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a b s t r a c t

The J-aggregate thin film of an oxacyanine dye has been prepared by the spin-coating method on a quartz
plate and its photophysical property has been studied. Coherent size of the J-aggregate was estimated
to be ca. 4–7 by means of the fluorescence radiative lifetime. Photostability of the J-aggregate thin film
and J-aggregate/poly(dimethylsilane) composite thin film has also been examined. Poly(dimethylsilane)
vacuum deposited on the J-aggregate thin film was found to markedly enhance the photostability. This
eywords:
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hotophysical property

stabilization mechanism has been discussed in terms of the electron transfer from poly(dimethylsilane).
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Cyanine dye thin films spin-coated on a polycarbonate substrate
re used as recording layers of optical disks because of their high
bsorptivity, high reflectivity and wide wavelength-selectivity [1].
ecently, development of the optical disks with higher capacity has
een desired and much attention has been paid for the dyes having
n absorption band in the short-wavelength region. Monome-
hine oxacyanine dyes exhibit absorption spectra in the wavelength
egion of 350–400 nm but with a rather low molar absorptivity.
he J-aggregate band of cyanine dyes has a higher molar absorp-
ivity than those of the corresponding dye, and is considered to be

ore suitable to the use for the recording dye. Therefore, it is desir-

ble to develop J-aggregate thin films of monomethine cyanine dyes
aving an intense absorption band in the short-wavelength region.
onezawa et al. [2,3] studied the preparation of J-aggregate thin
lms of N,N′-dioctadecyloxacyanine perchlorate (O–H–H) by use

∗ Corresponding author at: Department of Chemistry and Chemical Biology, Grad-
ate School of Engineering, Gunma University, 1-5-1 Ten’jin chow, Kiryu, Gunma
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f the LB method. However, the J-aggregate thin film of oxacya-
ine dye has not been prepared by the spin-coating method, which

s conveniently employed to prepare the recording dye layer. In
his study, we have examined the preparation of the J-aggregate
hin film of a monomethine oxacyanine dye by means of the spin-
oating method.

Cyanine dyes are known to be readily photodegraded, and the
mprovement of its photostability has been an important subject
or many researchers [4–7] to develop the recording dye. Koizumi
t al. [8] studied oxidative and reductive photodegradation of dye
olecules in liquid phase. The oxidative photodegradation process

an be summarized as shown in Scheme 1. Upon photo-irradiation,
n excited singlet-state dye molecule (1Dye*) is produced, and then
y the intersystem crossing (ISC) process its triplet-state molecule
3Dye*) forms. Subsequently, the energy transfer from 3Dye* to the
round-state oxygen (3O2) takes place to form singlet oxygen (1O2).
he 1O2 attacks on a dye molecule to induce oxidation. 3Dye* may
lso transfer an electron to an acceptor (dye and/or 3O2) to form the

adical cation (Dye•+) of the dye molecule. Thus, 3Dye* is considered
o be mainly responsible for the photodegradation involving oxy-
en. An electron transfer process from 1Dye* to an electron acceptor
s also pointed out as another photodegradation process to give
ye•+.

http://www.sciencedirect.com/science/journal/10106030
mailto:hiratuka@chem-bio.gunma-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2008.05.011
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the number of molecules that occupied a layer was estimated by
use of the size of the dye molecule calculated by the PM3 method.
The number of layers was calculated by dividing the number of
molecules on a substrate by that of a layer. As a result, the number
K. Tani et al. / Journal of Photochemistry and

Improvement of the photostability has been achieved by adding
1O2 quencher such as diimmonium salts [3,4] or metal com-

lexes [6]. Nakazumi et al. [6] employed nickel complex as the
O2 quencher, and found out that nickel complex enhanced the
hotostability of cyanine dyes. Morishima et al. [7] proposed a
ifferent approach to improve the photostability of indodicarbocya-
ine dyes; they made use of the electron transfer mechanism. They
mployed tetracyanoquinodimethane derivatives as a quencher
nd confirmed that the degradation rate of the dye was effectively
educed. However, these compounds have a disadvantage in the
avelength-selectivity in the shorter wavelength region because
f their light absorption.

