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Crystal Field Theory (CFT)

[ A purely ionic model for transition
metal complexes.

 Ligands are considered
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Crystal Field Theory:
The relationship between colors and
complex metal ions

400 500 600 800

»(a) CN-, (b) NO,, (c) phen,

(d) en, (e) NH;, (f) gly, (g)
H,0, (h) ox*, (i) CO,




Shape of d-orbitals:
look attentively along the axis




Octahedral Field:
d-orbital Splitting
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Effect of Octahedral Field
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Octahedral field

Spherical In octahedral
environment crystal field
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Orientation of 5 d-orbitals in Octahedral Geometry




4 - Coordinate Complexes

Square planar and tetrahedral complexes are quite common
for certain transition metals.

The splitting patterns of the d orbitals on the metal will differ
depending on the geometry of the complex.




Tetrahedral Complexes

Spherical In tetrahedral
environment crystal field
f In general,
H .
yd A =4/9 A,
S EA . -
e 7 Since the splitting
is smaller, all
tetrahedral
complexes are
weak-field, high-

E Spin cases.




Tetrahedral Complexes

The size of the splitting,

A, is considerable smaller
than with comparable
octahedral complexes.

This is because only 4
bonds are formed, and
the metal orbitals used in
bonding don’t point right
at the ligands as they do
in octahedral complexes.




Tetragonal Complexes

Six coordinate complexes, notably those of Cu?*, distort from
octahedral geometry.

One such distortion is called tetragonal distortion, in which the
bonds along one axis elongate, with compression of the bond
distances along the other two axes.

Tetragonal

The elongation along
the z axis causes the d
orbitals with density
along the axis to drop in ——
energy. As a result, the
d,, and d,, orbitals
lower in energy.

yz, zx




Tetragonal Complexes

For complexes with 1-3 electronsin
the e, set of orbitals,
This type of tetragonal distortion may

Tetragonal

x 2_ yz
lower the energy of the complex.
‘ I 2
z E T deyE
dor O =l Cyey2
Xy Z X2-y2 dzz
= Oy
Z, ZX .
' T O B o dye
xy Uxz Uyz dxz dyz _
dxz dyz
all bonds equivalent elongation of bonds removal of bonds
(octahedral field) along the z axis along the z axis
(square planar field)




Square Planar Complexes

Tetragonal

N

yz, ZXx

For complexes with 2 electrons

in the e, set of orbitals, a d®
configuration, a severe distortion
may occur, resulting in a 4-
coordinate square planar shape,

with the ligands along the z axis
no longer bonded to the metal.



Square Planar Complexes

x2_ v
R A Y Square planar complexes are quite
A common for the d® metals in the 4t
3 and 5% periods: Rh(l), Ir(l), Pt(l1),
Y Xy Pd(I1) and Au(lll).
Acp ‘l'ﬁz ; The lower transition metals have
4 z large ligand field stabilization
energies, favoring four-coordinate
Ay complexes.
. S ys X

Square planar complexes are rare for the 3" period metals.
Ni(ll) generally forms tetrahedral complexes.
Only with very strong ligands such as CN-, is square planar

geometry seen with Ni(ll). The value of A, for a given metal,

ligands and bond length is
approximately 1.3(A,).




The Jahn-Teller Effect

If the ground electronic configuration of a non-linear

complex is orbitally degenerate, the complex will distort
so as to remove the degeneracy and achieve a lower

energy.

»The Jahn- Telleﬁffect pre@cts Wh"lC.lh structures will distort.

» It does not predl\ti;he nature oc extent of the distortion.
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» The effect is most oftensseen when the orbital degeneracy is

in the orbital that point directly towards the ligands.




The Jahn-Teller Effect

In octahedral complexes, the effect is most pronounced in
high spin d* low spin d’” and d° configurations, as the
degeneracy occurs in the e, set of orbitals.




The Jahn-Teller Effect

The strength of the Jahn-Teller effect is tabulated below:
(w=weak, s=strong)
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*There is only one possible ground state configuration.
- No Jahn-Teller distortion is expected.




