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bstract

Multicomponent systems have been designed, which are able to perform defined functions related to light emission and quen
esired function can be switched ON/OFF by the operator through a chemical input, either a change of pH or a variation of the redo
ransition metals (e.g. NiII , CuII ) are key constituents within the considered systems, playing a distinctive architectural role and fa
lectron transfer processes. Investigated devices includestatic molecular switches, in which fluorescence can be quenched/restored t
n acid–base or an oxidation–reduction reaction directly involving the metal centre, anddynamic switches, in which changes of the lig
mission intensity follow mechanical motions of the ligating framework. Motions include the oscillation of the pendant arm in sco
omplexes, the metal ion translocation in a ditopic ligand and the assembling–disassembling of helicates.
2005 Elsevier B.V. All rights reserved.

eywords: Molecular devices; Fluorescence switches; Scorpionates; Helicates; Ion translocation

. Introduction

Luminescence is a rather rare phenomenon, which
efers to the ability of a molecule to emit light, when
xcited by an incident photon. For instance, excitation
ay result from the electron transition from a� bonding
rbital to a� antibonding orbital (�–�* excited state) in
ondensed aromatic hydrocarbons like anthracene, An,

∗ Corresponding author. Tel.: +39 0382 987328; fax: +39 0382 528544.
E-mail address: luigi.fabbrizzi@unipv.it (L. Fabbrizzi).

or from an electronic transition from a t2g d orbital of a
metal center M to the� antibonding orbital of a ligan
L, in an octahedral MLn complex, like [RuII (bpy)3]2+

(�M–�∗
L excited state; bpy: 2,2′-bipyridine). The natura

tendency of the excited state to relax to the ground
by releasing a photon of lower energy can be preve
by addressing the excited state to a different process
instance the transfer of an electron from/to a given rea
Q, displaying donor/acceptor tendencies. In this way,
excited state is deactivated according to a non-radi
way and luminescence is quenched. The process typ

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.04.022
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occurs under bimolecular conditions, through the reaction
of the excited luminophore with reactant Q. This is the
case of anthracene, which, excited by irradiation at 365 nm,
in an ethanolic solution, displays its typical emission
spectrum with a maximum centered at 400 nm (blue flu-
orescence observed): on addition of the donor molecule
N,N-dimethylaniline, DMA, the following electron transfer
process takes place: An* + DMA → An− + DMA+, and
anthracene fluorescence is switched off[1]. On the other
hand, the complex [RuII (bpy)3]2+ in aqueous solution, when
irradiated at 450 nm, shows yellow-orange luminescence
(emission band centered at 627 nm). Luminescence is
quenched on addition of the electron acceptor complex
[FeIII (CN)6]3−, according to the process: [RuII (bpy)3]2+*

+ [FeIII (CN)6]3− → [RuIII (bpy)3]3+ + [FeII (CN)6]4− [2].
The two processes considered above areinter-molecular
and complete luminescence quenching of either An or
[RuII (bpy)3]2+ requires the addition of a large excess of the
donor/acceptor (1000-fold and more), to counterweigh the
rather low probability of the reactant Q to collide with the
excited luminophore, during its quite short lifetime (1An* :
6 ns;3[RuII (bpy)3]2+*: 627 ns).
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the metaphor from everyday life) is a [RuII (bpy)]2+ subunit,
which is covalently linked, through aCH2CH2 spacer,
to the control subunit: a quinone moiety, RO2 [4]. Indeed,
RO2 behaves as a switch of the luminescence of the nearby
[RuII (bpy)]2+ fragment. In fact, RO2, a classical electron
acceptor, promotes the occurrence of an electron transfer pro-
cess from the [RuII (bpy)3]2+ subunit to itself, thus quenching
luminescence. However, on addition of both a reducing agent
and strong acid, the quinone fragment is reduced to its hydro-
quinone counterpart, RO2 + 2e− + 2H+ → R(OH)2. Notice-
ably, as R(OH)2 does not display electron acceptor tenden-
cies, the electron transfer process is suspended and lumines-
cence is restored. Again, light emission by the [RuII (bpy)3]2+

fragment of system2 can be switched ON/OFF at command,
for instance through a controlled potential electrolysis exper-
iment in aqueous MeCN, by successively adjusting at the
pertinent value the potential of a platinum working electrode.

Systems1 and 2 are classical examples of molecular
switches of luminescence, operated by a chemical input. Both
systems arestatic, in the sense that switching ON/OFF of
the light emission does not involve any nuclear motion, but
derives by a mere transfer of electrons[5]. Other molecular
devices can be imagined in which luminescence switching
is preceded by and is the result of a defined nuclear rear-
rangement (or molecular motion)[6]. Such switches will be
d

itch-
i y
i ither
s , all
t ntres
a etal
a ich
r dox
s rsa-
t lity
w ment
o esign
o ions
w mi-
n rough
t ition
m

2

res-
c ctive
s t
e ility,
C ore
a ent.
C dox
c e
n n
However, it is possible to control the emission of
wo considered light-emitting species underintramolecular
onditions, by appending to their molecular framework
ppropriate fragment able to interact with the luminoph
s an example, in system1, a tertiary amine group has be

inked to the anthracene subunit through aCH2 group[3].
t a pH higher than pKA (=7.7), an electron transfer proce

akes place from the lone pair of the amine group to the ne
hotoexcited anthracene subunit, quenching fluoresc
owever, if acid is added to make pH lower than 7.7, fluo
ence is fully revived. This happens because, on proton
nd formation of the ammonium derivative, the lone pai

he nitrogen atom is no longer available for electron tran
nd the excited anthracene fragment can experience its
al radiative decay. Thus, it is possible to turn OFF/ON fl
escence consecutively, at will, through successive add
f standard base and acid, in order to bring pH above/b
.7. Thus, the amine/ammonium group behaves as a s
hich, operated from the outside through the addition
iven reactant (acid or base), controls the light emissio
connected subunit, anthracene. A further device su

or luminescence switching is illustrated by formula2. In
his case, the light-emitting fragment (the bulb, accordin
efineddynamic.
During the last decade a variety of fluorescence sw

ng devices have been reported[7]. We were particularl
nterested in the design of fluorescence switches of e
tatic or dynamic nature. As a common prerequisite
he systems investigated contained transition metal ce
nd the switching behaviour was expressly related to m
ctivity. In fact, transition metals display an extremely r
edox activity, a feature of interest in the design of re
witches of luminescence. Moreover, they are very ve
ile in adopting different coordination geometries, a qua
hich may induce topological rearrangements and move
f the ligand. This addresses their possible use in the d
f dynamic fluorescence switches. The following sect
ill describe suitable examples of varying classes of lu
escent systems, whose emission can be controlled th

he activity, either redox or stereochemical, of a trans
etal centre.

. Redox fluorescence switches

The classical paradigm for the design of a redox fluo
ence switch involves the covalent linkage of a redox a
ubunit C and a fluorogenic fragment Fl[8]. Subunit C mus
xist in two different oxidation states of comparable stab
ox and Cred, and each state should affect the fluoroph
nd modify its emission to a substantially different ext
ox and Cred are connected through a reversible re
hange, and behave in such a way that Cox quenches th
earby fluorophore Fl while Cred does not. This situatio
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Fig. 1. The covalent linking approach to the design of a fluorescence redox
switch. Switch efficiency requires that the redox subunit C in its oxi-
dised form, Cox, quenches the nearby photoexcited fluorophore Fl* and the
reduced form Cred does not (OFF/ON switch). The other switching situa-
tion (ON/OFF) can be achieved when Cred quenches Fl* and Cox does not.
Adapted from Ref.[8].

is pictorially illustrated inFig. 1. Thus, it is possible to
switch light emission ON/OFF at will through the Cox/Cred
couple, by the successive addition of a reducing agent
and an oxidising agent (chemical input) or by alternating
the potential of the working electrode in an electrolysis
experiment (electrochemical input).

Fig. 2 illustrates the mode of interaction of the control
unit C with the proximate excited fluorophore Fl* , within
the covalently linked system C∼ Fl. ON/OFF activity arises
when one of the two forms of the redox couple, either Cox
or Cred, quenches the excited fluorophore Fl* and the other
does not. The interaction mechanism between C and Fl* can
be an electron transfer process (eT) or an energy transfer pro-
cess (ET). The four possible interaction modes are illustrated
by the triangular schemes inFig. 2. Only two combinations
generate switching situations: OFF/ON and ON/OFF. In par-
ticular, the switch shown inFig. 1 corresponds to the upper
left scheme, OFF/ON.
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There exist at least three reasons for which it is conve-
nient to use redox active subunits containing transition metal
centres: (i) transition metals undergo fast and kinetically
uncomplicated one-electron redox changes; (ii) the potential
of the redox couple, and the relative stability of the oxidised
and reduced form, Cox and Cred, can be modulated by varying
the nature of the hosting coordinative environment; (iii) tran-
sition metals tend to participate in luminescence quenching
processes through both eT and ET mechanisms.

Our approach consisted in taking a definite coordinating
framework capable of hosting the chosen metal centred redox
couple and linking it to a given fluorogenic fragment. A con-
venient host is represented by the 14-membered tetramine
macrocycle cyclam (3).

Among polyamine macrocycles of varying denticity and
ring size, cyclam and its transition metal complexes exhibit
unique properties, which derive from the ligand’s ability to
situate its amine nitrogen atoms in the positions preferred by
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ig. 2. The basis of redox fluorescence switching in a conjugate s
∼ Fl. Either an energy transfer (ET) or an electron transfer (eT) mecha

nvolving the redox active fragment C can be responsible for the quench
he covalently linked photoexcited fragment Fl* . In particular, the switchin
ituation OFF/ON, upper left corner, pertains to the system shown inFig. 1.
eproduced from Ref.[13], with permission of the copyright owners.
ost transition metal centres (i.e. the corners of a sq
nd to establish especially strong coordinative interac

9]. In particular, (i) cyclam complexes are very resistan
etal extrusion (as an example, [NiII (cyclam)]2+, in spite of

he high basicity of the uncoordinated tetramine, lasts in
ClO4 with a half-time of 30 years)[10]; (ii) they can attain
nusually high oxidation states of the encircled metal
iIII , CuIII , AgII and AgIII ) [11]: this latter property is strictl

elated to the capability of cyclam to establish strong in-p
nteractions, which raise the energy of the HOMO a
onding orbital, essentially metallic in character, from wh

he electron is abstracted on oxidation. For instance
otential of the [NiIII (cyclam)]3+/[Ni II (cyclam)]2+ couple in
M HCl is 0.71 V versus NHE, slightly less positive than t
bserved for the well-known [FeIII (H2O)6]3+/[FeII (H2O)6]2+

ouple (0.77 V versus NHE)[12], indicating that the NiII and
he NiIII complex have a comparable stability, and are
airly stable in water. Thus, we considered, for switch
urposes, the NiIII /NiII redox couple, to be hosted with

he cyclam ring. Then, we chose as a fluorophore the ro
uorogenic fragment 1,3-benzodioxole, which was linke
ne nitrogen atom of the cyclam skeleton through a me

ene group. to give4 [13]. The fluorophore, in an MeC
olution, when excited at 284 nm, shows an intense e
ion band at 315 nm, with a quantum yieldΦ = 0.31. Very
nterestingly, the NiII complex of the cyclam–benzodioxo
onjugate4 displays a similar photophysical behaviour:
xcitation at 286 nm, an emission bands develops, cent
26 nm, with a quantum yieldΦ = 0.21, indicating that th
ivalent metal center does not seriously interfere with
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Fig. 3. Emission spectra of an aqueous solution of [NiII (4)]2+ in 0.1 M
HClO4, measured during controlled potential coulometry experiments: prior
to electrolysis (1, quantum yieldΦ = 0.20); after electrolysis at 1.2 V (2,
Φ = 0.008); after electrolysis at 0.7 V (3,Φ = 0.195).λexc: 286 nm. Adapted
from Ref.[13].

nearby fluorogenic fragment. Cyclic voltammetry studies on
an aqueous solution, containing 0.1 M HClO4, indicated a
one-electron reversible oxidation process to the NiIII form,
with E1/2 = 0.94 V versus SCE. The switching behaviour was
tested by controlled potential electrolysis carried out on a
solution of [NiII (4)]2+, in 0.1 M HClO4 as a background elec-
trolyte. Fig. 3 shows the emission spectrum of the solution
prior to the electrolysis, pertinent to the [NiII (4)]2+ complex
(spectrum (1)): fluorescence is on.

The potential of the working electrode (a platinum gauze)
was then adjusted 1.2 V versus SCE (i.e. about 250 mV more
positive than theE1/2 value determined by CV), in order to
perform exhaustive oxidation to NiIII . The emission spectrum
of the solution, measured at the end of the electrolysis exper-
iment (after the passage of 1.04± 0.05 moles of electrons per
mole of complex), showed a drastic decrease of the emission
intensity (Φ = 0.008, see spectrum (2) inFig. 3): fluorescence
was off.

