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Excited states quenching of phenosafranine dye by electron donors
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Abstract

The quenching of the excited singlet and triplet states of phenosafranine by aromatic amines, methoxybenzenes and triethanolamine was
investigated in acetonitrile and methanol. The rate constants for the aromatic quenchers present a typical dependence of an electron transfer
process with the one-electron redox potential of the donor. A Rehm–Weller correlation is obtained with the driving force. The fitting parameters
are very similar in both solvents. The electron transfer nature of the quenching reaction is further confirmed by the detection of the radical
cations of the quenchers and the semireduced form of the dye in laser flash photolysis experiments. The absorption coefficients of the transient
species were estimated, and the quantum yield of the charge separation process was determined.
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. Introduction

Phenosafranine, 3,7-diamino-5-phenylphenazinium chlo-
ide, (PSH+Cl−) (Scheme 1), is a synthetic dye that absorbs
trongly in the region 500–550 nm. It has been extensively
mployed as a sensitizer in energy and electron transfer re-
ctions in homogeneous media[1–3], in semiconductors[4]
nd in polymeric media[5]. The dye was also employed as
probe in reverse micellar systems[6] and its photostabil-

ty in polymer-coated semiconductors was investigated[7].
e have previously measured the quenching of the related

ye safranine by aromatics donors in methanol[8] and by
liphatic amines in organic solvents[9] and in water[10].
n electron transfer mechanism was established. These dyes
ave numerous applications as probes in organized systems
nd as sensitizer in visible light photopolymerization[11].
or the latter application the kinetics of the electron trans-

er quenching of the excited states of the dye and the yield
f radicals is of particular concern. Therefore, a systematic

nvestigation of these processes is of interest.

Here we report on the electron transfer quenchin
PSH+ excited singlet and triplet states by aromatic amineN-
heterocyclics and methoxybenzenes and an aliphatic d
triethanolamine. Bimolecular quenching rate constants
determined by time-resolved fluorescence emission in
case of the singlet state, and by laser flash photolysi
triplet quenching. Transient absorption spectra confirm
electron transfer nature of the quenching process. The
ies were carried out in a polar aprotic solvent, acetonitrile
in a protic medium, methanol. These two solvents are of
ilar macroscopic polarity and it was of interest to investig
if the differences previously found for the electron tran
kinetics in these solvents[12] were also present in this ca

2. Experimental

Phenosafranine was purchased from Aldrich and was
without further purification. It was checked that its pho
physical properties coincided with those reported in the lit
ture. The quenchers were all commercially available and
∗ Corresponding author. Tel.: +54 35 8467 6439; fax: +54 35 8467 6233.
E-mail address:cprevitali@exa.unrc.edu.ar (C.M. Previtali).

purified by standard procedures when necessary. Methanol
and acetonitrile, both HPLC grade, were from Merck or Sin-
torgan.
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Scheme 1.

Absorption spectra were recorded using a HP8453 diode
array spectrophotometer. Steady-state fluorescence experi-
ments were carried out with a Spex Fluorolog spectroflu-
orometer. Fluorescence lifetime measurements were done
with the time-correlated single photon counting technique
using Edinburgh Instruments OB-900 equipment. Transient
absorption spectra and triplet quenching were determined
by laser flash photolysis. A Spectron SL400 Nd:YAG laser
generating 532 nm laser pulses (20 mJ per pulse, ca. 18 ns
FWHM) was the excitation source. The laser beam was de-
focused in order to cover all the path lengths (10 mm) of
the analysing beam from a 150 W Xe lamp. The experiments
were performed with rectangular quartz cells with right angle
geometry. The detection system comprises a PTI monochro-
mator coupled to a Hamamatsu R666 PM tube. The signal
was acquired by a digitising scope (Hewlett-Packard 54504)
where it was averaged and then transferred to a computer. All
the kinetic determinations were performed at 20± 1◦C.

