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ABSTRACT: Crystallization in oriented diblock copolymers containing poly(ethylene) (PE) has been
investigated using simultaneous small-angle and wide-angle X-ray scattering (SAXS/WAXS). The
orientation of the crystallized PE stems was deduced from the orientation of peaks in the WAXS pattern
with respect to those in the SAXS to be parallel to the lamellar interface for symmetric diblocks containing
PE and either a rubbery or glassy amorphous block. For a symmetric diblock with a poly(vinylcyclohexane)
block that is glassy at room temperature we observe diffuse scattering parallel to the meridian in the
SAXS pattern that is consistent with lateral correlations between PE crystallites within the layers of
semicrystalline PE. In contrast, in all the samples containing an amorphous component, PE crystallization
occurred with no lateral positional correlations of crystallites. Crystallization in asymmetric diblocks
with compositions fPE ) 0.35 and 0.46 was also investigated. It was found that a lamellar structure is
the stable solid structure and that this melts epitaxially to a hexagonal-packed cylinder structure in the
fPE ) 0.35 sample. For the fPE ) 0.46 sample that forms a perforated layer phase in the melt, chain-
folded PE stems were found to be parallel to the lamellar interface, as for the symmetric diblocks.

1. Introduction
Crystallization is of fundamental importance to the

ultimate properties and applications of many com-
mercially important polymers. The crystal structures
of many industrially important polymers such as poly-
(ethylene) and poly(propylene) have been extensively
studied and reported upon. However, crystallization in
more complex polymer architectures such as block
copolymers has yet to be systematically studied.
In a block copolymer, chemically distinct polymer

chains are linked at their ends. This enables the control
of material properties, because under ambient condi-
tions different blocks can be in the rubbery or amor-
phous state, the glassy state, or the crystalline state.
By controlling the composition of the copolymer, quanti-
fied by the volume fractions of the components, it is thus
possible to prepare structures such as particles of
solidified polymer in a rubbery matrix. This ability to
tailor material properties by modifying the molecular
structure is a unique property of block copolymers.
In completely amorphous diblock copolymers, the

polymer chains can be homogeneously mixed by increas-
ing the temperature or decreasing the molecular weight.1
As the temperature is lowered, the blocks tend to
segregate to lower the free energy of mixing. The same
effect can be achieved at fixed temperature by increas-
ing the degree of polymerization. Segregated, or mi-
crophase-separated, block copolymers can form a variety
of ordered structures below the order-disorder transi-
tion.1 The lamellar, hexagonal-packed cylinder (hex.)
and body-centered cubic micelle phases that are stable

over a wide temperature range, depending on copolymer
composition, are supplemented by a variety of complex
phases that have recently been observed near the
order-disorder transition (ODT). Hexagonal modulated
lamellar (HML), hexagonal perforated layer (HPL), and
Ia3hd bicontinuous cubic structures have all been ob-
served in the phase diagram between the lamellar and
hexagonal-packed cylinder phase boundaries.2

In semicrystalline diblock copolymers that form or-
dered structures in the melt, the process of crystalliza-
tion of one of the blocks is expected to compete with
microphase separation at low temperatures. In fact, we
have shown in a previous study of diblock copolymers
containing an amorphous poly(1-ethylethylene) (PEE)
or poly(1-methylbutane-1,4-diyl) (PEP)3 block together
with poly(ethylene) (PE) that crystallization completely
overwhelms microphase separation4 (structural dia-
grams of the polymers considered here are presented
in Figure 1). A lamellar structure containing crystal-
lites of chain-folded poly(ethylene) was formed as lamel-
lar or hexagonal-packed cylinder melt structures were
destroyed below the poly(ethylene) melting temperature,
Tm ∼ 106 °C. The change in domain spacing upon
crystallization was studied using synchrotron small-
angle X-ray scattering (SAXS). Simultaneous wide-
angle X-ray scattering (WAXS) confirmed unambigu-
ously the crystallization of PE in its usual orthorhombic
form. The degree of crystallinity of the PE block
determined from differential scanning calorimetry (DSC)
measurements was found to be (40 ( 10)% for all PE-
PEE samples with compositions fPE ) 0.25, fPE =0.5,
and fPE ) 0.75 that we studied. The kinetics of crystal-
lization were investigated by computing the integrated
SAXS invariant (which is a measure of the total small-
angle scattering of the sample and hence is related to
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the density change on crystallization) as a function of
time following a quench below Tm. The relative degree
of crystallinity was shown to follow Avrami-type kinetics
with an exponent n ) (3.0 ( 0.1), consistent with a
nucleation and growth process such as the formation of
semicrystalline spherulites.4

