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ABSTRACT: Polymorphic behavior (i.e., the development of a and j forms) of melt-crystallized syndiotactic
polystyrene, sPS, has been studied by structure analysis of FTIR (Fourier transform infrared spectroscopy),
WAXD (wide-angle X-ray diffraction), and ED (electron diffraction) as well as thermal analysis of DSC
(differential scanning calorimetry). Significant factors that influence the formation of polymorphism were
examined and described. Isolated o crystals and j crystals of sPS crystallized at different crystallization
temperatures from the melt have been obtained. The equilibrium melting temperatures, T,°, of both
forms were determined by using linear Hoffman—Weeks (H—W) extrapolation and nonlinear H—W
treatment. The T (i.e., structural metastability) of g form in sPS was found to be higher than that of
o form. The occurrence of phase stability inversion with lamellar size (i.e., morphological metastability)
in sPS was recognized. Transformations from o to § phase in the stage of crystal growth or in the heating
scanning process have been evidenced. The interlinkage of structural metastability and morphological
metastability in sPS polymorphism was examined. The behavior of phase transformation has been
successfully interpreted in terms of the stability inversion phase diagram. The formation of the a form

is indeed a kinetic result of crystallization.

Introduction

Polymorphism of syndiotactic polystyrene (sPS) has
been extensively studied in recent years. Structural
studies by using X-ray diffraction,’~8 electron diffrac-
tion,®~14 Fourior transform infrared radiation,’>=23 and
solid-state NMR24~27 have shown a very complex poly-
morphic behavior for this polymer. Two types of melt-
crystallized crystal structures have been identified and
described in terms of o and S, both containing the
planar-zigzag conformation of backbone chains. The
crystalline f form is characterized by orthorhombic
chain packing, whereas the crystalline o form is char-
acterized by trigonal chain packing. These melt-crystal-
lized crystalline forms are further complicated by dif-
ferent degrees of structural order. They are two limited
disordered modifications, o' and f', and two limited
ordered modifications, o'’ and "". Two types of solvent-
induced crystal structures have also been found. They
are y and 6, both containing the helical conformation
of backbone chains.

Many studies have been devoted to understanding the
crystallization effects on polymorphic behavior, and
complex behavior has been found.}=41623 The formation
of the a form is, in general, believed to be either the
result of Kinetically controlled process or the memory
effect of o nuclei. The formation of thermally crystallized
polymorphism (i.e., a and g forms) is dependent upon
thermal histories and crystallization conditions such as
annealing temperature, cooling rate to crystallization
temperature, crystallization temperature, and so on.
Studies on sPS have been carried out in order to
correlate multiple melting with polymorphism.28=-34 The
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complexity of lamellar reorganization with polymorphic
transformation gives rise to arguments with the assign-
ment of different crystal types to the multiple melting.
The behavior of phase transformation between o and
forms becomes a controversial issue.

Recently, the role of metastability in polymer phase
transitions has been thoroughly discussed and examined
by Keller and Cheng.3® In addition to classical meta-
stability that describes the phase transformation from
one state to another according to the Ostwald stage
rule,3® circumstantial metastability, including morpho-
logical, compositional, and other types of metastability,
was proposed and believed to be essentially important
while the behavior of phase transitions of polymers is
discussed. The circumstantial metastability represents
any state that has failed to attain its ultimate stability
and may be arrested at one of multiple local minima in
the Gibbs free energy profile due to kinetic restrictions
of the phase transformation. The morphological meta-
stability of this restricted state is associated with phase
size (i.e., lamellar thickness) and can be experimentally
observed in the course of a slow transformation when
compared on the time scale of our observations. Accord-
ing to this conceptual description of metastability, the
metastability of melt-crystallized sPS polymorphism
shall include the classical metastability concerning
structural essence and the morphological metastability
concerning lamellar size. As is well-known, polymeric
crystals are lamellae containing chains in a folded
conformation with the lamellar thickness equal or
related to the fold length.3” In an isothermal crystal-
lization process, the lamellar thickness is determined
by the prevailing undercooling, AT.38 The morphological
metastability is, thus, varied with crystallization tem-
perature. The behavior of polymorphic transformation
may change with the crystallization temperature since
the dependence of the lamellar thickness on AT in a
crystal form may be different from the g crystal form.
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In other words, the metastability of polymorphism may
invert with lamellar size where a stable phase defined
by the structural metastability can become a metastable
phase due to the influence of phase dimensions. This
behavior is described as a phenomenon of stability
inversion with crystal size.3539

