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4.0 OBJECTIVES

After studying this unit, you will be able to

• describe electronic spectra of diatomic molecules

• know about vibronic transitions and Franck Condon Principle

• discuss energy levels, molecular orbitals and electronic spectra of polyatomic

molecules

• derive electronic energy states of Diatonic as well as Polyatomic molecules.

• discuss various electronic transitions & selection rules for them.

• know about Chromophore and Auxochrome.

• know about Red Shifts and Blue Shifts.

• describe electronic spectra of transition metal complexes

• know charge transfer spectra

• know about Beer-Lambert’s law

• explain solvent effect on electronic transition

• describe Ultraviolet bands for carbonyl compounds, conjugated dienes and polyenes,

Aromatic compounds, Heterocyclic compounds etc.

• know   about Fisher-Woodward Rules for calculation of max for various types of

organic compounds.

4.1 INTRODUCTION

In this region the transition are associated with the electronic energy

levels of the compounds. Changes in electronic energy involve relatively large quanta, so

there are simultaneous changes in the vibrational and rotational changes of the molecule.

Consequently, the electronic spectra should be more complicated.
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There are many closely spaced sub levels which make the electronic spectra of even

gaseous polyatomic molecules to appear as broad absorption bands. In case of simple gaseous

molecules, the fine structure obtained by the use of high resolution spectrometers, has been

thoroughly studied.

The electron in a molecule can be excited from an occupied molecular orbital to an

empty or partially filled molecular orbital. This constituted what is known as electronic

transition. The radiation required for the electronic transition lies in the visible or ultraviolet

region. A molecule in each stable electronic level can execute vibrational and rotational

motions. The total energy of the molecule is given as :

total e v rE E E E  

The electronic transitions are accompanied by changes in vibrational and rotational

energy levels. The vibrational transitions appear as the coarse structure where as rotational

transition as the fine structure.

By the study of such highly resolved electronic spectra of simple molecule one can

set quantitative idea of different excited electronic states of the molecule and vibrational

rotational structure of spectrum can be used for calculation of bond distances, force constants

and bond energies in the ground and excited states.

Most of the measurements in chemistry are made in solution. In solution

spectra, vibrational and rotational structures are lost and only broad absorption peaks result.

The electronic spectra of molecules are found in the wavelength range 1000-8000 Å

of the electromagnetic spectrum. The visible region corresponds to the range of wavelength

between 4000 - 8000 Å. The ultraviolet region is subdivided into two spectral regions. The

region between 2000 and 4000 Å is known as near ultraviolet region and region below 2000

Å is called the far or vacuum ultraviolet region. Commonly used units in this region are

angustrum Å (10–8 cm) nm (10–7 cm) and wave number (cm–1)

4.2 ELECTRONIC SPECTRA OF DIATOMIC MOLECULES

As a first approach to the electronic spectra of diatomic molecules, we may use the

Born Oppenheimer approximation in the present context written as

  total electronic vibration rotationE E E E

It implies that the electronic, vibrational and rotational energies of a molecule are

completely independent of each other. A change in the total energy of a molecule may then

be written as :

      total electronic vibrational rotationE E E E J

or        –1
. .total elec vib rot cm

The approximate order of magnitude of these changes are :

      3 6
. . .10 10elec vib rot
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So the vibrational changes will produce a coarse structure and rotational changes a

fine structure on the require of electronic transitions. The pure rotational spectra are shown

only by molecules possessing a permanent electric dipole moment, and vibrational spectra

require a change of dipole moment during motion, electronic spectra are given by all

molecule since changes  in the electron distribution in a molecule are always accompanied

by a dipole change. It means that homonuclear molecules (e.g. H2, N2 etc.) which show no

ratational or vibration rotational spectra, do  give an electronic spectrum and show a

vibrational and  rotational structure in their spectra from which rotational constants (B) and

bond vibration frequencies (e ) may be derived.

4.3.1 Vibrational  Coarse  Structure  Progression

Ignoring rotational changes means that we rewrite the equation (1) as :

. .total elec vibE E E J  or     1
. .total elec vib cm

or
 

     
 

 
2

1
.

1 1
( )

2 2total elec e e ev w x v w cm

(v 0, 1, 2.....)

The energy levels of this equation are shown in the figure given below for two arbitrary
values of elec.

1

2

3

4

5
6

v"=0 — ´ electric

v"=0 — ´ electric

0.0       1.0        2.0      3.0      4.0     5.0    6.0

cm–1

Fig.  4.1  :  The  vibrational  ‘coarse’  structure  of  the  band  formed  during  electronic

absorption  from  the  ground  (v”=0)  state  to  a  higher  state.
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The lower states are distinguished by a double prime (v”,  elec.) while the

upper states carry only a single prime (v´, ´elec). The spacing between the upper vibrational

levels is deliberately shown to be rather smaller than that between the lower; this is the

normal situation since an excited electronic state usually corresponds to a weaker bond in

the molecule and hence a smaller vibrational wave number e .

There is essentially no selection rule for v when a molecule undergoes an electronic

transition i.e. every transition v v   has same probability and a great many spectral lines

would, therefore, be expected. However the situation is considerably simplified if the

absorption spectrum is considered from the electronic ground state. In this case, virtually

all the molecules exist in the lowest vibrational state, i.e. 0v  , and so only transitions to be

observed with a appreciable intensity are those indicate in the above figure. These are

conventionally labelled according to their ( ,v v  ) numbers (note: upper state first); that is

(0, 0) (1, 0), (2, 0), (3, 0), (4, 0) (5, 0) & (6, 0)   Such a set of transitions is called band, since

under low resolution, each line of the set appears somewhat broad and diffuse, and is more

particularly called v  progression since the value of v´ increases by unity for each line in the

set. The diagram shows. that the lines in a band crowd together more closely at higher

frequencies; this is direct consequences of anharmonicity of the upper state vibration which

causes the excited vibrational levels to converge.

An analytical expression can easily be written for this spectrum.

      total elec vib

   
2 2

1
.

1 1 1 1
´ ´´ ´ ´ ´ ´ ´ ´´

2 2 2 2
spec e e e e e ev v x v v x v cm




                                        
             

Provided some half dozen lines can be observed in the band, values  for   , ,e e ew x w

and ex  as well as the separation between the electronic states    –  can be calculated.

Thus the observation of band spectrum leads not only to values of the vibrational frequency

and an harmonicity constant in the ground state   &e ew x , but also to these parameter in

the excited electronic state   &e ew x . This latter information is particularly valuable since

such excited states may be extremely unstable and the molecule may exist in them for very

short times, nonetheless the band spectrum can tell us a great deal about the band strength

of such species.

The molecule normally have excited electronic energy  levels, so that the whole

absorption spectrum of a diatomic molecule will be more complicated than the above figure

(4.1) suggests. The ground state can usually undergo a transition to several excited states

and each such transition will be accompanied by a band spectrum similar to fig. (4.1)
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4.3 VIBRONIC TRANSITIONS AND VIBRATIONAL PROGRESSION

Franck  Condon  Principle

Although quantum mechanics imposes no restrictions on the change in the vibrational
quantum number during an electronic transition, the vibrational lines in a progression are
not all observed to be of the same intensity. In some spectra the (0, 0) transition is the
strongest, in others intensity increases to a maximum at some value of v´, while in yet others
only a few vibrational lines with high v´ are seen, followed by a continuum. All these types
of spectrum are readily explained in terms of the Franck Condon Principle. It states that an
electronic transition takes place so rapidly that a vibrating molecule does not change its
internuclear distance appreciably during the transition.

The variation of energy of a diatomic molecule with internuclear distance is shown
by Morse curve, which represents the energy when one atom is considered fixed on the r =
0 axis and the other is allowed  to oscillate between limits of the curve. Classical theory
would suggest that the oscillating atom would spend most of its time on the curve at the
turning point of its motion, since it is moving most slowly there, quantum theory while
agreeing with this for high values of the vibrational quantum number, shows that for v = 0
the atom is mot likely to be found at the centre of its motion, i.e., at the equilibrium
internuclear distance,  req . For v = 0, 1, 3 ... the most probable positions steadily approach
the extremities until for high v, the quantum and classical  picture merge.  This behaviour is
shown in Fig. (4.2) where we plot the probability distribution in each vibrational state against
internuclear distances. Fig. (4.2) shows the variation of 2 with internuclear distance, r where

 is the vibrational wave function.

