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ABSTRACT: Polymer-based nanocomposites were prepared by solution blending of polyhedral oligomeric
silsesquioxane with phenethyl substituents (PhenethylPOSS) into poly(bisphenol A carbonate) (PBAC). First
investigations focused on structure, morphology and dynamics, addressed mainly by dielectric relaxation
spectroscopy are substantially extended in this study by the investigation of the CO, gas transport behavior of
these materials, i.e., permeation experiments using the time-lag technique as well as gravimetric gas sorption
measurements. The nanocomposite materials were prepared with nanofiller contents ranging from 0 to about
40 wt % by solution blending and films of about 50—100 um thickness were cast from this solution and used
for the investigation of gas transport properties after drying and annealing. From the time-lag measurements
the permeability and an effective diffusion coefficient for CO, is obtained in dependence of POSS
concentration and temperature. As main results, both, the permeability and the diffusivity, increase whereas
the solubility decreases with increasing POSS concentration. These findings are discussed in the framework of
a microphase separated morphology of the nanocomposite systems for POSS concentrations greater than a
value cpss of ca. 7 wt % consisting of a polycarbonate-rich matrix and POSS-rich domains which are
surrounded by an interfacial layer. The experimental solubility data suggest that the POSS-rich domains are
more or less impermeable for CO,. On the basis of this assumption a quantitative model is provided to correct
the solubility data for the phase separated morphology. Moreover the importance of the interfacial layer
between the POSS particles or its domains for the properties of nanocomposites especially for the gas
transport behavior is addressed by analyzing the sorption isotherms. Also, for the first time results from gas
transport measurements and dielectric spectroscopy were quantitatively related to each other by taking the
activation energies of CO, diffusion and of the dielectric 5-relaxation into consideration. The obtained clear
correlation indicates that the CO, gas transport is due to localized molecular fluctuations. As a further result,
the diffusion coefficient obtained from time-lag and gas sorption measurements is in good agreement with

respect to both their absolute values and in their concentration dependence.

1. Introduction

The synthesis and application of nanocomposites based on
polymers and inorganic nanoparticles receive more and more
attention from both points of view: fundamental and applied
research. The latter is mainly related to the fact that due to the
small size of the filler particles and its dispersion on the nano-
metre scale polymer-based nanocomposites can show remarkable
property improvements such as increased tensile properties,
decreased gas permeability, decreased solvent uptake, increased
thermal stability and flame retardance etc. when compared to
conventionally scaled composites. From the point of fundamen-
tal research there is a growing interest to develop new kinds of
hybrid materials, to study their structure/property relationships
with emphasis on influences of internal interfaces and also to
investigate polymer dynamics under the conditions of severe
confinement.

There are numbers of review articles available which deal with
the synthesis, the characterlzatlon and the properties of polymer
nanocomp031tes > In most cases these studies concentrate on
the use of layered silicates (e.g., clays) as nanofillers in polymer
matrices where the organically modified particles are partly or
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fully exfoliated and dispersed (see for instance ref 6). Among
other nanoparticles (silicas, nanosized metals, nanosized carbon
compounds etc.) polyhedral oligomeric silsesquioxanes (POSS’)
is in particular interesting as nanofiller for polymer-based nano-
composites (see, for instance, refs 8—20). POSS consists of a
silica cage in the core with organic substituents R attached at the
edges of the cage. Its generdl formula is (SiOy 5),R,.” where 7 is
the number of silicon atoms in the inner cage (n = 8§, 10, 12, ...).
Besides the fact that POSS chemically is a rather complex
molecule, from a more general point of view it can be regarded
as the smallest possible silica particle. Because of the attached
organic substituents thls silica particle is surrounded by a well-
defined organic surface.”! If POSS is blended into polymers, the
compatibility between a “POSS nanopartlcle and different
matrices can be tuned by the variation of R.>> A quite important
aspect of the blending method is to maintain a stable dispersion of
the POSS molecules—first in the polymer solution and then in the
resulting solid polymer matrix—on a molecular level even for
higher concentrations of POSS. For instance it was reported for
IsobutylPOSS/PMMA ** acrylic-POSS/PMMA,** and Octa-
methylPOSS/HDPE’ that POSS can be dispersed in the matrix
on a molecular level only up to a critical concentration ¢pggs. For
higher concentrations than ¢p3ss a phase-separated morpholo-
gies are observed. The absolute value of ¢poss depends on the
interaction between the POSS substituents R and the polymer
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Figure 1. Chemical structure of octa-PhenethylPOSS.

segments. This was demonstrated for instance by studies
considering blends of IsooctylPOSS in isotactic polypro-
pylene® or PhenethylPOSS in polystyrene.'” Recently, also
molecular dynamic simulations have been used to investigate
the structure progerty relationships of POSS-based polymeric
nanocomposites.

