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ABSTRACT: The local and cooperative dynamics in atactic (a-PS) and syndiotactic (s-PS) polystyrene were
studied by broadband dielectric spectroscopy. Besides the knownR-relaxation, two additional relaxation processes
â1 andâ2 were revealed in various samples of a-PS and s-PS films cast from solvent solutions. These new dynamic
processes show Arrhenius behavior, a common activation energy around 80 kJ/mol, and cross theR-relaxation
region without merging, indicating a molecular origin being phase-separated from the amorphous PS fraction.
By Fourier transform infrared spectroscopy (FTIR) measurements, a clear link between the existence of T2G2

helix conformation and the occurrence of theâ1- and â2-processes was established. Symmetry arguments and
systematic differences in the relaxation parameters between a-PS and s-PS favor the assignment of the fast,â1,
process to a helix defect mechanism (helix inversion), while the slow mode,â2, likely originates from cooperative
helix inversion events that would point to spatially organized aggregates of helices, as suggested earlier for PS
gels. The occurrence of such solvent-induced structures and their dynamics might have important implication for
the interpretation ofTg reductions found in ultrathin PS films.

1. Introduction

In the past four decades, atactic PS had been studied by a
large number of authors, and it becomes the model system for
many research topics and particularly, in the past decade, for
research on polymers confinement in ultrathin films.1-3

While atactic PS represents a purely amorphous polymer, the
two stereoregular variants, isotactic (i-PS) and syndiotactic
polystyrene, were extensively studied especially for understand-
ing their crystalline properties. The various methods involved
in the studies such as Fourier transform infrared spectroscopy
(FTIR),4-6 X-ray diffraction,6-11 electron diffraction,12,13 and
solid-state nuclear magnetic resonance14-16 led to the conclusion
that both i-PS and s-PS molecules assume different crystalline
forms showing a complicated polymorphism.4,6,8,10,11,17-24

The essential feature of s-PS is its ability to form stable crystal
structures based on two regular chain conformations: the all-
trans, planar zigzag conformation that gives rise to the high-
temperature crystalline formsR and â10,23,25 and the T2G2

conformation leading to a helical chain structure contained in
the δ andγ forms.8,10

Actually, theδ form is a clathrate structure represented by
complexes formed by the solvent molecules6-8,10,23,25with the
polymer chains existing in a s(2/1)2 T2G2 helix conformation.
This form can be obtained by solution cast method10,21,26,27or
by solvent vapor sorption by the amorphous polymer.28,29FTIR
results showed that annealing at 120°C induced full desorption
of the solvent but resulted in an imperfectγ form containing
many nanopores between the polymer chains of the mesophase.
It was concluded that the samples annealed at lower temperature
exhibited conformational order, but lack of crystalline regularity
and the reorganization fromδ to γ form may occur perfectly
by annealing at 170°C indicated by the decrease in the number
of micropores.26

Because of its lack of stereoregularity, a-PS is believed not
to crystallize, and it is considered an amorphous polymer.
However, it has been shown by NMR30 that a-PS usually
contains a high fraction of syndiotactic sequences in its
molecule, and results obtained with model compounds suggest
that a-PS is better described by a prevailing syndiotactic
configuration of at least eight aliphatic bonds in the trans
conformation.31 Moreover, studies of the supramolecular struc-
ture involved in the gelation mechanism of a-PS combined with
studies of a-PS in solution with different solvents showed that
this polymer forms the same type of complexes with the solvent
molecules as the one known for s-PS.9,19,32-43

So far, dielectric relaxations spectroscopy was used in
studying a-PS only, and the measurements proved to be difficult
due to the weak relaxation strength of a-PS.2,3,44,45

In this paper we report the first study, to the best knowledge
of the authors, of s-PS using dielectric spectroscopy, and the
results are compared with a-PS samples prepared under similar
conditions.

The structural evidence for conformational state probed by
dielectric spectroscopy is further provided by FTIR.

