Electromagnetic Spectrum and
Electromagnetic Radiation
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Apple iPhone 5



Presenter
Presentation Notes
Imagine calling a friend on the other side of town. As you chat away, your phone converts your voice into an electrical signal, which is then transmitted as  radio waves and converted back into sound by your friend’s phone.  A basic mobile phone is therefore little more than a combined radio transmitter and a radio receiver, quite similar to a walkie-talkie or CB radio.

When you speak, your voice is converted to an analogue electrical signal by microphone in your handset. It then turns into digital signal. The digital version of your voice is then sent by microwaves to nearest base station. 


How do cordless phones work?

e Cell phones and cordless telephones are
transceivers, device that transmits one signal
& receives another radio signal from a base
unit.

* You can talk and listen at the same time
because the two signals are at different
frequencies.



Communications Satellites

e Thousands of satellites
orbit Earth. A radioor TV
station sends microwave
signals to the satellite
which amplifies the signal
and sends it back to a
different place on Earth.
Satellite uses dif freq to
send & receive.
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Presentation Notes
Commonly, remote controls are Consumer IR devices which send digitally-coded pulses of infrared radiation to control functions such as power, volume, tuning, temperature set point, fan speed, or other features. Remote controls for these devices are usually small wireless handheld objects with an array of buttons for adjusting various settings such as television channel, track number, and volume.
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Presenter
Presentation Notes
Almost all that we know about planets, stars, and galaxies is obtained from studies of the light received from them.



Electromagnetic Theory



Electromagnetic radiation: wave model

« James Clerk Maxwell (1831-1879) — Scottish
mathematician and physicist

» Wave model of EM energy

* Unified existing laws of electricity and magnetism
(Newton, Faraday, Kelvin, Ampére)

* Oscillating electric field produces a magnetic field
(and vice versa) — propagates an EM wave

» Can be described by 4 differential equations

* Derived speed of EM wave in a vacuum


Presenter
Presentation Notes
James Clerk Maxwell (1831-1879) was one of the most important mathematical physicists of all time, after only Newton and Einstein. Within a relatively short lifetime he made enormous contributions to science which this lecture will survey. Foremost among these was the formulation of the theory of electromagnetism with light, electricity and magnetism all shown to be manifestations of the electromagnetic field. He also made major contributions to the theory of colour vision and optics, the kinetic theory of gases and thermodynamics, and the understanding of the dynamics and stability of Saturn's rings.�
All electric and magnetic fields of the universe are governed by four laws, and these are called Maxwell’s law of electromagnetism. Maxwell's equations represent one of the most elegant and concise ways to state the fundamentals of electricity and magnetism.

Maxwell's Equations are a set of 4 complicated equations that describe the world of electromagnetics. These equations describe how electric and magnetic fields propagate, interact, and how they are influenced by objects.

James Clerk Maxwell [1831-1879] was an Einstein/Newton-level genius who took a set of known experimental laws (Faraday's Law, Ampere's Law) and unified them into a symmetric coherent set of Equations known as Maxwell's Equations. Maxwell was one of the first to determine the speed of propagation of electromagnetic (EM) waves was the same as the speed of light - and hence to conclude that EM waves and visible light were really the same thing. 


Maxwell's Equations

» Four equations relating electric (E) and
magnetic fields (B) — vector fields

* £, IS electric permittivity of free space (or
vacuum permittivity - a constant) — resistance
to formation of an electric field in a vacuum

+ &, = 8.854188x%10-"“Farad m-’

* U, IS magnetic permeability of free space (or
magnetic constant - a constant) — resistance
to formation of a magnetic field in a vacuum

* Uy = 1.2566x10° T.m/A (T = Tesla; S| unit of
magnetic field)

V-E=£
EO
VeB=0
‘V><E=—E
dt

VxB=u,J+e,u



VOE=£
80

Gauss’ law for electricity: the electric flux out of any closed surface is
proportional to the total charge enclosed within the surface; i.e. a charge will
radiate a measurable field of influence around it.

E = electric field, p = net charge inside, g, = vacuum permittivity (constant)

Recall: divergence of a vector field is a measure of its tendency to converge on
or repel from a point.

Direction of an electric field is the direction of the force it would exert on a
positive charge placed in the field

If a region of space has more electrons than protons, the total charge is

negative, and the direction of the electric field is negative (inwards), and vice
versa.



Maxwell's Equations (2)

VeB=0

Gauss’ law for magnetism: the net magnetic flux out of any closed surface is
zero (i.e. magnetic monopoles do not exist)

* bk i
» !

i ]

FE LT RN

B = magnetic field; magnetic flux = BA (A = area perpendicular to field B)

Recall: divergence of a vector field is a measure of its tendency to converge
on or repel from a point.

Magnetic sources are dipole sources and magnetic field lines are loops —
we cannot isolate N or S ‘monopoles’ (unlike electric sources or point
charges — protons, electrons)

Magnetic monopoles could exist, but have never been observed



Maxwell's Equations (3)

Faradays Law of Induction

ot

Faraday's Law of Induction: the curl of the electric field (E) is equal to the
negative of rate of change of the magnetic flux through the area enclosed
by the loop

E = electric field; B = magnetic field

Recall: curl of a vector field is a vector with magnitude equal to the
maximum ‘circulation’ at each point and oriented perpendicularly to this
plane of circulation for each point.

Magnetic field weakens =» curl of electric field is positive and vice versa

Hence changing magnetic fields affect the curl (‘circulation’) of the electric
field — basis of electric generators (moving magnet induces current in a
conducting loop)


Presenter
Presentation Notes
Here negative sign is because of Lenz’s law which states that the induced emf set up a current in such a direction that the magnetic effect produced by it opposes the cause producing it.

A curl is just a vector or a measure of the rotation of a 3-dimensional vector field in any point on that field. This equation, Faraday's and lenz's law, basically says that the electric field curls because of a change in a nearby magnetic field ( meaning it flows in a circuit). Notice that the negative sign indicates that the flow will happen in a direction that'll cause another magnetic field opposing to the first one and that's where Lenz comes in; the change causes a reaction that tries to oppose the initial change(this appears to be a natural law since I found it in many fields like equilibrium study in chemistry in Le Chatelier's law ) so basically curl measures tendency of a vector field to rotate. This third law explains the phenomenon of Induction which has tremendous applications like transformers for example.


Maxwell's Equations (4)

oE
VxB=uJ+eu,—

ot

«  Ampere’s Law: the curl of the magnetic field (B) is proportional to the electric
current flowing through the loop

AND to the rate of change of the electric field. € added by Maxwell
« B = magnetic field; J = current density (current per unit area); E = electric field
« The curl of a magnetic field is basically a measure of its strength

« First term on RHS: in the presence of an electric current (J), there is always a
magnetic field around it; B is dependent on J (e.g., elecfromagnets)

« Second term on RHS: a changing electric field generates a magnetic field.

« Therefore, generation of a magnetic field does not require electric current, only

a changing electric field. An oscillating electric field produces a variable
magnetic field (as dE/dT changes)



Charging of a capacitor




Putting it all together....

An oscillating electric field produces a variable magnetic field. A changing
magnetic field produces an electric field....and so on.

In ‘free space’ (vacuum) we can assume current density (J) and charge (p) are
zero i.e. there are no electric currents or charges

Equations become: v ° E — O
VeB=0

B
VxE=—a—

ot

7
VxB=¢gu,—

ot



Solving Maxwell’s Equations

Take curl of: 6 X E = — ﬁ
1 )
.~ .. - 0B
Vx|Vx E|=V x|-—]
ot
Change the order of differentiation on the RHS:
. ~ . 0 - .
Vx|Vx E|=-—|V x B]



Solving Maxwell's Equations (cont'd)

But (Equation 4): S B M££
dt
Substituting for VX B |, we have:
== Do B - = J JoFE
Vx|[VxE]= dt[v B]=V><[V><E]=—E[M£W]
Or:
L e assuming that 1

and e are constant
ot~ in time.




Solving Maxwell's Equations (cont'd)

Identity: Vx[Vx f] = V(V- f)=V3f
Using the identity, Vx[VxE]=—ue %212?

!
becomes: V(V-E)=V2F =— ue aai];

Assuming zero charge density (free space; Equation 1):



Solving Maxwell's Equations (cont'd)

J—

J°B
ot”

V2E = ue ?joE V*B = ue

The same result is obtained for the magnetic field B.

These are forms of the 3D wave equation, describing the propagation
of a sinusoidal wave: 7,
1 J°u

Vu = -
VT oot

Where v is a constant equal to the propagation speed of the wave

1

So for EM waves, v =
ue

[



Solving Maxwell's Equations (cont’'d)
1

So for EM waves, v = ,
ue

[

Units of y = T.m/A
The Tesla (T) can be written as kg A-! s2
So units of y are kg m A2 s

Units of € = Farad m-" or A2 s* kg”' m=2 in Sl base units
So units of ue are m=2 s?

Square root is m' s, reciprocal is m s (i.e., velocity)
£, = 8.854188%10-"?2 and p, = 1.2566371%x10-°

Evaluating the expression gives 2.998x108 m s’

Maxwell (1865) recognized this as the (known) speed of
light — confirming that light was in fact an EM wave.



The propagation direction of a light wave

FIGURE 35.19 A sinusoidal electromag-
netic wave.

I. A sinusoidal wave with frequency fand
wavelength A travels with wave speed v_ .

¥ Wavelength A Ty -
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each other and to . ;

the direction of 3. E' and B are in phase.
travel. The fields That is, they have
have amplitudes matching crests,

E, and B,,. troughs, and zeros.



Video On Electromagnetic Field
Generation



Particle Nature of EM Wave??



PhotoElectric Effect

E photon = hv
= 6.22x10° m/s

f00 nm Vma

1.77 eV 550 nm Vo = 2. 96x10° m/s
2.25 eV

4{1{:- nm

31 gV

electmns %

Paotassium - 2.0 eV needed to eject electron

Photoelectric effect

T=hv-W


Presenter
Presentation Notes
Using the classical Maxwell wave theory of light, the more intense the incident light the greater the energy with which the electrons should be ejected from the metal. That is, the average energy carried by an ejected (photoelectric) electron should increase with the intensity of the incident light. �
that the incident light consisted of individual quanta, called photons, that interacted with the electrons in the metal like discrete particles, rather than as continuous waves. For a given frequency, or 'color,' of the incident radiation, each photon carried the energy E = hf, where h is Planck's constant and f is the frequency. 


Photoelectric Effect

When an incident photon ejects an electron, the process is
called “photoelectric” effect. It is a photon-electron
interaction rather than a charged particle interaction.

The photon transfers all its energy to the electron in a single
cataclysmic event after which the photon ceases to exist and
the ejected electron retains all the energy originally
possessed by the photon except for the energy required to
overcome the binding energy of the electron.

since an electron has been ejected, a vacancy exists in the K
shell and thus one or more characteristic x-rays will be
produced as the vacancy is filled by electrons from higher
orbits.

