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ABSTRACT: Nanocomposites were prepared by solution blending of polyhedral oligomeric silsesquioxane with
phenethyl substituents (PhenethylPOSS) into polystyrene (PS). The prepared materials were investigated by
dielectric spectroscopy, differential scanning calorimetry (DSC), and density measurements. Additional FTIR
investigations were carried out. Pure polystyrene shows two relaxation processes, an intermediateâ*-process at
lower and theR-relaxation at higher temperatures, the latter corresponding to segmental dynamics (dynamic
glass transition). The molecular assignment of theâ*-process needs further investigation. PhenethylPOSS can be
incorporated into PS up to about 40 wt % without any indication of phase separation. With increasing
PhenethylPOSS content, theR-relaxation of the composites shifts to lower temperatures and the loss peak broadens.
Thus, the main effect of the nanofiller in the polystyrene matrix is to enhance the segmental dynamics, i.e.,
plasticization. The incorporation of approximately 40 wt % (approximately 5 mol %) PhenethylPOSS shifts the
glass transition temperatureTg by 50 K to lower temperatures. The obtained results for polystyrene are discussed
together with those reported recently for polycarbonate where a phase-separated morphology is observed for
higher concentrations of PhenethylPOSS. The different behavior of PhenethylPOSS in polystyrene and
polycarbonate is interpreted in terms of the different interaction of the phenyl rings within the POSS substituents
with the phenyl rings of the polymers. For polystyrene, the interaction is stronger than for polycarbonate which
probably leads to the enhanced miscibility of PhenethylPOSS into polystyrene. A detailed analysis of the
temperature dependence of the dielectric relaxation strengths points also to additional interactions in the
nanocomposites when compared to pure polystyrene. The broadening of the loss peak with increasing concentration
is discussed in the framework of composition fluctuations.

1. Introduction

Hybrid materials based on polymers with nanoscaled inor-
ganic fillers become more and more important in conventional
engineering but also for various high-tech applications for
instance in microelectronics, optics, etc. (see for instance refs
1-7). The property improvement of such polymer based
nanocomposites compared to conventional scaled composites
is a direct consequence of the size of the incorporated particles
in the nanometer range. In addition to that, the role of the
interfacial area between the nanoparticles and the polymer
matrix is important which includes also the interaction of the
nanoparticle with the segments of the polymer chains. Because
of the high surface to volume ratio of the nanoparticles, the
volume fraction of this interfacial area is high.1-3

Recently, polyhedral oligomeric silsesquioxanes (POSS8) has
been increasingly used as nanofiller (see for instance refs 9-12).
POSS itself is a hybrid organic-inorganic structure. It consists
of a silica cage in the core with organic substituents R attached
at the edges of the cage. The general formula of it is (SiO1.5)nRn

10

wheren is the number of silicon atoms of the inner cage (n )
8,10,12...). From the chemical point of view, POSS is a complex
molecule but it can be regarded more general as the smallest
possible silica particle surrounded by an organic surface.10,13

Because of the fact that a broad variety of substituents can be
attached to the silica core, the compatibility between a “POSS
nanoparticle” and different polymeric matrixes can be tuned.

The chemistry of POSS is quite flexible. By introduction of
polymerizable functional groups in the substituents, POSS can
be incorporated into polymer chains or act as a crosslinker.14

Compared to the incorporation of POSS by chemical bonding,
blending is a simple and inexpensive way to obtain polymer-
based nanocomposites. Recently, POSS with different substit-
uents have been blended into a variety of commercial polymers14

such as polypropylene,15-19 high-density polyethylene (HDPE),20,21

poly(methyl methacrylate) (PMMA),22-25 poly(vinyl chlo-
ride),26,27 poly(ethylene terephthalate),28-30 polystyrene,31-34

poly(vinyl ester resin),35 and poly(bisphenol A carbonate)
(PBAC).11,12An improvement of the material characteristics of
POSS containing nanocomposites, including the enhancement
of the thermal stability and the mechanical properties, has been
reported for different systems. Moreover it was also found that
the glass transition temperature (Tg) of the nanocomposites
depends on the substituents and the concentration of the POSS
compound. This was reported for instance for PMMA,24,25poly-
(vinyl chloride),26,27 and also for polycarbonate.12

