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APPENDIX A

Table 1 K/S @510 nm of nylon multifilament as a function of the pH of Scarlet dye

solution bath

pH K/S of salt- K/S of added Normalized Normalized
free of dye salt 0.1M in K/S of salt- K/S of added
solution dye solution free of dye salt 0.1 M of
solution dye solution
3 10.44 1 1
5 4.82 0.461686 0.606725
7 3.41 0.326628 0.479532
9 0.79 v 2.07 +0.07567 0.302632
11 0.5 01 ).056513 0.147661
12 0. 111 5019 0.166667
Table 2 K/S @ 510 S f DMAC-Dye layer and the
number of dye layer at ngfi- 0
Number of la n S of PEM on nylon
0 : 4 0.05
4 J 0.47
8 = 0.94
10 ‘0.2 -
12 ST 1.73
16 \ 2.37
2 4.64
24 3.96
28 , 9.44
30 0.32 -
40 Sy 0400 13.18
o E E ) 2 dl ‘13. 18
Nz} - 2 42

YT RN Y T T

Table 34K/S @ 510 nm of nylon multifilament as a function of same deposition time
in PDADMAC and dye solution.

Deposition time (min) K/S of same deposition time in PDADMAC and
Dye solution
0.25 4.66
0.5 4.19
1 4.55
2 4.33
5 4.88
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Table 3b K/S @ 510 nm of nylon multifilament as a function of fixed deposition time
5 minutes in Dye solution and varied deposition time in PDADMAC solution.

Deposition time in K/S of fixed deposition time 5 Average SD
PDADMAC solution minutes in Dye solution
(min) No. 1 No.2 | No.3 | No. 4
0.25 3.65 3.74 3.58 3.99 3.74 0.179072
0.5 4.19 4.02 4.15 4.29 4.1625 | 0.111766
1 3.44 3.65 3.72 3.61 3.605 | 0.119024
2 4.14 4.19 4.43 4245 | 0.127671
5 3.62 347 3.74 3.6175 | 0.111467
=
Table 3¢ K/S @ 510 nm Itifflam finction of fixed deposition time
5 minutes in PDADMA: va ime in dye solution.
Deposition time in e 5 Average SD
Dye solution Pl
(min) 0.4
0.25 .0 1 2.8875 | 0.151959
0.5 .86 2.8575 | 0.118427
1 : . 18 3.265 | 0.201577
2 4 ' . 5.15 5.0975 | 0.061847
5 3 -+ 2 3.40 3.295 | 0.120416
; o o ol
i P ﬁ“'
Table 4 K/S @ 510 nm o i iomrof salt concentration
Salt concentration ( rbance@507 nm of PEM
'm on glass slide
0 e 2.63 0.024859
0.05 f o - 0.039270
0.1 (@ J_E WNE "1™ 0.054061
02 1 et ¥ 0.054524
0.3 o .16 Q067751
: ~ . (- ' N e 17 Qoop78
aom il ﬁﬁld%] H I a 2 1Twlodd712
90.7 3.05 0.103762
0.75 - 0.029428
0.8 - 0.057572
0.9 - -
1 2.01 0.019853
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Table S K/S @ 510 nm of nylon multifilament as a function of PDADMAC and
Scarlet dye concentration

PDAD and PDAD Dye
Dye K/S concentration K/S concentration K/S
concentration | @ 510 nm (mM) @ 510 nm (mM) @ 510 nm
(mM) [Fixed dye [Fixed
conc.] PDADMAC
conc.]
0 0 0.05
0.01 0.0005 0.1
0.1 0.005 0.49
1 0.05 1.86
10 0.5 3.68
20 5 3.73
50 4.46

AULINENINYINT
PAATUAMINYAE
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APPENDIX B

