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Abstract

Crystal polymorphism, conformation, and transformation of syndiotactic polystyrene (sPS) thin films cast from 1,1,2,2-tetrachloroethane

were investigated via wide angle X-ray diffraction, transmission electron microscopy, electron diffraction, differential scanning calorimetry,

and Fourier-transform infrared spectroscopy (FT-IR). The solvent-induced crystallization of sPS yielded an ordered crystalline g-form

packed with a helical conformation of lower degrees of perfection. The 1,1,2,2-tetrachloroethane solvent was unique in that, instead of

forming a meso crystalline d-form (which is a polymer-solvent complex) for most other solvents, it could induce sPS to develop a crystalline

g-form. The unique behavior was attributed to the discrepancies in the location of solvent molecules after solvent casting. As evidenced by

FT-IR characterization, the solvent molecules within the polymer-solvent complex were identified being mainly trapped in the non-

crystalline/amorphous phase. The solvent-induced crystalline g-form exhibited a crystalline morphology having small crystal aggregates

with an average size less than 100 nm. Upon heating, the crystalline g-form gradually grew into much perfect packing, and finally went

through a g ! a0 transformation at temperature of 200 8C.

q 2003 Published by Elsevier Ltd.
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1. Introduction

Syndiotactic polystyrene (sPS) possesses complex poly-

morphism in its crystalline region, and previous work has

shown that there are four common crystalline forms (a-, b-,

d-, and g-forms) in polymorphism of sPS subjected to

various thermal or solvent-induced crystallization [1–3].

The two crystalline forms, a and b, have been shown to

possess an all-trans planar-zigzag (designated as a TTTT

conformation) chains, while the crystalline d and g-forms

consist of s(2/1)2 helical-chain conformations of regular

repetition of trans– trans (TT) and gauche–gauche (GG) on

the backbones. In addition to the crystal transitions already

widely known and reported earlier for solution-cast sPS

[1–3], the crystalline a-form can also be found easily in

cold-crystallized sPS (i.e. crystallization at above Tg from

rubbery amorphous chains). Cold-crystallization of neat

amorphous sPS produces only the crystalline a-form (a0 and

a00), whereas both crystalline a- and b-forms (in various

fractions depending on temperatures) can be found in melt-

crystallized sPS [4–6]. Two sub-forms of the (-form are

known; usually, cold-crystallization at temperatures below

200 8C leads to the a0-form whereas the a00-form is favored

at high temperatures greater than 200 8C [5].

The solvent-induced crystalline d-form and solvent-free

crystalline g-forms are both of helical structural confor-

mations, and the crystalline d-form is obtained in sPS when

freshly cast from solvent at low temperatures below 100 8C

or so, while the solvent-free crystalline g-form is obtained

by subjecting the solvent-cast sPS to thermal annealing at

medium temperatures to drive out the solvent molecules,

leaving the same monoclinic crystal structure [3,7–11]. The

crystal with helical conformation is not quite stable and

crystal transition (d-form ! g-form ! a0-form, or d-

form ! b0-form) can occur via a melting and re-crystal-

lization process upon annealing when temperatures are

greater than 200 8C [2–11]. In addition, the emptied d-form
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can go into a mesomorphic form of the same chains in the

helical conformation. This unstable mesomorphic form can

transform finally into the g-form with further annealing at a

medium temperature of 110 8C, as determined by wide-

angle X-ray diffraction (WAXD) and Fourier-transform

infrared spectroscopy (FT-IR) [7]. Phase transition mech-

anism is seen commonly in semicrystalline polymers.

