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ABSTRACT: The free volume studies were performed in well characterized model nanocomposites by
positron annihilation lifetime spectroscopy (PALS) to explore the influence of the interphase nanoscale
character of the hydrophobically functionalized filler particles and the nanoscale particle size on positron
parameters. A weakly repulsive system, which should not form an interphase, was obtained bymixing of low
molecular weight poly(ethylene-alt-propylene) (PEP) and hydrophobically modified silica with varying con-
centration. A lowmolecular weight sample was chosen. Because of a finite centre of mass diffusion and a low
radius of gyration the interstitials between particles are effectively filled and hence a most suitable model
system is obtained. The absence of an interphase was confirmed by neutron scattering and neutron spin echo
measurements. DSC experiments showed a constant glass transition temperature Tg and a decrease inΔcp at
Tg with increasing filler concentration as expected. In contrast, PALSmeasurements showed decreasing glass
transition temperatures and a strong drop of the thermal expansion coefficient above Tg. These seemingly
conflicting results are demonstrated to be due to nanoscale character of the hydrophobically functionalized
filler particles with sizes in the range of the positronium diffusion length which requires taking into account
out-diffusion of positronium from the particles. In particular, it is shown that the changes on PALS
parameters such as o-Ps lifetime or its intensity, with increasing filler content cannot be attributed to the
formation of an interphase with properties different from the polymer matrix. Like the neutron scattering
experiments, PALS does not find any evidence of an interphase between the filler and the polymer within the
resolution limit of the present technique, which is in agreement to the neutron scattering experiments.

Introduction

Polymer nanocomposites have been investigated intensively
during the last decades due to a variety of applications.1-3 They
benefit particularly from the huge effective interfacial area result-
ing form the nanoscale size of the filler particles. The nanocomp-
sosites usually consist of nanoparticles, covered with a functio-
nalized shell to avoid agglomerations of particles and to avoid
adsorption of polymer on particles. The particles together with
functionalized shell will be termed as filler in this paper. In order
to explain the macroscopic material behavior, a so-called inter-
phase is frequently assumed.4 It is proposed that the polymer in
the vicinity of the particles (i.e., starting at the polymer-particle
interface), generate such an interphase with properties different
from the bulk. For example, if the chains adsorb on the surface,
then interphases with higher density in comparison with the pure
polymer melt are reported.4 In the case of nonadsorbing chains a
decreasing density is observed. For both cases, the properties of
the polymer such as free volume, polymer dynamics and chain
conformation are expected to deviate from bulk behavior.

Several properties like viscosity, permeability, toughness etc.
are affected by the free volume.5 However, only a few techniques
such as PVT (pressure-volume-temperature) measurements,6

Xe-129 NMR spectroscopy7 and positron annihilation lifetime
spectroscopy (PALS)8,9 allow to determine the free volume hole
sizes. A recent comparison on selected techniques is already
reported in literature.10,11 As the size of the holes which can be
detected has to be larger than the probe size positron annihila-
tion, which probes the electron density distribution and thus the
free space between atoms is superior over the other techniques
and most sensitive to subtle changes in free volume. The main
point is that the ortho-positronium lifetime (o-Ps), i.e., the time
between injection of the positron and the decay with the sample
electrons, directly scales with the diameter of the free volume hole
where it is located. PALS is now a well established technique for
free volume investigations in polymers in general8,9 and in poly-
mericmembranes.7,10,12,13Once injected froma radioactive source,
positrons form hydrogen-like positronium (Ps) states in most
polymers, which are localized in defects with reduced electron
density. The vacuum lifetime τ3 of the o-Ps state of 142 ns is
reduced in matter by the interaction with electrons from the wall
of the free volume hole (pick-off annihilation), and is usually in
the range of 1-10 ns for polymers.

Besides improvement of measurement technology, the well-
knownmodel developed by Tao14 was crucial for applying PALS
to study polymers. In this simple quantummechanical model it is
assumed that the Ps is confined to spherical holes with infinitely
high walls. For such a problem, the Schr€odinger equation can be
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solved analytically. Furthermore, the model postulates an elec-
tron layer at the pore wall, with which the ortho-Positronium can
interact and decay. Calculation of the overlap integral of the pos-
itroniumprobability density functionwith this electron layer yields
a direct relation between the positronium lifetime and the hole
radius Rh as shown in eq 1.

