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Abstract A series of VTES/TEOS composite xerogels

covalently grafted with a novel complex Ru(phen)2(Dppz-

Si)Cl2 were prepared, using the alkoxysilane-modified

dipyrido[3,2-a:20,30-c]phenazine compound (denoted as

Dppz-Si) as the second ligand of the Ru(phen)2Cl2
(phen = 1,10-phenanthroline) complex and a precursor of

the sol–gel process. Bulk xerogels were obtained by co-

hydrolyzing and co-condensation from a mixture of tri-

ethoxysilane (TEOS), Ru(phen)2(Dppz-Si)Cl2 and

Vinyltriethoxysilane (VTES). The luminescence intensity

of composite xerogels is enhanced by 18.2 times, and the

sensitivity is improved from 1.1 to 3.1 by optimizing the

molar ratio of VTES to TEOS. The composite xerogel

containing 80% VTES in precursor was optimal, exhibiting

the maximum luminescence intensity and sensitivity. These

results indicate that the complex Ru(phen)2(Dppz-Si)Cl2 is

sensitive to oxygen concentration, VTES is a kind of

excellent organic modifier and can greatly improved pho-

toluminescent (PL) and oxygen sensing performances.

Keywords Oxygen sensor � ORMOSILs �
Covalent grafting � Ruthenium(II) complex

1 Introduction

Determination of oxygen concentration is quite critical for

the very existence of life. Recent interest in the methods for

measuring oxygen concentration has been focused mainly

on optical sensors due to their advantages over conven-

tional amperometric electrodes in that they are faster, do

not consume oxygen, and are not easily poisoned [1–4].

For the sensing dyes, Ruthenium(II) complexes have been

frequently utilized owing to their high photochemical sta-

bility, high extinction coefficient, relatively long lifetime

determined by the metal to ligand charge transfer (MLCT)

excited state, large Stokes shift, and absorption spectrum of

inexpensive, commercially available blue LED’s [5–9].

As for the host materials, sol–gel synthesis is a versatile

technique in which the physical, chemical, and optical

properties of the silicate based gels are easily tailored [10,

11]. With the development of the sol–gel science and

technology, the preparation of organically modified sili-

cates (ORMOSILs) becomes one of the attractive features

of the sol–gel process. The ORMOSILs provide significant

changes in the quenching behavior of the guest Ru(II)

molecules, because the non-hydrolyzing alkyl groups

structurally acting as a network modifier that terminates the

silicate networks [12, 13]. A typical process of preparing

such ORMOSILs is by co-hydrolyzing from a mixture

of a tetraalkoxysilane and an alkyl-substituted silicon

alkoxides.

However, many studies were mainly focused on the sol–

gel martrix doped with the Ru(II) complexes in which only

weak physical interactions exist between the Ru(II) com-

plexes and the martrix. As a result there are significant

drawbacks when these systems are used as oxygen sensors,

including inhomogeneous distribution and leaching of do-

pants [12, 14, 15]. Recently, oxygen sensors covalently
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bonded with Ru(II) complexes have shown enhanced sta-

bility of oxygen sensor properties and anti-leaching of

dopants [16, 17], but luminescence and oxygen sensing

properties of ormosils covalently grafting Ru(II) complex

are still expected to be further studied.

In this paper, we describe the fabrication of a series of

materials covalently bonded with a novel Ru(II) complex

Ru(phen)2(Dppz-Si)Cl2 (depicted in Scheme 1) by sol–gel

process using ORMOSILs as matrix, in which VTES was

selected as an organic modifier in the precursor. It is

interesting that the luminescence and oxygen sensing

properties of these composite xerogels showed a strong

dependence on the molar ratio of VTES to TEOS. The

luminescence intensity is enhanced by 18.2 times, and

the sensitivity is enhanced from 1.1 to 3.1 by optimizing

the molar ratio of organic modifier VTES to TEOS. To the

best of our knowledge, this is the first time to report PL and

oxygen sensing properties of organically modified oxygen

sensing materials covalently bonded with Ru(II) complex

in the open literature.

