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ABSTRACT: Syndiotactic polystyrene (sPS) δ crystals within atactic polystyrene (aPS) and atactic polystyrene
networks (aPSNW) were prepared. The polymorphism behaviors of sPS within aPS and aPSNW were studied by
in-situ wide-angle X-ray diffraction (WAXD) and differential scanning calorimeter (DSC). The sPS δ crystals
transfer into γ and then R form crystals during the gradually heating process. The transition temperature of the
δ to γ form crystals decreases with the increase in the aPS and aPSNW content in all samples. By contrast, the
transition temperature of γ-to-R form crystals increases with the rising aPSNW content, whereas it is independent
of the content of aPS. Meanwhile, the transition temperatures of δ to γ and γ to R in aPSNW are higher than
those in linear aPS blends. When the samples were annealed at a temperature above 150 °C, the sPS δ form is
not favorable to transform into the � form in aPSNW. The results indicate that polymorphism behaviors of sPS
are disturbed within aPS networks.

1. Introduction

The crystallization mechanism of polymer within the limited
space, including nanospheres, nanorods, and surface area, has
received a lot of interest recently.1–19 The smaller but homo-
geneous size of the crystallites may give the unusual charac-
teristics in the resultant crystalline structures, which cannot be
observed for usual bulk crystals. Some other works focused on
the crystallization behaviors within the polymer networks, in
which the restricted chain diffusion by the cross-links is a key
to emphasize the nucleation effect on polymer crystalliza-
tion.20–27 The crystallization of the free linear poly(ethylene
oxide) (PEO) chains in poly(trimethopropane trimethacrylate)
(PTMPTMA) networks has been reported, which shows the
different crystallization behaviors to the bulk state.27 However,
PEO and PTMPTMA network are not miscible, and the
crystallization of PEO in the system is somewhat similar to those
block copolymer systems.15–19 On grounds of the published
results, there is no clear argument on crystallization behaviors
of the linear polymer chains within the miscible networks. The
investigations of the crystallization behaviors of linear polymers
within their compatible networks might be helpful in this respect.

Syndiotactic polystyrene (sPS) shows a complex polymor-
phism behavior, and four crystal forms, denoted as R, �, γ, and
δ, have been reported.28–38 Following the nomenclature pro-
posed by Guerra et al.,38 the crystalline R and � forms are
characterized by chains in the trans planar conformation,
whereas the crystalline γ and δ forms contain chains in the s(2/
1)2 helical conformation.28–41 The term δ form has been used
to indicate different clathrate structures, that is, compounds
which include molecules of solvent. The sPS δ form crystals
are generally obtained by the organic solvent induced crystal-
lization from the sPS R, γ, empty clathrate δ crystals, or
amorphous state.36–38,41–43 While being heated gradually, the δ

form crystals transfer to γ form crystals at a temperature above
the glass transition and then to R form crystals at a temperature
around 200 °C.36–38,44–46 Whereas, sPS � form crystals are
formed when the sPS δ form crystals are annealed at a
temperature above 150 °C or gradually heated without solvent
evaporation.38,47–49 The characteristic polymorphism of sPS
made it possible to be served as the thermoplastic molecular
sieves and selective sensors.50,51

The crystallization of sPS within its blends has been
investigated in the past two decades.52–57 More recently, the
crystallization of sPS within the nanorods has been reported.58

It was found that R crystals formed for sPS crystallized from
amorphous state at lower temperatures, and the degree of
crystallinity is the same as that in the bulk. Whereas, for sPS
crystallized from molten state at 260 °C, the � crystals formed
in the nanorods oriented preferentially with the c-axis aligning
perpendicular to the axial direction of the nanorod, and the
degree of crystallinity was significantly lower than that in the
bulk.58

In this work, sPS δ form crystals within aPS and aPS network
(aPSNW) were prepared. The polymorphism behaviors of sPS
within aPS and aPSNW were investigated by in-situ wide-angle
X-ray diffraction (WAXD) and differential scanning calorimetry
(DSC). Because of that, aPS is miscible with the amorphous
state of sPS;59 this work is helpful for us to understand the
influences of the constraining amorphous phase on the crystal-
lization behaviors of linear polymer.