1=τ3 ¼ λ0 1-
Rh

Rh þΔR
þ 1

2π
sin

2πRh

Rh þΔR

� �" #
ð1Þ

This equation includes the reciprocal ortho-positronium decay
rate τ0-Ps, the spin averaged decay rate in the electron layer λ0, the
hole radiusRh, and the thickness of the electron layerΔR, which
has been calibrated using substances with known pore sizes.15

Since hole sizes in amorphous polymers are relatively broadly
distributed, the discrete τo-Ps obtained from fits to lifetime spectra
and hence the hole radius have to be regarded as average values,16

and it is nowcommon touse a software including a distributionof
lifetimes σ.17

This technique has been applied several times to various poly-
mers and polymer nanocomposites by the authors13,18,19 and by
others, e.g. refs 20 and 21. However, in the latter investigations,
the focus was on the correlation of gas separation properties and
the free volume like in the pioneering work byMerkel et al.22 on
this topic.

Systematic studies on polymer-nanocomposites have been
performed, e.g., by Jean and co-workers. They reported lifetime
spectroscopy measurements on polystyrene-silica nanocompos-
ites,24 considered as aweakly interacting system.From the changes
in slope in the o-Ps vs temperature curve they deduce two separate
glass transitions, where they attribute one of the glass transitions
to the interphase.

PDMS silica-nanocomposites were investigated byDlubek
and co-workers.25 However, only one concentration of filler was
studied, and the focus of this paper was on the influence of cold
crystallization and the correlation to the nanoparticles.

Interesting references for the present investigation are the
papers by Winberg, Eldrup, and Maurer.20,21,26 In particular
they reported positron annihilation lifetime spectroscopy study
on fumed SiO2-PDMS nanocomposites.20 Their DSC analysis
shows a constant Tg and a decrease inΔcp at the glass transition,
with increasing filler concentration as expected from the decreas-
ing polymer fraction. In their PALS experiments they observe a
nonlinear relation between o-Ps intensity I3 and filler concentra-
tion. In the o-Ps lifetime τ3, a systematic decrease was observed
at fixed temperature with increasing filler concentration (see
Figure 4 of their paper). Their interpretationwas centered around
attractive filler-polymer interaction and the speculation that
o-Ps may be able to diffuse out of the small nanoparticles.

In a similar investigation by these authors,26 PTMSP-based nano-
composites with concentrations between 0 to 50% of hydropho-
bic fumed silica particles with an averaged diameter of 12 nm,
were investigated. For the pure PTMSP, two long lifetimes (τ3
and τ4) were observed, whereas for the pure filler the contribution
from particles (τ3) and from interstitial cavities between the filler
particles (τ5), were determined. However, in the composites these
contributions could not be clearly separated due to problemswith
fitting similar lifetimes. The longest lifetime τ5, attributed to
cavities between the filler particles, increased with filler concen-
tration. This was attributed to less polymer being able to fill the
increasingly smaller interstitial spacebetween theparticles.Whereas,
the significant increase in τ4 with filler concentration, even at low
filler contents, was taken as an evidence that the filler surface
induces significant changes in the polymer free volume even
relatively far from the filler surface due to low flexibility of the
backbone. The authors also speculate on nonequilibrium struc-

tures and it was also observed that the o-Ps intensities follow a
mixing rule.Altogether the data showa good correlation between
free volume and the permeability of gases. In the last paper of
Winberg et al. on clay-polyamide 6 nanocomposites,21 the focus
is on relative changes of the amorphous to crystalline volume
fraction. At high concentrations of clay (i.e., > 19 wt %) an
increase in the free volume cavity diameter was observed, indi-
cating a lower chain packing efficiency in the polyamide 6/clay
nanocomposites.

