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Lanthanoids Lectures
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Value of L 
0    1    2    3    4    5    6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P    D    F    G   H     I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z
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2 2ℓ +1( )⎡⎣ ⎤⎦!
2 2ℓ +1( )− n⎡⎣ ⎤⎦!× n!

14
2

⎛
⎝⎜

⎞
⎠⎟
= 14!
12!× 2!

= 13×14
2

= 91

 

ML\ MS 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+,0+)(2+,1+) (3+,0-) (3-,0+) (2+,1-) (2-,1+) (3-,0-) (2-,1-) 

2 (3+,-1+)(2+,0+) (3+,-1-) (3-,-1+) (2+,0-)  
(2-,0+) (1+,1-) 

(3-,-1-)(2-,0-) 

1 (3+,2+)(2+,1+) 
(1+,0+) 

(3+,2-) (3-,2+) (2+,1-)  
(2-,1+) (1+,0-) (1-,0+) 

(3-,2-) (2-,1-) 
(1-,0-) 

0 (3+,3+)(2+,2+) 
(1+,1+) 

(3+,3-) (3-,3+) (2+,2-) (2-,2+) 
(1+,1-) (1-,1+) (0+,0-) 

(3-,3-) (2-,2-) 
(1-,1-) 

 
1I, 3H, 1G, 3F, 1D, 3P, 1S  

 

!1 = 3; !2 = 3
L = !1+!2; !1+!2-1;…;|!1-!2|
L = 6, 5,  4,  3, 2,  1, 0

I, H, G, F, D, P, S

s1 = ½; s2 = ½
S = s1+s2; s1+s2-1;…;|s1-s2|
S = 1, 0

4f2
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Value of L 
0    1    2    3    4    5    6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P    D    F    G   H     I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z
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E 3H( ) = F0 − 25F2 − 51F4 −13F6
E 3F( ) = F0 −10F2 − 33F4 − 286F6
E 1G( ) = F0 − 30F2 + 97F4 + 78F6
E 1D( ) = F0 +19F2 − 99F4 + 715F6
E 1I( ) = F0 + 25F2 + 9F4 + F6
E 3P( ) = F0 + 45F2 + 33F4 −1287F6
E 1S( ) = F0 + 60F2 +198F4 +1716F6

ML\ MS 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+,0+)(2+,1+) (3+,0-) (3-,0+) (2+,1-) (2-,1+) (3-,0-) (2-,1-) 

2 (3+,-1+)(2+,0+) (3+,-1-) (3-,-1+) (2+,0-)  
(2-,0+) (1+,1-) 

(3-,-1-)(2-,0-) 

1 (3+,2+)(2+,1+) 
(1+,0+) 

(3+,2-) (3-,2+) (2+,1-)  
(2-,1+) (1+,0-) (1-,0+) 

(3-,2-) (2-,1-) 
(1-,0-) 

0 (3+,3+)(2+,2+) 
(1+,1+) 

(3+,3-) (3-,3+) (2+,2-) (2-,2+) 
(1+,1-) (1-,1+) (0+,0-) 

(3-,3-) (2-,2-) 
(1-,1-) 

 
1I, 3H, 1G, 3F, 1D, 3P, 1S  

F2 F4 F6 2L+1 F2 × (2L+1) F4 × (2L+1) F6 × (2L+1)
-25 -51 -13 11 (H) -275 -561 -143
-10 -33 -286 7 (F) -70 -231 -2002
-30 97 78 9 (G) -270 873 702
19 -99 715 5 (D) 95 -495 3575
25 9 1 13 (I) 325 117 13
45 33 -1287 3 (P) 135 99 -3861
60 198 1716 1 (S) 60 198 1716

0 0 0
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ML\ MS 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+,0+)(2+,1+) (3+,0-) (3-,0+) (2+,1-) (2-,1+) (3-,0-) (2-,1-) 

2 (3+,-1+)(2+,0+) (3+,-1-) (3-,-1+) (2+,0-)  
(2-,0+) (1+,1-) 

(3-,-1-)(2-,0-) 

1 (3+,2+)(2+,1+) 
(1+,0+) 

(3+,2-) (3-,2+) (2+,1-)  
(2-,1+) (1+,0-) (1-,0+) 

(3-,2-) (2-,1-) 
(1-,0-) 

0 (3+,3+)(2+,2+) 
(1+,1+) 

