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ABSTRACT



Rare earth elements (REEs) are a group of fifteen elements ranging from lanthanum
(Z=57) to lutetium (Z=71), also called lanthanides. Two further elements, namely
scandium (Z=21) and yttrium (Z=39), are often referred to as REEs because they have
chemical properties similar to lanthanides and are commonly found in the same mineral
assemblages. The modern applications of these elements are countless. They constitute
critical components of many technological devices and new functional materials, as well
as they are extensively used in medical diagnostic applications and for these reasons,
REEs are raising new interests of scientists worldwide. The search for chemical sensors
suitable for selective sensing of trivalent REE ions represents an important and hard
challenge because of their complicated coordination properties due to not well-defined
stereo-chemical requirements and an uncertain coordination number, especially in
aqueous solution. This review focuses on some of the main works published in the area

of fluorescent and electrochemical probes for the detection of REE ions.

1. INTRODUCTION

Rare earth elements (REEs) are a group of seventeen metals Sc, Y, La, Ce, Pr, Nd, Pm,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu having similar chemical and physical
properties. Fifteen of them, ranging from lanthanum (Z=57) to lutetium (Z=71), are also
called lanthanides, the other two, namely scandium (Z=21) and yttrium (Z=39), are
referred to as REEs due to their chemical properties similar to lanthanides and they are
commonly found in the same mineral assemblages [1]. All the REEs are present in the
earth soil as salt minerals, most commonly as fluorocarbonates or phosphates but also as

fluorite minerals [2,3]; among REEs, promethium, which becomes from the fission



product of 238U, can be found as trace level in uranium minerals as the instable nuclide
147Pm with a half-life of 2.62 years [4,5]. REEs have a strong affinity towards oxygen and
are stable mainly as trivalent cations. At a geological level REEs compounds are more
present in igneous rocks and argillaceous sediments and particularly in alkaline soils,
where the abundance of REEs is higher than in acid ones probably due to the easy removal
of soluble hydroxide complexes [6,7]. In addition, lanthanides stick differently to the soil

depending on the soil types as reported by the soil solid/liquid partition coefficient (K,)
[6].

In river waters REEs are present at low levels; the highest concentration is 0.3 pg-dm3
for Ce and the lowest 0.002 pg-dm3 for Lu [8]. Despite REEs are relatively abundant in
the earth crust, they are not frequently found in concentrated form; for such reason the
separation processes of these elements or their compounds as pure substances represent
an economically challenging and intriguing task. The isolation of the individual REEs in
their metallic form requires complex and expensive metallurgical processes preventing
commodity-level production, as a result these metals are considered rare. Table 1 lists the
abundance in the earth's crust of REEs and other metals, as reported by Wedephol in 1995
[9], whereas Figure 1 reports a histogram which compares the relative amounts of REEs.
Examining the abundance of REEs compared to that of other common metal elements it
is evident that lanthanides as well as scandium and yttrium are not rare at all, with the

exception of the artificial radioactive element promethium.

Table 1. Abundance of metals in the Earth’s crust

Elements Symbol | Atomic Crustal




number | Abundance

(ppm)
Nickel Ni 28 90
Zinc Zn 30 79
Copper Cu 29 60
Cerium Ce 58 60.0
Lanthanum La 57 30.0
Cobalt Co 27 30
Neodymium Nd 60 27.0
Yttrium Y 39 24.0
Scandium Sc 21 16.0
Lead Pb 82 10
Praseodymium Pr 59 6.7
Thorium Th 90 6
Samarium Sm 62 5.3
Gadolinium Gd 64 4.0
Dysprosium Dy 66 3.8
Tin Sn 50 2.2
Erbium Er 68 2.1
Ytterbium Yb 70 2.0
Europium Eu 63 1.3
Holmium Ho 67 0.8
Therbium Tb 65 0.7
Lutetium Lu 71 0.4
Thullium Tm 69 0.3
Silver Ag 47 0.08
Gold Au 79 0.0031
Promethium Pm 61 1018
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Figure 1. Comparison of the crustal abundance of REEs

On the basis of the trend in crustal abundance and of the geological models relative to the

formation of REEs-enriched minerals, these elements have been divided into light

(LREEs) and heavy (HREEs) rare earth elements. Figure 2 shows an example of

classification reported by Schuler in 2011 [10], but some variations are admitted. For

example, some authors classify gadolinium and dysprosium as medium-weight

lanthanides.
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Figure 2. The division between LREEs and HREEs reported by Schuler [10]



The modern applications of REEs are countless, these elements comprise critical
components of many technological devices and everyday electronics [11]. Few examples
include: yttrium in ceramics, metal alloys, lasers, computer monitors (etc.); lanthanum in
electric car batteries, digital cameras (etc.); cerium in catalysts, optical glasses (etc.);
neodymium in high-power magnets for laptops, lasers, communication devices (etc.);
samarium in high-temperature magnets, electric motors etc.; europium in liquid crystal
displays (LCDs), fluorescent lighting systems, glass additives (etc.); gadolinium in NMR
imaging contrast agents; terbium in phosphors for lighting and displays; dysprosium and
holmium in high power magnets and lasers; ytterbium in fiber-optic technology, solar
panels, alloys (etc.); lutetium in X-ray phosphors. In this light, a sharp increase of the
global demand for REEs together with the necessity of their recovery and reuse are to be
expected thus raising the interest of scientists working in different fields.

In their elementary form REEs are ductile and malleable soft metals, particularly reactive
mainly in the form of fine powder as well as at elevated temperature. In aqueous solution
REEs are stable above all in their trivalent state, however cerium can be also found as a
tetra-positive cation while europium, samarium and ytterbium can be found as divalent
ions. The chemical properties of REEs are very similar to each other, and only little
variations can be observed along the lanthanide series attributable to the different atomic
number and ionic radius, which are inversely correlated. For this reason the REEs
chemistry is in continuous development and in particular, the study of the complexation
equilibria of REE ions represents an emerging and important field of modern inorganic
chemistry [12]. In this context the search of ligands suitable for selective complexation
of trivalent REEs metal ions represents a challenging task, considering that the

coordination properties of these ions are complicated by not well defined stereo-chemical



requirements and uncertain coordination numbers, especially in aqueous solution. The
most stable complexes have been obtained with O-chelating ligands containing —OH,
—0—, =0, -0~ or —COO™ binding groups as oxalate, citrate, tartrate or B-diketonates; the
complexes are characterized by high coordination numbers such as 7, 8, 9 or 12 [13].
The coordination number exhibited by the metal ion belonging to the series can be related
to the cationic radius; in particular, using the 18-crown-6 ether as common ligand it has
been possible to investigate the species formed and the related coordination number
exhibited by the REE ions using the same macrocyclic cavity size.

Several techniques including elemental analysis, FT-IR, NMR, TGA and X-Ray
diffraction studies, allowed to observe that the largest lanthanides, from La(III) to Nd(III),
form very stable complexes with 1:1 stoichiometry; Sm(III), Eu(Ill) and Gd(III) form,
instead, more stable complexes having 4:3 metal to ligand ratio. Finally, the smallest ions
(Tb(III)-Lu(Ill)) form less stable complexes because their ionic radius is too small to fit
the binding cavity of thel8-crown-6 ligand [14,15].

Coordination compounds showing N as binding donor atoms are in smaller number with
respect to those showing O-donors, probably because the latter are more often negatively
charged, giving rise to a higher stabilization of REE ions due to the essential ionic bonds
formation.

The binding of REE with N-donor ligands generally results more efficient in solvents
with lower polarity. Alcoholic and polar solvents such as acetonitrile lower the
competition of the solvent vs the nitrogen ligand in binding REEs with respect to water
molecules thus, typical polyamine ligands such as ethylendiamine, diethylentriamine,
bipyridine and terpyridine are able to form REE complexes in which they show

characteristic coordination numbers of 8, 9 or 10. N-O-mixed donor highly-dentate



ligands such as EDTA, DTPA, DOTA, oxa-aza-macrocycles and others form stable
complexes also in aqueous solution[16]. Pre-organization of the ligand is an important
requirement to stabilize REE metal complexes. Some examples of trivalent lanthanide
ion complexes with ligands pre-organized by transition bivalent metal ions, stable also in
aqueous solution, have been reported [17-19].

