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Sommario 

 

Lôapplicazione di composti luminescenti basati su ioni lantanidi ¯ estremamente 

attrattiva grazie alle loro caratteristiche spettroscopiche peculiari: bande strette di 

emissione, ampio intervallo tra bande di assorbimento ed emissione, tempi di vita 

degli stati eccitati molto maggiori dei comuni composti organici fluorescenti.  

Tuttavia, la fotoluminescenza degli ioni lantanidi in soluzione è molto debole, a causa 

dei loro bassi coefficienti di assorbimento. Per incrementarla si possono impiegare 

complessi di tali ioni con leganti organici con alta capacità di assorbimento della luce 

incidente, e di trasferiscono lôenergia assorbita al centro metallico. Utilizzando un 

opportuno cromoforo nel legante, si aumenta lôintensit¨ di emissione dei lantanidi 

con il cosiddetto fenomeno chiamato "effetto antenna ".  

I pi½ interessanti per il campo dellôimaging biomolecolare sono complessi di Eu(III) 

e Tb(III), a causa della loro bassa sensibilità dello stato eccitato agli spegnimenti 

vibrazionale causati da oscillatori come OH, NH o CH. 

In questo progetto di dottorato si è seguito un approccio multidisciplinare per la 

progettazione, sintesi e caratterizzazione di nuovi complessi di Europio(III) basati su 

una struttura di baseò chirale costituita dal frammento1,2-diamminocicloesano 

(DACH). Tali complessi sono stati applicati per la rilevazione di importanti bioanaliti 

presenti nel liquido extracellulare, quali bicarbonato, albumina e citrato.  
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Abstract 

 

The application of luminescent lanthanide-based compounds became extremely 

attractive thank to their  unique spectroscopic properties: sharp emission bands, 

broad absorption and excitation spectra, a very long excited state lifetime  rather than 

those of conventional organic fluorophores. 

The fluorescence of lanthanide salts is weak because of the low energy absorption 

of the metallic ion. Hence, organic chelated complexes of lanthanides are commonly 

used, where an organic chromophore is used as a sensitizer for lanthanide center 

luminescence. The antenna chromophore absorbs light with a high molar 

absorptivity, and transfers the excited state energy to the lanthanide center that 

consequently emits. This phenomenon is called "antenna effect". 

The most used candidates in biological imaging are Eu(III) and Tb (III)  complexes, 

due to the low sensitivity of their excited state to the vibrational quenching effects 

caused by OH, NH, or CH oscillators. 

In this PhD project, a multidisciplinary approach was used in order to project and 

synthesize new Eu(III) complex es, starting from a chiral 1,2 -Diaminecyclohexane 

(DACH) backbone. Solution speciation studies revealed that the complexes were 

stable and further  tested for sensing application of relevant bio-analytes present in 

the extracellular fluid such as bicarbonate, albumin and citrate. 
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Figure 1.1 The periodic table of elements. The lanthanide series is highlighted at the bottom of 

the periodic table 

 

 

The lanthanide elements form the largest subgroup in the periodic table , composed 

by 15 elements, ranging from lanthanum (atomic number 57) to lutetium (atomic  

number 71) (Figure 1.1). They are called f-block elements due to the gradual filling 

of the last electron in f orbitals of the antepenultimate shell. The lanthanide series 

can be extended with the elements scandium (atomic number 21) and yttrium 

(atomic number 39), since they have similar chemical properties; the enlarged series 

is then called rare earths. 

The rare earths fall into the 50 th percentile of the elemental abundance. Nowadays, 

China is the worldôs largest producer of rare earth elements with the 82 percent of 

the total  minerals extracted (112.000 tonnes of rare earth oxide s). [9]   

Today, the rare-earth elements play a central role in numerous key-technologies 

(electronics, electric mobility, energy storage and production, optics, magnets, 

medicine, etc.)[10ï14] and their global demand is expected to increase in the next 

years.  However, their availability and price are expected to be serious issues in the 

next years, and, for this reason, they have been included by the European 

Commission in the "critical raw materials" list.[15]   
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Figure 1. 2 Ionic radii throughout the lanthanide series  [22]  

 

 

The lanthanides are characterized by filling the 4f orbitals gradually along the series. 

From praseodymium (Pr) to lutetium (Lu), orbitals are filled following the Aufbau 

principle. Lanthanum (La) and cerium (Ce), the first two lanthanides, present an 

exception to the Aufbau principle, by filling the 5 d orbital before the 4 f. It is related  

to the 5d subshell that have lower energy than the 4 f. Differently for gadolinium 

(Gd), whose energy necessary to add an electron to the 5 d orbital is lower instead 

of breaking the stable half filling of the 4 f orbital.  

All trivalent lanthanide ions are paramagnetic due to unpaired 4f electrons. La(III) 

and Lu(III) are exceptions, prese nting 4f0 and 4f14 electronic configurations 

respectively (Table 1.1). Gd(III) present s seven unpaired electrons (4f7) which 

confers high magnetic moment, making his complexes suitable for magnetism-

related applications, such as MRI.[23,24]  
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Table 1.1  Ground state electronic configurations of the lanthanide (Ln) atoms and their most 

common ions shown in correct order of orbital filling  

 

 
Atomic 
number  

 
Name  

 
Symbol  

 
Electronic 

configuration 
(Ln)  

 
Electronic 

configuratio n 
(Ln 3+ )  

     