We succeeded in preparing stable J-aggregate thin films of
hiacarbocyanine dyes as 5-chloro-2-[[5-chloro-3-(3-sulfopropyl)-
(3H)-benzothiazolylidene]methyl]-3-(3-sulfopropyl)
enzothiazolium hydroxide potassium salt (C–H–Cl) on a polycar-
onate and quartz plate by means of the spin-coating technique
nd studied their photophysical properties [9]. In J-aggregate thin
lms the formation quantum yield of the triplet state of J-aggregate

3J*) was found out to be remarkably reduced, indicating that 1O2
s not responsible for the photodegradation of the J-aggregate thin
lms. Thus, photodegradation of the J-aggregates was ascribable to
he electron transfer from the excited singlet-state of J-aggregate
1J*) to an electron acceptor (counter ion and/or 3O2) to give the
adical cation as shown in the dotted-frame in Scheme 1 (in this
ase Dye means the J-aggregate).

Polysilanes have unique optical and electronic properties asso-
iated with the delocalization of �-electrons of Si–Si main chain
nd have been expected to be available for micro-electronics,
emi-conductors and integrated optics [10,11]. Diaz and Miller
12,13] prepared thin films of various polysilanes such as
oly(dimethylsilane) (PDMS) and poly(di-n-hexyl)silane, and stud-

ed the oxidation potential. They determined that the oxidation
otential of PDMS is 1.0 V vs. SCE. Since the oxidation potential of a
onomethine oxacyanine dye on AgBr was determined to be 1.59 V

s. SCE by Tani et al. [14], PDMS is considered to be available for the
lectron donor to the radical cation of J-aggregate, and as a result
or the suppression of the photodegradation.

In this study, we have applied the spin-coating method to
he preparation of the J-aggregate thin film of a monomethine
xacyanine dye, and studied the photophysical property and pho-
ostability. We have also prepared a composite thin film by the

eposition of PDMS on the J-aggregate thin film to examine
hether PDMS is available or not for the suppression of the pho-

odegradation. Coherent size of J-aggregates was studied by means
f the absorption bandwidth (full width at half maximum) and
uorescence radiative lifetime.

Scheme 1. Photodegradation processes of the dye molecule in solution.
obiology A: Chemistry 199 (2008) 150–155 151

. Experimental

5-Chloro-2-[[5-chloro-3-(3-sulfopropyl)-2(3H)-benzoxazolyli-
ene]methyl]-3-(3-sulfopropyl)benzoxazolium triethylammon-

um salt (O–H–Cl) and 5-chloro-2-[[5-chloro-3-(3-sulfopropyl)-2
3H)-benzothiazolylidene]methyl]-3-(3-sulfopropyl)benzothiazo-
ium hydroxide potassium salt (C–H–Cl) were obtained
rom Hayashibara Biochemistry Research Institute Co., Ltd.
oly(dimethylsilane) (PDMS, average molecular weight: 2 × 103)
as obtained from Wako Pure Chem. Ind., Ltd. Molecular struc-

ures of these compounds are shown in Scheme 2. Ethanol (Wako
ure Chem. Ind., Ltd. Spectrochem. Anal.) and 2,2,3,3-tetrafluoro-
-propanol (TFP: Tokyo Chem. Co., Ltd. GR >99%) were used as
eceived. Polyvinyl alcohol (PVA) film was kindly provided by Polat-
chno Co., Ltd. Poly(diallyldimethylammonium chloride) (PDDA)
queous solution (20 wt%) was obtained from Aldrich Chem. Co.
nd used after the dilution to 1.0 wt% with water (Millipore Milli-
). A quartz plate was used as a substrate. The J-aggregate/PDMS
omposite thin film was prepared by the vacuum deposition of
DMS for 40 min on the J-aggregate thin film using a vacuum
eposition system (ULVAC, Inc., VPC-260F) at 5 × 10−3 Pa. The
hickness of PDMS thin film was determined to be ca. 600 nm by
se of Keyence VF-7500 optical surface morphology measurement
icroscope. However, we were not able to measure the thickness

f J-aggregate thin film, so that we estimated the thickness as
ollows. The J-aggregate thin film prepared on a 25 mm × 25 mm
uartz plate was dissolved into a certain amount of water and the
bsorption of the solution was measured. Using the Beer–Lambert
aw, the number of molecules on a substrate was calculated by
se of its molar absorptivity in water (96000 M−1 cm−1). While,
Scheme 2. Molecular structures of O–H–Cl and PDMS.
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f layers was determined to be about 50 and the thickness of the
lm was roughly estimated to be 50 nm.