There are many applications for selective ligands able to coordinate REE ions ranging
from separation to purification, transport and sensing. In particular, chemosensors are
widely used in inorganic, biological, environmental and manufacturing fields for the
monitoring of metal ions. In general, a chemosensor is designed to interact with a specific
species (neutral molecule, ion, biological macromolecule) and to yield a measurable
signal as a response. To obtain a good detection system, some fundamental criteria must
be considered during the design, the first being the selective response to the target.
Another point to be considered is the response time. The system has to be fast enough in
the recognition to allow a practical use of the sensor in its possible applications. For host-
guest sensors, this parameter is influenced by the kinetics of the host-guest complex
formation, which must be high to allow a rapid detection of the analyte. Even the
sensibility of the sensor is an important criterion. A low detection limit means that the
species of interest can be detected even in those samples where the concentration of the
species of interest is low. The interaction between the sensor and the analyte must involve
the change of a physico-chemical parameter, such as the optical or electrochemical
properties (Figure 3).

The characterization of the interaction in terms of structural, thermodynamic and kinetic
parameters are often crucial to understand such photo-chemical or electro-chemical

signals. In this light, several techniques can help to achieve this information; for example,



the time resolved laser fluorescence spectroscopy (TRLFS) is useful to investigate the
above parameters and the coordination environment of the trivalent f block elements
resolving, for instance, how many water molecules bind Eu or Cm ions in both normal
and heavy water solutions [20,21].

Considering the need for a fast and easy obtainable response to the presence of REEs in
a sample, great preference is given to fluorescent and electrochemical chemosensors that
preserve high efficiency and sensitivity.

For this reason, this review focuses on some important works published in the area of
fluorescent and electrochemical organic probes for the detection of rare earth metal ions

in solution.
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Figure 3. Essential characteristics of a chemosensor

2. LIGAND TO METAL ENERGY TRANSFER FLUORESCENT SENSORS



The spectral properties of lanthanide ions are characterized by the presence of 4f
electrons, making them significantly different from the transition metal ions owning nd
electrons. The only exceptions are the closed shell f° La(IIT) and ' Lu(III) ions.

The filling of the seven 4f orbitals in lanthanides gives rise to a lot of energetic states
allowing a wide possibility of f-f transitions (Figure 4). Moreover, in metal ion
complexes, the filled 5p®6s? orbitals, shielding the 4f open levels, prevent any interaction
of the f orbitals with the ligands. For this reason, most lanthanide ions show a
characteristic line-emission of optically pure colors attributed to the f-f transitions that

are rather unaffected by the ligand field stabilization.
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Figure 4. Partial energy diagrams of lanthanide trivalent ions (except La(Ill), Ce(III),
Pm(III), and Lu(IIl)) showing the ground state and one of the most luminescent excited
states (for a given ion, several excited states are usually luminescent, except for Gd(III)
and Yb(III)). Reprinted with permission from Ref. [12]. Copyright © 2006, American

Chemical Society

Despite their optically pure and easily recognizable emission, these metal ions show
scarce absorptivity reflecting in a low ¢ coefficient (1-10 dm3-mol~!-cm™!); the reason is
ascribed to the presence of forbidden f-f- transitions mainly caused by spin- and parity-

not allowed transitions; thus, the direct excitation of lanthanides by light is not of great
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yield [12]. One of the main strategies useful to overcome the scarce REE’s
photoexcitation is the use of ligands bearing a chromophore. The latter exhibits high
efficiency in absorbing light of selected wavelengths giving high absorption coefficients
e (10* to 10° dm3*mol -cm™!). The formation of the lanthanide complex allows the
transfer of the absorbed energy from the lower excited state of the ligand to an accessible
excited state of the coordinated metal ion. This phenomenon is known as "antenna-effect"
and allows the enhancement of the emission efficiency of the lanthanide. The overall
process comprises the absorption of high energy light radiation by the chromophore,
usually followed by a non-radiative energy transfer involving the ligand’s excited triplet
state Ty and lanthanide’s excited state then, the emission of light from the latter, usually
in the visible range, produces the energy decay to the ground state (Figure 5). The design
of polydentate ligands able to form stable lanthanide complexes with efficient
photochemical properties in terms of ligand-to-metal energy transfer represents an
important challenge in advanced photochemistry. The main application of this concept
lies on the synthesis of photoactive materials and surfaces, a field extensively studied and
explored in the last 20 years [13], but only few examples have been employed in the REEs
sensing field. Examining the scientific literature over the last 20 years, very few
lanthanide complexes able to emit visible and NIR (near infrared) wavelengths after
excitation with visible or UV light are reported. In fact, it is a hard task to obtain emission
of Ln(IIT) complexes in solvents having high-energy vibrational modes, such as water,
due to the quenching upon coordination of solvent molecules to the metal center. Thus,
suitable ligands for REEs fluorescent sensing need to be highly polydentate in order to
completely saturate the coordination requirement of the metal ion. The distance between

the organic fluorophore and the metal ion also plays a crucial role; therefore, it is a
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promising strategy to incorporate in the molecular framework a fluorophore able to

perform the “antenna-effect”.
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Figure 5. Scheme of the "antenna-effect" and simplified Jablonsky diagram

In this chapter we report the most important examples of molecular chemosensors for
REE ions in which the signal transduction is due to an energy transfer process from the
fluorophore to the lanthanide cation.

The 8-hydroxyquinoline (8-HQ) and related derivatives are suitable metal ion
coordinating fragments to be largely used in coordination chemistry both alone as well as
taking part of more complex molecular systems. These fragments, in their deprotonated
form, are able to coordinate Ln(III) and some complexes have been investigated as
suitable materials for the obtainment of electroluminescent devices. Kanungo et al.
synthesized the 5-[-3[(8-hydroxy-5-quinolyl)methoxy]-2-[8-hydroxy-5-quinolyl]-2-
methylpropoxy]quinolin-8-ol ligand (L1) (Scheme 1), that behaves as hexadentate
tripodal ligand towards metal ions thus being able to coordinate Eu(IIl), Tb(III), La(III)
and Er(IIl) ions in aqueous media [22,23]. Each hydroxyquinoline moiety shows two

acid-base sites, the heterocyclic nitrogen atom and the phenolic OH group. Thus, L1 can
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exist as seven differently protonated species ranging from the anionic H.;L.13~ to the
cationic H;LL13" one; the potentiometric experiments showed that this ligand forms
mononuclear complexes with Eu(Ill), Tb(Ill), La(Ill) and Er(Ill) ions with various
protonation degrees depending on the pH. In aqueous media the formation constants of
the neutral [LnH_;L.1] complexes were found to be similar and very high, being logf =
35.24,35.23, 36.42 and 35.76 for Eu(IlI), Tb(III), La(IIl) and Er(III), respectively (Table
2). As a consequence, the spectrophotometric and spectrofluorimetric behavior of the
complexes resulted complicated, but well described and discussed by the Authors. All the
four complexes are fluorescent with intensity and emission wavelength depending on the
pH. The main result of the study is that all complexes emitted a strong green fluorescence
in the neutral pH-range, with A, ranging from 510 to 530 nm (A between 330 and 390
nm) depending on the metal ion. This allows to obtain the sensing of the four above
mentioned REE ions at physiological pH in the visible range. This system is highly
efficient but lacks selectivity, as the logf values highlight, confirming that the selectivity
over REE ions is a hard task to be achieved.

Wiczk et al. synthesized a quinolinylbenzoxazole-based system, namely N-Boc-3-[2-(8-
quinolinyl)benzoxazol-5-yl]alanine methyl ester (L2) (Scheme 1), as a potential
chemosensor for Zn(Il) and rare earth Eu(Ill) and Tb(IIl) ions working in acetonitrile
solution [24]. Transition metal ions cause substantial changes of absorption and
fluorescence spectra; the free ligand absorbs at A, = 310 nm and the addition of Zn(II)
determines the appearance of two new absorption bands at A,.x = 270 and 350 nm. With
regard to the fluorescence emission, the paramagnetic open shell Co(II), Ni(II) and Cu(II)
metal ions act as quenchers, while the d'° Zn(II) and Cd(II) metal ions cause an increase

of the fluorescent signal. However, the latter two enhance the emission quantum yield
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without significantly displacing the emission wavelength maximum (Ae,, = 425 nm).
Noteworthy, luminescent rare earth ions such as Eu(IIl) and Tb(III) cause the appearance
of an absorption band at A, = 370 nm and the displacement of the emission band from
hem = 425 to 530 nm. This great red shift is due to the antenna effect, thus this ligand can
be used as a chemosensor suitable to detect both Zn(II) and Cd(II) ions, by monitoring
the fluorescence at A, = 425 nm, as well as REE ions, by monitoring the emission at Ay

=525 nm.

