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The luminescence decay behavior of ruthenium(II)-tris-4,7-diphenyl-1,10-phenanthroline
dichloride dissolved in different inorganic and organically modified silicate (ORMOSIL) sol-
gel matrixes was investigated. Bulk xerogels and spin-coated thin films were synthesized
from methyltrimethoxysilane (MTMS), tetraethyl orthosilicate (TEOS), and various molar
ratios of the two precursors. Systematic changes in composition were conducted to examine
the structural properties of sol-gel silicates for possible oxygen sensor supports. The
luminescence behavior of the ruthenium complex quenched by oxygen was analyzed as a
function of the sol-gel composition and processing technique. The Stern-Volmer ratio,
indicative of the degree of luminescence quenching by oxygen, was found to increase with
increasing additions of MTMS in the bulk xerogels. This improvement in oxygen sensitivity
was attributed to the increased diffusivity in the less polar sol-gel matrix. Conversely,
spin-coated thin films showed a decreasing Stern-Volmer ratio with increasing MTMS
addition and, thus, a lower oxygen sensitivity than the inorganic TEOS samples. This
contradictory quenching behavior was attributed to structural changes in the sol-gel matrix
caused by the spin-coating process. In addition to luminescence decay measurements, XPS
and ellipsometric studies were performed to evaluate the structural effects of MTMS on the
properties of TEOS-derived xerogels and spin-coated thin films.

I. Introduction

For less than a decade, the immobilization of Ru(II)
complexes in sol-gel hosts has been investigated for
luminescence-based, fiber optic oxygen sensors.1-5 Ru-
thenium complexes are an attractive class of compounds
for luminescence oxygen-sensing applications, due to
their high photochemical stability, high extinction coef-
ficient, relatively long lifetime determined by the metal
to ligand charge transfer (MLCT) excited states, large
Stokes shift, and absorption spectra that nearly matches
the emission spectrum of inexpensive, commercially
available blue LED’s.6-10 As for the host material, sol-
gel synthesis is a versatile technique in which the

physical, chemical, and optical properties of the silicate-
based gels are easily tailored.11,12 These properties are
modified by varying processing conditions such as the
water to precursor ratio, solution pH, type of catalyst,
and choice of precursor.13-17 Among these parameters,
the selection of precursor has provided significant
changes in the quenching behavior of the guest Ru(II)
molecules.18,19

Sol-gel derived silicates are synthesized by first
hydrolyzing tetraethylorthosilicate (TEOS) in the pres-
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ence of an acid or base catalyst and then condensing
the hydroxylated species to form an inorganic SiO2
matrix. Applying sol-gel coatings to optical fibers has
demonstrated promise in the area of oxygen gas
sensors.1-5 When these coatings are applied for dis-
solved oxygen (DO) measurements in aqueous solutions,
however, it has been found that organically modified
precursors improve the sensor’s chemical durability,
sensitivity, and dynamic range.18,19 In these reports,
methyltrimethoxysilane (MTMS) and methyltriethox-
ysilane (MTEOS) are the precursors of choice. Since
these precursors contain three hydrolyzable alkoxy
groups, the Si-CH3 bond remains intact under typical
sol-gel synthesis conditions. After gel formation, the
nonbridging Si-CH3 groups are part of the three-
dimensional silicate backbone and structurally act as
network modifiers that terminate the silicate network.
Sol-gels formed from MTMS or MTEOS provide a less
hydrophilic environment that is favorable for oxygen
sensors, since oxygen permeation is generally greater
in hydrophobic media.20,21 Hence, the goal of utilizing
an organically modified precursor such as MTMS is to
provide the attractive hydrophobic characteristics while
the favorable optical and thin film forming properties
provided by sol-gel synthesis are maintained.

Due to the above-mentioned features of the sol-gel
technique, sensor media derived from silicate precursors
have been successfully demonstrated by monitoring the
luminescence quenching of ruthenium(II)-tris-4,7-
diphenyl-1,10-phenanthroline dichloride as a function
of oxygen concentration.1-5,18,19 The initial studies in-
volving Ru(II) complexes immobilized in sol-gel ma-
trixes illustrate the feasibility of applying these types
of coatings for developing fiber optic oxygen gas and
dissolved oxygen sensors. Even though sol-gel hosts
show promise as an oxygen sensor transducer media,
the interactions between the silicate host and Ru(II)
complex molecules have not undergone the scrutiny that
polymer matrixes have received.22-26

Optical sensors based on the luminescence quenching
intensity or lifetime of a fluorophore are examined by
Stern-Volmer analysis.27 In homogeneous media with
a single-exponential decay, the intensity and lifetime
form of the Stern-Volmer equations with dynamic
quenching are as follows:

where [Q] is the quencher concentration (i.e. partial
pressure of oxygen), τ0 is the lifetime in the absence of
the quencher, τ is the lifetime in the presence of the

quencher, and KSV and k are the Stern-Volmer and
bimolecular quenching constants, respectively. A single
exponential describes the lifetime decay in homogeneous
media and thus

where D(t) is the luminescence intensity at time t and
R is the preexponential factor.

