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ABSTRACT: The structure and dynamics of structure formation have been studied in model triarm star
block copolymers composed of two crystallizable blocks (poly(ethylene oxide) (PEO) and poly(ε-caprolactone)
(PCL)) and one amorphous block (polystyrene (PS)). Crystallization starts from the homogeneous phase.
For the structure investigation, X-ray scattering, optical microscopy, and atomic force microscopy have
been employed, whereas for the kinetics, we have used differential scanning calorimetry, optical
microscopy, and rheology. In the stars, there is a competition for crystallization between the two
crystallizable blocks which have similar mobilities and melting temperatures but crystallize in different
unit cells (monoclinic vs orthorhombic). When the crystallizable block length ratio is 3 or higher, only
the longer block will crystallize. For comparable lengths both blocks can crystallizeshowever, not within
the same moleculesbut the crystallinity, long period, and crystalline lamellar thickness are reduced with
respect to the pure PEO and PCL. The latent heats, obtained in the isothermal crystallization calorimetric
experiments, are analyzed in terms of the Avrami theory. Although similar Avrami exponents were found
for all stars (n ) 2, reflecting a disklike growth from heterogeneous nuclei), the crystallization times
were different depending on the nature of the crystallizable blocks. Optical microscopy revealed the
formation of different superstructures (spherulites/axialites) depending on the type of crystallizable block
(PEO/PCL). The growth rates of these superstructures were obtained and analyzed in terms of a kinetic
nucleation theory, and the fold surface free energies were extracted. Notwithstanding the larger specific
surface of bulk PCL as compared to that of PEO, the fold surface free energies in the stars were similar
to that in PEO, indicating a pure PEO crystal and mixing of the amorphous blocks with the PCL crystal.
This is supported from the results of the atomic force microscopy measurements on thin films, which
have indicated the formation of perforated PCL crystals.

Introduction

The process of crystallization is of fundamental
importance to the applications of semicrystalline ho-
mopolymers. For example, the final optical and me-
chanical properties of polymers are controlled by the size
of spherulites and overall crystallinity, which are again
controlled by the type of nucleation, the growth rate,
and the characteristics of the individual folded chains
(i.e., fold surface free energies). The structure and
dynamics of structure formation (crystallization) in
semicrystalline polymers have been studied exten-
sively.1,2 Recently, such polymers have been combined
with amorphous polymers to form crystalline/amor-
phous diblock copolymers. Block copolymers composed
of two amorphous blocks exhibit a rich phase behavior
which is controlled by the volume fraction (f), the
product of the interaction parameter (ø) with the total
degree of polymerization (N), and the architecture.3,4

The thermodynamic interaction parameter can be ef-
fectively triggered by a suitable combination of amor-
phous and semicrystalline polymers. Block copolymers
composed of amorphous and crystallizable blocks enable
the preparation of nanoscale semicrystalline materials,
i.e., materials with enhanced mechanical properties.
Furthermore, such materials can develop structure over
a range of length scales, from the unit cell structure of

the crystalline block to the microdomain length scale
to the spherulitic scale.

Although such block copolymers have been synthe-
sized and investigated mainly by scattering techni-
ques,5-11 the effect of chain topology and architecture
on block copolymer crystallization is totally unexplored.
Furthermore, there are only a very few studies on block
copolymers composed of two crystallizable blocks. In
the first such study by Skoulios et al.,12 the structure
of triblock copolymers of poly(ε-caprolactone)-poly-
(ethylene oxide)-poly(ε-caprolactone) (PCL-PEO-PCL)
was investigated. In these linear block copolymers, both
blocks were able to crystallize. In a more recent study,13

diblocks of PEO and PCL rich in PCL were investigated.
In the latter system only the PCL block could crystallize.

Recently, the synthesis of model triarm star block
copolymers (known also as heteroarm or miktoarm
stars) composed of two crystallizable blocks and one
amorphous block has been reported.14 Such materials
provide the possibility of triggering the thermodynamic
parameters and altering the phase state using known
blocks but combined to form a new architecture. An
obvious application of these new materials would be as
combatibilizers of amorphous and semicrystalline blocks.
In fact, they can combatibilize two semicrystalline
blocks with an amorphous one. Such a system, how-
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ever, is very complex by construction. An ABC star
block copolymer comprised of two semicrystalline blocks
(A and B) and an amorphous block (C) contains three
amorphous phases (with the corresponding glass transi-
tion temperatures Tg

A, Tg
B, and Tg

C) and two crystalline
phases (with the corresponding equilibrium melting
temperatures T°m,A and T°m,B). In addition, there will be
another temperature of interest, namely, the order-to-
disorder transition temperature for the block copolymer.
Moreover, in the most general case, three interaction
parameters are needed to predict the phase behavior:
øAB, øBC, and øAC. Clearly, such a system, despite being
attractive, is not the best to start such an investigation.

For the present investigation we are employing one
of the simplest possible star block copolymers composed
of two crystallizable blocks. The crystallizable blocks
are PEO and PCL, which are sensitive probes of
crystallization, and the amorphous block is polystyrene
(PS). This system is much simpler; the glass transition
and equilibrium melting temperatures of PEO and PCL
are similar. Moreover, PS and PCL are compatible in
the melt state,15,16 and the star structure with PEO is
likely to increase the intrinsic compatibility of the
system.4,17,18 However, despite these similarities, PEO
and PCL have some differences, which make the choice
of the system a unique one: they crystallize in different
unit cells19,20 (monoclinic vs orthorhombic), have dis-
tinctly different specific area requirements for their
folded chains (σe

PCL . σe
PEO, where σe is the fold surface

free energy), and form different superstructures (spher-
ulites vs axialites). This richness in the crystal struc-
tures of PEO and PCL, ranging from the unit cell to
the crystal superstructure, is of primary importance for
the present investigation and is used as a fingerprint
for the crystallizable block. Herein, we investigate the
structure and dynamics of structure formation in a
series of model star block copolymers based on PS, PEO,
and PCL using X-rays, calorimetry, rheology, optical
microscopy, and atomic force microscopy.

