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ABSTRACT: The morphology formed in asymmetric poly(e-caprolactone)-block-polybutadiene (PCL-5-PB) copoly-
mers has been investigated by differential scanning calorimetry (DSC), small-angle X-ray scattering (SAXS), and trans-
mission electron microscopy (TEM) as a function of total molecular weight M, (8000 < M, < 62000) and crystallization
temperature T, (—20 < T, < 457C). All the copolymers have a cylindrical or spherical microdomain structure in the melt
with the highly crystalline PCL block inside. In PCL-b-PB copolymers with M, < 19000, the SAXS result showed the
morphological transition (microdomain structure — lamellar morphology) at each T, by the crystallization of PCL
blocks. The repeating distance of the lamellar morphology increased significantly with increasing T, as usually observed
in the crystallization of homopolymers. The PCL crystallinity y, (i.e., the weight fraction of crystallized PCL blocks
against total PCL blocks in the system) was 0.58—0.79, comparable to that of PCL homopolymer. In PCL-6-PB copoly-
mers with M, = 44000, on the other hand, the morphology did not change by the crystallization at any T, and y. was ex-
tremely reduced (¥, < 0.15). The morphology formed in PCL-6-PB with M, =30000 was a combination of above two cases;
the repeating distance was independent of T, and equal to that of the microdomain structure but the morphological tran-
sition was confirmed by SAXS and TEM. The relationship between the stabilities of the microdomain structure (or M,)
and lamellar morphology (or T) is qualitatively discussed.
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The morphology formation in crystalline block copoly-
mers is very complicated by an interplay between the
microphase separation and crystallization of constituent
blocks.! Many studies have been performed so far on the
final morphology of such copolymers as a function of
crystallization condition and molecular characteris-
tics.? 20 It is established from these studies® ®!* 1% that
the microdomain structure of low molecular weight co-
polymers is completely destroyed by the crystallization
to form a lamellar morphology, an alternating structure
consisting of lamellar crystals and amorphous layers,
which is theoretically predicted to be favorable for crys-
talline block copolymers.2?? This morphological transi-
tion arises from the competition between two factors,
that is, the strong crystallization force overwhelms the
low stability of weakly segregated microdomains. There
are, however, limited studies on the morphology of high
molecular weight copolymers. Register et al.l* have re-
cently investigated the morphology of polyethylene-
block-poly(3-methyl-1-butene) (PE-5-PMB) copolymers
as a function of molecular weight, where all the copoly-
mers had a cylindrical morphology in the melt. They
found that the sufficiently strong segregation could ef-
fectively constrain the crystallization in the existing mi-
crodomains. An important factor in their study could be
the low levels of crystallinity for the PE block (y, <
0.35); for the copolymers containing a highly crystalline
block, it is difficult to achieve the high crystallinity
within the curved microdomain and eventually the sys-
tem will retain the amorphous microdomain structure

with no crystallization within it.

The crystallization temperature T, is another factor
to control the morphology formed in polymer materials.
In crystalline homopolymers, for example, the crystalli-
zation rate decelerates considerably with T approaching
to the melting temperature T}, resulting in the steady
increase of the lamellar thickness and crystallinity.?
The increase in the repeating distance of the lamellar
morphology is also observed in some crystalline block co-
polymers such as poly(e-caprolactone)-block-polybutad-
iene (PCL-6-PB)*® and PE-6-PMB,'*'® indicating that
the crystallization kinetics at T, drives the lamellar mor-
phology formed. In addition, a dramatic change in the fi-
nal morphology with changing T, has been recently re-
ported for an ABC triblock copolymer.? Thus, T, as well
as molecular weight M,,, should be the important factor
to control the final morphology formed in block copoly-
mers by the interplay between crystallization and micro-
phase separation.

