
Crystallization and morphological features of syndiotactic polystyrene

induced from glassy state

Chi Wang *, Chang-Chun Lin, Chia-Ping Chu

Department of Chemical Engineering, National Cheng Kung University, 1, University Road, Tainan 70101, Taiwan, ROC

Received 10 June 2005; received in revised form 10 October 2005; accepted 23 October 2005

Available online 14 November 2005

Abstract

Spherulitic growth rates and microstructure of syndiotactic polystyrene (sPS) cold-crystallized isothermally at various temperatures, Tc (115–

240 8C), have been investigated by small-angle light scattering (SALS), optical microscopy and transmission electron microscopy. The derived

activation energy for sPS chain mobility at the crystal growing front is 5.4 kJ/mol, which is relatively lower than that of isotactic polystyrene,

6.5 kJ/mol. In addition, the Hv scattering invariant (QHv) measured by SALS on the crystallized sPS samples displays a pronounced minimum at

w150 8C. Despite a wide range of Tc used, however, the sample crystallinity estimated by Fourier transformation infrared spectroscopy remains

unchanged. Prior to crystallization, the correlation length derived from the Vv patterns on the basis of Debye–Bueche model is ca. 1.13 mm

regardless of Tc used. Interconnected domains with a width of ca. 1.8G0.5 mm are readily observed in all the crystallized samples under phase

contrast microscopy and the phase-separated structure is conserved within sPS spherulites whose diameters are increased with increasing Tc.

Based on the above facts, we conclude that the presence of a QHv minimum is ascribed to the resultant events of the two competitive transitions

i.e. liquid–solid crystallization, and liquid–liquid demixing resulting from the spinodal decomposition (SD). At lower Tc, the unstable SD

transition overwhelms the crystallization. Despite the low chain mobility, the coarsening process driven by the interfacial energies has reached a

certain level before crystalline nucleation takes place. At higher Tc, on the other hand, cold crystallization becomes the dominant process due to

the enhanced chain mobility, leading to the suppression of ongoing SD coarsening process. At an intermediate Tc range, comparable competition

of the phase separation and crystallization prohibits the development of ordered symmetry within spherulites, giving the presence of QHv

minimum.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

When crystallized from the melt, sPS chains will pack

themselves into two possible crystalline forms due to the

polymorphic nature, i.e. hexagonal a and/or orthorhombic b
forms, depending on the cooling rate and pre-melting

temperatures [1,2]. For b-form sPS samples, both spherulites

and axilites are discernible and the relative population is

dependent upon crystallization temperature [3]. Majority of the

b-form spherulites possess positive birefringence but

occasional spherulites with negative birefringence have been

identified, indicating the difference in the lamellar orientation

[3]. In contrast, tiny spherulites with no birefringence are
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recognized in a-form sPS samples [4]. The crystallization

kinetics has been extensively studied via differential scanning

calorimetry (DSC) [5–8] and polarized optical microscopy

(POM) [3,9,10]. Previously, we reported the first small-angle

light scattering (SALS) results on the subject of melt-

crystallization kinetics based on the invariant approach [11].

On the other hand, less attention was paid to the kinetics of sPS

crystallized from the glassy state [5,6]. At present, crystal

growth rates of sPS at temperatures near its glass transition

temperature (95 8C) have not been reported yet. Although POM

is widely used to measure the growth rates of spherulites,

difficulties are frequently encountered when the morphological

entity is too small to be resolved by the optical microscopy.

Small diameter spherulites (ca. w5 mm) with dense population

are generally found for polymers crystallized from the glassy

state, leading to the infeasible application of POM for

measuring the spherulitic growth. Instead, benefits can be

obtained using SALS to trace the growing spherulites. To

complement and compare with our previous studies [11], an
Polymer 46 (2005) 12595–12606
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attempt has been made in this work to carry out SALS

measurements to proceed the series kinetics study of sPS

crystallization from the glassy state.

