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ABSTRACT: The melting behavior of a homogeneous ethylene/1-hexene copolymer (Mw ) 70 000 g/mol;
F ) 0.90 g/cm3; 6.4 mol % hexene) is studied by the simultaneous measurement of small-angle light
scattering (SALS) under cross-polarized (HV) or parallel-polarized (VV) optical alignments and transmitted
light. The temperature variation of HV and VV patterns and integrated intensities during melting is
consistent with the predictions of a generalized SALS model presented. The data show that HV and VV

SALS can be used to determine the number of crystal populations, the melting temperature of each crystal
population, and the spatial organization of crystalline aggregates. For a given crystallization condition,
the final melting temperature (Tm

f ) 114 °C) obtained from HV and VV SALS is in good agreement with
values obtained from differential scanning calorimetry and small-angle X-ray scattering (SAXS)
measurements on thicker samples with the same thermal history. The thickness of the largest crystals
that can form (lf ) 11 nm) is determined from Guinier plots of the SAXS profiles obtained during the
final stage of melting. The equilibrium melting temperature (Tm

c ) 136 ( 2 °C) calculated from the
modified Gibbs-Thomson relation with the Tm

f and lf values obtained is consistent with the value (Tm
c

) 134 °C) predicted from the Flory’s equilibrium theory of melting for a random copolymer with 6.4 mol
% comonomer. Our results demonstrate that SALS can be used to understand and provide a quantitative
description of how crystallization conditions affect the supermolecular structure organization in copolymers
of ethylene and R-olefins.

Introduction

In recent years, substantial progress has been made
in understanding the crystallization and melting be-
havior of copolymers of ethylene and R-olefins (EOCs).
In particular, random homogeneous ethylene/R-olefin
copolymers (ran-EOCs) have made it possible to study1-5

the crystallization and melting behavior systematically
as a function of the comonomer composition by avoiding
the ill-defined chain microstructure of heterogeneous
copolymers obtained with conventional Ziegler-Natta
catalysts.6-17 Differential scanning calorimetry (DSC)
has been widely used in such studies2,3,18-24 to monitor
the melting of EOCs as a function of crystallization
conditions. Multiple melting behavior has been observed
but the origin of the endothermic peaks and the spatial
(micrometer scale and nanoscale) organization of crys-
tals cannot be determined solely from the measure-
ments. Usually, separate microscopic (optical, scanning
electron, transmission electron, and atomic force mi-
croscopy) measurements3,24,25 are usually performed on
room-temperature specimens to observe the prominent
morphological features present in the samples. These
micrographs, however, do not provide enough informa-
tion to correlate all the melting characteristics of the
morphological units.

Scattering measurements provide a means to quantify
the fractions and sizes of morphological units.26-30

Extensive small-angle X-ray scattering (SAXS) studies
have been conducted to follow structural changes during
crystallization and melting of EOCs.4,5,30-32 These stud-
ies have demonstrated the importance of SAXS for
understanding thermodynamic and kinetic factors af-
fecting the development the lamellar (nanoscale) mor-

phology of semicrystalline polymers. Scattering data at
very small angles, possible with ultra small-angle X-ray
scattering33 or small-angle light scattering (SALS),30 is
necessary to investigate the spatial arrangement of
micrometer crystalline aggregates or superstructures.
Some recent studies30,34-36 have demonstrated that
time-resolved, polarization dependent SALS is very
sensitive to micrometer scale density and orientation
fluctuations arising during polymer crystallization.
There are relatively few reported SALS melting stud-
ies4,37,38 for semicrystalline polymers although the varia-
tion of the refractive index contrast during melting of
micrometer aggregates of high and lower melting crys-
tals usually formed for EOCs is well suited for SALS
measurements.

For EOCs, the presence of short chain branches
(SCBs, e.g., methyl, ethyl, hexyl) suppresses crystal
growth in one or more lateral dimensions and reduce
the melting temperature and crystallinity.1,3,6,19,23-25,39,40

The extent of this suppression increases with increasing
comonomer content (decreasing density) since the num-
ber of ethylene sequences long enough to form chain-
folded lamellae decreases. Thus, the lamellar morpho-
logical units and the corresponding supermolecular
structures formed for an EOC depend on the branch
content. Several extensive studies23-25,30,39,41 indicate
that copolymers with low comonomer content or high
densities (F > 0.93 g/cm3) form well-developed lamellae
which organize to form spherulites as observed for high-
density polyethylene. At higher comonomer contents or
lower densities (F < 0.93 g/cm3), small spherulites or
coexisting lamellae and granular base morphologies are
observed. For very low-density EOCs (F , 0.89 g/cm3),
it has been inferred that crystals may be organized as
fringed-micelles (“bundlelike” crystalline aggregates)25,42

or as clusters of loosely packed ethylene units.41 In
addition, a diverse range of superstructures can be
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obtained for a given copolymer by varying the crystal-
lization conditions.27,43,44 Multiple coexisting superstruc-
tures are obtained for EOCs because at a given crys-
tallization temperature, ethylene sequences that are
unable to crystallize are excluded from the growing
crystal. These shorter sequences may either aggregate
into micrometer scale domains surrounding the crystal-
line regions within the superstructure formed or reside
between superstructures. As the crystallization tem-
perature is lowered, these sequences crystallize to form
smaller crystals. Regions rich in the aggregates of
smaller crystals formed from these sequences may be
large enough to be classified as separate superstruc-
tures. Thus, a technique that can characterize the
complex supermolecular structures of EOCs as a func-
tion of crystallization conditions is necessary.

Morphological parameters that describe the volume
fraction of superstructures (xS) and the crystalline
fraction within superstructures (xCS) can be monitored
by SALS during crystallization and melting.5,26-30 If all
crystals are within superstructures, the mass fraction
crystallinity (wc) from wide-angle X-ray scattering
(WAXS) or DSC is proportional to the product xSxCS.
Since SALS provides a statistical evaluation of the
shapes and sizes of scattering entities (spherulites and
other superstructures), poorly defined superstruc-
tures15,25-27,44 typical for EOCs can be studied. SALS
under cross-polarized optical alignment (HV) measures
orientation fluctuations arising from the arrangement
of crystalline aggregates, while SALS under parallel-
polarized optical alignment (VV) measures both density
and orientation fluctuations. Fluctuations in refractive
index (density) arise from spatial variation in the
crystalline volume fraction. The HV and VV invariants
(total integrated intensities) can also be written in terms
of xS and xCS.28,30,38,45 This property makes the SALS
invariants powerful tools for monitoring how structure
develops during crystallization and melting.

In this paper, we show that SALS measurements
during melting of a homogeneous ethylene/1-hexene
copolymer (Mw ) 70 000 g/mol; F ) 0.90 g/cm3; 6.4 mol
% hexene) can be used to determine the number of
crystal populations, the melting temperature of each
crystal population, and the spatial organization of
crystalline aggregates. The final melting temperature
(Tm

f) of crystalline aggregates can also be measured by
SALS.

