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ABSTRACT: In this paper, the fabrication, characterization,
and application in oxygen sensing are reported for a novel
multifunctional nanomaterial of [Ru(bpy)2phen-MMS] (bpy,
2,2′-bipyridyl; phen, phenathrolin) which was simply prepared
by covalently grafting the ruthenium(II) polypyridyl com-
pounds into the channels of magnetic mesoporous silica
nanocomposites (MMS). Scanning electron microscopy,
transmission electron microscopy, Fourier transform infrared
spectroscopy, X-ray diffraction, N2 adsorption−desorption, a
superconducting quantum interference device, UV−vis spec-
troscopy, and photoluminescence spectra were used to
characterize the samples. The well-designed multifunctional
nanocomposites show superparamagnetic behavior and
ordered mesoporous characteristics and exhibit a strong red-orange metal-to-ligand charge transfer emission. In addition, the
obtained nanocomposites give high performance in oxygen sensing with high sensitivity (I0/I100 = 5.2), good Stern−Volmer
characteristics (R2 = 0.9995), and short response/recovery times (t↓ = 6 s and t↑ = 12 s). The magnetic, mesoporous,
luminescent, and oxygen-sensing properties of this multifunctional nanostructure make it hold great promise as a novel
multifunctional oxygen-sensing system for chemical/biosensor.

■ INTRODUCTION

In recent years, the development of multifunctional nanoma-
terials with fantastic physical, chemical, and biological proper-
ties has become an attractive research topic, demonstrating high
potential in biomedicine, catalysis, energy conversion, water
treatment adsorbents, and so on.1−8 Those composite nano-
materials with well-defined core−shell structures have been
extensively explored to realize the combination of respective
character of each component or achieve cooperatively
enhanced performance.9−15 In particular, as a family of novel
advanced nanomaterials, magnetic nanocomposites with
ordered mesoporous silica structures have gained much
attention due to their combination of attractive properties as
follows.16,17 First, their magnetic properties make it simple to
realize targeting separation by external magnetic field, which are
very useful for various applications, such as site-specific delivery,
magnetically controllable on−off reactions, and convenient
recycling of magnetic carriers. Second, their stable mesoporous
structures, large surface areas, tunable pore sizes, and volumes
are suitable for hosting molecules with various sizes, shapes,
and functionalities, making them ideal candidates as nano-

reactors for various applications. So far, to improve their
performance in practical applications, considerable effort has
been devoted to enhance magnetic response and surface area,
as well as the development of magnetic silica nanocomposites
with new functionalities by addition of other functional
nanomaterials. However, most of the reports focused on the
drug delivery application18−22 or use as water treatment
adsorbents,23−27 and rare works emphasized designing
magnetic mesoporous materials with multiple functionalities
for sensors,28,29 especially for oxygen sensing.
As well-known to all, oxygen is ubiquitous in nature and

essential for almost all living systems. The determination of
oxygen concentration in gaseous samples, aqueous samples, and
biological fluids is essential for a variety of applications ranging
from life sciences to environmental sciences. Optical sensing
materials are particularly well suited to detecting oxygen in
environmental analysis because of their accurate detection of
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pollutants without control of the experimental environment or
the use of fairly sophisticated equipment.30 The concept of an
optical sensor will be enhanced by the incorporation of
magnetic mesoporous nanocomposites: the magnetic property
of the sensor enables it to congregate at a distinct spot and
consequently to guide it to a desired position within the
measurement setup.31,32 Thereby, the signal intensity is
increased because fewer sensor particles were required to
achieve the signal intensity of dispersed sensor particles and
optical interferences with the medium are reduced. Moreover,
the mesoporous structure of such optical sensors provides an
amplified target−receptor interface, making them desirable for
sensing applications. In addition to the supporting material, the
oxygen probe is also vitally important for oxygen sensing
performance. Many luminescent dyes have been tested as
oxygen-sensing probes. Among them, ruthenium(II) polypyr-
idyl compounds have been frequently utilized as the most
useful oxygen-sensitive dyes, owing to their very desirable
features in terms of their highly emissive MLCT state, long
excited-state lifetimes, large Stokes shift, and high photo-
chemical stability, for the purpose of oxygen sensing.33

Herein, we report, for the first time, multifunctional magnetic
mesoporous microspheres for oxygen sensing possessing
nonporous silica-protected magnetite spheres as the core and
ordered mesoporous silica as the shell and being further
functionalized by covalently grafting ruthenium(II) polypyridyl
compounds as the oxygen-sensitive indicator inside the
mesoporous shell. The morphological, structural, textural,
magnetic, luminescent, and oxygen-sensing behaviors of these
nanocomposites have been demonstrated and discussed.