We reported earlier about blending PhenethylPOSS into poly-
(bisphenol A carbonate) (PBAC) and the resulting nanocom-
posites were investigated mainly by dielectric spectroscopy in
detail. * It was shown that PhenethylPOSS can be dissolved on a
molecular level into PBAC up to a critical concentration of
$Sss ~ 7 —10 wt %. For these low concentrations of the filler
the main effect of POSS is a plasticization of the polymeric matrix.
For higher concentrations of PhenethylPOSS a phase separation
into a PBAC-rich matrix with few percents of molecularly solved
POSS and POSS-rich domains is observed (see also ref 28).

Besides their relevance for practical applications such as
barrier materials, coatings or membrane technology, gas trans-
port measurements have been proven to be also a powerful tool
for the characterization of polymer based nanocomposites.”*° It
was shown that the gas transport through a polymeric matrix can
be dramatically influenced by the presence of nanoparticles. The
relevant aspects influencing the gas transport behavior of poly-
mer/clay nanocomposites are comprehensively summarized in a
recent review.’' For certain nanocomposites, the unusual simul-
taneous increase of both permeability and permselectivity
(compared to the unmodified polymer) was achieved.* In this
study, the gas transport properties of CO, in PhenethylPOSS/
PBAC nanocomposites are investigated by permeation and
sorption measurements. Moreover for the first time dielectric
and gas transport measurements for such materials are compara-
tively discussed and correlated to each other.

2. Experimental Section

2.1. Materials and Sample Preparation. PBAC was purchased
from Sigma-Aldrich and used as matrix polymer (M,
22000 g/mol, PDI = 1.23). The glass transition temperature
T,is422 K measured by DSC (second heating run, heating rate
10 K /min).*

PhenethylPOSS was obtained from Hybrid Plastics, Inc. Its
molecular structure is sketched in Figure 1. MALDI-TOF
mass spectroscopy showed that the product is a mixture of
octa-PhenethylPOSS (n = 8, T8-cage), deca-PhenethylPOSS
(n = 10, T10-cage), dodeca-PhenethylPOSS (n = 12, T12-cage),
and probably smaller amounts of POSS of higher cage sizes.? It
is not possible to obtain any quantitative information about the
fractions of the different cages from the intensities of the peaks
of the MALDI—TOF mass spectra. But it is known that for
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Table 1. Composition and Sample Codes of the Investigated

Nanocomposites”
sample code cposs [Wt %] TgDSC K] P [g/cm?]
PhenethylPOSS 100 243.7 1.215
PC000 0 422.0 1.196
PC002 2.4 412.3 1.178
PC005 4.8 411.0 1.180
PCO10 9.1 406.5 1.180
PCO13 13.0 406.2 1.182
PCO17 16.7 403.0 1.206
PC023 23.1 402.4 1.209
PC029 28.6 402.4 1.211
PCO033 333 397.7 1.212
PC041 41.2 3994 1.209

“In addition its glass transition temperatures estimated by DSC and
its densities are given according to ref 20.

conventional synthesis conditions the major part of the product
consists of T8 cages.*>** PhenethylPOSS is a viscous liquid at
room temperature. Because of the mixture of different cage sizes
it does not crystallize but undergoes a glass transition at
243.7 K .2° Both materials were used without any further pul‘lﬁCdthIl

The preparatlon of the nanocomposites was described in
detail elsewhere.?’ In brief, during a first step PBAC was
dissolved in dichloromethane (DCM) with a concentration of
20 wt %. In a second step PhenethylPOSS was dissolved/
dispersed with the selected concentrations in that PBAC/
DCM solution. The mixture was ultrasonificated (Bandelin
Sonopuls, HD200/UW200 homogenizer equipped with KE76
titanium tapered tip) for 5 min and cast on a glass substrate by a
custom-made casting knife. To control the initial evaporation of
the solvent from the prepared film the glass plate was placed in a
closed chamber with an atmosphere of solvent vapor. After this
first evaporation step of the solvent, the films were depleted
from the substrate by immersion in water. To remove the
residual solvent the samples were annealed in a further step in
vacuum (10> mbar) at 363 K for 24 h. This annealing tempera-
ture is below the glass transition temperature of pure polycar-
bonate (422 K). Gas permeation measurements require pinhole
free samples with relative large plane surfaces. These require-
ments cannot be met by annealing the films above their glass
transition temperature. Thermogravimetric analysis (TGA) was
applied to check for the complete removal of the solvent. Also
the glass transition temperature measured for a solvent-cast
pure polycarbonate film agrees well with literature data for bulk
PBAC (see Table 1).

Film thicknesses were adjusted to 50 to 100 um. While the
samples with low concentrations of PhenethylPOSS are trans-
parent, those of higher concentrations become increasingly
turbid with increasing concentration of PhenethylPOSS. This
is attributed to a phase-separated morphology as discussed in
reference.?® Details of the samples under investigation including
their densities reported in ref 20 are summarized in Table 1.

