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Value of L

012 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGHI KLMNOOQ R T UV WX Y Z

lon f electron Angular momentum Total orbital Term associated
configuration of relevant orbitals angular with the
momentum  ground state
La" {0 none 0 )
[ce™ 1t 3 3 ;ﬂ
Pl f2 3,2 5 H
Nd" f3 3,2, 1 6 4
Pm" f4 3,2,1,0 6 3
Sm'"  f° 3,2,1,0, -1 5 SH
Eu" S 3,2,1,0, —1, -2 3 F
cd"  f7 3,210, -1, -2, -3 0 O
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho' 19 3,21 6 3
Erl f1i 3,2,1,0 6 4
Tm' 12 3,210, -1 5 3H
yb"  f13 3,2,1,0, -1, -2 3 ’F
Ly fie 3,2,1,0, -1, -2, -3 0 1S

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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4f (1= 95, 6= S1=Y2,5,=1
L= €1+€2,' £1+€2-1,‘. cey | 61_62 | S= 51+52,' 51+52-1,'. cey | 51-57 |
L=6,5 4, 3,2, 1,0 $=1,0
LHGFED,P,S
[2(20+1) !

[2(20+1)—n]xn!

14) 14! _I3x14
2 ] 121x2! 2
M.\ Ms 1 0 1
6 (3*,3)
5 (3+,2*) (3+,2) (3,2%) (3,2)
4 3+, 1°) 3,1 (3,17 (2,2) 3,1)
3 (3+,092,1%) | (3,00 (3,09 (25,1) (2,1 | 350) 2,1)
) (3*,-1%)(2+,0%) 3*,-1) (3,-1%) (2-,0) (3-1)(2,0)
(2,01) (1*1)
1 (3+,2)(2%,1%) (3+,2) (3,2%) (2%,1) (3-2) (21)
(1+,0%) (2,17 (1*,0) (1,0%) (1,0)
0 (3+,39(2%2%) | (3%3) (3,3") (2%.2) (2,2%) | (3°3) (2,2)
(1-,1%) 1-1) 3,1 (04,0) 1.1)

1L 3H, 1G’ 3F, 1D’ 3P’ 19
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Value of L

0123 456 78 9 10 11 12 13 14 15 16 17 18 19 20

S PDFGH

lon f electron

Symbol of L

I K L. M N O Q R

Angular momentum

T U v W X Y Z

Total orbital

Term associated

configuration of relevant orbitals angular with the
momentum  ground state
La" fO none 0 )
ce ! 3 3 2F
[P f? 3,2 5 3H|
Nd"f 3,21 6 4
Pm'" 4 3,2,1,0 6 51
Sm'"  f° 3,2,1,0, -1 5 SH
TR 3,2,1,0, -1, -2 3 F
cd"  f7 3,2,1,0, -1, -2, -3 0 O
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho' 19 3,21 6 3
grl fil 3,2,1,0 6 4
Tm' 12 3,2,1,0, -1 5 3H
Yb'"! £13 3,210, -1, -2 3 ’F
T £ 3,210 -1, -2,-3 O s

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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M\ M; 1 0 -1
6 (3%,3)
5 (3+,2%) (3+,2) (3,2%) (3,2)
4 (3+,1%) (3*,1°) (3-,1%) (2+,2) (3-,1)
3 (3+,0H(2*,1%) | (3%,0) (3,0%) (2*,1) (2,1%) | (3-,0) (2,1)
5 (3*,-1%)(2+,0%) (3*,-1) (3-,-1*) (2+,0") (3-,-1)(27,0)
(2-,0%) (1*+,1°)
1 (3,27)(2"1") (32) (3-2") (2,1 (3,2) (2,1)
(1+,0%) (2,1%) (1+,0) (1,0%) (1,0)
0 (34,3722 | (3,3) (3,3") (2°,2) (2,2%) | (3.3) (2,2)
(1+,1%) (1+,1-) (1-,1*) (0*,07) (1-,1°)
1L 3H’ 1G, 3F, 1D, BPI 1S

>

3 _ _ — —
H)=F,~25F,~S1F, ~13F, E, F, F, 2+1  F,x (2L#1) F,x (2L+1) Fox (2L+41)

'F)=F, — 10F, - 33F, - 286F, 25 51 13 11 (H) 275 561 143
10 33 286 7 (F) 70 231 22002

'G)=F, - 30F, F, F,

G)= F, ~30F, +97F, + T8F, 30 97 78 9(G) 2270 873 702

(

(

(

('D)=F, +19F, - 99F, + 715F, 19 -99 715 5 (D) 95 -495 3575
(

(

(

>

E

s>

I)=F,+25F, +9F, + F, 25 9 1 13 (1) 325 117 13
45 33 1287 3 (P) 135 99 -3861

*P)=F, +45F, + 33F, - 1287F, 60 198 1716 1(5) 60 198 1716

y

E('S)=F,+60F, +198F, +1716F, 0 0 0
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51= 1/2,' S5y = %)
S = 51+52; 51+52-1,'. cey | 51-5» |

S=1,0
01=3; (=3 (=2 0,=2
L = U140y 01+0y)-1;.. 5| 01-0s | L = U140y 01+0y-1;...5 | 01-0s |
L=6,5 4, 3,62, 1,0 L=473 2, 1,0
ILH G FD,P,S G F D,P,S
M\ Ms 1 0 -1
6 (339
5 3,29 G2 (3,2 3) M\ Ms 1 0 1
1 319 1) G 2°2) 3,1 4 @2)
3 [ G001 | B0) 3,00 250 @19 | 30) 1) 3 ) 1) 2,1 2,1
, DN @DeE @0 | e 2 @07 @00 2,09 (151) 2,0)
(2,07 (11) T [ @000 @0 1) 10 0 |21 0,0
e n | Gaeen |G L @D @)E @D a1 |22 G0
(1+,0%) (2,1 (1*,0) (1,0%) (1,0) (0*,0)
TG | B 330 @) 22 | G3) 22
(1+,1%) (1,1 (1-1%) (0+,0) (1-1) 1G, 3F, 1D, 3P, 1S

1L 3H/ 1G, 3F’ lD, 3P/ 1S
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Value of L

012 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGHI KLMNOOQ R T UV WX Y Z

£ f

S. L Label S Multiplicity Term Total Several possible Array Micro
No. (2S+1) symbol values of J terms states
1 8 L 112 2 L J=2 L7, Lisn 17 x2 34
2 7 K 112 2 ’K I=2 *Kisn, *Kian 15x2 30
3 6 I 32 4 4I J=3 4115/2’ 4113/2,4111/2 419/2 13x4 52
12 2 21 J=2 2113/2,2111/2 13x2 26
4 5 H 12 2 H I=2 °H,12Hop 11x2 22 [2(26"' 1)]!
12 2 ’H J=2 Hy12°Hop 11x2 22 [2(2(4_1)_”]')( n'
5 4 G 32 4 ‘G J=4 *G112,*Gon'Grn*Gsy 9x 4 36
12 2 °G I=2 2Gon. *Grp 9x2 18 14 14! 12x13x14 364
2 2 = ju— ju—
12 2 °G 1=2 Gor, "G 9x2 18 3 111x 3! 7% 3
6 3 F 32 4 ‘F I=4 “Fon,*Frn'Fsn 'F3n  Tx4 28
12 2 ’F 7=2 °F 1, ’Fsp 7x2 14
°F 10 Fsp
1/2 2 ’F J=2 ’ 7x2 14
7 2 D 32 4 ‘D J=4 ‘Dipn Dsp'Dsp’Din 5x4 20
1/2 2 D J=2 D5y Da 5x2 10
12 2 D J=1 D5, "Dy 5x2 10
8 1 P 12 2 ’p J=2 Py P1n 3x2 6
9 0 S 32 4 ‘S I=1 *Sip 1x4 4

