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Spectrum of [Cr(NH3)6]3+

As mentioned previously, the spectrum of [Cr(NH3)6]3+ has two bands, both arising 
from t2g

3 → t2g
2 eg

1 transitions.

The labels 4A2g → 4T2g and 4A2g → 4T1g denote molecular term symbols and 
describe the electronic orbital state of the complex.

Note: the superscript 4 denotes the multiplicity (d 3 → S = 3/2).

Ligand field transitions
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When complexes are considered, L is not a good quantum number to describe 
electronic states because it is not well defined for a non-spherical symmetry (e.g., 
octahedral).

For the free d 3 ion: spherical symmetry → 4F is the ground term
Note: in this case, only electron-electron repulsions between d electrons are relevant.

In complexes: repulsions between ligand electrons and d electrons play a role

Two extreme cases can be considered:
1. Weak field limit: ligand field is so weak that only d-d electron repulsions are 

important
2. Strong field limit: ligand field is so strong that d-d electron repulsions are 

negligible (note: this is what we considered before we started the chapter on 
spectra; e.g., t2g eg sets)

Real complexes fall somewhere in between the two extremes (i.e., both ligand 
field and d-d electron repulsions are important).

Hence, the description of energy levels must change from free ion terms to 
molecular term symbols! 
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Correlation diagram for a d 1 ion in an 
octahedral environment

Correlation diagrams

Electronic spectrum of [Ti(H2O)6]3+

Free ion (left side): L = 2 and S = ½ → 2D is the ground term

Strong octahedral field: 2D is split into 2T2g (t2g
1eg

0) and 2E2g (t2g
0eg

1)

The energy difference between the two levels is O. Note: for d 1, there are 
no d-d electron repulsions!

Ground 
state term

Excited 
state term
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Simplified correlation diagram for a 
d 2 ion in an octahedral environment

Absorption spectrum of [V(H2O)6]3+

At the strong field limit: t2g
2 < t2g

1 eg
1 < eg

2 t2g
2: triply degenerate → 3T1g (- 0.8 O)

t2g
1 eg

1: triply degenerate → 3T2g (+ 0.2 O)
eg

2: non-degenerate → 3A2g (+ 1.2 O)

?
?

*discussed on slide 8 

*

- 0.4 O

+ 0.6 O
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Full correlation diagram for a d 2 ion 
in an octahedral field

There are some rules in how free ion 
terms split when an octahedral ligand 
field is introduced!

Oh is the symbol (point group) for octa-
hedral symmetry. 



6

Selection Rules

1. Laporte selection rule: 
Transitions between states of same parity are forbidden
Based on this rule, d → d transitions (gerade → gerade) are forbidden

2. Spin selection rule: 
Transitions between states of different spin multiplicity are forbidden

e.g., 4A2g → 4T1g is spin-allowed, but 4A2g → 2Eg is spin-forbidden 
(in Cr3+, this transition is very weak)
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If d → d transitions are forbidden, why are so many TM complexes coloured?

Selection rules can be relaxed:

a) Vibrations can change the symmetry
e.g., for octahedral complexes (which contain an inversion centre), 
vibrations/distortions lead to the loss of octahedral symmetry.
This “vibronic coupling” relaxes the Laporte selection rule.
Nonetheless, extinction coefficients for d → d transitions are quite small 
(~ 10 – 50 M-1cm-1).

b) The bonding in tetrahedral complexes involves a combination of sp 3 and sd 3

hydrid orbitals. The mixing of orbitals of different parity (g and u) relaxes 
the Laporte rule.
Tetrahedral complexes absorb more strongly than octahedral ones 
( ~300 M-1cm-1).

c) Spin-orbit coupling relaxes the Spin selection rule (this is especially 
important for heavier atoms, but the effect is already noticeable with 3d TMs)
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Energy of terms for a d 2 configuration

Racah parameters

The energies of terms are complicated Coulomb and exchange energy integrals 
over orbitals occupied by electrons. Luckily, the energies can be expressed for any 
electron configuration as linear combinations containing 3 parameters (A, B, C), 
known as Racah parameters. 

Note 1: the parameters (which are empirically obtained from atomic spectroscopy) 
express inter-electronic repulsions.
Note 2: B is smaller in complexes compared to the free ion → indicates less e--e-

repulsion because of e- delocalization due to covalency → nephelauxetic effect)
example: Free Cr3+: B = 1030 cm-1; [Cr(NH3)6]3+: B = 657 cm-1

Note that all terms contain A. If one is only 
interested in relative energies, A becomes irrelevant. 

For the difference between 3F and 3P, only B must be 
known. Here, the difference is 15 B (see slide 4). 

E(3F) is always smaller than E(3P) → 2nd Hund’s 
rule!
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Racah parameters

With the knowledge of the Racah parameters B and C, the order of energies of the 
terms can be determined:

If C > 5 B: 3F < 3P < 1D < 1G < 1S

If C < 5 B: 3F < 1D < 3P < 1G < 1S 

Here: higher L value is more important than a 
higher multiplicity

For V3+: C/B = 4.8
Therefore, 1D < 3P!
This shows that Hund’s 
rules are only reliable for 
predicting the ground 
term!
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Energy relationships for other electron configurations
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TS diagram for the d 2 configuration

Tanabe-Sugano (TS) diagrams

TS diagrams are very useful for interpreting 
electronic spectra of complexes

Important features of TS diagrams:

1. The energy is expressed as E/B, and 
plotted against O/B.

2. The zero line is the ground term → 
E = energy above the ground term

3. Non-crossing rule for terms that have the 
same symmetry: terms (lines) bend away 
from each other

For d 2: E(3P) – E(3F) = 15 B
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d 2

Using Tanabe-Sugano diagrams
(to determine B and O from electronic spectra)

Taken from Inorganic Chemistry by Miessler, Fischer & Tarr, 5th Ed., Chapter 11

See slide 4
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Note: the 3T1g → 3A2g transition is not observed (would imply simultaneous two-electron 
excitation, which is unlikely).
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Tanabe-Sugano diagram for d 3 ions

The parity symbol, g, has been 
omitted here for clarity.

