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ABSTRACT: In this paper, we examine the influence of 10 nm diameter silica nanospheres on oxygen
diffusion in films of two different amorphous polymers characterized by a low glass-transition temperature
and a high oxygen permeability. The two polymers, poly(dimethylsiloxane) (PDMS) and poly(n-butylamino
thionylphosphazene) (C4PATP), are useful matrixes for oxygen sensors based upon luminescence
quenching. In these applications, the dye platinum octaethylporphine (PtOEP), with a long-lived excited
state, is incorporated into the polymer, and the presence of oxygen is registered through a quenching of
the dye luminescence. For some sensor applications, these linear polymers themselves are too soft and
tacky. Silica as a filler improves the mechanical properties of the matrix but perturbs the measurement
of oxygen diffusion and permeation. We show that PtOEP adsorbs to the silica particles in PDMS but
remains in the polymer matrix in C4PATP. The quenching kinetics of dye fluorescence is complex in
PDMS because of contributions of oxygen adsorbed to the silica surface and that dissolved in the polymer
matrix. In contrast, the quenching kinetics in C4PATP remains almost unaffected by the presence of
silica. Time-scan experiments on PDMS films show good accord with Fick’s laws of diffusion for films
containing up to 30 wt % (16 vol %) silica. The diffusion constant, DO2, is reduced but only by a factor of
about two. In C4PATP, the time-scan experiments give more complex results because the oxygen adsorbed
to the surface of the silica particles serves as an additional reservoir for oxygen in the system. Because
the PtOEP remains in the polymer matrix in C4PATP, the oxygen adsorbed to the silica does not participate
in quenching until it diffuses away from the particles and into the matrix.

1. Introduction

Mineral fillers are often added to polymers to improve
their mechanical properties.1 For polymers above their
glass-transition temperature (Tg), the filler particles
increase the modulus of the polymer; for films of these
polymers, the filler improves the block resistance. When
polymer films are used in sensor applications, mineral
fillers are sometimes employed to improve the mechan-
ical properties of the matrix2-4 or as a carrier of the
luminescent dye.5,6 Here the presence of the solid
particles in the composite can affect the response of the
sensor in ways that are poorly understood. From an
operational point of view, it may be sufficient to
calibrate the sensor composite so that the response can
be meaningfully interpreted. From a design point of
view, it would be better to have a mechanistic under-
standing of how the components of the sensor interact
with the filler particles and how the particles them-
selves affect the response of the sensor.

Optical sensors for oxygen are based upon the idea
that the excited state of many dyes is rapidly quenched
by proximity to an oxygen molecule. The active compo-
nent of the sensor consists of a polymer with a high
permeability to oxygen in which dye molecules are
dissolved. When a film of this polymer is exposed to a
gas or liquid containing oxygen, oxygen molecules
partition between the polymer film and the external
medium. One monitors the effect of oxygen in the film
on the intensity or decay time of the dye luminescence.
Many of the dyes employed for this purpose have lowest
energy triplet states,2-6 and the presence of oxygen is
detected through measurements of phosphorescence
quenching. The key parameters for understanding the
response of the system to the presence of oxygen,
assuming diffusion controlled quenching, are the un-
quenched lifetime of the dye (τ°) and the diffusion

coefficient (DO2) and solubility (SO2) of oxygen in the
polymer matrix.

One can imagine many ways in which the presence
of filler particles in an oxygen-sensor matrix can influ-
ence the behavior of the system. First, the dyes may
adsorb onto the surface of the particles. Thus, the
particles can affect the distribution of dye molecules in
the film. Second, the particles can act as obstacles for
oxygen diffusion: At particle concentrations of only a
few volume percent, for triplet sensors, the mean
separation between the particles can be much smaller
than the mean diffusion length of oxygen during the
time defined by the excited-state lifetime of the dye.
Thus, the diffusion pathway for oxygen molecules
becomes much more tortuous than in the absence of
filler. Third, depending upon the nature of the polymer
interaction with the particle surface, the particles can
reduce or enhance the local free volume of the polymer
matrix in the vicinity of the particle-polymer bound-
ary.7 This effect would reduce or enhance, respectively,
the local diffusion rate of oxygen in these domains.
Finally, oxygen can adsorb to the filler particles8 and
diffuse along this surface.9 Thus, the particles may
provide a new pathway for oxygen transport in the
matrix. The magnitude of these various contributions
is likely to be affected by the state of aggregation of the
filler particles in the composite film.

In this paper, we describe experiments that examine
the influence of silica as a filler on the performance of
two types of polymer films employed as oxygen sensors.
In an attempt to sort out some of the factors described
in the preceding paragraph, we have chosen to compare
two model systems involving a common dye. The dye,
platinum octaethylporphine (PtOEP), with a phospho-
rescence lifetime on the order of 100 µs, was chosen
because it exhibits clean exponential decay profiles in
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both polymers of interest, poly(dimethyl siloxane) (PDMS)
and poly(n-butylamino thionylphosphazene) (C4PATP).
We chose linear polymers to avoid problems that might
arise due to cross-linking in polymer networks. The
silica particles used as the filler were obtained as
monodisperse hard spheres, 10 nm in diameter, dis-
persed in an organic solvent. By preparing films from a
solution containing the dye, the polymer, and the
colloidal dispersion of the silica particles, we minimize
the tendency for the particles to aggregate during film
formation.

We are particularly interested in using this dye
particle-polymer combination for monitoring surface
air-pressure profiles for objects in wind tunnels, a
technique known as “phosphorescence barometry.”10-14

In this technique, an object (a model airplane or wing,
a turbine blade, or an automobile) coated with an
oxygen-sensing polymer coating (“pressure-sensitive
paint,” PSP) is examined in a wind tunnel. The object
is illuminated with light of an appropriate wavelength
to excite the dye, and the luminescence profile from the
object is monitored with a digital camera. From the
intensity of the dye at each pixel, one calculates the local
surface air-pressure, and these data are combined to
obtain a surface-pressure profile across the object. The
proper connection between the dye intensity at each
pixel and the surface air pressure depends on an
understanding of the relationship between the partial
pressure of oxygen at the surface of the film and the
kinetics of dye quenching by oxygen molecules within
the film.