57  Lanthanum La [Xe]5d1 6s2 [Xe]4f0 

58  Cerium Ce [Xe]4f1 5d1 6s2 [Xe]4f1 

59  Praseodymium Pr [Xe]4f3 6s2 [Xe]4f2 

60  Neodymium Nd [Xe]4f4 2s2 [Xe]4f3 

61  Promethium Pm [Xe]4f5 6s2 [Xe]4f4 

62  Samarium Sm [Xe]4f6 6s2 [Xe]4f5 

63  Europium Eu [Xe]4f7 6s2 [Xe]4f6 

64  Gadolinium Gd [Xe]4f7 5d1 6s2 [Xe]4f7 

65  Terbium Tb [Xe]4f9 6s2 [Xe]4f8 

66  Dysprosium Dy [Xe]4f10 6s2 [Xe]4f9 

67  Holmium Ho [Xe]4f11 6s2 [Xe]4f10 

68  Erbium Er [Xe]4f12 6s2 [Xe]4f11 

69  Thulium Tm [Xe]4f13 6s2 [Xe]4f12 

70  Ytterbium Yb [Xe]4f14 6s2 [Xe]4f13 

71  Lutetium Lu [Xe]4f14 5d1 6s2 [Xe]4f14 

 

 

The increase in Ln(III)  solvation is one of the consequences of lanthanide 

contractions as one moves along the series. Indeed, the decrease in the ionic radius 

results in an increase in the charge density and greater polarity of these cations, 

which produces an increase of the number of solvent molecules in the second sphere 

of coordination.[25]  
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1.2 .2 Coordination chemistry   

Trivalent lanthanide ions Ln(III) have high charge density and high ionization 

potentials, consequently these ions are hard Lewis acids in terms of hard-soft acid-

base theory, with therefore a preference for ligands with high  electronegative donor 

sites (hard Lewis bases, such as O > N > S). [26]  The nature of such bonding results 

in the predominant nature of ionic interactions. Water molecules and hydroxide ions 

tend also to be particularly strong ligands for Ln(III).  

The discovery of lanthanides high coordination numbers arose in 1965 with the 

progress of X-ray diffraction techniques. Unlike transition metals, lanthanides do not 

have a specific coordination number. Thus, the coordination number of lanthanides 

can only be derived from X-ray diffraction studies and cannot be predicted by the 

absorption spectrum or the color. Lanthanides tend to have high coordination 

numbers compared to transition metals, since they are large and highly positively 

charged.[27]  

Coordination numbers range from 3 to 12 in the solid state and are largely 

determined by the ionic radius of the cation and the charge and steric requirements 

of the ligand(s), with 8 and 9 being the most common in solution . The lanthanide 

ions can complete its coordination sphere with solvent molecules or anions (such as 

water or chloride), when the number of donating atoms in the ligand is too little or 

their electronic density is too low.  Observation of high coordination number is due 

to lack of any directional bonding character and large ionic size, resulting in poor 

stereochemical preferences and consequently the coordinating ligands in the 

complex occupy positions that minimize the steric repulsions between them. 

Therefore, the coordination environment around the Ln(III) center often cannot be 

regarded as an idealized coordination polyhedron.[28]  

The nature of donor atoms determines the coordination properties of the ligand. 

Since the lanthanide ions tend to bind hard bases, they present a strong affinity 

towards hard bases like neutral (ethers) [29]  or negatively-charged (carboxylates)[30]  

O and N donors.[31ï34] Therefore, amines and carboxylic acid groups are often used 

in lanthanide complexation.[35]    



Chapter 1 

25 

 

In the solid state, the most common  coordination geometries of the Ln(III) 

complexes can be seen in Figure 1.3, as the square anti-prismatic, trigonal 

dodecahedral, tricapped trigonal pri smatic and capped square antiprismatic.[36]  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 3 Most common coordination geometries of Ln(III) ions in the solid state [36]  

 

However, resolving the coordination structure of Ln -ligand complexes in solution is 

challenging, experimentally or even computationally, since solution structures have 

more vibrational and rotational degrees of freedom than solids that are partially 

restrained in space. Coordination numbers are determined by ligand size, also by the 

number of donor atoms that may pack round the metal, or, in the case of bulky 

ligands, the interactions between distant groups that decide how many ligands may 

bind to the  metal ion. Coordination numbers up to 8 or 9 are common with 

monodentate ligands, however using multidentate ligands may produce values as 

high as 12.[27]   
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The ligand coordination to a metal ion in solution arises in competition with the 

solvation of the species involved in the reaction, which is the highest for the cation. 

Therefore, the binding strength of a solvent towards the Ln(III) ion is a major factor 

in determining the thermodynamics of ligand coordination in such medium. [37]  

In the first coordination sphere the binding conformation of the ligand, as well as 

ligand atomic speciation, must be determined since ligands will rearrange to a 

different conformation upon  binding the Ln ion, and may change protonation state 

or react upon binding. Not only must the spatial positions of Ln 

ion/ligand/solvent/anion molecules with respect to e ach other be determined, but, 

due to the reactive  nature of Ln(III)  ions, chemical reactions can change the 

speciation. For example, coordinated water molecules can undergo hydrolysis and 

form Ln-hydroxides, or ligands can degrade upon binding the Ln ion. 

In aqueous solutions, Ln(III) cati ons readily hydrolyse above ~ pH 6 to form hydroxo  

species[38] : 

Ln3+
(aq) + H 2O(l) ҕ Ln(OH)2+

(aq) + H +
(aq) 

 

with reported log ȁ1 values ranging from -8.5 for La(OH)2+ to -7.6 for Lu(OH)2+ .[39]  

Complex formation with organic ligands competes with hydrolysis, and the sta bility 

of Ln(III) complexes are typically measured using potentiometric or 

spectrophotometric methods, with results evaluated in terms of the equilibrium 

constant for the complexation reaction .  

