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In this work a new water-soluble long-lifetime chemosensor, containing a polyamine unit connected to a complexed
Ru(II) metal center, is described. Its crystal structure has been characterized by X-ray analysis. The polyamine
macrocyclic unit is capable of anchoring cationic or anionic substrates, according to its protonation state. Examples
of electron transfer involving the ruthenium complex core and the bound substrate are presented. The photocatalytic
ability of such a system is illustrated by the oxidation of iodide to iodine promoted by light absorption at 436 nm.

Introduction

In recent years we have developed a series of water-soluble
chemosensors based on polyamine receptors exhibiting ambi-
dentate properties. They possess the capability of coordinating
metal cations, when enough free (unprotonated) amine groups
are available, or anions, when the number of protonated amino
groups is sufficiently high.1

In essence, three basic units make up these chemosensors,
each one performing a precise function: (i) a receptor unit, (ii)
a signaling unit, and (iii) a spacer (Scheme 1). The receptor
unit plays the role of recognizing and reversibly binding a given
target substrate. The signaling unit, in turn, must be capable of
either producing a signal or significantly altering its intensity
following the binding of the substrate, preferably without
changing other photochemical properties of the chemosensor.
Finally, the third unit, the spacer, links binding and signaling
units controlling their mutual separation and geometric arrange-
ment.

The majority of the reported chemosensors1-3 possess a
signaling unit sensitive to the changes of luminescence intensity,
leading to chelation enhancement of the fluorescence, CHEF,
or chelation enhancement of the quenching, CHEQ.2 On the
other hand, the particular usefulness oflifetime based sensing

systemshas been pointed out, essentially because they do not
depend on probe concentration and remain unaffected by the
photobleaching or washout of the probe.4 Following this line
of thought, Lakowicz and co-workers4b developed a study on
compound1, acting as a long-lifetime metal-ligand pH probe.
To improve both the preorganization and the binding ability of
the system toward cations and anions, we have carried out the
synthesis of compound Ru(bpy)2L2+ (22+), characterized by a

large macrocyclic receptor unit containing five amine groups.
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Ligands containing two amino groups, similar to compound1,
have been previously described by Grigg et al. as fluorescence
intensity based pH sensors.5a Other fluorescence intensity based
receptors containing a cyclam macrocycle attached to a Ru-
(bpy)32+ unit were also reported to bind metal cations.5b,6 On
the other hand, Beer and co-workers have synthesized and
studied analogous ligands containing amidic functions.7 These
receptors give rise to selective anion recognition in organic
solvents, mostly due to anion-receptor hydrogen bonding,
functioning as sensory reagents for anions.7 Binding and sensing
of phosphate anions, however, were also achieved by the same
author in acidic aqueous solutions, by using RuII(bpy)3-based
receptors containing two diamine sidearms.8 Nocera et al. used
RuII(tmbpy)3 (tmbpy ) 4-methyl-2,2′dipyridine) derivatives,
containing a carboxylate or a guanidinium function, as receptors
for amidinium- or carboxylate-modified 3,5-dinitrobenzene,
respectively, to investigate photoinduced electron transfer within
donor-(salt bridge)-acceptor complexes.9 Photoinduced elec-
tron and energy transfer processes between nucleobases were
also studied in nonaqueous solvents by Sessler and Harriman,
by using nucleobase-substituted porphyrins designed to form
hydrogen-bonded assemblies through Watson-Crick nucleo-
base-pairing interactions.10

Compounds containing the new receptor22+ are generally
soluble in water, thus allowing us to develop a detailed study,
in aqueous solution, of its ligational and photochemical proper-
ties, including stability of cation and anion complexes, steady-
state and time-resolved fluorescence as a function of pH, and
quenching with several metal cations and anions. The ability
of this chemosensor in promoting the oxidation of iodide to
iodine by dioxygen was also investigated.

