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E C2 v v’

1 1 1 1 z

1 1 -1 -1 Rz xy

1 -1 1 -1 x, Ry xz

1 -1 -1 1 y,Rx yz

C2v

A1

A2

B1

B2

222 ;; zyx

Characters of the irreducible representation
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A1 1 1 1

A2 1 1 -1

E 2 -1 0

z

Rz

(x,y),(Rx,Ry)

222 ; zyx 
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),( 22

yzxz

xyyx 
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
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
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
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

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 
3/2cos3/2sin

3/2sin3/2cos
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
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
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C3v E 2C3 3v

A1 1 1 1

A2 1 1 -1

E 2 -1 0

z

Rz

(x,y),(Rx,Ry)

222 ; zyx 

),(

),( 22

yzxz

xyyx 

Mulliken
symbol

1D A, B
2D  E
3D  T

1)( nC
1)( nC

A
B

Subscript 1,2 : C2 or v

Subscript g, u: i
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C2v Character Table 

C2v

A1

A2

B1

B2

E C2 v(xz)  v’(yz)  

1       1        1           1

1       1       -1          -1

1      -1        1          -1

1      -1       -1           1

z, x2-y2, z2, Tz

xy, Rz

x, xz, Ry, Tx

y, yz, Rx, Ty

C2v symmetry elements

grouped into classes

Mulliken symbol
for irreducible 
representation

single entry is 
a character 

entire row is a
representation orbital, function, or other 

spatial property
(each has a characteristic
representation)Rz - rotation about z

Tz - translation along z 

Note: no. of irreducible representations of a group = no. of classes
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C3v E 2C3 3v

A1 1 1 1

A2 1 1 -1

E 2 -1 0

z

Rz

(x,y),(Rx,Ry)

222 ; zyx 

),(

),( 22

yzxz

xyyx 

Mulliken
symbol

Basis:
Coordinates: x,y,z

R: rotation
px,py,pz

All the squares, 
binary products

d orbitals

Chem 104A, UC, Berkeley
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C2h E C2 i h _ _ 

Ag 1 1 1 1 Rz x2; y2; z2; xy 

Bg 1 -1 1 -1 Rx;Ry xz;yz 

Au 1 1 -1 -1 z

Bu 1 -1 -1 1 x;y

Chem 104A, UC, Berkeley
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E C2 v v’

1 1 1 1 z

1 1 -1 -1 Rz xy

1 -1 1 -1 x, Ry xz

1 -1 -1 1 y,Rx yz

C2v

A1

A2

B1

B2

222 ;; zyx

Basis

e. g. in C2v, the px orbital transforms as x, and is 
represented by the irreducible representation x.

Chem 104A, UC, Berkeley

r

z


3

2

1

r

x


3

2

1

r

y


3

2

1

In cartesian coordinates
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2

22225

4

1

r

yxz 


2

15

4

1

r

xz



Chem 104A, UC, Berkeley
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If application of a symmetry operation does not 
change the total energy but interconvert two 
orbitals, they must be identical, we call them 
degenerate orbitals

Co

Cl

Br

NH3

NH3NH3

NH3

Chem 104A, UC, Berkeley

px, py degenerate orbitals

Note: in the same round bracket

Co

Cl

Br

NH3

NH3NH3

NH3
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px, py : NOT degenerate orbitals

NOT bracketed together!

C===C

Cl

Cl

H

H

Chem 104A, UC, Berkeley

Properties of Character Table

C3v E 2C3 3v

A1 1 1 1

A2 1 1 -1

E 2 -1 0

z

Rz

(x,y),(Rx,Ry)

222 ; zyx 

),(

),( 22

yzxz

xyyx 
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A1 1 1 1

A2 1 1 -1

E 2 -1 0

z

Rz

(x,y),(Rx,Ry)

222 ; zyx 

),(

),( 22

yzxz

xyyx 

hli  64112

Irreducible representation
the sum of the squares of the dimensions of the irreducible 
representations of a group equals to the order of the group:

h= li2

Chem 104A, UC, BerkeleyC3v E 2C3 3v

A1 1 1 1

A2 1 1 -1

E 2 -1 0

z

Rz

(x,y),(Rx,Ry)

222 ; zyx 

),(

),( 22

yzxz

xyyx 

6)0(3)1(22:

6)1(3)1(21:

6)1(3)1(21:

222

222
2

222
1







E

A

AhRN
R

i  2)(

Irreducible representation
the sum of the squares of the characters multiplied by the number of 
operations in the class in any irreducible representation equals h.
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A1 1 1 1

A2 1 1 -1

E 2 -1 0

z

Rz

(x,y),(Rx,Ry)

222 ; zyx 

),(

),( 22

yzxz

xyyx 

0)()(  RRN j
R

i  for ij.