One problem of the blending method is to maintain a stable
dispersion of the POSS molecules in the polymer matrix on a
molecular level even for higher concentrations of POSS. For
instance it was found for isobutylPOSS/PMMA,25 octameth-
ylPOSS/HDPE,21 and phenethylPOSS/PBAC12 that POSS can
be only dispersed in the matrix on a molecular level up to a
critical concentrationccritical. For higher concentrations than that,
phase separated morphologies are observed. The absolute value
of ccritical depends on the interaction between the substituents R
and the repeat units of the polymer chain. Therefore adjusting
the interaction of the POSS substituents may enhance the
compatibility of the filler and the polymer matrix. This was
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proved for blending isooctylPOSS into isotactic polypropylene.36

Because of the long alkyl substituents, POSS could be well
dispersed into PP. Also for phenethylPOSS/PS nanocomposites
it was found that due to the interaction of the phenyl rings of
the nanofiller with those of the matrix, POSS can be molecularly
dispersed into polystyrene up to about 20 wt %.37

Recently, we employed dielectric spectroscopy to study the
structure property relationships of nanocomposites based on
polycarbonate and POSS with phenethyl substituents (Pheneth-
ylPOSS8).12 As a main result it was found that PhenethylPOSS
can be dispersed on a molecular level up to approximately 7
wt % in the polycarbonate matrix and acts as a plasticizer. For
higher concentrations of PhenethylPOSS, a phase separated
morphology is found consisting of a polycarbonate rich matrix
with molecularly dispersed POSS and POSS-rich domains.
These domains are surrounded by an interfacial layer of
polycarbonate having a higher concentration of PhenethylPOSS
then the remaining matrix.12 In the continuation of that work
here, polystyrene is used as the matrix polymer where Phen-
ethylPOSS is again used as the nanofiller. The same conditions
were applied to prepare the nanocomposites. The obtained results
will be compared with those obtained for the PhenethylPOSS/
polycarbonate system. For melt blending, it was found by
Blanski et al. that PhenethylPOSS can be incorporated into
polystyrene up to 20% on a molecular level.37

2. Experimental Section

2.1. Materials and Sample Preparation.Polystyrene (PS) was
purchased from Sigma-Aldrich and used as the matrix polymer (Mn

) 985 000 g/mol, polydispersity index (PDI)) 2.02). Pheneth-
ylPOSS was purchased from Hybridplastics Inc. Its molecular
structure is given in Figure 1. The composition of the obtained
product was discussed in detail in ref 12. MALDI-TOF mass
spectrometry showed that it consists of a mixture of octa-
PhenethylPOSS (n ) 8, T8-cage), deca-PhenethylPOSS (n ) 10,
T10-cage), dodeca-PhenethylPOSS (n ) 12, T12-cage), and prob-
ably smaller amounts of POSS of higher cage sizes. Both the
polystyrene as well as the POSS were used without further
purification.

The route for the preparation of the nanocomposites is given in
detail in ref 12. Here, polystyrene is solvated in chloroform (15 wt
%, solvent reagent grade). PhenethylPOSS was dispersed in that
solution with the selected concentrations. Ultrasonification (Ban-
delin Sonopuls, HD200/UW200 homogenizer equipped with KE76
titanium tapered tip) was applied for at least 5 min to stabilize this
mixture. A custom-made casting knife was used to cast the solution
onto a polished glass substrate. To control the initial evaporation
of the solvent from the film, the glass plate was placed in a closed
chamber. After that initial step, the films were removed from the
substrate and heated in vacuum up to 343 K. At this temperature,
the sample was annealed for 24 h to remove the residual solvent.
The selected annealing temperature is below the glass transition
temperature of PS. The temperature was chosen because also gas
transport measurements were carried out on the same set of
nanocomposites. For these measurements, pinhole free samples with

plane surfaces (35 mm in diameter) are required. Such samples
cannot be obtained by annealing the film above its glass transition
temperature. The results of the gas transport measurements are
published elsewhere38 together with a comparison of the dielectric
data given here. Thermogravimetry (TGA) was applied to check
the complete removal of the solvent. Furthermore the glass transition
temperature measured for a solution prepared film agrees with
literature data given for bulk PS. With the use of this procedure,
flat and transparent samples can be prepared up to 40 wt % of
POSS. With an increasing concentration of PhenethylPOSS, the
films become more and more brittle. Above 40 wt % of POSS, no
stable films could be obtained anymore. Details of the prepared
samples are listed in Table 1. The last digits in the sample codes
represent the nominal weight fraction of PhenethylPOSS. All
concentrations given within the paper and also in the figure captions
are calculated from the formulation.