29



Photoelectric Effect
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Presenter
Presentation Notes
We have actually discussed the photoelectric effect previously without calling it by name.  When we discussed ionization, we considered the possibility of a tightly bound electron being ejected from its orbit and a characteristic x-ray being produced when the vacancy created was filled by an electron from a higher orbit.  Although we were primarily considering the effects of charged particle interactions, it was noted that electrons can be ejected by not only charged particles but also, neutrons and photons.

When we consider the specific case of an incident photon ejecting an electron, we call the process the “photoelectric” effect.  It is a photon-electron interaction rather than a charged particle interaction.

The photon must transfer all its energy to the electron in a single cataclysmic event after which the photon ceases to exist and the ejected electron retains all the energy originally possessed by the photon except for the energy required to overcome the binding energy of the electron.

Of course, since an electron has been ejected, a vacancy exists in the K shell and thus one or more characteristic x-rays will be produced as the vacancy is filled by electrons from higher orbits.


Photons

 The light absorbed or emitted must be in
“packets” of electromagnetic radiation containing
a specific amount of energy.

* These packets are called “PHOTONS.”

* The energy of a photon is related to the frequency of
the electromagnetic energy absorbed or emitted.



Frequency and Energy

The energy of a photon is related to the
frequency of light emitted or absorbed by

E=hv

where h = Planck’s constant

v=C/A
SO, Ea 1/A



“Every physicist thinks he knows
what a photon is.

| spent my life to find out what a

photon is and I still don’t know.”



Wave Nature of Light




Diffraction Pattern of light




Definition of wavelength
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Different ways molecules can interact with E-M radiation

\ X-ray X-ray
Yy, ionization 7%, A
-— ionization | Campton
X-rays :
Scattering
Longer
wavelength
Photoionization X-ray
) *. Electron
A Ultraviolet " * level changes
....... AW =
o
- A Infrared Molecular
W + NN vibration
L |
2 :
wy = —, Molecular
- [all &
< = M'frﬂ""'a"’“( »—e rotation
i u
= " and torsion
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Spectral Linewidth

* Physical mechanisms
can broaden spectral
lines.

— Doppler Effect
* Thermal motion
* Rotation
— Collision Broadening

—Heisenberg
Uncertainty Principle

—
o
_—

-

— ~—icith

[Nk ns iy

Fredguency

e
(=]
——




Observer behind
sees longer-
than-normal
wavelength

w.

= =
Moving source

Wave motion

Shift

Observer

|  The greater
Observer in front

sees shorter- the
than-normal

wavelength Ve|0City
=~ the greater
the shift.




The wavelength of a spectral line is affected by the
relative motion between the source and the observer

Wave crest 1: emitted when
light source was at S,

Wave crest 2: emitted when
light source was at S, 1

Wave crests 3 and 4:
emitted when light

source was at S;and
S, respectively

Motion of
. \
light source

This observer
sees redshift

This observer
sees blueshift



Doppler Shifts

. The object is moving away from the
observer

: The object is moving towards the observer

AMA, =v/c

Al = wavelength shift
A, = wavelength if source is not moving
v = velocity of source
¢ = speed of light



Doppler Effect: Rotation

* Rotation of star/gas will
produce a broadening of
spectral lines.

e Photons emitted from side
spinning toward us,
blueshifted.

e Photons emitted from side
spinning away from us,
redshifted.

n
[ JL | | Thisside Ghes
- blueshifted

A o
rotation jL l 3 »

- | Observed 4. "Matural
i ﬂ | line | ~line"

{ ol

e L This side Eﬁ
- / |7 JL :rﬂd‘i'h'ﬂﬂd | Intensity

.. II."IIl _-r ] "'.IF requEm:y
Observed spectral line is Pl :
Receding | Approaching
broadened. side |  side
Line

center




END



The atmosphere scatters blue light

more effectively than red light —
Blue hence mostly red light reaches
Blue Your eye when you look through
a thick slice of atmosphere at the
setting Sun.

(b) Why the setting Sun looks red
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Different ways molecules can interact with E-M radiation

\ X-ray X-ray
Yy, ionization 7%, A
-— ionization | Campton
X-rays :
Scattering
Longer
wavelength
Photoionization X-ray
) *. Electron
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Microwave Spectroscopy

or

Rotational Spectroscopy



Molecular Energy

=» Molecules can have the following types of energy
Translational or kinetic (due to motion)
Electronic (PE and KE of electrons)

Vibrational (oscillation of atoms in bonds)
Rotational

=>» All except the KE are quantized

Emolecule - Erotational + Evibrational + Eelectronic



Molecular Energy Levels

Elacironic SR
sranEiion Excited alactronic
fin aptical state.

or uy) I - dissociallon

E Ground state
LU
Rotational
Hﬂ;“;f"ﬂ;fj sransilion |
{in Infrared) \L5 el ]

Internuclear separation



Molecular Energy Levels

{—=
= Excited
{— Electronic
State
A
Vibrational
Rotational Energy Levels
Energy Levels \ /
{=—=
{ Ground
{— Electronic
j — I State
Rotational  Vibrational Electronic
Transition Transition Transition

1-20 cmt 2000-4000 cmt  10000-50000 cm-t

Microwave Infrared UV-Visible



Molecular Energy Levels

The relative energy of the spacing between energy
levels for various types of transitions in a molecule are
In the order:

Rotational Vibrational Electronic
Transition £<£ Transition £<£ Transition
1-20 cm1 2000-4000 cm1 10000-50000 cm-1

Thus, the various types of energy transitions occur in
different regions of the EMR spectrum and do not
overlap.



Rotational motion of a Diatomic Molecule

@

Direction of
rotation Oi @_@ i @—@ 9_'@
1

@
Dlr::ctmn of :
dipole I
v Y
Vertical
component
of time
dipole

The rotation of a diatomic molecule, HCl, showing the fluctuation
in the dipole moment measured in a particular direction.



Absorption of Electromagnetic Radiation - The Coupling
Mechanism

* An electromagnetic wave is an oscillating electrical field and interacts only
with molecules that can undergo a change in dipole moment.

#* The oscillating dipole can be provided by the rotation of a permanent
dipole like for example HCI. This type of interaction leads to microwave

spectra.

H—-CI

m@"ﬂi?&“'Oi o—® Z ®@—o i O—®
4

Direction of | 1 I
dipole '

Vertical
component
of Time
dipole




* How can electromagnetic radiation lead to changes in the
rotational state of a molecule?

The electric field of an
electromagnetic wave
exerts a torque on an
electnc dipole.

The electromagnetic field exerts a torque on
the molecule.




Origin of Microwave Spectroscopy

* Incident electromagnetic waves can excite the rotational levels
of molecules provided they have an electric dipole moment. The
electromagnetic field exerts a torgue on the molecule.

#* The spectra for rotational transitions of molecules is typically in
the microwave region of the electromagnetic spectrum.

The electric field of an
alectromagnetic wave
exerts a torque on an
alectric dipole.

% Absorption of microwave radiation causes heating due to increased molecular
rotational activity....



Micro-wave ACTIVE molecules

Incident electromagnetic waves can excite the rotational levels
of molecules provided they have an electric dipole moment.
The electromagnetic field exerts a torqgue on the molecule.

“*Homonuclear diatomic molecules (such as H,, O,, N, ,
Cl,) — have zero dipole (non polar) -- have zero change of
dipole during the rotation — hence NO interaction with
radiation -- hence homonuclear diatomic molecules are
microwave inactive

**Heteronuclear diatomic molecules (such as HCI, HF, CO) —
have permanent dipolemoment (polar compound) --
change of dipole occurs during the rotation — hence
Interaction with radiation takes place — Therefore,
heteronuclear diatomic molecules are microwave active.




The rotation spectrum of 12C160

relative absorbanice

VAV,

| |
2 4 & B 10 12

frequency of electromagnetic radiati on (1011 Hz)

#* The lines are nearly equally spaced and vary in intensity.

#* We also will learn why the lines are nearly equally spaced
and vary in intensity. Such spectra can be used to determine
bond lengths, and even bond angles in_polyatomic
molecules.




Angular Velocity and Angular Momentum

e [Linear motion

linear velocity, v linear momentum, mv
, | 4

e Circular motion

The angular angular momentum, J

momentum J of a 1
particle is represented
by a vector along the

axis of rotation and
perpendicular to the
plane of rotation

T\angular velocity, ®




What 1s the Moment of Inertia?

» linear velocity, v =r,®

particle

perpendicular distance
from axis of rotation, 7;

Kinetic energy of each particle i = 2 mv? = Y2 mr ®?




Anqgular velocity (o) & Linear Velocity

Linear Angular Relationship

| rdé do
Velocity V=—— W=— V=T

dt dt




Moment of Inertia

* Total kinetic energy of the rotating body
Kinetic energy, 7= (imr’o’)

i

- | 2 2

=2.(im7 o
i

il 2

« Compare this to the kinetic energy of a body undergoing
linear motion = Y2 mv?

Moment of Inertia, / =) m,r;’

The resistance of the rotating body to a change
in its rotational motion about a given axis




Which has the higher 77

. 2
I‘me’?
i

The average
distance of each
particle in the rod
to the axis of
rotation 1s small

The average
distance of each
particle in the rod
to the axis of
rotation is larger




Role of Moment of Inertia
towards Angular Momentum
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Rotational period

27 radians/revolution

T § - :
v w (radians/sec)
masm
1 A'"'B 2
Kot = 2 r(Z ;
my + mg
= 5 priw’
= %Ia)2
For K., = kgT

_, r_, ur;
ot = ST\ o, — TN 24T

For a typical molecule at room temperature

Trot & 10_12 S = 1p3 (one picosecond)



Classes of Rotating Molecules

b should be replaced by a

* Molecules can be classified into five main groups
depending on their moments of inertia.

1. |lc=15,1,=0 Linear molecules

2. |lc=lg=1, Spherical top

3. |lc=lg>1, Prolate symmetric top

4. |[l.>1g=1, Oblate symmetric top

5. |1c>1g> 1, Asymmetric top .




Linear Molecules

Other examples:
« HCI

- CO,

« H-C=C-H

H—C= z (a) ¢ H-C=C-C=C-C=C-H
e LIF

y (b)

x (<)

lc=15,1,=0
| Inear molecules



Prolate Symmetric Top Molecules

x (€) x (b)
H.,’% H,,,’ /H
H="T H z (a) Ce=—g=—C 7 (a)
v N
H/ H H
y (b)
lc=1g> 1,

3R[OIg

Prolate symmetric top

21



Oblate Symmetric Top Molecules

z (c)

x (@)
lc>1g=1,
Oblate symmetric top

22




Prolate and Oblate




Spherical Top Molecules

z (c) Other examples:

« CH,

e ~ - @ » CCl,

é”’/g\\\g . Generally, molecules with
R O, Ty, or I, point groups

are considered spherical
top molecules.

