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Rare-Earth & Lanthanides elements
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D Rare-Earths (RE)

Lanthanides (Ln)

D Lanthanoids

Ceric lanthanoids (Ce-Eu) = « big lanthanides »

Yttric lanthanoids (Gd-Lu) = « small lanthanides »
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Think about periodic table in 3D...! Sczgfggcgigggggg
Sc [Ar]4s23d1
Y [Kr]5s24d?
Pr-Yb [Xe]6s?4f" 3<n<14
Lu [Xe]6s24f145d?
Exception to Klechkowski‘s rule:
[ |
||l===i La [Xe]6s15d!  (close 4f and 5d)
|l=”=; Ce [Xe]6s24f15d? (close 4f and 5d)
- _ "lﬂgi!' Gd [Xe]6524f75d1 (half-filled)
A .'j’ 9
/ f ‘
/ Lt




nces Chimiques
w5 de Rennes

Rare-Earth elements are not...rare Sci

Rock-forming elements
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http://en.wikipedia.org/wiki/Abundance_of the chemical_elements
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| Rare-Earth elements are rare...in every mine |
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Ter s i ‘ Concentrés miniers (teneurs® en %) | Concentrés chimiques (teneurs® en %a)
i S e e Y
ppm) (Chine ) | (Bt2ts -Unis) ) =n &E}fuii ,j; fémem’
%;tal oxyde de 150 100 100 100
Lanthane  [Lay05 | 18 B0 | M0 | 23.88 | 5.11
|Cérium ceo, | 46 500 | 488 | 4755 | 501
Praséodyme  PrgOp | 55 62 | 42 | 5.16 | 813!
Neodyme  [Nd0s | 24 | 17 | 15 | 9 | 185 | 17 | 18.13 | 511
[Samarivm  [Smy03 65 25 05 0.9 038 079 244 15!
mﬁmopim Eu,0; 0.5 0.05 0.1 0.1 0.2 0.13 0.53 285!
(Gadolinium  |Gd203 6.4 15 03 0.2 0.7 0.21 1.09 451
Terbium Tb,07 0.9 0.04 0.01 0.07 0.1 0.09 5591
Dysprosium  Dy303 5 0,7 0,03 0,09 0.1 0.25 2501
Holmium  |HoyOs 12 0.05 0.01 0,03 0.03 822
[Erbivm E05 | 4 | 02 | 001 | 007 | | | 0.06 | 371
[Thulivm Tm0s | 04 | o001 | o002 | 007 | | | 0.01 | 2752

0,03

652

Y203 28 24 0.1 0.15 0.12 0.76 341
|Thorium ThO, 10 6.7 035 0,65 0,032
Ve 00 | 4 | o3 | <oos [ | | | |
[Scandivm  [s05 | 16 | | | | | | | 2 1502

Sources : "Minsral Info, *Panorama 2014 ERGM



Rare-Earth elements are rare...in every mine
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Element Upper | Middle Lower Total Composition Bulk composition
crust crust crust crust  of the Earth’s crust of the Earth
ppm

Sc 14 19 31 219 20 ppm 10.1 £+ 2 ppm

Y 21 20 16 19 315 ppm 244+ 02 ppm

Cu 28 26 26 27 68 ppm 647 £ 5 ppm

La 31 24 8 20 35 ppm 415 £ 10 ppb

Ce 63 53 20 43 68 ppm 1088 £ 20 ppb

Pr 71 5.8 24 4.9 9.5 ppm 165 £ 5 ppb

Nd 27 25 11 20 40 ppm 814 £+ 10 ppb

Sm 47 4.6 2.8 3.9 7.5 ppm 259 £+ 3 ppb

Dy 39 38 31 3.6 6.2 ppm 424 4+ 10 ppb

Tb 0.7 0.7 0.48 0.6 1.2 ppm 66.6 + 5 ppb

Lu 0.31 04 0.25 0.3 0.81 ppm 425 £+ 2 ppb

Pt 0.5 0.85 2.7 L5 0.004 ppm 1562 £ 40 ppb

Au 1.5 0.66 1.6 L3 0.0041 ppm 102 £ 20 ppb

Oxides
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Zepf, V., Rare Earth Elements; Springer-Verlag Berlin Heidelberg, 2013
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Rare-earth elements are key ingredients....
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REE functional usage
la C¢ Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc Y

satiey Aloys @ O OO OO OOO0O0O000C0O
S 1 10/0/0[00/0/0/010]0/01010.0,
Ceramics O . O O Q O O O .
Glass . O C)C O O C
rolshing () @) QQQOOQCOOQOQCQ
Magnets ( )( )
Metallurgy O Q Q O O C O O O O . .
Phosphors . O Q ' . . O OQ C> .
Others ‘ . ‘ .

la C¢ Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc Y

e . a
. Major use (qualitative) Minor use (qualitative) O No functionzl use Rare earths usage by application, in % (Curtis, 2010).
Application Lla Ce Pr Nd Sm Eu Gd Tb Dy Y Other
Magnets 234 694 2 025
Battery alloys 50 334 33 10 33
Metallurgy 26 52 5.5 16.5
Auto catalysts 5 90 2 3
FCC 90 10
Polishing powders 31.5 65 3.5
Glass additives 24 66 1 3 2 4
Phosphors 8.5 11 49 18 46 69.2
Ceramics 17 12 6 12 53
Others 19 39 4 15 2 1 19
? The percentages are estimated average consumption distribution by applica-
tion; the actual distribution varies from manufacturer to manufacturer.
Zepf, V., Rare Earth Elements; Springer-Verlag Berlin Heidelberg, 2013 8
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Rare-earth elements are key ingredients....

(Typical dysprosium content in NdFeB magnety for different applications
(Constantinides, 2011).

Application Typical Dy content (%)?
Hybrid and electric cars 8.7
Generators 6.4
Wave guides: TWT, undulators, wigglers 6.4
Electric bikes 4.1
Electric storage systems 4.1
Magnetic brakes 4.1
Magnetically levitated transportation 4.1
Motors, industrial, cars, etc. 4.1
Pipe inspection systems 4.1
Relays and switches 4.1
Reprographics 4.1
Torque coupled drives 4.1
Wind turbines 4.1
Gauges 2.8
Hysteresis clutch 2.8
Magnetic separators 2.8
Magnetic refrigerators 1.4
MRI scanners 1.4
Sensors 1.4
HDDs, CDs, DVDs 0.0
Transducers and loudspeakers 0.0
Toys and gadgets 0.0

2 % of Dy compared to the other rare earths.
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| Rare-Earth elements cycle

A Geography of the REE - a first idealistic approach based on selected data and applications using Nd based magnets
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Rare-Earth elements (re)cycle ‘
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(high)

& Lithium  gyropium [ Critical

o Tellurium  Yttrium Terbium
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o Indium

c
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=
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Q.

£

1 (low) 2 3 4 (high)
Supply risk
Recycling potentials for REE from magnets, nickel-metal-hydride barreries and phosphors.

REE application Estimated REE Estimated average Estimated REE Pessimistic Optimistic

stocks in 2020 (tons) liferime (years) old scrap im 2020 (tons) scenario: recycled scenario: recycled

REE in 2020 (tons) REE in 2020 (tons)

Magnets 300,000 15 20,000 3300 6600
Lamp Phosphors 25,000 6 4167 1333 2333
Mickel -metal-hydride batteries 50,000 10 5000 1000 1750
Total 375,000 29167 5633 10,683

Binnemans, K.; Journal of Cleaner Production 2013, 51, 1-22.
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The chemists periodic table | o

THE PERIODIC TABLE OF OXIDATION STATES

m e m
Known oxidation state # . S !LOCKELEMENTS
i ot s

@ PBLOCK ELEMENTS

w Ton each sl coneaia 0 B lecirons
Common axidation state
@ D BLOCK ELEMENTS

‘each d sub-shell contains up 10 10 electrons

Oxidation o the @ FBLOCK ELEMENTS
Mg Al Si
VAGHESIN llu-w illnll PHISPHORISS

24305 30574

\ﬂ - . w " . . ¢ 4 ’\ "
sc® Ui ".,\Lbu:.:..r.b p Fe "CDNE Ga Bl ce ¥ As

ey s e

"Nbbmm? RD th d?’ﬂg% cd ’u..q\m sh

E89-103
nwmmml )

Rg

™ seampn =i s s
el o (2661221 S e

6 - ’\ ’\
on HCR® T2 Po W1 B0 Ko GRTR) E O JNCenRTAR R
whas? 83841 86.207 ¥ : 196367 q i ) :mmi
‘ II!!‘I ! Lv

T
7567

-]
fﬁ

Gzt

© COMPOUND INTEREST 2015 - WWW.COMPOUNDCHEM.COM | Twitter: @compoundchem | Facebook: www.facebook.com/compoundchem @@@@
This graphic is shared under a Creative Commons Attribution-NonCommercial-NoDerivatives licence. s

12
Indo - French School, Bangalore, 2018, K. BERNOT



nces Chimiques
""“%';';2 de Rennes

| The chemists periodic table ! ‘ Sci

L:’a\ Ce§ ““““““““ % Nd% Pm% Sm% Eu% N W Dy% Ho% Er% Tm% vb% Lzﬁ @

llllllllllllllllllllll

For trivalent lanthanides ions : [Xe] 4
n=0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

> =.—‘—'1 -
o Ln ir Iy I3 *Ef:a—n *Efg—z , N
1850 3455 2379 -3 T lld L' AT A
- 1949 3523 -2.336  -2.92(8) w . .
_ 2086 3627 <2353 -2.84(6) o ! _ Q 1 A
- 2130 3694 -2.323  -2.62(5) .
2150 3738 =230 -2.44(5)
- 2260 3871 -2304  —1.50(1) Most stable oxidation state is +llI