In a recent paper, Harton et al.27 combined PALS and DSC
investigations on planar samples and poly(2-vinylpyridine) silica-
nanocomposites (considered as a strongly interacting system), to
detect changes of interphase width due to curvature. They indeed
observe an increase in interphase width (termed bound layer by
the authors) for nanoparticles. Positron lifetime experimentswith
a moderated beam have also been performed in the group of
Y. C. Jean, who determined depth dependent glass transition
temperatures from PALS experiments and interpreted this in
terms of different degrees of free volume distributions at the
surface and the interface.28 They also investigated CO2 pressur-
ized carbonnanofiber-polystyrene nanocomposites and explained
their results with compensation of stiffening the polystyrene by
nanofibers and plasticizing by CO2.

29

It is obvious from the above discussion, that up to nowno clear
separation could be made between effects due to the interphase
and due to the functionalized layer on the nanoparticle, which is
necessary to avoid particle agglomeration and to avoid adsorp-
tion of polymer on particles. Therefore, it is the aim of the present
work, to study a model nanocomposite without a significant
interphase. Such a model system is obtained by mixing the
hydrophobic poly(ethylene-alt-propylene) with silica particles
with a hydrophobic surface coating. Thus, a system with essen-
tially repulsive interactions is obtained. Only van der Waals
interactions may lead to a very weak attractive contribution.
For exactly the same system, neutron scattering experiments
proved that a polymer interface layer;having different proper-
ties with respect to the bulk;surrounding the particles does not
exist. In particular, small-angle neutron scattering experiments
demonstrated that neither the chain conformation nor the radius
of gyration of the polymer are changed neither in the bulk nor in
the vicinity of the particle surface.30 Therefore, a density change
of the polymer due to the presence of the filler can be excluded.
Furthermore, by neutron spin echo experiments it could be
shown that all segments are equally mobile.31,32 Concerning the
PALSmeasurements, a further advantage of the present system is
the low molecular weight of the polymer. On the one hand, the
short polymer chains perform a finite center of mass diffusion.33

On the other hand, the end-to-end distance RE of the polymer is
much smaller than the particle size. Thus, interstitial voids
between the particles can be filled by the polymer offering the
advantage that artifacts, e.g. due to unfilled cavities, are mini-
mized. This would not be possible in the case of high molecular
weight polymers, where the above-mentioned lifetime contribu-
tions from interstitial voids complicate the evaluation.26 It is the
aim of the present paper to report a systematic investigation on
the strength and limitations of the PALS technique, for studying
nanocomposites and to resolve conflicting results in literature. In
particular, we demonstrate that PALS is very sensitive to the
functionalized layer, and we conclude that in our system no
significant interphase is formed.

Experimental Section

Sample Synthesis. The model nanocomposites studied in the
present work consist of the nonpolar poly(ethylene-alt-propylene)
(PEP) as the polymer component and a filler, consisting of silica
nanoparticles (referred to as nanoparticle) with the surface
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coated by short hydrocarbons from Nissan Chemical. Thus,
nanocompositeswithweak, essentially repulsive interactions are
achieved. Nonrepulsive forces can occur only due to van der
Waals attraction.

In order to resolve the contradictions raised in the literature,
we studied one selected model nanocomposite with different
techniques. Exactly the same samples were characterized by
small-angle neutron scattering and neutron spin echo exper-
iments.30-32

The silica nano fillers were obtained from Nissan Chemical
(trade name: ORGANOSILICASOL Tol-St). The particle dia-
meter supplied ranges from 10 to 15 nm. Approximately 20% of
the OH surface groups were replaced by short hydrocarbons,
which suffices to render the particle hydrophobic. The silica
particles are supplied in a stable toluene solution at a particle
fraction of 30 vol %. To obtain further information, elemental
analysis was conducted,30 yielding the element abundances
given in Table 1.

