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ABSTRACT: Nanocomposites were prepared by solution blending of polyhedral oligomeric silsesquioxane with
phenethyl substituents (PhenethylPOSS) into poly(bisphenol A carbonate) (PBAC). The nanocomposites were
investigated by dielectric spectroscopy, differential scanning calorimetry (DSC) and density measurements.
PhenethylPOSS shows one relaxation processydtedaxation, confirmed by DSC investigations. PBAC shows

a f}-relaxation at lower and an-relaxation at higher temperatures. With increasing PhenethylPOSS content the
a-relaxation of the composites shifts to lower temperatures. Thus, incorporation of PhenethylPOSS leads to a
plasticization of PBAC due to a decrease of the packing density which is rationalized by density measurements.
For higher concentrations of PhenethylPOS3( wt %) theo-relaxation of the polycarbonate matrix splits into

two peaks. Moreover, close to therelaxation of PhenethylPOSS a third process is observed. These results
indicate a phase separation into a PBAC matrix with a few percents of molecularly solved POSS and POSS-rich
domains. These POSS-rich domains are surrounded by an interfacial layer of PBAC having a higher concentration
of POSS than the matrix. A phase diagram is deduced providing a miscibility criterion. For the phase separated
nanocomposites an interfacial polarization phenomena is observed. Using a simplified model the time constant
of this process is correlated with the size of the PhenethylPOSS-rich domains and theire increasing size with the
increase of the concentration of POSS.

1. Introduction materials. Second, modifications in packing structure and

Polymer based nanocomposites continue to receive tremen.dynamics of the polymer segments in th(ialrlléerche area between
nanoparticle and matrix are expected:1315This results in

dous attention for various applications in conventional engineer- subtle changes in the free volume distribution that can give rise

ing but more and more also in the fields of microelectronics, to sianificant property chanaes for the whole composite
organic batteries, optics, catalysis, etc. due to their favorable 9 property 9 P '

refs 2-11). Related to the small size of the filler particles, they instance, refs 4, 7, 8, 14), layered silicates (clays) (see, for
show remarkable property improvements such as increasedinstance, refs 24, 6, and 15), nanosized metal particles;
tensile properties, decreased gas permeability, decreased solverf@rbon nanotubes (see, for instance, refs 10 and 11) have been
uptake, increased thermal stability and flame retardance whenused to synthesize polymer based nanocomposites. Recently,
compared to conventionally scaled composites. For designingthere has been a strong interest to develop and investigate
new materials with desirable, predicted properties, a detailed Nanocomposites based on polyhedral oligomeric silsesquioxane
understanding of the structure property relationships of nano- (POSS! see for instance, refs $6.9). The general chemical
composites is necessary. Although there is a large body of Structure of POSS is shown in Figure 1a.
literature up to now, there is only a little knowledge about the ~ POSS consists of an inorganic silica core having organic
relationship between the properties of the incorporated nano-substituents R. The general formula is (8§aR.” wheren is
particles (shape, surface properties etc.) and the resultingthe number of silicon atoms of the inner cage. Using conven-
morphology of the nanocomposite as well as its macroscopic tional synthesis conditions products with a predominant fraction
behavior. of n = 8 (T8 cage) are obtained. POSS can be regarded as the
In particular, the role of the interface area between the smallest possible silica particle surrounded by an organic
nanoparticles and the polymer matrix is hardly discussed in the surface®*’The chemistry of POSS is quite flexible. Therefore,
literature. Because of the high surface to volume ratio of the @ wide variety of substituents R can be linked to the inorganic
nanoparticles, the volume fraction of this interface area is silica core. This includes also the introduction of functional units
high236 It is directly influenced by an adjacent nanoparticle and/or groups which can be polymeriZ€d’ For that reason,
surface and can play a decisive role for the performance of thethe compatibility between a “POSS nanoparticle” and the
nanocomposite material. For filler particles in the nanometer polymeric matrix can be tune.
range the length scale of the interaction corresponds to the size In order to form stable polymer/nanoparticle systems, different
of several segmental units of the host polymer. This means atroutes have been proposed. Blending of nanoparticles into
first that the length-scale of interaction between filler particle polymer matrices is a simple and inexpensive way to obtain
and polymeric matrix is smaller than in conventional composite polymer based nanocomposites. This can be done either via a
solution route or by melt mixing. Recently this method has been

* Corresponding author. Telephone:49 30/8104-3384. Fax:+-49 30/ also applied to prepare POSS/polymer nanocompositésan
8104-1637. E-mail: Andreas.Schoenhals@bam.de. improvement of the material properties of these nanocomposites,
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Figure 2. MALDI —TOF mass spectrum of PhenethylPOSS. The
measurement was done by Bruker Reflex 3 spectrometer. As matrix
nitrophenyl octyl ether with silver trifluoro acetate as salt is used. The
mass difference of the peaks is 314 Da, which is equal to the mass of
a (SiO 5)2R, unit where R is the phenethyl group.

In this contribution, nanocomposites based on poly(bisphenol
A carbonate) (PBAC) and polyhedral oligomeric silsesquioxane
with phenethyl substituents (PhenethylP@S8e prepared and
investigated mainly by dielectric spectroscopy. PBAC is selected
because of its remarkable mechanical properties. Moreover a
lot of experimental work on PBAC itself but also on different
nanocomposite materials based on it is already available in the
literature (see, for instance, refs 28, 30, and 31). PhenethylPOSS

Figure 1. (a) General structure of a POSS molecule for the case of a has been chosen as nanofiller because of the phenyl groups in
igu . uctu u ; ; ; ; [
T8 cage. (b) Chemical structure of octa-PhenethylPOSS=(phenyl). the substituents. Its chemical structure is outlined in Figure 1b.

