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Module: Norton Theorem and its circuit diagram 

Module is divided in four sections: 

1.  VIDEO CONTENT 

2. (a) NOTES  

(b) SUPPLEMENTARY MATERIAL 

3.  SUBJECTIVE ASSIGNMENT BASED ON MODULE 

4. OBJECTIVE QUESTION BASED ON MODULE 

5. FEEDBACK SECTION 

 Video Content: https://youtu.be/LEgoTndSUSA 

In this video I explained Statement and derivation of 

Norton theorem. The two terminal linear networks can 

be converted into Norton equivalent circuit.  

 

 

 

 

https://youtu.be/LEgoTndSUSA


 

E-Content prepared by 
Dr. Abhishek Kumar Misra  
Assistant Professor 
Department of Physics, Govt. V.Y.T. PG Autonomous College Durg 

 
 

 

 

 

 









 

E-Content prepared by 
Dr. Abhishek Kumar Misra  
Assistant Professor 
Department of Physics, Govt. V.Y.T. PG Autonomous College Durg 

 
 

2 . (b) SUPPLEMENTARY MATERIAL 

Norton’s Theorem 

Norton’s Theorem states that – A linear active network consisting of 

the independent or dependent voltage source and current sources and 

the various circuit elements can be substituted by an equivalent circuit 

consisting of a current source in parallel with a resistance. The current 

source being the short-circuited current across the load terminal and 

the resistance being the internal resistance of the source network. 

The Norton’s theorems reduce the networks equivalent to the circuit 

having one current source, parallel resistance and load. Norton’s 

theorem is the converse of Thevenin’s Theorem. It consists of the 

equivalent current source instead of an equivalent voltage source as in 

Thevenin’s theorem. 

The determination of internal resistance of the source network is 

identical in both the theorems. 

In the final stage that is in the equivalent circuit, the current is placed 

in parallel to the internal resistance in Norton’s Theorem whereas in 

Thevenin’s Theorem the equivalent voltage source is placed in series 

with the internal resistance. 

Explanation of Norton’s Theorem 

To understand Norton’s Theorem in detail, let us consider a circuit 

diagram given below 
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To find the current through the load resistance IL as shown in the 

circuit diagram above, the load resistance has to be short-circuited as 

shown in the diagram below: 

 

 

 

 

 

 

 

Now, the value of current I flowing in the circuit is found out by the 

equation 

 

 

 

 

And the short-circuit current ISC is given by the equation shown 

below: 
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Now the short circuit is removed, and the independent source is 

deactivated as shown in the circuit diagram below and the value of the 

internal resistance is calculated by: 

 

 

 

 

 

 

 

So, 

 

 

 

 

As per Norton’s Theorem, the equivalent source circuit would contain 

a current source in parallel to the internal resistance, the current 

source being the short-circuited current across the shorted terminals of 

the load resistor. The Norton’s Equivalent circuit is represented as 
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Finally, the load current IL calculated by the equation shown below 

 

 

 

here, 

• IL is the load current 

• Isc is the short circuit current 

• Rint is the internal resistance of the circuit 

• RL is the load resistance of the circuit 
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Steps for Solving a Network Utilizing Norton’s Theorem 

Step 1 – Remove the load resistance of the circuit. 

Step 2 – Find the internal resistance Rint of the source network by 

deactivating the constant sources. 

Step 3 – Now short the load terminals and find the short circuit 

current ISC flowing through the shorted load terminals using 

conventional network analysis methods. 

Step 4 – Norton’s equivalent circuit is drawn by keeping the internal 

resistance Rint in parallel with the short circuit current ISC. 

Step 5 – Reconnect the load resistance RL of the circuit across the 

load terminals and find the current through it known as load current 

IL. 

 

Reference: 

https://circuitglobe.com/what-is-nortons-theorem.html 
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3. ASSIGNMENT  

1. For the given circuit, determine the current flowing through 10 Ω 

resistor using Norton’s theorem. 

 

 

 

 

 

 

2. Determine the current through AB in the given circuit using Norton’s 

theorem. 

 

 

 

 

 

3. In the following circuit, the value of Norton’s resistance between 

terminals a and b are? 
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4. For the circuit shown in the figure below, the Norton Resistance 

looking into X-Y is 

 

 

 

 

 

 

 

 

 

5. For the circuit given below, the Norton’s resistance across the 

terminals A and B is 
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4. MULTIPLE CHOICE QUESTIONS 

1. The Norton current is the_______ 

a) Short circuit current 

b) Open circuit current 

c) Open circuit and short circuit current 

d) Neither open circuit nor short circuit current 

2. Norton resistance is found by? 

a) Shorting all voltage sources 

b) Opening all current sources 

c) Shorting all voltage sources and opening all current sources 

d) Opening all voltage sources and shorting all current sources 

3. Isc is found across the ____________ terminals of the network. 

a) Input    b) Output 

c) Neither input nor output  d) Either input or output 

4. Can we use Norton’s theorem on a circuit containing a BJT? 

a) Yes     b) No 

c) Depends on the BJT  d) Insufficient data provided 

5. In Norton’s theorem Isc is__________ 

a) Sum of two current sources b) A single current source 

c) Infinite current sources   d) 0 

 

 

Ans: 1 (a), 2. (c), 3. (b), 4. (b), 5. (b) 
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5. FEEDBACK QUESTIONS 

1. Did the lecture cover what you were expecting? 

2. What is your opinion about the video lecture? 

3. How much this session was useful from the knowledge and information 

point of view 

4. Are you satisfied with the content of the video lecture and given questions? 

5. If you could change one specific thing what would that be?  

 

 



Identical Particles in Quantum Mechanics 
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Identical Particles 

In quantum mechanics, a (quantum) particle is described by a wave packet of finite size. The 
simultaneous exact specification of position (spread of wave packet) and momentum of the particle is 
restricted by the Heisenberg’s uncertainty principle.   

Therefore, there is no way to keep track of individual particles separately, especially if they interact with 
each-other to an appreciable extent.  

In quantum mechanics, the wave functions of the particles overlap considerably and hence the quantum 
particles are indistinguishable. 

Physical Meaning of Identity 

Identical particles in a system remain unaltered by interchanging them.  

In quantum mechanics, identical particles can be substituted for each-other with no change in physical 
situation of the system. 

However, with the spin consideration, identical particles can be distinguished, if they have different spin 
components along some particular axis e.g. z-axis, which remain unchanged during elastic collisions.  

Symmetric and Antisymmetric Wave Functions 

Schrodinger equation for n identical particles is  

H (1,2,---n) ψ (1,2,---n,t)  =  iħ ∂/∂t ψ (1,2,---n,t)      ------   (1) 

where each number represents all coordinates (position and spin) of one of the particles.  

Hamiltonian H is symmetrical in its arguments due to identity of particles, which means the particles can 
be substituted for each-other without changing the Hamiltonian H or any other observable.  

There are two kinds of solutions of wave function ψ of eq. (1) that have symmetric properties of 
particular interest. 

(i) Symmetric wave function ψS : A wave function is symmetric, if the interchange of any pair of particles 
among its arguments leave the wave function unchanged.  

(ii) Antisymmetric wave function ψA : A wave function is antisymmetric, if the interchange of any pair of 
particles among its arguments changes the sign of the wave function. 

Symmetric character of a wave function does not change with time i.e. if ψS (or ψA) is symmetric (or 
antisymmetric) at a particular time t, then HψS (or HψA) and hence ∂ψS/∂t (or ∂ψA/∂t) and the 
integration of wave function ψS (or ψA) are always symmetric ( or antisymmetric). 

If P is an exchange operator, then  



P ψS (1,2) =    ψS (2,1) 

P ψA (1,2) = - ψA (2,1) 

Construction of symmetric and antisymmetric wave functions from unsymmetrized functions : 
Exchange Degeneracy 

If the arguments of wave function ψ are permuted in any way, then the resulting wave function is also a 
solution of equation (1). n! Solutions can be obtained from any one solution, each of which corresponds 
to one of the n! permutation of the n arguments of ψ. Any linear combination of these functions is also 
a solution of the wave equation (1). The sum of all these functions is symmetric (unnormalized) wave 
function ψS ,since interchange of any pair of particles changes any one of the component function into 
another of them and the latter into the former, leaving the entire wave function unchanged. 

An antisymmetric unnormalized wave function can be constructed by adding all the permuted wave 
functions that arise from original solution by means of an even number of interchanges of pairs of 
particles (cyclic ones) and subtracting the sum of all the permuted wave functions that arise by means of 
an odd number of interchanges of pairs of particles in the original solution. 

In cases where Hamiltonian does not depend on time, stationary state solutions 

ψ (1,2,---n,t)  =  φ (1,2,---n) e-iEnt/ħ     ----- (2) 

can be found and the time independent Schrodinger’s eqn. can be written as  

H (1,2,---n)  φ (1,2,---n)  =  E φ (1,2,---n)                    ----- (3) 

There are n! solutions of this equation (eigen functions) derived from φ (1,2,---n) by means of 
permutations of its arguments belonging to the same eigen value E. Any linear combination of these 
eigen functions is also an eigen function [solution of eq.(3)] belonging to eigen value E. Hence, the 
system is degenerate and this type of degeneracy is called exchange degeneracy. 

For a system of two particles, Schrodinger time independent wave equation is  

H (1,2) ψ (1,2)  =  E ψ (1,2)     -----  (4) 

2! = 2 solutions of this equation are ψ (1,2)  and ψ (2,1) and correspond to a single energy state E. 

Symmetric wave function can be written as  

ψS = ψ (1,2)  + ψ (2,1) 

and antisymmetric wave function can be written as  

ψA = ψ (1,2) –  ψ (2,1) 

For a system of three particles, Schrodinger time independent wave equation is  

H (1,2,3) ψ (1,2,3)  =  E ψ (1,2,3) 

This equation has following 3! = 6 solutions corresponding to the same eigen value E :  

ψ (1,2,3), ψ (2,3,1), ψ (3,1,2), ψ (1,3,2), ψ (2,1,3), ψ (3,2,1) 

Out of these six functions, those arising by an even number of interchanges of the pairs of particles in 
original wave function ψ (1,2,3)  are :  

ψ (1,2,3), ψ (2,3,1), ψ (3,1,2) 



and the functions arising by an odd number of interchanges of pair of particles  in original wave function 
ψ (1,2,3)  are :  

ψ (1,3,2), ψ (2,1,3), ψ (3,2,1) 

Therefore, symmetric (unnormalized) wave function can be written as :  

ψS = {ψ (1,2,3) + ψ (2,3,1) + ψ (3,1,2)} + {ψ (1,3,2) + ψ (2,1,3) + ψ (3,2,1)} 

and antisymmetric (unnormalized) wave function as :  

ψA = {ψ (1,2,3) + ψ (2,3,1) + ψ (3,1,2)} – {ψ (1,3,2) + ψ (2,1,3) + ψ (3,2,1)} 

Particle Exchange Operator 

Particle exchange operator P1,2 is defined as : 

P1,2  ψ (r1 s1; r2 s2) = ψ (r2 s2; r1 s1) 

If the two particles are identical, then the Hamiltonian must be invariant under interchange of particles 
i.e. energy of the system remains the same, if we merely relabel the particles. 

