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Mesostructured Silica Chemically Doped with Ru" as a Superior
Optical Oxygen Sensor**
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By Bingfu Lei, Bin Li,* Haoran Zhang, Shaozhe Lu, Zhuhong Zheng, Wenlian Li, and Yue Wang

Novel oxygen sensors consisting of a [Ru(bpy),phen]** (bpy: 2,2’-bipyridyl, phen: phenathroline) portion covalently grafted to
a mesostructured silica-based network are prepared in situ via a sol-gel approach with the help of cetyltrimethylammonium-
bromide (CTAB) surfactant. 1,10-Phenanthroline covalently grafted to 3-(triethoxysilyl)propyl isocyanate is used as not only
the sol-gel precursor but also as the second ligand of the Ru(bpy),Cl, - 2H,O complex to prepare the sol-gel-derived meso-
structured silicates for an oxygen sensor. For comparison purposes, the oxygen sensors in which [Ru(bpy),phen]Cl, is conven-
tionally physically incorporated into the matrix are also prepared. Elemental analysis, NMR, Fourier transform IR, UV-vis
electronic absorption, luminescence-intensity quenching Stern—Volmer plots, and excited-state decay analysis are used to char-
acterize the obtained oxygen sensors. These obtained bulk xerogels and spin-coated thin films show that the homogeneity and
the sensitivity of the covalently grafted samples are superior to those of the physically incorporated ones, and the highest sensi-
tivity is obtained in the mesostructured bulk xerogel. This improvement in oxygen sensitivity is attributed to the increased dif-
fusivity of oxygen in the uniform and nearly parallel porous structure of the Mobil Catalytic Material 41 mesostructured
matrix, the enhanced homogeneity results from the covalently grafted propyl group in —-Si—(CH,)s- that acts as the fundamental
spacer which prevents interaction between the attached Ru" complex and the silica matrix, and optimal dispersion in the meso-
pores during the sol-gel polycondensation. Furthermore, the greatly minimized leaching effect of the sensing molecules could
be observed in the covalently grafted system. The covalent grafting strategy presented in this paper provides superior optical

oxygen sensors with homogeneous distribution, improved sensitivity, and simplified calibration plots.

1. Introduction

The determination of oxygen concentration in gaseous sam-
ples, aqueous samples, and biological fluids has important ra-
mifications in medicinal, environmental, and analytical chemis-
try. Traditionally, O, is quantified by using a Clark-type
amperometric electrode, which is based on the electroreduc-
tion of O, on a polarized cathode.! However, the traditional
Clark electrode suffers from several drawbacks, such as oxygen
consumption during the sensing process, relatively long
response times, and the tendency of the electrode to be poi-
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soned by sample constituents (e.g., H,S, proteins, and certain
anesthetics). Given these limitations, the search for novel opti-
cally based O, sensors to replace the older electrochemical
methods is a major goal of current analytical science.
Tremendous efforts over the past two decades have been de-
voted to the design of novel high-performance (high sensitivity,
long-term stability, and good linear calibration plots) optical
oxygen sensors.”*! For optical oxygen sensors, a particularly
attractive method is based on the luminescence quenching of a
luminophore by the presence of oxygen because oxygen is a
powerful quencher of the electronically excited state of a dye
molecule. The excited-state lifetime and/or emission intensity
of the luminophore decreases as the oxygen concentration in-
creases. Either of these changes can be quantified and provide
the basis for a relatively simple, inexpensive analysis method.
In homogeneous media with a single-exponential decay, oxy-
gen quenching of the intensity and lifetime of this kind of oxy-

gen sensor is described by the Stern-Volmer equation:**!

Iyl[=ty/r=1+Ksy po,=1+x70po, @

where [ and 7 are the luminescence intensity and excited-state
lifetime of the luminophore, respectively, the subscript 0 de-
notes the absence of oxygen, Kgy is the Stern—Volmer constant,
x is the bimolecular quenching constant, and po, is the partial
pressure of oxygen at 1 atm (1 atm=101325 Pa) pressure. A
plot of Iy/I or 7o/t versus oxygen concentration should give a
straight-line relationship with slope Ksy, and an intercept of
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one on the vertical axis. The lifetime decay of the luminophore
in homogeneous media can be described by a single-exponen-
tial equation:[6’22]

1(t) = aexp(-t/7) (2)

where I(f) is the luminescence intensity at time ¢, and a is the
pre-exponential factor.

Many luminescent dyes have been tested as oxygen-sensing
probes. Among them, luminescent transition metal complexes,
particularly those of ruthenium(i) polypyridyl compounds,
have been frequently utilized as the most useful oxygen-sensi-
tive dyes owing to their highly emissive metal-to-ligand charge-
transfer (MLCT) state, long fluorescence lifetime, large Stokes
shift, high photochemical stability, high sensitivity to oxygen,
and strong visible absorption in the blue-green region of the
electromagnetic spectrum. The quenching process of Ru' by O,
can be described as follows: Ru'™ + 0, — Ru'"'+ O,*, where
Ru" denotes the complex and “*” is the excited state. Virtually
all complexes used as sensing probes should be supported on an
inorganic or organic polymer matrix. Indeed, the support may
have quite stringent criteria for suitable
performance. For example, in an oxygen
sensor, a high diffusion coefficient is neces-
sary for a rapid response; a highly locally
effective quenching around the oxygen
probe is necessary for good sensitivity, and
considerable interest in physiological mon-
itoring necessitates a high degree of bio-
compatibility."!! In addition, the sensor
support must lend itself to convenient and
robust attachment to the sensor probe.

