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a b s t r a c t

The fluorone dyes fluorescein, 4,5-dibromofluorescein, eosin Y, erythrosine B, and rose bengal in the
biological materials gelatin, starch, and chitosan have been characterized by absorption and emission
spectroscopy. Comparative studies were carried out for the same dyes in methanol. The absorption
cross-section spectra, luminescence quantum distributions, luminescence quantum yields, fluores-
cence quantum yields, and degrees of luminescence polarization were determined by steady-state
spectroscopy. The fluorescence lifetimes were measured by time-resolved laser experiments. High fluo-
rescence quantum yields were obtained for fluorescein in both the solid hosts and the liquid solutions.
The fluorescence reduction due to enhancement of intersystem crossing by heavy atom spin-orbit cou-
pling was efficient both in the biofilms and in methanol. Room temperature phosphorescence emission
was observed for the heavy atom substituted fluorescein derivatives in the biofilms. The spectroscopic
behavior of the fluorone dyes depends on their ionic state with highest luminescence efficiency for the
dianionic forms. This form was realized for all investigated dyes in basic methanol and in most cases also
in the biofilms.

© 2009 Elsevier B.V. All rights reserved.
iofilms
elatin
tarch
hitosan
bsorption cross-sections
uminescence quantum distributions

luorescence lifetimes
hosphorescence

. Introduction

Fluorone dyes are hydroxyl-xanthene dyes (homologues of
uorescein). From this group disodium fluorescein, 4,5-dibromo-
uorescein, disodium-2,4,5,7-tetrabromofluorescein (eosin Y),
isodium-2,4,5,7-tetraiodofluorescein (erythrosine B), and
isodium-3′,4′,5′,6′-tetrachloro-2,4,5,7-tetraiodofluorescein (rose
engal) in biofilms and methanol are spectroscopically character-
zed here. The structural formulae are displayed in Fig. 1.
Disodium fluorescein (Uranin) and 2,7-dichlorofluorescein (Flu-

rescein 27, Fluorescein 548) are widely used laser dyes [1–3]. Eosin
was also applied as laser dye [3]. Fluorone dye polymeric films

∗ Corresponding author at: Institute of Engineering Physics, Siberian Federal Uni-
ersity, Department of Experimental and Medical Physics, Prospect Svobodnyi, 79,
60041 Krasnoyarsk, Russia. Tel.: +7 391 244 54 69; fax: +7 391 244 86 25.

E-mail addresses: grad@lan.krasu.ru, 2 98 54 46@mail.ru (E. Slyusareva).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.09.006
are used as media for optical recording of information [4]. Fluo-
rescein and reactive derivatives of fluorescein have been the most
widely used class of organic fluorophores for labeling and sensing
biomolecules [5–8] because of their high absorption cross-sections,
high fluorescence quantum yields, and their ability to attach to
biomolecules. Fluorescein isothiocyanate is applied to protein
(antibody or antigen) labeling [5–9]. Fluorescein derivatives are
used as fluorescent probes for zinc in enzymes [8]. Fluorescent chi-
tosan bearing fluorescein was synthesized as potential biomaterial
for temperature probes and pH probes [10]. Fluorescein deriva-
tives were synthesized for the construction of fluorescent reporters
of protein kinase activity [11]. Fluorescein is applied as reference
standard in quantum yield measurement [12]. Eosin was used as

ligand for studying of bovine serum albumin (BSA) properties dur-
ing denaturation–renaturation by fluorescence analysis [13]. Eosin
Y was applied for free radical photopolymersiation of thin hydro-
gels in contact with arterial tissue [14]. Erythrosine was used as
phosphorescent probe to detect the oxygen content dissolved in

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:grad@lan.krasu.ru
mailto:2_98_54_46@mail.ru
dx.doi.org/10.1016/j.jphotochem.2009.09.006


132 E. Slyusareva et al. / Journal of Photochemistry and Photobiology A: Chemistry 208 (2009) 131–140

plied

s
[
t
m
d
e
b

i
p
h
i
m

t
6
b
d
fl
s
s
s
s
i
o
w
m

p

Fig. 1. Structural formulae of ap

ol–gel silica within a wide range of temperatures and pressures
15]. The photo-bleaching kinetics of eosin in gelatin was studied
o clarify the involved photochemical mechanisms and to deter-

ine diffusion constants of the dye in the polymer [16,17]. Eosin
oped gelatin films were applied to determine the spatial coher-
nce and the cross-sectional intensity distribution of argon laser
eams [18].

