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1. Introduction

Research into dendrimers has attracted much interest due to

their unique properties, such as nanoscale size;[1] the presence
of internal cavities in which both ions and neutral molecules

can be hosted;[2] and their capacity for functionalization, which
supports the attachment of a high concentration of functional

groups on the surface, that aid in their multiple application

fields.[3] A particular class of dendrimers are polyamidoamine
(PAMAM) dendrimers, which are commercially available and

originate from an ethylenediamine core repetitively branched
with amide/tertiary amine subunits (stated as generations, Gx),

and ending in a high peripheral density of primary amine func-
tionality (complete generations) or carboxylate groups (half-

generations).

Due to the sphere-like shapes of the highest generations,
high degree of uniform functionalization, water solubility, and

high structural flexibility, PAMAM dendrimers are promising in
nanomedicine, biochemistry, and nanotechnology areas.[4] In

spite of the progressive study of biomedical applications, the
question regarding the biocompatibility of PAMAM dendrimers

still remains. It has been shown that amino-terminated PAMAM
becomes toxic at physiological pH because the amino groups
are protonated and such emerging cations can disrupt the cel-

lular membranes.[5] However, several strategies have been
adopted to minimize the toxicity of PAMAM dendrimers.[4b,5b, 6]

As a general trend, the study of interactions among den-

drimers and dyes or fluorescent probes is relevant to interpret
several processes, such as binding, host/guest complexation,

and electron or energy transfer.[7] Kline et al. observed the for-
mation of host/guest complexes between several dyes and

PAMAM dendrimers.[8] Other authors have also reported the se-

lective uptake of dyes into dendrimers.[2] However, caution
needs to be taken when using dye/dendrimer mixtures to de-

termine cellular uptake and fluorescence lifetimes, due to the
stochastic nature of the dye/dendrimer biodistribution.[9]

One attractive application of peripherally functionalized den-
drimers is as efficient light-harvesters, because the number of
terminal chromophores can be doubled with each generation.

Dansylated poly(propyleneimine) (PPI) or poly(propylene
amine) (POPAM) dendrimers are known to form occlusion com-
plexes with xanthene dyes.[2a] The emission spectrum of the
dansyl chromophore has a large overlap with the absorption

spectrum of xanthene dyes, which enables efficient energy
transfer from host to the guest.[7a,10] Because dansyl absorbs in

the UV spectral region and xanthene dyes fluoresce in the visi-

ble, such host/guest complexes might be used as tunable light
converters through the appropriate selection of guest dye.

Furthermore, the dye/dendrimer couples might find a rele-
vant application in the vinyl polymerization field, as visible-

light photoinitiating systems. This is feasible because the
amino groups of PAMAM could act as electron donors to excit-

ed states of the dyes, leading to radical species capable of ini-

tiating polymerization. For this purpose, for over a decade our
group has been studying the photophysics and -chemistry of

dyes and their interactions with electron donors or acceptors
in both homogeneous and microheterogeneous media.[11] Pre-

viously, we characterized the excited states of the dye Safrani-
ne O in the presence of PAMAM and PPI dendrimers of low

The photophysical and photochemical properties of the xan-

thene dyes Eosin Y, Erythrosin B, and Rose Bengal are evaluated

in the presence of amino-terminated polyamidoamine
(PAMAM) dendrimers of relatively high generation (G3–G5) in

alkaline aqueous solution. UV/Vis absorption and fluorescence
spectra of the dyes show bathochromic shifts, which correlate

with the size of the dendrimer. Binding constants (Kbind) are cal-
culated from absorption data. The resulting high Kbind values

indicate strong interactions between both molecules. Triplet–

triplet absorption spectra of the dyes are recorded by laser

flash photolysis, and a decrease in the triplet lifetimes is ob-

served in the presence of dendrimers. At the same time, an in-
crease in the absorption of the semireduced form of the dyes

is observed. Rate constants for triplet quenching (3kq) and radi-
cal quantum yields (FR) are obtained. 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.
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generations.[12] We concluded that dye/dendrimer associations
did not occur, and quenching experiments demonstrated that,

in this particular case, the amine dendrimers simply acted as
electron donors.

More recently, we studied the interactions between the xan-
thene dye Eosin Y (Eos) and low generations of PAMAM den-

drimers in alkaline aqueous solution.[13] The observed spectral
changes were ascribed to dye/dendrimer association and the
corresponding binding constants correlated with the size of

the dendrimer. These results, along with those from anisotropy
and time-resolved fluorescence experiments, suggested partial

encapsulation of the dye in the quasi-globular molecule of
PAMAM-G3. In a later photochemical study on this system, we
performed stationary and laser flash photolysis (LFP) experi-
ments.[14] Changes in the absorption spectra of the dye after ir-

radiation in the presence of dendrimers were ascribed to the

formation of several transient species, which could be ascribed
to semireduced and partially debrominated forms of the dye.

We inferred a quenching mechanism based on electron trans-
fer from PAMAM to the triplet state of Eos, and the corre-

sponding triplet quenching rate constants and radical quan-
tum yields were determined. From these data, we concluded

that the Eos/PAMAM couple might be a promising photoinitia-

tor of vinyl polymerization with low ecological impact.
Herein, we expand our previous work on dye/dendrimer in-

teractions, by studying comparatively the photophysical and
-chemical properties of the xanthene dyes Eos, Erythrosin B

(Ery), and Rose Bengal (RB) in the presence of amino-terminat-
ed PAMAM dendrimers of relatively higher generations (G3–

G5), in alkaline aqueous solution (Scheme 1). The absorption

and fluorescence spectra showed bathochromic shifts, which
correlated with the size of the dendrimer. The dye/dendrimer

binding constants (Kbind) were calculated; these indicated
strong interactions between both molecules. The rate con-

stants for the triplet-state quenching (3kq) and radical quantum
yields (FR) were also obtained.

