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Abstract

Novel oxygen-sensing materials consisting of [Ru(bpy)»(Bpy-Si)]*" portions covalently grafted onto the backbone of MSU-3
mesostructured silica-based network were prepared in a two-step process with the help of P123 surfactant. The 2,2’-bipyridyl covalently
grafted with 3-aminopropyltriethoxysilane was used not only as sol-gel precursor but also as the second ligand of the Ru(bpy),Cl, - 2H,O
complex for the preparation of sol-gel-derived silicates for oxygen-sensing materials. The downward oxygen-sensing Stern—Volmer plots
can be attributed to the heterogeneous environment of the luminophore within the MSU-3 silica. The MSU-3 sample obtained at 10 °C
showed better oxygen-sensing performance due to its special morphology.

© 2008 Published by Elsevier B.V.
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1. Introduction

There is growing interest in the construction of photo-
chemical oxygen sensors and this tendency has been greatly
stimulated by the environmental pollution problem in the
past two decades [1,2]. The advantages of these sensors
over the conventional amperometric devices are basically
as follows: shorter response time, better sensitivity and
selectivity, no O, consumption, no poison and no require-
ment for a reference electrode [3-7]. These sensors are
based on the principle that oxygen is a powerful quencher
of the Iluminescent intensity and/or lifetime of the
luminescent complexes, and the key factors that favor
superior performance include high oxygen permeability in
the matrix, the optical properties of the luminescent
complex and the locally oxygen-quenching ability of the
complex [8]. To date, most phosphorescent transition metal
complexes have been used for this application, and among
the luminophores used for oxygen sensor, the polypyridyl
compounds of Ru(Il) and metalporphyrins are the most
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extensively studied owing to their high quantum yields,
large Stokes’ shifts, long luminescent lifetimes and high
photochemical stability [§—11]. The matrix used to load the
luminophore requires high oxygen diffusion coefficient and
must be robust with respect to singlet oxygen, which is a
by-product of the quenching process. A plethora of
methods have been described to immobilize sensing
chemistries over the years. Among these reported methods,
the sol-gel method has proved to be an efficient technique
to prepare optical oxygen-sensing devices due to its many
desirable properties such as high thermal stability, good
photostability and optical transparency in the visible-light
region [12].

To date, most previous work has been done using the
physical mixing methods in which only weak interactions
exist between the matrix and the luminophore. Unfortu-
nately, the physisorption of the transition metal complex in
such two-component systems often results in luminophore
aggregation within the matrix and dye leaching when used
in liquid environment, which will lead to a serious problem
in terms of signal stability and longevity due to the absence
of strong covalent interaction between the organic and
inorganic constituents [13—15]. Consequently, an attractive
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approach used to overcome the above-mentioned draw-
backs was to chemically bond the organic and inorganic
portions via the powerful covalent bonds such as Si—-CH,
[12,16-23]. In addition, the incorporation of oxygen-
sensing complexes into the mesoporous molecular sieves
have proved to be a successful method to increase their
sensitivity because their special pore structure favors the
diffusion of analyte within the porous channel [8,12,22].

In this work, the MSU-3 mesoporous molecular sieve is
used as the inorganic support to covalently graft the
ruthenium polypyridyl complexes via the Si—-CH, bonds for
oxygen sensor. It is expected that the MSU-3 mesoporous
molecular sieves will possess certain interesting character-
istics when used for oxygen sensors. As the microstructure
of the MSU-type mesoporous molecular sieve is greatly
dependent on the synthesis temperature, Ru(II) covalently
grafted MSU-3 silica prepared under different tempera-
tures were prepared. The oxygen-sensing performances of
all samples were discussed based on the luminescence
intensity quenching. The results found that the MSU-3
obtained at 10 °C with spherical morphology has the best
oxygen-sensing performance.

2. Experimental
2.1. Chemicals and procedures

The 4,4'-dimethyl-2,2’-dipyridyl, Pluronic (P123), and 3-
aminopropyltriethoxysilane (APS) were obtained from
Aldrich (Milwaukee, WI, USA) and were used without
further purification. The tetraethoxysilane (TEOS) was
purchased from Tianjin Chemical Company. The concen-
trated HCI, sulfuryl dichloride (SOCl,, A. R.) and EtOH
were obtained from Shanghai Chemical Company. SOCl,
was used after distillation in vacuo. The complex bis(2,2'-
bipyridyl) ruthenium(II) chloride, Ru(bpy),Cl, was synthe-
sized and purified as described in Ref. [24]. The water used
in our present work was de-ionized.