2404 4035 =1.991 =0.34(1)
1990 3750 -2.279 =2.85(7)
2114 3790 -228 =2.83(7)
3898 2295 —=2.56(5)
2204 3924 -233 =2.7%6)
2194 3934 2331 —=2.87(8)
2285 4045 =2.319 =2.22(5)
2415 4194 -2.19 =1.18(1)

2033 IR06 -22R n.a. *’

1980 3777 =2372 na

ek ek ek b ek ek b b ek ek b e ek ek e b
' '

~LX7 TIPS OPPTZTOE
SR-RRRREEPEEEERE
3
=
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| Rare-Earth main properties | SN0 e Remnes
Table 1. Selected properties of lanthanides, yttrium, and their tnvalent ions.
Ln % L L Eh,  Ey, AH) logn pH (n®) n(9) r(1D)
La 1.10 1850 3455 -2.379 =3.1 =3326  -9.01 747 103 122 136
Ce 1.12 1949 3523 =2.336 =2.92(8) =3380 ~106 7.10 101 120 134
Pr 1.13 2086 3627  =2.353 =2.84(6) =3421 —=8.55 696 | 99 118 132
Nd .14 2130 3694  =2.323 =2.62(5) =3454  —R.43 6.78 | 98 116 130
Pm 1.13 2150 3738 =230 =2.44(5) =3482 na n.a. 97 114 128
Sm 1.17 2260 3871 =2.304 =1.50(1) =3512 =834 6.65 | 96 113 127
Eu 1.2 2404 4035 =1.991 =0.34(1) =3538 =831 661 95 112 125
Gd 1.20 1990 3750 -2.279 =2.85(7) =3567  —8.35 6.58 | 94 111 124
Tb 1.1 2114 3790 -228 =2.83(7) =3600  —B.16 647 | 92 110 123
Dry 1.22 2200 3898 —=2.295 =2.56(5) =3634 =810 624 | 91 108 122
Ho .23 2204 3924 =233 =2.79(6) =3663 =804 6.20 | 90 107 121
Er 1.24 2194 3934  -2.33] ~2.87(8) -3692 =799 6.14 | 89 106 119
Tm 1.25 2285 4045 =2.319 —=2.22(5) =3717 =7.95 598 | 88 105 118
Yb 1.1 2415 4194 -2.19 =1.18(1) =3740 =792 587 | &7 104 117
Lu 1.27 2033 3896 —228 n.a. =3759 =790 574 | B6 103 116
Y 1.22 1980 3777 -2.372 n.a. =3640  —B.36 n.a.

\ 90 108 1.a. /

Notes: Key: yp = Pauling’ iel-ectmnegawny Ig—ﬂurd I0NiZAtion energy {mundedm] h:J mol ") [8]; 1, 3 = sum of the first three joni-
zation energies (rounded to 1 kJ mol ') [8]; E°
Ln™/Ln™ in V [13], value for La is mlculated .-E.H‘“ = standard hydmih:m enthalpies in kImol ™' calculated by wempempmml
methods (Bom-Haber cycles) [14]; *,, = [(LnOHY"" ][H ].f[L.ti3 ] ionic strength = 0.3 M [15]; pH = pH at which hg-'dmw.n:le precipi-
tation starts in Ln(NO;); solutions 0.1 M in water [16]; #4# ) = ionic radii for coordination numbers #n= 6,9, and 12 in pm [17].

J.-C. G. Biinzli J. Coord. Chem. 2014, 67.

Indo — French School, Bangalore, 2018, K. BERNOT

= standard redox potential Ln™*/Ln" in V at pH 0 [12); E°3 o= redox potential
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lonic radii and coordination numbers Sci

11000
1.3
12 w0 _(___:N =8
= 1000 < | eON=B e
= B ~—
- = 'l--__.____.__'_‘—i.—___‘_ g '_'i--___‘_.__*-
:E E + CN=7 __-'"'-l-___.____"““l-—__‘__ __-""'"—1____.
= E 14 e ""---__.____ _h"”——-n.-___‘___
o E —_.._____*_ --___.____. —n-____‘
E - CM =6 T .
0.9 M‘H h
00.0 |- T
0.8
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Lanthanide
When C.N. is increased - increase of r,
E[jﬂ 1 i i i i 1 1

57 5 a6l 63 65 67 69 71
Atomic number

The relationship between ionic radius and atomic number of lanthanide ions

* Trend on the series,
* Decrease of r, by 0.2 A from La to Lu=> lanthanide contraction

* “gadolinium break”
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| Hydratation enthalpies |

Ln AH}

La -3326
Ce —3380
Pr -3421
Nd —3454
Pm —3482
Sm —3512
Eu -3538
Gd —3567
Th =3600
Dry -3634
Ho —3663
Er -3692
Tm =3717
Yb -3740
Lu -3750
b'd =3640

Institu tdes

Sci ﬂes Chlmlques
de Rennes
3800 - i } s
. kKJ-mol -
3700 - =
3600 - n 2t
.j‘ [Ln(HZO)X]
3500 - _,»'
o Ca' : -1585 kJ-mol™
3400 - -
3300 . r)y" /A" (CN=09)
0.80 085 090 095  1.00

Very large hydratation enthalpies (most of Ln salts are hygroscopic)

Trend along the series

Ligands have to substitute water molecules

Ln"!' ions have hard Lewis character > hard bases for ligands such as carboxylates, etc...
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| Electronegativity ‘ Sci

e

Table 1. Selected properties of lanthanides, yttrium, and their tnvalent ions.
 —
n % |£h L By, EN, AH,  log'fu  pH  n(6) (9 r(
La 1.10 1850 3455 -2.379 =3.1 =3326  -9.01 747 103 122 136
Ce 1.12 1949 3523 =2.336 =2.92(8) =3380 ~106 7.10 101 120 134
Pr 1.13 2086 3627  —2.353 =2.84(6) =3421 —=8.55 696 99 118 132
Nd .14 | 2130 3694  =2.323 =2.62(5) =3454  —R.43 6.78 98 116 130
Pm 1.13 2150 3738 =230 =2.44(5) =3482 na n.a. 97 114 128
Sm 1.17 | 2260 3871 =2.304 =1.50(1) =3512 =834 665 96 113 127
Eu 1.2 2404 4035 =1.991 =0.34(1) =3538 =831 661 95 112 125
Gd 1.20 1990 3750 -2.279 =2.85(7) =3567  —8.35 6.58 94 111 124
Tb 1.1 2114 3790 -228 =2.83(7) =3600  —B.16 647 92 110 123
Dry 1.22 | 2200 3898  =2.295 =2.56(5) =3634 =810 624 91 108 122
Ho 1.23 2204 3924 =233 =2.79(6) =3663 =804 6.20 90 107 121
Er 1.24 | 2194 3934  -2.33]1 ~2.87(8) -3692 =799 6.14 B9 106 119
Tm 1.25 2285 4045 =2.319 —=2.22(5) =3717 =7.95 598 B8 105 118
Yb 1.1 2415 4194 -2.19 =1.18(1) =3740 =792 587 &7 104 117
Lu 1.27 | 2033 3896 —228 n.a. =3759 =790 574  B6 103 116
Y 1.22 1980 3777 -2.372 n.a. =3640  —B.36 n.a. 90 108 n.a.
—

Notes: Key: yp = Pauling’s electronegativity; /s = third ionization energy (rounded to 1 kJ mol ") [8]); J,_3 = sum of the first three joni-
zation energies (rounded to 1 kJ mol ') [8]; EY, , = standard redox potential Ln"*/Ln" in V at pH 0 [12]; £7, .= redox potential
Ln™/Ln™ in V [13], value for La is calculated; AH? = standard hydration enthalpies in kJmol ' calculated by semi-empirical
methods (Bom-Haber cycles) [14]; #8,, = [(LnOHY J[HJ[Ln™ ), ionic strength = 0.3 M [15]; pH = pH at which hydroxide precipi-
tation starts in Ln(NO;); solutions 0.1 M in water [16]; #4# ) = ionic radii for coordination numbers #n= 6,9, and 12 in pm [17].

J.-C. G. Biinzli J. Coord. Chem. 2014, 67. 17
Indo — French School, Bangalore, 2018, K. BERNOT
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| Electronegativity ‘ Sci

Similar electronegativities = difficult separation of each RE in RE ore.

18
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| Electronegativity ‘ Sci

—

Stability toward hydroxides (Ln(OH),’, Ln(OH), ) and oxo-hydroxides is different

Table 1. Selected properties of lanthanides, yttrium, and their tnvalent 1ons.

