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Molecular Orbital (MO) Theory is another theory to explain chemical 
bonding using orbitals. It was developed about the same time Valence 
Bond Theory was developed, primarily by Mulliken and Hund. (Mulliken 
was mentioned earlier because he proposed a definition of 
electronegativity, and Hund because of Hund's Rule.) It is a little harder 
to learn than Valence Bond Theory, but very useful. 

Rohert S Mullitl 
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Why do we need another theory after learning Valence Bond Theory? hough Valence Bond Theory works well to explain some properties of 
Although Valend 

certa 

mo 

tain types of molecules, like shape and bond strengths in organic nlecules, there are many situations when it doesn't work very well. For ample, it isn't very good for predicting the magnetic properties of 
exam 

nalecules. From Valence Bond Theory, you would not expect O, to have 2 unpaired electrons, but it does. It also isn't good for predicting the coectroscopic properties of molecules, including what color they are. For example, you can do Photoelectron Spectroscopy on molecules, in which vOu knock electrons off molecules using high-energy photons. By knowing the energY of the photons and the kinetic energy of the photoelectrons, you can find the binding energies of the electrons in the molecule. For water, you would expect from the Lewis structure that there are 2 different binding energies for valence electrons (because they are either lone pairs or bonding pairs) and another higher energy for the 0 1s electrons. However, the data shows 4 different energies, meaning that the 4 electron pairs in the Lewis structure all have different energies.MO Theory can explain this. MO theory is also good for predicting how 
strong bonds are, for predicting stability of weird molecules (like Ca), and for describing bonding in molecules that have resonance structures. 
1.1 INTRoDUCTION

There are about 110 elements, but when the elements combine they 
make a huge number of compounds. Some of these compounds were 
made when the world began. Some have been made either by accident 
or design. Chemists have developed a wide range of skills and techniques
Tor making new chemicals. Our ability to make so many new chemicals 

nas largely come about because of our understanding of the concept of 
Donds that hold atoms together. The two major theories of chemical 
bonding are: 

) Valence Bond Theory (VBT), and 

(i) Molecular Orbital Theory (MOT). 
When the molecule is formed by combination of two or more than 

o atoms, the energy is liberated. The molecule have less energy than two 
at of individual atoms. The liberation of energy is due to the attractionthat 
tween the at 

ectron density between the atoms. The concentration of electron electror density 
atoms. This attraction results due to the concentration of 

density is because sity is because of the sharing of electron pair(s) which results in bond 

formation. 
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Valence 8ond Theory is one of the two quantum mechanical 

approaches that explain bonding in molecules. It accounts qualitativelv 

for the stability of the covalent bond in terms of overlapping of atomic 

orbitals. Using the concept of hybridisation, valence bond theory can 

explain molecular geometries predicted by the VSEPR model. However 

the assumption that electrons in a molecule occupy atomic orbitals of the 

individual atoms can only be an approximation, since each bonding 

electron in a molecule must be in an orbital that is characteristic of the 

molecule as a whole. 

In the Molecular Orbital Theory, the valence electrons are considered 

to be associated with all the nuclei in the molecule. Thus, the atomic 

orbitals from different atoms must be combined to produce molecular 

orbitals 
Molecular orbitals approach gives better understanding of covalent 

bonding in molecules. 

As per wave mechanics 

1) Electron is not a point mass but a standing wave-train extending 
around the nucleus in a spherical form. 

(2 Electron in an atom may be described by a wave function o. 

(3) The wave function describes the atomic orbital occupied by the 

electron.

(4) The wave function is a solution for Schrodinger wave equation. 
5) The electrons in a molecule occupy molecular orbitals 
(6) The wave function describing a molecular orbital is obtained by 

linear combination of atomic orbitals. 
1.1.1 Molecular Orbital Theory (MOT) 

This theory was put forth by scientists Hund and Mulliken. The 
magnetic and other properties of molecules are sometimes better 
explained by this quantum mechanical approach called as 'Molecular Orbital Theory (MOT). This theory describes the covalent bonds In 
terms of molecular orbitals, which result from the interaction of atomic orbitals of the bonding atoms and are associated with the entire molecule. That is how molecular orbitals differ from atomic orbitals. A atomic orbital is associated with single individual atom. 
* 

Unus Pauing awarded Nobel Prize in 1954 for this contribution. 
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1.1.1.1 
i 11 Assumptlons of Molecular Orbital Theory 

Following are the assumptions of molecular orbital theory 

() A molecule is made of atomns. 