On the other hand, on reduction of NiIII to NiII , performed
by adjusting the potential of the working electrode to 0.7 V
(i.e. a value ca. 250 mV less positive than theE1/2 value),
the fluorescence of the solution was progressively restored:
in particular, full emission (Φ = 0.195, see spectrum (3) in
Fig. 3) was observed after the uptake of 1.05± 0.05 moles
of electrons per mole of complex: fluorescence was again
on. Afterwards, five complete redox cycles could be carried
o
s nsity
w
c lex,
d

con-
j ron
t
o ther
m

Fig. 4. Cyclic variation ofIF (fluorescence intensity, arbitrary units) upon
consecutive oxidation/reduction processes on the [NiII (4)]2+ complex in
aqueous 0.1 M HClO4. Reproduced from Ref.[13], with permission of the
copyright owners.

associated with the electron transfer process can be calcu-
lated through the thermodynamic cycle illustrated inFig. 5,
by combining the pertinent photophysical and electrochem-
ical quantities:E0–0, the photonic energy, which is obtained
from the highest energy band of the emission spectrum,
E0(NiIII /NiII ) and E0(Fl+/Fl), which refer to the standard
electrode potentials for the redox change involving the macro-
cyclic complex and for the fluorogenic substituent Fl, and can
be obtained from the correspondingE1/2 values determined in
cyclic voltammetry experiments. The calculated�G◦

eT value
is distinctly negative (−3.0 eV), and accounts for the quench-
ing of fluorescence occurring in the NiIII derivatives.

A similar thermodynamic approach can also explain why
no fluorescence quenching is observed when the system is in
the reduced state, [NiII (4)]2+. In fact, the possible eT process
(from NiII to the excited fluorophore), is characterised by a

F
a in the
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ut without any apparent degradation of the [NiII/III (4)]2+/3+

ystem: in particular, ca. 100% of the fluorescence inte
as recovered after each reduction step (seeFig. 4). Further
ycling led to the progressive degradation of the comp
ue to the non-perfectly reversible redox exchange.

Fluorescence quenching in the oxidised form of the
ugate system, [NiIII (4)]3+, has to be ascribed to an elect
ransfer process from the excited fluorophore Fl* to NiIII . The
ccurrence of such a process can be accounted for on a
odynamic basis. In particular, the free energy change�G◦

eT,

-

ig. 5. Thermodynamic cycle for evaluating the free energy change�G◦
eT

ssociated with the intramolecular photoinduced electron transfer
ickel(III) complex of 4. E0–0= 3.80 eV;E0(Fl+/Fl) = 1.45 V (irreversible
eak);E0(NiIII /NiII ) = 0.75 V. The coulombic term was considered ne
ible under the present circumstances. Reproduced from Ref.[13], with
ermission of the copyright owners.
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Fig. 6. Thermodynamic cycle for evaluating the free energy change�G◦
eT

associated with the intramolecular photoinduced electron transfer in the
[Ni II (4)]2+. E0–0= 3.80 eV; E0(Fl/Fl−) ≤ −3.10 V, since no peaks were
observed in the cathodic scan in voltammetry experiments until solvent
discharge;E0(NiIII /NiII ) = 0.75 V. The coulombic term was considered neg-
ligible under the present circumstances.

positive value of�G◦
eT (≥0.05 eV), as calculated from the

thermodynamic cycle shown inFig. 6. The mechanism of the
fluorescence switching process for the [NiII/III (4)]2+/3+ redox
system, is pictorially illustrated inFig. 7.

It has been shown inFig. 2 how the covalent linking of
a redox active subunit C, capable of existing in two forms,
Cox and Cred, reversibly connected through a one-electron
change, to a fluorogenic fragment Fl can generate four situ-
ations, of which only two provide switching of fluorescence,
either OFF/ON or ON/OFF (seeFig. 2). In principle, at least
when the quenching process is due to an electron transfer
mechanism, one should be able to build an operating switch
by choosing appropriate fluorogenic and redox active frag-
ments, whose photophysical and electrochemical properties
fit the thermodynamic requirements outlined inFigs. 5 and 6.

In reality, the design of an efficient metal centred redox
fluorescence switch is often a matter of chance and the ther-
modynamic analysis of its functional behaviour is only an
elegant a posteriori exercise.Fig. 8 reports a list of systems
produced in our laboratory during the last decade.

Most of the switches operate through the OFF/ON mode
(Cox quenches Fl* and Cred does not) and are based on two
redox couples: NiIII /NiII and CuII /CuI. In some cases, the

mechanism responsible for the OFF state is electron transfer
(eT), in others energy transfer (ET). For honesty sake, also
some failed projects have been mentioned (systems8 and
11), in which both Cox and Cred quench Fl* , giving rise to the
unpleasant OFF/OFF situation.

Each redox couple requires its own coordinative environ-
ment. It was anticipated that the tetramine cyclam is suitable
for the formation of stable complexes with divalent transi-
tion metal ions, e.g. NiII , and also favours the attainment of
unusually high oxidation states, e.g. NiIII . The beneficial con-
sequence is that both NiII and NiIII cyclam complexes display
comparable stability in solution, which allows for extended
switching from one state to the other, without decomposition.
In particular, OFF/ON switches6 and7 operate through the
NiIII /NiII redox couple, hosted by a cyclam-like framework
[14]. On the other hand, the tetramine cyclam environment is
not suitable for the CuII /CuI couple. In fact, such a coordina-
tive arrangement stabilises the CuII state too much compared
with CuI. In particular, the CuI centre, when obtained through
electrochemical reduction of the CuII tetramine complex, dis-
proportionates to give CuII and copper metal. Stabilisation of
the CuI state requires a ligand capable of accepting electrons
from the metal according to a� mode: this is the case of the
thioethereal sulphur atoms present in the macrocyclic recep-
tors of systems5, 9 and10 [15]. In particular, these atoms
offer empty 3d orbitals of suitable energy, which overlap
w
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ig. 7. The mechanism of redox fluorescence switching in the conju
ransfer process takes place and causes fluorescence quenching; in th
isfavoured and does not take place. On oxidation, fluorescence is qu
�

ith filled 3d� orbitals of the metal. As with the NiIII /NiII

ystems, the CuII /CuI couple leads to OFF/ON switches:
xidised form quenches the nearby fluorophore while
educed form does not.

In the list in Fig. 8, there is only one switch operati
ccording to the ON/OFF switching mode (the oxidised f
oes not quench fluorescence, the reduced form does
ystem12, formally based on the Ni2+/Ni+ redox couple[16].
owever, the Ni+ state does not pertain to an authenticI

etal centre, but to a complex of NiII with an anion radica
igand: [NiII (L•−)]+. In other words, on reduction of the NII

omplex, the electron from the reducing agent, either a c
cal or a platinum anode, does not go to an orbital centre
he metal, but to a�* orbital of the diene macrocycle. In a
ase, the [NiII (L•−)]+ complex is able to transfer an electr
o the close by excited naphthalene fragment, quenchin
uorescence.

ystem [NiII/III (4)]2+/3+: in the oxidised form,ox, a fluorophore-to-NiIII electron
ced form,red, the NiII -to-fluorophore electron transfer process is thermodynami
d, on reduction, is revived.
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Fig. 8. Two-component molecular fluorescence switches operating through a metal centered redox couple. The metal centre, in a given oxidation state,can
quench the emission of the nearby fluorophore through either an eT (electron transfer) or an ET (energy transfer) mechanism.
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We mentioned before that whether a two-component sys-
tem like those listed inFig. 8behaves as a switch (ON/OFF,
OFF/ON) or not (OFF/OFF, ON/ON) is essentially a matter
of chance. Actually, it is not easy to predetermine the quench-
ing mechanism in the OFF state, either electron transfer or
energy transfer. However, in the case of the eT mechanism,
the OFF/ON behaviour of most of the switches listed inFig. 8
can be satisfactorily accounted for. In fact, the key term of the
switching behaviour is associated with the redox properties
of the fluorophore, which, in all the cases considered, was a
condensed aromatic molecule: naphthalene or anthracene. It
happens that the fluorophore Fl shows a moderate resistance
to oxidation (to Fl+) and a much higher resistance to reduction
(to Fl−). Thus, the eT process from Fl* to the oxidised metal
(which involves the formation of Fl+) is thermodynamically
feasible, whereas the electron transfer from the reduced metal
to Fl* (which involves the formation of Fl−) is energetically
very disfavoured.

3. Metal centred pH fluorescence switches: static and
dynamic versions

There exist metal complexes in which the ligand dis-
plays acid–base behaviour, releasing/uptaking a hydrogen ion
f tion
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c tions
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Fig. 9. ORTEP diagram of the [NiII L]2+ complex: L = 5,7-dimethyl-6-
naphthalen-2-ylmethyl-1,4,8,11-tetraaza-cyclotetradeca-4,7-diene[18].
The naphthalene fragment is located above the tetra-aza-macrocyclic ring,
acting as a roof for the NiII ion. Such an arrangement may be due the
establishment of interactions between the nitrogen atoms of the macrocycle
and the aromatic subunit. Reproduced from Ref.[18], with permission of
the copyright owners.

of the nickel(II) complex with such a ligand (diene form,
[Ni II (HL)]2+) is shown inFig. 9.

The complex displays a rather curious stereochemical
arrangement, with the naphthalene subunit bent above the
N4 plane of the macrocycle and forming with it an angle
of 26.0◦. As a consequence, the naphthalene fragment looks
like a roof protecting the NiII centre. NiII is in the low-spin
square-planar state, as generally observed with 14-membered
tetra-aza-macrocyclic complexes, in the presence of poorly
coordinating anions (perchlorate, in the present case). The
emissive behaviour is interesting and the diene-dienato equi-
librium provides a pH-dependent switch.

In fact, the diene complex16, in 4:1 MeCN–water solu-
tion, displays typical naphthalene emission. At pH > 8, the
emission intensity decreases, to be completely quenched at
pH > 10. Going back with pH, from basic to acidic solution,
the fluorescence is restored. In particular, fluorescence can be
switched ON/OFF consecutively, at will, through the alter-
nating addition of standard acid and base. The acid–base
behaviour is characterised by a pKA = 8.8, and its stereochem-
ical aspects are pictorially outlined inFig. 10. The position of
the naphthalene fragment deserves a comment: in the diene
complex,15, the aromatic subunit resides above the macro-
cyclic ring, as indicated by X-ray diffraction studies (Fig. 9).
No crystallographic data are available for the dienato form,
16. However, it is supposed that due the change of hybridisa-
t e
f to a
rom/to its organic backbone: the protonation/deprotona
rocess may seriously affect the electronic and stereoch
al properties of the metal. We considered that such varia
ould be exploited for generating a pH fluorescence sw

An example is provided by the nickel(II) compl
f a 14-membered unsaturated tetra-aza macrocycle13,

Ni II (HL)]2+, diene form), which, in slightly basic solution
eprotonates, to give the mono-positively charged com

Ni II (L)]+ (14, dienato form) [17]. In particular, the hydroge
on is released from theCH2 group in the�-position with
espect to the two CN double bonds of the diene macrocy
3, giving rise to a sort of keto-enolic tautomerisation e
ibrium. Deprotonation is expected to increase the elec
harge density on the metal centre, affecting its redox p
rties. Moreover, geometrical changes are observed i

igand framework. In particular, the six-membered che
ing containing the two CN double bonds, in13, is puck-
red, due to the tetrahedral hybridisation of the�-carbon
tom. In the dienate complex, the same chelate ring, due�-
elocalisation, is planar. Having in mind these properties
ppended to the�-carbon atom, through a bridgingCH2
roup, a naphthalene fragment[18]. The molecular structu
ion of the�-carbon atom – from sp3 to sp2 – the naphthalen
ragment is displaced from above the macrocyclic ring
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Fig. 10. pH-switching of fluorescence in a NiII tetra-aza-macrocyclic complex. In the diene form (15), fluorescence is ON, in the dienato form (16), fluorescence
is OFF. Fluorescence quenching in complex16 is due to the occurrence of an electron transfer process from the NiII centre to the excited naphthalene fragment.
Adapted from Ref.[18].

more distant position. The occurrence of a switching situation
– the diene form does not quench naphthalene, the dienato
form does – has to be ascribed to the different electron trans-
fer tendencies of the NiII centre and can be fully accounted
for on a thermodynamic basis. In fact, in the dienato com-
plex, 16, an electron transfer takes place from the NiII ion
to the photoexcited naphthalene fragment. The free energy
change associated to the NiII -to-Naphth* electron transfer
process,�G◦

eT, calculated through a thermodynamic cycle
of the type shown inFig. 6, is distinctly negative (−0.2 eV)
and accounts for the occurrence of the process. A key term
used in the calculation is the electrode potential associated
with the NiIII /NiII couple within16: 1.21 V versus SCE, as
determined from the reversible cyclic voltammogram in a
MeCN solution. On the other hand, no peak for the oxidation
of NiII to NiIII within the diene system15 is observed up to the
solvent anodic discharge, which takes place at 1.8 V. Thus,
the potential of the NiIII /NiII couple in15 is >1.8 V. It derives
that the corresponding�G◦

eTvalue is >0.4 eV, which explains
why the NiII -to-naphth* electron transfer process does not
occur in complex15 and naphthalene emission remains on.
Thus, the fluorescence switching behaviour has to be related
to the propensity of the NiII centre to lose one electron. Such
a tendency is ultimately controlled by the overall charge of
the complex, whether monopositive in16 (easier oxidation,
fluorophore quenched) or dipositive in15 (more difficult oxi-
d
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tem, where a metal centre plays a crucial role. A specific
example is provided by metalscorpionate complexes.