Sol-gel-derived materials are ideal sup-
ports to be used to immobilize dyes for
application in optical chemical sensors
owing to their suitable chemical and pho-
tochemical stability and their optical
properties. They can also be made into us-
able forms such as thin films and bulk
pieces.[22'24’28‘33’35'39] In general, a sol-gel
process begins with the formation of a col-
loidal suspension of the reaction products
called a sol, usually from metal alkoxide
monomers through hydrolysis and poly-
condensation reactions at room tempera-

ruthenium(ir) complexes have been reported to be successfully
incorporated into inorganic oxide thin films as well as in oxide
bulk gels, and applications in optical sensors have also been
demonstrated.[+?22#272%3238] However, the sol-gel-derived
oxygen sensors are frequently heterogeneous on a microscopic
scale when the ruthenium(ir) complexes are physically incorpo-
rated.[6:1116:19222440] This microheterogeneity gives rise to com-
plex and poorly characterized decay kinetics, and this complex-
ity may result in obscure sensor responses and nonlinear
Stern—Volmer quenching curves. In addition, the leaching of
the dopants into the analyte solution is usually encountered
when the dopant molecules are weakly physically adsorbed
within the sol-gel cages surface, and this represents a serious
problem in terms of signal stability and longevity.?**!

Covalent grafting of the dopant to the backbone of silica net-
works via the Si-CH, bond can overcome the above-men-
tioned problems.[‘um] In our present work, we use the modified
1,10-phenathroline compound (denoted as phen-Si, the chemi-
cal structure is depicted in Scheme 1) as the second ligand of
the Ru(bpy),Cl, (bpy =2,2"-bipyridyl) complex and as a precur-
sor of the sol-gel process to realize the covalent grafting of the
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becomes a solid porous aggregate of ex- F AN 7 ﬂ }’1 o !
tremely small particles known as a xero- | 0= 8im O
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the reactants under certain conditions, the — - . o—sl;i ome-
xerogel may eventually become a porous IS

transparent silica-gel glass provided that
the silica particles are small enough com-
pared to the light wavelengths. It seems
worthy, therefore, to use this kind of sup-
port for oxygen sensors. So far, many

Scheme 1. Synthesis of the hydrolyzable phen-Si ligand, and preparation of the [Ru(bpy),phen]?
covalently grafted mesostructured silicates produced in situ via a sol-gel approach. Reagents and
experimental conditions: 1) HNO3/H,SO4, 160-170°C, 2 h; 2) hydrazine monohydrate, Pd/C 5 %,
ethanol; 3) CHCl;, 80°C, overnight; 4) TEOS, H,O, HCl, ethanol, Ru(bpy),Cl,.
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[Ru(bpy),phen]** portion to the backbone of the silicates via
in situ hydrolysis and condensation in the presence of the com-
plex Ru(bpy),Cl, and tetraethoxysilane (TEOS) under acidic
catalytic conditions. Using this strategy, we have successfully
obtained crack-free and transparent covalently grafted 1,10-
phenathroline functionalized silicates (thin films and bulk xer-
ogels) for oxygen sensors. At the same time, the sol-gel-de-
rived samples were also prepared as mesostructures using the
cetyltrimethylammoniumbromide (CTAB) template-directed
method.**>! The sensitivity properties of our present oxygen-
sensor samples were discussed based on the luminescence in-
tensity quenching. Changes in the sensitivity, Stern—Volmer
plots, and excited-state decays of these samples were also dis-
cussed. The addition of phen-Si results in a more homogeneous
and well-defined distribution of the Ru" complex in the sam-
ples, giving rise to better linear calibration plots.

2. Results and Discussion

By using the phen-Si compound we have succeeded in cova-
lently grafting the [Ru(bpy).phen]** portion to the mesostruc-
tured silicates produced in situ via a sol-gel approach for oxy-
gen sensors. The synthesis procedure of this material is
outlined in Scheme 1.

