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• Overview of f-elements
  properties, their fundamental
properties and their applications

Pre-requisites
 Coordination chemistry
     



Cours 1 (19/02 )  Definition, origins and  basic properties of 
   atoms and ions (Cotton Ch1-2) 
Cours  2  (26/02)  Electronic spectroscopy, and magnetism of 4 f ions. 

  MRI contrast agents (Cotton Ch 5)
Cours  3 (05/03)   TD1 
Cours 4 (12/03)  MRI/Luminescence of 4f ions and its applications 
Cours  5 (19/03)  TD 2/Luminescence 
Cours 6 (26/03)  Coordination chemistry of 4 f elements (Ch4)
Cours 7 (02/04)  Coordination chemistry of 4 f elements (Ch4) 
Cours 8 (09/04)  TD3
Cours 9 (16/04)  Basic properties , Spectroscopy, luminescence and 

  magnetism of 5f elements (Cotton Ch 12)
Cours 10 (30/04)  TD4
Cours 11  (07/05)  Coordination Chemistry of 5 f Element (CH11)-
Cours 12 (14/05)  TD5 
Cours 13 (21/05)  Organometallic chemistry (Cotton Ch 6 and 12)
Cour 14 (28/05)  Catalysis and small molecules activation(Ch8)/TD6

Schedule 2025

Changes in the specific program may occur 
during the year 



Recommended Reading and References

Basic:
Lanthanide and Actinide Chemistry – Simon Cotton (Wiley) 

The f-elements – Nikolas Kaltsoyannis and Peter Scott (OUP)

d- and f- block Chemistry – Chris Jones (RSC)
Advanced for those who want more:
The Lanthanides And Actinides: Synthesis, Reactivity, Properties And 
Applications (World Scientific)



Coordination Chemistry and Reactivity of f Elements

Cours  1  Definition, origins and  basic properties of 
atoms and ions 



Learning Outcomes

-Recognize the difference between f-orbitals and other orbitals
Can you remember what d orbitals look like?

-Relate the nature of f-orbitals to properties

-Identify electron configurations of Ln in their different oxidation states 

-Assign Ln oxidation states and relate their stability to ionization energies

-Identify conditions stabilizing divalent oxidation state

-Explain lanthanide contraction and its consequences

-Recall the main applications of lanthanides



Applications of Lanthanide Ions

Y2O3 :EuIII

Engine catalysts, pigments, catalysts in organic synthesis

First application of lanthanide fluorescence
Followed in 1970 by application of molecular
compounds as stains in biological assays

Responsive lanthanide complexes for 
imaging of key cell cycle regulators and 
inhibition of tumor cells

Lanthanide oxides used as chromophores
In fluorescent lights, LEDS, displays



Actinides applications 
Uranium and thorium nuclear energy production, U and Pu239 military applications
and plutonium thermoelectric generator 

Potential applications of U and Th 
Catalysis:
Uranium 
Has better performance than iron 
in nitrogen conversion to NH3   

Plutonium pellets
Used to power batteries 
of Apollo 13Voyager powered by Pu238

Byproduct of bomb-grade Pu239

production

In 2013 (2022) 36.4% 
in Switzerland
Thorium for next generation ??



La: 5d16s2

Lanthanides: 58-71 Ln 
Actinides:  90-103 An
Parent elements La and Ac often included in Ln and An
All f elements are metallic

Rare earths: Sc, Y, La + Ce-Lu
Discovery of rare earths
1794 (Y) – 1947 (Pm)

Discovery of actinides
1789 (U) – 1971 (Lr)
Naturally occurring: Th, Pa, U, Np, 244Pu (239Pu prepared in reactors from uranium)

4f145d16s2Definitions and discovery   

6d1 7s2 5f14 7s2 7p1

Ce: 4f¹ 5d¹ 6s²





History

Seabourg
(1951 Nobel)

from 238U with 1n
from 239Pu

decay of 235U

F
Livermorium

118 Oganesson



1794  J. Gadolin (1760-1852) studies the mineral and
  publishes a 19-page report in 1794 in the
  Proceedings of the Royal Swedish Academy of
  Sciences, concluding to the presence of a new
  “earth”, which he names yttrium. 

Subsequent work (using fractional precipitation and
crystallisation techniques ) revealed that yttrium contained the oxides of 
10  other elements. 

Definitions and discovery   

1803            W. Hisinger and J. J. Berzelius analyse this stone and
  find it contains an unknown “earth” they name ceria
  after the recently discovered planet Ceres. Their
  finding is published in 1804 in a 24-page report and
  confirmed by the German chemist Klaproth. It was shown 

 later to contain six elements.

