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Abstract—We have investigated the formation of host—guest complexes between dendrimers of the poly(propylene amine) family func-
tionalized with dansyl units at the periphery (hosts) with dye molecules (guests). Each dendrimer nD, where the generation number n goes
from 1 to 5, comprises 2" (i.e. 64 for 5D) dansyl functions in the periphery and 2""'—2 (i.e. 62 for 5D) tertiary amine units in the interior.
The most thoroughly investigated systems were those with eosin as a guest. The results obtained show that: (i) the nD dendrimers dissolved in
dichloromethane solution extract eosin from aqueous solutions; (ii) the maximum number of eosin molecules hosted in the dendrimers
increases with increasing dendrimer generation, up to a maximum of 12 for the SD dendrimer; (iii) the fluorescence of the peripheral dansyl
units of the dendrimers is completely quenched via energy transfer by the hosted eosin molecules; (iv) the fluorescence of the hosted eosin
molecules is partially quenched; (v) the eosin molecules can occupy two different sites (or two families of substantially different sites) in the
interior of the dendritic structure; (vi) excitation of eosin hosted in the dendrimers causes sensitization of the dioxygen emission via eosin
triplet excited state. The behavior of fluorescein and rose bengal is qualitatively similar to that of eosin, whereas naphthofluorescein is not
extracted. The maximum number of dye molecules extracted by the 4D dendrimer is 25 for rose bengal and ca. 1 for fluorescein, showing that
the formation of host—guest species is related to the electronic properties rather than to the size of the dye molecules. © 2002 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Highly branched molecules having tree-like structures are
called dendrimers (from the Greek word 8evdpov).
Dendrimers are currently attracting the interest of a great
number of scientists because of their unusual chemical and
physical properties and the wide range of potential applica-
tions in such different fields as medicine, biology,
chemistry, physics, and engineering. Research in this field
began in 1978 with a report on the synthesis of cascade
molecules,' but exploded only in the early 90s.> Like
trees, dendrimers usually exhibit aesthetically pleasant
structures, but the interest in a specific dendrimer does not
depend, of course, on its beauty; rather, it depends on the
“fruit’ (i.e. the specific function) that the dendrimer is able to
produce.

Dendrimers are complex, but well defined chemical
compounds, with a high degree of order and the possibility
to contain selected chemical units in predetermined sites of
their structure. In the last few years it has been shown that
dendrimers containing photoactive components®*~'* are
particularly interesting since: (i) luminescence signals
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offer a handle to better understand the dendritic structures
and superstructures, (ii) cooperation among the photoactive
components can allow the dendrimer to perform useful
functions such as light harvesting, and (iii) changes in the
photophysical properties can be exploited for sensing
purposes with signal amplification.

Another important property of dendrimers is the presence of
dynamic internal cavities where ions or neutral molecules
can be hosted."* *° In a previous paper® we have investi-
gated the photophysical properties of poly(propylene
amine) dendrimers (usually called POPAM or PPI)
decorated at the periphery with dansyl units. Each
dendrimer nD of this family (Fig. 1), where n indicates
the generation number which goes from 1 to 5, comprises
27+1 dansyl functions in the periphery and 2"*'—2 tertiary
amine units in the branches. We have studied the effects
caused on the fluorescence properties by protonation of
the interior amine units and of the peripheral dansyl
moieties,” and we have shown that the unprotonated
dendrimers can host metal ions (e.g. Co®") capable of
quenching the dansyl fluorescence.®" In a preliminary
communication” we have recently reported that eosin
molecules can be hosted in the interior of the 4D dendrimer,
and that light excitation of such host—guest species results in
fluorescence quenching and sensitization processes. In this
paper we present a full account of the results obtained in a
systematic investigation of the host—guest complexes
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Figure 1. Structure formulas of the dendrimers (hosts).
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Figure 2. Structure formulas of the dyes (guests).

formed by the whole family of the nD dendrimers with eosin
Y (E*) and by the 4D dendrimer with other dyes like
fluorescein  (F27), 5-(and-6)-carboxynaphthofluorescein
(hereafter called naphthofluorescein, N ) and rose bengal
(R*"), Fig. 2. The use of dendrimers as extracting agents is a
topic of current interest.'*~* Particularly worth mentioning
in this field are the investigations on the extraction of dyes
performed by Meijer et al.!4

