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a b s t r a c t

This review describes some developments on the coordination chemistry of chemosensors based on
polyamines and related compounds, with particular emphasis on their photochemical properties. The
reported systems are essentially based on the work developed by the authors since 2000. Some inter-
esting properties beyond sensing molecules and/or atoms by fluorescence or colorimetry can arise from
these systems. In particular pH and light can be used as external stimuli to carry out functions, like molec-
eywords:
olyaza receptors
xa-aza receptors
hia-aza receptors

ular movements, jumping of metal ions inside-outside polyaza cavities, photocatalytic effects, energy and
electron transfer.

© 2008 Elsevier B.V. All rights reserved.
hemosensors
luorescence
olorimetric
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. Introduction
The detection and control of analytes comprising cations and
nions is an essential task in many of the human activities, from
griculture, food, and environment sciences, to medicine and health
ciences. It is easy to predict an increasing demand of devices capa-

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:lodeiro@dq.fct.unl.pt
dx.doi.org/10.1016/j.ccr.2008.09.008
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Scheme 1.

le of sensing and controlling different analytes taking profit from
he great computing capacity nowadays accessible. Thus, the search
or compounds whose properties are modified in the presence of
target compound is a matter of great interest. One expeditious
ay to sense analytes is the use of chemosensors, in particular
hose exhibiting fluorescence, due to low detection limit and easy
ccessibility of this technique.

The concept of chemosensor was reported for first time by L.
. Sousa in 1977. He described the perturbation of the fluores-

(
(

m

Scheme 2
ry Reviews 253 (2009) 1353–1383

ence and phosphorescence of compounds 1 and 2 by alkali metal
ations (Scheme 1). While in compound 1 (ethanol glass at 77 K)
he fluorescence quantum yield is quenched, and the phosphores-
ence quantum yield is enhanced by these metals, in compound
it is exactly the contrary, the fluorescence is enhanced and the

hosphorescence quenched [1].
Sousa’s work presented for the first time in compound 2, the

nhancement of the fluorescence of an aromatic hydrocarbon
ystem by the addition of “perturbers” which are held in a pre-
etermined orientation without the use of a covalent bond.

The concept of “switching on” was introduced by A. P. de Silva, in
986, to characterize the large perturbation caused by the addition
f Na+ and K+ to methanol solutions of compound 3, Scheme 2. In
his compound the anthracene fluorescence is quenched by elec-
ron transfer from the lone pair of the nitrogen, and is recovered on
ncorporation (recognition) of the alkali metal-ion into the macro-
ycle [2].

Recovery of the anthracene fluorescence emission was also
escribed by Czarnik in Ref. [3]. This author reported the chelation-
nhancement of fluorescence (CHEF) that occurs upon Zn2+

oordination to compound 4, see Scheme 2. The lack of fluorescence
mission in this compound is attributed to a quenching process by
lectron transfer, taking place from the lone pairs of the amine to
he excited fluorophore. Protonation of the amines or coordination
f some metals (d10) such as Zn2+ or Cd2+ prevents the electron
ransfer process, allowing the fluorophore to exhibit its intrinsic
uorescence.

The concept of chemosensor was clearly defined by Czarnik [4],
sensing), and a mechanism for communication between the two
through the spacer) see Scheme 3.

Many reviews concerning acyclic or macrocyclic ligands for
etal ion complexation and detection have been published

.



C. Lodeiro, F. Pina / Coordination Chemist

r
p
A
r
t

t
p
s
a
t
s

2

m

r
[
t

s
u
t
o
t
a
t

c
E

u
a
t
s
b

s
e

F
s

Scheme 3.

ecently, some of them, with an exhaustive presentation of com-
ounds used for the synthesis of polynuclear metal complexes [5,6].
pplication of metal complexes as fluorescence [7] and colorimet-
ic [8], chemosensors has been also exhaustively reviewed due to
he increased interest in these multifunctional materials.

In this review we summarized the contributions from our group
o the chemosensor field, emphasizing chemosensors based on
olyamine receptors capable of operating in water, the ubiquitous
olvent, in particular concerning the biological systems. The inter-
ctions with metal ions, anions and with protons are discussed,
ogether with some interesting functions linked to response of the
ystem to external stimuli such as light and pH.
. Polyamine-based receptors

The first water-soluble chemosensor possessing a polyamine
acrocycle receptor linked to an aromatic hydrocarbon was

m
f
I
d
r

ig. 1. Fluorescence emission titration curves of two representative polyamine-based sen
pecies obtained by potentiometry [21].
ry Reviews 253 (2009) 1353–1383 1355

eported in 1990 by Czarnik and co-workers compound 5, Scheme 2
9]. In this example, protons, as well as Zn2+ and Cd2+, switch ON
he fluorescence of the sensor.

The presence of the polyamine receptor unit usually renders the
ensor water-soluble, in great part due to the protonation equilibria
ndergone by the polyamine in water. Speciation of the sensor leads
o the presence of an ensemble of forms that can be selected for
ptimum detection performance for a given analyte. For instance,
he protonation of the polyamine at acidic pH values renders an
nionic sensor while at basic pH the unprotonated forms are ideal
o complex metal ions.

The polyamine receptors can be built using cyclic or linear
hains. In some cases two and more linear chains have been used.
xamples of all these receptors will be given through this review.

Anthracene and naphthalene were the first fluorescent sensing
nits to be explored [9] but other alternatives were considered later,
s for example dansyl [10], 8-hydroxyquinoline [11] and ruthenium
ris-bipyridine derivatives [12]. In all cases the fluorescence emis-
ion of the sensing unit should be increased or decreased upon
inding of the analyte to the receptor.

Concerning the mechanisms through which the chemosen-
or operates, photo-induced electron transfer (PET) involving the
xcited sensing unit and the polyamine receptor is the most com-

on. In the case of anthracene and naphthalene the PET occurs

rom the lone pair of the nitrogen atoms to the excited fluorophore.
n some receptor units, aromatic nitrogen heterocycles like pyri-
ine, phenanthroline or bipyridine have been integrated into the
eceptor unit to modulate the binding properties. In these cases,

sors, compounds 6 and 7, superimposed with the mole fraction distribution of the
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Table 1
Logic gates defined with the fluorescence emission of compound 6 at 420 nm for
Zn2+ and Cu2+ [21].

Zn2+ Cu2+ pH 5 pH 10

0 0 1 0
0 1 0 0
1
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emission. Removal of the first proton from the central nitrogen is
enough to confer a larger flexibility to the polyamine chain, allow-
ing excimer formation, as well a decrease of the monomer emission
by PET from the central amine to the excited naphthalene. Complete
ig. 2. Comparison of the fluorescence emission of compound 7 at 420 nm for the
arious metal ions [21].

rotonation of the aromatic nitrogen at acidic pH values also gives
ise to PET from the excited fluorophore to the protonated hetero-
ycle, resulting in fluorescence quenching. Systems containing both
liphatic amines and nitrogen heterocycles are only effective in a pH
indow whose width is dependent on the structure of the molecule

13–17]. More recently oxygen and sulfur atoms have been inte-
rated into the polyaza chains in order to render the receptor unit
ore versatile [18].
In collaboration with García-España we introduced in 1995,

or the first time, the systematic superposition of the potentio-
etric and fluorescence emission titration curves, to study the

nteraction of polyazacyclophane macrocyclic receptors, with the
nion, hexacyanocobaltate(III) [19]. This approach was later on
omplemented by the use of NMR titrations [20]. These three
ombined techniques, fluorescence emission, potentiometry, and
MR, used as a function of pH, proved to be a powerful tool

o investigate the behaviour in water of fluorescent polyamine
hemosensors. In particular, this approach permits in the majority
f the cases to assign the sequence in which the nitrogen atoms of
he polyamine are protonated, and thus clearly identify the con-
ribution of each species to the fluorescence emission, at each
H value.

An example of this strategy is reported in Fig. 1. The relative
ontribution of each species can be measured. The maximum of the
uorescence emission is observed for the more protonated forms,
ecause protonation prevents the quenching process by electron
ransfer and in contrast at high pH values the emission is not
bserved, due to the PET quenching process.

Compounds like those reported in Fig. 1 (compounds 6 and 7)
an be used also to sense transition metals [21]. As an example in
he case of the chemosensor bearing a linear chain (compound 7)
he stability constants for the respective complexes with Copper,
inc and Nickel follows a tendency, Cu2+ > Ni2+ > Zn2+, as expected
rom the general Irving-Williams order of stability for octahedral
omplexes. In Fig. 2 the fluorescence emission titration curve of the
omplexes formed between compound 7 and equimolar quantities
f the metal cations is shown.

The different behaviour of the fluorescence emission in the pres-
nce of these metals can be used to define logic gates [21]. As an
xample, if the fluorescence emission is the output signal of the
ystem and 0 is considered the absence of the metal and 1 its pres-

nce the following logic table can be defined for the pair zinc and
opper [21] (Table 1).