For the laser photolysis experiments the solutions were
deoxygenated by bubbling for 30 min with solvent-saturated
high-purity argon. The fluorescence quenching experiments
were carried out with air-equilibrated solutions. At the
quencher concentrations employed, the fluorescence was
quenched without changes of the spectral shape. In addition,
there were no changes in the absorption spectra of the dye.
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Fig. 1. Transient absorption spectrum taken at 2�s after the laser pulse at
532 nm of PSH+ in the absence (©) and the presence (�) of TMPD 1 ×
10−4 M in MeCN.

where�0 and� stand for the fluorescence lifetime in the ab-
sence and the presence of the quencherQ, respectively. The
lifetimes of PSH+ in air-equilibrated solution were 2.1 ns in
MeOH and 3.5 ns in MeCN.

Triplet quenching was determined by laser flash photoly-
sis. Bimolecular quenching rate constants,3kq, were obtained
from a plot of the pseudo-first-order decay rate constants of
the triplet statekobs as a function of the quencher concentra-
tions [Q] (Eq. (3)).

kobs = k0+3kq[Q] (3)

Singlet and triplet quenching rate constants are given in
Table 1.

The electron transfer nature of the quenching process was
confirmed by the transient absorption spectra in the presence
of the quencher. These spectra reveal the characteristic ab-
sorption bands of the radical cation of the quencher and the
semireduced form of the dye. Typical spectra are shown in
Figs. 1 and 2. In Fig. 1, the transient absorption spectrum
of PSH+ in the presence of tetramethylp-phenylendiamine
(TMPD) 1 × 10−4 M is shown. The triplet state of PSH+

presents two main absorption bands: 830 and 740 nm.

F at
5
i

hus, ground-state complex formation can be disregard
The quantum yield of semireduced dye was determ

y laser flash photolysis, employing the triplet yield in
bsence of quencher as relative actinometer, through E(1)

R = Φ0
T
ARεT

ATεR
(1)

here Φ0
T is the triplet quantum yield in the absence

uencher,AT the initial absorbance of the triplet in the a
ence of quencher andAR the top absorbance of the sem
uced form, measured at the wavelength of maximum ab

ion. εT andεR are the absorption coefficients of the trip
nd semireduced form, respectively.

. Results

Bimolecular quenching rate constants were determ
rom fluorescence lifetime determinations according to
2)

−1 = τ−1
0 + kq[Q] (2)
ig. 2. Transient absorption spectrum taken at 2�s after the laser pulse
32 nm of PSH+ in the absence (©) and the presence (�) of TEOA 0.01 M

n MeOH.
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Table 1
Rate constants (in units of 109 M−1 s−1) for the quenching of excited singlet and triplet states of phenosafranine by electron donors

Quencher E1/2 (V)a Singlet Triplet

MeOH MeCN MeOH MeCN

N,N,N
′
,N

′
-Tetramethylp-phenylenediamine (TMPD) 0.13 10.7 18.7 9.36 15.8

N,N,N
′
,N

′
-Tetramethyl benzidine 0.43 – 18.0 8.32 10.6

p-Anisidine 0.66 8.36 13.9 4.71 8.23
N,N

′
-Dimethylaniline 0.77 10.9 15.4 6.25 8.14

p-Toluidine 0.78 7.87 13.4 4.38 6.77
N-Methylaniline 0.82 9.84 14.2 4.50 7.35
Aniline 0.93 6.90 12 2.81 2.96
2-Methylindole 1.07 8.50 11.6 0.21 0.44
1,2,4-Trimethoxybenzene 1.12 5.53 8.99 0.04 0.50
Indole 1.2 7.42 9.89 0.0015 0.0038
1,4-Dimethoxybenzene 1.3 6.30 8.01 0.00026 0.0007
Triethanolamine 0.90 2.08 6.15 0.021 0.40

a One-electron oxidation potential in MeCN vs. SCE. References quoted in[13].

In the presence of the aromatic amine these two bands are
suppressed and two new bands at 565 and 610 nm appear.
The new bands correspond to the radical cation of TMPD•+

[14]. In this region, 650–550 nm, the semireduced form of the
dyes also absorbs. The absorption in the region 370–450 nm
can be ascribed to the difference absorption spectrum of the
semireduced dye, PSH•, by similarity with the known ab-
sorption spectrum of semireduced form of the dye safranine
[9]. Therefore, the quenching process may be described by
the electron transfer reaction.