2.2. Methods. FTIR Spectroscopy. To verify the concentra-
tion of PhenethylPOSS in the prepared nanocomposites, FTIR
spectroscopy was employed. The infrared spectra of the
samples were recorded by a Thermo-Nicolet (Nexus 670) FTIR
spectrometer at room temperature. The nanocomposites were
measured in transmission, while the IR spectrum of pure
PhenethylPOSS was measured by the ATR-IR technique be-
cause PhenethylPOSS is a viscous liquid at room temperature.
The measurements were carried out in the wavenumber range
from 400 to 4000 cm ™!, accumulating 64 scans having a resolu-
tion of 2 cm ™!

Gas Permeability. To measure the permeability of CO, the
time-lag method® was applied in the upstream pressure (p;)
range from 1.0 to 20 bar using a temperature controlled setup.
To achieve the correct boundary conditions (initial zero gas
concentration) and to ensure reproducibility, the samples were
degassed prior to the measurements using a turbomolecular
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Figure 2. Example for a time-lag measurement: Downstream pressure
P> vs time for the permeation of CO, through pure PBAC at 7' = 308 K
for p; = 10 bar.

vacuum pump system (< 10> mbar). Prior to the first measure-
ment after film preparation degassing was performed for at least
72 hin order to remove any sorbates as well as remaining solvent
traces. In the permeation cell sample films of 38 mm diameter
were used and sealed with a Viton O-ring determinig the
effective area of 4 = 7.07 cm?. The pressure increase in the
closed downstream volume (p,) attached to the permeation cell
was measured by a temperature-controlled (373 K) MKS
Baratron gauge (128 A, 10 mbar range) and recorded together
with upstream pressure and temperature.

Figure 2 gives an example for a time-lag measurement for the
permeation of CO, through pure PBAC. The permeability P
was calculated from the slope of the linear pressure increase in
the steady state region according to***°

_ VIT, (dpQ) 1)

ATppy\ dt J
with 7 = downstream volume, 7 = temperature, / = sample
thickness, T, = 273.15 K, 4 = sample area, p; = upstream
pressure, po = 1.013 bar, (dp,/dr), = steady state downstream

pressure increase. The permeability coefficients are given in
barrer:

L barrer — 10~ 10 [’ (STP) cm
cm? cmHg s

Permeation experiments were performed in the pressure range
from 1.0 to 20 bar at temperatures of 308, 318, 328, and 338 K.
The linear extrapolation of p,(¢) in the steady state region to
p>» = 0 gives further the time-lag 7 (see Figure 2) which
characterizes the initial transient part of the permeation. This
time-lag allows the determination of a diffusion coefficient
which is considered as effective value Dy due to the pressure
or concentration dependence of gas diffusivities in glassy polz
mers and the resulting variation along the film cross-section®
12
Degr = o (2)
Gas Sorption. Gas sorption was measured gravimetrically
using an electronic high pressure microbalance (Sartorius
4406) placed in a temperature controlled air-bath. Like the
device for measuring the permeability this apparatus is also
equipped with a turbomolecular vacuum pump for degassing.
Sorption isotherms in the pressure range from 1.0 to 50 bar
were determined from the sum of mass uptakes (corrected for
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Figure 3. IR spectra of PhenethylPOSS, polycarbonate, and a PBAC-
based nanocomposite with 23.1 wt % POSS (PC023).

buoyancy effects) in successive steps of pressure increase in
the system. The recorded kinetics of the individual mass
uptake curves allows furthermore the calculation of diffusion
coefficients.*® Assuming Fickian diffusion the time dependence
sample mass m, after a single pressure step is given by

8L D(2n41)*?
Moo n_; 2n+1)* < 12 t) ®)

where m.. is the mass of the sample for 1 — o after a pressure
jump. D is the diffusion coefficient, which can be determined by
fitting eq 3 (series approximation) to the time dependent data.

3. Results and Discussion

FTIR Spectroscopy. Infrared spectroscopy was applied to
check whether the content of PhenethylPOSS in the nano-
composite films is the same as in the formulated solution.
The IR spectra of the pure poly(bisphenol A carbonate),
PhenethylPOSS and a nanocomposite with 23.1 wt % POSS
are shown in Figure 3. The absorption band at 1764 cm ™' is
assigned to the C=O0 groups in the polycarbonate and is
related to the content of the PBAC in the composite.
According to the literature,’? the characteristic band of
—Si—O—Si— vibrations appears around 1100 cm™' and
corresponds to the observed peak at about 1099 cm™! for
the bulk PhenethylPOSS (see Figure 3). Blending POSS
molecules into the matrix polymer shghtly shifts this band
to higher wave numbers (1100 cm ™). Its intensity increases
with the POSS concentration and therefore this band is used
to characterize the content of POSS in the nanocomposite
materials.

