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a b s t r a c t

The complexes of ruthenium(II) with phenanthroline (Phen), diphenylphenanthroline

(Ph2Phen) and with 4,4′-dicarboxy-2,2′-bipyridine acid (Dcbpy) ([Ru(Phen)2Dcbpy]Cl2 and

[Ru(Ph2Phen)2Dcbpy]Cl2) were synthesized and the variation of the correspondent fluores-

cence intensity and lifetime with the pH characterized. Luminescence intensity, emission

wavelength and excited state lifetime all show a typical sigmoid variation with pH in

the range 3–9, demonstrating the suitability of this complex for luminescence sens-

ing applications. In aqueous solutions (28% ethanol) the complexes [Ru(Phen)2Dcbpy]Cl2

and [Ru(Ph2Phen)2Dcbpy]Cl2 show, respectively, the following properties: apparent pKa of

3.6 ± 0.4 and 3.7 ± 0.4; lifetimes of the protonated species 0.46 ± 0.01 �s and 0.38 ± 0.02 �s

and ionised species 0.598 ± 0.001 �s and 0.61 ± 0.08 �s. The [Ru(Phen)2Dcbpy]Cl2 complex

was immobilised in the tip of optical fibers using a hybrid sol–gel procedure based on
pH sensor

Sol–gel technology

tetraethoxysilan and phenyltriethoxysilan enabling pH sensitive fiber probes. The immo-

bilised complex shows the following lifetimes: protonated species 1.05 ± 0.04 �s and ionised

species 1.16 ± 0.04 �s. These characteristics show that these ruthenium(II) complexes are

good indicators for pH sensing, either in aqueous solution or immobilised in sol–gel, and

are well suited for intensity and/or frequency domain interrogation.

scientific community on optical sensing technologies [4,5].
1. Introduction

Determination of the pH has critical importance for a wide
range of applications, namely in the medical, environmen-
tal and biotechnological fields [1–13]. The most common
pH sensors are electrochemical devices (glass electrodes).
Although they can be reliable analytical tools in many

situations, they are also prone to be affected by electro-
magnetic interferences [3]. This fragility can be critical in
many industrial environments. On the other hand, when
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combined with optical fibers, optical pH sensors are suit-
able for remote monitoring in hazardous environments and
insensitive to electromagnetic interferences [1,2,7,13]. These
advantages of optical pH sensors, along with the fact that
these type of sensors can be very small due to their rela-
tive simple setup, have led to an increased focus from the
This has resulted in major developments which made pos-
sible the availability of some optical pH sensors in the market
[4].
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Different luminescent and colorimetric indicators are
vailable that can be used to monitor pH based in changes
n the luminescent intensity or absorption coefficient [1–13].
owever, these two parameters can be affected by any source
f optical power drift and demand for the use of com-
lex reference schemes. Furthermore it becomes necessary
o use extensive referencing and recalibration procedures to
vercome the problems of using luminescence intensity or
bsorption coefficients to monitor a parameter. Lifetime, on
he other hand, provides a self-referenced measurement [14].
y using long-lived metal–organic complexes, measurements
an be made at low cost using frequency domain techniques
15,16].

Ruthenium(II) complexes have interesting photochemical
nd photophysical properties associated with metal-to-
igand charge-transfer (MLCT) excited state, which makes
hem good candidates as sensitive receptors for optical
ensing applications. Complexes with �-diimine ligands (1,10-
henanthroline, Phen, and 4,7-diphenyl-1,10-phenanthroline,
h2Phen), for example, have been widely studied for their
nique photophysical properties [16]. Their high quantum
ields and their relatively long lifetime in the order of
icroseconds make them highly suitable for frequency

omain luminescence sensing [15]. As such the possibility of
reating these kinds of complexes sensitive to pH became a
ery attractive idea. A strategy to make a polypyridyl lumi-
escent complex with this characteristics includes the use of

igands with ionisable functional groups, for example a car-
oxylic group (dicarboxy-2,2′-bipyridine acid, Dcbpy) [15,16].
n order to apply these luminescent complexes into an optical
ber probe it is necessary to immobilise them in a suit-
ble solid membrane [17,18]. Ideally these membranes should
llow the exchange of protons and provide an effective encap-
ulation of the complex at the same time that preserves all its
ensing properties [3].