In heterogeneous media, however, eq 1 requires a
modification to account for a nonlinear Stern-Volmer
plot.23,26 Since previous sol-gel reports have shown
downward curvature in the Stern-Volmer interpreta-
tions, the following equation may be applied to describe
a double-exponential approach:

where the f0i variables are the fraction of the total
emission from each component under unquenched con-
ditions and the KSVi variables are the associated Stern-
Volmer quenching constants for each component. In
this case, there are two lifetime components, and excited
lifetime decay analysis may be described by

where the subscripts 1 and 2 denote the assigned
lifetime components.

For the description of dynamic quenching behavior,
a pre-exponentially weighted mean lifetime (τm) has
been reported by Demas et al.30 that allows a direct
comparison of lifetime and intensity data in microhet-
erogeneous systems. The data are fitted to the sum of
lifetimes and a τm is computed which is given by

where Ri is the pre-exponential weighing factor associ-
ated with decay time τi. If only dynamic quenching is
present, a modified Stern-Volmer equation using τmo/
τm will match the intensity-based Stern-Volmer equa-
tion:

In previous reports, sol-gel coatings are primarily
prepared by dip-coating. Alternative sensor applica-
tions, however, may have a preference for spin-coated
sol-gel films. By comparison, thin film formation by
spin-coating undergoes a greater rate of solvent evapo-
ration than by dip-coating or monolithic gel formation
and, subsequently, changes the physical properties of
the sol-gel.29-32 To the best of our knowledge, lumi-
nescent, organic molecules have neither been applied
as probes for investigating the local microenvironment
of sol-gel spin-coated films nor has the luminescence
quenching behavior of spin-coated films compared to
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bulk gels been directly investigated. Furthermore,
despite the success of oxygen sensors prepared by sol-
gel, little effort has been made to describe the nonlinear
behavior of the Stern-Volmer curves. Consequently,
the luminescence decay behavior of Ru(II) complexes in
organically modified sol-gel matrixes has not been
explored.

Thus, the goal of this paper is to provide insight on
the luminescence decay of ruthenium(II)-tris-4,7-
diphenyl-1,10-phenanthroline dichloride encapsulated
in TEOS-based sol-gel compositions modified with
MTMS. Also, the quenching behavior of Ru(II) mol-
ecules will be used to probe the effect of spin-coating
these gel compositions. By comparing the luminescence
decay behavior of the spin-coated films with that of the
monolithic gels, conclusions will be drawn concerning
the microstructural properties of the coatings as a
function of organic modification. In addition, XPS, and
ellipsometric analyses will be performed to further
substantiate the conclusions derived from the lumines-
cence experiments.

II. Experimental Section

II.1. Sol-Gel Preparation. II.1.1. Bulk Gels. The
organically modified silicate (ORMOSIL) compositions are
presented in Table 1. The organically modified precursor 98%
methyltrimethoxysilane (MTMS), 99% tetraethyl orthosilicate
(TEOS), and anhydrous ethyl alcohol were obtained from
Aldrich. Concentrated HCl was purchased from Fisher Sci-
entific. The organometallic complex ruthenium(II)-tris-4,7-
diphenyl-1,10-phenanthroline dichloride was synthesized ac-
cording to the procedure outlined by Watts and Crosby33 and
determined to be of high purity via HPLC. Typical absorption
and emission spectra and the single exponential luminescence
decay of Ru(II) dissolved in ethanol are shown in Figure 1.
These constituents, including the Ru(II), were magnetically
stirred continuously in a beaker for 15-18 h under ambient
conditions (∼25 °C). Gels were cast into polystyrene Petri
dishes (2 in. diameter) with loosely capped lids. Samples were
dried at 6 °C until bulk xerogels were formed. The drying time
varied from 1 to 2 weeks for the gels with the gelation time
decreasing for higher levels of MTMS. Bulk xerogels were
approximately 0.02-0.1 mm thick. All gels were produced
with a Ru(II) concentration of 1 × 10-5 M (moles of dye per
liter of sol).