(c) octa-PhenethylPOSS as obtained by atomistic molecular modeling. It is expected that the phenyl groups of the POSS molecule
The structure was minimized in vacuum with Insight Il using the favorably interact with those of PBAC. Some results on POSS/
compass force field (Accelrys Inc.). In a second step a short MD PBAC nanocomposites using mechanical dynamical analysis
fs(;?;lél?itlecljg was carried out at = 308 K for 10 ps using the same  have been reported recentfy.

2. Experimental Section

including the enhancement of the thermal stability and the 5 1 \aterials and Sample PreparationPBAC was purchased
mechanical properties, have been reported for different systems 4,0 Sigma-Aldrich and used as matrix polymdfl{(= 22000

For instance by incorporating trisilanol isooctyl POSS particles g/mol, PDI = 1.23). PhenethylPOSS was obtained from Hybrid-
into poly(butylene terephthalate) (PBT) a more ductile composite plastics, Inc.

product was obtained compared to the pure PBWoreover To characterize the purchased PhenethylPOSS MAITDF

it was also found that the glass transition temperatiligg ¢f mass spectroscopy was carried out. Figure 2 gives the MALDI
the nanocomposite depends on the substituents and the conTOF mass spectrum which shows well-defined peaks. The first peak
centration of the POSS compound. corresponds to octa-PhenethylPOSS (T8). The difference in the

One critical feature of the blending method is the possible Masses of peaks is 314 Da. This difference corresponds exactly to
phase separation and agglomeration or even the crystallization(SiCt52R2 where R is the phenethyl group. Therefore, it is
of POSS during the preparation of the nanocompdgite concluded that the used product is a mixture of octa-PhenethylPOSS

Transmission electron microaranhs of polvstyrene (PS) b d(T8), deca-PhenethylPOSS (T10), and smaller amounts of POSS
ansmission €electro crographs or polystyrene (PS) base of higher cage sizes. From the MALBITOF mass spectroscopy
nanocomposite presented by Blanski et’&f show that the

A Mie : there is no indication for significant amounts of other ill-defined
solution compatibility of the POSS particles depends on the gjisesquioxanes structures. Unfortunately, from the intensities of
chemical nature of its side groups. An enhanced compatibility the peaks of the MALD+TOF mass spectra no quantitative
is expected when the POSS substituents and the matrix polymelinformation about the fractions of the different cages can be
contain similar groups or moietié8 However, this expectation ~ obtained. However, it is known that for conventional synthesis
is not fulfilled for all systems studied. According to recently ~conditions the major part of the product consists of T8 cagés.
published results of Kopesky et al., an aggregation of POSS is PhenethylPOSS is a viscous liquid at room temperature. Both
observed when the volume fraction of acrylic-POSS in poly- materials were used without further purification.

(methyl methacrylate) (PMMA) is higher than G2.The TO| e t2|e nanf;ﬁompczggsl-) na first Stept, Ft’_BACfV;gS
; ; .~ dissolved in dichloromethane with a concentration o
ggg;?gr?]tigﬁ Cn;?%ur;:;ilgnag gpgpoiagtt ;‘?ns:(];v Tk? ;?gaL g srgﬁjgles'wt %. In a second step, PhenethylPOSS was solved with the selected
Lo ! ' . concentrations in the PBAC/DCM solution. The mixture was then
phas_e separat_lon IS a_ccompanled by a redL_Jct|on of the VOI,umetreated by ultrasonification (Bandelin Sonopuls, HD200/UW200
fra(_:tlon of the mterfamgl region. The propert_u_es of the material, homogenizer equipped with KE76 titanium tapered tip) for at least
which are correlated with the molecular m0b|||ty of the pOlymel' 5 min and cast onto a po”shed g|ass substrate by a custom-made
matrix, depend on the geometry and size distribution of the casting knife. During the casting the glass plate was placed in a

POSS aggregates. closed chamber in order to control the initial evaporation of the
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Table 1. Composition and Codes of the Investigated Nanocomposites
and in Addition Its Glass Transition Temperatures Estimated by
DSC and Its Densities

Sample Code Bosgwt %) Ty[K] o [g/cm?] Yooy i"}'!".'.‘;“;\‘\\\\b\\‘;“\\‘:“a“:“a\ _
PhenethylPOSS 100 243.7 1215 f ""igf-ﬁ‘,"-«*.*s‘;\‘.‘-.\\‘“-\ J08
PC000 0 422.0 1.196 ey
PC002 24 412.3 1.178
PCO005 4.8 411.0 1.180 R N O
PCO10 9.1 406.5 1.180 " Foatotull
PCO013 13.0 406.2 1.182 AN TR TR
PC017 16.7 403.0 1.206 '":f.::?;iff#i?':ﬂ?ﬁ','!ﬁ’l’ﬂ"&?"ﬂ?‘
PC023 23.1 402.4 1.209 bbbl T :';'-'. Z
PC029 28.6 402.4 1.211
PCO033 33.3 397.7 1.212
PC041 41.2 399.4 1.209

solvent from the prepared film. After this first evaporation step of
the solvent, the films were depleted from the substrate. To remove bg(fmz 3
the residual solvent the samples were dried in a second step in )

vacuum at 363 K for 24 h. The annealing temperature is below the _| . )
glass transition temperature of polycarbonate. The presentedfigure 3. Dielectric loss vs frequency and temperature for pure

enethylPOSS in 3D representation. The inset gives the dielectric loss
procedure was selected because gas transport measurements We\%frequency for pure PhenethylPOSS at different temperatu@s: (

also carried out on the same set of samples. For these studies;_ 5475 K- ) 257.2 K: () 267.1 K; () 277.1 K. The lines are
samples with relative large plane surfaces and without pinholes aregjiges to the eyes. o o

required. Such samples cannot be obtained by annealing the film
above its glass transition temperature. The results of the gas

