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(1) Valence Bond Theory

This theory developed mainly by Fauhng This theory is based on the following assumptions :

(1) The central metal cation or atom (as the case may be) makes available a number of vacant 5, p
and or d-orbitals equal to its coordination number to form coordinate covalent bonds with
orbitals on the ligands.

(2) Since the maximum angular overlap of two orbitals forms the strongest bond, therefore, these
vacant atomic orbitals of metal are hybridized to form a new set of equivalent bonding orbitals,
called hybrid orbitals. These orbitals have same geometry and same energy. These orbitals also
have definite directional properties i.e., these orbitals point in the directions of ligands. The
geometry and hybridization are related to one another. Once you know the geometry of a
complex compound, you automatically know which orbitals of the metal cation or atom uses.

- The relationship between the geometry of the complex and hybridization is given in Table 4.1,

(3) The bonding in metal complexes arises when a filled ligand orbital containing a lone pair of

electrons overlaps a vacant hybrid orbital on the metal cation or atom to form a coordinate

covalent bond (Figure 4.1).
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(4) The magnetic moment (i.e., the number of unpaired electrons) and the coordination number of
the meta! cation or atom decide the hybridization and geometry of the complex. Therefore,
magnetic moment, coordination number, hybridization and geometry are related to one
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another. The knowledge of magnetic moment can be of great help in ascertaining the nature o
ligands and type of complex. . ; - :

(5) Ei: ligand has atleast one orbital containing a lone pair of elnctrnqa. Pauling {:la:smﬁ-ud the
ligands into two categories : (i) strong electron donating ligands or simply siming I|_ gands |ik, P
CN~,CO etc. (ii) weak ligands or highly electronegative ligands, like F~,Cl™, oxyge,
containing ligands etc. , _

(6) Strong ligands have the tendency to pair up the d-electrons of metal cation or atom 10 provide |
the necessary orbitals for hybridization. But the pairing of electrons does not violate the Hund',
rule of maximum multiplicity. On the other hand, weak ligands do not have the tendency 1o pajy

up the d-electrons i.e., in presence of weak ligands electronic configuration of the d- electrong |
is same as in free metal cation or atom.

a*7) The bond formed between metal and strong ligand such as CN™, CO is considered to he
covalent. On the other hand, the bond formed between metal and weak or highly
electronegative ligand like F~ is not covalent but it is ionic.

(8) The bond formed between metal and strong ligand like CN~, CO etc. is considered 1o be

covalent. This would require in many cases the pairing of d-electrons to provide the necessary
orbital for hybridization.

(9) In octahedral complexes, the central metal cation is either d zSFJ or sp"'d'z -hybridized, . The
d-orbitals involved in d*sp° -hybridization belong to the inner shell i.e., (n 1) d-orbitals and
these complex are called as inner orbital complexes. In case of .m]dz—hyhridizatinni the d-

orbitals belong to outer most shell i.e., n d- orbitals and the complexes are called outer orbital
complexes. The octahedral complexes involving :ﬁ 3;33 -hybridization are more stable than

those of sp”d*. The d- orbitals involved in hybridization in octahedral complexes are d 2
andd 3. i
In tetrahedral complexes, the metal cation or atom is either sp’ or sd I-h.}rbndlzed. The
d-orbitals involved in sd” -hybridization are d,,, d ,. and d..

In square planar complexes, the metal cation is dsp®-hybridized. The p- and d- orbitals |
involved in dsp? -hybridization are px,pyandd > > leaving p. and d ; orbitals projecting |
above and below the plane of the complex. |

(10) In case of second and third series transition metal complexes, the d-orbitals involved m
hybridization are inner orbitals i.e., (n — 1) d- orbitals, because the outer d- orbitals ie, M
orbitals become too diffuse to bond well. '

(11) The complexes having one or more unpaired electrons are paramagnetic and the compler®
having only paired electrons are diamagnetic.

