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ABSTRACT:

The morphology and melting behavior of poly(e-caprolactone)-block-polystyrene (PCL-5-PS) copolymers,

quenched from the melt or cast from the toluene solution, were investigated by small-angle X-ray scattering (SAXS) and
differential scanning calorimetry (DSC) as a function of copolymer composition. The glass transition temperature of PS blocks
is higher than the melting temperature of PCL blocks, T, pcy, in this system, so that the molecular motion is extremely restricted
when the PCL block crystallizes in temperatures below Ty, pey. DSC results showed that the quenched PCL-6-PS did not
crystallize at any temperature when PCL vol%, ¢pc, was less than 26%, whereas it crystallized partially when ¢pc >34%
and the crystallinity increased with increasing @pc,, suggesting that ¢pc, affects significantly the crystallizability of PCL blocks.
However, crystallization was observed for all PCL-b-PS copolymers cast at 20°C, and the crystallinity decreased appreciably
with increasing the casting temperature. SAXS results revealed that high crystallinity PCL-6-PS copolymers had an intensity
peak arising from the lamellar morphology, an alternating structure consisting of crystalline lamellac and amorphous layers,
whereas low crystallinity PCL-b-PS copolymers did not show any SAXS peak, indicating the morphological difference among
crystallized PCL-6-PS copolymers. The morphology formed in PCL-b-PS is discussed as a function of ¢pc, in terms of the

lamellar morphology observed for crystalline homopolymers.
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The crystallization of block copolymers is very com-
plicated since it starts from a homogeneous state or
various microdomain structures existing in the melt.
When the microdomain structure is weakly segregated,
subsequent crystallization destroys this structure to result
in a lamellar morphology, an alternating structure com-
posed of crystalline lamellae and amorphous layers.! ~1°
This means that the driving force of crystallization is
much larger than the stability of microdomain structures.
The lamellar morphology in equilibrium has been
experimentally investigated'*® and also theoretically
predicted,'**? in which crystalline blocks are folded
rather than extended to accommodate amorphous blocks
between lamellae. When the molecular weight of block
copolymers increases, the stability of microdomain
structures increases and subsequent crystallization
cannot destroy these structures, and eventually the
constituent block crystallizes without a morphological
reorganization.!3~1¢

The glass transition of amorphous blocks is another
factor to enhance the stability of microdomain structures.
That is, the crystalline block cannot move freely when
it crystallizes in the bulk since the amorphous block,
linked with the crystalline block by the covalent bond,
is anchored into glassy regions. Crystallization is, there-
fore, extremely restricted and may occur, for example,
within the microdomain structure. In other words, these
crystalline—amorphous diblock copolymers with a high
glass transition temperature have potential to control the
morphology formed by a combined effect of crystalliza-
tion and microphase separation by using the vitrification
of amorphous blocks.

There are experimental studies on the crystallization

and final morphology formed in diblock and triblock
copolymers consisting of crystalline and amorphous
blocks, where the glass transition temperature of amor-
phous blocks is higher than the melting temperature of
crystalline blocks.!” =27 Gervais and Gallot first investi-
gated the morphology of poly(ethylene oxide)-block-
polystyrene (PEO-b-PS) as a function of molecular
characteristics of PEO-b-PS and crystallization con-
ditions.'” ~2° Jerome and Teyssie extended the research
to poly(e-caprolactone)-block-PS (PCL-b-PS) copoly-
mers,2°~23 where they focussed their attention on
morphology in a binary system of PCL-5-PS and diethyl
phthalate, a good solvent only for PS blocks and dis-
cussed mainly the folding number of PCL blocks in
equilibrium morphology.?? Later they investigated the
crystallizability of PCL blocks in PCL-b6-PS by calori-
metric and optical methods as a function of copolymer
composition and PCL block length.?® Liu et al.?*2%27
recently studied the morphology of poly(tetrahydro-
furan)-block-poly(methyl methacrylate) (PTHF-b-
PMMA) copolymers cast from the solution, and found
that even in the microdomain structure PTHF crystal-
lized partially though the crystallinity and melting
temperature were strongly dependent on the copolymer
composition (or type of microdomain structure).