Experimental Section

Materials. The homopolymers (PEO and PCL) and
diblock copolymers (PEO-PCL and PS-PEO) were
synthesized by anionic polymerization following stan-
dard procedures. Triarm star block copolymers were
obtained by two successive initiation steps on a bifunc-
tional macroinitiator.14 This route of synthesis avoided
reaction between polymeric species and thus led to well-
defined triarm star block copolymers of high molecular
weight (up to 260 000) without containing any measur-
able amounts of homopolymers or diblock copolymers.
The molecular characteristics of the block copolymer

stars are given in Table 1. Details on the synthesis and
characterization can be found elsewhere.14

Optical Microscopy. Thin films (30-200 nm) of the
samples were prepared by spin-coating from dried
toluene solutions. Solutions were spread out by cen-
trifugal force, resulting in a micrometer thick film of
solution. A smooth solid polymer film was formed by
evaporating the solvent. These samples were then
introduced into a hotplate, purged with nitrogen, under
a Leitz-Metallux 3 optical microscope. No polarization
or phase contrast was used. Contrast is due to the
interference of the reflected light at the substrate/film
and film/air interface. We have followed the growth of
spherulites in real time by capturing the images by a
CCD camera. The kinetic experiments were made by
making T-jumps from a temperature in the range 343-
353 K (i.e., only a few degrees above the melting point).
This was necessary in order to reduce the cooling period
and to use self-seeding for the nucleation process. At
the final crystallization temperatures, we have followed
the diameter of the spherulites and the long and short
axes of axialites (see below) as a function of time to
obtain the growth rates.

X-ray Scattering. Both WAXS and SAXS measure-
ments have been performed. The WAXS measurements
were carried out with a Siemens θ-θ diffractometer
(Model D500T) in the reflection geometry. The Cu KR
radiation was used from a Siemens generator (Kristal-
loflex 710 H) operating at 35 kV and 30 mA, and a
graphite monochromator was utilized in front of the
detector (λ ) 0.154 nm). Measurements were made in
the 2θ range from 4 to 60° in steps of 0.01°. We have
used the following thermal history: samples were first
heated above the melting temperature (to erase any
history) and slowly cooled to room temperature, where
they were given sufficient time to crystallize. All
measurements were made by heating from ambient
temperature to the melting temperature. The scatter-
ing profiles at the two highest temperatures are shown
in Figure 1.

Differential Scanning Calorimetry (DSC). A
Polymer Laboratories DSC capable of programmed
cyclic temperature runs over the range 113-673 K was
used. Isothermal kinetic experiments have been per-
formed to follow the crystallization of the crystallizable
components in the stars. First the samples were heated
to a temperature (Ti ) 348 K) located well above the
equilibrium melting points of all samples. Then we
performed T-jumps to different final temperatures with
a cooling rate of 10 K/min. The final temperatures were
in the range 314-319 K for the samples PS-PEO, SEL-
4.7/20/1.8, and SEL-4.7/20/87 and in the range 309-
314 K for SEL-4.7/20/45. During the crystallization
process, we monitored the time dependence of the
(single) exothermal peak. After the completion of the
crystallization process, the samples were heated to the
initial temperature (348 K) at 10 K/min. During heat-
ing we obtained the apparent melting temperatures
from the peak of the endothermal processes. These
apparent melting temperatures were subsequently cor-
rected for the heating rate. For this purpose all samples
were crystallized at 303 K from the initial temperature,
and the apparent melting temperatures were obtained
by using different heating rates: 0.2, 0.5, 1, 2, 5, and
10 K/min. The apparent melting temperature at this
crystallization temperature was obtained by linear
extrapolation. Typically, a heating rate of 10 K/min
results in a higher apparent melting temperature as

Table 1. Molecular Characteristics of the
Homopolymers, Diblocks, and Triarm Star Block

Copolymers

sample
Mn(PS)
× 103

Mn(PEO)
× 103

Mn(PCL)
× 103

Mn(total)
× 103 Mw/Mn

PEO 15 15 1.3
PCL10 10
PCL42 42.5 1.45
PEO-PCL 15 5 20 1.5
PS-PEO 4.7 20 24.7 1.16
SEL-4.7/20/1.8 4.7 20 1.8 27 1.15
SEL-4.7/20/10 4.7 20 10 35 1.27
SEL-4.7/20/45 4.7 20 45 70 1.19
SEL-4.7/20/87 4.7 20 87 112 1.29
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compared to the slowest heating rate of 0.2 K/min of
about 3 K. Subsequently, all apparent melting points
were corrected for the effect of heating rate.

Rheology. An advanced rheometric expansion sys-
tem (ARES) equipped with a force-rebalanced trans-
ducer was used in the oscillatory mode to measure the
storage (G′) and loss (G′′) moduli. A parallel-plate
sample geometry was used with a diameter of 8 mm and
a sample thickness of about 1 mm. Two types of
experiments have been performed: (i) isochronal tem-
perature heating and cooling scans at ω ) 1 rad/s with
a heating rate of 0.3 K/min and (ii) isochronal/isother-
mal time scans at ω ) 1 rad/s and different final
temperatures as in the DSC experiments. In particular,
the slow heating rate in the former experiment was
chosen to be comparable with the heating rate used in
the DSC experiments for the determination of the
apparent and equilibrium melting temperatures.