Successful covalent grafting of 3-(triethoxysilyl)-propyl iso-
cyanate (ICPTES) to silicates can be supported by the Fourier
transform IR (FT-IR) spectrum.**? Patterns (A), (B), and
(C) of Figure 1 show the FT-IR spectra of the modified ligand
phen-Si, the covalently grafted monomer, and the physically
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Figure 1. IR spectra for phen-Si (A), a covalently grafted monomer (B),
and a physically incorporated monomer (C).

incorporated monomer, respectively. In Figure 1A, the spec-
trum of phen-Si is dominated by the v,(Si—-CH,, 1196 cm™)
and v,4(Si—OEt, 1079 cm’l) absorption bands, characteristic of
hydrolyzable trialkoxylsilyl functions. In Figure 1B, the peaks
at 1690, 1554, and 1517 cm™ are the absorption of the urea
groups (NH-CO-NH) from phen-Si. The location and their as-
signments for other absorption peaks are 2979 (v,s, CH,), 2927
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(vs, CH,), and 1500 (6, CH). The absorption band at 1085 cm™!
(vas, Si—O-Si) substantiates the formation of a silica frame-
work. In addition, the peak at 1690 cm™ in the covalently
grafted monomer shows an obvious red-shift (Av=18 cm™)
compared to 1708 cm™ for free phen-Si. The complexation be-
tween Ru(bpy),Cl, and the phen-Si ligand leads to a decrease
in their vibration frequencies, resulting in a red-shift of the
spectra.

The luminescence spectra of mesostructured sol-gel-derived
monomer are shown in Figure 2. The spectra of complex
[Ru(bpy).phen]Cl, dissolved in anhydrous ethanol are also giv-
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Figure 2. Absorption (left) and emission (right) spectra of sol-gel-derived
mesostructured monomer oxygen sensor (solid lines) and complex [Ru-
(bpy)2phen]Cl; in anhydrous ethanol(dashed lines).

en for comparison. The absorption spectrum of [Ru(bpy),-
phen]Cl, shows an intense absorption band at 457 nm and a
shoulder at 425 nm, which are both assigned to the MLCT
(tzg(Ru) — n*(bpy)) transition. The emission maxima observed
at 580-605 nm arises from ligand-to-metal charge-transfer ex-
cited states.[! As shown in Figure 2, the absorption feature of
[Ru(bpy),phen]** entrapped within the TEOS sol-gel thin film
is not significantly different from that observed in ethanol. The
emission maximum wavelength, however, showed a blue-shift
of approximately 14 nm, from 602 to 588 nm, when the com-
plex was immobilized within the solid matrix. This fact can be
explained by the mechanism of so-called “rigidochromism”,
which was originally termed by Wrighton and Morse!™! and
has been discussed by others.*>*345] Rigidochromism arises
because the excited state of the complex is an energetically un-
favorable configuration on initial excitation. In fluid media, the
unrelaxed Franck—Condon excited state can thermally relax to
its energetically most-stable configuration by the surrounding
solvent dipoles, and gets the lowest energy emission from a
relaxed excited state. As the media stiffens, that is, when the
surrounding media experiences sol-to-gel conversion, the ex-
cited state cannot relax within its lifetime and the emission is
from the higher-energy unequilibrated state, which results in a
blue-shift in the emission. The thin film possesses similar char-
acteristics in the luminescence spectra to that of the bulk
monomer.

The performance of an oxygen sensor depends on the struc-
ture of the support to a great extent. For example, a high gas-
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diffusion coefficient is necessary for rapid response; a high lo-
cally effective quenching around the complex molecule is nec-
essary for good sensitivity. The discovery of periodic mesopo-
rous inorganic materials known as Mobil Catalytic Material 41
(MCM-41) characterized by a large surface area and narrow
pore size distribution has opened up new opportunities for
confining close-packed, functionalized molecules within paral-
lel-aligned porous channels. The covalent grafting of complex
molecules into ordered porous MCM-type materials is of im-
portance in a number of areas and a number of interesting
electronic and optical properties have been observed in the
MCM-41 system.!**¢! The MCM-41 matrix is expected to be
an effective support for preparation of oxygen sensors with
excellent performance because of its uniform and nearly paral-
lel porous structure. We previously demonstrated a method to
prepare the surfactant ruthenium(ir) complexes that is used to
synthesize mesostructured materials with a regular, hexagonal
array of variable-pore-size uniform channels.®” In this study,
the oxygen sensor was prepared as mesostructured using the
CTAB surfactant template.[“g’5 1 Figure 3 shows the small-an-
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Figure 3. SAXRD diffraction patterns of the surfactant-extracted sol-gel-
derived mesostructured thin film (F1) and the mesostructured bulk sam-
ple (B1).

gle X-ray diffraction (SAXRD) patterns of the surfactant-ex-
tracted mesostructured thin film and bulk sample. Both the
thin film and bulk samples show three intense broad Bragg
reflections that can be indexed as d;q, d119, and d»gg, which are
characteristic of a highly ordered hexagonal mesostructure.
The presence of these three diffraction peaks indicates that
both the thin film and bulk samples have MCM-41-type archi-
tecture with long-range order. Acid extraction of the CTAB
surfactant template from both samples was achieved without
loss of the hexagonally ordered structure. The value of ay for
bulk xerogel obtained from the SAXRD pattern (ap=2 d;oof
V/3) is higher than that of the thin film, 4.49 and 4.42 nm, re-
spectively. Such difference is similar to that reported by Li
et al.l