Experimental Section

The ethylene/1-hexene copolymer (EH064) studied was
provided by ExxonMobil. EH064 was prepared with a metal-
locene catalyst. The weight-average molar mass (Mw) of EH064
is 70 000 g/mol. The polydispersity is 2.0 and the density is
0.90 g/cm3. The mole percent of 1-hexene in the copolymer is
6.4%. Before any further sample preparation, 3 g of EH064
was dissolved in 300 mL of refluxing toluene at 110 °C. The
solution was poured into an acetone/methanol (50/50) mixture
(800 mL) at 0 °C. The resulting precipitate was filtered,
washed, and dried under vacuum at 40-50 °C for 72 h.
Additives in EH064 were removed during this procedure.

EH064 films were prepared by solvent casting from p-xylene
(Fisher Scientific, certified). Polymer solutions at constant
mass concentration of 2% (for SALS and DSC measurements)
and 0.5% (for polarized optical microscopy (POM) measure-
ments) were cast in Teflon dishes. The solutions were air-dried
overnight and further dried in a vacuum oven at 50 °C and
760 Torr for 3 days to remove residual solvent. For X-ray
measurements, films (∼1 mm thick) were prepared by melting
samples in a vacuum oven at 160 °C for 5 min. Melted samples

were removed from the oven and air-cooled to room temper-
ature.

Before any measurements, samples for SALS, DSC, POM,
and X-ray scattering were first melted at 160 °C for 10 min
under nitrogen to remove any thermal history, and then
rapidly cooled (at 50 °C/min) to a crystallization temperature
(Tc). After isothermal crystallization at Tc for 0 to 72 h, samples
were rapidly cooled (at ∼80 °C/min) to room temperature. This
procedure was performed for Tc’s ranging from 81 to 110 °C.
The cooling rates were chosen to be as fast as possible with
minimal temperature overshooting (<1 °C). By employment
of such procedures, aggregates of crystals formed during
isothermal crystallization could be distinguished from crystals
that formed when samples were rapidly cooled after crystal-
lization.2 All the melting and cooling procedures were per-
formed on a computer interfaced Instec HCS600V hot stage
to minimize sample movement and temperature fluctuations.

DSC measurements were performed on 1.8 ( 0.1 mg (two
to four stacks of films) samples sealed in aluminum pans.
There were no observable effects of film stacking on DSC
thermograms when samples were melted at 160 °C for 10 min
before crystallization. After crystallizing samples at Tc and
cooling to room temperature, the samples were stored at room
temperature for less than 12 h. Melting measurements were
then performed on a Mettler-Toledo DSC 822e by heating
samples from -30 to +160 °C at 10 °C/min under a nitrogen
atmosphere. Temperature and enthalpy values were calibrated
using indium as a standard.

SALS and POM measurements were performed on film
samples sealed between two round glass coverslips. An optical
microscope (Olympus BX51) coupled to an Insight digital
camera was used to characterize the solid-state morphology
of film samples (∼15 µm thick) before melting. For both SALS
and X-ray scattering measurements, an Instec HCS600V hot
stage was used to control the temperature to within 0.1 °C.
SALS patterns under cross-polarized (HV) and parallel-polar-
ized (VV) optical alignments and transmitted light were
recorded using a vertical light scattering apparatus described
previously.38 The usable span of scattering vector magnitudes
(q ) 4π(sin θ)/λ and 2θ is the scattering angle) was in the
range 0.05 µm-1 < q < 2.4 µm-1. Samples were heated from
30 to 160 °C under nitrogen. To optimize the data collection
for scattering measurements, a heating rate of 2.5 °C/min was
used. The scattering observed from SALS did not depend on
heating rate within the range of 2.5 to 10 °C/min. SALS data
were collected in 3-10 s time blocks.

The percent transmission was determined from the ratio of
the transmitted light intensity measured with a sample in the
beam path to that measured without the sample. Experimental
scattering intensities from SALS were corrected for sample-
to-detector distance and incident intensity variations. Correc-
tions for reflection, refraction, and illuminated volume were
also applied to the experimental intensities using methods
described previously.46 The melt contribution to the integrated
intensity from HV and VV measurements was subtracted after
accounting for statistical fluctuations. The integrated intensity
calculated represents fluctuations during melting and will be
referred to as a relative invariant.

SAXS and WAXS measurements were performed at a
wavelength of 1.602 Å at the X10A beamline at Brookhaven
National Laboratory. Film samples (∼1 mm thick) wrapped
in aluminum foil were heated from 30 to 160 °C at 2.5 °C/
min. The scattering observed from SAXS and WAXS does not
depend on heating rate within the range of 1 to 2.5 °C/min. A
Bruker Hi-Star two-dimensional CCD camera (10 cm × 10 cm,
1024 × 1024 pixels) was used to collect the data. A helium
chamber was placed between the sample and the detector to
reduce air scattering and absorption. The usable span of
scattering vector magnitudes (q ) 4π(sin θ)/λ and 2θ is the
scattering angle) for WAXS was 0.22 Å-1 < q < 2.9 Å-1 and
that for SAXS was 0.012 Å-1 < q < 0.17 Å-1. NIST standards
SRM 676 (R-Al2O3), SRM 660 (Lanthanum hexaboride), and
Lupolen standard were used for angular calibration of the
WAXS detector.47 A parallel plate-ionizing detector placed
before the sample cell was used to record the incident intensity.
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The experimental intensities were corrected for background
scattering from the camera, empty cell, incident intensity
variations, and pixel-by-pixel detector sensitivity. The latter
was established from the scattering of an Fe source. Data were
collected in 60 and 15 s time blocks for SAXS and WAXS,
respectively.

Lamellar morphological variables can be obtained from the
analysis of SAXS data by an intensity model48-50 or in real
space using correlation functions.51,52 Detailed descriptions of
the correlation function47 and intensity model48 methods used
to analyze the SAXS data obtained have been given previously.
The long period (L), average crystal (lc) and amorphous (la)
thicknesses obtained from both methods were the same within
0.01 nm.

SALS Model

Spherulites are usually formed when polymers crys-
tallize from the melt. Experimental HV and VV SALS
patterns for spherulites can be predicted by calculating
scattering patterns for objects with definite shape such
as anisotropic spheres or disks.53-58 For many semi-
crystalline polymers, experimental scattering patterns
deviate substantially from that of model predictions
because of several morphological features (e.g., incom-
plete spherulites and high internal disorder) of ill-
defined spherulites.25,39,44 During crystallization and
melting, the shape, size, internal structure, and order
of the crystalline aggregates can also change. For EOCs,
several studies3,18,30 indicate that during crystallization,
longer ethylene sequences (higher melting species)
crystallize first and form the spherulitic framework for
the subsequent crystallization of shorter sequences
(lower melting species). Depending on the crystallization
conditions, the average size of aggregates of the first
forming crystals can be comparable (several hundred
nanometers) or larger than the minimum size (Dmin ∼
0.5 µm) of scatterers whose size and shape can be
measured by our SALS instrument. Thus, fluctuations
in density and orientation of aggregates with sizes
greater than or equal to Dmin will dominate the SALS
scattering observed. Under these conditions, it is more
convenient to describe the scattering of the crystalline
aggregates in terms of mean-square fluctuations in the
average polarizability (〈η2〉) and anisotropy (〈δ2〉).