■ EXPERIMENTAL SECTION
Materials. Ferric trichloride, anhydrous sodium acetate, ethylene

glycol, anhydrous ethanol, concentrated ammonium aqueous solution
(28 wt % NH3), tetraethoxysilane (TEOS), cetyltrimethylammonium
bromide (CTAB), and concentrated HCl were purchased from
Shanghai Chemical Co. (Shanghai, China). The solvent dichloro-
methane (CHCl3) and toluene were used after desiccation with
anhydrous calcium chloride. The solvent N,N-dimethylformamide
(DMF) was used after distillation in a vacuum. 3-(Triethoxysilyl)-
propyl isocyanate (TESPIC, Aldrich), anhydrous RuCl3 (Aldrich,
99.99%), and the 5% Pd/C (Aldrich) were used as received. 1,10-
Phenanthroline monohydrate was obtained from Beijing Fine
Chemical Co. (Beijing, China). The complex bis(2,2′-bipyridyl)
ruthenium(II) chloride dehydrate, Ru(bpy)2Cl2·2H2O, and 5-amino-
1,10-phenanthroline (phen-NH2) was synthesized and purified as
described in the literature.6,34 Analytical-grade solvents and com-
pounds were used for preparations. The water used in our present
work was deionized.
Synthesis of Magnetic Mesoporous Silica Nanocomposites

(Denoted as MMS). The spherical magnetic particles were prepared
through a solvothermal reaction according to the literature.23 Then,
the MMS were synthesized as follows: Fe3O4 nanoparticles (0.05 g)
were treated with ethanol (20 mL) under ultrasonication for 30 min
and well-dispersed in a mixture of ethanol (20 mL), deionized water
(10 mL), and concentrated ammonia solution (500 μL, 28 wt %).
Then 30 μL of TEOS was added dropwise to the solution. After being
mechanically stirred for 6 h at room temperature, the products were
centrifuged, washed repeated with ethanol and distilled water, and
then redispered in a mixed solution containing of CTAB (0.15 g),
deionized water (40 mL), concentrated ammonia solution (600 μL, 28
wt %), and ethanol (30 mL). The resulting solution was stirred for 30
min. After that, 400 μL of TEOS was added dropwise to the above
reaction solution while it was being stirred vigorously. The solution
was stirred for 6 h at room temperature. The product was collected,
washed with ethanol and deionized water several times, and dried in

vacuum at 80 °C overnight. The above coating process was repeated
twice. To remove the CTAB, 5 mL of concentrated HCl was added to
the dispersion of the product in ethanol (100 mL) and the mixture was
vigorously stirred for 24 h. FT-IR analysis (see Supporting
Information, Figure S1) shows the as-synthesized and surfactant-
extracted MMS, indicating that the templates were successfully
removed. The extraction was repeated three times.

Synthesis of Magnetic Mesoporous Silica Nanocomposites
Covalently Bonded with Ru(II) Complex [Denoted as Ru-
(bpy)2phen-MMS]. Phen-Si was synthesized by the reaction of phen-
NH2 and TESPIC in CHCl3 according to according to our previous
report.35 Then, the Ru(bpy)2phen-MMS were synthesized as follows:
First, phen-Si and activated MMS (1:1 mass ratio) were suspended in
anhydrous toluene (50 mL) and stirred under reflux in N2 atmosphere
for 48 h. Then, the precipitate was filtered and adequately washed
several times with toluene to rinse away any surplus phen. After that,
phen-functionalized magnetic mesoporous silica nanocomposites were
soaked in an excess of the Ru(bpy)2Cl2·2H2O ethanol solution while
being stirred. The mixture was refluxed for 24 h and recovered by
filtration. The resulting products were washed with ethanol and
acetone completely to remove the excess Ru(bpy)2Cl2·2H2O and dried
at room temperature under vacuum for 24 h.