2. Results and Discussion

2.1. Absorption and Fluorescence

The absorption and fluorescence spectra of Eos, Ery, and RB in

buffered aqueous solutions at pH 10 showed the typical bands
of xanthene dyes, the maximum wavelengths of which agreed

with reported data.[15] In the presence of G3, G4, and G5 gener-
ations of PAMAM dendrimers, marked redshifts were recorded

in both types of spectra for all dyes. At pH 10, the dyes are in

their unprotonated dianionic form because all have pKa values
of around 4–6.[16] Due to the presence of a large number of pri-

mary and tertiary amino groups in the structure of PAMAM
dendrimers, proper control of the pH is necessary. At pH 10, all

amino groups are fully unprotonated, and thus, all dendrimers
are uncharged.[17]

Figure 1 (top) shows the effect of generations G3–G5 on the

absorption spectra of the analyzed xanthene dyes, at the same
molar concentrations of all dendrimers. As an example, in

Figure 1 (bottom) the fluorescence emission of the dyes is
compared in the absence and presence of G5 at the same den-

drimer concentration as that used to record the absorption

Scheme 1. Structures of the xanthene dyes and amino-terminated PAMAM dendrimers.
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spectra. Table 1 provides a summary of the results from ab-
sorption and emission measurements.

The redshifts in Table 1 may be explained based on the mi-
cropolarity of the environment sensed by the dyes in the pres-

ence of dendrimers. It is known that in solvents of lower polar-

ity than that of water xanthene dyes experience bathochromic
shifts in their absorption and emission bands.[15a,18] Similar ef-

fects have been reported by associating these dyes with differ-
ent macromolecules. For example, Ery and RB showed redshifts

in the presence of aqueous micelles of the surfactants cetyltri-
methylammonium bromide (CTAB) and Triton X-100,[19] the po-
larities of which are similar to those of n-alcohols.[20] Bathochro-

mic shifts in absorption and fluorescence spectra of Eos
bonded to the interface of reverse micelles were also recorded
by our group.[11e] Analogous results were found for xanthene
dyes bonded to the proteins lysozyme and bovine serum albu-

min.[15b] In particular, the spectral changes recorded for RB
(Figure 1) resemble those reported by Lissi et al. , concerning

RB bonded to human serum albumin (HSA) in aqueous solu-
tion.[21] It is further known that the internal cavities of PPI and
PAMAM dendrimers are significantly less polar than that of

water.[22] Several studies on xanthene dyes hosted in non-

water-soluble PPI dendrimers have shown subsequent batho-
chromic shifts in the absorption and emission spectra.[2a,7a] In

our previous work, we demonstrated that the formation of
Eos/PAMAM complexes were characterized by bathochromic

shifts that correlated with the size of the dendrimer.[13] We

were able to conclude that Eos sensed a microenvironment of
polarity similar to that of 1-propanol, upon interaction with

dendrimers. Therefore, our results in Table 1 are in agreement
with aforementioned reports and may be ascribed to the for-

mation of the respective dye/dendrimer complexes.
A close examination of the results in Table 1 allows us to

infer that there are differences in the magnitude of the interac-

tions between all dye/dendrimer pairs studied. The redshifts
(Dl) in absorption for Eos were 1 and 4 nm upon going from

G3 to G5, whereas those for Ery and RB ranged between 4–10
and 8–13 nm, respectively. It can be concluded that, for a

given dye, a higher dendrimer size (generation) results in a
larger bathochromic shift at comparable PAMAM concentra-

tions. Absorption and fluorescence data in Table 1 also show
that Dl increases in the order Eos<Ery<RB, for a given gener-
ation of PAMAM. It is noteworthy that the higher Dl recorded

for Eos (in the presence of G4 or G5) is less than the lower Dl
recorded for RB (in the presence of G3). All of these results

suggest that dye/dendrimer association depends not only on
the dendrimer size, but also on dye structure.

Fluorescence spectra (Figure 1) also provide evidence of
very different interactions between dendrimers and dyes. For
example, in the presence of G5, the emission of Eos is notably

quenched and a slight redshift of 2 nm is observed, whereas
RB shows an increase in the fluorescence intensity and the

maximum wavelength is redshifted by 11 nm. Ery shows similar
behavior (but not identical) to that of RB. It was previously re-

Figure 1. Top: Absorption spectra of xanthene dyes in the absence of PAMAM (black), and in the presence of G3 (red), G4 (blue), and G5 (pink). The concen-
trations of the dyes and dendrimers were 5 and 40 mmolL@1, respectively. Bottom: Fluorescence spectra of the xanthene dyes in the absence (black) and pres-
ence (red) of G5 (40 mmolL@1).

Table 1. Absorption and fluorescence maxima wavelengths (lAmax and
lFmax , respectively), for xanthene dyes in the absence (water, pH 10) and
presence of PAMAM dendrimers (40 mmolL@1).

Dye lAmax [nm] lFmax [nm]
Water G3 G4 G5 Water G5

Eos 517 518 521 521 537 539
Ery 526 530 534 536 547 555
RB 549 557 560 562 566 577
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ported that Eos showed residual fluorescence upon association
with dendrimers, although efficient quenching occurred.[13] Ery

and RB also showed fluorescence quenching at dye/dendrimer
ratios of >1 (not shown). Therefore, the increase in fluores-

cence of Ery and RB observed in Figure 1 can be ascribed to
residual emission promoted by strong association with the

dendrimer, according to which these dyes sense a less polar
environment than that of Eos (as evidenced by larger red-

shifts).

