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Vibrational (Infrared, IR) Spectroscopy

* It Is the technique which Is used to Iidentify
chemical compounds based on how Infrared
radiations are absorbed by the compound's
chemical bonds, and interacts with them.

« The most common technique used is absorption
spectroscopy.

* Infrared spectroscopy exploits the fact that
molecules have specific freqguencies at which they
vibrate corresponding to discrete energy levels.

* It gives Information about the functional groups
present In molecules.
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m IR region of electromagnetic spectrum:

A wavelength : 780 nm — 1000 um
Wavenumber : 12,800 — 10 cm-?

m IR region is subdivided into 3 sub-regions:

.é{oe
1. Near IR region (Nearest to the visible regionﬁ)\—u—H
- 780 nmto 2.5 ym (12,800 - 4000 cm) }
2. Mid IR region
- 2.5t0 50 ym (4000 — 200 cm'?)
3. Far IR region
- 50 to 1000 um (200 — 10 cm?)
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m What happens when molecules absorb IR?

1. Changes in the shape of molecules such as stretching
of bonds, bending of bonds, or internal rotation around
single bonds.

2. IR absorption only occurs when IR radiation interacts
with a molecule undergoing a change in dipole moment
as it vibrates or rotates.

3.Infrared absorption only occurs when the incoming IR
photon has sufficient energy for transition to the next

allowed vibrational state to take place (AE = hv).

Note: If the rules 2 and 3, above are not met, no

absorption can occur.

SO, NOT ALL bonds in a molecule are
capable of absorbing IR- energy (so IR inactive).
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Infrared Absorption
For a molecule to show infrared absorptions it must possess a
specific feature: an electric dipole moment which must change
during the vibration process.
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A dipole moment, u is defined as the charge value (q) multiplied
by the separation distance (d) between the positive and negative
charges.

u=qd (C.m)

In hetero-nuclear diatomic molecules, due to the difference in
electronegativities of the two atoms, one atom acquires a small
positive charge (6+), the other a negative charge (5 -).
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m A molecule is IR active If it has a permanent
dipole moment; HCI is active while N, Is inactive.

m IR spectrum represents the rotation-vibration
spectrum of the molecule.

m In solution, the rotation of molecules is strongly
hindered, bands are strongly broadened and the
maxima of these bands correspond to the
vibrational spectrum.

m In the solid state, the rotations are effectively
frozen so that the spectrum appears as relatively
sharp bands, which corresponds to the normal

vibrations.

m In gases, the rotation-vibration spectrum can be
also observed.
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Modes of Vibration
= The Interaction of infrared radiations with matter can

be understood In terms of changes In molecular
dipoles associated with vibrations.

= Vibrations can involve either changes in bond length
(stretching) or bond angle (bending).

= Some bonds can stretch in-plane (symmetric
stretching) or out-of-plane (asymmetric stretching).

» Bending vibrations can be either In-plane (as;
scissoring, rocking) or out-of-plane (as; wagaging,
twisting) bending vibrations.
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Modes of Vibration

[ STRETCHING } v v/

Symmetric Asymmetric

(a) Stretching vibrations

Y Out-of-plane twisting ) .
Out-of-plane wagging In-plane rocking In-plane scissoring

(b) Bending vibrations [ BENDING }
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Total number of modes of vibrations (normal modes)

The number of coordinates required to specify the
position of all atoms in a molecule is called the number
of degree of freedom, thus, for a molecule with N-
atoms, it has 3N degree of freedom.
So, the degree of vibrational freedom (Total humber of
modes of vibrations) for polyatomic molecules
containing (N) atoms is given by;

3N -5 (For linear molecules)

3N -6 (For non-linear molecules)
Two other concepts are also used to explain the
frequency of vibrational modes:

(1) The stiffness of the bond expressed as the force

constant (called; k or F) and,

(2) The masses of the atoms at each end of the bond ( ).
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= When the thermal energy is absorbed by molecules, it
IS stored in molecules in the form of;

(1) Transitional movement of the molecule. There are 3-
transitional degrees of freedom along X, Y and Z-axes,

so the remaining (3N-3) co-ordinates represent the

Internal degree of freedom. These are sub-divided into;
= Rotational degree of freedom

= Vibrational degree of freedom

(2) Internal motion of atoms present in the molecule (i. e.
rotational and vibrational motions).