Our previous work is complemented by the SAXS/
WAXS and DSC studies of Rangarajan and co-work-
ers.5,6 They studied a range of PE-PEP diblock copoly-
mers with PE volume fractions from fPE ) 0.12 to 0.56
forming a homogeneous phase in the melt. For all
samples, crystallization in a lamellar structure occurred
below Tm, and there was no indication of the formation
of ordered structures in the melt.5 In subsequent work,6
the dynamics of crystallization in several PE-PEP and
PE-PEE diblocks were studied and the development
of up to four orders of SAXS peaks was found to be rapid
and simultaneous following crystallization. During this
process the location of the SAXS peaks was constant,
suggesting a nucleation and growth process for the
ordered structure.
Although Rangarajan and co-workers did not study

oriented samples, they suggest a model for their samples
crystallized from the homogeneous melt in which the
PE domain consists of crystallites with chains folded
perpendicular to the interface alternating with amor-
phous regions.5 This is in contrast to the X-ray scat-
tering results of Douzinas and Cohen on oriented PE-
PEE diblocks crystallized from the heterogeneous melt.7
By analyzing pole figures from WAXS data, they found
that the crystallized PE chains are folded parallel to the
lamellar interface that separates semicrystalline PE and
amorphous PEE regions. On the other hand, a model
with chains perpendicular to the interface was pre-
sented on the basis of SAXS/WAXS and electron mi-
croscopy data for crystallized poly(ethylene oxide)-
poly(isoprene) (PEO-PI) diblocks.8 A crystalline lamellar
structure was observed when the PEO-PI samples were
cast from ethyl benzene, which is a selective solvent for
poly(isoprene) so that microphase separation does not
precede crystallization. When cast from the nonselec-
tive solvent benzene, however, PEO crystallization was
found to occur within microphase-separated morpholo-
gies. These morphologies may not be in equilibrium
because the crystallizable block can precipitate from
solution, causing the amorphous domains to adopt
nonequilbrium structures.9 WAXS data was also found
to be consistent with perpendicular chain folding for low

molecular weight poly(oxyethylene)-poly(oxybutylene)
diblocks.10

In this work, we study the structure of a range of
oriented diblock copolymers containing hydrogenated
poly(1,4-butadiene) (PE) crystallized from the ordered
melt using simultaneous SAXS/WAXS and transmission
electron microscopy (TEM). The samples were oriented
in the melt using shear and then rapidly quenched in
liquid nitrogen prior to our synchrotron experiments.
Solvent casting was not used to prepare crystallized
samples, in an effort to minimize nonequilibrium mor-
phologies. We compare crystallization in a sample
which has a glassy component at room temperature
(poly(vinylcyclohexane), PVCH, glass transition tem-
perature Tg = 140 °C) with the structure of crystallized
samples containing PEE and PEP that are amorphous
at room temperature (Tg = -20 and -56 °C, respec-
tively). The PE-PVCH sample is compositionally sym-
metric, forming a lamellar structure in the melt, and
we compare the solid structure to symmetric PE-PEE
and PE-PEP samples. In addition, we have investi-
gated the influence (if any) of melt morphology on the
crystallized structure by studying PE-PEE diblocks
with hex. and HPL structures in the melt. The orienta-
tion of chain stems in PE crystallites is deduced by
comparing the orientation of peaks in the SAXS and
WAXS patterns.

