthalene, benzoic acid, and 
indium standards over the temperature range. The crystals were 
placed in a preweighed sample pan and weighed on a Cahn mi- 
crobalance. p-Xylene was delivered by a microsyringe and the 
sample pan was then hermetically sealed. The pan was weighed 
again to determine the amount of solvent. At least five samples 
were prepared for each fraction in the concentration range 4-100% 
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(w/w). Each sample pan was weighed again after the thermal 
measurement to check for leakage. The procedure for the thermal 
measurements was as follows. The sample was heated at  10 
"C/min up to a preselected temperature which was about 10 OC 
below the estimated dissolution temperature. The calorimeter 
was allowed to remain at  this temperature for 2C-30 min to permit 
the solvent to penetrate the crystal lattice. The heating was then 
resumed at  0.625 or 1.25 "C/min. These low heating rates were 
used in order to allow annealing to produce more perfect crystals. 
The peak temperature was used to define the dissolution tem- 
perature and melting point of the polymer. Standard corrections 
were made for changes in apparent melting point and thermal 
resistance as a function of heating rate.I4 There is a fundamental 
question as to whether the peak DSC temperature measures the 
true melting or dissolution temperature. In general for polymers 
the location of this peak depends on the heating rate and sample 
mass. However, for the present low molecular weight extend- 
ed-chain samples these problems did not arise at  the very low 
heating rates and sample masses that were used. 

Preparation of Crystals and Measurement of Lamellar 
Thickness. The crystallizations were carried out isothermally 
in p-xylene as solvent at  temperatures (T,) spanning the range 
of 65-90 "C. At higher crystallization temperatures ~elf-seeding'~J~ 
was used in order to minimize the time necessary to obtain 
complete crystallization. 

More precisely, the procedure was as follows. A suspension 
of the polymer was heated in an oil bath at  100 "C for 20 min 
in order to ensure complete dissolution. An aliquot of the solution 
was then transferred to a thermostat held at  the crystallization 
temperature T, and allowed to equilibrate. An appropriate 
amount of pure solvent, previously equilibrated at  the crystal- 
lization temperature, was poured into the polymer solution. The 
time required to establish thermal equilibrium was thus mini- 
mized. The final concentration a t  which the crystals grew was 
in the range 0.02-0.5% (w/w) depending on the supercooling. The 
precipitate was filtered at  the crystallization temperature; the 
resulting mats were washed with acetone and dried in vacuo at  
room temperature. The mats thus obtained were examined by 
small-angle X-ray scattering (SAXS) in order to determine the 
lamellar thickness of the crystals. The SAXS patterns were 
recorded photographically with pinhole collimation using nick- 
el-filtered Cu K, radiation. In all cases clearly defined low-angle 
reflections were observed in several orders, sometimes as high as 
four. Long spacings were derived from measurements on mi- 
crodensitometer tracings of the SAXS patterns. The Lorentz 
correction was estimated to be negligible and was not applied. 
I t  should be recognized that the measured long spacings corre- 
spond to the crystalline core of the lamellae plus a disordered 
surface layer. When appropriate, a correction for this effect can 
be introduced by taking into consideration the crystallinity of 
the sample that can be derived from the known enthalpy of fusion 
(see part 2). 

For all the fractions the electron diffraction patterns of crystals 
grown at  various temperatures showed only (hkO) reflections. 
More specifically the diffraction patterns showed the complete 
reciprocal lattice of the (hkO) planes, i.e., with the three pairs of 
reflections (110), (TlO), and (200) along with their higher orders. 
Furthermore, for crystals exhibiting sectorization selected area 
diffraction from each of the four sectors showed all the (hkO) 
reflections described above. For crystals without sectorization 
the same diffraction pattern wm observed throughout the crystals. 
These observations indicate that for the range of molecular weights 
and crystallization temperatures covered, the stems are in all cases 
perpendicular or nearly so to the plane of the crystals. Conse- 
quently in order to ascertain whether chain folding occurs it 
suffices to compare the molecular chain length with the lamellar 
thickness. 