Eigen values and Eigen functions of Particle Exchange Operator 

The eigen value equation for the particle exchange operator is :  

P12 ψ (1,2) = α ψ (1,2) 

where α is the eigen value of operator P1,2 in state ψ (1,2).  

Operating again,  

P12
2 ψ (1,2) = P12  P12 ψ (1,2) = P12 α ψ (1,2) = α P12 ψ (1,2) = α2 ψ (1,2) 

From the definition of particle exchange operator, we have  

P12 ψ (1,2) = ψ (2,1) 

Operating again,  

P12
2 ψ (1,2) = P12  ψ (2,1) 

i.e.      P12
2 ψ (1,2) = ψ (1,2) 

Therefore,  

α2  =  1 or  α  = ± 1 

i.e. eigen value of particle exchange operator are ± 1.  

Eigen functions of particle exchange operator corresponding to eigen values +1 and -1 are symmetric 
and antisymmetric.  

P12 ψS = ψS    and  P12 ψA =  - ψA 

 This may be seen as follows :  

ψS = ψ (1,2)  + ψ (2,1) 

P12ψS = P12 [ψ (1,2)  + ψ (2,1)] = ψ (2,1)  + ψ (1,2) = ψS 

Also,          ψA = ψ (1,2)  - ψ (2,1)   

P12 ψA = P12 [ψ (1,2)  -  ψ (2,1)] = ψ (2,1)  -  ψ (1,2) = - ψA 



Thus, particle exchange operator applied twice brings the particles back to their original configuration 
and hence produces no change in the wave function.  

Commutation relation of Particle Exchange Operator with Hamiltonian 

We have,  

P12 ψ (1,2) = ψ (2,1) 

P12 H(1,2) ψ (1,2) = H(2,1) ψ (2,1) = H(1,2) ψ(2,1)  = H(1,2) P12ψ(1,2) 

[since Hamiltonian H is symmetric i.e. H(1,2) = H(2,1)]  

[P12 H(1,2) – H(1,2) P12] ψ (1,2) = 0 

As ψ(1,2) is non-zero,  

P12 H(1,2) – H(1,2) P12 = 0 

[P12,H]  =  0 

Thus, particle exchange operator commutes with Hamiltonian. 

Distinguishablility of Identical Particles 

Two identical particles are distinguishable if the sum of probability density of individual wave functions 
of the two states is equal to the probability density associated with the symmetrised wave functions i.e. 

|ψ (1,2)|2 + |ψ (2,1)|2  = |{ψ (1,2) ± ψ (2,1)}|2 = |ψ (1,2)|2 + |ψ (2,1)|2 ± 2 Re [ψ (1,2) ψ*(2,1)] 

Thus, if the space and spin co-ordinates of the exchange degenarate functions (of the two particles) are 
different, the interference term i.e. 2 Re [ψ (1,2) ψ*(2,1)] = 0 and particle wave functions do not 
overlap, making the particles distinguishable.   

Pauli’s Exclusion Principle 

For a system of non-interacting n identical particles, the approximate (unperturbed) Hamiltonian of the 
system is equal to the sum of Hamiltonian function for the separate particles i.e.  

H0(1,2,------n)  =  H0(1) + H0(2) + ------ + H0(n) 

and the approximate energy eigen function is a product of one particle eigen function of H0.  

ψ(1,2,---n)  =  φa(1) φb(2)----- φk(n) 

with E  =  Ea + Eb + ------- + Ek.  

H0(1) φa(1)  =  Ea φa(1) , etc. 

If the particles are Fermions (electrons), then for a system of two non-interacting particles, an 
antisymmetric wave function can be written as a determinant  

 

For a system of n non-interacting Fermi particles, the antisymmetric energy wave function can be 
written as 



 

This is called ‘Slater determinant’.  

Since a determinant vanishes if any two rows are identical, it is obvious that φA will vanish if more than 
one particle is in the same state i.e. if a = b.  

This is Pauli’s exclusion principle which states that no two particles described by antisymmetric wave 
functions can exist in the same quantum state.  

Connection between Spin and Statistics 

The symmetry property of wave function has close relationship with spin of the particle. 

(i) The identical particles having integral spin quantum numbers are described by symmetric wave 
functions  i.e.  

P ψS (1,2,3,----r,----s,----n)  =  +  ψS (1,2,3,----s,----r,----n) 

Such particles obey Bose-Einstein statistics and are called Bosons e.g. photons (spin 1) and neutral He-
atoms in normal state (spin 0). 

(ii) The identical particles having half odd integral spin quantum numbers are described by 
antisymmetric wave functions  i.e.  

P ψA (1,2,3,----r,----s,----n)  =  -  ψA (1,2,3,----s,----r,----n) 

Such particles obey Fermi-Dirac statistics and are called Fermions e.g. electrons, protons, neutron, 
muons (spin 1/2).  

Spin Angular Momentum 

Spin is intrinsic angular momentum (a quantum concept with no classical analogue).  

It is independent of r, θ and φ.  

It has two intrinsic states i.e. two z-components of spin momentum.   

Electron has intrinsic angular momentum characterized by quantum number ½.  

Intrinsic electron spin is a vector S (spin quantum number = ½) with sz = +1/2 and -1/2 and the respective 
spin wave functions are α and β (α and β are orthogonal).  

Spin angular momentum of electron : 

S α = √s(s+1)ħ α = √3/2 ħ α   sz α = ms ħ α = ½ ħ α 

S β = √s(s+1)ħ β = √3/2 ħ β   sz β = ms ħ β = - ½ ħ β 

∫α*β dσ = ∫β*α dσ = 0   ∫α*α dσ = ∫β*β dσ = 1 

[σ is spin variable.] 

Stern-Gerlach Experiment 



 In 1922, at the University of Frankfurt (Germany), Otto Stern and Walther Gerlach, did fundamental 
experiments in which beams of silver atoms were sent through inhomogeneous magnetic fields to 
observe their deflection. These experiments demonstrated that these atoms have quantized magnetic 
moments that can take two values.  

Inhomogeneous magnetic field was generated with –ve field gradient in z-direction i.e. ∂B/∂z < 0. The 
magnetic field is strong near N-pole and weak near S-pole, as in fig. When vapour of silver-beam was 
passed through this inhomogeneous B-field, it was observed to split into two traces, which were 
attributed to the two spin state of mz.  

 

Explanation  :    

Force acting on Ag-atom is   

F = - grad U = grad m.B      (U = - m.B) 

F = m cosθ ∂B/∂z   az = F/M0 = m/M0 cosθ ∂B/∂z , t = L/v 

z = ½ azt2 = ½ m cosθ (L2/M0v2 ) ∂B/∂z 

Classically, cos θ can have all possible values from -1 to +1, giving smear of Ag-beam after passing 
through B-field (not observed in this experiment).  

But quantum mechanically, due to space quantization, cos θ = ± 1. So, 

z = ±½ m (L2/M0v2 ) ∂B/∂z 

Goudsmit and Uhlenbeck hypothesis 

(i) Each electron has spin angular momentum S, whose component in z-direction can have values sz = ± 
½. 

(ii) Each electron has spin magnetic moment μs = - (e/m0c) S. 

Spin obeys commutation relations :  

[Sx,Sy] = iħεjkl Sl 

where εjkl is Levi-Civita symbol. It follows that S2 and Sz are :  

S2|s,ms> = ħ2s(s+1)|s,ms> 

Sz|s,ms> = ħms|s,ms> 

Spin raising and lowering operators acting on these eigen vectors give :  



S±|s,ms> = ħ √[s(s+1) – ms(ms±1)] |s,ms> 

where S± = Sx ± iSy  

All quantum mechanical particles possess an intrinsic spin, which is quantized (though this value may be 
zero, too), such that the state function of the particle is ψ(r,σ); where σ is out of the following discrete 
set of values  

σ ϵ {-sħ, -(s-1)ħ,---0-- +(s+1)ħ, +sħ} 

Bosons have integer spin and fermions have half-integer spin. Total angular momentum is the sum of 
orbital angular momentum and the spin.  

Pauli matrices 

Quantum mechanical operators associated with spin ½ observables are :  

Ŝ = (ħ/2) σ 

where in Cartesian components :  

Sx = (ħ/2) σx , Sy = (ħ/2) σy , Sz = (ħ/2) σz ; 

σx , σy and σz are Pauli’s spin matrices.  

 





 

Taking into account the effect of spin on the collision of two identical particles, we have for bosons, 
which  have symmetric wave functions  :     

ψsym = φs χs  or  ψsym = φA χA 

[here φ is space wave function & χ is spin wave function.]  

Fermions have anti symmetric wave functions  :  ψantisym = φs χA  or  ψantisym = φA χs  

If spin wave function χs = |sm> is symmetric, then space wave function φ is anti-symmetric (so that ψ is 
anti-symmetric) and  

dσA/dΩ  =  |f(θ) - f(π-θ)|2 

and if spin wave function χA = |sm> is anti-symmetric, then space wave function φ is symmetric (so that 
ψ is anti-symmetric) and  

dσs/dΩ  =  |f(θ) + f(π-θ)|2 

Since symmetric spin wave function  χs ⇒ |sm> = |1,0> , |1, ±1>  →  3  

and anti-symmetric spin wave function  χA ⇒ |sm> = |0,0>            →  1  

       (dσ/dΩ)fermions =  ¾ dσA/dΩ  +  ¼ dσs/dΩ  

  =  ¾ |f(θ) - f(π-θ)|2  +  ¼  |f(θ) + f(π-θ)|2  

  =  ¾  [f(θ) - f(π-θ)] [f(θ) - f(π-θ)] * +  ¼  [f(θ) + f(π-θ)] [f(θ) + f(π-θ)]* 



  =  ¾ [|f(θ)|2+|f(π-θ)|2 - 2Re {f (θ)f*(π-θ)}]+ ¼ [|f(θ)|2 +|f(π-θ)|2 + 2Re {f(θ)f*(π-θ)}] 

  =  |f(θ)|2 + |f(π-θ)|2 + [- ¾ x2Re {f(θ) f*(π-θ)}] + ¼ x2Re {f(θ) f*(π-θ)}] 

  =  |f(θ)|2 + |f(π-θ)|2 - Re {f(θ) f*(π-θ)}  

The result for 2s = odd (for fermions) or even (for bosons) can be summarized by writing the scattering 
cross-section σ (θ) as  

 

At  θ = π/2  :   

(dσ/dΩ)fermions  =  |f(π/2)|2 + |f(π/2)|2 - Re {f*(π/2) f(π/2)}  =  2|f(π/2)|2 - |f(π/2)|2 

   = |f(π/2)|2 

But   (dσ/dΩ)classical  =  |f(θ)|2 + |f(π-θ)|2  

(In classical mechanics, there is no interference term “Re f(θ) f*(π-θ)”.)  

At  θ = π/2  :   

(dσ/dΩ)classical  = 2|f(π/2)|2 

Therefore, at θ = π/2  :  (dσ/dΩ)classical  =  2(dσ/dΩ)fermions   

i.e. quantum differential scattering cross-section is half of classical differential scattering cross-section. 