0)0)(1(3)1)(1(22)1(:2 EA

Irreducible representation
Irreducible representations are orthogonal to each other.

Chem 104A, UC, BerkeleyC3v E 2C3 3v

A1 1 1 1

A2 1 1 -1

E 2 -1 0

z

Rz

(x,y),(Rx,Ry)

222 ; zyx 

),(

),( 22

yzxz

xyyx 

Irreducible representation
A totally symmetric representation is included in all groups 
with characters of 1 for all operations.
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E C2 v v’

1 1 1 1 z

1 1 -1 -1 Rz xy

1 -1 1 -1 x, Ry xz

1 -1 -1 1 y,Rx yz

C2v

A1

A2

B1

B2

222 ;; zyx





































































100

010

001

100

010

001

100

010

001

100

010

001

211}1,1,1,3{ BBA 

Reducible

Irreducible

Chem 104A, UC, Berkeley

Much of the group theory to solve real problems (including 
molecular vibration) involves generating a reducible representation 

and then reducing it to its constituent irreducible representation.

Reduction Formula:

Number of times an irreducible representation occurs in the reducible 
representation = 

N
h I

classallover
R



1
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Chem 104A, UC, BerkeleyC3v E 2C3 3v

A1 1 1 1

A2 1 1 -1

E 2 -1 0

z

Rz

(x,y),(Rx,Ry)

222 ; zyx 

),(

),( 22

yzxz

xyyx 

 4            1               -2

EA  22
1]30)2(2)1(1124[

6

1
#

2]3)1()2(211114[
6

1
#

0]31)2(211114[
6

1
#

2

1







Eof

Aof

Aof







Chem 104A, UC, Berkeley

Vibrational Spectroscopy

IR, 
Raman

<> 

SO2
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Vibrational Spectroscopy

IR: a photon of IR radiation of frequency v is absorbed 
and molecules/solids are promoted to higher vibrational 
states. For this absorption to occur, the energy of the 
photon must match the energy separation.

E

m

k

vEv







)
2

1
(

Chem 104A, UC, Berkeley

Raman spectroscopy: a photon of frequency v0 is scattered 
inelastically, giving up a part of energy and emerging from the 
sample with a lower frequency v0-vi, where vi is the vibrational 
frequency of the molecule. 

E v0

v0-vi
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Group theory is instrumental in predicting the vibrational spectra of 
molecules, or conversely from spectra to molecular geometry.

A nonlinear molecule with N atoms has 3N-6 vibrational  modes 
(3N-5 if linear): normal modes of vibration

How many vibration modes for XeF4?

Molecule
or Atom

Geometry
Number of
Vibrational 

Modes

Average
Molar Energy

Molar
Cv

Ar point 3N - 3 = 0 3RT/2 + 0 + 0 = (3/2)RT (3/2)R

H2 linear 3N - 5 = 1 3RT/2 + 2(½RT) + (1)RT = (7/2)RT (7/2)R

CO2 linear 3N - 5 = 4
3RT/2 + 2(½RT) + (4)RT = 

(13/2)RT
(13/2)R

H2S non-linear 3N - 6 = 3 3RT/2 + 3(½RT) + (3)RT = (6)RT (6)R

CH4 tetrahedral 3N - 6 = 9 3RT/2 + 3(½RT) + (9)RT = (12)RT (12)R

C4H10 non-linear 3N - 6 = 36
3RT/2 + 3(½RT) + (36)RT = 

(39)RT
(39)R

C6H6 cyclic 3N - 6 = 30
3RT/2 + 2(½RT) + (30)RT = 

(65/2)RT
(65/2)R

Chem 104A, UC, Berkeley

E C2 v v’

1 1 1 1 z

1 1 -1 -1 Rz xy

1 -1 1 -1 x, Ry xz

1 -1 -1 1 y,Rx yz

C2v

A1

A2

B1

B2

222 ;; zyx

Basis

e. g. in C2v, the px orbital transforms as x, and is 
represented by the irreducible representation x.



