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A new optical oxygen sensor based on the luminescence intensity change of a terbium(

 

Ⅲ

 

) complex, tris(acethylace-
tonato)(1,10-phenanthroline)terbium(

 

Ⅲ

 

) complex, ([Tb(acac)

 

3

 

(phen)]), adsorbed thin film onto an alumina plate, was de-
veloped.  The luminescence peak positions of [Tb(acac)

 

3

 

(phen)] film were observed at 490, 546, 590 and 620 nm.  The
luminescence intensities of [Tb(acac)

 

3

 

(phen)] in the film decreased with increasing the oxygen concentration, indicating
that the film can be used as an optical oxygen sensing device based on luminescence quenching by oxygen.  The ratio 

 

I

 

0

 

/

 

I

 

100

 

 (

 

I

 

0

 

 and 

 

I

 

100

 

 represent the detected luminescence intensities from the film exposed to 100% argon and 100% oxygen,
respectively) values of [Tb(acac)

 

3

 

(phen)] film are estimated to be 2.66 (490 nm), 2.68 (546 nm), 2.67 (590 nm) and 2.66
(620 nm), respectively.  [Tb(acac)

 

3

 

(phen)] film obeyed a Stern–Volmer plot with a multi-site model and possessed good
operational stability.  The response times of the [Tb(acac)

 

3

 

(phen)] film were 7.3 s for switching from argon to oxygen,
and 70 s for switching from oxygen to argon.

 

Determining the oxygen concentration is important in vari-
ous fields of chemical, clinical analysis and environmental
monitoring.

 

1–3

 

  Several oxygen detection systems have been re-
ported i.e., some based on titration

 

4

 

 as well as amperometric,

 

5

 

chemiluminescence,

 

6

 

 or thermoluminescence determinattions.

 

7

 

The most successful method has been the oxygen-electrode
method.  However, it is limited by the stability of the electrode
surface and by instabilities in the oxygen diffusion barrier, be-
cause it measures the rate of diffusion of oxygen to the cath-
ode.  A number of luminophores has been used as oxygen-
sensing probes for optical oxygen sensors.

 

8–10

 

  Many optical
oxygen sensors are composed of organic dyes, such as polycy-
clic aromatic hydrocarbons (pyrene and its derivatives, quino-
line and phenanthrene) immobilized in an oxygen permeable
polymer.

 

11,12

 

  Polycyclic aromatic hydrocarbons have a strong
fluorescence with long fluorescence lifetimes like 200 ns,
which make them very amenable to quenching by oxygen.  Re-
cently, much attention has been given to the photochemical
and photophysical properties of lanthanide complexes.

 

13–22

 

Terbium(

 

Ⅲ

 

) complexes display remarkably strong green lumi-
nescence with a high quantum yield, and have a long life-
time.

 

22

 

  The luminescence processes of the terbium(

 

Ⅲ

 

) com-
plexes are as follows.  The intersystem crossing process form
the photoexcited singlet state of the ligand to the photoexcited
triplet state of the ligand occurs, and then energy transfer from
the photoexcited triplet state of the ligand to the excited state
of terbium(

 

Ⅲ

 

) ion (the energy level of 

 

5

 

D

 

4

 

) takes place.  The
luminescence of the terbium(

 

Ⅲ

 

) complexes is attributed to the
4

 

f

 

 orbital–4

 

f

 

 orbital transition (the energy level of excited state

 

5

 

D

 

4

 

 to the energy level of the ground state 

 

7

 

F

 

j

 

).

 

17–22

 

  The green
luminescence is attributed to the 

 

5

 

D

 

4

 

 to 

 

7

 

F

 

j

 

 transition.  Thus,

the terbium(

 

Ⅲ

 

) complexes are attractive candidates as novel
optical oxygen-sensing materials.  In general, the oxygen-sens-
ing dye molecules immobilized in organic polymer films have
usually been used for an optical oxygen sensor.  Because dye
molecules were found to interact with polymer molecules di-
rectly, the properties of sensing films strongly depend on the
properties of the polymer.  To overcome these problems, a dye
adsorption film has been exploited.  Especially, the dye mole-
cules were strongly adsorbed onto alumina surface.  Because
the sensing dyes can be immobilized on the alumina surface
directly by using this technique, a highly sensitive device for
oxygen sensing will be accomplished by using a dye adsorp-
tion film.