FT-IR has been commonly used for analyzing molecular

interactions and molecular packing in many semi-crystal-

line polymers. Vibrational modes are quite sensitive to

molecular symmetry so that the different conformations are

directly reflected in the spectrum [12–34]. In addition, Kaji

et al. [18] have studied the nucleation mechanism in the

crystallization process by using time-resolved FT-IR

characterizations on sPS during the induction period of

crystallization from the glass state. Many studies also have

pointed out that polymorphism such as the crystalline a- and

b-forms in sPS can be determined with FT-IR characteriz-

ation [2,21–24]. The various thermal treatment of the melt

produced samples with different degree of crystallinity,

where the structure organization was analyzed using IR

spectroscopy by examining the conformation-sensitive IR

bands [19–25]. More recently, a number of studies have

investigated on subjects of IR vibration spectra changes

with polymorphism alteration in sPS [18]. A characteristic

peak at 1222 cm21 has been assigned to the presence of the

all-trans planar zigzag conformation which do not exist in

the helical form [1,28]. Spell [26] have shown that the

increase in the 940 cm21 absorbance peak is due to

disordering of the packing of the helical chains in the

crystalline d-form prior to reformation as the helices in the

crystalline g-form, and the absorbance peaks of 934 and

943 cm21 can be seen in freshly solvent-cast sPS samples

containing only the crystalline d-form. For annealing

temperatures above 120 8C, reduction of the 934 and

943 cm21 peak intensities is apparent, while a third peak

of 940 cm21 became merged, indicating occurrence of a

transition from the solvent-trapped d-form to the solvent-

free g-form [26]. However, the detailed mechanism is yet to

be clarified. Rastogi et al. [27] have studied the phase

behavior of sPS cast from three different solvents (decalin,

benzylmethacrylate, and cyclohexylmethacrylate) using in

situ SAXS, WAXS, and Raman/IR spectroscopy. They

found two different crystal modifications in solution-cast

sPS (denoted as d0 and d00 that incorporate ordered and

disordered solvent molecules in the solvent-induced crystal-

line (-form with helical chains), but they claimed that no

solvent-free g-form was resulted upon further heating.

Crystal units in sPS also possess an interesting crystalline

polymorphism behavior depending on processing con-

ditions of solution-cast, melt crystallization, or cold crystal-

lization. Normally, the crystalline d-form can be obtained

by sorption (or solution-casting) in suitable solvents/

compounds in amorphous or semicrystalline sPS materials

that initially contains the a or g-forms [1–3,7–9,26–40].

This implies that the helical conformation can only be

prepared in the presence of a solvent, and this leads to the

formation of d-form. Kobayashi et al. [1,29] and Roels, et al.

[30] have suggested that highly ordered sequences of the

TTGG-type skeletal conformation are formed in a physical-

gel state of sPS. It is known that the crystallization behavior

and crystal forms of sPS in solutions can be affected by the

type of solvents used, which are also known to influence the

gelation rates [2,29].

Our preliminary studies showed that the types of solvents

used in preparing the polymer solutions might have an

influence on the helical phase peaking in solution-cast sPS.

Our investigation on the sPS whose crystallization was

induced by three different solvents led to different unique

morphologies in the polymers [41]. These three different

solvents were, respectively, 1,1,2,2-tetrachloroethane, 1,2-

dichloroethane, and o-dichlorobenzene. Various phases in

the solution-cast sPS samples were identified through an

analysis of the IR spectra and X-ray scattering patterns.

After complete removal of the solvent, two different

structural modifications exist within the solvent-free crystal-

line g-form, respectively. The disordered g-form, in which

the helical chains disappears, and transforms into the a0-

form at temperatures of 160 8C upon slow heating. By

comparisons, thermal treatments at high temperatures above

195 8C imposed on the ordered g-form (of helical chains)

lead to a transition into the a0-form.

In this study, differential scanning calorimetry (DSC)

and X-ray diffraction experiments as well as FT-IR

spectroscopy were used to identify the crystal transform-

ation behavior and heating-induced structural changes in

thin-film samples obtained by solution casting of sPS from

1,1,2,2-tetrachloroethane. On the basis of these experimen-

tal evidences, this study attempted to describe the structural

evolution and the conformation changes as a function of

temperature and to interpret the thermal behavior of the

unique morphology in solution-cast sPS. Here, our aims are

to explore the metastability of sPS polymorphism, particu-

larly the crystals with helical chain conformations, and thus

to clarify the origins of the formation of g-form for polymer-

solvent complex.