17

Chem 104A, UC, Berkeley

Important relationship between symmetry & Vibrations

Each normal mode of vibration forms a basis for an irreducible 
representation of the point group of the molecule.

Bend

Symmetric Stretch

Anti-symmetric 
stretch

xy

B1

Chem 104A, UC, Berkeley

Can the symmetry of the normal vibration mode
be determined without any previous 

knowledge of the actual forms of the modes?
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Vibrational Spectroscopy

To find out the symmetry of all possible molecular motions, 
Step 1. use x, y, z  coordinates at each atom as a basis to generate a 
reducible representation of the group.

O

H H

z1

y1

x1 z2z3

y2y3

x2x3

Chem 104A, UC, Berkeley

O

H H

z1

y1

x1 z2z3

y2y3

x2x3

For E:


































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

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


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

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

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









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

































3

3

3

2

2

2

1

1

1

'
3

'
3

'
3

'
2

'
2

'
2

'
1

'
1

'
1

1

1

1

1

1

1

1

1

1

z

y

x

z

y

x

z

y

x

z

y

x

z

y

x

z

y

x

0

0

9E
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O

H H

z1

y1

x1 z2z3

y2y3

x2x3

For C2:

0

0





























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
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
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



































































3

3

3

2

2

2

1

1

1

'
3

'
3

'
3

'
2

'
2

'
2

'
1

'
1

'
1

01

01

01

10
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10

1

1

1

z

y

x

z

y

x

z

y

x

z

y

x

z

y

x

z

y

x

0

0

12 C
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O

H H

z1

y1

x1 z2z3

y2y3

x2x3

For v:

0

0 







































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

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

































































3

3

3

2

2

2

1

1

1

'
3

'
3

'
3

'
2

'
2

'
2

'
1

'
1

'
1

1

1

1

1

1

1

1

1

1

z

y

x

z

y

x

z

y

x

z

y

x

z

y

x

z

y

x

0

0

3)( xzv

0

0
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1

3
)('

)(




yzv

xzv









General rules:

1. A nonzero entry appears along the diagonal 
of the matrix only for an atom that does not 
change position upon symmetry operation.

2. If the atom position changes,  0 is entered.
3. If the atom position unchanged and the vector 

direction is unchanged: enter 1
vector direction reversed: enter -1

O

H H

z1

y1

x1 z2z3

y2y3

x2x3

Chem 104A, UC, Berkeley
C2v E C2 v v’

3N 9 -1 3 1

Step 2.  Reduce the reducible representation into the irreducible 
representation for the group. (Use reduction formula) 

N
h I

ssoverallcla
R1

#  =
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2]1111)1(31)1()1(119[
4

1
#

3]1)1(11131)1()1(119[
4

1
#

1]1)1(11)1(311)1(119[
4

1
#

3]11111311)1(119[
4

1
#

2

1

2

1









Bof

Bof

Aof

Aof









21213 233 BBAAN 

N
h I

ssoverallcla
R1

Chem 104A, UC, Berkeley

11

2122112121

3

2......

)()()233(......

BA

BBABBABBAA
rotationntranslatioNvib






B1
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112 BAvib 

Activity rule:
A vibration is IR active if it belongs to the same 
irreducible representation as x, y, z (i. e. it involves a 
change in dipole moment).
A vibration is Raman active if it belongs to the same 
irreducible representation as a binary product (xy, xz, 
yz, z2, x2,y2){component of polarizability tensor).

Chem 104A, UC, Berkeley

In IR spectroscopy, the molecule interacts with the oscillating electric 
fields of the light and for energy to be transferred,

the dipole moment of the molecule must change during the 
vibration for the vibration to be seen in the IR spectrum

This rule (selection rule) controls the number of bands seen in the IR 
spectrum.

asym occurs at 2349 cm-1.



23

Chem 104A, UC, Berkeley

sym occurs at 3652 cm-1

asym occurs at 3756 cm-1

Chem 104A, UC, Berkeley

When light is scattered inelastically from the molecule, the light interacts with the 
molecule by distorting the electron cloud surrounding the molecule to produce a 

dipole. The ease with which the electron cloud can be distorted is called the 
polarizability. For the distortion to produce a dipole, the polarizability of the 
molecule must change during the vibration. The selection rule for Raman 

spectroscopy is,
the polarizability of the molecule must change during the vibration for the 

vibration to be seen in the Raman spectrum


