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ABSTRACT: An investigation was carried out of the segmental and normal mode dynamics in multifunctional
polyhedral oligomeric silsesquioxane (POSS)/poly(propylene oxide) (PPO) nanocomposites. Data were generated
by broadband dielectric relaxation spectroscopy (DRS) and dynamic mechanical spectroscopy (DMS) over a
wide range of frequency and temperature. Neat PPO exhibits two relaxation processes: normal mode (RN) and
segmental mode (R). The two multifunctional POSS reagents utilized (octaglycidyldimethylsilyl-POSS and
octaepoxycyclohexyldimethylsilyl-POSS) show a segmental process at lower frequency and a local relaxation at
higher frequency. The POSS/PPO nanocomposites also show two relaxation processes (RN andR), but interestingly,
their time scale is shorter than in the corresponding neat PPO. Molecular origin and spectral characteristics of all
relaxations are described. Comparison of DRS and DMS results revealed identical trends with respect to the
POSS concentration, temperature, and the same time scale for the segmental and normal mode process. A detailed
account of the effect of structure, concentration, and dispersion of POSS, molecular weight of PPO, and temperature
on the molecular origin, temperature dependence, and spectral characteristics of relaxation processes in POSS/
PPO nanocomposites is provided.

Introduction

The development of inorganic-nanoparticle/polymer-matrix
nanocomposites has attracted considerable attention in recent
years.1-3 Among various nanoparticles, polyhedral oligomeric
silsesquioxanes (POSS) are particularly attractive because of
their unique structure.4-6 POSS molecules consist of a rigid
silica core with different organic moieties covalently bonded
to the silicon atoms.7-9 The wide variety of functional moieties
that can be affixed to silicon and their nanoscopic dimensions
make POSS molecules attractive candidates for a wide range
of application. One example is the field of nanocomposites,
where a judicious selection of functional moieties may improve
dispersion of POSS in the polymer matrix,10-17 enhance
processing characteristics,18 and impart desired physical and
mechanical properties. The end group on a functional moiety
may be nonreactive or it may react with the polymer matrix.
Nonreactive end groups enhance dispersion and properties of
POSS/polymer blends,19-31 while reactive end groups may lead
to the formation of copolymers32-39 or networks.40-55

Nonreactive POSS/polymer nanocomposites have been in-
vestigated with several techniques, and improvements of their
bulk properties, such as thermal stability,24 glass transition
temperature,23,25,26 and mechanical performance,27 have been
reported. What is missing, however, is information about the
molecular motions that underlie physical and mechanical
response.

The knowledge of dynamics on the nanoscopic and micro-
scopic level is crucial for understanding the time scales and

length scale of molecular motions that underlie the macroscopic
or bulk behavior. But information on dynamics of nonreactive
POSS/polymer nanocomposites is scarce. A few reported studies
utilized dynamic mechanical measurements28-31 to investigate
nanocomposites with POSS concentration below 10 wt % that
include cyclohexyl-POSS/poly(methyl methacrylate)s (PMMA),
isobutyl-POSS/PMMA,28 methyl-POSS/ethylene-propylene co-
polymers (EP),29 methyl-POSS/polyethylene (PE),30 and cyclo-
pentyl-POSS/PE.31 A common finding in those studies regards
the morphology of nanocomposites: POSS molecules are
dispersed in the polymer matrix below threshold concentration
that defines the solubility limit and form aggregates above that
value. The viscoelastic behavior of these nanocomposites is
determined by the chemical and physical properties of the matrix
and POSS molecules as well as the interactions betweens these
two components.

The principal objective of this study is to conduct an
investigation of the fundamental dynamic features of multi-
functional nonreactive POSS/PPO nanocomposites. Specifically,
we employ dielectric relaxation spectroscopy (DRS) and
dynamic mechanical spectroscopy (DMS) to investigate the
effect on dynamics ofmolecularVariables, such as the type,
concentration, and architecture of nanoparticles and molecular
weight of polymer, andexternalVariable, such as temperature
and frequency. To the best of our knowledge, this study marks
the first time that DRS was used to investigate the dynamics of
POSS/polymer nanocomposites and DRS and DMS spectra were
compared.

Experimental Section

A. Materials. Polymer. Linear poly(propylene oxide) (PPO) with
symmetrical dipole inversion was used in this study, and its structure
is shown in Figure 1. Two arms emanate from a central point, each
containing an uninverted dipole sequence. This polymer has type
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A dipoles56-59 parallel to the polymer backbone, which relax via
the normal mode process (RN process), and the transverse dipole
moment component, which relaxes via the segmental process (R
process). Three PPOs with molecular weights of 2 kg/mol (PPO2K),
4 kg/mol (PPO4K), and 8 kg/mol (PPO8K) were obtained from
Bayer.