In our recent study,® we examined the M,, dependence
of the final morphology formed in PCL-5-PB copolymers,
where the effect of T, was neglected. In addition, we
used copolymers with relatively low M,, so that the mor-
phological transition (microdomain structure — lamellar
morphology) was observed for all the copolymers investi-
gated. In this study, we examine the morphology in a se-
ries of PCL-b6-PB copolymers as a function of T, and M,,
where we use the samples with higher M, by expecting
that crystallization occurs within the microdomain
structure. The PCL block has inherently high levels of
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Table I. Characterization of PCL-b-PB copolymers used in this study

PCL :PB° Microstructure of PB chain * %

Notation Total M, * M,/M," (vol%) cis-1,4 trans-1,4 1,2-linkage T, (T)/C
MO8 8000 1.09 19:81 36 57 7 51(30)
Mi11 11000 1.15 1981 34 49 17 51 (30)
M19 19000 1.25 16 : 84 41 51 8 55 (33)
M30 30000 1.11 11:89 35 59 6 54 (10)
M44 44000 1.07 10 : 90 34 60 6 54 (10)
M62 62000 1.13 13 : 87 38 55 7 57(10)

* Determined by VPO or Membrane Osmometry. ® Determined by GPC. ° Determined by 'H NMR. ¢ Determined by DSC.

crystallinity (y. = 0.7), so that the enthalpic penalty
should be large when it is amorphous or crystallizes
slightly within the curved microdomain. This point is
most different from the PE-6-PMB copolymers studied
by Register et al.,'* where the PE block has low levels of
crystallinity which is attainable by the partial crystalli-
zation within the curved microdomain. We observe the
microdomain structure and lamellar morphology by
small-angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM), and y. and T, are evaluated
by differential scanning calorimetry (DSC). From these
results, we clarify quantitatively the effect of T, and M,
on the final morphology in crystalline-amorphous
diblock copolymers containing highly crystalline blocks.

EXPERIMENTAL

Materials

Poly( e-caprolactone )-block-polybutadiene (PCL-6-PB)
copolymers were synthesized by a successive anionic po-
Iymerization under vacuum with n-buthyllithium as an
initiator. Details of the synthesis and purification of the
samples are described elsewhere.?*® The copolymers ob-
tained were characterized by gel permeation chromatog-
raphy (GPC), vapor pressure osmometry (VPO) or mem-
brane osmometry, nuclear magnetic resonance ('H
NMR), and differential scanning calorimetry (DSC). The
molecular characteristics of PCL-b-PB copolymers are
summarized in Table I, where the numeral after 'M’ in
Notation represents the total M, in kgmol ! M,
changes from 8000 to 62000 with the PCL volume frac-
tion ¢pcr, ranging from 0.10 to 0.19. It was difficult to
prepare copolymers with a fixed ¢pc;, because of the
back biting of the living PCL end during the polymeriza-
tion.? The small ¢pc;, makes us expect the spherical or
cylindrical microdomain structure (curved microdomain
structure) with the highly crystalline PCL block inside
for all the copolymers.

DSC Measurements

A Perkin-Elmer Pyris 1 or DSC-7 was used to evaluate
T\, and . of the crystallized PCL-6-PB. The sample was
first annealed at ca. 70°C for 15 min, quenched with the
maximum rate (ca. 200°C min~!) into each T, (—20 < T,
< 457), crystallized for an enough time at 7., and fi-
nally heated at a rate of 5C min '. The time necessary
to complete the crystallization changed significantly
with M, and T, so that we checked the time dependence
of y. to find the end of crystallization. T\, was defined as
the maximum temperature of the endothermic peak and
¥ was calculated by y,=AH /(AH*¢'pcr), where AH and
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AH™ are the heat of fusion of the sample and perfect
PCL crystal (=135.44 J g™ 1?7 and ¢’pc. is the weight
fraction of PCL blocks in the sample. Two endothermic
peaks were observed in some cases, for which peak sepa-
ration was performed by the computational method to
evaluate each T}, and y..

SAXS Measurements

The SAXS measurements were performed with a point
focusing optics and a position sensitive proportional
counter (PSPC) with an effective length of 10 cm. Details
of the optics, instrumentation, and data processing are
described elsewhere.'22%2% The SAXS curve after various
corrections was finally obtained as a function of wave
number s defined as s =(2/4)sin@, where A is the wave
length of the incident X-ray (=0.1542 nm) and 28 is the
scattering angle.