In this study, we attempted to explore the metastabil-
ity of sPS polymorphism by first determining the
equilibrium melting temperature, T°. The T,° of
crystalline polymers is defined as the melting temper-
ature of an infinite stack of extended chain crystals so
that the structural metastability of polymorphism can
be measured. According to the determined values of T,°
in acand g crystals, the behavior of phase transformation
in melt-crystallized sPS was then examined by experi-
mental characterization. The formation of metastable
a crystals as well as the transformation from o to
crystals can be well described in terms of the behavior
of phase stability inversion. The studies on the meta-
stability of sPS polymorphism provide an excellent
paragon to explore the effects of classical metastability
and circumstantial metastability in polymer phase
transitions.

Experimental Section

Materials. Semicrystalline syndiotactic polystyrene was
obtained as courtesy sample materials from Union Chemical
Laboratories. The number-average molecular weight of the
samples is 67 000 g/mol, and the polydispersity is 3.5.

Differential Scanning Calorimetry (DSC). DSC experi-
ments were carried out in a Perkin-Elmer DSC 7. The
temperature and heat flow scales at different heating rates
were carefully calibrated using standard materials. The
samples were first heated to the maximum annealing tem-
perature, Tmax, for 5 min in order to eliminate the crystalline
residues formed during the preparation procedure of sPS. The
Tmax is also known as residential temperature.“® The polymer
samples were then cooled at a rate of 150 °C/min to a preset
temperature, T, for isothermal crystallization. The crystal-
lization time, t;, was about 10 times of exothermic peak time,
tp, to completing crystallization. The value of t, was determined
by the exothermic process of isothermal crystallization. To
study the transformation behavior, the isothermal crystalliza-
tion was carried out at different isothermal times. The
consecutive heating was performed at different heating rates
ranging from 10 to 40 °C/min. The DSC sample size was
around 5 mg for all the melting behavior studies. Each
measurement was performed at least twice. Thermal degrada-
tion after high-temperature treatment may lead to significant
changes in melting behavior. To alleviate the problem, the
testing sample having high annealing temperature (i.e., Tmax
is 345 °C) was used only once each time for DSC measure-
ments. No evidence of severe degradation problem was found
in DSC analysis.

Wide-Angle X-ray Diffraction (WAXD). For WAXD ex-
periments, the same crystallization conditions as described in
previous section were carried out on sPS bulk samples. A
Siemens D5000 1.2 kW tube X-ray generator (Cu Ka radiation)
with a diffractometer was used for WAXD powder experiments.
The scanning 26 angle ranged between 5° and 40° with a step
scanning of 0.05° for 3 s. The diffraction peak positions and
widths observed from WAXD experiments were carefully
calibrated with silicon crystals with known crystal size.

Fourier Transform Infrared Spectroscopy (FTIR). The
sPS powders were hot-pressed to form thin films. The thin film
samples were then thermally treated in an Instec STC200 hot
stage for different crystallization conditions as previously
described. Infrared spectra were obtained via Perkin-Elmer
Paragon 500 FTIR at a resolution 1.0 cm™t. The frequency
scale was internally calibrated using a He—Ne laser, and 30—
300 scans were signal-averaged to reduce the noise. The
scanned wavenumber range was 4000—450 cm™2.
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Figure 1. WAXD diffraction patterns of sPS crystallized at
(a) Tc = 240, (b) 245, and (c) 250 °C for t. = 10t, from the melt
(Tmax = 345 °C).

Electron Diffraction (ED). The sPS ultrathin films with
thickness in the range of 10 nm for ED experiments were
prepared by casting a 0.2% (w/w) sPS and xylene solution onto
carbon-coated glass slides. The sPS samples were then crystal-
lized at different crystallization temperatures from the melt.
The thermal treatments were similar to the samples for DSC
measurements. After crystallization, the films were quenched
into ice water. The quenched samples were shadowed by Pt
and coated with carbon again. After shadowing, the sPS films
were stripped and floated onto the water surface and then
recovered using copper grids. The ED patterns of sPS were
obtained via a JEOL (JEM-1200x) TEM using an accelerating
voltage of 120 kV. Calibration of the electron diffraction
spacing was carried out using Au and TICI (d-spacing < 3.84
A, the largest spacing for TICI). Spacing values larger than
3.84 A were calibrated by doubling the d-spacings of these
reflections.