Table 6 K/S @ 510 nm of dye loading on silk as a function of the exhaustion time

Exhaustion time (min) | K/S @ 510 nm of dyed silk

0.5 2.91

1 3.15

5 4.08

10 4.83

6.47

7.41

0.92

Table 7 K/S @ 510 nm_of
pH condition of acid dye

of salt concentration and

pH
1
3 3.82
6 4.66
9 438
12 7.2
Table 8 Absorbance @

different length of silk

.‘
o
L

Length | Absorbanced@5? S cl,: bince Absorbance@
(m) ' 5254565 nm 525-565 nm
added NaOH
0.5 0.08040_ ¢ &h __ 00288 &7 05160 0.01470
I i3 ﬁj .1 ol 03% 0.03040
1.5 # 03 0.13970" 0.04221
2 472 044850 e 0.17988 @ 0.04856
3 A 0,0 | - 701 A B 0.06620
4 53V UV 0.09557
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Table 9 Absorbance @ 525-650 nm of dye release adjusted pH of soaping solution at
pH 6 and pH 9.78 as a function of time

Abs of pH 6 Abs of pH9.78 | Normalized Normalized
Time (min) | @ 525-650nm | @ 525-650 nm | Absorbance Absorbance
pH6 pH 9.78
0.073196 0.086707 0.514076 0.529675
- 0.107315 - 0.655565
0.087799 0.616639 0.699877
- - 0.733502
- N ‘ - 0.748163
0.0987 - w 0.693878 -
- : ' 0.797089

0.11 812176

- mm -
0.119 _ﬁﬁ&l}ww o 0.838268 0.862695

0.118736" & A7/ 0148566 . 15,0.833922 0.907553

0. I/Iﬁ!\\%\‘ 01886515 :

SIBaIDo|N|a|wn|s|w|o]—

014 J[}'ﬂ;% m&x 1 1

Table 10 Absorbance @ 5
and K/S @ 510 nm of sill

nadjusted pH of soaping solution

“\ ¥ justed pH of soaping solution

pH of Std WIS ‘I’ J Absorbance @ 510 nm
detergent T :
£ T L"f""" 0:058178

r 0 44 - 0083362

Y 504142089

7§ 710.152652

8 . <0.164933

9 €a 0.69 @ 0.191800

qip 155132
o

ARIAINITU UM INYIA
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Table 11 The approximately thickness as the function of a number of layers of PEM
between PDADMAC/Alginate and PDADMAC/PSS-co-MA

Number of layers

Approximately thickness (A°)

PDADMAC & PSS-co-MA PDADMAC & Alginate
20 500 300
30 800 400
40 500
50 550

AUEINENINYIAS
RN TUUMING AL
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APPENDIX D

Table 12 Absorbance @ 507 nm of dye release from coated dyed-silk by PDADMAC
/PSS-co-MA at different salt concentration in solution pH 10.7

No. of Raw absorbance | Normalized absorbance
layer Salt concentration (M)
0.3 1 2 0.3 1 2
0 0.095141 | 0.114554 8281 | 1.000001 | 1.000001 | 0.999994
10 0.088856 | 0.080275 | 0:08 0.933937 | 0.70076 | 1.083186
20 0.069199 | 0.0 "0.06Y 727329 | 0.662642 | 0.893325
30 0.079557 66 836205 | 0.600327 | 0.855836
60 0.06229 . 34 | 0.433722 | 0.516692
Table 13 Absorbance @ 907 ted dyed silk with
PDADMAC/PSS-co-M# infdiffefentof: \ber IS.
. _
Number of layer bsorb: Normalized absorbance
0 * . 1
6 44477 () 0.786599
10 sbei: 8 0.752829
20 7 D42 0.691101
30 ' 0.795408
46 = 0.740956
60 ’1'11 0.746051

Table 14 Abs d silk by PDADMAC
/PSS at differ an i1} splti (HQCT
Numb 0 la ers. , tion
) ) 2
7 A

o

q 211975 0.211975
8 - - 0.152287
10 0.166925 0.175682 -
20 0.146338 0.146972 0.139740
30 0.139978 0.112562 0.124477
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Table 15 Absorbance @ 507 nm of dye release from coated dyed silk with
PDADMAC/PSS which are varied type of top layer

Number of layers Absorbance @ 507 nm
0 0.211975
10 0.175682
11 0.188366
20 0.146972
21 0.158034

30 0.112562

7 0.149681

Table 16 Absorbance @ S
silk and PEM which are g / o1h
/PSS that top layer is PDAR v/t

- i ', son between uncoated dyed
>S-c0-MA and PDADMAC

Iy on dyed silk.

