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Ligand Field Theory

Octahedral Complexes
A. History
1) Crystal Field Theory only includes ionic interactions in the solid state
2) MO Theory developed and applied only to non-metal compounds
3) Ligand Field Theory combines both for transition metal coordination compounds

B. MO’s for O, complexes

1) Donor atom = atom in the ligand with a p-orbital or hybrid orbital directly
approaching the metal ion to form a o-bond

2) Thed,, d,, dy, orbitals are not of correct symmetry to c-bond with ligands

3) Thed,,, d,, Py Py, P, and s orbitals all have correct symmetry for interaction
with ligands
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4)  Use the Group Theory Approach to find Molecular Orbitals

a) The six ligand orbitals generate the group orbitals to combine with metal

Atomic Orbitals
TABLE 10.4 Character Table for Oy

O, | E 8¢G 6C 6C, 3G(=Ci» i 6S, 8S¢ 30, 6oy
Atg 1 1 1 1 1 1 1 1 1 1
Adg 1 1 -1 -1 1 T -1 1 1 -1
Eq 2 -1 0 0 2 2 o -1 2 0 222 = X2 = %, X2 — )
Tig 3 0 -1 1 -1 3 1 0o -1 -1 (Rx. Ry: R2)
Tyg 3 0 1 -1 -1 3 -1 0 -1 1 Xy, xz, yz)
A1y 1 1 1 1 1 -1 -1 -1 -1 -1
Ay 1 1 -1 -1 1 -1 1 -1 -1 1
E, 2 -1 0 0 2 -2 0 1 -2 0
T4y 3 0 -1 1 -1 -3 -1 0 1 1 x v 2
i 3 0 1 -1 -1 -3 1 0 1 -1

b) The reducible representation: I"= A, + T, + E
¢) Nondbonding metal orbitals: d,,, d,,, d,, orbitals have T,, symmetry

d) Bonding metal orbitals: s orbital has A, symmetry; p,, p,, p, have T,
symmetry, and d,, ,, d,,, have E; symmetry
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9)

The 6 metal AO’s of proper
symmetry combine with the six
ligand group orbitals

6 bonding MQO’s are filled by ligand
electron pairs

The metal t,; Atomic Orbitals are
nonbonding (d,,, d,,, d,) T I

6 antibonding orbitals are formed
with the same symmetries as the
bonding orbitals

The 2 e,* antibonding orbitals are
the lowest energy antibonding
orbitals available

The d-electrons from the metal ion
will fill'in the t,, and e,* MO’s

M7
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5)

6)

/)

All octahedral metal complexes will have the exact same MO diagram, only the
number of d-electrons will change

The 6 bonding MO’s, with lowered energy for their electron pairs is what holds
the metal complex together

The d-electrons in the t,; and e;* MO’s
a) Determine the “Ligand Field”
b) Determine the geometry and many characteristics of the metal complex

Orbital Splitting and Electron Spin

1)

2)

3)

The energy difference between the t,, and e,* MO’s = A, = “delta octahedral”

Strong-Field Ligands = ligands whose orbitals interact strongly with metal ion
a) e *israised inenergy
b) A, islarge

Weak-Field Ligands = ligands whose orbitals interact weakly with metal ion
a) e * israised only slightly in energy
b) A, issmall



4)  Electron Spin

a) d°—d3and d®- d° octahedral complexes have only one possible
arrangement of electrons in the t,, and e;* MO’s

b) d*-d’ octahedral complexes have two possible electronic arrangements

I.  Low Spin = least number of unpaired electrons; favored by strong
field ligands with large A,

ii.  High Spin = maximum number of unpaired electrons; favored by
weak field ligands with small A,

Complex with Weak-Field Ligands (High Spin)

A
v t t O G | N ¢t NN

NN NN NN NN NUN
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9)

Explanation for low/high spin complexes

a) Pairing Energy = I1 = energy it costs to pair 2 e- in an orbital
b) Delta Octahedral = A, = energy gained by having e- in t,, not e,*
c) Strong-Field ligands have large A, favors pairing up in t,; MO (A, > 1)
d) Weak-Field ligands have small A, favor keeping e- unpaired (A, < IT)
6) Aquacomplexes
lon Ao I1 lon Ao I1
o Ti3+ 18,800
d? 3 18,400
o’ V2 12,300 cr3t 17,400
d? Crét 9,250 23,500 Mn-* 15,800 28,000
o Mn2* 7.8500 25,500 Fe3* 14,000 30,000
d® Fel 9,350 17,600 Co3* 16,750 21,000
d Co?? 8,400 22,500 N3+ 27,000
o® Ni2* 8,600
d’ G 7,850
d"° Zn?* 0
7) TrendsinA,
a) 3*ion > 2*ion (greater interaction with ligand electrons)
b) 3" row metal > 2" row metal > 15t row metal
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I.  Greater overlap between 4d/5d and ligand orbitals
ll. Decrease in IT as volume of the orbitals increases



