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The crystallization behavior of poly("-caprolactone) (PCL) blocks starting from a solid morphology formed in advance by the

crystallization of polyethylene (PE) blocks (PE-crystallized morphology) in PCL-b-PE diblock copolymers has been

investigated by a time-resolved synchrotron small-angle X-ray scattering (SR-SAXS) method as a function of composition

(or volume fraction of PE blocks �PE in the system). The PE-crystallized morphology and the crystallized state of PCL blocks

(i.e., melting temperature and crystallinity of PCL blocks) were examined by static SAXS and differential scanning

calorimetry methods, respectively. When PCL-b-PE with �PE � 0:58 was quenched from a microphase-separated melt into

low temperatures Tc (30
�C � Tc � 45 �C), the PE block crystallized first to yield the PE lamellar morphology, an alternating

structure consisting of thin PE crystals and amorphous PE + PCL layers, followed by the crystallization of PCL blocks

starting from this PE lamellar morphology, where two different crystallization behaviors of PCL blocks were observed

depending on Tc; at higher Tc (� 40 �C) the Avrami index was ca. 3, indicating a heterogeneous crystallization in 3D space.

However, it was smaller (� 2) at lower Tc (� 38 �C), suggesting a confined crystallization within the PE lamellar

morphology. The temperature at which the crystallization mechanism changed was almost independent of �PE in these

copolymers. The late stage of PCL crystallization (or post-Avrami process) was not significantly dependent on �PE and

similar to that of crystalline homopolymers. For PCL-b-PE with �PE � 0:73, the PE block crystallized on the basis of molten

microdomains to yield the PE-crystallized microdomain, and eventually PCL crystallization was confined within this

microdomain for every Tc at early and late stages. These results were consistent with our previous conclusions derived from

the investigation of resulting morphology.
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Crystalline-crystalline diblock copolymers show a compli-

cated morphology formation according to the melting temper-

ature Tm of constituent blocks when they are quenched from a

microphase-separated melt into low temperatures.1 If Tm values

of two blocks are close enough, we have a simultaneous

crystallization of both blocks to result in a complicated

morphology formation.2–8 If Tm of one block is enough higher

than that of the other, we have a two-step crystallization; high-

Tm blocks crystallize first to form a crystallized morphology

and subsequently low-Tm blocks start to crystallize from this

morphology. Therefore the crystallized morphology formed

by high-Tm blocks is a kind of spatial confinement for the

subsequent crystallization of low-Tm blocks, which will be

qualitatively different from the confinement imposed by

amorphous or glassy microdomains observed in crystalline-

amorphous diblock copolymers.9–11 There are some studies so

far on the morphology formation of double crystalline block

copolymers with different Tm values,12–24 where they are

mainly focused on the characteristic morphology finally

formed in the system.

We have recently studied the crystallization behavior and

resulting morphology of poly("-caprolactone)-block-polyethyl-

ene (PCL-b-PE) diblock copolymers,25,26 where Tm of PCL

blocks was ca. 60 �C and that of PE blocks ca. 100 �C, so that

PE blocks crystallized first by quenching followed by the

crystallization of PCL blocks. It was found from these studies

that the crystallization behavior of PCL blocks and also

resulting morphology were significantly influenced by the

crystallization temperature of PCL blocks Tc; at lower Tc
(< 30 �C), PCL blocks crystallized within the existing PE

lamellar morphology (an alternating structure consisting of thin

PE crystals and amorphous PE + PCL layers) as a template,

while at higher Tc (> 35 �C) it crystallized by deforming and/

or partially destroying the PE lamellar morphology. As a result,

the final morphology depended intimately on Tc, and the

transition temperature Tp was 30–40
�C for selected PCL-b-PE

copolymers.

Recently we further investigated the composition (or

volume fraction of PE blocks �PE in the system) dependence

of resulting morphology mainly by a static small-angle X-ray

scattering (SAXS) technique,27 and found that Tp was ca. 33
�C

and almost independent of �PE when �PE was not close to 1.