Figures 4 and 5 present the typical intensity-based Stern—
Volmer plots for a randomly selected series of two-month-old

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Typical luminescence intensity-based Stern-Volmer plots for the
sol—gel-derived thin films. F1: a covalently grafted mesostructured thin
film; F2: a covalently grafted amorphous thin film; F3: a physically incorpo-
rated mesostructured thin film; and F4: a physically incorporated amor-
phous thin film. The solid lines represent the best fit using the two-site
model.
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Figure 5. Typical luminescence intensity-based Stern-Volmer plots for the
bulk xerogel. B1: a covalently grafted mesostructured bulk xerogel; B2: a
covalently grafted amorphous bulk xerogel; B3: a physically incorporated
mesostructured bulk xerogel; and B4: a physically incorporated amor-
phous bulk xerogel. The solid lines represent the best fit using the two-site
model.

Ru'-doped thin films and bulk xerogels, respectively. The in-
tensity-based Stern—Volmer oxygen-quenching fitting parame-
ters are also tabulated in Table 1. Inspection of these results re-
veals several key points. Firstly, obvious downward curvature is
exhibited in both the physically incorporated amorphous sam-
ples (bulk xerogel and the thin film) without the Si-CH, cova-
lent bond. The origin of this nonlinearity is associated with the
luminophore molecules which are distributed simultaneously
between two or more sites within the sol-gel-derived silicate in
which one site is more heavily quenched than the other. Conse-
quently, the microheterogenous sites exhibit different quench-
ing constants Kgyv and unquenched lifetime 7, values. Several
models have been developed to help explain these results as
previously discussed by Demas and co-workers!*®!14% and
others.!10223435] 1p microheterogenous solid-based oxygen sen-
sors, a two-site model has been found to have excellent ability

Adv. Funct. Mater. 2006, 16, 1883-1891
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Table 1. Intensity-based Stern-Volmer oxygen-quenching fitting parameters for Ru'"-doped bulk xerogels and thin films.

Stern—Volmer model

Two-site model [b]

sampleso/hoo =y i0,067) 7 la] Kowr (0:%7) Koval(0:%) ol ’

F1 5.81 0.0490+0.0008 0.9877 0.1249+0.0062 0.0188+0.0009 0.69+0.04 0.9999
F2 4.28 0.0338+0.0006 0.9879 0.0473+0.0023 0.0017+0.0001 0.971+0.03 0.9994
F3 3.52 0.1681+0.0084 0.0068+0.0003 0.57+0.01 0.9998
F4 2.92 0.2489+0.0124 0.0049+0.0002 0.8240.01 0.9997
B1 14.31 0.1369+0.0023 0.9890 0.0290+0.0014 0.2695+0.0135 0.16+0.02 0.9985
B2 9.25 0.0825+0.0006 0.9979 0.3102+0.0155 0.0581+0.0029 0.32+0.06 0.9992
B3 11.5 0.0061+0.0003 0.4811+0.0241 0.114+0.01 0.9998
B4 7.02 0.0067+0.0003 0.3560+0.0179 0.16%0.01 0.9975

[a] Samples were aged for two months, and when an entry is not given, the Stern—Volmer model is the best model for

the fitting. [b] Terms are from Equation 3. [c] fo1 +fo2=1.

to fit the experiment data 19222458 1y this model, the straight-
line intensity Stern—Volmer equation then becomes

Iy 1
7 - fou foo (3)
14+Ksvipo,  14+Ksvapo,

where fy; values are the fraction of each of the two sites contri-
buting to the unquenched intensity, Kgy; values are the asso-
ciated Stern—Volmer quenching constants for the two sites, and
Do, is the partial pressure of oxygen at 1 atm pressure. In this
case, there are two lifetime components, and the excited life-
time decay analysis may be described by

[(t) =aq exp(—t/rl) +dp CXp(—l/Tz) (4)

where I(f) represents the fluorescence intensity at time #, the
subscripts 1 and 2 denote the assigned lifetime components,
and a; denotes the pre-exponential factors. The weighted mean
lifetime 7, can be calculated by using the following equa-

2
(tm) = Y _ a7,/ Y (S)
P ;

Secondly, all the four covalently grafted bulk xerogels and
thin films show greatly enhanced linear oxygen-quenching
plots. A linear calibration Stern—Volmer plot of an oxygen sen-
sor is very important because it is easy to calibrate and does
not require a multipoint calibration strategy when exposed to
practical application. As is shown in these figures, the Stern—
Volmer oxygen-quenching plots of these covalently grafted
samples appear to deviate very little from single-exponential
plots, especially at low O, concentrations, and they appear
more nearly linear. The downward curvature of the Stern—Vol-
mer plots are fully in line with the behavior of a wide variety of
luminophore-doped sol-gel-derived xerogels,[“’16’22’24’40‘58] and
this kind of downward curvature plot necessitates a model
more complex than a single-species quenched bimolecularly. It
is worth noting that the Demas two-site model!® is enough to
fit the intensity-quenching curves of all these samples. It is not

Adv. Funct. Mater. 2006, 16, 1883-1891

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

surprising given the well-known ability of two exponentials to
give excellent fits to complex decay curves, which are made up
of distribution functions of exponential decays, especially at
the count levels used on most single-photon counting instru-
ments. All these results demonstrate that the microenviron-
ment that surrounds the Ru" molecules changes from being
heterogeneous within the physically incorporated samples to
being more homogeneous within the covalently grafted sam-
ples.