Progress in molecular photonics depends on achievements
n fundamental studies of photophysical and photochemical
arameters of fluorophores. Dyes with heavy atoms substituting
ydrogen play a specific role. Substitutions allow redistribut-

ng the rates of radiative and non-radiative transitions in the
olecules.
In an early paper Martin [19] showed that a red-shift in

he absorption and fluorescence spectra of fluorescein and
-hydroxy-9-phenyl-fluorone in alkaline solutions was caused
y intermolecular hydrogen bonding with the solvent. The
ye–solvent interaction turned out to cause a reduction of the
uorescence quantum yield and a growth of internal conver-
ion probability. Fleming and co-authors [20] used picosecond
pectroscopy to determine the rate constants of non-radiative tran-
itions. The rate constant of intersystem crossing increased in the
eries fluorescein, eosin, rose bengal, erythrosine due to increas-
ng spin-orbit coupling caused by the heavy atoms. A reduction

f the S1–T1 energy gap and an increase of the S0–S1 energy gap
ere revealed in the sequence of solvents: iso-propanol, ethanol,
ethanol, H2O.
Joshi et al. [21,22] studied the fluorescence and phos-

horescence behavior of fluorescein, 2,7-dichlorofluorescein,
fluorone dyes and biopolymers.

2,7-dibromofluorescein, triiodofluorescein (iodine atoms are sub-
stitutes of hydrogen atoms on carboxy-benzene group), and eosin.
Dyes in the dianionic and cationic forms were examined. It was
shown that an increase in mass of the substituting atoms does
not change the radiative S1–S0 rate constant, but increases the rate
constants of excited singlet–triplet intersystem crossing, phospho-
rescence, and non-radiative triplet state deactivation. Changes of
rate constants were found to be more significant for cations than for
anions [21]. All the examined dyes revealed the ability to aggregate.
The influence of aggregation on the photophysical rate constants of
eosin and erythrosine was shown in [22]. The rate constant of inter-
system crossing reduced a factor of 10–100 by increasing the dye
concentration from 5 × 10−5 to 10−1 M.

In [23] triplet–triplet absorption spectra of eosin Y, erythrosine
B and rose bengal in methanol were determined in the wavelength
region from 390 to 1600 nm. Photophysical parameters of these
dyes were presented in [23–25].

Room temperature phosphorescence and delayed fluorescence
of solid solutions of eosin and erythrosine in silica-gel glasses, boric
acid glass and gelatin were studied in [26]. Using results of time-
resolved measurements, the authors calculated rate constants of
photophysical processes. Immobilization of halogen substituted
fluorescein in polymer matrices (nitrocellulose and polyvinyl alco-
hol) allowed the detection of room temperature phosphorescence

and delayed fluorescence in [27]. The orientation of the phospho-
rescent dipole moments of erythrosine B, 4,5-dibromofluorescein,
4,5-diiodofluorescein, and eosin Y immobilized in various poly-
mer matrices was determined by time-resolved phosphorescence
anisotropy measurements [27]. Phosphorescence and delayed flu-
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rescence of eosin [28] and erythrosine [28,29] in de-aerated
queous solution at room temperature was observed by laser flash
pectroscopy.

Low-power phase-conjugation by degenerate four-wave mixing
transient grating formation) was achieved in thin films of eosin and
rythrosine doped gelatin films in [30] by triplet state population.
imilar results were obtained for fluorescein doped boric acid glass
n [31,32].

Bio-related films have a wide field of applications in biology,
osmetology, and pharmaceutics because of their easy manufac-
urability, bio-compatibility, ecological compatibility, and their
on-toxicity [33,34]. Chitosan scaffolds appear to be suitable for
issue engineering applications [35,36]. Gelatin and starch are used
or immobilization of bioluminescence assays [37].

In this paper the spectral and photophysical properties of the
bove mentioned five fluorone dyes disodium-fluorescein (shortly
alled fluorescein), dibromofluorescein, eosin Y, erythrosine B,
nd rose bengal in bio-related films (gelatin, starch, chitosan) are
tudied to get fundamental optical information for their potential
pplication in bio-photonics and bio-sensorics. Spectral and pho-
ophysical studies of the dyes in methanol were carried out for
omparative purpose.

. Materials and methods

.1. Sample preparation

The disodium salts of rose bengal (C20H2I4Cl4O5Na2, molar
ass M = 1017.65 g mol−1), erythrosine B (C20H6I4O5Na2,
= 879.86 g mol−1), eosin Y (C20H6O5Br4Na2, M = 691.86 g mol−1)

nd uranin (disodium fluorescein) (C20H10O5Na2,
= 355.31 g mol−1) were supplied by Sigma. The dye 4,5-

ibromofluorescein (C20H10Br2O5, M = 490.10 g mol−1) was bought
rom Fluka. As biopolymers were used: photographic gelatin, grade
, from VEKTON; starch, soluble research grade from SERVA; and
hitosan (polyaminosaccharide, 2-amino-2-deoxy-�-d-glucan),
ow-viscous, from Fluka. The structural formulae of the used
iopolymers are included in Fig. 1. All chemicals were used as
elivered.