HO O OH

L2

X \ 0
| O
>7NH
(0]
Scheme 1. Structures of L1 and L2

3. CHEMICAL REACTION-INDUCED FLUORESCENT SENSORS

Another important strategy for fluorescence signal transduction is represented by ligands
able to coordinate metal ions inducing a chemical reaction. These molecules contain a
specific framework that, due to the coordination with a suitable metal ion, undergoes a
chemical transformation which drastically changes the photochemical properties of the

system. In this chapter, the main examples of reaction-mediated sensors are reported.
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Most of the sensors based on induced chemical reactions contain spirobenzopyran
derivatives as the photoactive unit, due to their capability to give a reversible ring-opening
reaction upon either UV-irradiation (photochromism) or interaction with hard metal
cations [25]. As reported by K. Kruttwig et al., under appropriate conditions the colorless
neutral spirolactam form (1) is isomerized to the colored open merocyanine form (2)
(Scheme 2), that could be present in the zwitterionic arrangement becoming able to
coordinate hard metal ions. The variation of optical properties is caused by the extension
of the conjugate m system to the whole molecule occurring upon the ring opening. Louie
et al., for example, used a gadolinium(IIl) complex of a spirobenzopyran-derivatized
cyclen-1,4,7-triacetic acid (DO3A) as MRI contrast agent responsive to commonly
employed luminescent biomarker systems [26]. Nevertheless, only few examples of the
exploitation of this paradigm for chemosensing of REE ions are present in the scientific

literature.

Scheme 2. Structure of the neutral spirolactam form (1) and of the isomerized colored

open merocyanine form (2)

Gao et al. synthesized a receptor based on a calix[4]arene bearing two spirobenzopyran
derivatives as side arms, namely 5,11,17,23-tetratert-butyl-25,27-bis[[1',3",3'-trimethyl-
6-nitrospiro(2-H-1-benzopyran-2,2'-indoline)-8-yl|metoxyformylmetoxy]-26,28-

dihydroxycalix[4]arene (L3) (Scheme 3), able to selectively recognize some REEs over
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alkaline, alkaline-earth and transition metal ions in acetonitrile medium [27]. The addition
of lanthanide ions to an acetonitrile solution of L3 causes an immediate change of the
solution color from purple to yellow, visible to the naked eye, due to the opening of the
spirobenzopyran function. The Authors hypothesized that the driving force for the ring
opening is the stronger affinity of lanthanide ions for the zwitterionic form of

merocyanine, mediated by electrostatic interaction, than for the neutral spirobenzopyran.

Scheme 3. Structure of L3 and the proposed coordination sites for Ln(III)

The coordination of metal ions takes place to the lower rim of the receptor in which are
present almost eight oxygen atoms which can coordinate to the hard lanthanide ions
satisfying the request for a high coordination number. The ability to open the
spyrobenzopyran ring follows the

Y b(II)>Er(I11)>Gd(I11)>Dy(I1I1)>Eu(II1)>Pr(IIT)>La(IIl) trend that is opposite to that of
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the lanthanide ionic radii; this suggests that the size fit effect is at the basis of the
recognition process. Only the coordination of Eu(IIl) has been studied through a
fluorescence response. L3 is characterized by a weak red fluorescence band at A, = 637
nm (Ae = 475 nm), attributed to the n-n* transition of the merocyanine open form. The
addition of Eu(IlI) causes a 10-times increase of the emission intensity and its shift toward
higher energies (Ae, from 637 to 595 nm).

Dubonosov et al. reported a series of ligands based on N'-[[4,7-dimethyl-2,5-diox0-6-(2-
(1,3,3-trimethylindolin-2-ylidene)ethylene)-5,6-dihydro-2H-chromene- 8-
yl]methylene]arylhydrazides, in which the aryl ring linked to the carbonyl of the
hydrazide group consists of 4-bromophenyl (L4a), 3-biphenyl (L4b), 2-naphthyl (L4c)
or 2-furyl (L4d) moieties (Scheme 4) [28]. This family of receptors shows a strong
absorption at Ay.x = 360 nm. The addition of Ln(IIl) nitrate salts to a solution of these
ligands in acetonitrile leads to the appearance of a new absorption band in the range A,y
= 560-571 nm, which is accompanied by a visually distinct color change from yellow to
violet of the solution. This effect increases in the series La(IIl)<Pr(III)<Eu(III). The metal
ions Gd(IIT) and Ho(IIl) show a significantly weaker interaction; in particular Ho(III)
does not seem to possess any ionochromic property towards this system. The fluorescence
emission is strongly influenced by the addition of lanthanide ions; in fact, a decrease of
the fluorescence intensity of the free ligand in the range A.,, = 442-491 nm, depending
on the ligand used, together with the appearance of a new strong emission at A¢y, = 617-
645 nm were observed. The effect on the fluorescence emission depends on the Ln(III),

decreasing in the series La(I1I)>Eu(I1I)>Pr(II1)>Gd(I1I)>Ho(III).
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L4a

L4b

Ldc

L4d

Scheme 4. Structures of L4a, L4b, L4c and L4d

Yin et al. reported a molecular probe useful to sense Ho(III) over the other REE ions; it
is able to switch-on the fluorescence emission resulting also suitable for the localization
of Ho(III) in biological systems [29]. The need for holmium sensing arises both from its
relative abundance (20 times higher than silver) and from the growing number of uses
such as catalyst, glass polisher and in biological applications. Ho(III) exhibits a high
affinity for the Ca(II)-binding sites of biomolecules and its bioaccumulation in the body
increases the risk of liver diseases; moreover, holmium also expresses its toxicity at the
cell membrane level in water animals, damaging it. Sensor L5 (Scheme 5) bases its
photochemical activity on an aldehyde derivative of phenolphthalein and its UV-Vis and
fluorescence studies were carried out in buffered water (HEPES)/DMF 1:1 (v/v, pH=7.4)
solution. Under these experimental conditions, the free probe is weakly fluorescent
displaying low emission at A, = 480 nm. Upon the addition of increasing amount of
Ho(IIT) ion, an intense emission band at A.,, = 480 nm appears (Aex = 365 nm), whose
intensity increases along with the Ho(III) concentration. The fluorescence enhancement
could be attributed to the lactone ring-opening caused by the Ho(III) coordination; in fact,
the hydroxyl and aldehyde groups coordinate the lanthanide ions, promoting the ring-

opening that in turn increases the conjugation of the molecule, making it strongly
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fluorescent. MS-ESI studies revealed the presence of a Ho(IIl) complex with 2:1 ligand
to Ho(III) ratio. The ability of the probe to signal the presence of Ho(IIl) in living cells
has been confirmed on HepG2 cells using confocal fluorescence imaging, monitoring the
optical window at the yellow channel (450-550 nm). Green fluorescence was observed
when the cells were incubated first with the probe and then with HoCl; at 37 °C,

highlighting the possibility to use L5 for Ho(III) detection in living systems.

Scheme 5. Structure of LS and the proposed mechanism to explain the lactone ring-

opening caused by the Ho(II) coordination

4. PURE-LIGAND EMISSION SENSORS

In this section are reported some examples of fluorescent chemosensors in which the
coordination of a suitable REE metal ion causes a variation of emission intensity or
emission wavelength attributable only to the ligand electronic states. In these systems, the

sensing is based on the change of the fluorescence emission with respect to the free
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chemosensor. In particular, the coordination of the metal ion affects the emission either
increasing or decreasing it; this change can be also accompanied by a shift of the emission
wavelength, which can indifferently be towards higher or lower energies. Looking at the
quantum yield, if the coordination enhances the emission, the phenomenon is highlighted
as CHEF (Chelation Enhancement of Fluorescence effect); on the contrary, the observed
emission quenching results as CHQF (Chelation Quenching of Fluorescence effect) [30].
The signal transduction is generally attributed to one or more fundamental mechanisms
like the Photoinduced Electron Transfer (PET), the Energy Transfer (ET) or the Twisted
Intramolecular Charge Transfer (TICT).

One of the main phenomena exploited by these systems is PET (Photoinduced Electron
Transfer). It is related to a red-ox reaction occurring in the overall system in the excited
state; commonly, it implicates the excited state of the fluorophore and another moiety of
the molecular system, able to perform an electron exchange between them. The
explanation of this process lies in the different properties exhibited by the species in their
excited or ground states.