The theoretical HV and VV invariants defined, as with
X-ray scattering, as Q ) ∫0

∞ I(q)q2 dq have been given
for scattering from spherulites.28 The expression of the
HV invariant is28,45

where xS is the volume fraction of spherulites and xCS
is the volume fraction of crystals within the spherulites.
In eq 1, the amorphous contribution to mean optical
polarizability and the form anisotropy are assumed to
be negligible. The constant K is 4π6/λ4 for spherulites.28

The intrinsic anisotropy of a pure crystal (polyethylene)
is δcr

0 and P2 is a Hermans-type orientation function
describing the orientation of crystals with respect to a
reference axis. For spherulites, the reference axis is the
spherulite radius.

For a system with several types of possible scattering
entities (e.g., spherulites and crystalline aggregates with
sizes g Dmin), the theoretical HV and VV invariants can
be generalized as

For each type of scattering entity, xS
i is the volume

fraction of the scattering entity, xCS
i is the volume

fraction of crystals within the scattering entity, and P2
i

is the Hermans-type orientation function. The constants
K1, K1

i , K2, and K3 are factors that are products of
physical constants that depend on geometry and other
quantities kept constant during the experiment. The
first term of eq 3 represents the mean-square fluctua-
tions in density of scattering entities. The contribution
of this term to the VV scattering is circularly symmetric.
For spherulites, the VV pattern corresponding to the
second term in eq 3 has a 2-fold symmetry with respect
to the polarization direction of the polarizer. If the
spherulites are space filling (xS ) 1), then 〈η2〉 ) 0 and
Q(VV) ) K3Q(HV). The corresponding HV pattern exhib-
its 4-fold symmetry with maxima occurring at azimuthal
angles, µ, which are odd multiples of 45°. For crystalline
aggregates, if the density and orientation fluctuations
of the local crystallinity are randomly correlated, both
HV and VV patterns are circular symmetric.

During melting of space filling59 spherulites, the
crystalline content decreases while the number and size
of spherulites and relative orientation of crystals do not
change. In order words, P2 is constant while xCS de-
creases. According to eq 2, the temperature variation
of Q(HV) should be proportional to xCS

2. The temperature
variation of Q(VV) (eq 3) is also proportional to xCS

2 since
Q(VV) ) K3Q(HV). As the crystallinity decreases, both
invariants decrease monotonically. At the final melting
temperature of the crystals Q(VV) ) Q(HV) )0.

As previously discussed, EOCs can form spherulites
composed of nanometer or micrometer domains rich in
high and lower melting crystals. As these crystals melt,
although the crystalline content of the spherulites
decreases, the shape and size of micrometer regions that
contribute to the overall scattering can change. The
refractive index contrast variation (density fluctuations)
during melting can be evaluated by examining a two-
phase model of crystalline aggregates embedded in an
amorphous matrix:

In eq 5, xS represents the volume fraction of micrometer
aggregates rich in high melting crystals with sizes
gDmin. The average polarizability of these aggregates
is RjS and that of the matrix (or surrounding amorphous
phase) is R0. The average polarizability can be calculated
as

where Rr and Rt are the radial and tangential polariz-
abilities of the crystalline aggregates, respectively.
Thus, the temperature variation of VV SALS patterns
during melting will show features characteristic of the
size and shape of these micrometer crystalline ag-
gregates. The temperature variation of Q(VV) (eq 3) will
not be the same as that for Q(HV) because 〈η2〉 * 0. If

Q(HV) ) K〈δ2〉 ) KxS(δcr
0 xCSP2)

2 (1)

Q(HV) ) K1〈δ2〉 ) ∑
i

K1
i xS

i (δcr
0 xCS

i P2
i )2 (2)

Q(VV) ) K2〈η2〉 + K3Q(HV) (3)

〈η2〉 ) xS(1 - xS)〈(∆R)2〉 (4)

∆R ) (RjS - R0) (5)

RjS )
Rr + 2Rt

3
(6)
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P2 of each aggregates is constant, the temperature
variation of the HV invariant should be proportional to
the square of the crystallinity within each aggregate (eq
2). This implies that by comparison of both invariants,
the spatial organization of different crystalline ag-
gregates formed can be determined. Below, we show how
the proposed generalized scattering equations can be
applied to the three main spherulitic morphologies
obtained when high and lower melting crystalline
aggregates are formed during crystallization.

Case 1. The main assumptions here are that spheru-
lites are volume-filling (xS ) 1) and the average size (D1)
of all crystalline aggregates is much less than Dmin. For
this case, eq 2 reduces to eq 1. Although crystals melt
at different temperatures, the size and shape of larger
regions (spherulites in this case) that contribute to the
observed scattering do not change i.e., 〈η2〉 ) 0. A
monotonic decrease in the HV and VV scattering intensi-
ties will be observed as crystallinity of the sample
decreases.

Case 2. The average size of crystalline aggregates
(D2) is much smaller than the average spherulite size
(RS) but comparable to Dmin. For this case, eq 2 can be
simplified as

Q(HV) will decrease as the crystallinity of each microm-
eter aggregate decreases. Q(VV) is given by eqs 3 where
xS and RjS (eq 4) now represent the volume fraction and
the average polarizability of crystalline aggregates,
respectively. In addition, Rr and Rt are polarizabilities
along the directions parallel and perpendicular to the
optic axis of the crystalline aggregates.

As the lower melting crystals melt initially, there will
be a decrease in the average refractive index of domains
rich in these crystals. Thus, while the contribution to
the overall anisotropic scattering (second term in eq 3)
will decrease because of a decrease in crystallinity, there
will be a dominating increase in the circularly sym-
metric VV scattering (first term in eq 3) arising from
the increasing average refractive index difference be-
tween the remaining crystalline aggregates and the
melted crystals. The scattering intensity will go through
a maximum when the contrast between the melted
crystals and remaining crystals is the highest. For n
types of micrometer aggregates, n - 1 maxima corre-
sponding to melting point of each the lower melting
aggregates will be observed. The average spherulite size
may not change during melting since the refractive
index contrast variation does not usually involve the
melting of the spherulitic framework until the final
stages of melting.