5 220

transport measurement will be published elsewitdreluding a 20
comparison with the dielectric data. The complete removal of the 1Tg Exotherm
solvent was checked by thermogravimetric analysis (TGA). More- \\ PhenethylPOSS --0.2
over the glass transition temperature measured for a prepared, 0.0 e S
solvent caste pure polycarbonate film agrees with literature data g £
given for bulk PBAC (see Table 1). % %
The thicknesses of the films vary between 50 and A®0While o 201 045
the samples with low concentration of PhenethylPOSS are transpar- < S
ent those of higher concentrations are increasingly turbid. Details 3 s
of the samples under investigation are listed in Table 1. The number :—_f 404 z
in the sample codes corresponds to the nominal weight percentage § ; i
of the incorporated PhenethylPOSS. T 60 —Ma fes 08
2.2. Methods. Broadband dielectric relaxation spectroscopy ]
(BDRS) was applied to investigate the molecular mobility of the T
nanocomposites. This method is sensitive to molecular fluctuations 80 - . 08
of dipoles within the system. For polymers these fluctuations are 200 250 300 350 400 450

related to the molecular mobility of groups, segments or the whole
; ; TK

polymer chain as well. For details, see ref 35. The sample for the

dielectric measurement is placed between two gold covered stainles$igure 4. DSC measurements for PhenethylPOSS, PBAC and corre-

| electr in rallel metrv. Th mol ielectric SPponding nanocompositestl PBAC; (a) PCO05; ¢) PC017; ©)
?J?]gtioiisgf)o iez(fl) _pizua(\f)e(f Eﬁ‘cr)eqite%cy p ?infii” ier)e(a?;enfjd ' PCO023; ¢x) PC033. For clarity the heat flow traces of the nanocom-

. ) . ; ) . . posites are shifted ig-direction.
imaginary part of the complex dielectric function, ang +/~-1) is
isothermally measured in the frequency range fromt16 10/ Hz
by a high-resolution ALPHA analyzer (Novocontrol, Hundsangen,
Germany). The temperature of the sample is controlled by a Quattro
Novocontrol cryo-system with a temperature stability better than
0.1 K. For a detailed description of the used dielectric equipment
see for instancé®
Th_e thermal analy_sls was carried out by dlfferentlal_scannlng 3. Results and Discussion
calorimetry (DSC, Seiko instruments), I$ used as protection gas. ) . ) .
The samples were measured in the temperature range from 173 to Figure 3 gives the dielectric loss of pure PhenethylPOSS vs
473 K with a heating rate of 10 K/min. The glass transition frequency and temperature in a 3D-representation. One dielec-
temperaturely was taken as the inflection point of the heat flow trically active relaxation process indicated by a peak'ins
of the second heating run. observed (see also inset Figure 3). It is assigned to the dynamic
The density of the samples was measured according to DIN glass transition oo-relaxation of PhenethylPOSS. This inter-
53479 by a density gradient column at the required temperature pretation is in agreement with corresponding DSC measure-
of 296.15 K (23°C). The error in the temperature control was ments, which show the characteristic step-like change in
0.3 K. To measure densities in the range from 1.175 to 1.220%g/cm the heat flow (see Figure 4). The reason why the used

concentrated solutions of Ca(N with distilled water were PhenethylPOSS undergoes a glass transition is not clear at this

employed. The density of the sample is determined by polynomial .. . . . .
interpolation between the densities of calibrated glass floats. The time. Possibly, the different cages sizes present in the product

first value of the density is taken 1 day after the insertion of the Prevent crystallization. A detailed discussion of the glass
sample into the density gradient. During 1 week each day a value transition of PhenethylPOSS will be published separétely.

of the density is taken and the average value is calculated. The For PBAC the dielectric loss is given as a function of
error of these subsequent measurements is below 1%. The absoluteemperature at a fixed frequency of 10 kHz in Figure 5. At least

error in the calibration of the glass floats is 1.97%. It should be
noted that it is not the aim of the paper to give absolute values of
density but to discuses its relative change with the increase of the
concentration of PhenethylPOSS. Therefore, all samples are
measured at same time using the same density gradient.



2958 Hao et al. Macromolecules, Vol. 40, No. 8, 2007

-05
i 6
-1.0 4 104 a-Relaxation
7/
:§’ "
154 7
Ny
I
= 21
= 20d ~ = 4
o 2.0 log (f [Hz]) g L \
o £
- Intermediate g2 )
Re gi on 04 o-Relaxation p-Relexation
2.5 o
2 3 4 5
1000/ T [K] =
=10 kHz 2 ' " ' ' T T
36 37 3.8 39 40 4.1
-3.0 T T T T T T T T v T v T T -1
150 200 250 300 350 400 450 500 1000/ T K]
TK] Figure 6. Relaxation ratd, vs inverse temperature for PhenethylPOSS.