During the course of sPS cold crystallization, we also

observed a peculiar spherulitic morphology, exhibiting

interconnected domains embedded within the well-defined

spherulites which is reminiscent of spinodal decomposition

(SD) phase separation preserved after crystallization. Con-

ventionally, it is suggested that phase separation will take place

in a multi-component blend in which the constituents become

immiscible under a specific condition. However, evidences

have been provided recently to support (or debate) a new

hypothesis that phase separation induced by SD in one-

component semicrystalline polymers might take place prior to

the formation of stable nuclei under appropriate conditions set

in the system [12–18]. In one-single component, it is thought

that conformation ordering coupled with density fluctuations is

the main event to account for the spinodal decomposition

involving two phases; one has the preferential conformation for

subsequent crystallization, the other remains amorphous due to

the random conformation distribution. Using Hv configuration

of light scattering to investigate the structure development

prior to crystallization, Kaji et al. [19] inferred from the

observed logarithmic intensity increases with elapsed time that

SD takes place before sPS nucleation. Complemented with

Fourier transformation infrared spectroscopy (FTIR) results

which show that the amount of trans conformation increases

during the induction period, they suggest that spinodal-assisted

crystallization is an appropriate model to account for what they

obtained.

In this work, we pay special attention to the temperature

effect on the sPS morphology developed near Tg and emphasis

is given to discuss the two plausible transitions; i.e. liquid–

solid (cold crystallization) and liquid–liquid (phase separation)

transitions. Based on our findings, it is of importance to realize
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Fig. 1. Change in Hv light-scattering profiles at azimuthal angle 458 of amorphous

117.5 8C.
two facts; the first is the existence of Hv-invariant minimum

(Fig. 10) at an intermediate temperature, and the second is the

appearance of the SD-like phase structure under phase contrast

microscopy. Our results seem to further support the previous

work [19], suggesting that SD phase separation indeed takes

place in the single-component sPS when heated from the glassy

state. Possible explanations will be explored. In addition, the

Williams–Landel–Ferry (WLF) parameters for describing the

activation energy and ceasing temperature for sPS chain

motion are derived from the growth rate results on the basis of

the classical crystallization theory.

Our results for the sPS studied are new since no detailed

microstructure and spherulitic-growth-rate data of cold-crystal-

lized sPS have been reported.
2. Experimental

sPS pellets with a weight-average molecular weight w200 k

were used in this study. Samples with a thickness of w20 mm

were prepared by hot press. The as-pressed samples were then

heated to 300 8C for 10 min and then quenched in liquid

nitrogen to obtain amorphous sPS for subsequent cold-

crystallization studies. The quenched samples were transparent

with no voids. Wide-angle X-ray diffraction (WAXD) patterns

showed no trace of crystallinity in these samples. Amorphous

state of these samples was also confirmed by the absence of any

absorbance band at 1222 cmK1 under FTIR. The band at

1222 cmK1 is assigned to the all-trans conformation in the

crystals and its intensity is associated with the degree of

crystallinity developed [20]. FTIR was performed using a FTIR

Microscope (Perkin–Elmer, Spectrum one).

Amorphous specimens were placed in a Linkam THMS600

hot stage and heated at a rate of 100 8C/min to the desired

crystallization temperature, Tc, for isothermal crystallization.

The specimen was illuminated by a polarized He/Ne laser light
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(4 mW) and the scattering pattern was visualized on a screen,

which was further recorded using a highly sensible CCD

camera (Apogee, AP1). Time-resolved SALS were conducted

under Hv polarization mode to trace the evolution of anisotropy

fluctuation as well as Vv polarization mode to reveal the

variation of correlation length during measurements. To

observe the detailed morphology directly, a POM (Leica,

DMLP) equipped with phase contrast lens was used. To

characterize the crystal form of the crystallized sPS, WAXD

experiments were conducted using a Rigaku Dmax2000 with a

Cu target. The crystal modification was also characterized

using FTIR which provided more appropriate information than

WAXD, by which the short-range crystal order developed

normally in the cold-crystallized sPS might not be detected

appropriately [21]. Variations in sample thickness were

normalized by measuring the integrated intensity of the

conformationally insensitive band at 1601 cmK1, which is

attributed to the benzene ring stretching vibrations [20,21].

