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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: normalynadd (
segmental modeal). 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 prageases, 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 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 measuremé#t&' to investigate
{anocomposites with POSS concentration below 10 wt % that
include cyclohexyl-POSS/poly(methyl methacrylate)s (PMMA),
isobutyl-POSS/PMMAS methyl-POSS/ethylerepropylene co-

The development of inorganic-nanoparticle/polymer-matrix
nanocomposites has attracted considerable attention in recen
years!—3 Among various nanoparticles, polyhedral oligomeric
silsesquioxanes (POSS) are particularly attractive because o
their unique structur&:® POSS molecules consist of a rigid

silica core with different organic moieties covalently bonded
to the silicon atomg:° The wide variety of functional moieties polymers (EP}? methyl-POSS/polyethylene (PE)and cyclo-

that can be affixed to silicon and their nanoscopic dimensions PENtYI-POSS/PEL A common finding in those studies regards

make POSS molecules attractive candidates for a wide rangell'€ mMorphology of nanocomposites: POSS molecules are

of application. One example is the field of nanocomposites, dispersed in the polymer matrix below threshold concentration

where a judicious selection of functional moieties may improve that defines the solubi_lity limit a_nd form aggregates abov_e tha_t
dispersion of POSS in the polymer mattkl’ enhance value. The viscoelastic behavior of these nanocomposites is

processing characteristiésand impart desired physical and determined by the chemical and phys?cal properties of the matrix
mechanical properties. The end group on a functional moiety and POSS molecules as well as the interactions betweens these
may be nonreactive or it may react with the polymer matrix. twohcomp_on(_entls. biecti f thi dv i d
Nonreactive end groups enhance dispersion and properties of T e principal objective of this study is to conduct an
POSS/polymer blends; 31 while reactive end groups may lead investigation of the fundamental dynamic features of multi-
to the formation of coéolyme?%ﬁ” or networksi0-55 functional nonreactive POSS/PPO nanocomposites. Specifically,

Nonreactive POSS/polymer nanocomposites have been in-Ve e”_‘p'oy diele_ctric relaxation spectroscopy (DRS) and
vestigated with several techniques, and improvements of theird%/fna{mc rgechamcal ﬁs}pfctrcl)scopy S?MS) t?] |nv$stlgtate the
bulk properties, such as thermal stabifityglass transition etlect on dynamics omolecularyariables such as the type,
temperaturé32526 and mechanical performanéehave been concentration, and architecture of nanoparticles and molecular

reported. What is missing, however, is information about the weight of polymer, anexternalvariable, such as temperature

molecular motions that underlie physical and mechanical and frquency. To the best of our knowlegige, this study ”.‘a”‘s
response the first time that DRS was used to investigate the dynamics of

. . . POSS/polymer nanocomposites and DRS and DMS spectra were
The knowledge of dynamics on the nanoscopic and micro-
. ) . . - compared.
scopic level is crucial for understanding the time scales and
Experimental Section
*To whom correspondence should be addressed. E-mail: jmijovic@ A. Materials. Polymer. Linear poly(propylene oxide) (PPO) with

ly.edu. . . . - : : .

Py PeoI;technic University. symmetrical dipole inversion was used in this study, and its structure
* University of Belgrade. is shown in Figure 1. Two arms emanate from a central point, each
§ University of Perugia. containing an uninverted dipole sequence. This polymer has type
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Figure 1. PPO architecture (linear PPO chain with symmetrically
inverted dipoles).

A dipole$%-5° parallel to the polymer backbone, which relax via
the normal mode procesey{ process), and the transverse dipole
moment component, which relaxes via the segmental process (
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 inorganieorganic three-dimensional structure and
contain eight reactive organic functional groups, as shown in Figure
2. The dimension of POSS cubic frame is around-1L.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 NanocompositeDesired amounts of POSS and
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include (1) Novocontrolk. high-resolution dielectric analyzer (3
uHz—10 MHz) and (2) Hewlett-Packard 4291B rf impedance
analyzer (1 MHz1.8 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 fromg@Hz 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 elsewhef&:52

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-1I 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 6CI@in.

