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Fluorescence-intensity changes in organic dyes impregnated in porous
glass on exposure to NO2
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Abstract

To develop an NO sensor that can measure the NO concentration in the atmosphere, we studied changes in fluorescence intensities2 2

of dyes impregnated in porous glass when exposed to NO in N as the first step. The NO sensing materials were Squarylium dye 1,2 2 2

Squarylium dye 2, and Rhodamine B. We found that fluorescence quenching by NO occurred even in porous glass. The fluorescence2
Ž .quenching F rF increased as the NO concentration increased in the range of 0.2–12.3 ppm, with an almost linear relationship. The0 2

minimum detectable concentration of NO was 0.2 ppm. q 1999 Elsevier Science S.A. All rights reserved.2
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1. Introduction

Ž .Nitrogen oxides NO : NO, NO are typical air pollu-x 2

tants released into the atmosphere by combustion in facili-
ties and automobiles. They are known to cause global
environmental problems such as acid rain, photochemical
smog, and corrosion of metals. To solve these environmen-
tal problems, besides striving to reduce NO emissions, itx

is important to measure the NO concentration in manyx

locations. So far measurements of NO have mostly beenx

carried out using analytical instruments based on optical
methods, such as the Saltzman method and chemilumines-
cence. These instruments give precise analytical data, but
they are large and expensive and need regular mainte-
nance, so they are unsuitable for widespread monitoring in
many locations. Therefore, for emission control and air
quality monitoring, there are strong demands for measur-
ing instruments that are inexpensive, small, and mainte-
nance-free.

One promising way to measure NO concentrations inx

many locations is to use gas sensors, because many gas
sensors that are inexpensive, small, and maintenance-free
have been already developed. Many studies on NO sen-x

w xsors for air monitoring have been reported so far 1–4 .
However, few sensors of this type have been developed yet
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because of insufficient sensitivity or gas selectivity, al-
though solid-electrolyte NO sensors that can measure the2

w xNO concentration of ppb-level have been proposed 2–4 .2

To raise the sensitivity, we have focused on using
w xporous materials 5–7 , because their huge specific surface

area is very attractive for sensing gases by adsorption.
Porous silica glass, which is transparent in the visible
region, is of particular interest because it allows us to use

w xoptical methods 8 , which can distinguish gas species by
detecting the inherent optical absorption or emission from
the gases themselves or from their compounds. Recently,
we reported coloration reactions between NO and organic2

compounds in porous glass, aiming at a cumulative gas
w xsensor 9 . In that paper, we reported that the NO concen-2

tration in air could be measured after a certain period of
exposure.

Gas sensors using fluorescence-intensity changes in or-
ganic dyes in porous glass are also promising, because
detection of fluorescence is expected to provide higher
sensitivity than absorption-based sensors. It is known that
the fluorescence intensity of fluorescent materials is de-
creased strikingly by the presence of a coexistent material
and it changes reversibly with the concentration of the
coexistent material. There are also many reports on detect-

w xing gases by this method 10–13 .
In this paper, we report an investigation of the fluores-

cence quenching of organic dyes impregnated in porous
Ž .glass exposed to NO . We used Squarylium dye 1 SQ1 ,2
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Ž . Ž .Squarylium dye 2 SQ2 , and Rhodamine B RB , because
these are aromatic compounds with dialkyl amino groups,
which should enable them to interact easily with NO ,2

which is an electron acceptor.

2. Experimental

Porous glass samples were made by cutting Vycor 7930
Ž . 2Corning into pieces 8 mm and 1 mm thick. The average
diameter of pores in the porous glass was 4.6 nm. The
sample specific surface area was 195 m2rg. This porous
glass exhibited absorption below 350 nm and its absorbed
H O exhibited absorption near 1400 and 1900 nm. This2

porous glass did not emit fluorescence in the range of
350–900 nm. Thus, the absorption and fluorescence of
organic dye impregnated into the porous glass could be
detected without hindrance from those of the glass itself,
because this porous glass was almost perfectly transparent
at visible and near-infrared wavelengths in the range of
350–1300 nm.

Fig. 1. Structural formulas of Squarylium dye 1, Squarylium dye 2, and
Rhodamine B.

