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Abstract

An optical oxygen detection material based on platinum tetrakis(penta¯uorophenyl)porphyrin (PtTFPP) immobilized in ¯uoropolymer,

polytri¯uoroethylmethacrylate (poly-TFEM) ®lm has been developed and characterized. The luminescence intensity of PtTFPP in poly-

TFEM ®lm decreased with increase of oxygen concentration. The ratio I0/I100 is used as a sensitivity of the ®lm, where I0 and I100 represent

the detected luminescence intensities from a ®lm exposed to 100% argon and 100% oxygen, respectively. I0/I100 value of PtTFPP in poly-

TFEM ®lm is estimated to be 15.4 and large Stern±Volmer constant is obtained compared with PtTFPP in polystyrene ®lm. The response

times of PtTFPP immobilized in poly-TFEM ®lm are 5.6 s on going from argon to oxygen and 32 s from oxygen to argon, respectively. The

fast response time is obtained using PtTFPP immobilized in poly-TFEM ®lm. PtTFPP in poly-TFEM ®lm exhibits minimal deterioration

decrease of initial intensity after continuous irradiation for 24 h (ca. 0.5%). These results indicate that PtTFPP immobilized in poly-TFEM

®lm is photostable and highly sensitive device for oxygen. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Oxygen detection techniques are applied to various ®elds,

such as chemical, clinical analysis and environmental mon-

itoring [1±3]. The most popular method is the amperometric

method using oxygen electrode in which the rate of diffusion

of oxygen to the cathode is measured [4]. This system,

however, is limited because of the stability of the electrode

surface. Recently, a variety of devices and sensors based on

photo-luminescent quenching of organic dyes are developed

to measure oxygen concentration on the solid surface. Many

optical oxygen sensors are composed of organic dyes, such

as polycyclic aromatic hydrocarbons [5±11], transition

metal complexes [12±19], and metalloporphyrins [20±24],

immobilized in oxygen permeable polymer as a matrix.

Among these dyes, platinum, palladium and ruthenium

porphyrins show strong room temperature phosphorescence

with high quantum yield (FP < 0:5) and long lifetime more

than 100 ms [25]. Among these porphyrins, platinum

octaethylporphyrin (PtOEP) is widely used as probe for

optical oxygen sensor and some optical oxygen sensors

based on luminescence quenching of PtOEP immobilized

in polymer ®lm by oxygen are developed [24,26,27]. How-

ever, this type of the sensor somewhat lacks in photostability

under continuous operating conditions. PtOEP showed

decrease of intensity during the initial illumination period,

although stable phosphorescence intensity was observed

with only minor changes in intensity after hours of illumina-

tion. This is attributed to the photobleaching nature of

indicator, leaching of indicator from matrix and deteriora-

tion of matrix itself. However, so far a few attempts have

been tried to increase photostability of organic dye and

resulting optical detection performance. Among them, there

are endeavors to enhance the photostability of optical sen-

sors by modi®cations of existing dyes [22], and the matrices

[28,29]. Among these factors, the choice of indicator in

detection material is often the controlling factor in deter-

mining detection characteristics, especially sensor lifetime.

Photostable optical sensors developed by using platinum or

palladium octaethylporphyrin to corresponding photostable
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ketones [22]. Their platinum octaethylporphyrin ketone