For linear 3N-5
molecule
For nonlinear 3 3 3N-6

molecule



Each peak (fundamental band) in a vibrational spectrum corresponds to a
normal mode.

Linear molecules with N atoms:
3N-5 normal modes: N-1 stretching modes
2N-4 bending modes

Nonlinear molecules with N atoms (non-cyclic):
3N-6 normal modes: N-1 stretching modes
2N-5 bending modes

Diatomic molecules (linear) - 1 normal mode (1 stretching; no bending)
N=2-53N-5=1

Linear tri-atomic molecules - 4 normal modes (2 stretching and 2 bending)
(CO,, COS) N=3->3N-5=4

Nonlinear tri-atomic molecules - 3 normal modes (2 stretching and 1 bending)
(H,0) N=3—-3N-6=3



Molecular Vibrations of CO,
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CO, molecule:
linear and symmetric: N =3 — 3N - 5 = 4 normal modes (2 stretchings)

P Symmetric stretching is not IR active (because there isn't a dipole moment
variation).

» Asymmetric stretching is IR active (determine the change of the dipol moment)
» Bending vibration is IR active (determine the change of the dipol moment)

Bending vibration is double degenerate (same energy is necessary to oscilate in
the two perpendicular planes to the molecular axis)

iy oo l
| C O O CO O {0
v, - asymmedtric v, - symmetric v,-Symmetnc

stretching (2349 ¢gn-)  Stretching (1330 cm-') bending (667,3 cm-)

s j.o/ v

|-

3000 2500 2000 1500 1000 500
cm -1

Convention rule:
Vibrations are note descending, firstly symmetric vibrations, then asymmetric vibrations



Vibrational Modes for Water

Vibrational Distorted Normal Distorted
Mode Molecule Molecule Molecule
(@] O / O
\ / \ P \H
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The change in the electric dipole moment produced by each
vibration of the water molecule; this is seen to occur either along (”) or across

(L) the symmetry axis. The amplitudes are greatly exaggerated for clarity.
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3N-6 = 3 Vibrations
| A

Fundamental IR Bands for Water
DOF means degree of freedom
4 N\ 7

3 atoms x 3 DOF =9 DOF
H/C axis\H
v, (3652 cm™) v, (1595 cm™') v, (3756 cm)

The symmetry of the water molecule and its three fundamental
vibrations. The motion of the oxygen atom, which must occur to keep the
centre of gravity of the molecule stationary, is here ignored.



3N -6 ( non-linear molecules
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Figure 13-41
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Basic Functional Groups

alkenes

// aromatic

stretching

4000 3000 2000 1000 400

WAVENUMBER (cm)



Infrared Spectrum

2.5 wavelength . m (micron) ~ 50
10 D G 0.0
b @ "

' & — —

+* r i 4 i’

) \

B » -
% | (3 — A
_ a1 _

- "‘:: ' E: : ‘ —

- P

= (10 R
0.0 | I R N I | | 2.0

4000 3000 000 1200 1600 1400 1200 200 600 400 200 crot

- Wavenumber cm™




"
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

 Peak positions can demonstrate what functional
groups are present in the molecule. Each
functional group gives rise to an absorption peak
at a characteristic frequency, no matter what the
rest of the molecule contains.

« The peak positions and intensities of an unknown

can be compared with the spectrum of known

suspects Iin the same manner that police use

fingerprints.