The copolymers were first annealed at ca. 70°C for 15
min, quenched into each T, (—20 < T, < 35C), and crys-
tallized at T, for an enough time until the significant
change in the SAXS curve was not observed, where the
time dependence of y. obtained by DSC measurements
was also used to judge the end of crystallization.

TEM Observations

The morphology after crystallization of PCL blocks
was observed by TEM, together with the microdomain
structure in the melt. The sample crystallized at each T,
was first trimmed at —140°C with a glass knife followed
by stained with O,0, vapor for 24 h, and finally mi-
crotomed with a diamond knife into a thin film with a
thickness of ca. 50 nm. The PB block existing in the sys-
tem was preferentially stained by O,0,, TEM images
were obtained with a Hitachi H-7100 TEM operating at
100 kV. The repeating distance of the morphology was
roughly evaluated from the TEM image and compared
with that obtained from SAXS measurements.

RESULTS

SAXS Measurements

The morphology formed by the crystallization of PCL
blocks at each T, as well as the microdomain structure
in the melt, was investigated by SAXS and the typical
results are plotted in Figure 1. The SAXS curve of M08
(and also M11 and M19) changes dramatically by the
crystallization (70C — —10—35C in Figure 1a), indi-
cating that the morphological transition occurs in the
system. The SAXS curve of the crystallized M08 has a
faint second peak at 2s*, where s* is the position of the
first-order peak, suggesting that the (cylindrical or

603



A. Ronabi et al.

L m

Relative Intensity (a.u.)

b ! M62

-20 °C
-10
35 0
\k )
70 70

1 1
0.0 0.1 0.20.0 0.1 0.2
s (nm") s (nm’)

Figure 1.

SAXS intensity plotted against s (=(2/1) sin#8, 26 is the scattering angle and A is the X-ray wave length (=0.1542 nm)) for M

08 (a) and M62 (b) crystallized at various temperatures indicated on each curve. The bottom SAXS curve in each panel was obtained from
the microphase-separated samples in the melt. The SAXS curve of M08 at 70C is enlarged by a factor of 2 for clarity.
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Figure 2. Logarithmical plot of the SAXS curve of M08, M30,
and M62 in the melt (60°C) and after the crystallization of PCL
blocks (—20—35C).

spherical) microdomain structure is transformed into
the lamellar morphology, an alternating structure con-
sisting of lamellar crystals and amorphous layers, even
if ¢pcr, is as small as 0.19.°

The SAXS curves of M62 are different from those of

604

MO8, where s* (and also the position of the second-order
peak (=v/3s*)) does not change by the crystallization
(70C——20—107 in Figure 1b). This fact indicates that
the microdomain structure is retained even in the tem-
perature range where the PCL chain usually crystallizes
rapidly to form the lamellar morphology. The confined
space with the curved surface (i.e., the cylindrical or
spherical microdomains with the PCL block inside) will
restrict the crystallization of PCL blocks considerably.
M30 and M44 showed the similar SAXS curves with
those of M62 but y. for M 30 was much larger than that
for M44 and M62, as described later.

In Figure 2, we plotted the SAXS intensity logarithmi-
cally to emphasize the difference in the shape of SAXS
curves before and after the crystallization for M08, M30,
and M62. We find from Figure 2 that although s* for
M30 does not change by the crystallization, the positions
of second- and third-order peaks are entirely different
between two SAXS curves of M30 (v/3s* and v/7s*—2s™),
indicating that the morphological transition (spherical
or cylindrical microdomain structure — lamellar mor-
phology) has occurred. This is a special case of the mor-
phological transition, where the lamellar morphology
forms from the pre-existing microdomain structure with
the repeating distance being constant, and therefore the
constituent block does not need to diffuse extensively.
An epitaxial relationship was recently observed be-
tween the microdomain in the melt and lamellar mor-
phology for a selected polyethylene-block-poly(1-ethyle-
thylene)'° or poly(oxyethylene)-block-poly(oxybuthylene)'®
when it was crystallized rapidly from the melt, where
the cylindrical microdomain structure turned into the la-
mellar morphology without changing the principal re-
peating distance of the morphology. This epitaxy seems
to relate intimately to the crystallization kinetics be-
cause it appears only by a deep quench, where the crys-
tallization occurs rapidly. It is worth noting that M30
shows this relation for all 7,’s ranging from —20 to 20C,
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Figure 3. Repeating distance (=1/s *) (a) and FWHM of the prin-
cipal SAXS peak (b) plotted against temperature for M08 (L], ),
M30 (O, @), and M62 (A, A). The closed symbols represent that
the crystallization of PCL blocks is detected by the DSC measure-
ment.