2. Results and discussion
2.1. Properties of the nD dendrimers

The nD dendrimers (Fig. 1) are soluble in dichloromethane,
but not in water. In dichloromethane solution all the nD
dendrimers exhibit, within the experimental error, substan-
tially the same spectroscopic properties,®"¢ namely intense
absorption bands in the near UV spectral region (A ;=252
and 339 nm; €,,,~12000 and 3900 M~'cm™!, respec-
tively, for each dansyl unit) and a strong fluorescence
band in the visible region (for 4D: A,,=500 nm;
®.,=0.46, 7=16 ns). These results show that there is no
appreciable interaction among the dansyl groups and that
the tertiary amine units of the dendrimer branches do not
cause any quenching effect on the dansyl fluorescent excited
state. The absorption and emission spectra of a 2.7X10™° M
dichloromethane solution of 5D are shown in Fig. 3.
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Figure 3. Absorption and emission spectra of dendrimer 5D in dichloro-
methane solution.

2.2. Properties of the dyes

The dyes used as potential guests (Fig. 2) are fluorescent
indicators. Eosin Y (as a disodium salt) is soluble in water,
but not in dichloromethane. The absorption and emission
spectra of a 1.0X10™> M solution of eosin Y in water at
pH 7.0 are shown in Fig. 4. The intense absorption band
in the visible region, responsible for the red color, has
Amax=315nm and &,,,=69800 M 'cm™!. Fluorescence
occurs with A, =546 nm, @.,=0.20, 7=1.3 ns. These
spectroscopic and photophysical properties concern the
dianion species E*>~ shown in Fig. 2. The absorption and
fluorescence properties do not change in going to basic
solution. In acid solution, however, both the absorption
band responsible for the red color (Fig. 5, curve a) and the
fluorescence band with A ,,,=546 nm disappear because of
the formation of a leuco form and successive precipitation
around pH 2.
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Figure 4. Absorption and emission spectra of eosin Y in H,O at pH 7.0
(E?~ form, Fig. 2).
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Figure 5. Normalized absorbance changes for eosin (curve a, 515 nm), rose
bengal (curve b, 540 nm), fluorescein (curve ¢, 490 nm), naphtofluorescein
(curve d, 600 nm) as a function of pH.

The other dyes substantially behave as eosin (Fig. 5). Their
conjugated forms (Fig. 2), which have been used in this
work, exhibit a strong absorption band in the 450—-650 nm
region. Naphthofluorescein shows also moderately intense
absorption bands in the 350—-450 nm region. All the dyes
exhibit a strong fluorescence band in the visible spectral
region. As in the case of eosin, the disodium salts of
fluorescein and rose bengal and the triethylammonium salt
of naphthofluorescein are soluble in water, but not in
dichloromethane. For rose bengal in aqueous solution, the
fluorescence lifetime is 0.2 ns and the fluorescence quantum
yield ca. 0.01. When the disodium salt of rose bengal is
dissolved in dichloromethane solution by using
[18]crown6, a noticeable increase of both lifetime and
quantum yield are observed (2.5 ns and 0.24, respectively).

2.3. Extraction experiments with eosin

As shown in Fig. 5, in aqueous solution above pH 5 eosin is
present as the dianionic species E*~ (Fig. 2). When a
strongly colored aqueous solutions of the disodium salt of
eosin at pH>5 is shaken with dichloromethane, no change
in color of the two phases is observed and spectrophoto-
metric measurements show that no extraction of eosin
takes place. Eosin, however, can be solubilized at low
concentrations in dichloromethane containing 0.01 M
[18]crown6, which is capable of hosting Na* jons.?' The
absorption (A max=529 NM, & =61000M 'cm™") and
emission (A =555 nm, P, =0.65, 7=3.8 ns) properties
of eosin in dichloromethane are somewhat different from
those exhibited in water by the E*~ species.

When an aqueous solution of E*~ is shaken with a dichloro-
methane solution containing one of the nD dendrimers,
except in the case of 1D, the color of the aqueous solution
fades and the dichloromethane solution becomes colored,
showing that eosin molecules leave the aqueous phase and
are hosted by the dendrimers. The amount of eosin trans-
ferred from the aqueous to the dichloromethane solution
was measured from the absorbance changes at the wave-
length of the maximum of the eosin absorption spectrum
in water (A,x=515 nm). The absorption spectrum of the
eosin molecules hosted in the dendrimers (A ;,,,=530 nm,
Emax=60000 M~ cm ™) is similar to that of the E*~ solu-
bilized in dichloromethane with the aid of [18]crown6 (vide
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Figure 6. Absorption spectra of eosin solubilized in dichlorometane
solution by the presence of [18]crown6 (a), and hosted in the dendrimers
3D (b), 4D (c), and 5D (d).

supra), but the intensity of the shoulder around 500 nm
increases with increasing dendrimer generation (Fig. 6).

