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Sommario 

Le singolari proprietà delle transizioni f-f nei complessi trivalenti di Lantanidi 

sono la principale ragione delle crescenti applicazioni nel campo del biosensing, 

dove la lunga durata di emissione, le bande di emissione nitide e facilmente 

riconoscibili, lôelevata differenza energetica tra le radiazioni assorbite ed emesse 

oltre ai brevi tempi di vita della fluorescenza consentono lôenorme vantaggio di 

isolare il loro caratteristico segnale di emissione dallôindesiderata fluorescenza 

di fondo dei campioni biologici. 

Inoltre, i complessi luminescenti di Eu(III) e Tb(III) sono i candidati più impiegati 

a causa della bassa sensibilità del loro stato eccitato agli effetti di spegnimento 

vibrazionale causati da oscillatori OH, NH o CH, spesso presenti nelle soluzioni 

per il campo dellôimaging. 

Alla luce di ciò, i complessi di Eu(III) e Tb(III) sono stati ampiamente sfruttati 

come sensori per specie metaboliche, nel rispetto delle condizioni fisiologiche, 

consentendo il rilevamento di rilevanti biomarcatori clinici nella diagnostica 

biomedica e nell'imaging. 

Per questi scopi, unôelevata resa quantica di luminescenza e dôintensità di 

risposta sono indispensabili. Lôelevata intensit¨ del segnale ¯ possibile grazie alla 

presenza di opportuni ligandi aromatici tramite l'effetto dell'antenna, ed è 

solitamente correlata alla concentrazione dell'analita bersaglio. 

In questo progetto di dottorato, una nuova libreria di complessi idrosolubili a 

base di Eu(III) e Tb(III) costituiti da un nucleo comune chirale di 1,2-

diamminecicloesano (DACH) è stata sintetizzata con successo, completamente 

caratterizzata (anche in soluzione) e impiegata per la rilevazione di importanti 

bioanaliti quali: bicarbonato, L-lattato, albumina e citrato principalmente 

attraverso luminescenza totale (TL) e luminescenza a polarizzazione circolare 

(CPL). Questi analiti sono i principali costituenti del liquido extracellulare, come 

il siero umano. 
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Abstract 

The unique properties of f-f transitions in trivalent lanthanide complexes are the 

understandable reason of increasing applications in biosensing field, where their 

long emission lifetimes, the sharp and easily recognizable emission bands in 

addition to the large shift between the absorbed and emitted radiation besides a 

short-lived background fluorescence permit the great advantage to isolate their 

emission signal from the undesired background fluorescence of the biological 

samples. 

Furthermore, luminescent complexes of Eu(III) and Tb(III) are the most employed 

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

effects caused by OH, NH, or CH oscillators, frequently present in solution and 

imaging environments. 

For these reasons, Eu(III) and Tb(III) complexes have been extensively exploited 

as sensors of species in physiological conditions, by allowing the detection of 

relevant clinical biomarkers in biomedical diagnostics and imaging. 

For these purposes, a high luminescence emission quantum yield and overall 

luminosity (or brightness) are strongly required and the intensity of the 

luminescent response, that it is enhanced with heteroaromatic ligands via antenna 

effect, is usually correlated to the concentration of target analyte. 

In this PhD project, a library of new water soluble Eu(III) and Tb(III) complexes 

based on the chiral fragment 1,2-diaminecyclohexane (DACH) has been 

successfully synthetized, completely characterized (also in solution) and employed 

for analytical detection of important bio-analytes such as: bicarbonate, L-lactate, 

serum albumin, and citrate through mainly total luminescence (TL) and circularly 

polarized luminescence (CPL). These analytes are the main constituents of 

extracellular fluid, such as human serum. 

 

 

 

 

  



 

5 
 

Table of contents 

{ƻƳƳŀǊƛƻΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ3 

AbstractΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ4 

!ōōǊŜǾƛŀǘƛƻƴǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧу 

[ƛǎǘ ƻŦ ƭƛƎŀƴŘǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦф 

List of Ln-ŎƻƳǇƭŜȄŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦмл 

CHAPTER 1- Lanthanide luminescence (TL and CPL) ....................................................... 13 

1.1 Introduction ............................................................................................................ 13 

1.2 The total luminescence (TL) .................................................................................... 19 

1.3 Circularly Polarized Luminescence (CPL) ................................................................ 24 

       1.4 Experimental results- Effect of the counterion on Circularly Polarized   

Luminescence (CPL) of Eu(III) and Sm(III) complexesΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ29 

        1.4.1 UV-visible Absorption and Electronic Circular Dichroism (ECD)ΧΧΧΧΧΧΧΧΦ.30 

        1.4.2 Total Luminescence (TL), CPL and luminescence decay kineticsΧΧΧΧΧΧΧΧΦоо 

           1.4.2.1 Eu-ŎƻƳǇƭŜȄŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦоо 

           1.4.2.2 Sm-ŎƻƳǇƭŜȄŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧп0 

         1.4.3 Effect of the counterion on Circularly Polarized   Luminescence (CPL) of Eu(III) 

and Sm(III) complexes: procedures, techniques and 

characterizationΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ45 

1.5 References ............................................................................................................ 49 

CHAPTER 2-Lanthanide complexes: applications for sensing in biomedicine................ 53 

2.1 Introduction ............................................................................................................ 53 

2.2 Toolkit of the lanthanides luminescent bioprobes ................................................. 54 

        2.2.1 Water solubility................................................................................................. 54 

        2.2.2 Stability and Selectivity ..................................................................................... 56 

2.3 Classification and applications of lanthanide probes in bioimaging ....................... 56 

2.3.1 ̡ -Diketonate Probes ........................................................................................ 57 

2.3.2 Encapsulated probes ........................................................................................ 59 

2.3.3 Aliphatic Polyaminocarboxylate and Carboxylate  Probes .............................. 60 

2.3.4 Helicates ........................................................................................................... 71 

