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ABSTRACT: The crystallization process of a new crystalline—crystalline diblock copolymer with close
crystallizable temperatures, poly(S-propiolactone)-block-linear low density polyethylene (PPL-b-PE), has
been investigated using differential scanning calorimetry (DSC), synchrotron small-angle X-ray scattering
(SR-SAXS), and Fourier transform infrared spectroscopy (FTIR). PPL-b-PE formed a strongly segregated
microdomain structure in the melt, so that crystallization of both PPL and PE blocks was effectively confined
within this structure without morphological transition. When PPL-5-PE was cooled from the microphase-
separated melt at constant rates (i.e., nonisothermal crystallization), the PE block started to crystallize first,
followed immediately by the crystallization of PPL blocks. As a result, the crystallization process of PPL
blocks was overlapped with the late stage of PE crystallization (coincident crystallization), where crystal-
lization of one block significantly affected the crystallization behavior of the other block. When PPL-5-PE
was isothermally crystallized, such coincident crystallization was not observed and both blocks crystallized

separately.

1. Introduction

Morphology formation occurring in crystalline—crystalline
diblock copolymers is extremely complicated due to the interplay
between two kinds of crystallization starting from the micro-
phase-separated melt."*> Several diblock copolymers have been
used to investigate such morphology formation, where the
crystallizable temperatures of two blocks, T, and T, are
important to understand the crystallization process and even-
tually to control the morphology formed in the system.

When T, > T, the block 1 with T crystallizes first by
quenching or gradually cooling the copolymer from the melt into
low temperatures, where crystallization destroys the existing
microdomain structure to form the crystallized lamellar morpho-
logy if two blocks are weakly segregated in the melt. Subsequently,
the block 2 with T, starts to crystallize from the crystallized
lamellar morphology. This crystallization behavior has been
reported so far on polyethylene-block-poly(ethylene oxide)
(PE-b-PEO),* ™ poly(L-lactide)-block-PEO (PLLA-b-PEO),* !
PLLA-block-poly(e-caprolactone) (PLLA-b-PCL),"">"'> and
PE-b-PCL.""" For example, we have recently investigated the
morphology formation of PE-»-PCL, and showed that the PE
block crystallized first to form the PE-crystallized lamellar mor-
phology followed by PCL crystallization, where the resulting
morphology depended significantly on the copolymer composi-
tion, total molecular weight, and crystallization temperature.

When T, ~ T,,, we have the possibility of observing coin-
cident crystallization of both blocks when the copolymer is
quenched or cooled from the melt, and therefore a unique
crystallization behavior is expected. PEO-H-PCL diblock copo-
lymers have been frequentlg used to investizgate the coincident
crystallization behavior.®>° Shiomi et al.** and He et al.*
for example, reported the formation of interesting spherulites
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consisting of PCL cores and PEO coronas, which was ascribed to
the difference in crystallization rates between PEO and PCL
blocks. However, the electron density of amorphous PEO blocks
(354 ¢/nm’ at 80 °C) is nearly the same to that of amorphous PCL
blocks (342 e/nm’ at 80 °C), so that the small-angle X-ray
scattering (SAXS) method does not provide information on the
phase state of PEO-b-PCL before crystallization (i.e., miscible or
microphase-separated). Therefore, the effects of existing micro-
domain structures on crystallization cannot be clarified only from
the SAXS results.

Recently, Myers and Register investigated the morphology
formation of weakly segregated hydrogenated polynorbornene-
block-polyethylene (WPNB-b-PE) diblocks with close crystallizable
temperatures.”’ They found the crystallization mechanism was
intimately dependent on the composition and crystallization tem-
perature. Coincident crystallization was also observed in weakly
segregated poly( p-dioxanone)-block-PCL (PPDX-b-PCL)*** and
strongly segregated PLLA-b-PE.**3> Though the crystallizable
temperature of one block (PPDX or PLLA) was significantly
higher than that of the other, coincident crystallization was
observed because the crystallization rate of higher-T, blocks was
considerably retarded owing to the presence of lower-T, blocks.

