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ABSTRACT: The thickness of (110) and (200) sectors in truncated single crystals of linear polyethylene
grown from dilute n-octane solution at 95 °C was measured by atomic force microscopy (AFM) in tapping
mode. The (110) sector was found to be 1.1 nm thicker than the (200) sector. This can be explained by a
somewhat smaller tilt angle of the chains with respect to the basal plane of the crystal. The tilt of the
chains in (110) and (200) sectors, obtained by electron diffraction, is 22° and 30°, respectively. This implies
that the length of the stem, i.e., the length of the straight part of the chains between two consecutive
folds, is identical in both sectors of the truncated single crystals. The melting of individual LPE truncated
single crystals was revisited by AFM. The melting temperatures of the (200) and (110) sectors are 124.9
and 125.9 ( 0.3 °C, respectively. The lamellar thickness distribution calculated from AFM pictures clearly
indicates that reorganization into thicker lamellae takes place during heating. The melting of mats of
filtration of truncated LPE single crystals has also been investigated by time-resolved small-angle X-ray
scattering (SAXS) and differential scanning calorimetry (DSC). The melting curve of LPE single crystals
generally exhibits two endotherms. The low and the high melting temperature endotherms are
characteristic of single crystals formed from dilute solution and reorganized thicker lamellae during the
heating ramp, respectively. Time-resolved SAXS measurements data indicate that two populations of
lamellar crystals coexist between 122 and 128 °C. The maximum value observed for the lamellar thickness
of the recrystallized material is 30 nm, i.e., twice the initial lamellar thickness of single crystals obtained
from dilute solution. There is good agreement between the thicknesses of the crystalline layers obtained
from the SAXS data and the values calculated from the Gibbs-Thomson relationship using experimental
values of the peak temperature of the two endotherms.

1. Introduction

Linear polyethylene (LPE) single crystals grown from
dilute solutions are thin lamellae with lateral dimen-
sions of several microns and thickness on the order of
10 nm.1-4 On the basis of an electron diffraction study,
Keller3 concluded that the macromolecules forming each
single crystal are folded back and forth upon them-
selves. In solution, LPE single crystals consist of hollow
pyramids with four or six sectors.5-9 The fold surfaces
of LPE single crystals in (110) sectors formed at high
and low degree of supercooling are {(314)(110)} and
{(312)(110)}, respectively.7 LPE single crystals grown
from very dilute p-xylene solution are bounded by four
(110) faces with two truncated (200) faces appearing
when the concentration or the crystallization temper-
ature are raised. The relative size of the (110) and (200)
faces or the axial ratio of single crystals increases with
crystallization temperature and concentration.10-13 Lower
molecular weights give rise to higher degrees of trunca-
tion.14 Two modes of crystal collapse have been sug-
gested:15 (a) plastic deformation without modification
of the orientation of straight chain segments; (b) flat-

tening without any plastic deformation leading to tilting
of the chains. Models for fold packing in (110) and (200)
planes were developed9 and used as a basis for packing
arrangements.16-20 The minimum fold energies for the
(110) and (200) fold surfaces were estimated to be 102.5
and 95.6 erg cm-2, respectively,20 in agreement with the
fold surface energy value of 93 ( 8 erg cm-2 obtained
from thermodynamic considerations.21 Melting temper-
atures of 124.5 °C for the (200) sectors and of 126.5 °C
for the (110) sectors of LPE single crystals were obtained
by accurate differential scanning calorimetry (DSC)
coupled to electron microscopy.22 Assuming a value of
13 nm for the crystalline thickness of (110) and (200)
sectors and 414 K for the equilibrium melting temper-
ature and 2.8 × 109 erg cm-3 for the melting heat of
fully crystalline LPE, Harrison22 estimated the surface
free energies σe(110) and σe(200) from the Gibbs-
Thomson relationship to be 63.8 and 72.5 erg cm2,
respectively. Note that, in contrast with the calculated
values,20 the fold surface energy of the (110) sectors
appears to be lower than that of the (200) sectors. Using
identical experimental techniques, Alfonso et al.23 con-
cluded that the multiple endotherms in the 120-131
°C range were not representative of the melting of
regions with different thermodynamic stability origi-
nally present in the lamellar crystals (different crystal
thicknesses, surface free energies, or lattice strains).
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This interpretation was consistent with the observations
on the temperature dependence of the peak position in
SAXS patterns of LPE single crystals during heating.24

