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ABSTRACT:

Heating measurements of crystallized poly(e-caprolactone)-block-polybutadiene (PCL-b-PB) copolymers were

performed using synchrotron small-angle X-ray scattering (SR-SAXS) to study the melting behavior of crystalline-amorphous
diblock copolymers. The strong SAXS intensity peak, originating from the alternating structure of crystalline lamellae and
amorphous layers (lamellar morphology), became broad in the course of melting and eventually a diffraction (or sharp intensity
peak) arising from the microdomain structure emerged from this broad scattering peak, suggesting an interplay between the
lamellar morphology and microdomain structure during melting. This is extremely different from the time-resolved SR-SAXS
curve obtained during the crystallization of the microphase-separated PCL-b-PB, where the diffraction decayed steadily and
the scattering peak (from the lamellar morphology) grew independently with increasing crystallization time. The melting
behavior of PCL-b-PB evaluated from the SR-SAXS results was qualitatively compared with that of poly(e-caprolactone)
homopolymer (PCL). The long spacing of the lamellar morphology of PCL-4-PB, for example, decreased or remained constant
during melting, whereas that of PCL increased slightly. The characteristics of the melting behavior of crystalline-amorphous
diblock copolymers are discussed on the basis of the morphological reorganization from the lamellar morphology into the

microdomain structure.
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Crystalline-amorphous diblock copolymers are an
interesting system to study the complicated morphology
formation in polymer systems because the crystalliza-
tion of the constituent block leads to the morphological
transformation from a microdomain structure into a
lamellar morphology, an alternating structure of cry-
stalline lamellae and amorphous layers. This lamellar
morphology should be more complicated than that of
crystalline homopolymers; the amorphous block has to
be accommodated between the lamellae since both blocks
are connected by the covalent bond so as to prevent the
rejection of the amorphous block from the crystalline
region. The equilibrium morphology formed in these
crystalline-amorphous diblock copolymers was theore-
tically predicted,’'? and the predictions agreed qualita-
tively with the recent experimental results performed with
various crystalline-amorphous diblock copolymers.~’
The crystallization behavior of various block copolymers
has also been investigated by time-resolved small-angle
X-ray scattering using synchrotron radiation (SR-SAXS)
and new aspects of crystallization were pointed out
which could not be observed with crystalline homo-
polymers.8 14

When crystallized block copolymers are heated at a
constant rate, we can observe the melting process in
which the lamellar morphology is reorganized into the
microdomain structure, the reverse transformation dur-
ing crystallization. The melting behavior of crystalline
homopolymers is well known to be considerably different
from the crystallization behavior, so that we can expect
a new type of melting for these block copolymers which
is not predicted from their crystallization. There are
some experimental studies on the melting behavior of
crystalline homopolymers observed by SR-SAXS.15~2!
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Chu et al.,'® for example, studied the melting behavior
of poly(aryl ether ether ketone) (PEEK) by SR-SAXS
and found the steady increase of the long spacing during
melting, which was attributed to the minor rearrange-
ment of the lamellar morphology formed in PEEK under
the nonequilibrium crystallization. There are, however,
few studies on the melting behavior of crystalline-
amorphous diblock copolymers investigated by SR-
SAXS.

In our earlier papers,’ we investigated quantita-
tively the crystallization behavior and final morphology
of poly(e-caprolactone)-block-polybutadiene (PCL-b-
PB) copolymers by conventional SAXS, SR-SAXS, dif-
ferential scanning calorimetry (DSC), and transmission
electron microscopy (TEM), and elucidated the char-
acteristics of the crystallization behavior and final
morphology of PCL-b-PB. In the present study, we
investigate the melting behavior of PCL-b-PB by SR-
SAXS. The SR-SAXS curves are qualitatively compar-
ed with those of PCL-b-PB during crystallization. In
addition, the change in the long spacing, evaluated from
the angular position of the SAXS intensity peak, was
compared with that of poly(e-caprolactone) homo-
polymer (PCL) during melting. From these experimental
results, we try to find the characteristics of the melting
behavior of crystalline-amorphous diblock copolymers
and we discuss a cooperative morphological reorganiza-
tion from the lamellar morphology into the microdomain
structure during melting.

