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Triplet state quenching of phenosafranine dye
by indolic compounds studied by transient
absorption spectroscopy

Martín F. Broglia, Carlos M. Previtali* and Sonia G. Bertolotti*

The interaction of the triplet state of the synthetic dye phenosafranine (3,7-diamino-5-phenylphenazi-

nium chloride) with indolic compounds of biological relevance was investigated in water by means of

laser flash photolysis. The rate constants for the triplet quenching were determined. The quenching

process may be explained by an electron transfer from the indole to the dye in its triplet state. The rate

constants present a typical dependence of an electron transfer process with the one-electron oxidation

potential of the indole. Indole-3-acetic acid and its homologous indole propionic and indole butyric acids

are the most effective quenchers with rate constants reaching the diffusion limit. Rate constants for

indole itself, tryptophan and indole-3 carboxylic acid are one order of magnitude lower. The electron

transfer nature of the quenching reaction is further confirmed by the detection of the semi-reduced form

of the dye by its transient absorption. The absorption coefficients of the transient species were estimated,

and the quantum yield of the charge separation process was determined. The efficiency of formation of

radical species is between 60 and 90% of the triplets intercepted.

1. Introduction

The photooxidation processes of indolic compounds sensi-
tized by synthetic dyes have been a subject of long standing
interest.1 Thus, the photooxidation of tryptophan (Trp) sensi-
tized by riboflavin (RF) and synthetic dyes was investigated by
Yoshimura and Ohno in 1988.2 Indole carboxylic acids have
also attracted the interest of research studies because of their
photooxidation reactions3 mainly in connection with the
environmental implication of the compounds, since they form
part of an important class of plant growth regulators. In par-
ticular indole-3-acetic acid (IAA) is the most common, natu-
rally-occurring plant hormone of the auxin class. The direct
and Rose Bengal (RB) sensitized photooxidation of IAA and its
derivatives have been investigated by Amat-Guerri et al.4,5 In
the RB sensitized reactions, they proposed a competing type I
(through direct interaction with the dye excited states) and
type II (through singlet oxygen) processes.5 The detailed mech-
anism of RF and RB sensitized photooxidation of indole-3-
acetic, -propionic (IPA) and -butyric (IBA) acids was examined.6

The rate constants of the order of 109 mol−1 dm3 s−1 were esti-
mated for the quenching of triplet excited RF by the indoles.

The incorporation and photodegradation of indole derivatives
in anionic, cationic and neutral micellar dispersions in the
presence of RF were studied by Bueno et al.7 The photo-
catalytic degradation of IAA and IBA in aqueous environments
was also reported.8

In several of these studies the importance of type I mechan-
ism in the photooxidation process was noticed.2,5,6 In the type I
mechanism the transfer of an electron, or a hydrogen atom,
occurs between the excited triplet sensitizer and the substrate,
which starts a series of radical reactions. Therefore, it is of
interest to have a deeper understanding of the excited state
interaction of sensitizers with indolic compounds. The
quenching of excited aromatic probes by indolic compounds
has been widely investigated. In homogeneous solvents the
quenching reaction takes place by electron transfer from the
indole to the excited states of the probe.9,10

We have previously reported on the excited state quenching
of the phenazinium dyes safranine-O (3,7-diamino-2,8-di-
methyl-5-phenylphenazinium chloride, SH+Cl−) and pheno-
safranine (3,7-diamino-5-phenylphenazinium chloride, PSH+Cl−)
by several compounds. The kinetics of the electron transfer
reaction of the singlet and triplet excited states of the dyes
were the subject of detailed studies by our group. In the last
few years the photochemistry of both dyes has received great
attention because of their photoredox properties.11,12 SF+ and
PSH+ were used as sensitizers in a large number of appli-
cations. In particular the employment of SH+ in some areas
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of research such as analytical,13,14 biological,15,16 solar
energy17,18 and initiation of photopolymerization19–22 was
investigated. The electrochemistry of these dyes was investi-
gated long ago by Clark and co-workers23 and more recently
the electrochromic properties of PSH+ were reported.24 PSH+