Thus, the relative crystallinity developed at selected Tc can be

quantified in terms of the reduced factor obtained from the peak

area ratio of 1222 to 1601 cmK1 band after appropriate peak

separations. Thin sections, ca. 50 nm thick, of the crystallized

samples were prepared for transmission electron microscopy

(TEM) observations using an Ultracut UCT (Leica) micro-

tome. Staining of the thin sections was carried out at room

temperature with ruthenium tetraoxide vapors. TEM exper-

iments were performed using a JEM-1200EX (Jeol) micro-

scope operated at 80 kV.
3. Results and discussion

3.1. Crystallization kinetics studies

Four-leaf-clover scattering patterns of Hv configuration

were obtained during sPS cold crystallization in the tempera-

ture range 115–240 8C studied, implying the development of

spherulites within samples. Typical one-dimensional Hv

scattering profiles at an azimuthal angle 458 is shown in

Fig. 1, where the scattering maximum is evident. The scattering
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Fig. 2. Time variation of spherulitic radius det
angle (2qmax) associated with the intensity maximum of the

four-leaf-clover scattering pattern was determined and used to

calculate the spherulitic radius (R) by means of the relation

[22]: RZ4.08/qmax, where q is the scattering vector and defined

as qZ4p/l sin(q). Fig. 2 shows the variation of spherulitic

radius with time (tc) for samples cold-crystallized at various Tc.

Spherulitic growth rates (G) were determined from the linear

slopes. As shown in Fig. 3, the growth rate is accelerated at

high Tc due to the enhanced chain mobility. When Tc is above

150 8C, crystallization rate is such high that trace of the

evolution of Hv scattering patterns becomes infeasible. It is

consistent with the DSC heating trace of the glassy sPS where a

crystallization exothermic peak is located at ca. 149.2 8C. In

addition to the growth rate results, crystallization kinetics are

also conveniently discussed in terms of the Hv scattering

invariant QHv, defined as QHvðtcÞZ
ÐN
0

IHvðq; tcÞq
2dq [23],

together with the Avrami equation. Fig. 4 shows the time

evolution of measured QHv, which are normalized with that

obtained after complete crystallization Qmax. The Avrami

equation has been frequently used to analyze the crystallization

kinetics of polymers [24],

QHvðtcÞ=Qmax Z 1Kexp½Kkðtc Kt0Þ
n� (1)

where k is the overall crystallization rate constant, n is the

Avrami component and t0 is the induction time of crystal-

lization process. The induction time is significantly reduced at

high Tc. The crystallization half-time, t1/2, is defined as the time

required for the system to reach one half of the relative

conversion (QHv/QmaxZ0.5). A simple relation between these

Avrami parameters is expressed by (ln 2/k)nZ1/t1/2. Due to its

convenient derivation, 1/t1/2 is an appropriate parameter to

describe the relative rate of crystallization process [8]. The

values of t1/2 at various Tc are also included in Fig. 3, along

with G values for a detailed comparison of crystallization

kinetics. Similar with the trend of the induction time, t1/2 also

decreases with increasing Tc, suggesting a fast crystallization

process at high Tc.
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Fig. 3. Temperature dependence of linear crystal growth rate, G, and crystallization half-time, t1/2, obtained from SALS.
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When crystallization takes place at high supercooling,

nucleation of stable crystals occurs readily but the mobility of

sPS chains is virtually low, leading to a diffusion control

process. At Tc not far from Tg (Tg!Tc!TgC100 8C), the

activation energy of the sPS chain diffusion is generally

described by the WLF type [25]. Thus, the Tc dependence of G

can be expressed by Eq. (2).

