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ABSTRACT
By using time-resolved small-angle x-ray scattering, the crystallization and melting
behavior in an ordered lamellar morphology has been investigated for a symmetric
short-chain poly(ethylene oxide)-b-butadiene (PEO-b-PBh) block copolymer. The long
period of the crystallized lamella continuously increases with the crystallization
temperature, and no integer number of stems can be assigned to the folded chain
crystals. The effects of deviations of the poly(ethylene oxide) (PEO) and PB chains
from a Gaussian coil in the ordered phase on the PEO crystallization are evaluated and
modeled. Samples cooled fast from different temperatures in the molten state reveal a
significant coupling between lamellar ordering and crystallization. The reorganization
of the chains during cooling promotes nucleation and shortens the induction period.
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INTRODUCTION
The coupling of different phase transitions in polymer systems can create a rich variety
of structures and morphologies with potential applications in optics and microelectronics.[1,2] Examples are the coupling between (liquid-)crystalline ordering and block
copolymer organization.[3 – 13] The inherent complexity of amorphous block copolymers
that self-organize into lamellar, cylindrical, or other microphase-separated structures
because of incompatible blocks[14 – 16] is greatly increased when one of the blocks is semicrystalline.[4,7 – 13,17 – 20] Crystallization within a microphase-separated structure can lead
to improved mechanical, optical, and other properties. Because the length scales of
microphase-separated block copolymers are in the range of 10 –50 nm, new types of
semicrystalline nanocomposite material are possible that cannot be achieved with
homopolymers.
The crystallization behavior of crystalline/amorphous block copolymers also is
interesting because of the potential to give new insights into polymer crystallization.[16]
Theoretically, competition between the preferred conformation of each of the blocks,
i.e., unfolded chains for the crystallized component and randomly coiled chains for the
amorphous one, results in an equilibrium degree of chain folding in the crystalline
layers.[10 – 21] However, experimentally, it is difficult to obtain thermodynamically
stable folded chain crystals in block copolymer systems. Recently, a continuous
variation of the lamellar spacing with the crystallization temperature has been reported
for poly-(ethylene oxide)-b-butadiene (PEO-b-PBh).[22] In a block copolymer,
crystallization can take place in a phase-separated morphology. The resulting
confinement has a strong influence on the crystallization of crystallizable block,
especially when the size of the ordered domains is smaller than that of the crystallized
ones. Depending on the order– disorder transition temperature TODT, the crystallization
temperature Tcr of the crystallizable block, and the glass transition temperature of
amorphous block Tg, the confinement can be hard (Tcr , Tg , TODT) or soft (Tg ,
Tcr , TODT). The type of morphology (lamellae, cylinders, or spheres) determines
whether the confinement is one-, two-, or three-dimensional, respectively.[4,9,12]
However, because of the covalent connection between the amorphous and the
crystalline block, the confinement is not simply geometrical. Both theory and
experiment indicate that the molecular chains are highly stretched in the ordered phase
well below TODT, creating a low-entropy molten state.[3,15] This can be expected to
influence the nucleation process and thus the crystallization kinetics. Furthermore, the
crystallization and the ordering process may interact and couple. Numerical simulations
show that nucleation can be significantly enhanced by critical density fluctuations.[23]
Hence, we anticipate, in a supercooled block copolymer melt, that density fluctuations
during reorganization of the chains promote nucleation.
In this article, we describe the crystallization of PEO in a symmetric PEO-b-PBh
block copolymer, which is investigated by small-angle x-ray scattering (SAXS).
The confinement is soft, as Tcr is lower than TODT (.3008C) but higher than
Tg (,2508C). We describe the effect on the PEO crystallization of the strain due
to the microphase separation, as well as the dynamic coupling between the ordering
of the molecular chains and the crystallization. Both the strain and the density
fluctuations during reorganization promote nucleation and shorten the induction
period.
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EXPERIMENTAL
Low molecular weight diblock copolymers PEO-b-PBh were obtained from Th.
Goldschmidt (Essen, Germany). They were produced by hydrogenation of the
polybutadiene block, leading to about 50% 1 –2 and 50% 1 –4 units, statistically
distributed. The block sizes were 4.3 kg/mol for PEO and 3.7 kg/mol for PBh with a
polydispersity of 1.08. The volume fractions of the PEO block before and after
crystallization were about 47% and 44.5%, respectively. The length of a nonfolded
crystalline PEO block is 27.3 nm.
In situ SAXS measurements were done with an in-house setup consisting of a rotating
anode x-ray generator (Rigaku RU-300H, 18 kW, focus 0.5  1 mm2), equipped with two
parabolic multilayer mirrors (Bruker, Karlsruhe). This lead to a monochromatized CuKa
beam (wavelength l ¼ 0.154 nm) that was highly parallel (divergence about 0.0128). In
this situation, the x-ray flux was about an order of magnitude larger compared with
conventional slit-pinhole collimation and a nickel filter. The beam size was defined by two
sets of slit-pinholes. In addition, a guard slit-pinhole was placed in front of the sample to
cut parasitic scattering from the beam-defining slits and the mirrors. The SAXS intensity
was collected by a two-dimensional gas-filled wire detector (Bruker Hi-star). A
semitransparent beamstop was placed in front of the area detector, which allowed
monitoring of the beam intensity.
A Linkam CSS450 temperature-controlled shear system was used as sample stage.
Samples were kept in a brass sample holder with kapton windows replacing the glass
windows of the original system. Large cooling rates were achieved by applying a liquid
nitrogen flow. Samples were first heated up to 1008C for 10 min, and then cooled down
with a cooling rate of 308C/min to the predetermined temperature for isothermal
crystallization. The SAXS measurements at 30 s/frame were started immediately when
the set temperature was reached. After completion of the crystallization—as indicated by
the saturated SAXS intensity—the samples were heated at a slow rate of 0.58C/min. This
melting process also was monitored in situ by SAXS.