364
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Value of L
012345¢6 7 89 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGHI KLMN O Q R T

u v W X Y Z

lon f electron Angular momentum Total orbital Term associated

configuration of relevant orbitals angular with the
momentum  ground state
La" O none 0 1§
ce ft 3 3 2F
pri! f2 3,2 5 3H
Nd" 3 3,2, 1 6 4
Pm'  f4 3,2,1,0 6 51
Sm'"  f° 3,2,1,0, -1 5 SH
TR 3,2,1,0, -1, -2 3 F
cd"  f7 3,2,1,0, -1, -2, -3 0 s
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho  f1° 3,21 6 3
grt fil 3,2,1,0 6 4
Tm' 12 3,2,1,0, -1 5 3H
Yb'"! £13 3,210, -1, -2 3 ’F
" f 3,210, -1, -2,-3 0 )

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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Value of L

0123 45¢6 7 89 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGH I KLMN O Q R T

u v W X Y [Z

lon f electron Angular momentum Total orbital Term associated

configuration of relevant orbitals angular with the
momentum  ground state
La" fO none 0 )
ce  f? 3 3 2F
pri! f2 3,2 5 3H
Nd" 3 3,2, 1 6 4
Pm'  f4 3,2,1,0 6 51
Sm'"  f° 3,2,1,0, -1 5 SH
TR 3,2,1,0, -1, -2 3 F
cd"  f7 3,2,1,0, -1, -2, -3 0 s
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho  f1° 3,21 6 3
grt fil 3,2,1,0 6 4
Tm' 12 3,2,1,0, -1 5 3H
Yb'"! £13 3,210, -1, -2 3 ’F
" g 3,210, -1, -2,-3 0 )

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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Value of L
0123456 7 89 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGH I KLMN O Q R T

u v W X Y Z

lon f electron Angular momentum Total orbital Term associated

configuration of relevant orbitals angular with the
momentum  ground state

La" fO none 0 )
ce f* 3 3 2F
prl 2 3,2 5 3H
Nd" 3 3,2, 1 6 4

Pm'" 4 3,2,1,0 6 51

Sm'"  f° 3,2,1,0, -1 5 SH
TR 3,2,1,0, -1, -2 3 F
cd"  f7 3,2,1,0, -1, -2, -3 0 s
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho  f1° 3,21 6 3

grl fil 3,2,1,0 6 4

Tm' 12 3,2,1,0, -1 5 3H
Yb'"! £13 3,210, -1, -2 3 ’F
T £ 3,210 -1, -2,-3 O s

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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Value of L

0123 45@6 7 89 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGH I KLMN O Q R T

u v W X Y Z

lon f electron Angular momentum Total orbital Term associated

configuration of relevant orbitals angular with the
momentum  ground state
La" fO none 0 )
ce f* 3 3 2F
pri! f 3,2 5 3H
nd' £ 3,21 6 4
Pm'" 4 3,2,1,0 6 51
Sm'"  f° 3,2,1,0, -1 5 SH
TR 3,2,1,0, -1, -2 3 F
cd"  f7 3,2,1,0, -1, -2, -3 0 s
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho  f1° 3,21 6 3
grl fil 3,2,1,0 6 4
Tm' 12 3,2,1,0, -1 5 3H
Yb'"! £13 3,210, -1, -2 3 ’F
T £ 3,210 -1, -2,-3 O s

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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Value of L

012 3 4546 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGHI KLMN OOQ R T UV WX Y Z

lon f electron Angular momentum Total orbital Term associated
configuration of relevant orbitals angular with the
momentum  ground state
La" f0 none 0 15
ce 3 3 2F
pr! f2 3,2 5 3H
Nd"' f3 3,2, 1 6 4
Pm" 4 3,2,1,0 6 3
Sm" 3,2,1,0, -1 5 SH
TR & 3,2,1,0, —1, -2 3 F
Gd" 7 3,2,1,0, -1, -2, -3 0 s
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho  f1° 3,2,1 5 3
grl fal 3,2,1,0 6 4
Tm"  f12 3,2,1,0, -1 5 3H
Yb'! f13 3,2,1,0, -1, -2 3 2F
" o f4 3,210, -1, -2, -3 0 1S

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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Value of L
0123456 7 89 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGH I KLMN O Q R T

u v W X Y Z

lon f electron Angular momentum Total orbital Term associated

configuration of relevant orbitals angular with the
momentum  ground state

La" fO none 0 )
ce f* 3 3 2F
pri! f2 3,2 5 3H
Nd" 3 3,2, 1 6 4

Pm'" 4 3,2,1,0 6 51

sm"  f° 3,2,1,0, —1 5 6H
TR 3,2,1,0, -1, -2 3 F
cd"  f7 3,2,1,0, -1, -2, -3 0 s
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho  f1° 3,21 6 3

grl fil 3,2,1,0 6 4

Tm' 12 3,2,1,0, -1 5 3H
Yb'"! £13 3,210, -1, -2 3 ’F
T £ 3,210 -1, -2,-3 O s

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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Value of L

0123 45¢6 7 89 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGH I KLMN O Q R T

u v W X Y [Z

lon f electron Angular momentum Total orbital Term associated

configuration of relevant orbitals angular with the
momentum  ground state
La" fO none 0 )
ce f* 3 3 2F
pri! f2 3,2 5 3H
Nd" 3 3,2, 1 6 4
Pm'" 4 3,2,1,0 6 51
Sm'"  f° 3,2,1,0, -1 5 SH
Eu" 6 3,2,1,0, -1, -2 3 F
cd"  f7 3,2,1,0, -1, -2, -3 0 s
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho  f1° 3,21 6 3
grl fil 3,2,1,0 6 4
Tm' 12 3,2,1,0, -1 5 3H
Yb'"! £13 3,210, -1, -2 3 ’F
T £ 3,210 -1, -2,-3 0 s

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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Value of L
012345¢6 7 89 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGHI KLMN O Q R T

u v W X Y Z

lon f electron Angular momentum Total orbital Term associated

configuration of relevant orbitals angular with the
momentum  ground state
La" fO none 0 )
ce f* 3 3 2F
pri! f2 3,2 5 3H
Nd" 3 3,2, 1 6 4
Pm'" 4 3,2,1,0 6 51
Sm'"  f° 3,2,1,0, -1 5 SH
TR 3,2,1,0, -1, -2 3 F
cd" 7 3,210 -1, -2, -3 0 8§
Tp" f8 32 3 F
Dym f9 3' 2 5 6H
Ho  f1° 3,21 6 3
grl fil 3,2,1,0 6 4
Tm' 12 3,2,1,0, -1 5 3H
Yb'"! £13 3,210, -1, -2 3 ’F
T £ 3,210 -1, -2,-3 O s

@ From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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Value of L

012 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGH I KLMNOOQ R T UV WX Y Z

lon f electron Angular momentum Total orbital Term associated .
configuration  of fe,evant orbitals angular with the d electron Angular momentum Total orbital GS term
momentum  ground state config. relevant orbitals angular momentum