The mechanisms involved in the modification of the
lamellar thickness of semicrystalline polymers have
been largely investigated and depend on their initial
morphology. The stacked lamellar morphology of linear
ultrahigh molecular weight polyethylene crystallized
from solution exhibits, on annealing, a doubling of the
lamellar thickness not accompanied by melting.25 The
lamellar thickening during annealing of solution-grown
polyethylene crystals mat could occur without melting,
depending on annealing temperature and heating
rate.26,27

A balance map of two rearrangement mechanisms
against the annealing temperature was proposed for
LPE single crystals: (a) gradual thickening due to a
solid-state rearrangement takes place below 120 °C; (b)
partial melting followed by recrystallization into thicker
lamellae occurs above 126 °C; (c) the two mechanisms
overlap between 120 and 126 °C.28

Atomic force microscopy (AFM) provides images of
LPE lamellar crystals similar to those obtained by
transmission electron microscope (TEM).29 Elevation
measurements with AFM are, however, much easier and
more accurate than those obtained by electron micros-
copy. There is good agreement between the lamellar
thickness of LPE single crystals determined by AFM
and SAXS, with differences not exceeding 0.5 nm.30

AFM allows direct experimental determination of the
difference in thickness between (110) and (200) sectors
of LPE single-crystal grown from dilute solution in
n-octane, which ranges from 0.44 to 0.85 nm, depending
on the crystallization temperature.31

The present paper focuses on the morphology and
melting of truncated LPE single crystals using a com-
bination of atomic force microscopy (AFM), electron
microscopy (TEM), small-angle X-ray scattering (SAXS),
differential scanning calorimetry (DSC), and Raman
spectroscopy at low wavenumbers.

2. Experimental Section

Materials. The linear polyethylene fraction, purchased from
N.I.S.T. (ref 1483), has a molecular weight of 〈Mw〉 ) 32 100
and a polydispersity index of 1.15.

Sample Preparation. LPE was dissolved in n-octane to
0.01 wt % by heating the solution to its boiling temperature
under a nitrogen atmosphere. The solution was cooled to 50
°C. Self-seeding, which allows to control the number of seeds,
was applied to this solution.32 After 30 min at the seeding
temperature (107 °C), the solution was quickly transferred to
the crystallization temperature. A drop of the LPE single
crystals suspension was deposited either on a glass slide or
on a silicon (Si) wafer. The solvent was let to evaporate at room
temperature. The glass slide was further coated with a thin
carbon film. Suitable areas were removed from the glass slide
by flotation with poly(acrylic acid) and mounted on electron
microscopy grids. The LPE crystals deposited on Si wafers
were used for AFM studies. Preparation of well-oriented mats
of filtration of LPE single crystals has been described else-
where.33

Methods. a. Atomic Force Microscopy. Characterization
of morphology and thermal behavior of single crystals of LPE
was performed by AFM (Multimode AFM coupled to the
Nanoscope III controller of Digital Instruments, Santa Bar-
bara, CA) in tapping mode under dry argon. The vertical
sensitivity of the scanner was calibrated with special height
standards (NTMDT, Russia) chosen according to the thickness
of the studied objects. The microscope is equipped with a high-

temperature heater accessory,34 controlling both the temper-
ature of the sample and the tip. Briefly, heating of the sample
to the target temperature, defined by the operator, is controlled
by feedback from a thermocouple positioned under the sample,
close to the sample puck. The temperature of the AFM hot
stage was calibrated with phenacetin (Tm ) 134.7 °C). The
melting temperature of phenacetin was found to be 137.6 (
0.3 °C. A correction of -2.9 ( 0.3 °C was therefore applied to
the temperatures given by the hot stage.