II.1.2. Coating Deposition. Sols were allowed to stand for
∼1 h at room temperature (∼25 °C) before deposition. Films
were deposited on either circular 2 in. silicon substrates, 0.5
in. silica glass disks (Esco, Inc.), or silica cover glass slips
(Corning, Inc., Product #2875). Substrates were cleaned by
first etching in a 1 N HF solution (Fisher Scientific) for 60-
90 s and then spinning the following series of solutions onto

the substrates for 30 s: anhydrous methanol (Fisher Scientific)
and deionized water. The solution spinning was repeated
three times to thoroughly clean the substrate. A commercial
spin-coater (Specialty Coating Systems, Inc., Model #P6204)
was used to deposit spin-coated films onto the various sub-
strates. After depositing enough sol to cover the entire
substrate, it was spun for 30 s at a frequency of 3000 rpm.
The silicon wafers were used as substrates for ellipsometric
measurements while the sol-gel coated silica disks and cover
slips were used for both film characterization and lifetime
measurements.

II.2. Lifetime Measurement. A pulsed nitrogen dye laser
(Laser Science, Inc.) was used as the excitation source (excita-
tion λmax ) 450 nm) and a fast photomultiplier tube (Hamamat-
su, Inc., Model R928) as the detector (rise time ) 2 ns). Each
sample was exposed to 2 ns laser pulses (laser power ) 1 mW,
irradiation area of excitation pulse ∼2 mm) until equilibration
was reached at each oxygen concentration level. This equili-
bration time varied from seconds for the thin films to tens of
minutes for the bulk gels (exact time depended on the sample
composition). Due to interference from the excitation source,
geometrical considerations resulted in a sample orientation
of 90°, to remove reflected and scattered excitation from
entering the detector. The luminescence emission was moni-
tored through a 600 nm cutoff filter (Newport, Inc) to eliminate
stray room and pump light. The signal from the PMT was
relayed through a 50 Ω termination plug that was passed into
a digitizing oscilloscope (Hewlett-Packard 54520A) that was
used to resolve the lifetime decay curves. All measured
lifetimes presented were averaged between 600 and 2400
times. Electronic mass flow regulators (Tylan General) were
used to control the flow of nitrogen, dry air (∼22% oxygen),
and oxygen into the closed sample chamber. Measurements
were taken continuously until equilibrium was reached in the(33) Watts, R. J.; Crosby, G. A. J. Am. Chem. Soc. 1971, 93, 3184.

Table 1. Sol-Gel Compositions in Molar Ratios of
Reagent:TEOS

gel designation TEOS MTMS
H2O:

precursor EtOH HCl

100% TEOS 1.0 2.0 2.5 0.0025
90% TEOS/10% MTMS 9.0 1.0 2.0 2.5 0.0025
80% TEOS/20% MTMS 4.0 1.0 2.0 2.5 0.0025
70% TEOS/30% MTMS 7.0 3.0 2.0 2.5 0.0025
60% TEOS/40% MTMS 3.0 2.0 2.0 2.5 0.0025
50% TEOS/50% MTMS 1.0 1.0 2.0 2.5 0.0025
40% TEOS/60% MTMS 2.0 3.0 2.0 2.5 0.0025
30% TEOS/70% MTMS 3.0 7.0 2.0 2.5 0.0025
20% TEOS/80% MTMS 1.0 4.0 2.0 2.5 0.0025
10% TEOS/90% MTMS 1.0 9.0 2.0 2.5 0.0025
100% MTMS 1.0 2.0 2.5 0.0025

Figure 1. (a) Absorption and emission spectra of Ru(II) in
solution (1 × 10-5 M); (b) Excited-state decay curve for Ru(II)
in solution under unquenched conditions.
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chamber, and decay curves were fitted by a least-squares
algorithm using various commercially available software pack-
ages. All measurements were performed at ∼25 °C.

II.3. Analytical Techniques. II.3.1. XPS. Surface spec-
troscopy was performed (Model XSAM 800, Kratos Analytical,
Ramsey, NJ) using a sample exposure and preparation cham-
ber with XPS capability. This system was equipped with a
Mg KR X-ray (1253.6 eV) source, and the base pressure of the
spectrometer chamber was 2 × 10-9 Torr. The electron
spectrometer was calibrated by assuming the binding energy
of the gold 4f7/2 line at 83.9 eV with respect to the Fermi level.
Samples were analyzed at a polar angle of 60° between the
normal to the sample surface and the detector axis. This
geometry permits the detection of photoelectrons escaping from
a depth within the range of 1.5-2.5 nm.

II.3.2. Ellipsometry. Refractive index and thickness of spin-
coated films were determined by the Rudolph Auto/EL ellip-
someter. The properties of the gel samples were characterized
at a wavelength of 632.8 nm. Compositions of 100% MTMS,
50% MTMS/50% TEOS, and 100% TEOS were examined at
room temperature under ambient conditions (∼25 °C). Porosi-
ties were calculated from the refractive indices via the
Lorentz-Lorentz relationship, which is defined as

where nf is the refractive index of the film, ns is the refractive
index of the solid skeleton, and Vs is the volume fraction solids.
The refractive index of the solid silica skeleton was assumed
to be 1.458. All data given represent averages of 10 points.

