
Crystal Field Theory (CFT)
Hans Bethe (1929): purely electrostatic interactions between M and L

Van Vleck (1935): modified CFT to allow for covalency (incorporation of 
Mulliken’s MO approach) → Ligand Field Theory (LFT)

Sometimes, both CFT and LFT are used synonymously (some argue that CFT is 
misleading because it applies to solutions as well as to solids)

Historically: both VB and CFT/LFT were developed at the same time
VB was used by chemists; CFT/LFT was used by solid state physicists 
(until 1950s when chemists used it as well)

In CFT: Ligands are negative point charges

Metals are positive point charges

The ligand electrons interact with the metal’s d orbitals (5 d orbitals of different 
shape) → Repulsive forces!
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Free metal 
ion

degenerate

degenerate

O is the CF splitting parameter

(can be determined by UV/VIS)

In gas phase (free metal ion): all 5 d
orbitals are degenerate

Degeneracy remains after 
introducing a spherical field of 
negative point charges. However, the 
energy is increased due to repulsion!

Reorganizing the charges into an 
octahedral field gives two sets of d
orbitals of different energies:

t2g (triply degenerate)
eg (double degenerate)
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The five d orbitals in 
an octahedral field
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O

O

For Ti3+ (e.g., [Ti(H2O)6]3+) – d1

t2g

eg

The magnitude of O can be measured spectrophotometrically

Photon 

(E = h = O)

O = 20,000 cm-1 (or 500 nm) 
corresponding to 243 kJ/mol

t2g to eg
transition

Note: the actual spectrum has a shoulder due to 
the Jahn-Teller effect (explained later)
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Crystal Field Stabilization Energies (CFSEs)

CFSE  =   Energy released when a complex rearranges from the (hypothetical) 
spherical field to its final geometry

Examples for octahedral environments:

d1 (Ti3+) CFSE = - 0.4 O

d2 (V3+) CFSE = - 0.8 O

d3 (Cr3+) CFSE = - 1.2 O

- 0.4 O

+ 0.6 O

- 0.4 O

+ 0.6 O

- 0.4 O

+ 0.6 O

All species are paramagnetic

Observe Hund’s rule!
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d9 (Cu2+) CFSE = (6 x -0.4) + (3 x 0.6) O = - 0.6 O

d10 (Zn2+) CFSE = (6 x -0.4) + (4 x 0.6) O = 0 O

- 0.4 O

+ 0.6 O

- 0.4 O

+ 0.6 O
Diamagnetic

Paramagnetic
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High-spin and low-spin configurations (d4 to d7 for octahedral field)

t2g

eg

t2g

eg

d5 – high spin:    [Mn(H2O)6]2+ CFSE = 0

d5 – low spin:     [Fe(CN)6]3- CFSE = 5 x -0.4 O + 2 P = -2.0 O + 2 P

d6 – high spin:    [Fe(H2O)6]2+ CFSE = 4 x -0.4 O + 2 x 0.6 O = -0.4 O

d6 – low spin: [Fe(CN)6]4- CFSE = 6 x -0.4 O + 2 P = -2.4 O + 2 P

P = Pairing 
energy

Diamagnetic !
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(a) d5 ion in a weak octahedral field (small O) results in a high-spin complex 
(e.g. [Mn(H2O)6]2+)

(b) d6 ion in a strong octahedral field (large O) results in a low-spin complex 
(e.g. [Fe(CN)6]4-)

High-spin versus Low-spin

P > O

P < O

d5 h.s.

d6 l.s.
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Electron pairing energy

Composed of two terms:
1. Coulombic repulsion (Pcoul)
2. Loss of exchange energy (basis for Hund’s rule)

Coulombic repulsion:
Must be overcome when forcing two electrons into the same orbital

Pcoul (5d) < Pcoul (4d) < Pcoul (3d) 

(because of the size of the d orbitals)

Loss of exchange energy:

Traditional explanation of Hund’s rule: less repulsion between electrons in high-
spin state

However: electrons of same spin repel each other far more than electrons of 
opposite spin (a result of Pauli’s exclusion principle) 
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Loss of exchange energy:

Solution: because electrons with same spin avoid each other, they do not shield 
each other as much from the nucleus, resulting in increased attraction to the nucleus 
(thus, lower energy)

 energy is termed Exchange Energy

The more unpaired electrons, the higher the stability!