We have quantitatively investigated the extraction process
changing the pH of the solution from 5 to 12, the dendrimer
generation from 1 to 5, and the concentrations of dendrimer
and eosin. First of all, we have found that the extraction is
influenced by the pH of the aqueous phase. Fig. 7 shows the
case of a system containing equal volumes of 3.5X107° M
eosin as a disodium salt in the aqueous solution at pH 7.0
and 5.4x107°M 4D in the dichloromethane solution. The
amount of eosin extracted, as measured by the eosin absorb-
ance of the two phases, decreases in going from pH 5 to
higher pH values and becomes negligible at pH 12. This
result suggests that eosin is not extracted as a disodium
salt. In order to verify such a hypothesis, we have measured
the concentration of Na™ ions in an aqueous phase contain-
ing 1.0x10>M eosin disodium salt before and after
complete eosin extraction by a 2.8x10 °M dichloro-
methane solution of the 4D dendrimer. We have found
that the concentration of Na* ions in the aqueous phase
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Figure 7. Extraction of the E*~ form of eosin for an aqueous solution
3.5%107> M by a 5.4x10~° M dichloromethane solution of dendrimer 4D
as a function of pH: (a) absorbance of the aqueous solution at 515 nm;
(b) absorbance of the dichloromethane solution at 530 nm; (c) intensity
of the fluorescence emission (A 370 nm) of the dansyl dendrimer
moieties at 450 nm.
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before and after the extraction was the same, confirming that
eosin extraction is not accompanied by sodium ions extrac-
tion. We have also established that the peripheral dansyl
groups are not involved in the extraction process since no
extraction can be observed when a previously studied®
polylysin dendrimer decorated at the periphery with 24
dansyl groups was used. Finally, we have found that extrac-
tion of eosin from a non-buffered aqueous solution at pH ca.
6 causes an increase of pH up to ca. 8. All these results lead
us to believe that eosin is extracted from water as its diacid
form, EH,, and is hosted in the interior of the dendrimers
presumably because of formation of O—H---N or O™---HN™
interactions with the tertiary amine units. In any case, the
absorption and emission spectra exhibited by the hosted
eosin molecules are those of the conjugated E*~ form.

The study was then continued working with aqueous solu-
tions of the disodium eosin salt at pH 7.0 (phosphate buffer),
where eosin is present only as its E*~ form (Fig. 5) and
extraction is efficient (Fig. 7). We have found that the
amount of eosin that can be extracted increases with increas-
ing dendrimer concentration and dendrimer generation. The
maximum number of eosin molecules that can be extracted
per dendrimer (Fig. 8) increases with increasing dendrimer
size. More specifically, the increase is roughly exponential
as a function of the generation number n, and roughly linear
as a function of the number of tertiary amine units (2”“—2)
contained in the dendrimer.

Some more detailed experiments showed that with dendri-
mer 2D, 3D, and 4D extraction of eosin does not affect the
absorption spectrum of the dansyl units (Fig. 3), whereas the
dansyl fluorescence is quenched (vide infra). Practically no
quenching was observed in the case of 1D, confirming that it
does not extract eosin. With dendrimer 5D, extraction of
eosin from a pH 7.0 buffered solution is accompanied by
a concomitant decrease of the dansyl absorption bands in the
entire spectral range; since practically no dansyl absorption
appears in the aqueous phase, we believe that a partial preci-
pitation of the dendrimer takes place. Because of this
complication, most of the quantitative experiments concern-
ing the fluorescence properties were performed by using the
4D dendrimer.

number of interior amines

26 14 30 62
12 4
a 7]
=
£ 6
o
9,
3.
0 :
1 2 3 4 5

generation number

Figure 8. Maximum number of eosin molecules that can be extracted per
dendrimer as a function of the dendrimer generation number (a) and the
number of aliphatic amines contained in the dendrimer (b).

In order to establish the reversibility of eosin complexation
with the 4D dendrimer, we have first prepared, by the above
mentioned extraction technique at pH 7.0, a dichloro-
methane solution containing 5.4x10°°®M 4D and 6 eosin
molecules per dendrimer. When such a dichloromethane
solution was shaken with an equal volume of water buffered
at pH 7.0, no significant change was observed in the absorp-
tion spectra of the two phases; however, when an aqueous
solution at pH 12 was used, eosin molecules were back
extracted from the dichloromethane to the aqueous phase.

