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ABSTRACT: The orientation of the crystal stems in diblock copolymers, where crystallization occurs
within the cylindrical microdomains present in the melt mesophase, is investigated via X-ray scattering
on flow-aligned specimens. A series of ethylene-b-(3-methyl-1-butene) diblocks (E/MB) is compared with
an ethylene-b-(vinylcyclohexane) diblock (E/VCH), where MB is rubbery (Tg < Troom) and VCH is vitreous
(Tg ) 134 °C) at the freezing point of the E block. All of the diblocks contain 26-28 wt % E, leading to
a morphology of hexagonally-packed E cylinders. Crystallization in all of these materials can be confined
to the cylindrical microdomains. Not only do the crystals align preferentially within the semicrystalline
cylinders, but this orientation varies depending on the ability of chains to diffuse during the crystallization
process. When chain diffusion is most rapid, alignment is observed with the chain axis in the crystals
perpendicular to the cylinder axis and the b axis (fast growth axis) coincident with the cylinder axis.
However, when the chain mobility is limited, the crystal stems tilt with respect to a plane which is normal
to the cylinder axis, allowing better accommodation of amorphous material at the crystallite surface.

Introduction

Crystallization is a widely studied phenomenon which
imparts important physical properties to polymeric
materials. In this decade, detailed studies of block
copolymers containing a crystallizable component have
begun to emerge.1-17 In such materials, crystalline
structure formation is complicated by the fact that
microphase separation in the melt can result from block
incompatibility prior to crystallization. Initial studies
investigating crystallization from both homogeneous1-3

and weakly segregated3-5 block copolymer melts con-
cluded that a lamellar morphology resulted upon so-
lidification, regardless of any prior melt structure.

We recently examined6,7 the interaction between
crystallization and microphase segregation in a series
of ethylene-b-(3-methyl-1-butene) diblocks (E/MB) of
constant composition (E weight fraction fE ) 0.26-0.27)
and varying molecular weight. Through small-angle
X-ray scattering (SAXS) experiments on the highest
molecular weight materials, having order-disorder
transition temperatures TODT > 260 °C, we demon-
strated that strong segregation could confine crystal-
lization to preestablished cylindrical microdomains,
even when both blocks were well above their glass
transitions at the crystallization temperature and the
crystallization rate was slow. When the melt was
weakly segregated (TODT ) 167 °C), crystallization could
be confined to the cylinders provided that the crystal-
lization rate was sufficiently high, while at slower rates

a lamellar morphology resulted. Here, we investigate
the chain orientation within cylindrical microdomains
in the E/MB series and compare it with that of an
ethylene-b-(vinylcyclohexane) diblock (E/VCH; fE )
0.28), where vitrification of the matrix block (VCH Tg
) 134 °C) confines crystallization to cylinders.

The direction of chain folding, or the orientation of
the crystal stems, within semicrystalline block copoly-
mer microdomains is a topic which has been investi-
gated by several groups,1,4,8-15,18,19 all studying mate-
rials with lamellar microdomain structures. Rangarajan
et al.1,2 inferred that the E chain axis lies normal to the
lamellar interface for ethylene-b-(ethylene-alt-propy-
lene) diblock copolymers (E/EP) crystallizing from ho-
mogeneous melts, on the basis of the presence of
spherulites in the solid state. Yang and co-workers8

observed this same orientation on the basis of SAXS and
Raman spectroscopy measurements for low-molecular-
weight block copolymers containing ethylene oxide (EO)
which crystallized from single-phase or weakly segre-
gated melts. Conversely, through pole figure analysis
on aligned samples, Cohen and co-workers9 found that
the E chain axis runs parallel to the domain interface
in ethylene-b-(ethylethylene) diblocks (E/EE) which
crystallize from heterogeneous melts. More recently,
Hamley et al.10,11 observed this same chain orientation
in lamellar E/EE, E/EP, and E/VCH diblocks through
two-dimensional wide-angle X-ray scattering (2D WAXS)
on shear-oriented samples. Thus, in lamellar systems,
the stem orientation appears to vary depending on the
state of the material (homogeneous, microphase-sepa-
rated, partially vitrified) at the crystallization condi-
tions.

