
Competition between microphase separation and crystallization

in self-assembly sPS/PS-PEP blends

Rong-Ming Hoa,*, Chun-Cheng Changb, Tsai-Ming Chungb, Yeo-Wan Chiangb, Jeng-Yue Wub

aDepartment of Chemical Engineering, National Tsing Hua University, Hsinchu 30013, Taiwan, ROC
bDepartment of Chemical Engineering, National Chung-Hsing University, Taichung 40227, Taiwan, ROC

Received 14 October 2002; received in revised form 18 December 2002; accepted 20 December 2002

Abstract

The crystallization and the self-assembly of blending system, syndiotactic polystyrene/polystyrene-block-poly(ethylenepropylene)

(sPS/PS-PEP), were investigated by transmission electron microscopy (TEM), polarized light microscopy, small angle X-ray scattering and

differential scanning calorimetry (DSC). Spherical microdomains with sPS embedded in PS-PEP matrix were obtained after melt mixing as

evidenced by TEM observations combined with DSC analyses. The size of spherical microdomains is in the order of tens nanometer. This

unique morphology provides an appropriate system to examine the effect of crystallization on microphase-separated morphology. The

driving force of sPS crystallization leads the growth of sPS crystals to overcome the effect of spatial confinement and the repulsive barrier of

immiscibility, and thus to go across the surrounding PEP domains. As a result, the growth of crystallization interconnects sPS microdomains

and forms crystalline lamellae. The overall crystallization rate of sPS in self-assembly sPS/PS-PEP blends increases with increasing the

content of sPS. We suggest that the increase on the crystallization rate is attributed to the decrease on the crossing-distance between the

crystallizing sPS domains due to an increase on the size of spherical microdomain.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The self-assembly microstructures of block copolymers

driven by immiscibility between their constituted blocks

have attracted extensive studies because of the formation of

nano-scale microstructures that appears promising in the

applications of nano-technology such as ultra-filtration

membrane, nanopatterned template, nano-reactor matrix,

nano-device etc. [1–5]. The majority of these studies focus

on the phase behavior of amorphous block copolymers at

which the nano-scale microstructure is formed by balancing

interfacial energy and entropic penalty such as chain

stretching and localization of chemical connection to

minimize the Gibbs free energy of final morphology and

to maintain mean density [6–10]. More recently, the studies

on the crystalline morphology for crystallizable block

copolymers have become another important aspect to the

applications of block copolymer microstructures. The

formation of crystalline domains within microphase-separ-

ated morphology gives rise to another dimension for

considering the physical and mechanical properties of

ordered microstructures. It has been found that the final

morphology of crystallizable block copolymers is strongly

dependent upon the comparative temperatures of order–

disorder transition temperature (TODT), crystallization

temperature of crystallizing blocks (Tc) and glass transition

of amorphous blocks (Tg,A) as well as crystallization rate

[11–22]. In other words, the formation of crystallized

morphology is the consequence of the competition between

the driving forces of crystallization, vitrification and

microphase separation.

To understand the effects of crystallization on micro-

phase-separated textures is critical for the applications of

crystallizable block copolymers in nano-technology. It is

generally agreed that the final morphology is driven by

the crystallization of crystallizable blocks regardless of

the microphase separation of block copolymers when Tc

is above TODT and Tg,A. For systems with TODT . Tc $

Tg,A (i.e. a soft confinement for crystallization), the
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microphase-separated morphology may be destroyed by the

effect of crystallization. In contrast to the soft confinement,

the microstructure preserves if TODT q Tg,A . Tc (i.e. a

hard confinement for crystallization) [23–25]. The occur-

rence of microstructure destruction after crystallization is

also governed by the mobility of copolymer chains where

the chemical connection between crystallizable and amor-

phous blocks might affect the chain mobility. Recently, the

mutual interaction between the effect of segregation

strength (i.e. the product of molecular weight of block

copolymer and incompatibility between constituted block)

and crystallization on block copolymer morphology has also

been systematically studied by Register and co-workers

[26]. As described, the block copolymer microstructure by

microphase separation maintains regardless of the

mobility effect on crystallization while the segregation

strength is strong enough. As a result, the final morphology

of crystallizable block copolymers involves many

dependent factors such as molecular weight, immiscibility

between constituted blocks, composition, glass transition

temperature of amorphous block, crystallization window of

crystallizable block and so on.