If the space wave function is symmetric, then differential scattering cross-section 

dσs/dΩ  =  |f(θ) + f(π-θ)|2 

If the space wave function is anti-symmetric, then differential scattering cross-section  

     dσA/dΩ  =  |f(θ) - f(π-θ)|2  







 

 

Symmetric or antisymmetric many-particle wave functions can be constructed from unsymmetrized 
solutions that include the spin.  

It is sometimes convenient to choose the unsymmetrized solutions to eigen functions of the square of 
the magnitude of the total spin of the identical particles (S1 + S2 + ------ + Sn)2 and of the z-component of 
this total spin (S1z + S2z + ------ + Snz).  

These quantities are constants of motion, if the Hamiltonian does not contain interaction terms 
between the spins and other angular momenta.  

In addition, such functions are often useful as zero-order wave functions when the spin interactions are 
weak enough to be regarded as a perturbation.  

There is no loss of generality in choosing the unsymmetrized solutions in this way, since any solutions 
can be expressed as a linear combination of total spin eigen functions.  

Effect of identity and spin 

The interaction between identical particles does not depend on spin. In order to take into account the 
identity and spin of the two electrons, we need form an antisymmetric wave function from the products 
of χi

+(r1, r2) and appropriate spin functions. The spin functions can be taken to be the set of the following 
four symmetrised combinations : 

(+ +) 



1/√2 [(+ -) + (- +)] 

(- -) 

1/√2 [(+ -) - (- +)] 

where (+) = σx(-) and (-) = σx(+). 

In the elastic scattering of an electron from a hydrogen atom (which may be considered as core of 
infinite mass, as compared to electron), the spin of incident electron does not have any definite relation 
to the spin of atomic electrons. 

We can use either of these sets of spin functions, calculate the scattering with each of the four spin 
states of a set and then average the results with equal weights for each state. 

The first three of the spin functions (1) are symmetric and must be multiplied by the antisymmetric 
space function χi

+(r1, r2) - χi
+(r2, r1); the fourth spin function is antisymmetric and must be multiplied by 

χi
+(r1, r2) + χi

+(r2, r1).  

The asymptotic forms of the symmetrised space functions for large values of one of the electron co-
ordinates, say r1 are 

χi
+(r1, r2) ± χi

+(r2, r1) → C [exp (ikα.r1) + r-1 eikαr [fD(θ) ± fE(θ)] ωα(r2)      ---  (2) 

where ωα = core bound initial wave function, fD = direct or non-exchange elastic scattering amplitude for 
which incident electron is scattered and atomic electron is left in its original state; fE = exchange elastic 
scattering amplitude.  

The dots represent atomic excitation and θ is the angle between r1 and kα.  

              The differential cross-section is computed with the upper sign in one quarter of the collisions 
and with lower sign in three quarters of the cases.  

              Thus, we obtain 

σ (θ) = ¼ |fD(θ) + fE(θ)|2 + ¾ |fD(θ) - fE(θ)|2               ---  (3) 

            Equation (3) may also be derived without explicit reference to spin wave functions by making use 
of the fact that the particles having different spin components are distinguishable.  

           If in half the collisions, the electrons have different sum of direct and exchange cross-sections i.e. 
|fD(θ)|2 + |fE(θ)|2 and in the other half where the electrons are indistinguishable, the antisymmetric 
space function is used.  

          Thus, we obtain  

σ (θ) = ½ {|fD(θ)|2 + |fE(θ)|2} + ½ |fD(θ) - fE(θ)|2   ---  (4) 

 Obviously, equation (4) is same as equation (3).  

Thus, in the classical limit, where the identical particles are distinguishable, the interference term 
2Re[f(θ,φ)f*( π - θ, φ + π)] = 0 and the scattering cross-section σ (θ, φ) becomes just the sum of 
differential cross-section for observation of the incident particle (|f (θ, φ)|2 and (|f (π - θ, φ + π)|2.  

 

If f is independent of φ, then the scattering per unit solid angle will be symmetric about θ = 900 in the 
centre of mass co-ordinate system.  

(1) 



References used  : 

1. Quantum Mechanics by L. I. Schiff,  

2. Quantum Mechanics – Concepts & Applications by Nouredine  Zettili      & 

3. Quantum Mechanics by V. K. Thankappan. 

 

Assignments 

1. What is the physical meaning of identity ? 

2.  How symmetric and antisymmetric wave functions can be constructed from unsymmetrized functions 
? 

3. Discuss distinguishability of identical particles. Explain Pauli’s exclusion principle with the help of 
Slater determinant. 

4. What is spin angular momentum ? Describe Stern-Gerlac experiment. Write Goudsmit and Uhlenbech 
hypothesis. 

5. Obtain expression for scattering cross-section for the collision of two identical particles.  
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Semi-classical theory of radiation 

by  
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Prof. (Physics) 
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Semi-classical theory of radiation 

In the semi-classical radiation theory, atoms of the material particles are treated quantum-mechanically. 
But the electromagnetic radiation, with which these atoms interact, is treated classically.  That is why, 
this is called a semi-classical radiation theory.   

The interactions between the particles and the radiation field correspond to interaction terms in the 
Hamiltonian, which are treated by time-dependent perturbation theory.  

Semi-classical radiation theory describes absorption and induced emission, but is insufficient to describe 
the spontaneous emission of radiation.  

The quantum theory of radiation is used to describe the spontaneous emission. 

Hamiltonian of the atomic electron (for simplicity, one electron having mass ‘m’, charge  ‘e’ and spin S), 
in the absence of external perturbation is given by : 

             H0 = p2/2m + V(r) 

When the electromagnetic radiation having vector potential A(r,t) and scalar potential ϕ(r,t) is applied 
on the atom, then due to interaction of electron with the electromagnetic radiation, p and V are 
modified as : 

p  →  (p – eA/c) and  V  →  (V + eϕ) 

Magnetic field B and electric field E are related to the vector potential A and scalar potential ϕ by B 

=xA and E = -ϕ – (1/c) ∂A/∂t, respectively. 

Hence, the Hamiltonian of the atomic electron in an external electromagnetic field is given by : 

 

(We have assumed that only one atomic electron is involved in interaction and the nucleus is infinitely 
large).  

 



 

Operating p·A on an arbitrary function (r), 

   

 (p·A) (r) = -iħ·A  = -iħ [i ∂/∂x + j ∂/∂y + k ∂/∂z)·A   

                  = -iħ [(∂Ax/∂x + ∂Ay/∂y + ∂Az/∂z) + A·(i ∂/∂x + j ∂/∂y + k ∂/∂z)] 

                  = -iħ [(·A)  + A·]  = -iħ (·A)  + A·(-iħ)    

                  = -iħ [(·A) + A·p]   

Choosing the Lorentz gauge ·A = 0 and  = 0, we have 

                        p·A = A·p  

Therefore, 

                   H = p2/2m – (e/mc) A·p + (e/2mc2) A2 + V(r) - (e/mc) S·B  

                       = H0 + H´(t)  

where,   H0 = p2/2m + V(r)  is the unperturbed ‘atomic’ Hamiltonian and 

               H´(t) = - (e/mc) A·p + (e2/2mc2) A2 – (e/mc) B·S  

               is the time dependent perturbation term. 

For a semi classical treatment of radiation, the term A2 (being small) is ignored.  

Hence, the small perturbation, in the low intensity limit, is 

H´(t) = - (e/mc) A·p – (e/mc) B·S 

For a plane electromagnetic wave of frequency ω = ck, the time dependence of  

A (r,t) is  

                            A (r,t) = 2 |A0| cos (k.r – ωt) 

                                        = A0 ε exp [(ik.r - iωt)] + A*
0 ε exp [– (ik.r - iωt)]  

The Coulomb gauge condition ·A = 0 yields k·A0 = 0  i.e. A(r,t) lies in a plane perpendicular to the 
wave’s direction of propagation. 

The electric E(r,t)  magnetic field B(r,t) associated with the vector potential A (r,t) are given by  

 



[since k = k n = (/c) n]  

These two relations show that E and B have same magnitude |E| = |B|. 

Energy density for a single photon of the incident radiation is given by 

 

put into the above equation for A (r,t) gives  

 

This gives 

H´(t) = - (e/mc) A(r,t)·p – (e/mc) B·S  

         = - (e/mc) (2πħc2/ωV)1/2 ε·p[exp (ik.r - iωt) + exp (- ik.r + iωt)] – (e/mc) B·S  

Thus, the interaction of an atomic electron with radiation has the structure of harmonic perturbation. 
The term exp (-iωt) gives rise to absorption of incident photon of energy ħω by the atom i.e. absorption 
occurs when the atom receives a photon from radiation; and exp (iωt) to stimulated emission of a 
photon of energy ħω by the atom, which occurs when radiation gains a photon from decaying atom.  

In stimulated emission, one starts with one (incident) photon & ends up with two – incident photon plus 
the photon given up by the atom resulting from transition of atom from higher to lower energy level. 

When there are large no. of atoms in the same excited state, a single external photon triggers an 
avalanche of photons (LASER).  

 

Classical treatment do not account for ‘spontaneous emission’, which occurs even in the absence of 
external perturbing field. Spontaneous emission is a purely quantum effect. 

Considering the small time dependent perturbation H´, if the system is initially in state |i> and the 
perturbation is turned on at t = 0, the first order perturbation amplitude for finding the system in state 
|f> at t > 0 is given by  

 

with ħω = Ef – Ei. Integrating over dt´, we obtain 



 

Here Tfi
±

  are the transition matrices and have the matrix elements for a one-electron system in a linearly 
polarized radiation field as 

                                          Tfi
±

   ≡ - (e/mc) < f|eik·rA0[ε·p ± iS·(kxε)]|i > 

Since, (e iθ-1)/θ = (e iθ/2e iθ/2 - e iθ/2e –iθ/2)/θ 

  

                            = 2i e iθ/2 sin (θ/2)]/θ 

     

                            = [i e iθ/2 sin (θ/2)] / (θ/2)   

we have 

 

Therefore, the transition amplitude  

                                  afi
(1)

 (t) = i e i(fi ± )/2 sin [{(fi ± )t/2}/(fi ± )/2] Tfi
± /ħ 

 

Transition probability  Pfi
 (t) = |afi

(1)
 (t)|2  



At resonance   i.e.   at  = ± fi : 

                                   Pfi
± (t) = |Tfi

± |2/ħ2 {sin [{(fi ± )t/2}/(fi ± )/2]}2  

 

Transition probability is an oscillating sinusoidal function with a period 2/fi. It has an interference 

pattern and decays rapidly as  moves away from  = ± fi. The height and width of the main peak are 
proportional to t2 and 1/t; ‘t’, being the interaction-time  of electron with the radiation field i. e. time 
during which e.m. field is on.  

Transition peaks are maximum either at fi = -  or at fi =   i.e. probability of transition is maximum 

when the frequency of perturbing field  = ± fi.  

 

Line Width : It is the width of the main peak at half of the maximum  intensity. Its quantum analogue is 
initial transition probability per unit time for spontaneous emission.    