immobilized in polystyrene sensor showed 12% intensity

diminishing under continuous illumination for 18 h,

detected by absorbance measurement [22]. Platinum ¯uori-

nated porphyrin, platinum tetrakis(penta¯uorophenyl)por-

phyrin (PtTFPP), also has paid much attention as a

photostable optical oxygen sensing material. As the elec-

tron-withdrawing character of the per¯uorophenyl substitu-

ents of PtTFPP strongly raises the redox potentials and

reduces the electron density of porphyrin ring, PtTFPP is

stable against photo-oxidation/reduction [30]. On the other

hand, the oxygen permeable polymers with lower diffusion

barrier for oxygen and with stability against photo-oxida-

tion/reduction are desired as a matrix for optical oxygen

detection system. In general, ¯uoropolymer ®lm possesses

large permeability of oxygen and stability against the irra-

diation [31]. As C±F bond length is short (1.31 AÊ ) compared

with C±H bond (1.09 AÊ ), the bonding energy is large

(485 kJ molÿ1) compared with C±H (416 kJ molÿ1). The

electron-withdrawing character of the ¯uorine strongly

raises the redox potential of the ¯uoropolymer. Thus, ¯uor-

opolymers are stable against photo-oxidation/reduction. As

an oxygen af®nity is induced by large electronegativity of

¯uorine, on the other hand, an oxygen permeability of the

¯uoropolmer is large [32±36]. Thus, ¯uoropolymers are

suitable for the above requirements. Moreover, PtTFPP

immobilized in ¯uoropolymer ®lm is attractive to develop

a photostable optical oxygen detection material.

In this work, in an attempt to obtain a photostable optical

detection material for gaseous oxygen, PtTFPP and poly-

tri¯uoroethylmethacrylate (poly-TFEM) (chemical struc-

tures are shown in Fig. 1) were used as a visible light-

absorbable O2-sensitive organic dye and its support matrix,

respectively. Ultimately, photostability of oxygen detection

material determines the long-term operational stability, life-

time and other performances of optical oxygen detection

material and to enhance photostability is the main aim in the

present work.

2. Experimental

2.1. Materials

PtTFPP was obtained from porphyrin products (Logan,

UT, USA). Polystyrene (PS, average MW 280 000, GPC

grade) was purchased from Aldrich (Milwaukee, WI, USA).

Tri¯uoroethylmethacrylate (TFEM) was purchased from

Wako Chemical Co. Ltd. (Osaka, Japan). Azo-bis(isobutyr-

onitrile) (AIBN) was purchased from Tokyo Chemical

Industry Co. Ltd. (Tokyo, Japan). TFEM was distilled under

reduced pressure in order to remove the inhibitor. AIBN was

recrystallized from ethanol.

2.2. Synthesis of poly-TFEM

Poly-TFEM is synthesized as the following method.

TFEM and AIBN are dissolved in toluene. The reaction

mixture was heated at 808C for 8 h under argon atmosphere.

After the mixture was cooled to room temperature, the

polymer was precipitated in ethanol. The solid was collected

by ®ltration, washed with ethanol to remove unreacted

monomer, and ®nally dried in vacuum. The molecular

weight was determined using gel permeation chromatogra-

phy (column: Plegel 5 mm MIXED-D, Polymer Labora-

tories; detector: Shimadzu, RID-10A; eluent, THF). The

system was calibrated using polystyrene standards. Mn �
3178, Mw � 4360, and Mw=Mn � 1:37.

2.3. Preparation of PtTFPP immobilized in poly-TFEM

film

PtTFPP immobilized in poly-TFEM ®lm was formed by

casting the mixture of 10 wt.% poly-TFEM ®lm and PtTFPP

in toluene on to 1:4 cm� 5:0 cm non-luminescent glass

slides. PtTFPP concentration in the ®lm was approximately

to be 2:9� 10ÿ5 mol dmÿ3. As a reference, PtTFPP immo-

bilized in polystyrene ®lm was prepared. The ®lms were

Fig. 1. Chemical structures of PtTFPP and poly-TFEM.
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dried at room temperature and stored in dark prior to use.

Thickness of the ®lms was determined by use of a micron-

sensitive caliper. The thickness of the ®lm prepared was

between 10 and 20 mm.

2.4. Spectroscopic measurements

The UV±VIS absorption spectrum of PtTFPP immobi-

lized in poly-TFEM ®lm between 350 and 650 nm was

recorded using a Shimadzu (Tokyo, Japan) UV-2400PC

spectrometer with a tungsten lamp as a monitor light source.

