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Abstract

Crystallization kinetics and morphology in miscible blends of syndiotactic polystyrene (sPS) and atactic postyrene (aPS) have been

investigated by means of time-resolved depolarized light scattering (DPLS), polarized optical microscopy (POM) and scanning electron

microscopy (SEM). Two different weight-average molecular weight of aPS, i.e. Mw ¼ 100k and 4.3k, were used to prepare the blends and

denoted sPS/aPS(H) and sPS/aPS(M), respectively. Owing to a dilution effect, addition of aPS reduces the crystal growth rate and the overall

crystallization rate of sPS; the reduction is more significant in sPS/aPS(M) of which a depression of equilibrium melting temperature is found

due to the enhanced mixing entropy. Linear crystal growth is always observed in sPS/aPS(H) at the temperatures studied (240–269 8C) and

results in an interfibrillar segregation morphology revealed by SEM, whereas sPS/aPS(M) with high aPS content exhibits non-linear growth

behavior at low supercooling and gives an interspherulitic segregation morphology. Based on the Lauritzen–Hoffman theory, the fold

surface free energies ðseÞ of sPS lamellae derived from DPLS and POM are in fair agreement, being 15.1 erg/cm2 from the former and

12.6 erg/cm2 from the latter. The peculiarly low values of se and the derived work of chain folding are discussed briefly. On addition of aPS,

the lateral surface free energy of lamellae remains intact (9.9 erg/cm2) regardless of aPS molecular weight used, which is ascribed to the

absence of specific interaction between sPS and aPS components. Moreover, it seems that the activation energy for sPS chains to diffuse from

the miscible melt to the crystal growth front is slightly increased in sPS/aPS(M), plausibly attributable to the extra energy required for the

demixing process.

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

Syndiotactic polystyrene (sPS) is a relatively new high

performance polymer possessing high melting temperature

and good chemical and solvent resistance, compared with its

isomeric counterparts, isotactic PS (iPS) and atactic PS

(aPS). In the past decade, many studies have been carried

out to characterize the crystal structure [1 – 5], the

miscibility with other polymers [6–8], and the crystal-

lization of sPS and its blends with other polymers such as

aPS, etc. [9–11]. Using differential scanning calorimetry

(DSC), Wu and Woo [11] have conducted the Avarmi plots

of sPS/aPS and sPS/PPO blends at various isothermal

temperatures. Similar experiments on the neat sPS and sPS/

aPS blends have been performed by Lawarence et al. [12]

and Chiu et al. [13] using isothermal, and by Wesson [14]

and Park et al. [15] using non-isothermal conditions. In

general, the overall crystallization rate derived from the

Avrami plot depends on the nucleation type as well as the

crystal growth rate. Spherulitic growth rates of neat sPS and

sPS/aPS blends have been measured using polarized optical

microscopy (POM)[16–18]. However, to our best knowl-

edge, there has been no crystallization studies so far

reported on the light scattering of sPS/aPS blends. More-

over, in spite of the fact that the crystallization behavior of

sPS and its blends have been investigated by various groups

previously, the growth rate kinetics associated with the

Lauritzen–Hoffman (LH) theory [19] involving the sec-

ondary nucleation process have seldom been reported [20,

21]. In this paper, we examine the crystallization kinetics of

sPS/aPS blends using POM as well as depolarized light

scattering (DPLS) technique. Attempts are made at

determining the surface free energies of lamellar crystals

on the basis of LH theory. In addition, effect of aPS

molecular weight (MW) on the crystallization of sPS will be
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discussed. In the athermal blends of sPS/aPS pair, it is

expected that the application of low MW of aPS will

enhance the entropy of mixing and leads to the variation of

the crystallization window, defined by the glass transition

and equilibrium melting temperatures of the blends.

2. Experimental

sPS pellets with a weight-average molecular weight, Mw;

,200k was supplied by Dow Chemical Co. Two aPS with

different molecular weights (Mw , 100k and 4.3k, referred

to as aPS(H) and aPS(M), respectively) were purchased

from Aldrich Co. To prepare sPS/aPS(H) blend, appropriate

amounts of aPS and sPS were first dissolved in ortho-

dichlorobenze (o-DCB) at 140 8C for 2 h with a polymer

concentration of 1 wt%. The homogeneous solution was

then poured into 20 fold excess volume of methanol for

precipitation of sPS/aPS(H) blend powders. The blend

powders were collected through filtration and vacuum dried

to remove the residual solvents. To avoid the dissolution of

low MW species of aPS(M) in the methanol in preparation

of sPS/aPS(M) blends, the homogeneous solution was cast

on glass dishes. Evaporation of o-DCB was allowed at

ambient temperature for several days and further drying was

carried out in a vacuum oven.