This fact suggests that the existing PE lamellar morphology

works as a combined confinement of rubbery and glassy

microdomains against the crystallization of PCL blocks. That

is, the PE lamellar morphology acts as a glassy confinement

at lower Tc and as a rubbery confinement at higher Tc, where

a competition is expected at each Tc between morphological

transition by the crystallization of PCL blocks and suppression

of this transition by the PE lamellar morphology.
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In this study, we quantitatively analyze the crystallization

behavior of PCL blocks by using a time-resolved synchrotron

SAXS method, and try to understand the morphology forma-

tion at each Tc as a function of �PE. From these results, we aim

to evaluate the composition dependence of the crystallization

behavior of PCL blocks observed in PCL-b-PE copolymers.

EXPERIMENTAL

Samples

Samples used in this study were poly("-caprolactone)-block-

polyethylene (PCL-b-PE) diblock copolymers with varying

compositions, which were identical copolymers we used in

static measurements,27 and denoted as E86, E73, E58, E49,

E36, E31, and E25, where the numeral represents the volume

% of PE blocks in PCL-b-PE (see Table I of ref. 27). The

melting temperature of PE blocks was ca. 100 �C and that of

PCL blocks ca. 60 �C, so that PE blocks crystallized first by

quenching from a microphase-separated melt into low Tc
(� 45 �C) to yield the PE-crystallized morphology followed by

the crystallization of PCL blocks.

The crystallinity of PE blocks in the system �PE changed

from 0.02 to 0.19 (or crystallinity of PE blocks in the whole PE

blocks from 0.06 to 0.23), and therefore we can expect a wide

variation in constraint strength by the PE-crystallized mor-

phology against PCL crystallization. In addition, the PE-

crystallized morphology depended intimately on �PE, which

will be described in Results and Discussion.

Differential Scanning Calorimetry (DSC) Measurements

A Perkin Elmer DSC Pyris 1 was used to investigate the

melting temperature and crystallinity of PCL blocks to under-

stand the crystallized PCL state. First, samples were cooled

at 10 �C/min from a microphase-separated melt into 0 �C

to obtain an exothermic peak owing to the non-isothermal

crystallization of PCL blocks, annealed at 0 �C for 5min, and

finally heated at 10 �C/min, where we observed an endother-

mic peak due to the melting of PCL blocks. The crystallinity of

PCL blocks on cooling �PCL or on heating �0
PCL was calculated

by assuming that the exothermic heat flow to form (or the heat

of fusion for) perfect PCL crystals was 135.44 J/g.28

Synchrotron Small-Angle X-ray Scattering (SR-SAXS)

Measurements

Microphase-separated samples at 120 �C were quenched into

each Tc, and the isothermal crystallization process of PCL

blocks was pursued by a time-resolved SR-SAXS technique.

The SR-SAXS measurement was performed at Photon

Factory in high-energy accelerator research organization,

Tsukuba Japan, with a small-angle X-ray equipment for

solution (SAXES) installed at beam line BL-10C. Details of

the equipment and the intensity correction procedure were

already described elsewhere.29–31 Accumulation time for each

frame was 10 s, and the measurement was continued until an

integrated intensity did not change any more. The SAXS curves

were finally obtained as a function of s ¼ ð2=�Þ sin �, where �

is the wavelength of incident X-ray (¼ 0:1488 nm) and 2� the

scattering angle. Parameters characterizing the crystallization

behavior of PCL blocks were finally extracted from these

SAXS curves as a function of crystallization time tc.

Conventional Small-Angle X-ray Scattering (C-SAXS)

Measurements

C-SAXS measurements were performed by using a Rigaku

Nano-Viewer with a rotating-anode X-ray generator operating

at 45 kV and 60mA. The detector was a one-dimensional

position-sensitive proportional counter (PSPC), and accumu-

lation time for each measurement was 1 h. Methods of data

treatment were the same to that of the SR-SAXS measurement.

Analysis of Time-resolved SR-SAXS Curves

Decomposition of SAXS Peaks. The SR-SAXS curves have an

intensity peak arising from the PE lamellar morphology, and

another intensity peak appears at lower angle with increasing tc
for PCL-b-PE crystallized at higher Tc (� 40 �C), which comes

from the PCL lamellar morphology (an alternating structure

consisting of PCL crystals and combined layers of amorphous

PE + PCL and crystallized PE) gradually formed in the

system. Therefore, peak decomposition is necessary to discuss

the crystallization behavior of PCL blocks at higher Tc though

the angular positions of two intensity peaks are very close to

each other.