§.=
ln % L ha  Es, Eh, AHy  log'Bu|| pPH | n(6) r(9  n(12)
La 1.10 1850 3455 =2.379 =3.1 =3326 =9.01 747 103 122 136
Ce 1.12 1949 3523 =2.336 =2.92(8) =3380 =10.6 7.10 101 120 134
Pr 1.13 2086 3627 ~2.353 =2.84(6) -3421 —8.55 696 | 99 118 132
Nd 1.14 2130 3694 -2.323 =2.62(5) =3454 —8.43 6.78 98 116 130
Pm 1.13 2150 3738 =230 =2.44(35) =3482 n.a. n.a. 97 114 128
Sm 1.17 2260 3871 =2.304 =1.500 1) -3512 —8.34 6.65 96 113 127
Eu 1.2 2404 4035 =1.991 =0.34(1) —3538 -8.31 661 95 112 125
Gd 1.20 1990 3750 =2.279 =2.85(7) =3567 —8.35 b.58 | 94 111 124
Th 1.1 2114 3790 -228 =2.83(7) =3600 =B.16 647 | 92 110 123
Dy 1.22 2200 JRO8 —2.295 =2.56(5) ~3634 ~8.10 624 | 91 108 122
Ho 1.23 2204 3924 ~233 =2.79(6) =3663 —8.04 6.20 o0 107 121
Er 1.24 2194 3934 =2.331 =2.87(8) =3692 =7.99 6h.14 89 106 119
Tm 1.25 2285 4045 -2.319 =2.22(5) -3717 ~7.95 598 88 105 118
Yb 1.1 2415 4194 -2.19 =1.18(1) =3740 =7.92 587 87 104 117
Lu 1.27 2033 3896 =228 n.a. =3759 =7.90 574 86 103 116
Y 1.22 1980 3777 -2.372 n.a. =3640 ~8.36 n.a. 90 108 n.a.
ﬁ-—

Notes: Key: yp = Pauling’s electronegativity; /5 = third ionization energy (rounded to 1 kJ mol ") [8]; /, 3 = sum of the first three joni-
zation energies (rounded to 1 kJ mol h [&]: bfj g = standard redox potential Ln"*/Ln" in V at pH 0[12]; bﬂj .= redox potential
Ln™/Ln" in V [13], value for La is calculated; AH] = standard hydration enthalpies in kJmol™' calculated by semi-empirical
methods (Bom-Haber cycles) [14]; *£;, = [(LnOHY J[H)J[Ln™), ionic strength = 0.3 M [15]; pH = pH at which hydroxide precipi-
tation starts in Ln(NO;); solutions 0.1 M in water [16]; r4r} = ionic radii for coordination numbers 1= 6,9, and 12 in pm [17].

J.-C. G. Blinzli J. Coord. Chem. 2014, 67. 19
Indo — French School, Bangalore, 2018, K. BERNOT
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| Coordination numbers ‘ Sc

Main CN are 8 and 9

MNumber of structures

n{e ®
3 4 5 6 7 8 9 10 11 12
Coordination number

Figure 1. Distribution of coordination numbers among rare earth complexes
from 1389 crystal structures published between 1935 and 1995 191

CN=8 I' CN=12

[Gd(catecholate),]*> [La(NO3)q]*

20
Indo - French School, Bangalore, 2018, K. BERNOT

[Nd(N(SiMe;),);]



nces Chimiques
w5 de Rennes

‘ Coordination polyhedra for CN=8 ‘ Sci

i Ideal shape Abbreviation Svmmetry
opP cu SAPR

octagon or Dy
cube Cu ),
triakis-tetrabedron T T,

square antiprism SAPR £y
-~ T snub disphenoid J-5I» Ty

triangular dodecahedron D Y

gvrobifastigiam J-GBF LY

sSD DD GBF BTP biaugmented trigonal prism J-BTP C,,
s-BTI i,

l]\ elongated trigonal bipyramud JETEP 0y,

= ‘ s-ETBP D,
Q heptagonal pyvramd Hry £y

: | hexagonal bipyvramid HBEMY 1

ETBP HPY HBPY
See also SHAPE program from Univ Barcelona
S. Alvarez, P. Alemany, M. Llunel
D. Casanova et al., Chem. Eur. J. 2005, 11 21
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| Stability |

082 084 08 088 09 092 094 09 098

25-:
20-:

15 -

W'g

v ¥
v
v
A AAA
La Ce Pr Nd

vyvyvyvYYYYY v v

rS
A A
A“A
A A A

Acetate @ Malonate
4 edta v dtpa

SmEu Gd Tb Dy HoErTm Yb Lu

115

110

082 084 086 088 090 092 094 096 098

1r, 1 A7

/' UMRCNRS
6226

edta

Malonic acid

Acetic acid

Stability constants for the formation of 1:1 complexes in water at 298 K vs. reciprocal ionic radii for

coordination number 9.

* Polydentate ligands vs monodetate ligands:

dtpa complexes are 20 orders of magnitude more stable than acetates
-> Entropic stabilization

J.-C. G. Blinzli J. Coord. Chem. 2014, 67

Indo — French School, Bangalore, 2018, K. BERNOT
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Macrocyclic Lanthanide Chemistry Sc

15-crown-5 d=1.7-2.2 A

18-crown-6 d=2.6-3.2 A g " gumm®™H™ N
/ \ / 14—- vyv Yy v v
[ o oY f/-\N (\”/\ ] ® 18C6
0 H> 0 o /> _12] M
S LA P g e
kjo © \\./N N — ]
15-crown-5 br;:w:a) @1 k:z 2}\) g * & * PN o
15C5 18C6 \ / | R ° ° # . # 3
g

La Pr Sm Eu Tb Dy Er Tm Yb Lu

Figure 4. Stability constants of 1:1 coronates in propylene carbonate at 298 K and g = 0.1 M EtyNCIO4; drawn
from data reported in Refl [41].

* Variation in cavity dimension (1.7 to 3.2 A) do not change stability that much
(no « lock-and-key » discrimination as with alcaline or 3d ions)

e Variation in the coordinating atoms affords tremendous changes in stability:
-=> Enthalpic stabilization

23
J.-C. G. Bunzli J. Coord. Chem. 2014, 67 Indo — French School, Bangalore, 2018, K. BERNOT



Macrocyclic Lanthanide Chemistry ‘

i in;ti.t;at ¢_ies
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L 0N
[0 Oj Ec:: 0j
o "

-

Me

H N H
v
u] vevy v
1 & 18C6
~ 12 m (2.2)
<] @ 15C5
g 10 v (2.1)
MR O
8 - * &
[+ @ (s ] * 4 * # ‘
5] @
La Pr Sm Eu Tb Dy Er Tm Yb Lu

J.-C. G. Blinzli J. Coord. Chem. 2014, 67

Q\ld(NO3)z(18C6)]+ [EU(N03)2(2,2)]y [La(NO3),(18P6)]*

~

[Gd(dota)(H,0)J-

24
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From Magnetochemistry to Molecular Magnetism :
The role of lanthanide ions
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Sci

The EETE

| I
0,0 | 6 A e -
- g °
235 | & \ N —
O\N""‘N’O (-.) E 4 - % : _ﬁ/ .\ —NOy _
H,C™E i (1] & = i
HoG CH * g— i i §o & |
| S « 8 y-phase
® D2 %%h .
-
I o
ot ! e
060000 @
0 [T I S BN I

B el P Temperature, T/K

Bohr magneton per A?

NIT-PhNO, > First organic magnet T_=0.6 K
Takahashi, M. et al. Phys. Rev. Lett. 1991, 67, 746-748

1931. B 2501 .
T Berichte der Deutschen Chemischen Gesellschaft. R
1931, Nr. 10, — Abteilung B {Abbandiengen) — 11. November.

421. L. Cambi und L. Szeg8: Uber die magnetische ss{(~)
der

[Aus 4. Istituto di Chimica Indostrisle d. Universitit Mailand]
(Eingegangen am 18, Juli 1931.)

v‘v“\' N
/1 IR
\ Fe'' Tris(dithiocarbamate) de Fe''” 4
o-

On the Theory of Spin-Lattice Relaxation agnet i
in Paramagnetic Salts chemistr > S_pln Cross Over

f Y Cambi, L. et al., Ber. Dtsch. Chem. Ges. 1931, 64, 2591
By R. ORBACH Stahl K. et al., Acta Chem. Scand. 1983, A37, 729.
Clarendon Laboratory, Oxford

MS. veceived 4th November 1960 /

Trivalent rare-earth ions
- Magnetic relaxation theory

Orbach, R. Proc. R. Soc. London, Ser. A 1961, 264, 458-484.

J

7

J

Copper acetate - Magnetic exchange
Guha, B.C. Proc. Roy. Soc (London) 1951, 206, 353.
Carlin, R. J. Magnetochemistry; Springer: Berlin, 1986 Bleaney, B. et al, Proc. Roy. Soc (London) 1952, 214, 451 26
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| I
O\N/O | 6 L] T o I I -
- |8 2
>3 | 5 0= \_N —
O\N""‘N”O | :.(-..-; E 4 - % 'ﬁ/ \ —NOa _
4 @ ¢
Paie e g— i | §g k ]
| S « 8 y-phase
= 3.l |
T =
© tt1.%'E‘R'-UL’LY_U::]:Dc>o<:,ocxnooclUUO000
D el by vy PRI BRI I M
E 3 0 1 2 4 5 6 7
P2 ommognetonper i Temperature, T/K

NIT-PhNO, > First organic magnet T_=0.6 K

Takahashi, M. et al. Phys. Rev. Lett. 1991, 67, 746-748

93 B 2501
T Berichte der Deutschen Chemischen Gesellschaft. R
1931, Nr. 10, — Abteilung B {Abbandiengen) — 11. November.

On the Theory of Spin-Lattice Relaxation Coordination
in Paramagnetic Salts Chemistry

By R. ORBACH
Clarendon Laboratory, Oxford

MS. vecetved 4th November 1960

Trivalent rare-earth ions

- Magnetic relaxation theory
Orbach, R. Proc. R. Soc. London, Ser. A 1961, 264, 458-484.

421. L. Cambi und L. Szeg8: Uber die magnetische ss{(~)
der

[Aus 4. Istituto di Chimica Indostrisle d. Universitit Mailand]
(Eingegangen am 18, Juli 1931.)

- Spin Cross Over
Cambi, L. et al., Ber. Dtsch. Chem. Ges. 1931, 64, 2591
Stahl K. et al., Acta Chem. Scand. 1983, A37, 729.