To quantify the dye/dendrimer interactions, the absorption
data collected were analyzed based on an equilibrium model

[Eq. (1)][23] to yield the corresponding binding constants [Kbind ;
Eqs. (2) and (3)]:

Dyef þ PAMAMf Ð Complex ð1Þ

Kbind ¼
Complex½ A

Dyef½ A PAMAMf½ A ð2Þ

1
DA

¼ 1
Dye½ AKbindDe PAMAM½ Aþ

1
Dye½ ADe ð3Þ

in which the reagents in parentheses refer to their molar con-
centrations and the subscript f stands for free molecules in so-

lution. In Equation (3), DA stands for the absorbance change
promoted by the dendrimer at a given wavelength and De is

the difference in molar extinction coefficients between associ-
ated and free dyes. In the present case, the binding constants

were determined at the maximum wavelength of the differ-

ence (not shown) absorption spectra with and without
PAMAM. As an example, in Figure 2, the double reciprocal

plots, according to Equation (3), are shown for the dyes in the
presence of G5. In all cases, the data fitted well to straight

lines and values of Kbind were obtained from the respective in-
tercept/slope ratio, as summarized in Table 2.

It should be noted that to obtain Kbind, we have assumed a

1:1 complex between dye and dendrimer in all cases. It has

been reported that higher dendrimer generations, such as G4
and G5, are able to host more than one dye molecule.[2a] How-

ever, those experiments were performed in organic solvents in
which dendrimers are soluble, but xanthene dyes are insoluble.

Such experimental conditions prompt the dye to be hosted
within the dendrimer. On the other hand, if both dye and den-

drimer are water soluble as in the present work, an association

equilibrium it is expected. Moreover, at final concentration
ratios of about 1:20 (dye/G4) and 1:10 (dye/G5) used herein,

the association of more than one dye molecule per dendrimer
is extremely improbable.

Several interesting conclusions may be drawn from Table 2.

A correlation between Kbind values and the size of the dendri-
mer is observed for the three dyes studied. This trend agrees

with our previous report on the association between Eos and
low generations (G0–G3) of PAMAM dendrimers in alkaline

aqueous solution.[13] In Table 2, it is also shown that Kbind values
for dye/G5 complexes were around one order of magnitude

greater than those for dye/G3. These differences in Kbind values

reveal that stronger interactions between the dyes and the
bigger dendrimers are occurring, which could lead to the for-

mation of the host/guest complex. Many reports deal with the
inclusion of dyes inside both PAMAM and PPI dendrimers.[2a,8, 24]

In particular, G4 and G5 are assumed to be globular in solution
and their structures have inner void cavities that are capable

of accommodating small guest molecules, such as dyes.[1a,25]

Interestingly, Kbind values followed the order Eos/PAMAM<

Ery/PAMAM<RB/PAMAM for each PAMAM generation, which

suggested a certain selectivity of the dendrimers toward xan-
thene dyes. This property of dendrimers has already been pre-

viously reported by other researchers, with solvatochromic
dyes as fluorescent probes.[2b,26] In the case of xanthene dyes,
Balzani et al. demonstrated about a fourfold higher selectivity

for RB versus Eos, by means of extraction experiments with pe-
ripherally modified PPI-G4 dendrimers in dichloromethane.[2a]

They concluded that the association would be unrelated to di-
mensions of dye molecules, but strongly dependent on the pH

of the initial dye solution and particular (but not elucidated)

Figure 2. Double reciprocal plots of the absorbance change versus dendrimer molar concentration, according to Equation (3) for xanthene dyes in the pres-
ence of G5. Insets show the absorption spectra of each dye in the presence of several G5 concentrations (in mmolL@1).

Table 2. Binding constants (Kbind) for the association between the xan-
thene dyes Eos, Ery, and RB and PAMAM dendrimers of G3–G5.

Dye Kbind [10
4 Lmol@1]

G3 G4 G5

Eos 0.80:0.08 4.62:0.07 7.40:0.55
Ery 2.13:0.27 8.37:0.56 36.6:1.4
RB 4.99:0.62 9.30:0.90 41.5:0.1
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chemical properties. From later computational work, Teobaldi
et al. explained this 4:1 selectivity based on aggregation of the

dyes because the RB dimer proved to be more favorable than
that of the Eos dimer inside the PPI structure.[27] Although our

present data show a similar trend in selectivity (e.g. , Kbind-RB/G5

&6Kbind-Eos/G5), the Kbind values were obtained under experimen-

tal conditions that excluded the possibility of aggregation of
the dyes. Other authors have studied the binding interactions
in various supramolecular systems comprised by xanthene

dyes and a host (H=enzymes,[28] micelles,[29] or polyelectro-
lytes[30]), and reported the same sequence of selectivity as that
reported herein (i.e. , Eos/H<Ery/H<RB/H). They ascribed such
results to the hydrophilic–lipophilic balance of the dyes, which

depended on the amount and size of halogen atoms in their
structure. Based on this criterion, we concluded that RB would

be more strongly associated to dendrimers than that of Eos

due to more intense hydrophobic interactions.

2.2. Triplet State

The triplet excited state of xanthene dyes has a prominent role

in many applications of the dyes, such as photosensitizing and
electron-transfer processes.[16,31] To evaluate the effect of

PAMAM dendrimers on the triplet excited state of the dyes,
LFP experiments were performed. The transient absorption

spectra recorded for Eos, Ery, and RB showed two main differ-
ence absorption bands in the l=350–450 and 550–700 nm re-

gions. These absorption bands may be ascribed to the corre-

sponding triplet states of the dyes,[31a,32] which decayed with
lifetimes in the order of 70–100 ms under the experimental

conditions used herein (buffer at pH 10). A shortening of the
triplet lifetime was recorded for all dyes in the presence of
PAMAM. As an example, in Figure 3, the transient spectra of
Ery in the absence and presence of G3 (25 mmolL@1) and G5

(14 mmolL@1) are compared at several time intervals after a

laser pulse. At short times, the transient spectra in the pres-
ence of PAMAM resemble that of the dye alone, and may be

ascribed to the corresponding triplet state. At longer times,
only the absorption at l=410–420 nm remains. It is known

that in the absence of quenchers the triplet decay occurs by

self-quenching or triplet–triplet annihilation; these give rise to
the respective semireduced and semioxidized transient forms,

which absorb at l&400 and 450 nm, respectively.[32] Because
PAMAM can act as an electron donor,[12,14] the band observed

at l=410–420 nm in the presence of dendrimer may be as-
cribed to the semireduced form of the dye. An alternative

mechanism for the photochemical reaction was suggested for
a xanthene dye/polyamino sugar system, but we do not think

that it applies in the present case.[33]