In this study, the crystallization process of a strongly segre-
gated poly( S-propiolactone)-block-linear low density polyethyl-
ene (or hydrogenated polybutadiene) (PPL-5-PE) copolymer is
investigated using differential scanning calorimetry (DSC), syn-
chrotron small-angle X-ray scattering (SR-SAXS), and Fourier
transform infrared spectroscopy (FTIR). This copolymer is
interesting in that the crystallizable temperature of PE blocks
can be designed by changing the branching ratio, that is, by
controlling the synthesis condition of PE blocks (Scheme 1).
We synthesized two PPL-b-PE copolymers, for which the crystal-
lizable temperature of PE blocks was moderately close to that
of PPL blocks (Figure 4). The PPL and PE blocks were stro-
ngly segregated in the melt and the microdomain struc-
ture was completely preserved after crystallization (confined
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Scheme 1. Synthesis Route of PPL-b-PE
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Table 1. Molecular Characteristics of Samples Used in This Study

M, of PPL M, of PE (or PB) mol % of 1-2 PPL:PE PPL:PE
sample code blocks” (g/mol) blocks” (g/mol) linkage® total M, My /M,P (or PB) (wt %) (or PB) (vol % at 100 °C)
PPL—PBI1 6100 4800 10 10900 1.15 56:44 46:54
PPL—PB2 8300 4800 10 13100 1.17 63:37 54:46
PPL—PEI1 6100 5000 10 11100 1.15 55:45 45:55
PPL—PE2 8300 5000 10 13300 1.17 62:38 52:48
PE¢ 4700 1.05 0:100 0:100

“Determined by 'H NMR. ? Determined by GPC. ¢ Obtained from Polymer Laboratory Inc.

crystallization), that is, the PPL and PE blocks crystallized within
it to form the crystallized microdomain structure.

2. Experimental Section

2.1. Samples. The crystalline—crystalline diblock copolymer
used in this study is poly(S-propiolactone)-block-linear low
density polyethylene (or hydrogenated polybutadiene) (PPL-b-
PE). The synthesis route is briefly shown in Scheme 1. The
butadiene monomer in toluene was first polymerized at room
temperature for 24 h with n-buthyllithium as an initiator and the
reaction was terminated by adding carbon dioxide to obtain
carboxyl-terminated polybutadiene (PB-COOH). Next, 5-pro-
piolactone in tetrahydrofuran (THF) was polymerized at 40 °C
for 24—48 h with PB-COOH as the initiator. The reaction was
stopped by adding a large amount of acetic acid to obtain PPL-
b-PB. Finally, PPL-b-PB in THF was hydrogenated with PtO, at
5 MPa and 70 °C for 1 week. The PPL-b-PE copolymer was
purified several times by precipitating the hot THF solution into
methanol to remove the impurities included. The molecular
weight (M,,) and composition were evaluated using 'H NMR,
and the polydispersity (M,/M,) was obtained using gel permea-
tion chromatography (GPC) with polystyrene standards.

We synthesized two PPL-b-PE copolymers. Table 1 shows the
molecular characteristics of PPL-b-PE, together with PPL-5-PB
(precursor of PPL-h-PE before hydrogenation) and PE homo-
polymer. The total molecular weight of PPL-b-PE is
11,100—13,300 and the volume fraction of PPL blocks is around
0.5, and therefore the lamellar microdomain structure is expec-
ted in the melt for both copolymers. All the experiments
described below were mainly performed with PPL—PE2, and
PPL—PEI was supplementarily used in this study. The PPL
block showed thermal degradation at high temperatures
(=120 °C); i.e., the molecular weight changed gradually, so that
the copolymers were treated at temperatures under 120 °C in
every experiment.

Following specific volumes were used to calculate the volume
fraction of each block from 'H NMR results. For amorphous PPL®

vp(T) = 0.7209+ (6.0 x 107*) x T (1)
and for amorphous PE*’

vp(T) = 1.1696 + (1.77 x 1074 x T (2)

where vy,(7) is in cubic centimeter per gram and 7 is in degrees
Celsius.

2.2. Wide-Angle X-ray Diffraction (WAXD). Two-dimen-
sional WAXD (2D-WAXD) measurements were performed
using a Rigaku conventional equipment with a rotating-anode
X-ray generator operating at 45 kV and 60 mA. The wavelength
used was 0.1542 nm of Cu Ka radiation. The detector was an
image plate (FUJI Film BAS-SR 127) with the size of 10 cm X
10 cm. The accumulation time for each measurement was
30 min. After subtracting the background scattering, the
2D-WAXD pattern was circularly averaged to convert it into
one-dimensional diffraction pattern, and finally the diffraction
intensity was plotted against the diffraction angle 26.

