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REE: definition and properties… according to AI

1

TERRE RARE
Sfide e opportunità per le tecnologie future

Sabato 14 Marzo 2026
Palazzo Marino - Sala Alessi – Piazza della Scala, 2 - Milano
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Definition
Rare earths are a group of 17 metallic
elements that are chemically similar
and extremely important for modern
technology.

Definition
Rare earth elements are a set of 17
metallic elements that include the
lanthanide series from Lanthanum to
Lutetium together with Scandium and
Yttrium, which have very similar
chemical properties.

General macroscopic characteristics
▪ Silvery-white metals, tarnish in air
▪ Medium-high density; increases with atomic number
▪ High melting points
▪ Strong magnetism for many; basis for super-magnets
▪ Good electrical and thermal conductors
▪ Usually found together in the same minerals
▪ Form stable, high-melting oxides; react with water and acids
▪ Bright distinctive colors

▪ General macroscopic characteristics
▪ Silvery metallic appearance
▪ Medium-high density
▪ High melting points
▪ Often paramagnetic or ferromagnetic
▪ Good metallic conductors
▪ Oxidize easily
▪ Similar chemical behavior
▪ Characteristic colors



Official definition
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Nomenclature of  Inorganic Compounds
IUPAC Recommendations 2005 (IR-3.5)
Red book

The following collective names for like elements are IUPAC-
approved: alkali metals (Li, Na, K, Rb, Cs, Fr), alkaline earth metals
(Be, Mg, Ca, Sr, Ba, Ra), pnictogens (N, P, As, Sb, Bi), chalcogens (O,
S, Se, Te, Po), halogens (F, Cl, Br, I, At), noble gases (He, Ne, Ar, Kr,
Xe, Rn), lanthanoids (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er,

Tm, Yb, Lu), rare earth metals (Sc, Y and the lanthanoids)
and actinoids (Ac, Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm, Md,
No, Lr).

“Lanthanoids (La to Lu) is preferred over lanthanide, and although lanthanoid means
‘like lanthanum’ and so should not include lanthanum, lanthanum has become
included by common usage, however.”
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«Sc, Y and the lanthanoids»
Sc Scandium Z = 21
Y Yttrium Z = 39
La Lanthanum Z = 57
Ce Cerium
Pr Praseodymium
Nd Neodymium
Pm Promethium
Sm Samarium
Eu Europium
Gd Gadolinium
Tb Terbium
Dy Dysprosium
Ho Holmium
Er Erbium
Tm Thulium
Yb Ytterbium
Lu Lutetium Z = 71

Rare earth metals or rare earth elements (REE)

17 elements
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REE and the EU Critical Raw Material Act

«Access to raw materials is essential for the Union economy and the functioning of the
internal market. There is a set of non-energy, non-agricultural raw materials that are
considered to be critical due to their high economic importance and their exposure to high
supply risk, often caused by a high concentration of supply from a few third countries. Given
the key role of many such critical raw materials in realising the green and digital transitions
and in light of their use for defence and aerospace applications demand is likely to increase
exponentially in the coming decades. At the same time, the risk of supply disruptions is
increasing against the background of rising geopolitical tensions and resource competition.
Furthermore, if not managed properly, increased demand for critical raw materials could lead
to negative environmental and social impacts.»
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34
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strategic raw materials
are relevant for:

▪ defence
▪ aerospace applications
▪ green and digital transition

17



Why «rare earths»?
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Name conied between the late 18th and the early 19th century, when these elements
were first discovered and isolated.

▪ 1789, Carl Axel Arrhenius, Ytterby Mine, Sweden
▪ Johan Gadolin, Finland



Why «rare earths»?
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earth = metallic oxide
▪ they are found in nature as

mixtures of oxides RE2O3

rare ≠ scarce in nature
▪ rarity of the minerals (uncommon and only in few locations)
▪ difficult to obtain in pure form and to separate

Gordon B. Haxel, Sara Boore, and Susan Mayfield from USGS Fact sheet 087-02 2002



Discovery
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▪ Challenging for Mendeleev’s theory(separated group? In d-block?)
▪ Positioned in f-block only after the development of Bohr’s atomic
model and Moseley’s x-ray spectroscopy studies

1894-1918

EuY Tb Er

1735-1843

Ce

Nonnaturally occurring, human-made in 1947

Pm

1923-1961

LuSc La Pr Nd HoDyGdSm YbTm

1843-1886



The periodic table

IUPAC Periodic Table, latest version 4th May 2022

10

TERRE RARE
Sfide e opportunità per le tecnologie future

Sabato 14 Marzo 2026
Palazzo Marino - Sala Alessi – Piazza della Scala, 2 - Milano