2.2. Methods.To check the concentration of PhenethylPOSS in
the prepared nanocomposites, FTIR was employed. The infrared
spectra of the samples were measured using a Thermo-Nicolet
(Nexus 670) FTIR spectrometer at room temperature. The nano-
composites were measured in transmission, while the IR spectrum
of pure PhenethylPOSS was measured by attenuated total reflection-
IR (ATR-IR). For all samples, the spectra were taken in the
wavenumber range from 400 to 4000 cm-1. During the measure-
ments, 64 scans with a resolution of 2 cm-1 were recorded.

The structure property relationships of the prepared nanocom-
posites were studied by dielectric spectroscopy, thermal analysis,
and density measurements. Dielectric spectroscopy is sensitive to
molecular fluctuations of dipoles within the system which can be
taken as a probe for structure. For details see ref 39. A high-
resolution ALPHA analyzer (Novocontrol) is used to measure the
complex dielectric functionε*( f) ) ε′(f) - iε′′(f) in parallel plate
geometry (f, frequency;ε′ andε′′, real and imaginary part of the
complex dielectric function, i) x-1). The sample was placed
between two gold-covered stainless steel electrodes and isothermally
measured in the frequency range from 10-1 Hz to 107 Hz. Its
temperature was controlled by a Quatro Novocontrol cryo-system
with a temperature stability better than 0.1 K. For more details see
ref 40.

Thermal analysis was carried out by differential scanning
calorimetry (DSC, Seiko). The samples were measured in the
temperature range from 173 to 473 K with a rate of 10 K/min. N2

was used as the protection gas. The glass transition temperatureTg

was taken as the inflection point of the heat flow of the second
heating run. (The difference in the glass transition temperatures of
the first and second heating run was typically 1-2 K). The
measuredTg values of the samples are listed in Table 1.

A density gradient column (DGC) was employed to measure the
density of the samples according to DIN 53479 at the required
temperature of 296.15 K (23°C, temperature error 0.3 K). In order
to measure densities from 1.175 to 1.220 g/cm3, solutions of
isopropanol with distilled water were employed. The density of
the sample is determined by polynomial interpolation between that
of glass floats having well-defined values. Density values were taken
each day during one week after the calibration of the DGC and
average densities were calculated. The error of these subsequent

Figure 1. Chemical structure of octa-PhenethylPOSS (ph) phenyl).

Table 1. Composition and Codes of the Investigated
Nanocomposites, All Compositions Were Calculated from the

Formulation (In Addition, Glass Transition Temperatures Estimated
by DSC and Densities Are Given)

sample code
cPOSS

[wt %]
xPOSS

[mol %]
Tg

[K]
F

[g/cm3]

PS000 0 0 373.1 1.045
PS005 4.7 0.5 362.3 1.062
PS010 9.1 1.0 358.0 1.072
PS013 13.1 1.4 355.9 1.077
PS022 22.1 2.6 351.7 1.082
PS032 31.9 4.3 343.0 1.101
PS038 38.3 5.5 325.8 1.126
PhenethylPOSS 100 100 243.7 1.215
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measurements is below 1%. The first value of the density was taken
24 h after the insertion of the sample into the DGC. The absolute
error in the calibration of the glass floats is below 2%.

3. Results and Discussions

The structure of the paper is organized as follows. First the
dielectric properties of the PhenethylPOSS/PS nanocomposites
are discussed. In the second part a detailed comparison with
that of PhenethylPOSS/PBAC is presented.

PhenethylPOSS/Polystyrene Nanocomposites.Infrared spec-
troscopy was applied to determine the content of PhenethylPOSS
in the nanocomposites. The IR spectra of the pure PS,
PhenethylPOSS, and a nanocomposite with 22.1 wt % POSS
are shown in Figure 2.

