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ABSTRACT: The morphology formed in poly(¢-caprolactone)-block-polybutadiene (PCL-5-PB) copolymers by casting
the toluene solution was investigated by small-angle X-Ray scattering (SAXS) and differential scanning calorimetry
(DSC) as a function of total molecular weight M, and crystallization temperature T,, and compared with the morphology
formed by quenching from the microphase-separated melt. The lamellar morphology was observed at any T, in the
solution-cast PCL-6-PB with lower M, (M,<30000), and the repeating distance of this morphology was little affected by
T. while it increased significantly with increasing T, for the quenched PCL-b-PB. The solution-cast PCL-b-PB with
higher M, (M,>44000) had the lamellar morphology or crystallized microdomain structure (i.e., a microdomain struc-
ture in which the PCL block partially crystallized) depending on T, though the crystallized microdomain structure was
always observed in the quenched samples. The PCL crystallinity y, (i.e., the weight fraction of crystallized PCL blocks
against total PCL blocks in the system) was 0.63—0.79 in the lamellar morphology while it was considerably low in the
crystallized microdomain structure (y,<0.23), suggesting the substantial difficulty of crystallization within the curved
microdomain. The mechanism of morphology formation in the solution-cast samples is discussed by considering the com-

petition between microphase separation and crystallization during the solvent evaporation at each T, and M,,.
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Crystalline-amorphous diblock copolymers form a la-
mellar morphology, an alternating structure consisting
of lamellar crystals and amorphous layers, when they
crystallize by quenching from the weakly segregated mi-
crodomain structure.' The resulting lamellar morphol-
ogy is believed to be close to the equilibrium morphology
predicted by recent theories®® when the molecular
weight of constituent copolymers is not high and simul-
taneously the glass transition temperature of the amor-
phous block is enough low. However, it is sometimes ob-
served in such block copolymers that the repeating dis-
tance of the lamellar morphology L is significantly de-
pendent on crystallization temperature T.*"7; L in-
creases steadily with increasing T, as usually observed
in the crystallization of homopolymers. This means that
the lamellar morphology formed by quenching is in non-
equilibrium though it may be close to the equilibrium
morphology.

The morphology formed by the solution-casting
method has been investigated for crystalline-amorphous
block copolymers,® " and the morphological control is
also tested for some block copolymers, where the solvent
nature determines the final morphology through an in-
terplay between crystallization and microphase separa-
tion. When we use the solvent which is good only for the
crystalline block, for example, the microdomain struc-
ture is formed first during the solvent evaporation and
eventually the crystallization takes place partially
within this structure.® Thus, the solution-casting
method has a possibility to introduce a wide variety of
path-dependent morphologies in crystalline-amorphous
block copolymer systems.

If we choose the solvent which is good (or non-

selective) for both blocks it will be possible to get the
equilibrium lamellar morphology by the slow evapora-
tion of the solvent, which is not attained by quenching
from the microphase separated melt. There are, how-
ever, few studies to investigate the lamellar morphology
formed by the solvent evaporation as a function of total
molecular weight M, and T.. In the present study,
we crystallize poly(e-caprolactone)-block-polybutadiene
(PCL-b6-PB) copolymers by casting the toluene solution
at T, and the final morphology is investigated by small-
angle X-Ray scattering (SAXS) and differential scanning
calorimetry (DSC). By comparing the morphology with
that formed by quenching from the microphase-
separated melt,’® we elucidate the morphological differ-
ence between two methods. We expect that the high mo-
lecular weight PCL-b-PB, which has a strongly segre-
gated microdomain structure in the melt and therefore
the PCL block crystallizes partially within it by quench-
ing, takes an equilibrium lamellar morphology by the
solution-casting method.