UV–vis absorption spectra were recorded on a Hitachi U-
300 spectrophotometer. Fluorescence emission and excitation
pectra were measured by using a Hitachi F4500 fluorescence
pectrophotometer. Fluorescence decay profiles were determined
y the time-correlated single photon counting technique using
n Edinburgh FL900 CDT fluorescence photometer system in the
anosecond time-region or a femtosecond laser system (Spectra
hysics mode-locked Ti; sapphire laser; Tsunami) combined with a
etector microchannel plate photomultiplier tube system (Hama-
atsu, R3809U-51) in the picosecond time-region. Fluorescence

ecay profiles were analyzed by deconvolution procedures using
double exponential function, I(t) = ˛1 exp(−t/�1) + ˛2 exp(−t/�2),
here ˛i and �i are the initial fluorescence intensity and lifetime

f the ith component, respectively. By use of these values, the
eighted mean lifetime of the J-aggregate thin film was deter-
ined as to be ˛1�1 + ˛2�2 [9,15–19]. Fluorescence quantum yield

˚f) in TFP solution was determined relative to that of anthracene
˚f = 0.30) [20]. The ˚f value of J-aggregate thin films and the
omposite thin films were determined by the photoluminescence
ethod using a Hamamatsu absolute PL quantum yield measure-
ent system DynaSpect C9920-02 system, which is made up of an

xcitation light source (150 W xenon lamp), a monochromator, an
ntegrating sphere and a multi-channel spectrometer. Absorption
nd fluorescence spectra, and fluorescence lifetime and quantum
ields were also measured in PVA film. Phosphorescence emission
nd excitation spectra of O–H–Cl in ethanol and the J-aggregate
hin film were determined on a Hitachi F4500 fluorescence spec-
rophotometer in phosphorescence mode at 77 K. A 300 W xenon
hort arc lamp (Ushio, UXL-300) was used as an irradiation light
ource, and light at the wavelength of the absorption maximum of
-aggregate thin films was selected by a monochromator (JASCO,
T-10). The photo-irradiation was carried out under argon or oxy-
en to examine the photodegradation of the J-aggregate and the
omposite thin films. Absorbances at the band maxima of these
hin films were measured before and after photo-irradiation.

. Results and discussion

.1. Photophysical property of O–H–Cl in solution
Fig. 1 shows the absorption (full line), fluorescence emission
dotted line) and excitation spectra (broken line) of 5-chloro-2-[[5-
hloro-3-(3-sulfopropyl)-2(3H)-benzoxazolylidene] methyl]-3-(3-
ulfopropyl)benzoxazolium triethylammonium salt (O–H–Cl) in
FP. An absorption band was observed with maxima at 370 and

o
l
p
T

able 1
hotophysical parameters of O–H–Cl

amples �f (s) ˚f �0
f

(s) kf (s−1)

a 210 × 10−12 0.13 ± 0.02 1.6 × 10−9 6.3 × 108

b 1.9 × 10−9 0.70 ± 0.02 2.7 × 10−9 3.7 × 108

c 126 × 10−12d 0.30 ± 0.05 4.2 × 10−10 2.4 × 109

/PDMSi 108 × 10−12d 0.25 ± 0.03 4.3 × 10−10 2.3 × 109

a O–H–Cl in TFP.
b O–H–Cl in PVA film.
c J-aggregate thin film.
d Weighted mean fluorescence lifetime (see text).
e Determined by use of fwhm in solution.
f Determined by use of fwhm in PVA film.
g Determined by use of fluorescence radiative lifetime in solution.
h Determined by use of fluorescence radiative lifetime in PVA film.
i J-aggregate/PDMS composite thin film.
ig. 1. Absorption (full line), and fluorescence emission (dotted line, excitation at
70 nm) and excitation (broken line, monitored at 415 nm) spectra of O–H–Cl in TFP.