2. Experimental Section

2.1. Materials. Syndiotactic polystyrene (sPS, Mw ) 317 000
g/mol, Idemitsu Petrochemical Co. Ltd.) and atactic polystyrene
(aPS, Mw ) 335 000 g/mol, BASF AG) were used as received.
Poly(styrene-co-aminomethylstyrene) [P(S-co-AMS)] was prepared
from aPS by randomly functionalizing with aminomethyl groups.
The mole ratio of aminomethyl groups in P(S-co-AMS) to the repeat
units of aPS is 1:30. The details of P(S-co-AMS) synthesis are
shown elsewhere.60

2.2. Sample Preparation. In the preparation of sPS/aPS network
blends, sPS and P(S-co-AMS) (totally 0.5 g) were mixed with
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toluene (8 mL) in a sealed test tube. The mixtures were heated to
110 °C with continuously stirring until homogeneous solutions were
obtained. Then 2 mL of terephthaldialdehyde solution in toluene
was added with continuous stirring, by which homogeneous
solutions were obtained within 10 s. The aldehyde groups in
terephthaldialdehyde are equal to the aminomethyl groups in P(S-
co-AMS) in molar ratio. The homogeneous solutions were quenched
to room temperature, and macrogels formed within several minutes.
The samples were kept at room temperature in the sealed test tubes
for 1 week and then dried at 90 °C under vacuum until to a constant
weight. These samples are denoted as sPS/aPSNW. The sPS/aPS
blend samples were prepared by a similar procedure, whereas P(S-
co-AMS) was replaced by aPS. Generally, it takes tens of minutes
to obtain aPS gel by cross-linking P(S-co-AMS) with terephthal-
dialdehyde,61 which is much slower than the formation of sPS
physical gels, δ form crystals, that finished within several minutes.
Therefore, in the case of sPS/aPSNW samples, the sPS δ crystals
form first and then are surrounded by aPS cross-linked chains. The
details of the sample reparation and denotation are summarized in
Table 1.

2.3. Measurements. Differential scanning calorimetry (DSC)
experiments were performed on a Perkin-Elmer DSC-7 instrument
at a heating rate of 10 °C/min under nitrogen. The thermogravi-
metric analysis (TGA) was carried out on a Perkin-Elmer thermo-
gravimetric analyzer (Pyris 1 TGA) in N2 atmosphere (20 mL/min)
at a heating rate of 10 °C/min. The samples were scanned from 30
to 500 °C.

Wide-angle X-ray diffraction (WAXD) measurements were
performed on Bruker D8-Advance X-ray powder diffractometer
with a General Area Detector Diffraction System (GADDS). A Cu
KR radiation (λ ) 1.542 Å) was used as the X-ray source. The
scanning time for each frame was 60 s, and the interval time
between two successive measurements was 30 s. The integrated
2θ angle ranged from 5° to 30°. A home-designed hot stage with
a Pt-100 thermal couple was used to control the temperature of the
samples.

3. Results and Discussion

The characteristic diffraction peaks are at 2θ ) 6.7°, 11.8°,
13.5°, and 20.4° for R form, 2θ ) 6.1°, 10.4°, 12.2°, 13.6°,
18.5°, and 20.2° for � form, 2θ ) 7.8°, 10.2°, 17.2°, 19.7°,
and 23.3° for sPS δ form, and 2θ ) 9.2°, 15.9° and 20.0° for
γ form.38 Figure 1a shows a typical 3D WAXD pattern for
samples heated from 70 to 230 °C with a heating rate of 2 °C/
min. The results show the characteristic WAXD pattern of the
sPS δ, γ, and R form crystals appears sequentially during the
gradually heating procedure, which indicates that the sPS δ form
crystals transfer into γ form and then into R form crystals. The
polymorphism transition of the sPS δ crystals were further
confirmed by the 2D WAXD pattern (Figure 1b), from which
the polymorphism transition of sPS during the heating process
can be clearly recognized (dotted lines).

