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Normal modes of vibration of a molecule 	
· 3N-6 degrees of freedom are required to describe vibration of a non-linear molecule.
· 3N-5 degrees of freedom are required to describe vibration of a linear molecule.
You know that Water is H2O. From its geometry, you know it is  an XY2 bent molecule. 
Hence, for Water molecule, N=3  ;  and it has 3N-6 = 3 modes of vibration.	
Internal Coordinates of a molecule  are the changes in the bond lengths and in the inter-bond angles. Types of internal coordinates and their notation are i) bond stretching (Δr ),      ii) angle deformation (ΔΦ), iii) torsion (Δτ ), iv) out of plane deformation (ΔΦ') 
You can calculate the number of vibrations using internal coordinates, if you know its geometric structure and nature of atoms! This should be equal to the normal modes of vibration that you arrive with 3N-6 or 3N-5. But with this, you can easily find out how many stretching vibrations, how many bending – in plane and out of plane vibrations  are present. 






 In XY2 bent molecule like water, 
· No. of stretching vibrations are nr =  2
· No. of bending vibrations is nΦ = 4*2-3*3+2 =1
· No. of out of plane bending vibration is nτ =  2-2 = 0
		So, nr + nΦ + nτ = 2 + 1+ 0 = 3 = 3N-6 !!
· Symmetry Coordinates are the linear combinations of the internal coordinates related to various vibrations of the molecule. They describe the normal modes of vibration of the molecules. The basic properties of Symmetry Coordinates are i) they must be normalised ii) they must be orthogonal in the given species and iii) has the form               Sj = ∑k Ujkrk 
How to construct symmetry Coordinates?
We need symmetry coordinates to understand the vibrations of the molecule. With the knowledge  of the Point Group to which the molecule belongs, it is possible to construct its  Symmetry Coordinates. 

Follow the below steps -
· Identify the point group symmetry of  the molecule.
· By using its Character table, find the distribution of vibrations among its various species 
· Find symmetry coordinates defining each vibration

XY2 bent molecule belongs to C2v point group symmetry
· Γvib = 2A1 + B2 = 3
Hence, we need 3 symmetry coordinates that describe its vibration.
Orthonormalised Symmetry Coordinates constructed using character table are:
A1 Species
· S1 = 1/√2 (Δd1+ Δd2)
· S2  = Δα 
	B2 Species
· S3 = 1/√2 (Δd1 - Δd2)

NORMAL COORDINATE ANALYSIS OF WATER MOLECULE
Steps…
· Assign internal coordinates of the molecule
· Assign unit vectors and find their components along the three cartesian coordinates
· Obtain the orthonormalised SALCs 
SALCS - Symmetry Adapted Linear Combinations . These are the linear combinations of internal coordinates that describe the symmetry vibrations of the molecule!
· Use the SALCs and obtain
· U - matrix
· S - matrix
· B - matrix
· G - matrix
· Apply Wilson’s FG matrix method
For Water molecule,
· Orthonormalised SALCs are
		S1= (1/√2)[d1+ d2]
		S2 = α 
		S3=(1/√2)[d1- d2]
· Internal coordinates are 1- d1, 	2- d2, 3- α 
· Atoms are assigned as 1 - Y1, 2 - Y2, 3 - X
Now let us use these SALCS to obtain above mentioned matrices!
U-matrix : This matrix has columns  equal to number of internal coordinates ( for Water, 3)  and rows equal to number of symmetry coordinates ( for Water, 3). Entry Ujk of U matrix implies coefficient of kth internal coordinate of jth symmetry coordinate of the molecule. 
S-matrix : This matrix has columns equal to number of atoms ( for Water, 3) and rows  equal to number of internal coordinates ( for Water, 3). Entry Skt of S matrix indicates the unit vector associated with the vibration involving tth atom of the molecule and kth internal coordinate of the molecule.  Rules to form Skt matrix are clearly described by Wilson, Decius and Cross. Now find the components of Skt matrix entries along the three Cartesian coordinates.
B-matrix : This matrix has the form ∑k Ujk Skt , where j - order of the symmetry coordinate, k- internal coordinate, t- atom. It is formed by using the U- matrix and S – matrix constructed for the molecule. This matrix has columns equal to number of atoms and rows equal to number of internal coordinates.
G-matrix is inverse kinetic energy matrix
· It corresponds to K.E of the molecule concerned
· G-matrix can be derived from B matrix by a relation G= BµBT 
	where  µ is a diagonal matrix of the reciprocal masses of the atoms in the molecule
You will find, H being lightest atom ,it has highest reciprocal mass. Also, µH > µO
Gmn = µyn ∑i=x,y,z SmiSni 
	Here, µy1 = µY1 – reciprocal mass of  Y atom
	         µy2   = µY2 – reciprocal mass of  Y atom
	            µy3  = µX – reciprocal mass of X atom
· G11= µY∑i=x,y,zS1S1 
              = [(-s/√2 * -s/√2) + (-c/√2 * -c/√2 ) +(0+0)] * µY 
		+ [(s/√2 * s/√2) + (-c/√2 * -c/√2 ) +(0+0)] * µY 
		+ [ 0 + √2c* √2c + 0] * µX
			= [ s2/2 +c2/2 ] * µY + [ s2/2 +c2/2 ] * µY + [2c2] * µX
			= µY/2 + µY/2 + 2c2 µX 
			= µY + 2c2 µX  (as Y1=Y2 =Y in XY2 bent molecule)
			 
