CHAPTER 2
SPECTROSCOPIC TECHNIQUES

2.1 INTRODUCTION

ES_p'ectroscopy is a branch of science deallng with the study of of interaction of
electromagnetic radiation with ma_t:[_e_r“}t is one of the most 1mportant tools available for
the study of atomic and molecular structure and used in the structural analysis of a wide
range of substances. Atoms and molecules are infinitesimally small in dimensions, so it is
not possible to see them. All information now we have about atoms and molecules are
directly or indirectly are from spectroscopy.w;n_,js_ihp finger print or

photograph of atoms and molecules.

Electromagnetic radiation is a type of energy that is transmitted through space at
enormous velocities. Gamma rays, X-rays, ultraviolet, visible, infrared, microwaves and
radio waves are all electromagnetic radiations of different wavelengths and energy. In the
case of atoms and molecules, when an electron jumps from a lower energy level E; to a
higher energy level E; the difference in energy is absorbed in the form of a quantum hv.

E2 A EZ
NN by hv ANV
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Energy transitions in an atom - Energy transitions in an atom

Fig. 2.1 Energy transitions in atoms

2.2 ATOMIC SPECTRUM AND MOLECULAR SPECTRUM

Atoms interact with electromagnetic radiations to give atomic spectra. Since atoms have
hinlte_dnumber of energy levels, atomic spectrum consists of lines and it is called line
Spectra. Similarly molecules interact with electromagnetic radiations to give molecular
Spectra Since molecules possess a number of energy levels, large numbers of such
energy transitions are poss1ble The resulting spectrum consists of many llnes which are

.

close together making a band. Radiations have electric and magnetic components along

e e
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with them. It is made up of discrete wave like particles called photons.

corresponding to a photon is given by Plank’s equation, E = hv

A typical line spectrum A typical band‘spectrum

Fig.2.2 Fraunhofer lines
Electromagnetic radiations

E =hvor E =hc/A
t. v is the frequency, A is the wave length and c is

the velocity of light. The arrangement of all types of electromagnetic radiations in the

increasing order of their frequencies or decreasing order of their wavelengths 1are knowlr;
as complete ‘electmmagnéffc spectrum. The visible spectrum re'preser;lts only a sma
portion of the electromagnetic spectrum and this portion is perceptive to human eye.

If all types of electromagnetio radiations are arranged in the order of their .increasi?g
frequency (see Table 2.1), then the portion above visible region is called ultraviolet while
the region below it is the infrared region. Infrared radiations have longer wavelengths and

Where h is the Plank’s constan

-~

A
Radio Micro Far Near
ves waves IR IR
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Fig. 2.3 Electromagnetic Spectrum

y - ray

are thus less energetic. .
Table 2.1 Electromagnetic spectral regions

Region Wave length Frequency ( hertz)
X-ray 102 =10 nm 3x10”-3x 10
Ultraviolet 10-400 nm 3x10%-7.5x 10"
Visible 400-800 nm 7.5x 10" -3.8x 10'*
Infrared 800 - 300,000 nm (0.8- 300 pm) 3.8x 10'-1x 10"
Microwave 3x10°-5x 10°nm (0.3 pm -0.5 m) 1x102-6x 108
Radio waves 5x108-3x10"nm (0.5m-300m) 6x 10°—1x 10°

The wave length is usually expressed in nanometers, angstrom units etc.
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.4 2.3 DIFFERENT TYPES OF ENERGY PRESENT IN MOLECULES

Molecules possess different types of quantized energy levels such as rotational,
vibrational, electronic etc.

_/ Electronic energy (Eee): The molecule possesses electronic energy levels which is
associated with the transitien of an electron from the > ground state energy level to the
excited state by the absorption of photons of suitable energy.) Electronic transitions
give absorption or emission in the visible or UV_region (UV- visible or electronic
“spectrum) .

2. Vibrational energy (Evi): Vibrational energy isEissociated with vibrations within a

-molecule such as stretching and bending of bonds] The molecule is said to possess

vibrational enérgy when (the center of gravity does not change during to and fro
motion of the nucleus of the molecule./ Vibrational transitions give absorption or
emission spectrum in the near IR region (IR spectrum or vibrational spectrum).

