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ABSTRACT: The bulk morphology of a crystalline/amorphous diblock copolymer under different thermal
conditions was studied. The diblock copolymer, poly((ethylene oxide)-b-1,4-polybutadiene), forms a
microphase-separated lamellar morphology in the molten state. For samples crystallized within the range
of 20-50 °C, TEM coupled with electron diffraction revealed a microphase-separated, alternating lamellar
morphology with the PEO crystalline chains oriented perpendicular to the interface between the PEO
and PBD domains. A significant increase in the microphase-separated, lamellar domain spacing was
observed upon crystallization. On the length scale of tens of microns, as probed by polarizing optical
microscopy, a nonspherultic crystalline texture (with the absence of the Maltese cross), corresponding to
the microphase-separated lamellar grain morphology, was observed. In contrast to the integral chain
folding observed in PEO homopolymer, the increase in PEO lamellar thickness with decreasing
undercooling is continuous in the block copolymer. In addition, the equilibrium melting temperature and
lamellar spacing were determined.

Introduction

The morphology of a crystalline/amorphous diblock
copolymer poly(ethylene oxide)-b-poly(1,4-butadiene)
P(EO-b-BD) was investigated. Theoretical predictions
concerning the morphology of crystalline/amorphous
block copolymers have been developed by DiMarzio and
co-workers,1 Whitmore and Noolandi,2 and Vilgis and
Halperin3 assuming that a thermodynamic equilibrium
state can be achieved. The model, shown in Figure 1,
assumes a structure of alternating crystalline and
amorphous layers. In the crystalline layers there is
regular chain folding with the chain stems oriented
perpendicular to the interface with the amorphous
domains.

Experimental results,4-21 however, indicated signifi-
cant deviation from the theoretical model. The morphol-
ogy of diblock copolymers containing crystallizable
blocks was found to be significantly influenced by the
crystallization conditions. Depending upon the thermal
history and the material properties, either a spherulitic
morphology dominated by crystallization or a block
copolymer morphology confining the crystalline block
into nano scale domains can be formed.8,9,11 The mor-
phology was thus heavily influenced by kinetics, similar
to the case of semicrystalline homopolymers. The pa-
rameters controlling the kinetics of the system and thus
the morphology formed include the glass transition
temperature of the amorphous block, the block copoly-
mer order-disorder transition temperature, and the
crystallization temperature.9,11,20

For many of the previously studied systems, the
domain spacing of lamellar diblock copolymers due to
microphase separation is larger than the thickness of
chain-folded crystallites which grow inside the mi-
crophase-separated layers.8-12 Therefore, constraints of
the preexisting microphase-separated morphology do

not limit chain-folded crystallite thickness and have only
a modest effect on crystallite orientation.

On the other hand, the poly((ethylene oxide)-b-buta-
diene) (P(EO-b-BD)) diblock copolymers studied in this
report have a smaller lamellar domain size in the
microphase-separated amorphous state than the crys-
talline lamellar long period of PEO homopolymers with
similar molecular weight. In addition, it is well known
that low molecular weight PEO homopolymer crystals
have a characteristic preference for integral chain
folding.22-24 In our previous work,25,26 we studied the
morphological evolution and the influence of dimen-
sional constraint on lamellar domain spacing in thin
films of the same P(EO-b-BD) material and found, via
atomic force microscopy (AFM) and interference optical
microscopy, a gradual increase of the melting temper-
atures and domain spacing with decreasing degree of
undercooling. Similar results on P(EO-b-hydrogenated
1,2-butadiene) diblock thin films have been reported by* To whom all correspondences shall be addressed.

Figure 1. Theoretical model proposed for the structure of
symmetric crystalline/amorphous diblock copolymers.1

7009Macromolecules 2001, 34, 7009-7016

10.1021/ma0100596 CCC: $20.00 © 2001 American Chemical Society
Published on Web 09/18/2001



Reiter and co-workers.27 Our thin film results differed
from normal low molecular weight PEO crystallization
where changes of Tm and crystal long period occurred
in discrete steps due to the preference for integral chain
folding. Here the study of the effects of microphase-
separated confinement upon PEO block crystallization
is extended to bulk morphologies of the P(EO-b-BD)
system.

