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a  b  s  t  r  a  c  t

The  fluorescence  and  phosphorescence  behavior  of  the  fluorone  dyes  disodium  fluorescein  (uranine),  4,5-
dibromofluorescein,  eosin  Y, erythrosine  B, and  rose  bengal  in  biofilms  of  chitosan,  gelatin,  and  starch
was  studied  in  the  temperature  range  from  293  K  to 12  K.  Luminescence  quantum  yields,  fluorescence
quantum  yields,  and  triplet  quantum  yields  were  determined.  The  fluorescence  quantum  yield  generally
increased  with  lowering  the  temperature  at  a  high  level  of  absolute  quantum  yield,  while  the  phospho-
rescence  quantum  yield  increased  with  decreasing  temperature  at a low  level  of  absolute  quantum  yield.
The strongest  phosphorescence  was  found  for  erythrosine  B in  starch  where  the  phosphorescence  quan-
tum  yield  increased  from  6%  at 293  K  to  25%  at 12 K. The  temperature  dependent  luminescence  behavior
osin Y
rythrosine B
ose bengal
ow-temperature fluorescence
ow-temperature phosphorescence
nternal conversion

is discussed  considering  radiative  and  non-radiative  transitions  in a spectroscopic-state  potential  energy
surface  scheme.

© 2011 Elsevier B.V. All rights reserved.
ntersystem-crossing

. Introduction

Fluorone dyes are hydroxy-xanthene dyes (they are homo-
ogues of fluorescein). From this group the low-temperature
uminescence (fluorescence and phosphorescence) of disodium
uorescein (uranine, FL), 4,5-dibromofluorescein (DBF), disodium-
,4,5,7-tetrabromofluorescein (eosin Y, EO), disodium-2,4,5,7-
etraiodofluorescein (erythrosine B, ER), and disodium-3′,4′,5′,6′-
etrachloro-2,4,5,7-tetraiodofluorescein (rose bengal, RB) in bio-
lms of gelatin (a protein), starch (a polysaccharide) and chitosan (a
olyaminosaccharide) is studied here. An absorption and fluores-
ence spectroscopic characterization of these fluorone dye doped
io-films at room temperature was carried out in [1].  The phospho-
escence and delayed fluorescence properties of these samples at
oom temperature were studied in [2].  The structural formulae of
he studied fluorone dyes and biopolymers are displayed in [1].

The application of fluorone dyes as laser dyes, as media

or optical recording of information, in labeling and sensing of
iomolecules, and in molecular photonics was discussed in [1] and
eferences therein. The fluorone dyes were hosted in aqueous and

∗ Corresponding author. Tel.: +49 941 943 2107; fax: +49 941 943 2754.
E-mail address: alfons.penzkofer@physik.uni-regensburg.de (A. Penzkofer).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.07.006
organic solvents at room temperature and cryogenic temperature,
in inorganic sol–gel glasses, organic polymers and biological poly-
mers (see introductory part of [1] for fluorescence spectroscopic
applications and introductory part of [2] for phosphorescence spec-
troscopic characterizations). The use of bio-related films opens
a wide range of applications in biology, cosmetology, and phar-
maceutics because of their doping possibility with dyes, ease of
fabrication, bio-compatibility, and non-toxicity [3,4]. Chitosan scaf-
folds appear to be suitable for tissue engineering [5–7]. Gelatin and
starch are used for immobilization of bioluminescence assays [8].

Fluorescence quantum yields, �F, of the investigated fluorone
dyes FL [9–15], DBF [15,16], EO [12–14,17],  ER [12–14,18,19],
and RB [13–15,18,19] in some liquid solvents and solid hosts at
room temperature and cryogenic temperature are found in the
references given. They decrease in the order �F(FL) > �F(DBF) ≥
�F(EO) > �F(ER) ≥ �F(RB). Reported phosphorescence parameters of
the investigated fluorone dyes in various liquid and solid inor-
ganic, organic and biological solvents are collected in Table 1 of
[2]. The quantum yield of S1–T1 intersystem-crossing increased
in the order �ISC(FL) < �ISC(DBF) < �ISC(EO) < �ISC(ER) < �ISC(RB). The