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

PPO were mixed in toluene using a high-speed stirrer. Toluene nymber of books and key reviews:®5 DRS studies of neat

evaporates fast, and good dispersions of POSS in PPO are obtaine
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:

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

1)

Note that POSS concentration increases with decredsinthe

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 follow&) defines the molecular weight
of PPO (kg/mol), and the final number describes the paranieter

defined above. For example, OCP4K-1 represents a nanocomposite:

of POSS (OC) and PPO (P) with molecular weight of 4000 g/mol

%P0 have also been reporf&@’ and hence our goal here is

not to be comprehensive. The glass transition temperature of
neat PPO is not a function of molecular weighg & —68 °C
as measured by DSC). The experimentally obtained dielectric

spectra were deconvoluted using a sum of the well-known

Havriliak—Negami (HN) functional for$# and the conductivity

term:

N

€ok €k o
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wherea, andby are the shape parameters that define the breadth
gnd the symmetry of the spectrum, respectivelyjs the
conductivity,e, is the vacuum permittivity, andk is the average

(4K) at ratioN equal to one (1). The sample codes are also listed 'elaxation time obtained from the fits. The HN function reduces

in Table 1.
B. Techniques. Dielectric Relaxation Spectroscopy (DRSRur

to the Debye equation whesa= b = 1 and the ColeCole
equation wherb = 1.5% The temperature dependence of the

facility combines commercial and custom-made instruments that relaxation time for the segmentatsf and normal €y) mode

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 2.712.9 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
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A. OctaGlycidyldimethylsilyl-POSS (OG)
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B. OctaEpoxyCyclohexyldimethylsilyl-POSS (OC)

Figure 2. Chemical structure of multifunctional POSS monomers.

processes confirms that the increase in molecular weight slowsas a variable is shown in Figure 3. Dielectric permittivity is
down the normal mode process but does not affect the segmentashown in the inset in Figure 3. OG shows two processes in the
process. The temperature dependence of the average relaxatiofrequency range between 10and 16 Hz and at temperatures
time for both processes is of the Vogétulcher-Tammann  between—100 and—40 °C. These two processes possess the

(VFT) type?® ¢ described by characteristics oft relaxation (lower frequency process) ghd
B relaxation (higher frequency process) in glass formers.
T=T7p exp(_l_ T ) () DRS spectra of OC are quite different as evident from Figure

4, which shows dielectric loss in the frequency domain with
Further details of the dynamics of neat PPO have been giventemperature as a variable. These spectra were generated in the
elsewherét.67 frequency range between®and 16 Hz and in the temperature
OG and OC. We begin the analysis of OG and OC dynamics range betweer-100 and 100C. At —100°C (filled squares)
by first describing their individual DRS spectra and seeking to OC shows g process, centered at:3 10* Hz, that shifts to
elucidate the molecular origin of the observed relaxations. higher frequency with increasing temperature and exits our
Dielectric loss of OG in the frequency domain with temperature frequency window at-50 °C. In the temperature range between
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Figure 3. Dielectric loss and permittivity (inset) of OG in the frequency
domain with temperature as a parameter.
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Figure 4. Dielectric loss of OC in the frequency domain with
temperature as a parameter.

—40 and 10°C, we observe no relaxation processes at
frequencies betweeni®and 16§ Hz. With further increase in
temperature, at about 20C, the o process enters the low-
frequency end of the spectrum. Theprocess shifts to higher
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Figure 5. Temperature dependence of the average relaxation time for
a andp processes in OG, OC, and DGEBA.
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Table 2. VFT Parameters for the Segmental Process in OG, OC, and

DGEBA
segmental process
material 70 (S) B (109 Ty (K)
oG 5.7x 10713 1114 159
oC 5.6x 10710 2209 197
DGEBA 1.0x 1074 1148 222

glass transition at-7 °C and a melting point at 12%C. The
temperature dependence of the average relaxation time follows
the Voget-Fulcher-Tammann (VFT) form for thex process

and the Arrhenius form for th@ process in all compounds.
The corresponding VFT parameters are listed in Table 2. The
time scales oft andp relaxations in OG are much shorter than

in OC.

