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Photoluminescent and oxygen sensing
properties of core–shell nanospheres based
on a covalently grafted ruthenium(II) complex
Shuli Wanga, Bin Lia∗, Liming Zhangb, Lina Liub and Yinghui Wangb

SiO2 nanospheres coated with silica chemically doped with a ruthenium complex [Ru(Bphen)2Phen–Si]Cl2 (denoted as Ru, there
Bphen = 4,7-diphenyl-1,10-phenanthrolin, Phen–Si = modified 1,10-phenathroline) were prepared using a simple solution-
based method. Field-emission scanning electron microscopy (FE-SEM) showed that the pure SiO2 nanospheres with a mean
diameter of ∼185 nm were successfully coated with Ru complex–chemically doped SiO2 shell with a thickness of ∼45 nm. The
obtained core-shell nanosphere materials exhibited bright red triplet metal-to-ligand charge transfer (3MLCT) emission, and
their photoluminescent intensity was sensitive to oxygen concentration. These properties make them promising candidates for
biomarkers and optical oxygen sensors, which can measure the O2 concentration in biological fluids. Copyright c© 2010 John
Wiley & Sons, Ltd.
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Introduction

Functional nanostructured and nanocomposite materials have
received much attention.[1 – 6] The determination of oxygen con-
centration is critical for the existence of life. Recent interest in
methods for measuring O2 has been mainly focused on optical
sensors due to their advantages over conventional amperometric
electrodes in that they are faster, do not consume oxygen and are
not easily poisoned.[7 – 10] Many luminescent dyes have been tested
as oxygen sensing probes. Among them, ruthenium(II) complexes
are one of the most widely used due 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.
However, they have inherent limitations, such as triplet–triplet
self-quenching. To avoid this, it is necessary to find matrices for
Ru(II) complexes.[11,12] Among these matrices, considerable efforts
have been paid to silica nanospheres since silica is nontoxic and
highly biocompatible.[13 – 15] The encapsulation of fluorescent dyes
in SiO2 nanospheres often increases their photostability and emis-
sion quantum yield due to the isolation from possible quenchers.
Besides, the surface of SiO2 contains free silanol groups, which can
react with appropriate drug functional groups, and are easily func-
tionalized and modified with amines, thiols and carboxyl groups,
facilitating the linking of biomolecules such as biotin and avidin.[16]

In this paper, we prepared Ru(II) complex covalently immo-
bilized onto silica nanospheres surface layer (SiO2@Ru) using
the Stöber method, which is simple and carried out in an
ethanol–water mixture, completely avoiding the use of poten-
tially toxic organic solvents and surfactants.[17] Furthermore, slight
modification of the ammonia and water contents in the reac-
tion mixture results in shells with different thicknesses.[18] The
Stern–Volmer plots of SiO2@Ru show good linearity at concentra-
tions of oxygen ranging from 0 to 60%, which endow this kind of
nanospheres with the potential to measure the O2 concentration
in biological fluids.

Experimental Section

Materials and Synthesis

Anhydrous RuCl3 (99.99%) was obtained from Acros Organics
(Geel, Belgium). 3-(Triethoxysilyl)propyl isocyanate (TEPIC) and
the 5% Pd–C catalyst were purchased from Aldrich (Milwaukee,
WI, USA). The complex Ru(Bphen)2Cl2 · 2H2O was synthesized and
purified as described in the literature.[19] NH3·H2O, tetraethoxysi-
lane (TEOS), hexane, chloroform and ethanol were obtained from
Beijing Chemical Company. The water used in our present work
was deionized.

The synthesis of the nanocomposite materials is shown in Fig. 1.
SiO2 nanospheres were first prepared following the well-known
Stöber method. Then TEOS together with Ru complex hydrolyzed
on the surface of SiO2 to form nanospheres with a covalently
linked Ru(II) complex.