=4

=3

=2

=1

=0

req

Energy

0

Fig.  (4.2)  The  probability  distribution  of  a  diatomic  molecule  according  to  the

quantum  theory.  The    nuclei  are  most  likely  to  be  found  at  distances  apart  given  by

maxima  if  the  curve  for  each  vibrational  state.

If a diatomic molecule undergoes a transition into an upper electronic state in which
the excited molecule is stable with respect to dissociation into its atoms, then we can represent
the upper state by a Morse curve similar in outline to that of ground electronic state. There
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will probably ( but not necessarily) be differences in such parameters as vibrational frequency,
equilibrium internuclear distance or dissociation energy between the two states, but this
simply means that we should consider each excited molecule as new, but rather similar
molecule with a different, but also rather similar, Morse curve.

Figure (4.3) shows three possibilities.  In (a) we show upper electronic state
having the same equilibrium internuclear distance as the lower, now the Franck Condon
Principle suggests that a transition occurs vertically on this diagram, since the internuclear
distance does not change. So, if we consider the molecule to be initially in the ground state
both electronically (´´) and vibrationally (v´´=0). Then the most probable transition is that
indicated by vertical line in figure (4.3 a)

Thus the strongest spectral line of the v´´=0 progression will be the (0, 0).
However, the quantum theory only says that the probability of finding the
oscillating atom is greatest at the equilibrium distance in the v = 0 state it allows some
though small, chance of the atom being near the extremeties of its vibrational motion. Hence,

there is some chance of the transition starting from the ends of the 0v   state and finishing

in the 1,2v   etc. states. The (1, 0),  (2, 0) etc. lines diminish rapidly in intensity, however as

shown at the foot of fig. (4.3 a)

Energy

       

0

        

0

(a) cm–1 (b) cm–1   (c) cm–1

(Fig.4.3)    The  operation  of  Franck  London  Principle  for  (a)  internuclear

distances equal  in upper and  lower states  (b) upper states  internuclear distance a  little

greater  than  that  in  the  lower  state,  and  (c)  upper  state  distance  considerably  greater.
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In Fig. (4.3 (b)) we show the case where the excited electronic state has a slightly

geater internuclear separation than the ground state. Now a vertical transition from 0v 

level will most likely occur into the upper vibrational state 2v  , transitions to lower and

higher v  states being less likely; in general the upper state most likely reached will depend

on the difference between the equilibrium separations in the lower and upper states.

In figure (4.3 (c)) the upper state separation is drawn as considerably greater than

that in lower state and we see that firstly, vibrational level to which a transition takes place

has a high v´ value. Further, transition can now occur to a state where the excited molecule

has energy in excess of its own dissociation energy. From such state the molecule will

dissociate without any vibrations and since the atoms which are formed may take up any

value of kinetic energy, the transition are not quantized and a continuum results. This is

shown at the foot of the figure.

4.4 ENERGY  LEVELS,  MOLECULAR  ORBITALS  AND  ELECTRONIC

SPECTRA OF POLYATOMIC MOLECULES

All organic compounds are capable of absorbing electromagnetic radiation because

all contain valency electrons that can be excited to higher energy levels. The excitation energies

associated with electrons forming most single bonds are high.

Thus absorption by this type of electron is restricted to the vacuum ultraviolet region

(180 nm) where components of air also absorb strongly. The vacuum ultraviolet region

(below 200 nm) is so named because the molecules of air absorb radiation in this region.

Absorption of longer wavelength  ultraviolet and visible radiation is restricted to  a limited

number of functional groups, called chromophores. These contain valency electrons with

relatively low excitation energies. The electronic spectra of polyatomic organic molecules

containing chromophore are complex because of superposition  of vibrational transitions

on the electronic transitions and this leads to spectra made up of an intricate combination

of overlapping series of lines.

As a result, a broad band of continuous absorption is obtained. Due to absorption of

UV radiation by a molecule, there occurs changes in the electronic energy of the molecule

resulting in the transition of valency electrons in the molecule. These transitions consists of

excitation of an electron from an occupied molecular orbital (usually a non bonding p or

bonding  orbital) to the next higher energy orbital (an antibonding, * or  * orbital).

The electrons that contribute to absorption characteristics of an organic

molecule are

(a) Those that participate directly in bond formation between atoms and thus are

associated with more than one atoms.

(b) Non bonding or unshared outer electrons that are largely localized about such

atoms as oxygen, sulphur, nitrogen and halogens.

Hence three different types of electron may be present in organic molecules.
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(a) Sigma () electrons : The electrons associated with saturated bonds are known

as -electrons. Such electrons remain localised between the nuclear configuration in the

direction of the inter nuclear axis. Thus  electrons are located in  bonds.

For example, the electron in single valency bond between C—C, C -H, O—H etc are

-electrons. Single valency bond between two carbon atoms as found in saturated

hydrocarbons also contain  electrons. The  electrons are tightly held and the energy of

ultraviolet or visible region is not sufficient to overcome this attraction. That is, the amount

of energy produced by ultraviolet and visible radiation is insufficient  to excite electrons in

-bonds.

Hence compounds containing -bonds do not absorb in UV region. For example

saturated hydrocarbons are transparent in the near ultraviolet region and can thus be used

as solvent. Saturated paraffin like hexane have actually been used as a solvent in UV

spectroscopy.

(b) Pi () electrons : These electrons are involved in unsaturated compounds such

as alkenes, alkynes and aromatic compounds. Such electrons are localised in a direction

perpendicular to the internuclear axis. Thus electrons in  C = C ,  —C C—, C = O

& —C  N are -electrons. Since - bonds are weak bonds, the energy produced by UV

radiation can excite -electron to higher energy level.

(c) Non  bonding  (n)  electrons  :

n-electrons which are less tightly held than -electrons found on atoms such as N, O,

S and X ( = F, Cl, Br, ). Such electrons are known as non bonding electrons because they are

not involved in bonding between the atoms in molecules. Such n-electrons can be excited

by UV radiation.

Covalent bonding occur because the electrons forming the bond move in the field

about two atomic centres in such a way as to minimize the repulsive coulombic forces

between these centres. The non localised field between atoms occupied by bonding electrons

are called molecular orbitals which result because of overlap of atomic orbitals. When two

atomic orbitals combine, either a low energy bonding molecular orbital or high energy

antibonding molecular orbital results. In the ground state of the molecule, the electrons

occupy low energy bonding molecular orbital.

The molecular orbitals associated with the single bonds in organic molecules are

called sigma () orbitals and the corresponding electrons are -electrons.

Many molecules contain electrons that are not directly involved in the bonding and

these electrons are known as non bonding or n-electrons. Both  and  n-electrons are less

tightly held than - electrons. Thus  and n electrons require less energy than that required

by -electrons. The non bonding (n) electron require less energy than that required by -

electrons. Thus energy needed for promoting an electron follows the order :  >  > n.
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The non bonding (n) electron can undergo two types of transition. These are

*n  and 
*n

That is, an n-electron is promoted to an excited *  electron (antibonding) and in the

second case n-electron is promoted to an excited *  state. Examples if two types of transition

are

C = O C = O n *

R — O — R R — O
n *

 Represents the excited electron. Absorption although at a longer wavelength than

the saturated hydrocarbons, occurs below 200 nm. Therefore, ethers, disulfides, alkyl halides,

and alkyl amines are classified as transparent to ultraviolet light.

The electron distribution in - and - molecular orbitals is shown as

       

Fig.  (4.4)

In the ground state, ethylenic double bond consists of a pair of bonding -electrons

and a pair of bonding -electrons. In other words, an unsaturated bond contains four

electrons, two of which - electrons and two are - electrons. Among these the -electrons

are the easiest to excite. The transition of a - electrons results in the absorption in the UV

region or visible region.

            

Fig.  (4.5)

[  and *  orbital  of ethylene.  (a)  bonding -orbitals.  Both -electrons  occupying

bonding  orbitals.  (b)  Antibonding *  orbitals.  One -  electron  in  bonding  orbital  and

one -electron  in  antibonding  orbital.]
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On absorbing ultraviolet radiation near 165 nm, one of the bonding - electrons is

raised to the next higher energy orbital, an antibonding -orbital. The orbitals occupied by

two -electrons in the ground state and excited state are shown in the above figure.

