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Segmental and normal mode dynamics in polyhedral oligomeric silsesquioxane (POSS)/poly(propylene
oxide) (PPO) non-reactive and reactive nanocomposites were investigated using a broadband dielectric
relaxation spectroscopy (DRS) over wide ranges of frequency and temperature. Three POSS reagents with
varying side chain architecture were selected for the study: OctaGlycidyldimethylsilyl (OG), TrisGlyci-
dylEthyl (TG) and MonoGlycidylEthyl (MG). Spectra of OG and TG show a segmental (a) process at lower
frequency and a local (b) relaxation at higher frequency, while MG displays only a local relaxation. Neat
PPO has both segmental and normal mode (aN) process. In POSS/PPO non-reactive nanocomposites, the
presence of OG and TG causes a decrease in the time scale of aN and a relaxation, while MG has no impact
on the dynamics of PPO. Chemical reactions in POSS/PPO reactive nanocomposites lead to the formation
of nanonetworks. Prior to the onset of reaction, POSS nanoparticles promote the motions of PPO chains,
decrease the time scale of relaxation and give rise to thermodielectrically simple spectra. During the
reaction, however, the network formation leads to spectral broadening and a gradual increase in the time
scale of both segmental (a) and normal mode (aN) relaxation. A detailed account of the effects of
structure, concentration and dispersion of POSS in the matrix, molecular weight of PPO, extent of
reaction and temperature on the molecular origin, temperature dependence and spectral characteristics
of relaxation processes in POSS/PPO nanocomposites is provided.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Inorganic–organic hybrid oligomers are of considerable interest
because of their nanoscopic dimensions and the ability to enhance
mechanical properties, thermal stability and oxidative resistance of
polymeric matrices [1–4]. Polyhedral oligomeric silsesquioxane
(POSS) is one such oligomer with a well-defined structure
composed of an inorganic silica core surrounded by eight organic
side groups [5–7]. Those side groups vary in architecture and can be
either non-reactive or reactive with the polymer matrix. The non-
reactive side groups have been shown to enhance dispersion,
processing and properties of POSS/polymer nanocomposites
[8–20], while the reactive side groups lead to the formation of novel
copolymers [21–28] or nanonetworks [29–44].

Various side groups on the POSS cage that have been incorpo-
rated into a polymer matrix by blending or chemical tether include
epoxy [45–50], amine [51], vinyl [14,26,52], styryl [21,35], meth-
acrylate [53,54], and norbornyl [25,28,55]. While the effect of these
: þ1 718 260 3125.
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functional groups on the macroscopic (bulk) properties of nano-
composites has been studied, missing is the information about
dynamics, i.e. the time scales and the length scales of molecular
motions that underlie the physical and mechanical response. Such
information is important as we strive to use nanoscopic concepts to
tailor macroscopic behavior.

Three POSS molecules are selected for this study; they differ in
the architecture and the number of side chains attached to the POSS
cage. That number is varied from one to eight. Polypropylene oxide
(PPO) is used as the matrix because it contains both type A dipoles
[56–59] parallel to the polymer backbone, which relax via the
normal mode process, and type B dipoles perpendicular to the
backbone, which relax by segmental motions. This characteristic of
PPO enables us to probe the effect of architecture on dynamics at
different time scales and length scales. Non-reactive and reactive
end-functionalized PPO is used, each at two different molecular
weights.

The objective of this study is to elucidate the effect of molecular
variables that include the type, concentration and architecture of
POSS nanoparticles and the molecular weight of PPO, on the
dynamic features of nanocomposites. To the best of our knowledge,
this study marks for the first time that Dielectric relaxation
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Fig. 1. Chemical structure of functionalized POSS monomers (R¼ ethyl).
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spectroscopy (DRS) is employed to conduct an investigation of the
effect of molecular architecture of POSS on the dynamics of
nanocomposites.

2. Experimental section

2.1. Materials

2.1.1. Polymer
Linear polypropylene oxide (PPO) with symmetrical dipole

inversion was employed in this study. Two arms emanate from
a central point, each containing an uninverted dipole sequence.
Each arm is end-functionalized with an amido group (reactive,
Huntsman) or hydroxy group (non-reactive, Bayer). The molec-
ular weights of PPO are 2 kg/mol (PPO2k) and 4 kg/mol
(PPO4k).