Preparation of Phen–Si

The Phen–Si was prepared using 5-amino-1,10-phenanthroline
(Phen–NH2) and TEPIC as the starting materials.[20] The synthesis
of Phen–NH2 was performed by nitration of 1,10-phenanthroline
in a mixture of concentrated sulfuric acid and fuming nitric acid,
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Figure 1. Schematic diagram of the synthetic procedure.

followed by reduction of the nitro derivative with hydrazine over a
5% Pd–C catalyst. Their identities were confirmed by 1H NMR and
elemental analysis. 1H NM (300 MHz, CDCl3) δ (ppm): 9.23 (m, 2 H),
8.24 (m, 2 H), 7.86 (s, 1H), 7.67 (m, 2 H), 7.16 (s,2 H), 3.69 (quartet,
12H), 3.21 (m, 4H), 1.60 (m, 4H), 1.13(t, 18H), 0.52(m,4H). Elemental
analysis: calculated for C32H51N5O8Si2: C, 55.70; H, 7.45; N, 10.15%.
Found C, 55.89; H, 7.34; N, 10.20%.

Preparation of [Ru(Bphen)2Phen–Si]Cl2

The complex Ru was synthesized by modifying a reported
procedure.[21] A mixture of Ru(Bphen)2Cl2 and Phen–Si in
anhydrous ethanol was refluxed for 8 h in a nitrogen atmosphere
to give a transparent deep red solution, indicating that the
complexation reaction between Phen–Si and Ru(Bphen)2Cl2 had
finished. The molar ratio of Phen–Si to Ru(Bphen)2Cl2 was 1.02 : 1.
Finally the ethanol was rotary evaporated off and the residue was
recrystallized by vapor diffusion of diethyl ether into its ethanol
solution and dried in a vacuum.

Synthesis of luminescent nanocomposite materials

The synthesis of highly monodisperse SiO2 spheres was carried out
following the well-known Stöber method, that is, TEOS hydrolyzed
in an ethanol solution containing water and ammonia.[22] The
nanospheres were dispersed in absolute ethanol. In a typical
synthesis, a solution of 160 ml absolute ethanol and 15 ml water
was added into the above solution, then 0.20 ml TEOS and
sample Ru complex (200 mg g−1 SiO2) were added to the solution.
The solution was put into an ultrasonic bath for 2 h at room
temperature. Finally the product was collected, washed and dried.
The obtained luminescent nanocomposite materials were labeled
as sample SiO2@Ru.

Measurements

Field-emission scanning electron microscopy (FE-SEM) images
were measured on a Hitachi S-4800 microscope. The IR absorption

spectra were measured in the range 400–4000 cm−1 using an
FT-IR spectrophotometer (model Bruker Vertex 70 FT-IR) with
a resolution of ±4 cm−1 using the KBr pellet technique. The
powder samples were dispersed in absolute ethanol by ultrasonic
to form a uniform suspension for the measurements of the
UV–vis absorption spectra, which were performed on a UV-
3101PC UV–vis–NIR scanning spectrophotometer (Shimadzu)
at room temperature. The photoluminescent emission spectra
were recorded at room temperature with a Hitachi F-4500
spectrophotometer equipped with a continuous 150 W Xe-arc
lamp. The fluorescence was measured by a UV-Lab Raman Infinity
(Jobin Yvon) with a resolution of 2 cm−1. In the fluorescence
dynamics measurements, a 355 nm light generated from the
Nd3+ – YAG laser combined with a fourth-harmonic generator
was used as the pump, with a repetition frequency of 10 Hz
and pulse duration of 10 ns. A two-channel Tektronix TDS-
3052 oscilloscope was used to record the fluorescence decay
curves. 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. The oxygen-sensing properties based on luminescence
intensity quenching of sample Ru complex 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.

Results and Discussion
Structure and Morphology

Figure 2 shows the SEM images of the SiO2 and SiO2@Ru
nanospheres. The SiO2 nanospheres with a mean diameter of
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(a) (b)

Figure 2. SEM images of SiO2 nanospheres (a) and sample SiO2@Ru (b).

Figure 3. The fluorescence image of sample SiO2@Ru in solid state
(magnified four times).

∼185 nm were uniform and monodisperse, making possible the
next coating procedure. The obtained nanospheres SiO2@Ru had
a mean diameter of ∼230 nm, indicating that SiO2 nanospheres
were successfully coated with Ru complex complex–chemically
doped SiO2 shell with a thickness of ∼45 nm. The thickness of
shell could be altered by changing the TEOS concentration. The
fluorescence image of sample SiO2@Ru shows bright red emission
of Ru(II) complex arising from the MLCT excited state (as shown in
Fig. 3).