The excited state is an unstable energy level showing higher red-ox properties with
respect to the ground state. In fluorescent PET-mediated chemosensors, it is the presence
of a lone pair on the closest donor atoms that gives the PET; in fact, following the
absorption of a photon, an electron of a lone pair on N, O, S or P relaxes to the electronic
level of the excited fluorophore occupied by only one electron (ex HOMO) producing an
overall non radiative decay (see Figure 6). For this reason, PET is a quenching mechanism
for a fluorophore and its impediment, caused by the presence of the metal ion, gives rise
to a photochemical response suitable to sense the metal ion itself. In fact, the interaction

between chemosensor and metal ion, occurring via the lone pair of the donor atom giving
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the PET, stabilizes the lone pair energy thus impeding the PET and allowing the
fluorescence relaxation (Figure 6). As can be observed, the PET effect does not affect the
emission wavelength of the chemosensor but only its fluorescent quantum yield, which

usually increases upon the metal ion coordination.

Fluorophore Fluorophore Fluorophore
excitation excitation emission

No fluorophore
emission

PET

LUMO —l-‘— LUMO
\

Fluorophore
emission

No emission
Y
HOMO == Free HOMO
Fluorophore ~ 1one pair Fluorophore %
excited excited  gordinated
state state

lone pair

Figure 6. Scheme of PET-effect and simplified orbital diagram

Energy Transfer (ET) is on the basis of the "antenna effect" already described in the
section 1 of this review; it consists in the access to an excited f-state of the metal ion due
to energy transfer from an excited state of the fluorophore. Nevertheless, the coordination
of solvent molecules can affect the emission when they exhibit vibrational states of high
energy, as water molecules do; thus, the coordination of water molecules usually produces
the quenching of the Ln(IIT) emission.

For this reason, the coordination of Ln(III) ions to a fluorophore in aqueous solution

typically corresponds to a CHQF effect (Figure 7).
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Figure 7. Scheme of the quenching process due to ET and simplified Jablonsky diagram

Twisted Intramolecular Charge Transfer (TICT) is a photoexcitation promoted electron
transfer process that occurs in molecules with a single bond separating the donor and
acceptor part. Following intramolecular twisting, the TICT state returns to the ground
state either through red-shifted emission or by non-radiative relaxation [31].

The free rotation of the free ligand can be hampered by the coordination of the metal ion;
TICT based chemosensors are designed in order to be switched-on by the coordination of
the suitable metal ion. In fact, the presence of the bound metal ion locks the free rotation

of the ligand connecting the donor to the acceptor part of the fluorophore (Figure 8).
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Faridbod et al. reported the synthesis and the fluorescence study on N-[3-methyl-2-
(pyridine-2-amido)phenyl]pyrdine-2-carboxamide (L6) (Scheme 6); the Authors
demonstrated that L6 is able to signal the presence of Lu(Ill) in aqueous solution by
increasing the fluorescent emission [32]. The increasing importance in detecting lutetium,
mainly for its recovery, consists, as already mentioned in the introduction chapter, in its
presence in many technical or medical devices as well as in fluorescent lamps with low
power consumption. Its presence in the environment is growing due to improper disposal
of such household waste. Fluorescent emission of L6 doubles upon Lu(III) ion addition
in ethanol-water solution 1:9 (v/v). The increase of the emission is attributed to the
formation of a stable L6-Lu(IIl) complex resulting in a binding constant of logK = 6.3
(Table 2); the formation of the complex causes the shift of the emission band from A, =
462 nm to Aey = 450 nm (A = 344 nm). The emission is due to the whole conjugated
system constituted by three aromatic rings and two amide functions. The excited state is

of Intramolecular Charge Transfer type (ICT) in which the phenyl group acts as
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electrondonor towards the two pyridine groups. The blue shift of the emission of the
ligand upon Lu(IIl) coordination suggests that the metal ion perturbs the polarity of the
excited state. Authors do not express any explicit hypothesis about the coordination mode
but, being the Lu(IIl) a hard metal ion, most probably it is coordinated by the N-pyridine
and the oxygen atom of the amides, leading to the interruption of the conjugation thus
explaining both phenomena, namely the blue-shift and the enhancement of the emission
intensity due to ICT and PET inhibition, respectively. L6 can be used for the
determination of Lu(III) ion in a concentration range of 3.3-1077 to 1.0-107> mol-dm3 and
it was successfully applied in the analysis of Lu(IIl) enriched water samples.

Gao et al. synthesized a diaminocalix[4]arene derivatized with 4-methoxysalycilaldheyde
giving the shiff-base 5,11-bis(2-hydroxy-5-methoxyphenylmethylenimino)-26,28-
dihydroxy-25,27-dipropoxycalix[4]arene (L7) (Scheme 6) [33].

The ligand shows two emission bands at A., = 430 and 550 nm (A = 375 nm) in
dichloromethane, with the former being much more intense than the latter. Upon addition
of Dy(III) or Er(III) the absorption band at 375 nm decreases and a new broad absorption
band appears at 450-550 nm. In this solvent, the solution containing the ligand is
colorless, upon the addition of Dy(III) the color immediately changes to pink, while upon
the addition of Er(III) the color changes to yellow after standing in the dark for 24 h. The
addition of both Dy(III) or Er(IIl) causes a drop of the fluorescence band at A, =430 nm
while a large CHEF of the band at lower energy, also displacing from 550 to about 600
nm, was observed. Other lanthanides tested, such as La(III), Pr(IIT), Eu(IlI), Gd(IIT) and
Yb(III), do not change neither the absorption nor the emission spectra. The reason for
such selectivity towards Dy(IIl) and Er(IIl) over the other ions could be ascribed to the

size-fit effect of the calix[4]arene cavity; it allows these metal ions to be strongly
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coordinated by both the imine nitrogen atoms, preventing the PET effect and extending
the m conjugate systems, thus accounting for the red shift observed in absorption and
emission spectra.

Another example of PET-regulated chemosensor for rare earth ions has been described
by Dubosonov et al. [34] Ligands L8 and L9 (Scheme 6) are dialkoxy-substituted
azomethines exhibiting chemosensor activity towards lanthanide cations as well as
fluoride, cyanide and acetate anions. In particular, N-[(anthracen-9-yl)methyl]-1-(4,5-
dimethoxy-2-nitrophenyl)methanimine (L8) is a highly effective sensor for the Eu(III)
cation, showing a 25-fold increase of the emission intensity at A.,, = 415 nm (Ax = 355
nm) upon its addition in acetonitrile solution. Macrocyclic ligand 4-[N-[(anthracen-9-
yl)methyl]methanimine]-5-nitrobenzo-15-crown (L9) undergoes only a 8.7-fold increase
of the emission. The selectivity towards Eu(IIl) for both ligands has been demonstrated
through competition experiments with other selected REE ions, such as La(III), Nd(III),
Sm(III), Tb(III), Dy(I1I), Ho(IIT) and Yb(III), transition metal ions such as Zn(II), Cu(Il),
Co(IT) and Hg(I) and, in the case of the crown ether L9, with alkali and alkaline-earth

metal ions.
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Li et al. synthesized the coumarin-based sensor L10 (Scheme 6) able to selectively detect
the Ce(III) ion in aqueous solution [35]. The sensor shows a very weak fluorescence at
Aem = 375 nm in 0.1 mol-dm= HEPES buffer in EtOH/H,O (9:1, v/v), pH = 7.2. The
addition of Ce(IIl) induces a drastic enhancement of the fluorescence, with the emission

band centered at A.,, = 350 nm. Interestingly, this behavior was observed only with the
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Ce(III) ion; in fact, the addition of other lanthanide metal ions such as Pr(IIl), Yb(III),
Nd(III) and La(III) did not cause any distinct change in the fluorescence emission. The
detection limit of Ce(III) was estimated to be 2.07-10~7 mol-dm™3. The Authors proposed
as a possible mechanism for the fluorescence enhancement the inhibition of PET from
the nitrogen lone pair to the coumarin fluorophore upon complexation of the metal ion.
Yu et al. reported a fluorescent chemosensor in which a monoaza-18-crown-6 is linked
to a diaryl[1,3,4]oxadiazole fluorophore by a methylene spacer (L.11) (scheme 6) [36]. In
acetonitrile solution, this sensor shows an emission band at A.,, = 358 nm that enhances
several folds in the presence of REE ions; the order of emission enhancement is La(III) >
Gd(IIT) > Sc(IIT) = Yb(IIT) > Pr(I1I) = Tb(III) > Lu(IIl) >> Sm(III). However, the addition
of Eu(III) and Ce(III) induces a quenching of the fluorescence, with the highest quenching
efficiency observed for Ce(Ill). This effect allows distinguishing, to a certain extent,
Eu(Ill) and Ce(III) from other REE ions. The 1:1 complexation stoichiometry confirmed
that the cavity of the aza-18-crown-6 could host one Ln(III) ion.