The thickness of the functionalized surface layer is known
from SANS measurements to be approximately 1.3 nm. The
polymer matrix consists of hydrogenated and deuterated PEP
with a ratio of 52/48, respectively. Corresponding neutron
scattering experiments can be found elsewhere.30-32 The PEP
polymers were synthesized from parent polyisoprenes, h- and
d-PI, by catalytic hydration (deuteration) using a conventional
Pd/BaSO4 catalyst. The corresponding polyisoprenes were pre-
pared by anionic polymerization of isoprene (d-isoprene) mono-
mer, with tert-butyllithium as initiator and benzene as polymeri-
zation solvent.Under these polymerization conditions the obtained
microstructure typically consists of 75% cis-1,4, 18% trans-1,4,
and 7% 3,4 units. The number-average molecular weight of the
h-PI3k sample was obtained from 1H NMR measurements
using the 9 protons of the tert-butyl initiator group as internal
reference. Size exclusion chromatography (SEC) on the d-PI3k
and h-PI3k in tetrahydrofuran (THF) revealed almost identical
elution volumes. The molecular weight of the d-PI3k is then
derived from the number-average molecular weight of the
h-PI3k obtained by NMR, multiplied by the ratio of the
molecular weights of the monomeric units, 76/68. The polydis-
persity of all PIs were determined by SEC in THF relative to
polystyrene standards. After saturation all PEP materials were
remeasured by SEC revealing no detectable changes in poly-
dispersity. For the h-PEP materials complete saturation was
verified by the disappearance of the vinyl protons in the 1H
NMR spectra. Complete saturation was also assumed for the
d-PEP polymers since they were prepared identically. The
average molecular weights of the final PEP polymers were then
recalculated by simply adding D2 or H2 per repeat unit. The
characteristics of the PEP polymers are summarized in Table 2.

The nanocomposites consisted of the PEP described above
and appropriate amounts of filler. The concentrations are given
in volume% if not stated otherwise, hence 100% corresponds to
the pure filler. Samples were obtained by means of solution
mixing in toluene. After stirring for 48 h, the samples were first
evaporated in air for 12 h and then dried in a vacuum oven for
48 h at T = 50 �C.

Differential Scanning Calorimetry (DSC). For thermal anal-
ysis a Perkin-Elmer Pyris DSC 1 apparatus was used with a
heating rate 20 �C/min, and Argon as purge gas with a flow of

20 mL/min. Samples with weights of 9.87-10.71 mg were put
into a 50 μL Al pan. Evaluation of data was done with the Pyris
software, Tg determination of second heating run was deter-
mined by onset temperature. The error bar of(2 �C comes from
repeated measurements and evaluation uncertainties. Whereas,
theΔcpwas calculated directly from themeasurement curvewith
the built-in software, taking into account constant slope, there-
fore no direct error bar can be given. A rough estimate would be
an error of 20% of the value. For the pure filler, no glass tran-
sition could be seen, probably due to the low amount of the func-
tionalized hydrophobic shell polymer.

Positron Annihilation Lifetime Spectroscopy (PALS). Posi-
tron annihilation lifetime spectroscopy (PALS) measurements
were performed in apparatus as described in previous papers12,34

with standard ORTEC electronics and a homemade sample
holder, while the time resolution was approx 235 ps. The sam-
ples were put into Al pans (7 � 7 � 0.8 mm3), covered with
Kapton foil (25 μm), a material which does not allow positro-
nium formation. The source activity was∼1MBq, resulting in a
count rate of 400 cps, and in order to reduce the systematic error
the same source was used for all samples.All spectrawere counted
to at least 5 � 106 counts at a background of ∼100 cts. For the
evaluation we kept τ1 = 125 ps (p-Ps lifetime) constant and
allowed free fit of all other lifetimes, dispersion and intensities.
The resolution function was obtained from reference samples
(high purity Silicon wafer) and was kept fixed for the complete
series of evaluation. Special care was taken to avoid discrepan-
cies due to different evaluation methods and only comparable
data are presented in the following discussion. For the sample
with 60%of filler and the pure filler (i.e., 100%)we added a long
lifetime of several ns to take into account the voids between the
filler particles. Vacuum during measurements was better than
10-5 mbar: After mounting at room temperature, a temperature
scan was performed from-170 toþ50 �C in steps of 10 �C, with
a measurement accuracy of (1 �C. In contrast to PDMS
samples,20,25 an equilibration was not necessary here, as the
glass transition temperature of present polymer is below room
temperature.

Results and Discussion

Differential Scanning Calorimetry (DSC). In Figure 1 the
results of the DSC experiments are summarized. The glass
transition temperature Tg is independent of the filler con-
centration within error bar, whereas the change of the heat
capacity at Tg decreases monotonically with increasing filler
concentration.