We have previously shown6 that, for our highest
molecular weight E/MB diblock (88 kg/mol, see Table
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1), crystallization on cooling from the melt at 10-20 °C/
min leads to a crystal stem orientation roughly normal
to the cylinder axis, though with some tilt. Since this
orientation was unexpected and since the orientation
of crystal stems within cylindrical microdomains had
not been previously explored (in contrast to the lamellar
case), we present here a more thorough examination of
this cylindrically confined crystallization, in cases where
the matrix block is both above and below its glass
transition temperature during crystallization of the
block forming the cylinders.

Experimental Section
The E/MB precursors (high-1,4 butadiene)-b-(high-3,4 iso-

prene) were synthesized via sequential anionic polymerization
in cyclohexane; detailed descriptions of the synthesis, molec-
ular characterization, and hydrogenation are given else-
where.6,20 The E/VCH precursor, (high-1,4 butadiene)-b-
styrene (B/S), was anionically-synthesized using standard
high-vacuum techniques21 in a 90/10 v/v cyclohexane/benzene
mixture at room temperature, with tert-butyllithium as the
initiator and tetrahydrofuran used to speed the crossover
reaction. Molecular characterization of the E/VCH precursor
was performed using 1H nuclear magnetic resonance and gel
permeation chromatography. Hydrogenation to yield E/VCH36
was conducted in cyclohexane employing a heterogeneous Pd0

catalyst supported on CaCO3 (5% Pd0; Strem) to saturate both
blocks.22,23 Fourier transform infrared spectroscopy (FTIR)
was used to verify that both blocks were saturated to the
detectability limits (>98% of the B block; >99% of the S block).
The chemical structures of the saturated derivatives are shown
in Chart 1. For the E/MB series, the MB microstructure varies
slightly between samples, as described in detail previously;6
the average content of 3-methyl-1-butene/ethylene-propylene/
2-methyl-1-butene units is 50:42:8. Other relevant charac-
teristics appear in Table 1; diblocks are denoted by the block
chemistry and the molecular weight of the saturated polymer

in kilograms per mole. All polymers have fE ) 0.26-0.28 and
Mw /Mn < 1.1. Order-disorder transition temperatures (TODTs)
were measured as described previously.24 Final melting
temperatures (Tm) on heating, peak crystallization tempera-
tures (Tc) on cooling, and the VCH glass transition tempera-
ture (Tg) on heating were determined using a Perkin-Elmer
DSC-7 calibrated with indium and mercury. The weight
fraction crystallinity of the E blocks (wc) in fast cooled (see
below) samples, normalized by fE, was calculated from the DSC
heating runs on the basis of a theoretical value of 277 J/g25

for 100% crystalline polyethylene (see Table 1). Both dynamic
cooling and isothermal crystallization runs were performed
with the DSC-7 to obtain values for the crystallization half-
times, t1/2, listed in Table 2. Cylinder radii were calculated at
room-temperature on the basis of the volume fraction of E
block and the domain spacing measured by SAXS for materials
which were fast cooled (see below);6,20 the weight fraction
crystallinity was determined via DSC,6 and room-temperature
densities were taken from the literature: 0.856 g/cm3 (E,
amorphous),26 0.986 g/cm3 (E, crystalline),27 0.863 g/cm3 (MB),26