The temperature of the cantilever is measured from its
fundamental resonant frequency and can be adjusted by
applying a voltage to a small resistive heater located inside
the tip holder. Details of the AFM operation at high temper-
ature and, in particular, methods for active control of the tip
temperature have been described elsewhere.35

Processing and analysis of AFM imagessflattening, cross-
section, and histogram analysesswere performed with pro-
grams written for the purpose in Igor Pro (Wavemetrics Ltd).
The routines, which make it possible to flatten AFM images
by performing line-by-line or plane fits, are coupled to drawing
tools, allowing operations on selected parts of the image.
Advanced image processing was indispensable for accurate
measurements of the crystal thickness and, especially, for
discriminating between the thickness of different sectors in a
single crystal.

b. Electron Diffraction. Each isolated sedimented single
crystal was rotated around its crystallographic b-axis in the
electron microscope (Philips CM12) to obtain a two-dimen-
sional electron diffraction pattern corresponding to the a*b*
reciprocal plane. The rotation angle read on the tilting stage
is a direct measure of the tilt of the chains, Φc. The chain tilt
was also determined from the WAXD patterns of mats of
filtration of LPE single crystals.33

c. Raman Spectroscopy. Raman spectra at low shifts (5-
100 cm-1) of mats of filtration of LPE single crystals were
recorded with a XY800 Raman spectrometer. A triple mono-
chromator allows to record spectra at very low wavenumbers
near the Rayleigh line. A krypton-argon laser (Innova 70)
delivered an incident radiation power on the filtration mats
of 10-20 mW at 514 nm. The Raman spectra were recorded
with a 512 channels array detector cooled with liquid nitrogen.
The LAM spectra were calibrated with mats of ultralong
paraffins of known lamellar thickness.33 The wavenumber of
the LAM mode is inversely proportional to the length of the
chains in zigzag conformation.36

d. Differential Scanning Calorimetry. The melting
curves of mats of filtration were obtained with a power
compensated differential scanning calorimeter (Perkin-Elmer,
model Pyris 1) working under a nitrogen atmosphere. Tem-
perature and heat flow were calibrated with benzoic acid and
indium for various heating rates ranging between 1 and 40
°C/min. A baseline obtained with two empty pans was sub-
tracted from each melting curve.

e. X-ray Scattering. Time-resolved SAXS measurements
were carried out on the D1/2 beamline of the EMBL in
HASYLAB on the storage ring DORIS III of the Deutsches
Elektronen Synchrotron (DESY) at Hamburg.37,38 Experimen-
tal and data analysis procedures have been described else-
where.33

Ni-filtered Cu KR radiation (λ ) 0.1542 nm) from a point
focus rotating anode (Rigaku RU200) was used to record two-
dimensional WAXD patterns of mats of filtration of single
crystals on image plates with a modified Kiessig camera
(pinhole collimation). Square image plates with an area of
about 140 cm2 were scanned with 50 µm resolution on a Fuji
X BAS-3000 imaging analyzer yielding 12 bits intensity data.
The WAXD patterns were analyzed with the “X-ray” soft-
ware.39

3. Results and Discussion

The raw experimental results obtained on truncated
LPE single crystals formed in dilute solution in n-octane
at 95 °C will be analyzed first. Data obtained from direct
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and reciprocal space techniques on similar samples are
compared. AFM is the direct space technique used to
image an isolated sedimented LPE single crystal at
room temperature and at elevated temperatures. Time-
resolved SAXS intensity curves recorded during the
heating of a mat of filtration of truncated LPE single
crystals through its melting represent the set of data
obtained by a reciprocal space technique.

An AFM image obtained in tapping mode on a
truncated LPE single crystal is shown in Figure 1. The
color code is chosen to reveal the small difference
between the thickness of the four (110) and two (200)
sectors, which is less than 4% of the average lamellar
elevation. The two (200) sectors represent 33% of the
area of the single crystal. The central pleat resulting
from the collapse of the pyramidal single crystal during
sedimentation is oriented along the crystallographic
b-axis.

The electron micrograph of a LPE single crystal
prepared in the same conditions is given in Figure 2a.
The tilt angle of the chains in the (110) and (200) sectors
was estimated by rotating the single crystal around its
crystallographic b-axis to obtain a diffraction pattern
corresponding to the (hk0) plane (Figure 2b,c). The mean
chain tilt amounts to 22° in (110) sectors and 30° in
(200) sectors (Table 1).

AFM pictures of a truncated LPE single crystal
successively measured at 121.9, 123.9, 124.9, and 125.9
°C are given in Figure 3. These images show that the
(200) sectors melt first.

DSC curves of mats of filtration of LPE (〈Mw〉 )
32 100) crystallized at 95 °C were recorded at various
heating rates: 1, 5, 10, and 40 °C/min (Figure 4). Two
endotherms are observed in the melting curves recorded

at heating rates equal to and higher than 5 °C/min. A
third endotherm is observed between the low- and high-
temperature endotherms in the melting curve recorded
at the lowest heating rate (1 °C/min).