Case 3. Individual spherulites are surrounded by
domains rich in very low crystallinity or amorphous
material. This morphology belongs to the general class
of supermolecular morphologies where nonvolume-fill-
ing micrometer lamellar aggregates are surrounded by
very low crystallinity or amorphous material. If the low
crystallinity lamellar aggregates do not form spheru-
lites, they can form a lamellar base or granular base
morphology. For the nonvolume-filling spherulites, SALS
patterns obtained at temperatures well below the melt-
ing point of all crystals may deviate substantially from
that for model spherulites because of excess density
fluctuations originating from the refractive index con-

trast between crystals within spherulites and the sur-
rounding nonspherulitic regions. Initially, inter-spher-
ulitic crystals will melt first. Although the average
refractive index in inter-spherulitic regions decreases,
there will be a dominating increase in the refractive
index difference between remaining crystals, predomi-
nantly intraspherulitic crystals and the surrounding
melt of newly melted crystals. An intensity maximum
will occur when the contrast between the melted crys-
tals and remaining crystals is highest. If the spherulites
are composed of domains of high and lower melting
crystals with melting points much greater than that of
the interspherulitic crystals then there are several
possibilities. Both invariants should decrease monotoni-
cally to zero (as in case 1) as nanometer size intra-
spherulitic crystalline aggregates melt. If micrometer
size intraspherulitic crystalline aggregates are present
as in case 2, the VV invariant would go through a second
maximum as the low melting intraspherulitic crystals
melt. Both invariants will decrease monotonically to
zero when melting is complete. The variation of the HV
invariant near the melting temperature of the inter-
spherulitic crystals will depend on whether orientation
correlations of these crystals can be resolved. Since the
size and shape of larger regions responsible for the light
scattering do change during melting, eq 2 cannot be
simplified any further. xQ(HV) will parallel the tem-
perature variation in xCS during melting of each ag-
gregate if the corresponding P2

i value is relatively
constant. According to eq 2, a sharp or step decrease in
Q(HV) will be occur when crystals in each aggregate melt
since xCS

i ) 0 at the final melting temperature of each
crystal species. Thus, for the cases discussed, unique
features characteristic of the supermolecular morphol-
ogy formed during crystallization should be observable
in SALS during melting.

In this paper, we use the quantity (dxQ(HV(T))/dT)
to monitor the temperature dependence of xCS and the
final melting temperatures of crystals. In the absence
of absolute intensity measurements, we normalize the
invariants with the corresponding values at 30 °C where
the scattering entities are volume filling.29,60 By com-
paring the shape and size of the SALS patterns and the
normalized invariants, Q(HV)N ) (Q(HV(T))/Q(HV(T )
30 °C))) and (Q(VV)N ) Q(VV(T))/Q(VV(T ) 30 °C))), We
determine how the spatial organization of the different
crystalline aggregates depend on crystallization condi-
tions.

Models for Analysis of Copolymer Melting
A necessary first step to understanding the crystal-

lization and melting behavior of polymers is to deter-
mine the equilibrium melting temperature (Tm

0), at
which an infinitely large crystal melts. Several mod-
els61,62 have been proposed to account for changes in the
equilibrium melting temperature of random copolymers
as a function of the mole fraction of crystallizable units
(xe). For the complete exclusion of the noncrystallizable
comonomer, Flory61 showed that

where Tm
0 is the equilibrium melting point of a perfect

(infinitely thick) polyethylene crystal (Tm
0 ) 418.7 K),

Tm
c is equilibrium melting point of a random copolymer,

Q(HV(T)) ) K1(δcr
0 P2)

2∑
i

xS
i (xCS

i (T))2; RS . D g Dmin

(7)

1
Tm

c
) 1

Tm
0

- R
∆Hu

ln xe (8)
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∆Hu is the heat of fusion per mole for a repeat unit
(8.284 kJ/mol for C2H4 units in polyethylene3), and R is
the gas constant. According to eq 8, Tm

c should not
depend on the nature of the counit as long as the
comomoner is noncrystallizable and completely excluded
from the crystal lattice. For the case where the non-
crystallizable comomoner is uniformly included in the
crystal, Sanchez and Eby62 showed that

where ε is the excess free energy of the defect created
by incorporating units of noncrystallizable comonomers
into crystals. Theoretical estimates63 of ε for isolated
defects such as a kink or Renecker defect range from
35.59 to 56.62 kJ/mol while values ranging from 23.0
to 54.0 kJ/mol have been predicted63 for branched
molecules. From eqs 8 and 9, Tm

c is defined for melting
of the thickest possible crystals with dimensions ap-
proaching infinity. The amount of such crystals is so
small that Tm

c is impossible to measure, even if the thick
equilibrium crystals are present.19,62-66

The Gibbs-Thomson relation for the melting of thin
crystals is the most reliable means for estimating the
equilibrium melting temperature (Tm

e) of a lamellar
crystal with large lateral dimensions and infinite thick-
ness. This approach utilizes the correlation between
lamellar thickness and crystal stability. The experimen-
tally observed melting temperature (Tm) of lamellar
crystals can be written as

where l is the lamellar thickness, σe is the end (fold)
surface free energy, ∆Hv is the heat of fusion per unit
volume for the perfect crystal, and Tm

e represents the
melting point of an infinitely thick crystal. Tm

e is
estimated by extrapolation of Tm vs 1/l data to 1/l ) 0.
The extrapolated value is compared to theoretical values
for Tm

0.67 For copolymers, the equilibrium melting
temperature of the infinitely thick crystals is Tm

c, thus
replacing Tm

e with Tm
c in eq 10 gives

This modified Gibbs-Thomson relation was first pro-
posed by Sanchez and Eby.62 The equation is correct
when the melt composition equals to xe, i.e., when
melting is virtually complete. Thus, this equation
provides a relationship between the final melting tem-
perature (Tm

f) and crystal thickness (lf) at the final
stages of melting. For hydrogenated polybutadienes
(HPB’s), model random copolymers of ethylene and
1-butene characterized by narrow molecular mass dis-
tributions (Mw/Mn < 1.1) and compositional homogene-
ity, it has been shown18-20 that thickest crystals with
observable populations melt at a final melting temper-
ature which is below Tm

c. Tm
f decreases monotonically

with increasing branch content, as expected from eq 11.
Such trends have also been observed for both hetero-
geneous and homogeneous EOCs.15,39,68

In this paper, we determine lf from SAXS the inten-
sity profiles obtained during the final stages of melting.
At the final stages of melting, SAXS profiles should be

characteristic of isolated crystals and can be described
by Guinier’s law for isolated domains at high dilution
and for randomly oriented thin platelets.47,69 The in-
tensity variations are given by70

where Rg is the radius of gyration of the isolated domain
and lg is the thickness of the platelet. During the final
stages of melting, a Guinier plot should give a domain
size similar to the crystal thickness of the initial crystals
formed during crystallization,47 i.e., Rg (or lg) ) lf at Tm

f.
Using lf from SAXS and Tm

f values obtained from SALS,
we examine the validity of eqs 8 and 9 for describing of
the equilibrium melting temperature of the copolymer
studied.

Results and Discussion
Supermolecular Morphology. Despite the compel-

ling evidence for associating multiple DSC melting
peaks of EOCs with separate morphological enti-
ties,25,42,71 a number of questions remain unanswered:
How does crystallization temperature (Tc) and time
affect the spatial organization of these morphological
units? Are all DSC peaks associated with distinct
supermolecular structures?