The triplet decay of Ery in the presence of PAMAM shows
that there is no longer any absorption in the apparent triplet
maximum (l=570 nm), from 40 ms onwards (Figure 4). On the
other hand, it can be seen that after the triplet decays the radi-
cal absorption remains beyond several tens of microseconds.
In particular, if the dye is in the presence of G5 (Figure 4b), an

initial growth of the absorption at l=420 nm is recorded. This

can be explained by assuming a higher molar extinction coeffi-
cient of the radical than that of the triplet state at such a

wavelength. Similar spectroscopic results were recorded for
Eos and RB, but are not shown herein for simplicity.

Quenching of the triplet state of the dyes was observed in
the presence of G0 and G3, as recently reported for Eos in alka-

line aqueous solution.[14] The triplet lifetimes (3t) were obtained
from the corresponding monoexponential decays at the maxi-

mum wavelength of each triplet spectrum. The bimolecular
quenching rate constants (3kq) were evaluated according to

Equation (4):

3t@1 ¼ to
@1 þ 3kq½PAMAMA ð4Þ

in which to is the triplet lifetime in the absence of quencher

and [PAMAM] is the dendrimer molar concentration. The
Stern–Volmer plots were linear in all cases assessed (Figure 5).

Table 3 provides a summary of the 3kq values obtained from
the slopes of the plots in Figure 5, along with quenching rate

constants previously reported by our group for TEOA in aque-
ous solution.

It can be seen that a similar set of 3kq values were obtained
with each dendrimer and that the data in the presence of G3

Figure 3. Transient absorption spectra of Ery (4 mmolL@1) in the absence
(black), and the presence of G3 (25 mmolL@1; red) and G5 (14 mmolL@1; blue),
at short (a) and long (b) times after a laser pulse. Notably, different scaling in
the y axis of the two panels is due to the difference in quantum yields and
extinction coefficients between triplet and radical species.

Figure 4. Absorbance time profiles of the triplet state at l=570 nm (black)
and the radical species at l=420 nm (red) of Ery (4 mmolL@1) in the pres-
ence of a) G3 (25 mmolL@1) and b) G5 (14 mmolL@1).
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were about one order of magnitude higher than those ob-

tained with G0. A similar correlation between 3kq and dendri-
mer size was previously found with Eos by our group, and the

data in Table 3 for this dye agree with those reported.[14] Fur-
thermore, the lowest quenching rate constants obtained
herein (with G0) are around one order of magnitude higher

than those reported for the aliphatic amine TEOA.
On the other hand, in the presence of G4 and G5, qualita-

tively analogous decreases in the triplet decay times and
ground-state absorbance of the dyes were observed, within

the same ranges of dendrimer molar concentrations. As an ex-
ample, the effect of G5 on both parameters of Ery is shown in

Figure 6. According to Kbind data in Table 2, a strong association
between these globular-shaped dendrimers and the dyes
occurs. It is worth noting that the data tend to a plateau at

around 14 mmolL@1 of G5, and at this concentration the dye–
dendrimer association increases to about 80%, as estimated

from the Kbind value. Therefore, the decrease in the triplet
mean lifetimes observed in Figure 6 might be ascribed to

either the dye sensing a progressive microenvironment polarity

change or quenching from amino groups, which is promoted
by the formation of the host/guest complex.

A progressive decrease at the zero-time absorption at the
maximum of the T–T spectrum (DAT) as a function of dendri-

mer concentration was also observed for the three dyes. The
decays at the maximum wavelengths of the triplet spectra for

Eos and RB in the presence of increasing amounts of G5 are
shown in Figure 7. Figure 7 also compares the effect of G5

concentration on the ground-state absorbance at l=532 nm
(the excitation wavelength in LFP experiments) and on the DAT

of Eos and RB (see insets in Figure 7, in which both parameters
have been denoted as A for simplicity).

As it can be seen, both dyes showed markedly different re-
sults. At a concentration of G5 of about 14 mmolL@1, the DAT

value of RB diminishes slightly, whereas in the case of Eos this

parameter continues to decrease for G5 concentrations over
30 mmolL@1. On the other hand, the ground-state absorbance

of Eos at l=532 nm increases progressively, whereas it de-
creases in the case of RB due to binding with G5 (see Sec-

tion 2.1). The opposite correlation between the absorbed radia-

tion and DAT of Eos, along with significant degradation of the
dye after LFP experiments, suggest that the changes in the

triplet-state population at zero time are not promoted by dye/
dendrimer association, but by a photolysis process. This hy-

pothesis is supported by our previous findings for the photo-
bleaching of Eos in the presence of PAMAM generations G0–

Figure 5. Stern–Volmer plots for the quenching of the triplet excited state of Eos (blue), Ery (black), and RB (red) with G0 and G3 dendrimers in buffer solu-
tions at pH 10. All dye concentrations were 6 mmolL@1.

Table 3. Bimolecular quenching rate constants for the triplet state (3kq) of
the xanthene dyes with G0 and G3. The values with triethanolamine
(TEOA) were added for comparison purposes.

Dye 3kq [Lmol@1 s@1]
TEOA[a] G0 G3

Eos 4.2V107 2.8V108 2.5V109

Ery 3.8V107 2.6V108 3.5V109

RB 6.4V107 2.5V108 3.8V109

[a] Ref. [27a] .

Figure 6. Ground-state absorbance at l=526 nm (&) and triplet decay times
(*) of Ery (4 mmolL@1) as a function of G5 concentration.
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G3.[14] Figure 7 shows that, in the case of RB, qualitatively anal-

ogous descending gradients of both DAT and the ground-state
absorption are obtained. Because only slight photolysis of the

dye was observed after the laser pulses (less than 5%, data not

shown) and this trend resembles that of the triplet decay
times depicted on Figure 6, a similar interpretation of the data

based on the formation of the host/guest complex can be
given here.