)Atoms loose their individual character when the molecule is 

formed. 

(3) Electrons in a molecule are delocalised. 

4) The molecular orbital formed is polycentric and a molecular 
orbital is associated with a molecule as a whole. 

5) The quantized molecular orbitals of different energies surround 
all the nuclei of bonded atoms 

(6) The molecular orbital is assumed to be formed by union of the 
individual atomic orbitals when the atoms to be bonded come 
together. 

(7) The wave function of molecular orbital is obtained by linear 

combination of wave functions of atomic orbitals. 

Fig. 1.1 shows the difference between the formation of molecular 

orbital by valence bond theory and molecular orbital theory. Fig. 1.1 (a) 
shows the formation of molecular orbital according to the valence bond 
theory when atoms A and B combine. Here they do not loose their 
Identity. Fig. 1.1 (b) shows the formation of molecular orbital according 
to molecular orbital theory when atoms A and B combine. Here they lose 
their identity. 

(a) : 
Atom A 
(A.O.) 

Atom B Molecular orbitals 
(A.O.) (VBT) 

(b) .E) 

Atom A 
(A.O.) 

Atom B Molecular orbitals 
(A.O.) (MOT) 

g. 2.1: Formation of a molecular orbital of molecule AB by 

a) V.B. theory and (b) M.o. theory (A.O. = Atomic Orbital) 
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1.1.2 Comparison 
between Atomlic Orbltal 

and Molecular Orbltal 

Let us see the comparison between atomic orbital (A.O.) and 

molecular orbital (M.O.). 

Molecular Orbital Atomic Orbital 

(1) Atomic orbital is monocentric (1) Molecular 

i.e. it contains a single 

orbital is 

polycentric i.e. it contains 

nucleus. more than one nucleus. 

(2) Nucleus of the atom is fixed in (2) Nuclei of the constituent 

atoms of the molecule are space. 
fixed in space at their proper 

relative orientation. 

(3) They are named as s, p, d and (3) They are named as o, T and 
f orbitals 

determined by various sets of 

quantum numbers. 

They orbitals. They are are 

determined by various sets 

of quantum numbers. 

(4) It is derived from a particular | (4) It is derived from constituent 

atom. atoms. 

(5) The filling of atomic orbitals (5) The filling of molecular 
follows the Aufbau principle. 

of 

orbitals follows the Aufbau 

principle 
(6) A.O.s have definite shape, size | (6) The shape, size and energy and energy. 

of M.O.s depend upon the 

shape, size and energy of 

orbitals of constituent 

atoms. 
(7) Any atomic orbital can (7) Any molecular orbital can accommodate maximum two 

electrons with opposite spin. 
accommodate maximum 

two electrons with opposite 
spin. (8) Atomic orbitals obey Hund's (8) Molecular orbitals oD rule in filling of electrons in 
Molecular obey orbitals 
Hund's rule in filling of atomic orbitals. 
electrons in molecular 

orbitals 



B.Sc. Inorganic and Organic Chemistry 1.7 

2 LCAO (LINEAR COMBINATION OF ATOMIC ORBITALS) 

M.O.T. of Covalent Bornding 

PRINCIPLE 

Consider two atoms A and B which have atomic orbitals described by 

the wave functions A and da. If the electron clouds of these two atoms 

overlap when the atoms approach to each other, then the wave function 

fnr the molecule AB can be obtained by the linear combination of the 

atomic orbitals a and De 
AB A t2 Ds 

where as is the wave function of the molecular orbital of molecule AB. 

A is the mixing coefficient which is the measure of ionic character of the 
bond formed between the atoms A and B. If A and B atoms are similar 

(ie. homonuclear diatomic molecule), then is equal to 1 and the wave 

function of the molecule is written as -

TAB A£ (. A = 1) 

Let us consider the example of H2 molecule which is formed by the 

combination of two H atoms. Say and represent the wave function 
of 1s atomic orbital of hydrogen atoms 1 and 2. There are two different 

ways of combination of these two wave functions and d. 