Fluorone dye doped films of approximately 10 �m thickness
ere prepared by dissolving the dyes in neutral methanol and the

iopolymers in Millipore water, then mixing them together, and
lowly drying the solutions on glass substrates. The aqueous starch
olutions were heated up to 80–85 ◦C, and then in cooling down the
yes in neutral methanol solution were added in order to obtain
ransparent films. The dye concentration in the films was in the
ange of 3 × 10−3 to 9 × 10−3 mol dm−3. For comparison the fluo-
one dyes in basic methanol containing 0.1 mM NaOH were studied
dye concentration in the range of 8 × 10−5 to 2 × 10−4 M). Some
tudies were also carried out in neutral methanol and in acidic
ethanol (content of 10−4 M HCl). If not stated different then the

hort writing of methanol in this paper means methanol containing
0−4 M NaOH.

.2. Spectroscopic techniques

Absorption cross-section spectra, �a(�), of the samples were
etermined by transmission measurements, T(�), with a commer-
ial spectrophotometer (Cary 50 from Varian). The parameters are
elated by T(�) = exp[−˛(�)�] = exp[−N0�a(�)�], where ˛ is the

bsorption coefficient, � is the sample length, and N0 is the dye
umber density. For the dye doped films the determination of the
ye concentration, C = N0/NA (NA is Avogadro constant), and the
lm thickness turned out to be inaccurate. Therefore �a(�) was
xtracted from T(�) and the radiative lifetime, �rad, which was
hotobiology A: Chemistry 208 (2009) 131–140 133

determined by fluorescence lifetime, �F, and fluorescence quantum
yield, �F, measurements (�rad = �F/�F). The applied relations are

�a(�) = −(N0�)−1 ln[T(�)], (1a)

with

(N0�)−1 = −
∫

S0–S1

�a(�)
� d�∫

S0–S1

ln[T(�)]
� d�

. (1b)

and∫
S0–S1

�a(�)
�

d� = nA

8�c0n3
F�rad

∫
em

EF(�)�3 d�∫
em

EF(�) d�
. (1c)

The last equation is the Strickler–Berg formula in a rewritten
form [38–40]. nA and nF are the average refractive indices in the
S0–S1 absorption region and in the S1–S0 emission region (em),
respectively. c0 is the speed of light in vacuum, and EF(�) is the fluo-
rescence quantum distribution. Luminescence spectra, SL(�), were
measured with a self-assembled spectrofluorimeter [41,42]. The
samples were excited with a tungsten lamp combined with appro-
priate interference filters. The excitation light was polarized to the
vertical with a thin film polarizer. A front-face arrangement was
used for luminescence light collection (luminescence gathering in
backward direction). For the liquid solutions cells of 1 mm thick-
ness were used. The collimated luminescence light was focused
to the entrance slit of a grating spectrometer and detected with a
silicon diode-array detection system (TN-1710 multichannel ana-
lyzer with diode-array rapid scan spectrometer system from Tracor
Northern). The luminescence spectra were corrected for the spec-
tral sensitivity of the detection system. Orientation independent
luminescence detection was achieved with a thin film polarizer in
the detection path under magic angle direction (54.7◦ orientation
to the vertical).

The intrinsic luminescence quantum distribution [43], EL(�),
was calculated from the measured luminescence spectra, SL(�), by
absolute calibration with rhodamine 6 G in methanol (fluorescence
quantum yield �F = 0.94 [44]) as reference standard. In the calcula-
tion of the fluorescence quantum distributions, the fluorescence
reabsorption was corrected for by the applied analysis [41,42].
The intrinsic luminescence quantum yield was calculated by inte-
gration over the intrinsic luminescence quantum distribution, i.e.
�L =

∫
EL(�) d�.

The degree of luminescence polarization,

PL =
∫

SL,||(�) d� −
∫

SL,⊥(�) d�∫
SL,||(�) d� +

∫
SL,⊥(�) d�

(2)

was determined by measuring the luminescence spectra polarized
parallel to the excitation light [SL,||(�)] and perpendicular to the
excitation light [SL⊥(�)]. SL,||(�) and SL⊥(�) were also corrected for
the spectral sensitivity of the spectrometer and diode-array detec-
tion system.

The luminescence spectra of the investigated fluorone dyes
may have phosphorescence contributions in addition to the dom-
inant fluorescence, i.e. the luminescence quantum yield is given
by �L = �F + �P. The phosphorescence contribution is approximately
separated from the fluorescence contribution in the data analysis by
plotting the luminescence spectra semi-logarithmically with linear
wavelength scale and logarithmic luminescence quantum distribu-
tion scale. The fluorescence curves are then linearly extended to the
long-wavelength region where a spectral overlap with the phos-

phorescence spectra occurs [45] (see Fig. 3, without the presence
of phosophorescence generally an approximate long-wavelength
exponential declining of the fluorescence signal is observed).

Fluorescence decay curves of the dye samples were measured
by excitation with second harmonic pulses of a mode-locked Ti-
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Table 1
Parameters of disodium fluorescein in different solvents (methanol with 0.1 mM NaOH).

