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ABSTRACT

The photophysical and photochemical properties of the xan-
thene dyes mercurochrome (MCr) and eosin-Y (Eos); and the
phenazine dye safranine-O (SF) are evaluated in the presence
of amino-terminated polyamidoamine (PAMAM) dendrimers
of low generations. The dendrimers produce a red shift in
the UV-vis absorption spectra of the dyes, which increases
with concentration and the size of the PAMAM molecule.
The Stern–Volmer plots of fluorescence quenching for xan-
thenic dyes present a downward curvature. It is ascribed to a
static mechanism involving a dye–dendrimer binding. A non-
linear fitting of the SV plots allows the calculation of the
binding constants. For SF, the fluorescence is only slightly
quenched by PAMAMs and the SV plots are linear. The
binding constants are in the order Kbind (SF) � Kbind

(Eos) < Kbind (MCr). The difference must be due to impor-
tant specific structural effects. A decrease in the triplet life-
time and an increase in the absorption of the semireduced
form of the dyes are observed in the presence of dendrimers.
While for the two xanthene dyes, the rate constants reach the
diffusional limit for G2 and G3, for SF they are one order of
magnitude lower. This is explained by a different quenching
mechanism of the two types of dyes.

INTRODUCTION
It is well known that the optical properties of dyes hosted in con-
straint environments as direct and reverse micelles (1), liposome
(2) or cyclodextrins (3) are very different from those in homoge-
neous media. Generally, such effects have been ascribed to the
polarity sensed by the dye in the confined surroundings, which
usually differs from that of the bulk solvent. This has led to use
dyes as fluorescent probes for imaging and disease treatment (4)
and for characterizing micro and nanoenvironments (5), which
can be used as models of biological media. Another relevant
application of confined dyes is as photoinitiating system of vinyl
polymerization, in the presence of an electron donor. Recently,
we synthesized latex nanoparticles of supercoiled polymers of

high molecular weight by means of dyes hosted in reverse
micelles (6,7).

In particular, the study and characterization of the optical
properties of dyes bonded to, or hosted in dendrimers has
become relevant. The interest lies on the potential applications of
these dye–dendrimer systems to the field of chemical sensitizing
(8), imaging (9), sensing (10), photoinduced polymerization (11)
and photodynamic therapy (12) among others. Dendrimers and
dendritic molecules are a particular class of confined environ-
ments, which behave as unimolecular micelles able to host small
molecules inside (13,14). This unique feature depends mainly on
the size of the dendrimer—so-called generation—because of the
extent of branching determines the structure conformation that
these molecules adopt in solution. For example, the first three
generations (G0-G2) of polyamidoamine (PAMAM) and poly
(propylene-amine) (POPAM) dendrimers have essentially open
structures, whereas from G4 onwards a globular-like conforma-
tion is preferred. In general, an intermediate conformation
between open and globular is assumed for G3 dendrimers (13).

Most reports on dye–dendrimer complexes refer to the xan-
thene family, which have been widely studied on the last decade.
The concept of dendritic box for Rose Bengal encapsulation
started a new subject of interest concerning this type of host/
guest associations (15). Next works showed an efficient energy
transfer from dansyl chromophores attached at the periphery of
G4 POPAM dendrimers, to Eosin-Y (Eos) hosted inside (16,17).
A series of subsequent reports accounted for detailed kinetic
study on this light-harvesting system, by means of sophisticated
time-resolved spectroscopies and molecular dynamic simulations
(18–20). Following this topic, a comparative study between fluo-
rescein, Eosin-Y and Rose Bengal hosted in POPAM dendrimers
was also reported by the same authors (21). More recently,
Dougherty et al. (22) isolated and characterized PAMAM-G5
dendrimers functionalized with two xanthene dyes at precise
ratios, for imaging purposes. However, the encapsulation of
some other dyes as phenol blue inside dendrimers was also quan-
tified by spectroscopic techniques (23). Morgan et al. (24) found
that a selective uptake occurred when quantitative solutions of
PAMAM dendrimers, nile red and phenol blue were prepared.