To determine the generating efficiencies of the transient
species of the dyes, namely, triplet states and radicals, the cor-

responding quantum yields were evaluated in the presence of

PAMAM at concentrations sufficiently high enough to quench
the triplet decays times by over 90%. The triplet quantum

yields (FT) were determined by means of a relative actinome-
try, according to Equation (5):

ðFTeTÞDye ¼
DADye

DARef:
FTeTð ÞRef: ð5Þ

in which DA is measured at the triplet maximum wavelength

of the dyes and a reference, immediately after the laser pulse

(extrapolated at zero time), and eT is the molar extinction coef-
ficient of the triplet. An alkaline aqueous solution of each xan-

thene dye in the absence of PAMAM was selected as a refer-
ence, the eT and FT parameters of which were previously de-

termined by our group.[31a]

To calculate the FT values from Equation (5), the ground-

state depletion method was used to obtain the corresponding
eT values.

[34] According to this technique, the transient negative

difference absorbance at the maximum wavelength of the
ground absorption (DAG) was compared with the absorption at

the maximum of the T–T spectrum of the dyes (DAT) with the
aid of Equation (6):

eT ¼
DAT

DAG
eG ð6Þ

In Equation (6), eG is the molar extinction coefficient of the

ground state at the maximum wavelength of absorbance. Be-
cause bleaching in the narrow region near to the ground-state

maximum is very similar, but not identical, to the ground-state

absorption, the eT values determined in this way should be
considered as upper-limit values because there could be a

small positive contribution of the triplet state to the absorp-
tion in the l=500–550 nm region.

To assess the radical-generating efficiencies of each dye/den-
drimer couple, radical quantum yields (FR) were also estimated

by relative actinometry, similarly to FT calculations [see Eq. (5)] .

In this case, the absorption remaining after total triplet decay
(beyond 100 ms) in the presence of dendrimers measured at l

&410–420 nm (DAR) was used in the left term in Equation (5).
The molar extinction coefficient of radical species (eR) were de-

termined by the ground-state depletion method, as previously
mentioned for eT [see Eq. (6)] . Here, DAG was compared with

Figure 7. Decays of the triplet state of Eos at l=580 nm (left) and of RB at l=590 nm (right) in the presence of several G5 concentrations. Insets: Absorbance
of the ground state at l=532 nm (black) and DAT (red) as a function of the same G5 concentrations as that of the decays. Both parameters were normalized
by dividing by the corresponding value in the absence of dendrimer (Ao).

Table 4. Triplet (FT) and radical (FR) quantum yields of xanthene dyes
(Eos, 10 mmolL@1; Ery, 4 mmolL@1; and RB, 7 mmolL@1) in the presence of
PAMAM dendrimers (G0, 250 mmolL@1; G3 25 mmolL@1; and G5,
14 mmolL@1). The corresponding data in water were added for compari-
son purposes.

Dye FT FR
[b]

Eos

H2O 0.61[a] 0.25[c]

G0 0.44 0.17
G3 0.32 0.09
G5 0.19 0.08

Ery

H2O 0.97[a] 0.15[c]

G0 &1 0.08
G3 0.84 0.11
G5 0.60 0.14

RB

H2O 0.93[a] 0.15[c]

G0 0.79 0.07
G3 0.56 0.06
G5 0.72 0.12

[a] From Ref. [27a] . [b] Error estimated to be :10%. [c] 20 mmolL@1 TEOA
(Ref. [27a]).
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the absorption at the maximum of the spectrum of the semire-
duced dye (DAR) with the aid of Equation (6). Table 4 provides

a summary of the data obtained, along with FT and FR previ-
ously reported for alkaline aqueous solutions of the respective

dyes.
Table 4 shows that FT values of the xanthene dyes in the

presence of PAMAM were lower than those corresponding to
an aqueous solution free from dendrimers. As discussed
above, such differences might be explained by either photoly-

sis or association processes. Other authors have estimated a re-
duction of around 50% in the FT value of RB bound to HSA
protein, with respect to its value in solution.[21] Because lasting
photolysis of the dye was not observed, they ascribed such re-

sults to other unknown processes from the triplet state, which
slowly relax to the ground state. Another possible cause that

could contribute to the lowering of FT is a fast singlet excited-

state relaxation competing with intersystem crossing, as sug-
gested by Aumanen et al.[7a,10] These authors were able to

detect such fast relaxation from deactivation pathways of xan-
thene dyes hosted inside of PPI dendrimers, by working on the

sub-picosecond timescale. They estimated FT&0.6–0.7 for RB
hosted in PPI dendrimers (&30% lower than in water) ; this

agrees with our result.

At a glance, the FR values (Table 4) do not seem to correlate
with the magnitude of dye/dendrimer association (Table 2).

However, care must be taken upon analyzing the FR values be-
cause radicals originate from the triplet states and the efficien-

cies formation (FT) of these transient species are dependent
on the dye/dendrimer couple type. By analyzing both parame-

ters together (i.e. , FR/FT ratio), it can be seen that almost

twice the conversion of triplet to radical was obtained with
Eos (&30–40%) relative to those with Ery or RB (&10–20%).