(3+,3-) (3-,3+) (2+,2-) (2-,2+) 
(1+,1-) (1-,1+) (0+,0-) 

(3-,3-) (2-,2-) 
(1-,1-) 

 
1I, 3H, 1G, 3F, 1D, 3P, 1S  

!1 = 3; !2 = 3
L = !1+!2; !1+!2-1;…;|!1-!2|
L = 6, 5,  4,  3, 2,  1, 0

I, H, G, F, D, P, S

s1 = ½; s2 = ½
S = s1+s2; s1+s2-1;…;|s1-s2|
S = 1, 0

ML\ MS 1 0 -1 
4   (2+,2-)  
3 (2+,1+) (2+,1-) (2-,1+) (2-,1-) 
2  (2+,0+) (2+,0-) (2-,0+) (1+,1-) (2-,0-) 
1  (2+,1+)(1+,0+) (2+,1-) (2-,1+) (1+,0-) (1-,0+) (2-,1-) (1-,0-) 

0 (2+,2+) (1+,1+) (2+,2-) (2-,2+) (1+,1-) (1-,1+) 
(0+,0-) 

(2-,2-) (1-,1-) 

 
1G, 3F, 1D, 3P, 1S  

!1 = 2; !2 = 2
L = !1+!2; !1+!2-1;…;|!1-!2|
L = 4, 3,  2,  1, 0

G, F, D, P, S
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Value of L 
0    1    2    3    4    5    6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P    D    F    G   H     I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

f3, f11

364

 

2 2ℓ+1( )⎡⎣ ⎤⎦!
2 2ℓ+1( )− n⎡⎣ ⎤⎦!× n!

14
3

⎛
⎝⎜

⎞
⎠⎟
= 14!
11!× 3!

= 12 ×13×14
2 × 3

= 364
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Value of L 
0 1    2    3    4    5    6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S P    D    F    G   H     I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

0 1S
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Value of L 
0    1    2    3 4    5    6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P D    F G   H     I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

3 2F
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Value of L 
0    1    2    3    4    5 6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P    D    F    G   H I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

5 3H
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Value of L 
0    1    2    3    4    5    6 7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P    D    F    G   H     I K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

6 4I
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Value of L 
0    1    2    3    4    5    6 7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P    D    F    G   H     I K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

6 5I
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Value of L 
0    1    2    3    4    5 6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P    D    F    G   H I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

5 6H
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Value of L 
0    1    2    3 4    5    6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P D    F G   H     I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

3 7F
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Value of L 
0 1    2    3    4    5    6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S P    D    F    G   H     I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

0 8S
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Value of L 
0 1    2    3    4    5    6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S P    D    F    G   H     I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

d electron Angular momentum Total orbital GS term
config. relevant orbitals angular momentum

d0 none 0 lS
dl 2 2 2D
d2 2, 1 3 3F
d3 2, 1, 0 3 4F
d4 2, 1, 0, -1 2 5D
d5 2, 1, 0, -1, -2 0 6S
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(1)
(14)
(33)
(52)
(65)
(66)
(21)

(8)

1
14
91

364
1001
2002
3003
3432
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K. Binnemans
Coord. Chem. Rev. 2015, 295, 1-45 
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The Pr3+ (4f2) 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 (3H4 ). 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 J
quantum number 4 (3F4, 1G4 ).

f2 (91 microstates)
in the language of crystal field theory, all
lanthanide and actinide complexes are weak field,
high spin!

f-f electronic spectra of the
complexes are very similar
to those of the free ions as
seen in arc spectra!

s1 = ½; s2 = ½
S = s1 + s2 = 1; S = s1 – s2 = 0
!1 =3; !2 =3
L = !1+!2; !1+!2-1;…;|!1-!2|
J = L + S; L + S - 1;…;|L – S|(33)

(21)

(9)

(5)

(13)

(9)

(1)

Terms arising from the f2 configurations (left-hand column)
and state consequently resulting from SO coupling

Russel-Saunders term Spin-Orbit states

1S 1S0
3P 3P0

3P1
3P2

1D 1D2
3F 3F2

3F3
3F4

1G 1G4
3H 3H4

3H5
3H6

1I 1I6

≈50cm-1
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Ma et al., Journal of Luminescence 2016, 170, 369
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f2 (91 microstates)
in the language of crystal field theory, all
lanthanide and actinide complexes are weak field,
high spin!