heavy-atom substitution of H atoms of fluorescein increases the
singlet–triplet absorption, shortens the T1–S0 radiative lifetime,
and enhances the singlet–triplet intersystem crossing rate by
enhanced spin–orbit coupling [20,21]. The heavy substituent atoms

dx.doi.org/10.1016/j.jphotochem.2011.07.006
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:alfons.penzkofer@physik.uni-regensburg.de
dx.doi.org/10.1016/j.jphotochem.2011.07.006
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Fig. 1. Luminescence quantum distributions of disodium fluorescein (FL) in chi-
tosan, gelatin, and starch. The applied temperatures and luminescence excitation
wavelengths, �exc, are listed in the legends. �P,max indicates wavelength position of
expected maximum phosphorescence emission (taken from [34]). The dash-dotted
lines indicate the long-wavelength extension of the fluorescence spectra at 12 K.
T. Tsuboi et al. / Journal of Photochemistry an

erturb the �–electron state of the dye molecules, resulting in a
ixing of the triplet and singlet states. The strength of the cou-

ling is governed by the atomic spin–orbit coupling factor �k of the
ubstituent atom k. �k increases strongly with the atomic number
f atom k [20–22] (�Cl = 595 cm−1, �Br = 2450 cm−1, �I = 5250 cm−1

rom [22]). The rate of intersystem crossing is proportional to �2
k

20–24].  The phosphorescence efficiency generally increased with
owering the temperature, with changing from liquid solution to
olid solution, and with de-aerating the samples (avoiding molec-
lar oxygen quenching especially in the case of liquid solutions and
orous sol–gel glasses).

Concerning the temperature dependence of the fluorescence
uantum yield, the intersystem-crossing efficiency, and the phos-
horescence quantum yield of fluorone dyes no conclusive study
as been reported. A detailed comparison of the fluorescence
nd phosphorescence behavior of the selected fluorone dyes
n biopolymers at low temperature with the fluorescence and
hosphorescence behavior at room temperature is the purpose
f the present paper. The obtained results are discussed in a
pectroscopic-state potential energy curve model which gener-
lly applies to dyes with non-crossing and non-touching S0 and
1 potential energy surfaces like laser dyes.

. Materials and methods

The same samples were used as in [1,2]. The preparation is
escribed in [1].  The fluorone dye doped films were approximately
0 �m thick. The dye concentration in the films was adjusted to
pproximately 10−3 mol  dm−3.

Photoluminescence spectra were measured at various tem-
eratures between 12 K and 293 K with a Spex-Fluorolog-3
uorophotometer. The accuracy of temperature setting was  ±1 K.
he excitation source was a 450 W cw Xe lamp. The lumines-
ence detection occurred with a R928P photomultiplier tube (high
ensitivity in wavelength range from 240 to 850 nm). Correc-
ions were made for the wavelength dependence of the emission
pectrometer and the detection photomultiplier. Absolute lumi-
escence quantum distributions were obtained by calibrating
he photoluminescence spectra to the absolute fluorescence and
hosphorescence quantum distributions at room temperature
20 ± 1 ◦C) determined in [2].

The Spex-Fluorolog-3 fluorophotometer uses a cw light source
or photo-excitation. Therefore the emission detector registers the
ccumulated luminescence consisting of fluorescence (prompt flu-
rescence and delayed fluorescence) and phosphorescence. The
uminescence quantum distribution, EL(�), is given by

L(�) = EF(�) + EP(�) = EF,prompt(�) + EDF(�) + EP(�), (1)

here EF(�), EF,prompt(�), and EDF(�) are the total, the prompt, and
he delayed fluorescence quantum distribution, respectively, and
P(�) is the phosphorescence quantum distribution.