Parameter Gelatin Starch Chitosan Methanol Comments

�a,max (nm) 502 ± 1 496 ± 1 502 ± 1 496 ± 1 Fig. 1
�a,max (cm2) 9.6 × 10−17 1.0 × 10−16 1.8 × 10−16 2.2 × 10−16 Fig. 2
�	abs (cm−1) 2,673 2,486 1,773 1,452 Fig. 2
�F,max (nm) 522 ± 1 519 ± 1 524 ± 1 520 ± 1 Fig. 3
�	F (cm−1) 1,733 1,667 1,694 1,570 Fig. 3
	01 (cm−1) 19,539 19,715 19,502 19,696 (�−1

a,max + �−1
F,max)/2

ı	St (cm−1) 763 ± 76 893 ± 78 836 ± 76 930 ± 78 �−1
a,max − �−1

F,max
�F 0.64 ± 0.03 0.71 ± 0.03 0.85 ± 0.04 0.97 ± 0.04 Fig. 3, Fig. 4
�P ≤0.003 ≤0.005 ≤0.001 Fig. 3
PL 0.27 ± 0.02 0.19 ± 0.02 0.25 ± 0.03 0.04 ± 0.01 Fig. 8
�F (ns) 4.53 ± 0.03 5.05 ± 0.02 4.10 ± 0.04 5.49 ± 0.04 Fig. 5
�rad (ns) 7.1 7.1 4.8 5.6 �rad = �F/�F

A aximum S0–S1 absorption cross-section. �	abs and �	F: spectral half-widths (FWHM)
o osition of maximum fluorescence emission. 	01: wavenumber of pure electronic S0–S1

t nd. �F: fluorescence quantum yield. �P: phosphorescence quantum yield. PL: degree of
l
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Table 2
Parameters of dibromfluorescein in different solvents.

Parameter Gelatin Starch Chitosan Methanol

�a,max (nm) 519 ± 1 514 ± 1 518 ± 1 513 ± 1
�a,max (cm2) 2.1 × 10−16 1.4 × 10−16 2.3 × 10−16 2.4 × 10−16

�	abs (cm−1) 1,421 1,634 1,519 1,420
�F,max (nm) 544 ± 1 541 ± 1 543 ± 1 539 ± 1
�	F (cm−1) 1,570 1,726 1,644 1,613
	01 (cm−1) 18,825 18,970 18,860 19,023
ı	St (cm−1) 885 ± 71 970 ± 72 888 ± 71 940 ± 72
�F 0.55 ± 0.03 0.36 ± 0.02 0.57 ± 0.03 0.62 ± 0.03
�P 0.014 ± 0.01 ≤ 0.009 0.011 ± 0.01
PL 0.19 ± 0.04 0.18 ± 0.03 0.21 ± 0.03 0.06 ± 0.01
�F (ns) 2.89 ± 0.02 2.49 ± 0.04 2.62 ± 0.03 3.46 ± 0.04
�rad (ns) 5.25 6.9 4.6 5.6
bbreviations. �a,max: wavelength position of maximum S0–S1 absorption. �a,max: m
f first absorption and fluorescence bands, correspondingly. �F,max: wavelength p
ransition. ı	St: Stokes shift between S0–S1 absorption band and S1–S0 emission ba
uminescence polarization. �F: fluorescence lifetime. �rad: radiative lifetime.

apphire laser oscillator-amplifier system (laser system Hurricane
rom Spectra-Physics, excitation wavelength 400 nm, pulse dura-
ion 4 ps). The fluorescence emitted in backward direction was
ollected and directed to a micro-channel-plate photomultiplier
Hamamatsu type R1564-U01) through a broadband interference
lter transmitting in the range from 500 to 610 nm. The photomul-
iplier signal was recorded with a fast digital oscilloscope (LeCroy
ype 9362).

. Results

The absorption cross-section spectra of the investigated dyes
n the applied biofilms and in basic methanol are displayed in
ig. 2. Relevant parameters as the wavelength position, �a,max,
f peak S0–S1 absorption, the absorption cross-section, �a,max, at
a,max, and the spectral half-width, �	F, of the S0–S1 absorp-

ion band (FWHM) are collected in Tables 1–5 for the various
yes. With the exception of fluorescein and dibromofluorescein

n starch the absorption bands are somewhat red-shifted com-
ared to basic methanol. The spectral red-shift is a consequence of
ifferent solute–solvent interactions in the different hosts (depen-

Fig. 2. Absorption cross-section spectra of investigated fluorone dyes.

Table 3
Parameters of disodium eosin Y in different solvents.