Experimental Section

Materials. All materials were of reagent grade and used without
further purification. The synthesis of 4,4′-(2,5,8,11,14-pentaaza[15])-
2,2′-bipyridilophane (L ) was described in a previous paper.11

Synthesis of (H52)Cl7. In 5 mL of ethylene glycol 100.0 mg (0.115
mmol) of L ‚6HBr‚H2O and 62.6 mg (0.120 mmol) of Ru(bpy)2Cl2‚
2H2O were dissolved. The mixture was heated in a microwave oven
(500 W) for 30 s, which led to a color change from violet to deep

orange, and then allowed to cool for a while. The mixture was heated
for two more 30 s periods. The solvent was removed by distillation at
low pressure, and the residue was dissolved in 6 M HCl. Acetone was
added to precipitate the product as a red-orange solid that was collected,
washed with acetone until neutrality, and finally washed with ether. It
can be recrystallized from methanol/acetonitrile/ether or from acidic
water/acetone, the latter leading to better results. Anal. Found: C, 46.44;
H, 5.12; N, 14.98. Calcd. for C40H52N11Cl7Ru: C, 46.37; H, 5.06, 14.87.
The yield was about 80%.1H NMR (D2O + DCl, pD < 2, 400 MHz,
Bruker ARX-400): δ/ppm 8.584 (s, 2H, L, 3H+ 3′H), 8.299 (d,J )
8.2 Hz, 4H, bpy, 3H+3′H), 7.815 (m, 4H, bpy, 4H+ 4′H), 7.679 (d,
J ) 5.8 Hz, 2H, L, 6H+ 6′H), 7.556 (2d,J ) 5.4 Hz, 4H, bpy, 6H+
6′H), 7.153 (m, 6H, L, 5H+ 5′H, bpy, 5H+ 5′H), 4.387 (m, 4H, L,
pyCH2N), 3.547 (m, 16H, NCH2CH2N).

Crystals of [Ru(bpy)2H3L ](ClO4)5‚H2O suitable for X-ray analysis
were obtained by slow evaporation at room temperature of a water-
acetone 1:1 (v/v) solution of [Ru(bpy)2H5L ]Cl7 after addition of excess
solid sodium perchlorate. The composition of the compounds was
determined by X-ray analysis.

X-ray Structure Determination of Compound (H32)(ClO4)5‚H2O.
Crystal and data collection parameters are summarized in Table 1.
Intensity data were corrected for Lorentz and polarization effects, and
an empirical absorption correction was applied (psi-scan). The structure
was solved by direct methods of SIR9712 program. All the non-hydrogen
atoms, except the carbon atoms, were anisotropically refined, while
the hydrogen atoms were introduced in calculated position and their
coordinates and thermal parameters refined according to the linked
carbon atom. Refinement was performed by the full-matrix least-squares
method (SHELXL-97).13

Potentiometric Measurements.All pH-metric measurements (pH
) -log [H+]) employed for the determination of protonation and
complexation (metal cations, anions) constants were carried out in 0.10
M Me4NCl solutions at 298.1( 0.10 K, by using the equipment and
the methodology that have been already described.14 The combined
Ingold 405 S7/120 electrode was calibrated as a hydrogen concentration
probe by titrating known amounts of HCl with CO2-free NaOH solutions
and determining the equivalent point by Gran’s method,15 which allows
one to determine the standard potentialE° and the ionic product of
water (pKw ) 13.83(1) at 298.1 K in 0.10 M Me4NCl). At least three
measurements (about 100 data points each one) were performed for
each system in the pH ranges 2.5-11 (2.5-10 in the case of anion
complexation). In all experiments the ligand concentration [L] was about
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Table 1. Crystal Data and Structure Refinement for
(H32)(ClO4)5‚H2O

empirical formula C40H52Cl5N11O21Ru
formula weight 1301.25
temperature 298 K
wavelength 0.710 69 Å
crystal system, space group monoclinic,P21/c
a 18.380(4) Å
b 13.147(5) Å
c 22.931(7) Å
b 109.37(2)°
volume 5227(3) Å3

Z, calculated density 4, 1.653 mg/m3

absorption coefficient 0.644 mm-1

scan mode θ-2θ
θ range for data collection 2.53°∠24.05°
reflections collected/unique 9593/5235 [R(int) ) 0.0884]
observed reflections [I > 2σ(I)] 2721
data/restraints/parameters 5235/0/512
goodness of fit onF2 1.003
final R indices [I > 2σ(I)] R1 ) 0.0558, wR2) 0.1336
R indices (all data) R1) 0.1657, wR2) 0.1677
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1 × 10-3 M. In Zn(II) complexation experiments, the metal ion
concentration was [Zn(II)]) 0.8[L], while in the case of Cu(II)
complexation it was varied from [Cu(II)]) 0.8[L] to [Cu(II)] )
1.8[L]. In anion complexation experiments the concentration of anion
[A] was varied from [A]) [L] to [A] ) 2[L]. The computer program
HYPERQUAD16 was used to calculate the equilibrium constants from
emf data.