In this work, terbium(

 

Ⅲ

 

) complexes, tris(acethylaceto-
nato)(1,10-phenanthroline)terbium(

 

Ⅲ

 

) complex, ([Tb(acac)

 

3

 

(phen)]), (the chemical structure is shown in Fig. 1) was ap-

 

Fig. 1.   Chemical structure of [Tb(acac)

 

3

 

(phen)].
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plied to an optical oxygen sensing probe, and the oxygen-sens-
ing properties of [Tb(acac)

 

3

 

(phen)] adsorbed film onto alumina
plate were studied.

 

Experimental

 

[Tb(acac)

 

3

 

(phen)] was prepared by adding 40 mL of a warm
ethanolic solution of 1,10-phenanthroline (1 mmol) to an ethanol-
ic solution containing 1 mmol of tris(acethylacetonato)terbium(

 

Ⅲ

 

)
(obtained from Aldrich) at 70 °C for 5 h.  [Tb(acac)

 

3

 

(phen)] was
characterized by the UV-vis absorption spectrum.  During the syn-
thesis of [Tb(acac)

 

3

 

(phen)], the intensity of the absorption band at
268.1 nm attributed to the coordination of 1,10-phenanthroline,
increased.  The precipitate was filtered, washed with ethanol and
dried in a vacuum.  Purification was performed by recrystalliza-
tion from an ethanol–water (1:2) mixture.  A [Tb(acac)

 

3

 

(phen)]
adsorbed thin film was prepared as follows.  An alumina plate was
dipped into 0.1 mmol dm

 

−

 

3

 

 [Tb(acac)

 

3

 

(phen)] in a dichlo-
romethane solution at room temperature for 30 min.  After dip-
ping, the plate was washed with water and ethanol several times.
The films were dried at room temperature and stored in the dark
prior to use.  An alumina plate was prepared by anodic oxidation
of the aluminium plate.  The aluminium plate (1.2 

 

×

 

 4 cm) was
washed with a NaOH aqueous solution for 2 min, and was then
electrically oxidized in a 1.0 mol dm

 

−

 

3

 

 H

 

2

 

SO

 

4

 

 solution for 30 min.
After oxidation, the plate was washed with a H

 

3

 

PO

 

4

 

 solution for
10 min.  The alumina plates were dried in a vacuum at 80 °C for 5
h and stored in the vacuum prior to use.

The UV-vis absorption spectrum of the [Tb(acac)

 

3

 

(phen)] in
dichloromethane solution was recorded using a Shimadzu UV-
2400PC spectrometer.  Steady state luminescence spectra and the
excitation spectra of the [Tb(acac)

 

3

 

(phen)] film were measured us-
ing a Shimadzu RF-5300PC Spectrofluorophotometer with a 150
W xenon lamp as a visible excitation light source.  The excitation
and emission bandpasses were 5.0 nm.

Oxygen sensing was carried out using a spectrofluorophotome-
ter with a 150 W Xenon lamp as the excitation light source.  The
sample film was mounted at a 45° angle in the quartz cell to mini-
mize any light scattering from the sample and substrate.  Different
oxygen standards (in the range 0–100%) in a gas stream were pro-
duced by controlling the flow rates of oxygen and argon gases en-
tering a mixing chamber.  The total pressure was maintained at
760 Torr (1 Torr 

 

=

 

 133.322 Pa).

 

23

 

  All of the experiments were
carried out at room temperature.  The oxygen-sensing properties
of [Tb(acac)

 

3

 

(phen)] film were characterized by the Stern-Volmer
quenching constant (

 

K

 

SV

 

) obtained from the following equation
(1):
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 [O
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], (1)

where 

 

I

 

0

 

, 

 

I

 

 and [O

 

2

 

] are the luminescence intensities in the absence
and presence of oxygen and the oxygen concentration, respective-
ly.  The K

 

SV

 

 value was obtained from a linear plot of (

 

I

 

0

 

/

 

I

 

) 

 

−

 

 1
versus [O

 

2

 

].