Other combinations can be defined leading to different logic
ables as reported in Ref. [21].
0 1 1
1 0 0

NOT Cu2+ NOT (Zn2+ ⇒ Cu2+)

. Sensing units

.1. Aromatic hydrocarbon atoms

The sensing unit plays a central role in the performance of the
hemosensor. Aromatic hydrocarbon atoms have been extensively
sed, due to their good fluorescence emission quantum yields and
ecause they can easily communicate with the polyamine receptor
hrough PET. In the cases where the sensing unit possesses two or

ore chromophores, as an example see compound 8 (Scheme 4),
ormation or disappearance of intramolecular excimers can be used
ogether with the monomer emission to sensing target compounds
22].

.1.1. “ON-OFF” switch based on excimer emission driven by light
The first water-soluble chemosensor based on excimer emission

as claimed by Van Arman and co-workers [23]. These authors
eported the anthracene excimer emission of a bis-chromophoric
ompound upon coordination with Zn2+.

More recently a systematic study of these bis-chromophoric
pecies containing chains with different lengths was carried out
sing the three combined techniques mentioned above [24,25].
he fluorescence emission titration curve was superimposed to
he mole fraction distribution of the several species in solution,
btained by potentiometry, see for example Fig. 3 for n = 1. The
rotonation sequence in this case is easy to predict and can be con-
rmed by the chemical shifts of the protons (1H) and carbon atoms

13C): the first proton goes to one of the terminal nitrogen atoms,
he second one to the other terminal nitrogen, in order to maxi-

ize the electrostatic repulsion and finally the third to the central
itrogen. The absorption spectra are practically independent on the
rotonation sequence, but in contrast the fluorescence emission is
ramatically affected, see Fig. 3A. The excimer emission is clearly

dentified by the observation of its red shifted and unstructured
mission band. Full protonation of the polyamine receptor pre-
ents PET and confers rigidity to the chain: by consequence H3L3+

xhibits the highest fluorescence emission intensity and no excimer
Scheme 4.
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ig. 3. (A) pH dependence of the fluorescence emission of compound 8 �exc = 280 nm
mission at �exc = 280 nm and �em = 334 nm); (©) Fluorescence emission at �exc = 28

uenching can only occur when a second proton is taken off from
he polyamine chain.

Further evidence for this interpretation can be found from the
uorescence emission of a mono-chromophoric species, Fig. 4. In
his case there is neither excimer formation, nor any significant
ndication of the exciplex emission, as expected, because the sol-
ent is water. In addition, if a piperazine unit is introduced in the
hain to confer rigidity, the excimer is not formed in spite of the
xistence of two terminal naphthalene units, Fig. 4.

In Scheme 5 the ON-OFF properties of compound 8 regarding the
utput signal of its excimer emission, are summarized. At pH 2.0
he system is locked and there is no chance to form the excimer due
o the rigidity of the chain, OFF state. When the system is unlocked
o pH 6.0, the excimer emission can be observed and the system is
N.

Formation of excimer was also described for compounds 9 and
0 (Scheme 6) [26]. The different central spacer unit with differ-
nt connections to the central benzene groups with the polyamine
hain, leads to small but significant differences in the photophysi-

al behaviour of the two compounds, namely in the rate of excimer
ormation at acidic pH values. Excimer formation at acidic pH val-
es when the protonation of the polyamine bridges is extensive (all
ix secondary amines) is noted. Identically excimer emission was
etected for compound 11. In this case time-resolved fluorescence

s

o
f
g

ole fraction distribution of the protonation states of compound 7: (�) fluorescence
and �em = 418 nm [24,25].

ata, obtained by single photon counting showed that a significant
ercentage of excimer is performed as ground state dimers [27].

Complexation of compound 11 with Cu2+ and Zn2+ showed
he formation of mono- and dinuclear complexes in which the
itrogen atoms in the pendant arms do not provide a strong con-
ribution to the overall stability. In both cases excimer emission
s not observed. Copper complexation gives rise to a Chelation
nhancement of Quenching (CHEQ) effect while zinc complexation
riginates a slight CHEF effect. The lack of significant CHEF effect
xpected upon coordination of this last metal was attributed to a
ompensating effect due to the participation of the pyridine units
n the Zn2+ complexation that is expected to give a CHEQ effect [27].

.1.2. Exciplex involving complexation with metals
Sensing metal ions upon complexation can be achieved by the

uorescence emission not only from excimers but also from exci-
lexes. The coordination environment re-organizes the structure
f the ground and excited states of the chemosensor, in some cases
nducing in other cases preventing the formation of these excited

tate species.

An example of this behaviour was found with the Zn2+ complex
f compound 12 [28,29]. Coordination/detachment of a pendent
unctionality in the Zn2+ complex with the macrocyclic ligand 12
ives rise to on/off switching of exciplex emission, defining an ele-
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Fig. 4. pH dependence of the fluorescence emission at �exc = 280 nm. (A) Mole fraction distribution of the protonation states: (�) fluorescence emission at �exc = 280 nm and
�em = 334 nm. (A) mono-chromophoric and (B) bis-chromophoric [24,25].

Scheme 5.
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ig. 5. Fluorescence emission spectra of the Zn2+(12) (1:1) system in 0.15 M NaCl CH
�exc = 352 nm). Inset: fluorimetric titration of the same system: (�) emission follo
inset) represent mole fractions [28,29].

entary molecular machine whose movements can be driven by

oth, pH and light (Fig. 5).

Steady-state and time-resolved fluorescence studies with the
n2+ complex of 12 were reported in solution (ethanol) and in
he solid state. In solution from the temperature dependence of

Scheme 6.
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2O 1:1 (v:v) at different pH values: 1.69; 3.73; 4.4; 4.87; 5.1; 5.57; 6.05; 6.55, 10.37
t 418 nm; (©) exciplex emission followed at 600 nm. Species distribution curves

he photostationary ratio (Iexc/IM), the activation energy for exci-
lex formation (Ea = 12.3 kJ mol−1) and the binding energy of the
xciplex (�H = −7.9 kJ mol−1) were determined (see Fig. 6).

In the solid state, the absorption spectrum of a thin film of Zn(12)
s red-shifted relative to the solution spectra whereas its emission
pectrum reveals the unique featureless exciplex band but blue
hifted relative to solution. In conjunction with X-ray data (see
ig. 7) the solid-state data were interpreted as being due to a new
xciplex where differently from the results in water no �-stacking
full overlap of the p-electron cloud of the two chromophores-
henanthroline) is observed.

Further clear evidence for an exciplex emission was obtained in
ompound 13 (Scheme 7) [30]. In this case the exciplex emission
s centred ca. 430 nm, compared with the excimer � = 418 nm,
max

eaches its maximum at pH 6, and was interpreted as an exciplex-
ike structure involving the naphthalene and one of the pyridine
nits. There is no possibility of intramolecular excimer formation
nd the intermolecular excimer can be excluded due to the low

ig. 6. Fluorescence emission spectra �exc = 352 nm of the Zn(12) complex in ethanol
t 293 K. The exciplex bad results from the subtraction of the emission spectra of 12
nd that of the complex [29].
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Fig. 7. ORTEP drawing of the [Zn(12)Br]+ complex cation [29].

oncentrations used and the lack of changes on the intensity of this
and in the range 10−5 to 10−6 M.

Complexation with Zn2+ leads to a total disappearance of the
xciplex emission. According to this data, Zn2+ can be detected by
he fluorescence emission intensity of its complex with 13, in a very
arrow pH window centered ca. pH 8.0.

In contrast with the chemosensors bearing naphthalene (or
nthracene) sensing units, those presenting the dansyl fluorophore
re emissive only at basic pH value, because the protonated form of
he dansyl unit is not emissive. In contrast with the usual behaviour
or Zn2+ complexes in the case of ligand 14 (Scheme 7), strong coor-
ination with the metal takes place accompanied by a relatively
trong quenching of the fluorescence [31]. The quenching effect
as related to the coordination of the metal to the pyridine groups,

y analogy with identical quenching of naphthalene or anthracene
y pyridines complexed with Zn2+. When the Zn14 complex is irra-
iated an intense and blue shifted emission band, is formed, Fig. 8.

Scheme 7.
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ig. 8. Irradiation of the compound Zn(14)2+ at 333 nm, pH 7.3: 0, 5, 10, 15, 20, 25,
nd 30 min, full lines; free ligand (traced line) 5.0 × 10−5 M, [NaCl] = 0.15 M [31].

A similar spectroscopic feature was previously described by
imura and co-workers on model compounds for Zn2+ enzymes as a
esult of formation of strong bonds between aromatic sulfonamides
nd Zn2+ [32]. In particular, a fluorophore possessing a cycle recep-
or unit and a dansyl signalling moiety was shown to exhibit such
ehaviour at pH 7.3. The dansylsulfonamide is deprotonated and
he nitrogen binds strongly to the metal, leading to a blue shifted
ew fluorescence emission band whose intensity increases ca. five-

old. In compound 14, the nitrogen of dansylsulfonamide is tertiary
ut there is still an electron pair available to coordinate the metal.
lthough this is not the usual situation in the ground state, there are
ome reports on tertiary sulfonamide binding to metal ions. Taking
nto account that the excited dansyl unit is reached from a charge
ransfer from the dimethylamino-substituted aromatic moiety to
he sulfonamide, the excess of charge in this nitrogen in the excited
tate might be the driving force to remove water from the inti-
ate coordination sphere of the metal and give rise to a bond. The

ond Zn2+-dansylsulfonamide, would lead to a similar fluorescence
attern as found by Kimura and co-workers [32].