Approximate Approximate
group frequency Group frequency
cm-t cm-t
- OH (free) 3600 -SH (free) 2580
- NH,, (free) 3400 -C=N 2250
= CH 3300 -C=C- 2220
Ph-H 3060 C=0 1750-1600
= CH, 3030 C=C 1650
CH, 2970 v ,om | C-C.C-N,C-O | 1200-1000
2810 v g, C=S 1100
14608 5oy, C-F 1050
13756,
| C-Cl 725
-CH,- 2930 V ,m C-Br 650
2860 v, C-I 550




Ex:
The C=0=C assimetrical stretching vibration due to coupling is at v' = 2330 cm"’

The C=0 stretching vibration (no coupling occurs) is at v' = 1700 cm

Interaction is greatest when the coupled groups have individual energies that are
approximately equal

« The position of an absorption peak corresponding to a given organic
functional group varies due to coupling:

T T T 7T
H C O H H i - O H H [ i L i c H
| | | | |
1034 cm™! 1053 cm’’ 1105 cm’

These variations result from a coupling of the C - O stretching with adjacent
C - C stretching or C - H vibrations.
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Harmonic oscillator

Assuming that the two atoms are point masses connected
by a massless spring with simple harmonic motion:

Restoring force,F = -k X,

k = forceconst.
(sometimescalledF)

Potetial energy V(X)

V(x) =—Fdx, V(x)= Zf)(k xax. X

12 / . ......

V() =—kX simple harmonic
2 motion
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For stretching of the bond A-B, the frequency of
oscillation v as harmonic oscillator is given by the

relation:;

A P 1 E or ;_ 1 Ecm‘1
27 V y; Rz 27 C y,

~ Mmamp u is the “reduced mass” where m,,
- m, are the masses on either side of
MA +Mp vibrating bond.

kK Is the “force constant”, like the Hooke's Law is the restoring
force for a spring. It is known and tabulated for different
vibrations.

k (single bond) = 5x10° dyne/cm., k

k (double bond) = 10x105 dyne/cm., v =5.3x107"_|—

k (triple bond) = 15x10° dyne/cm. H



Harmonic oscillator

harmonic oscillator obeys Hooke's law: F = k-Ax, where Ax = (i)
energy of hamonic oscillator is

30

Ezék{?—rejg

10

&0

the oscillating frequency is:

Energy, kdimoal

ok
Bpee = —  [— units: Hz
A\
- = I 1% units: em 0 - - -
e 1] 0.5 2
g ATal |

i - effective mass, kK — force constant

for H-Cl molecule:
k=516 Nfm; £ =1.629-10~' kg; w_ .= 8.96-10" Hz; w= 2989 cm"
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Example

A strong absorption of infrared radiation Is
observed for 1H3°Cl at 2991 cm1.

a. Calculate the force constant, 4, for this molecule.

b. By what factor do you expect this frequency to
be shifted if deuterium iIs substituted for hydrogen
In this molecule? The force constant is unaffected
by this substitution.
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Solution

a. We first write AE=hv=hc/A=k/p,
Solving for 4,

AE:hv:%:l LS and

2 \ 1
1.008 )(34.969)

2
k=47r2(%) u:47:2(2.998><108)(2991><100)2( 5T x1.661x10"27 =516.3N /m

b. The vibrational frequency for DCI is lower
by a substantial amount.

ﬁ: MM, (M +me) (1.0078)(36.983)_0717
fe \lmgm,, (m,, +m.) 2.0140 )\ 35.977 )
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The permitted vibrational enerqgy level
From solution of the Schrodinger equation;

2
E, =(V+%)ha), wz(Ej . v=0,1,2,...

u
1
2
EV:hCEv:hC(c:v:(V'|'1)7/LI(Ej
2" \u
g, =(V- 1) L 5
2 2mwC \ u
1

g, :(V+E)wosc. in cm™, v=123,..