For d orbitals: d 5 (half-filled) highest exchange energy

→ special stability of half-filled shells (Mn2+, Fe3+ are often high-spin)

Configuration M2+ P (kJ/mol)
d4 Cr 281
d5 Mn 305
d6 Fe 211
d7 Co 269

Some pairing energies of 3d TMs 
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Complexes with 
tetrahedral 
geometry

T = 4/9 O

Since T is small, all complexes are high-spin (with very few exceptions) 
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Crystal fields of other symmetries

Cubic field (rare in chemistry): Cubic = 8/9 O
(two tetrahedra inscribed in a cube)

Tetragonal symmetry: 
results when 2 trans ligands in an octahedral complex are moved away (or towards) 
the metal ion (usually in the z-direction)

elongation compression
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Distortions can result from having 2 types of ligands of different “strength” 
(e.g., in complexes such as trans-MA4B2). Note that such distortions can also 
occur when all six ligands are the same (Jahn-Teller effect).

In case the two ligands are so far moved away from the metal ion that the they 
are essentially removed from the complex, a square planar geometry results 
(this is the extreme of tetragonal distortion)

The splitting () is defined as the 
energy spacing between the d(xy) 
and d(x2-y2) orbitals
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Square-planar complexes

Many complexes of d8 metal ions (e.g. Ni2+, Pt2+) are square planar

Square planar geometry results when the splitting energy () is large

The 8 d electrons occupy the d(xz), d(yz), d(z2) and d(xy) orbitals 
(the complexes are therefore diamagnetic)

The d(x2-y2) orbital remains unoccupied because of its high energy

Examples: [Ni(CN)4]2-, [PdCl4]2-, [Pt(NH3)4]2+, [Pt(NH3)2Cl2], 
[AuCl4]-

Note: cis-[Pt(NH3)2Cl2] (cis-platinum) is used as an 
anticancer agent
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Jahn-Teller (JT) Effect

Jahn-Teller Theorem (1937):
For a non-linear molecule in an
electronically degenerate state,
distortion must occur to lower
the symmetry, remove the
degeneracy, and lower the
energy.

Tetragonal distortions may occur 
when all 6 ligands of a complex 
(ML6) are the same !

(two of the ligands [in trans position] may 
be closer or further away from the metal 
centre)
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Cu2+ and the Jahn-Teller Effect
The electronic ground state of octahedral Cu(II) is degenerate (the electron “hole” 
can be in either of the two eg orbitals)

Therefore, a tetragonal distortion of octahedral Cu(II) complexes should occur 
(elongation is mostly observed)

Such distortion (along the z axis) removes the degeneracy, and leads to a higher 
CFSE

In fact, the gain in CFSE is what drives this process (i.e., the distortion)!

Q1: What is the gain in CFSE in this case?

Q2: Does the JT effect occur in octahedral Cr(III) complexes?
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The Jahn-Teller effect is visible in the UV-Vis spectra of Cu(II) complexes in 
form of a shoulder in the absorption peak

[Cu(H2O)6]2+

The two closely spaced transitions are:
xz, yz → x2-y2

xy → x2-y2
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Ti3+ and the Jahn-Teller Effect

Ti3+ (e.g., in [Ti(H2O)6]3+) is compressed octahedral 

The two closely spaced transitions are:
xy → x2-y2

xy → z2

WHY ?
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Dynamic Jahn-Teller Effect

Some complexes show no distortion at room temperature although the JT theorem 
would predict distortion. These complexes show distortion at low temperatures, 
however.