and 0.950 g/cm3 (VCH).28

Flow-induced alignment of these materials was achieved
using a lubricated channel die based on the design of Khan
and Larson.29 Molding30 was performed at 150 °C (E/MB
diblocks) or 180 °C (E/VCH), using compression ratios ranging
from 5.8 to 7.8 (with the exception of 11 used for E/MB88 FC;
see Table 2) and holding the processed strip in the die at the
molding temperature for 15 min before cooling. “Fast cooled”
(FC) specimens were cooled from the 140-150 °C melt at 10-
20 °C/min. E/MB63 and E/MB88 were also “slow cooled” (SC)
and crystallized at an intermediate temperature (Tc; 77 °C for
E/MB63, 71 °C for E/MB88); however, note that cooling from
100 °C to Tc in the hot press required 45 min, so some
crystallization may have occurred at T slightly greater than
Tc. A strip of E/MB44 was “quenched” (Q) by removing the
channel die from the hot press after annealing and submerging
it in a large beaker of ice water. E/VCH36 was cooled at ∼0.5
°C/min down to room temperature (“very slow cooled”, VSC);
faster cooling rates led to cracking in this brittle material.
Crystallization half-times (t1/2) determined by DSC are listed
in Table 2, where the DSC was operated so as to emulate the
thermal history experienced by specimens in the channel die.

Simultaneous 2D SAXS and WAXS were performed on the
oriented samples using a Philips XRG-3000 sealed tube
generator with a Cu target, a Huber 151 graphite monochro-
mator (adjusted for Cu KR radiation), an evacuated Statton
pinhole camera (W.H. Warhus), and Kodak image plates read
with a Molecular Dynamics Phosphorimager SI scanner. A
hole was cut in the middle of the upstream image plate used
to collect WAXS, allowing the main beam and SAXS to pass
through to the beam stop and the second (SAXS) image plate.
From the digitized WAXS patterns, azimuthal traces of E unit
cell reflections were generated in order to examine the unit
cell orientation. Data from the 2D WAXS images (averaged
over 2-4 runs on each sample) are listed in Table 2.

Results and Discussion

E/MB44 is the lowest molecular weight material
exhibiting cylindrically confined crystallization. 2D
SAXS and WAXS images for E/MB44 FC are shown in
Figure 1. Though the orientation of the cylinders seen
by SAXS is not as good as that for the specimens shown
later in this paper, the six spots visible at the points of
a regular hexagon (see arrows in Figure 1a) when the
X-ray beam is along the channel die flow direction (FD)

Table 1. Block Copolymer Characteristics

sample
Mw

(kg/mol) fE

TODT
(°C)

E Tm
(°C) E wc

E Tc
at 10 °C/min (°C)

E Tc
at 20 °C/min (°C)

cylinder radius
at 23 °C (nm)

E/MB44 44.3 0.26 167 105 0.31 71 64 9.8
E/MB63 62.7 0.27 >260 105 0.28 62 61 14
E/MB88 87.9 0.27 >260 103 0.26 62 61 16
E/VCH36 35.8 0.28 >260 106 0.25 62 60 8.0

Chart 1. Chemical Structures of E, MB, and VCH
Blocks
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indicate a hexagonal packing of cylinders with their axes
along the FD. For all materials studied here, SAXS
images taken with the beam along either the loading
direction (LD) or the constraint direction (CD) showed
two spots on the equator, as expected for cylinders with
their axes along the FD. The SAXS pattern of Figure
1a shows that the cylinders are oriented such that (11)
planes are perpendicular to the elongation plane. For
E/MB88 FC, we noted previously6 that either the (11)
or (10) planes could be normal to the elongation plane
and that both orientations have been found in different
parts of a single processed strip. Note, however, that
the orientation must be of one preferred type over the
region illuminated by the X-rays (0.1 mm diameter ×
2.5 mm thickness) for a distinct six-spot pattern to be
visible. Large-amplitude oscillatory shear has also been
shown31 to orient either the (11) or the (10) planes
normal to the flow-vorticity plane, depending on the
proximity of the processing temperature to TODT. The
crystallites situated in the cylinders should, as an
ensemble, show cylindrical symmetry, so the informa-
tive WAXS images have the beam oriented perpendicu-
lar to the cylinders (along either the LD or the CD).
With such cylindrical symmetry, both possible micro-
domain orientationss(11) or (10) planes normal to the
elongation planesproduce identical 2D WAXS. The
cylindrical symmetry was confirmed by pole figure
analysis (see Acknowledgment) of the (110) and (200)
polyethylene wide-angle reflections from samples E/MB44
FC and E/VCH36 VSC.