La f0 none 0 )
ce"  ft 3 3 2F
Pl f2 3,2 5 3y d° none 0 'S
Nd"  f3 3,21 6 4 d' 2 2 2p
Pm' £ 3,210 6 5 3
Sm'" 3,2,1,0, -1 5 EH a? 2,1 3 F
B 8 3,2,1,0, -1, -2 3 F a? 2,1,0 3 AF
cd"  f7 3,2,1,0, -1, -2, -3 0 8g d* 210 -1 2 5D
To" 8 3 3 ’F . T .

noo 3.2 5 oy d 2,1,0,-1,-2 0 S
Ho" 10 3,21 6 5
(TR 3,2,1,0 6 4
™! f2 3,2,1,0, -1 5 3H
ol 13 3,210, -1, -2 3 2F
"o g 3,210 -1, -2, -3 0 15

& From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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lon f electron Angular momentum Total orbital Term associated
configuration of relevant orbitals angular with the
momentum  ground state
La" f0 none 0 1S (1) 1
ce' f 3 3 ‘F(14) 14
pr f2 3,2 5 3H(33) o1
Nd!" £ 3,21 6 41 (52) 364
Pm" f4 3,2,1,0 6 >| (65) 1001
Sm'"  f° 3,2,1,0, -1 5 €H(66) 2002
Eu f& 3,2,1,0, -1, -2 3 F(21) 3003
- il st S 0=y =2 =S~ ~====~ FG B - 3432 = ~
Tblll f8 32 3 TF
Dy f9 3,2 5 oH
Ho  f1° 3,21 6 I
el 3,2,1,0 6 X
LU 3,210, -1 5 3H
yp'' 13 3,210, -1, -2 3 2F
w" 3,210 -1,-2,-3 0 'S

% From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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S — 01 DY e e—
TSDO——-
1
A -1
2-10%em Eu3+
7 i
By =
4£6 6
— 5 3 . -
4} 0¥ ¢m
Y 3/1 1
= L}_’oz cm‘1'
0
- CONFIGU- TERMS LEVELS SUBLEVELS

RATION

Fig. 2. Partial energy diagram of Eu3* (4f%) showing the relative magnitude of
the interelectronic repulsion (terms), spin—orbit coupling (levels) and crystal-field
effects (sublevels). The downward arrows indicate the excited states °Dg and °D,
from which luminescence occurs.

K. Binnemans
Coord. Chem. Rev. 2015, 295, 1-45
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in the language of crystal field theory, all

2 (91 microstates) lanthanide and actinide complexes are weak field,
Terms arising from the f> configurations (left-hand column)
. and state consequently resulting from SO coupling
45000 jerS 1)~
Russel-Saunders term Spin-Orbit states
[
[
| —ipz 1, 1§ 15,
e 3 3p 3Py 3P, 3P
3p (9) 3 3 041742
& 17(13) p, ~o0cmt oF °F, °F3 °F,
© 15000 jmm—— G 1G,
D (5) Y | SH 3H, 3H5 3H,
HE i
10000 - - — 164 C(YS!B' Sl = 1/2" 52 = 1/2
°F. = S=s51+s5,=1;,5=5-5,=0
16 (9) " ~-3g, f-f electronic spectra of the o222 172
5000 -_,,/_-"i'i-__—“—<F 2 I complexes are very similar 61 =3,' 62 =3
3 - :
F(21) 3H, to thpse of thetfre'e ions as L= 0l1+0y; 01+05-1;...; | £1-05 |
0 H(33) - 34, seen 1n arc spectra ]= I+ S,‘ L+S- 1:...; | L-S |
Electron repulsion Spin—orbit coupling

The Pr3* (4f?) electronic energy level diagram. A typical crystal field splitting is shown at the right; its effects are
much smaller than those of spin-orbit coupling. As with Tanabe-Sugano diagrams, the horizontal axis is taken as
the ground state (°H, ). This enables the effects of interactions between levels with the same total angular

momentum to be more clearly seen. Note, for instance, the relative upward displacements of levels with the |
quantum number 4 (3F4, 1Gy).
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Fig. 2. Calculated energy levels of trivalent lanthanides in the energy range up to

40,000cm .

Ma et al., Journal of Luminescence 2016, 170, 369
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in the language of crystal field theory, all

2 (91 microstates) lanthanide and actinide complexes are weak field,
50000 D ——0 high spin! N . .
Terms arising from the f?> configurations (left-hand column)

and state consequently resulting from SO coupling
45000 farS 1)

Russel-Saunders (RS) term Spin-Orbit states
|
|
. J— 15 15,
3p (9) e ———— 3 3 3P 3P, 3P, 3P
i 20000 |- °P ( )i.,. S Py Py 1D 0 +1 11322
ﬁe 17 (13) — 1D, 3F °F, 3F3 °F,
S 15000 fomm—— 1G 1G,
1p (5) T SH ’H, 3Hs°H,
= I
10000 16, Crystal] L€TMS arising from the f? configurations (left-hand column)
-~ X fiels land state consequently resulting from SO coupling
F.
1G (9) e <3 i 3F3
5000 [ T e ~F2 W, RS term Degeneracy
3F(21) ' 5
; H
IHE3) 3, 'S 1(*So) 1
0 ~— = 3P 1(3P0) 3(3P1) 5(3P2)
Electron repulsion Spin—orbit coupling 9
1D 5(1D,) 5
3F 5(3F,) 7(3F3) 9(3Fy) 21
G 9(1Gy) 9
SH 9(H,) 11(°H5) 13 (3Hg) 33

b 13(1) 13
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escriptive Chemistry of the Metals

Mokir absorptivity (a)

20— > Note change (n scal
| 0.004 |
1.0 002 — 1 1
o -4 H "*"‘ R i
1.0 ' sl Note change in scak Eu’t
0 Do 1 e
0.5 i 25
0.1f 1
| i "‘1“1'*‘1’{'"!". [T VT T I

0 lh
0 T 3:"vlv]||vv]vlv]v|vy'v

VUMY | I
I W . _,_LA .4 4L4_*
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i
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Fig. 14.7 Absorption spectra of Pr**, Nd**, Pm’'". Sm™*, Ev™*. To'*, Dy'*. Ho'*, EFT,
Ten'*, Yb' in dilute acid solution. Compare the sharpness of these with that of Ti**

(Fig. 11.8), a first-row transition element. [Modified from Carnall, W, T.; Ficlds, P, R. In
Lae nide/Actinide Chemisiry: Fields, P. R.: Moeller, T.. Eds.: Advances in Chemistry 71;

Amerx

un Chemical Saciety; Washington, DC, 19%7 Reproduced with permission.)
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elmﬂ)
nt,m)=R P (cos@)E—
| €> nt= 0 ( ) /277:
If we carry a rotation of ® around z

o=+

imﬂ) imz(q)+<l>)
‘mf‘ €
— Rn ng (cos 9)

Jan Jan

The rotation is thus given by the matrix

RMPJ"”‘ (cos 0)

2/ : 1
o i(0-1) _ild ; n_Sln(z'F*)(D
2(@)=e""+e T e = M)nz:;‘(eq)) = (Ii
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20 . 1
Z((D) — o' +ei(€—1)<b L e e—if(I)Z(eid))n _ sm(( +(I§)(D
n=0 Sina

Geometrical series from e**® to ¢® having path ¢'®

r i0 —i0 0 -0
2 n—1 n _ e +e . e —e
. _ 21
a=e¢ " r=e%; n=2/ 20 | pmi20 20 _ 26
\2041 c0s20 = sin@ =
" _ i(20+1)0 9) ’ 2i
il _ it e -1 | 1 1 1
i B i o . , i(f+—j® it —i(f+—jcb it
_ _ (+1)® _
e —1 oo e —1 P _ mite _ JU2) 5 Ua)
id _id  —ild i 0+ —ilD
e e —¢e e —€ 1
— — =D 1
e® 1 e® —1 2ie * sm(f+§)cl)
1 1
sm(€+2)d> 1 1 1 1
D lEq) ZE —ZECD . laq) . (D
d e —l=e e’ —e =2ie? sSin—

sin —
2
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sin —
2

_sin({+1)D
1
10=0,1,4,5...