The luminescence quantum yield, �L, is given by

L =
∫

em

EL(�) d� = �F + �P = �F,prompt + �DF + �P, (2)

here �F, �F,prompt, and �DF are the total, the prompt, and the
elayed fluorescence quantum yield, respectively, and �P is the
hosphorescence quantum yield. em indicates the wavelength
ange of emission. The phosphorescence emission maximum
ccurs at longer wavelength than the fluorescence emission
aximum. In the long-wavelength region the fluorescence con-
ribution and the phosphorescence contribution overlap. The
pectra may  be approximately separated by assuming a linear
xtension of the slope in the logarithmic presentation of the flu-
rescence spectra in the long-wavelength region [25]. With this
The  inset in the lower part shows the fluorescence quantum yield, �F, of FL in starch
versus temperature.

approximation the long-wavelength fluorescence tail is given by
EF(�) = EF(�0)exp[−(� − �0)/ı�] where �0 is positioned at the short-
wavelength onset of phosphorescence and ı� is the slope width of
the fluorescence tail. The used Spex-Fluorolog-3 apparatus allows
only the determination of the total fluorescence; it cannot separate
the prompt and the delayed fluorescence. In the room temper-
ature studies of [2] a Cary Eclipse fluorimeter was used. There
the prompt fluorescence was measured by pulsed photo-excitation
and immediate emission detection, while the delayed fluorescence
and phosphorescence were separately measured by pulsed photo-
excitation and delayed emission detection. The observed weak
delayed fluorescence was  due to thermal activated T1–S1 back
intersystem-crossing [17,23,26–31] (E-type delayed fluorescence
[32,33]). It becomes negligible at low temperatures.

3. Results

The luminescence quantum distributions, EL(�), of the investi-
gated fluorone dyes in chitosan, gelatin, and starch at 293 K and
at 12 K are displayed in Figs. 1–5.  The corresponding luminescence
quantum yields and separated fluorescence and phosphorescence
quantum yields are listed in Table 1.

The luminescence quantum distribution results for FL are shown
in Fig. 1. For all three biopolymer hosts the luminescence quantum
yields were high, and cooling of the samples increased the fluores-
cence efficiency somewhat. The expected wavelength position of
maximum phosphorescence, �P,max, is indicated in the figures. The
value is taken from [34]. At room temperature an upper limit of
�P < 1 × 10−4 was  determined in [2].  At ϑ = 12 K there is some long-
wavelength luminescence tail above the expected fluorescence tail
(dash-dotted curves) which may  indicate a weak phosphorescence
contribution. But the contribution is at the limits of the experimen-
tal resolution allowing only the determination of an upper limit

of �P ≤ 0.01. The inset in the lower part of Fig. 1 shows the tem-
perature dependence, �F(ϑ), of the fluorescence quantum yield of
FL in starch over the range from 12 K to 293 K. �F(ϑ) increased
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Fig. 2. Luminescence quantum distributions of 4,5-dibromofluorescein (DBF) in chi-
tosan, gelatin, and starch. The applied temperatures and luminescence excitation
wavelengths, �exc, are listed in the legends. �P,max indicates wavelength position
o
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Fig. 4. Luminescence quantum distributions of erythrosine B (ER) in chitosan,
gelatin, and starch. The used temperatures and luminescence excitation wave-
lengths, �exc, are listed in the legends. �P,max indicates wavelength position of
maximum phosphorescence emission (taken from [2]). Dash-dotted curves give the

ture dependence of the fluorescence quantum yield of DBF in starch
f  maximum phosphorescence emission (taken from [2]). Dash-dotted curves indi-
ate the long-wavelength fluorescence extension at 12 K. The inset in the lower part
hows the fluorescence quantum yield, �F, of DBF in starch versus temperature.

ith decreasing temperature in the region 293 K > ϑ > 100 K, and
emained approximately constant at lower temperature.

The luminescence behavior of DBF in chitosan, gelatin, and
tarch is shown in Fig. 2. In chitosan the fluorescence quan-
um yield increased from �F(293 K) ≈ 0.58 to �F(13 K) ≈ 0.66. In
elatin the fluorescence efficiency decreased from �F(293 K) ≈ 0.56

o �F(12 K) ≈ 0.49. In starch a strong increase of the fluorescence
fficiency from �F(293 K) ≈ 0.36 to �F(12 K) ≈ 0.66 was observed.
t room temperature phosphorescence quantum yields of

ig. 3. Luminescence quantum distributions of eosin Y (EO) in chitosan, gelatin, and
tarch. The used temperatures and luminescence excitation wavelengths, �exc, are
isted in the legends. �P,max indicates wavelength position of maximum phospho-
escence emission (taken from [2]). Dash-dotted curves show the long-wavelength
uorescence extension at 12 K. The inset in the lower part shows the fluorescence
uantum yield, �F, of EO in starch versus temperature.
long-wavelength fluorescence extension at 12 K. The inset in the lower part shows
the fluorescence quantum yield, �F, and the phosphorescence quantum yield, �P, of
ER  in starch versus temperature.