Results and Discussion 
Equilibrium Melting and Dissolution Tempera- 

tures. T h e  crystallization conditions and lamellar thick- 
ness of t he  samples used for t he  measurement  of the 
equilibrium melting and dissolution temperatures are listed 
in Table 11. Comparison of the extended-chain length 
with the lamellar thickness reveals tha t  samples of PE1000, 
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31.82% 

Table I1 
Crystallization Conditions and Lamellar Thickness of Low 

Molecular Weight Polyethylene Samples 
fraction L," A crystallizn condition l,b A L/ l  

PE11600 991 1 week at 125 "C 407 2.43 
PE6750 544 1 week at 125 "C 356 1.53 
PE4050 348 1 week at 120 "C 299 1.16 
PE3100 259 1 week at  115 "C 242 1.07 

PElOOO 117' 3 days at 105 "C 110 1.06 

a Chain length. Lamellar thickness. Estimated from the as- 
ymptotic values of lamellar thickness of the single crystals (see 
Figure 6). 

PE2000 170' 3 days at 110 "C 167 1.02 

404.0 408.0 412.0 414.0 

Temperature (K) 
Figure 1. Typical DSC fusion curves for samples PE11600 and 
PE4050 at  a heating rate of 0.625 OC/min. The temperature scale 
is adjusted for standard temperature corrections. 

PE2000, PE3100, and PE4050 are composed of extended 
chains, but no definite statement can be made about 
samples PE6750 and PE11600. 

Selected DSC curves are shown in Figures 1 and 2. 
Figure 1 shows the melting behavior of the pure PE11600 
and PE4050 fractions. For PE11600 there is a major peak 
at 409.17 K and a small peak at  412.7 K. It is interesting 
to note that the temperature of the small peak agrees very 
well with the theoretically expected equilibrium melting 
temperature Tmo calculated from the Flory-Vrij equati0n.l' 
A tentative explanation of the DSC curves for this fraction 
may therefore be given as follows. During the crystalli- 
zation at 125 O C ,  only a small fraction of the polymer 
crystallized as extended-chain crystals. The amount is not 
detectable by SAXS but is revealed by the small endot- 
herm peak at 412.7 K. When the temperature was slowly 
decreased as described in the Experimental Section, the 
bulk of the polymer crystallized rapidly at a temperature 
somewhere below 125 "C giving crystals of undefined 
molecular constitution. Accordingly the major endotherm 
peak can be assigned to the melting of crystals of unknown 
molecular constitution and the smaller endotherm peak 
to the melting of the extended-chain crystals. 

For fraction PE4050 the DSC curve shows a sharp en- 
dotherm peak with two shoulders at temperatures lower 
than the main peak. The temperature of the main peak 
correspmds closely with the expected equilibrium melting 
temperature for extended-chain crystals of this fraction 
as calculated from the Flory-Vrij eq~at i0n . l~  In general, 
for all the pure fractions, the highest melting peak in the 
DSC curve could be identified as corresponding to the 
melting of the extended-chain crystals. Values of the 
equilibrium melting temperature Tmo observed for the 
various fractions are listed in Table I11 and compared with 

Table 111 
List of the Calculated and Experimental T," and Tdo 

Values for Various Low Molecular Weight Polyethylene 
Samples 

T,", K Td", K 
Flory- Pennings 

fraction Vrii ea this work ea SD ea" this work 
dotria- 341.8 341.2 244.7 278.8 302.0 

PElO00 386.4 386.0 325.2 338.7 352.0 
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 411.0 410.1 366.4 374.2 376.8 

contane 

PE11600 413.8 412.7 373.8 379.3 3a2.0b 

Sanchez-DiMarzio equation. *Extrapolated value. 

365 370 375 380 385 390 

Temperature, K 

Figure 2. DSC dissolution curves of single crystals of PE4050 
in the presence of xylene at various concentrations. The heating 
rate is 0.625 "C/min. The temperature scale is adjusted for 
standard corrections. The Concentration is expressed as weight 
percent of crystals suspended in xylene. 

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

Figure 2 shows typical endotherms for dissolution of the 
polyethylene fractions in xylene. In general the endotherm 
peaks are, as expected, broader when the polymer is in 
contact with solvent. I t  should be noted that sample 
PE11600 is mainly composed of crystals of undefined 
molecular constitution and the observed endotherm peak 
corresponds to the dissolution of such crystals. Conse- 
quently Tdo could not be measured directly for this sample. 

Plots of the dissolution temperatures as a function of 
concentration are shown in Figure 3. The equilibrium 
dissolution temperature ( Tdo)  was obtained by extrapo- 
lation of the data to zero concentration. The values thus 
obtained are listed in Table 111. It is of interest to compare 
these results with theoretical estimates of Td" calculated 
from equations given by various authors. 