The intensity of the characteristic diffraction peaks of sPS
δ, γ, and R crystals was recorded during the heating process at
a heating rate of 2 °C/min, and the selected typical diffraction
intensity profiles and the corresponding derivations are depicted
in Figure 2 as a function of temperature. The data for the
diffraction peaks at 2θ ) 7.8°, 9.2°, and 6.7° correspond to the
sPS δ, γ, and R form crystals, respectively. The decrease in

the diffraction intensity at 2θ ) 7.8° and the simultaneous
increase in the diffraction intensity at 2θ ) 9.2° in the
temperature range 100–150 °C are attributed to the melting of
the sPS δ form crystals and the crystallization of the sPS γ
form crystals, respectively. Similarly, the decrease in the
diffraction intensity at 2θ ) 9.2° and the increase in the

Table 1. Content of sPS in Samples and Their Denotation

denotation of the samples

contents of sPS (wt %) sPS/aPS sPS/aPSNW

100 100 100
80 180 280
60 160 260
50 150 250
40 140 240
20 120 220

Figure 1. Typical 3D (a) and 2D (b) WAXD pattern of the samples at
a heating rate of 2 °C/min.

Figure 2. Typical diffraction intensity profiles and corresponding
derivation profiles as a function of temperature at the diffraction peaks
of 2θ ) 7.8°, 9.2°, and 6.7° for sPS δ, γ, and R crystals, respectively.
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diffraction intensity at 2θ ) 6.7° at the temperature around 200
°C come from the melting of the sPS γ form crystals and the
crystallization of the sPS R form crystals, respectively (Figure
2, top). The peak position of the diffraction intensity derivation
of the melting of the sPS δ and γ form crystals and the
crystallization of γ and R form crystals can be defined as the
melting temperature of δ and γ form crystals (Tm,δ and Tm,γ,
respectively) and the crystallization temperature of sPS γ and
R form crystals (Tc,γ and Tc,R, respectively) (Figure 2, bottom).
The results show that Tm,δ ≈ Tc,γ and Tm,γ ≈ Tc,R, which suggest
that the melting of sPS δ and γ form crystals and the
crystallization of sPS γ and R form crystals, respectively, occur
simultaneously. In this work, the transition temperature of δ to
γ and γ to R form crystals can be defined as Tδfγ (≈ Tm,δ ≈
Tc,γ) and TγfR (≈ Tm,γ ≈ Tc,R), respectively.

The dependence of Tδfγ and TγfR on the content of aPS or
aPSNW in the samples is shown in Figure 3. The results indicate
that the Tδfγ drops with the increase in the aPS or aPSNW
content (Figure 3a). The decrease in Tδfγ with the presence of
aPS or aPSNW could attribute to the following two aspects.
First, the presence of aPS or aPSNW disturbs the formation of
sPS δ crystals, which resulted in the smaller and less perfect
sPS δ crystals. Second, the presence of aPS or aPSNW provides
more space for the evaporation of complex solvent in sPS δ
crystals and leads to a lower Tδfγ. However, the TGA results
indicate that the presence of both aPS and aPSNW delay the
evaporation of the complex solvent during heating process
(Figure 4). Therefore, the depression in Tδfγ should be attributed
to the smaller and less perfect sPS δ crystals by aPS or aPSNW,
which is supported by the data listed in Table 2. In Table 2, the
full width at half-maximum (fwhm) of sPS δ crystals in sPS/
aPS and sPS/aPSNW samples was estimated by fitting the
experimental WAXD curves with the PeakFit program (SYS-
TAT Software Inc.). The crystallite size was given by the
Scherrer equation, L ) Kλ/� cos θ, where K is the Scherrer

shape fact and K ) 0.9 for polymer, λ is the wavelength of
X-ray, θ is the Bragg angle, and � is the fwhm in degrees.62

