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a b s t r a c t

The quenching of the excited singlet and triplet states of the synthetic dye safranine-O by low generation
PAMAM and DAB dendrimers was investigated in methanol. The rate constants for the quenching of the
excited singlet state depend on the number of primary amino groups in the dendrimer. The first-order rate
constant for the decay of the triplet state presents a downward curvature as a function of the quencher
concentration. This behavior was interpreted in terms of the reversible formation of an intermediate
complex in the excited state. From a kinetic analysis of the quenching mechanism the equilibrium constant
Kexc could be extracted. The values of Kexc may be related to the proton affinity of the quencher. The results
were interpreted in terms of a reversible proton transfer quenching. This was further confirmed by the
AMAM
AB

transient absorption spectra obtained by laser flash photolysis. The transient absorption immediately
after the triplet state quenching could be assigned to the unprotonated form of the dye. At later times the
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. Introduction

Dendrimers are molecules characterized by a highly branched
ompact structure of great regularity and they may contain a large
umber of reactive end groups. Their applications range from drug
elivery [1] to molecular encapsulation and gene therapy [2] and
uilding blocks for nanostructures [3]. Dendrimers of lower gener-
tions (0, 1, and 2) have highly asymmetric shape and possess more
pen structures as compared to higher generation dendrimers. As
he chains growing from the core molecule become longer and

ore branched, dendrimers adopt a globular structure and they
re frequently described as unimolecular micelles. Among the most
ommonly used dendrimers are poly(propyleneimine) (PPI) and
oly(amidoamine) (PAMAM) dendrimers. PPI dendrimers are also
enoted DAB-dendrimers where DAB refers to the diaminobutane
ore structure.

Recently, the use of PPI dendrimers as co-initiators in pho-
oinitiated radical polymerization, has been tested [4]. The
hotopolymerization was carried out with UV radiation employing

enzophenone and thioxanthone as sensitizers. The investiga-
ion of the structure of the resulting polymers suggested the
resence of stretched polymer chains around the dendrimer. In
nother study, macrophotoinitiators were prepared using DAB

∗ Corresponding author.
E-mail address: cprevitali@exa.unrc.edu.ar (C.M. Previtali).
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uced form of the dye. The overall process corresponds to a one-electron
by the deprotonated triplet state.

© 2008 Elsevier B.V. All rights reserved.

endrimers and thioxanthone as sensitizer in the UV [5]. These
nitiators were found suitable for use in aqueous systems. The
se of dendrimers as co-initiators seems to be promising and

t was therefore of interest to investigate the extension of their
se to the visible zone of the spectrum. We have previously

nvestigated several photoinitiating systems operating in the vis-
ble region. In particular the synthetic dye safranine-O, which
bsorbs around 500 nm, was used as sensitizer and several aliphatic
mines were employed as co-initiators (hydrogen donors) [6].
his system was found to be highly efficient for the free rad-
cal polymerization of vinyl monomers. The system was also
hown to be useful for photopolymerization in aqueous media [7]
nd the addition of a third component (diphenyliodonium salt)
mproved the efficiency of the system safranine–triethanolamine
n aqueous photopolymerization of acrylamide [8]. The deactiva-
ion mechanism of the excited states of safranine, and the related
ye phenosafranine, in the presence of aliphatic and aromatic
mines have been the subject of several studies of our group
9–11]. Therefore, it was of interest to explore the possibility
f using dendrimers as co-initiators with safranine-O as sensi-
izer.

In this paper we present the investigation of the excited

tates interactions of safranine-O with low generation dendrimers
ontaining amino terminal groups. The effect of the dendrimer
tructure on the reactivity of excited singlet and triplet states is
nvestigated by static and time-resolved spectroscopies. It is found
hat a proton transfer process is the initial reaction in the case of the

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:cprevitali@exa.unrc.edu.ar
dx.doi.org/10.1016/j.jphotochem.2008.09.018
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Scheme 1.
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riplet state, while an electron transfer process is the deactivation
rocess in the case of the excited singlet.

The structures of the dye and quenchers are shown in Scheme 1.

. Experimental

.1. Materials

Safranine-O (SfH+Cl−) was purchased from Aldrich and was used
ithout further purification. It was checked that its photophysical
roperties coincided with those reported in the literature. The den-
rimers were also from Aldrich and were obtained as methanolic
olution in the case of PAMAM generation 0 (PAMAM-G0) and gen-
ration 2 (PAMAM-G2), and in the pure form (liquid) in the case of
PI-diaminobutane, generation 1 (DAB-G1). Triethylamine (TEA),
-butylamine (BA) and triethanolamine (TEOHA) (Aldrich) were
urified by vacuum distillation. N-Acetyl-ethylenediamine (AEDA)
rom Aldrich was purified by sublimation. Methanol, HPLC grade,
as from Merck or Sintorgan.