In our earlier paper,?® we crystallized PCL-b-PS, where
the glass transition temperature of the PS block, T, s,
was ca. 100°C and the melting temperature of the PCL
block was ca. 60°C. We added a plasticizer only to the
PS block to lower T, ps and eventually induce the crys-
tallization of PCL blocks. In this study, we crystallized
PCL blocks in various PCL-b-PS copolymers by
quenching from the melt and casting from the toluene
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solution. Final morphology was observed by small-angle
X-ray scattering (SAXS) and the melting behavior was
investigated by differential scanning calorimetry (DSC).
We elucidate the crystallizability of PCL blocks as a
function of copolymer composition and discuss the
resulting morphology observed by SAXS from the
viewpoint of combined effects of crystallization, micro-
phase separation, and glass transition.

EXPERIMENTAL

Materials

PCL-5-PS copolymers in this study were synthesized
by a successive anionic polymerization under vacuum.
The styrene monomer was first polymerized in toluene
at room temperature for 24h with n-buthyllithium as
initiator, followed by the addition of an e-caprolactone
monomer to synthesize the block copolymer at —15°C
over 2—12min. Reaction time and temperature of the
e-caprolactone monomer were carefully adjusted to
prevent depolymerization (back-biting) by the living
e-caprolactone end during anionic growth of the PCL
block. The styrene/initiator ratio and amount of e-
caprolactone monomers were changed to obtain various
copolymers. The copolymer thus synthesized was pre-
cipitated several times into a large amount of methanol
to remove the unreacted ¢-caprolactone monomer com-
pletely.

The copolymers were characterized by gel permea-
tion chromatography (GPC), vapor pressure osmometry
(VPO), and nuclear magnetic resonance (‘H NMR).
Table I summarizes the results of molecular characteriza-
tion, where the number after ‘CL’ represents PCL vol%
(=¢pcr) in PCL-b-PS. ¢ppcp changes from 13 to 73%,
though the total molecular weight is not constant, which
may seriously affect the stability of microdomain struc-
tures and also the size of the lamellar morphology as
predicted by equilibrium theories for crystalline-amor-
phous block copolymers.!!'1? The poly(e-caprolactone)
homopolymer, designated PCL1 in Table I, was also used
to compare crystallization behavior and morphology
with those of PCL-b-PS copolymers.

The glass transition temperature of the PS homo-
polymer is ca. 100°C and the melting temperature of the
PCL homopolymer Ty, pcp is ca. 60°C,>° so that the
crystallization of PCL blocks at temperatures below
T,.pcr Will be affected by the vitrification of PS blocks.
PS and PCL homopolymers have no specific interac-
tions between them and it is reported that the PCL
homopolymer is partially miscible with the PS oligomer
and not miscible with the PS homopolymer.?° 3! This
suggests that PCL-b-PS has a microdomain structure in
the melt if the molecular weight is large enough.

Sample Preparation

Two methods were used to prepare the crystallized
PCL-b-PS samples; quenching method and solution-
casting method. In the quenching method, PCL-5-PS
was first annealed at ca. 110°C for 0.5h to erase the
previous thermal history and to develop the microdomain
structure, then quenched into various crystallization
temperatures T, ranging from 20 to 50°C, and crystallized
for a long time. In the solution-casting method, toluene,
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Table 1. Characterization of polymers

Notation  Polymer Source Total M,* M,/M,2 PS(I;I(;/OP,S/
CL13 PCL-b-PS a 12000 1.18 13:87
CL26 PCL-b-PS a 23000 1.21 26:74
CL34 PCL-5-PS 2 12000 1.41 34:66
CL64 PCL-b-PS 2 30000 1.29 64:36
CL73 PCL-b-PS 2 18000 1.75 73:27

PCLI PCL b 7000 1.57 —

Products, Inc. ¢Determined by VPO. ¢Determined by GPC.
¢ Determined by 'H NMR.

good for both blocks, was used for the casting solvent
and gradually evaporated at various 7, to obtain a
crystallized thin film of PCL-5-PS. The complete evap-
oration of toluene was confirmed by no weight change
on further evaporation.

SAXS Measurements

SAXS measurements were performed with a point
focusing optics and a one-dimensional position sensitive
proportional counter (PSPC) with an effective length of
10cm. SAXS optics have a curved monochrometer and
curved mirror to focus the scattered intensity on the
PSPC. Cu-K, radiation by a MAC Science M18X
generator operating at 40kV and 30mA was used
throughout. The distance between the sample and PSPC
was about 40 cm. The geometry was further checked by
a chicken tendon collagen, which gives a set of sharp
diffractions corresponding to 65.3 nm. The accumulation
time for each measurement was 3000—5000 s depending
on the scattered intensity from the sample.