suggesting that the present epitaxial transition is not
merely controlled by the crystallization kinetics at 7.
Figure 3 summarizes the temperature dependence of
the repeating distance (=1/s*) (a) and full width at half
maximum (FWHM) of the principal intensity peak (b) for
MO8, M30, and M62. FWHM is a measure of the regular-
ity of the morphology formed in the system; FWHM be-
comes smaller with increasing the regularity. As men-
tioned above, we find from Figure 3a that the repeating
distance of M30 and M62 (and also M44) is constant irre-
spective of T, and equal to that of the microdomain
structure, while it increases steadily with increasing T,
for MO8 (and also M11 and M19) and is fairly larger
than that of the microdomain structure. Figure 3b shows
the significant difference in the T, dependence of FWHM
among M08, M30, and M62. FWHM of M08 and M30 in-
creases steadily with increasing T, and larger than that
of the microdomain structure. This means that the regu-
larity decreases suddenly by the crystallization and that
the lamellar morphology formed is less regular com-
pared to the microdomain structure. FWHM for M62 is,
on the other hand, independent of temperature, indicat-
ing that the microdomain structure does not deform at
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Figure 4. DSC melting curves for M08 (a) and M62 (b) crystal-
lized at various temperatures indicated on each curve. The heating
rate is 5°C min " '. The ordinate in b is enlarged by a factor of 3 for
clarity.

all even if the PCL block crystallizes partially (y.< 0.15)
within the microdomain. A slight deformation of the mi-
crodomain structure was previously observed for the
crosslinked PCL-b-PB,!? where y. was significantly
larger (y. ~ 0.25) than the present case. Therefore, x.,
which may be changed by molecular characteristics of
the constituent block copolymers, affects significantly
the regularity of the microdomain structure when the
PCL block crystallizes partially.

We find from the SAXS results that the morphological
transition primarily depends on M, that is, the stability
of the microdomain structure in the melt. The crystalli-
zation temperature, on the other hand, affects delicately
the final morphology; when M, is low (M, < 19000) T,
controls the crystallization rate exclusively to decide the
details of the lamellar morphology formed (lamellar
thickness, crystallinity, folded number of PCL blocks,
elongation degree of PB blocks, and so on). When M, is
larger than 30000, T, does not provide the visible change
in the final morphology when it is observed by SAXS
even if the morphological transition takes place (for M,
= 30000) or not (for M,, > 44000).

DSC Measurements

Figure 4 shows the DSC melting curves of M08 and
M62 crystallized at each T, indicated, where the ordi-
nate in Figure 4b is enlarged by a factor of 3. We find
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Figure 5. Melting temperature (a) and total PCL crystallinity in
wt% (b) plotted against crystallization temperature for M08 (O
and []) and M62 (A).

that the melting behavior of M08 changes significantly
with changing T, and the melting enthalpy (i.e., y.) is
very large. M11, M19, and M30 showed the similar melt-
ing behavior with that of M08. The melting endotherm
of M62, on the other hand, is very small though y. de-
pends significantly on T, with the peak position (i.e., Ty,)
being unchanged. M44 showed the similar DSC curve
with that of M62. Thus, the melting behavior (and there-
fore the final morphology) of the present PCL-6-PB co-
polymers is classified into two cases, that is, Figures 4a
and 4b.