 



Occurrence of 4f elements

Abundance in cosmos
relative to silicon:

        Si = 106

La-Lu

The elements are “rare”
but not rarer than many
others, such as Au, Pt,
Pd, Rh, for instance 

Cerium is the 26 most abundant element
Nd more than gold 
Thulium more than iodine



Abundance in earth’s crust
expressed in ppm  (g/ton)
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Natural abundance
Oddo-Harkins Rule :  Even atomic numbers more prevalent than odd atomic numbers



Cerium group (lighter elements)
   Bastnasite  Ln(CO3)F     65-70%

   Monazite  LnPO4       50-75%

   Cerite         (Ce,La)3MIIH3Si3O13     50-70%

Yttrium group (heavier elements)

    Xenotime     LnPO4        55-65%

    Gadolinite     Ln2M3Si2O10   35-50%

    Euxenite      Ln(Nb,Ta)TiO6xH2O  15-35%

Lanthanide containing minerals

Main ressources in China (50%) and Russia (25%) followed by USA (10%)



• Catalysts
- cracking of hydrocarbons
- conversion of exhaust gases, minimizes CO emission (diesel) CeO2

2 CeO2 +CO           Ce2O3  +CO2

2 Ce2O3 +O2           4 CeO2

•Metallurgy
 - Steel production (removal of O, S)
 - Nodular graphite
 - Hardener (e.g. in magnesium)

• Materials
 - High temperature superconducting ceramics
 - Electronic devices (capacitors, O2-sensors)
 - Magnets (Sm5Co, Nd5Fe)
 - Neutron moderators in nuclear reactors
 - Hydrogen storage with metal hydrides

Applications of 4f-elements

Reinforced
cast Al pistons

CeO2



•Medicine
 - Seasickness (Ce oxalate), thromboses (Nd oxalate)
 - Renal insufficiency (La2(CO3)3

.4H2O) 
 - X-ray intensifying screens

- NMR imaging
 - Cancer radio- and photo-therapy
 - Laser surgery (Nd YAG (Nd:Y3Al5O12) laser)
 - Luminescent immunoassays

• Science
 - Shift reagents, luminescent and magnetic probes
 - Catalysts for organic chemistry

• Optics and lighting
 - Polishing powders
 - Protection against sun (sunglasses)
 - Lasers, particularly Nd YAG
 - Amplifiers
 - Phosphors for displays (incl. electrolumin. displays)
 - Fluorescent lamps
•   

Applications of 4f-elements

Pigments
Ln sulfides

Er amplifier
for optical fibers



Applications of lanthanide luminescence 

UV

Eur. J. Inorg. Chem. 2017, 5058–5063



Applications of lanthanide complexes in security

UV





Biological relevance of lanthanides
In 2005 Arjan Pol a microbiologist
Fished from the volcanic crater in Naple
A bacterium that could not survive without lanthanides
Methylacidiphilum fumariolicum SolV
Microbiologists have now discovered many species that use a suite 
of specialized molecules to bind, transport, and employ these elements:
lanthanome

They could be used to identify lanthanide presence or to extract lanthanides
From ores

Lanmodulin can tightly bind three rare earth 
ions (turquoise; YIII shown here)



Pre-contrast 0.3mmol/Kg of CA

Gadolinium complexes are used in 40% of MRI 
exams  to enhance contrast .

Imaging of vascular
 systems 

Gd(III) Complexes as Magnetic Resonance Imaging (MRI) Contrast Agents

H
Gd O

H

Gd3+   S = 7/2

MRI imageX-Ray

Early detection of Breast Cancer

Gd increases the relaxation rate (1/T1) of water protons
The increase depends on the Gd concentration



Key Characteristics of the Lanthanides

Simon CottonV(III) complex



Key Characteristics of the Lanthanides

Simon Cotton

Multiple bonding requires orbital overlap

No access to backbonding interactions

Complex used in oleds
Handling in air results in replacement of the bipy by H2O molecules



Most Common Geometries in Transition Metals 

109.5
° M

90
°

Square planar

Tetrahedral
Octahedral

Linear and trigonal with bulky ligands
(d9 , d10 metals)

Geometry is well defined due to strong
Crystal field splitting



Most Common Geometries in Lanthanides for  
Coordination Numbers(NC) 8 and 9

Lanthanides generally are large ions therefore high coordination numbers are 
common with small ligands such as Cl - and polydentate ligands (up to 12)



d-ORBITALS



f-orbitals (several way to represent them) 

x(x2–3y2)

y(3x2–y2) z(x2–y2)xyz

xz2 yz2 z3

Electronic configuration



f-orbitals cubic set (for molecules in Td and Oh groups)

T2u

T1u

A2uxyz

x3 z3y3

z(x2-y2)y(z2-x2) x(z2-y2)



inner nature of
4f (Nd3+) and
5f (U3+) orbitals

f-orbitals radial extension

Actinides
•the 5f orbitals are also “inner orbitals”



• Sc, Y and La introduce the 3d, 4d and 5d transition series: nd1(n+1)s2    

 n=3 (Sc), 4 (Y) and 5 (La)

• The energy of the 4f orbitals decreases abruptly beyond La: -0.95 eV for La, -5 eV for 
Nd ! which leads to the filling of the 4f shell

Lanthanides
Electronic Configuration 

4f0



Ln0 4fN-1 5d1 6s2

 La, Ce, Gd, Lu 
 4fN 6s2
 Pr-Eu,Tb-Yb

LnII 4fN-1 5d1

MX
2

 La, Gd
 4fN
 Ce-Eu, Tb-Yb
 4fN-1 6s1Lu
 

LnIII 4fN-1 (no exception)