From the Schrodinger equation;
Vibrational energy is quantized,so; &, = (u+é)-mmc

v=_0;1;2;...I1sthe vibrational quantum number

l \\ units = cm’ ~ \
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nergy, kd/maol

Selection rules: T

dipole moment must change Ap=o0
Auv=+1 (+1=absomtion; -1=emission) - =

y

Epett = Wose units = cm'! | L
The vibrating molecule interacts with
EMR of its own oscillating frequency 0
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Vibrational energy states of a harmonic oscillator

et Second selection rule
otential enargy

of form Energy Av=+%1
Lk b eition
2 " FANSITIO
» | ';;‘”1*”“/ Thus one vibrational peak
! fi I I
. | i /Enﬂ{n Lyne 1S only expect in the IR
N\ 't/ spectrum

=2
T

n= ] / Vibration levels are quantized,

n:n\q':!'—,-én%““i like everything else (i. e AE = hv)

Internuclear separation X

Theenergy difference between v, and Vq
In harmonic osscillator (&, _,q) = @
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Classical explanation of molecular vibrations:
If the oscillation frequency v of the electric field of a radiation is similar to the
frequency v=w/2n of one vibrational motion in a molecule (which involves a
variation of the charge distribution), then the molecule can absorb the energy

hv of one photon from the radiation. Intuitively, we can see this absorption of
energy like the resonance phenomenon in classical mechanics.

Consequences of the harmonic approximation

+ At room T, molecules are mainly in their vibrational ground state. Hence, in
IR absorption spectroscopy, the molecules are excited from the ground state
to the first excited state: 0—1, since the selection rule is Av = £1 = the IR
spectrum should contain only one line for diatomic molecule.

+ At higher T, other transitions can occur: 2 — 3 or 3 — 4, but all of them
need the absorption of a photon with the same energy, i.e. the absorption
lines appear at the same frequency, because the energy between two states
IS constant.

= Although the main features are there, it is not exactly what shows the
actual absorption spectra.... The potential is not harmonic.

+ According to the harmonic oscillator, a chemical bond cannot break.
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Anharmonic Oscillator

Real molecules do not obey exactly the laws of simple
harmonic motion. If the bond between atoms is
stretched, there comes a point at which the bond will

break i. e. the molecule dissociates into atoms.

A parabola cannot be correct at all extensions
because It does not allow the bond to dissociate. So,
a parabolic approximation is not the actual potential
energy curve, then the motion becomes anharmonic
and represented by the Morse potential energy curve.
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Potential energy curve for anharmonic oscillator

6.0
50 D= Dissociation energy
—
,..-"f
4.0 - /f
3 7
> 3.0 / ]
s j Do D, Is the depth of the
E e . _
20 potential energy minimum
Y
0.0 +rrrr e B .
0.0 1.0 2.0 3.0 4.0 3.0
R (A)

Therefore, the Morse potential energy Is the most
closely to the true potential energy curve.
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The solution of Schrodinger equation for the Morse function
gives the allowed vibrational energy levels (¢,) for anharmonic
oscillator, where;

2
1 1 v=0:1:2:3:...
&, = V+§ w, — V+E w, Xe X~ 0.01

and x, = anharmonicity constant
@, = equilibrium vibrational frequency

+ When v increases, the second term becomes more negative
than the first term, so the energy levels become less widely
spaced at high excitation = Also, at high temperature, several
weak lines appear due to population of higher vibrational states.
*Moreover, the selection rule Av= +1 indicates the more intense
lines, however, weak transitions of Av> 1 are now also allowed.

The relation between is; “osc = @e 1-Xg (v + E)



Anharmonic Oscillator - Selection Rules

1) the dipole moment must change

DAv==+1,+2 £33 ...

+ =absorption; - = emission /
fundamental absomption
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An harmonic Oscillator
A

E ........................................ A ................. A/ De — depth
N of potential
E energy
R D, = Dissociation energy
G 0]
Y 7 /v:4 Second overtone
Second overtone A V=3
First overtone
First overtone E of hot band
Hot band
Fundamental
absorption band {2 R . o Zero-point energy
>

re A0

Morse potential energy diagram
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Hot bands

» A hot transition is a fundamental transition with Av = 1 that start from an
excited level! (v, #0)

(a transition between two states of a single normal mode of vibration, neither
of which is the overall ground state).