The molecular origin of these processes is considered next.
There is little doubt that thet process in OG and OC results
from the segmental motions of the side chains of POSS. The
lower dielectric strength of the 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. The 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.

frequency and decreases in intensity with further increase in DGEBA also shows two processes in the temperature range

temperature.

between—100 and 100C, identified as segmental) and local

A direct comparison of the OG and OC spectra reveals some (), respectively. Figure 5 shows that the average relaxation
common features: (1) both OG and OC undergo two relaxation time for thej process in DGEBA is closer to that of OC while

processeso andp), (2) all processes shift to higher frequency

the average relaxation time for theprocess falls between those

with increasing temperature, and (3) dielectric strength decreasef OG and OC. DGEBA and OG have the same terminal

for the o process and increases for fh@rocess with increasing

glycidyl groups, but OG side chains are more flexible, resulting

temperature. But the differences between OG and OC dynamicsin the lower glass transition temperature. Tiy@f OC is higher

are notable. For example, the dielectric strength obtlpeocess

than that of DGEBA and OG, and hence the time scale of the

in OC is considerably lower than in OG at the same temperature.o. process in these three compounds expressed by the average
The temperature dependence of the average relaxation timerelaxation time for segmental motionsg)is as follows: 7s-oc

for each process in OG and OC (obtained from the HN fits)

> Ts-pGeBa > Ts-oc- The S process has similar activation

was determined, and the results are plotted in Figure 5 (solid energy in all three compounds (ca. 29 kJ/mol), suggesting the

lines are fits). Also included in Figure 5 is the temperature
dependence of the average relaxation timexfandg processes
in diglycidyl ether of Bisphenol A (DGEBA), a widely used

same molecular origin.
2. POSS/PPO Nanocomposites. (a) Optical Microscopy
and Thermal Analysis. The effect of OC concentration (6 and

bifunctional epoxy resin. This comparison is interesting because 30 wt %) and PPO molecular weight (MW 2K, 4K, and 8K

DGEBA has terminal glycidyl groups (like OG), and its
dynamics have been investigated before by DRSWe note
that the calorimetric (DSC) glass transition temperatiligg i€
—78°C for OG and—18 °C for DGEBA. OC shows a weak

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
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OCP2k-05 (30wt %) OCP4k-025 (30wt %) OCPRK-0125(30wt %)
Figure 6. Morphology of OCP nanocomposites with molecular weight of PPO and OC concentration as parameters.

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 =g,
for at least 1 month, and all DRS and DMS experiments were g5
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 o . _g%e » PPO2K
of nanocomposites. The DSC glass transition temperature of i} TSy o OGP2k-2 a OGP2k-1
OCP nanocomposites 868 °C and is not affected by the OC fad v OGP2k-05 ¢ OGP2k-025
concentration. The melting point in OCP nanocomposites is ~2.0 T
observed at lower temperature (11C for OCP4K-0125) in o4 1 10 100 1000 10000 1000001000000 1E7  1ES
comparison with the neat OC (12%&). The glass transition Frequency (HZ)

tgg perature of .OGP nanoc_:omposnes decreaseg with Ir]C“:"asmi’-igure 7. Dielectric loss in the frequency domain with OG concentra-

concentration according to the law of mixtures. OGP 4= as a parameter for OGP2K at 223 KH0 °C).

nanocomposites are wholly amorphous and do not have a

melting point. o
(b) Dielectric Relaxation Spectroscopy (DRS).In this 0.0 -60°C

section, we describe the results of DRS measurements of OGP " Dig;:S% = PPO2k

and OCP nanocomposites. The key parameters that define the ] . OA o OCP2k-1
dynamics of nanocomposites are discussed below in the . 88 4 OCP2k-05
following sequence: (1) dielectric permittivity and loss, (2) " A 88.

average relaxation time, (3) shape of the relaxation spectra, anct,, °° " oA

(4) relaxation strength.

(b1) Dielectric Permittivity and Loss. Results for the OGP ] oA o y
nanocomposites are described first. In Figure 7, we show oA my
dielectric loss in the frequency domain-ab0 °C for PPO2K 10 = oA‘ o

and OGP2K at four different OG concentratiohs=€ 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 01 1 10 100 1000 10000 1000001000000 1E7 1E8
OGP4K and OGP8K nanocompositgs. o Frequency (HZ)