2. Experimental Section

2.1. Sample Preparation. Full details of the acyclic
polyolefin polymer synthesis and characterization are given
elsewhere.11 Here we merely summarize the general methods.
The deuterated polyolefin diblocks were synthesized by cata-
lytic deuteration of poly(diene) precursors, which in turn were
anionically polymerized from butadiene and isoprene mo-
momers (obtained from the Aldrich Chemical Co.). The
precursor for poly(ethylene) is poly(1,4-butadiene), and that
for poly(1-ethylethylene) is poly(1,2-butadiene), while that for
poly(1-methylbutane-1,4-diyl) is poly(1,4-isoprene) (see Figure
1). Some samples were deuterated to provide contrast for
neutron scattering experiments; however this does not change
the X-ray scattering constrast relevant to our synchrotron
experiments.
For the polyolefins containing PVCH a monodisperse poly-

(styrene)-poly(1,4-butadiene) diblock copolymer was anioni-
cally synthesized in cyclohexane using a lithium counterion.
A two-step saturation process was completed using a homo-
geneous Wilkinson’s catalyst, followed by a Pd/BaSO4 hetero-
geneous catalyst to produce a poly(ethylene)-poly(vinyl cy-
clohexane) (PE-PVCH) diblock. A more detailed report
discussing the two step saturation process has been given
elsewhere.12 This nearly symmetric sample is denoted PE-
PVCH-1.
The block microstructures were characterized using 1H

NMR, as described elsewhere.13 The number average molec-
ular weights were determined from the synthesis stoichiom-
etry, which we have found to be a reliable measure of the
molecular weight. In addition, light scattering experiments
were performed on selected polyolefin diblocks or diene precur-
sors for PE-PEP and PE-PEE copolymers to determine
weight-average molecular weights. Molecular weight polydis-
persities were determined using size exclusion chromatogra-
phy (SEC) on the polyolefin diblock copolymers and diene
diblock precursors. For all polymers the molecular weight
distribution was narrow (Mw/Mn < 1.1). The volume fraction
of PE, number average degree of polymerization, ODT, and
assignments of melt morphology for all diblocks studied are
presented in Table 1.
For the small-angle X-ray scattering (SAXS) studies mon-

odomain samples of the copolymer were studied following
shear, applied using a specially constructed oscillatory shear
machine described elsewhere,14 which operates with a simple

Figure 1. Structural diagrams for the components of the
diblocks studied.
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shear geometry. Samples were sheared in the melt, quenched
to room temperature, and then cut up in three orthogonal
planes, defined by the shear direction, gradient, and vorticity,
so that morphologies could be studied in different orientations
with respect to the shear direction. In this paper we refer to
parallel, perpendicular, and through orientations with respect
to the shear direction in the layer plane.
2.2. Synchrotron X-ray Scattering. The synchrotron

scattering experiments were performed on station 16.1 at the
SRS, Daresbury Laboratory, Warrington, U.K. This is a fixed
wavelength (1.41 Å), high-intensity diffraction station opti-
mized for low-angle measurements.15 Prior to monochroma-
tization the incident beam is defined via a Kratky style
aperture (positioned as close to the wiggler magnet tangent
point as possible) and water-cooled horizontal and vertical
apertures. The X-ray beam is monochromated and horizon-
tally focused using a Ge(111) triangular crystal which is
capable of accepting a 12 mrad horizontal aperture. The
vertical focusing of the beam is achieved by bending a 1.2 m
Pt-coated fused quartz mirror. Further beam definition is
performed using post-monochromator vertical and horizontal
slits. In this configuration, the predicted flux at the sample
is ∼1013 photon/s. The SAXS data were either acquired using
a two-dimensional multiwire gas detector with 512 × 512
pixels or a Molecular Dynamics phosphor imager. A vacuum
chamber between the sample and the detector reduced air
scattering and absorption. WAXS patterns were obtained
using an image plate, through which a central hole was drilled
to allow passage of the X-rays to the SAXS detector. Samples
were attached to a sample holder using kapton tape, and
heating was achieved using a resistive heater and a variac.
The SAXS data were corrected for detector response (via
uniform illumination with an 55Fe source) and background
scattering. The q ()4π(sin θ)/λ) scale was calculated using a
sample of wet collagen (rat tail) for calibration.
2.3. Transmission Electron Microscopy. The morphol-

ogy of selected PE-PEE diblocks was investigated using
transmission electron microscopy. The TEM specimens were
microtomed at -100 °C with a Reichert ultramicrotome fitted
with a diamond knife. Slices were stained by exposure to RuO4

vapors for 45 min. The rubbery amorphous block, i.e. PEE, is
preferentially stained due to reduced diffusivity of RuO4 in
the other semicrystalline domain.16 TEM images were ob-
tained with a JEOL 1210 microscope operated at 120 keV.
Prior to TEM experiments samples were shear oriented as
follows: PE-PEE-21 was sheared at a rate ω ) 0.01 rad s-1