Kumar et al. reported a quinolone-based system, namely P-[(6-methyl-2-quinolone-3-
yDhydroxymethyl]diphenylphosphine oxide (L12) (Scheme 7), able to selectively
recognize Lu(Ill) ion in hydroalcoholic media through enhancement of fluorescence
emission (CHEF) [37]. In water-methanol 1:1 solution this ligand shows a weak emission
at about A, = 400 nm (® = 0.063, A, = 280 nm) that doubles in intensity (@ = 0.118)
upon the coordination of Lu(III); the limit of detection is about 25 nM, much lower than
the WHO guidelines for drinking water for Lu(IIl) (76 uM). This sensor can work in a
wide pH range, from 4.0 to 9.0. The stoichiometry of the complex formed is [LuL12,]3*,
with formation constants of logP1:1 = 3.14 and logP1:2 = 5.1 (Table 2). The other REE

ions form similar complexes with logf1:1 ranging from 1.08 to 1.96 and logf1:2 ranging
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from 2.44 to 2.97, but without any effect on the emission spectrum. Competition
experiments demonstrated that the co-presence of other metal ions, such as Ca(II), AI(IIT),
uranyl, transition and REE ions, does not affect the efficiency of the Lu(IIl) sensing.
Authors attribute the CHEF effect to the increase of the ligand rigidity upon metal ion

complexation, that prevents the quenching of the fluorescence due to TICT paradigm.

Scheme 7. Structure of L12

In many cases, the energy transfer from the excited state of the ligand to the lanthanide
ion causes the quenching of the fluorescence and this occurs when the excited lanthanide
ion decays with a non-radiative pathway. For example, as already mentioned, the
coordination of water molecules to the metal center quenches the emission of the Ln(III)
complexes. Schmehl et al. reported the ditopic ligand 1,4-bis(3'-ethynylbenzo-18-crown-
6)-2,3,5,6-tertamethylbenzene (L.13) (Scheme 8), that is luminescent; the coordination of
lanthanide ions with larger dimensions and showing f-f transitions, such as Pr(IIl) and
Nd(III), quenches the emission [38]. Alkali, alkaline-earth and lanthanide ions with
smaller radii such as Gd(III), Tb(IIT), Dy(III) and Yb(III) do not affect the emission. The
experiments were carried out in acetonitrile solution, where the free ligand shows an

intense emission band centered at Ae,, = 406 nm (Aex = 340 nm, @ = 0.67). The addition
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of Pr(IIT) or Nd(III) induces a blue shift of the fluorescence maximum and the intensity
is significantly reduced of 65% and 61%, respectively. In contrast, the addition of other
lanthanide ions such as Dy(III), La(III), Tb(III) and Yb(III), leads to a similar blue-shift
of the emission band but without significantly quenching the fluorescence (reduction of
15% for Dy(IIl) and less of 5% for Tb(IIl)). A possible explanation of the emission
quenching could be an energy transfer promoting excited states of the lanthanide ion by
either exchange or coulomb processes, namely the excited state of the ligand transfers the
energy towards the lanthanide ion, that vibrationally decays due to the coordinated water

molecules. The lanthanide f-f emission is not observed.

L13

Scheme 8. Structure of L13
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Table 2. Logarithm of the equilibrium constants (log f) of selected ligands for REE
complexation.

L1 L2 L3 L4 L5 L6 L7 L12
La(lll) 36.42¢ - nd®  5.14b ; ; _ )
Ce(lll) - - ] ] ) ) _ )
Pr(1II) - - nd® ; i _ _ .
Nd(I) - - - ; ) ) _ ;
Eu(lll) 35.24* 7.57° 5.14b - ; _ _ )
Gd(Im - - nd® - - ] ] )
Tb(Ill) 35.23* 4.33° - ; : _ _ )
Dy(dll) - - nd® - 7.03¢ - 5.41¢ -
Er(ll) 35.76* - nd® - - - 5.77¢ -
Yb(Il) - - nd® - ; ] ) )
Lu(ll) - - - - - 6.3 - 314(LD)xe
5.1(1:2)

a water, ® acetonitrile, ¢ water/DMF 1:1, dethanol/water 1:9, ¢ dichloromethane,  ethanol/water (HEPES) 9:1, &
water/methanol 1:1.

nd: not determined.

*:1:1=LulL12, 1:2 =Lu(L12),.

5. BIO-ENGINEERED FLUORESCENT SENSORS

Nature uses a large number of biosensors capable of detecting and remediating to toxic
metal ions present in the environment as contaminants. In this context, many bacteria, in
order to respond to environmental changes, rely primarily to two-component signal
transduction systems consisting of a histidine-based sensor and a response regulator. This
class of biosensors generally acts through the regulation of a specific kinase activity; in
fact, the insertion of a phosphate group in an appropriate position of a protein represents
the molecular output of the interaction with a guest species. The detection of a specific
signal activates the sensor kinase leading to autophosphorilation of a highly conserved
histidine residue; the phosphate group is then transferred to a conserved aspartate residue

in the coupled regulator protein, which, in turn, activates or represses the transcription of
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suitable target genes. An important example is the PmrA/PmrB two component system
found in Salmonella species, that responds to extracellular Fe(Ill) ion. PmrB is a
transmembrane protein of about 350 residues, both N- and C-terminals are inside the cell
while a loop of about 30 amino-acids is situated at the external side of the membrane and
forms the Fe(II) specific receptor. Recently, He ef al. engineered artificial sensors in F.
coli based on a modified PmrA/PmrB system in which the Fe(IIl) domain has been
substituted by lanthanide-binding tags (LBT) [39], previously reported by Imperiali et
al., able to bind lanthanide ions not only with high affinities, but also in a selective way
[40]. Authors constructed a PmrA/PmrB-responsive system bearing the plasmid pJBA25-
pmrC in which the phosphorylation of PmrA activates a pmrC promoter fused to the gfp
gene, encoding for a green-fluorescent protein (GFP). This engineered E. coli is able to
detect Tb(III) ion with a fluorescent response. Upon Tb(III) binding to the LBT sequence,
an elongation of the transmembrane domain of PmrB unit due to the folding of the loop
was observed; this carries the signal for the auto-His phosphorylation that then
phosphorylates PmrA. The phosphorylated PmrA, interacting with the pmrC promoter,
activates the transcription of a gene encoding for the green-fluorescent protein (Figure 9).
Engineered E. coli has been tested measuring their fluorescence emission at A, = 520 nm
(Aex =485 nm). The presence of Fe(II) (100 uM), Cu(II) (10 uM), Mn(II) (20 uM), Zn(II)
(10 uM) or Ca(Il) (10 uM) does not significantly affect the underground emission
intensity, while the presence of Tb(IIl) at the concentration of 1.0 uM triplicates the
emission intensity. The system can be considered the first example of engineered sensory

bio-system based on the bacterial response exploited to sense lanthanide ions.
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Figure 9. Scheme of the engineered bio-system able to respond to the presence of
lanthanides. It is based on modified PmrA/PmrB proteins, consisting of the histidine
kinase PmrB and the responding regulator PmrA, acting on the pmrC promoter fused to
the gfp gene. Binding of Tb(IIl) ion by LBT sequence in PmrB activates its auto-
phosphorylation which subsequently phosphorylates PmrA. This latter activates the pmrC

promoter inducing the synthesis of a green fluorescent protein (GFP)

Cotruvo et al. engineered a protein-based fluorescent sensor able to detect REE ions at
the nanomolar level by derivatizing lanmodulin [41]. Lanmodulin is a high-affinity
lanthanide binding protein recently identified in Methylobacterium extroquens, a
bacterium that needs lanthanides to make two enzymes work. This protein possesses four
EF-hands, namely metal coordination motifs generally associated with Ca(II) binding,
but it shows a 108-fold higher selectivity for Ln(III) and Y (III) than for Ca(II) (Figure 10)

[42,43].
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Figure 10. Schematic drawing of LaMPI biosensor response to Ln(III) with 100 million-
fold selectivity over Ca(Il)