In order to fully exploit the capabilities of such promissory
dye–dendrimer complexes, a complete comprehension of their
photophysical and photochemical properties is necessary. How-
ever, most of the research devoted to the light induced processes
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in these systems is circumscribed to singlet excited states of the
dyes. It has not been given relevance to triplet states evaluation
although the most of sensitizing reactions occur from them. It is
also important to highlight that the moieties on the periphery and
branches of dendrimers may promote the binding with dyes
molecules even if the hosting is not possible. It is for this reason
that to investigate the interactions between small size dendrimers
and dyes is also pertinent to get insights about the driving mech-
anisms of host–guest complex formation with higher generations.
Recently, we assessed the interactions between Eos and low gen-
erations of PAMAM dendrimers in aqueous solution and found
that the extent of binding correlates with the dendrimer size (25).
The photochemical dehalogenation of Eos promoted by electron
transfer from PAMAM G0-G3 to the triplet state of the dye was
also described (26). Such interesting results led us to expand our
investigations toward the effect of higher PAMAM generations
(G3-G5) on a series of xanthene dyes (27). A selective binding
correlating with the hydrophilic–lipophilic balance of the dyes
was observed. The triplet quantum yields of the dyes were
strongly affected by the binding with dendrimers, and the high
efficiencies of radical formation obtained with all analyzed dye–
dendrimer couple suggested their potential application in the
photopolymerization field.

On the other hand, although no binding is observed the den-
drimer can still interacts with dyes in their vicinity. By quench-
ing experiments we concluded that efficient electron transfer
processes occurred from low generations of PAMAM and
POPAM dendrimers to the excited states of Safranine-O in
methanol solutions (28). To account for the effect of the periph-
eral groups of the dendrimers on the optical properties of dyes,
the singlet and triplet excited states of Safranine-O were also
evaluated in the presence of carboxyl-terminated PAMAM den-
drimers in aqueous solution (29). Despite the scarce binding
between this dye and PAMAM, high radical quantum yields
were obtained from quenching of the triplet state of the dye by
dendrimers.

Herein, we present a comparative study on the photophysical
and photochemical properties of dyes from two different families
in the presence of low generations of amino-terminated PAMAM
dendrimers. The effect of PAMAM G0-G3 on the excited states of
two anionic dyes, Eos and Mercurochrome (MCr) and a cationic
phenazine one, Safranine-O (SF) in alkaline aqueous solution, was
evaluated by absorption and fluorescence spectroscopies and laser
flash photolysis.

MATERIALS AND METHODS
The dyes Eos, MCr and SF were from Aldrich and used without further
purification. Amino-terminated PAMAM dendrimers of generations 0–3
(G0–G3) were obtained from Aldrich as a 20% methanol solution and
were used as received. Aqueous solutions were prepared with HPLC-
grade water (Sintorgan), and the pH was adjusted with a borate buffer.

Absorption spectra were recorded on a Hewlett Packard 6453E diode
array spectrophotometer. Fluorescence determinations spectra were car-
ried out with a Horiba Jobin Yvon FluoroMax-4 spectrofluorometer. A 1-
cm path length quartz cell was used in all spectroscopic assays. The con-
centrations of xanthene dyes in the solutions were calculated from the
respective molar extinction coefficients. Throughout all experiments, the
addition of dendrimers was performed using microsyringes under con-
stant stirring, such that the methanol contents in the dyes solutions were
<5%. All data were properly corrected by dilution effects. The measure-
ments were performed at least in duplicate.

Transient absorption spectra and triplet quenching were determined by
laser flash photolysis. A Spectron SL400 Nd:YAG laser generating

k = 532 nm laser pulses (20 mJ per pulse, ca. 18 ns full-width at half-
maximum) was the excitation source. The experiments were performed in
right-angle geometry. The laser beam was defocused to cover the entire
path length (10 mm) of the analyzing beam from a 150 W Xe lamp. The
detection system comprised a PTI monochromator coupled to a Hama-
matsu R666 PM tube. The signals were acquired and averaged by means
of a digital oscilloscope (DSO6012A Agilent Technologies) and then
transferred to a computer. All determinations were performed at (20 � 1)
°C, and the solutions were deoxygenated by bubbling with solvent-satu-
rated, high-purity argon.