After subtraction of a baseline, the intensity of the bands
at 1100 and 1764 cm™ ' is estimated by fitting a Gaussian to
the data. An example for the fitting procedure is given in
Figure 4a. The ratio of the intensities of theses two bands
I1100/ 11764 18 plotted versus the molar fraction of Phenethyl-
POSS (xposs) in the formulated solution in Figure 4b. This
ratio increases linearly with the molar fraction of POSS in the
formulation:

I
(ﬂ) = 0.509 X xposs (4)
1764
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Figure 4. (a) Example for the analysis of the —Si—O—Si— vibration band at 1100 cm ™' for pure polycarbonate (squares) and the nanocomposite with
28.6 wt % POSS (circles, PC029). The dashed lines correspond to the fitted Gaussians. (b) Ratio of the FTIR intensities /1;¢o//;7¢4 Vs molar fraction of

POSS xposs. The line is a linear regression to the data.

This linear relationship proves that the molar concentra-
tion of the POSS in the formed nanocomposite is linearly
related to that in the casting solution.

Dielectric Spectroscopy. Dielectric spectroscopy was em-
ployed by us to investigate the structure/property relation-
ships of the described nanocomposites recently.?’ To discuss
the gas transport properties of CO, of these systems in its
structure dependence the main results of the dielectric study
will be summarized here briefly. For low concentrations of
POSS (<10 wt %) the dielectric spectra of the nanocom-
posite shows two well-defined relaxation processes a f-relaxa-
tion which is due to localized molecular fluctuations at
lower temperatures (higher frequencies) and the dynamic
glass transition (o-relaxation) due to segmental mobility at
higher temperatures (lower frequencies). With increasing
concentration of POSS the o-relaxation shifts to lower
temperatures in comparison to pure unfilled polycarbonate.
This indicates that POSS is dispersed homogenously in the
polycarbonate matrix on a molecular level. The main effect
of POSS at these low concentrations is the plasticization of
the polymeric matrix. Also the S-relaxation shifts with
increasing concentration of POSS to lower temperatures.
From that one can conclude that the mechanism of plastici-
zation of the polycarbonate matrix by POSS is quite different
from that of low molecular weight plasticizers where the
opposite effect is observed.

By increasing the concentration of PhenethylPOSS above a
critical value cpogs, the dielectric spectra shows besides the
dielectric behavior discussed for low concentrations two addi-
tional relaxation processes (processes I and I11; see Figure 10 in
ref 20). From this multiple peak structure in the dielectric
spectra one has to conclude that a phase separation takes place
for higher concentrations of POSS. From a phase diagram
where the glass transition temperature is plotted versus the
concentration of POSS a miscibility criteria can be deduced by
comparing the experimental values with those calculated from
the Fox/Flory equation which is expected to be valid for a
system which is miscible on a molecular level. For cppss a value
of ca. 7—10 wt % is obtained by these considerations. A
detailed analysis of the dielectric spectra leads to the following
model regarding the structure of the nanocomposites. The first
new relaxation mode (process III) is located close to the
dynamic glass transition of pure Phenethyl-POSS. Its dielectric
strength increases with increasing concentration of POSS.
Hence, process III is unambiguously related to bulk-like
POSS molecules organized in POSS-rich domains. Therefore,

for concentrations higher than ¢fxsss the morphology of the

nanocomposite consists of a polycarbonate-rich matrix and
POSS-rich domains. The dielectric spectra in the temperature
range related to relaxation processes of polycarbonate show a
double peak structure (process I and process II; see Figure 10
and inset of Figure 8 in ref 20). From the analysis of the
concentration dependence of process I, it is concluded that it
must be assigned straightforward to the glass transition of the
PBAC-rich matrix with 7 wt % POSS dispersed on a molecular
level. Process II is located at slightly lower temperatures (or
higher frequencies) than Process I. Therefore, it is concluded
that this process is related mainly to polycarbonate involving
more POSS molecules than process I. The number of possible
phases at constant pressure and temperature is only two
according to the Gibbs phase rule. Therefore, it is concluded
that the POSS-rich domains are surrounded by an interfacial
layer consisting mainly of polycarbonate with molecular solved
POSS but at a higher concentration than the polycarbonate-
rich matrix. Probably this layer has no sharp phase boundaries
but corresponds to an interfacial area with a gradient of the
POSS concentration. To have a signature as an o-relaxation in
the dielectric spectra the interfacial layer must have a certain
spatial extent. To allow for the observed glassy dynamics, the
characteristic size of this interphase is expected to be in the
range between 1 and 3 nm.**"* It is worth to note that this
model is in agreement with a quite recent structural investiga-
tion of melt blended PhenethylPOSS/polycarbonate nanocom-
posites involving TEM and X-ray studies.”