SAXS intensity was corrected for background scat-
tering and absorption by the sample, and finally con-
verted into the relative scattered intensity as a function
of wave number s defined as,

s=(2/4)sin 0 (1)

where A is the wave length of the incident X-ray (=
0.1542nm) and 26 is the scattering angle. The angular
position of SAXS intensity peaks was evaluated after
the SAXS curve was corrected for the Lorentz factor
assuming that the morphology of crystallized PCL-b-
PS copolymers is an alternating structure consisting
of crystalline lamellae and amorphous layers (lamellar
morphology).

The electron density difference between the amorphous
PCL (337enm ™2 at 100°C3?) and amorphous PS (332
enm ™3 at 100°C33) is unfortunately extremely small, so
we cannot expect the scattering from the microdomain
structure in the melt. In fact, we observed a mono-
tonously decreasing SAXS curve with increasing s from
molten CL13, CL26, and CL34. The scattering from
the morphology after the crystallization of PCL blocks
can be observed since there is enough electron density
difference between PCL crystals (393enm™33%) and
amorphous PS (344enm ™3 at 40°C33).

DSC Measurements
A Perkin Elmer Model 7 DSC or Pyris 1 DSC was
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Figure 1.
is indicated on each curve. The heating rate is 5°Cmin~".

used to determine the melting temperature of PCL
blocks T, pep and PCL crystallinity y (i.e., wt% of the
crystallized PCL block against the existing PCL block
in the system). The sample crystallized at each T for a
long time was cooled quickly to ca. 20°C and then heated
up to 120°C with a heating rate of 5°Cmin™'. T}, pcr
was obtained from the endothermic peak position and y
was calculated as,

1=AH|(AH®:f) )

where AH is the heat of fusion per gram of copolymers
which can be evaluated from the peak area, AH® that
of perfect PCL crystals (135.44J g~ * 32), and f the weight
fraction of PCL blocks.

RESULTS AND DISCUSSION

DSC Measurements

Figure 1 shows typical DSC curves measured for CL73
quenched from the melt (a) and cast from the toluene
solution (b). Each DSC curve has an endothermic peak
corresponding to the melting of PCL blocks and the peak
position shifts slightly to the higher temperature with
increasing crystallization temperature 7,.. The DSC
curves measured for the quenched CL64 and CL34 have
similar endothermic peaks shown in Figure la, but those
for CL13 and CL26 do not have any peak for any 7,
from 20 to 50°C. This means that the PCL block does
not crystallize at all by quenching when ¢p; is less than
26%.

All solution-cast samples have an endothermic peak
at T,=20°C. Crystallization is intuitively expected to be
less restricted when PCL-b-PS is cast from the solution
rather than quenched, and therefore the morphology may
be different. The small endothermic peak observed at
T.=20°C for CL13 and CL26 disappears with increasing
T., which can be qualitatively explained by interplay
between the crystallization and solvent-evaporation
rates. The crystallization rate is usually smaller with
increasing 7., which is exponentially retarded as a
function of the degree of undercooling AT (= T,,— T.).>*
The crystallization of PCL blocks does not start or does
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Figure 2. T, dependence of melting temperature T, oo, for (a)

quenched samples and (b) solution-cast samples.

not end completely during the solvent-evaporation at a
higher temperature or smaller AT, the degree of which
depends intimately on ¢pc; . Therefore, the solution-cast
CL13 and CL26 do not crystallize at small AT, and CL34,
CL64, CL73, and PCLI crystallize partially with imma-
ture crystallites formed in the system, yielding an ap-
preciable decrease of y with increasing T.. (Figure 3b)
The melting temperature of the PCL block, 7', pcy, is
shown in Figure 2 as a function of T for all the samples
quenched from the melt (a) and cast from the solution
(b). T, pcy for the quenched PCL-b-PS (with ¢pey, > 34%)
makes a master curve irrespective of ¢pc, and increases
appreciably with increasing 7. It is well known that the

Polym. J., Vol. 30, No. 12, 1998
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Figure 3. T, dependence of PCL crystallinity y (i.e., wt% of crys-
tallized PCL blocks against total PCL blocks existing in the system)
for (a) quenched samples and (b) solution-cast samples.