�P(gelatin) = 0.0034, �P(starch) = 0.0022, and �P(chitosan) = 0.003
were determined in [2].  At 12 K the phosphorescence efficiency
increased to �P ≈ 0.0055 in gelatin (factor of increase �incr ≈ 1.6),
to �P ≈ 0.017 in starch (�incr ≈ 7.7), and to �P ≈ 0.016 in chitosan
(�incr ≈ 5.3). The inset in the lower part of Fig. 2 shows the tempera-
in the range from 287 K to 12 K. �F(ϑ) increased with decreasing
temperature in the region 287 K > ϑ > 50 K, and remained approxi-
mately constant at lower temperatures.

Fig. 5. Luminescence quantum distributions of rose bengal (RB) in chitosan, gelatin,
and starch. The used temperatures and luminescence excitation wavelengths,
�exc, are listed in the legends. �P,max indicates wavelength position of maximum
phosphorescence emission (taken from [2]). Dash-dotted curves indicate the long-
wavelength fluorescence extension at 12 K. The inset in the lower part shows the
fluorescence quantum yield, �F, of RB in starch versus temperature.
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Table 1
Photoluminescence parameters of fluorone dyes in bio-related films.

Parameter Gelatin Starch Chitosan

293 K 12 K 293 K 12 K 293 K 12 K

Disodium fluorescein
�L 0.64 ± 0.03 0.74 ± 0.03 0.71 ± 0.03 0.84 ± 0.03 0.85 ± 0.03 0.87 ± 0.03
�F 0.64 ± 0.03 0.74 ± 0.03 0.71 ± 0.03 0.84 ± 0.03 0.85 ± 0.03 0.87 ± 0.03
�P <1 × 10−4 ≤0.01 <1 × 10−4 ≤0.01 <1 × 10−4 ≤0.007
�S1,nr 0.36 0.26 0.29 0.16 0.15 0.13
4,5-Dibromofluorescein
�L 0.56 ± 0.03 0.50 ± 0.04 0.36 ± 0.02 0.68 ± 0.03 0.58 ± 0.03 0.68 ± 0.03
�F 0.56 ± 0.03 0.49 ± 0.04 0.36 ± 0.02 0.66 ± 0.03 0.58 ± 0.03 0.66 ± 0.03
�P ≈0.0034 ≈ 0.0055 ≈0.0022 ≈0.017 ≈0.003 ≈0.016
�IC,S1−S0 0.292 0.39 >0.09, <0.323 0.244 >0.164, <0.244
�ISC,S1−T1 0.148 0.25 >0.017, <0.25 0.176 >0.096, <0.176
�S1,nr 0.44 0.51 0.64 0.34 0.42 0.34
�′

P 0.023 0.0088 <1, >0.068 0.017 <0.167, >0.091
�ISC,T1−S0 0.977 0.991 >0, <0.932 0.983 >0.833, <0.909
Eosin  Y
�L 0.62 ± 0.03 0.70 ± 0.03 0.60 ± 0.03 0.88 ± 0.03 0.62 ± 0.03 0.93 ± 0.03
�F 0.61 ± 0.03 0.69 ± 0.03 0.59 ± 0.03 0.87 ± 0.03 0.61 ± 0.03 0.91 ± 0.03
�P 0.00635 ≈0.0073 0.0055 ≈0.013 0.0052 ≈0.018
�IC,S1−S0 0.207 >0.127, <0.207 0.181 >0, <0.117 0.217 >0, <0.072
�ISC,S1−T1 0.183 >0.103, <0.183 0.224 >0.013, <0.13 0.168 >0.018, <0.09
�S1,nr 0.39 0.31 0.41 0.13 0.39 0.09
�′

