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The crystallization behavior of random copolymers of 
ethylene 

Abstract 

The crystallization behavior of mndom cthyIcnc-l-srlkcnc copolymers is reviewed. 
lVlajlj<lr attcnlion is focused on fraclions and samples that have well-defined and narrow 
molecular mass and composition distrilbuiions. Emphasis is given to the analysis of 
thcrmodynnmic propcrtics. rhc basic clcmcnts of phase structure. the purity of 11~ 
cryslah~c phase and the supermolecular structure. The molar mass, co-unit content and 
chemical type arc trcatcd as independent variables in the analysis of a large amount of 
cxpcrimcntnl data. As is expected from theoretical considerations. the thermodynamic 
propertics are very $cnsitivc to the scquencc distribution of the co-units in the chain. It is 
found that, cxccpt for dircctiy banded methyl groups, the crystallite structure remains 
pure. irrcspcctivc of ;hc chemical nature of the co-unit. Thermodynamic prupcrties and the 
major clcments of phase structure, with the exception of the intcrfacial structure, arc 
independent of the nature of the side group for groups !argcr than methyl. The analysts ol 
a large amount of cxpcrimcntal data makes it clear that the molar mass and co-unit 
content need to be trcatcd as indcpcndcnt variables. 

1. INTRODUCTION 

The major focus of this review will be on the thermodynamic propeities’ 
and phase structure of random copolymers based on polyethylene. Despite 
this relatively broad subject area that will be covered it needs to be 
discussed within the general framework of the crystallization behaviour of 
copolymers. Therefore, a brief summary of the general principles that 
govern copolymer crystallization is presenied before some of ttie specific 
thermodynamic and structural properties are disctissed. More exiensive 
discussions can be found elsewhere [1,2]. 

From the point of view of the crystallization behaviour, the definition of 
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a’cti@lym& can’be subtle. Many different types bf structural irregularities 
.” 

can be incorporated into the chain and cause it to behave as a copolymer. In 
a straightforward way, two (or more) chemically dissimilar monomers or 
co-units, incorporated into the chain will constitute a copolymer. Depend- 
ing ‘on the nature of the repeating unit, structural isomers, geometric or 
stereo can also be present in the chain. Thus, typical examples are the 
stereoirregular polymers such as poly(styrene) and poly(propylene). The 
poly(dienes) are examples of chains containing geometric isomers. There 
can also be head-to-head as opposed to head-to-tail structures in the chain. 
Long and short chain branches, and also crosslinks, are other sources of 
structural irregularities. When aromatic rings are in the main chain, 
different types of isomers (ortho, meta or para) also endow copolymeric 
character to the chain. Therefore, a careful study must bc made of the chain 
structure o!’ a given polymer before attempting to analyze its crystallization 
behavior. In addition to identifying the structural irregularities that are 
present, it is extremely important that their sequence distribution be 
specified; 

For all types of random copolymers the properties of interest deviate in 
a significant manner from the expected equilibrium behavior [l, 31. Never- 
theless, it is important to establish the equilibrium requirement in order 
to have a base from which to understand the properties that are actually 
observed. The crystallization of copolymers is but one exampIe of the 
classical problem of a two-component (or more)-two phase equilibrium. 
However, the long-chain character of polymers introduces some unique 
features to the problem, although the principles involved are general. In 
phenomena of this type, it is necessary to a priori establish, or postulate, the 
distribution of components bet,ween the two phases. Theory, for ‘either 
monomeric or polymeric systems, does not establish this condition. Rather, 
theory makes a set of premises with regard to the distribution of 
components and then proceeds to develop equihbrium conditions based on 
the assumptions made. For copolymers, where co-units are excluded from 
the crystal lattice (the crystalline phase is pure) the thermodynamic and 
structural situation is clear. However, if the co-unit is located within the 
crystal lattice several different cases need’to be clearly distinguished. The 
distinction has to be made whether the co-unit enters the lattice either as a 
result of equilibrium requirements or as a non-equilibrium defect. These 
are obvious distinctly diffegaent situations that need to be treated separately. 
The problem is comparable to that found with monomeric systems. 
Deciding whether a co-unit does or does not enter the lattice can, 
admittedly, be difficult. 

The equilibrium theory of the fusion of copolymers has been developed 
by Flory [4,5] for the case where the crystalline phase remains pure. A 
Bernoullian type chain is considered that Is characterized by a parameter p, 
the sequence propagation probability. This parameter represents the 



probability that in the copoly’mer a crystallizable unit is succeeded by’ 
another such unit. For this type of chain, under the stipulation that the 
crystalline phase remains pure, the equilibrium melting temperature T,, cati 
be expressed as 

1 1 -R 
T, - T;, A& 

-=-lnp (1) 

where rll, is the melting temperature of the pure parent homopolymer and 
AhH, is the enthalpy of fusion per repeating unit. This equation gives the 
very interesting result that the melting temperature of a copolymer does not 
depend directly on its composition but rather on the nature of the sequence 
distribution. 
character of 
either state, 
composition 

The reason - for this unique result lies in the chain-like 
polymers. The chemical potential of a unit in the chain, in 
depends on the sequence distribution rather than on the 

[4,6]. We are not dealing here with the simple monomer that 
_ _ _ . 

contains isolated impurities. 
Three distinct types of sequence distribution can be easily discussed in 

terms of Xn, the mole fraction of crystallizable units. For an ordered or 
block copolymer p >> Xn* For such copolymers, there will at most be a 
slight decrease of the melting temperature from that of the corresponding 
homopolymer. For an alternating 
reduction in the melting temperature 
P =X,, so that eqn (1) becomes 

copolymer p <c X, and a drastic 
occurs. For a truly random copolymer 

(2) 

The prediction that copolymers having the same composition, but 
constituted in different ways, will have drastically different melting 
temperatures has been amply demonstrated by experimental observations 
of a wide variety of copolymer types El, 3,7-101. In general it is expected 
that the melting temperature, at a given composition, will be very sensitive 
to the parameter p. (Coleman 11651 has, analyzed this problem for the case 
where the addition of a given tinit to the chain depends on the preceding 
unit, i.e. in terms of conditional probabilities and it has recently been 
reexamined by Allegra et al. [166].) 

With our present interest in random copolymers we focus atteption’on 
eqn. (2). For a variety of different chemical type copolymers where the 
crystalline phase is pure, the functional forti of eqn (2) is obeyed for 
copolymers that range from &polyesters &d copolyamides to olefin-types. 
The specific chemical nature of the non-crystallizable portion does not 
affect the results as is predicted by theory. However,. in a major 
shortcoming for real systems, the value of AH, that is obtained is much 



lower than that obtained by other theoretical methods [l]. This is a 
reflection of a systematic difference between the observed melting 
tempeiature and that expected from equilibrium theory. The reason for this 
disparity is the inability of real copolymer systems to achieve the structural 
condition stipuiated by the equilibrium requirements. Theory requires that 
the melting temperature represent the disappearance of very long se- 
quences from the crystallite. Even at equilibrium ahese sequences only 
occur in very small concentrations. The crystallization of these sequences 
will be very difficult because of kinetic restraints, and their detection will 
require very sensitive experimental techniques. For these reasons the 
observed meltin’g temperatures of random copolymers will be less than 
predicted. This difference will become larger as the co-unit content 
increases and results in an apparent lower enthalpy of fusion. In addition to 
developing and detecting the necessary long sequences of crystallizable 
units, the average thickness of the crystahites that develop is less than 
required by equilibrium requirements and decreases with co-unit content. 

The equilibrium theory also gives expectations as to the level of 
crystallinity for random copolymers. At comparable temperatures the 
equilibrium degree of crystallinity is severely reduced as the concentration 
of the non-crystallizing units increases. The fusion of copolymers is 
expected to occur over a broad temperature range in contrast to the 
relatively sharp melting of homopolymers [5]. A small, but significant 
amount of crystallinity will persist for an appreciable temperature interval 
below the melting temperature. The breadth of this interval increases 
substantially with the concentration of non-crystallizable units. Thus, 
equilibrium melting temperatures may be very difficult to detect. The 
unique features of the fusion of random copolymers (which satisfy all the 
requirements of a first order phase transition) are a consequence of the 
broad distribution of sequence lengths that change in the residual melt as 
fusion progresses. In addition, there is the influence of crystallites of finite 
ihickness. These factors will be severely exacerbated for the real non- 
equilibrium situations that are usually encountered. The major conclusions 
of the theoretical development in regard to the crystallinity level and the 
course of fusion are substantiated by experiment [Y, 1 l-131. Random 
copolymers are well known to melt over a broad temperature range 
irrespective of the specific nattire of the structural irregularity or the type of 
parent homopolymer. 

The situation where the co-unit enters the lattice presents an entirely 
different situation. The presence of a co-unit within the lattice does not 
necessarily represent a defected structure. It could very well represent. the 
equilibrium condition. As indicated previously, a clear distinction needs to 
be made between the two cases. When the co-unit acts as a truly defected 
structure within the crystalline lattice, a variety of formulations can. be 
given to the problem depending on the assumptions made and the details 
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involved. Attempts have been made to calcuIate the effect of internal 
defects on the melting temperature [14-161. If, however, one considers t1l.e 
equilibrium case, then the sequence distributio.n within the crystallite needs 
to be known. The reason is that the chemical potential of a unit in both 
states needs to be equated in order to obtain the melting temperature- 
composition relation. This is a difficult matter that has not as yet been 
resolved. There are thus some very major difficulties in analyzing this aspect 
of the problem. 

Many properties of crystalline homopolymers are known to be very 
dependent on molar mass and crystallization conditions [17-211. Linear 
polyethylene has been extensively studied in this connection. Thus, a 
variety of properties ranging from simple thermodynamic to more complex 
mechanical ones follow this generalization [18-311. Random copolymers 
would be expected to behave in a similar manner. Therefore, in studying 
the properties of random copolymers, in addition to the sequence 
distribution and concentration of the units, the molar mass and crystal- 
lization conditions need to be specified and independently assessed: In 
particular the contribution of molar mass and composition need to be 
treated as independent variables in studying properties. If this precaution is 
not taken, definitive conclusions can not be made. 

Because of the limitations of space we primarily limit our consideration 
to ethylene-co-l-alkene copolymers. Other random type ethylene copoly- 
mers, which have been reviewed elsewhere [2], will only be introduced for 
very specific purposes. We shall also avoid, in general, discussing samples 
that are polydisperse in molar mass and composition. They introduce major 
complications to any serious analyses. Moreover, a sufficient number of 
studies, involving well-defined and characterized 
able for review. 

