mainly to ionic crystals and is therefore called crystal field theo

It is mainly concerned with the interaction of d orbital of central et

VR RN

CRYSTAL FIELD THEORY (CFT)

e s Hdtievealed by Hauling s theory.

This theory advanced by Bethe and Van Vleck was onginally app,,..
ry

a' Wit

the surrounding ligands that produce crystal field effects,

Salient features: A

1)

2)

3)
4)

) O
. "'"l‘,’/ /,‘:\.«/m Y rila s 4

A complex is considered to be a combination of central metal o,

surrounded by various ligands.
The interaction between the metal ion and ligands is purely electrosta,

\

(1onic).
It does not consider any orbital overlap.
The ligands are either negatively charged ions eg.,F and CN orneutral

molecules e.qg HZO and NH.. The ligands approach the central metal
lons with negative poles closest to the metal ion Neutral molecule-
are polarasied by the positive charge of the cation (o NH.o" o OH o)

The interaction between the electrons of the metal ion and those of the
ligand is purely repulsive It is the repulsive forces that are responsible
for causing the splitting of the d orbital of the metal into two groups t.q
and eg. This effect is known as crystal field splitting.
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6) The numbgr of ligands and their arrangement around the central ions
will determine the crystal field.

7) Different crystal fields will have different effects on the relative energies
of the five d orbutals

N9 ,’,)" jlr;)L(
Crystal field spllttm/g o\‘ d-orbitals:
The out come of crystal field theory is that degeneracy of the d- orbitals
of the central metal ion is when the ligands approach it consequently the d-
orbitals split into two groups. To understand this we recollect he shapes to
d- orbitals. Thev are as follows

¥ K %

ae or tzg orbnals

+ +

dy or eg orbitals

In a free (transition) metal 1on all the five d- orbitals are degenerate 1.e.
have the same energy. An electron is free to occupy any of five d- orbitals
.dxy d.d,d, zanddz2_ 2, d .d, and d, orbitals lie between xy, yz, zx axes
respectlvely They are known aq dx or tzg set of orbitals dz° orbital is oriented
along the x-axis and y-axis They are axials and are called d or eg set of

orbitals.

On the approach of the ligands, the electrons inn the d-orbitals of the
central ion are repelled by the lone pairs of the ligands. As a result, a energy
of the entire system will b raised. If the electric field anising from the ligands
is spherically symmetrical, the energy of all the d-orbitals would be raised to
the same extent, and they will stili be degenerate. But the d-orbitals differ in
their orientation. As a result, the energies of the larger extent than those of
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the orbitals lying in between the split up into the two sets 9' Orbitals a
different energies This splitting of five degenerate d-orbitals of yhq Me
ion under the influence of approaching ligands. mt.o _two Sets of O’bn“
having different energies is called crystal field splitting or Energy IQ:
splitting.

The crystal field splitting depends on the number and the arrap,

Qenm,
of ligands around the central metal ion

Crystal field splitting in octahedral complexes:

In the octahedral complex, the six ligands are arrangement OCtahgg,
around a central metal ion In this arrangement the d.'",? and d : Orbitajy
along the x.y and z axes and point directly towards the ligands s,
experience much more than the remaining d-orbitals d_ . d . and g wh
are, directed in between the x, y and z-axes Consequently the energiag

d?_ , @nd d 7 orbitals are increased much more in comparison 1o
d-orbitals ?Li*

L_;@x |
,i.

4

+

X i y
The d-sub shell thus splits up into two degenerate sets one consistye

of more stable [lower energy| orbitals d“, dw and d, and other less sia;
[higher enetgy) orbitals a7 _ 2andd:

The energy difference between eg and t.g sets, of orbitals is knowr
crystal field stabilization energy [CFSE] and this is represented by tr

symbol A/ where o indicates an octahedral arrangement of hgands It

measured in terms of a parameter Dg The magnitude of sphtting 1s obitar

set as 10 Dq
A dz<dx<- ' eg
F O O¥
+06 A \
3 —— - . o __ o
g’ ' 044y, |100q
wiQQQQQ- “&%’%‘QT
d"\dy.d-‘,‘dzzdl:__\,s Ky Myr™ory <Q

d - orbitals
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tlections will tend to occupy the lower energy 1 .9 orbitals to achieve
stability tach election entering the t g orbitals stabilises the complex by 0 4