P 0.035 <0.071, >0.04 0.025 <1, >0.1 0.031 <1, >0.2
�ISC,T1−S0 0.965 >0.929, <0.96 0.975 >0, <0.9 0.969 >0, <0.8
Erythrosine B
�L 0.29 ± 0.03 0.43 ± 0.03 0.18 ± 0.02 0.74 ± 0.03 0.21 ± 0.02 0.32 ± 0.03
�F 0.22 ± 0.02 0.36 ± 0.03 0.12 ± 0.02 0.49 ± 0.03 0.16 ± 0.02 0.24 ± 0.03
�P 0.0455 0.071 ± 0.01 0.06 0.25 ± 0.02 0.049 0.076 ± 0.01
�IC,S1−S0 0.393 >0.273, <0.393 0.333 >0, <0.26 0.379 >0.299, <0.379
�ISC,S1−T1 0.367 >0.247, <0.367 0.557 >0.25, <0.333 0.461 >0.381, <0.461
�S1,nr 0.78 0.64 0.88 0.51 0.84 0.76
�′

P 0.124 <0.287, >0.191 0.108 <1, >0.75 0.106 <0.2, >0.165
�ISC,T1−S0 0.876 >0.713, <0.809 0.892 >0, <0.25 0.894 >0.8, <0.835
Rose  bengal
�L 0.19 ± 0.02 0.24 ± 0.02 0.11 ± 0.02 0.18 ± 0.02 0.10 ± 0.02 0.26 ± 0.02
�F 0.16 ± 0.02 0.21 ± 0.02 0.082 ± 0.02 0.16 ± 0.02 0.089 ± 0.02 0.24 ± 0.02
�P 0.028 0.025 ± 0.005 0.027 0.022 ± 0.005 0.011 0.014 ± 0.004
�IC,S1−S0 0.033 >0, <0.033 0.132 >0.054, <0.132 0.227 >0.076, <0.227
�ISC,S1−T1 0.807 >0.757, <0.79 0.786 >0.708, <0.786 0.684 >0.533, <0.684
�S1,nr 0.84 0.79 0.918 0.84 0.911 0.76
�′ 0.035 <0.033, >0.032 0.034 <0.031, >0.028 0.016 <0.026, >0.02
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�ISC,T1−S0 0.965 >0.967, <0.968 0.96

93 K data are taken from [2].  12 K data are this work.

The luminescence behavior of EO in chitosan, gelatin, and starch
t 293 K and 12 K is depicted in Fig. 3. In all three biopolymers
he fluorescence efficiency increased with decreasing temperature
�F values listed in Table 1). At room temperature phosphores-
ence quantum yields of �P(gelatin) = 0.00635, �P(starch) = 0.0055,
nd �P(chitosan) = 0.0052 were determined in [2].  At 12 K the
hosphorescence efficiency increased to �P ≈ 0.0073 in gelatine
�incr ≈ 1.15), to �P ≈ 0.013 in starch (�incr ≈ 2.4), and to �P ≈ 0.018
n chitosan (�incr ≈ 3.5). The inset in the lower part of Fig. 3 shows
he temperature dependence of the fluorescence quantum yield of
O in starch in the range from 285 K to 12 K. �F(ϑ) increased mono-
onically with decreasing temperature over the whole displayed
emperature range.

The luminescence behavior of ER in chitosan, gelatin, and
tarch is depicted in Fig. 4. In all three biopolymers the
uorescence efficiency increased with decreasing temperature
�F(293 K) ≈ 0.16 and �F(12 K) ≈ 0.24 in chitosan; �F(293 K) ≈ 0.22
nd �F(12 K) ≈ 0.36 in gelatin; �F(293 K) ≈ 0.12 and �F(12 K) ≈ 0.49
n starch). The phosphorescence emission in the biopolymers is well
esolved. In chitosan (�P(293 K) ≈ 0.049, �P(12 K) ≈ 0.076) and in
elatin (�P(293 K) ≈ 0.046, �P(12 K) ≈ 0.071) the phosphorescence

fficiency increased a factor of �incr ≈ 1.55 with decreasing temper-
ture. In starch the phosphorescence efficiency increased a factor
f �incr ≈ 4.2 from �P(293 K) ≈ 0.06 to �P(12 K) ≈ 0.25. The inset in
he lower part of Fig. 4 shows the temperature dependence of the
>0.969, <0.972 0.984 >0.974, <0.98

fluorescence quantum yield, �F(ϑ), and of the phosphorescence
quantum yield, �P(ϑ), in starch in the range from 287 K to 12 K.
Both, �F(ϑ) and �P(ϑ), increased with decreasing temperature over
the whole displayed temperature range.