The ligand denoted as Bpy-Si was prepared according to
a literature procedure [15,18,20,21]. To obtain the hydro-
lysable Ru(bpy),(Bpy-Si)Cl,, a mixture of Ru(bpy),Cl, and
Bpy-Si (mole ratio of Bpy-Si/Ru(bpy),Cl, was 1.02) in
anhydrous ethanol was refluxed for 8 h in nitrogen atmo-
sphere to obtain a transparent deep-red solution, indicating
that the complexation reaction between Bpy-Si and
Ru(bpy),Cl, was complete. Finally the ethanol was rotary
evaporated off and the residue was washed with ether and
acetone for several times, and dried in vacuo.

MSU-3 hexagonal mesoporous materials were prepared
according to the two-step reaction process [25]. In a typical
synthesis, 1.5g (2.58 x 107> mol) of P123 was dissolved in
100 mL of de-ionized water previously acidified at pH = 2
with concentrated hydrochloric acid. After full dissolution,
0.0363g Ru(bpy),(Bpy-Si)Cl, and 7.37ml (0.032mol)
TEOS (Ru/TEOS = 0.1%) were added at room tempera-
ture under moderate magnetic stirring for 2 h. After 12 h of
aging at room temperature without stirring, this solution

was monitored to desired temperature (10, 45 and 65 °C)
and the final condensation step was induced by the
addition of 5.1mL of sodium fluoride (0.25M) (NaF/
TEOS = 4%) into the solution kept in a thermostated
stirring bath for 3 days. The final product was filtered off
and washed with water, and air-dried at 50 °C. Removal of
surfactant P123 was conducted by Soxhlet extraction with
ethanol under reflux for 24 h.

2.2. Instruments and measurements

FT-IR spectra were measured within the 4000-400 cm ™'
region on an infrared spectrophotomer (Model Perkin-
Elmer Model 580B) with a resolution of +4cm ™' using the
KBr pellet technique. Photoluminescence spectra of these
samples were determined with a Hitachi F-4500 fluores-
cence spectrophotometer equipped with a monochromator
(resolution: 0.2nm) and a 150 W Xe lamp as the excitation
source, whose excitation and emission slits were 5 and
5nm, respectively.

The oxygen-sensing properties of our present samples
were discussed based on the fluorescence intensity. For the
Stern—Volmer plots measurement, oxygen and nitrogen
were mixed at different concentrations via gas flow
controllers and passed directly to the sealed gas chamber.
We typically allowed 1 min between changes in the N,/O,
concentration to ensure that a new equilibrium point had
been established [12,22]. Equilibrium was evident when the
luminescence intensity remained constant (+2%). The
sensing response curves were obtained using the same
method.

The unquenched excited-state lifetimes of MSU-3
mesoporous samples at nitrogen conditions were measured
using a conventional Nd:YAG (neodymium:yttrium alu-
minum garnet) laser system (Spectra Physics) as described
in Refs. [12,22].

3. Results and discussion

According to Li et al. [18] and Malins et al.’s [15] work,
we have successfully chemically grafted the 2,2'-bipyridyl to
3-aminopropyltriethoxysilane to obtain the grafted hydro-
lysable precursor (Bpy-Si) [21]. This compound has terminal
silanol groups that can proceed with a polycondensation
reaction with the TEOS under acidic catalytic conditions. It
is well understood that the hydrolysis and polycondensation
reactions between the Bpy-Si and TEOS will succeed in
covalently grafting the silicates backbone. The FT-IR
spectrum has proved the successful formation of the
covalent grafting between the organic and inorganic
components in this system.