Spherical top



Asymmetric Top Molecules

Most of the molecules are

z(b) asymmetric top.

=N y (a)
H H

X {c)

lc> 15> 1,
Asymmetric top
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Rotational Motion: Rigid Rotator Model

L r, , e =Tat+Tg
+~—— A= s = MATA — Ml
Fa — i, n my, Fe
mpy Center of mass point mg N
= m, + mg b

Rotational Kinetic Energy (K.,

_ 1 ¢) 1 2
By = 5 MAVA T+ 5 mMgug

— %mA(”A(&))2 i3 %’”’”lB(”B‘JO)2

where w is angular velocity, d@/dt
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Rotational Kinetic Energy (K,,)

mmwm
K =1 AB 22 reduced mass
rot 2 e
my + mg
M Am
= 1,272 _ =
= 7 MW ad
- LN o meg
— 1 2 . :
= slw moment of inertia
o 1
(compare this with K):Em\/2 1= mr2 + mgri = ur?
Using angular moment J=1lop o L — I(,U
(compare this with p =MV )
the rotational kinetic ]2 of |_2
energy becomes Krot = 5 K. = E
2
(compare this with K) = b



. R

m, n,

centre of mass

Reduced Mass




Quantum mechanics of rigid rotor rotation

To solve the Schrodinger equation

Hy =Ey

We need to set up the Hamiltonian:

H orH, =T +V

total

One needs to define the kinetic and potential energy

29



ASSUMPTION

The potential energy of rigid rotor diatomic molecule is zero:

V =0 & |MPORTANCE ASSUMPTION

The Hamiltonian operator of rigid rotor diatomic molecule corresponds to
the kinetic energy operator:

30



Rotational operators:

2 2 2 m.m
|l =m r"+m,r, = ur =12
m, +m,
V=owr,
L=lw V =0
0
. A A G
H ., =T+V=|——V°4
2u
where VZ is the Laplacian Operator
2 2 2
In Cartesian coordinates 2 O O o
Vi=s——+_- 2
ox® oy° oz

31



Rigid Diatomic Molecules

 Set up the Schrodinger equation for the rigid rotor model:
HY = EY
hZ

__VZLIJml = ErolLProt
21

2 ' 0,
—h( ! asin9i+ l e )‘I’mt:E

) i
21\ rsin@ 06 00 rsin’ 6 0¢° .

rol

 Solving this equation reveals that the rotational energy
levels are quantised



Rotational Energy

* Quantised rotational energy levels:
J(J+1)R

21
e J=0,1, 2, ... are the set of po§sible rotational quantum

numbers

E, Joules

* For each quantum number ./ there is a corresponding
wavefunction and energy level

E, J(J+1)h

F(J)= =BJ(J+1) |cem’

he 871l
h

B=—"
S Ic




Transformation to spherical polar coordinates

For rigid rotor model, we usually transform the V2 Cartesian coordinates
Into spherical polar coordinates .

Cartesian Spherical polar
coordinates coordinates

w(X.y,2) mm) w(r,0,9)
— 0 < X< o

0<Ph<oo

—O<Y<© B gcg<z
—0 < Z <o OS¢<27Z'

Z=rcoséd r=yx*+y*+7’

- Z
X=rsin@dcos¢g O=cos™—
"

=rsSin@sin
Y / ¢:tan‘1(lj

X




Transform the V2 Cartesian coordinates into spherical polar coordinates

o _,
or

1 of( . 0O 1 O?
+—— SINO— |+——— >
rsing@ oo 00) r-sin“ @ o¢
Because of rigid bond
1 O ( . O 1 b (fixed bond length)
= : siné +— > r—
I, \ sin@ 060 00) sin“6 o¢ 0

2 2 2
H:T\:_h_vz:_ h > _1 6 (Sine a)"‘ .12 82
211 2ury \ sin@ 06 00 ) sin“ 6 o¢

(1 o(. 0 1 o° 5
=— . SINO— |+—— - | = ur,
21\ sin@ 06 00 ) sIin“6 og

or
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After transformation, we get:

~ R 1 o(. 0 1 o
T=- : SINO— |+—— -
21\ sin@ 06 00 ) sIin“ 6 og

Because T=—

The square of angular momentum operator becomes

2
I R (Siﬂ@ij—l— _12 62
siné@ 06 00 ) sin“6 og

L2 is important operator in the solution for energy levels and
wavefunctions of rigid rotor in the Schrédinger equation.

Another importance of the angular momentum is L, (the z-component)

L —_in 2

0¢



Thus, the Hamiltonian operator in the Schrédinger equation

L2

H=—
21

Another implication of the rigid rotor (fixed bond length) is the
wave function depends on 6 and ¢ :

w(r,0,¢)=y(0,9)
Hy (0,9) = Ew (0, 9)



Rigid rotor wavefunctions

Hy(6,9) =Ew(6,9) 0<O<m : O0<¢<2rm

A el 1 0. 0 1 0°
H=- . SINO— [+——; -
21\ sin@ 06 00 ) sIin“6 og

The full wavefunctions (I, 8,¢) = R(r)Y (6, 9)
Reduce to w(6,0) =Y (0,p) Consider only the

angular part of the
wavefunctions

(1 a(. o 1 o _
=T (sin@ a6)(sln 9£j+sin2¢9 a¢2]Y(9,¢)— EY (6,9)

Set the Schrodinger Equation equal to zero and X (— 21 sin? H/hz)

sin Hi(sin Y0 ¢)j+ o (92’ 9), 2! sin® 6EY (0,¢) =0
06 00 Y




From the previous slide
2
sin@i(sinan(9’¢)j+ 070.9) , 2l in2 e (0,4) = 0
00 00 O 7

Rearranging the differential equation separating the 8-dependent terms
from the 6-dependent terms:

2
sin Qi(sin eij+2—isin2 E Y (0,0) =— 0 Y(QZ’ ?)
00 00) o
| ' f L ' |
Only 6 Only ¢

the Schrodinger equation can be solved using separation of variables.

Y(0,¢4) =6(0)D(9)



From the previous slide

0°0(0)D(¢)
O¢° 2IE
ﬂ_ hg

LHS operator does not operate on ¢(¢) and RHS operator does not
operate on ©(0).

. o ( . O . 2 _
{sm 9£(5|n Hﬁjﬂﬁsm H}@(@)CD(@ =

0 (.. 000 . oy O°0(9)
®(¢)S|n980(sm0 = j+ﬂ8|n 0 ©(0)D(¢) =—-06(0) o

Devide by ®(¢) O(8)

Sind (Sin9d®(e)J+ﬁsin26’=— = a%p(f)
O(6) do do O(g) O¢
On'Iy 0 Only'cb

Each side of the equation must be equal. Let give it to m?




From the previous slide

sing d (Sin9d®(‘9)]+,88in26’=— 1 82q)(2¢):m2
e(4) db do D(g) 09
sin@ d (sin9d®(9)j+ﬁ5in2 0 = m2 ()
O() dé do

L °0) _ . ()

D(gp) o’



Let solve Eq.(Il)

i )N
O(g) g’

O’ 5, 1
o’ ®(g)

D(p) =A™ or A e
Consider periodicity conditions D(p+27) = D(P)
The solution for ®(¢) is :

D(g) = ie‘m"’ m=0,+1,+2,..

V2x
AN

Normalization constant



The Legendre Equation
For solving Eq.(1),

sing d ( N (Q1(7)
sin@
®(F) do dé

j+,6’sin2 0 =m?
dx

Change variables: X=c0s68, ®(0)=P(x),

=dé
0

Since: 0<@0<7z mm _1<x<+1

sin“@=1-—cos” @ =1—Xx°

The eq(l) is transformed into:

, 2 d m? B
(1-Xx )W P(x)—Z& P(x)+{,8—1 2}P(x) =0

The Legendre Equation



Associated Legendre polynomials

The solutions of the Legendre Eq. are :

®(0) = A P (cos )
PJ'”"| (cos@) The Associated Legendre polynomials

Normalization constant
2J +1)(J—|m])!
A =
2 )(I+|m])!

23+ Im)




The Associated Legendre polynomials

P (cos 0) ;J=0,1,2,... and m=0,£1,£2,..

P’(cos9) =1

P°(cos @) = cos

P*(cos @) =sin

P, (cos9) = % (3cos® 6 -1)

P, (cos @) = 3sin @ cos &
P, (cos @) =3sin” @



Spherical harmonic wavefunctions

Y(0,9) =Y (6,9) = 6(0)D(¢)

:\/(ZJ +1j(J—|m|)!PJm(COSQ)1eim¢

2 )(3+|m])! J2r
\ J \ J
| |
©(0) D (@)
Y (0,9) = \/(2“;;1) 8 :L : E B: PI™ (cos @) e™

:J=0,1,2,... andm=0,+1,+2,..



The wavefunctions forJ =0, 1, 2




48
Rotational energy levels of rigid rotor

The Hamiltonian (Laplacian) operator:

2 2
H:T:—h _1 a(Singaj-l— _12 82
21\ sin@ 06 00 ) sIin“6 o

The spherical harmonic wave functions:

hz[ L a(sineajJr S ]Y(9,¢)=EY(‘9’¢)

21\sin@ 06 00 ) sin?@ 04’
. 23 +1Y (= m[)! o
Y. (O, 0) = P."(cos@)e
L e

Because Y." (6, ¢) are Eigenfunct ions of H
solving for this Schrddinger gives the quantized J(J+1) result :
2

ﬁnwa@=ad0+bnﬂa@ . J=01,2,...

72 J is Rotational
E= EJ(J +1) guantum number



Rotational Enerqgy of Rigid Diatomic molecule

Rotational Energy Levels for rigid rotor:
F]

Ra?l

E; = J(J + 1) joules where J =0, 1, 2, ...

E,

8y = —

he . 8nllc

J(J + 1)em™! (J=0 1 2..)

g, =BlJ+Dem* | V=0,1,2..)

— h

s -1
8nlyc

where B, the rotational constant, is given by cm

my mj
Where [ = ré = pré
m, + m,



Rotational Spectra of Rigid Diatomic Molecule

For rigid rotor,J »>J +1, _ = oy
Visge1 = 2B(J + 1) cm

Selection rule: AJ = +1

J Ly J
6 42B 6
5 30B 5
4
4 208 4

L
——————

o

6B

0 4B 8B 12B %

2B 6B 10B

The allowed_ rptat_ional energy Allowed transitions between the energy levels
levels of arigid diatomic molecule of arigid diatomic molecule and the spectrum



relative absorbance

JUUUY

s 4 & 8 10

frequency of electromagnetic radiati on [1[]11 Hz)

12




Selection Rule for Rotational Transition

Transition dipole U, = j HLP At

moment
L initial state
ﬁnal state

=> only if this integral is nonzero,
the transition is allowed; if it is
zero, the transition is forbidden

AJ=*x1



Example: Using the following total energy eigenfunctions for the three-dimensional
rigid rotor, show that the J=0 — J=1 transition is allowed, and that the J=0 — J=2
transition is forbidden:

Providing the notation YjMj Is used for the preceding functions.