T
® == Z«%%ﬁklg:;1a7m

The characters of the reducible representation I spanned
by the five d orbitals (¢ = 2) in the point group Dy, (we
limit our attention to the pure rotational group D,)

o= x(G,)

E 2C, C, 2C, 2C7
5 -1 1 1 1

The irreducible components of I" are
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Atomic wave functions are in general made up by both an orbital (¢) and a spin part (s).
Whereas the orbital part is always characterized by having integer values of /, this is not
so for the spin part. In a state system characterized by the quantum number | we have

J=L+S§

J will be always half-integer in systems with an odd number of electrons

Z(Q):Sin(tité)q)
sin—
2
. sin(j+§)((l>+27r) sin[(j+§)d)+7r] —sin(j+§)d>
For J integer )((CI) + 27r) = = = =
sinmjyr) sin((§+7rj —sin(;)

For J half-integer y(®+27)=

(@ +27) : (cp ) O
SIn— SiIn| —+7m —S1n—
2 2 2

sin(j+4)(®+2x) sin[(j+1)®+27] sin(j+1)®



UNIVERSITA Chimica Inorganica 3
DEGLI STUDI

DI PADOVA

e 1 1
2(0)= (j+ 21)cos(le+ 1)0 it
5 COS~5
Hospital's rule . N
ospital s rule (2n)_(j+%)cos(j+%)27r_ 2j+1 j integer
\Z B 7CO87 27 ~ |=(2j+1) j half-integer

For half integer values of |

1 (®+27)=—x(®)

x(RC,)=-%(C,)

RC, and C, must be in different classes
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A new group element (R), corresponding to a
2m rotation, is introduced. It implies a double
number of elements but not a twice number
of classes (irreducible representations);
rotations by 7 are in fact unique!

O, E 8C3 6C, 6C4 3C, i 654 8S¢ 30, 60y
Alg 1 1 1 1 1 1 1 1 1 1

O [ER [8C3) [5C2) [6Ca7 [6C4 Ay a1 a9 a9 <4 d OGO 94 4 o« -
g

A 11 1 1 1 Bl 2 1 o o 2 2 0 a4 2 o0
Ay i 0 1 1 B 3 o 1 1 a1 3 1 o0 a1 -1
E 2 -1 2 0 0 Tre 3 0 I -1 -1 3 -1 0 -1 1
Bl 1 1 1 1 1 1 1 a1 a4
I 3 0 -1 -1 1 Bl 1 1 a1 a1 1 a1 a1 a1
T, = I I B 2 1 0o o 2 2 0o 1 2 o
B 3 o 1 1 1 3 a1 o0 1 1
B 3 o 1 1 1 3 1 0 1 -
h=24 h =48
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For half integer values of |

X (@+27)=—x(®)

#(RC,)=-2(C,)

RC, and C, must be in different classes

)= sin(j+4)w _sin(j+4)7

sin r 1
2

=0

x(7

sin(j+ 1) (7 +27) _ Sin[(j+%)”+2”] —0

o (m+27) -1
2

x(m+2rm)=

except

2(RC,)=x(C,)=0
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Moebius strip

x(®+27)=—y (D)
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On the other hand a rotation by 4 is equivalent to the E operator. Moreover, the only

character with a unique value is the character for a rotation of m for

sin(j+4)37

sin3 7

B sin(j+1)x

sin 4 7 %(37)

x(7)

The introduction of a new group element (R), corresponding to a 2m
rotation, implies a double number of elements but not a twice number
of classes (irreducible representations); rotations by m are in fact
unique!
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Complete Character Table for Point Group Dy,

E 20, € 20, 20/ i 2C iCy 2iCy 2iC,

a, [ 1 1 1 1 1 1 1 1 1 1
as | 1 1 1 -1 -1 1 1 1 -1 -1
by |1 —1 1 1 -1 1 -1 1 1 -1
b |1 —1 1 -1 1 1 -1 1 -1 1
e |2 0 -2 0 0 2 0 -2 0 0
an | 1 1 1 1 1 -1 -1 =1 =1 -1
as | 1 1 Q- -1 | -1 -1 -1 1 1
b |1 =1 1 ~1 ~1 1 -1 -1

b |1 —1 1 =1 1 -1 1 -1 1 -1
e |2 0 -2 0 | -2 0 2 0 0
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The tables of characters of D, and D’;, symmetry point groups are then

Di| E 2Cs Cx=Cs») 2C; 20}
N N
A, 1 x? 4 y? z*
As {1
B, 1 . x? — p?
B, |1 — Xy
E 2 (xz, yz)

4

D, |E R CSsR C,R C,R 2C3R 2C;R
I, A1 1 1 11 1 1
r, A, 1 1 1 1 1 -1 -1
r, B,|1 1 -1 -1 1 1 -1
r, B,{1 1 -1 -1 1 -1 1
s E, |2 2 0 0 -2 0 0
¢ E |2 -2 J2 =J/2 0 0 0
r, E5(2 -2 /2 J2 0 0 0

Classes containing rotations by m correspond to one class each of the
double group, whereas all others correspond to two classes each.
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The tables of characters of O and O" symmetry point groups are then

O E 8&;\ 3C3(=C€{ 6C, 6C;R|\

411 x4y 7

[2?2 é (222 = x* =y, x* = y)
;; g (xy, xz, yz)

4C,  4Cy* 3C, 3C, T3c, e

o’ E R 4C,°R 4C4,R 3C,R 3C,’R 3C,R 6C4R
r, 4,11 1 1 1 1 1 1 1
r, Ay11 1 1 1 -1 -1 -1
r, Ef|2 2 -1 -1 2 0 0 0
r, 7,|3 3 0 0 -1 1 1 -1
rs T3 3 0 0o -1 ~1 —1 1
I E |2 -2 1 -1 0 J2 =J2 o
r, Ej|2 -2 1 -1 o -J/2 J2 o
e G |4 -4 -1 1 0 0 0 0
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4C, 4Cy%2 3C, 3C, 3C.® 6C,

0O |E R 4C,*R 4C,R 3C,R 3C,>R 3C,R 6C,R
r, A1 1 1 1 1 1 1 1
r, Ay |1 1 1 1 1 -1 =1 -1
r, E;|2 2 -1 -1 2 0 0 0
r, T,|3 3 0 0 -1 1 1 -1
L, 7,13 3 0 0 -1 -1 -1 1
I, E, |2 =2 1 -1 0 J2 =2 0
I, E,|2 -2 1 =1 0 -J/2 /2 0
Iy G |4 -4 -1 1 0 0 0 0