Complexes oscillate among 3 (x,y,z) equivalent tetragonal distortions

At RT: fast oscillations; observed structure is time-averaged (i.e., appears undistorted)

At low T: slowed-down oscillations; distortions can now be observed

Example: K2Pb[Cu(NO2)6]

298 K: undistorted
< 276 K: axially compressed
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Jahn-Teller Effect in Chelate Complexes

Sometimes there is a conflict between the geometrical requirements of chelating 
ligands and the JT effect!

Example: en (ethylenediamine) complexes of 3d transition metals

Bite: preferred distance between coordinating atoms

Formation of (en) complexes by stepwise replacement of H2O:
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The stability of complexes 
(with less than 10 d 
electrons) gradually 
increases from left to right 
across the series. The only 
exception: K3 of Cu(II).

Stepwise stability constants (K1, K2, K3) for (en)
complexes of some 3d transition metal ions in
aqueous solution
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Reason for the lack of stability of the tris complex:

Tendency of a hexacoordinate Cu(II) complexes to undergo distortion (JT effect 
for d9 system)

When the third (en) ligand binds, distortion cannot occur without strain of at 
least two of the (en) ligands → energetically very unfavourable!
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Energy levels of d orbitals for other symmetries
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Factors governing the magnitude of 

1. Oxidation state of the metal ion:

 increases with increasing ionic charge of the central metal ion

Example: [Ru(H2O)6]2+ (O = 19,800 cm‐1); [Ru(H2O)6]3+ (O = 28,600 cm‐1)

Rule of thumb: increase in oxidation state by 1 leads to 50% increase in 

2. Nature of the metal ion:

 increases for analogous complexes within a given group in the order 3d < 4d < 5d

Examples:  [Cr(H2O)6]3+ (O = 17,400 cm‐1); [Mo(H2O)6]3+ (O = 26,000 cm‐1)
[Rh(NH3)6]3+ (O = 34,100 cm‐1); [Ir(NH3)6]3+ (O = 41,200 cm‐1)

Rule of thumb: 3d → 4d: ≤ 50 % increase in ; 4d → 5d: ≈ 25 % increase in 

Note: An important result of this trend is that complexes of 4d and 5d transition metals 
have a much greater tendency to be low-spin than those of 3d metals! 
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3. Number and geometry of ligands:

 for tetrahedral complexes is ~ 50 % as large as for octahedral complexes

Example: [VCl6]2‐ (O = 15,400 cm‐1); VCl4 (T = 7,900 cm‐1)

4. Nature of the ligands:

Based on absorption spectra (d-d transitions) of a variety of complexes with 
different types of ligands and central metal ions, one can order the ligands 
according to their ‘field strength’. 

The order is known as the Spectrochemical Series.

(ox = oxalate, en=ethylenediamine, bpy=2,2’-bipyridine, phen=1,10-phenanthroline; for the 
thiocyanato ligand: underlined atoms are bound to the metal centre)

I- <  Br- <  S2- <  SCN- <  Cl- <  N3
-, F- <  urea, OH- <  ox, O2- <  H2O  

<  NCS- <  NH3 <  en  <  bpy, phen  <  NO2
- <  CH3

-, C6H5
- <  CN- <  

CO  <  NO
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Problems in explaining the trends in the spectrochemical series with CFT:

Based on CFT (electrostatic model), all anionic ligands should come late in the 
series (high field strength). This is obviously not the case (as most of these ligands 
exhibit low field strengths)!

The spectrochemical series is therefore at odds with the assumption of purely 
electrostatic interactions between ligands and metal ions (CFT).

The observations mentioned above have led to the development of the ligand field 
theory (LFT), which allows for (and describes) covalent interactions between 
ligands and the metal ions.

Also note: OH- and O2- < H2O
H2O < NH3 (although dipole moments are in reverse order)
CO (although neutral) is one of the strongest (field) ligands