Steady state luminescence spectra and excitation spectra of

the PtTFPP in ®lms were measured using a Shimadzu

(Tokyo, Japan) RF-5300PC spectro¯uorophotometer with

a 150 W xenon lamp as a visible excitation light source.

Excitation and emission bandpasses were 5.0 nm.

2.5. Oxygen detection properties of PtTFPP immobilized

in poly-TFEM film

Oxygen detection was carried out using a spectro¯uor-

ophotometer with a 150 W xenon lamp as a visible excita-

tion light source. The sample ®lms were mounted at an angle

of 458 to the excitation light source in the quartz cell to

minimize light scatter from the sample and substrate. Dif-

ferent oxygen standards (in the range 0±100%) in a gas

stream were produced by controlling the ¯ow rates of

oxygen and argon gases entering a mixing chamber. The

total pressure was maintained at 760 Torr (1 Torr �
133:322 Pa) [26,27]. All the experiments were carried out

at room temperature. Oxygen detection properties of

PtTFPP immobilized in poly-TFEM ®lm was characterized

by Stern±Volmer quenching constant KSV, obtained from

following equation.

I0

I

� �
ÿ 1 � KSV�O2� (1)

where I0, I and [O2] are luminescence intensities in the

absence and in the presence of oxygen and oxygen con-

centration, respectively. KSV was obtained from a linear plot

of �I0=I� ÿ 1 versus [O2].

3. Results and discussion

3.1. Spectroscopic properties of PtTFPP immobilized in

poly-TFEM film

The absorption spectrum of PtTFPP in poly-TFEM ®lm

was almost the same as in the toluene solution (absorption

peak positions � 544 and 510 nm attributed to Q-band and

396 nm attributed to Soret-band for PtTFPP in poly-TFEM

®lm; 541 and 508 nm attributed to Q-band and 395 nm

attributed to Soret-band for PtTFPP in toluene solution)

and no peak shift was observed. These results indicate no

electrical interaction between PtTFPP and poly-TFEM at the

ground state.

3.2. Luminescence spectrum change of PtTFPP

immobilized in poly-TFEM film by oxygen

PtTFPP immobilized in poly-TFEM ®lm showed lumi-

nescence at 648.4 nm attributed to the transition from the

photoexcited triplet state to the ground state T(0,0), when

excited at wavelength attributed to the low energy band in

the electronic origin Q(0,0) of the lowest-energy excited

singlet state (544.0 nm), as shown in Fig. 2. Luminescence

intensity of the ®lm depended on the oxygen concentration.

The luminescence intensity decreased with increase of

oxygen concentration as shown in the Fig. 3. These results

indicate that the luminescence of PtTFPP in poly-TFEM

®lm was quenched by oxygen. These results show that

PtTFPP immobilized in poly-TFEM ®lm can be used as

an optical oxygen detection device based on luminescence

quenching by oxygen. The I0/I100 value is used as a measure

Fig. 2. Luminescence spectra of PtTFPP immobilized in poly-TFEM film:

(a) 100% argon; (b) 33.3% oxygen and (c) 100% oxygen. Excitation

wavelength was 544.0 nm.

Fig. 3. Relative luminescence intensity change of PtTFPP immobilized in

poly-TFEM film under various oxygen concentrations. Excitation and

emission wavelengths were 544.0 and 648.4 nm, respectively.
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of the ®lm sensitivity, where I0 and I100 represent the

detected luminescence intensities from the ®lm exposed

to 100% argon and 100% oxygen, respectively. In general,

the sensor having the I0/I100 value more than 3.0 is a suitable

oxygen detection device [37]. The I0/I100 values of PtTFPP

immobilized in polystyrene ®lm, as reference and in poly-

TFEM ®lm were estimated to be 3.0 and 15.4, respectively.

This result indicates that PtTFPP immobilized in poly-

TFEM ®lm is highly sensitive device for oxygen.