2.4 References .............................................................................................................. 73 

CHAPTER 3- Experimental results: New Ln(III) complexes as luminescence bioprobes. 79 

     3.1 Complexes of rare earth ions embedded in Poly(lactic-co-glycolic 

acid)(PLGA)  nanoparticles:  Characterization and spectroscopic studyΧΧΧΧΧΧΧΧ79 

    3.1.1 Introduction ...................................................................................................... 79 

3.2  Water insoluble Eu(III) complexes: encapsulation in PLGA for bioimaging 

purposes ........................................................................................................................ 79 

3.2.1 PLGA luminescent nanoparticles: physical characterization ........................... 82 

3.2.2 ¢ƘŜǊƳŀƭ ǎǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ ƭǳƳƛƴŜǎŎŜƴǘ t[D! btΩ{ ............................................. 92 

     3.3  Water soluble Ln(III) complexes: toward biosensing applications ...................... 95 

3.3.1 Design and Synthesis ........................................................................................ 95 



 

6 
 

3.3.2  New Eu(III)-based complex with a C1 symmetric chiral ligandΧΧΧΧΧΧΧΧмлл 

           оΦоΦнΦм {ȅƴǘƘŜǎƛǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмлл 

                оΦоΦнΦн hǇǘƛŎŀƭ ǎǇŜŎǘǊƻǎŎƻǇȅΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмл2 

         3.3.3 Complexes of rare earth ions embedded in Poly(lactic-co-glycolic    

acid)(PLGA)  nanoparticles: prƻŎŜŘǳǊŜǎΣ ǘŜŎƘƴƛǉǳŜǎ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴΧΧΧΧΦΦмл5 

        3.3.4 New Eu(III)-based complex with a C1 symmetric chiral ligand: procedures, 

ǘŜŎƘƴƛǉǳŜǎ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧм10 

    оΦп wŜŦŜǊŜƴŎŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦм13 

CHAPTER 4- Interaction of new Ln(III) complexes with relevant bioanalytes ............. 116 

4.1 Introduction .......................................................................................................... 116 

4.2 Complexes structure: synthesis and characterization .......................................... 119 

4.2.1. Synthesis ....................................................................................................... 119 

4.2.2. Characterization: Stability constant .............................................................. 122 

            4.2.2.1 Potentiometric titrationsΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмн5 

            пΦнΦнΦн {ǇŜŎǘǊƻǇƘƻǘƻƳŜǘǊƛŎ ǘƛǘǊŀǘƛƻƴǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧм30 

            4.2.2.3 Characterization: UV-ǾƛǎƛōƭŜ ŀōǎƻǊǇǘƛƻƴ ŀƴŘ ƭǳƳƛƴŜǎŎŜƴŎŜΧΧΧΧΧΧΧ..136 

4.2.3. Data elaboration and computational models ............................................... 143 

4.3 Sensing of HCO3
- : the screening in cuvette with Ln-complexes based on Pyridine 

and Quinoline rings ..................................................................................................... 149 

4.3.1. Introduction .................................................................................................. 149 

4.3.2. Ln(III)-complexes-HCO3
- adducts: luminescence and affinity constants ....... 150 

4.3.3. Conclusions: general remarks on Bicarbonate ion ....................................... 155 

4.4 Sensing of Serum albumin (BSA): the screening in cuvette with Ln-complexes 

based on Pyridine and Isoquinoline rings (1R, 2R) ..................................................... 156 

4.4.1. Introduction .................................................................................................. 156 

4.4.2. Luminescence: evolution of the emission spectra during the titration ........ 157 

   4.4.2.1 Luminescence: excitation spectra and 5D0 ƭƛŦŜǘƛƳŜǎ ƳŜŀǎǳǊŜƳŜƴǘǎΧΧΧмр9 

            4.4.2.2  Luminescence: ŦƭǳƻǊŜǎŎŜƴŎŜ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ162 

4.4.3. Conclusions ................................................................................................... 168 

4.5  Experimental part: procedures, techniques and characterization ...................... 169 

4.5.1. Materials ....................................................................................................... 169 

4.5.2. Synthesis ....................................................................................................... 170 

4.5.3. Elemental analysis ......................................................................................... 181 

4.5.4. Potentiometric titrations .............................................................................. 181 

4.5.5  Spectrophotometric titrations ...................................................................... 182 

4.5.6 Luminescence and decay kinetics .................................................................. 183 

4.5.7. Luminescence sensing of HCO3
- .................................................................... 186 

4.5.8. Molecular Docking (MD) ............................................................................... 186 

4.6  References ............................................................................................................ 187 

CHAPTER 5-High Throughput Screening (HTS) for detection of bioanalytes by means of 

Eu(III)-complexes based on Isoquinoline. ...................................................................... 192 

5.1  Introduction ......................................................................................................... 192 



 

7 
 

5.2  Sensing of the main components of ECF.............................................................. 193 

5.2.1. The oxophilic anions ..................................................................................... 193 

5.2.2  The Bicarbonate ions: luminescence and binding constants ........................ 194 

5.2.3  The promising Citrate ion: luminescence and binding constantsΧΧΧΧΧΧΦ197 
   5.2.3.1  LƴǘǊƻŘǳŎǘƛƻƴΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ197 
   5.2.3.2  Ln(III)complexes-Citrate adducts: effecǘǎ ƻŦ ǘƘŜ ƛƴǘŜǊŦŜǊŜƴǘǎΧΧΧΧΧΧ мф8 

