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Lecture - 51
Electronic spectra of a molecule

Today, we learn about the Electronic Spectroscopy of a molecule.

(Refer Slide Time: 00:45)

So, before starting this electronic spectroscopy of a molecule, let us summarize the
vibrational and rotational spectra of a diatomic molecules whatever we have learned so

far.

So, basically in case of rotation we have considered a two models a rigid rotator and non
rigid rotator. So, in case of rigid rotor so diatomic molecule mass m 1 m 2 and this bond

length is r 0.
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So, this it is reduced to 1 mass problem 1 body problem and this reduced mass is mu mu
equal tom 1 m 2 by m 1 plus m 2 and moment of inertia I equal to mu r 0 square and
energy of course, this like this translational motion whatever energy is half mv square.
So, m is replaced by I moment of inertia and E is replaced by omega angular velocity.
So, energy is half | omega square is basically p square by 2 I p is not linear momentum is

angular momentum.

So, p equal to whatever m v, so m is replaced by I E is replaced by omega so p equal to I
v ok. So, using quantum mechanics one can find out the quantized energy of the rotator.
So this Ej, Ej that we have seen this equal to a cross square by 2 I it just like a square by
2 m in case of linear motion, in case of angular motion angular k. So, is a cross square

same is replaced by I, so 2 I J plus 1 that is in energy if we express in joule.

So, this is the expression now we are interested to express this energy in terms of
centimetre inverse means in terms of wave number. So, that is Ej. So, this different
notation for E is used, so Ej equal to h by eight pi square cI J J plus 1. So, this we have
written as a constant B. So, BJ J plus 1 whereas, b is this so here we have put I equal to
mu r square. So, here basically we are seeing this b is this is proportional to 1 by r square

this means if r is higher. So, this b will be smaller so b is called the rotational constant

ok.



So, rotational constant is very sensitive to the distance between the 2 atom, it is
exchanges is varies with square of the distance r square and that we have seen this what
will be the spectral lines what will be the energy or wave number of the spectral lines.
So, just transition from J 2 J plus 1 states. So, this will be 2BJ plus one. So, following the
selection rule del J equal to plus minus 1. So, one can get this spectral lines rotational

spectral lines and their separation are constant that is to B ok.

So, equi spaced spectral lines will see if it is rigid rotator , but in reality really we found
very very small number of molecules which are which behave like rigid rotator, but most
of them behave like non rigid rotator means during rotation due to centrifugal force. So,

this bond length is changed, so if we consider that 1.

(Refer Slide Time: 05:54)
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So, that is that will be basically non rigid rotator and in case of non rigid rotator. So, this
energy will be corrected by these factors ok. So, that is minus Dhc J square J plus 1
whole square ok. So, in this case D is called distortion constant due to centrifugal force
and here k we have written. So, it is as if we consider the spring mass system it is the
stretching due to rotation. So, this spring constant that is basically is k k is omega mu

omega 0 square, so mu 0 is natural frequency.

So, that you know this mu 0 equal to square root of k by mu, so this you will get in terms
of wave number. So, this mu 0 bar we have written so this will be the k value and one

can show that using b and omega 0 bar value. So, this D is basically depends on b as well



as this omega 0 square this is this is the relation and in case of this energy of the spectral
lines will be this, so 2BJ plus 1 2BJ plus 1 minus 2dJ plus 1 cube. So, for lower value of
J this rotational quantum number so you will get basically you will not get much
deviation of spectral line from the from the spectral line of rigid rotator, but for higher
value of J you see this value this value 2 D J plus 1 cube, so this will increase for higher

value of J.

So, this total value will; this energy of the spectral lines in centimetre inverse so that will
decrease ok. So, whatever the whatever the spectral lines we have seen for rigid rotator.

So, they are equi spaced now here they are there they will not be equi spaced.

So, their separation will decrease with higher J value ok. So, that is the difference one
can see and seeing the spectral seeing the spectra in spectrometer, one can say one can
say that whether the molecules behaving like rigid rotator or non rigid rotator ok. So,

next we have we have seen for vibrational spectra of a molecule.