 

Thus, the effect of time dependent perturbation of the quantum system is to absorb or emit radiation 
quantum (photon) by or from the system as a result of electronic transition.  

 



 

 

 

 

 

 



 

 



 

 



 

 

References used  : 

1. Quantum Mechanics by L. I. Schiff, Mc-Graw Hill, Kogakusha, 



2. Quantum Mechanics – Concepts & Applications by Nouredine Zettili  & 

3. Quantum Mechanics by V. K. Thankappan. 

 

Assignments 

1. What is semi-classical theory or radiation ? 

2. Write expression for Hamiltonian of the atomic electron in the external electromagnetic field. 

3. Obtain expression for the transition probability at resonance in the stimulated emission of radiation. 

4. What is line width? 

5. What are multipole transitions ? Write the selection rules for electric-dipole transitions. 
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Module: Superposition Theorem and its circuit 

diagram 

Module is divided in four sections: 

1.  VIDEO CONTENT 

2. (a) NOTES  

(b) SUPPLEMENTARY MATERIAL 

3.  SUBJECTIVE ASSIGNMENT BASED ON MODULE 

4. OBJECTIVE QUESTION BASED ON MODULE 

5. FEEDBACK SECTION 

 Video Content: https://youtu.be/AfDpqpVETB4 

In this video I explained Statement and derivation of 

Superposition theorem.  

 

 

 

 

https://youtu.be/AfDpqpVETB4
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2. (b) SUPPLEMENTARY MATERIAL 

Superposition Theorem 

Superposition theorem states that in any linear, active, bilateral 

network having more than one source, the response across any 

element is the sum of the responses obtained from each source 

considered separately and all other sources are replaced by their 

internal resistance. The superposition theorem is used to solve the 

network where two or more sources are present and connected. 

In other words, it can be stated as if a number of voltage or current 

sources are acting in a linear network, the resulting current in any 

branch is the algebraic sum of all the currents that would be produced 

in it when each source acts alone while all the other independent 

sources are replaced by their internal resistances. 

It is only applicable to the circuit which is valid for the ohm’s law 

(i.e., for the linear circuit). 

Explanation of Superposition Theorem 

Let us understand the superposition theorem with the help of an example. The 

circuit diagram is shown below consists of two voltage sources V1 and V2. 
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First, take the source V1 alone and short circuit the V2 source as shown in the 

circuit diagram below: 

 

 

 

 

 

 

 

 

Here, the value of current flowing in each branch, i.e. i1’, i2’ and i3’ is 

calculated by the following equations. 
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Here, 

 

 

 

 

 

 

 

 

 

The direction of the current should be taken care of while finding the current in  

 

the various branches. 

 

Steps for Solving network by Superposition Theorem 

Considering the circuit diagram A, let us see the various steps to solve the 

superposition theorem: 
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Step 1 – Take only one independent source of voltage or current and 

deactivate the other sources. 

Step 2 – In the circuit diagram B shown above, consider the source E1 

and replace the other source E2 by its internal resistance. If its internal 

resistance is not given, then it is taken as zero and the source is short-

circuited. 

Step 3 – If there is a voltage source than short circuit it and if there is 

a current source then just open circuit it. 

Step 4 – Thus, by activating one source and deactivating the other 

source find the current in each branch of the network. Taking the 

above example find the current I1’, I2’and I3’. 
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Step 5 – Now consider the other source E2 and replace the source E1 

by its internal resistance r1 as shown in the circuit diagram C. 

Step 6 – Determine the current in various sections, I1’’, I2’’ and I3’’. 

Step 7 – Now to determine the net branch current utilizing the 

superposition theorem, add the currents obtained from each individual 

source for each branch. 

Step 8 – If the current obtained by each branch is in the same 

direction then add them and if it is in the opposite direction, subtract 

them to obtain the net current in each branch. 

 

The actual flow of current in the circuit C will be given by the 

equations shown below: 

 

 

 

 

 

 

Thus, in this way, we can solve the superposition theorem. 

 

 

Reference: 

https://circuitglobe.com/what-is-superposition-theorem.html 
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3. ASSIGNMENT  

1. Find the current through 3 Ω resistor using 

superposition theorem. 

 

 

 

 

 

2. Find the voltage across through 15 Ω resistor 

using superposition theorem. 
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3. Find the current flowing through 20 Ω using 

the superposition theorem. 

 

 

 

 

 

4. Find the voltage across 2Ω resistor due to 

20V source in the circuit shown below. 
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5. Use superposition theorem to determine the 

current delivered by the voltage source in the 

circuit of figure both source are DC 

 

 

 

 

 

4. MULTIPLE CHOICE QUESTIONS 

1. In superposition theorem, when we consider the 

effect of one voltage source, all the other voltage 

sources are ____________ 

a) Shorted   b) Opened 

c) Removed   d) Undisturbed 

2. In superposition theorem, when we consider the 

effect of one current source, all the other voltage 

sources are ____________ 
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a) Shorted   b) Opened 

c) Removed   d) Undisturbed 

3. Find the value of Vx due to the 16V source. 

 

 

 

 

 

 

a) 4.2V  b) 3.2V  c) 2.3V d) 6.3V 

 

4. Superposition theorem is valid for _________ 

a) Linear systems 

b) Non-linear systems 

c) Both linear and non-linear systems 

d) Neither linear nor non-linear systems 
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5. Superposition theorem does not work for 

________ 

a) Current 

b) Voltage 

c) Power 

d) Works for all: current, voltage and power 

Ans: 1 (a), 2.(a), 3.(b), 4.(a), 5.(c) 

5. FEEDBACK QUESTIONS 
1. Did the lecture cover what you were expecting? 

2. What is your opinion about the video lecture? 

3. How much this session was useful from the 

knowledge and information point of view? 

4. Are you satisfied with the content of the video 

lecture and given questions? 

5. If you could change one specific thing what 

would that be?  

 



 

E-Content prepared by 
Dr. Abhishek Kumar Misra  
Assistant Professor 
Department of Physics, Govt. V.Y.T. PG Autonomous College Durg 

 
 

E-Content 

DEPARTMENT OF 

PHYSICS 

 

GOVT. V.Y.T.PG AUTONOMOUS 

COLLEGE DURG 491001 

CHHATTISGARH 
 

 

 

 

 

 

 

 

 

 

 



 

E-Content prepared by 
Dr. Abhishek Kumar Misra  
Assistant Professor 
Department of Physics, Govt. V.Y.T. PG Autonomous College Durg 

 
 

Module: Thevenin Theorem and its circuit diagram 

Module is divided in four sections: 

1.  VIDEO CONTENT 

2. (a) NOTES  

(b) SUPPLEMENTARY MATERIAL 

3.  SUBJECTIVE ASSIGNMENT BASED ON MODULE 

4. OBJECTIVE QUESTION BASED ON MODULE 

5. FEEDBACK SECTION 

 Video Content: 

https://youtu.be/IBphnGWAaT8 

In this video I explained Statement and derivation of 

Thevenin theorem. The two terminal linear networks can 

be converted into Thevenin equivalent circuit.  

 

 

 

 

https://youtu.be/IBphnGWAaT8
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2.(b) SUPPLEMENTARY MATERIAL 

Thevenin’s Theorem 

Thevenin’s Theorem states that any complicated network across its 

load terminals can be substituted by a voltage source with one 

resistance in series. This theorem helps in the study of the variation of 

current in a particular branch when the resistance of the branch is 

varied while the remaining network remains the same. 

For example, in designing electrical and electronics circuits. 

A more general statement of Thevenin’s Theorem is that any linear 

active network consisting of independent or dependent voltage and 

current source and the network elements can be replaced by an 

equivalent circuit having a voltage source in series with a resistance. 

Where the voltage source being the open-circuited voltage across the 

open-circuited load terminals and the resistance being the internal 

resistance of the source. 

In other words, the current flowing through a resistor connected 

across any two terminals of a network by an equivalent circuit having 

a voltage source Eth in series with a resistor Rth. Where Eth is the 

open-circuit voltage between the required two terminals called the 

Thevenin voltage and the Rth is the equivalent resistance of the 

network as seen from the two-terminal with all other sources replaced 

by their internal resistances called Thevenin resistance. 

 

Explanation of Thevenin’s Theorem 

The Thevenin’s statement is explained with the help of a circuit 

shown below: 
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Let us consider a simple DC circuit as shown in the figure above, 

where we must find the load current IL by the Thevenin’s theorem. 

To find the equivalent voltage source, rL is removed from the circuit 

as shown in the figure below and Voc or VTH is calculated. 
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So, 

 

 

Now, to find the internal resistance of the network (Thevenin’s 

resistance or equivalent resistance) in series with the open-circuit 

voltage VOC , also known as Thevenin’s voltage VTH, the voltage 

source is removed or we can say it is deactivated by a short circuit (as 

the source does not have any internal resistance) as shown in the 

figure below: 

 

 

 

 

Therefore, 

 

 

 

 

 

 

 

 

 

Equivalent Circuit of Thevenin’s Theorem 
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As per Thevenin’s Statement, the load current is determined by the 

circuit shown above and the equivalent Thevenin’s circuit is obtained. 

The load current IL is given as: 

 

 

Where, 

VTH is the Thevenin’s equivalent voltage. It is an open circuit voltage 

across the terminal AB known as load terminal 

RTH is the Thevenin’s equivalent resistance, as seen from the load 

terminals where all the sources are replaced by their internal 

impedance 

rL is the load resistance 

STEPS FOR SOLVING THEVENIN’S THEOREM 

Step 1 – First of all remove the load resistance rL of the given circuit. 

Step 2 – Replace all the sources by their internal resistance. 

Step 3 – If sources are ideal then short circuit the voltage source and 

open circuit the current source. 

Step 4 – Now find the equivalent resistance at the load terminals, 

known as Thevenin’s Resistance (RTH). 

Step 5 – Draw the Thevenin’s equivalent circuit by connecting the 

load resistance and after that determine the desired response. 

This theorem is possibly the most extensively used networks theorem. 

It is applicable where it is desired to determine the current through or 

voltage across any one element in a network. Thevenin’s Theorem is 

an easy way to solve a complicated network 

Reference: 

https://circuitglobe.com/what-is-thevenins-theorem.html 
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3. ASSIGNMENT  

1. Solve the given circuit to find the current through 

10 Ω using Thevenin’s Theorem. 

 

 

 

 

 

 

2. Solve the given circuit to find the current through 

15 Ω using Thevenin’s Theorem. 
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3. Find the equivalent Thevenin’s resistance between 

terminals A and B in the following circuit. 

 

 

 

 

 

4. Determine the equivalent Thevenin’s voltage 

between terminals ‘a’ and ‘b’ in the circuit shown 

below. 