2.3. Synchrotron Small-Angle X-ray Scattering (SR-SAXS).
The morphology at each temperature was investigated using
(static) synchrotron small-angle X-ray scattering (SR-SAXS).
The crystallization process during cooling was also observed
using (time-resolved) SR-SAXS. SR-SAXS measurements were
performed at Photon Factory in High Energy Acceleration
Research Organization, Tsukuba Japan, with a small-angle
X-ray equipment for solution (SAXES) installed at beamline
BL-10C. Details of the equipment and the instrumentation are
described elsewhere.*® The scattered intensity was detected
with a one-dimensional position-sensitive proportional counter
(PSPC) with the accumulation time of 300 s for the static
measurement and 10 s for the time-resolved measurement. The
SR-SAXS curves obtained were corrected for the background
scattering and the absorption by the sample, but not for the
smearing effect because SAXES employed the point-focusing
optics. The SAXS curves were finally obtained as a function of
wavenumber s defined as s = (2/1) sin 0, where 26 is the
scattering angle and A is the wavelength used (=0.1488 nm).

2.4. Transmission Electron Microscope (TEM). The morphol-
ogy after crystallization was observed using TEM (JEOL model
200CX with an acceleration voltage of 100 kV). The bulk sample
crystallized at 50 °C was exposed to RuO, vapor at room
temperature for 24 h to give the contrast and also to fix the
morphology, then microtomed at room temperature into a sliver
with ca. 60 nm in thickness, and finally the sliver was again
exposed to RuQy vapor for 1 h at room temperature. RuOy4
diffuses easily into the amorphous region of PPL and PE blocks
to present dark contrast, whereas the PPL and PE crystals show
bright contrast owing to slow diffusion of RuOy4.*® Therefore,
when the lamellar morphology of amorphous and crystallized
layers is formed in the system, it can be confirmed by an
alternating structure composed of dark (or amorphous) and
bright (or crystallized) layers.

2.5. Differential Scanning Calorimetry (DSC). A Perkin-El-
mer DSC Pyris 1 was used to observe the crystallization
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Figure 1. WAXD curves for the PE homopolymer and PPL—PB2
(corresponding to PPL homopolymer) at room temperature and
PPL—PE2 at selected temperatures indicated. The WAXD curve for
PPL—PE2 at 100 °C has the amorphous halo with no diffraction peak,
indicating that PE blocks as well as PPL blocks are completely melted
at 100 °C.

behavior during cooling at constant rates. We employed several
cooling rates ranging from —10 to —1 °C/min, and the crystal-
linity of PE and PPL blocks, ypg(?) and ypp(7), was calculated
from the exothermic peak area as a function of time ¢ during
cooling when both DSC peaks were adequately separated. We
assumed that the exothermic heat of crystallization to form
perfect PE and PPL crystals was 277 J/g*' and 119 J/g,’¢
respectively.

2.6. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra were recorded during cooling using JASCO FT-IR 6200
spectrometer with a spectral resolution of 4 cm™', and the
normalized crystallinities of PE and PPL blocks, y*pg(?)
(=xpe()/xpe(1) and x*ppr(1) (=xppL(1)/xppL(1f), Were evalu-
ated as a function of 7, where #; represents the time when the
sample arrives at the final temperature (~30 °C). The sample
was first dissolved in chloroform, and thin films (ca. 100 um in
thickness) were prepared by the solution-casting method on a
silicone plate. The absorption bands at 730 cm ™ for PE blocks
and 1734 cm ™! for PPL blocks were mainly analyzed to evaluate
the time evolution of y*pr(7) and y*ppy (¢) during cooling, where
the band at 730 cm  arises from CH, rocking motion in PE
crystals*? and that at 1734 cm ™' from C=0 stretching motion in
PPL crystals.** The isothermal crystallization process of PPL
blocks was also evaluated from the t dependence of y*ppy (¢) for
PPL-b-PE and PPL-b-PB.