The DPLS measurements were conducted under a Hv

polarization mode with a vertical setup for DPLS apparatus

consisting of a 4 mW polarized He/Ne laser, analyzer, and a

highly sensible CCD camera (Apogee, AP1) as the detector.

Thin specimens, ca. 20 mm, was placed in a hot stage

(Linkam, THMS600) in which thermal environment for

crystallization was under programming control. For melt

crystallization, the as-prepared specimens were first held at

300 8C for 10 min, and then cooled with a rate of

100 8C/min to the desired crystallization temperature Tc

for isothermal crystallization. Scattering images were

recorded at a suitable time interval to reveal the details of

crystallization evolution.

To observe the genuine morphology and the spherulitic

growth, a polarized optical microscope (POM, Leica

DMLP) was used as well. Radii of growing spherulites

were measured continuously through a recording system

until the impingement of spherulites. From the plot of

spherulitic radius versus elapsed time, the linear slope

denotes the crystal growth rate. The crystal modification of

the crystallized samples was orthorhombic b0 form

(a ¼ 0:881; b ¼ 2:882; and c ¼ 0:508 nm [2,22]) as charac-

terized by wide-angle X-ray diffraction. Morphology of

lamellar stacks of sPS/aPS blends was investigated using

scanning electron microscopy (SEM, Hitachi S4100). Prior

to SEM observation, the isothermally crystallized thin films

were etched using amyl acetate to wash away the aPS

component. The etching procedure followed the method

conducted by Kit and Schultz [23].

3. Results and discussion

3.1. DPLS studies on the melt crystallization of neat sPS

For all Tc investigated, the four-leaf-clover imaging

pattern which was typical for spherulitic entities was not

observed when DPLS was conducted on neat sPS. Typical

scattering intensity profiles during crystallization evolution

are shown in Fig. 1, from which a monotonic decrease of

scattered intensities with increasing scattering vector q

(¼ 4p sin u=l; where l is the wavelength of the laser light

and 2u is the scattering angle) is found. The absence of the

scattering maximum is evident for all crystallization time

ðtcÞ: Previously, we have already demonstrated that sPS

spherulites as well as axilites are frequently found under

POM observation, and the fraction of axilite content is

rather high [16]. Thus, the DPLS patterns obtained from

melt-crystallized samples are more likely to be representa-

tive of both spherulitic and rod-like morphologies. DPLS

from the rod-like axilites will give a monotonic decay of

intensity profile [24]. Our previous work demonstrated that

spherulitic features are predominant at low Tc; whereas

axilitic morphology is preferred at high Tc: However, the

fraction of axilites is more than 0.4 regardless of Tc

investigated. It is concluded that the absence of scattering

maximum is mainly attributed to the presence of large

amounts of the axilitic superstructure, which significantly

diminish the scattering peak induced by the spherulites.

Although measurements of spherulitic (or axlitic) dimen-

sions seem infeasible to further deduce the crystal growth

rate, the scattering invariant approach provides an alterna-

tive route to describe the crystallization kinetics. The

scattering invariant Q can be determined by integrating

the scattered Hv intensities over the entire q and is given

by Ref. [25]

Q ¼
ð1

0
IHvq2dq , kd2l , FdFcða1 2 a2Þ

2F2 ð1Þ

where kd2l represents the mean-square orientation

Fig. 1. Change in Hv light-scattering profile of neat sPS with time after the

temperature drop from 300 to 240 8C (melt crystallization).
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fluctuations and Fd is the volume fraction of the growing

entities (spherulites or axilites), Fc is the volume fraction

crystallinity within the entities, F is a function to describe

the crystal orientation within spherulites, and a1 and a2 are

the parallel and perpendicular component of the polariz-

ability. The variations of Fc; F and a1 2 a2 are assumed to

be negligible during crystallization, leading to that the Hv

invariant should increase linearly with Fd: Thus, time-

resolved Hv scattering invariant approach is capable of

detecting the crystallization kinetics together with the

Avrami equation as follows [26,27],

ln½2lnð1 2 QnormÞ� ¼ ln k þ n lntc ð2Þ

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

exponent, and Qnorm is the normalized Hv scattering

invariant, which is given by the ratio of QðtcÞ to Qðt ¼

1Þ: Fig. 2 shows the derived Qnorm versus crystallization

time plots for neat sPS melt-crystallized at various Tc: As

expected, a longer induction time ðtiÞ is required for

crystallization to initiate at higher Tc: According to Eq.