The basic system is a 14-membered tetra-aza macrocycle
(cyclam), bearing an ethylamine side-chain,17 [19]. When
a transition metal, e.g. NiII , is incorporated by the tetramine
ring of 17, the in-plane metal–nitrogen interactions are typi-
cally inert, due to the kinetic macrocyclic effect[20], and the
metal cannot be extruded from the ring, even in a strongly
acidic solution. On the other hand, the pendant arm binds the
metal centre from the top, and the MN bond which forms is
labile. Thus, on acidification, the axially bound amine group
becomes protonated and the side-chain bearing the ammo-
nium group moves away from the metal centre (Fig. 11).

The process is fast and reversible and the pendant arm can
be relocated at will into one of two distinct positions, one
on the metal centre, the other remote from it, by means of a
fine variation of the pH: pKA ± 1. In the case of the NiII –17
system (pKA = 2.8), the occurrence of the molecular motion
c e. At
l pin
s t arm

F in a
n nt
a

ation, fluorophore unaffected).
In the fluorescence switch described above, the i

either an OH− or a H+ ion) modifies the electron dens
n the metal centre, whose interaction with the nearby
rophore is changed. It is true that the acid–base pro
lso induces a spatial rearrangement (related to the cha
ybridisation of the�-carbon atom), but this has no effect
uorescence switching, which eventually depends on a
edistribution of electrons. Thus, this switch is defined o
tatic type.

However, pH-controlled switches of fluorescence can
perate in a dynamic way. In particular, the ON/OFF fl
escence switching can be unambiguously associated w
istinct motion taking place within a multicomponent s
f

an be visually perceived through a neat colour chang
ow pH, NiII exhibits a square-planar coordination, low-s
tate, yellow colour; at pH greater than 2.8, the pendan

ig. 11. The pH-controlled molecular movement of the side-chain
ickel(II) scorpionate complex. The pKA of the ethylammonium penda
rm is 2.8.



V. Amendola et al. / Coordination Chemistry Reviews 250 (2006) 273–299 281

Fig. 12. pH dependence of the relative fluorescence intensityIF of the
anthracene fragment of the NiII scorpionate complex of ligand18 (L) (filled
triangles, right vertical axis) and distribution curves of the three species
present at the equilibrium: [NiII (LH+)]3+, [NiII (L)(H2O)]2+, [NiII (L)(OH)]+

(dashed, full and dotted lines, respectively; left vertical axis). Adapted from
Ref. [21].

occupies one of the axial positions of the coordination octahe-
dron, the other one being taken by a water molecule: the spin
state is high, the colour pale blue-violet. The yellow and blue
colours can be interconverted at will, through consecutive
additions of standard acid and base. Due to the unique fea-
ture of an aggressive tail capable of biting an already chelated
individual (the metal ion), from the top, ligands of this type
were namedscorpionands [19]. Metal scorpionate complexes
provide a clear example of a controllable molecular motion
driven by a pH change and based on the metal–ligand inter-
actions.

Noticeably, the molecular movement in a scorpionate
complex can be associated with the generation of a lumi-
nescent signal. In this perspective, an anthracenyl fragment
was appended to the aminoethyl side-chain of17, to give18,
and, very interestingly, the emission of the corresponding NiII

complex was found to be distinctly affected by pH[21].
Fig. 12 displays the variation with the pH of the flu-

orescence intensity,IF, of the anthracene subunit of the
[Ni II (18)]2+ complex (filled triangles). The strongest emis-
sion is observed at pH≤ 2. Then,IF decreases to reach a

plateau, corresponding to 60% of the original emission inten-
sity. A further pH increase induces complete fluorescence
quenching (pH≥ 10). The presence at the equilibrium of
three species was assessed through potentiometric titration
experiments: (i) a [NiII( LH+)]3+ species, having the side arm
protonated (pH≤ 3); (ii) a [NiII (L)(H2O)]2+ species, in which
the amine pendant arm is axially bound, according to atrans-
octahedral coordinative arrangement, the other axial position
being occupied by a water molecule (4≤ pH≤ 8); (iii) a
species derived from (ii), through the deprotonation of the
axially bound water molecule: [NiII (L)(OH)]+. The distribu-
tion curves of the three species over the 2–12 pH interval are
shown inFig. 12, while the stereochemical features of the
three forms in equilibrium are sketched inFig. 13.

Comparison of the distribution curves and of the fluores-
cence intensity profile inFig. 12indicates that each level of
emission intensity corresponds to the existence in solution
of a well-defined species. In particular, the strongest emis-
sion is due to the [NiII (LH+)]3+ complex (19), in which the
photoexcited anthracene fragment, An* , is at the longest dis-
tance from the NiII centre (see the sketch inFig. 13) and the
metal–fluorophore interaction is minimised. At pH > 3, the
pendant arm occupies one of the axial positions of the coor-
dination octahedron, bringing the An fragment much closer
to the metal (see formula20 in Fig. 13). At this shorter dis-
tance, an energy transfer process takes place between NiII
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Fig. 13. pH-controlled movement of the fluorescent pendan
nd An* , which reduces the fluorescent emission to 6
herefore, the pH-driven motion of the side chain of
corpionate complex is signalled by a definite decrea
he light emission. On the other hand, the complete que
ng of fluorescence which takes places at pH≥ 9 should no
e assigned to any molecular movement, but simply to
elease of a proton from the axially bound water mole
f the [NiII (L)(H2O)]2+ complex (20). As far as the mech
nism is concerned, the decrease of the overall elec
harge of the complex on moving from [NiII (L)(H2O)]2+

20) to [NiII (L)(OH)]+ (21) makes the NiII -to-NiIII oxidation
rocess feasible, thus making possible the electron tra
rocess from NiII to An* . Notice that this process was th
odynamically disfavoured in the [NiII (L)(H2O)]2+ com-
lex (20). Thus, the fluorescence quenching observed fo

n the NiII scorpionate complex of ligand18. Adapted from Ref.[21].
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[Ni II (L)(OH)]+ species (21) results from the simultaneous
contribution of two different processes: energy transfer and
electron transfer (NiII -to-An* ). The stepwise fluorescence
quenching illustrated in the diagram ofFig. 12is a fast and
fully reversible process: on addition of standard acid to the
non-luminescent solution at pH = 12, the fluorescence is first
restored at 60%, then, at pH≤ 2, is fully revived. The NiII –18
system is an example of a three-position fluorescence switch,
driven by a pH change. The motion of the dangling chain is
responsible for the switching effect in the acidic region.

In a more recently investigated scorpionand (22), the pen-
dant arm contains a sulphonamide group, which belongs to
a dansylamide fluorogenic fragment[22]. The sulphonamide
g riate
p ntre.
T kept
p
c elate
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t
a gth
a ce
o e. If
t ies
a

Fig. 14. pH dependence of the relative fluorescence intensityIF of the
dansylamide fragment of the NiII scorpionate complex of ligand22
(LH) (filled triangles, right vertical axis) and distribution curves of the
three species present at the equilibrium: [NiII (LH)(H2O)2]2+, [NiII (L−)]+,
[Ni II (L−)(OH)]+ (dashed, full and dotted lines, respectively; left vertical
axis). Adapted from Ref.[22].

Fig. 14displays the percent concentration of the three species
in the pH interval investigated.

The two pKA values refer to equilibria analogous to those
observed with the system NiII –18 and are illustrated, in their
geometrical aspects, inFig. 15, with some significant differ-
ences.

First, the species present in the more acidic region, i.e. at
pH < 4.30 (pKA1), in which the pendant arm, in its amide
form, is not coordinated, exists as the high-spin,trans-
octahedral species: [NiII (LH)(H2O)2]2+, (23). In particular,
two water molecules complete six-coordination, occupying
the two axial sites of a slightly distorted octahedron. Next,
the species existing over the 4.3–7.5 pH interval, in which
the deprotonated sulphonamide group is bound to the metal
([Ni II (L−)]+, scorpionate form), has a five-coordinate trigo-
nal bipyramidal geometrical arrangement (24). Such a struc-
tural arrangement has been demonstrated by X-ray diffraction

F ur of thII co (ii)
h -ray dif
roup itself is not coordinating: however, at an approp
H value, it can deprotonate and bind a given metal ce
his process is made easier if the sulphonamide group is
ermanently close to the metal centre by theCH2CH2
hain of the pendant arm (a manifestation of the ch
ffect). Also in the present case, the NiII –22 system show

wo pKA values (pKA1 = 4.30± 0.08 and pKA2 = 7.49± 0.04
t 25◦C, in an EtOH–water solution, 4:1 (v/v), ionic stren
djusted to 0.1 M with NaClO4), thus indicating the presen
f three species in equilibrium, over the 2–12 pH rang

he neutral ligand22 is indicated with LH, the three spec
re: [NiII (LH)(H2O)2]2+, [NiII (L−)]+, and [NiII (L−)(OH)].

ig. 15. Geometrical changes associated with the acid–base behavio
as been inferred from the molecular structure determined through X
e Nimplex with ligand22. The arrangement of the five-coordinate complex
fraction studies (see the ORTEP diagram inFig. 16). Adapted from Ref.[22].
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Fig. 16. An ORTEP view of the complex [NiII (L−)]+, where LH is22. The N5 atom belongs to the deprotonated sulphonamide group and occupies one of the
corners of the equatorial triangle of a trigonal bipyramid. Reproduced from Ref.[22] with permission of the copyright owners.

studies on a single crystal obtained through slow evapora-
tion of a solution adjusted to pH = 6. An ORTEP view of the
[Ni II (L−)]+ complex is shown inFig. 16.

At pH > 7.5, a neutral species forms: it is suggested that an
OH− ion coordinates to the NiII centre, inducing a rearrange-
ment to an octahedral species of formula [NiII (L−)(OH)]
(25).

The acid–base behaviour of the NiII complex of22, which
involves the swinging of the pendant arm (step (23) → (24)
in Fig. 15), has significant effects on the emission behaviour
of the dansyl fluorogenic fragment. In fact, the dansyl group
itself, when irradiated at 332 nm (absorption of the charge
transfer complex), shows a rather broad and unstructured
emission band withλmax= 510 nm. Such an emission band
is also present in the fluorescence spectrum of an acidic
solution of the NiII complex of22 (=L), i.e. a solution of
the [NiII (LH)(H2O)2]2+ species. The intensity of such an
emission band,IF, is plotted versus pH inFig. 14(filled trian-
gles). It is seen that, in the pH interval 2.5–3.5,IF maintains
its highest value. Then, on raising pH, as the concentration
of [Ni II (LH)(H2O)2]2+ decreases and that of [NiII (LH−1)]+

increases,IF diminishes, to reach its minimum value at
pH = 6, in correspondence with the highest concentration of
[Ni II (LH−1)]+. On moving to a higher pH, with the decrease
of the concentration of [NiII (LH−1)]+ and the increase of
the concentration of [NiII (LH )(OH)], I grows moderately
t
s nds
t um-
m d in
t
t plex
[ er-

ately in the complex [NiII (L−)(OH)] (25). This behaviour
has to be related to different effects exerted by the metal
centre on the fluorogenic fragment, in the three different
species. In [NiII (LH)(H2O)2]2+ (23), the dansyl subunit is
far away from the metal and there is no way of establishing
through-bond interactions between the NiII centre and the
fluorophore, especially in view of the presence in the chain
of an insulating CH2CH2 spacer: thus, the dansyl group
emits its full fluorescence. On the other hand, in [NiII (L−)]+

(24), the NiII centre can communicate with the aromatic
subunit through the coordinative bond and theNS(O2)
group and can quench the excited fluorophore. It has been
demonstrated, through spectrofluorimetric studies at liquid
nitrogen temperature, that fluorescence quenching has to be
ascribed to an electronic energy transfer process. The electron
circulation may be partially reduced in the [NiII (L−)(OH)]
complex (25), when the coordination geometry rearranges
from trigonal bipyramidal to octahedral and the coordina-
tion number changes from 5 to 6. In particular, these changes
may induce subtle modifications in the energy of the metal
centred orbitals involved in the double electron exchange.
It appears that the electronic structure of the five-coordinate
complex favours the energy transfer process to a larger extent
than observed for the six-coordinate species. The emissive
response was found to be quickly reversible, as, on back titra-
t ,
w the
d

c etal,
w idic
p ten-
s ro-
−1 F
o reach a plateau at a pH = 7, when the [NiII (L−)(OH)]
pecies is formed at 100%. This limiting value correspo
o about 50% of the original fluorescence intensity. In s
ary, full emission of the dansyl fragment is observe

he complex [NiII (LH)(H2O)2]2+ (structure (23) in Fig. 15);
hen, fluorescence is quenched significantly in the com
Ni II (L−)]+ (24); finally, dansyl emission increases mod
ion from alkaline to acidic pH, anIF profile was obtained
hich perfectly superimposed on the profile obtained in
irect titration and shown inFig. 14(filled triangles).