Results fqr the QCP n_anocor_npOSIteS are shown n Fgure 8, Figure 8. Dielectric loss in the frequency domain with OC concentra
!Vg I(;grdgsg:ggeKs gﬂeggcplgzs'\(ln:thi f:;?é’ e(?. g))/.dagr?ar,ﬁo, tion as a parameter for OCP2K at 213 K0 °C).
segmental and normal mode processes shift to higher frequencyconcentration, the change in glass transition temperature is
with increasing concentration. An additional high-frequency undetectable by DSC. We ascribe this to the inherent difference
relaxation due to thg process of OC is also observed. Although in sensitivity between dielectric and calorimetric techniques.
the time scale of the segmental motions in OCP nanocomposites The observed variation in the time scale of segmental and
measured by DRS decreases slightly with increasing OC normal mode relaxation with composition is of interest. To that

€

log
| |
|
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1.4 sponding neat PPO at the same temperature. The increase in
o Ats with decreasing temperature signifies that OG has a more

-60°C .

164 o . OGP2k pronounced effect on PPO dynamics at lower temperature.

- OGP4k QCP na_mocomposites show similar tr_ends as OGP nanocom-
posites with varying POSS concentration and PPO molecular
4 OGP8k weight. A comparison of the time scale for segmental motions
= OCP2k in OCP and OGP nanocomposites (Figure 9) showsAhais
# less pronounced in the former. We note a threshold vall¢ of
» ] o = 0.5 in OCP nanocomposites (31 wt % in OCP2K, 19 wt %
224 ° in OCP4K, and 11 wt % in OCP8K), beyond which there is no
. further effect of concentration on the dielectric response. The
244 larger Ats and the smaller threshold value &f in OGP
nanocomposites are the consequence of a better dispersion of
06 = . OG in the PPO matrix and the overlap of their segmental
processes.
o 10 20 30 4 so  e0 70 The average relaxation time for the normal mode process
: 0 follows a trend similar to that observed for the segmental process
POSS Concentration (Wt A’) with varying POSS concentration and temperature in both OGP
Figure 9. Average relaxation time for segmental process in OGP2K, and OCP nanocomposites.
OGP4K, OGP8K, and OCP2K nanocomposites as a function of POSS  pOSS nanoparticles decrease the self-association interactions
concentration at-60 °C. and promote motions of polymer chains. This effect varies with
the nanoparticle surface area and is concentration-dependent.

end a quantitative comparison was made of the experimentally At low concentration POSS is well dispersed, the total surface
obtained spectra of the neat PPO and POSS/PPO nanocompogirea of nanoparticles increases with concentration and the time
ites, and the calculated prediction was based upon the rule ofscale of relaxation speeds up. At the solubility limit, the interplay
mixtures. For the segmental process, the calculated spectrunfets in between an increase in the surface area due to the
for OGP shifts to higher frequency with respect to the neat PPO additional POSS nanoparticles and a decrease in the effective
due to the partial overlap with theprocess in OG. Interestingly, ~ surface area due to aggregation. This is accompanied by leveling
the experimentally measured spectrum shifts to still higher off of the relaxation rate.
frequency. This suggests that the shift of the segmental process The temperature dependence of the relaxation time for
in OGP nanocomposites stems not only from the overlapping segmental €s) and normal {y) processes was fitted with the
o processes but also from the interactions between OG and PPOVFT equatiorf®¢”as shown in Figure 13. We observe that the