2. Experimental

2.1. Materials and procedures

Semicrystalline sPS was obtained as a courtesy sample

material from Idemitsu Petrochemical Co., Ltd (Japan) with

a high Mw ¼ 241; 000 g/mol and PI ðMw=MnÞ ¼ 2:3: The

solution-cast samples for IR, X-ray diffraction and DSC

experiments were prepared by the following process. The

polymer was dissolved in 1,1,2,2-tetrachloroethane (Cl2C2-

H2Cl2) in a sealed glass tubes at about 130 8C (below the

boiling point of 146.2 8C at atmospheric pressure). A

polymer concentration of 4 wt% in the solvent was

determined from the amounts of the polymer and solvent
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weighed into the sample tubes. After complete dissolution

of sPS in 1,1,2,2-tetrachloroethane, the sPS solutions were

cooled at 60 8C for about 30 min. The sPS solutions were

then cast into films at 60 8C and dried for 6 h. The solution-

cast sPS films were then subjected to various thermal

schemes, as specified in Section 3.

Thin sPS films with a thickness ranging between 0.01 and

0.1 mm were prepared for transmission electron microscopy

(TEM) characterization by casting a 0.1% (w/w) solution of

sPS/Cl2C2H2Cl2 onto carbon-coated glass slides. After

different crystallization conditions were applied, the films

were stripped and floated onto the water surface and then

picked up using copper grids.

2.2. Apparatus

Fourier-transform infrared spectroscopy (FT-IR, Nico-

let Magna-560) was used for investigating conformations

and crystal types in sPS. Spectra were obtained at 2 cm–

1 resolution and average were obtained from at least 64

scans in the standard wavenumber range of 400–

4000 cm21. Thin films for FT-IR studies were obtained

by casting the sPS solutions onto potassium bromide

(KBr) disks at 60 8C and then the solvent were removed

in vacuum at 60 8C. Thermal annealing of specific

schemes was then imposed on the KBr-cast sPS films.

A differential scanning calorimeter (DSC-7, Perkin–

Elmer) equipped with a mechanical intracooler was used

for analyzing thermal behavior of sPS. The instrument

was calibrated with indium and zinc standards at

10 8C/min on the temperature and heat of transitions. A

scan rate of 20 8C was used in characterization of glass

transitions.

Wide-angle X-ray instrument (WAXD) was Shimadzu

XRD-6000 with copper Ka radiation (30 kV and 40 mA)

and a wavelength of 1.542 Å. The scanning 2( angle ranged

between 3 and 308 with a step scanning rate of 28/min. The

XRD characterizations for all samples were performed after

the samples were subjected to solvent-induced crystal-

lization. Further thermal treatments of the solvent-crystal-

lized sPS were performed in situ directly in the XRD high-

temperature oven (VOS-200SD) with a PID controller with

temperature accuracy of ^1.5 8C from 60 8C to various

holding temperatures: 80, 100, 120, 140, 160, 180, 200, 220,

and 240 8C.

sPS crystal morphology and electron diffraction (ED)

patterns were observed via a JEOL (1200 £ ) TEM using a

120-kV accelerating voltage. The sPS films were shadowed

by Pt and coated with carbon for TEM morphological

observation. Calibration of the ED spacing was carried out

using Au and TlCl (d-spacing , 0.384 nm, the largest

spacing for TlCl). Spacing value larger than 0.384 nm was

calibrated by double the d-spacing of those reflections based

on the spacing of their first-order reflections.

3. Results and discussion

3.1. IR characterization of conformational changes

More information regarding temperature-induced poly-

morphism/conformation changes can be obtained by using

FT-IR. The annealed sPS samples (at various isothermal

temperatures) were then characterized by using FT-IR. Fig.

1(A) and (B) shows the FT-IR spectra in the frequency

range of 440–640 cm21 corresponding to out-of-plane

modes of the phenyl C–H bending for the solvent-cast

sPS samples subjected to post-cast heating (at 1 8C/min) to

various temperatures as indicated on the traces. The thermal

structural changes are evidenced by the IR result in Fig.