3. Results and Discussion

3.1. Morphology before and after Crystallization. First, we
confirm that the PE blocks (and also PPL blocks) are
completely melted at 100 °C, from which we start to
decrease the temperature to crystallize both the blocks.
Figure 1 shows the WAXD curves for the PE homopolymer
and PPL—PB2 (corresponding to PPL homopolymers) at
room temperature (RT) and PPL—PE2 at selected tempera-
tures indicated. The WAXD curve for PPL—PE2 at 100 °C
(top curve in Figure 1) has a diffuse amorphous halo with
no diffraction peak arising from PE crystals (bottom)** and
PPL crystals (second from the bottom),*>*¢ indicating that
PE blocks as well as PPL blocks are completely melted at
100 °C. At 90 °C, only PE blocks crystallize partially and
we can see a small diffraction arising from PE crystals
(second from the top). In addition, we find that the WAXD
curve for PPL—PE2 at room temperature (third from the
top) is a combination of those for PPL and PE crystals,
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Figure 2. (a) Lorenz-corrected SR-SAXS curves for the molten
PPL—PB2 at 100 °C (gray curve) and for PPL—PE2 at selected
temperatures indicated. (b) The long period, evaluated from the SR-
SAXS peak position, plotted against temperature for PPL—PE2. The
closed circle represents the results from the molten PPL—PE2 and open
circle from the PE- or PE 4+ PPL-crystallized PPL—PE2.

indicating that both blocks certainly crystallize at low
temperatures.

Figure 2a shows the Lorentz-corrected SAXS curves for
PPL—PB2 at 100 °C (i.e., microphase-separated melt, gray
curve) and PPL—PE2 at selected temperatures indicated
(black curves). The SAXS curve from the molten PPL—PB2
has several scattering peaks, the angular positions of which
exactly correspond to a ratio of 1:2:3:4:5, indicating that the
lamellar microdomain structure is formed in the melt. The
SAXS curve for PPL—PE2 at 100 °C arises from the melt,
that at 90 °C from the PE-crystallized system, and those at
70 and 49 °C from the PE 4 PPL-crystallized system, which
all have a couple of scattering peaks. The angular positions
of these peaks correspond to a ratio of 1:3:(5), suggesting
that the lamellar morphology is also formed in PPL—PE2 at
each temperature. The absence of even-order peaks in the
SAXS curves of PPL—PE2 is ascribed to the fact that the
volume fraction of PPL blocks (~0.52) in PPL—PE2 is very
close to 0.5 (Table 1).

Figure 2b shows the long period (LP), evaluated from the
primary peak position, plotted against temperature for
PPL—PE2, where the closed circles represent the results of
the molten PPL—PE2 and open circles those of the crystal-
lized PPL—PE2. LP of the molten microdomain structure
increases steadily with decreasing temperature, which arises
from the change in block incompatibility and chain confor-
mation with changing temperature.*” However, LP does not
change significantly after crystallization (i.e., T < 90 °C) and
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100 nm

Figure 3. The TEM picture of PPL—PE2 crystallized at 50 °C.

is nearly equal to that of the molten microdomain structure
existing just before crystallization (shown by an arrow),
suggesting that the morphology is frozen by crystallization.

Figure 2b clearly indicates that the lamellar microdomain
structure is completely preserved after crystallization. This is
because if the morphological transition (molten micro-
domain structure — crystallized lamellar morphology) takes
place by crystallization, LP changes discontinuously before
and after crystallization.*® Therefore, PPL and PE blocks are
expected to crystallize within the existing microdomain
structure to form the crystallized microdomain structure.
This confined crystallization will be ascribed to the strong
segregation between PE and PPL blocks judging from the
considerably large LP (~42.2 nm at 100 °C) for the low
molecular weight copolymer (~13 300). The strong segrega-
tion is also reported on PLLA-h-PE,* where the micro-
domain structure has an extremely large LP (~75—78 nm for
PLLA-b-PE with M, ~22 500). Both PLLA and PPL belong
to the family of aliphatic polyesters and the molecular
structure is very similar, so that it is reasonable that our
PPL-b-PE copolymers form the strongly segregated micro-
domain structure in the melt.

Figure 3 shows the TEM picture of PPL—PE2 crystallized
at 50 °C. We can find an alternating structure consisting of
dark and bright layers, which correspond to amorphous PPL
or PE layers and crystallized PPL or PE layers, respectively.
The alternating period evaluated from Figure 3 is ca. 20 nm
and almost the half of LP evaluated from SAXS results
(~44.1 nm in Figure 2b). The TEM picture reflects the
alternating structure of crystallized and amorphous layers
irrespective of the constituent blocks, and therefore the TEM
period should be the half of LP because the volume fraction
of PPL layers (~0.52) is nearly equal to that of PE layers in
PPL—PE2.