The luminescence behavior of RB in chitosan, gelatin,
and starch is depicted in Fig. 5. In all three biopolymers
the fluorescence efficiency increased with decreasing tem-
perature (�F(293 K) ≈ 0.089 and �F(12 K) ≈ 0.24 in chitosan;
�F(293 K) ≈ 0.16 and �F(12 K) ≈ 0.21 in gelatin; �F(293 K) ≈ 0.082
and �F(12 K) ≈ 0.16 in starch). The phosphorescence emission in
the biopolymers is well resolved. In chitosan (�P(293 K) ≈ 0.011,
�P(12 K) ≈ 0.014, �incr ≈ 1.27), gelatin (�P(293 K) ≈ 0.028,
�P(12 K) ≈ 0.025, �incr ≈ 0.89), and starch (�P(293 K) ≈ 0.027,
�P(12 K) ≈ 0.022, �incr ≈ 0.81) the phosphorescence efficiency is
nearly unchanged at 293 K and at 12 K. The inset in the lower part
of Fig. 5 shows the temperature dependence of the fluorescence
quantum yield, �F(ϑ), in starch in the range from 290 K to 12 K.
�F(ϑ) increased with decreasing temperature in the range from
290 K to 70 K, and remained approximately constant at lower
temperatures.
4. Discussion

The experimental results on the photoluminescence of the
investigated fluorone dyes in solid biopolymer films as a function
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ig. 6. Potential energy surface scheme. �a: excitation frequency; �F: fluorescence
mission frequency; �P: phosphorescence emission frequency; VR: vibronic relax-
tion; IC: internal conversion; ISC: intersystem-crossing.

f temperature showed in general an increase of the fluores-
ence efficiency at a high absolute quantum yield level and an
ncrease of phosphorescence efficiency at a low absolute quantum
ield level with decreasing temperature. For ER in starch a strong
ncrease in phosphorescence efficiency with decreasing tempera-
ure was measured at a reasonably high absolute quantum yield
evel (�P(293 K) ≈ 0.06, �P(12 K) ≈ 0.25). For RB the phosphores-
ence quantum yield was roughly temperature independent at an
bsolute quantum yield level of 1–3%.

The obtained quantum yields of photoluminescence �L, flu-
rescence �F, and phosphorescence �P are collected in Table 1.
dditionally values of the quantum yields of S1–S0 internal conver-
ion �IC,S1−S0 , S1–T1 intersystem-crossing �ISC,S1−T1 , non-radiative
1-state depopulation, �S1,nr = 1 − �F = �IC,S1−S0 + �ISC,S1−T1 , true
riplet-state based phosphorescence [2],  �′

P = �P/�ISC,S1−T1 , and
1-S0 intersystem-crossing, �ISC,T1−S0 = 1 − �′

P are included in
able 1. At room temperature �IC,S1−S0 and �ISC,S1−T1 were deter-
ined in [2].  At 12 K we can only give intervals for �IC,S1−S0 and

ISC,S1−T1 by the relations:

S1,nr(12 K) − �ISC,S1−T1 (293 K) < �IC,S1−S0 (12 K)

< min[�IC,S1−S0 (293 K), �S1,nr(12 K) − �P(12 K)] (3)

nd

ax[�S1,nr(12 K) − �IC,S1−S0 (293 K), �P(12 K)] < �ISC,S1−T1 (12 K)

< min[�ISC,S1−T1 (293 K), �S1,nr(12 K)] (4)

ssuming that �IC,S1−S0 and �ISC,S1−T1 decrease with decreasing
emperature (see below).