Crystal Field Splitting Energy (CFSE)

* In Octahedral field, configuration is: t, ¥ e Y

e Net energy of the configuration relative to the average
energy of the orbitals is: =(-0.4x + 0.6y)A,
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Ground-state Electronic Configuration,
Magnetic Properties and Colour
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Field strength and Ground-state electronic configuration

When the 4t electron is asigned it will either go into the higher
energy e, orbital at an energy cost of D, or be paired at an
energy cost of P, the pairing energy.

d4

Strong field =

Weak field =
Low spin X

j++ High spin
(2 unpaired) ™ - (4 unpaired)

& .I'h'\%ﬁ'_;-;-fm_b

P>A,
In high spin complexes, the size of
A, is less than the pairing energy of
the electrons.




Ground-state Electronic Configuration,
Magnetic Properties

L [Mn(H,0),]3*

/ Weak Field Complex

{ the total spinis4 x %= 2

\ High Spin Complex
o A o

— — | [Mn(CN)]*

/ Strong field Complex
{ total spinis2x% =1

\ Low Spin Complex




Electrons in d orbitals in weak and strong ligand field
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CFSE=5x-0.4D,++2P= _20p__, + 2P







Experimental Evidence for d-Orbital Splitting

> Several tools are used to confirm the splitting of the t,, and

e, molecular orbitals.

> The broad r sition metal complexes
i n in the UV/visible

ation'is
mentsof

CE S

> Additional irn,fo

ihed from measuring
the magnetiﬁﬁw]q_

Lm;:c@m plexes.




Magnetochemistry
Magnetism
Each electron has a magnetic moment owing to its:

spin angular momentum orbital angular momentum

Orbital motion of e generates
current and magnetic field




Magnetic Moment Calculation

e The magnetic moment L of a complex with total spin
qguantum number S is:

o W =2{S(S+1)}2 U (Yg is the Bohr magneton)

e Since each urﬂalred elitron s,la spin 75,
e S=(%)n, where‘»q no.-of u alred electrons

¢ i= (2R, Al o

o i,
l.--.' i R




Magnetic Moment Calculation

e In d4 d> df and d’ octahedral complexes, magnetic
measurements can very easily predict weak versus

strong field.
e Tetrahedral complexes - only high spin complexes
result, for A, <<

lon Experimental
T 1.7-1.8
V3 27-29
cr’ | 3. -13.87 3.8
Mn> | 4 |- 25 e 4.90 4.8-4.9
Fe’* | 5 | 5/2 5.92 5.3

n = no. of unpaired electrons

U = {n(n+2)}*/2 g



Gouy balance to measure the magnetic susceptibilities

Balance

Sample

Magnet

We can measure the magnetic propertics
of a sample by hanging a vial ol material
from a balance so that it sits partly 1 a
magnetic held
— The sample wall be pulled down into the
magnet 111t contams unpaired electrons (smd
to be paramagnenic)
— It will tend to be pushed out of the field 1f it
contains no unpared electrons (diamagnetic)
The amount of material in the vial along
with the extent to which the sample 1s
pulled mto the magnet allows us to
calculate the magnetie susceptibihity of
the sample
— Sample with a hngh magnene susceptibility 15
strongly pulled into the magnetic field




The origin of the color of the transition
metal compounds

AE vh

v

AE=E-EKE=h

Ligands influence A, therefore the colour originates




The colour depends on Charge of metal centre and
Ligand field strength

[Col(NH;)5I(NO3),  [Co(NO,)(NH;)s](NO5),
[CoBr(NH;)5](NO;), [Co(SO,)(NH;)s]NO;
[COCI(NH,)s](NO;), [Co(CO3)(NH;)5INO,




The optical absorption spectrum of [Ti(H,0).]**

Vimax = 20 300 cm™

chVna  Assigned transition: e—»t),

Absorbance

This corresponds to the energy

gap
Ao = 243 k) mol?

| |
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Complementary Color in optical absorption spectrum

observed
color

absorbed
color

Yellow




CFT : The Spectrochemical Series

The complexes of cobalt (llIl) with different ligands.