Experimental Section
P(EO-b-BD) was obtained from Polymer Source Inc. It was

synthesized via sequential anionic polymerization where poly-
butadiene (PBD) was polymerized first in cyclohexane. The
PBD block has about 69% 1,4 trans structure, 25% 1,4 cis, and
about 6% 1,2 structure. The molecular weights and molecular
weight distributions of PBD and diblock copolymer were
characterized by GPC calibrated with PBD standards. The
molecular weight for the PBD block was 5000 g/mol. The
molecular weight for the PEO block was calculated from 1H
NMR based on the mole ratio of PBD and PEO blocks and
was found to be 5600 g/mol. The polydispersity of the diblock
copolymer was 1.04. The øN of our system at 80 °C was
estimated to be about 70, indicating a relatively strong degree
of segregation in the melt state. The density of PBD is 0.94
g/mol,28 and the densities of crystalline and amorphous PEO
are 1.13 and 1.03 g/mol, respectively.28 These densities allow
the calculation of a PEO volume fraction of 51% in the melt
state and 48% when crystallized to the degree (88%) indicated
by DSC results. The thermal stability of P(EO-b-BD) was
examined by thermogravimetric analysis (TGA). The sample
was held at 150 °C in air for 1 h, and no weight loss was
observed. GPC results on the material used in this TGA
experiment indicated a slight increase of polydispersity to 1.13.
The experiments reported here did not expose the sample to
temperatures greater than 90 °C and generally protected the
sample from exposure to air. Thus, the copolymer is thermally
stable under current experimental conditions without notice-
able degradation. To avoid absorption of moisture by PEO,
samples were dried under vacuum at 50 °C prior to use, and
all the samples were stored under vacuum.

The diblock copolymer was dissolved in toluene and solution
cast for a period of 1 week to produce films approximately 1
mm thick. The samples were annealed in a vacuum oven for
2 days, at 90 °C, and then subjected to different thermal
treatments in a DSC instrument. Differential thermal analyses
were carried out in a Perkin-Elmer DSC-7 equipped with liquid
nitrogen cooling. Isothermal crystallization experiments were
conducted by heating the sample up to 80 °C and then quickly
quenching to the desired crystallization temperature at the
maximum speed (-150 °C/min) that can be achieved by the
instrument. For experiments using self-seeding methods, the
procedures were similar to those described by Kovacs et al.22

The quantity of the diblock copolymer used in each DSC
measurement was 0.8 mg or less. The instrument was cali-
brated with indium (Tm ) 156.6 °C) and eicosane (Tm ) 36.44
°C) at the experimental heating rate of 1.0 °C/min on a daily
basis. The reproducibility of the melting temperature mea-
sured by DSC for identical runs on the same sample was found
to be better than 0.1 °C, while for different samples it is better
than 0.2 °C.

SAXS data were collected at the Advanced Polymers Beam-
line (X27C), located at the National Synchrotron Light Source
at Brookhaven National Labs (BNL), Upton, NY. Two-
dimensional scattering patterns were collected on Fujitsu
image plates and then read by a Fujitsu BAS 2000 image plate
reader. Custom software at BNL was used to subtract back-
ground noise and perform circular averaging. Data were
collected for a wavelength of 1.307 Å and a camera length of
1510 mm. SAXS measurements of long periods of samples
crystallized at various temperatures were all conducted at
room temperature (25 °C). The difference in domain spacing
between the crystallization temperature and the lower tem-
perature at which SAXS was run, due to changes in amorphous
domain chain conformations, will be very slight.

Samples for optical microscopy were prepared by evaporat-
ing 7% toluene solutions of the block copolymer onto a glass
cover slide, yielding films approximately 10-100 µm thick.
Experiments were conducted using an Olympus BX60F3
optical microscope under cross-polar conditions. Two Mettler
FP80 hot stages were used. Samples were held in the melt at
80 °C on one stage and then rapidly transferred to the second
stage which was preset to the desired crystallization temper-
ature.

TEM and electron diffraction experiments were conducted
on a JEOL 2000 FX-II instrument. The diffraction camera
length was calibrated by using an internal gold standard on
some of the grids observed. To prepare specimens for TEM, a
small piece of copolymer sample was microtomed using a Leica
Ultracut Cryomicrotome with a diamond knife at -110 °C to
obtain ultrathin (about 40 nm) sections. No solvent or water
was used in microtoming and collecting the specimen in order
to minimize moisture absorption by the PEO. The thin sections
were stained by OsO4 and observed under TEM. While OsO4

stains both PBD and PEO, it stains PBD more heavily due to
the lack of crystallinity and the presence of unsaturation.
Because of the possibility that OsO4 may disrupt the crystal-
linity of the PEO block, electron diffraction experiments were
conducted on unstained specimens.