Y, (0,4)= ( 47:)1,2 Y(6,4)= (%j cos &

Y2 (0,4)= (1:7[)1 2(:-3c:os,2 0-1)

Assuming the electromagnetic field to lie along the z-axis, ;= ucosé

the transition dipole moment integral takes the form

4 = [ 4 ]¥° (0,8 cosO ) (6. g)sin o



For the J=0 — J=1 transition,

1

YoO (6)’ ¢) - (47[)1/2

=) Y1°(6’,¢):£ij cos @

A

1= 1 [Ag]Y2,(6.9)cos O, (6.,9)sin a0

27 V4 3 1/2 1
=u|dg|| — g(cosd in&dlé
ﬂ?‘; ¢!(4ﬂj cos &(cos )(47[)1/2 sin

\/§27Z T , -
—u——71J1d & 27
ﬂ4ﬂ£W\jd¢[¢]gﬁ2ﬂo

= ﬂﬁ(ZE)ICOSZ gsin &6
A S

:yg_[cosz dsin&d o
0



For the J=0 — J=1 transition,

Now consider J-(:os2 gsinad @

Use reduction or substitution method

X=6, Z=C0SX, ﬁz—sinx, dx=—_idz
dx Sin X

jcosz X sinxdx =jz2 sinxadx :jz2 sinx( i dez = —jzzdz

__1 z° :—lcos"’ X
3 3

Replace the result into the original integration

jcosz gsindé :{—10033 9} — —E(—f’ ~1%) _2
0 3 0 3 3



From the previous derivation:

w0 = y?_[cosz gsin o
0

Y = p—

\f(zj J3

Thus:

J3

10
= 220
My =H—

The J=0 — J=1 transition is allowed.

For the J=0 — J=1 transition,

jcos2 Gsin o = 2
; 3




Home Assignment

Using transition moment integral and Spherical Harmonic
wave functions for the J=0 and J =2 energy levels, show that
J=0 — J =2 transition is forbidden.




Rotational Spectra of Rigid Rotor

Selection Rule: Apart from Specific rule, Al= £1, Gross rule- the molecule should

have a permanent electric dipole moment, p . Thus, homonuclear diatomic molecules do
not have a pure rotational spectrum. Heteronuclear diatomic molecules do have

rotational spectra.

Aj=+1
A] =+1 (absorption)
Aj =-1 (emission)

Rotational
energy <

levels

o

0

Energy

A 30Bh

AL = 10Bh

20Bh

AE = 8Bh

12Bh

‘Al’f = 6Bh

TAI'.' =4Bh

6Bh

2Bh

3 |
S“{ - §Fr _r P § 0

0

© 2003 Thomson-Brooks/Cole

8B 108
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Intensities of Rotational Lines

» Spectral line intensity is intrinsically controlled by
1. Transition probabili
2.

* Quantum mechanical calculations reveal that the
transition probabilities for A] = +1 are virtually gll equal

* The population of states is given by the Boltzmann
Distribution Law

Population of initial and final states




Spatial Orientation

« How is the molecule orientated with respect to a
reference (laboratory) fixed axis?
= Project J onto the reference axis z

laboratory
L =J(J+1) 7 S
L, =M.a where M, =0,21,80....+J 90° - axis of

rotation




Figure 9-40a
Atkins Physical Chemistry, Lighth Edition
© 2005 Peter Athins and Julia de Paula

Figure9-40b
Atkins Physicol Chemistry, Eighth Edition
© 2006 Peter Atking and Julo de Pauly

+2

+1



Degeneracy of Rotational Energy Levels

L =yJ(J+1) 7
L, =Mk, whereM,=0,1t1,12,....+J

J=0, M,=0
J=1, M,=1,0,-1
J=2, M,=21,0,-1,-2

- 5 Each rotational energy level is
S (2J + 1)-fold degenerate



M,_,=3210-1-2-3

Mf=2 = 2,1,0,_1,_2

gl

5=

Degeneracy:
g, =2J+1




Summary

 Rotational energy, £, is quantised

2
E,,:J(J;)h . J=0,1,2,..

* Angular momentum, J, 1s quantised

J=J(J+1) A

* The component of J on an arbitrary axis, J_, 1s quantised

J =M,h, whereM,=0,t1,12,....+J

A rotating body may not take up an arbitrary orientation
with respect to some specific axis



Intensities of Rotational Lines

» Spectral line intensity is intrinsically controlled by
1. Transition probabili
2.

* Quantum mechanical calculations reveal that the
transition probabilities for A] = +1 are virtually gll equal

* The population of states is given by the Boltzmann
Distribution Law

Population of initial and final states




Population Distribution

* The number of rotational levels with a particular energy
E; increases with J

Degeneracy, g, =2J +1

« With respect to the ground rotational state, /=0,

N

J(J+1)h51§)

2 F +1 =
( )exp( e

0

d(NJ_,.f"NO)zo s 2
dJ " N2heB

N | —



Population Distribution




relative absorbance

]
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Effect of Isotopic Substitution




[sotopic Substitution

e Does 13C!°0 rotate the same as 2C1°Q?

. @
< R >
. @
€ R >

* No significant change in bond length upon isotopic
substitution



Effect of Isotope Substitution

* Consider change in atomic mass B= f
87’ I¢
13CO B(13C160) = 1.83669 cm™!
e K &
l l \ \ -
12CO B(12C1%0)=1.92118 cm'!
N it N '
I T | —= CIn



IZCO IJCO

J
t -~
-
) s\\\
A
|
|
|
A
|
l
“ s -‘-~-- l
|
|
3 — — —— l
1 i
|
I
2 } 1 t
i - -
0 { o 2
0 2B 4B 68 %8B 108 128 cm e
| | | | |
| H | | |
| | I | !
| | | 1
IR 4R 68 &R 108 12B

Figure 2.8 The effect of isotopic substitution on the energy levels and hence rotational spec-
trum of a diatomic molecule such as carbon monoxide.



1. Determination of Accurate Atomic weights

E(IZ CI()O) ~ ILI(BCI(’O) _]

L i) M S S oas
B(bcl(‘)o) /,l(l‘-CI()O)

Microwave studies have determined the
atomic weight of 1°C to be 13.0007
[|Gilliam ef al., Phys. Rev., 78, 140, 1950]

2. Determination of natural abundance of isotope from the
comparison of intensities of spectra.



Energy

)R —>»

9 A 30Bh
AE = 10Bh
4 - 20Bh
I
Rotational AE = 8Bh :
clncriqy < | |
evels :
3 : 12Bh
l |
AE=6Bh | :
! |
) , } : 6Bh
IA/C =4Bh | : :
| : Il : ZB/J
) : § { 0
| ! |
| | |
| | |
| | |

— e e
>
oy
I
o
o
o~

|
|
T
|
|
|
|

Al l
e R

0 2B 4B 6B 8B 10B

V—>

© 2003 Thomson-Brooks/Cole



Table 2.1 Rotation spectrum of hydrogen fluoride

P Veate.d AV, B r
J (em™)  (em”')  (em~') (=44%) (nm)

0 4108 41-11
4111 20-56 0-0929

! 82:19 82-18
4096 20-48 0-0931

2 12315 12314
40-85 2043 00932

316400 16394
4062 2031 00935

4 20462 20455
4031 2016 00938

5 24493 24489
4008 20-04 0-0941

6 28501 28493
39-64 19-82 0-0946

7 32465 32461
39-28 19-64 00951

£ 36393 36389
38-89 19-45 00955

9 4028 40270
3831 19-16 00963

10 44113 44100
3781 W 1891 00969

11 47894 47874



The non-rigid rotator

The rigid rotor model holds for, well, rigid rotors.

Molecules, unfortunately, are not rigid rotors — their bonds stretch during rotation.

As a result, the various / (and thus

Centrifugal _ .
I rotational constants) change with J.
It is more convenient (i.e., easier) to
treat centrifugal distortion as a
™ perturbation to the rigid rotor terms.
k = 4n’a*c*u



Non-rigid Rotor

e Chemical bonds are elastic

J=3 @®

o CA\{'

J=1
J=0
e The centrifugal force arising from rotation distorts the
molecule, stretching the bond slightly

S e
* As the rate of rotation increases, el )
= The bond length increases
g [ centrifugal
* The moment of inertia increases () foergen il

» The rotational constant decreases .- ok



Improved Model

* Solving the Schrodinger equation gives
h? h*

J?(J + 1)? |Joules

1) —
= 87IZI]O+ ) 32mtI%rek

F() = ¥ BJJ+1)—DJ*(J+1)% |cm™

hé
~ - h3
B = d D=
8mw2]¢ 7 3274212k
centrifugal k: force constant

distortion constant




Simple Harmonic Model

* The simple harmonic oscillator model gives
1 |k

J=— |-

an\lu

* Thus it can be shown that within this approximation

A

- 45° g
D= =7 cm
14

e Hence from D, we can estimate the vibrational frequency
of the bond

We will return to this point when we discuss
Vibrational Spectroscopy




F(J)=B/J+1) F(]) = BJ(T + )= Dj*(J + 1%

J=3 F(3)=12B cm™!
------------------------ F(3)=12B — 144D cm™!
J=2 F(2)=6B cm™ ) o
------------------------ I(2) = 6B — 36D cm™
J=1 F(l)=Zch_l o ]7‘(]):21[}—4/3&1]_1

J=0 F(0)=0cm™ - F(0)=0cm™!



Rotational Transitions for a Non-rigid Rotor

A

F(J)=BJ(J + 1) - Dj?(J + 1)?

L 5=Fyg+1)-FQ)
\ =2B(J+1)—-4D(J +1)3
» Spectral line spacing

decreases with J as
(J+ 1y




O N W

Rigid rotator

Non-rigid rotator

" ——

T — — —

2B 4B 6B 8B 10B 12B 14B 16B 18B 20B
Rigid
/ T
I //’
Non-rigid
2B 4B° 6B° 8B 10B 12B 148 208



Sumimary

 Centrifugal distortion leads to rotational energy levels
that are closer together as J increases

= C.f. particle-in-a-box
* Selection rules and intensity pattern do not change
* B is of the order 1-10 cm™!
e D is of the order 1073 cm™!