The two NiII scorpionand complexes18 and22 have in
ommon that the binding of the pendant arm to the m
hen moving from a strongly acidic region to a less ac
H, is signalled by a distinct decrease of the emission in
ity of the covalently attached fluorophore. The two p
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Fig. 17. The disassembling–assembling of a dimetallic helicate, driven by
the CuI /CuII redox change. CuI likes tetrahedral coordination and favours
the assembling of the bis-bidentate ligand to give a double helix (a). Such
an arrangement is not congruent with the square coordination required by
CuII , whose formation induces disassembling of the dinuclear helicate and
formation of two mononuclear complexes (b). Reproduced from Ref.[26],
with permission of the copyright owners.

cesses take place in different pH intervals due to the different
acidic nature of the non-coordinated group of the pendant
arm, either more acidic (ammonium in18) or less acidic
(sulphonamide in22).

4. The redox driven assembling–disassembling of
helicates

Helicates are polynuclear complexes in whichn metal ions
coordinate two or more strands, each one containingn biden-
tate subunits: the strands have to arrange themselves in a
multiple helix[23]. Formation of a polynuclear helicate com-
plex is strictly related to the structural features of the ligands
(which must present some elements of rigidity) and to the
geometrical requirements of the metal centre acting as a tem-
plate. In particular, d10 cations, which have a preference for
tetrahedral coordination, will favour the assembling of two
molecules of a bis-bidentate ligand, to give a double-helix
arrangement (see structurea in Fig. 17).

Changing the oxidation state, when possible, modifies
the geometrical preferences of the metal, which may be
no longer congruent with the helical assembly. This is the
case of the copper centre, whose CuI state, d10, prefers
tetrahedral coordination and forms a dimeric helicate com-
plex with rigid bis-bidentate ligands (indicated as X∩ X, in
w
O
p nge-
m elix.
T em-

bling of the dicopper(I) helicate into two monomeric sub-
units, [CuII (X ∩ X)]2+, sketched asb in Fig. 17. The process
is fully reversible, so that switching of the metal oxidation
state from +2 to +1 and vice versa causes the assembling of the
two tetragonal complexes into the double helix, in one direc-
tion, and the disassembling of the dimeric system into the
monomeric complexes, in the opposite direction. It is possible
that, in addition to geometrical reasons, also an electrostatic
factor – the increased electrostatic repulsions between the
two Cu2+ centres – helps the disassembling process.

A well-defined case is that of the copper complexes of
the quadridentate ligand26, which consists of two imine-
quinoline halves, linked by a 1,2-cyclohexane spacer[24].
The �-acceptor features of the tetra-aza coordinating set
s le-
t es:
t ate:
[ ced
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hich X represents a bidentate subunit): [CuI
2(X ∩ X)2]2+.

n the other hand, the contiguous d9 cation, CuII , shows a
enchant for tetragonal coordination, a geometrical arra
ent which does not match the formation of a double h
hus, the CuI-to-CuII redox change induces the disass
tabilise the CuI state, while the relative rigidity of the ske
on disfavours ligand folding to give monomeric complex
his promotes the formation of a stable dicopper(I) helic
CuI

2(26)2]2+. However, the stabilisation energy experien
y the CuII transition metal ion in a square ligating en
onment helps to overcome the steric obstacles relat
he folding of the quadridentate ligand and, on CuI-to-CuII

xidation, the tetragonally coordinated monomeric comp
CuII (26)]2+, forms. Noticeably, species [CuI

2(26)2]2+ and
CuII (26)]2+ are stable both in solution and in the solid st
n particular, they have been isolated as crystalline salts
heir molecular structures have been determined throug
ay diffraction studies[24].

The occurrence of assembling–disassembling in
CuI

2(26)2]2+/[CuII (26)]2+ system in an MeCN solution cou
e followed through cyclic voltammetry investigations. T
orresponding CV profile is shown inFig. 18. The solution
ontained the cuprous helicate [CuI

2(26)2]2+ and the potentia
f the platinum working electrode was increased from−300

o 900 mV, at a rate of 100 mV s−1. An oxidation peak wa
bserved at ca. 700 mV. Then, on the reverse scan, a red
eak was observed at ca. 0 mV. The large separation be

he two peaks (�p = 700 mV) can be explained on the ba
f the square scheme inFig. 19.

We start from the bottom right-hand corner of
quare, the [CuI2(26)2]2+ helicate complex, at the potent
f −300 mV. Going up with the potential, at ca. 700 m
xidation to CuII takes place, with formation of the dime

CuII
2 (26)2]4+ form (bottom left). This species is very unsta

nd disassembles very quickly to give the stable monom



V. Amendola et al. / Coordination Chemistry Reviews 250 (2006) 273–299 285

Fig. 18. Cyclic voltammetry profile of an MeCN solution of the helicate
complex, [CuI2(26)2]2+, at a platinum working electrode. The potential scan
started at−300 mV and was reversed at 900 mV, at a rate of 100 mV s−1.
Adapted from Ref.[24].

complex [CuII (26)]2+, upper left corner. At 900 mV the
potential is reversed for reduction. However, we do not
see any reduction peak at ca. 600 mV, as expected for an
electrochemically reversible behaviour (regular peak separa-
tion, �p = 57 mV): the reason is that we no longer have the
dicopper(II) helicate complex to reduce, but the monomeric
square species, whose stability is distinctly higher than
that of the dicopper(II) helicate and whose reduction takes
place at a remarkably more cathodic potential, ca. 0 mV,
with a peak separation of 700 mV. The reduction gives the
unstable monomeric CuI complex, [CuI(26)]+, upper-right
corner, which immediately assembles to give the helicate:
[CuI

2(26)2]2+, lower-right corner of the square. Again, oxi-
dation takes place at a much higher potential than expected
for the oxidation of the monomeric square CuI complex. The
overall cycle can be described as an EC + EC sequence of

F g of a
d

processes (E = electrodic, horizontal; C = chemical, vertical),
in which the chemical step C is either assembling or disas-
sembling of the helicate. Each C process is extremely fast
and takes place in a time scale much shorter than that of
the cyclic voltammetry experiments performed at usual scan
rates (50–500 mV s−1). At very high potential scan rates or
at very low temperature, it should be possible to ‘freeze’ the
helicate after CuI/CuII oxidation, or the monomeric complex
after CuII /CuI reduction, thus obtaining electrochemically
reversible profiles (ia/ic = 1, �p = 57 mV, whereia andic are
the current intensities of the anodic and cathodic peaks).

In bulk conditions, the occurrence of the redox driven
interconversion equilibrium: [CuI2(26)2]2+ � 2[CuII (26)]2++
2e−, can be followed both visually and spectrophotomet-
rically, as the [CuI2(26)2]2+ complex is red-violet, due
to a rather intense absorption band centered atλmax=
530 nm (MLCT transition,ε = 1015 M−1 cm−1), while the
[CuII (26)]2+ complex is green (metal centered transition:
λmax= 665 nm, ε = 145 M−1 cm−1). The dimer–monomer
interconversion can be carried out through exhaustive elec-
trolysis experiments, setting the working electrode at the
appropriate potentials. The process is fast and reversible and
can be carried out consecutively in either direction.Fig. 20
reports the family of spectra recorded in the course of a con-
trolled potential electrolysis experiment, during the reduction
of the monomeric [CuII (26)]2+ complex[25].
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from Ref.[24].
ig. 19. A square scheme illustrating the assembling–disassemblin
icopper helicate, driven by the CuII /CuI redox couple.
Noticeably, both visual and instrumental detection
he assembling–disassembling equilibrium is concentra
ependent. In particular, the interconversion, while cle
erceived at a concentration 10−3 M or more, as a red

ig. 20. Electronic spectra of an MeCN solution of [CuII (26)]2+ in the course
f a controlled potential electrolysis. On reduction, a band at 550 nm dev
MLCT transition of the [CuII2 (26)2]4+ complex), while the band at 340 n
LMCT of the [CuII (26)]2+ complex) decreases and disappears. Ada



286 V. Amendola et al. / Coordination Chemistry Reviews 250 (2006) 273–299

to-green colour change, at 10−5 M is observed as a vari-
ation from pale pink to colourless. However, the visual
(and instrumental) signal can beamplified by making use
of fluorescence. In this connection, a fluorescent probe was
employed in order to monitor the [CuI

2(26)2]2+/[CuII (26)]2+

redox driven interconversion: as an essential prerequisite,
such a probe should interfere to a rather different extent with
the [CuI2(26)2]2+ and [CuII (26)]2+ forms[26].

The probe employed was the fluorescent fragment28,
coumarine 343, which, when excited atλ = 420 nm, emits
a yellow light with λmax= 480 nm.28 contains a COOH
group, which, when deprotonated, may act as a donor in
favour of a coordinatively unsaturated metal centre. In partic-
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Fig. 21. Fluorescent intensity,IF, of an MeOH solution 2× 10−5 M in
[CuII (26)]2+ and 2× 10−6 M in the anion of28, in the course of consecutive
electrolysis experiments at constant potential. On reduction, the indicator is
released to the solution and fluorescence is revived; on oxidation, the indi-
cator is uptaken by the [CuII (26)]2+ complex and fluorescence is quenched.
Reproduced from Ref.[26] with permission of the copyright owners.

versible oxidation processes at the platinum electrode. In
this connection, the CV profile of coumarine 343 in MeOH
0.1 M [Bu4N]ClO4 is shown inFig. 22(solid line). The first
(irreversible) oxidation peak develops at a potential which is
almost coincident with the oxidation peak of the [CuI

2(26)2]2+

helicate complex (long dash).
In order to avoid the problem of the competitive oxida-

tion of the fluorophore, a dicopper(I) helicate complex whose
oxidation–disassembling process takes place at a less posi-

F
d
[ a
s been
a
o

lar, the anion of coumarine 343 gives a five-coordinate
dduct with the [CuII (26)]2+ complex, in which the emissio
f the fluorophore is quenched, due to the occurrence of e
n electron transfer or an energy transfer process invo

he CuII centre. On the other hand, the coumarine 343 a
oes not interact with the helicate complex [CuI

2(26)2]2+, in
hich each metal centre is coordinatively saturated.
On these bases, a solution of [CuII (26)]2+ and of the

oumarine anion was electrolyzed at a constant pote
rior to the electrolysis, the solution was pale yellow
olour of coumarine) and non-fluorescent. On reduc
he solution began to fluoresce, and an intense band
max= 480 nm developed in the emission spectrum.IF val-
es measured in the course of the exhaustive reductio
hown, as filled circles, inFig. 21. On subsequent oxidatio
progressive decrease ofIF was observed. On alternati

he potential of the working electrode between the two
es, a saw-tooth profile of the fluorescence intensity
btained, as shown inFig. 21. Such a behaviour has to
ssociated with the release (fluorescence ON)—uptake
rescence OFF) of the coumarine anion, Fl−, as long as th
opper complexes assemble–disassemble according
edox equilibrium below:

[CuII (26)(Fl)]
+ + 2e− � [CuI

2(26)2]
2+ + 2Fl−

However, progressive signal attenuation was observ
he course of the consecutive reduction and oxidation cy
hich was ascribed to the decomposition at the elec
f the fluorescent indicator. In particular, coumarine 34
ot very stable in an electrochemical sense, undergoing
ig. 22. Cyclic voltammetry profiles for [CuI
2(26)2]2+/[CuII (26)]2+ (long

ash) and [CuI2(27)2]2+/[CuII (27)]2+ (short dash), in MeOH 0.1 M
Bu4N]ClO4; potential scan rate: 100 mV s−1. The solid line refers to
olution of coumarine 343, to which a small amount of ferrocene had
dded, as an internal standard. Reproduced from Ref.[26] with permission
f the copyright owners.
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Fig. 23. Consecutive reduction and oxidation cycles in a controlled potential
electrolysis experiment on an MeOH solution 2× 10−5 M in [CuII (27)]2+

and 2× 10−6 M in the anion of28. Vertical axis reports the fluorescence
intensity,IF, of 28 in the course of the electrolysis. Reproduced from Ref.
[26] with permission of the copyright owners.

tive potential was sought. In particular, in the family of Schiff
base ligands derived fromtrans-1,2-cyclohexanediamine,
a system exists for which the CuI/CuII oxidation process
takes place at a potential distinctly less positive than for
[CuI

2(26)2]2+: it is the dicopper(I) helicate complex with the
bis-bidentate ligand27, in which the terminal quinoline frag-
ments have been replaced by 2-methyl-pyridine subunits.
The CV profile for the [CuI2(27)2]2+/[CuII (27)]2+ system is
shown inFig. 22(short dash). Note that the oxidation peak
of [CuI

2(27)2]2+ is located at a potential more than 200 mV
less positive than that of [CuI

2(26)2]2+ (long dash). Moreover,
the oxidation peak of [CuI2(27)2]2+ anticipates well the first
oxidation peak of coumarine 343 (solid line).