(Refer Slide Time: 09:04)

L CET |
11T KGP

@ Haxmenic 0scillaloy
fo-k(v0) @ petunkal o

\¥
E = LR(M)

Nl

W,* |

=)

afe " i
ko, g, ()4
_E - D Galach uld

0
v =Tl

| o

So, here also minus case 1 is Harmonic Oscillator. So, their vibration will behave like
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harmonic oscillator and another is anharmonic oscillator. So, in case of a harmonic

oscillator this energy of force is minus k r minus r0.

So, corresponding potential energy will be half k r minus r 0 square and there harmonic

oscillator the standard solution from quantum mechanics.



So, this Ev equal to v plus half h cross omega 0, so here v is vibrational quantum
number. So, in wave number so this is the omega 0 bar. So, spectral lines energy of the
spectral lines it seems it is independent of v so; that means, all spectral lines whatever

following this selection rule, so all will have the same energy.

So, practically we will see just only 1 spectral lines see if it is molecule behaves like
harmonic oscillator, again it is practically it is it is different. So, we see it is vibration it is

not like harmonic oscillation.

(Refer Slide Time: 10:30)

@) Anharmonic Occillales A F’(«T ’@] i€ callsd
Petential ansens €= Do Masce Rrunchon

P g a wﬁlﬂh"" F'”‘ a
' porhiodar mefecs
D,f_ an dii wgfca qlﬁf\ﬂ LIy

XR ig Mhﬂfhtmu—'
m!*‘uu

(1s 4 )

)

E: er.“ ¥, ( L,:.;.L;‘\'."U +Lf .._.a.nl-\:.rhmi; . ."(-14.1/_'\_}
o {:J.'-'-CL: |- Rgl ¥ 1Y/
q'mt. b \

nM gl
Nmmm i .Uuw selabion 15 Tk ambarmenic osallalor

beharen [IKe haymanic ,<c4|ac? but wlk am OsallaBm Jﬂrﬁmq
A‘—r VL6 J'—‘f.; L, L,.m" .‘/TU'!E&S'H? .Vi

,;nc}mﬂ ult Mp'.t!,tz, T3

'\ M — (1}'{'l/2_\l 'ng"lll‘

yrh ch

So, it is basically anharmonic oscillation means your (Refer Time: 10:34) stretching and
this compression and this is not in same magnitude. So, it is they are in different
magnitude. So, in this case this potential energy to fit the experimental data mores has
given p m mores has given suitable potential energy for this anharmonic oscillator and

that is E equal to De 1 minus e to the power minus beta r minus r 0 whole square.

So, this called mores function, where beta is a constant for a particular molecule and D is
the dissociation energy means it is due to vibration it will this molecule will dissociate to
the atom ok. So, this bond will breaks basically and due to this anharmonic oscillation,
so this energy terms again it is corrected by this term. So, v plus half omega E bar. So,
here for this omega e is different from the omega 0 bar in case of harmonic oscillator

whatever we have seen, so it will it is different ok.



So, v plus half omega E bar minus v plus half square x omega bar x is called anharmonic
constant anharmonicity constant and yeah. So, if we just rearrange this expression so this
one can write omega e bar 1 minus xe v plus half. So, this whole bracket v plus half so
this anharmonic case and harmonic case we have seen this energy expression omega 0

bar v plus half these the harmonic case.

So, if you compare these two as if this omega 0 bar equal to omega e bar 1 minus xe v
plus half ok. So, one can consider that that an anharmonic oscillator as if we can consider
that it will behave like a harmonic oscillator but with different frequency, but with
different frequency and that frequency depends on the on the wave number and that
frequency will decrease with steadily increasing of this of this vibrational quantum

number ok.

So, and in case of anharmonic oscillator so this selection rule is different it is not del v
equal to plus minus 1. So, other plus minus 2 plus minus 3 etc these are also allowed ok.