(100% strain amplitude) at 150 °C for 8 h and then annealed
at 150 °C under vacuum for 87 h. PE-PEE-22 was subjected
to the same shear treatment as PE-PEE-21 and then an-
nealed at 150 °C under vacuum for 34 h sealed in a glass vial.
PE-PEE-20 was sheared for 7.5 h at 150 °C (ω ) 0.1 rad s-1,
100% amplitude) and then annealed for 673 h at 150 °C sealed
in a glass vial.

3. Results and Discussion

3.1. Symmetric Diblocks. We first consider the
PE-PVCH sample which contains a component that is
glassy at room temperature. The SAXS and WAXS
patterns obtained at room temperature are presented
in Figure 2. In the perpendicular orientation, the SAXS
pattern clearly shows two orders of reflection on the
meridian (Figure 2a) and is consistent with the expected
lamellar morphology for this sample. Also evident are
two bands of diffuse scattering centered on q⊥ ) 0.044

Å-1. This diffuse scattering is evidence for lateral
structure within the projection of the lamellar planes
in this orientation. Detailed modeling of this structure
(to be discussed) suggests that the PE lamellae contain
a quasi-periodic one-dimensional lattice of crystallites.
TheWAXS data (Figure 2c) indicate oriented crystallites
of PE. The inner diffuse ring of scattering arises from
amorphous PVCH and PE, and superimposed on this
are four (110) type reflections (at an angle φ = 53° with
respect to the vertical axis) and two meridional (200)
type peaks. The angle φ is close to the value expected
(φ ) 56°) for the diffraction pattern of the projection
along the c axis of the body-centered orthorhombic PE
unit cell.17 The 2θ values of the peaks are close to those
observed for the PE homopolymer, showing that the
crystal structure is not substantially distorted when
crystallization occurs between glassy walls in the solidi-
fied block copolymer. In this and all subsequent WAXS
patterns for crystallized samples, the (110) reflections
occur at 2θ(Cu KR) ) 21°, and the outer (200) reflections
at 2θ(Cu KR) ) 24°.
For the parallel orientation, the SAXS data (Figure

2b) indicate that imperfect orientation was achieved,
because the Bragg reflections are smeared into arcs. The
diffuse scattering bars seen for the perpendicular ori-
entation are also present, although weaker than for the
former orientation. This indicates that the lateral
correlations in the projection of the lamellar plane are
weaker than for the perpendicular orientation. This can
be understood because the lamellar alignment is poorer
in the parallel orientation than in the perpendicular
orientation, as a result of the shear process. The WAXS
data (Figure 2d) are also consistent with the same
orientation of the c axis in the PE unit cell as for the
perpendicular orientation.
A dramatic change occurs when the sample is heated

to 130 °C, i.e. above the PE melting temperature but
below the PVCH Tg. Because the PVCH is still glassy,
the orientation of the samples is retained. This is
confirmed by the SAXS pattern for the perpendicular
orientation in Figure 3a, where a peak oriented along
the meridian is observed. An important observation is
the absence of diffuse scattering bars parallel to the

Table 1. Diblock Copolymers Studied

sample
(b1-b2-no.) f1 10-3 Mn/kg mol-1

TODT/°C
((2 °C)

ordered
phases

PE-PVCH-1 0.52 15 238 lamellae

PE-PEE-21 0.35 81 >300 hex.
PE-PEE-20 0.46 81 >300 HPL
PE-PEE-22 0.50 81 >300 lamellae