Figure 1 shows typical DSC melting curves obtained
for EH064 samples rapidly cooled to room temperature
from the melt (160 °C) and after isothermal crystalliza-
tion at 81, 88, and 103 °C. Near 40 °C, a small broad
endotherm whose shape and position is not sensitive to
crystallization conditions is observed. This peak has
been observed for other polyolefins and has been at-
tributed to annealing at room temperature of highly
branched chains crystallized on cooling to room tem-
perature.2,3 For samples crystallized at temperatures .
room temperature, no effect of crystallization conditions
on this peak is observed because polymer chains crys-
tallizing near room temperature are in the molten state.
Above 40 °C, a single broad melting endotherm with a
peak melting temperature (Tm

p ) 94 °C) is observed for
the quenched sample (Figure 1a). This observation is
consistent with the crystallization of polymer chains
with a random ethylene sequence distribution. Under
isothermal crystallization conditions, multiple melting
endotherms obtained for ran-EOCs have been attributed
to the distribution of ethylene sequences or chain
segments that can participate in the crystallization and
annealing at a particular temperature.1,3,18,72,73 Such
multiple melting behavior cannot be explained by a
mechanism of melting-recrystallization-remelting dur-
ing heating1,3,18 because the melting behavior is inde-
pendent of heating rate. When EH064 samples are
isothermally crystallized at temperatures below Tm

p )
94 °C, additional melting endotherms are observed. For
example in Figure 1c, the highest Tm

p,1 ) 98 °C and
lower Tm

p,2 ) 92 °C melting crystals correspond to
lamellar crystals formed from the longest ethylene
sequences and smaller crystals formed from shorter
sequences during isothermal crystallization at 88 °C,
respectively. Shorter chain segments that crystallize
during the subsequent rapid cooling to room tempera-
ture melt at Tm

p,3 ≈ 81 °C. These crystals are thinner

Tm
c ) Tm

0(1 -
ε(1 - xe)

∆Hu
) (9)

Tm ) Tm
e(1 -

2σe

l∆Hv
) (10)

Tm ) Tm
c(1 -

2σe

l∆Hv
) (11)

I(q,t) ∝ exp[-
Rg

2q2

3 ] (12)

I(q,t) ∝ q-2 exp[-
lg

2q2

12 ] (13)
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and may organize to form micrometer regions within
or outside spherulites. As Tc is increased, the area of
the melting endotherm for crystals that form on rapid
cooling to room temperature increases and the shape
of the high melting endotherm for lamellar crystals
becomes narrower, indicating that the number of eth-
ylene sequences that can crystallize isothermally de-
creases with increasing Tc (Figure 2b-d). The final
melting temperature (Tm

f,DSC) of the crystals is relatively
constant at large undercoolings (Tc < Tm

p ) 94 °C) and
increases to a limiting value of 114 °C for higher Tc’s
and long (72 h) crystallization times. The results shown
in Figure 1 are typical for ran-EOCs.

Figure 2 shows SALS (dxQ(HV(T))/dT) melting
curves for EH064 samples with the same thermal
history as the samples shown in Figure 1. Because
SALS melting curves obtained at 10 °C/min (not shown
in the paper) are identical to the curves shown in Figure
2, these melting curves can be directly compared with
the DSC melting curves (Figure 1). For the isothermally
crystallized samples, values for the final melting tem-
perature from HV SALS are identical to the correspond-
ing DSC values within the uncertainty ((1 °C) of the
measurements. Above 40 °C, the number and general
shape of peaks observed are the same for corresponding
(dxQ(HV(T))/dT) and DSC melting curves. From DSC,
crystals that melt near room temperature (Figure 1) are
either incorporated into the superstructures or located
at their boundaries since no corresponding peak is
observed in (dxQ(HV(T))/dT) curves (Figure 2). It is
also possible that the scattering from the orientation
correlations of aggregates of these crystals occurs at
angles much larger (q . 2.4 µm-1) than the accessible
range for our SALS measurements. Even if superstruc-
tures of these crystals are present, scattering arising
from orientation fluctuations may be too low to be
resolved by HV SALS. In subsequent discussions we will
show that the density fluctuations from these crystalline
aggregates can be measured by VV SALS.

A distinctive feature of the melting peaks for the
sample crystallized at 103 °C (Figures 1d and 2d) is that
the relative peak area (or height) of the highest melting
crystal population (Tm

p,1 ) 110 °C) is much larger in
the (dxQ(HV(T))/dT) curve than in the corresponding
DSC melting curve. The temperature variation of DSC
melting curves is temperature variation in crystallini-
ty,wc, defined as wc ) ∑ixS

i xCS
i . If P2 is assumed to be

constant during melting, then the temperature variation

of xQ(HV) is proportional to ∑ixxS
i xCS

i (eq 7). For the
samples crystallized at 81 and 88 °C, the relative peak
areas of the Tm

p,1, Tm
p,2, and Tm

p,3 crystal populations
in DSC and SALS are similar suggesting that the
observed temperature variation in wc and xQ(HV) is
independent of xS and is proportional to the tempera-
ture variation of the crystallinity of each aggregate.
This implies that average size of each crystalline ag-
gregate is smaller than the average spherulite size
(RS ) 4.1 ( 0.2 µm, determined by 4.1/qmax, with qmax
being the scattering vector at which the maximum of
HV scattering at µ ) 45° occurs). For the sample
crystallized at 103 °C, the Tm

p,1 ) 110 °C and Tm
p,2 )

95 °C crystal populations (Figures 1d and 2d) arise from
micrometer aggregates of these crystals because the
peak corresponding to Tm

p,1 crystals will be much larger
in xQ(HV) than in DSC if xS

1 , 1. It must be noted
that when all crystals within a given superstructure
have melted, the corresponding xS

i xCS
i term vanishes.

At higher temperatures, ∑ xS
i would be less than 1.

Whether the average size of Tm
p,1 crystalline aggregates

is comparable to Dmin (case 2) or larger than Dmin (case
3) can be deduced by comparing calculated DSC and HV

SALS melting curves ((dwc/dT) and (dxQ(HV(T))/dT)
for model aggregates of high and lower melting crystals
to our corresponding experimental curves in Figures 1
and 2.