. Measurements

Absorption spectra were recorded using a HP8453 diode array
pectrophotometer. Steady-state fluorescence experiments were
arried out with a Spex Fluorolog spectrofluorometer. Fluorescence
ifetime measurements were done with the time correlated single
hoton counting technique using Edinburgh Instruments OB-900
quipment. The fluorescence determinations were carried out with
ir-equilibrated solutions. Transient absorption spectra and triplet
uenching were determined by laser flash photolysis. A Spectron
L400 Nd:YAG laser generating 532 nm laser pulses (20 mJ per
ulse, ca. 18 ns FWHM) was the excitation source. The laser beam
as defocused in order to cover all the path length (10 mm) of the

nalyzing beam from a 150-W Xe lamp. The experiments were per-
ormed with rectangular quartz cells with right angle geometry.
he detection system comprises a PTI monochromator coupled to
Hamamatsu R666 PM tube. The signal was acquired by a digi-

izing scope (Hewlett-Packard 54504) where it was averaged and
hen transferred to a computer. All the kinetic determinations were
erformed at 20 ± 1 ◦C. For the laser photolysis experiments the
olutions were de-oxygenated by bubbling during 30 min with sol-
ent saturated high purity argon.

. Results and discussion

.1. Singlet state quenching

The visible absorption spectrum of SFH+ in MeOH consists of a
trong band at 529 nm. The spectrum did not show any change in
he presence of aliphatic amines or PAMAM and DAB dendrimers,
hus ground-state interactions can be disregarded. The fluores-
ence emission maximum is at 564 nm. It was quenched by PAMAM
nd DAB without changes of the spectral shape.

Fluorescence lifetimes were determined in the absence and the
resence of the quenchers. The lifetime of SfH+ excited singlet
as 2.60 ± 0.05 ns at room temperature (20 ◦C) in air-equilibrated
ethanolic solution. Fig. 1 shows the reciprocal of the fluores-

ence lifetime as a function of the quencher concentration. From
hese plots bimolecular quenching rate constants were determined

ccording to the following equation:

−1 = �−1
0 + 1kq[Q ] (1)

here �0 and � stand for the fluorescence lifetime in the absence
nd the presence of the quencher Q, respectively.

d
v
e
t
o

ig. 1. Dynamic quenching of SfH+ fluorescence by dendrimers and n-butylamine
n air-equilibrated methanolic solutions. (�) PAMAM-G2, (©) DAB, (�) BA.

The quenching was investigated for three low generation den-
rimers: PAMAM-G0, PAMAM-G2 and DAB-G1 and several aliphatic
mines: BA, TEA, TEOHA and AEDA. The rate constants are collected
n Table 1. It can be seen that the primary amines BA and AEDA
re the less efficient quenchers while TEOHA is the more effective.
AMAM-G0, in spite of having two tertiary nitrogen atoms and four
mino terminal groups, quenches with a rate constant similar to
hat of TEA. PAMAM-G2 has a rate constant that is only five times
arger than that of G0. This factor is close to the ratio of terminal
mino groups between PAMAM-G2 (16 groups) and PAMAM-G0 (4
roups). This means that the inner tertiary amino groups do not
ave an important contribution to the quenching. Moreover, when
ompare with BA the reactivity of both PAMAM dendrimers keeps
close relationship with the number of external primary amino

roups.
It was previously demonstrated that singlet quenching of SfH+

y aliphatic amines takes place by an electron transfer mechanism
10]. Primary aliphatic amines have a higher oxidation potential
han secondary or tertiary amines; therefore, they present a lower
eactivity. Of the amines here employed, TEOHA has the lower oxi-
ation potential and consequently the higher rate constant. The
eactivity of PAMAM-G0 and -G2 may be understood in terms of
wo factors: first, the tertiary amino groups are imbedded in the
endritic structure, and second, the amide groups produce a deac-
ivating effect of the electron donor capacity of the structure. The
atter effect is more apparent by comparing DAB-G1 with PAMAM-
0. Both dendrimers have four terminal primary and two inner

ertiary amino groups, however, DAB is twice as reactive as PAMAM-
0. The deactivating effect of the amide group is confirmed by the

ow quenching efficiency of the model compound AEDA.

.2. Triplet state quenching

The T–T transient absorption of SfH+ in MeOH presents three
ain bands at 430, 735 and 820 nm. It decays in tens of
icroseconds, mainly by self-quenching, to the semireduced and

emioxidized forms of the dye. The triplet state is efficiently
uenched by aliphatic amines [10] and it decays with a first-order
inetics. The quenching by dendrimers and the amines was inves-
igated by laser flash photolysis, following excitation of the dye at
32 nm. The kinetics of quenching was monitored by the decay of
he absorption at 820 nm. In Fig. 2 the plots of the first-order rate
onstant as a function of the quencher concentration are shown. It
an be seen that in all cases the plots present a downward curvature.