has been extensively employed as a sensitizer in energy and
electron transfer reactions in homogeneous media,25–27 in
semiconductors,28 and in polymers.29 Since the photophysics
of the dye is highly sensitive to polarity of the microenviron-
ment, phenosafranine dye has been used earlier as a probe in
micellar and polymeric media.30 The dye was also employed as
a probe in reverse micellar systems31 and its photostability in
polymer-coated semiconductors was investigated.32 The
binding of SH+ and PSH+ to DNA and polyadenylic acids was
recently investigated by Kumar et al.33 The photophysics of the
dye in different media was previously reported.25,34,35 In a pio-
neering work, Baumgartner et al.36 have studied the triplet
state properties of SH+ as a function of pH in aqueous media
using conventional flash photolysis. Previously we reported on
the quenching of PSH+ excited states by aromatic electron
donors37 and aliphatic amines in organic solvents.38 It was
found that in organic solvents the quenching by aromatics
follows an electron transfer kinetics, while for aliphatic
amines the singlet quenching rate constants depend on the
one-electron oxidation potential of the amine, but the triplet
quenching follows a mechanism with a proton transfer initial
step. In view of the interest of sensitization processes involving
indolic compounds we undertook the present study in
aqueous solution. A detailed study by laser flash photolysis of
the interaction of the triplet state of the dye with indolic com-
pounds was undertaken. Rate constants for the electron transfer
quenching and quantum yields of radicals were determined.
The quenching process may be explained by an electron trans-
fer from the indole to the dye in its triplet state followed by a
proton transfer to the semireduced form of the dye.

2. Experimental

Phenosafranine was purchased from Aldrich and was used
without further purification. It was checked that its photo-
physical properties coincided with those reported in the litera-
ture. Indole, from Sigma Chem. Co., was purified by
recrystallization. The indole-3-carboxylic acids (IAA, IPA, IBA)
from Aldrich and Tryptophan (Trp) from Sigma Chem. Co.
were used as received.

Laser flash photolysis determination was carried out with
a Spectron SL400 Nd:YAG laser generating 532 nm pulses
(∼18 ns pulse width). The laser beam was defocused in order
to cover the entire path length (10 mm) of the analyzing beam
from a 150 W Xe lamp. The experiments were performed with
rectangular quartz cells with right angle geometry. The temp-
erature of the cell holder was controlled by water circulation.
The detection system comprises a PTI (Photon Technology
International) monochromator coupled to a Hamamatsu R666
PM tube. The signal was acquired by a digitizing scope where

it was averaged and then transferred to a computer. The
solutions were purged with argon for 30 min before use.
The results were the same irrespective of argon or nitrogen
purging.

Typically, ca. 30 μM solutions of the dye were prepared in
1 mM phosphate buffer solutions at the needed pH (±0.1 unit).
In non-buffered solutions at neutral pH the latter was adjusted
by adding small aliquots of concentrated HCl or NaOH solu-
tions as necessary, after removing the residual CO2 by bub-
bling with Ar. The pH values of the solutions were monitored
before and after each experiment, and in all cases they were
unchanged. All the determinations of transient absorption
spectra in the presence of indole derivatives and quenching
experiments were carried out at neutral pH.

3. Results and discussion
3.1. Photophysics of the dye

In aqueous solution the dye presents a strong absorption with
a maximum at 520 nm. The absorption spectrum is inde-
pendent of pH in the range 2–11. It fluoresces with a
maximum at 590 nm, with a quantum yield of 0.04 and a life-
time of 0.87 ns.39 The triplet quantum yield is 0.19.39

Fig. 1 shows the transient absorption spectrum of PSH+ in
water at pH 7 at 1, 20 and 40 μs after laser flash excitation at
532 nm. It presents three bands at 785, 700 and 420 nm corres-
ponding to the T–T absorption of the monoprotonated triplet
state 3PSH+. At lower pH the main absorption corresponding
to the diprotonated form of the triplet state, 3PSH2

2+ is located
at 660 nm, while it is at 410 nm for the neutral triplet of the
dye, 3PS, observed at pH > 9. The structures of the three forms
are shown in Scheme 1.