2. MELTING TEMPERATURE 

samples, are now avail- 

The analysis of the melting behavior of a polymeric system is usually very 
informative with respect to molecular structure. In accord with our stated 
objectives, we shall focus attention here on samples having narrow molar 
mass znd composition distribution as well as those whose distribution is 
well-defined. In the first category data is available for hydrogenated 
polybutadienes and cross-fractionated ethylene-l-alkerie copolymers. 
Extensive data is also available for copolymers having narrow cornposit& 
and most probable molar mass distribution [9,12,32-343. All these. 
copolymers have essentially random sequence distribution. Hydrogenated 
polybutadiene is a random ethyl branched copolymer of very narrow molar 
mass and composition distribution 135,361. It serves as a T/cry fine model for 
random ethylene copolymers. Rapidly crystallized samples were analyzed 
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Fig. 1. Melting tcmpcr;rturcs of rapidly crystallized cthylcnc copolymers as a function of 
branching composition:, 0. hydrogcmtcd polybutadicncs; 0. cthylcnc-hutencs; 8. 
cthylcnc-hcxcncs: %1. ctllytcnc-octcnos: A, ethylcnu-crctcnu fractions. Solid thicker line 
rcprcsents rquilibrium theory for random copolyrncrs. 

to avoid structural and morphological complications present after isother- 
mal or slow crystallization. Although far from equilibrium this crystal- 
lization procedure is quite satisfactory for comparative purposes. We shall 
treat the branch type, co-unit content and molar mass as independent 
variables in the analysis that ensues. 

The melting temperature-composition relation for a .variety of copoly- 
mers, in the categories described above, is plotted in Fig. 1. (Here, and in all 
subsequent discussions the co-unit content is expressed as mole percent of 
branch points.) In this data set, the molar mass is fixed at 90 000 f 20 000. 
Also plotted (based on eqn. (2) is the theoretical, equilibrium expectations 
for a random .ethylene copolymer [S]. For this tialculation T$ is takcti td be 
41 &?I K and AHU = 970 cal mol-’ [37,38]. The most important and sig- 
nificant finding in Fig. 1 is that there is no systematic deviation for the 
different type copolymers. The same results are obtained at a given co-unit 



content. irresoective of either the chemical ri&tui& df the brarich or the 
polymeiizatioi method. Put another wdy, f6r this mode of crystallization, at 
a fixed copolymer composition, there is no effect of the source of the.. 
copolymer as long as a narrow composition and constrained molar mass 
distribution is studied. Gne can not rule out completely the possibility of 
small changes in the melting temperature. Exploring this possibility would 
require even more stringent control of molar mass and a more precise 
determination of melting temperatures. However, the conclusion can be 
reached that these copolymers possesx essentially the same sequence 
distribution. The fact that side groups 8% small as ethyl or as large as hexyl 
(or even bulkier groups 173) display identical melting temperature- 
composition relations is a good indication that they are not incorporated 
into the crystal lattice; i.e. the crystalline phase remains puie. This point 
will be discussed in more detail in Section 3. 

The expectations from the equilibrium theory that exclude the branches 
from the crystalline lattice are, therefore, well supported by the experimen- 
tal results shown in Fig. 1, A decrease in the crystallite size is expected with 
increasing number of branches in a given chain due to the decreased 
number of crystallizable units. The melting temperature of the copolymer 
will accordingly decrease with increasing number of irregularities in the 
chain. Thus, the melting temperature varies from about 130°C for the linear 
polyethylene to approximately 70°C for the copolymers with 5 branches per 
100 total carbons. The reduction of the melting temperature is very 
dramatic in the region of low branching, for example, the introduction of 
only 2 mol% branches in a linear polyethylene chain reduces its melting 
temperature by as much as 25°C. 

The data in Fig. 1 describe a straight line up to 4 mol% branch points. 
The upward curvature observed in the high co-unit content data for 
hydrogenated polybutatienes could be related to differences in the 
sequence distribution. In fact, a comparison of the results from 13C NMR 
[32,35] indicates that hydrogenated polybutatienes have essentially a 
random distribution of ethyl side groups at the low co-unit content, but 
there is a slight tendency to develop a more ordered sequence distribution 
at higher co-unit content. 

Although the experimental data follow the functional form. of the 
theoretical equation, the melting temperatures are found to be systemati- 
cally less than theoretical expectations. This result, typical of all types of 
random copolymers that have been szudied, is not surprising since eqn.. (i) 
requires that total equilibrium prevails throughout the system. As indicated 
in the Introduction, this is ti very difficult condition to achieve even under 
the most stringent crystallization conditions. The results of Fig. -1 tire 
consistent with theory and can be explained by experimental limitations. 

Since the copolymers plotted in Fig. 1 were rapidly quenched prior to 
melting, the depression sf their melting temperature with respect, to the 



theoretical expectation will be larger than that obtained after slower 
crystallization conditions, in this case favoring the formation of thicker 
crystals. The reported dilatometric determined melting temperatures of 
some of the hydrogenated polybutadienes and fractions from Fig. 1, slowly 
crystallized; arti a good example of this situation [9]. Increasing the number 
of randomly distributed branches will cause a .decroase in the average 
crystallite thickness as well as reducing the concentration of the longer 
sequences required for equilibrium. Both of these factors cause a reduction 
in the melting temperature relative to the equilibrium expectation. 

The equifibrium melting temperature of a copolymer is obviously a 
quantity .of importance. .However, except by theory, where certain 
conditions have to be a priori specified, it is very difficult to attain. The 
adoption of slow heating rates, subsequent to high temperature crystal- 
lization does not alleviate the problem. The conventional extrapolation 
method of analyzing the dependence of the crystallization temperature on 
the melting temperature, so successful for homopolymers (39-431, fails in 
the case of random copolymers, when carried out properly [33]. Extreme 
caution must be exercised when employing this method with copolymers 
1331. 

The influence of the sequence distribution on the melting temperature is 
illustrated in Fig. 2. Here an ethylene-butene copolymer, prepared with a 
heterogeneous type catalyst was fractionated by composition and molar 
mass. The melting temperatures of the rapidly crystallized fractions are 
plotted in, Fig. 2. In this data set the molar mass is again fixed at 
90 000 =t 20 000. The curve from Fig. 1 for the random copolymers is also 
given as a reference. The melting temperatures of these particular 
ethylene-butene fractions are significantly higher than the other random 
copolymers. These differences are about 5°C for 0.5 mol% side groups and 
increase to 10°C at about 3 moI%. 

The differences in melting temperature between these e thylene-butenes 
and the other copolymers can not be attributed to the chemical nature of 
the side groups a-;mcp 3..--r a direct comparison can be made with the 
hydrogenated polybutadienes and the other ethylene-butenes. These three 
type copolymers are chemically identical. On the basis of eqn. (2) we must 
therefore conclude that the melting point ditferences are a result of 
different sequence distributions between the particular ethylene-1-butene 
copolymers studied and the others. In the compcsition range of present 
interest, i.e. the order of a few mole percent co-unit, only very small 
differences in the parameter p can cause melting point differences of the 
magnitude observed here. For example, for a random sequence copolymer 
such as hydrdgenated polybutadiene, p = 0.980 for 2 mol% side group 
content. For. the melting temperature of the 2 mol% ethylene-1-buttine 
copolymer the calculated value of p would be 0.9875. A similar conclusion 
is reached in the analysis of the higher co-unit content.samples. Therefore, 
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Fig. 2. MclGng tcmpcraturcs of rapidly crystallized cthylcnc copolymers as a function of 
branching composition: Cl. cthyIcnc-butcnc fractions. A. clhylcnc-vinyl axlate. frnctiuns. 
Solid lint rcprcsen& random bchuvior from Fig. 1. 

for the type of samples under present discussion the differences in melting 
temperatures between the ethylene-l -butene and the cofiolymers repre- 
sented by the solid line in Fig. 2 are not caused by any inherent difference in 
the chemical nature of the side group. 

Melting point differences of this order were also observed by Springer.et 
al. in similarly constituted ethylene-butene fractions [44,45]. In their 
report, the composition of the hydrogenated polybutadienes, as well as the 
other copolymers, were incorrectIy extracted from Figs. 3 and 4 of ref. 9. As 
a consequence an anomaIous compilation of melting temperatures was 
given [44]. This misinterpretation of the data was corrected-subsequently 
[45]. It was then found that when the correct branching content was used, 
the melting temperatures of the -ethylene-butene fractions studied .by 
Springer et al. agreed with the non-random behavior of the ethylene- 
.butene copolymers that were originally reported. Other ckamples of 
differences in sequence distribuiiofi caused by different polykrizajion 
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procedures are. the two r2thylene-butenes studied by Kimura et al. [46]. In 
spite of using the same support&d catalyst system, the fractions from the 
slurry polymerization product gave systematically higher melting tempera- 
tures than the fractions obtained from the product of a high-pressure 
tubular reactor’. A comparison of these results with those of Fig. 2 points 
toward differences in the sequence distribution of both copolymers, the 
product from the tubuIar reactor having the ethyl branches more randomly 
distributed. Iti fact, 1.1 C NMR analyses of both series of fractions indicated a 
higher tendency for the ethyl branches to group in the slurry polymerized 
ethylene-butenes [46]. Systematic, although smaller, differences were also 
fcund in IWO series of fractionated ethylene-octene copolymers and 
‘interpreted as being a consequence of differences in the sequence 
distribution [47]. Hosoda [ 1 Cl] studied meIting temperature-composition 
relations of various ethylene-butenes, ethylene-hexenes, ethyiene- 
octenes and ethykne-4-methyl pentenes obtiined from different sources. 
Among the four series of fractions of ethylene-butenes, three of them 
presented identical melting temperature-composition relations. However, 
the melting temperatures of the fourth series ‘were between 3 and 10°C 
higher than the others and are thus ,characteristic of a more ordered 
sequence distribution. The ethylene-octenes and ethylene-4-methyl pen- 
tenes showed the same behavior between them, btit their melting 
temperatures were lower than those of the ethylene-butenes. The 
ethylene-hexene copolymers showed melting temperatures intermediate 
between those of the ethylene-butenes, and the ethylene-octenes (or 
ethylene-4-methyl pentenes). This decrease of melting temperature with 
increasing size of the branch, at a fixed branching content, was identified 
with a different degree of incorporation of branches in the crystal. Although 
this is an attractive interpretation, there is the distinct possibility that these 
series of copolymers have different sequence distributions. This possibility 
was only investigated within ethylene-butenes and not for’ the copolymers 
with different types of branches [lo]. The conclusion reached by the author 
of different branching incorporation in the lattice is inconsistent with the 
data in Fig. 1 and as will be discussed in Section 3; it is untenable in te’rms of 
other types of studies. In addition, some of the variation in melting 
temperatures may be related to the influence of mplar mass, which was not 
treated as an independent variable in this study [lo]. 

A set of ethylene-vinyl acetate copolymer fractions, obtained from 
free-radical polymerized polymers are alsb plotted in Fig. 2 [9]. The two 
lowest acetate cor)tent fractions follow the solid line. The others deviate 
somewhat from the random behavior. In analogy to the situation found in 
the ethylene-butene fractions, there must aIso be small differences in 
sequence distribution between the ethylene-vinyl acetates and the other 
copolymers. The difference in melting temperatures is more accentuated 
for concentrati. s of 4 mol%, and higher, indicating a higher tendency of 



these ethylene-vinyl acetate copolymers .to develop a more ordered 
sequence distribution at high co-unit concentrations. Analysis of these 
fractions by ‘C NMR corroborates that the branches become more ordered 
with increasing vinyl acetate content 191. 