(1) In one way of combination, the signs of the two wave functions 

are same (may be called as constructive interference) and 

(2) In second way of combination, the signs of the two wave 

functions are different (may be called as destructive 

interference). 
The signs (+) and (-) refer to the signs of wave functions (and not 

ne signs of charged bodies). These signs determine the symmetry of the 

wave function. 

The probability of finding the electron(s) is described by wave 

Tunction and the electron density is described by Y 

f the wave functions have same sign then they are considered as 

waves that are in phase. When these waves combine, they add up to 

VElarger resultant wave as shown in Fig. 1.2 (constructive interterence). 

(1) (2) (2) 

A A 
H1) H2) 

H2) 
9. 1.2:Constructive interference. Combination of wave functions 

of AOs having the same sign (waves in phase) 
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y 

considered as waves that are out of phase. These waves cancel 

other by destructive interference as shown in Fig. 1.3. 

If the combining wave functions have ditterent signs, then tha, eac 

(1)2) 

H2) 
H1) 

i/ 
2) 

Fig. 1.3:Destructive interference. Combination of wave functions 

of AOs having the opposite signs (waves out of phase) 

The two ways of combination of the wave functions: 

Yig= + 
Y +(- 

(1.1 

(1.2 

In the MOT, the wave functions of the molecules are designated a 

Yg and a ig = gerade (even) and u = ungerade (odd)]. 

The symbols 'g' and 'u' refer to symmetry of the orbital about it 
centre. If the sign of ¥ remains unchanged when the orbital is retlectec 

about its centre, then the wave function is gerade. If the sign of t 

changed when the orbital is reflected about its centre (i.e. x, y and z af 
replaced by -x, -y and-z), then the wave function is ungerade. 

The number of molecular orbitals (MOs) produced is always equal t 

the number of atomic orbitals (AOs) taking part in the combination. in 
when a pair of atomic orbitals and 2 combine, they produce a pair o molecular orbitals ¥g and Yu Such type of addition and subtraction wave functions of the atomic orbitals is termed as LCAO principle The function of Yg is resulting from the combination by addition atomic orbitals which increases the electron density in between the nu of combining atomic orbitals. Because an electron in this molecu orbital is strongly attracted to both the nuclei, the electron is more si 

cular 

in this molecular orbital. This molecular orbital is called bon table 

molecular orbital (attraction between the atoms) because 

ding 

the 



M.O.T. of Covalent Bonding 
S.Y.B.Sc. Inorganica and Organic Chemistry 1.9 
Conc ncentration of electron density between the nuclei holds the atoms together in a covalent bond. 

The function Y is resulting from the combination by subtraction of atomic orbitals which decreases the electron density in between the auclei of combining atomic orbitals. There is a node between nuclei, at which the electron density is zero, in fact greatest electron density is on ODDosite side of the nuclei. Thus, this molecular orbital excludes electron from the region in which a bond must be formed. This molecular orbital is called antibonding molecular orbital (repulsion between the atoms). The antibonding molecular orbital is higher in energy and is indicated by (asterisk). 
The bonding molecular orbital is lower in energy (more stable). The gerade orbital ¥( hereafter will be indicated by symbol ¥ meaning bonding molecular orbital and ungerade orbital Yhereafter will be indicated by symbol y* meaning thereby an antibonding molecular orbital. 
The electron distribution in a molecular orbital can be obtained by squaring the wave functions. On squaring equations (1.1) and (1.2), we get, 

2 201+ +2 
(1.3) 

-2012+2 . (1.4) Equation (1.3) represents the probability function for bonding molecular orbital and equation (1.4) represents the probability function of antibonding molecular orbital Y* These two molecular orbitals ( and *) defer by 2 2 In bonding molecular orbital, electron density in between the combining nuclei is increased by an amount of 24 d2 In antibonding molecular orbital, iectron density is decreased by an amount 2412 Fig. 1.4 shows the combination of two atomic orbitals producing a palr of bonding molecular () and antibonding molecular orbital (*). ne overlap of atomic orbitals along the axis joining the nuclei forms a o igma) bond. So these molecular orbitals are further called o bonding Oecular orbital and a antibonding molecular orbital. 
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the 
en 

tg) 
Bonding MO 

is 

kn 
Node AB 

ba 

Antibonding MO 
CO 

Fig. 1.4:Formation of bonding and antibonding 
molecular orbitals (s-s combination) 