            5.2.3.3  aƛƴƻǊ ƛƴǘŜǊŦŜǊŜƴŎŜǎΥ ƭǳƳƛƴŜǎŎŜƴŎŜ ǎǘǳŘƛŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ206   
            5.2.3.4  /ƛǘǊŀǘŜΥ ǘƘŜ ŘŜǘŜŎǘƛƻƴ ƛƴ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ŦƭǳƛŘΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.207 
         5.2.4.  Sensor membrane for Citrate in ōƛƻǎŀƳǇƭŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ215 
            5.2.4.1  tǊƛƴŎƛǇƭŜ ƻŦ ƳŜǘƘƻŘΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.215 
            5.2.4.2  CŀōǊƛŎŀǘƛƻƴ ƻŦ ǎŜƴǎƻǊ ƳŜƳōǊŀƴŜΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ216 
            5.2.4.3  wŜǎǳƭǘǎ ŀƴŘ ŘƛǎŎǳǎǎƛƻƴǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.218 
            5.2.4.4  /ƻƴŎƭǳǎƛƻƴǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ223 
     5.3  Experimental part: procedures, techniques and characterizationΧΧΧΧΧΧΧΧ224 
         рΦоΦмΦ  aŀǘŜǊƛŀƭǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦнн4   
         5.3.2.  Luminescence and decay kinetics ƳŜŀǎǳǊŜƳŜƴǘǎΧΧΧΧΧΧΧΧΦΦΦΦΦΦΦΦΦΦΦΦΦΦ...224 
         5.3.3.  {ŜƴǎƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎΧΧΧΧΧΧΧΧΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ..225 
     рΦп wŜŦŜǊŜƴŎŜǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦнн7 
Final ConcƭǳǎƛƻƴǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦнн9 
!ŎƪƴƻǿƭŜŘƎŜƳŜƴǘǎΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦно3 
  
 
 

 

 

 

 

 

 

  

  

 



 

8 
 

Abbreviations  

TL: Total luminescence 

Ln: Generic lanthanide 

ECD: Electronic Circular Dichroism 

glum: luminescence dissymmetry factor 

DACH: 1,2-diaminocyclohexane 

TTA: 2-Thenoyltrifluoroacetyl-acetonate 

OTf: Triflate ion (-OSO2CF3) 

PET: Positron Emission Tomography 

NIR: near Infrared 

NPs: nanoparticles 

CPNs: conjugated polymer nanoparticles 

PeT: Photo Induced Electron Transfer 

PLGA: Poly(lactic-co-glycolic acid) 

DLS: dynamic light scattering 

ZP: zeta potential 

AFM: atomic force microscopy 

PBS: phosphate buffered saline 

MOPS: 4-Morpholinepropanesulfonic acid buffer 

Emf: Electromotive force 

DFT: Density Functional Theory 

EDG: electron donating group 

DIBALH: Diisobutylaluminium hydride 

DCM: dichloromethane 

ACN: acetonitrile 

EtOH: ethanol 



 

9 
 

AcOEt: ethyl acetate 

Cy: cyclohexane 

MeOH: methanol 

Rf: retention factor 

ECF: extracellular fluid 

 

List of Ligands 

Chapter 1, 3, 4: 

O O

S
F3C

L2

N

N

N

OH

O
OHO

OHO

H3L4

NH

NH

= L1

= L3

= L7
O

N

N

R1

R1

R1

R1

R1

N

N

R1

= L5

= L6

= L8
O

N

N

 

Chapter 4: 

 

N

N

N

N

OHO

OHO

H2L9 H3L10

N

N

N

N

OHO

OHO

H2L11

N

N

N

OH

O
OHO

OHO

 



 

10 
 

 

Chapter 4: 

 

N

N

N

N

OHO

OHO

H2L12 H3L13

N

N

N

OH

O
OHO

OHO

N

N

N

N

OO

OHO

HL14  

 

List of Ln -complexes 

Chapter 1: 

O

O S

F3C

N

N

N

N
O

O

S

Ln
CF3

X

(H2O)n

Ln= Eu3+, Sm3+, Y3+

X= NO3
-, CF3SO3

-

+

[Ln(L1)(L2)2(H2O)n]X

 

 

 

 

 



 

11 
 

Chapter 3, 4: 

 

N N O

O

O

O

O ON

Eu

Eu(L4)

N

N

N

N

Eu(NO3)3

Eu(L3)(NO3)3  

 

Chapter 4: 

 

N

N

N

N

OO

OO

EuCl

N

N

N

N

OO

OO

TbCl

Eu(L9)Cl Tb(L9)Cl

N

N

N

O

O
OO

OO

Eu

N

N

N

O

O
OO

OO

Tb

Eu(L10) Tb(L10)  

 

 

 

 

 

 

 

 

 

 



 

12 
 

Chapter 3, 4: 

N

N

N

N

OO

OO

Eu(X)

Eu(L11)X

X=Cl-, -OSO2CF3

N

N

N

N

OO

OO

Eu(X)

Eu(L12)X

X=Cl-, -OSO2CF3

N

N

N

O

O
OO

OO

Eu

Eu(L13)

N

N

N

N

OO

OO

Eu(X)

Eu(L14)X

X=-Cl  

 

 

 

 

 

 

 

 



 

13 
 

CHAPTER 1- Lanthanide luminescence (TL and CPL) 

 Introduction 1.1.

The lanthanide ions range from lanthanum (Z:57) to lutetium (Z:71) with an 

electronical configuration consisting of a xenon core and 4f valence electrons, 

[Xe]4f
n
. The states originated from different electronic configuration can be 

represent by the term 
2S+1

LJ in which S and L are respectively the total electron 

spin and orbital angular moment, and J denote the total angular moment. The 

mixing of the electrons into the levels by considering the contribution of all 

quantum numbers are reported in the Russell Saunders Coupling scheme, where 

the ground state is deduced by Hundôs rules.
1
 The typical energy diagram

2
 

obtained for each trivalent lanthanides is reported in the Dieke diagram (Figure 1). 

 

 

Figure 1 Partial energy diagrams for the lanthanide aquo ions. The main luminescent levels are drawn in 

red, and the fundamental level is evidenced in blue. 