melting temperature of crystalline homopolymers, T,,, is
related to the lamellar thickness /, as,3°

To=TO{1—20/(l,-AH)} 3)

where T2 is T, of infinitely large crystals, o is the specific
surface energy, and AH is the heat of fusion per unit
volume. Therefore, Figure 2a means that /_ in the lamellar
morphology is independent of ¢pcp if Pper>34% and [,
increases slightly with T,. T, pc for the solution-cast
PCL-5-PS is versatile, depending on ¢pep and T. Ty, poL
for PCL1, CL73, and CL64 again makes a straight line
against T, and is higher than that of the quenched samples
atevery T,. T,, pc decreases significantly with decreasing
¢pcr, at T,=20°C, while melting cannot be observed at
T.>30°C for CL26 and CL13, as mentioned above.
We note in Figures 2a and 2b that T, pe of CL64
and CL73 is generally higher than that of PCLI. In
particular, T, pc, of the solution-cast CL73 at 7,=51°C
is 66°C, which is ca. 4°C higher than that of PCL1. Since
the equilibrium melting temperature of PCL is reported
to be 70°C,3” the PCL block in CL73 is not fully extended
but more extended than that in PCL1 if we assume that
the difference in T, pcy arises only from morphological
effect. That is, the covalently linked PS block makes the
PCL block more extended than PCLI under the non-
equilibrium crystallization. A kinetic effect is another
plausible explanation. The molecular motion of PCL-b-
PS is lower than that of PCL1 at around T, ¢ and
therefore PCL-b-PS is less sensitive to heating measure-
ments than PCLI to yield a higher 7, pc . A careful
study is necessary to understand the reasons for this.
Figure 3 shows plots of PCL crystallinity y, wt% of
the crystallized PCL block against the total PCL block

Polym. J., Vol. 30, No. 12, 1998

100 T T T T T
solution-cast PCL-b-PS
80 [ O 0O ———— A
o ©
= -
: s
2 60| /7 .
> /5 e __——°
€ / 7
5 Y -9
8 e
S 40 / b
[3)
STl ¢ /
o / /
a / quenched PCL-b-PS
20 ‘ T
/
/
ol -o—4@ -
1 1 1 1 1
0 20 40 60 80 100
Vol% of PCL block

Figure 4. Composition (vol% of PCL blocks in the copolymer)
dependence of PCL crystallinity y for quenched samples (@) and
solution-cast samples (O). Crystallization temperature is 20°C.

in the system, against 7 for the quenched PCL-5-PS (a)
and solution-cast PCL-5-PS (b). The T, dependence of
both samples is quite different; for the quenched PCL-
b-PS with ¢pe; >34% (Figure 3a), y increases slightly
with T, as usually observed in crystalline homopolymers.
This is qualitatively explained by the non-equilibrium
crystallization at T,. The crystallization rate increases
with decreasing 7, and immature (or thinner) lamellae
are formed in the system to decrease y. Figure 3a also
shows that y depends intimately on ¢pq, that is, x
decreases significantly at ¢pc;. = 34% and eventually falls
to zero with further decrease of ¢pc . For the solution-
cast PCL-b-PS (Figure 3b) y decreases appreciably with
increasing T.. In particular, y for CL13 and CL26 changes
dramatically with T; when T,>30°C, CL13 and CL26
cannot crystallize at all, whereas they crystallize partially
at T,=20°C, as explained in Figure 2b.

Figure 4 shows plots of x against ¢pc; for the quenched
PCL-b-PS (@) and solution-cast PCL-5-PS (O). Heus-
chen et al.?? obtained a similar ¢pc; dependence of y for
a series of PCL-b-PS copolymers with a constant PS
block length (M, ~40000), and reached the conclusion
that y changed dramatically at ¢pc =40—45%.
Although the PCL block length is not constant in this
study, y changes smoothly with changing ¢p, , suggesting
that ¢pc,. affects seriously the crystallizability of PCL
blocks rather than the PCL block length within the
present molecular weight range. In particular, the
quenched PCL-b-PS crystallizes partially when ¢pc; >
34% though y is significantly lower than that of the
solution-cast PCL-b-PS. The crystallization of quenched
PCL-b-PS indicates that the PCL block crystallizes within
the existing microdomain structure or it crystallizes by ac-
companying a morphological reorganization from the
microdomain structure into the lamellar morphology.
The results of SAXS measurements reveal which mor-
phology prevails in the quenched PCL-5-PS, and are pre-
sented in the next section.