Ž .Fig. 2. Flow system constructed for gas-sensing experiments: a spec-
Ž . Ž . Ž .trofluorophotometer; b sensing box; c gas blender; d gas cylinders;

Ž . Ž . Ž . Ž .e personal computer; f optical fiber; g N line; h N qNO line;2 2 2
Ž . Ž . Ž . Ž . Ž .i gas in; j gas out; k light source; l detector; m sample.

Dyes were introduced into porous glass as follows: first,
1.5=10y5 M of RB, SQ1, and SQ2 solutions were pre-
pared by dissolving RB in ethanol and SQ1 and SQ2 in
dichloromethane. Fig. 1 shows the structural formulas of
the dyes. Next, porous glass was immersed in their solu-
tions for 1 h. Finally, the porous glass was dried in flowing
N .2

Absorption spectra were measured with a spectro-
Ž .photometer U-3500 Hitachi . Fluorescence spectra were

Ž .measured with a spectrofluorophotometer F-4500 Hitachi .
Fig. 2 shows the flow system constructed for gas-sensing
experiments. Exposure experiments were carried out in a
chamber connected to the spectrofluorescence photometer
through optical fibers. NO concentrations were controlled2

Ž .by diluting 100 ppm NO N base with pure dry N in a2 2 2
Ž .gas blender SECB-2 STEC .

3. Results and discussion

3.1. Absorption and fluorescence emission spectra

Fig. 3 shows the absorption spectrum of SQ1 impreg-
nated in porous glass, with that in solution also shown for
comparison. This porous glass was used without any treat-
ment. The pH in its pores was about 1. SQ1 in porous
glass had three absorption bands near 500 nm in addition
to an absorption peak, at 646 nm, seen in solution. When
the pH in the pores of porous glass was smaller after
treatment in hydrochloric acid, the absorption near 500 nm
became stronger and that near 646 nm weaker. Conversely,
when the pH in the pores was larger, the absorption near
500 nm became weaker and could not be seen for pHf3.
However, the absorption spectrum of SQ1 in
dichloromethane solution had only one peak at 643 nm in
the wavelength range of 200–1000 nm, which hardly
changed even when the pH of the solution was changed.

Ž .Therefore, we think that the surface e.g., Si–OH of the
pores was changed by Hq. The SQ1 in porous glass could
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Fig. 3. Absorption spectrum of SQ1 impregnated in porous glass
Ž . Ž .compared with that in solution - - - .

have been affected by the surface condition of the pores,
and the absorption near 500 nm might be due to aggregates
formed by a strong interaction among molecules. The
absorption spectrum of SQ2 impregnated in porous glass
Ž .not shown also showed the same result as SQ1. On the
other hand, the absorption peak of RB impregnated in

Ž .porous glass not shown had the same wavelength as that
in solution, which was 557 nm in the visible range. This
peak was not affected by the pH in the pores. This might
be because Squarylium dyes are ampholyte ions while RB
is an electrophilic reagent. Further work on the molecular
state of organic dyes in porous glass is required.

Fig. 4 shows fluorescence emission and excitation spec-
tra of SQ1 in porous glass. The pH in the pores of this
porous glass was about 1. The dye in porous glass emitted
fluorescence at the same wavelength as that in solution.

Ž . ŽFluorescence peaks of SQ1, SQ2 not shown , and RB not
.shown were 657, 669, and 580 nm, respectively. These

results show that it should be possible to use the fluores-
cence emission of monomeric organic dyes impregnated in
porous glass for the following NO sensing experiments.2

Ž . Ž .Fig. 4. Fluorescence emission and excitation spectra - - -
of SQ1 impregnated in porous glass. lex is the excitation wavelength and
lem is the fluorescence wavelength.

Ž .Fig. 5. Fluorescence emission spectra of SQ1 before and
Ž .after - - - exposure to 12.3 ppm of NO in N for 15 min.2 2

3.2. Changes in fluorescence intensities in the presence of
NO2

Fig. 5 shows fluorescence emission spectra of SQ1
Ž .before and after exposure to 12.3 ppm of NO N base2 2

for 15 min. Porous glass for the experiments was used
without any treatment. The pH in its pores was about 1.
The excitation wavelength was 635 nm. The fluorescence
intensity of SQ1 decreased by 52.6% when this dye was

Ž .exposed to NO 12.3 ppm . Fluorescence quenching was2

found to occur even in porous glass. This result indicates
that it is possible to detect NO in N from the change in2 2

fluorescence intensity of SQ1 impregnated in porous glass.
The time dependence of fluorescence intensity from