1(A), showing the conformational changes after crystal

phase transition. By examining the bands of 502, 510 and

572 cm21 attributed to the TTGG sequences, one can see

that they all exhibit a slight decrease for samples annealed at

temperatures below 200 8C, and they finally disappear at

complete helix-to-trans phase transition. By comparisons,

the band at 539 cm21 exhibits an increasing trend solely at

the helix-to-trans phase transition. For clearly observing the

conformational changes on slow-heating, the absorption

profile in the 440–640 cm21 range was separated into five

components and the integrated intensity of each band was

plotted against temperatures, after normalization using the

1069 cm21 peak which is generally regarded as a ring in-

plane CCH bending vibration for both all-trans and helical

conformation [42] and unaffected by conformational

changes [26]. The result is shown in Fig. 1(B). A decrease

in intensity at temperatures behind the right-hand dotted line

is observed for the 502, 510, and 572 cm21 bands associated

with the TTGG conformation, while the 539 cm21 band

attributed to an all-trans planar zigzag structure shows a

greater intensity. The increase in IR absorbance of

539 cm21 peak (associated with the TTTT/GTTG confor-

mation) at temperatures of 195–205 8C indicates that a

structure change associated with the proportion of all-trans

local conformation has occurred. Unlike other bands, the

band at 547 cm21 attributed to the GTTG conformation

exhibits a stepwise decrease at these two transition points.

The significant decrease was first observed at temperatures

(marked as left-hand dotted line) above Tg (onset, at 20 8C/

min) of ca. 95 8C, while it maintained a constant intensity at

temperatures of 150–195 8C. As a matter of fact, the band of

547 cm21 is not only attributed to the molecular vibration of

the polymer chains in the GTTG conformation [9,18] but

also related to the molecular motion of 1,1,2,2-tetrachlor-

oethane solvent (from software database of the IR spectrum

for 1,1,2,2-tetrchoroethane). Further annealing imposed on

the sPS sample led to removal of the solvent from non-

crystalline regions in the annealing temperatures range of

ca. 95–150 8C. Upon annealing the samples to high

temperatures greater than 195 8C, the band of 547 cm21

showed a decreasing intensity owing to a helix to all-trans

conformation transition.
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Fig. 1. FTIR spectra of solution-cast sPS sample having been subjected to step-wise increase of 10 8C in the range 60–245 8C.

Fig. 2. FTIR spectra in the frequency ranging from 820 to 1000 cm21 for the sPS sample subjected to step-wise increase of 5 8C in the temperature range 60–

245 8C.
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Fig. 2 shows the FT-IR spectra in the frequency range of

820–1000 cm21 for the solution-cast film sPS sample

subjected to similar thermal treatments. Obviously, the

bands at 841 and 906 cm21 are present in the sPS containing

helical conformation. No significant spectral changes were

observed in the temperature range of 60–195.6 8C before a

helix to all-trans transition temperature was reached. Above

200.5 8C, two bands at 852 and 902 cm21 start to emerge. Its

intensity becomes stronger with the increasing annealing

temperatures (.200.5 8C) while the intensity of the bands at

841 and 906 cm21 is increasingly depressed. It suggests a

transition from a crystal with helical chains to a different

crystal with a zigzag structure [11]. Additionally, note that

the absorbance peaks at 932 and 945 cm21, attributed to the

vibration of the helical chains packed in the crystalline

form, showed no significant differences in the intensities

and peak positions for samples annealed at temperatures

ranging from 60 to 200 8C. For clearly identifying the IR

band spectral changes as a function of annealing tempera-

ture, the temperature dependence of the normalized

intensity of the bands at 932, 945 and 1222 cm21 is

shown in Fig. 3. Three regions labeled as Region-(II), -(III)

and -(IV) are shown in the figure. Step-wise decease in the

intensity is seen in the peaks of 932 and 945 cm21 in region-

(III). As for the peak at 1222 cm21, one can see a step

increase in the same region. The changes of these three

peaks whose intensity and position are sensitive for the

conformation changes clearly indicate that the helical

conformation is present in Region-II while the zigzag all-

trans conformation is present in Region-IV. In Region-III,

the helix-to-trans conformation change occurs via a rapid

melting/re-crystallization process.