Linear C4PATP and its derivatives have shown some
success in PSP applications.15,16 In wind tunnel tests,
C4PATP does not appear to suffer serious abrasion, but
it does tend to get covered with dust that sticks to the
surface. Linear high-molecular-weight PDMS is too fluid
to serve as a useful PSP. Composite films of both
polymers containing 10-16 vol % silica have improved
mechanical properties for this application, with little or
no tack and no tendency to flow when exposed to wind
at high velocities. To examine the influence of the silica
particles on oxygen diffusion and oxygen permeation in
these films, we carried out both time-scan and pulsed-
laser experiments as a function of silica content on films
containing PtOEP. To assess the location of the dye in
these samples, we examined the absorption and emis-
sion spectroscopy of the dye. These experiments indicate
a different location for the dye in the two polymers. In
PDMS, the dye molecules adsorb to the surface of the
silica particles. In C4PATP, the dyes do not adsorb but
remain dissolved in the polymer medium.

2. Experimental Section
2.1. Materials. PDMS was purchased from Polyscience, Inc.

(Washington, PA). This sample is a linear polymer with a
vendor-reported molecule weight of 500 000. It is a gel-like
solid with a reported viscosity of 2 500 000 cSt (25 °C). It was
used as received. Poly(n-butylamino thionylphosphazene), with
a glass-transition temperature (Tg) of - 16 °C16 is the same
sample reported previously.15 Its molecular weight, based upon
gel permeation chromatography measurements with polysty-
rene standards, is Mw ) 1.6 × 105 and Mw/Mn ) 2.29. Silica
nanospheres were obtained as a 30 wt % dispersion in methyl
isobutyl ketone (MIBK) from Nissan Chemical Ind., Ltd.
(Tokyo, Japan). The particles are reported by the company to
be nonporous and with a narrow size distribution and a
diameter of 10 nm. Platinum octaethylporphine (PtOEP) was
purchased from Porphyrin Products Inc., Logan, UT, and was
used without further purification. The structure of the poly-

mers we examine and of the dye PtOEP are shown in Scheme
1.

2.2. Preparation of Polymer-Silica Films Containing
the Luminescent Dye. Polymer solutions were prepared
consisting of 0.5 g of polymer (PDMS or C4PATP) and 0.05
mg of the PtOEP dissolved in 10 mL of methyl isobutyl ketone
(MIBK). To these solutions, measured amounts of 30 wt % of
the silica/MIBK dispersion were added at room temperature.
After this mixture was stirred for half an hour, an aliquot was
cast onto a cut glass microscope slide (2.0 cm × 1.3 cm × 0.1
cm). Those slides were placed in a covered container with a
small opening in order to slow the rate of solvent evaporation.
The container was stored in the dark at room temperature.
The films on the slides became hard to the touch after 1 day
of drying and were then moved to an oven. They were heated
at 60 ( 1 °C at ambient pressure for 24 h, followed by
annealing at 60 °C under vacuum (<1 Torr) for 48 h. With
this procedure, we can remove solvent from sample films
without creating voids or air bubbles. The coated glass slides
were then allowed to cool to room temperature. The thickness
of the polymer film was determined by measuring the thick-
ness of the film on the substrate with a Mitutoyo thickness
gauge and then subtracting the thickness of the glass sub-
strate. The films we examined ranged in thickness from 50 to
250 µm. Silica content in volume percent was calculated using
literature density values of 2.2 g/cm3 for silica17 and 0.97 g/cm3

for PDMS.17 In the absence of a measured value for C4PATP,
we assume that its bulk density is ca. 1.0 g/cm3. With an Abbe
refractometer, we measured the refractive index (nD) for our
PDMS (1.4050) and C4PATP (1.5053) samples.

2.3. Time-Scan Measurements. Time-scan measurements
were carried out using a SPEX fluorolog 2 spectrometer
equipped with a DMA 3000 data system. In such an experi-
ment, the glass substrate supporting the polymer film was
mounted in a cell (4.0 cm × 1.0 cm × 1.0 cm) that allows
control of the surrounding atmosphere inside the sample
chamber. The cell was flushed with nitrogen until virtually
all of the oxygen was removed from the film as noted by the
constant luminescence emission intensity (at its most intense
value). At this point, the oxygen concentration was assumed
to be zero both inside and outside of the film, and the emission
intensity I ) Io (pO2 ) 0 atm). At time zero, the film was at
once exposed to 1 atm air (pO2 ) 0.21 atm). Inside the film,
the oxygen concentration increases to its final uniform equi-
librium value, and concurrently the measured emission in-
tensity drops to its final value Ieq. This oxygen “diffusion-in”
experiment is referred to an oxygen-sorption experiment. The
same sample film is now ready for an oxygen-desorption
experiment. That is, the external pressure of oxygen was at
once brought to zero by flushing the cell with nitrogen. There
is a net diffusion of quenchers (oxygen) out of the sample, until
the oxygen concentration is nearly zero everywhere in the film.
The measured intensity concurrently increased from Ieq to Io.

The luminescence measurement was performed in the front-
face geometry and the slits for light beams were set between
0.5 and 1.5 mm depending on the thickness of the film used.
All spectra were recorded in the S/R (source signal divided by
reference signal) mode in 0.5 nm steps. For the linearity of
response, the sample source signal was always kept less than

Scheme 1
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2 × 105 count s -1. The volume of the cell holding the film-
substrate were measured before and found to be 4 cm3. The
washout time for the gas (nitrogen or compressed air) was
measured to be less than 0.1 s (when the gas pressure was
set at 1 atm), so that we are assured of complete gas
replacement in the cell within 0.1 s. This time period is much
shorter than the monitoring time for an oxygen-sorption or
-desorption experiment. All measurements were carried out
at room temperature (22 ( 1 °C).

2.4. Pulsed-Laser Experiments. Lifetimes of PtOEP
phosphorescence in the absence of oxygen were measured in
the pulsed-laser experiments by using the second harmonic
of a Nd:YAG laser (Spectra Physics DCR 2) at 532 nm with a
pulse width of 10 ns as the excitation source. The beam
intensity was severely attenuated to prevent sample damage
and dye photobleaching. Following sample excitation, the
phosphorescence of the polymer films was detected by a
Hammamatsu 956 photomultiplier tube connected to a Tek-
tronix model 1912 transient digitizer. The decay trace was then
transferred to a PC-type computer for analysis. Two types of
filters were used here: a BP 510-610 nm band-pass filter
(Balzers K-55) for the excitation beam and a BBP 650 nm
broad-band-pass filter (Balzers K-65) for the emission beam.

3.Theoretical Consideration
Detailed descriptions of the theories of oxygen quench-

ing and the methodology for determining the oxygen
diffusivity, solubility, and permeability by time-scan and
pulsed-laser experiments are presented in previous
publications.16,19 Here we summarized the concepts and
key equations for data analysis.