Taking advantage from the previous work of Tsien ef al. on calmodulin [44], the Authors
engineered the new LaMPI biosensor, namely a lanmodulin derivative including two
fluorescent proteins able to obtain the Foster resonance energy transfer effect. The two
inserted proteins were the C-terminally truncated enhanced cyan fluorescent protein
(ECFP) and the yellow fluorescent citrine. The obtained fluorescence effect is also called
FRET (Fluorescence Resonance Energy Transfer) and it necessitates of a pair of different
fluorescence emitters. This because FRET is a phenomenon consisting in the energy
transfer from a fluorophore to another provoking the photon emission of this latter; the
effect is affected by the distance between the two fluorophores. The energy of the excited
transferring fluorophore is dissipated by exciting the second one without photon
emission; in other words, the first fluorophore, in its excited state, decays by photons
emission which are captured by the second one thus giving an energy transfer from the
first fluorophore to the second one; the latter finally emits photons, which possess lower

energy than the previous ones. Therefore, the phenomenon consists in exciting one of the
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two fluorophores to obtain the fluorescent emission of the second one. The conditions to
observe the FRET effect are mainly three: i) the two donor and acceptor fluorophores
must be in close proximity (usually 10—-100 A); ii) the fluorescence emission energies of
the donor must be in the same range of the absorption energies of the acceptor (the
emission spectra of the donor must overlap with the absorption spectra of the acceptor);
iii) the orientation of the transition dipoles between donor and acceptor have to be as
much as possible parallel. The efficiency of FRET depends on 1/d®, where d is the
intermolecular separation between the two fragments. LaMPI is able to link three Ln(III)
ions undergoing a conformational change that brings ECFP and citrine close to each other
allowing for FRET (Figure 11). Upon excitation at A, =433 nm, free LaMPI exhibits two
emission bands at A, = 475 nm (ECFP) and A, = 529 nm (citrine); when Ln(III) ions
are added, the band at A.,, = 475 nm decreases while that at A.,, = 529 nm increases in
intensity, LaMPI behaving as a ratiometric fluorescence sensor. The FRET response is
the ratio between the emission intensity at Ae,, = 529 nm and that at A.,, = 475 nm. This
system showed a ratiometric response to all REE ions by increasing the emission of
seven-fold; in addition, the apparent dissociation constants for the Ln(III) and Y(III)
systems are in the picomolar range, thus only 2-fold weaker than those of native
lanmodulin. LaMPI also exhibits fluorescence response to Ca(Il) with an apparent
dissociation constant in the millimolar range, far above physiological levels, and a FRET
response of only 3-fold. At the end, the Authors tested the LaMPI response versus other
common trivalent and divalent metal ions such as Al(III), Fe(Ill) and Mn(II), Cu(Il),
exploring concentration ranges potentially relevant to aqueous environment, finding little

or no fluorescence response.
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Figure 11. Signal transduction mechanism of the LaMPI biosensor proposed by Cutruvo
et al. When three Ln(III) ions bind to the lanmodulin chain (LanM), a conformational
change occurs bringing enhanced cyan fluorescent protein (ECFP, A, = 433 nm, Aey, =

475 nm) and citrine (A, = 529 nm) close to each other, allowing for FRET

6. FLUORESCENT SUPRAMOLECULAR SYSTEMS AND NANOMATERIALS

In this section, a selection of the many fluorescent chemosensors for REE ions based on
supramolecular aggregates or nanoparticles are described. An advantage of the use of
aggregates or nanoparticles to build chemosensors is the possibility both to enhance the
fluorescence signal loading the particles with high concentrations of dyes, as well as to
realize sensor-arrays including into the system several chemosensors with different
response towards different chemical species.

Ding et al. developed a sensor system basing its response on an aqueous mixture
containing bispyrene derivatives and a surfactant (sodium dodecyl sulfate, SDS) able to
dissolve the otherwise insoluble organic chemosensor in water; in this way, the
chemosensors are able to discriminate lanthanide ions in aqueous solution. The system is
constituted by three cationic bis-pyrene derivatives (L14a, b and ¢) (Figure 12) mixed

with the anionic surfactant (SDS); L14a-c¢ show two pyrene-imidazol fluorescent
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fragments spaced together by alkyl chains of different length [45]. The system can emit
fluorescence of different wavelengths caused by each fluorescent pyren-imidazol
fragment and by the formation of an excimer when the two fragments are close one to
another. The spectra obtained are the outcome of these emissions and their change can be
related to the presence of the lanthanide ions in the medium, thus furnishing the response
useful for their recognition. It has to be considered that the spectra contain six-emission
signals giving a specific pattern for each lanthanide ion. The output data mathematically
elaborated with the principal component analysis (PCA) method give the possibility to
recognize 6 ions of the lanthanide series, namely La(III), Pr(III), Nd(III), Eu(III), Ho(III)
and Er(IIT). On the basis of in-depth studies carried out to monitor the behavior of micelles
containing the single bis-pyrene sensors L.14a, b and ¢, obtained with SDS or a non-ionic
surfactant (Tween 80), and taking into account that divalent ions find no response, the
Authors deduced that the strong electrostatic interaction between hard Ln(III) cations and
the highly negative charged surface of micelles is responsible for the multiple

fluorescence response.
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Figure 12. Representation of the micelles loaded with ligands L.14a-c reported by Ding

et al.
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A nano-structured material that has been used in many applications for chemical sensors
is Graphene, and in particular Graphene oxide (GO). GO has a singular
photoluminescence emission pattern due to the presence of various oxygenated functional
groups (epoxide, carbonyl, carboxyl) and other oxidized sp? sites that contributes to the
band gap typical of this material. In particular, the control of the sp> domain in the sp’
matrix of GO can be used to tune both fluorescence intensity and emission wavelength
[46,47].

Faridbod et al. utilized graphene quantum dots (GQDs) able to selectively signal Ce(III)
in water; the system is based on a chemosensor of nano-dimension resulted very efficient
in the Ce(III)-sensing [48]. GQDs are synthesized starting by graphite powder through a
top-down approach and they have a diameter mainly distributed in the range of 15-20
nm. Due to the oxidative process used in the synthesis of GQDs, oxygen-containing
functional groups, including carbonyl/carboxylate, hydroxyl and epoxide groups, are
introduced at the edge and on the basal plane of the nanoparticles. The GQDs exhibit a
high fluorescence emission centered at 440 nm wavelength (A = 335 nm). The emission
quenches upon the addition of Ce(III) ions but is not influenced by other REE or transition
metal ions (Figure 13). The mechanism related to the quenching mechanism has been
attributed to the red-ox properties of Ce(Ill), considering that Ce(IIl) is the easiest
oxidable ion among all M(III) ions of the series, leading to the Ce(IV) oxidation state;
thus, it is the only one able to reduce some organic groups located on the quantum dot
surface. This red-ox reaction affects the emission of GQDs giving a response to the

presence of Ce(Ill) by quenching it.
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Figure 13. Schematic illustration of the selective detection of Ce(Ill) by graphene
quantum dots (GQDs): among all metal ions tested, the fluorescence intensity of GQDs

is quenched only by addition of Ce(III)

Nandhakumar et al. realized a new graphene oxide-resorcinol hybrid material (GO-R)
able to detect Ce(Ill) ions in aqueous environment [49]. GO-R hybrid nanoparticles
consist in GO sheets with resorcinol strongly adsorbed on their surface. They show a
characteristic emission band at A, = 306 nm (A, = 273 nm). The addition of Ce(III)
increases the fluorescence intensity at A, = 306 nm together with the growing of a new
band centered at 351 nm. Authors explained this behavior by suggesting the occurrence
of ICT between graphene oxide and resorcinol, favored by the presence of the metal ion.
Competition experiments have demonstrated that interfering metal ions leave the
emission of the system unchanged, thus the GO-R receptor could be employed in real

matrices for the selective detection of Ce(IIl) (Figure 14).
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Figure 14. Schematic illustration of the selective enhancement of fluorescence of

graphene oxide- Resorcinol hybrid material (GO-R) in the presence of Ce(IIl) ions

Another class of photoactive nanoparticles are Quantum Dots (QDs). QDs are
semiconductors nanocrystals composed by the combination of elements of the 12th and
16th groups (eg. CdSe, CdTe, CdS or ZnSe) or 13th and 15th groups (eg. InP or InAs),
displaying peculiar optical, electrical, magnetic and catalytic properties. Regarding the
optical properties they have a narrow emission band with high quantum yield (®,, = 0.2-
0.9), thus appropriately derivatized QDs are extensively used as luminescent probes for
the detection of various analytes like metal ions, anions and organic molecules [50-52].