The most used ligands for the format ion of strong Ln(III) complexes in sol ution are 

polyamino-polycarboxylates (Figure 1.4 and Figure 1.5), which present both, 

negatively-charged O- and neutral N-donor atoms. The Ln(III) ïO bond distance is 

normally shorter than that of the Ln(III) ïN bond.[40]  Moreover, in aqueous solutions, 

ligands with negatively charged oxygen create complexes with high thermodynamic 

stability, resistant to hydrolysis. [41]   
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Figure 1.4 Some open-chained polyamino-polycarboxylates ligands. bped: N,NŹ-bis(2-

pyridylmethyl)ethylenediamine- N,NŹ-diacetate. bpcd: N,NŹ-bis(2-pyridylmethyl) -trans-1,2-

diaminocyclohexane-N,NŹ-diacetic acid. bppd : bis(2-pyridylmeth- yl)-1,3-diaminopropane 

diacetate. CDTA: trans-1,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid. BEATA: N,N-bis(2-

aminoethyl)aniline-N,N,Nô,Nô-tetraacetic acid 

 

In addition, the ligand can be used to control thermodynamic and kinetic stability, 

solubility, responsiveness to the environment and photophysical properties.[25,42]  

 

Figure 1. 5 Some macrocyclic polyamino-polycarboxylates ligands. NOTA: 1,4,7 -triazacyclono- 

nane-1,4,7-triacetic acid. DOTA: 1,4,7,10 -tetraazacyclododecane-1,4,7,10-tetraacetic acid. 

TRITA : 1,4,7,10 -tetraazacyclotetradecane-1,4,7,10-tetraacetic acid. TETA: 1,4,8,11 -tetraaza-

cyclotetradecane-1,4,8,11-tetraacetic acid 
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1.2 .3 Lanthanide spectroscopy  

One characteristic and interesting aspect of the lanthanides is their unusual 

spectroscopic properties. Trivalent lanthanide cations show absorption and emission 

bands that correspond to f-f electronic transitions that are forbidden (Laporte rule, 

which states that the spectral lines associated with electric -dipole transition must 

arise from the states of opposite parity ).[43,44]  Because of this, the Ln(III) ions show 

these transitions with a very low molar extinction coefficient (Ů < 10 Mï1 cmï1), 

limiting the practical applications of the lanthanides .[45]  Since the 4f orbitals are 

relatively insensitive to the ligand field, their emission spectra present  line-like 

emission bands, mostly in the visible and near infrared ranges (Figure 1.6), peculiar 

of each element. 

 

Figure 1. 6 Normalized emission spectra of some lanthanide[46]   

 

The photo-sensitization process was first discovered by Weissmann in 1942 when he 

observed that the intensity of Eu 3+  ion was escalated in the presence of some organic 

compounds.[46]  Based on the finding, organic ligands were designed for the 

preparation of strong luminescent Eu(III) complexes . 

Therefore, to enhance the efficiency of the process, Ln(III) ions are  usually chelated 

with ligands that have much broader and more intense absorption bands.  When a 

strongly absorbing chromophore is used to "sensitize" Ln(III) emission the process 

is known as the antenna effect (Figure 1.7) and it is important in the design  of bright 

luminescent lanthanide complexes. The chromophore is normally an aromatic or 
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unsaturated organic molecule that is either anionic or has a strong dipole moment 

to coordinate to the Ln(III)  ion.  

The mechanism of energy transfer from the organic ligand to the lanthanide ion was 

first proposed by Crosby and Whan.[46]  Briefly, a light-harvesting organic ligand is 

excited and goes from the ground singlet state (S0) to the s inglet excited state (S1). 

Then, the excited singlet state decays non-radiatively to a ligand triplet state via 

intersystem crossing (ISC). Then, the non-radiative energy transfer (ET) pathway 

from the triplet state of the ligand to the excited states of the Ln(III)  ion with 

subsequent radiative transition to t he ground state of the Ln(III) ion (Figure 1.7) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 7 (a) Scheme of the antenna effect;  [44] (b) common pathway leading to lanthanide 

sensitization[45] 
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The photosensitizing efficiency of the ligand can be quantified by the quantum yield 

(ū), defined as the ratio of the number of photons emitted to  the number of photons 

absorbed.[49]  The total quantum yield (ūtot) can be obtained by the sum of the 

intersystem crossing (ūISC), energy transfer (ūET) and the lanthanide luminescence 

(ūLn) (Equation 1.1): 

ūtot = ūISC· ūET· ūLn                                                      (1.1) 

 

The known mechanism for the photosensitization of lanthanide complexes is shown, 

in Figure 1.7, where the components are represented in their corresponding steps. 

The lower triplet state of the antenna  have to present higher energy (ɝὉ  1850 cm-

1)[41,50]  than the highest luminescent state of the lanthanide cation, in order to avoid 

back energy transfer to the antennaôs triplet state. Nevertheless, at the same time, 

the gap has to be as low as possible with the aim of assure the highest quantum 

yield. 

High ūtot values can also lead to a large energy gap between the highest ground 

state level and the lowest excited energy level of the lanthanide ion. As shown in the 

adapted Diekeôs diagram in Figure 1.8, the lanthanide ions that have the largest gaps 

are: Eu(III), Gd(III)  and Tb(III). As a result, they present the strongest luminescence 

between the lanthanides. Gd(III) ion efficiently emits UV luminescence at about 

310nm, making Gd(III) chelates impractical for biological applications. [51]  In contrast, 

Sm(III) and Dy(III) display favorable emission  wavelengths in the near-IR 

region.[52,53]  However, their lower excited-state energies make them susceptible to 

energy dissipation through non-radiative processes, decreasing emission intensity 

and luminescence lifetimes.  
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Figure 1. 8 Dieke diagram of partial energy levels of some trivalent lanthanide aqua ions. The 

main emissive levels are shown in red while the gr ound levels are drawn in blue[54]  

 