Electronic Absorption and Emission Measurements.Absorption
spectra were recorded by means of a Perkin-Elmer Lambda 6
spectrophotometer, while fluorescence emission was recorded on a
SPEX F111 Fluorolog spectrofluorimeter. Fluorescence lifetimes were
measured by using two different equipment. One was a TCSPC
apparatus consisting of a IBH 5000 coaxial flash lamp filled with N2

as excitation source, a Philips XP2020Q photomultiplier, with wave-
length selected with Jobin-Ivon H20 monochromator, and Canberra
instruments time-to-amplitude converter and multichannel analyzer.
Alternate measurements (1000 counts per cycle at the maximum) of
the pulse profile at 356 nm and the sample emission were performed
until (1-2) × 104 counts at the maximum were reached. The
luminescence decays were analyzed using the method of modulating
functions of G. Striker with automatic correction for the photomultiplier
“wavelength shift”.17 The second one was an Applied Photophysics
laser flash photolysis equipment pumped by a Nd:YAG laser (Spectra
Physics) with excitation wavelength 355 or 266 nm.18 We have used
the emission mode to obtain the luminescence decays. First-order
kinetics was observed for the luminescence decays. In all experiments
the concentration of the receptor was about 1× 10-5 M; HCl and NMe4-
OH solutions were used to adjust the pH, measured by means of a
Metrohm 713 pH meter.

The solutions used for the emission studies were not degassed and
therefore were used with normal concentrations of O2 present in the
solvents, i.e.,=10-3 M.

Results and Discussion

Crystal Structure of (H 32)(ClO4)5‚H2O. The molecular
structure consists of (H32)5+ cations, perchlorate anions, and
water solvent molecules. Figure 1 shows an ORTEP19 drawing
of the cation with atom labeling.

The ligandL behaves in this compound as a ditopic receptor,
involving the aromatic nitrogens of its dipyridine moiety in metal
coordination outside the macrocyclic cavity and the aliphatic
chain in proton binding.

The coordination geometry around Ru(II) can be described
as a slightly distorted octahedron, where the N1-N8, N2-N11,
and N9-N10 pairs of atoms define opposite vertices of the

polyhedron. Such coordination environment is quite similar to
the environments observed in [Ru(bpy)3]2+ and other similar
complexes containing a dipyridine group integrated into a
macrocyclic ring.7,20

The overall conformation ofL is slightly bent, as evidenced
by the dihedral angle of 142.6(2)° between the mean planes
defined by the aromatic and aliphaticL moieties.

The crystal packing is characterized by (H32)5+ units,
interacting with each other via both face-to-face and edge-to-
faceπ-stackings21 between the aromatic units. The complexes
are pillared, forming columns developing along they axis. A
detailed description of the crystal packing is reported within
the Supporting Information.

Protonation. The protonation constants of22+ determined
in 0.10 M Me4NCl at 298.1( 0.1 K are listed in Table 2, while
the distribution curves of the protonated species are shown in
the inset of Figure 2. As can be seen, on lowering the pH, the
compound starts binding protons at about pH 10 and is almost
completely protonated at pH 2, where the H527+ species is
present in more than 90%. The protonation constants are
consistent with the protonation pattern expected for a polyamine
macrocycle,22 although the compound displays a lower basicity,
in each protonation stage, than the free macrocycleL , due to
the presence in22+ of a lower number of amine groups available
for protonation and to the electrostatic repulsion generated by(16) Gans, P.; Sabatini, A.; Vacca, A.Talanta1996, 43, 1739.
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Figure 1. Crystal structure of H325+.

Table 2. Protonation Constants of22+ Determined in 0.10 M
Me4NCl at 298.1( 0.1 K

reaction logK

H+ + 22+ ) H23+ 8.92(5)a

H23+ + H+ ) H224+ 8.10(5)
H224+ + H+ ) H325+ 5.54(6)
H325+ + H+ ) H426+ 3.97(6)
H426+ + H+ ) H527+ 3.03(6)

a Values in parentheses are standard deviations in the last significant
figure.

Figure 2. Absorption spectra of compound22+ (L), 1.33 × 10-5 M,
at two representative pH values: (s) pH 7.33, (‚‚‚) pH 4.09. Inset:
fitting of the absorption followed at 450 nm, together with the
representation of the mole fraction (ø) distribution of the protonated
species. Charges omitted in species labels.
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the coordinated Ru(II) ion. Nevertheless, highly charged species
are formed in neutral and acidic solutions which may interact
with anions, as discussed below.