1.2.1 MO Energy Level Diagram 

Here, we will take a simple example of combination of two ls 

orbitals. In molecular orbital energy level diagram, atomic orbitals are 

shown to the sides and formed molecular orbitals are shown in the 

centre (Refer Fig. 1.5). 

or o (ABMO) 

+A or+B 

P1) 
A.O. of 

(2) 
A.O. of 

Atom 1 -A or-B Atom 2 

y or o (BMO) 

Fig. 1.5: Molecular orbital energy level diagram 
Both the atomic orbitals and have same energy. The bonding molecular orbital Y or o have lower energy than the atomic orbItd combining while antibonding molecular orbital * or a* have hign energy than the atomic orbitals combining. The energy evolved duri 
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she formation of bonding molecular orbital is shown as -A or -ß and the neray absorbed during the formation of antibonding molecular orbital ic shown as +A or +. The decrease in energy of formation of BM is known as stabilization energy and increase in energy of formation of AAMO is known as destabilization energy. The decrease in energy is balanced by increase in energy. 
1.3 RULES OF LINEAR COMBINATION OF ATOMICc 

ORBITALS 

Atomic orbitals combine to form molecular orbitals. For such 
combination, there are following rules. 

(1) The atomic orbitals taking part in combination should have 

comparable energy. 
(2) The atomic orbitals must overlap to a considerable extent to 

form molecular. orbitals. The atoms must be close enough for 

effective overlap. 
(3) The number of atomic orbitals taking part into combinationis 

equal to the number of molecular orbitals formed.

(4) The atomic orbitals taking part in combination should have 

proper (same) symmetry about the molecular axis. When 

symmetry of the two atomic orbitals remain unchanged when 

rotated about the internuclear line then bonding molecular 

orbital is formed. When symmetry of both the atomic orbitals is 

changed, then antibonding molecular orbital is formed. If the 

combining atomic orbitals do not have proper symmetry, it will 

result in non-bonding molecular orbital. 

(5) If the signs of wave function of combining atomic orbitals are 

same, then it will result in the formation of bonding molecular 

orbital. 

() If the signs of wave function of combining atomic orbitals are 

aitferent, then it will result in the formation of antibondinghäetalar 

orbital. 
T4CoMBINATiON OF ATOMIC ORBITALS S Librery 

Sonai 

Libary 

1.4.1 Combination of s and s Atomlc Orbitals 
Newas 

Onai,Tal 
(S-s, S-p, p-p, p-d and d-d 

combinations)2 

(s-s combination) 

Suppose the atoms A and B are hydrogen 
atoms, then the wave 

cions YA) and e) 
describe the 1s atomic 

orbitals on the two atoms. 

functi 
Combinations of the wave 

functions ¥A) and Ye) are possible: 
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ls (1) Where the signs of wave functions of combining atomic orbital 

are same. 

(2) Where the signs of wave functions of combining atomic orbitalk 
are different. 

In this case, combination of one s orbital with another s orbital will 

give rise to a bond and hence o MOs. (One a BMO and other o* ABMO) 

Fig. 1.6 shows the formation of a and o* MOs. 

Bonding MO 
(Lower Energy) 

Node 
+ 

(u) 
Antibonding MO 
(Higher Energy) 

Fig. 1.6:Formation of a bond by s-s overlap 
1.4.2 Combinatlon of s and p Atomic Orbitals 

(-p combinatlon) 
Here s orbital of one atom combines with p orbital of other atom 

provided that the lobes of the p-orbital are pointing along the axis joining the nuclei. When the lobes which overlap have the same sign, then this results in bonding molecular orbital with an increased electron density between the nuclei. The bonding molecular orbital have lower energy than combining atomic orbitals. When the overlapping lobes have opposite signs, this gives an antibonding molecular orbital with decreasing electron density in between the nuclei (Refer Fig. 1.7). The antibonding molecular orbital formed have higher energy than combining atomic orbitals. 