PE-PEP-3 0.50 128 159 lamellae

Figure 2. Scattering patterns obtained for PE-PVCH-1 at
room temperature. (Top) SAXS patterns; (bottom) WAXS
patterns; (left) perpendicular orientation; (right) parallel
orientation.
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meridian. This is expected for molten PE and is
consistent with our previous interpretation of this
feature in terms of lateral correlations between PE
crystallites. The WAXS pattern (Figure 3b) is similar
to that observed for amorphous PE, because a diffuse
ring at 2θ(Cu KR) =18° is the only feature. In the SAXS
pattern for the parallel orientation (Figure 3c), several
orders of reflection are observed. These are smeared
into arcs, as in the solid phase, with a bimodal popula-
tion of lamellar orientations predominantly perpendicu-
lar to the meridian. The weaker, higher orders of
reflection are more clearly visible than for the perpen-
dicular orientation, because the pattern was accumu-
lated for longer. The diffuse scattering bars have again
disappeared, while the WAXS pattern contains the
diffuse circle of scattering at an angle 2θ(Cu KR) =18°
characteristic of molten PE (note that the sample-
detector distance was different for Figure 3b,d so that
the rings do not appear to be in the same place).
Figure 4 shows sections through the SAXS data for

the PE-PVCH sample in the perpendicular orientation.
Vertical cuts show the sharp Bragg peak at q| ) 0.035
Å-1 in the solid phase, whereas the lamellar ordering
in the melt is much weaker and Bragg peaks are not
evident on the same scale. The horizontal sections show
very clearly a diffuse scattering peak centered at q⊥ )
0.044 Å-1 for the solid sample, which is not present in
the melt.
Because the (200) reflections in the WAXS pattern

lie along the same direction as the Bragg peaks in the
SAXS pattern taken concurrently, we can deduce the
orientation of the chain-folded PE stems with respect
to the layer normal. Because the stems lie long the c
axis of the unit cell,16 they must lie parallel to the layers.
A schematic of the lamellar structure in PE-PVCH-1,
showing the crystallized stem orientation and in-plane
correlations of crystallites, is presented in Figure 5.
The SAXS/WAXS patterns taken at room temperature

for a symmetric polymer that contains a block that is
amorphous at room temperature, PE-PEE-22, are
presented in Figure 6. The SAXS data for the perpen-
dicular and parallel orientations (Figure 6a,b) contain
at least one sharp Bragg reflection (unfortunately the
sample-detector distance was not optimal for this sample

that has a large period d =710 Å and some reflections
are obscured by the beam stop). The SAXS pattern for
the through orientation (Figure 6c) shows a ring that
is much lower in peak intensity than the Bragg peaks
in the other two orientations. These data together are
consistent with a lamellar structure, as expected for this
symmetric diblock. This is confirmed by the represen-
tative TEM image shown in Figure 7 for this sample
shear oriented and annealed at 150 °C, which shows

Figure 3. Scattering patterns obtained for PE-PVCH-1 at
130 °C: (Left) SAXS, (right) WAXS; (top) perpendicular
orientation; (bottom) parallel orientation.

Figure 4. Sections through PE-PVCH-1 SAXS data. Key:
Filled circles, solid; open circles, melt; (a) vertical, (b) hori-
zontal.

Figure 5. Qualitative model for the lamellar organization in
the semicrystalline PE-PVCH sample. The PE domain con-
sists of amorphous and crystalline regions, with a preferred
intercrystallite separation as shown by the Markov model
(Figure 17). The convention used to label the scattering
patterns is also shown.

8838 Hamley et al. Macromolecules, Vol. 29, No. 27, 1996



well-defined lamellae and characteristic edge disloca-
tions. The WAXS pattern for the perpendicular and
parallel orientations (Figure 6d,e) is similar to that
observed for oriented semicrystalline PE. However, the
orientation of the c axis of the unit cells within the
lamellar planes is random, as shown by the isotropic
scattering seen in the WAXS pattern for the through
orientation (Figure 6f). The absence of diffuse scatter-
ing bars parallel to the meridian in the SAXS data
indicates that there are no lateral correlations between
the position of PE crystallites, in contrast to the PE-
PVCH sample. However, isotropic diffuse scattering
from amorphous PE is observed, as usual.4