Results

Figure 2 shows TEM micrographs of P(EO-b-BD)
block copolymer that was annealed in the melt at 90 °C
and then crystallized at 30 °C. The darker regions are
PBD domains that were preferentially stained with
OsO4, while the lighter regions are crystalline PEO
domains. It is obvious that the diblock copolymer adopts
an alternating lamellar morphology with PEO crystals
confined between amorphous PBD layers. WAXS results
(not shown) indicated that the PEO in the diblock
copolymer had the same monoclinic crystalline structure
as formed by PEO homopolymer. As shown in Figure
2a, the sample has good long-range order. However, as
shown in Figure 2b, it does display typical block
copolymer grain structures,29,30 suggesting that PEO
crystallization occurs within the confinement provided
by the preexisting microphase-separated morphology.

The orientation of the PEO crystallites inside the
nanoscale domains is determined by TEM and electron
diffraction. Figure 3a is an indexed electron diffraction
pattern of P(EO-b-BD), taken from the region inside the
selected area aperture, shown in Figure 3b. The results
shown here are from a sample crystallized at 34 °C.
However, similar behavior was observed for all samples
within the temperature range examined (20-50 °C). To
avoid damage to the crystalline structure due to stain-
ing, the samples for electron diffraction were not
stained. Consequently, the image contrast in Figure 3b
is from diffraction contrast and mass thickness contrast
arising from the density difference between the crystal-
line PEO and the amorphous PBD. This contrast is
opposite to that of the stained specimens; i.e., dark
regions are now PEO domains while the bright regions
are PBD domains. Overall, the contrast is much weaker
than in the stained samples and disappears within
seconds of electron beam exposure. From Figure 3b, the
lamellae inside the selected area aperture are observed
to all be oriented in approximately the same direction.
The diffraction arising from this area (Figure 3a)
indicates uniaxial orientation of crystallites with the
PEO chain axis perpendicular to the microphase-
separated lamellar domains. The 120 reflections are
oriented parallel to the lamellar layers in the image,
indicating that the [001] crystallographic direction
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which is also the chain axis is perpendicular to the
layers. The three labeled reflections do not exist in a
single planar section through the reciprocal lattice.
These reflections intersect the Ewald sphere at the
spacings and geometry shown if the PEO reciprocal
lattice is rotated around the [001] direction, indicating
that the material possesses a fiberlike polycrystalline
texture. Generally, the structure of the P(EO-b-BD)
diblock is similar to that illustrated in Figure 1.

Previously, we observed perfect three-dimensional
crystallographic registry between adjacent lamellar
layers of P(EO-b-BD) block copolymers in thin films
containing about six or seven lamellar repeats.25,26 Our
current results for bulk samples indicate only uniaxial
alignment of the chain axis normal to the lamellar
domains but with rotational disorder of the PEO crys-

tallites around this chain axis direction. The TEM
micrographs in Figure 3b show that the orientation of
the microphase-separated lamellae is not perfect. The
selected area aperture is about 2.5 µm in diameter, and
thus the diffraction pattern is collected over a range of
lamellar orientations, resulting in the arcing of the
reflections observed in Figure 3a. The fact that we are
also collecting diffraction data over more than 100
lamellar repeats makes it much less likely that any
more highly aligned relationships between adjacent
crystalline PEO layers will be detected in the bulk even
if such alignments do exist locally within the sample.

To investigate the crystalline morphology of P(EO-b-
BD) on the length scale of tens and hundreds of microns,
sample films were studied by optical microscopy under
cross-polar conditions, as shown in Figure 4. The sample
was first melted at 80 °C and then crystallized isother-
mally at various temperatures. Figure 4a was taken

Figure 2. TEM micrographs of P(EO-b-BD) sample that was
melt annealed and then crystallized at 30 °C.