The interesting phenomenon needs to be clarified. Spell

[26] have suggested that the peaks 934 and 943 cm21 show

greater sensitivity to the helical chains packed in the

crystalline d-form and the third peak at 940 cm21 is solely

caused by the packing of the helical chains in the crystalline

g-form. The increasing shift of the band from 943 to

944 cm21 as well as the decreasing shift from 934 to

932 cm21 is clearly seen at the d- to g-form transition. This

is presumed from the increased inter-chain interaction as the

unit cell b dimension is reduced during removal of the

solvent from the d-form. In this present case, apparently,

these two bands (932 and 945 cm21) stay at approximately

the same frequency regardless of annealing temperature as

long as the temperature is lower than 200 8C, indicating that

the crystalline form with helical conformation retained

unchanged during the removal of the solvent.

It is reasoned that the solvent was trapped mainly in the

non-crystalline domain and not in the crystalline domain of

sPS. For proving that the solvent molecules are mainly in

the amorphous chains, a model of miscible aPS with sPS

was used for investigation. Samples of the blends of sPS

with aPS of various compositions of sPS/aPS: (a) 100/0, (b)

90/10, (c) 75/25 and (d) 50/50 were prepared by subjecting

to the same solution-cast treatments as those for neat sPS.

The IR evidence in Fig. 4 shows that the 1203 cm21 peak as

well as 547 cm21 attributed to molecular vibration of

1,1,2,2-tetrachloroethane in sPS/aPS blends becomes

greater in intensity with an increase in the contents of aPS

in the blends.

To identify the metastability and phase transformation of

solvent-induced sPS crystals, thin film sample of sPS was

examined by DSC measurement. The thermogram of DSC

(scanned at 20 8C/min) is shown in Fig. 5. An endothermic

peak at 199.2 8C designated as Tm1 was identified, and the

endothermic peak is attributed to the melting of crystalline

Fig. 3. Normalized relative intensities of the 832, 845 and 1222 cm21 bands

of cast sPS samples post-annealed at various temperatures.

Fig. 4. IR spectra in two interested ranges for: (a) as-cast sPS film sample,

and its miscible sPS/aPS blend (also solution-cast) of compositions: (b)

90/10, (c) 75/25, and (d) 50/50.
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g-form with helical conformation [3,7]. Several previous

studies have pointed out that the melting of crystalline g-

form occur in a temperature range of 180–200 8C [3,7].

Interestingly, above this melting peak, a small exothermic

peak at 205 8C designated as Ttrans was observed. At an even

higher temperature, a broad endothermic peak designated as

Tm2 was observed, which is attributed to regular a or b

forms.