Gas Permeability. The driving force for gas transport is the
concentration gradient of the gas molecules across the
sample due to a pressure difference between its upstream
and downstream side. The transport of small molecules
through nonporous amorphous polymers is generally de-
scribed in terms of a solution-diffusion mechanism consist-
ing of: (1) the sorption of molecules at the upstream side
(described by the solubility coefficient S), (2) the diffusive
transport across the polymer (diffusion coefficient D) and (3)
the desorption at the downstream side. The overall transport,
characterized by the permeability coefficient P, is given by

P=DxS (5)

Figure 5 gives the permeability P of CO, in the investi-
gated nanocomposites versus upstream pressure p; and
the concentration of PhenethylPOSS at 7' = 308 K in
a 3D-representation. As expected for glassy polymers, P
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Figure 5. Permeability of CO, vs upstream pressure p; and concentration
of PhenethylPOSS at 7' = 308 K for the investigated nanocomposites.
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Figure 6. Permeability of CO, vs concentration of PhenethylPOSS at
10 bar: circles, T = 308 K; triangles, T = 318 K; stars, T = 328 K;
squares, 7' = 338 K. The solid lines are guides for the eyes. The dashed
line indicates the concentration where phase separation is expected to
set in.

decreaes with increasing upstream pressure. Furthermore, at
higher POSS-concentrations the permeability increases
moderately with increasing concentration Cposs.

This behavior can be seen more clearly from Figure 6
where P is plotted versus concentration of POSS for an
upstream pressure of p; = 10 bar and different temperatures.
For low concentrations of the nanofiller P, seems to be
approximately constant (or slightly decreasing) for all tem-
peratures up to a POSS content of ca. 10 wt %. For higher
POSS concentrations the permeability increases more or less
linearly with the content of the nanofiller.

Gas diffusivity and solubility from permeation experiments.
Using the time-lag 7 obtained from permeation experiments
an effective diffusion coefficient D.g can be calculated (see
eq 2) and plotted versus concentration of PhenethylPOSS for
several temperatures in Figure 7. The results show a close
similarity to the concentration dependence of the perme-
ability P. For low concentrations of POSS, D is approxi-
mately constant but increases significantly with increasing
content of the nanofiller in the range of cposs = 10 wt %. An
example for such a behavior is also found in ref 27 by
molecular dynamics simulations of the structure of POSS/
poly(methyl methacrylate) nanocomposites and the diffu-
sion of oxygen therein. Using eq 5, the solubility coefficient S
can be calculated from the permeability P and the diffusion
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Figure 7. Effective diffusion coefficient D.g vs concentration of Phen-
ethylPOSS obtained from permeation measurements at 10 bar: circles,
T = 308 K; triangles, 7= 318 K; stars, T = 328 K; squares, 7' = 338 K.
The solid lines are guides for the eyes. The dashed line gives the
concentration range were Dy is constant. The dashed-dotted line
symbolizes the concentration for phase separation. The inset gives
the density p vs concentration of PhenethylPOSS reported in ref 20.
The line is a guide for the eyes.

coefficient Doy obtained from time-lag experiments (see
Figure 8a). According to these data, S decreases with in-
creasing concentration of PhenethylPOSS. A similar beha-
vior is observed for the other temperatures measured, which
will be discussed in more detail now.

It is obvious to relate the change in the concentration
dependence of both, the permeability and the diffusion
coefficient, to the nanophase separated structure of the
nanocomposites for POSS concentrations higher than
chiss discussed above (see the paragraph on dielectric spec-
troscopy). One has to keep in mind that the determination of
permeability and diffusivity from the time-lag data accord-
ing to eqs 1 and 2 is based on the assumption of a homo-
geneous sample. Concerning our model for the investigated
PC/POSS nanocomposites derived from dynamic and struc-
tural features revealed by dielectric relaxation spectroscopy
and density measurements”’ this holds only for concentra-
tions of POSS smaller than cpass. For these concentrations a
molecular dispersion is found for POSS in the polycarbonate
matrix. For higher concentrations than ¢p35gs, a nanophase
separated structure has to be considered with domains of
different solubilities and diffusivities for gas molecules. As
already stated a decreasing solubility with increasing POSS
concentration is observed (see Figure 8a). A closer inspection
of Figure 8a reveals that S may be extrapolated to zero for
100% of POSS content. This indicates that the solubility of
CO;, in PhenethylPOSS is zero or at least essentially smaller
than in polycarbonate. Taking this into consideration it can
be stated that in the nanophase separated state of the nano-
composites CO, is predominately solved in the polycarbo-
nate matrix. In contrast to that the solubility values given in
Figure 8 are calculated assuming that carbon dioxide is
homogenously solved throughout the whole sample volume
Vsampie- On the basis of these findings a correction can be
suggested and performed which only accounts for the vo-
lume fraction which is effectively available for gas sorption
and transport which is the volume of the polymeric matrix
Vpolymer- Assuming in a simplified two phase model that the
CO; solubility is zero in the PhenethylPOSS-rich domains
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with the volume Vpomain and furthermore an additive behav-
ior, it holds that