(33)

(21)

(9)

(5)

(13)

(9)

(1)

Terms arising from the f2 configurations (left-hand column)
and state consequently resulting from SO coupling

Russel-Saunders (RS) term Spin-Orbit states

1S 1S0
3P 3P0

3P1
3P2

1D 1D2
3F 3F2

3F3
3F4

1G 1G4
3H 3H4

3H5
3H6

1I 1I6
Terms arising from the f2 configurations (left-hand column)
and state consequently resulting from SO coupling

RS term Degeneracy

1S 1(1S0) 1
3P 1(3P0) 3(3P1) 5(3P2)

9
1D 5(1D2) 5
3F 5(3F2) 7(3F3) 9(3F4) 21
1G 9(1G4) 9
3H 9(3H4) 11(3H5) 13 (3H6) 33
1I 13(I6) 13
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f2

f3

f4

f5

f6

f8

f13

f12

f11

f10
f9

fUV IRg
VIS

d1
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n,ℓ,mℓ = Rn,ℓPℓ

mℓ cosθ( ) eimℓϕ

2π
If we carry a rotation of Φ around z

ϕ →ϕ +Φ

   
Rn,ℓPℓ

mℓ cosθ( ) eimℓϕ

2π
→ Rn,ℓPℓ

mℓ cosθ( ) eimℓ ϕ+Φ( )

2π

The rotation is thus given by the matrix

eiΦ 0  0
0 ei −1( )Φ  0
   
0 0 0 e−iΦ

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

χ Φ( ) = eiΦ + ei −1( )Φ +…+ e−iΦ = e−iΦ eiΦ( )n
n=0

2

∑ =
sin  + 1

2( )Φ
sinΦ

2



Chimica Inorganica 3

χ Φ( ) = eiΦ + ei −1( )Φ +…+ e−iΦ = e−iΦ eiΦ( )n
n=0

2

∑ =
sin  + 1

2( )Φ
sinΦ

2

Geometrical series from e-i!Φ to ei!Φ having path eiΦ

a + ar + ar2 +…+ arn−1 + arn = a r
n+1 −1
r −1

a = e− iΦ ; r = eiΦ ; n = 2

e− iΦ
eiΦ( )2+1 −1
eiΦ −1

= e− iΦ e
i 2+1( )Φ −1
eiΦ −1

=

eiΦeiΦ − e− iΦ

eiΦ −1
= e

i +1( )Φ − e− iΦ

eiΦ −1
=

sin  + 1
2( )Φ

sin
Φ
2

cosθ = e
iθ + e−iθ

2
; sinθ = e

iθ − e−iθ

2i

cos2θ = e
i2θ + e−i2θ

2
; sinθ = e

i2θ − e−i2θ

2i

ei +1( )Φ − e−iΦ = e
i +1

2
⎛
⎝⎜

⎞
⎠⎟Φe

i1
2
Φ
− e

−i +1
2

⎛
⎝⎜

⎞
⎠⎟Φe

i1
2
Φ
=

2ie
i1
2
Φ
sin  + 1

2
⎛
⎝⎜

⎞
⎠⎟ Φ

eiΦ −1= e
i1
2
Φ
e
i1
2
Φ
− e

−i1
2
Φ⎛

⎝⎜
⎞
⎠⎟
= 2ie

i1
2
Φ
sinΦ

2
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The characters of the reducible representation Γ spanned
by the five d orbitals (! = 2) in the point group D4h (we
limit our attention to the pure rotational group D4)

χ Φ( ) = sin  +
1
2( )Φ

sinΦ
2

Φ = π χ C2( ) = sin  +
1
2( )Φ

1
= −1( )

Φ = π
2

χ C4( ) = 1  = 0,1, 4, 5…
−1  = 2,3, 6, 7…

⎧
⎨
⎩

E 2C4 C2 2 ′C2 2 ′′C2
5 −1 1 1 1

The irreducible components of Γ are

n a1( ) =1
d
z2

 
; n a2( ) = 0; n b1( ) =1

d
x2−y2

 
; n b2( ) =1

dxy
 

; n e( ) =1
dxz ,dyz
 
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
J =

L +

S

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

χ Φ( ) = sin j + 1
2( )Φ

sinΦ
2

For J half-integer

For J integer

χ Φ + 2π( ) = sin j + 1
2( ) Φ + 2π( )

sin Φ + 2π( )
2

=
sin j + 1

2( )Φ + 2π⎡⎣ ⎤⎦

sin Φ
2
+π⎛

⎝⎜
⎞
⎠⎟

=
sin j + 1

2( )Φ
−sinΦ

2

= −χ Φ( )

