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a b s t r a c t

A new method to improve both sensitivity and response time in optical sensing of alcohol based on chem-
ical reactions is proposed by using guided wave mode (GWM) geometry composed of low refractive index
polymer and dye-doped polymer layers. A lactone dye, Rhodamine B base, was selected as a key material
which shows remarkable and reversible changes in absorption and fluorescence spectra in nonpolar and
polar microenvironments. The effect of water on alcohol sensing was successfully excluded by using an
appropriate polymer matrix having very small equilibrium water content. Both sensitivity and response
were improved by using very thin sensor film and confined light in it with the GWM geometry. Repeated
and fast responsive alcohol sensing was achieved at a ppm level.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ethanol sensing is very important in many areas such as safety
driving, brewing and food industries, fuel, or environmental control
as a few examples. There are several practical ethanol sensors based
on resistance change of semiconductors, electromotive force of fuel
cells, bioelectronic response due to enzyme catalytic reactions, and
optical property change due to chemical reactions. Among these,
semiconductor type sensors of metal oxides such as tin or zinc
oxides are most frequently used because of good response time
of about 5 seconds (s) and low costs [1,2]. There are, however, sev-
eral problems to be improved in semiconductor type sensors such
that (1) heaters are needed, (2) resistance is gradually changed
due to adsorption of analyte gases onto the sensor surface, and
(3) water affects the sensitivity to reduce the accuracy. The fuel
cell (FC) type sensors show very good characteristics such as high
sensitivity and accuracy, although they are expensive and not so
fast responsive [3,4]. The FC sensor lifetime is relatively short and
response is slower as compared with semiconductor type ones. A
bioelectronic ethanol sensor incorporating natural enzyme, alcohol
oxidase, was used to measure ethanol vapor from 1.0 to 500 ppm
or ethanol solutions by the output currents [5]. Their response time
to reach 90% of the steady current after applying ethanol vapor was
very slow, about 40 s [5].
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Several types of ethanol sensors based on changes of optical
properties have been reported. Blum et al. [6] used solva-
tochromism of organic dyes showing reversible absorption spectral
changes upon exposure to aqueous ethanol solutions. It took
2–5 minutes (min) to achieve stable spectral changes upon expo-
sure to 1–20% aqueous ethanol [6]. Mohr et al. reported ethanol
sensing based on absorption and fluorescence changes due to
reversible chemical reaction of a special trifluoroacetyl derivative
molecule with ethanol to form hemiacetal [7,8]. They showed the
fluorescence intensity decreased depending on ethanol content by
using 1–50% aqueous ethanol solutions. The 95% response times
are 3–4 min for the decrease of fluorescence upon exposure to
ethanol and 5–10 min for recovery upon removal [7]. Carturan et al.
[9] reported ethanol and water sensing by fluorescence quenching
of tetraphenylporphyrin (TPP) in 500–1600 nm thick fluorinated
polyimide films. The observed response times are 35 s for 90% signal
decrease upon 2.95% ethanol and 158 s for 90% recovery in nitro-
gen gas [9]. Morisawa et al. [10] reported ethanol sensing based on
refractive index changes of a clad layer of polymer optical fibers
due to diffusion of ethanol into it. The intensity of transmitted light
slowly increased upon exposure to methanol and ethanol vapors.
The response time is about 5 min [10]. surface plasmon resonance
(SPR) method has been widely applied for bio and chemical sens-
ing. Reflected intensity changes at fixed incident angle are used
to detect, which are caused by the dielectric constant changes of
metal surface or thin oxide layer deposited metal surface upon
any analyte adsorption. Manera et al. [11,12] applied reflectance
changes at fixed incident angle due to SPR shift for ethanol sens-
ing by using TiO2 nanocrystal thin films, either bare or covered
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Fig. 1. Structures of lactone form Rhodamine B base (RhBB) and zwitterionic form Rhodamine B (RhB).

with tetradecylphosphoric acid, on gold surface. The detected mini-
mum concentration is 780 ppm, where about 4% reflectance change
was observed. The response time for 3.9% ethanol was 9–16 min
[12].

One of the very important applications of ethanol sensors is for
safety driving or an alcohol interlock system. An ethanol content of
0.15 mg/1 L of expiratory gas is defined as the lower limit for drunk-
driving in Japan, which corresponds to 73 ppm. For the ignition
interlock applications, semiconductor type sensors employed at the
early stage have being replaced by fuel cell type sensors mainly due
to accuracy problems. Less expensive sensors with faster response,
similar sensitivity and accuracy are strongly expected for these
applications.