(2), typical Avrami plots are shown in Fig. 3 where n and k

were obtained from the slope and intercept, respectively. As

expected, the overall crystallization rate is reduced at high

Tc: The derived exponent n is ca. 3.0 for the Tc range

studied, implying heterogeneous nucleation and three-

dimensional crystal growth, which is confirmed under

POM observation. A simple relation between the crystal

growth rate ðGÞ and the Avrami parameters is given by:

G , k1=n: For crystallization at Tc above Tg þ 100 8C; the

Arrhenius activation energy for diffusion is more represen-

tative than the WLF temperature dependence [19]. Thus, the

crystal growth rates of a homopolymer are commonly

described by the LH equation [19]

G ¼ Goexp 2
DE

RTc

� �
exp 2

Kg

fTcDT

� �
ð3Þ

where DE is the Arrhenius activation energy for segmental

transportation, DT is the supercooling (¼ To
m 2 Tc; To

m is the

equilibrium melting temperature), f is a corrected factor to

account for the variation of heat of fusion at high

supercoolings ½¼ 2Tc=ðT
o
m þ TcÞ�; and Kg is the nucleation

constant, which is defined as Kg ¼ nbosseTo
m=kDHo

f ; where

DHo
f is the heat of fusion, bo is the layer thickness, s is the

lateral surface energy, and se is the fold surface energy.

Depending on the growth regime, n is 4 for regimes I and III

and equals to 2 for regime II. Fig. 4 shows the values of G

estimated from the Avrami parameters as a function of

1=ðfTcDTÞ using DE ¼ 90 kJ=mol [28] and To
m ¼ 291 8C

[29]. A straight line is obtained, suggesting that no regime

transition in the Tc range (240–265 8C) investigated. The

best fit of a linear relationship to the data in Fig. 4 yields

Kg ¼ 1:997 £ 105 K2 and log Go ¼ 12:910: To deduce the

morphological parameters from Kg; the growth regime can

be assigned using the Z-test [30]. The growth plane is more

likely to be (020) rather than (040) in consideration of the

stacking fault behavior which is dominantly observed in the

b0-form sPS [31,32]. To account for the stacking faults in

the crystallites, Tosaka et al. [31] proposed that arrangement

of neighboring two sPS chains in a special order has been

developed in the vicinity of the growth front prior to being

deposited on the crystal substrate. After being physically

Fig. 2. Time variation of light-scattering invariant Q for neat sPS during

crystallization at various temperatures.

Fig. 3. Avrami plots of neat sPS at various temperatures.

Fig. 4. Temperature dependence of linear crystallization rate obtained from

DPLS.
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adsorbed, these two sPS chains register into the crystal

lattice in pair to develop a layer thickness ðboÞ of 1.442 nm

in forming a critical lamella. When the backbone chains fold

due to a kinetic effect, k100l direction is assumed, giving a

stem width ðaoÞ of 0.881 nm. It should be noted that two

folds are developed in a crystal stem with a cross-section

area of aobo when the bilayer-constituent chains re-enter the

crystal. Using the Z-test and assuming regime I growth

kinetics, we find the substrate length L smaller than 0.4 nm

at Tc ¼ 250 8C which is unlikely to occur in nature. On the

other hand, the derived L is larger than 314 nm at Tc ¼ 250 8

C if regime II growth is assumed, which is reasonably

acceptable in comparison with the lamellar thickness, ca.

6.3 nm determined from small-angle X-ray scattering in the

preceding paper [33]. On the basis of regime II kinetics,

the deduced sse=DHo
f is ca. 1.696 £ 1027 erg/cm. Using the

Thomas–Staveley approximation [34] together with (020)

plane growth, the derived value of s=DHo
f is ca.

1.127 £ 1028 cm. Division of these two quantities each

other leads to se ¼ 15:0 ^ 0:6 erg=cm2: Previously, a

similar value of se=DHo
f has been reported to be 0.2 nm

obtained from single lamellar crystal measurements [32],

and 0.12 nm derived from the Gibbs–Thomson equation

[35]. When a DHo
f value of 87.9 J/cm3 [36] is substituted,

the calculated se are ca. 17.6 and 10.5 erg/cm2, respect-

ively, which are in fair agreement with the present study by

DPLS (15.0 ^ 0.6 erg/cm2).