3PSH+ + TMPD → PSH• + TMPD•+

Using the known absorption coefficient of TMPD radi-
cal cation, TMPD•+, at 610 nm (ε = 13,000 M−1 cm−1) [14]
a value ofε = 19,000 M−1 cm−1 can be estimated for the
combined absorption of the semireduced form of the dye,
PSH•, and the radical cation TMPD•+ at 430 nm. From the
known spectrum[15] of TMPD•+ and theε at the maxi-
mum, its absorption coefficient at 430 nm may be estimated
as 1000 M−1 cm−1, affording a value of 18,000 M−1 cm−1

for the absorption coefficient of the semireduced form of the
dye. According to the rate constants inTable 1and the sin-
glet lifetime of PSH+, for TMPD 1 × 10−4 M the quench-
ing of the singlet state is negligible, while more than 95%
of the triplets are quenched. The intersystem crossing quan-
t 0.06
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productφTεT of phenosafranine in acetonitrile. UsingεT =
22,000 M−1cm−1 for the dye in acetonitrile[1] 0.44 results
for the triplet yield. This figure is more in line with the values
of safranine quoted above.

With this value for the triplet yield, and the absorption
coefficients of the triplet and semireduced dye, a quantum
yield of radical formation results inΦR = 0.41 from Eq.(1).
This means an efficiency of more than 90% for the charge
separation process in the triplet state quenching of the dye by
TMPD in acetonitrile.

In Fig. 2, the effect of triethanolamine (TEOA) on the tran-
sient absorption of PSH+ in MeOH is depicted. The maxima
of the T–T spectrum are at 800 and 720 nm in this solvent.
The peak at 430 nm in assigned to the semireduced form of
the dye. InTable 2, the spectral characteristics of the transient
species are collected.

On the assumption that the only absorbing species at
430 nm is the semireduced form of the dye, the yield of
semireduced dye for the quenching by TEOA 0.01 M in
MeOH may be estimated asΦR = 0.32, assuming the pho-
tophysical parameters of the dye are the same as those in
MeCN. This corresponds to an efficiency of charge separa-
tion of 0.91. InFig. 3, the growth and decay of the absorption
at 430 nm and the triplet decay measured at 830 nm in the
presence of TEOA 1× 10−3 M in MeCN are presented. In
t n in
M on-
c hat at
4 for-
m th
t

T
A orm
o

T 20
N

um yield of phenosafranine was reported as 0.1 and
n acetonitrile and water, respectively[1]. Also, a value o
.10 was given for the dye in methanol[16]. However, thes
alues seem rather low by comparison with the closely
lar dye safranine, for which triplet quantum yields of
nd 0.34[17,18]were reported in ethanol. Therefore, we
etermined the triplet yield by the method of relative a
ometry[19]. The triplet of ZnTPP (zinc tetraphenyl po
hyrin) in benzene was employed as actinometer. The t
ield of ZnTPP was measured at 470 nm immediately
he laser pulse. Values of 7.3× 104 M−1cm−1 and 0.83 wer
sed forεT andφT of ZnTPP, respectively[20]. In this way
value of 9700 M−1cm−1 was obtained at 825 nm for t
his solvent the triplet quenching is more effective tha
eOH by a factor of 10. It must be noticed that at this c

entration the singlet is not intercepted. It can be seen t
30 nm the signal presents a fast initial growth, due to the
ation of the triplet of PSH+, and afterwards a slower grow

hat matches the decay at 830 nm.

able 2
bsorption bands (λmax in nm) of the triplet state and the semireduced f
f phenosafranine

MeOH MeCN

riplet 800, 710, 430, 320 830, 740, 440, 3
eutral radical 430 435



264 M.F. Broglia et al. / Journal of Photochemistry and Photobiology A: Chemistry 170 (2005) 261–265

Fig. 3. Transient absorption profiles of PSH+ in the presence of TEOA 1×
10−3 M in MeCN. (a) 830 nm; (b) 430 nm.