The line is a fit of the VFT equation (eq 2) to the data. The inset gives
the same for PBAC: Q) a- and ©) S-relaxation. The lines are fits of
the VFT-equation to the data of therelaxation and the Arrhenius
equation to that of th@-process. For the parameters, see Table 2.

Figure 5. Dielectric loss vs temperature for pure PBAC at a frequency
of 10 kHz. The line is a guide for the eyes. The inset gives the dielectric
loss vs frequency for two different temperatures abdye (O)
433.2 K; (O) 448.6 K. The solid line is a fit of the HN-function to the
data including a conductivity contribution. The dashed line gives the

S - Table 2. Estimated VFT Parameters for thea-Process and
contribution of the relaxation process.

Activation Parameters for the f-Process

o-relaxation p-relaxation

two relaxation regions indicated by peaks éf could be Ea
identified. Thep-relaxation at low temperatures is assigned to _ samplecode  log¢ [Hz]) A[K] To[K] [kJ/mol] logff [Hz])
localized fluctuations. There is evidence from NMR and neutron PhenethylPOSS 11.4 334 2182

scattering experiments that tifeprocess in PBAC should be ﬁgggg ﬁ; %%? ggg-g 2?-2 ig-g
related to fluctuations of the pher_1y| ring (see, for instance, c50= 110 3867 3830 532 161
ref 38). For the carbonyl group, being the only polar structure pco10 10.4 3118 3861 54.4 16.8
in the repeat unit of PBAC, it has to be also involved in the PC013 11.3 4228 3746  50.6 16.0
S-relaxation in order to be dielectrically visib¥e:41 At higher Eggg 18—3 éi‘g-g ggg-g ig-g ﬂ;
tempgratures than thﬁeproce§s, theL-reI'axatlon (dyngmlc glass g 108 2461 398.6  48.9 161
transition) takes place. This relaxation process is related to pcoza 9.4 182.6 3986  49.7 15.4
cooperative segmental fluctuations of PBAC. In the temperature PC041 10.6 3111 3848 485 16.2

range between the anda-relaxation, a third complex process

can be identified. This region is called “intermediate relaxation
region” 3042 |ts molecular assignment is still under discussion
in the literature. A

be well described by the VogeFulcher-Tammann (VFT)
equatiort® which reads

The dielectric measurements are analyzed by fitting the model logf, =logf, — 5= T, (2)
function of Havriliak-Negami (HN-functiom}® to the data
which reads (log f., A = constantsTy is the so-called Vogel temperature).
For thes-relaxation of PBAC, the data follow the Arrhenius

0= W
() g
0 f,=f, exp(—k?) ©)

fo is a characteristic frequency related to the frequency of
maximal lossf, (relaxation rate)¢., describes the value of the
real parte' for f > fo. f andy are fractional parameters (©

B < 1and 0< By < 1) characterizing the shape of the relaxation
time spectraAe denotes the dielectric strength. Conduction
effects are treated in the usual way by adding a contribution
od/[(27f)%,] to the dielectric loss wherey is related to the
specific DC conductivity of the sample arglis the dielectric
permittivity of vacuum. The parametsi0 < s < 1) describes

(Ea = activation energyf. = pre-exponential factor, arigg =
Boltzmann’s constant). All fit parameters are given in Table 2.
Depending on the concentration of PhenethylPOSS, the
dielectric spectra of the nanocomposites show a variety of
dielectrically active phenomena like an and ag-relaxation.
In addition to that, a special kind of an interfacial polarization
proces&’ is observed which is caused by blocking of charge
carriers at internal phase boundaries. In the following sections
- . . . the dielectric processes of the nanocomposites are discussed
for s _.1. Ohmic ano! fors < 1 non-Ohmic effects in the separately in their dependence on the concentration of
conductivity. For details, see ref 44. PhenethylPOSS together with the resulting complex phase
The inset of Figure 5 gives some examples of fitting the HN  behavior of the nanocomposite materials. The dynamic glass
equation to thex-relaxation of PBAC. In Figure 6 the relaxation  transition (-relaxation) is addressed first, followed by an
rates f, for the pure components are plotted vs reciprocal analysis of thes-relaxation. Finally the interfacial polarization
temperature. The temperature dependence of the relaxation rat@rocess is analyzed in detail in the context of a phase separation
fp of the a-relaxation of both, PBAC and PhenethylPOSS, can model.
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Figure 7. Dielectric loss vs temperature for pure PBAT) @nd PC005
(2) at a frequency of 10 kHz. The lines are guides for the eyes. The
inset gives the dielectric loss vs frequency for different nanocomposites

Figure 8. Density of the nanocomposites vs concentration. The value
of the pure PhenethylPOSS is a lower estimate. The dashed line may
roughly characterize an additive behavior. The inset gives the dielectric

loss vs frequency for different nanocomposites at a temperattife of
= 433.15 K: (a) PCO0O05; (triangle pointing right) PC010. The lines
are fits of one (PCO005) or two (PC010) HN-functions to the data
including a conductivity contribution. The dashed lines represent of
the two relaxational contributions for PC010.

at a temperature df = 433.15 K: () PBAC; (O) PC002; i) PC005.
The lines are fits of the HN-function to the data including a conductivity
contribution.