Results and Discussion

Formation of Polymorphism. The complex poly-
morphic behavior of sPS was systematically studied by
analyzing a series of isothermally melt-crystallized sPS
samples. These melt-crystallized samples were thor-
oughly examined using WAXD and FTIR to identify
their corresponding crystal structures (i.e., single a
form, single g form, or mixed forms). Figure 1 shows
the WAXD powder patterns of sPS crystallized at
various temperatures from the melt of Tnax = 345 °C.
Figure 2 shows the corresponding FTIR spectra. As
shown, the characteristic diffraction peaks of ' form
(i.e., 20 = 6.2°,12.3°, 18.6 °, 20.2°, and 21.3°) in WAXD
patterns and the characteristic absorption of ' form
(i.e., absorption at around 858 and 911 cm™1) in FTIR
spectra were clearly observed in all three samples. The
absorption at around 905 and 840 cm™1 is attributed to
the amorphous portions of sPS. Similar results were
found in other samples crystallized at different temper-
atures. In other words, only single ' phase was formed
in these samples. In contrast to high annealing tem-
perature, low-Tmax samples (Tmax is below 300 °C) only
exhibit the entity of the o' form as shown in Figure 3
(characteristic peaks at 20 = 6.7°, 11.7°, 14.0°, 20.3°, and
15.6°) for WAXD results and in Figure 4 (the charac-
teristic absorption at around 851 and 901 cm™1) for
FTIR results. The absorption at around 840 cm~1 is also
attributed to the amorphous portions of sPS. These
results suggest that isolated o' crystals and ' crystals
can be obtained by simply adjusting the annealing
temperature.
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Figure 2. FTIR spectra of sPS crystallized at (a) T. = 240,
(b) 245, and (c) 250 °C for t; = 10t, from the melt (Tyax =
345 °C).
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Figure 3. WAXD diffraction patterns of sPS crystallized at
(a) T. = 235, (b) 240, and (c) 245 °C for t. = 10t, from the melt
(Tmax = 290 °C).

Isothermal crystallization of sPS is usually carried out
from the melt after annealing at the Tyax ranging from
300 to 340 °C. These melt-crystallized samples generally
contain mixed o and g phases. Different speculations
and suggestions have been proposed to correlate the
polymorphic behavior to the multiple melting behavior
of DSC heating traces, but there is still a great deal of
arguments about this correlation. This study was also
in the same dilemma. The proportion of o phase to
phase was varied from one examined sample to another.
These crystallized samples all involved complicated
melting behaviors with multiple endothermic peaks
even for samples crystallized with single § phase. The
assignment of endothermic peaks corresponding to
melting of crystal phases is difficult to rationalize. We
found that the pretreatment of sPS raw materials was
very critical to the reproducibility of experimental
results. In this study, the raw materials of sPS pellets
was dissolved into xylene at 135 °C for 4 h and then
discharged into methanol for precipitation. We have

Syndiotactic Polystyrene Polymorphism 6519

901.5

901.4
851 841

©)

851.4 840.6

Absorbsnce (Arbitrary Unit)

(b)

851 840.4

@
P U IR R S
920 900 880 860 840 820

Wavenumber (cm)

Figure 4. FTIR spectra of sPS crystallized at (a) T. = 235,
(b) 240, and (c) 245 °C for t. = 10t, from the melt (Tmax = 290
°C).
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Figure 5. WAXD diffraction patterns of sPS crystallized at
(a) Tc = 235, (b) 240, and (c) 245 °C for t. = t, from the melt
(Tmax = 300 °C).
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found that the problem of reproducibility may alleviate
after the treatment of precipitation. We speculate that
the improvement is attributed to the achievement of
well-controlled thermal history for sPS raw materials
before crystallization. Figure 5 shows the WAXD results
of sPS crystallized at different temperatures from the
melt of Tmax = 300 °C. The proportion of 5’ phase to o’
phase, approximately determined from the relative
intensity of diffraction peak at 26 ~ 12.3° of §' form to
diffraction peak at 26 ~ 11.7° of o’ form, has been found
to dramatically change with crystallization temperature.
The lower the crystallization temperature, the greater
the fraction of a crystals. At high enough T¢, only the
phase was observed. It was also interesting to discover
that the formation of mixed forms is dependent upon
the crystallization time. The shorter the crystallization
time, the larger the fraction of a crystals. When the
crystallization time is long enough, there is only  form
crystals left as illustrated in Figure 6b. However, the
effect of crystallization time on the population of mixed
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Figure 6. WAXD diffraction patterns of sPS crystallized at
T, = 237.5 °C for (a) t. = t, and (b) t. = 10t, from the melt
(Tmax = 300 °C).

forms becomes insignificant while the Tax is above 340
°C. According to the experimental results, significant
factors that influence the formation of polymorphism
were found to be maximum annealing temperature
(Tmax), crystallization temperature (T¢), and crystalliza-
tion time (t;). It was also noted that the Tmax for melt
crystallization seems the primary factor to determine
the formed structure. The probability for formation of
o crystals raises become greater for samples treated at
lower Tmax. At high Thax temperature (above 340 °C),
the occurrence of a form in the melt-crystallized samples
becomes trivial.