Thus, a controlled potential electrolysis experiment
was carried out on an MeOH solution 2× 10−5 M in
[CuII (27)]2+, 2× 10−6 M in the coumarine anion, and 0.1 M
in [Bu4N]ClO4. In particular, consecutive reduction and oxi-
dation cycles were performed, in which alternating revival-
quenching of the coumarine fluorescence corresponded
according to a saw-tooth profile (seeFig. 23). Noticeably,
the attenuation of the fluorescence signal was much less pro-
nounced than in the case of the [CuI

2(26)2]2+/[CuII (26)]2+

system. This is a beneficial effect of operating the oxidation
cycle at a potential low enough to prevent decomposition
of the auxiliary fluorescent probe. Moderate signal attenua-
tion is still present, which indicates the occurrence of some
o cant
i -
o

5

a n be

reversibly and repeatedly carried out by taking profit from an
external input: a pH change. They convert energy (that of an
acid–base reaction) into mechanical work and can be there-
fore consideredmachines operating at the molecular level
[27,28]. Due to the presence of a fluorogenic fragment on
the pendant arm, whose emission intensity changes with the
motion, these systems can be defined aslight-emitting molec-
ular machines.

However, there exists another way to induce controlled
movements at the molecular level, thus converting the
energy of an acid–base reaction into mechanical work.
This can be done by moving a particle (e.g. a metal
ion) between two distinct sites of a ditopic system, fol-
lowing a predetermined pathway. In order to guarantee
fast reversibility, the interaction of the movable particle
with either compartment must be labile. Such a feature
can be achieved when the particle is a d block metal
ion and each compartment is able to establish selective
coordinative interactions with it. This can be done by
designing a compartment (e.g. A), which displays both
coordinating tendencies and Brønsted acid–base proper-
ties. As an example, the envisaged compartment should
be able to exist both in a protonated form, AHn, and
in a fully deprotonated form, An−, whereas the second
compartment, B, should not show any acid–base feature.
Next, the coordinating tendencies of the various compart-
m
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xidative decomposition. Such an effect becomes signifi
n view of the rather high dilution (�molar scale) of the flu
rophore.

. pH-driven translocation of metal ions

Scorpionate complexes considered in Section3 contain
movable part (the pendant arm), whose motion ca
ents should decrease along the series: An− > B > AHn.
nder these circumstances, changing the protonation st

he AHn/An− compartment will induce metal translocat
29].

In particular, as illustrated inFig. 24, when the pH
ensitive compartment is in the AHn form, Mn+ will stay
n B; but, when the AHn acid is neutralised to give An−,

n+ will move to the more coordinating deprotonated co
artment. Thus, the auxiliary reactions providing the ch

cal energy for the reversible translocation process
i) AHn + nOH− = An− + nH2O and (ii) An− + nH+ = AHn.
oticeably, such acid–base reactions can be carried

hrough moderate pH changes.

ig. 24. pH-driven translocation of a metal ion Mn+ between th
wo compartments A and B of a ditopic system. Occurrence
etal translocation requires that: (i) compartment A must

xhibit Brønsted acid–base behaviour, according to the equilib
Hn = An− + nH+; (ii) the affinity towards Mn+ must decrease along t
equence: An− > B > AHn. Under these circumstances, the displacem
f the acid–base equilibrium, obtained through appropriate pH v

ions, causes Mn+ to translocate reversibly between the two comp
ents. Reproduced from Ref.[30] with permission of the copyrigh

wners.
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Fig. 25. pH dependence of the percent concentration of the metal com-
plex species for a solution 2× 10−3 M in 29 (LH2) and 2× 10−3 M in Ni II

(dioxane–water 4:1 (v/v); 0.1 M NaClO4). Filled triangles (right vertical
axis) give the molar absorbance of the d–d band at 450 nm, pertinent to the
low-spin [NiII (L)] complex. Adapted from Ref.[30].

An example of pH-driven metal translocation is provided
by system29, also indicated as LH2, in which an AH2 com-
partment is present, which consists of two amine groups and
two amide groups[30]. Amide nitrogen atoms displays very
poor or nil coordinating tendencies towards transition met-
als. Thus, compartment AH2 is refused by the metal, which
prefers to reside in the more comfortable compartment B,
offering two amine groups and two quinoline nitrogen atoms.
However, in the presence of divalent metal ions late in the 3d
s II II

m roup

m
Ni

i of
t for
a

metal complex species are present over the 6–12 pH inter-
val: the complex of the neutral ligand, [NiII (LH2)]2+, and the
complex of the doubly deprotonated ligand, [NiII (L)]. The
[Ni II (LH2)]2+ complex is present as 90% at pH = 7.5. The
absorption spectrum of the solution adjusted at this pH, pale
blue in colour, displays two weak d–d bands centred at 606 nm
(ε = 11 M−1 cm−1) and 820 nm (ε = 5 M−1 cm−1), typically
observed with a high-spin NiII ion in an octahedral coordi-
native environment. This suggests that in the [NiII (LH2)]2+

form the metal centre stays in the B compartment, being
equatorially coordinated by the two amine and two quinoline
nitrogen atoms. Two water molecules probably occupy the
axial positions of a distorted octahedron. On increasing pH,
the concentration of [NiII (LH2)]2+ decreases, whereas the
[Ni II (L)] complex begins to form, to reach 100% at pH≥ 9.5.
At the same time, the solution takes a bright yellow colour
and a band develops at 450 nm (ε = 103 M−1 cm−1). Such
a band is typically observed with square-planar low-spin
NiII complexes, and is associated with the [NiII (L)] form, in
which the metal centre occupies the A2− compartment and is
present in its low-spin form. In particular, it can be observed
in Fig. 25 that the profile of the molar absorbance of the
yellow low-spin chromophore versus pH superimposes well
on the concentration curve of the [NiII (L)] species. Thus,
a pH change from 7.5 (dominating species: [NiII (LH2)2+)
to 9.5 (dominating species: [NiII (L)]) induces the transloca-
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eries (e.g. Ni, Cu ), secondary amide groups,(CO)NH,
ay deprotonate, giving rise to the strongly donating g
(CO)N−. In this situation, the Mn+ ion will move to the
ore appealing A2− compartment.
Such a behaviour is observed in the case of theII

on. In particular,Fig. 25 illustrates the pH dependence
he concentration of the species present at equilibrium

solution 2× 10−3 M both in 29 and in NiII . Two major
ion of the NiII centre from compartment B to compartm
2− of the ditopic receptor29: the intramolecular motio

s visually perceived through the colour change of the s
ion from pale blue to bright yellow, which is due to t
ccurrence of a drastic rearrangement of the electronic
guration of the metal centre (the NiII high-spin/low-spin
rossover).

The progress of the metal translocation process wa
owed in real time through a stopped-flow spectrophotom
xperiment. In particular, when an aqueous ethanolic
ion of [NiII (LH2)]2+ (pH = 7.5) was mixed with an aqueo
thanolic solution buffered at pH = 9.5, a band at 450
eveloped and reached a plateau within less than 1 s

emporal development of the band pertinent to the [NiII (L)]
omplex is illustrated in the diagram inFig. 26. In particular
he process is first-order, with a lifetime of 0.25± 0.01 s.

On the other hand, when the pH of the yellow solution c
aining [NiII (L)] (pH ≥ 9.5) is brought back to 7.5, the pa
lue colour is quickly restored, indicating that the metal
een translocated again to the B compartment. Stopped
pectrophotometric studies indicated that the back trans
ion is considerably slower than the B to AH2 translocation
τ = 2.2± 0.1 s). Rate difference can be mainly ascribed to
act that B-to-AH2 translocation involves the dissociation o
igh-spin NiII ion, whereas A2−-to-B translocation involve

he dissociation of a low-spin NiII cation: it is well known
hat d8 low-spin metal centres, in a square-planar coord
ion arrangement, are particularly inert with respect to lig
ubstitution, due to the high value of the ligand field activa
nergy.
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Fig. 26. The family of spectra recorded on a diode array spectrophotometer
after the mixing of a solution of [NiII (LH2)]2+ (pH = 7.5) with a solution
buffered at pH = 9.5. Spectra from which the surface originated were taken
every 25 ms. Adapted from Ref.[30].

The occurrence of the pH-driven translocation of NiII

within the two-compartment system29 was followed visually
through the appearance–disappearance of the yellow colour
(which is due to an electronic d–d transition). We wanted to
follow the process through a more effective visual signal, flu-
orescence. In this perspective, we equipped the framework of
the receptor of system29 with a powerful photoactive frag-
ment: anthracene. In particular, the phenyl ring linked to the
AH2 compartment of29 was replaced by an anthracenyl sub-
stituent, to give30.

F com-
p
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t

Fig. 27shows that the same species observed for system
29 are present at the equilibrium over the 2–12 pH range,
in a water/dioxane solution (4:1, v/v) containing equimolar
amounts of30 and NiII . In particular, the NiII (LH2)]2+ species
shows its maximum concentration at pH = 7.5, while the other
major species, [NiII (L)], is present at 100% at pH≥ 9.5. It
transpires then that also in the case of system30, the NiII

ion can be moved back and forth between the two compart-
ments simply by varying the pH from 7.5 to 9.5 and vice versa.
Very interestingly, direct and reverse translocation can be fol-
lowed by spectrofluorimetry. In particular, it was observed
that on increasing the pH of a water/dioxane solution con-
taining equimolar amounts of30 and NiII , the intensity of the
anthracene (An) emission,IF, whose values are superimposed
on the distribution diagram inFig. 27, shows its highest value
at pH = 7.5, i.e. in correspondence with the [NiII (LH2)]2+

species. In particular, the emission intensity of the solution
of the [NiII (LH2)]2+ complex is the same as that of a solution
of 30 in the absence of metal at the same pH, and compa-
rable to that of plain anthracene under the same conditions.
This indicates that the NiII centre, when in the B compart-
ment, is removed enough from the An fluorophore to prevent
interference with its radiative decay. As pH is increased,IF
decreases following a sigmoidal profile, to complete fluores-
cence quenching at pH≥ 9.5, where 100% of the [NiII (L)]
form is present (seeFig. 27). Thus, the position of the NiII
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ig. 27. pH dependance of the percent concentration of the metal
lex species for a solution 2× 10−5 M in 30 (LH2) and 2× 10−5 M in Ni II

dioxane–water 4:1 (v/v); 0.1 M NaClO4). Filled triangles (right vertica
xis) give the intensity of the fluorescence emission,IF, for the same solu

ion, when varying pH. Adapted from Ref.[30].
entre within system30 is sharply signalled by the emissi
f the anthracene component: when the metal is in com
ent B, fluorescence is ON; when it is in compartment A2−,

uorescence is OFF.
Quenching of the fluorescence of the anthracene frag

s due to the occurrence of a metal-to-fluorophore elec
ransfer, a process made possible by the easy oxidati
iIII in the strong ligand field exerted by the deprotona
mide-amine donor set. The occurrence of a NiII -to-An*

lectron transfer process is fully accounted for on a the
ynamic basis. In particular, the�G◦

eT value is distinctly
egative (−0.35 eV), as calculated from the appropr
ombination of the pertinent photophysical (E0–0=−3.1 eV)
nd electrochemical quantities (eE0(NiIII /NiII ) = 0.35 eV;
E0(An/An−) =−2.4 eV). Thus, the NiII centre, when i

he A2− compartment, quenches the nearby An* fragmen
hrough a metal-to-fluorophore eT process. When, fol
ng acidification to pH = 7.5, the metal is removed from

2− compartment and brought back to the B compartm
he electron transfer mechanism vanishes and fluoresce
estored.