So, this so now there are some molecules.
(Refer Slide Time: 13:43)
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So far, whatever we have discussed a pure rotation of a molecule or pure vibration of a
molecule, but in reality there are some molecules where we see this during vibration of
the molecule it rotates also ok, so it is called vibrating rotator. So, in case of vibrating
rotator means simultaneous vibration and rotation due to this what will happen so this

called vibrating rotator and corresponding energy here we have written this for you know



this for rotation. So, these the energy expression so higher terms we have neglected and

in this case degeneracy is 2 J plus 1.

So, population is like this by Boltzmann factor one can write population and these
degeneracy and we have seen also this maximum population will be at J equal to this ok,
it depends on temperature and so this is the for rotation and for vibration this energy

expression is this.

Now, for vibrating rotator, so this both energy will be their rotation as well as vibration
as well as there should be another term that is a interference term coupling term between
these rotational vibration. But fortunately this we can neglect this coupling term because,
according to born openheimer approximation since their energy order of energy of this

rotational vibration is different by a factor of 10 to the power 4 ok.

So, this energy generally energy of this rotational rotational and spectral lines or energy
levels it is 10 to the power minus 1 centimetre inverse. So, it has vibrational case it is 10

to the power 3 centimetre inverse.

So, huge energy difference between these two system rotational and vibration, so this
according to born openheimer approximation. So, they will not interfere so one can take
the total energy of this vibrating rotator as a sum of this individual energy ok. So, Ejv
equal to EJ plus Ev. So, Ej term one can write and here we have neglected this higher

term whereas, in case of vibration we have taken this both term.

So, here reason is that this D value is really very very small compared to the compared to
the B value and of course, this anharmonicity constant also small, but this we have kept
because otherwise we cannot take the selection rule del v equal to plus minus 1 plus
minus 2 etc and that is what it demands this experimental result demands that it is this

anharmonicity this term has importance.
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So, so considering the selection rule del v equal to plus minus 1 plus minus 2 and del J
equal to plus minus 1, one can show the transition ok. So, this vibrational transition
between the vibrational level and then this in each transition this rotational transition also
is accompanied and if you for a particular vibrational transition say del that v has to be
double dash so and their rotational transition from J dash to J double dash. So, if del J
equal to say minus 2 minus 1 0 plus 1 plus 2, although here we have written del J equal

to plus 1 and minus 1.

So, del J equal to 0 is not allowed, but anyway this whatever spectral lines we see this we
see as a branch ok. So, for del following the del J equal to plus 1, whatever the branch of
spectral lines we will see this called r branch and following the del J equal to minus 1
whatever the branch of lines we will see that is called b branch and if possible if it
happens that del J equal to 0, if in some cases if it for basically not diatomic molecule for
other complicated molecule. If this transition other transitions occurs other than this del J

equal to plus minus 1, so this series name is given like this.

So, this del J equal to 0, so that lines is called Q line. So, Q branch and similarly s branch
and o branch ok, so these are the summary of our earlier study about the vibration and
rotation and now let us continue the discussion of electronic spectroscopy of molecules.
So, so what we have seen that already we have discussed that this energy levels of
spectral of rotational lines, that is basically is 10 to the power minus 1 centimetre in case
of vibration into the 3 centimetres inverse and in case of electronic transition or so this

energy is 10 to the power 5 centimetre inverse.
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So, so here again you can see these three rotational vibrational electronic transitions this
or their energy levels; so, their magnitude or different in order of in few orders ok. So,
experts born openheimer approximation again for this electronic transition total energy
del E total you can write energy change due to electronic transition plus vibration plus

rotation.

So, total energy due in electronic transition or the spectral energy of the spectral lines in
electronic transition, that will be daily total equal to sum of the change of the energy due

to the electronic vibrational as well as rotational ok.

So, this we have written as for the born openheimer approximation. So, so, here we have
to we have to we have to make clear that this that will get spectral lines due to the
electronic conditions and in these spectral lines it is not a single line and that line
basically it is composed of many lines. So, it is it is divided into two part one is called

core structures of this electronic spectral lines.
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So, that is due to the vibrational changes and this again this core structure again it is a
each spectral lines, of course structure again it has fine structure and this fine structure is

due to the rotation of the molecules ok.