Rofouei ef al. reported on glycine dithiocarbamate (GDTC)-functionalized manganese
doped ZnS Quantum Dots (GDTC-Mn:ZnS) (Figure 15) able to selectively recognize
Ce(IlI) ions by fluorescence quenching [53]. The conjugated nanoparticles suspended in
PBS solution at pH=7.5 show an intense fluorescence band at A, = 575 nm (Aex = 300
nm) due to Mn(Il) ions incorporated in the QDs and a weak band at A, = 415 nm
attributed to defect-related emission of ZnS. The addition of Ce(IIl) causes a Stern-
Volmer-type quenching of the band at A.,, = 575 nm. This system shows a detection limit
0f2.29-1077 mol-dm and an excellent selectivity for Ce(IIT) over other competitive REE

cations due to the strong affinity of this metal ion towards the GDTC ligand.
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Figure 15. Scheme of the GDTC-Mn:ZnS quantum-dots. A core of luminescent Mn(II)-
ZnS doped nanoparticles is covered by glycine dithiocarbamate (GDTC) molecules that
act as Ce(III)-binding motive

Chu, Wang et al. prepared nitrogen-doped graphene quantum dots (N-CGDs) through a
one-step method employing graphene oxide (GO) and subsequent dialysis to obtain a new
fluorescent probe for Ce(IV) [54]. These new Graphene quantum dots contain many
oxygen functional groups, thanks to them showing a strong blue emission. Fluorescence
spectra were obtained exciting at 320 nm a N-GQD aqueous solution (0.015 mg ml-") and
it was possible to observe a strong emission band at 450 nm. The addition of Ce(IV)
solutions of increasing concentration (from 0 to 534 uM) showed a gradually decrease in
the emission intensity. The calibration of the curve showed a linear range between 1 and
44 uM, suggesting the good sensitivity of the system. To check the selectivity of the
sensor, the Authors performed fluorescence studies by mixing 200 uM of various REE
ions solutions (Sc(I1I), Y(III), La(III), Ce(III), Ce(IV), Pr(III), Nd(III), Sm(III), Eu(III),
Gd(IIT), Tb(IIT), Dy(I1I), Ho(III), Er(IIT), Tm(III), Yb(III) and Lu(IIl)) with an aqueous
solution of N-GQDs and exciting at 320 nm; they observed that only Ce(IV) is able to

decrease the signal. The same analysis, carried out on the same samples after the addition
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of 200 uM of a solution of Ce(IV), revealed a significant quenching effect confirming the
selectivity of the system for this ion (Figure 16). Once again, the intrinsic redox properties
of Ce(IV)/Ce(IIl) ions have been considered at the base of the quenching mechanism.
Upon its addition to a solution containing the sensor, Ce(IV) is reduced to Ce(IIl) that is
able to bind to N and O atoms of N-GQDs, thus the new complexes formed lead to
agglomeration of the N-GQDs allowing for the fluorescence quenching caused by

electron transfer effects.

- | N-GQDs-Ce complexes |

Figure 16. Synthesis of N-GQDs and the possible fluorescence mechanism

A versatile and useful class of nanoparticles suitable for sensing purposes are Carbon
Dots (CDs). CDs are a family of nanoparticles with diameter less than 10 nm, based on
carbon atoms. CDs show fluorescent properties; they can be easily obtained starting from
common reagents using processes of carbonization, usually in an overall low cost
procedure. The emission spectra of CDs cover a wide range of wavelengths which are

affected by the excitation wavelength and by the close environment, permitting sensing
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applications. Noteworthy, CDs retain a sort of structural memory of their organic
precursor, endowing the nanoparticles with molecular recognition capability depending
on the functional groups of the precursor molecule [55,56].

Jelinek, Paz-Tal et al. applied successfully the CDs paradigm realizing a selective
fluorescent sensor for Sm(III), Eu(Ill) and UO,*" ions based on Carbon Dots-silica
aerogel hybrid. They were prepared by in situ carbonization of 2-thenoyltrifluoroacetone

(TTA) that is a suitable ligand to bind heavy metal ions (Figure 17) [57].

TTA-CDs-Aerogel hybrid

0
h4dA

Silica aerogel

Figure 17. Simplified representation of Carbon Dots-silica aerogel hybrid derived in situ

by carbonization of 2-thenoyltrifluoroacetone (TTA).

The sensing material was formed by silica annealing carried out at high temperature and
high pressure of nitrogen; the CDs were formed directly in situ, filling the pores of the
aerogel with an ether solution of TTA and heating at 140 °C to generate the aerogel-
embedded CDs. The emission maximum of the system depends on the selected excitation
wavelength; for example, upon excitation at A, = 350 nm the emission band is centered
at Ao, = 405 nm, while by exciting at A.x = 400 nm the emission band is observable at A,
= 445 nm. The addition of UO,**, Sm(III) or Eu(Ill) gives rise to different responses.

Uranyl causes a marked red-shift of the emission band at A, = 445 towards 480 nm (A
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=400 nm), while Sm(III) and Eu(IIl) determine a net quenching of the emission band at
Aem = 405 nm (A, = 350 nm). In this work, Authors highlighted the versatility of the
systems obtained to be used for sensing applications of different substrates.

A sensitive fluorescent nano-chemosensor for Eu(IIl) ion was reported by Hosseini et al.
[58] It is based on a magnetic core-shell nanoparticle functionalized with cinchondine
(CD) (Figure 18), a natural alkaloid used in asymmetric synthesis in organic chemistry.
This system shows a selective interaction with Eu(Ill) ion. These nanoparticles show a
fluorescence band at A.;, = 375 nm (A=330 nm) that significantly increases in intensity
upon addition of growing amounts of Eu(IIl) ion. Other mono-, di- or trivalent metal ions
as Na*, Cs*, Ca?*, Sr?*, Co?', Cu?*, Zn*', Cd?**, Hg*', Pb*", AI’*, Cr3*, Ce’*, La’!, Pr3*,
Nd*, Sm3*, Ho**, Tm?" and Yb3', cause either weaker changes or no changes in
fluorescence intensity and, in competition experiments, they do not influence the response
to Eu(III). Authors reported a binding constant of 1.7-10° mol-dm with a detection limit

0f 5.0:10° mol-dm=3.

CD-Fe0,@SI0,

Figure 18. Structure of magnetic core-shell nanoparticles functionalized with

cinchondine (CD) reported by Hosseini et al.
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7. ELECTROCHEMICAL SENSORS

In this section, the contribution of the electrochemical sensors is reported. As all the
sensors, also those exploiting an electrochemical response must be selective and sensitive
to have a response time sufficiently fast and a detection limit sufficiently low as well as
a simple calibration method. Moreover, the measurement must be sufficiently reliable,
repeatable and easy to perform. Depending on the type of the technique used, the
importance of these factors can change [59]. The binding event between analyte and
receptor can be effectively monitored and measured by different electrochemical
techniques [60]. Voltammetry and potentiometry are techniques that can be applied for
the detection of a selected target; both show high sensitivity and an overall quite low-cost
also in terms of time consuming. Below are reported some examples of sensors exploiting
cyclic voltammetry (CV), square wave voltammetry (SWV) and potentiometry with ion
selective electrodes as electrochemical measurement acting through two different
approaches.

Regarding the next two examples reported, the first one is a redox-active system, where
the coordination of Ln(III) affects the oxidation potential of the receptor, while the second
one is a screen-printed electrode modified with a polycathecol-film in order to amplify
the voltammetric signal of Eu(II) ion.

Ferrocene derivatives are among the most used voltammetric probes due to their marked
electrochemical properties given by the presence of the redox couple
ferrocenium/ferrocene (Fc™/Fc), whose reduction potential depends on its chemical
environment. Beer et al. synthesized a series of calix[4]arene macrocycles containing

ferrocene units on which, depending on the ligand, further coordinating groups such as
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ester, amide and acid groups are present (L15a-c, L16a-c and L17a-c) (Scheme 9) [61].
The calixarene moiety is the binding framework having two or three deprotonable OH
groups and at least other three or four hard oxygen functions, while the ferrocene

constitutes the sensing electrochemical-active moiety.