We assume that the scattered intensity Iðtc; sÞ at tc is a

combination of those at tc ¼ 0 (arising from the PE lamellar

morphology) and tc ¼ 1 (from the PCL lamellar morphology),

and then we can describe,

Iðtc; sÞ ¼ AðtcÞIð0; sÞ þ BðtcÞIð1; sÞ ð1Þ

where AðtcÞ and BðtcÞ represent the contribution of each

scattered intensity at tc assuming they are independent of s, and

Að0Þ ¼ 1, Bð0Þ ¼ 0, Að1Þ ¼ 0, and Bð1Þ ¼ 1. By defining

s1;max as the angular position of intensity peak from the PE

lamellar morphology and s2;max that from the PCL lamellar

morphology, we obtain,

Iðtc; s1;maxÞ ¼ AðtcÞIð0; s1;maxÞ þ BðtcÞIð1; s1;maxÞ ð2Þ
Iðtc; s2;maxÞ ¼ AðtcÞIð0; s2;maxÞ þ BðtcÞIð1; s2;maxÞ ð3Þ

By solving above simultaneous equations we can evaluate AðtcÞ
and BðtcÞ as a function of tc. It should be noted that this

treatment is only valid for higher Tc, where the pre-existing PE

lamellar morphology is completely replaced with the PCL

lamellar morphology at t ¼ 1. That is, at lower Tc (� 38 �C),

Að1Þ ¼ 0 does not hold because the PE lamellar morphology

remains in the system at t ¼ 1 owing to the confined

crystallization of PCL blocks within it. In such a case, we

simply approximate the intensity peak by a single function to

get the tc dependence of peak intensity.

Analysis for Early Stage Crystallization. The early stage of

crystallization is analyzed by using Avrami equation,32 which

is widely used for the analysis of early stage crystallization of

homopolymers. The volume fraction XðtcÞ of crystals existing
in the system at tc is given by,
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XðtcÞ ¼ 1� exp½�ðKtcÞn� ð4Þ

where K is a rate constant and n is the Avrami index expressing

the mode of crystallization. XðtcÞ is normalized so as to take

unity at tc ¼ 1 for polymer systems. The invariant (or

integrated intensity) QðtcÞ or the maximum of intensity peak

ImaxðtcÞ from lamellar morphology was usually used as XðtcÞ for
the analysis of SR-SAXS curves assuming that the alternating

structure does not change within crystallized regions during

early stage crystallization. After normalizing ImaxðtcÞ by the

final value Imaxð1Þ, we obtain,

XðtcÞ ¼ ImaxðtcÞ=Imaxð1Þ ð5Þ

Equation (4) is then reduced to

logf� ln½1� ImaxðtcÞ=Imaxð1Þ�g ¼ nðlog tc þ logKÞ ð6Þ

It is possible to evaluate n and K from the plot of logf� ln½1�
ImaxðtcÞ=Imaxð1Þ�g against log tc.
Analysis for Late Stage Crystallization. Many methods are

proposed to quantitatively describe the late stage crystallization

(or post-Avrami process) of homopolymers, and they consist of

first-order process as,

XðtcÞ ¼ 1� expf�K 0ðtc � �Þg ð7Þ

where K 0 is the rate constant of this stage and � is the time at

which this stage starts. Equation (7) has been applied for many

homopolymers so far, and found to adequately describe the

late stage crystallization of homopolymers and block co-

polymers.33–35 We apply equation (7) for our systems at

0:5 < ImaxðtcÞ=Imaxð1Þ < 0:9, and evaluate K 0 and � by

plotting ln½1� XðtcÞ� against tc with XðtcÞ given by eq. (5).

Next we consider a dimensionless parameter � defined by,

� ¼ K 0=K ð8Þ

� represents the ratio of crystallization rates at early and late

stages, and depends significantly on total crystallization

behavior at Tc.
35 For example, � becomes smaller when the

late stage crystallization proceeds more slowly with a same

crystallization rate at early stage. Therefore, � gives quantita-

tive information on relative rates of early and late stage

crystallizations when the total crystallization process is

compared among different conditions.

RESULTS AND DISCUSSION

PE-crystallized Morphology

When PCL-b-PE copolymers are quenched from a micro-

phase-separated melt into low Tc, PE blocks crystallize first to

form the PE-crystallized morphology followed by the crystal-

lization of PCL blocks starting from this morphology. There-

fore it is important to quantitatively understand the PE-

crystallized morphology as a function of �PE in order to discuss

the crystallization behavior of PCL blocks.