In this study, we are interested in the crystallization effect

on the final morphology of self-assembly sPS/PS-PEP

blends. We simply melt mixed syndiotactic polystyrene

(sPS) with commercial styrenic diblock copolymer, poly-

styrene-block-(polyethylenepropylene) (PS-PEP). Spherical

microdomain texture with sPS embedded in PS-PEP matrix

was obtained. Since the crystallizable chain is not

chemically connected to the amorphous microstructure,

we name this self-assembly morphology as physically

confined system for crystalline polymer so as to distinguish

traditional crystallizable block copolymers where the

crystallizable block is chemically connected by amorphous

block (referred as chemically confined system in this study)

[27]. This unique morphology having crystallizable sPS

component localized inside the shell of PS-rich domain

gives rise to a specific crystallization environment where the

crystallization of crystallizable blocks is carried out from

nano-scale microdomains without the restrain of chemical

connection. Having these blending microstructures allows

us to achieve understanding of crystallization mechanism

from nano-scale microdomains without the effect of

chemical connection.

2. Experimental

2.1. Materials

Semicrystalline syndiotactic polystyrene was syn-

thesized in terms of the metallocene polymerization of

styrene catalyzed by a typical aluminum alkoxide at Union

Chemical Laboratories, Industrial Technology Research

Institute (ITRI). Detailed synthetic routes are similar to the

procedure described by Chien and Salajka [28]. The

number-averaged molecular weight of the samples is

25,000 g/mol and the polydispersity is 2.6 based on the

measurement of high-temperature size exclusion chroma-

tography (SEC). The styrenic block copolymer used in this

investigation is a diblock copolymer of polystyrene-block-

poly(ethylenepropylene) symbolized as PS-PEP (Kraton

G1702 of Shell Co.). According to the supplier, this

commercial PS-PEP possesses 28 wt% styrene content.

SEC result indicated that the number-averaged molecular

weight, Mn, of as-supplied PS-PEP is 175,000 g/mol and a

polydispersity index is 1.12.

2.2. Blending processes

Melt-mixed samples were prepared in a MiniMax mixer.

The MiniMax mixing cup was preheated to 280 8C, and the

pre-mixed blends were simultaneously introduced. Each

blend was melt processed at 280 8C for 20 min at 400 rpm.

The mixer was purged with industrial grade nitrogen gas

before loading to reduce degradation; blending was done

under a nitrogen blanket. During mixing, the rotor plate was

raised intermittently every several minutes to promote more

efficient mixing. After processing, the samples were

quenched by ice water. It is noted that there is no significant

change in the molecular weight of the PS-PEP for these

melt-mixed samples after processing as evidenced by SEC

measurements. This result suggests that degradation of PS-

PEP during processing is a minor effect. In contrast to PS-

PEP, the sPS is basically more stable than PS-PEP.

2.3. Microscopy

Thin films of bulk blending samples having thickness of

micrometer range and of tens of nanometer for polarized

light microscopy (PLM) and transmission electron

microscopy (TEM) observations, respectively, were

obtained by ultra-cryomicrotomy using a Reichert Ultracut

microtome (equipped with a Reichert FCS cryochamber and

a diamond knife). All of the samples prepared by

cryomicrotomy were operated at 2120 8C. PLM image

was obtained by an OLYMPUS BX60 PLM installed with a

DP10 digital camera. Bright field mass-thickness contrast

TEM images of stained samples were obtained by a JEOL

JEM-1200x TEM, at an accelerating voltage of 120 kV.

Staining was accomplished by exposure the samples to the

vapor of a 4% aqueous RuO4 solution for 30 min.