2. Experimental Section

2.1. Broadband Dielectric Relaxation Spectroscopy (BDRS).
Sample Preparation. Atactic polymer was received from Shell (PS,
Shell N7000,Mw ) 371 000, PDI) 3.3) and was purified by triple
precipitation from dichloromethane/methanol. To obtain sheetlike
samples for dielectric measurements, the precipitate was heated and
compression-molded at 200°C (sampleD1, cf. Table 1). The same
material was used to prepare a PS sample (D2) “doped” with 0.1%
of the fluorescent probe DBANS by melt mixing in a batch mixer.
More details can be found in ref 46.

Syndiotactic polystyrene was received in highly crystalline form
(Polymer Source Inc.,Mw ) 250 kg/mol). From this material, sheets
with a typical thickness between 2 and 10µm were prepared by
compression-molding at about 270°C, which were subsequently
processed further by three different sample preparation routes.
Amorphous samples (D3) were obtained by heating the sheets again
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above the melting point (270°C) and subsequently quenching them
in ice water. SampleD4 was prepared in a similar way; however,
the sample was kept at 270°C only for about 10 s, and the cooling
rate was slower (quenched on a precooled metal plate atT ) -20
°C).

For dielectric measurements, samples from the sheet materials
D1-D4 were provided with circular-shaped (D ) 2 cm) electrodes
by evaporation of∼50 nm aluminum layer on both sides. After
that, samples were clamped between the massive electrodes of a
dielectric sample cell and subjected to individual heating and
cooling cycles within the temperature range from-120 to 270°C.

SampleD5 was prepared in a very different way. A part of the
amorphous material (D3) was again dissolved in chloroform. Thin
films (115 nm) were prepared by spin-coating (at 1000 rpm for 30
s) on aluminum-coated glass slides. After annealing for 2 h at 80
°C, samples were provided with a second electrode by depositing
aluminum in a “flash” evaporation process, i.e., ultrafast deposition
with the maximum available evaporation rate (>10 nm/s)47 that
ensures both a sharp and smooth polymer/metal interface. The film
prepared from solution was measured during heating with a
temperature range from-15 to 270°C.

Dielectric Measurements and Data Analysis.Dielectric measure-
ments were performed using a high-precision dielectric analyzer
(ALPHA analyzer, Novocontrol Technologies) in combination with
a Novocontrol Quatro temperature system providing control of the
sample temperature with high stability (<0.05 K). Temperature-
dependent experiments were performed by consecutive isothermal
frequency sweeps (10-1-107 Hz) in the temperature range from
+200 to-120 °C in steps of 5 K, which resulted in an effective
(mean) cooling rate of about 0.5 K/min. For an accurate determi-
nation of the relaxation timeτ(T) and other relaxation parameters
we fitted the dielectric loss spectraε′′(ω) to the imaginary part of
the empirical Havriliak-Negami (HN) relaxation function (eq 1):
46

where ∆ε corresponds to the relaxation strength, while the two
“shape parameters”a andb represent the logarithmic slope of the
low-frequency loss tail (a) and the high-frequency loss tail (-ab).
The second term in eq 1 accounts for Ohmic conduction.

A comprehensive description of analysis methods for dielectric
data can be found in the refs 48 and 49.

2.2. Fourier Transform Infrared Spectroscopy (FTIR). Sample
Preparation and FTIR Setup.FTIR measurements were performed
on four different samples (cf. Table 1b), which were chosen to
match the morphology of the DRS samples (D1-D5) as much as
possible. Amorphous s-PS (F2) was prepared in the same way as
the DRS equivalent (D3) and was measured as a freely standing
film. A sample of atactic PS (F1) was obtained as follows. A
solution of 5 wt % PS in toluene was spin-coated (3000 rpm for
30 s) on KBr round crystal windows (diameter) 25 mm, thickness
) 2 mm) and measured after drying at room temperature. For the
preparation of these samples, atactic polystyrene (Pressure Chemical
Co.) with an intermediate molecular mass (Mw ) 160 000 g/mol)
and low polydispersity (<1.06) was used.