Atomic Force Microscopy (AFM). Measurements
were performed with a Nanoscope IIIa (Digital Instru-
ments) in the tapping mode at ambient conditions. We
used Si tips on cantilevers with a resonant frequency
of about 300 kHz. Scan rates were between 0.2 and 1
Hz. Topographic (height mode) and viscoelastic (phase
mode) measurements were simultaneously recorded. It
should be noted that semicrystalline polymers are well
suited for the use of the “phase mode” since the
differences in viscoelastic properties between crystalline
and amorphous regions are large. All samples were first

crystallized under an optical microscope at a constant
temperature.

Results and Discussion

Structure. The structure and phase state of the
stars have been investigated by SAXS, WAXS, and
synchrotron simultaneous SAXS/WAXS measurements.
The absence of higher order reflections in the SAXS data
revealed that the stars form a homogeneous phase in
the melt.21 Hence, crystallization in these systems
starts from the homogeneous melt. This finding is not
surprising given the compatibility of PS with PCL15,16

and the star architecture which enhances the compat-
ibility of the blocks;4,17,18 i.e., (øN)star > (øN)diblock, which
implies that the TODT of a star is lower than that for a
diblock made of the same blocks. Some representative
WAXS spectra for the different samples are shown in
Figure 1. It is evident that, depending on the block
length ratio, different Bragg reflections are present in
the spectra. The crystal structure of PEO is mono-
clinic19 with a unit cell parameter of 1.93 nm along the
helix axis, whereas PCL is orthorhombic20 and the
chains assume a planar all-trans conformation. There-
fore, the Bragg reflections of the two polymer crystals
are distinctly different, and this structural property will
be used as a fingerprint of the crystallizable block and
its crystallinity. In the PS-PEO and PEO-PCL diblocks
as well as in the star SEL-4.7/20/1.8, the Bragg reflec-
tions correspond solely to the PEO crystals. Alterna-

Figure 1. Wide-angle X-ray scattering intensity profiles for the two diblocks PS-PEO and PEO-PCL and four of the star block
copolymers at two temperatures as indicated: (O) below the equilibrium melting point; (solid line) T above the melting point.
Notice that the Bragg reflections for the SEL-4.7/20/87 sample correspond to the PCL lattice of the crystal structure (orthorhombic)
and those for PS-PEO, PEO-PCL, and SEL-4.7/20/1.8 to the PEO lattice (monoclinic). For SEL-4.7/20/10 and SEL-4.7/20/45,
there are two sets of Bragg reflections corresponding to the lattices of both PEO and PCL.
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tively, in SEL-4.7/20/87 the Bragg reflections are char-
acteristic of PCL crystals. For the stars with comparable
block lengths for the two crystallizable components, the
WAXS spectra show mixed reflections, indicating the
existence of both PEO and PCL crystals. On the basis
of the WAXS patterns, we conclude that in the stars
with a crystallizable block length ratio of 3 or higher
the longer block completely suppresses the crystalliza-
tion of the shorter one. However, when the block length
ratio is less than 3, then both blocks can undergo
crystallization.

This suppression of crystallization in the stars, where
only the longer block can crystallize, is at first glance
surprising. Based on thermodynamics, at a given (low)
crystallization temperature the thermodynamic driving
forces for crystallization of PEO and PCL are not very
different given the similarity in the equilibrium melting
points (see below). Furthermore, the growth rate of the
PEO crystals is higher than that of the PCL crystals
(see below), so on the basis of the equilibrium melting
temperatures and the growth rates alone, one would
expect that the PEO blocks always crystallize. How-
ever, this is not the case in SEL-4.7/20/87, where the
longer (PCL) block suppresses completely the PEO
crystallization. It is plausible that the longer block
offers more nucleation sites for the heterogeneous
nucleation process (see below with respect to the kinet-
ics), which upon crystallization restricts the available
space for the crystallization of the second block. In this
picture, spatial restrictions suppress the crystallization
of the shorter block.

On the basis of the WAXS data, we can obtain the
weight fraction of crystallinity Xc of PEO and/or PCL
from the area under the corresponding crystalline
reflections (Ic) and the amorphous halo (Ia) from

where Ic,i represents the crystalline intensity from one
of the components and w is the weight fraction of PEO
or PCL. Equation 1 is approximate; it assumes the
same scattering efficiency for the amorphous and crys-
talline material and ignores the diffuse scattering due
to crystal lattice imperfections and vibrations. The
crystallinities obtained in this way are plotted in Figure
2 as a function of the block ratio of the crystallizable
blocks NPCL/NPEO. The crystallinities in the PS-PEO
and PEO-PCL diblocks (which are not shown in Figure
2) are 51 and 46%, respectively. In the stars, the
crystallinity is reduced considerably; the most dramatic
reduction occurs for PCL under conditions where both
blocks crystallize. In these cases (samples SEL-4.7/20/
10 and SEL-4.7/20/45) the crystallinity of the PCL phase
is below 20%. As we will discuss later with respect to
the kinetic studies, the reduction is associated with
mixing within the PCL phase.

The long period (i.e., the average distance of lamellar
crystals separated by amorphous regions) and crystal
thickness were also found to be affected in the stars
relative to the pure components. The results shown in
Figure 3 give the long period D ()2π/Q*) for the diblocks
and the star block copolymers as a function of the ratio
of the degrees of polymerization of the amorphous and
crystalline parts. The main peak at Q* was extracted
from the Lorentz-corrected SAXS data which are shown
in the inset. The number of chain folds can be obtained

from the thickness of a fully extended (integral folding
(IF) ) 0) PEO chain (λmax ) (Mn

PEO/Mn
EO) × 0.278 nm).