Certainly, the effect of annealing time at Tmax also
influences the formation of polymorphism. It has been
reported by Guerra and co-workers that crystals with
single  form can be obtained for melt-crystallized
samples after long annealing time (say a hour) at
Tmax = 300 °C.1 For the sake of simplicity, the suggested
guide for the formation of polymorphism was based on
the results of short annealing time (i.e., 5 min) for all
of the experiments since this time scale is more reason-
able for crystallization experiments. The cooling rate
from the melt is another factor that is usually discussed
in sPS polymorphic studies. It has been reported that
the fraction of a crystals increases with the increasing
of cooling rate. In this study, we have found that the
effect of cooling rate is not so profound for the polymor-
phic behavior as long as crystallization temperature is
not too close to or passes over the temperature of
maximum crystallization rate.

As a result, the formation of polymorphism is deter-
mined by first considering the maximum annealing
temperature (Tmax) and then the crystallization tem-
perature (T.) and crystallization time (t;). Samples
annealed at Tmax = 345 °C only generate j crystals.
While samples are annealed at Tax = 290 °C, crystals
with single o. form are obtained. There are no significant
effects of crystallization temperature and time on the
formation of polymorphism in both cases. Only if
samples annealed at Tmax between 300 and 340 °C may
crystals with mixed phases form. The probability to form
o crystals increases while the T, and/or t; decrease. The
Tmax effect on the formation of polymorphism leads to
an essential question of whether or not the nucleation
seeds decide their final crystalline structures.

Structural Metastability of Polymorphic sPS. To
explore the possible explanations for the observed
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Figure 7. DSC thermograms of sPS crystallized at different
T, from the melt (Tmax = 345 °C). The heating rate is 10 °C/
min for all the scans.

results of polymorphic behavior, it is necessary to
understand the differences in T,° of SPS polymorphism.
According to the previous results of polymorphic analy-
sis, corresponding melting behavior was studied by
using differential scanning calorimetry. Figure 7 shows
the melting traces of sPS crystallized at different
temperatures from the melt of Trax = 345 °C. These are
associated with the melting of g’ crystals. The DSC
traces exhibit multiple endothermic peaks. Two major
endothermic peaks were found. The location of the high
melting peak is almost independent of the crystalliza-
tion temperature at the same heating rate. The corre-
sponding enthalpies of the melting peaks show, how-
ever, a significant change with heating rate as shown
in Figure 8. The melting enthalpy decreases with the
increasing of heating rate, while the total enthalpy of
the high melting and of the low melting is near constant
at different heating rates. This result indicates that
reorganization is carried out during heating. At a slow
heating rate, the original crystals with the lower melting
reorganize to reach a higher degree of perfection of
lamellae and/or to become thicker lamellae (i.e., higher
melting temperature crystals). The processes of perfec-
tion and thickening are strongly suppressed when
heating is too rapid to accomplish the reorganization.
To explore the process of the reorganization, melt-
crystallized samples having reheating treatment were
prepared for WAXD measurements. They show similar
WAXD results having reflections of 5’ form after reheat-
ing process. We speculate that the reorganization
mainly involves a lamellar thickening process since the
perfection process of ' phase to " phase does not
appear.

For the low melting peaks, a linear relationship
between the observed melting peak temperatures (Tn,)
and the isothermal crystallization temperatures (T¢) was
found. The Hoffman—Weeks extrapolation is, therefore,
applied to obtain an extrapolated temperature according
to

T,=T,°1— 1)+ TJy
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Figure 8. Heating rate effect on DSC thermograms of sPS
crystallized at 245 °C from the melt (Tmax = 345 °C).