Many properties of crystalline polymers are dependent on chain. length 
[19-311. The phase structure that defines the crystalline state can be varied 
clver wide limits by changing the molar mass and/or the crystallization 
conditions [13,24,25,28,33,48-511. Since random copolymers would be 
expected to behave in a similar manner, the influence of molar mass as an 
independent variable needs to be investigated in more detail. It has been 
found for many of the heterogeneous ethylene-l-alkene fractions studied 
that the less branched fractions have the highest molar mass [lo, 44,52-581. 
The melting behavior and other structural properties have usually been 
studied as a function of branching composition in these series of fractions 
[ 10,44, si-59] and general conclusions for random copolymers have been 
drawn. The possible role of molar mass in influencing the results was not 
recognized. 

A definite influence of the molar mass on the melting temperature and 
degree of crystallinity was observed in low density polyethylene fractions of 
approximately constant total branching content [60-631. Similar effect.s 
were also observed by Hser and Carr [64] for hydrogenated polybutadienes. 
These results were confirmed in more detailed studies of hydrogenated 
polybutadienes having approximately 2.3 ethyl branches per 100 carbons 
[33]. A decrease in the meiting temperature of the order of 7-8°C was 
observed with increasing chain length in the range between 4500 and 
500000. These results are unexpected since melting temperatures are 
usually reported to increase with molar mass for both homopolymers and 
copolymers. The melting temperature-molar mass dependence observed 
for hydrogenated polybutadienes was confirmed with studies of several 
series of random ethylene copoIymers where the type of branch, the. 
composition and the molar mass were independently varied. Figure 3 shows 
melting temperature-molar mass relations for compositional series of 
homogeneous ethylene-l-hexene copolymers [34]. Four different series 
with branching contents of approximately 1.1, 1.4, 1.7 and 2.6 mol% and. 
molar masses from 10 000 to 500 000 are represented in this plot. For each 
series illustrated the observed melting temperatures decrease with increas- 
ing chain length in analogy to the results for the hydrogenated 
polybutadienes. 

The influence of molar mass on the melting temperature is not specific to 
a given copolymer type but is a general phenome-, an for all types of 
branches as is illustrated in Fig. 4 [34]. Here data for ethylenelhexenes,’ 
ethylene-butenes, ethylene-octenes and the mode1 hydrogenated polybut- 
adienes are presented. Results for linear polyethylene fractions have been 
incIuded for comparison. ‘The d&a generate a family of curves’ each 
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dependent on the co-unit content, but independent of the chemical nature 
of the co-unit. The plots indicate that the less branched copolymers display 
a steeper decrease of the melting temperature with molar mass than those 
with a higher concentration of branches. For example, in the mo!ar mass 
range between 2 X 10’ and 3 X lo’, the melting temperatures of the co- 
polymer series with approximately 1.1 mol% of branch points differ by 7°C. 
This difference is .almost reduced by half for the series that contains 
2.6 mol% of branch points; in ctintrast, the rapidly crystallized linear 
polyethylene only shows a very small variation of the melting temperature 
with increasing molar mass; The influence of molar mass ‘is much more 
marked for the copolymers, especially in the series with the lowest 
branching content and in the range of molar mass between 5000 and 
100000. The melting temperatures level off above a molar mass of about 
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Fig. 4. Melting temperatures plotted against molar mass for series of rapidly crystalIized 
ethylene copoIymers having a fixed branching content. The copolymers and number of 
branches per 100 carbons are indicated in the figure. A, rapidly crystallized linear 
polyethylene fractions. 

100 000 for the higher co-unit copolymer (2.3 and 2.6 mol%). The 
implication of these results is that if the chain length dependence is ‘nly 
studied in this range, the general decrease of T, with A& would n.;r. L.= 
observed [44] and incorrect conclusions would be made. 

The reduction of the meiting temperature with increasing moIar mass in 
quenched random copolymers is a consequence of the decreased crystallite 
thickness. An explanation for the formation of smaller crystals with 
increasing molar mass is related to the slower crystallization kinetics due to 
the increase in entanglements [X3,33]. These and other aspects of the 
structure of the copolymer crystals will be analyzed further in Section 5. 

The need for considering the influence of the chain ,length iS importaht 
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not only in studying melting temperatures, as Figs. 3 and 4 demonstrate, but 
also when studying other aspects of the phase structure. One can not ignore 
the p:diar mass effect and consider only the composition ‘relations. For 
sol;te properties, stich as the meitfng temperature, the effect of increasing 
co-unit content is opposite to decreasing the molar nlass. 

2. LA-I-fICE STRUClWRE 

A central question that has prevailed in the study of this class of 
copolymers has been what type of co-unit, if any, enters the Iattice, A 
corollary question is how the branches enter the lattice, i.e. do they do so as 
a non-equilibrium defect or as an equilibrium requirement. A wide variety 
of experimental methods have been employed to address this problem. 
These include analysis of melting temperature-composition relations, 
lattice e’xpansion, X-ray and neutron scattering, selective oxidation, and 
NMR, to cite but a few techniques that have been used. 

Solid state !>C, NMR methods,- have the potential to. quantitatively 
describe the distribution of side-groups between the crystalline and 
liquid-like regions. Thus, this method addresses the problem directly. 
Several pertinent studies have appeared [65-701 that have greatly aided OUI 
understanding. ‘C NMR studies of the relaxation behavior of the 
side-chain carbons of copolymers comprised of ZH,-ethy:ene copolymerized 
with protonated I-alkenes were carried out [67]. 

The co-units ranged from propene to I-octadecene. The short T, values 
(the spin-lattice relaxation time) and the single exponential decays of the 
methyl, Q! and p carbons supports the concept that the branches are 
concentrated in a single mobile phase, presumably the liquid-like region. 
No evidence was found for the incorporation of these side-groups into the 
crystalline phase. However, some of the directly bonded methyl groups of 
the I-propene copolymers may be incorporated with 11’1 the lattice, according 
to this NMR study. ‘H and “C spectra and spin-latt.ice relaxation behavior, 
in the laboratory frame (T,) and rotating frame (T,,,), confirm the con- 
clusion with regard to ethyl and butyl branched copolymers [67,68]. The 
side chain resonances have short T\,, times tind hence are associated with 
the mobile disordered region. 

Pulsing techniques with 13C NMR have been adopted that allow for a 
discrimination to be made between resonan.ces assigned to the crystalline or 
amorphous regions [66]. It was found for an ethylene-propene copolymer 
that a small quantity of methyl groups are incorporated within the crystal 
lattice. In contrast, longer branches, ethyl, .butyl and hexyE, are located 
primarily in the liquid-like interfacial regions. The distribution between 
these two regions depends on the crystallization conditions. Resonances 
due to the side-groups within the crystalline region, were not detected with 
the limits of the instrument sensitivity. 
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Solid state 13C NMR studies have also been reported for a hydrogenated 
polybutadiene that contained 1.5’ mol% ethyl branches 1691. It was 
concluded, that at the most, about 5% of the total branches were located 
within the crystalline region. No real, or effective, distinction was made 
between the crystalline and interfacial region in this par!.icular sttidy. In a 
study using similar methods, involving a very polydisperse broad composi- 
tion ethylene-buterie copolymer, it was found that about 9% of the total 
branches were incorporated into the crystal lattice [70]. 

From these diverse NMR ,tudies that have been directed to this specific 
problem some general conclusions can be reached. Groups larger than 
directly bonded methyl are excluded from the lattice. If groups as large as 
ethyl are accommodated within the lattice, their cc9centration must be very 
s&aIl. 

Chemical methods, usually selective oxidation invol Jing either fuming 
nitric acid or ozone, have also,.jjt:t:n usrrf I& L1ulcr-rnilrc the partitioning of 
the CO-LUG!.:; between the cryd;ll~iiit: :ln’l II- ~~~-vr-ysl~~llinc iegion. The method 
is based on the demonstrativlr lvil)l iinear polyethylene that the non- 
crystalline region can be scpill.ttrr!d from the crystalline core by selective 
oxidation [71]. The residue, whiclh is presumed tu be composed of only the’ 
crystalline core is analyzed for branches by conventional IR, I? NMR or 
radioactive tagging. A basic problem with this procedure, particularly 
important for copolymers, is the need to establish the reactivity of the 
interfacial region and to decide whether it is penetrated by the oxidizing 
agent. If the interfacial region is not easily removed it has to be considered 
as being part of the residual crystallite core. 11 can be expected (see below) 
that the interfacial region will have a higher content of non-crystallizing 
co-units. Consequently the experimental results and interpretation will be 
altered accordingly. With the recognition of this difficulty, it is of interest to 
examine the results that have been obtained by these chemical methods. 

A large number of studies of high pressure, long-chain branched 
polyethylenes and ethylene copolymers, using these methods have been 
reported [72-79 :. A typical set of results obtained during the selective 
oxidation by fuming nitric acid of a bulk-crystallized unfractionated (with 
respect to both ‘moiar mass and composition) ‘ethylene-l-butene copolymer 
is given in Fig. 5. This copolymer contains 3.7 ethyl branches per 100 carbon 
atoms 1721. The weight loss reaches an apparent plateau after about 6 h bf 
oxidation. About 60% of the sample tcras removed at this time, correspond- 
ing to the initial level of crystallinily of abtiut 40%. Within the same time 
frame, the ethyl branch c&tent drops to the experimentally negligible 
value of .O.CB%. Within the constraints of the experiment v..e can conclude 
rather confidently, that the ethyl branches do not enter the lattice. Put more 
formally, these groups are easily accessible to the oxidizing agent, while the 
ciystallite core of abouE 40% of the material remains intact. 

Studying similar types of copolymers containing either ethyl, butyl or 
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Fig. 5. Percent weight loss (A). percent crystallinity (B) and rhe number of ettryl branches 
per 100 carbon atoms (C), of a 0.91 l-density ethylene-1-butene copolymer versus oxidation 
time in fuming nitric acid. 

hexyl side groups France et al. [79] found that 90%, or more, of the branch 
groups were removed by this selective oxidation techniques. The results 
were essentially the same for all three types of branches. In these 
copolymers the vast majority of the branches are excluded by far from the 
interior of the crystalline core. Although it is possible that the very small 
.amount of residual branch groups is located within the crystallite interior 
there is a very strong likelihood that the branches are located in the first few 
layers of the interface. They would thus be relatively inaccessible to the 
oxidizing agent. 

13C NMR methods, combined with selective oxidation, have been used to 
determine the location of the side chains in high pressure, free-radical 
polymerized long chain polyethylene [77- 74]. It was found that the ethyl 
and butyl groups, the most preduntinant short-chain brarich oc~rring in 
these polymers, were mainly excluded from the lattice. Not surprisingly, the 
long chain branches can co-crystallize with the main chain. 