The third feature observed from the Stern—Volmer plots is
that the sensitivities of the covalently grafted samples are high-
er than those of the physically incorporated ones over the oxy-
gen concentration range examined, and the greatest sensitivity
is seen from the mesostructured bulk sample. The higher Kgv
values in the covalently grafted mesostructured samples com-
pared to those in the covalently grafted amorphous samples
indicate that the luminophore is more easily quenched by oxy-
gen. This result can be attributed to the uniform and nearly
parallel porous structure of the MCM-41 support with large
surface areas and narrow pore size distributions. The lumino-
phore confined within the MCM-41 highly ordered parallel-
aligned porous channels have a higher locally effective quench-
ing by O,, resulting in increased sensitivity. Therefore, the Ru"
complex covalently grafted to the network of the modified sili-
cates are located on sites characterized by a higher diffusion
rate that enhances luminescence quenching by oxygen in these
regions. Additionally, in comparison to the xerogel samples,
the spin-coated films have lower fy; values.

Finally, inspection of these figures shows that the error bars
(obtained from triplet samples prepared under the same condi-
tions) associated with the physically incorporated samples are
larger in comparison to the covalently grafted samples. This
result demonstrates that the sample-to-sample reproducibility
is better for the covalently grafted samples.

The aforementioned data reveal that improved sensitivity
and more nearly linear Stern—Volmer plots can be obtained by
the covalent grafting strategy. We attribute these results to the
covalently grafted Si-CH, bond and the highly ordered paral-
lel-aligned porous channels of the support (MCM-41). This
assumption can be further proved by the time-resolved inten-
sity-decay experiments. It has been reported that if the time-re-
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solved intensity decays appear as single exponential, the bind-
ing sites of the Ru** complexes are distributed homogeneously
within the silicates support.[24]

Figure 6 presents the time-resolved intensity-decay curves of
four-month-old Ru"-doped bulk samples. The fitting parame-
ters of these decay curves are summarized in Table 2. These re-
sults clearly show that the time-resolved intensity decay of the
physically incorporated xerogel is at least double exponential.
This is a common behavior for a luminophore doped in a wide
variety of host matrixes. 16243840585 When the Ru! complex is
covalently grafted to the silicates network, the time-resolved
intensity decay traces change from double exponential to single
exponential, resulting in near single-exponential intensity de-
cay curves and linear Stern—Volmer plots (as shown in Figs. 4
and 5). These results are similar to those previously reported
by Bright and co-workers.?! The result of the time-resolved
decay curves is consistent with the Stern—Volmer plots (as
shown in Fig. 5). All these data further indicate that the Ru"!
molecules are distributed more homogeneously within the
covalently grafted samples.

Figure 7 shows the typical dynamic response of the cova-
lently grafted mesostructured bulk sample on exposure to pure
N, and O, atmospheres which was varied periodically. From
these time-dependent measurements, the 95 % response (Z9s,)
and 95 % recovery (tos1) times to an alternating atmosphere of
pure N, and O, can be calculated. These values are defined as
the time taken for a sample to attain 95 % of its total emission
intensity change when the gas is changed from pure N, to pure
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Figure 7. Relative luminescence intensity of the 588 nm emission as a
function of time for a typical covalently grafted [Ru(bpy),phen]** meso-
structured bulk sample subjected to an atmosphere which was varied peri-
odically between pure N, and pure O,.

O, and from pure O, to pure N, respectively. The covalently
grafted mesostructured bulk sample exhibits a fully reversible
response with response (t9s)) and recovery (fos1) values of 4
and ca. 10 s, respectively. The obvious difference in the re-
sponse times can be explained by the mathematical expressions
developed elsewhere by Mills and Chang and Mills and Lepre
to describe the diffusion-controlled dynamic response and
recovery behavior of a hyperbolic-type sensor to changing ana-
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Figure 6. Typical time-resolved intensity decay curves of four-month-old Ru"-doped bulk samples. B1: a covalently grafted mesostructured bulk xerogel;
B2: a covalently grafted amorphous bulk xerogel; B3: a physically incorporated mesostructured bulk xerogel; and B4: a physically incorporated amorphous

bulk xerogel.
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Table 2. Time-resolved intensity decay constants for Ru"-doped bulk xerogel samples [a,b].