DGEBA (diglycidyl ether of bisphenol A), with molecular weight
of 374 g/mol, was obtained from Aldrich.

Multifunctional POSS. Multifunctional POSS monomers pos-
sess a hybrid inorganic-organic three-dimensional structure and
contain eight reactive organic functional groups, as shown in Figure
2. The dimension of POSS cubic frame is around 1.2-1.5 nm. Two
different multifunctional POSS monomers were selected for
study: octaglycidyldimethylsilyl-POSS [OG], shown in Figure 2A,
and octaepoxycyclohexyldimethylsilyl-POSS [OC], shown in Figure
2B. The side groups are different in OG and OC, although each
monomer contains a terminal epoxy group. Specifically they differ
in that the end-group epoxy is attached to a linear glycidyl moiety
in OG and to a cyclohexyl ring in OC. At room temperature, OG
is a liquid with a viscosity of 300 cP, while OC is a solid. These
two POSS monomers were selected for study in order to elucidate
the effect of side-chain structure on dynamics. POSS monomers
were obtained from Hybrid Plastic.

POSS/PPO Nanocomposites.Desired amounts of POSS and
PPO were mixed in toluene using a high-speed stirrer. Toluene
evaporates fast, and good dispersions of POSS in PPO are obtained.
All mixtures were degassed prior to measurements.

Throughout the text, the concentration of POSS in the nano-
composites is defined as the ratio of the number of OH groups in
the PPO and the number of reactive functional chains in POSS
according to eq 1:

Note that POSS concentration increases with decreasingN. The
characteristics of the samples investigated are summarized in Table
1. In the sample codes used for nanocomposites, the first two letters
define the type of POSS (OG or OC) and the third one, “P”, stands
for PPO. The number that follows (K) defines the molecular weight
of PPO (kg/mol), and the final number describes the parameterN
defined above. For example, OCP4K-1 represents a nanocomposites
of POSS (OC) and PPO (P) with molecular weight of 4000 g/mol
(4K) at ratioN equal to one (1). The sample codes are also listed
in Table 1.

B. Techniques. Dielectric Relaxation Spectroscopy (DRS).Our
facility combines commercial and custom-made instruments that

include (1) NovocontrolR high-resolution dielectric analyzer (3
µHz-10 MHz) and (2) Hewlett-Packard 4291B rf impedance
analyzer (1 MHz-1.8 GHz). Both instruments are interfaced to
computers and equipped with heating/cooling controls, including
the Novocool system custom-modified for measurements over the
entire frequency range from 3µHz to 1.8 GHz. The samples were
placed between the stainless steel electrodes (we obtained identical
results using aluminum electrodes). The diameter of the electrodes
is 12 mm, and the sample thickness is 0.05 mm. Further details of
our DRS facility are given elsewhere.60-62

Dynamic Mechanical Spectroscopy (DMS).Experiments were
conducted using a Rheometric Scientific’s Advanced Rheometric
Expansion System (ARES) rheometer. Measurements were per-
formed in the frequency range from 0.001 to 100 rad/s. Parallel
plate configuration was employed with a typical gap between the
plates of 0.5-1.5 mm. Strain values were adjusted from 0.2 to 25%
for the measurable torque in the linear viscoelastic range.

Optical Microscopy (OM). A Nikon HFX-II optical microscope
was used to investigate the dispersion and aggregation of POSS
nanoparticles in the polymer matrix at room temperature.

Differential Scanning Calorimetry (DSC). A TA Instruments
Co. DSC model 2920 was used. Samples were placed in sealed
DSC pans and scanned at a heating or cooling rate of 10°C/min.

Results and Discussion

1. Individual Components: Poly(propylene oxide) (PPO).
The background on the dielectric properties of polymers and
other glass formers has been described in great detail in a
number of books and key reviews.63-65 DRS studies of neat
PPO have also been reported,66,67 and hence our goal here is
not to be comprehensive. The glass transition temperature of
neat PPO is not a function of molecular weight (Tg ) -68 °C
as measured by DSC). The experimentally obtained dielectric
spectra were deconvoluted using a sum of the well-known
Havriliak-Negami (HN) functional form68 and the conductivity
term:

whereak andbk are the shape parameters that define the breadth
and the symmetry of the spectrum, respectively,σ is the
conductivity,εv is the vacuum permittivity, andτk is the average
relaxation time obtained from the fits. The HN function reduces
to the Debye equation whena ) b ) 1 and the Cole-Cole
equation whenb ) 1.69 The temperature dependence of the
relaxation time for the segmental (τS) and normal (τN) mode

Figure 1. PPO architecture (linear PPO chain with symmetrically
inverted dipoles).