-10,22

EXPERIMENTAL

Materials
PCL-b-PB copolymers were synthesized by successive

' To whom correspondence should be addressed. (Phone: +81-761-51-1601, Fax: +81-761-51-1149, e-mail: nojima(q;jaist‘a;:.jp)‘
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Table 1. Characterization of polymers used in this study

PCL:PB¢ Microstructure of PB chain?/% T

Notation Polymer Source Total M, ° M, /M.,* — -
vol % cis-1,4 trans-1,4 1,2-Linkage °C
B7 PCL-5»-PB a 12,400 1.10 61:39 36 : 52 : 12 54
Bl11 PCL-b-PB a 14,100 1.09 26:74 35 : 51 : 14 45
PCL1 PCL b 11,000 1.57 — — 55

2 Synthesized in our laboratory. °Obtained from Scientific Polymer Products, Inc. ©Values relative to PS standards determined by GPC.
4 Determined by 'H NMR. ¢ Determined by DSC at a heating rate of 5°Cmin~!.

anionic polymerizations in toluene under vacuum with
n-butyllithium as the initiator. Details of the synthesis
were described elsewhere.®'® Two PCL-b-PB samples,
designated B7 and B11 in our previous studies,”"'° were
used in this study. The samples were characterized by
gel permeation chromatography (GPC), and the PCL
content in the copolymer was evaluated by 'H NMR
(Varian Gemini-200). The melting temperature 7', of the
PCL block was measured by DSC (MAC Science Model
3100 or Perkin Elmer DSC7) at a heating rate of 5°C
min~! and 2°Cmin~!, the latter is the same to the
thermal history applied to the SR-SAXS experiments
(Figure 1). The results of the molecular characterization
are listed in Table I. B7 has a lamellar microdomain
structure in the molten state and B11 has a hexagonally-
packed cylindrical structure judging from the PCL
content and the angular positions of small-angle X-ray
intensity peaks. We also used a PCL, designated PCL1
in Table I, to compare the melting behavior with that of
B7 and B11.

Time-Resolved SAXS Measurements

The crystallization and melting behaviors of B7, B11,
and PCL1 were observed by time-resolved SAXS with
synchrotron radiation (SR-SAXS). The experiment was
performed at Institute of Materials Structure Science,
Tsukuba, Japan (Photon Factory), with small-angle
X-ray equipment for solution (SAXES) installed on a
beam-line BL-10C. The geometry was carefully checked
by a chicken tendon collagen, which gives a set of sharp
diffractions (up to 10th) corresponding to 65.3nm.
Details of the optics and the instrumentation of the
equipment were described elsewhere.?*%4

The sample temperature was controlled by circulating
water supplied by the programmable water bath. The
thermal history applied to the sample was shown in
Figure 1. First, the sample was annealed at temperatures
above T, for ca. 30 min to erase the previous thermal
history, then quenched into the crystallization tempera-
ture T, ranging from 20°C to 40°C by dropping the water
temperature, kept at T, for 30—100 min to observe the
crystallization process by SR-SAXS, and finally heated
at a constant heating rate (ca. 2°Cmin~ ') until the
sample was completely melted during which the melting
process was observed by SR-SAXS. It took about 1 min
to quench the molten sample to 7. The integrated SAXS
intensity was also monitored during the crystallization
and melting processes, which enabled us to proceed to
the next step in the temperature program. The SAXS
intensity was collected as an accumulation of the
scattered intensity during 10 s both for the crystallization
and melting processes.
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Figure 1. Thermal history applied to the sample during SR-SAXS
measurements.

The SAXS intensity measured was corrected for the
decrease of the ring current and background scattering.
Since the optics of SAXES is of the point focusing, the
scattered intensity was not corrected for the smearing
effect by the finite cross section of the primary beam.2*
The SAXS curve against wave number s was finally
obtained as a function of time ¢ during crystallization
and as a function of temperature 7 during melting, where
s 1s defined as,

s=2sinf/i )

where 26 is the scattering angle and 4 is the X-ray wave
length used (=0.1488 nm).