Sample Gas a 7 a; [a] 7, [b] <7>[a,b] &
B1 N, 0.92+0.02 1.766x0.001 0.9995
Air 0.50+0.04 0.571+0.002 0.36+0.01 0.13440.002 0.387 0.9994
O, 0.27+0.02 0.208+0.004 0.77+0.02 0.098+0.005 0.127 0.9987
B2 N, 0.79+0.01 1.754+0.002 0.13+0.01 0.217+0.003 1.535 0.9996
Air 0.61+0.02 0.669+0.002 0.294+0.01 0.178+0.003 0.511 0.9993
0O, 0.46+0.02 0.230+0.002 0.48+0.02 0.112+0.004 0.169 0.9983
B3 N, 0.82+0.05 1.275+0.003 0.12+0.02 2.12340.004 1.383 0.9996
Air 0.24+0.02 0.637+0.005 0.70+0.04 0.091+0.009 0.228 0.9918
O, 0.12+0.02 0.309+0.001 0.84+0.01 0.097+0.003 0.123 0.9995
B4 N, 0.83+0.01 1.871£0.002 0.1240.01 0.332+0.003 1.673 0.9997
Air 0.44+0.01 0.759+0.002 0.5240.01 0.146%0.001 0.428 0.9992
O, 0.35+0.03 0.511+0.008 0.61+0.04 0.083+0.005 0.241 0.9981

[a] When an entry is not given, the single-exponential model is good enough for the fitting. The values of thin films spin-
coated on the sodalime silicate glass were not available due to the intrinsic emission of the sodalime silicate glass sup-

port. [b] Terms are from Equation (5).

lyte concentration.[***!l From Figure 7, we can see that the sen-
sor response is stable and very rapid. We attribute the fast re-
sponse to the fact that the covalently grafted Si—~CH, bond and
the highly ordered channels of the mesoporous support
facilitates the high diffusion of gas. Furthermore, stable and
reproducible signals under 457 nm light irradiation can be ob-
tained from the covalently grafted samples (bulk and thin
film), while the physically incorporated samples show drifted
intensities (not shown in Fig. 7), indicating that the covalently
grafted samples are more stable due to the Si—-CH, covalent
bond compared to the physically incorporated samples.

Sensitivity and stability over time are two key analytical
characters of merit for any sensor.”! We have measured the
average sensitivity and response stability of the covalently
grafted mesostructured bulk over four months every 15 days,
and the result reveals that the effect of aging time on the O,
sensor’s average sensitivity and response stability is small
enough to be neglected. The relative standard deviation for the
sensitivity (Io/I) was 1.8 %. However, the sensitivity of the
amorphous physically incorporated sample drifts with time
over four months due to the intrinsic microheterogeneity of
the sol-gel-derived silicates. This type of behavior has been
reported previously.*?*! We speculate that the observed im-
provements in sensor long-term stability and sustained high
sensitivity arise from the increased flexibility that overcomes
the xerogel shrinkage and pores collapse with time due to the
Si-CH, covalent bond.**

Dissolved-oxygen sensing is of great importance in environ-
mental, industrial, and medical applications. One fundamental
but crucial question that remains when this kind of covalently
grafted oxygen sensor is used for the dissolved-oxygen detec-
tion is whether the luminophore leaches into the liquid phase.
For this consideration, complex-leaching experiments were
performed for both the surfactant-extracted covalently grafted
mesostructured and physically incorporated amorphous bulk
samples by soaking them in a dimethylformamide (DMF) solu-
tion at 60°C in a sealed cuvette under magnetic stirring, as
described previously.*”! The complex-leaching investigations
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have revealed that a greatly minimized leaching effect can be
observed for the sol-gel-derived mesostructured bulk sample
incorporating the covalently grafted Ru" complex, in compari-
son to a similar bulk sample incorporating the physically en-
trapped Ru'"" complex. The mesostructured covalently grafted
xerogel retains most of its activity (95 %), whereas the physi-
cally entrapped xerogel shows a 60 % reduction in sensitivity
that is due to the leaching of the entrapped dopants. This result
reveals that the covalent bond between the complex and the
sol-gel matrix can effectively prevent the leaching of dopants,
which is in excellent agreement with the result reported by Li
et al¥”l The large minimization of the leaching is a crucial
aspect for the dissolved-oxygen sensor applications. Work is
currently underway in our laboratory to fully characterize the
dissolved-oxygen sensing properties.

3. Conclusions

We have demonstrated that covalently grafted Ru' complex
mesostructured bulk xerogels and thin films are suitable candi-
dates for an optical oxygen sensor compared to conventional
physically incorporated xerogels. As expected, a remarkable
increase in homogeneity has been realized by covalently graft-
ing the organometallic Ru" complex to the inorganic network
during the sol-gel process using the in situ approach. The
response time is short, due to the mesoporosity of the MCM-41
system. The greatly minimized leaching effect of the sensing
molecule can be observed in the covalently grafted samples.
Furthermore, the covalent Si-CH, bond allows us to extend
this kind of sensor for use in dissolved-oxygen detection, which
is more important in practical applications. Our results suggest
that it should be possible to covalently graft the Ru" complex
onto mesophase silica for oxygen-sensor applications, and cor-
responding mesostructured oxygen sensors show superior
properties to those of amorphous samples. Uniformity, im-
proved sensitivity, and simplified calibration sensors can be
also obtained using the covalent grafting strategy.
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4. Experimental