Table 1. OG/PPO and OC/PPO Nanocomposites Investigated

description N POSS (mol) PPO (mol) wt % of POSS in PPO matrix (OG/OC) code

OG/OC+PPO2K 8 1.00 32.00 2.5/2.7 OGP/OCP 2K-8
OG/OC+PPO2K 4 1.00 16.00 4.9/5.4 OGP/OCP 2K-4
OG/OC+PPO2K 2 1.00 8.00 9.4/10.3 OGP/OCP 2K-2
OG/OC+PPO2K 1 1.00 4.00 17.1/18.6 OGP/OCP 2K-1
OG/OC+PPO2K 0.5 1.00 2.00 29.2/31.4 OGP/OCP 2K-05
OG /OC+PPO2K 0.25 1.00 1.00 45.3/47.8 OGP/OCP 2K-025
OG /OC+PPO4K 4 1.00 16.00 2.6/2.9 OGP/OCP 4K-4
OG /OC+PPO4K 2 1.00 8.00 5.1/5.6 OGP/OCP 4K-2
OG /OC+PPO4K 1 1.00 4.00 9.7/10.7 OGP/OCP 4K-1
OG /OC+PPO4K 0.5 1.00 2.00 17.8/19.3 OGP/OCP 4K-05
OG /OC+PPO4K 0.25 1.00 1.00 30.2/32.4 OGP/OCP 4K-025
OG /OC+PPO4K 0.125 1.00 0.50 46.4/48.9 OGP/OCP 4K-0125
OG /OC+PPO8K 2 1.00 8.00 2.7/2.9 OGP/OCP 8K-2
OG /OC+PPO8K 1 1.00 4.00 5.3/5.8 OGP/OCP 8K-1
OG /OC+PPO8K 0.5 1.00 2.00 9.8/10.9 OGP/OCP 8K-05
OG /OC+PPO8K 0.25 1.00 1.00 18.2/19.7 OGP/OCP 8K-025
OG /OC+PPO8K 0.125 1.00 0.50 30.7/32.9 OGP/OCP 8K-0125

N ) number of OH in PPO
number of reactive functional chains in POSS

(1)

ε*(ω) ) ε′ - iε′′ ) ∑
k)1

n [ε∞k +
ε0k - ε∞k

(1 + (iωτk)
ak)bk] - i( σ

ωευ)N

(2)
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processes confirms that the increase in molecular weight slows
down the normal mode process but does not affect the segmental
process. The temperature dependence of the average relaxation
time for both processes is of the Vogel-Fulcher-Tammann
(VFT) type63-65 described by

Further details of the dynamics of neat PPO have been given
elsewhere.66,67

OG and OC. We begin the analysis of OG and OC dynamics
by first describing their individual DRS spectra and seeking to
elucidate the molecular origin of the observed relaxations.
Dielectric loss of OG in the frequency domain with temperature

as a variable is shown in Figure 3. Dielectric permittivity is
shown in the inset in Figure 3. OG shows two processes in the
frequency range between 10-2 and 108 Hz and at temperatures
between-100 and-40 °C. These two processes possess the
characteristics ofR relaxation (lower frequency process) andâ
relaxation (higher frequency process) in glass formers.

DRS spectra of OC are quite different as evident from Figure
4, which shows dielectric loss in the frequency domain with
temperature as a variable. These spectra were generated in the
frequency range between 10-2 and 106 Hz and in the temperature
range between-100 and 100°C. At -100 °C (filled squares)
OC shows aâ process, centered at 3× 104 Hz, that shifts to
higher frequency with increasing temperature and exits our
frequency window at-50 °C. In the temperature range between

Figure 2. Chemical structure of multifunctional POSS monomers.

τ ) τ0 exp( B
T - TV

) (3)
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-40 and 10 °C, we observe no relaxation processes at
frequencies between10-2 and 106 Hz. With further increase in
temperature, at about 20°C, the R process enters the low-
frequency end of the spectrum. TheR process shifts to higher
frequency and decreases in intensity with further increase in
temperature.