Results

III.1. Lifetime Analysis. III.1.1. Bulk Xerogels.
Some examples of the quenching effects of oxygen on
the fluorescence lifetime of Ru(II) are shown in Figures
2 and 3 for the 100% MTMS and 100% TEOS xerogels,
respectively. Decay curves are best described by a
double exponential model. Figures 4 and 5 show
intensity and lifetime Stern-Volmer quenching plots for
various xerogels ranging from 100% MTMS to 100%
TEOS. Downward curvature is exhibited in all plots
and is indicative of heterogeneous quenching, as previ-
ously observed by Demas et al.20,22-23 and others24,26,34

in various polymers. Intensity and lifetime measure-
ments provided similar Stern-Volmer curves, revealing
an exclusively dynamic quenching process.23 Values of

the intensity-based Stern-Volmer quenching constants
(KSV) are listed in Table 2. In the MTMS-modified
xerogels, there is a distinct difference in the KSV values
for each sample. This result is indicative of site
heterogeneity in which one site is more heavily quenched
than the other.24,26 For the inorganic TEOS gel, how-
ever, the KSV values are almost identical and yield a
nearly linear I0/I vs pO2 plot. This result suggests that
the TEOS xerogel provides a host with greater site
homogeneity than the MTMS-derived xerogel. A final
trend in the data reveals that the more heavily weighted

(34) Demas, J. N.; DeGraff, B. A.; Xu, W. Anal. Chem. 1995, 67,
1377.

Figure 2. Excited-state decay curves for a 100% MTMS bulk
xerogel sample doped with the Ru complex (1 × 10-5 M); inset,
residual plot.

(nf
2 - 1)/(nf

2 + 2) ) Vs(ns
2 - 1)/(ns

2 + 2) (8)

Figure 3. Excited-state decay curves for a 100% TEOS bulk
xerogel sample doped with the Ru complex (1 × 10-5 M).

Figure 4. Stern-Volmer plots of Ru-doped xerogels: (a) 100%
MTMS; (b) 90% MTMS/10% TEOS; (c) 80% MTMS/20% TEOS;
(d) 70% MTMS/30% TEOS; (e) 60% MTMS/40% TEOS; (f) 50%
MTMS/50% TEOS) [diamonds ) lifetime data; squares )
intensity data].

Figure 5. Stern-Volmer plots for Ru-doped xerogels: (a) 40%
MTMS/60% TEOS; (b) 30% MTMS/70% TEOS; (c) 20% MTMS/
80% TEOS; (d) 10% MTMS/90% TEOS; (e) 100% MTMS)
[diamonds ) lifetime data; squares ) intensity data].
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KSV1 value for the individual gel samples increases with
greater concentrations of MTMS.

III.1.2. Spin-Coated Thin Films. Stern-Volmer in-
tensity and lifetime plots are represented in Figures 6
and 7 for an entire range of organically modified, spin-
coated sol-gel samples. Examination of the oxygen
partial pressures up to 1 atm reveals a downward
curvature of these plots, indicating heterogeneous
quenching. All decay curves are best described by a
double-exponential model. Matching intensity and
lifetime Stern-Volmer quenching plots are evident,
which is representative of an exclusively dynamic
quenching process.23

A two-site model is suffice to fit the intensity quench-
ing data of the Ru(II)-doped thin films. Intensity-based
Stern-Volmer quenching constant (Ksv) data are listed
in Table 3 for the spin-coated samples. The analysis
provides quenching constants, Ksv1

i and Ksv2
i, differing

by a factor of ∼10. The fractional contributions of the
components are also listed in Table 3. In comparison
to the xerogel samples, the spin-coated films have
greater contributions from the weaker contributing KSV
value.

Note the quenching behavior of the 100% TEOS spin-
coated thin film doped with Ru(II) as compared with
the MTMS-modified samples. According to the Stern-
Volmer quenching plots presented in Figures 6 and 7,
the Stern-Volmer ratio, τN2/τO2, is determined to be 8.4
for the inorganic, TEOS-derived sample. As the MTMS
content is gradually increased, the Stern-Volmer ratio
is found to decrease. In fact, this ratio drops to 4.0 and
2.3 for the 50% MTMS/50% TEOS and 100% MTMS
spin-coatings, respectively. This decrease in the lumi-
nescence quenching of the organically modified films
represents a reduction in the oxygen sensitivity over the
TEOS-derived coating. These results are contradictory
to those discussed in the previous section for bulk gels.
In shifting from the TEOS to MTMS spin-coated samples,
the sensitivity drops by a factor of 4. Contradictory to
the spin-coating results, xerogels derived from TEOS
are a factor of 3 less sensitive than the MTMS-derived
xerogels. Even though similar sol-gel solutions are
utilized, it may be concluded that the method of gel
formation plays an important role in the behavior of the
oxygen transducer.