The antibonding -electron no longer contributes appreciably to the overlap of C to

C bond. In fact,  it  negates the bonding power of the remaining unexcited

-electrons.  The olefinic double bond has considerable single bond character in the excited

state.

In addition to  and  electrons we also need to consider the non bonding (n) electrons

in a molecule. The unshared electrons are designated by the symbol n. For example,

formaldehyde (HCHO) contains all the three type of electrons.

H C O : n
 



H


The energies for the varies types of molecular orbitals differ significantly as shown in

the figure given below :

E

(Fig. 4.6) Electronic energy levesl

It is known that ultraviolet energy is quantized. Hence the absorption spectrum arising

from a single electronic transition should consist of a single discrete or discontinuous line. A

discrete line is not obtained because electronic absorption is superimposed on rotational

and vibrational levels.  It has been observed that spectra of simple molecules in the gaseous

state consists of narrow absorption peaks, each representing a transition from a particular

combination of vibrational and rotational levels in the electronic ground state to the

corresponding combination in excited state. It is shown in the figure where vibrational

levels are designated as v0, v1, v2, v3 --
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Ev4

Ev3

Ev2

Ev1

Ev0

Electronic 

excited 

state

Electronic 

ground 

state

Gv1

Gv0

Fig.(4.7)  Energy  level  diagram  of  a  diatomic  molecule

At ordinary temperature, most of the molecules in the electronic ground state are

expected to be in zero vibrational level (Gv0). As a result there will be many electronic

transitions from this level. In molecules containing more atoms, the multiplicity of the

vibrational sublevels and closeness of their spacings cause the discrete bands to coalesce

and hence broad absorption bonds are obtained.

Generally, energy level of non bonding electron lies in between those of the bonding

and the antibonding orbitals. Electronic transitions among certain of the energy levels can

be brought about by the absorption of radiation. The promotion  of an electron e.g. from a

- bonding orbital to an antibonding * orbital is designated as *. The  n * transition

requires less energy compared *   or * transition. As n-electrons do not form bonds,

there are no antibonding orbitals associated with them.

There are four important types of transition :

(a) *

(b) *n

(c) * 

(d) *n 

 The energies required for various transitions are in the order :

* n * * n *        
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Table  (4.1)

Re

*
200

*

* 200

* 300 600

Transition gion Wavelength

Far ultraviolet nm

n Ultraviolet nm

n Near UV and visible nm

 


 

 

 

(1)      transition  :

The transition of an electron from bonding  - orbital of a molecule to the higher

energy antibonding  *  orbital is designated as  *   transition. The energy required for

this transition is very high, because  -bonds are strong bond.

These transitions can occur in such compounds in which all the electrons are involved

in sigma bonds and there are no lone pair of electrons. For example, in alkanes or saturated

hydrocarbons in which valency shell or outermost shell electrons are involved in single

bonds, this is the only transition available. These transitions require very high ultraviolet

light of very short wavelengths ~ 150 nm.  Such transitions are studied in vacuum ultraviolet

region since below 200 nm oxygen present in the air begins to absorb. Saturated

hydrocarbons are transparent in the near ultraviolet region and hence can be used as a

solvent.

e.g. Methane (CH4)  contains only single C—H bonds and thus undergoes

* transitions and exhibits maximum (max)  at 125 nm.  Ethane (C2H6) has an absorption

peak at 135 nm which must also arise from a *   transition but here electrons of C—C

bonds are also involved.

In far or vacuum ultraviolet region (< 200 nm), oxygen present in the air beings to

absorb strongly. So in order to study such high energy  *   transitions, the air must be

evacuated from the instrument, especially in case of saturated hydrocarbons.

(2) *n   transition  :

Saturated compounds containing atoms with unshared electron pairs (such as O, N,

S or X) or non bonding electrons are capable of *n  transition. The *n  transition

needs less energy than the *  transitions but majority of compounds in this class do

not show absorption in the near ultraviolet.

Such transition can be brought about by radiation in the region of 150-250 nm with

most absorption peaks appearing below 200 nm.

Alcohols (
..

..
— —R O H ) and ethers ( 

..

..
— — ´R O R ) absorb at wavelengths shorter than

185 nm and therefore commonly used for work in the near ultraviolet region. When these
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compounds are used as solvents, the intense absorption extends into the near ultraviolet

producing end absorption or cut off in 200-250 nm region.

Sulphides, disulphides, thiols, amines, bromides and iodides may show weak
absorption in the near ultraviolet.

(3)   *    transition  :

 It corresponds to the promotion of an electron from a bonding  orbital  to an

antibonding *  orbital and available in compound with unsaturated centres such as simple

alkenes, alkynes, aromatics, carbonyl compounds etc.

In a simple alkene, although several transitions are available, the lowest

energy transition is the *   transition about 170-190 nm in unconjugated alkenes, is

due to this transition. Ethylene in vapour phase absorbs at max 165 nm   due to * 

transition. The intensity of olefinic bond s independent of the solvent due to non polar

nature of double bond.

Bands attributed to *   transitions are also called k-bands and these appear in

the spectra of molecules that have conjugated   systems such as butadiene or mesityl
oxide. Such transitions also appear in the spectra of aromatic molecules possessing

chromophoric substitution styrene, benzaldehyde or acetophenone. These transitions are

usually characterized by high molar absorptivity, max .

(4) *n n   transitions  :

Bands attributed to *n   transitions are also known as R-bands. In *n 

transition an electron of unshared electron pair on a hetero atom such as O, N or S is excited

to *  antibonding orbital. This transition involves least amount of energy  than all the

transitions and hence this transition gives rise to an absorption band at longer wavelengths.

The *n   transitions exhibit a weak band in their absorption spectrum. In saturated

ketones, the *n  transition around 280 nm is the  lowest energy transition. This transition

(
*n ) is forbidden by symmetry consideration. Thus the intensity of the band because of

*n  transition is low, although the wavelength is high. Saturated aldehydes and ketones

exhibit an absorption of low intensity ( max  low around 285 nm because of   *n  transition

and an absorption of high intensity around 180 nm which is due to *   transition.

4.5 ELECTRONIC ENERGY STATES OF DIATOMIC MOLECULES

The arrangement of the individual electrons in a given electronic state of a molecule

can be described by the individual electron descriptions that are based on the correlation

diagram. If the molecule is composed of like atoms (Homonuclear) the separated atom

designation for the orbitals is more revealing and is used. For heteronuclear molecules the

united atom designation is used.
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As for atoms, the electronic state of the molecule depends upon the net or total

electronic arrangement. Various electronic states can arise from a given electronic

configuration i.e. from a given description of the electrons considered one at a time. The

electronic arrangement of the molecule as a whole can best be characterized by the net

orbital angular momentum component along the internuclear axis and the net electronic

spin angular momentum along this axis.

For diatomic molecules there is qantized orbital angular momentum designated by

l. The z-component of it  is taken along the internuclear axis and is denoted by lz. But the

absolute value of lz is designated by  | |zl  and the state of the electron is designated by

greek letters

   

 

0 1 2 3 .....

0 1 2 3....
zFor l

and symbols  :         

The significance of  is that the axial component of the orbital angular momentum

equal .
2

h



.

The total orbital angular momentum of several electrons in a molecule is

discussed in terms of quantum number ,L l  1l  , ----- etc. and the axial component is

denoted by  . Since all individual i  lie along he internuclear axis their summation is

   i ...(4.1)

The state are designated by capital Greek lettes

 

   

0 1 2 3 4 ....

....

For

States symbols are

In using equation (1) the individual i  may have the same or opposite directions but

all the possible combinations which give a positive  should be considered. This for  -

electrons ( 1 21, 2    );

  0 , 2; i.e. and state  .

The total spin angular momentum is given by  1
2

h
S S 


; where the total spin

quantum number S is

S Si ,   1Si  ,  ---

The spin multiplicity of a state   is  2S + 1 and is indicated as left superscript to the

state symbols.
The total angular momentum in general is strongly coupled to the axis. This

component of the total angular momentum along the molecular axis may have the values
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S  ,   1S  .... S   and is written as right hand subscript to the state symbol. Its

absolute value is denoted by . Then term symbols for molecular state is thus written as

2 1S


  .