From fundamental thermodynamic considerations, it can 
be shown1° that the equilibrium dissolution temperature 
of a lamellar polymer crystal can be estimated by one of 
the following equations depetlding on the assumptions 
made in deriving an expression for the free energy dif- 
ference between liquid polymer and crystal: 

(1) 

(2) 
(3) 

where Tmo is the equilibrium melting temperature and 
y = RT," In a,(Tdo)/AH,(Tmo) 

T d o  = T m o [ l / ( l  - 711 
Td" = Tm"[y + (1 + y2)1/Z]  

T d o  = T m o ( l  + 7) 
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Figure 3. Plots of dissolution temperature in the presence of 
xylene as a function of concentration for the various fractions of 
polyethylene. The concentration is expressed as weight percent 
of crystals. 

where a, is the activity which is a measure of the poly- 
mer/solvent interaction and AH, is the heat of fusion per 
mole of monomer. 

These equations show that Tdo depends on two varia- 
bles, Tmo and a,, which are molecular weight dependent. 
The molecular weight dependence of Tmo has been esti- 
mated.17-19 

Pennings" has given a method for determining a,. For 
dilute solutions his equation is 

l n a , = - [  Vu In u2 + 1 -(i+--g)] VlA2 (4) 
Vl 

where A2 is the second virial coefficient, D2 is the partial 
specific volume of the polymer, u2 is the volume fraction 
of the polymer, Vl is the molar volume of the solvent, Vu 
is the molar volume of the monomer unit, and x is the ratio 
of the molar volumes of the polymer and solvent. Pen- 
nings" and Krigbaum and Trementozzi'* have estimated 
A, from osmotic pressure measurements of polyethylene 
in xylene as a function of molecular weight. The Pennings 
relation between A2 and molecular weight (M) is 

A2 = 1.45 X + 0.29M-0.6 (5) 
Sanchez and DiMarziolO have shown that the depen- 

dence of Tdo on the approximate form of eq 1-3 is weak. 
We have calculated values of Tdo from eq 2 and the Pen- 
nings relations, eq 4 and 5, using the following input data: 
AH, = 980 cal/mol, V1/Oz2 = 87.0 g2/(mL mol), Vl/ Vu = 
7.73, and u2 = Values of Tmo were calculated from 
the Flory-Vrij e q ~ a t i 0 n . l ~  The results are tabulated in 
Table 111. (In accordance with normal practice in work 
of this kind we have used the following units in this series 
of papers: crystallization temperature T, in degrees Celsius 
("C), lamellar thickness I in angstrom units (A), the heat 
of fusion in erg/cm3 or cal/g, surface free energies u and 
u, in units of erg/cm2, gas constant R = 1.987 cal/(mol K). 
The conversion factors to SI units are 0 "C = 273.16 K, 
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Figure 4. Comparison of the molecular weight dependence of 
Tm0 and Tdo, as measured in the present work, with the rela- 
tionship estimated from the Flory-Vrij equation, the Pennings 
equation, and the Sanchez-DiMarzio equation. For the Tmo/ 
molecular weight relation the data points are the observed values 
while the curve is calculated from the Flory-Vrij equation. 

1 A = lo-' nm = 10-lo m, 1 erg/cm3 = 0.1 J/m3, 1 cal/g 
= 4.184 J/g, 1 erg/cm2 = 1 mJ/m2, 1 cal/mol = 4.184 
J/mol, and R = 8.314 J/(mol K).) 

Sanchez and DiMarzio'" have proposed the following 
semiempirical relation for Tdo for polyethylene in xylene: 

Tdo = [Tmo - 29 + TdO] /2  (6) 