3.3. Oxygen detection properties of PtTFPP immobilized

in poly-TFEM film

Fig. 4 shows the Stern±Volmer plots of PtTFPP immo-

bilized in poly-TFEM ®lm (*) and in polystyrene ®lm (&).

For PtTFPP immobilized in poly-TFEM ®lm, the plot

exhibits considerable linearity at the oxygen concentration

range between 0 and 100%. KSV value of PtTFPP immobi-

lized in poly-TFEM ®lm was 0.14 per percentage. On the

other hand, the plot for PtTFPP immobilized in polystyrene

exhibits considerable linearity at the lower oxygen concen-

tration, although the curvature decreases at higher oxygen

concentrations. At lower oxygen concentration, the inten-

sities from the PtTFPP ®lm are quenched by oxygen accord-

ing to Stern±Volmer equation as well as in homogeneous

system. At higher concentrations, on the other hand, Stern±

Volmer plot of sensor based on luminescence quenching is

nonlinear, because of the simultaneous presence of some

different oxygen-accessible site. We reported that PtOEP

immobilized in polystyrene ®lm has some different oxygen-

accessible site [27]. There are two oxygen accessible sites in

the detection ®lm; one is an oxygen easily accessible site

attributed to PtTFPP on the surface of polymer ®lm and the

other is an oxygen dif®cult accessible site attributed to

PtTFPP in the bulk of polymer ®lm. The luminescence of

PtTFPP on the surface of polymer ®lm is quenched effec-

tively compared with that of PtTFPP in the bulk of polymer

®lm. Demas et al. also reported that multi-site model;

oxygen-accessible site and oxygen-dif®cult accessible site,

respectively [38]. In this model, the sensor molecule can

exist in two or more sites each with its own characteristic

quenching constant. Stern±Volmer plot becomes as follows.

I0

I
�

X fn

�1� KSVn�O2��
� �� �ÿ1

(2)

where fn is the fractional contributions to the oxygen acces-

sible site or oxygen-difficult accessible site, KSVn the

quenching constant for each accessible site. In Fig. 4, for

polystyrene film, the solid line is the best fit using the above

equation (n � 2). Thus, there are two oxygen accessible

sites for detection film; one is an oxygen accessible site

attributed to PtTFPP on the surface of polystyrene film

(KSV1 � 0:070 per percentage, f1 � 0:980) and the other

is an oxygen difficult accessible site attributed to PtTFPP in

the bulk of polystyrene film (KSV2 � 0:051 per percentage,

f2 � 0:020). The KSV2 is a very low value and little con-

tribution compared with KSV1. The KSV value of PtTFPP

immobilized in poly-TFEM film is larger than the KSV1

value of polystyrene film. These results indicate that PtTFPP

immobilized in poly-TFEM film is useful optical oxygen

sensor at the oxygen concentration range between 0 and

100%. These results suggest that the oxygen permeability of

poly-TFEM film is larger than that of the polystyrene. An

oxygen affinity is induced by larger electronegativity of

fluorine atom and the interfacial intermolecular force

between gaseous phase and surface on poly-TFEM film is

lower than that of polystyrene film by lower surface free

Gibbs energy of fluorine atom. Diffusion coefficient for

oxygen (Doxygen) at room temperature of poly-TFEM film

and polystyrene film were 6:34� 10ÿ7 and 1:00�
10ÿ7 m2 sÿ1, respectively. The Doxygen of poly-TFEM film

is six times larger than that of polystyrene film. As an

oxygen permeability of poly-TFEM film is large, the lumi-

nescence of PtTFPP on the surface and in the bulk of poly-

TFEM film is quenched by oxygen effectively. Thus, higher

sensitive optical sensor is developed using poly-TFEM as a

polymer matrix.