A units and each elections entering the higher energy orbitals [eg) introduces

in the complex aninstability unit ot 6 0 \, The greater the amount of CF SE of
the complex s greater is its stability

Since A =100q, each electron entering g orbital stability by 4Dq, each
election enterning eq orbitals destabilizes by 6Dq

The magnitude ot .\, depends upon the following factors.
1) Size of he metal ion

2)  Oxidation state of the metals

3) Nature ot the hgand

4)  Stereochemistry of the complex

Let us consider a d* ion containing t,,'e . configuration where p is the
number of electrons in t, level and q is the number of electrons in e, level
and x=p+q For this syqtem the CFSE is given by [-4p+6q ] Dq.

In the above expression the pairing energy (p) is not taken into account.
If we take that also into account their

CFSE =[-4p + 6q ] Dg + mP

Here m is the total number of pairs of electrons in t.g and eg levels put
together

The following table gives of CFSE for various configurations are given below:

A High spin (spin-free/weak field) octahedral complexes

Configuration P Q m CFSE
a° 0 0 0 0Dq
d’ 1 0 0 -4Dgq
a* 2 0 0 -8Dq
d* 3 0 0 12Dq
a’ 3 1 0 -6Dq
a’ 3 2 0 0Dq
a® 4 2 1 4Dg+p
d’ 5 2 2 8Dq+2p
a 6 2 3 - ’33:‘*3:‘
d* 3 4 -6Dqg+4¢

,.
e/
2 8
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Analysis of the above two tables reveals.
£ 4 .
When A =p e p=10Dq then d*, d° d° and

CFSE values for both spin states |
Nhen A > p the CFSE values of low spin states becomes SMallers

that of hnbh spin state. Therefore the low spin state becomes the py,
,>P electrons tend to pajr upﬂ

d’ configuration have

state of the ion In other words. when A_

hence low spin complexes result.
When A_ ,<p the CFSE values of hagh spin becomes smaller than &“t

- i

low spin state Therefore the high spin state becomes the C»‘#eq
state of he ion_ In other words, when A,<p eiectrons fond to pair upq

hence high spin complexes result.

Hiy

i

Thus we see that the spin state of an ion in a complex depends on whesd
ero {D

the crystal field spiitting (1) is more or less than the pairin G energy

Strong and weak ligands :
Ligands which cause only a small degree of splitting of ¢

called weak ligands and those high cause 2z large splitting have

values of A . The CF splitting ability of the ligands decreases in ¢

oy
0
2]
§

'l S J _ . ) _
o 2”92 >‘3ﬂ>NH3/H:C>F >0H > Ci > Br >

This order is known as spectrochemical seriesg

FEFEDS

e

e ——
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Distributions of electrons in d-orbitals:

‘ The two factors, which determine the distruption of electrons, are

i) The electrons tend to occupy the lower energy d-orbitals in preference
to dy d - orbitals of higher energy.

iy The electrons tend to occupy the d: or dy orbitals singly with thier spin
parallel in accordance with Hund's rule

The strong ligands force the electrons to pair up in the lower energy t,9
set. Thus they reduce the number of unpaired electrons and the resultant
spin(S). The complexes formed by strong ligands have minimum number of
unpaired electrons. Such complexes are called low spin (LS) or spin-paired

complexes.

The weak ligands first make the electrons to occupy all the five
d -orbitals singly and then pairing occurs. Thus weak ligands give higher
number of unpaired electrons (or higher value of S). The complexes given by
weak ligands are called high spin (HS) or spin-free complexes.

£ g [Fe(H,0)J%" is high spin complexes since H,0 is 2 weak field
ligands [Fe(CN)G]" is a low spin complex since CN is a strong ligand.