where Tmo and Td" are respectively the Flory-Vrij esti- 
mates for the equilibrium melting temperature and the 
Pennings estimates for the equilibrium dissolution tem- 
perature. Values of Tdo calculated from eq 6 are also listed 
in Table 111. In Figure 4 the measured values of Tdo and 
Tmo are shown as a function of molecular weight and 
compared with estimates from the Pennings, Sanchez- 
DiMarzio, and Flory-Vrij equations, respectively. It is seen 
that the measured values of Tmo obtained in the present 
work are in good agreement with the values given by the 
Flory-Vrij equation. At  low molecular weights the dif- 
ference is insignificant. At  molecular weights of 6750 and 
11 600 the observed value of Tmo is about 1 K lower than 
the theoretical value. This excellent agreement may seem 
somewhat surprising since the Flory-Vrij equation was 
derived for molecular crystals where the molecules have 
exactly the same length. This situation is not normally 
obtained in any real polymer system. The good agreement 
implies that, in the low molecular weight range of interest 
here, small deviations from rhonodispersity can be toler- 
ated by the theory. On the other hand, the measured 
values of Tdo are considerably higher than those estimated 
from either the Pennings or Sanchez-DiMarzio equation. 
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Figure 5. Lamellar thickness as a function of crystallization 
temperature for various low molecular weight polyethylene single 
crystals. 
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Figure 6. Lamellar thickness as a function of crystallization 
temperature for single crystals of PEl000 and PE2000. 

The lower the molecular weight, the greater is the differ- 
ence. The discrepancy is not surprising since Pennings" 
has already noted that the expression for the second virial 
coefficient, A2,  breaks down for low molecular weights, 
probably because of the neglect of the temperature de- 
pendence of A2. 

Variation of Lamellar Thickness with T,. Figures 
5 and 6 show the dependence of the long spacing on the 
crystallization temperature for the various molecular 
weight fractions studied. The experimental data are listed 
in Table IV. For the four fractions with molecular weights 
from 3100 to 11 600 the principal trend is the apparently 
continuous increase of the long spacing with crystallization 
temperature. For these fractions all the curves seem to 
show a limiting long spacing at lower crystallization tem- 
peratures, while a t  higher temperatures the curves are 
displaced from each other in such a manner that the 
crystallization temperature required to produce crystals 
with a given long spacing increases with molecular weight. 
This behavior is consistent with the known fact that for 
a given chain length the long spacing depends on the re- 
ciprocal supercooling ( A T  = Tdo - T,) and shorter chains 
are expected to have a lower equilibrium dissolution tem- 
perature. 

Considering now the fractions with molecular weights 
of PElOOO and PE2000, the long spacing tends progres- 
sively toward a limiting value near the length of the ex- 
tended chain. I t  is interesting to note that for sample 

PElOOO 

PE3100 

PE6750 

Table IV 
Lamellar Thickness of Low Molecular Weight Polyethylene 

Single Crystals at Various Crystallization Temperatures 
sample T,, " C  1, A sample T,, "C 1, A 

95 36.6 101 PE2000 366 
51.2 105 
56.2 114 
58.9 115 
64.6 117 

40.2 104 
49.9 105 
54.9 106 
60.4 116 
64.5 119 
66.8 121 
71.0 131 
74.0 137 
75.0 144 
82.2 174 

60.1 103 
67.0 105 
74.0 115 
80.9 126 
84.5 136 
90.0 170 

51.2 101 
56.2 106 
60.5 109 
65.0 125 
69.7 140 
72.0 145 
75.1 155 

PE4050 50.0 103 
55.0 106 
64.5 113 
68.4 120 
73.8 129 
75.1 137 
77.4 138 
80.2 144 
82.2 153 
85.2 165 

PE11600 64.0 103 
69.0 111 
75.1 113 
81.0 128 
82.9 133 
85.7 140 
87.3 149 

PE 1000 
0 PE 2000 
0 PE 3100 
A PE 4050 
0 PE 8750 

PE 11600 

180 - 
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Figure 7. Lamellar thickness as a function of supercooling (AT 
= TdD - T,) for polyethylene single crystals of various molecular 
weights. The data for Marlex 6000 are taken from the literature 
(see ref 9). 

PElOOO significant departures from the classical AT re- 
lation are observed (see Figure 7). This behavior has 
already been predicted by Mandelkern et a1.20 using nu- 
cleation theory pertinent to chains of finite length. 

The temperature variation of the long spacing for 
fractions PElOOO and PE2000 suggests a model in which 
the terminal portions of the chains are excluded from the 
crystal interior, leading to cilia dangling from the basal 
surfaces of the lamella. This model is consistent with the 
findings of Keller and Priestz1 that about 90% of the chain 
ends are localized on the fold surfaces of solution-grown 
polyethylene crystals. For the present low molecular 
weight samples the asymptotic approach of the long 
spacing to full chain extension indicates that the degree 
of surface disorder in these crystals decreases with in- 
creasing crystallization temperature. 