Table 4.1 : Hybrid Orbitals for Common Coordination Geometries .
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Now let us discuss the valence bond theory for octahedral, tetrahedral and square planar complexes
taking some examples :

Octahedral Complexes
(A) Inner Orbital Complexes : Let us discuss inner orbital complexing taking some examples :
1.[Co{CN)g]? ™ ion : In this complex, oxidation state of cobalt is + 3. The valence shell electronic
configuration of Co’* is 3d®. Magnetic measurements indicate that [Co(CN) 1°~ is diamagnetic. All six

3d -¢electrons are, therefore, paired and occupy three of the five 3d- orbitals. The CN ™~ ligands are strong
and, therefore, cause pairing of 3d -electrons. The vacant two 3d-orbitals combine with the vacant 4s and
4p orbitals to form six d* sp> -hybrid orbitals. These six hybrid orbitals overlap with six filled orbitals of
ligands, one on each of the ligands and thus six coordinate covalent bonds are formed.
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2. |Co (NO3)g)*" fon : In this complex ion, oxidation state of cobalt is + 2 and its valence shell

electronic configuration is 3d7. Magnetic moment measurements indicate that this complex ion is
paramagnetic corresponding to presence of one unpaired electron, The NO; ligands are strong, they,
therefore, cause pairing of metal 3d- electrons. Pauling suggested that two vacant 3d- m‘hll;als are made
nvm'lnhlc by promotion of an unpaired electron from a 3d-orbital to Ss-orbital so that Co®* ion gets
d? sp +h'_l|.’|'lrll.|l?.l'.‘d

The presence ﬁ!'nn unpaired electron in Ss-orbital is supported by the fact that, 5s5- orbital has very
high energy and the electron present in it is loosely bound and can be removed easily. Experimentally i

is also observed that [Co(NO» ) ]* is oxidized by air or H,0; easily to give [Co(NO; ) I*~. This
indicates that the complex [Co(NO3 )¢ 1%~ is unstable in air. Thus, this complex should be prepared in
inert atmosphere. .
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1, [Mn [CN}..I"" jon : In this complex ion, oxidation states of Mn is + 3 and its valence shell

electronic configuration is 3d9. Magnetic measurements show that this complex ion is paramagnetic
corresponding to two unpaired electrons. All the four electrons occupy just three of the five 34 - orbitals
leaving two 3d- orbitals vacant. These two vacant 3d- orbitals combine with the vacant 45 and 4p-
orbitals to give six dsp” - hybrid orbitals. These hybrid orbitals form bonds with ligands by accepting

six pair of electrons, one pair from each of the six ligands. Since CN~ is a strong ligand and has a
tendency to pair up the d- electrons on metal but it causes pairing of two electrons only leaving two
clectrons as unpaired. I all the clectrons become paired, then it will violate the Hund’s rule of maximum
multiplicity. )
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4. [Cr(CN)g]*™ don : In this complex ion, oxidation state of Cr is + 3 and its valence shell

electronic configuration is 3d ¥ Magnetic measurements show that this complex ion is paramagnetic
corresponding to the presence of three unpaired electrons. All the three 34 - electrons occupy just three
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e five 3d - orbitals leaving two 3d - orbitals as vacant. These two vacant orbitals combine with the
"fﬂﬂl 4 and 4p-orbitals to give six dlsf -hybrid orbitals. These six hybrid orbitals form bonds with
"::.;5 by accepting Six lone pair of :igands, one pair from each of the six ligands. The three orbitals of
i

al cation have three unpaired electrons and are degenerate. Thus, even in the presence of strong
the % ng of electrons will not oceur. If pairing of electrons occur, then it will violate Hund's rule of

: i
:;m multiplicity.
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5[V (NH3 ]ﬁ]3+ jon: Inthis complex ion, oxidation state of vanadium is + 3 and its valence shell

electronic configuration is 3d z Magnetic measurements indicate that this complex ion is paramagnetic
comesponding to two unpaired electrons. All the two 3d - electrons occupy just two of the five 3d -
arbitals leaving three 3d - orbitals vacant two of which combine with vacant 45 and 4p- orbitals to give
sixdgp” - hybrid orbitals. The d 2¢p? - hybrid orbitals form bonds with the ligands accepting six pairs
of electrons, one pair from each of the six ligands. Out of three 34 - unhybridized orbitals, two orbitals
have two unpaired electrons one unpaired electron in each and one orbital remains vacant. These three
unhybridized 3d - orbitals are degenerate. Thus, even in the presence of strong ligands pairing of
electrons will not occur. If pairing of electrons occur, then it will violate Hund's rule of maximum
multiplicity.
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Various inner orbital octahedral complexes are illustrated in Table 4.2.

