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Abstract

An optical CG sensor based on the overlay of thei@luced absorbance change of pH indicatoreyephtholphthalein in poly(isobutyl
methacrylate) (polylBM) layer with the fluorescence of tetraphenylporphyrin (TPP) in polystyrene layer is developed. The observed lumi-
nescence intensity from TPP at 655 nm increased with increasing thedd@entration. The ratiyo/lo value of the sensing film consisting
of a-naphtholphthalein in polylBM and TPP in polystyrene layer, wHgrandl o, represent the detected luminescence intensities from a
layer exposed to argon and g8aturated conditions, respectively, that the sensitivity of the sensor, is estimated to be 192. The response and
recovery times of the sensing film are less than 6.0 s for switching from argont@@®for switching from C@to argon. The signal changes
are fully reversible and no hysterisis is observed during the measurements. The highly sensitive opteahs®based on fluorescence
intensity changes of TPP due to the absorption changerafphtholphthalein in polylBM layer with CQs achieved.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction change of pH indicator have been developed. The optical
CO, sensors are classified into two types. One is the sensor
In the chemical, clinical analysis and environmental mon- based on the colorimetric change of pH indicator dye, such as
itoring fields, CQ sensing techniques are widely used. The thymolsulfonphthalein (thymol blue)-naphtholphthalein
COy in gaseous phase has been measured by infrared (IR) aband so on4-8]. The other sensor is the basis of the CO
sorptiometry1,2] and electrochemically using Severinghaus induced fluorescence change of fluorescent dye such as 1-
electrodd3]. Optical CQ sensor based on the strong IR ab- hydroxypyrene trisulfonatg8—13]. For the fluorescent phe-
sorption of CQ has been developed. However, sensitive IR nol and hydroxypyrene based g®ensor, the fluorescence
absorptiometry sensor is subject to strong interference fromintensity change with the shift of fluorescent dye from its
water vapour and is an expensive system. In contrasg, CO fluorescent form (phenolate anion) into the non-fluorescent
sensor using Severinghaus glass electrode, which detects théorm (phenol neutral form) is used. In contrast, Walt et al.,
changes in the pH of surrounding bicarbonate ion solution reported the optical Cfsensor based on the pH dependent
brought about by permeation and subsequent hydration offluorescence and energy transfer between luminescence dye
CO;, through a thin silicone film. Thus, highly sensitive and to pH indicatof{14—16]. However, the number of compound,
simple CQ sensor is desired. Recently, the optical.&@n- which fluorescence intensity is changed by Ci®extremely
sors based on the GOnduced absorbance or fluorescence limited. The optical CQ sensor with the combination of col-
orimetric change of pH indicator dye and luminescent dye
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oped by the wavelength overlap between the luminescenceChemical Industry Co., Ltd. Polystyrene (averalyky
band of internal reference dye and the absorption band, which280,000, GPC grade) is purchased from Aldrich. Non-
is changed by C@ of pH indicator dye. The study on the Iuminescence glass slides are obtained from Mitsubishi
CO, sensor using two dyes with reference dye has been re-Chemical Co., Ltd. The other reagents are of the highest grade
ported[17]. In this report, the fluorescent ruthenium complex available.
is used as a reference dye. In the optical sensor, the effect
of surrounding humidity on the response and sensitivity is 2.2. Preparation of C@sensing film
serious problem. Thus, the hydrophobic polymer film is de-
sirable for the dye immobilization media. As the fluorescent ~ The CQ sensing film had composition G@nhdicator dye/
ruthenium complexes are ionic molecules, the preparation of phase-transfer agent/polymer/plasticizer/solid support/ref-
homogenous dye layer is difficult. Porphyrin molecules are erence luminescence dye/polymer, ikenaphtholphthalein/
suitable for the hydrophobic fluorescent dye. Tetraphenyl- tetraoctyl ammonium hydroxide/polylBM/tributyl phos-
porphryin (TPP), which is the hydrophobic molecules, is phate/non-luminescentglass slide/TPP/polystyrene as shown
useful fluorescent dye for the immobilized to hydrophobic in Scheme 1. Toimprove the response and recovery times, and
polymer media. We previously reported the optical gaseous sensitivity of the sensor based on the pH indicator immobi-
CO, sensors using various pH indicators in ethyl cellulose lized polymer film, tributyl phosphate is used as a plasticizer
layer and red-luminescent europium(lll) complex or TPP in [4-6]. At first,a-naphtholphthalein immobilized in polylBM
polystyrene layer as an internal reference fiy&-21]. Es- film is prepared onto the one side of non-luminescent glass
pecially,a-naphtholphthalein has a large/A100 value com- slides (1.4cm>5.0 cm) according to the previous reported
pared with the other pH indicators, whehg and Ajgp are method[6]. Component solution (1) is prepared by adding
absorbance in the 100% argon and 100%,@@seous, re- 3.7 nmol a-naphtholphthalein to 2ml of a 0.7 mol df
spectively.a-Naphtholphthalein has the absorption band at tetraoctylammonium hydroxide in methanol solution. Com-
600 nm and this band decreases with increasing of G- ponent solution (2) is 0.025 g of polylBM in 2.5 ml toluene.
centrations. On the other hand, TPP has the emission band aThe solution fok-naphtholphthalein film consisted of 1.5 ml
655 nm with excitation of 350 nm and this emission is not of solution (1), 2.5 ml of solution (2), 0.5 ml of tributyl phos-
affected by CQ. Thus, a-naphtholphthalein and TPP are phate and 7.0 ml of toluene. Tributyl phosphate is used to
useful for pH indicator and internal reference dye, respec- form the plasticized film. Thex-naphtholphthalein film is
tively. Moreover the conventional optical G@ensor using  formed by casting 0.2 ml of the above solution onto one side
cheep black light will be developed by device consisting of of a non-luminescent glass slide (1.4 &%.0 cm). The film
a-naphtholphthalein and TPP. In the sensing film consisting is dried at room temperature and then TPP immobilized in
of two dyes immobilized in same polymer film, pH indicator polystyrene film is formed by casting 0.2 ml of a mixture of
indicates with internal reference dye in polymer film. Thus, 1.0umol of TPP in toluene solution onto the opposite side
we suggest the two separate polymeric films, pH indicator of the glass slides. The thicknessohaphtholphthalein in
and internal reference layers, via the glass substrate. As thepolylBM layer is 10pm. The prepared film is defined as €O
pH indicators are surrounded with polymer molecules, on the sensing film.
other hand, the optical sensing performance strongly depends
on the properties of polymer matrices of pH indicator layer. 2.3. Properties of C@sensing film
A CO, permeable polymer with a low diffusion barrier for
CO, is desired. Poly(isobutyl methacrylate) (polyIBM) film The sensing properties of GBensing film are studied us-
has a highly CQ permeability and a low diffusion barrier  ing fluorescence spectra changes. Fluorescence spectra of the
for CO, [22]. Thus, polylBM is a suitable matrix for optical ~CO, sensor film are measured using a Shimadzu RF5300-PC
CO, sensing of pH indicator layer. fluorescence spectrometer with a 150 W xenon lamp as an
In this work, polylBM is applied to the polymer matrix for ~ excitation light source. Excitation and emission bandpasses
pH indicator layer of optical C&sensor based on the colori- are 3.0 nm. The sample substrate is mounted at’aadgle
metric change o&-naphtholphthalein and the fluorescence in the quartz cell to minimize the light scattering from the
of TPP and its sensing properties for £ developed. sample and substrate. The excitation light is irradiated from
the a-naphtholphthalein film side and the reflectance light
is also detected from the-naphtholphthalein film side. Dif-