The electric field of incident light is known to be greatly
enhanced at the SPR condition due to resonance with plasma oscil-
lation of free electrons. We successfully applied SPR enhanced
fluorescence measurements of dyes immobilized in ultrathin DNA
or hydrophobic DNA films to sensitive detection of various nitro-
gen oxide gases with good response time and sensitivity [13]. We
have also been applying GWM geometries composed of dye-doped
polymer films on either metal thin films or low-refractive index
polymer films to all-optical ultrafast parallel control of reflectance.
At SPR condition showing minimum reflectance (called as a dip),
incident light is confined in metal and DNA derivative films due
to resonance between plasma oscillation of free electrons and the
incident evanescent light. At GWM condition showing sharper dip
than that for SPR, light is confined mainly in the dye-doped poly-
mer core layer due to interference between incident light and that
reflected at the polymer/air interface. In both cases, photoinduced
complex refractive index changes of a photoresponsive polymer
layer are utilized to optically change GWM conditions [14–19].

Decreasing or increasing the real part of complex refractive index
shifts the GWM dip to lower or higher angle sides, respectively
[14–19]. Meanwhile, reflectance increases monotonically with the
imaginary part (extinction coefficient, k) from zero in the case of
GWM geometry on metal films [14–16]. Reflectance in the GWM
geometry on low refractive index polymers decreases from unity
with increasing k to almost zero at a critical value kc, then increases
again with increasing k as reported previously [17–19]. Electric field
of incident light is also enhanced in the GWM due to confinement in
thin polymer films as a result of interference [14–19]. These proper-
ties of the GWM geometry are expected to be also useful in chemical
sensing.

In the present paper, we propose a new ethanol sensing system
based on reflectance and/or fluorescence intensity changes of ultra-
thin films in GWM geometry by chemical reaction of a lactone dye
with ethanol. We show both high sensitivity (ppm order) and good
response (<5 s) for detection of ethanol in the aqueous solution and
gas phase. We succeeded to detect ethanol selectively in aqueous
solutions by using appropriate polymer matrix.

2. Experimental

2.1. Materials and film preparation

Rhodamine B base (abbreviated as RhBB), a lactone form, was
selected as a dye which is known to make reversible structural
changes between Rhodamine B (abbreviated as RhB), a zwitteri-
onic form, in nonpolar and polar microenvironments, respectively
as shown in Fig. 1. A RhBB sample from Aldrich Chemical Co. was
thoroughly dried at 40 ◦C in vacuo for 24 h. For selective detection
of ethanol, it is necessary to exclude the formation of RhB by the

Fig. 2. A schematic representation of experimental setup to measure reflectance and fluorescence in the GWM geometry.
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Fig. 3. Photographs of sensor cells and schematic representation of a gas sensing system together with chemical structures of two polymers employed.

Fig. 4. Absorption and fluorescence spectra of RhBB in cyclohexanone (broken lines)
and ethanol (solid lines). Both spectra in cyclohexanone are magnified by 100 times.

reaction of RhBB with water. We selected a tricyclodecane poly-
mer, ARTON (JSR Co. Ltd., Japan), as a matrix to disperse RhBB. The
equilibrium water content of ARTON is very small, only 0.4% after
being kept in water at 23 ◦C for a week. ARTON has another supe-
rior characteristic as a host material to achieve homogeneous and
molecular dispersion of organic dye guests upto about 30%. In order
to construct a GWM device, fluorocarbon polymer called as Cytop
(Asahi Glass Co. Ltd., Japan) was used as a low refractive index and
transparent polymer, n = 1.34 [17–19].

To make GWM geometry in a similar manner as mentioned
previously[17–19], a clean glass slide (Matsunami Glass Co.,
32 mm × 26 mm) treated with 0.05% 3-aminopropyltriethoxysilane
(TCI Co., Japan) in ethanol/water(95/5) solution was spin-coated
with 7 wt% Cytop in a fluorocarbon solvent at 3500 rpm for 60 s.
After plasma-treating this Cytop film at 66.66 Pa for 40 s, ARTON
containing RhBB with weight fractions of 1.0–9.1% was spin-coated
at 3500 rpm 60 s on it from 3 wt% cyclohexanone solutions. At each
stage of spin-coating, films were vacuum dried.

Fig. 5. Absorption spectral changes of 345 nm thick ARTON films containing RhBB by 9.1 wt% before (solid lines) and after immersing (broken lines) in (a) ethanol and (b)
water. The dotted line in (a) shows the absorption spectrum after drying the film immersed in ethanol.
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Fig. 6. Absorbance change at 550 nm for 345 nm thick ARTON films containing RhBB
by 9.1 wt% after immersing in aqueous solutions with various ethanol concentra-
tions.