The T–T transient absorption spectra at pH 3, 7, and 11 are
shown in Fig. 2 and the pH dependence of the three maxima
are presented in Fig. 3. Under our experimental conditions in
the quenching experiments, pH 7–8, the predominant species
is the monoprotonated triplet.

Fig. 1 Transient absorption spectrum of phenosafranine in water at
pH 7 at 1 (●), 20 (○) and 40 (▲) μs after laser flash excitation at 532 nm.
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Apparent pKs are at 3.5 and 9.5 for the acid and mono-
protonated triplets, respectively. These values reflect the effect
of the methyl substitution on the heterocyclic ring of the related
dye safranine with pKs of 7.5 and 9.2.36 In water at pH 7 the
triplet state decays by a first order process with a lifetime in
the range of 20–100 μs depending on the dye concentration. It
can be seen in Fig. 1 that after the triplet decay a long lived
absorption remains in the regions 640–670 and 400–430 nm.
This can be assigned to the combined absorption of the semi-
reduced and semioxidized forms of the dye originated in a
self-quenching reaction of the triplet by the ground state of
the dye.

3.2. Triplet quenching by indolic compounds

The triplet is efficiently quenched by the indolic compounds.
The triplet quenching rate constants (kq) were obtained from
the triplet lifetime (measured by the T–T absorption at
785 nm) as a function of the indole concentration according to

τ�1 ¼ ko þ kq½In� ð1Þ
where τ is the triplet lifetime, ko is the first order rate constant
for the triplet decay in the absence of the indole and [In] is the
analytical concentration of the quencher.

It should be noted that at the indolic compound concen-
tration in the range 0–3 mM used in the triplet quenching
experiments, singlet quenching was not observed due to the
short singlet lifetime of the dye. A representative plot of the
triplet quenching according to eqn (1) is shown in Fig. 4.
Triplet quenching rate constants are given in Table 1.

The values in Table 1 follow the expectation for an electron
transfer reaction from the indole derivative to the triplet state
of the dye. In effect, it is well known that the oxidation poten-
tial of indoles decreases with substitution by electron donating
groups on position 3 of the heterocyclic ring and increases
with electron accepting groups.40 The oxidation potential of
indole derivatives is 1.24 V for indole and tryptophan and 1.07 V
vs. SCE for 3-methyl indole.10,41 The reduction potential of
phenosafranine is 0.55 V in MeCN42 and 0.34 V in water at
pH 7 vs. NHE.44 Using the triplet energy of the dye, 1.77 eV,42,43

the reduction potential vs. SCE for the triplet state of the dye
may be estimated as −1.20 V in water. Accordingly, the electron
transfer quenching for 3-substituted indoles should be
exothermic by ca. −0.12 eV, while for indole and Trp it should

Scheme 1

Fig. 2 Transient absorption spectra of phenosafranine in water taken at
1 μs after the laser pulse at pH 3, 7 and 11.5.

Fig. 3 Initial absorbance at the maximum of the T–T transient absorp-
tion spectrum of phenosafranine as a function of pH. Absorption at
785 nm (●); absorption at 660 nm (○); absorption at 410 nm (□).
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be near thermoneutral. Therefore, it is expected that for the
carboxylic acids with a methylene substitution at position 3 of
the indole ring the rate constants reach the diffusion limit,
while for tryptophan and indole they have lower values. To our
knowledge the oxidation potential of indole-3-carboxylic acid
is not available in the literature, but due to the deactivating
effect on the heterocyclic ring of the carboxylic group, a lower
value of the quenching rate constant is expected, as it is found.

