
Sensors and Actuators B 113 (2006) 370–375
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Abstract

The layer-by-layer deposition technique was used to prepare polyelectrolyte multilayer (PEM) thin films that are sensitive to ethanol content
in water. Cationic Chitosan was assembled with anionic acid dye, (phenyl amino)-5-[[4-(3-sulphonatophenyl) azo]-(1-naphthalenyl) azo]-1-
naphthalenesulfonic acid disodium salt (Nylosan) on glass slide and characterized using UV–vis spectroscopy. The layer-by-layer deposition
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f Chitosan–Nylosan into PEM was studied by monitoring the increase in absorbance in the visible region (500–600 nm). The typ
elationship between increase in absorbance and number of layers was found. The PEM thin films responded to increasing conc
thanol in water with a shift of maximum absorbance (λmax) from 540 to 580 nm. This shift was also characterized by an increase in abso
t 600 nm which was used to monitor the response of the thin film to ethanol content in water. The characteristic color shift of th
ye occurred at a higher ethanol concentration (from 10% to 45%) in the PEM compared to its usual shift in aqueous solution (f
0%). The Chitosan–Nylosan thin films response to ethanol content was found to be linear from 10% to 45% ethanol content, wh

hem useful as ethanol sensing thin films.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The monitoring of alcohol content in water is a critical
actor in many industrial as well as biotechnical applications
1–3]. For example, continuous measurement of ethyl alco-
ol concentration in culture broth is required in the fermen-

ation industries. While most of the commercially available
as sensors are based on the electrical conduction modulation
f metal oxide materials on gas absorption[4,5], other ma-

erials such as conducting polymers[6,7] (e.g. polyaniline,
olypyrrole) or enzymes[8,9] (e.g. glucose oxydase) can be
sed for their alcohol sensing properties.

Recently, the solvatochromic properties of organic
ye molecules have also been used for the preparation of
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alcohol-sensing devices. The term solvatochromism is
to describe the shift of an UV or visible absorption b
as a function of the polarity of the surrounding medium
solvent[10,11]. This effect results from the solute–solv
interactions (e.g. dipole–dipole, dipole–induced dipole
hydrogen bonding), which tend to perturb the electr
geometry and charge distribution of the absorbing sp
leading to a positive or negative shift in absorbance.
example, dye molecules such as Reichardt’s betaine[12]
or Brooker’s merocyanine[13] present a strong solv
tochromism when exposed to solvents of various polari

Several strategies can be used to immobilize
molecules onto a surface and for example, sensing film
be prepared by direct blending of the dye molecules in
polymer matrix (e.g. PVC), which is subsequently cast
cured into active thin films[14]. Alcohol sensors can also
prepared by spin casting of a dye–polymer–solvent mix

925-4005/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2005.03.032



S.T. Dubas et al. / Sensors and Actuators B 113 (2006) 370–375 371

onto a glass substrate[15]. Both techniques are commonly
used but present certain limitations such as the curing time
or the geometrical limitation to a flat substrate when using
the spin casting technique. The novel technique presented
in this article is based on the self-assembled polyelectrolyte
multilayers (PEM) procedure which allows the facile prepara-
tion of ethanol sensing nano-thin films. This PEM technique
presents the advantage of allowing the coating of virtually
any surface by simple dipping in dilute polyelectrolyte solu-
tions without the need for any further treatments. Developed
by Decher and coworkers in the early 1990s, this technique
has been the subject of an abundant literature[16–25] and
can be summarized as follows. Oppositely charged polyelec-
trolytes (polyanions and polycations) can be assembled into
thin films by sequential dipping of a substrate into polyelec-
trolyte solutions followed by a rinse step. The electrostatic
interaction between the absorbed layer on the substrate and
the oppositely charged polyelectrolytes in solution leads to
the irreversible absorption of a polyelectrolyte layer and also
to the reversal of the surface charge allowing the deposition
of the next layer[26].