So, we have seen that this pure rotation spectra because, a molecule and we are seeing
this for a particular molecule it may have rotation it may have vibration and it may have
this it may have this electronic transition ok. So, all molecules have rotation have
vibration and have the electronic transition ok. But spectra whatever you see in
spectroscopy that spectra we see that some molecules show only rotational spectra, no
vibration, no electronic spectra; some molecules show vibrational spectra accompanied

with the rotational spectra or pure vibration spectra.

Some molecules show the electronic spectra, but in case of electronic spectra all the time
this rotational and vibrational spectra are accompanied ok, means this in case of
electronic transition molecule molecules this. This vibrational vibration of the molecule
is active means infrared active yes and rotational rotational spectra is the microwave
active ok, although this same molecule it is not active only for rotational or only for

vibration ok.

If there is no electronic transition, so here for pure rotation spectra are shown by the
molecules which are possessing the permanent dipole, if the molecules have permanent

dipole moment only they will show the pure rotational spectra ok. If molecules do not



have permanent dipole moment they will not show rotational spectra pure rotational
spectra ok. Now, example said that we have seen that HCl sodium chloride carbon

monoxide have permanent dipole.

So, they are microwave active they are microwave active and it will give rotational
spectra fine now in case of yeah. So, these other molecules like CC 14 CO 2 carbon
dioxide hydrogen molecule oxygen molecule chlorine molecule iron molecule do not
have the permanent dipole moment, they are microwave inactive and they will not show

any rotational spectra.

Now, in case of vibrational spectra, so in case of to show to see the vibrational spectra
actually there should be dipole change of dipole moment during motion during vibration
ok; there may not be permanent dipole moment, but due to the vibration there will be
change of dipole moment. So, in that case that molecule will not show rotational spectra,
but it will show the vibrational spectra. So, here we have given example like here HCI

sodium chloride carbon monoxide.

So, as usual they have rotational spectra as well as they will have the vibrational spectra
because, of the change of the dipole moment due to the motion already it has permanent
dipole moment. But during the motion there will be change of dipole moment fluctuation

of a dipole moment due to the vibration, so it will show the vibrational spectra ok.

So, I think here I have to I have to write not vibrational rotational not rotational it should
be vibrational it should be vibrational ok. So, but other than that CCL 4 CO 2 carbon
dioxide are infrared active. So, these CCL 4 see CO 2 they do not have permanent dipole

moment.
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But due to asymmetric stretching and bending exhibit change in the dipole moment
exhibit change in the dipole moment. So, this will be infrared active and we will get the
vibrational spectra. Whereas, H 2 O, 2 Cl 2, I 2 id molecule. So, they are infrared

inactive means they will not show any vibrational spectra ok.
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So, next if we take these electronic spectra given by which molecules, so electronic
spectra that is because electronic spectra is are given by all molecules. So, whatever

sodium chloride hydrogen chloride HCI carbon monoxide CCl4 carbon dioxide H 2 O, 2



Cl 2, 1 2 iodine molecules ok, all these molecules will give will give this electronic

spectra, as well as it will give vibrational spectra and rotation spectra.

Although they although they do not show the some of them do not show the pure
rotational spectra or pure vibrational spectra, but here all will show the rotational and
vibrational spectra and that is because of the electronic transition and when there will be
electronic transition. So, it is it is automatically automatically it is distribution of the
charge will change and there will be the change fluctuation of the charge and that is

equivalent to that if any fluctuation of the charge.

So, it will be active for it will be active this microwave active and infrared active and it
will show this rotational and vibrational spectra associated with the electronic transition
if there is the electronic transitions. So, they may not show the rotational vibration but if
any electronic transitions is there. So, this vibrational and rotational also it will be it will

be active and it will it will give these spectral lines for rotation and vibration ok.
So, I will stop here and then I will continue next class.

Thank you.