J

‘J

J

Copper acetate - Magnetic exchange
Guha, B.C. Proc. Roy. Soc (London) 1951, 206, 353.

Carlin, R. J. Magnetochemistry; Springer: Berlin, 1986

Bleaney, B. et al, Proc. Roy. Soc (London) 1952, 214,451 27
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— T ———

L, /
Nf’j \\N 5 [
’ \ i ff/
v v 5 -1000 |
| |

—1000 0 1000 2000

‘ield H1 Oe J
b
CogzSm Magnet ] J 4 N

GdNITiPr = Next-nearest neigbor interactions
V(TCNE) ¢ (CH,Cl) Benelli, C. et al. Inorg. Chem. 1990, 29, 4223

Magnet \

% Ampule
- A

= Coordination ]
V(TCNE) = Hight Tc permanent magnets Chemistry 1
S. Miller, J. et al, Chem. Commun. 1998, 1319-1325 "1

S

d-f

s -

/

2 ®

Bencini, A. etal., J. Am. Chem. Soc. 1985, 107, 8128

28
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——

L

[

—1000 0 1000 2000
‘ield H/ Oe
? CO5SIT! Magnet
V(TCNE),»1{CH,Cl,)
Magnet \

ﬁ Ampule
#h

V(TCNE) = Hight Tc permanent magnets
S. Miller, J. et al,, Chem. Commun. 1998, 1319-1325

Ribas, J. Coordination Chemistry; Wiley-vch: Weinheim, 2008

Sciences Chimiques

wronts de Rennes

J

. 1 7 NN

GdNITiPr = Next-nearest neigbor interactions
Benelli, C. et al. Inorg. Chem. 1990, 29, 4223

Molecular
Magnetism

O I Ay

S

d-f

- o

s -
@
-
)

2 ®

Bencini, A. et al., J. Am. Chem. Soc. 1985, 107, 8128

29
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| Molecular Magnetism ‘

M (e.m.u.)

I ARTICLE

Large Clusters of Metal lons: The Transition
from Molecular to Bulk Magnets

-> Toward Single-Molecule Magnet (SMM)
Gatteschi, D. et al., Science 1994, 265, 1054

- Quantum effects on SMM
Thomas, L. et al, Nature 1996, 383, 145

Mn,, = Molecular magnetic bistability
Sessoli, R. et al., Nature 1993, 365, 141

T LETTERS TO NATURE

0 D A room-temperature

il
-

organometallic magnet
based on Prussian blue

1.000 h T ‘ T
120001 .—I
———— p-d Molecular - 15 '
] 6000 £ o " * o 5 oo
o ’ Magnetism : N
M! ] 5 0 P ‘
emumal’ ] ‘ = ; {
7 -500 [ .
-e»oooj / B
) e e = . d‘f ~1,000 ’ |
-12000 1.0 .0 1.0 2.0 =200 -100 0 100 200
" Hikoe — G

Prussian Blue

CoPhOMe - Single-Chain Magnets (SCM) > high Tc permanent magnets

Caneschi et al, Angew. Chem., 2001, 40, 1760
Ferlay, S. et al., Nature 1995, 378, 701-703.

30

Kahn, O. Molecular Magnetism; Wiley-VCH: Weinheim, 1993 Indo — French School, Bangalore, 2018, K. BERNOT
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Molecular Magnetism

M (ug)

. Soc. 2011, 133, 14236

Molecular
Magnetism

SCO SCM

.
oe®
AAAAAAAAA

.
AAAAAAA

b

S -
T T T T

M (ug)
&

NCOHG GG
N a—9. t,_—O.. ‘_~ o MFJ\,,O';‘."/
_N,N\N \ N ?{N\o—”o Q‘}‘\ HL B
W ﬁ @ \@@ i
N — . pie® ]
repeating unit -40000 20000 0 20000 40000
[Mng(saltmen);Ni(pac)z{py)2(Cl04), H(Oe)
Bedoui, S., Chem. Phys. Lett. 2010, 499, 94. Clérac, R.; et al., J. Am. Chem. Soc. 2002, 124, 12837
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Molecular Magnetism

Angewandte

munications

[P1F] single-Molecule Magnets

DOI: 10,1002 arie 201

py in a Dysp

Mag Ani: ium/DOTA Single-Molecule
Magnet: Beyond Simple M S I Correlations**

Magnetic activity of MRI agents
Cucinotta et al., Angew. Chem. Int. Ed. 2012, 51, 1606

nature
nanotechnology

ARTICLES

‘CORRECTED ONLINE: 17 FEBRUARY 2000
PUBLISHED GNLINE: 1 FEBRUARY 200 | DOE 10.1038/NHA!

Engineering the coupling between molecular spin
qubits by coordination chemistry

Quantum computing
Timco, G. A. et al., Nat Nano 2009, 4, 173

PROGRESS ARTICLE/
Molecular spintronics using

single-molecule magnets

Spintronics
Bogani, L., et al., Nat. Mater. 2008, 7, 179-186.

Benelli, C.; Gatteschi, D.

Introduction to Molecular Magnetism: From Transition Metals to Lanthanides, 2015

Institut des

natare
!Q_.IEI;I:;!- oEn 5551 FEBRUARY 200! DO 104038/ NMAT2374 mater ials 3 C h i m i q u es
de Rennes

Magnetic memory of a single-molecule quantum
magnet wired to a gold surface

SMM on surfaces

Mannini, M, et al., Nat. Mater. 2009, 8, 194

Mannini, M. et al, Nature 2010, 468, 417
LETTERS

nature .
materials

PUBLISHED ONLINE: 1 FEBRUARY 2009| DO 101038/ NMAT2374

A nanoporous molecular magnet with
reversible solvent-induced mechanical and
magnetic properties

f

/ il e o " i =
€ ¢ ¢ 604 ] /—
Surfaces iR e % so: 3
¢ < € € £ 40t ol
ey ey ol kS s e o2y
MRI ' i allis ulls’ Alks wlle S VY L e
SMM ¢ € i ¢ ¢ ey 55 Hie
-, T By R 2,0 3
g X '-“@' g ’l;,m
; b ¢ $ $ 10] 4,
R, e, w® 0,0 . i
4 * 4 0 50 100 150 200 250 300
i $ $ p TIK
L] © °
Molecular

Nanoporous magnets / host-guest systems

Magnetism Maspoch, D., et al. Nat. Mater. 2003, 2, 190

SCO

LETTERS

SCM

High-temperature metal-organic magnets

MST

M(emu.Oeg)
)

e
4_4
-50 0 -50

—-400 -200 0

H(0e)

Tc > 400 K (Ni,TCNE, TCNQ, BenzoQ)
Jain, R. et al. Nature 2007, 445, 291

200 400

= Pt
nature \“—
COMMUNICATIONS

ARTICLE
Received 1 ki 2014 | Accepted 19 Sep 2014 | Publshed 22 et 204 [TEETIpm—E]
Quantum signatures of a molecular nanomagnet

in direct magnetocaloric measurements

OPEN

Sub-Kelvin nano-coolers

Sharples, J. W. et al., Nat Commun 2014, 5 32
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Basics of Magnetism of Trivalent Lanthanide ions

33



| 4f free ion electronic structure Sc@fiﬁg{ﬁ'éi?éﬁﬁgi

m,= #1 m=0

nag)

Radial dependence of 4f orbitals: shielding by 5s, 5p
Angular dependence of 4f orbitals: changes with m, states = strong Spin-Orbit coupling

Russel-Saunders coupling scheme: interelectronic repulsion > SO coupling

34
J. Tang, P. Zhang, Lanthanide Single Molecule Magnets, Springer, 2015



Af free ion electronic structure | Sc@fi{:ﬁ'é'?éﬁﬁgi

* Spins of all electrons are coupled: S =Z:‘ - A 7 = —
* Angular momenta are coupled: L Z
!
* L=0,1,2,3,...provides S, P, D, F,... 10 -
* The total momentum J is: -
X
(IL=5l=<J < E
>
» A multiplet noted °*1 L is obtained whose energy is: g 5 -
L1
E(*'L) = /200 +1) —LL+1) =SS+ 1)
where A is the spin-orbit coupling constant of the ion \ |
— . —
0 - *Hysn Se—
460 5=5/2 electron spin-orbit crystal
e Ex: Dy , 4 = ; repulsion coupling field
ARSI e S

J=S+L=15/2

25+1 LJ= 6H

15/2 35




| Af free ion electronic structure

* SO coupling split the terms with same L and S and
different J = the lowest lying J multiplet is the “ground
state”

 Except for Eu'" and Sm'", S.0. is large so magnetic
properties of the ion = magnetic properties of the
ground state

Lot 4" Ground | g ¥T (emu mol ! K) | First excited state | Energy separation
state {em™)
Ce |f' | %Fsp 6/7 0.8 2F1p 2200
Pr | f? °Hy 4/5 1.6 *Hs 2100
Nd | f3 | %op 8/11 | 1.64 Tip 1900
Pm | f* L 3/5 0.9 5 1600
Sm | f7 | ®Hsp 2/7 0.09 ®Hy 1000
Eu |f® 7R 0 Fy 300
Gd |7 | %Sy 2 7.88 L 30,000
™ |f* | "Fs 32 | 1182 Fs 2000
Dy | f? ®Hisp |43 | 1417 Hy3p _
Ho | f10 )51, 5/4 | 14.07 3, -
Er | | *se 6/5 | 11.48 Man 6500
Tm | f12 | *Hg /6 7.15 *Hs -
Yb | B 2F, 8/7 257 Fsp 10,000