 

 

 

 

 

5. Find the equivalent Thevenin’s resistance between 

terminals A and B in the circuit shown below. 
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4. MULTIPLE CHOICE QUESTIONS 

1. Calculate the Thevenin resistance across the 

terminal AB for the following circuit. 

a) 4.34 ohm b) 3.67 ohm c) 3.43 ohm d) 

2.32 ohm 

 

 

 

 

 

2. The Thevenin voltage is the__________ 

a) Open circuit voltage 

b) Short circuit voltage 

c) Open circuit and short circuit voltage 

d) Neither open circuit nor short circuit voltage 
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3. Thevenin resistance is found by ________ 

a) Shorting all voltage sources 

b) Opening all current sources 

c) Shorting all voltage sources and opening all current 

sources 

d) Opening all voltage sources and shorting all 

current sources 

4. Which of the following is also known as the dual 

of Thevenin’s theorem? 

a) Norton’s theorem 

b) Superposition theorem 

c) Maximum power transfer theorem 

d) Millman’s theorem 

5. Thevenin’s theorem is true for __________ 

a) Linear networks 

b) Non-Linear networks 

c) Both linear networks and nonlinear networks 
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d) Neither linear networks nor non-linear networks 

 

Ans: 1. (b), 2. (a), 3. (c), 4. (a), 5. (a) 

 

5. FEEDBACK QUESTIONS 

1. Did the lecture cover what you were expecting? 

2. What is your opinion about the video lecture? 

3. How much this session was useful from the 

knowledge and information point of view? 

4. Are you satisfied with the content of the video 

lecture and given questions? 

5. If you could change one specific thing what 

would that be?  
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Module: Differential form of Gauss Law 

Module is divided in four sections: 

1.  VIDEO CONTENT 

2.  MATERIAL 

3.  OBJECTIVE QUESTION BASED ON MODULE 

4. SUBJECTIVE ASSIGNMENT BASED ON MODULE 

5.  FEEDBACK SECTION 

 Video Content: https://youtu.be/wV-DfrHoJO4 

In this video I explained Gauss law and its differential 

form 

 

 

https://youtu.be/wV-DfrHoJO4
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Module: Concept of Semiconductor & PN Junction 

Diode 

Module is divided in four sections: 

1.  VIDEO CONTENT 

2.  MATERIAL 

3.  OBJECTIVE QUESTION BASED ON MODULE 

4. SUBJECTIVE ASSIGNMENT BASED ON MODULE 

5.  FEEDBACK SECTION 

 Video Content: https://youtu.be/NddYK4lncJQ 

In this video I explained basic concept of Semiconductor 

and Junction Diode 

 

https://youtu.be/NddYK4lncJQ
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Calculation of   Δ  0 , inter electronic repulsion parameter (B) &   β  
for d  1   , d  9   , d  4   , d  6   , d  2   & d  8   complexes  

Upma Shrivastava
Asstt. Prof.
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Interpretation of spectra of 3d transition metal complexes &
calculation of 10 Dq, B and β

For all octahedral complexes, except high spin d5, simple CFT would predict
that only one band should appear in the electronic spectrum and that the
energy of this band should correspond to the absorption of energy equivalent
to 10 dq. This is only observed for those ions which have ‘D’ term symbol.
But when free metal ions have ‘F’ symbol, 2 or 3 bands are observed in
electronic  spectra.  If  the  ligand  field  splitting  energy  is  greater  than  the
pairing energy, then Orgel diagrams fail  to explain. In this case Tanabe -
Sugano diagrams help us to explain electronic spectra of metal complex. So,
both  Orgel  and  Tanabe-Sugano diagrams help  us  to  calculate  10  dq,  B
(interelectronic repulsion parameter in complex) and β (nephelauxetic ratio,
which gives information about covalency character in complex).

2



d  1   complexes  
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System  with  a  single  d  electron  is  free  from  interelectronic
repulsion. The spectroscopic term for the ground state of gaseous
metal ion ( example Ti3+ ) is 2D , which splits up into T2g and Eg . The
T2g state lies 0.4 Δo below and the Eg state 0.6. Δo with respect to
‘Bery center’. In d1 the ground state is triply degenerate, it can be
(dxy)1, (dxz)0, (dyz)0, (eg)0  or
(dxy)0, (dxz)1, (dyz)0, (eg)0  or
(dxy)0, (dxz)0, (dyz)1, (eg)0

and the excited state is doubly degenerate, it can be
(t2g)0,(dx2-y2)1,(dz2)0 or
(t2g)0, (dx2-y2)0, (dz2)1

A single electronic band is expected for d1 configuration
2T2g → 2Eg
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Magnitude of Δo depends on the nature of metal and ligands and
affects  the  energy  of  transition  and  hence  λmax  . Colour  of
[Ti(H2O)6]3+ is  purple,  which  is  complementary  colour  of  green
because energy difference between t2g and eg levels is  57 kcal
(20300 cm-1).
In the absorption spectra of [Ti(H2O)6]3+ the steep part of the curve
from 27000 to 30000 cm-1 (in  the UV region)  is  due to charge
transfer. The intensity of band is extremely weak (ε ~ 5) because
transition is spin allowed but Laporte forbidden. Due to Jahn-Teller
distortion  absorption  band  appeared  broad,  actually  this  single
band formed due to overlapping of two closely spaced bands.
Here only  one electron  is  present  in  ‘d’  orbital  so,  no  need to
calculate ‘B’ or β.
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d  9   complexes  

In the d1 case there is a single electron in the lower t2g level, whereas in the d9

case there is a single hole in the upper eg level. Thus the transition in the d1 case
is promoting an electron from the t2g level to the eg level, while in the d9 case it is
simpler to consider the promotion of an electron as the transfer of a hole from eg to
t2g . The energy diagram for d9 is therefore the inverse of that for a d1 configuration.
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Absorption spectrum of Cu++ ion in aqueous solution, which contains [Cu(H2O)6]
gives one band.

Cu(H2O)6
2+ has a blue colour due to the single  2Eg → 2T2g electronic transition at

~800 nm

7



Actually this one broad band consists of closely spaced three bands(800 nm ,
max 11) . This is due to Jahn-Teller distortion, which causes further splitting of
energy levels into a set of four levels and clearly three bands, corresponding to
the transition from the lowest to the upper levels are possible.
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The energy difference between levels depends on the extent of splitting caused by
the ligands. When the ligand field is weak the splitting is small  and hence the
three bands are nearly superimposed to produce a broad adsorption band as in
the case of [Cu(H2O)6]2+ .

In absence of Jahn-Teller distortion only one transition is possible

2Eg → 2T2g

This transition energy is equivalent to 10 dq or Δo

When strong Jahn-Teller distortion occur transitions are :-

2B1g → 2B2g
2B1g → 2A1g
2B1g → 2Eg

9



d  4   complexes  

Metal complex with d4  configuration have 5D ground state term symbol in the absence of any
ligand field. When six ligands approach in octahedral geometry, the electronic distribution is t 2g

3,
eg

1 in weak field and ground state term symbol is 5Eg. In strong field electronic distribution is t2g
4,

eg
0 and  3T1g is  ground  state  term  symbol.  The  Orgel  and  Tanabe-Sugano  diagram  for  d 4

configuration can be used to estimate the value of Δ0 for these complexes.
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High spin d  4   complex  

Splitting pattern of 5D term is same
as d9 system.
Energy difference between 5Eg and 
5T2g state gives value of 10 dq or Δ0

Low spin d  4   complexes  

It can be explained by taking 
example of [Mn(CN)6]3-

11

T-S Diagram of d4



From T-S diagram it can be seen that the spin-allowed transitions are
3T1g(H) → 3T2g(H)
3T1g(H) → 3Eg(H)

3T1g(H) → 3A1g(G)
3T1g(H) → 3A2g(F)

Three bands are observed at around 27000, 29000 and at 34000 cm-1

The ratio of experimental band energies is

v2

v1

= E2

E1

= E2/B
E1/B

= 29000 cm−1

27000 cm−1
= 1.07

When this ratio is 1.07 then Δ0/B = 40 
when Δ0/B = 40 then

E2
B

=38 and E1
B

 =35
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Thus on the T-S diagram, where Δ0/B = 40,
the value of  3T1g → 3T2g and 3T1g → 3Eg are 38 and 35, respectively. The 
Racah parameter(B) can be calculated from v2 and v1

29000 cm−1

B
 = 38

B = 29000 cm−1

38
 = 763cm-1

27000 cm−1

B
 = 35

B= 27000 cm−1

35
 = 771cm-1

Average value of Racah parameter(B) = 763+771
2

 = 767cm-1

13



Calculation of   Δ  0

From the average value of the Racah parameter, the ligand field splitting energy
can be calculated as follows

Δ0

B
= 40 , Δ0

767 cm−1 = 40

Δ0 = 40 ×767 = 30680 cm-1

Calculation of   β  

Nephelauxetic ratio = β = Bcomplex
B free ion

 = 767
1140

 = 0.673

Hence, the inter-electronic repulsion has been decreased during the process of
complexation.
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d  6   complexes  

Metal complex with d6 configuration have 5D ground state term symbol in the absence of any
ligand  field.  When  six  ligands  approach  in  octahedral  geometry,  in  weak  field  electronic
distribution is t2g

4 eg
2 and ground state term symbol is 5T2g. In strong field electronic distribution is

t2g
6  eg

0 and ground state term symbol is 1A1g .
Orgel and T-S diagram is used to estimate the value of delta for these complexes.

High spin d  6   complex  

Splitting pattern of 5D term is same 
as  d1 system. Energy difference 
between 5T2g and 5Eg state gives 
value of Δ0 or 10 dq.
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Low spin d  6   complex  

It can be explained by
taking example of [Co(en)3 ]3+ 

Calculation of B
From T-S diagram it can seen
that the spin allowed transitions are
1A1g (I)  → 1T1g (I)
1A1g (I)  → 1T2g (I)
These bands are observed
at around 21450 and at
29450 cm-1.
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T-S Diagram of d6



The ratio of experimental band energies is 
v2

v1

= 
E2/B
E1/B

= 29450 cm−1

21450 cm−1 =1.37

When this ratio is 1.37 then 
Δ0

B
 = 40

When 
Δ0

B
 = 40 

E2

B
=52 and 

E1

B
= 38

The Racah parameter can be calculated from v2 and v1

29450
B

 = 52 B = 29450
52

 = 566cm-1 and

21450
B

 =38  B= 21450
38

 = 564 cm-1

Average value of  B = 566+564
2

= 565 cm-1
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Calculation of   Δ  0

From the average value of B we can calculate ligand field splitting energy ( Δ0 )

Δ0

B
=40 ,. 