  

χ Φ + 2π( ) = sin j + 1
2( ) Φ + 2π( )

sin
Φ + 2π( )

2

=
sin j + 1

2( )Φ +π⎡⎣ ⎤⎦

sin Φ
2
+π⎛

⎝⎜
⎞
⎠⎟

=
−sin j + 1

2( )Φ
−sin Φ

2

= χ Φ( )

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 J we have
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Hospital 's rule
χ 0( ) = j + 1

2( )cos j + 1
2( )0

1
2 cos 1

2 0
= 2 j +1

χ 2π( ) = j + 1
2( )cos j + 1

2( )2π
1
2 cos 1

2 2π
=

2 j +1 j  integer
− 2 j +1( ) j  half-integer

⎧
⎨
⎩

⎧

⎨
⎪
⎪

⎩
⎪
⎪

χ Φ( ) = sin j + 1
2( )Φ

sinΦ
2

For half integer values of J

χ RC
n( ) = −χ C

n( )

RCn and Cn must be in different classes

χ Φ + 2π( ) = −χ Φ( )
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h = 24
Γ = 5

h = 48
Γ = 10

A new group element (R), corresponding to a
2π rotation, is introduced. It implies a double
number of elements but not a twice number
of classes (irreducible representations);
rotations by π are in fact unique!
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except

χ RC2( ) = χ C2( ) = 0

For half integer values of J

χ RC
n( ) = −χ C

n( )
RCn and Cn must be in different classes

χ Φ + 2π( ) = −χ Φ( )

χ π( ) = sin j + 1
2( )π

sinπ
2

=
sin j + 1

2( )π
1

= 0

χ π + 2π( ) = sin j + 1
2( ) π + 2π( )

sin π + 2π( )
2

=
sin j + 1

2( )π + 2π⎡⎣ ⎤⎦
−1

= 0
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Moebius strip

χ Φ + 2π( ) = −χ Φ( )
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On the other hand a rotation by 4π is equivalent to the Ê operator. Moreover, the only
character with a unique value is the character for a rotation of π for j half-integer

χ π( ) = sin j + 1
2( )π

sin 1
2 π

= 0 = χ 3π( ) = sin j + 1
2( )3π

sin 3
2 π

The introduction of a new group element (R), corresponding to a 2π
rotation, implies a double number of elements but not a twice number
of classes (irreducible representations); rotations by π are in fact
unique!



Chimica Inorganica 3

Complete Character Table for Point Group D4h
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The tables of characters of D4 and D’4 symmetry point groups are then

Classes containing rotations by π 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
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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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 E 8C3 3C2 6C4 6C’2 
χ 5 -1 1 -1 1 

 

Γℓ = 2 = e + t2 = Γ3 + Γ5 

 

χ 0( ) = ℓ+
1
2( )cos ℓ+ 1

2( )0
1
2 cos 12 0

= 2ℓ+1

χ 2π
3

⎛
⎝⎜

⎞
⎠⎟ =

sin ℓ+ 1
2( ) 2π

3
⎛
⎝⎜

⎞
⎠⎟

sin 2π
6

⎛
⎝⎜

⎞
⎠⎟

= −1

χ π( ) = sin ℓ+
1
2( ) π( )

sin π
2

⎛
⎝⎜

⎞
⎠⎟

= 1

χ 2π
4

⎛
⎝⎜

⎞
⎠⎟ =

sin ℓ+ 1
2( ) 2π

4
⎛
⎝⎜

⎞
⎠⎟

sin π
4

⎛
⎝⎜

⎞
⎠⎟

= −1

 

Hospital 's rule
χ 0( ) = ℓ+

1
2( )cos ℓ+ 1

2( )0
1
2 cos 1

2 0
= 2ℓ+1

χ 2π( ) = ℓ+
1
2( )cos ℓ+ 1

2( )2π
1
2 cos 1

2 2π
=

2ℓ+1 ℓ integer
− 2 j +1( ) j  half-integer

⎧
⎨
⎩

⎧

⎨
⎪
⎪

⎩
⎪
⎪

χ Φ( ) = sin j + 1
2( )Φ

sinΦ
2

j = ! = 2 
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 E R C3 C3R C2 C4 C4R C’2 
χ 2 -2 1 -1 0 (2)1/2 -(2)1/2 0 