 

Results and Discussion

 

The reflectance spectrum of the [Tb(acac)

 

3

 

(phen)] film is
shown in Fig. 2.  The shape of the spectrum of the
[Tb(acac)

 

3

 

(phen)] film was almost the same as that in a dichlo-
romethane solution (absorption peak position 

 

=

 

 268.3 and
228.2 nm for film and 268.1 and 228.1 nm in dichloromethane
solution), and no peak shift was observed.  Thus, [Tb(acac)

 

3

 

(phen)] was homogeneously adsorbed to the alumina plate.
The luminescence spectra of the [Tb(acac)

 

3

 

(phen)] film un-
der various oxygen concentrations are shown in Fig. 3.  The lu-
minescence peak positions of the film were observed at 490
(attributed to 

 

5

 

D

 

4

 

 to 

 

7

 

F

 

1

 

 transition), 546 (attributed to 

 

5

 

D

 

4

 

 to 

 

7

 

F

 

2

 

transition), 590 (attributed to 

 

5

 

D

 

4

 

 to 

 

7

 

F

 

3

 

 transition) and 620 nm
(attributed to 

 

5

 

D

 

4

 

 to 

 

7

 

F

 

4

 

 transition).  The excitation wavelength
was 268 nm, and is attributed to the 1,10-phenanthroline
ligand.  The intensities of the luminescence peak positions of
the [Tb(acac)

 

3

 

(phen)] film depended on the oxygen concentra-
tion.  The intensities of the [Tb(acac)

 

3

 

(phen)] film at 490, 546,
590 and 620 nm decreased with increasing the oxygen concen-
tration, as shown in Fig. 4.  In this figure, the reference is the
luminescence intensity at 546 nm under 100% argon condi-
tions.  The ratio 

 

I

 

0

 

/

 

I

 

100

 

 is used as a measure of the film sensitiv-

 

Fig. 2.   The reflectance spectra of [Tb(acac)

 

3

 

(phen)] film
(solid line).  The UV-vis absorption spectra of
[Tb(acac)

 

3

 

(phen)] in dichloromethane solution (dash line).

Fig. 3.   The luminescence spectra of [Tb(acac)

 

3

 

(phen)] film
under various oxygen concentrations. Excitation wave-
length was 268 nm.
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ity, where 

 

I

 

0

 

 and 

 

I

 

100

 

 represent the detected luminescence in-
tensities from the film exposed to 100% argon and 100% oxy-
gen, respectively.  The 

 

I

 

0

 

/

 

I

 

100

 

 values of the [Tb(acac)

 

3

 

(phen)]
film are estimated to be 2.66 (490 nm), 2.68 (546 nm), 2.67
(590 nm) and 2.66 (620 nm), respectively.  For all of the moni-
tored wavelengths, the I0/I100 values were almost the same.
This result indicates that the luminescence of [Tb(acac)3

(phen)] in the film is quenched by oxygen, and that this film
can thus be used as an optical oxygen sensing device by em-
ploying its oxygen-induced luminescence quenching ability as
an indicator of the oxygen concentration.

Figure 5 shows Stern–Volmer plots for the [Tb(acac)3

(phen)] film monitored at 490, 546, 590 and 620 nm.  For all
cases, the plots exhibit considerable linearity at lower oxygen
concentrations, although the curvature decreases at higher oxy-
gen concentrations.  Usually, the results of downward curva-
ture in Stern–Volmer plots at higher oxygen concentrations
have been explained by two different theories: one being the
coexistence of dynamic and static quenching processes, and
the other by the fact that dynamic quenching is the sole
quenching process in an optical oxygen sensor system with
differences in sites occupied by dye molecules with different
oxygen accessibility.  The simultaneous presence of dynamic
and static quenching when the luminescence of [Tb(acac)3

(phen)] is quenched both by excited state collisions,

([Tb(acac)3(phen)]---O2)* and by ground-state complex forma-
tion with the oxygen, [Tb(acac)3(phen)]---O2,as shown in
Scheme 1.

In the scheme, [Tb(acac)3(phen)]* is the photoexcited state
of [Tb(acac)3(phen)] and kr, kd, k−d and knr are the rate con-
stants for the radiative decay, diffusion, back diffusion and
non-radiative quenching, respectively.  The relative lumines-
cence intensity (I0/I) is given by the product of both the dy-
namic and static quenching.25  Hence,

I0/I = (1 + KD[O2])(1 + KS[O2]) 
= 1 + K1[O2] + K2[O2]2, (2)

I0/I =(1 + KD[O2]) exp (KT[O2]), (3)

KT = (NaV/1000)[4πR2(Dτ)1/2], (4)

where, KD and KS are the dynamic and static quenching con-
stants, respectively, and K1 = KD + KS and K2 = KDKS.  If
there is a transient component present in dynamic quenching,25

then KT is the transient quenching constant, Na is Avogadro’s
number and V and R are the volume and radius of the transient
quenching sphere; D and T are the viscosity of the medium and
the lifetime of the [Tb(acac)3phen], respectively.  For weak
quenching,

Fig. 4.   The relative luminescence intensity changes of
[Tb(acac)3(phen)] film under various oxygen concentra-
tions.  Emission wavelength: (�) 490, (�) 546, (�) 590
and (�) 620 nm.