RESULTS
Figure 1(a) shows a typical integrated one-dimensional SAXS profile of PEO-b-PBh
during crystallization at 488C. The x axis represents the modulus of the scattering vector q,
with q ¼ (4p/l)/sin u, where u is the scattering angle. The y axis displays the Lorentzcorrected scattering intensity from the randomly oriented lamellar structure multiplied by
q2 (the so-called invariant). The crystallization takes place in the lamellar phase as
indicated by the peak at q  0.32 nm21. The peak at smaller values (q  0.25 nm21)
appears only after about 5 mm and corresponds to crystallized lamellae. As Tcr of the PEO
block is much larger than Tg of the PBh-block, the confinement is soft. A Gaussian fitting
of the first-order peak leads to the crystalline lamellar spacing and normalized scattered
intensity presented in Fig. lb. We note a strong thickening of the crystallized lamellae
during the crystallization process. The crystallization kinetics can be described by the
Avrami equation:
Xcr ¼ 1  exp (KTcr n )

(1)
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Figure 1. Isothermal crystallization of PEO-b-PBh at 488C. (a) SAXS measurements. (b) Long
period and normalized scattering intensity of the first-order peak from the crystallized lamellae.

where Xcr is the crystalline fraction, and K and n are the Avrami constant and index,
respectively, plotted in Fig. 2. The Avrami index has values around 3.0 or even somewhat
larger, similar as found for homopolymers.
Figure 3 shows the long period associated with the lamellae before and after
crystallization as a function of temperature. The long period of the crystallized lamellae
reflects samples isothermally crystallized at that temperature. Above Tcr, the lamellar
spacing increases approximately linearly with decreasing temperature. This can be
attributed to an increase of the Flory-Huggins parameter x, which varies as 1/T.
Consequently, the microphase separation becomes stronger and the interface thickness
decreases when the temperature is lowered. On the other hand, the crystallized lamellar
spacing is larger for a high crystallization temperature. Between 408C to 538C, the long
period of the crystallized lamellae varies approximately linearly with temperature and,
hence, with the amount of supercooling DT. This can be contrasted with stepwise changes
in a corresponding block copolymer film,[24] as well as in a similar low-molecular weight
PEO homopolymer.[25] By taking the volume fraction of the PEO and the PBh blocks into
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Figure 2. Variation of the Avrami parameters K and n with crystallization temperature.