III.2. Structural Analysis. III.2.1. XPS. III.2.1.1
Bulk Gels. Table 3 lists XPS data for the C 1s-, O 1s-,
and Si 2p-photoelectron lines in 100% TEOS, 50%
MTMS/50% TEOS, and 100% MTMS bulk gels. A
primary feature of the table is a summary of the atomic
concentration of carbon at the surfaces of the gels. The
atomic concentration of carbon at the gel surface of
100% MTMS is 50.29%, as compared to 38.91% for the
50% MTMS/50% TEOS gel and 23.38% for the 100%
TEOS gel. The higher concentration of carbon in the
100% MTMS sample is mostly due to nonhydrolyzable
methyl groups (Si-CH3) and partly to residual, unre-
acted -OR groups. The higher carbon concentration in
the organically modified bulk samples thus represents
an increase in the surface hydrophobicity over the
inorganic TEOS gel. In the 100% TEOS sample, a
carbon concentration of 23.38% is a high value for an
inorganic gel. However, this result is plausible since a
substoichiometric amount of water was used in the gel

Table 2. Intensity-Based Stern-Volmer Quenching
Constants for Ru(II)-Doped Xerogels

composition I0/Ioxygen Ksv1 Ksv2 f01 f02

100%TEOS 3.11 0.0029 0.0029 0.96 0.04
90% TEOS/10% MTMS 4.17 0.0047 0.0012 0.97 0.03
80% TEOS/20% MTMS 4.67 0.0055 0.0013 0.95 0.05
70% TEOS/30% MTMS 5.90 0.0093 0.0006 0.96 0.04
60% TEOS/40% MTMS 5.94 0.0121 0.0007 0.95 0.05
50% TEOS/50% MTMS 6.07 0.0146 0.0004 0.92 0.08
40% TEOS/60% MTMS 6.22 0.0170 0.0002 0.92 0.08
30% TEOS/70% MTMS 6.58 0.0268 0.0002 0.87 0.13
20% TEOS/80% MTMS 7.44 0.0252 0.0001 0.92 0.08
10% TEOS/90% MTMS 8.54 0.0295 0.0001 0.92 0.08
100%MTMS 10.17 0.0360 0.0003 0.92 0.08

Figure 6. Stern-Volmer plots for Ru-doped spin-coated
samples: (a) 100% MTMS; (b) 90% MTMS/10% TEOS; (c) 80%
MTMS/20% TEOS; (d) 70% MTMS/30% TEOS; (e) 60% MTMS/
40% TEOS; (f) 50% MTMS/50% TEOS) [diamonds ) lifetime
data; squares ) intensity data].

Figure 7. Stern-Volmer plots for Ru-doped spin-coated
samples: (a) 40% MTMS/60% TEOS; (b) 30% MTMS/70%
TEOS; (c) 20% MTMS/80% TEOS; (d) 10% MTMS/90% TEOS;
(e) 100% TEOS) [diamonds ) lifetime data; squares ) intensity
data].

Table 3. Intensity-Based Stern-Volmer Quenching
Constants for Ru(II)-Doped Spin-Coated Thin Films

composition I0/Ioxygen Ksv1 Ksv2 f01 f02

100% TEOS 8.40 0.0266 0.0031 0.70 0.30
90% TEOS/10% MTMS 7.69 0.0312 0.0033 0.63 0.37
80% TEOS/20% MTMS 7.50 0.0318 0.0032 0.61 0.39
70% TEOS/30% MTMS 7.05 0.0150 0.0013 0.84 0.16
60% TEOS/40% MTMS 4.78 0.0123 0.0017 0.67 0.33
50% TEOS/50% MTMS 4.00 0.0148 0.0019 0.52 0.48
40% TEOS/60% MTMS 3.93 0.0220 0.0024 0.32 0.68
30% TEOS/70% MTMS 3.07 0.0173 0.0019 0.22 0.78
20% TEOS/80% MTMS 2.56 0.0108 0.0014 0.21 0.79
10% TEOS/90% MTMS 2.35 0.0065 0.0012 0.30 0.70
100% MTMS 2.30 0.0044 0.0007 0.54 0.46
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process and the gels were dried at low temperature (∼50
°C). Accordingly, this allows only partial hydrolysis to
occur, and consequently, a gel results with many re-
sidual, unreacted Si-OR groups still present. Further-
more, heating at low temperature does not induce these
Si-OR groups to hydrolyze. These residual Si-OR
groups have been observed by FTIR in low temperature-
heated sol-gel materials in previous investigations.35-38