 

 

Γℓ=2 = e+ t2 = Γ3 + Γ5

Γ s=1/2 ⊗Γℓ=2 = Γ3 + Γ5( )⊗Γ6

Γ3⊗Γ6( ) = Γ8

Γ5⊗Γ6( ) = Γ7 + Γ8

χ 0( ) = j + 1
2( )cos j + 1

2( )0
1
2 cos 1

2 0
= 2 j +1 χ 2π( ) = j + 1

2( )cos j + 1
2( )2π

1
2 cos 1

2 2π
= − 2 j +1( ) j  half-integer

χ 2π
3

⎛
⎝⎜

⎞
⎠⎟ =

sin j + 1
2( ) 2π

3
⎛
⎝⎜

⎞
⎠⎟

sin 2π
6

⎛
⎝⎜

⎞
⎠⎟

= 1 χ 2π
4

⎛
⎝⎜

⎞
⎠⎟ =

sin j + 1
2( ) 2π

4
⎛
⎝⎜

⎞
⎠⎟

sin 2π
8

⎛
⎝⎜

⎞
⎠⎟

= 2( )1
2

J = s = 1/2

χ Φ( ) = sin j + 1
2( )Φ

sinΦ
2

For half integer values of J

χ RCn( ) = −χ Cn( )

χ Φ + 2π( ) = −χ Φ( )

j = ½  

Γj=½ = Γ6
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f2 (91 microstates)

(33)

(21)

(9)

(5)

(13)

(9)

(1)

Fk = e2 r<
k

r>
k+1 R4 f ri( )R4 f rj( )⎡⎣ ⎤⎦

0

∞

∫
0

∞

∫
2

dridrj

F0 = F
0; F2 =

F2

225
; F4 =

F 4

1089
; F6 =

25F6

184041

F4
F2

= 41
297

= 0.138

F6
F2

= 175
11583

= 0.0151

The Pr3+ (4f2) 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 (3H4 ). 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 J
quantum number 4 (3F4, 1G4 ).

E 3H( ) = F0 − 25F2 − 51F4 −13F6
E 3F( ) = F0 −10F2 − 33F4 − 286F6
E 1G( ) = F0 − 30F2 + 97F4 + 78F6
E 1D( ) = F0 +19F2 − 99F4 + 715F6
E 1I( ) = F0 + 25F2 + 9F4 + F6
E 3P( ) = F0 + 45F2 + 33F4 −1287F6
E 1S( ) = F0 + 60F2 +198F4 +1716F6
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f2 (91 microstates)

(33)

(21)

(9)

(5)

(13)

(9)

(1)

Spin-Orbit states

1S0
3P0

3P1
3P2
1D2
3F2

3F3
3F4
1G4
3H4

3H5
3H6
1I6

Notice that there is no spin-orbit
coupling between the 3F3 level and
any other levels, and hence there are
no intermediate coupling corrections
to be included in this case. In this
sense 3F3 is a pure state, similarly as
the excited states 3P1 and 3H5.

E 3H( ) = F0 − 25F2 − 51F4 −13F6
E 3F( ) = F0 −10F2 − 33F4 − 286F6
E 1G( ) = F0 − 30F2 + 97F4 + 78F6
E 1D( ) = F0 +19F2 − 99F4 + 715F6
E 1I( ) = F0 + 25F2 + 9F4 + F6
E 3P( ) = F0 + 45F2 + 33F4 −1287F6
E 1S( ) = F0 + 60F2 +198F4 +1716F6
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1S1/2
2F5/2,7/2
3H4,5,6
4I9/2,11/2,13/2,15/2
5I4,5,6,7,8
6H5/2,7/2,9/2,11/2,13/2,15/
2
5F0,1,2,3,4,5,6
1S7/2

1
14
33
52
65
66
21

8
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Value of L 
0    1    2    3    4    5    6    7    8    9    10    11    12    13    14    15    16    17    18    19    20