Figure 3. Determination of the orientation of the PEO
crystalline chain within the microphase-separated domains.
Indexed electron diffraction pattern of P(EO-b-BD). TEM
micrograph of P(EO-b-BD) in selected area aperture.
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while the crystallites were still growing at 45 °C. The
dark regions correspond to block copolymer in the
molten state. The textured bright region contains
crystalline PEO and appears to grow from a nucleus
located at the center. The lack of any observable texture
in the molten region is due to a lack of contrast between
PBD and amorphous PEO blocks. Crystallization of
PEO in P(EO-b-BD) increases the refractive index of the
PEO domains and consequently changes the birefrin-
gence of the system so that the underlying block
copolymer morphology can be seen. Figure 4b shows an
enlargement of the texture in the crystalline region,
which is due to the grain structures of the microphase-
separated block copolymers. Optical images with the
same essential features have been reported by Balsara
and co-workers31 in fully amorphous poly(isoprene-b-
styrene) diblock copolymers.

The bright regions in Figure 4 are grains whose
optical axes are oriented at approximately (45° to the
polarizers. These images indicate that the size of the
grains of the microphase-separated block copolymer
morphology is about 5-20 µm. Figure 4a indicates that
the region of PEO crystallization originating from a
single nucleus can be 500 µm or larger in diameter.
Thus, the growth of crystallites is found to propagate
across grain boundaries and to encompass many differ-
ently oriented grains. This is possible due to the grain
boundary morphologies in microphase-separated lamel-
lar systems which provide for continuity of domain
structure across the boundaries.29,30,32-34

The crystalline region in Figure 4 does not show the
characteristic Maltese cross, typical of spherultic tex-
tures, such as those formed by PEO homopolymer.

Similar lack of the Maltese cross pattern has been
previously reported by Wittmann et al. in the study of
poly((ethylene oxide)-b-styrene) (P(EO-b-S)) block co-
polymers,35 where it was termed pseudomorphosis.
Psudomorphosis is a term originally meant to describe
crystallization confined within a preexisting liquid
crystalline texture.36 We conducted similar optical
microscopy studies on P(EO-b-BD) samples crystallized
at temperatures ranging from 20 to 50 °C. The effect of
crystallization temperature on block copolymer grain
structure is beyond the scope of the current paper, but
the results observed at all temperatures were qualita-
tively similar to those reported here.

The crystallization characteristics of PEO in the block
copolymer were investigated by DSC and SAXS. Results
including Tm, ∆H, and domain spacing l of the samples
crystallized at various temperatures (Tc) are sum-
marized in Table 1. Figure 5 shows the DSC heating
curves for the P(EO-b-BD) block copolymer crystallized
isothermally between 30 and 50 °C. The DSC heating
rate was 1 °C/min. Crystallization temperatures of 52
°C or higher do not produce observable crystallinity even
after an extended period of time and with the use of
self-seeding methods. ∆H was found to be essentially
independent of Tc. Using the heat of fusion for an
infinite, perfect PEO crystal (∆Hf°) obtained by Buckley
and Kovacs37 via extrapolation of experimental results

Figure 4. Optical micrographs of P(EO-b-BD) under cross-
polars. (a) Crystal growth at 45 °C. (b) Enlarged image taken
inside the crystallized area in (a).

Table 1. Summary of DSC and SAXS Results on
P(EO-b-BD) Block Copolymer Samples Crystallized

Isothermally at Various Temperaturesa

Tc (°C) Tm
a(°C) Tm

b(°C) ∆H (J/g) L0 (nm) LPEO (nm)

34 52.1 52.7 165 21.5 10.3
38 52.2 42.8 163 21.6 10.4
40 52.4 52.9 162
42 52.6 53.1 165 22.4 10.8
44 52.8 53.4 165
46 53.0 53.6 167 23.2 11.1
48 53.3 53.8 169 23.8 11.4
49 53.5 54.1 167
50 53.7 54.3 169 24.9 12.0
51 53.9 54.6 167
a Tc ) isothermal crystallization temperature; Tm

a ) onset
temperature of the primary melting peak; Tm

b ) peak temperature
of the primary melting peak; ∆H ) heat of fusion, normalized to
the weight of PEO in the block copolymer; L0 ) lamellar domain
spacing measured by SAXS; LPEO ) PEO crystalline chain length
calculated based on volume fraction and percentage crystallinity.