Spectrum of [Cr(NH3)6]3+

Two transitions: 21,550 cm-1 (4A2g → 4T2g)
28,500 cm-1 (4A2g → 4T1g)

Energy ratio: 28,500/21,550 = 1.32. There is only one 
point fulfilling that requirement: at O/B = 32.8 (arrows)

For the 21,550 cm-1 transition: E/B = 32.8 → B = 657 cm-1

Since O/B = 32.8, O = 32.8 × 657 cm-1 = 21,500 cm-1
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Other Tanabe-Sugano diagrams

Dividing lines between high-spin (left part) and low-spin (right part)

h.s. h.s.l.s. l.s.
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Other Tanabe-Sugano diagrams

h.s. l.s.

Ground term (free ion) is 5D

Weak field (h.s.): 5D splits into 5Eg (ground 
term) and 5T2g (excited state term)

5Eg

At O/B ~ 27: ligand field is strong enough 
to cause spin pairing, thus creating a new 
ground state (3T1g).

3T1g

comes from the 3H term (L = 5)

3H



17

Other Tanabe-Sugano diagrams

h.s. l.s.

Ground term (free ion) is 6S

Weak field (h.s.): 6S does not split. The 
ground term is 6A1g. Since there are no other 
terms with a multiplicity of 6, all transitions 
are spin-forbidden → complexes are almost 
colourless!

6A1g

At O/B ~ 28: ligand field is strong enough 
to cause spin pairing, thus creating a new 
ground state (2T2g).

2T2g comes from the 2I term (L = 6)

2I
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Other Tanabe-Sugano diagrams

For h.s.: d 6 has the same splitting as d 4 but with the energy levels reversed!
The same inversion occurs for the d 3 - d 7 and d 2 - d 8 pairs.
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Other Tanabe-Sugano diagrams
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Electronic spectra of octahedral hexaaqua complexes of 3 d metals

One transition 
split into two by 
JT distortion
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Electronic spectra of octahedral hexaaqua complexes of 3 d metals

very weak spin-
forbidden 
transitions

One transition 
split into two by JT 
distortion
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Tetrahedral complexes

In tetrahedral complexes, the splitting is the inverse of that of 
octahedral complexes

For TS diagrams: 

Same splitting as for octahedral complexes but with inverse energy levels

i.e., the proper TS diagram for d 8 tetrahedral (e.g., [NiCl4]2-) is the octahedral 
TS diagram for d 2. Note: The subscript g is to be omitted for tetrahedral 
complexes! 
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Charge-transfer spectra

d – d transitions are Laporte-forbidden → many complexes are only slightly coloured

However, some TM complexes are intensely coloured (with  50,000 M-1 cm-1)

Examples: CrO4
2-, MnO4

-, Fe(NCS)3 note: the first two do not even have d electrons

Excitation of an electron with ligand character to a state where it has metal character 
(in other words, CT from filled LGO to an empty d orbital)

Ligand-to-metal charge transfer (LMCT) 

Since this is not a d – d transition, it is perfectly allowed → high  values
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Spectrum of [Cr(NH3)5Cl]2+Formally, an LMCT is a transfer of an electron into 
eg* (or t2g when unoccupied) → reduction of Mn+

Since LMCT transitions are of higher energy than d
– d transitions, they often lie in or near the UV 
portion of the spectrum  

Examples of complexes that show LMCT(s):

MnO4
-, CrO4

2- → CT from orbitals derived from 
oxygen (p orbitals) to empty d orbitals 
(O→Mn/Cr LMCT)

[Co(NH3)6]3+, [Cr(NH3)5Cl]2+

Blue copper proteins (e.g., plastocyanin)
(N,S→Cu LMCT)

Cu-binding site of plastocyanin
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Metal-to-ligand charge transfer (MLCT) 

Excitation of an electron with d orbital character to an empty, low-lying orbital of 
ligand character

MLCTs are often observed with ligands that have empty * orbitals (i.e., strong-
field ligands) – e.g., CO, CN-, SCN-, bipy (bpy)

Formally: MLCT results in the oxidation of the metal ion

Examples: Fe(NCS)3, [Ru(bipy)3]2+, Cr(CO)6 (CT in UV), [Fe(bipy)3]2+ (red)
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Metal-to-metal charge transfer (MMCT) 

Can occur when metals with two different oxidation states are present.

Because of the CT between two metals, the transition is often called intervalence
charge transfer (IVCT) instead of MMCT.

Examples: black magnetite (FeIIFeIII
2O4), Prussian blue (transfer of charge via CN-)

Ligand-to-ligand charge transfer (LLCT) 

Can occur when one ligand is an e- donor and the other ligand an e- acceptor. The 
metal does not play a role in LLCT.

LLCT is relatively rare or difficult to detect (may be lower due to poor orbital 
overlap, and the CT might therefore be obscured by other transitions).

Examples: [Be(bipy)Cl2] Cl () → bipy (*)
[Fe(bipy)3]2+ (see previous slide)

Fe3+ – NC – Fe2+