Generally, a larger value of fwhm corresponds to a less
perfection of crystal lattice and visa versa. The results in Table
2 show that the fwhm of sPS/aPS and sPS/aPSNW increases
with increasing aPS or aPSNW content, which indicates that
the sPS δ crystals become less perfection with increasing aPS
or aPSNW content. Moreover, the Tδfγ in sPS/aPSNW samples
is higher than that in sPS/aPS samples with the same aPS or
aPSNW content. As described in sample preparation section,
the formation of aPS network (gel) is much slower than that of
sPS δ crystals.61 Therefore, the crystallization conditions of sPS
in sPS/aPS and sPS/aPSNW are similar during the formation
of the sPS δ crystals and the resulted sPS δ crystals have the
same level of crystallite perfection. The data listed in Table 2
show that the sPS δ crystals has the similar fwhm values in
sPS/aPS and sPS/aPSNW samples with the same aPS or aPSNW
content, which indicates that the sPS δ form crystals in both
sPS/aPS and sPS/aPSNW samples have the same level of crystal
lattice perfection. However, the sPS δ crystals in sPS/aPS blends
are surrounded by linear aPS chains, whereas the sPS δ crystals
are surrounded cross-linked aPS chains in sPS/aPSNW samples.
Furthermore, the complex solvent content, estimated by TGA
experiments, in sPS/aPS blends is higher than that in sPS/aPS
network samples with the same aPS or aPSNW content (Figure
5). Both the cross-linking state of the aPS chains surrounding
the sPS δ crystals and the solvent content in the samples might
contribute to the higher Tδfγ in aPS/aPSNW than that in aPS/
aPS blends. Moreover, the sPS chains are all in the s(2/1)2
helical conformation with a characteristic periodicity of 7.7 Å
in both δ and γ form crystals.38–41 Therefore, there is no major
structure changes during the δ to γ transition. As a result, the
cross-linking state of the aPS chain surrounding the sPS δ
crystals has a trivial effect on the crystalline transition from δ
to γ form. The difference in the content of the complex solvent
plays a key role in the higher Tδfγ in sPS/aPSNW compared
to that in sPS/aPS blends.

The transition temperature of sPS γ to R crystal, TγfR, shows
a different effect. TγfR increases with the rising aPSNW content
in the samples of sPS/aPSNW, whereas TγfR is independent of
the content of aPS in sPS/aPS blends (Figure 3b). It is known
that the sPS chains have the characteristics of s(2/1)2 helical
conformation in γ form crystals,38–41 whereas the sPS chains
are in a zigzag planar conformation in R form crystals.38 As a
result, the γ to R transition involves the unraveling of the helices
into the linear chains, in which the nature of amorphous phase
is important. In the case of sPS/aPSNW, the mobility of sPS
chains is restricted by the cross-linked aPS chains, and hence a
higher temperature is required for the transition. The higher

Figure 3. Transition temperatures of sPS δ to γ and γ to R form crystals
as a function of aPS or aPSNW content in the samples. The heating
rate was 2 °C/min.

Figure 4. Temperature dependence of weight loss of sPS, sPS δ crystals,
sPS/aPS, and sPS/aPSNW.
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aPSNW content in the sample corresponds to the higher
temperature of γ to R crystals transition. In the case of sPS/
aPS system, the amorphous phase of sPS and aPS chains having
very similar Tg and the temperature of γ to R crystals transition
may be independent of aPS content.

Figure 6 shows the DSC heating traces of the samples at a
scan rate of 10 °C/min. The broad endothermal peak at 100–160
°C corresponds to the melting of sPS δ crystals, the crystal-
lization of sPS γ crystals, and the evaporation of the complex
solvent. Because of that these processes occur simultaneously,
as indicated by the above-discussed WAXD and TGA results,
the melting temperature of sPS δ crystals Tm,γ can not be
precisely determined by DSC experiments. However, the result
clearly shows that the peak position shifts to a lower temperature
with the rising aPS or aPSNW content, which also indicates
the transition temperature of δ to γ form crystals (Tδfγ)
decreases with the rising aPS or aPSNW content (Figure 6).
The overlapped weak endothermal and exothermal peaks at
around 200 °C correspond to the melting and the crystallization
of the sPS γ and R form crystals, respectively (Figure 6). The
result indicates that the transition temperature of the sPS γ to
R crystals (TγfR) increases with rising the content of aPSNW
(Figure 6b), whereas the TγfR is independent of aPS content in
the sPS/aPS blends (Figure 6a). These results are consistent with
those of in-situ WAXD results. In DSC experiments, the
transition temperature Tδfγ and TγfR can be estimated as shown
by the dotted lines.