2.1.2. POSS
Three POSS molecules, namely (OctaGlycidyldimethylsilyl–POSS

(OG), TrisGlycidylEthyl–POSS (TG) and GlycidylEthyl–POSS (MG)),
were obtained from Hybrid Plastic (www.hybridplastics.com) and
used as-received. Their chemical structures are shown in Fig. 1. OG
and TG are liquids at 0 �C, with a viscosity of 2.2 Pa s and 0.75 Pa s,
respectively, while MG is a solid below 145 �C. The major differ-
ences between these three POSS molecules are as follows: (a) the
architecture is different as shown in Fig. 1; (b) the number of
functional side chains is different; OG has eight, TG has three and
MG has only one; (c) the same non-reactive side chain R (R¼ ethyl)
is present in TG and MG, but not in OG; and (d) the POSS core is
a closed cage for OG and MG, and a partially open cage for TG.

2.1.3. Non-reactive nanocomposites
A desired amount of POSS was mixed with PPO with non-reactive

end groups (hydroxyl groups) in toluene using a high-speed stirrer.
Toluene affords good dispersion of POSS in the PPO matrix and is
readily removed by evaporation. All mixtures were degassed before
measurements. Identification codes for all samples studied are listed
in Table 1. The first two letters stand for the type of POSS (OG, TG or
MG) and the third one, ‘‘P’’, stands for PPO. The two numbers that
follow are separated by a dash: the first one defines the molecular
weight of PPO and the second one (labeled ‘x’ inTable 1) indicates the
weight percentage of POSS. For instance, OGP4k-10 represents the
nanocomposite of POSS (OG) and PPO (P) with molecular weight of
4 kg/mol, containing 10% by the weight of OG.

2.1.4. Reactive nanocomposites
POSS was mixed with reactive end-functionalized (amino group)

PPO, coded ‘PN’, in the stoichiometric ratio using the same method
as for the non-reactive mixtures. The reaction is slow at room
temperature. The reactive nanocomposites studied are summarized
in Table 2 and a similar code was used for their identification. The
percentage of POSS is not specified in the code because the
mixtures are stoichiometric. For example, OGPN4k represents
a reactive nanocomposite of POSS (OG) and amide functionalized
PPO (PN) with molecular weight of 4 kg/mol. Note that MG/PPO
nanocomposites were not prepared due to the low solubility of MG
in PPO and its high concentration at the stoichiometric ratio.

2.2. Techniques

2.2.1. Dielectric relaxation spectroscopy (DRS)
Our facility combines commercial and custom-made instru-

ments that include: (1) Novocontrol a high-resolution dielectric
analyzer (3 mHz to 10 MHz) and (2) Hewlett–Packard 4291B RF
impedance analyzer (1 MHz to 1.8 GHz). The frequency range
available is from 3mHz to 1.8 GHz. The heating/cooling unit controls
the sample temperature within �0.5 �C and the experimental data
are acquired through the computer connected to the instrument. In
a typical DRS test, the sample is placed between the stainless steel
electrodes, 12 mm in diameter and 0.05 mm in thickness and an
isothermal frequency sweep conducted. Further details of our DRS
facility are given elsewhere [61,62].

http://www.hybridplastics.com


Table 1
OG/PPO, TG/PPO and MG/PPO non-reactive nanocomposite formulations investi-
gated. (x represents the weight percentage of POSS in the system).

Description Code

OGþ PPO2k OGP2k-x
OGþ PPO4k OGP4k-x
TGþ PPO2k TGP2k-x
TGþ PPO4k TGP4k-x
MGþ PPO2k MGP2k-x
MGþ PPO4k MGP4k-x

Fig. 2. Dielectric loss of TG and MG (inset) in the frequency domain with temperature
as a parameter.
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2.2.2. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra were obtained using a Nicolet Magna-IR 750

spectrometer with a wavenumber range from 15,800 to 50 cm�1

and the Vectra interferometer with a resolution smaller than
0.1 cm�1. For near-infrared (NIR) measurements, the combination
of a calcium fluoride beam splitter, a white light source and
a Mercury–Cadmium–Tellurium (MCT) detector were used to
optimize the spectra. Chemical reaction was monitored in-situ by
a fiber optic sensor. The extent of reaction is obtained from the ratio
of the area under the reactive (epoxy, amine) group peak at a given
reaction time to the initial peak area. The results were normalized
with respect to a group not involved in the reaction. The details of
this technique can be found elsewhere [49].