Interestingly, one of the two polyelectrolytes can be
substituted with a variety of other charged materials (e.g.
proteins, lipids, surfactants, DNA, magnetic particles, or inor-
ganic crystals) leading to specific properties and applications
[27–30]. Charged dye molecules have already been incorpo-
r er-
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Fig. 1. Chemical structure of the Nylosan and Chitosan used in the prepa-
ration of the polyelectrolyte multilayer thin films.

the appropriate amount of acetic acid with sodium acetate
salt and a 1 mM sodium hydroxide solution was used to
adjust the pH to 11. Analytical grade ethanol, from Aldrich,
was mixed with de-ionized water to prepare solutions with
ethanol contents from 0% to 50%. Analytical grade sodium
chloride residue less than 0.1% was purchased from Aldrich.
All chemicals and solvents were used as received without
any further purification. Glass slide substrates (4 cm× 1 cm)
were purchased from Aldrich and cleaned using an oxidizing
“piranha solution” which is described in the next section.

2.2. PEM technique

PEM with variable number of layers were assembled
onto glass slide for UV–vis measurements. All PEMs were
assembled by following the same procedure described
hereafter. Before beginning the PEM deposition, glass slide
substrates were cleaned from organic contaminants by a
15 min dipping in an oxidizing “piranha solution” prepared
by mixing a 2:1 volume ratio of concentrated sulfuric acid
with concentrated hydrogen peroxide (30%). The sample
was then rinsed thoroughly with de-ionized water. This
cleaning step resulted in a hydrophilic, organic free surface
(Warning: piranha is a very oxidizing solution and should
not be stored in a closed container).

For the PEM thin film buildup, the substrate was first
i of
C then
r ose
o ound
ated into PEM thin films for their non-linear optical prop
ies[31] but to the knowledge of the authors, they have n
een characterized for their ethanol sensing capabilities

In this study, PEM were built from cationic Chitosa
hich is a biopolymer derived from Chitin, as found
eashells, and the anionic acid dye, (phenyl amino)-5-[[4
ulphonatophenyl) azo]-(1-naphthalenyl)azo]-1-naphtha
ulfonic acid disodium salt (Nylosan), as shown inFig. 1. The
ylosan dye molecule contains two sulfonate groups, w
an electrostatically interact with the positively char
hitosan and therefore can be used to prepare poly

rolyte multilayers. The layer-by-layer deposition of
hitosan–Nylosan thin films was monitored using UV–
pectroscopy as a function of the number of layers. In a
ion, the characteristic solvatochromism of the resulting
lm was investigated as a function of the ethanol conce
ion in water for its potential use as ethanol sensor.

. Experimental

.1. Chemicals and materials

The acid dye (phenyl amino)-5-[[4-(3-sulphonatophe
zo]-(1-naphthalenyl) azo]-1-naphthalenesulfonic
isodium salt (Color index: acid blue 113) was provi
y the Department of Materials Science, Chulalongk
niversity, Bangkok, Thailand. Chitosan (MW = 800,0
ith 84% deacetilation was purchased from Fluka. Solut
f various pH between 3 and 7 were prepared by mi
mmersed for 2 min in a solution containing 0.1% (w/w)
hitosan and 0.1 M sodium chloride. The sample was

insed three times in de-ionized water for 1 min. The purp
f the rinse bath is to remove the excess and loosely b
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polyelectrolytes from the surface. These steps resulted in the
deposition of a thin layer of Chitosan, which had for effect to
reverse the charge at the surface of the sample from negative
to positive. The surface with the Chitosan top layer was
then immerse for 2 min in a solution containing 0.14 mM of
Nylosan and 0.1 M sodium chloride followed by three rinses
in water. The pH of the Nylosan dye, Chitosan and all rinse
solutions was adjusted to pH 4 using acetic acid. These steps
resulted in the deposition of a bi-layer of Chitosan–Nylosan
and were repeated as many times as needed. When com-
pleted, the PEM thin film was dried with a stream of nitrogen
and stored in a closed container. A homemade robot was
used to improve reproducibility and to allow the facile
deposition of up to 60 layers. All samples were spun with a
homemade sample holder while in solution to accelerate the
deposition process and render the PEM more uniform.