2 Experimental

2.1 Chemical regents

The anhydrous RuCl3 (99.99%), VTES, 3,4-Diamino-ben-

zoic acid, along with the 3-aminopropyltriethoxysilane

(APS) were obtained from Aldrich (Milwaukee, WI. USA)

and were used without further purification. The TEOS and

ethanol (EtOH) were purchased from Tianjin Chemicals

Company. The concentrated HCl and thionyl chloride

(SOCl2, A.R.) were obtained from Shanghai Chemical

Company. SOCl2 was used after distillation in vacuo. The

complex bis(1,10-phenanthroline)ruthenium(II) chloride

dihydrate, Ru(phen)2Cl2 � 2H2O was synthesized and

purified as described in the literature [18]. 1,10-phenan-

throline-5,6-dione was prepared according to the literature

[19]. The water used in our present work is de-ionized.

2.2 Sample preparation

2.2.1 Synthesis of hydrolysable functionalized Dppz-Si

ligand

The ligand Dppz-Si was synthesized using dipyridophen-

azine-11-carboxylic acid (denoted as Dppa) and APS as the

starting materials similar to the previous publication with

some minor modifications [20, 21]. Dppa was conveniently

synthesized by the condensation of 1,10-phenanthroline-

5,6-dione and 3,4-diamino-benzoic acid according to the

literature [22]. The detailed synthetic procedure can be

briefed as follows: Dppa (0.326 g; 1 mmol) was dissolved

in excess distilled SOCl2 (8 mL) and refluxed for 4 h, the

excess SOCl2 was eliminated by evaporation from the

ferrugineous solution, and the residual was reacted with

APS under nitrogen for 4 h at room temperature and using

chloroform as a solvent (40 mL). The solution was filtered

and evaporation of the residual organic solvent gave the

alkoxysilane-modified dipyrido[3,2-a:20,30-c]phenazine

ligand Dppz-Si.

2.2.2 Synthesis of the hydrolysable Ru (phen)2

(Dppz-Si)Cl2

A mixture of Ru(phen)2Cl2 and Dppz-Si in anhydrous

ethanol was refluxed for 8 h in nitrogen atmosphere to give

a transparent deep red solution, indicating that the com-

plexation reaction between Dppz-Si and Ru(phen)2Cl2 had

finished. The molar ratio of Dppz-Si to Ru(phen)2Cl2 was

1.02:1. Further purification of the complex was obtained by

slow vapor diffusion of diethylether into ethanol solution

of the obtained Ru (phen)2(Dppz-Si)Cl2.

2.2.3 Preparation of Ru-doped xerogels

A pure TEOS-derived xerogel was prepared by resolving

Ru(phen)2(Dppz-Si)Cl2 (12.72 mg) in ethanol (5.2 mL) in

a plastic vial and stirred for 5 min, and then 5 mL of TEOS

was added for another 5 min stirring, by subsequently H2O

and HCl addition. The final mole ratio of constituents was

TEOS:H2O:C2H5OH:HCl = 1:4:4:0.01. The concentration

of Ru(phen)2(Dppz-Si)Cl2 in the final sol was 2 9 10-3 M.

The solution was kept stirring at room temperature for 4 h.

The xerogel were dried at 60 �C in vacuo for 24 h, and

then optical transparent crack-free monolithic xerogel was

obtained. Finally, the transparent monolithic xerogel was

powdered for characterization (denoted as sample a). This

procedure was chosen because it is representative of xe-

rogels reported in the literatures [15, 23–25].

The synthetic procedure of VTES/TEOS composite xe-

rogels was similar to the above preparation of TEOS-based

xerogel with some minor modifications by mixing TEOS

and VTES together to form solutions that contained 20, 40,

60, 80, 100 mol% VTES (denoted as sample b, c, d, e, and f

individually).

2.3 Instruments and measurements

The infrared absorption spectra were measured in the

region of 400–4,000 cm-1 by a Fourier transform infrared

(FT-IR) spectrophotometer (Model Perkin-Elmer Model

580B) with a resolution of ±4 cm-1 using the KBr pellet

technique.