We also performed X-ray scattering on a high molec-
ular weight symmetric diblock containing an amorphous
block, PEP. Representative SAXS/WAXS data for PE-
PEP-3 at 30 °C are presented in Figure 8. The SAXS
data for the perpendicular and parallel orientations
show three integral orders of Bragg reflection, as
expected for the lamellar morphology of this sample. The
second-order reflection is weaker than the third, due to
the form factor minimum that occurs for a diblock with
f ) 0.5. In contrast to the parallel and perpendicular
orientations, there are no strong reflections in the SAXS
pattern for the through orientation, again consistent
with the lamellar structure of this sample. As for PE-
PEE-22, the WAXS data indicate that the crystalline

PE stems are oriented parallel to the layers in both the
perpendicular and parallel orientations but not in the
through orientation. There are no diffuse scattering
bars in the SAXS data, which indicate that this sample
behaves in this regard like PE-PEE-22 and unlike PE-
PVCH-1.
Our observation of chain folding of semicrystalline PE

stems parallel to the lamellae in these three symmetric
diblocks is intriguing given that the PE stem must be
normal to the lamellae at the PE-PEE interface. The
general rules for obtaining a perpendicular orientation
of chain stems with respect to the lamellar interface are
that the polymers must be crystallizing from a disor-
dered phase6,10 or from a weakly segregated phase6,18
and be of low molar mass. This is because there is a
large length scale change from d ∼ N2/3 for a block
copolymer melt to d ∼ N for a polymer with crystalline
stems, where N is the degree of polymerization. As N
increases or the polymer vitrifies, the interfacial area
per block junction is increased and the stems then tilt19
or eventually become parallel to the lamellae to match
the interfacial areas of the two blocks, as shown in
Figure 9. Crystallization can then occur without the
free energy penalty that results from a change in
domain spacing.
3.2. Asymmetric Diblocks. Changes in the SAXS

pattern during a heat-cool cycle for PE-PEE-21, which
has fPE ) 0.35 are shown in Figure 10. At 23 °C three
orders of Bragg reflections are evident on the meridian,
indicating a lamellar structure. Also clearly present is
a ring of diffuse scattering from semicrystalline PE,
centered at q ) 0.045 Å-1. In contrast to the lamellar
structure found in the solid for this sample, the melt
structure is hex. This is confirmed by the TEM image
shown in Figure 11 which clearly shows a hexagonal-
packed cylinder structure. Interestingly, the SAXS data
for the melt show that the orientation of the microstruc-
ture has not been destroyed on melting, suggesting that
the melt structure has developed from the solid, as
illustrated in Figure 12.
The cross sections through the SAXS data shown in

Figure 10d show that the location of the reflections at
q*, x4q*, and x9q* do not change as the sample is

Figure 6. Scattering patterns obtained for PE-PEE-22D at room temperature: (Top) SAXS; (bottom) WAXS; (left) perpendicular;
(center) parallel; (right) through.

Figure 7. Transmission electron microscopy image of PE-
PEE-22, preferentially stained with RuO4. The scale bar
represents 200 nm.
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heated from the solid into the melt. These reflections,
together with the absence of the broad scattering peak
from semicrystalline PE centered on q ) 0.045 Å-1,
confirm that the sample has melted into an oriented
hexagonal-packed cylinder structure. The x3q* and
x7q* reflections expected in general for an unoriented
hex. sample are missing from this pattern, because it
corresponds to an oriented pattern from rods viewed
edge-on. The fact that the sample orientation is main-
tained upon melting, together with the observation that
the domain spacing does not change, suggests that
melting from the lamellar phase to the hexagonal phase
proceeds epitaxially. This epitaxial growth has also
recently been observed for a poly(oxyethylene)-poly-
(oxybutylene) diblock with fPEO ) 0.38, heating from the
solid phase where PEO is semicrystalline into a melt of
hexagonal-packed cylinders.20