The calculated spectrum of OCP does not shift to higher temperature dependence of the average relaxation times becomes
frequency with respect to the neat PPO, but the measuredgradually less pronounced (decreasing curvature) with increasing
spectrum does. This indicates that the shift of the segmentalPOSS concentration. This trend can be rationalized on the basis
process in OCP derives only from the interactions between OC of intermolecular cooperativity. Since POSS nanoparticles
and PPO. For the normal mode process, the calculated spectralecrease the self-association interactions within the polymer
of OGP and OCP do not shift with respect to the neat PPO4K, matrix, it is plausible that the cooperative dynamics of PPO
but the measured spectra do. The normal mode process inevolve toward a weaker intermolecular coupling with increasing
nanocomposites is affected only by the interactions between POSS concentration. This is tantamount to saying that the
POSS nanoparticles and PPO. fragility of nanocomposites decreases with increasing POSS
In sum, the dynamics of OGP and OCP nanocomposites areconcentration.
affected by the POSSpolymer interactions and cannot be (b3) Relaxation Spectra.The spectral analysis using the HN
predicted by a simple rule of mixtures. It is likely that POSS functional form yielded interesting results. The effects of POSS
nanoparticles act as hard-sphere diluents in the polymer matrix,type and concentration, PPO molecular weight, and temperature
decreasing the self-association interactions and promotingon the spectral shape were examined, and the following
motions of polymer chains. Additionally, POSS nanoparticles observations were made. First, the spectra for the segmental
in OGP8K and OCP8K nanocomposites may affect the en- process broaden with increasing POSS concentration. The HN
tanglements (MW for entanglements is 5 kg/mol) and thus parameten, which defines the spectral breadth, decreases from
contribute to higher mobility?.72.73 0.95 to 0.80 for OGP and from 0.95 to 0.86 for OCP, while the
(b2) Average Relaxation Time.The average relaxation time  HN parameteb, which defines the spectral symmetry, remains
for the segmental process in OGP2K, OGP4K, OGP8K, and unchanged. The HN parameters for the normal mode process
OCP2K nanocomposites as a function of POSS concentrationdid not change. The best fits were obtained by setting the HN
at —60 °C is shown in Figure 9. parameteb = 1, which reduces the HN equation to the Cele
OGP nanocomposites are considered first. The relaxation timeCole (CC) equation. Second, the effect of POSS concentration
(ts) for the segmental process decreases with increasing POS®n the shape of the spectrum becomes less pronounced at higher
concentration at a given temperature before leveling off. The PPO molecular weight. And third, the normalized loss spectra
observed threshold value for OGP nanocompositdlsss0.25, (not shown here) indicate that segmental and normal mode
which corresponds to 45 wt % in OGP2K, 30 wt % in OGP4K, processes remain thermodielectrically simple over a wide range
and 18 wt % in OGP8K. The trend of decrease of relaxation Of temperature at a given POSS concentration.
time is smaller in higher molecular weight PPO matrix, which (b4) Relaxation Strength.The effect of POSS concentration
is attributed to an increased tendency of OG nanoparticles toon the dielectric relaxation strengtthd) in OGP and OCP
form aggregates. We definkrs as the difference between the nanocomposites is described neXt. is an important material
segmental relaxation time in a nanocomposite and the corre-characteristic because it depends on the chemical structure and