In case of water molecule, as, Y= H and X=O 
Hence,   G11 = µH + 2c2 µO 
G-Matrix for Water molecule
· Find the value of 
· mass of hydrogen and oxygen atom calculate their reciprocal mass
· O-H bond length
· angle between the bonds and deduce s and c
· Substitute these values to obtain 
	G-matrix for water molecule
· Developed by Wilson, Decius and Cross
· adopted by many scientists to
· Elucidate structure of a molecule
· Determine  molecular parameters 
· Determine vibration frequencies
To learn more check the list of reference
Master equation |FG–λE| ≡ 0 	
F - matrix of potential constants and thus brings the potential energies of vibrations into the equation
 G - matrix that involves masses and certain spatial relationships of the atoms and thus brings the kinetic energies of vibration into the secular equation 
E - unit matrix 
λ  = 42C2ν2, brings the vibrational frequency ν into the    equation
	By this F-G matrix method, all the required relations are combined in the master  secular equation    	
F-matrix
· From the potential constants or force constants of the bonds, you can understand the potential energy required for every vibration
· F-matrix gives an idea of P.E and so the bond strength
· The stronger the bond, the more the force constant
· Hence, F-matrix is indicates the bond strength
G-matrix
· It is formed with the knowledge of masses and spatial relationships (bond lengths and bond angles) of the atoms 
· G-matrix gives an idea of K.E of vibration
E-matrix
· E-matrix is just a unit matrix of dimension as G-matrix
· λ brings the vibrational frequency ν into the equation
· Spectroscopists  record vibrational spectrum of the molecule under investigation
· From the vibrational spectrum of the molecule,
· Spectroscopists assign vibrational frequencies (ν) to various vibrations of the molecule
· Hence, λ values are calculated for every vibration
· There are cases where, F and G matrices are calculated by researchers  and from there, they try to evaluate λ and hence find ν. 
· They compare the calculated frequencies with the frequencies from recorded spectrum.
· This way, they try to ascertain their  work and/or refine their data. 
Purpose of nca…
· With the knowledge of masses of atoms ,bond lengths and bond angles of the molecule under study, G-matrix can be formed
· With the knowledge of force constants of the bonds, (or by comparing with similar molecules whose data is already known), F-matrix can be formed
· Using the secular equation, 
			|FG–λE| ≡ 0 
		Vibrational frequencies can hence be predicted
	You can see , with the knowledge of physical parameters, vibrational frequencies can be predicted!! Can you guess how does these predictions help a researcher?
· Hence, by forming  F and G matrices, vibrational frequencies can be deduced
· If the calculated values do not match with the observed values, then the values of the parameters chosen  to form F and G matrices need to be refined or changed in steps slowly 
· This way, it helps you to deduce the structure of the molecule under study
· Also,  the correctness of the assumed structure of the molecule can be checked 
· It may also give an idea about the change in environment of the molecule under study, because of which there is change in observed frequencies 
· On the other hand,  if you construct G-matrix by knowing masses of atoms, bond lengths and bond angles  and
· record vibrational spectrum of the molecule
· assign vibrational frequencies (ν) to various vibrations of the molecule
· hence, calculate λ values  for every vibration
· Using the secular equation, 
			|FG–λE| ≡ 0 
	Force constants can be deduced, which gives you an idea of bond nature and bond strength
	This require tedious computation by iteration technique in olden days. These days, with help of computers, you can achieve it faster, but with hard work. 
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