J. Tang, P. Zhang, Lanthanide Single Molecule Magnets, Springer, 2015

Energy (cm™ x 10°)

iences Chimiques
w5 de Rennes

/ ® 2 e—
4 /Sy
// ---::::::::‘..:’=
/é// y I —
10 - °F Ef\\ AL | o I
I 1 TR,
N\, -
I i
////\ sFm anrz .
54 :E \\_ ------------- —
\\\\ o =
N
S - \i %
\ N\ —
\ Wy —
\
\
\
\
= =
0 - H,, | —
electron spin-orbit crystal
repulsion coupling field
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4f free ion magnetism |
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By applying a magnetic field, the degeneracy of the 2J+1 levels in each 25*1L, is removed
-> it provides a series of M, levels : -J

<M<+

The corresponding magnetic moments are:

uy = ppgyJ

With the Landé factor that is :

3
=35+

SS+1)—-L(L+1)

2J(J+1)

* And the magnetic susceptibility that follows the Curie law: (except Eu3* and Sm3*)

M=

NG/
A]U)

with Np2/ 3k, T=1/8

* Ex:for Dy**(S=5/2, L=5, J=15/2), the ®H,;,, multiplet is split in 2J+1 M, states= 16
g,= 4/3 and Xy T 304 = 14.17 emu.mol*

37



Sciences Chimiques

w5 de Rennes

4f free ion magnetism

1 ] [}
1 | ]
Electronic E Interelectronic E Spin-orbit i Magnetic
configuration | repulsion | coupling | field
' ' '
i ] ]
] ] ]
458" § E 5
] ] ]
i : : :
1 1 ] ]
1 ] ] ]
1 1 ] ]
1 i ] ]
1 | ] ]
1 ] ] ]
1 | ] ]
1 ] ] ]
1 ] ] ]
1 ] ] ]
1 ] ] ]
1 ] ] ]
1 ] ] |
1 | — ] ]
1 | | |
1 | | |
' ' — ' '
- : : :
i N :
1 ] 1 ] ]
i L ix10%cm | ¢ t E
: ] = 10 =~1 03 Cm—1 ]
: : = ."r' .'.—' 0l :
i ' 1 i i '
: E : s.:.:.'.o .:E...'.-ﬁ. i......_’
; I H’I"‘I’:: ........ — "'....:' I..... '
| i. l i=1cm”
4fn : 28+1L H aé»»}:‘.‘“ LT T p—
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| | i M
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| L I
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| 4f anisotropy in a crystal field ‘ Sci

* Spin is isotropic but orbital component reflects the symmetry of the system and can be anisotropic
* Magnetic anisotropy = depends of Spin Orbit coupling (SO or LS coupling) and Crystal field (CF)
* For 3d ions: orbital moments are quenched because LS << CF

* For 4f ions : orbital moments are unquenched because LS >> CF
- the total angular momentum J is a good quantum number

Group Shell Electronic LS CF
repulsion coupling splitting

Fe 3d 10° 10 10

Pd, Pt 4d, 3d 104 102 10%

RE 4f 10° 103 102

39
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4f anisotropy in a crystal field

Electronic : Interelectronic : Spin-orbit : ; . ! o
configuration | repulsion | coupling i Ligand field }  Magnetic field
: : : !
' ] 1 ]
a-'5d' | E E E
) ) ) ]
! H i i i
] ] ] ]
) ) 1 ]
) ) ) 1
) ) 1 )
" i i 1
] ] ] ]
] ] ] 1
1 1 1 1
1 ] 1 1
L} ) ) ]
i i i 1
1 ] ] 1
1 i i i
] ] ] ]
1 ) 1 1
] ] ] ]
' ] ) ]
] ] 1 1
) ) ] 1
] ] ]
] ! ] 1
[ 1, 1 1
: ! P 4 i i
! ! i "
H ! i i
i ; i
| s
i i
i H
] 1
i

<«— Orbach
<+—> Under-barrier relaxation mecanisms (QTM, T-assisted QTM,
Raman, Direct)
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I 4f anisotropy in a crystal field |

For 161pyii;
A vacantf Groundstate ZFS due to SOC CF Splitting
orbitalin  Term for 4f° for ®H,s/, in
free Ln" asymmetry
0
™
a
o
£
=]
0
-
Lo
o
=
w af
/_
-
e
=
AE=10°cm™® AE=10°cm? AE=10%®cm?

A.K. Bar et al., Coord. Chem. Rev. 2018, 367, 163

a /%nsrtri.tglgg)
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Zeeman Hyperfine
Effect Splitting
assuming| =
+5/2
AE =10 cm AE <1 cmt

6H,

;B e —

~ \,_.:;/ ; —

e —_— —

41



Basics of Lanthanides luminescence

41754
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| Basics of Lanthanides luminescence

iences Chimiques
s gle Rennes

f-f transitions are Laporte forbidden so emissions are weak

Ln'' emissive level can be fed using an organic ligand as energy absorber (UV). If the
triplet(s) state(s) of the ligand is (are) at an appropriate energy = transfer toward the Ln"
—antenna effect

Antenna effect enhance Ln"!' emissions by several orders of magnitude

'y

A —
315 nmj|

-

] ? =5 Msens. = 64.4

il 3
- E % [ 0
. = . | s
R HER IR
: cl= 2 I Merans. ‘D,
o | £ E - : =953 ~17200
e gl ai
w g @ | Qe

2 .E ! T,,q=2.46
I k.
a |
Sy -
i i I
bdc Th Eu
Q'4,=0.56 Qlg, =123
T T, =0.043 Tg, = 0.47
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| Lanthanides Spectroscopy | HOOC— [\ ,—COOH Sc@gi{&?i%i&sues

N N de Rennes
TbDOTA [N Nj
Hooc—" \__/ “—COOH

R 2

1650
5 _7
D,-"F,
1600
£
cC
~
J=5 4550 <
J=6 1500
CONFIGU-
RATION TERMS LEVELS | 1 1 L 1 L 1
0 10000 20000 30000

Intensity (a.u.)

Emission spectroscopy - access to Th'"' ‘s M, "

G. Cucinnotta et al, Angew. Chem. Int. Ed. 2012, 51, 1606-1610
M.-E Boulon et al, Angew. Chem. Int. Ed. 2013, 52, 350-354
J. Long et al. Coord. Chem. Rev. 2018, 363, 57




| Lanthanides Spectroscopy | scznﬁ;.?e.ggg:

A 1 TTTTAT
1
6
—= Hii/o
E ~
@
a
6
- A H13/2
=
o
b 5
H —
(o] cc
c o O ®
- a | E
l.u e B m
= g (3
& e
s
S 6
1‘ : ¢ His/o
| v \ 4

Landscape of Dy(lll) ion portraying the energy levels associated in:

* Optical absorption (Abs)

* Magnetic circular dichroism (MCD)

* Farinfra-red (FIR)

* Inelastic neutron scattering (INS)

* Electron paramagnetic resonance (EPR)

* Emission

* and Raman spectroscopy 45
A.K. Bar et al., Coord. Chem. Rev. 2018, 367, 163



Single

Telg!

—

anisotropy

Sciences Chimiques
( =z de Rennes

Single ion anisotropy of lanthanide ions is linked to the charge distribution on the lowest J states

whose shape is based on the quadrupole moment:

Q =y rz ZJZ _J r: 4f shell radius
- Af a,: second order Stevens coefficient
Ln** | Ground |« A .
state ! » " e Oblate Prolate Isotropic
2 ) 2 —
Ce “Fsn 5 = 0 0.686
Pr |‘Hy —22.13 |_ 22 2417 —0.639
325501 (325012 3157117813
4 7 3. —5.17-19 _
R B = T v S AT | s
5 2.7 23.7.17 2.17.19
Pm L 3-5-112 |33.5.117-13 33.7.112-132 0.202
6 13 2-13
Sm Hsn 3257 35711 0 0.364
Eu 'Fp 0 0 0 -
Gd %S7, |0 0 0 0
Tb ?Fé 12_.111 33.52.1]2 34,?._|I13.|3 —0.505 Ce**, Pl']'. Nd" Sm*, Gd™
6H —2 93 22 _0.484 Tb*, Dy*, Ho" ErY, Tm?; YOO
Dy e 3¥.5.7-11-13 | 3%.7.112.13]
5 —1 —1 —5 _
Ho |5 R BT R T [
EBr | *hisn T T B e | DAL
32.52.7 [3-5.7-11 37112137
Tm He Gl 2 B |t Q,>0, prolate electron distribution
Yo %Ey |2 = 2 0.400 Q,<0, oblate electron distribution
3.7 3-5-7-11 3P.7.11-13 y

J. Tang, P. Zhang, Lanthanide Single Molecule Magnets, Springer, 2015

46
Indo — French School, Bangalore, 2018, K. BERNOT



Sciences Chimiques
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Single ion anisotropy and CF

Example of a prolate ion (Yb'):

A given CF orient the electronic charge cloud in a
energetically favorable direction

Planar Anisotropy Axial Anisotropy
Stabilization of the Stab. of the
highest M, lowest M,

Carlin, R. J. Magnetochemistry; Springer: Berlin, 1986
J. D. Rinehart., et al. Chem. Sci., 2011, 2, 2078 47
J. Tang, P. Zhang, Lanthanide Single Molecule Magnets, Springer, 2015 Indo - French School, Bangalore, 2018, K. BERNOT




iences Chimiques
w5 de Rennes

Single ion anisotropy and CF

* “Oblate/Prolate model”

©©e o000 - ¢

Ce(lll) Pr(lil) Nd(lll) Pm(llN) Sm(lll) Eu(lil) Gd(Iln)
4f ! 4f? 4f 3 4f ¢ 4f s 4f s 4f7