Analysis of SR-SAXS Data

On the analysis of the time-resolved SAXS curves
during melting, we focused our attention on the scattered
intensity peaks arising from the lamellar morphology and
the microdomain structure. That is, we obtained the
temperature dependence of the peak position, peak
intensity, and full width at half maximum (FWHM) of
the peak. The intensity peak arising from the lamellar
morphology was sufficiently apart from that arising from
the microdomain structure in the crystallization process
(see, Figures 5a and 6a). In the late stage of melting,
however, these peaks approached each other to yield a
combined bimodal scattering peak (see Figure 2). In
order to separate these peaks on a computational method,
each peak was approximated by the phenomenological
functions; Gaussian I4(s), Lorentzian I, (s), and pseudo-
Voigt function I,(s), a linear combination of I5(s) and
I, (s) with a ratio of #: 1 —n. They are defined by,

A/In2 4In2
2—~“—exp[— g <s—sma,)2} )
Jw w

Ig(s)=
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Figure 2. A typical fitting procedure of the experimental SAXS curve
(closed circle) with two pseudo-Voigt functions (broken curves) for the
scattering peaks arising from the microdomain structure (high s peak)
and lamellar morphology (low s peak) to evaluate the characteristic
parameters of each morphology. The solid curve represents the com-
bined curve of two pseudo-Voigt functions.

2 4 -1
1i(s) =ﬁ[1 + e (s— Smax)z] (3)
and
Iy(s)=nlg(s) + (1 —n)I.(s) 4)

where, W is the full width at half maximum of the peak,
A is proportional to the peak area, and s,,, is the
maximum value of s. These functions are usually used
to approximate the diffraction intensities from crystalline
materials in order to characterize each peak,?® and are
empirically used with no theoretical basis.

Figure 2 shows a typical example of the fitting pro-
cedure by the two pseudo-Voigt functions for the scat-
tering peaks from the lamellar morphology (lower s peak)
and the microdomain structure (higher s peak) when
these peaks come close to each other at the late stage of
melting. The estimation of the best values of 4, W, and
Smax Characterizing both peaks was relatively easy, and
also the use of eq 2—4 did not make any significant
difference in the resulting values, so that we used the
pseudo-Voigt function (eq 4) both for the scattering
peaks from the lamellar morphology and microdomain
structure, though the use of eq 4 involved the evaluation
of the additional parameter ().

RESULTS

DSC Curves

Figure 3 shows DSC thermograms measured with two
heating rates (2°C min~! and 5°Cmin~!) for PCL1 and
B7 both crystallized at 40°C. A single endothermic peak
is observed for B7 and PCL1 at a heating rate of 5°C
min~', whereas a small bump appears at a higher
temperature in addition to the main peak with a heating
rate of 2°Cmin~'. This bump always appeared for B7
and PCL1 when the heating rate was lower than 2°C
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Figure 3. DSC thermograms for B7 and PCLI crystallized at 40°C.
The heating rate (2°Cmin~! or 5°Cmin~!) is indicated on each curve.

The DSC curves are not normalized by the amount of PCL chains
existing in the system.

min~ !, and disappeared when the heating rate increased.
The bimodal DSC melting curve is sometimes observed
for crystalline homopolymers and usually attributed
to the melting and recrystallization of thin lamellae
kinetically formed under the nonequilibrium crystalliza-
tion at T,. The bimodal curve of B7 shown in Figure 3
may originate from the same mechanism of PCL1 since
the heating rate dependence of the bump is similar to
that of PCLI1, but the quantitative investigation is
necessary to confirm the reason for this bimodal endo-
thermic curve of crystalline-amorphous diblock copoly-
mers.