A direct comparison of the OG and OC spectra reveals some
common features: (1) both OG and OC undergo two relaxation
processes (R andâ), (2) all processes shift to higher frequency
with increasing temperature, and (3) dielectric strength decreases
for theR process and increases for theâ process with increasing
temperature. But the differences between OG and OC dynamics
are notable. For example, the dielectric strength of theR process
in OC is considerably lower than in OG at the same temperature.

The temperature dependence of the average relaxation time
for each process in OG and OC (obtained from the HN fits)
was determined, and the results are plotted in Figure 5 (solid
lines are fits). Also included in Figure 5 is the temperature
dependence of the average relaxation time forR andâ processes
in diglycidyl ether of Bisphenol A (DGEBA), a widely used
bifunctional epoxy resin. This comparison is interesting because
DGEBA has terminal glycidyl groups (like OG), and its
dynamics have been investigated before by DRS.70,71 We note
that the calorimetric (DSC) glass transition temperature (Tg) is
-78 °C for OG and-18 °C for DGEBA. OC shows a weak

glass transition at-7 °C and a melting point at 125°C. The
temperature dependence of the average relaxation time follows
the Vogel-Fulcher-Tammann (VFT) form for theR process
and the Arrhenius form for theâ process in all compounds.
The corresponding VFT parameters are listed in Table 2. The
time scales ofR andâ relaxations in OG are much shorter than
in OC.

The molecular origin of these processes is considered next.
There is little doubt that theR process in OG and OC results
from the segmental motions of the side chains of POSS. The
lower dielectric strength of theR process in OC vs OG is the
consequence of the lower concentration of mobile dipoles in
the amorphous region, while the longer time scale is due to the
higherTg. Theâ process originates from the local motions and
is slower in OC than OG because of the increased rigidity of
side chains due to the incorporation of the cyclohexyl ring.
DGEBA also shows two processes in the temperature range
between-100 and 100°C, identified as segmental (R) and local
(â), respectively. Figure 5 shows that the average relaxation
time for theâ process in DGEBA is closer to that of OC while
the average relaxation time for theR process falls between those
of OG and OC. DGEBA and OG have the same terminal
glycidyl groups, but OG side chains are more flexible, resulting
in the lower glass transition temperature. TheTg of OC is higher
than that of DGEBA and OG, and hence the time scale of the
R process in these three compounds expressed by the average
relaxation time for segmental motions (τS) is as follows: τS-OC

> τS-DGEBA > τS-OG. The â process has similar activation
energy in all three compounds (ca. 29 kJ/mol), suggesting the
same molecular origin.

2. POSS/PPO Nanocomposites. (a) Optical Microscopy
and Thermal Analysis.The effect of OC concentration (6 and
30 wt %) and PPO molecular weight (MW) 2K, 4K, and 8K
g/mol) on the extent of dispersion in OCP nanocomposites was
investigated first by optical microscopy (Figure 6). OC dissolves
in the PPO matrix below 2.5 wt %, and the resulting systems is
transparent (not shown here).With increasing concentration, the

Figure 3. Dielectric loss and permittivity (inset) of OG in the frequency
domain with temperature as a parameter.

Figure 4. Dielectric loss of OC in the frequency domain with
temperature as a parameter.

Figure 5. Temperature dependence of the average relaxation time for
R andâ processes in OG, OC, and DGEBA.

Table 2. VFT Parameters for the Segmental Process in OG, OC, and
DGEBA

segmental process

material τ0 (s) B (103) Tv (K)

OG 5.7× 10-13 1114 159
OC 5.6× 10-10 2209 197
DGEBA 1.0× 10-14 1148 222
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formation of needlelike aggregates is observed as seen in Figure
6A. The size of OC aggregates at a given concentration increases
with increasing molecular weight of PPO as evident by
examining Figure 6A,B from left to right. By comparing parts
A and B of Figure 6 vertically, we see that the effect of
molecular weight on aggregation is more pronounced at higher
OC concentration (30 wt %). All nanocomposites were stable
for at least 1 month, and all DRS and DMS experiments were
performed within that time frame. We recall that OG is a
transparent liquid, and hence no attempts were made to study
the morphology of OGP nanocomposites by optical microscopy.

The following results were obtained from the thermal analysis
of nanocomposites. The DSC glass transition temperature of
OCP nanocomposites is-68 °C and is not affected by the OC
concentration. The melting point in OCP nanocomposites is
observed at lower temperature (112°C for OCP4K-0125) in
comparison with the neat OC (125°C). The glass transition
temperature of OGP nanocomposites decreases with increasing
OG concentration according to the law of mixtures. OGP
nanocomposites are wholly amorphous and do not have a
melting point.