III.2.1.2. Spin-Coated Thin Films. Table 4 lists XPS
data of the O 1s-, C 1s-, and Si 2p-photoelectron lines
for 100% TEOS, 50% MTMS/50% TEOS, and 100%
MTMS spin-coated thin film. The atomic surface con-
centrations of oxygen and carbon are similar for the
100% TEOS thin film as compared to the bulk gel. The
carbon content appears to be primarily attributed to
residual OR groups, as previously observed in XPS and
Auger analyses on acid-catalyzed TEOS spin-coated thin
films by Brow and Pantano.39-41

In contrast to the bulk xerogels, however, organically
modified spin-coated thin films consist of different
carbon and oxygen concentrations. In the 100% MTMS
thin film, the surface carbon concentration decreases
from 50.29% in the xerogel to 31.87% in the spin-coated
material. The surface oxygen concentration increases
from 32.73% to 43.28% with respect to the MTMS bulk
samples. It may be inferred from these results that a
greater concentration of Si-CH3 moieties resides below
the gel surface in the spin-coated films. Accordingly, a
greater oxygen concentration indicates a less hydropho-
bic surface for the organically modified spin-coated thin-
films. The TEOS-based xerogel and spin-coated film,
however, possess similar atomic concentrations. This
result suggests that the chemical constituents at the gel
surface, by either preparation method, are the same.
Hence, the difference in oxygen-quenching behavior is
due to the gel microstructure/morphology.

III.2.2. Ellipsometry. Table 5 lists refractive index,
film thickness, and porosity results for the 100% TEOS
and organically modified spin-coated films. The refrac-
tive index was determined to be 1.44 for the 100%

MTMS sample, 1.41 for the 50% MTMS/50% TEOS
sample, and 1.36 for the inorganic 100% TEOS thin film.
Porosities were calculated from the refractive indices
via the Lorentz-Lorentz relationship. The increase in
refractive index with MTMS modification is indicative
of a lower porosity in the organically modified samples.
Consequently, the porosity was determined to decrease
from 19.1% for the 100% TEOS thin film to 3.4% for
the 100% MTMS sample.

IV. Discussion

IV.1. Effect of Organic Modification by MTMS.
IV.1.1. Bulk Gels. From the Stern-Volmer calibration
curves and the KSV values, it may be concluded that the
MTMS precursor enhances the heterogeneous quench-
ing and nonlinear Stern-Volmer plot in the TEOS-
based xerogels. This tendency toward heterogeneous
quenching may be attributed to the structural and
chemical influences of using MTMS as a sol-gel precur-
sor, due to the lack of sites in MTMS-modified gels as
compared to a TEOS gel.31,38,42-45 Since MTMS has
three alkoxy groups that undergo hydrolysis (whereas
TEOS has four), only three linkages may form bridging
oxygen bonds that contribute in the development of the
silicate network. The fourth alkyl species is a nonhy-
drolyzing methyl group that is inert throughout the
hydrolysis and condensation reactions and acts as a
network terminator. Hence, the silicate network has
terminating groups in the form of the organic Si-CH3
species and yields a more open structure than the TEOS
gel.42-44 Besides providing structural modification, a
second influence of MTMS is the introduction of an
organic group into the sol-gel network. Chemically, the
Si-CH3 group in the dried gel is nonpolar and is
thermally stable up to 400 °C.31,44 As a result, introduc-
tion of the organic functional groups into the silicate
structure may create regions within the gel matrix
which are highly nonpolar. Consequently, these micro-
heterogeneities may result in lifetimes that exhibit
double exponential decay behavior in the presence of
oxygen.

By relating this argument to the Stern-Volmer
calibration curves and the KSV values, it may be inferred
from the data that the heterogeneous quenching is a
result of oxygen permeation into two types of sites
within the sol-gel matrix where each site is described
by a specific KSV (or lifetime) value.20,23 In this case, the
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88, 114.