To compare the helix formation in both syndioactic and atactic
PS, two other samples were prepared as follows: very small (couple
of millimeters in diameter) fragments from the amorphous sheets
of syndiotactic PS were immersed in two different solvents: toluene
(sampleF3) and chloroform (sampleF4). At room temperature none
of the solvents dissolves the polymer completely; however, it is
known from the literature that the solvent uptake is sufficient to
promote the coil to helix transformation of the polymer chains inside
the swollen PS sheets.28,29

After 3 days, the s-PS sheets were taken out of the solvent and
were dried for 30 min at 80°C, subsequently mixed with KBr
powder, and prepared as round crystal windows by means of a
hydraulic press.

For the FTIR measurements a Perkin-Elmer Spectrum One FTIR
spectrometer was used in single-beam mode. Data were collected
over a range of 4000-450 cm-1 with a resolution of 0.5 cm-1.

3. Results

3.1. Dielectric Relaxations.Dielectric relaxation spectros-
copy was applied to study the molecular dynamics of the various
PS samples in a wide temperature range covering the glassy,
semicrystalline, or amorphous liquid state. Figure 1 shows a
3D representation of the dielectric lossε′′deriv(f,T) of a-PS sample
(D1). Like in previous work,48,50,51we have used the “conduc-
tion-free” dielectric loss (ε′′deriv), computed from the real part
of the dielectric spectrumε′(f ),48 in order to eliminate excessive
contributions from (Ohmic) conduction in the loss spectra.52-54

The resulting “loss”ε′′deriv (f,T) spectra reveal the dominant main
R relaxation process, well-known from the literature,55 as well
as a second process that “passes” theR-process at about

Table 1. Sample Overview

(a) DRS Samples

polymer sample code
â1/â2-processes

present? preparation details

a-PS D1 weak/weak precipitated from DCM solution in methanol, compression-
molded at 200°C

a-PS+ 0.1% DBANS D2 weak/weak precipitated from DCM solution in methanol, melt mixing of DBANS at 200°C,
compression-molding at 200°C46

s-PS D3 not present compression-molded at 200°C, remelted at 270°C for
>1 min, then quenched in ice water

s-PS D4 weak/? compression-molded at 200°C, remelted at 270°C for ∼10 s,
then quenched to RT

s-PS D5 strong/strong spin-cast from CHCl3, annealing at 80°C for 2 h

(b) FTIR Samples

polymer sample code solvent preparation details

a-PS F1 toluene spin-cast from 5% solution in toluene on KBr crystal window,
no annealing

s-PS F2 amorphous s-PS measured as freely standing film
(same preparation history as D3)

s-PS F3 toluene 3 days solvent uptake by amorphous sheets, dried for 30 min
at 80°C mixed with KBr powder and prepared
as round crystal windows

s-PS F4 CHCl3 3 days solvent uptake by amorphous sheets, dried for 30 min
at 80°C mixed with KBr powder and prepared
as round crystal windows

ε′′ ) -Im{ ∆ε

(1 + (iωτ)a)b} + σ
εvω

(1)
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100 Hz. This peculiar effect, the coexistence of two crossing,
obviously independent dynamic processes, is also seen in the
activation plot (Figure 1b).

The R-relaxation is generally attributed to the dielectric
manifestation of the dynamic glass transition, and such a
relaxation process crossing theR-relaxation has not been
reported for a-PS previously. Instead, below the glass transition
temperature, three other relaxation processes have been de-
scribed in the literature, which were assigned to local molecular
motions, some of them related to specific structural features of
the polymer chain: around 50°C (f ) 100 Hz), occasionally a
â process55 has been observed for a-PS having bulky substitutes
at the chain ends or for a-PS with very low molecular mass. At
much lower temperatures (-120 °C at f ) 100 Hz), theγ
relaxation shows up, which has been assigned to local motions
involving head-to-head irregularities in the polymer chain.55

Sinnott at al. reported an additional (δ) process located around
40 K56 and attributed this to phenyl group motions.