1

2

3

4

5

6

7

groups 1-18

p
e

ri
o

d
s

1
-7
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main group

d-block
transition metals
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inner transitions metals

s-block
main group



Location of REE within the periodic table
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first inner transition



From macro to micro level…
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Macroscopic level
Difficult separation and purification

Similar chemical properties

Microscopic level
▪ Ionic chemistry
▪ Mainly M3+ oxidation state
▪ Continuous and steady decrease in the

size of their atomic and ionic radii
(lanthanide contraction)

▪ Large coordination numbers (8 to 12)
▪ Large electropositivity
▪ Strong Lewis acidity

electronic configuration!



Electronic configuration of Sc, Y, La
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[Ar]3d14s2

[Kr]4d15s2

[Xe]5d16s2
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(n-1)d1ns2



And then?

14

TERRE RARE
Sfide e opportunità per le tecnologie future

Sabato 14 Marzo 2026
Palazzo Marino - Sala Alessi – Piazza della Scala, 2 - Milano

Ln Z Electronic 

configuration
La 57 [Xe]5d16s2

Ce 58 [Xe]4f1 5d16s2

Pr 59 [Xe]4f3 6s2

Nd 60 [Xe]4f4 6s2

Pm 61 [Xe]4f5 6s2

Sm 62 [Xe]4f6 6s2

Eu 63 [Xe]4f7 6s2

Gd 64 [Xe]4f7 5d16s2

Tb 65 [Xe]4f9 6s2

Dy 66 [Xe]4f10 6s2

Ho 67 [Xe]4f11 6s2

Er 68 [Xe]4f12 6s2

Tm 69 [Xe]4f13 6s2

Yb 70 [Xe]4f14 6s2

Lu 71 [Xe]4f14 5d16s2

n = 4  l = 3  ml = -3, -2, -1, 0, +1, +2, +3

7 shapes → 14 electrons
(Pauli’s Exclusion Principle)

Progressive filling of 4f orbitals
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Why 4f after 6s and 5d? The Aufbau Principle

Hydrogen-like atoms (1 e-)

orbital filling depends only on n
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Role of
shielding and penetration

energy

Multi-electron atoms

Orbital filling follows the increase
of n +l value
(same n+l value → lower n value)
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Shielding

valence
electron

core 
electron

attraction

attraction

repulsion

repulsion

repulsion

nucleus

Zeff = Z - S
nuclear

effective charge
nuclear
charge

shielding
constant



18

TERRE RARE
Sfide e opportunità per le tecnologie future

Sabato 14 Marzo 2026
Palazzo Marino - Sala Alessi – Piazza della Scala, 2 - Milano

Penetration

An electron in a more penetrating orbital
experiences a higher Zeff because it is
nearer to the nucleus, so less shielded

Penetration is the extent 
to which an electron’s 
probability density is found 
near the nucleus. Penetration 
describes the ability of an 
electron in a given subshell to 
penetrate within other shells 
and subshells to get close to 
the nucleus.

3s>3p>3d
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Periodic table and orbital filling

The position of an element in the periodic
table is directly determined by its electronic
configuration

s-block p-block

d-block

f-block



4f orbitals characteristics
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▪ very complex structure with multiple nodes
▪ highly diffused

J. Theor. Chem. Comput. 2023, 19, 82

▪ low penetrating
▪ highly shielded
▪ inner orbitals



Filling of 4f orbitals effects
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similar chemical properties

Ln Z Electronic 

configuration
La 57 [Xe]5d16s2

Ce 58 [Xe]4f1 5d16s2

Pr 59 [Xe]4f3 6s2

Nd 60 [Xe]4f4 6s2

Pm 61 [Xe]4f5 6s2

Sm 62 [Xe]4f6 6s2

Eu 63 [Xe]4f7 6s2

Gd 64 [Xe]4f7 5d16s2

Tb 65 [Xe]4f9 6s2

Dy 66 [Xe]4f10 6s2

Ho 67 [Xe]4f11 6s2

Er 68 [Xe]4f12 6s2

Tm 69 [Xe]4f13 6s2

Yb 70 [Xe]4f14 6s2

Lu 71 [Xe]4f14 5d16s2

La → Ce 1 e- is added in 4f orbital

4f electrons experience a high Zeff

then progressive filling of 4f orbitals

n = 4
4f are inner, not valence orbitals

(two energy levels below 6s)

4f electrons scarcely interact
with the environment



Filling of 4f orbitals effects
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scarce superimposition with other orbitals

ionic chemistry

not available for covalent bonding
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REE ions

exchange
energy!