.1.3. Intramolecular energy transfer: switching from ET to eT by
he action of metals or protons

Covalently linked donor-acceptor (CLDA) systems is a subject of
reat interest because of the theoretical and practical applications
f electron (eT) and energy transfer (ET) that can take place in these
olecules. Compound 15 has been synthesized using a polyamine

hain to link a donor and an acceptor, as shown in Scheme 8 for
ompound 15 [33].

In order to maximize the energy transfer process, the polyamine
hain must be fully protonated, otherwise electron transfer
uenches the emission as was mentioned above for other simi-
ar polyamine compounds. System 15 allows selective excitation
f each fluorophore: anthracene is the sole absorbing moiety
t �exc = 360 nm, while at �exc = 280 nm the naphthalene moiety
bsorbs ca. 90% of the excitation light and anthracene less than

0%.

Inspection of Fig. 9 clearly shows that while selective excitation
f the anthracene moiety leads to its own fluorescence emission,
ig. 9B, the 90% excitation of naphthalene moiety gives rise to an
ntense fluorescence emission from the anthracene, and only a
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Scheme 8.
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This example illustrates the potentialities of the design in new
receptors based on polyamines and the role that the introduction
of other units in their structure can play to render more efficient
the sensing of metal cations or other target molecules.
Sch

inor emission from naphthalene itself, Fig. 9C. This is what should
e expected from an efficient energy transfer process. The energy
ransfer can be confirmed through the excitation spectrum col-
ected at the anthracene emission (420 nm), Fig. 9A, where a large
ontribution from the naphthalene absorption is clear. The energy
ransfer (ET) parameters of this system have been calculated: the
T efficiency is � = 0.94, the Förster’s critical distance is R0 = 28 Å,
nd the inter-chromophoric distance for the fully protonated form,
= 19 Å.

The reductive quenching of hydrocarbon fluorophores by
liphatic amines can be used to control the energy transfer process.
n this basis, it is possible to switch from energy transfer to elec-

ron transfer by increasing the pH or by metal ion coordination, as
hown in Scheme 9. In the absence of protons or metal coordination,
he electron transfer is the dominant process and no fluorescence
mission can be observed. Protonation of the polyamine bridge or
n2+ complexation prevents the electron transfer and allows the
nergy transfer to take place.

. Receptor unit

In order to tune the receptor properties the incorporation of aro-
atic amines like pyridine or phenanthroline inside the cycles as in

1 or as appending units like in 13 has been explored. The introduc-
ion of aromatic amines not only completely modifies the ability of
he ligand to complex metals, but also affects the characteristics
f the fluorescence emission. One interesting example regards the
n2+ complexes with compounds 13 and 18 (Scheme 10). In the case

f the complex Zn13, the plateau is very small, and the domain of
his species is a sharp curve with maximum peak around pH 8.0
30]. In contrast, the titration curve of complex Zn18 exhibits an
xtended plateau from 5 to 9 (see Fig. 10). This different behaviour
an be explained by the participation of the pyridine units in the
.

inding. In compound 13, these units present the nitrogen atoms in
osition 4, far from the polyamine chain, while in 18 the nitrogen
toms are located in position 2, and the stiffening effect observed
n this compound is not present in compound 13. The complex is

uch stronger and by consequence Zn18 is the dominant species
n a large pH range. This fact is also reflected in the higher value
f the stability constant of the Zn18 complex (log K = 13.0) when
ompared with the analogue Zn13 complex (log K = 4.72).

In compound Zn13 protonation of the pyridine units at moder-
tely acidic values contribute to the quenching effect at these pH
alues, while in Zn18 the pyridines are involved in the binding with
he metal and lower pH values are need to obtain quenching.
Scheme 10.
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Fig. 9. (A) Absorption spectrum (1) and respective excitation spectrum at �em = 420 nm (2) of compound 15; absorption spectrum of naphthalene derivative model compound
1 conce
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6 (3), absorption spectrum of anthracene model compound 17 (4), both in the same
luorescence emission spectra upon selective excitation of anthracene at �exc = 360 n
xcitation [33].

.1. Phenanthroline, bipyridine and terpyridine units

Incorporating or appending phenanthroline, bipyridine or ter-
yridine units has been the subject of recent research by some
uthors [34]. In collaboration with the group of Bianchi and Bencini
everal examples of this strategy have been reported since 1999
27,28,33,35]. In this case the aromatic amines can be used for both
unctions, binding and sensing.

In Scheme 11 a family of compounds having the phenanthroline
ncorporated into the polyamine macrocycle is shown [35]. The flu-
rescence emission of the free ligands presents the common trend
f the compounds possessing both aromatic and aliphatic amines,
bell shape fluorescence emission titration curve. The quenching

ffect at lower pH values depends on the chain length and is more
ronounced for n = 3 as expected by the easier protonation of the

henanthroline for the larger macrocycles.

In the case of Zn2+ complexes of compound 19 (n = 1)
Scheme 11) the benzilic nitrogen atoms are weekly bound to the

etal, and for this reason no fluorescence emission is observed
ecause the benzilic amines are available to the PET process of

a
(
u
d

ntration as 17, and the sum 3 + 4 (5) were represented for comparison purposes. (B)
Fluorescence emission spectrum upon excitation at �exc = 280 nm, 90% naphthalene

uenching. On the other hand a decrease of the stability trend
or the complexes with Zn2+ from n = 1 to 3 was observed. This
act suggests that the number of donor atoms participating in the
oordination does not parallel the increasing number of donors
n the ligands. Moreover an increasing number of uncoordinated
mine groups favours the formation of protonated complexes, as
as observed for n = 2 and n = 3, and allows the larger ligand to
ave enough free donor atoms to bind a second metal [36]. In order
o observe the fluorescence emission, the nitrogen atoms should
e involved in the binding with the metal or protonated. This is in
greement with the observation that the largest fluorescence emis-
ion occurs for the diprotonated metal complex with n = 3 ligand
36].

Similar behaviour was found more recently for the phenanthro-
ine systems 20 and 21 (Scheme 12) [37].
While ligand 21 permits coordination of divalent metal ions such
s Cu2+, Zn2+, Cd2+, Pb2+ and Hg2+ given mononuclear complexes
see Hg2+ complex in Fig. 11), ligand 20 gave both mono- and din-
clear complexes [37]. The metal complexes with 20 and 21 do not
isplay fluorescence emission, due to the presence of amine groups



C. Lodeiro, F. Pina / Coordination Chemistry Reviews 253 (2009) 1353–1383 1363

Fig. 10. Emission spectra of the complex Zn(18) as a function of pH (�exc = 260 nm,
Zn(18) = 5.0 × 10−5 M, [NaCl] = 0.15 M). Inset: Fluorescence emission titration curve
of the complex Zn(18)2+ (�exc = 260 nm, �em = 335 nm (�), [Zn(18)2+] = 5.0 × 10−5 M,
[NaCl] = 0.15 M) superimposed on the respective mole fraction distribution of
species. Traced line: relative fluorescence emission titration of the free ligand [31].

Scheme 11.
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Fig. 11. (A) ORTEP drawing of the [H(21)HgCl]2+ cation with the numbering scheme ad
emission at 366 nm (�) for the systems Zn(II)/(21) superimposed to the corresponding d
298 K). Distribution curves of the complexed species represented as solid line, protonated
Scheme 12.

ot involved in metal coordination. These amine groups quench the
xcited fluorophore through an electron transfer process.

The dinuclear Zn2+ complex with 21 shows remarkable
ydrolytic ability for bis-(p-nitrophenyl) phosphate (BNPP), due to
he simultaneous presence within this complex of two metals and
wo hydrophobic units. In fact, the two Zn2+ ions act cooperatively
n substrate binding, probably through a bridging interaction of the
hosphate ester; the interaction is further reinforced by �-stacking
airing and hydrophobic interactions between the phenanthroline
nit(s) and the p-nitrophenyl groups of BNPP [37].

The chemosensor 22 bearing two naphthalene and two phenan-
hroline units was investigated in the presence of transition metals
uch as Cu2+ and Zn2+ (Fig. 12) [38]. The fluorescence emission
pectra of 22 show the simultaneous presence of three bands: a
hort wavelength emission band (naphthalene monomer), a middle
mission band (phenanthroline emission) in addition to a long-
avelength band. All three bands were found to be dependent

n the protonation state of the macrocyclic unit (including the
olyaminic and phenanthroline structures). The long wavelength
mission was analysed in great detail and it was attributed to an
ntramolecular interaction between a ground state phenanthroline
nd an excited state phenanthroline, suggesting that phenanthro-

opted (displacement ellipsoids drawn at 50% probability level); (B) Fluorescence
istribution diagrams (�exc = 272 nm, [Zn(II)] = [L1] = 1.31 × 10−5 M; I = 0.1 M NMe4Cl,
species as dotted lines [37].
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ig. 12. (A) Variation of the fluorescence emission spectra with added Zn2+ presente
f the variation of the excimer intensity maximum (obtained at 460 nm) with Zn2+

ine can give rise to excimer emissions [38]. The excimer formation
s dramatically increased in the presence of Zn2+ and decreased

ith Cu2+ (see Fig. 12 for Zn2+). It is shown that depending
n the metal the long-emission band presents a different wave-
ength maximum, which can be considered as a characteristic
o validate the ligand 22 as a sensor for a given and specific

etal.
Concerning the bipyridine system, the fluorescence emission of

ompounds 23 and 24 was reported (Fig. 13) [39]. In the first com-
ound the disposition of the heteroaromatic and aliphatic nitrogen

onors is convergent toward the macrocyclic cavity, while in the
econd two aromatic nitrogen atoms point outside the cavity.