The transient absorption spectra in the presence of indole
and IAA are shown in Fig. 5 and 6, respectively. In the presence
of the indoles the long time transient absorption spectrum
differs from that in the absence of the quenchers. After the
decay of the absorption of the triplet at 785 nm, a new long
lived species remains, with absorption maxima at 650 and
410 nm. This new species can be attributed to the semireduced
dye. An enlargement of the absorption in the region
350–450 nm can be seen in the inset of Fig. 5 and in Fig. 6 for
IAA. A band at 425 nm is present at short times and it under-
goes a blue shift to 410 nm at longer times. The band at
425 nm can be ascribed to the T–T absorption while that at
410 nm corresponds to the semireduced form of the dye.44

However, the formation of the semireduced form of the dye
does not follow simple kinetics. This can be concluded from
the time profile of the absorption at different wavelengths as
illustrated in Fig. 7.

Fig. 4 First order triplet decay rate constant as a function of quencher
concentration, measured at 785 nm at neutral pH. Indole (○); Trp (■); IAA (●).

Table 1 Rate constants for the triplet quenching of phenosafranine by
indolic compounds

kq/10
9 M−1s−1

Indole 0.21
Indole-3-acetic acid 4.3
Indole-3-propionic acid 5.8
Indole-3-butyric acid 6.0
Indole-3-carboxylic acid 0.18
Tryptophan 0.68

Fig. 5 Transient absorption spectrum of phenosafranine in the pres-
ence of indole 3 mM at neutral pH taken at 1 (●), 2 (Δ) and 30 (□) μs after
the laser pulse. Inset: enlargement of the region 350–450 nm at 1 μs (●)
and 44 μs (○) after the laser pulse.

Fig. 6 Transient absorption spectrum in the presence of IAA 0.37 mM
at 0.7 μs (○) and 30 μs (●) after the laser pulse.

Fig. 7 Time profile of the absorption at 785 nm (a), 650 nm (b) and
430 nm (c) of phenosafranine in the presence of indole 3 mM.
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At the same time the absorption at 785 nm of the monopro-
tonated triplet PSH+ decays, a new species absorbing at 430 nm
is formed. Afterwards, the absorption at 430 nm decays and a
new absorption at 650 nm develops with the same kinetics.
According to Guha and Mittal45 assignment of the bands for
the semireduced forms of the related dye safranine, the species
absorbing at 430 nm corresponds to the neutral radical PSH•.
The absorption at 410 and 650 nm may be ascribed to the
diprotonated radical of the dye PSH2

•+. In the ground state the
dye molecule is in the monocationic form PSH+ in the pH range
2–11. On the other hand the one-electron reduced species, PSH•

has a higher affinity for protons and it is protonated in a fast
process taking place in the few microseconds following the
initial electron transfer step. The structure of the semireduced
species and the absorption bands are shown in Scheme 2.

The rate of formation of the radical PSH2
•+ is practically the

same as in the cases of indole and IAA, in spite of the diverse
electron transfer rate constants. Therefore it can be inferred
that the proton donor is the aqueous medium and not the
radical cation of the indolic compound as was the case in the
reaction of singlet excited anthracene with indoles.9 This
mechanism should be compared to the quenching of the dye
by aliphatic amines in a protic organic solvent. In that case the
initial step was a proton transfer interaction of the amine with
the dye in its excited triplet state. With indolic compounds,
due to its low basicity and better electron donor capability, the
initial step is an electron transfer reaction.

3.3. Determination of radical quantum yields

The fraction of triplets intercepted by the quencher Q may be
written as

f ¼ kq Q½ �
k0 þ kq Q½ � ð2Þ

The values of f are given in Table 2. In the spectra shown in
Fig. 4 and 5 f was higher than 0.9. Radical quantum yields
were obtained according to the following equation:

ΦR ¼ ΔARεT
ΔATεR

ΦT ð3Þ

Here ΔAR is the long-time absorption remaining after the
triplet decay in the presence of the indole measured at

410 nm, ΔAT is the prompt T–T transient absorption measured
at 785 nm immediately after the laser pulse, εR and εT are the
respective molar absorption coefficients and ΦT is the triplet
quantum yield in the absence of the indole derivative. The T–T
extinction coefficient at 785 nm, εT, equals 15 800 l mol−1 cm−1

from ref. 39.
In order to determine ΦR by means of eqn (3) the absorp-

tion coefficients of the radical are necessary. It was determined
by the ground state depletion (GSD) method.46 The transient
negative absorbance difference at the maximum wavelength of
the ground absorption, ΔAG, was compared with the absorp-
tion at the maximum of the spectrum of the semireduced dye,
ΔAR, with the aid of eqn (4).