To() / Dy(n)y  Ho(l) Tm()  Yb()  Lu(l)
4f 4f 4f 4f 2 4 4f 4

L

X
- g
Sis
.G i
Cis i
E E

N. Ishikawa., et al. J. Am. Chem. Soc. 2003, 125,

8694
P. Zhang., et al. . Am. Chem. Soc. 2014, 136, 4484

A. Ben Khélifa., et al. Dalton Trans., 2015, 44, 16458
48

J. D. Rinehart., et al. Chem. Sci., 2011, 2, 2078 Indo - French School, Bangalore, 2018, K. BERNOT
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Single ion anisotropy and CF

20
* Localized charges electrostatic model
- 19
Neutral Dy"' complexes
- 18
o—0
Jd 2 - 17
2, 3, 4 4, 5, 5, 5, 54 L 16 <
“» /TR - 15
SO HLHSPWPDN |
55 56 6 6, 65 64 7 75 - 14

74
9, 9, 9, 9, 95 Vgs‘V b 97\/ 858 U =1025K (711 cml)
% N2 N N PN
N\ WY VAT
99 910 911 912 913 914 95 96
S. Gémez-Coca., et al. Coord. Chem. Rev. 289-290, 2015, 379 49

J. Liu ., et al. J. Am. Chem. Soc. 2016, 138, 5441 Indo - French School, Bangalore, 2018, K. BERNOT
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Quantification of Lanthanide(lll) anisotropy in mononuclear
molecules

50



ces Chimiques
"¢ de Rennes

Quantification of the anisotropy

———

* EPR

* Polarized neutron diffraction (PND)
 Single crystal magnetic measurements
->Cantilever magnetometry
-> Angle-resolved magnetometry

g~ 8,<<<g,

180 210 240 270 300 330 360
(o]
J. Jung, et al., Chem. Commun 2014, 50, 13346 Indo — French School, Bangalore, 2018, K. BERNOT



fices Chimiques
"¢ de Rennes

Sci

Angle-resolved magnetometry

po. [eul)xg

Sample holder
(a) I (b) I (€)
v‘-J; 'C .‘_? .C "—J.

488

Rotaton slosa v-auin Rotation dlono x-axs Rotation alona r-acs

15

XY (0) = xaacos () + xpgcos>(B) + 2xapcos>(6)

Kaa Xap Xay x 00
X=| Xxpa xgp Xpy | > | 0 %y O
Xya XyB Xvy 0 0 x
K. Bernot, etal., J. Am. Chem. Soc. 2009, 131, 5573 52

J. Tang, P. Zhang, Lanthanide Single Molecule Magnets, Springer, 2015 Indo — French School, Bangalore, 2018, K. BERNOT
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Angle (°)

K. Bernot, et al., J. Am. Chem. Soc. 2009, 131, 5573

T (K)

0w ® N O O s W N

7T (emu K mol™)

Angle-resolved magnetometry on SMM

fices Chimiques
"¢ de Rennes

Sci

35" "/ JavotalalolalalaVaVal
f 4 U [e)
304 O Easy axis
| ® Hard axis
e Simg, =197
25 -, —— Sim 9= 184
4
o o o *
2 I"o““”“.
0 L] 1 L} ] L ) L] ]
0 5 10 15 20 25 30

Temperature (K)
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Angle-resolved magnetometry on SCM

i ....“..70 ’
A 60
Gd ® ; Tb & Dy
6
- 40
2 Yb » o
20 20
! 2 10 L*‘AAM‘AAA %lmnuun oooo
=3 10
E 0 50 100 150 200 250 300 |0 50 100 150 200 250 300 | 0 50100150200252300
Q 13 000 © 00030 t 7.5 00® © %00
}: 11 Ho 2 E Er™* Tm
S 65 0
R, 20 B
7 15 5.5
p 10 [2ddd Y

0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300

TLK

30000 -
" 1.55 K
S 20000 .
g H I kOe
o 10000- 45-10 5 0 5 1015
E 10000
c ‘:'sooo
S 10000 4 § X

120000 S

=
130000 4 210000

8

100

‘T1k° | “ Hikoe

L. Bogani, et al., Angew. Chem. 2005, 44, 5817
K. Bernot, et al., J. Am. Chem. Soc. 2006, 128, (24), 7947 54
K. Bernot, et al., Inorg. Chim. Acta, 2007, 360, (13), 3807 Indo — French School, Bangalore, 2018, K. BERNOT
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w5 de Rennes

Angle-resolved magnetometry on SCM

* Temperature dependance of the chain anisotropy

PR ‘s g BT
LN Xt ’
A —'E a
2004 3 =
TR Mn''-based SCM
E 15} A-.\‘A AL
ba, A U aday, . .
g AL T ety K A T - Antiferromagnetic SCM
. Bl N . .
O 10wt [ A with weak canting
~ A P
oz ™
K. Bernot, et al., J. Am. Chem. Soc., 2008, 130, 1619
00h e
0 30 60 90 120 150 180 210 ‘
Angle / (°)
T -3 2.8,
2 L D <> O
£ 3 o o 6]
o
5
_ Dy''-based SCM
‘TB 4
£ 5l T - Antiferromagnetic SCM
g | with strong canting
()]
-2
114

o K. Bernot, et al., Phys. Rev. B, 79, 134419 (2009).
0 30 60 90 120 150 180 210 55
Angle / (%) Indo — French School, Bangalore, 2018, K. BERNOT
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Lanthanide anisotropy in polynuclear molecules

56
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| Lanthanide anisotropy in polynuclear molecules ‘

« Dy'l-Fe'-Dy"" and Dy"!-Ni"-Dy"' SMMs * Ferromagnetic Dy-Dy coupling (dipolar)
—>Fe!' diamagnetic via Ax,, T method
- Ni'' paramagnetic * Anisotropy axes are orthogonal

-> coupling reduces SMM properties

-10.2
-10.4 Ni" (coupling)
-10.6}
~ -10.8} \l
5 L
-11.0f
112} '\
114+ Fe''(no coupling)
Y 28 -...' n- .‘~.4-——. — m - | 1 . 1 N | . 1
5 i -~ [Dy,Fe] 0.48 0.52 0.56 0.60
€ T ‘ T IK
X 26+ 'g
5 24 =
ey s - Relative orientation of anisotropy axes is
b= (&]
N 22 = a key parameter
3
20 F N 50 100 150 200 250 300
18 L L 1 T/ Kl 1 F. Pointillart, et al., Chem. Eur. J. 2007, 13, 1602

0 50 100 150 200 250 300 57
T/K Indo — French School, Bangalore, 2018, K. BERNOT
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| Lanthanide anisotropy in polynuclear molecules ‘

* Dy" triangle with non-magnetic ground state

J. K. Tang, et al., Angew. Chem.-Int. Edit. 2006, 45, 1729
L. F. Chibotaru, et al. Angew. Chem. Int. Ed. 2008, 47, 4126 58
J. Luzon, et al, ; Phys. Rev. Lett. 2008, 100, 247205. Indo — French School, Bangalore, 2018, K. BERNOT
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Sci

| Lanthanide anisotropy in polynuclear molecules ‘

 New class of molecules = toroics SMM

B.B. Van Aken, et al. Nature, 2007, 449, 7163 59
L. Ungur, et. al. Chem. Soc. Rev., 2014, 42 (20), 6894 Indo — French School, Bangalore, 2018, K. BERNOT
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Molecular Magnetism : from 3d to 4f single-molecule magnets

60



A - /%"s“.t’ug;)
Magnetic hystereses Scz‘lies Chimiques

N
7

H (perturbation)

Hysteresis:

* Dynamic lag between input and output

* The dependance of the state of a system on its history
* Rate-dependant (disapear if perturbation is slow)

* Rate-independant

* M : Magnetization @ saturation
* Mg, : Remanent magnetization M@(H=0)
* H_.: Coercitive field H@(M=0)

61



Magnetic hystereses

H
Bulk Magnet

Magnetic
nanoparticle

Single-Molecule
Magnets

MmM-nm

Insii;tg%
Sciences Chimiques
weess de Rennes

Super-
paramagnets

62
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Magnetic hystereses Scz‘lies Chimiques

Nanoparticle Single-Molecule Magnet
N N
M M
H H
I

 Hard (Hc > 5000 Oe) or soft magnet-

like hyst Hc<1250
ike hysterese (Hc )  Hard-magnet-like hysterese with quantum effect

(molecular quantum tunneling of the magnetization)

63
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w5 de Rennes

Toward magnetic materials Sci

« Top-down»

Macroscopic
(N=108-102) /

Mesoscopic
(N=10-108)

Nanoscopic
(N=1-10)

Ferromagnetic oxides &
metals fragmentation

« Bottom-up »

Building-up of zero-dimensionnal
coordination compounds

64
Indo - French School, Bangalore, 2018, K. BERNOT



ces Chimiques
"""%';';érde Rennes

Spin reversal in Sci
Superparamagnets

: S
Nanoparticle Single-Molecule Magnet
Energy 4 — . 10
f A\ ,’l K | 43 B
\ 71\ \ I_5
\ 71\ [ | \ 13
\ 7| X / [
\\ /l \\ ] '
AE
7
0 90 180 >
M projection
Level’s energies: E= KVsin2¢-p,MVHcos(¢-6) > Mg, moment projections
K: anisotropy constant; V: volume; M: magnetization; H: magnetic field
0: particle magnetization angle; ¢: magnetic field angle
Relaxation above the barrier is t= t,exp(KV/kgT) > = TgexXp(U g/ kgT) -
- ' Sati - ihilati - (Orbach
-> Stoner-Wohlfarh, Curling, nucleatlon/propagatlon/anmhﬂatwmdo Crench S(chool, Ban)galore' 2018, K. BERNOT



The iconic Mn,

Spin S=10
Anisotropy D= -0.72K
U.+~=72K

Energy

Eﬂ

s E
Es E,
B E;
E, E,
E.g ED

- Ep v

40 8 6 4 2 0 2 4 6
Spin up Spin projection = m, Spin down

Thomas, L. et al, . Nature 1996, 383, 145-147.