Table 4.2
Valence
Oxidation Shell Val Bond Electrons
Complex lon State of | Configurat- NL::T:H:' Illm[l\-ml:l:rlp’l:ln:m
Metal |ion of Metal
Cation
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) Outer Orbital ?f;lhe'f'rfl_c“mple:es : In outer orbital complexes the central metal cation is
1 42-pybridized. In sp~d"-hybridization, d -orbitals of outer shell (i.e., nd - orbitals) are involved. Let
¥ - cuss complexes Dy taking some examples :

usd‘ 1- : In thi . = '
(1) [CoFg]™ fon : 18 complex ion, oxidation state of cobalt is + 3 and its valence shell

.~ configuration | is 3d°. Magnetic moment measurements show that this complex is

tic corresponding to four unpaired electrons. Also, F~ is a weak ligand, there will be no

pairing of 3d - electrons of the f“'m'l cation. Thus, there is no vacant 3d- orbital and none of 3d- orbitals is
guailable to accept clﬂrftmn _pmrsjfmzm the ligands. Consequently the vacant 4s, 4p and two of the five 4d
_orbitals combine 10 gIVe SIX sp~d“-hybridization. These hybrid orbitals form bonds by accepting six

pairs of electrons, one pair from each of the six ligands.
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(2)[Fe (H,0)5(N {}}]2+ ion : In this complex ion, oxidation state of Fe is +1 because NO exists in
+1 oxidation state in complexes of Fe and its valence shell electronic configuration is 3d® 4s'. Magnetic
moment measurements of this complex ion indicate that its experimental magnetic moment is 3.89 B.M.

which corresponds to three unpaired electrons in the complex ion. The single NO* strong ligand has -
little tendency to pair up the electrons it pairs up only two unpaired electrons. Since H;0O is a weak
ligand, therefore, it has no tendency to pair up the electrons and none of the five 34- orbitals is vacant.
Therefore, the 4s, 4p and two of the five 4d-orbitals (i.e., 4d 2_ 2 and 4d ; ) combine to give six

sp'd z~I'13,f|:uid orbitals. These hybrid orbitals form bonds with six ligands by accepting six pairs of
tlectrons, one pair from each of the six ligands.
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Table 4.3

B ™
; Valence No. of
Oxidation Nature
ComplexTon | State of Sﬂg. of Valence Bond Electrons Description E:‘l“jfﬂl
Metal fom Ligands Hh-{ﬂ} |
oo | +2 | s | v |GG BT |
s -bybridization
[Cr{NH; ]ﬁ]z"' +72 354 strong | [TTTIT[1] I.[-_—-_i;:_;:!—‘[;i__-l_:lzj___[_j_ﬁl_;—l—l—l 4
s’ -bybeidization
[Mn (H,0)6]** +2 143 weak mﬂ@"ﬂ BEE .
1’ @ hybridization
(FeFg ] O] Gl m::]jj
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spd’ -h}'hﬂdlzahon
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From the for going discussion it is concluded that the octahedral complexes of dl n.: d3- metal

cations are a!w-ﬂ}"#

complexes of d°,

strong or weak. The complexes of a‘* d>,d® and d7

-\_-—.._ e — ——

ligands are weak.