Parameter Gelatin Starch Chitosan Methanol

�a,max (nm) 531 ± 1 526 + 1 530 ± 1 523 ± 1
�a,max (cm2) 2.85 × 10−16 3.35 × 10−16 3.25 × 10−16 3.45 × 10−16

�	abs (cm−1) 1,138 1,209 1,135 1,055
�F,max (nm) 546 ± 1 545 ± 1 548 ± 1 544 ± 1
�	F (cm−1) 1,468 1,603 1,537 1,355
	01 (cm−1) 18,574 18,680 18,558 18,751
ı	St (cm−1) 517 ± 69 662 ± 70 619 ± 70 738 ± 70
�F 0.60 ± 0.03 0.58 ± 0.03 0.61 ± 0.03 0.67 ± 0.03
�P 0.021 ± 0.01 0.019 ± 0.01 0.014 ± 0.01
PL 0.28 ± 0.03 0.21 ± 0.01 0.24 ± 0.06 0.07 ± 0.01
�F (ns) 2.91 ± 0.03 2.20 ± 0.04 2.39 ± 0.03 3.42 ± 0.04
�rad (ns) 4.85 3.8 3.9 5.1

Table 4
Parameters of disodium erythrosine B in different solvents.

Parameter Gelatin Starch Chitosan Methanol

�a,max (nm) 539 ± 1 536 ± 1 539 ± 1 530 ± 1
�a,max (cm2) 4.7 × 10−16 4.6 × 10−16 3.8 × 10−16 5.4 × 10−16

�	abs (cm−1) 1,072 1,160 1,137 1,023
�F,max (nm) 554 ± 2 553 ± 2 558 ± 2 551 ± 2
�	F (cm−1) 1,345 1,250 1,311 1,468
	01 (cm−1) 18,468 18,370 18,237 18,508
ı	St (cm−1) 502 ± 99 573 ± 100 631 ± 99 719 ± 101
�F 0.22 ± 0.02 0.13 ± 0.01 0.16 ± 0.01 0.13 ± 0.02
�P 0.071 ± 0.01 0.050 ± 0.01 0.049 ± 0.01
PL 0.37 ± 0.05 0.34 ± 0.02 0.34 ± 0.03 0.18 ± 0.02
�F (ns) 0.65 ± 0.05 0.35 ± 0.05 0.55 ± 0.05 0.45 ± 0.05
�rad (ns) 2.95 2.7 3.4 3.5
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Table 5
Parameters of disodium rose bengal in different solvents.

Parameter Gelatin Starch Chitosan Methanol

�a,max (nm) 565 ± 1 561 ± 1 565 ± 1 557 ± 1
�a,max (cm2) 3.5 × 10−16 3.4 × 10−16 1.7 × 10−16 4.0 × 10−16

�	abs (cm−1) 902 1,012 1,060 870
�F,max (nm) 578 ± 2 576 ± 2 576 ± 2 575 ± 3
�	F (cm−1) 1,167 1,123 1,362 1,208
	01 (cm−1) 17,500 17,593 17,530 17,672
ı	St (cm−1) 398 ± 91 464 ± 92 338 ± 92 562 ± 123
�F 0.18 ± 0.01 0.09 ± 0.01 0.093 ± 0.02 0.10 ± 0.02
�P 0.013 ± 0.01 0.016 ± 0.01 0.006 ± 0.005
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PL 0.39 ± 0.08 0.40 ± 0.01 0.37 ± 0.06 0.22 ± 0.03
�F (ns) 0.85 ± 0.05 0.45 ± 0.05 0.85 ± 0.05 0.60 ± 0.10
�rad (ns) 4.7 5.0 9.1 6.0

ent on dispersion force interaction, interaction of solute dipoles
ith induced solvent dipole moments, solute dipole–solvent dipole

nteraction, and solvent–dipole interaction with induced solute
ipoles) [46,47]. In all cases a vibronic structure is resolved. The
bsorption spectra of the dyes shift to the red with increasing num-
er and nuclear charge of halogens. The shift increases with the
olar mass of the molecules.
Luminescence quantum distributions of the investigated sam-

les are shown in Fig. 3. At the short wavelength side only
uorescence emission is present. At the long-wavelength side
hosphorescence may contribute to the emission in the biofilms.
he expected long-wavelength fluorescence emission for the dyes
n gelatin is indicated by the dash-triple dotted curves. Param-
ters extracted from the luminescence curves are collected in
ables 1–5. These parameters are: the wavelength position of max-
mum fluorescence emission, �F,max, the spectral half-width of
he fluorescence band (FWHM), �	F, the fluorescence quantum
ield, �F =

∫
EF(�) d�, and the phosphorescence quantum yield,∫
P = EL(�) d� − �F. The fluorescence spectra shift to longer wave-
engths with the number of halogen atoms and the mass of the

olecules. The fluorescence quantum yields of the investigated
amples are visualized in Fig. 4. The fluorescence quantum effi-

ig. 3. Luminescence quantum distributions, EL(�). Excitation wavelength was
ex,L = 491 nm. Wavelength positions of phosphorescence maxima, �T, of dyes in
thanol at 77 K are included (from [48]). The dash-triple dotted lines are the linear
uorescence extensions for the dyes in gelatin.
Fig. 4. Fluorescence quantum yields, �F, of investigated samples.

ciency reduces for the bromide substituted and more strongly
for the iodide substituted fluorescein dyes (heavy atom effect).
The fluorescence quantum yield of 4,5-dibromofluorescein is
somewhat lower than the fluorescence quantum yield of 2,4,5,7-
tetrabromofluorescein (eosin Y). This fluorescence quantum yield
lowering is thought to be due to the use of 4,5-dibromofluorescein
in hydrogenated form (R4 = H) instead of disodium salt form
(R4 = Na, less basic solution lowering the fraction of dianionic dibro-
mofluorescein). The effect of fluorescence quantum yield lowering
is largest for 4,5-dibromofluorescein in starch.