Ln(III ) emission intensity is however sensitive to non-radiative deactivation 

processes such as energy back-transfer, thermal deactivation, and deactivation by 

vibrational coupling between the Ln(III ) excited level and coordinated solvent 

molecules. In Figure 1.9 is depicted the electronic levels for Tb(III ), Eu(III ) and 

Yb(III ), and the phonons for the water molecule OïH vibrations. The quenching of 

the 5D4 Tb(III ) and 5D0 Eu(III ) excited levels require vibrational coupling with 5ï6, 

and 4ï5 phonons, respectively, while the 2F5/2 Yb(III ) excited level only requires 

vibrational coupling with three phonons. The ease quenching of the Yb(III ) excited 

level is one of the challenges to overcome in developing Yb(III ) complexes for 

luminescence imaging.[55]  

The extent of this quenching is inversely proportional to the energy gap between the 

emissive state and the ground state of the metal. The  other quenchers of 

luminescence are the harmonics of NïH, CïH, and C=O stretching vibrations, but 

not as OïH oscillators. 
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Figure 1. 9 Energy diagram showing the electronic levels of Tb(III ) (green), Eu(III ) (red), and 

Yb(III ) (light pink), and the phonons for the water  molecule O-H vibrations (blue) [55]  

 

Polydentate ligands not only increase the stability of the lanthanide complexes in 

solution but also allow the metal center to be protected from water molecules. 

Therefore, the luminescence of the lanthanide-based complexes is controlled by the 

denticity of the ligand. In the presence of linkers with low denticity, the lanthanides 

coordinate to solvent molecules, such as water, resulting in the deactivation of the 

Ln(III) excited states non -radiatively. 

Eu(III) and Tb(III) c omplexes have further  received significant attent ion due to 

several factors. The emission intensities are higher than those of Sm(III) and Dy(III) 

while displaying biologically appropriate emission wavelengths in the visible region 

(Figure 1.10). Moreover, Eu(III) and Tb(III) probes show long excited state lifetimes 

in the millisecond range, in contrast to  nanosecond lifetimes of most organic 

fluorophores, making them extremely advantageous for time gated luminescence, 

which is crucial for its use for bio -sensing and bio-imaging applications (Figure 1.11). 

As compared to the near-IR emitting  lanthanides, Eu(III) and Tb(III) display less 

sensitivity to quenching by singlet oxygen and by vibrational energy transfer  to XӇH 

(X = C, N, O) of the su rrounding ligands. The non-degeneracy of the 5D0 emissive 

states of Eu(III) give a well-defined spectrum for facile interpretation.  This is 

especially useful in the development of responsive probes.[56]  These are important 
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features when these complexes are employed in biological applications, such as the 

sensing of biomarker molecules, as they have to display good performance in 

aqueous solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 0 Eu(III) (top) and Tb(III) (bottom) luminescent emission wavelengths, that emit  

red and green light, respectively [50]  

 

 

It should be also pointed out,  that a specific excitation wavelength must be selected. 

Optical probes, which have excitation wavelength lower than 300 nm  are useless, 

since the majority of the biomolecules strongly absorb UV light in that  specific 

spectral range.[57]   

In addition, when the emissive complex is chiral non -racemic, it may emit left and 

right circularly polarized light with different intensities. The phenomenon is called 

circularly polarized luminescence (CPL) and it is usually quantified through the 
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luminescence dissymmetry factor g lum, defined as glum = 2(I L ī IR)/(I L + I R) (I L and 

IR being left- and right-polarized intensities, respectively).[58]  

It fol lows immediately that g lum = ±2 means complete polarization of the emitted 

light while 0 corresponds to an unpolarized beam. While isolated organic chiral 

molecules or macromolecules typically display glum values of 10-3 ï 10-2, lanthanide 

complexes show values of 0.1 ï 1,[59]  with 1.38 being the highest v alue ever reported 

so far for a lanthanide complex.[60]  

 

 

 

 

 

 

 

 

Figure 1.11  Graphic description of the time-delay (or time-gated) measures[61]  

 

 

 

1.3 Luminescent trivalent lanthanide complexes  

1.3.1  Design of Lanthanide(III) Chelates  

Luminescent lanthanide complexes attracted much attention because of their stable 

emission colours, induced by the photo-antenna effect through the photo -excited 

energy transfer from aromatic ligands to Ln (III)  ions. 

The main aim in designing luminescent lanthanide complexes is to find a structure 

that retains the incorporated lanthanide ion brightly luminescent while keeping the 

material intact. More specifically, the complex should be water soluble, non-toxic, 

kinetically inert, photostable and thermodyna mically stable, especially if it is used for 

in vivo experiments. 
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The chelating effect indicates that the reaction to produce the chelate is more 

advantageous in terms of energy than the reaction to produce the monodentated 

complex. It  is mainly caused by two factor, one is the entropy increase effect, which 

increase due to the need for less ligand molecules caused by chelating. The other is 

the role of enthalpy, the same multi -dentate ligand reduces the mutual repulsion of 

ligands in different sites, which  will affect the coordination pattern of ligands and the 

stability of complexes.[37,62] 

The chelate effect resolves to prevent decomposition and to promote highly stable 

coordination compounds. Another key feature is that t he Ln(III)  ion needs to be as 

close as possible in space to the chromophore, in order to optimise the efficiency of 

the ligand to metal energy transfer step, and so is best coordinated to the lanthanide 

ion by an integral donor, typically a pyridine nitrogen or an anionic oxygen atom. [63]  

Thus, tridentate ligands or those having many coordinating sites designed with the 

energy donor levels are necessary for the stable complexation with metals in 

solutions with efficient energy transfer.  These ligands strongly coordinate to Ln(III) 

and are soluble in water and solvents.[42]  