FT-IR Spectra

Figure 4 shows that complex Ru has been covalently grafted to
the silica nanoparticals using the double-role Phen–Si compound,
as a second ligand for Ru(Bphen)2Cl2. In the IR spectrum of
Phen–Si, the peaks located at 1653 and 1541 cm−1 correspond
to the –CONH–group. The absorption peak at 1091 cm−1 (νas,
Si–O–Si) in sample SiO2@Ru substantiates the formation of a SiO2

framework.[23,24] In Fig. 4b, the peaks located at 1538, 1647 (the
vibrations of –CONH–) and 1693 cm−1 (the vibration of –C O–)
in sample SiO2@Ru is sufficient to prove that the Ru complex was
successfully covalently bonded onto SiO2 networks. In addition,
the peaks at 1538, 1647 and 1693 cm−1 in sample SiO2@Ru showed
obvious red-shifts compared with 1541, 1653 and 1710 cm−1 for
free Phen–Si. The complexation between Ru(Bphen)2Cl2 and the

Figure 4. FT-IR spectra for Phen–Si (a) and SiO2@Ru nanospheres (b).

Figure 5. UV–vis absorption spectra for SiO2@Ru (a) and Ru complex (b) in
ethanol. Inset: amplified UV–vis absorption spectra of sample Ru complex
in ethanol.

Phen–Si ligand leads to a decrease in their vibration frequencies,
which is responsible for the red-shift of the spectra.

UV–vis Absorption Spectra

Figure 5 shows the UV–vis absorption spectra of samples SiO2@Ru
in solid state and pure Ru complex dissolved in ethanol. It can
be seen that the pure Ru(II) complex shows two absorption
bands centered at 278 and 458 nm. The band at higher energy
can be attributed to the ligand-centered (π → π∗) transition of
Phen and the low energy absorption band is assigned to the
singlet MLCT t2g(Ru) → π∗ (L) transition.[25] These two absorption
bands were also found in the absorption spectrum of sample
SiO2@ Ru. This provided further evidence that Ru complex had
been successfully grafted onto the surface layer of the SiO2

shell.
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Figure 6. Room temperature emission spectra recorded for SiO2@Ru
nanospheres (a) and Ru(II) complex in water (b) excited at 465 nm.

Photoluminescence

The emission spectra of samples SiO2@Ru in the solid state and
Ru complex in water are shown in Fig. 6. The broad emission band
centered at 596 nm for sample Ru complex can be attributed
to the transition from the triplet MLCT excited state (3MLCT) to
the ground state.[26] The emission maximum in sample SiO2@Ru
was also almost at this position. No emission at 596 nm was
observed from the suspension after sample SiO2@ Ru had been
removed by centrifugation, indicating that all the Ru(II) complex
was successfully doped into the SiO2 shell.

Fluorescence Lifetime

The fluorescence decay curves of samples SiO2@Ru in solid state
and Ru complex in ethanol were measured at room temperature
at ambient atmosphere. The fluorescence decay curve in sample
Ru complex could be fitted to a single-exponential decay curve
expressed by

I(t) = α exp(−t/τ ) (1)

where I(t) is the fluorescence intensity at time t, τ the decay time
and α the pre-exponential factor. However, the fluorescence decay
data in sample SiO2@Ru could be fitted very well to biexponential
decay curve expressed by

I(t) = a1exp(−t/τ1) + a2exp(−t/τ2) (2)

where the subscripts 1 and 2 denote the assigned lifetime
components and ai denotes the pre-exponential factors. The
weighted mean lifetime τm can be calculated by using the
following equation:[27]

〈τm〉 =
2∑

i=1

αiτi/

2∑

i=1

αi (3)

The results of the lifetime measurements are summarized in
Table 1, showing that the weighted mean lifetime in sample Ru
complex dissolved in ethanol became shorter than that in solid
sample of SiO2@Ru. The lifetime can be written as:

τ = 1

Wr + Wnr
(4)

Table 1. Time-resolved intensity decay constants for various samples

Sample a1 τ1 (µS) a2 τ2 (µS) τ (µS) r2

Ru complex 0.162 0.186 0.9973

SiO2@Ru 0.066 0.150 0.033 1.079 0.459 0.9973

Figure 7. Emission spectra of sample SiO2@Ru under different oxygen
concentrations.

where Wr and Wnr are the total radiative transition rate and
the nonradiative rate, respectively. When sample Ru complex
was dissolved in ethanol, the high-frequency (O–H) modes
around 3400 cm−1 could take the role of energy acceptors in
the nonradiative decay of MLCT excited states.[28,29] The increase
of lifetime in sample SiO2@ Ru can be attributed to the decrease
in the υ(O–H) modes, which decreased the nonradiative rate.