2.2.3. Differential scanning calorimetry (DSC)
A TA Instrument Co. DSC model 2920 was employed to obtain

the glass transition temperature. The heating or cooling rate was
controlled at 10 �C/min.
3. Results and discussion

This section is divided into thee parts. In the first part we
describe the dynamics of the individual components, POSS and
PPO. In the second part we discuss the dynamics of non-reactive
POSS/PPO nanocomposites. And in the third part we present the
results for nanonetworks formed by the chemical cross-linking of
epoxy-functionalized POSS and amine-functionalized PPO.
3.1. Individual components

The dielectric spectrum of OG in the frequency domain was
described in our recent communication [45]. Briefly, OG shows two
processes in the frequency range between 10�2 and 108 Hz and in
the temperature range from �100 �C to �40 �C. Both processes
originate in the side chain with the functional end group and have
a different time scale. The slower relaxation (lower frequency)
exhibits the characteristics of the segmental (a) process in glass
formers, while the faster (b) process (higher frequency) is due to
the localized motions.

Dielectric loss of TG in the frequency domain (10�1 to 108 Hz)
with temperature (�100 to �20 �C) as a variable is shown in Fig. 2.
The two processes observed (a and b) are similar to those in OG. But
the dielectric loss of MG in the frequency domain shows only the
b process in the temperature range from �100 to �70 �C (Fig. 2
Table 2
OG/PPO and TG/PPO reactive nanocomposite formulations investigated.

Description wt% of POSS in PPO matrix Code

OGþ PPO2k 31.3 OGPN2k
OGþ PPO4k 18.5 OGPN4k
TGþ PPO2k 42.6 TGPN2k
TGþ PPO4k 27.1 TGPN4k
inset). This process moves out of our frequency window above
�70 �C. The absence of the a process in MG is the consequence of its
crystalline structure. The spectral features in the low frequency
region are insufficiently convincing to claim a relaxation process. It
is also worth noting that the dielectric strength of the a and the
b process in TG is lower than in OG at the same temperature, which
is attributed to fewer functional side chains in TG. MG shows the
lowest dielectric strength of the b process, because it has only one
functional side chain.

The temperature dependence of the average relaxation time
(obtained using the Havriliak–Negami (HN) fits [67]) for each
process is plotted in Fig. 3. The time scale of the a process is shorter
in TG than OG, while the time scale of the b process is practically the
same in all three POSS molecules. The principal dynamic charac-
teristics of the POSS molecules studied herein can be summarized
as follows: (1) segmental relaxation is faster in TG than OG due to
the lower glass transition temperature (Tg¼�84 �C for TG and
�78 �C for OG); (2) the a process is not detected in MG because of
its crystalline structure; (3) the temperature dependence of the
b process and the activation energy (ca. 29 kJ/mol) are the same in
all three POSS molecules because of the common molecular origin
Fig. 3. Temperature dependence of the average relaxation time for OG, TG, and MG.



Fig. 4. Average relaxation time for the segmental process in OGP2k, OGP4k, TGP2k and
TGP2k nanocomposites as a function of POSS concentration at �60 �C.
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(the same side chain end group); (4) the lower dielectric strength of
TG and MG is due to fewer functional side groups.

The dielectric relaxation of the neat PPO has been well estab-
lished in the past [56–61,66], and hence we shall not be compre-
hensive here. Suffice it to say that the temperature dependence of
the relaxation time for the segmental (sS) and the normal (sN) mode
process in the neat PPO is of the Vogel–Fulcher–Tammann (VFT)
type [63–65] and that an increase in the molecular weight affects
the normal mode process but not the segmental process.