Figure 5. DSC melting endotherms of P(EO-b-BD) after
isothermal crystallization at the various crystallization tem-
peratures indicated.
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on PEO homopolymer (188.9 J/g), the degree of crystal-
linity of PEO in P(EO-b-BD) was about 88%.

For isothermal crystallization below 44 °C, the sub-
sequent heating curves (Figure 5) show two melting
endotherms. The first peak has an onset temperature
at 52.2 °C while the onset temperature of the second
peak is at 54 °C. The position of the second melting
endotherm does not change noticeably as the crystal-
lization temperatures varies from 34 to 42 °C. This
indicates that this higher temperature endotherm may
correspond to a population of integrally folded crystal-
lites. Figure 7 shows a series of heating curves for
samples all crystallized at 34 °C but subject to different
heating rates in the DSC. As the heating rate increases,
the ratio of the first peak to the second peak increases
dramatically. Therefore, it can be concluded that these
higher melting crystallites were not formed during the
initial crystallization process. Instead, they result from
thickening of the existing crystallites during heating in
the DSC. At higher heating rates, there is less time for
crystallite thickening, and the area under the higher
melting peak decreases. With decreasing degree of
undercooling, as shown in Figure 5, the intensity of the

second melting peak decreased, indicating less crystal-
lite thickening.

Figure 6 shows SAXS data for the block copolymer in
the molten and crystalline states. The samples were
prepared in the DSC instrument at different isothermal
crystallization temperatures. The lamellar long period
in the melt at 80 °C is 16.4 nm. Figure 8 is a plot of
experimentally measured P(EO-b-BD) lamellar repeat
spacings (l) as a function of temperature (T) in the
molten state. From the plot, l was found to scale as
T-0.35, which agrees closely with the theoretically pre-
dicted38 scaling of T-1/3. Taking this temperature effect
into consideration, a hypothetical P(EO-b-BD) sample
in the molten state at 34 °C would have a domain
spacing of 17.2 nm. The crystallization of the PEO
blocks results in an increase in lamellar long period of
about 4 nm over the lamellar spacing of the hypothetical
amorphous system at 34 °C. In the lamellar morphology,
the thickness of the PEO crystalline lamellae can be
calculated by multiplying the long period by the PEO
volume fraction. The volume fraction of crystalline PEO
in the block copolymer, considering 88 wt % crystallin-
ity, is about 48%. Therefore, the calculated PEO crystal-
line lamellar fold length, when crystallized at 34 °C, is
about 10.5 nm. PEO homopolymer is known to crystal-
lize in a 72 helical structure with a chain axis repeat
distance of 1.95 nm,28 corresponding to 0.28 nm per
monomer unit. Thus, the fully extended, crystalline
chain length of our 5600 g/mol PEO blocks is about 35.6
nm. Consequently, the PEO blocks crystallized at 34 °C
are folded to produce at least three chain stems per
molecule.

For Tc higher than 46 °C, a small shoulder appeared
at higher Tm in the DSC melting curves shown in Figure
5. The SAXS data in Figure 6 show a corresponding
lower q shoulder on the Bragg peaks, indicating the
presence of a minority population of thicker crystallites
in the samples crystallized at 46, 48, and 50 °C. Both
the Tm and the size of the crystals corresponding to
these small shoulders increased with increasing Tc. This
suggests another population of nonintegral folded crys-
tallites but with a slightly larger fold length. This
phenomenon has been previously reported by Cheng and
co-workers,39 where it was suggested that it might be

Figure 6. SAXS data for P(EO-b-BD) in both the molten and
crystalline states. Crystallization conditions as indicated.

Figure 7. Effect of heating rate on DSC melting endotherms.

Figure 8. Lamellar long spacing as a function of tempera-
ture: ([) samples in the molten state; (b) samples in the
crystalline state.
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related to fluctuations in the fold length of the initial
nuclei.

Discussion
TEM observation of block copolymer grain structure

and the absence of spherultic texture in optical micro-
graphs indicate that crystallization occurs within the
confinement imposed by the preexisting microphase-
separated morphology. Because of the flexibility of the
amorphous PBD block in P(EO-b-BD), thickening of the
PEO domains can occur upon crystallization (Figure 8)
without major disruption of the microphase-separated
lamellar organization. This behavior is in contrast to
that of poly((ethylene oxide)-b-styrene)20,21 or poly-
(ethylene-b-styrene)8,40 block copolymers, where the
rigid PS domain prohibits any dimensional change of
the morphology during crystallization.