Rotational energy (Ero): en the molecule rotates about an axis perpendicular to
M:r nuclear axis,.pgssing v’thﬂgh the center of gravity, it require_sM

P

energy./Rotational transitions give absorption or emission spectrum in the microwave
- region (microwave spectrum or rotational spectrum).
/1. Translational energy (Emns):\( This is concemned with_the overall movement of the
mole.cules along the three axe's.Jln' other words, dunng the motion if fhe .cer'lter of
gravity changes, the molecule is said to possess translational energy.)1t is significant

only in gases and to a lesser extent for liquids, but it is neéﬁgigly small.

) The total energy of the molecule (E) is given by the sum of all these energies.

1‘ E =Eeec + Evib + Erot + Etrans ]

But the energy of translation is negligibi “small, so as per Born-Oppenheimer

ggproximétibfl reduces to the following equation. .

r
-
It is to be noted that a series of rotational energy levels (designated by the rotational
quantum number J) are associated with each vibrational energy level (designated by
vibrational quantum number v). A series of vibrational energy levels are associated with
each electronic state.

(&) E = Ede + Evib + E,-.,.:}
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Table 2.2 Summary of the various types of molecular spectra

No | Spectra Transitions Region of . Criteria )
between electromagnetic
\ spectrum
Rotational/Micro | Rotational energy | Microwave Molecules must
1. | wave levels (1-100 cm™) possess permanent

dipole moment €.g.:
HCI, H:O0 etc.
[ 2. | Vibrational Vibrational energy | Infrared (15;00- Dipchle ;noggex:t of
i g 4000 co molecule mus
rotational/ IR levels S
vibration.
3 Electronic /UV- | Electronic energy Visible(12500- All molecules.
Visible levels 25000) and UV i
Mm_m_'ﬁ_
Raman ibrati Periodic change in
Vibrational and Far and near dic ch
* rotational levels. infrared regions. polarizability due to

vibrational and

Spin quantum number

5. | Nuclear Magnetic | Magnetic energy §£nuglei1>0

Resonance levels of nuclei.

(NMR)

Radio frequency

.

Presence of unpaired
or odd electrons in a
molecule

6. | Electron spin Magnetic  energy Microwave
Resonance (ESR) | levels of unpaired

rotational transitions.
| rotational fransitzons. |

electron(s) -,
(%A

#) L/_

2.4 INSTRUMENTATION OF SPECTROPHOTOMETER

The instrument used to record the spectra of molecules, is called a spe.ctrople_'fe‘r.
—_— e .
The ‘exact design of the instrument varies according to the spectral region bem.g
examined, but the basic features of all spectrometers are similar. A generalized schematic
3

. e . d
representation of spectrophotometer is shown in Fig.2.4. When radiations are passe

through a transparent layer of the sample (solid, liquid or gas) certain specific wgvz
lengths are removed by absorption. The absorbed energy is transferred to the atoms an
Tmolecules of the sample; thereby it gets excited from the ground state to the excited state.
molecules Ot HIC 5a 7=

D o=

The measurement of decrease i _intensity of radiation is the basis 0
spectrophotometry. The spectrophotometer has the following components.
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1. A suitable = ..

4 rovide const(')urce o El.ecF T . = ”"?5““"“: T_‘}Eﬁ&ﬂi_shguldAbg%gd
provide_continuous_radiations. Generally," llydi‘,’g.eil,di,_s,?hafge lamp and tungsten
filament lamp sources are used in UV visi e
electrically heated rod of rare earth oxides

ble spectrometer but in IR spectrometers,
are used. '

SN
O+~ |
€ FEes

.~ Fig. 2.4 Spectrophotometer

Source Beam Splitter

{
|

Amplifier

o Wavelength _controller or filter or monochr

: The filter unit consists of an
entrance slit, a dispersing element and an exit slit. The dispersing element is ggqgajlly,
_a prism or grating. The function of the wavelength_ gggtrqller]jﬁ is to isolate a
narrow band of wavelength from the radiation source. T
3. Sample holder/ cells: Sample holder (cells) made up of silica or glass is used to

contain sample solution as well as reference solution. Standard cells of rectangular

form with one centimeter path length are generally used. The sample holder should
satisfy the following requirements.

-a) The cell should have uniform thickness.
~b) They should be inert to the solvent.
~€) They must transmit the light of wavelength used.
_~"4. Detectors: Convert the transmitted radiation into electrical energy.
_—5. Recording system: The final absorption spectrum is ai/splayqﬁ_ei/ther> on_a video
screen or, more generally, recorded on a chart paper. In this manner, we can measure

the extent to which a substance absorbs radiation at each wavelength (or frequency or
wavé number).