SQ1 was measured on exposure to NO in the range of2

1.0–12.3 ppm, as shown in Fig. 6. The excitation wave-
length was 635 nm, and the fluorescence wavelength was
657 nm. The relative fluorescence intensity of SQ1 de-
creased and then remained constant as time passed. The
level of the constant fluorescence intensities depended on
the NO concentration.2

SQ1, SQ2, and RB were exposed to NO in the range2

of 0.2–12.3 ppm for 15 min. As Fig. 7 shows, the relation-

Fig. 6. Time dependence of fluorescence intensities of SQ1 on exposure
to various NO concentrations in the range of 1.0–12.3 ppm in N for 802 2

min.



( )T. Ohyama et al.rSensors and Actuators B 59 1999 16–20 19

Ž .ship between F rF y1 and the concentration of NO0 2

was almost linear for all dyes. These results clearly show
that it is possible to detect the NO concentration in N2 2

from the fluorescence quenching of these dyes in porous
glass. They show that the fluorescence quenching of SQ2
was the largest among the three dyes and that SQ2 could
measure NO concentrations as low as 0.2 ppm. The2

minimum detectable concentration of NO with Squarylium2
Ž . Ž .dye SQ Langmuir–Blodgett LB film was reported to be

w x0.0125 ppm by Furuki et al. 13 . This was thought to be
due to the difference in chemical states of SQ molecules
between those in porous glass and those on LB film. While
SQ on LB film formed J aggregate, SQ in porous glass
existed as monomers. The J aggregate is known to have a
high mobility in its excited states.

The linear relationship between F rF and the concen-0

tration of NO satisfies the following Stern–Volmer equa-2

tion.

w xF rFs1qkt Q , 1Ž .0 0

where F and F are the fluorescence intensities in the0

absence and presence of a quencher, respectively, k is the
rate constant for the quenching of excited states, t is the0

w xlifetime in the absence of a quencher, and Q is the
quencher concentration. In this case the quencher was
NO . These results suggest that only one kind of excited2

state was quenched in the same process.

3.3. RecoÕery of fluorescence intensity

Fig. 8 shows the time dependencies of fluorescence
intensities from SQ1 on exposure to NO for 15 min and2

after the elimination of NO . The fluorescence intensities2

of SQ1 did not recover to the initial level and were
constant after the elimination of NO . Similar results were2

obtained for SQ2 and RB. We know from Fig. 6 that the
relative fluorescence intensities saturated to different levels
depending on the NO concentration when SQ1 was ex-2

Ž .Fig. 7. Relationship between F rF y1 and the concentration of NO0 2
Ž . Ž . Ž .in the range of 0.2–12.3 ppm in N for SQ1 B , SQ2 ' , and RB v .2

F is the fluorescence intensity in the absence of NO and F is that in0 2

the presence of NO .2

Fig. 8. Time dependence of fluorescence intensities of SQ1 on exposure
to various NO concentrations in the range of 0.7–12.3 ppm in N for 152 2

min.

posed to NO concentrations for a long time. Therefore,2

we think these dyes probably did not react irreversibly
with NO , because if they had chemically reacted with2

NO molecules, the fluorescence intensities would have2

decreased and finally shown the same values. We think
that the fluorescence intensities of organic dyes were
unable to recover because it was difficult for gases adsorb-
ing in the pores of the porous materials to desorb without
being supplied with additionally energy from an external
source.

However, further work on the recovery of fluorescence
intensity and the effect of other gases such as NO, CO ,2

and H O is required to develop an NO sensor that can2 2

measure the NO concentration in the atmosphere.2

4. Conclusion

Changes in fluorescence intensities of organic dyes
Ž .impregnated in porous glass on exposure to NO N base2 2

as the first step were studied to develop an NO sensor2

that can measure the NO concentration in order to moni-2

tor air quality.
Fluorescence intensities of SQ1, SQ2, and RB samples

decreased when these dyes were exposed to NO . The2
Ž .ratio of fluorescence quenching F rF increased in pro-0

portion to the NO concentration in the range of 0.2–12.32

ppm. The NO concentration in N could be obtained from2 2

F rF and the detection limit of NO concentration was0 2

around 0.2 ppm.
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