J. Tang, P. Zhang, Lanthanide Single Molecule Magnets , Springer, 2015

M (e.m.u.)

iences Chimiques
"% de Rennes
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| Optimizing S.....

* Amazingly beautiful molecules but no efficiency for
magnetic slow relaxation

Cr,Ni, S=1/2

Mng,, S=6, D=-0.21 cm*!

Tasiopoulos, A. J. et al., Angew. Chem.-Int. Edit. 2004, 43, 2117

Timco, G. A.; et al.. Nat Nano 2009, 4, 173 N' . _ *
’ ’ » S 213 i.-)(Cr,Ni)., S=12 + 6*1/2
Andres, H. et al., Chem. Eur. J. 2002, 8, 4867. (Niy,)(Cr;Ni)g, /

Whitehead, G. F. S. et al., Angew. Chem.-Int. Ed. 2013, 52, 9932. Indo — French School, Bangalore, 2018, K. BERNOT



Spin reversal in S i e
Superparamagnets

3d-SMM 4f-SMM
Energy 1 Energy 4
0 0
2, | 172\ ] -1/2
4\ Is/z \ ] 32
51 5/2 \ -5/2
6 \ 7/2 \ -7/2
7 9/2 -9/2
8 -11/2
9 -13/2
M=10 M=15/2 M,=-15/2
Mg, projection M, Projection
= 6
2
U2 IDIS 68

Indo — French School, Bangalore, 2018, K. BERNOT
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Optimizing magnetic anisotropy |

Biggest molecule N=84 N=19 N=6
S=6, D=-0.21 cm! Biggest spin S= 83/2 || S=12, D=-0.43 cm!
U.=18 K D=-0.004 cm™ Biggest U, = 86.4 K (60 cm™)
Mn, = \ TM-?}JM el
‘0 N |
T Mn Fe, Mo, M, Mn, Fe  Co |
: o 19 LI o @
: Y P S i
1993 > > 2003 ——2006—2007 ———— 2011 ——
T | 7 : - , Today
y / y ; y y I
\ AN A ®: B’ Z :
: ’ : : / ’ 3. 7’
N=12 2 TbZCuz(DE Linear Dy4 DYs N2 -Dyz/"l"b2 :
S=10, D= -0.72 K oY Dy, = Dy-SMM = i
Uer=72 K [LnPc]= Ln-SMM -
(41/3d-4f)
Polynuclear SMM:

still a lot to do with 3d ions, but 4f ions are more and more used to design SMM

Mng: Milios, C. J.; J. Am. Chem. Soc. 2007, 129, 2754

Mn,4: AkoO, A. M.;. Angew. Chem.-Int. Ed. 2006, 45, 4926

Mng,: Tasiopoulos, A. J.; Angew. Chem.-Int. Edit. 2004, 43, 2117

J. Tang, P. Zhang, Lanthanide Single Molecule Magnets , Springer, 2015 69
Zhang P. et al., Coord. Chem. Rev., 2013, 257, 1728
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(TbPhtalocyanine,)N(C,H,),=TbPc, = U =330 K

In 2003, a revolution in the design of SMM:
* No need for « giant spins » via polynuclear molecules
* Spins of 4f ions are enough and their anisotropy is huge

Spin optimization = = = Anisotropy optimization

70
Indo — French School, Bangalore, 2018, K. BERNOT
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The breaktrough of Tch2

In 2003, a revolution in the design of SMM:

SMM behavior is observable if N=1 provided its anisotropy is huge : Single lon Magnet
- better called « mononuclear SMM »

* Dilution in isomorphous matrix (Y") is possible and enhances magnetic relaxation

* Sublevels structure (spilling of M)) can be determined by *H NMR

104 —C— = : 10Hz ._,‘,_
il 0= =@ 100Hz 5 ket Em — 43 _—
g B o —a 00THp B = —— 12
% 07 g - 2 —— =i
E 4 - 500 — #H T— 82 =
S 27 -~ [ —— —— 1512
&° - g 400+ * —
(=]
-— —— 4TI
= 300 — —
& —— 31512
[1E]
c 200 — —
T —_—— 102
100 — —
—_— 112
0 — #H —— —— 32 =
Ln= Tb Dy
71

Ishikawa, N.; J. Am. Chem. Soc. 2003, 125, 8694 Indo — French School, Bangalore, 2018, K. BERNOT
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The breaktrough of TbPc,

T=0.04 K Wide possibilities of chemical engineering of LnPc,
= Molecule Uefffcm_' To/s
[Th(Pc-OPh),] 504 2.16 x 107!
b [Tb(Pc-Oph),]~ N(Me); | | 442 8.2 x 10!
[Tb(Pc-Oph),]~ N(Bu); | | 394 3.45 x 10710
[Th(Pc)(Pc-Oph)] 652 1.1 x 1071
[Th(Pc) . 450 3.0 x 10710
-006 -004 =002 0 002 004 006 (Pc-Oph)]™ N(Me)y
B E [Th(Pc)(Pe-Oph)]~ N(Bu);| 487 7.8 x 10711
[Th(Pc)(Pc-Bu)] 642 2.21 x 10711
[Th(Pc)(Pc-Bu)]~ N(Bu)s | 400 4.78 x 10~1°
[Th(Pc-ODOP),] (order) | 480
C- 2 sorder
Dy [Th(Pc-ODOP),] (disorder)| | 422
[Tb(Pc-a)2]~ N(Bu)z 445 [6.35 x 1011
4 . [Tb(Pc-b)2]~ N(Bu)y 428 1.34 x 10710
o p— [Tb(Pc-c)>]~ N(Bu)i 463 2.22 x 101!
-003 002 -001 0 001 002 0.03 [Tb (PC— OBu)g]g 230 11 %1 D_m
P HIT —— —
-t : [Dy(Pc-OBu),]> 4 1.3 x 10
o] 5 - [Dy(Pc-CN)s| 40
- —— 12 —_——5 —T
00 = —— =i el .73 - \ ‘
° —— 52
wo " -0 ZZ® .
o - o s Bagai, R.; Christou, G. , “The Drosophila of Single-Molecule Magnetism: Mn,,.
TTMME—— gy a2 Chem. Soc. Rev. 2009, 38, 1011.
2004 —yan ——i ——aa2 % T
o et S B | TbPc, is the 4f-SMM drosophila
- 1110__ +4 —
O == 28 — =230 —— 25 — =412 21 ) —— 2572 |= 72

tn= ™ Oy Ho & Tm W Indo — French School, Bangalore, 2018, K. BERNOT
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| Playing withTbPc, ‘ Sci

-1 ; -1e +
[Pc,Tb] === [Pc, Tb]’ =—= [Pc,Tb]
1,0/
a 05 #C?*:‘“T‘;gz_
= 0,01 ®
S 051 1:?%’”"‘“55%_
= 9
-1,0-
3

Gonidec M, et al., J. Am. Chem. Soc. 2010, 132(6), 1756 Indo — French School, Bangalore, 2018, K. BERNOT
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| Playing withTbPc, ‘ Sci

Phtolocyanine analogues (tetraphenylporphyrin) to test the electrostatics around Th"' [TbH(TPP),]:

Protonated [TbH(TPP),]: de-protonated [Tb(TPP),]: U = 407 K

- 1Hz
. - 06
g o S + 10 Hz
S 0.4 €04 + 100 Hz
£ + 997 Hz
~ 0.2 :
= —_

74

Tanaka D, et al. Chem Commun 2012, 48(63):7736. Indo - French School, Bangalore, 2018, K. BERNOT
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Sci

The breaktrough of TbPc,

Wang, H. et al., Coord. Chem. Rev. 2016, 306
Wang, H. et al. Chem. Sci. 2014, 5, 3214, 195.
Katoh, K. et al., Chem. Eur. J. 2017, 23, 15377
Horii, Y., et al. Chem. Eur. J. 2018

Thiele, S., et al. Science 2014, 344, 1135

K. Katoh, et al., Dalton Trans. 2010, 39 4708
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| Ln-POM

* Ln polyoxometalates - the second 4f-SIM family

27/2 s
£9/2
3 [ S —
8
o ——— e——
¥ $5/2 e cm
37—
) $11/2 —
7 —
i [ 56
£ w—— 3312 T 132 ——
e R =
S80S, AN i
i —
£7/2
26 o o oA £15/2
3] —— 2972 —— 3] [ ——
0 — 2112 === $4 —— 413/ =m==
Tb Dy Ho Er
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| Low coordinate Ln" ‘

* via grafting on SIO, nanoparticules

Sciences Chimiques
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(a)

[UL;Dy] t

3

=

(b)

1
(BUO);SIO,,  O.

tBu
,OtBu

(1Bu0);SI0™ /" 0" "oy

400 °C
10" mbar

- H,0, tBUOH, iC,Hg

[UL,Dy]/siO,

@ T
M/NB 4
24
110 -5 1
L n L " " 1L "
f y T y y 1 y
5
13
i

F. Allouche, et al., ACS Cent. Sci. 2017, 3, 244
Bar A. K. et al., Coord. Chem. Rev. 2018, 367, 163
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Low coordinate Ln"