In molecules with centre of symmetry molecular states are given a subscript ‘g’ or ‘u’
according to whether the total molecular orbital wave function is
symmetrical (g) or unsymmetrical (u).

In a non degenerate state (e.g.   state) wave function   either remains

unchanged  or changes sign when reflected at any plane passing through both
nuclei.

The former is  - state and the latter is –  state.

Thus 
2He  and 

2He  have electronic configurations     
2 1

1 1g u   and     
2 2

1 1g u

corresponding to the term states as 2
u
  and 

1
g
  respectively. Similarly AlH in the ground

state and first excited state configurations are    
2 2

3 3KL P  and        
2 1 1

3 3P 3KL

corresponding to term state 1   for the ground state and 1
1 , 3

3/2 , 3
1/2  for the excited

states.

Some examples of descriptions used for electronic states are :

Table-4.2

      

     

     

   

   

   

     

  

  



  

  

   
 

    

  

  



2 1 11 1 3
2

2 1 11 1 3
2

2 22 2
41 1 1

2 2 1 14 4

1 1 1 ,

2 2 2 ,

2 2 2 2
,

2 2 2 2 2

g g g u u

g g g u u u

g g

g g u

u g g g

Ground Term Frist Term
Molecule

configuration state excited configuration state

H S S u S

Li KK S KK S S

KK S u S KK S S
N

P P u P P P

LiH      

           

  

  

  

       

  

  

2 1 11 1 3

2 2 1 2 1 2 4 2

2 2 2 ,

2 2 2 2 2 2 2 ,2 , 2 ,

K S K S P

CH K S S P K S P P

Thus we can describe in terms of angular momenta the defferent electronic states

that can be expected for a given molecule. And with the aid of the correlation diagrams, we

can tell, although only approximately, the order  of these states on an energy scale.
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4.6 ELECTRONIC STATES OF POLYATOMIC MOLECULE

The electronic states of a molecule can be obtained by the successive building up of

the molecule called the building up principle in three different ways :

1. Molecules may be built up by starting out from a united atom or molecule, i.e.

the internuclear distance is diminished to zero.

2. Building up of the molecule from the separated constituent atoms or group of

atoms; i.e. the internuclear distance is increased to infinity.

3. Molecules may be built from its actual configuration of lower symmetry.

1. United atom  method:

In this method a zero nuclear separation (i.e.  a hypothetical situation) is

assumed. Such an atom called united atom has the same number of electrons as the molecule.

For example, CH4, NH3, H2O, HF with point groups Td, C3v, C2v and C v respectively

corresponds to the united atom of Ne. In the united atom, Ne the possible states of an

electron are defined by quantum number n and l. If the united atom is split into the molecule,

the possible electronic states of the molecule are same as that of the united atom placed in

electric field of symmetry Td, C3V, C2V or CV as the case may be. This means that electrons

produce an average electric field of molecular symmetry around the united atom resulting

in space quantization and thus give an orbital angular momentum of the electron about the

internuclear axis. However, the spin orbit coupling is assumed to be not very large in the

molecule so that molecular electronic states corresponding to a given state of a united atom

can be derived.

The united atom ( or molecule) has, in general, higher symmetry than the molecule

considered; e.g.

C = O

H

H

O2 S

Let the unite atom belong to point group P and molecule to point group Q. Reduction

of irreducible representation (IR) of the united atom to the irreducible representation (IR)

of  the molecule will give molecular electronic states. This resolution  is  done in the following

manner :

1. Write down the character table of point group P and Q side by side and compare

the symmetry operation on the two tables.

2. Detect those symmetry operations and characters not common to point group

P and Q.

3. For non degenerate irreducible representation (IR), find out by comparison what

characters of P and Q are same. Similar IR in these two point groups are the

similar electronic states for two symmetries.
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4. The degenerate representation of P are no longer the IR of Q and are resolved

by the reduction formulae

1
M M iNi n x x

g
 

where g is the number of elements in a point group, nM the number of elements in

each class, xi the character of the electronic type, Ni the number of times the  character xi of

the  electronic type appear in xM. Summation extends over all classes of the group.

For example, let us consider CH4 in which one of hydrogen is replaced by

deuterium. The point group of ordinary and isotopic molecules are Td and C3v respectively.

Common symmetry operation to both point groups are E, C3, V only. Thus the reduced

character tables are :

     Table (4.3)          Table (4.4)









3

1

2

1

2

8 6

1 1 1

1 1 1

2 1 0

3 0 1

3 0 1

sTd E C

A

A

E

F

F

                







3 3

1

2

2 3

1 1 1

1 1 1

2 1 0

V vC E C

A

A

E

The three IR, A1, A2 and E of Td goes over to  to A1, A2 and E of C3V simply ,by

comparision. For triply degenerate states, splitting of F1 and F2 into C3V state is found as

follows :

F1  state :

 1 1
1

1.3.1 2.0.1 3 1 .1 0
6

F A       

  1 2
1

1.3.1 2.0.1 3 1 1 1
6

F A        

          1
1

1.3.2 2.0 1 3 1 .0 1
6

F E

F2 state :

2 1
1

1.3.2 2.0.1 3.1.1 1
6

F A      

2 2
1

1.3.1 2.0.1 3.1.( 1) 0
6

F A       
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      2
1

1.3.2 2.0( 1) 3.1.0 1
6

F E

So that, 1 2 2 1andF A E F A E   

A united atom will have a spherical symmetry, the nucleus of which becomes the

centre of symmetry and thus the molecular orbitals are g or u depending on whether united

atom il  are even or odd. Thus a  2S  orbital gives a g
  state and 2P  orbital gives a

u
  state and 2P  orbital gives a u state. Further, if the number of electrons in orbitals

are even, the resulting state will be g, if the number of electrons in orbitals are odd, the

resulting state will be u.

On these basis expected electronic state of CH4, NH3 and H2O are :

Table  (4.5)

+ + +

+ + +

+ + + + +

+ + + + +

+

4 3 3 2 2
2 2 6 1 1 1 1

1 1 1

2 2 5 1 3 3 3 3 3 3 3
2 1 1 1 2

1 1 1 1 1 1 1
2 1 1 1 2

2 2 5 1 3 3 3 3 3 3 3 3 3
2 1 1 2 1 2

11 1 1 1 1 1 1 1
2 1 1 2 1 2

3 3 3
1 2

( ) ( ) ( )

122

1 2 2 3

1 2 2 3 2 2

2 2

e v v

g

u

u

g

g

g

United atom N CH Td NH C H O C

s s p S A A A

s s p s P F A E A B B

P F A E A B B

s s p p D E F A E A A B B

D E F A E A A B B

P F A + +

+ + +

3 3 3 3
2 1 2

11 1 1 1 3 1
1 2 2 1 2

3 3 3 3
1 1 1

1 1 1 1
1 1 1

g

g

g

E A B B

P F A E A B B

S A A A

S A A A

The united atom gives rise to several molecular electronic states, which one would

be ground state of the molecule has to be confirmed by experimental

results.

For molecules containing more than one heavy atom, it is often of greater

interest to consider the correlation to the united  molecule than to the united

atoms.  For example, for H2CO  and C2H4, the united molecule is D2. The correlation between

various molecular states is given as :
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Table  (4.6)





  

  








2 2 2 4 2
2

3 – 3 3
2 1

1 1 1 1 1
1 2 1

1 1 1
1

3 3 3
1 1

1 – 1 1
2 1

3 3 3 3 3
1 2 1 1

( ) ( )V h

g g

g g g

g g

h u

u u

u u u

United molecule
H CO C C H D

O

A B

A A A B

A A

A B

A A

A A A B

Formaldehyde (H2CO) with C2v symmetry the united molecule electronic

state  
1

g  is equivalent to the electronic states AA1+A2. This can be shown by reduction

formula as :

       1
1

2.1 2.1 0.1 0.1 1
4gA

         2
1

2.1 2.1 0( 1) 0( 1) 1
4gA

         1
1

2.1 2( 1) 0.1 0( 1) 0
4gB

        2
1

2.1 2(1) 0( 1) 0(1) 0
4gB

Thus 
1

g  electronic state of 2 1 2O A A   electronic states of H2CO.

4.7 ELECTRONIC TRANSITION AND SELECTION RULES

The following selection rules are predicted for electronic transition in

electron absorption spectroscopy.