Dynamic Glass Transition (@-Relaxation). Figure 7 com-
pares the dielectric loss of a PhenethylPOSS/PBAC nanocom-
posite with a low concentration of POSS (ca. 4.8 wt %, sample
PCO005) with that of pure polycarbonate. For the composite also
af- and ana-relaxation is observed. Compared to pure PBAC,
both relaxation processes are shifted to lower temperatures.

The inset of Figure 7 gives the dielectric loss spectra
of different nanocomposites at the same temperature above
the glass transition temperaturé € 433.15 K). Only one
single relaxation process is observed which indicates that
PhenethylPOSS is miscible within the PBAC matrix on a
molecular level for the considered concentrations of 2.4 and
4.8 wt %. With increasing concentration of POSS the dielectric
loss peak shifts to higher frequencies in agreement with the
corresponding DSC measurements (see Figure 4). This increase

in molecular mobility (or decreased glass transition temperature) Figure 9. Relaxation ratd, vs inverse temperature for the nanocom
is known as plasticization. A similar behavior is discussed in posites with low concentrations of PhenethylPOSS) PBAC: (O)

refs 24 and 25 for nanocomposites prepared from PMMA and pcoo2; ¢) PC005; (triangle pointing right) PCO10; (triangle pointing
different POSS compounds with acrylic, cyclohexyl, and left) PC013; ) PCO17. Lines are fits of the VFT equation to the data.
isobutyl substituents. The dashed line symbolizes the relaxation rate wigPé' is taken.

The mechanism of the plasticization of the polymer matrix

by PhenethylPOSS is quite different from that caused by low In Figure 9, the relaxation ratef for the composites
molecular weight molecules (conventional plasticizers). Becausewith low concentrations of PhenethylPOSS are plotted vs
of the phenethyl groups (or large substituents in general) reciprocal temperature. As expected from the raw data the curves
PhenethylPOSS is a quite bulky molecule. Figure 1c gives its shift to lower temperatures with increasing concentration of
structure as obtained by atomistic molecular modeling. For PhenethylPOSS. By fitting the VFT equation to the data a
modeling details see the figure caption. For steric reasons anddielectric glass transition temperatdrg’'® = T(f, = 1 Hz) can

due to the short spacers CH,—CH,— groups), the planes of  be estimated. The VFT parameters are summarized in Table 2.
the phenyl rings cannot be arranged in parallel to the silica core, In the inset of Figure 8, the frequency dependence of the
which would correspond to the theoretically densest packing. dielectric loss of two nanocomposites, one having a lower and
Because of the short spacer, the volume of this structure is moreone having a higher concentration of PhenethylPOSS, is
or less fixed and the substituents of the molecules are expecteccompared at the same temperature. For the nanocomposite with
to be more or less immobile. When the PhenethylPOSS moleculethe higher concentration (10 wt %) of POSS a double peak
is incorporated in a polymer matrix, it is assumed that the structure can be observed in the dielectric loss. Unfortunately,
discussed arrangement of the phenyl rings is probably notdue to the strong overlap of these two processes they cannot be
changed. So the packing density of the surrounding matrix is analyzed separately without uncertainty. An overview over the
decreased which results in a local increase of the free volume.whole dielectric behavior of a PBAC/PhenethylPOSS nano-
This line of argumentation is supported by density measurementscomposite with a higher concentration of POSS gives
(see Figure 8). For low concentrations of PhenethylPOSS theFigure 10 where the dielectric loss is plotted vs temperature
density of the nanocomposites is strongly reduced compared tofor pure PBAC, pure PhenethylPOSS and a nanocomposite with
that of pure PBAC. 28.6 wt % PhenethylPOSS (PC029). For the nanocomposite,

log(f, [Hz])

14

2.:3:0
1000/T [K]

215
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Figure 10. Dielectric loss vs temperature at a frequency of 10 kHz Figure 12. Dependence of the thermal glass transiti_oln temperdyire
for pure PBAC (1) and PC029+) in comparison with that of pure (O) and the dielectric glass transition temperatligg® (O) for the

PhenethylPOSS|Y The lines are guides for the eyes. PBAC-rich phase on the concentration of PhenethylPQS@ives the
dielectric glass transition temperature of the POSS-rich domains. Solid

lines are guides for the eyes. The dotted line is the expectation from
1.6 ) 3_7':;:_’“ A the Fox-equation. The dashed line indicates the miscibility limit.
1.8 oA
/ \ But its relaxation rate is lower than that of process I. This means
2.0 I o that more PhenethylPOSS molecules are involved in process Il
k . - I o f 3%\ than in process I. According to the Gibbs phase rule the number
S .22 PBACHichphase POSBARAwf Fp %3 of possible phases at constant pressure and temperature is two.
MWW%Q&F?{?” o W Therefore, process Il is assigned to an interfacial layer between
e L AN Y the POSS-rich domains and the PBAC-rich phase. A sketch of
- / \é\ A the proposed phase structure is given in the inset of Figure 11.
’ b N To have a signature in the dielectric spectra the interfacial layer
28] Lt N should have a certain spatial extent. To allow the observed glassy
” \\ dynamics the characteristic size of this interphase is expected
to be in the range between 1 and 3 k%47

B 0 B & 729 AN 0 20 & From the relaxation experiments, one can conclude that for
T higher concentrations of PhenethylPOSS the nanocomposites
Figure 11. Dielectric loss vs temperature at a fixed frequency of 10 haye a two phase structure consisting of a PBAC-rich phase

kHz in the temperature range of the glass transition temperature of i
PhenethylPOSS for different concentrations of PhenethylPOS$: ( and a POSS-rich phase. Both phases are separated by an