A crystal structure of this last compound (Fig. 13) shows
wo well-separated binding zones, the macrocycle cavity and the

b
a
t
a

Fig. 13. ORTEP drawing of the [Zn23
olar ratios of Zn(22) varying from zero:one to 4:1 of Zn2+(22) and (B) presentation
] = 1 × 10−5 M. The excitation wavelength was 275 nm [38].

xternal dipyridine units. In the case of the mononuclear com-
lexes with Zn2+ and compound 23 the crystal structure of Zn(23)
Fig. 13) indicates that the metal is coordinated inside the cav-
ty bound to the heteroaromatic nitrogen donors and to the three
mines of the aliphatic chain. The benzilic nitrogen atoms are not
nvolved in the bonding, facile protonation of these two nitro-
en atoms takes place at acidic pH values and by consequence
his species is the one exhibiting the largest fluorescence emis-
ion. In the case of the mononuclear Zn2+ complex of compound
4, the metal is encapsulated inside the cavity, not coordinated

y the dipyridine unit. Protonation of the complex occurs on the
liphatic polyamine chain and gives rise to the translocation of
he metal outside the cavity, bound to the heteroaromatic nitrogen
toms (Fig. 14).

]2+ and [H424]4+ cation [39].
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ig. 14. Schematic representation on the metal jumping from inside to outside and
f 24 (dashed lines) in the presence of Zn2+ (1:1 molar ratio) as a function of pH ([2

Similar effects have been also reported for Cu2+ and Ni2+ with
acrocycle 24, but in both cases a non-emissive species was

bserved [40].
Macrocycle 25 containing a terpyridine unit was reported (see

ig. 15) [41]. A potentiometric, 1H NMR, UV–vis spectrophotomet-
ic and fluorescence emission study on the basicity properties of
5 in aqueous solutions is compatible with the first four protona-
ion steps occurring on the polyamine chain, while the terpyridine
itrogen atoms are involved in proton binding only in the last pro-
onation step at strongly acidic pH values. Mono- and dinuclear
omplexes with Cu2+, Zn2+, Cd2+ and Pb2+ are formed in solution.
u2+and Zn2+ can form both mono- and dinuclear complexes in

olution, while the larger Cd2+ and Pb2+give only mononuclear
omplexes. In the [M(25)]2+ complexes (M = Zn2+or Cd2+) the metal
s unequivocally bound to the terpyridine unit. Crystal structures

ere obtained and show two [M(25)H]3+ units coupled by a bridg-

fl
a
o
a

Fig. 15. ORTEP drawing of the {[Zn(25)H]2(�-OH
scence emission (�) and molar fractions of the protonated and complexed species
× 10−5 M; I = 0.1 M). Charges of the complexes are omitted for clarity [39].

ng OH− or Br− anion (See Fig. 15). A �-stacking interaction between
he terpyridine moieties helps to stabilize the complexes. A poten-
iometric and spectrophotometric study shows that, in the case of
u2+ and Zn2+, the dimeric assemblies are also formed in aqueous
olution containing the ligand and the metals in 1:1 molar ratio.
rotonation of the complexes or addition of a second metal ion
eads to disruption of the dimers, due to the increased electrostatic
epulsions between the two monomeric units [41].

The fluorescence emission of compound 25 is also strongly
ffected by metal coordination. Fig. 16 reports the pH dependence
f the fluorescence emission spectra recorded on solutions con-
aining the ligand and Zn(II) in 1:1 molar ratio. Comparison of the

uorescence emission intensity of the ligand 25 in the absence
nd in the presence of Zn2+ (Fig. 16B) clearly shows an increase
f the fluorescence emission in the presence of the metal in the
cidic pH region, where the [Zn(25)H3]5+ complex is formed. A

)}5+ and {[Cd(25)H]2(�-Br)}5+ cation [41].
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Fig. 16. (A) Fluorescence emission spectra of the Zn2+ complexes with 25 at different pH
25 in the absence (©) and in the presence of Zn2+ (1:1 molar ratio) (�) and molar fraction
([25] = 2.82 × 10−5 M; I = 0.1 M NMe4Cl). Charges of the complexes are omitted for clarity [
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photocatalytic center capable to host substrates amenable to react
upon electron or energy transfer involving the metal center [45].

An example of this photocatalytic effect is the adduct formed
between compound 28 and iodide (see Fig. 18) [45].
ig. 17. Fluorescence emission at 347 nm of 25 and its Zn2+, Cd2+, Pb2+ and Cd2+ com-
lexes (1:1 molar ratio) as a function of pH ([25] = 2.82 × 10−5 M; I = 0.1 M NMe4Cl)
41].

imilar behaviour is also found in the case of Cd2+, where only
he [Cd(25)H2]4+ complex is emissive. The fluorescence emission
itration curves for this ligand and in the presence of Zn2+, Cd2+,
u2+ and Pb2+ (metal to ligand 1:1 molar ratio) are summarized

n Fig. 17.

. Applications

.1. Exploring the photocatalytic properties

Macrocycles containing endotopic cavities and exotopic coor-
ination sites can be used as ligands in the construction
f water-soluble fluorescent metal complexes, see Scheme 13.
hese coordination compounds can operate as luminescence
hemosensors based on the emission intensity as well as in long

ifetime-based sensing for cations and anions. The particular use-
ulness of lifetime based sensing systems has been pointed out,
y Lakowicz [42,43], see compound 27, essentially because they
o not depend on probe concentration and remain unaffected by
he photobleaching or washout of the probe. Compound 28 was
values (excitation wavelength of 282 nm). (B) Fluorescence emission at 347 nm of
s of the protonated (dashed lines) and complexed species of 25 as a function of pH
41].

ynthesized taking profit of an exotopic macrocycle compound 26
39].

As could be expected, coordination ability of 28 towards Zn2+

nd Cu2+ is reduced in comparison with the parent ligand 26 due to
he electrostatic repulsion brought by the ruthenium. The absorp-
ion and emission of the mononuclear Zn2+ complexes with 28 is
nly slightly red-shifted relative to the non-complexed compound
6. While Cu2+ is also able to form dinuclear species the ligand does
ot display a great tendency to bind the second metal. In this case
he emission shows a dramatic quenching upon coordination to the

etal. The quenching of the emission of [Ru(bpy)3]2+ by polyamine
omplexes of Cu2+ ion was previously described by Moore and
lcock and attributed to energy transfer from the excited state of

Ru(bpy)3]2+* to the copper complex, promoting a d–d transition of
u2+ [44].

An interesting effect is the possibility of exploring the cavity as a
Scheme 13.
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ig. 18. Photocatalytic cycle for the oxidation of iodide to iodine by dioxygen [45].

Excitation of compound 28 in the MLCT band allows the transfer
f one electron from I− to the Ru2+ complex, leading to the forma-
ion of an iodine radical and reduced Ru2+ complex (the electron
oes to one of the bpy moieties). The iodine radical gives I3− as
final product by a sequence of well-known reactions [46]. The

ycle is completed by reoxidation of the reduced bpy moiety of the
omplex by dioxygen.

As proven by the inertness of the parent compound [Ru(bpy)3]2+,
he existence of the positively charged macrocyclic receptor seems
o be an indispensable requirement to fix the iodide in a position
lose to the metal, in order to allow the electron transfer process.
n the case of H4286+, the net reaction can be accounted in Eq. (1)

hich is thermodynamically favourable by 0.3 eV.

2[Ru2+(bpy)2(H428)]
6+ + 3I− hv−→2[Ru2+(bpy−)(bpy)(H428)]

5+

+I−3 �G◦ = −0.3 eV (1)

The relatively low efficiency of this system (0.35 in solution sat-
rated with dioxygen) can be attributed to the fact that only 5% of
he excited state can be quenched by iodide. In addition there is
vidence, from preliminary flash photolysis experiments, that the
ack reaction from the reduced Ru+ complex to I3− is a competitive
rocess that decreases the net formation of photoproducts.