The melting temperature T, of B7 is almost same to
that of PCL1 and T, of B11 is about 10°C lower than
that of PCL1 (see Table I). A slight variation of T, is
usually observed in homopolymers crystallized from the
melt, which is intimately related to the lamellar thickness
determined at T,. The low T,, of B11, where the PCL
block is extremely short compared with B7, may arise
from the intrinsic effect of crystalline-amorphous diblock
copolymers. That is, the PCL block has to be folded
many times on the lamellar surface for the accommoda-
tion of the large PB block to result in a thin lamella.!:?
The unique morphology formed in crystalline-amor-
phous diblock copolymers will be discussed later on the
basis of the theoretical prediction.

Time-Resolved SAXS Curves

A typical example of three-dimensional SAXS profiles
obtained for B11 is depicted in Figure 4, where the
thermal history shown in Figure 1 was applied. The
crystallization process was measured as a function of
time 7 just after quenching the sample from the melt (ca.
60°C) into T, and the melting process was measured as
a function of temperature T by heating the sample at a
constant heating rate (ca. 2°C min~'). The crystallization
of B7 and B11 is a morphological reorganization proc-
ess from a microdomain structure into a lamellar mor-
phology and does not depend on a starting temperature,
whereas the melting is a complicated process which may
include several melting and recrystallization processes
and depends intimately on the details of the lamellar
morphology formed at T, and also on the heating rate.

Polym. J., Vol. 30, No. 8, 1998
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Figure 4. Overview of the time-resolved SR-SAXS curve obtained
during the crystallization and melting of B11. The thermal history
shown in Figure | was applied.

Melting in the present study is, therefore, not the reverse
process of crystallization, so that we simply show the
SR-SAXS curves during crystallization and melting
(Figures 5 and 6) and we do not compare the details of
both processes quantitatively.

Figure 4 shows clearly the reversible morphological
transformation between the microdomain structure and
lamellar morphology during thermal treatments, where
the scattering peak arising from the microdomain struc-
ture (high s peak) is sharp and weak compared with that
from the lamellar morphology (low s peak). The angular
positions of these peaks suggest that the long spacing
of the lamellar morphology is much larger than the
repeating distance of the microdomain structure.” This
SAXS profile was reproducible when the thermal history
shown in Figure 1 was repeatedly applied.

The SR-SAXS curve for PCL1 (not shown here) has
no scattering peak at the initial stage of crystallization,
since PCL1 is amorphous in the molten state. With
increasing ¢, the lamellar morphology is formed and
prevails in the system, therefore, the scattering peak
appears and the intensity increases gradually with the
peak position being constant. In the melting process of
PCL1, on the other hand, the scattering peak is observed
all through the heating until the PCL crystal melts, and
the peak position shifts appreciably to the lower angle
(i.e., the long spacing increases) with increasing 7.
These crystallization and melting processes of PCLI
observed by SR-SAXS agree qualitatively with the ex-
perimental results reported for other crystalline homo-
polymers.!5~21.26 29

In the case of B11 and B7, the crystallization and
melting processes are extremely different from those of
PCLI1 as shown in Figures 5 and 6, where selected SAXS
curves are presented successively to emphasize the
morphological change during crystallization and melting.
In the crystallization process of Bl1 (Figure 5a), for
example, a diffraction intensity (or sharp peak intensity)
arising from the microdomain structure decreases grad-
ually with increasing ¢ and simultaneously a strong scat-
tering from the lamellar morphology grows at a low-
er s. These two peaks seem to change independently and
we can evaluate the ¢ dependence of two peaks suc-
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Figure 5. Selected time-resolved SAXS curves plotted against s for
B11 during crystallization (a) and melting (b). The SAXS curves for
5s and 55.8°C are enlarged in magnitude by a factor of 2 for clarity.
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Figure 6. Selected time-resolved SAXS curves plotted against s for
B7 during crystallization (a) and melting (b). The SAXS curves for S,
53.5°C, 54.8°C, 56.2°C, and 60.8°C are enlarged in magnitude by a
factor of 2 for clarity.

cessfully, as shown in our previous studies,®!® sug-
gesting that the crystallization of the PCL block (and
also the resulting lamellar morphology) is almost in-

=
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Figure 7. Spacings evaluated from the angular position of the SAXS

intensity peaks arising from the microdomain structure (O) and
lamellar morphology (@) for B11 during melting.