To assign the new relaxation mode, which we further refer
to as theâ1-process, and since it is obvious that the relaxation
behavior of polystyrene is very sensitive to the microstructure,
particularly the stereoregularity, we studied syndiotactic PS for
comparison. Although s-PS was extensively investigated regard-
ing its complex phase behavior and morphology, no measure-
ments of the dielectric relaxation dynamics have been reported
yet.

An illustration of this complex phase behavior of s-PS is given
by Figure 2, which displays the dielectric loss data of a fully
amorphous sampleD3 (Figure 2a), in comparison with the
sampleD5 prepared from CHCl3 solution (Figure 2b). While

the amorphous sampleD3 reveals a single relaxation process
(R), the solvent prepared sampleD5 exhibits two additional
relaxation modes, the fast one of which resembles the previously
describedâ1-relaxation. Despite this difference, both samples
show crystallization upon heating at∼120°C, indicated by the
discontinuous change in theR-relaxation peak at this temper-
ature. Interestingly, this crystallization affects theR-process in
the same way for the two samples without interfering with the
â1-relaxation inD5. The strong dielectric dispersion of sample
D3 just belowTg is due to the strong nonequilibrium state of
the sample after quenching, an effect that vanishes immediately
after passing the “equilibrium”Tg.

For comparison of the relaxation behavior of a-PS and s-PS,
the dielectric loss spectra of various samples measured at 150
°C are displayed in Figure 3. Three dielectric processes can be
distinguished, though some differences exist in the strength of
the individual relaxation processes. TheR-process visible around
f ) 100 kHz is present for all samples. In the medium-frequency
range (100-1000 Hz), theâ1-relaxation can be seen for all
samples except for the amorphous sample containing s-PS (D3).
At low frequencies, a third relaxation mode (â2) shows up,
which is missing as well for sampleD3. Despite the variation
in the peak intensity among the different samples, we can note
that both newâ-processes have a generally narrow peak width,
which is not typical for common secondary relaxations in
polymers.

To determine the detailed relaxation parameters including the
thermal activation parameters, the dielectric data were analyzed
by fitting isothermal spectraε′′(f ) to eq 1, which yielded the
temperature dependence of the relaxation timeτ(T) and the other

Figure 1. First observation of an additional high-temperature Arrhenius
process (â1-process) in a-PS (D1). Top: three-dimensional representa-
tion of the “conduction-free” dielectric lossε′′deriv(f,T). Bottom:
activation plot log(τ) vs inverse temperature.

Figure 2. Three-dimensional representation of the “conduction-free”
dielectric lossε′′deriv(f,T) for two differently prepared samples of s-PS:
(a) amorphous sampleD3; (b) cast sample (D5) from CHCl3 solution.
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HN parameters of each relaxation process. The relaxation time
data are plotted in the Arrhenius diagram shown in Figure 4.
As expected, theR-process, characterized by its typical curvature
in the temperature dependence of the relaxation time,τ(T), can
be fitted to the VFT law

whereEV and TV are the “Vogel activation energy” and the
Vogel temperature.57-59 The other two parametersRandτ∞ have
the usual meaning.

In contrast, all the other data obey the Arrhenius equation
(eq 3) being indicative for “simple” thermally activated behavior:

The activation parametersEa and log(τ∞) for all samples and
processes are listed in Table 3. From Figure 4 we see that all
relaxation dataτ(T) have virtually the same slope, indicating
an unique activation energy around 80 kJ/mol. For the slow
â2-process, there is only little dependence of the relaxation time
on the sample material; i.e., theâ2-relaxation shows no
sensitivity to the tacticity of the polymer. The relaxation time
values for theâ1-relaxation reveal similar behavior though
shifted in frequency by about 3 decades. Again, most of the

τâ1(T) data from a-PS and s-PS (D1, D2, D4) show a unique
behavior within the experimental error, the only exception being
sampleD5, which we will discuss later in this paper.