The absorption spectrum of compound22+ at two different
pH values is shown in Figure 2. It can be seen that the absorption
spectra of compound22+ does not change significantly with
pH, despite the observation of measurable modifications upon
protonation of both benzylic nitrogens (H426+ species); see inset
of Figure 2. Moreover, the absorption spectrum of the nonpro-
tonated species is practically identical to the one of the parent
compound, Cl2[Ru(bpy)3]. The small influence of the protona-
tion stage of the receptor unit on the absorption characteristics
of this type of signaling unit is in agreement with the results
previously reported on compound1.4b

At basic pH values (pH> 10), the emission of compound
22+ is slightly red-shifted relative to the parent [Ru(bpy)3]2+,
and the obtained ratio of the quantum yields isΦ2/Φ[Ru(b-

py)3]
2+)0.98. In strong contrast with the absorption, the lumi-

nescence of compound22+, shown in Figure 3, is affected by
the pH of the medium. A large decrease of the emission is
observed after the third (H325+) and fourth protonation steps
(H426+) have occurred. The increase in protonation of the amino
groups is followed by a significant red shift of=34 nm (from
pH 10.37 to pH 1.26). It is interesting to note that an identical
behavior was reported for compound1, but the decrease of
intensity of emission is somewhat lower.4b This effect can be
explained by the fact that protonation of the receptor leads to a
better electron acceptor, lowering the energy of the MLCT
(metal-ligand charge transfer). An additional explanation can
be found by considering that increasing protonation of the amino
groups can gradually give rise to a more distorted state, which
is in agreement with the observed increased Stokes shift. A more
distorted excited-state geometry favors the radiationless pro-
cesses, giving rise to a less emissive species, by decreasing the
radiative rate constant. In Figure 3B, the luminescence lifetime
dependence with pH exhibits a behavior identical to the one
found for the titration curve built with luminescence quantum
yields. This shows that compound22+ also behaves as a pH
based lifetime chemosensor.

Sensing Zn(II). The stability constants potentiometrically
determined for the complexes formed by22+ with Zn(II) are
listed in Table 3. A comparison of these constants with those
previously reported forL11 indicates that, as could be expected,

L reduces its coordinating ability toward metal ions when its
bipyridyl unit is linked to Ru(II). Nevertheless,22+ binds
Zn(II) over all the pH range (2.5-11) investigated, giving rise
to various protonated and hydroxylated species ranging from
[Zn(H32)]7+ to [Zn2(OH)2]2+.

The absorption, as well as the emission, of the Zn(II) com-
plexes of compound22+ is only slightly red-shifted relative to
the noncomplexed compound in the same pH range. The
luminescence emission and lifetime based titration curves of
compound22+ in the absence and in the presence of Zn(II)
(1:1) (Figure S3, Supporting Information) show that Zn(II) coor-
dination does not significantly change the intensity of the emis-
sion. Nevertheless, the [Zn2]4+ species is slightly more emis-
sive than the noncoordinated ligand, for the same pH values,
and thus it is worthwhile to conclude that this ligand exhibits a
modest detection ability for Zn(II).

Sensing Cu(II). In contrast with Zn(II), which forms only
1:1 complexes with22+ in solution, Cu(II) is also able to form
2:1 species. However, according to the stability constants deter-
mined for the Cu(II) complexes with22+, and listed in Table 4,
the ligand does not display a great tendency to bind the second
Cu(II) ion, and for this reason only 1:1 complex species are
formed in solution containing22+ and metal ion in 1:1 molar
ratio. Distribution diagrams (Figure S4) of the complexes formed
in solution are reported within the Supporting Information.

The absorption spectrum of22+ is only slightly affected, in
terms of shift and shape, by Cu(II) complexation. However,
contrasting with the previous Zn(II) complexes, the emission
in the presence of Cu(II) ion shows a dramatic quenching upon
coordination to the metal (Figure 4) and, very surprisingly, for
high pH values the emission is restored and a new band appears
in the high energy region of the spectrum (blue shift of 28

Figure 3. (A) Emission spectra of compound22+ (L) (s), 1.33× 10-5 M, and [Ru(bpy)3]Cl2, 1.33× 10-5 M (‚‚‚), as a function of pH. (B) (O)
Emission titration curve obtained atλem) 616 nm andλex) 470 nm; (b) lifetime titration curve,λex) 355 nm; together with the representation of
the mole fraction (ø) distribution of the protonated species. Charges omitted in species labels.