GðTcÞ Z G0exp
KDEWLF

RðTc KTNÞ

� �
(2)

where G0 is a constant, DEWLF is the WLF-type activation

energy for transport of segments to the crystallization site, and

TN is the temperature below which the segmental motion

ceases and is expressed as Tg KC, where C is a constant

depending on the polymer types. According to Eq. (2), three

parameters (G0, DEWLF and C) are needed for describing the

Tc-dependence of the growth rates. To induce reliable

parameters, we first choose an appropriate C value and then

carry out the linear regression of the plot of ln G versus 1/(TcK
TN) to determine the corresponding G0 and DEWLF values. At

the given C value, thereafter, summation of the difference

between the experimentally-measured G and theoretical value

calculated by Eq. (2), i.e.
P

ðGexp KGcalÞ
2, is calculated. The

variation of derived summations with selected C values is
tc (
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shown in Fig. 5, where a shallow broad minimum is found

around 26G4 8C, representing the best fit. The derived optimal

C value is close to the reported value for isotactic PS (w30 8C)

based on a similar procedure [26]. Miyamoto et al. [27]

obtained a slightly higher C value (w39 8C) for iPS on the

growth rate studies at a wide temperature range. Based on

either G or 1/t1/2 results, good agreement with Eq. (2) is

reached as shown in Fig. 6 and from the slope the derived

DEWLF is ca. 5.4 kJ/mol, which is slightly smaller than that of

iPS (6.5 kJ/mol) obtained by Suzuki and Kovacs [26]. Without

specification of the C value, Okamoto et al. [28] derived an

activation energy of 6.1 kJ/mol for sPS using crystallization-

half times derived from their SALS results. For atactic PS, on

the other hand, the WLF parameters obtained from the bulk

viscoelastic properties are significantly distinct from those of

sPS and iPS [29,30]. Since, chain motion takes place locally at

the crystal growing front, as pointed out by Mandelkern [31],

DEWLF and C values derived from crystallization kinetics are

not necessarily the same as those obtained from the bulk

properties. It is also worthwhile to note in Fig. 6 that the DSC

data taken from Wu and Woo [6] superimpose with our SALS

data, suggesting the consistence of kinetics analyses. The

derived DEWLF is similar using the data obtained from G, t1/2 or

k1/n measurements. The Avrami exponent derived from DSC
min)
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[6] or SALS (Fig. 4) results is ca. 3.0, suggesting three-

dimensional growth of sPS spherulites with heterogeneous

nucleation. A similar deduction for the melt-crystallized sPS

samples has also been obtained previously [11]. Through a

simple relation, kZ(4p/3)NG3, the nucleation density N is

calculated to be 0.24 mmK3, which is ca. 2–3 order higher than

those for sPS samples crystallized from the melt state [11]. In

contrast with cold-crystallization, larger spherulites with

diameters ranging from 15 to 30 mm have been obtained for

sPS samples met-crystallized in the Tc range of 247–267 8C

due to the lower nucleation density [3].

3.2. Structure developed from cold crystallization

After complete crystallization at various Tc, the crystallized

samples were investigated using SALS, OM, FTIR, WAXD

and TEM at room temperature to reveal the structural

development. Fig. 7 shows the typical SALS patterns and

phase-contrast optical micrographs of sPS samples cold-

crystallized at three typical Tc. Based on the Hv scattering

patterns, spherulitic entities within samples are evident and the

spherulitic diameter is larger at higher Tc. The Vv scattering

patterns exhibit characteristics of positively birefringent
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spherulites. Under POM observation, spherulitic features are

readily found; most of them are positively birefringent but

sporadic appearance of spherulites with negative birefringence

is also found. The origin to render the difference in the

birefringence characteristics is ascribed to the lamellar

orientation within the spherulites, as pointed out previously

[3]. It is of interest to note that the spherulitic anisotropy seems

to diminish for samples crystallized at TcZ145 8C on the basis

of Vv scattering pattern where only a circular symmetric

intensity profile is discernible. Fig. 8 shows the IHvq2–q plots

for samples crystallized at the selected Tc, of which the Hv

scattering patterns are shown in Fig. 7(a). Indeed, the

anisotropy of spherulites characterized by the Hv invariant

(determined from the area underneath the curves) is signifi-

cantly lower at 145 8C than those at the other two temperatures,

indicating the Tc-dependence of structural variation within

spherulites.