In a luminescence quenching experiment, a lumines-
cent dye is excited with either a pulse of light or with
steady illumination. In the absence of oxygen or any
other added quencher, the excited dye will decay with
its unquenched lifetime τo. When a mobile quencher,
such as oxygen, is present, the interaction of the excited
dye with the quencher leads to the deactivation of the
excited state. Dynamic quenching normally follows the
Stern-Volmer (SV) equation, which expresses the re-
lationship between the luminescence intensity (or life-
time) and quencher concentration.

In this expression, I is the emission intensity at some
molar quencher concentration [Q], and Io is the corre-
sponding intensity in the absence of quencher. The
derivation of eq 1 assumes that the relaxation of the
solvent around the excited dye and the redistribution
of reactants in the solution are faster than the reaction
itself; i.e., the concentration of Q in the solution is
effectively uniform, and the radial distribution function
of Q surrounding each excited dye molecule is uniform.
As a consequence, the decay of the electronically excited
dye follows first-order kinetics in the absence of Q and
pseudo-first-order kinetics in the presence of Q. In other
words, the excited dye molecule exhibits an exponential
decay profile, with lifetime τo in the absence of Q, and
τ in its presence.

The rate coefficient kq is related to the diffusivity of
the quencher. For fluid media,

where R is the probability of quenching in an encounter
complex of the excited state/quencher and kdiff is the
diffusion-controlled rate constant for the formation of
the encounter pair. The diffusional encounter theory of

Smoluchowski provides a direct proportionality relation
between the steady-state value of kdiff and the quencher
diffusion coefficient DQ (where DQ ) DO2 + Ddye).

In this expression, σ is the sum of the radii of the
diffusing species, normally taken to be the interaction
distance in the encounter complex (about 1 nm), and
NA′ is 10-3 × Avogadro’s number. Since DO2 . Ddye, one
normally sets DQ ) DO2. Substituting eqs 2 and 3 into
eq 1 yields

The parameter B ) (Io/Ieq - 1) is defined as a measure
of the response of the system at equilibrium upon
exposure to air. When the final equilibrium state is 1
atm air (0.21 atm oxygen),

It is important to recognize that B contains the
product σR, which can be thought of as an effective
encounter radius. While much has been written about
R, and how it differs for singlet quenching compared to
triplet quenching, it is common to assume that quench-
ers such as oxygen have efficiencies R near unity and
collision radii σ around 1.0 nm.19-21

During the approach to equilibrium, the oxygen
concentration [Q] is not uniform through the polymer
film. If the oxygen diffusion obeys Fick’s second law,
then the diffusion equation must be integrated in a way
that takes proper account of the boundary conditions
at the surfaces of the film. For a film on an impermeable
substrate, the oxygen concentration in a layer at a
distance x away from the gas/film interface at time t is
given by the following expressions
Oxygen Sorption:

Oxygen Desorption:

Within a thin layer, the oxygen concentration is ef-
fectively constant. The intensity of the light emitted
from this layer can be described by a Stern-Volmer-
type expression

where L is the thickness of the film. The intensity of
light emitted from the entire film at time t is given by

kdiff ) 4πσNA′DQ (3)

Io

I
) τo

τ
) 1 + (4πσRNA′τoDQ)[Q] (4a)

B ) (4πσRNA′τoDQ)[Q]0.21 atm (5)

[Q](x, t) ) [Q]0.21atm[1 -
4

π
∑

n)odd

∞ 1

n
exp{-

n2π2DO2t

4L2 } ×

sin(nπx

2L )] (6a)

[Q](x, t) ) [Q]0.21atm[4

π
∑

n)odd

∞ 1

n
exp{-

n2π2DO2t

4L2 } ×

sin(nπx

2L )] (6b)

δIo

δI(x, t)
) 1 +

B[Q](x, t)
[Q]0.21atm

; δIo ) Iodx/L (7)

Io

I
) τo

τ
) 1 + kqτo[Q]eq (1)

kq ) Rkdiff (2)
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the summation over the layers in the film:

If both DO2 and L are known, one can replace the [Q]-
(x, t) term in eq 7 by eq 6, and then integrate it to
calculate the time profile of the emission intensity of
the film. The result of this calculation is a simulated
intensity versus time profile, calculated with measured
values of B and L and arbitrarily chosen values of DO2.
The diffusion coefficient is treated as an adjustable
parameter in comparing simulated I(t) profiles with
those measured experimentally. The best fit is obtained
by a minimization of the statistical parameter ø2.

In terms of the external oxygen partial pressure pO2
(0.21 atm), the equilibrium solubility [Q]eq is propor-
tional to pO2 in the range of low to moderate pressure,
according to Henry’s law, [Q]eq ) SO2pO2. In this equa-
tion, SO2 is the Henry’s law constant of the gas solubil-
ity. When oxygen acts as quencher, eq 5 can be rewritten
as

where the product of SO2 and DO2 is the oxygen perme-
ability, PO2.

The permeability PO2 can also be calculated from
luminescence decay measurements, which are carried
out on the polymer film in equilibrium with various
partial pressures of oxygen. We have rewritten part a
of eq 4 as part b to emphasize the predicted linear
dependence of the lifetime ratio τo/τ versus pO2. The
slope of that plot should be equal to 4πNA′RστoPO2.
Implicit in this analysis is the assumption that the
decay profile of the excited dye in the polymer matrix
is exponential.

4. Results
The silica particles we employ have their surface

modified to provide colloidal stability in organic solvents
such as MIBK. As a consequence, it is straightforward
to prepare solutions of the polymers PDMS or C4PATP
in MIBK + silica without aggregation of the silica
particles. The features of the particle surface, which
promote colloidal stability in the solvent, may not
operate as well in the bulk polymer. With the introduc-
tion of the 10 nm silica nanospheres into the polymer
films, the films became harder to the touch. The
increase in film hardness is the classic “filler effect”
referred to in the Introduction. The maximum amount
of filler that can be accommodated in a polymer films
while maintaining the polymer as the continuous phase
is referred to as the critical pigment volume composition
(CPVC).22 Pigment content greater than the CPVC
results in air voids in the composite. In all of our
experiments, the amount of silica added is well below
the CPVC.

4.1. PDMS-Silica. The silica-free PDMS films are
colorless, soft, and transparent. With the introduction
of the silica nanospheres into the PDMS films, the films
became harder, and the hardness increased with silica
content. PDMS films containing significant amounts
(e.g., >10 wt %) silica are hazy, but not opaque.