Thus, the laser flash photolysis experiments substantiate
an electron transfer quenching process. Therefore, a correla-
tion of the rate constants with the Gibbs energy change for
the overall electron transfer process,
G◦, is expected. The
latter was calculated from the redox potentials of the donor
E(D/D+) and acceptorE(A/A−), and the energyE* of the
excited state involved, with the Rhem–Weller equation[21]


G
◦ = E(D/D+) − E(A/A−) − E∗ + C (4)

whereC is the coulombic energy term. In the present case,
since in the quenching process the neutral radical of the dye is
formed, this term is negligible. The photophysical and elec-
trochemical parameters for phenosafranine are[22]: ES =
2.34 eV;ET = 1.77 eV;E(A/A−) = −0.67 V. In this way,

G◦ was estimated in MeCN and assumed to be the same in
MeOH on the basis of the similar polarity of the two solvents.
Corrections in the redox potentials for solvent change on go-
ing from acetonitrile to methanol are in the order of 0.01 V
[23]. In Figs. 4 and 5, the rate constants for the quenching
by aromatic donors are plotted versus
G◦ in MeOH and
MeCN, respectively.

In both solvents the data are well fitted (solid line) by
the Rehm–Weller mechanism (Scheme 2), whereD* andQ
stands for the excited dye and the quencher respectively.

F s a
f

Fig. 5. Singlet (©) and triplet (�) quenching rate constants in MeCN as a
function of the free energy change.

Scheme 2.

The steady-state quenching rate constant is

kq = k12

1 + k21

k23

(
k32

k30
+ 1

) (5)

introducing the Gibbs energy change for the electron transfer
process,

k23

k32
= exp

(
−
G

◦

RT

)
(6)

and

k23 = k0
23 exp

(
−
G∗

RT

)
(7)

Eq.(5) becomes:

kq = k12

1 + k21

k0
23

exp(
G∗/RT ) + k21

k30
exp(
G

◦
/RT )

(9)

In order to fit the experimental results for bimolecular
charge separation reactions, an expression of
G∗

23 that tends
asymptotically toward zero for highly negative values of

G

◦
23 is necessary; the Rehm–Weller relationship (Eq.(10))

meets this requirement.
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ig. 4. Singlet (©) and triplet (�) quenching rate constants in MeOH a
unction of the free energy change.
G
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G
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G
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1/2
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here
G* (0) is the free energy change for driving fo
0 and it is an adjustable parameter. The solid line

igs. 4 and 5are drawn using Eqs.(9) and (10)with the
tting parameters given inTable 3.
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Table 3
Fitting parameter for the quenching of excited states of PSH+ by aromatic
electron donors

MeOH MeCN

k12 (M−1s−1) 1.0× 1010 1.6× 1010

k21 (s−1) 3.0× 1010 3.0× 1010

k0
23 (s−1) 1 × 1012 1 × 1012

k30 (s−1) 1 × 109 1 × 109


G* (0) 0.2 0.2

It can be seen that in both solvents the data could be fitted
with the same parameters with the exception ofk12 corre-
sponding to the diffusional limit. A remarkable feature of the
fitting parameters is the low value ofk30, 1 × 109 s−1. This
value is two orders of magnitude lower than that proposed
in the original work of Rehm and Weller. However, in this
case it is impossible to adjust the experimental results with
a higher value. The fall off of the curve, in the region corre-
sponding to triplet quenching, is especially sensitive to the
value ofk30. This rate constant actually is the sum of at least
two processes, the back electron transfer to ground state and
the cage escape of the radicals. The first one, in the case of
triplet quenching, involves a spin inversion process, and this
may introduce a low transmission factor. On the other hand,
the cage escape is expected to have a higher value, since one
of the species is a neutral radical. Nevertheless, the results of
the efficiency of the charge separation process for the triplet
quenching are not incompatible with such a low value for the
escape rate constant, if it is assumed that the recombination
is much slower.

From the data inTable 1, it can be observed that the
quenching rate constant by TEOA is smaller than those for
aromatic quenchers like aniline orN-methylaniline with sim-
ilar redox potential. This is not an unexpected result, since it
is well known that aliphatic donors in polar solvents are poor
q ating
c
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