2.4. Fluorescence properties of the dendrimers—eosin
systems

Fluorescent investigations have been performed on several
host—guest systems, but a systematic study was carried out
only on the fully characterized (vide supra) 4D/eosin
system.

As shown in Figs. 3 and 4, the absorption spectra of the
dendrimer host and of the eosin guest are quite different.
Therefore, fully selective excitation of the eosin guest can
be performed by 530 nm light, whereas 370 nm light can be
used for selective excitation (when necessary, with minor
corrections) of the dansyl units of the dendrimer. This favor-
able circumstance allowed us to investigate the effect of the
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Figure 9. Absorption (a) and emission spectra upon excitation at 370 nm
(b) and 530 nm (c) of a 5.4X107°M 4D solution in dichloromethane
containing six eosin molecules per dendrimer. For comparison purposes,
the emission spectra of the free dendrimer (b, dashed line) and ‘free’ eosin
(c, dashed line) are also reported.
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eosin guest on the fluorescence properties of the dendrimer
hosts and viceversa in great detail.

Fig. 9(a) shows the absorption spectrum of a 5.4x10™° M
4D solution in dichloromethane containing six eosin
molecules per dendrimer. Upon excitation at 370 nm the
emission spectrum is much different from those exhibited
by the dendrimer in the absence of eosin (Fig. 9(b)). One can
notice a strong decrease of the dansyl emission and the
appearance of a weak emission due to eosin. Excitation at
530 nm shows that the intensity of the eosin band is much
weaker than that shown by eosin solubilized in dichloro-
methane with the aid of [18]crown6 (Fig. 9(c)).

A more detailed investigation has shown that the dansyl
fluorescence intensity decreases with increasing eosin
concentration (Fig. 10), but the fluorescence decay remains
monoexponential with lifetime 16 ns. The initial slope of
the quenching plot of Fig. 10 shows that a single eosin
guest is sufficient to quench completely the fluorescence
of any excited dansyl unit of the host dendrimer. The curva-
ture of the plot at higher eosin concentrations can be related
to the fact that each dendrimer has several sites for hosting
eosin molecules, so that even at relatively high [eosin]/[4D]
ratios there are still some ‘empty’ dendrimers (Poisson
distribution), in agreement with the unquenched fluores-
cence lifetime. The small amount of residual dansyl fluores-
cence (<8%) at the maximum eosin loading could be due to
experimental errors due to overlapping between dansyl and
eosin emission and/or to the presence of a small number of
free dansyl-type ‘impurities’. An efficient quenching of the
dansyl fluorescence by eosin via energy transfer was
expected in view of the strong overlap between the emission
spectrum of the dansyl units (Fig. 3) and the absorption
spectrum of the eosin molecules (Fig. 4). Comparison
between fluorescence intensities obtained upon excitation
at 370 nm (dansyl absorption) and 530 nm (eosin absorp-
tion) showed that the quenching of the dansyl fluorescence
by eosin occurs via a singlet—singlet energy transfer process
with unitary efficiency. Assuming that the unquenched
fluorescence intensity of the dansyl unit is <2% of the
original intensity and considering that the lifetime of
the dansyl fluorescence is 16 ns, the rate constant for the
quenching process must be higher than 3x10°s~'. This
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Figure 10. Quenching of the dansyl fluorescence for dendrimer 4D on
increasing of extracted eosin concentration. The dendrimer concentration
was 5.4x107° M. The initial slope is 1 (inset), indicating that a single eosin

guest is sufficient to completely quench the fluorescence of any excited
dansyl unit of the dendritic host.

value is consistent with the value 4.4X10°s™! estimated

from the equation for the dipole—dipole (Forster)
mechanism?®

88X 105K
en r6n47'

where @ and 7 are the fluorescence quantum yield and
lifetime, respectively, of the donor (dansyl), J
(6.8x10""* cm? M ™) is the integral overlap between the
fluorescence spectrum of the donor and the absorption spec-
trum of the acceptor (eosin), K> is a geometric factor (taken
as 2/3), and n is the refractive index of the solvent (1.424),
assuming a dansyl—eosin distance r of 2 nm, which is the
estimated dendrimer radius. In a complex system like the
present one, in which an acceptor is surrounded by donors
placed at variable distances, a distribution of rate constants
would of course be observed by femto- and pico-second
studies.'*