(b) Dielectric Relaxation Spectroscopy (DRS).In this
section, we describe the results of DRS measurements of OGP
and OCP nanocomposites. The key parameters that define the
dynamics of nanocomposites are discussed below in the
following sequence: (1) dielectric permittivity and loss, (2)
average relaxation time, (3) shape of the relaxation spectra, and
(4) relaxation strength.

(b1) Dielectric Permittivity and Loss. Results for the OGP
nanocomposites are described first. In Figure 7, we show
dielectric loss in the frequency domain at-50 °C for PPO2K
and OGP2K at four different OG concentrations (N ) 2, 1, 0.5,
0.25). The segmental and normal mode processes observed in
the neat PPO are also seen in the OGP nanocomposites. With
decreasingN (increasing OG concentration), both processes shift
to higher frequency. This phenomenon was also observed in
OGP4K and OGP8K nanocomposites.

Results for the OCP nanocomposites are shown in Figure 8,
which describes dielectric loss in the frequency domain at-60
°C for PPO2K and OCP2K (N ) 1 and 0.5). Here, too,
segmental and normal mode processes shift to higher frequency
with increasing concentration. An additional high-frequency
relaxation due to theâ process of OC is also observed. Although
the time scale of the segmental motions in OCP nanocomposites
measured by DRS decreases slightly with increasing OC

concentration, the change in glass transition temperature is
undetectable by DSC. We ascribe this to the inherent difference
in sensitivity between dielectric and calorimetric techniques.

The observed variation in the time scale of segmental and
normal mode relaxation with composition is of interest. To that

Figure 6. Morphology of OCP nanocomposites with molecular weight of PPO and OC concentration as parameters.

Figure 7. Dielectric loss in the frequency domain with OG concentra-
tion as a parameter for OGP2K at 223 K (-50 °C).

Figure 8. Dielectric loss in the frequency domain with OC concentra-
tion as a parameter for OCP2K at 213 K (-60 °C).
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end a quantitative comparison was made of the experimentally
obtained spectra of the neat PPO and POSS/PPO nanocompos-
ites, and the calculated prediction was based upon the rule of
mixtures. For the segmental process, the calculated spectrum
for OGP shifts to higher frequency with respect to the neat PPO
due to the partial overlap with theR process in OG. Interestingly,
the experimentally measured spectrum shifts to still higher
frequency. This suggests that the shift of the segmental process
in OGP nanocomposites stems not only from the overlapping
R processes but also from the interactions between OG and PPO.
The calculated spectrum of OCP does not shift to higher
frequency with respect to the neat PPO, but the measured
spectrum does. This indicates that the shift of the segmental
process in OCP derives only from the interactions between OC
and PPO. For the normal mode process, the calculated spectra
of OGP and OCP do not shift with respect to the neat PPO4K,
but the measured spectra do. The normal mode process in
nanocomposites is affected only by the interactions between
POSS nanoparticles and PPO.

In sum, the dynamics of OGP and OCP nanocomposites are
affected by the POSS-polymer interactions and cannot be
predicted by a simple rule of mixtures. It is likely that POSS
nanoparticles act as hard-sphere diluents in the polymer matrix,
decreasing the self-association interactions and promoting
motions of polymer chains. Additionally, POSS nanoparticles
in OGP8K and OCP8K nanocomposites may affect the en-
tanglements (MW for entanglements is 5 kg/mol) and thus
contribute to higher mobility.67,72,73

(b2) Average Relaxation Time.The average relaxation time
for the segmental process in OGP2K, OGP4K, OGP8K, and
OCP2K nanocomposites as a function of POSS concentration
at -60 °C is shown in Figure 9.

OGP nanocomposites are considered first. The relaxation time
(τS) for the segmental process decreases with increasing POSS
concentration at a given temperature before leveling off. The
observed threshold value for OGP nanocomposites isN ) 0.25,
which corresponds to 45 wt % in OGP2K, 30 wt % in OGP4K,
and 18 wt % in OGP8K. The trend of decrease of relaxation
time is smaller in higher molecular weight PPO matrix, which
is attributed to an increased tendency of OG nanoparticles to
form aggregates. We define∆τS as the difference between the
segmental relaxation time in a nanocomposite and the corre-

sponding neat PPO at the same temperature. The increase in
∆τS with decreasing temperature signifies that OG has a more
pronounced effect on PPO dynamics at lower temperature.