RESULTS AND DISCUSSION

Absorption, fluorescence and binding

Mercurochrome. Absorption spectra of MCr in aqueous buffer at
pH 9 in the presence of amino-terminated PAMAM dendrimers
are shown in Figs. 1 and 2, and the spectral characteristics are
summarized in Table 1.

The dendrimers produce a red shift in the spectra. This red
shift increases with the size of the PAMAM molecules and with
its concentration. It may be estimated that the absorption maxi-
mum of the dye fully incorporated to the dendrimer is at 516 nm
based on the extrapolation of the recorded spectral data. The
changes in absorption maximum may be explained by a dye–
dendrimer association (25–27). The inset in Fig. 1 shows the
effect of the PAMAM G1 concentration on the dye absorbance
at 528 nm. Similar plots were obtained for the other dendrimers
(see Figure S1).

The absorbance changes at a given wavelength can be fitted
with an association model, assuming a 1:1 stoichiometry for the
MCr/dendrimer complex (MCrPm). A binding constant may be
written as follows:

Kbind ¼ MCrPm½ �
MCr½ � Pmf

� � ð1Þ

This assumption is reasonable because the dendrimer concen-
tration was at least 200-fold greater than that of the dye for all
generations used. Also, equivalent and independent sites were
assumed. The same assumptions have been made by other
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Figure 1. Absorption spectra of MCr as a function of polyamidoamine
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authors to determine Kbind values of PAMAM with several drugs
(30,31).

When PAMAM is added the observed absorbance in the 450–
600 nm range may be written as (25)

A ¼ Afree þ Abind ¼ ef ½MCrf � þ ebind½MCrPm�; ð2Þ

since PAMAM dendrimers do not absorb in the visible region.
In Eq. (2) ef and ebind stand for molar extinction coefficients of
free and associated dye, respectively, at the observation wave-
length. Considering Eqs. (1) and (2), the absorbance at a given
wavelength is given by

A� Ao ¼ MCro½ �Kbind De Pm½ �
1þ Kbind Pm½ � ; ð3Þ

here [MCro] is the analytical dye concentration, Ao is the absor-
bance in the absence of dendrimer; and De = ebind � ef. In this
equation, [Pm] represents the total dendrimer concentration. This
approximation is reasonable because of the excess of dendrimer
used. From plots of A-A0 at a given wavelength vs PAMAM
concentration by a nonlinear fit analysis of Eq. (3) Kbind can be
obtained. The binding constants obtained in this way are shown
in Table 2. Although some differences in the values obtained by
the different experimental techniques is apparent, they follow the
same trend and are of similar order of magnitude reflecting the
effect of the dendrimer size on the binding. It is well known that

different experimental procedures and even differences in the
treatment of the data lead to differences in the values of binding
constants (32,33).

Eosin and safranine. The absorption maximum of Eos is shifted
from 517 in pure alkaline water to 526 nm in the presence of
PAMAM-G3, while there is a smaller red shift in the fluores-
cence emission (25). The absorption spectrum of SF in the pres-
ence of PAMAM presents a very small red shift. Thus, for G2
2.6 mM, the red shift is ca. 3 nm, while for the similar concentra-
tion of the dendrimer, Eos absorption shifts by 6 nm and MCr
by 8 nm. As an example, the effect of PAMAM G3 on the
absorption spectrum of SF is presented in Fig. 3. Due to the very
small changes in the absorption spectra, the binding constants of
SF were determined by fluorescence measurements.

Fluorescence in the presence of PAMAM

Xanthene dyes. The fluorescence quenching of eosin by
PAMAM dendrimers was discussed in our previous publication
(25). From an analysis of the data, Eos-PAMAM binding con-
stants were determined and they are shown in Table 2. The other
xanthene dye investigated, MCr, fluoresces in buffer solution pH
9 with kmax = 530 nm. The emission maxima in the presence of
PAMAMs are unchanged regardless of the dendrimer size or its
concentration. However, an important quenching effect is
observed in the presence of the dendrimers. The quenching may
be explained by a static mechanism since the fluorescence life-
time (2 ns in water pH 8 ref. 34) is not affected by the
PAMAMs even at the highest concentration investigated (1 mM),
similarly to what was observed for Eos (25). The Stern–Volmer
plots present a downward curvature, which can be ascribed to
the residual emission of the dye bound to the dendrimer (Fig. 4).