In the 2D WAXS image for E/MB44 FC shown in
Figure 1b (and others shown below), the beam is along
the LD and the cylinders are aligned vertically with
respect to the image plate. There are three rings
evident in this image: the unoriented, broad inner ring
due to scattering from amorphous segments and two
oriented outer rings corresponding to the (110) and (200)
reflections of the orthorhombic E unit cell. The (110)
reflection displays four off-axis regions of high intensity,
while the (200) reflection shows intense regions on the
equator. The image with the beam directed along the
CD appears similar to that shown in Figure 1b, while
the image with the beam along the FD displays weak
isotropic rings for the (110) and (200) reflections (true
for all samples examined here). If the chain axis were
aligned parallel to the cylinder axis (see Figure 2a), as
might be suggested by the findings for crystallization
from strongly segregated lamellar melts,9-12 a standard
fiber pattern would result with all (hk0) reflections
situated on the equator. However, if the chain axis were
aligned perpendicular to the cylinder axis (see Figure
2b), with b-axial orientation, an image similar to that
observed for E/MB44 FC would result in which the (110)
maxima would be separated by an azimuthal angle of

116° across the equator. The measured (110) azimuthal
separation angle (σ) for E/MB44 FC is 117 ( 2° (average
from two images; see Table 2), within experimental
uncertainty of 116°. From Table 2, σ for E/MB44 Q is
measured to be 114 ( 3°, also within experimental
uncertainty of 116°. Thus, the chain stems are prefer-
entially aligned normal to the cylinder axis (as in Figure
2b) in E/MB44, regardless of thermal history. This type
of unit cell orientation is likely to be the most prevalent
because it allows the crystallites to grow long in one
direction; the b dimension of the unit cell (fast growth
direction for polyethylene homopolymers32) is coincident
with the cylinder axis. While crystallites in a variety
of orientations can nucleate and grow, as evidenced by
the nonzero intensity of the (110) reflection even on the
meridian and equator, it is the crystallites with the
orientation shown in Figure 2b which grow the longest
and therefore dominate the structure and the X-ray
scattering patterns. Small-angle X-ray scattering from
the crystallites within the cylinders, as observed for
crystallites within lamellar microdomains,1,3,4 is par-
ticularly evident when the cylinders are larger (E/MB63
and E/MB88, see Table 1). The crystallites produce
SAXS intensity most intense on the equator, consistent
with the model shown in Figure 2b, indicating that the
crystals are much longer along the cylinder axis than
transverse.

Values calculated for the azimuthal full width at half
of the maximum intensity (fwhm) for both the (110) and
(200) reflections are also listed in Table 2. These were
calculated by first subtracting a baseline (based on
average intensity values on the meridian) from the given
reflection and then determining the width of the high-
intensity regions (in azimuthal degrees) where the
intensity is half that of the peak. Note that the
intensity of the (110) on the meridian, while small, is
generally not zero; therefore, this subtracted back-
ground also includes a small unoriented crystal com-
ponent in addition to the amorphous scattering. Four
values were averaged together for the (110) reflection,
and two, for the (200) reflection from each image. The
azimuthal fwhm values provide a means to compare the
degree of orientation between samples. From Table 2,
it can be seen that both fwhm values for E/MB44 FC
are less than those for E/MB44 Q. Since the degree of
alignment of the cylinders for E/MB44 Q, as seen by
SAXS, is actually slightly better than that for E/MB44
FC,20 this indicates that there is superior alignment of
the crystal stems in E/MB44 FC.