OCP nanocomposites show similar trends as OGP nanocom-
posites with varying POSS concentration and PPO molecular
weight. A comparison of the time scale for segmental motions
in OCP and OGP nanocomposites (Figure 9) shows that∆τS is
less pronounced in the former. We note a threshold value ofN
) 0.5 in OCP nanocomposites (31 wt % in OCP2K, 19 wt %
in OCP4K, and 11 wt % in OCP8K), beyond which there is no
further effect of concentration on the dielectric response. The
larger ∆τS and the smaller threshold value ofN in OGP
nanocomposites are the consequence of a better dispersion of
OG in the PPO matrix and the overlap of their segmental
processes.

The average relaxation time for the normal mode process
follows a trend similar to that observed for the segmental process
with varying POSS concentration and temperature in both OGP
and OCP nanocomposites.

POSS nanoparticles decrease the self-association interactions
and promote motions of polymer chains. This effect varies with
the nanoparticle surface area and is concentration-dependent.
At low concentration POSS is well dispersed, the total surface
area of nanoparticles increases with concentration and the time
scale of relaxation speeds up. At the solubility limit, the interplay
sets in between an increase in the surface area due to the
additional POSS nanoparticles and a decrease in the effective
surface area due to aggregation. This is accompanied by leveling
off of the relaxation rate.

The temperature dependence of the relaxation time for
segmental (τS) and normal (τN) processes was fitted with the
VFT equation,66,67as shown in Figure 13. We observe that the
temperature dependence of the average relaxation times becomes
gradually less pronounced (decreasing curvature) with increasing
POSS concentration. This trend can be rationalized on the basis
of intermolecular cooperativity. Since POSS nanoparticles
decrease the self-association interactions within the polymer
matrix, it is plausible that the cooperative dynamics of PPO
evolve toward a weaker intermolecular coupling with increasing
POSS concentration. This is tantamount to saying that the
fragility of nanocomposites decreases with increasing POSS
concentration.

(b3) Relaxation Spectra.The spectral analysis using the HN
functional form yielded interesting results. The effects of POSS
type and concentration, PPO molecular weight, and temperature
on the spectral shape were examined, and the following
observations were made. First, the spectra for the segmental
process broaden with increasing POSS concentration. The HN
parametera, which defines the spectral breadth, decreases from
0.95 to 0.80 for OGP and from 0.95 to 0.86 for OCP, while the
HN parameterb, which defines the spectral symmetry, remains
unchanged. The HN parameters for the normal mode process
did not change. The best fits were obtained by setting the HN
parameterb ) 1, which reduces the HN equation to the Cole-
Cole (CC) equation. Second, the effect of POSS concentration
on the shape of the spectrum becomes less pronounced at higher
PPO molecular weight. And third, the normalized loss spectra
(not shown here) indicate that segmental and normal mode
processes remain thermodielectrically simple over a wide range
of temperature at a given POSS concentration.

(b4) Relaxation Strength.The effect of POSS concentration
on the dielectric relaxation strength (∆ε) in OGP and OCP
nanocomposites is described next.∆ε is an important material
characteristic because it depends on the chemical structure and

Figure 9. Average relaxation time for segmental process in OGP2K,
OGP4K, OGP8K, and OCP2K nanocomposites as a function of POSS
concentration at-60 °C.
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molecular architecture. The relaxation strength is defined as∆ε

) ε′0 - ε′∞, whereε′0 andε′∞ represent the limiting low- and
high-frequency dielectric permittivity for a given process,
respectively, and is proportional to the concentration of dipoles
and the mean-squared dipole moment per molecule. The values
of ∆ε are obtained from the HN fits of dielectric spectra. The
dielectric relaxation strength of the segmental process (∆εS)
increases with increasing POSS concentration in OGP nano-
composites and decreases in OCP nanocomposites. The increase
of ∆εS in OGP nanocomposites is caused by the overlap of
segmental processes in OG and PPO. Conversely,∆εS decreases
with increasing OC concentration (and approaches zero at 100
wt % OC) in OCP nanocomposites where the sole contribution
to the segmental process comes from PPO. The dielectric
relaxation strength of the normal mode process (∆εN) is a very
weak (decreasing) function of POSS concentration in both OGP
and OCP nanocomposites. This is not surprising because the
normal mode relaxation is due solely to the PPO chains.