Photoluminescence Spectra. Parts a and b of Figure
1 show the excitation spectra of PtOEP in PDMS in the
presence and absence of silica, respectively. The Soret
band at 381 nm in the silica-free sample is redshifted
progressively with increasing silica, and the maximum
appears at 383 nm in the sample with 30 wt % silica
(in Figure 1a). A similar shift is seen in the low-energy
band at 534 nm for the silica-free film shown in Figure
1b. The changes in intensity seen with increasing silica
content for these films of similar thickness and dye
content are a consequence of an increase in light
scattering caused by the silica. In Figure 1c, we show
the corresponding fluorescence spectra. In the presence
of silica, the peak position shifts from 640 to about 645
nm, and the band is broadened significantly.

Time-Scan Measurements. PDMS has a very low Tg
(-120 °C) and high oxygen permeability and diffusiv-
ity.23 To establish a baseline for our experiments with
silica, we first examine a PDMS film in the absence of
added pigment. The results of time-scan experiments
for a silica-free PDMS film containing 100 ppm PtOEP

I(t) ) Io

L∫0

L dx
1 + B[Q](x, t)/[Q]0.21atm

(8)

B ) 4πRσNA′τo(SO2DO2)pO2 (9)

τo

τ
) 1 + 4πNA′Rστo(DO2SO2)pO2 (4b)

Figure 1. Normalized photoluminescence spectra of PtOEP
in silica-free and -filled PDMS films in a nitrogen environ-
ment: (a) first part of excitation spectra (360-400 nm), λem )
641 nm; (b) second part of excitation spectra (490-550 nm),
λem ) 641 nm; and (c) emission spectra, λex ) 534 nm.
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is shown in Figure 2. During oxygen sorption (curve 1),
the emission intensity drops rapidly. In contrast, the
intensity increases at a much slower rate during oxygen
desorption (curve 2). Although the intensity-time pro-
files are quite different, they both fit well to the Fickian
diffusion model as described by eq 6 and 8. The best-fit
DO2 values for both experiments are essentially identi-
cal: DO2 ) 2.30 × 10-5 cm2 s-1 for oxygen-sorption and
DO2 ) 2.25 × 10-5 cm2 s-1 for oxygen-desorption. These
results confirm that the oxygen diffusivity in both
experiments is the same. The difference in the shape of
the sorption and desorption profiles is related to the way
in which the quenching kinetics, eq 8, couples with the
Fickian diffusion of the quencher, eq 6. The average DO2
value obtained from 12 measurements on four PDMS
samples with various thicknesses is DO2 ) 2.22 ( 0.23
× 10-5 cm2 s -1. The value of PO2 (18 × 10-12 mol cm-1

s-1 atm-1) and SO2 (8.2 × 10-4 M atm-1) are calculated
using the DO2 and B values (Table 1).In Figure 3, we
plot the results of time-scan experiments carried out on
a PDMS film containing 30 wt % silica. This film has
the same dye concentration as that in Figure 2. The
curves are similar to those of the silica-free PDMS
films: the rate of intensity increase during oxygen-
desorption (curve 2) is slower than the rate of intensity
decrease during oxygen-sorption (curve 1). The oxygen
diffusion coefficients (DO2) calculated from both curves,
are very close: i.e., 1.50 × 10-5 cm2 s-1 for oxygen
sorption and 1.66 × 10-5 cm2 s-1 for oxygen desorption.
These DO2 values are only about 25% smaller than those
for the silica-free PDMS films. More pronounced, how-
ever, is the decrease in the value of B ()Io/Ieq - 1), from
176 for PDMS to 9 for PDMS-silica (30 wt %). It is
important to emphasize that B values are determined

independent of the diffusion coefficients, DO2. B values
are calculated from the ratio of emission intensities
(Io/Ieq - 1) of equilibrium states of the film. DO2 values
are determined from the rate at which the system
approaches equilibrium upon a change in the external
partial pressure of oxygen.

Similar experiments were carried out on other samples
of PDMS containing various amounts of silica. The
values of DO2 and PO2 from these experiments are
collected in Table 1. In Table 1 we see that the B values
decrease dramatically as the silica content is in-
creased: i.e., a decrease from 176 ( 16 (PDMS) to 9 (
3 (PDMS-silica (30 wt %)) by a factor of 18. Both DO2
and PO2 values decrease with an increase of silica
concentration, but the decreases in the calculated values
of PO2 are much more pronounced, reflecting the changes
in B.

Unquenched Lifetime. Under pulsed laser excitation,
the PtOEP/PDMS film examined in the absence of
oxygen exhibits an exponential decay. In comparison,
the decay of PtOEP in PDMS-silica (10 wt %) is
nonexponential in the absence of oxygen, and the decays
show a much more obvious curvature when the pO2 is
increased. For nonexponential decays, we calculate
mean decay times 〈τ〉 (see eq 10 below). Values of the
unquenched lifetimes of silica-free (τo) and -filled (〈τ〉o)
PDMS films are listed in Table 1. Values of 〈τ〉o increase
from 65 to 90 µs as the silica content is raised from 0 to
30 wt %.

4.2. C4PATP-Silica. C4PATP itself forms light yel-
low films, which are soft and tacky. Silica-filled C4PATP
films become harder, and the tackiness of the film
surface disappears when the silica fraction is increased
to greater than 20 wt %. These films remain transparent
for all levels of silica incorporation examined here.

Photoluminescence Spectra. The excitation spectra of
PtOEP in C4PATP films are shown in parts a and b of
Figure 4. In Figure 4a, we see that the maximum of the
Soret band appears at 383 nm. The presence of sub-
stantial amounts of silica lead to apparent band broad-
ening, especially on the low wavelength side of the peak.
In Figure 4b, we find that the presence of silica has
almost no effect on the position of the low energy band

Figure 2. Plots of the luminescent intensity of PtOEP (100
ppm) in a film of silica-free PDMS (L ) 0.116 mm) on glass as
a function of time. The emission is observed at 645 nm during
steady-state excitation at 535 nm. Curve 1 (DO2 ) 2.30 × 10-5

cm2 s-1) is obtained from an oxygen sorption experiment; curve
2 (DO2 ) 2.25 × 10-5 cm2 s-1) is from an oxygen desorption
experiment.