Images for E/MB63 FC are shown in Figure 3 and
bear a strong resemblance to those for E/MB44 in Figure
1. Oriented hexagonally-packed cylinders are evident
from SAXS, while a σ value of 119 ( 3° is seen in the
WAXS image. From Table 2, E/MB63 SC (crystallized

Table 2. 2D WAXS Results on Oriented Specimens

polymer
thermal
history

comp
ratio

t1/2
(min)

avg (110)
sep angle (deg)

avg tilt
anglea (deg)

tilt angle
rangeb (deg)

avg (110)
fwhmc (deg)

avg (200)
fwhmc (deg)

E/MB44 Q 7.7 <0.1 114 ( 3 9 0-14 36 ( 4 68 ( 11
E/MB44 FC 5.8 0.7 117 ( 2 0 0-6 20 ( 3 22 ( 4
E/MB63 FC 7.4 0.6 119 ( 3 0 0 39 ( 6 45 ( 13
E/MB63 SC 7.0 5 118 ( 2 0 0 23 ( 1 22 ( 3
E/MB88 FC 11 0.5 108 ( 3 18 14-21 38 ( 9 80 ( 13
E/MB88 SC 6.9 5 120 ( 4 0 0 33 ( 8 35 ( 6
E/VCH36 VSC 7.8 8 99 ( 2 26 25-28 22 ( 3 112 ( 4
a Tilt angle of crystal stem relative to a plane which is normal to the cylinder axis, assuming all tilt is around the a axis of E crystals

(model of Figure 4b). b Tilt angle range based on the standard deviation of the (110) separation angle. c Azimuthal full width at half of
the maximum peak intensity.
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at 77 °C) has a σ value of 118 ( 2°. Both of these values
are close to 116° and are therefore indicative of an
orientation in which the crystal stems are normal to the
cylinder axis, regardless of the crystallization conditions.
From the (110) and (200) azimuthal fwhm values (see
Table 2), it is apparent that there is substantially better
orientation of the crystal stems in E/MB63 SC than in
E/MB63 FC. The crystallization process is significantly
slower for SC (t1/2 ≈ 5 min, see Table 2) than for FC;
thus, as found for E/MB44 above, slower crystallization
results in better stem orientation.

By contrast, our previous 2D WAXS image6 on
oriented E/MB88 FC shows that the (110) azimuthal
peaks were separated by an angle of 108 ( 3° across
the equator (see Table 2). This value of σ is significantly
different from the 116° expected for the model of Figure
2b. There are two types of unit cell tilt (relative to the
orientation shown in Figure 2b) which would account
for a σ value less than 116°. The first possibility is a
tilt around c (see Figure 4a). Strictly speaking, this
would cause each of the four (110) azimuthal high-

Figure 1. (top) Schematic diagram of the channel die used
for specimen alignment, with the three principal directions
indicated: flow direction (FD), constraint direction (CD), and
loading direction (LD). (a) 2D SAXS image acquired on an
aligned, crystallized specimen of E/MB44 FC at room temper-
ature. The X-ray beam is along the FD, with the CD and the
LD labeled. (b) 2D WAXS image acquired on a similar sample
of E/MB44 FC at room temperature. In this case, the X-ray
beam is along the LD, with the CD and the FD labeled; thus,
the cylinder axis is vertical with respect to this image. The
diffuse inner ring is the unoriented amorphous halo. With
increasing scattering angle, the first crystalline reflection is
due to the (110) planes of orthorhombic polyethylene and
displays four off-axis regions of high intensity, making an
azimuthal angle σ about the equator. At slightly higher
scattering angle, a second crystalline reflection, (200), is
preferentially located on the equator.