Model calculations of melting behavior of high and
low melting crystalline aggregates for case 2 and case
3 are shown in Figure 3. For both cases, the rela-
tive height (or area) of the melting peak correspond-
ing to the high melting crystals is larger in the
(dxQ(HV(T))/dT) curve than in the (dwc/dT) curve.
This trend is relatively independent of the actual values
of xS and xCS used in the calculation. For calculation of
case 2 (Figure 3a), we used xCS

1 ) 0.1 and xCS
2 ) 0.2 for

the initial crystallinities of the high and low melting
species, respectively. During melting, spherulites re-
main volume-filling (xS ) 1) and the crystallinities
decrease at the respective melting temperatures. For
calculation of case 3 (Figure 3b), the volume fraction of
aggregates of high and low melting crystals are xS

1 )
0.2 and xS

2 ) 0.8, respectively. For both species, xCS
1 )

xCS
2 ) 0.3. The values of xCS used for these calcula-

tions are representative of the values determined from
SAXS.74 For case 2, the relative peak areas of the
populations from SALS and DSC are comparable while
that for the high melting crystal is much smaller from
DSC for case 3 suggesting that for the sample crystal-

Figure 1. DSC melting curves for EH064 samples rapidly
cooled to room temperature after (a) melting at 160 °C for 10
min and isothermal crystallization at (b) 81 °C for 1 h, (c) 88
°C for 1 h, and (d) 103 °C for 72 h.

Figure 2. SALS (dxQHV
(T)/dT) melting curves for EH064

samples rapidly cooled to room temperature after (a) melting
at 160 °C for 10 min and isothermal crystallization at (b) 81
°C for 1 h, (c) 88 °C for 1 h, and (d) 103 °C for 72 h.
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lized at 103 °C, aggregates of the Tm
p,1 ) 110 °C and

Tm
p,2 ) 95 °C crystal populations observed are much

larger than Dmin. These crystals are within spherulites
surrounded by domains rich in near room temperature
crystals.

Our calculations indicate that the differences between
the experimental (dxQ(HV(T))/dT) and DSC melting
curves are dominated by differences in the relative size
of the crystalline aggregates formed under a given
crystallization condition. This result suggests that
variation of P2 during melting may not be very impor-
tant. It is possible that P2 does not vary significantly
during melting because the relative orientation of
intraspherulitic low melting crystals is determined by
the high melting crystals that are formed first during

crystallization.19,30 In addition, the contribution of rela-
tive orientation of the latter forming crystals to P2 may
be small. As mentioned earlier, the orientation fluc-
tuations of crystals that melt below 40 °C may be too
low to be resolved by HV SALS. The variation in
refractive index as these crystals melt should give the
distinctive features in VV scattering. Similarly, varia-
tions in the refractive index during melting of nanom-
eter and micrometer aggregates of intraspherulitic
crystals should also give unique features in the VV
scattering. Hence, although a comparison of experimen-
tal data and model calculations on the temperature
variation of (dxQ(HV(T))/dT) and DSC melting curves
can be used to predict the supermolecular morphology
formed for a given crystallization condition, one needs
to consider the temperature variation of the HV and VV
SALS patterns and the corresponding invariants to
determine (a) how many crystal populations are present
and (b) if the crystal populations observed are large
enough to be classified as distinct superstructures.

Figures 4 and 5 show typical HV and VV patterns
during melting of EH064 samples with the same ther-
mal history as samples shown in Figures 1 and 2. For
samples crystallized at temperatures below Tm

p ) 94
°C the room temperature (30 °C) HV (Figure 4a-c) and
VV (Figure 5a-c) patterns are typical for volume-filling
well-developed spherulites with RS ) 4.1 ( 0.2 µm.
These results are consistent with the POM’s obtained
for these samples (Figure 6a-c). When samples are
crystallized above Tm

p ) 94 °C, the room temperature
HV (Figure 4d) and VV (Figure 5d) patterns indicate that
the spherulites are either poorly developed or nonvol-
ume-filling. The corresponding POM (Figure 6d) indi-
cates that the morphology is composed of nonvolume-
filling spherulites surrounded by micrometer domains
rich in very low birefringent crystalline aggregates. The
birefringence of the interspherulitic crystals is too low
to be resolved by POM.

During melting of the sample rapidly cooled directly
from the melt (160 °C), the size and shape of the HV

Figure 3. Calculated SALS (dxQHV
(T)/dT) and DSC melting

curves for (a) case 2, xS ) 1, xCS (lower melting) ) 0.2, xCS
(higher melting) ) 0.1; (b) case 3, xCS ) 0.3, xS (lower melting)
) 0.8, xS (higher melting) ) 0.2;

Figure 4. Changes in SALS HV patterns during melting of EH064 samples rapidly cooled to room temperature after (a) melting
at 160 °C for 10 min and isothermal crystallization at (b) 81 °C for 1 h, (c) 88 °C for 1 h, and (d) 103 °C for 72 h. The scale bar
is equivalent to a scattering angle 2θ ) 5°.
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patterns (Figure 4a) do not change, suggesting that xS
and P2 remain constant while xCS decreases. This
observation also implies that although crystals melt at
different temperatures (Figure 1a), the size and shape
of larger regions responsible for light scattering do not
change significantly such that the intensity of the HV
patterns (Figure 4a) decreases monotonically without
a significant change in the average size and shape. The
normalized invariants also show that no significant
excess density fluctuations originating from the refrac-
tive index contrast variation develop during melting
(Figure 7a). These observations indicate that the cor-
relation distance between similar crystalline aggregates
is much smaller than Dmin, which is in agreement with
case 1. Crystals within the spherulites may be segre-
gated at the lamellar level as previously proposed for
EOCs crystallized under similar conditions.5,60 The HV
and VV SALS patterns observed for the sample crystal-
lized at 81 °C (Figures 4 and 5) are similar to the ones
observed for the sample rapidly cooled directly from the
melt, indicating that that the correlation distance
between the crystalline aggregates is also smaller than
Dmin. In the corresponding VV invariant (Figure 7b), the
slight excess density fluctuations observed above 94 °C
suggest that the average correlation distance for crystals
with Tm > 94 °C is greater than the Rayleigh limit (32
nm) but less than Dmin since clear features consistent
with the size and shape of these regions are not visible
in the corresponding VV patterns.

As Tc is increased further, pronounced changes in the
shape of the SALS patterns (Figures 4 and 5) and
invariants (Figure 7) are observed during melting.
These changes are consistent with an increase in the
average correlation distance between similar crystalline
aggregates with increasing Tc such that the size and
shape of the resulting large regions (D > Dmin) with
differing refractive index contrast (∆R) and orientational
order (P2) contribute to the observed scattering. The
dominating increase in the isotropic VV scattering
(Figure 5) and excess density fluctuations (Figure 7)
arises from the increasing refractive index difference
between the remaining crystalline aggregates and do-
mains rich in melted crystals. Maxima in the VV
invariant and intensity of the corresponding patterns
would occur near the Tm

f of the lower melting crystals,
because at this temperature the contrast between
melted and remaining crystalline aggregates is the
highest. For the sample crystallized at 103 °C, the VV
invariant goes through maxima near 60 and 100 °C and
then decreases monotonically to zero at 114 °C (Figure
7d). The first maximum occurs while the average
spherulite size from HV is constant, suggesting that the
observed density contrast variation is from the melting
of crystals surrounding the spherulites. For the VV
maximum at 100 °C, there is a corresponding step
decrease in the HV invariant consistent with the melting
of intraspherulitic crystalline aggregates with Dmin ,
D ∼ RS. These crystals are formed during the rapid
cooling from Tc to room temperature and RS is deter-
mined by the Tm

p,1 ) 110 °C crystals that form the
spherulitic framework during isothermal crystallization
at 103 °C. As the Tm

p,1 ) 110 °C crystals melt, both
invariants decreases monotonically to zero at the Tm

f

) 114 °C. These results indicate that the three melting
endotherms observed from DSC (Figure 1d) correspond
to micrometer aggregates of three distinct morphological
units with Tm

f,1 ) 114 °C, Tm
f,2 ) 110 °C, and Tm

f,1 ≈
60 °C. The orientational order of the lowest melting
species is too low to be resolved with HV SALS, but the
refractive index contrast variation during melting of