o
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Figure 10. Storage modulus@) 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@') 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.

molecular architecture. The relaxation strength is defineflaas

= €'p — €'«, Wheree'p ande€'s, 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 value
of Ae are obtained from the HN fits of dielectric spectra. The
dielectric relaxation strength of the segmental processs)(

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

increases with increasing POSS concentration in OGP nano-incorporation of POSS nanoparticles, although this effect is

composites and decreases in OCP nanocomposites. The increadiPtably weaker in OCP.
of Aes in OGP nanocomposites is caused by the overlap of A comparison of the loss modulus spectra for OGP and OCP
segmental processes in OG and PPO. Conver&eltlecreases nanocompOSiteS is presenIEd in Figure 11, which shows loss
with increasing OC concentration (and approaches zero at 100modulus G") in the frequency domain for OGP4K and OCP4K
wt % OC) in OCP nanocomposites where the sole contribution (inset) at—62 °C with POSS concentration as a parameter. The
to the segmental process comes from PPO. The dielectricslope in the terminal zone equals 1 and does not vary with POSS
relaxation Strength of the normal mode procmo isa very concentration in OGP or OCP nanocompOSiteS. The time scale
weak (decreasing) function of POSS concentration in both OGP 0f the segmental process in OGP, located at the high-frequency
and OCP nanocomposites. This is not surprising because theend, decreases with increasing OG concentration. The speeding
normal mode relaxation is due solely to the PPO chains. up of the segmental process has been attributed to the effect of
(c) Dynamic Mechanical Spectroscopy (DMS)The results POSS nanoparticles which decrease the self-association interac-
of dynamic mechanical spectroscopy (DMS) are discussed next.tions and promote motions of polymer segmei@s.of OCP
We present only the data for OGP and OCP nanocompositesN@nocomposites increases with increasing OC concentration. The
with the PPO4K matrix because analogous results were observed@bserved increase @' andG" in OCP nanocomposites could
in samples with different PPO molecular weight. The storage be caused by the “filler effect"’>which is indicative of the
modulus in the frequency domain for neat PPO4K, OGP4K, interactions between the OC aggregates and the PPO chains.
and OCP4K (inset) at-62 °C with POSS concentration as a  Individual polymer molecules can adopt stretched configurations
parameter is shown in Figure 10. Data shown in Figures 10 that promote the adsorption on the surface of OC aggregates
and 11 were shifted with respect to the reference curve6@ due to enhanced polymeparticle interactiong® The filler effect
°C. Figure 10 shows how variation in POSS concentration i more pronounced in OCP nanocomposites because of the OC
affects the viscoelastic response in segmental and terminal zone§rystals, while OG is a viscous liquid.
of OGP and OCP (inset) nanocomposites. Terminal relaxation Zero-shear viscosityy) of nanocomposites, plotted in Figure
in OGP nanocomposites shifts to higher frequency, and the slopel2, was extracted directly from the data by averaging the low
increases from 1.5 to 2.0 with increasing OG concentration. The shear rate values of. Identical results were obtained by
plateau modulusGy) was determined from Figure 10 by taking calculating the zero-shear viscosity fropg = lim{G" (w)/w}
the value of the onset of transition from segmental to terminal asw — 0. Figure 12 showg, for OGP4K and OCP4K (inset)
relaxation.Gy in the OGP nanocomposites is not a function of nanocomposites as a function of POSS concentration at 273 K.
OG concentration and has the same value as in the neat PPOAnN increase in POSS concentration leads to a decreagsiin
The thus obtained value of % 10° Pa was used in the OGP nanocomposites and an increase in OCP nanocomposites.
subsequent calculation of the average relaxation time for the Zero-shear viscosity of the OGP nanocomposites obeys the rule
normal mode process. The experimental results for OCP of mixtures and exhibits a constant slope-€3.9. This is very
nanocomposites at higher frequency, which are determined fromdifferent from OCP nanocomposites, shown in the inset in
the experimental data at lower temperature, are not shown hereFigure 12. The dash line in the inset is calculated from the theory
because samples become brittle and difficult to measure. Theof hard-sphere-filled suspensiofis’® It is apparent that the



6246 Bian et al. Macromolecules, Vol. 40, No. 17, 2007

7 wheretgp andhp are the relaxation time and the intensity for
om0 the pth viscoelastic relaxation mode. The relaxation time is
calculated from experimentally determined zero-shear viscosity
(no) and plateau moduluss(). To afford a direct comparison

of 7y obtained from DRS and DMS data, we had to divide the
,,,,,,,,,,, DMS ty by two. This is because the longest viscoelastic
relaxation time {nipms) of the Rouse chain is one-half the
longest dielectric relaxation timeniprg) and twice that of the
second dielectric normal modengprg), which is experimentally
measured in samples with symmetrically inverted dipoles.
Hence,rnipvs = l/ZTNlDRS: ZTNZDRS 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 —r (2) the time scales of the segmental and normal mode process
0 20 40 60 80 100 obtained from DRS and DMS are in excellent agreement.

OG concentration (wt%)

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

log (n) (Pa.s) for OCP

n, (Pa.s) for OGP

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
8 frequency and temperature using dielectric relaxation spectros-
& copy (DRS) and dynamic mechanical spectroscopy (DMS).
w Segmentald) and normal modeo(y) processes in PPO are
o 7] DRS DMS in excellent agreement with the results reported in the literature.
S ] PPO4k ray oo may Oo Neat OG and OC also display two relaxation processes: a slower
] OGP4k-1 cany o oa one due to the segmental motions of side chains and a faster
91 OGP4k-05 |+ oy » « Aoy A a one due to the local motions. OC dynamics are characterized
104 OGP4k-025| v apy =« « voy v a by a longer time scale than OG because of the increased rigidity
1 . i . . ) . . . . of side chains due to the incorporation of the cyclohexyl ring
40 42 44 46 48 50 and a higheiTy.
1000/T (1/K) All nanocomposites show segmental and normal mode