(37) Yoshino, H.; Kamiya, K.; Nasu, H. J. Non-Cryst. Solids 1990,
126, 68.
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Table 4. XPS Data for Sol-Gel Bulk and Thin Film
Samples

atomic concentration (%)

composition element bulk spin-coated

MTMS C 50.29 31.87
O 32.73 43.28
Si 16.98 24.85

50% TEOS/50% MTMS C 38.91 26.96
O 41.11 49.60
Si 19.99 23.43

TEOS C 23.38 25.43
O 53.84 53.97
Si 22.78 20.60

Table 5. Ellipsometry Results for Spin-Coated Samplesa

sample

film
thickness

(nm) SD
refractive

index SD

calcd
porosity

(%)

100% MTMS 110 2.1 1.44 0.023 3.41
50% TEOS/50% MTMS 170 2.5 1.41 0.019 9.20
100% TEOS 90 2.6 1.36 0.018 19.12

a Spin rate ) 3000 rpm. All results are 10-point averages.
Porosities are calculated via the Lorentz-Lorentz relationship. SD
) standard deviation.
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lower KSV value (related to a longer lifetime value)
corresponds to the series of sites which are not easily
quenched by oxygen. Therefore, these sites are more
likely characterized by lower diffusion rates that inhibit
luminescence quenching by oxygen in these regions.
Conversely, a second series of sites also exists that is
more accessible to oxygen, which is indicated by the
higher KSV value (related to a shorter lifetime value).
In the MTMS-modified gels, the double exponential is
always represented in the presence of oxygen. On the
other hand, the TEOS gel shows less tendency toward
double exponential decay, even in the presence of higher
oxygen partial pressures. This may indicate fewer
microheterogeneities in these gels and, thus, less het-
erogeneous (or more homogeneous) quenching. This
point is further evidenced by the almost linear Stern-
Volmer plot for the 100% TEOS sample.

According to Figures 4 and 5, the Stern-Volmer
ratios, τN2/τO2 and τN2/τAIR, are found to be greater in the
MTMS-modified gels. This result is attributed to the
decreased polarity provided by the nonhydrolyzing Si-
CH3 functional group. It has been reported previously
by Demas et al.23 that the Ru(II) complex is subject to
improved luminescence quenching by oxygen when
immobilized in materials of increased nonpolarity. Ac-
cording to their work, polymers of greater nonpolarity
are more permeable to oxygen. In addition, it has been
shown by Innocenzi et al.31 and Matsui et al.48 that the
number of surface Si-CH3 groups increases with in-
creasing ratio of ORMOSIL (MTMS, MTES, etc.) to
TEOS. The Si-CH3 groups replace the surface Si-OH
groups, thereby enhancing the surface hydrophobicity.
An analogous point is in the recent work of Reetz et al.,49

in which it was shown that the entrapment of lipases
in sol-gel is dramatically improved by the use of
hydrophobic silane precursors (such as MTMS, MTES,
etc.), which lead to a phase separation from the sur-
rounding aqueous phase during the condensation pro-
cess. Similarly, the XPS analysis in this report provides
strong support for MTMS-modified xerogels providing
a more suitable host for oxygen-sensing applications
than TEOS. The greater surface carbon concentration
in the organically modified bulk samples, due to Si-
CH3 moieties, represents an increase in the surface
hydrophobicity over the inorganic TEOS xerogel. More-
over, the addition of MTMS to the TEOS-derived xero-
gels increases the contribution of the more highly
quenched, short-lifetime component in the presence of
oxygen and raises the Stern-Volmer ratio. Therefore,
the MTMS precursor improves the sensitivity of the
xerogels toward lower oxygen concentrations due to the
increased oxygen diffusivity (or permeability) in these
more hydrophobic gels.

Inspection of the Stern-Volmer quenching curves
(Figures 4 and 5), in conjunction with Figures 2 and 3
(decay profiles), provides additional evidence that the
MTMS-modified gels are more sensitive to lower levels

of oxygen than TEOS-derived gels. By comparing the
decay profiles (Figures 2 and 3), the TEOS-derived
sample in dry air (approximately 22% oxygen) shows a
luminescence decay behavior with a slope that is less
than that of the unquenched sample. Not until the gel
is exposed to pure oxygen does the TEOS sample
undergo a large change from the initial, unquenched
decay profile. However, the Ru(II) complex entrapped
in the MTMS sample experiences greater quenching by
oxygen when exposed to air than the TEOS sample. This
dramatic change in the luminescence decay behavior
from nitrogen to air is followed, qualitatively, by a
smaller change when exposed to oxygen.

Overall, the combination of the chemical and physical
effects, provided by the MTMS precursor, has improved
the Stern-Volmer quenching ratio of the Ru complex
in the bulk samples. Besides improving the degree of
quenching, MTMS is thus found to induce a xerogel that
is more sensitive to oxygen at lower concentrations than
one derived from TEOS. In previous studies, sol-gel
oxygen sensors based on MTMS were shown to be
extremely sensitive at low oxygen concentra-
tions.4-5,19,46-47

IV.1.2. Spin-Coated Thin Films. Glaser and Pan-
tano30 determined that increasing the water/TEOS ratio
increases the density of the TEOS spin-coated thin
films, in contrast to the situation observed in bulk gels.
This difference was rationalized on the basis of micro-
structure. The gels produced from solutions of high
water content undergo enhanced hydrolysis, and there-
fore, more highly condensed species are formed. In the
bulk case, the gelation occurs slowly and in the presence
of an organic solvent phase. The polymerizing oxide
phase forms spherical particles, and thus, a coarse, low-
density gel results due to the poor packing of these
particles.