Figure 5. Changes in SALS VV patterns during melting of EH064 samples rapidly cooled to room temperature after (a) melting
at 160 °C for 10 min and isothermal crystallization at (b) 81 °C for 1 h, (c) 88 °C for 1 h, and (d) 103 °C for 72 h. The scale bar
is equivalent to a scattering angle 2θ ) 5°.

Figure 6. Polarized optical micrographs obtained at room
temperature for the EH064 samples rapidly cooled to room
temperature after (a) melting at 160 °C for 10 min and
isothermal crystallization at (b) 81 °C for 1 h, (c) 88 °C for 1
h, and (d) 103 °C for 72 h.
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these species is detected by VV SALS (Figure 7d). These
observations are consistent with predicted scattering
during melting of case 3 spherulites embedded in a
matrix of low crystallinity material.

For the sample crystallized at 88 °C, the multiple DSC
melting peaks (Figure 1c) observed correspond to crys-
talline aggregates within volume-filling spherulites.
Because the size and shape of the HV patterns do not
change during melting, these aggregates are smaller
than the average spherulite size. Aggregates of Tm

p,1 and
Tm

p,2 crystals are larger than Dmin since the size and
shape of the corresponding VV patterns (Figure 5c)
change during melting of these crystals, while ag-
gregates of Tm

p,3 and the near room temperature
crystals are smaller than Dmin. The melting behavior of
the sample crystallized at 88 °C is consistent with case
2.

In the preceding discussion, we have shown that the
spatial organization of crystals can be evaluated by
comparing the normalized HV and VV invariants. Sepa-
rate HV and VV measurements are necessary to perform
such a comparison. Because most polymers do not
absorb visible light, the measurement of light transmit-
ted by a sample, which is not analyzed, can also provide
information about the total scattering. The turbidity (τ)
is a measure of the total scattering and is defined by
the relation

where TT is the fraction of incident light transmitted
by a sample of thickness d. Variations in Q(VV) and τ
(or % TT) during crystallization and melting may paral-
lel each other if scattering from crystalline aggregates
falls off sufficiently with angle and if the temperature
variation of Q(HV) is much smaller than that of

Q(VV).28,30,38 As shown in Figure 8, the temperature
variation of τ is indeed parallel to Q(VV) for the EH064
samples studied. Therefore, the temperature variation
of the excess density fluctuations can be examined by
comparing the normalized HV invariant and the nor-
malized turbidity. Both quantities can be obtained in
one combined measurement of HV scattering and trans-
mitted light. It should be noted that for the EH064
samples the temperature variation of total scattering
is dominated by the temperature variation of the
scattering arising from density fluctuations, thus τ
parallels Q(VV). For systems where orientation fluctua-
tions dominates the total scattering, the temperature
variation of turbidity might not parallel that of Q(VV).
In such cases, the turbidity reflects variation of both
Q(VV) and Q(HV).75

Lamellar Morphology. The crystallization of linear
polyethylene (LPE) has been shown to occur in stages
which reflect the evolution of isolated crystals to lamel-
lar aggregates.69,76 Such phenomenon is also observed
during the crystallization of EOCs with very low branch

Figure 7. Changes in normalized VV invariants (dotted line) and normalized HV invariants (solid line)) during melting of the
EH064 samples rapidly cooled to room temperature after (a) melting at 160 °C for 10 min and isothermal crystallization at (b) 81
°C for 1 h, (c) 88 °C for 1 h, and (d) 103 °C for 72 h.

τ ) 1
d

ln[ 100
% TT] (14)

Figure 8. Comparison between changes of Q(VV) and turbid-
ity (τ) during melting of EH064 samples rapidly cooled to room
temperature after isothermal crystallization at 100 °C for 18
h.
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content.30 At sufficiently high crystallization tempera-
tures (Tc . Tm

p ) 94 °C) the shape of the HV (Figure
4d) and VV (Figure 5d) SALS patterns for EH064 evolve
from one characteristic of nonvolume-filling spherulites
to isolated crystalline aggregates. SAXS I(q) vs q profiles
(Figure 9d) for a sample crystallized under the same
conditions evolve from peaked to monotonic curves
indicating that isolated lamellae are present at the end
of melting.9,77 These changes are consistent with the
reverse of crystallization that starts with the formation
of isolated lamellar crystals.30,69 Since these changes are
also observed for the samples crystallized at lower
temperatures (Figure 9a-c), we can conclude that the
development of the lamellar morphology is similar at
all crystallization temperatures. Below 70 °C, where
reliable estimates for SAXS morphological variables are
obtained, average values of the long period, crystalline
and amorphous thicknesses for the crystallization con-
ditions studied are 127 ( 7, 43 ( 3, and 85 ( 6 Å,
respectively. The variation of these variables during
melting is also independent of crystallization conditions.
The marked differences observed in the intensity varia-
tion of the SALS patterns and invariants for samples
crystallized are not evident from SAXS because there
is a general mechanism for the development of the
lamellar morphology. For SALS, the characteristics of
low melting crystalline aggregates depend on the nature
of higher melting aggregates formed at a given temper-
ature. This means that both SAXS and SALS crystal-
lization and melting measurements are necessary to
understand how crystallization conditions determine the
nanometer to micrometer spatial arrangement of crys-
tals. In effect, the development of crystallization5 and
melting50 mechanisms that correctly predict the hier-
archal spatial arrangement of crystals may require
detailed quantitative SAXS and SALS crystallization
and melting studies. For higher branched EOCs, our
preliminary results indicate that the HV and VV scat-

tering during melting show features that depend on the
branch content. These results indicate that SALS is a
promising tool for understanding how chemical micro-
structure and crystallization conditions determine the
supermolecular morphology of EOCs.