Δ0

565
=40

  Δ0 =565×40 = 22600cm -1

Calculation of   β  

β= 
Bcomplex
B free ion

= 565
1100

 = 0.514

Value of ‘β’ shows that this complex has more covalent character
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d  2   Complexes  

Metal  complex  with  d2  configuration  have  3F ground state  term symbol  in  the
absence of any crystal field. However, when six ligands approach in an octahedral
coordination, the ground state term symbol becomes 3T1g and remains as such in
weak  field  as  well  as  in  strong  ligand  field.  The  Orgel  and  Tanabe-Sugano
diagram for  d2  configuration can be used to estimate the value of  crystal  field
splitting energy for these complexes.
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The energy level diagram for complexes, where the central metal ion has two d electrons
is more complicated. The possible energy states are
Ground state - 3F
Excited state - 3P, 1G, 1D, 1S
The 3P, 1D, and 1S states contain electrons with opposite spins whereas, in the ground
state the two electrons have parallel spins. The transitions from the ground state to 1G,
1D or 1S are spin forbidden, will be very weak and can be ignored.
 The only important transitions are. 3F to 3P.
From the energy level diagram, we show that, there are three transitions are possible
between the triplet states which are spin allowed

3T1g(F)-----> 3T2g(F) ---v1
3T1g(F)-----> 3T1g(P) ---v2
3T1g(F)----–> 3A2g(F) ---v3

It can be explained by taking example of [V(H2O)6]3+ ions, which are green in colour. The
spectrum consists of broad weak bands at 17,200 cm- 1 (ε =6) and at 25,600 cm-1 (ε = 8).
Very weak bands also observed between 20,000 and 30,000 cm-1.  The two stronger
peaks are due to spin allowed transitions, whereas the very weak bands due to spin
forbidden transitions to excited singlet terms.
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Calculation of B

There are three transitions are possible from the ground state, hence three peaks should
occur in the spectrum, but in the spectrum only two peaks observed, because the ligand
field strength of water results in transition  occurring close to the 3A2g / 3T1g(P) crossover
point, hence these two transitions are not resolved into separate peaks. The spectrum
shows two main absorption bands are :-
17,200 cm-1  -----    3T1g(F) ----------->    3T2g(F)     (ε =6 )
25,600 cm-1  -----    3T1g(F) ----------->    3Tg1(P) or 3A2g(F)   (ε= 8) 

The ratio of experimental band energy is
E2

E1

= 
E2 /B
E1 /B

= 25,600
17,200

= 1.49

When this ratio is 1.49 then 
Δ0

B
 = 28

When Δ0/B = 28 then
E1

B
= 25.9 & 

E2

B
= 38.7
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The Racah parameter (B) can be calculated from both v2 & v1

25,600
B

= 38.7

B= 25,600
38.7

= 662cm-1

17200
B

= 25.9

B= 17200
25.9

= 664cm-1

Average Value of B = 662+664
2

= 663cm-1

Calculate of   Δ  0

From T-S diagram 
Δ0

B
 = 28

Δ0

663
= 28 Δ0= 28 x 663 = 18564cm-1
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Calculation of   β  

Free ion value of ‘B’ for V3+ = 860cm-1

β= 
Bcomplex
B free ion

= 663
860

= 0.771

Value of β shows that ~ 25% covalent character present in complex.

If in the spectra of d2 complexes 3 bands are observed then ‘B’ can be calculated by this 
formula

B=
v3+v2−3 v1

15
where 

v1 = 3T1g →3T2g

v2 = 3T1g →3A2g

v3 = 3T1g →3T1g(P)
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                               d  8   complexes  

For  d8 complexes  ground  state  term is  3F and  excited  state  is  3P (  of  same
multiplicity).In octahedral field the transformation of states are-
3P ---------  3T1g
3F ---------  3A2g ,3T2g , 3T1g
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3A
2g

(F) → 3T
2g

(F)
3A

2g
(F) → 3T

1g
(F)

3A
2g

(F) → 3T
1g

(P)



Electronic arrangement for d8 configuration is same in high spin or in low
spin, t2g

6,eg
2. For d8 configuration ground state has only one arrangement of

electrons that's why A2g state (single degenerate) is ground sub state.
Spectra  of  d8 complexes  can  be  explained  by  taking  example  of
[Ni(H2O)6]2+.Aqueous  solution  of  bivalent  nickel  salts  have  a  light  green
colour, which is due to presence of weak bands in the red and the portions of
the visible spectrum. The spectrum consists of three bands
v cm-1 ε
8,700 1.6 v1

14,500 2.0 v2

25,300 4.6 v3

The spin allowed transitions are expected are -----
3A2g (F) -----------> 3T2g(F)
3A2g(F) -----------> 3T1g(F)
3A2g(F) -----------> 3T1g(P) 
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Calculation of   Δ  0

Energy difference between 3A2g(F) & 3T2g(F) is 10Dq or Δ0 so transition
3A2g(F) → 3T2g(F) (v1) gives value of Δ0

Δ0 = 8,700cm-1

Calculation of inter electronic repulsion parameter (B)

Value of B is obtained from the relation

B= v2+v 3−3 v1

15
B value for [Ni(H2O)6]2+ complex is

B= (14,500+25,000)−(3 X 8,700)
15

= 913cm-1
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Calculation of   β  

β = Bcomplex
Bfree ion

‘B’ for Ni2+ free ion is 1030cm-1

β = 913 cm−1

1030cm−1 = 0.9029

The  considerable  reduction  in  ‘B’  value  on  complex  formation  is  due  to
attribution of certain degree of covalency of the metal – ligand bond, which
causes delocalization of the metal ion electron density into the ligand.
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Charge Transfer Spectra

An electronic transition between orbitals  that  are centred on different
atoms is called charge transfer transition and absorption band is usually
very strong. These transitions involve electron transfer from one part of
a  complex  to  another.  More  specifically  an  electron  moves  from an
orbital that is mainly ligand in character to one that is mainly metal in
character (ligand-to-metal charge transfer, LMCT) or vice versa (metal-
to-Ligand charge transfer, MLCT). Unlike d-d transitions, these are fully
allowed and hence give rise to much more intense absorptions. When
these absorptions fall within the visible region, they often produce rich
colours. In these transitions, the electronic transitions are Laporte and
spin allowed, i. e. Δl = ±1 and ΔS=0
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A charge transfer transition may be regarded as an internal redox process. 

Types of charge transfer spectra

(1) Ligand to metal charge transfer (LMCT) 
(2) Metal to ligand charge transfer (MLCT) 
(3) Intermetal charge transfer or metal to metal charge transfer (MMCT)
(4) Interligand charge transfer (LLCT)

3
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Ligand to metal charge transfer (LMCT)

If the migration of electron is from ligand to metal, then the charge transfer is
called  ligand  to  metal  charge  (LMCT).  Some  important  characteristics  of
these transitions are:-

(a) Transfer of electrons from filled ligand orbitals to vacant metal orbitals
(b)  π-donar ligands show LMCT, e.g. halides, oxides, sulphides, selenides,  

N3
-, RO- 

(c) Metal should have high energy vacant orbitals
(d) Metal should be in high oxidation state
(e) Ionization energy of metal should be high
(f)  Ligand should have low energy filled orbital
(g) Internal oxidation of ligand and internal reduction of metal takes place
(h) Metal may be of main group, transition metal or inner transition metals

4



Molecular Orbital Diagram of MnO4
-
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Electronic transitions in metal complexes can be easily explained by taking an example of
permanganate ion, MnO4

-, in which oxidation state of manganese is +7 and combined with
four oxide ion. The molecular orbital diagram help us to identify possible LMCT transitions.
In  any  tetrahedral  complex,  the  four  lowest  energy  σ-bonding  orbitals  are  filled  and
primarily ligand in character. Next there are two sets of σ- nonbonding molecular orbitals,
one is ligand centred and one is metal centred. Manganese ion has vacant 3d orbitals,
hence there are four possible ligand-to-metal transitions are

L (t1)-----→M (e) 

L (t1)-----→M (t2
(٭

L (t2)-----→M (e) 

L (t2)-----→M (t2
 (٭

For MnO4
- all  four transitions have been observed: 17,700 cm-1 (t1-----→e), 29,500 cm-1

(t1-----→t2
,( ٭  30,300 cm-1 (t2-----→e), and 44,400 cm-1 (t2-----→t2

.( ٭  Only the absorption at
17,700 cm-1 belongs to visible region, and it is responsible for the deep purple colour of
MnO4

-
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Here a partial MO diagram for an octahedral ML6 complex

Partial Molecular Orbital Diagram
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Energy difference between filled  ligand orbital  and vacant  metal  orbital  is  denoted as
LMCT energy. 

Variation of LMCT energy

(a) On moving down in a group of transition metals LMCT energy increases. 

8
L

3d

4d
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(b) On moving left to right in a period, d-orbital size of atom decreases due to effective
nuclear charge and hence LMCT energy decreases, note that ligand should be same.
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(c) LMCT energy decreases on increasing oxidation state of metal, if ligand is same.
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(d) If ligands are different but metal ion is same then LMCT energy depends on size of
ligand. For example in HgCl2  , HgBr2 ,  Hgl2 size of iodine is large, so energy of filled orbital
of iodine is higher in energy, hence energy difference between ligand orbital and vacant
metal orbital is less and LMCT energy decreases.

11
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Colour of mercury halides are :-
1. HgCl2 absorbs from UV region and its colour is white
2. HgBr2 absorbs from violet region and its colour is yellow
3. HgI2 absorbs from green region and its colour is reduction

12
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Metal to ligand charge transfer (MLCT)

If the migration of electron is from metal to ligand, then charge transfer is
called metal to ligand charge transfer (MLCT). Favourable conditions for
these transitions are:-

(a) Transfer of electrons from molecular orbital of metal to ligand. 

(b) Metal should be in low oxidation state. 

(c) Ligand must have vacant orbital, e. g. CO, CN-, NO, bipy, ph, py,
thionate ion, imines, aromatic ligands, ligands having  π-bonds.
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Value of MLCT energy (energy difference between filled metal orbital and vacant ligand
orbital) depends on nature of metal orbital
(a) Electron rich metals, which have filled eg orbitals show coloured complex i. e. it absorbs
from visible region. 
(b) If metals have filled t2g orbitals then MLCT energy is more, and complex absorbs from
uv region and complex will be colourless. 