The oxygen sensing properties of the obtained samples

were investigated based on the luminescence intensity
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Scheme 1 Synthetic procedure

of xerogels containing Ru(II)

complex and their predicted

structure
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quenching instead of the excited-state lifetime because it is

hard to obtain the precise excited state lifetime values

under quenched conditions. Luminescence intensities were

characterized using a Hitachi-4500 fluorescence spectro-

photometer equipped with a xenon lamp (150 W) operating

in the 200–900 nm range. The excitation wavelength was

480 nm. The excitation spectra were obtained monitoring

at the wavelength of peak emission (590 nm).

For the Stern–Volmer plot measurement, oxygen and

nitrogen were mixed at different concentrations via gas-

flow controllers and flowed directly into the gas chamber

sealed with a close fitting suba-seal rubber lid equipped

with two (IN and OUT) tubes [17]. We typically allowed

1 min between changes in the N2/O2 concentrations to

ensure that a new equilibrium point had been established.

Equilibrium was evident when the luminescence intensity

remained constant (±2%).

In the fluorescence lifetime measurement of the Ru-

doped xerogels covalently bonded with Ru(P) complex, a

266 nm light generated from the Fourth-Harmonic-Gener-

ator pumped by the pulsed Nd:YAG laser was used as

excitation source. The Nd:YAG laser was with a line width

of 1.0 cm-1, pulse duration of 10 ns and repetition fre-

quency of 10 Hz. A Rhodamine 6G dye pumped by the

same Nd:YAG laser was used as the frequency-selective

excitation source. All measurements were performed at

room temperature.

3 Results and discussion

3.1 Structural analysis

The complex [Ru(phen)2Dppz]Cl2 has been covalently

grafted to the silica-based networks for oxygen sensors by

using the double-role Dppz-Si compound, as a second

ligand for Ru(Bphen)2Cl2 and a precursor of the ORMO-

SILs. The synthesis procedure is outlined in Scheme 1.

Since VTES has three ethoxy-groups that undergo

hydrolysis (whereas TEOS has four), only three linkages

may form bridging oxygen bonds that contribute in the

development of the silicate network. The vinyl species

show a poor affinity for water and do not undergo hydro-

lysis acting as network terminator throughout the sol–gel

process. The surface Si–OH groups are mostly replaced by

the Si–CH=CH2. And the number of surface Si–CH=CH2

groups increases as increasing the molar ratio of VTES,

which is further evidenced by FT-IR. Hence, the silicate

network has terminating groups in the form of the organic

Si–CH=CH2 species and yield a more open structure, a less

rigid as well as a more hydrophobic condition than the

TEOS-based xerogel [26–28].

3.2 FT-IR spectra results

The successfully covalent-grafting of Ru (phen)2(Dppz-Si)

Cl2 to silicates can be supported by the FT-IR spectra of

each product. Patterns a–g of Fig. 1 show the FT-IR spectra

of, TEOS-based xerogel (a), VTES/TEOS composite xerogels

(b, c, d, e, and f) and hydrolysable Ru(Phen)2(Dppz-Si)

Cl2 complex (g) respectively. In Fig. 1g, the spectrum

of Ru(Phen)2(Dppz-Si)Cl2 is dominated by m(Si–C,

1,204 cm-1) and m(Si–O, 1,090 cm-1) adsorption bands,

which are the characteristics of trialkoxylsilyl functions

[29]. The adsorption bands at 1,650 and 1,627 cm-1 due to

the adsorption of amide groups (CONH) indicate that APS

has been successfully grafted on to dipyrido[3,2-a:20,30-
c]phenazine (Dppz) [20, 21]. Further evidence for this is

the presence of the bending vibration of Si–O at 465 cm-1

(from APS) [20, 21]. In Fig. 1a–f, the adsorption bands

near 1,084 cm-1 (mas, Si–O), 799 cm-1 (ms, Si–O), and

461 cm-1 (d, Si–O–Si) (m represents stretching, d in-plane

bending, s symmetric, and as asymmetric vibrations) sub-

stantiate the formation of the silica framework [20]. The

Fig. 1 FT-IR spectra for Ru-doped xerogels. a 100% TEOS; b 80%

TEOS/20% VTES; c 60% TEOS/40% VTES; d 40% TEOS/60%

VTES; e 20% TEOS/80% VTES; f 100% VTES; g hydrolysable

Ru(Phen)2(Dppz-Si)Cl2 complex
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peaks at 1,650 cm-1, originating from the CONH group of

Dppz-Si, can also be observed in the final materials, which

is consistent with the fact that the Dppz-Si group in the

framework remains intact after hydrolysis/condensation

reaction. The m(Si–C) vibration located at 1,204 cm-1 is

still observed in the IR spectrum of the final materials,

indicating that there is not a great extent of Si–CH2 bond

cleavage occurring [20].