The relaxation strength∆ε(T) of theâ1 andâ2 relaxation as
a function of the temperature for four different PS samples is
presented in Figure 5. The two processes have about the same
relaxation strength with values ranging between 0.01 and 0.08.
However, there is an exception presented by the relaxation
strength of theâ2-process of the sampleD5 (syndiotactic PS
cast from chloroform), which is much higher compared with
the other samples. For this particular sample they-axis indicated
in Figure 5 by the arrow is depicted on the right side of the
graph.

It is clearly seen that the strongestâ1- andâ2-processes belong
to the sampleD5, which contains solvent prepared syndiotactic
PS, while the samplesD1 andD2 show the weakest processes.

The relaxation strength for theâ1-process (∆εâ1) shows a
slight decrease with the increasing temperature for all samples
presented. Relaxation strength values for theâ2-process (∆εâ2),
though being a bit more scattered, reveal the same type of
temperature dependence for the sampleD5, while for samples
D1 andD2 a reverse trend can be noticed.

3.2. FT-IR Spectra. The existence of specific molecular
conformations of the polymer chains inside the films prepared
from solvent solutions is confirmed by FTIR measurements. It
is well-known that the infrared spectrum of s-PS is very sensitive
to the local conformations of the chains.60,61 FTIR spectra
contain absorption bands that are specific to both T2G2 and
TTTT conformations, while other bands (ring modes) show no
conformation sensitivity and thus provide an internal reference.
A summary of some relevant IR absorption bands and their
assignment is given in Table 2.

Figure 6 presents the normalized mid-infrared (MIR) FTIR
absorption spectra of four PS samples. The samples used in
this experiment, their name, and preparation procedure are listed
in Table 1b.

Within the spectral region from 500 to 600 cm-1 a broad
peak with a maximum at 540 cm-1 is seen that is characteristic
of the amorphous part of the polymer here measured for the
sampleF2. SampleF2 (amorphous syndiotactic PS) has the
same preparation history as the sampleD3. Some of the
characteristic infrared bands of PS are influenced by the type
of conformation as well as by its sequential lengthm (number
of monomer units they contain), and the sensitivity to the length
of a particular conformation differs from band to band. The
bands in the 500-600 cm-1 region are due to out of plan
deformation of the phenyl ring, and they are conformational
sensitive to the T2G2 helix sequences.41,62For comparison, two
solvent prepared s-PS samplesF3 andF4 were measured, and
the spectra are shown in Figure 6 by interrupted lines. Here the
strong peak at 540 cm-1, characteristic of a random conforma-
tion, is absent, and two new absorption peaks at 535 and 548
cm-1 being indicative for the T2G2 helix conformation are
clearly visible. Chloroform and toluene were chosen as solvents,

Figure 3. Dielectric loss spectrumε′′deriv(f) at T ) 150°C for various
samples of atactic and syndiotactic PS:D1 (a-PS compression-molded
at 200°C) (O), D2 (a-PS compression-molded at 200°C + DBANS)
(b), D3 (amorphous s-PS, fast quenched) (4), D4 (s-PS slow quenched)
(2), andD5 (s-PS solvent prepared) (3).

Figure 4. Activation diagram showing the peak relaxation timesτâ1

andτâ2 for four various PS samples:D1 (a-PS compression-molded at
200 °C) (O), D2 (a-PS compression-molded at 200°C + DBANS)
(2), D4 (s-PS quenched slow) (0), and D5 (s-PS solvent prepared)
(1).

τ ) τ∞ exp( EV

R(T - TV)) (2)

τ ) τ∞ exp(Ea

RT) (3)

Table 2. Various IR Absorption Bands of Ring, Amorphous, and
T2G2 Modes According to the Literature

wavenumber (cm-1) system assignment ref

502 s-PS T2G2 28
535 s-PS/CCl3 T2G2 62
541 s-PS/CCl3 amorphous 62
548 s-PS/CCl3 T2G2, m ) 7-12 62
571 s-PS/CCl3 T2G2, m ) 20-30 62

a-PS/CS2 41
1069 s-PS/CCl3 ring mode of s-PS 62
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and there are no visible differences between the two spectra in
the region presented.