3.2. Non-reactive POSS/PPO nanocomposites

As reported previously [45], OGP nanocomposites display the
segmental and the normal mode process observed in the neat PPO
with only a slight modification in the time scale. With an increase in
OG concentration, both processes shift to higher frequency (faster
relaxation) and the dielectric relaxation strength (D3s) of the
segmental process increases. For TGP nanocomposites, the
segmental and the normal mode process also shift to higher
frequency with increasing TG concentration; however, D3s

decreases. For MGP nanocomposites, segmental and normal mode
relaxations do not shift with increasing MG concentration, but D3s

decreases. The temperature dependence of the average relaxation
time for both segmental and normal mode process is of the Vogel–
Fucher–Tammann (VFT) type [63,64,68] in all POSS/PPO
nanocomposites.

In our previous paper [45], we compared the ‘‘measured’’ and
the ‘‘calculated’’ relaxation time for OGP nanocomposites in an
attempt to clarify the origin of the shift in the segmental and
normal mode process. The ‘‘measured’’ relaxation time was
obtained directly from the DRS spectrum while the ‘‘calculated’’
value was determined from the rule of mixture using the values
from the dielectric spectra of the individual components, POSS and
PPO. 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 the a process in OG. Interestingly, the experi-
mentally measured spectrum shifts to still higher frequency when
compared with the calculated spectrum. This suggests that the shift
of the segmental process in OGP nanocomposites is due to the
combined effect of the interactions between OG and PPO and the
overlap between their segmental processes. For the normal mode
process, the calculated spectra of OGP do not shift with respect to
the neat PPO4k but the measured spectra do, so the shift in the
normal mode process in OGP is only affected by the POSS–PPO
interactions. It is concluded that OG nanoparticles in the PPO
matrix act as hard sphere diluents by decreasing the self-
association interactions and promoting the motions of polymer
chains.

We apply the same rationale to analyze the change in the
dynamics of TGP and MGP nanocomposites. For TGP nano-
composites, the calculated segmental and normal relaxation times
(at a given concentration) are in the same frequency range as the
corresponding processes in the neat PPO, but the measured values
shift to higher frequency. The segmental process of TG is faster
than that of PPO (by more than one decade) and its dielectric
strength is smaller than that of PPO. Thus the experimentally
observed shift is interpreted as due solely to the interactions
between TG and PPO. We note that the OG dynamics are charac-
terized by a faster time scale of the segmental process and
a higher dielectric strength than PPO, and that gives rise to an
overlapping segmental process in OGP nanocomposites. Since TG
has lower viscosity than OG, owing to fewer functional side chains
and a partially open cage structure, TG nanoparticles are also
a more efficient diluent in speeding up the polymer chain motions.
For MGP nanocomposites, the measured and the calculated
segmental or normal mode relaxation times are identical because
MGP is insoluble in PPO and does not affect the chain motions. The
properties of MGP nanocomposites obey the rule of mixture and
hence only OGP and TGP nanocomposites are analyzed and
compared below.

The average relaxation time for the segmental process in OGP2k,
OGP4k, TGP2k and TGP4k nanocomposites is shown as a function of
POSS concentration at�60 �C in Fig. 4. To further explore the effects
of OG and TG on the dynamics of nanocomposites, we defined DsS

as the difference between the segmental relaxation time in the
nanocomposite and the corresponding neat PPO at the same
temperature. The principal results for DsS are summarized as
follows: (1) DsS increases with increasing POSS concentration at
any given temperature in OGP and TGP nanocomposites; (2) DsS is
greater in TGP than OGP nanocomposites for the same molecular
weight of PPO; (3) DsS increases slower in the higher molecular
weight matrix. This is true for all nanocomposites and is attributed
to the increased tendency of nanoparticles to form aggregates in
the higher molecular weight matrix; (4) DsS decreases with
increasing temperature (not shown here) implying that POSS exerts
a more pronounced effect on the dynamics of nanocomposites at
lower temperature. The average relaxation time for the normal
mode process in OGP and TGP nanocomposites follows a similar
trend with the type and concentration of POSS, the molecular
weight of PPO and temperature.

The HN parameters a and b define the spectral breadth and
symmetry, respectively. For the segmental process, parameter
b does not change with OG or TG concentration. Parameter
a decreases (from 0.95 to 0.8) with increasing concentration in OGP
but remains constant in TGP nanocomposites. For the normal mode
process, the results were optimized by setting parameter b to 1,
which reduces the HN equation to the Cole–Cole (CC) equation [69].
Parameter a does not change with POSS concentration in either
OGP or TGP nanocomposites. Normalized loss spectra show that the
segmental and the normal mode process remain thermodielectri-
cally simple over a wide range of temperature.

