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’ INTRODUCTION

One of themost interesting aspects of block copolymers is that
they can self-assemble into different microstructures depending
on block length ratio and segregation strength.1 When the block
copolymer contains segments that are crystallizable, microphase
separationmay also be driven by block crystallization, resulting in
an even richer array of solid-state morphologies.2�4 Crystal-
lization in diblock copolymers containing one crystallizable and
one amorphous block has been studied extensively. When
crystallization takes place from a disordered5,6 or weakly segre-
gated melt,7,8 the resulting solid-state morphology is typically
alternating crystalline/amorphous lamellae, regardless of the
copolymer composition. In this case, microphase separation in
the solid state is driven by crystallites’ tendency to organize
themselves in lamellae; therefore, the crystals lie parallel to the
lamellar microdomains which they form.5,9,10 When the melt is
strongly segregated,11,12 or when one block vitrifies prior to
crystallization of the other,13,14 crystallization may be confined
within the existing microdomains, such that the melt morphol-
ogy is preserved in the solid state. This type of confined crystal-
lization also affects crystal orientation—most commonly, the fast
growth direction of the crystals preferentially aligns with the long
axis of themicrodomain.15�17 The orientation of crystals formed in a
confined environment can also be manipulated through the crystal-
lization temperature. In studies of the crystallization of poly(ethylene
oxide) within lamella-forming poly(ethylene oxide-b-styrene)

diblock copolymers, as the crystallization temperature is in-
creased, the resulting crystal orientation is found to tilt from the
lamellar surface, leading to a stem orientation that is parallel, then
inclined, and then perpendicular with respect to the lamellar
microdomains.18�20

As the number of different crystallizable units in a block
copolymer increases, its crystalline morphology becomes even
more complex. The subject of crystallization in block copolymers
containing two chemically distinct crystallizable blocks has
attracted much interest in recent years.21 In general, two types
of crystallization may be expected in double-crystalline diblock
copolymers. In the first type, the melting temperatures of the two
blocks are far apart, as are their freezing temperatures, so that the
component with the higher melting/freezing temperature is
always the first to crystallize,22�26 thereby setting up a structural
template within which the lower-melting-temperature compo-
nent subsequently crystallizes. An example of such a double-
crystalline diblock copolymer system is poly(ε-caprolactone-b-
ethylene), PCL/PE. The melting temperature of the PCL block
is about 60 �C, while that of the PE block is about 100 �C; the
PE block is always the first to crystallize, yielding a crystalline/
amorphous lamellar microstructure.24 The PCL block subsequently
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ABSTRACT: Double-crystalline diblock copolymers of linear
polyethylene (LPE) and hydrogenated polynorbornene (hPN)
are synthesized, and their crystallization behavior and morphology
are examined using small-angle (SAXS) and wide-angle X-ray
scattering (WAXS). In symmetric hPN/LPE diblocks with molec-
ular weights above 50 kg/mol, the hPN block has previously been
shown to crystallize first and set the solid-state microstructure.
Two-dimensional WAXS on hand-drawn fiber specimens reveals
that the LPE crystals formed in confinement stack orthogonally to
the hPN crystals. By adjusting total molecular weight, the order of
block crystallization may be reversed, even while holding the block length ratio fixed. At a diblock molecular weight of 20 kg/mol,
simultaneous time-resolved SAXS/WAXS reveals that the LPE block crystallizes first, even when LPE is the minority component,
and restricts hPN to crystallize between the LPE lamellae. The relative orientation of the LPE and hPN crystals in the lower
molecular weight diblocks is examined bymodeling changes in the SAXS primary peak intensity on cooling two diblocks through the
hPN crystal�crystal transition, where hPN densifies as it adopts a rotationally ordered crystal structure. Only a perpendicular
stacking of hPN and LPE crystals consistently yields the large reduction in primary SAXS peak intensity observed for both diblocks.
Thus, even though the templating block switches from hPN to LPE as the diblock molecular weight is reduced, the orthogonal
stacking motif is retained for both high- and low-molecular-weight copolymers.
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also crystallizes, and depending on the crystallization tempera-
ture employed, PCL crystallization may either be confined
between, or break out from, the PE crystalline lamellae.24,25

When crystallization of the PCL block is confined, the orienta-
tion of the resulting crystals is strongly influenced by both
crystallization temperature and PCL domain thickness,26 similar
to crystallization under glassy confinement in crystalline/glassy
diblock copolymers.