In contrast, a spin-coated film structure undergoes
polymerization simultaneous with, or consequential to,
the evaporation of the organic solvent phase. Under
these conditions, the formation of coarse spherical
particles is unlikely. Instead, there will be an enhanced
polycondensation within the plane of the film. Thus,
solutions of increasing water/TEOS ratio yield dried gel
films of greater initial density.30

Since the TEOS spin-coated thin films used in the
present study are synthesized with a low water/TEOS
ratio, a thin film of low density is expected. This result
is observed by the low refractive index (hence, greater
porosity) measured by ellipsometry. The increased
porosity in the TEOS spin-coated thin film improves the
accessibility of oxygen to the Ru(II) molecules encap-
sulated in the film. Thus, a greater Stern-Volmer ratio
and enhanced oxygen sensitivity over the bulk TEOS
gels is recognized for TEOS-derived spin-coated films.

On the other hand, the organically modified thin films
are more dense, or less porous, than the TEOS films
and the MTMS xerogels. This result may be attributed
to the greater flexibility (compliancy) of methyl groups
in the MTMS-modified films.31 MTMS-derived gels are
believed to form linear-type polymeric chains,44 which
upon spinning, may compact the gel structure as the
chains become preferentially aligned and stack under
the centrifugal conditions. The structure of TEOS,
however, is that of a rigid, three-dimensional oligomeric
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network,35 resulting in the formation of a less compacted
thin film by spin-coating. Hence, the less porous, more
compact structure of the organically modified spin-
coated thin films along with decreased surface Si-CH3
groups in these films (as observed via XPS) causes a
lower Stern-Volmer ratio and oxygen sensitivity in Ru-
(II)-doped ORMOSIL thin film samples.

IV.1.3. Xerogels vs Spin-Coated Thin Films. On the
basis of the quenching data, spin-coating MTMS reduces
the Stern-Volmer ratio by a factor of 5, whereas spin-
coating TEOS raises this ratio by a factor of 2.7. As
shown in Figure 8, MTMS additions of greater than 30%
double the Stern-Volmer ratio in the xerogels until a
plateau is reached at 80% MTMS. On the other hand,
MTMS additions of more than 40% in the spin-coated
films significantly reduce the Stern-Volmer ratio.
Furthermore, spin-coated samples possess a greater
contribution from the weaker contributing KSV value
(and the short lifetime component) than the xerogels.
This result suggests that the spin-coated films contain
more heterogeneous sites than the xerogels.

It may be hypothesized that the dynamic removal of
solvent upon spinning prevents molecular reorientation

upon drying. Thus, Ru(II) molecules do not access their
lowest energy state configuration in the films. Conse-
quently, the Ru(II) molecules are “locked-in” to their
position upon solvent evaporation.

Conclusions

Luminescence decay analysis of ruthenium(II)-tris-
4,7-diphenyl-1,10-phenanthroline dichloride, embedded
in organically modified xerogel monoliths, revealed that
increased additions of MTMS improved the Stern-
Volmer quenching ratio and the sensitivity to low
oxygen concentrations. This improved quenching was
attributed to the increased oxygen diffusivity in the
more hydrophobic MTMS-modified gels. Spin-coated
thin films doped with Ru(II) showed contradictory
luminescence quenching behavior to that of the bulk
gels in that increased MTMS additions provided a
decreased Stern-Volmer ratio. XPS and ellipsometric
studies indicated that the decreased quenching in the
ORMOSIL spin-coated thin films was due to a less
porous and less hydrophobic film structure as compared
to the bulk ORMOSIL gels. The greater Stern-Volmer
ratio in TEOS spin-coated films, doped with the Ru(II)
complex, versus the TEOS xerogels was attributed to
the higher porosity of the thin film structure. In
summary, favorable sol-gel oxygen sensors are derived
from MTMS xerogels or TEOS spin-coated films. This
conclusion is based upon the improved Stern-Volmer
ratios observed in these systems over the films or
xerogels of different compositions.
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Figure 8. Comparison of Stern-Volmer quenching ratio as
a function of mole percent MTMS and gel formation.

Oxygen Sensors Based on a Ru(II) Complex Chem. Mater., Vol. 10, No. 12, 1998 3869