Ruthenium complexes [Ru(Phen)2Dcbpy]Cl2 and [Ru
Ph2Phen)2Dcbpy]Cl2 were synthesized, immobilised in a
ol–gel matrix and incorporated as sensors in fluorescent
ptical systems sensitive to pH. The sol–gel technology is a
imple route to manufacture porous glass [19,20] with the
dvantage that the physical characteristics can be tailored
y the preparative conditions [21,22]. In addition, the optical
roperties of these materials, as well as their good adhesion
o silica surfaces, make them an excellent choice for optical
ber-based applications. The results obtained regarding the
haracterization of the steady state and lifetime properties of
he synthesized complexes in solution and in sol–gel will be
resented and the sensor performance assessed.

. Experimental

.1. Reagents

uthenium(III) chloride (45–55%), Phen (99.5%), 4,7-diphenyl-
,10-phenanthroline (Ph Phen) (97%), lithium chloride
2

99.5 + %), 4,4′-dicarboxy-2,2′-bipyridine acid (Dcbpy),

12H8N2O4 (90%), TEOS (tetraethoxysilane) (≥99%), octyl-
riEOS (octytriethoxysilane), (≥96%), tetramethyl orthosilicate
TMOS), phenyltriethoxysilane (Ph-TriEOS) and Triton X-100
6 2 6 ( 2 0 0 8 ) 62–70 63

were obtained from Sigma–Aldrich Química S.A. (Spain). N,N-
Dimethylformamide (DMF), disodium hydrogenphosphate,
potassium dihydrogenphosphate, sodium hydroxide and
hydrogen chloride pro-analysis were purchased from Merck,
Darmstadt (Germany). Deionised water with resistivity higher
than 4 M�/cm was used.

2.2. Synthesis of the sensors

2.2.1. Synthesis of cis[Ru(Phen)2]Cl2 and
cis[Ru(Ph2Phen)2]Cl2
cis-Dichlorobis(phenanthroline)ruthenium was prepared via
a modified literature method [23]. Ruthenium(III) chloride
(1.61 g) and 1,10-phenanthroline (2.45 g) were refluxed in 60 mL
of DMF for 3 h. Most of the solvent was then distilled off
and the remaining solution was cooled to room tempera-
ture, treated with acetone (50 mL) and kept overnight at 0 ◦C.
The crystals formed were collected by suction filtration and
washed with water. The crude product was suspended in
140 mL of water/ethanol (1:1) and heated to reflux for 1 h.
The solid was filtered and treated carefully with lithium
chloride (30 g). Ethanol was distilled off and the result-
ing water solution was cooled in an ice bath resulting in
the precipitation of dark crystals. The only difference for
cis-dichlorobis(diphenylphenanthroline)ruthenium was the
addition of 0.6476 g of 4,7-diphenyl-1,10-phenanthroline.

2.2.2. Synthesis of [Ru(Phen)2Dcbpy]Cl2 and
[Ru(Ph2Phen)2Dcbpy]Cl2
[Ru(Phen)2Dcbpy]Cl2 and [Ru(Ph2Phen)2Dcbpy]Cl2 were pre-
pared via a modified literature method [16]. Dcbpy was
reacted with cis-dichlorobis(phenanthroline)ruthenium or
cis-dichlorobis(phenylphenanthroline)ruthenium (1:1) in a
mixture of methanol/water (4:1) under an nitrogen atmo-
sphere. The reaction mixture was refluxed for approximately
16–24 h and at the end it was reduced to a third of its
original volume. The complex [Ru(Ph2Phen)2Dcbpy]Cl2 was
precipitated with a saturated solution of sodium chloride
and the solid was extracted with methanol. The complex
[Ru(Phen)2Dcbpy]Cl2 was precipitated with ether/acetone (3:1,
v/v) and the solid was dissolved in methanol. The complexes
precipitated standing overnight at 0 ◦C.

2.3. Acid–base titrations

Saturated aqueous solutions of the two ruthenium(II) com-
plexes were prepared in water/ethanol (1:1). Six-hundred
microliters of the saturated solution was added to 850 �L of
phosphate buffer with pH adjusted in the range from 2 to 9
and 150 mL of ethanol—the final ethanol percentage was 28%.
All solutions under analysis were air equilibrated to obtain a
constant concentration of oxygen.