In the second type of double-crystalline diblock, the melting
temperatures of the two blocks are close to each other, such that
upon cooling the two blocks engage in competitive crystalli-
zation.27�32 In such a diblock copolymer, it is not obvious which
component will crystallize first, and there exists the opportunity
to tune the sequence of crystallization and the resulting crystal-
line morphology by adjustment of macromolecular architecture
and/or processing conditions. One diblock copolymer system
where the two blocks share comparable melting temperatures is
poly(ε-caprolactone-b-ethylene oxide), PCL/PEO,29 in which
the crystallization sequence may be tuned by changing crystal-
lization temperature30 or block length ratio.31,32

We have recently investigated double-crystalline diblock co-
polymers composed of linear polyethylene (LPE), also known as
high-density polyethylene, and hydrogenated polynorbornene
(hPN).33 Homopolymers of LPE and hPN both exhibit high
degrees of crystallinity and similar melting temperatures:
Tm,LPE
0 34,35 = 141�142 �C, wc,LPE36 ≈ 75%; Tm,hPN

0 37 = 156 �C,
wc,hPN

37 ≈ 80%. Our previous study examined the crystallization
sequence and solid-state morphologies in hPN/LPE diblocks of
relatively high molecular weight (Mn > 50 kg/mol).33 In diblocks
of symmetric composition, the hPN block crystallized first to set
up the overall solid-state microstructure; LPE subsequently
crystallized between the hPN lamellae. The crystallization beha-
vior was also tunable via the block length ratio: in hPN-rich
diblocks, hPN crystallized first, while in LPE-rich diblocks, LPE
crystallized first, which then “triggered” the crystallization of
hPN. In the present study, we provide direct evidence regarding
the crystal orientation in such higher molecular weight hPN/LPE
diblocks; furthermore, we synthesize hPN/LPE diblocks of lower
molecular weight and demonstrate the possibility of tuning
crystallization sequence by adjusting total molecular weight, in
addition to block length ratio. The solid-state microstructure and
crystal orientation in these lower molecular weight hPN/LPE
diblocks are also investigated and found to resemble those in
their higher molecular weight counterparts, though the iden-
tities of the templating and confined blocks (hPN vs LPE) are
interchanged.

’EXPERIMENTAL SECTION

Materials. The hPN/LPE diblocks were synthesized by sequential
living ring-opening metathesis polymerization (ROMP) of norbornene
and cyclopentene, followed by hydrogenation over palladium supported
on calcium carbonate (Pd0/CaCO3, 5 wt%Pd0, Alfa Aesar). The ROMP
reactions were initiated with the Schrock-type catalyst 2,6-diisopropyl-
phenylimidoneophylidenemolybdenum(VI) bis(tert-butoxide). The nor-
bornene block was synthesized first, followed by the addition of
trimethylphosphine (PMe3) and polymerization of the cyclopentene
block. The details of diblock copolymer synthesis have been described
previously.33

It is important to note that when ROMP is initiated by the Schrock-
type Mo catalyst, narrow-distribution polynorbornene (PN) can be pro-
duced either with or without PMe3, which moderates the propagation

rate. However, PMe3 also alters the tacticity of the PN, leading to
significant differences in the thermal properties of the hydrogenated
derivative (hPN).38 The PN block in the current study was synthesized
in the absence of PMe3, thus imparting to the hPN a crystal�crystal
transition temperature (Tcc) that is easily separable from its melting
temperature (Tm) as well as a relatively small hysteresis in Tcc upon
heating and cooling. Notable changes occur in the X-ray scattering
profile at Tcc; as elaborated below, these changes greatly aid in
determining the relative crystal orientation in these double-crystalline
diblock copolymers.

Themolecular characteristics of the diblock copolymers examined are
listed in Table 1. Characterization was conducted on the soluble,
unsaturated poly(norbornene-b-cyclopentene) (PN/PCP) diblocks,
following the same protocols used previously to characterize the higher
molecular weight diblocks.33 Polymer molecular weights and polydis-
persities were determined by gel permeation chromatography (GPC) in
tetrahydrofuran (THF). Diblock composition was measured by 1H
NMR, using the olefinic protons from both repeat units and the methine
protons from the PN block. Volume fractions of hPN in the melt at
160 �C, fhPN, were calculated with known mass densities of hPN (0.879
g/cm3, see also Supporting Information)39 and LPE (0.774 g/cm3).40

The diblocks are referred to by their hPN/LPE block molecular weights
in kg/mol. The lower molecular weight hPN/LPE diblocks, which are
the focus of the present work, are complemented by previously studied
hPN37 and LPE36 homopolymers as well as a higher molecular weight
diblock, hPN/LPE 26/26,33 whose characterization data are also
included in Table 1.
Measurements.Differential scanning calorimetry (DSC)measure-

ments employed a Perkin-Elmer DSC 7 equipped with an intracooler
and calibrated with indium and tin. For each polymer, a ca. 10 mg
specimen was prepared, and the heating and cooling scans were acquired
at 10 �C/min. For fiber X-ray diffraction, fibers of the diblock copolymer
were drawnmanually by heating a small quantity of the material on a hot
plate above its melting point, grabbing the molten polymer with
tweezers, and then pulling away at a steady speed. Fibers were arranged
into a bundle sufficiently large to cover the X-ray beam, secured between
two pieces of polyimide tape. Fiber diffraction measurements employed
a Statton pinhole camera system previously described,41 equipped with
hot stage, using Cu Kα radiation (λ = 0.1542 nm). Diffraction patterns
were recorded on Kodak image plates read by a GE Biosciences Storm
820 scanner. The positions of the reflections in the diffraction patterns
were calibrated with high-density polyethylene.