The translocation process, both direct and reverse, wa
owed in its temporal development by monitoring the de
f IF. The B-to-AH2 translocation (τ = 12± 1 s) is faster tha
2−-to-B back translocation (τ = 66± 12 s), as also observ
ith system29. However, the rates of both direct and reve
rocesses are remarkably slower for30 than for29. This is
scribed to the presence of the bulky anthracene subst
hich slows down the conformational rearrangement e

ienced by the ligating backbone during translocation
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Fig. 28. The ‘facing pages’ mechanism for the translocation of a metal ion
within the two-compartment ligand30. Each compartment is placed on one
of two facing pages of an ideal book. Metal translocation requires that the
two pages are brought to the shortest distance, a situation which corresponds
to the transition state.

particular, metal translocation may be associated with the
occasional folding. It is suggested that the transition state for
the translocation process corresponds to a situation in which
the two halves of the receptor, placed on the two facing pages
of an ideal book, are brought to face each other at the closest
possible distance, an event which precedes the metal trans-
fer (see the idealised sketch inFig. 28). It is probable that
the bulky anthracene substituent raises the energy of such a
transition state, thus slowing down the rate of both direct and
reverse translocation processes.

Also the translocation of a metal ion between the com-
partments of ditopic ligand can be monitored by means
of an auxiliary fluorescent probe, in the same way as the
assembling–disassembling of helicates discussed in the pre-
vious section. This approach avoids the time-consuming and
tedious synthetic procedures required in the covalent linking
of the fluorophore to the ditopic ligand.

System31 contains a compartment B, consisting of two
b pro-
t o
a . The
c -
p r
h en-
c
t tion
s rdi-
n ce of

Fig. 29. Percent concentration of the species present at the equilibrium in
a solution containing equimolar amounts of31 (=LH2) and Cu2+ (left ver-
tical axis); profilesa, b, c, andd refer to the variously protonated forms of
LH2 (from LH6

4+ to LH3
+). Profilee refers to the metal containing proto-

nated species [CuII (LH3)]3+. Profilef refers to the metal containing species
[CuII (LH2)(OH)]+. Filled triangles give the molar absorbance of d–d band
(λmax= 502 nm) of the [CuII (L)] complex (right vertical axis). Adapted from
Ref. [31].

affinity (A2− 	 B 	 AH2) is established and that the CuII

ion can be translocated between B and A and vice versa in a
defined pH interval.

The complex formation equilibria in a dioxane–water
mixture (4:1, v/v) containing equimolar amounts of31 (LH2)
and CuII were investigated through potentiometric titration
experiments. The distribution curves (percent abundance of
the species versus pH) of the species present at the equilib-
rium over the pH interval 2–12 are shown in the diagram
in Fig. 29. Two major metal containing species are present
beyond neutrality: a species of stoichiometry [CuII (LH2)]2+,
which reaches its maximum abundance (80%) at pH = 7.4,
and a species of stoichiometry [CuII (L)], which at pH≥ 11
reaches 100%. Noticeably, the absorption spectrum of a
solution at pH = 7.4, blue in colour, is very similar to that
of a solution of the [CuII (bpy)2]2+ model complex, which
indicates that, in the complex [CuII (LH2)]2+, the metal stays
in compartment B. Due to the tendency of CuII to reach
five-coordination when bound to two molecules of bpy, the
complex should be better indicated as [CuII (LH2)(H2O)]2+.
On the other hand, bringing pH to 12 by addition of standard
base makes the solution become pink-violet (absorption
band centred at 500 nm). The colour and the absorption
spectrum are those expected for the copper(II) complex
of a quadridentate ligand containing two deprotonated
a -tet:
N
s
t ,
t ll on
t

py fragments, which is neatly separated from the di
ic compartment AH2, whose donor set is made of tw
mine nitrogen atoms and two secondary amide groups
hosen metal ion is CuII , which forms a very stable com
lex with the doubly deprotonated set A2−. On the othe
and, compartment B displays fairly good binding tend
ies towards CuII . Moreover, complexes of the [CuII (bpy)2]2+

ype tend to be five-coordinate, the remaining coordina
ite being occupied by a solvent molecule or by a coo
ating anion. Thus, it appears that the required sequen
mide groups and two amine groups (e.g. dioxo-2,3,2
H2CH2CH2 NHCO CH2 CONHCH2CH2NH2). This
uggests that in the species dominating at pH≥ 11, [CuII (L)],
he metal is located in compartment A2−. Very interestingly
he intensity of the band at 500 nm superimposes we
he abundance profile of the [CuII (L)] species (seeFig. 29).
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In conclusion, changing the pH from 7.4 to 12 makes CuII

translocate from B to A2−: the occurrence of the process
is signalled by a well detectable colour change: from
blue to pink-violet. On addition of standard acid back to
pH = 7.4, the solution turns blue again, indicating that the
reverse translocation has taken place. The direct and reverse
translocation processes can be repeated at will, in principle
indefinitely. The detection limit is given by the progressive
dilution of the solution, due to the consecutive additions of
the standard solution of acid and base.

The rate of the metal translocation, both direct and reverse,
was determined by stopped-flow spectrophotometric exper-
iments. In particular, the B-to-A metal displacement was
monitored through the development of the absorption band
at 500 nm, corresponding to the formation of the pink-violet
[CuII (L)] species. The absorbance versus time profile strictly
obeys a first-order kinetics, with a lifetimeτ = 0.54± 0.05 s.
On the other hand, the first-order A-to-B translocation, inves-
tigated through the decay of the band at 500 nm, exhib-
ited a lifetimeτ = 0.58± 0.05 s. First-order patterns observed
for both direct and reverse processes strongly support the
intramolecular nature of the translocation. Please consider
that the rates of both direct and reverse translocation are the
same, within the experimental error. This is ascribed to the
fact that bond dissociation – which probably represents the
first step of the translocation process – involves in the present
c
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plateau at pH > 11.5, according to a well-shaped profile. This
behaviour can be accounted for by considering that in the
pH interval corresponding to the well of theIF profile, the
[CuII (LH2)(H2O)]2+ species forms and the carboxylate group
of Fl− replaces the water molecule coordinated to the CuII

centre in the B compartment. Binding of Fl− to the transition
metal causes quenching of the fluorescence, through either an
electron transfer or an energy transfer process. At pH > 11.5,
when more that 99.8% of the metal has translocated to A2−,
a square complex is formed which, due to the very strong in-
plane interaction, does not exhibit any affinity towards further
ligands. As a consequence, Fl− is released to the solution and
displays its full fluorescence. Thus, B-to-A translocation is
signalled by the switching ON of fluorescence. On the other
hand, A-to-B translocation, induced by bringing pH back to
7–8, is signalled by the switching OFF of the fluorescence.
One can go back and forth with pH many times and, due to
the greatest efficiency of the fluorescent signal, can perceive
each time, both visually and instrumentally, the occurrence
of the reversible translocation.

On fitting the spectrofluorimetric data, a binding con-
stant of 5.5± 0.1 log units was found for the equilibrium:
[CuII (LH2)(H2O)]2+ + Fl− �[CuII (LH2)(Fl)]++ H2O. Thus,
it was possible to draw the distribution diagram shown in
Fig. 30, which indicates that the [CuII (LH2)(Fl)]+ adduct
begins to form at pH = 4.5, which causes fluorescence
q her
h i-
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I
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signals that CuII stays in compartment B, fluorescence ON signals that CuII

is in compartment A. Adapted from Ref.[31].
ase a cation with the same electronic configuration, d9, in
oth directions. On the contrary, in the case of systems26 and
7, considered above, remarkable differences were obs
n direct and reverse rate, since the translocation invo
ations of different electronic configuration and conseque
ifferent substitutional properties, depending upon the d

ion, either d8 high-spin (from B to A) or d8 low-spin (from
to B).
In the present case, it was possible to monitor the rever

ranslocation with the help of an auxiliary light-emitting fra
ent, which was again coumarin-343, FlH (28) [31]. In a 4:1
ioxane–water solution, FlH behaves as a weak acid w
KA of 7.30± 0.02. The undissociated form FlH is stron
uorescent with an emission band centred atλmax= 490 nm;
he emission band of the dissociated form, Fl−, is less intens
fluorescence intensity,IF, is 75% of that of FlH, and is blue
hifted to aλmax= 471 nm). Thus, the following experime
as made in order to monitor fluorimetrically the trans
ation process: first, a solution was made 2× 10−6 M in
oumarin-343, which was found to be fluorescent ove
ntire pH range, even if a change ofIF andλmax is observed

n the 6.5–8.5 pH interval. Then, the same solution was
ade 4× 10−4 M in the copper(II) complex of31 (i.e. a

oncentration 220 times higher than that of FlH): as a
equence, a drastic change of the pH dependence
uorescence intensity of FlH and Fl− bands was observe
s shown inFig. 30.

Fig. 30 shows that, moving from the acidic to the al
ine region,IF (filled triangles) decreases to be comple
uenched at pH = 7–8, then it increases again to rea
uenching (left arm of the well, full triangles). On the ot
and, the decrease of [CuII (LH2)(Fl)]+ concentration, assoc

ig. 30. Full triangles (left vertical axis) indicate the fluorescence inten

F, of a solution 2× 10−6 M in coumarin-343 (28) and 4× 10−4 M in the
CuII (LH2)]2+/[CuII (L)] complex (LH2 = 31). Values of the descending a
f the well-shaped profile refer to the emission band at 490 nm (em

ragment: undissociated form, FlH); values of the ascending arm re
he emission band at 471 nm (emitting fragment: dissociated form, Fl−). IF

alues are normalised. Solid lines (right vertical axis) give the pH de
ence of the concentration of FlH, [CuII (LH2)(Fl)]+, and Fl−, in the same
olution. Moving up from pH = 7, fluorescence OFF (bottom of the w
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Fig. 31. Metal translocation monitored by an auxiliary fluorescent probe. When the CuII centre stays in the (bpy)2 compartment, it is coordinated by the
carboxylate group of coumarine-343, whose emission is quenched (fluorescence OFF). On moving to the diamine-deprotonated diamide compartment, the
metal is definitively happy with square coordination, and the anion of coumarine-343 is released to the solution, displaying its full emission (fluorescence ON).
The state of the fluorescence, whether OFF or ON, signals the position of the CuII centre. Adapted from Ref.[31].

ated with translocation to A, corresponds to the release of the
Fl− light-emitting species and to the revival of fluorescence
(right arm of the well, full triangles). Finally,Fig. 31provides
a pictorial sketch of the supposed geometrical aspects of
metal translocation and of complexation–decomplexation of
Fl−.

6. Light-emitting devices based on the [ZnII(tren)]2+

fragment

Tris-(aminoethyl)amine (tren) is a ligand which imposes
on the bound metal centre a trigonal bipyramidal geometry.
In particular, the tripodal ligand occupies four positions of
the coordination polyhedron, leaving an axial site available
for coordination by either a solvent molecule or an anion X−
(32).

to-
p c(II)
c nsat-

Fig. 32. Spectrofluorimetric titrations of the [ZnII (33)]2+ receptor in a
methanolic solution (10−4 M) with standard methanolic solutions of: ben-
zoate (open triangles) andN,N-dimethyl-aminobenzoate (filled triangles).
Fluorescence intensity,IF, was taken at 415 nm.

urated and offers room for the coordination of an anion
(the chemical input). On the other hand, ZnII is photophys-
ically inoffensive, as (i) it is redox inactive and cannot be
involved in any photoinduced electron transfer and (ii) has a
closed shell electronic configuration (3d10) and cannot par-
ticipate in any electronic energy transfer mechanism. Thus, it
can exert a useful architectural function, without interfering
with photophysically active substituents present on the lig-
and framework. Substituted tetramines33–35 were studied
which allowed us to play some games with fluorescence.
The [ZnII (tren)]2+ fragment can be used to build pho
hysical devices responsive to a chemical input. The zin
entre plays an essential role, as it is coordinatively u
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First, the [ZnII (33)]2+ was considered, which, in a
methanolic solution, displays the typical blue fluorescence
of the anthracene fragment[32]. Spectrophotometric titration
experiments showed that the [ZnII (33)]2+ system forms a sta-
ble 1:1 adduct with the benzoate ion in an ethanolic solution,
as shown by significant modifications in the UV absorption
spectrum. On the other hand, when the titration was carried
out within the spectrofluorimetric cuvette, no change was
observed in the emission band of the anthracene fragment,
even after the addition of several equivalents of benzoate (see
open triangles in the titration profile reported inFig. 32).