B-relaxation PBAC; ¢) PC023; &) PC029; ) PC033; () PCO41; interfacial layer. The discussed change in the phase behavior is
() PhenethylPOSS. Lines are guides for the eyes. The inset gives aalso reflected by the dependence of the density of the nano-
scheme of the proposed phase structure. composites on the concentration of POSS. The density is an

. . . . overall bulk property of the whole sample. For low concentra-
in the region of thex-rlelaﬁaltllqnlgf PBAI% a_gawg a dOL:jble pTak d tions of PhenethylPOSSn the non-phase separated stetiee
Zt_ructure (process_es and Il in Figure 10) is observed as already,,coed decrease in the density is due to an increase of free
|sgussed for the |sothermgl data. In parallel, in the temperatyrevolume between POSS particles and the PBAC segments. For
region .Of the glass'tran.smon (.)f puré PhenethylPQSS a third concentrations greater than 10 wt %, this increase of free volume
Fe'a?fa“on Process 1s (_aV|dent, indicated by an additional peak is overcompensated by the formation of the POSS-rich domains
in ¢ (process Ill in Figure 10). The appearance of multiple having approximately the same density as PhenethylPOSS itself.

peaks in the dielectric spectra has to be assigned to phasel’herefore, the density strongly increases and approaches a line

separation which take place in nanocomposites with higher . - .

concentrations of PhenethylPOSS. In the following, the assign- \(/;télghF?gﬂyr/ebBe)roughly expected for a simple two phase system

e eaon D ocsesas 1o oz, T eksalon behavir of e ranocomposice as seen by
Interp ! proc aignt " investigating the dynamic glass transition can be summarized

According to the considerations for hanocomposites with a low by constructing a phase diagram. In Figure 12 the thermal glass

concentration of POSS process | has to be assigned to the glasFransition temperaturdy, and the dielectric glass transition

:ra;rr:smrortl Orf t?se I:?jAC_SCh rrr:}atn;(. dchabuusIE thel glafs t:]ar:sn;:)? temperaturd " is plotted vs concentration of PhenethylPOSS.
emperature educed compared to polycarbonate 1t 1S, - qdition the prediction from the Fox equation

concluded that PhenethylPOSS is dispersed in this matrix on a
molecular level to a few present (see below). Process lll is c c
observed close to the glass transition of PhenethylPOSS. Its 1 _ “eeac 4 _POSS (c + Copss= 1) 4)
dielectric intensity increases with increasing concentration of Ty Tgeeac  Tgross PBAC & TPOSS
PhenethylPOSS. (see Figure 11). Obviously this process has to
be related to thei-relaxation of PhenethylPOSS-rich domains. is given which is expected to be valid for a molecularly miscible
Process Il is located close to process |. Therefore, it is system. Up to a concentration of 5 wt % the data follow the
concluded that this process is related mainly to polycarbonate.Fox equation. So it is concluded that up to this concentration
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PhenethylPOSS can be dispersed on a molecular level in PBAC.
This is in agreement with the observation that for a nanocom- 604
posite with 5 wt % PhenethylPOSS only one peak is observed

in the temperature range of the dynamic glass transition

(see inset Figure 8). For 10 wt % and higher concentrations of
PhenethylPOSS the thermal glass transition temperalyre 55+ i
shows a much weaker dependence on concentration than

predicted by the Fox-equation. This indicates a strongly reduced ]

miscibility of PhenethylPOSS in PBAC. This dependence levels wi® g | i
off for high concentrations of PhenethylPOSS. For these 1
concentrations PhenethylPOSS can no longer completely dis- 1 1
solved into PBAC on a molecular level. In parallel, as already i
stated, a double peak in dynamic glass transition is observed.
Therefore, it is concluded that the maximum concentration for . , . : r r
a molecular miscibility of PhenethylPOSS into PBAC is between 0 10 20 30 40 50
5 and 10 wt % at ca. 7 wt % PhenethylPOSS. ¢ [wt-%])

The concentration dependence of the dielectric glass transitionFigure 13. Activation energyEa of the f-relaxation vs the concentra-
temperaturél'gD‘e' is a bit more complex. The inset of Figure 8 tion of PhenethylPOSS. The line is a guide for the eyes.
shows that ther-relaxation peak splits into two components.
The low-frequency process for 10 wt % of PhenethylPOSS is
shifted to lower frequencies in comparison to the loss peak of
the nanocomposite of 5 wt %. This corresponds to a slight
(relative) increase of the dielectric glass transition temperature
as seen in Figure 12, which indicates the formation of a PBAC-
rich phase and the interfacial layer. It has to be noted that this
fine structure of the loss peak cannot be resolved by the thermal T
measurements by DSC (see Figure 4). In future additional <
measurements are planed like temperature modulated DSC
experiments.