To further clarify the phase transition as a result of

thermal-induced crystalline form changes in solution-cast

sPS samples subjected to slow heating treatment, the

structure of the heated/annealed samples was examined by

using XRD. Fig. 6 shows the XRD patterns of the sPS

sample occluding solvent initially subjected to step-increase

of the temperature of 20 8C in the range 80–240 8C. The X-

ray diffraction pattern of sPS samples solution-cast from

1,1,2,2-tetrachloroethane is shown in bottom spectrum. In

particular, the reflection peaks at 2u ¼

9:5; 15:6; 17:2; 19:9; 21:2 and 28.38, attributed to the charac-

teristics of g-form, were observed in the X-ray diffraction

pattern. This result indicated that the g-form formed directly

in as-cast sPS thin-film samples. Also, the reflection peak at

9.548, assigned as the (010) reflection by Wang et al. [32], is

broad and the (200) reflection peak is absent. This reflects

that the perfection and/or crystallinity of g-crystal packing

is rather poor so as to cause the decrease and/or loss in

intensity of major diffractions. Earlier literature reports have

shown that the g-form can be yielded only after drying off

residual solvent from originally formed d-type modification

[1–3,7–9,26–41]. It is interesting that the sPS polymorph-

ism is strongly dependent upon the selection of solvent for

solution-casting, particularly the use of 1,1,2,2-tetrachlor-

oethane and 1,1,2,2-tetrachloroethane. In comparison, the

use of 1,1,2,2-tetrachloroethane induces the formation of g-

form whereas the 1,1,2,2-tetrachloroethane induces the d-

form [34]. For the consideration of phase metastability, the

g-form is, in principle, more stable than the d-form due to

the higher packing density of g-form than that of d-form

[32]. It has been proposed that de-complexation of d-form

by removal of solvent leads to a decrease on the b-axis

dimension of chain packing [32]. Under specific conditions,

the d-form rather than g-form stabilized by the solvent in the

sPS gels in the solution is preferred [43]. Berghmans, et al.

[44–45] found that the phase stability of the d-form changes

with the selection of solvent. More recently, Gowd et al.,

however, found that the stability of the d-crystal showed a

dependency on the amount of solvent absorbed but not on

the nature of the solvent [46]. Our preliminary study

indicated the existence of solvent effect on the phase

stability of the g-forms, obtained by desiccating various

complexes of sPS [41]. We speculate that the phase stability

of the d-form may be extremely low. The d ! g transition

might have occurred at lower temperatures such as room

temperature, where solvent-plasticized sPS (or ambient

room temperature) chains possess sufficient mobility to

undergo such a transformation.

On the other hand, the sPS samples annealed at lower

temperatures showed broader g-form reflection peaks, being

indicative of the existence of the g-form of either poorly

formed crystallites or very small crystalline domains. When

the samples were annealed at higher temperatures, e.g.

above 140 8C, the imperfect crystals were gradually

reorganized into more perfect g-form as indicated by an

increase of diffraction intensities of the peaks at 2u ¼ 9:5

and 10.38. In addition, the degree of perfection of crystallites

increases with further increase of the annealing temperature

in the range 140–200 8C, showing that reorganization of the

g-form has brought about an increase in crystallinity.

Further increase of annealing temperature was imposed on

the samples. The reduced intensity of the peaks at 15.9 and

20.08, attributed to the typical reflections of the g-form,

were present at higher temperatures above 200 8C. The

Fig. 5. DSC traces (20 8C/min) revealing the melting of g-form crystal in

sPS sample cast from 1,1,2,2-tetrachloroethane.

Fig. 6. XRD patterns of a solution-cast sPS film further subjected to step-

wise temperature increase of 20 8C from 80 to 240 8C.
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peaks at 2u ¼ 6:9; 12.2, 13.5 and 20.28, which is related to

the characteristics of the a0-form, exhibited an opposite

trend, implying that a transition from g- to a0 form occurs.

At the temperature where the g-to-a0 phase transition took

place, the crystallinity seemed to exhibit a significant

increase in intensities in XRD diffractogram. We believe

that the remaining amorphous chains as well as the melting

of the g-from re-crystallize into the a0-form. That is, upon

heating, the g-form of a helical-chain conformation can

transform into the a-form of planar zigzag chains via a

melting/re-crystallization process. As evidenced by the

results of in situ WAXD experiments, the exothermic

response is in accordance with the phase transformation

from g-form to a0-form where the melting of g-form

coincides with the re-crystallization process to form the a0-

form. The higher temperature endotherm is attributed to the

melting of the a0-form.

3.2. Molecular structural changes versus annealing

temperatures

A peak decomposition process is imposed on the IR

spectra in the range of 720–820 cm21 to reveal several

separated peaks, shown in Fig. 7. Three separated

components at 779, 769 and 750 cm21, respectively, are

clearly seen for initially solution-cast sample in the bottom

spectrum. Upon slow heating, the peaks at 779 and

769 cm21 are evident in the spectrum-a–d. At 210.4 and

245.0 8C, the 750 cm21 peak becomes sharper whereas the

peaks at 778 and 767 cm21 disappear completely. Addition-

ally, the intensity of the 767 cm21 band increases gradually

with the increasing temperatures, while at the same time, the

intensity of peak at 750 cm21 seems to reveal a decreasing

trend prior to the helix-to-trans transition.