Examination of the fluorescence properties of the eosin
molecules encapsulated into the dendrimers has revealed
other interesting features of this fluorescent host/fluorescent
guest system. In order to have a better reference for the
eosin molecules hosted by the dendrimer in dichloro-
methane solution, we solubilized eosin in this solvent by
using the [18]crown6. As we have seen earlier, under such
conditions eosin shows a fluorescence band with
Amax=355nm, 7=3.8ns, and PD.,=0.65 (note that the
previously reported” value, 0.45, was wrong). When
eosin is hosted in the dendrimer dissolved in dichloro-
methane, the fluorescence quantum yield is more than 10
times lower and the fluorescence decay is no longer mono-
exponential. A two-exponential decay is observed even at
very low eosin concentration ([eosin]/[4D]=0.21), i.e.
under conditions in which there is at most one eosin
molecule per dendrimer. This means that eosin molecules
can occupy two different sites (or two families of substan-
tially different sites) in the interior of the dendrimer, which
give rise to different radiative and/or nonradiative rate
constants for the decay of the fluorescent excited state of
the eosin guest. At least two different sites for inclusion of a
spin probe in a differently functionalized POPAM
dendrimer has previously been noted by Meijer et al.'*"
The data obtained with higher eosin concentrations confirm
that there are two substantially different sites where eosin
can be hosted even when six eosin molecules are contained
in the same dendrimer (Table 1). The changes in the fluores-
cence quantum Yyield and lifetimes with changing the
[eosin]/[4D] ratio show that the properties of the hosting
sites (and, therefore, their influence on the decay processes
of the eosin excited state) are somewhat affected by the
number of hosted molecules, as expected for a flexible struc-
ture like that of the poly(propylene amine) dendrimers.

Table 1. Emission properties of eosin in dichloromethane solution upon
excitation at 530 nm

[Eosin]/[D] D 7, (ns) 7, (ns)
Crown - 0.65 3.8 -
2D 1.3 0.078 2.5 0.9
3D 32 0.046 2.8 0.8
4D 6.0 0.020 2.2 0.6
5D 12.3 0.013 3.0 0.8
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Quenching of the eosin fluorescence occurs also in
dendrimers 2D, 3D, and 5D. The residual eosin fluorescence
intensity decreases in going from the second to the fifth
generation as shown in Table 1.

The reason why the eosin fluorescence is quenched when
eosin is encapsulated into the dendrimer is difficult to
establish. An energy transfer processes can certainly be
ruled out because none of the dendrimer components has
excited states at lower energy than the fluorescent excited
state of eosin. Quenching by electron transfer involving the
dendrimer amine functions cannot be excluded, considering
that quenching of eosin triplet by amines has been
observed.”® In a low polarity environment, however,
electron-transfer processes are disfavored. A more plausible
quenching mechanism can perhaps be related to radiation-
less transitions involving the hydrogen bonds which are
likely responsible for the formation of the host—guest
species.

We have found that excitation of eosin (both free and hosted
into the dendrimer) causes the characteristic dioxygen
emission with maximum at 1260 nm. Since the intensity
and lifetime of eosin fluorescence are not affected by
dioxygen, the sensitization of the dioxygen emission has
to occur via eosin triplet excited state. Interestingly, the
intensity of the sensitized dioxygen emission is four times
stronger upon excitation of free eosin compared with eosin
hosted inside the dendrimer. This result can be due to a
shorter lifetime of triplet eosin in the dendrimer and/or
protection® ¢ of the guest by the dendrimer branches
towards dioxygen.

2.5. Experiments on other dyes

Extraction experiments have been performed, using the 4D
dendrimer as a potential host, on aqueous solutions at pH 7.0
containing fluorescein, rose bengal and naphthofluorescein.
We have found that fluorescein and rose bengal can be
extracted, but naphthofluorescein cannot. Since at pH 7.0
naphthofluorescein is not fully deprotonated (Fig. 5,
curved), we have also tried to extract this dye at pH 9.0,
without success. The average maximum number of dye
molecules extracted at pH 7.0 was 1.4 for fluorescein and
25 for rose bengal. These results, together with those
reported above concerning eosin (Table 1), show that
extraction is somewhat unrelated to the dimension of the
dye molecule, but strongly dependent on pH (Fig. 7) and
specific chemical properties.