From Kbind data, it can be calculated that, at the dendrimer con-
centrations used in the LFP experiments, the association

extent of Eos (&40%) is about half of that corresponding to
Ery and RB (&80%). Because a more strongly associated dye/

dendrimer complex would be more difficult to separate into

radicals, back recombination would be favored in the case of
Ery and RB (so reducing the net formation of radicals). Further-
more, it is interesting to note that the higher FR values ob-
tained herein are similar to those previously reported by our

group with TEOA as a quencher, which is proven to be an effi-
cient electron donor.[31a] Data in Table 4 also show that all FR

values were higher than those found for Eos/TEOA in reverse
micelles of sodium bis(2-ethylhexyl) sulfosuccinate (AOT; FR=

0.006) and benzylhexadecyldimethylammonium chloride

(BHDC; FR=0.024),[11e] which have been successfully used as
photoinitiating systems of vinyl polymerization to obtain latex

nanoparticles.[31b]

3. Conclusions

We demonstrated how the photophysical properties of xan-

thene dyes were modified in the presence of G3–G5 PAMAM
dendrimers, in buffer solutions at pH 10. From binding analy-

ses, it was concluded that the magnitude of such changes cor-
related with dendrimer size, and these results agreed with our

previous studies on Eos/PAMAM interactions. We observed cer-
tain selectivity in the binding between the dendrimers and the

dyes assessed, which was ascribed to the hydrophilic-lipophilic
balance of the dyes, and might be interesting and useful to

study various applications, such as contaminant extraction,
host/guest systems, and drug delivery.

The triplet quantum yields obtained for the dyes in the pres-
ence of PAMAM were lower than those in water. The interpre-
tation of these results was complex because FT values were

dependent on dendrimer concentration, but photolysis and
host/guest complex formation processes were suggested. Also,
the radical quantum yields were in the order of, or higher
than, those previously reported with typical dye/amine couples
in both aqueous and microheterogeneous media. Data
showed an inverse correlation between association extent and

efficiency of radical formation, which would allow the selection

of the appropriate acceptor/donor pair for specific applica-
tions. For example, these results suggested that xanthene dye/

PAMAM combinations might be used in electron-transfer reac-
tions, such as photoinitiating systems of vinyl polymerization,

with low ecological impact ; a topic that is currently being ex-
plored by our group.

Experimental Section

Xanthene dyes Eos, Ery, and RB and amino-terminated PAMAM
dendrimers of several generations in methanol (G0 and G3 20%,
G4 10%, and G5 5%) were purchased from Aldrich and used with-
out further purification. Solutions of dendrimers were properly di-
luted with HPLC-grade methanol (Sintorgan), as necessary. Aque-
ous solutions were prepared with HPLC-grade water (Sintorgan)
and were adjusted to pH 10 with analytical-grade buffer (HCO3

@/
OH@).

Absorption spectra were recorded on a Hewlett Packard 6453E
diode array spectrophotometer. Emission spectra were measured
with a Horiba Jobin Yvon FluoroMax-4 spectrofluorometer. A 1 cm
path length quartz cuvette was used in all spectroscopic assays. In
absorption measurements, the absorbances were adjusted by
about 0.3–0.6 at the respective maximum wavelengths, and about
0.05 at excitation wavelengths for emission experiments. The con-
centrations of xanthene dyes in the solutions were calculated from
the respective molar extinction coefficients (el), which were experi-
mentally obtained by absorption spectroscopy, according to
the Lambert–Beer law (e517=91100 Lmol@1cm@1; e526=
98000 Lmol@1cm@1, and e549=101300 Lmol@1cm@1 for Eos, Ery, and
RB, respectively). Throughout all experiments, the addition of den-
drimers was performed by using microsyringes under constant stir-
ring, such that the methanol contents in the dyes solutions were
<5%. There were no changes in the spectra attributed to this ad-
ditional methanol, as verified through blank tests. All data were
properly corrected by dilution effects. The measurements were
performed at least in duplicate.

Transient absorption spectra and triplet quenching were deter-
mined by LFP. A Spectron SL400 Nd:YAG laser generating l=
532 nm laser pulses (20 mJ per pulse, ca. 18 ns full-width at half-
maximum) was the excitation source. The experiments were per-
formed in a 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 mon-
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ochromator coupled to a Hamamatsu R666 PM tube. The signals
were acquired and averaged by means of a digital oscilloscope
(DSO6012A Agilent Technologies) and then transferred to a com-
puter. All photolysis determinations were performed at (25:1) 8C,
and the solutions were deoxygenated by bubbling with solvent-sa-
turated, high-purity argon.
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4207; b) P. K. Maiti, T. Çagın, S.-T. Lin, W. A. Goddard, Macromolecules
2005, 38, 979–991.

[18] a) M. A. Rauf, J. P. Graham, S. B. Bukallah, M. A. S. Al-Saedi, Spectrochim.
Acta Part A 2009, 72, 133–137; b) M. Chakraborty, A. K. Panda, Spectro-
chim. Acta Part A 2011, 81, 458–465.

[19] B. B. Bhowmik, P. Ganguly, Spectrochim. Acta Part A 2005, 61, 1997–
2003.

[20] K. A. Zachariasse, P. Nguyen Van, B. Kozankiewicz, J. Phys. Chem. 1981,
85, 2676–2683.

[21] E. Alarcon, A. M. Edwards, A. Aspee, C. D. Borsarelli, E. A. Lissi, Photo-
chem. Photobiol. Sci. 2009, 8, 933–943.

[22] a) G. Pistolis, A. Malliaris, C. M. Paleos, D. Tsiourvas, Langmuir 1997, 13,
5870–5875; b) D. L. Richter-Egger, J. C. Landry, A. Tesfai, S. A. Tucker, J.
Phys. Chem. A 2001, 105, 6826–6833; c) G. Pistolis, A. Malliaris, Langmuir
2002, 18, 246–251.

[23] H. A. Benesi, J. H. Hildebrand, J. Am. Chem. Soc. 1949, 71, 2703–2707.
[24] D. L. Richter-Egger, A. Tesfai, S. A. Tucker, Anal. Chem. 2001, 73, 5743–

5751.
[25] T. Li, K. Hong, L. Porcar, R. Verduzco, P. D. Butler, G. S. Smith, Y. Liu, W.-R.