In deriving se based on the LH theory, it has to be noted

that a correctly chosen To
m is escessentially important;

whereas the influence of DE is relatively neglegible.

Different To
m selected for analysis will lead to the difference

in the growth regime, which in turn gives inconsistent

values of se: There are conflicting To
m values reported by

several groups and a detailed discussion has been provided

recently [35], suggesting that a reasonably consistent To
m

should fall in a range of 291–292.7 8C estimated from both

the Gibbs–Thomson plot and the linear Hoffman–Weeks

plot. Table 1 lists the To
m-dependence of regime-growth

parameters deduced from LH theory. It is evident that a too

high To
m will lead the growth regime from II to I, which

seems unrealistic in consideration of the high supercooling

ðDT , 40KÞ produced. Previously we have also used an

over-estimated To
m value (312 8C) [37,38], obtained from the

Tc-dependence of growth rate proposed by Marand et al.

[39,40], to derive the se of 40.8 ^ 0.2 erg/cm2 [37], which

is apparently too large, too. Although the present Tc studied

covers 25 8C range (240–265 8C), it seems that huge

collection of growth rate data is a critical prerequisite if

one intends to follow the Marand’s approach to deduce both

To
m and se precisely [40].

3.2. DPLS studies on the melt crystallization of sPS/aPS

blends

Absence of four-leaf-clover pattern was also found when

DPLS was conducted on sPS/aPS blends melt-crystallized at

250 8C. The evolution of scattering invariant with tc is

depicted in Fig. 5 for sPS/aPS(H) blends. For sPS/aPS(M)

blends, similar results are obtained. It is evident that longer

induction time is required to initiate the crystallization for

blends with higher aPS content. Based on Eq. (2), the

Avarmi parameters (n and k) are derived. The exponent is

ca. 3.4 for all the blends, and together with k value the

crystal growth rate can be estimated, as mentioned

previously. Addition of amorphous aPS will reduce the

content of crystallizable sPS chains at the crystal growing

fronts due to a dilution effect. To a first approximation, it

might be predicted that the linear growth rate G in a sPS/aPS

blend is proportional to the volume fraction of crystallizable

sPS, fsPS; i.e. G , fsPS [20,41]. Thus, a pre-factor fsPS is

suggested to add in the right-hand side of Eq. (3) to describe

the Tc and composition dependences of G in sPS/aPS

blends. However, Inoue et al. [26] suggested that the

appropriate pre-factor should be f1=2
sPS for regime II growth

rather than fsPS; which holds valid merely for the crystal

growth in regimes I and III. Their conclusion came from the

hypothesis of the two-step diffusion mechanism, i.e. the

diffusion coefficients in the surface nucleation process and

the substrate completion process should be distinguished

from each other. To verify the composition dependence of

G; Fig. 6 shows the log G versus log fsPS for sPS/aPS

blends all crystallized at 250 8C. It should be emphasized

Table 1

To
m dependence of thermodynamic parameters of neat sPS derived from

Hoffman–Lauritzen theory (DPLS results)

Assumed To
m (8C) Kg (K2) Regimea sse (erg2/cm4) se (erg/cm2)

291b 1.997 £ 105 II 149.1 15.1

292.7c 2.185 £ 105 II 162.6 16.4

320d 6.948 £ 105 I 246.7 24.9

a Judging from the Z-test [30].
b Ref. [29], based on the linear Hoffman–Weeks plot
c Ref. [35], based on the Gibbs–Thomson plot.
d Ref. [29], based on the non-linear Hoffman–Weeks plot.