Table 3. Zn2+ Complexation Constants with22+ Determined in
0.10 M Me4NCl at 298.1( 0.1 K

reaction logK

Zn2+ + 22+ ) Zn24+ 8.06(7)a

Zn24+ + H+ ) ZnH25+ 7.13(7)
ZnH25+ + H+ ) ZnH226+ 6.10(9)
ZnH226+ + H+ ) ZnH327+ 5.03(6)
Zn24+ + OH- ) Zn2(OH)3+ 6.4(1)
Zn2(OH)3+ + OH- ) Zn2(OH)22+ 3.8(1)

a Values in parentheses are standard deviations in the last significant
figure.
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nm). Moreover, the lifetime at these pH values is reduced to
ca. 0.5 ns.

The quenching of the emission of [Ru(bpy)3]2+ by polyamine
complexes of Cu(II) ion was previously described by Moore
and Alcock and attributed to energy transfer from the excited
state of [Ru(bpy)3]2+ * to the copper complex, promoting a d-d
transition of Cu(II).6 On the other hand, it is not possible to
give a sure interpretation of the lack of quenching effect and
the consequent increase of emission observed at very high pH
values (pH> 11), since this pH range (pH> 11) is outside the
pH windows useful for our potentiometric measurements.
Consequently, we were not able to perform the speciation of
the system under such conditions. However, it seems most likely
that the revival of the emission in very alkaline solution may
be due to the formation of Cu(II) hydroxo complexes, determin-
ing the stripping of the metal ion from the macrocyclic cavity.
Indeed, calculations23 performed by using the stability constants
reported in Table 4 for the copper(II) complexes of22+, the
stability constants24 of the Cu(II) hydroxo complexes (from
[Cu(OH)]+ to [Cu(OH)4]2-), and the solubility product24 of
copper(II) hydroxide indicate that, under the experimental condi-
tions of the photochemical measurements, formation of the
Cu(II) hydroxo complexes would take place according to the
profile of the increasing emission in alkaline solutions. Support
for this interpretation is provided by the fact the emission spectra
obtained, in alkaline media, in the presence of Cu(II) (Figure
4) are consistent with those obtained under the same conditions
for compound22+ in the absence of metal ion (Figure 3).

Sensing Metallocyanide Complex Anions.It is well-known
that macrocyclic polyamines in their protonated forms are
efficient receptors of anionic species in solution.25 In particular,
very stable adducts are formed with [Fe(CN)6]4- and [Fe(CN)6]3-,
principally due to the high negative charge of such anions.26-28

Hence, we expected that also protonated species of22+ might
be able to form similar adducts. Our principal interest in such
systems stems from the fact that the emission of the parent
compound [Ru(bpy)3]2+ is known to be efficiently quenched
by electron transfer from (or to) metallocyanide complexes,29-31

and thus [Ru(bpy)3]2+ could be used as a sensor for this type
of anion. Compound22+ contains the basic ruthenium sensing
unit, but in addition possesses an extra binding polyamine
receptor that is expected to influence the overall process,
improving the efficiency in anion sensing. In the forthcoming
presentation and discussion of data, we will analyze the system
and compare the performances of compound22+ with the parent
compound [Ru(bpy)3]2+.

The interaction of22+ with [Fe(CN)6]4- was studied by means
of potentiometric measurements, which furnished the speciation
of the systems, and the equilibrium constants of the species
formed (Table 5). As shown by Figure 5, anion complexes
{Hn2[Fe(CN)6]}(n-2)+ with increasing protonation degree (n )
2-5) are formed on lowering the solution pH. As generally
observed for this type of complex, their thermodynamic stability
increases with increasing ligand protonation (Table 5), evidenc-
ing the major contribution given by electrostatic forces to the
anion-receptor pairing. Accordingly, the equilibrium constant
for the interaction of H426+ with [Fe(CN)6]4- is significantly
higher than that found for the interaction of the same ligand
species with the less charged form [HFe(CN)6]3- (Table 5). The
formation of hydrogen bonds between the protonated polyamine
moiety of the receptor and the anion, as observed for perchlorate
in the crystal structure of (H32)(ClO4)5‚H2O, is expected to
further stabilize the anion complex in solution.

As expected, the emission of compound22+ is very efficiently
quenched by interaction with [Fe(CN)6]4- and [Fe(CN)6]3-.
These quenching processes may have contributions from adducts
already present in the ground state (static quenching) or formed
during the excited-state lifetime of the emissive species (dynamic
quenching). Such contributions can be separated if lifetime
measurements are carried out in parallel with steady-state
fluorimetric measurements (see Supporting Information).