Fig. 5.    Stern–Volmer plot for [Tb(acac)3(phen)] film.  Emis-
sion wavelength: (�) 490, (�) 546, (�) 590 and (�) 620
nm

Scheme 1.   Quenching processes of [Tb(acac)3(phen)] by oxygen.  The luminescence of [Tb(acac)3(phen)] can be quenched not only
through excited state collision ([Tb(acac)3(phen)]---O2)* but also through ground state collision [Tb(acac)3(phen)]---O2.
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I0/I = (1 + KD[O2])(1 + KT[O2]) 
= 1 + K1[O2] + K2[O2]2. (5)

Thus, the overall dynamic quenching accompanied by either
static quenching or a transient component in dynamic quench-
ing can result in the quadratic dependence of [O2].  However,
the quadratic form from equation (2) or (5) would result in an
upperward curvature, because K2 is positive.  On the other
hand, the experimental results show a downward curvature
(Fig. 5).  Thus, the latter seems to be more reasonable, taking
the heterogeneous of these sensing systems into consideration.
The quenching behavior of photoluminescent molecules is af-
fected by the local composition in which the molecule is situat-
ed.  Especially in heterogeneous systems, it is believed that
there are inhomogeneities in the dye environment, i.e., two or
more sites with different quenching constants are occupied by
[Tb(acac)3(phen)]: oxygen-easy accessible and oxygen-diffi-
cult accessible sites.24,25  Therefore, in the case of a condensed
system, such as a polymer film, the Stern–Volmer plot deviates
from linearity because of the different relative contributions
which originate from different quenching sites.  Hence, the de-
pendence of I0/I on the oxygen concentration differs from Eq.
1,

I0/I = [Σ(fn/(1 + KSVn[O2]))]−1, (6)

where, the fn is the fractional contributions to the oxygen-ac-
cessible site or oxygen-difficult accessible site.  KSVn is the
quenching constant for each accessible site.  In all monitored
wavelengths, the best-fit curves were obtained when n was
equal to 2, supported by the correlation factor, r2, estimated to
be 0.988 for 480 nm, 0.993 for 546 nm, 0.997 for 590 nm and
0.993 for 620 nm by least-squares method.  In Fig. 5, the solid
lines are the best fit using the above equation (n = 2).  A
[Tb(acac)3(phen)] film sensor was calibrated by the modified
Stern–Volmer equation (Eq. 6).  Thus, there are two oxygen-
accessible sites for the [Tb(acac)3(phen)] film: one is an oxy-
gen-accessible site (KSV1 = 0.12%−1(f1 = 0.67) for 480 nm,
KSV1 = 0.16%−1(f1 = 0.66) for 546 nm, KSV1 = 0.15%−1(f1 =
0.66) for 590 nm, and KSV1 = 0.16%−1(f1 = 0.66) for 620 nm);
and the other is an oxygen-difficult accessible site (KSV2 =
0.0016%−1(f2 = 0.33) for 480 nm, KSV2 = 0.0016%−1(f2 =
0.34) for 546 nm, KSV2 = 0.0016%−1(f2 = 0.34) for 590 nm,
and KSV2 = 0.0016%−1(f2 = 0.34) for 620 nm).

Assuming that there are k-accessible (and n-k non-accessi-
ble) molecules with the same KSV, Eq. 6 can be expressed as

