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1.  Learning Outcomes   

After studying this module, you shall be able to learn about:  

• the basics of molecular orbital theory. 
• the molecular orbital diagram of nitrosyl. 
• Structure and bonding in metal nitrosyl. 
• Metal complexes possessing a non-linear (bent) coordination of NO. 
• polynuclear metal-nitrosyls. 

2. Introduction 

Molecular orbital theory: 

Valence bond and hybrid orbital theories provided the way to rationalize the geometries 

of simple molecules. The idea behind the bonding theories started from writing simple 

Lewis electron-dot structures to visualizing the atomic orbitals in order to provide valid 

explanations for the obvious question “why do atoms combine?”. However, these 

theories could explain the bond formation in simpler molecules like methane and to some 

extent the geometries of these molecules, the link between the molecular properties and 

the aspects of bonding was still missing. These were unsuccessful to explain, for 

example, the phenomenon of light absorption followed by molecular excitations and light 

emission. For example, MO theory can explain “why O2 is paramagnetic?” 

Molecular orbital (MO) theory describes the electrons in molecules by using specific 

wave functions called molecular orbitals. Molecular orbitals are formed by the linear 

combination of two atomic orbitals. Two atomic orbitals (AOs) combine to form two 

molecular orbitals namely bonding molecular orbitals and anti-bonding molecular 

orbitals. MOs have many of the similar characteristics as atomic orbitals. MOs, like AOs, 

can hold a maximum of two electrons and have definite energy. Unlike AOs, MOs are 

associated with the entire molecule and not with a single atom. Two s-orbitals and two p-

orbitals combine in different ways to give rise to one bonding MO (σ1s) and one anti-

bonding (σ*1s) MO as shown below (fig-1 and fig-2). 
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Fig. 1: Mixing of two atomic s-orbitals to generate two molecular orbitals. 

 

Bonding molecular orbitals (BMO) 
generated by mixing of two same 
phase atomic orbitals. BMO display a 
build-up of electron density between 
the two nuclei. 

Anti-bonding molecular orbitals (AMO) 
generated by mixing of two different 
phase atomic orbitals. AMO results in 
low electron density between the two 
nuclei. 
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Fig. 2: Mixing of two atomic p-orbitals to generate two molecular orbitals. (a) “End-on” 
overlap results in a σ-bond. (b) “Sideways” overlap results in a π-bonds.  
Mo diagrams of H2 and He2 molecules is shown in fig-3 
 

 
 

Fig. 3: Molecular orbital diagram of H2 and He2. 
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3. Molecular Orbitals of NO 

 

Nitric oxide (NO) has total 15 electrons and 11 electrons in valence shell. The molecular 

orbital electronic configuration can be written as: 

 

(1σ)2 (2σ)2 (3σ)2 (4σ)2 (1π)4 (5σ)2 (2π)1 

 

The energy level diagram displaying the filled MOs of a molecule in the increasing order 

of their energies is called a molecular orbital energy level diagram. The number of 

molecular orbitals (MOs) formed is equal to the number of atomic orbitals that are 

combined. Following these principles, the MOs of NO can be filled to make an energy 

level diagram as shown in the figure below. 
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When two atomic orbitals are combined, one of the resulting MOs is at a lower energy 

than the original atomic orbitals; this is a bonding orbital. The other MO is at a higher 

energy than the original atomic orbitals; this is an anti-bonding orbital. The electrons in 

the MOs are filled according to the Aufbau principle, the Pauli’s exclusion principle and 

the Hund’s rule of maximum multiplicity. A maximum of two electrons of opposite spin 
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can occupy a molecular orbital (Pauli’s exclusion principle). The orbitals of same energy 

must be singly filled before pairing. The unpaired electrons must have parallel spins 

(Hund’s Rule). The atomic energies of the more electronegative atom will be lower in 

energy than those of the less electronegative element and are placed on the two opposite 

ends of the diagram. Therefore, the 2σs MO is closer in energy to the 2s atomic orbital of 

oxygen. As a result, the bonding MOs of NO molecule has more oxygen-like atomic 

orbital character, and the anti-bonding orbitals have more nitrogen-like atomic orbital 

character. The greater the energy differences between the bonding and anti-bonding 

MOs, the more polar the bond joining the two atoms and hence greater is its ionic 

character. The energy difference is also a measure of degree of orbital overlap between 

atomic orbitals; the more the orbitals can overlap, greater is the covalent character of the 

bond. Since NO has 15 valence electrons, it has a bond order of 2.5, short nitrogen-

oxygen bond length of 1.15 Ǻ, a low dipole moment of 0.15 D and a high bond energy of 

891 kJ/mol. The σ2p molecular orbital of NO is also localized on nitrogen and act as 

donor orbital, although this is a poorer donor as compared to the σ2p molecular orbital of 

CO because the higher electronegativity of nitrogen. The π* orbital of NO act as 

degenerate pair of acceptor orbital similar to those of CO but the higher electronegativity 

of N makes them better acceptor than C.  