For the low molecular weight polyethylene samples the 
apparently continuous increase of the long spacing with 
crystallization temperature is at variance with the behavior 
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of low molecular weight hydroxy-terminated poly(ethy1ene 
oxide) fractions crystallized from the melt. For this case 
it has been reported that the long spacing increases dis- 
continuously with T,.I The long spacings of such crystals 
show that the chains are either fully extended or folded 
a small integral number of times. The chain ends are thus 
localized in the surface layers of the lamellae. The lamellar 
thickness is therefore an integral submultiple of the overall 
chain length. I t  has been suggested that this behavior is 
due to strong attractive forces (hydrogen bonds) between 
the hydroxyl end groups resulting in end-group pairing. 
Thus, a stepwise or discontinuous increase in lamellar 
thickness with T, would not be expected in polymers, such 
as polyethylene, where there can be no association of the 
end groups. Nevertheless, it is interesting to consider 
whether a stepwise change in lamellar thickness could have 
remained undetected by the SAXS measurements. If one 
takes into consideration the chain length of the various 
fractions used in the present work, the number of stem 
lengths per molecule can be readily estimated for the 
crystals over the accessible range of crystallization tem- 
peratures. For this purpose we have taken the length of 
the CH2 unit in the planar zigzag conformation as 0.125 
nm and the molecular mass of the CH2 unit as 14. The 
mean extended-chain length is therefore 1.25(Mn/14) A. 
For example, for PE3100 the extended-chain length is 259 
A and over the temperature range investigated the lamellar 
thickness changes from 104 to 174 A, which, assuming 
rejection of fractional stems from the crystal lattice,21 
corresponds to a change from one to two stems per mol- 
ecule. Thus, if the chain ends were localized on the la- 
mellar surfaces and the change from one to two stems per 
molecule occurred in a stepwise manner, the change in long 
spacing would have been 130 A, which is sufficiently large 
to be easily detected by SAXS. A similar conclusion can 
be drawn for sample PE 4050, but for samples PE6070 and 
PE11600 a discontinuous change in the lamellar thickness 
could not be easily detected by SAXS because of the small 
incremental change in each step. Accordingly, if we take 
the favorable case of the fractions PE3100 and PE4050, 
it seems reasonable to conclude that the observed apparent 
continuous increase of the lamellar thickness with T, is 
substantially correct. As will be seen later these consid- 
erations are important in attempting to interpret the 
growth rate data to be presented in part 3. 

Basal Surface Free Energy (u,). According to the 
kinetic theory of polymer crystal growth from solution, the 
initial thickness (Zg*) of a chain folded lamella is of the form 

(7) 

where CT, is the fold surface free energy, i.e., the work in- 
volved in the formation of a unit area of folded surface; 
Tdo is the equilibrium dissolution temperature; AT = Tdo 
- T, is the degree of supercooling corresponding to the 
crystallization temperature T,; Ahf is the bulk enthalpy 
of fusion per unit volume, and 61 is an approximately 
constant term whose explicit form is different in various 
theories. According to eq 7 a plot of lg* against TdO/AT 
should be linear and have a positive intercept of 61 on the 
lg* axis and a slope of 2u,/Ahp Thus, if Ahf is known, CT, 

can be determined. 
I t  is important to recognize that eq 7 is derived on the 

assumption that the molecular chain length greatly exceeds 
the lamellar thickness. This requirement is clearly not 
satisfied by the low molecular weight species being studied 
here, for which the chain length is comparable to the la- 
mellar thickness. Thus, a question arises as to the sig- 
nificance of the a, values that are obtained. In approaching 
this question we shall proceed by testing the equation in 
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Figure 8. Plots of lamellar thickness vs. reciprocal supercooling 
for single crystals of various low molecular weight polyethylene 
fractions. 

Table V 
Values of the Basal Surface Free Energy us and the 

Interceot Obtained from the Plots of 1 vs. 1/AT 
sample us, erg/cm2 61, A 

PElOOO 20.4 89.3 
PE2000 42.1 81.5 
PE3100 48.9 75.2 
PE4050 48.5 75.2 
PE6750 51.7 71.1 
PE11600 60.1 61.5 

order to ascertain whether there is a lower limit of mo- 
lecular weight where it fails to give reasonable values of 
a, that are in good agreement with the values obtained by 
other independent methods. This will be done later when 
growth rate and thermodynamic data are presented (parts 
2 and 3). 