EXPERIMENTAL

Materials

Poly(e-caprolactone)-block-polybutadiene (PCL-b-PB)
copolymers were synthesized by a successive anionic po-
lymerization under vacuum with n-buthyllithium as an
initiator. Details of the synthesis, purification, and mo-
lecular characterization are described elsewhere.!%?
The molecular characteristics of PCL-b-PB copolymers
are summarized in Table I. The small PCL fraction rang-
ing from 0.10 to 0.19 makes us expect the spherical or
cylindrical microdomain structure with the PCL block
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Table I. Characterization of PCL--PB copolymers used in this study

PCL:PB®

Microstructure of PB Chain /mol%

Notation Total M, * M, /M,

vol%

T, NT)C

cis-1,4 trans-1,4 1,2-linkage

Mi11 11000 1.15 19 .81
M30 30000 111 11:89
M44 44000 1.07 10 : 90
M62 62000 1.13 13 : 87
M140 140000 1.43 15 .85

34 49 17 51(30)
35 59 6 54(10)
34 60 6 54(10)
38 55 7 57(10)
36 58 6 59(10)

“ Determined by VPO or Membrane Osmometry. ° Determined by GPC. ° Determined by '"HNMR. ¢ Determined by DSC.

inside for all the copolymers.

Toluene, good for both the blocks, was used for the
casting solvent, and ca. 5 wt% solution was cast at each
T, ranging from —20 to 45C. The solvent was evapo-
rated under the atmosphere and finally under the re-
duced pressure.

SAXS Measurements

The SAXS measurements were performed with a point
focusing optics and a one-dimensional position sensitive
proportional counter with an effective length of 10 cm.
Details of the optics, instrumentation, and data process-
ing are described elsewhere.?! 23 The SAXS curve after
various corrections was finally obtained as a function of
wave number s defined as s=(2/1)sinf, where 1 is the
wave length of the incident X-Ray (=0.1542 nm) and 26
is the scattering angle. We evaluated the repeating dis-
tance of the resulting morphology L (=1/s*, s* is the an-
gular position of the intensity peak) and full width at
half maximum (FWHM) of the intensity peak, where the
SAXS intensity from the lamellar morphology was fur-
ther corrected by multiplying the Lorentz factor
(=47s%. The values of L and FWHM thus evaluated
were compared with those for the quenched samples.

DSC Measurements

A Perkin-Elmer DSC 7 or Pyris 1 was used to evaluate
the melting temperature T, and PCL crystallinity .
(i.e., the weight fraction of crystallized PCL blocks
against total PCL blocks in the system) of the sample.
The DSC curve was obtained at a heating rate of 5C
min ! for all the samples investigated. T, was defined
as the maximum temperature of the endothermic peak
and y. was calculated by y.=AH/AH*¢pcr), where AH
and AH * are the heat of fusion of the sample and perfect
PCL crystal (=135.44 J g~ H* and ¢pcy, is the weight
fraction of PCL blocks in the sample.

RESULTS

SAXS Measurements

Figure 1 shows typical SAXS curves of M11, M30, and
M62 crystallized by the solution-cast (denoted by S) and
quenched (Q) methods. The SAXS curves are similar for
M11 (and also M30) prepared by both methods though
the angular position of the intensity peak is slightly dif-
ferent. Both the SAXS curves have a faint second peak
or shoulder, the position of which exactly corresponds to
double of the first peak position, suggesting that the la-
mellar morphology is formed in M11 and M30 by both
the methods though the detailed structure may be differ-
ent. The formation of the lamellar morphology in the

860

10 T

Te=20°C
M11(Q)

M11 (S)
Tc=10°C 1
M30 (Q)

M30 (S)

Log (Relative Intensity (a. u.))

Tc=-20°C -
M62 (Q)

M62 (S)

Te=10°C
M62 (S)

0 1
0.0 0.1 0.2

s (nm-1)

Figure 1. SAXS curves of M11, M30, and M62 cast from the tolu-
ene solution (denoted by S) and quenched from the microphase
separated melt (Q) plotted logarithmically against s (= (2/4) sin
@, 26 is the scattering angle and A is the X-Ray wave length
(=0.1542 nm)). T, represents the crystallization temperature.