The DSC curve of M08 has two endothermic peaks in a
limited range of T, (25 < T, < 40C) and seems to be rep-
resented by a combination of the endothermic curves at
T. = 20 and 45C after shifting them along the tempera-
ture axis. The double melting phenomenon is sometimes
observed for the melting of homopolymers and ascribed
to the reorganization of the lamellar morphology during
heating.®®*! Therefore the characteristic DSC curve de-
pends critically on the heating rate; when the heating
rate is small there is an enough time for thin lamellae to
melt and recrystallize, so that we get clear bimodal DSC
curve, while when the heating rate is large, the lamella
cannot thicken during heating to form the broad single
DSC curve. In the present case, however, the melting be-
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Figure 6. PCL crystallinities in wt% plotted against crystalliza-
tion temperature when the bimodal endothermic peak of M08 is di-
vided into two single peaks. O: low-temperature peak, [I: high-
temperature peak.

havior represented by Figure 4a did not depend on the
heating rate ranging from 3°C min ™! to 20°C min?, sug-
gesting that the bimodal DSC curve does not arise from
the morphological reorganization during heating. This
double melting behavior was previously observed for
some block copolymers containing crystalline blocks®'!;
Gan et al.'!, for example, observed the similar melting
behavior for poly(tetrahydrofuran)-block-poly(ethylene
oxide) (PTHF-5-PEQ) copolymers and concluded that the
double melting behavior is not ascribed to the melting
and recrystallization of thin lamellae during heating but
the existence of two slightly different morphologies
formed under the nonequilibrium crystallization at T.
We discuss these morphologies later, together with the
results of TEM and SAXS.

Figure 5 shows the plot of T}, (a) and y. (b) against T,
for MO8 and M62. As mentioned above, M08 shows two
melting peaks in the DSC curve, so that higher and
lower melting temperatures are plotted in Figure 5a.
The value of T, for M62 is almost independent of T\, and
close to that of PCL homopolymers, while y is extremely
small (y. < 0.15). In addition, the crystallization could
not be confirmed at 7, > 15°C within the experimentally
accessible time (more than one week). It is surprising
that the highly crystalline PCL chain shows such a low
crystallinity at T, < 10°C and no crystallinity at 7, >
15C. Though y. for M08 is large (0.58 < y. < 0.79), Tp,
changes complicatedly with changing T; the lower (O)
and higher () melting temperatures increase with in-
creasing T. and merge into one at about 40°C. This
change in T, against T is similar to that reported by
Gan et al. for PTHF-b-PEO copolymers,!? and seems to
be a general phenomenon observed in crystalline block
copolymers. We notice from Figure 5b that y. is constant
or decreases slightly with increasing 7. This is not usu-
ally observed for the melting of homopolymers, where .
increases steadily with increasing 7. which is attributed
to the slower crystallization at higher T, to make the la-
mella thicker. Figure 5b suggests that the crystallization
mechanism of block copolymers is different from that of
homopolymers, that is, the lamellar thickening is not the
only factor to reduce the free energy of the system.?"??

Polym. J., Vol. 32. No. 7. 2000
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Figure 7. TEM micrographs of M11 crystallized at 10C (a) and
45C (b). The black region is the PB chains stained by 0,0,.