(¢ 2.5 BEER- LAMBERT’S LAW

In optics, the Beer-Lambert’s law relates the absorption of light to the properties of the
material through which the light is travelling. The Beer-Lambert’s law (or Beer's law) is
the linear relationship between absorbance and concentration of an absorbing species.
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iation is passed through a

tic rad .
en parallel, monochromatt nsmitted light (Io / 1) is

§ w: that wh
V4 Lﬂmbert’s Jaw: States ' . ; e 0
solution, the logarilhm of ratio of intensity of incident to trai

>

proportional'to the thickness of (1) of the solution.

I My
./’ log-l—oal N ‘

jon is proportional t
Aeer’s Law: States that the absorbance (log Io /'I) of a SIOI-U(L(:] t1sc :nsg -
concentration (c) of the absorbing solution ﬁl}en mlcknéss (1) is kep! Vs

o the

Io
r s logTa c .
law: It states that the proportion of light absorbed bly ; soluzle 111:
it i inci ight an
« i f the incident ligl
‘ ) is 1 f the intensity O
t solvent is independent o ; ¢ il
“ , tmnnsilz::;l tosihe number of absorbing molecules in the :gl:;ep;}elater thfremcm e
5:::;1" of molecules that absorb light of a gi'ven wave'lengst ;Ctmm‘ e
light absorption and higher the peak intensity 'in absorptlonA P o, oud
flegw molecules that. absorb radiation, the lota.l abs;rpt;}(l)nb;is e
: i ity peak is observed. This ma es e b .
conseq;jeliltlyt::::el;nm::;i;ty\fords that (the fraction of incident radiation absorbed is
law which s ) L on o :
o proportional to the number of absorbing molecule_s in its pz;th’jlo) Y ompare it with e
]38 Measure the intensity of the beam of light entering samp e.( O o o
iriténs.ity o} the beam of light exiting sample (). By taking ; enxzeXiting,the il
indication of what fraction of the light entering the sample was fou

This ratio is called the t[ansqﬂngncg

. ™
% 1ee . 1
e _t,) CTransrmttance T= ;—/

<I‘ ransmittance (T) is defined as the ratio of intensities of transmitteq t}) incident hgh§

{ +) The Beer—Lambert’

For our purposes it is mathematically convenient to deﬁx.le a 'new concept, Aisorbgii: (A
= log Io /I) which gives a direct measure of how much light 1s’ al?§91;bed by the samp! n 1
When the radiation 1Tasses through a solution, the amount of light absorbed or transmi .C
is an exponential function of the molecular concentration of the solute an(li élso a fux,lctloﬂ
of length of the path of radiation through the sample. Therefore, by combining Beer’s law
and Lambert’s Law, we can write,
g log T = egcl
ey To = Intensity of incident radiation
/ T =Intensity of light transmitted radiation,

Where
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e = concentration of the solution in mols/liter.
//I = path length of the sample

& = molar absorptivity or the molar extinction coefficient of the substance
whose light absorption s under investigation,”

logIo /1 = A absorbance.

(,Tﬁ’»?bove relalicl)n is_known as the Beer-Laqxbcn?s,,Law_whigg _is_the f\nmhmenlgl
| equation for colorimetry and spectrophotometry.

Limitations of the Beer- Lamberts law
o M08 01 The Beer- Lambert’s la

The Beer-Lambert’s law is valid only in dilute solution;)and the following are its main '
limitations. H

—T1. The law is invalid at high concentrations due to electrostatic interactions between
A . i LOVTIONS betwees

molecules in close Efc)ximity. .
”_I‘E—Bid solutions cannot be measured due to scattering of light between particulates in
_the samples. o
~3. Beer- Lambert’s law fails if the light is not monochromatic.
——4. Deviations from the Beer- Lambert’s law are frequentjy é;lcoumered asa
consequence of association, dissociation, or reaction of the absorbing species with the
solvent. R

—57 Beer- Lambert’s law may not be obeyed when different forms of the absorbing
molecules are in equilibrium.
6. A deviation from Beer- Lambert’s law is obse;
Phosphorescence in the sample.

tved when there is fluorescence or
-S.2iS0IEsCence o

Problem 1: Calculate the frequency of radiations having wavelength 5000A°
€=2.996 x 10'° cr/s
_ 2996x10*°cms~1

;=20 ms 14 1
» T Soooxio-fem  —0-992x10s

where

Solution: Frequency v =

Problem 2: Calculate the absorbance if 10% of incident light is transmitted.
Solution: Absorbance (A) =log ’To = log %‘3 =log10=1