Fig. 5. Time variation of light-scattering invariant Q of sPS/aPS(H) blends

during crystallization at 250 8C.
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that the sPS/aPS(H) blends follow a linear line with a slope

of unity. In other words, a pre-factor of fsPS used in Eq. (3)

is more appropriate in the present blends although regime II

growth prevails in these blends (as discussed later from

POM results). From Fig. 6, apparently a steeper slope is

obtained for sPS/aPS(M) blends. The discrepancy for sPS/

aPS(M) is ascribed to the To
m depression in the blend,

resulting from the enhanced entropy of mixing when low

molecular weight aPS is used. Analysis of the depression of

To
m via Flory–Huggins treatments [42], has been conducted

and deduced To
m values are tabulated in Table 2; To

m is

essentially reduced as aPS(M) concentration increases. At a

given Tc (250 8C), the depression of To
m in sPS/aPS(M)

blends will give a low supercooling, which in turn further

reduces the crystal growth rate. On the other hand, To
m of

sPS/aPS(H) remains relatively unchanged regarless of the

aPS(H) amount applied, leading to the simple relation

depicted in Fig. 6. Also given in Table 2 are the glass

transion temperatures ðTgÞ of the glassy sPS/aPS blends

determined from the differential scanning calriometry. The

decrease of Tg with increasing aPS(M) content implies the

chain mobility is enhanced in sPS/aPS(M) in comparison

with sPS/aPS(H) of which Tg increases with increasing

aPS(H) content.

3.3. POM observation of neat and sPS/aPS blends

Our previous report [16] has already shown that both

positively birefringent spherulites and axlites observed at all

Tc under POM observation, but the amount of axilites

increases at high Tc: Moreover, both spherulites and axiltes

possess the same crystal growth rate at a given Tc: Fig. 7

shows the LH plot of POM results of neat sPS from which

no growth transition is evident. Using the linear slope

obtained from the regression analysis, Kg is derived to be ca.

1.667 £ 105 K2, giving to se of 12.5 erg/cm2, which is in

fair agreement with that obtained from DPLS.

The variation of G with Tc is shown in Fig. 8(a) for sPS/

aPS(H) blends and in Fig. 8(b) for sPS/aPS(M) blends. The

measured G is reduced by either increasing Tc or by the

addition of aPS component. Compared with neat sPS, the

retardation of G is more significant in sPS/aPS(M) than that

in sPS/aPS(H) at a given Tc: As mentioned previously, the

observed reduction of G of sPS in its blends with aPS is a

combined result of dilution effect and of To
m depression, if

any. Fig. 9 shows the modified LH plots for the sPS/aPS

blends with both effects considered. A superposition of all

sPS/aPS(H) data with various aPS contents is shown in Fig.

9(a), indicating that no change in the growth regime in the

blend. Furthermore, the reduction of crystal growth is

exclusively attributed to the dilution effect since no specific

interaction between sPS and aPS exists. For sPS/aPS(M)

blends, superposing the data for various aPS contents also

gives a master curve but a small vertical drop is obvious

 

Fig. 6. Variation of crystallization rate with weight fraction of aPS in the

sPS/aPS blends.

Table 2

Glass transition temperature ðTgÞ; equilibrium melting temperature ðTo
mÞ

and fold surface energy ðse) of sPS/aPS blends determined from POM

measurements

sPS/aPS Tg (8C)a To
m (8C)b sse (erg2/cm4) s (erg/cm2)c

100/0 95.0 291.0 124.8 ^ 1.0 9.9

70/30(H) 97.6 290.9 124.8 ^ 6.3 9.9 ^ 0.5

50/50(H) 98.3 290.8 118.5 ^ 3.5 9.4 ^ 0.3

30/70(H) 98.9 290.7 129.7 ^ 2.8 10.3 ^ 0.2

92/8(M) 94.5 290.4 119.2 ^ 2.1 9.5 ^ 0.2

82/18(M) 91.8 289.6 124.1 ^ 2.8 9.8 ^ 0.2

64/36(M) 89.2 288.3 126.9 ^ 2.1 10.1 ^ 0.2

a Determined from the DSC heating scan of amorphous samples at

10 8C/min.
b Estimated from the Flory–Huggins equation [42] with interaction

parameter x ¼ 0:
c s of neat sPS is calculated to be 9.9 erg/cm2 using Thomas–Staveley

approximation: s=DHo
f ¼ aðaoboÞ

1=2 where a , 0:1 for vinyl polymers

[45], and ao and bo are stem width and layer thickness, respectively. For

(020) plane growth, bo ¼ 1:44 nm and ao ¼ 0:881 nm: Thus, the se of sPS

lamella is 12.6 erg/cm2. s of the blends are determined from sse=se;

assuming se is constant (12.6 erg/cm2) in all the blends.

Fig. 7. Temperature dependence of crystal growth rate of neat sPS obtained

from POM (open circles and triangles are growth rates for the spherulites

and axilites, respectively. Data taken from Fig. 1 in Ref. [16]).
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from the data for neat sPS. To compensate this gap, it is

found that a slightly higher activation energy (ca. 95 kJ/mol)

is required for the chain diffusivity of sPS/aPS(M) in

constructing the LH plot to superpose on the neat sPS data.