They-scale is different for pure POSS and the nanocompos-
ites because the former is measured using the ATR technique.
A series of characteristic absorption peaks can be identified from
the spectra.41,42 The broad peak around 3000 cm-1 is due to
the vibration of the C-H bonds of the phenyl rings, while the
double-peak-structure at 1452 and 1496 cm-1 is assigned to the
CH2 groups. A broad absorption peak around 1078 cm-1 is
observed for bulk PhenethylPOSS which is due to the vibrations
of the-Si-O-Si- bond of POSS. Blending POSS molecules
into PS slightly shifts this band to higher wavenumbers (1103
cm-1). It increases in intensity with increasing concentration
of POSS. Thus, the band at 1103 cm-1 is used to characterize
the content of POSS in the nanocomposites. The quantitative
IR-analysis of PS-based PhenethylPOSS nanocomposites is
difficult because all of the characteristic bands of PS overlap
with bands of the bulk PhenethylPOSS. Therefore advantage is
taken from the fact that although the weight fraction of POSS
is high, its molar fractionxPOSSis low (see Table 1). This means
the number of POSS molecules is small compared to the number
of repeat units of polystyrene. Therefore it is assumed that the
contribution of the phenyl rings of POSS to the band at 3000
cm-1 can be neglected and it can be taken as characteristic for
polystyrene. After subtraction of the baseline, the intensity of
the bands at 1103 and 3000 cm-1 is estimated by fitting a
Gaussian to the data. The ratio of the intensities of theses bands
I1103/I3000 is plotted versus the mole fraction of PhenethylPOSS
in the solution in Figure 3. This ratio scales linearly withxPOSS

which can be described by

This linear relationship proves that the molar concentration of
the POSS in nanocomposites is equal to that of the formulation.

The dielectric behavior of pure PhenethylPOSS is discussed
in detail in ref 12. One dielectrically active relaxation process
is observed which corresponds to the dynamic glass transition
(R-relaxation) of PhenethylPOSS. This was supported by DSC
measurements.

Polystyrene has a weak dipole moment, and therefore the
dielectric loss is low. At least one relaxation region indicated
by a peak inε′′ could be identified. It is assigned to the
R-relaxation of polystyrene due to segmental fluctuations. A
closer inspection of the spectra reveals that there is a weak
shoulder at the low-temperature side of theR-process which
corresponds to a second relaxation process (â*). Also Wübben-
horst et al. discussed, besides the dynamic glass transition,
additional relaxation processes for PS which where assigned
on a molecular level to fluctuations of helices or parts of it.43,44

The molecular origin of theâ*-process is unclear up to now
and needs further investigation. Although, it should be noted

that such an intermediate relaxation process was also observed
for other polymers having phenyl rings in the repeat unit like
polycarbonate,12,45,46poly(ethylene 2,6 naphthalene dicarboxy-
late),47 or side-chain polymers based on polymethacrylate.48,49

Therefore, it might be concluded that such an intermediate
relaxation process is characteristic for polymers having phenyl
rings in the structure. To be complete at low temperature might
be some indication for aâ-process, but the loss is too weak for
a quantitative discussion.

The model function of Havriliak-Negami (HN-function)50

is used to analyze the dielectric measurements quantitatively.
It reads

f0 is a characteristic frequency related to the frequency of
maximal lossfp (relaxation rate),ε∞ describes the value of the
real partε′ for f . f0. â andγ are fractional parameters (0< â
e 1 and 0< âγ e 1) characterizing the shape of the relaxation
time spectra.∆ε denotes the dielectric strength. From the fit of
the HN-function to the data, the relaxation ratefp, the dielectric
strength, and the shape parameters are determined. Conduction
effects are treated in the usual way by adding a contribution

Figure 2. IR spectra of PhenethylPOSS, polystyrene, and a PS-based
nanocomposite with 22.1 wt % POSS (PS022). The concentration was
calculated from the formulation.

Figure 3. Ratio of the FTIR intensitiesI1103/I3000 vs molar fraction of
POSSxPOSS. The line is a linear regression to the data.

ε*( f) - ε∞ ) ∆ε

(1 + (i f/f0)
â)γ

(2)

(I1103

I3000
) ) 1.7xPOSS (1)
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σ0/[(2πf)sε0] to the dielectric loss whereσ0 is related to the
specific dc conductivity of the sample andε0 is the dielectric
permittivity of vacuum. The parameters (0 < s e1) describes
for s ) 1 Ohmic and fors < 1 non-Ohmic effects in the
conductivity. For details see ref 51.

Some examples of fitting the HN-equation to theR- relaxation
are given in the inset of Figure 4. The relaxation ratesfp of
both processes are plotted versus reciprocal temperature in
Figure 5.fp for the R-relaxation can be well described by the
Vogel-Fulcher-Tammann- (VFT-) equation52 which reads

(log f∞ andA are constants,T0 is the so-called Vogel temper-
ature). All fit parameters are given in Table 2. For the
â*-relaxation, the data follows the Arrhenius law

wherekB is Boltzmann’s constant. For the activation energy,
EA, a value of 68.5 kJ/mol is estimated and the pre-exponential
factor, f∞, is log(f∞ [Hz]) ) 13.2. It should be noted thatEA

and the pre-exponential factor correspond to the values found
by Wübbenhorst et al.43 for the â1-process.