Crystal field splitting in square planner complexes:
In the square planar complexes due to the absence of ligands along

the Z-axis the dz? orbital drops far below dxy so at it is nearly as stable as dyz
and d | orbitals and d rises more in comparison with d and d,

The energy level diagram in square planer compounds is as follows:

—_— ,__\O

Crystal field splitting in tetrahedral complex:
The tetrahedral arrangement of a central met

ligands is shown In figure 16

al ion surrounded by four
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We find that in a tetrahedral arrangement no d-orbital pointg &
towards the ligand, d, d and d  are pointing approximately by in -
directions of the approaching ligands. d.2_ 2 and d,2 ar.e lying in bety, So
approaching ligands. So the energies of d,, d, and d,, increase more ! |oy
those of d2 2 andd;2 pre
Thus we find that the p orbital splitting is just the reverse of whel '€
happened in octahedral complexes. *owh
0 Tetrahedral
3 0QQ ‘2
o
i Q O O 0.4 A
d - orbitals 06A

Q0. e

Thg CFSE of tetrahedral complexes A ~0.45 A, Thus the Crystal ﬁelai
splitting in a tetrahedral complex will be about half the magnitude of that iné

an oc
: toh tahedral complex. Hence crystal field effects favor the formation oﬁ
octahedral complexes over that of tetrahedral complexes |

CFSE gives us an idea about th ili
Wit fiore CRSE iy stab,e.e stability of the molecules. Complexes
APPLICATIONS OF CRYSTAL FIELD

1 THEORY:

‘ S

Colour of transition Mmetal complexes-

One of the notabl
satisfact . € Successes of CFT is th tit !
listactory explanation for the ¢ alitis able to provide 2

o | lour of iti
give absorption bands in the visib| enstion metal complexes. Thest

e reqj
€g1on of the SPectrum of light,
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We find that the solution of transition metal complexes formed by metal
cations having no unpaired electrons their orbitals (i.e., having completely
flled or vacant d-orbitals) are colourless while the solution of transition
metal complexes given by transition metal cations having one or more

| unpaired electrons in d-orbitals are coloured.

For example [Ti(H,0),]*" ion is octahedral and is purple coloured. When

g white light falls on the solution, the ions in the solution absorb radiation
' from white light (i.e:, Visible region). The A __ is about 5000A. The colour of
§ ihis absorbed radiation is green. The transmitted light corresponding to this
§ absorbed light is purple. So the colour of [Ti(H20)6]3* solution is purple.

The cause of colour may be explained on the basis of CFT as follows. We
know Ti** ion has got one electron in the d-orbital H,0 is weak field ligand.
So [Ti(H,0))*" is high spin complex. It will have its one d-electron in the &,
level. Now when white light falls on [Ti(H,0),** ion the unpaired electron
present in b, level moves from lower energy f,, level to higher energy €,
level. For this transitions the molecules absorbs sufficient energy from the

white light which is about 5000A [Figure - 18]

00, 00
®00 « oooIA"

1 0

tag eg tag eg
Grand state of _ Excited state of
[Ti(H,0)¢)>" [Ti(H,0)¢>
A, =57k cals / mole = 5000A =% __

Figure - 18.

This type of electronic transition form tzg to e_level is called d-d or

ligand-field transition, which is cause of the colour of [Ti(H,0),]*" ion. In
similar fashion we can explain the colour of any other complex.

Depending upon A values the complex exhibits colour. For [Co(NHa)ﬁ]Z‘
A, is very large. So it absorbs in the blue region and so appears red.
Tetrahedral Co(ll) complexes like [Co)(é]2 needs lesser excitation energy.
So it absorbs near red portion of the spectrum. Thus it appears biue.
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s formed  The colour disappears This s because Hp 'S a8 weay '“"l arra
CN is a strong ligand The aqua complex s octahedral whije the cy diac
complex is tetrahedral Thus A, of the aqua complex is less than A of
Cynao complex So d-d transitions are possible n aqua compley So ty
coloured The same is difficult in cyano complex So it colourtess |
}
Further it must be noted that transition metal ions with Completely g g»
d' configuration and employ d° configuration are Colourless E 9. Cu'(ew)
Zn“(d'). Ag' ('Y T 4d”)  etc
2