Figure 13. Average DMS and DRS relaxation time for segmental (open processes_that shift to higher fr_equency with increasing F?OSS
symbols) and normal mode (solid symbols) processes in neat PPO4Kponcentrat|on. POS,S nanopartlcles act as hgrd—sphere dlllu.ents
and OGP4K as a function of reciprocal temperature with POSS in the polymer matrix that trigger a decrease in self-association
concentration as a parameter. Large symbols are DMS results, and smalinteractions among the PPO chains and thus promote their
symbols are DRS results. The solid lines are fits to the VFT equation. mobility. Good dispersion of POSS is limited by aggregation
at higher concentration. We definefiz as the difference
viscosity of OCP nanocomposites does not obey this theory andpetween the average relaxation time of the a process (segmental
exhibits a higher value instead. The reason for this effect lies gnd normal mode) in a nanocomposite and the corresponding
in the strong PPOOC interactions that impart a solidlike  neat PPO at the same temperatuveis affected by the structure
behavior to OCP nanocomposites. and concentration of POSS and PPO molecular weight and
The combined results of DRS and DMS analysis are displayed temperature as follows: (1A7 increases gradually with
in Figure 13, which represents a composite plot of the averageincreasing POSS concentration before leveling off at a threshold
relaxation time for the segmental and normal mode process invalue due to POSS aggregation, £%)decreases with increasing
OGP4K as a function of temperature and OG concentration. PPO molecular weight, (3At increases with decreasing
The solid lines are fits to the VFT equation. The average DRS temperature, and (4t is greater in OGP than OCP nanocom-
relaxation times for segmental and normal mode processes wergosites under the same conditions.

obtained from the HN fits. The average DMS relaxation time A Change in tempera[ure does not affect the Shape of the

for the segmental process was determined frgr# 1/wmax = relaxation spectra of segmental and normal mode processes; i.e.,

1/(2nfmay, and the average DMS relaxation time for the normal they remain thermodielectrically simple. An increase in POSS

mode process, was calculated frofd concentration, however, leads to a slight broadening of the
segmental process but does not change the shape of the normal

Z‘L’Gyphp mode process. The effect of POSS concentration on the
Mo D segmental relaxation spectra decreases with increasing molecular

WES ST (4) weight of PPO, which is attributed to an increased tendency of

N th POSS nanoparticles to form aggregates in a higher molecular

3 weight matrix.
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The dielectric strength of the segmental process in OGP (27) Schwab, J. J.; Haddad, T. S; Lichtenhan, J. D.; Mather, P. T.; Chaffee,

nanocomposites increases with increasing OG concentration
because of the partial overlap of segmental relaxations in OG

K. P. Antek1997 611, 1817.
(28) Kopesky, E. T.; Haddad, T. S.; Cohen, R. E.; Mckinley, G. H.
Macromolecule004 37, 8992.

and PPO. Conversely, the dielectric strength of the segmental(29) Fu, B. X.; Gelfer, M. Y.; Hsiao, B. S.; Phillips, S.; Viers, B.; Blanski,

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

R. P. R.Polymer2003 44, 1499.

(30) Joshi, M.; Butola, B. S.; Simon, G.; Kukaleva, Macromolecules
2006 39, 1839.

(31) Capaldi, F. M.; Rutledge, G. C.; Boyce, M. @acromolecule2005

38, 6700.

not surprising because that relaxation is due solely to the global(32) Romo-Uribe, A.; Mather, P. T.; Haddad, T. S.; Lichtenhan, JJ.D.

motion of PPO chains.
A direct comparison of DRS and DMS results reveals

Polym. Sci., Part B: Polym. Phy4998 36, 1857.
(33) Huang, C.; Kuo, S.; Lin, F.; Huang, W.; Wang, C.; Chen, W.; Chang,
F. Macromolecule2006 39, 300.

excellent agreement between the average relaxation time for(za) Liu, H.; Zheng, S.; Nie, KMacromolecule2005 38, 5088.
segmental and normal mode process obtained by those two(35) Drazkowski, D. B.; Lee, A.; Haddad, T. S.; Cookson, DMé&cro-

techniques. The plateau moduluSy) does not change with

increasing POSS concentration in the OGP nanocomposites bu
increases in the OCP nanocomposites. The observed increas

molecules2006 39, 1854.

37) Tsuchida, A.; Bolln, C.; Sernetz, F. G.; Frey, H.; Mulhaupt, R.
Macromolecules 997 30, 2818.

E;G) Bizet, S.; Galy, J.; Gerard, Macromolecule006 39, 2574.

in the modulus and viscosity of OCP nanocomposites may be (38) Turri, S.; Levi, M.Macromolecule2005 38, 5569.

attributed to the “filler effect” and the presence of OC crystalline
phase.
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