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ABSTRACT: Phase transformations in solutions of syndiotactic polystyrene in cis-decalin has been
investigated by differential scanning calorimetry, wide and small angle X-ray scattering, and Fourier
transformed infrared spectroscopy. The in-situ performed experiments enabled identification of the
different modifications without solvent removal. Quenching a solution leads to formation of the helical
δ-phase. On heating, this phase transforms into the planar zigzag â-phase. The transformation of the
helical phase (δ) into the planar zigzag (â) during heating proceeds via a melting-recrystallization process.

Introduction

Syndiotactic polystyrene (sPS) shows a complex poly-
morphic behavior, strongly influenced by the sample
history.1-9 The polymer chain backbone can adopt two
different conformations: an all-trans planar zigzag (T4)
and a helical structure (T2G2). These two different
conformations give rise to four crystal modifications.1-5

The difference in chain packing of the zigzag conforma-
tion leads to the R- and â-modifications that can be
obtained from the melt or from solution. The helical
conformation on the contrary can only be formed in the
presence of a solvent,1-3,10-20 and this leads to the
formation of two different helical phases, the γ- and
δ-phases. In addition, the possibility of the formation
of two mesophases is reported.4,20-24 Depending on the
conformation that is adopted, the nomenclature “helical”
mesophase and “planar” mesophase is proposed.20

In earlier studies the concentration dependence of the
structure formation in decalin, o-xylene, and some
chlorobenzenes has been reported.25-28 The formation
of the different phases was shown to be controlled to a
large extent by kinetic factors. But the temperature-
concentration phase diagrams, obtained under well-
controlled experimental conditions, allowed us to con-
clude that the helical phase represents an incongruent
melting polymer-solvent compound. The construction
of these diagrams, however, was mainly based on
calorimetric observations (DSC) and wide angle X-ray
scattering (WAXS) measurements, using a flat film
camera. This limits to an important extent the struc-
tural observations, as most of the solvent has to be
eliminated in order to observe well-defined patterns. It
is also evident that this drying operation can result in
phase transformation because this corresponds with a
shift in concentration through the phase diagram. In
situ investigations of phase transformations during
heating was also not possible. But such information
could be very valuable and could lead to more evidence
of the phase behavior and related transformation mech-
anisms.
Therefore, high-intensity synchrotron radiation was

used together with an electronic counting device in order

to observe in situ the X-ray scattering patterns simul-
taneously at wide and small angles, in the presence of
the solvent, and investigate the relation between the
temperature and crystal structure.
Combination of this technique with DSC and FTIR

experiments further provided insight into the stability
of the different phases and their transformation behav-
ior.

Experimental Section
Materials. The number-average and mass-average molec-

ular masses of the syndiotactic polystyrene used, determined
by GPC in 1,2,4-trichlorobenzene, were 14.3 × 104 and 42.9 ×
104 g/mol. The syndiotactic polystyrene sample was provided
by Dow Chemical. cis-Decalin with a degree of purity of 0.99
as obtained from Aldrich Chemie was used.
Dynamic Scanning Calorimetry. A Perkin-Elmer DSC-7

was used to study thermal transitions at 5 °C/min. The
polymer mass fraction, w2, is used to express the polymer
concentration.
FT Infrared Spectroscopy. A Perkin-Elmer FTIR 2000

was used. The polymer solution was put between NaCl
windows. To increase the signal to noise ratio, a minimum of
32 spectra with resolution of 2 cm-1 are added. During heating
eight scans are collected at a heating rate of 2 °C/min.
SAXS/WAXS Equipment. Simultaneous SAXS/WAXS ex-

periments were performed on Station 8.2, Daresbury (U.K.)
using a wavelength of 1.5 Å. To have better information,
WAXS pattern experiments were repeated on Station ID11/
BL2 of the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France. A flux of >1012 photons/s at the sample
position was used. The beam size at the sample was 0.2 ×
0.2 mm2. A wavelength of 0.757 Å was used for WAXS studies.
A parallel plate ionization detector was placed in front of the
sample to record the incident intensity. The detection of the
scattered photons was established with a Princeton CCD
detector. The solutions were enclosed in sealed capillaries.
Polyethylene single crystals were used to calibrate the

WAXS detector. For calibration of the SAXS detector, the
scattering pattern from an oriented specimen of wet collagen
(rat-tail tendon) was used.