The dielectric relaxation strength (D3), defined as D3¼ 3
0
0� 3

0
N,

where 3
0
0 and 3

0
N represent the minimum and maximum dielectric

permittivity, respectively, is determined by the chemical structure
and molecular architecture and as such is an important materials
characteristic. D3S of OGP nanocomposites was reported to increase
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with POSS concentration [45]. This finding was attributed to the
fact that the segmental process in the nanocomposites encom-
passes segmental processes in both PPO and OG. D3S for TGP
nanocomposites decreases with increasing POSS concentration,
since D3S arises from the segmental process of PPO (as described
earlier). The dielectric relaxation strength of the normal mode
process (D3N) is a very weak (decreasing) linear function of POSS
concentration in all nanocomposites.

We conclude that the effect of POSS nanoparticles on the PPO
motions is determined by the surface architecture of POSS
molecules. We envision POSS nanoparticle as a hard core sphere
(silica cage) covered by a soft outer layer (organic side chain).
POSS nanoparticles dispersed in the PPO matrix break up the
self-association interactions between PPO molecules and thus
exert a promoting effect on chain mobility. At the same time,
however, the opposite effects are created by the newly formed
interactions between PPO and the compatible functional side
chains (glycidylethyl) on POSS molecules. The ensuing interplay
between these two phenomena will eventually determine the
time scale of the relaxation process. Our experimental results
suggest that POSS with three functional side groups (TG) is most
efficient in speeding up polymer motions in nanocomposites.

3.3. Reactive POSS/PPO nanocomposites

Dielectric properties of POSS/PPO nanocomposites change as
POSS reacts with PPO to form nanonetworks. In this study, the
chemical changes during isothermal heating of the reactive mixture
were monitored with near-infrared (NIR) spectroscopy and the rate
of disappearance of epoxy (w4500 cm�1) and amine
(w4940 cm�1) groups were used to calculate the kinetics [70].
OGPN and TGPN were cured at 120� C and the extent of reaction as
a function of reaction time is plotted in Fig. 5. As shown in Fig. 5, the
molecular architecture of POSS and the molecular weight of PPO
have an effect on the kinetics. OGPN forms faster than TGPN due to
the higher concentration of reactive functional groups. The kinetics
of OGPN2k (or TGPN2k) are faster than those of OGPN4k (or
TGPN4k) due to the higher weight percentage of POSS in the lower
molecular weight matrix.

Dielectric loss and real permittivity (inset) of TGPN2k in the
frequency domain as a function of extent of reaction at –50� C are
Fig. 5. Extent of reaction of OGPN2k, OGPN4k, TGPN2k and TGPN4k nanocomposites
as a function of time.
plotted in Fig. 6. Note how both segmental and normal mode
process shift to lower frequency with increasing extent of reaction
and the relaxation strength (D3s) of the segmental process
decreases. Analogous phenomena were observed for OGPN [70].

The incorporation of POSS in the PPO matrix can have both
hindering and promoting effect on the dynamics of nanonetworks.
On the one hand, covalent bonds that form during cross-linking
hinder the motion of PPO chains. On the other hand, POSS
nanoparticles act as hard sphere diluents in the polymer matrix,
as seen in the non-reactive nanocomposites, and that promotes
the motions of polymer chains. During the nanonetwork forma-
tion, polymer chain motions are affected by the interplay between
those two phenomena. Ultimately, in the fully cured nanonet-
works the promoting effect is negligible. It is also clear that sS

and sN in the fully cured OGPN2k (TGPN2k) nanocomposites are
longer than those in OGPN4k (TGPN4k) due to the more rigid
network formed with the lower molecular weight PPO. Fully
cured OGPN nanocomposites have longer sS and sN than TGPN
with the same PPO molecular weight as the result of a more dense
network contributed by the greater number of functional side
groups in OG.