εR ¼ ΔAR
ΔAG

� �
εG ð4Þ

In eqn (4) εR and εG are the molar absorption coefficients of
the radical and the ground state respectively, at the wave-
lengths of their absorbance maxima. The quantum yields
obtained in this way are given in Table 2.

We checked the values of the absorption coefficients using
N,N′-dimethylaniline as a quencher of 3PSH+. Using the GSD
method a lower limit of 7500 M−1 cm−1 and 8200 M−1 cm−1 at
650 and 410 nm, respectively, was obtained. In a pulse radio-
lysis study Mittal et al.44 reported εR = 12 600 M−1 cm−1 at
410 nm and 11 300 M−1 cm−1 at 650 nm. The errors quoted in
Table 2 reflect this difference in absorption coefficients.

From the values in Table 2 it can be seen that the indolic
compounds are particularly efficient in generating active rad-
icals in the triplet quenching of the dye. From the triplet
quantum yield of the dye (0.19) and the radical quantum
yields in Table 2 it can be concluded that, at the concen-
trations employed in our experiments, nearly 60% of the

Scheme 2

Table 2 Radical quantum yields

Concentration/mM f ΦR

Indole 3 0.93 0.17 ± 0.03
Tryptophan 1 0.96 0.14 ± 0.02
Indole-3-acetic acid 0.37 0.97 0.11 ± 0.02
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triplets intercepted by the IAA undergo complete radical separ-
ation. This amounts to more than 90% in the case of indole. It
is interesting to note that the more effective quencher, IAA, is
the less efficacious in generating radicals.

4. Conclusions

The triplet state of phenosafranine was efficiently quenched by
indolic compounds in water solution. For the indoles substi-
tuted by an aliphatic chain in position 3 the quenching rate
constants are diffusion controlled, while for indole and trypto-
phan they are one order of magnitude lower, in agreement
with their higher reduction potentials. An electron transfer
from the indole to the excited triplet of the dye was established
as the quenching mechanism. The protonated semireduced
form of the dye was the final species resulting in the quench-
ing reaction, according to:

where the proton donor is the aqueous medium.

Acknowledgements

Financial support from the Agencia Nacional de Promoción
Científica (PICT 2213/07) CONICET (PIP 2010-0284) and Uni-
versidad Nacional de Río Cuarto is gratefully acknowledged.

Notes and references

1 D. Creed, The photophysics and photochemistry of the
near UV absorbing aminoa acids-I Tryptophan and its
simple derivatives, Photochem. Photobiol., 1984, 39, 537–
562.

2 A. Yoshimura and T. Ohno, Lumiflavin-sensitized photo-
oxygenation of indole, Photochem. Photobiol., 1988, 48, 561–
565.

3 J. L. Koch, R. M. Oberlander, I. A. Tamas, J. L. Germain
and D. B. S. Ammondson, Evidence of singlet oxygen par-
ticipation in the chlorophyll-sensitized photooxidation of
indoleacetic acid, Plant Physiol., 1982, 70, 414–417.

4 F. Amat-Guerri, R. Martínez-Utrilla and M. M. C. López-
González, Direct and dye-sensitized aqueous photo-
oxidation of 3-indoleacetic acid, methyl-3-indoleacetate
and 1-methyl-3-indoleacetic acid, I: Analysis of products,
J. Photochem. Photobiol., A, 1990, 50, 361–375.