83 nm. Upon the 370-nm light excitation a fluorescence emission
and was observed with double peaks at 395 and 412 nm. The exci-
ation spectrum observed by monitoring the fluorescence at 415 nm
hows maxima at ca. 370 and 383 nm, in accord with the absorp-
ion spectrum. Fluorescence decay profile at 400 nm was measured
pon the excitation at 266 nm by means of the time-correlated sin-
le photon counting technique and the fluorescence lifetime (�f)
as determined to be 0.21 ns in TFP. This small �f value indicates

hat the trans–cis photoisomerization efficiently takes place [21].
luorescence quantum yield (˚f) of O–H–Cl in TFP was determined
elative to that of anthracene (˚f = 0.30) [20], and estimated to be
.13. Radiative lifetime (�0

f ), radiative decay rate constant (kf) and
onradiative decay rate constant (knr) of the fluorescing state of
–H–Cl in TFP were estimated to be 1.6 × 10−9 s, 6.3 × 108 s−1 and
.2 × 109 s−1, respectively. To suppress the photoisomerization pro-
ess, O–H–Cl was immersed into a PVA film and �f and ˚f values
ere determined. The �f value in PVA film was 1.9 ns, being 10 times

arger than that in TFP and comparable to that (1.6 ns) of the LB film
f N,N′-dioctadecyloxacyanine perchlorate (O–H–H) [22]. The ˚f
alue of O–H–Cl in PVA film was determined to be 0.70 ± 0.02. By
se of these values, �0

f , kf and knr of the fluorescing state in PVA film
ere estimated to be 2.7 × 10−9 s, 3.7 × 108 s−1 and 1.6 × 108 s−1,

espectively. These photophysical parameters are summarized in
able 1.
Fig. 2 shows the absorption spectrum (full line) of O–H–Cl
bserved in ethanol at 77 K, and phosphorescence emission (dotted
ine) and excitation spectra (broken line) determined in phos-
horescence mode. This absorption spectrum is similar to that in
FP except the band sharpness. Upon the 380-nm light excitation

knr (s−1) fwhm (cm−1) N*

Eq. (1) Eq. (2)

4.2 × 109 2290 ± 150
1.6 × 108 2610 ± 150
5.6 × 109 660 ± 120 13 ± 5e, 15 ± 5f 3.5 ± 1g, 6.5 ± 1h

6.9 × 109
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ig. 2. Absorption (full line), and phosphorescence emission (dotted line, excitation
t 380 nm) and excitation (broken line, monitored at 460 nm) spectra of O–H–Cl in
thanol at 77 K in phosphorescence mode.

phosphorescence emission band was observed with a peak at
60 nm. The excitation spectrum observed by monitoring the phos-
horescence at 460 nm is similar to the absorption spectrum.

.2. Photophysical property of J-aggregate thin film of O–H–Cl

We examined the preparation of the J-aggregate thin film
f O–H–Cl by means of the spin-coating method. Fig. 3 shows
he absorption spectrum (full line) of the thin film of O–H–Cl
repared by the spin-coating of its TFP solution and successive
pin-coating of PDDA solution. This spectrum exhibits an intense
bsorption band in the wavelength region longer than that in TFP
�max = 383 nm) with a maximum at ca. 410 nm, being similar to
hat of J-aggregates in the LB film of O–H–H [2,3]. Thus, the J-
ggregate thin film of O–H–Cl was successfully prepared on a quartz
late by means of the spin-coating method. This film was stable at

east 30 days in the dark room. It is noted that O–H–Cl thin film
efore the spin-coating of PDDA solution shows an absorption band
imilar to the J-aggregate thin film, accompanied by a weak band
n the absorption region of monomer in TFP.
For the J-aggregate thin film of O–H–Cl a fluorescence emission
eak (dotted line) was observed at 414 nm upon the 400-nm light
xcitation. The excitation spectrum (broken line) was observed
ith a peak at 410 nm by monitoring the fluorescence at 430 nm.