(c) Dynamic Mechanical Spectroscopy (DMS).The results
of dynamic mechanical spectroscopy (DMS) are discussed next.
We present only the data for OGP and OCP nanocomposites
with the PPO4K matrix because analogous results were observed
in samples with different PPO molecular weight. The storage
modulus in the frequency domain for neat PPO4K, OGP4K,
and OCP4K (inset) at-62 °C with POSS concentration as a
parameter is shown in Figure 10. Data shown in Figures 10
and 11 were shifted with respect to the reference curve at-62
°C. Figure 10 shows how variation in POSS concentration
affects the viscoelastic response in segmental and terminal zones
of OGP and OCP (inset) nanocomposites. Terminal relaxation
in OGP nanocomposites shifts to higher frequency, and the slope
increases from 1.5 to 2.0 with increasing OG concentration. The
plateau modulus (GN) was determined from Figure 10 by taking
the value of the onset of transition from segmental to terminal
relaxation.GN in the OGP nanocomposites is not a function of
OG concentration and has the same value as in the neat PPO.
The thus obtained value of 7× 105 Pa was used in the
subsequent calculation of the average relaxation time for the
normal mode process. The experimental results for OCP
nanocomposites at higher frequency, which are determined from
the experimental data at lower temperature, are not shown here
because samples become brittle and difficult to measure. The

GN in OCP nanocomposites increases gradually with increasing
OC concentration at 211 K, as seen in the inset of Figure 10.
The slope of the terminal region of OCP nanocomposites is a
weak function of OC concentration and increases from 1.5 to
1.65 with increasing concentration. Our results show that both
OGP and OCP nanocomposites become more liquidlike with
incorporation of POSS nanoparticles, although this effect is
notably weaker in OCP.

A comparison of the loss modulus spectra for OGP and OCP
nanocomposites is presented in Figure 11, which shows loss
modulus (G′′) in the frequency domain for OGP4K and OCP4K
(inset) at-62 °C with POSS concentration as a parameter. The
slope in the terminal zone equals 1 and does not vary with POSS
concentration in OGP or OCP nanocomposites. The time scale
of the segmental process in OGP, located at the high-frequency
end, decreases with increasing OG concentration. The speeding
up of the segmental process has been attributed to the effect of
POSS nanoparticles which decrease the self-association interac-
tions and promote motions of polymer segments.G′′ of OCP
nanocomposites increases with increasing OC concentration. The
observed increase inG′ andG′′ in OCP nanocomposites could
be caused by the “filler effect”74,75 which is indicative of the
interactions between the OC aggregates and the PPO chains.
Individual polymer molecules can adopt stretched configurations
that promote the adsorption on the surface of OC aggregates
due to enhanced polymer-particle interactions.76 The filler effect
is more pronounced in OCP nanocomposites because of the OC
crystals, while OG is a viscous liquid.

Zero-shear viscosity (η0) of nanocomposites, plotted in Figure
12, was extracted directly from the data by averaging the low
shear rate values ofη. Identical results were obtained by
calculating the zero-shear viscosity fromη0 ) lim{G′′(ω)/ω}
asω f 0. Figure 12 showsη0 for OGP4K and OCP4K (inset)
nanocomposites as a function of POSS concentration at 273 K.
An increase in POSS concentration leads to a decrease inη0 in
OGP nanocomposites and an increase in OCP nanocomposites.
Zero-shear viscosity of the OGP nanocomposites obeys the rule
of mixtures and exhibits a constant slope of-3.9. This is very
different from OCP nanocomposites, shown in the inset in
Figure 12. The dash line in the inset is calculated from the theory
of hard-sphere-filled suspensions.77-79 It is apparent that the

Figure 10. Storage modulus (G′) of OGP4K and OCP4K (inset) in
the frequency domain at 211 K (-62 °C) with POSS concentration as
a parameter. The curves were shifted horizontally using data at 211 K
(-62 °C) as reference.

Figure 11. Loss modulus (G′′) of OGP4K and OCP4K (inset) in the
frequency domain at 211 K (-62 °C) with POSS concentration as a
parameter. The curves were shifted horizontally using data at 211 K
(-62 °C) as reference.
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viscosity of OCP nanocomposites does not obey this theory and
exhibits a higher value instead. The reason for this effect lies
in the strong PPO-OC interactions that impart a solidlike
behavior to OCP nanocomposites.