In addition, sharp vibration peaks near 3,030 cm-1

(originating from Si–CH=CH2) and adsorption at

1,416 cm-1 (–CH=CH2) appear in Fig. 1b–f, which are not

found in Fig. 1a, suggesting the presence of vinyl in the

ORMOSILs. Furthermore, compared with Fig. 1 a–f, the

intensity ratio of the adsorption peaks located near

3,030 cm-1 to the broad peak near 3,400 cm-1 (assigned

to Si–OH vibration) was found to increase from a to f,

indicating Si–CH=CH2 groups replace the surface Si–OH

groups and its number increases with increasing additions

of VTES in the bulk xerogels. This result is full in line with

the discussion of structure modification in Sect. 3.1 and is

similar to that shown by Matsui et al. [30].

3.3 Emission spectra

The fluorescence emission spectra of samples a–f (Fig. 2)

show a broad band ranging from 550 to 700 nm, attributed

to the emission from the triplet MLCT excited state

(3MLCT) to the ground state transition [31]. It is interesting

that a remarkable increase in fluorescence intensity was

found with increasing additions of VTES in the bulk xe-

rogels. As the VTES/TEOS molar ratio increases up to 4:1,

the luminescence intensity of composite xerogels reaches

maximum and it is enhanced by 18.2 times. Further

increasing of VTES results in decrease of luminescent

intensity. The proper explanations for this may be as

follows.

Firstly, as described in Sect. 3.1, the surface Si–OH

groups are replaced by Si–CH=CH2 groups and its number

decreases with increasing additions of VTES in the bulk

xerogels, resulting in subdued quenching effect between

Ru(II) complexes and Si–OH groups. Secondly, surface

hydrophobicity increases as a function of VTES content in

the bulk precursor xerogels, which effectively inhibit

luminescence quenching by H2O molecules [14]. But fur-

ther improving hydrophobicity will not guarantee the

enough solubility for indicator [Ru(Phen)2Dppz]2? in

ORMOSILs matrix [14] and the strong self-quenching and

triplet-triplet annihilation between Ru(II) complex in

composite xerogels may decrease the emission efficiency.

Under our preparation conditions, the optimized molar

ratio of VTES to TEOS is 4:1.

The emission maximum wavelength shows red-shift

from 579 to 594 nm as increasing the molar ratio of VTES

to TEOS in precursor xerogels, which is more clearly

depicted in Fig. 3. By relating this fact to the structure

characteristics discussed above, it can be explained by the

so-called ‘‘rigidochromism’’ originally termed by Wrighton

and Morse [32]. The rigidity of the xerogels decreases with

increasing additions of VTES in precursor, which results in

a red-shift in the emission.

3.4 Dependence of sensitivity on VTES percent

in matrix

Sensitivity of oxygen sensing materials was defined by I0/

I100, where I0 and I100 denote the fluorescence intensities

under 100% nitrogen and 100% oxygen condition,

respectively. Figure 4 shows sensitivity dependence on the

Fig. 2 Room temperature emission spectra recorded for covalently

grafted VTES/TEOS composite xerogels in air. a 100% TEOS; b 80%

TEOS/20% VTES; c 60% TEOS/40% VTES; d 40% TEOS/60%

VTES; e 20% TEOS/80% VTES; f 100% VTES

Fig. 3 Sensitivity of composite xerogels. a 100% TEOS; b 80%

TEOS/20% VTES; c 60% TEOS/40% VTES; d 40% TEOS/60%

VTES; e 20% TEOS/80% VTES; f 100% VTES
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molar ratio of VTES to TEOS. It is obvious that the sen-

sitivity increases from 1.1 to 3.1 with increasing additions

of VTES in precursor matrix and reaches the maximum as

the molar percent of VTES is 80%. We attributed the

increasing sensitivity to the enhancement of fluorescence

intensity and effect of non-bridging Si–CH=CH2 bonds,

including more open structure and more hydrophobic

condition, that improve oxygen permeation in media.