LnIV 4fN-2 (Ce, Pr, Tb )

            Nd and Dy in oxides 

Oxidation states of 4f elements

electronic configuration crossover 
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• The more stable oxidation state of Ln is +3

Y  (Z = 39)

Sc (Z = 21, E o
red = -2.08 V )

Oxidation states of 4f elements



Explanation:
Upon ionization, all of the valence orbitals (4f, 5d, 6s)
are stabilized, but to variable degrees.
4f orbitals are stabilized most and 6s least.
After removal of three electrons, the remaining are very
tightly bound 

Main reason: the fourth ionization energy is larger
   than the sum of the first three ones;
   this extra energy cannot, in most cases,
   be compensated by bond formation

The more stable oxidation state of Ln is +3
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Fourth ionization energy 



• Ce, Pr, and Tb may have +4 oxidation state

  E 0
red for  Ln4+(aq) + e- D  Ln3+(aq) in acidic solutions:

  +1.72  V for Ce4+, stable in water
  +3.20  V for Pr4+,  oxidises water
  +3.10  V for Tb4+, oxidises water

• Sm, Eu, and Yb have a relatively stable +2 state

  E 0
red for  Ln3+(aq) + e- D  Ln2+(aq) in acidic solutions:

  -0.35 V for Eu2+, stable in water
  -1.15 V for Yb2+, reduces water
  -1.56 V for Sm2+, reduces water

Oxidation states of 4f elements



OSi(OtBu)3 Stabilizes Ce4+ and Tb4+

Palumbo,	C.	T;	Zivkovic,	I;	Scopelliti,	R.;	Mazzanti,	M.	J.	Am.	Chem.	Soc.	2019,	141,	9827-9831

Tb(IV):	4f	7

-

No reaction

[N(C6H4Br)3][SbCl6]
0.67	V	vs	Fc/Fc+	in	MeCN

Ag+
0.04	V	vs	Fc/Fc+	in	MeCN

First isolated
Tb(IV) complex 



Ce Pr Pm Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1900

2000

2100

2200

2300

2400

2500

 

I 3
 / 

kJ
m

ol
-1

I3

LuII 4f145d1

YbII 4f14

GdII 4f75d1

EuII 4f7
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La Ce Pr NdSmEu Gd Tb Dy Ho Er TmYb
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E 0
re

d /
 V

Ln3+ + e-  D Ln2+ In water
In thf
Calculated

-0.83

Oxidation states of 4f elements



In the late 1990s three more lanthanide(II) complexes that incorporated
thulium, neodymium, and dysprosium were isolated. Some of the 
chemistry could be rationalized by the ions having stabilizing electron
configurations: Yb2+, Tm2+, Eu2+, and Sm2+ have filled, nearly filled, half-
filled, or nearly half-filled 4f orbitals. 

But in 2008, University of Sussex chemistry professor
Michael F. Lappert and colleagues isolated lanthanum(II) and cerium(II) 
complexes
(Angew. Chem. Int. Ed., 2008, 47, 1488 –1491
And finally in recent years, William Evans, and colleagues completed
the series, synthesizing first holmium(II) and erbium(II) (J. Am. Chem. 
Soc., 2012, 134 , 8420–8423) complexes, then praseodymium(II), 
gadolinium(II), terbium(II), and lutetium(II)

Divalent Lanthanides



Nitrogen activation by a Sm(II) Organometallic Complex

Evans, Jacs 1988 and 2001

No reaction for 
[Cp*2Sm(THF)]

1.088(12) Å 1.259(4) Å

Redox couple (SmII/SmIII) enhanced in Cp*2Sm vs.SmI2 àCp*2Sm
Undergoes highly unusual reaction:

Cp*2Sm must be 
handled under Ar

Sm
N

N
Sm

TMS TMS

TMS

TMS

Tm
N

N
TMS

TMS

TMS

TMSTm

SmII
N2 SmII

N

N
SmII



William Evans and cow;
J. Am. Chem. Soc., 2012, 134 (20), pp 8420–8423
Expanding Rare-Earth Oxidation State Chemistry
to Molecular Complexes of Holmium(II) and Erbium(II)

The first molecular complexes of holmium and erbium in the +2 oxidation state 
have been generated by reducing Cp′3Ln [Cp′ = C5H4SiMe3; Ln = Ho, Er  with
KC8 in the presence of 18-crown-6 in Et2O at −35 °C under argon. Purification 
and crystallization below −35 °C gave isomorphous [(18-crown-6)K][Cp′3Ln] 
[Ln = Ho, Er ]. 

Divalent lanthanides
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Ionic radii (Ln3+) : lanthanide contraction

Lewis acidity increases along the series due to the increased charge/size ratio

Use of Ln(III) as Lewis acid catalysts in organic chemistry
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Summary

-f metals behave very differently from d metals

-Electrostatic bonding prevails for all f elements , some covalency in actinides

-Very similar chemical properties along the series of 4f elements

-Ionic contraction along the series 

-Only one stable oxidation state (+3) for 4 f ions, +2 and +4 can be stabilized
 in specific conditions

-Many important applications in material science and medicine