The combined results of DRS and DMS analysis are displayed
in Figure 13, which represents a composite plot of the average
relaxation time for the segmental and normal mode process in
OGP4K as a function of temperature and OG concentration.
The solid lines are fits to the VFT equation. The average DRS
relaxation times for segmental and normal mode processes were
obtained from the HN fits. The average DMS relaxation time
for the segmental process was determined fromτS ) 1/ωmax )
1/(2πfmax), and the average DMS relaxation time for the normal
mode process,τN, was calculated from80

whereτG,p andhp are the relaxation time and the intensity for
the pth viscoelastic relaxation mode. The relaxation time is
calculated from experimentally determined zero-shear viscosity
(η0) and plateau modulus (GN). To afford a direct comparison
of τN obtained from DRS and DMS data, we had to divide the
DMS τN by two. This is because the longest viscoelastic
relaxation time (τN1DMS) of the Rouse chain is one-half the
longest dielectric relaxation time (τN1DRS) and twice that of the
second dielectric normal mode (τN2DRS), which is experimentally
measured in samples with symmetrically inverted dipoles.
Hence,τN1DMS ) 1/2τN1DRS ) 2τN2DRS. A comparative analysis
of DRS and DMS yields the following key observations: (1)
the average relaxation times for segmental and normal mode
processes obtained from DMS and DRS data follow the same
general trend with temperature and POSS concentration, and
(2) the time scales of the segmental and normal mode process
obtained from DRS and DMS are in excellent agreement.

Conclusion

We have completed an investigation of the dynamics of
multifunctional POSS/PPO nanocomposites. Three PPOs of
different molecular weight and two multifunctional POSS
reagents, octaglycidyldimethylsilyl-POSS (OG) and octaepoxy-
cyclohexyldimethylsilyl-POSS (OC), were used to prepare the
samples. Dynamics of neat PPO, OG, OC, and POSS/PPO
nanocomposites were investigated over a broad range of
frequency and temperature using dielectric relaxation spectros-
copy (DRS) and dynamic mechanical spectroscopy (DMS).

Segmental (R) and normal mode (RN) processes in PPO are
in excellent agreement with the results reported in the literature.
Neat OG and OC also display two relaxation processes: a slower
one due to the segmental motions of side chains and a faster
one due to the local motions. OC dynamics are characterized
by a longer time scale than OG because of the increased rigidity
of side chains due to the incorporation of the cyclohexyl ring
and a higherTg.

All nanocomposites show segmental and normal mode
processes that shift to higher frequency with increasing POSS
concentration. POSS nanoparticles act as hard-sphere diluents
in the polymer matrix that trigger a decrease in self-association
interactions among the PPO chains and thus promote their
mobility. Good dispersion of POSS is limited by aggregation
at higher concentration. We defined∆τ as the difference
between the average relaxation time of the a process (segmental
and normal mode) in a nanocomposite and the corresponding
neat PPO at the same temperature.∆τ is affected by the structure
and concentration of POSS and PPO molecular weight and
temperature as follows: (1)∆τ increases gradually with
increasing POSS concentration before leveling off at a threshold
value due to POSS aggregation, (2)∆τ decreases with increasing
PPO molecular weight, (3)∆τ increases with decreasing
temperature, and (4)∆τ is greater in OGP than OCP nanocom-
posites under the same conditions.

A change in temperature does not affect the shape of the
relaxation spectra of segmental and normal mode processes; i.e.,
they remain thermodielectrically simple. An increase in POSS
concentration, however, leads to a slight broadening of the
segmental process but does not change the shape of the normal
mode process. The effect of POSS concentration on the
segmental relaxation spectra decreases with increasing molecular
weight of PPO, which is attributed to an increased tendency of
POSS nanoparticles to form aggregates in a higher molecular
weight matrix.

Figure 12. Zero-shear viscosity of OGP and OCP (inset) nanocom-
posites as a function of POSS concentration at 273 K.

Figure 13. Average DMS and DRS relaxation time for segmental (open
symbols) and normal mode (solid symbols) processes in neat PPO4K
and OGP4K as a function of reciprocal temperature with POSS
concentration as a parameter. Large symbols are DMS results, and small
symbols are DRS results. The solid lines are fits to the VFT equation.

τN ≡
η0

GN

)

∑
p

τG,php

∑
p

hp

(4)
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The dielectric strength of the segmental process in OGP
nanocomposites increases with increasing OG concentration
because of the partial overlap of segmental relaxations in OG
and PPO. Conversely, the dielectric strength of the segmental
process in OCP nanocomposites derives from the PPO segments
only and decreases with increasing OC concentration. The
dielectric strength of the normal mode process decreases with
increasing POSS concentration in all nanocomposites. This is
not surprising because that relaxation is due solely to the global
motion of PPO chains.

A direct comparison of DRS and DMS results reveals
excellent agreement between the average relaxation time for
segmental and normal mode process obtained by those two
techniques. The plateau modulus (GN) does not change with
increasing POSS concentration in the OGP nanocomposites but
increases in the OCP nanocomposites. The observed increase
in the modulus and viscosity of OCP nanocomposites may be
attributed to the “filler effect” and the presence of OC crystalline
phase.
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