A point to note is that the double-valued representations all are of even dimension.
All levels having half-integer values of j are therefore at least twofold degenerate.
This result has been shown by Kramers to be true in general for all half-integer
values of j in any symmetry, provided that no magnetic field is present. Such a
degeneracy is accordingly called a Kramers degeneracy.
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4C, 4C,* 3C, 3C, 3Cs 6C,
o E R 4C,°R 4C,R 3C,R 3C,’R 3C,R 6C,R
r, 4|1 1 1 1 1 1 1 1 1 F - 1 ,
I, :11'2' 111 1 1 -1 -1 -1 Z((D) — Sm(]+ 2)(1) j= /=2
r, E,|2 2 -1 -1 2 0 0 0 d
Il:: ;": g ; g g :i —: —i —i S1n — E| 8C |3C |6C |6C’
I Ey|2 -2 1 -1 0 J2 =J2 o 3 2 4 2
r, E3|2 -2 1 -1 0o -J/2 V2 o Y 5 -1 1 -1 1
Iy G |4 -4 -1 1 0 0 0 0
Z(O)=(€+i)zzz(;0+;)0=2£+1 l_‘g :2 — e + t2 — F3 + FS
Hospital's rule .
_(t+4)cos(£+4)2m | 20+1 L integer
x(2m)= lcosi2m _{—(2j+l) Jj half-integer
(£+%)cos(¢+14)0
0)= =20+1 r
%( ) %COS%O + - , Is ’_/=a\\
L ---=5”’ N_J=*l
sin(£+;)(2n) p
2m 3)_ r /
%(_j_ 21 =-1 / ! ’
3 sin /
6 f 10Dq /
. E /
sin(£+4)(m) Iy 4 r, ,
x(m) =) e
(T -
Sm(gj tég:‘ 38,
\\\ r
sin(£+%)(2—n) = S~ I's
(2_7[)2 4 _ 1 _a\\\\ Ts j=3/
4 (r e - - e—
sm(4) (@) (b) (0 (@) (e)

F1a. 6-1. Term splittings for a single d electron. (a) Levels in a strong octahedral field;
(b) levels with weak spin-orbit coupling; (c) levels with intermediate spin-orbit coupling;
(d) levels with strong spin-orbit coupling; (e) levels for the free ion in jj coupling.
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4C,4 4C4* 3¢, 3C, 3C 6CY

o |E 4C,2R 4C,R 3C,R 3C.*R 3C,R 6C,R sin( j+4)® =1
: y(@)= U )P j="
r, 401 1 1 1 1 1 11 sin — .
o I A > ERGGRG G GR C,
s Ey - - B _ 1/2 1/2
DR oo L g 1221 0 @222 0
I Ey|2 -2 1 -1 0 J2o-y2 0
mels T a1 o Y Ij=y, =T
I'',=e+t,=T,+1I%
2(0)= (]+;1)cos(lj+;)0 =2j+1 x(2m)= i+ 4)eos(y+4)2n =—(2j+1) j half-integer I',®I',= (F3 +1; ) ®T
5¢0s50 lcosi2m
.. 2 .. 2
. sm(]+§)(;j . sm(]+;)( f) ) l"s
A% ) ) -+ AT NES =2 ,_, . N
6 8 =‘--- 8 -7 \\, J=5/2
For half integer values of | (F3®F 6):F8 , r,
f 10Dq ,"
2(®+27m)=—y (D) E r, r, /
tag /"' l
Z(ch):_%(cn) a\\ ) 3§,
N 8 \‘\\ r‘
(T,®)=T,+T L B L .
(a) (b) (c) (@) (e)

F1a. 6-1. Term splittings for a single d electron. (a) Levels in a strong octahedral field;
(b) levels with weak spin-orbit coupling; (c) levels with intermediate spin-orbit coupling;
(d) levels with strong spin-orbit coupling; (e) levels for the free ion in jj coupling.
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91 microstates C_ [
50000 fz( _) 1S, Fr=e _Mrfﬂ [R4f(ri)R4f( )] drdr
2 4 6
pop gl g F g OSF
15 (1) - 225 1089 184041
45000 I
| Ao 4513
: ) 3p, ., F, 297
<+ le F,_ 175
= Zo o =0.0151
4 20000 | °P O) o 3Py Py F, 11583
P (13) - D,
S 15000 'T() | E(3H) F,—25F, - 51F, —13F,
5 T
Ry E(°F)=F,—10F,-33F, - 286F,
10000 [~ — Gy Crystal E('G)=F,—30F,+97F, +78F,
g 3, Tow E('D)=F, +19F, —99F, + 715F,
G (9) - — - 3F,
5000 fF—— =" 3F, 3; E('I)=F,+25F, +9F, +F,
- 6
*F(21) 3 E(*P)=F, +45F, + 33F, — 1287F,
o LoHBE3) = *He E('S)=F, +60F, +198F, + 1716F,

Electron repulsion Spin—orbit coupling
The Pr3* (4f?) electronic energy level diagram. A typical crystal field splitting is shown at the right; its effects are
much smaller than those of spin-orbit coupling. As with Tanabe-Sugano diagrams, the horizontal axis is taken as
the ground state (°H, ). This enables the effects of interactions between levels with the same total angular
momentum to be more clearly seen. Note, for instance, the relative upward displacements of levels with the |
quantum number 4 (3F4, 1Gy).
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. E(’H)=F,—25F,-51F, - 13F, in-Orbi
— 15 E(°F)=F,—10F, - 33F, - 286F,
1S
1 _ 0
- E('G)=F,—30F, +97F, +8F, 3P, 3P, 3P,
S E('D)=F, +19F, - 99F, + 715F, 1D,
3F, 3F, 3
, E('I)= F, +25F, +9F, +F, F, °F; 112
I 3p) 4
| _ : oy E(°P)=F,+45F, +33F, - 1287F, 3H, 3Hs 3H,
| 3p (9) 3p, 3P, E('S)=F +60F, +198F, +1716F, s
1 (13;‘ 1D, Notice that there is no spin-orbit
o coupling between the °F; level and
P— | any other levels, and hence there are
ip (5) | . . . .
— no intermediate coupling corrections
T to be included in this case. In this
- 16, Crystal sense °F; is a pure state, similarly as
s field the excited states °P; and °Hs-.
P Fa
16 9) 7 == P
-_-‘/—‘-‘L_-— <F2 3H 3P lD 3F
3 6 ip g 2 2 2
F(21) . 3 0 0 pp L W20
. - 3H5 Py ( -1 —2\/§> 1D2 (33/5 ? 0 «/6)
H o H 1 _ o] 3 _
) 4 So\—-2v3 0 B \C0 Ve
Electron repulsion Spin—orbit coupling R G H,
SE, [ 2 Nex) 0 ‘He 'Is
2 3 SH [ 3 6
G, /33 0 _ /30 ( 2 2
3 3 lr V6 0
0 V30 6 2
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lon f electron Total orbital

Angular momentum Term associated

configuration of relevant orbitals angular with the
momentum  ground state
La" fO none 0 13 1 1S,
ce' fi 3 3 2 14 2Fgpqp
P! £ 3,2 5 SH 33 PHyse
Nd" f3 3,2, 1 6 4 52 fgp11/2,13/2,15/2
Pm"  f4 3,2,1,0 6 51 65 Clisgrs
Sm" f° 3,2,1,0, -1 5 64 66 °Hsp7/29/2,11/2,13/2,15/
TR 3,210 -1, -2 3 ‘Fo2l2
Gd"  f7 3,210 -1, -2, -3 0 8 8 | OLAASe
oM f8 32 3 F 2712
Dylll fg 3' 2 5 6H
Ho  f1° 3,21 ) 3
(T fi1 3,2,1,0 6 4
Tm'" 12 3,2,1,0, -1 5 3H
Yb'! f13 3,2,1,0, -1, -2 3 2F
" f 32,10, -1, -2, -3 0 s