* The correction term DJ%(J + 1)? may be negligible when
J 1s small



Linear Molecules

x{<) Other examples:

« HCI
- CO,
H—C = z (a) e H-C=CH
‘/ﬁM « H-C=C-C=C-C=C-H
o LiF

y (b)

l-.=1g=1,1,=0
l_Inear molecules

|

8r°lc



(3) Symmetric Top Molecules

[, <1, =1, (prolate)
I, =1, <1, (oblate)

* Permanent dipole moment, i # 0 and so rotational

transitions are observed

a

Prolate
I =1

C

Ammonia Also

Oblate
IL>1 =1

a




Rigid Symmetric Top (Prolate)

 Solving the Schrédinger equation gives

FJK)=—=BJJ+1)+(A—B)K? |cm’
o= 81r21bc 4= 8721,C (prolate)
¥ Lo 1 R < S

e K=0,=xI1,£2, ... &J are the set of possible quantum
numbers from the projection of the angular momentum on

the a axis (prolate)



Rigid Symmetric Top (Oblate)

 Solving the Schrédinger equation gives

Ejk

FU,K)=#=§](]+1)+§C"-§)’K2 cm™!
B=—— (=3
~ 8n2l,e C 8m2l,c i 2t

e =0 L2

« K=0,£1,+£2, ... &/ are the set of possible quantum
numbers from the projection of the angular momentum on

the c axis (oblate)



Physical Significance of K

Figure 1313
Athing Physical Chemistry, Eghth Edielon
© 2000 Peter Adun ared Jdo de Paka



Picture Taken from Hollas

Figure 5.5 The mtational angular momentum vector P for (a) a linear molecule and (b) the prolate
symmetnc motor CHyl where P, 18 the component along the a axis

Here, P is equivalent to L (total angular momentum vector)

P, is considered to be La=Kn



Quantum Numbers, J, K, I\/Ii

z

(a)

(b)

(c)




Rotational Energy Level Diagram

FUJ,K)=BJJ+ 1)+ (A—B)K?
where /] = 0,1,2, ...
K=0,%1+2,..,%+]

J=1, K==l F(L)=2B+ (A - B)cm™!

J=1,K=0 F(1,0)=2B cm™!
J=0,K=0 F(0,0)=0cm™




Sign of K Quantum Number

» Opposite signs of K correspond to the opposite senses of

rotation
gy

—3

Degeneracy of rotational levels:
g,x=2J+1forK=0

g, =2(2J+1) forK #0

» All levels with K > 0 are doubly degenerate



Rotational Spectrum of Symmetric Tops

FUJ,K)=BJJ+ 1)+ (A-B)K?

* The selection rules are

e Thus for the / — J + 1 transition

V=FJ+1,K)—F(,K)
=2B(J +1)

 The spectrum is independent of K and similar to that of a
linear molecule



Energy Levels and Selection Rule for Prolate Symmetric Top Molecules

Selection rules and rotational spectra
for symmetric tops

J

J 4 ——

AJ=+-1 .o
AM=0, +/- 1 T —t

AK=0 e
* y—t

)—F

The transitions are confined 2 —F ] ———

to lie within a K-stack L

K=0 K=1 K=2

The allowed electric dipole transitions of a prolate symmetric top.



Spectra of Symmetric tops

prolate oblate
Terms: F, v =BJ(J+)+(A-B)K* F,=BJ(J+1)+(C-B)K*
Allowed ~ .
transitions: V= F‘HI’K FJ’K

ie, Vv=2B(J+])

Within the rigid rotor approximation spectra of prolate & oblate tops are the same
as for linear molecules (and indeed spherical tops):

i.e., Equally spaced lines with separation = 28

We thus obtain no information on the unique axis (a for prolate, ¢ for oblate) i.e.,
nothing about the other rotational constants.



* Only /, (= 1,) can be obtained from the rotational
spectrum

» Value of 4 is not obtainable from the rotational spectrum

® The electric dipole lies parallel to this axis, hence rotation about
this axis will not be excited by interaction with electromagnetic
radiation



Linear vs. Symmetric Rotors

* [gnoring centrifugal distortion

Moments of Inertia =00 =11 I, <1, = I (prolate)
Energy Levels F(J)y=BJJ+1) F(J.K)=BJJ+ 1)+ (4 - B)K?
Quantum Numbers o= (IR e S J=0.1,2, ...
=) =ell =2 . =s)f

Selection Rules A =cEl AJ = =1

AK =0
Separation between 28 (J+ 1)
levels
Spacing between B

spectral lines



Prolate top Oblate top
14
J=3 —7 J=3—7 -
10 -
—10" —
J=2 —5 < |y=2—s
J=1—3 J=1—23 R
J=0 ——g=1- e J=0 ——g=1 e
%{T :
K=0 K=x1 K=z£2 K=0 K=x1 K=z2

Since the energy is independent of the sign of K, levels with the same absolute
magnitude of K coincide, so that all levels for which K is greater than zero are
doubly degenerate, and there are only J + 1 distinct energy values for each
possible value of J. For each particular value of K, there is an infinite series of
levels with different values of J. These are identical in spacing with the linear
molecule levels except that the series must start with J = K rather than J = 0.



Selection rules and rotational spectra
for symmetric tops

J

J 4 ——

AJ=+-1 .
AM=0, +/- 1 T —

AK=0 e
* y—t

2—3—

The transitions are confined 2 —F ] ———

to lie within a K-stack L

K=0 K=1 K=2

The allowed electric dipole transitions of a prolate symmetric top.



Effect of Centrifugal Distortion on Spectra for Prolate Symmetric
top Molecules:

VJ+I,K~1—J,K — F(J + 1, K) - F(Jr, K)
=2B(J + 1) —4D,(J + 1) — 2D, (J + 1)K>.

VAN

| | I | |
24220 24240 24260

vIMHz

Figure 5.7 Eight components, with K = 0 to 7 and separated by centrifugal distortion, of the
J = 8 — 7 microwave transition of SIH;NCS



Microwave Instrument

To gas supply and pump

Power tube (klystron) |

B

Microwaves Mica windows\ Crystal receiver
N, '\-‘"' h e > l

Oscilloscope



Application of Microwave Spectroscopy



Applications

 Provides an accurate determination of bond lengths and
bond angles of molecules

Bond Angle (°) Bond Length (A)

CH,;Br 2 ]p(Clal = 1010410 CHESEOL]
EBE=lRO 58

CH,F £ HCH = 110.00 CH =219109
BE=123385

CH,C=CH /HCH=10823  CH (methyl) = 1.097
CC = 1.460
C=C=1207
=CH = 1.056



Determination of Accurate Atomic weights

E 12 C]()o 13cl60
"'(13 16 ) = ﬂ(lz 16 ) =1.046
B("C"0) u("C~0)

Microwave studies have determined the
atomic weight of '°C to be 13.0007
[|Gilliam ef al., Phys. Rev., 78, 140, 1950]



Determination of natural abundance of isotope from

the comparison of intensities of spectra

% Transmission
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* Allows identification of compounds with known
rotational spectrum, e.g. detection of interstellar molecules

Intensity

co
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H,CO
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CH,OH
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HC,N 2psid [S0 | l
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 The Orion Nebula: data from the HIFI instrument aboard
the Herschel Space Observatory
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Antarctic Ozone Hole

e October 2011
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Total Ozone (Dobson units)



Ground-based microwave data ot Cl1O

e Solomon et al., 1987
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The pure rotational spectrum of 12C'®0 has transitions at 3.863 and 7.725 cm ! . Calculate the
internuclear distance and predict the transitions for the given two lines.
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The y vs J plot for different rotational transition for a particular molecule is showing a
slope of 8603 MHz. Calculate the rotational quantum no. for the highest populated state
at 25°C
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A space probe was designed to seek CO in the atmosphere of saturn by looking for lines in
its rotational spectrum. If the bond length of CO is 112.8 pm, at what wave no. Do the first
three rotational transitions appear? What resolution would be needed to determine the
isotopic ratio of 13C and 2C on saturn by observing the first three rotational lines?
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The rotational constants(B)and for NH; molecule is 298 Ghz and the NHN bond angle and
bond length are given as 106.78° and 101.4 pm respectively. Calculate the moment of

inertia ( IJ_) for the molecule and also show the consistency in the experimental and
theoretical value of I | IJ_= m, (1-cos®8) R? + mym,/m,+m,, (1+2cosO)R?
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In the pure rotational emission spectrum of H3°Cl gas , lines at 106 cm™ and 233.2 cm™ are

observed to have equal intensity. What is the temperature of the gas?? The rotational
constant B for H3>Cl is 10.6 cm™ and ratio of hC/K has the value 1.44 cm deg
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HCl has a B value of 10.593 cmand a centrifugal distortion constant D of 5.3*10* cm™. Estimate the

vibrational frequency and force constant of the molecule
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Harmonic Oscillator Wave functions

0



V> V/

v V/

H,

Selection Rule

= [y (00a, (Y, (X)clx
(v (x){ 1y + X( du j n ..1%, (x)dx
’ dx /,_,

— J‘W\j (X)ﬂo'ﬂv/ (X)dX +J W\j (X) X((;—/;j W, (X)dX

d du d
—ﬂoij(X)WV/(X) X+[d j ij(X)XWV/(X) X

x=0



Gross Selection Rule:

A molecule will show vibrational spectrum only if the dipole moment
changes with internuclear distance.

Specific Selection Rule:

AV= =1



Vibrational Spectrum of Carbon Dioxide

CO, molecule d— 28+ 8—
O C O

During the mode of vibration known as the “symmetric stretch”,
the molecule is alternately stretched and compressed, both C—O
bonds changing simultaneously

8— 28+ s i
O C O stretched
d— 20+ o—
O C O normal
d— 28+ &—
O C O compressed

The symmetric stretching vibration of the carbon dioxide molecule.

This stretching mode results in no peak because the dipole
moment is zero does not change during vibration :



Vibrational Spectrum of Carbon Dioxide

Asymmetric stretching results in a change in dipole moment
during vibration and produces a peak in the IR spectrum.

REGIONS OF THE SPECTRUM 11
5=
0 & o) ? o) o (|) 4
Asymmetric l | I I
stretching C26+ C C c C c c 2
vibration I l I I | I
o = o £ o o o 2

Dipole ‘l’ f l . T 2 1
moment

Component /\ /
of
dipole \/

The asymmetric stretching vibration of the carbon dioxide molecule
showing the fluctuation in the dipole moment. 6




Vibrational Spectrum of Carbon Dioxide

The bending mode of vibration gives a peak in the IR spectrum

- S [, P 25,
9. 20, O O o- 20, oO- C o d_

e SRR T S S R TS e L T L
vibration C O O 26
25, S 5_ 33

Dipole > I : T g
moment -

Vertical | :
Component :

of
Dipole

The bending motion of the carbon dioxide molecule and its associated

dipole fluctuation. :



Harmonic Oscillator Wave functions

0



Vibrational Transitions

e For the transition v — v+ 1, AE is:

AE
hc

Gv+1)—G(v)
(v+1+1/2)v0 (v+1/2)7,

 Thus for the harmonic oscillator approximation, we

expect that all transitions will give rise to a single spectral
line at v,



Ay = %]

Gv)=(v+1/2)v,

\(




Fundamental

Second First 0=1
overtone overtone 3.46 um
0-3 02 2890 cm!

1.20 um 1.76 um
8333cmt 5682 cmt

Alum

Figure 13.7 “Stick” representation of the vibrational absorption spectrum of H*CI. The
relative intensities of the lines fall off five times as fast as indicated.