In order to observe intensity changes of two peaks at 750

and 767 cm21, a relative intensity ratio of two peaks was

plotted to analyze the transition mechanism. Fig. 8 shows

the changes of intensities of these two IR bands (750 and

767 cm21), plotted as A767=A750 and I767=I750; where the

symbol A and I represent the relative absorbance and

integrated absorbance, respectively. It was found that an

initial g-form with helical conformation could be obtained

by solution-casting, and that further post-annealing at higher

temperatures caused the g-form to transform into a more

perfect one with higher degrees of crystallinity. Thus, the

increasing values of A767=A750 and I767=I750 with respect to

the annealing temperature provide a piece of evidence for

the fact. The figure shows that at temperature of ca. 200 8C,

corresponding to a helix-to-all-trans transition temperature,

a stepwise decease in both ratios is obvious. This shows that

the polymer chains of a helical conformation go through a

transformation into another crystalline form packing with

chains of a zig–zag planar conformation as the annealing

temperature reaches 200 8C or higher.

The ED patterns and TEM morphology of the g-form are

shown in Fig. 9 (A) and (B). Owing to low crystallinity and

poor orientation, three diffused and weak ring reflections

were observed. The d-spacing values were determined as

dobs ¼ 5:71ð2u ¼ 9:58Þ; 9:67ð2u ¼ 16:18Þ and 12.25 Å

ð2u ¼ 20:68Þ; respectively. The results of observed reflec-

tions suggest that the formation of g-form. Very fine

crystallites with an average size of less than 100 nm were

observed by TEM. To increase the crystallinity, selected

Fig. 7. IR spectra (a) as-cast sample, and cast sPS samples post-annealed at

various temperatures of (b) 106.7, (c) 126.4, (d) 175.8, (e) 210.4, and (f)

245 8C.

Fig. 8. Ratios of A767=A750 and I767=I750 for sPS films post-annealed at

various temperatures. Symbols I and R represent the integrated intensity

and relative intensity, respectively
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solution-cast film samples were further exposed under vapor

of the solvent. For those solvent vapor-exposed samples,

much stronger reflections in ED pattern were found. Similar

results are also shown in Fig. 10(A) and (B), which reveals

the ED pattern and morphology of the g-form subjected to

isothermal annealing at a temperature of 130 8C for 12 h in

order to acquire maximum crystallinity. In comparison with

the non-annealed samples, the morphology exhibited typical

crystallites with slightly larger sizes of 100–200 nm in the

figure. The enlarged size of the crystallites by isothermal

annealing has led to a clearer powder-like ED pattern.

3.3. Effect of solvent absorbed

The original d-form in most solution-cast sPS is usually

first transformed into the g-form crystal before subsequently

into the a0-form when heated at low heating rates, but a

direct transition from the d- to b00-forms becomes possible

as the cast sPS sample containing the original (-form was

subjected to annealing rapidly (instead of slow heating) to a

high temperature [2–3,7–11]. However, both transform-

ations from d- to b-form and g- to b-form upon heating have

been found to be probable [44–45]. Thus, it seems likely

that the (-form could transform into not only a0-form but

also b00-form depending on situations.

It is reasoned that the amounts of solvent trapped in the

helical or amorphous chains might have some effects on the

routes of phase/crystal transitions. To further identify

whether the solvent content might affect the transition of

the helical chains in the crystalline g-form into an all-trans

conformation in the orthorhombic or hexagonal a or b form,

the g-form crystals with various contents of the guest

(solvent) molecules dominated within the amorphous phase

were subjected to 240 8C-thermal annealing for 1 h. The

result is shown in Fig. 11. Apparently, the 858 and

910 cm21 bands associated with the vibrational motion of

the chains in the crystalline b-form are present with a great

intensity as isothermal annealing is imposed on the thin film

samples including 17.7% solvent. By comparison, the 852

and 902 cm21 peaks due to crystalline a0-form became

more obvious by annealing the desiccated samples being

initially the g-form. It suggests that the crystal could

transform from the g-form into b-form rather than into the

a-form as the contents of the solvent resident in solution-

cast sample reached a certain level. This demonstrates

clearly that the fractions of the crystalline b-form

transformed from the crystalline g-form are increasing

with an increase of the content of the solvent molecules

trapped in the samples (in the non-crystallized domain),

Fig. 9. (A) TEM graph, and (B) ED pattern of the g form in sPS film

solution-cast at 60 8C.