1. Simultaneous excitation of more than one electron is forbidden.

2. Spin  selection  rule  : Transition between states of different spin multiplicity

(S.M. = 2S +1) is forbidden. That is, electronic transition in which the spin of an

electron changes are forbidden. The selection rule is S=0 i.e. only states of

same multiplicity combine with each other.

3. Laporte rule : In a molecule which has centre of symmetry, transition between
two gerade or two ungerade state (i.e. g  g or u  u ) are Laporte forbidden.
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The allowed transition are g  u  and u  g. That for allowed electronic transition
there must be change in parity.

The allowed transition gives intense band where forbidden transition results in weak
band. Thus the conclusion may be drawn as:

Table  -  (4.7)

Symmetry Spin  (multiplicity) Nature  of  bond

(i) allowed allowed very strong bond

(ii) forbidden allowed strong band

(iii) allowed forbidden weak band

(iv) forbidden forbidden very weak band

However, there may be failure of selection rules as well. For example

(i) d—p mixing (in case of tetrahedral complexes)

(ii) vibronic coupling (intensity stealing)

4.8 CHROMOPHORE AND AUXOCHROME

The coloured substances owe their colour to the presence of one or more unsaturated
linkages. These linkages or groups conferring colour on substances are called chromophores.
Typical examples of chromophores are C= C, C= O, N=N NO2 etc. .

A compound containing a chromophore is called a chromogen.

For example, nitro compounds are yellow in colour due to the presence of NO2 group

as chromophore. Azobenzene 6 5 6 5C H N N C H    has a chromophore

—N=N—. Hence it is coloured.

A saturated group with non bonded electrons which when attached to a chromophore,
alter both the wavelength as well as the intensity of the absorption is known as Auxochrome.

e.g 
..

..
—O H , 

..

2– N H , 
..

2– N R  
..

– N HR  etc. Auxochromes generally deepen the colour of

chromogen, but cannot by themselves impart colour to a compound Auxochromes are either
acidic or basic and usually salt forming  groups such as —NH2, — OH etc or solubilising
radicals such as —COOH or SO3H.

For example, benzene, having no chromophore is colourless, nitrobenzene having
—NO2 as  chromophore is pale yellow and p-nitroaniline having - NO2 as chromophore and
—NH2 as an auxochrome is dark yellow.

4.9 RED AND BLUE SHIFTS

Red  shift  or  Bathochromic  shift  :

It is shift of absorption maximum (max) towards shorter wavelength. It may be
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produced by a change of medium or by presence of an auxochrome. The bathchromic

groups, like primary,  secondary or tertiary amino groups, increase the colour.

Blue  shift  or  Hypsochromic  shift

It is shift of absorption maximum (max) towards shorter wavelength. This may be

caused by a change of medium and also by such phenomenon as the removal of conjugation.

For example, the conjugation of lone pair of electrons on the nitrogen atom of aniline with

the -bond system of benzene ring is removed on protonation. Aniline absorbs at 230 nm

(, 8,600) but in acid solution the main peak is almost identical with that of benzene being

new at 203 nm (, 7500). A blue shift has occurred.

4.10 ELECTRONIC SPECTRA OF TRANSITION METAL COMPLEXES

The ions and complexes of the 18 elements in first two transition series are coloured

(with very few exception) in atleast one oxidation state.

The aqueous Cu (II) ion is pale blue in colour but dark blue in colour when it is

complexed with  ammonia.

The colour of the transition metal complexes is mainly attributed to d-d

transition. Metals of the first two transition series are characterized by having five partially

filled d-orbitals (3d in the first series and 4d in second series) and each is capable of

accompanying a pair of electrons. Electrons in these orbital generally do not take part in

bond formation. The spectra characteristics of transition metals arise from electronic

transitions that involve the various energy levels of these d-orbitals.

There are two important theories which have been advanced to rationalise the colour

of the transition metal ions and influence of the environment on these colour. Theories are

Crystal field theory and Molecular orbital theory. Both these theories are based on the fact

that the energies of  d-orbitals of the transition metal ions in solution are not identical and

that the absorption involves the transition of electron, from d-orbital of lower energy to one

of higher energy.

The energies of the five d-orbitals are, however identical in dilute gaseous state because

of the absence of an external electrical and magnetic field.

In case of solution, complex formation occurs between the metal ion and water or

same other ligand (Lewis base). Splitting of the energies of the d-orbitals occurs because of

differential electrostatic forces of repulsion taking place between the electron pair of the

donor and the electron in the various d-orbitals of the central metal ion.

It should be noted that out of five d-orbitals (dx2-y2, dz2, dxy, dyz, and dxz)  the three

orbitals dxy, dyz
 & dxz are  similar in all respects except for their special orientation. These

three orbitals occupy spaces between the three axes. Hence they have minimum electron

densities along the axes and maximum densities on the diagonal between the axes.
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2 2 2

Fig.  (4.8)  Electron  density  distribution  in  various  d-orbitals

The electron density of dx2-y2 and dz2 orbital is directed along the axes.

Suppose a transition metal ion is coordinated to six molecules of water as ligand

(Lewis base) . These groups may be regarded as being evenly distributed around the central

meal ion, one ligand being located at each end of the three axes as shown in figure given

below :

Fig.  (4.9)

The resulting transition metal complex has octahedral structure, which is the most

common orientation. In this arrangement negative ends of the water dipoles are pointed

towards the metal ion.

As a result of these dipoles, an electric field is developed which tend to have a repulsive

effect on all the d-orbitals. As a result their energy is increased and hence orbitals are

destabilized. The repulsive effect is greater on the dz2 orbital and dx2-y2 orbitals   because

the maximum charge density for dz2 and dx2-y2 orbitals is along the axis on which bonding
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water molecules are located. Hence there will be greater destabilization of dz
2

 and dx2-y2

orbitals and their energy level will be higher than the energy levels of the dyz, dxz, dxy

orbitals. Because these three orbitals differ only in orientation and there is symmetrical

distribution for the water molecules, the field strength on each orbital should be the same.

The energy level diagram for octahedral configuration indicates that the energies of

all the d-orbitals increase in the presence of ligand field and d-orbitals are split into levels

differing in energy by .

ligand

Fig.  (4.10) Effect of ligand field on d-orbitals energies

Tetrahedral configuration (in which the four groups are symmetrically

distributed around the metal ion) and square planar configuration (in which four ligands

and the metal ion lie in a single plane) have been encountered. The magnitude of  depends

upon valency state of the metal ion, position of the element in P.T. and a number of other

factors.

The ligand field strength is a measure of the extent to which is a complexing group

will split the energies of d-electrons. Hence a complexing agent with high ligand field strength

is expected to cause  to be large. Some ligands in order of increasing ligand field strengths

are

I– < Br– <  SCN– < Cl– < OH– < H2N < NH3 < H2N —CH2—CH2—NH2 <

o-phenanthriline < NO2
– < CN–.

This order of ligand field strength applied almost to all transition metal ions and

allows qualitative prediction as to the relative position of absorption peaks for the various

complexes of a given transition metal ion. Since  increases with increase in field strength,

the wavelength of absorption maximum (max) decreases.
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Table  4.8.  Effect  of  ligand  on  max(in  nm)  associated  with  d-d  transition  for

indicated  ligands.





 



 

–
2 36 6 6 3 6

( ) 736 573 462 456 380

( ) 538 435 428 294

( ) 1345 980 909

( ) 1370 1279 925 863

( ) 794 663 610

Central ion Cl H O NH en CN

Cr III

Co III

Co II

Ni II

Cu II

4.11 CHARGE TRANSFER TRANSITION

The movement of electron from the ligand to the metal or from the metal to the

ligand in complex is known as charge transfer. As a result of charge transfer transition, the

complex possess an intense colour. The following types of transition are expected to be

origin of charge transfer bands.

(a) Promotion of an electron from -bonding orbitals to the unoccupied orbitals of

the metal ion.

(b) Promotion of an electron from the -levels of the ligand to the unoccupied

orbitals of the metal ions.

(c) Promotion of a -bonded electron to unoccupied - orbitals of the ligands.

Charge transfer transition are very intense (=104–105) and are found in the ultraviolet

and visible region. The position of max is determined by the ease with which the electron

can undergo its transition. Thus energy of absorption depends on how easy the ligand and

metal ion are oxidised or reduced. Normally, the transition occurs in which the ligand is

oxidised and the metal is reduced. Thus in most charge transfer complexes involving a

metal ion, the metal acts as electron acceptor (oxidising agent) and ligand as electron donor

(reducing agents).