No phosphorescence emission was found for the fluorone dyes
in the aerobic methanol solutions due to diffusion controlled oxy-
gen quenching [28,29]. In the biofilms no phosphorescence was
observed for fluorescein. A very weak phosphorescence may be
present for dibromofluorescein in the biofilms. For eosin Y, ery-
throsine B, and rose bengal in the biofilms some phosphorescence
was resolved. The phosphorescence is largest in the biofilms of ery-
throsine B. Higher phosphorescence emission would be expected at
lower temperature where thermal activated non-radiative decays
get frozen out.

The Stokes shift, ı	St, between the S0–S1 absorption and the
S1–S0 emission transition is determined from the wavelength posi-
tions of maximum absorption and maximum emission. It is given by
ı	St = 	a,max − 	F,max = �−1

a,max − �−1
F,max. The extracted values are

included in Tables 1–5 and they are visualized in Fig. 5a. With the
exception of erythrosine B, the Stokes shift is rather solvent inde-
pendent. In erythrosine B a rising Stokes shift along gelatin, starch,
chitosan, and methanol is observed.

The pure electronic S0–S1 transition frequencies, 	01, are
approximately given by 	01 = (�−1

a,max + �−1
F,max)/2. These transition

frequencies are included in Tables 1–5 and visualized in Fig. 5b.
They are rather independent of the solvent. The heavy atoms shift
the transition frequencies to lower values (longer wavelengths).

Fluorescence decay curves of the studied dye samples are shown
in Fig. 6a and b. Normalized curves, SF(t)/SF,max, are shown. The
response function of the detection system is included (triple dotted

curves). It was obtained by directing a strongly attenuated picosec-
ond excitation laser pulse (second harmonic pulse of mode-locked
Ti-sapphire laser) directly to the micro-channel-plate photomul-
tiplier. In Fig. 6a fluorescence lifetimes are extracted from the
fluorescence decay curves by single-exponential regression fits
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ig. 5. (a) Stokes shifts between absorption and fluorescence maxima, ı	St, of inves-
igated samples. (b) Electronic S0–S1 transition frequencies, 	01, of investigated
amples.

SF(t)/SF,max = exp(−t/�F)]. There the system response function
triple dotted curves) is short compared to the fluorescence decay
imes, �F, and therefore does not influence the determination of
F. For the fluorescence decay curves of Fig. 6b the finite width
f the response function cannot be neglected. There the fluo-
escence lifetimes were extracted by curve de-convolution. The
pplied procedure is described in [49]. The determined fluores-
ence lifetimes are listed in Tables 1–5. The radiative lifetimes
etermined by �rad = �F/�F are also included in Tables 1–5. The flu-
rescence lifetimes are visualized in Fig. 7a. They are in the range of
.4–5.5 ns for fluorescein, in the range of 2.4–3.4 ns for the bromine-
ubstituted fluoresceins, and in the range of 350–850 ps for the
odine-substituted fluoresceins. No big difference is observed
etween 4,5-dibromofluorescein and 2,4,5,7-tetrabromofluoresein
eosin Y). The fluorescence lifetimes of erythrosine B are shorter

han the fluorescence lifetimes of rose bengal for all studied
osts.

The radiative lifetimes are visualized in Fig. 7b. They decrease
absorption strength increases) with increasing molar mass
halogenation) of the dyes with the exception of rose bengal. 4,5-
Fig. 6. (a and b) Fluorescence signal traces of investigated dyes. Response function
of detection system is included.

Dibromofluorescein in starch has a longer radiative lifetime (lower
absorption strength) than in the other hosts. This may indicate that
the ionicity of 4,5-dibromofluorescein in starch is shifted towards
the neutral and single anionic form. For rose bengal the radia-
tive lifetime in methanol and the biofilms is longer than expected.
The chlorine ions on the carboxy-benzene ring seem to decrease
the absorption strength of the xanthene core in comparison with
erythrosine B. The long radiative lifetimes of rose bengal lead to
longer fluorescence lifetimes for rose bengal compared to ery-
throsine despite the lower fluorescence quantum yield of rose
bengal.

The degree of luminescence polarization, PL, of the investigated
dyes was determined by measuring the fluorescence spectra

polarized parallel to the excitation light and perpendicular to the
excitation light as described above (Eq. (2)). For isotropic samples
in the ground-state before excitation the degree of luminescence
polarization may vary between PL = 0 in the case of infinitely fast
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Fig. 7. (a) Fluorescence lifetimes, �F, of investigated samples. (b) Radiative lifetimes,
�rad, of investigated samples.