Ce4+ : [Xe]f0

Eu2+ : [Xe]f7

REE Z Electronic 

configuration

of REE

Electronic 

configuration

of REE3+

Ln3+ 

radius

(Å)

E0

REE3+/RE

E

vs SHE 

(V)

Sc 21 [Ar]3d14s2 [Ar] 0.700 -2.07

Y 39 [Kr]4d15s2 [Kr] 0.900 -2.37

La 57 [Xe]5d16s2 [Xe] 1.061 -2.37

Ce 58 [Xe]4f15d16s2 [Xe]4f1 1.034 -2.34

Pr 59 [Xe]4f36s2 [Xe]4f2 1.013 -2.35

Nd 60 [Xe]4f46s2 [Xe]4f3 0.995 -2.32

Pm 61 [Xe]4f56s2 [Xe]4f4 0.979 -2.29

Sm 62 [Xe]4f66s2 [Xe]4f5 0.964 -2.30

Eu 63 [Xe]4f76s2 [Xe]4f6 0.950 -1.99

Gd 64 [Xe]4f75d16s2 [Xe]4f7 0.938 -2.29

Tb 65 [Xe]4f96s2 [Xe]4f8 0.923 -2.30

Dy 66 [Xe]4f106s2 [Xe]4f9 0.908 -2.29

Ho 67 [Xe]4f116s2 [Xe]4f10 0.894 -2.33

Er 68 [Xe]4f126s2 [Xe]4f11 0.881 -2.34

Tm 69 [Xe]4f136s2 [Xe]4f12 0.869 -2.31

Yb 70 [Xe]4f146s2 [Xe]4f13 0.858 -2.22

Lu 71 [Xe]4f145d16s2 [Xe]4f14 0.848 -2.30

REE are metals and typically form +3 ions (E0 <0) E0 Al = -1.66V
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Redox chemistry for separation of Ce and Eu

REE3+

NaBiO3

2Ce3+ + BiO3
− + 6H+           2Ce4+ + Bi3+ + 3H2​O

(H+ = H2SO4 o HNO3)

Ce4+ + KIO3 Ce(IO3)4

REE3+

Zn(Hg)

2Eu3+ + Zn(Hg)​       2Eu2+ + Zn2+ + Hg
(in HCl)

Eu2+ + SO4
2- EuSO4
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Another effect of 4f orbitals filling…

Sc

Y

Pr
Nd

Pr
Sm Eu Gd

Tb
Dy Ho

Er Tm
Yb

Ce
La

Lu

similar ionic radius
= 

similar properties

Ln3+ radius decreases at increasing Z

lanthanoid
contractionDue to the diffuse shape of f orbitals, the shielding of one f electron by 

another is poor. With increasing Z and nuclear charge, Zeff of 4f electrons

increases and there is a shrinkage in the (atom) or ion radii

intermediate behavior
between Al and Y
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Hf should be here

Hf is here

elements after lanthanides
are smaller than expected

4d and 5d elements show 
similar chemical properties!

Ti
Zr



Light and heavy REE
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Light Rare Earth
(LRE or Cerium group)

Heavy Rare Earth
(HRE or Yttrium group)
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Another effect of 4f orbitals filling…

d-transition metal  ions
Broad emissions
Range of colors

Dalton Trans 2026

Ln3+ ions
Sharp emissions

Well defined colors

Materials Today 2007, 10, 20
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Why?

4f are inner orbitals and 
scarcely interact with the environment
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From our labs…

Eu3+ complex

to practical use!



Another point of view
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EuChemS Periodic Table, latest edition 2.0 2023
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Conclusions

Copilot ChatGPT

Definition
Rare earths are a group of 17
metallic elements that are
chemically similar and
extremely important for
modern technology.

Definition
Rare earth elements are a set
of 17 metallic elements that
include the lanthanide series
from Lanthanum to Lutetium
together with Scandium and
Yttrium, which have very
similar chemical properties.

The very similar and peculiar chemical properties are all due to 
the filling of highly shielded, low penetrating, inner 4f orbitals
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https://sun-lab.unimi.it
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