2.4. Immobilisation on sol–gel matrices

2.4.1. Sol–gel with TEOS, octyl-triEOS and Triton-X

Two-hundred microliters of TEOS, 10 �L of octyl-triEOS,
124.8 �L of ethanol, 20 �L of 0.1 M hydrogen chloride and 30 �L
of Triton-X were added and mixed for 45 min [24]. Afterwards
100 �L of a saturated solution of the complex in water/ethanol
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(1:1) was added to the sol–gel and shaken for 10 min. Thin films
were made by dip-coating.

2.4.2. Sol–gel with TMOS
Equal amounts of TMOS and hydrogen chloride (pH 3) were
added and mixed for 2 h at room temperature [2]. The result-
ing solution became a clear and homogeneous sol–gel. An
equal volume from a saturated solution of the complexes in
water/ethanol (1:1) was added to the sol–gel and thin films
were made by dip-coating.

2.4.3. Sol–gel with TEOS and Ph-TriEOS
This sol–gel matrix was prepared based on a literature method
[18] and consisted in the following: 1 mL of TMOS and 25 �L
Ph-TriEOS were mixed with 0.4 mL of hydrogen chloride
0.1 M and 1.15 mL of a saturated solution of the complex in
water/ethanol (1:1). The mixture was shaken for 20 min before
films were immobilised in glass plates and optical fibers by
dip-coating.

2.4.4. Preparation of optical fiber probes
Silica optical fibers with core/cladding diameters of, respec-
tively, 550 and 600 �m were purchased from Thorlabs. The
fiber tips were carefully polished and their protective coat-
ing removed with acetone followed by rinsing with deionised
water. To enhance the efficiencies of excitation and collection
of luminescence the fiber tips were reshaped by chemical etch-
ing. By slow and controlled immersion of the tip in 40% HF
a tapered probe with conical shape was obtained (in a 2-cm
fiber length the diameter is reduced from 600 to approximately
200 �m). To obtain the luminescent probes the fibers were then
dip-coated with the dye-doped sol–gel solutions and left to dry
in a clean environment at ambient temperature.

2.5. Instrumental setup

A Spex 3D Spectrofluorimeter with a 75-W xenon lamp and
a CCD detector was used. EEM were acquired, in an excita-
tion wavelength range from 200 to 675 nm, and in an emission
wavelength range from 201 to 720 nm, with a resolution of
5 nm.

Lifetime data for luminescent fiber probes was acquired at

room temperature using frequency domain interrogation. A
blue laser diode (473 nm) was used as the excitation source.
The laser output could be sinusoidally modulated in the
1–10 MHz frequency range. The luminescence emission was

Fig. 1 – Schematic representation of the protonation–deprotonati
a 6 2 6 ( 2 0 0 8 ) 62–70

guided to the probe by a 600-�m Y fiber coupler. Luminescence
was collected by the same optical fiber and lead to detection by
a variable gain amplified silicon photodetector (PDA36A from
Thorlabs, Inc.) set at 30 dB amplification and 785 kHz band-
width. The signal obtained by the detector was fed into a
lock-in amplifier (SR844 from SRS) where it was compared with
a reference signal from the modulation source. By this method
the relative phase difference was obtained. Under these con-
ditions, the luminescence emission is also a sinusoidal signal,
with the same modulation frequency (f) but having a phase
shift proportional to the lifetime of the excited state (�).

The lifetime data of sample solutions was obtained using
a similar set-up. In this case a UV LED (350 mcd, 400 nm)
was used to excite the sample by direct irradiation. Lumi-
nescence signals were then collected at 90◦ by the fiber
system.

2.6. Data analysis

The variations in the fluorescence intensity of the complexes
resulting from the deprotonation/protonation reaction of the
ligand Dcbpy (monoprotic acid) can be linearized using a
Henderson–Hasselbalch type equation (Eq. (1)) which allows
the calculation of the pKa for each complex [25]:

pH = pKa + log
[

Imax − I

I − Imin

]
(1)

where Imax and Imin are, respectively, the maximum and min-
imum of the fluorescence intensity of the acid or conjugated
base species and I is the fluorescence intensity as function of
the pH.