Thus, the anthracene subunit witnesses in silence the anion
binding to the ZnII centre. However, on titration with 4-
N,N-dimethylaminobenzoate, X−, the intensity of anthracene
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zene is a classical acceptor. Thus, fluorescence quench-
ing has to be ascribed to an intramolecular electron trans-
fer process from An* to the metal bound 4-nitrobenzoate
anion. The negative value of the�G◦

eT quantity (−1.0 eV)
accounts for its thermodynamic feasibility. Quite interest-
ingly, decrease and almost complete quenching of the fluo-
rescence is also observed when [ZnII (33)]2+ is titrated with
9-anthracenoate anion. Notice that 9-anthracenoate itself is
fluorescent. It is suggested that fluorescence quenching orig-
inates from an ET process between the two anthracene sub-
units of the supramolecular adduct:* An + An = An− + An+.
Both the anthracenoate-to-anthracene and anthracene-to-
anthracenoate electron transfer processes exhibit a slightly
n
i ions
t or or
a tance,
fl n of

F ores-
c ing of
t l
( 1-
f

mission band,IF, progressively decreased until full quen
ng. The IF versus X− equivalents plot (filled triangles
ig. 32) indicated the formation of a 1:1 adduct, [ZnII (33)X]+

nd non-linear least squares treatment of titration data
logK value of 5.45± 0.03 for the anion complexatio

quilibrium: [ZnII (33)]2+ + X− � [ZnII (33)X]+. This time,
he anthracene fragment receives the information on
ccurrence of the metal–benzoate interaction and duly
ls its signalling function. The question is how the inf
ation is transmitted. It is suggested that fluoresc
uenching is due to an intramolecular electron tran
rocess within the [ZnII (33)X]+ adduct, in particular from

he metal bound 4-N,N-dimethylaminobenzoate subunit
he photoexcited anthracene fragment, An* . In fact, N,N-
imethylaniline (DMA) is a well-known electron donor a

he free energy change�G◦
eT associated with the DMA-to

An electron transfer process, calculated through a therm
amic cycle analogous to that reported inFig. 6, is distinctly
egative (−0.4 eV) and accounts for its feasibility. The me
nism of such a process is pictorially illustrated inFig. 33.

Quenching of the excited anthracene fragment
he [ZnII (33)]2+ receptor is not restricted to 4-N,N-
imethylaminobenzoate, but can be observed for any
oate anion bearing either adonor or an acceptor group,
rovided that the thermodynamic requirements for the tr

er of an electronto or from the photoexcited fluoropho
re fulfilled. In particular, titration of [ZnII (33)]2+ with
-nitrobenzoate ion in a methanolic solution induces
ecrease and quenching of the fluorescence, accord
profile analogous to that displayed inFig. 32. Nitroben-
egative�G◦
eT value (−0.2 eV). The [ZnII (33)]2+ system

s able to signal the binding of other carboxylate an
han benzoates, provided that they have definite don
cceptor tendencies in a photophysical sense. For ins
uorescence quenching is observed also on titratio

ig. 33. The intramolecular electron transfer process responsible for flu
ence quenching of the anthracene subunit and for signalling the bind
he carboxylate anion to the ZnII centre. R = 4-N,N-dimethylaminopheny
Donor, D), 4-nitrophenyl (Acceptor, A), 9-anthracenyl (D or A),
errocenyl (D). Adapted from Ref.[32].



294 V. Amendola et al. / Coordination Chemistry Reviews 250 (2006) 273–299

[ZnII (33)]2+ with 1-ferrocenecarboxylate. Ferrocene and its
derivatives are quite strong donors. In particular, the ferrocene
to * An electron transfer is thermodynamically favoured:
�G◦

eT =−0.4 eV.
Thus, the [ZnII (33)]2+ system represents a fluorescent

device whose emission can be switched off through a chem-
ical input, an R COO− anion whose substituent R presents
donor or acceptor tendencies. The process is controlled by
the coordinative interaction between ZnII and the carboxy-
late group which brings the R fragment close enough to the
photoexcited anthracene fragment to afford the occurrence of
an electron transfer process.

A different game can be played with the zinc(II) com-
plex of the tren derivative34 [33]. In this case, the tripodal
ligand contains both the fluorogenic fragment (anthracene)
and the electron donor subunits (N,N-dimethyl-aniline), cova-
lently linked, through a CH2 group, to the peripheral
nitrogen atoms of the tren framework. Noticeably, on forma-
tion of the [ZnII (34)]2+ complex, the anthracene fluorescence
is completely quenched. This is due to the occurrence of
an intramolecular electron transfer process from one of the
DMA substituents to the photoexcited anthracene fragment.
Coordination of the tripodal tetramine to ZnII plays an essen-
tial role, as it brings the two subunits at a convenient distance.
The idea is now that of interrupting the electron transfer, and
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Fig. 35. Titration of a methanolic solution of the [ZnII (34)]2+ complex,
whose fluorescence is quenched, due to the occurrence of an intramolecular
electron transfer process. Titration with acetate (filled triangles) and cyclo-
hexylcarboxylate (open circles) does not induce any fluorescence revival. A
moderate fluorescence restoration is observed on titration with 1 adaman-
tanecarboxylate (open squares) and benzoate (filled diamonds). Full fluo-
rescence revival is obtained on titration with 1,1,1-triphenylacetate (open
triangles). Adapted from Ref.[33].

of fluorescence (due to the diminished occurrence of the
electron transfer process) was observed following titrations
with benzoate and 1-adamantanecarboxylate. Full restora-
tion of anthracene fluorescence was obtained upon titration
with 1,1,1-triphenylacetate (TPA). The titration profile (open
triangles inFig. 35) clearly indicates the formation of a
1:1 adduct between [ZnII (34)]2+ and TPA. A hypothetical
structural sketch of the [ZnII (34)(TPA)]+ adduct, which was
inspired from semiempirical molecular modeling, is shown
in Fig. 36.

A rather simple explanation of this effect is that the TPA
anion behaves as an insulating block, which plugs up the
electron transfer from one of the DMA substituents to the
An* fragment. In the absence of direct structural evidence
(e.g. X-ray diffraction data), one could argue that electron
transfer interruption is a consequence of a conformational
rearrangement of the DMA and An substituents, follow-
ing TPA coordination to ZnII . However, such an effect is
not observed with the bulky 1-adamantanecarboxylate anion,
which induces only a moderate increase of the fluorescent
emission. On the other hand, it appears that the insulating
effect is not only a consequence of the steric hindrance, but
it should be in some way related to the presence of aro-
matic substituents on the incoming carboxylate anion. In fact,
the simple benzoate anion exerts a moderate, still detectable
effect on inhibiting electron transfer and restoring fluores-
c f the
‘ ilar
t

eviving anthracene emission, through the coordinatio
nII of a carboxylate group bearing a bulky and insula
ubstituent. The scheme is illustrated inFig. 34.

In this perspective, an ethanolic solution of
ZnII (34)]2+ complex, non-fluorescent, was titrated wit
eries of R COO− anions, in which R is a substituent
arying bulkiness. The profiles of the spectrofluorime
itrations are shown inFig. 35.

First, the solution of the [ZnII (34)]2+ complex was titrate
ith a standard solution of acetate, but this did not ind
ny increase of fluorescence, indicating that the DM

o-An* electron transfer process still continued. No fl
escence increase was observed also on titration wit
ulkier cyclohexylcarboxylate anion. A moderate incre

ig. 34. Occurrence of an electron transfer process from one of theN,N-
imethylaniline substituents to the nearby excited anthracene fragm

he [ZnII (34)]2+ complex, causes fluorescence quenching. Coordinati
nII by a bulky and insulating anion is expected to interrupt the ele

ransfer and revive fluorescence.
ence. Such an effect is not produced by coordination o
greasy’ cyclohexylcarboxylate, which presents a size sim
o benzoate.
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Fig. 36. The proposed structure of the [ZnII (34)(TPA)]+ adduct
(TPA = 1,1,1-triphenylacetate). The bulky carboxylate anion stops the elec-
tron transfer from one of theN,N-dimethylaniline substituents to the pho-
toexcited anthracene fragment, which can now release its full fluorescence.

In conclusion, system [ZnII (34)]2+ possesses a built-in
electron transfer mechanism, which prevents emission by the
fluorophore: coordination by an appropriate anion interrupts
the process and restores fluorescence (OFF/ON device). In
this sense, the system [ZnII (34)]2+ shows an opposite activ-
ity with respect to system [ZnII (33)]2+, which was per se
fluorescent and whose emission was stopped, following coor-
dination of a carboxylate anion which initiated the electron
transfer mechanism.

A third game we were interested to play with the ZnII com-
plex of a substituted tren molecule referred to the electronic
energy transfer (EET)[34]. In this process, photonic energy
is transferred from an excited fragment Fl1 (adsorbing light at
λ1 wavelength) to a proximate fragment Fl2, which emits light
at a distinctly higher wavelengthλ2. A typical mechanism
involves the occurrence of a double electron transfer process
between Fl1 and Fl2, in a cyclic fashion, and requires that
the two fragments experience occasional Van der Waals con-
tacts, so that their orbitals can overlap. Intramolecular EET
can be achieved in supramolecular systems, in which Fl1 and
Fl2 belong to distinct moieties held together by non-covalent
interactions (e.g. metal–ligand interactions). In particular, we
designed a situation in which Fl1 is a fragment covalently
linked to a peripheral nitrogen atom of the tren framework
and Fl2 is the R substituent of an RCOO− anion which
c II rm
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t ed
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Fig. 37. Emission spectra of an ethanolic solution of [ZnII (35)]2+, when
titrated with a standard solution of coumarine-343 (28). The band at 424 nm
(N,N-dimethylamine-1-naphthalene fragment) decreases, while the band at
475 (coumarine-343) increases, indicating the occurrence of an electronic
energy transfer process. Adapted from Ref.[34].

coumarine-343 (Fl2) supports the occurrence of an EET pro-
cess.

An ethanolic solution of [ZnII (35)]2+, when irradiated at
330 nm, emits light at 424 nm, due to the radiative decay of
the N,N-dimethylamine-1-naphthalene fragment Fl1. Titra-
tion with a standard solution of coumarine-343, Fl2 induced
a progressive decrease of the emission band of Fl1 and the
development of an emission band at 475 nm, indicating Fl2
sensitisation and the occurrence of an EET process involving
Fl1 and Fl2 (seeFig. 37).

The profiles of the fluorescence intensity,IF, of both the
band at 424 nm (decreasing) and of the band at 475 nm
(increasing, see inset inFig. 34) versus equivalents of Fl2 cor-
respond to the formation of a 1:1 adduct between [ZnII (35)]2+

and coumarine-343. The logK value for the adduct formation
equilibrium is 5.98± 0.04 (when calculated atλ = 335 nm)
and 6.01± 0.03 (at λ = 475 nm). This behaviour can be
explained by considering that coordination to the metal brings
the photoexcited Fl1 substituent close enough to Fl2 to ensure
the occurrence of an efficient EET process, thus leading to a
substantial sensitisation of Fl2 emission. The mechanism of
the process is pictorially illustrated inFig. 38.

7. A molecular fluorescent thermometer

iven
m
o mi-
n of a
s frag-
m pable
o ight
oordinates to the Zncentre. In this sense, the tren platfo
as equipped with three luminescent fragments abso
V light (N,N-dimethylamine-1-naphthalene: Fl1; absorp

ion band centred atλmax= 330 nm, emission band centr
t λmax= 424 nm, due to an internal charge transfer exc
tate), to give35. On the other hand, the dye coumarine-
28), which shows a strong emission atλmax= 475 nm and
rings a carboxylic function, was chosen as Fl2. Substantia
verlap of the emission band of theN,N-dimethylamine-1
aphthalene fragment (Fl1) and of the absorption band
In the previous sections, it has been shown how, in a g
olecular system, a chemical input (H+ or OH− ions, an
xidising or reducing agent) could be translated into a lu
escent signal. The molecular system typically consisted
ubunit sensitive to the chemical input and a fluorogenic
ent. We want to describe now an analogous system ca
f translating a physical input – temperature – into a l
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Fig. 38. Electronic energy transfer (EET) from theN,N-dimethylamine-1-naphthalene fragment (Fl1) to the dye coumarine-343 (Fl2). Coordination of the dye
to ZnII brings Fl1 close enough to Fl2 to permit the EET process to occur. Adapted from Ref.[34].

Fig. 39. The design of a molecular fluorescent thermometer. The light emis-
sion of the fluorescent fragment Fl* is controlled by the temperature sensitive
unit TSU. TSU exists in two states, A and B, which have a different perturb-
ing effect on Fl* . A and B are connected through a temperature-dependent
equilibrium. Adapted from Ref.[36].

signal. In this case, the control unit should be a molecular
fragment sensitive to temperature changes, which should be
covalently linked to the signalling unit (see the scheme illus-
trated inFig. 39). In particular, the temperature sensitive unit
(TSU) should exist in two different states, A and B, connected
through a fast and reversible equilibrium. Essential prerequi-
sites are: (i) the equilibrium must be temperature-dependent,

either endothermic or exothermic; (ii) A and B must inter-
fere with the proximate fluorescent fragment to a distinctly
different extent.