D. Ligand Field Stabilization Energy = LFSE
1) LFSE = energetic stabilization of the d-electrons due to orbital splitting (measured
in units of A,)

2) Essentially equivalent to CFSE, although the theoretical approach is different

3) Treat electrons in t,, orbitals as stabilized by —2/5 A, and electrons in e,* orbitals
as destabilized by +3/5 A,

Dr. Rajeev Ranjan



Dr. Rajeev Ranjan

Weak-Field Arrangement

Number of d LFSE

Electrons tag eg (A5)
1 1 -2
2 too £
3 T T T -
4 (I I -2
5 1} T 1 T T 0
6 (A N S -2
7 TNt ot 1
® LA L Only d* — d’ metals
9 oo 3 have differences
10 (N A T between high and low

Number of § _ Strong-Field Arrangement | oo spin

Electrons tag eg (A5)
1 1 —2
2 (I .
3 S =
a VA S -8
5 N1 g
6 oo 12
7 A T -2
8 A RO TR R S
9 (N T A T
10 (TN T A A A +



4)  Importance of LFSE

a)  Hydration of M?* first row
ions
I M?* + 6 H,O ——
M(H,0)¢*"

i.  Enthalpy (-AH)
becomes more
favorable left to right
on period table

ii.  Predict a smooth
change as nuclear
charge increases and
size decreases

Iv. The observed pattern
has a “double hump”
that parallels LFSE
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O Enthalpy of hydration (kJ/mol)

Enthalpy of hydration (kJ/mol)
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b) Uses of LFSE
I.  Prediction of high spin or low spin based on ligand type
Il.  Explanation of electronic spectra (UV-Vis spectra)
lii. Explanation of magnetic behavior

n-Bonding

1)  Our previous treatment of bonding only looked at & interactions

2) Other orbitals of the ligand can be involved with n-bonding to the metal
a) Other p or hybrid orbitals
b) MO’s from molecular ligands that have © symmetry

7
: : Az
3) Group orbital approach to n-bonding I
a) Choose x,y,z axes so
that y points directly at metal (o) e
\'/ 4
] i i x A &
b) Find the reducible representation i y X |
_ . > < — Y
of the 12 p, and p, orbitals z P
.v -
Z | ~ i
X \
YA
X — 12




O, E 8C 6C, 6C; 3C(=Cs®) i 6S; 85S¢ 30, 6og

y: 12 0 0 0 -4 0 0 0 0 0
Tg 3 0 -1 1 -1 3 1 0 -1 -1
Tag 3 0 1 -1 -1 3 -1 0 -1 1 (xy, xz, yz)
Ty 3 0 -1 1 -1 -3 - 0 1 1 X, v, 2)
Tou 3 0 1 -1 -1 -3 1 0 1 -1

c) I'= Ty + Ty + Ty + Ty

d) Tlg and T,, have no matching Representative Representative
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metal orbitals to overlap with

T,y matches metal d,, d,,, d,,

orbitals for n-bonding

T,, matches metal p,, p,, p,
orbitals for m-bonding, but are
already used in o-bonding and
are poor size matches for ligand
n-MOQO’s

metal orbital

d

dy:

ligand orbital

QRO
oY ”*
AR @ ..
O® Q °©

Q00 |
OQ( ”
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3) CN-Example:

a)

b)

d)
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HOMO = c-bonding electron
pair donor to metal ion

LUMO = n-bonding electron
pair acceptor from metal ion

The nt* orbitals are higher in
energy than the metal t,, orbitals
having the correct symmetry to
overlap with

The energy match is good
enough for overlap to occur

|38

n-bonding results

N
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-
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3 new bonding t,; MO’s receive the
d-electrons

I1. 3 new antibonding t,,* MO’s formed

\V2

Vi.

Vil.

The e;* MO’s from the c-bond MO
treatment are nonbonding

Ligands like this increase A, by
lowering the energy of t,; MO’s
favoring low spin complexes

CN-is a strong field ligand

Metal to Ligand (M —L) or m-back
bonding to m-acceptor ligand

Transfer of electron density away
from M* stabilizes the complex over
c-bonding only

!
2g

Empty .
ligand
group
orbital

oA
[Zu

M—L
© bonding

O

»
1 acceptor ligands

S P

f
2g

o Bonds
only
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4)

F-example

a)

b)

d)

Filled p-orbitals are the only orbitals e
capable of n-interactions

1) 1 lone pair used in c-bonding
i)  Other lone pairs -bond

The filled p-orbitals are lower in
energy than the metal t,, set

Bonding Interaction

I. 3 new bonding MO’s filled by  only
Fluorine electrons

I. 3 new antibonding MQO’s form
t,* set contain d-electrons

. A, Is decreased (weak field)
Ligand to metal (L= M) =-bonding

I.  Weak field, n-donors: F, Cl, H,O
Il.  Favors high spin complexes
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Thank You
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