Figure 1 shows the long period (LP), an alternating distance

of the structure formed, plotted against temperature for E49 (a)

and E73 (b), where the closed circle indicates the results above

the melting temperature of both blocks and hence represents LP

of the microdomain structure. Open circle and square indicate

results at lower temperatures and represent LP of the PE-

crystallized morphology and PE + PCL-crystallized morphol-

ogy, respectively. LP of the microdomain structure increases

steadily with decreasing temperature for both copolymers, and

this result arises from several factors such as the change in

block incompatibility and chain conformation.36 However the

extrapolated LP for E49 is significantly smaller than that for the

PE- (and also PE + PCL-) crystallized morphology, and it

increases discontinuously by the crystallization of PE blocks,

indicating that the morphology after PE crystallization is not

based on the microdomain structure, i.e., a morphological

transition occurs from the microdomain structure into the PE

lamellar morphology.29 Figure 1a is qualitatively similar to

the result reported by Register et al. for a break-out

crystallization observed in PE-block-poly(3-methyl-1-butene)

copolymers.37 We obtained same results for E25, E31, E36, and

E58.

The morphology formed in E73 (and also E86) by the

crystallization of PE blocks, on the other hand, seems to be

frozen with LP exactly corresponding to that of the micro-

domain structure existing just before the crystallization (shown

by an arrow in Figure 1b). This fact suggests that the

microdomain structure holds even after PE crystallization, that

is, PE blocks crystallize within the molten microdomain

structure. The rapid crystallization of PE blocks may be

responsible for this confined crystallization because the total

molecular weight of E73 and E86 is not large enough
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(Mn ¼ 14;000{16;000) and accordingly the microdomain

structure itself will not be stable against the subsequent

crystallization of PE blocks. This confined crystallization is

sometimes reported for PE-containing crystalline-amorphous

diblock copolymers with a relatively low molecular weight.37

In summary, judging from the temperature dependence of

LP, we have two types of PE-crystallized morphology depend-

ing on �PE just before the crystallization of PCL blocks; we

have the PE lamellar morphology for E25, E31, E36, E49, and

E58 while the PE-crystallized microdomain for E73 and E86.

In the latter case, the matrix is composed of PE blocks, so that

the crystallization of PE blocks also leads to the PE lamellar

morphology though amorphous PCL regions are cylindrically

isolated within this PE lamellar morphology, which is

substantially different from the former case; amorphous PCL

regions are sandwiched between amorphous and crystallized

PE layers. However, it will be true for both cases that the

crystallization of PCL blocks will be significantly restricted

through the existing PE lamellar crystals.

In order to check the substantial difference in the final

crystallized state of PCL blocks between two cases, we

measured the crystallinity �PCL of PCL blocks during cooling

at 10 �C/min and the melting temperature Tm,PCL during

heating at 10 �C/min as a function of �PE. They are plotted

in Figure 2, where �PCL and Tm,PCL for a PCL homopolymer

(Mn ¼ 7;700 and Mw=Mn ¼ 1:16) are added for comparison

(closed symbols). Tm,PCL is intimately related to the size of

PCL crystals and �PCL the degree of interference by existing

PE crystals when PCL blocks crystallize, and therefore they are

a measure for crystallizability of PCL blocks in different

conditions. �PCL and Tm,PCL for E73 and E86 are slightly

lower than those of other copolymers and also the PCL

homopolymer but the difference is moderately small when

compared with completely confined crystallization observed in

high-molecular weight crystalline-amorphous diblock copoly-

mers, where the crystallinity and melting temperature reduce

considerably in case of spherical or cylindrical confine-

ment.38,39 Figure 2 suggests that the final crystallized PCL

state does not depend critically on the amorphous PCL state

just before the crystallization. Therefore we hereafter consider

the effect of the PE lamellar morphology on the crystallization

behavior of PCL blocks for PCL-b-PE copolymers all together

with paying attention to a small difference in the amorphous

PCL state.