Results and Discussion

Phase Behavior of sPS/cis-Decalin. The shape of
the temperature-concentration diagram is highly de-
pendent on solvent structure and quality. The study
of the crystal structure transformations necessitates a
system in which the transition from the helical phase
into the planar zigzag phase can take place over the
whole concentration range. This can only be realized
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in poor solvents like cis-decalin. The detailed study of
the phase behavior of this system has been reported in
a previous paper.25 The melting point-concentration
relationship for the different phases is represented in
Figure 1.
This type of diagram is characteristic for the forma-

tion of a polymer-solvent compound. Up to now, it was
not possible to localize the exact composition of the
compound (δ-phase). A standard technique used for
small molecular compounds is the dependence of the
melting enthalpy on concentration. This melting en-
thalpy should go through a maximum at the composition
of the compound. But such a relationship supposes that
the compound formation is not influenced by the overall
concentration of the solution. This is certainly not the
case in the system sPS-decalin. The melting enthalpy
per gram sPS decreases with increasing polymer con-
tent.25,26 Therefore the degree of crystallinity is not
constant but decreasing with increasing polymer con-
tent. One can nevertheless conclude from such a
temperature-concentration investigation that this com-
position has to be situated around w2 ) 0.50.25 There-
fore the composition of the compound is put in Figure 1
at that concentration. Calorimetric observations and
SAXS/WAXS analysis will be performed with solutions
that have an overall polymer content w2 ) 0.40. The
optimum condition would be the concentration that
corresponds exactly with the composition of the polymer
solvent compound but this condition cannot be realized
for reasons given earlier. A polymer concentration w2
) 0.40 was chosen, close to the estimated composition
of the compound and in a concentration range that still
can be prepared as a homogeneous system without too
much trouble. The intensity of the DSC signals and of
the X-ray scattering signals will benefit from this
situation.

In the phase diagram represented in Figure 1, three
different temperature-concentration regions have to be
considered.
Region I corresponds to the coexistence of a solution

and the zigzag crystal phase. In region II, pure solvent
coexists with the compound. In region III, the com-
pound should coexist with the zigzag phase. But
difficulties in the establishment of this equilibrium can
arise from the presence of the glass transition-
concentration relationship (Tg-w2).
Kinetic factors also play an important role. Cooling

a homogeneous solution slowly from high temperatures
results in the crystallization in the zigzag phase (I).
Formation of the polymer-solvent compound can only
be realized by quenching.
Calorimetric Investigations of the Phase Rela-

tionships. In cis-decalin, the helical phase can only
be formed by quenching the solution from high temper-
atures into concentration region II. Under these condi-
tions, heating of the sample will result in an incongruent
melting of the helical phase and a recrystallization into
the zigzag phase. This transformation can easily be
followed by DSC, and this is illustrated in Figure 2 for
a solution with w2 ) 0.40. Minor differences in the
melting temperatures of the planar zigzag form in
comparison with the presented phase diagram are due
to the higher molecular weight of the sPS used in this
study. The melting and recrystallization phenomenon
remains unaffected by molecular weight.
The DSC scan reveals an endothermic signal (1)

immediately followed by an exotherm (2). On further
heating, a second endotherm is observed (3). Most
likely, endotherm 1 represents the melting of the helix
phase. But this melting signal is very incomplete, as it
overlaps with the recrystallization into the zigzag phase
(2). This zigzag phase melts at even higher tempera-
tures (3). The formation of this phase at a large degree
of undercooling can be responsible for the multiple
melting signal. These phase transitions have been
followed in-situ by X-ray scattering at wide and small
angles.
Structural Analysis of the Phase Transforma-

tion by SAXS andWAXS. Partially dried samples are
generally used to analyze the crystal structure of the
different phases. But the elimination of the solvent,
however, can induce changes in this crystal structure
(δ to γ or even to zigzag). Therefore the SAXS and
WAXS observations were made by using polymer solu-
tions with w2 ) 0.40. This high polymer content
guarantees a high enough intensity of the diffraction

Figure 1. Temperature-concentration diagram of sPS/cis-
decalin. (9) Melting of the zigzag phase and (b) helical phase,
drawn after ref 25.