Fig. 8. Degree of luminescence polarization, PL, of investigated samples.
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reorientation of the transition dipole moments and PL = 0.5 in the
case of parallel orientation of absorption and emission transition
dipole moments and no reorientation within the excited state
lifetime [50]. The obtained results are included in Tables 1–5
and they are visualized in Fig. 8. In the biofilms moderately high
degrees of fluorescence polarization were obtained since molec-
ular reorientation within the fluorescence lifetime is inhibited by
the solid matrix (no molecular reorientation). Some reorientation
of the transition dipole moments occurs due to excitation energy
transfer between excited and unexcited molecules [51,52]. Asym-
metric vibrational mode excitation and molecular symmetry (no
sharp orientation of transition dipole moments) may contribute
to luminescence depolarization [53]. The degree of fluorescence
polarization is highest for erythrosine B and rose bengal because
of the short fluorescence lifetime. In methanol the degree of lumi-
nescence polarization was found to be small because of molecular
reorientation in the low-viscous fluid within the luminescence
lifetime (largest values for erythrosine B and rose bengal because
of short fluorescence lifetimes).

4. Discussion

4.1. Protolytic versatility of fluorescein and its derivatives

Depending on the solvent acidity or basicity the fluorone dyes
exist in different ionic states with different absorption and emis-
sion behavior [54–58]. The different cationic, zwitter-ionic, neutral,
lactonic, anionic, and dianionic forms are depicted in Fig. 9 (from
[55]). In aqueous solution the ionic state changes with pH. For flu-
orescein and dibromofluorescein the pK values for the equilibrium
conditions of the various forms have been determined in [57]. The
reported values are pKa,0 = 0.94 for the acid–neutral equilibrium,
pKa,1 = 6.82 for the neutral–anionic equilibrium, and pKa,2 = 7.66
for the anionic–dianionic equilibrium of fluorescein. The corre-
sponding parameters for dibromofluorescein are pKa,1 = 5.85 and
pKa,2 = 6.24. The fluorescence efficiency was found to depend on the
ionicity of the fluorone dyes [58]. In the case of fluorescein weak
fluorescence was found for the cationic form, practically no fluores-
cence was found for the neutral form; for the single-anionic form
a fluorescence quantum yield of �F = 0.37 was determined, and for
the dianionic form a fluorescence quantum yield of �F = 0.93 was
measured. In our experiments presented above we used methanol
containing 0.1 mM NaOH to shift the ionicity of the studied fluorone
dyes towards the dianionic form. In additional studies on fluo-
rescein (4,5-dibromofluorescein) in neutral methanol we obtained
luminescence quantum yields of �F = 0.75 ± 0.04 (0.61 ± 0.03), and
for fluorescein (4,5-dibromofluorescein) in methanol containing
0.1 mM HCl we determined �F = 0.53 ± 0.03 (0.12 ± 0.02). For eosin
Y, erythrosine B, and rose bengal in neutral methanol and methanol
with 0.1 mM HCl we determined the same fluorescence quantum
yield as for methanol with 0.1 mM NaOH within our experimen-
tal accuracy indicating the dominance of dianionic forms in these
cases.

In the biofilms, the ionic state of the fluorone dyes may be
guessed from the fluorescence efficiency. In chitosan the fluores-
cence quantum yield of fluorescein is nearly as high as in basic
methanol indicating the dominant presence of fluorescein in dian-
ionic form. In starch and gelatin the fluorescence efficiency of
fluorescein is reduced indicating the dominant presence of fluores-
cein in the single-anionic form. 4,5-Dibromofluorescein in chitosan
and gelatin is thought to be present in dianionic form, while in

starch the lowered fluorescence efficiency and longer radiative life-
time indicates the presence of some amount of single-anionic and
neutral form. Eosin Y, erythrosine B, and rose bengal seem to be
present in dianionic form. The fluorescence quantum yield gets
dominantly determined by the heavy atom effect.
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.2. Spin-orbit coupling (triplet formation) by bromine and
odine substituent atoms

The fluorescence lifetime (and consequently the fluorescence
uantum yield) of the investigated fluorone dyes decreased with
romine substitution and more severely with iodine substitution.
his effect is due to enhancement of singlet-triplet intersystem-
rossing (enhancement of excited-state triplet formation) by heavy
tom spin-orbit coupling [59,60]. The heavy substituent atoms per-
urb the �-electron state of the dye molecules, resulting in a mixing

f the triplet and singlet states. The strength of the coupling is gov-
rned by the atomic spin-orbit coupling factor 
k of the substituent
. The contribution to the rate of intersystem crossing is expected
o be proportional to 
2

k [27,60,61]. �k values are listed in [62]. They
re 
Br = 2450 cm−1 and 
I = 5250 cm−1.
of fluorone dyes (after [57]).