and 4'°

inner orbital complexes whether the ligands are weak or strong. The octahedral

metal cations are always outer orbital complexes either the ligands ar¢

metal cations are outer orbital complex if the



hedral Complexes
rrahedral complexcs the metal cation is either sp® or sd* -hybridized. Let us consider the some
e to illustrate the hybridization and geometry :
mlzlm Cl4)* ion: In this complex ion, oxidation state of Ni is + 2 and its valence shell electronic
I;: . 183 4% Magnetic moment measurements indicate that it is paramagnetic corresponding to
b ired electrons. Since C1- is a weak ligand, therefore, no pairing of electrons will occur in 3d-

:-:i;am None of the five 3d- orbitals is vacant. Vacant 4s and 4p-orbitals combine to give four sp] -

hybrid orbitals because [NiClg]® is a tetrahedral complex ion. These four hybrid orbitals form bonds
with four ligand by sharing four pair of electrons, one pair from each of the four ligands.
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(2) Ni (CO)4 : In this compound oxidation state of nickel is zero and its valence shell electronic

configuration is 3d® 4s®. Magnetic moment measurements indicate that Ni(CO) 4 is diamagnetic i.e., it

has no unpaired electrons. CO is a strong ligand and has the tendency to pair up the 3d - electrons. During
the pairing of electrons, the two electrons of 4s-orbitals shift into one of the five 3d- orbitals. Thus, there

15 no vacant 34 - orbital. Thus, the vacant orbitals available for hybridization are 45 and 4p to give four
sp°-hybrid orbitals.
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geometry
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(3) MnOj ion : In this complex ion, oxidation state of Mn is +7. The valence shell electronic
configuration of Mn is 3d” 452, In Mn ' * ion all the five 3d, 4s-orbitals are vacant. The vacant 45 and

three 3d- orbitals combine to give four sd> -hybrid orbitals. Thus, Mn " ion is sd” - hybridized in this
complex ion as shown below :
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In Mn ™"

n ton energy of vacant 4s-orbital becomes lower than that of vacant 3d- orbitals ll-uﬂ.h.
principle).

In sd* - hybridization vacant d,,.,d . and d, orbitals are involved.

-y,

(3) Cry05 iom : In this complex ion, oxidation state of Cr is + 6 and its valence shell elec
configuration of Cr is 3d° 4s'. Cr™" jon has no electron in 3d- orbitals. The 4s - and three 34 . y

orbitals of each Cr** ion combine to give four sd * - hybrid orbitals. Thus eachCr®" ioninCr,02- ;
sd” - hybridized. One of the seven oxide ions, shares both the Cr®*

e i

10ns.

7 logj

hybridization
lct:rahudra[
s~ hvbndization
It has no unpaired electron, therefore, it is diamagnetic. Some tetrahedral complexes are illustrawg
in Table 4.4.
Table 4.4
Valence
Oxidation No. of Unpaired
Complex lon State sEhE]I Valence Bond Electrons Description Electrons (a)
Mn X4 T
gt +2 | 30 | (OO G :
X=CI",Br™) | | | ==
sp]‘ hybridization
[FeCly]™ +2 3¢ | ONOT0{E) (ERTE 4
sp -hybridization
- ==emama e 3
[CoCly ) +2 | 3d’ | [T R
spj'-hybridlzatiun
(CuXa)® _— 34° | OO [ :
[,r =C]",Br , CNS } }'ﬂj'h}’bﬂd.l.ﬂmn




I-'l'"'"" R e e S i T L TR TR T SR TR CVE c e W S T T L T ST M T —

4 o I]i.]EIi[!u .
(o (CN)4] .q#4whndu:uﬁn
[;n..h]zr 1 +2 340 ll!l][ll]l] 0
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@mhnu Complexes

n square planar complexes, the central metal cation is d.'sp hybridized. The dsp?- hybrid orbitals
it towards the four corners of a square.

