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ABSTRACT:
copolymers has been investigated by time-resolved small-angle X-Ray scattering with synchrotron radiation (SR-SAXS),

The crystallization process in binary blends of poly(e-caprolactone)-block-polybutadiene (PCL-b-PB)

where the crystallization of PCL blocks induces a morphological transition both in neat copolymers but the crystallization
rate is extremely different between them. The microdomain structure in the melt and the final morphology after crys-
tallization were also measured by conventional SAXS, and the melting behavior of crystallized samples was observed
by differential scanning calorimetry (DSC). The binary blend forms a single microdomain structure in the melt over the
whole composition range investigated, and the crystallization proceeds with an intermediate rate between those of the
constituent PCL-b-PB copolymers to result in a single lamellar morphology. The time dependence of SR-SAXS curves
is qualitatively similar in features to that for the crystallization of pure PCL-b-PB copolymers, suggesting that the crys-
tallization of the blend is substantially controlled by a single crystallization mechanism. The remarkable change in the
crystallization rate with composition is ascribed to the difference in the stability of preexisting microdomain structures.

The conformation of (longer and shorter) PB blocks in the final lamellar morphology is qualitatively discussed.
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It is well known that the crystallization of constituent
polymers in polymer blends yields a lamellar morphol-
0gy, an alternating structure consisting of lamellar crys-
tals and amorphous layers, where the non-crystalline
components are accommodated in the amorphous lay-
ers between lamellar crystals or rejected outside the
lamellar morphology depending on the degree of segre-
gation between the components.! When two homopoly-
mers are both crystalline, a competitive crystallization
may occur in a limited range of temperature to re-
sult in a complicated morphology. However, misci-
ble crystalline/crystalline homopolymer blends above
their melting temperatures are not common, so that the
morphological study of such systems is very limited.> >
In particular, the miscible binary system, where both
homopolymers crystallize in a same temperature range
with extremely different rates, has not been reported so
far.

The morphology as well as the crystallization behav-
ior of crystalline-amorphous diblock copolymers has
been studied extensively,* 2 and the lamellar mor-
phology is inevitably formed by the crystallization un-
less the microdomain structure is sufficiently stable.

Crystalline-Amorphous Diblock Copolymer / Binary Blend / Crystallization Pro-

Therefore, the binary blend of crystalline-amorphous
diblocks will be a substitutive system for miscible crys-
talline/crystalline homopolymer blends with extremely
different crystallization rates at a same temperature
range. That is, it is possible to change widely the
crystallization rate by changing the molecular weight
and/or block ratio with keeping the miscibility between
constituent copolymers, where miscibility means that
the components do not segregate macroscopically but
make a single microdomain structure in the melt.>! The
crystallization of these binary blends is reminiscent of
molecular fractionation, as demonstrated for polyethy-
lene samples with a wide molecular weight distribu-
tion.??2* That is, the crystallization of PCL blocks
in binary copolymer blends has a possibility to bring
about the macroscopic segregation into individual do-
mains.

In this study, we investigate the crystallization
process in binary blends of poly(e-caprolactone)-
block-polybutadiene (PCL-b-PB) copolymers by time-
resolved small-angle X-Ray scattering with syn-
chrotron radiation (SR-SAXS). The constituent copoly-
mers crystallize in a same temperature range with ex-
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tremely different rates, where each microdomain struc-
ture of pure copolymers is not preserved but trans-
formed into the lamellar morphology. The morpholo-
gies formed in the blends before and after the crystal-
lization of PCL blocks were investigated by conven-
tional SAXS, and the melting behavior of crystallized
blends was observed by differential scanning calorime-
try (DSC). To understand the cooperative morphology
formation between two diblocks, the conformation of
the longer and shorter PB blocks is qualitatively dis-
cussed.