2.2. Measurements

Absorption spectra were measured with a Hitachi D-4100 spec-
trophotometer. A schematic representation of experimental setup
in the GWM geometry is shown in Fig. 2. A glass slide with two poly-
mer layers was index-matched with a BK7 prism by a matching oil
and was set on a rotating stage controlled by a personal computer
(PC). A green He–Ne laser (543 nm) was used as a probe and exci-
tation source through a light chopper. Photographs of solution and
gas flow cells with schematic representation of a gas sensing sys-
tem are shown in Fig. 3 together with structures of two polymers.
Dilute ethanol gas was generated by a diffusion tube with known
diffusion rate D (�g/min) at a constant temperature and a dilution
gas (pure nitrogen) with known flow rate F (mL/min) using PD-1B

permeater (GASTEC Co., Japan). The ethanol gas concentration C
(ppm) is given by C = 1000K(D/F), where K (L/g) is a conversion fac-
tor from weight to volume. The reflected light signal detected by a
photodiode was processed by the same PC after a lock-in-amplifier
and a digital memory. The fluorescence was also synchronously
detected by a photomultiplier of Hitachi F-4500 fluorescence spec-
trophotometer.

3. Results and discussion

Absorption and fluorescence spectra of RhBB in cyclohexanone
(broken lines, magnified by 100 times) and in ethanol (solid
lines) are shown in Fig. 4. It is clearly shown lactone and zwit-
terionic forms are predominant in cyclohexanone and ethanol
with observed molar extinction coefficients at 543 nm of 52 and
88,000 M−1 cm−1, respectively. The dissociation constants of lac-
tone (RhBB) are reported to be 2.40 in ethanol and 4.40 in water,
respectively [20]. The zwitterionic RhB contents are thus 70.6%
in ethanol and 81.5% in water. In order to apply RhBB to ethanol
sensing, it is essential how to remove the effect of water. For such
purpose, we tried to use polymers with very low equilibrium water
contents such as ARTON which shows only 0.4% after immersion in
water at 23 ◦C for 1 week. Fig. 5 shows absorption spectral changes
of 345 nm thick ARTON films containing RhBB by 9.1 wt% before
(solid lines) and after immersing (broken lines) in (a) ethanol and
(b) water. In Fig. 5(a), the absorption spectrum after drying the
immersed film is also shown by a dotted line. It is clearly shown that
ARTON is very effective to exclude the effect of water on chemical
conversion of RhBB and that reversible change of absorption spec-
tra is observed in ethanol after drying. The same film was used to
study the effect of ethanol concentration (1–99.5%) on the absorp-
tion spectrum of RhB. Absorbance changes at 550 nm is shown in
Fig. 6 against ethanol concentration for 345 nm thick ARTON films
containing RhBB by 9.1 wt% after immersing in aqueous ethanol
solutions. In this direct absorption detecting system, the ethanol

Fig. 7. Calculated results with several combination of Cytop and ARTON thickness values as a function of extinction coefficient of ARTON layer in the GWM geometry. (a)
Reflectance R and transmittance T, (b) effects of ARTON thickness, (c) effects of Cytop thickness on reflectance.
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Fig. 8. The incident angle dependences of reflectance at 543 nm for 130 nm thick
ARTON film containing RhBB by 9.1 wt% on 800 nm Cytop film after introduction of
water or aqueous ethanol solutions to the cell.

content of 1% is almost the detection limit to keep good time
response by using a thin film (<1 �m).

In order to detect much dilute ethanol such as 0.15 mg/1 L breath
(or 73 ppm), we developed a novel detection system based on the
GWM geometry. Fig. 7 shows the calculated results for the GWM
geometry with several combination of Cytop and ARTON thickness
values as a function of extinction coefficient of the ARTON layer.
Transmittance T changes in the direct absorption measurement can
be detected with k larger than about 0.001, meanwhile reflectance
R changes in the GWM geometry is easily detected even at 1000
times smaller k as shown in Fig. 7(a). Reflectance at a given k and
the kc-value can be controlled by the thickness of Cytop and ARTON
layers as shown in Fig. 7(b) and (c). If small absorption increase
corresponding to the increase of k due to RhB formation occurs
upon exposure to dilute ethanol either in solution or gas, we can
detect it as the increase or decrease of reflectance depending on
the kc-value.