The Stern-Volmer plots (see Supporting Information) for
the adducts involving [Ru(bpy)3]2+ and H426+, respectively, at
pH 4.0 with [Fe(CN)6]4- as well as with [Fe(CN)6]3- showed
an upward curvature ofI0/I in comparison withτ0/τ, indicating
the existence of ion-pair association in the ground state. These
systems were treated to take into account both static and
dynamic quenching, the resulting constants being reported in
Table 6. The association is negligible for the pair between [Ru-
(bpy)3]2+ and [Fe(CN)6]3-. In the case of the pair [Ru(bpy)3]2+

and [Fe(CN)6],4- I0/I is somewhat higher thanτ0 /τ, allowing
calculation of an association constantKip < 300. On the other
hand, the quenching constants for the dynamic quenching,KSV,
are comparable with those reported by Balzani et al.29 The
observed differences can be attributed to the differences in ionic
strength used by these authors.

As reported previously,29,30 the mechanism responsible for
the observed quenching in the systems involving [Ru(bpy)3]2+

and the iron complexes is due to electron transfer from the
excited Ru(II) complex to the Fe(III) complex, and vice versa
from the Fe(II) complex to the excited Ru(II).

The effect of the polyamine chain of22+, in both ion-pair-
association constant and dynamic quenching, was studied at pH
4. At this pH value, and in the presence of fluorophore
concentration of about 1× 10-5 M, four of the five nitrogens
of the polyamine macrocycle are protonated. In both systems

(23) Hysscomputer program. Alderighi, L.; Gans. P.; Ienco, A.; Peters,
D.; Sabatini, A.; Vacca, A.Coord. Chem. ReV. 1999, 184, 311.

(24) Smith, R. M.; Martell, A. E.NIST Critical Stability Constants
Database, version 2; National Institute of Standards and Technology:
Washington, DC, 1995.

(25) Supramolecular Chemistry of Anions; Bianchi, A., Bowman-James,
K., Garcia-Espan˜a, E., Eds.; Wiley-VCH: New York, 1997.

(26) Peter, F.; Gross, M.; Hosseini, M. W.; Lehn, J.-M.; Sessions, R. B.J.
Chem. Soc., Chem. Commun. 1981, 1067. Peter, F.; Gross, M.;
Hosseini, M. W.; Lehn, J.-M.Electroanal. Chem. 1983, 144, 279.

(27) Garcia-Espan˜a, E.; Micheloni, M.; Paoletti, P.; Bianchi, A.Inorg. Chim.
Acta 1985, 102, L9. Bencini, A.; Bianchi, A.; Garcia-Espan˜a, E.;
Giusti, M.; Mangani, S.; Micheloni, M.; Orioli, P.; Paoletti, P.Inorg.
Chem. 1987, 26, 3902. Arago´, J.; Bencini, A.; Bianchi, A.; Domenech,
A.; Garcia-Espan˜a, E.J. Chem. Soc., Dalton Trans.1992, 319.

(28) Bianchi, A.; Domenech, A.; Garcia-Espan˜a, E.; Luis, S.Anal. Chem.
1993, 65, 3137.

(29) Juris, A.; Gandolfi, M. T.; Manfrin, M. F.; Balzani, V.J. Am. Chem.
Soc.1976, 98, 1047.

(30) Mallouk, T. E.; Krueger, J. S.; Mayer, J. E.; Dymond, C. M. G.Inorg.
Chem.1989, 28, 3507.
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Table 4. Cu2+ Complexation Constants with22+ Determined in
0.10 M Me4NCl at 298.1( 0.1 K

reaction logK

Cu2+ + 22+ ) Cu24+ 14.1(1)a

Cu24+ + H+ ) CuH25+ 6.33(7)
CuH25+ + H+ ) CuH226+ 5.11(4)
Cu24+ + OH- ) Cu2(OH)3+ 3.8(1)
Cu24+ + Cu2+ ) Cu226+ 3.7(2)
Cu226+ + OH- ) Cu22(OH)5+ 8.1(1)
Cu22(OH)5+ + OH- ) Cu22(OH)24+ 5.2(1)

a Values in parentheses are standard deviations in the last significant
figure.
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(H426+/[Fe(CN)6]4- and H426+/[Fe(CN)6]3-) the ion-pair as-
sociation dominates the interaction. This is due to the increase
of the charge in the ruthenium complex from 2+ to 6+, and to
the formation of hydrogen bonding between the protonated

nitrogens of the host and the cyanide ligands of the guest. As
expected, the ion-pair association is stronger for [Fe(CN)6]4-

than for [Fe(CN)6]3-, because of the larger charge in the former.
The ion-pair-association constants obtained for the H426+ and
[Fe(CN)6]4- (log Kip ) 4.7) system is lower than the values
obtained by potentiometry (logKip ) 6.7). This difference can
be attributed to the larger influence of the chloride ions from
the medium ([Cl-] ) 0.10 M) in the case of the fluorimetric
measurements ([H426+] ) 1.0 × 10-5 M), compared with the
potentiometric experiments ([H426+] ) 1.0 × 10-3 M).