.2. Sensing anions

It is well known that macrocyclic polyamines in their proto-
ated forms are efficient receptors of anionic species in solution
46]. In particular very stable adducts are formed with [Fe(CN)6]4−
nd [Fe(CN)6]3−, principally due to the high negative charge of
uch anions [47–51]. Protonated species of compound 28 might be
ble to form similar adducts. Our principal interest towards such
ystems results from the fact that the emission of the parent com-
ound [Ru(bpy)3]2+ is known to be efficiently quenched by electron

m
s
c
s
f

able 2
ssociation constants (log Kip) and quenching rate constants (kq) determined from photop

log Kip K

Fe(CN)6]4− + [Ru(bpy)3]2+ ≤2.5 2
Fe(CN)6]3− + [Ru(bpy)3]2+ – 3
Fe(CN)6]4− + [Ru(bpy)2(H428)]6+ 4.7 4
Fe(CN)6]3− + [Ru(bpy)2(H428)]6+ 3.3 3

a [41].
b [47c]. All the experiments were carried out at 25 ◦C and air atmosphere at pH 4.0.
c �0 ([Ru(bpy)3]2+) = 400 ns.
d �0 ([Ru(bpy)2(H428)]6+) = 290 ns.
ry Reviews 253 (2009) 1353–1383 1367

ransfer from (or to) metal-cyanide complexes [52,53], and thus
Ru(bpy)3]2+ could be used as sensor for this type of anions. Com-
ound 28 contains the basic ruthenium sensing unit, but in addition
ossesses an extra binding polyamine receptor, that is expected
o influence the overall process, improving the efficiency in anion
ensing. The interaction between compound 28 with [Fe(CN)6]4−

nd [Fe(CN)6]3−, was studied on the basis of the Stern-Volmer plots
f the intensity (I0/I) and lifetimes (�0/�) and compared with the
ehaviour of [Ru(bpy)3]2+, in identical conditions, the results being
ummarized in Table 2. The studies were carried out at pH 4 and
t this pH value the polyamine of compound 28 exhibits 4 protons
H428).

The ion-pair association is negligible for the pair between
Ru(bpy)3]2+ and [Fe(CN)6]3 and in the case of the pair [Ru(bpy)3]2+

nd [Fe(CN)6]4−, I0/I is somewhat higher than �0/�, allowing one
o calculate an ion-pairing association Kip < 300 M−1. This implies
hat the quenching process is essentially dynamic in both cases, see
ig. 19A and B. On the other hand, in the case of compound 28, there
s a great component of static quenching that is brought about by
he extra charge of the polyamine (Fig. 19A and B).

An interesting example of anions sensing was reported for com-
ound 11 (Scheme 6). Among the Krebs cycle components, just
itrate enhances the fluorescence this compound, see Fig. 20 [54].

The main species responsible for the enhanced of the emission of
ompound 11 in the presence of citrate are H6(11)A2+ and H5(11)A2+

A = citrate) and it was shown that citrate is the anion best suited
or forming hydrogen bonds with the arms of compound 11 thus
nhancing the fluorescence.

Interaction of ATP, ADP and AMP was also reported a few
ears ago for compound 6 and similar species bearing a naph-
halene or anthracene sensing units attached to a polyamine
hain [55].

.3. Antenna effect

The photophysical properties of the Eu(III), Tb(III) and Ru(II)
omplexes with dipyridine containing cryptands, such as com-
ound 30 (Fig. 21), have been extensively studied in the past few
ears [56–58].

Encapsulation of Eu3+ inside the cryptand cavity allows one
o overcome the drawback of the extremely low absorption coef-
cient of the un-complexed metal, the so-called antenna effect.
ryptands are capable not only of efficiently binding the metal,
ut also to protect it from the solvent, especially in aqueous
olution where coordinated water is an efficient quencher of the
mission.

Compound 29 was synthesized in order to contain a coordina-
ive cleft as potential binding site for metals [59]. However, the
ost significant difference from previously reported cryptands,
uch as compound 30, is the presence of an aliphatic polyamine
hain which can easily bind protons in aqueous solutions. These
tructural features make compound 29 an appropriate ligand
or simultaneous Eu3+ and H+ binding. Indeed, the diprotonated

hysical quenching studies [41].

SV (M−1a) KSV (M−1b) kq (s−1 M−1)

325 1358 5.8 × 109c

488 3310 8.7 × 109c

164 – 1.4 × 1010d

697 – 1.3 × 1010d
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ig. 19. Fluorescence intensities (©) and decay times (�) of: [Ru(bpy)3]2+ (A and B)
xperiments were carried out at 25 ◦C and air atmosphere [45].

omplex [EuCl3H2(29)](ClO4)2·4H2O crystallizes from aqueous
olutions at acidic pH’s containing 29 and Eu3+ (see Fig. 21).

In this structure the polyamine chain is weakly involved in metal
oordination and can easily protonated. Moreover, water molecules
ay reasonably replace these anions in aqueous solutions in the

bsence of chloride.
As expected, the luminescence spectrum of the Eu(III) cryptate

n aqueous solution at pH 6.8, in the absence of chloride, shows
he characteristic visible emission of the metal with a maximum
t 617 nm, upon excitation at 306 nm. The emission from the metal
pon excitation of the ligand was previously observed for many
ther Eu(III) cryptate complexes. As mentioned above, the lan-
hanide(III) metal presents very low molar absorption coefficients
nd thus the excitation light is almost exclusively absorbed by the
igand. The observed emission from Eu3+ can thus be explained by

n intramolecular energy transfer to the metal ion mainly from the
igher energy triplet state of the cryptand. Fig. 22A shows the flu-
rescence emission spectra of the cryptate at different pH values,
hile Fig. 22B reports the titration curve obtained by following the
uorescence emission at 617 nm. The results can be explained hav-

t
o
m
c
l

8 in the H4286+ form (C and D) with [Fe(CN)6]3− and [Fe(CN)6]4− at pH 4.0. All the

ng in mind that the three central nitrogen atoms of the polyamine
hain show a high tendency to bind protons.

The first three constants correspond to protonation of the
hree not-coordinated amine groups of compound 29 to give
he [EuHn29](n+3)+ (n = 1–3) complexes at acidic pH’s, while the
ast two may be attributed to the formation of the hydroxylated
Eu(OH)29]2+ and [Eu(OH)229]+ complexes at alkaline pH’s. Pro-
onation of the aliphatic polyamine chain N2′-N1-N2 prevents the
nteraction of the methylated amine groups with the metal. There-
ore, the metal core is less protected from the solvent molecules.
he free binding sites are occupied by water molecules, which can
ct as effective quencher of the luminescence. This hypothesis is
onfirmed by the analysis of the lifetimes of the cryptate complex
n water at neutral and acidic pH’s [60]. Applying the Horrocks and
udnick equation [61]. to these data, it can be estimated that ca.

wo water molecules are coordinated to the metal at pH 2 and just
ne at pH 6.8 [62]. The increasing number of coordinated water
olecules at acidic pH values leads to a decrease of the lumines-

ence emission. On the other hand, the observed decrease of the
uminescence at alkaline pH values can be related to the formation
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ig. 20. (A) Fluorescence emission spectra of chemosensor (11), 1 × 10−5 M, in water
B) the same in the presence of increasing quantities of citrate [54].

f the hydroxylated complexes [Eu(OH)29]2+ and [Eu(OH)229]+.
inding of hydroxide anions to Eu(III), in fact, usually give rise to a
uenching of the emission.

The quantum yield in aqueous solution at pH 6.8 (˚ = 0.014 at
00 K), the radiative rate constant (kr = 746 s−1), the non-radiative
emperature independent rate constant (knr(OH) = 1177 s−1), and
he temperature-dependent decay rate constant (knr(T) ∼= 0),
re similar to those reported for other bipyridine-containing
uropium cryptates [58] and somewhat lower than those
ound for [Eu30]3+ [61], as expected considering the replace-

ent of a bipyridine chromophore unit of 30 by an aliphatic
olyamine chain in 29. The present complex, therefore, still

emains an efficient luminescent system, but, at the same
ime, displays a peculiar feature, which is the pH dependence
f the luminescence intensity, with a maximum at neutral
H.

i
c

a

Fig. 21. Ligands 29 and 30, and crystal structu
5.8. The spectra in the absence and presence of isocitrate 3 × 10−4 M, are coincident;

.4. Sensing ATP by metal complexes

Nucleotide recognition and sensing in water is an important
hallenge in supramolecular chemistry due to its many biological
mplications. One of the most important is the ATP because plays a
asic role in the bioenergetics of all living organisms, the center for
hemical energy storage and transfer being its triphosphate chain.
s a consequence, many papers have been published regarding the

nteraction of ATP with abiotic systems; in particular those with
olyamine-based sensors were described above [63].

In Nature, ATPases hydrolyzed ATP only in the presence of softer
etal cations such as Ca2+, Mg2+, and Zn2+. The metal is involved
n the catalytic mechanism, acting as binding site for ATP or as
ofactor, favouring the phosphoryl transfer process [64].

Using as chemosensor the mononuclear Zn2+ complex with lig-
nd 25, where the metal is bound to the terpyridine nitrogen atoms,

re of the [EuCl3H2(29)]2+ cation [59,60].
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ig. 22. (A) Fluorescence emission spectra of the europium cryptate complex in aq
ith 29 (�exc = 260 nm; �em = 617 nm, [29] = [Eu3+] = 5 × 10−5 M, T = 300 K) and calcul

hile the polyamine chain is not involved or weakly involved in
etal binding and can easily protonated in aqueous solutions to

ive [Zn(25)Hx]2+x complexes [41], a second Zn2+ ion, can be coor-
inated affording dinuclear complexes [65].