quenched M11 and M30 is ascribed to the disruption of
weakly segregated microdomain structures by the strong
driving force of crystallization,*® and therefore the la-
mellar morphology formed is not always in equilibrium.
The SAXS curve of the solution-cast M62 is extremely
different from that of the quenched M62 at T, = —20C;
the quenched M62 retains the microdomain structure af-
ter the crystallization of PCL blocks, so that the SAXS
curve has a few scattering peaks characteristic of cylin-
drical or spherical microdomains, while the SAXS curve
of the solution-cast M62 has a single peak at a lower an-
gle without any higher-order peaks, indicating that
there is a large difference in the morphology between
the solution-cast and quenched M62. That is, M62,
which always has a crystallized microdomain structure
(i.e., the microdomain structure in which PCL blocks
crystallize partially) by quenching from the melt into
any T., has a completely different morphology by the
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Figure 2. Repeating distance of the morphology formed in M11
(O,®) and M30([],lD), evaluated from the angular position of the
SAXS intensity peak, plotted against 7T,. Open symbols represent
the results of solution-cast samples and closed symbols quenched
samples. The arrows on the ordinate represent the repeating dis-
tance of the microdomain structure in the melt.

solution-casting method at T.= —20°C. We can suppose
it is the lamellar morphology because the crystallization
of PCL blocks takes place slowly during the solvent
evaporation to yield an equilibrium morphology (i.e., la-
mellar morphology) favorable for crystalline-amorphous
diblock copolymers.?? The SAXS curve of the solution-
cast M62 is also strongly dependent on T; when T is
higher than 10C it is identical with that for the
quenched M62 (the bottom curve in Figure 1). This fact
indicates that the lamellar morphology appears at
T,<0°C while the microdomain structure is maintained
at T.>107C. The morphology formed in the solution-cast
M44 and M140 is qualitatively similar to that of M62.

Figure 2 shows the T. dependence of repeating dis-
tance L in the lamellar morphology for the quenched
(closed symbols) and solution-cast (open symbols) M11
and M30. L for the quenched M11 increases significantly
with increasing T, (with the slope of 0.32nm C "), as
usually observed in the crystallization of homopolymers,
which is ascribed to nonequilibrium crystallization at T,
in our previous paper.'® L for the quenched M30 is, on
the other hand, almost independent of T, probably be-
cause of the epitaxial relation between lamellar mor-
phology and microdomain structure working during the
crystallization and melting processes of crystalline-
amorphous block copolymers.?>? Therefore the signifi-
cant T, dependence of L cannot be observed in the
quenched M30 as well as the solution-cast M30 because
the final morphology will be mainly controlled by the
epitaxial nature rather than the crystallization kinetics
at T,.

We notice from Figure 2 that L for the solution-cast
M11 and M30 increases slightly with increasing T.. (L
for the solution-cast M44 and M62 also increases
slightly, as shown in Figure 3.) The small increase of L is
reminiscent of the thermal expansion of microdomain
structures reported by Sakamoto and Hashimoto for
polystyrene-block-polyisoprene (ca. 0.026 nm C~ 2T and
by Register et al. for polyethylene-block-poly(3-methyl-1-
butene) (ca. 0.041 nm ‘C ~').® The present results for the
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Figure 3. Repeating distance of the morphology formed in M44
(C],M) and M62(O,@®) plotted against 7. Open symbols represent
the results of solution-cast samples and closed symbols quenched
samples. The arrows on the ordinate represent the repeating dis-
tance of the microdomain structure in the melt.

lamellar morphology are 0.061nm C~' for M11 and
0.037 nm C~' for M30, which are comparable to the
thermal expansion of the microdomain structure and
much smaller than the value observed for the lamellar
morphology formed under nonequilibrium crystalliza-
tion (=0.32 nm C '), suggesting that the slight increase
in L for the solution-cast M11 and M30 does not origi-
nate from the morphology formation under nonequilib-
rium condition at T\ but from the thermal expansion of
the resulting lamellar morphology (mainly composed of
amorphous PB blocks). This fact indicates that L for the
solution-casting method is the equilibrium value at each
T,., and L for the quenched M11 does not correspond to
the equilibrium morphology, that is, a nonequilibrium
effect intervenes in the quenching method during crys-
tallization at T, to yield the appreciable variation of L
from the equilibrium value.