However, an opposite trend can also be found when a metal ion of low

oxidation state is complexed with a ligand of high electron affinity as, e.g. in Fe(II)

phenanthroline complex, where ligand is the electron acceptor and metal ion is electron

donor. Hence a complex exhibits charge transfer spectrum if one of its components have

electron donor characteristics and other electron acceptor properties.

Absorption of radiation then involve transition of an electron of the donor to an

orbital that is largely associated with the acceptor. Consequently, the excited state is the

product of a kind of internal oxidation reduction process.

For example, let us consider the charge transfer absorption of Fe(II)

thiocyanate ion complex. Absorption of a photon causes the transition of an electron from

thiocyanate ion to an orbital that is largely associated with Fe(III) ion. The product is an

excited species involving Fe (III) and the thiocyanate radical, SCN.
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As the tendency of electron transfer increases less energy is needed  for causing the

charge transfer process. As a result, the resulting complex will absorb at longer wavelengths.

For example, the thiocyanate ion (SCN–)  is better electron donor (reducing agent) than the

chloride ion (Cl–).  Hence absorption of thiocyanate complex with iron (III) is in visible

region, while the max for the corresponding yellow chloride complex is in ultraviolet region.

The iodide complex of Fe(III) is expected to absorb at still longer wavelengths, but it is not

so, because the electron transfer process is complete giving iron (II) and iodine as products.

The sensitivity of an organic complexing agent can be increased by increasing the

molar absorptivity. This is possible by increasing the number of conjugation contres within

the ligand. As the amount f conjugation is increased, the ability for charge transfer transition

to occur is also increased.

The charge transfer absorption  is most important type of a absorption by

inorganic species due to very large [(max) > 1000]    molar absorptivities of the band peaks.

Many inorganic and organic complexes exhibit charge transfer absorption Common examples

are :

(a) Thiocyanate and phenolic complexes of Fe (III)

(b) The o-phenanthroline complex of Fe(III)

(c) The iodide complex of molecular iodine

(d) Fero ferricyanide complex responsible for colour of prussian blue.

4.12 BEER LAMBERT LAW

The intensity of the emitted light decreases exponentially as the thickness and

concentration of the absorbing medium increase arithmetically. The statement can be

expressed mathematically as :

0log
t

I
cl

I

where I0 = Intensity of the incident light

It = Intensity of the transmitted light

l =  Pathlength of the absorbing solution in cm.

c = Concentration in molarity i.e. moles L–1.

Log
0

t

I

I   is called then absorbance or optical density.   is known as molar

extinction coefficient  and has units of 1000 cm2 mol–1 but the units are by convention,

never expressed. The above equation is the fundamental equation of spectrophotometry,

and is often spoken as the Beer Lambert’s law. This equation indicates that
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The absorbance (A) of a solution is directly proportional to the concentration (c) of a

absorbing species when the length (l) of the light path is fixed, and directly proportional to

the light path (l) when the concentration (c) is fixed.

The transmittance T is defined as :   
0

tIT
I

Evendently, absorbance A and transmittance T are related as

logA T  or  10 10AT    lc

4.13 EFFECT  OF  SOLVENT  ON  ELECTRONIC  TRANSITION  (SOLVENT

EFFECT)

Ultraviolet spectra of compounds are usually determined either in vapour phase or

in very dilute solution. Many solvents are available for use in ultraviolet region. Three

common solvents are cyclohexane, 95% ethanol and 1, 4-dioxane. The widely used solvent

is 95% ethanol, because it is cheap, good solvent which is transparent down to about 210

nm. 95% ethanol is a good choice when a molar polar solvent is required. The most suitable

solvent is one which does not absorb with in the region under investigation.

The polarity of the solvent has a significant influence on the position as well as the

intensity of absorption maximum. The max for the polar compounds is usually shifted with

change in polarity of the solvent. The max of none of non-polar compounds, is however

same in polar as well as non-polar solvents. The position of an absorption that involves  non

bonding n-electrons (i.e.  n  p* and n  *) is particularly very sensitive to the polarity of

the solvent used. The polarity of the solvent also affects the  * transition, but to a lesser

extent.

There will be very little solvent effect in conjugated dienes and aromatic

hydrocarbons. However in conjugated carbonyl compounds solvent effect is more

pronounced.  Both red and blue shifts are observed in such compounds in presence of

solvents.

(i) * transition : It the excited state is more polar than the ground state, the

dipole-dipole interaction with solvent molecules will lower the energy of the excited state

more than that of the ground state. This means the energy difference between the excited

state and the ground state will be lowered and as a consequence of this, there will be a red

shift or bathochromic shift. When one goes from hexane to ethanol, red shift is of the order

of 10 to 20 nm.

(ii) n   *  band  :  The weak transition of oxygen lone pair in ketone

( C O )  i .e . ,  the  *n   transition shows a solvent effect in opposite

direction i.e., blue shift or hypsochromic shift. The solvent effect is now due to the lesser

extent of which solvent can hydrogen bond with the carbonyl group in the excited state.
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For example, max for acetone in hexane is at 279 nm and in aqueous solution max is

at 264.5 nm. Thus blue shift has occurred here.

The shifting in the band position with and without the solvent is shown

diagrammatically as :

O

Fig.  (4.11)  Effect  of  solvent  on  the  relative  energies  of  orbitals  and  tansitions  in

-unsaturated  carbonyl  compounds

   
      


       

* *

max max

Red
* *

S S

s s

E E
shift or Bathochromic shift

   
     


      

* *

max max

Blue
* *

S S
n n

s s

E E
shift or Hypsochromic shift

n n

4.14 UV BANDS FOR CARBONYL COMPOUNDS

 The carbonyl group ( C O ) contains eight electrons in all with six molecular

orbitals (m.o.). These m.o.’s are , *, , * and two non bonding (n) m.o.’s. The m.o. diagram

may be shown as :

E

*

*

n





Fig.  (4.12)
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There may be following type of transition

*

n *
. * and n *

n *

*

only two of these viz are characteristics of C O group

 


 
     

  
 

The promotion of non bonding (n) electron to * level gives *n   transition. This

band is however symmetry forbidden (n has g and * has also g symmetry) The *

transition gives a more intense band.

The presence of an auxochrome attached to c-atom of >C=0 group strabilized both

bonding and antibonding m.o.s. This decreases the separation between n and * level so

that n * band occurs at low frequency. This causes an increase in max value leading to a

red shift.

The R- bond in carbonyl chromophore appears in the near ultraviolet region (in the

270-300 region). The R-bond is weak and obtained from the forbidden transition of a loosely

held -electron to the antibonding * orbital, the lowest unoccupied orbital of the carbonyl

group.

R-bonds undergoes a blue shift with increase in the polarity of the solvent.

For example, acetone 

||

3 3

O

CH C CH

 
 

  
  
 

 absorbs at 279 nm in n-hexane and at 264.5

nm in water. The blue shifts occurs from hydrogen bonding which decreases the energy of

the n-orbital. The blue shift can be used as a measure of the strength of the hydrogen bond.

The n band  of ketones and aldehydes is weak. -substitution of halogen atoms

in saturated ketones, however, has a maked effect on the absorption characteristics. The

max of parent compound is reduced by 5-10 nm when the substitution is equatorial.

Bathochrmic shift of 10-30 nm occurs when the substitution is axial. The bathochromic

shift is usually accompanies by a strong hyperchromic effect (increase in intensity of the

band)

The attachment of groups containing lone pairs of electrons to carbonyl groups present

in aldehydes and ketones have significant effect on the n* transitions. The R-band gets

shifted to shorter wavelengths with a slight change in intensity. The shift in absorption is

due to combination of inductive and resonance effects. Substitution may change the energy

levels of both the ground and excited states.

4.15 UV BANDS FOR UNSATURATED CARBONYL COMPOUND

For  -unsaturated aldehydes and ketones the weak absorption peak because of
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*n   transitions get shifted to longer wavelengths by 40 nm and even more. In addition

a strong absorption peak attributed to *   transition also results.

For  -unsaturated ketone spectrum, Woodward rules calculate the position of

intense  *   transition not the weak *n   transition.