ig. 3. Absorption (full line), fluorescence emission (dotted line, observed upon
00-nm light excitation) and excitation (broken line, observed by monitoring the
uorescence at 430 nm) spectra of the J-aggregate thin film of O–H–Cl prepared by
he spin-coating method with the successive spin-coating of PDDA solution.
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he fluorescence decay time-profile was determined by monitor-
ng the emission at 445 nm upon the excitation at 400 nm. This
ecay time profile could be analyzed by double exponential func-
ions (I(t) = ˛1 exp(−t/�1) + ˛2 exp(−t/�2)) [15–19]. The best fitting
as obtained with the following parameters: ˛1 = 0.94, �1 = 110 ps,
2 = 0.06 and �2 = 365 ps. The weighted mean lifetime was deter-
ined to be 126 ± 3 ps, being a little longer than that reported for

he LB film of O–H–H (80 ps) [2,3]. The ˚f value of the J-aggregate
hin film of O–H–Cl was determined to be 0.30 ± 0.05, being greater
han that of J-aggregate thin film of C–H–Cl [9]. The �0

f , kf and knr

alues of the fluorescing state of the J-aggregate thin film were
stimated to be 4.2 × 10−10 s, 2.4 × 109 s−1 and 5.6 × 109 s−1, respec-
ively. These photophysical parameters are also summarized in
able 1.

We tried to measure the phosphorescence spectrum of the J-
ggregate thin film at 77 K by the excitation at the absorption
aximum (410 nm), but no phosphorescence was detected, differ-

nt from the case of O–H–Cl in rigid ethanol solution. This indicates
hat the formation quantum yield of the triplet state is low in the J-
ggregate thin film of O–H–Cl, similar to the case of the J-aggregate
hin film of C–H–Cl [9].

.3. Coherent size of J-aggregates

Coherent size of J-aggregates can be estimated by the following
quation (1) [9,24–28]

N∗ = ��1/2(M)

��1/2(J)
(1)

here ��1/2(M) and ��1/2(J) are full width at half maximum
fwhm) of the first absorption bands of the monomer and the
-aggregate thin film, respectively. For O–H–Cl in TFP and in
VA film, ��1/2(M) were determined to be 2610 ± 150 cm−1 and
290 ± 150 cm−1, respectively, and ��1/2(J) was determined to be
60 ± 120 cm−1. By use of the value in TFP and in PVA film, N* of the

-aggregate thin film was estimated to be 13 ± 5 and 15 ± 5, respec-
ively, being comparable to those of other cyanine dyes [9,23–27].

Coherent size was also estimated by the following equation

0
f (J) = 1

N∗ �0
f (M) (2)

here �0
f (M) and �0

f (J) are the radiative lifetimes of the monomer
nd J-aggregate, respectively. For O–H–Cl in TFP and in PVA film,
0
f (M) were determined to be 1.6 × 10−9 s and 2.7 × 10−9 s, respec-
ively, and �0

f (J) was determined to be 4.2 × 10−10 s, and as a result,
y use of the value in TFP and in PVA film, N* of the J-aggregate was
stimated to be 3.5 ± 1 and 6.5 ± 2, respectively.

Kuhn and Försterling [28,29] proposed a different way to esti-
ate N*. They considered that the decrease in excitation energy on

oing from the monomer to the J-aggregate is given by the sum of
ond energies between the N* coherent dipole oscillators. There-
ore, the bond energy for each pair of oscillators is given by −�E/N*,
here �E is difference in excitation energy between a monomer

�E(M)) and J-aggregate (�E(J)); �E = �E(M) − �E(J). This energy
ust agree with the energy kT knocking of this oscillator out of

hase by thermal motion, where k and T are Boltzmann constant
nd absolute temperature, respectively. Therefore, coherent size is
iven by the following equation [28,29]

�E
∗ = kT (3)
N

n this study, the kT value is 4.11 × 10−21 J (T = 298 K). The �E(M) and
E(J) were estimated by use of 0–0 transition energy obtained from

he overlap of the first absorption band and fluorescence band as to
e 5.09 × 10−19 J (390 nm) and 4.81 × 10−19 J (412 nm), respectively.
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Fig. 4. Absorption (full line), fluorescence emission (dotted line, observed upon
295-nm light excitation) and excitation (broken line, observed by monitoring the
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uorescence at 345 nm) spectra of PDMS thin film (a), and absorption (full line),
mission (dotted line, observed upon 295-nm and 400-nm light excitation) and
xcitation (broken line, observed by monitoring the fluorescence at 430 nm) spectra
f J-aggregate thin film of the J-aggregate/PDMS composite thin film (b).

hus, �E was determined to be 0.28 × 10−19 J, and N* was estimated
o be 6.8, suggesting that the N* obtained from radiative lifetime is

ore plausible than that from fwhm.