Table 1. Parameters of Oxygen Diffusion and Permeation
in Silica-Filled and Unfilled PDMS Films

silica
(wt %) B (Io/Ieq - 1) 〈τ〉o (µs) 105 DO2

a
1012 PO2

a

(from B)

0 176 ( 16 65 ( 4 2.22 ( 0.23 18 ( 2b

5 45 ( 8 78 ( 1 1.84 ( 0.20 3.8 ( 0.7
10 30 ( 4 84 ( 2 1.79 ( 0.11 2.4 ( 0.3
20 11 ( 3 96 ( 2 1.72 ( 0.15 0.76 ( 0.21
30 9 ( 3 91 ( 1 1.44 ( 0.16 0.65 ( 0.22
a Units: D, cm2 s-1; P, mol cm-1 s-1 atm-1. b For PDMS in the

absence of silica, SO2 ) 8.2 ( 1.1 × 10-4 M atm-1

Figure 3. Plots of the luminescent intensity of PtOEP (100
ppm) in a film of PDMS-silica (30 wt %, L ) 0.090 mm) on
glass as a function of time. The emission is observed at 645
nm during steady-state excitation at 535 nm. Curve 1 (DO2 )
1.50 × 10-5 cm2 s-1) is obtained from an oxygen sorption
experiment; curve 2 (DO2 ) 1.66 × 10-5 cm2 s-1) is from an
oxygen desorption experiment.
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at 535 nm. The increase in intensity for the films with
higher silica content is due in part to an increase in light
scattering caused by the silica. The corresponding
emission spectra are presented in Figure 4c. In the
absence of silica, the peak appears at 643 nm, redshifted
by about 3 nm from the emission peak for this dye in
PDMS. When silica is present, there are almost no
changes in the shape of the emission band and a very
small blueshift of the peak maximum.

Time-Scan Measurements. In previous reports,16 we
described oxygen diffusion and oxygen permeation
measurements on C4PATP. As in the case of PDMS,
quenching of dye phosphorescence in C4PATP is com-
pletely consistent with eqs 4, 8, and 9. We have repeated
these experiments here (Figure 5, curve 1 for oxygen
sorption and curve 2 for oxygen desorption) in order to
establish a baseline to compare with silica-filled C4PATP
films. For several PtOEP/C4PATP films, we obtain an
average of DO2 ) 3.73 × 10-6 cm2 s-1 for both oxygen
sorption and -desorption experiments. The values of PO2,

which are calculated from the value of B and from the
lifetime Stern-Volmer plot (cf., eq 4) are rather close
(from B, PO2 ) 3.85 × 10-12 mol cm-1 s-1 atm-1; from
the plot of τo/τ, PO2 ) 4.03 × 10-12 mol cm-1 s-1 atm-1).

In parts a and b of Figure 6,we present the results of
the corresponding oxygen-desorption and -sorption ex-
periments for a film of C4PATP-silica containing 25 wt

Figure 4. Normalized photoluminescence spectra of PtOEP
in silica-free and -filled C4PATP films in a nitrogen environ-
ment: (a) first part of excitation spectra (360-400 nm), λem )
645 nm; (b) second part of excitation spectra (490-550 nm),
λem ) 645 nm; and (c) emission spectra, λex ) 535 nm.

Figure 5. Plots of the luminescent intensity of PtOEP (500
ppm) in a film of silica-free C4PATP (L ) 0.125 mm) on glass
as a function of time. The emission is observed at 645 nm
during steady-state excitation at 535 nm. Curve 1 (DO2 ) 3.28
× 10-6 cm2 s-1) is obtained from an oxygen sorption experi-
ment; curve 2 (DO2 ) 3.58 × 10-6 cm2 s-1) is from an oxygen
desorption experiment.

Figure 6. Plot of the luminescent intensity of PtOEP (600
ppm) in a film of C4PATP-silica (25 wt %, L ) 0.043 mm) on
glass as a function of time. The emission is observed at 645
nm during steady-state excitation at 535 nm. (a: top) Oxygen
desorption intensity profile. (b: bottom) Oxygen sorption
intensity profile.
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% silica. In Figure 6a, we see that the emission intensity
starts to increase rapidly when oxygen is flushed from
the cell, and the growth in intensity becomes slower as
the film approaches equilibrium with the nitrogen
atmosphere. Unlike the silica-free C4PATP film, the
presence of silica causes a deviation between the
experimental profile and the simulated data curve,
especially for times after the “midpoint” in the intensity
profile, when the intensity is equal to (Io + Ieq)/2. For
the sample containing 25 wt % (ca. 16 vol %) silica, we
can fit the first half of the recovery curve reasonably,
but the later stages of the diffusion process take longer
than expected from a Fickian model based upon a single
diffusion coefficient for oxygen. This simulated curve is
based upon an assumed value of DO2 ) 3.9 × 10-6 cm2

s-1, which we will call an “apparent diffusion coef-
ficient.” The value of DO2 calculated by fitting the data
up to the midpoint gives a value representative of the
most mobile oxygen molecules in the system. Apparent
diffusion coefficients calculated in this way for all of the
C4PATP films are collected in Table 2.In Figure 6b, we
present an example of the oxygen-sorption plot. The
samples used in Figure 6a,b are the same, but the
situation here is more complicated. When we fit the
experimental data to the theoretical model for oxygen
sorption (eqs 6a and 8), the best fit gives a value of DO2
) 2.7 × 10-6 cm2/s. This value of oxygen diffusivity is
lower than the apparent diffusion coefficient in the
oxygen-desorption experiment (3.9 × 10-6 cm2/s). In
Figure 6b, we also plot another simulated curve, which
is obtained by assuming DO2 equal to 3.9 × 10-6 cm2/s.
However, the curve simulated with this apparent dif-
fusion coefficient decays more rapidly than the experi-
mental curve. The difference between the two simulated
curves in Figure 6b is not large. If we return to the
oxygen desorption experiment in Figure 6a, we see that
the smaller DO2 value gives a simulated curve that does
not correspond at all to the experimental result.

Unquenched Lifetime. In the absence of oxygen, the
decays of the excited dye in both silica-free and -filled
C4PATP films systems are exponential, and their un-
quenched lifetimes are very close: 102 µs for C4PATP
films and 104 µs for C4PATP-silica films. This result
indicates that in the absence of oxygen, the decay
profiles of PtOEP in C4PATP films appeared to be
independent of the amount of silica present (Table 2).