Quantum yields of triplet formation, �S1,T1 , were determined in
[25,63]. Reported values are �S1,T1 (fluorescein in ethanol) = 0.03
[63], �S1,T1 (dibromofluorescein in ethanol) = 0.33 [63], �S1,T1 (eosin
Y in methanol) = 0. [25], �S1,T1 (erythrosine B in methanol) = 0.58
[25], and �S1,T1 (rose bengal in methanol) = 0.52 [25]. The rates
of intersystem crossing are given by kS1,T1 = �S1,T1 /�F. Using the
measured �F values of this paper we calculate kS1,T1 (fluores-
cein) = 5.5 × 106 s−1, kS1,T1 (dibromofluorescein) = 9.5 × 107 s−1,
kS1,T1 (eosin Y) = 7.3 × 107 s−1, kS1,T1 (erythrosine B) = 1.3 × 109 s−1,
and kS1,T1 (rose bengal) = 8.7 × 108 s−1. The ratio of the intersystem

crossing rates is kS1,T1 (fluorescein) : kS1,T1 (dibromofluorescein) :
kS1,T1 (eosin Y) : kS1,T1 (erythrosine B) : kS1,T1 (rose bengal) =
0.058 : 1 : 0.77 : 18 : 12. The ratio of the sum of squares of the spin-
orbit coupling factors is 2
2

Br(dibromofluorecein) : 4
2
Br(eosin Y) :

4
2
Br(erythrosine B) : 4
2

Br(rose bengal) = 1 : 2 : 9.2 : 9.2. This
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omparison shows the enhancement of intersystem-crossing
ith the heavy atom mass and some dependence on the specific

ocation and mutual interaction of the heavy atoms. The chlorine
toms on the carboxy-benzene ring of rose bengal seems to lower
omewhat the rate of intersystem crossing.

.3. Comparison of fluorone dyes in biofilms and methanol

Comparative spectroscopic studies on the fluorone dyes in
iofilms and methanol were undertaken to get knowledge about
he absorption and emission behavior of these dyes in polypeptides
gelatin protein), polysaccharides (starch), and polyaminosaccha-
ides (chitosan). The knowledge of this spectroscopic behavior
s a prerequisite in the application of these fluorone dyes
n bio-labeling, biofilm sensing, and biofilm device develop-

ent.
In the biofilms the S0–S1 absorption band of the fluorone dyes

s red-shifted compared to basic methanol with the exception of
uorescein and 4,5-dibromofluorescein in starch. The absorption
trength of fluorescein in starch, 4,5-dibromofluorescein in starch,
nd rose bengal in chitosan is lowered compared to the other hosts
nd basic methanol solvent. The changes are thought to be caused
y changes of the ionicity of the dyes in the hosts. A lowering of
bsorption strength was observed for the studied fluorone dyes in
cidic methanol where the ionicity changed to single anionic and
eutral forms.

The shapes of the fluorescence spectra in the biofilms and in
asic methanol are rather similar. Phosphorescence emission was
bserved for eosin Y, erythrosine B, and rose bengal in the biofilms
t room temperature. Most efficient phosphorescence emission
ccurred for erythrosine B. In the aerobic methanol solutions no
hosphorescence was observed because of diffusion controlled
riplet state quenching by the dissolved oxygen.

The fluorescence lifetimes are not strongly different in basic
ethanol solution and in the biofilms. The lifetime is strongly influ-

nced by the atoms in the 4 and 5 position of the xanthene core.
he heavy atom fluorescence quenching by intersystem-crossing
s approximately the same for 4,5-dibromofluorescein and 2,4,5,7-
etrabromofluorescein (eosin Y) on one side and for erythrosine B
nd rose bengal on the other side.

The degree of fluorescence polarization shows the expected vis-
osity and fluorescence lifetime dependence: it is higher in solid
atrix than in solution since molecular reorientation is inhibited,

nd it rises with decreasing fluorescence lifetime since the action
ime of transition dipole moment reorientation is shortened.

. Conclusions

The absorption and emission spectroscopic behavior of fluores-
ein, dibromine fluorescein, tetrabromine fluorescein, tetraiodine
uorescein and tetrachlorine–tetraiodine fluorescein in protein
lms (gelatin), polysaccharide films (starch), polyaminosaccharide
lms (chitosan) and methanol solution was studied. The fluorone
ye behavior in liquid solutions is generally dependent on the
olvent ionicity causing absorption and emission changes with
asic, neutral, and acid solvent nature. Observed host depen-
encies in the biofilms are likely due to ionicity changes of the
uorone dyes in the different hosts. The intramolecular heavy
tom fluorescence reduction by enhanced intersystem crossing is
cting both in the biofilms and in methanol. No protein, polysac-

haride, or polyaminosaccharide specific fluorescence quenching
y photo-induced external electron transfer or proton transfer
as observed. The performed studies may give valuable informa-

ion for the application of the fluorone dyes in photo-biological
pplications.
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