The fraction of MCr molecules that are bound to the den-
drimer a can also be expressed in terms of the fluorescence
intensity as follows

a ¼ Fo� F
Fo� F� ; ð4Þ

where Fo and F stand for fluorescence intensity in the absence
and presence of dendrimer. F* is the residual emission when
hypothetically all the dye would be bonded to dendrimer. In
terms of the binding constant Kbind, the dependence of the fluo-
rescence intensity with the PAMAM concentration can be written
as follows:

F0 � F ¼ Kbind Pm½ � F0 � F�ð Þ
1þ Kbind Pm½ � : ð5Þ

Equation (5) may be rearranged to a form similar to a Stern–
Vomer plot, Fo/F (29).

F0

F
¼ 1þ Kbind Pm½ �

1þ F�=F0ð ÞKbind Pm½ � ð6Þ

In the absence of residual emission (F* = 0), Eq. (6) reduces
to Stern–Volmer equation with Kbind � KSV. A nonlinear fitting
of the SV plots allows the calculation of binding constants for
the system MCr-PAMAM, and they are collected also in
Table 2. Although differing in values, they are of the same order
of magnitude than those determined by the absorption spectra. In
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Figure 2. Normalized absorption spectrum of MCr in the presence of
different generation of polyamidoamine (PAMAM) dendrimers in buffer
pH 9. ( ) MCr in buffer. ( ) G3 (9.7 9 10�5M), ( ) G2
(5.3 9 10�5M), ( ) G1 (1.15 9 10�4M) and ( ) G0
(2.44 9 10�4M).

Table 1. Absorption maximum of mercurochrome in the presence of
polyamidoamine dendrimers in water at pH 9.

Absorption
(nm)

Buffer pH9 505
G0 2.4 9 10�4

M 506
G1 1.7 9 10�4

M 509
G2 5.3 9 10�5

M 512
G3 1.4 9 10�4

M 515
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any case, they are very much higher than those for Eos. Also in
Table 2 is included the fractional residual emission, (F*/Fo)
obtained from the nonlinear fitting of the absorbance vs PAMAM
concentration (see Figure S1). It can be seen that the residual
emission gradually decreases with the size of the PAMAMs. This
is only discernible in the cases of Eos and MCr, while for SF,
the low quenching efficiency results in linear plots that preclude
the evaluation of this quantity. This was already observed for the
case of Eos where a possible explanation is presented. This is

another example of the selectivity of PAMAMs dendrimers for
the binding of molecules consisting of the same structural skele-
ton but with different pendant groups (27).

Safranine fluorescence quenching by PAMAMs. There is a small
blue shift in the SF fluorescence spectrum caused by the
PAMAMs; thus, for G2 0.039 mM, it is ca. 2 nm. In part it may be
attributed to the small percentage of MeOH added with the den-
drimer concentrated stock solution. Nevertheless, it is known that
the fluorescence emission of SF experiences a blue shift when the
solvent polarity decreases (35). The fluorescence is only slightly
quenched by PAMAMs. Stern–Volmer plots are shown in Fig. 5.

SF fluorescence lifetime in aqueous medium is 1.1 ns (35).
Therefore, at the low molar concentrations employed the possibil-
ity of dynamic collisional quenching may be ruled out. Since SV
plots are linear, the slope may be assigned to the dye–dendrimer
binding constant. The values are shown in Table 2. It is noticeable
the very much smaller values of these constants when compared
to those of the xanthene dyes eosin and mercurochrome. This
could be explained by the positive charge of the dye and the posi-
tive surface of the dendrimers structure; since at pH 9 still 30–
40% of the terminal amino groups are protonated (36,37).

However, when similar experiments were carried out with car-
boxyl-terminated PAMAM dendrimers, the values of the binding
constants although much higher than those for full generation
PAMAMs of similar size are very much lower than those of xan-
thene dyes (29). Therefore, the effect must be ascribed to an
important specific structural effect that renders a lower affinity of
the substituted phenazine ring of Sf for the aminoamide chains
of the dendrimers. The structural selectivity of low generation
PAMAMs dendrimers toward small organic molecules is of inter-
est in relation to the use of PAMAMs as potentials agents in
drug delivery systems.