5. Discussion

Film Properties. Early experiments on silica-filled
PDMS films showed that air voids were present in the
films if the films were dried too rapidly. We therefore

developed a protocol involving slow solvent evaporation
(over 56 h) followed by heating the sample to 60 °C for
24 h and only then heating the film under vacuum. In
this way, bubbles in the films could be avoided. For C4-
PATP, there was a smaller propensity for bubble forma-
tion. Void-free films could be obtained by drying the
films over 24 h in the open air, followed by the annealing
and vacuum-oven steps. As the amount of silica in the
films was increased, the films became firmer to the
touch and less tacky. Films containing 20 wt % or more
silica were essentially tack-free for both PDMS and for
C4PATP.

All PDMS films containing more than 10 wt % silica
(4.7 vol %) were hazy. No voids or silica aggregates could
be observed with an optical microscope. Turbidity
depends on the magnitude of the difference in refractive
index between the particles and the matrix, as well as
on the size of the objects which scatter light. The
haziness of the PDMS films suggests that there may
be some tendency for silica to form small aggregates in
PDMS. These aggregates, if present, are too small to
observe by optical microscopy. In contrast, films con-
taining up to 25 wt % silica in C4PAPT are transparent.

Location of the Dye. The unquenched luminescence
decay profile of PtOEP is exponential in both PDMS and
C4PATP films. This result is a strong indication that
there is no dye aggregation in these films at the dye
concentrations employed and that all dye molecules
experience essentially identical environments during
their excited-state lifetime.

The redshifts of the excitation and emission spectra
of PtOEP in PDMS-silica composite films, in compari-
son with the PDMS films themselves, indicate that the
environment of the PtOEP molecules is affected by the
presence of the silica nanospheres. This effect is prob-
ably due to the adsorption of PtOEP molecules on the
surface of the silica particles combined with the forma-
tion of dye aggregates. Aggregation accompanying ad-
sorption of dyes on inorganic particles such as silica and
alumina is well-known.24 Costa’s group has examined
porphyrin adsorption onto silica,25 eosin adsorption onto
alumina,26 and the effects of this adsorption on the
quenching of triplet states by oxygen. For the case of
eosin adsorbed on powdered alumina, this group showed
that adsorption took place at special sites so that
aggregation was detected at only a tiny fraction of
monolayer coverage. Springob and Wolff27 examined the
adsorption of fluoranthene onto silica gel from ethanol
solution. They reported a shift in the excitation spectra
of fluoranthene accompanying adsorption. As the sur-
face coverage increased, an additional redshift was
observed and was attributed to the formation of dye
aggregates.

Demas et al.3 took advantage of dye adsorption onto
silica to create oxygen sensors. Their sensors are based
on ionic ruthenium dyes that have poor intrinsic solu-
bility in PDMS. In their system, the dyes are added to
a curable silicone resin (RTV 118 from GE) that contains
hydrophobized silica particles.28 Klimant and Leiner
have also designed oxygen sensors based on this com-
bination and present evidence that the dyes in the
matrix are adsorbed on the silica particles.29

When we add silica to PDMS films containing PtOEP,
the unquenched decay profiles are no longer exponen-
tial. These decays were fitted to a sum of two or three

Table 2. Parameters of Oxygen Diffusion and Permeation
in Silica-Filled and Unfilled C4PATP Films

silica
(wt %) B (Io/Ieq - 1) τo (µs) 106 DO2

a
1012 PO2

a

(from B)

0 60 ( 4 102.4 ( 0.4 3.7 ( 1.0 3.9 ( 0.4
10 55 ( 2 104.0 ( 0.1 3.0 ( 0.6b

5.3 ( 1.0c
3.5 ( 0.3

20 49 ( 3 104.5 ( 0.5 3.0 ( 0.8b

4.8 ( 0.5c
3.1 ( 0.3

25 50 ( 4 104.7 ( 0.3 2.7 ( 0.9b

3.9 ( 0.9c
3.2 ( 0.2

a Units as in Table 1, footnote a. b Diffusion coefficients obtained
by fitting the oxygen-sorption intensity profiles. c Apparent dif-
fusion coefficients obtained from the simulated intensity growth
profile that best fits the data up to the midpoint of the oxygen-
desorption experiments.
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exponential terms. The mean decay time, defined as

increases with increasing amounts of silica (Table 1).
In a somewhat different system, Chu and Thomas9b

found that dyes adsorbed to the untreated surface of
silica particles in air exhibit a Gaussian distribution of
lifetimes. Our data, including pulsed laser experiments
that will be published separately,30 indicate that a
substantial fraction of the PtOEP dye molecules in
PDMS are adsorbed to the silica and that adsorption of
the dye leads to the formation of dimers and other larger
dye aggregates. It is important to keep in mind that the
silica we employ has its surface modified to make it
dispersible in organic media. The driving force for dye
aggregation on this surface is likely to be much less than
that for the adsorption of dye onto bare silica or bare
alumina.

Time-Scan Experiments and Oxygen Diffusion.
Previous publications from our research group have
shown that time-scan experiments for PtOEP in PDMS
and in C4PATP give results consistent with diffusion
that satisfies Fick’s Laws. Similar results are shown in
Figures 2 and 5. When these experiments are repeated
for films containing silica, we find excellent agreement
for the PDMS films between the experimental intensity
profiles and the simulated curves based on the assump-
tion of Fickian diffusion (Figure 3). Even when the silica
fraction reaches 30 wt % (16 vol %), little deviation from
Fickian diffusion can be seen. These films have a
pronounced haze. The decreased transparency leads to
increased noise in the luminescence intensity profiles.
What is remarkable about this result is that even
though the dye is to a substantial extent adsorbed onto
the surface of the silica particles, the dyes maintain
their sensitivity to oxygen diffusion into the films in a
way that is entirely consistent with Fick’s Laws and a
single-valued diffusion coefficient.

Similar experiments on C4PATP films containing
silica indicate that the behavior is more complicated.
We can fit the intensity-recovery curves up to the
midpoint with a single diffusion coefficient (Figure 6a),
but there is a slower component to the diffusion of
oxygen out of the film. It is ironic that silica-containing
C4PATP films, where the dye remains in the polymer
phase, show more complex behavior than the PDMS-
silica films, where we have strong evidence for dye
adsorption to the silica particles.

The Silica Surface as a Reservoir for Oxygen.
In this section, we develop a model to explain the
seemingly simple behavior of PtOEP plus silica in
PDMS, where most of the dye appears to be bound to
the silica, and the more complex behavior of PtOEP-
silica in C4PATP, where the dye remains in the polymer
matrix. This model is based on the idea that a signifi-
cant fraction of oxygen in the film adsorbs to the surface
of the silica particles. A picture describing this model
is presented in Figure 7. In this figure, the term “O2
in” refers to the oxygen sorption experiment, and “out”
refers to a desorption experiment.