However, as further increasing the VTES molar percent to

100% in xerogels, sensitivity decreases to 2.3, because

dominant luminescent intensity greatly decreases.

3.5 Study of oxygen sensing properties

For the VTES/TEOS composite xerogels, the sensitivity

was enhanced greatly and reached 3.1 by optimizing the

molar ratio of VTES to TEOS. Under our preparation

conditions, sample e (containing 80 mol% VTES in pre-

cursor) is optimal, exhibiting the maximum sensitivity. It is

well known that a sensor with I0/I100 more than 3.0 is a

suitable oxygen sensing device [33]. Sample e could be

used to develop oxygen sensing materials and its oxygen

sensing properties are studied below.

The room temperature emission spectra, which are

recorded for sample e under different concentrations of

oxygen, are presented in Fig. 5. The position and shape at

592 nm MLCT emission from Ru(phen)2(Dppz-Si)Cl2 is

constant under different oxygen concentrations. However,

the relative intensity decreases markedly with increasing

the oxygen concentration. The relative luminescent inten-

sities of the Ru(phen)2(Dppz-Si)Cl2 decrease by 66.7%

upon changing from pure nitrogen to pure oxygen.

Optical sensors based on the luminescence quenching

are examined by the Stern–Volmer relationship. In

homogeneous media with a single-exponential decay, the

Stern–Volmer equation with dynamic quenching is as fol-

lows [34]:

I0=I ¼ s0=s ¼ 1þ KSV pO2 ¼ 1þ js0 pO2 ð1Þ

which relates the ratio of the steady-state intensities or

lifetime in the absence of quencher (I0 and s0) to the

intensity or lifetime in the presence of quencher (I and s)

through the dynamic Stern–Volmer quenching constant,

KSV, the bimolecular quenching rate constant that describes

the collisional encounter kinetics between the luminophore

and quencher, Kq, and the quencher concentration [Q]. For

this ideal case, a plot of I0/I or s0/s versus [Q] (called the

Stern–Volmer plot) will be linear with a slope equal to KSV

and an intercept of unity. The lifetime decay of

luminophore in homogeneous media can be described by

a single exponential equation [35]:

I tð Þ ¼ a exp �t=sð Þ ð2Þ

where I(t) is the luminescence intensity at time t, and a is the

pre-exponential factor. However, if luminophores are

immobilized in two or more sites within the silicate matrix

simultaneously in which one site is more heavily quenched

than the others, the Eq. 1 above is generally not obeyed and

the Stern–Volmer plots become nonlinear. Several

quenching mechanisms have been proposed. The simplest

being the two-site familiar Demas model, which in its basic

approach, assumes that the oxygen concentration is uniform

but the lifetime and quenching constants are different [17],

The intensity Stern–Volmer equation becomes:

I0=I ¼ 1= f01= 1þ KSV1pO2ð Þþf02= 1þ KSV2pO2ð Þ½ � ð3Þ

where f0i is the steady-state fraction of light emitted from

the i site and Ksvi is its Stern–Volmer constant.

Fig. 4 Fluorescence emission peak position as a function of

increasing additions of VTES

Fig. 5 Room temperature emission spectra recorded for typical

covalently grafted 20% TEOS/80% VTES composite xerogels under

different oxygen concentrations
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In Demas two-site models, there are two excited-state

lifetime components for the luminescence species, and the

excited lifetime decay analysis may be described by

I tð Þ ¼ a1 exp �t=s1ð Þ þ a2 exp �t=s2ð Þ ð4Þ

where I(t) represents the fluorescence intensity at time t,

the subscripts 1 and 2 denote the assigned lifetime

components, and ai denotes the pre-exponential factors.

The weighted mean lifetime sm can be calculated by the

following equation [17]:

smh i ¼
X2

i¼1

aisi=
X2

i¼1

ai ð5Þ

Figure 6 presents the Stern–Volmer plot for sample e.