TEM and electron diffraction indicate that the model
shown in Figure 1 is fairly representative of the P(EO-
b-BD) structure. The amorphous PBD blocks and crys-
talline PEO blocks share a common interfacial area per
chain. Increasing the thickness of the crystalline lamel-
lae will decrease the area per diblock at the P(EO-b-
BD) interface and thus will cause stretching of the
amorphous PBD chains. The interaction between an
enthalpic driving force to minimize the fold surface
energy and the entropic term from stretching of the
amorphous chains will result in an equilibrium struc-
ture which has folded chain crystallites. This clearly
differs from the equilibrium structure of homopolymers
where the extended chain crystals are the most stable
species. However, crystallization is heavily influenced
by kinetics, and the equilibrium state often cannot be
achieved experimentally. However, analysis of a series
of data taken at decreasing undercoolings, of the type
presented here, can be used to estimate properties of
the equilibrium structure.

The crystallization and melting behavior of PEO
homopolymer have been extensively studied.37,39,41-44

For low molecular weight PEO, crystallites with an
integral number of folds are much more stable than
nonintegral folded crystallites, and thus nonintegral
folded chains will transform to integral folded crystals
via isothermal thickening or thinning processes.24,39 As
a result, the DSC heating curves of low molecular
weight PEO usually consist of multiple melting endo-
therms corresponding to different populations of PEO
crystallites with different integral fold numbers.37 Chang-
ing the undercooling results in stepwise changes in
crystallite thickness from one integrally folded state to
another and in several distinctively different melting
temperatures (Tm) as a function of different isothermal
crystallization temperature (Tc).

In the present study, monotonically increasing melt-
ing temperatures with decreasing degrees of undercool-
ing were observed, suggesting that the thickness of the
folded chain crystals changed continuously. The DSC
results were consistent with the SAXS measurements,
where a continuous increase in lamellar spacing with
decreasing undercooling was observed. The Tm and long
period are plotted vs Tc in Figure 9. The results clearly
indicate that for P(EO-b-BD) block copolymers that the
PEO fold lengths and the corresponding melting tem-
peratures are Tc dependent and that there does not
appear to be a special preference for integral folding of
PEO crystalline chains.

The equilibrium melting temperature (Tm*) of a
polymer can be estimated by the Hoffman-Weeks

method.45 Extrapolating the measured Tm vs Tc curve
to Tm ) Tc, assuming a constant thickening ratio (â)
with respect to the initial nuclei, results in Tm* ∼ 54.8
°C, which is much lower than the equilibrium melting
temperature (64 °C) of 6000 g/mol PEO homopolymer.37

This method allows for some estimation of Tm*. How-
ever, strictly speaking, the Hoffman-Weeks extrapola-
tion is only suitable for homopolymers because it does
not consider the entropic contribution of the amorphous
block. In addition, using the Hoffman-Weeks extrapo-
lation, we cannot obtain the equilibrium lamellar spac-
ing.

A thermodynamic analysis of the melting process of
the P(EO-b-BD) block copolymers is carried out, which
assumes equilibrium and thus equates the chemical
potentials of the system in the molten and crystalline
states at Tm. The Gibbs free energy in the crystalline
state is the sum of the contributions from the interfacial
energy between PEO and PBD, the conformational
energy of the amorphous PBD chains, and the enthalpy
and entropy changes on the formation of crystalline
PEO. The Gibbs free energy in the melt is the sum of
the contributions from the interfacial energy between
PEO and PBD in the molten state and the conforma-
tional energies of amorphous PEO and PBD chains.
Equating chemical potentials and simplifying, the fol-
lowing relationship between melting temperature (Tm)
and morphological structure is obtained:

In this equation, for component i, Ni is the degree of
polymerization, ṽi is the molar volume of segments, and
Ri is the unperturbed chain dimension. The brush

Figure 9. Melting temperature (Tm) and lamellar long period
dependence on the crystallization temperature (Tc). The Tm )
Tc line is also shown in the plot. The dash line is the
extrapolation of the experimental Tm data to Tm ) Tc based
on the Hoffman-Weeks method.
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heights for component i in the crystalline and melt
states are Li and li, respectively. The interfacial energies
between the PEO and PBD in the crystalline and
amorphous states are γc and γa, respectively. The heat
of fusion of a perfect, infinitely thick PEO homopolymer
crystal is ∆Hf°, and its melting temperature is Tm°(∞).
The universal gas constant is R*. The difference be-
tween eq 1 and the derivation of Ashman and Booth46

is that eq 1 applies to melting from a semicrystalline
structure into a microphase-separated state while the
Ashman and Booth model melts into a homogeneous,
non-microphase-separated state.