The values for the total thickness of the crystalline
domains and the crystalline lamellar thickness of PEO,
λ, are given in Table 2. For the calculation of the PEO
crystalline lamellar thickness, we have used the Gibbs-
Thomson equation,1,2,22 which relates the melting point
depression to λ:

where Tm
0′ and Tm

0 are the equilibrium melting points
in the stars (see below) and in the bulk PEO (Tm

0 )
343 K), respectively, σe is the fold surface free energy,
and ∆Hf is the heat of fusion (230 J/cm3).22 The results
for the long period (Figure 3) and the crystalline
lamellar thickness (Table 2) reveal that in the stars the
long period and crystal thickness are substantially

Xc )
Ic,i

Ic,i + wIa
(1)

Figure 2. Weight fraction of PEO (filled symbols) and PCL
(open symbols) crystallinity plotted as a function of the ratio
of the degrees of polymerization NPCL/NPEO: (4) SEL-4.7/20/
1.8, (3) SEL-4.7/20/10, (0) SEL-4.7/20/45, (O) SEL-4.7/20/87.

Figure 3. Long period obtained from the SAXS peak of the
Lorentz-corrected data (shown in the inset for three samples),
as a function of the ratio of the degrees of polymerization of
the amorphous and crystallized blocks: (b) PEO-PCL (15/5),
(0) PS-PEO (4.7/20), (4) SEL-4.7/20/1.8, (3) SEL-4.7/20/10,
(O) SEL-4.7/20/87, (]) SEL-4.7/20/45.

Tm
0′ ) Tm

0(1 -
2σe

∆Hf

1
λ) (2)
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reduced and the magnitude of the reduction depends
on the ratio Namorphous/Ncrystallized.

Use of eq 2 to obtain the crystalline lamellar thickness
requires knowledge of the fold surface free energies and
the equilibrium melting temperatures. To obtain the
surface free energies, we have employed optical micros-
copy, whereas for the equilibrium melting temperatures,
calorimetry and rheology have been used. DSC is a
commonly used method to determine equilibrium melt-
ing temperatures; recently it has been shown that
rheology can also be used for the same purpose.11 In
DSC, we have monitored the time dependence of crys-
tallization at different temperatures and then performed
heating runs with different heating rates in order to
extract the apparent melting temperatures from the
position of the (single) endothermal peak. These tem-
peratures were then corrected for the finite heating rate.
Slow heating and cooling rates were also used in
rheology (0.3 K/min), where we monitored the storage
and loss moduli at isochronal conditions (1 rad/s)
following isothermal/isochronal crystallization studies
at different final temperatures. A representative result
from the isochronal runs is shown in Figure 4 for the
SEL-4.7/20/1.8 sample. The sample was first quenched
from a starting temperature (Ti ) 353 K) to different
final temperatures, where it was set to crystallize.
During the isothermal crystallization the modulus
increased from about 1 Pa to 2 × 107 Pa, indicating

the transformation from the melt to the crystalline
superstructure. Subsequently, heating runs (at 1 rad/
s) were performed with the aim to melt the crystal
structure. The melting temperatures were obtained
from the decrease of the storage modulus upon melting.
There was a single (apparent) melting temperature for
all samples investigated, as there was a single endo-
thermal peak in the DSC experiment, even when both
blocks crystallized. It is the closeness of the equilibrium
melting temperatures of PEO and PCL which gives rise
to the single, albeit reduced, melting temperature in the
stars.

Clearly, there is a dependence of the (apparent)
melting temperature on the crystallization temperature,
which is a common feature of crystals away from
equilibrium. To obtain the equilibrium melting tem-
perature (Tm

0), we have used the known Hoffman-
Weeks method;1,2,23 the apparent melting temperature
Tm′ from both experiments is plotted as a function of
the corresponding crystallization temperature Tc, and
Tm

0 is obtained by extrapolation (Figure 5). This
procedure results in equilibrium melting temperatures
within the range 330-333 K in the stars. These values
are considerably smaller than the values for the ho-
mopolymers of PEO and PCL (MW ) 40 000),24 which
are shown in Figure 6. The solid line in the figure
indicates the value for the PS-PEO diblock. Evidently,
the melting point depression is mainly created by the
PS block. The star structure of the copolymers further
reduces the melting point, but to smaller extent. In
summary, we found that the condition for the PEO or

Table 2. Structural Parameters of the Diblocks and Triarm Star Block Copolymers

sample
long

period (nm)a
PEO domain

thickness dPEO (nm)b
PCL domain

thickness dPCL (nm)b

total thickness of
crystalline PEO
phase dc (nm)c

crystalline lamellar
thickness λPEO (nm)d

PEO-PCL-15/5 24.4 21.7 11.1
PS-PEO-4.7/20 28.8 25.9 14.7 7.2
SEL-4.7/20/1.8 27.3 24 8.7 6.3
SEL-4.7/20/10 17.1 13.1 2.6 6.1 6.4
SEL-4.7/20/45 15.3 7.8 6.7 2.9
SEL-4.7/20/87 13.2 7.9
a From the SAXS peak as D ) 2π/Q*. b Calculated from dPEO ) æPEOD (æPEO defined as NPEO/(NPEO + NPCL)). c Caclulated from dc )

Xc
DSCdPEO. d From the Gibbs-Thomson equation.

Figure 4. Isochronal measurements (ω ) 1 rad/s) of the
storage modulus G′ (open symbols) and loss modulus G′′ (filled
symbols) of SEL-4.7/20/1.8 obtained during heating (heating
rate: 0.3 K/min) following the crystallization at different
temperatures T (K): (O) 321, (0) 322, (4) 323, (3) 324, (])
325, (+) 326. The lines give the T dependence of G′ of the
spherulitic and melt phases, at some crystallization temper-
atures.

Figure 5. Hoffman-Weeks plot used in the determination
of the equilibrium melting point. The apparent melting points
are determined from DSC (filled symbols) and rheology (open
symbols): (squares) PCL, (triangles) PS-PEO, (circles) SEL-
4.7/20/1.8, (×) SEL-4.7/20/87, (down triangles) SEL-4.7/20/45,
(rhombuses) SEL-4.7/20/10. The solid line is the line Tm′ ) Tc.
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PCL crystallization in the stars is the value of the block
length ratio NPEO/NPCL. The crystallinity and crystal
thickness are reduced in the stars as compared to the
pure components, and when both blocks crystallize, the
crystallinity of PCL is less than half the PEO crystal-
linity. This structural information will be used as input
for the crystallization kinetics, below.