In IR or Raman spectroscopy "hot transitions” are known as hot bands,
and specifically refer to those transitions for a particular vibrational mode
which arise from a state containing thermal population of another vibrational
mode.

Example (for a molecule with 3 normal modes):

The transition 001 — 101 is a hot band (the initial state has one
quantum of vibrational excitation in the v; mode)



» At room temperature mostly molecules are in the ground state.

» At high temperature (150-200°C) we can not neglect the molecule population
from lowers vibrational levels (< 800 cm).

300K

05k -

» The population of vibrational

levels respect the Boltzmann 0 . : :
distribution' v=0 -» v=1 v=1-> v=2 v=2 -> v=3 v=3 -> v=4
' 3000 K
.
_E by _ha
_ kT — kT — kT
N", I Noe - Noe - Noe 05 - -
0 t I
v=0 > v=1 v="1-> =2 v=2 -> v=3 V=3 > v=4

Fig. 1. Vibrational Boltzmann distribution for 300 K and 3000 K.



In the harmonic approximation all vibrational quantum levels are equally spaced,
so hot bands would not be distinguishable from so-called "fundamental” transitions

arising from the overall vibrational ground state.

E =hcv(v+ %) Vi,

Vibrations of real molecules always have some anharmonicity, and the energy
levels are not equally spaced, so hot bands could be observed in vibrational spectra.

_E,-E 1701=E1_E0
hc he

Vi = Vo

Vi <Vy

E, =(v +%)hc?o - xe(\'+%)2hc§0

Transition from an excited level (termal populated) (v=1 - v =2)
iy = (1-4x,)

V=

?

Transition from fundamental level (v=0 - v =1)

Vor =Vo(1-2X,) v=2
Hot bands appear at lower frequencies (exhibit  Hot band
red shifts) than the corresponding fundamental overtone bands
transitions. v=1

The magnitude of the observed shift is fundamental

correlated to the degree of anharmonicity in the pand

corresponding normal modes. v=0
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Example

The fundamental and first overtone of 1H3>Cl
are observed at 2886 cm?l and 5668 cm
respectively. Calculate:

1- Equilibrium vibration frequency.

2- Anharmonity constant.

3- Exact zero-potential frequency.

4- The force constant of the molecule.




equilibrium vibration freqquency =@ ,;
anharmoniecity const. = X,

fundamental vibration = @, (1—2x_)=2886.........
First overtone = 2@, (1—3x,)=5668......... (2)

By solving equations (1),(2)

@, =2990cm™ , x, =0.0174cm™

exact zero potential ¢, = %we — % w X, =14819cm™

force const. =k =47°w ¢’ =516 Nm™

€
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Typical IR-Spectrophotometer

Detector

=rating

Elea_m
combiner

The layout of a typical dispersive Infra-red absorption spectrometer

From the comparison between the reference beam and the one
passing through the sample, we can deduce the frequencies
absorbed by the excitation of molecules in their vibrational
energy levels. So, the IR spectrum is recorded.
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Sample preparation

1- Gaseous samples; require little preparation beyond
purification, but a sample cell with a long path-length
(typically 5-10 cm) is normally needed. The walls are of
glass or brass.

2- Liquid samples; use solution cells. Two types of solution
cells — permanent and demountable. Permanent cell is
difficult to clean and can be damaged by water.
Demountable cell is easy to maintain as it can be readily
dismantled and cleaned and the windows can be
repolished.
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3- Solid samples; can be prepared in two ways:

Crush the sample with a mulling agent (as
paraffin oil) in a marble or agate mortar, with a
pestle. A thin film of the mull is applied onto
salt plates and measured.