where Ty° is the equilibrium melting temperature, and
y = I/I* is the ratio of lamellar thickness | to the
thickness I* of the critical nucleus at T.. Different
methods including the Gibbs—Thomson approach,*! the
Hoffman—Weeks procedure,*? and the growth rate data
fitting*® have been used to determine Tr,°. Among them,
the Hoffman—Weeks method has been commonly uti-
lized and accepted for the determination of T,° due to
its straightforward experimental implementation and
its analytical simplicity. However, thermal lag of a DSC
cell inevitably causes a shift of melting peak to a higher
temperature, especially when a high thermal resistance
sample such as a polymer material is studied.** A lower
heating rate should be chosen for scanning in order to
reduce the shift that may cause significant error in
extrapolated value. It is common that reorganization or
recrystallization processes are taking place during heat-
ing to obtain crystals with higher metastability. Mul-
tiple melting peaks are, thus, present. This may lead
to difficulty in determining the true melting point when
the multiple melting points appear very close to each
other or a significant error (lower value) in melting point
determination due to the overlapping of simultaneous
endothermic and exothermic reactions.*® Higher heating
rates are needed to prevent reorganization or recrys-
tallization. For these reasons, the peak maximum
temperature should be determined by an optimum
heating rate scanning, even though an error is always
present with the best conditions. A possible way to
eliminate the error has been reported by lllers et al.*
According to the theory of heat-flow calorimeters, the
increase in the observed maximum peak temperature
is proportional to the square root of the heating rate,
thermal resistance, heat of fusion, and sample mass. A
corrected equation for the shift in the melting temper-
ature was derived as follows:

AT =Trp — Tmo = RQWAHRQ)Y
where Tmp is the observed maximum peak melting

temperature at heating rate 5, Tmo the true melting
temperature without thermal lag effect, W the sample
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weight used for DSC measurement, AH the heat of
fusion per gram of the sample used for DSC measure-
ments, R the thermal resistance of the sample, and Q
the heating rate of DSC measurement.

By plotting the melting peak temperatures as a
function of the square root of heating rate at constant
sample weight and linearly extrapolating to zero heating
rate, the true melting point (T ) can be obtained. After
the correction in temperature shift, the Hoffman—
Weeks extrapolation is applied to obtain the extrapo-
lated temperatures as shown in Figure 9a. The equi-
librium melting temperature of g form is determined
as 278.6 °C.

Similar methods were also carried out on the melting
behavior of a form crystals. Figure 10 shows the melting
traces of sPS crystallized at different temperatures from
the melt of Tmax = 290 °C. Complex melting behavior
was found. The majority of these DSC heating traces
exhibited three major endothermic peaks. The highest
melting has been identified as the melting of reorga-
nized lamellar crystals on the basis of experimental
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Figure 11. WAXD diffraction patterns for sPS crystallized at T, = 240 °C from the melt (Tmax = 290 °C): (a) before reheating,
(b) after reheating to 258 °C, (c) after reheating to 262 °C, and (d) after reheating to 267 °C. Inner set shows a corresponding DSC

thermogram (10 °C/min).

evidences similar to above. For the lowest melting, a
linear relationship between the Ty and the T, was
found. The Hoffman—Weeks extrapolation is applied to
obtain the equilibrium temperatures as shown in Figure
9b. The equilibrium melting temperature of o form is
determined as 273.1 °C.

The peak temperatures of intermediate melting have
been found to increase with crystallization tempera-
tures. To explore the origins of this intermediate melt-
ing, a series of melt-crystallized samples having specific
reheating processes were prepared for WAXD measure-
ments. The sPS samples were reheated at constant
heating rate, the same rate as DSC heating measure-
ments, to a specific temperature after isothermal crys-
tallization. The reheated samples were then rapidly
cooled to 30 °C and then examined by using WAXD.
Their corresponding WAXD results reflect plausible
discoveries as an illustration in Figure 11. Significant
changes in WAXD reflections of a form have not been
found while the reheating temperature was below the
onset of lowest melting peak, 258 °C (see Figure 11a,b).
However, the characteristic reflections of  phase started
appearing while the reheating temperature reached the
end of lowest melting, 262 °C (Figure 11c). Further
heating the samples to the end of intermediate melting
(267 °C) only brought slight change in the population of
mixed forms (Figure 11d). These observations suggest
that the lowest melting peak shall correspond to the
melting of individual o form. Within the temperature
range of lowest melting, the initial a crystals may either
reorganize to thicker o crystals or transform to f
crystals. The intermediate melting thus involves a
lamellar thickening process and transformation of a to
B phase combining with the possibility of g form
reorganization (see next section for detailed explana-
tions).