.4. Photophysical property of the composite thin film

Fig. 4a shows the absorption (full line), emission (dotted line)
nd excitation spectra (broken line) of poly(dimethylsilane) (PDMS)
hin film prepared on a quartz plate by vacuum deposition. An
bsorption maximum was observed at 295 nm and an emission
eak was observed at 345 nm upon the 295-nm light excitation.
he excitation spectrum was observed with a peak at 295 nm by
onitoring the fluorescence at 345 nm. This absorption spectrum

s ascribable to the H-aggregate of PDMS [30].
Fig. 4b shows the absorption spectrum (full line) of the compos-

te thin film prepared by the vacuum deposition of PDMS on the
-aggregate thin film of O–H–Cl (J-aggregate/PDMS thin film). There
re two absorption bands with a maximum at 295 and 410 nm,
eing ascribable to PDMS and the J-aggregate of O–H–Cl, respec-
ively, although the 295-nm band of PDMS is somewhat perturbed.
he 410-nm absorption band is essentially the same as that of
he J-aggregate thin film, indicating that the lowest excited elec-
ronic state of the J-aggregate is not perturbed by PDMS. Upon
he excitation of the J-aggregate band at 390 nm an emission band
as observed with a maximum at 414 nm. Upon the excitation
f PDMS band at 295 nm two emission peaks were observed at
45 nm (the fluorescence band of PDMS) and 414 nm (the fluores-
ence band of the J-aggregate). The excitation spectrum (dashed
ine) observed by monitoring the fluorescence at 345 nm (PDMS
and) shows maxima at 295 nm. The excitation spectrum (broken

ine) was observed with a peak at 410 nm by monitoring the fluores-
ence at 430 nm (the fluorescence of J-aggregate), but essentially
o excitation spectrum of PDMS was observed. These results indi-

ate that the energy transfer from PDMS to the J-aggregate scarcely
akes place and vice versa. The fluorescence decay time profile at
30 nm was determined upon the excitation at 400 nm (J-aggregate
and) and was analyzed by double exponential function as in the
ase of the J-aggregate thin film [9,15–19]. The best fitting was

−
T
a
g

ig. 5. Decrease in maximum absorbance at 410 nm of J-aggregate thin film (circle)
f O–H–Cl and J-aggregate/PDMS composite thin film (square) vs. tirrad × (1–10−A)
nder Ar (open) and O2 (closed). Inset shows the decrease in maximum absorbance
gainst the irradiation time (tirrad).

btained with the following parameters; ˛1 = 0.94, �1 = 92 × 10−12 s,
2 = 0.06 and �2 = 314 × 10−12 s. The weighted mean lifetime (�f)
as determined to be 108 ± 3 ps, being shorter by ca. 17% than that
f the J-aggregate thin film (126 ps). The ˚f value of the J-aggregate
f the composite thin film was determined to be 0.25 ± 0.03,
eing smaller by ca. 17% than that of the J-aggregate thin film
0.30 ± 0.05). These results indicate that �0

f value is invariant in the
-aggregate and the J-aggregate/PDMS thin films, and fluorescence
f J-aggregates in the composite thin film is quenched by PDMS
y 17%. The �0

f , kf and knr values of the fluorescing state of the J-
ggregate thin film were estimated to be 4.3 × 10−10 s, 2.3 × 109 s−1

nd 6.9 × 109 s−1, respectively. These photophysical parameters are
ummarized in Table 1. In conclusion, the interaction between the
-aggregate and PDMS is weak but the J-aggregate excited-state is
lightly quenched by PDMS in the J-aggregate/PDMS composite thin
lm.

.5. Photodegradation of J-aggregate thin film and
-aggregate/PDMS composite thin film

To study the photodegradation of the J-aggregate thin film,
e examined the absorption spectral change induced by photo-

rradiation of the J-aggregate thin film and J-aggregate/PDMS
omposite thin film. Inset of Fig. 5 shows the absorbance change
−�absorbance) upon the 410-nm light irradiation against the irra-
iation time (tirrad).