EXPERIMENTAL

Samples and Blend Preparation

PCL-b-PB copolymers used in this study were syn-
thesized by a successive anionic polymerization un-
der vacuum. Details of the synthesis and purification
are described elsewhere.®?%>26 We used two PCL-b-
PB copolymers, M11 and M30, whose molecular char-
acteristics are as follows; M11 : M, = 11 x 103,
My /M, = 1.15, PCL : PB (vol.%) = 19 : 81 and
M30 : M, = 30 x 10°, M/M, = 1.11, PCL : PB
(vol.%) =11 : 89. The ratio of total molecular weights,
Mo/ My, is 2.7 and that of PCL molecular weights,
MaizopcL/MmiipcL, 1s 1.6. It was confirmed in our
previous study by SAXS and TEM? that the crystal-
lization of PCL blocks both in M11 and M30 brought
about the morphological transition from the cylindrical
or spherical microdomain to the lamellar morphology.
The crystallization of M11 is extremely faster than that
of M30 at the same crystallization temperature, for in-
stance, M11 crystallizes completely within 45 min at
25°C while M30 takes more than 3 days to crystallize
at 25°C.

The blend samples with various compositions were
prepared by the casting method with benzene as a com-
mon solvent. The sample was finally heated at ca. 60°C
under reduced pressure to remove the solvent com-
pletely.

DSC Measurements

The melting temperature Ty, and the crystallinity of
PCL blocks Xy, were measured by Parkin—Elmer Pyris 1
DSC. The sample was first kept at ca. 60°C for 30 min,
quenched into various crystallization temperatures 7.
ranging from 13°C to 25°C, maintained at T, for a long
time to complete the crystallization, and finally heated
at a rate of 5°C min~! to get the endothermic peak by
the melting of PCL blocks. The melting temperature
was defined by the peak temperature of the endothermic
curve and X, was calculated from the endothermic area
AH by
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Xw = AH/(AH® ¢pcL) (1

where ¢pcr is the weight fraction of PCL blocks in the
binary blend and AH® is the heat of fusion for perfect
PCL crystals (AH® =135.44] g1 28),

Small-Angle X-Ray Scattering (SAXS) Measurements

We used two SAXS techniques, conventional SAXS
(C-SAXS) and time-resolved SAXS with synchrotron
radiation (SR-SAXS), for the static and dynamic mea-
surements, respectively.

The microdomain structure formed in the melt and
the lamellar morphology after crystallization were in-
vestigated by C-SAXS. Details of the apparatus and
the measurement condition are described elsewhere.?’
The time necessary for each C-SAXS measurement was
60 min, and 7., was changed from 9°C to 39°C depend-
ing on ¢y1; (weight fraction of M11 in the system).
The crystallization process was pursued by SR-SAXS
at Institute of Materials Structure Science, Tsukuba
Japan (Photon Factory), with small-angle X-Ray equip-
ment for solution (SAXES) installed on beam line BL-
10C. Details of the optics and the instrumentation were
described elsewhere.® %30 The SAXS intensity was
collected as an accumulation of the scattered inten-
sity during 10s and corrected for a minor decrease in
the storage ring current during measurements, which
was continuously monitored by an ionization chamber
placed just before the sample.

The SAXS curves measured by both the methods
were corrected for the background scattering and ab-
sorption by the sample but not for the smearing effect
because the optics employed for both SAXS appara-
tuses was point focusing. The SAXS curve was finally
obtained as a function of s defined by

s=2sin6/A 2)

where 26 is the scattering angle and A is the X-Ray
wave length (0.1542nm for C-SAXS and 0.1488 nm
for SR-SAXS). There was no discrepancy detected be-
tween the data measured by both methods.

Data Analysis of SR-SAXS Results

We focused our attention on the time dependence of
the peak intensity /,.x and peak position spy,x of SR-
SAXS curves arising from the microdomain structure
and lamellar morphology. That is, /iyax and 1/smax (i-e.,
spacing of the structure) were plotted against crystal-
lization time to clarify the difference in the crystalliza-
tion behavior among blends with different ¢ng;; and 7.
For some cases, the angular position of SAXS intensity
peaks from the microdomain structure was very close to
that from the lamellar morphology to make the evalua-
tion of Iax and smax difficult.!®3! For such a case, we
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approximated each SAXS peak with the Lorentz func-
tion,

-1
I(s) = 24 {1 + iz(s - smax)z} 3)
w w
where w is the full width at half maximum of the peak
and A is proportional to the peak area. This function
is usually used to approximate the diffraction intensi-
ties from crystalline materials to characterize each peak

without any theoretical basis.
RESULTS

Microdomain Structure in the Melt

First of all it is necessary to check whether M11 and
M30 are totally miscible or not at the molecular level
in the melt. That is, if the two copolymers are misci-
ble they make a single microdomain structure and the
average spacing changes continuously with composi-
tion.”! If they are macroscopically segregated, on the
other hand, we can observe two microdomain struc-
tures, the spacing of which exactly corresponds to those
of the constituent copolymers if the shorter block does
not dissolve partially in the domain consisting of longer
one.??