Analdgous studies with copolymers crystallized from dilute solution have 
led to very similar concltisions [73, SO]_ The directly bound methyl groups 
were found to be only partially accessible to the oxidizing reagent. In 
contrast, the ethyl branches were essentially completely removed. For 
extimple, for an ethylene-butene copolymer the branch content falls from 
1.84 to 0.1 msl%, or a 95% branch loss, over the time it takes for the 
residual weight to level tiff. For ethylene-propylene copolymers about 
B-33% of the methyl groups are retained within the lattice. 



These chemical methods and the NMR rrssults are in essential agreement 
that the alkyl branches are located outside of the crystalline core. If any 
side-groups, besides directly bonded methyls, are located within the 
crystallite their concentration must bz very small. If inaccessible they could 
be located within the first few layers of ,ths: interfacial region. In contrast, 
there is very strong evidence that the directly bonded methyl groups of the 
ethylene-propylene copolymers are present within the lattice in significant 
concentrations. 

A variety of scattering methods have also been used to address the 
problem of the distribution of co-units amqng the phases. Kalepky et al. 
1811 combined the measurement of the integrated intensities of small-angle 
neutron and X-ray scattering to determine the extent of partitioning of ti 
randomly chlorinated polyethylene. Based on a two-phase model it was 
concluded lhat there was a significant distribution of the Cl groups between 
the two phases. Rbe and Ganiewski [SZ, 831 studied the same type of 
copolymer by measuring the absolute intensity of the .small-angle X-ray 
scattering. It was also concluded from these studies that the chlorine atoms 
enter the lattice. Small-angle X-ray scaitctiing of a series of ethylene- 
phosphonic acid copolymers has shown that in this case the branch groups 
are not incorporated into the crystal lattice to any apprecinbIe extent f84J. 
This is not an unexpected result considering the size of the branch groups. 

From a set of wide and small angIe X-ray experiments, Vonk and 
co-workers [85-X7] concluded that 2640% of the side groups of an 
ethylene-vinyl acetate and ethylene-acrylic acid copolymers and of a high 
pressure branched polyethyiene are included in the lattice. The conclusion. 
is based on the difference between the density obtained from the 
small-angle invariant and that obtained from the lattice parameters 
determined by wide angle X-ray diffraction. This difference is attributed to 
the incIusion of the side groups in the lattice. However, the interpretation 
of the invariant with the more coinplex morpho!ogy of a copolymer is not 
straightforward. In addition, as will be discussed below, there are other 
major reasons, besides branch incorporation, that can cause the lattice to 
expand. These two factors appear to be the main reason for the conclusion 
that the bulky side-groups were incorporated to s&h a large extent [87]. 
This conclusion is clearly in disagreement with the results just discussec! and 
the melting temperature-composition relations for the ethylene-vinyl 
acetate copolymer with low co.-unit cqntent previously cited. 

The analysis of the laet.ice par.anleters by means of wide angle X-ray 
diffraction has been a popular method used to study the internal crystallite 
structure and presumably its compqsltion. Early in the study of low density. 
polyethyiene (the type that contains both short-chain and lpng-chain 
branches) it was found that the lattice expands in both the n and b 
directions, with +he a spacing being the dimension predominately affected 
[88]. The cross-sectional area was found to increase with branching. A’ 



significant variation of the unit celi density from 1.01 to 0.96 g cm-’ 
resulted. Further, early work with ethylene-propylene as well as with other 
alkene-l-copolymers also showed a significant increase in the lattice 
cross-section with branching content [89-911. These results Immediately led 
to the conclusion that the lattice expansion was caused by the inclusion of 
the co-units within the crystallite 190,911. The influence of the length of the 
branch on the magnitude of the expansion was also of interest. However, 
conflicting reports appeared [90-941. For example; it has been reported that 
the effect of the butyl group is only imperceptibly different from methyl 
[94]. In contrast it has been stated rather definitely that methyl and ethyl 
groups.may be accommodated within the lattice but butyl groups are not 
[94]. It has been clearly shown that the methyl group causes a greater lattice 
expansion’than the n-propyl group [93]. In contrast, significant expansion of 
the n and b dimensions are claimed for n-decant side-groups [92]. 

The lattice expansion results, and their interpretation, are confusing. The 
quantitative influence of specific side-groups can be clarified by further 
experimentation. However, the significance of the lattice expansion itself is 
in need of further discussion. The initial interpretation that the co-unit must 
be entering the lattice is in contradiction with the melting temperature data 
just described and further thermodynamic analysis to be given. Seguela and 
Rietsch [95] have considered a specific aspect of the problem by analyzing 
which side groups can be accommodated within the lattice by the 
introduction along the backbone of the chain of the popularly postuEated 
g+tg- defect. Here in place of the usual sequence of three trans C-C bonds, 
a trans bond is flanked by two g,,auche bonds of opposite sign. They found 
that a methyl group could be accommodated at interstitial positions. 
However, this conformational defect does not provide enough volume to 
accommodate ethyl and higher alkyl groups. Other types of defects would 
have to be postulated to allow the larger groups to enter the lattice,-if they 
indeed do so. Granted that lattice expansions are experimentally observed 
with branches greater than methyl, the question arises whether this requires 
the co-unit to enter the lattice. 

It is well documented that copolymers form very thin crystallites so that 
the lateral dimension may be altered by the local stress exerted at the basal 
planes [11]. Bunn [96] suggested that because of the reduced crystallite 
thickness the n-axis expansion could be caused by strain at the interphase 
due in part to the congregation of ,co-units in this region. From this point of 
view the lattice exptinsion doe& not necessariiy reflect internal defects 

.within the crystallite. In support of this concept has been the observation 
that. the iattice expansion, as di:scribed by ab/2, is observed in linear 
polyethylene, both solution and melt crystallized [97] and in the n-alkanes 
[97,98]. Furthermore, the expansion is inversely proportional to the 
lamellar thickness. Thus, it is demonstrated that the lattice expansion 
occurs when the crystallite thickness is decreased. In these cases there are 



no branches to be included within the lattice. However, similar relations 
have been found for hydrogenated polybutadienes [99] and a variety of 
ethylene copolymers [100, 1011. Analysis of the data relating the cross- 
sectional area of the unit cell to the crystallite thickness has .led Vonk IlOO] 
to conclude that sideigroups such as those occurring in low density 
polyethylene and ethylene-vinyl acetate copolymers play only a mirror role 
in the expansion of the lattice. The major effect is caused by the reduced 
crystalbte thickness. An exception to this generalization is the behavior of 
ethyne-propylene copolymers. For this copolymer there is a much greater 
increase in the cross-sectioned area at a given thickness as compared to the 
others [lOO, loll. Thus, to account for the larger iattice expansion, the 
smaller CH, group can be assumed to be located, in part, within the 
crystallite lattice. The role played by the interfacial structure in causing the 
lattice expansion is further illustrated by the changes that occur during 
selective oxidation. For the copolymer sati le described in Fig. 5 the initial 
n dimension is 7.493 A relative to 7.4175 8: for the corresponding hdmo- 
polymer 1721. During the course of the oxidation reaction this dimension 
decreases to 7.433 A. Although the value of the homopolymer is not quite 
attained, these results demonstrate that a significant lattice expansion 
occurs without the co-unit being occluded and that the lattice contracts as 
the stresses within the interface are being alleviated. Similar results are 
found for copolymer crystaIlites formed in dilute solution [102]. 

The results obtained by a variety of experimental methods, which were 
described above, have made abundantly clear that side groups greater than 
methyl are effectively excluded from the crystalline lattice. One would then 
expect that such copolymers,, having the same type of sequence distribution, 
should have the same thermodynamic properties. This condusion was 
substantiated by the melting point relations given in Fig. 1. On this basis 
one would expect that the melting temperat.ure of ethylene-propylene type 
copolymers should behave differently. This expectation is indeed fulfilled as 
shown in Fig. 6. Here the melting temperature of copolymers formed.by the 
decompositi& of the diazoalkanes are given [ll]. In the synthesis of these 
copolymers special measures were adopted to assure the random distribu- 
tion of co-units. Therefore, a valid comparison can be made with these data 
of the influence of the different type co-units. In Fig. 6, the melting 
temperature-composition relation falls into two groupings. The methyl 
branched copolymers are donsistently and significantly higher than .those 
with ethyl and n-propyl branches. The results for the other copolymers are 
independent of the nature of the branch as would be expected since the 
crystalIine phase remains pure. These results are for slow heating rates-[ll]. 
When extrapolated melting points are used, a maximum in the melting 
temperature-composition diagram for the methyl branched copolymer is 
observed [6J. The difference in melting temperatures between copolymers 
with.directly bonded methyl groups and those with longer alkyl branches 
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Fig.. 6, Melting temperatures as a function of co-unit for a scrics of random copolymers 
prcparcd by the decomposition of diazoalkancs. Dashed lint rcprcscnts equilibrium 
cxpcctations. 

have been observed by others [92]. The initial elevation of the melting 
temperature with increased concentration of co-unit is strong evidence for 
solid-solution (or compound formation} of the copolymer with directly 
bonded methyl groups. The observed melting point reiation gives prima 

facie evidence that the 
CHa 

>CH- group is part of the crystalline phase on 
an equilibrium basis. This conclusion is in accord with the other evidences 
repqrted. The fact that the methyl group is accommodated within the lattice 
should not only influence the melting temperature but other elements of 
phase structure as well. As we shall see shortly this expectation is fulfilled. 

The melting temperature-composition relation for ethylene-vinyl chlo- 
ride copolymers [103] is virtually identical to that for ethylene-propylenes 

CI 
16. 1 I]. Hence, we can conclude that at least partially the 

:: : 
>CH- group is 

also located within the crystallite on an equilibrium basis. This conclusion is 
in accord with scatte’ring studies. 

From the studies discussed above it can be concluded that a portion of 
small substituents, such as CHA, Cl, 0, and OH, enter the lattice on an 
equilibrium basis. Larger side-groups such as ethyl, propyl, butyl, hexyl, 
methacrylic acid and acetate do not enter the lattice to any appreciable 
extent. Cdnstiquently, the melting temperature ‘and other thermodynamic 



properties are independent of the chemical nature of the co-unit but 
depend only on the copolymer composition. In retrospect it should be 
realized that these definitive conclusions could not be reached by 
depending on only one experimental method. A variety of techniques need 
to be utilized so that all aspects of the problem are examined. 

