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Abstract

The preparation and oxygen sensing properties of optical materials based on two trinuclear starburst ruthenium(II) complexes:

[Ru3(bpy)6(TMMB)]6+ (1) and [Ru3(phen)6(TMMB)]6+ (2) (bpy ¼ 2,20-bpyridine, phen ¼ 1,10-phenathroline, TMMB ¼ 1,3,5-tris

[2-(20-pyridyl)benzimidazoyl]methylbenzene) assembled in two mesoporous silicate (MS) are described in this paper. The luminescence of

Ru complexes/silicate assemble materials can be quenched by molecular oxygen with good sensitivity (I0/I145 for 2/MS and I0/I143 for

1/MS), indicating that trinuclear starburst Ru(II) complexes/MS systems are sensitive to oxygen molecules.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the past decades, luminescence-based optical oxygen
sensors have been greatly developed in medicinal, environ-
mental, and analytical chemistry [1–6]. They are the most
widely used in wonderful performances such as faster
response time, high sensitivity and selectivity, no O2

consumption, no poison and no requirement for a
reference electrode, long-term stability, and good non-
linear calibration plots [7–16]. For optical oxygen sensors,
an important method is based on the luminescence
quenching of luminophore by the presence of oxygen,
which is based on the principle that oxygen is a powerful
quencher of the electronically excited state of luminescence
dyes molecule. The excited-state lifetime and emission
intensity of the luminophore decrease as the oxygen
concentration increases. Many luminescent dyes have been
developed as oxygen sensing materials. Among them,
luminescent transition metal complexes, particularly those
e front matter r 2007 Elsevier B.V. All rights reserved.
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of Ru(II) polypyridyl compounds, have been frequently
utilized [15,17,18], due to highly emissive metal-to-ligand
charge-transfer (MLCT) state, long fluorescence lifetime,
large Stokes shift, high photochemical stability, high
sensitivity to oxygen and strong ultraviolet visible absorp-
tion in the blue–green region of the spectrum [12,13,15,19],
and the host materials such as sol–gel and polymer films
are used to encapsulate the luminescent complexes.
In recent years, immobilizing the functional molecules

into ordered mesoporous molecular sieves has received
considerable attention [20–23]. Since the development
proved by the Mobil Oil Company of the class of periodic
mesoporous silicas known as M41S in 1992, ordered
mesoporous materials with unique properties of high
surface area, ordered pore structure of varying morpho-
logies, and controllable pore size over wide ranges which
have been widely investigated with regard to their potential
applications as catalysts, adsorbents for large organic
molecules, chromatography and sensor technology. Meso-
porous materials are able to physically encapsulate and
immobilize the functional molecules into the pores, while
the solvent and other small molecules or ions are allowed
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into the interior of the mesoporous silicas through channels.
Starburst transition metal complexes which possess excel-
lent luminescence properties because their special structure
could efficiently avoid the triplet–triplet annihilation [24].
However, supporting our knowledge, there are no reports
on the usage of starburst metal complexes as luminescence-
based optical oxygen sensors. In this paper, we first present
the preparation and properties of four oxygen sensing
materials based on two trinuclear starburst Ru(II) com-
plexes: 1/SBA-15, 1/MCM-41, 2/SBA-15, and 2/MCM-41.
The results indicate starburst Ru(II) complexes are sensitive
to oxygen molecules.
2. Experimental

The synthesis route of trinuclear starburst Ru(II)
complexes is depicted in Scheme 1.

2.1. Synthesis and characterization of 1,3,5-tris

(bromomethyl) benzene (4)

A mixture of mesitylene (5) (2.8ml, 0.02mol),
N-bromosuccinimide (NBS) (10.62 g, 0.06mol), and ben-
Scheme 1. Synthetic route to 1 and 2. Reagents: (i) N-bromosuccinimide, C

Ru(bpy)2Cl2 � 2H2O, ethanol, 80 1C, 4 h; and (iv) Ru(phen)2Cl2 � 2H2O, ethano
zoyl peroxide (BPO) (0.11 g) in CCl4 (30ml) is stirred and
heated under N2 for 14 h at 90 1C. After filtering, the
filtrate is washed by water and dried by anhydrous
MgSO4. Upon concentration of the CCl4 solution, a
colorless needle crystal is precipitated. Recrystalliza-
tion in a 1:1 mixture of ethanol/hexane affords 6.56 g
product (yield, 92%). 1H NMR (CD3OD): d 4.55 (s, 6H),
7.42 (s, 3H).