Magnetic Properties of complexes:
The magnetc properties of co-or

dination compounds can be
successfully by Crysital Field Theor
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With 4-7 d-electrons, two different d-orbital arrangements aré possible

ding upon the magnitude of crystal field splitting energy A and pairing
get paired)

g depen
§ cnergy P of electrons (the energy required for the electrons t0

\f the crystal field is strong 5,is greater than P and if it is weak 3,1 1€SS

than P. the strong ligands force the electrons to pair up in the lower energy
() orbitals and thus reduce the number of unpaired electrons (n) and
iherefore the resultant p. Thus the complexes formed by strong ligands
have the minimum number of unpaired electrons. Such complexes are
called low spin (LS) of spin-paired complexes. In the presence of weak
ligands, firstthe electrons occupy all the five d-orbitals singly and then pairing
occurs. Thus complexes formed by weak ligands have higher number of
unpaired electrons resulting in the higher value of u . Such complexes are
called high spin (HS) of spin free complexes. The relation between A, and

arrangement of electrons in d-orbitals of octahedral complexes can be

diagrammatically represented as follows:
ot 00,
Y
Ag
OO

OO®
[CoFJ* [Co(NH,) >

High spin Low spin

Magnetic properties of octahedral complexes:
Example: The magnetic moment of [FeFJ* ionis 5.9 BM while that of
[Fe(CN)6]3’ ion is 1.8 BM. This property can be explained as follows

Fe® is the central metal ion in both [FeF,]® and [Fe(CN),]" ions

The electronic configuration of Fe is as follows

. ZTRE
cernFecnd |1l AL L e complex



Fe' in[FeFJ° ‘ }l_.i |

Magnetic

complexes.
. . known as |

to pa !

CN being a strong ligand forces the electrons pair up go.

i is present
Hund's rule. Hence a single unpaired g|ec'::‘ron P
This is in agreement with the magnetic
single unpaired electrons is 1.73 BM)

properties of square planar camplexes
the inner d electrons are aiss ;

3 WYWOTYRT
nner orbital complaszas

ney are genearaliy
in [Fe(CNs)lla“ Example \N\((;N)A\"
oment value of 1.8BM (, 'm:

The electronic structur

e of Ni“7an (MOHG sd” AS
. - airin . o e “”“\""*"—‘—'-——m;,,, -
in the presence of a weak ligand such as F .noneF .]39 .OCCUrs ity PN r/\\/ !4\\ /\E A:
ion. Hence five unpaired electrons are present ;nB[M Jion. This ; \' AL \ )
agreement with the magnetic moment value of 5. )
Since there is no unpaired electron in ne 1o
Other examples:
1. [Co(NH,),]*" Diamagnetic
[CoFs]3

Geometry:
Paramagnetic correspon

: i i |\ ligand
ding to four unpaired electy, Since according tq CFT metall ,aﬁ
% provide room for the existance of covalent bonds e
Diamagnetic, this theory by itself does not provide any idea at
molecule. However all that we nave studied

crystals in crystallography (solid state) can be
no covalence is envisag

2. [Fe(CN)J*
[Fe(H,0).*

" 4 ‘e
oonaG

S PuU

Paramagnetic corresponding to four unpaired electrong
Magnetic properties of tetrahedral complexes:

In tetrahedral complexes only outer ‘s’ and ‘p’ electrons will be involyy
leaving d electrons unaffected. Such complexes are known as outer orbjty

ed in CFT nybndisation
molecules do not find a place n CFT Thnat v

complexes. They are generally paramagnetic. Example : [Ni(NHa)‘]%

4p°

tetrahedral or square planar geometnes o C
knowledge about ionic crystals and their geo
The electronic configuration of Ni is 3d® 4s2 4p? and that of Ni2* is 3d® 4

. extent of saying that CFT falls in establishi®
molecules.
v (LT

> '

Merits of CFT | Evidences for CFT

ee Ce“tlal iOH.

complexes
2. |t predicts a gradual change in the mag
‘ Defects | Failures of CFT
Other example - i 2 3 3 =T “+Aal liaAand ~e A
ple : [NiCl,] paramagnetic corresponding to two electrons ) According to GFF metal 1gand Bon 57
[Cu(NH,),)? i
L Ya paramagneti A
Nickel carbonyl [Ni(CO)4] e corresponding to one electron

has been shown 1o be partly covalent
. i)
IS tetfahedra| .
carbonyl groups are co-ordinated to th out diam

has an electronic configuration 3d'°

CFT considers only d- orbitais
Hence it is diamagnetic.