Time- and temperature-resolved simultaneous small-angle (SAXS)
and wide-angle X-ray scattering (WAXS) data were collected on
isotropic specimens at the DuPont�Northwestern�DowCollaborative
Access Team (DND-CAT) beamline (5ID-D) at the Advanced Photon
Source, Argonne National Laboratory. The X-ray energy was set at 17
keV (λ = 0.0729 nm). SAXS data were collected on a MAR USA CCD
camera at a sample-to-detector distance of 8 m, while a quadrant of

Table 1. Molecular Characteristics of Block Copolymers and
Homopolymers

sample

code

(hPN/LPE)

hPN

block Mn

(g/mol)

hPN

block

Mw/Mn

LPE

block Mn

(g/mol)

diblock

Mw/Mn

volume fraction

hPN at

160 �C (fhPN)

9/9 9 300 1.13 8 600 1.09 0.49

6/12 6 000 1.16 11 600 1.11 0.31

11/6 10 900 1.10 6 300 1.11 0.60

26/26 26 300 1.07 25 800 1.11 0.47

hPN 61 000 1.11 1

LPE 20 000 1.07 0
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WAXS data was simultaneously collected on a Roper Scientific CCD
camera at a sample-to-detector distance of 14 cm. All X-ray scattering
data were corrected for incident beam intensity, transmittance, and
specimen thickness; the isotropic two-dimensional scattering patterns
were then converted to one-dimensional intensity traces. The polymer
samples were enclosed inside standard aluminum DSC pans (TA
Instruments), held in a Linkam DSC 600 hot stage. The temperature
profile employed was heating from 20 to 160 �C at 20 �C/min; 1 min
hold at 160 �C; quenching at 40 �C/min to an isothermal crystallization
temperature, Tc; 10 min hold at Tc; cooling to 20 �C at 20 �C/min.

’RESULTS AND DISCUSSION

HigherMolecularWeightDiblocks. In a previous publication,33

we reported that in symmetric diblock copolymers of hPN and
LPE with molecular weights above 50 kg/mol, hPN is the first
block to crystallize; hPN crystallization thus sets up the primary
lamellar structure, and the LPE block subsequently crystallizes
between hPN lamellae. In that case, isotropic specimens were
employed; we inferred that the LPE crystals stack orthogonally to
the hPN crystals from changes in the SAXS primary peak
intensity. Here we directly investigate the crystalline morphology
in one of these higher molecular weight diblocks after orienting

the crystals via fiber drawing. The room-temperature fiber X-ray
diffraction pattern for hPN/LPE 26/26 is shown in Figure 1. Prior
to collecting the data in Figure 1, the drawn fiber specimen was
annealed atT= 132 �C, just below themelting points of both hPN
and LPE blocks, for 20 min to improve its degree of crystallinity.
The 2D scattering pattern and the azimuthal intensity plot
indicate that both the overlapping (020) and (110) reflections
associated with monoclinic hPN and the (110) and (200)
reflections associated with orthorhombic LPE are concentrated
along the equator. This indicates that the crystals are oriented as
schematized in Figure 1c, where both the hPN and LPE crystal
stems are aligned in the direction of the fiber axis, parallel to the
lamellar microdomain normal.
In creating the fiber specimen for which data are shown in

Figure 1, both the hPN and LPE blocks were crystallized under
tension, which might be expected to heavily influence the crystal
orientation, even for the block which is second to crystallize
(LPE). To recreate the LPE crystal orientation that would be
observed in quiescent crystallization, while still preserving the
fiber orientation of the structure-templating hPN block, the LPE
crystals were melted and recrystallized. Specifically, the as-drawn
and annealed hPN/LPE block copolymer fiber for which data are
shown in Figure 1 was first heated to 138 �C, where LPE is
molten (see Supporting Information), while hPN remains largely
crystalline. The partially melted fiber was then cooled to recrys-
tallize the LPE block in the presence of the templating hPN
crystal framework, but in the absence of any stress. The diffrac-
tion pattern for the recrystallized fiber specimen, shown in
Figure 2, is qualitatively different from that of the as-drawn and
annealed fiber. As shown in Figure 2a,b, after partial melting and
recrystallization, the LPE (110) reflection now splits across the
equator, with an azimuthal split angle τ = 60�, while the LPE
(200) reflections concentrate on the meridian, with τ = 180�.
This new fiber pattern is consistent with the LPE crystals stacking
orthogonally to the hPN crystalline lamellae, as illustrated in
Figure 2c. Note that if the c-axis of the LPE orthorhombic unit
cell were perfectly perpendicular to the fiber axis (thus perpen-
dicular to the hPN c-axis), the LPE (200) reflection would not
appear, and the LPE (110) reflection should show τ = 68.8�; the
difference seen in the measured value of τ = 60� for the LPE
(110) reflection, and the presence of a visible LPE (200)
reflection, indicates some tilt of the c-axis away from the lamellar
interface.
Comparing the X-ray diffraction patterns shown in Figures 1

and 2, we find that when the double-crystalline diblock crystal-
lizes under tension, the resulting crystalline morphology mainly
reflects the processing conditions, and the crystal stems align in
the direction of the applied external force (i.e., the fiber axis).
When the second-to-crystallize LPE block was allowed to
recrystallize quiescently, its stem orientation is mainly influenced
by the presence of the confining structure created by the existing
hPN crystalline lamellae. Similar to the case where the crystal-
lizing block is confined between glassy lamellae,17,42 the crystals
orient their stems perpendicular to the lamellar normal to
alleviate the incommensurability between the preferred crystal/
amorphous repeat distance of LPE and the LPE layer thickness
set by crystallization of the hPN block.
Lower Molecular Weight Diblocks. Having established

the crystallization behavior andmorphology of hPN/LPE diblock
copolymers of relatively high molecular weights, we then moved
to examine the possibility of tuning the sequence of crystallization
in these materials by adjusting molecular weight. Previous studies