Characterization. The morphologies and composition of the as-
prepared samples were inspected on a field emission scanning electron
microscope (SEM, S4800, Hitachi) equipped with an energy-
dispersive X-ray spectrum (EDS, JEOL JXA-840). Transmission
electron microscopy (TEM) images were taken with a JEM-2010
transmission election microscope (JEOL). Fourier-transform infrared
(FT-IR) spectra were collected on a Nicolet Fourier spectropho-
tometer using KBr pellets. Powder X-ray diffraction (XRD) patterns
were recorded on a Bruker D4 X-ray diffractometer with Ni-filtered Cu
K radiation (40 kV, 40 mA). The nitrogen adsorption and desorption
isotherms were measured at 77 K by using a Nova l000 analyzer.
Before measurements, the samples were degassed in a vacuum at 373
K for 4 h. Surface areas were calculated by the Brunauer−Emmett−
Teller (BET) method, and the pore volume and pore size distributions
were calculated using the Barrett−Joyner−Halenda (BJH) model.
Magnetization measurements were performed on a MPM5-XL-5
superconducting quantum interference device (SQUID) magneto-
meter at 300 K. Thermogravimetric analysis (TGA) was performed on
2 mg of samples using a Perkin-Elmer thermal analyzer. The samples
were heated from 40 to 600 °C at a heating rate of 10.0 °C min−1. A
10 mL min−1 flow of dry nitrogen was used to purge the sample all the
time. The oxygen-sensing properties of the obtained samples were
discussed on the basis of the photoluminescence intensity quenching
instead of the excited-state lifetime because it is hard to obtain the
precise excited-stated lifetime values under quenched conditions.
Ru(bpy)2phen-MMS were characterized using the same Hitachi F-
4500 fluorescence spectrophotometer. For measurement of the Stern−
Volmer plot, 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 N2/O2 concentration to ensure that a new equilibrium point had
been established. The time-scanning curves were obtained using the
same method. All spectroscopic measurements were performed in at
least triplicate.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Ru(bpy)2phen-
MMS. The synthetic procedure for Ru(bpy)2phen-MMS and
the chemical structure of the ruthenium(II) complex are
presented in Scheme 1. As revealed by SEM images, the
magnetite particles prepared via a robust solvothermal reaction
are uniform with a mean diameter of ∼200 nm. All particles are
nearly spherical with rough surfaces (Figure 1a). After the
coating of nonporous silica through the sol−gel approach and
further deposition of mesoporous silica on the surface of the
magnetic core, the obtained MMS retain the morphological
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feature of pure Fe3O4 particles except for having a much
smoother surface and larger particle size of ∼450 nm (Figure
1b). In the wide-angle XRD measurement (see Supporting
Information, Figure S2), the MMS microspheres have
diffraction peaks similar to those of the parent Fe3O4 particles,
proving the well-retained magnetite phase in silica matrix. The
structural features of the samples were further examined by
TEM images. As shown in Figure 1d,e, a typical sandwich
structure with a magnetite core, a nonporous silica layer in the
middle, and an ordered mesoporous silica phase in the outer
layer can be clearly observed. Furthermore, the mesopore
channels are found to be perpendicular to the microsphere
surface (Figure 1e, inset). In Ru(bpy)2phen-MMS, the
nonporous silica layer isolates the magnetic core from the
outer-shell encapsulated dye molecules to prevent lumines-
cence quenching. The highly open mesopore in the outer layer
favors the access of O2, serving as nanoreactors, and also acts as
the supporting host of luminescent probes. As for Ru-
(bpy)2phen-MMS (Figure 1c), the morphological features are
much similar to those of MMS, suggesting that the
functionalization has little influence on the spherical morphol-
ogy. The successful covalent-grafting of the ruthenium(II)
complex to MMS can be supported by the FT-IR spectra (see