4. DEGREE OF CRYSTALLlNITY 

An important element of phase structure is the degree, or level of 
crystallinity. lt has been sho%,vn to be a quantitative concept for both 
homopolymers and copolymers. The level of crystallinity is plotted in Fig. 7 
as a function of co-unit content for copolymers with a molar mass of about 
100000, after rapid crystallization 1341. This plot represents a comprehen- 
sive set of data that includes the lrlodel hydrogenated polybutadienes, 
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Fig. 7. Plot of dcgrcc of crystallinity calculated from Raman internal modcs a, against 
n~nlc% branch points for the indicated copolymers. Solid lint from ref. 12. HPBD. 
hydrogenated polyhutudicnc: EB. clhylcne-I -hutcnc: EH, cthylenc-l-hcxdnc; EO. 
ethylene- I-ocknc: EVA. cthylcnc-vinyl acctatc. Samples quenched into a dry ice- 
isopropanol mixture. 



fractions of ethylene-vinyl acetate atid ethylene-l-alkenes as well as 
ethylene-butene, ethylene-hexene and ethylene-octene copolymers with 
most probable molar mass distributions 112,341. The degree of crystallinity 
aY, was calculated from. an analysis of. the Raman internal modes 
[49, lO&Ic)6]. It is evident that the introduction of the &n-crystallizing 
co-units into the chain leads to a very rapid and continuing decrease in 
crystallinity with increasing side group content. Levels of crystallinity vary 
from about 48% for 0.5 mol% branches to about 7% for 6 mol% branches 
in the copolymer. The major changes in the crystallinity level occur with the 
initial intr.oduction of l-2 mol% of branch groups. An extrapolation of the 
data indicates that a completely non-crystalline system will be achieved 
with random type ethylene copolymers at about lC)mol% of branches. 

The chemical nature of the branch does not influence the crystallinity 
values for a given co-unit content. With just minor, non-systematic 
variations, the data are well represented by the solid curve of Fig. 7. This 
cotiprehensive set of data contradicts previous reports [ 10,92, 1071. It has 
,also been reported that random sequence copolymers of ethylene- 
phosphonic acid behave similarly to the ethylene-vinyl acetates [84]. This 
fact, and the behavior shown in Fig. 7, support the previous conclusion that 
these units do not enter the crystal lattice. 

The differences in melting, temperatures observed in Fig. 2 between the 
ethylene-butenes and some ethylene-vinyl acetate fractions and the 
random copolymers are not reflected in the crystallinity levels of Fig. 7. The 
differences in metting temperatures were attributed to small differences in 
the sequence propagation probability. An explanation for this apparent 
discrepancy can be found by examining equilibrium theory [5]. Small 
differences in the parameter p of eqn (1) sigfiificantly affect the levei of 
crystallinity at high temperatures (close to melting). At low temperatures, 
equivalent to the crystallization conditions of these copolymers, and in the 
range of values for p of interest here, the calculated level of crystallinity is 
basically unaffected by small changes in p. In the actual non-equilibrium 
conditions the differences will be even less. It is also expectecl that slower 
crystallization conditions would make this difference Iargcri This is 
confirmed in a variety of data reported on ethylcnc-hutcncn and other 
ethylene copolymers which were sIowly cooled from 111~ mr*lf ::irii i~:;~.l rl~:lr 
differences in the sequence distribution [ 10,44, 921. 

We should also note that the level of cryst;illinily Lii;t: i 
actual crystallization process is not a me;isiure c>f the inin 
that participates in the crystallization. Rather it is I’ 
p,o@ibiliti+ 

The relation described in Fig. 7 wcluld not I>-- f‘-.-i. r-tt’r 1 11.1 t;. :il.l 1, ‘I 

copolymers where the branch is inci,t*prlr;i\c / 1 ;.:;i ;I;: I ! 

such copolymers as the ethylene-prop~,~ri“r JI\% I 

polyethylenes, where it has been cst:ll-iishiL:t !i::l! !j, 
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the co-units between the two phases, higher crystallinity levels should be 
observed. This expectation is indeed fulfilled as is illustrated in Fig. 8. Here, 
a compilation of the literature values for the crystallinity ievei of rapidiy 
crystallized ethylene-propene copolymers is given [26,92, 108, 1091. The 
samples reported by Ver Strate et al. [ IOS] and Axelson et al. [26] have 
molar masses of 200 000 f 50 000. The molar masses of the rest of the data 
included in this figure were not reported. For comparative purpo:;es, the 
solid curve of Fig. 7, for random copolymers where the co-units are 
c~cl~~rl~d, is also given. We note immediately that for this copolymer the 
cry:iirillinfty levels are much higher than thbse shown in Fig. 7. A 
“Iilj<i’l . ..zrnbie amount of crystalli;rity still retiairis at about 10 ri~ol% rjf 
~II-L~IW~~ ptiints; a composition at which ci-ystallinity has disappeared for 
those copolymers where the lattice remains pure. 

Since we have found that the molar mass is an independent variable with 
i-espect to the melting temperature, we next examine its influence on 
l!le crystallinity level. Accordingly, tile crystallinity levels calctilated from 
jbc density, for a set of ethylene-butenks, ethylene-hexenes and 



hydrogenated polybutadienes are plotted in Fig. 9 as a function of molar 
mass ,[34]. The crystaliinity levels of iincar polyethylene fractions crystal- 
lized under the same conditions, are also included for comparison 1191. A 
family of curves is generated for each co-unit content. Comptired to the 
crystallinity of linear polethylene fractions, a reduction in the level of 
crysiallinity by 20% is observed with the addition of on’ly 0.6 branches per 
II10 linear carb&ts. If the number of branches is increased to approximately 
2.5% the cryslallinity level is reduced to about 40%. The same type of chain 
length dependence is observed, irrespective of the branch type. The 
decrcusc in the crystaliinity level of the copolymers with molar mass is very 
similar to that for linear poiycthyicnc fractions. This similarity indicates 
that the mechanism operative in the linear chain if; also applicable to the 
branched ones. Increasing molar mass incrcascs the density uf chain 
cntnngicmonts in the melt and thus rcduccs the ability of a chain to 
paiticipa~e in the [ormation of a crystallite [ 19, 33, 1 lo]. This phenomenon 
will bc di’lC?i’iltiVC in copolymers as well as i~on~c~poiyn~crs. 

In addition to the density, and the analysis of the internal mode region in 
Raman spectroscopy (examples shown in Figs. 7 and Y), other techniques 
can bo used to determine the levci of crystallinity. One of the most popular 
among investigators is to mcasurc heat of fusion [9,23,24, 1 I 1 -i 141. In 
addition. the deconvolution of the halo obtained by wide angle X-ray 
scattering and the analyses of reiax:_ition decay curves in ‘C NMR have also 
been used [IO, 26,5Y, 92, 113, 1 15]. ‘The crystaiiinity levels calculated by 
these techniques do not always coincide for the sar.:c specimen crystallized 
in the same manner. Some of these differences cz~n be attributed to specific 
aspects of the phase structure [Y,. 13,241. Other $ossibiiities are still under 
consideration. For example, for a wide variety of bulk and solution 
crystallized linear polyethyicnes and ethylene copcIyt!*~s, ii hzw been 
found that the density always yields between 10% and 15% greater values 
for the degree of crystailinity than does the enthaipy of fusion 
[9,18,24, 113,116,1I73. Results for a considerable number of ethylene 
copolymers obtained from different laboratories, are shown in Fig. 10 and 
support this conclusion [I), 12,26,34, IO& 113]. The density determined 
crystaliinity was universally found to be greater than (1 - A)Lsr. Data for 
comnicrcinl ethylene-l -propene copolymers have also been included in 
Fig. l(J. [LYJ, lt18]. These copolymers also show higher crystallinity levels 
from density than those from heat of fusion. However. the values are closer 
to trttc !~r~c>tlrcr than the other copolymers. It has been suggested that the 
djf’l’cr.cr~( !. !:, r<sccn (1 - A), and (1 - A)l,, is due to the contribution of the 
inter i cfiri,.;,: 19. I:4 .24, 113, 1181. In fact, values of the interfacial content, 
calculated by other techniques, agreed quite closely with the difference 
shown in Fig. 10 [Y, 18,24, 117-l i9]. 

This degree of crystaliinity calculated from heat of fusion agrees with cy,, 
the degree of crystallinity calculated from Raman internal modes 
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[24,117,118] and with awMK, the NMR calculated degree of crystallinity 
[26] for linear polyethylenes. However, for bulk or solution crystallized 
ethylene copolymers, (1 - h)A,J is about 5% higher than LY, or CYNM~ 
[9,24,113]. The reason is related to the nature of the different measure- 
ments. Because the copolymers have a broad melting range, the arialygis of 
fusion needs to be initiated below room temperature. Raman and NMR 
spectra are measured at room temperature. Hence, (1 - A),,, incIudes the 
contribution of t;,e small amount of crystallinity that disappears at room 
temperature. 

A comprehensive comparison of (1 - A)A,, with (1 - A),, the crystallinity 
from wide angle X-ray scattering (WAXS) has not as yet been reported. 
The results that are available are not decisive. For example, the (1 - A>x of 
ethylene-propenes was found to be significantly higher than (1 - h)A:, 
[108]. The X-ray determined values were very close to the crystallinity 
values measured by density. A contribution from The interphase to both 
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Fig. 111. Plot of degree of ctystallinity obiained from heat of fusion, (I - hjAtl. against the 
value obtained from density. (I - A),, for random cthylcne copolymers. From ref. 9: 0, 
hydrogenated polybutadicncs;: I$. crhylenc-1-buienc fractions; A, eihylcne-I-octcne 
fractions. From ref. 34: 0, cthylcnc-I-butcnc; l . cthyltinc-1 -hcxcnc; 1. ethyl xx-l- 
actenc. From rcfs. 126. 1ilXJ: A. 4. cthylenc-propenc. From ref. 113: V. ethylene-l-butcne; 
V, cthylcnc-1-octcnc: + , cthylcnc-l-octadecenc. 

(1 - h)d and (1 - h)x was given as the reason for this difference. However, 
simiIar analyses were carried out with ethylene-butenes, ethylene-octenes 
and ethylene-octadecenes and led to a different conclusion [1133. In this 
study (1 - ,\)A,, and (1 - h),, were found to be identical and smaller than 
(1 - h)+ A detailed study with linear polyethylenes is needed to serve as a 
reference to establish the relation between (1 -- A)*,,, (1 - A)s 2nd (1 - h)cl 
devoid of the complication of the inclusion of methyl groups within the 
lattice. 

The degree of crystallinity is demonstrated to be a quantitative concept 
for ethykne copolymers. It can be varied over a wide range of values 
depending on the composition of the copolymers and/or the molar mass. 
Each of these quantities is an independent variable. Although different 
methods of measurement display the same functional behavior, a detailed 
-Comparison shows that there are small but significant differences between 
techniques. As we will discuss later in detail, to acknowledge and define 
these differences is fundamental to the study of the phase structure of 
ethylene copolymers. . 



5 . . dRYSTALLlTB THICKNESS 

The crystallite ,ihickness is an imp~rjnni paratietef tci tiotreigte with 
prspcriies of r:tndq~ ethyfetie copolymers. ‘f’lit: ni,igtiitude as well as ihe 
charubkr of the crysttillites are diiect\y dependent on the moleculzir 
characteristics of the chain and on the tirystailization conditions. For fixed 
crystalliza.tion conditions, the branch type, co-unit content and molar mass 
need to he treated as independent variables. Crystallite thicknesses, 
obtained frbx small-angle X-ray scattering [34,85,99-101,12$127], the 
anaiysis bf hc Raman low frecjuency longitudifial acoustic mode (LAM) 
[9,31,33, 118,128-l3O] or frdm transmission electron microscopy 12, 13l- 
134], are available for a great variety of random ethylene copdiymers. The 
crystallite size distribution is also directly obtained from a proper analysis 
of any of these methods [llg, 124,127, 1361401. The LAM yields the 
distribution of ordered sequence lengths. When corrected for the chain tilt, 
the “&ore thickness” is derived. 