In the presence of air, for both silica-containing
polymer films, oxygen is present in two distinct loca-
tions: dissolved in the polymer matrix and adsorbed to

the silica surface. As suggested originally by Paul and
Kemp8a and confirmed more recently by Kamiya et al.,8c

we imagine that the presence of the silica particles does
not perturb the solubility of gases like oxygen in the
polymer itself. The O2 molecules on the surface of the
silica are free to diffuse across the surface and are in
dynamic equilibrium with O2 molecules in the matrix.
In PDMS, since most of the dye molecules are also
adsorbed to the silica particle surface, these dye mol-
ecules can be quenched by the surface-bound oxygen.
In C4PATP, the oxygen molecules at the silica surface
are bound to a reservoir where they do not participate
in the quenching process. From a spectroscopic view,
PtOEP in C4PATP is unaware of the oxygen bound to
the silica surface.

The key feature of this model is that the desorption
rate of oxygen from the silica surface in C4PATP is
comparable to or somewhat slower than desorption of
O2 from the polymer into the atmosphere. In the early
stages of a desorption experiment involving silica-C4-
PATP, the excited dye molecules would sense a depleted
oxygen concentration similar to that in the absence of
silica. If oxygen desorption from the silica surface were
relatively slow, it would add a slow component to the
oxygen desorption kinetics. As this process takes place,
these O2 molecules maintain the oxygen concentration
in the C4PATP matrix at a higher level than would be
the case if no silica were present.

〈τ〉 )

∑
i

Aiτi

∑
i

Ai

(10)

Figure 7. Model for the locus of dye and oxygen molecules in
the two polymer films. The filled hexagons signify the PtOEP
dye molecules, and the smaller filled circles represent O2
molecules. In PDMS (top), almost all of the dye molecules are
adsorbed to the surface of the 10 nm diameter silica filler
particles. In C4PATP, the dyes remain in the matrix. When
oxygen is introduced into a system, it reaches its Henry Law
solubility in the polymer matrix, and additional oxygen adsorbs
to the particle surface. In PDMS, this bound oxygen can
quench the excited dye molecules. In C4PATP, the excited dyes
in the matrix are unaware of additional O2 adsorbed to the
particle surface.
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The dye monitors a very different aspect of desorption
of oxygen from the PDMS film containing silica. Since
most of the dye is bound to the silica, desorption of
oxygen from the silica leads to an immediate increase
in the dye luminescence intensity. The fact that the
desorption experiment for PDMS-silica appears to
follow simple Fickian diffusion with a similar DO2 value
as found in the oxygen sorption experiment suggests
that in PDMS oxygen desorption from the silica surface
is faster than the loss of oxygen from the PDMS matrix
to the atmosphere.

For the process labeled “O2 in,” we find much smaller
deviations from the simple Fickian diffusion model, for
both PDMS (Figure 3) and C4PATP films (Figure 6b)
containing silica. We rationalize this result by imagining
that oxygen adsorption onto the silica surface is diffu-
sion-controlled. Fickian diffusion through the PDMS
matrix controls the rate of quenching of dye molecules
bound to the silica particles. In C4PATP, quenching is
rapid as oxygen first diffuses into the polymer film. The
shape of the quenching curve is not much affected by
the relatively small volume fraction (up to 16 vol %) of
silica particles and the O2 molecules that become bound
to their surface.

Filler Effects on Oxygen Diffusion Rates. For
PDMS-silica films, the values of DO2 calculated from
the time-scan experiments are found to decrease slightly
with an increasing volume fraction of silica in the matrix
(see Table 1). The largest change is from 2.22 × 10-5

cm2 s-1 for the silica-free PDMS film to 1.44 × 10-5 cm2

s-1 for the film containing 30 wt % silica. While these
changes are not large, they represent the influence of a
small volume fraction of added particles.

Time-scan experiments are sensitive to oxygen on a
length scale determined by the film thickness. The films
we examined ranged in thickness from 50 to 250 µm.
Each excited dye molecule, however, is sensitive to
oxygen diffusion on a smaller length scale, determined
by the mean diffusion distance of oxygen (6DO2τo)0.5

during the excited-state lifetime of the dye. For C4PATP,
this diffusion distance is approximately 0.5 µm. For
PDMS, it is about 1 µm. It is useful to compare this
distance to the mean separation between silica particles
in the matrix, assuming that the silica particles are not
aggregated. For 10 vol % of 10 nm diameter particles,
the mean interparticle distance is 17 nm. For 16 vol %
silica, this distance is slightly smaller, 15 nm. Thus the
mean diffusion distance of an O2 molecule during the
time τo is much larger than the mean separation
between adjacent particles in the matrix.

Under these circumstances (see the drawing in Figure
8), the silica particles act as obstacles to increase the
tortuosity of the path necessary for diffusion perpen-
dicular to the film surface. Thus it takes a longer time
for the solute to diffuse through the film. In the obstacle
model, the local diffusion rate of oxygen in the matrix
is unaffected by the presence of the obstacle, but the
“measured” macroscopic diffusion coefficient is reduced
in magnitude because of the increase in the diffusion
path. Paul and Kemp8a review three different expres-
sions that attempt to describe the effect of obstacles on
reducing the rate of gas permeation in polymers. To
describe the reduction in DO2 in our experiments, we
employ the obstacle model of Mackie and Meares.31,32

In this model, the experimental values of the diffusion
coefficients of oxygen in the silica-free polymer, DP, and
in the silica-filled PDMS, DP-silica, are related by the

expression

where φsilica is the volume fraction of silica nanospheres
in the films. In Figure 9, we plot of the ratio of the
diffusion coefficients determined for O2 in PDMS against
the volume fraction of silica and compare the results to
that (the dotted line in Figure 9) calculated according
to eq 11. There is scatter in the data, but the overall
trend is consistent with the predictions of the obstacle
model.

While the obstacle model explains the change in DO2
in PDMS as the silica particle content is increased, it
does not explain the results in C4PATP. The dotted line
in Figure 9 predicts that 10 vol % silica in C4PATP
should lead to a 35% reduction in DO2, and if silica does
not affect the oxygen solubility in the polymer, it should
have a similar effect on PO2. We do not observe any such
decrease in the values of DO2 and PO2 in C4PATP. The

Figure 8. (a) Drawing indicating a diffusion path over 100
µs for an oxygen molecule in a polymer matrix containing 10
vol % of 10 nm hard spheres which do not aggregate or are
only weakly aggregated. The mean diffusion length during the
excited lifetime of the dye 〈l2〉1/2 ) (6DO2τo)1/2 is equal to ca.
500 nm for O2 in C4PATP. (b) O2 molecule diffusing along path
1 far from a particle surface diffusing at the same rate as that
in pure polymer. A molecule diffusing close to the particle
surface (path 2) would diffuse more slowly if the surface
interacted strongly with the polymer matrix but more rapidly
if the surface interacted only weakly with the polymer.