Triplet state

Mercurochrome. The effect of dendrimers on the excited triplet
state of the dyes was investigated by means of laser flash photol-
ysis. At short times, after the laser pulse at 532 nm, the differ-
ence transient absorption spectrum of MCr in buffer pH 9
presents two maxima at 370 and 555 nm that can be ascribed to
the T-T transition. The spectrum is similar to those reported for
other xanthene dyes (34). After the triplet decay, an absorption
in the region 300–500-nm remains which can be ascribed to the
simultaneous absorption of the semireduced and semioxidized
forms of the dye. This can be explained in terms of the self-
quenching reaction of the triplet state by ground state molecules.
At pH > 7 MCr exists mainly as a dication (38,39) and the
process may be written as follows:

Table 2. Binding constants and residual fluorescence from absorption spectra and fluorescence quenching at pH 9.

Polyamidoamine

Eos-Ya MCr
SF

Kbind/M
�1 F*/Fo Kbind/M

�1 F*/Fo Kbind/M
�1 (absorption data) Kbind/M

�1

G0 95 0.53 13 200 � 2000 0.54 30 000 � 4000 5.4 � 2
G1 1200 0.41 30 000 � 4000 0.33 62 000 � 5000 17 � 5
G2 5600 0.33 120 000 � 20 000 0.29 101 000 � 11 000 42 � 8
G3 14 500 0.19 260 000 � 30 000 0.08 150 000 � 30 000 142 � 20

aFrom ref. 25.
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Figure 3. Absorption and fluorescence spectra of SF in the absence
( ) and the presence ( ) of polyamidoamine (PAMAM) G3.
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3MCr¼ þMCr¼ ! MCr3�� þMCr��

The semireduced form absorbs ca. 400 nm with kmax depend-
ing on the pH and polarity of the medium, while the semioxi-
dized form is expected to absorb around 440 nm, by analogy
with other xanthene dyes (40,41). This is confirmed by the tran-
sient spectra in the presence of electron donors and acceptors
resulting by the electron transfer quenching of the triplet state.

In the presence of PAMAM, the initial transient absorption
spectrum correspond to the triplet state, while the long-lived
spectrum, after the triplet decay, presents only one band at
400 nm that may be assigned to the semireduced radical of MCr
(42), Fig. 6.

In the presence of the dendrimers, the triplet decays monoex-
ponentially. Triplet quenching rate constants (kq) were deter-
mined by triplet lifetime (measured by the T-T absorption at
570 nm) as a function of quencher concentrations according to:

s�1 ¼ s�1
0 þ kq½Pm� ð7Þ

where s and so are the triplet lifetime, in the presence and the
absence of the dendrimer, respectively, and [Pm] is the analytical
concentration of the dendrimer. Plots according to Eq. (7) are
shown in Fig. 7, and the rate constants obtained from the slopes
are shown in Table 3. At the concentrations employed in the tri-
plet quenching experiments, most of the dye molecules are free,
and the quenching process may be understood by a dynamical
mechanism. No appreciable singlet quenching takes place at
these concentrations.

Safranine. The T-T absorption of SF presents maxima at 800
and 710 nm in aqueous media. The triplet is quenching by
PAMAMs, and the plots of the decay lifetime at pH 8, measured
at 800 nm, are shown in Fig. 8. In this case, measurements were
carried out at pH 8 in order to make sure that the triplet state
corresponds to the monocationic form of the dye (43,44). The
plots show a noticeable downward curvature with the exception
of G0, which is linear. This behavior is similar to that observed
for the quenching of triplet state of the dye in methanolic solu-
tion (28). The phenomenon was explained in terms of proton

transfer equilibrium prior to the electron transfer final process
(44).