2.3. UV–vis measurements

The pre-cut glass slides were first coated with the
Chitosan–Nylosan PEM and then analyzed using a single
beam UV–vis spectrophotometer (Specords S 100, Analytik-
Jena). Prior to any UV–vis measurements, a bare clean glass
slide was first introduced in the UV–vis cuvette filled with
pure water and recorded as a background. For the measure-
ments, the PEM coated glass substrate was then inserted in a
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Fig. 2. Absorbance value at 540 nm of a Chitosan–Nylosan thin film as a
function of the number of deposited layers.

solutions of the Nylosan dye as a function of increasing pH,
ionic strength and ethanol content were prepared and mea-
sured using a UV–vis spectrophotometer. These results are re-
ported inFig. 3, and the different effects of the studied param-
eters on theλmax absorbance of the dye can be clearly seen.
An increase of both pH and ionic strength of the solution led to
a shift ofλmax towards lower wavelengths respectively from
570 to 525 nm and from 570 to 565 nm. Contrarily, an increase
in ethanol content resulted in a shift of theλmax absorbance
towards higher wavelengths from 570 to 580 nm. These
observations confirm that any shift of theλmax absorbance
toward higher wavelength should be the result of the ethanol
content in water rather than the pH or ionic strength of the
solution.

As mentioned earlier, when Nylosan dye molecules are
assembled into PEM, the absorbance spectrum of the thin
film presents a maximum at 540 nm which gives a light pur-
ple color. This characteristic color of the dye in the PEM
thin film also matches the color of the dye when dispersed

F ) in-
c , 4, 5
a .
olystyrene cuvette and exposed to a range of ethanol-
ixtures. The absorbance of the thin film was measure

he 450–750 nm visible range, which includes the absorb
eak of the Nylosan dye. Theλmax absorbance of Nylosa
ye varies from 520 to 580 nm as a function of the surro

ng solvent.

. Results and discussion

Polyelectrolyte multilayers assembled from cationic C
osan and anionic Nylosan dye were deposited on glass
nd characterized using the UV–vis spectroscopic techn

t is important to note that when the Nylosan dye is ass
led into a PEM, its characteristic absorbance is contr
y the electrostatic environment of the PEM and gives a
orbance peak at 540 nm. Therefore it is possible to mo
he layer-by-layer deposition of the PEM as a function o
umber of layers. The expected linear relationship betw

he absorbance at 540 nm and the number of layers was
rmed with UV–vis measurements as shown inFig. 2. Mul-
ilayers of up to 40 bi-layers of Chitosan and Nylosan w
uccessfully deposited on glass slides.

Certain dye molecules are known to have solvatochr
roperties depending on the ionic strength, pH or polari

he surrounding solvent. This phenomenon is characte
y a shift of theλmax value of the dye’s absorbance spectr

oward higher or lower wavelength. Before the build
f Chitosan–Nylosan PEM, a study of the solvatochro
ehavior of the Nylosan dye was conducted. Sam
ig. 3. λmax absorbance values of the Nylosan dye in solution of (A
reasing ionic strength: 0, 0.1, 0.5 and 1 M NaCl; (B) increasing pH: 3
nd 7; (C) increasing ethanol content in water: 0, 10, 20, 30 and 40%
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Fig. 4. Increase in absorbance at 600 nm of the Nylosan dye as a function of
various environments. (A) Changes in absorbance when the dye is deposited
into PEM. (B) Changes in absorbance when the Nylosan dye is dissolved in
a water/ethanol mixture. Inset: UV–vis spectrum of the Chitosan–Nylosan
thin film when exposed to increasing concentration of aqueous ethanol (10,
20, 25, 30, 35, 40, 45, 50 wt.%). The spectrum of the thin film initially dipped
in water was subtracted and used as based line to improve the clarity of the
graph.

in aqueous solutions of ionic strength equal to 0.1 M NaCl.
This expected similarity in color of the dye when assembled
into PEM is due to the electrostatic interactions between the
sulfonate groups of the dye and the Chitosan’s ammonium
groups. These electrostatic interactions are also similar to
those between Nylosan dyes and Na+ counter ion in solution
both leading to a decrease inλmax absorbance from 570 to
540 nm and giving a light purple color of the thin film. The
following section is a study of the effect of increasing ethanol
content in water on the absorbance response of a 40 layers
Chitosan–Nylosan thin film.