Crystallization Kinetics. There are different meth-
ods which can be employed to study the crystallization
kinetics in semicrystalline materials; calorimetry, opti-
cal microscopy, dilatometry, simultaneous SAXS/WAXS,
and more recently rheology have been employed for this
purpose. Here we report on the crystallization kinetics
as studied by the first two methods. The calorimetric
experiments were performed by heating the samples to
the initial temperature Ti ) 348 K followed by quenches
to different final temperatures below the equilibrium
melting point. The results from such kinetic experi-
ments are shown in Figures 7 and 8 for the PS-PEO-
4.7/20 diblock and SEL-4.7/20/87 star, respectively. We
have monitored the crystallization peak (exotherm) as
it develops with time. The exothermal peak was
integrated in slices so as to obtain the crystallinity X(t)
according to

where ∆H∞ and ∆Ht are the latent heats after t and on
complete crystallization (t ) ∞). The analysis of X(t)
was based on the Avrami theory,25 which treats the
primary crystallization and growth of spherulites. Dur-
ing primary crystallization, one can assume, to a first
approximation, that the degree of crystallinity within
the spherulites is constant. The theory takes into
account the impingement of the morphological units
(spherulites) which have statistically distributed cen-
ters. The fraction of molecules transformed into spher-
ulites is then given by

where z is the rate constant and n is a combined
function of the number of dimensions in which growth

takes place and of the order of the time dependence of
the nucleation process: homogeneous (n ∝ t1.0) vs
heterogeneous (n ∝ t0) process. The rate constant z
provides a quantitative check of the course of crystal-
lization, and normally the half-time of the process is
used:

which is a combined function of z and n. Therefore, a
comparison of the rates from different processes is
meaningful only if n is constant. Alternatively, the
exponent n provides only qualitative information on the

Figure 6. Equilibrium melting temperatures obtained from
Figure 5 plotted as a function of the PEO and PCL volume
fractions in the stars. The solid line gives the equilibrium
melting temperature of the diblock PS-PEO.

1 - X(t) )
∆H∞ - ∆Ht

∆H∞ - ∆H0
(3)

1 - X(t) ) e-ztn
(4)

Figure 7. Isothermal crystallization of PEO in the diblock
PS-PEO-4.7/20 obtained with DSC. The sample was first
heated to 348 K and quenched to different final temperatures
in the range 314-319 K. The inset gives the Avrami plot for
the volume fraction of crystalline material X(t) at different
crystallization temperatures (K): (1, O) 314, (2, 0) 315, (3, 4)
316, (4, 3) 317, (5, ×) 318, (6, X) 319. The solid lines are fits
to the Avrami equation with n ) 2 ( 0.1.

Figure 8. Isothermal crystallization in the star block copoly-
mer SEL-4.7/20/87 obtained with DSC. The sample was first
heated to 348 K and quenched to different final temperatures
in the range 314-319 K. The inset gives the Avrami plot for
the volume fraction of crystalline material X(t) at the different
crystallization temperatures: (1, O) 314, (2, 0) 315, (3, 4) 316,
(4, 3) 317, (5, ×) 318, (6, X) 319. The solid lines are fits to the
Avrami equation with n ) 2.2 ( 0.1.

t1/2 ) (ln 2
z )1/n

(5)
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nature of the nucleation and growth process; n ) 3
implies either a spherulitic growth from heterogeneous
nuclei or a disklike growth from homogeneous nuclei.
Similarly, n ) 2 implies either disklike (lamellar)
growth from heterogeneous nuclei or rodlike growth
from homogeneous nuclei.

The results of the Avrami analysis are shown in the
insets of Figures 7 and 8 for the PS-PEO-4.7/20 and
SEL-4.7/20/87 samples, which indicate straight and
parallel lines, implying a uniform crystallization mech-
anism. The lines are fits to the Avrami equation, and
the resulting values of n were 2 ( 0.1, 1.9 ( 0.1, 2.2 (
0.1, and 1.9 ( 0.2 for the samples PS-PEO-4.7/20, SEL-
4.7/20/1.8, SEL-4.7/20/87, and SEL-4.7/20/45, respec-
tively. A value of n ≈ 2 here implies a planar disklike
growth from heterogeneous nuclei for all the samples
investigated. Notwithstanding the similarity in the n
values, the characteristic times, t1/2, differ considerably.
The comparison is made in Figure 9 at the different
crystallization temperatures. The formation of a star
with the introduction of a short PCL block to the PS-
PEO diblock (SEL-4.7/20/1.8) has only minor effects on
the crystallization kinetics of the PEO block. Introduc-
ing a long PCL block (SEL-4.7/20/87) slows down the
kinetics of the (PCL) crystallization considerably, but
the slowest process occurs in the case of SEL-4.7/20/45
where both blocks can crystallize. In the latter case,
chain diffusion necessary for the formation of super-
structures (see below) is slowed down by an order of
magnitude as compared to the PS-PEO diblock. It is
possible that the crystallization of both blocks requires
transport of chains over long distances, as compared to
the molecular size, and possibly leads to heterogeneous
structures (see below). Earlier theoretical26 and experi-
mental27 studies have indicated that the mean diffusion
length increases as ∆T decreases (∆T is the supercool-
ing) and can be much longer than the molecular size.

A main disadvantage of this technique (DSC), how-
ever, is that, without prior information on the structure,
it is impossible to infer which one (or if both) of the
blocks is crystallizing. This is especially true in the
present case with the similar equilibrium melting points
of PEO and PCL. Optical microscopy (see below) and
simultaneous SAXS/WAXS measurements are required
to address this question. We have performed both

experiments, and we report here on the results from the
optical microscopy measurements (the detailed descrip-
tion of the synchrotron SAXS/WAXS measurements will
be reported in a subsequent publication21).