Under phase contrast microscopy (Fig. 7(c)), moreover, it is

also of importance to observe the existence of interconnected

domains regardless of Tc used. The modulated morphology is

reminiscent of SD phase separation structure developed in the

two-component polymer blends. The interconnected domains,

however, do not give rise to the typical ring pattern in the Vv
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Fig. 7. (a) Hv, (b) Vv scattering patterns and (c) phase contrast micrographs of sPS cold-crystallized at various Tc.
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scattering mode as always being found in the phase-separated

blend systems, indicating the weak scattering intensity, which

might be obscured by the relatively strong background

scattering. The modulated morphology becomes rather vague

at TcZ145 8C, compared with those at the other two

temperatures. Two-dimensional fast Fourier transforms (FFT)

of the OM micrographs were conducted and the periodic

wavelengths (L) of the modulated structure were obtained from

the spinodal rings. The Tc-dependence of L is displayed in

Fig. 9. Also given in Fig. 9 are the domain widths measured

from the optical micrographs (Fig. 7(c)) and the spherulitic

diameters determined from the Hv scattering patterns
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Fig. 8. IHvq2 versus q plots for samples crystallized c
(Fig. 7(a)). Both L and spherulites increase slightly with

increasing Tc and the L value is always about two times smaller

than the diameter of spherulite. Indeed, careful inspection on

the POM micrographs leads to the conclusion that each

individual spherulite is composed of phase-separated domains

inside. Similar SD morphology and L have been reported for

neat poly(ethylene terephthalate) crystallized from the glassy

state [32].

To quantitatively characterize the spherulites developed

at each Tc, the Hv invariants of completely crystallized

samples (Qm) were determined and the Tc-dependence of

Qm was given in Fig. 10, where a pronounced minimum is
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observed at 150 8C and the magnitude of Qm is ca. 100

times less than those at 115 and 240 8C. For spherulites

embedded in an isotropic amorphous matrix, invariant QHv

can be expressed as [23,33]: QHv zfspðd
0
crfc;spP2Þ

2, where

fsp is the volume fraction of spherulites, fc,sp is the volume

fraction crystallinity within the spherulite, d0
cr is the intrinsic

anisotropy of pure crystals and P2 is a Hermans-type

orientation function describing the crystal orientation with

respect to the radius of the spherulite. When isothermal

crystallization is complete, spherulites become volume

filling, i.e. fspZ1.0, according to our POM observations.

Provided that there is no variation of crystal modifications,

QHv becomes dependent merely upon fc,sp as well as P2. To

distinguish the individual effect of fc,sp from P2 on the

measured Qm, sample crystallinities were estimated by the

A1222 cmK1/A1601 cmK1 ratio obtained from FTIR results

(Fig. 11(a)) and were displayed in Fig. 10 as well. It is

of interest to note that the crystallinity remains unchanged

for samples crystallized at Tc from 115 to 220 8C, which is

consistent with WAXD results (Fig. 11(b)) and previous

findings by Musto et al. [21]. Moreover, the sPS crystal
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modification judging from FTIR and WAXD is concluded

as follows: mesomorphic phase of sPS is found at Tc lower

than 130 8C; only a-form sPS is developed at 130 8C!Tc!
180 8C; for TcO180 8C, majority of the crystals are in the

a-form but small trace of b-form sPS is occasionally

detected [34]. Previous studies [35,36] showed that the

mesophase and a-form sPS are the main species developed

in the cold-crystallized samples regardless of the crystal-

lization temperature, and the former can serve as a template

for growth of the later. It has been shown that the

mesomorphic form of sPS indeed is constituted of small

and imperfect crystals of the a crystalline form [37]. Its

crystalline structure possesses only short-range order with

no long-range order, verifying by the presence of

absorbance band at 1224 cmK1 (Fig. 11(a)) but the absence

of any sharp diffraction peaks in the WAXD patterns except

a huge hump at 2qw208 (Fig. 11(b)). On the basis of FTIR

and WAXD results, both fc,sp and d0
cr are assumed intact at

least for samples crystallized at Tc from 110 to 180 8C.