Figure 2. DSC thermogram of a sPS/cis-decalin solution (w2
) 0.40).
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signals related to the polymer crystal structure so that
they can be distinguished from the broad signal that
results from the presence of a large amount of solvent.
The use of sealed glass capillaries guarantees a constant
polymer concentration during the thermal treatment of
the samples. Quenching these samples from the solu-
tion state at high temperature into liquid nitrogen
followed by heating to room temperature transforms the
sample in the δ-phase. Then the SAXS and WAXS
patterns were recorded as a function of temperature at
5 °C/min.
WAXS. Figure 3 represents the three-dimensional

view on the evolution of the WAXS patterns in the
temperature region of interest. The signals that can be
ascribed to the presence of a polymer crystal structure
are superimposed on the broad maximum that results
from the presence of the solvent. Subtraction of the
solvent signal was not performed, because the solvent
plays an important role in the polymer-solvent com-
pound. Nevertheless, positioning of the maximum of
the different peaks was possible and the corresponding
d spacings and 2θ values collected at -10 and +160 °C
are reported in Table 1. This table also contains d
spacings reported by Guerra for the â-modification (12)
and for the δ-modification that have been derived from
Figure 1 in ref 12.
An important change in the patterns is observed at

140 °C, and this is illustrated in Figure 4, in which the
patterns recorded at -10 and +160 °C are compared.

The broad peak, which must be attributed to the solvent,
is positioned at d spacings of 5.36 Å at -10 °C (2θ )
8.1°) and 5.75 Å at 160 °C (2θ ) 7.55°). The maximum
in the diffraction band of a solvent is related to the
presence of a Van de Waals interaction between the
solvent molecules. Pure cis-decalin shows a maximum
corresponding with 5.6 Å (2θ ) 7.75°) at room temper-
ature. The shift in this maximum arises from both the
temperature dependence of the position of the maximum
and the structure formation in solution. This shift
makes the subtraction of the contribution of the solvent
difficult. The diffraction maxima characteristic for the
presence of the structuralized polymer appear on top
of the broad solvent signal. Below 140 °C most of the
polymer is in the δ-phase with characteristic d spacings
at 8.76 Å (2θ ) 4.59°) and 3.81 Å (2θ ) 11.4). The
presence of a weak diffraction peak that corresponds
with a d spacing of 14.46 Å (2θ ) 3.0) is indicative of
the presence of a small amount of zigzag structure. The
pattern at 160 °C shows all characteristic peaks for the
â-phase.
These changes in crystal structure on heating in

combination with the melting-recrystallization signal
observed in the DSC experiments, clearly support the
earlier proposed transformation mechanism of the
δ-modification into â-modification.
SAXS. SAXS experiments were performed under the

same experimental conditions of sample treatment and
temperature cycle. The changes in the diffraction
patterns obtained in the temperature domain of interest
are shown in Figure 5. A broad signal with a maximum
at a q value of 0.035 Å-1 is observed in the temperature

Figure 3. 3D overview of WAXS patterns during heating the
sPS/cis-decalin solution.

Table 1. Observed 2θ Values and d Spacings at -10 and
+160 °C and Literature Data for the δ- and

â-Modifications (ref 3)

T ) -10 °C T ) 160 °C

2θ d (Å) d(δ) (Å) 2θ d (Å) d(â) (Å)

3.0 14.46 3 14.46 14.37
11.32

4.95 8.76 8.66
5.1 8.5 8.46
6.05 7.17 7.18

6.2 6.99 6.60
6.65 6.53 6.52
7.55 5.75

8.1 5.36
5.21

9.1 4.77 4.78
4.39

10.0 4.34 4.46
4.18

11.4 3.81 3.88
11.6 3.74 3.72

3.58
3.19

2.56

Figure 4. WAXS patterns at (a) -10 °C and (b) 160 °C.