Let us consider two worked examples

O

3-methylpent-3-en-2-one

II

O

I

For compounds, the base value is 215 nm : for one -alkyl group add 10 nm, for one

-alkyl group add 12 nm; the total is 215 + 10 + 12 = 237 nm. This is within 1 nm of observed

value (for which max is 4600). Had the spectrum been recorded in water max would have

moved to 245 nm.

For compound II, the base value is again 215 nm : for one -alkyl group, add 10 nm

: for two - alkyl groups add 2 × 12 nm  = for double bond exocyclic to two rings add 10 nm

= the total is  :  215 + 10 + 24 + 10 = 259  nm. This is within 3nm of the observed value (for

where max is 6500) Had the spectrum been recorded in hexane, max would have moved to

248 nm.

4.16 UV BANDS FOR CONJUGATED DIENES AND POLYENES

The characteristics progression in the electronic spectra of dienes, trienes, tetraenes

etc takes place with increased conjugation to a limit of 550-600 nm(more than 20 double

bonds in conjugation) by which stage the polyenes are strongly yellow in colour. The red

colour of tomatoes and carrots arises from conjugated molecules of this type.

For dienes and trienes the position of the most intense band ( *  ) can be correlated

in most instances with the substituent present. The table below summarizes these empirical

relationships usually called Woodward rules.

Fisser  Woodward  rules  for  conjugated  dienes  :

Table  (4.9)

Table conjugated dienes, and trienes (in ethynol)

max for  *   transition. max  6000-35000 (× 102cm2 mol–1)

Acyclic & heteroannular dienes 215 nm

Homoannular dienes 253 nm
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Acyclic trienes 245 nm

Addition for each substituents :

– R alkyl (including part of a carbocyclic ring 5 nm

– OR alkoxy 6 nm

– SR thioether 30 nm

– Cl, — Br 5 nm

— OCOR acyloxy 0 nm

—CH = CH -additional conjugation 30 nm

If one double bond is exocyclic to one ring 5 nm

if exocyclic to two rings simultaneously 10 nm

solvents shift minimal

For example, let us consider two compounds

A b

a
d

c

I

B

A b

a

II

B

C

cd

For compound I, the base value is 214 nm, since the two double bonds are

heteroanuular. There are 4 alkyl substituents (the ring residues a, b, c and the methyl group

d), adding 4 × 5 nm; the double bond in ring A is exocyclic to rings B adding 5 nm; the total

is :

214 + 20 + 5 = 239 nm

This is within 2 nm of the observed value

For compound II the base value is 253 nm, to which we add 4 × 5 (for ring residues

a, b, c and d) and 2 × 5 (both double bonds are exocyclic to rings A and C, respectively)

giving a total  253 + 4 × 5 + 2 × 5  = 283 nm. This is also within 2 nm of observed value.

4.17 UV SPECTRA OF AROMATIC COMPOUNDS

The benzene ring is the simplest chromophore in aromatic compounds. Benzene

exhibits three absorption bands. 184 nm (max 60, 000) , 204 nm (max 7900) and 256 nm

(max 200). Benzene absorbs strongly at 184 nm and weakly at 256 nm in cyclohexane as

solvent. The band at 256 nm is very broad absorption bond extending from 230-270 nm

and consists of a series of multiple peaks of fine structure. All the bonds in benzene originate
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from *   transition. The fine structure or multiple peaks are the result of the vibrational

sublevels and their influence on electron transition.

When benzene is substituted with single functional group, three effects are generally

observed in the spectra.

(a) Detail is lost in fine structure of band

(b) The intensity if absorption is increased

(c) Bathochromic or red shifts take place.

Simple alkyl substituents shift the absorption slightly to longer wavelength (Red

shift) but do not destroy the fine structure. The nonbonding pair substituents (—OH, —

OR, —NH2 etc) shifts the absorption more substantially to longer  wavelength (red  shift)

and seriously diminish ( or wholly eliminate) the fine structure.

The most influential combination of substituents is a - M group para to a + M group,

so that nonbonding pair donation (by the + M group) is effectively complementary to the

electron withdrawing -M group : The shift in max is greater than the sum of the individual

shifts. Examples are p-nitroaniline and p-nitrophenol.

Usually a – M group ortho  or meta to + M group produces merely a small shift from

that of the isolated chromphores.

Altering non bonding pair availability will alter the position of max. Examples are

the pronounced red shift when p-nitrophenol is converted by base to the p-nitrophenolate

ion, or the blue sift caused by protonation of amino groups.

The characteristics development of ultraviolet visible absorption are found as benzene

rings are fused together in linear series benzene, naphthalene and anthracene or angularly

in the series benzene, naphthalene phenanthrene. The fusion of additional rings lead to

more and more complex spectra. But these spectra are uniquely characteristics of each

aromatic chromophore, so that it is a very simple matter to compile a spectra of catalogue of

aromatic hydrocarbons for identification purposes. The introduction of alkyl groups has

little influence on max or max so that  methyl anthracenes are readily identified as possessing

the anthracene chromophore from their electronic spectra, etc.

4.18 UV SPECTRA OF HETEROCYCLIC COMPOUNDS

The most successful approach to the electronic spectra of heterocyclic
system has been an empirical one, coupled with a few guidelines on substituent
effects.

Table given below list the principal max and max values for common
heterocyclic systems.

(Table  :  4.10)

Compound Solvent Principal  maxima

Pyrrole Ethanol 235 (2.7); no sharp maxima
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Furan Hexane 207 (3.96)

Thiophene hexane 227 (3.83), 231 (3.85), 237, 243

Indole hexane 220 (4.42), 262 (3.80), 280, 288

Pyridine hexane 251 (3.30), 256 (3.28), 264 (3.17)

Quinoline Ethanol 226 (4.53), 230 (4.47), 281 (3.56)

Isoquinoline Hexane 216 (4.91),  266 (3.62),  306 (335), 318

Simple alkyl substituents as usual have little effect on the spectra but polar groups

(electron donors or attractors) can have profound effects which are highly dependent on

substitution position in relation  to the heteroatom (s). The possibility that the tautomeric

systems may be generated should also be borne in mid. The classic case here being the 2-

hyroxylpyridines, which tautomerise almost entirely to 2-pyridones, with substantial changes

in the electronic spectra.

4.19 STERIC EFFECT IN ELECTRONIC SPECTRA OF BIPHENYLS

Angular strain or steric overcrowding has distorted the geometry of the chromophore

so that, for example, conjugation is reduced by reducing the -orbital overlap.

Biphenyl (I) is not completely planar. The two rings being at an angle if approximately

45º. In 2-sbstitued biphenyls (II) the two rings are pushed even further out of coplanarity.

The result is that diminished -orbital overlap in the 2-substituted derivatives leads to blue

shifts and diminished intensity in their electronic spectra.

Thus biphenyl (I) has max at 250 nm (, 19000)  while 2-methylbiphenyl (II) has max

237 nm (, 10250) adding more methyl groups is complicated by the bathochromic effect

of the methyl groups themselves. But an interesting comparison can be made between  the

hexaqmethylbiphenyl (III) and mesitylene (1, 3, 5 - trimethyl benzene IV). These two exhibit

the same max (266 nm)  and their max values are 545 and 260 nm respectively (in ethanol)

Me

I II

Me

III

Me

Me

Me Me

Me

Me

IV

Me

Me
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4.20 FISSER  WOODWARD  RULES  FOR  CONJUGATED  CARBONYL

COMPOUNDS

Woodword postulated the following rules for the prediction of absorption maxima

for cyclic unsaturated carbonyl compounds.

(a) The base maximum for the parent  unsaturated ketone is 215 nm.