Figure 1. (a) Room-temperature X-ray diffraction pattern for hPN/
LPE 26/26 fiber specimen, previously annealed below Tm of both the
hPN and LPE blocks. (b) Azimuthal intensity profiles integrated over
the angular range corresponding to the overlapping (020) and (110)
peaks of monoclinic hPN (red) or (110) (blue) or (200) (black) peaks
of orthorhombic LPE. (c) Schematic of the orientation of the hPN and
LPE crystals within the lamellar microdomains, with crystal stems
indicated by line segments.
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have shown that hPN homopolymer exhibits an equilibrium
melting temperature of 156 �C,37 while a 4 kg/mol hPN, which
forms extended-chain crystals, has a melting temperature of
128 �C.6 LPE has an equilibrium melting temperature of
141�142 �C,34,35 while the melting temperature drops only
modestly, to 128 �C, for extended-chain crystals of 3 kg/mol
LPE.43 These figures indicate that the melting temperature of
hPN exhibits a steeper dependence on molecular weight than
does the melting temperature of LPE, at least for extended-
chain crystals. If this trend also holds for crystallization
(freezing) temperature, and for folded-chain as well as ex-
tended-chain crystals, then at sufficiently low diblock molec-
ular weight the crystallization temperature of LPE should
exceed the crystallization temperature of hPN; in this scenar-
io, LPE would be the structure-templating block, thus rever-
sing the order of crystallization relative to that in higher
molecular weight diblocks such as hPN/LPE 26/26.
To test this premise, three hPN/LPE diblock copolymers with

total molecular weights around 20 kg/mol were examined. All
three exhibit featureless SAXS patterns (presented subsequently)
in the melt at 160 �C, indicating that the melt phases are
homogeneous. As the polymer is cooled, both the hPN and

LPE blocks crystallize, as demonstrated by WAXS (also pre-
sented subsequently). The melting and crystallization of the
blocks can be detected via DSC during heating and cooling scans,
as illustrated in Figure 3. For hPN/LPE 11/6, only a single peak is
evident on either heating or cooling, suggesting that the two
blocks’ melting and crystallization processes heavily overlap;
however, as the hPN block length is reduced (in hPN/LPE 9/9),
a low-temperature shoulder emerges, which becomes a resolved
peak at even lower temperature as the hPN block length is
reduced further (in hPN/LPE 6/12). Note that hPN homo-
polymer has a heat of fusion some 3-fold smaller than LPE
homopolymer.37 While the origin of these subsidiary peaks/
shoulders, indicated with arrows in Figure 3, cannot be deter-
mined unambiguously by DSC alone, simultaneous synchrotron
WAXS/DSC indicates that these features reflect the melting/
crystallization of the hPN block; a direct comparison of the
heating thermograms and selected WAXS patterns is given for
hPN/LPE 9/9 and 6/12 in the Supporting Information. Conse-
quently, we employed synchrotron-based simultaneous time-
and temperature-resolved SAXS andWAXS to reveal the melting
and crystallization behavior of these lower molecular weight
diblock copolymers.
Symmetric Diblock Copolymer hPN/LPE 9/9. The isother-

mal crystallization of hPN/LPE 9/9 at 122 �C is examined in
Figure 4. The WAXS data, in Figure 4a, show that the (110) and
(200) reflections of the usual orthorhombic unit cell of LPE grow
in intensity over time, while there is a complete absence of any
WAXS reflections associated with hPN crystallization. This
clearly indicates that for hPN/LPE 9/9 LPE is the first block
to crystallize. Comparing this observation to the crystallization
sequence found33 in hPN/LPE 26/26 confirms that reducing the
total molecular weight at fixed composition can indeed lead to a
reversal in the block crystallization order in hPN/LPE diblocks.
The simultaneously acquired SAXS data are shown in

Figure 4b, where q = (4π/λ) sin θ; λ is the radiation wavelength,

Figure 3. DSC heating (a) and cooling (b) thermograms for lower
molecular weight hPN/LPE diblock copolymers, acquired at 10 �C/min.