Chen, Macromolecules 2008, 41, 8916–8920.
[26] K. K. Kline, S. A. Tucker, J. Phys. Chem. A 2010, 114, 7338–7344.
[27] G. Teobaldi, M. Melle-Franco, F. Zerbetto, J. Chem. Theory Comput. 2005,

1, 194–200.
[28] T. N. Kirillova, M. A. Gerasimova, E. V. Nemtseva, N. S. Kudryasheva, Anal.

Bioanal. Chem. 2011, 400, 343–351.
[29] D. S. Pellosi, B. M. Estev¼o, J. Semensato, D. Severino, M. S. Baptista,

M. J. Politi, N. Hioka, W. Caetano, J. Photochem. Photobiol. A 2012, 247,
8–15.

[30] E. Slyusareva, M. Gerasimova, V. Slabko, N. Abuzova, A. Plotnikov, A.
Eychmeller, Chemphyschem 2015, 16, 3997–4003.

[31] a) M. V. Encinas, A. M. Rufs, S. G. Bertolotti, C. M. Previtali, Polym. 2009,
50, 2762–2767; b) E. Arbeloa, G. Porcal, S. Bertolotti, C. Previtali, Colloid
Polym. Sci. 2015, 293, 625–632.

[32] A. Seret, A. Van de Vorst, J. Phys. Chem. 1990, 94, 5293–5299.
[33] E. A. Slyusareva, A. G. Sizykh, M. A. Gerasimova, V. V. Slabko, S. A. Mysli-

vets, Quantum Electron. 2012, 42, 687.
[34] R. Bonneau, I. Carmichael, G. L. Hug Pure Appl. Chem. 1991, 63, 289–

299.

Manuscript received: November 30, 2017
Accepted manuscript online: January 8, 2018
Version of record online: February 19, 2018

ChemPhysChem 2018, 19, 934 – 942 www.chemphyschem.org T 2018 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim942