They are categorized into three groups:  macrocyclic ligands, tri-/tetra -pods and 

helicate systems. Tetrapod- and caged-style such as ethylenediaminetetraacetate 

(EDTA) derivatives sensitized strong f-f emissions not only for Eu(III)  and Tb(III) , 

but also Sm(III) and Dy(III) .[64]  Additionally, carboxylate in molecules acts as 

coordination site as well as aids water solubility in their complexes. Some related 

compounds with Gd(III)  ions are useful MRI reagents[65ï67] or in biosensing.[68] 

In addition, more the lanthanides are heavier with a higher charge density, causing 

complexes formation with higher stability than  the lighter ones.[69]  As an example, 

the stability constants of some Ln(I II)  with ethylene-diaminetetraacetic acid (EDTA) 

and diethylenetriaminepentaacetic acid (DTPA) (Figure 1.12) in Table 1.2, where an 

increasing trend on the stability constants with increasing atomic number  can be 

observed. 
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Figure 1.1 3 Ligands for Gd3+-based MRI contrast agents 

 

The nature of these ligands offers favorable binding due to the chelate effect and 

those with macrocycles further increase the stability by reducing the entropic penalty 

caused by ligand rearrangement upon metal binding. This can be observed by 

comparing the binding constants of [Gd(DTPA)]2- and [Gd(DOTA)]- (log K = 22.3 and 

24.7, respectively).[71]  

In luminescent sensing applications, chelation is needed to ensure a high 

thermodynamic stability, selectivity and kinetic inertness at physiological pH (~7.4). 

The latter features are especially important in biological media where 

transmetallation (i.e. the exchange of the lanthanide ion with endogenous  cations 

usually present at high concentrations) can occur. This is especially true in the case 

of the abundant Zn2+  and Ca2+  ions. In particular, the latter presents an ionic radius 

similar to Ln3+ ions and therefore they can interfere with p hysiological 

processes.[34,72ï74] As a consequence, low complex stability could give rise to the 

release in solution of free toxic metal ion. [75] Also, the ligand can be designed to 

define the number of coordination sites available for labile water molecules, which 

can be replaced by the analyte.  

Given the hard-acid nature of lanthanide ions, hard bases, such as carboxylic acids, 

amides, and pyridines, are used as ligands. Macrocycles (such as DOTA derivatives) 

and open nona- or octa-dentate chelates (such as DTPA derivatives) functionalized 

with suitable antennas, are usually employed for luminescent applications. 

Increasing the rigidity of the chelate itself can further minimize energy loss through 

H5DTPA                                H4DOTA                               H 3-HP-DO3A 
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other XӇH (X = C, N, O) vibrations of the chelate, since the pathway and degree of 

energy loss are dependent on the environment surrounding of the excited center. [76]  

 

 

1.3.2  Luminescent sensing of bio -analytes  

Luminescent molecular probes have attracted interest and focus thanks to their high 

sensitivity with wide  range in detection of specific bio-analytes. Usually, they are 

detected due to significant changes in the luminescence intensity or wavelength. The 

definition of a bio-analyte is simple: "Any substance undergoing bioanalysis".  

Luminescent lanthanide complexes have gained increasing attention in bioanalytical 

studies, especially those of Eu(III) and Tb(III)  ions. By careful design of the ligand, 

stable Ln(III) complexes can be devised for rapid  and reversible bio-analyte binding, 

providing a luminescence response that is fast and sensitive. The creation of Ln(III) -

based bio-analyte receptors is driven by the need for new sensing and imaging tools 

for biological, clinical and drug discovery research. A variety of Ln(III) complexes 

have been developed for binding and sensing anions, cations and bio-analytes in 

aqueous media, and these have been summarized effectively in some comprehensive 

reviews.[50,76ï79] 

For example, protonation/deprotonation of the antenna moieties can give to 

noticeable changes in the energy absorption and/or transfer to the metal, and 

consequently a noticeable change on the emission intensity (Figure 1.12). The 

determination of pH in cells and tissues, crucial for many physiological activities, can 

be detected with pH dependence sensors,[80ï83] and pH-regulated Ln(III) complexes 

for imaging application.[84ï87]  

 

 

 

 

Figure 1.1 4 Emission color changes of Eu(III) and Tb(III) complex mixture in aqueous solution 

from pH 3 (left) to pH 12 (right) [88]   
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A bio-analyte can bind directly the metal center, with the displacement of one or 

more inner-sphere water molecules. This causes a variation of the lanthanide 

coordination environment and to a change in the emission intensity, form in the 

spectra and lifetime of the complex (Figure 1.13 a). T he variation of the emission 

spectral form after anion binding offers the opportunity for ratiometric  analysis. Also, 

coordinated water molecules promote an efficient deactivation of the Ln( III ) excited 

state, via non-radiative energy transfer to vibrational modes of the OïH groups. 

When coordinated water is displaced after binding of a certain bio-analyte (such as 

lactate,[89,90]  HPO4
2ī,[91,92]  HCO3

ī,[93ï95] and citrate [90] ) the deactivation of the excited 

state becomes less efficient, resulting in the enhancement of emission intensity, 

lifetime, and spectral shape induced by changes in the Ln(III ) coordination 

environment.  

 

 

Figure 1.1 5 Representation of lanthanide(III ) sensing mechanisms for anion detection: (a)  anion 

coordination to the metal center with displacement of inner-sphere water molecules; (b)  anion 

interaction with the antenna causing luminescence quenching; (c)  binding of an anion that have 

a sensitizer, which "switches" on the luminescence[96]   

 

Alternatively, the bio -analyte could interact with the complex via non-covalent 

interaction (e.g. via ɸïɸ stacking with the antenna), electrostatic interactions, or 
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hydrogen bonding (Figure 1.13 b). This could potentially lead to a quenching of the 

singlet or triplet excited state of the antenna, by an energy or charge transfer 

mechanism, causing a decrease in Ln(III) emission intensity. [98,99]  Lastly, a less 

common signaling mechanism foresees the "switching on" of Ln(III) emission upon 

bio-analyte binding, that however possesses an appropriate chromophore group 

(Figure 1.13 c). This implies the matching of anion's triplet excited state energy with 

the Ln(III) excited state, along minimal back energy transfer. [99,100]  This approach 

can lead to high selectivity towards a target anion; however, there is a need of a 

suitable chromophore. 