Figure 3 shows the T, dependence of L for the
quenched (closed symbols) and solution-cast (open sym-
bols) M44 and M62, where L at lower T, (T.<30T for
M44 and T,<0C for M62) is significantly larger than the
repeating distance of microdomain structures D (indi-
cated by arrows and also by closed symbols) while it is
smaller than D for M44 and close to D for M62 at higher
T.. From the quantitative analysis of SAXS curves it is
found that the microdomain structure is completely re-
tained at higher T, and PCL blocks crystallize partially
within it while it is transformed into another morphol-
ogy at lower T,, probably lamellar morphology as de-
scribed previously. The temperature range where the
morphological transition (microdomain structure—la-
mellar morphology) occurs by the crystallization con-
tracts with increasing M,,; this transition occurred at all
T, for M11 and M30 while it was observed only at T.< 30
C for M44, T.<0C for M62, and T.< —10 C for M140.
These experimental facts reflect a complicated morphol-
ogy formation during the solvent evaporation, and we
will consider the mechanism of this morphology forma-
tion on the basis of phase diagram for this system to ex-
plain the present SAXS and DSC results.

Figure 4 shows the full width at half maximum
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Figure 4. FWHM of the SAXS intensity peak for the solution-
cast M11(O), M30(O), M44(A,A), M62(V,¥), and M140(, M)
plotted against T,. Closed symbols represent that the PCL block
crystallizes within the microdomain structure. Solid curves show
the results of the quenched samples.
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Figure 5. DSC endothermic curves of M11, M30, and M62 cast
from the toluene solution (denoted by S) and quenched from the
microphase separated melt (Q). The heating rate is 5C min~". T,
represents the crystallization temperature. The arrow indicates
the major endothermic peak from which T, was evaluated.

(FWHM) of the principal SAXS intensity peak plotted
against T, where FWHM is a measure of regularity for
the morphology formed in the system; FWHM becomes
smaller with increasing the regularity. The lamellar
morphology formed by the solution-casting method has
larger FWHM values than those for the crystallized mi-
crodomain structure (closed symbols) and also for the la-
mellar morphology and crystallized microdomain struc-
ture formed by quenching (solid curves) though the data
points are considerably scattered. We cannot find any
significant differences among the samples. The large
FWHM value for the solution-cast samples suggests that
the lamellar morphology is more irregular than that
formed by the quenching method, which is counterintui-
tive for us because the solution-casting method makes
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Figure 6. PCL crystallinity (the weight fraction of crystallized
PCL blocks against total PCL blocks existing in the system) plot-
ted against 7, for M11(Q), M30(O), M44(A,A), M62(V,¥), and
M140(C],). Closed symbols represent that the PCL block crystal-
lizes within the microdomain structure. The data indicated by the
arrow are obtained from the bimodal DSC curve suggesting the co-
existence of microdomain structure and lamellar morphology.

the crystallization process slower to lead more regular
morphology (or equilibrium morphology). It is necessary
to clarity this point by further studies.

DSC Measurements

The typical DSC thermograms of M11, M30, and M62
are shown in Figure 5, where the results of the solution-
cast and quenched samples are compared with each
other. It is remarkable that two DSC curves for M62
crystallized at T,=—10TC are extremely different; the
DSC endothermic peak for the quenched M62 (which has
the crystallized microdomain structure) is small while
that for the solution-cast M62 (which has the lamellar
morphology) is large comparable to those of M11 and
M30. This means that y. is extremely different between
two morphologies (lamellar morphology and crystallized
microdomain structure), suggesting the substantial diffi-
culty of crystallization within the curved microdomain.
In addition, the DSC curve for the solution-cast M62
(and also M44 and M140) changes dramatically with
changing T; when T is high (T.>10C) the endothermic
peak is small (the bottom curve in Figure 5) while T is
low (T,<07C) it is large comparable to the DSC curves
for PCL-b-PB with low M,,.