Articles

https://doi.org/10.1002/anie.199001381
https://doi.org/10.1002/anie.199001381
https://doi.org/10.1002/anie.199001381
https://doi.org/10.1002/anie.199001381
https://doi.org/10.1002/ange.19901020204
https://doi.org/10.1002/ange.19901020204
https://doi.org/10.1002/ange.19901020204
https://doi.org/10.1039/B917370F
https://doi.org/10.1039/B917370F
https://doi.org/10.1039/B917370F
https://doi.org/10.1021/cr2000724
https://doi.org/10.1021/cr2000724
https://doi.org/10.1021/cr2000724
https://doi.org/10.1021/cr2000724
https://doi.org/10.1016/S0040-4020(01)01094-8
https://doi.org/10.1016/S0040-4020(01)01094-8
https://doi.org/10.1016/S0040-4020(01)01094-8
https://doi.org/10.1366/000370206777412095
https://doi.org/10.1366/000370206777412095
https://doi.org/10.1366/000370206777412095
https://doi.org/10.1021/cr900327d
https://doi.org/10.1021/cr900327d
https://doi.org/10.1021/cr900327d
https://doi.org/10.1016/j.progpolymsci.2013.07.005
https://doi.org/10.1016/j.progpolymsci.2013.07.005
https://doi.org/10.1016/j.progpolymsci.2013.07.005
https://doi.org/10.1016/j.biomaterials.2013.11.026
https://doi.org/10.1016/j.biomaterials.2013.11.026
https://doi.org/10.1016/j.biomaterials.2013.11.026
https://doi.org/10.1016/j.progpolymsci.2014.08.002
https://doi.org/10.1016/j.progpolymsci.2014.08.002
https://doi.org/10.1016/j.progpolymsci.2014.08.002
https://doi.org/10.1016/j.progpolymsci.2014.08.002
https://doi.org/10.1021/cr500542t
https://doi.org/10.1021/cr500542t
https://doi.org/10.1021/cr500542t
https://doi.org/10.1016/j.commatsci.2017.05.020
https://doi.org/10.1016/j.commatsci.2017.05.020
https://doi.org/10.1016/j.commatsci.2017.05.020
https://doi.org/10.1016/j.taap.2010.08.016
https://doi.org/10.1016/j.taap.2010.08.016
https://doi.org/10.1016/j.taap.2010.08.016
https://doi.org/10.1016/j.taap.2010.08.016
https://doi.org/10.1016/j.ijpharm.2010.04.027
https://doi.org/10.1016/j.ijpharm.2010.04.027
https://doi.org/10.1016/j.ijpharm.2010.04.027
https://doi.org/10.1039/C1NJ20489K
https://doi.org/10.1039/C1NJ20489K
https://doi.org/10.1039/C1NJ20489K
https://doi.org/10.1039/c0cs00097c
https://doi.org/10.1039/c0cs00097c
https://doi.org/10.1039/c0cs00097c
https://doi.org/10.1016/j.cplett.2011.10.061
https://doi.org/10.1016/j.cplett.2011.10.061
https://doi.org/10.1016/j.cplett.2011.10.061
https://doi.org/10.1002/chem.201304854
https://doi.org/10.1002/chem.201304854
https://doi.org/10.1002/chem.201304854
https://doi.org/10.1016/j.talanta.2009.01.051
https://doi.org/10.1016/j.talanta.2009.01.051
https://doi.org/10.1016/j.talanta.2009.01.051
https://doi.org/10.1016/j.talanta.2009.01.051
https://doi.org/10.1021/bc5005735
https://doi.org/10.1021/bc5005735
https://doi.org/10.1021/bc5005735
https://doi.org/10.1021/bc5005735
https://doi.org/10.1016/j.cplett.2006.11.034
https://doi.org/10.1016/j.cplett.2006.11.034
https://doi.org/10.1016/j.cplett.2006.11.034
https://doi.org/10.1016/j.dyepig.2008.05.014
https://doi.org/10.1016/j.dyepig.2008.05.014
https://doi.org/10.1016/j.dyepig.2008.05.014
https://doi.org/10.1016/j.jphotochem.2011.10.014
https://doi.org/10.1016/j.jphotochem.2011.10.014
https://doi.org/10.1016/j.jphotochem.2011.10.014
https://doi.org/10.1016/j.jphotochem.2011.01.018
https://doi.org/10.1016/j.jphotochem.2011.01.018
https://doi.org/10.1016/j.jphotochem.2011.01.018
https://doi.org/10.1016/j.jphotochem.2011.01.018
https://doi.org/10.1039/C1PP05252G
https://doi.org/10.1039/C1PP05252G
https://doi.org/10.1039/C1PP05252G
https://doi.org/10.1016/j.jphotochem.2012.11.003
https://doi.org/10.1016/j.jphotochem.2012.11.003
https://doi.org/10.1016/j.jphotochem.2012.11.003
https://doi.org/10.1016/j.jphotochem.2012.11.003
https://doi.org/10.1016/j.jphotochem.2016.06.017
https://doi.org/10.1016/j.jphotochem.2016.06.017
https://doi.org/10.1016/j.jphotochem.2016.06.017
https://doi.org/10.1016/j.jphotochem.2017.06.004
https://doi.org/10.1016/j.jphotochem.2017.06.004
https://doi.org/10.1016/j.jphotochem.2017.06.004
https://doi.org/10.1016/j.jphotochem.2017.06.004
https://doi.org/10.1016/j.jphotochem.2008.09.018
https://doi.org/10.1016/j.jphotochem.2008.09.018
https://doi.org/10.1016/j.jphotochem.2008.09.018
https://doi.org/10.1016/j.jphotochem.2008.09.018
https://doi.org/10.1016/j.jlumin.2015.11.003
https://doi.org/10.1016/j.jlumin.2015.11.003
https://doi.org/10.1016/j.jlumin.2015.11.003
https://doi.org/10.1016/j.jlumin.2016.08.017
https://doi.org/10.1016/j.jlumin.2016.08.017
https://doi.org/10.1016/j.jlumin.2016.08.017
https://doi.org/10.1021/ja00455a017
https://doi.org/10.1021/ja00455a017
https://doi.org/10.1021/ja00455a017
https://doi.org/10.1111/j.1751-1097.2008.00487.x
https://doi.org/10.1111/j.1751-1097.2008.00487.x
https://doi.org/10.1111/j.1751-1097.2008.00487.x
https://doi.org/10.1021/ma0300241
https://doi.org/10.1021/ma0300241
https://doi.org/10.1021/ma0300241
https://doi.org/10.1021/ma049168l
https://doi.org/10.1021/ma049168l
https://doi.org/10.1021/ma049168l
https://doi.org/10.1021/ma049168l
https://doi.org/10.1016/j.saa.2008.08.018
https://doi.org/10.1016/j.saa.2008.08.018
https://doi.org/10.1016/j.saa.2008.08.018
https://doi.org/10.1016/j.saa.2008.08.018
https://doi.org/10.1016/j.saa.2011.06.038
https://doi.org/10.1016/j.saa.2011.06.038
https://doi.org/10.1016/j.saa.2011.06.038
https://doi.org/10.1016/j.saa.2011.06.038
https://doi.org/10.1016/j.saa.2004.07.031
https://doi.org/10.1016/j.saa.2004.07.031
https://doi.org/10.1016/j.saa.2004.07.031
https://doi.org/10.1021/j150618a022
https://doi.org/10.1021/j150618a022
https://doi.org/10.1021/j150618a022
https://doi.org/10.1021/j150618a022
https://doi.org/10.1021/la970529i
https://doi.org/10.1021/la970529i
https://doi.org/10.1021/la970529i
https://doi.org/10.1021/la970529i
https://doi.org/10.1021/jp0100396
https://doi.org/10.1021/jp0100396
https://doi.org/10.1021/jp0100396
https://doi.org/10.1021/jp0100396
https://doi.org/10.1021/la010859+
https://doi.org/10.1021/la010859+
https://doi.org/10.1021/la010859+
https://doi.org/10.1021/la010859+
https://doi.org/10.1021/ja01176a030
https://doi.org/10.1021/ja01176a030
https://doi.org/10.1021/ja01176a030
https://doi.org/10.1021/ac0155355
https://doi.org/10.1021/ac0155355
https://doi.org/10.1021/ac0155355
https://doi.org/10.1021/ma801555j
https://doi.org/10.1021/ma801555j
https://doi.org/10.1021/ma801555j
https://doi.org/10.1021/jp103144c
https://doi.org/10.1021/jp103144c
https://doi.org/10.1021/jp103144c
https://doi.org/10.1021/ct0499332
https://doi.org/10.1021/ct0499332
https://doi.org/10.1021/ct0499332
https://doi.org/10.1021/ct0499332
https://doi.org/10.1007/s00216-011-4716-x
https://doi.org/10.1007/s00216-011-4716-x
https://doi.org/10.1007/s00216-011-4716-x
https://doi.org/10.1007/s00216-011-4716-x
https://doi.org/10.1016/j.jphotochem.2012.07.009
https://doi.org/10.1016/j.jphotochem.2012.07.009
https://doi.org/10.1016/j.jphotochem.2012.07.009
https://doi.org/10.1016/j.jphotochem.2012.07.009
https://doi.org/10.1002/cphc.201500634
https://doi.org/10.1002/cphc.201500634
https://doi.org/10.1002/cphc.201500634
https://doi.org/10.1016/j.polymer.2009.04.024
https://doi.org/10.1016/j.polymer.2009.04.024
https://doi.org/10.1016/j.polymer.2009.04.024
https://doi.org/10.1016/j.polymer.2009.04.024
https://doi.org/10.1007/s00396-014-3453-z
https://doi.org/10.1007/s00396-014-3453-z
https://doi.org/10.1007/s00396-014-3453-z
https://doi.org/10.1007/s00396-014-3453-z
https://doi.org/10.1021/j100376a025
https://doi.org/10.1021/j100376a025
https://doi.org/10.1021/j100376a025
https://doi.org/10.1070/QE2012v042n08ABEH014860
http://www.chemphyschem.org