It is evident that the equilibrium melting temperature
of f form is higher than that of a form. This result
reflects that melt-crystallized samples at different Tmax

may possess various types of residual nuclei. As a result,
the residual nuclei thus affect the consequential crystal
structure after crystallization. At lower Tnax, the prob-
ability to endure o nuclei certainly increases. It has been
proposed that the T effect on the formation of
polymorphism may be attributed to the memory effect
of nucleus, and the formation of a crystals is governed
by the nucleation seeds of a form.%2 However, this
justification is not always true for our experimental
results. For instance, samples crystallized at T, = 240
°C from the melt of Tmax = 345 °C was annealed at 290
°C and then crystallized at T, = 240 °C again. Crystals
with o form were obtained after this thermal treatment.
This result indicates that there are possibilities to
generate a crystals from § nuclei. As a result, we
suggest that the formation of polymorphism in sPS shall
be primarily determined by crystallization kinetics. At
lower nucleation barrier, the crystallization tends to
form a crystals. When the residual nuclei are completely
annihilated, samples crystallized as f crystals from the
melt due to high nucleation barrier (see next section for
detailed interpretations).

More recently, the validity of the Hoffman—Weeks
extrapolation for the determination of T,° of polymers
has been critically reviewed by Marand et al.*647 Their
results indicated that the linear extrapolation invariably
underestimates the T,°. The disagreement starts from
the treatment of the experimentally observed under-
cooling (AT = Tn° — T.) dependence of the initial
lamellar thickness, I* = C1/AT + C,. The C; and C, are
constants, obtained experimentally. The value of C; is
ignored in the classical Hoffman—Weeks treatment. It
has been argued that the observed melting temperature
must vary nonlinearly with the crystallization temper-
ature while the term C, cannot be ignored. Therefore,
a nonlinear Hoffman—Weeks extrapolation has been
proposed for Tr,° determination.*” By plotting M = T,/
(Tm® — Tm) versus X = T%/(Tm® — T.) for different
choices of T°, the T° can be obtained, while the slope
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Figure 12. Plot of the scaled observed melting temperature
versus the scaled crystallization temperature of sPS crystal-
lized at different T, from the melt (Tmax = 345 °C) for various
fittings of the equilibrium melting temperature.
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Figure 13. Plot of the scaled observed melting temperature
versus the scaled crystallization temperature of sPS crystal-
lized at different T, from the melt (Tmax = 290 °C) for various
fittings of the equilibrium melting temperature.

of M versus X plots is equal to constant lamellar
thickening coefficient, y. This method seems to be quite
simple and straightforward. However, the value of y
may depend on crystallization temperature and crystal-
lization conditions (e.g., crystallinity). It has been sug-
gested by Marand and co-workers that the observed
melting temperature of nonthickening crystals (y = 1
or | = I*) by extrapolation of the melting temperature
of thickened lamellae to zero crystallinity is much
convenient to use it for the M—X plots. In the sPS we
studied, one interesting result was that the observed
melting temperature is almost unchanged with respect
to crystallinity. For comparison, the nonlinear extrapo-
lation procedure has been applied to obtain the T° in
this study. We simply applied the Tmo previously
obtained as the melting temperature of nonthickening
crystals and followed the fitting procedure for the M—X
plots as described above. The T, of  form was thus
determined as an example illustrated in Figure 12.
Similar data treatment has been carried out for the Tp,°
of a form as shown in Figure 13. The T° of f and a
forms are 306.9 and 298.4 °C, respectively. The values
of Tm° obtained from the M versus X plots are indeed
much higher than the results obtained from the linear
Hoffman—Weeks extrapolation. Different arguments
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about the limitations of the various approaches for T,°
determination have been raised to justify their validity,
but that is beyond the scope of this study. We are more
concerned with the effect of the polymorphism on the
Tm°. Despite the arguments, the results of structural
metastability in sPS polymorphism obtained by linear
extrapolation exhibits results similar to that obtained
from nonlinear method.