The SAXS intensity curves are logarithmically plot-
ted in Figure 1 for various molten blends (at ca. 60°C),
in which the angular position of SAXS intensity peaks
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Figure 1. SAXS intensity curves logarithmically plotted
against wave number s for various binary blends in the melt (ca.
60°C). The inset represents the ¢y;; dependence of the spacing of
microdomain structures.
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moves continuously with composition. The domain
spacing evaluated from the peak position is plotted in
the inset of Figure 1 as a function of ¢yg1. The domain
spacing of the blend takes an intermediate value be-
tween those of constituent copolymers (M11 and M30)
and increases steadily with decreasing ¢n11, indicating
that M11 and M30 do not segregate macroscopically to
form individual domains but make cooperatively a sin-
gle microdomain structure irrespective of ¢ny;. M30
has a cylindrical microdomain structure considering
the positions of higher-order diffractions shown in Fig-
ure 1. The microdomain structure of M11, on the other
hand, cannot be decided from Figure 1 because of the
lack of higher-order diffractions, but it is supposed to
be spherical judging from the PCL composition in the
blend.

The formation of a single microdomain structure
was confirmed experimentally for some binary blends
of amorphous-amorphous diblock copolymers.?!>32733
Hashimoto et al.,*'-3? for example, demonstrated that
when the constituent copolymers were satisfied with
the condition of My /Mg < 5 (where M, and My are
the molecular weight of copolymer a and 8, respec-
tively), they made a single microdomain structure even
if there was a difference in composition between the
copolymers. Furthermore they showed that the binary
blend of block copolymers with unequal chain length
might change the interface curvature of microdomains
to result in a morphological transition from the lamella
into the bicontinuous structure even if both the con-
stituent copolymers took the lamellar morphology. In
the present case, My30/Mm11 = 2.7 and the PCL com-
position is not so different between M11 and M30,
which agree with the criterion proposed by Hashimoto
et al. on the miscibility between two block copolymers.
In summary, we can conclude that M11 and M30 are
molecularly miscible to make cooperatively a single
microdomain structure in the melt.

Crystallization Behavior

Figure 2 shows the three-dimensional overview of
time-resolved SR-SAXS curves for ¢1; = 1.0 (a) and
0.5 (b) crystallized at 25°C. The SAXS intensity peak
arising from the microdomain structure decreases and
simultaneously that from the lamellar morphology in-
creases with crystallization time #. The angular position
of these two peaks separates adequately for the case of
om11 = 1.0 and therefore it is easy to evaluate the ¢ de-
pendence of these peaks (i.e., intensity and position).
However, the position of intensity peaks for the blend
with ¢y = 0.5 is very close with each other and it is
necessary to use the computational method to separate
them. We applied eq 3 for each peak on SR- SAXS
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Figure 2. Overview of time-resolved SAXS curves during
crystallization at 25°C for (a) ¢y1; = 1.0 and (b) ¢y = 0.5.
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Figure 3. Spacing, evaluated from the angular position of the
SAXS intensity maximum, plotted against crystallization time for
omi1 = 0.75 crystallized at various temperatures indicated. The
closed symbol represents the spacing of microdomain structure and
the open symbols those of lamellar morphology.

curves during crystallization.

Figure 3 shows the ¢ dependence of the major spac-
ing for the blend with ¢n; = 0.75 at various crystal-
lization temperatures 7, indicated. The major spacing
corresponds to the highest peak at # when each peak is
normalized, i.e., when each peak is divided by the ini-
tial (for the case of scattering from the microdomain
structure) or the final (from the lamellar morphology)
peak intensity. The spacing of the microdomain struc-
ture (closed circle in Figure 3) is constant irrespective

596

1.0

Normalized Intensity
o
o

0.0

0 500 1000 1500 2000
Time (sec)

Figure 4. Normalized peak intensity plotted against crystal-
lization time for the blend with ¢y = 0.75 crystallized at various
temperatures indicated. The open symbols represent the scattering
intensities from the microdomain structure and the closed symbols
those from the lamellar morphology.

of T, and it turns suddenly into a larger spacing that re-
flects the formation of lamellar morphology in the sys-
tem. The spacing of this lamellar morphology increases
significantly with increasing T, as usually observed in
homopolymer crystallization.