The variation of the core crystallite thickness with increasing ijuniber of 
branches in the copolymer, as calculated from the Raman LAM, is given in 
Fig. 1 i. The results are for rgpidly crystallized copolymers with a fixed 
molar mass of 90 000 ZIZ 20 000. Data for the model hydrogenated yol.ybuta- 
dienes, for ethylene-butenes, ethylene-hexenes and ethylene-octene 
copolymers having the most probable molar mass distribution and fractions 
from a heterogeneous ethylene-butene copolymer are included in this plot 
[9? 341. The introduction of cryi;tallizing structural irregularities into the 
chain restricts the crystallite thickness due to the depletion of crystallizable 
sequences with increasing number of branches in the chain. Thus, core 
crystallite thicknesses decrease very rapidly from the 12OA for a linear 
polyethylene of the same molar mass to 65 A fc:r :he copolymers with about 
1.5 mol% of branch points. With further ?ncrease of the number of 
structural irregularities in the chain, the crystallite, thickness becomes 
smaller. Copolymers with about 4-5 mol% branches give crystallites that 
are only about 40 A thick_. A very important conclusion to be drawn from 
the data is that there is no systematic deviation of the thickness for a given 
type of ,branch. Within the margin of the experimental errror in the 
measurements, the rapidly crystal!ized ethylene-butene, ethylene-hexene 
and ethylene-octene copolymers yield identical crystaliite thicknesses that 
are the same as those for the hydrogenated polybutadienes. 

In the discussion of the lattice structure it was concluded that branches 
with two or more carbons did not enter the lattice. On this basis, the results 
shown in Fig. 11 are to be expected. Following this reasoning, it is also 
expected that smaller groups that enter the Iattice on an equilibrium basis, 
such as methyl or chlorine, would possess much thicker crystallites. In fact, 
the LAM measured crystallite thickness of two ethylene-pro ylene 
copolymers having 1 and 2mol% of branch units was close to 130 1 1261. 
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This thickness is significantly greater than the reference line drawn in Fig. 
11 for the random copolymers with branches excluded from the lattice [34]. 
Similar results were found by Shirayamn ot al. [92] who compared branch 
length with size of the crystals formed from a wide variety of ethylene-l- 
c?lkcne copolymers. Thu thicknesses from the D,,,, and JIZL:~, rcflcclions wcrc 
much higher for the copolymers with directly bonded methyl groups than 
for the other copolymers. 

Some ethylene-butene fractions are incIuded in Fig. 11, The melting 
temperattires of these fractions are given in Fig. 2 of’ this review and are 
consistently higher than the other copolymers. The deviation in melting 
temperatures was attributed to small differences in the sequence distribu- 
tion. This difference, however, does not seem to affect the core crys:allite 
thickness of the rapidly crystallized fractions since the data follow the 
reference line. We can recall that a similar situation Was encountered when 
hnal.yzing the level of crystallinity of these fractions. An explanation of this 
apparent contradiction is given by equilibrium theory. In agreement with 
the experimental observations, the minimum sequence length necessary for 
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crystallization, calculated on equilibrium basis, is basically a co&tan! value 
at low crystallization temperatures and independent of the co-unit content 
1% 93. 

Long spacings from small-angle X-ray. diffraction have been obtained 
from fractions of ethylene-octene and ethylene-butetic copolymers [47, 
591. The observed decrease of the long period with increasing branching 
content in these samples is, at least; partially a consequence of the varia- 
tion of the mol:,ir mass within these series. The molar mass of these fractions 
decreases with increasing ‘branching content. However, when the molar 
mass was fixed in a series of hydrogenated polybutadienes, the long period, 
of the rapidly crystallized samples increased slightly with increasing number 
of ethyl branches [321. In other series of experiments where the samples 
were slowly cooled, the long period remain basically constant with 
branching content [14,32,99]. The long spacings calculated from transmis- 
sion electron micrographs of ethylene-butene copolymers confirmed the 
basic constancy of the long period [132]. The average values increase with 
co-unit conlent while the maximum remained essentially fixed at 2OOA 
[132]. When the long period is corrected by the degree of crystallinity, the 
crystallite thickness ~1~~s obtained shows a decrease with co-unit content as 
is illustrated in Fig. 1 I, in accord with the general observations. Absolute 
agreement in crystallite thicknesses, as measured by different techniques, is 
not expected for broad thickness distributions as obtained from isother- 
mally crystsllizc d or slow-cooled samples. For example, the Raman LAM 
measures the weight average and thus is most sensitive to the thicker 
crystallites. However the ele:ctron microscope method is sensitive to the 
number average. Since for etlrylcne copolymers the number of lamcllac is 
small, ii is difficult to locate individually placed thick lamellae. However, 
the Raman LAM technique will easily detect these. In the usual analysis by 
the X-ray method the lamellae need to be stacked in a reasonably regular 
array in order to observe a diffraction maximum. As we will discuss shortly, 
this condition is not always achieved by copolymers. The method used to 
obtain the degree of’ crystallinity, in order to correct the long period, will 
also effect the value of the thickness. When the correlatioii function is used 
to obtain morphological information the results will depend on the 
pre-established model 199, 124, 1251. 

Thin-section electron microscopy has revealed that Inmellae are formed 
in linear polyethylenes and also in low density branched polyethylenes and 
ethylene copolymers. The morphological ,featurzs of the lamellae are very 
dependent on crystallization conditions, number of branches atid molar 
mass [2,23, 131, 132, 1421. A study of the influence of the type of branch 
and composition at a fixed molar mass (about 100 OO@ ivas carried out with 
hydrogenated polybutadienes, ethylene-viny1 acetate, ethylene-butene 
and ethylene-octene copolymers [ 1321. LamelIae were found for quenched 
random copolymers having 1.12 and 2.2 mol% of. branches. However, 



these lamellae were foufid to be very short, highly curved and segmented. 
Slower crystallization conditions favor the formation of lamellae. Thus, 
1amelIae were observed up to relatively high branching contents (3.2%) in 
slowly cooled sampIes although the level of crystailinity was only about 
25%. For low co-unit content copolymers about 1 mol%) long, straight 
lamellae are obtained. With incretising co-unit content, the lateral extent of 
the lamellae is reduced, their curvature increases and they become 
segmented. For branching content of about 4mol% only very small 
nan-lamelIar crystallites are formed in the slowly crystallized specimens. No 
differences were found in the character of lamellae of copolymers having 
different chemical type of branches and approximately the same branching 
content. Thus, in agreement with Ihe pattern established from rhc meIting 
temperatures and degree of crystallinity, the type of branch does not 
significantly zffcct the thickness or character of the Iamellae formed in these 
copolymers. St was aIso shown that the copolymers that were siightly more 
ordered gave longer, better fqrmed and better conirasted Iamellae than 
random copolyiners 11321. .The comparison of. these ethylene-butene 
fractions with the hydrogenated polybutadienes indicated that the co-unit 
content at which welI-defined lamellae are found is higher in the fractions. 
Thus, a quenched ethylene-butenc with 2.64 mol% branches and a greater 
element of sequential order gave curved and rather segmented, but yet wet1 
defined lamellae. In contrast, the lamellae formed in the hydrogenated 
poIybutadiene with 2.2 mol% branches were fewer, smaller and highly 
segmented [ 1321, * 

Similar results were obtained with two different series of fractions of 
ettiylene--butenes and ethylene-4-methyl penteiles [133]. The long, straight 
lamellae formed for low co-unit contents become curved and very seg- 
mented L r branching contents of about 2.2 mol%. kithough the lamellae 
thickness decreases with increasing degree of branching for both type of 
branches, the slow crystallization conditions reflected some differences in 
the crystallite thicknesses between the ethyl-branched and the isobutyl- 
branched copolymers. The thicknesses of the ethylene-butenes crystals 
were higher. This effect was attributed to a possible difference in 
branching inclusion in the crystal, i.e. the larger the branches, the more 
branches will be excluded. No attempts were made, however, to study 
possibIe differences in the sequence probability. Since both ethyl and 
isobulyl branches are essentialIy excluded from the lattice, the differences 
in crystal thickness-and melting temperatures observed by Hosoda et a!. 
[133] are most probably related to a sIight increase in sequential order in 
the ethylene-butene copolymers, 

Crystallite thicknesses of a series of ethyIene-octene fractions have also 
been obtained from thin section electron micrographs [ 1341. Unfortunately. 
for these fractions, a distinction could not be made between the molar mass 
and composition as ir:dcpendent vziriables. Thus, thin but long and straight 



lamellae were observed even at high branching contents due to the law 
molar mass of these fractions. However, when a comparison is made 
betwe,en samples having similar molar mass and branching conte.nt 
[34, 1343, the crystallite thicknesses of these fractions were essentially 
identical to those obtained from Raman LAM for similarly constituted 
polymers (Fig. 11). 

As mentioned earlier, total agreement between techniques is not always 
obtained, For exampfe, the most probable ordered sequence length 
obtained from the LAM needs to be corrected by the tilt angle. This 
quantity is not usually precisely known so that an uncertainty comes from, 
this correction (between 5 and 20 A) [32, 1311. It. has also been reported 
that the crystal thicknesses obtained from transmission electron micro- 
graphs are 20--30 ,& larger than those calculated from the one-dimensional 
electron density correlation function. To exp!nirl these results, it was 
postulated that the value derived from the SAX?, only measures the 
thickness of the crystalline core, while the crystalline core plus interfacial 
region is determined by electron microscopy 1126, 134, 1431. In other words, 
it is concluded that the stain does not penetrate the interphase. 

So far we have discussed the general patterns of both the crystal 
thickness and the character of the Iameliae focusing on the molar mass of 
the copolymers and varying the branching content. In what follows, the 
molar mass will be treated as a variable and the morphological feaiures of 
the crystals will be analyzed at a fixed co-unit content. Although the data is 
not as profuse, enough is available in the literature to draw some general 
conclusions about the molar mass dependenci df the structure. A detailed 
morphological study was carried out by Michler and Brauer on high 
pressure polymerized polyethylene fractidns by transmission electron 
microscopy [144a]. A series of low molar mass fractions (about 7OClO) 
invariably resulted in long straight Iamellae which became thinner with 
increasing co-unit content but maintained high packing regularity and 
contrast. When the molar mass was increased to about 70 000 long lamellae 
were still observed but with a tendency for curvature. The lamellae-like 
crystals of the high molar mass series were, in comparison, short and highly 
segmented. The lateral dimensions of the lamellae increased from 0.25 pm 
for molar masses higher than about 100 000 to I .2 pm for moIar masses of 
about 7000. The crystallite thickness, however. did not appreciably vary 
with molar mass when the branching content was fixed. 