It is important to note that in the next experiment, we chose
to plot the changes in absorbance value at 600 nm as a char-
acteristic of the film response to ethanol in solution instead of
monitoring the shift ofλmax absorbance values. This choice
is due to the fact that whileλmax varies from 540 to 580 nm,
the absorbance at 600 nm increases nearly 50%, which makes
it a better characteristic for sensor applications. In this exper-
iment, 40 layers of Chitosan and Nylosan were deposited on
pre-cut glass slides following the procedure already described
in Section2. The resulting PEM thin film was then introduced
into a UV–vis cuvette and exposed to solutions of various
ethanol contents. The change in absorbance of the PEM thin
film as function of the ethanol content is represented by curve
A in Fig. 4. No significant effect on the thin film’s absorbance
could be seen for ethanol content between 0% and 10%. At
e rease
i 5%.
F ntent
d ngly,
t f the
e lved

in aqueous solution as displayed by curve B inFig. 4. In this
case, the absorbance at 600 nm reached a plateau for ethanol
content above 30%, while this plateau was reached for
ethanol content above 45% in the Nylosan–Chitosan PEM.

We interpret the delayed shift of the dye’s absorbance to
be due to the electrostatic nature of the PEM. Firstly, this
delay can be attributed to a lower ethanol content inside the
PEM versus outside the PEM, in the surrounding solution.
The ability of the PEM to separate organic solvent from wa-
ter has already been reported[32–34]and for example when
deposited onto porous alumina, PEM can be used to separate
water from ethanol by permeation. The justification for this
phenomenon lies in the highly ionic structure of the PEM,
which promotes the diffusion of ions and water molecules,
but limits the access to less polar solvent such as ethanol.
A second argument for the delay in absorbance increase at
600 nm is the potentially competitive interaction between the
ethanol-Nylosan system and the electrostatic interaction be-
tween the Nylosan–Chitosan complex. ATR–FT-IR studies
are currently being pursued to characterize the amount of
ethanol present in the Chitosan–Nylosan PEM as a function
of the solution’s ethanol content while monitoring the ab-
sorbance increase at 600 nm. It is also interesting to note that
when testing thin films built from various number of layer
(10, 20, 30 layers) the change in absorbance as a function
of ethanol content was proportional to the initial absorbance
o phe-
n ed to
t
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d r of
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thanol contents between 10% and 45%, a constant inc
n absorbance was observed with a maximum at 4
urther increase of the ethanol concentration to 50% co
id not lead to any change in absorbance. Surprisi

he changes in absorbance of the dye as a function o
thanol content were different when the dye was disso
f the thin film in water. These results suggest that this
omenon is based on a bulk sensor effect and not limit

he surface of the film.
Lastly, the stability of the Chitosan–Nylosan PEM w

tudied. A PEM thin film was exposed to cycles of wa
nd 50% ethanol content and the absorbance changes
onitored using UV–vis absorbance. After five cycles,

hin film had partially disappeared and released the Nyl
ye back into the solution. This decomposition is mostly

o the loss of electrostatic interactions between the Chit
nd the Nylosan, which are the structural binding force

he PEM system. Consequently, this led to the slow relea
he dye into the solution and to the decomposition of the
ifferent strategies are being investigated to improve the
ility of the dye in the PEM. Nevertheless, even conside

he low cyclability of the Chitosan–Nylosan PEM, this s
em could be used as a disposable sensor tool for quic
nexpensive ethanol content measurements.

. Conclusion

This study demonstrates the potential use
hitosan–Nylosan thin films as an alcohol sensor
response in the range of 10–45% ethanol conte

olution. The deposition of Nylosan and Chitosan into P
isplayed a linear growth as a function of the numbe

ayers which is typical for such systems. We suggest
ue to electrostatic interactions, a lower ethanol con

n the PEM leads to a delayed response of the Nyl
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dye to increasing ethanol content. Possibly, the response of
the Nylosan can be tuned by controlling the structure and
architecture of the thin film. The use of natural dye could
also lead to the development of interesting biocompatible
and inexpensive ethanol sensing thin films.
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