Type of coat .\. rmalized absorbance
Uncoated dye AI" ' | Ji’:‘f 'm\\\\\ 1
PDAD/ PSS-¢6-M& F.| 70144650 |, | 0.638563
PDAD/PSS: top PDAD | .. 0.1/ 0.618790
PDAD/PSS: top PS8 #5612 0.537235

5&
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\Z
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Abstract

The layer-by-layer deposition technique was usedo prgparg
in water. Cationic Chitosan was assembled with anionjg'acig
naphthalenesulfonic acid disodium salt (Nylosan) o
of Chitosan—Nylosan into PEM was studied by mefitori
relationship between increase in absorbance and numbgf of
ethanol in water with a shift of maximum absorbance (A%,,,)
at 600 nm which was used to monitor the response of the
dye occurred at a higher ethanol concentration (from 10 2%
30%). The Chitosan—Nylosan thin films response to ethanol co i
them useful as ethanol sensing thin films.
© 2005 Elsevier B.V. All rights reserved.
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thin films that are sensitive to ethanol content
Iphonatophenyl) azo]-(1-naphthalenyl) azo]-1-
pectroscopy. The layer-by-layer deposition
isible region (500-600 nm). The typical linear
in films responded to increasing concentrations of
o characterized by an increase in absorbance
water. The characteristic color shift of the Nylosan
ed 10 its usual shift in aqueous solution (from 0% to
€ linear from 10% to 45% ethanol content, which renders

Keywords: Polyelectrolyte multilayer; Chitosan; v

1. Introduction

The monitoring of alcohol co: uaﬁ lﬂ ﬂ ﬁdﬁl
factor in many industrial as well as applications olvent [10,117"

[1-3]. For example, contmuous meaSurement of ethyl alco-

hol concentration in cul
tation industries. While ?ﬁ% %m
gas sensors are based on the l cal ulati

of metal oxide materials on"gas absorption [4,5], other ma-
terials such as conducting polymers [6,7] (e.g. polyaniline,
polypyrrole) or enzymes [8,9] (e.g. glucose oxydase) can be
used for their alcohol sensing properties.

Recently, the solvatochromic properties of organic
dye molecules have also been used for the preparation of

* Corresponding author. Tel.: +66 2 218 4234; fax: +66 2 611 7586.
E-mail address: stephan.d@chula.ac.th (S.T. Dubas).

0925-4005/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2005.03.032

alcohﬁensmg devices. The term solvatochromism is used

or visible absorption band
the surrounding medium or
effe t T sults from the solute—solvent

le-induced dipole and
rb the electronic
bsorbmg species

d

to'a sn A in absorbance. For
example, dye molecules such as Relchardt s betaine [12]
or Brooker’s merocyanine [13] present a strong solva-
tochromism when exposed to solvents of various polarities.
Several strategies can be used to immobilize dye
molecules onto a surface and for example, sensing films can
be prepared by direct blending of the dye molecules into a
polymer matrix (e.g. PVC), which is subsequently cast and
cured into active thin films [14]. Alcohol sensors can also be
prepared by spin casting of a dye—polymer—solvent mixture

his

mteracuons dlpOlC—dlpOl
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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 technig

can be summarized as follows. Oppositely charged pc
trolytes (polyanions and polycations) can be a
thin films by sequential dipping of a substrate.iiio-pe
trolyte solutions followed by a rinse step. The gle

of the next layer [26].
Interestingly, one of the two polyele
ganic crystals) leading to specific properties’

[27-30]. Charged dye molecules have already b

which is a biopolymer derived from Chitin
seashells, and the anionic acid dye, (phenyl am

o=?=o

Na+

'M ing)-5-[[4-(3-sulphonatophenyl) azo]-(1-naphthalenyl) azo]-1-
naphthalenesulfonic acid disodium salt, Nylosan.