Metastability and Transformation of Polymor-
phism. The equilibrium melting temperature of the
form in sPS was found to be higher than the T,° of the
o form. On the basis of thermodynamic equilibrium, the
chemical potentials of polymer repeating unit in the
crystal and in the melt must be equal at equilibrium.
Melting temperature is defined as the ratio of the heat
of fusion, AHp, to the entropy of fusion, AS, (i.e.,
Tm® = AHW/ASy). As a matter of fact, the higher value
of Tn% in the 8 form may be attributed to the lower value
on ASr, and/or the higher value on AHy,. In other words,
the Gibbs free energy, G = H, — TS, of § form is lower
than the o form. The orthorhombic chain packing of g
form crystals is more stable than the trigonal chain
packing of a form crystals. However, the experimental
melting temperature of single o form is always higher
than the melting temperature of single g form at the
same crystallization temperature (Figure 9). This result
suggests that the behaviors of sPS polymorphism ex-
hibit a phenomenon of phase stability inversion with
lamellar size as illustrated in Figure 14. This figure
implies that the classical metastable state (i.e., a
crystals) can become the stable one (i.e., higher melting
crystals) when its phase dimensions are small enough.
As it is well-known, the metastability of isothermally
crystallized samples changes with lamellar size. The
lower the crystallization temperature proceeds, the
smaller the lamellar thickness forms and thus the lower
the melting temperature appears. The melting temper-
ature depression associated with the crystal size can be
expressed quantitatively through the Gibbs—Thomson
relation

T, =T.%1 - 20/1AH,)

where Tp, is the melting point of the crystal of thick-
ness | and o. is the Gibbs free surface energy of the
fold-containing plane of the lamellae. While the size
dependence is different for each polymorph and
(Ue/AHm)meta < (Oe/AHm)stab|e, the Stability Of pO|ymOI’-
phism inverts with size. Therefore, it is possible to have
lower melting of 5 form while the morphological meta-
stability of § form is much lower than that of a form
due to the combination of reduced size and altered
surface conditions. Accordingly, we speculate that the
oe of § forms shall be much larger than the o of a form.

An interesting connection between stability and ki-
netics may be further implied from the diagram of T,
versus 1/I. From the viewpoint of kinetics, the smallest
stable size is referred to its critical nucleus that
represents the energy barrier for crystal nucleation. The
smaller the critical nucleus, the faster the crystallization
rate of crystalline phase. The crystallization rate of a
form is, thus, expected to be faster than that of 5 form
in the temperature range within which the crystallized
lamellar thickness is less than lg. The induction has
been further approved by the comparison of crystalliza-
tion peak time, tp, of polymorphism where the t, of single
o form is shorter than that of single s form as shown in
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The  phase melting is presented as a filled circle line, and the a phase melting is an open circle line. The intersection of the
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The growth regimes A and B are defined as the T. above and below the triple-point temperature (Tg), respectively. The growth
pathways in regimes A and B are indicated as the pointing lines, and their corresponding molecular arrangements for chain-
folding polymer crystallization are illustrated as well. The I* refers to the sizes of limiting stability of respective phases. The
thickness of Iga* and l,g* are defined as the critical nucleation size of § crystals in regime A and of a crystals in regime B,
respectively. The thickness of I,* indicates the limiting size for o to § phase transformation or reverse process. The growth pathway
in regime A indicates the traditionally envisaged mode of growth which is exclusively lateral at fixed, kinetically determined
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Figure 15. Crystallization peak time for sPS crystallized at
different T, from the melt () (Tmax = 345 °C) and (b) (Tmax =
290 °C).

Figure 15. Usually, the value of t, is utilized to define
the crystallization rate of isothermal crystallization. The
crystallization rate is expected to be approximately
proportional to the reciprocal of the peak time. The sPS
is initially crystallized as o form due to the Kinetic
reason. The growth of a form may be either arrested or
gradually transform to  form as indicated in the growth
path for chain-folded polymer crystallization in region
B. Surprisingly, the observation of structure transfor-
mation in sPS as illustrated in Figure 4 corresponds
well to the suggested growth mechanism. The inceptive

o phase gradually transforms into § phase during
isothermally crystallization. Much significant experi-
mental result with respect to the transformation was
also obtained by using electron diffraction as shown in
Figure 16. In the beginning of crystallization, single
crystal of o form as identified by electron diffraction
pattern of [001] zone (Figure 16a) was found. However,
only the ED pattern of [001] zone having reflections of
p' form (Figure 16b) was observed after long crystal-
lization time. In the midway of crystallization period,
[001] zone ED pattern of coexistence of o' and ' phases
with common molecular chain axis has been found. The
detailed analysis referred to the solid—solid transforma-
tion is still under investigation and will be discussed in
future report. As a result, we suggest that phase
transformation from o to 5 phase occurs during crystal-
lization while the limited crystal thickness is below the
characteristic length of lIg. The single o phase can be
arrested and observed if the growing thickness is below
the size of Iy Solid—solid transformation may occur on
the experimental time scale as crystal growth passes
the size of ly.