For a discussion of the luminescence behavior schematic poten-
ial energy curves of the S0 singlet ground-state, the first exited
inglet state S1, and the first triplet state T1 are shown in Fig. 6. The
on-crossing and non-touching S0 and S1 potential energy curves
re called spectroscopic states according to [35]. The excitation
ight (frequency �a) excites molecules from the S0-ground-state to

 Franck–Condon position in the S -state with some excess energy.
1
rom the Franck–Condon excited position the molecule relaxes to

 thermal equilibrium position (potential energy minimum) in the
1 state by vibronic relaxation (VR). The excess energy is trans-
tobiology A: Chemistry 222 (2011) 336– 342

ferred to the host matrix. From the thermal equilibrium position,
there occurs S1–S0 fluorescence emission (spontaneous emission of
photons of frequency �F), equi-potential S1–S0 internal conversion
(IC) with subsequent S0-state vibronic relaxation (VR), and ther-
mal  activated S1–T1 intersystem-crossing (ISC) with subsequent
vibronic relaxation (VR). Spin–orbit coupling causes avoided cross-
ing of the S1–T1 potential energy curves [35] and it lowers the
activation barrier (not shown in figure). The molecules transferred
to the T1 state thermalize there and relax to the S0 ground-state
by phosphorescence emission (spontaneous emission of photons
of frequency �P) and equi-potential T1–S0 intersystem-crossing
(ISC) with subsequent vibronic relaxation (VR). Thermally popu-
lated vibronic states in the S0, S1, and T1 potential energy curve
valleys are indicated by hatched regions in Fig. 6. Fluorescence
and phosphorescence quenching by impurities (like molecular oxy-
gen) is neglected since in solid matrices diffusional approach of dye
molecules and impurity centers does not occur.

The presented schematic of Fig. 6 indicates the following
dynamics features: (i) the rate of S1–S0 spontaneous emis-
sion, krad,S1−S0

= �−1
rad,S1−S0

, is temperature independent, (ii) the
equi-potential S1–S0 internal conversion rate, kIC,S1−S0 , is in zero-
order approximation temperature independent and in first-order
approximation decreases with decreasing temperature (higher
internal conversion rate from thermally excited vibronic states
than from electronic ground-state due to vibronic coupling, reduc-
tion of vibronic excited states at low temperatures, lowering
of �IC,S1−S0 with decreasing temperature), (iii) the thermal acti-
vated S1–T1 intersystem-crossing rate, kISC,S1−T1 , decreases with
decreasing temperature (lowering of �ISC,S1−T1 with decreasing
temperature), but spin–orbit coupling leads to avoided cross-
ing of the S1 and T1 potential energy curves and lowers the
activation barrier [35], (iv) the rate of T1–S0 spontaneous emis-
sion, krad,T1−S0

= �−1
rad,T1−S0

, is temperature independent, and (v)
the equi-potential T1–S0 intersystem-crossing rate, kISC,T1−S0 , is
in zero-order approximation temperature independent and in
first-order approximation decreases with decreasing temperature
(higher intersystem-crossing rate from thermally excited vibronic
states than from electronic ground-state due to vibronic coupling,
reduction of vibronic excited states at low temperatures, lowering
of �ISC,T1−S0 with decreasing temperature).

In the case of FL in the biopolymers the fluorescence quan-
tum yield at room temperature was  already rather high and it
increased by 2–19% at 12 K. The efficiency of S1-state non-radiative
decay, �S1,nr = 1 − �F, decreased with decreasing temperature (see
Table 1) indicating reduction of S1–S0 internal conversion at low
temperatures. A quantum yield of S1–T1 intersystem-crossing of
approximately 3% was reported at 77 K [36] and at room tempera-
ture [37–39].  A low efficiency of intersystem crossing is expected
by low spin–orbit coupling in the absence of heavy atoms. Phospho-
rescence could not be well resolved because of its low efficiency.

In the case of DBF in the biopolymers the quantum yield of
phosphorescence was  quite low at room temperature (�P ≈ 0.003
[2]) and it increased with deceasing temperature but remained
below 2% even at 12 K (see Table 1) The efficiency of S1–T1 inter-
system crossing at room temperature was 15–25% [2] due to the
Br heavy-atom effect. It is thought to decrease with decreasing
temperature due to aggravation of S1–T1 barrier crossing. The
T1–S0 intersystem-crossing efficiency decreased with decreasing
temperature favoring phosphorescence emission. Despite lower
T1 state population due to the lower S1–T1 intersystem cross-
ing rate the phosphorescence efficiency increased with decreasing
temperature at a low absolute level because of decreasing T –S

intersystem-crossing.