Figure 6 gives the dielectric loss versus temperature for
several nanocomposites at a fixed frequency of 10 kHz.
Compared to pure PS for the composites, theR-relaxation shifts
to lower temperatures with increasing concentration of POSS.
This is in agreement with the corresponding DSC measurements.
In addition, the loss peak broadens, but up to the highest
concentrations of PhenethylPOSS there is no sign of a double
peak structure as it is observed for PhenethylPOSS/polycar-
bonate nanocomposites.12 Moreover in the temperature region
of the glass transition of pure PhenethylPOSS, no additional
relaxation process is found. This indicates that no phase
separation takes place in the PhenethylPOSS/PS system up to
the highest concentration of approximately 40 wt % of POSS.
This is in agreement with results found by Blanski et al.37 for
PhenethylPOSS/PS with about 20 wt % of POSS by TEM.

In addition to Figure 6, Figure 7 compares the dielectric loss
versus frequency for pure polystyrene and two nanocomposites
at the same temperature. Adding 38 wt % PhenethylPOSS shifts
theR-relaxation by about six decades to higher frequencies. This
increase in molecular mobility (or decreased glass transition
temperature) is known as plasticization. A similar behavior is
also reported for nanocomposites prepared from PMMA and
POSS with acrylic, cyclohexyl, and isobutyl substituents,24,25

for a system based on poly(vinyl chloride) and MethacrylPOSS27

and PhenethylPOSS/PBAC12 nanocomposites as well.
The relaxation ratesfp of the nanocomposites were estimated

by fitting the HN-function to the data (see Figure 7) and plotted
versus reciprocal temperature in Figure 8. As seen already from
the raw data, the curves shift to lower temperatures with

Figure 4. Dielectric loss vs temperature for pure PS at a frequency of
10 kHz. The line is a guide for the eyes. The inset gives the dielectric
loss versus frequency for two different temperatures aboveTg: 0 s
389.7 K; O – 410.7 K. Thes line is a fit of the HN-function to the
data including a conductivity contribution. The - - - line gives the
contribution of the relaxation process.

Figure 5. Relaxation ratefp vs inverse temperature for theR-(O) and
the â*-(0) relaxation. The lines are fits of the VFT-equation to the
data of theR-relaxation and the Arrhenius equation to that of theâ*-
process.

log fp ) log f∞ - A
T - T0

(3)

fp ) f∞ exp(-
EA

kBT) (4)

Figure 6. Dielectric loss vs temperature at a frequency of 10 kHz for
pure PS (0) and different nanocomposites:O, PS010;), PS032;g,
PS038. Lines are guides for the eyes.

Table 2. Estimated VFT Parameters

R-relaxation

sample code log(f∞ [Hz]) A [K] T0 [K]

PhenethylPOSS 11.4 334 218.2
PS000 10.5 475.3 334.4
PS005 10.8 455.4 333.0
PS010 10.8 454.7 325.8
PS013 10.5 371.9 334.7
PS022 10.5 481.5 314.9
PS033 10.0 433.0 306.5
PS038 10.0 438.1 290.0
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increasing concentration of PhenethylPOSS. The data are
analyzed by fitting the VFT-equation to it. A dielectric glass
transition temperatureTg

Diel ) T(fp ) 1 Hz) can be estimated
from that fit. The VFT-parameters are summarized in Table 2.

A closer inspection of the temperature dependence of the
relaxation rates gives some indication that for higher concentra-
tions of POSS the dependence is more complex than predicted
by the VFT-equation. For a more detailed analysis of the
temperature dependence of the relaxation rates, a derivative
method is used.53 This method is sensitive to the functional form
of fp(T) irrespective of the prefactor. For a dependency according
to the VFT-equation, one gets

In a plot [d(log fp)/dT]-1/2 versusT, a VFT-behavior shows
up as a straight line. This analysis shows (Figure 9) that indeed
fp(T) for higher concentrations of PhenethylPOSS has two
different temperature dependencies which can be described by
two different VFT-equations, where polystyrene exhibits only
a single VFT-dependence of the relaxation rates. The inset of
Figure 9 provides the same analysis for pure PhenethylPOSS.
The temperature dependence of the relaxation rates for pure
POSS also shows a low and a high-temperature branch.