Figure 2. Schematic diagrams of two possible chain orienta-
tions which might be observed for cylindrically confined
crystallization in block copolymer systems. The unit cell
directions are labeled next to each of the diagrams. (a) Chains
are oriented parallel to the cylinder axis. (b) Chains are
oriented perpendicular to the cylinder axis. Cylindrical sym-
metry (rotation around the cylinder axis) is presumed in both
cases.
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intensity regions to split into two regions of high
intensity (eight total). For example, if all crystals had
their b axes rotated by 70° from the cylinder axis (R )
(70°), then the (110) azimuthal maxima would display
σ values of 110° and 28°, respectively.33,34 Tilt around
c would also cause the (200) reflection to appear as four
off-axis azimuthal maxima with an angle of separation
across the equator approximately equal to twice the tilt
angle (148° for R ) (70°). For continuous distributions
of R, the (110) peak could retain its four-spot character,
but the spots would broaden and move relative to the
idealized case drawn in Figure 2b, while the (200) peak
would appear as two arcs centered on the equator.
Indeed, as discussed below, very broad (200) arcs are
found for the samples showing the most extensive tilt.

A second possible cause for the (110) high-intensity
regions moving toward the equator is the tilt around a,
in other words, tilting of the chains with respect to a
plane which is perpendicular to the cylinder axis (see
Figure 4b). The σ value of 108 ( 3° corresponds to
chains preferentially tilted at an angle of 18 ( 4°, as
noted previously.6 Since tilt around a does not affect
the (200) planes, the (200) scattering will still be
situated on the equator. Since both types of tilt may
actually occur, and their effects on the 2D WAXS
patterns are not entirely dissimilar, it is difficult to
gauge how much of each type of tilt is present given
that only the (110) and (200) reflections are sufficiently
intense to permit analysis. For approximate quantifica-
tion of the amount of tilt, we will adopt the model shown
in Figure 4b, as this provides a direct relationship
between σ and the tilt angle λ, whereas use of the model
in Figure 4a would require additional assumptions
about the distribution of tilt angles R. For the discus-
sion presented below, knowledge of the exact type and
distribution of tilt is not required, only an indication of

Figure 3. (a) 2D SAXS image acquired on an aligned,
crystallized specimen of E/MB63 FC at room temperature. The
X-ray beam is along the FD, with the CD and the LD labeled.
(b) 2D WAXS image acquired on a similar sample of E/MB63
FC at room temperature. In this case, the X-ray beam is along
the LD, with the CD and the FD labeled; thus, the cylinder
axis is vertical with respect to this image.

Figure 4. Schematic diagrams of two possible types of unit
cell tilt which could yield (110) azimuthal separation angles
less than 116°. The unit cell directions are labeled next to each
of the diagrams. (a) Tilt around c by an angle R. (b) Tilt around
a by an angle λ, which results in tilting of the chains with
respect to a plane which is normal to the cylinder axis. Note
that there is cylindrical symmetry (rotation around the
cylinder axis) in both cases.
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how the extent of tilt changes with the material type
and processing history.

SAXS and WAXS images for E/MB88 SC (crystallized
at 71 °C) appear quite similar to those shown for
E/MB63 FC in Figure 3. The σ value of 120 ( 4° (see
Table 2) corresponds to the crystal stems aligned
perpendicular to the cylinder axis. Slight misalignment
of either the specimen (X-ray beam not precisely along
the LD) or the cylinders within the specimen (cylinder
axis not precisely perpendicular to the LD)34 can result
in σ values greater than 116°; the observed σ ) 120 (
4° is best interpreted as reflecting crystal stems per-
pendicular to the cylinder axis (no tilt). Thus, for
E/MB88, slow cooling (t1/2 ≈ 5 min, see Table 2) results
in no tilt, while fast cooling produces a preferred tilt
near 18°, if all the tilt were around a. However, the
broad (200) reflection for E/MB88 indicates some tilt
around c as well.