A simple mixing rule explains the data here. The Tg stays
constant, as the volume contribution of the functionalized

Table 1. Elemental Analysis of the Tol-St Particles

element Si O H C

mass fraction 0.46 0.45 0.01 0.08
number fraction 0.26 0.45 0.19 0.10

Table 2. Molecular Characteristics of PEP Polymers

sample Mn Mw/Mn

h-PEP3k 2980 (g/mol) 1.04
d-PEP3k 3400 (g/mol) 1.04

Figure 1. Summary of DSC experiments, glass transition temperature
Tg (squares, left-hand scale) and Δcp (triangles, right-hand scale) as a
function of filler concentrations. The lines through the data result from
a linear fit (see text for details and interpretation).
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shell to thermal properties is rather small and beyond detec-
tion limit. On the other hand, Δcp is reduced because of
increased contribution of nanoparticles (mass of PEP poly-
mer decreased) this is consistent with the straight line in
Figure 1, which has no free parameter, as the fit starts with
the heat capacity of the pure polymer (no filler) and has to
end at Δcp = 0 for the pure filler (100%) .

Positron Annihilation Lifetime Spectroscopy (PALS). In
Table 3 a full set of data for all concentrations and for two
temperatures is given for our evaluation method (τ1 fixed to
125 ps, hence not listed and I1= 100%; I2-I3-I4, not listed)

In Figures 2 and 3 the o-Ps lifetime τ3, the dispersion σ3,
and the intensity I3 are shown as a function of temperature
for two selected concentrations, i.e., 0 and 18 vol %, respec-
tively. The data for the other concentrations look similar and
are presented in the Supporting Information.

In the following paragraph, we will first discuss the data
for these two typical sets of concentrations in detail, in par-
ticular with respect to effects already known from literature.
Only then we will present all data in a summarized graph and
discuss the dependence on filler concentration and the con-
sequences thereof.

Error bars for the o-Ps lifetime and the o-Ps intensity are
from statistics of the fit.Wedid some repeatedmeasurements
at 30 �C which showed the reproducibility of the experiments.
The o-Ps lifetimes and the respective intensities at room tem-
perature are within expected range for these polymers,8,9

although a direct comparison with literature values is not
possible, as to the present author’s knowledge this particular

polymer has not been investigated yet. As for the lower con-
centration of filler and temperatures below the respective glass
transition temperature, the o-Ps intensity becomes time de-
pendent, a phenomenon well-known and explained in liter-
ature.8,9 We would like to remark that for the sake of clarity
only the intensities at higher temperatures are compared,
where these phenomena do not occur.

The temperature dependence of the o-Ps lifetime (squares)
shows two changes in slope. One at higher temperature, fre-
quently named knee temperature. This is well-known in the
literature9,20 and attributed to the fact that the time scale for
the measurement (some ns) is on the same order of magni-
tude as the structural relaxation time of the polymer matrix;
hence, the holes to be detected are not stable on the time scale
of the measurement. We omitted this temperature range in
the following presentation of the data for the sake of clarity.
A second change in slope is located around the glass transi-
tion temperature, which is also reflected in the dispersion.
This is also well-known20,35 and reflects the change in micro-
scopic thermal expansion at the caloric glass transition temper-
ature.Qualitatively, the general behavior does not changewith
increasing filler concentration, as seen in Figure 3 for 18%of
filler.

Figure 4 shows a comparison of the o-Ps lifetimes for all
nanocomposites with different filler concentrations. One notes
that at temperatures below the glass transition, the o-Ps life-
times and hence the average hole sizes at fixed temperature
increases with increasing concentrations. Also the glass tran-
sition shifts to lower temperatures. It is, in particular, strik-
ing that all the curves run parallel belowTg but have different

Table 3. Complete Set of Results for Evaluation of PALS Spectra for
All Concentrations for Two Different Temperatures

cfiller (%) T (�C) τ2 (ns) τ3 (ns) σ3 (ns) τ4 (ns) I2 (%) I3 (%) I4 (%)