SAXS curves were measured during heating of a mat
of filtration of LPE single crystals at 5 °C/min from room
temperature through its melting (Figure 5). Each SAXS
curve was recorded during 20 s. Specific aspects of data
analysis are considered below.

Thickness of (110) and (200) Sectors. The aver-
aged cross-section profiles measured along the normal
to the (110) and (200) growth faces of the AFM picture
are given in Figure 6. They clearly illustrate that the
thickness of the (110) sectors is between 0.9 and 1.3 nm
larger than that of the (200) sectors. Similar results
have been reported on the basis of contact mode AFM
imaging of truncated LPE single crystals.31 The AFM
elevation histogram analysis (solid line in Figure 7)
was performed to establish the statistical significance
of our results. The histogram exhibits a maximum
corresponding to the most probable crystal height at
13.5 nm along with a shoulder at 12.4 nm. For further
analysis, the image was split in parts containing dif-
ferent crystal sectors, and the elevation histograms were
separately computed for each sector. The dashed and
dotted lines in Figure 7 correspond to the elevation
histograms of the (200) and (110) sectors, respectively.
The shoulder at low elevations in the overall histogram
corresponds to the thinner (200) sectors, while the main
peak reflects the elevation of the (110) sectors. The
characteristic elevations of both types of sectors are
given in Table 1. The height difference between the
two sectors equals 1.1 nm, independent of whether the
most probable or average elevation of the sectors is
used. Since the integrals under the individual sector
histograms represent the corresponding sector areas,

Table 1. Morphological Parameters of LPE Single Crystals (〈Mw〉 ) 32 100, p ) 1.15) Crystallized from n-Octane at 95 °Ca

sector L/nm Lam/nm Lcryst/nm Φc/deg Lc/nm LRam/nm Tm/°C σe/(erg cm-2)

(200) 12.4 2.1 10.3 30 11.9 12.6 124.9 56
(110) 13.5 2.1 11.4 22 12.1 12.6 125.9 58

a L is the lamellar thickness obtained from AFM measurements. Lam is the thickness of the amorphous regions obtained from the
interface distribution function. Lcryst is the thickness of the crystalline regions calculated from the difference between the thicknesses of
the lamella and of the amorphous layers. Φc is the chain tilt. Lc is the length of the chain in the crystalline regions calculated from Lcryst/
cos Φc. LRam is the length of the chain obtained from the Raman spectrum at low wavenumbers. Tm is the melting temperature. σe is the
fold surface free energy.

Figure 1. Tapping mode AFM image of a single crystal of
linear polyethylene formed from a dilute solution in n-octane
at 95 °C. The color code is chosen to reveal the small elevation
difference between (110) and (200) crystal sectors.

Figure 2. (a) Electron micrograph of a LPE (〈Mw〉 ) 32 100,
p ) 1.1) single crystal formed from a dilute solution of n-octane
at 95 °C. (b) Electron diffraction pattern obtained at a tilt angle
of 22° in a (110) sector of the single crystal shown in (a). (c)
Electron diffraction pattern obtained at a tilt angle of 30° in a
(200) sector of the single crystal shown in (a).
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they scale according to the crystal aspect ratio. The
dominant (110) sectors thus determine the most prob-
able height. Note that the accuracy of the histogram
analysis critically depends on the background correction
or flattening of the image. In the present case, this can
be checked by analyzing the shape of the histogram
peak located at zero height corresponding to the sub-
strate surface. The standard deviation of this peak (∼0.4
nm), representative of the root-mean-square roughness
of the Si substrate, ensures that the small elevation
difference between the crystal sectors is meaningful and
does not result from undulations of the underlying
substrate.

The interface distribution function (IDF) calculated
from the corrected SAXS intensity curve recorded at
room temperature is given in Figure 8 (solid line). It
exhibits several peaks at 2.1, 11.4, and 14.0 nm,
which can be assigned to the most probable thickness
of the amorphous and crystalline layers and of the
lamellae, respectively. The occurrence of a positive
peak for Lcryst immediately followed by a negative