Therefore it is concluded that for higher concentrations of
PhenethylPOSS in polystyrene, the molecular dynamics of the
nanocomposite is controlled more and more by POSS.

The main effect of PhenethylPOSS in the nanocomposite is
the acceleration of the segmental dynamics of the polystyrene
matrix by plasticization. This is summarized by constructing a
phase diagram. In Figure 10 both the thermal (Tg) and the
dielectric glass transition temperature (Tg

Diel) is plotted versus
the concentration of PhenethylPOSS. In addition the prediction
of the Fox equation

is given which is expected to be valid for a blend which is
miscible on a molecular level.

For all concentrations of POSS, bothTg and Tg
Diel decrease

with increasing concentration of POSS but the values do not
collapse into the line predicted by the Fox equation. Higher

Figure 7. Dielectric loss vs frequency at a temperature ofT ) 380.2
K for pure PS (0) and different nanocomposites:4, PS022;g, PS038.
Lines are fits of the HN-function to the data including a conductivity
contribution.

Figure 8. Relaxation ratefp vs inverse temperature for theR-relaxation
of the PhenethylPOSS/PS nanocomposites:0, PS;3, PS005;O, PS010,
4, PS022;), PS032;g, PS038. The data for PS013 are not shown for
sake of clearness. The lines are fits of the VFT-equation to the data.

[d(log fp)

dT ]-1/2

) A-1/2(T - T0) (5)

Figure 9. [(d(log fp))/(dT)]-1/2 vs temperature for polystyrene (0) and
different nanocomposites:4, PS022;), PS032;g, PS038. The lines
are linear regression to the low- and high-temperature branches of the
data. The inset shows [(d(logfp))/(dT)]-1/2 vs temperature for pure
PhenethylPOSS. Like in the main figure, the lines are linear regression
to the low- and high-temperature branches of the data.

Figure 10. Dependence of the thermal glass transition temperatureTg

and the dielectric glass transition temperatureTg
Diel on the concentra-

tion of PhenethylPOSS:O, Tg; 4, Tg
Diel. Thes lines are guides for the

eyes. The - - - line is the expectation from the Fox equation using the
thermal glass transition temperature.) gives the thermal glass transition
temperature for pure PhenethylPOSS. The inset gives the density of
the nanocomposites vs concentration. Thes line is a guide for the
eyes. The - - - line may characterize a simple additive behavior.

1
Tg

)
cPS

Tg,PS
+

cPOSS

Tg,POSS
(cPS+ cPOSS) 1) (6)
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values for the glass transition temperatures are observed for
medium concentrations of PhenethylPOSS than expected from
the Fox equation. For the highest concentration of POSS, the
value approaches the Fox line again. This indicates extra effects
taking place in the nanocomposite in addition to a simple
mixing. This is also reflected by the concentration dependence
of the density (see inset Figure 10). Again the data do not follow
the line which should be characteristic for a simple additive
system. On the other side, the glass transition temperature
correlates linearly with the density of the system (see Figure
11). This indicates that the density is the controlling parameter.

The density and the glass transition temperature as well are
higher than expected for a simple additive system. Both results
point to the conjecture that an additional, preferential interaction
is taking place in the nanocomposites. It is well-known that
phenyl rings can form aggregates by aπ-π stacking interaction.
Here it is assumed that the phenyl rings of POSS interact with
those of polystyrene. This leads to a higher density than expected
for an additive system In addition, the molecular mobility is
slowed down and therefore the glass transition temperature is
higher than expected as well. These preferential interactions
enhance also the compatibility of POSS in polystyrene and are
probably the reason that PhenethylPOSS can be blended into
PS up to quite high concentrations.

Further evidence for preferential interaction in the nanocom-
posites is provided by the temperature dependence of the
dielectric relaxation strength. The Debye theory of dielectric
relaxation generalized by Kirkwood and Fro¨hlich54 predicts the
temperature dependence of the dielectric relaxation strength

whereµ is the mean dipole moment related to the process under
consideration andN/V is the number density of dipoles involved.
g is the Kirkwood-Fröhlich correlation factor which describes
static correlation between the dipoles. The Onsager factor
describing internal field effects is omitted for sake of simplicity.
The right-hand side of eq 7 is obtained by expressing the number
density of dipoles byFNAM wereM is the molar mass of the
system andNA denotes Avogadro’s number.