In summary, PPL-h-PE forms the molten lamellar micro-
domain at 100 °C and the strong segregation between con-
stituent blocks in PPL-b-PE yields confined crystallization
below 100 °C. Consequently, PPL and PE blocks crystallize
within the existing lamellar microdomain structure. Note
that the sample was transparent after crystallization of both
blocks because of confined crystallization, and we could not
observe the superstructure (such as spherulite structure)
using an optical microscope.

3.2. Crystallization Process during Cooling at Constant
Rates. The crystallization process of PPL-5-PE during cool-
ing at constant rates was investigated using DSC and SR-
SAXS. Figure 4 shows the typical DSC curves of PPL—PE2
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Figure 4. Typical DSC curves for PPL—PE2 obtained at various cool-
ing rates indicated.
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Figure 5. Time-resolved SR-SAXS curves of PPL—PE2 during cooling
at —2 °C/min from 100 °C (molten state) into 30 °C.

at various cooling rates indicated, where the crystallization
of PE blocks occurs at 80—95 °C (depending on cooling
rates) followed by PPL crystallization at 45—70 °C. When
the cooling rate is larger (—5 ~ —10 °C/min), two kinds of
crystallization seem to be independent, that is, PPL crystal-
lization starts after completion of PE crystallization. How-
ever, the tail of the PE exothermic peak overlaps with the
initial stage of PPL crystallization at smaller cooling rates
(=—2 °C/min). In particular, the DSC curve at —1 °C/min
shows a continuous exothermic heat flow between two
crystallization peaks, which consists of the combination of
two exothermic curves owing to PE and PPL crystallization.
The overlap of two crystallization processes is mainly as-
cribed to the extended temperature range of PE crystal-
lization, which is well-known to be characteristic of low
density PE. Therefore, coincident crystallization is strongly
expected in the limited temperature range during cooling
at —2 °C/min or less.

The typical time-resolved SR-SAXS curves of PPL—PE2
during cooling at —2 °C/min are shown in Figure 5. At
100 °C, the primary scattering peak, together with the small
higher-order peaks (not detected in the normal plot), arises
from the molten lamellar microdomain structure. The
peak intensity decreases significantly when the PE block
crystallizes, because the electron density of PE crystals
(340 ¢/nm”?"), rather than amorphous PE (290 e/nm’ at
100 °C*7), is closer to that of amorphous PPL (410 ¢/nm” at
100 °C3°). Subsequently, the peak intensity keeps almost
constant owing to the increase of electron density in
both lamellae by the formation of PE and PPL crystals
(460 ¢/nm>*¢) during coincident crystallization. It is impor-
tant to point out that the angular position of the primary
peak does not change significantly over the whole cooling
process, which leads to the same conclusion derived from
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FTIR curves of PPL—PE2 at 100 °C and PPL—PE2, PPL—PB2, and PE
homopolymers at 30 °C for the selected ranges of wavenumber.

Figures 2 and 3. That s, Figure 5 clearly indicates that the PE
and PPL blocks crystallize within the existing lamellar
microdomain structure (confined crystallization), and the
morphological transition does not take place by the crystal-
lization of constituent blocks.

3.3. FTIR Analysis of Nonisothermal Crystallization during
Cooling. Figure 6a shows the typical FTIR curve of
PPL—PE2 at 30 °C, and Figures 6b and 6c are the detailed
curves of PPL—PE2 at 100 °C (i.e., microphase-separated
melt) and PPL—PE2, PPL—PB2, and PE homopolymer at
30 °C (PE and PPL-crystallized state) in the wavenumber
range used for the analysis of the crystallization process for
PPL (b) and PE (c) blocks. That is, we evaluated y*ppr(?)
from the absorption band at 1734 cm™ ' (indicated by the
black arrow in Figure 6a) as a function of ¢ during cooling,
and independently y*pg(7) from the band at 730 cm ™' (the
white arrow), as described in Experimental Section.