Thus, the presence of Qm minimum as shown in Fig. 10 is

simply relevant with the reduction of lamellar orientation
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within spherulites, reflecting by one order less in the P2

magnitude.
3.3. Lamellar morphology of cold-crystallized samples

As shown in Fig. 12 are the lamellar morphologies observed

under TEM for sPS samples crystallized at different Tc. The

dark regions which have been effectively stained by RuO4

represent the amorphous phase, whereas the bright regions

correspond to lamellar crystals. Lamellae with short lateral

dimensions are found in all the cold-crystallized samples in

contrast with those developed in the melt-crystallized sPS

where long and parallel lamellae are detected [38]. Despite the

development of imperfect a-form crystals, thin lamellae

(thickness w4.0G0.9 nm) with good orientation are still

observed within samples crystallized at 120 8C. At higher Tc,

the lamellae are thicker and become more discernible resulting
from the perfection of crystals. The thicknesses of lamellae

developed at 150, 200 and 240 8C are 5.6G1.0, 5.7G1.3, and

5.7G1.2 nm, respectively.
3.4. What happens during the induction period of crystal-

lization ?

It has been known that the radius of gyration of polymer

chains remains unchanged before and after crystallization,

suggesting the relevance of segmental mobility in determining

the liquid–solid phase transition. Without large-scale molecu-

lar motion of the backbone chains to induce crystallization,

chain segments with correct conformations are believed to be

able to trigger an ordering process, leading to an increase of the

persistent length gradually. Coupling with inter-chain ordering

simultaneously, crystal nuclei are produced and crystal growth

is followed subsequently. In other words, domains having



Fig. 12. TEM images of sPS cold-crystallized at (a) 120 8C, (b) 150 8C, (c) 200 8C, (d) 240 8C. The arrow in (a) pointing the growth direction of lamellae.
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specific conformations are the precursors of subsequent crystal

nucleation. Based on this conformation-density coupling

concept, Olmsted et al. [15] have discussed the plausible

existence of liquid–liquid phase transition in the neat polymer

prior to crystallization. Since, no activation energy is required

for the SD process, it is expected that early stage of SD

eventually takes place prior to the cold crystallization where a

critical energy is necessary to forming stable sPS crystal nuclei.

Kaji’s group [17,19] has been studied the phase transition of

sPS from glassy state before the initiation of crystallization.

Based on the logarithmic increase of Hv intensities with

elapsed time, they proposed that SD phase transition takes

place in neat sPS immediately at the elevated temperature.

They have suggested that orientational ordering process

coupled with density fluctuation takes place during the

induction period, which may serve as a precursor to the
subsequent crystallization. Based on the FTIR and depolarized

light scattering results, they concluded that three stages can be

distinguished [17], particularly through the process of spinodal

decomposition, prior to sPS crystallization. However, they

focused mainly on the structural developments during the

induction period and no detailed morphological features and

crystal growth rates were provided.

To characterize the structure variation preceding the

crystallization, we have carried out a different approach to

analyze the SALS data in the induction period. In general, IHv

arises from orientation fluctuations while IVv results from both

orientation and density fluctuations [22,39]. For systems prior

to crystallization, the contribution of density fluctuations is

dominant in Vv scattering, producing an essentially circular

symmetric scattering patterns. Based on Debye–Bueche model,

IVv scattering gives a simple relation with correlation length (x)
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describing the spatial size of fluctuations [39,40], as follows,

IVvðqÞ Z
A

ð1 Cx2q2Þ2
(3)

where A is a constant. The x value was determined from the

square root of the slope/intercept ratio by plotting IK1=2
Vv ðqÞ

versus q2. The magnitude of x is a characteristic length scale

associated with the mean dimensions and volume fractions of

the randomly distributed phases. Fig. 13 shows the typical

Debye–Bueche plots at different times for sPS crystallized at

115 8C. The application of Debye–Bueche model is confirmed

by the linear dependence obtained at the low q regions.