Regarding the dynamic quenching, the association constants
(Table 6) are similar for both adducts and the respective rates
(Table 6) seem to indicate that these are controlled by diffusion
processes. The small increase of the quenching rate constant
from the adducts involving [Fe(CN)6]3- to those with [Fe(CN)6]4-

can be attributed to an increase of the driving force for complex
formation, determined by the increasing anion charge.

Our systems involve electron transfer through hydrogen bonds
between charged species. They have, thus, some resemblance
to the systems studied by Harriman and Sessler,10 and by
Nocera,9b,d in which energy/electron transfer in cytosine/guanine
H-bonded assemblies and guanidinium/carboxylate salt bridges
were studied, respectively. These studies showed that both types
of bridges influence the rate constants for the energy/electron
transfer and it cannot be excluded that some kind of mediation
involving the hydrogen bonds between the cyanide groups of
[Fe(CN)6]4- and the ammonium groups of H426+ may be present
in our systems. However, within the time resolution of our
equipment (ca. 10 ns), only monoexponential decays were
observed, which prevented the determination of the photoin-
duced electron transfer rate constants.

Figure 6 shows the variation of theE1/2 for the iron complex,
as a function of the molar ratio H426+/[Fe(CN)6],4- obtained
by cyclic voltammetry at a constant concentration of H426+ (1
× 10-3 M) in 0.10 M NaCl at pH 4. As reported previously,
the shift ofE1/2 before and after complexation (∆E) is related
to the ratio of the ion-pair-association constants of both reduced
and oxidized iron complexes with H426+, by eq 1:28

This equation was used to calculate logKip(ox) ) 5.3 between

Figure 4. (A) pH-dependent emission spectra of compound22+ (L), 1.33× 10-5 M, in the presence of equimolar concentration of Cu2+. (B) (b)
Emission intensity titration curve obtained atλem) 616 nm andλex) 470 nm. Solid lines are mole fraction (ø) distribution curves of the species
present in solution (charges omitted). Charges omitted in species labels.

Table 5. [Fe(CN)6]4- Complexation Constants with22+ Determined
in 0.10 M Me4NCl at 298.1( 0.1 K

reaction logK

[Fe(CN)6]4- + H224+) H22[Fe(CN)6] 4.48(7)a

[Fe(CN)6]4- + H325+ ) {H32[Fe(CN)6]}+ 5.70(6)
[Fe(CN)6]4- + H426+ ) {H42[Fe(CN)6]}2+ 6.67(6)
[HFe(CN)6]3- + H426+ ) {H52[Fe(CN)6]}3+ 5.97(7)

a Values in parentheses are standard deviations in the last significant
figure.

Figure 5. Distribution curves of anion complexes formed by compound
22+ with [Fe(CN)6]4- in aqueous solution. Charges omitted in species
labels.

Table 6. Association Constants (logKip) and Quenching Rate
Constants (kq) Determined from Photophysical Quenching Studies

log Kip
a KSV

a/M-1 KSV
b/M-1 kq/s-1 M-1

[Fe(CN)6]4- +
[Ru(bpy)3]2+

2.5 2325 1320 5.8× 109 c

[Fe(CN)6]3- +
[Ru(bpy)3]2+

3488 2600 8.7× 109 c

[Fe(CN)6]4- +
[Ru(bpy)2(H4L )]6+

4.7 4164 1.4× 1010d

[Fe(CN)6]3- +
[Ru(bpy)2(H4L )]6+

3.3 3697 1.3× 1010d

a All experiments were carried out at 298 K, in air atmosphere, at
pH 4.0.b Values from ref 27.c τ0([Ru(bpy)3]2+) ) 400 ns.d τ0([Ru(bpy)2-
(H4L )]6+) ) 290 ns.