L17a-c

.=Fe an=1 bn=2 cn=3

Scheme 9. Structures of L15a-¢, L16a-c and L17a-c

Preliminary studies on the precursor 5,11,17,23-tetratert-butyl-25-carboxymethyloxy-27-
dialkilaminocarboxymethyloxy-26,28-dihydroxycalix[4]arene (L.18) highlighted that the
calixarene side arm of the ligands can bind Ln(III) ions forming monomeric or dimeric
1:1 complexes (Scheme 10). The formation constants for mononuclear complexes of

L15a-c and L16a-c with Ln(III) ions are in the range of 2.95 to 5.18 logarithm units.
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Scheme 10. Structures of [Eu,(H.3L.18),(EtOH);]

Analogously, it was possible to observe, through ES-MS studies, the molecular ions
corresponding to [LaH_,L.17¢]", [GdH_,L.17¢]" and [LuH_,L.17¢]" species, therefore
suggesting the ability of L.17a-c to coordinate lanthanide ions forming complexes with a
1:1 ligand to metal ratio. Electrochemical studies were performed in acetonitrile solution
using CV and SW voltammetry using 0.1 mol-dm3 NBuyBF,, as supporting electrolyte;
the data were analysed considering the ferrocene/ferrocenium (Fc/Fc™) couple, and they
were collected at different concentrations of La(IIl), Gd(IIT) and Lu(III). All nine ligands
showed a single, quasi-reversible oxidation profiles in their cyclic voltammograms and
revealed to be stable in the electrochemical conditions used. The reduction signal of
ferrocene linked to calixarene is displaced towards cathodic zone of 141-180 mV
depending on the ligand structure. Upon the addition of lanthanide ions, a marked anodic
shift in the oxidation potentials was observed for all ligands, with the dimeric ligands
L17a-c undergoing the largest shifts (80-205 mV vs 10-60 mV for L15a-c¢ and L16a-c).
The effect depends on the REE added, the smallest Lu(Ill) ion causing the highest
oxidation potential shift because its smaller ionic radius determines a greater polarization
close to the ferrocene unit. The addition of an excess of lanthanide ions does not induces

shift, instead the different alkyl chain lengths gave a different effect on the response.
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Other metal ions, like sodium and potassium in high concentration, gave a non-significant
potential shift. These calixarene ligands resulted suitable to selectively bind lanthanide
ions forming mononuclear 1:1 stable complexes. This gave rise to a marked voltammetric
response measurable with both CV and SW methods, thus they can be considered efficient
electrochemical sensors for lanthanide ions.

Another electrochemical technique consists in the use of specific ion-imprinted electrodes
allowing for the detection of the metal ion by Voltammetry. In this contest, Cao et al.
developed an electrochemical sensor for Eu(III) determination through a modified screen-
printed electrode (SPE) [62]. Screen-printed electrodes are easily and rapidly produced
and these aspects, together with their low costs, are important for their use in transducers
for electrochemical sensors. Screen-printed based electrodes have a big advantage in the
possibility to be modified, not only with regard to metal-sensitive film formation, but also
by incorporating molecules or nano-size materials. This versatility, together with their
miniaturized size, makes them good candidates for on-site determination of target
analytes with portable instrumentation, not only in environmental monitoring, but also in
food, agricultural and biomedical analysis. It is to consider that the maximum
concentration allowed for europium in environmental water is 6 mg-dm=,[62] thus the
development of selective and sensitive electrode for Eu(Ill) determination is an
interesting challenge. To improve the sensitivity and the selectivity of the electrochemical
sensors towards Eu(IIl), the Authors fabricated a working electrode using a SPE as
substrates electrode, a signal amplifying based on poly-catechol (PC) film and an Eu(III)
ion-imprinted membrane as the recognition unit. The presence of the hydroxyl groups of
the catechol revealed to be a key choice to increase the sensor sensitivity as these groups

can coordinate Eu(Ill) ions. The modified Eu(III)-IIM/PC/SPE electrode was prepared
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covering a SPE electrode, constituted by a first layer of electropolymerized PC and a

second layer of Eu(Ill)-imprinted silica gel (Figure 19).

Working
clectrode
Counter Refernce
electrode : Electrode
”””” (Ag/AgCl)

SPE

Figure 19. Scheme of the Eu(III)-IIM/PC/SPE structure

A Differential Pulse Adsorptive Stripping Voltammetry (DPASV) approach was
employed and the peak-current intensity was used as output signal. The analytical
conditions were optimized, finding that the best performance is obtained using acetate
buffer at pH =4.7 with accumulation potential and time measure of —0.2 V and 300 s,
respectively. In these conditions, the DPASV response to Eu(Ill), as peak-current
intensity, increases along with Eu(III) concentration, with a detection limit of 1.0-10~7 mol
dm?3. The presence of other metal ions such as Na(I), Ca(II), Mg(II), Zn(II), Ni(II), Fe(II),
Co(II) and Cu(Il), at concentration levels 500 times higher than those of Eu(Ill) as well
as Ho(II), Dy(11I), Er(I1I), Ce(I1I), Gd(III), Pr(IIT), Nd(III), Tb(III) and Yb(III) 50 times
more concentrated than Eu(IIl), caused a variation of the peak current within £ 5%,

indicating the high selectivity of the system towards Eu(III) ions detection. The results
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reported suggest that the Eu(IIl)-IIM/PC/SPE system shows high senstivity and stability
to be used as electrochemical sensor to determine Eu(IIl) ion also in complex matrices
such as enviromental water samples.

H. A. Zamani et al. developed some Gd(III) selective polyvinylchloride (PVC) membrane
sensors using different molecules as selectophores [63-66]. As an example, the sensor
containing  N'-(2-oxo-1,2-di(pyridin-2-yl)ethylidene)furan-2-carbohydrazide  (L19)
(Scheme 11) as ionophore [62] is reported. This system is based on a bulb-shaped PVC
membrane that separates an internal standard solution containing a known
concentrantation of GdCl; and the external solution to be analyzed. The PVC membrane
contains a ionophore to make it able to conduct electricity and a ligand suitable to
reversibly coordinating Gd(III). When the membrane separates two solutions with
different concentration of Gd(III), an electric potential difference between the two sides
forms due to the different amount of ions linked to the two surfaces (Figure 20); when
this potential difference is proportional to the concentration of Gd(III) in the analytical

solution the membrane shows a "nernstian behaviour".

Figure 20. Rapresentation of the electrical potential established due to the concentration

difference of GDCI; solution between the sides of the bulb-shaped PVC membrane.
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The membrane potential can be measured using two reference electrods, for example an
internal silver electrode and an external saturate calomel electrode (SCE), building a
galvanic cell with this scheme: Ag—AgCl | 1.0:1073 mol-dm™ GdCl; | PVC membrane:
test solution | Hg—Hg,Cl,, KCI (satd).

The molecules used as selectophores to make the membranes sensitive to Gd(III) ions are
mainly represented by a series of ligands based on shiff-base or hydrazyde groups able to

selectively bind Gd(III), some examples are reported in Scheme 11.

L19 L20 L21

Scheme 11. Structures of the molecules used as selectophores

8. CONCLUSION AND OUTLOOKS

Nowdays the coordination and supramolecular chemistry of trivalent rare earth ions are
seeing an impressive rising in interest due to the ever-growing need of luminescent
chemosensors for medical diagnostic and new contrast agents to use in magnetic
resonance imaging. At the same time, the use of rare earth elements for modern
applications are countless, ranging from components of common technological devices

to innovative functional materials. Due to their wide diffusion, many researchers have
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been stimulated to develope sensors with the aim to detect rare earth metal ions. In the
field of sensor design, the main crucial parameters are the sensitivity and selectivity
towards the detected target; a chemosensor often possesses both parameters, being a
molecular system responding to the presence of the target by an easy-to-monitor response
that can be an optical, fluorescent or electrochemical ouput. In the case of rare earth metal
ions, the design of selective chemosensors is a hard challenge mainly because of their
poor coordination properties in aqueous environment. In fact, even though there are a lot
of Ln(IIT) complexes used as functional materials and contrast agents, only few examples
of ligands acting as efficient chemosensors for these metal ions were described. For this
reason, researchers tryed to exploit not only classic fluorescence ligands containing a
receptor and a fluorophore linked through a spacer, but also more complexed systems,
like supramolecular aggregates based on micelles, graphene sheets, Quantum Dots and
Carbon Dots or bio-engineered paradigms. In the last case, natural or semi-synthetic
proteins able to selectively and strongly bind Ln(III) ions over other common metal ions
were employed. In conclusion, at the moment this research field offers a lot of intriguing
possibilities and, as above mentioned, multisciplinarity is absolutely necessary, involving
organic and inorganic chemists, electrochemists, physical-chemists, physicists,

biochemists and material engineers.
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