The incident angle dependences of reflectance at 543 nm for
130 nm thick ARTON film containing RhBB by 9.1 wt% on 800 nm
Cytop film are shown in Fig. 8 after introduction of water or aqueous
ethanol solutions to the cell. The incident angle giving minimum
reflectance, the dip angle, was found to shift to a higher side
upon increasing the ethanol content in a very small ethanol con-
tent range. It is mainly due to the increase of refractive index of
the medium adjacent to ARTON in the GWM geometry. But the

Fig. 9. The dip angle (©) and the minimum reflectance value (×) plotted against
ethanol concentrations in water.

observed shift was larger than those expected from the refrac-
tive index of corresponding aqueous ethanol solutions and the
minimum reflectance value increased as shown in Fig. 9 for the con-
centration range from 0.1 to 10%. These results strongly suggest that
there is contribution of refractive index changes from absorption
spectral changes by formation of RhB as mentioned below through
the Kramers–Kronig relationship between the real part and imag-
inary parts of complex refractive index. The dip angle shift from
pure water to 0.1% ethanol was 0.034◦ indicating the detection
limit of about 100 ppm by using such shift alone. Observed changes
were relatively larger at very low concentrations below about 1%
and almost linearly increased after that. They can be explained by
specific interaction of ethanol with ARTON of rather hydrophobic
nature yet containing an ester group and also by ordinary disso-
lution in its amorphous ARTON matrix with bulky tricyclodecane
structures. Carturan et al. reported similar specific interaction and
ordinary dissolution to explain different behavior of ethanol and
water to their fluorinated polyimide containing TPP as a fluores-
cent probe [9]. The reflectance at fixed incident angle was found to
increase with time as shown in Fig. 10 for 5% ethanol solution as an
example. The initial fast decrease of reflectance is due to the change
from air to aqueous solutions. The extent of increase depended on
the ethanol concentration, but the time constant was almost 2 s
in all cases. This is explained by changes in extinction coefficient
and/or refractive index of ARTON layer due to diffusion of ethanol
into such a thin layer to cause structural change from lactone to
zwitterionic forms. From these results the GWM method is demon-
strated to be much better in sensitively detecting very small ethanol
contents in water as compared with the direct absorption detecting
method.

This method was then applied to detect dilute ethanol gas.
Fig. 11(a) shows the incident angle dependence of reflectance at
543 nm for 180 nm thick ARTON film containing RhBB by 1.0 wt%
on 830 nm Cytop film, in which a sharp dip is clearly found at
62.0◦ showing GWM formation. The fluorescence spectra excited at
543 nm with the incident angles corresponding to the exact GWM
dip (62.0◦), near the GWM dip (61.7◦), and non-GWM (58.7◦) are
shown in Fig. 11(b). The fluorescence intensity was found to depend
remarkably on the incident angle. About 67 and 18 times enhance-
ment of fluorescence intensity from a very small amount of RhB
form present in the ARTON film was observed at the incident angles
(62.0◦ and 61.7◦) corresponding to the GWM as compared with that
at non-GWM condition (58.7◦). Such fluorescence enhancement
is explained by the confinement of incident light in thin ARTON
film at the GWM condition as mentioned above. It is thus demon-

Fig. 10. Time dependence of reflectance at fixed incident angle for the same system
as shown in Fig. 7 in the presence of 5% ethanol.
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Fig. 11. (a) The incident angle dependence of reflectance at 543 nm for 180 nm thick
ARTON film containing RhBB by 1.0 wt% on 830 nm Cytop film and (b) the fluores-
cence spectra excited at 543 nm with the incident angles corresponding to the exact
and near GWM dip (62.0◦ and 61.7◦) and non-GWM (58.7◦).

strated that sensitive fluorescence intensity change can be used
for detection of dilute ethanol in addition to reflectance change as
mentioned above. An example is shown in Fig. 12 for changes of
reflectance at 543 nm and fluorescence intensity at 578 nm dur-
ing repeated flow (100 mL/min) of 277 ppm (0.0277%) ethanol,
which is the present limit of concentration prepared in our system,
diluted with nitrogen gas and subsequent evacuation with a small
flange pump. Very good reproducibility with about 5 s response was
demonstrated for both signals. The observed changes for 277 ppm
ethanol were about 1% in reflectance and 8% in fluorescence inten-
sity. Efforts are being made to further improve performance of the
GWM ethanol sensor.

Fig. 12. Changes of reflectance at 543 nm and fluorescence intensity at 578 nm dur-
ing repeated flow (100 mL/min) of 277 ppm (0.0277%) ethanol diluted with nitrogen
gas and evacuation cycles.

4. Conclusions

A new ethanol sensor was developed on the basis of reversible
structural changes of organic dye incorporated in a few hundreds
nm thick polymer. Ethanol selectivity in the presence of water
was achieved by using appropriate polymers with very small equi-
librium water contents. Reflectance and fluorescence intensity
changes in the GWM geometry caused by a small amount of ethanol
in both solution and gas is demonstrated to be effective in greatly
improving the sensitivity to a ppm level with good response time.
The present method is expected to be practically applied in many
areas in the near future.
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