0 0 0.34 1.42 0.33 72.0 19.3
6 0 0.34 1.38 0.33 76.1 17.7
18 0 0.36 1.49 0.32 75.0 18.6
35 0 0.37 1.56 0.38 71.5 21.8
50 0 0.37 1.56 0.34 70.5 21.5
60 0 0.40 1.77 21.4 71.7 15.9 1.8
100 0 0.47 2.44 66.2 51.7 6.1 11.0
0 120 0.35 2.41 0.69 62.7 21.5
6 120 0.38 2.48 0.63 65.3 23.2
18 120 0.40 2.56 0.69 68.0 22.2
35 120 0.40 2.54 0.72 68.8 22.0
50 120 0.40 2.35 0.68 69.4 21.5
60 120 0.41 2.44 22.0 71.4 15.2 2.1
100 120 0.46 2.94 70.3 53.8 5.5 12.5

error 1 0.03 0.15 0.25 0.81 0.4 0.4 0.4

Figure 2. o-Ps lifetime τ3 (squares), o-Ps dispersion σ3 (triangles), and
intensity I3 (circles) as a function of temperature for the pure polymer
temperature was kept constant at T = -130 �C for several measure-
ments to check for a time dependence of the intensity (see text).

Figure 3. o-Ps lifetime τ3 (squares), o-Ps dispersion σ3 (triangles), and
intensity I3 (circles) as a function of temperature for a polymer-
nanocomposite with 18% filler concentration.

Figure 4. Overview of the temperature dependence of o-Ps lifetimes for
all the measured concentrations. For the sake of clarity, only fitted
straight lines through the data are shown.
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slope above Tg and even intersect within the experimental
range. Tomake this quantitative, we extracted τ3 at-120 �C,
the slopes below and above the glass transition tempera-
ture and the glass transition temperature itself as a func-
tion of concentration and summarized these quantities in
Figure 5a-c.

The following observation from Figure 5a can be made
and is easy to explain. One notes that τ3 at T = -120 �C
increases with increasing filler concentration. One explana-

tion is similar to the phenomenon frequently observed for
filled membrane polymers,19 where the polymer structure is
disturbed locally near the particles.. Even without direct
interaction, this can lead to an increased volume around
particles, which might not be in equilibrium.20,21 The result-
ing reduction in the overall packing density causes an increase
in free volume and hence an increase in the o-Ps lifetime with
increasing filler concentration.

However, neutron scattering experiments on exactly the
same samples show no change of conformation with increas-
ing filler concentrations.31 Whether the same arguments as
above hold for the present investigation or are due to a more
general phenomenon, will be discussed in the following
section.

The following three observations from Figure 5 are un-
expected and not obvious to explain: Figure 5a shows a
nearly constant intensity with increasing filler concentration.
This is in contrast to observations in the literature20,21 and
also contradicts a simple mixing rule, where the intensity
should decrease with increasing filler concentrations due
to the higher amount of nonpositronium forming nano-
particles.

Figure 5b shows a decrease in the glass transition tem-
perature Tg;determined from the change of o-Ps life-
time with temperature;with increase in filler concentration.
This is in contrast to the DSC results and needs a detailed
explanation.

Figure 5c shows the microscopic coefficient of thermal
expansion. This was calculated from the slope of the o-Ps
lifetime vs temperature curves from Figure 4, separately for
temperatures below and above Tg. The o-Ps lifetime was
converted via eq 1 to hole volume and the respective slopes
were normalized to the value atTg as usual in literature.

6,35,36

It has to be emphasized that this thermal expansion coeffi-
cient of the average free volume is only proportional to the
macroscopic coefficient of thermal expansion.6 The values
we determined are in the expected range for polymers.35,36,6

However, Rhg for T < Tg is independent of concentration,
whereas Rh above Tg decreases with increasing filler concen-
tration. This appears to be in contradiction to similar
experiments in literature.27 In contrast to DSC, for the
relevant properties obtained from PALS, a simple mixing
rule does not hold for the polymer fractions..

The idea for an explanation of the puzzling facts is that
PALS does “see” preferentially, i.e., with a weight above the
volume fraction, the functionalized hydrophobic surface
layer. The reason for this might be that positrons implanted
into the SiO2 nanoparticles diffuse out of these particles and
preferentially annihilate in the functionalized surface layer
(thickness aprox. 1.3 nm32), either as positrons or as posi-
tronium. This is possible due to the small averaged diameter
of the nanoparticles (17 nm, ref 30) compared to the diffusion
distance of Ps inmatter (up to 100 nm in crystalline metals37)
and has also been considered in other publications. In par-
ticular for nanosized Si-particles out-diffusion has already
been discussed in the literature.38 This approach can explain
the above-mentioned puzzling facts.