A similar effect was observed for the quenching of the related

ye phenosafranine by aliphatic amines [12]. This downward cur-
ature was ascribed to the occurrence of fast proton transfer
quilibrium in the excited state. This is further corroborated by the
ransient absorption spectra determined by laser flash photolysis
f SfH+ in the presence of the quenchers. In Fig. 3 the spectra in the
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Table 1
Rate constants for the quenching of the excited singlet and triplet states of safranine-O.

Quencher Singlet Triplet

kq (109 M−1 s−1 kdKexc (109 M−1 s−1) Kexc (M−1) kd (106 s−1)

BA 0.20 1.7 1100 ± 300 1.1
PAMAM-G0 1.3 0.55 600 ± 200 0.97
PAMAM-G2 6.8 3.2 2300 ± 200 1.5
DAB-G1 2.9 6.1 5600 ± 1000 1.09
TEA 1.3 0.8 1700 ± 500 0.47
AEDA 0.23 0.38 700 ± 300 0.51
TEOHA 4.1 0.0038a

N,N-dimethyl-aniline 12.0 5.2a

a Linear plot.
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Fig. 4. Enlargement of the region 300–500 nm of Fig. 3. Same symbols as in Fig. 3.
ig. 2. First-order decay rate constant of 3SfH+ measured at 820 nm as a function
f quencher concentration. (�) DAB, (�) PAMAM-G2, (©) BA, (�) PAMAM-G0, (�)
EDA. Solid lines calculated according to Eq. (2).

resence of PAMAM-G0 at different times after the laser pulse are
resented.

It can be seen that at the same time the absorption at 820 nm
f the monoprotonated triplet 3SfH+ decays, a new absorption at
20 nm develops; afterwards it decays and at the same time a
rowth is apparent at 460 nm. These absorptions can be ascribed
o the deprotonated triplet 3Sf (�max 420 nm) and the semireduced
orm of the dye (�max 440 nm). An enlargement of the changes
n this region is presented in Fig. 4 and the time profiles of the
bsorption are shown in Fig. 5. It can be seen that the absorption
t 410 nm grows at the same time that the 820 nm signal decays.
fterwards, the absorption at 410 nm (assigned to 3Sf) decays and

he semireduced form, absorbing at 460 nm, develops.

In Fig. 6 a comparison of the spectrum of the dye in the pres-

nce of NaOH 1 mM in MeOH and the spectrum in the presence
f PAMAM-G0 taken at an intermediate time is presented. The
pectrum with NaOH develops in less than 1 �s and is practically

ig. 3. Transient absorption spectra of SfH+ in the presence of PAMAM-G0 0.5 mM at
ifferent times. B = 2 �s, C = 5 �s, D = 10 �s, E = 20 �s, F = 30 �s, G = 40 �s, H = 50 �s,
nd I = 70 �s.

Fig. 5. Absorption profiles at 830 nm (black) 410 nm (blue) 460 nm (red) of SfH+ after
laser flash irradiation in the presence of PAMAM-G0 0.5 mM. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

Fig. 6. Transient absorption spectrum of SfH+ in the presence of NaOH 1 mM at 2 �s
after the laser pulse (�) and in the presence of PAMAM-G0 0.5 mM at 10 �s after the
laser pulse (©).
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Scheme 2.

ndistinguishable from the spectrum in the presence of PAMAM-G0
aken at 5 �s.

This is a confirmation that the initial step in the triplet quench-
ng of the dye by the dendrimer is a deprotonation reaction. At
onger times an absorption band in the region 600–700 nm ini-
ially present, decays slowly in several tens of microseconds. In this
egion all the involved species absorb, and it is difficult to separate
he absorption bands of the triplet states from that of the semire-
uced dye, but the absorption remaining after 30 �s with �max ca.
00 nm can be assigned to the semireduced form of the dye [13]. The
atter is formed when the deprotonated dye is quenched by a second

olecule of the dendrimer by a sequential electron–proton transfer
rocess. Similar behavior was observed for the other dendrimers,
AB-G0 and PAMAM-G2.

Based on these observations the triplet quenching mechanism
ay be described by the reaction sequence shown in Scheme 2. In

he scheme, the dendrimer quencher is represented by a tertiary
mine structure. Initially a fast proton transfer equilibrium in the
xcited state, most likely involving a triplet exciplex, is established.
his equilibrium is necessary in order to explain the downward
urvature in the plots of the first-order decay rate constant vs.
uencher concentration. Afterwards, the exciplex decays to the
nprotonated form of the dye, as evidenced by the transient spec-
rum in Figs. 4 and 5, which in turn undergoes an electron transfer
eaction with a second dendrimer molecule.