VPolyIner = VS;unple - VDom‘(Lin (6)

Invoking the nanophase separated morphology deduced
from dielectric spectroscopy,™ one can formulate for Vpomain

V Domain =
a crit
0 for cposs < Lg(])SS
it
(cross — ¢Boss)

_ it
= Msample for cposs > c(}:’r(l)SS
Pross
(7)

Here mpogs 1s the mass of POSS belonging to ¢poss, pPross
is the density of PhenethylPOSS and mig,mpic the mass of the
whole system. Assuming that the density of the POSS-rich
domains may be approximated by the density of bulk POSS
and considering mg,ympic = P(Cposs) Vsample for the volume
correction « of the solubility

(mposs = midss)

Pross

K — VPolymcr -1

VS ample

o VDomain
VSamplc

o1 P(CPoss)(

rit . rit
CPOSS ~ Cpogg)  TOT €poss > Cpogs  (8)
Pross

is obtained. p(cposs) is the density of the system in dependence
on the concentration of PhenethylPOSS (see Tab. 1, inset
Figure 7). Applying this approach to the solubility data leads
to constant values of the CO,-solubility obtained from time-
lag experiments at 308 K for POSS concentrations higher
than cp3sg; (see Figure 8b), which in turn is a confirmation of
the nanophase separated morphology discussed above. For
¢ < c§dss the solubility decreases with increasing concentra-
tion of the nanofiller because at these low concentrations
POSS is dispersed in to the polycarbonate matrix on a molec-
ular level. For ¢ > ¢§3gs, nanophase separation occurs, the
concentration of POSS in the polycarbonate matrix remains
constant at cp5ss and therefore a constant solubility for CO,
is found. For the other temperatures considered in this study
a similar behavior is observed.

In contrast to the solubility the concentration dependence
of the diffusivity cannot be discussed in the framework of
such a simple model (cf. Figure 7). The diffusivity depends on

both the effective length of the diffusion pathways and the
molecular mobility of the polymer matrix. Both properties
depend in a delicate manner on the actual morphology of the
nanocomposites. For concentrations below cposs, the diffu-
sion coefficient is more or less independent from the con-
centration but increases strongly for cposs > ¢Poss
Therefore, in general the increase of Deg above cpss should
also be related to the phase separated structure. From di-
electric spectroscopy, it is deduced that in the phase sepa-
rated state the nanocomposites consist of a polycarbonate-
rich matrix (1) which contains a certain level of molecularly
solved POSS and POSS-rich domains (2) the latter being
surrounded by an interfacial layer (3) with a higher concen-
tration of POSS and a higher molecular mobility than the
polycarbonate-rich matrix (see paragraph on dielectric spec-
troscopy). Therefore, the simplified two phase model used
for correcting the CO,-solubility data is not appropriate to
describe the diffusion behavior of gas molecules which is
strongly related to the dynamics of the local surrounding
within the polymeric matrix.

So on one hand, the length of the effective diffusion
pathways is changed due to the nanophase separated struc-
ture and the presence of POSS-rich domains (2) throughout
the matrix. As these domains are considered impermeable
(CO, solubility effectively zero), longer pathways are ex-
pected due to increased tortuosity. Moreover it was stated
above that in the polycarbonate-rich matrix (1) the solubility
of CO, is approximately constant (see inset Figure 8). There-
fore, the observed increase in the diffusivity above the critical
POSS concentration may not be related to a CO, induced
plasticization of the polycarbonate-rich matrix as it remains
essentially unchanged compared to its state at the critical
POSS concentration. But as discussed above the POSS-rich
domains are surrounded by an interfacial layer (3) having an
essentially higher molecular mobility than the polycarbo-
nate-rich matrix (1). As this interfacial layer consists mainly
of polycarbonate, CO, can be dissolved in these interphase
regions and because of the higher molecular mobility the
diffusion is enhanced.

With increasing concentration of POSS, the size and/or
the number of the POSS-rich domains increases and there-
fore also the amount of the discussed interphase. For higher
concentrations of POSS this interfacial regions may
also form larger areas with higher mobility or even percolate
to high mobility channels for faster diffusion. Therefore,
the increase of D.y with the concentration of POSS in
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Figure 9. (a) Effective diffusion coefficient D versus inverse temperature for the nanocomposite with 33 wt % PhenethylPOSS. The line is a fit of the
Arrhenius equation to the data. (b) Activation energy Ep, for diffusion versus the concentration of POSS. The line is a guide to the eyes.

the nanophase separated state may be assigned to the
increasing amount of interfacial area with a higher molecular
mobility than the polycarbonate-rich matrix. It should be
noted that this line of argumentation is in agreement with
molecular dynamic simulations which predict a higher mo-
lecular mobility close to the POSS particles in related
systems®® and also channel-like structures with higher gas
diffusion.”’