The protonated [Zn25Hx]x+2 complexes, therefore, behave as
ultifunctional receptors for ATP, due to the simultaneous pres-

nce of metal-donors bonds, electrostatic and hydrogen bonding
nteractions and �-stacking pairing. The potentiometric study of
his system shows that the Zn2+ complexes with 25 display a

arkedly higher affinity for ATP than the simple protonated species
f the ligand 25 alone, confirming the crucial role of Zn2+ in ATP
inding. The mononuclear Zn2+ complexes, however, do not show
ny significant ability in ATP hydrolysis. Addition of an equiva-
ent of Zn2+ ion to solutions containing the mononuclear ternary
omplexes with ATP leads to the formation of dinuclear Zn(II) com-
lexes with the nucleotide (see Fig. 23). The second metal ion is
oordinated to the polyamine chain competing with protonation of
he aliphatic amine groups. At this point, a fast cleavage process is
bserved by 31P NMR at pH 4, where the [Zn(25)H4ATP]2+ complex
nd the free Zn2+ are coexisting in solution (see Fig. 23).

The rate constants observed for the process ATP → PN + ADP
t the distribution curve of the tetraprotonated [Zn(25)H4ATP]2+

pecies, with a maximum at pH 4 (kOBS = 3.2 × 10−2 min−1), thus
ndicating that this complex is the active species (see Fig. 23).

At pH 4, the phosphoramidate intermediate is formed, together
ith ADP, in the first few minutes up to a relatively high percent-
ge (30%), compared with other polyammonium receptors able to
ydrolyze ATP.

The present system [Zn(25)H4ATP]2+, therefore, represents an
nique case of ATP dephosphorylation promoted by the simultane-
us action of a Zn2+ complex, which is used essentially for substrate

m
f
d
t
a

ig. 23. Schematic representation of the ATP hydrolysis by the mononuclear Zn2+(25) co
olar ratio (—, left y-axis) and experimental pseudo-first-order rate constants (�, right y
solutions at pH 1, 7.2 and 11.1. (B) Luminescence emission (�) of the Eu3+ complex
olar fractions (�) of the Eu(III) complexes (—) as a function of pH [59].

nchoring, and of a second metal, which acts as cofactor, assisting
he phosphoryl transfer from ATP to an amine group of the receptor.

. Oxa-aza-based receptors: Schiff-base and amine ligands
ith NxOy donor sets

In order to confer more “hard” properties to the receptor and
ncrease the leak of metal ions to be complexed and detected, profit
as taken from the introduction of oxygen atoms in the polyamine

hain [66]. This strategy has however a drawback of render the
hemosensor less soluble in water and as a consequence some of the
ystems reported in this section were studied in organic solvents
r mixtures of water/organic solvents.

In collaboration with Bastida the synthesis of a comprehensive
amily of macrocyclic ligands (see Scheme 14) designed for metal
omplexation have been reported [67]. and their interaction with
anthanide(III), transition metal ions, such us Cu2+, Ni2+, Co2+, Mn2+,
ost-transition metals Zn2+, Cd2+ and the alkaline-earth Ca2+ were
xplored. In particular mono- and dinuclear complexes with lig-
nds 31–37 were reported. No fluorescence emission was detected
rom these ligands [13–17].

Reduction of the double C N imine bonds to a C–NH amine
ond, leads to more flexible structures, see Scheme 15, and in some
ases in the appearance of emissive properties. Similarly to that
bserved for the polyamine receptors, in these amine derivative
ystems, protonation of the nitrogen atoms is a necessary require-

ent to observe the fluorescence. However the fully protonated

orm is not the most emissive species due to the non-radiative
ecay involving a hydrogen bond between the oxygen atoms and
he protonated benzilic nitrogen atoms. For example, If only one
mine nitrogen atom is protonated in the solid state of compound

mplex in water at pH 4. Distribution diagram for the system Zn2+/25/ATP in 2:1:1
-axis) for ATP hydrolysis at 298.1 K (I = 0.1 M, [ZnL] = [Zn2+] = 1.65 × 10−2 M) [65].



C. Lodeiro, F. Pina / Coordination Chemistry Reviews 253 (2009) 1353–1383 1371

eme 1

3
s
n
m

t
f
s
s

C
o
s
[
a
t

l
4
i
C

c
f
4

t
O
e
w
t

a
t
Z
o
[
n
e

t
l

m
c
t

Sch

8, as shown by the X-ray diffraction, no emission was observed,
ee Fig. 24, due to photoelectron transfer that take place from the
on-protonated nitrogen [67]. Similar results were observed for
acrocycles 39 and 42.
Another example of the appearance of fluorescence upon reduc-

ion of the imine C N bond to a C–NH amine bond was observed
or compounds 37 and 40. While compound 37 is not emissive in
olution, compound 40 reveals fluorescence properties in water,
ee Fig. 25.

The binding properties of macrocyclic 40 towards Cu2+, Zn2+,
d2+ and Pb2+ were studied by potentiometry, absorption and flu-
rescence spectroscopies. The behaviour of this system is quite
imilar to the one reported for the polyamine-based receptors
67]. All the Cu2+ complexes species exhibit a strong CHEQ effect
ttributed to an energy transfer quenching of the �* emissive state
hough low-lying metal-centered states [68].

On the other hand, Zn2+ and Cd2+ complexes are emissive species
eading to a CHEF effect. Fig. 25A compares the titration curves of
0 in the absence and in the presence of three different cations

n order to evaluate the chemosensor ability of the ligand towards

u2+, Zn2+ and Cd2+.

The titration curves of these metals exhibit different fluores-
ence responses for pH ≥ 4, and below this value only protonated
orms of ligand 40 are present in solution. The fluorescence of ligand
0 in the presence of alkaline and alkaline-earth metals and some

s
1

p
w

4.

ransition metal ions such us Co2+, Ni2+ and Hg2+ were also studied.
nly small changes on the fluorescence intensity were observed,
xcept for Co2+ and Hg2+ for which a CHEQ effect similar to Cu2+

as achieved. The fluorescence response of this system at pH 7.45
o these metal ions is summarized in Fig. 25B.

The enhancement of fluorescence in the presence of Zn2+ is
lmost independence of a huge excess of Li+, K+, Mg2+ and Ca2+ (up
o 1:100). The increase observed in the fluorescence emission upon
n2+ complexation can be understood from the type of coordination
f this metal. Fig. 26 shows the X-ray structure of the complexes
40Zn]2+, which shows that the metal ion is coordinated by all
itrogen atoms present in the ligand preventing the PET quenching
ffect.

In order to separate the binding function to the signaling func-
ion an anthracene pendant-arm was introduced in ligand 40, see
igand 43 [69].

This strategy allows one to obtain a chemosensor exhibiting a
ore intense and red-shifted fluorescence emission. The fluores-

ence response of 43 is similar to the parent ligand 40. In this case
he interaction with Al3+ and Cr3+ in methanol or water/methanol

olutions was studied and the CHEF effect, leading an increase of
.80-fold for Al3+ and 2.0-fold for Cr3+ was observed, see Fig. 27.

Macrocycle ligand 41 possessing two carboxylic acids as
endant-arms was studied in acetonitrile, water and mixtures of
ater/acetonitrile solutions [70]. The ligand is non-emissive in
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olution as well in the presence of several metal ions such us alka-
ine, alkaline-earth and transition metals [70]. However, similarly to
hat observed with polyamine 29, the characteristic visible emis-
ion bands from complexes of Eu3+ and Tb3+ in water at 618 and
86 nm, respectively were observed, upon excitation at ca. 270 nm.
In conclusion, while the introduction of the oxygen atoms in
hese families of compounds extend the number of metal ions
apable of binding the receptor, no significant improvements were
btained in comparison with the polyamine systems. Modifying the

a
a
t
T

Fig. 24. Molecules 1 and 2 of the protonated macrocycle 38
5.

xOy donor-sets into more flexible acyclic structures, several Schiff-
ase or reduced-amine bis-chromophoric ligands were synthesized
71] (Scheme 16).

In the case of ligand 44, and similarly to other Schiff-base macro-
ycles, no fluorescence emission was detected for the free ligand or

fter complexation with metal ions. In contrast, compound 45 in
cetonitrile-water solution shows fluorescence emission band cen-
ered at 365 nm, attributed to the 15-benzocrown-5 moiety [71a].
his emission is quenched by Cu2+, Pb2+ and Al3+ complexation as

in the asymmetric unit of [(38)H](ClO4)·CHCl3 [67a].
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48–50 were studied in the presence of Zn2+ and Cd2+ in collabora-
tion with Bermejo [71c–d]. The most relevant results were obtained
with compound 50 in solid state in the presence of carboxylate dyes,
ig. 25. (A) Fluorescence emission titration curves of 40 (�) in the presence of e
40] = 4.95 × E−5 M, [NaCl] = 0.15 M), and (B) relative fluorescence intensity at 303 nm
excitation at 275 nm). I0 is the emission intensity at 303 nm of 40 (4.70 × E−5 M) in
+, Ca2+ and Mg2+ are represented in the last four columns, respectively [67j].

as previously observed in the parent ligand, 15-benzo crown-5,
ith alkaline ions [72].

Interesting color changes in the absorption spectra from yel-
ow to blue-violet (absorbance at 590 nm) were observed upon
u2+ complexation with 44 or 45. Under the same conditions other
ransition metal ions studied (Zn2+, Ni2+, Co2+, Cd2+, Pb2+ and Al3+)
ave non-significant effects, and thus 44 or 45, could be used as a
olorimetric chemosensor to determine the presence of Cu2+ in ace-
onitrile solution. For Cu(44) complex, the absorbance increase was
inear up to 1.05 × 10−4 M, for Cu(45), the linearity in the absorption
as up to 5.30 × 10−5 M.

