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Lantanide generico = Ln, 4f"5d16s?
Attinide generico = An, 5f"6d'7s?



In the last 5 years, the average American (and likely European) has relied on 80 elements
for quality of life.

General Electric uses 72 of the first 82 elements in its product line.
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Pharmaceuticals Household ltems
Pd, Rh, Os, Ir Rh, Pt
Refining
La, Pt
Hybrid/Electric Cars Alternative Energy
Nd, Tb, Dy, Pr Ru, Nd, Tb, Dy, Pr McGroarty, D. Wall Street Journal 1/31/13

Jaffe, R. 2011 APS-MRS Report



...ogni auto Toyota Prius contiene 4 kg di neodimio (Nd) in
supermagneti di una lega neodimio-ferro-boro (Nd,Fe, ,B).
Ogni turbina eolica contiene 400 kg di neodimio.

11 97% della richiesta mondiale di neodimio viene prodotto in
una miniera a Bayan Obo, nella Cina interna al confine con
la Mongolia...
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Il set cubico di orbitali f




Splitting In campo ottaedrico
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Table 22.2 Names, symbols, and selected properties of the lanthanoids

V4 Name Symbol  Configuration E° IV r(M3%)/pm* O.N.7
(m>")
57 Lanthanum La [Xe] —2.38 116 2(n), 3, 4
58  Cerium Ce [Xe]f* 934 14 2(n), 3, 4 Ce4+’ fO
59  Praseodymium  Pr Xelf —235 113 2(n), 3, 4
60  Neodymium Nd Xelf —232 " i1 2(n), 3
61  Promethium Pm Xelf* —-2.29 109 3
62  Samarium Sm Xelf —-2.30 108 2(n), 3
63  Europium Eu [Xel{6 -=1.99 107 2,3 Eu2+ f?
64  Gadolinium Gd Xelf’ 998 105 3 ’
65  Terbium Tb [Xelf® -231 104 3, 4
66  Dysprosium Dy Xelf -2.29 103 2(n), 3
67  Holmium Ho [Xe]f*© —2.33 102 3
68  Erbium Er Xe]f** —2.32 100 3
69  Thulium Tm [Xe]f*2 —2.3D 99 2(n), 3
70  Ytterbium Yb [Xe]f15 2. 99 2,3
71 Lutetium Lu [Xelf** —2.30 98 3

* lonic radii for coordination number 8 from R.D. Shannon, Acta Cryst., 1976, A32, 751.
1 Oxidation numbers in bold type indicate the most stable states; (n) indicates that the state is stable
only in nonaqueous conditions.




Metal

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

A,H°(Ln)/
kJmol !

431
423
356
328
348
207
177
398
389
290
301
317
232
152
428

IE, + IE, + IE;/
kJmol !

3455
3530
3631
3698
3741
3873
4036
3750
3792
3899
3924
3934
4045
4195
3886

ApyaH°(Ln* ",
g)/kImol !

—3278
—3326
—3373
—3403
—3427
—3449
—3501
—3517
—3559
—3567
—3613
—3637
—36064
—3724
—3722

\ 4

EoLn3+/Ln / \4

—2.38
—2.34
—2.35
-2.32
-2.30
-2.30
—1.99
—2.28
—2.28
—2.30
—2.33
—2.33
—2.32
-2.19
—2.28

EoLn”/Ln IV

-2.0
-2.1
-2.2
—2.68
—2.81

-2.2
-2.1
-2.0
-24
—2.76

"Values of Ahde°(M3+, g) are taken from: L.R. Morss (1976) Chem. Rev., vol. 76, p. 827.
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Terre Rare (rare earth metals, REM o RE) = 15
elementiLa—Lu (Z=57-71)+Sc(Z=21)+Y (Z=39)




Risorse mondiali e produzione
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Nel 2010: 114.000 tonnellate di REM
Ce, La, Nd, Y > 10.000 t/anno

Pr, Dy > 1000 t/anno

Gd, Sm, Eu, Tb > 100 t/anno



* bastnasite [Ce,La,Nd](CO,)F - |
+ monazite [Ce,La,Nd,Th(PO,) | " '®99°"
- xenotime [Y, Ln,Th](PO,) Ln pesanti