Activation Energy of Diffusion. Correlation with Dielectric
Spectroscopy. The effective diffusion coefficient Dy was
determined from time-lag measurements for each POSS
concentration at four different temperatures. An example
for that is given in Figure 9a for p = 10 bar. The temperature
dependence of the effective diffusion coefficients Dy can
be described by an Arrhenius (Figure 9a) relation allowing
the calculation of the corresponding activation energy of the
diffusion Ep.

Ep
Dey = Deyy,o exp <— ﬁ) 9)

where T'is the temperature, R is the molar gas constant, and
Dy is the diffusion coefficient for 7'— oo (pre-exponential
factor).

In Figure 9b, the resulting activation energy E), for diffu-
sion is plotted versus the concentration of PhenethylPOSS.
For c¢poss < cposs Ep decreases with increasing POSS
concentration but becomes approximately constant for
Cposs > CPOsS-

As already pointed out the dielectric relaxation behavior
of the PC/POSS nanocomposites under investigation was
discussed in detail recently.?’ Pure polycarbonate shows
besides the dynamic glass transition (c-relaxation) a
pB-process at lower temperatures/higher frequencies which
corresponds to localized molecular fluctuations. With in-
creasing concentration of PhenethylPOSS this S-peak shifts
to lower temperatures/higher frequencies in comparison to
the bulk. The quantitative analysis of this relaxation process
shows that the temperature dependence of the relaxation rate
follows an Arrhenius law as expected. The concentration
dependence of the estimated activation energies Ex shows a
close similarity to that of Ep (see inset of Figure 10). First,
one has to note that the activation energy for the CO,
diffusion is a bit lower than that for the dielectric 5-relaxa-
tion. In Figure 10 the activation energy Ep for the CO,
diffusion is plotted versus E4 of the S-process. Both sets of
data which are measured completely independent from each
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Figure 10. Activation energy Ep for diffusion versus the activation
energy E, for the S-relaxation estimated by dielectric spectroscopy. The
line is a linear regression to the data. The regression coefficient is r =
0.94. The inset gives the activation energy Ex for the S-relaxation versus
the concentration of PhenethylPOSS. The data were taken from ref 20.
The line is a guide for the eyes.

other correlate well, and the relationship between both can
be described by a straight line. From this correlation one has
to conclude that both the gas transport and the dielectric
[-relaxation in these systems are controlled by the same
molecular process. Because the S-process is assigned to
localized molecular fluctuations it is reasoned that also the
gas transport is controlled by the same molecular motions. In
order to further prove this conclusion more experiments
need to be carried out for different gases and = more
importantly = on a series of different materials.

Gas Sorption. For glassy polymers the gas transport is
often discussed in the framework of the dual mode sorption
model (DMSM)** describing the sorbed penetrant con-
centration C as the sum of a Henry-type solubility (Cp) and a
Langmuir-type sorption (Cy), resulting in sorption iso-
therms concave to the pressure axis (characteristic for glassy
polymers) and a decrease of solubility S and permeability P
with increasing pressure/concentration. One gets

CH -bp,

C=Cp+Cxq =k +
D H DP1 1+ bp,

(10)

where kp, is the Henry coefficient, Cy’ the Langmuir capa-
city, and b the Langmuir hole affinity constant. The physical
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basis of the dual-mode-sorption model is under controversial
debate. Therefore, eq 10 is used here only as a tool to
represent the data of the concave shaped sorption isotherms.
Figure 11 gives the concentration of CO, versus pressure p;
(sorption isotherms) for three different concentrations of
POSS at T = 308 K. The data for pure polycarbonate can be
well described by the DMSM. Also the sorption isotherms
for a nanocomposite with ca. 10 wt % POSS shows the
concave shape expected for a glassy polymer. One has to bear
in mind that 10 wt % PhenethylPOSS is close to c¢pass. For
higher concentrations of POSS, the data follow the dual-
mode-sorption model only in the low pressure region (up to
15 bar). For higher pressures, an upturn of the sorption
isotherms in comparison to the dual mode curve is observed
(see Figure 11), which becomes more pronounced with
further increasing POSS concentration. Such an upturn is
usually characteristic for a CO,-induced plasticization. But
because the concentration of CO, in the polycarbonate-rich
matrix is more or less independent from the POSS concen-
tration above cp3ss and the fact that the deviation from the
DMSM model is only observed for the nanophase separated
state (cposs > CPOss), it must be concluded here that this
deviation in the observed CO, sorption behavior cannot be
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Figure 11. Concentration C of CO, versus up stream pressure pi:
circles, pure polycarbonate; squares, 9.1 wt % PhenethylPOSS
(PC010); stars, 41.2 wt % PhenethylPOSS (PC041). The dashed lines
are fits of the Dual-Mode-Sorption-model to the data. The solid line is a
guide for the eyes.
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ascribed unambiguously to a plasticization of the continuous
polymer-rich matrix due to a significantly higher overall
CO,-concentration. Instead this behavior may be explained
taking into account that above the critical POSS concentra-
tion c$3ss the interfacial region between the two phases of
the phase separated morphology is present and may give
rise to the observed sorption deviation. Because of the higher
molecular mobility observed for this interphase based on
dielectric spectroscopy data it is reasonable to suggest for
these regions also a higher tendency to be influenced by
locally present CO,, i.e., a stronger susceptibility to plastici-
zation at higher pressures/concentrations.