8 orbital 
Pk orbital 

a bonding orbital 

e- s orbital 

Pxorbital 
Fig. 1.7:Formation of o bond by s-p combination 

oantibonding orbital 
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43 Combinatlon of p and p Atomle Orbltale 

(p-P combinatlon) 
The combination of p-orbital of one atom with p-orbital of other ham is called p-p combination. Combination of p-p atomic orbitals roduces two types of molecular orbitals i.e. a MOs and n MOs. Formation of a MOs 
Consider the combination of p orbital of one atom with p orbital of ther atom with both of their lobes pointing along the axis joining the uclei Both o bonding molecular orbital and o* antibonding molecular rbital are produced. (Refer Fig. 1.8). 

ovenap 
Budny ltal 

P 
ovel 

Arntlbendng orbltal Fig. 1.8:P-p combination of atomlc orbitals produclng o bonding and 
oantibonding molecular orbltals 

Formation of x MOs: 
Now, consider the combination of two p orbitals which both have her lobes perpendicular to the axis joining the nuclei. Lateral overlay of 

rbital will occur, resulting in n bonding molecular orbital and n* 
intibonding molecular orbitals formation (Refer Fig. 19). 

noverlap 
Bondlng otsltal 

Py 
Nodal plane 

overla 
Antibondiny orbttal 

Py 
*LY:P-p combinatlon of atomie orbltals produclng n bonding and 

antibonding molecular orbitals 
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lecu 
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Let us now see
differences 

between a (sigma) and a (pi) molar 

mets 

orbitals. T MOs 
MOs 

com 

loDe Formed by overlap of 

(1) Formed by overlap of lobes (1) Formed by overlap of 
of atomic orbita 

of atomic orbitals pointing 

along the internuclear axis. 
perpendicular to h 
internuclear line (later 
overlap). ato 

is (2) The electron density is ze, 
between the two nuclei. It Do 
above and below thres 

density (2) Electron 
concentrated in between the 

nuclei. internuclear axis. OvE 

(3) All o bonding molecular| | (3) These have no symmetmo 
about the internuclear ax m 

All r* antibonding molecul 

orbitals are symmetric. 

orbitals are symmetric about 

the internuclear axis. All o* 

antibonding 
orbitals are unsymmetric 

1.4.4 Combination of p and d Atomic Orbltals 

molecular 

(p-d combination) 
The combination of p orbital of one atom with d orbital of anothe 

atom is called p-d combination. This results in the formation of bondin 
and antibonding molecular orbitals. Since the orbitals do not point alon 
the line joining two nuclei, Overlap must be of the T typ 

(Refer Fig. 1.10). In such case, usually py or pz orbital of one ato 

overlaps with d orbital of other atom to form a r bond. The latera, 

overlap of atomic orbitals produces n molecular orbitals. 

-
Py n (BMO) 

-
* (ABMO) 

Fig. 1.10: Combination of p and d atomic orbitals for producing 
T bonding and * antibonding molecular orbitals 
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The type of p-d overlap mainly occurs in the compounds of transition 

metal complexes such as carbonyls and cyanides etc. and other 

compounds such as oxides and oxyacids of phosphorus and sulphur. 

1.4.5 Comblnation of d and d Atomic Orbltais 

(d-d combination) 
The combination of d orbital of one atom with d orbital of other 

atom is known as d-d combination. This results in the formation of 

bonding and antibonding molecular orbitals which are called 8 and 8* 
respectively. The formation of & molecular orbitals takes place by the 
overlap and combination of two doy or d?- atomic orbitals. (The ö 

molecular orbitals cannot be formed with s and p atomic orbitals). These 

molecular orbitals have two nodal planes (Refer Fig. 1.11). 
X 

-»z 

Fig. 1.11: d-d combination of atomic orbitals (two d-producing & BMo 

1.4.6 Non-bonding Combination of Orbltals 

The overlap and combination of atomic orbitals considered so far 

have resulted in the formation of bonding molecular orbital of lower 

energy and an ABMO of higher energy. To obtain a bonding molecular 

orbital with a concentration of electron density in between the nuclei, the 

Signs (symmetry) of the lobes which overlap must be same. Similarly, for 

ABMO the sign of overlapping lobes must be different. But atomic 

orbitals which do not have proper symmetry for combination will result in 

the formation of non-bonding molecular orbital. In the combinations 

Shown in Fig. 1.12, any stabilization which occurs from overlapping + 

wItn+is destabilized by an equal amount of overlap of + with -. There is 

no overall change in energy and this situation is termed as non-bonding. 

o 2 69c8 