(b) Add 10 nm for each substitution on -carbon, 12 nm on the -carbon and 18

nm for and - carbon

(c) Add 5 nm for each exocyclic double bond, if any and

(d) Add 30 nm for each double bond extending conjugation

Example  :

 

O

Cal. max= 215+0+12=227 nm

Obs. max = 230 nm

  

O

Cal. max= 215+0+12+18+5+30=280 nm

Obs. max = 280 nm

3-methylpent-3-ene-2-one

Cal. max= 215(base) 10+12 = 237 nm

Obs. max = 238 nm



 or

   
Cal. max= 202 (5 ring cycle) +12 (-subs) + 35 (-OH)

 = 202 + 12 + 35 = 249 nm 

Obs. max = 247 nm

HO

O

Cal. max= 215 (base) + 10 nm ( one -alkyl gr)

+2 × 12 nm (for two -alkyl gr.) + 10 nm

(a double bond exocylic to two rings)  = 259 nm

Obs. max =262 nm

O
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Table-4.11.

 unsaturated carbonyl compounds (in ethanol) max for  * tansitions. max 4500-

20,000 (× 10–2 m2 mol–1)

Ketones — C = C— CO — acyclic or 6-ring cyclic 215 nm

   5-ring cyclic 202 nm

aldehydes  — C = C— CHO 207 nm

Acids   and esters   —C = C—CO2H (R) 197 nm

Additional conjugation  —C = C—C = C—CO —etc add 30 nm

(If the 2nd double bond is homoannular with first, add  39 nm

Addition for each substituent

— R alkyl (including part of a carbocyclic ring) 

10 nm  12nm  17nm  17 nm

— OR Alkoxy 35 nm 30 nm  17nm  31 nm

— OH hydroxy 35 nm   30 mn  30 nm 50nm

— SR thioether — 80 nm   –            –

— Cl chloro 15 nm  12 nm   12nm  12 nm

— Br bromo 25 nm    30 nm  25 nm 25 nm

— OCOR acyloxy 6 nm     6 nm   6 nm   6 nm

— NH2, —NHR, — NR2 amino       95 nm

If one double bond is exocyclic to one ring 5 nm

If exocylic to two rings simultaneously 10 nm

Solvents shift

Above values shifted to longer wavelength in water, and to shorter waelength in less

polar solvents. For common solvents the following correcting should be applied in computing

max

Water +8 nm

Methanol 0
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Chloroform –1 nm

Dioxan –5 nm

Diethyl ether – 7 nm

Hexane – 11 nm

Cyclohexane —11 nm

Solvent examples

Ex-4.1. A monochromatic radiation is incident on a solution of 0.05 molar concentration

of an absorbing substance. The intensity of the radiation is reduced to one fourth

of the initial value after passing through 10 cm length of the solution. Calculate

the molar extinction coefficient of the substance.

Soln : Given that   
0

1
0.25 25%

4
tI

I
  

   30 100
. . , 10 , 0.05

25t

I
i e l cm c mol dm

I

From Beer Lamberts law we know that  0log
t

I
lc

I

 
   

 

3100
log 10 0.05

25
cm mol dm

 molar extinction coefficient () = 

100
log

25

10 0.05

 
 
 


3 1 12 0.30103
1.20412

0.5
dm mol cm 

 

Ex-4.2: A substance when dissolved in water at 10–3 M concentration absorb 10 % of an

incident radiation in a path length of 1 cm. What should be the concentration of

the solution in order to absorb 90% of the same radiation ?

Soln: In first case, given that

A = 10 % so that T = 
0

tI

I  = 90 %

l = 1 cm, c = 10–3 mol dm–3

According to Beer Lambert’s law;

 
 

 
1

100
log

90
lc ... (i)
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In the second case

A = 90 %, so that  T  
0

tI

I  = 10 %

l = 1 cm, Let c2 be the  concentration in second case

Again, according to Beer Lambert’s law

 
 

  2

100
log

10
lc ...(ii)

 
 



 
3

1

2 2

100log 0.00190

100log
10

c mol dm

c c
    c2 = 0.0218 mol dm–3

Ex-4.3 Less energy is needed for *   transition of 1, 3 butadiene than similar transition

in ethene. Explain it.

Soln: The wavelength of absorption maxima depends upon the energy difference

between the two levels. The energy gap between highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO) in ethene is greater

than that between corresponding or bitals in 1, 3-butadiene.

Ex-4.4: Why amines absorb at higher wavelength in comparision to alcohols ?

Soln: Non bonding n-electrons on nitrogen atom in amines are loosely bound as

compared to n-electrons on oxygen atom in alcohols, because oxygen is more

electronegative than nitrogen. The magnitude of molar extinction coefficient ()

is directly proportional to the probability of the particular electronic transition.

The more probable a given transition is, the larger is the  value. Since *n

transition is more probable in amines than in alcohol, the former  i.e., amine

absorbs at higher wavelength ( max).

Ex-4.5: What type of transitions are thought to be the origin of charge transfer bands ?

Soln : (a) Promotion of an electron from  bonding orbital to unoccupied orbitals of

the metal ion

(b) Promotion of an electron from the  levels of the ligand to the unoccupied

orbitals of the metal ion.

(c) Promotion of - bonded electrons to unoccupied -orbitals on the ligand.

Ex.-4.6: The octahedral hydrated cobalt (II) complex, [Co(H2O)6]2+  appears pink red in

acid solution, while tetrahedral cobalt (II) complex of the type [CoX4]2– appears

blue, why?
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Soln : In octahedral complexes, the three d-orbitals (dxy, dyz and dxz) are at lower energy

level while two d-orbitals (dx2-y2  & dz2) are  at higher en ergy levels. In case of

tetrahedral complexes the d-orbitals are split in the  reverse order (dxy, dyz and

dxz are now at higher than the dx2-y2 and dz2 orbitals)

     

0

dxy dyz   dxz

(free ion)

E

 t  = 0.45 0

octahedral field

E

t2g

tetrahedral field

free ion

, ,

Hence in tetrahedral and octahedral complex the splitting of d-orbitals are different

manner.

The excitation of an electron from lower d-orbitals (dxy, dyz & dxz) to higher d-orbitals

(dx2-y2 & dz2) in octahedral complexes require more energy than that from lower

 2 2 2,x y zd d  to higher (dxy, dyz, dxz) d-orbitals in tetrahedral complex. The electronic

transition in case of later is easy and can be achieved by absorption of low energy visible

radiation.

The octahedral hydrated Co(II) complex requires relatively large excitation energy and

selectively absorbs blue portion of visible light and hence appears pink red. The tetrahedral

Co(II) complex requires less excitation energy and absorbs red portion of visible light and

hence appears blue.

Ex-  4.7: The position of absorption of acetone shifts in different solvents are as follows :

CH3—C—CH3

O

max = 279 nm (hexane)

           CH3—C—CH3

O

 272 nm (ethanol)

CH3—C—CH3

O

264.5 (water)

Explain it.

Soln: This shifts of *n   transition to shorter wavelength (hypsochromic shift or blue

shift) is due to increased polarity of the solvent. The polarity of the solvents used

follows the order. Hexane < Ethanol < water.
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Ex-4.8: The observed value of max of the following compound is 353 nm. Explain.

Soln: Here two double bonds extend the configuration of the homoannular diene system

of the middle ring. There are five carbon substituents and three exocyclic double

bonds. The carbon indicated by an arrow is also a substituent on two different

double bonds and hence counted twice

Thus   max = 253 + 2 × 30 + 5 × 5 + 3 × 5 = 253 + 60 + 25 + 15 = 353 nm

Ex-4.9  : The observed value of max of  the following compound is 324 nm. Explain

Soln: Here one double bond extends conjugation of the honoannular diene system.

There are five carbon substituents and three exocyclic double bonds.

Thus max= 253 + 30 + 5 × 5 + 3 × 5 = 323 nm

Ex-4.10: The observed value of max of the following compound is 240 nm.

Explain.

O

Soln : Here there is one - substituent, one - substituent and one exocyclic double

bond. Thus,

 max = 215 + 10 + 12 + 5 = 242 nm

Ex.4.11: The observed value of max of  the following compound is 280nm. Explain

O
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Soln: Here is one - substituent, one - substituent one exocyclic double bond and one

double bond exending conjugation.

Thus, max =215 + 12 + 18 + 5 + 30 = 280 nm

Model questions

1. What is Franck Condon Principle ? How does it explain vibronic transition and

vibration progression ?

2. Write down the Laporte and Spin selection rules for electronic transition with

suitable example .

3. Explain the following terms with suitable example :

(a) Chromophore

(b) Auxochrome

(c) Red shifts

(d) Blue shifts

4. Write electronic spectra of transition metal complexes with suitable examples

5. (a) Write down Beer Lambert’s law

(b) What is charge transfer spectra ?

6. Explain the effect of solvent on electronic transitions with suitable diagram and

appropriate examples

7. Write Fisser Woodward rules for conjugated dienes. Illustrate it by calculating

max of suitable examples.
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