RE fluorocarbonates RE phosphates

o : _ ; :
(bastnasite) (monazite and xenotime) on adsorption clays

0.1-12 % REO content

0

Mining mineral ore containing RE

Beneficiation lOf rare earth mixtures

Extraction 1 Extraction 2 Extraction 3
RE chlorides RE nitrates RE oxides
RE fluorides

A4

Separation of RE mixtures into individual RE compounds

Individual RE chlorides, RE oxides, RE fluorides and RE nitrates

Reduction of individual RE compounds to individual RE metals

Individual RE metal 47-68 % REO content
v

Refinning of individual RE metals

l Pure RE 80-99.99 % REO content



Miniera di Bayan Obo
(4.1% di REO)
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Arricchimento chimico della basthasite

2RECO,F + 3H,S0, — RE,(SO,), + 2HF + 2H,CO,

H,SO, al 98%, 500 °C, arrostimento acido

4/3RE,(SO,), + 12H,0 + 2NaCl — RE,(SO,),-Na,SO,-12H,0| + 2/3RECI.

RE,(SO,),"Na,S0,12H,0 + 6NaOH — 2RE(OH),| + 4Na,SO, + 12H,0
RE(OH), + 3HCI — RECI, + 3H,0

1200 °C
3RECO,F + 3Cl, — REF, + 2RECI, + 3/20, + 3CO,

/Y

REF, + 3NaOH — RE(OH), + 3NaF



Arricchimento chimico di monazite e xenotime
(processo Rhone-Poulenc)

REPO, + 3NaOH — RE(OH),|+ Na,PO,
NaOH 60-70%, 140-150 °C

RE(OH), + 3HNO, — RE(NO,),"3H,0

Torio rimosso come ThO,, insolubile



Sequenza di eluizione da una colonna a scambio cationico
(fase stazionaria non selettiva, e.g. Dowex) dei complessi
dei lantanidi piu pesanti eluendo con una soluzione di

EDTA%

>

Lu®"

f\

Yb3*

Concentration of Ln3*

Tm3"

f\

Er3t

f\

Ho’"

f\

Dy3*

ﬂ

Tb3* Gd*t Eu’"

i

| |

UL

Volume of eluent

O
’)LONa
HO/\“”NWN/\"’ONE!
OY 0
ONa

HEDTA = acido N-idrossietil-
etilendiaminotriacetico



SX, Solvent eXtraction
Dy

fattore di separazione afj = P
B

v\j\/ acido di-2-etil-esilfosforico
N _o  (HDEHP o DEHPA) per RE
/\/jﬂ /™o come cloruri o solfati
@)
[RE3*]aqg + [6(HA)Jorg — [RE(A)s(HA);]org +3[H*]aq

O . .

I tri-n-butil fosfato (TBP) per RE
NN \50/\/\ come nitrati

N and

[RE(NO,),-3H,0]aq + 3[TBPJorg — [RE(NO,), TBP,]Jorg + 3H,0



CH,CH3
CH,CH,CH,CH,CHCH,0 {0

P
CHBCHZCHZCHZ?HCHZ/ N\ OH
CH,CH,

acido 2-etilesilfosfonico mono-2-etilesil estere
(EHEHPA o PC88A)



Unita mixer-settler

Mixer Settler

Agitator — —L—i -
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"Pumper-Mixer"

Schema di impianto SX

— Aqueous Phase

—p- Organic Phase

_ Heavy Rare Earth Recycle Heavy Rare Earth Unloaded Acidified Extractant
L‘gpll?:f?x;z ti:_anh Rare Earth Feed “Scrub” “Preg” (To Saponification)
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R — Extraction Scrub Strip

Unloaded Saponified Extractant

Stripping Acid



* bastnasite [Ce,La,Nd](CO,)F - |
+ monazite [Ce,La,Nd,Th(PO,) | " '®99°"
« xenotime [Y, In,Th](PO,) Ln pesanti