Although the IVv intensity increases with the elapsed time, it is

of importance to note that the derived x values are identical (ca.

1.13 mm) for tc up to 150 min. The induction time for

crystallization is 150 min, as detected by the QHv increment

shown in Fig. 4. The increase of Ivv intensity during the

induction period is consistent with previous results [39],

resulting from the occurrence of phase separation. However,

the fact of unchanged x implies that large-scale coarsening of

the phase-separated structure is significantly limited, plausibly

due to the high viscosity.

Fig. 14(a) and (b) shows the time evolution of structural

development for samples crystallized at 117.5 8C as observed

on the same field under an optical microscopy using parallel-

polarized and cross-polarized light, respectively. The scale bar

is 10 mm, and is the same for all micrographs. The IHv–q plots

at selected tc are given in Fig. 1 and the time evolution of Hv

invariants is displayed in Fig. 14(c) as well. Determined from

the initial rise of measured QHv in, the crystallization induction

time is ca. 110 min, at which the appearance of four-fold

symmetry is barely noted (Fig. 1). Moreover, the time required

to reach half of crystallinity is 230 min. The arrows in

Fig. 14(c) point to the corresponding invariants at the

crystallization times given in Fig. 14(a). At the end of cold

crystallization, a typical tiny spherulite (diameter w6 mm) with

well-developed Maltese cross is located in the dashed circle
q

0.5 1.0

I V
v-0

.5

0.1

0.2

7.5 min
37.5 min
150  min

Fig. 13. Debye–Bueche plots of Vv scattering results for sPS cold-crystallized at 11
(Fig. 14(b)) but the circles marked on Fig. 14(a) merely provide

the eye-guide at the same region. For tc smaller than 50 min,

featureless structure is obtained under OM observations but the

Vv scattering gives a correlation length of 1.2 mm, suggesting

the undergoing phase separation. Until 60–100 min, the bi-

continuous phase structure is seen and tiny superstructures with

still low anisotropy have developed within the whole samples,

indicating the incubation of crystallization. The phase contrast

of the bi-continuous phase structure is pronouncedly enhanced

(tcZ120 min) if small amount of crystals (QHv/QmaxZ0.05)

form in the relatively ordered phase. Well-developed tiny

spherulites appear at 160 min and spherulitic growth is

observed under cross polars, accompanying with the gradual

increase of the transmitted light intensities. The phase-

separated structure is conserved during the crystallization

process (160–300 min) and becomes more distinct towards to

the completion of crystallization (420 min).

On the basis of Figs. 13 and 14 together with the results

obtained by Kaji et al. [19], we conclude that SD phase

separation precedes the crystal formation for sPS samples

crystallized from the glassy state. The spatial size of density

fluctuation remains unchanged but the contrast of phase-

separated structure is enhanced, after small crystals exist in the

ordered phase, to give a better observation. The phase-

separated structure is conserved within sPS spherulites,

indicating by Figs. 9 and 14(a).
3.5. Competition between phase separation and crystallization

At the high-temperature melt state, no preferential

conformation of sPS chains is expected rationally, i.e.

randomly distribution of trans and gauche conformations in

the melt. The randomized structure is preserved if the sample is

rapidly quenched to the glassy state. Since, there is no

activation energy required for the spinodal decomposition,

the melt-quenched samples on heating above Tg will first be

demixed to various stages, followed by a subsequent
2 (1/µm2)

1.5 2.0

5 8C. The crystallization induction time is ca. 150 min determined from Fig. 4.