Supporting Information, Figure S3). Compared to the FT-IR
spectrum of MMS, the spectrum of Ru(bpy)2phen-MMS
exhibits several new bands at 1690, 1548, and 1517 cm−1,
which are assigned to the absorption of urea groups (NH−
CO−NH) originating from phen-Si.35,44 The emergence of a
series of bands at 2975, 2929, and 2880 cm−1 is due to the
vibrations of methylene [−(CH2)3−], which comes from phen-
Si as well.36 Moreover, energy-dispersive X-ray (EDX) analysis
also indicates the presence of Fe, Si, and Ru (see Supporting
Information, Figure S4). The content of ruthenium(II)
complex in MMS was measured to be about 0.218 mmol g−1,
as calculated by the TGA measurement result (see Supporting
Information, Figure S5).
Low-angle XRD pattern of MMS displays three well-resolved

diffraction peaks assigned to 100, 110, and 200 reflections of an
ordered 2D mesopore symmetry (Figure 2). Ru(bpy)2phen-

MMS show a similar pattern, suggesting that the hexagonal
structure of MMS is well-preserved after functionalization.
However, Ru(bpy)2phen-MMS exhibits a different diffraction
intensity compared with that of MMS. This may be attributed
to a reduction in the X-ray scattering contrast between the silica
walls and pore-filling material, which also provides evidence
that grafting occurs inside the mesopore channels.37−39 The N2
adsorption/desorption isotherms (Figure 3) for both MMS and
Ru(bpy)2phen-MMS are of typical IV-type isotherms according
to the IUPAC classification,40 which indicates the presence of

Scheme 1. Synthesis Procedure for the Functionalized
Material Ru(bpy)2phen-MMS

Figure 1. SEM images of (a) pure Fe3O4, (b) MMS, and (c)
Ru(bpy)2phen-MMS and TEM images of (d and e) MMS and its
magnified view (inset of e).

Figure 2. Low-angle XRD pattern of MMS (black line) and
Ru(bpy)2phen-MMS (red line).

Figure 3. The nitrogen adsorption−desorption isotherms of (a) MMS
and (b) Ru(bpy)2phen-MMS. The inset shows the pore size
distribution curve of (a) MMS and (b) Ru(bpy)2phen-MMS.
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textual mesopores. The inflection position of Ru(bpy)2phen-
MMS shifts slightly toward lower relative pressure, and the
volume of nitrogen adsorbed decreased with functionalization,
suggesting a reduction in pore size. As expected, the BET
surface area is calculated to be 676 m2 g−1 for MMS but
decreases to 464 m2 g−1 for the functionalized material of
Ru(bpy)2phen-MMS. Correspondingly, the pore volume
shrinks to 0.25 from 0.46 cm3 g−1 for the parent material of
MMS. The pore size distribution decreases from 2.7 to 2.4 nm
as well (Figure 3 inset). Despite the above-mentioned changes
of surface area, pore volume, and pore size, both XRD and N2
adsorption/desorption isotherms demonstrate that the hex-
agonal arrangement of the mesopore is not crushed during the
grafting process, and its suitability as nanoreactor for sensing
oxygen is consequently expected to be preserved.
Magnetization features, as shown in Figure 4a, are measured

on powder samples of pure Fe3O4, MMS, and Ru(bpy)2phen-

MMS at room temperature. All samples exhibit a super-
paramagnetic behavior, as shown by the hysteresis loops. No
remanence or coercivity was detected due to the fact that the
particles are composed of ultrafine magnetite nanocrystals.27

The saturation magnetization values of Fe3O4, MMS, and
Ru(bpy)2phen-MMS are 78.8, 40.1, and 39.5 emu/g,
respectively. The multifunctional microspheres can quickly
respond to external magnetic field due to its magnetite content.
Figure 4b illustrates the separation and redispersion process of
Ru(bpy)2phen-MMS under UV irradiation. It can be observed
that the solution is homogeneous and bright red-orange
without external magnetic field. Once a magnet is placed
beside the vial, Ru(bpy)2phen-MMS microspheres accumulate
near it within several minutes, leaving the solution clear and
transparent. With removal of external magnetic field, Ru-
(bpy)2phen-MMS microspheres can be redispersed quickly and

homogeneously by shaking and ultrasonic vibration. These
results indicate the suitability for magnetic separation and
targeting.