Nevertheless, the bio-analyte recognition in water is challenging for some reasons: 

they possess a wide range of geometries, could be pH sensitive (H2PO4
ī/HPO4

2ī, 

HCO3
ī/CO3

2ī)[101,102]  and have high hydration energies.[103]  The nature and 

abundance of potentially interfering species in aqueous media under investigation 

must be considered, such as competing anions and cations, or biomolecules as 

proteins and nucleic acids.[104]  In the literature, Ln(III) complexes were proposed for 

the detection of amino acids, [105,106]  proteins[107,108]  and nucleic acids.[109,110]   The 

detection of such species  is relevant for the study of biological processes, such as 

enzymatic activity,[111ï113] measuring tumor biomarkers[114,115]  and gene 

therapy[116,117]  among others.  

While the majority of lanthanide -based luminescent sensors respond to bio-analytes 

through change in spectral form and emission intensity and lifetime, recent research 

is evaluating chiroptical properties.[118,119]  CPL spectroscopy combines the sensitivity 

of luminescence and the specificity of chiroptical response, and one can envision that 

the advancement on polarized microscopy will accelerate the use of CPL of lanthanide 

complexes either in combination with or independent of optical imaging 

techniques.[50]   Induced CPL upon binding to chiral Ln(III) complexes is particularly 

useful to signal selectively the presence of chiral species in solution, such as certain 

proteins[60]  or chiral ions (e.g., sialic acid[120]  or lactate[119] ).  In the latter case, it was 

shown that a chiral Tb(III) complex was able to   differentiate between D- and L-

lactate.[119]  Each of these examples illustrates how the chemistry of bio-analyte 

recognition using lanthanide complexes in aqueous media has progressed, allowing 

real-life applications to be exploited.  
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2.1 Aim  

The selective detection and imaging of specific bioanalytes represents a fundamental 

component of several biomedical studies. Therefore, the need to satisfy the 

requirements of the modern bioanalysis and bioimaging is becoming of outstanding 

importance. Ln(III)  complexes, mainly Eu(III) and Tb(III) complexes, have been 

exploited as sensors in physiological conditions for the detection of important bio-

analytes due to the advantages highlighted in the introduction .  

In this framework, the aim of this thesis was to obtain highly emissive Eu(III) 

complexes and characterize their ability to report different bio -analytes present in 

the interstitial extracellular fluid (i.e. hydrogen carbonate, serum albumin and 

citrate).  

In the PhD work, water soluble Eu(III) complexes, based on the chiral 1,2-

diaminocyclohexane (DACH) backbone, were studied for their application a s 

luminescent sensors.   

The speciation of Eu(III) complexes has been determined by potentiometr ic and 

spectrophotometric studies. Moreover, calorimetry and fluorimetry experiments were 

carried out to study the interaction with selected analytes. Theoretical calculations 

were used to get structural information on the complexes and their adducts with the 

analytes.  

The study of the stability, speciation and s tructure of these luminescent Eu(III) 

complexes in water is important as it is essential to define the emissive species at a 

given pH (especially the physiological one). Also, the definition of the relative affinity 

for different analytes allows to assess the selectivity of the luminescent sensor in a 

complex matrix. 
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3.1  Procedures, techniques and characterization  

3.1.1  Ligand and Complex Synthesis  

All the library of water soluble ligands and Eu(III) complexes  (Figure 3.1) are 

constituted by a chiral 1,2 -diaminocyclohexane (DACH) moiety.  

 

                             
                      bpcd                                                          Eu(bpcd )                                                            

                   bisoQcd                                                     Eu(bisoQcd )                                                            
 

 
 
 
 
 
 

 

 
  isoQC3A                                                    Eu(isoQC3A )                                                            

  

Figure 3.1  Studied ligands and Eu-complexes, where bpcd = N,NŹ-bis(2-pyridylmethyl) -trans-

1,2- diaminocyclohexane-N,NŹ-diacetic acid, bisoQcd = N,NŹ-bis(2-isoquinolinmethyl)-trans-1,2-

diaminocyclohexane N,NŹ- diacetate) and isoQC3A = N-isoquinolyl-N,Nô,Nô-trans-1,2-

cyclohexylenediaminetriacetate 

 

The bpcd and isoQC3A ligand and the relative Eu(III) complexes,  have been 

previously synthesized and characterized in other works and PhD thesis.[1ï3] Herein, 
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3.1.3  Electrospray ionization mass spectroscopy  

The final products (ligands and complexes) and some of their inter mediate products 

have been analysed by electrospray ionization mass spectrometry (ESI-MS) with a 

Finnigan LXQ Linear Ion Trap (Thermo Scientific, San Jose, CA, USA) operating in 

positive mode. Xcalibur software (Thermo Scientific) was used for data acquisition. 

A methanol solution of the sample was diluted and infused with a syringe pump, with  

flow rate of 10 µL/min into the ion source. The typical source conditions were transfer 

line capillary at 548.15 K; ion spray voltage at 4.70 kV; sheath, auxiliary and sweep 

gas (N2) flow rates at 10, 5 and 0 arbitrary  units, respectively. Helium was used as 

the collision damping gas in the ion trap set at 1 mTorr.  