Figure 4 shows the ¢ dependence of the normalized
peak intensity for the blend with ¢p17 = 0.75 crystal-
lized at various 7. indicated. The normalized inten-
sity from the microdomain structure (open symbols)
decreases with an inverse sigmoidal shape, whereas
that from the lamellar morphology (closed symbols) in-
creases with a sigmoidal shape, and they coincide with
each other when both normalized intensities equal ap-
proximately to 0.5. This fact indicates that the morpho-
logical transition occurs directly from the microdomain
structure into the lamellar morphology without form-
ing any third phase (for example, disordered phase), as
pointed out in our previous study.® The sigmoidal in-
crease of the peak intensity is usually observed during
the crystallization of homopolymers and polymer blend
systems,*®37 which indicates the Avrami-type crystal
growth. In fact, the Avrami analysis using the scat-
tering intensity as shown in our previous study? gives
the Avrami exponent # ranging from 2 to 3, suggesting
two-dimensional (n = 2) or three-dimensional (n = 3)
growth with heterogeneous nucleation. The value of n
obtained is indistinguishable from that widely reported
for typical crystalline homopolymers such as high den-
sity polyethylene’® and poly(ethylene oxide),*® which
indicates that the existing microdomain structure does
not affect the subsequent crystallization. In addition,
it is found from Figure 4 that the crystallization is
prolonged considerably with increasing 7., which we
already reported for the crystallization of PCL-b-PB
copolymers?® and PCL homopolymers in the binary
blend with polystyrene oligomers.3°
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Figure 5. Halftime necessary to reach the final value at the an-
gular position of the intensity maximum, ¢,,,, plotted against @y,
at 7. = 17°C (a) and against T for the blend with ¢y;; = 0.75 (b).
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Figure 6. Normalized peak intensity, arising from the lamel-
lar morphology and microdomain structure, plotted against reduced
time t/tl/z for ¢Mll =0.75.

It is possible to calculate the half time of crystalliza-
tion #1 2, that is, the time necessary to reach half of the
final peak intensity due to the crystallization, which
equals approximately to the time necessary to reach
half of the initial peak intensity arising from the mi-
crodomain structure because both the normalized inten-
sities meet roughly at their half values. Figure 5 shows
the ¢mi11 dependence of ¢, for 7, = 17°C (a) and T,
dependence of 1, for ¢m11 = 0.75. ¢12 increases re-
markably with decreasing ¢y and increasing 7, sug-
gesting that blending M30, which has a much slow
crystallization rate compared to that of M11, has the
significant effect of decreasing the crystallization rate
similar to increasing 7.. We can find from Figures 3—5
that M11 and M30 do not crystallize separately to yield
individually crystallized regions but take a cooperative
crystallization over the whole ¢y and T, to result in
a single lamellar morphology. This is the most impor-
tant experimental result in this study, though it is coun-
terintuitive when considering the crystallization frac-
tionation sometimes observed in crystalline homopoly-
mers,?2 24

To investigate the details of the crystallization behav-
ior, the normalized intensities are plotted in Figure 6
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against reduced crystallization time ¢/¢; 2, i.e., the crys-
tallization time divided by the half time of crystalliza-
tion, for ¢y = 0.75 at various 7. indicated. Although
the time dependence of the peak intensities from the
microdomain structure and lamellar morphology shows
different curves (Figure 4) according to 7, they coin-
cide with each other and make one master curve in Fig-
ure 6. The normalized intensities for different ¢yy;; but
a same T, show the similar results. This means that
the morphology reorganization from the microdomain
structure into the lamellar morphology in our binary
copolymer systems is controlled by a single crystal-
lization mechanism that is qualitatively similar to that
of the constituent block copolymers, and the crystal-
lization proceeds with one crystallization rate between
those of neat copolymers. As a result, we have a single
lamellar morphology uniformly composed of two PCL-
b-PB copolymers, in which we can expect an interest-
ing compromise between longer and shorter PCL-5-PB
copolymers.