∆E ) RT
nF

ln
Kip(red)

Kip(ox)
(1)
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H426+ and [Fe(CN)6]3-, using logKip(red)) 6.7 obtained from
potentiometry carried out under the same conditions as those
of the voltammetry experiments. This value is larger than the
one obtained by fluorimetry (logKip ) 3.3) for the reasons
described above, i.e., the influence of the chloride ion.

The results reported above show that the presence of the
polyamine chain increases the performance of22+ in sensing
the two iron cyanide complexes when compared with the parent
compound [Ru(bpy)3]2+.

Iodide to Iodine Photocatalytic Oxidation. Aqueous solu-
tions of22+ (1.55× 10-4 M), in the presence of 0.1 M sodium
iodide, lead to the formation of a precipitate. For this reason a
(9:1) water/acetonitrile mixture, at pH 4.3, was used to increase
the solubility. The absorption spectrum of such solution is the
summation of the spectra of both components, and thus there
is no evidence for the formation of ion-pair charge transfer.
However, the fluorescence emission of compound22+ is
quenched by about 5% in the presence of [I-] ) 0.1 M. In the
case of the parent compound [Ru(bpy)3]2+, its fluorescence is
not affected by addition of the same amount of iodide. When
air-equilibrated solutions of22+ in the presence of [I-] ) 0.1
M, at pH 4.3, are irradiated at 436 nm, formation of I3

- is
immediately observed by the increasing of its characteristic
absorption band centered at 350 nm. The quantum yield of this
photoreaction, based on the total amount of light absorbed by
the system, is 0.0033. Taking into account that only 5% of the
emission of compound22+ is quenched by the iodide, the true
quantum yield is ca. 0.07.

If nitrogen is bubbled in the same solution before irradiation,
no steady-state spectral modifications can be observed. On the
contrary, saturation of the solutions with dioxygen increases
the quantum yield by ca. 5-fold. It is interesting to note that no
spectral variations were detected in the absorption spectrum of
the parent compound [Ru(bpy)3]2+ irradiated in the presence
of [I-] ) 0.1 M.

Formation of iodine by photocatalytic oxidation of iodide is
a well-established reaction reported for some other systems,
namely for the case of the ion pairs involving iodide and
Co(sep)3+(sep)sepulchrate)1,3,6,8,10,13,16,19-octaazabicyclo-
[6.6.6]eicosane).32 The experimental results can be accounted
for by Figure 7. Excitation of compound22+ in the MLCT band
allows the transfer of one electron from I- to the Ru(II) complex,
leading to the formation of an iodine radical and to a Ru(II)

complex with a reduced dipyridine radical anion. The iodine
radical gives I3- as a final product by a sequence of well-known
reactions.32 The cycle is completed by reoxidation of the
dipyridine radical by dioxygen.

As demonstrated by the inertness of the parent [Ru(bpy)3]2+

compound, the existence of the positively charged macrocyclic
receptor seems to be an indispensable requirement to fix the
iodide in a position close to the metal, to allow the electron
transfer process. In the case of H426+, the net reaction can be
accounted for by eq 2, which is thermodynamically favorable
by 0.3 eV.

The relatively low efficiency of this system (0.35 in dioxygen
saturated solutions) can be attributed to the fact that only 5%
of the excited state can be quenched by iodide. In addition there
is evidence, from preliminary flash photolysis experiments, that
the back reaction from the reduced complex to I3

- is a
competitive process that decreases the net formation of photo-
products.

Conclusions

Macrocycles containing endotopic cavities and exotopic
coordination sites can be used as ligands in the construction of
water-soluble fluorescent metal complexes. These coordination
compounds can be used as luminescence chemosensors based
on the emission intensity, as well as in long-lifetime-based
sensing for cations and anions. In addition, the receptor cavity
can be explored as a photocatalytic center capable of hosting
substrates amenable to reaction upon electron or energy transfer
involving the metal center.
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Figure 6. Cyclic voltametry of [Fe(CN)6],4- 1 × 10-3 M, in 0.1 M
NaCl at pH 4.0 as a function of addition of H426+; R ) H426+/
[Fe(CN)6].4-

Figure 7. Photocatalytic cycle for the oxidation of iodide to iodine
by dioxygen.

2[RuII(bpy)2(H4L )]6+ + 3I- 98
hν

2[RuII(bpy-)(bpy)(H4L )]5+ + I3
- ∆G° ) -0.3 eV (2)

Chemosensor Ability of Cl2[Ru(bpy)2L] Inorganic Chemistry, Vol. 40, No. 26, 20016819