The WAXS patterns for the solid phase of this sample
(not shown) are similar to those for unoriented semi-
crystalline PE, consisting of a sharp isotropic ring of
(110) reflections superimposed on a diffuse scattering
ring and a sharp isotropic (200) ring. Thus the crystal-
lized PE stems are randomly oriented with respect to

the lamellar planes in this asymmetric diblock, in
contrast to the symmetric samples.
A representative TEM image for PE-PEE-20 shear

oriented at 150 °C is shown in Figure 13. The presence
of well-defined lamellae (noticeable in the corners of the
picture) suggests a layered structure. In the central
region of the picture the layers are broken up by
perforations. TEM images with the beam normal to the
shear plane show patches of hexagonal-packed holes,
providing evidence that this sample forms a hexagonal
perforated layer (HPL) phase (illustrated in Figure 14)
in the melt. Even though it has a composition, fPE )
0.46, close to symmetric, the shift of the phase bound-
aries caused by the large conformational asymmetry of
the PE-PEE system21 is sufficient to stabilize this
structure. In the melt, the four integral orders of Bragg
reflection observed for the perpendicular orientation
(Figure 15) show that the structure is layered (the
second order is found to be weak because the composi-
tion of the sample is close to f ) 0.5). The signature of
in-plane structure in the melt layered phase is the
presence of the pronounced shoulder at q = 1.25q* on
the first-order peak, which we associate with the inter-
perforation spacing.
The SAXS pattern for the perpendicular orientation

of this sample at room temperature contains several
orders of Bragg reflection along the meridian (Figure
16), and this is consistent with a layered structure in
the solid. The orientation of the WAXS pattern with
respect to the SAXS pattern is the same as for sym-
metric diblocks; thus, the chain-folded PE stems are
again oriented in general parallel to the lamellar
interface. The PE stem orientation in the crystallites
is the same with respect to the lamellae, whether
crystallization is from a simple layered structure or a
hexagonal-perforated layer structure.
3.3. Model for the Diffuse Scattering. We have

modeled the diffuse scattering bars in the SAXS pattern
for PE-PVCH using a Markov model for a one-
dimensional lattice.22 This is equivalent to a one-
dimensional Ising model with nearest-neighbor pair
interactions.23 Markov models have previously been

Figure 8. Scattering patterns obtained for PE-PEP-3H at room temperature: (Top) SAXS; (bottom) WAXS; (left) perpendicular;
(center) parallel; (right) through.

Figure 9. Illustration showing that the PE stem orientation
upon chain folding in diblocks is controlled by the interfacial
area per block junction.
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used to describe the kinetics of growth of lamellar
crystals formed by chain-folding polymers,24 but we are
unaware of its application to describe diffuse scattering
from semicrystalline polymers. In the Markov model,
the probability of a site crystallizing (Aj,k ) 1 if site
crystalline, Aj,k ) 0 otherwise) depends only on the
occupancy of the previous site in that layer. In par-
ticular the probability for crystallite occupancy at site j
in row k is given by

Here R is the probability that a site is crystalline given
that the preceding one is not, and â is the probability
that a site is crystalline if the preceding one is also. A

model with R ) 0.8 and â ) -0.6 best describes our data
in terms of the width of the diffuse scattering bars, and
the overall fraction of sites occupied by crystallites is φ
) 0.5, close to the determined degree of crystallinity.
An example of a stack of one-dimensional Markov
lattices generated using this model is shown in Figure
17. On the basis of the location of the diffuse scattering
bars with respect to the Bragg reflections observed for
PE-PVCH-1, we use an in-plane repeat dx ) 0.35 d|,
where d| is the layer period. Using a version of this
model with a larger lattice size (300 × 300) than that
shown in Figure 17, the scattered intensity is computed

Figure 10. SAXS data for PE-PEE-21D during a heat-cool
cycle: (a-c) SAXS patterns; (d) vertical sections through the
data.

P(Aj,k ) 1/Aj-1,k) ) R + âAj-1,k (1)

Figure 11. Transmission electron microscopy image of PE-
PEE-21, preferentially stained with RuO4. The scale bar
represents 200 nm.

Figure 12. Epitaxial growth of a hexagonal-packed cylinder
melt structure from a lamellar solid structure. The X-rays are
incident in the direction of the arrow.

Figure 13. Transmission electron microscopy image of PE-
PEE-20, preferentially stained with RuO4. The scale bar
represents 200 nm.