Lamellar Morphology after Crystallization

In our previous study by SAXS and TEM,?’ both
MI11 and M30 formed the lamellar morphology after
the crystallization of PCL blocks, and therefore the
lamellar morphology is naturally expected for the crys-
tallized blends composed of M11 and M30. Details of
this morphology can be evaluated quantitatively from
the DSC and SAXS results. That is, the lamella thick-
ness {; and the amorphous layer thickness £, (which
consists of the amorphous PCL layer {pcr, and PB
layer ¢pp) are calculated by

te=LXy 4)
la="tpcLa +lp = L(1-X,) )

where L is the long spacing obtained by the SAXS mea-
surement and Xy is the volume fraction of crystallized
PCL blocks against the total sample.

Figure 7 shows the ¢y dependence of L (a) and
{. and {pg (b) at various T, indicated. The value of
. is about 3 nm irrespective of ¢y and 7., which is
somewhat smaller than the lamella thickness observed
in crystalline homopolymers (5-10nm for PCL and
iso-polystyrene in miscible binary blends'). The thin
lamella is often observed in the morphology formed in
crystalline-amorphous diblock copolymers with small
crystalline blocks. Mai et al,** for example, ob-
tained the lamellar morphology with extremely thin
lamellae (3—4nm thick) for quenched poly(ethylene
oxide)-block-poly(butylene oxide) copolymers. The
3 nm lamella thickness obtained in the present study is a
foregone conclusion originating from the assumption of
lamellar morphology for the crystallized blends, which
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Figure 7. (a) Long spacing for alternating structure consist-
ing of PCL lamellac and PCL+PB amorphous layers and (b) PCL
lamella thickness (open symbols) and PB layer thickness (closed
symbols) plotted against ¢p;;. The closed symbols in (a) were ob-
tained by SR-SAXS method and open ones by C-SAXS method.

seems reasonable considering that pure M11 and M30
form the respective lamellar morphology after the crys-
tallization of PCL blocks. If we assume that the two
PCL blocks make cooperatively a lamellar crystal with
3nm in thickness, the folding number of the shorter
PCL block (M11) is 2.5-3 and that of the longer one
(M30) is 5-6 (depending on the crystallinity).

Figure 7 indicates clearly that the increase of L with
decreasing ¢n; comes from the increase of the PB
layer thickness, which arises simply from the increase
in the proportion of bulky PB blocks belonging to M30.

DISCUSSION

Crystallization Rate

It is known that the crystallization of homopolymers
is controlled by two factors; (1) the dynamic factor re-
lated to the activated energy for the transport of crys-
talline units across the phase and (2) the static fac-
tor associated with the free energy barrier for nucle-
ation. These two factors restrict the crystallization
within the temperature range between 7y and Ty, and
the maximum crystallization rate lies in the middle of
the two temperatures. The molecular weight depen-
dence of crystallization rate has been investigated ex-
tensively for many crystalline homopolymers,*! where
the molecular weight mainly influences the rate through
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the dynamic factor mentioned above. Maclaine and
Booth,*>*3 for example, investigated the crystallization
rate for various poly(ethylene oxide) fractions ranging
in molecular weight M from 10* to 10° by dilatomet-
ric methods and spherulite observations, and found that
the crystallization rate did not decrease but increased
with increasing M in the low molecular weight range
(M < 50000). This fact was verified for polyethylene
(PE), where the spherulite growth rate for various PE
fractions (3900 < M < 87000) increased with increas-
ing M when compared at constant T,.** In the present
case, the total crystallization rate of M30 is extremely
slower than that of M11; #1, of M11 at T, = 21°C is
about 600s, while that of M30 at 7, = 21°C is over
24 h. Here, MM3O,PCL/MM11,PCL is only 1.6 (and also
Myizo/Mw = 2.7) and the absolute molecular weight
of both M11 and M30 is relatively small compared to
the homopolymers usually used for the dynamic study
of crystallization. These facts suggest that the dynamic
factor does not affect dominantly the pronounced dif-
ference in the crystallization rate between M11 and
M30.