The optical measurements were made by continuous
monitoring of the crystallizing superstructures following
quenches to different crystallization temperatures. We
first investigated the crystallization of the pure PEO
and PCL and found that upon crystallization different
superstructures are formed: spherulites and axialites,
respectively. In the block copolymer stars we found that
spherulites (axialites) were formed when PEO (PCL)
was the majority component and the length ratio of PEO
to PCL was 3 or higher. For the stars with comparable
block lengths, both spherulites and axialites were
observed. This finding is in good agreement with the
WAXS results, which have shown the possibility that
both blocks can crystallize. We interpret the axialitic
(spherulitic) superstructure in the stars as composed
primarily from PCL (PEO) crystals. This picture im-
plies a very heterogeneous distribution of star mol-
ecules; in one population only the PCL blocks can
crystallize and the PEO blocks remain amorphous
notwithstanding the large supercooling; in the other
population, only the PEO blocks can crystallize and the
PCL blocks remain amorphous. This crystal selection
mechanism results in a kind of macrophase separation
between unlike crystals (i.e., crystallization-driven mac-
rophase separation) and probably results in the slow
kinetics shown in Figure 9. To check this point further,
we have investigated the optical micrographs (see
Figure 10 below) with respect to the nucleation sites
for the PCL axialites and the PEO spherulites. We
found that the nucleation sites of spherulites were much
fewer and completely independent from the position of
the axialites, indicating a heterogeneous distribution of
PEO- and PCL-like crystal sites.

The different shapes of the superstructures provide
an efficient way to study the crystallization kinetics by
optical microscopy. We have followed the increase of
the spherulitic radius and of the long and short axes of
axialites with time. In any case, the dependence of the
radial and axial growth on time was linear and the
growth rates were obtained from the slopes (in the case
of axialites, we have used an average growth rate from
the long and short axes). Some representative optical
micrographs for the SEL-4.7/20/10 sample are shown
in Figure 10 (top). The sample, which was initially at
343 K, was quenched to 313 K, and the growth of
superstructures was monitored after 11, 14, and 15 min.
At 11 min, only PCL axialites exist which grow with a
very slow rate as indicated by the small increase in size
at the later intervals. At about 14 min, the PEO blocks
start to crystallize and the crystallization front moves
rapidly and completely fills the space. This shows that
the PEO crystal growth is much faster as compared to
PCL. Furthermore, we have investigated the effect of
annealing at temperatures intermediate between the
melting points of the PEO and PCL. We found that
melting the sample in the vicinity of the PEO melting
temperature, and subsequently quenching to 313 K,
results in the formation of PEO spherulites only (Figure
10, bottom). In the case of axialites, we have investi-
gated the dependence of asphericity on the crystalliza-
tion temperature and found that the higher the super-
cooling, the smaller the departure from spherulitic
structure; for example, in SEL-4.7/20/87 and for a
supercooling of 25 K the ratio of the growth velocities
is 1.5 as compared to 3 for a supercooling of 15 K.

Figure 9. Characteristic crystallization times plotted as a
function of the crystallization temperature for the diblock PS-
PEO and three stars: (b) PS-PEO 4.7/20, (O) SEL-4.7/20/1.8,
(4) SEL-4.7/20/87, (3) SEL-4.7/20/45.
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However, the axialitic shape in the stars was preserved
at all temperatures investigated, in contrast to the PCL
homopolymer.

The resulting growth rates for PEO, PCL, and the
stars are plotted in Figure 11 as a function of the
crystallization temperature. Clearly, there is a large
difference in growth rates between the pure compo-
nents, and this provides the means to separate the
different rates in the block copolymer stars. The effect
of the amorphous PS block in the PS-PEO diblock is
to slow down the growth rate as compared to the bulk
PEO. Introducing a short PCL block to form the SEL-
4.7/20/1.8 star has nearly no effect on the spherulitic
growth rate. In the case of SEL-4.7/20/87, the growth
of axialites is somewhat faster than that of the pure
PCL at the same crystallization temperatures and
similar to the growth rates of axialites in SEL-4.7/20/
45. For SEL-4.7/20/10, where PEO and PCL crystal-
lization results in the formation of spherulites and
axialites, respectively, the two growth rates were modi-
fied; axialites grew with a rate similar to that of the
pure PCL, whereas spherulites grew with a rate inter-
mediate between PEO and PCL. As we discussed
earlier, the two growing superstructures reflect different
regions where only PEO crystals are formed and PCL
remains amorphous and others where only PCL crystals

could be formed by suppressing the crystallization of
the PEO.

Figure 10. Top: Optical micrographs showing the crystallization of PCL and PEO in the star SEL-4.7/20/10. The sample was
initially at 343 K and then cooled to 313 K, where it was kept for (A) 11, (B) 14, and (C) 15 min. The axialitic superstructure
reflects the crystallization of the PCL block. In parts B and C there is a rapidly moving (spherulitic) crystallization front from the
PEO blocks. The bar in the lower left corner indicates 25 µm. Bottom: Optical micrographs of the same sample obtained through
a different history. The sample was heated to 328 K and then cooled to 317 K within 80 s. Picture (A) was taken immediately
after T arrived at 317 K, picture (B) 12 s later, and picture (C) 1 min later. The circular spherulites indicate the crystallization
of the PEO blocks. The bar in the lower left corner indicates 25 µm.

Figure 11. Growth rates of spherultites and axialites as a
function of crystallization temperature for the different
samples: (2) PEO (spherulites), (9) PCL (axialites), (b) PS-
PEO (spherulites), (O) SEL-4.7/20/1.8 (spherulites), (]) SEL-
4.7/20/10 (spherulites), ([) SEL-4.7/20/10 (axialites), (0) SEL-
4.7/20/45 (axialites), (1) SEL-4.7/20/87 (spherulites).