RE fluorocarbonates RE phosphates

o : _ ; :
(bastnasite) (monazite and xenotime) on adsorption clays

0.1-12 % REO content

0

Mining mineral ore containing RE

Beneficiation lOf rare earth mixtures

Extraction 1 Extraction 2 Extraction 3
RE chlorides RE nitrates RE oxides
RE fluorides

A4

Separation of RE mixtures into individual RE compounds

Individual RE chlorides, RE oxides, RE fluorides and RE nitrates

Reduction of individual RE compounds to individual RE metals

Individual RE metal 47-68 % REO content
v

Refinning of individual RE metals

l Pure RE 80-99.99 % REO content



Nd3+

Colourless
Colourless
Green
Lilac

Pink
Yellow
Pale pink
Colourless
Pale pink
Yellow
Yellow
Rose pink
Pale green
Colourless
Colourless

[Xelds"
[Xeldf!
[Xeld/*
[Xelds?
[Xelds*
[Xe4/>
[Xeldf
[Xeld/”
[Xeld/®
[Xeld/”
[Xelds"
[Xels"!
[Xelds"
[Xeldsr "
[Xelds ™

2.54
3.58
3.62
2.68
0.84

7.94
9.72
10.63
10.60
9.58
7.56
4.54

0

2.3-25
3.4-3.6
3.5-3.6
2.7
1.5-1.6
3.4-3.6
7.8-8.0
9.4-9.6
10.4-10.5
10.3-10.5
9.4-9.6
7.1-7.4
4.4-4.9

0
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Spettri di emissione di alcuni cationi del lantanidi

Yb Nd Er

- \ - - e %

] ]
450 480 510 540 570 GO0 630 BB0 g0 800 200 1000 1100 1200 1300 1400 1500 1600
A/nm




Sensibilizzazione (antenna excitation)

LI
light absorption (A) = ehid

[ ANTENNA emission (E)

energy transfer (EnT)



Sensibilizzazione (antenna excitation)

Excited
singlet

Ligand
fluorescence

" "N

Ln3+
excited

Excited states

triplet

4 W%W

S

Ligand
phosphorescence

;

kS

Il
H
J

Ground-
state
singlet

Lanthanide
fluorescence

Radiative
absorption

Radiative
emission
(fluorescence)

Nonradiative
emission



Phosphors a base di lantanidi per lampade
fluorescenti (Cold Cathode Fluorescent Lamp,
CCFL)




Cold Cathode Fluorescent Lamp (CCFL)

Ultraviolet{254 nm)

Phnsphnr ﬁ ‘D- /

"Dﬂ.c}{j
{l
3.0 07 .09 O
N\ NI NN
Ne + Ar Gas Hg Secondary  Electrode
| Supply Voltage Electron Cnllisiun- Samr;zd:'fgaE:““" Elﬂ{:mﬁgr”;:ji;”"
Ultraviolet Phosphaor Visible Light
Bmission [ Excitation | emission

phosphors a base di Y, La, Ce, Eu, Gd, Tb



Lanthanide-doped LED

White-emitting LED = core LED blu (GaN, A.,, = 450 — 470 nm)
ricoperto da uno strato di resina contenente un Ln phospor che

emette nel giallo (e.g. yttrium aluminium garnet, YAG, drogato
con cerio (YAG:Ce)).

Blu + giallo = bianco

Granato (garnet) = M;M',(XO,)5, (M/IM' = 2*/3*, X = Si, Al, Ga, Ge)

Granato di ittrio e alluminio (YAG) = Y;AlLO,,

La struttura del granato definisce dei siti ottacoordinati che
POSSONO venire occupati da ioni dei lantanidi (e.g. al posto di Y3)



Green-yellow
light

YAG:Ce¥*

phosphors

Lanthanide-doped LED

Blue+ Green-yellow— White light
<—Epoxy resin
_Color conversion
. layer
Blue light