I0/(I0 − I) = 1/(f KSV[O2]) + 1/f, (7)

where, f = Σfi.  This is the maximum mole fraction of dye mol-
ecules that are accessible to oxygen.  If only a single class of
dye molecules with the same accessibility to oxygen is present,
1/f in Eq. 7 should be 1.  Figure 6 shows a modified Stern–
Volmer plot for the [Tb(acac)3(phen)] film plotted using Eq. 7.
I0/(I0 − I) against 1/[O2] showed good linearity, which was en-
hanced compared with a plot of I0/I against [O2].  In order to
obtain the f value, the regression line is extrapolated to 1/[O2]
= 0.  The values of f are 0.60 for 480 nm, 0.63 for 546 nm,
0.61 for 590 nm and 0.61 for 620 nm.  The value of f indicates

the oxygen quenching mole fraction of the [Tb(acac)3(phen)]
molecule, and f = 1 means that all excited [Tb(acac)3(phen)]
molecules are quenched equally by oxygen.  Form the f values,
the KSV values 0.13%−1 for 480 nm, 0.15%−1 for 546 nm,
0.14%−1 for 590 nm, and 0.13%−1 for 620 nm, respectively.
The KSV and f values obtained from Eq. 7 were almost the
same as the KSV1 and f1 obtained from Eq. 6.  Thus KSV1 was at-
tributed to the luminescence quenching of [Tb(acac)3(phen)]
by oxygen.  At all of the monitored wavelengths, KSV2 has a
very low value, and a small contribution compared with KSV1.
Because the diffusion rate of oxygen is rapid in the film, the lu-
minescence of [Tb(acac)3(phen)] is fully quenched by oxygen.
Thus, the oxygen-difficult accessible site is attributed to the
static quenching site in the film (emission from background
scattering, etc).

Figure 7 shows an operational stability test conducted by
reading the luminescence intensity signal while oxygenated
and deoxygenated gases were switched for 200 s.  The re-
sponse times are defined by the 95% response and recovery
times, exhibited by the sensors when they were exposed to an
alternating atmosphere of oxygen and argon, respectively.  The
response times of the [Tb(acac)3(phen)] film were 7.3 s for
switching from argon to oxygen, and 70 s for switching from
oxygen to argon.  Especially, the response time for switching
from oxygen to argon was slow, compared with the response
times of other optical oxygen sensors (< 50 s).  This result
shows that the oxygen elimination was slow because of the
strong interaction between [[Tb(acac)3(phen)] and oxygen.
The signal changes were fully reversible, and hysterisis was
not observed during the measurements.

The dynamic response of the [Tb(acac)3(phen)] film under
various oxygen concentrations is shown in Fig. 8.  This test
was repeated and the signal changes were monitored when ran-
domly increasing and decreasing the oxygen concentrations
change.  Evidently, the signal changes were fully reversible,
and measurement hysterisis was not observed.  An important

Fig. 6.   The modified Stern–Volmer plot for
[Tb(acac)3(phen)] film using Eq. 7.  Emission wavelength:
(�) 490, (�) 546, (�) 590 and (�) 620 nm.
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factor for applying of the [Tb(acac)3(phen)] film as an optical
oxygen-sensing material is its photostability.  To characterize
the photostability of the [Tb(acac)3(phen)] film, the reflectance
spectrum of the film was measured after continuous irradiation
using a 150 W tungsten lamp on the film for 24 h.  No spec-
trum change was observed, indicating that the [Tb(acac)3-
(phen)] film is stable against irradiation.

Conclusion

A new photoluminescent oxygen sensor based on the lumi-
nescence intensities of tris(acethylacetonato)(1,10-phenanthro-

line)terbium(Ⅲ) complex ([Tb(acac)3(phen)]) adsorption film
onto alumina plate was developed.  The luminescence intensity
of the [Tb(acac)3(phen)] film decreased with increasing the ox-
ygen concentration.  The [Tb(acac)3(phen)] film sensor was
calibrated by the modified Stern–Volmer equation.

This work is partially supported by “Molecular Sensors for
Aero-Thermodynamic Research (MOSAIC),” the Special Co-
ordination Funds from the Ministry of Education, Culture,
Sports, Science and Technology.
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Fig. 7.   Response time and relative intensity change for
[Tb(acac)3(phen)] film on switching between 100% argon
(1) and 100% oxygen (2) for 200 s.  Excitation and emis-
sion wavelengths were 268 and 546 nm, respectively.

Fig. 8.   Dynamic response of [Tb(acac)3(phen)] film when
oxygen concentrations were changed randomly. (1) 0; (2)
13.4; (3) 17.1; (4) 22.3; (5) 33.0; (6) 52.0; (7) 18.7; (8)
14.5; (9) 11.6; (10) 8.00; (11) 4.25; (12) 10.6; (13) 14.5%
oxygen.  Excitation and emission wavelengths were 268
and 546 nm, respectively.