Figure 2. (a) Room-temperature X-ray diffraction pattern for partially
melted (at 138 �C) and then recrystallized hPN/LPE 26/26 fiber
specimen. (b) Azimuthal intensity profiles integrated over the angular
range corresponding to the overlapping (020) and (110) peaks of
monoclinic hPN (red) or (110) (blue) or (200) (black) peaks of
orthorhombic LPE. (c) Schematic of the orientation of the hPN and
LPE crystals within the lamellar microdomains, with crystal stems
indicated by line segments.
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and 2θ is the scattering angle. The intensity profiles shown are
q2-corrected to account for the lamellar form factor scattering.44

The evolution of the SAXS andWAXS intensity profiles indicates
the emergence of a microphase-separated structure from an
originally homogeneous melt as the LPE block begins to crystal-
lize. This microphase-separated structure has SAXS reflections
appearing at integer q ratios, characteristic of a lamellar micro-
structure. The interlamellar domain spacing, d, determined from
the position of the SAXS primary peak is 36 nm.
The WAXS and SAXS data acquired during further cooling of

hPN/LPE 9/9 to room temperature are presented in Figure 5.
The WAXS data show that upon cooling the hPN block also
crystallizes, as indicated by the emergence of the (020) + (110)
reflections of the monoclinic unit cell of hPN. At higher
temperature, the hPN (020) + (110) reflections are degenerate,
but as the temperature drops further, this single reflection
broadens and eventually appears as overlapping but distinct
(020) and (110) reflections. This transformation in the WAXS
pattern reflects changes in the packing of the hPN crystal unit
cell.37,38 At high temperatures, the hPN stems are rotationally
disordered (RD) and exhibit a hexagonal packing transverse to
the chain axes.37 As the temperature is lowered, the hexagonal
symmetry is broken as the chains adopt a rotationally ordered
(RO) structure, where the stems pack more densely, leading to a
contraction in the volume of the unit cell by ∼1%.37,39 To
quantify the temperature where this crystal�crystal transition of
the hPN block occurs (Tcc), the full width at half-maximum
(fwhm) of the combined hPN (020) + (110)WAXS reflections is
tracked as a function of temperature, as illustrated in the inset of
Figure 5a. As the temperature decreases, a step increase in the
peak breadth is observed, as the degenerate (020) and (110)
reflections split. Tcc is then assigned as the midpoint of the
transition; for hPN/LPE 9/9,Tcc= 68 �Con cooling at 20 �C/min.
In addition to the changes observed in the WAXS pattern, this

hPN crystal�crystal transition also causes significant changes in
the SAXS profiles. As illustrated in Figure 5b, as the temperature
drops through Tcc, a large reduction in the SAXS primary peak
intensity is observed. This change in the SAXS profile is not the
result of any lamellar-scale structural change but is due to the
∼1% electron density increase that accompanies the hPN crystal
�crystal transition. Our efforts to model the SAXS intensity
changes to reveal the hPN crystal orientation in these double-
crystalline diblocks are discussed in a subsequent section; first,
we present SAXS/WAXS results for the other two diblocks
introduced in Table 1.
LPE-Rich Diblock Copolymer hPN/LPE 6/12. This diblock

has an overall molecular weight similar to hPN/LPE 9/9 but is
rich in LPE. WAXS and SAXS data, acquired during a 10 min
hold at 122 �C, are presented in Figures 6a and 6b. The WAXS
data show that the peaks associated with LPE crystals grow over
time while the hPN block remains amorphous, indicating that
LPE is again the first component to crystallize. The SAXS data
show that LPE crystallization sets the primary lamellar frame-
work of the system, with a d-spacing of 30 nm. The SAXS profiles
obtained during isothermal crystallization at 122 �C all contain a
prominent minimum centered near q = 0.53 nm�1. This
corresponds to a form factor node from lamellae with a thickness
of 12 nm,44,45 which we consider to be the LPE crystals, separated
by amorphous layers of less uniform thickness.
Following further cooling of hPN/LPE 6/12 to room tem-

perature, the WAXS data, shown in Figure 6c, confirm that the
hPN block also crystallizes. However, when plotting the breadth
of the hPN (020) + (110) reflections as a function of temperature
(inset), no step increase is observed, and the breadth remains

Figure 4. Simultaneously acquired WAXS (a) and SAXS (b) patterns
for hPN/LPE 9/9 at Tc = 122 �C after quenching from the melt at
160 �C.

Figure 5. Simultaneously acquired WAXS (a) and SAXS (b) patterns
for hPN/LPE 9/9 during further cooling to 30 �C from the isothermal
crystallization temperature of 122 �C. The effect that the crystal�crystal
transition of the hPN block from a rotationally disordered (RD) to a
rotationally ordered (RO) phase has upon the first-order SAXS peak is
marked; both phases are monoclinic. The inset in (a) shows the full
width at half-maximum (fwhm) of the hPN (020) + (110) reflections as
a function of temperature.
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relatively small (<0.62� even at room temperature), sug-
gesting that the hPN crystals remain in the RD phase over the
whole temperature range examined. This absence of an hPN
crystal�crystal transition is also supported by the SAXS data,
which as shown in Figure 6d exhibit a much less dramatic change
in the intensity of the primary reflection than in hPN/LPE 9/9, as
temperature is lowered. The observed intensity decrease in the
SAXS profiles between 82 and 42 �C is consistent with the
expected reduction in electron density contrast upon hPN
crystallization into the RD phase.
Additionally, since the SAXS profiles acquired during crystal-