Quantity of degraded dye ([degraded Dye]) is written in terms
f total number of absorbed photons (Nphoton) and an efficiency of
he dye to degrade upon absorption of a photon (photodegradation
fficiency: PDE) as follows:

degraded Dye] ∝ PDE × Nphoton (4)

nd Nphoton is given by the following equation

photon ∝ I(1–10−A) × tirrad (5)

here A and I are absorbance of J-aggregate thin film at the
avelength of the incident light and light intensity, respectively.
hen [degraded Dye] is small, this quantity is proportional to

�absorbance; [degraded Dye] ∝ −�absorbance. As a result,
�absorbance ∝ PDE × (1 − 10−A) × tirrad (6)

herefore, when −�absorbance is plotted against (1–10−A) × tirrad,
linear relationship is expected, and the slope of the line

ives the value of PDE. Fig. 5 shows plots of −�absorbance of
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he J-aggregate thin film (circle) and J-aggregate/PDMS compos-
te thin film (square) under argon (open) and oxygen (closed)
gainst (1–10−A) × tirrad. For these plots linear relationships are
bserved between −�absorbance and (1–10−A) × tirrad both under
rgon and oxygen. For the J-aggregate thin film the best fit-
ing was obtained with slopes of (0.4 ± 0.03) × 10−3 min−1 and
2.80 ± 0.05) × 10−3 min−1 under argon and oxygen, respectively.
DE of the J-aggregate thin film under oxygen is ca. 7 times higher
han that under argon. For the J-aggregate/PDMS composite thin
lm, the slope was determined to be (0.20 ± 0.03) × 10−3 min−1 and
1.40 ± 0.02) × 10−3 min−1 under argon and oxygen, respectively.
hus, PDE of the composite thin film both under argon and oxygen
re a half of those of the J-aggregate thin films, indicating that PDMS
educed the PDE by ca. 50%. This also means that the screening
ffect of PDMS from oxygen is not the main factor in the reduc-
ion of the photodegradation of the J-aggregate thin film. Since the

f value of the J-aggregate in the composite thin film was smaller
y ca. 17% than that in the J-aggregate thin film, the fluorescence
uenching is considered to be responsible for the reduction of the
hotodegradation by at most ca. 34%. Therefore, the main process
f the stabilization may be ascribed to the electron transfer from
DMS to the radical cation of the J-aggregate (J•+); PDMS may play
role as an electron donor.

Kawasaki et al. [31] reported that the oxidation potential of the
-aggregate film (0.85 V vs. SCE) of C–H–Cl is a little smaller than
hat of the monomer (0.96 V vs. SCE). The oxidation potential of the
-aggregate of O–H–Cl may be also considered to be close to that
f the monomer. Tani et al. [14] also reported that the oxidation
otential of 3,3′-diethyloxacyanine iodide (monomethine oxacya-
ine) on AgBr was 1.59 V vs. SCE, and for the J-aggregate of O–H–Cl
value close to this is expected. The oxidation potential of PDMS
as reported to be 1.0 V vs. SCE by Diaz et al. [12,13]. Therefore, the

xidation potential of these thin films on a quartz plate is expected
o be in the order of C–H–Cl < PDMS < O–H–Cl, and PDMS is consid-
red to play a role as an electron donor in the O–H–Cl/PDMS system
ut not in the C–H–Cl/PDMS system.

We examined the photodegradation of the C–H–Cl/PDMS sys-
em with the same thickness of PDMS as the O–H–Cl/PDMS system.
o stabilization due to PDMS was observed in this case, dif-

erent from the case of the O–H–Cl/PDMS system. Thus, it is
bvious that PDMS does not screen the J-aggregate thin film from
xygen, and the experimental results on the photodegradation
f the C–H–Cl/PDMS and O–H–Cl/PDMS systems are reasonably
xplained by considering the electron transfer from PDMS to J•+.
s a result, it is concluded that the electron transfer from PDMS to

-aggregate thin film is predominant factor for the stabilization of
he O–H–Cl/PDMS system.
. Summary

The J-aggregate thin film of an oxacyanine dye has been pre-
ared by the spin-coating method on a quartz plate and its
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hotophysical property has been studied. Photostability of the J-
ggregate thin film and J-aggregate/PDMS composite thin film has
lso been examined. PDMS vacuum-deposited on the J-aggregate
hin film was found to markedly enhance the photostability.
he stabilization of the J-aggregate thin film by PDMS has been
xplained by considering the electron transfer from PDMS to J•+

hich is produced upon photo-irradiation.
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