SAXS Measurements
When crystalline homopolymers have lamellar mor-
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Figure 5. SAXS intensity curves of (a) CL73 quenched from the melt and (b) CL73 cast from the toluene solution. Crystallization temperature

is indicated on each curve.

phology, the SAXS curve usually shows an intensity peak
and we can evaluate the long spacing (or repeating
distance) of this morphology from the angular position
of the intensity peak. Figure 5 shows a typical example
of SAXS curves for CL73 quenched from the melt (a)
and cast from the solution (b) at each temperature
indicated. In the case of PCLI1, CL73, CL64, and
solution-cast CL34, SAXS intensity peak is observed for
all 7, investigated, and the angular position of the peak
shifts significantly with changing T,. SAXS intensity peak
for the quenched CL34, which shows an endothermic
peak in the DSC measurement (Figure 2a), is not ob-
served at every T,. That is, PCL blocks certainly crys-
tallize in the system but crystallization does not yield
the lamellar morphology detectable by SAXS, since there
is a large PS block and this PS block prevents the
formation of regular lamellar morphology.

When the morphology in the quenched sample is
completely different from that in the solution-cast
sample, the long spacing, which reflects morphology,
differs significantly. It is also reported that crystalline-
amorphous block copolymers cast from the solution have
lamellar morphology if the solvent is good for both
blocks. The long spacing L is plotted against 7, in Figure
6 for quenched (a) and solution-cast (b) samples, where
L of the quenched PCLI coincides substantially with that
of the solution-cast PCLI1. This suggests that lamellar
morphology in PCL1 is not so dependent on the crys-
tallization method (quenching or solution casting),
though the lamellar thickness /., amorphous layer
thickness /,, and consequently crystallinity y are altered
slightly in the lamellar morphology, as described in
Figures 2 and 3. This is true for CL64 and CL73 because
L of the quenched samples is almost the same with that
of the solution-cast samples, indicating that the lamellar
morphology is formed even in the quenched CL64 and
CL73 probably due to the large amount of crystallizable
block (PCL block). The difference in L among PCLI,
CL73, and CL64 can be quantitatively explained on the
basis of lamellar morphology by considering PS blocks
intervening between PCL lamellae, as described in the
next section.
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The SAXS intensity peak cannot be observed for the
quenched CL34 though crystallization is confirmed by
DSC. For the solution-cast CL34, the SAXS intensity
peak is clearly observed. These results suggest that the
morphology formed by two methods is different and the
effect of glass transition is definitely recognized in the
morphology formation of CL34. Unfortunately the type
of microdomain structure in the molten CL34 cannot be
estimated from the SAXS curve and PCL blocks should
be surrounded by PS blocks judging from ¢pc;. There-
fore, the PCL block is extremely restricted to crystal-
lize in the quenched CL34 and eventually it crystal-
lizes irregularly, for example, within the existing micro-
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domain structure, leading to quite different morpholo-
gy from that of the solution-cast CL34.

The large and irregular variation of L for the so-
lution-cast sample at 7,=20°C (Figure 6b) may be ex-
plained by taking the copolymer composition and total
molecular weight into account. That is, the equilibrium
lamellar morphology is determined by a subtle balance
between stretching of PS blocks and chain-folding of
PCL blocks, which depend intimately on the molecular
characteristics of the copolymer, as theoretically
predicted*-'? and experimentally reported.®

Figure 7 shows the full width at half maximum
(FWHM) of peak intensity for various samples indicated.
Generally FWHM is a measure of the regularity of
repeating structures. The quenched CL73 and PCL1 have
large FWHM, which means the irregular lamellar
morphology formed under the non-equilibrium crystalli-
zation. FWHM decreases with increasing 7. That is, the
morphology becomes more regular at higher T, because
the crystallization rate decelerates with increasing T,
and morphology is slowly formed to approach to an
equilibrium morphology formation with a narrow dis-
tribution of lamellar and amorphous layer thicknesses.
FWHM for the quenched CL64 is extremely small and
comparable to that of the solution-cast samples. (Figure
7b) The molecular weight of CL64 is highest among the
copolymers used and the microdomain structure in the
melt is comparatively stable. Thus, crystallization may
start from an existing lamellar microdomain structure
without further morphological reorganization, as in the
case of an epitaxial crystallization recently reported in
microphase separated block copolymers.®®3° Tt is
necessary to investigate quantitatively the crystallization
behavior and final morphology of a stable and definite
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microdomain structure confirmed by SAXS and TEM.