The presence of organic ligands covalently bonded to the
network of MSU-3 mesoporous silicate is characterized by
FT-IR. The FT-IR spectra of the hydrolysable Ru
(bpy)>(Bpy-Si)Cl, complex (a) and the final obtained
Ru(Il) covalently grafted MSU-3 sample (b) are shown in
Fig. 1. In Fig. la, the spectrum of Ru(bpy),(Bpy-Si)Cl, is
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Fig. 1. FT-IR spectra of (a) hydrolysable Ru(bpy),(Bpy-Si)Cl, complex
and (b) the finally obtained MSU-3 oxygen-sensing material.

dominated by v (C-Si, 1203cm™') and v (Si-OEt,
1076 cm™") absorption bands, which are the characteristics
of trialkoxylsilyl functions. The bending vibration of Si—O
at 462cm™' from APS is obvious in Fig. 1a, indicating that
the APS has been successfully grafted onto 2,2'-bipyridine
[21]. In panel b of Fig. 1, the formation of the Si—O-Si
framework is evident by the bands located at 1084 cm™!
(Vas, Si—0), 802cm ™" (v,, Si-O) and 456cm ™" (5, Si—O-Si)
(v represents stretching, ¢ in-plane bending, s symmetric,
and as asymmetric vibrations) [20,21]. The peaks at 1656
and 1636.cm ™', originating from the CONH group of Bpy-
Si, can also be observed in the as-synthesized material,
which is consistent with the fact that the Bpy-Si group in
the framework remains intact after the hydrolysis/con-
densation reaction. The broad absorption band at
1120-1000cm ™" corresponding to the v (Si-O-Si), as
shown in Fig. 1b, indicates the formation of siloxane
network. The introduction of TEOS and water to the
Ru(bpy),(Bpy-Si)Cl, results in the changes in the IR
spectra due to the hydrolysis/condensation of TEOS and
Ru(bpy)»(Bpy-Si)Cl,. The remaining v(Si—C) vibra-
tion located at 1208cm™' indicates that no (Si-CH,)
bond cleavage occurs during the hydrolysis/condensation
reactions.

We have performed small-angle X-ray scattering diffrac-
tion (SAXRD) experiments of the MSU-3 mesostructured
silicates prepared at different temperatures after surfactant
extraction to gain insight into the structure of these
oxygen-sensing materials. Their SAXRD patterns are
shown in Fig. 2, which exhibit great differences, and the
specific features that make their structure sensitive to
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Fig. 2. XRD patterns of extracted Ru(II)-MSU-3 materials prepared at
different temperatures.

synthesis temperature have been discussed in detail by
Martines et al. [26] previously. The SAXRD patterns in our
present work are consistent with the previous reports
[25,26]. The particles morphology is extremely dependent
on the synthesis temperature and three domains can be
discriminated: below 25 °C, the particles exhibit a spherical
shape; from 35 to 45°C, the powder is totally made of
stick-like particles; and above 45 °C, the particles lose their
structure and evolve toward a fluffy powder with a growing
amorphous part made of very small aggregates of silica.
From an amorphous state (below 25°C) to another
amorphous state (above 45 °C) there is a long-range order
described by a three-dimensional (3D) wormhole structure.
As shown in Fig. 2, the sample synthesized at 45 °C exhibits
diffraction peaks that can be assigned to a hexagonal
symmetry. The main peak points out at 0.74° can be
assigned to the dj( reflection. The other two peaks located
at 0.99° and 1.26° may be assigned to the dy;o and drgq
reflections, respectively.

Fig. 3 shows the representative nitrogen adsorption/
desorption isotherms of the surfactant-extracted undoped
MSU-3 silica and the Ru(Il) covalently grafted MSU-3
sample prepared at 45°C. The isotherm patterns exhibit
hysteresis, characteristic of pore necking, and the adsorp-
tion increases at high relative pressure, characteristic of the
textural porosity. It can be concluded that the micro-
structure of the Ru(Il) covalently grafted MSU-3 prepared
at 45°C has a 3D shape with stick-like mesoporous
channels inside, which are connected through pore neck-
ings, and the cross-sections of the stick-like channel have
hexagonal symmetry. The pore size distribution inserted in
Fig. 3 indicates that the Ru(II) covalently grafted MSU-3
sample possesses obviously narrower pore size distribution
than the empty MSU-3 sample, with mean pore diameters
equal to 3.9 and 8.4nm for the former and the latter,
respectively. So we suppose that the Ru(II) complex
sections have been covalently grafted onto the backbone
of the mesoporous silica. The successful covalent grafting
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Fig. 3. Nitrogen adsorption/desorption isotherms of (A) the surfactant-extracted undoped MSU-3 silica and (B) the Ru(II) covalently grafted MSU-3

sample prepared at 45 °C. The insets are their pore size distributions.

of the Ru(Il) complex onto the silicate backbone can be
further proven by the blue-shift of the maximum emission
of Ru(Il) complex from 646 to 601 nm when the complex is
immobilized within the MSU-3 matrix obtained at 45 °C.
This blue-shift is probably caused by the change of the
MLCT excited state within the silicate during the forma-
tion of the Si—O network structure. Such a blue-shift can be
explained on the basis of the suppression of the vibrational
deactivation and the restriction on the mobility of the
Ru(IT) complex in an excited state due to the rigidity of the
silica matrix [27].