% From Tb" onwards, for simplicity, the half-filled shell that is also present is not detailed.
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Value of L

012 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Symbol of L

S PDFGHI KLMNOOQ R T UV WX Y Z

£ f

S. L Label S Multiplicity Term Total Several possible Array Micro
No. (2S+1) symbol values of J terms states
1 8 L 112 2 L J=2 L7, Lisn 17 x2 34
2 7 K 112 2 ’K I=2 *Kisn, *Kian 15x2 30
3 6 I 32 4 4I J=3 4115/2’ 4113/2,4111/2 419/2 13x4 52
12 2 21 J=2 2113/2,2111/2 13x2 26
4 5 H 12 2 ’H J=2 H11,Hop 11x2 22 .
12 2 ’H J=2 H11,Hop 11x2 22 f3 fl
5 4 G 31 4 ‘G J=4  “Gun'Gon'Gin‘Gsy 9x4 36 "
12 2 G J=2 Gy *Grp 9x2 18 1, . i
2 2 G J=2 “Gon,"Gra 9x2 18 v
“Lis < »'Ti3n
6 3 F 32 4 F J=4 *Fon *F1n *Fsn *Fan  Tx4 28
12 2 ’F 1=2 °F 1, ’Fsp 7x2 14 ‘e oo
°F 10 Fsp
12 2 ’F J=2 ’ 7x2 14
7 2 D 32 4 ‘D J=4 ‘Dipn Dsp'Dsp’Din 5x4 20
1/2 2 D J=2 D5y Da 5x2 10
12 2 D J=1 D5, "Dy 5x2 10
8 1 P 12 2 ’p J=2 Py P1n 3x2 6
9 0 S 32 4 S I=1 *Sin 1x4 4

364
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S. L Label S Multiplicity Term Total Several possible Array Micro
f3 » f‘l No. (2S+1) symbol values of J terms states
1 8 L 12 2 L I=2 Ly, Lisn 17x2 34
2 7 K 12 2 K =2 Kisn, Kizn 15x2 30
3 6 1 32 4 I J=3 Lisn, T Ty 13x4 52
12 2 b J=2 MispTin 13x2 26
48 483 /2 4 5 H 12 2 H J=2 *Hin, Hop 1x2 22
2P 2P1 / 2 2P3 / 2 122 2 ’H I=2 ’H, 1/2,2H9/2 11x2 22
) ) ) 5 4 G 32 4 ‘G J=4  %Gip'Gon’Gin*Gsn  9x4 36
D D3/2 D5/2 12 2 ’G J=2 *Gop, *Gn 9x2 18
2 2 2 12 2 G 1=2 *Gon, "G 9x2 18
4D 4 4D3/2 4D5/2 4 6 3 F 32 4 ‘F I=4 *Fon ,4F 72 ,4F s ,4F3/2 Tx4 28
D D1/2 D3/2 D5/2 D7/2 12 2 ’F 7=2 Zmiisa 7x2 14
2F 21:; 21:; 12 2 ’F 1=2 T 7x2 14
2 > 5/ 2 > 7/ 2 7 2 D 32 4 ‘D I=4 ‘D *Dsp*Dsp'Diy 5x4 20
F F5 / 2 F7 / 2 12 2 D J=2 D5 Dy 5x2 10
4 4 4 4 4 12 2 D I=1 Dsp, Dy 5x2 10
F F3/2 1:5/2 1:7/2 F9/2 : L
2G G G 8 1 P 12 2 P J=2 P3/2,P1/2 3x2 6
) 7/2 9/2 9 0 S 32 4 is I=1 S 1x4 4
G G7/2 G9/2
4 4 4 4 4
G G5/2 G7/2 G9/2 G11/2
‘H ZI_19/2 2H11 /2
2 2 2
H I‘19/2 Hyq /2
2 2 2
I I3 /2 I13/2
4 4 4 4 4
I I9/2 I3 /2 I13/2 I15/2

K Kizn  *Kis/o
2L Lis;  “Lagpo
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f electron configuration

fl. f13
f?_ f1‘2
f3, fl'.
f‘, flO
fS‘ f9
%, %
f?

Number of
functions listed

14
91
294
394
238
49
478

Total number
of functions

14
91
364
1001
2002
3003
3432

Terms arising

’F

SH43F +%G+0+*P+1+1S
H+*F+98+2H+26G+K+'G+D+P+3+9+7D
+F 458 +3K+%G+>H+*6+Y +D+°P+3+°D
6H+6F+4HT4076PT“I+"S

F

85+ %P + 51+ + D +H + Y+ 'K +°D +°G + °F +°H

For 17, 3 < n < 11, only a selection of terms 15 given, listed in approxmate energy sequence (lowest first). A limited number is given because mixing of the type
shown in Fig. 8.16 occurs and particularly complicates the more highly excited states of those configurations for which the total number of functions Is large.
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f electron Relevant ions Ground state  Low-lying excited levels
configuration
fO La"‘, ACIII lso _
fl Ce”', Thlll 2F5j2 2F7';2
f2 PrJII, Palll 3H4 3H5' 3H6
f3 Nd", U" 4’9,/2 4 11/21 4 13/21 4’15,"2
f4 Pmlll' Nplll 5[4 5,5' 5I6v 5’7' 5[8
o sm'", pu'" ®Hs)2 ®Hz/20 ®Hazs *H11p20 ®H1312: *Hispo
fe Eu", Am" Fo F, R, R, TRy, TR, TR
f7 de, lell 837/2 _
f8 o™, BK" "Fs F, TFa, TFs, TRy, TRy, TRy
f° Dy", cf" 6H15/2 6"’13;2- 6H11,."2v 6H9,"2v °H 7/21 GHs,«z
f10 HO'", Eslll 5’8 5,7' 5’6' 5,5" 5/4
fit Ert, Fm" sz sz i Yo
f12 Tmlll' Mdll| 3H6 3H5, 3/_,4
f13 Yb"l, NOIII 2F7;'2 2F5,:'2
f14 LU"', UJlI 150 —

Note the symmetry in this table (compare the first level listed for an " ion with the last listed for the f14~7).
This symmetry is detailed in the text.
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When d electron systems were considered it
was found that a detailed study of the d*
and d? configurations could easily be
extended to cover all the low-lying excited
states of the same spin multiplicity as the
ground state for all 4" configurations.

Even if spin-orbit coupling could be
ignored, the f electron case is more
complicated. Not only f! and f but also f°
configurations would have to be included
before all the possible ground terms F, H
and I, had been covered.

But spin-orbit coupling cannot be ignored
and this means that we cannot even talk
about spin allowed and spin forbidden
transitions and thus restrict the discussion
to terms with the same spin multiplicity.

f electron
configuration
fO

f1

f2

f3

f‘

f5

fG

f7

f8

f9

f10

f11

f12

f13

f14

Relevant ions

La"l, AC”I
Ce'“, Thlll
me, Pal"
Nd”', UIII
PmIH' Nplll
Smll(' Pulll
EU"I, Amlll
de, lell
Tb"', Bkl"
DleI' Cf"'
HO“I, ES'"
Ef“l, lel(
Tml!l' Mdlll
Yb"l, NOIII
LU"I, er

Ground state

Low-lying excited levels

4’11/?' 4ll3,"?' 4I15,“2

5,5' 5’6' 5,7' 5,8

GH7,’2" GHQ,Q' 6"’11/‘2' 6H13,“2' 6H15,"2
7Fl' 7F2' 7F3' 7F4v 7F5' 7F6

7F5v 7F4, 7F3, 7F2, 7F1, 7F0

6H 13/2! GH 11/2y GHQ,{‘Z' GH 7i21 GHSJ‘Q
517, ®lg, %ls, 5l

4’13.-‘2' 4’11;“2' 4IQ,‘?