Optical Properties of Ru(bpy)2phen-MMS. The UV−vis
absorption spectra of MMS, Ru(bpy)2phen-MMS, and the
ruthenium(II) complex are shown in Figure 5a. The absorption

spectrum of Ru(bpy)2phen-MMS shows two intense absorp-
tion bands centered at ca. 285 and 400−500 nm, which are
assigned to the ligand (π → π*) transition of Phen and the
MLCT(t2g(Ru)→ π*(bpy)) transition, respectively.41 Com-
pared to those of the pure ruthenium(II) complex and MMS, it
can be observed that the absorption feature of Ru(bpy)2phen-
MMS entrapped within the multifunctional nanomaterial is not
significantly different from that observed in ethanol solution,
indicating that there is almost no interaction between the
complex and the MMS in the energetic ground state.
The emission spectra of MMS, Ru(bpy)2phen-MMS, and the

pure ruthenium(II) complex are presented in Figure 5b. MMS
are found to be nonemissive upon excitation. On the contrary,
Ru(bpy)2phen-MMS display a broad band at 588 nm arising
from ligand-to-metal charge-transfer excited state, showing a
blue shift of approximately 6 nm, from 594 to 588 nm,
compared to that of the pure ruthenium(II) complex. Such a
blue shift can be explained by the suppression of the vibrational
deactivation and the restriction on the mobility of the Ru(II)
complex in the excited state due to the rigidity of the silica
matrix.42,43 This so-call “rigidochromism” is fully in line with
the behavior of the Ru(II) assembled mesostructured silica.35

The well-dispersed ethanol solution of multifunctional nano-
particles exhibits a strong red-orange emission under UV

Figure 4. (a) The magnetic hysteresis loops of pure Fe3O4 (black
line), MMS (blue line), and Ru(bpy)2phen-MMS (red line). (b) The
separation−redispersion process of Ru(bpy)2phen-MMS under UV
light.

Figure 5. (a) UV−vis absorption and (b) emission spectra of MMS,
Ru(bpy)2phen-MMS, and complex [Ru(bpy)2phen]Cl2 in anhydrous
ethanol.
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irradiation and can be targeted to specific locations by external
magnetic field, which, in this case, can be easily monitored
through the intense luminescence of the multifunctional
nanomaterial (Figure 4b). The solution was centrifuged, and
the luminescence intensity of the supernatant was monitored
on different days. A negligible amount of luminescence was
obtained in the supernatant compared to the Ru(bpy)2phen-
MMS. No obvious dye leakage was observed because the dyes
were covalently linked to the silica matrix.
Oxygen-Sensing Performance of the Ru(bpy)2phen-

MMS. In order to evaluate the oxygen-sensing performance of
Ru(bpy)2phen-MMS, the emission spectra under different O2
concentrations were recorded at room temperature. As shown
in Figure 6, the maximum emission peak of Ru(bpy)2phen-

MMS centers at about 588 nm, which originated from the
MLCT transition, and the relative luminescence intensity
decreases as oxygen concentration increases. This kind of
optical oxygen-sensing material mainly operates on the
principle that molecular oxygen is a powerful quencher to the
low-lying MLCT excited states of dye molecules.44 The
quenching process of Ru(II) complex by O2 can be described
as follows:

* + → + *Ru(II) O Ru(II) O2 2 (1)

where Ru(II) denotes the complex and “*” denotes the excited
state. Typically, oxygen quenching is diffusion-controlled and
can be interpreted by the following Stern−Volmer relationship
in homogeneous medium with single-exponential decay:

= +I I K/ 1 [O ]0 SV 2 (2)

where I is the luminescence intensity of the luminophore, the
subscript 0 denotes the absence of oxygen, KSV is the Stern−
Volmer constant, and [O2] is the oxygen concentration. A plot
of I0/I versus oxygen concentration should give a straight line
relationship with a slope of KSV and an intercept of 1 on the y-
axis. The Stern−Volmer plot of our sample exhibits linearity
(R2 = 0.9978) over the oxygen concentration range (10−100%
O2) with a detection limit of 1.89% O2 (see Supporting
Information, Figure S6). However, from the view of the full
oxygen concentration rage (0−100% O2), the typical intensity-
based Stern−Volmer oxygen-quenching plot for our multifunc-
tional nanomaterial shows an obvious downward curvature at
low O2 concentrations, as shown in Figure 7. It is more
frequent that the distribution of luminescence species in the
solid matrix is heterogeneous on a microscopic scale, especially

in the sol−gel-derived solid silicates matrixes,35 and this
complexity may consequentially result in obscure sensor
response and nonlinear Stern−Volmer quenching curves. The
postsynthetic treatment method is used to prepare the
covalently grafted sample in our synthesis procedures. In this
case, it is hard to ensure that each phen group from phen-Si can
complex with [Ru(bpy)2]