7286 Floudas et al. Macromolecules, Vol. 31, No. 21, 1998



We have analyzed the growth rates of Figure 11 using
the crystallization theory of Lauritzen and Hoffman28

(crystal growth by secondary nucleation), which is the
most accepted approach to analyze the linear growth
rates and which has a molecular basis in that it
accounts for the diffusion and crystallization of chains.
The crystal growth rate is generally given by

where G0 is the growth rate constant, E is the activation
energy for transport of crystallizing units across the
crystal-liquid interface, and ∆F is the free energy
required to form a nucleus of critical size on the face of
a crystal. The first and second terms in the above
equation can be modified to take into account the known
activation parameters as

where z is a parameter containing mobility terms, N is
the degree of polymerization, and the value of the
exponent v depends on the growth regime (see below),
Tc is the crystallization temperature, T∞ is the ideal
glass transition temperature ()Tg - 30 (K)), ∆T is the
supercooling ()Tm

0 - Tc), f is a temperature correction
factor for the heat of fusion ()2Tc/(Tm

0 + Tc)), and Kg(i)
is the nucleation rate constant given by

where b0 is the width of the chain, σ is the lateral
surface free energy, σe is the fold surface free energy,
and ∆Hf is the heat of fusion. The symbol i represents
a number associated to the particular regime and is
equal to 4 for regimes I and III and equal to 2 for regime
II.22,29 The three regimes differ according to the com-
petition between the rate of deposition of secondary
nuclei (d) and the rate of lateral surface spreading (g);
in regime I, d , g and appears at very low supercool-
ings, in regime II, d ≈ g and occurs for intermediate
supercooling, and in regime III, d > g and corresponds
to very high supercoolings.

The main advantage of this theory is that it allows
for the calculation of the surface free energy product
σσe from which valuable information on the purity of
crystal structures can be obtained. Taking the natural
logarithm of eq 7 and plotting ln G(i) - ln ∆T + E/R(Tc
- T∞) vs (Tc∆Tf)-1, we can extract the nucleation rate
constant from the slope. The result of the analysis is
shown in Figure 12 for PEO, PCL, the diblock PS-PEO,
and the stars. For all samples there is a single slope,
indicating a single regime. From the data sets shown
in the figure there is a clear distinction between the
slope of the bulk PCL and that of the rest of the samples.
For PCL, despite the nonspherulitic morphology, earlier
optical microscopy measurements have shown that the
data correspond to regime II.24 In evaluating the slopes
from Figure 12, we have also assumed regime II and
used EPCL ) 1500 cal/mol, Tg

PCL ) 210 K, ∆Hf ) 1.5 ×
109 erg/cm2, and b0 ) 4.12 Å (for the latter we assumed
a situation analogous to polyethylene, with the (110)
growth front). Using these parameters, we obtained 625
erg2/cm4 for the product σσe, a value which is in good

agreement with literature values.24 For the PEO spher-
ulites in the bulk PEO, the diblock PS-PEO, and the
stars, which showed spherulitic superstructure, the
following parameters were used: EPEO ) 1500 cal/mol,
Tg

PEO ) 206 K, ∆Hf ) 2.31 × 109 erg/cm2, and b0 ) 4.54
Å.24 The product σσe for PEO was 274 erg2/cm4, which
is also in good agreement with the reported values for
PEO corresponding to regime II.8,22 Regime II appears
to apply for all samples investigated, and the values for

G ≈ G0 exp(- E + ∆F
kT ) (6)

G(i) ) z
Nv

exp(- E
R(Tc - T∞)) exp(-Kg(i)

Tc∆Tf) (7)

Kg )
ib0σσeTm

0

k∆Hf
(8)

Figure 12. Growth rates for spherulites and axialites as a
function of reduced temperature. The symbols are the same
as those in Figure 11.

Figure 13. Fold surface free energy plotted as a function of
the volume fraction of PEO and PCL. The dashed and dash-
dotted lines give the value for the bulk PEO and PCL,
respectively.

Table 3. Nucleation Constant and Surface Free Energy
Product Obtained from the Slopes of Figure 12

sample Kg (K-2) σσe (erg2/cm4)

PEO-15 -27 135 274
PCL-42.5 -85 890 625
PS-PEO-4.7/20 -25 660 264
SEL-4.7/20/1.8 -25 660 265
SEL4.7/20/45 -25 870 196
SEL-4.7/20/87 -34 990 265
SEL-4.7/20/10 (spherulites) -29 240 298
SEL-4.7/20/10 (axialites) -30 530 233
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the surface free energy product are summarized in
Table 3.

The main finding from the results shown in Table 3
is that the surface free energy product attains values
similar to those of pure PEO even when the growing
superstructure is axialitic (SEL-4.7/20/10). To investi-
gate this seemingly paradoxial situation, we need to
separately discuss the values of the lateral and fold

surface free energies. For this purpose we employ the
Thomas-Stavely relation30 for the lateral surface free
energy:

assuming the same b0 values corresponding to regime
II. The resulting values of σe are plotted in Figure 13

A

B

C

D

E

F

Figure 14. Atomic force microscopy topography images obtained from a 150-nm-thick film of SEL-4.7/20/10. Images A-C: the
sample was first heated to 343 K and then cooled to 308 K, kept there for 3 min, and reheated to 321 K, where it was kept for
40 min. The sample was then quenched to room temperature (RT). Images D-F: the same sample was only heated to 329 K, then
cooled to 319 K, where it was kept for 10 min, and finally quenched to RT. The height images B, C, E, and F have been flattened
and slightly contrast-enhanced to improve the visibility of the patterns.