peak for the lamellar thickness in the IDF precludes
precise determination of the thickness of crystalline
layers from the peak maximum. Indeed, the thickness
of the crystalline layers recalculated from the difference
between the thickness of the lamellae and the amor-
phous layers is 11.9 nm, which could be indicative of
an error of about 0.5 nm in Lcryst. Since no shoulder is
observed on the first positive peak of the IDF assigned
to the amorphous layer thickness, the latter was as-
sumed to be the same in both sectors. To compare AFM
and SAXS results, the inverted AFM image histogram
(dotted line in Figure 8) is superimposed on the SAXS
interface distribution function. The AFM elevation
histogram is more similar to the distribution of the
lamellar thicknesses than to that of the crystal thick-
nesses. The fact that AFM yields values of the lamellar
thickness, which are somewhat smaller (ca. 0.5 nm)
than the SAXS ones, can be accounted for by local
deformations in the tip-sample contact area as well as
by errors due to the AFM height and/or SAXS s-vector
calibration. The thickness determined by AFM on LPE

Figure 3. Tapping mode AFM images of a LPE single crystal formed from a dilute solution of n-octane at 95 °C taken at 121.9,
123.9, 124.9, and 125.9 °C.
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single crystals has recently been assigned to their
lamellar thickness30 on the basis of the good agreement
between the elevation measurements of lozenge-shaped
LPE single crystals by AFM in tapping mode and their
long spacings.

Stem Lengths in (110) and (200) Sectors. Lcryst
values calculated by subtracting the SAXS amorphous
layer thickness from the crystal height measured by
AFM are equal to 11.4 and 10.3 nm in (110) and (200)
sectors, respectively. The corresponding lengths Lc of
the chains along the c-axis in the crystalline layers
estimated from Lc ) Lcryst/cos Φc are equal to 12.1 and
11.9 nm in the (110) and (200) sectors, respectively.
These values must be compared with the 12.6 nm found
for the most probable value in the distribution of chain
lengths f(Lc)∆Lc in crystalline cores40 (Figure 9b) cal-

culated from the Raman spectrum at low wavenumbers
(Figure 9a).

Melting of (110) and (200) Sectors. No trace of
melting is observed in the AFM picture recorded at
121.9 °C (Figure 3a). At 123.9 °C, several cracks
perpendicular to the growth faces are observed in the
two (200) sectors (Figure 3b). A smaller number of
similar cracks can be detected on one of the (110) faces.
The (200) sectors have completely melted at 124.9 °C
and recrystallized into thicker islands with an average
thickness ranging between 30 and 40 nm (Figure 3c).
The thickness of the recrystallized material is compa-
rable to the height of the central pleat oriented along
the crystallographic b-axis. Holes develop in the sectors
probably due to competition between recrystallization
and dewetting which follow a similar scheme in both
types of sectors (Figure 3d).

This AFM investigation of the melting of a six-sector
LPE single crystal confirms that (200) sectors melt at a

Figure 4. DSC melting curves of LPE single crystals (〈Mw〉
) 32 100, p ) 1.1) crystallized from dilute solution of n-octane
at 95 °C obtained at heating rates 1, 5, 10, and 40 °C/min.

Figure 5. Time-resolved SAXS intensity curves recorded
during heating of a mat of filtration of LPE single crystals
(〈Mw〉 ) 32 100, p ) 1.1) crystallized from dilute solution of
n-octane at 95 °C from room temperature to 140 °C at a
heating rate of 5 °C/min. Each SAXS intensity curve was
recorded for 20 s.

Figure 6. Elevation profiles of (110) and (200) sectors
following directions perpendicular to (110) and (200) faces,
respectively. The profiles of (110) and (200) sectors are given
in blue and red, respectively.

Figure 7. AFM height histograms corresponding to the image
in Figure 1: histogram of the full image including four (110)
and two (200) sectors (full line); histograms of the (110) sector
(dotted line) and of the (200) sector (dashed line).
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slightly lower temperature than (110) sectors. From the
interface distribution function, the thickness of the
crystalline layers of the (110) and (200) sectors has been
estimated to be 11.4 and 10.3 nm, respectively. In the
Gibbs-Thomson equation used to calculate the free
enthalpy of fold surface, the melting heat and the
equilibrium melting temperature are taken equal to 2.8
× 109 erg cm-3 and 414 K, respectively. Knowing the
melting temperature and the thickness of the crystalline
layers, the free enthalpy of fold surface σe was found
equal to 58 and 56 erg cm-2 for (110) and (200) sectors,
respectively (Table 1). These values are well below all
previously reported values except those of Nakagawa
et al.31 obtained from a plot of the length of the stems
estimated from AFM data vs the degree of supercooling
(Table 2). The values of σe(110) and σe(200) obtained by
Davé et al.,20 102.5 and 95.6 erg cm-2, respectively, are
approximately twice as large as ours. Their model gives
values for the a and b crystallographic parameters
differing by more than 10% from well-known unit cell
parameters.41 In view of this discrepancy, Davé et al.20