The lifetime of the excited state of the complex (either
protonated and deprotonated) (�) can be calculated using fre-
quency domain spectroscopy [26]. Typically the sinusoidal
modulation is applied in frequencies that are within the range
of the reciprocal of the excited state lifetime. When the lumi-
nescent complex is excited with a sinusoidally modulated
source a luminescent signal with sinusoidal modulation can
de detected. However, due to the finite lifetime of the complex
the luminescent signal is delayed relative to the excitation sig-
nal. The time delay can be measured as a phase shift, �, that

depends on the modulation frequency, f. These parameters
can be related by Eq. (2) allowing an estimation of the lifetime:

tan(�) = 2�f� (2)

on equilibrium for the [Ru(phen)2Dcbpy]Cl2 (RuA) complex.
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Fig. 2 – Excitation and emission spectra of the
[Ru(phen)2Dcbpy]Cl2 (RuA) (a) and [Ru(Ph2phen)2Dcbpy]Cl2
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. Results and discussion

.1. Effect of the pH on the emission spectra

o facilitate discussion, from this point forward, the com-
lexes [Ru(Phen)2Dcbpy]Cl2 and [Ru(Ph2Phen)2Dcbpy]Cl2 will
e addressed, respectively, as RuA and RuB. As an exam-
le, the chemical structure of RuA and the corresponding
rotonation–deprotonation equilibria are shown in Fig. 1. In
ddition, the excitation and emission spectra of the proto-
ated and deprotonated forms for complexes RuA and RuB

re presented in Fig. 2 and a summary of their properties is
resented in Table 1. The results obtained clearly show that
he emission band is pH sensitive suffering a red shift upon
onisation and presenting also a relatively large Stokes shift of
bout 200 nm. Both these features are an added value from the
oint of view of an optical fiber sensor configuration. The large
tokes shift facilitates discrimination between the excitation
adiation and the luminescent signal, reducing the need for fil-
ering. On the other hand, the red shift provides a mechanism
o measure pH based on wavelength, which is an absolute
arameter, and also allows for a more sensitive detection as
he photodetector responsivity increases towards the infrared.
oreover, both the protonated and deprotonated forms of the

omplexes are strongly fluorescent. Overall these properties
ake these complexes adequate for fluorescence pH sens-

ng. Moreover, both the protonated and deprotonated forms
f the complexes are strongly fluorescent which make them
dequate for fluorescence pH sensing.

A detail analysis of the emission intensity spectrum varia-
ion with the pH was done and a marked increase of the emis-
ion fluorescence was observed when the pH was increased
n the range from 2.0 up to 4.5. Fig. 3a shows, as an exam-
le, the data obtained for the RuA complex. It can be observed
hat there is a difference between the emission characteris-
ics of the protonated and deprotonated complex. In addition
o the change in intensity, an apparent shift in the emission
eak to shorter wavelengths takes place as pH increases. The
bsorption of light (near 450 nm) by the complexes results

n a metal-to-ligand charge transfer (MLCT) transition [26].
he emission from the MLCT state is the relatively long life-

ime fluorescence—in the order of microseconds. The results
btained in this work suggests that the deprotonated form of

Table 1 – Acid–base and photophysical properties of the synthe

Property

Excitation wavelength (nm)
Emission wavelength of the protonated complex (nm)
Emission wavelength of the ionised complex (nm)
Emission wavelength of the sol–gel immobilised complex (nm)
pKa

Lifetime of the protonated complex (�s)
Lifetime of the ionised complex (�s)
Lifetime of the sol–gel immobilised protonated complex (�s)
Lifetime of the sol–gel immobilised ionised complex (�s)

*These values represent an average value obtained from at least three ind
(RuB) (b) complexes in water/ethanol (1:1): (· · ·) protonated
and (—) ionised species.

the Dcbpy ligand is probably a better electron acceptor than
the protonated form; the deprotonated Dcbpy increases the

MLCT state, shifting the emission to shorter wavelengths as
the pH is increased. This behaviour is interesting from the
application point of view as it enables the use of ratiometric
schemes. Similar results were obtained for complex RuB.