Fig. 10. (A) TEM graph, and (B) ED pattern of the g-form in sPS film

subjected to extended isothermal annealing at 130 8C for 12 h.
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indicating that the solvent trapped in sPS is favorable for the

orthorhombic-packing of b-type as the samples were

rapidly brought to annealing at high temperatures.

According to the DSC, XRD, TEM evidences in

association with the FT-IR analysis, a visual illustration of

the structural change is shown in Fig. 12, which is proposed

for explaining the evidences obtained by carrying out the

combination of the various measurements (FTIR, DSC and

WAXD). The helical chains packed in the crystalline g-

form are illustrated as a crystalline domain of long helices.

Upon heating to successive increases of the temperature in

the range100–160 8C, the gradual removal of the solvent

from amorphous glassy chains occurred. The crystalline g-

form can finally transform into crystalline a0-form with an

all-trans conformation when the as-cast sPS was further

subjected to heating to higher temperatures above 200.5 8C

(in sequence of crystalline g-form ! crystalline a0-form).

By contrast, a direct transition of g ! b0 was effected

depending on the amount of solvent resident in the solvent-

cast samples as the sPS was rapidly brought to isothermal

annealing at a high temperature of 240 8C.

4. Conclusion

Previous literature reports have documented that crystal-

line g-form is always proceeded by the crystalline d-form in

most solvent-cast sPS, and only after post-annealing at high

temperatures of the solvent-cast sPS, the crystalline g-form

can go through a transformation into a crystalline g-form. In

this study, however, it was found that the g-form, not d-

form, was directly obtained in thin films of sPS cast from

solution in the 1,1,2,2-tetrachloroethane solvent with no

post-annealing at high temperatures required. That is, no

transformation from a meso crystal of d-form into final

crystal of g-form was observed in 1,1,2,2-tetrachloroethane-

cast sPS. The crystalline g-form so directly obtained in the

solution-cast sPS was isolated for various characterizations,

and its morphology was found to be of imperfect crystallites

with typically small sizes (,100 nm). In addition, by using

a model of miscible aPS/sPS blend system, it was proven

that the solvent molecules were mainly trapped in the non-

crystalline domains rather than in the crystalline phase of g-

form.

Furthermore, when the solvent-cast sPS films were

brought to higher temperatures, the g-crystal could undergo

transition into other more stable crystal phases (i.e. a0 or b0)

depending on the thermal schemes of annealing. It was

found that, upon gradually slow heating, a g ! a0 transition

took place via rapid re-crystallization (i.e. a melting/re-

crystallization process) of the melted g-crystal as well as

further crystallization of the initially amorphous chains. As

a result, the crystallinity increased significantly after the

phase transition, which was proven by XRD equipped with

in situ temperature chamber. By contrast, a direct transition

of g ! b0 was effected as the sPS was rapidly brought to

Fig. 11. IR spectra for a series of sPS samples initially occluding various

contents of solvent molecules then subjected to post-annealing at 240 8C for

1 h.

Fig. 12. Schemes illustrating the structural changes in solution-cast sPS films: (a) initial g-from occluded with 1,1,2,2-tetrachloroethane molecules, (b)

desiccated g-form, (c) a-form, and (d) b-form.
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isothermal annealing at a high temperature of 240 8C. The

solvent molecules trapped in sPS during rapid temperature

rising might have acted as plasticizers and eased the

polymer chain motion in going from the g-crystal to a more

stable b0-crystal. This is interestingly different from the

more commonly encountered phenomenon where a slow

heating led to transition from g to a0-crystal.
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