SR-SAXS Results for the Crystallization Process of PCL

Blocks

Figure 3 shows typical SR-SAXS curves after quenching

E31 from 120 �C (i.e., from microphase-separated melt) into

42 �C (a) and E73 into 20 �C (b), where we mainly observe the

crystallization process of PCL blocks. In Figure 3a, a sharp

diffraction arising from a microdomain structure (at tc ¼ 5 s)

turns quickly into a small scattered peak with a considerable

shift of peak position to lower angle, indicating that the

microdomain structure is completely transformed into the PE

lamellar morphology by the crystallization of PE blocks. After
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some induction time, the peak intensity gradually increases and

simultaneously the peak position moves slightly to lower angle

with increasing tc, which arises from the crystallization of PCL

blocks starting from the PE lamellar morphology. This shift of

peak position can not be observed at lower Tc (< 30 �C),

because PCL blocks crystallize within the existing PE lamellar

morphology.26 In Figure 3b, SR-SAXS curves are largely

different from those in Figure 3a. The crystallization of PE

blocks is extremely fast and finished substantially during

quenching without any change of peak position. That is, only

first large peak (at tc ¼ 5 s) arises from a transient morphology

during PE crystallization and after that no indication of further

PE crystallization is observed. With increasing tc the peak

intensity increases slightly by the crystallization of PCL

blocks, but the peak position does not move at all through

the crystallization process of PCL blocks. Note that we could

not observe the crystallization process of PCL blocks in E73

and E86 at higher Tc (� 22 �C) because it took too long time to

be pursued by the SR-SAXS method.

In our previous studies,25,26 we demonstrated that the peak

shift observed in Figure 3a during PCL crystallization at

higher Tc (� 40 �C) resulted from the superposition of two

scattering peaks; one at higher-angle arises from the PE

lamellar morphology and the other at lower-angle from the

PCL lamellar morphology newly formed in the system, and the

higher-angle peak is gradually replaced with the lower-angle

peak as PCL blocks crystallize. Therefore it is necessary for

this case (i.e., higher Tc) to make peak decomposition in

order to analyze the crystallization behavior of PCL blocks

separately.

Figure 4a shows the peak intensity plotted against tc for E49

crystallized at 42 �C (higher Tc) when the scattered peak is

approximated by a single parabolic function because at a first

glance the intensity peak seems to change continuously with tc.

But this treatment is not logically correct as described above,

and also we observe a bimodal intensity peak at selected tc (for

example, see Figure 5 of ref. 26). Figure 4b shows results after

peak decomposition by using eqs. 2 and 3, where data points

are considerably scattered because they are evaluated from the

intensities only at s1;max and s2;max, and no smoothing process is

included in the calculation procedure. The peak intensity from

the PCL lamellar morphology ( ), which is a measure for the

development of PCL crystallization, increases roughly with a

sigmoid shape and simultaneously the peak intensity from the

PE lamellar morphology ( ) decays and finally disappears.

From this tc dependence of the increasing peak intensity, it is

possible to analyze the early and late stages of PCL

crystallization at higher Tc. On the other hand, we approxi-

mated the scattered peak by a single function for lower Tc
(� 38 �C), and the increasing intensity was used to analyze the

crystallization process of PCL blocks.

Analysis for Early Stage Crystallization of PCL Blocks

Figure 5 shows an example of Avrami plots for E25

crystallized at 41 �C ( ) and E73 at 20 �C ( ), where we

have a linear relationship for both cases with different slopes

(i.e., n � 3 for E25 and n � 2 for E73). Here, the data for first

25% in intensity are used because the Avrami analysis is valid

only for the early stage of crystallization. We had similar plots

for every sample at each Tc and could obtain n successfully,

though some plots did not have enough data points to

determine n unambiguously because the crystallization of

PCL blocks was very fast at lower Tc. In such cases, we did not

evaluate n.

The values of n are summarized in Figure 6 as a function of

Tc for all PCL-b-PE copolymers investigated, where closed

symbols are derived from the increasing peak intensity after

peak decomposition and others obtained by approximating the

intensity peak with a single parabolic function. n at higher Tc
(� 40 �C) is about three, which is usually found in homo-

polymers and indicates a heterogeneous crystallization in 3D

space. This fact suggests that PCL blocks crystallize freely

without any constraint by the existing PE lamellar morphology,

which is the same conclusion we have previously obtained for

selected PCL-b-PE copolymers.26

The values of n for E73 and E84 and also those for other

copolymers at lower Tc (� 38 �C) are significantly small

(n � 2), suggesting that the crystallization mechanism is

different from that for E25 through E58 at higher Tc
(� 40 �C). LP after the crystallization of PCL blocks is nearly

identical to that of the PE lamellar morphology in these cases,

so that we can intuitively suppose that PCL blocks crystallize

within the existing PE lamellar morphology. Therefore the

crystallization mechanism should be substantially different

from that in 3D space. It is already reported that n is extremely

reduced when the crystallization is completely restricted within
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spherical or cylindrical microdomains,10 and smaller n seems to

be characteristic of the confined crystallization.