Oxygen-sensing Properties

The luminescence of most Ru(II) complexes could be quenched
effectively by molecular oxygen. The room temperature emission
spectra, which were recorded for sample SiO2@Ru under different
concentrations of oxygen, are presented in Fig. 7; the concen-
tration of oxygen was controlled from 0 to 100%. The position
and shape at 596 nm MLCT emission from Ru complex was con-
stant under different oxygen concentrations. However, the relative
intensity decreased markedly with increasing the oxygen concen-
tration. The relative luminescent intensities of the Ru complex
decreased by 53.2%.

Optical sensors based on the luminescence quenching intensity
were examined by Stern–Volmer analysis. In homogeneous
media with a single-exponential decay, the intensity form of
the Stern–Volmer equation with dynamic quenching was as
follows:[30]

I0/I = τ0/τ = 1 + KSVpO2 = 1 + kτ0pO2 (5)

where I is the fluorescence 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 will
be linear with a slope equal to KSV, and an intercept of unity.
However, it is more frequent that the distribution of luminescent
species in the solid matrix is heterogeneous on a microscopic
scale. In this case, the linear Stern–Volmer quenching curves in
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Table 2. Intensity-based Stern–Volmer oxygen quenching fitting parameters for SiO2@Ru

Stern–Volmera Demasb

Sample I0/I100 KSV1([O2]−1) r2 KSV1([O2]−1) KSV2([O2]−1) f01 r2

SiO2@Ru 2.13 0.01052 0.97053 0.01056 0.00008 0.9923 0.99529

a Terms are from equation (5).
b Terms are from equation (6): f01 + f02 = 1.

Figure 8. The Stern–Volmer plots for sample SiO2@Ru nanospheres. Inset:
the dynamic response of sample SiO2@Ru nanospheres.

equation (5) should be recast as follows:[31]

I0/I = 1/[f01/(1 + KSV1pO2) + f02/(1 + KSV2pO2)] (6)

where f0i is the steady-state fraction of light emitted from
the i site and Ksvi is its Stern–Volmer constant. Equation (6) is
the familiar Demas ‘two-site’ model that has proved to have
an excellent ability to describe the nonlinear Stern–Volmer
quenching curves.

Figure 8 presents the Stern–Volmer plot for sample SiO2@Ru.
The intensity-based Stern–Volmer oxygen-quenching fitting
parameters are also tabulated in Table 2. As shown in Fig. 8,
sample SiO2@Ru shows a good linearity at concentrations of
oxygen ranging from 0 to 60%. A linear Stern–Volmer plot is very
important for an oxygen sensor because it is easy to calibrate
and does not require a multipoint calibration strategy when
used for practical applications. The latter part of plot deviates
from linearity, which is attributed to a distribution of slightly
different quenching environments for the luminophore. The inset
of Fig. 8 shows the typical dynamic response of sample SiO2@
Ru upon repeated exposure to nitrogen/oxygen cycles in the
gas phase. The emission intensity transformed quickly when
the sample was exposed to different gas phases. However, the
luminescence intensity showed a small photobleaching effect
under light irradiation.

Conclusion

Optical nanospheres containing covalently bonded Ru(II) complex
in a silicate network were prepared. They exhibited bright red
light. The dye leaching shortcoming was overcome since these
luminescence molecules were covalently grafted to the Si–O
network using the Si–C bonds. Their phtoluminescent intensity
was sensitive to oxygen concentration. A good linearity between
the fluorescence intensity of the SiO2@ Ru complex and the
concentration of O2 over a range of 0–60% was constructed.
These properties make them candidates for monitoring the
dissolved oxygen in liquid phase, especially for use in biological
fluids.
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