(a) CN7, (b) NOS7, (c) , (d) =0, (e) NH, (f) gly, (g) H,0,
(h) ox*, (i) CO5 %




Spectrochemical Series:
An order of ligand field strength based on experiment

Weak Field | I < Br<
C2042'<
bipy<

Ethylenediamine (en)  2,2"-bipyridine (biby) | 1 cnanthroline (ohen)




Variation of color with ligand strength

Energy

Y AT 1
i

[Cr(HO),]** [Cr(NH,), ]** [Cr(CN)g ]~

[CrFﬁ]*?"'
Violet Yellow Yellow

Green

As Cr3* goes from being attached to a weak field ligand to a
strong field ligand, A increases and the color of the complex

changes from green to yellow.




Limitations of CFT

> Considers Ligand as Point charge/dipole only

» Does not take into account of the overlap of ligand and
metal orbitals

Consequence

Fails to explain why CO is stronger ligand than CN- in
complexes having metal in low oxidation state




Ligand Field Strength Observations

1. A, increases with increasing oxidation number on the
metal.
Mn*2<Ni*2<Co*2<Fe*2<VV*2<Fe*3<Co*3
<Mn*< ut3<Pd+4<Irt3<pt+?
2. A increase own a group of metals.

rra r“,r J'q.,.‘:E_"f". .
» Crystal Field Thegry comp tely ﬁmdres the nature of the

ligand. As a resulF"i{ can-no exg.l‘é?rrthe spectrochemical
series. e ______f" .

> Ligand Fléid Theqryyﬁesa' molecular orbital approach.
Initially, the ligands can be viewed as having a hybrid orbital
or a p orbital pointing toward the metal to make ¢ bonds




Ligand Field Theory (LFT)

.

Sigma bonding interaction
between two ligand orbitals
and metal d_» orbital

£

Sigma bonding interaction
between four ligand orbitals
and metal drz _ 2 orbital




Ligand Field Theory

Consider the sigma bonds to all six ligands in octahedral geometry.

30, | 60,

4 2

Ligands

The A, group orbitals have the same
symmetry as an s orbital on the central metal




Ligand Field Theory

Ligands (o)

> e e

¢ O

T ) T
The E, group orbitals hWa

Joet
symmetry as thed 2 End"d- M

orbitals on the central metar* ~ " The T,, group orbitals have
(E representations are doubly the.same symmetry as the p
degenerate.) orbitals on the central metal.

(T representations are triply
degenerate.)

I'-‘-‘._




Ligand Field Theory

f?g <

i ! d,,
; dZ' X
i : d,,

Since the ligands don’t have

mbination with t,
etry, thed_, d and d,,

xy? Yyz



Ligand Field Theory

Wietal

Complex

Cigands

Antibonding

Bonding

The molecular orbital

diagram is consistent
with the crystal field
approach.

Note that the t,, set of
orbitals is non-
bonding, and the

‘e, set of orbitals is
antibonding.




Ligand Field Theory

Vetal Complex  Ligands

Antibonding The electrons from

...... tumol  the ligands (12
electrons from

6 ligands in
I Nonbonding
octahedral
------ HOMO Comp|exe5) WI” f|”
. :
9 the lower bonding
ayg orbitals.

Bonding




Ligand Field Theory

Wetal

Complex

Cigands

Antibonding

am

Bonding

The electrons from

the 4s and 3d
orbitals of the
metal (in the first
transition row) will
occupy the middle
portion of the
diagram.



Nature of the Ligands

Crystal field theory and ligand field theory differ in that LFT

considers the nature of the ligands.

Thus far, we igands as electron pairs

used for m k||

Many ligands ca Iso tQ.r.l:!Q‘( bo;z-d's:’\mth the metal.