In order to have a better understanding on the polymorphism
transition of sPS in aPS networks, the fwhm of the selected
diffraction peaks is depicted as a function of temperature in
Figure 7. The heating rate was set at 2 °C/min. The fwhm at
2θ ) 10.2°, 9.2°, and 6.7° are selected for sPS δ, γ, and R
form crystals, respectively. The results show that when the
samples were heated, the value of fwhm at 2θ ) 10.2° starts to
increase at about 100–130 °C (around Tg of sPS) with rising
temperature, which corresponds to the melting of sPS δ crystals

and the decrease in the crystal size according to Scherrer
equation, L ) Kλ/� cos θ. At about 120–140 °C, the value of
fwhm at 2θ ) 9.2° decrease dramatically with rising temper-
ature, indicating the formation and growth of sPS γ crystals.
While at the temperature around 200 °C, the sPS γ form crystals
begin to melt and the sPS R form crystals start to crystallize
and growth simultaneously, corresponding to the dramatic
increase and decrease in the fwhm value at 2θ ) 9.2° and 6.7°,
respectively. Moreover, the δ to γ crystal transition process was
a relatively slow procedure compared to that of the γ to R
transition, which is due to the slow evaporation of the complex
solvent during the transition of δ to γ crystals. Unfortunately,
it is very difficult to estimate the transition temperatures by the
fwhm profiles.

The transition temperatures can be estimated by the WAXD
intensity profile at certain diffraction position during heating

Table 2. Full Width at Half-Maxima (fwhm) of sPS δ Crystals within sPS/aPS and sPS/aPSNW

peak position

7.9° 10.2° 17.2° 19.7° 23.3°

sample fwhm (deg) L (nm) fwhm (deg) L (nm) fwhm (deg) L (nm) fwhm (deg) L (nm) fwhm (deg) L (nm)

180 1.11 7.17 0.94 8.49 2.46 3.27 2.11 3.82 2.58 3.14
160 1.14 6.99 1.05 7.60 2.45 3.28 2.12 3.80 2.8 2.90
140 1.31 6.08 1.19 6.70 2.69 2.99 2.18 3.70 3.14 2.58
120 1.5 5.31 1.67 4.78 2.91 2.76 2.8 2.88 3.53 2.30
280 1.26 6.32 1.09 7.32 2.57 3.13 2.22 3.63 2.76 2.94
260 1.22 6.53 1.05 7.60 2.62 3.07 2.16 3.73 2.83 2.87
240 1.39 5.73 1.3 6.14 2.63 3.06 2.61 3.09 2.96 2.74
220 1.5 5.31 1.67 4.78 3.11 2.58 2.92 2.76 3.42 2.37

Figure 5. Solvent content as a function of aPS and aPSNW contents.
TGA results.

Figure 6. DSC heating traces at 10 °C/min for samples in sPS δ form
with different content of aPS or aPS network: (a) sPS/aPS and (b) sPS/
aPSNW.
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(Figure 2) or by the DSC experiments (Figure 6). Figure 8 shows
the transition temperatures estimated by the WAXD intensity
profile at certain diffraction position and DSC analysis at
different heating rate. The data have a similar tendency as those
in Figure 3. Moreover, the result also shows the Tδfγ increases
with rising heating rate, whereas the TγfR is almost independent
of the heating rate, which is due to that the δ to γ transition is
a solvent evaporating process and the Tδfγ increases with rising
heating rate, whereas the γ to R form transition is a melt-
recrystallization process and the TγfR is independent of the
heating rate.38 Moreover, the Tδfγ estimated by DSC measure-
ments is higher than that by WAXD experiments at the same

heating rate, which attributes to the fact that samples are half-
sealed in the cells in DSC experiments and the evaporation of
solvents during heating is hindered somehow, whereas in
WAXD experiments, the samples are open to the air. The results
also indicate the effect of the solvent evaporation on the
transition of δ to γ crystals. Both WAXD and DSC experiments
indicate that the surviving window of the sPS γ form crystals
becomes wider with the increases in sPS/aPSNW samples.