2. Experimental ferent CQ standards (in the range 0—100%) in a gas stream
are produced by controlling the flow rates of g£@nd ar-
2.1. Materials gon gases entering a mixing chamber. The total pressure

is maintained at 760 Torr (1 Torr=133.322 Pa). All the ex-
Tributyl phosphate and-naphtholphthalein are obtained periments are carried out at room temperature. The proper-
from Wako Pure Chemical Co. Ltd. Poly(isobutyl methacry- ties of CQ sensing film are studied. The reaction process
late) (polylBM; averageMyy 100,000, GPC grade), TPP betweenx-naphtholphthalein and CQran be described as
and tetraoctylammonium hydroxide are obtained from Tokyo shown inScheme 1; wher¢ Q*N~-xH,O} is the ion pair
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Scheme 1. The construction of @®ensing film, the reaction process betwaemaphtholphthalein and GQand the principle of optical C£sensing.

formed between the tetraoctylammonium catichapd the
deprotonated form ak-naphtholphthalein N. The ratio of
the concentrations of the-naphtholphthalein in its proto-

nated and deprotonated forms is proportional to the concen- alt

tration of CQ. In Scheme 1K is the equilibrium constant.

whereB is a constant. The concentration{&*N~-xH,O}
is expressed as E(B):

Q"N™ - xH20}]= — KA[{QTN™ - xH20}]p/(K + [CO2])
®3)

The schematic representation of sensing principle is shown

in Scheme 1. As deprotonated formwhaphtholphthalein
(N7) is blue color in the absence of GCthe fluorescence
at 655nm from TPP layer is absorbed by MNayer. Thus,

the observed fluorescence intensity decreases. In contrast

the protonated form o&-naphtholphthalein (NH) is color-
less in the presence of GOThus, the observed fluorescence
intensity increases. The observed luminescence intensity

Here, —KA[{Q"N~-xH20}]o is replaced by a constad.
Then Eq.(2) is re-written to Eq(4).