lization for hPN/LPE 6/12 are not complicated by an hPN block
crystal�crystal transition, the scattering data can be more
critically examined to reveal any lamellar-scale rearrangements
during crystallization. Figure 6 reveals that as hPN crystallizes,
the shape of the profile remains largely unchanged, with merely
some additional intensity at q values beyond the primary peak
(from the hPN crystals), and a slight shift of the primary peak to
higher q as the lamellar spacing contracts (upon both hPN
crystallization and cooling). This strongly indicates that the
overall lamellar microstructure established by LPE crystallization
at 122 �C is preserved through hPN crystallization and that
crystallization of the hPN block is confined between the LPE
crystalline lamellae.
hPN-Rich Diblock Copolymer hPN/LPE 11/6. In higher

molecular weight hPN/LPE diblock copolymers, the identity
of the structure-templating block may be changed by large
adjustments in the block length ratio,33 so we also examined an
hPN-rich diblock copolymer, hPN/LPE 11/6. The WAXS data
for the isothermal crystallization of hPN/LPE 11/6 at 120 �C are
presented in Figure 7. At 2 min into the isothermal hold, the first

sign of block crystallization may be detected; however, the hPN
(020) + (110) reflections and the LPE (110) reflection emerge
essentially simultaneously. Note that the time resolution of the
WAXS frames in Figure 7 is 6 s, far shorter than the time scale of
the crystallization process, so the simultaneity of hPN and LPE
crystallization is not an artifact of insufficient time resolution.
Consequently, we probed the sequence of crystallization by

examining the isothermal crystallization half-time (t1/2) as a
function of crystallization temperature (Tc), using t1/2 values
determined by DSC. Shown in Figure 8 are such plots for a
number of hPN/LPE diblocks as well as LPE and hPN homo-
polymers. The isothermal crystallization half-time of LPE homo-
polymer exhibits a steeper dependence on temperature than does

Figure 6. Simultaneously acquired WAXS (a) and SAXS (b) patterns for hPN/LPE 6/12 at Tc = 122 �C after quenching from the melt at 160 �C. The
form factor curve for isolated lamellae with a thickness of 12 nm is also shown in (b) as the dotted curve. TheWAXS and SAXS patterns acquired during
further cooling of the diblock from Tc to 22 �C are shown in (c) and (d), respectively. The inset in (c) shows a plot of the full width at half-maximum
(fwhm) of the hPN (020) + (110) reflection as a function of temperature during cooling.

Figure 7. WAXS patterns for hPN/LPE 11/6 acquired at Tc = 120 �C
after quenching from the 160 �Cmelt. WAXS reflections associated with
hPN and LPE appear to emerge simultaneously. Successive WAXS
patterns are offset vertically for clarity.
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hPN homopolymer: a slope of 3.1 �C�1 for LPE vs 1.6 �C�1 for
hPN. Furthermore, this characteristic temperature-dependent
crystallization behavior is also observed in diblocks containing
both LPE and hPN, where the temperature dependence of the
crystallization half-time of a diblock is found to match that of its
structure-templating block. hPN/LPE 26/26, which has hPN as
its structure-templating block, exhibits a shallow temperature
dependence of t1/2 (1.7 �C�1) similar to hPN homopolymer,
while both hPN/LPE 9/9 and 6/12, where the LPE block is
templating, have much steeper temperature dependences (4.7
and 3.3 �C�1, respectively), similar to LPE homopolymer. The
hPN-rich lowmolecular weight diblock, hPN/LPE 11/6, exhibits
a steep temperature dependence (3.9 �C�1), similar to that
observed in LPE homopolymer and the LPE-templating diblocks
hPN/LPE 9/9 and 6/12, thus suggesting that LPE is also the first
block to crystallize in hPN/LPE 11/6. This then triggers hPN
block crystallization, leading to the near-simultaneous crystal-
lization of the two blocks as observed by WAXS. Related
phenomena in double-crystalline diblocks where the crystal-
lization rate of one block is enhanced by prior crystallization of
the other block have been reported.33,46�48 The crystallites
generated from the initial crystallization event may serve as
nucleation sites for the remaining molten block; moreover,
crystallization of the LPE block concentrates the interlamellar
“melt” in hPN, effectively increasing its chemical potential and
thus driving force to crystallize.
The WAXS and SAXS data collected upon cooling hPN/LPE

11/6 are shown in Figure 9. The diblock was first quenched from
the melt to 119 �C, then isothermally crystallized at that
temperature for 10 min, and then cooled to room temperature.
TheWAXS data confirm that both hPN and LPE crystallize upon
cooling, and the crystallinities of both blocks are fully developed
by the end of the 10min isothermal hold at 119 �C. Upon further
cooling, the hPN block undergoes a clear crystal�crystal transi-
tion from the RD to the ROphase. The transition temperature, as
illustrated in the inset of Figure 9a, is estimated to occur at 94 �C
on cooling at 20 �C/min.
The corresponding SAXS profiles obtained during cooling

are shown in Figure 9b. At temperatures above Tcc, the SAXS
data resemble those for hPN/LPE 6/12, where a microphase-
separated lamellar structure with a period d = 37 nm emerges