Symbol of L 
S    P    D    F    G   H     I    K    L    M    N      O     Q      R      T      U     V      W     X       Y      Z

f3, f11

f3 f11

364
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4S 4S3/2
2P 2P1/2

2P3/2
2D 2D3/2

2D5/2
2D 2D3/2

2D5/2
4D 4D1/2

4D3/2
4D5/2

4D7/2
2F 2F5/2

2F7/2
2F 2F5/2

2F7/2
4F 4F3/2

4F5/2
4F7/2

4F9/2
2G 2G7/2

2G9/2
2G 2G7/2

2G9/2
4G 4G5/2

4G7/2
4G9/2

4G11/2
2H 2H9/2

2H11/2
2H 2H9/2

2H11/2
2I 2I11/2

2I13/2
4I 4I9/2

4I11/2
4I13/2

4I15/2
2K 2K13/2 

2K15/2
2L 2L15/2 

2L17/2

f3, f11
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• When d electron systems were considered it
was found that a detailed study of the d1

and d2 configurations could easily be
extended to cover all the low-lying excited
states of the same spin multiplicity as the
ground state for all dn configurations.

• Even if spin-orbit coupling could be
ignored, the f electron case is more
complicated. Not only f1 and f2 but also f3

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.
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 D = 35Ze2

4a5 ; q = 2
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dm=0 Vo
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⎬

⎪
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f fm=0 = 6D ′q + 20Fr
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f fm=±1 = D ′q −15Fr

fm=±2 Vo
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• The transition to the highest 1S0 level lying in
the UV region cannot be observed since it is
masked by the 4f g 5d transition.

• For two pairs of levels 1I6 – 3P1 and 3F4 – 3F3
the split components may overlap.

• The absorption spectra of Pr(III) in solutions
in the visible region have four bands due to
the transitions from the ground state to 3P2,
3P1 + 1I6, 3P0 and 1D2 levels.
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• The transition to the highest 1S0 level lying in
the UV region cannot be observed since it is
masked by the 4f g 5d transition.

• For two pairs of levels 1I6 – 3P1 and 3F4 – 3F3
the split components may overlap.

• The absorption spectra of Pr(III) in solutions
in the visible region have four bands due to
the transitions from the ground state to 3P2,
3P1 + 1I6, 3P0 and 1D2 levels.
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The actual absorption bands that occur in the spectra of the lanthanides are
associated with electronic transitions can be divided into three types:

• f g f transitions: localized entirely within the f shell and so, like d g d
transitions, formally forbidden. However, like d g 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 g (n + l)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-1 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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f2

f3

f4

f5

f6

f8

f13

f12

f11

f10
f9

fUV IRg
VIS

d1
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f1                f2               f3              f4                   f5 f6                  f7 f8                  f9              f10             f11               f12            f13                 
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fUV IRgVIS

(a) The electronic spectrum of CeIII (f1) is dominated by LMCT bands. The f – f
spectrum will consist of a single transition between the two spin-orbit levels 2F5/2
and 2F7/2 (ΔJ = 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 PrIII , a f2 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.

J. Van Vleck, J. Chem. Phys. 1937, 11, 67.
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The optical properties of intra-
4fn transitions (f–f transitions) in
lanthanide compounds are
usually insensitive to the
surrounding environment due
to the shielding effect of the
outer 5s and 5p electrons.
However, there are exceptional
transitions, the so-called
hypersensitive transitions,
whose oscillator strengths
change sensitively to a small
change of the surrounding
environment.

Excited state levels of hypersensitive transitions for Pr(III)
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Excited state levels of hypersensitive transitions for Pr(III)

Selection Rules

• When the lanthanide ion is at the center of
symmetry, the intensity of the hypersensitive
transitions is zero (Ln in ClO4

- 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~ > H2O > 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 pKa of the ligands.

• In the presence of some ligands, the
hypersensitivity can be found in some transitions
which are not usually hypersensitive. For
example, 3H4g3P2 and 3H4g1D2 in Pr(III);
4I9/2g4G7/2, 4I9/2g4F7/2; 4I9/2g4F5/2, and 4I9/2g4F3/2,
in Nd(III).

• These transitions are known as ligand mediated
pseudohypersensitive transitions.
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Here has been recognized that the EuIII 7F1 state is low lying and thermally populated at
room temperature so that the hypersensitive transition could involve it as the ground state.

Selection Rules
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“The Lanthanons: These elements perplex us in our researches, baffle us in our
speculations, and haunt us in our very dreams. They stretch like an unknown sea
before us mocking, mystifying, and murmuring strange revelations and
possibilities”

Sir William Crookes addressing the Royal Institution in 1887