2.4. Small angle X-ray scattering (SAXS)

SAXS experiments were conducted at the synchrotron X-

ray beam-line X27C at the National Synchrotron Light

Source in Brookhaven National Laboratory. The wave-

length of the X-ray beam is 0.1307 nm. The zero pixel of the

SAXS patter was calibrated using a duck tendon and

scattering vector qðq ¼ 4pl21 sin u; where l is the
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wavelength of synchrotron radiation, 2u is the scattering

angle) was determined with silver behenate.

2.5. Differential scanning calorimetry (DSC)

DSC experiments were carried out in a Perkin–Elmer

DSC 7. The temperature and heat flow scales were carefully

calibrated using standard materials. The samples were first

heated to 290 8C, the maximum annealing temperature,

Tmax, for 5 min in order to eliminate the crystalline residues

formed during the preparation procedure. The polymer

samples were then cooled at a rate of 150 8C/min to generate

amorphous glassy samples or to a preset temperature, Tc, for

isothermal crystallization. Consecutive heating was per-

formed at heating rates of 10 8C/min. For the melting and

crystallization experiments, the DSC sample size was

around five milligrams for all the studies.

For the Tg measurements of PS-rich phase and the sPS,

the DSC sample size was more than 15 mg. The temperature

dependence of heat capacity for polymer samples was thus

determined according to the execution of blank, calibration

and sample runs based on the standard procedure described

in the textbook of thermal analysis by Wunderlich [29]. A

heating rate of 10 8C/min was used for all the measure-

ments. On the basis of thermodynamics, the glass transition

was defined as an apparent second-order transition. Glass

transition temperatures of this study were measured as the

50% change of the heat capacity in the range of glass

transition [29].

3. Results and discussion

3.1. Morphology of sPS/PS-PEP blends

The morphology of PS-PEP microstructure after melt

processing is shown in Fig. 1a. The morphological

observation demonstrates that the block copolymer of PS-

PEP self-assembles to form hexagonal cylinder (HC)

microstructure. The microdomains of PS component appear

relatively dark after staining by RuO4, while the micro-

domains of PEP component appear light. The corresponding

SAXS result further confirms the observed texture where the

diffraction peaks occurs at relative qpðq ¼ 4pl21 sin u;

where l is the wavelength of synchrotron radiation and 2u is

the scattering angle) values of 1:31/2:71/2:91/2 (Fig. 1b). The

long period for the inter-cylinder spacing is determined as

22.7 nm. Micellization was observed while various amounts

of sPS (i.e. 15, 30 and 50 wt%) were introduced to the

matrix of PS-PEP. Macrophase-separated (i.e. above sub-

micrometer size) domains have not been observed even at

50 wt% added amount of homopolymer sPS. It is also noted

that all the blends studied appear optically transparent after

quenching from amorphous self-assembly microstructure.

The results implicitly indicate that the occurrence of

macrophase separation (i.e. the size of dispersed domain

is larger than sub-micrometer) in the blending samples does

not exist. As shown in TEM micrographs of Fig. 2, the

morphology texture of melt-mixed sPS/PS-PEP blends

exhibits a spherical microdomain texture where the gray

spherical microdomain are dispersed in the light matrix. We

suggest that the gray domains correspond to amorphous

sPS-rich and PS-rich phases and the light domains is the

PEP phase. At lower sPS content such as blends with

15 wt% sPS content (Fig. 2a), the formation of spherical

microdomain is homogeneously distributed within the

matrix of HC morphology. Further increasing the sPS

content in blends leads to an overall transformation from the

original HC microstructure of PS-PEP to the spherical

microdomain texture of sPS/PS-PEP (for instance, the

blends with 30 wt% sPS as shown in Fig. 2b). On the

assumption of uniform microdomain particle size in blends,

the averaged domain size of the micelle is around 50–60 nm

in diameter for blends having 15 and 30 wt% sPS contents

as estimated from over one hundred micelle particles.