from a homogeneous melt upon LPE crystallization; this lamellar
framework is also preserved as hPN crystallinity develops. A
minimum in the SAXS profiles is observed near q = 0.58 nm�1,
which again corresponds to a form factor node, in this case from
lamellae 11 nm thick,44,45 assigned to the LPE crystals based on
the value of d and fhPN. The DSC-determined peak melting
temperature (Tm = 127.1 �C from overlapping LPE and hPN
endotherms) confirms this assignment as it yields a LPE crystal
thickness of 11.5 nm via the Gibbs�Thomson equation.35,49 The
presence of a form factor minimum in the 119 �C (10min) SAXS
pattern for hPN/LPE 11/6 further supports the conclusion that
LPE is the first block to crystallize, as hPN/LPE 9/9 and 6/12
also show a similar form factor minimum corresponding to the
templating LPE crystals. In homopolymers, the crystals generally
have a narrower thickness distribution than the amorphous
interlayers separating them,50 and for our block copolymers
we also see that, during isothermal crystallization, the first-to-
crystallize block (LPE here) forms crystals with a relatively
narrow thickness distribution compared with the initially amor-
phous interlayers (hPN here). Crystallization of the hPN block in
hPN/LPE 11/6, though it follows nearly simultaneously upon
LPE crystallization, cannot restructure the lamellar framework
established by LPE crystallization. Subsequently, as the material
is further cooled through Tcc (94 �C), a dramatic reduction in the
SAXS primary peak intensity is observed due to the electron
density change at the hPN crystal�crystal transition, as in the
symmetric diblock hPN/LPE 9/9.
Crystal Orientation in Lower Molecular Weight Diblocks.

As shown above, in all three lower molecular weight hPN/LPE

Figure 8. DSC isothermal crystallization half-time as a function of
crystallization temperature for the three lower molecular weight hPN/
LPE diblocks examined, hPN/LPE 26/26, and the homopolymers of
hPN and LPE listed in Table 1. Best-fit lines have the slopes indicated in
the text.

Figure 9. Simultaneously acquired WAXS (a) and SAXS (b) patterns
for hPN/LPE 11/6, first quenched from the melt (at 160 �C) to Tc =
119 �C, then isothermally crystallized at Tc for 10 min, and then further
cooled to 29 �C. Crystal�crystal transition of the hPN block from the
RD phase to the RO phase is marked. The inset in (a) shows the full
width at half-maximum (fwhm) of the hPN (020) + (110) reflections as
a function of temperature. The form factor curve for isolated lamellae
with a thickness of 11 nm is shown in (b) as the dotted curve.
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diblocks, the LPE block is the first block to crystallize, and its
crystallization drives the formation of a crystalline/amorphous
lamellar microstructure from an initially homogeneous melt.
Subsequently, either isothermally or upon further cooling, the
hPN block also crystallizes between the existing LPE crystalline
lamellae. This raises the question of the orientation of the hPN
crystals relative to the structure-templating LPE lamellae. Un-
fortunately, the fiber drawing technique applied to hPN/LPE
26/26 (Figures 1 and 2) was unsuccessful for the lowermolecular
weight diblocks; 2DWAXS patterns obtained on fiber specimens
of the three ∼20 kg/mol diblocks (not shown), both as-drawn
and after annealing below Tm, revealed nearly isotropic crystal
orientation, indicating that the polymer chains had relaxed prior
to crystallization. Consequently, we took the approach of mod-
eling the primary SAXS peak intensity for different assumed hPN
and LPE crystal orientations and then comparing the direction of
the predicted intensity change (either increase or decrease) upon
cooling through Tcc with that observed experimentally. Though
the exact magnitude of the intensity change depends on structur-
al parameters which are difficult to precisely determine in these
complex polymers, the direction of the change on cooling through
Tcc is relatively robust to modest variations (uncertainties) in
these structural parameters and, as shown below, is sufficient to
identify the relative crystal orientations. Two such limiting
orientations were considered: as schematized in Figure 10, the
second-to-crystallize hPN block (shown in red) could have its
crystal stems either parallel or perpendicular to the LPE stems
(shown in blue).
The SAXS intensity profiles, acquired during cooling, for

hPN/LPE 9/9, 6/12, and 11/6 have been presented in
Figures 5b, 6d, and 9b, respectively. Taking the symmetric
diblock, hPN/LPE 9/9, as an example, we find that the crystal-
lization of the LPE block yields a lamellar microstructure (122
and 114 �C patterns); upon cooling to 90 �C, the hPN block also
crystallizes, which causes the first-order SAXS peak to both
broaden and decrease in intensity. The broadening is due to

additional scattering from the hPN crystallites, while the inten-
sity reduction is the result of a decrease in electron density
contrast upon hPN crystallization. As the temperature is lowered
further across Tcc (to 50 �C), the first-order SAXS peak under-
goes an additional large reduction in scattering intensity. Since
the lamellar-scale morphology remains unchanged through this
transition, the observed intensity reduction reflects changes in
electron density contrast, principally the 1%mass density change
at the hPN crystal�crystal transition. It is this observed strong
intensity decrease on cooling through Tcc which allows us to
discriminate, using the simple three-layer square-wave model,
between the two limiting crystal orientations indicated in
Figure 10.
For the isotropic lamellar specimens employed here, the