As mentioned above, the Ru(II) complex optical sensors
are based on the principle that oxygen is a powerful
quencher of their luminescent intensity and/or lifetime. In
homogeneous media with a single-exponential decay, the
intensity and lifetime forms of the Stern—Volmer equation
with dynamic quenching are as follows [3,12,22]:

Iy/I =19/t =14 KsypOy = 1 + k19pO2, (1)

where I and 7t are, respectively, the fluorescence intensity
and excited-state lifetime of the luminophore, the subscript
0 denotes the absence of oxygen, Kgy is the Stern—Volmer
constant, k is the bimolecular rate constant, and pO, is the
partial pressure of oxygen at 1 atmosphere pressure.
However, when the Ru(Il) complex is located in a
microscopic-scale heterogeneous matrix, the linear Stern—
Volmer quenching curves in Eq. (1) should be recast as
follows [3,7,12,13,22,27,28]:

Iy 1
I fo1/(1+ KsvipO2) + fp/(1 + Ksy2p0»)’

where fy; valuables are the fraction of each of the two sites
contributing to the unquenched intensity, Kgy; values are the
associated Stern—Volmer quenching constants for the two
sites. Eq. (2) is the familiar Demas “two-site”” model that has
been proven to have excellent ability to describe the
nonlinear Stern—Volmer quenching curves [3,12,13,22,28].
It is not surprising given the well-known ability of two

2)

exponentials to give excellent fits to complex decay curves,
which are made up of the distribution function of
exponential decays. In the case where one fraction of the
luminophore is nonquenchable (K ,»=0), Eq. (2) collapses
to another similar Lehrer expressed as shown in Eq. (3) [29].
The previous reported results revealed that the Lehrer model
can also be used to give excellent fit to the downward
Stern—Volmer plots [3,22,29,30]:

1y Soi

U 1| W 3
I 14 KsvipOs Joo )

In these above-mentioned Lehrer and Demas two-site
models, there are at least two excited-state lifetime
components for the luminescence species because they are
located at microheterogeneous microenvironments. In this
case, their excited-state lifetime decay analysis may be
described by

I(t =)oy exp(—t/t14)o2 exp(—1/12), 4)

where I(¢) represents the fluorescence intensity at time ¢, the
subscripts 1 and 2 denote the assigned lifetime components,
and o; denotes the pre-exponential factors. The weighted
mean lifetime 7, can be calculated by [31]

2 2
(Tm) = Zdifz’/zar ®)
i=1 i=1

It should be noted that sufficient removal of surfactant
P123 is necessary to obtain better oxygen-sensing perfor-
mances because the surfactant located on the silicate surface
of the MSU-3 sample would inevitably prevent the
Iuminescent Ru(Il) complex from colliding with the oxygen
molecule. This assumption has been proved by the fact that
the as-prepared sample without extraction of surfactant
does not show any obvious oxygen-sensing properties. Fig. 4
presents the intensity-based Stern—Volmer plots for Ru(II)
covalently grafted MSU-3 mesostructure silicates obtained
at different temperatures. For comparison, the simply
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physisorbed sample prepared at 10 °C is also prepared and
its Stern—Volmer plot is shown as curve d of Fig. 4.
Inspection of these results in Fig. 4 reveals that all samples
possess a downward curvature. The downward curvatures
of the Stern—Volmer plots are fully in line with the behavior
of a wide variety of luminophore-doped sol-gel-derived
xerogels [3,12,22,28,31]. This kind of nonlinearity in the
Stern—Volmer plot is associated with the luminophore
molecules being distributed simultaneously between two or
more sites within the sol-gel-derived silicate in which one
site is more heavily quenched than the other. For this kind
of microheterogencous solid-based oxygen sensors, it is
worth noting that either the Demas two-site model or the
Lehrer model can be used to fit the intensity—quenching
curves of all of these samples [3,12,13,22,28]. The fitting
parameters in Table 1 represent the best fits to the curves in
Fig. 4. It is reasonable to explain the downward Stern—Vol-
mer plots of all the covalently grafted Ru(II)-MSU-3
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Fig. 4. The Stern—Volmer plots of surfactant-extracted Ru(II) covalently
grafted MSU-3 samples obtained at different temperatures: (A) 10°C;
(B) 45°C and (C) 65°C; and the surfactant-extracted Ru(II) simply
physisorbed MSU-3 sample obtained at 10°C given for comparison
(D). The solid lines represent the best-fit using the Demas two-site model

Eq. 2).