The initial slope of these plots can be taken as an approxima-
tion to the rate constant in the quenching mechanism. They are
also included in Table 3. From an analysis of the data in
Table 3, it is observed that, with the exception of the case SF-
G3, the rate constants increase with the size of the PAMAM
dendrimer. However, an important difference in the values is
apparent. While for the two xanthene dyes, the rate constants
reach the diffusion limit for G2 and G3, for safranine they are
one order of magnitude lower. Other difference is that for MCr
and eosin the rate constant is two orders of magnitude higher
than for aliphatic amines (42), whereas for safranine the values
are of the same order of magnitude. All this reflects the different
quenching mechanism of the two types of dyes. An electron
transfer process from the amino groups of the dendrimers to the
triplet state of the dye is operative in the case of both xanthene
dyes. On the other hand, the quenching of SF involves an initial
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Figure 5. Stern–Volmer plots for the fluorescence quenching of SF by
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Figure 6. Transient absorption spectrum of MCr in buffer pH 9 in the
presence of polyamidoamine (PAMAM) G2 2 9 10-5 M taken at 150 ls
after the laser pulse. Inset: Decay at 570 nm in the absence ( ) and the
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fast proton transfer step followed by a slower electron transfer
reaction. The same considerations as before, regarding possible
singlet quenching in the determination of triplet quenching rate
constants, apply in the case of SF.

Long-lived transient absorptions

The quenching mechanism of triplet Eos was discussed in ref.
26. An initial electron transfer step produces the semireduced
form of the dye, and this is followed by a debromination reaction
of the intermediates. Similarly, for the MCr, the triplet quenching
is explained by an electron transfer reaction, to yield the semire-
duced radical form of the dye.

Radical quantum yields for the quenching reaction of triplet
MCr by PAMAM dendrimers were obtained from Eq. (8)

UR ¼ DAReT
DATeR

UT

f
ð8Þ

Here DAR is the long time absorption remaining after the triplet
decay in the presence of the dendrimer measured at 390 nm, DAT

is the prompt T-T transient absorption measured at 570 nm
immediately after the laser pulse, eR and eT are the respective molar
absorption coefficients and ΦT is the triplet quantum yield in the
presence of the dendrimer. The T-T extinction coefficient at
570 nm, eT equals 6300 l mol�1 cm�1, eR = 31 000 l mol�1

cm�1 and ΦT = 0.40 from ref. 42. The fraction of triplets inter-
cepted by the quencher Q is given by

f ¼ kq½Q�
ko þ kq½Q� ð9Þ

In Fig. 9, an example of the measurements by laser flash pho-
tolysis can be seen. The quantum yields determined in this way
are presented in Table 4. The radical yields are lower than those
for the triplet quenching by aliphatic amines but of the same
order than those for the quenching of Eos triplet by PAMAM
dendrimers (26). For MCr, the yield is practically independent of
the dendrimer size, as diverse for Eos where the quantum yield
was higher for G0 than for G3. This may be related to the higher
affinity of MCr for the dendrimers of higher generation. Several
factors can account for the lower quantum yields in the triplet
quenching by dendrimers compared to those with small aliphatic
amines, and the most significant is a higher recombination of the
radicals initially formed, due to an inhibition of the escape from
the dendrimer domain. A similar phenomenon was observed in
the triplet quenching of Eos by aliphatic amines when the reac-
tants were confined in the water pool of reverse micelles (45). A
fast recombination reaction was offer as an explanation of the
very low radical yield.

Transient spectra of SF in the presence of PAMAM G0 are
shown in Fig. 10. After the typical T-T absorption with maxima
at 800 and 710 nm, the remaining spectrum presents a broad
band at 600–650 nm and a second band at 420 nm. As can be
seen in the inset, the long time spectrum is coincident with that
in basic medium and can be assigned to the deprotonated triplet
state of the dye. This is a confirmation of the quenching mecha-
nism discussed above.

A similar effect was found with dendrimers of higher genera-
tion. In Fig. 11, the transient spectra in the presence of PAMAM
G2 1 mM and that in basic media are compared. The similarity
of the spectra in the region of 570–770 nm confirms that the ini-
tial quenching process in the presence of PAMAM is proton
transfer from the triplet sate to yield the deprotonated excited
triplet of the dye.

After the initial proton transfer process, a slower electron
transfer reaction from the dendrimer to the deprotonated triplet
takes place. This is illustrated in Fig. 12 where the absorption

Table 3. Triplet quenching rate constants by polyamidoamine (PAMAM)
dendrimers. Initial slopes of 1/s vs [PAMAM] in units of M

�1s�1.