5 F. Amat-Guerri and R. Martínez-Utrilla, Direct and dye-
sensitized aqueous photo-oxidation of 3-indoleacetic acid,
methyl-3-indoleacetate and 1-methyl-3-indoleacetic acid
1-methyl-3-indoleacetic acid, II: Quantum yields and
mechamism, J. Photochem. Photobiol., A, 1990, 50, 377–387.

6 S. Miskoski and N. A. Garcia, Dark and photoinduced inter-
actions between riboflavin and indole auxins, Collect.
Czech. Chem. Commun., 1991, 56, 1838–1849.

7 C. A. Bueno, E. Silva and A. M. Edwards, Incorporation and
photodegradation of flavin and indole derivatives in
anionic, cationic and neutral micellar dispersions, J. Photo-
chem. Photobiol., B, 1999, 52, 123–130.

8 M. Qamar and M. Muneer, Comparative photocatalytic
study of two selected pesticide derivatives, indole-3-acetic
acid and indole-3-butyric acid in aqueous suspensions of
titanium dioxide, J. Hazard. Mater. B, 2005, 120, 219–227.

9 M. V. Encinas, C. M. Previtali and S. Bertolotti, Anthracene
singlet quenching by indoles in media of different
polarities: Mechanism and chemical photoreaction,
J. Chem. Soc., Faraday Trans., 1996, 92, 17–22.

10 A. I. Novaira, C. D. Borsarelli, J. J. Cosa and C. M. Previtali,
Electron Transfer Singlet Quenching and Exciplexes in the
Photoreaction of Substituted Anthracenes with Indole
Derivatives, J. Photochem. Photobiol. A, 1998, 115, 43–47.

11 S. G. Bertolotti and C. M. Previtali, The excited states
quenching of safranine T by p-benzoquinones in polar sol-
vents, J. Photochem. Photobiol., A, 1997, 103, 115–119.

12 S. D.-M. Islam, M. Fujitsuka and O. Ito, Photochemical
reactions of triplet state of safranine-T studied by transient
absorption spectroscopy in visible/near-IR regions, Phys.
Chem. Chem. Phys., 1999, 1, 3737–3742.

13 A. A. Ensafi and A. Kazemzadeh, Monitoring nitrite with
optical sensing films, Microchem. J., 2002, 72, 193–199.

14 C. Z. Huang, Y. F. Li and X. D. Liu, Determination of
nucleic acids at nanogram levels with safranine T by a res-
onance light-scattering technique, Anal. Chim. Acta, 1998,
375, 89–97.

15 Y. Cao, X. He, Z. Gao and L. Peng, Fluorescence energy
transfer between Acridine Orange and Safranine T and its
application in the determination of DNA, Talanta, 1999, 49,
377–383.

16 K. V. Ylitalo, A. Ala-Rämi, E. V. Liimatta, K. J. Peuhkurinen
and I. E. Hassinen, Intracellular Free Calcium and Mito-
chondrial Membrane Potential in Ischemia/Reperfusion
and Preconditioning, J. Mol. Cell. Cardiol., 2000, 32, 1223–1238.

17 G. D. Sharma, S. K. Sharma and M. S. Roy, Charge transfer
and photogeneration process in device consisting of safra-
nine O dye and TiO2 nano-particles, Mater. Sci. Eng., B,
2003, 100, 13–17.

18 M. Bhattacharyya, B. B. Bhowmik and P. Nandy, Photo-
chemical energy conversion in lecithin liposomes in the
presence of phenosafranin and chlorophyll, Energy, 1989,
14, 345–348.

19 C. M. Previtali, S. G. Bertolotti, M. G. Neumann, I. A. Pastre,
A. M. Rufs and M. V. Encinas, Laser Flash Photolysis of
the Photoinitiator System for Vinyl Polymerization: Safranine
T - Aliphatic Amines, Macromolecules, 1994, 27, 7454–
7458.

20 M. V. Encinas, A. M. Rufs, M. G. Neumann and C. M. Previtali,
Photoinitiated Vinyl Polymerization by Safranine T/triethanol-
amine in Aqueous Solution, Polymer, 1996, 37, 1395–1398.