2.2. Synthesis and characterization of TMMB (3)

A mixture of 1,3,5-tris(bromomethyl) benzene (0.357 g,
1mmol), PyBM (0.600 g, 3mmol), sodium hydroxide
(0.12 g, 3mmol), and DMF (30ml) is stirred and heated
under N2 for 15 h at 120 1C. It is subsequently poured into
ice water (100ml), after extraction with dichloromethane
(3� 30ml). The organic layer is washed by water and dried
over anhydrous MgSO4. The solvent is then evaporated,
the resulted residue is purified by silica gel column
chromatography to give 0.11 g product. 1H NMR
(500MHz, CDCl3): d 5.89 (s, 6H), 6.90 (s, 3H), 7.05–7.08
(t, 3H), 7.14–7.19 (t, 6H), 7.28–7.32 (d, 3H), 7.69–7.73
(t, 3H), 7.83–7.85 (d, 3H), 8.19–8.26 (d, 6H). EI-
mesoporous silicate (MS): m/z: 700 (M+).
Cl4, 90 1C, 14 h; (ii) 2-(2-pyridyl)benzimidazole, DMF, 120 1C, 15 h; (iii)

l, 80 1C, 4 h.
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2.3. Synthesis and characterization of (1) and (2)

Ru(bpy)2Cl2 � 2H2O and Ru(phen)2Cl2 � 2H2O are
synthesized according to the published procedure [25,26].
A solution of Ru(bpy)2Cl2 � 2H2O (0.22 g, 0.3mmol) or
Ru(phen)2Cl2 � 2H2O (0.23 g, 0.3mmol) and TMMB
(0.07 g, 0.105mmol) in ethanol (30ml) is stirred and heated
under N2 for 4 h at 80 1C until the reactive solution
changed into dark red. Upon concentration of the ethanol
solution to 10%, diluted with water, boiled for 10min,
cooled in an ice-bath, and filtered. The filtrate is rotated
and recrystallized from ether and dichloromethane. 1: 1H
NMR (500MHz, DMSO-d6): d 5.89 (s, 6H), 6.90
(s, 3H), 7.05–7.08 (t, 3H), 7.12–7.13 (t, 12H), 7.14–7.19
(t, 6H), 7.28–7.32 (d, 3H), 7.66–7.68 (d, 12H), 7.69–7.73
(t, 3H), 7.83–7.85 (d, 3H), 8.19–8.26 (d, 6H), 8.49–8.53
(d, 12H) 8.61–8.67 (d, 12H). Anal. Calcd for
C105H81Cl6N21Ru3. Calcd: C, 58.39; H, 3.88; N, 13.52.
Found: C, 58.58; H, 3.77; N, 13.67; 2: 1H NMR (500MHz,
DMSO-d6): d 5.89 (s, 6H), 6.90 (s, 3H), 7.05–7.08 (t, 3H),
7.14–7.19 (t, 6H), 7.20–7.29 (t, 12H), 7.28–7.32 (d, 3H),
7.62–6.63 (d, 12H), 7.69–7.73 (t, 3H), 7.83–7.85 (d, 3H),
8.08–8.14 (d, 12H), 8.19–8.26 (d, 6H), 8.90–8.98 (d, 12H).
Anal. Calcd for C117H81Cl6N21Ru3. Calcd: C, 61.05; H,
3.49; N, 12.96. Found: C, 61.18; H, 3.53; N, 12.81.

The host materials MCM-41 [27] and SBA-15 [28] are
prepared as described in the above literatures. The
template is removed from the mesoporous silica by
calcination according to the previous reports [27,28].

The luminophore Ru(II) complexes are incorporated
into mesoporous molecular sieves to obtain the assembled
materials as the following procedures described: 50mg of
the mesoporous host is added into the chloroform solution
of ruthenium (II) complexes (1mg), and the mixture is
stirred under ambient conditions for 24 h. The resulted
suspension is filtered which gives a yellow powder.
Fig. 1. (A) XRD patterns of SBA-15 (a), 1/SBA-15 (b), and 2/SBA-15 (c).
Washing it repeatedly with chloroform until the filtered
chloroform solution is colorless under UV illumination, the
residual products are dried in air and the encapsulated Ru
(II) complexes/MS (20mg/g) are obtained as a yellow
powder.
Powder X-ray diffraction (XRD) spectra are recorded on

a Siemens D5005 diffractometer. UV–vis absorption
spectra are obtained using a Cary 500 Scan UV–vis–NIR
Spectrophotometer. Luminescence spectra and response
curves are obtained using a Hitachi F-4500 fluorescence
spectrophotometer. The pure oxygen and pure nitrogen are
mixed together with different concentrations from which
we can get the mixed gases for measurement.
3. Results and discussion