The stability of microdomain structures in the melt
has to be included when we consider the static factor
for the crystallization of block copolymers. That is,
the microdomain structure of higher molecular weight
copolymers is more stable, giving the higher energy
barrier for nucleation to yield the slower crystalliza-
tion rate. For the present binary blend of M11 and
M30, a single microdomain structure is cooperatively
formed and the stability of this structure will be inter-
mediate between those of the constituent copolymers
and strongly dependent on ¢yy;. Therefore it is rea-
sonable to consider that the preexisting microdomain
structure controls the total crystallization rate through
the extra energy barrier generated by the formation of
this structure. In conclusion, we can say that the dra-
matic change in the crystallization rate against ¢y is
characteristic of block copolymer blends. That is, such
a change is not expected for the binary blend of crys-
talline homopolymers because changing the stability of
the homogeneous melt is not expected with changing
composition.

Conformation of PB Blocks in the Lamellar Morphol-
ogy

It is interesting to examine the conformational com-
promise between the longer and shorter PB blocks in
a single lamellar morphology. We can suppose two
possible models for the conformation of both the PB
blocks in the amorphous layer, as schematically de-
picted in Figure 8. Figure 8a shows that both blocks
together make a homogeneous amorphous layer to fill

Polym. J., Vol. 34, No. 8, 2002
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decreasing ¢ wm

Figure 8. Schematic illustration showing the ¢y, dependence
of the PB block conformation in the lamellar morphology. In (a)
and (b) upper PB blocks are omitted for clarity. The circles stand
for chain dimensions.

the space uniformly and consequently the shorter block
has to be stretched to the direction normal to the lamella
surface. It is found by using the same calculation pre-
sented in our previous study'® that the PB block in pure
M11 is slightly elongated in the direction perpendicular
to the interface, which is consistent with the theoret-
ical predictions.*>> 4 The degree of elongation for the
shorter PB block (belonging to M11) increases steadily
with decreasing ¢n11 and eventually it reaches the size
1.6 times larger than that of unperturbed dimension at
omi11 =~ 0.5. In addition, at the limit of ¢p1; — 0 an
unrealistic elongation of the shorter PB block and there-
fore an extremely large elastic energy are suggested if
we keep the situation shown in Figure 8a. Therefore
we will have to consider the change in the interface cur-
vature between lamellar crystals and amorphous layers
as suggested by Hashimoto et al. for the binary blend
of symmetrical amorphous-amorphous diblock copoly-
mers,?! or the localization of the shorter PB block in
the lamellar morphology (Figure 8b), as suggested by
Sakurai et al. for the microdomain structure consisting
of shorter and longer amorphous-amorphous diblock
copolymers.>> We can easily suppose for the former
case that the lamellar crystal is hard to change the in-
terface curvature to accommodate both the longer and
shorter PB blocks in the amorphous layer. In the lat-
ter case the PB blocks do not distribute uniformly in
the amorphous layer, but the middle of amorphous lay-
ers consists of the longer PB block and the interface
mainly consists of the shorter PB block. Unfortunately
it is now impossible from the present data to indepen-
dently estimate the shape of the longer and shorter PB
blocks in the amorphous layer.

CONCLUSIONS

The crystallization behavior and resulting morphol-
ogy of binary blends of PCL-b-PB diblock copoly-
mers were studied as a function of composition by SR-
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SAXS, C-SAXS, and DSC, where the crystallization
rate of pure copolymers was extremely different. The
binary blend made a single microdomain structure in
the melt over the whole composition range. The crys-
tallization proceeded with an intermediate rate between
those of the constituent copolymers to result in a sin-
gle lamellar morphology, indicating that the crystalliza-
tion of this binary blend is driven by a single crystal-
lization mechanism as in the case of pure PCL-5-PB
copolymers. The steep change in the total crystalliza-
tion rate with ¢yg; will be ascribed to the difference
in the stability of preexisting microdomain structures,
because many studies on the molecular weight depen-
dence of homopolymer crystallization show that the dy-
namic factor does not contribute to the dramatic de-
crease of the rate in this molecular weight range. The
final morphology was qualitatively discussed by assum-
ing a single lamellar morphology uniformly consisting
of M11 and M30 (Figure 8a). The degree of deforma-
tion for the shorter PB block increased with decreas-
ing ¢m11, and eventually at the limit of ¢p; — 0 an
unrealistic elongation of the shorter PB block was sug-
gested, for which an alternate model (Figure 8b) was
suggested.
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