The unique properties of the lanthanide ions are essentially due to their peculiar 

electronic structure, where the 4f orbitals are shielded from the surroundings 

thanks to the filled 5s
2
 and 5p

6
 orbitals. The poor shielding of nuclear charge 

offered by 4f orbitals it is the cause of an effect known as ñthe lanthanide 

contractionò, in which the 6s electrons are drawn towards the nucleus, thus 

resulting in a smaller atomic radius with progressive increase of the atomic 

number (Figure 2). 
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These feature makes more similar the radius of Ho
3+

 and  Er
3+

 to that one of Y
3+

, 

by allowing the comparison between the chemical coordination chemistry of 

Yttrium and the rare earths.
3
 

 

 

 

 

 

 

 

 

 

 

Figure 2: Square of the radial wavefunctions for the 4f, 5s, 5p and 6s energy levels from Hartree-Fock.4 

 

The lanthanide ions are conveniently represented by sharp and easily recognizable 

spectra, due to their intrisic nature of the core orbitals 4f. As the consequence of 

the shielding by the core orbitals, the selection rules forbidding f-f transitions are 

weakly relaxed by the surroundings environment, by keeping their atomic nature. 

The monochromatic purity of lanthanide emission
2
 (Figure 3) in complexes or as 

free ions could be efficiently exploited in technological applications. 

The more stable oxidation state is +3, although +2 and +4 valences are also 

possible in particular conditions. 

 

 

Figure 3. Main luminescent transition of trivalent lanthanide aquo ions. 5 

a)Main excited states; b) radiative lifetimes; c) Range of J-values; d) F: fluorescence, P:phosphorescence; e) 

Wavelengths of the most intense transitions.  

 

The strong attraction toward the nucleus not allows the involvement of the orbitals 
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4f in the coordination chemistry of the Ln
3+

, thus the available orbitals in the 

coordination with the ligands are the empty 6s, 6p and 5d. 

The weak influence of the ligands coordination on the f-f transitions is attributed 

on the lost in degeneracy of the J-levels due to the well-known crystal field effect. 

This leads to a further splitting of the (2J+1)-fold degenerate free ion states into 

the so-called Stark levels (or crystal-field levels). The strength of the crystal field 

determines the magnitude of the splitting, its symmetry the number of Stark levels 

that arise. The most common geometry is in low symmetry, in this case the free 

ion levels split into (2J+1) Stark levels, for J integer. If the J values are half-

integer, the Kramers degeneracy is still retained, but the maximum number of 

Stark levels is (J+1/2). Despite the mentioned effect, the influence of the crystal 

field is relatively weak and the splittings are just in the order of 10
2
 cm

-1
 (Figure 

4). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Diagram representing the interactions leading to the splitting of the electronic energy levels of  
Eu3+ ion. 6  

The absorption of the light by the lanthanide ions involves essentially electric 

dipole transitions (ED) with odd parity and magnetic dipole (MD) transitions. All 

4f
n
 states of the free lanthanide ions have the same parity, consequently the f-f 

transitions through electric dipole are forbidden for the Laporteôs rules, and only 

MD dipole transitions are allowed (in principle also electric quadrupole) (Table 

1). 
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Table 1. Overview of the transitions observed in luminescence spectra of europium(III) compounds. 7 

 

In the crystal lattice, if a rare-earth occupies a site with inversion symmetry, the 

transitions between the 4f
n
 levels are strictly forbidden as electric-dipole transition 

(parity selection rule). The only possible transitions are the magnetic-dipole 

transitions which obey the selection rule æJ=0, +/-1 (from J=0 to J=0 is 

forbidden). 

On the other hand, if there is no inversion symmetry in the crystal lattice, the 

electric-dipole transitions are not so strictly forbidden. The uneven components of 

the crystal field are present exclusively when the lanthanide ion occupies a lattice 

without inversion symmetry. Under these conditions, those components mix a 

small amount of opposite-parity wavefunctions (like 5d) into the 4f 

wavefunctions, by allowing, even if in low entity, the intraconfigurational 4f
n
 

transitions. it can be said  that the forbidden 4f-4f transition steal the intensity 

from the allowed 4f-5d transition.
8
 

The 
5
D0-

7
F2 and 

5
D0-

7
F4 transitions, in europium (III) ion, particularly sensitive to 

the loss of inversion symmetry, are called forced hypersensitive electric dipole 

transitions. As already mentioned, the weak effect of the ligands coordination 

causes the crystal field effect. With this in mind, the trivalent Europium ion is one 

of the most used lanthanide for many reasons. Firstly, since the ground state (
7
F0) 

and the major emitting excited state (
5
D0) are non-degenerate, they are not splitted 

by the crystal-field effect 2J+1, and consequently the interpretation of the 

experimental absorption and luminescence spectra are facilitated. In fact, the main 

advantages of the Europium trivalent ion is the pure and single transition from the 

not-splitted emitting excited level 
5
D0 (J=0) to the acceptor levels 

7
F(0-6)  resulting 

in more defined and recognizable transitions, useful for obtaining structural 

information. 
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In this contest, the 
5
D0Ÿ

7
F0 transition is useful for the determination of the 

presence of non-equivalent sites in a host crystal or for determination of the 

number of different europium(III) species in solution, because maximum one peak 

is expected for a single site or species, due to the non-degeneracy of the 
7
F0 and 

5
D0 levels. 

The intensity of the hypersensitive transition 
5
D0Ÿ

7
F2 or the ratio R of the 

intensities of the 
5
D0Ÿ

7
F2 and 

5
D0Ÿ

7
F1 transitions, [R= I(

5
D0Ÿ

7
F2)/I(

5
D0Ÿ

7
F1)] 

is often used as a measure for the asymmetry degree of the Eu
3+ 

site. A dominant 

hypersensitive transition, connected to a low symmetry around the Eu(III) ion.
7
 

In view of the poor probability of the forbidden f-f transitions, low molar 

absorption coefficients (not above 10 M
-1 

cm
-1

) were unfortunately observed. A 

direct excitation of the lanthanide ions could be possible by employing excitation 

source with intense energy, condition not always viable, especially for application 

in the biological field. The low efficiency of the f-f transitions could be overcame 

with an indirect excitation source, upon excitation of an organic chromophore 

(sensitizer or antenna) followed by the transfer of the excitation energy to the 

lanthanide ion. The whole process is known as ñantenna effectò and its schematic 

representation is given in the Figure 5. 