4. Structure and bonding in metal nitrosyls: 

Nitric oxide as ligand displays a variety of coordination modes in their metal complexes 

as shown in the figure below: 
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5. Metal complexes possessing a linear coordination of NO 

NO has one more electron than CO, hence it often acts as a three electron donor. Hence 

in metal carbonyl complexes, the replacement of CO by NO is compensated by a 

matching decrease in the atomic number of the metal centre. Therefore, 3 CO can be 

easily replaced by 2 NO. For example, the nitroprusside anion, [Fe(CN)5NO]2-, an 

octahedral complex containing a "linear NO" ligand is shown as: 
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In these and analogous complexes, the M-N-O group is linear. The bonding in these 

compounds can be discussed in terms of a preliminary transfer of 1 electron from NO to 

the metal center. The resulting NO+ then coordinates with the reduced metal centre as a 2 

electron σ-donor and π- acceptor. A variety of nitrosyl complexes possessing the linear 

nitrosyl group are shown in the table below. 
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6. Metal complexes possessing a non-linear coordination of NO 

There are metal complexes in which the M-N-O group features slightly bent coordination 

geometry where the M-N-O bond angles are in the range of 165°-180°. For example, the 

cationic complex [Ir(CO)Cl(NO)(PPh3)2]+ was found to have a bond angle of 124° and 

there are a large number of other nitrosyl complexes. On the other hand, in a related 

complex [RuCl(NO2)(PPh3)]+, in which the CO ligand has been replaced by a second NO 
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molecule, have both linear and bent M-N-O as shown in the figure below. In this 

complex, the basal nitrosyl is linear Ru-N-O (178°) whereas the apical nitrosyl was found 

to be bent (136°). The metal-nitrogen bond lengths in the complex are in accordance with 

the presented structure. The Ru-N bond length in the linear system is shorter (1.73 Ǻ) as 

compared to the bent system (1.85 Ǻ). This indicates that there is substantial π-bonding in 

the linear system whereas the bent system is a σ-only metal-nitrogen bond.  

 

 
 

In [Co(NO)(en)2Cl]+ (where “en” is ethylenediamine), the NO takes a bent coordination 

mode. In this complex, the Co-N bond distance (1.820Ǻ) in Co-NO bond was found to be 

considerably different from Co-N bonds with the ethylenediamine ligand (1.964 Ǻ). This 

indicates that the NO ligand retains significant multiple bond character because of back 

donation from a filled metal d-orbital to the remaining empty π* orbital of the NO ligand. 

The first well-characterized example of a metal complex containing the bent nitrosyl was 

found in a derivative of Vaska’s complex. 

 

[Ir(PPh3)2(CO)Cl]   +   NO+BF4
-     à      [Ir(PPh3)2(CO)NOCl]+BF4

- 

 

The product has a square pyramidal structure with a bent nitrosyl ligand having an Ir-N-O 

angle of 124°. The question of whether the nitrosyl ligand wuld adopt a linear or bent 

cordination mode canbe answered by looking at the MO picture of the final complex. If 
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there are available non-bonding MOs on the electron poorer metal, the electron pair on 

the nitrogen of NO can reside there and the nitrogen functions as a sp donor system with 

an associated π-back donation form the metal to the NO. Thus, NO adopts linear 

coordination mode in this situtation. On the other hand, when the low-lying orbitals of 

metal are already filled (electron-rich system), the pair of electron must occupy a 

basically non-bonding orbital on the nitrogen of bonded NO, resulting in sp2 

hybridization and a bent coordination geometry of the NO. 
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7. Polynuclear metal nitrosyl complexes 

A number of metal-metal bonded complexes with transition metals possessing linear, 

doubly bridging and triply bridging nitrosyl ligands. An example containing unusual 

bridging modes of nitrosyl is [{Re3(CO)10}2(µ-NO)] where the bridging NO bonded 

through both N and O to two pairs of rhenium atoms from the two triangular Re3 

fragments. There are also examples of cluster complexes where the nitrosyl ligand bands 

simultaneously with nitrogen and oxygen through π-electrons of nitrosyl. 
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One such example containing nitrosyl lgand in both linear and bridging coordination 

modes.   

 

 

 

polynuclear metal-nitrosyls. 
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8. Summary 

• Molecular orbital (MO) theory describes the electrons in molecules by using 

specific wave functions called molecular orbitals. In molecular orbitals, electrons 

are filled by using aufbau principle, Hund’s rule of maximum multiplicity and 

Pauli’s exclusion principle. 

• NO has 15 valence electrons, it has a bond order of 2.5, short nitrogen-oxygen 

bond length of 1.15 Ǻ, a low dipole moment of 0.15 D and a high bond energy of 

891 kJ/mol. 

• NO possess one unpaired electron in the anti-bonding π-orbital.  

• NO display linear, bent and bridging coordination modes in their metal 

complexes. 

• The nitroprusside anion, [Fe(CN)5NO]2‒ possess linear NO as ligand. 

• The first well-characterized example of a metal complex containing the bent 

nitrosyl was found in a derivative of Vaska’s complex.  

• With electron poores metal ions, NO acts as a three electron donor and possess 

linear coordination mode. 