* via encapsulation in fullerenes derivatives

Magnetic moment ()

4 2 0 2 4
Magnetic field (T)

F. Liu et al., Nat. Commun. 2017 8, 16098
Bar A. K. et al., Coord. Chem. Rev. 2018, 367, 163

(c)

300+,
[ Dy1(Dy2@C79N_665) |
TA-QTM =0.0360 7
200 4 -

— . g ,’,

- 4 ‘e —
' e ~ Lo -
£ & [0.0047] 5" =
O 100 ] A o
-~ " ’6&‘) <
w g A ® w
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l
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&
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Chimiques
de Rennes
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Electrostatics optimization in 4f~-SMM Sci

* Going for polynuclear 4f-SMM enhance the possibility of electrostatic modulation of
the Ln"" surrounding (ancillary or bridging ligand tunning)

79

D. Aravena et al. Inorg Chem 2013, 52(23), 13770
Indo - French School, Bangalore, 2018, K. BERNOT
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Electrostatics optimization in 4f-SMM Sci

200 I I T T T
: 4 1 w4
150 f "2 e 5 7
X Lied
+100 [ 7
:D‘” ; 4 ]

Increasing Charge on Coordinating O"s

80

Habib, F.; et al. J. Am. Chem. Soc. 2013, 135, 13242
Indo - French School, Bangalore, 2018, K. BERNOT
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[{[(MEsSi)zN]an(TH F)}z(ﬂ-r’z.' nz-Nz)]z

25;&5\ Gd
£20 T, J=-270m’
315- mm’ﬁ:*{ﬂmmm
- ! J?&tﬁ % 1
<9 f =-.0.49¢cm
L = 107 #
=2 g
51
&
0 50 100 150 200 250 300
T/K
Tb
00
E
2 -]
20 1
4
§ | 2 i E
= = 2
';,10 s .
0 5 10 15 2(
0 50 100 150 200 250 300
TK

Need for radical ligands otherwise 4f-4f interactions are weak (dipolar + very small exchange)
* Need for small ligands > N,*

Rinehart, J. D.; et al. J. Am. Chem. Soc. 2011, 133, 14236 81
Rinehart, J. D.; et al., Nat. Chem. 2011, 3, 538 Indo — French School, Bangalore, 2018, K. BERNOT



in;ti.t;lt ¢_:les
ces Chimiques
w5 de Rennes

Optimizing magnetic anisotropy Sci

Theoretical approach of U 4

A E(K) ‘2132 32 \
3000 +7/2;,‘241'€1¥/2¥L 712
+9/2:. -9/2 \
2000 +11/2 -11/2
i 1.74 A _—
1000 H i | M, states
Dy-0O
0 015!4 .1¥
-10 -5 0 5 10
M(ug)

*  For a Dy-O distance of 1.74 A, theoretical value of U can be as high as U_ = 3000 K
* If under-barrier relaxation mechanisms are suppressed, very high T; can be targeted
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[Dy(O'Bu),(Py);]*
O-Dy-O= 178.9°
U= 1815 K
T,=14K

.

* Optimization of the M= 15/2 stabilization by increasing
the O-Dy-O angle (closer to 180°) 030} |
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Closer to the perfect Dy symettry
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* Underbarrier relaxation at low T still possible k-
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Ding, Y.-S. et al., Angew. Chem.-Int. Ed. 2016, 55, 16071
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Closer to the perfect Dy symettry Sci

[Dy(O'Bu),(Py);]*
O-Dy-O= 178.9°
U= 1815 K
T,=14K

* Optimization of the M= 15/2 stabilization by i mcreasmg
the O-Dy-O angle (cIoser to 180°)
* Underbarrier relaxation at low T still possible

1 1 1 1
0.005 0.01 0.015 0.02 0.025 0.03
Temperature ' (K') 84
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|Going above N, () temperature region‘

Neutral aromatic species
Benzene Naphthalene Azulene
6C, 6n 10C, 10n 10C, 10

Charged aromatic species

cHONONC

[-~%
=
Cyclopentadienyl Tropylium  Cyclooctatetraene Benzene =
5C, 6n 7C, 6r dianion tetraanion
8C, 10n 6C,10n
LnCOT family: a curiosity but maybe more.....

Huang W, et al., Nat Commun 2013, 4, 1448.
Jiang S-D, et al., J. Am. Chem. Soc. 2011, 133(13), 4730.
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Pentamethylcyclopentadienide (CsMes, Cp*)
Cyclooctatetraenide (CgHg?, COT).
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[Dy(Cp™),][B(CgFs),]
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Goodwin, C. A. P.;. Nature 2017, 548, 439
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[Dy(O'Bu),(Py)s]*, [Dy(Cp*™),]*
angle O-Dy-O= 178.9°, angle Cp-Dy-Cp= 152.8°,
U= 1815 K, U= 1760 K,
T,=14K T,=60K

* Optimization of spin-phonon coupling by increasing the « rigidity » of the
molecule skeleton (vibration modes)

Ding, Y.-S. et al., Angew. Chem.-Int. Ed. 2016, 55, 16071
Goodwin, C. A. P.;. Nature 2017, 548, 439
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|Going above N, ; temperature region‘ Sci

[(Cp™")Dy(Cp*)]*
U= 2217K,
T;z=80 K record blocking temperature for a SMM
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Guo, F.-S, et al., Science 2018.
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I Going abovN ) temperatre region

Underbarrier relaxation pathways are
still present at low T but for relaxation
times that are extremely slow
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above N, ; temperature region

- -

[(Cp'P®)Dy(Cp*)]*

angle Cp-Dy-Cp= 165.5°, U = 2217K,

Tz=80 K
Hard magnet-like behavior

Table S9. Coercive fields for 3 at different sweep rate at 2 K. corresponding to Fig. S49

Sweep rate / Oe 57! Coercive field / Oe
700 > 70000
350 58146
200 49741
100 41722
50 35632
25 30893
Table S10. Coercive fields at different sweep rate at 77 K, corresponding to Fig. S50.
Sweep rate / Oe s~ Coercive field / Oe
700 5802
350 2946
200 1688
100 825
50 398
25 191
0.05 T T T
- r
ool Smon
—e—100 Oels /
X 0.031 —e— 50 Oels /
E —e— 25 Oe/s /
S 0.021 P,
0.01- /
0.00 ’7/ T f f
-1600 -1200 -800  -400
H/ Oe

Guo, F.-S, et al., Science 2018.
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Going above N, temperature region ‘

.

¢ (9
[Dy(O'Bu),(Py)s]*, [Dy(Cp™),]* [(Cp™")Dy(Cp*)]*
angle O-Dy-O=178.9°, angle Cp-Dy-Cp= 152.8°, angle Cp-Dy-Cp= 165.5°,
U+ 1815 K U= 1760 K U= 2217K,
Tg=14 K Tg=60 K Tz=80 K

* Optimization of spin-phonon coupling by increasing the « rigidity » of the molecule skeleton

(vibration modes)
* Optimization of the M,= 15/2 stabilization (electrostatics around Dy'') by increasing the X-Dy-X angle

(closer to 180°) o1
Indo — French School, Bangalore, 2018, K. BERNOT
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Rare-Earth (RE) elements are not rare
RE have similar chemical properties
Their high cost is due to the separation cost of indiv. RE oxide and to the high demand

LS (spin-orbit)> CF (crystal field) , Jis a good quantum number

M states on 3d, M, states on 4f, (energy barrier is DS? and U resp.)

* M, states can be investigated by luminescence spectroscopy

* Magnetic anisotropy can be investigated by angular-resolved magnetometry

Spin and magnetic anistropy are the two ingredients for SMM behavior
Giant spins (polynuclear molecules) do not always provide SMM behavior
Strong anisotropy of single—ion can be enough to provide SMM behavior

TbPc, was the first familly of 4f-SMM

Strong axiality of the electrostatics around Dy'"'is needed

Vibration modes (molecule rigidity) could be responsible for under-barrier relaxation
* Organometallic 4f molecules verify these last two requisites and affords high-performance 4f~-SMM
The quest for stable (air, moisture,...), depositable (surfaces) and adressable SMMs continues...

92



Somes references on 4f-SMM S‘@@i?éﬁﬁgi

Bar, A. K. et al., Coord. Chem. Rev. 2018, 367, 163

Zhang P. et al., Coord. Chem. Rev., 2013, 257, 1728

Woodruff, D. N., et al. Chem. Rev. 2013, 113, 5110

F. Pointillart, et al. Coord. Chem. Rev., 2017, 346, 150

Lanthanides and Actinides in Molecular Magnetism; Ed. R.A. Layfield, M. Murugesu, Wiley-VCH, 2015

Kahn, O. Molecular Magnetism; Wiley-VCH: Weinheim, 1993

Du Trémolet De Lacheisserie, E. Magnétisme, Presses Universitaires de Grenoble, 1999

Benelli, C.; Gatteschi, D. Introduction to Molecular Magnetism: From Transition Metals to Lanthanides, 2015
Verdaguer, M.; Launay, J.-P. - Electrons in Molecules; from Basic Principles to Molecular Electronics; OUP, 2013
Ribas, J. Coordination Chemistry; Wiley-vch: Weinheim, 2008

Carlin, R. J. Magnetochemistry; Springer: Berlin, 1986

Clérac, R.; Winpenny, R. E. P. Single-Molecule Magnets and Related Phenomena. In 50 Years of Structure and
Bonding — the Anniversary Volume, Springer, 2016; 35

J. Tang, P. Zhang, Lanthanide Single Molecule Magnets, Springer, 2015

93