Powder XRD spectra of MCM-41, MCM-41-based
systems, SBA-15 and SBA-15-based systems are shown in
Fig. 1. It shows three Bragg reflections in the low angle
indexed to d100, d110, and d200, which are characteristic
peaks of highly ordered hexagonal (P6mm) mesostructure
[29,30]. Powder XRDmeasurement results indicate that the
hexagonal arrangement of channels in mesoporous mole-
cular sieves remains unchanged after the incorporation of
Ru(II) complexes.
UV–vis absorption spectra of 2/MS are similar to that of

2 in chloroform (Fig. 2), indicating that the luminophors
incorporated in composite systems remain intact and keep
their photochemical properties unchanged during the
process of encapsulation. The absorption band at
200–350 nm is tentatively ascribed to a p-p* transition
of ligand, and the absorption band at 455 nm is assigned to
the [dp(Ru)-p*(ligand)] MLCT transition. By comparing
the UV–vis absorption spectra of 1/MS (20mg/g) and 1 in
chloroform, similar results were observed.
(B) XRD patterns of MCM-41 (a), 1/MCM-41 (b), and 2/MCM-41 (c).
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Emission quantum yield is defined as the ratio of the
number of photons emitted to the number of photons
absorbed. The luminescence quantum yields of the 1

and 2 in degassed CH2Cl2 have been confirmed by
comparing with the known luminescence yield from
[Ru(bpy)3Cl2] � 6H2O in CH3CN (Fr ¼ 0.062) [29]. Sample
and standard solutions were degassed with no less than
four freeze-pump-thaw cycles. Quantum yield is identified
according to Eq. (1):

Fs ¼ Fr
Br

Bs

� �
ns

nr

� �2
Ds

Dr

� �
(1)

where the subscripts s and r refer to sample and reference
standard solution, respectively, n is refractive index
of the solvent, D is the integrated intensity, and F is
luminescence quantum yield. The quantity B is calculated
Fig. 2. UV–vis absorption spectra of 2 in chloroform (a), 2/SBA-15 (b),

and 2/MCM-41 (c).

Fig. 3. Photoluminescence spectrum of 1/SBA-15 (20mg/g, (A)) and
by B ¼ 1–10�AL, where A is the absorbance at the
excitation wavelength and L is the optical path length.
The luminescence quantum yields of 1 and 2 in solution
are 0.050 and 0.042 at a concentration of 1� 10�5M.
These results indicate that trinuclear starburst Ru(II)
complexes possess good luminescence properties in anae-
robic surroundings.
The luminescence of most Ru(II) complexes could be

quenched effectively by molecular oxygen. The room
temperature emissive spectra, which are recorded for
1/SBA-15 (20mg/g) and 2/SBA-15 (20mg/g) under differ-
ent concentrations of oxygen, are presented in Fig. 3. The
emission bands of 1/SBA-15 (20mg/g) and 2/SBA-15
(20mg/g) centered on 613 and 604 nm, respectively, and
the relative intensity decreased markedly with increasing
oxygen concentration. The luminescent intensities of
1/SBA-15 and 2/SBA-15 decrease by 69.7% and 81.0%,
respectively, upon changing from pure nitrogen to pure
oxygen conditions. The 2/SBA-15 system is more sensitive
compared with the 1/SBA-15 system. Similar results are
observed by comparing the emission spectra for 1/MCM-
41 and 2/MCM-41 under different concentrations of
oxygen.
Luminescent molecule quenching in homogeneous media

with negligible matrix effects are expected showing single-
exponential excited state decay, and the emission intensity
or decay time with oxygen concentration can be described
by the Stern–Volmer (SV) equation:

I0

I
¼

t0
t
¼ 1þ KSV½Q� ¼ 1þ Kqt0 ½Q� (2)

where I and t are the luminescence intensity and the
excited-state lifetime of the related decay profile, respec-
tively, the subscript 0 denotes the absence of oxygen, KSV is
the Stern–Volmer constant, Kq is the bimolecular rate
constant describing the efficiency of the collisional en-
counters between the luminophore and the quencher, and
2/SBA-15 (20mg/g, (B)) under different oxygen concentrations.
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Fig. 4. Typical fluorescence intensity-based Stern–Volmer plots for (A) 1/SBA-15 (20mg/g) and 2/SBA-15 (20mg/g), (B)