Let us mnmder some examples to discuss the hybridization in square planar complexes :

(1) [Ni {I:H},] ion : In this complex ion, oxidation state of Ni is + 2 and its valence shell

electronic configuration 15 348, Magnetic moment measurement indicate that this complex ion is

diamagnetic i.e., it has no unpaired electrons. Since CN™ is a strong ligands, therefore, these ligands
cause to pair up the two unpaired electrons in one d- orbital resulting in a vacant 3d-orbital. T.Iua vacant

14 - orbital gets hybridized with the vacant 45 and two of the 4p-orbitals to give four dsp® - hybrid
orbitals. These hybrid orbitals form bonds to the ligands by accepting four pair of ligand electrons, one

pair from each of the four ligands.
_ 3d 4 Ap _
Pl AR E T
N2 ion BREOTICOICT T
MNP ion [EEATR[EIEI(EITE] o’ hybridization
"""""""" SQuarc planar
d.:zpz-hymld:zatmn ROty

(2)[Cu (NH3)4]*" ion: Inthis ion, oxidation state of copper is + 2 and its valence shell electronic

configuration is 3d° Magnetic moment measurements indicate that this complex ion is paramagnetic
corresponding to presence of one unpaired electron. There is no possibility of pairing of electrons by the
ligands even the ligand is stmng because there is only one unpaired electron in 34 - Drb:ltala Since

coordination number of Cu>" jon in [Cu(NH3 )4 1** is 4, therefore, according to VBT, Cu?* ion should .
be sp” - hybridized and the structure is tetrahedral.
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But according to ESR and X-rays structure determination, the structure of [Cu(NH3)4]"" is founy

to be square planar. Thus, to make the Cu?* ion irp:*h}"hridiz:ﬂ. it is considered that the unpairey |
electron in thelr.fxz_}; orbital is to be promoted to 4 p orbital as shown below :

[Cu(NH;),** ion [RRRIRIEI[EI[E[R]1]  dsp-hybridization |

---------- square planar
geometry

dsp®-hybridization
In the above electronic configuration, the unpaired electron is present in the higher energy 4p_
orbital and is expected to be lost easily ie, [Cu(NH3)4 1** ion may be easily oxidized 1
[Cu(NH3)4)>". |
[Cu (NH3 ) g 2S5, [Cu (NH3 )4 ' + &
But, experiments have shown that [Cu(NHj3 )4 I** ion does not exist ie. oxidation of
[Cu (NH3)4]** to[Cu(NH3)4 1" is not possible.
Finally Huggin suggested that in square planar [Cu(NHz )4 1** ion, Cu 2* jon is spzd-h}fbridiznd as

shown below :

————————— -y

[Cu(NH;),]** fon ;]ET_I_JL_.'_ [T ] spid-hybridization

S Pr=r-T S, square planar
sp’d-hybridization EEOMENY. ..

In this configuration one of the three 4p-orbitals, 4 p,-orbital remains unhybridized i.e., does not
participate in hybridization because p,-orbitals lies above and below the plane of the ion.[Cu (py)2 1%,
[Cu(en)2 I**, [Cu(CN)4 1>~ complex ions are square planar and Cu”” ion is sp”d-hybridized. The
valence bond electron description of some square planar complexes is given in Table 4.5.

Table 4.5
_
Oxidation | Valence No. of |
Complex State of | Shell E.C. of | Valence Bond Electrons Description Unpaired
Metal |Metal Cation Electrons (n)
[Ni (Hdmg); ] +2 3d° NNNAREAN 0
dsp”-hybridization
2- ) 9 S o
[Cu (CN)4] +2 3d BARMEERO R T 11 l
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Limitations of VBT

. It could not explain the nature of ligands i.e., which ligand is strong and which one is weak.
2. It could not explain why the pairing of electrons occurs in the presence of strong ligands.

3. From this theory magnetic moment can be calculated by knowing the number of unpaired electrons
but it could not explain the effect of temperature on magnetic moment. It could also not explain why
the experimental value of magnetic moment is greater than the calculated in some complexes.

4. 1t could not explain the distortion in some octahedral complexes like [Cr(H;0)¢]°" and

[Cu(H,0)6]*".

5. Itcould not explain the colour and electronic spectra of complexes.

6. It could not explain reaction rates and mechanism of reactions of complexes.

7. It could not explain the structure of [Cu (NH3 )4 ]1'F ion,
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