Metal to metal charge transfer (MMCT) 

If  in a complex same metal  ions are present  in different oxidation state,  then electron
transfers between both metal ions is called MMCT. 
Some examples are here---
(a) KFeIII[FeII(CN)6] Prussian Blue

KFeII[FeIII(CN)6] Turnbull’s Blue
(b) Rust ( Fe3O4 ) is reddish brown here elctrons transfers from Fe2+ -----→ Fe3+

(c) If spinels (mixed oxides) are coloured, it is due to MMCT eg. Pb3O4
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Ligand to Ligand Charge Transfer (LLCT)

In Complex if ligands are present of different nature, one is
electron donor and other is electron accepter then we get
LLCT.
Intense  absorption  bands  which  are  assigned  to  inter
system LLCT transitions appear in the electronic spectra of
square planar  NiII ,PdII & PtII complexes,  which contain  a
1,2-ethyldithionate as electron donating and 1,3-diimine as
accepting ligand.
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Pyrrole

Pyrrole is a heterocyclic aromatic organic compound,
a five-membered ring with the formula C4H4NH

Porphyrin

Porphyrins  are  a  group  of  heterocyclic  macrocycle  organic
compounds,  composed  of  four  modified  pyrrole  subunits
interconnected at their α carbon atoms via methine bridges (=CH−).
The parent of porphyrin is porphine, a rare chemical compound of
exclusively  theoretical  interest.  Substituted  porphines  are  called
porphyrins. With a total of 26 π-electrons, of which 18 π-electrons
form a planar, continuous cycle, the porphyrin ring structure is often
described as aromatic. One result of the large conjugated system is
that porphyrins typically absorb strongly in the visible region of the
electromagnetic spectrum, i.e. they are deeply colored. The name
"porphyrin" derives from the Greek word which means purple.
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Heme

Heme or haem is a coordination complex "consisting
of an iron ion coordinated to a porphyrin ring acting as
a tetradentate ligand, and to one or two axial ligands.”
Many porphyrin-containing metalloproteins have heme
as  their  prosthetic  group;  these  are  known  as
hemoproteins. Hemes are most commonly recognized
as  components  of  hemoglobin,  the  red  pigment  in
blood,  but  are  also  found  in  a  number  of  other
biologically  important  hemoproteins  such  as
myoglobin, cytochromes, catalases, heme peroxidase,
and endothelial nitric oxide synthase. The word heme
is derived from Greek  means "blood".
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Cytochromes

Cytochromes  are  proteins  containing  heme  as  a  cofactor.  They  are  classified
according to the type of heme and its mode of binding. Four varieties are recognized
by  the  International  Union  of  Biochemistry  and  Molecular  Biology  (IUBMB),
cytochromes  a,  cytochromes  b,  cytochromes  c  and  cytochrome  d.  Cytochrome
function is linked to the reversible redox change from ferrous (Fe(II)) to the ferric
(Fe(III))  oxidation  state  of  the  iron  found  in  the  heme  core.  In  addition  to  the
classification  by  the  IUBMB  into  four  cytochrome  classes,  several  additional
classifications  such  as  cytochrome  o  and  cytochrome  P450  can  be  found  in
biochemical functions.
Cytochromes are classified according to heme proteins on the basis of the position
of their lowest energy absorption band in their reduced state, as cytochromes a (605
nm), b (≈565 nm), and c (550 nm). Within each class, cytochrome a, b, or c, early
cytochromes are numbered consecutively, e.g. cyt c, cyt c1, and cyt c2, with more
recent examples designated by their reduced state R-band maximum, e.g. cyt c559.
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Types of Cytochromes

Several  kinds of  cytochrome exist  and can be distinguished by spectroscopy,  exact
structure of the heme group, inhibitor sensitivity, and reduction potential.

Four types of cytochromes are distinguished by their prosthetic groups:-

Type Prosthetic group

Cytochrome a heme A

Cytochrome b heme B

Cytochrome c heme C (covalently bound heme b)

Cytochrome d heme D (Heme B with γ-spirolactone)

Cytochrome c is most important among the four
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Cytochrome c

RCH=CH2 + HSCH2          R-CH-SCH2R
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CH3
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The most extensively studied is the cytochrome c. It has a single polypeptide chain of
104 amino acid residues Its active centre is a porphyrin ring with iron at the centre
with the oxidation state +2 or +3. Heme is covalently bound to its protein via thioether
groups.

Iron is at the centre of the prophyrin ring has histidine as the fifth ligand and the
sixth ligand is  a methionine segment.  The iron sulphur bond is  strong enough to
prevent the replacement of the methionine legend by oxygen. The heme group is
surrounded by several tightly packed hydrophobic side chains.
The  heme  part  of  Cyt  C  is  buried  deep  inside  the  hydrophobic  pocket  of  the
apoprotein. Only an edge part of the heme is near the surface. The fact, that their is a
ring of lysine residues of the protein surrounding the exposed part of the heme. The
model  studies have shown that  Cyt  C interacts with the inorganic redox partners
through the exposed heme edge. Consiquently the reduction potential of Cyt C is also
dependent on the stability and the solvent accessibility of the heme crevice and the
hydrophobicities  of  the  amino  acid  residues  that  form the  line  around  the  heme
crevice

The reduction potential of cytochrome C is rendered more positive (as 

7



compared  to  higher  electron  affinity)  by  the  hydrophobic  character  of  the  heme
environment when compared to the same heme complex in an aqueous environment.
Consequently removal of an electron from cytochrome C becomes energetically more
costly from the heme in cytochrome C when compare from a heme in water since the
dielectric constant near the iron atom is lower in cytochrome C.

Diagram shows that since there is no vacant coordination position, cytochrome
C is unable to bind with oxygen molecule. This is unlike to the situation of iron in
haemoglobin and myoglobin. The iron of heme in cytochrome is alternatively oxidize
Fe3+  and reduced Fe2+ which  is  an  essential  feature  for  the  electron  transport  in
electron  transport  chain.  This  is  in  contrast  to  heme  iron  of  haemoglobin  and
myoglobin which only remains in the ferrous (Fe2+) state.

Both  the  oxidized  and  reduced  form  of  cytochrome  C  have  almost  similar
structures and differ slightly in structure of protein part. The heme prosthetic groups
are at a distance of 17A0. It has been suggested that electron transfer between these
distant hemes occurs through outer sphere electron transfer. This is supported by the
fact that iron in both the form is in the low spin configuration of favourable situation for
outer sphere electron transfer.
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Cytochrome c Oxidase or Cytochrome aa3

The  term  cytochrome  oxidase  is  generally  used  to  collectively  represent
cytochrome  a  and  a3 which  is  the  terminal  component  of  ETC.  Cytochrome
oxidase is the only electron carrier, the heme iron of which can directly react with
molecular oxygen and reduce it. Cytochrome oxidase is thus the last link in the
respiratory chain of electrons flowing from reduced food stuffs to oxygen. Thus
(without oxygen) it must be five quardinate in contrast to cytochrome c. Besides
heme (with iron), these oxidase also contains copper that undergoes oxidation
reduction (Cu2+ ⇌ Cu+) during the transport of electrons. In the final stage of ETC,
the transported electrons, the free protons and the molecular oxygen combined to
produce water.
The electron transfer process occurs from cytochrome c in the reduced form to the
cytochrome c  oxidase.  Ultimately  the electron is  transferred to O2 by reduced
cytochrome c oxidase followed by four electron reduction of O2 to water. In the
transfer of electron from NADH (formed by oxidation of glucose) to O2 , large 
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amount  of  energy  is  released  (however,  the  energy  is  liberated  in  controlled
steps). 

O2 + 4H+ + 4e- → 2H2O

Chemical Structure

cytochrome c oxidase contains two distinct cytochromes only one type of heme
designated  heme  a  can  be  isolated  from  it  .Thus  the  different  properties  of
cytochrome a  and  a3 must  be  derived  from differences  in  the  binding  to  the
protein part of the enzyme. Cytochrome a has its iron atom in a low spin state. It
may probably has to axial protein ligands, like other low spin cytochromes such
as  cytochrome c.  Cytochrome  a3 on  the  other  hand  appears  to  have  a  free
coordination position,  as it can interact with dioxygen or various inhibitors and the
iron  atom is  found to  be  in  a  high  spin  state.  The  environments  of  heme in
cytochrome A and B are shown here:-
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The catalytic cycle of cytochrome C oxidase may be studied by considering the
following points: 

1. The cyt a3 and CuB are separated by 4.5 A0 ,and both are separated from cyt
a and CuA by 20 A0

2. Cytochrome a--CuA is the  low potential site and hence it receiving the 
electron.

3. The reduction of cyt a--CuA brings in structural changes in the site so, that 
an electron transfer path is opened for the electrons to be transferred to cyt 
a3--CuB site

4. The structural change also helps the cyt a3--CuB site to bind O2 and transfer 
electrons to it. Thus cyt a3—CuB site can lose electron more easily as 
compared to cyt a--CuA site.

5. Fe(ll)a3 and Cu(l)B remain close to each other in a geometry,  suitable for O2 
binding. Two electrons are released from Fe(ll)a3--Cu(l)B to bound O2 
forming μ-peroxo complex
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Fe(lll)--O---O---Cu(ll)B

6. The Fe(lll) of the peroxo complex receives one electron from cyt a--CuA to 
form Fe(lll)a3--Cu(II)B and resulting in the cleavage of O---O- Bond into O and 
O2-. The oxygen [O] takes two electrons from Fe(ll) forming Fe(lV) O2- ion 
and the other O2- gets bound to two protons to form water, which binds to 
Cu(ll)B

7. Transfer of one more electron from cyt a--CuA to Fe(lV)O2- results in the 
formation of

Fe(lll)a3-CuB-OH2 complex

8. Transfer of one proton from H2O of CuB to O2- of Fe(lll)a3 results in the 
formation of

Fe(lll)a3 – CuB-OH.
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9. Further protonation of the two -OH on the Fe(lll) and CuB leads to the 
liberation of two water molecule and regeneration of the cyt a3--CuB

The function of cytochrome c oxidase is not only to reduce O2--->2O2-, but 
also to pump protons across the membrane. The energy released by the reduction
of O2 assists the formation of ATP from ADP.

out  of  two  components  of  cytochrome  c  oxidase,   only  cyta3-CuB part
combined with the ligands like CO or CN- . This is because Fe(lll) in cyt a is hexa
coordinated, Fe(ll) in cyt a3 is a penta coordinated site.
CN- binds with the reduced Fe(ll)a3 and thus blocks the site from binding with 
molecular oxygen. Further cyanide stabilizes Cu(l) oxidation state of CuB . Thus 
transfer of electron from reduced cyt a3-CuB to O2 is blocked.

Thus the terminal oxidation process is stopped and thus cyanide acts as a
poison.  The  fatal  effect  of  cyanide  is  not  due  to  the  blocking  of  the  sixth
coordination site in hemoglobin or myoglobin, as these sites are hydrophobic and
have least affinity for binding with charged cyanide ion.
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Path of electron transfer in cytochromes
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jote ractiom betoeen the pais f Fe () amd Fe() 
Centes thvengh ulphicle bndgs St is ths in k 

toFe Sa J**_uio Femidoxin ioith two Fel) amel 

tioe Pe(D), 
The FeStp Cenles m prviein Veceive eleeton 

thrrngw Pemidoxin chain and undrgo one eleery 

hedueiom The veduteol ferm shos epr acetivty 
Hoever fhe EPRspeetum cf he reduteoinm 

pmileshous too Spin Slatzss = % and S-2, 

hAicig fhe _mtovesy easlien, 9 hat theru as ma 

than One pe o FejSy Sfes Howe ver, it has nou 

oeen establishect tha he reaueed Stat Bame tpes 

tess4- Sile may exist wn effeent spin SBete: 9t 
ha been suggestad that ene ef the Caupled Fe,Sg 
Sie in hereduced feqS4[ 1Fe ), 3 FelD] u 

pnaanic The pin cnpliag due to ani fenong- 
pneic interaction may lesal to s-hor Sz `p 

Hocoe vex, her s no dffevence m the redop 

eha vinus of the Fey Sy ita different spin stlis: 
Dusing he enzyme 7un oveY, reduted Fe4S4 the 

Centrs e the irm proein ronstes electos to 
Fe-Mo poteinz n one ep 

The The Fe proTein bound to too molecudes of 

Mg-ATP, at he cleft belw een the too subunis 
the poeiw. for the ransfe of eae eleehen 

the Fe-Mo-pmtein, 7wo Mg-ATP molecules 

must undergo hydrolysia 
moleculs a Ma ATP heguinid fr the reduetio 

on moletule of Na, hi'cwhejuns 
Si eleehans . 