The fluorescence efficiency of EO in the biopolymers increased
with decreasing temperature (decrease of S1–S0 internal conver-



d Pho

s
t
m
p
b
(
i
a
c
p
i

d
l
i
3
c
q
p
a

o
i
r
h
e
a
c

5

o
t
(
p
p
t
l
v
T
d
t
c
t
l

s
A
i
l

c
h
s
s
i
i
f
p
c
s

A

t

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

T. Tsuboi et al. / Journal of Photochemistry an

ion and decrease of S1–T1 intersystem crossing with decreasing
emperature). The phosphorescence behavior of EO in the biopoly-

ers is similar to the case of DBF in the biopolymers. The
hosphorescence quantum yield at room temperature was  found to
e �p ≈ 0.006 [2] and the present measurements give �P = 0.0073
gelatin) to �P = 0.018 (chitosan) at 12 K. The efficiency of S1–T1
ntersystem crossing at room temperature is around 20% [2]
nd it is reduced at low temperature. The phosphorescence effi-
iency increased at low temperature despite reduced triplet state
opulation because of overcompensation by the reduced T1–S0

ntersystem crossing at low temperatures.
In the case of ER the fluorescence efficiency increased with

ecreasing temperature due to less S1–S0 internal conversion at
ow temperature. The S1–T1 intersystem crossing efficiency was
n the 37–56% range at room temperature and remained in the
0–40% range at 12 K due to the heavy-atom induced spin–orbit
oupling (with nearly barrier-less transition from S1 to T1). The
uantum yield of phosphorescence increased with decreasing tem-
erature due to lowering of T1–S0 intersystem crossing efficiency
t low temperature.

RB behaved similar to ER in the temperature dependence
f fluorescence and phosphorescence. The efficiency of S1–T1
ntersystem-crossing is higher in RB than in ER (in 60–80%
ange both at room temperature and low temperature, stronger
eavy-atom induced spin–orbit coupling) but the phosphorescence
fficiency is lower in RB than in ER both at room temperature
nd low temperature because of more efficient T1–S0 intersystem-
rossing of RB compared to ER.

. Conclusions

The temperature dependence of the photoluminescence of dis-
dium fluorescein (FL), 4,5-dibromine fluorescein (DBF), disodium
etrabromine fluorescein (EO), disodium tetraiodine fluorescein
ER), and disodium tetrachlorine–tetraiodine fluorescein in a
rotein film (gelatin), a polysaccharide film (starch), and a
olyaminosaccharide film (chitosan) was studied. In a general trend
he fluorescence increased with decreasing temperature at a high
evel of absolute quantum yield due to lower S1–S0 internal con-
ersion and lower S1–T1 intersystem crossing at low temperature.
he phosphorescence efficiency in a general trend increased with
ecreasing temperature at a low absolute quantum yield level due
o an interplay of reduction of thermal activated S1–T1 intersystem
rossing (less triplet population) and a reduction of T1–S0 intersys-
em crossing (larger true T1-state based phosphorescence �′

P) at
ow temperatures.

The temperature dependent luminescence studies on the
elected fluorone dyes were carried out in biopolymer hosts.

 similar temperature dependent luminescence behavior of the
nvestigated fluorone dyes is expected in other solid-state hosts
ike organic polymers (e.g. PVA [23] or PMMA  [31]).

The observed temperature dependence of the photolumines-
ence of the studied fluorone dyes in some solid-state biopolymer
osts is thought to apply rather generally to dyes of spectroscopic-
tate potential energy surfaces (like laser dyes) in transparent
olid hosts where fluorescence and phosphorescence quenching by
mpurities (like molecular oxygen) may  be negligible. The situation
s different for dyes in liquid solvents at room temperature which
reeze at low temperature. In this situation the room temperature
hosphorescence is quenched by dye and impurity center diffusion
ausing diffusion controlled dye-impurity quenching and dye-dye
elf-annihilation [32,33].
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