Figure 7a shows the time dependence of y*ppy (7) evaluated
from FTIR results of PPL—PB2 during cooling at —2 °C/min
from 100 °C into 30 °C (closed square), where only PPL
blocks crystallize within the lamellar microdomain structure.
Therefore, it is also possible to independently evaluate
x*ppL(?) from the DSC exothermic peak area arising from
PPL crystallization (open circles in Figure 7a). Though the
crystallization process of PPL blocks is nonisothermal,
x*ppL(?) increases sigmoidally, which is usually observed in
the isothermal crystallization process of homopolymers. The
important result shown in Figure 7a is that the time depen-
dence of y*ppr(7) obtained from FTIR results is almost
identical to that from DSC results. That is, the crystallization
process is successfully evaluated from FTIR measurements,
and we can investigate the crystallization process of PPL and
PE blocks in PPL-h-PE using FTIR. On the other hand, the
DSC method can not be used to evaluate y*ppy (£) and y*pg(?)
separately for PPL-A-PE, because the exothermic peak of PE
blocks partially overlaps with that of PPL blocks for the
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Figure 7. (a) Normalized crystallinity of PPL blocks in PPL—PB2,
obtained using DSC (open circles) and FTIR (closed squares), plotted
against time during cooling at —2 °C/min from 100 °C into 30 °C (right
ordinate). (b) Normalized crystallinity of PPL blocks (closed circle) and
PE blocks (open circle) in PPL—PE2, obtained using FTIR, plotted
against time during cooling at —1 °C/min from 100 °C into 30 °C.

crystallization process of PPL-5-PE under slower cooling
rates (Figure 4).

The time dependence of y*ppr(f) and y*pg(f) for
PPL—PE2 during cooling at —1 °C/min from 100 to 30 °C
is shown in Figure 7b, where the data points of y*pg(?)
are moderately scattered because the absorption band at
730 cm ™! for evaluating y*pg(7) is considerably small com-
pared to that at 1734 cm™ ' for y*pp.(7) (Figure 6a). The
crystallization of PE blocks starts at  ~ 1150 s (~98 °C) and
x¥pE(?) increases steadily with increasing 7. The PPL blocks,
on the other hand, start to crystallize at t ~ 2400 s (~76 °C),
where y*pg(?) is still increasing, and hence, we can observe a
coincident crystallization process after z = 2400 s (or T <
76 °C). The new finding shown in Figure 7b is that the time
dependence of y*pg(7) and y*ppr(?) is not represented by a
sigmoidal curve, as observed for PPL—PB2 (Figure 7a) and
many crystalline homopolymers, but the crystallization rate
of both blocks changes complicatedly during coincident
crystallization. That is, the crystallization of PPL blocks
significantly affects the crystallization process of PE blocks,
and vice versa. It should be noted that y*pg(7) and y*ppr(?)
do not change anymore at ¢ ~ 5000 s (~30 °C), which might
be related to the fact that the cooling process finishes
at 30 °C.

3.4. Interrelation between Two Crystallization Processes.
Though the nonisothermal crystallization process of poly-
mers is very important in industrial applications, it is ex-
tremely complicated from the viewpoint of basic science
because the nucleation and growth rates change significantly
depending on temperature during cooling. Therefore, the
comprehensive theories describing the whole process of
nonisothermal crystallization are not available. Here, we
phenomenologically investigate the effect of crystallization
of one block on the crystallization behavior of the other
block during cooling. For this purpose, we compare the
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temperature dependence of the normalized crystallinity for
each block (PPL and PE blocks in PPL—PE2) with that of
corresponding chains without coincident crystallization
(PPL block in PPL—PB2 and PE homopolymer).

Figure 8 shows the normalized PE and PPL crystallinities
(Figure 7b) replotted against temperature. It also includes
the temperature dependence of the normalized crystallinities
for PE homopolymers and PPL blocks in PPL—PB2
(corresponding to PPL homopolymers), which have no effect
of another crystallization. It should be noted that the nor-
malized crystallinity of PE homopolymers is shifted horizon-
tally so as to overlap with that of PE blocks at the early stage
of crystallization (7" = 90 °C). It is usually observed that the
crystallizable temperature of crystalline blocks is moderately
lower than that of corresponding homopolymers owing to
the tethering effect of amorphous blocks.*