~F et
A \

) agnetic. Here the four
€ nickel atom an ’

other s.p etc orbitals and | dp
- . i) Complexes have been show y ha
450 400 d Ni in this complex P R
P~ Thereis n : forby CF 1
0 unpaired electron o _ ,
iv) CFT considers only metal orphiatl.

interaction between the two s iotaliy
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Magnetic properties of square planar complexes: In square planar
compleres, the inner d slections are also involved  Such complexes are
known at innsr orhital Lompleres fhe/ are generally d.amagngng

Erample  [MI(CN), )/

fhe slectronic structure of Ni?* in th”;N)‘J’ s 30" 45" 490)

T

Since there 1s no unpaired electron in the ion it 18 diamagnetic.

NZ*in [NHCN) )

Geometry:

Since according to CF T metal ligand bond is purely ionic. This does not
provide room for the existance of covalent bonds either pure or partial. Hence
this theory by itself does not provide any idea about the geormetry of the
molecule However all that we have studied about the geometry of ionic
crystals in crystallography (solid state) can be applied to these also Since
no covalence s envisaged in CFT hybridisation and consequent shapes of
molecules do not find a place in CFT  That we talk about octahedral
tetrahedral or square planar geometries in CFT also is based on our
knowledge about ionic crystals and their geometries. We can go to the

extent of saying that CFT falls in establishing the geometry of complex
molecules

Merits of CFT / Evidences for CFT

1. CFT provides satisfactory explanation for the colour of transition metal
complexes.

2. It predicts a gradual change in the magnetic properties of complexes

Defects / Failures of CFT

1) According to CFT metal ligand bonding is purely is ionic. The bonding
has been shown to be partly covalent. CFT has no explanation for this

iy CFT considers only d- orbitals of metals ions. It does not consider
other s p etc orbitals and ligand p -orbitals

) Complexes have been shown to have p- bonds. This is not accounted
for by CFT

iv) CFT considers only metal orbital. |t totally ignores ligand orbitals. The
Interaction between the two is totally ignored by CFT
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comparison petween VBT 2
gimilarity: Smplexes 0 vBT are th |
The innef o octaned!el exes CFT gimilarly outer 0’5:'.;;
i | comp , "
paired of el SEiAbRE the spin free Of high spin octaned il
complexes of VBT are game as :

complexes of CFT
hedral complexes of VBT e

:

{

Difference. | 5
’ rbital octa |

1 In the formation of some inner 0 | ‘|
promotion of an electron from d-orbital 10 s-orbital 1S re?Lgr:;j while |

ihe formation of spin paired octahedral complexes O no sud|
promotion is required g

he metal ligand bonding I complexes is only covaient |

2 According to VBTt
since VBT assumes tha
orbitals on the central cation
bonding to be entirely electro-stati
electrons to enter the metal d-orbitals

Reasons to show that crystal field theory is superior to Pauligs
Valence bond theory:
I The concept of outer orbital .complex presumed in VBT is unsupporie
i by gvndences. In CFT there is no such unsupported assumption
2 VBT is qualitative: CFT is qualitative and also quantitative CFT accouns
for the energy aspect of the complexes o
3 VB |
BT offers no possibility of predicting or explaining magnetic beh
tic behaviaf

beyond ) »
‘ yond the level of specifying numbers of unpaired el \
such a possibility . electrons CFT offers

{ ligand electrons are donated to the vacant ¢
On the other hand CFT considers the |

¢ Thus CFT does not allow the ligant|

VBT 1s una
ble to account for the coloyr of the compl
' C iexes CFT

explanation for colour of complexes provides
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