account and assuming the molecular chains to be perpendicular to the lamellae, we
calculate that the PEO crystals consist of noninteger-folded chains.
For the present PEO-b-PBh block copolymer, TODT could not be reached, even for
temperatures up to 3008C. The large difference between TODT and Tcr prevents any direct
coupling between the ordering transition and crystallization. However, as shown in Fig. 3,
the lamellar spacing before crystallization increases with decreasing temperature,
indicating a reorganization of the molecular chains. Hence, a jump to a specific
crystallization temperature from a different temperature in the amorphous melt will
introduce a different melt memory. The associated difference in the chain-ordering
process could change the crystallization behavior. To test this point, two samples were
investigated, both kept initially for 30 min at 1508C. Sample I was directly cooled down
to crystallize at 488C, while sample II was first cooled down to 608C, kept for 30 min to
equilibrate, and then also crystallized at 488C. The SAXS measurements following
the crystallization are shown in Figs. 4a and b, the relative scattered intensity vs.

Figure 3.

Long period of the PEO-b-PBh lamellae, crystallized, and in the melt.

ORDER

64

REPRINTS

Li, Lambreva, and de Jeu

Figure 4. Small-angle x-ray scattering patterns of PEO-b-PBh crystallized at 488C. (a) Quenched
from 1508C (I). (b) Quenched from 608C (II). (c) Comparison of the normalized scattering intensity
of samples I and II, respectively, which both contain scattering from the melt, as well as from the
crystallized lamellae.

crystallization time is indicated in Fig. 4c. Compared with sample II, sample I nucleates
faster with a shorter induction time, but it has a lower final crystallinity.
Once the crystallization at a specific temperature was completed, SAXS
measurements were taken during slow heating. Figure 5 shows the normalized scattering
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Figure 5. Normalized scattering intensity of PEO-b-PBh, crystallized at the temperatures
indicated, during slow heating at 0.58C/min. Curves have been shifted for clarity.

intensity vs. temperature. During the heating process, some small peak shifts (0.5 nm)
were observed for samples crystallized below 458C, not for samples crystallized at higher
temperatures. Hence, no thickening occurs during the heating process. Although the
samples crystallized at different temperature have different lamellar thicknessess, the
melting points are approximately the same (around 578C). Oscillations of the scattered
intensity suggest a reorganization of the lamellae during heating.
DISCUSSION
A crucial picture in relation to the crystallization process is Fig. 1b. which shows that
the lamellar thickening is faster than the increase of the scattered intensity. The long
period of crystallized lamella reaches its plateau value after about 12 min, while this takes,
for the scattered intensity, 30 min. If the thickening process would take place along the
full block interfaces, one would expect both processes to develop in parallel. The
experimental results can be explained if the PEO crystals grow laterally as schematically
shown in Fig. 6, which is similar to the thickening process of polyethylene crystallized
at high pressure.[26] A transition region of length Ltr is introduced to avoid a sharp edge at
the boundary between noncrystallized and crystallized lamella. The length Ltr is small and