The above discussions focused on the influences of aPS
network on the polymorphism transition of sPS. Figure 9 shows
the WAXD curves of the samples obtained by annealing the
sPS δ form crystals in sPS/aPS and sPS/aPSNW directly at 150,
180, and 210 °C (Figure 9a-c, respectively). The content of
aPS or aPSNW in all the samples is 50 wt %. It has been
reported that the sPS � form crystals can be obtained when sPS
δ form crystals were annealed at a temperature above 150 °C
or gradually heated without solvent evaporation,38,47–49 which
is different from the gradually heating process.36–38,44–46 In this
work, when the samples were annealed at 150 °C for 10 min,
only γ form crystal was found in the sPS/aPSNW samples,
whereas γ and � form crystals were found in the sPS/aPS blend
and there are sPS δ, γ, and � form crystals in the pure sPS
(Figure 9a). The results indicate that the presence of aPS leads
to the easier transformation of the sPS δ form crystals into the
γ and � form crystals, whereas the aPSNW only favorite for
the formation of the sPS γ form crystals at the annealing
temperature of 150 °C. At the annealing temperature of 180
°C, both γ and � form crystals were found in all the samples
(Figure 9b), but the fraction of the sPS � form crystals in pure
sPS is higher than that in sPS/aPS and then in sPS/aPSNW
blends. At the annealing temperature of 210 °C, a mixture of
the sPS R and � form crystals was obtained in both sPS/aPS
and sPS/aPSNW samples, whereas only the sPS � form crystal
was obtained in the pure sPS samples (Figure 9c). In all cases,
the sPS � form crystal appears unfavorable to be obtained in
the presence of aPS and aPS networks, especially in the case
of sPS/W sample. The result suggests that polymorphism
behaviors are disturbed by the confined environment of aPS
networks. The sPS � form crystals can be obtained by melt-
crystallization depending on the cooling rate, etc.,38 by isother-
mal crystallization from a dilute solution,63,64 by annealing the
δ-form,29 or by casting from solution.38 In case of annealing
sPS as-cast samples from solutions, the planar conformation of
sPS � form involves in any event a disorder concerning the
molecular packing that is classified as a “stacking fault”.29 The
origin of sPS � form crystals may be similar to many isotactic
vinyl polymers, which are known to exhibit disorder in
molecular arrangement. These disorders are exclusively due to
random occupation of one site by either of two kinds of helical
polymers that have the same helical sense but differ in
directional quality, i.e. up and down senses.29

The network morphology of aPS is important to the effect
of the polymorphism transition of sPS in aPSNW. Our former
work indicated that the aPS gels have a correlation length of
tens of nanometers, and the effective chain length between two
cross-links is about 10 nm.60 In this work, the effective chain
length between two cross-links may be larger than 10 nm due
to that it was disturbed by sPS crystals. The effective cross-
linking density of the aPS gels has been estimated by shear
modulus and was later confirmed by swelling experiments.
However, it is very difficult to estimate the cross-linking density
of aPSNW containing sPS crystals by using these methods.

4. Conclusions

Syndiotactic polystyrene (sPS) δ crystals within aPS and aPS
networks and sPS blends were prepared. The polymorphism
behaviors of sPS within aPS networks and aPS blends were

Figure 7. Typical fwhm profiles of sPS δ (0), γ (4), and R (O) crystal
forms, at 10.2°, 9.2, and 6.7°, respectively, as a function of temperature
during heating with 2 °C/min: (a) sPS, (b) sPS/aPS (50/50, w/w), (c)
sPS/aPSNW (50/50, w/w). Lines are used only for guiding the eyes.

Figure 8. Transition temperature vs the content of aPS and aPSNW
obtained by WAXD and DSC with different heating rate. Filled and
open symbols stand for Tδfγ and T γfR, respectively.
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studied by in-situ wide-angle X-ray diffraction (WAXD) and
differential scanning calorimetry (DSC). We found that the
transition temperature of sPS δ to γ form crystals decreases
with the increase in the aPS or aPSNW content. The temperature
of δ to γ transition in sPS/aPSNW is higher than that in sPS/
aPS blends with the same aPS content, which attributes to the

difference in the content of the complex solvent. The temper-
ature of γ to R transition in sPS/aPSNW samples increases with
rising aPSNW content, whereas is independent of aPS content
in sPS/aPS blends, which is due to that the nature of the
amorphous phase is important to γ to R transition. In the sPS/
aPSNW samples, the mobility of sPS chains is restricted by
the cross-linked aPS chains, and hence a higher temperature is
required for the transition. When the sPS δ form samples were
annealed at a temperature above 150 °C, the sPS � form crystal
appears unfavorable to be obtained in the presence of aPS and
aPS networks, especially in the case of sPS/W sample. The result
suggests that polymorphism behaviors are disturbed by the
confined environment of aPS networks.
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