In addition to the transformation from a to § phase
in the stage of crystal growth, clear evidence of similar
transformation was found with an endothermic process
during heating as illustrated in Figure 11. We propose
that the transformation is attributed to the lamellar
thickening process during heating. The molecular chains
are able to engage rearrangement owing to chain
mobility during reheating after crystallization. The
tendency of thickening process can be implicitly con-
firmed by the formation of multiple melting. The crystal
phase transforms from one state to another proceeds
through different stages of metastable states according
to the Ostwald stage rule. These transformations during
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Figure 16. [001] zone electron diffraction patterns of sPS
crystallized at T, = 245 °C for (@) t. = 3 min and (b) t. = 15
min from the melt (Tmax = 300 °C).

heating thus correspond to different endothermic pro-
cesses. The thickening processes lead the a crystals to
either form reorganized o crystals or past the Iy of
crystal size to achieve the structural transformation into
p form. The suggested mechanism is consistent with the
previous interpretations with respect to the multiple
endothermic processes of melt-crystallized o crystals
(Figure 11).

So far, no evidence of phase transformation from S to
o phase has been found in our studies. This observation
is consistent with the crystallization behavior in region
A where melt-crystallized sPS directly grows as a stable
S phase, and further phase transformation does not
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occur. However, transformation from /5 to a phase is, in
principle, accessible if crystallization is carried out in
region B and the formation of isolated j crystals are
possible. As indicated in stability diagram, the initial g
form may transform into a form by following the
pathway of crystal growth or by simply heating crystals
of specified thickness where the thickness is smaller
than l¢.. The fact is that the expected phase transforma-
tion has not been evidenced in our studies. We speculate
that such crystal thickening may be interpreted by two
possible extremes based on kinetics. The thickening
process of  crystals may move the experimental path-
way from the initially chosen | < I toward | = o at
extremely quick process as discussed by Keller and
Cheng.?* When | becomes larger than Iy, the trans-
formed a crystals immediately enter the region of stable
B crystals on further raising of temperature. Unless the
WAXD recording is sufficiently rapid, the transforma-
tion from S to a form will remain unrecognized. Further
experimental results by using synchrotron in-situ si-
multaneous WAXD and SAXS are necessary to recog-
nize this type of transformation. The other reason may
be attributed to the energy barrier to transform f
crystals into a crystals that is too high to overcome. The
thickening process thus passes by the pathway of
structural transformation predicted by thermodynamics
and enters directly to the region of stable  crystals.

Although the diagram of stability inversion is derived
from thermodynamics, reasonable interpretations for
the formation of polymorphism can be drawn out in
terms of the kinetic concept of nucleation barrier. As
found, the growth of single a phase or single  phase
can be simply obtained by controlling the Tnax. The
occurrence of a phase becomes less by raising the Tax.
This result reflects that the growth of o phase is
strongly dependent upon the degree of annihilation of
remaining nucleus. The size of remaining nucleus
increases by reducing the Tmnax S0 that the energy barrier
for nucleation decreases. At low enough nucleation
barrier (i.e., the critical size of nucleus is smaller than
lg), the formation rate of a crystals is faster than that
of f crystals. The probability to grow o crystals thus
increases owing to the fast growth rate of crystallization.
The formation of a form is indeed a kinetic result of
crystallization.

Conclusion

As described, polymorphism in melt-crystallized sPS
is affected by a variety of factors in crystallization. In
this study, the maximum annealing temperature for
melt crystallization has been found to be the primary
factor to determine the formed structure. Significant
factors that influence the formation of polymorphism
were summarized. The equilibrium melting tempera-
tures of both forms were obtained by using linear H—W
extrapolation and nonlinear H—W treatment. Both
results indicate that the T° of S form in sPS is higher
than that of o form. In other words, the  form is more
stable than the o form according to their structural
metastability. In addition to structural metastability,
the lamellar thickness effect (i.e., morphological meta-
stability) has been examined. The evidences of lower
melting of 5 phase as compared to a phase provide the
fact that a structural stable phase becomes metastable
if the lamellar size is small enough. Phase stability
inversion with respect to the lamellar size in sPS was
thus recognized. Although our understanding and ex-



6526 Ho et al.

perimental results for the behavior and the mechanism
of phase transformation in sPS are still limited, we have
found consistent interpretations of phase transforma-
tions based on phase stability inversion. We believe that
the interlinkage of structural metastability and mor-
phological metastability in sPS polymorphism shall
provide the concepts and principles of transformation
between metastable states and metastability in polymer
phase behavior.
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