21 M. L. Gómez, V. Avila, H. A. Montejano and C. M. Previtali,
A mechanistic and laser flash photolysis investigation of
acrylamide polymerization photoinitiated by the three

Paper Photochemical & Photobiological Sciences

412 | Photochem. Photobiol. Sci., 2015, 14, 407–413 This journal is © The Royal Society of Chemistry and Owner Societies 2015



component system safranine-T/triethanolamine/dipheny-
liodonium chloride, Polymer, 2003, 44, 2875–2881.

22 M. L. Gómez, H. A. Montejano, M. V. Bohórquez and
C. M. Previtali, Photopolymerization of acrylamide initiated
by the three component system safranine/triethanolamine/
diphenyliodonium chloride. The effect of aggregation of the
salt, J. Polym. Sci., Part A: Polym. Chem., 2004, 42, 4916–4920.

23 R. D. Stiehler, T. Chen and W. M. Clark, Studies on Oxi-
dation-Reduction. XVIII. Simple Safranines, J. Am. Chem.
Soc., 1933, 55, 891–906.

24 V. Ganesan, S. A. John and R. Ramaraj, Multielectro-
chromic properties of methylene blue and phenosafranine
dyes incorporated into Nafion film, J. Electroanal. Chem.,
2001, 502, 167–173.

25 K. R. Gopidas and P. V. Kamat, Photophysics and photo-
chemistry of phenosafranine dye in aqueous and aceto-
nitrile solutions, J. Photochem. Photobiol., A, 1989, 48, 291–301.

26 S. Jockusch, H.-J. Timpe, W. Schnabel and N. J. Turro,
Photoinduced Energy and Electron Transfer between
Ketone Triplets and Organic Dyes, J. Phys. Chem. A, 1997,
101, 440–445.

27 S. S. Jayanthi and P. Ramamurthy, Excited singlet state
reaction of phenosafranine with electron donors Role of
the heavy-atom effect in triplet induction, J. Chem. Soc.,
Faraday Trans., 1998, 94, 1675–1679.

28 K. R. Gopidas and P. V. Kamat, Photoelectrochemistry in
particulate systems. 11. Reduction of phenosafranin dye in
colloidal titanium dioxide and cadmium sulfide suspen-
sions, Langmuir, 1989, 5, 22–26; S. Easwaramoorthi and
P. Natarajan, Photophysical properties of phenosafranine
adsorbed on the TiO2-incorporated zeolite-Y, Microporous
Mesoporous Mater., 2005, 86, 185–190.

29 K. R. Gopidas and P. V. Kamat, Photochemistry in poly-
mers: Photoinduced electron transfer between phenosafra-
nine and triethylamine in perfluorosulfonate membrane,
J. Phys. Chem., 1990, 94, 4723–4727.

30 P. Das, A. Chakrabarty, A. Mallick and N. Chattopadhyay,
Photophysics of a cationic biological photosensitizer in
anionic micellar environments: combined effect of polarity
and rigidity, J. Phys. Chem. B, 2007, 111, 11169–11176;
P. Natarajan and C. Raja, Studies on the dynamics of poly
(carboxylic acids) with covalently bound thionine and phe-
nosafranine in dilute aqueous solutions, Eur. Polym. J.,
2005, 41, 2496–2504.

31 R. Chaudhuri, P. K. Sengupta and K. K. Rohatgi Mukherjee,
Luminescence behaviour of phenosafranin in reverse
micelles of AOT in n-heptane, J. Photochem. Photobiol., A,
1997, 108, 261–265.

32 L. Ziolkowski, K. Vinodgopal and P. V. Kamat, Photostabili-
zation of organic dyes on poly(styrenesulfonate)-capped
TiO2 Nanoparticles, Langmuir, 1997, 13, 3124–3128.

33 S. Das and G. S. Kumar, Molecular aspects on the inter-
action of phenosafranine to deoxyribonucleic acid: Model
for intercalative drug–DNA binding, J. Mol. Struct., 2008,
872, 56–63; A. Y. Khan, B. Saha and G. S. Kumar, Phenazi-
nium dyes safranine O and phenosafranine induce self-

structure in single stranded polyadenylic acid: Structural
and thermodynamic studies, J. Photochem. Photobiol., B,
2014, 132, 17–26.