The pyrene-derivatives 46 and 47 were synthesized in order to
ake profit from the well-known pyrene excimer emission [71b].
he fact that the most intense excimer emission takes place in com-
ound 47 most probably arises because its structure is more flexible

han in compound 46.

The fluorescence emission titration curve of 47 (Fig. 28A), shows
he typical profile of chemosensors bearing both, aliphatic and aro-

atic nitrogen atoms in the receptor unit, see above. According

ig. 26. X-ray crystal structure of [Zn(40)Cl](ClO4)·H2O showing 50% probability
hermal ellipsoids [67j].

s

F
e
C

olecular amounts of Cu2+ (�), Cd2+(�) and Zn2+(�). (�exc = 275 nm, �em = 303 nm,
responding to 1 equivalent of metal ions at pH 7.45, with I = 0.15 M (NaCl) at 25 ◦C

bsence of metal ions at pH 7.45. Presence of an excess amount (up to 1:100) of Li+,

o literature data obtained with similar receptor units, compound
6 makes stronger complexes with Cu2+ and Zn2+ in comparison
ith 47. This is in agreement with the results reported in Fig. 28B

nd C, where complexation with these metals disrupts the excimer
n compound 46 while it is a minor effect in compound 47. On
ther hand, compound 47 is better sensor for organic dyes, such
s the barbituric acids. In this case, formation of the excimer is
revented most probably by inclusion of the dye into the receptor
avity, resulting in a decrease of the excimer accompanied by an
ncrease of the monomer emission.

In order to obtain efficient emissive metal complexes keeping
n mind potential applications as new OLEDS, the acyclic ligands
ee below. Both free ligands exhibit weak fluorescence emission in

ig. 27. Fluorescence emission spectra of methanol solutions of 43 in the pres-
nce of one equivalent of Zn(NO3)2, Cd(NO3)2, Cr(NO3)3, AlCl3, Hg(CF3SO3)2 and
u(CF3SO3)2. ([43] = 1.25 × E−5 M, �exc = 367 nm) [69].
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Fig. 28. (A) Emission spectra of ligand 47 in 95.5%water–0.5% acetonitrile solution as function of pH; pH 1.32, 1.69, 2.04, 3.84, 5.3, 7.6 and 11.10), (B) emission spectra of
the ligand 46 in CH2Cl2 (black line), and (C) emission spectra of compound 47 in 95.5%water–0.5% acetonitrile solution (black line) (right) and 47 in the presence of two
equivalents of Cu2+ and Zn2+ (�exc = 343 nm, 25 ◦C, [46,47] = 6.00 × E−6 M) at pH 5.15 [71b].
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bsolute ethanol solution upon excitation at 315 (H) nm and 404
Br) nm, respectively. Upon Zn2+ complexation, a large increase in
he fluorescence emission was observed with maxima at 455 and
50 nm, and quantum yields of 0.11 and 0.09, respectively.

The synthesis of multinuclear zinc(II) complexes using carboxy-
ate donors such as ortho-phthalate, 4-formylbenzenecarboxylate,

alonate, succinate or terephthalate were reported with ligand 50
71e]. According to the X-ray structure bi and tetranuclear com-
ounds bridged by carboxylated donors were obtained see Fig. 29.
ll the (yellow) solids are emissive and exhibit moderate to strong
uorescence quantum yield (0.19–0.54). The color of the emitted
ight can be modulated by complexation with different carboxy-
ated compounds from �max 450 to 590 nm, see Fig. 29. This effect
ould be explored as an attractive alternative to the usual inorganic
ybrid materials used as the active layer in the light-emitting diode
evices (LEDS) and lasers [73].

r
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6.

. Emissive polythia-aza-based receptors

According to the Pearson rules [66], receptor units containing
oft donors such as sulfur atoms, with stronger nucleophilicity
han oxygen, permit one to recognize soft metals with marked
hiophilicity, such as Cd2+, Hg2+, Pd2+ and Ag+, better than with
olyamine or polyoxa-aza systems. On this basis, a family of these
ompounds (Scheme 17) was synthesized and studied in collabo-
ation with Casabó and Escriche.

The absorption and fluorescence emission in freshly dry
ichloromethane solution of 51–53, shows the expected trend for a

eceptor containing aliphatic-aromatic amines. The aliphatic amine
s protonated upon addition of the first proton equivalent, result-
ng in a red-shift in the absorption spectrum and an increase of
he fluorescence emission intensity. Addition of successive equiv-
lents of protons shows an increasing in the absorption spectrum,
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Fig. 29. X-ray molecular structures of [Zn250(p-OOCC6H4CHO)]·2.5DMSO·2H2O and [(Zn250)2(p-OOC-C6H5-COO)]·2.5H2O·MeOH·6EtOH. Emission spectra in solid state at
298 K for: (A) Zn2+ complexes of 50 (R = H), �exc = 370 nm; (B) Zn2+ complexes of 50 (R = Br), �exc = 380 nm. A tuning in the light color emitted is observed as function of the
carboxylate donor present in the complex [71e].

Scheme 17.
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Scheme 18.
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ig. 30. X-ray structures of complexes (A) [Cu(ClO4)(51)]+ ion, (B) [Cd(NO3)2(51)], an
evel). Hydrogen atoms and dichloromethane molecules are omitted for clarity. In
nteractions is showed [74a,75,76].
nd a decrease in the fluorescence emission intensity, both effects
ompatible with pyridinium formation [74,75] (Scheme 17).

Several emissive mononuclear complexes have been obtained
ith ligands 51 and 52, while dinuclear species were obtained for

5
a
N
a

ig. 31. (A) Absorption spectra of a dichloromethane solution of 51 as a function of added
pectra of a dichloromethane solution of 53 as a function of added Pd(BF4)2. The inset sho
74a,77].
[HgCl2(51)]·1/2CH2Cl2 (ellipsoids at 40% (Cu2+ and Cd2+) and 30% (Hg2+) probability
opper(II) complex a perspective view of dimers of [Cu(ClO4)(51)] with the �· · ·�
3. Fig. 30 shows the X-ray structures of complexes Cu(51), Cd(51)
nd Hg(51). As can be observed, copper is coordinated by all the
2S2 donor atoms present in the ligand, while Cd(II) and Hg(II)
re not coordinated to the tertiary amine nitrogen. For complexes

Cu(CF3SO3)2. The inset shows the absorbances at 300 and 395 nm. (B) Absorption
ws the absorbances at 300 and 398 nm. ([51] = 4.73 × 10−5 M, [53] = 5.55 × 10−5 M)
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ig. 32. Unrecovered Hg2+ remaining in aqueous phase after treatment with
ichloromethane solutions of 51, 55 and 56, at different pH values [76].

ith 51 and 52, a red-shift in the absorption spectra compatible
ith 1:1 complexation, while 1:2 (L:M) with 53 was observed (see

ig. 31). Concerning the fluorescence emission, Cu2+ and Hg2+ lead
o a CHEQ while Cd2+ to CHEF effects. In this last case, protonation
f the aliphatic amine is expected, a result that is compatible with
he X-ray structure. A CHEF effect was observed for Zn2+ and Ag+
omplexes, and Pd2+ leads to a CHEQ effect with the same ligands.
dentical behaviour was observed with the anthracene derivative
igand 54 [76].

In order to explore the analytical applications of this family of
igands, extraction experiments were performed to assess the capa-
ility of ligands 51, 55 and 56 to remove mercury from aqueous
olution. As can be seen in Fig. 32, only ligand 51 was able to effec-
ively remove Hg2+ from aqueous solution, explained by the more

ydrophobic characteristic of ligand 51 when compared with lig-
nds 55 and 56. As expected the extraction capability of 51 is less
fficient at low pH values due to the proton competition for the
eceptor binding.

o
[

c

ig. 33. Absorption spectra (A) and emission spectra (B) of 54H+ as a function of increasin
he normalized fluorescence intensity at 422 nm. (B) ([54] = [54H+] = 5.14 × 10−5 M, T = 298
ig. 34. X-ray structure of the [Pd(54)]2+ cation with the atom-numbering scheme
dopted [77].

Addition of one equivalent of proton to ligand 54 follow by
itration with Pd2+ is shown in Fig. 33 [77]. The fluorescence emis-
ion and excitation spectra show the characteristic bands of the
nthracene systems. An “Off-on-off” behaviour of the fluorescence
as observed as follow. The dichloromethane solution of free ligand
4 is weakly emissive (Off). When an equivalent of acid is added to a

igand a CHEF effect is observed (On). Addition of one equivalent of
d2+ causes strong quenching of the fluorescence (Off) see Fig. 33.

The crystal structure of the Pd2+ confirm the mononuclearity

bserved in solution for this complex, and consists of discrete
Pd(55)]2+ cations and tetrafluoroborate anions (see Fig. 34).

Introduction of the sulfur donor atom into the fluorescence
hemosensor skeleton, was also achieved in compounds 57 and 58,

g amounts of Pd(BF4)2. The inset shows the absorbances at 288 and 382 nm (A) and
K, �exc = 368 nm) [77].
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ig. 35. Absorption (A) and fluorescence (B) spectra of 58 in the presence of Ni(II)
exc = 350 nm). Inset shows (A) absorption a 365 nm and (B) intensity of emission as

y the condensation of an aromatic species such us the thiophene

nit [78] (Scheme 18).