2+, and this may lead to the
microheterogeneous Ru(II) distribution. Arising of a nonlinear
Stern−Volmer plot can be explained by the fact that
luminophores are distributed simultaneously between two or
more sites, in which one site is more heavily quenched than the
other. Consequently, the ideal eq 2 used in the ideal
homogeneous environment is not suitable because the different
microheterogeneous sites exhibit different quenching constants
KSV. In this case, the ideal eq 2 can be recast as

=
++ +

I
I

1
f

K p

f

K p

0

1 1
01

SV1 O2

02

SV2 O2 (3)

where f 0i values are the fraction of each of the two sites
contributing to the unquenched intensity and KSVi values are
the associated Stern−Volmer quenching constants for the two
sites. Equation 3 is the familiar Demas “two-site” model that
has proved to have an excellent ability to describe the nonlinear
Stern−Volmer quenching curves.45,46 Good Stern−Volmer
characteristics (R2 = 0.9996) are obtained by the Demas two-
site model. The intensity-based Stern−Volmer oxygen-quench-
ing fitting parameters are also listed in Figure 7. A sensor with a
I0/I100 of more than 3.0 is a suitable oxygen sensing device.47,48

The value of I0/I100 of our multifunctional material observed
from the Stern−Volmer plots achieves 5.2, and it is suitable for
optical oxygen sensing in practical application.
For oxygen-sensing materials, short response and recovery

times are very important in practical applications, especially for
the continuous determination of oxygen concentration in
situations such as medical condition monitoring and industrial
process monitoring. Figure 8 shows the typically dynamic
response of the multifunctional nanocomposites when exposed
periodic switching between pure N2 and pure O2 atmospheres.
It can be clearly observed that our nanomaterial exhibits a fully
reversible response under periodically switching atmosphere.
From the time-dependent measurement, the response (t↓) and
the recovery (t↑) times can be calculated. These values are
defined as the time taken for a sample to attain 95% of its total
emission intensity change (increase or decrease) when the

Figure 6. Emission spectra of Ru(bpy)2phen-MMS under different
oxygen concentrations. Excitation at 468 nm.

Figure 7. Typical luminescence-intensity-based Stern−Volmer plot for
Ru(bpy)2phen-MMS.
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atmosphere is changed. The response and the recovery time
values of our sample are 6 and 12 s, respectively, which are
shorter than those oxygen sensing materials based on bulk
mesoporous silica materials.44 This short response and recovery
time not only comes from the highly ordered channels of
Ru(bpy)2phen/MMS but is also attributed to the greater
contact area originating from the high surface-to-volume ratio,
both of which favor the high diffusion of oxygen. It is found
that the recovery time is longer than the response time, which
can be explained by the mathematical expressions developed
elsewhere by Mills et al. to describe the diffusion-controlled
dynamic response and recovery behavior of a hyperbolic-type
sensor to changing analyte concentration.49,50

■ CONCLUSION
In summary, we demonstrate a successful synthesis of
multifunctional Ru(bpy)2phen-MMS microspheres with well-
defined core−shell nanostructures for oxygen sensing by a
simple solution-based method. The as-prepared core shell-
structured material possesses high magnetization saturation,
ordered hexagonal mesopores, and high MLCT emission
intensity. Furthermore, the luminescence of the well-designed
microspheres multifunctional microspheres can be extremely
quenched by increasing concentrations of oxygen with high
sensitivity and rapid response/recovery time. A good Stern−
Volmer characteristic between the luminescence intensity of
Ru(bpy)2phen-MMS and the concentration of oxygen is
constructed. Therefore, this multifunctional nanostructure
could be a promising candidate as a novel oxygen-sensing
system for measuring the oxygen concentration in biological
and environmental samples. The design concept for such
multifunctional nanomaterial can be extended to the fabrication
of other nanosystems with integrated and enhanced properties
for various advanced applications, such as chemical/biosensor
and nanoelectronics.
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