Fig. 14. Morphological evolution of sPS during cold-crystallization at 117.5 8C as-revealed by OM (a) parallel-polarized, (b) cross-polarized configuration and (c)

time evolution of QHv by SALS. The crystallization induction time is ca. 110 min determined from SALS.
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coarsening process. However, crystallization process will be

triggered as well under the conditions that mobility of sPS

chains is sufficiently high to overcome the energy barrier for

diffusion. Thus, the resulted morphology of the cold-crystal-

lized sPS is the outcome of the interplay of two kinds of phase

transitions, i.e. liquid–liquid phase separation and liquid–solid

crystallization.

When subsequently heated to a temperature slightly higher

than Tg (TcZ115–125 8C), limited mobility is just sufficiently

high for sPS chain segments with correct conformation to

register one another locally, but not high enough for individual

chain motion to develop a stable nuclei via inter-chain co-

operativity. Thus, the early stage of SD process starts at the very

initial period immediately after the desired Tc is reached. As

conformational ordering proceeds, the persistence length is

increased and gradually gives rise to the local orientational

ordering as mentioned previously by Kaji et al. [19] in their

depolarized light scattering results. Interconnectivity of thin

domains with correct conformation segments is developed

quickly, resulting in the existence of two separated liquid phases

with different densities (conformational orders). One of the

coexisting phases possesses a lower density than the original
liquid, but the other with correct conformation is higher. The

denser phase possesses the same conformation (trans sequence)

with the crystal phase, leading to the lower activation required to

initiate the crystallization than the original liquid. At this stage,

Hv and Vv scatterings are appropriate to trace the structural

development. But, the phase contrast is too low to observe

morphological features under OM until crystallization is about

to be initiated. An apparent late stage of SD is observed due to

the growth of oriented domains through co-operative motion of

neighboring domains. In spite of that insignificant coarsening of

the interconnected domains is seen due to the high viscosity,

the ordering process in the denser and ordered phase through the

conformational arrangement is prevailing, and eventually

triggers the formation of stable sPS crystal nuclei. Subsequent

growth of lamellar crystals spreads across the phase boundary

and the signature of SD is conserved within the spherulites

developed since large-scale interchain motion at the crystal

front is limited at low Tc. In other word, SD phase transition

dominates the morphological development.

At high Tc (165–240 8C), however, the late stage of SD is

hardly discernible [17] since a fast crystallization with an

extremely short induction time takes place, leading to the
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infeasibility of SALS for growth rate measurements. The

crystallization rate is so fast that the early stage of SD may be

arrested and preserved in the final morphology [41].

The crystallization becomes the dominant transition due to

the enhanced chain mobility, leading to the suppression of

ongoing SD coarsening process.

At the intermediate Tc (125–165 8C), the rates for the phase

separation (coarsening stage) and crystallization are compar-

able, and these two competing processes result in the

randomization of lamellar orientation within spherulites,

giving rise to the QHv minimum as shown in Fig. 10.

4. Conclusions

SALS was carried out to investigate the structural

development of sPS cold-crystallized isothermally at various

temperatures, Tc (115–240 8C). The underlying principle of this

work is that WLF parameters describing sPS chain mobility at

the growing crystal fronts can be derived from the spherulitic

growth rates obtained by SALS at temperatures close to the

glass transition temperature. For sPS cold-crystallized at

various Tc, characteristic features of the morphology observed

by phase contrast microscopy are regular and interconnected

phases with a periodic distance of about 3.4 mm. The

morphology is rather similar in appearance to that usually

found in the SD phase separation structure. The phase-

separated domain width was independent of the temperature

Tc, being 1.8G0.5 mm, whereas the spherulite diameter

increased from 5.3 to 8.5 mm as Tc increased from 115 to

240 8C. It was found that the SD structure was preserved within

the volume-filling sPS spherulites. Owing to a small difference

in the refractive index between sPS dense and sPS less dense

domains, light scattering was found to be not as effective as

optical microscopy in detecting the phase-separated mor-

phology. The interplay between the phase separation and cold

crystallization gives rise to the presence of a striking minimum

of Hv invariant at 150 8C.
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