In the temperature region I (95 °C = T = 76 °C), where
only PE blocks crystallize and PPL blocks remain amor-
phous, the existing PPL blocks do not practically affect
the crystallization of PE blocks, resulting in the similar
temperature dependence of the crystallinity for PE blocks
and PE homopolymers. At T~ 76 °C, the PPL block starts
to crystallize and then the PPL crystallinity increases
extremely with decreasing temperature (temperature
region II), where the crystallization rate of PE blocks
considerably decelerates and the crystallinity soon falls
constant. Therefore, the difference in crystallinity between
PE blocks and PE homopolymers increases notably with
decreasing temperature. The crystallinity increase of PE
blocks is expected to arise mainly from the growth of PE
crystals in the temperature region II because it is the late
stage of crystallization for PE blocks, whereas the nuclea-
tion process will control the crystallinity development of
PPL blocks at the beginning of the region II followed by the
growth process of PPL crystals. Figure 8 suggests that the
nucleation process of PPL blocks overwhelms the growth
process of PE blocks at the beginning of the region II,
which makes deceleration of PE crystal growth, resulting in
the almost constant PE crystallinity during the region II. In
the temperature region III, the growth of PPL crystals is
the major process for the crystallization process of PPL
blocks, which will have the comparable driving force with
the growth process of PE crystals. As a result, we have
the cooperative growth of both crystals in the region III,
where we can find that the crystallinity growth of PPL
blocks in PPL—PE2 is slower than that of PPL blocks in
PPL—-PB2.
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The PE and PPL blocks are completely confined within
each constituent layer of the microdomain structure during
the whole process of crystallization, and therefore both
blocks do not directly interact except at the interfacial region
between two layers. In addition, the interfacial thickness is
expected to be extremely thin owing to the strong segregation
between PE and PPL blocks. Therefore, the interactive
crystallization processes observed in Figure 7b will work
through the junction point between both blocks located at
the interfacial region. That is, the accelerating crystallization
(or nucleation) of PPL blocks yields the conformational
stress of the amorphous part of PPL blocks, which will be
relaxed by deforming the interface and/or by moving the
junction point through the interface.>® This conformational
relaxation will be the additional stress for the amorphous
part of PE blocks, resulting in the decelerating crystallization
(or crystal growth) of PE blocks. Similar interacting crystal-
lization behavior, i.e., crystallization-induced melting,
has been recently reported for some crystalline—crystalline
diblocks with T.; > T..'*'® However, this crystallization
behavior is considered to arise from the melting of block 1
facilitated by further crystallization of block 2 in order to
compensate the space previously occupied by the amorphous
block 2. Therefore, the interactive crystallization behavior
observed in this study is substantially different from the
crystallization-induced melting process, and can be expected
only for coincident crystallization in crystalline—crystalline
diblocks with close crystallizable temperatures.

In summary, two crystallization processes interact inti-
mately with each other during the coincident crystallization
process of both blocks, where crystallization of one block
significantly affects the crystallization behavior of the other
block through the junction point between two blocks.

3.5. FTIR Analysis of Isothermal Crystallization. Finally,
we report the results of isothermal crystallization of PPL-b-
PE. When PPL-h-PE was quenched from the microphase-
separated melt (~100 °C) into the crystallization tempera-
ture T, (55 = T, = 70 °C), the PE block always crystallized
first during quenching followed by the crystallization of PPL
blocks, and no coincident crystallization was observed.
Figure 9a shows the time evolution of yppy (7) derived from
FTIR measurements for PPL—PB2 (closed circle) and for
PPL—PE2 (open circle) both crystallized at 65 °C. The time
dependence of yppy (7) for PPL—PB2 shows a sigmoidal curve
with some induction time, which is usually observed in
isothermal crystallization of homopolymers. This crystal-
lization behavior is also in good agreement with the
results reported on many strongly segregated crystalline—
amorphous diblock copolymers with soft lamellar micro-

ins>*>% and suggests that the spatial confinement by
the amorphous layers (PB layers in the present case) is not
perfect but some defects exist in the orientation of lamellar
microdomains to yield the heterogeneous nucleation.

The time evolution of yppr () for PPL—PE2, on the other
hand, is extremely different from that for PPL—PB2. In
particular, the difference is remarkable at the initial stage
of crystallization, where the crystallization of PPL blocks in
PPL—PE2 starts just after quenching (r ~ 0 s) with no
induction time. The crystallinity increases steeply at the
beginning of crystallization and then reaches asymptotically
to the final value (~0.40), which is significantly smaller than
that of PPL—PB2 (~0.58). The crystallization process of
PPL blocks in PPL—PE?2 is similar to that observed for the
crystalline blocks confined in isolated microdomain struc-
tures (i.e., spheres and cylinders),”>* where the spatial
confinement is virtually perfect and eventually the crystal-
lization behavior is understood by the first-order kinetics,
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Figure 9. (a) Crystallinity of PPL blocks in PPL—PE2 (open circle) and
PPL—PB2 (closed circle) plotted against crystallization time when the
samples were isothermally crystallized at 65 °C. (b) Avrami plot based
on the crystallinity development for PPL—PE2 (open circle) and
PPL—PB2 (closed circle).

i.e., the rate of isothermal crystallization is simply propor-
tional to the fraction of uncrystallized domains existing in
the system at .