Figure 9. Effect of silica content on the oxygen diffusivity in
PDMS films. The continuous curve (dotted line) describes the
influence of obstacles on the diffusion rate and is calculated
from eq 11.

DP-silica

DP
) [1 - φsilica

1 + φsilica
]2

(11)
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obstacle model also does not provide a complete descrip-
tion of our experimental observations for PDMS plus
silica. In pulsed laser experiments, we observe that the
luminescence decay profiles of PtOEP in PDMS plus
silica exhibit a much stronger curvature in the presence
of oxygen. This increase in curvature is suggestive of a
distribution of oxygen mobilities in the system, reflect-
ing an influence of the silica on polymer segment
mobility in the vicinity of the particle surface. Thus
other factors must also affect the diffusion rate of oxygen
as sensed in our experiments.

To explain these differences between our results and
the predictions of the obstacle model, we must speculate
about the nature of the structures formed by the silica
particles in the two polymers and the influence of these
structures on oxygen diffusion. We know from optical
microscopy that the silica particles do not form ag-
gregates in either polymer large enough to be resolved.
We observed that small quantities of silica (<10 vol %)
were more effective in PDMS at reducing tack and
increasing the stiffness than in C4PATP. As a conse-
quence, we imagine that silica forms open (fractal)
aggregates in PDMS that percolate at lower volume
fraction than that expected for hard spheres. The
obstacle effect of open aggregates may not be very
different than that predicted by eq 11.

If no large silica aggregates are formed in C4PATP,
there must be some second factor that increases the
diffusion rate enough to compensate for the obstacle
effect. Two possibilities come to mind. If C4PATP
interacts only weakly with the modified surface of the
silica particles we employ, it is possible that rapid
diffusion of oxygen on this surface could play a role. In
addition, weakly interacting surfaces are thought to
enhance the mobility of polymer segments near the
surface.7 This effect can lower the Tg of thin polymer
films and enhance the diffusion rate of solutes such as
oxygen through these domains. In Figure 8b, we imag-
ine that O2 molecules diffusing along path 1, far from a
particle surface, diffuse at the same rate as in pure
polymer. Molecules diffusing along path 2 diffuse more
rapidly because of the enhanced mobility of the polymer
chains near the weakly interacting surface.

Summary and Conclusions

We examined the influence of 10 nm diameter silica
particles on oxygen diffusion and oxygen permeation in
two different polymer films, PDMS and C4PATP. The
silica particles increase the modulus of the matrix and
decrease the tackiness of the film. C4PATP films are no
longer tacky to the touch when the silica content reaches
30 wt % (16 vol %), close to the percolation threshold
hard spheres. PDMS films lose their tack and become
rigid at somewhat lower silica content (ca. 10 vol %).
Silica aggregates with an open (fractal) structure can
percolate at lower volume fractions than unaggregated
hard spheres.

Luminescence experiments were carried out on films
containing PtOEP as a sensor dye. We monitored the
change in its phosphorescence intensity as oxygen was
allowed to diffuse into or out of the film. In separate
experiments, we measured the phosphorescence decay
rate of the dye for films in equilibrium with a known
external oxygen pressure. Spectroscopic studies of the
dye absorption spectra, emission spectra, and lumines-
cence decay profiles in PDMS showed that in this matrix
a substantial fraction of the dye was adsorbed to the

silica. Similar experiments showed that in C4PATP, the
dye remained almost entirely in the polymer phase.

Time-scan experiments on PDMS films showed that
the quenching rate during oxygen sorption and the
emission-intensity-recovery rate as oxygen diffused
out of the film were completely consistent with Fickian
diffusion, even in the presence of 30 wt % silica.
Although most of the dye in this composite film is bound
to the silica surface, the dynamic experiment is still
sensitive to the rate of oxygen flux through the matrix.
The diffusion coefficients decreased with increasing
silica content, but the effect was rather small, with DO2
values decreasing from 2.2 × 10-5 cm2 s-1 to 1.4 × 10-5

cm2 s-1. These small changes can be explained in terms
of the silica particles acting as obstacles to oxygen
diffusion.

Time-scan experiments on C4PATP are complicated
by the adsorption of oxygen onto the surface of the silica
particles. In the sorption experiment, in which there is
a rapid decrease in the dye emission intensity, one sees
only a small effect of the silica particles. The experi-
mental intensity-time profiles resemble the curves
simulated with a single diffusion coefficient. For each
experimental curve, the best-fit value of DO2 is close to
that in the film without silica. More pronounced differ-
ences are seen in the desorption experiment, where
there is a long tail in the plot of the growth of emission
intensity versus diffusion time. We explain this result
in terms of a model in which the silica particle surface
acts as a reservoir for oxygen. As oxygen diffuses out of
the C4PATP matrix, it is replaced on a somewhat slower
time-scale by oxygen desorbing from the surface of the
silica particles. Oxygen permeability values PO2 can be
calculated independently from the magnitude of B,
which depends on the ratio of the dye emission intensity
in films in equilibrium with an oxygen-free atmosphere
and an air atmosphere. For C4PATP films, the B values
and PO2 values are unchanged by the presence of silica
(Table 2). We conclude that dye molecules in this
polymer are quenched by O2 molecules in the matrix
and are unaware of additional oxygen adsorbed to the
surface of the silica particles. For PDMS, we obtain
strange results as shown in Table 1. With increasing
silica content, the B values decrease, even though the
unquenched (mean) lifetime of PtOEP increases. By
inference, PO2 values for this polymer decrease substan-
tially, even though DO2 values decrease to a much
smaller extent. If the model from which eqs 8 and 9 were
derived continues to apply to PDMS-silica, we would
reach the strange and unrealistic conclusion that in-
troducing silica into a PDMS film lowers the oxygen
solubility SO2 in the polymer matrix. At present, we
cannot explain why the presence of silica has such a
profound effect on the magnitude of B. We are carrying
out pulsed-laser experiments on these systems to in-
vestigate this effect. We anticipate reporting these
results in a future publication.
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