σ ) 0.1∆Hfb0 (9)
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as a function of the volume fraction of the crystallizable
blocks. In the same figure we plot with dashed and
dash-dotted lines the values of bulk PEO and PCL,
respectively. PEO and PCL have similar mobility
parameters (i.e., glass temperatures and activation
energies), but their crystals have very different fold
surface free energies and this difference is used here
as a tool for obtaining information on mixing at the fold
surface. Clearly, the PEO spherulites are formed by
nearly pure PEO crystals, and no mixing occurs between
the fold surface and the amorphous PS and PCL blocks.
On the contrary, the PCL axialites are formed by PCL
crystals which are mixed with PS and possibly with the
amorphous PEO blocks at the fold surface.

The picture emerging from the above kinetic studies
is the following: at high T, the blocks form a homo-
geneous phase. Upon cooling crystallization of one (or
both) blocks sets in, which drives the microphase
separation in the system. However, when both blocks
undergo crystallization, this is not happening within the
same molecule. The PEO crystals thus formed are
nearly pure; however, the PCL blocks remain mixed
with the PS blocks. The mixing within the PCL phase
inhibits a uniform crystallization and reduces the
crystallinity of the PCL phase. These results are
supported by the AFM studies below.

AFM topography images were obtained from an
approximately 150-nm-thick film of SEL-4.7/20/10. In
Figure 14, images A-C, the sample was first heated to
343 K and then cooled to 308 K, kept there for 3 min
(to facilitate the primary nucleation of crystals), and
reheated to 321 K, where it was kept for 40 min (to
observe crystal growth). The sample was then quenched
to room temperature (RT). In D-F the same sample
was heated only to 329 K, then cooled to 319 K where
it was kept for 10 min, and finally quenched to RT. In
A-C only PCL could crystallize, indicated by the
elongated shape of the pattern (see A, where this
pattern is embedded in a rather smooth film crystallized
rapidly at RT). These axialites grow also in the direc-
tion normal to the surface by piling up perforated
lamellae (see B and C: these height images have been
flattened and slightly contrast-enhanced to improve the
visibility of the patterns). We assume that the PEO and
PS blocks cannot be forced to stay on top of the PCL
lamellae because (lateral) forces of entropic origin due
to the massive stretching, in particular of the longer
PEO blocks (these may be thought to form a “brushlike”
structure on top of the PCL lamellae), tend to rupture
the PCL crystals. Consequently, the PCL lamellae
contain a significant number of “cracks” or perforations,
probably partially occupied by amorphous PEO and/or
PS blocks. This simple model has to be contrasted to
the result when PEO crystallizes (see D-F). Here the
crystalline region (grown at 319 K) has a circular shape.
There is also growth in the vertical direction. Lamellar
sheets are piled up with increasing inclination in the
growth direction. At a diameter of about 15 µm, the
lamellae are almost vertically oriented. At a larger
diameter (i.e., at later stages of crystallization), the
lamellae become less tilted, and at a diameter of about
30 µm, they are oriented almost parallel to the sub-
strate. This repeated “stacking of sheets” results in the
flowerlike pattern seen in D. The sheets are continuous
(absence of cracks), and at the surface, dropletlike
features can be seen (see E and F: again these height
images have been flattened and slightly contrast-

enhanced to improve the visibility of the patterns). We
suppose that the PEO lamellae are coated with a
brushlike structure formed by the PS and PCL blocks.
The “droplets” at the surface may well be due to a
coalescence of PCL and/or PS blocks to form micellar
aggregates on the order of 30-50 nm in diameter. Such
an interpretation of the AFM images is in agreement
with the results from WAXS (Figure 2) and optical
microscopy (Figure 13).

However, despite the general agreement among the
results from X-rays, optical microscopy, and atomic force
microscopy, there are still many unresolved issues. For
example, the suppression of crystallization in the stars
and the role of the film thickness31,32 on the nucleation
density, crystal growth, and crystallinity in relation to
chain topology (star architecture) require further in-
vestigation. We are currently working in this direction.

Conclusions

We have studied the structure and crystallization in
triarm star block copolymers composed of two crystal-
lizable blocks. Crystallization starts from the homo-
geneous melt phase and drives the microphase separa-
tion. This study is facilitated by the different unit cells
and specific area requirements of PEO and PCL crys-
tals. The main findings of the present investigation are
as follows:

1. Both blocks can crystallize in the stars provided
that their length ratio is below 3. However, this does
not necessarily imply that the two blocks crystallize
within the same molecule. For the more asymmetric
stars, the longer block completely suppresses the crys-
tallization of the shorter one.

2. The crystallinity, long period, and crystalline
lamellar thickness are reduced in the stars as compared
to the pure PEO and PCL. Furthermore, when both
PEO and PCL crystallize, the crystallinity of the PCL
phase is reduced to about half the value of the PEO
phase.

3. The reduction in the equilibrium melting temper-
ature in the stars is caused primarily by the amorphous
PS block. The star structure reduces the Tm

0 further,
but to a smaller extent.

4. The Avrami analysis of the isothermal crystalliza-
tion calorimetric experiments indicated a disklike growth
from heterogeneous nuclei, independent of the nature
of the crystallizing block. However, the crystallization
times were sensitive to the nature of the crystallizable
block, and when both blocks crystallized, the kinetics
were slowed down with respect to the pure components.

5. Different superstructures were formed (spheru-
lites/axialites) depending on the type of crystallizable
block (PEO/PCL). The nucleation sites of the two
superstructures were completely independent, suggest-
ing a heterogeneous distribution of star molecules with
PEO or PCL crystals. This heterogeneous distribution
implies the existence of a kind of macrophase separation
between unlike crystals.

6. From the growth rates of the superstructures, the
fold surface free energies were obtained and indicated
a pure PEO crystal but a perforated PCL crystal. This
conclusion was supported by the results of the AFM in
thin films.
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