Considering m Bonding

» The LGOs symmetry are T, + T, + T, + T,,

The T,, set has the same symmetry as the d
orbitals on the metal.

The T, set has the
orbitalson t

» The T, and T,,
symmetry of APy

d,, and d,,

Xy’

try as the p,, p, and p,

_r'_"tah,' igands don’t match the
metal o Js%

» The T, set has tFe.sam etr 'E'S-ihe P P, and p, orbitals on
the metal. These or

to the ligands. j

J;als are u;.e'd prlmarlly to make the o bonds

F'-Ih._-.”.-'!_.'ll
Il" l " --I'--:- Lokt
» The T,, set has the same symmetry as the d

the metal.

« dy, and d,, orbitals on




nt -Bonding

The main source of n bonding is between thed,, d ,and d,,

orbitals on the metal and the d, p or n* orbitals on the

ligand.




nt -Bonding

» The ligand may have empty d or m* orbitals and serve as a
it acceptor ligand, or full p or d orbitals and serve asa
donor ligand.

# ‘_"'
-II A
R

> The empty 1t antlbondmg orbital on CO can accept
electron density from a filled d orbital on the metal. CO is
a pi acceptor ligand.




- Bonding of CO molecule

filled
d -orbital

empty t*
orbital




1t - Donor Ligands (L= M)

All ligands are o donors.

Ligands with filled p or d orbitals may also serve
as pi donor ligands, Examples of m donor ligands
are I, Cl,

The filled pBf'd Brbitals

e ligands interact
with the:tE et of or‘*tals B the metal to form

bondmga-n ntibendin Q.I'écularorbltals

STy

ko, B! Il..._"-_-.".' _J—




1t - Donor Ligands (L2 M)

M ML L
B The bonding orbitals (lower in
energy) are primarily filled with
electrons the ligand and the
a Biar orbitals
Ao ' ef@"j rolr?'rﬁ'
/—b

\ ] The A\(,\Q/a'llufdec as_es since it is
% now betﬁﬂ" _ _!'mbondmg t
orbital ar‘fd"lel'lée ‘orbital.
This is conflrmed by the
spectrochemical series. Weak field

ligands are also pi donor ligands




- Acceptor Ligands (M=>L)

a Ligands such as CN-, N, and CO have empty nt
antibonding orbitals of the proper symmetry and energy.




rt Acceptor Ligands (M—L)

M ML, L

The metal uses the t,, set of

orbitals pi bonding with the
ligand rt* orbitals usually

higher in ener an the d
orbita

The iEté actiq ‘(;Ezf
energy of the't;sbon

orbitals thus increasing the A
value.




nt- Acceptor (left) and rt- Donor (right) Ligands
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Summary

1. All ligands are o donors. In general, ligand that engage solely
in o bonding are in the middle of the spectrochemical series.

Some very strong ¢ donors, such as CH;"and H- are found high

in the series.

cah also serve as t donors.

S’
3. Ligands with em,pty d. b tals can also serve as 1

L"_'-“-“ !

acceptors. This resuItSTn'“:a Iarger value of A,

I"<Br<Cl'<F<H,0<NH;<PPh,<CO

nt donor< weak it donor<o only< 1t acceptor



Metals in Low Oxidation States

e |n low oxidation states, the electron density on the metal ion is
very high.

e To stabilize low oxidation states, we require ligands, which can
simultaneously bind the metal center and also withdraw
electron density from it.

Stabilization of Low
Oxidation State:
CO can do the Job




Stabilization of Low Oxidation State:

A e \

Ni(CO),], [Fe(CO)], [Cr(CO)q], [Mn,(CO),], [Co,(CO)],
Na,[Fe(CO),], Na[Mn(CO);]

P



CO Ligand: o (sigma) donor 1t (pi) acceptor

o orbital servesasa 2 very Weék donor to a metal atom

QD 908

& O0=C<G>r> M~ //70 Y M
T 66

M to CO pi backbonding CO to M pi bonding
(rare)

CO-M sigma bond
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