IR Spectrum of Carbon Monoxide (CO)

Fundamental Peak

First Overtone

| AN

2000 2

3 1

0 3000 3500 4000 cIn.

The fundamental absorption (centred at about 2143 cm ™~ Y and
the first overtone (centred at about 4260 cm ™ ") of carbon monoxide: the fine

structure of the P branch in the fundamental is partially resolved. (Gas

pressure 650 mm Hg in a 10 cm cell.) 12



 However, if molecular bonds are stretched too much,
there comes a point at which they will break, i.e. the
molecules dissociate

—_—>

The harmonic model approximation fails!




Important Points Need to be Considered:

» Real molecules do not obey Hooke’s law

» A more realistic potential function needs to reflect two
Important properties:

[.  Molecules dissociate whenr > 7,

2. Nucler repel each other whenr >

» This leads to the potential energy surface becoming
steeper at small internuclear distances to reflect the
repulsion and shallower at large internuclear distances to
reflect the approach of dissociation




Anharmonic Model



Morse Potential

harmonic true
o oscillator potential

Morse
potential

U(r)=D, ] _e_a(,._,;_,)}z - D, is the equilibrium
,  dissociation constant and a
=.5) {1 —exp(—ax } 1s a molecular parameter



Vibrational Energy

* Set up the Schrodinger equation for the anharmonic
oscillator using a Morse function:

HY = EY

25 +D,{1-exp(~ax ) |V, =E,Y
2udm P\—d x vib — Lib T vib

» Solving this equation reveals that the vibrational energy
levels are quantised

Gv)=(v+1/2)v,—(v+1/2)°' V.7, |cm™




Vibrational Energy Level Diagram

Harmonic Model

Gv)=(v+1/2)7, —(v+1/2)2 V.7,

v=3

G(3) =712 v el Anharmonic Model
0 ~ o~ ~
GB3)=17/2v,~49/4 vy, cm™!

~ — e -1 ol - .
el G(2) =512 %, — 25/4 7, y, cm™?

G(1) =3/2 vy cm™! G()=32v,— 94 v, y, cm™

G(0)=1/2vycm™ G0)=1/2v,— 1/4v,y, cm™



Anharmonic Oscillator

Ue) |
v=73
y=2
v=1
v=0

molecule dissociates at v,

/ vibrational energy levels
© / e get progressively closer
l o together as v increases

G0)=1/2v,— 1/4 v, y, cm™



Effects of Anharmonicity

 Breakdown of the Av = +1 selection rule

 Shift of energy levels

* For an anharmonic oscillator, Av is arbitrary, but
intensities are weaker for |Ay| > 1

= This 1s because the transition moment 1s small

* Thus we expect to see more transitions than a single peak



Overtone Bands

v |

Overtone bands

N
6/71—— Second overtone

First overtone

Fundamental band

 Transitions Ay = +2, +3,
+4, efc.

« Small intensity due to
small transition moment
that decreases as Av
Increasecs




Fundamental

Second First 0=1
overtone overtone 3.46 um
0-3 02 2890 cm!

1.20 um 1.76 um
8333cmt 5682 cmt

Alum

Figure 13.7 “Stick” representation of the vibrational absorption spectrum of H*CI. The
relative intensities of the lines fall off five times as fast as indicated.



Vibrational Spectrum of a Diatomic Molecule

hot band

v=1—>o2

N

\

fundamental band
v=0—01

first overtone
v=0—>02

second overtone
v=0—03

NVe

| |
=~2v, =~ 3v

o If y, 1s small, 170 = G(l) — G(O) ~ \76
e If . is not small, v, = G(1) — G(0) = v, — 2v, .




The spacing between vibrational level is 103cm™.

N } 6:63 x 1073 x 3 x 10'9 x 10"1
—=l —exp{ — — — >
N.-o ( 1-:38 x 10 %3 x 300 S

~ exp (—4-8) = 0-008.

Thus to a very good approximation, we may ignore all transitions originating from
9= 1 or more.

AE, . = 10-100 Joul/mole
AE,., = 10000 Joul/mole kgT= 2.4 kl/mole

AE,. = 100 KJ/ mole



Fundamental Band vs. Hot Bands

U |

Fa

7

Fundamental band

cy=0—v=1

* High intensity due to a
large population of the
ground state

»
r

_/
6_/7!—‘ Second hot band

First hot band

Fundamental band

Hot bands

* From v =1 or higher

* Weak intensity due to
Boltzmann distribution

* Increases as temperature
Increases
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Vibrational Frequency

 The force constant for the Morse potential, &, 1s
determined from the curvature:

k, = (‘“’5” j =2D.d°

dr

* Thus the frequency is given by

N N VR 2D,a’
“ 27\ pu 2z\ u




l. v=0—-v=1,Av = + 1, with considerable intensity.
[35 — Evz l = 'El_'r=ﬂ
=@l —2x,) cm™!

2. v=0->0v=2 Av = +2, with small intensity.

=20, — 3x,) cm™!

J.v=0—>v=3 Av= +3, with normally negligible intensity.

= 3ol —4x,) cm™!



Fundamental

Second First 01
overtone overtone 3.46 pm
0-3 02 2890 cm™!
1.20 um 1.76 um
8333cm™! 5682 cm!
| I | |
0 1 2 3 4

Alum

Figure 13.7 “Stick” representation of the vibrational absorption spectrum of H¥Cl. The
relative intensities of the lines fall off five times as fast as indicated.

@ (1 —2x,) cm™' =2890

201 —3x,) cm™ ' =5682

= 3w (1l —4x,) cm~ ' -8333

w, =2990cm*  x, = 00174



Fundamental vibration peak in the IR spectrum and
the force constants for some diatomic molecules

Some Molecular Data for Diatomic Molecules Determined by
Infra-Red Spectroscopy

Molecule Vibration Anharmonicity Force Constant  Internuclear

(cm~—%) Constant x, (Nm™")  Distance r., (nm)
HF 4138-5 0-0218 966 0-0927
HCI* 2990-6 0-0174 516 0-1274
HBr 26497 0-0171. 412 0-1414
HI1 2309-5 0-0172 314 0-1609
CO 2169-7 0-0061 1902 0-1131
NO 1904-0 0-0073 1595 0-1151
ICI* 384-2 0-0038 238 0-2321

* Data refers to the *°Cl isotope.

30



How to experimentally determine
about D, and D,?

Hint: G(ﬁ) =V, (.9+1/2) - U, e (19+1/2)2-
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Vibrational Spectrum of CO

0.37
0.2754

0.254

Absorbance

0.2254

0.24

g ,"
. L
WY Ux'llluerMuJ M

M8 W90 24 2192 241 0 2050 2100 2050 200 2250
em™! ®) em™!

0.175

At low resolution, cannot resolve the separation of the
fine rotational lines:

o At high resolution, rovibrational lines are resolved:



il 3
Diatomic Vibrating Rotor

A
U(r)
Molecules are rotationally excited
F during vibrational transition
D,
\\ - = n
rotational energy Vibrational energy difference~103cm-!
levels for v =1 o
J=1,2,3 \ 0
SE;::::‘_:::/ N
r;)tatilon:l ellerg(})/ -------- 4 > ground state vibrational energy levels
CVECIS 10T V' = Q TSy "—
J=12.13 R ] L
\4

zero-point energy, .. D, =Dy + 1/2 v, — 1/4 vy,



il
Vibrating Rotor

Zoom in

N

L 4 Some molecules are
3 rotationally excited or de-
; § -y = excited when promoted to
: . their vibrational excited

( >J' =( o 3 states
4 0-0-0 B
3 0000 Some molecules are
) - v=0 rotationally excited in their
| TR vibrational ground states
J'=)—0090060000——— |




Rovibrational Energy of rigid diatomic molecules

Absorption of infrared region, molecules can change
vibrational and rotational states because vibrational
transitions can couple with rotational transitions to
give rovibrational spectra.

By Treating as harmonic oscillator and rigid rotor,
energy of vibration and rotation can expressed as:

- Total energy of rovibration motion:
Erovib = Erot +E

vibr



Independent Vibrations and Rotations

* [gnoring centrifugal distortion

S, J)=G)+ EF(J)

S(v,J)= (v+1/2)v ~(v+1/2)' v x

cm”!

+BJ(J+1)
7

|

vibrational energy

|

rotational energy

* Total energy is just a simple sum of the vibrational and

rotational energies

* Two selection rules apply:

Ay=£1.12, ...




Fundamental Band (v =0 — 1)

A e |
N
E 4 : B
3 N /
p— a4y = 1
2 N N\
]. N N\
J'=0 7 o
= ‘ R-branch ‘ P-branch
4 S g
3 o 0@
— v=0
2 oo oo0e
1 0-0-0-000©
J!= O 00000000 all




Rotational Structure of the Fundamental Band
e P-branch (/" — J' =J" — 1) during v=0 — 1 transition

Vpoy =G+ BJ'(J'+1)-G(0)- BJ"(J" +1)

=V, =20,z )+ BJ'(J'+1)- B(J'+1)(J' +2)
band origin or Lo

{ band centre J =V, — 23(.]' + 1)

e R-branch (/" = J' =J"+ 1) during v=0 — 1 transition

Al =-1

=G(1)+BJ'(J'+1)-G(0)-BJ"(J"+1)
AJ = +1 =[17¢, 20, 7.+ B(J"+1)(J"+2)-BJ"(J"+1)
=V, +2B(J"+1

(
)



Rovibrational Spectrum

Vo =V, —2B(J' +1) )
i : Do =V +2B(J"+1)
~ "
V])(Jn) — VO = 2BJ
By convention P, R,
spectral lines 3{ P I
are identified ‘
byJ"
J A J__ JL ) A Jo U A L
: > cm”™!
vy

| What is the spacing between the rotational lines?
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Vibration-rotational Spectra of Carbon Monoxide
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Vibrational feature of
Polyatomic Molecules



Vibrations in Molecules
Sym. Stretching

HCl Vv=2991cm

8086 cmi=1eV
| |

HF v=4139cm?

@

Asym. Stretching Sym. Bending

H,0 v: =3835cm* = 3939 cm'! = 1648 cm'1
Asym. Bending
NH v, =3505.7cm? vy, =3573.1cm! , =1022 cm'! = 1689.7 cm-!

< A & &

ve = 643.35 cm?! v, =615.02 cm-! vg = 348.08 cmt!

7§550m1 g V3 -9§980m1 § v, —5556cm1 §




Concept of normal modes in a
molecule

There are 3N possible movements in a molecule made of N
atoms, each of which moving in one of three directions, X, y and
Z.

— There are three transitional movements: all atoms in the
molecule moving in X, y or z direction at the same time.

— There are three rotational movements around X, y or z-axis

 Linear molecules are exceptions because two axes that
are perpendicular to the molecular axis are identical.

— The rest of movements are vibrational movements
* For linear molecules, 3N — 5 movements
 For non-linear molecules, 3N — 6 movements

— All vibrational movements of the sample can be
described as linear combinations of vibrational normal
modes.