3H5, 3/._,4

2FSx‘Z

Note the symmetry in this table (compare the first level listed for an f” ion with the last listed for the f247).
This symmetry is detailed in the text.
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2 4 2 6
R r )V Y°+w/i(Y4+Y_4) 2% \r* )V Yy — z(Y4+Y_4)
° " 4re, 3a° BV 21307 | ¢ Na2ve e
2—4 7 2—6
Dy’ = 2 Zesr ; Frz(ij Ze7r
165\ a 572 a

<1 122 (rWr 5 ) 357¢° 2 2
V;WO{ a [Y2+\/;(Y3+Y44)” D=2 4= 2 () ar= ()

((2,m,)| V| (2,m))) = o.Dq] f<<3’m€) 71(3,m})) = aDq’ + BFr
(d,o|Vi|d,,)=6Dq (ool V| o) = 6Dg’ + 20 Fr
(d,V)|d,..)==4Dq | - fm:ﬂ> = Dg’ —15Fr
(d,-a|V,'|,-0) = Dg (Fral VI | fone 2>=—7Dq +6Fr
(foess| V| fruess) = 3Dq" = Fr
(foo| V| o) =15 Dg’ +735* Fr
(e ) =504 (S V)] foer)=5Dq’ — 42Fr
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« The transition to the highest 'S level lying in
the UV region cannot be observed since it is
masked by the 4f = 54 transition.

50 000 1sg

00001 « For two pairs of levels I, - °P; and 3F, - 3F;
the split components may overlap.

50090

30000 * The absorption spectra of Pr(IIl) in solutions
in the visible region have four bands due to
. the transitions from the ground state to 3P,

_.P2

\E‘Fbsp1 3P1 + 116/ 3P0 and 1D2 levels.

1D2

1lg

20 000 [~

1920 295 2?5 450 5(?0 600I1QOO 1500 5000 nm

17334
21391
22007
22211
2316

T
Q_.
S

10 000

4 3F,

3F

4389
6415
6854
9921

—— 49967

2152
E———

Fig. 8.16. Energy-level diagram for Pr3* free ion [154].

o

! | N ol
48 46 44 22 20 18 '10 8 6 4
CM-1x103

MOLAR ABSORPTIVITY

Fig. 8.17. Solution absorption spectrum of prit (aquo). Dashed lines indicate calculated curves.
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Table 3. Selection rules for intra-configurational f-f transitions
50000 F 1sg
Operator  Parity AS AL AT
ED opposite 0 <6 <6
(2,4, 61if Jor J'=0)
40000 |-
MD same 0 0 0, +1
EQ same 0 0,+1,+2 0, +1,+2
o “ J=0 to J’=0 transitions are always forbidden
g
[To]
30000 | 50000 — 15,
s
45000 [
3
B
g ___23P1
\SFb
20000 -
<t o ~ ~ (=]
(] ()] (=] bl ©
S S T
- [aV) o (3} A
10000 - . 1G4 10000 |~ 16, Crystal
Fy 3F3 3F4 field
3F .
ST & © ¥ T 2 3Hg 5000
3 8 ¥ 8 3
< < 5 G | 3H5
§ i S
&1 l E 3, 0 - Hs

Electron repulsion Spin—orbit coupling
Fig. 8.16. Energy-level diagram for Pr3t free ion [154].
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« The transition to the highest 'S level lying in
the UV region cannot be observed since it is
masked by the 4f = 54 transition.
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00001 « For two pairs of levels I, - °P; and 3F, - 3F;
the split components may overlap.

50090

30000 * The absorption spectra of Pr(IIl) in solutions
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. the transitions from the ground state to 3P,
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Fig. 8.17. Solution absorption spectrum of prit (aquo). Dashed lines indicate calculated curves.
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020 -
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018
% o1
205 225 450 500 6001000 1500 5000 nm
E120 T T t T i LA ! I T
Z F 10 ;
o A n 015
c 80 N i
8 B :.: 014
I<It3 40 N A gi i 4c1>o a;o scb s;o s:ao
o - ' =. ’ WAVELENGTH (nm)
5 ol . 1. VAR ] ~A.; PR AN *r -
o 48 46 44 20 20 18 '10 8 6 4 2 0  (®)
= CM-1x103
17. Solution absorption spectrum of prit (aquo). Dashed lines indicate calculated curves. » °* 1~
0-1 1

WAVELENGTH (nm)

Fig. 1 — Absorption spectrum of Pr** (0.5 wt %) doped
borosilicate glass (A) in the (a) visible region; (b) NIR region



Unnversita — Chimica Inorganica 3

DEGLI STUDI
DI PADOVA

The actual absorption bands that occur in the spectra of the lanthanides are
associated with electronic transitions can be divided into three types:

* f - f transitions: localized entirely within the f shell and so, like d = d
transitions, formally forbidden. However, like d = d, they actually occur and
give rise to a large number of weak, sharp bands from the IR to the VIS region.
Absorption band patterns obtained from species in solution are closely related to
the emission spectrum of the corresponding ion.

* nf > (n+ 1)d transitions. Here, the n and (n + 1) are principal quantum numbers
so these are allowed bands in which a 4f electron is promoted to a 5d orbital.
They give rise to quite intense and broad bands, lowered by ca. 15 000 cm™ in
solution compared to the gaseous ion.

* LMCT transition. These are usually intense, broad bands which lie in the UV
region.
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escriptive Chemistry of the Metals

<UV IR-

10 ‘ 7 IS
5 n dl
1nm 0 LS
a5 - ' ' .
30 i: l I I |I et ]‘2
ST I *Lr—-r"**—*—r BEGETToT
Ayl l | Nat* ]C?)
3 Rl T T ] et o T ) (R O
e '
g, | Pm’ ’](4
L Wy | I ZTFET [ I I
S 10 - Note change (n scal Cm?*
SR  0.004- , S ]6
}:: 002 —_L 1
af 4-Ad H T I
Al 'E Note change in scake e ’f6
= 0.2 1 B’
= I ‘.I Q1F ) {
=4 B B L B e e e e e e e e
- ™" f8
X i 0 | T T | Bl 8 b ] i T Bl
Configuration lon Colour Configuration lon Colour Oy
f ce" colourless f13 Yp' colourless 1.0 T | R4 S T W T ! ‘ 0
2 pr yellow-green f12 Tm" light green sk Ho™! fl
f3 Nd"  red-violet fit Er lilac 3 L SRS |
4 Pm"  pink f10 Ho'! yellow Z 28t ) ok J 1
fS sm'"  yellow i Dy" yellow—green bt a ﬁ
f® Eu" pale pink f8 To" pale pink it ol A *
- Y | 1 0 T Y T T T -
f7 Gd"  colourless 5 2s) 23 S 5
= Tm
Lanthanide tricyclopentadiene complexes?® 21
' !\ A . B
fl ce' orange 13 yp' dark green 30 - : {
f2 prit greenish 12 Tm" yellow—green . Lo 3
f3 Nd"  blue it Er" pink o WL S IS ,r_._p_.l_,. A TR TOPSl T
f4 Pmlll ye“OW—Orange f10 Holll ye"OW 0 25 26 4 a2 20 14 16 14 12 10 3 & k) 2 Q
fS Smlll orange f9 Dylll ye“OW Freguency (kK)
I Eu brown f8 oM colourless Fig,' 14.7 l-\!"zum:.x:-n spectra of Pr'*, Nd'™, Pm’", Sm’*, Ev™*, To’", Dy**. Ho'*, EF",
7 Gg" yellowish Ten™™. Y™™ in dilute acid solution. Compare the sharpness of these with that of Ti**
Fag. 11.8), af ! Llransiti clemen odified fi *arna y . Fi 2
@ The crystal structures of these complexes show three cyclopentadiene rings n°-coordinated to each l. . \,' S ."m on 'L' beit. [Modified from Carnall, W, T.; F‘CM“_' P.R. In
Y Lo vdefActinide Chemisiry: Fields, P. R.; Moeller, T.. Eds.: Advances in Chemistry 71;