The dielectric glass transition temperature of the POSS-rich
domains increases with decreasing content of PhenethylPOSS 14
(see Figure 12). Since PBAC has an essentially higher glass
transition temperature than PhenethylPOSS it is concluded that " e 0 s 26
also some PBAC is present in these domains. ’ ' ! ’ ’

. . 1000/T [1/K]

B -iReIa_xatlon. i': the fO”0W|.n 9 tfie i? eperilidience of 'tli]e Figure 14. Characteristic frequencidse of the interfacial polarization
p-relaxation on the concentration of PhenethylPOSS will be \s'inverse temperature: (triangle pointing right) - PC010; (triangle
discussed. Figure 7 shows that fh@rocess is shifted to lower  pointing left) - PC013y- PC017;x- PC029;< - PC023;3% - PCO33;
temperatures for the nanocomposites compared to pure PBAC+ - PC041. The lines are guides for the eyes. The inset gives the
This indicates also an enhancement of the localized moleculardielectric loss vs frequency of the interfacial polarization for PC0O33 at

. S " temperatures below the glass transition temperature of the PBAC-rich
mobility in addition to the segmental mobility. In general, when .o~ (T, = 397.7 K, see Table 1) - 343.1 K;O - 388.1 K. The

a glassy polymer is plasticized by a low molecular weight ines are'fits of the HN-function to the data,
plasticizer thex-process shifts to lower temperatures. However,

in parallel, thes-relaxation shifts in the opposite direction to
higher temperatures. This phenomenon is called antiplasticiza-PhenethylPOSS can be molecularly dispersed up to 7 wt % into
tion.*849But here, for the investigated nanocomposite material PBAC.
both relaxation processes shifts in the same direction to lower |nterfacial Polarization. For the nanocomposites with higher
temperatures. This result also supports the conclusion that theconcentrations of PhenethylPOSS a pronounced peak in the
plasticization of the PBAC matrix by PhenethylPOSS is different dielectric loss at low frequencies is observed at temperatures
from that caused by a conventional low molecular weight |ower than the glass transition temperature of the PBAC-rich
plasticizer. matrix (see inset Figure 14). In comparison with theelaxation

The temperature dependence of the relaxation rates followsthe width of the peak is much smaller, its shape is more
the Arrhenius equation and the activation enefgys estimated symmetric (compare to inset Figure 7) and its intensity is high.
by fitting of eq 3 to the data. In Figure 1E&4 is plotted vs As discussed below, this process is assigned to a special kind
the concentration of PhenethylPOSS. Up to 10 wt % the of interfacial polarization process due to the blocking of charge
activation energy decreases with increasing concentration ofcarriers at internal phase boundaries.
PhenethylPOSS. As is the case for theelaxation, the reduced Generally such an interfacial polarization process is caused
packing density of the matrix leads to an increase of the free by blocking of charge carriers at internal surfaces or interfaces
volume. This enhances, in addition to the cooperative segmentalof different phases having different values of the dielectric
dynamics, also the mobility of localized fluctuations observed permittivity and/or Conductivity_ An exampie for such a process
as decrease of their activation energy. is at mesoscopic length scales the Maxwallagner-Sillars

For concentrations of PhenethylPOSS higher than 10 wt % (MWS) or at macroscopic length scales the electrode polariza-
the value of the activation energy remains constant. This is tion (for details, see ref 44). Normally for polymer based
in full agreement with the results obtained by analyzing composites such a process is observed at higher temperatures
the dynamic glass transition which gave the result that than the glass transition temperature of the matrix. This is due

kJ/mol]

—eo—
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! in the system and the time dependence of the polarization is
due to charging/discharging of that electrical double layer. The
time constantriner for this process can be estimated in the
simplest possible approach analogous to that for electrode
polarizatiort* and is related to the conductivityof the domains.
Considering the conductivity to be inversely proportional to the
domain sizeo ~ (o¢/d), one obtains

0

-
N
1

log ¢’

—

o] Interfacial Process

f (91 Wt%)/f ~d/d(9.1wt%)

1 log (f [Hz]) Blocking of charge carriers
6 at internal interfaces
| T = % ~ @ i (5)
44 Inter o O_O 2LD
27 POSS — rlch phase €0 is the dielectric permittivity of vacuunzg is the permittivity
] (glass d stite and oo is the specific dc-conductivity within the POSS-rich
T T % & 2 % b 2 domain. Assuming further thats, 0o, and Lp depend only

5 10 15 20 25 30 35 40 45 . .
o Wt-%] weakly on the overall POSS concentration the relative change
) o ) ~of the mean size of the POSS-rich domains can be estimated
Figure 15. Dependence of the characteristic rate of the interfacial by
polarization vs concentration of PhenethylPOSS reduced by the rate
of the sample with 9.1 wt % PhenethylPOSS for two different

temperatures - 370.3 K; O - 333.3 K. The line is a guide for the Tinter,1 flnter,ZN d;
eyes. For details see eq 6. The inset gives the dielectric loss vs frequency T R ~ 4. (6)
of the interfacial polarization for PC033 at temperatures below and Inter,2 Tinter,1 2

above the glass transition temperature of the PBAC-rich mafgix=( ] ] o
397.7 K, see Table 1)1 - 343.1 K and abové - 433.1 K. The lines from the data shown in Figure 14. A similar approach was

are guides for the eyes. The scheme presents the model for the interfaciafliscussed in ref 15 for silicate layers dispersed in a modified
polarization. polypropylene matrix. In Figure 15, the change of the charac-

. . . . . teristic rate of the interface polarization is plotted vs the
to the fact that in most cases inorganic nanoparticles like clays qncentration of PhenethylPOSS for two different temperatures.
etc. are dispersed in a polymeric matrix. The mobility of charge ag expected from the model consideration, there is no significant
carriers is related to the segmental dynamics which sets in abovetemperature dependence because the PBAC-rich matrix is
Tg. Therefore, charge carriers become mobile abignd their —— 4yays in the glassy state. With increasing concentration of
blocking at the organic/inorganic interface causes an interfacial PhenethylPOSS the size of the domains increases as expected.
polarization process abovi,. For medium concentrations (325 wt %) this change is quite