B 10—c/(k+[coz)) (4)

The observed luminescence intensity change by S@x-
pressed to b#l . Ig is the luminescence intensity at 655 nm
aof CO, sensor film in 100% argon gas. Thus, the relationship

655nm increased in proportion to the transmittance (T) of between observed luminescence intensity at 655 nm and CO

the deprotonated form af-naphtholphthalein (N). The T
of the deprotonated form efnaphtholphthalein is expressed
as follows:

T = 10~ ¢dlQ+N"- xH20}] (1)

wheree andd are the molar extinction coefficient and thick-
ness of sensor film, respectively. Thus;d is constant and
can be replaced bj. The relationship betwednandT is
expressed as follows:

I = BT = B10AIQ+N"xH:0]] 2)

concentration is following the E@5).

/10 = 10—c(1/(k+[CO2)-1/K)} ®)

3. Results and discussion
3.1. Spectral properties of Censing film

The luminescence spectrum change of;@nsing film
when excited at 350 nm under various £€dncentrations as
shown inFig. 1. The excitation light is irradiated from the
naphtholphthalein film side. As the absorption band at 350 nm
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Fig. 1. Luminescence spectrum change of,G@nsing film under various  gijg 2 Thel/l o value of CQ sensing film under various G@oncentrations.
CO; concentrations. The excitation wavelength is 350 nm. The excitation and emission wavelengths are 350 and 655 nm, respectively.
The solid line is the best-fit using E¢p).

the absence of C)the excitation light penetrated to TPP  nq sensitivity for basic gas. The improvement of interference

a-naphtholphthalein decreased with increasing the G- studied in detail.

centrations, the observed luminescence intensity from TPP

at 655 nm increased. On the other hand, little change of fluo- 5 5 Response and recovery properties
rescence of TPP in polystyrene film is observed by, @és,

indicating that the fluorescence of TPP is not affected by the | operational stability test of Cgsensing film is studied.

COz. At first, the response and recovery properties obGensing
) ) film is conducted by reading the luminescence intensity sig-
3.2. CQ sensing properties nal while CQ saturated and argon saturated are investigated.

. i o Fig. 3 shows the response and recovery properties of CO

The ratiolo/l100 is used to represent the sensitivity of the  genging film for 600's. The response times for sensing film
sensing film, wherg andl oo represent the detected fluores- 516 defined the 90% response and recovery times, exhibited
cence intensities from a sensor film exposed to 100% argonby the sensors when they are exposed to an alternating at-

and 100% CQ, respectively. In general, the sensor having the mosphere of C@and argon, respectively. The response time
ratio lo/l 100 more than 3.0 is a suitable sensing deJ2g].

Thelp/l100 value of CQ sensing film is estimated to be 192.
In contrast, we previously reported that thyé 100 value of
CO, sensing film consisting of thymol blue in ethyl cellulose
layer and [Eu(ttag] in polystyrene layer is estimated to be
16.0[15,16]. Thus, highly sensitive optical G@ensor is de-
veloped using.-naphtholphthalein immobilized in polyIBM
layer.Fig. 2shows the plot of/l g versus the C@concentra-
tion. InFig. 2, the solid line is the best-fit using E§). This
result indicates that C£sensor film can be calibrated by Eq.
(5).

Next, the interference from other gaseous species to per-
formance of CQ sensing film is investigated. For oxygen,
rare gas, and carbon monoxide, no change of sensitivity of
CO, sensing film is observed. When @®ensing film is ex-
posed acid gas such as HCI, in contrast, the observed lumines-
cence from CQ@sensing film increased the same as@as.
However, no observed luminescence change of €€hsing
film is observed when the film is exposed to argon gas. Thus,
the present C@sensor is interfered from the acid gas such Fig. 3. Response and recovery characteristic of €hsing film on switch-

as H_Cl- .ln contrast, no Cha:nge of sensitivity of 5393”5.' ing between 100% argon (1) and 100%£@). The excitation and emission
ing film is observed by basic gas such asi\shs. As this wavelengths are 350 and 655 nm, respectively.
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sis is not observed. From the response and recovery times of
CO, sensing film are less than 6.0 s as showhi@ 3. From
Figs. 4 and 5, however, the realistic response time o CO
sensing film under various G@as concentration changes is
less than 30s.