Figure 5. 3D overview of SAXS patterns during heating the
sPS/cis-decalin solution.
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region below 140 °C. Such a pattern reflects the absence
of the long range order that is generally formed when
crystallization with formation of folded chain lamellar
structures has taken place. The supramolecular orga-
nization could very well correspond to a dense network
of bundle-like structures formed by the association of
helical segments. This type of morphology has already
been reported for the similar system isotactic polystyrene/
decalin.29 The maximum disappears between 120 and
135 °C and a new maximum at q ) 0.03 Å-1 develops
when the samples reach temperatures above 140 °C.
This corresponds with a d spacing of 210 Å. These
changes have to be ascribed, like in the WAXS observa-
tions, to the transformation from δ-modification into the
â-modification. This â-modification normally crystal-
lizes from the melt or from solution with the formation
of lamellar folded chain structures so that we can
ascribe the appearance of the SAXS signal to the
formation this type of structure during the melting-
recrystallization process.
The observations made in both SAXS and WAXS

confirm the DSC data. A good illustration and sum-
mary is given by the change in the invariant Q )
∫0∞q2I(q) dq of the SAXS spectra as a function of
temperature (Figure 6). This invariant reflects the
electron density fluctuation between different regions.

Thus changes occurring in the electron density fluctua-
tions during phase transformations can be followed by
Figure 6. The increase in the invariant in the temper-
ature region -10 to +105 °C goes in parallel with the
development of the δ-phase. From 105 to 150 °C, the
invariant of the pattern decreases and increases again
at higher temperatures. The decrease in the invariant
is characteristic for the melting process where the
density fluctuations between different regions nearly
disappear. The following increase on heating further
suggests crystallization and crystal perfecting in the
â-phase as anticipated by WAXS. Thus a decrease and
increase in the invariant further confirms melting and
recrystallization phenomenon during the helical to
planar zigzag transformation. Between 175 and 180 °C,
melting of this â-phase sets in, which is in accordance
with the endotherm observed around these tempera-
tures in DSC.
Infrared Spectroscopy. The infrared absorption

spectra of the different modifications of sPS have been
extensively studied in the literature.13,23,30-37 They
reflect the differences in molecular conformations: helix,
zigzag, and amorphous random coil conformation. The
difference in crystal modification within one conforma-
tion is not showing up clearly with this spectroscopic
technique. The difference between the γ- and δ-phase
lies in a higher absorption intensity for the γ-phase.31
Table 2 summarizes the useful absorption bands that
distinguish the helical from the zigzag conformation,
and Figure 7 shows the spectra of the cis-decalin (Figure
7a) and of the different conformations of the polymer
chain (Figure 7b-d). No solvent subtraction was per-
formed on the spectra taken in solution.
The spectrum of pure amorphous sPS (Figure 7d) was

obtained with a sample that was quenched from the

Figure 6. Invariant vs temperature during heating the sPS/
cis-decalin solution.

Figure 7. IR spectra of (a) pure cis-decalin, (b) the helical and (c) the zigzag conformations, and (d) amorphous sPS.

Table 2. Typical IR Bands for Helical and Zigzag
Conformations

helix (cm-1) zigzag (cm-1)