In Figure 6, y. is plotted against T for all the samples
investigated, where open symbols represent that the la-
mellar morphology is formed by the crystallization of
PCL blocks. The microdomain structure may coexist
with a small amount of lamellar morphology in M44 at
T.=40C and M140 at T.=0%C (indicated by arrows) be-
cause the DSC curve shows a bimodal endothermic peak.
We can find from Figure 6 that y. decreases dramati-
cally with increasing 7', for M44, M62, and M140 while it
is constant at around 0.75 for M11 and M30. The T de-
pendence of y. shows that the transition temperature
between low and high . values increases with decreas-
ing M,, where the morphology formed in the system
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(crystallized microdomain structure or lamellar mor-
phology) is responsible for the magnitude of y.. That is,
M62 has the lamellar morphology favorable for crystal-
line block copolymers at T.<0°C (corresponding to high
o) while it has the crystallized microdomain structure
at T.>10C (corresponding to low y.). The complicated
morphology formation will be explained as a function of
M, and T, in the next section on the basis of phase dia-
gram for this system.

Figure 7 shows the melting temperature T}, of PCL
blocks, where closed symbols again represent the crys-
tallized microdomain structure and open symbols the la-
mellar morphology. The value of T}, is almost constant
(55+37TC) irrespective of T, except that of M11 though
T of crystalline homopolymers increases steadily with
increasing T.. It is surprising that we cannot find any
significant difference in T, between two morphologies
formed by the solution-casting method, in particular,
those for M62 and M140. It is general to consider that
PCL crystals within the microdomain structure will be
immature and therefore the lamellar thickness is thin to
give the low 7',. But the experimental result shows the
similar T, both for the PCL blocks in the microdomain
structure and lamellar morphology, suggesting the simi-
lar degree of lamellar thickness between two morpholo-
gies. The size of spherical or cylindrical microdomains
may affect the crystallization because the microdomain
with finite curvature, which depends intimately on the
size, is considered to be disadvantageous to the crystalli-
zation of PCL blocks within it. We are now trying to elu-
cidate the conformation of PCL blocks within the crys-
tallized microdomain as a function of the spherical
size.?®

DISCUSSION

To understand the mechanism of morphology forma-
tion during the solvent evaporation, it is useful to con-
sider the phase diagram of a ternary system consisting
of PCL, PB, and toluene with the crystallization and mi-
crophase separation regions, as shown in Figure 8,
where the line connecting PCL and PB represents pure
PCL-b-PB copolymers with various PCL fractions. This
phase diagram is depicted at a fixed T, and the PCL-b-
PB solution proceeds from point A (initial composition of
the PCL-5-PB solution) to point F (solution-cast PCL-b-
PB with no toluene) during the solvent evaporation.

The limit of microphase separation is shown by the
dotted curve in Figure 8, which is expected to shift up-
ward (or toward the dilute PCL-b-PB solution) with in-
creasing M,. This is because the order-disorder transi-
tion temperature of microphase separation moves to the
higher temperature, or lower polymer concentration in
the case of polymer solutions, with increasing M, as
predicted by recent theories for amorphous-amorphous
diblock copolymers,? and also verified by many experi-
mental results.?® Therefore, the M, dependence of the
limit of microphase separation arises from the thermo-
dynamic factor working on block copolymers. The crys-
tallization of PCL blocks occurs during the solvent
evaporation and the limit of this crystallization shifts
downward (or toward the concentrated PCL-b-PB solu-
tion) with increasing 7. This is because the crystalliza-
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Figure 7. Melting temperatures plotted against 7, for M11(O),
M30(O), M44(A, A), M62(V, W), and M140(C1, ). Closed symbols
represent that the PCL block crystallizes within the microdomain
structure. The horizontal dotted line is the average of all the data
except those of M11.
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Figure 8. Ternary phase diagram composed of PCL, PB, and
toluene schematically showing the relation between crystallization
and microphase separation regions. The limit of microphase sepa-
ration (broken curve) shifts upward with increasing M, and the
limit of crystallization (solid curve) shifts downward with increas-
ing T,. Therefore the relative position of the microphase separation
and crystallization regions changes with changing M, and T.

tion rate of PCL blocks decreases and simultaneously
the solvent evaporation rate increases with increasing
T.. That is, the T, dependence of the limit of crystalliza-
tion is mainly ascribed to the kinetic factor arising from
a competitive effect between solvent evaporation and
crystallization. The relative positions of the microphase
separation and crystallization regions on the phase dia-
gram are shown in Figure 8 when M, and T, change in-
dependently.