Chemical Reagents: The ICPTES and the 5% Pd/C catalyst were
purchased from Aldrich (Milwaukee, WI, USA) and used as received.
Anhydrous RuCl; (99.99 %) was obtained from Acros Organics (Geel,
Belgium). The complex bis(2,2"-bipyridyl) ruthenium(ir) chloride dihy-
drate, Ru(bpy),Cl, - 2H,0, was synthesized and purified as described in
the literature [62]. Concentrated HCI, DMF, TEOS, and EtOH were
obtained from Beijing Chemical Company. The water used in our pres-
ent work was deionized. The solvent, DMF, was used after distillation
in a vacuum.

Preparation of phen-Si: The phen-Si was prepared using 5-amino-
1,10-phenanthroline (phen-NH,) and ICPTES as the starting material.
The synthesis of phen-NH, was performed by nitration of 1,10-phenan-
throline in a mixture of concentrated sulfuric acid and fuming nitric
acid, followed by reduction of the nitro derivative with hydrazine over
a 5% Pd/C catalyst. The detailed synthetic procedure of phen-Si has
been described in detail elsewhere [63-65]: phen-NH, (0.200 g;
1.02 mmol) was dissolved in 20 mL chloroform and excess ICPTES
(1.7 mL; 6.37 mmol) was added while the solution was stirred. The ex-
cessive chloroform was removed by evaporation at atmospheric pres-
sure, and the residual mixture was heated at 80°C in a covered flask
for 12 h. Cold hexane was added to precipitate a yellow-white precipi-
tate from the mixture. The final filtered-off precipitate was washed
with several portions of cold hexane and then was purified in methanol,
and dried in vacuo. Elemental analysis for phen-Si (C;,Hs;NsOgSi5):
Calculated: C, 55.71; H, 7.45; N, 10.15%. Found C, 55.6; H, 7.30; N,
10.4%. NMR (CDCl): J 0.52 (m, 4H), 1.13 (t, 18 H), 1.60 (m, 4H),
3.21 (m, 4H), 3.69 (q, 12 H), 7.25 (s, 1H), 7.16 (s, 1H), 7.68 (m, 2H),
7.87 (s, 1H), 8.24 (m, 2H), 9.23 ppm (m, 2 H). IR (KBr, cm™): NH
stretch (3270 cm™), NH-CO-NH stretch (1690, 1554, and 1517 cm™),
Si-CH, (1196 cm™).

Sample Preparation: The in situ process had been proved to be an
excellent approach to incorporate the organometallic complex into var-
ious sol-gel hosts [41,42,47,49]. The present work has the purpose of
preparing mesostructured silicates with a covalently grafted Ru'" com-
plex produced in situ via a sol-gel approach for oxygen sensor. An im-
portant point that needs to be pointed out in our system is that careful
optimization of the processing conditions is necessary to obtain the
mesostructured samples with high quality. This following particular
procedure was chosen because it was representative of TEOS-based
xerogels reported in the literature [18,22-24,33,36,38,49-51]. A pre-hy-
drolyzed solution contains TEOS, ethanol, deionized water, and HCl
(1:3:5x 107%:1, molar ratio) was first prepared by refluxing at 90 °C for
1 h to form the stock solution [50]. A little amount, 2 mL tetrahydrofu-
ran, was added into the pre-hydrolyzed solution in order to solubilize
the phen-Si in the sol more efficiently without disturbing the formation
of the mesostructure of the final silicate products [49-51]. The sol was
stirred for 15 min and then aged at room temperature for another
15 min, followed by an addition of surfactant (CTAB) solution in
EtOH. To this sol was then added the second coupling agent phen-Si
(molar ratio of phen-Si to final SiO, is 0.027) [51] and an additional
amount of water and HCI to increase the concentration of HCI to
7.34 mm. The final molar ratio of constituents was: TEOS/EtOH/H,O/
HCI/CTAB =1:22:5:0.004:0.14. Finally, Ru(bpy),Cl,-2H,0 was added
to the sol and the concentration of the Ru(bpy),>* complex in the sol
was 5 x 10 m with respect to the final precursor solution. The sol was
refluxed for 10 min in a nitrogen atmosphere until the sol color turned
to transparent reddish-orange.

Transparent films were constructed by pippetting 100 puL of the final
sol onto 2.5 cm x 2.5 cm sodalime silicate glass slides and spin-coating
for 30 s at 3000 rpm. Each slide was first cleaned by soaking in 1M
NaOH for 30 min, washed ten times with deionized water and EtOH,
and dried under ambient conditions. The quartz wafers with a thickness
of 1 mm used for UV-vis electronic absorption spectra measurements
were cleaned with 30 % H,O, and concentrated sulfuric acid (3:7 by
volume) at 100°C for 30 min and washed ten times with deionized
water. The as-synthesized film was kept in the dark at ambient condi-
tions (ca. 25 °C) for at least two weeks before any measurement. Adhe-
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sion to the substrate was found to be excellent. The residual sol was
subsequently transferred into a covered cuvette with a few small pores
in its cap and kept at 50 °C for 8-14 days to accomplish their gelation;
in the end, a crack-free silica monolith was obtained. Samples were
prepared in triplicate in order to investigate the batch-to-batch repro-
ducibility.