This invariance c;f the crystal thickness may be a feature characteristic of 
long chain branched copolymers. Similar studies in a series of hydrogenated 
polybutzidienes shdwed not only a deterioration of the long straight 
lamellae structure with increasing chain length, but also a definite reduction 
of the crystal thickness [33]. In addition to transmission electron micros- 
copy, the crystal thickness of quenched hydrogenated polybutadienes, 
having about 2.3 mol% ethyl branches and molar masses between~7000 and 
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approximately 500 000, were also measured by SAPiS and Raman LAM. A 
compilation of the results is given in Fig. I2 [33]. The small-angle Iong 
period I_,, does not vary with chain length, except for the two lowest molar 
mass samples. To dcterminc the core crystallite thickness, L, needs to be 
corrected by the volume crystalIinity level. Since crystallinity levels from 
heat of fusion (or Raman internal modes} differ from those calcuIated from 
density, the question arises as to which one is appropriate in the 
determination of the core. Because the levels of crystallinity decrease with 
molar mass by either method, both calculations show the same trend; a 
significant decrease of the core thickness with chain length. However only 
when the long period is corrected with the Raman determined level of 
crystallinity (equivalent to the value calcuIated by heat of fusion), do the 
values of the core crystallite thickness agree with those obtained from the 
transmission electron micrographs [33]. As sh_own in Fig. 12, the crystal 
thickness from the X-rays decreases from 60 A to about 30 A for molar 
masses ranging from 7000 to 420 000 for the copolymers with 2.3 mol% 
branches. The. thickness derived frtim t!le electron tiicrhgrtiphs of the 
copolymer with M,, = 6950 (54.5 A) was VW-~ similar to the X-ray vaJue, and 
so it was the thickness obt&ned for the copolymer w’ith M,, = 24 000 1331. 
Very small and imperfect lamellae-like cry:ials are found in the quenched 



sample with &I, = 108 QOO. Similarly, i!.i6 electron micrographs of the 
copolymer with mW = 420 000 do not show any definitive tamellar organiza- 
tion as expected for such small crystals. 

The variation of the crystal thickness with molar mass observed from 
X-rays or electron micrograph measurements is in good agreement with the 
decrease of melting temperature with molar mass of the copolyliiers. The 
calculated values from the Raman LAM are incompaiible with any of the 
above results. No variation is- found in the ordered sequence length, 
uncorrected or corrected with tilt nn#e, with molar mass. Only when the 
thickness of the crystals is about 60 A or higher, do the numerical values 
obtained from the three methods agree. However, when ,the mohar mass 
increases, and the crystallite ,sizc decreases, a major diffcrcnce develops 
between them. The discrepancy can be attributed lo the very small 
crystallite size and the concomitant large disordered overlayer. The 
relatively large non-ordered surf&e layer may have an important influence 
on the vibration of the ordered sequences in the crystal. For these types of 
thin copolymer crystallites the simplified Schaufele-Shimanouchi relation 
[12Y] may not be applicable to obtain ordered sequence lengths from the 
observed Raman LAM. An example is already found in the deviations from 
the ideal non-perturbed rod model observed in short-chain rr-alkanes. 
These deviations are associated with intermolecular aItraction forces, 
caused by the ends of the molecule, that influence the vibration associated 
with the LAM [144b]. 

6. INTERFAClAL STRUCTURE 

Flory [145] pointed out that a demarcation between the ordered’ 
crystalline region and the disordered tiquid-like region could not be sharply 
defined in a semicrystalline polymer. The dissipation of order must be 
gradual. Consequently, an interphase or interfacial region develops that 
involves a partially ordered set of chain units. The large amount of 
experimental and theoretical data that support the concept of the 
interphase in homopolymers has been recently reviewed [ 1101. For the type 
of molecules of interest here (random ethylene copolymers in which the 
branches are excluded from the lattice) the major problem is to assess how 
the structurally irregular units alter the interfacial and interlamellar region 
relative to the structure estabIished for homopolymers. 

The analysis of the Ranian internal modes is a quantitative method for 
determining the interfacial content of the polyethylen& [18, 24, 104, 105, 
14.61. The core degree gf crystatlinity ay, can be defined by this method since 
the only contribution is from the orthortimbic unit cell. The fraction of the 
liquid-like region cy:, can also be quantitatively obtained from the spectrum. 
From the examination of a large amount of experimental data, it is found 
that LY,, + LY, # 1 [9,24,33, 117, 146,147]. A partially ordered, primarily 



trans, anisotropic region must also be included in the proportionated 
liquid-like .and crystalline spectra, to fully represent the observed spectrum. 
This contribution is defined as the fraction of the inter-facial region. Thus 

CYi, = P - CQI,, + Cl (3) 

The level of crystahinity calculated from different methods was analyzed 
for linear polyethylenes 1241 as well as for copolymers [9,24,113,117]. It 
was found that ttie crystallinity content determined from density (1 - A)d 
is systematically higher than that from heat of fusion measurements 
(1 - ALU. ‘The reason for this discrepancy .c=tn be explained by the 
contribution from the interfacial region. Thus, when the Rzrman deter- 
mined interfacial content is added to the crystallinity level obtained 
from the ‘heat of fusion, or to cy,, the result is very similar to the (1 - A)d 
values 124,117-1191. Figure 13 gives an example for rapidly crystallized 
(quenched) copolymers. The range of crystsllinities could be expanded to 
80-W% if the linear polyethylenes are included. All the data fall 
reasonably well on the 4,5” straight line [9, 12,33,34]. 
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Fig. 13. Plot of the degree of crystnllinity calculated from heat of fusion, (1 - h)A,,, plus 
interfacial content aI. vcrstis dcgrec of crystallinity from density (I - A),, for ethylene 
copolymers. Data from rcfs. 9 and 34. 0, hydtogcnatcd polybutadicnes; -Cl-. ethylene- I- 
butcnc fraclions: -I-. cthylcnc-1 -octcnc fraclions: Cl. cthylcnc-l-butcnc: e. cthylenc-l- 
hcxcne; 1. cthyIcnc-1 -octcne. 
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Fig. 14. Plot of the interfacial content calculated from Raman internal modes c+, against 
mol% branch points of the copolymers indicated. Crystallization conditions same as in Fig. 
7. 

The extensive studies carried out with linear polyethylene fractions 
clearly demonstrated that molar mass and crystallization conditions 
significantly alter the content of the interphase [24,148]. It is therefore 
expected that for random ethylene copolymers besides the effects of 
increasing co-unit content, the interphase is also affected by changing the 
molar mass. Thus, the experimental data are analyzed treating both 
variables independently. 

The variation of the interfacial content with increasing branch point 
units, at a fixed molar mass of 90 000 is given in Fig. 14 for rapidly 
crystallized samples [34]. The hydrogenated polybutadienes and fractions 
of ethyiene-butene and ethylene-octene copolymers [9] and more recent 
data for ethylene-butenes, ethylene-hexenes and ethylene-octenes having 
the most probable molar mass distribution [12,34] are given in this figure. 
The solid line is drawn following the data obtained for the model 
hydrogenated polybutadienes; it shows that the interfacial content increases 
significantly with increasing co-unit content in the copolymer. Values of 
8-10% are found for the copolymers with 1 mol% of branches, but this 
value almost triples for co-unit contents higher than about 3 m&%. 

Several other itiportant irerids are seen in the data c&letit& ifi Fig. 14. 
For example, the interfacial content increases rapidly in the region.between 
0 and about 2.5 mol% of branches and levels off at a value of about 20% for 
the higher branching contents. The increasing interfacial content with the 



number of branches parallels a preferentia1 accumulation of the branches 
on the crystallite surface. The region of co-unit where the interfacial 
content reaches a saturated value coincides with that where the lamellar 
crystallite habit is essentially lost and only small crystals are formed under 
rapid crystallization conditions. Before the interracial content levels off, the 
ethylene-octetic copolymers show higher interfacial contents than the 
other copolymers :-II comparable compositions. This is represented by the 
dashed line in Fig. 14 and has been interpreted as a possible consequence of 
steric differences of the hexyl branches that accumulate at the interphase 
WI- 

It was pointed out previously that increasing the i-nolar mass in a series of 
copolymers of fixed composition causes a significant decrease in the level of 
crystallinity attained. This result is in agreement with expectations from the 
results with linear polyethylene fractions. The crystallinity content depends 
on the composition of each set of copoIymers, but the functional form with 
molar mass is practically identical for all of them. A family of curves is, 
therefore, generated for the level of crystallinity as well as for the 
liquid-like content. Data for the series of hydr>Jgenated polybutadienes 
(2.3 mol%), ethylene-hexenes (1.1 mol% and 2.6 mol%) and ethylene- 
octenes (0.S mol%) are shown in Fig. 15 [34]. 

The variation of the interfacial content cyh with molar mass is interesting 
since it is quite different than that found for linear polyethylene fractions 
[ 1171. For a fixed mode of crystallization a continuous increase of al, with 
molar mass, consistent with the increased accumulation of units involved in 
chain entanglements, was observed for linear polyethylene fractions, 
Rapidly quenched samples showed a variation in cyI, from 3 to 16% as the 
molar mass increases from 7 x IOx to 8 x 10”. The interfacial content of 
copolymers increases with increasing branching composition in the series. 
However, as seen in Fig. 15, for molar masses lower than about 100 000 it 
remains basically constant. A slight tendency toward higher crt, values was 
only found for the highest molar mass studied. The ethylene-octene 
copoIymers show very high LY ,, in spite of the low co-unit content. The 
invariance of LY,, with molar masses lower than 100 000 indicates that in this 
range of chain length Ihe interfacial structure is dominated primarily by the 
need to accommodate the accumulation of branches on the crystallite 
surface. The effect of the branches dominates the influence of entangle- 
ments, which are the major contributors to the molar mass dependence of 
the .interfacial structure of the linear polymer. 

The thickness of the interfacial region L,, can also be calculated by 
different experimenta techniques. These involve Raman spectroscopy 
using the internal and low frequency LAM, small-angle X-ray scattering, 
and in favorable cases direct observations by electron microscopy. L,,, deter- 
mined by usin’g a combination df Raman internal modes and the Raman 
LAM, was found to vary from 14 A at M, = IO-’ to about 25 A for linear 
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polyethylene fractions of M,, = 10” [28]. Slightly higher values of L,, were 
found for linear polyethylene fractions haying the most probable molar 
mass distributions [28] and reaches 45 A in a polydisperse sampIe 
WCV = 8 X 10”) crystallized under the same experimental conditions [ 1491. 
The interfacial thickness of rapidly crystallized copolymers is also known to 
increase rapidly with increasing branching composition and less with molar 
mass when the co-unit content is fixed [33,34]. The variation for different 
type copolymers having a molar mass of about 90 000 is shown in Fig. 16 
1341. L,, for the’model hydrogenated polybutadienes and the most probable 
ethylene-butenes and ethylene-hexcnes is very similar. It only changes 
from 11 to 14 A for compositions up to about 2.5 mol% of branches. t,, 
increases more markedly with co-unit content and reaches a value of about 
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Fig. IA. Plot of the inturfacial thickness L,. against mol% branch points of the copcAymcrs 
indicmxl: HPBD, hydrogcnatcd polybutadicncs. 