Classes of Rotating Molecules

b should be replaced by a

* Molecules can be classified into five main groups
depending on their moments of inertia.

1. |lc=15,1,=0 Linear molecules

2. |lc=lg=1, Spherical top

3. |lc=lg>1, Prolate symmetric top
4. |[l.>1g=1, Oblate symmetric top
5.

lc>1g>1,

Asymmetric top )




Normal Modes of Vibrations:

N isolated atoms have 3N degrees of freedom (x, y, z translations for each)

N atoms in a molecule have 3N degrees of freedom arranged amongst translations,
vibrations and rotations:

Molecule: Linear Non-linear
no. translations = 3 3
no. rotations = 2 3

. no. vibrations = 3N-5 3N-6




Antisymmetric stretching

L4

Potential energy,
W

. ¥

W

L 4

L 4

Vibrational Modes of Carbon Dioxide
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Vibrations in Molecules
Sym. Stretching

HCl Vv=2991cm

8086 cmi=1eV
| |

HF v=4139cm?

@

Asym. Stretching Sym. Bending

H,0 v: =3835cm* = 3939 cm'! = 1648 cm'1
Asym. Bending
NH v, =3505.7cm? vy, =3573.1cm! , =1022 cm'! = 1689.7 cm-!

< A & &

ve = 643.35 cm?! v, =615.02 cm-! vg = 348.08 cmt!

7§550m1 g V3 -9§980m1 § v, —5556cm1 §




Vibrations of a methylene group (-CH,-) in a molecule for illustration

Symmetrical
stretching

,

A ical
symmetrica Scissoring (Bending)

stretching
\ \

\E e

Wagging Twisting



In the normal coordinate system, the vibrational Hamiltonian of polyatomic
system can be written as:

3N-6

H = ZHi(Qi): H1(Q1)+H2(Q2)+H3(Q3)+---
H - Z{ 0 %kicﬂ

= | 24 0Q°

2 2 2 2 2 2
Ho| 10 . +Ek1Ql2 P DL . +£k2Q§ P DL S +1k3Q§ +
21 0Q; 2 21 0Q, 2 21 0Q; 2
Therefore, the wave function is of the form :
3N-6

Y= Hl//i (Q) =1 (Q) ey, (Q,) ey5(Q;) ...

1=
The total vibrational energy is:

BZNG 1 1 1 1
=1




+Example: CO, , 3 atoms, 3N-5= 4 modes

> It’s possible to find specific modes that are
Independent, that is if one is excited, it does
not excite the other: these are the normal
modes. For CO,, these are: vy, v,, vy and v,.

= Each normal mode g behaves like an
Independent harmonic oscillator
(approximation), so has a series of terms G,(v)
where Is the wavenumber of the mode g and
depends on the force constant k, and the
effective mass of the mode m,.

AT _ 1
Gq(u)_[m?}vq, v=012... V.=

i 3; Stretching
symmetric Vq

OO—Q

() Stretching Anti-
Vs symmetric




Antisymmetric stretching
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= Parallel and perpendicular modes

Parallel (]|) Perpendicular (1)
Examples: Dipole changes are || Dipole changes are L
to the main axis of symmetry to the main axis of symmetry
j ! A R
(3x3 6 3 J J <
vib. modes) v —
Symmetnc stretch .Symmetric bending Asymmetric stretch
1, =3652cm" v,=1595¢cm-’ v;=3756Ccm"

(3x3-5=4  No dipole moment

vib. modes) Not IR-active!
Symmerfric stretch | Asymmetric stretch Symmetric bending (2 degenerate )

v,=1330cm-" v,=2349cm-" v,=667cm""



4.2. Types of bands

= Vibrational partition function

mode | he o, &
0.0~ T|1-ess -1

I

E.g., NHj3: 3N-6 = 6 vib. modes l_ Degenerate _l
0 | hea, \| | heo,, | | hea, | | heo,, |~
b — —CXp| — —eXpP| — : —eXpP| — - —EXpP|l — :
v P kT P kT P kT P kT
Vibration Frequency [cm] Type Description
vy 3337 | Symmetric stretch
Vs 950 | Symmetric bend
Vs 3444 1 Asymmetric stretch (Degenerate)

v, 1627 1 Asymmetric bend (Degenerate)



IR Spectrum of Complex Molecules

There are many possible vibrational modes giving rise
to complicated spectra with many peaks.

IR spectra are mainly used to identify unknown

compounds

The peak positions and intensities of an unknown can
be compared with the spectrum of known suspects
In the same manner that police use fingerprints

14



IR Spectrum of Complex Molecules

vibrational modes are categorized in the following way:

1. Skeletal vibrations where all the atoms in the molecule move
about to some extent.

These vibrations give rise to absorption peaks in the range
700 — 1400 cm which is called the fingerprint region.

2. Functional group vibrations in which only the atoms in that
functional group vibrate appreciably.

Each functional group gives rise to an absorption peak at a
characteristic frequency, no matter what the rest of the
molecule contains. These peaks can be used to identify the

functional groups present in the molecules. -«



Characteristic Stretching Frequencies of some Molecular

Groups '
Group  Approximate Frequency Group  Approximate Frequency
(cm™1) (cm™1)
—OH 3600 >C=0 17501600
—NH, 3400 M=c{ 1650
=CH 3300 SO=N 1600
)
>C—C<
H
O/ 3060 SN P 1200-1000
PC—Ox
=CH, 3030
SCO=8 1100
—CH, 2970 (asym. stretch)
2870 (sym. stretch) >C—F 1050
1460 (asym. deform.)
1375 (sym. deform) | >C—Cl 725
—CH,— 2930 (asym. stretch) | >C—Br 650
2860 (sym. stretch)
1470 (deformation) | >C—I 550
—SH 2580
LO==N 2250
—C=C— 2220 16




 Dispersive instruments: with a monochromator to be used In
the mid-IR region for spectral scanning and quantitative
analysis.

 Fourier transform IR (FTIR) systems: widely applied and
quite popular in the far-IR and mid-IR spectrometry.

 Nondispersive instruments: use filters for wavelength
selection or an infrared-absorbing gas in the detection system
for the analysis of gas at specific wavelength.



Dispersive IR spectrophotometers

Modern dispersive IR spectrophotometers are invariably double-beam
Instruments, but many allow single-beam operation via a front-panel
switch.

reference

4"" -—’ 3 mono-
chromator detector
H

light source

Simplified diagram of a double beam infrared spectrometer



Dispersive spectrophotometers Designs

Synchronous
fpafailaiy

Synchronous

Attenaitor Mo

Reference
TR
SDHW:E) ;-:.:— —I—ﬂ:— —— —

re |
=

Double Beam Instrument Sample

Source separated into two separate Monocheamator
beams.

. AR |
Sample and background collected Filter,
simultaneously. madulatar, Synchronous

amplifier rectifier

.::'r:“'
4 Chopper

Monochromator scans through
wavelength region Dispersive Double Beam IR Spectrophotometer




Components of dispersive spectrophotometers

1. IR source

Nernst Glower heated rare earth oxide rod 1-50 pum
(~1500 K) (mid- to far-IR)
Globar heated SiC rod (~1500 K) 1-50 pum
(mid- to far-IR)
W filament lamp 1100 K 0.78-2.5 um
(Near-IR)

Hg arc lamp plasma 50 - 300 pum
(far-IR)
CO2 laser stimulated emission lines 9-11 pum




2. Detector / transducer

Thermocouple thermoelectric effect - cheap, slow,
dissimilar metal junction insensitive

Bolometer NI, Pt resistance Highly sensitive
thermometer (thermistor) <400 cm*

Pyroelectric Tri glycine sulfate fast and sensitive
piezoelectric material (mid IR)

Photoconducting | PbS, CdS, Pb Se light fast and sensitive
sensitive cells (near IR)




*\Windows are used for sample cells and to permit various compartment
to be isolated from the environment.
— transparent to IR over the wavelength region
— Inert to the various chemicals analyzed
— capable of being shaped, ground, and polished to the desired
optical quality

Solubility
Transmission Refractive Index G/100 G H,0
Window Material Refractive Range uM Uy at 1000 (M at20°C

Sadium Chlaride, Madl 0.25-16 40,000-625 1.49 6.0

Patassium Bromide, KBr 0.25-26 40 000-385 1.52 f5.2

Patassium Chlarnide, KCI 0.25-20 40,000-500 1.46 A7

Cesium lodide, Csl 0.30-50 33,000-200 174 160.0(at 617 C)
Fusad Silica, Sin, 0.20-4 50,000-2 500 1.42 (at 3,333 cmr') Insoluble
Calcum Huoride, Caf, 02040 50,000-1,100 1.39 (at 2,000 cor') 151107
Barium Huoride, BaF, 0.20-13 50,000-770 1.42 012 (at 2570
Thallium Bramide-lodide, KRS-5 0.80-40 6,600-250 237 <4 76% 107
Silver Bromide, AgBr 05035 20000-285 27 12%10°

finc Sufficde, ZnS (Cleartran) 1.0-14 10,000-715 2.
finc Selenide, InSe (Irtran-4) 1.0-19.5 10,000-515 2.
Palyethylene (high-density) 16-333 625-30 .

i Insoluble

i
£

41 Insoluble
54 (at 5,000 co') Insoluble




END



The fundamental linc in the IR spectrum of C%0 occurs at 2143 cm™, and the first
overtone occurs at 4260 cm™ . Calculate the values of 7. and %, for 12160,

\»..i/ Vibrational cnergy of a diatomic molecule is given by the following expression
G9) = e ($+1/2) - Do Fe (9+1/2)%
In the limit of dissociation of the molecule, show that Smax = ¥2(1/%. -1). Now show that the
cnergy liberated during the dissociation of the molecule is given by the expression D, = .
14 %e.

3./ Assume the following data for the molccule 'H**Cl:
" Bond length: 127.5 pm

Bond force constant 516.3 Nm'™
Assumce bond length and bond force constant is not changing in going from 9 = 0 - 1.
Atomic masses: 11 1.673 x 10%" kg, **Cl = 58.066 x 10 kg
Do the following, giving answers in cm™:
(a) Calculatc the zcro point cnergy. (Ans:1502¢m™)
(b) Calculate the wavenumbers of the lines Py, Pi2), Ry, Ra), Re).

Ans: 2994 ¢m-1, 2974.6 cm™, 3035 cm™, 3055 cm™, 3075 cm™.

o
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Raman Spectroscopy







What happens when light falls on a

material?
Transmission
Reflection
E\\ / / ; Absorption
R / Luminescence
R
p “\\ Elastic Scattering

5 / / \\\ Inelastic Scattering



Raman scattering visible to the unaided eye, from a 488 nm laser beam passing through liquid cyclohexane. Left vial
exhibits mostly Rayleigh scattering which obscures much weaker Raman scattering. Right vial is viewed through a 488 nm
band rejection filter, which permits observation of longer wavelength Raman scattering.