It is interesting to compare n derived from the peak intensity

after peak decomposition (closed symbols) and that simply

approximated by a single function (open symbols) for same

samples at the same Tc. At higher Tc (� 42 �C) they coincide

completely (for example, and at 45 �C or and at

42 �C), indicating that early stage crystallization is completely

controlled by the development of the PCL lamellar morphology

newly formed. On the other hand, the difference between two

results increases significantly with decreasing Tc (for example,

and at 40 and 39 �C), suggesting that early stage

crystallization moves to a different mechanism, that is,

confined crystallization within the PE lamellar morphology.

Therefore, we can consider that two mechanisms work

simultaneously in the system at an intermediate Tc range, and

their contribution changes gradually with changing Tc. Ap-

proximating the intensity peak by a single function corresponds

to taking an average between two mechanisms, and hence n

decreases gradually with decreasing Tc. On the other hand, the

peak intensity after peak decomposition exactly corresponds to

the development of the PCL lamellar morphology and hence

n remains constant (� 3). Though this peak decomposition

procedure is not logically correct when the crystallized PE

lamellar morphology remains after PCL crystallization, it will

be justified when the volume fraction of the crystallized PE

lamellar morphology is small enough.

Analysis for Late Stage Crystallization of PCL Blocks

The late stage crystallization of PCL blocks, together with

the early stage crystallization, was quantitatively analyzed by

using eq. 7, and we evaluated � as a function of Tc for each

PCL-b-PE.

Figure 7 shows � plotted against Tc for all PCL-b-PE

copolymers investigated, where data can be divided into two

groups; one consists of results for E86 and E73, where � is

extremely small (� 0:8), and the other those for E25 through

E58, where data points are somewhat scattered but significantly

larger than those for the former group, and they increase

roughly with increasing Tc. The smaller � indicates that the

early stage crystallization is very fast and/or the crystallization

rate retards significantly at the late stage. We previously

demonstrated that the confined crystallization of PCL blocks
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intensity after peak decomposition (Figure 4b) and others obtained
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Figure 5. Typical Avrami plots for E25 crystallized at 41 �C ( ) and for E73 crystallized at 20 �C ( ).



within the PE lamellar morphology was extremely fast at the

early stage (i.e., larger K) compared with a break-out

crystallization, and it decelerated moderately at the late stage

(smaller K 0).26 Therefore, � (¼ K 0=K) takes a very small value

(� 0:8) for the completely confined crystallization within the

PE lamellar morphology.

The gradual increase of � with increasing Tc for E25 through

E58 can be explained by considering the crystallization

mechanism of PCL blocks at early and late stages. At higher

Tc (� 41 �C) the early stage crystallization is driven by the

development of the new PCL lamellar morphology as describ-

ed previously (smaller K), and the late stage is a process for

further development of this PCL lamellar morphology (larger

K 0 compared with completely confined crystallization). There-

fore the whole crystallization process is similar to that for

crystalline homopolymers and crystalline-amorphous diblock

copolymers without any microdomain structure, where � takes

ca. 3,35 which is moderately consistent with results at higher Tc
(� 41 �C) shown in Figure 7.

The confined crystallization appears at the early stage with

decreasing Tc (� 40 �C) and competes with the development of

the PCL lamellar morphology, and eventually the apparent

crystallization rate (or K) gradually increases, because we

evaluate a combined crystallization by assuming a single

intensity peak, yielding an increasing K with decreasing Tc.

The late stage crystallization in this case is considered to be

driven by further development of the PCL lamellar morphol-

ogy, so that K 0 is comparable to that for the crystallization

process at higher Tc (larger K 0). As a result, � takes an

intermediate value (� 1:8) and decreases gradually with

decreasing Tc, as shown in Figure 7. However, � in this

temperature range is significantly larger than that for E73 and

E86, because K 0 is substantially different for both cases.