sised complexes

Complex

[Ru(Phen)2Dcbpy]Cl2 [Ru(Ph2Phen)2Dcbpy]Cl2

431 435
628 625
665 640
628

3.6 ± 0.4 3.7 ± 0.4
0.46 ± 0.01 0.38 ± 0.02
0.598 ± 0.001 0.61 ± 0.08
1.05 ± 0.04
1.16 ± 0.04

ependent measurements.
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Fig. 3 – Fluorescence intensity and peak emission wavelength as function of pH (a), Henderson–Hasselbalch plot of the
n of
uA).
intensity variation as function of the pH (b), phase as functio
(c) and lifetime change with pH (d) of [Ru(phen)2Dcbpy]Cl2 (R

The fluorescence intensity variation with pH presented in
Fig. 3a represents a well-shaped sigmoidal titration curve with
one inflection point which is compatible with a monoprotic
acid and, consequently, the curve can be linearized by fitting
the experimental data to a Henderson–Hasselbalch model as
shown in Fig. 3b (Eq. (1)). From this plot a pKa of about 3.6 can
be estimated (Table 1). The pKa found for both complexes are
very similar with a literature reported value (3.19 ± 0.04 [16])
and the difference may be attributed to the different ethanol
percentages used in both works.

3.2. Effect of the pH on the lifetime

The excited state lifetimes of both complexes (protonated
and deprotonated forms) were calculated from the plot of the
phase (tan �) as a function of the modulation frequency (Eq.
(2)) (Fig. 3c) shows, as an example, data obtained for complex
RuA (Table 1). Using the same method, the lifetime of the two
complexes as function of the pH was calculated and a typical
curve is shown in Fig. 3d (this curve is overlaid with the curve

of the intensity variation with the pH).

The analysis of the lifetimes of both complexes (Table 1
and Fig. 3d) shows that the protonated species have a life-
time of about 0.4 �s and the ionised species have a lifetime
the modulation frequency in pH buffer 2.8 (�) and 9.0 (©)

of about 0.6 �s, which means that lifetime not only changes
with the solution pH but it has a similar trend, i.e., the life-
time increases as the solution pH increases. This result agrees
with the energy-gap law that states that the non-radiative
decay rate increases exponentially as the emission energy
decreases [26]. Indeed, as discussed above, the deprotona-
tion of Dcbpy shifts the emission to shorter wavelengths
(higher energies) and, supporting the band-gap theory, the
lifetime also increases. The lifetime values found in this
work are in the same range as others described in the
literature a well as the increasing lifetime trend as the com-
plex is ionised [16]. The range of lifetime variation upon
ionisation is well suited for frequency domain interroga-
tion.

The analysis of Fig. 3d shows that the lifetime of both
complexes has a sigmoid type variation, very similar to that
of the intensity. This indicates that the intensity quench-
ing/enhancement mechanisms are directly coupled to the
increase/decrease of non-radiative decay pathways. This
result is quite relevant in terms of the analytical chemistry

importance of these complexes for lifetime-based pH sen-
sors since this variation can easily be linearized using a
Henderson–Hasselbalch type model (Eq. (1)) showing that it
can be used to effectively measure the solution pH.
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Fig. 4 – Photograph of the tip of the fluorescence fiber probe (a) and emission spectra as function of the pH of the
[Ru(Phen)2Dcbpy]Cl2 (RuA) complex immobilised at the tip of the optical fiber (b). Phase and intensity response cycles
( 60 nm
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integration of the fluorescence intensity between 600 and 6
RuA) immobilised in the tip of an optical fiber—phase and i

.3. Complexes immobilised on sol–gel matrices

he three sol–gel preparations were successful in the immobi-
ization of the Ru(II) complexes and no leaching was observed.
lso, when in contact with water, the sol–gel structures (mem-
ranes or monoliths) were mechanically stable. The matrixes
re described by timeframe, when it was found that the sol–gel
id not corresponded to the objective intended it was changed
y another one.

With the TEOS/octyl-triEOS-based sol–gel membrane it was
ossible to make a thin and robust film that was stable when
n contact with different pH solutions and the lifetime of the
mmobilised RuA complex was about 1.09 �s. However, when
mmersed in aqueous solutions the Ru(II) complexes immo-
ilised in the sol–gel membrane demonstrated a slow response
) to pH 2.8 and 8.1 of the complex [Ru(Phen)2Dcbpy]Cl2
sity at 150 kHz measured from lock-in amplifier (c).

to the solution pH (≈30 min). This matrix was therefore aban-
doned and another one was tested.