Raman, Fluorescence and IR
Absorption

and emission

S,




6.1 Scattering

In addition to being absorbed and emitted by atoms and molecules, photons may also
be scattered (approx. 1 in 107 in a transparent medium). This is not due to defects or
dust but a molecular effect which provides another way to study energy levels.

This scattering may be:

Elastic and leave the molecule in the same
state (Rayleigh Scattering) or

Inelastic and leave the molecule in a different
quantum state (Raman Scattering)

Nobel Prize 1904

. . (physics) .
6.2 Rayleigh Scattering Nobel Prize 1930
' i (physics)

Lord Rayleigh calculated that a dipole scatterer << A scatters with an intensity:

no. of scatterers \ / polarizability
\ N/ . .
STNo’ 1 | 5times more effective
I=1 TRt (1+00529) n.b., [OC? for 400nm than 600nm
AN . :
wavelength — / __ distance Hence the sky is blue!

scatterer - observer



Raman Scattering

Scattering is not an oscillating dipole phenomenon!

The presence of an electric field E induces a / polarizability
polarization in an atom/ molecule given by P=«F

If the field is oscillating (e.g., photon) P = O"EO {305(2;3'1/01‘)

In atoms the polarizability is isotropic, and the atom acts like an antenna and re-
radiates at the incident frequency — Rayleigh Scattering only

In molecules the polarizability may be anisotropic, and depends on the rotational
and vibrational coordinates. This can also give rise to Raman Scattering.

Gross Selection Rule:

To be Raman active a molecule must have anisotropic polarizability

[Less restrictive than the need for a dipole moment, symmetric molecules can be Raman active]



Polarization

Amount of polarization 7 in most materials is proportional to the
magnitude of the applied electric field:

p=caE
« - “polarizability ” of a material

In an induced dipole, is the distance between the charges fixed?
The distance is proportional to the strength of the applied field.

E E

As discussed, when an atom or molecule is brought into an
electric field E , an electric dipole moment u is induced in the
system. The magnitude of this induced dipole moment is

proportional to the electric field, u = a E where a is known as
the polarizability.



e Except for the case of spherical symmetry, the
magnitude of the induced dipole moment
depends on the direction of the electric field.
For example, in case of a diatomic molecule,
the induce dipole moment will be higher in
magnitude when the electric field direction is
along the inter-nuclear axis than that of the
perpendicular to the inter-nuclear axis.




Change in Polarizability

Electric

s field
B N E

>

(@)

(b)

An electric field applied to a
molecule results in its distortion,
and the distorted molecule
acquires a contribution to its dipole
moment (even if it is nonpolar
initially). The polarizability may be
different when the field is applied
(a) parallel or (b) perpendicular to
the molecular axis (or, in general,
in different directions relative to the
molecule); if that is so, then the
molecule has an anisotropic
polarizability.



Anisotropic Nature of Polarizability

® The polarization ofa molecules neednotbeidenticalin all directions.

He——




Polarisability Change during Rotation

In case of a diatomic and linear molecule, the induce dipole moment
will be higher in magnitude when the electric field direction is along
the inter-nuclear axis than that of the perpendicular to the inter-

nuclear axis.

A |
©
)

(a)
(b)

Polarisability Ellipsoid of Hydrogen in two different orientations.



Classical theory Raman scattering: Rotational Raman

= g+ A cos (2wt)
E = Egcos (2mugt) T

i) 30

P.. = (oig+Ac cos(2wt)) x Ejcos (2mvgt)

1
= x4 By cos(2mvyt) + > EAo {cos (2mvg — 2wt + cos (2w, + 2wt}
Rayleigh Stokes Anti-Stokes

Aa=0

Polarizability should be changed during rotation



Classical theory Raman scattering : Vibrational Raman

* An oscillating electric field (incident photon) causes the
molecule to have an induced dipole:

P = «F E=E, cos(2rvt)

P=caE cos(2rv,t)

o =a, +[6—a] (r—r)+..
or ),

-
7

P=aE cos(2zv 1)+ [i—aJ E, cos(27rvor)qf cos(2zv;t)
0

4
1( da
=a,E,cos(2rv 1)+ — E.q’ [cos (2;1(1/ -V, )r) + (cos 2r(v_+v, )r)]
0 ) 0 0
2 . Oql'f' 0
Rayleigh Stokes Anti-Stokes

Oa
[ AR
or ),

0



In order for a vibrational mode to be Raman active, the polarizability
must change during the vibration, and for a rotation to be Raman

active, the polarizability must change as the molecule rotates in an
electric field.

-
e

]scatt X |P ' EO

>
:‘(E’;a/@%)g‘ 15

Thus, the polarizability must change linearly with vibrational motion
for vibrational Raman scattering to occur. The greater the change, the
more intense the Raman scattering. If a is unchanged or at a
minimum/maximum, there is no Raman scattering.



Quantum Picture of Raman scattering : Vibrational Raman

k9
o0)+ | — | x+---
_dx 0

Ug={ Vg v; V'E

do
= (v¢|v,)a(0)E+ (d_] (ve| x|V )EA+ - - -
0

X

(velv) =0 f#i

Raman active if (dot/dx), # 0 and (v, x|v,) # 0. Therefore, the
polarizability of the molecule must change during the vibration; this
is the gross selection rule of Raman spectroscopy. Also, we already
know that (v¢|x|v;) # 0 if v,— v, = £1; this is the specific selection rule
of Raman spectroscopy.




Molecular Picture of Scattering Events

Real State
OUCCON AN B85 BOLOE NN IULCOLOULA YNNI MY OO 5 ¥ SO0COULCE R ARRESOOR N
Vitnal Sates
OUCOOR N NS N BOUORM N IIUOOROULY Y I X MY SO0E N P ¥ SOOCCLLCE R R RREN OO RN
o T o

Gronnd v

Electronic \ 4 v

State H’J R/—/ \V_'/
Raman antyStokes Rayleigh Raman Stokes
(va = vy + Av) Scattenng (vs = - Av)

(v =w)



Polarizability Ellipsoids of CO,

v, Symmetric Stretch

O O
\C/ O

v, Bending Mode

C — 0O




Activity of ) @ /:/
CO, I

Vibrations  ®&* B -

(€) wy, asymunenc streiching mmeds

Figure 47 The hanps i the polenaability elligsaid of carbon diaxide dwring i1y vibrations, and & graph showing
the varnution of te polarizatelicy, o, with the displacement coondinate, (. dunng cach vibrution,



Rotational Raman

|
o
|+
b9

[inear molecules AJ

For Linear Molecules

Avg = BI'(J'+1)—=BJ"(J" + 1)

AVR = wvy+ B (4] +6)

Stokes (-) anti-stokes (+)

* agap of 6B between v,and 1% lines of
each branch
* |inesin each branch of equal spacing = 4B



I J =7
4 6
Y
T 5
¥
l 4
) 4
T 3
& } . $
|
e 0
cm !
e
_.48__ _’48__
| 6B § 6B ‘I
..IIL |1 || ||._
8 T8 § 4 32 30 % B Y ZEI3IAS ST B

Stokes’ lines Anti-Stokes’ lines



Rotational Raman spectra of Diatomic Molecule
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Why AJ = + 2

?

P
Q- 180°
E
o N
270" 360°

Figure 13.16 Polarizability ellipsoid
for a molecule that returns to its ini-
tial value twice in a 360° revolution.



Pure Rotational Raman Spectra of Symmetric top molecules

AJ =01, 2, AK =0

when K # 0

Aeg = ¥, + 2B(J + 1) cm ™! U=LL~J}

s +
+Aeg=7¥,, +B@J +6cm™'  (J=0,1,2..)

(a) R branch
L

A.11|I||' Iil lll ||lllm.

16 14 12 10987654321 ¥, 1234567891012 14 16

(b) S branch

i

€ 7 89

| III'
Va. 0 1 2 3

3 4

(c) Complete spectrum

LA UD | |IH.

RRRRRRRRRRRRRRRR Vex. RRRRRRRRRRRRRRRR
S8 S8 S SEYES 3 S SS S T SIS

Figure 4.5 Rotational Raman spectrum of a symmetric top molecule. The R and § branch
lines are shown separately in (a) and (b) respectively, with the total spectrum in (c).



Vibrational Raman Speciroscopy
(with rotational (sub)-strucitiire)

9 =0toJ=1transition

Al =+2
o0 04) W
o) $02)
0e2) |
- I ISl‘ll
L1,
T T T | T T

2040 2080 2120 22]&0 l HIN

AV/cm™

The 1-0 Stokes vibrational Raman spectrum of CO showing the O-, Q-,. and §-

branch rotational structure



Polarizability Ellipsoids of H,O
Vibrational Modes and Raman Activity

Raman

Size :
Active

Raman

Shape Active

Raman
Active

Orientation

0



Mutual Exclusion Principle

For molecules with a center of symmetry, no IR active
transitions are Raman active and vice versa

g
% ._-\.-'I-\.- (H )] H

e O—Q

(1388 cm

Raman
IR
3 @_, r"a
ie)
IR
—- — ap— — — — —- — a—
acetylene O—O—O—O O—O—O—O
Dwn mode 1 Ij mode 2 A mode 3 I
Raman 1ARamang f T Infrared
mode 4 I'lg mode 5 ﬂu

Raman Infra Red



The Vibrational Raman Spectra of Homonuclear
diatomic molecules are of Special Interest
because they yield force constants and rotational
constants that are not available from microwave
and Infrared Absorption spectroscopy.



Advantages of Raman over IR

- Water can be used as solvent.

Very suitable for biological samples in native state (because
water can be used as solvent).

 Although Raman spectra result from molecular vibrations at
IR frequencies, spectrum is obtained using visible light or
NIR radiation.

=>CGlass and quartz lenses, cells, and optical fibers can be
used. Standard detectors can be used.

 Few Intense overtones and combination bands => few
spectral overlaps.

» Totally symmetric vibrations are observable.

Raman intensities a to concentration and laser power.



Advantages of IR over Raman

- Simpler and cheaper instrumentation.

* Less instrument dependent than Raman spectra
because IR spectra are based on measurement of
iIntensity ratio.

» Lower detection limit than (normal) Raman.
» Background fluorescence can overwhelm Raman.

» More suitable for vibrations of bonds with very low
polarizability (e.g. C—F).



Raman and Fraud

| CaCO Jt
2 4 i A

Pearl

Faux Pearl

3500 3000 2000 1500 1000 500 100
Raman Shift / cm’ :

Figure 3 The Raman spectra of calcium carbonate (top), natural pearl (middle), and faux pearl
(bottom). (Adapted with permission from Ref. 9.)

Lewis, |. R.; Edwards, H. G. M., Handbook of Raman Spectroscopy: From the Research Laboratory to the
Process Line, Marcel Dekker, New York: 2001.0



Raman Instrumentation

sample
scattered light
filter
L]

filtered light

diffraction

ratin
= = detector
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