With respect to the solubility data obtained from time-lag
data discussed in an earlier section, it should be also noted
that the deviations from the dual-mode behavior occur at
CO, pressures distinctly higher (about 30 bar) than that
covered by the permeation experiments (up to 20 bar).

Comparison of Permeation and Sorption Experiments. As
discussed above a diffusion coefficient can be estimated
either from time-lag data (Deg) obtained from permeation
measurements or by evaluating the Fickian kinetics from
sorption data applying eq 3. Figure 12a compares these two
diffusion coefficients in dependence of the concentration of
POSS in the nanocomposite materials. Both sets of data
measured completely independent from each other show a
good agreement with regard to both their absolute values
and their concentration dependence. It has to be noted that
the underlying experimental methods apply different bound-
ary conditions, i.e., a finally uniform gas concentration
throughout the sample in the case of sorption and in the
case of time-lag permeation measurements a concentration
gradient along the film’s cross-section between upstream gas
pressure and downstream vacuum. Moreover one has to note
that the effective diffusion coefficient derived from the time-
lag of the permeation experiment corresponds to a transient
nonequilibrium state and not the steady state (see Figure 2).

For the sorption experiments also the solubility S can be
derived by dividing the concentration of the sorbed gas by
the corresponding pressure (secant slope of the respective
data point of the sorption isotherm). Figure 12b compares
the solubility estimated from permeation and sorption mea-
surements at 10 bar versus the concentration of POSS. First
one has to note that the absolute values of both data sets
measured completely independent are different. The rea-
sons for that result are again the different boundary condi-
tions and the different states of the sample. As discussed for
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Figure 12. (a) Comparison of the diffusion coefficient estimated from the time-lag 7 (squares) with that measured by sorption experiments (circles)
versus the POSS concentration at a pressure of 10 bar. (b) Comparison of the solubility estimated from permeation measurements (squares) with that
measured by sorption experiments (circles) versus the POSS concentration at a pressure of 10 bar. The lines are guides for the eyes.
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the diffusion coefficients in the permeation experiment a
concentration gradient across the sample’s cross-section is
reached in the steady state with a constant permeation rate
(from which the permeability coefficient is determined).
The effective diffusion coefficient is estimated from the
transient nonsteady state period which is necessary to estab-
lish the final concentration gradient starting from a com-
pletely degassed film. For the sorption experiments the final
gas concentration is uniform and the sample is in a (pseudo)-
equilibrium with the surrounding gas phase. For these
reasons it is not to be expected that both data sets agree in
their absolute values. But second—and more important—
both sets of data exhibit the same dependence on the con-
centration of POSS and end up at zero for an extrapolation
to 100% POSS. This shows that permeation and sorption
measurements are consistent which each other.

Conclusion

In this paper, we presented results from gas transport investi-
gations, i.e., permeation and sorption experiments with CO, for a
polymer based nanocomposite systems consisting of polycarbo-
nate and Phenethyl-POSS as nanofiller. These experiments were
performed complementary to a comprehensive dielectric spec-
troscopy study published earlier.”® With this approach we were
able to support most of the conclusions drawn about structure
and dynamics in the PC/POSS nanocomposites under investiga-
tion based on their dielectric relaxation behavior by evaluation of
sorption and diffusion coefficients obtained for different POSS-
concentrations. First, the occurrence of a phase separated struc-
ture above a critical POSS-concentration of about 7 wt % was
confirmed by permeability and diffusivity results obtained from
permeation experiments as well as by deviations in the sorption
behavior at higher CO, pressures. Second, completely new in-
sights are provided concerning the importance of the interfacial
area between a nanoparticle or its aggregated domains and the
polymeric matrix for the gas transport properties of CO,. These
new experimental results and considerations are in agreement
with recent molecular dynamic simulations concerning the struc-
ture and the gas transport Properties of a related nanocomposites
with POSS as nanofiller.?” Furthermore, a consistent discussion
of the gas solubility determined from permeation measurements
was possible assuming impermeable POSS-rich domains due
their CO, solubility being practically zero.

Finally a correlation between the activation energies of the ss-
relaxation process in the polymeric matrix of the nanocomposites
and the CO, diffusivity was estimated, suggesting that both are
correspond to the same local molecular motions.
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