Table 2 presents the corresponding length of the helices to
the specific infrared bands in this region.

The last spectrum in Figure 6, depicted by a thin continuous
line, represents the IR response from the sampleF1, atactic PS
prepared from toluene. The two peaks at 548 and 572 cm-1

known to be characteristic of helix conformation for both a-PS
and s-PS appear in the spectrum as pronounced shoulders to
the broad amorphous peak (540 cm-1).41,62 These particular
peaks are absent in an amorphous sample (not presented in this

paper) of pure a-PS. From Figure 6 it is clear that populations
of long and short helices are present in all samples.

4. Discussion

The discovery of two, yet unknown relaxation processes in
polystyrene, a polymer that is well established as both engineer-
ing material and as a model system in polymer science, is
somewhat surprising. There are some possible explanations for
the fact that these processes where not reported previously. First
of all, the dielectric losses in PS are generally low compared to
other, well-studied polar polymers, and this has hampered broad
systematic studies on such a low-loss system in the past.
Furthermore, to reveal the very slowâ2-process unambiguously,
advanced fit strategies or the alternativeε′′deriv technique are
necessary to eliminate strong loss contributions due to Ohmic
conductivity.

Second, syndiotactic PS would have been a better candidate
to detect these relaxation modes due to the higher strength of
the â1- and â2-processes in this polymer. However, no DRS
study has been reported so far on s-PS despite the large number
of publications on this material in the last years, though a recent
paper by d’Aniello et al.63 showed that dynamic-mechanical
measurements are sensitive to polymorphic phase transitions-
(R, γ, δ, and clathrate) of s-PS.

The third but not less important explanation is that the results
so far show that theâ1- andâ2-processes were exclusively found
in samples that have a solvent history. Melt prepared samples
from both s-PS,D3 in this study, and a-PS, not presented here,
show no such processes, which led us to the conclusion that
the two processes are indicative for specific solvent-induced
structures.

In view of the rich literature dealing with conformation
transitions from coil to helix (rod) in solutions of s-PS and a-PS,
together with spectroscopic evidence from FTIR (cf. Figure 6),
it is quite evident that the new dielectric relaxation processes
are related to the existence of helical structures involving
syndiotactic sequences.34,35,41,60To identify the molecular mech-
anism that links the specific dielectric relaxationsâ1 andâ2 to
the conformational regular, helical structure, we have to revisit
the main finding from the previous section: (1) Though the
relaxation strength for theâ1- and â2-processes is slightly
different for a-PS and s-PS, the fact that they have the same
activation energy points to a common inter- or intramolecular
potential involved in both fluctuations. (2) The ultimate higher
relaxation strengths found for the syndiotactic samples are in
line with a potentially larger volume fraction of helical
sequences in s-PS than in a-PS. (3) For a given microstructure,
expressed by the tacticity, a systematic variation of preparation
conditions allows the variation of the helical fraction, and this
can be seen from the relaxation strength variation for different
samples presented in this paper in Figure 5.

The assignment of the two dielectric relaxation modes to
specific fluctuations of helical rods is less straightforward.
Fluctuations of entire helices around the long axis (rotations)
of the short axis (librations) should not have a manifestation as
a dielectric relaxation process since T2G2 helices exhibit neither

Table 3. Activation Parameters for theâ1- and â2-Relaxations Found in a-PS and s-PS

â1-process â2-process

sample EA [kJ/mol] log (τ∞ [s]) ∆ε (150°C) EA [kJ/mol] log (τ∞ [s]) ∆ε (150°C) ∆εâ2/∆εâ1

a-PS D1 79 ( 2 -13.7( 0.4 0.012( 0.001 76( 2 -10.2( 0.5 0.027( 0.002 2.4
a-PS+ 0.1% DBANS D2 83 ( 2 -14.3( 0.4 0.013( 0.001 78( 2 -10.0( 0.5 0.050( 0.003 4.0
s-PS D3
s-PS D4 77 ( 2 -13.4( 0.4 0.030( 0.002
s-PS D5 82 ( 2 -12.9( 0.4 0.065( 0.004 83( 2 -10.7( 0.5 2.6( 0.1 40.2