First we consider the case of PCL-b-PB copolymers
with lower M,,, where the limit of microphase separation
(curve a) is located at the higher PCL-6-PB concentra-
tion, so that during the solvent evaporation (A — F) the
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PCL-5-PB solution meets the limit of crystallization
(curve ¢ or d) before reaching curve a irrespective of T..
This means that the crystallization of PCL blocks occurs
prior to microphase separation and eventually the la-
mellar morphology, favorable for crystalline-amorphous
diblock copolymers, prevails in the system to yield high
X This is the case for M11 and M30, and the SAXS and
DSC results of M11 and M30 are explained by this
mechanism of morphology formation during the solvent
evaporation.

With increasing M, of PCL-b-PB, the limit of micro-
phase separation shifts to the lower PCL-b-PB concen-
tration (curve a — curve b) by the thermodynamic factor
mentioned above. When T is high (curve ¢) the PCL-b-
PB solution meets the limit of microphase separation
(curve b) first during the solvent evaporation to yield mi-
crodomain structure in the system. The PCL block may
crystallize partially within the microdomain structure
(crystallized microdomain structure) to give low y..
When T is low (curve d), on the other hand, the PCL-b-
PB solution meets the limit of crystallization (curve d)
before reaching the limit of microphase separation
(curve b). As a result, the lamellar morphology is formed
again in the system, as in the case of PCL-6-PB copoly-
mers with lower M, and therefore y. is high. This is the
case for M44, M62, and M140, and we can successfully
explain the complicated T, dependence of L (Figure 3)
and y. (Figure 6) for high molecular weight PCL-b-PB
copolymers on the basis of the ternary phase diagram in
which the limit of crystallization depends intimately on
T..

The morphology formed in the solution-cast PCL-6-PB
can be understood qualitatively by the complicated in-
terplay between crystallization and microphase separa-
tion during the solvent evaporation as a function of
M, and T, Therefore, the morphological control of
crystalline-amorphous block copolymers seems to be pos-
sible by changing M, and/or T, by considering the phase
diagram of the system, where the relative position of
crystallization and microphase separation regions is im-
portant to control the final morphology formed in the
system.

CONCLUSIONS

The morphology formed in poly(e-caprolactone)-block-
polybutadiene (PCL-56-PB) copolymers by casting the
toluene solution has been investigated by SAXS and
DSC as a function of total molecular weight M, (11000<
M,<140000) and crystallization temperature T, (—20<
T.<457C). The morphology evaluated was quantitatively
compared with that formed by quenching from the
microphase-separated melt. The mechanism of morphol-
ogy formation during the solvent evaporation was dis-
cussed in terms of the competition between crystalliza-
tion and microphase separation on the basis of phase
diagram for this system. The following conclusions were
obtained.

1. When M,, was less than 30000, the lamellar morphol-
ogy was obtained at any T. by the solution-casting
method as well as the quenching method. The repeating
distance of the resultant lamellar morphology was little
affected by T for the solution-cast PCL-b-PB while it in-
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creased significantly with increasing 7' for the quenched
PCL-6-PB, suggesting that the lamellar morphology
formed in the solution-cast PCL-b-PB is the equilibrium
morphology, while that formed in the quenched PCL-b-
PB is the nonequilibrium morphology mainly deter-
mined by the crystallization kinetics at T, though it may
be close to the equilibrium one.

2. When M, was larger than 44000, the solution-cast
PCL-5-PB had the lamellar morphology or crystallized
microdomain structure depending on T, while the crys-
tallized microdomain structure was always observed in
the quenched PCL-b-PB. The PCL crystallinity y. was
extremely different between two morphologies; y. was
large (0.63< y.<0.79) and comparable to that of PCL ho-
mopolymer for the lamellar morphology and small
(¥.<0.23) for the crystallized microdomain structure,
suggesting the substantially difficulty of crystallization
in the curved microdomain. The crystallization tempera-
ture at which the lamellar morphology formed shifted to
the lower range with increasing M,,. The consideration of
morphology formation revealed that the final morphol-
ogy was determined by a complicated interplay between
two factors; microphase separation thermodynamically
affected by M, and crystallization mainly controlled by
the kinetic factor at T..
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