It should be noted that the entropy of mixing is pronounced

in sPS/aPS(M) due to the low MW of aPS. Thus, this extra

energy seems relevant to the additional energy barrier for

sPS demixing from the melt prior to its diffusion to the

crystal growth front.

The values of sse are calculated from Kg obtained from

the slopes in Fig. 9 and are given in Table 2. From the

morphology investigation (discussed in Section 3.4), it has

been found that aPS(H) and aPS(M) diluents are expelled

out of the interlamellar regions, to reside in interfibrillar

regions and/or interspherulitic regions depending on the

crystallization conditions. Since the melt-fold interfacial

region between lamellar crystals is not altered upon aPS

blending, the value of se is assumed to be independent of

the blend composition. On this basis, the lateral interfacial

free energy, s; is further deduced and tabulated in Table 2 as

well. It is of interest to note that a constant s is obtained,

which is in good agreement with the prediction by Huang

and Marand [43] who have pointed out that s is independent

of blend composition for athermal polymer blends.

3.4. Segregation of aPS in sPS/aPS blends

Although sPS/aPS forms a miscible blend in the melt,

phase separation occurs during crystallization of the sPS

component. The non-crystallizable aPS chains are rejected

from the sPS crystals, resulting in three distinct modes of

rejection: interlamellar, interfibrillar or interspherulitic,

depending on the segregation length. As pointed out by

Keith and Padden [44], the segregation length ðdÞ is

dependent on the relative ratio of aPS diffusivity ðDÞ to

the growth rate of sPS, i.e. d ¼ D=G: Interfibrillar

segregation is observed in all sPS/aPS(H) investigated

here. Typical SEM images are shown in Fig. 10A and B for

50/50(H) crystallized at 252 and 269 8C, respectively. It

should be noted that the aPS component was washed away

Fig. 8. Crystal growth rate G of sPS/aPS blends at various crystallization

temperatures, (a) sPS/aPS(H) blends, and (b) sPS/aPS(M) blends.

 

Fig. 9. Temperature dependence of crystal growth rate of sPS/aPS blends,

(a) sPS/aPS(H) blends, and (b) sPS/aPS(M) blends. The solid line is the

linear regression plot of neat sPS data.
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using amyl acetate/ethanol solution, leaving sPS lamellar

stacks for the detailed SEM observation. For sPS/aPS(H)

blends, it is evident that placement of aPS is mainly between

sPS lamellar stacks. This is consistent with the preceding

paper which has investigated the lamellar morphology of

sPS/aPS(H) using transmission electron microscopy [33].

The size distribution of the segregated aPS domains is more

uniform for sPS/aPS(H) crystallized at higher Tc: At low Tc;

fast nucleation and crystal growth lead to the interior of

spherulites (or axilites) less ordered. For sPS/aPS(M)

blends, interfibrillar aPS segregation also occurs at low Tc

(Fig. 10C), whereas a gradual transition to the interspheru-

litic segregation is observed at high Tc as shown in Fig. 10D

where the spherulitic boundary is readily observed. Indeed,

the crystal growth rate is slower at longer tc and non-linear

crystal growth is observed due to the deficiency of

crystallizable sPS chains when interspherulitic segregation

becomes dominant. The morphological transition for sPS/

aPS(M) is not unexpected in consideration of the low G at

low supercooling, coupled with a large D of aPS(M)

because of its low MW. To sum up, interlamellar aPS

segregation is excluded in all the blends studied regardless

of the aPS MW. It suggests that the environment of folded

lamellar surface remains similar in the neat sPS and sPS/aPS

blends, supporting the assumption of constant se used

earlier to derive the s from the growth rate data.