In Figure 12 ,∆ε for theR-relaxation is plotted versus inverse
temperature for polystyrene, PhenethylPOSS, and several nano-
composites. Even for low concentrations of POSS, the slope of
∆ε versus 1/T is much higher than that for polystyrene and
similar to that of PhenethylPOSS. The net dipole moment of

the composite should be additive; this means that the Kirk-
wood-Fröhlich correlation factorg is increased for the nano-
composites in comparison to polystyrene. Becauseg describes
static correlations between dipoles, it is concluded that the in-
creased Kirkwood-Fröhlich factor reflects additional interac-
tions. Because there are no other functional groups than the
phenyl rings, it is assumed that these interactions are due to
π-π stacking. This becomes even more clear from the inset of
Figure 12 whereT∆ε/F ∼ gµ2 is plotted versus reciprocal
temperature. For pure polystyrene, this quantity is independent
of temperature, but for the nanocomposites and pure Pheneth-
ylPOSS,T∆ε/F ∼ gµ2 depends strongly on temperature. Be-
cause the dipole moment is independent of temperature, this
result means that for nanocomposites the Kirkwood-Fröhlich
factor and therefore the interactions give rise to temperature
dependence: with increasing temperature, the interaction strength
is decreasing.

To be complete, the change in the shape with increasing POSS
concentration is also considered in the following. To compare
the shape for the different composites, a normalization of the
loss peak is necessary which can be done either by normalization
using∆ε or the maximum height. The former is from a physical
point more appropriate, but just to show that shape of the loss
peak changes, the latter method can be chosen for simplicity.
Figure 13 gives the dielectric loss normalized to it maximum
value versus reduced frequency for different concentrations of
PhenethylPOSS. Because the glass transition temperature de-
pends strongly on the concentration, the dielectric spectra are
taken at the temperature where the relaxation rate is 103 Hz to
compare the different nanocomposites in the same dynamical
state. With increasing POSS concentration, the loss peaks
broadens mainly on the low-frequency side. To characterize the
shape of the loss peak, the half-maximum height width (see
Figure 13) is calculated from the HN-parameters.

In Figure 14, the half width is plotted versus the concentration
of PhenethylPOSS. Again the temperature is taken where the
relaxation of the sample is 103 Hz. As it can be seen already
from the raw data, the half width increases with increasing POSS
concentration. In the framework of recent theoretical approaches
this can be understood by composition or concentration
fluctuations.55-58 Even when the distribution of POSS is

Figure 11. Density vs glass transition temperature. The line is a linear
regression to the data.

Figure 12. Dielectric strength∆ε vs inverse temperature:0, PS;3,
PS005;O, PS010;4, PS022;), PS032;g, PS038;/, PhenethylPOSS.
The lines are linear regressions to the data. The inset givesT∆ε/F ∼
gµ2 vs inverse temperature:0, PS;3, PS005;O, PS010;4, PS022;),
PS032;g, PS038;/, PhenethylPOSS. The lines are linear regressions
to the data.

∆ε ) 1
3ε0

g
µ2
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homogeneous on a macroscopic scale, it can fluctuate on a
microscopic scale. In the cooperativity approaches to the glass
transition59,60 it is assumed that a cooperativity length scale of
2-3 nm is characteristic for glassy dynamics. It proposed that
composition fluctuations in miscible polymer blends57 and
solvent/polymer systems55,56are taking place on this length scale.
For these reasons, it is concluded that also for the investigated
nanocomposites the broadening of the spectra is due to compo-
sition fluctuations of POSS in the range of a few nanometers.
The dynamics of these composition fluctuations should be longer
than the relaxations times of the dynamic glass transition.

Comparison of Polystyrene and Polycarbonate Nanocom-
posites.The main difference between polystyrene and polycar-
bonate based nanocomposites with PhenethylPOSS as the
nanofiller is that the latter system undergoes a phase separation
at a definite concentration of PhenethylPOSS while the former
system remains miscible up to 40 wt % of PhenethylPOSS. The
behavior of both systems is compared in a combined phase
diagram (Figure 15) where the relative change of the glass
transition temperature is plotted versus the concentration of
POSS.