The o-Ps intensity I3 stays constant, as the nanoparticles
themselves are not detected by the positrons and hence do
not contribute to annihilation events. All positrons that are
injected into the nanoparticles diffuse out and form positro-
nium in the functionalized hydrophobic surface layer. There-
fore, the increasing nanoparticle concentration does not
reduce the o-Ps formation.

Concerning the thermal expansion, the first and maybe
oversimplified assumption is a weighted average where the
masses of the matrix and of the SiO2 particles with their

Figure 5. (a) τ3 at -120 �C (squares, left-hand scale) and I3 (circles,
right-hand scale) as a function of filler concentration. (b)Tg fromPALS
as a function of filler concentration.The straight line represents a simple
mixing rule connecting the Tg values measured in the pure polymer and
in the pure filler, where it originates from the functionalized hydro-
phobic shell. (c) Thermal expansion coefficient of the hole free volume
from PALS, i.e., Rhg (squares) and Rh (circles), below and above Tg

respectively. Error bars are estimates from linear fits to o-Ps data vs
temperature data. The straight lines are simple connections between
first and last respective data point.
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hydrocarbon layers are used as weighting factors and the
expansion of the SiO2 particles is neglected:

RðTÞ ¼ mPEPRPEPðTÞþ ðmhydrocabons þmSiO2
ÞRhydrocabonsðTÞ

ð2Þ

Here R are the respective coefficients of thermal expansion
and m the respective masses. The course of the glass
transition temperature Tg as a function of the filler con-
centrations in Figure 5b can be understood in terms of the
very low glass transition temperature of the short chained
functionalized surface layer, which is far below that of the
polymer, and the idea that the positrons see this layer
preferentially. The glass transition temperatureTg is then a
mixture of the glass transition of the two intimately mixed
constituents.

The reason why this has not been observed in the previous
papers, e.g. in refs 20 and 21, might be that we choose a sys-
tem that provides advantageous features (i) a low interaction
between filler and polymer and (ii) short chains. In particu-
lar, two major advantages are related to the low molecular
weight: (a) The polymer has a finite center of mass diffusion
and is therefore able to fill at least partially the voids between
the filler particles, even at higher concentrations. (b) The
size of the polymer coils is significantly smaller than the
particle diameter. In other words, the end-to-end distance
of the polymer coils is much smaller than the topological
confinement length which is related to the particles size,
see, for example refs 31 and 32. Therefore, there is enough
space between the particles to be pervaded by the polymer.
(iii) An unperturbed conformation of the PEP3k chains
was observed after the particle contribution was thoroughly
subtracted.30

In contrast to other work, we are therefore able to unequi-
vocally attribute this result to the molecules grafted to the
silica surface. Because of the compatibility of these molecules,
no interphase layer of the polymer is visible, that is fre-
quently assumed, e.g., to explain the mechanical properties,4

at least concerning the free volume and the other experiments
on the same model nanocomposites within the limit of
resolution of the present techniques.30-32

Conclusions

A well characterized weakly interacting system of a short-
chain PEP matrix and hydrophobically functionalized silica
nanoparticles with different nanoparticle concentrations was
investigated by positron annihilation lifetime spectroscopy and
DSC to separate the influence of the functionalized hydrophobic
surface layer of the nanoparticles from interphase phenomena.
The Tg and Δcp from DSC experiments could be explained by a
simple mixing rule. Positron annihilation lifetime spectroscopy
was used to determine local free volume hole sizes, their tem-
perature dependence, the glass transition temperature and the
microscopic coefficient of thermal expansion. The results can be
interpreted only under the assumption that the positrons prefer-
entially probe the functionalized hydrophobic surface layer of the
nanoparticles due to out diffusion of the positrons from the nano-
particles. No evidence is found for an interphase layer with
properties different from the polymer matrix. The experiments
show the high sensitivity of PALS to free volume in polymer-
nanocomposites.
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