In summary, we can explain a complicated change in �

against Tc shown in Figure 7 by considering the difference in

crystallization mechanism of PCL blocks at early and late

stages. That is, the completely confined crystallization for E73

and E86 results in low � (� 0:8), the combined crystallization

at the early stage followed by the development of the PCL

lamellar morphology at late stage for E25 through E58 at lower

Tc (� 40 �C) yields intermediate � (� 1:8), and the develop-

ment of the PCL lamellar morphology in the whole crystal-

lization process at higher Tc (� 41 �C) yields large � (� 3).

Composition Dependence of Tc-dependent Crystallization

Behavior

We finally examine the composition dependence of Tc-

dependent crystallization behavior observed at the early stage.

The temperature Tp at which n changes discontinuously, i.e.,

the crystallization mechanism changes from ordinary crystal-

lization (n � 3) into confined crystallization (n � 2), is plotted

in Figure 8 against �PE, which is proportional to the volume

fraction of PE crystals existing in the system and therefore

a measure for the constraint strength of the PE lamellar

morphology against PCL crystallization. Tp may be evaluated

from Figure 7 as a discontinuous point of �, but it contains

much error for getting reliable �. In Figure 8, we also add

results obtained from the Tc dependence of LP derived from

static SAXS measurements in our previous study ( ).27

We could not observe any change in the crystallization

mechanism for E86 and E73 within our experimentally

accessible time, which is the same result obtained in our

previous study (static SAXS measurements), and therefore

we simply put Tp � T0
m,PCL in Figure 8, where T0

m,PCL is an

equilibrium melting temperature of PCL homopolymers

(� 64 �C).40 This fact indicates that the PE lamellar morphol-

ogy existing in E86 and E73 effectively confines the sub-

sequent crystallization of PCL blocks. On the other hand, Tp
values are almost constant (� 39 �C) irrespective of composi-

tion for E25 through E58, and slightly higher than those

obtained by static SAXS measurements (� 33 �C), that is, the

temperature at which LP deviates significantly from that of the

microdomain structure. This difference in Tp might arise from

experimental methods employed to evaluate Tp. That is, Tp
evaluated in this study reflects the crystallization behavior of

PCL blocks only at the early stage while that derived in our

previous study is based on the resulting morphology after PCL

crystallization has completely finished.

The present results, together with our previous results,

indicate that there is a competition between the crystallization

of PCL blocks, which facilitates the formation of new

morphology, and the constraint by the PE lamellar morphology

against morphological rearrangement. Therefore we can under-

stand that the PE lamellar morphology works as an intermediate

between rubbery and glassy confinements for the crystallization

of PCL blocks, which depends critically on �PE or �PE

(constraint strength by the PE lamellar morphology against

PCL crystallization) and Tc (crystallization rate of PCL blocks).

CONCLUSIONS

The crystallization behavior of PCL blocks observed in

PCL-b-PE copolymers was investigated mainly by a time-
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m,PCL (equilibrium melting temperature of
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resolved SR-SAXS technique as a function of composition. In

these copolymers, PE blocks crystallized first by quenching to

form the PE-crystallized morphology, and subsequently the

crystallization of PCL blocks started from this morphology.

Following conclusions were obtained from this study.

1) When PCL-b-PE copolymers with �PE � 0:58 were

quenched, we observed two different crystallization behaviors

of PCL blocks depending on Tc; at higher Tc (� 40 �C) the

Avrami index n was ca. 3, suggesting a heterogeneous

crystallization in 3D space, while n was smaller (� 2) at

lower Tc (� 38 �C), i.e., a significant effect of existing PE

crystals on the crystallization behavior of PCL blocks was

detected. The gradual decrease in n at around 40 �C might arise

from the competition of these two mechanisms in the system,

and the combined crystallization process was evaluated by the

peak intensity analysis to yield the continuous change in n.

2) The temperature Tp at which the crystallization behavior

changed in PCL-b-PE with �PE � 0:58 was independent of

�PE, and nearly identical to that previously derived from the

morphological investigation by a static SAXS technique, i.e.,

the change of LP with Tc.

3) When PCL-b-PE copolymers with �PE � 0:73 were

quenched from a microphase-separated melt into low Tc
(17 �C � Tc � 22 �C), the completely confined crystallization

of PE blocks and subsequently that of PCL blocks were

observed at every Tc investigated, where n was significantly

small (� 2). The crystallization rate at early stage was fast but

that at late stage was slow to result in a very small � (� 0:8)

compared with other copolymers.
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