Larger spherical microdomain (about 70–90 nm in diam-

eter) was found while larger amount of sPS was introduced

as illustrated in Fig. 2c for the blends with 50 wt% sPS. The

corresponding SAXS experiments for the sPS/PS-PEP

Fig. 1. (a) TEM micrograph of micro-sectioned PS-PEP by mass-thickness

contrast. (b) One-dimensional (1D) SAXS profiles of PS-PEP.
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blends were also carried out in order to identify the observed

TEM morphology so as to determine the inter-distance

between the spherical microdomains. However, no signifi-

cant diffraction result was obtained. To further confirm the

formation of spherical microdomain texture, tilting exper-

iments by TEM were carried out to construct the

microstructure from different projection images. Spherical

morphology was clearly identified at different projections.

3.2. Behavior of micellization

Since the occurrence of macrophase separation is absent

in the sPS/PS-PEP blends, we thus deduce that the sPS

component is either located in the core of formed spherical

microdomain or mixed with PS block as illustrated in Fig.

3a and b, respectively. The first instance was designated by

Hashimoto and coworkers as the behavior of localization for

a homopolymer blended in a block copolymer, whereas the

later instance the behavior of solubilization [30,31]. To

further identify the formed texture of sPS/PS-PEP, the

blends were examined by DSC. The Tg temperature of sPS

samples was determined as 90.6 8C (Fig. 4a) whereas the Tg

temperature of PS-rich phase in the PS-PEP copolymer was

determined as 98.4 8C (Fig. 4b). Fig. 5 shows the DSC

thermograms of various sPS/PS-PEP blends. The Tg of sPS-

rich phase in the blends is in the vicinity of 91 8C (Fig. 5)

that is almost equal to the Tg of homopolymer sPS.

However, the Tg transition of PS-rich phase becomes non-

recognizable for the melt-blended samples. According to the

enthalpic interaction between constituted components in the

blends, it is reasonable to presume that the sPS component is

of favor PS blocks instead of PEP blocks. Solubilization of

sPS into PS blocks inevitably brings the Tg transitions of the

PS and the sPS closer to each other, and thus, leads to the

transformation of cylindrical microstructure to lamellar

morphology as shown in Fig. 3b. In fact, the change on the

Tg of the sPS in blends has not been found, and the

microstructure transformation does not occur. Furthermore,

only if the PS blocks adopt almost extended chain

conformation, and then it is possible to have such large

size of spherical microdomain (above 50 nm) when the

solubilization behavior completely dominates. We thus

deduced that the majority of sPS is localized and embedded

in the microdomains of PS block; the behavior of

localization for the sPS dominates the behavior of

solubilization. However, there is still certain amount

of sPS solubilized into the PS domains so that the PS-rich

phase forms a PS concentration profile and thus exhibits

invisible Tg transition. As a result, we conclude that the

majority of sPS component is localized inside the micro-

damains of PS-rich phase.

The next question is that what is the origin to form the

spherical morphology as illustrated in Fig. 3c instead of

typical texture for localization as shown in Fig. 3a. One of

the possible interpretations for the formation of this unique

microstructure is ascribed to the result of processing effect.

To alleviate the influence of processing, melt-blending

amorphous samples were further annealed at Tmax for one

day. No significant change on the morphology of sPS/PS-

PEP blends was observed after annealing expect for the

formation of certain larger spherical microdomains. As a

result, we hypothesize that the occurrence of spherical

microstructure must be in relevant to the thermodynamic

origin. According to the thermodynamics of mixing, the

blending system of sPS/PS-PEP is similar to the ordinary A/

A–B blends where a small negative value of interaction

parameter between sPS and PS has been identified [32]. Our

previous studies have found that macrophase separation for

Fig. 2. TEM micrographs of micro-sectioned sPS/PS-PEP blends having (a)

15 wt%; (b) 30 wt%; (c) 50 wt% sPS content by mass-thickness contrast.
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sPS/styrenic block copolymer blends occurs while the ratio

of the number-averaged molecular weight of sPS (Mn,sPS) to

the PS block of copolymer (Mn,PS) is larger than one [33].