dependent of the existing microdomain structure in the
molten state. The melting process of B11 (Figure 5b) is,
on the other hand, puzzling when it is compared with
the crystallization process (Figure 5a). That is, the
scattering peak arising from the lamellar morphology
shifts to the higher s and simultaneously the peak
becomes broad during melting, and eventually the
diffraction (arising from the microdomain structure)
emerges from this broad scattering. Figures 5b and 6b
suggest that the melting process proceeds by an interplay
between two morphologies, that is, the microdomain
structure is formed on the basis of the existing lamellar
morphology at the late stage of melting. The possible
melting mechanism of B7 and B11 will be discussed later.

Melting Process of PCL-b-PB

Since the crystallization behavior of PCL-b-PB has
already reported quantitatively in our earlier publica-
tions,® "% we only describe the details of the melting
process of B11 in this section. The general picture of the
melting processes of B7 is the same to that of B11, though
there is a minor difference in the T dependence of the
long spacing of the lamellar morphology, as described
later (Figure 10).

The long spacing of the lamellar morphology L and
the repeating distance of the microdomain structure D
during melting are shown in Figure 7 as a function of
T. The value of L decreases dramatically with increasing
T and seems to connect smoothly with D at the inter-
mediate stage of melting, though there is a considerable
scattering of data points owing mainly to the fitting
procedure (Figure 2). Figure 7 makes us speculate that
the microdomain structure is formed just before melting
with a minor morphological modification on the basis
of the lamellar morphology which has changed appre-
ciably during heating. This fact is reminiscent of the
epitaxial growth recently observed in the morphological
transformation in crystalline-amorphous diblock co-
polymers,*®3! where both the lamellar morphology and
microdomain structure have an almost same repeating
length and the transformation is achieved without a large
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scale change in the morphology. The lamellar morphol-
ogy once formed at T, does not change during heating
in their studies, which is significantly different from the
present result for B11.

Figure 8 shows the T dependence of the normalized
peak intensities, i.e., peak intensities divided by their
maximum values during melting. The peak intensity from
the lamellar morphology decreases steeply with increas-
ing T and the diffraction appears when the lamellar
morphology is almost destroyed. Figure 8 suggests that
the lamellar morphology is transformed into the micro-
domain structure over a short temperature range, which
is extremely different from the crystallization process,
where the microdomain structure coexists with the
lamellar morphology through a fairly long time.®

The FWHM, W, for these peaks is shown in Figure
9 as a function of T during melting. The change of W
is dramatic, that is, each W becomes extremely large at
the intermediate stage of melting (7'~ 40°C), which also
suggests the cooperative morphological transformation
from the lamellar morphology into the microdomain
structure.

Melting Processes of PCL-b-PB and PCL Homopolymer

Figure 10 summarizes the 7T dependence of the
normalized long spacing of the lamellar morphology L,
L divided by the initial value, for B7, B11, and PCL1.
The difference in 7, does not make any significant
difference in this dependence, that is, the plots of L’
against T fall on a master curve for each sample irre-
spective of T,. The value of L' for PCL1 increases with
increasing T as usually observed in crystalline homo-
polymers, which is interpreted as the unfolding effect of
multi-folded lamellae crystallized at T,. The value of L’
for B7, on the other hand, remains constant and that for
B11 decreases with increasing 7, which are not reported
so far for crystalline homopolymers and are considered
to be characteristic of crystalline~amorphous diblock

Polym. J., Vol. 30, No. 8, 1998
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copolymers. The essential difference in an equilibrium
morphology between homopolymers and diblock copoly-
mers will be responsible for the difference in the T
dependence of L' between PCL and PCL-5-PB shown
in Figure 10, while the difference between B7 and B11
comes from the difference in the molecular structure of
two copolymers, as discussed later.

DISCUSSION

Here, we consider the possible melting mechanism of
crystalline—-amorphous diblock copolymers from the
SR-SAXS results obtained. The general picture of the
melting process for crystalline homopolymers is well
known since there are many experimental studies on the
melting of homopolymers quantitatively investigated by
various methods.3? Therefore, the comparison of the
SR-SAXS results between PCL and PCL-b-PB may
provide an important clue to understand the melting
mechanism of diblock copolymers.

