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Applications: Applications: Transition Metal Transition Metal 
ComplexesComplexes

C734b
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Example:Example:
ML6 Oh complex using coordinate system designated below:
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Metal OrbitalsMetal Orbitals

nd (5)
(n+1)s (1)
(n+1) (3)

Ligand OrbitalsLigand Orbitals

6 p-orbitals pointing to M  (σ-orbitals)
12 p-orbitals perpendicular to σ
≡ π (6 in total), π’ (6 in total)

9 orbitals total 18 orbitals total

Overall orbital count = 27. This means in principle we need a 27 x 27 matrix representation!

Step 1Step 1
Examine the character table for Oh. ( for the metal)
Find (although not stated) that s transforms as A1g
The p-orbitals transform as T1u
The d-orbitals transform as 2gg TE ⊕

Note:Note: the largest degeneracy is 3-fold in cubic symmetry. Therefore d-orbital set split. 
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The T2g set (dxy, dyz, dxz) “point” between the ligands.
The Eg set (dz2, dx2-y2) “point at the ligands.

Therefore E(T2g) < E(Eg)

These are crystal field arguments based on electrostatic repulsion between 
central atom electrons and ligand electrons

Step 2Step 2

Write down the characters of the representations based on ligand p-orbitals labelled σ

No need to construct matrix representations. Use “quick” method of noting how 
contours of the basis functions transform under symmetry operator (T)

Assign +1 to χ(T) if is there is no change, -1 is the contour changes sign, and 
0 if the orbital transforms to another orbital (implying an off diagonal matrix element 
in the matrix representation).
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σ-orbitals

Reduction yields: ug TEgA 11 ⊕⊕=Γσ

4020022006
36683668 4624

'
23

σ

σσ
Γ

hdh SSiCCCCEO
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Step 3Step 3

σ-bonding.  Need to use projection operators to find linear combination of 
ligand σ-orbitals having A1g, Eg and T1u symmetry

Hard work!!Hard work!!

Omitting normalization factors, they are:

( ) ( ) ( )

( ) ( )

( ) ( ) ( )

( ) ( ) ( )
hd

g

S

SiC

CC

CE

A

σσ
σσσσσσσσσσσσσσσ

σσσσσσσσσσσσ

σσσσσσσσσσσσ

σσσσσσσσσψ

366
111

83
111

66

11
8

11

4

411443652361125

62

532632654144

4
'
2

113652634452

3

6253653211

+++++++++++++++

++++++++++++

++++++++++++

++++++++=
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Therefore ( ) 6543211 σσσσσσψ +++++=gA

( )[ ] ( )654321111 1 σσσσσσ +++++++=∴ bsnaa g

Bonding:Bonding: ai, bi have the same sign
Antibonding:Antibonding: ai, bi have opposite signs
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Similarly:

( ) ( ) ( )
( ) ( )42222

2222

165324

41653211

σσσσσσσ

σσσσσσσψ

+++++−+

+++++−=gE

( ) 6543211 22 σσσσσσψ −−+−−=⇒ gE

Starting with σ2 and then σ3 gives cyclic permutations:

( ) 1654322 22 σσσσσσψ −−+−−=gE

( ) 2165433 22 σσσσσσψ −−+−−=gE
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Can’t have 3 linearly independent basis functions for Eg

Want 2 combinations that are orthogonal (in the ZOA) and which overlap M-atom 
orbitals of Eg symmetry: dz2, dx2-y2

A suitable choice is:

( ) ( ) )planexy(542121 σσσσψψ −+−=− gg EE

( ) )directionz(22 2165433 −−−+−−= σσσσσσψ gE
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[ ] ( )542122 22 σσσσ −+−+=∴
−

bndae yxg

[ ] ( )542163333
' 2222 σσσσσσ −−−−++=

−
bndae

rzg
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Similarly for the T1u representation

( ) ( ) ( )
( ) ( ) ( )
( )41

4365236125414

1365246352111

21
2121321

21213

σσ
σσσσσσσσσσσσσ

σσσσσσσσσσσψ

++
++++−+++++−+−

+++++++++−=uT

( ) 4111 σσψ −=⇒ uT

By cyclic permutation

( ) 5212 σσψ −=uT

(x-direction)