 

Figure 5. Schematic diagram of  the antenna effect. A ï absorption, F ï fluorescence, P ï phosphorescence, L 

ï luminescence, ISC ï intersystem crossing, ET ï energy transfer, BT ï back energy transfer, NR ï non-

radiative deactivation, 1S ï first excited singlet state, 3T ï lowest excited triplet state, GS ï ground state, f ï 

excited level of the metal. 

In 1942 Weissman discovered that intense metal-centered luminescence was 

detected for Europium(III) complexes bearing salicylaldehyde, benzoylacetone, 
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dibenzoylmethane and meta-nitrobenzoylacetone upon excitation within the 

intrinsic absorption region of the organic ligands.
9
 

Upon UV excitation of the ligand, the energy it is transferred to the excited state 

1
S state. This first condition implies high values of molar absorption coefficient of 

the ligand (ὑ). In literature, Parker and co-workers reported a Eu
3+

-complex 

possessing a ὑ value of 15000-30000 M
-1

 cm
-1

 at 337 nm.
10

  

Afterwards, the excited organic molecule could undergo through different 

pathways: a) fast internal conversion to the lower vibrational levels of the 
1
S  

state, for example upon interactions with solvents molecules; b) radiative 

deactivation to the ground state (F, fluorescence, S1Ÿ S0), or c) via non-radiative 

intersystem crossing from the singlet state S1
 
to the triplet state T1. This level can 

be deactivated radiatively to the ground state S0 by the spin-forbidden transition 

T1Ÿ S0 (phosphorescence). The latter condition is particularly favored in Gd
3+

 

ion. It is worth pointing out that the fïf transitions of Gd
3+

 are located at high 

energies due to the extreme stability of its half-filled f-shell (f
7
), being  the lowest-

energy fïf transition around 310 nm. For this reason, in Gd(III)-based complexes 

no antenna effect from a common organic chromophore is usually detected. 

Accordingly, Gd(III) complexes are frequently characterized by emissive 

intraligand (IL) states at lower energies. Lanthanide ions produce a heavy-atom 

effect to ligands by inducing increased spinïorbit coupling. Gd (III) in particular, 

due to its heavy-atom effect and paramagnetism (the so called paramagnetic metal 

effect), can induce a strong singlet/triplet mixing in the ligands.
11

  

As a consequence, the fluorescence of the ligand is quenched since intersystem 

crossing becomes faster, with the final effect to enhance the Phosphorescence (P) 

process (
3
TŸ S0). Furthermore, the radiative lifetime of the triplet decreases and 

the phosphorescence quantum yield grows.
12-15   

Moreover, intra-ligand phosphorescence of several Gd(III) complexes appear also 

at room temperature
16-19

 revealing the importance for technological applications. 

As last step of the antenna effect, the triplet state can transfer its excitation energy 

to the excited level of the lanthanide ions, completing the ligand to metal energy 

transfer (LMET). 
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 The total luminescence (TL) 1.2.

In coordination compounds, the overall efficiency of the lanthanide luminescence 

is strictly related to the capability of the designed complex to absorb the photons 

and transfer the excitation energy to the lanthanide ion. This is quantitatively well 

expressed in the equation (1a and 1c). 

  ὄ ‐  z     ὩήȢρὥ 

    –z –z     ὩήȢρὦ 

  ὄ ‐  z –z –z     ὩήȢρὧ 

The external quantum yield or overall luminosity [ūext or Brightness (B, eq. 1a 

and 1c), i.e. number of emitted photons / number of incident photons], is due to 

the product of the molar absorption coefficient ὑ and the total quantum yield, ūtot 

(equation 1a) that in turn is equal to the intrinsic lanthanide quantum yield ūLn, 

multiplied by the efficiency of the intersystem crossing, ɖISC and by the efficiency 

of the energy transfer processes, ɖET (eq. 1b). 

The energy transfer process could takes places through two main mechanisms, 

which involve directly the excited states of the ligands and the excited 4f levels of 

the lanthanide ion.
7
 

One mechanism is called exchange energy transfer mechanism and requires the 

superimposition between the donor and the acceptor orbitals. The overlap between 

the emission spectrum of the donor (ligand) and the absorption spectrum of the 

acceptor (Ln
III

 ion) (spectral overlap) is also required, as in the case of dipole-

dipole interaction, which is the second quite common process on the basis of 

energy transfer. The efficiency of the exchange process is ruled by the ratio 1/e
r
, 

where r it is the distance lanthanide-antenna. For this reason, the mechanism is 

active in a very short range of lanthanide-antenna distances. 

ET process is due mainly to a dipole-dipole or dipole-multipole interactions, when 

involves a singlet excited state of the ligand (S1). 

On the contrary, when the T1 excited state is involved, the exchange interaction 

dominates the ET process. This is due to the electronic spin selection rules.
19
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The probability of the ET process via dipole-dipole interactions (Förster 

mechanism) is related to additional features such as: i) probability of d-d 

transitions of the donor and the acceptor and the refractive index of the medium. 