Fits of the loss spectra reveal a steady decrease in the HN
parameter a during the network formation, which is the signature
of spectral broadening. We define Da as the difference in parameter
a between the initial mixture and the fully cured nanonetwork. The
subscripts S and N represent the segmental and the normal process,
respectively. By examining Da, we aim to clarify the effect of POSS
architecture and PPO molecular weight on the spectral shape. For
example: DaS and DaN at �40� C are 0.10 and 0.41 for OGPN2k, 0.05
and 0.38 for OGPN4k, 0.22 and 0.45 for TGPN2k and 0.19 and 0.40
for TGPN4k respectively. It is clear that TGPN nanonetworks have
larger Da than OGPN nanonetworks with the same PPO molecular
weight due to the higher concentration of nanoparticles in the
former system. In addition, nanonetworks with PPO2k have greater
Da than those with PPO4k because of the more rigid network
formed with shorter PPO chains. The HN parameter b does not
change with the extent of reaction for either segmental or normal
mode processes at a given temperature. It is also found that the
segmental and normal mode spectra become thermodielectrically
complex (the unreacted mixtures are simple) following the onset of
reaction. For the segmental process, parameters a and b increase
Fig. 6. Dielectric loss and permittivity (inset) for TGPN2k at �50 �C. in the frequency
domain with extent of reaction as a parameter.
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with increasing temperature, while for the normal mode process
a increases while b remains constant at 1.

Finally, it is observed that D3S decreases with the extent of reaction,
presumably because the dipolar motions are hindered by the network
formation. For example, D3S of the fully cured nanonetworks decreases
about 68% in OGPN2k, 37% in OGPN4k, 56% in TGPN2k and 35% in
TGPN4k at �50� C. For the normal mode process, we note a monot-
onical increase in D3N. For fully cured nanonetworks at �50� C, D3N

increases about 250% in OGPN2k, 175% in OGPN4k, 340% in TGPN2k
and 290% in TGPN4k. These results are consistent with the previously
reported data for OC/PPO nanocomposites [70] and DGEBA/PPO
composites [61], however, the underlying physics remains incom-
pletely understood and further research is warranted.

4. Conclusions

We have completed an investigation of the dynamics of non-
reactive and reactive POSS/PPO nanocomposites using broadband
dielectric relaxation spectroscopy. The effect of concentration and
architecture of POSS and molecular weight of PPO on dynamics was
evaluated and the following conclusions were drawn.

Three POSS molecules (OG, TG and MG) were selected for this
study, with varying number (one to eight) and architecture of the
functional side chains. Both segmental and local relaxations were
observed in OG and TG, while only the local process was seen in MG
due to its crystalline structure. The time scale of the segmental
process in OG is longer than that in TG due to its higher glass
transition temperature. The local process has the same molecular
origin in all POSS molecules and hence the same relaxation char-
acteristics and activation energy.

In non-reactive POSS/PPO nanocomposites, the nanoparticles
dispersed in the PPO matrix act as hard sphere diluents and thus
promote the motion of polymer chains. The time scale of the
segmental and the normal mode process decreases with
increasing POSS concentration in OGP and TGP nanocomposites,
but does not vary in MGP nanocomposites due to the low solubility
of MG in the PPO matrix. The promoting effect of POSS is deter-
mined by its surface architecture. Of the three POSS molecules
investigated TG is the most efficient in decreasing the time scale of
segmental relaxation in nanocomposites. The molecular weight of
PPO has an effect on dynamics. At a given POSS concentration,
segmental and normal mode relaxations shift to higher frequency
in the lower molecular weight matrix due to the better dispersion
of nanoparticles.

In POSS/PPO nanonetworks, the covalent bonds between
POSS and PPO hinder molecular motions and slow down relax-
ation processes. The promoting effect of POSS is noted prior to
the onset of reactions but it weakens progressively compared to
the hindering effect due to cross-linking. The segmental and the
normal mode process in nanonetworks become slower and
broader in the course of the reaction. The properties of the fully
cured POSS/PPO nanocomposites are controlled by the network
architecture. Slower segmental and normal mode relaxation in
OGP than TGP nanonetworks is the consequence of higher cross-
link density in the former imparted by eight functional side
groups on OG. Also, slower segmental and normal mode relax-
ation and broader spectra are observed in fully cured OGP2k (or
TGP2k) compared with OGP4k (or TGP4k), because PPO with
lower molecular weight forms more rigid nanonetworks.
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