(y-direction)

( ) 6313 σσψ −=uT (z-direction)
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( )[ ] ( )41441 1 σσ −++=∴ bpnat xu

( )[ ] ( )5255
'
1 1 σσ −++= bpnat yu

( )[ ] ( )6366
"
1 1 σσ −++= bpnat zu
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Repeat procedure for the π, π’ orbitals

π, π’-orbitals

'
0)44(0000400012

36683668 4624
'
23

ππ

σσ

π =+−−Γ
hdh SSiCCCCEO

Reduction yields: uugg TTTT 2121 ⊕⊕⊕=Γπ
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Next, use projection operators to find linear combinations of ligand π and π’ orbitals 
that form bases for the T1u, T2g , T2u, and T1g IRs

Start with π1 as our arbitrary function (hard work!!hard work!!).

Sometimes hard to visualize.
Diagram showing for example how π1 transforms under the C2’ operator in the yz plane
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TT1u1u

( ) ( ) ( )
( ) ( )
( ) ( )
( ) ( )14163

'
4

'
425

36
'
1

'
1254

41456
'
1

'
152

63
'
4

'
452111

11

13

11

13

πππππππππ

πππππππ

πππππππππ

πππππππψ

++−++−+−−−−

+−+−++−−

−−−−+−+++

−+−+−−−=uT

( ) zuT πππππψ =+++=⇒ 542111

Since Ox and Oy are equivalent in Oh symmetry

( ) xuT πππππψ =+++−= 6
'
53

'
212

( ) yuT πππππψ =+−+= '
3

'
4

'
6

'
113



9

C734b  transition metal complexes 17

MOs which form bases for T1u are:
( )[ ]
( )[ ]
( )[ ] zzzu

yyyu

xxxu

bpnat

bpnat
bpnat

π

π
π

79,1

88,1

77,1

1

1
1

++=

++=

++=
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TT2g2g

( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( )46325

362541

36526352121

11
131

113

πππππ
ππππππ

πππππππππψ

−+−−−−
+−++−+−−

−++−−+−−+=gT

Similarly

( ) yxgT πππππψ =−−−= '
65

'
3222

( ) xygT πππππψ =−+−= '
5

'
4

'
2

'
123

( ) zxgT πππππψ =−+−=⇒ 634121
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Therefore MOs of T2g symmetry are:

[ ]
[ ]
[ ] zxzxzxg

yzyzyzg

xyxyxyg

bndat

bndat

bndat

π

π

π

1212,2

1111,2

1010,2

+=

+=

+=
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TT1g1g

( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( )46325

362541

36526352111

11
131

113

πππππ
ππππππ

πππππππππψ

−+−−−+
+−+−−+−−

−+++−+−−−=gT

( ) 643111 ππππψ +−−=⇒ gT

Since there is no M T1g orbital means ψ1(T1g) is a non-bonding orbital ≡ t1g,y
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The 3 degenerate MO’s are:

( )
( )
( )'

5
'
4

'
2

'
115,1

643114,1

'
65

'
3213,1

ππππ

ππππ

ππππ

+−+=

+−+=

+−+=

bt

bt

bt

zg

yg

xg
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TT2u2u

( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( )46325

362541

36526352111

11
131

113

πππππ
ππππππ

πππππππππψ

++−−−+
+−+−−+−−

−++−−+−−+=gT

( ) 542121 ππππψ −+−=⇒ uT

Since there is no M T2u orbital means ψ1(T2u) is a non-bonding orbital ≡ t2u,z
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By symmetry the 3 degenerate MOs are:

( )
( )
( )542118,2

'
3

'
4

'
6

'
117,2

6
'
53

'
216,2

ππππ

ππππ

ππππ

−+−=

+−−=

+−+=

bt

bt

bt

zu

yu

xu
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Predominately metal d-orbitals

Bonding σ-orbitals

Antibonding σ* orbitals

Non-bonding 
ligand orbitals
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Crystal Field Theory pictureCrystal Field Theory picture

( t2g)3 configuration  appropriate for a [MoCl6]3- complex