Thus ydvolypis of 12 

ronsfer o 
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le protun Teceives aetivated eleetns ond hansfer t 
Fe-o-prelein, Dhers Nz ztla reduted. Thus the im 
proTeieTeduces Fe -Mopwten o i catalyth'cally 
active ferm 

Thoh he prounte a fe pwtein esenried pr 
tA transfer of eleetrens and thu or nihogerase activt 
but only Fe-Mo- pmlen s esponsibe fur the redurrion 

N2 
(2 Fe- Mo-Pretein 

7his potein teceives the eleeremom 
fhe om pmei, and ib duled orm acts as catalys 
hedthon o niegen Fe-Mo-potein Corttins tao
tgpes Subunrts and hA a_molecuas reit un the 
range 220,000 to 245,000 daltons The too type eSub 

Lunits a Callud P cluste anel 9 cluster Beth tipes 
Cenles have speihe prmberhes, even offe beine 
èxtracled out o he potein.Theu Siucturo3 and 

Tollows 
i P clustes 7he P cluste comsiste e fone 

fegs FegSg unrt Q pay o FeaS4. These Fe4S4 dfes trom 
Fe4 S4-found in Festeclor, s vevealed by heu 
eletmie Specta Cmol löss baues spectra EPR Shows 
that the P clustes ar parGmagnetic wit S= /2 

This indicatis hat thu is incomplete anthifeomagnult)
Coapling betoeen pans o Fe 7). M B. speeta Shous 

all fo h n FepS4 an not egui valent, This 
indi cates tha he FeaS� unts e hishly dstor lëad, 
unike he ubane 8muejr m ferreclorih.

The Speetroscopie Srudis el p clusles affes extusion 
Shoas that he fau Clusrs not euvalens 

that 

O 
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s Lys] 

Ser o 
-s[ 

(9) 
Shuctusa o one ubseF af cluste 

The X-uy Cnshloaphic Studlies shouas hat Hee 

ovfesg Clustrs, veny close togutlay, Cath is hhe 

Tosn e a paui a Fepsq Eauh paus has aaebly bndgd 
thaig cysteine ) coukle Cubone stauchesu. Ecet 

Cubone hos in tacubone bndlgecl Fe(T). The third aned 

douth Fe (D) o ane Fe4s� u bound do cuseine S at 
the ort conation Sife In the othn Fessa hisd 

Mo s bound to S LysTEine and thi fout M09 8 

bound to On Cyteine Sulphe nd on Serine oxggen 

Thus Ahon 8 penta toordralie). The intërtubene bridaing 

may be Tsponible or he unus ual prpperhes el Hi may be 

cluste 
The Pclustrs a ongideszol to be resereis orr 

aceptng he high ensrgy(lous potenthiál) ceerons hn 

fe proein, to be passo on to the M clusTen, where 
Yeduehom a nitrGen takes place 

i) M cnster The Spesrostopie and hedex Studies 
shouw hal he presente o Ion and molybdenUm in 
Hhe M clastr ond hente it s also knnoy Fe Mo 
Co facter Fe Mo co] The dehile chasatev seriom 
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of Fe-Moco has berm cariel aut by he Sshadlies of the 

unnt Mn vivo m hi pmfein ahd also n the exreclad

jnm m Viou Ogmic Solvenli 

The smutlose of Fe-Mo- co factor is 

Cytralz 

S Fe Fe 
Fe-SFe -Mo (Cys) S Fe- 

Fe Fe- 

NH 
Hs 

The Composihom of the M clusteA Feg-g Sz-10 

he shucts of the cluste B 20tdefintely knan Eacl 

mulhble /rom sulher clusda, Contas Cne mcly bole ru m. 
Eaeh fe Mo Cofactor consists l_ two nom- ideh 

clusles (Fe4S3) and (MeFe3 S3) , 
whith ax dinkael 

by thru Sulphele ms, Eah Fe Mo tofactor 

Co valeti linkal to thepweun by one Cystelne reydu 

and One hishdine Teidue No sin tondinlol, 
bund t Too orgens o bidental ciali and N 

o Histhdine
EXAFS (extendesl X-ray absorphm jne Shuliunu) 

Studies Show hha nm A Coorclinalecl to Bulphser 

at a dis tonce o abount 2.2 , anod distant Fe- Fe 

inlerachi ms at abnt 2.6 A, Mo-s dstante s 

2 4 A, o-N _No-O olistance B 2-2n° 

Cmd No, fe olistunce abont 27 
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e chanis) Negn Neolurhem anc m monia 

matm As olustusseel easbes, iwm pwtein 

cei ves the elechrm genrated fam the epiikehion o 

pyruvalis, fhmgh eleeron ransfes potein ferredoriy 
7he seduceol won pntein geb baune) to he tov molecudes 

ohe Mg-ATP 7he restelhing lg-ATP), Fe prlen o he 
gel bonel oith Fe-No - protei Thee s hydolysis gels 
e Too mole tules e ATP, providing enegy qor dhe 

exctaben eleetams fe protein, to be ramsferer 
to the clusto, el Fe-o potein onel stubseq uenty 
Fe-Mo- Co factox to which s banel fhe Substrali N2. 

Ma TP Mg ATP 
Fermentahin 
Resbi ratho 

phote Sythesis 
SOute o e 

Fexvedorin 
Flavodoxin 

(eloin ) 
e 

Fe-S Fe-folein 
(e trans/ 
prolein 

/his 
Energy 

Fe-S r cluster 

Fe-1o N2 e 
pwtem 

Fe-Mom clus 

NH3 

DMA, RNA, Potein 

Electms ae Succesl vely tsamsferspel to the Na, 
Tesulhng un skps, h prmatho of SN2 )7 
10 7hese negatvely chasgeo piegenspecies 

Cornlai ne o h H iving a Seguenie el intermedales 
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leacling ti he farmatin Of ommmia 

2 Mo- Mo- NH NH Mo-NH-NH 
2 HT Mo-N= N 2 Ht 

2H2e 

Mo tNH3 

2 NH3t 2Ht 2 NHA 

Keduetrom of Na t Gmmonia thermodynam) call 

avouralkle Hovever, hydolyiy o ATP, to powde 
enDag for he excitaton e eleetvonst a kinehe vagu- 

Yeme 7he Too Compnoet e meZena Se, he ionoleiy 

ana sm mely bdenum prDb, Ctelya the reduehm o 

ne molbeulk of Nz T 2 NH, almg Loit the tormetr 

NH2 ang evoluhem af H2 Hen the lim ing stei 

Chiomets 
Ntlo Ht+ +3e 2H,t H2 

he eleetons a he nibogenase tedure Halso Tesuling 

in tht rrmathon moly belenun hyomide siles on he 

enzyome. 7h hydrole don Combin~s oith Ht of Loali 

Hom . f is not preseut, althe eleethons 

the enzyme usecl For hydogen evolutm 
CRbon mne ORIde prerent, it mhibits 

heduehn el iPgen onad henee, N3 urmatim 

But il does not affeet Hh qrmabin. Tkis Ahous 

hat fhrt ae ditfe rent sts preset un the enzyme 

Na nd Ht Kiduehim 
bstrves, hal thr matin o Sym- 

meical inttmediale ppdurs duing he Teduchon 

oniogen. Thermatom od imicl NH= NH, 
hydre zine HaN-NH2shoLs thet two mege 
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alams ane seduce simulioneously This indicalis thal 
Na bane ti he too metal cenTers, thrglw 
TwD nitgen atoms Thus a binucleau Fe-Mo 

poleiAS suutable fer N2 bintlirg. On tis basis 
toasSuggeha hat the reduetioo may be n ste 
as shoum d eguapn 

NEN HN= NH 
2 
2HT Mo-Fe 

enzyme 
Mo Fe Mo Fe 

2 2e 

2e -NH2 
Mo-Fe t 2NH3 

2 Ht Mo Fe 

Howeves mOTe LC nt_ X-Tay Crystallo92ophie Stuelis 
Sugget, ot the Mo a coorcinaevely catusalid ond 
Aence mgy not ke he sile ef niegen binobiag. N2 
moletuli ma ba baure wnsid Hhe clusb Thus te 
mode o binding e N2 b not 7inal knasn: 

Since, he mn pwtein anol Pe-Mo pten S 
ahe not Sovent erposel, eleetoom tansfer, suLshali 
binding and produet e/ease Shade involve structural 
Change uy the ezyne, expasing the active sTe 
during he ieduchm pwces, Siman to he Gering2 

Proces, 
Niogentse aso techuoes othe subsrals oi 

trible bend, Lke aceryen., Cyanides ond isocyanids 
Cahot 2er t2Ht >C2H4- 
HCN 6er+6H7 CH tNH3 

RCH3 N2 NC tbe-t6Ht 



13 
NaH+6e t 6Ht NH t N2H4 

R NCt 6et 6HT>RNH2 + CH 

Tthas been Shown vecenty, that the Fe- Mo potein 

past e hhe nitogenase Can also cause hydwgenatrio 
of the dlyu, i the presence ef moleculas hydegom 
anol thus Can act asa hydrogenase This s he 

Only epGmple, where only one Combeneut ef nrgenase 

bhous Cataltic achvnty independently 

Moclel Syste ms ef_nrogenase 

hem 

Thers L no satisfactory Fe-S clusta mod! for 

the the Fe- Mo pmtei Hoo eNemany Fe MoS clusters 

have been Synthesize, mimcing Fe Mo co Stè CM centa) 

Howeve, realuchon of niogen using Fe MoS clusters has 

hot heen pomible, because of he non ovaila bility, e 

Sutable hduetat. It has hen rebetliel that certai 

phosphine Compleyes e nmolybolenum Crtaining dnir- 

HoLWeve2, 

Ogen easihy)ve NH3 m acidic medium, wit 

giynand heage as the vedutng syste 

MoCls thF),] + 3e t2 Ntexcess dppe 

Mo W)ppe)>] +3c) 

Mo 2,Eppe)27 t6H 2NH Na tMprodue 

thf etrshy dwfuran 
dppe L2 bis Cdphenyl p phino) ethone 

Ph2 PCH2- CH2 P Ph2 

One o he mast exciting example of Ln ro 

nitogen ixahon is thak ef titanium (D) alkoricde 

Ttanium alko)d torm dinogen Cmplex whichw 

may then Tedueed eithn to ammoia ot hydhszine. 



Ttanium (D) alkoxidl Cm hu obtauneel ro 
redeng oell chasacterised ttanium ()alkoKide 

TiOR) 4 t 2e TiOR2 +2 Ro 

TiOR t N2 TiOR Na] 

ronNaJ Cin 
TT OR), N2 ]t 4e 

ToR2 N27"+4- Ht - NaH4 tTiOR) V) 

(v 7i CoR), N2 ]+ se ÓR, N]( 

T6R), N27°+ 6 2NH2 + TOR)2 (Vi 
The 77 OR), Jrmec un heachm fjv> and ) may 

be secyeled om olinitoge Cmple n heathin be 
At COmmesCial stale ll no Haber potes 

useolfor the iogen hrathm ntiehydod 
Vey port as well as we need hish Tepersla 

amd prsuse 
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