 

 

3.2 Determination of equilibrium constants  

3.2.1  Principles and definitions  

A chemical equilibrium is a condition in the course of a reversible chemical reaction, 

in which no net change in the amounts of reactants and products occurs. A reversible 

chemical reaction is one in which the products, as soon as they are formed, react to 

produce the original reactants.  

The equation allows the calculation of the equilibrium constant, or the relative 

amounts of products and reactants present at equilibrium, from measured or derived 

values of standard free energies of substances. 

The equilibrium constant (K) of a generic reaction (Equation 3.1 a) is a mathematical 

relationship that shows how the products concentrations vary with the concentration 

of the reactants ( Equation 3.1 b). The experiments are therefore carried out at a 

constant temperature, using a thermost atic control apparatus. Moreover, the ionic 

strength of the solution was kept constant, using a sufficiently high concentration of 

an inert background electrolyte.  

Since, the experiments were done at constant temperature and ionic strength, 

activities can be substituted by concentrations to give a modified ὑᴂ (Equation 3.1 c) 

which, from now on, will be simply called  K.[4]   
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ὦὄ ὧὅ ᵶὨὈ ὩὉ                                (3.1 a) 

ὑ                                               (3.1 b) 

ὑᴂ    K                                     (3.1 c) 

 

During the course of this thesis, for the equilibrium constant is going to be used two 

different terms: K (the above-defined stepwise equilibrium constant) and ȁ (the 

cumulative overall equilibrium constant or formation constant). The first one is more 

intuitive and common, and sometimes will be used for comparison of the obtained 

results. The second one was used for computational purposes (required by the 

software used for the constants fitting ) and will be defined after.  

Successive stepwise formation constants of a generic protonation ( K1, K2, K3 and K 4) 

can be defined (Equations 3.2 a-d)[4]  as: 

 

ὒ Ὄ ᵶὒὌ Ƞ     ὑ                        (3.2 a) 

 

ὒὌ Ὄ ᵶὒὌ Ƞ     ὑ                      (3.2 b) 

 

ὒὌ Ὄ ᵶὒὌ Ƞ     ὑ                      (3.2 c) 

 

ὒὌ Ὄ ᵶὒὌ Ƞ     ὑ                     (3.2 d)  

 

 

Given the four overall protonation reactions for the same compound, ȁ1, ȁ2, ȁ 3 and 

ȁ 4 can be defined (Equations 3.3 a-d). In addition, t he mathematical relation 

between K and ȁ values are also shown in Equations 3.3 a-d. For simplicity, the 

logarithm of these constants is reported. The mathematical relation between log K 

and log ȁ values are easily deduced from Equations 3.3 a-d.[4]   

 

ὒ Ὄ ᵶὒὌ Ƞ      ὑ                          (3.3 a) 
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ὒ ςὌ ᵶὒὌ Ƞ      ὑ ὑ                   (3.3 b) 

 

ὒ σὌ ᵶὒὌ Ƞ       ὑ ὑ ὑ               (3.3 c) 

 

ὒ τὌ ᵶὒὌ Ƞ       ὑ ὑ ὑ ὑ          (3.3 d) 

 

 

The thermodynamic equilibrium constant expression relates the activities (a unitless 

quantity that can be used in place of concentration. Since activities are unitless, they 

eliminate the units of all the quantities in the equilibrium constant expression, making 

the constant itself unitless all the time)  of all of the  species. The activity (ai) and the 

concentration (Ci) of a generic species Ci, are related when using Equation 3.4, 

where a is the activity of C, [C] is the concentration and Ȃ is the activity coefficient 

of C; this last term is constant, when the ionic strength (µ) and temperature (T) of 

the system are kept under control.[4ï8]  

 

ai = Ȃi · [C] i                                            (3.4)  

 

 

In our experiments, T (298.15 K) and µ (0.1 M) were kept constant in order  to have 

reliable thermodynamic data and to deal with concentrations instead of activities. 

Therefore, in the following  concepts and equations, such as pH (Equation 3.5 a) and 

Nernst equation (Equation 3.6 a), the concentrations will be considerate instead of 

activities.  

Thus, instead of Equation 3.5 a, Equation 3.5 b is going to be used (p[H] will be 

written as pH), and instead of Equation 3.6 a is going to be used Equation 3.6 b, 

where E is the observed electromotive force (emf), E0 is the standard emf for the 

redox couple Ὓ /Ὓ , n is the number of electrons involved in the reduction of 

S, R is the gas constant and F is the Faraday constant. E0ô is a modified standard emf 

(Equation 3.6 c), and it will be written as E 0 from now on.  
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ὴὌ  ὰέὫ ὥ                                     (3.5 a) 

ὴὌ  ὰέὫὌ                                     (3.5 b) 

 

 

Ὁ Ὁ ὰὲ                                   (3.6 a) 

 

Ὁ Ὁ ὰὲ                                  (3.6 b) 

 

Ὁ Ὁ ὰὲ                                   (3.6 c) 

 

The Gibbs free energy of a system instead is defined as the enthalpy of the system 

minus the product of the temperature times the entropy of the system  (Equation 

3.7). 

 

G = H ï TS                                           (3.7) 

 

The Gibbs free energy of the system is a state function because it is defined in terms 

of thermodynamic properties that are state functions  (Equation 3.8). The change in 

the Gibbs free energy of the system that occurs during a reaction is therefore equal 

to the change in the enthalpy of the system minus the change in the p roduct of the 

temperature times the entropy of the system.   