The last step is an electron transfer process followed by a fast in-
age proton transfer that leads to the radical in the alpha position
f the amino groups of the dendrimers. This is postulated on the
rounds of the demonstrated ability of the SfH+—aliphatic amine
ystem to initiate radical polymerization. In this case the active rad-
cal arises in the deprotonation of the amine radical cation produced
n the electron transfer quenching of the triplet state of the dye.

According to Scheme 2, the observed first-order rate constant
1 for the decay of 3SfH+ can be analyzed by Eq. (2) [12,14] where
Q] stands for the quencher concentration. Values of ki were deter-

ined by following the triplet decay at 820 nm:

1 = k0 + kdKexc[Q ]
1 + Kexc[Q ]

(2)

The value of k0 was obtained to be 7.2 × 105 s−1 from the decay
f the triplet state in the absence of the quencher. From a non-
inear least-squares analysis of the data, the equilibrium constant

and the unimolecular rate constant for the decay of the exciplex
exc

d, can be obtained, and they are collected in Table 1. The solid
ines in Fig. 2 represent the result of the fitting. It can be seen that

hile kd remains practically constant in the order of 1 × 106 s−1

he equilibrium constant changes two orders of magnitude. The

5

e

ig. 7. Quenching of the deprotonated triplet, 3Sf by PAMAM-G0 measured at
60 nm.

ndependence of kd on the quencher structure is an indication that
t corresponds to the decay of the exciplex to the free unprotonated
riplet 3S, and not to the subsequent electron transfer reaction, since
n this case a dependence with the electron donating capability
hould be expected, as it is found for the singlet quenching.

The kinetics of the last step was investigated by laser flash pho-
olysis of the safranine-O–dendrimer system in the presence of
aOH 1 mM. By following the decay of the unprotonated triplet at
60 nm as a function of dendrimer concentration the rate constants
or the electron transfer quenching of 3Sf could be determined. The
uenching process in this case corresponds to an electron transfer
rocess, and the rate constants are much lower (ca. 1 × 106 M−1 s−1)
han those for singlet quenching due to the lower energy of the
riplet state. In Fig. 7 a plot of the first-order rate constant for the
ecay of 3Sf as a function of PAMAM-G0 concentration is shown. It
an be seen that in this case a linear plot is obtained.

The values of Kexc bear a close relation with the number and
asicity of the external amino groups in the quenchers. Thus, the
igher value is for DAB which has four terminal primary amino
roups with a pKb 4.15 [15], followed by PAMAM-G2 with 16 periph-
ral primary amines with a pKb of 4.85 [16]. The trend is understood
n terms of the basicity of the peripheral primary amino groups of
he dendritic structure without participation of the interior tertiary
roups. In an experimental and theoretical study of proton bind-
ng to PAMAM dendrimers, Niu et al. [16] concluded that interior
mine groups have a smaller proton affinity compared to a single
solated amine group. TEA and BA have similar values Kexc lower
han those of DAB and PAMAM-G2, but in agreement with the trend
ince they present only one proton acceptor site. The lowest values
orrespond to PAMAM-G0 and AEDA. In the case of PAMAM-G0
he value is one-fourth that of PAMAM-G2, as expected from the
umber of basic sites if it is accepted that they have similar pro-
on affinity. In the case of AEDA the low value corresponds to a
ower proton binding constant estimated by conductivity measure-

ents.
The triplet quenching by TEOHA produces a linear plot for k1

s. TEOHA concentration, with an apparent bimolecular quenching
ate constant of 3.8 × 106 M−1 s−1. This is due to the low basicity of
his amine (pKb = 6.24) that changes the quenching mechanism to
n electron transfer process, with a rate constant as expected for
his type of reaction. On the other hand, for N,N,-dimethylaniline a
ery poor base but a good electron donor, a linear plot is obtained,
ith a rate constant of 5.2 × 109 M−1 s−1.
. Conclusions

The quenching of the excited states of safranine by low gen-
ration dendrimers follows a complex mechanism, the nature of
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hich depends on the excited state involved. The singlet state
uenching correlates with the number of external primary amino
roups in the dendrimer, and in view of the deactivating effect
f the amide moiety a direct electron transfer may be operating,
lthough the intermediacy of an exciplex, albeit highly improba-
le in polar solvents, cannot be totally excluded. A proton transfer
quilibrium mediates the triplet state quenching mechanism. After-
ards, a slower electron transfer process leads to the formation
f the semireduced dye and probably a radical of the quencher,
lthough not directly detected, as final species in the triplet quench-
ng. The origin of the differences in the quenching mechanism of
inglet and triplet states is not clear. It may be due to differences
n the pK of the excited states, or the pre-eminence of the electron
ransfer reaction in the case of the singlet due to the higher energy
f the state involved.
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