3.5. Further comments on se of sPS

Using PE fragment decoration method as well as atomic

force microscopy (AFM), Tosaka et al. [31] have investi-

gated the characters of fold surface of sPS lamellar single

crystals prepared from solution crystallization. Results

showed that the vapor-deposited PE fragments are oriented

randomly on the fold surface and there is no difference in

AFM images between the parallel and perpendicular

directions to the growth plane of sPS lamella, leading to

the conclusion that sPS chains are folded in an irregular

manner even in single crystals. For bulk crystallization as

conducted in this study, the fold surface of sPS lamellae is

expected to be more irregular due to the presence of

entanglements which retrains the chain mobility. The loose

loop developed for a chain fold suggests that some non-

adjacent re-entry probably occurs in the growth plane in

regime II where numerous nuclei form on the substrate

simultaneously but spread slowly. The irregular chain

folding may reasonably account for the unusually low

value of se (12.6–15.1 erg/cm2) for sPS lamellae, compared

Fig. 10. SEM images of sPS/aPS blends revealing the placement of aPS after the crystallization of sPS. A: 50/50(H) Tc ¼ 252 8C; B: 50/50(H) Tc ¼ 269 8C; C:

82/18(M) Tc ¼ 252 8C; and D: 82/18(M) Tc ¼ 269 8C: Note the difference in the magnification.
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to s (9.9 erg/cm2). Normally, se is much larger (ca. 4–8

times) than s since work has to be done to fold the chain

back into the lamellae. To estimate the work ðqÞ required for

chain folding, we tentatively assume adjacent re-entry and

use the relation for calculation: q ¼ seðaoboÞ; i.e. two folds

are developed for a cross-sectional area of aobo due to the

bimolecular-layer packing [32]. In spite of the presence of

the bulky side ring, the deduced q for sPS is only ca. 2.3–

2.8 kcal/mol, which is much lower than that of PE (Table 3).

Table 3 lists the tacticity effect of PS and polypropylene

(PP) on the kinetics parameters derived from the crystal

growth results, along with PE for a comparison purpose. It is

of interest to note that syndiotactic isomer has lower values

of se and q; compared with the isotactic isomer. In general,

the amount of q is related to two main factors; one is the

number of bonds required to develop a fold and the other is

the energy difference between the gauche and trans

conformations. Wu [48] and Eckstein et al. [49] have

shown that isotactic chains are less entangled in the molten

state since they are more expanded than syndiotactic ones.

In other words, the chain flexibility of sPS is better in

comparison with iPS, suggesting that less bond numbers are

involved in making a chain folding for sPS. In crystallites,

the chain conformation is helix for iPS (iPP) but is planar

zigzag for sPS (sPP). The significant low values of q and se

of sPS may be also due to the presence of predominantly all-

trans conformations in the molten state [50] in contrast with

iPS which is likely to form a random coil conformation [49].

As a consequence, smaller conformation distortions from

the potential minima are expected for sPS chains, in contrast

with iPS, in order to re-enter the crystal in the required

crystallographic position. Recently, Napolitano et al. [51]

used the molecular mechanics to simulate the adjacent

re-entry folds of sPS chains. They calculated the q for an

isolated sPS chain to be ranging from 12.0–20.3 kcal/mol,

which is seemingly a quite high value with respect to the

present measurements.

4. Conclusions

In miscible blends of sPS and aPS, both components have

the same repeating unit, which leads to the absence of any

specific interaction although the tacticity is different from

each other. Without specific interaction between the two

components, the crystallization of sPS/aPS blends is mainly

dependent on two factors, i.e. the dilution effect due to the

reduction of the crystallizable sPS chains at the crystal

growth front, and the depression of To
m caused commonly by

the miscible blending. Thus, sPS/aPS blends provide a

simple but exclusive model to investigate each effect on the

crystallization kinetics of the blends if we carefully select

the aPS component for the blend. High molecular weight

aPS(H) is used in this study to maintain To
m; leaving the

dilution effect to be discussed exclusively. On the other

hand, addition of low molecular weight aPS(M) alters the

dilute composition as well as To
m; giving rise to a more

complex kinetics. By means of DPLS and POM, the crystal

growth rates of the neat sPS were measured at various

crystallization temperatures, and the derived fold surface

free energies of sPS lamellae on the basis of the Lauritzen–

Hoffman theory are in fair agreement. For sPS/aPS(H), the

crystallization kinetics can be nicely interpreted by the

modified LH theory involving the dilution effect only. For

sPS/aPS(M), LH theory is also applicable if both dilution

effect and To
m depression are taken into consideration. On

addition of aPS, the lateral surface free energy of sPS

lamellae remains intact regardless of aPS molecular weight

used, which is ascribed to the althermal character of this

specific blend. Moreover, it seems that the activation energy

for sPS chains to diffuse from the miscible melt to the

crystal growth front is slightly increased in sPS/aPS(M),

plausibly attributable to the extra energy required for the

demixing process.
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