Problem 3: A solution of thickness 2 cm transmits 40%
concentration of the solution, if € =6000 litremol™!

incident light. Calculate the
Solution: [o = 100, I =40, £ = 60

cm’!
00 litremolcm™, [ =2 cm, ¢ =?
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log'-‘l’— = gcl ie log l—fg .= 6000xcx2 orlog25=12000¢
1200 ¢ = 0.3979 or c= 0.3979/12000 =3.316 x10-mol /liter

Problem 4: A dye solution of concentration 0.04M shows absorbance of 0.045' 'fat 530n.m;
while a test solution of same dye shows absorbance of 0.022 under same conditions. Find
the concentration of the test solution.

From Beer-Lambert’s law we have, A= ccl. When the molaf absorptivity € and 1 |

MG e 008 2%, =00195M
are constants, we have, == e == 2
Problem 5: A monochromatic radiation is incident on a sc.)lution of 0.05M conccztrartulm
of an absorbing substance. The intensity of the radiation is reduced to one- fourth of the

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

absorption cocefficient of the substance.

According to Beer-Lambert’s law we have,

logl—q = .ecl, herelo/l =4,c= 0.05 mol dm™1=10cm = 01me="?
1

log 4 = £ x 0.05 mol dm?x 0.1 m ~¢ =0.6021/0.05 % 0.1 mol! dm’m’!

Molar absorption coefficient = 120.42mol"dm’m’!

-/2..6 ELECTRONIC SPECTROSCOPY (UV-VISIBLE SPECTROSCOPY)

UV and visible or electronic spectra. arise due to the transition of valence
o - . . .
electrons from the lower energy level to the higher energy level by the absorption of

1
|
i
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energy. In some cases, the required energy can be supplied by radiation of visible .

wavelengths thus producing an absorption spectrum in the visible region (400-800 nfn).

In other cases, the transition occurs due to the absorption of ultraviolet radiations thus |

producing an ultraviolet spectrum in the region of (10-400 nm).

Principle: Ultraviolet absorption spectra_oceur due }9»!}}}3}!%1[15%“01’1 of clectror}s/fll”‘:/
Jower electronic to higher clectronic levels. Hence it _is_also called clgg".m;‘,t
Spectroscopy. For a radiation to cause elcctronic excitation, it must be in the ultraviole
“Tegion of the clectromagnetic spectrum.

. . ; be
Types of electronic transitions: The electrons involved in organic molecules can
classified in to different types
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1. Sigm . ;

’ ’[,5%} E: (_;I})‘celt;ctrons. They are involved in saturated bonds and they are tightly

hick . Mg@}y_xs concentrated along internuclear axis. Radiation of
Igh energy is required to excite them, T

2. Pi(n) electrons: involved i
o _def‘ q)ity 2 :())ns. "iheydare involved in double or triple bonds. Here the electron
density is concentrated abo i i e
T a ove and below Jgtemuc!fir 215 They can be excited
‘ 3. Vh{(tmbondmg] - n electrons: Electrons attached to atoms such as chlorine, oxygen or
nitrogen as lone pairs are called n electrons. | i :
———=00 75 ON¢ pairs are called n electrons.(These non-bonding elect
| _excited at a lower energy. o S

Absorption of UV and visible light by organic compounds lwill cause the promotion of
clectrons from the g, «, and n (non-bonding) orbital in the ground state to 0* and r*

orbltalls in the excited state. Ultraviolet radiations promote the following electronic
transitions:

o =o' ,n—o',n —n' n -n"
1.0 — o’ transitions: (sigma to sigma star transition)

In this, an electron is excited from the bonding o orbital to corresponding o orbital.
These transitions occur in those compounds where all the electrons are involved in single
* bonds and no lone pairs of electrons are available. The transition energy required is ;cry

high, because o electrons are held more firmly in the molecule. The absorption occurs in
UV or far UV region. In saturated hydrocarbons such transitions occur.

n—»d

Antibonding
I"_B 1 =t

Energy —»
a
a,

-

L

Ls

=

Bonding

Bonding o

Fig. 2.5 Elcctronic transitions in UV-Visible spectrum

~2. n — g"transitions: (n to sigma star transition)

_Compounds containing non-bonding electrons on oxygen, sulphur, nitrogen or halogen
atoms show absorption due to n—¢ *transitions. The energy required for n — o *transition
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‘ iti i nding t
is less than that required for 6 —o"transition. Therefore absorption com:lspo01 Vagmo
n— o"transitions occurs in_ordinary UV, visible region. For example, methan pors
show absorption band at 183 nm. . o
’ Table 2.3 Examples of Electronic Transitions
Transitions - Compound Amax(nm)

g iV

a—a° CHa. 122
CH;3-CH; 135
ron CH:=CHz 162
CH= CH }§§

— g CH;0H
- CHiCl 172
n—m’ (CH3)CO 279

Tabie 2.4 Comparison of various transitions.