Determining Equilibrium Melting Temperature.
The variation of the final melting temperature Tm

f of
the crystals with Tc can provide insight into the char-
acteristics of the initial crystals formed during crystal-
lization.19,63 Figure 10 shows the Tm

f values determined
from the temperature variation of Q(HV) and DSC
endotherms during melting of EH064 samples isother-
mally crystallized at temperatures ranging from 81 to
110 °C for different times. In subsequent discussions,
we will refer to the final melting temperatures from HV
SALS and DSC as Tm

f,HV and Tm
f,DSC respectively. The

Tm
f values determined from Q(VV) (not shown in the

paper) are the same (within (1 °C) as that from
Q(HV).At Tc > Tm

p ) 94 °C, Tm
f,HV and Tm

f,DSC increase
with temperature to a limiting value of 114 ( 1 °C for
sufficiently long crystallization times (several days) and
high temperatures (>100 °C) indicating that SALS can
be reliably used to determine Tm

f under these crystal-
lization conditions. For shorter crystallization times,
Tm

f,HV decreases with temperature while that from DSC
is relatively constant. When Tc < Tm

p, Tm
f,HV and Tm

f,DSC

are relatively independent of crystallization conditions.
These observations can be rationalized if one considers
the sensitivity of each technique to the size and perfec-
tion of crystals and the corresponding aggregates formed
under a given crystallization condition.

The integrated SAXS intensity and integrated area
under crystalline reflections from WAXS during melting
can be used to determine Tm

f of lamellar crystals
directly.31,47,69 Tm

f,SAXSand Tm
f,WAXS values are shown in

Figure 11. For short to moderate crystallization times
(1-18 h) Tm

f,SAXSand Tm
f,WAXSare relatively independent

of Tc within the uncertainty of the measurements. The

Figure 9. Evolution of SAXS during melting of the EH064 samples rapidly cooled to room temperature after (a) melting at 160
°C for 10 min and (b) isothermal crystallization at 81 °C for 1 h, (c) isothermal crystallization at 88 °C for 1 h, and (d) isothermal
crystallization at 103 °C for 72 h. The temperatures shown in parts a-c are 32, 80, 85, 90, 95, 100, and 105 °C; the temperatures
shown in part d are 32, 80, 90, 95, 100, 105, 109, and 113 °C.
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overall variation of Tm
f,SAXS and Tm

f,WAXS with Tc is also
a function of the size and perfection of the highest
melting crystals and the sensitivity of each technique.
Our results indicate that the sensitivity of SAXS and
WAXS is about the same if a two-dimensional detector
is used. This finding is in contrast to results obtained
from one-dimensional detectors which suggest that
WAXS is less sensitive to detecting crystals than
SAXS.31 On the other hand, SALS is the most sensitive
scattering technique for measuring the dependence of
Tm

f on Tc over a wide range of Tc’s and at moderate
crystallization times. For short crystallization times, the
interpretation of results from any scattering measure-
ment during crystallization or melting will strongly
depend on the sensitivity of the technique used. How-
ever at sufficiently high Tc and long crystallization
times, all techniques (DSC, SAXS, WAXS, and HV
SALS) can be used to reliably determine the final
melting temperature of EOC crystals since the same
limiting value for Tm

f (Tm
f ) 114 °C) is obtained from

all techniques.
The thickness of the final melting crystals (lf) was

determined from the SAXS intensity profiles for the
EH064 sample crystallized at 103 °C for 72 h. A typical
Guinier plot using eq 12 for SAXS intensity profiles
obtained during the final stage of melting are shown in
Figure 12. At these temperatures, a dense domain with
an average size (Rg ) 11 ( 2 nm) is obtained. Our
attempts to fit these intensity profiles to eq 13 failed.
In contrast to LPE,47 no linear relationship between
ln(Iq2) and q2 in the low q was obtained for the EH064
final melting crystals. This is because the lateral
dimensions of these crystalline domains are smaller
than that in LPE. This reduction in lateral dimensions
is to be expected for the crystallization of ethylene
sequences/units in the presences of short chain branches.

Since a Guinier plot interpreted in terms of scattering
by monolayer crystals should give a domain size similar
to that found for the crystal thickness at the same
temperature, we use the Rg value obtained from the
Guinier plots (Figure 12) as an estimate for lf.

Using standard thermodynamic values for polyeth-
ylene crystals (Tm

0 ) 418.7 K, σe ) 90 mJ/m2, ∆Hv )
285 mJ/m3, ∆Hu ) 8.284 kJ/mol, ε ) 23.0 kJ/mol), the
predicted Tm

c values for the random copolymer contain-
ing 6.4% comonomer are 134 °C and 71 °C for complete
exclusion (eq 8) and inclusion (eq 9) of comonomer units
in the crystal, respectively. With the experimentally
determined values of Tm

f (114 ( 1 °C) and lf (11 ( 2
nm), Tm

c can also be calculated from the modified
Gibbs-Thomson equation (eq 11). The result, Tm

c ) 136
( 2 °C, is consistent with the value (Tm

c,Flory ) 134 °C)
predicted from Flory’s equilibrium theory of melting (eq
8), indicating that for the copolymer studied all defects

Figure 10. Tm
f values obtained from HV SALS and DSC

melting measurements as a function of Tc for the indicated
crystallization times. The dotted line is for the Tm

f value
obtained from the EH064 sample rapidly cooled to room
temperature after melting at 160 °C for 10 min. The uncer-
tainty in Tm

f is (1 °C.

Figure 11. Tm
f values obtained from SAXS and WAXS

melting measurements as a function of Tc for the indicated
crystallization times. The dotted line shown is for the Tm

f value
obtained from the EH064 sample rapidly cooled to room
temperature after melting at 160 °C for 10 min. The uncer-
tainty in Tm

f is (2 °C.

Figure 12. Guinier plots at various temperatures during the
final stages of melting of an EH064 sample rapidly cooled to
room temperature after isothermal crystallization at 103 °C
for 72 h. The plots are offset for better visualization. Lines
represent fits to the data points using eq 12.
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will be excluded if the sample is crystallized at suf-
ficiently high temperatures and long times. Crystal
thicknesses determined from room-temperature SAXS
curves give much lower thicknesses (∼4 nm) which can
lead one to conclude that defects are partially included
in the crystal for this conomoner concentration as
previously proposed.63 At this time, we are not sure if
EOCs with higher comonomer contents (>6.4 mol %) can
be crystallized under conditions which allow defects to
be completely excluded from the crystal. We are cur-
rently investigating this possibility.

Conclusions

For the copolymer studied, the melting behavior of
samples crystallized under different conditions is well
represented by the generalized SALS model proposed.
Our results demonstrate that SALS can be used to
accurately measure Tm

f of crystals and characterize the
structure and spatial arrangement of their aggregates.
More importantly, we show that SALS can be used to
understand the impact of nanometer to micrometer
aggregates of different crystals on the supermolecular
morphology. If a DSC/HV SALS approach is used, then
model calculations are necessary to determine the
specific supermolecular morphology formed. On the
other hand, by comparing HV and VV patterns and
invariants, the refractive index contrast variation dur-
ing melting of nanometer and micrometer crystalline
aggregates provides a direct means for characterizing
the structure and spatial arrangement crystals. Thus,
SALS can be used to understand and provide a quan-
titative description of how crystallization conditions
affect the supermolecular organization of copolymers of
ethylene and R-olefins and other semicrystalline poly-
mers.
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