GaN LED chips




Lanthanide-doped LED

(a) Di-
chromatic
white
source

(b) Tri-
chromatic
white
source

(¢) Tetra-
chromatic
white
source

Blue LED plus @
yellow phosphor /\
\_‘ A

Eus*
UV LED plus V
three phosphors

UV LED plus 7nS: CU Al

blue, cyan,
mmx

green, and
red phosphor




Lanthanide-doped, NIR-excited
upconverting nanoparticles

Blue Emission

 Energy
Transfer

NIR Excitation

Aexe =980 Nm Green Emission

Yb3* doped

Red Emission

Er3* doped



Laser Nd:YAG (yttrium aluminum garnet, Y;Al:O,,)

LASER = Light Amplification by Stimulated Emission of Radiation

Nd:YAG solid-state laser
Partially
reflective

Flashlamp (pump source) mirror

L |

Hi

gmﬂ“ [.aser

reflective it
mirror P

Nd: YACr crysial (laser medinm)

Optical resonator



Laser Nd:YAG (yttrium aluminum garnet, Y;Al:O,,)

granati: M;M',(XO,); X = Si, Al, Ga, Ge

Energy

[ Fast relaxation
Sp T i, 1064 nm

7/30—-760 e 790-820 nm  pump
Laser transition 532 nm

355 nm
Kripton flash Iamp/ by, 266 Nm

4 .
Ly ‘/Relaxatlon
Ground state

LASER a 4 livelli




p=g, U+ D} g

g;=1

L SE+D)- LIAD+JJ+D)
2J(J+1)

Metal ion

Nd3+

Yb3+

Colour

Colourless
Colourless
Green
Lilac

Pink
Yellow
Pale pink
Colourless
Pale pink
Yellow
Yellow
Rose pink
Pale green
Colourless
Colourless

Ground state
electronic
configuration

[Xeldf"
[Xel4/"
[Xeldf*
[Xeld/”
[Xeldf*
[Xeld/”
[Xeldf
[Xeld/”
[Xelds®
[Xeldf”
[XeJdf™
[Xelds"
[XeJdf "
[Xeldr "
[Xe4s™

Ground state
term symbol

Magnetic moment, p (298K) / ug

Calculated from Observed
equation 25.1

0 0

2.54 2.3-2.5
3.58 3.4-3.6
3.62 3.5-3.6
2.68 2.7

084 1.5-16
0 34-3.0
7.94 7.8-8.0
9.72 9.4-9.6
10.63 10.4-10.5
10.60 10.3-10.5
9.58 9.4-9.6
7.56 7.1-7.4
4.54 4.4-49

0 0




Supermagneti

SmCo; 0 Sm,Co4-










Temperatura di transizione fra isolante e
conduttore (T,,,) In Perovskiti del lantanidi
LNNIO,

r(Ln Bl 113
135 200 480



[Yb(acac)3;(OH,)]

Prisma trigonale cappato



H,0
OH,

[La(acac)3(OH,),]

Antiprisma quadrato



NMR shift reagents




Ln La3* Nd* Sm* Eu®* Gd* TH* Dy3* Ho3®* Er Tm3* Yo L™
H/uBcald. 0.00 2.54 3.58 3.68 0.85 0.00 7.94 9.72 10.63 10.60 9.59 757 453 0.00
x/10%2m?3 0.0 14 06 6.0 55.1 82.7 99.2 98.5 80.3 500 180 O
Ay ax/10%m® 0 1.7 02 <23 0 421 34.7 18.5 -11.6 219 83 0
Ayp/10%m* 0 04 -01 -1.6 0 1.2 20.3 5.8 -8.6 -20.1  -5.38 0

PRE

PCS

PRE = Paramagnetic Relaxation Enhancement

PCS = Pseudo-Contact Shift




——>» Amide protons

> X




rd
PPh;
/& /
Yb—”—P

t
X /

S
PPh;

[(Cp™),Yb(C,H,)Pt(PPh;),]

1987, primo complesso n?-alchene di un lantanide



Sm(n>-Cp*);



N

Sm(n*-Cp*)(n>-Cp*),
SM(n>-Cp*); <— Sm(n*-Cp*)(n>-Cp*),

—>



Metatesi di legame o

ﬂ 13CH, ﬂ

LU‘Me S I—U<13CH3 + CH4

H HaG™ === -H *CHj

Lu—CH;— > Lu-----CH;; —>  Lu *+ CH,