A

lyte multilayer thin films.

ount of acetic acid with sodium acetate
a | sodium hydroxide solution was used to
pH to 11. Analytical grade ethanol, from Aldrich,
lixed with de-ionized water to prepare solutions with
Ton 0% to 50%. Analytical grade sodium
har 0.1% was purchased from Aldrich.

sulphonatophenyl) azo]-(1-naphthalenyl)a
sulfonic acid disodium salt (Nylosan), a
Nylosan dye molecule contains two sulfonz

can electrostatically interact with the pesitively charged

Chitosan and therefore can be used to prepar. lyelec-
S
Siﬁﬁ
yers.

trolyte multilayers. The layer-byslayer
Chitosan—Nylosan thin films w. c@r
spectroscopy as a function of thé pam

-

2. Experimental
2.1. Chemicals and materials

The acid dye (phenyl amino)-5-[[4-(3-sulphonatophenyl)
azo]-(1-naphthalenyl)  azo]-1-naphthalenesulfonic  acid
disodium salt (Color index: acid blue 113) was provided
by the Department of Materials Science, Chulalongkorn
University, Bangkok, Thailand. Chitosan (MW =800,000)
with 84% deacetilation was purchased from Fluka. Solutions
of various pH between 3 and 7 were prepared by mixing

----- mical {: nts were used as received without
ation. Glass slide substrates (4 cm x 1 cm)
ased fro; ‘J Aldrich and cleaned using an oxidizing

“piranha solution” which is described in the next section.

tion, the characteristic solvatochromism of the resulting thin‘

onto glass slide for UV-vis m
film was investigated ion.of the e concentra-, : owi
tion in water for its poaqgw}a‘s?ﬁo@ﬁj' J W €] ﬂﬂng
d strate! re"cl fr g

ements. All PEMs were
procedure described
eposition, glass slide

c 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
immersed for 2 min in a solution containing 0.1% (w/w) of
Chitosan and 0.1 M sodium chloride. The sample was then
rinsed three times in de-ionized water for 1 min. The purpose
of the rinse bath is to remove the excess and loosely bound
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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 w:
used to improve reproducibility and to allow ’

homemade sample holder while in solution to

deposition process and render the PEM more W
2.3. UV-vis measurements /

The pre-cut glass slides were first c
Chitosan—Nylosan PEM and then analy
beam UV-vis spectrophotometer (Specords S
Jena). Prior to any UV-vis measurements,
slide was first introduced in the UV-vis cuve:
pure water and recorded as a background. Fo
ments, the PEM coated glass substrate was then ig
polystyrene cuvette and exposed to a range of ethz
mixtures. The absorbance of the thin film was mea
the 450-750 nm visible range, which includes the ab
peak of the Nylosan dye. The Apax absorbance of Ny
dye varies from 520 to 580 nm as a function of the surro
ing solvent. -

o e

~ suregd usil

0.08 | .

£
<
“w
w
=
=}
:
£
a

20 30 40 50
‘ T— Number of layers

at 540nm of a Chitosan—-Nylosan thin film as a

F g Y sorbance
Ao Ao o eposited layers.

u \\* 1 dye as a function of increasing pH,

3
‘ 2N §\\ anol content were prepared and mea-
18 spectrophotometer. These results are re-
edin I 1\\‘ thedifferent effects of the studied param-
on thé\ ) max absorbance of the dye can be clearly seen.
case of both pHland ionic strength of the solution led to
: - .\‘ rds lower wavelengths respectively from
525 nm and from 570 to 565 nm. Contrarily, an increase
ontent resulted in a shift of the Any,x absorbance
her ‘wavelengths from 570 to 580nm. These
confirm that any shift of the Ap,x absorbance
avelength should be the result of the ethanol
er than the pH or ionic strength of the

-
.
3. Results and discussion m

Polyelectrolyte multilayers assembled from sationic Chi-
tosan and anionic Nylosan dye wer
and characterized using the UV-vi

|".\’ ‘ hen Nylosan dye molecules are
PL: e absorbance spectrum of the thin
1lm presents a maxi at 540 nm which gives a light pur-
ple color. This characteristic color of the dye in the PEM

i ides in ches the color of the dye when dispersed
Ho TND
It is important to note that when m ei - - o o @

bled into a PEM, its characteristic absorbance is controlled

by the electrostatic environment e PEM and gives an ab-
sorbance peak at 540 nnq: ofore it a&lﬁnﬁl
the layer-by-layer depositi e P! a tion

number of layers. The expa:tcd linear relationship between
the absorbance at 540 nm and the number of layers was con-
firmed with UV-vis measurements as shown in Fig. 2. Mul-
tilayers of up to 40 bi-layers of Chitosan and Nylosan were
successfully deposited on glass slides.