considered that the chains are not folded along (200)
planes in (200) sectors using a scheme proposed by
Keller for the folds in the (200) sectors (Figure 10). The
chains in the (200) sectors fold successively following
[110], [1-10], [110], ... directions. The “mean” plane
resulting from such folding of the chains in the (200)
sectors would be parallel to the (200) planes although
the folding plane would be parallel to (110) planes. The
separation distance between two consecutive stems
would be about 0.41 nm as in the (110) sectors, leading
to similar values of the fold surface free enthalpy in the
(200) and (110) sectors. Truncated LPE single crystals
exhibit jagged (200) faces which would be a consequence
of the chain folding illustrated in Figure 10. Supporting
evidence for some jagging of the (200) growth faces is
also suggested by the fact that the orientation of the
decorating rods on LPE single crystals grown from
solution is less regular in (200) than in (110) sectors,
which suggests coexistence of different fold orientations
in the (200) sectors.42

Time-Resolved SAXS and DSC Study of the
Melting of LPE Single Crystals. Two endotherms are
observed in the melting curves of mats of filtration of
LPE single crystals recorded at 5 °C/min and higher
heating rates (Figure 4). The peak temperature and the
area under the low-temperature endotherm (I) increase
with the heating rate (Figure 11). The peak temperature
of the high-temperature endotherm (II) is independent

Figure 8. SAXS interface distribution function calculated
from the SAXS intensity curve recorded at 34.8 °C given in
Figure 5 (full line), inverted height histogram of the AFM
image (Figure 1) (dashed line).

Figure 9. (a) Raman spectrum at low shift of a mat of
filtration of LPE single crystals crystallized from n-octane at
95 °C. (b) Distribution function of chain lengths in crystalline
regions f(Lc)∆Lc vs the stem length Lc.

Table 2. Fold Surface Free Enthalpy σe of PE

fold surface free enthalpy
σe/(erg cm-2)

(110) sector (200) sector references

93 ( 8 Hoffman (1975)
93 Nakajima (1968)
63.8 72.5 Harrison (1973)

102.5 95.6 Davé (1988)
54.1 42.8 Nakagawa (1994)
58 56 this work
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of the heating rate, but its area decreases with increas-
ing heating rates. A third endotherm having its extre-
mum peaking between the endotherms I and II is
observed in the melting curve recorded at 1 °C/min.
These results are very similar to those reported for
the same narrow molecular weight LPE fraction crys-
tallized from dilute toluene solution.28 The DSC anal-
ysis of mats of filtration of LPE single crystals does not
allow to distinguish between the melting of (200) and
(110) sectors. One reason may be due to the kind of
samples investigated with the two techniques: an
isolated single crystal in AFM and a “cake” with a large
number of sedimented single crystals for the DSC
analysis.

The melting of a mat of filtration of single crystals,
heated at 5 °C/min from room temperature through its
melting, has been investigated by time-resolved SAXS
(Figure 5). The SAXS curves recorded between room
temperature and 120 °C exhibit the first three orders