To understand the bimodal character of the DSC ther-
mogram shown in Figure 4a in more detail, we divided
the DSC curve into two single curves (ca., those of T, =
20 and 45C) by the computational method. The T, de-
pendence of the lower-peak crystallinity y, and higher-
peak crystallinity yy, is shown in Figure 6, where y; in-
creases and simultaneously y) decreases with increas-
ing T, and both meet at T, ~ 30C. We expect from Fig-
ure 6 that two slightly different morphologies coexist in
the system and their fractions change significantly with
T..
The DSC results reveal that there is a large difference
in the melting behavior between PCL-b-PB copolymers
with M,, < 30000 and M, > 44000, for which the mor-
phological difference is responsible, as clarified by
SAXS; the former copolymers form the lamellar mor-
phology and the latter the microdomain structure in
which the PCL block crystallizes slightly (crystallized
microdomain structure). Register et al. observed the
small difference in the crystallinity of PE blocks between
the lamellar morphology (0.31 < y. < 0.36) and crystal-
lized microdomain structure (0.26 < y. < 0.32) for a se-
ries of PE-b-PMB copolymers,'* where the crystallinity
levels of PE blocks are not high compared with the pre-
sent PCL block (0.58 < y. < 0.79). When the constituent
block is highly crystalline, the system tends to reorgan-
ize the structure into the lamellar morphology or to keep
the microdomain structure with no crystal inside, since
it is impossible to maintain the high crystallinity within
the curved microdomain. The system chooses one of the
two extreme morphologies depending both on the stabil-
ity of the microdomains and crystallization force; when
the crystallization overwhelms the microdomain stabil-
ity the lamellar morphology appears, while the microdo-
main structure is extremely stable it remains without
any crystallization inside. This point is most different
between the crystalline blocks with low and high levels
of crystallinity.

TEM Observations

From DSC and SAXS measurements, we have two
questions about the morphology formed in the present
PCL-5-PB copolymers; (1) are there two morphologies
existing in the crystallized M08, as indicated by the dou-
ble melting curve (Figure 4a)? and (2) whether the mor-
phological transition occurs certainly in M30 by the crys-
tallization of PCL blocks. We took TEM pictures to clar-
ify these points.

Polym. J.. Vol. 32, No. 7, 2000

Figure 8. TEM micrographs of M30 in the melt (a) and crystal-
lized at 5C (b).

Figure 7 shows the lamellar morphology formed in
M11 crystallized at T, = 10°C (a) and T, = 45°C (b), where
we know from Figure 6 that only one of the morphologies
is present in the system. (The melting behavior of M11 is
similar with that of M08.) Both TEM images show the
lamellar morphology with relatively thin PCL lamellae
(white strips), which is similar with the TEM pictures
reported for crystalline block copolymers.2®32 The re-
peating distance of this lamellar morphology is ca. 18
nm for a and ca. 29 nm for b and agrees reasonably with
the SAXS result (not shown here). We cannot find any
distinct difference in the morphology between Figures
7a and 7b. We infer that even if there is a difference in
the lamellar morphology, it might be the internal struc-
ture of lamellar crystal or the interfacial structure be-
tween lamellae and amorphous layers, which are indis-
tinguishable from Figure 7 with the limited contrast.
But we can say that the morphological difference sug-
gested by the double melting curve does not imply the
essential difference in the morphology such as the differ-
ence between the lamellar morphology and crystallized
microdomain structure, but the difference in the minor
portion within the lamellar morphology.

Finally, Figure 8 shows the TEM image of M30 before
(a) and after (b) crystallization of PCL blocks. We can
find the spherical microdomain structure in Figure 8a
and lamellar morphology in Figure 8b though the con-
trast is again very limited. The repeating distance is al-
most equal for these morphologies (ca., 27 nm), as ex-
pected from Figure 3a, though it is moderately smaller
than that obtained by SAXS (~ 35 nm). Figure 8 indi-
cates evidently that the morphological transition (sphe-
rical microdomain structure — lamellar morphology) oc-
curs by the crystallization, which is consistent with the
SAXS and DSC results shown in Figures 2 and 5.

DISCUSSION

Here, we consider the relationship intuitively between
the stabilities of the microdomain structure in the melt
and lamellar morphology formed at T, to explain the
present results qualitatively.

Apart from the complicated effects characteristic of
block copolymers, the decrease in free energy (divided by
kT) by the crystallization at T, AF,, is mainly composed
of (negative) crystal free energy term (which is propor-
tional to the crystal volume) and (positive) surface free
energy term (which is proportional to the surface area of
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Figure 9. Free energy difference as a function of temperature for
the microdomain structure (AF,) and lamellar morphology (AF,).
Curve a represents the case for Top > T, and curve b for Top > T,

the crystal). If we assume that the enthalpic and en-
tropic differences between the crystal and homogeneous
melt are temperature-independent® and that AF,= 0 at
T.= T, we simply obtain,

AF, <—C(Tmn— T, (1)

where C is a positive constant independent of T'.