I t  may be noted that polymer crystals are essentially 
unstable and slowly increase in thickness spontaneously 
at the crystallization temperature. This time-dependent 
process is often encountered in crystallization from the 
supercooled melt.22-25 However, for solution-grown poly- 
ethylene single crystals it has been shown that there is no 
change in the crystallite thickness or thermodynamic 
stability, during either the crystallization process or sub- 
sequent storage for long periods of time, if the crystalli- 
zation temperature is maintained constant.26 This seems 
to suggest that isothermal thickening is virtually absent 
at the temperatures involved in crystallization from dilute 
solution. Accordingly for present purposes it is assumed 
that the measured lamellar thickness can be identified with 
the initial fold length as predicted by the theories. Direct 
experimental evidence from the present work will be 
presented later (part 3) to support this assumption. 

Figure 8 shows the results that are obtained when the 
long spacing data for the various fractions are plotted 
according to eq 7. For samples PE3100 to PE11600 eq 7 
is obeyed within the experimental error, giving an intercept 
61 of 60-75 A. This may be compared with the value of 
43-55 A obtained with higher molecular weight poly- 
ethylene samples crystallized from xylene.27 If we take Ah 
= 2.80 x lo9 erg/cm3, the values of ue obtained as shown 
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in Table V are in the range 50-60 erg/cmz. These values 
are much lower than the 90 erg/cm2 that is considered to 
be the upper limit of this parameter.z7 In this connection 
it is pertinent to emphasize that a, is known to depend on 
chain length for low molecular weights and reaches the 
asymptotic value of 90 erg/cmz at high molecular 
 eight.^^,^^ The observed values of u, are therefore well 
within the anticipated range. 

For samples PElOOO and PE2000 the plots of 1,* vs. 
l / A T  show deviations from linearity a t  low supercooling 
AT. This is probably related to the fact that 1,* reaches 
an asymptotic value at low supercooling where the lamellar 
thickness and the chain length become equal. From the 
slope of the linear portion of these curves at  higher su- 
percooling we calculate a value of u, = 20 erg/cm2 for 
sample PElOOO and ue = 42 erg/cm2 for PE2000. The 
crystals of sample PElOOO are essentially extended-chain 
crystals and hence the low value of u, for this sample 
undoubtedly refleds the exclusive contribution of the chain 
ends. The value of u, = 42 erg/cm2 for PE2000 suggests 
that this sample contains some folds in spite of its short 
chain length. I t  may be well to note, however, that these 
statements are based on eq 7, which may be inaccurate at 
such low molecular weights. Accordingly the absolute 
values of a, for the crystals of these two fractions should 
be considered with caution. 
Conclusions 

The equilibrium melting (T,") /dissolution ( Tdo) tem- 
peratures of low molecular weight polyethylene fractions 
have been determined directly by calorimetric measure- 
ments on macroscopic extended-chain crystals. The 
measured values of Tmo are in good agreement with the 
theoretically expected values calculated from the Flory- 
Vrij equation. For Tdo the calorimetrically measured 
values are somewhat higher than those predicted by the 
relations of Pennings and Sanchez-DiMarzio but, as will 
be shown in part 2, they are in good accord with values 
obtained from thermodynamic measurements. 

When the same low molecular weight fractions are 
crystallized from dilute solution, the long spacing or la- 
mellar thickness increases continuously with crystallization 
temperature. The chains thus undergo a gradual unfolding 
as the supercooling decreases. This implies that the chain 
ends either must be located outside the lamellae where 
they dangle as cilia of variable length or are incorporated 
into the crystal lattice. The former interpretation would 
be consistent with the finding of Keller and Priestz1 that 
in polyethylene single crystals 90% of the chain ends are 
localized on the basal surfaces. 

The observed behavior of these low molecular weight 
polyethylenes stands in sharp contrast to that of low 
molecular weight poly(ethy1ene oxide) single crystals grown 
from the melt where the chain ends are preferentially 
rejected onto the lamellar surfaces so that the folding 
occurs in a quantized manner. 

Analysis of the observed temperature variation of the 
lamellar thickness for these low molecular weight poly- 
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ethylene fractions, using the kinetic theory of polymer 
crystal growth, yields values of the basal surface free energy 
of 20-60 erg/cm2. These values are within the anticipated 
range. 
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