 

ɲG = ɲH - ɲ (TS)                                    (3.8) 

 

If the reaction is run at constant temperature, this equ ation can be written as follows 

(Equation 3.9):  

 

ɲG = ɲH ï TɲS                                          (3.9) 

 

The change in the free energy of a system that occurs during a reaction can be 

measured under any set of conditions. If the data are collected under standard -state 

conditions, the result is the standard -state free energy of reaction (ǧG o). Enthalpy 
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(ǧH0), free energy (ǧG0) and entropy (ǧS0) are related by the equation  (Equation 

3.10): 

 

ǧG o = ǧH o ï TǧS o                                                            (3.10)  

 

The beauty of the equation defining the free energy of a system is its ability to 

determine the relative importance of the enthalpy and entropy terms as driving 

forces behind a particular reaction. The change in the free energy of the system that 

occurs during a reaction measures the balance between the two driving forces , 

enthalpy and entropy,  that determine whether a reaction is spontaneous.  

It can be shown that the equilibrium constant is related to the thermodynamic 

function standard Gibbs free energy accompanying the reaction (Equation 3.11). The 

standard Gibbs free energy of the reaction, ǧGÁ, which is the difference between the 

sum of the standard free energies of the products and that of the reactants, is equal 

to the negative natural logarithm of t he equilibrium constant multiplied by the so -

called gas constant R and the absolute temperature T: 

 

ǧG o = -RT ln K                                          (3.11) 

 

 

The Nernst equation describes the relationship between the cell potential at any 

moment in time and th e standard-state cell potential (Equation 3.6).  

If we  rearrange the equation what we may obtain is (Equation 3.12):  

nFE =  nFE o - RT ln Q                                  (3.12) 

one can now compare it with the equation used to describe the relationship between 

the free energy of reaction at any moment in time and the standard -state free energy 

of reaction (Equation 3.13). 

ɲG =  ɲG o +  RT ln Q                                  (3.13) 
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These equations are similar because the Nernst equation is a special case of the 

more general free energy relationship. We can convert one of these equations to the 

other by taking advantage of the following relationships between the free energy of 

a reaction and the cell potential of the reaction when it is run as an electrochemical 

cell (Equation 3.14). 

ɲG o = -nFE o                                        (3.14) 

 

 

3.2.2 Acid -base titrations  

All the equilibrium constants founded during this PhD work have been obtained 

owing potentiometric and spectrophotometric acid -base titrations. The 

potentiometry is one of the most frequently used method to determine the stability  

constants of complex species in solution, due to its great accuracy and precision. 

Although, the recommended ligand concentration for this technique is around 1 -5 

mM.[4]  As a consequence, when reaching the required concentration was not possible 

(due to solubility problems) spectrophotometric acid-base titrations where done. The 

latter technique can also give additional information about the protonation and 

complexation sites when the chromophore moieties of the mole cule are involved. 

All acid-base titrations were performed in 0.1 M NaCl aqueous solution, in order to 

keep ionic strength constant.  The titration cell was maintained at constant 

temperature (298.15 ± 0.1 K) thanks to a circulatory bath. The emf was collected 

by means of a combined glass electrode (Metrohm Unitrode 6.0259.100) connected 

to a computer-controled potentiometer (Amel Instruments, 338 pH Meter). The initial 

solution was bubbled with Argon while the system was reaching thermal equilibr ium. 

Moreover, during experiments, a low Argon flux was maintained over the closed 

system in order to avoid CO2 from reaching the solution. The aim is to eliminate the 

solved atmospheric CO2, which would lead to a prot olytic impurity  since it may 

contaminate the alkali (Equation 3.15). [4,6,7,9]   

 

CO2(aq) + H 2O(l) ᵶ H2CO3(aq)                                                 (3.15) 
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NaOH(aq) + H 2CO3(aq) ᵶ NaHCO3(aq) + H 2O(l)  

 

The gas flux was also previously passed through a NaOH trap in order to capture the 

eventual CO2 present. In the case of spectrophotometric titrations, a fibre-optic 

probe, with a 10 mm path length, connected to a computer-controlled Varian Cary 

50 instrument, was immersed into the solution in order to record  and collect 

absorbance data. NaOH was added via automatic burette (Metrohm Dosimat 665) 

manually (spectrophotometry) or automatically (potentiometry). The solu tion was 

continuously gently stirred by means of a magnetic stirrer (Figure 3.3).  

 

 

 

 

 

Figure 3.3  Principle of the system for potentiometric (left) and spectrophotometri c (right) acid -

base titrations 

 

The electrode before each titration was calibrated (modified Nernst equation, 

Equation 3.6 b) performing an acid-base titration with standard HCl and NaOH 0.1 

M stock solutions. In addition,  carbon dioxide present in solution was checked by 

Gran method.[7]  GLEE (glass electrode evaluation),[9]  part of HyperQuad program, 

can be used to calculate the slope and the electrode standard potential linearizing 

the titration curve  where E is the measured potential (Equation 3.16):  

 

Ὁ Ὁ ί ÌÏÇὌ                                  (3.16) 

Ar Ar 
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The optimal case should show all the points fitted by two lines,  with the first relative 

to the acid (beginning of titration) and the second relative to the base (end of 

titration) converging in a single point. This intersection gives an estimation of the 

equivalent volume, which should be the same for acid and base ideally, as shown in 

Figure 3.4. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4  Gran plot 

 

 

In case of base contamination, for example given from carbonate, it may happen 

that the alkaline region will be larger than the acid region . About it, the alkalinity 

level can be calculated: 

 

 

!ÌËÁÌÉÎÉÔÙ ÌÅÖÅÌ Ϸ 
    

 
ρzππ                      (3.17) 

 

 

Once calibrated, the system was prepared for the protonation studies after acidifying 

the system with HCl and adding the right amount of ligand. After this first acid -base 

titration, the solution was acidified again and the right amount of metal was added 

in order to prepare the system for the co mplexation experiments. In each titration, 

the solution was brought from an approximate pH val ue of 2.3 to about pH 11.5 by 

the addition of standard NaOH solution.  