It should be noted that sufficient aging time is necessary because in-
sufficient ageing time yields a weak network that does not possess the
dimensional stability to withstand the increasing compressive stress
during the solvent-evaporation process [66], and causes macrocracks in
the early drying stage at relatively high temperatures. Also, the rigid
silica network formed after enough aging time is favorable to keep the
highly ordered mesostructure, and too short an aging time would result
in a disordered mesostructure. The result of our present work revealed
that two weeks at 50 °C is long enough for the sol to yield an ordered
mesostructure. The CTAB surfactant was removed by acid/solvent
extraction, using a 1M HCI solution in EtOH. The xerogel powders
were refluxed for 12 h, then filtered and washed with EtOH to remove
the HCI. The isolated product was vacuum-dried at 100 °C for 12 h.
The surfactant extraction of the thin film was performed using the same
method. The extracted films were washed with ethanol and then dried
in vacuo at 50°C for 1 h. For comparison, samples without surfactant
were prepared under the same conditions. At the same time, in order
to carry out the comparative studies of the covalently grafted and con-
ventional physically incorporated [Ru(bpy),phen]CL complexes into
the silicates for oxygen sensors, the samples replacing phen-Si for phen
were prepared under the same conditions.

Instruments and Measurements: The IR absorption spectra were
measured in the range 400-4500 cm™ using an FT-IR spectrophotome-
ter (Model Bruker Vertex 70 FTIR) with a resolution of £4 cm™ using
the KBr pellet technique. The UV-vis electronic absorption measure-
ments were performed with a Shimadzu UV-3000 spectrophotometer.
Films spin-coated on quartz wafers were used for UV-vis electronic
absorption spectra measurements. 'H and 'C NMR spectra were
recorded on a Bruker AC 400 spectrometer. Elemental analyses of car-
bon, hydrogen, and nitrogen were carried out on a 240 Perkin—Elmer
analyzer. The thickness measurements of the spin-coated films were
performed using a variable-angle spectroscopic ellipsometer (Model
601BAM/I-Elli2000, Germanic NFT). The refractive index and thick-
ness were calculated from the simulation parameters based on the Cau-
chy model. The profilometry experiments showed that the as-deposited
film using the above-mentioned procedure was ca. 722.1+0.2 nm.
SAXRD patterns were recorded on a Philips PW 1710 diffractometer
using CuKoa; (4=0.15405 nm) radiation at a 0.02° (26) scanning step.
The luminescent spectra of dried thin films and bulk xerogels were
recorded in an aerated environment using a Hitachi-4500 fluorescence
spectrophotometer.

The sensitivity properties of our present oxygen sensors were dis-
cussed based on the luminescence intensity quenching instead of the
excited-state lifetime because it is hard to obtain the precise excited-
state lifetime value with a conventional flashlamp-based time-corre-
lated photon counting system. Optical oxygen sensors based on lumi-
nescence intensity in the sol-gel films and xerogel powders were
characterized using the same Hitachi F-4500 fluorescence spectropho-
tometer. The emission spectra of different samples were obtained
under excitation by the peak of the visible MLCT transition, and the
excitation spectra were monitored at their maximum emission.

For the Stern—Volmer plot measurements, 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, concentrations to ensure that a new equilibrium
point had been established. Equilibrium was evident when the lumines-
cence intensity remained constant (2 % ). The sensor-response curve
was obtained using the same method.

The time-resolved intensity decay measurements were carried out
on the bulk xerogels using a Nd:YAG (neodymium yttrium aluminum
garnet) laser system (Spectra Physics). The line width, repetition fre-
quency, and pulse duration of the laser light were 1 cm™, 10 Hz, and
10 ns, respectively. Owing to the interference from the excitation
source, geometrical considerations resulted in a sample orientation of
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90°, to remove reflected and scattered excitation from entering the
detector. A glass filter allowing light of wavelength >550 nm was
placed between the sample and the monochromator to eliminate stray
room and pump light. N, and O, gas was delivered to the sealed gas
chamber in exactly the same manner as described above for the Stern—
Volmer plot measurements. The maximum emission was set at 588 nm
and the luminescence generated was detected using a photomultiplier.
The signal was relayed through a 50 Q termination plug that was
passed into a digital phosphor oscilloscope (Tektronix, Beaverton, Ore-
gon, US; Model TDS 3052) that was used to resolve the lifetime decay
curves. All measured lifetimes presented were averaged 2400 times.
The electronically excited-state decay time profiles were subsequently
stored and analyzed using Origin 7.5. All measurements were per-
formed at ambient temperature (23%5 °C).
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