integrated intensity of the primary SAXS peak varies as the
square of the amplitude of the Fourier transform of its one-
dimensional electron density profile, evaluated at q correspond-
ing to the first-order peak.51 In Figure 10, three distinct layers
repeat along the stacking direction of the structure-templating
LPE crystals: a pure LPE crystalline layer (shown in blue), an
amorphous layer (shown in purple), and an hPN layer (shown in
red), which may be fully crystalline, in the parallel orientation
shown at left, or partially crystalline, in the perpendicular
orientation shown at right. The thickness and electron density of
layer i are represented by di and Fi

e, respectively. Furthermore,
the boundary between the layers is assumed to be sharp. For
this study, the square-wave model is used to provide only
qualitative predictions of intensity changes of the first-order
SAXS peak—either an increase or a decrease—as the hPN
crystals pass through Tcc; the assumption of sharp layer
interfaces does not affect this qualitative behavior. The details
concerning the model and the parameter values used for the
two limiting crystal orientations are described in the Support-
ing Information.
For two of the low molecular weight diblocks, hPN/LPE 11/6

and 9/9, a clear Tcc was detected upon cooling. For the hPN-rich
diblock, hPN/LPE 11/6, the square-wave model indicates that
only the perpendicular crystal orientation—not the parallel
orientation—can yield a decrease in the first-order peak intensity
across Tcc. For the symmetric diblock, hPN/LPE 9/9, the
situation is less clear-cut, as both the perpendicular and parallel
orientations are calculated to yield a reduction in SAXS primary
peak intensity on cooling through Tcc. However, the similarity in
SAXS pattern evolution for hPN/LPE 11/6 and 9/9 strongly
suggests that both have a perpendicular stacking of LPE and hPN
crystals. Comparing this model-deduced crystal orientation in
the lower molecular weight diblocks (right schematic in Figure 10)
to that observed via fiber X-ray diffraction in the highermolecular
weight diblock (Figure 2c), we find that even though the identity
of the templating block is switched, the overall crystalline
morphology of the diblocks remains qualitatively the same: the
second-to-crystallize block orients its crystals orthogonally to the
first-to-crystallize block.
The qualitatively different changes predicted for the first-order

SAXS peak intensity for hPN/LPE 11/6 upon cooling through
Tcc, for the parallel vs perpendicular structures, can be under-
stood physically as follows. The electron densities of the two
crystalline phases (LPE and hPN) are closely matched, such that
the electron density profile for the parallel case (at left in
Figure 10) approximates a wave of period d/2, for which no
peak at q* = 2π/d would be observed. The intensity calculated to
remain at q* = 2π/d in the parallel case, when both blocks are

Figure 10. Schematic of three-layer square-wave model used to repre-
sent electron density profiles for parallel vs perpendicular crystal
orientation in the hPN/LPE double-crystalline diblock copolymers.
The electron density of the red layer is lower in the perpendicular vs
parallel orientation, as it is averaged over both crystalline and amorphous
hPN. Also, the electron density of the amorphous (purple) layer is lower
in the perpendicular vs parallel orientation, as it is assumed to be
essentially pure LPE.
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crystallized, reflects relatively small differences between dLPE and
dhPN, and between FLPE

e and FhPN
e ; thus, a further increase in FhPN

e

as the hPN crystals transition from the RD to the RO phase can
produce either an increase or decrease in the intensity at q* = 2π/d
for the parallel arrangement, depending on the precise values of
dLPE and dhPN (and with the dLPE and dhPN values corresponding
to hPN/LPE 11/6, a large increase is calculated). By contrast,
when the hPN crystals are assumed to stack perpendicular to the
LPE crystals, the electron density of the hPN layer is effec-
tively lowered because it is averaged over both crystalline and
amorphous hPN regions, as shown in the electron density
profile at right in Figure 10. This then leads to a significantly
reduced FhPNe , such that the LPE and hPN layers are no longer
closely matched in electron density; when FhPNe increases
upon cooling through Tcc, the scattered intensity at q* =
2π/d invariably decreases (for any values of dLPE and dhPN), as
observed experimentally.

’CONCLUSIONS

By exploiting the different temperature dependences of the
freezing points of LPE and hPN, we have shown that the identity
of the structure-templating (first-to-crystallize) block in double-
crystalline hPN/LPE diblocks can be switched simply by chang-
ing the total molecular weight. Specifically, in symmetric hPN/
LPE, while hPN is the structure-templating block at 50 kg/mol
diblock molecular weight, LPE is the structure-templating block
in 20 kg/mol diblocks. Additionally, the relative orientation of
the hPN and LPE crystals in both high- and low-molecular-
weight hPN/LPE diblocks was investigated. In all cases, the
crystals stack orthogonally: the second-to-crystallize block,
which crystallizes in confinement, orients its crystal stems
perpendicular to those in the first-to-crystallize block. This
crystal orientation is analogous to that most frequently
observed when crystallization is confined between glassy
lamellae. However, unlike the case for crystalline/glassy di-
blocks, the ability to tune the crystallization sequence of the
two blocks in hPN/LPE (and thus which block crystallizes in
confinement, with the perpendicular orientation) through
molecular weight allows a range of structures to be produced
with a single diblock chemistry.
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