Table 1

samples when the matrix structural features are taken into
consideration. A peculiar character of nonionic triblock
copolymer surfactant should be addressed that they are able
to penetrate into the silica wall [22], which leads to the
emergence of the micropores between the mesopores. The
MSU-3 materials consist of mesopores that are intercon-
nected by micropores in the pore walls, then heterogeneous
environments for the luminophore are present within the
MSU-3 silica. The Ru(Il) complex located at different
microenvironments possesses different oxygen-quenching
ability, which consequently results in the downward
curvatures of the Stern—Volmer plots.

Another feature observed from the Stern—Volmer plots is
that the sensitivity (/y/I) of the sample prepared at 10 °C is
obviously higher than others. We attribute the higher
sensitivity to the spherical micromorphology of the MSU-3
obtained at 10 °C [25,26], which possess the largest surface
areas and the portion of functional molecules Ru(II)
complex that covalently grafted onto the backbone, and
this feature can improve the locally oxygen-quenching
ability of the luminophore, as shown by the higher Kj,
values in Table 1. The Ru(Il) covalently grafted sample
obtained at 10°C possesses higher sensitivity compared
with the Ru(Il) simply physisorbed sample obtained at
10 °C, as shown in curves a and d of Fig. 4. We attribute
this result to the fact that the Si-CH, covalent bonds
between the Ru(I) complex and the silicate backbone have
improved the distribution of luminophore and prevent
them from agglomerating. This result is consistent with
that of our previous reports [12,22].

The microscopic-scale heterogeneous local environment
of the Ru(Il) complex in the MSU-3 samples can be further
confirmed by the time-resolved intensity decay curves as
shown in Fig. 5. The unquenched lifetimes of different
MSU-3 oxygen-sensing materials measured under N,
atmosphere are tabulated in Table 2. Furthermore, the
contents of the Ru(Il) ions in different MSU-3 samples are
performed by ICP-AES measurements, and the contents
are also listed in Table 2. All of the data present in Fig. 5
can be well fit by the double-exponential Eq. (4), which
confirms the above-mentioned assumption that the Ru(II)
ions occupy not only a homogeneous average local

Intensity-based Stern—Volmer oxygen quenching fitting parameters of the different MSU-3 oxygen-sensing materials employing different models, i.e.,

Demas two-site model and Lehrer model

Samples Io/ 100 Demas two-site model® Lehrer model®

Ksvi (02% ") Ksv (0,% ") Jou I Ksvi (0% Jou r
A 7.1 0.5583+0.0180 0.0024+0.0002 0.8440.01 0.9998 0.3999£0.02411 0.88£0.01 0.9952
B 2.23 0.2263+0.0111 0.0027+0.0001 0.46+0.01 0.9998 0.1001+0.0102 0.6040.01 0.9883
C 2.13 0.3084+0.0166 0.0025+0.0001 0.43+0.01 0.9999 0.1182+0.0145 0.56+0.01 0.9839
D 3.75 0.3252+0.0119 0.0034+0.0002 0.67+0.01 0.9999 0.1734+0.0153 0.77+0.01 0.9901

“Terms are from Eq. (2). fo1 + /o2 = 1.

*Terms are from Eq. (3). for is the fraction luminophore that is quenchable. Kgy, is the Stern—Volmer quenching constant of luminophore that is

quenchable. Kgy, = 0.
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Fig. 5. Typical time-resolved intensity decay curves of different functionalized MSU-3 oxygen-sensing materials: (A) Ru(Il) covalently grafted MSU-3
obtained at 10 °C; (B) Ru(II) covalently grafted MSU-3 obtained at 45 °C; (C) Ru(II) covalently grafted MSU-3 obtained at 65 °C; and (D) Ru(II) simply

physisorbed MSU-3 sample obtained at 10 °C given for comparison.