3.4. Operational stability, and response time of PtTFPP

immobilized in poly-TFEM film

Fig. 5 shows an operational stability test conducted by

reading intensity signal from PtTFPP immobilized in poly-

TFEM ®lm when oxygenated and deoxygenated gases were

switched for 200 s. In general, the response times for optical

oxygen sensor are de®ned the 95% response and recovery

times, exhibited by the sensors when they are exposed to an

alternating atmosphere of oxygen and argon, respectively.

The response times of the ®lm are 5.6 s on going from argon

to oxygen and 32.0 s on going from oxygen to argon,

respectively (18.0 s on going from argon to oxygen and

60 s on going from oxygen to argon for PtTFPP immobilized

in polystyrene). By using poly-TFEM as polymer matrix, the

Fig. 4. Stern±Volmer plots for PtTFPP immobilized in poly-TFEM film

(*) and in polystyrene (&). Excitation and Emission wavelengths were

544.0 and 648.4 nm, respectively.
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fast response time was obtained compared with polystyrene

®lm. As the Doxygen value of poly-TFEM ®lm is six times

larger than that of polystyrene ®lm, the fast response time

was obtained using PtTFPP immobilized in poly-TFEM

®lm.

PtTFPP immobilized in poly-TFEM ®lm are the photo-

stable ®lm induced by ¯uoro-group of PtTFPP and poly-

TFEM that exhibits minimal deterioration (ca. 0.5%)

decrease of initial intensity after continuous irradiation

for 24 h. The electron-withdrawing character of the per-

¯uorophenyl substituents of PtTFPP and tri¯uoroethyl sub-

stituent of poly-TFEM strongly raise the redox potentials

and reduce the electron density of PtTFPP and poly-TFEM

[39]. Hence, the PtTFPP and poly-TFEM are stable against

photo-oxidation/reduction and increase photostability.

Next, let us focus on the comparison of the typical optical

oxygen sensor. The I0/I100 and KSV values of optical oxygen

sensors using pyrene butyric acid [7], tris(4,7-diphenyl-

1,10-phenanthroline)ruthenium (II) [17] and tris(4,7-diphe-

nyl-1,10-phenanthroline)osmium (II) [20] immobilized in

poly(dimethylsiloxane) ®lm were reported to be 12, 5.0 and

0.5, and 0.13, 0.05 and 0.005 per percentage, respectively.

The Stern±Volmer plots for these materials exhibit consid-

erable linearity at the lower oxygen concentration between 0

and 20%, although the curvature decreases at higher oxygen

concentrations. These materials exhibit the deterioration (ca.

1.0±20%) decrease of initial intensity after continuous irra-

diation for 24 h. On the other hand, the I0/I100 and KSV

values of PtTFPP in poly-TFEM ®lm are estimated to be

15.4 and 0.14 per percentage, respectively. The Stern±Vol-

mer plot for PtTFPP in poly-TFEM ®lm exhibits consider-

able linearity at the oxygen concentration range between 0

and 100%. Thus, the PtTFPP immobilized in poly-TFEM

®lm is a novel optical oxygen sensing material.

4. Conclusions

An optical oxygen detection material based on PtTFPP

immobilized in ¯uoropolymer, poly-TFEM ®lm has been

developed and characterized. The luminescence intensity of

PtTFPP in poly-TFEM ®lm decreased with increase of

oxygen concentration. The I0/I100 value of PtTFPP in

poly-TFEM ®lm is estimated to be 15.4 and large Stern±

Volmer constant (KSV � 0:14 per percentage) is obtained

compared with PtTFPP in polystyrene ®lm (KSV � 0:070

per percentage). The response times of PtTFPP immobilized

in poly-TFEM ®lm are 5.6 s on going from argon to oxygen

and 32 s from oxygen to argon, respectively. PtTFPP immo-

bilized in poly-TFEM ®lm exhibits minimal deterioration

(ca. 0.5%) decrease of initial intensity after continuous

irradiation for 24 h. These results indicate that PtTFPP

immobilized in poly-TFEM ®lm is photostable and highly

oxygen sensitive device.
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