The results for the three E/MB materials studied can
all be organized by noting the correlation between the
degree of orientation, the chain mobility, and the rate
of crystallization. Crystallization necessarily requires
diffusion of the crystallizable block; however, in these
segregated block copolymers, one end of the block is
preferentially located at the domain interface. There-
fore, as the molecular weight of the diblock increases,
movement of the crystallizable block becomes progres-
sively more hindered, both by its own increased molec-
ular weight and by the increased tendency for the block
junction to be located at the microdomain interface.
While we do not have direct information on the rate of
diffusion along the cylinder axis, our previous SAXS
measurements6,20 provide some insight into the rate of
diffusion transverse to the cylinder axis. For E/MB88
on slow cooling, chain diffusion was sufficiently rapid
for the intercylinder spacing to equilibrate prior to
crystallization; that is, the spacing at the crystallization
temperature is simply that extrapolated from the melt.
By contrast, when E/MB88 is fast-cooled, the intercyl-
inder spacing is smaller than that predicted from the
melt extrapolation, implying that limited chain diffusion
could occur prior to crystallization. For E/MB63 and
E/MB44, even fast-cooled specimens had an intercylin-
der spacing close to the value extrapolated from the
melt.

The specimen which showed the best orientation of
the crystal stems with respect to the cylinder axis was
E/MB44 FC, which has a low molecular weight and was
crystallized at a modest rate. The quenched sample,
E/MB44 Q, showed a qualitatively similar but poorer
orientation (broader azimuthal spread of (110) peaks).
The same trend is observed in E/MB63 crystallized at
different rates, but the increased molecular weight over
E/MB44 means that slower crystallization is required
to obtain the same degree of orientation. Thus, the
azimuthal (110) spreads (see Table 2) are similar for
E/MB63 FC and E/MB44 Q, and E/MB63 SC and
E/MB44 FC. Increasing the molecular weight further,
E/MB88 SC still shows a perpendicular orientation of
the stem against the cylinder axis, but with a degree of
orientation closest to that for E/MB63 FC. Finally,
E/MB88 FC shows a strong preferred tilt of the b axis
away from the cylinder axis (18° if all tilt were around
a). This sequence of observations suggests that the
preferred orientation of the crystal stems is perpendicu-
lar to the cylinder axis but that if crystallization occurs

“too fast” relative to the rate of diffusion of the polymer
chains, the crystal stems tilt.

A possible explanation for the observed chain tilt lies
in the area per stem at the crystal fold surface. As-
suming that the fold surface is still parallel to the
cylinder axis when the chains tilt, then tilting increases
the area per stem. This larger area provides for better
accommodation of the noncrystallizable material at the
crystal surface. In the block copolymer case, each chain
has a very large “defect”sthe amorphous block, which
here has nearly triple the molecular weight of the
crystallizable block. It may be that, during slow crys-
tallization, the area which needs to be accommodated
at the crystal surface is reduced, either through more
regular chain folding or through some distortion of the
amorphous block. However, when crystallization is fast,
this area can only be accommodated by tilting the stems
relative to the crystallite surface.

While this report is the first on the cylindrical case,
chain tilt relative to a lamellar interface has been
previously observed in oligomeric E/EO nonionic sur-
factants,13,18,19 where both blocks are crystalline.
Through X-ray scattering and Raman spectroscopy,
chain tilt of either the E chains (30° tilt angle relative
to the lamellar normal)13 or the EO chains (40-60°)18,19

has been found in different oligomers. This is thought
to result from differences in the cross-sectional area per
chain between the two blocks.13 In our case, the cross-
sectional area for the crystalline E stems (based on the
E unit cell27) is 18.6 Å2; assuming the same backbone
C-C bond lengths and angles for VCH and MB as for
E, chain cross-sectional areas of 76 Å2 for VCH and 36-
39 Å2 for MB (depending on the particular microstruc-
ture of the polyisoprene precursor) are calculated from
the density values given in the Experimental Section.
Tilt angles ranging from 18-45° with respect to the
lamellar interface normal have also been determined
in the crystallization of low-molecular-weight linear E
homopolymers.35-37 It is unclear how these studies,
which are concerned with oligomers, relate to higher
molecular weight block copolymers, since oligomeric
systems often form extended chain crystals (or crystals
with 1-2 folds per chain) and are highly crystalline
whereas the E blocks in our polymers are only about
28% crystalline (see Table 1). Here, defects with a much
less specific size than that in the E/EO case must be
accommodated, and the mismatch in chain cross-sec-
tions between the amorphous and crystalline blocks can
be compensated for by folding of the crystalline block.
Thus, there is little previous experimental work which
is clearly relevant to the experimental results presented
here.