Table 2

Content of Ru(Il) and time-resolved intensity decay curves constants of the functionalized mesostructured MSU-3 oxygen-sensing materials covalently

grafted or physically incorporated with the Ru(II) complex

Sample tl (s) TT (s) Ru(II) content® (mg/g) o 7 (us) o 75 (us) <) (us) ”

A 3.0 21.0 0.055 0.41 0.77 0.53 4.32 2.88 0.9982
B 3.0 29.0 0.057 0.26 0.67 0.36 3.12 2.10 0.9991
C 5.0 27.5 0.070 0.40 0.79 0.64 2.86 2.07 0.9993
D 7.5 33.5 0.042 0.10 0.76 0.13 2.37 1.66 0.9993

“The contents of the Ru(Il) complex in weight (mass %) according to the weight of the final obtained product.
The lifetime measurements are performed under unquenched conditions (N) and calculated by Eq. (5).

environment but also a different microheterogeneous local
environment within the functionalized mesoporous MSU-3
matrix. As aforementioned, it is reasonable to explain the
microheterogeneous local environment of all these functio-
nalized MSU-3 samples when their structural features are
taken into consideration. The porous structure of MSU-3
consists not only of large, uniform, and ordered meso-
pores, but also of much smaller complementary micropores
that provide connectivity between the ordered mesopores
[22,32,33]. Consequently, the microheterogeneous Ru(II)
distribution results in the obvious downward curvature of
the Stern—Volmer plots as shown in Fig. 4. As shown in
Table 2, lifetime values can be measured from the
physisorbed sample compared with those covalently
grafted samples despite their similar Ru(II) contents. This

result can be attributed to the fact that the physisorbed
sample possesses larger amounts of —OH group in the
mesoporous channel surface compared with that of the
covalently grafted functionalized sample where surface
—OH groups have been partly replaced by the luminophore
[22].

The reversibility and reproducibility of the oxygen-
sensing signal are crucial parameters when periodically
repeatedly exposed to pure N, and O, atmosphere under
excitation. From Fig. 6, we can see that the sample
prepared at 10 °C possesses the best response signals, and
has the shortest response time (denoted as ¢, 3s) when
changing from 100% N, to 100% O, and the shorter
recovery time (denoted as 7, 21 s) when from 100% O, to
100% N,. The short response time of the MSU-3 samples is
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Fig. 6. Relative intensity change and reproducibility of surfactant-extracted Ru(Il) covalently grafted MSU-3 samples prepared at different temperatures
when exposed to alternate environments of 100% nitrogen and 100% oxygen: (A) 10 °C; (B) 45°C; and (C) 65°C; and the surfactant-extracted Ru(I1I)

simply physisorbed MSU-3 sample obtained at 10 °C given for comparison (D).

because the mesoporosity of the matrix favors the oxygen
diffusion, which results in quick oxygen quenching. These
results furthermore indicate that the micromorphology of
the matrix can affect the oxygen-sensing performances to a
certain extent, which is consistent with the above-men-
tioned Stern—Volmer plots results. The Ru(Il) simply
physisorbed sample (D) shows obvious photobleaching
effect under irradiation within the time frame of the
measurement. This photobleaching phenomenon is very
frequently encountered in other metal complex-doped
hybrid materials in which only weak physical interactions
exist between the dopants and the matrix [22,34]. However,
the other three Ru(Il) covalently grafted samples are more
stable because of the existence of strong Si-CH, bonds
between the inorganic and the organic components. This is
to say, the Si-CH, bonds can effectively significantly limit
the vibrations of the Ru(Il) complex under irradiation. The
improvement of photostability under light irradiation is a
crucial aspect for practical applications.

4. Conclusion

This paper presents the synthesis of covalent-grafted
Ru(II)-MSU-3 silica through the two-step process that
involves the preliminary preparation of stable hybrid
micelles that allowed us to modify its microstructure
through the monitoring of the synthesis temperature. It
appears that the sample prepared at low temperature
(10°C) favors the better sensing properties because its

spherical morphology possesses the largest surface areas
and the Ru(Il) molecules covalently grafted onto the silica
backbone. The covalently grafted samples show good
reversible signals. This result sets a basis for the micro-
structure choice of sensing materials in future observations.
The oxygen-sensing properties of this new kind of
covalently grafted functionalized mesoporous materials
can be further improved via changing the microstructure of
the sensor supports, and further work is in progress.
Furthermore, the covalent grafting strategy reported in
this article allows one to extend this method to prepare
other organometallic complex-doped devices with better
performance.
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