Certain dye molecules are known to have solvatochromic
properties depending on the ionic strength, pH or polarity of
the surrounding solvent. This phenomenon is characterized
by a shift of the Aax value of the dye’s absorbance spectrum
toward higher or lower wavelength. Before the buildup
of Chitosan—Nylosan PEM, a study of the solvatochromic
behavior of the Nylosan dye was conducted. Sample

A°

Alncreesing ionic strew

JNRINETRE.

Increasing pH

@ 00 0 o0

Increasing ethanol content

520 530 540 550 560 570 580 590
Lambda max Absorbance (nm)
Fig. 3. Amax absorbance values of the Nylosan dye in solution of (A) in-

creasing ionic strength: 0, 0.1, 0.5 and 1 M NaCl; (B) increasing pH: 3, 4, 5
and 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 Nylosas

graph.

groups. These electrostatic interactions are also sindift
those between Nylosan dyes and Na* counter ion in $O
both leading to a decrease in Amax absorbance from 57

in aqueous solution as displayed by curve B in Fig. 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
sited onto porous alumina, PEM can be used to separate
ethanol by permeation. The justification for this
ies in the highly ionic structure of the PEM,
s the diffusion of ions and water molecules,
ss to less polar solvent such as ethanol.
for the delay in absorbance increase at

eing ued to characterize the amount of
present in the Chitosan—Nylosan PEM as a function
, tig ’\m nol content while monitoring the ab-
rease at 600 nm. It is also interesting to note that
ilms built from various number of layer
0, ers) the change in absorbance as a function
ol centent was proportional to the initial absorbance
thin film in' water. These results suggest that this phe-
0, is based on a bulk sensor effect and not limited to
arfaee of the film.
the stability of the Chitosan-Nylosan PEM was
A"PEM thin film was exposed to cycles of water
ent and the absorbance changes were

540nm and giving a light purple coloxt&he" hin film.
following section is a study of the effec reasing 7
content in water on the absorbance re fa 40 I
Chitosan—Nylosan thin film. pm

Itis important to note that in the next expesiment, we chose

to plot the changes in absorbance value at 600,nm as a char-
acteristic of the film response to e in soluti ead
monitoring the shift of A,y abs e Sl | %;%J
is due to the fact that while A,y varie 400 580

the absorbance at 600 nm increase

it a better characteristic for sensor applications. is exper-
iment, 40 layers of Chi ﬁiﬁ & tiu
pre-cut glass slides followin pr e dyd

in Section 2. The resultingPEM 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
AinFig. 4. No significant effect on the thin film’s absorbance
could be seen for ethanol content between 0% and 10%. At
ethanol contents between 10% and 45%, a constant increase
in absorbance was observed with a maximum at 45%.
Further increase of the ethanol concentration to 50% content
did not lead to any change in absorbance. Surprisingly,
the changes in absorbance of the dye as a function of the
ethanol content were different when the dye was dissolved

ly 50%, which makes

¢

w_cyClability o itoSan—
u oﬁ% e Spos
in€xpensive nt ents.

s absorbance. After five cycles, the
sappeared and released the Nylosan
on. This decomposition is mostly due

@static interactions between the Chitosan
and the Nylosan, which are the structural binding forces of
, this led to the slow release of
the decomposition of the film.

: stem. Consegu
e dye oluti
ifterent ies' ing investigated to improve the sta-

bility of the dye in the PEM. Nevertheless, even considering
losan PEM, this sys-
or tool for quick and

4. Conclusion

This study demonstrates the potential use of
Chitosan—Nylosan thin films as an alcohol sensor with
a response in the range of 1045% ethanol content in
solution. The deposition of Nylosan and Chitosan into PEM
displayed a linear growth as a function of the number of
layers which is typical for such systems. We suggest that,
due to electrostatic interactions, a lower ethanol content
in the PEM leads to a delayed response of the Nylosan
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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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