This result is consistent with the phase behavior of the

ordinary A/A–B blends [34–44]. For the formation of sPS

spherical microdomain in sPS/PS-PEP blends, we speculate

that the specific microstructure is attributed to the broad

molecular weight distribution of sPS. Although the ratio of

number-averaged molecular weights for sPS and PS block

(Mn,sPS/Mn,PS ¼ 25,000/49,000 ,0.51) is smaller than one,

the ratio of the weight-averaged molecular weight of sPS to

the number-averaged molecular weight of PS block (Mw,sPS/

Mn,PS ¼ 62,500/49,000 ,1.28) is larger than one. For the

polydispersity of 2.6, it is possible to exhibit the behavior of

solubilization (i.e. MsPS/MPS , 1), localization (i.e. MsPS/

MPS , 1) and macrophase separation (i.e. MsPS/MPS . 1) at

once for the sPS/PS-PEP blends on the basis of thermo-

dynamic consideration for the ordinary A/A–B blends. As a

result, we speculate that the fractions of low molecular

weight sPS work as surfactant so as to create the shells of

spherical microdomains. The fractions of high molecular

weight form phase-separated microdomains having limi-

tation in size due to the effect of compatibilization.

Combining with the possible formation of solubilized sPS

into PS-rich domains, preferentially localized sPS within

PS-rich domains and sPS macrophase separation, spherical

morphology with tens of nanometer size surrounded by PEP

was observed. This spherical microdomain possessing the

core of localized sPS chains embedded by the shell of PS-

rich domains at its lowest Gibbs free energy (i.e. a stable

phase in thermodynamics) was formed. Further studies,

especially the thermodynamic derivations, are necessary to

elucidate the complicated phase behavior of the sPS/PS-

PEP blends. Nevertheless, the self-assembly sPS/PS-PEP is

indeed to create a three-dimensional confined environment

for the studies of sPS crystallization behavior. On the basis

of the microstructure identification, the concept of physical

confinement can then be applied.

Fig. 3. Schematic diagrams of the behavior of (a) the localization; (b) the solubilization; (c) the proposed morphology for sPS in PS-PEP block copolymer

matrix.

Fig. 4. DSC thermograms of (a) sPS and (b) PS-PEP. The heating rate is

10 8C/min for all the scans.

Fig. 5. DSC thermograms of various sPS/PS-PEP blends having (a)

15 wt%; (b) 30 wt%; (c) 50 wt% sPS content. The heating rate is 10 8C/min

for all the scans.
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3.3. Competition between crystallization and microphase

separation

To visualize the crystallization effect on the self-

assembly spherical morphology of sPS/PS-PEP blends, the

crystallization of the sPS from the core of spherical

microdomain was carried out at temperature between

melting temperature (ca. 240–270 8C) and glass transition

temperature (ca. 100 8C) from the melt (Tmax ¼ 290 8C). It

is noted that the Tmax and the crystallization temperature for

the sPS in the blends are below the TODT of block copolymer

PS-PEP (TODT . 320 8C) [45], and much higher than the

Tgs of amorphous components. It is also noted that the

segregation strength of PS-PEP microphase separation is not

strong enough to confine the crystallization due to the

relatively high crystallization temperature for sPS.

Crystallization effect on the morphology of self-assembly

sPS/PS-PEP blends can thus be studied according to the

development of crystallization stage. It is well known that

the overall crystallization includes the nucleation and the

growth processes. To trace this interrelationship at different

crystallization stages, the morphologies of sPS crystallized

at various isothermal crystallization times were observed by

TEM as an example illustrated in Fig. 6. It is noted that the

development of crystallization stage is in accordance with

the increasing amount of crystallinity (i.e. the heat of fusion

as shown in Fig. 7). In the early stage of crystallization (e.g.

tc ¼ 1 p tf ¼ 100 min which is the crystallization time for

complete crystallization at Tc ¼ 240 8C see Fig. 7), no

significant change with respect to the spherical morphology

is found (Fig. 6a). It reflects that the crystallization does not

affect the microphase separated morphology on the stage of

primary nucleation. Further increasing the crystallization

time, crystalline lamellar texture starts to be observed as

illustrated in Fig. 6b (tc ¼ 10 min). These crystalline

lamellae can also be identified by PLM observation where

the crystallizing sPS component shows typical birefringence

characteristics (Fig. 8a). After extensive isothermal crystal-

lization (Fig. 6c), the crystalline lamellae grow to form large

crystallites and exhibited interesting morphology under

PLM observations. The growing crystals appear crystalline

lamellae (Fig. 8b). Similar morphological observation has

also been observed for the sPS in various sPS/PS-PEP

blends crystallized at different isothermal crystallization

temperatures.