Figure 5. Relaxation strength∆ε(T) of theâ1- andâ2-relaxation as a
function of the temperature for four different PS samples:D1(a-PS
compression-molded at 200°C) (O), D2 (a-PS compression-molded at
200 °C + DBANS) (2), D4 (s-PS quenched slow) (0), andD5 (s-PS
solvent prepared) (1).

Figure 6. Normalized MIR FTIR of four samples of PS: details about
the samples are given in the figure caption.
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a net longitudinal or transversal dipole moment, for symmetry
reasons. Consequently, the observed dynamic processes must
be related to a well-defined defect mechanism being an intrinsic
feature of helical structures. Such a plausible mechanism is the
helix inVersionwhich takes plays at the interconnection between
left-handed and right-handed PS-helices and which has been
described in detail by Bru¨ckner et al.64

The dynamics ofkink (or helix) inVersionis likely responsible
for the fast process, which sets in at temperatures much lower
than the glass transition temperature. Compared to theâ1-
process, theâ2-relaxation is stronger and slower by roughly 3
decades. Nevertheless, it shows virtually the same activation
energy. Both features of theâ2-process imply a cooperative
nature of this slow dynamic process, which might be rationalized
by “concerted” helix inversions as being a plausible process in
3-dimensional aggregates of helical rods. It should be noted that,
in our experiments, the helical structures reveal enormous
stability even when annealing the samples up to the melting
temperature (270°C) of the all-trans crystalline phase. This can
be explained by the fact that, on one hand, our samples are not
annealed for long enough periods of time at this temperature to
completely eliminate the helices formed by parts of the polymer
chains inside the film and, on the other hand, the samples are
measured in a sandwich configuration where the polymer film
is clamped between two aluminum electrodes. This type of
sample geometry might hamper the complete transformation of
polymer chains into the all-trans conformation being charac-
teristic of s-PS at very high temperatures, and parts of the helices
are still maintained after cooling.

We think that these new, solvent-induced, structures and their
dynamics have important implication for the interpretation of
Tg reductions found in ultrathin PS film, an issue that will be
the subject of a forthcoming publication.

5. Conclusions

Using dielectric relaxation spectroscopy, two relaxation
processesâ1 andâ2 not reported before in the literature were
revealed in both a-PS and s-PS. These new dynamic processes
show Arrhenius behavior and a common activation energy
around 80 kJ/mol, and they cross theR-relaxation region without
merging, indicating the coexisting of an amorphous together
with a nonamorphous phase with specific structural and dynamic
properties.

Theâ1- andâ2-processes are dielectric manifestations of local
fluctuations within helical “rods” formed by syndiotactic
sequences, which are present in both atactic and s-PS. While
the fast relaxation mode assigned to a defect mechanism (helix
inversion), the presence of the slow process indicates the
existence of helical aggregates as suggested earlier for PS gels.

The clear link between fraction of T2G2 conformation and
the strength of relaxation processes supports assignment of the
two relaxation processes to molecular fluctuations involving
helical moieties.

In this tentative picture, relaxation details of theâ2-process
might contain information about packing details of helices in
the δ or γ phase, which turn out to exhibit an exceptional
temperature stability even above the melting temperature of the
high-temperature crystalline phase.

By FTIR measurements, a clear link between the existence
of T2G2 helix conformation and the occurrence of theâ1- and
â2-processes was established.

The general observation of theâ1- andâ2-relaxations in all
solvent prepared samples (regardless of the solvent used) further
implies that the existence of helical rods and helical aggregates

is likely a general issue for PS samples obtained by spin-coating,
and further consideration is needed in all studies dealing with
solvent prepared PS samples.
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