The TMOS-based sol–gel membrane successfully
entrapped the RuA complex and the lifetime of the com-
plex inside the dry matrix was about 0.58 �s. However, when
in contact with different pH buffers, it was not possible to
measure any change in lifetime.

Best results were obtained, with a TEOS/Ph-triEOS-
based sol–gel membrane where it was observed a mea-
surable and rapid variation (30 s) of the luminescence
emitted by the immobilised complex when in contact

with aqueous solutions at different pH (Fig. 4). Conse-
quently, this sol–gel was used to immobilise the complex
on the tip of optical fibers and its performance was
characterized.
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Fig. 5 – Lifetime dependence with pH of the immobilised
[Ru(Phen)2Dcbpy]Cl2 (RuA) in sol–gel (TEOS + Ph-TriEOS) (a)
68 a n a l y t i c a c h i m i c a

3.4. Complexes coupled to optical fibers

Fig. 4a shows a picture of the luminescent fiber probe (image
taken through a long pass filter with cut-off at 550 nm), the
corresponding emission spectra as function of the pH (Fig. 4b)
and the dynamic response of fluorescence intensity and phase
to cycles between two different pH buffers (2.8 and 8.1) (Fig. 4c).
These results show that the intensity and lifetime behaviour
of the immobilised complex are a function of the pH when
the tip of the optical fiber is immersed in aqueous solution
with different acidity and that the responses are quite repro-
ducible. The analysis of Fig. 4c shows that the response time
of the full ionisation is less than 1 min and the reverse is a
much faster process taking less than 10 s. Fig. 4b shows that
decreasing the pH provokes a proportional decrease of the flu-
orescence intensity and, contrary to previously observed in
aqueous solution (Fig. 3a), no measurable wavelength shift is
observed. While in solution the intensity was decreased by
almost 80% when going from alkaline to acid environment.
After immobilization the quenching observed in the same sit-
uation is of approximately 30%. This indicates that a given
population of immobilised dye is not ionisable remaining in
the acidic state. In addition, rigidochromism effects are known
to cause a blue shift in the emission of immobilised dyes. As
a result, the overall emission of the luminescent fiber probes
shows a maximum of the emission spectra of the immobilised
complex at about 628 nm (Table 1).

In spite of all, it is still feasible to perform pH measure-
ments using either the luminescence intensity or the lifetime
response of the fiber probes. Fig. 5 shows the variation of the
lifetime and fluorescence intensity of the immobilised RuA in
sol–gel (TEOS + Ph-TriEOS). The analysis of Fig. 5a shows that
the lifetime response of the immobilised complex can still be
fitted by a sigmoid (similar result was observed for the flu-
orescence intensity) as function of the pH. The behaviour is
similar to that observed in aqueous solution, with an ioni-
sation constant in the same range. After the immobilization,
however, the sigmoidal curve is much broader than in solution.
This may be due to different microenvironments in the solid
matrix having different sensitivity to pH, therefore having dif-
ferent pKa. This pKa distribution then results in a response
over a broader pH range.

The analysis of the lifetimes of the immobilised RuA com-
plex in sol–gel (TEOS + Ph-TriEOS) (Table 1) shows that the
protonated species have a lifetime of 1.05 ± 0.04 �s and the
ionised species have a lifetime of 1.16 ± 0.04 �s, showing a
similar trend as that observed in aqueous solution—the life-
time increases as the solution pH increases. However, the
immobilised complex shows a lifetime nearly double than
in aqueous solution. In addition, the relative change in life-
time is smaller than in solution. These results confirm the
existence of a population of immobilised dye that is not
responsive to pH. This decreased sensitivity may also be
related to the fact that the sol–gel matrix was prepared in
an acidic media, where the luminescence intensity is low-
est. Nevertheless the behaviour observed in the solid matrix

when compared to the one in solution (see Fig. 5b) shows
that the intensity and lifetime of the immobilised complex
respond reversibly and reproducibly to the pH of the aqueous
solution. Careful observation shows that although the sensor
and the dynamic response of lifetime and intensity to a
sequence of increasing/decreasing pH values (b).

response is quite stable in alkaline environments in very acidic
media some drift is observed. This is mainly the result of the
reduced luminescence intensity at low pH reducing the sys-
tem signal-to-noise ratio. Further optimization of the sol–gel
processing parameters should allow the improvement of these
parameters by increasing the amount of dye available for ion-
isation.