1/MCM-41(20mg/g) and 1/MCM-41 (20mg/g).
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[Q] is the O2 concentration. In the ideal case, the plot of I0/I
or t0/t versus oxygen concentration should give a straight-
line relationship with slope KSV. However, non-linear
Stern–Volmer plots are often obtained when quenching
takes place in a solid matrix [31–33]. Fig. 4 presents the
Stern–Volmer plots for composite materials, respectively.
The plots are non-linear within a wide range of oxygen
concentrations. The deviation from linearity is attributed
to a distribution of slightly different quenching environ-
ments for Ru(II) complexes. It is believed that there are
two sites of starburst Ru(II) complexes’ micro-environ-
ments within the mesoporous molecular sieves: one site is
oxygen-easy accessible and the other is oxygen-difficult
accessible. The luminophore molecules can be distributed
simultaneously between two sites within the mesoporous
materials in which one site is more heavily quenched than
the other [34–37]. Starburst Ru(II) complexes may exhibit
characteristic quenching constants within each distinct
starburst Ru(II) complexes site, and the overall Stern–Vol-
mer expression[33] becomes:

I0

I
¼

1

ðf 01=ð1þ KSV1½Q�ÞÞ þ ðf 02=ð1þ KSV2½Q�ÞÞ
(3)

Here, I0/I denotes the sensitivity, f01 and f02 denote the
fractional contributions of the total intensity from the
starburst Ru(II) complexes which are located at two
different sites that exhibit two discrete Stern–Volmer
constants KSV1 and KSV2, respectively. This two-site model
accounts for non-linearity commonly observed for Stern–
Volmer plots.

In addition to the sensitivity, response times are also
important to oxygen sensors. Generally, 95% response
time, i.e., t k (95%, N2-O2), is defined as the time
required for the luminescent intensity to decrease by 95%
on changing from 100% nitrogen to 100% oxygen.
Similarly, 95% recovery time, i.e., t m (95%, O2-N2),
means the time required for the luminescent intensity to
reach 95% of the initial value recorded under 100%
nitrogen on changing from 100% oxygen to 100%
nitrogen. Fig. 5 demonstrates the typical dynamic response
of the composite materials when switching between fully
oxygenated and fully deoxygenated atmospheres. The
response times of 1/MCM-41 (20mg/g) are about 3 s on
going from nitrogen to oxygen (t k) and 26 s on going from
oxygen to nitrogen (t m). Especially of 2/MCM-41 (20mg/
g) are about 2 s (t k) and 29 s (t m), indicating that the
emission intensity of the composite materials drops very
quickly in the presence of molecular oxygen and have the
potential to develop the mesoporous chemical sensors. The
obvious difference of the two response times (t m and t k)
can be explained by the stronger adsorption of oxygen than
that of nitrogen on mesoporous silica surface [33]. Upon
increasing oxygen concentration, the emissive intensity
drops very quickly, while upon decreasing oxygen con-
centration, the emissive intensity increases and recovers to
the initial level under 100% nitrogen again. This cycle is
repeated in an alternating atmosphere of nitrogen and
oxygen, indicating that the emissive intensity changes are
reversible. The values of response time (t k), recovery time
(t m), and sensitivity are listed in Table 1. Oxygen sensing
materials based on 2/MS show better sensitivity (I0/I145)
than that based on 1/MS (I0/I143).

4. Conclusions

Novel oxygen sensing materials based on trinuclear
starburst Ru(II) complexes assembled in MCM-41 and
SBA-15 were prepared. The luminescence of the composite
materials exhibits strongly oxygen concentration depen-
dent characteristics and is easily quenched by oxygen.
The oxygen sensing properties of 2/MS is superior to
those of 1/MS. No significant difference is found between
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Fig. 5. Response time, relative intensity change, and reproducibility for 1/MCM-41 (20mg/g, (A)) and 2/MCM-41 (20mg/g, (B)) on switching between

100% nitrogen and 100% oxygen.

Table 1

Oxygen sensing properties of all composite materials

SBA-15 MCM-41

1 2 1 2

I/I0 3.17 5.39 3.21 5.00

(t k) (s) 2.85 2.38 3.32 2.40

(t m) (s) 26.6 33.25 25.65 28.50

B. Wang et al. / Journal of Luminescence 128 (2008) 341–347346
MCM-41-based and SBA-15-based composite systems.
Trinuclear starburst Ru(II) complexes/MS system can be
used as oxygen sensors due to their good sensitivity and
fast response time.
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