34 M. F. Broglia, M. L. Gomez, S. G. Bertolotti, H. A. Montejano
and C. M. Previtali, Photophysical properties of safranine
and phenosafranine: A comparative study by laser flash
photolysis and laser induced optoacoustic spectroscopy,
J. Photochem. Photobiol., A, 2005, 173, 115–120.

35 D. Sarkar, P. Das, S. Basak and N. Chattopadhyay, Binding
interaction of cationic phenazinium dyes with calf thymus
DNA: A comparative study, J. Phys. Chem. B, 2008,
112, 9243–9249; D. Sarkar, P. Das, A. Girigoswami and
N. Chattopadhyay, Spectroscopic characterization of phena-
zinium dye aggregates in water and acetonitrile media:
Effect of methyl substitution on the aggregation pheno-
menon, J. Phys. Chem. A, 2008, 112, 9684–9691.

36 C. E. Baumgartner, H. H. Richtol and D. A. Aikens, Transi-
ent photochemistry of safranine-O, Photochem. Photobiol.,
1981, 34, 17–22.

37 M. F. Broglia, S. G. Bertolotti and C. M. Previtali, Excited
states quenching of phenosafranine dye by electron
donors, J. Photochem. Photobiol., A, 2005, 170, 261–265.

38 M. F. Broglia, S. G. Bertolotti and C. M. Previtali, Proton
and electron transfer in the excited states quenching of
phenosafranine by aliphatic amines, Photochem. Photobiol.,
2007, 83, 535–541.

39 M. F. Broglia, S. G. Bertolotti, C. M. Previtali and
H. A. Montejano, Solvatochromic effects on the fluo-
rescence and triplet–triplet absorption of phenosafranine
in protic and aprotic solvents, J. Photochem. Photobiol., A,
2006, 180, 143–149.

40 M. Colonna, L. Greci, M. Poloni, G. Marrosu, A. Trazza,
F. P. Colonna and G. Distefano, A Correlation between half-
wave and ionization potentials for indoles and inolizines,
J. Chem. Soc., Perkin Trans. 2, 1986, 1229–1231.

41 G. Merenyi, J. Lind and X. Shen, Electron transfer from
indoles, phenol and sulfite to clhorine dioxide, J. Phys.
Chem., 1988, 92, 134–137.

42 T. Shen, Z.-G. Zhao, Q. Yu and H.-J. Xu, Photosensitized
reduction of benzyl by heteroatom-containing anthracene
dyes, J. Photochem. Photobiol., A, 1989, 47, 203–212.

43 A. K. Chibisov, Kinetics of electron transfer in photochemi-
cal reactions, Prog. React. Kinet., 1984, 13, 1–61; H.-J. Timpe
and S. Neuenfeld, Photoreduction of some dyes by styrene,
J. Chem. Soc., Faraday Trans., 1992, 88, 2329–2336.

44 V. B. Gawandi, S. N. Guha, H. Mohan and J. P. Mittal,
Kinetic and redox characteristics of semireduced species
derived from phenosafranine in homogeneous aqueous
and sodium dodecyl sulfate micellar media, Int. J. Chem.
Kinet., 2002, 34, 56–66.

45 S. N. Guha and J. P. Mittal, Pulsed radiolysis study of one-
electron reduction of safranine T, J. Chem. Soc., Faraday
Trans., 1997, 93, 3647–3652.

46 R. Bonneau, I. Carmichael and G. L. Hug, Molar absorption
coefficients of transient species in solution, Pure Appl.
Chem., 1991, 63, 289–299.

Photochemical & Photobiological Sciences Paper

This journal is © The Royal Society of Chemistry and Owner Societies 2015 Photochem. Photobiol. Sci., 2015, 14, 407–413 | 413


	Button 1: 