As the distance dependence is described by 1/r
6
, where r = distance lanthanide-

antenna, this interaction is efficient in a longer range of lanthanide-antenna 

distances.
21

 

According to the aforementioned spectral overlap, in order to have an efficient 

energy transfer from the triplet state to the lanthanide, the triplet state should be 

located at least 1500 cm
ī1

, but preferably 2000 to 3500 cm
ī1

 above the emitting 

level of the lanthanide ion.
7
 

In particular, the undesired thermal repopulation at room temperature of the T1 

can be avoided with an energy gap between T1 and the acceptor level of the 

lanthanide ion Ó 1850 cm
-1

.
22

 

In the case of too low energy difference between the triplet level and the excited 

lanthanide level, an undesirable back transfer (BT) can occur by drastically 

decreasing the energy transfer efficiency. On the other hand, if the energy of the 

triplet level is below the lowest emitting level of the lanthanide ion, the energy 

transfer will not take place at all. With this in mind, the lanthanide luminescence 

in coordination compounds is therefore highly sensitive to the energy position of 

the triplet level of the ligand.  

In the case of the most used lanthanide ions, the acceptor excited state is 20400 

cm
-1

 for the 
5
D4 of the Tb(III) ion and 17200 cm

-1
 for the 

5
D0 of the Eu(III) ion. 

For the aforementioned reasons, the energy for the triplet should be around 22250 

cm
-1

 for the optimal energy transfer to the 
5
D4 of the Tb(III) ion while at å19000 

cm
-1

 for the optimal energy transfer to 
5
D0 of the Eu(III) ion. 

One of the causes of the not-radiative transitions of the lanthanides is attributed to 

the presence in the environment of some vibrational modes characterized by high 

energy. These modes are capable to de-activate the excited states of lanthanide 

ions by means of the multiphonon relaxation (MRP) process. 
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The efficiency of the MRP process is dependent on the energy gap between the 

emitting level and the one just below of the lanthanide ion. MPR is important if 

the energy gap is bridged by less than four vibrational quanta (Figure 6). 

 

Figure 6. Radiative transitions of Eu(III) and non-radiative quenching through O-H and O-D bonds 

The 
5
D0 emitting state of europium is at 12000 cm

-1
 above the highest 

7
FJ level. 

This energy gap is covered by three O-H vibrational quanta (vibrational energy 

3600 cm
-1

). On the other hand, for the intrinsic nature of the bond O-D, the 

vibrational energy is lower, and in the case of the deuterium oxide the MPR is less 

efficient since five vibration quanta of O-D vibration (2200 cm
-1

) are necessary to 

fill the energy gap of europium. For this reason, water molecules are particularly 

effective in the non-radiative quenching of lanthanide excited states.  

The number of water molecules bound to the metal (q, hydration number) can be 

determined using Horrockôs equation (Equation 2-3).
23,24 

 

ή ὃᶻЎὑ ὄ  ὩήȢς 

Ўὑ ὑ ὑ
ρ

†

ρ
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where A and B are empirical constants, K is the reciprocal of 1/Ű, Ű is the observed 

lifetime in water and in deuterium oxide. 
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Usually, in biological applications, the metal ion is surrounded by several 

biomolecules and for this reason, in addition to O-H vibrations of water, other 

vibrations, such as N-H (3300 cm
-1

) and C-H (2900 cm
-1

), could significantly 

contribute to vibrational quenching of Ln(III) -centered emission.
24

 

The coordination numbers of lanthanide ions are usually above 6, and the most 

common are 7, 8 and 9
25 but they could reach also 12.

26
 

In aqueous solution, the coordination number is usually 9 for the early lanthanides 

(La-Sm) and 8 for the later ones (Dy-Lu), with intermediate lanthanides (Eu, Gd 

and Tb) showing either of both or mixtures in equilibrium. A recent study
27

 shows 

that n = 9 for all [Ln(H2O)n]
3+

 in aqueous solution, apart from Ln = Lu (n = 8).  

As previously mentioned, one of the peculiar properties of the lanthanides are the 

longer lifetimes respect to that one of the traditional fluorophore. The intensity of 

an emission transition is usually described in terms of the spontaneous emission 

probability (or Einsteinôs coefficient of spontaneous emission A). These values 

can be calculated for both MD and ED transitions trough the Judd-Ofelt theory.
28

 

The radiative lifetime of the emitting level (Jô) is characteristic of each lanthanide 

ion and it is represented by the following equation (4), where the sum Ɇ is overall 

lower-lying levels. 

†
ρ

В ὃ
  ὩήȢτ 

Unfortunately, the observed lifetimes are perturbed by several additional 

pathways of de-excitation of the emitting level Jô, such as MPR and ET processes. 

Űobs can be written as depicted in equation (5): 

†
В  В

  ὩήȢυ  

where W is the rate of the involved process. The relative importance of radiative 

and not-radiative transitions is usually expresses by the radiative quantum 

efficiency ɖ, also called intrinsic quantum yield ūLn (eq.6), i.e. number of emitted 

photons / number of absorbed photons by the lanthanide ion. 
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†
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In an ideal case where the contribution of WMPR and WET are equal to zero, the Űobs 

is equal to the Űr and the radiative quantum efficiency should be equal to 100%.  

According to the equation 1b is possible to correlate the ūtot with the ūLn for 

calculating the so-called sensitization efficiency (ɖsens) (eq. 7). 

– – –z
 

 
  ὩήȢχ 

In an ideal case, the efficiency terms of the intersystem crossing, ɖISC and by the 

energy transfer processes, ɖET are equal to 1 (usually they are <1) and the total 

quantum yield ūtot should be equal to the intrinsic quantum yield ūLn. 

One of the most common methods for determining the total quantum yield in 

solution involves the use of standards. In the literature, the common employed 

standards are quinine bisulfate, fluorescein, and Rhodamine 6G.
29

 

In order to get a reliable value of quantum yield it is necessary that the emission 

spectra are corrected. In the modern instrument this operation occurs 

automatically; this correction takes into account that the output of the xenon lamp 

is not uniform throughout the entire wavelength range and gratings change their 

efficiency. 

The equation for calculating the total quantum yield is reported in the following 

equation (8). 