LPBD, lPBD, and lPEO were obtained from SAXS mea-
surements of the lamellar long period and a knowledge
of component volume fractions. The interfacial free
energy in the melt state γa is estimated47 to be about
1.7 kT/nm2. The typical interfacial energy for fully
amorphous, microphase-separated block copolymers34

such as poly(styrene-b-butadiene) is on the order of 1
kT/nm2. The interfacial free energies in the crystalline
state, γc, are difficult to measure. However, eq 1 can be
fitted to an experimentally determined plot of Tm vs
LPEO using γc as an adjustable parameter. The plot is
shown in Figure 10. The solid line gives the fitted curve
in the region were experimental data are available; this
fitting provides an estimate of the interfacial energy in
the crystalline state: γc ≈ 16 kT/nm2. For comparison,
the surface energy of homopolymer PEO crystallites in
a PEO melt was reported to be 7.5 kT/nm2 by Buckley
and Kovacs.37 The crystal/amorphous interfacial energy
as obtained by Ashman and Booth46 for a miscible PEO/
PPO block copolymer system is about 4.4 kT/nm2.
Presumably, our value of γc is higher because it results
from both the difference between crystalline and amor-
phous material and a difference in chemistry between
PEO and PBD. Our results, considering the simplicity
of the treatment, are in good agreement with previously
reported data.

The dashed part of the curve in Figure 10 represents
the theoretical model embodied in eq 1 with the inter-

facial energy parameters obtained by fitting the experi-
mental data. This curve shows a maximum at Tm ) 57.7
°C. This indicates that in a crystalline/amorphous block
copolymer, if the crystalline lamellar thickness becomes
longer than a limiting value (18.9 nm), the melting
temperature of the structure is reduced as unfavorable
stretching of the amorphous chains begins to dominate.
Consequently, the maximum in Tm corresponds to the
melting temperature of crystalline/amorphous block
copolymers in their most stable state. Thus, the equi-
librium thickness for the crystalline PEO block is about
18.9 nm. In addition, the equilibrium melting temper-
ature of the P(EO-b-BD) studied in this report is
estimated to be 57.7 °C, which is a considerable depres-
sion relative to that of PEO homopolymer of the same
molecular weight. SAXS results in Figure 8 indicate that
the amorphous PBD chains are considerably more
stretched when the PEO block is crystallized than when
the PEO block is in the melt state. Thus, melting of PEO
block of the copolymer will release entropic energy
stored in the amorphous chain, further depressing the
observed melting point. Consequently, the observed
decrease of the P(EO-b-BD) melting point relative to
PEO homopolymer results from a reduction of both the
crystalline thickness and the entropy of stretched
amorphous chains.

Conclusions

The morphology of a symmetric block copolymer
P(EO-b-BD) was found via TEM and electron diffraction
to consist of strictly alternating PEO and PBD layers
with PEO crystalline chain oriented normal to the
microphase-separated domain interface. Optical micros-
copy indicated that the confinement of PEO by the
microphase-separated structure suppressed the forma-
tion of spherulitic texture during crystallization. The
PEO block was found to have a high crystallinity, about
88%. Thus, the structure of this block copolymer in the
solid state can be best described by the theoretical model
proposed previously.2,5 The crystallization of PEO in the
diblocks results in nonintegral folded crystallites, and
chain stretching energy in the amorphous blocks pre-
vents the formation of extended chain PEO crystallites.

By using the methods discussed in this paper, melting
temperature and structural information on the equilib-
rium state of P(EO-b-BD) can be obtained. This study
only utilized a single block copolymer of given molecular
weight. To study the scaling behavior of the equilibrium
state for these systems, for comparison to theory, this
work would need to be extended to encompass a series
of samples of varying molecular weights. The present
work indicates that the P(EO-b-BD) system is a good
model system in achieving such a task.
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