T, dependence of FWHM for solution-cast samples is
different from that for quenched samples; it increases
rather than decreases with increasing 7,. The interplay
between crystallization and solvent-evaporation leads to
accelerated non-equilibrium crystallization with increas-
ing T..

Morphological Consideration

It is necessary to confirm whether the SAXS intensity
peak arises from the lamellar morphology or other
morphologies, so that we consider the details of the
morphology formed in PCL1, CL73, and CL64, since we
have the SAXS intensity peak even for the quenched
samples. It is well known that crystalline homopolymers
form a lamellar morphology when quenched from the
melt or cast from the solution, so that we assume here
that SAXS intensity peak for PCLI, irrespective of the
crystallization method and T, arises from lamellar
morphology. Also, it is plausible to assume that the PS
block is segregated completely from the amorphous PCL
block in the lamellar morphology with a sharp interface
between them because PCL is not miscible with PS.29 3!
This leads to the equation,

le+1, perL=(Ppcr/100) x L 4

where /, pe; is the amorphous PCL layer thickness and
dpcr 1s vol% of the crystallized and amorphous PCL
blocks in the system and almost equals to ¢pc. We
extract the PCL region in the lamellar morphology after
excluding the PS block with different sizes by eq 4
considering the 7, dependence of the morphology.

Figure 8 shows plots of /.+/, pc; as a function of T,
for PCL1, CL73, and CL64 quenched from the melt
(open symbols) and cast from the solution (closed
symbols). All the data points fall on a same curve
irrespective of copolymers and crystallization methods
though data for CL64 are systematically large probably
due to the effects of stable microdomain structures.
Figure 8 suggests that the alternating structure of crys-
talline and amorphous PCL blocks with similar spacings
is certainly formed in CL73 and CL64 as well as PCL1,
and the PS block is accommodated within the amorphous
layer between PCL lamellae.
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confirmed by Herman et al.??; C, crystallization observed at 7,=20°C but not 7,=30°C.

The morphological speculation of CL34 is quite
difficult only from the present results because the mor-
phology is different for quenched and solution-cast co-
polymers and also SAXS results do not provide useful
information on the morphology of quenched CL34. But
the morphology formed in CL34 is interesting, since we
can control it by the crystallization method. It is,
therefore, necessary to understand the crystallization
mechanism and final morphology of CL34 precisely with
other methods.

The morphology in PCL-b-PS obtained in this study,
together with the result reported by Herman et al.,?? is
summarized in Figure 9 as a function of ¢pc, . Thus, ¢pcp.
has significantly affected the crystallization of PCL blocks
and final morphology in the present molecular weight
range, in particular, when PCL-b-PS is quenched from
the melt.

CONCLUSIONS

In this study, we crystallized PCL-b-PS copolymers by
quenching and solution-casting methods, where the
crystallization of PCL blocks was restricted by vitrifica-
tion of PS blocks. The following conclusions were ob-
tained.

1. We observed the crystallization of PCL blocks in
quenched PCL-6-PS copolymers when ¢p; was larger
than 64% (CL64 and CL73) both by DSC and SAXS
measurements. The long spacing L agreed with that of
PCL-b-PS cast from the toluene solution, indicating
lamellar morphology even in the quenched PCL-5-PS.
The increase of L for CL73 and CL64 was quantitatively
explained on the basis of the lamellar morphology with
the additional PS block intervening between PCL
lamellae.

2. When ¢pc was 34% (CL34), we observed the
crystallization of PCL blocks in the quenched PCL-b-PS
by DSC but the SAXS intensity peak could not be
observed, suggesting the PCL block crystallized partially
in CL34 and the regular morphology detectable by SAXS
did not form. However, lamellar morphology was con-
firmed for the solution-cast CL34.

3. When ¢p¢;, Was less than 26% (CL26 and CL13),
no crystallization was observed for quenched samples,
but partial crystallization was detected for solution-cast
samples at T,=20°C. Since the PCL block is surrounded
by many PS blocks in the melt, crystallization is extremely
restricted when quenched from the melt, resulting in no
crystallization.
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