Grind a quantity of the sample with a specially
purified salt (usually potassium bromide) finely
(to remove scattering effects from large
crystals). This powder mixture is then crushed
In a mechanical die press to form a translucent
pellet through which the beam of the
spectrometer can pass.
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Fourier Transform FT-IR Spectrometer

m A spectrometer is an optical instrument used to
measure properties of light over a specific
portion of the electromagnetic spectrum, 5
microns to 20 microns.

m FTIR (Fourier Transform Infrared) spectrometer
obtains an infrared spectra by first collecting
an interferogram of a sample signal using an
Interferometer, then performs a Fourier
Transform on the interferogram to obtain the
spectrum.

m An interferometer Is an instrument that uses
the technique of superimposing (interfering)
two or more waves, to detect differences
between them. The FTIR spectrometer uses a
Michelson interferometer.
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m |Interferometer

Special instrument which can read IR frequencies
simultaneously.

faster method than dispersive instrument.

Interferograms are transformed into frequency
spectrums by using mathematical technique
called Fourier Transformation

1 \
r'l1'”|,'"-wm m—> [ Calculations !’l\ J !

J Wavenumber (cm-1)

J — |

. IR spectrum
interferograms

46



Components of Fourier Transform Instrument

Fixed mirror .
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Components of Fourier Transform Instrument

Fourier Transform - IR Spectrum

IR Source ’\
/ Beamsplitter

1T

Detector
Sample |(e——— _/\/\/\/

Interferogram

— /\/\ 5

NN\
VAVAN
% — 5=(n+%)A

Michelson
Interferomete

s

Fixed Mirror Moving Mirror

nA

6 = Optical Path Difference



ﬂ 90 | Polystyrene run as fim J
80 =y~

10

60

50

M o FFT o5

Calculations X

20 |

10

ol 1+ v N

\‘ 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Interferograms CPU Spectrum




" A
Theory and Instrumentation (contd.)

m The light originates from the He-Ne laser

m Half of the light is reflected 90 degrees and hits
a fixed mirror, while the other half passes
through the beam splitter and hits the moving
mirror

m The split beams are recombined, but having
traveled different distances, they exhibit an
Interference pattern with each other

m As they pass through the sample, the detector
collects the interfering signals and returns a
plot of response vs. mirror displacement
known as an interferogram



Advantages of FT-IR (over dispersive instrument)

high sensitivity
high resolution

speed of data acquisition ( data for an entire
spectrum can be obtained within 1 s or less)
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Applications of IR and FT-IR spectroscopy

|dentification of inorganic and organic compounds.
|dentification of components of an unknown mixture.
Analysis of solids, liquids, and gasses.

In remote sensing.

In measurement and analysis of atmospheric spectra.
Can also be used on satellites to probe the space.

In Forensic labs. to identify chemicals in samples such
as; paints, polymers, coatings, drugs, contaminants,
explosive residues.

m Analysis of aircraft exhausts and measurement of toxic
gas In fuels, as well as in oll industry.
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Vibrational frequency: v ¢ [700-1200cm™] < v ¢, [1620-1680cm™]
< V(c=c) [2100-2260cm™]

Bond lengths: Rgc.c) [1.54A] > Ry c-¢) [1.35A] > R ¢ = ) [1.20A]

Bond dissociation energy: Dy ¢, [368 kd/mol] < Dy ¢, [720 kd/mol] <

Doc = ¢)[962 kJ/mol] 3> K(C-C) < k(C=C)< k(C = C)

v



Infrared Functional Group Analysis

Looking for presence/absence of different functional groups

» Simple stretching: 1600 - 3500 cm-' functional groups region

» Complex vibrations: 400 - 1400 cm-', “fingerprint region”
» A polar bond is usually IR-active!
» A nonpolar bond in a symmetrical molecule will absorb weakly or not at all!

» The stronger the bond, the more energy will be required to excite the stretching
vibration:

V=g ™ Y= ""Voo

Ve=n * Ve=N ~ Ve

» The heavier an atom, the lower the wavenumbers for vibrations that involve that
atom.