lanthanide, one of these rings additionally being bonded in ' or 52 fashion to an adjacent lanthanide. R 5 : b it ;
Amencan Uhemical Society; Washington, DC, 1997, Reproduced with permission.)
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Configuration lon Colour Configuration lon Colour
Aqueous ions
f1 ce'l colourless f13 Yo' colourless
f2 prtt yellow-green 12 Tm" light green
f3 Nd" red-violet 1t [ lilac
4 Pm'"  pink f10 Ho' yellow
fS sm'"  yellow £ Dy" yellow—green
f6 Eu" pale pink f8 To" pale pink
7 Gd" colourless

Lanthanide tricyclopentadiene complexes?®

fl ce' orange 13 yp!! dark green
f2 prt greenish 12 Tm" yellow—green
f3 Nd'" blue 11 EF" pink

4 Pm"  yellow-orange  f1° Ho" yellow

fS Sm"  orange £ Dy" yellow

f6 Eu" brown f8 T colourless

f7 Ga" yellowish

@ The crystal structures of these complexes show three cyclopentadiene rings n°-coordinated to each
lanthanide, one of these rings additionally being bonded in #* or 52 fashion to an adjacent lanthanide.

Approximate colors of lanthanide ions in aqueous solution!5![12](13]
Oxidation state 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
42 m Eu2+ Tm2+ BT
+3 La3+ Ced+ Prd+ m Sm3+ Eud* Gd3+ Tb3* Dy3* Hod+ Tm3+ Yb3* Lud+
v et pr [ T oy
f f

A

flO fll f12 f13

g—
e e el
—
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Transition type p transforms as note

Electric dipole X, ¥, 2 Optical spectra

Electric quadrupole | x2, y2, 22, xy, xz, yz Constraint x% + y% + 22 =0

Electric polarizability = x2, y2, 22, xy, xz, yz Raman spectra

A
50 40 30 20 10 0

et x 109 Magnetic dipole Rx. Ry, Rz Optical spectra (weak)
<UV VIS IR—>
J. Van Vleck, J. Chem. Phys. 1937, 11, 67
i A
50 a0 24 20 16 10 5 0
em % 10°

(b) Pri £
(a) The electronic spectrum of Ce'! (1) is dominated by LMCT bands. The f - f
spectrum will consist of a single transition between the two spin-orbit levels ?Fs,
and °F;,, (A] = 1). This transition will be both weak and in the infrared-towards
the right-hand side of the spectrum where it is lost somewhere in the forest of
vibrational bands that occur in this spectral region.

(a) The electronic spectrum of Pr'! , a f? ion, is more characteristic of Ln, showing
both LMCT and f - f transitions (sharp). The involvement of f - f electron
repulsion moves some of these transitions into the visible region of the spectrum.
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, , , 50000 J— ¥
The optical properties of intra- ’

4f" transitions (f-f transitions) in
lanthanide = compounds  are
usually insensitive to the |

ls -

surrounding environment due | » Py e
to the shielding effect of the L 20000 3P o= 3p, 3p
outer 5s and 5p electrons.

. Y 1 ; ‘D,
However, there are exceptional g _—

.. 15000 jme— !
transitions, the so-called p T
hypersensitive transitions, . t

: 10000 |-  —1G Crystal
whose oscillator strengths ‘ ﬁ";,c
o g 3
change sensitively to a small P LI
. T = 3f 3
change of the surrounding 5000 C =2 oy
. F
environment. 3Hs
3o 3H
0 = 4
Electron repulsion Spin—orbit coupling

Excited state levels of hypersensitive transitions for Pr(III)
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50000 | s,
lg
|
| 3p
| B ,-._—: 2 116
20000 | 3P e 3p, 3P,
A __#- 0
- 1 g 1
- ! L D,
C 15000 umm——"
D T
10000 |- | — Gy Crystal
3 field
Fa
G T == 3R
5000 '__/—".-::—-—'”———_<F2 3H6
3F e
- *Hs
0 3H ‘;;_':_'~"'_ B 3H‘
Electron repulsion Spin—orbit coupling

Excited state levels of hypersensitive transitions for Pr(III)

Selection Rules

Table 3. Selection rules for intra-configurational f-f transitions

Operator ~ Parity AS AL AT
ED opposite 0 <6 <6
(2, 4, 6 if J or J'=0)
MD same 0 0 0, %1
EQ same 0 0, £1,+2 0, 1, £2

9 J=0 to J'=0 transitions are always forbidden

When the lanthanide ion is at the center of
symmetry, the intensity of the hypersensitive
transitions is zero (Ln in ClO, aqueous solution).
The intensities of hypersensitive transitions can be
as large as 200 times the value of the aquo ions.
The intensity seems to be in the order I >> Br- >
Cl~>H,0>F-.

Hypersensitivity has been found to be
proportional to the degree of involvement of 4f
orbital in bonding.

The intensities of the hypersensitive transitions
can be correlated with the pK, of the ligands.

In the presence of some ligands, the
hypersensitivity can be found in some transitions
which are not wusually hypersensitive. For
example, 3H,=3P, and 3H,~'D, in Pr(ll);
Yo/r>4Gy o, Hoyr4F7 )y Hg/2>4F5)0, and 4y, >F3,,
in Nd(ITI).

These transitions are known as ligand mediated
pseudohypersensitive transitions.
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lon

Lalll
Celll
Prlll
Ndlll

Pmlll

Smlll
Eu"'
Gdlll
Tblll
Dylll
HOIII
Er"
Tmlll

Yblll

Ground state term

Chimica Inorganica 3

Excited state levels of hypersensitive transitions

none
none
3H5v 3F2
4 4 2 2
GS/2’ G7/2’ G7/2’ K13/2
°G,, °Gj
6 6 4
Fl/‘2' F3/2' H7/2
7F2
none
7F5
SH GH GF .
a2 Tz T Selection Rules
266' Hi Electric quadrupole (E2) Magnetic quadrupole (M2)
H11/2v G11/2 AJ =0,+1,42
3Hs, 3H,, 3F, (J=0e0,1; 1 e 1)
none AM; =0,%1,+2

Here has been recognized that the Eul! 7F; state is low lying and thermally populated at
room temperature so that the hypersensitive transition could involve it as the ground state.
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“The Lanthanons: These elements ijo[ex us in our researches, Eaﬁ% us in our
speculations, and haunt us in our very dreams. T ﬁey stretch like an unknown sea
E}:z ore Uus mocﬁing, mystifying, and murmuring strange revelations and
Joossiﬁi[ities”

Sir William Crookes acfcfressing the CRoya[ Institution in 1887