 
ὃ Ὂz ὲz

ὃ Ὂz ὲz
 z  ὩήȢψ 

The term u is referred to the unknown sample, and the s term to the standard. A is 

the absorbance at the excitation wavelength, F is the integrated emission area 

across the band, and n is the index of refraction of the solvent. In particular nu is 

that one of the unknown sample and no is attributed to the standards solvent, both 

at the sodium D line and the temperature of the emission measurement. It is 

necessary to underline that for this measure, the values of the absorbance of 
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sample and standard must be similar and small (e.g. below 0.10). Furthermore, it 

should be more appropriate if the unknown sample and standard are in the same 

solvent. If this is not possible, a correction for the difference in refractive indices 

of the solvents must be done.
30 

Suitable standards for comparative determination of luminescence quantum yields 

in solution are reported in Table 2.  

 

 

Table 2. Fluorescence quantum yield references (ūf) in various emission range at 25° C. 29 

 

Alternatively, the fluorescence quantum yield can be measured directly by 

employing optical devices such as the integrating sphere (also called Ulbricht 

sphere). An integrating sphere is a spherical cavity with highly-reflective 

(diffusive) surfaces that allows spatial integration of incoming light flux. 

These materials show diffused reflectance distributed nearly according the 

Lambert law and the total value of reflectance is between 92 and 99 % for 

wavelengths from UV-B to near IR; it means that during each reflection a 

negligible percentage of light flux is lost.
31

 

 Circularly Polarized Luminescence (CPL)  1.3.

The circularly polarized luminescence spectroscopy was exploiting since 30 years 

ago. CPL is a chiroptical technique which is attracting a great interest due to its 

wide range of applications in technological and biomedical fields,
32-36 

essentially 
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by combining the sensitivity of the luminescence compounds with high brightness 

and the specificity of chiroptical response. 

The possibility to observe the influence of the metal-ion surroundings on the CPL 

and CD (Circularly Dichroism) spectra represent an additional mean to study the 

complexity of the interaction between the óchiral biological worldô and the 

lanthanide luminescent compounds as probes. 

The sophisticated and expensive instrumentations do not allow a routine use, for 

these reasons, the use of the CPL and CD spectra it is mainly performed by 

specialized research group. Furthermore, besides to the above mentioned reasons, 

some drawbacks like the presence of optical artefacts from various source, and 

electronic problems associated to weak difference signals make more challenging 

their use as common techniques. 

In order to understand the circularly polarized luminescence phenomenon, it is 

fundamental to discuss the basics of the light polarization. 

The unpolarized light is an electromagnetic wave constituted by an electric (E) 

and magnetic H field perpendicular each other and also perpendicular to the axis 

of propagation. Both fields are oscillating along different random direction.
37 

  

In the linearly polarized light, the electric field can be described as a vector which 

oscillates along one direction, perpendicular to the axis of propagation
38

 (Figure 

7). 

 

 

 

 

 

 

 

In a linearly polarized light the electric field is described by a vector that, 

according to the parallelogram rule, can be represented by the sum of other two 

vectors describing the electric fields of two circularly polarized radiations, one left 

and the other right-handed (Figure 8a).  

Figure 7. Schematic representation of a linearly polarized light.  
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When the light interacts with a chiral material, as well as our Ln-complexes based 

on the chiral 1,2-cyclohexanediamine, one of the two circularly polarized 

components (left or right-handed) is preferentially absorbed and thus the vector 

describing the electric field of that component undergoes change of the length. 

The resulting vectorial sum gives rise to a vector which is circularly polarized 

(Figure 8b).  This is the principle of the circular dichroism. The same principle 

applied to the emission of light allows us to understand the circularly polarized 

luminescence. 

 

Figure 8. a) Linearly polarized light. The electric vector is composed by the sum of two vectors left and right-

handed with the same length. b) Circularly polarized light. The electric vector is composed by the sum of two 

vectors left and right-handed with different length. 

When CPL light is emitted, one component of the CP light is preferentially 

emitted, giving rise to a different emission intensity of the two components (eq. 9) 

where IL and IR are respectively the left and right circularly polarized light. 

 ЎὍḳὍ Ὅ  ὩήȢω                             

The measurement of absolute emission intensity I require long time and 

procedures, for this reason the CPL spectra are expresses as depicted in equation 

(10): 
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  ὩήȢρπ       

where glum is dimensionless and it is known as luminescence dissymmetry factor. 

It is connected to the degree of the polarization of the incoming light.  

In the presence of chiral ligands, glum is different from zero; for the best of our 

knowledge the values for Europium (III) and Terbium (III) complexes are 

commonly included around 0.1 and 0.5, while for the traditional organic 

fluorophores the values are limited between 0.01 and 0.1.
39,40

 

In such cases, even though the ground-state distribution of a mixture of chiral 

molecules is racemic, it is possible to get the CPL signal if the excited state can be 

enriched in one of the enantiomers. This experiment was reported in the work of 

C.L Maupin and J.P Riehl.
41

 

Since the commercial instrumentation is poorly available, all the CPL 

measurements presented in my PhD thesis have been recorded with a homemade 

spectrofluoropolarimeter
42,43 

available at Pisa University, in the research group of 

the Prof. Di Bari. 

The basic configuration of device designed to get CPL is reported in Figure 9.  

A laser system or UV lamp coupled with an excitation monochromator or a 

combination of filters is employed as the excitation source. As already mentioned, 

some optical artefacts could interfere during the measurements, commonly the 

presence of linear polarization in the emission. With this in mind, the signal 

emission is collected at an angle of 90.0° from the direction of the excitation 

beam, in order to avoid the detection light from the excitation source. 