Extensive studies with regard to the change on

morphology after crystallization for crystallizable block

copolymer (i.e. a chemically confined system) have been

devoted [13–24]. As suggested, the final morphological

texture is dependent upon a variety of factors including

thermodynamic consideration such as minimization of

Gibbs free energy and kinetic consideration such as

Fig. 6. TEM micrographs of micro-sectioned sPS/PS-PEP blends having 30 wt% sPS content crystallized at 240 8C for (a) 1 min; (b) 10 min; (c) 30 min; (d)

120 min from the melt by mass-thickness contrast.
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nucleation and mobility of copolymer chains. For crystal-

lization under soft confinement, the covalent connection

between crystallizable and amorphous blocks inevitably

influences the final texture of crystallized copolymers since

this chemical junction not only affects the Gibbs free energy

of final morphology but also determines the mobility of

crystallizing blocks. The change on morphology induced by

crystallization, particularly the destruction of self-assembly

microstructure, is attributed to the thermodynamic driving

force of crystallization overcomes the repulsive interaction

between constituted blocks and the entropic variation. The

entropic variation includes the decreasing on entropy

penalty with respect to the arrangement of chemical

junction and the stretching chain conformation of amor-

phous block. On the basis of thermodynamic driving force,

the accessibility of morphological change is controlled by

the kinetic consideration where the energy barrier of chain

mobility plays significant role to decide whether or not the

change does occur. In contrast to the chemically confined

system, the change on morphology for the sPS/PS-PEP

blends is mainly due to the growth of crystallizing sPS of

which no covalent connection exists. In other words, the

study on the competition between crystallization and

microphase separation can be simplified without consider-

ing the chemical junction. As a result, the observed

morphological development of the crystallized sPS indi-

cates that the driving force of sPS crystallization leads the

growth of sPS crystals to overcome the spatially confined

effect and the repulsive barrier of immiscibility, and thus to

go across the surrounding PEP domain.

To further examine the discussed mechanism, the

crystallization rate of the sPS at different isothermal

crystallization temperatures was determined on the basis

of crystallization exotherm during isothermal crystalliza-

tion. Usually, the peak time of crystallization, tp, (i.e. the

time taken at the peak of exothermic crystallization) is

utilized to be proportional to the reciprocal of crystallization

rate of isothermal crystallization. We simply used the peak

time as an indication of the crystallization rate. As shown in

Fig. 9, the crystallization rate of sPS in the blends is much

slower than that of the neat sPS. This reflects that the

confinement effect is very critical to the crystallization rate.

Fig. 7. Plot of endothermic response versus isothermal crystallization time

for sPS/PS-PEP blends having 30 wt% sPS content crystallized at 240 8C

from the melt.

Fig. 8. PLM micrographs of micro-sectioned sPS/PS-PEP blends having

30 wt% sPS content crystallized at 240 8C for (a) 10 min; (b) 120 min from

the melt.

Fig. 9. Crystallization peak times for sPS crystallized at different Tc from

the melt of (a) sPS and the sPS/PS-PEP blends having (b) 15 wt%; (c)

30 wt%; (d) 50 wt% sPS content.
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However, the crystallization rate of sPS in blends increases

with increasing the added amount of sPS in PS-PEP.