The solid lines represent the best fits to the data. The

recovered fitting parameters are compiled in Table 1. All

the results show that the plot is non-linear and can not be

fitted by Eq. 1 well. It has been demonstrated that non-

linear Stern–Volmer plots and non-exponential excited-

state decays are often obtained when quenching takes place

in a solid matrix [14]. The deviation from linearity is

attributed to a distribution of slightly different quenching

environments for the luminophore. It is believed that there

are two main types of [Ru(phen)2Dppz]2? micro-

environments within the ORMOSIL matrix: oxygen-easy

accessible and oxygen-difficult accessible sites [35]. And

the Demas two-site model [6, 17] can fit the intensity-

quenching curve very well.

Figure 7 shows the typical excited-state intensity decay

profile for sample e measured in the presence of pure N2 (a)

and in the ambient atmosphere (b) along with fits to single

Table 1 Intensity-based Stern–Volmer oxygen quenching fitting parameters for 80% VTES/20% TEOS composite xerogels (sample e)

Samples I0/I100 Stern–Volmera Demasb

KSV([O2]-1) r2 KSV1([O2]-1) KSV2([O2]-1) f 01
c r2

e 3.04 0.02158 0.88099 0.24885 0.00491 0.52 0.99974

a When an entry is not listed, the Stern–Volmer model is the best given
b Terms are from Eq. 3
c f01 ? f02 = 1

Fig. 7 Typical excited-state intensity decay profile for the covalently

grafted 20% TEOS/80% VTES composite xerogels merured in the

presence of pure N2 (a), and in the ambient atmosphere (b). The

scatter line is the best fit to the experimental data using the double

exponential model in both (a) and (b)

Fig. 6 Typical Stern–Volmer plot of the typical covalently grafted

20% TEOS/80% VTES composite xerogels, the scatter points in the

figure is the experimental data, the solid line is the two-site Demas

modelfitting result, and the dash line is the Stern–Volmer model

fitting result
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and double exponential decay models. The recovered decay

terms are collected in Table 2. It is observed that the

sample e exhibits double-exponential excited-state decay

process and the decay time s1 and s2 were found to give

well fit respectively. The results of the excited-state

intensity decay profiles are consistent with the Stern–Vol-

mer plot (as shown in Fig. 6). It means that the Ru(II)

complex molecules are distributed simultaneously between

two sites within the ORMOSILs, in which one site is more

heavily quenched than the other.

It is important to determine the concentrations of

molecular oxygen (O2) in liquid phase. In order to inves-

tigate whether the luminophore leaches into the liquid

phase, complex-leaching experiments were performed for

the covalently-grafted incorporated sample (sample e) by

soaking them in water, DMF and ethanol at 60 �C in a

sealed cuvette under magnetic stirring and then dried at

100 �C in vacuo, as described previously [36]. This

investigation reveals that the covalently-grafted composite

xerogels possess greatly enhanced chemical durability. The

integrated fluorescence intensities of the unquenched

MLCT emission of the covalently-grafted sample after

stirring in each solvent for 5 days are nearly constant and

the leaching effect is small enough to be neglected. This

result reveals that the Si–CH2 covalent bonds between the

Ru(II) complex and the silica matrix can effectively pre-

vent the dopant leaching. This result is similar to that of the

previously report [36].

4 Conclusion

A novel Ru(II) complex Ru(phen)2(Dppz-Si)Cl2
(phen = 1,10-phenanthroline, Dppz-Si = alkoxysilane-

modified dipyrido[3,2-a:20,30-c]phenazine compound),

containing hydrolysable silica source was synthesized and

a series of composite xerogels covalently grafted with

Ru(phen)2(Dppz-Si)Cl2 were prepared. The high hydro-

phobicity of the ORMOSILs provided by VTES, acting as

an organic modifier results in enhanced luminescence and

sensitivity to oxygen molecules. The luminescence inten-

sity was enhanced by 18.2 times and the sensitivity was

enhanced from 1.1 to 3.1 by optimizing the molar ratio of

VTES to TEOS. These results presented here emphasized

the significance of ORMOSIL as a matrix for oxygen-

sensing. Their anti-leaching ability makes them promising

candidates for monitoring the dissolved oxygen in liquid

phase.
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