40 A at 4.5 mol% branches. The ethylene-octencs show systematically 
higher values of L, in agreement with the higher interfacial contents that 
were obtained for this type of copolymer [34]. Because interphases of about 
20 A were calculated for a linear polyethylene fraction of M,, 90 000 that 
was crystallized under the same conditions 1281, one would expect the 
copolymers to have higher interfacint thicknesses than those shown in Fig. 
16 for low co-unit content. However, because of the small crystallites that 
are involved, the interfacial thickness actually represents a greater 
percentage relative to the core crystallite thickness. 

Small-angle X-ray scattering studies of a series of ethylene-phosphonic 
acid copolymers were consistent with the appreciable interfacial content 
found in random ethyIene copolymer crystaIs by the analysis of the Raman 
spectra. A two-phase model was inadequate for the interpretation of the 
invariant in these copolymers [84]. Therefore, scattering from the interfa- 
cial region needs to be taken into account when calculating the invariant6 
The analy’sfs of the angular dependence of the intensity of the small-angle 
X-ray scattering can also give quantitative information about the interphase 
[127,150]. hta -based upon the evaluation of the one-dimensional 
electron-density correlation function was obtained for a long-branched 
polyethylene having-3.3 branch units per 100 carbons that *was isothermally 
crystallized at 100°C [125, 1261. A transition zone of 16 A was calculated 



between the crystalline and li+.rid-like region. This result is slightly lower 
than the interfacial values calculated from Raman for copolymers of a 
similar composition (Fig. 16). However, isothermally crystallized samples 
are expected to yield smaller interphases [24]. Taking this fact into account, 
the agreement between these two indefiendent techniques is remarkable. A 
transmission electron microscopic study was also carried out With long 
chain branched polyethylene [143]. The lamellae thicknesses were found to 
be 20-30 if larger than the value derived from SAXS. Thus, these results, 
consistent with the above, indicate the presence of a IO-15 8, transition 
region where the staining medium did not penetrate. As pointed out earlier, 
a similar conclusion was reached from an electron microscopic study of a 
series of ethytene-octene copolymer fractions [ 1341. 

In summary, several different experimental techniques clearly point out 
that the interfacial region represents a significant portion of the total 
crystalline system. This region has been extensively studied with linear 
polyethylene, as well as ethylene copolymers, and is very dependent on the 
crystallization conditions, co-unit content and molar mass. Besides these 
techniques, other theoretical calculations are in qualitative accord with the 
experimental findings. The computer simulations by Mattice and co- 
workers [151- 1531 have indicated that short chain branches (of unspecified 
length) are not randomly distributed in the non-crystalline region. Rather 
they occur preferentially in the anisotropic interfacial region causing this 
region to grow at the expense of the isotropic liquid-like region. In another 
type of calculations the number of entangled loops and tie chains have been 
reported to increase with the incorporation of a smail number of branches 
in a linear chain [154-1561. The implication of these results to the phase 
structure is yet to be expIored. 

7. SUPERMOLECULAR STRUCTURE 

Under certain circumstances the interconnected, basi,c crystallites can be 
organized into higher levels of crystalline morphology or supermolecular 
structures. The commonly observed spherulite represents one structure, in 
this category. The nature of the supermolecular structure can be investi- 
gated either by small-angle light scattering, polarized light or eIectron 
microscopy. Careful studies of the same specimens have demonstrated that 
concordant, results are obtained with any of these techn,iques [157]. 
Detailed studies with homopolymer fractions, such as linear polyethylene 
[22,158-l 601 poly(ethylene oxide) [29] and isotactic, poly(firopylene) 
[30,161] have shown that in fact 2 variety of morphological forms can be 
oL>erved. Spherulites are not a unique st.tperstructure. As an example, ftir 
linear polyethylene five different iight. scattering patterns are. observed. 
These correspond to five different superstructures as well as a situation 



where a superstructure is absent and only randomly arranged 1ameIlae are 
observed. It is important tg recognize that the development of spherulites is 
not a universal mode of homopolymer crystallization [17,22]. The 
superstructures. or lack thereof, develop in a systematic manner, depending 
on the molar mass and crystallization temperature. Consequently, a 
morphological map can be constrticted representing the superstructure that 
develcl>s for a given chain length and crystallization temperature [22, 23, 
160, 1621. Taking linear polyethylene as a model for homopolymers one 
finds that, except for the very highest moIar masses, where a random type 
morphology is observed for all crystallization conditions, the cooling rate, 
or quenching temperature, exerts an important influence on the morphol- 
ogy. The crystalline morphology has also been Found to be extremely 
sensitive to molar mass polydispersity [23, 162, 1631. 

In studying the supermolzcular structure of random copolymers, in 
addition to the moiar mass, potydispersity and crystallization conditions, 
the co-unit content must also be taken into account as an additional 
independent variable. In an early study of unfractionated polyethylenes, 
having both long and short chain branches, and thus properly treated as 
copolymers, it was found that when first crystallized isothermally at low 
undercoolings and then cooled to room temperatures spherulitic structures 
always developed [16OJ. In contrast, when the same specimens were 
quenched from the melt, a variety of morphological forms were observed 
that depended on the branching concentration and proportion of high 
molar mass species present. The most highly branched samples did not 
display any well-defined crystalline morphology [l60). The results for the 
isothermally crystallized samples are somewhat misleading. In contrast to 
linear polyethylene, only very small amounts of crystallinity develop in the 
copolymers under these conditions. Most of the crystallinity that is formed 
is developed on cooling. Therefore, the morphology that is observed is 
influenced by the small ainount of crystallinity formed at the elevated 
temperature [I 621. 

Detailed studies have been carried out with fractions of the above type of 
polyethyIenes as well as with hydrngeriated polybutadienes [23, 1521. The 
morphologictil map for the branched polyethylene fractions, when obtained 
from small-angle light scattering patterns, is given in Fig. 17. The branching 
concentration of these fractions is in the range 1.5-l -5, mol%. In this figure 
the molar mass is plotted against the quenching temperature. The so!.id line 
delineates the yegion. of spherulite forrnation. The superm@lc::uiar struc- 
tures, which are identified by lei’ters, are defined as follows. Types a, b and c 
represent spherulitc:s wvilose structures deteriorate in the progression a to c. 
Type d structures are thin rods, or rod-like aggregates. The region labeled h 
represetits randomly oriented latiellae. There is a typica dome shaped 
region in this plot within which spherulites are observed. Therefore, there is 
a restricted domain of molar masses and quenching temperatures that yield 
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Fig. 17. Morphological map for molar mass fractions of low-den&y polycthylcnc (1.5 mot% 
branched groups) cryslallizcd non-isothermally. Ptot of molar mass against quenching 
tcmpckature. Solid lint delincatcs region of sphcrulite formation. MorphoIogical forms 
indicated by lctlcrs as defined in text. 

spherulitic structures. The lower the molar mass, the larger the temperature 
range within which spherulites form. This range narrows with molar mass, 
so that eventually a molar mass is reached above which spherulites do not 
form. Within the spherulite forming domain better developed structures are 
formed by lower molar mass and higher quenching temperatures. When 
crystallized outside the dome, either at high or low temperatures, although 
lamellar-type crystallites are formed they are randomly arranged relative to 
one another. Thus, under these circumstances no organized supermolecular 
structure forms. 

Qualitatively similar types of morphological maps have been found for 
branched polyethylene with about 1 mol% branch points and hydrogenated 
polybutadienes containing about 2.2 1~~01% ethyl branches [23]. In the 
former case the actual top of the dome could not be attained since it is 
shifted to molar masses greater than 2 X IO”. For the hydrogenated 
polybutadienes the limiting molar mass for spherulite Formation is reduced 
from 2 X 10” found in Fig. 16 to 2 X l@. Thus, small changes in the 
branching content have a major influence on the super-molecular structure. 
The morphological studies of Hosoda et al. [133] on slow-cooled fractions 
of ethylene-butene confirm these results as a general phenomenon. Well 
developed spherulites were also found for low density polyethylene 
fractions in the range of molaa masses from 10 000 to about 100400, in 
agreement with the results of ir:ig. 17 [144a]. Based on the results available 
several generalizations can be made. For a given branching concentration, 
the range of quenching temperatures within which spherulites are formed 
decreases with molar mass. Most important, as the branching 



concentration increases the molar mass within which spherulites can be 
fortied decreases markedly. Following this pattern, a branching concentra- 
tion and/or molar mass will be reached beyond which spherulites will not 
form at all. The report of .Jackson and Flory [164] on spherulite formation 
in high molar mass diazoalkane copdytners is consistent with this 
generalization. These authors studied the development of supermolecular 
structures in random diazoalkane copolymers having either CH3 or n-C3H, 
gt’oups attached to the main chain. The structures were studied by polarized 
‘ight microscopy and the samples were cooled very slowly from the melt. 
The copolymer with 2 mol% of the rlTpropyl groups gave very poorly 
defined spherulitic structures. Copolymers having an n-propyl concentra- 
tion greater than 2 mol% did not form any ordered superstructures. These 
results are thus in very good accord with the general conclusions reached 
above. However, it is very significant to note that for the copolymers with 
directly bonded methyl group, spherulites do not disappear until the branch 
concentration was greater than 5.9 mol%. The difference in behavior 
between the two copolymers obviously reflects the fact that a portion of the 
directly bonded methyl groups enter the lattice. Thus, the properties of the 
ethylene-propylene type copolymers are consistently different from the 
other I-alkene copolymers because of the difference in internal lattice 
structure. 

8. SUMMARY 

In this review we have discussed the crystallization behavior of random 
ethylene copolymers with major attention being focused on ethylene-l- 
alkene fractions and copolymers of this type that have well-d&fined molar 
mass and composition distributions. Emphasis has been given to the 
analysis of thermodynamic properties and to the basic elements of phase 
structure. For a fixed mode of crystallization the molar mass, the copolymer 
composition and the chemical nature of the co-unit need to be-isolated and 
treated as independent variables. Moreover, analyses are very sensitive to 
the sequence distribution of the co-units in the chain. It is important, 
therefore, that this property be established independently. A major 
‘conclusion is reached for those copolymers whose internal crystallite 
structure remains pure: that the thermodynamic properties are independent 
of the chemical nature of the co-unit. With the exception of the interfacial 
region, a similar conclusioti is reached with regard to the basic elements of 
phase structure. Copolymers with !onger branches, such as the ethylene- 
octenes, have slightly greater interfacial contents and thicknesses. The 
major changes in properties &cur in the range of 0 to 1-2 mol% of branch 
points. 

The analyses--of a large amount of experimental data lead to the 
conclusion that only small groups, such as CH3, Cl, 0, and OH, enter the 
crystal lattice and therefore are partitioned between the crystalline and 
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liquid-like regions. If longer branches, such as ethyl groups, enter the lattice 
they only do so to a very small or negligible extent. The properties of the 
copolymers containing groups that entei the lattice to an appreciable extent 
ari quite different from those where the crystalline phase remains pure. 
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