The early stage of crystallization of PPL blocks in
PPL—PB2 and PPL—PE2 was analyzed using the Avrami
equation, which is widely used for the anals}gsis of crystal-

lization mechanism of bulk homopolymers.”> The normal-
ized crystallinity y*pp1(?) at 7 is given by,
x*peL(f) =1 —exp[—(K1)"] 3)

where K is a rate constant and n is the Avrami index
expressing the mode of crystallization. It is possible to
evaluate n and K from the plot of log {—In [1 — y*ppr(1)]}
against log z. Figure 9b shows the result of the Avrami plot
for the crystallization process of PPL blocks in PPL—PE2
(open circle) and PPL—PB2 (closed circle). The value of #,
evaluated from the slope in Figure 9bis ca. 2.7 for PPL—PB2
and 0.6—0.9 for PPL—PE2 depending on the fitting range we
used. The significant difference in n between two systems
indicates that the crystallization mechanism is completely
different between them.

The crystallization behavior of block chains confined
within the lamellar microdomain structure has been investi-
gated for some crystalline—amorphous diblock copoly-
mers.”*”? The glassy (or hard) lamellar microdomain struc-
ture usually confines crystallization within it to yield the
first-order kinetics, whereas the amorphous (or soft) micro-
domain structure results in the sigmoidal crystallization
kinetics with the appreciable deformation of the structure.>
The difference between our PPL—PB2 and PPL—PE2
systems is only that when the PPL block starts to crystal-
lize within PPL layers of lamellar microdomains, the
other constituent layer (PB or PE layer) is amorphous or
already crystallized. Therefore, from the viewpoint of the
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crystallization kinetics of PPL blocks, the PE-crystallized
lamellar microdomain structure works as the hard micro-
domain to successfully confine PPL crystallization, resulting
in the first-order kinetics. It is speculated that this result
might be ascribed to the fact that the PPL lamellae, sand-
wiched by the PE-crystallized layers, have less defects (or
interconnection between two PPL lamellae) and the spatial
confinement is more effective compared to the case of usual
soft lamellar microdomains.

In summary, when PPL-/-PE was isothermally crystal-
lized, coincident crystallization could not be observed, and
the PE blocks always crystallized first during quench-
ing followed by the crystallization of PPL blocks. The
crystallization behavior of PPL blocks in PPL-b-PE was
significantly different from that in PPL-b-PB. That is, the
Avrami index was 0.6—0.9 for PPL-b-PE while it was 2.7 for
PPL-b6-PB.

Conclusion

The interactive crystallization process of a new crystalli-
ne—crystalline diblock copolymer with close crystallizable tem-
peratures, poly(S-propiolactone)-block-linear low density poly-
ethylene (PPL-b-PE), has been investigated using DSC, SR-
SAXS, and FTIR. PPL-b-PE formed the strongly segregated
microdomain structure in the melt, so that crystallization of both
blocks was effectively confined within this structure without any
morphological transition. When PPL-b-PE was cooled from the
melt at constant rates (i.e., nonisothermal crystallization), the PE
blocks crystallized first followed immediately by PPL crystal-
lization, where the crystallization of PPL blocks was overlapped
with the late stage of PE crystallization (coincident crystal-
lization). The time dependence of y*ppr(7) and x*pg(7) was found
to be very complicated during coincident crystallization. That is,
crystallization of one block significantly affected the crystal-
lization behavior of the other block, resulting in the characteristic
change in the crystallization rate of both blocks.

On isothermal crystallization of PPL-b-PE, the PE blocks
crystallized first during quenching and subsequently the PPL
blocks crystallized, where the interactive crystallization processes
was not observed. However, the crystallization behavior of PPL
blocks, starting from the PE-crystallized microdomain structure,
was significantly different from that of PPL blocks in PPL-5-PB.
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