Figure 14. Structure of the HPL phase.
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as

Here Xjl ) xj - xl and Ykm ) yk - ym, with xj ) jdx, etc.,

define intersite vectors. The calculated scattering pat-
tern (Figure 18) may be compared to the SAXS data for
the PE-PVCH sample in the perpendicular orientation
(Figure 2a). The intensity is reduced at large q in the
model due to the inclusion of a Debye-Waller factor,
exp[-σ2qx2] with σ2 ) 0.015, that accounts for lattice
disorder. Because we are not able to calculate a
crystallite form factor, the Debye-Waller factor also
simulates the effect of the reduction in intensity due to
the form factor. The main features of the SAXS pattern
are clearly reproduced in the model, especially the
location and width of the diffuse scattering bar. How-
ever, the model does not account quantitatively for the
relative intensities of the Bragg peaks and diffuse
scattering, because it does not allow for the form factor
of the crystallites. The diffuse scattering intensity from
a one-dimensional Markov lattice is given by22

where K is a constant. We anticipate this form for a
cross section normal to the diffuse scattering bars in
our model, because it consists of a stack of one-
dimensional Markov lattices with no interlayer correla-
tions. This model indeed fits a cross section through
the diffuse scattering in the SAXS data for PE-PVCH-1
with â ) -0.64 determined in a least-squares fit.

4. Summary
In summary, we have determined how poly(ethylene)

crystallizes in nanoscale confinement by performing
X-ray scattering experiments on shear-oriented diblock
copolymers containing PE and either a rubbery or glassy
amorphous block. For symmetric diblocks that form
lamellar structures in the melt, PE crystallizes in a
lamellar solid structure.
For symmetric and nearly symmetric diblocks (in-

cluding the fPE sample that forms a HPL phase in the
melt), a comparison of the location of SAXS peaks from
lamellae and WAXS peaks from the crystal unit cell
shows that the poly(ethylene) chain folds with stems
parallel to the lamellae for our samples which form
lamellar phases in the melt. This is because the
interfacial area per block junction is sufficiently large
for glassy or amorphous blocks of high molecular weight
to allow the PE stem to fold in this orientation. This

Figure 15. Vertical section through the SAXS from PE-PEE-
20 in the perpendicular orientation at 130 °C.

Figure 16. Scattering patterns from PE-PEE-20 in the
perpendicular orientation: (Left) SAXS; (right) WAXS; (top)
23 °C; (bottom) 130 °C.

Figure 17. Realization of the lattice (with 20 × 80 points)
used to model the SAXS pattern of PE-PVCH-1. The disorder
within and between stacks of linear arrangements of crystal-
lites (represented as points) leads to diffuse scattering.

I(qx,qy) ) ∑
j)1

N

∑
k)1

N

∑
l)1

N

∑
m)1

N

Aj,kAl,m exp[i(qxXjl + qyYkm] (2)

Figure 18. Scattering pattern computed for the model based
on stacked Markov chains using d| ) 180 Å and dx ) 0.35d|.

I(q)diffuse ) K(1 - â2)[1 + â2 - 2â cos(qdx)]
-1
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then allows crystallization to take place without an
overall change in length scale. In a sample containing
glassy PVCH, the crystallite positions are laterally
correlated in the plane of the lamellae, as shown by
meridional diffuse scattering bars in the corresponding
SAXS patterns. A simple lattice model was shown to
describe well the position and width of this diffuse
scattering. For samples containing amorphous PEE or
PEP on the other hand, poly(ethylene) crystallization
occurred with no lateral positional correlations.
On the basis of the fixed position and orientation of

SAXS peaks, an epitaxial relationship was observed on
heating an fPE ) 0.35 sample from a lamellar solid phase
into a hex. phase in the melt. The fact that this effect
has also been observed for an fPEO ) 0.38 sample
suggests that it may be a general mechanism for the
growth of a hexagonal-packed cylinder melt phase from
a semicrystalline lamellar solid.
Consistent with our previous results on unoriented

asymmetric diblocks containing PE,4 SAXS provides
evidence for lamellar structures for the oriented semi-
crystalline samples studied here. However, in contrast
to the symmetric and nearly symmetric samples, the
PE unit cell in the asymmetric samples is not oriented
with respect to the lamellar planes, as shown by the
unoriented WAXS patterns.
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