For a low concentration of PhenethylPOSS, the dependence
of the dynamic glass transition on it seems to be similar for
both polymers. The values for polycarbonate are a little bit lower
than that for polystyrene. To prove whether these differences
are significant or not, additional experiments are necessary. At
higher concentrations of POSS for PS,Tg

Diel decreases con-
tinuously where that for PBAC levels off due to phase separation
and the fact that PhenethylPOSS can be solved only to a lim-
ited concentration of approximately 7 wt % on a molecular level
into polycarbonate. The different miscibility behavior of Phen-
ethylPOSS into polycarbonate and polystyrene might be at-
tributed to the different interaction of the phenyl rings of POSS
with the phenyl rings in the polymers. For PBAC, the phenyl
ring is part of the main chain where for PS it is a side group.
Because of steric reasons and a higher conformational flexibility
for the latter case there, the interaction of the phenyl ring of
POSS with the phenyl ring of PS might be stronger than for
PBAC.

4. Conclusion

Nanocomposites were prepared by blending polyhedral oli-
gomeric silsesquioxane with phenethyl substituents into poly-
styrene by a well-adapted solution casting method. The evapo-
ration of the solvent was controlled by adjusting the vapor
pressure of the solvent in a closed chamber. As a result,
homogeneous transparent films are obtained for a reasonable
concentration range of PhenethylPOSS from 0 to 40 wt %.

Dielectric spectroscopy shows for polystyrene two relaxation
processes indicated by peaks in the dielectric loss. The process
at lower frequencies (higher temperatures) is due to the
segmental dynamics which is related to the dynamic glass
transition (R-relaxation). With increasing concentrations of
PhenethylPOSS, theR-relaxation shifts strongly to lower
temperatures. Thus, PhenethylPOSS plasticizes the polystyrene
matrix. Analyzing the dielectric spectra gives no indication for
a further relaxation process or shoulder which would indicate a
phase separated morphology. So it is concluded that Pheneth-
ylPOSS is miscible into polystyrene up to at least 40 wt %.
Adding 40 wt % shifts the glass transition temperature by 50 K
to lower temperatures. This is less than expected from the Fox
equation which is believed to be valid for a system which is
miscible on a molecular level where no extra effects are taking
place. Also the density of the nanocomposites is higher than
predicted for a simple additive system. It is assumed that

Figure 13. Reduced dielectric loss vs normalized frequency:0, PS
(T ) 398.1 K);3, PS005 (T ) 390.1 K);), PS032 (T ) 367.1 K);g,
PS038 (T ) 352.1 K). The lines are guides for the eyes. The - - - line
indicates the half-maximum height width.

Figure 14. Half-maximum height width vs concentration of Pheneth-
ylPOSS at the temperature where the relaxation rate has a value of 103

Hz. (PS,T ) 398.1; PS005,T ) 390.1 K; PS013,T ) 384.1 K; PS032,
T ) 367.1 K; PS038,T ) 352.1 K). The maximum height width for
pure PhenethylPOSS is 2.96 atT ) 261.1 K which corresponds to the
same value of the relaxation rate that is considered for the nanocom-
posites.

Figure 15. Relative dielectric glass transition temperature versus the
concentration of PhenethylPOSS:O, PS;0, polycarbonate. The lines
are guides for the eyes.
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attractive interactions occur in the nanocomposites which
increase the density and slow down the molecular dynamics in
comparison to a simple additive behavior without any prefer-
ential interaction of both the constituents. This line of argu-
mentation is further supported by an analysis of the temperature
dependence of the dielectric relaxation strength. This analysis
yields to the conclusion that the Kirkwood-Fröhlich interaction
parameterg which describes static correleations between
molecules is quite different for polystyrene and the nanocom-
posites with a rather low content of PhenethylPOSS. It is
discussed that interactions occur between the phenyl rings of
the polystyrene matrix and that of PhenethylPOSS. Probably
these interactions are the molecular reasons that PhenethylPOSS
is miscible in polystyrene up to quite high concentrations.

PhenethylPOSS/polycarbonate nanocomposites have a phase-
separated morphology for higher concentrations of POSS. When
compared to polystyrene for polycarbonate, the phenyl ring is
located in the polymer backbone. Because of steric reasons, there
are less interaction possibilities of the phenyl rings of POSS
with those of the polymer than for polystyrene.

The loss peak broadens with increasing concentration. In the
framework of the relaxation time spectra, this points to more
heterogeneous molecular fluctuations. Therefore the broadening
of the loss peak with increasing concentration of POSS is
interpreted by composition fluctuations on the scale of a few
nanometers.
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