Figure 6. Schematic picture of the thickening model of confined crystallization in a lamellar block
copolymer.
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should not change with the crystallization time. Hence, relative to the crystallized
lamellae, the importance of Ltr in determining the lamellar period decreases rapidly. On
the other hand, the crystallinity is mainly determined by the ratio between crystallized and
noncrystallized lamellae, which takes much more time to grow. Hence, this model can
explain the difference between the rate of thickening and the overall growth rate. In this
picture, the crystal growth front keeps a wedge shape, while growing simultaneously in
both the lateral direction (nl) and along the chain axis (thickening nth).
Let us consider the crystallization process in more detail. First, the crystal growth rate
G of a homopolymer melt can be expressed as:[27,28]




DE
DF
Gh ¼ G0 exp 
exp 
(2)
RT
RT
where G0 is a constant, DE the activation energy for migration through a nucleus –melt
interface, DF the free energy for formation of a nucleus of critical size, T the
crystallization temperature, and R the gas constant. To generalize this expression to an
ordered block copolymer melt, three terms should be added. The first one is the activation
energy DEam for the displacement forced upon the amorphous block by the crystalline
block during crystallization. The second one is the entropy 2DFcr associated with the
prestretching of the crystallizable block built-in already in the ordered state. Finally, if
the size of the critical nucleus is larger than the lamellar spacing in the melt, the amorphous
block loses another amount of entropy DFam during the nucleation process: the formation
of a critical nucleus requires a larger spacing and thus stretches amorphous block even
further. Hence, the crystal growth rate in a block copolymer can be written as