The luminescence from the chiral sample is first directed through a photoelastic 

polarization modulator (PEM), afterwards in a linear polarizer composed by 

focusing lenses or filters to prevent birefringence. The role of linear polarizer is to 

ensure that the detected light entering the monochromator is always polarized in 

the same direction, by preventing artefacts associated with the emission detection 

that it is polarization sensitive. 
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The PEM is made of an isotropic, clear optical material that generates an 

oscillating birefringence at a fixed frequency. This creates a periodic phase shift at 

a frequency, that it is capable to convert either right or left circularly polarized 

emitted light to linearly polarized light oriented at 45° to the PEM crystal axis. In 

this way, both PEM and linear polarizer permit the pass of alternately left then 

right circularly polarized light. 

Afterwards, the emission light is detected by a photomultiplier tube and the 

originating signal is sent into an amplifier-discriminator. 

 

 

Figure 9. Schematic diagram of an instrument designed to measure circularly polarized luminescence 
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 EXPERIMENTAL RESULTS- Effect of the 1.4.

counterion on Circularly Polarized Luminescence 

(CPL) of Eu(III) and Sm(III) complexes  

In this contribution, both enantiopure nitrate [LnL1(L2)2(H2O)]ĀNO3 and triflate 

[LnL1(L2)2(H2O)]ĀCF3SO3 Eu(III) complexes; with L1 = N,Nô-bis(2-

pyridylmethylidene)- 1,2-(R,R+S,S)-cyclohexanediamine,
44,45

 L2 = 2-

thenoyltrifluoroacetyl-acetonate (commercially available) and one chiral 

tetradentate Schiff base NNNN ligand (Figure 10) have been synthetized and 

characterized, by using also chiroptical technique such as Electronic Circular 

Dichroism (ECD) and CPL (Figure 17).   

With the aim to enlarge the repertory of Samarium complexes exhibiting CPL, a 

similar study has been performed on analogous Sm(III) complexes (Figure 13).  

The encapsulation of the water insoluble and chiral [Eu(L1)(L2)2(H2O)]ĀCF3SO3 

complex in PLGA nanoparticles entails a potential advantage, that is the use of 

CPL spectroscopy
46

 as a tool to investigate such biocompatible material.  

Since the chiral cyclohexandiamine has been employed in both enantiomeric 

forms, it has been possible to exploit the nanoparticles PLGA-Ln(III) -complexes 

based on L2 (= 2-thenoyltrifluoroacetyl-acetonate) even for CPL measurements. 

Even if the encapsulated complex has not shown CPL activity, further CPL 

studies on the single molecule revealed an good CPL activity and an unexpected 

role of the counterion (triflate or nitrate) and of the solvent (dichloromethane, 

acetonitrile and methanol).
47

 

In all cases, both ligands are capable to sensitize the luminescence of both metal 

ions upon absorption of light around 280 and 350 nm. Despite their similar Total 

Luminescence (TL) and ECD spectra, the CPL activity of the complexes is 

strongly influenced by a synergistic effect of the solvent and the counterion.  

For this contribution, a recent paper reported by Wada et al.
48

 has inspired our 

work. In this context they proved that the chiral geometric environment around 

Eu(III) and also its CPL signature can undergo a substantial change depending on 

the addition of further achiral molecules [acetone or triphenylphosphine oxide 

(tppo)] which coordinate the metal ion. It means that a simultaneous contribution 
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of chiral and achiral ligands can be taken into account when chiroptical activity 

such as CPL is concerned. In principle, this is quite unexpected, since usually only 

chiral molecules are capable to determine the chiroptical properties of a 

compound. 
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Figure 10. Molecular structure of the ligands and Ln-complexes under investigation in the present 

contribution. Ln = Sm and Eu; X = NO3 and CF3SO3; n = 0 or 1. Both enantiomers of the ligand have been 

employed. 

 

1.4.1. UV-visible Absorption and Electronic Circular Dichroism 

(ECD) 

Since the UV-visible electronic absorption spectra and ECD spectra of the triflate 

complexes [EuL1(L2)2(H2O)]CF3SO3 and [SmL1(L2)2(H2O)]CF3SO3) in 
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acetonitrile are perfectly superimposable, the effect of the employed metal ion 

(Sm or Eu) on this chiroptical property is completely negligible (Figure 11). 

 

Figure 11. UV-visible absorption (left) and ECD (right) spectra of [EuL1(L2)2(H2O)]ĀCF3SO3 (top) and 

[SmL1(L2)2(H2O)]ĀCF3SO3 (bottom) in acetonitrile. The spectra of the R,R enantiomers are reported in blue 

while the spectra of the S,S enantiomers are reported in red. Both UV-Vis and ECD spectra are normalized 

on the maximum absorbance value of the band centered at 350 nm. 

The absorption band around 350 nm can be attributed to the diketonate-centered 

singlet-singlet -́ *́ enolic transition
49

 whereas the absorption band peaking 

around 280 nm is due to the electronic transitions involving both the pyridine ring 

and the conjugated C=N group (i.e. -́ *́, n- *́  transitions) of the ligand L1.
46

 The 

sign of the ECD bands reflects the stereochemistry of the chiral ligand L1, which 

is also capable to favour a preferred sense of twist of the diketonates, as 

demonstrated by a dichroic signal around 350 nm, where only the absorption of tta 

takes place.  

Some slight differences either in the absorption and ECD spectra are detected 

upon changing the solvent from acetonitrile to methanol and by using nitrate 

instead of triflate as counteranion (Figure 12-14).  
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Figure 12. UV-visible Absorption (left) and ECD (right) spectra of [EuL1(L2)2(H2O)]ĀCF3SO3 (top) and 

[SmL1(L2)2(H2O)]ĀCF3SO3 in methanol.  

 

 

Figure 13. UV-visible Absorption (left) and ECD (right) spectra of [EuL1(L2)2(H2O)]ĀNO3  (top) and 

[SmL1(L2)2(H2O)]ĀNO3 (down) in acetonitrile (the complexes with R,R stereochemistry are chosen as 

representative).  






































































































































































































































































































