of the long spacing. Careful examination of the corrected
SAXS curves shows that the long spacing slightly
decreases between 90 and 120 °C. From 90 through 120
°C, the magnitude of the linear decrease is around
-0.013 nm/K. Similar observations have been reported
from data obtained by step annealing of mats of filtra-
tion of single crystals.24,43 It has been suggested that
the decrease of the long spacing may be due to a
rearrangement of the folds, resulting in a more uniform
fold period and more closely packed lamellar crystals.
The corrected SAXS intensity curves recorded above
120 °C clearly exhibit a shoulder which becomes
finally a peak on the left side of the first order of the
long spacing present at room temperature. Simulta-
neously with the appearance of the peak at lower s
values, another peak develops between the first and
the second orders of the initial long period. This second
peak is the second order of the larger long period
appearing around 122-124 °C. The SAXS intensity
curves obtained above 120 °C have been fitted with
Pearson function after checking that this function allows
to fit correctly the three orders of the long spacing in
the curves recorded between room temperature and
120 °C. The result is shown in Figure 12 for the
SAXS intensity curve recorded at 125.7 °C. The second
and third orders of the two long periods can be resolved
for each of the two lamellar periods. Two scattering
curves corresponding to each population of lamellar
crystals have been simulated from the fitted curve
(Figure 13a). The correlation function and the inter-
face distribution function have been calculated from
the simulated SAXS intensity curves and are given in
parts b and c of Figure 13, respectively. The result of
the analysis of the correlation function is given in Figure
14, illustrating the temperature dependence of the
first order of the two long spacings as well as the
thicknesses of the crystalline and amorphous layers of
the two populations (I and II) of lamellar crystals. The
numerical fit to the data indicates that the value of
the lamellar thickness of the lamellae crystallized from
dilute solution decreases by about 1 nm above 120 °C.
The thickness of the crystalline and amorphous layers
also slightly decreases. The long spacing and the thick-
nesses of the crystalline and amorphous layers of the
crystals crystallized from the dilute solution remain

Figure 10. Schematic representation of the folds in (200) sectors: (a) three-dimensional view; (b) projection on the plane
perpendicular to the chain axis: the dotted lines represent the directions of the folds.

Figure 11. Peak temperatures of the melting endotherms I
and II and area of the low-temperature endotherm I (%) vs
heating rate.
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constant until 127-128 °C and vanish afterward. In
contrast, the long spacing and the thicknesses of the
crystalline layers of the reorganized crystals in noniso-
thermal conditions gradually increase with tempera-
ture. An increase of 1.5 nm is observed in the thickness
of the amorphous layers between 124 and 131 °C. Above
this last temperature, the quality of the SAXS intensity
curves is too poor for correct treatment. The thicknesses
of the crystalline layers in the two lamellar populations
are 10 and 18 nm, respectively. Such values are in good
agreement with those calculated from the temperatures
TI and TII obtained from the melting curve recorded at
5 °C/min (Figure 11) using the Gibbs-Thomson equa-
tion (10.9 and 18.3 nm).

4. Conclusions

For LPE single crystals (〈Mw〉 ) 32 100, p ) 1.15)
crystallized from n-octane at 95 °C, it was found
that the lamellar thickness of the (110) sectors is
about 1.1 nm larger than that of the (200) sectors.
This is brought about solely by the difference in the
chain tilt: the chains are more tilted in (200) than in
(110) sectors as Φc,110 ) 22° and Φc,200 ) 30°. Indeed,
the lengths of the crystalline stems measured along
the chain axis are, within experimental error, identical
in both sectors. The melting temperatures of the
(200) and (110) sectors determined by AFM in tapping
mode are 124.9 and 125.9 °C, respectively. The free
enthalpies σe of the fold surface in the (110) and (200)
sectors have been estimated to be σe(110) ) 58 erg/cm2

and σe(200) ) 56 erg/cm2 from the Gibbs-Thomson
relationship. The DSC study does not allow to identify
the melting of (200) and (110) sectors of LPE single
crystals.

The melting of a mat of filtration of LPE truncated
single crystals was investigated by time-resolved SAXS
and DSC. Above 122 °C, the SAXS curves allowed to
identified two populations of lamellae. The first one
consists of lamellar crystals crystallized from dilute
n-octane solution and the second one of reorganized

thicker lamellae during the scanning. The thicknesses
of the crystalline and amorphous layers of this second
population increase with temperature. The largest value
for the lamellar thickness obtained at 132-133 °C is
28 nm, i.e., twice the value of the lamellar thickness of
the isothermally crystallized single crystals from n-
octane solution.
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Figure 12. Corrected SAXS intensity curve recorded at 125.7
°C and various orders of the two populations of lamellar
crystals obtained by fitting with a Pearson function.

Figure 13. (a) Estimated SAXS intensity curves for the two
populations (I and II) of lamellar crystals; correlation functions
(b) and interface distribution functions (c) obtained for each
population of lamellar crystals. I and II represent the popula-
tions of single crystals formed from dilute solution and of
recrystallized material from the melt, respectively.
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Figure 14. Thicknesses of lamellar crystals (Lp) (circles), of crystalline (Lcryst) (triangles), and of amorphous (Lam) (squares) layers
vs temperature for a mat of filtration of LPE single crystals (open and filled symbols refer to populations I and II, respectively).
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