Both ligands were explored as metal chemosensors in solu-
ion and in the solid state [78]. Solid metal complexes were
btained by direct reaction between ligands 57 and 58 and the
i(ClO4)26H2O and Pd (BF4)24(CH3CN) metal salts. In all cases,

c
p
w
s
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Fig. 36. Complex Ni2+(56) in the presence of CH3CN, H2O, pyridine, 2,2′-bip
entration range 0–2 equivalents), in dichloromethane solution ([58] = 1 × 10−6 M.
ion of [Ni2+]/[58] at �em 379 nm (monomer) and 502 nm (excimer) [78].

ononuclear complexes were isolated and characterized. Con-

erning the free ligands, absorption and emission studies were
erformed in dichloromethane solution. Ligand 57 is not emissive,
hile ligand 58 shows the characteristic pyrene monomer emis-

ion (�exc = 340 nm) centered at 400 nm and a low intensity excimer
and, centered at 525 nm (Fig. 35B). In the solid state, the monomer

yridine, fluoride, chloride, bromide and iodide in nitromethane [79].
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and disappears and the excimer emission increases in intensity
nd is red-shifted (580 nm).

In solution as well as in solid state, the mononuclear complexes
f Ni2+ and Pd2+ with 57 are not emissive, while with 58 the excimer
mission disappears with concomitant increase of the monomer
mission in both cases.

MALDI-TOF-MS studies were performed with ligand 57 and 58. A
olid layer of ligand was deposit on the MALDI-TOF-MS plate follow
y superposition of a second solid layer of the mentioned met-
ls without matrix. An in situ MALDI-TOF reaction on the system
akes place upon laser irradiation, and formation of the metal com-
lexes was observed with compound 58, while no complexation
as achieved compound 57.

In Fig. 35 is shown the absorption and fluorescence titration with
igand 58 in the presence of increasing amounts of Ni2+. As was
eported for ligand 46 reported below, complexation with met-
ls disrupts the interaction between both pyrene rings, and as a
onsequence the excimer emission disappear.

. Chromogenic complexes containing sulfur donor
eceptors for recognition effects
The use of color changes upon complexation of analytes is prob-
bly the simplest way of carrying out a chemical analysis because
olor is immediately perceived by the naked eye. In spite of the
se of many other much more sophisticated and precise alterna-

t
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ig. 37. Structure of complexes [{Ni(56)}2(�-F)2]2+, [{Ni(56)}2(�-Cl)2]2+, [{Ni(56)}2(�-Br
re shown at the 40% probability level. Non-coordinated counterions and hydrogen atom
ry Reviews 253 (2009) 1353–1383 1379

ives, in some cases, the change of color is still a useful tool. A
traightforward way to obtain color changes is the use of complexes
oordinatively unsaturated or containing labile ligands which can
asily be replaced. Ligand 56 full fills these requirements see Fig. 36
79,74b].

Reaction of compound 56 with one equivalent of Ni2+ perchlo-
ate or tetrafluoroborate in ethanol, give a blue solution from which
t is possible to extract crystals with the formula Ni(56)(H2O)2(X)2
X = ClO4, BF4). X-ray diffraction analysis of the perchlorate deriva-
ive shows the Ni2+ ion in a distorted octahedral environment (see
ompound 2 in Fig. 36). Addition of acetonitrile to the ethanol
olution gave a purple compound. The X-ray structure of the new
rystals precipitated from the acetonitrile solutions shows the pres-
nce of this solvent in the coordination sphere (See compound 3 in
ig. 36).

When the reaction between 56 and Ni2+ tetrafluoroborate
as carried out in anhydrous nitromethane or dichloromethane

nstead of ethanol, the color of the resulting solution was red
nd a square planar complex was obtained (see compound
in Fig. 36).

Addition of coordinating solvent molecules, such as acetoni-

rile or absolute ethanol (not dried), to nitromethane solutions of 1
hanges the geometry of the nickel ion from square-planar to octa-
edral, leading, respectively to compounds 3 and 2. This process is
eversible and recovery of compound 1 can be achieved by heating
nd removing the solvents under vacuum.

)2]2+ and [NiI(CH3OH)(56)]+ with the atom-numbering scheme adopted. Ellipsoids
s were omitted for clarity [79,80].
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The red color of dichloromethane solutions of 1 turns from red
o pink or yellow-green, by adding of 2,2′-bipyridine and pyridine,
espectively (see compounds 5 and 4 in Fig. 36). Both processes are

rreversible.

The addition of iodide to 1, leads to dark green solution of a
ononuclear octahedral complex, see compound 6. Finally, cyan

olutions were obtained by adding fluoride, chloride or bromide
see compounds 7, 8 and 9 in Fig. 36) giving dinuclear complexes in

t
a
m
b

ig. 38. (A) Changes in UV–vis and fluorescence spectra of compound 59 in acetonitrile w
(59) species with increasing amount of Hg(CF3SO3)2 added. Dotted line spectra: free liga
nd Hg2+, fluoride and Zn2+ and fluoride and Cu2+ [81].
9.

hich two halide ions bridge two compound 1 moieties. This last
ehaviour can be explored as a probe for detecting iodide ions in
olution.
The X-ray structures of the fluoro, chloro and bromo deriva-
ives are shown in Fig. 37. The larger the halide ion the more
symmetric the Ni(�-X)2Ni core, which in the limit leads to the for-
ation of monomeric species with iodide ions. The length of these

ridges affects notably the magnetic properties of these Ni2+(54)

ith addition of a solution of [(Bu)4N]F acetonitrile solution. (B) UV–vis spectra of
nd. Colorimetric effect in compound 59 after the interaction with fluoride, fluoride
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omplexes [80]. Intramolecular interactions were observed in the
hree-dinuclear complexes, being antiferromagnetic in the fluoro
erivative and ferromagnetic in both, the chloro and bromo com-
ounds. The iodide derivative is a paramagnetic species, as would
e expected for a mononuclear octahedral Ni2+ complex. These
esults illustrate the exploitation of these compounds as magnetic
ensors.

New chromogenic and fluorescent chemosensors based on
ithienyl-imidazo-anthraquinone chromophores were studied in
ollaboration with Raposo and co-workers [81]. Compounds
9–61 represented in Scheme 19, were synthesized from 1,2-
iaminoanthraquinone and the appropriate formyl-1-bithiophene,
hrough an imine intermediate [81]. The sulfur donor atom in these
ompounds was introduced as in the flexible ligands 57 and 58 by
he thiophene ring.

All compounds gave yellow solutions in acetonitrile. Upon
nteraction with negative charge anions such as, CN−, H2PO4

−,
H3COO−, Cl−, Br− and I−, any changes were observed in both
bsorption and fluorescence emission.

A remarkable red shift in the absorption from yellow to pink, and
n increase of the fluorescence emission intensity was observed
pon addition of fluoride for compounds 59–61, see Fig. 38A. This
ffect is due to the deprotonation of the NH in the imidazole ring
hich can be achieved by the F−.

The pink basic form of these compounds was explored as a
hemosensor for metal ions. The original yellow color of the acidic
orm of the compounds is restored and the fluorescence quenched
pon addition of Zn2+, Cu2+ and Hg2+, see Fig. 38. Association con-
tants of the metal complexes were obtained by metal titrations.
he titration plateau was achieved for 1:2 metal to ligand, in the
ase of Cu2+ and Hg2+ and 1:1 for Zn2+.

In Fig. 38B the interaction with Hg2+ ions is shown. The stronger
nteraction was obtained for compound 59 with Hg2+ suggesting
he involvement of the metal ion by the oxygen from the quinone
ing and N from the imidazole unit, and the involvement of the
ulfur from the thiophene ring.

In summary, the pink color of the solution observed upon fluo-
ide addition changes to yellow or gold upon metal complexation
iving an “OFF-ON-OFF”, yellow-pink-yellow, reversible colorimet-
ic reaction (See Fig. 38).

. Conclusions and outlook

The polyamine-based chemosensors reported in this review
over essentially the work carried out by the authors at the
EQUIMTE in the New University of Lisbon in collaboration with
he Universities of Florence (Italy), Valencia (Spain), Santiago
e Compostela (Spain), Autonomous of Barcelona (Spain) and
inho (Portugal). Polyamine-based chemosensors were privileged,

ecause they are very convenient to operate in water, the ubiqui-
ous solvents in particular have application in biological systems.
n the other hand, polyamine-based chemosensors have a severe
rawback, because they are poor receptors for hard metals and by
onsequence some attempts to render these units more versatile
ere carried out through the incorporation of O, S and P atoms.
owever some of these mixed chemosensors are poorly soluble in
ater and by consequence the design of mixed receptors soluble in
ater is a necessary task to take into account in the future work.

It is expectable that the scientific community will continue to
ay attention to this area of research due to the extended appli-

ations of chemosensors as: new imaging agents, development
f new indicators to operate in water, in biomedical imaging and
rug development, molecular devices and machines in nanoscale
evices for recognition events, and intercalation into the DNA, pro-
eins, etc.

[
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