The long-term operation of the sensors was not tested
in a systematic fashion; nevertheless, it could be observed
that the sensor was stable over several test sessions of some
hours, showing a strong luminescent output. To minimize
drift effects due to slow photobleaching, however, calibration
should be performed at the beginning of each probing session.
In addition, it was observed that fiber probes stored in the dark
were still operational after more than 2 months.

The main expected interferences to the sensors are the
temperature and the percentage of oxygen dissolved in the
solution under analysis. Under laboratory conditions these

two factors are easily controlled but for field measurements
the dissolved oxygen and the temperature should be moni-
tored. To check, in particular, the influence of dissolved oxygen
on the sensor performance, the phase output was recorded
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hile the sensor was immersed in a container of deionized
ater which was successively bubbled with nitrogen and com-
ressed air. This procedure allowed submitting the sensor to
ycles of dissolved oxygen concentration from 9 to 0 mg/L. In
his interval it was observed that a phase change of 1◦ was
nduced in the sensor. The magnitude of this phase change is
omparable to the one induced by a change of 1 pH unit (∼1.5◦).
evertheless, in most applications fluctuations on oxygen
oncentration are likely to be much smaller, greatly reducing
he induced error. In any case, simultaneous measurement of
he pH and the interfering parameters is possible. In fact, this
ould be done in an all-optical system as fiber optic sensors for
emperature and oxygen have been developed, using similar
nstrumentation, that can be easily coupled to the fiber optic
H sensor presented here [27–32].

These results demonstrate that the synthesized complexes
re suitable for optical sensing and when compared to other
H sensors previously described in the literature both sen-
ors and immobilization matrix represents an improvement
n some parameters. For example, the pH sensor described
n Ref. [33] is based on immobilised fluoresceinamine. This
uorophore is well known and is highly luminescent, how-
ver, when immobilised in cellulose, the intensity response
bove pH 8 decreases due to the hydrolysis of the sensor
hich means that it only work in a pH range between 3 and

. Furthermore, the background noise, due to the fact that the
aximum emission wavelength and the excitation are less

han 60 nm apart, is 40% of the signal at pH 3 and decreases
ith increasing pH, which makes the measurements for pH 3
p to 5 difficult. Another optical sensing pH sensor is based
n Congo Red immobilised in a cellulose acetate film [34].
his sensor has an intensity response less affected by back-
round noise, as the complex described in our work, however,
he response in solution is completely different when com-
ared to the behaviour in solid matrix and this difference is
ot yet completely understood. Moreover the film response
hanged about 3% over a 6-h period of measurement which
aybe due to leaching problems. In this context, the fact that

he proposed sensor is based in lifetime interrogation allows
o overcome some limitations due to optical power drift and
ignal fading due to leaching.

. Conclusion

he complexes [Ru(Phen)2Dcbpy]Cl2 and [Ru(Ph2Phen)2
cbpy]Cl2 are pH sensitive luminescent indicators, suitable

o be incorporated in optoelectronic systems. Their lifetime
n the microsecond range enables the implementation of
requency domain interrogation with relatively low mod-
lation frequencies allowing for low cost instrumentation.

n addition, the large Stokes shift and high quantum yield
acilitate photodetection. Both complexes have a pKa of about
.6. These complexes have a lifetime in the order of hundreds
f nanoseconds and a measurable change in lifetime upon

onisation. Both complexes can be successfully immobilised

n different sol–gel matrices and a hybrid sol–gel (TEOS and
h-TriEOS) allows an adequate pH response (intensity and
ifetime) for the immobilised complex. The fiber optic pH
ensor developed and assessed is easily assembled using
6 2 6 ( 2 0 0 8 ) 62–70 69

general laboratory reagents and quite simple experimental
procedures.
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