The important problem for the application to an optical
COs sensing is photostability of G&ensing film. After con-
tinuously the light with 350 nm is irradiation to G@ensing
film for 24 h, little charge of C@ sensing properties is ob-

N
[=]
(=]

Y
3]
=

-
(=]
(=]

Observed luminescence intensity (a.u.)

501 served. This result indicates that this £6ensing film is
stable against irradiation.
) “"k This CO sensing filmis applied for the COneasurement
] : : : : : using fluorescence spectral change in water media. The sam-
0 100 200 300 400 500 600 ple substrate is mounted at4&ngle in the quartz cell with

Time (s) pure water. Different C@standards (in the range 0-100%)

Fi - - . in a gas stream are produced by controlling the flow rates of
ig. 4. Response and recovery characteristic of €€hsing film when in- ) .
creasing and decreasing g@oncentrations change. The excitation and CO2 and argon gases entering the quartz cell Wlth pure water
emission wavelengths are 350 and 655 nm, respectively. (10}(2), (2) and sample substrate. Thgl100 value of CQ sensing film
12.0;(3), (3) 16.0; (4), (4) 25.0; (5), (8) 30.0; (6), (6) 33.3; (7) 100% C®Q. is estimated to be 204. However, the response and recovery
times are 38 and 87 s, respectively. The diffusion ob@ed

o ) i argon gas in water is lower than that in gas phase. Thus, the
for switching from argon to C@of the CQ sensing film  eghonse properties of G@ensing film in water media are
is 5.6+ 1.3s. The recovery time for switching from G@ lower than that in gas phase measurements.
argon of the film is 4.4 0.2s. These results indicate that The thickness effect ofv-naphtholphthalein in poly-
thg CQ sensing film especially shows a rapid recovery for g layer of CO, sensing film on the C@®sensing and
switching from CQ to argon. » response properties is studied. Thgligo values of a-

Next let us focus on the measurement hysterisis 05 CO  aphtholphthalein in polylBM layer with the thickness of 10,
sensing film. Atfirst, the response and recovery characteristicoq gng 3Qum are 192, 73.8 and 25.0, respectively. The re-
of CO; sensing film is shown iffig. 4when increasing and  gponse times afi-naphtholphthalein in polylBM layer with
decreasing C@®concentrations change. The signal changes hq thickness of 10. 20 and a0n are 5.6-1.3, 8.8+ 1.2
are fully reversible and measurement hysterisis is not ob- 5nq 10 1+ 1.3, respectively. The recovery times of the films
served. Next, dynamicresponse of thegs@nsingfilmunder yth the thickness of 10, 20 and gn are 4.2 0.2, 7.7+ 1.2
various CQ concentrations is shown Fig. 5. This testis re- and 12.2+ 1.3 s, respectively. The diffusion of G@nd ar-
peated and signal changes are monitored when increasing anfo, gaseous is more rapid with decrease the thickness of
decreasing C&concentrations change randomly. The signal ,_naphtholphthalein in polylBM layer. Thus, the sensitivity
changes also are fully reversible and measurement hysteri-; 4 response properties of €@ensing film are improved

using the thinnea-naphtholphthalein in polylBM layer.

)

~200

4. Conclusion
150
An optical sensor for C®based on fluorescence inten-

sity changes of TPP due to the absorption change-of
naphtholphthalein in polylBM layer with C£s developed.

The observed fluorescence intensity from TPP at 655 nm in-
creased with increasing the G@oncentrations. Thigd/lo
value of the CQ@ sensor is 192. The CGensing film can be
calibrated by the plot ofly versus the C@concentration.
The response and recovery times of the sensing film are less

100

(4]
o

(1) ()
0 ' ' ' than 6.0 s for switching from argon to G{and for switching

1 ] | |

0 100 200 300 400 500 600 700

from CO, to argon. The signal changes are fully reversible
Time (s) © 9 9 9 y

and no hysterisis is observed during the measurements. The
Fig. 5. Dynamic response of G&ensing film when C®concentrations hlghly sensitive optlcal C@sensor based on fluorescence

are changed randomly. (1) 0; (2) 12.0; (3) 5.0; (4) 9.09; (5) 16.0; (6) 9.09; iNtensity changes of TPP due to the absorption change of
(7) 3.0; (8) 14.3; (9) 33.3; (10) 28.0; (11) 33.3; (12) 100%CO naphtholphthalein in polylBM layer with C£s achieved.

Observed luminescence intensity (a.u
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