1276-1277 1396
1168 1220-1224
943 902.5 (R)
571-572 911 (â)
535-537 542
548

7942 Roels et al. Macromolecules, Vol. 30, No. 25, 1997



melt in liquid nitrogen. The spectrum of the zigzag
modification was recorded with a solution of w2 ) 0.10
from which the polymer was crystallized 120 °C. In the
phase diagram (Figure 1), this temperature is situated
at the border of the stability domain of the helical and
zigzag phase. Only the zigzag phase is expected to be
formed, as the formation of the helix phase necessitates
a large degree of undercooling. In Figure 7c, the
absorption at 1224.5 cm-1 is characteristic of the zigzag
phase, but this absorption cannot be used to differenti-
ate between the R- and â-phase. The absorption be-
tween 900 and 910 cm-1 can be used for this purpose.
In this wave number range, three different signals can
be observed. The absorption at 905.5 cm-1 is charac-
teristic for the atactic isomer and amorphous sPS (7d).
The signal shifts to 902.5 and 911 cm-1 for respectively
the R- and â-phase.31 The spectrum represented in
Figure 7c clearly indicates the one is dealing with the
â-phase. The spectrum of the helical phase (Figure 7b)
was recorded with a sample that was quenched from
the solution state in an ice bath. This conformation does
not absorb in the wave number range from 1250 to 1200
cm-1, but characteristic bands appear at 943, 572, and
548 cm-1.
These IR characteristics were used in this study for

the identification of the conformational transition from
helix to zigzag. The sample was heated in the IR
equipment in order to perform a dynamic measurement
similar to the calorimetric and X-ray scattering experi-
ments reported above. The most important changes
take place between 100 and 120 °C. The evolution of
the intensity of two typical bands is shown in Figure 8.
The intensity of the band at 572 cm-1 is representative
of the quantity of helical phase. The band at 1224.5
cm-1 represents the zigzag phase. A dramatic drop in
the intensity of the band at 572 cm-1 sets in at 105 °C.
This is followed by a sharp increase at 1224.5 cm-1. At
the same time, an increase of the intensity of the
amorphous bands at 1155 and 1025 cm-1 takes place.
The increase of the amorphous fraction indicates that
the transition of the helix to zigzag conformation
consists of a melting-recrystallization transition.
Also the change in the position of the absorption

maximum in the region 905-911 cm-1 is remarkable.
A few spectra at different temperatures are selected in

Figure 9. The spectrum at 20 °C shows an absorption
maximum at 907 cm-1, and a shoulder at smaller wave
numbers. At 107 °C, the temperature at which the
melting of the helical phase sets in, the absorption
maximum is positioned at this lower wave number but
then shifts to a higher wave number to 910 cm-1 with
increasing temperature. A shoulder at lower wave
numbers is still present.
This continuous shift in the maxima is shown in

Figure 10. The absorption maximum is observed at 907
cm-1 up to 95 °C but shifts to 905 cm-1 on further
heating. Around 110 °C this absorption shifts back to
the higher value of 910 cm-1.
This final shift to 910 cm-1 clearly must be attributed

to the formation of the â zigzag phase, and this confirms
the earlier reported observations on the phase trans-
formations. The shift to lower wave numbers in the
temperature domain between 95 and 107 °C must be
attributed to the intermediate formation of a less
ordered phase. This can be an amorphous phase,
having a maximum at 905.5 cm-1 (Figure 7d), or one of
the mesomorphous phases described in literature. Au-
riemma et al. reported a mesophase having chains in

Figure 8. Evolution of the intensity of two typical bands
during heating the sPS/cis-decalin solution: (1) 572 cm-1

(helix) and (9) 1224 cm-1 (zigzag).

Figure 9. IR spectra during heating.

Figure 10. Evolution of the position of the IR absorption
maximum in the region 900-910 cm-1 during heating.
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zigzag conformation with a characteristic IR-maximum
at 903.5 cm-1 and a band at 1224 cm-1 related to the
sequences in the trans-planar conformation.23 This last
observation, however, is absent in our spectra, so that
it seems more probable that the shift to lower wave
numbers of the band at 910 cm-1 results from the
transition from the δ- to the â-phase through the
amorphous phase. These observations also support the
proposed mechanism of melting and recrystallization.

Conclusion
In cis-decalin, the helical phase (δ) is formed when a

solution is quenched. On heating, this helix phase
transforms into the zigzag phase (â) by a mechanism of
melting-recrystallization. The earlier anticipated melt-
ing25 of the thermodynamically less stable helical state
and recrystallization into the stable planar zigzag phase
has been observed with DSC, X-ray scattering, and
FTIR. During this transformation, the metastable,
incongruently melting compound (δ-phase) changes into
the more stable crystal phase (â-phase).
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