As in the case of eosin, the other extracted dyes quench the
dansyl fluorescence and, in their turn, both the fluorescence
intensity and lifetime of the dye decrease. In particular,
when 25 rose bengal molecules are hosted in the 4D
dendrimer, the dansyl fluorescence intensity is reduced to
less than 3% and the quantum yield of rose bengal fluores-
cence is <0.01. Furthermore, the rose bengal fluorescence
show a biexponential decay with lifetimes 1.6 and 0.5 ns,
confirming that the dye molecules can occupy two different
sites (or two families of substantially different sites) in the
interior of the dendrimer.

We have also performed a competition experiment shaking

a 22x107°M dichloromethane solution of the 4D
dendrimer with an equal volume of a water solution at pH
7.0 containing 6.0x107>M eosin and 6.0x10"°>M rose
bengal. We have found that no eosin and 25 rose bengal
molecules were extracted per dendrimer molecule, to be
compared with 6 and 25 extracted dye molecules, respec-
tively, for aqueous solution containing either eosin or rose
bengal. When eosin and rose bengal were diluted six times,
all the rose bengal molecules were extracted (five for each
dendrimer, as an average), whereas the number of extracted
eosin molecules (2.5) was half that found in the same
experimental condition in the absence of rose bengal.
These results emphasize that the 4D dendrimer is a very
selective host, a property reminiscent of the behavior of
enzymes.

3. Conclusions

An important property of dendrimers is the presence or
possibility of dynamic formation of internal cavities where
ions or neutral molecules can be hosted. Such a property can
potentially be exploited for a variety of purposes, which
include catalysis and drug delivery. In order to explore the
hosting properties of the dendrimers of the poly(propylene
amine) family, we have functionalized such dendrimers
(generations 1-5) with fluorescent dansyl units at the
periphery and we have then used the resulting fluorescent
dendrimers as hosts for fluorescent dye molecules. We have
found that the formation of host—guest species is related to
the size of the dendrimer and to the electronic properties,
rather than to the size of the dye molecules. As many as 12
eosin molecules can be hosted in the SD dendrimer and 25
rose bengal molecules in the 4D dendrimer. The fluores-
cence properties of the host—guest species are quite different
from those of the separated components because of the
occurrence of quenching/sensitization processes. The
fluorescence of the peripheral dansyl units of the
dendrimers is quenched via energy transfer by the
hosted eosin molecules, whose fluorescence, in its turn, is
partially quenched. Quantitative analysis of the results
obtained has shown that a single eosin guest is sufficient
to quench completely the fluorescence of any excited
dansyl unit in the 4D host dendrimer, and fluorescence
lifetime measurements has allowed us to establish that
the dye molecules can occupy two different sites (or
two family of substantially different sites) in the
interior of the dendritic structure. Competition
experiments showed that 4D selectively extract rose bengal
from a water solution containing an excess of both
rose bengal and eosin. The results obtained
emphasize the strong selectivity of the host—guest inter-
actions in suitably designed dendrimers,** an enzyme-like
property that can be useful for catalysis and other
applications.

Combination of fluorescent dendritic hosts with fluorescent
guests gives rise to quenching/sensitization processes that
can be exploited for a variety of purposes which include
development of chemosensors, construction of light
harvesting antennas, and elucidation of the intimate
dendritic structure.



636 V. Balzani et al. / Tetrahedron 58 (2002) 629-637

4. Experimental

The synthesis and characterization of the nD dendrimers
(Fig. 1) was previously reported.*’ The disodium salts of
eosin, fluorescein and rose bengal, and the triethyl-
ammonium salt of naphthofluorescein (Fig. 2) were
commercial products. In most of the experiments, the
aqueous phase was buffered at pH 7.0 by a phosphate buffer.
The concentration of Na® ions in aqueous solution was
measured by atomic absorption spectroscopy. Spectroscopic
equipment and techniques have been described elsewhere.®
Unless otherwise noted, the experiments were carried out in
air equilibrated solutions. Fluorescence lifetimes were
measured with a FLUOROLOG Spex FL3/11 spectro-
fluorometer equipped with a phase-shift Tau 3 unit (10 ps
time resolution). Dioxygen emission was measured by a
home-modified apparatus based on an Edinburg CD900
spectrofluorimeter, equipped with an Ar ion laser (Spectra
Physics model 164-09) for the sample excitation at 514 nm
and a liquid nitrogen cooled hyperpure germanium crystal
detector. The estimated experimental errors are: =2 nm on
the band maximum, *5% on the molar absorption coeffi-
cient, £10% on the fluorescence quantum yield, and =5%
on the fluorescence lifetime.
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