Let us consider, for instance the case that: (1) the A-to-
B equilibrium is endothermic, and (2) state A quenches the
nearby photoactive fragment and state B does not. In such cir-
cumstances, a temperature increase will induce an increase
of the concentration of A, which results in an enhancement of
the fluorescence intensity. Thus, the two-component system
will behave as a thermometer and theIF versus temperature
plot (which in the present case should have a positive slope)
represents its calibration curve. Notice that, in principle, four
types of fluorescent thermometer can be built according to
(i) whether A or B exerts the perturbing effect on the flu-
orophore, and (ii) whether the A-to-B equilibrium is endo-
or exo-thermic, as illustrated inTable 1. In two cases, theIF
versus temperature plot has a positive slope, in the other two,
the slope is negative.

Notice that modes 1 and 4, which involve a positive slope
of the fluorescence intensity versus temperature curve, pro-
vide the most beneficial behaviour. In fact, a temperature
increase per se amplifies molecular vibrations, thus favouring
the non-radiative decay of the excited fluorophore. Fluores-
cence enhancement with temperature contrasts the natural
tendency and allows an unambiguous detection of the ther-
mal behaviour.
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Table 1
The four possible types of fluorescent molecular probes based on the design

A activity on Fl* B activity on Fl* Thermal nat t

1 Quenches Does not quench Endothe
2 Quenches Does not quench Exotherm
3 Does not quench Quenches Endothe
4 Does not quench Quenches Exotherm
A convenient TSU fragment is provided by coordi
ion chemistry. In particular, the nickel(II) complex of t
acrocyclic tetramine cyclam (3), when dissolved in a pol
edium (water, MeCN) exists in two forms at the equi

ium: (a) a distorted octahedral species in which cyclam

illustrated inFig. 36

ure of the A-to-B conversion Slope of theIF vs. temperature plo

rmic Positive
ic Negative

rmic Negative
ic Positive
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planarly chelates the NiII centre and two solvent molecules,
S, occupy the axial sites of the elongated octahedron; in
the [NiII (cyclam)S2]2+ complex, the metal centre has two
unpaired electrons and ishigh-spin; (b) a square-planar
species, obtained from species (a) through the release of the
two solvent molecules; in the square [NII (cyclam)]2+ com-
plex, the stronger in-plane metal–ligand interactions induce
the pairing of the two highest energy electron, to give a dia-
magnetic,low-spin species[35]. The spin interconversion
equilibrium is illustrated below:

[Ni II (cyclam)S2]
2+

blue, high-spin, octahedral
� [Ni II (cyclam)]

2+ + 2S
yellow, low-spin, square-planar

(1)

The equilibrium is reversible, fast and temperature-
dependent. In particular, the (high-spin)-to-(low-spin) con-
version isendothermic. This means that the high-spin form
predominates at low temperatures, and that a temperature
increase causes the concentration of the low-spin species to
grow.
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Fig. 40. The emission spectra of a 10−6 M solution of NiII (36)(CF3SO3)2 in
MeCN, recorded over the 27–65◦C temperature range: on increasing tem-
perature, the fluorescence intensity,IF, grows. TheIF vs. temperature plot
(inset) provides the calibration curve of the molecular fluorescent thermome-
ter. Adapted from Ref.[36].

tion. CHCl3 molecules are not coordinating at all and, in
CHCl3 solution, each complex maintains the same structure
and spin multiplicity as in the solid state. It was observed
that in low-spin complexes the naphthalene emission was
distinctly higher than for high-spin complexes (quantum
yield: low-spin:Φ = 0.019 for ClO4

−, 0.020 for CF3SO3
−;

high-spin:Φ = 0.009 for NO3
−, 0.005 for NCS−, 0.007 for

Cl−). Transition metal ions like NiII , when encircled by the
cyclam ring, tend to quench theN-linked fluorophore through
an energy transfer (ET) mechanism, of the double electron
exchange type. The emission behaviour of NiII (36)X2 com-
plexes in CHCl3 indicates that this ET mechanism is more
efficient with the high-spin metal centre than with the spin
paired cation, which exhibits a sort of ‘closed shell’ electronic
configuration.

Following this information, the NiII –36 system should
behave as a type (1) thermometric probe, according to
the classification illustrated inTable 1. In fact, a solution
of NiII (36)(CF3SO3)2 in MeCN at room temperature is
poorly fluorescent. On increasing temperature, the naphtha-
lene emission sharply increases, as illustrated inFig. 40. In
the polar MeCN medium, the NiII (36)(CF3SO3)2 salt disso-

F takes pin
c ce incr thermo
r

Having ascertained that the NiII /cyclam system can b
convenient TSU, the macrocycle was linked to a cla

romatic fluorophore, naphthalene, to give36, and the corre
ponding nickel(II) complexes with a variety of counterio
−, were prepared: NiII (36)X2 [36]. In the solid state, th
− anions occupy the axial sites of a more or less elong
ctahedron and their coordinating tendencies determin
pin state of the NiII centre. When X− is a strongly coordi
ating anion (Cl−, NCS−, NO3

−), the complex is high-spin
hen it is poorly coordinating (ClO4−, CF3SO3

−) the com-
lex is low-spin. Next, the emitting behaviour of the vari
iII (36)X2 complex salts was investigated in a CHCl3 solu-

ig. 41. The high-spin to low-spin interconversion equilibrium which
onversion is endothermic, a temperature increase makes fluorescen
esponse is practically instantaneous. Adapted from Ref.[36].
places with the NiII –36 system in a polar solvent S. As the high- to low-s
ease. The two forms reversibly interconvert in less than 1 ms and themetric
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ciates and the complex cation undergoes the interconversion
equilibrium, involving two solvent molecules S, illustrated
by Fig. 41.

At lower temperatures, the octahedral high-spin complex
dominates, which has a pronounced quenching effect: fluo-
rescence is low. On increasing temperature, the endothermic
spin conversion takes place and the relative concentration of
the low-spin species increases: this species exerts a much
lower perturbing effect on the fluorophore, whose emission
is restored.

The response of the thermometer is practically instan-
taneous since the change of the emission intensity, both
decrease and increase, is related to extremely fast events (1)
release/uptake of two solvent molecules by the labile NiII ion;
(2) rearrangement of d electrons to the high-/low-spin config-
urations; (3) double electron exchange between the excited
fluorophore and the metal centre. The three processes, on the
whole, are well below the millisecond time scale.

8. Concluding remarks

All the molecular systems described in the previous sec-
tions have been synthesised and investigated in our labo-
ratory over the past decade. Their common feature is that
they result from the association, covalent or non-covalent,
o ent.
S are
d n of
t rdi-
n exerts
a giv-
i ys-
t ital
s om-
p tivity
[ tres,
l for
t rties
w ign
o vari-
e : (i)
r ifi-
c ber,
( on-
v ding
u ctive
i ag-
m or the
d itch-
a ch
e om-
p e to
b in the
b cular
l

Acknowledgements

Financial support from the Ministero dell’Istruzione,
dell’Universit̀a e della Ricerca (Progetto “Dispositivi
supramolecolari”; FIRB - Project RBNE019H9K) and the
European Union (Contract HPRN-CT-2000-00029) is grate-
fully acknowledged.

References

[1] A. Weller, Pure Appl. Chem. 16 (1968) 115.
[2] A. Juris, M.T. Gandolfi, M.F. Manfrin, V. Balzani, J. Am. Chem.

Soc. 98 (1976) 1047.
[3] A.P. de Silva, R.A.D.D. Rupasinghe, J. Chem. Soc., Chem. Commun.

(1985) 1660.
[4] V. Goulle, A. Harriman, J.-M. Lehn, J. Chem. Soc., Chem. Commun.

(1993) 134.
[5] L. Fabbrizzi, M. Licchelli, P. Pallavicini, Acc. Chem. Res. 32 (1999)

846.
[6] V. Amendola, L. Fabbrizzi, C. Mangano, P. Pallavicini, Acc. Chem.

Res. 34 (2001) 488.
[7] (a) L. Fabbrizzi, A. Poggi, Chem. Soc. Rev. 24 (1995) 197;

(b) A.P. de Silva, H.Q.N. Gunaratne, T. Gunnlaugsson, A.J.M. Hux-
ley, C.P. McCoy, J.T. Rademacher, T.E. Rice, Chem. Rev. 97 (1997)
1515;
(c) V. Balzani, M. Venturi, A. Credi, Molecular Devices and
Machines, Wiley–VCH, Weinheim, 2003, and references therein.

[8] R. Bergonzi, L. Fabbrizzi, M. Licchelli, C. Mangano, Coord. Chem.

[
[
[ , L.

[ M.

[ ers,

[ chi,

[ M.

[
[ rg.

[ oc.

[ 969)

[ m.

[ M.

[ ctives,

[ V.

[ , P.

[ tti,

[ 31
f a metal containing subunit and a fluorescent fragm
uch systems may exist in two different states, which
efined by the oxidation state of the metal, the positio

he metal centre in a two-compartment ligand, the coo
ative arrangement around the metal, etc. Each state
different effect on a nearby fluorogenic fragment,

ng rise to switching ON/OFF of the fluorescence. S
ems which can exist in two different forms generate dig
tates “1” and “0” and may represent the elementary c
onents of a computer operating on single molecule ac

37]. The use of two-state systems containing metal cen
ike those described in this article, has to be explored
he application. Transition metals bring several prope
hich may be useful from the point of view of the des
f switchable systems at the molecular level, under a
ty of stimuli. These properties include, among others
ich and versatile redox activity, (ii) easy and fast mod
ation of stereochemistry and of the coordination num
iii) variation of the magnetic features, through spin interc
ersion equilibria. Moreover, transition metals, depen
pon their electronic configuration, are capable of sele

ntramolecular interactions with proximate fluorogenic fr
ents. Thus transition metals can be conveniently used f
esign of two-state molecular devices displaying a sw
ble light-emitting activity. Time will reveal whether su
lementary devices could form the basis of molecular c
uters or similar digital machines. Meanwhile, they hav
e considered useful and, sometimes, amusing steps
eneficial exercise of generating functions at the mole

evel.
Rev. 170 (1998) 31.
[9] D.H. Busch, Acc. Chem. Res. 11 (1978) 392.
10] E.J. Billo, Inorg. Chem. 23 (1984) 236.
11] L. Fabbrizzi, Comments Inorg. Chem. 4 (1985) 33.
12] M. Calligaris, O. Carugo, G. Crippa, G. De Santis, M. Di Casa

Fabbrizzi, A. Poggi, B. Seghi, Inorg. Chem. 29 (1990) 2964.
13] L. Fabbrizzi, M. Licchelli, S. Mascheroni, A. Poggi, D. Sacchi,

Zema, Inorg. Chem. 41 (2002) 6129.
14] G. De Santis, L. Fabbrizzi, M. Licchelli, N. Sardone, A.H. Veld

Chem. Eur. J. 2 (1996) 1243.
15] G. De Santis, L. Fabbrizzi, M. Licchelli, C. Mangano, D. Sac

Inorg. Chem. 34 (1995) 3581.
16] M. Di Casa, L. Fabbrizzi, M. Licchelli, A. Poggi, D. Sacchi,

Zema, J. Chem. Soc., Dalton Trans. (2001) 1671–1675.
17] S.C. Cummings, R.E. Sievers, Inorg. Chem. 9 (1970) 1131.
18] L. Fabbrizzi, M. Licchelli, C. Rospo, D. Sacchi, M. Zema, Ino

Chim. Acta 300–302 (2000) 453.
19] P. Pallavicini, A. Perotti, B. Seghi, L. Fabbrizzi, J. Am. Chem. S

109 (1987) 5139.
20] D.K. Cabbiness, D.W. Margerum, J. Am. Chem. Soc. 91 (1

6540.
21] L. Fabbrizzi, M. Licchelli, P. Pallavicini, L. Parodi, Angew. Che

Int. Ed. Engl. 37 (1998) 800.
22] L. Fabbrizzi, F. Foti, M. Licchelli, P.M. Maccarini, D. Sacchi,

Zema, Chem. Eur. J. 8 (2002) 4965.
23] J.-M. Lehn, Supramolecular Chemistry, Concepts and Perspe

VCH, Weinheim, 1995;
E.C. Constable, Angew. Chem. Int. Ed. Engl. 30 (1991) 1450.

24] V. Amendola, L. Fabbrizzi, L. Linati, C. Mangano, P. Pallavicini,
Pedrazzini, M. Zema, Chem. Eur. J. 5 (1999) 3679.

25] V. Amendola, L. Fabbrizzi, L. Gianelli, C. Maggi, C. Mangano
Pallavicini, M. Zema, Inorg. Chem. 40 (2001) 3579.

26] V. Amendola, L. Fabbrizzi, P. Pallavicini, E. Sartirana, A. Taglie
Inorg. Chem. 42 (2003) 1632.
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