SF Eos-Y MCr

G0 5.4 9 107 6.8 9 108 2.9 9 108

G1 8.7 9 107 1.6 9 109 9.1 9 108

G2 2.8 9 108 3.7 9 109 2.6 9 109

G3 1.9 9 108 4.7 9 109 5.0 9 109

Estimated error in rate constants is �20%.
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profiles of transient species of SF after the laser pulse at 532 nm
in the presence of PAMAM G2 1 mM in buffer pH 8 are shown.

It can be seen that after the triplet decay at 800 nm, the long
time absorption in the zone of 400 nm keeps growing in the time
window explored. Since the semireduced form of the dye is
known to absorb in the region around 400 nm (46), the growing
at this wavelength is an evidence of a second slow process, the
electron transfer to the deprotonated triplet, taking place after the
initial triplet decay.

CONCLUSIONS
Polyamidoamine dendrimers produce a red shift in the UV-vis
absorption spectra of the dyes investigated. This red shift
increases with the size of the PAMAM molecules and with its
concentration. An important fluorescence quenching effect of
PAMAMs is observed for xanthene dyes. A nonlinear fitting of
the SV plots allows the calculation of binding constants. These
are higher for the system MCr-PAMAM, than for Eos-PAMAM.
On the other hand, SF fluorescence is only slightly quenched by
PAMAMs. Stern–Volmer plots are linear and from the slopes the
dye–dendrimer binding constants were obtained. These constants
are several orders of magnitude lower than those of xanthene
dyes.

Triplet–triplet absorption spectra of the dyes are recorded by
laser flash photolysis, and a decrease in the triplet lifetimes is
observed in the presence of dendrimers. At the same time, an
increase in the absorption of the semireduced form of the dyes is
observed. Rate constants for triplet quenching (3kq) are obtained,
and the rate constants reach the diffusion limit for G2 and G3
for Eos and MCR. The rate constants are two orders of magni-
tude higher than for aliphatic amines. The results are explained
by a very efficient electron transfer process from PAMAM to
xanthene dyes for all of the dye/dendrimer couples that are
evaluated.

For SF, the triplet quenching rate constants are one order of
magnitude lower that the diffusion limit and the values are of the
same order of magnitude than for aliphatic amines. The quench-
ing mechanism was explained in terms of the reversible forma-
tion of an intermediate complex in the excited state. The results
were interpreted in terms of a reversible proton transfer quench-
ing. This was further confirmed by the transient absorption spec-
tra 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 spectrum
matches the semireduced form of the dye. The overall process
corresponds to a one-electron reduction in the dye mediated by
the deprotonated triplet state.
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Table 4. Radical quantum yield in the triplet quenching of MCr by
polyamidoamine (PAMAM) dendrimers.

f [PAMAM]/M DAT DAR ΦR

Buffer pH 9 0.021 0.01 0.038
G0 0.77 1.6E-4 0.004 0.003 0.079
G1 0.55 2.2E-5 0.0085 0.0045 0.072
G2 0.87 1.9E-5 0.009 0.0052 0.053
G3 0.50 5.5E-6 0.0145 0.007 0.078
TEOAa 0.23

Estimated error in radical quantum yields is �20%. aAt 20 mM TEOA
from ref. 40.

Figure 10. Transient absorption spectra of SF in the presence of
polyamidoamine (PAMAM) G0 5 9 10�4

M. Inset: Absorption spectrum
at 40 ls ( ) and in water with added NaOH 10�4

M at 20 ls after the
laser flash ( ).
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Figure 11. Transient absorption spectra of SF in the presence of
polyamidoamine (PAMAM) G2 1 mM ( ) and NaOH 0.1 mM ( ).
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Figure 12. Decay profiles of safranine in the presence of polyami-
doamine (PAMAM) G2 1 mM at different wavelengths. 800 nm ( ),
430 nm ( ) and 400 nm ( ).
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Additional supporting information may be found online in the
Supporting Information section at the end of the article:

Figure S1. Absorption difference at specified wavelength as a
function of concentration for the different PAMAM, the solid
line is the fitting to Eq. (3) (MCr concentration ca. 4 9 10�6

M).
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