DE þ DEam
DF  DFcr þ DFam
Gco ¼ G0 exp 
exp 
(3)
RT
RT
Though this extended equation should not be considered fully quantitatively, it can serve
nicely to illustrate the various contributions. The factor DEam contains the effect of
geometrical confinement on the diffusion process, which will slow down the crystallization
process. The geometrical confinement on the nucleation is included in DFam. If the critical
size of the nucleus is smaller than the lamellar spacing in the melt, DFam ¼ 0, and
nucleation in an ordered block copolymer can be faster than that in the corresponding
homopolymer because of the prestretching given by 2DFcr. Even if DFam is nonzero but
smaller than DFcr, this is still the case. When nucleation needs a larger space, as found for
small supercooling, DFam overcompensates 2DFcr and the PEO block disturbs amorphous
block during nucleation. This indicates that geometrical confinement is stronger at small
supercooling than at large supercooling, because it slows down both nucleation and
diffusion. At large supercooling, the increased nucleation in the block copolymer may be
compensated by the decreased diffusion leading to an overall crystallization behavior
similar to the homopolymer. These effects are nicely reflected in the Avrami index, that
shows a local maximum around 478C.
When a sample is cooled down from a high temperature to a temperature below the
melting point, two processes occur: ordering (or reorganization) and crystallization,
schematically shown in Fig. 6. The results of Fig. 4 indicate a coupling between these
two effects. When a sample is cooled down, the lamellar spacing increases. During this
process of moving to a new stretched equilibrium position, each chain develops a certain
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velocity. These local movements, in turn, will promote nucleation. The larger velocities
associated with the larger temperature jump of sample I compared with II thus cause a
shorter induction time. After equilibrating at 608C, the interface between the PEO and
the PBh blocks is for sample II narrower than in sample I cooled from 1508C. This is
reflected in the larger scattering intensity (10%) of sample II at the onset of crystallization. In addition, the PEO segments can crystallize more perfectly at the sharp
interfaces, leading to a 20% larger final scattering intensity (higher crystallinity) than for
sample I. As has been discussed elsewhere,[29] this type of coupling becomes more
complicated if Tcr and TODT are close, in which situation both thermodynamic and
kinetic effects come into play.
The long period of the crystallized PEO lamellae increases continuously with the
crystallization teniperature (Fig. 3). Hence integer-folded chain crystals cannot be assigned
to the structures. This can be contrasted to low-molecular mass PEO homopolymers for
which noninteger-folded chain crystals are metastable and only observed at the beginning
of the crystallization.[30] For homopolymers, thickening through sliding diffusion is easy,
especially during slow heating.[31] This is different in our bulk block copolymer system
because of the attached amorphous block. We suppose that the crystals with L ¼ 29.4 nm
obtained at 538C are equilibrium-folded chain crystals with approximately one fold.
According to the volume fraction PEO, this would correspond to a crystal thickness of
0.445  29.4 ¼ 13.1 nm. Twice this value is in reasonable agreement with the extended
chain length of 27.3 nm. Other crystals grown at lower temperatures are nonequilibrium
crystals.
The relative stability of noninteger-folded chain crystals in bulk block copolymer
systems can be attributed to two reasons. First, due to the loss of entropy due to attendant
stretching of the amorphous block, the Gibbs free-energy landscape between integerfolded chain crystals (n, n þ 1) will be rather flat. This reduces the thermodynamic driving
force toward integer-folded chains in comparison with homopolymers. Second,
kinetically, the thickening process must overcome not only the internal friction within
the PEO crystals but also that within the amorphous part.[32,33] However, in thin,
uniformly oriented films of the same PEO-b-PBh system, integer-folded crystals were
observed.[24] We tentatively attribute the difference with the bulk situation to the twodimensional crystallization process in thin films, which causes the lateral sliding again to
be important, as in PEO homopolymers.
The above arguments also can explain why the crystals with different thickness still
have about the same melting point. The thickness of lamellar crystals of the PEO block is
compatible with a range between one and two folds (Fig. 3). Hence, an increase of the
lamellar thickness with crystallization temperature does not change the number of folds,
and the theoretical calculations for a change in folding in block copolymers by DiMarzio
et al.[19] and by Whitmore and Noolandi[20] do not apply. In our block copolymer system,
the crystals gain surface free energy by thickening. Otherwise one would not expect a
lower free energy for thicker crystals, as thickening gives less favorable statistical
conformations of the amorphous molecular chains. The compromise between thick
crystals and favorable statistical conformations of the amorphous block makes the free
energy landscape very flat, especially for the region close to equilibrium. This results in a
weak dependence of the melting temperature on the lamellar thickness.
We want to finish with two general remarks about the crystallization behavior of
polymers, in general, in connection with what we can learn from crystallizable block
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copolymers. The first one regards the memory of a polymer melt or its thermal history, the
subject of which is under considerable debate. In ordered block copolymers, one can put
the crystallizable chains in a specific stretched state by choosing an appropriate
temperature. The loss of entropy can be evaluated from the balance between the interface
free energy and the elastic energy, thus defining block copolymer melts with a different
free energy. This can be contrasted with the difficulty to define, in an effective way, a
homopolymer melt. One can keep a polymer at different temperatures for different times,
but it is difficult to evaluate, quantitatively, the associated free energy. The second point
regards strain-induced crystallization. The effect of external fields, such as shear and flow,
etc, on the crystallization behavior, cannot be easily deduced from experiments. One
difficulty is the nonuniform effect of external fields on the individual molecular chains.
Both theory and experiments indicate that long chains may sustain a high stress,[34,35]
which is assumed to be at the origin of the so-called shish kebab structures.[36,37] In
ordered block copolymers, each crystallizable chain is connected with an amorphous one.
This means that under stress the loss of entropy of each chain is about the same and can be
evaluated. From this point of view, block copolymers are ideal model systems to
investigate strain-induced crystallization.
CONCLUSIONS
The crystallization and melting behavior of short-chain symmetric diblock PEO-bPBh copolymers has been investigated with in situ SAXS. A continuous change of the long
period was observed with increasing crystallization temperature, which indicates
noninteger-folded chain crystals. A reorganization of the crystals has been deduced from
the scattering intensity during slow heating. The confinement can be divided into the
influence of diffusion and of nucleation. Crystallization experiments on samples cooled
fast from different temperatures in the molten state reveal a significant coupling between
the lamellar ordering and the crystallization. The reorganization of the chains during
cooling promotes nucleation and shortens the induction period.
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