Interestingly, the results of crystallization rate correlate

with the changes on the self-assembly morphology. For the

sPS/PS-PEP blends containing 15 wt% sPS (Fig. 2a), the

crossing-distance for crystallized chains going across

the PEP domains is much larger than that of the blends

having the higher content sPS (Fig. 2b and c) due to the

remaining of PS-PEP HC microstructure. In contrast to

the sample having 30 wt% sPS, the sample having 50 wt%

sPS leads to the formation of larger spherical microdomain

size (Fig. 2c) as previously described. In addition to the

interface effect of sPS and PS blocks, the energy barrier for

sPS crystallization in the self-assembly sPS/PS-PEP blends

is thus expected to be strongly dependent upon the changes

on crossing-distance and the size of spherical microdomain

with increasing the added amounts of sPS (see below for

reasons).

3.4. Crystallization mechanism

The mechanism for the sPS crystallization under physical

confinement was proposed as the schematic diagram

illustrated in Fig. 10. On the stage of primary nucleation,

there is no change on the spherical morphology (Fig. 10a).

When the crystal growth starts, the spherical microdomain

starts to be deformed along the growth direction due to the

gradual reduction of amorphous content transverse to the

growth direction (Fig. 10b). The growth of crystalline thus

breaks out the amorphous PS-PEP boundary and establishes

connection to the neighboring spherical microdomains (Fig.

10c). In the meantime, the aggregation of crystalline

lamellae may pile up transverse to the growth direction

(Fig. 10d). Recently, Register and co-workers reported that

the overall crystallization rate for crystallizable block

copolymers is strongly dependent upon the volume of the

crystallizable microdomains in matrix, particularly in the

case of spherical microstructure under hard confinement

[46,47]. The smaller the crystallizable microdomains are,

the larger the confined effect (i.e. the slower the crystal-

lization rate) can be. Chen and co-workers have also

reported similar inferences [48]. For the self-assembly sPS/

PS-PEP blends, the spatial effect on sPS crystallization is

much more complicated. The miscibility between sPS and

PS blocks, in general, decreases the crystallization rate of

sPS due to the dilution effect for nucleation. Furthermore,

the crystallization temperature is indeed much higher than

the Tgs of amorphous blocks (i.e. not a hard confinement for

crystallization). The crystallization event is thus affected by

other factors in addition to spatial confinement. As

observed, the higher the sPS content the faster the crystal-

lization rate. Consequently, we suggest that the growth rate

of sPS in blends is strongly affected by the size of spherical

microdomain (i.e. the confined effect in space) and the

crossing-distance across the repulsive barrier of PEP matrix

(i.e. the barrier for interconnection). For the blends having

lower content of sPS (e.g. 15 wt% sPS content), the large

crossing-distance for the interconnection of crystallization

due to the remaining of HC matrix thus significantly

obstructs the growth of crystallization. In the cases of higher

content of sPS (e.g. 30 and 50 wt% sPS contents), the size

effect of confinement becomes critical because of the

approximately equivalent crossing-distance (Fig. 2b and c).

As a result, the crystallization rate increases with increasing

the added amount of sPS due to the increase in the size of

spherical microdomain. Certainly, it is still immature to deal

with the very complicated phase behavior and the crystal-

lization under confinement in this study. Our aim is to

provide appropriate interpretations for the observed crystal-

lization behavior, and looking forward to explore the

correlation between the changes on crystallization rates

and the morphological observations.

Fig. 10. Schematic diagram of crystal growth for sPS crystallized from the sPS/PS-PEP melt.
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4. Conclusion

Self-assembly morphology, spherical microdomain

texture with sPS embedded in PS-PEP matrix in the

sPS/PS-PEP blends, was obtained by melt mixing. The

crystallization behavior of the sPS in the blends was studied

to attempt in understanding crystallization effect on

morphological development. This study on the sPS crystal-

lization from the core of the spherical microdomain (a

physically confined system) provides experimental results

for crystallization within a nano-confined environment

without the effect of chemical connection. After crystal-

lization, the morphology is transformed from initial

spherical microdomain texture to crystalline domains.

This suggests that the crystal growth overwhelms the

confined effect in space and the repulsive barrier of

immiscibility to form the final morphological state towards

the minimum Gibbs free energy. The growth of sPS crystals

was found being strongly dependent upon the size of

spherical microdomain and the crossing-distance between

the crystallizing sPS microdomains.
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