Here in the considered case, an interfacial polarization processmoderate (see Figure 15). This can be discussed in the following
is observed at temperatures lower thBncharacterizing the  model. For low and medium concentration of PhenethylPOSS
nanocomposite as a whole. To understand this, one has to keeffirst the number of POSS-rich domains increases with increasing
in mind that for higher concentrations of PhenethylPOSS the concentration of POSS rather than their size. This causes the
nanocomposite has a phase separated structure with POSS-ricplateau-like change of the domain size in the concentration range
domains. The glass transition temperature of these domains ishetween 15 and 25 wt %. For higher concentrations of
essentially lower than that of the PBAC-rich phase. Therefore, PhenethylPOSS the size of the domains increases strongly up
the charge carriers inside these domains have even belowto about 13 times (41.2 wt %) compared to the size of the
Tg,pAC-rich @ higher mobility and can be driven by an electrical domains formed for about 10 wt % PhenethylPOSS.
field. But their movement is blocked at the interfaces to the  The simple model discussed above is based on the assumption
PBAC-rich phase which still is in the glassy state. This causes that the PBAC-rich phase is in the glassy state. Therefore,
an interface polarization process at temperatures belowchanges in the temperature dependence of the interfacial
Tg, PeAC-rich. related to the POSS-rich domains (see scheme in polarization are expected when the temperature is increased to
Figure 15). values above the glass transition temperature of the PBAC-rich

Although an interfacial polarization is not a relaxation process phase Tgpeac-rich)- The inset of Figure 15 compares the
it can be also analyzed by fitting the HN-function to the data interfacial polarization spectra of the sample PC033 for tem-
(see inset Figure 14). In Figure 14 the characteristic rates of peratures below and aboV¥gpeac-rich. Pronounced differences
the interfacial polarization process are plotted vs reciprocal are obvious already in these raw data. Figure 16 analyses the
temperature. At a fixed temperature the rate of the interfacial ttmperature dependence of the characteristic faig) @nd of
polarization decreases with increasing PhenethylPOSS concenthe dielectric strengtieinter) of the interfacial polarization for
tration. This result reflects the fact that with increasing the sample PC033. Both quantities show a drastic change in its
concentration of PhenethylPOSS the size of the POSS-richtemperature dependencelgbeac-rich. FOr finer the temperature
domains become larger and in average the charge carriers needependence abovi, peac-ricn is distinctly weaker than below
a longer time to diffuse through it before being blocked at the it, while the dielectric strength of the interfacial polarization
internal phase boundary. This can be quantitatively discussedprocess increases strongly aboVgpgac-rich. These results
in an oversimplified model. In the direction of the electrical support the model discussed above. For a more quantitative
field the POSS-rich domains are described as a mobile layer ofdiscussion further experiments and more detailed model con-
thicknessd between solid walls representing the surrounding Siderations are necessary.
glassy PBAC-rich phaseal roughly characterizes the size of .
the probably spherical POSS-rich domains. The blocking of the €0onclusion
charge carriers at these walls is described by an electrical double Nanocomposites were prepared by blending polyhedral oli-
layer with an effective spacing characterized by its Debye length gomeric silsesquioxane with phenethyl substituents into poly-
Lp. This double layer represents an additional capacit@age (bisphenol A carbonate) matrices by a well adapted solution
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Figure 16. Characteristic frequencidse of the interfacial polarization
vs temperature for PC033 below and above the thermal glass transition

Tg.peac-rich. The inset gives the same for the dielectric strength of the
interfacial polarizatiomMener. Lines are guides for the eyes.
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casting method. The evaporation of the solvent was controlled
by adjusting the vapor pressure of the solvent in a closed

chamber. As a result homogeneous and almost transparent films
are obtained by this procedure for a reasonable concentration

range of PhenethylPOSS from 0 to 40 wt %.

Dielectric spectroscopy shows that for low concentrations of
PhenethylPOSS<10 wt %) the dynamic glass transition of
the PBAC matrix is shifted to lower temperatures with increas-

ing PhenethylPOSS content. DSC investigations gave the same
result. This means at this concentrations level PhenethyIPOSS(

acts as a plasticizer. But in contrast to low molecular weight
plasticizers this is clearly due to a decrease of the molecular
packing (increase of free volume) which is experimentally

confirmed by density measurements.

For higher concentrations of PhenethylPOS3@ wt %) the
dielectric spectra show a double peak structure. The two
corresponding relaxation processes are assigned to the dynami
glass transitions of a PBAC-rich phase and an interfacial layer
having different concentrations of PhenethylPOSS. In parallel
at temperatures close to the glass transition temperature o
PhenethylPOSS a third peak is observed with an intensity
increasing with the concentration of PhenethylPOSS.
This relaxation process is assigned to the dynamic glass
transition of PhenethylPOSS-rich domains. With increasing
PhenethylPOSS content this relaxation process shifts to lower

temperatures. This phase separation is also reflected in thel24)
temperature dependence of the density of the nanocomposites(25)

From the DSC measurements and in more detail from the

dielectric studies a phase diagram for the PhenethyIPOSS/PBAC(26)

£20)
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