To determine the influence of vitrification of the
matrix block on E chain orientation within cylinders,
E/VCH36 was examined. Since the Tg of VCH is 134
°C, the matrix block is vitreous during crystallization
of the E block (see Tc values in Table 1). Therefore, this
is an even more extreme case than E/MB88 FC, where
chain diffusion is severely limited. SAXS and WAXS
images for very slow cooled E/VCH36 are shown in
Figure 5. The main amorphous halo is particularly
intense in this VCH-containing diblock, and an ad-
ditional inner halo is observed in the 2D WAXS image
at 2θ ≈ 8-9°, which is likely due to correlations between
the cyclohexyl rings in the VCH block; this “polymeri-
zation ring” has been previously studied in polysty-
rene.38
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A σ value of 99 ( 2° is measured for E/VCH36 (see
Table 2). If the σ value were solely due to tilt around
a, then it would correspond to chains tilted at an angle
of 26 ( 2° from a plane which is normal to the cylinder
axis (see Figure 4b). From Table 2, the (110) azimuthal

fwhm value is low, but the (200) azimuthal fwhm value
is extremely high, the highest of any of the materials
investigated. In fact, the azimuthal (200) high-intensity
regions are plateaus rather than peaks, though there
is no indication of splitting of each plateau into two
regions of high intensity. To obtain a (200) reflection
with such broad arcs on the equator, a mixture of chain
tilt from a plane normal to the cylinder axis and tilt
around c is most likely present. Since rotation around
c affects the location of the (110) azimuthal maxima,
the most prevalent tilt angle may differ slightly from
the calculated 26°, but it is clear that the crystals in
E/VCH36 depart the most from the orientation shown
in Figure 2b. Because the VCH matrix is vitreous
throughout crystallization of the E block, chain diffusion
in this material is extremely limited, and it shows the
largest degree of tilting of any material studied. This
supports the connection noted above between the crystal
stem orientation and the rate of chain diffusion during
crystallization.

Conclusions
When chain diffusion is sufficiently fast relative to

crystallization, the polyethylene crystal stems in cylin-
drical block copolymer microdomains orient perpendicu-
lar to the cylinder axis. The predominant orientation
of the unit cells is with the b axis along the cylinder
axis; since the b axis is known to be the fast growth
direction in polyethylene homopolymers, those crystals
whose b axes point along the cylinder length are favored
during crystal growth and dominate the structure. The
materials which displayed the highest degree of crystal
stem alignment were E/MB44 FC and E/MB63 SC.
While there was a substantially disparate crystallization
time for the two (t1/2 ≈ 0.7 min for E/MB44 versus t1/2
≈ 5 min for E/MB63, see Table 2), the shorter length of
the E/MB44 chains compensates for the shorter crystal-
lization time. A second group of materialssE/MB44 Q,
E/MB63 FC, and E/MB88 SCsalso displayed stem
orientation normal to the cylinder axis, but the align-
ment was less perfect than that in E/MB44 FC and
E/MB63 SC. As the molecular weight of the E/MB
increased, progressively slower crystallization was re-
quired to produce a similar degree of chain orientation:
t1/2 < 0.1 min for E/MB44 Q, t1/2 ≈ 0.6 min for E/MB63
FC, and t1/2 ≈ 5 min for E/MB88 SC (see Table 2). When
chain diffusion is too slow, as in E/MB88 FC and
especially in the vitreous E/VCH36, tilt of the crystal
stems occurs. The increased area per stem provided by
this tilting allows easier accommodation of noncrystal-
line material at the crystallite surface.
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