The theory to investigate the stability of the microdo-
main structure formed in amorphous diblock copolymers
was recently proposed by using a self-consistent mean
field theory,3*** where it covers the temperatures rang-
ing from the weak to the strong segregation regions. The
free energy difference between the microdomain struc-
ture and the homogeneous melt, AF,;,, can be expressed
approximately as,

_(ZMn_a)2
M

where M, is the total molecular weight of the constitu-
ent block copolymer, y is the Flory-Huggins interaction
parameter between the blocks, and « is a constant de-
pending on the type of the microdomain structure and
the volume fraction of one of the blocks. By assuming
that y is inversely proportional to T' (i.e., y o<1/T), we
get,

AFmoc (2)

,(Top—T)
T

where C’ is also a positive constant independent of T
and Tqp is the order-disorder transition temperature of
the microphase separation.

The relation between AF, and AF,, against tempera-
ture is depicted schematically in Figure 9, where curve a
represents the case of Tgop > T, (i.e., relatively small M,
corresponding to M08 and M11) and curve b represents
the case of Top » T, (i.e., large M, corresponding to M44
and M62). The important point is that AF,, meets with
AF. at Ty just below T, for curve a, and hence the micro-
domain structure is stable compared to the lamellar
morphology only in a narrow temperature range be-
tween Ty and T, It is expected from Figure 9 that this
temperature range expands with increasing M, (curve a
— curve b) and simultaneously the energy barrier be-
tween the homogeneous melt and the microdomain
structure becomes large. Therefore, the temperature
range, where the lamellar morphology is stable and

AFpoc —C (3)
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hence the morphological transition occurs spontane-
ously, shifts gradually to the lower range with increas-
ing M,. The increasing energy barrier between the ho-
mogeneous melt and the microdomain structure is an-
other factor to prevent the spontaneous morphological
transition, and eventually the microdomain structure re-
mains unchanged for the copolymers with a large M,,.
Actually the kinetic factors such as the diffusion of the
constituent block copolymers intervene intc the mor-
phology formation to make the transition kinetics more
complicated. Figure 9 explains qualitatively the present
SAXS and DSC results about the M, and T, dependence
of the morphology formation in PCL-5-PB copolymers.

CONCLUSIONS

We have investigated the morphology formed in a se-
ries of asymmetric poly(e-caprolactone)-block -polybuta-
diene (PCL-b6-PB) copolymers as a function of total mo-
lecular weight M, and crystallization temperature T..
The PCL block is highly crystalline and all the copoly-
mers have a cylindrical or spherical microdomain struc-
ture in the melt with the PCL block inside. The following
conclusions were obtained.

1. The morphological transition (microdomain structure
— lamellar morphology) was clearly observed by the
crystallization of PCL blocks for the copolymers with M,
< 19000 and the details of final morphology were signifi-
cantly dependent on T, as usually observed in the crys-
tallization of homopolymers. The DSC curves showed a
double melting behavior at a limited range of T, sug-
gesting the two different morphologies coexist in the sys-
tem. However, the TEM observations, together with the
SAXS results, showed the usual lamellar morphology in-
stead of any coexistence of two distinctly different mor-
phologies.

2. The microdomain structure did not change by the
crystallization for PCL-b-PB copolymers with M, =
44000, where the PCL crystallinity y. was extremely re-
duced or almost zero even though the PCL block is
highly crystalline by nature. The stability of the existing
microdomain structure surpasses the large enthalpic
penalty of the PCL block to be nearly amorphous in the
cylindrical or spherical microdomains.

3. When M, = 30000, the morphological transition was
clearly observed by SAXS and TEM, but the principal re-
peating distance of the morphology did not change, sug-
gesting the possible epitaxial relationship between the
microdomain structure and lamellar morphology for all
T.s investigated.
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