The SR-SAXS curve for the melting of PCL1 has an
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Figure 11. Schematic illustration showing the melting mechanism of
PCL homopolymer (a) and PCL-b-PB (b).

intensity peak which shifts to the lower s (i.e., larger L)
with increasing 7, as depicted in Figure 10. This increase
of L is usually attributed to the increase of both the
lamellar thickness /. and amorphous layer thickness /,
during melting. The increase of /; and /, is considered to
arise mainly from the conformational modification of
the crystallized homopolymer; the lamellar morphology
formed under the nonequilibrium crystallization at T,
has a large number of folding on the lamellar surface to
result in thinner lamellae with an appropriate folding
free energy, and these lamellae thicken with increasing
T so as to reduce the folding number leading to the
increase of /, and /.. The schematic illustration of the
melting mechanism of crystalline homopolymers is
presented in Figure 11a. This picture is consistent with
the present SR-SAXS result for PCL1 and also other
SR-SAXS results reported so far.2672°

In the case of PCL-b-PB, L decreases or remains
constant with increasing T depending on the molecular
characteristics of the constituent diblock copolymers.
The essential difference in the equilibrium morphology
between crystalline homopolymers and crystalline-amor-
phous diblock copolymers will be responsible for the
difference in the T dependence of L between PCL and
PCL-b-PB (Figure 10). That is, the equilibrium mor-
phology of crystalline homopolymers is an extended
chain crystal with no folding and the lamellar mor-
phology kinetically formed at T, changes during heating
so as to decrease the folding number toward the extend-
ed chain. The equilibrium morphology of crystalline—
amorphous diblock copolymers is, on the other hand,
theoretically predicted to be determined by a cooperative
effect of the stretching of the amorphous block (PB block)
and the chain folding of the crystalline block (PCL block)
on the lamellar surface.!*? This is due to the additional
restriction intrinsic to diblock copolymers arising from
the covalent bond between crystalline and amorphous
blocks; the space has to be offered to accommodate the
amorphous block at the sacrifice of the increase in the
folding number (and therefore, increase in the free
energy) of the crystalline block. The increase of [, (or
decrease of the folding number) is, therefore, not nec-
essarily favorable for the stability of the whole co-
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polymer, since the increase of /., makes the amorphous
block more stretched to yield the free energy increase of
the amorphous block. This point is conclusively different
from the melting of crystalline homopolymers.

In the melting process of B7 and B11 the microdomain
structure and lamellar morphology interact with each
other to yield the morphological transformation, that is,
the microdomain structure is formed at the end of melting
on the basis of the lamellar morphology, as found in
Figures 7 and 8. From these facts the melting mechanism
of PCL-b-PB can be schematically illustrated in Figure
11b, where the melting of B11 is supposed; heating leads
to the conformational change of B11 toward the equilib-
rium morphology with a larger folding number of the
crystalline block to result in the decrease of lamellar
thickness. The difference in the temperature dependence
of L between B7 and B11 can be qualitatively explained
from the viewpoint of the cooperative effect working on
the block copolymer. B11 has a large PB block compared
with B7 and more space should be prepared to accom-
modate the PB block which expands with increasing 7.
The crystalline block, therefore, must have more folding
numbers to be thinner rather than to be thicker; the free
energy increase by stretching of the amorphous block
overwhelms that by folding of the crystalline block. In
the case of B7, both effects are balanced out and L seems
to remain constant irrespective of temperature.

The above speculation of the melting behavior of
crystalline—amorphous diblock copolymers is based
solely on the SR-SAXS results obtained in the present
study. It is, therefore, necessary to elucidate the melt-
ing process quantitatively by other methods to under-
stand the characteristics of the melting behavior of crys-
talline-amorphous diblock copolymers. The accumu-
lation of the basic experimental results is necessary to
understand the melting mechanism of crystalline—amor-
phous diblock copolymers.
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