@ — o'transitiens | n — o'transitions | n — m transitions | n — 7 transitions
Transition of Transition of
electrons from electrons from

Transition occurs in | Transition occurs in
ﬁ}iéammted compounds with

bonding ¢ to nonbonding to compounds between ‘O,S,Nr, halogens etc,
eorrcspgonding a’ a’orbital n and 7 °orbitals. Electrons transfer
orbital

from n to 7" orbitals
Transition encrgy is | Transition requires | Transition requires | Transition energy is
very high lesser energy. lesser energy. very low

Absomtion  occurs | Absorption  occurs | Absorption  occurs Absorptilog occ'urs
in the vacuum UV |in the UV- visible [in the near UV-|in the visible region

region. region. visible region (270-300 nm.)

Mainly observed in | Compounds Mainly observed in | Hydrocarbons with
saturated containing O,.S,N | unsaturated 0,5, Cl etc.
hydrocarbons. and halogens. hydrocarbons.

~73. m — x"transitions: (pl to pi star transition)
This occurs in molecules having a p electron. Unsaturated hydrocarbons exhibit_this

transition, The x  — m*bands appear at 180-190 nm in the case of aliphatic compounds
‘and at 200-210 nm in the case of simple aromatic compounds.
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{_n/—»_ T transitions: (n to pi star transition) L' o 7\ 3

These are usually associated with groups such as carbonyl, thiocarbonyl, nitroso etc.
0 . \“sﬁ———*——”‘_ e e
which contain atoms having non-bonding electrons like oxygen, nitrogen, sulphur etc.

These transitions are generally observed with low intensity when compared with other

transitions. In aldehydes and ketone:

S, transitions occur in the range of 270-300 nm. The
following table shows some of the common electronic transitions with their corresponding
wavelength.

_~"Chromophores

The Greek word chromophore means “color carrier”. In general chromophore is a group
“which is responsible for imparting color to a compound. 'The_aqbgafp@x{i a given
substance is greatly affected if it contains a chromopﬁgde';—AT:h—erophére is a functional
group which has a characteristic absorption Spé‘ct;&r}l in the ultraviolet region. e.g. Nitro
group is a chromophore because it gives yellow color to the compound. There are other~
“functional groups such as - C= C -, -N=N- which absorb at wave lengths longer than 180
nm. By modern conccptﬁ:hromophore can be defined as an isolgt_ed covalggt_ly ‘b‘qx}d'gd y
group that shows a characteristic absorption in the UV or visible region irrespective of
ipc fact whether color is produced or not) 1t may be noted that the part of the ‘molécule
having n or 7 electrons is te;polsiplejéi ab_so_mtiﬂx(}.g. Acetylene, ethylene, nitriles,

carbonyls etc.
Types of Chromophores

—a) Chromophores, which contain 7 electrons, can undergom  — n‘traﬁ_sition.iFO{
example, cthylene, acetylene etc... y :
b) Chromophores, which contain both 7 and n electrons can under

go both
n — m*and n— m*transitions e.g. carbonyls, nitriles etc. ’

/1_\_uxpchromes

These are color enhancing groups. Polar groups such as ~OH, -NHg, -SH, -X (halogen)
l&vipg unshared pair of éléEtir'on;nm\y‘s};)Tyv absorption above 190 nm. %h groupings
_are called auxochromes. These groups can extend the conjugation of the chromophore by
sharing non-bonding electrons in order to shift the absorption band towards the longer
wavelength. Thus, auxochromes are substituent which does not absorb ultraviolet
radiations but their presence shifts the absorption maximum to longer wavelength.
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2.7 ENERGY LEVEL DIAGRAM OF COMPOUNDS

In molecules with pi (r) bonds, the energy gap AE betwe?n el'eclt:r(llsj:/ ) and visible par
(m) and excited state (n*) corresponds to photons in the ultravio i Calfmol). A2
of the electromagnetic spectrum (180-700 nm wavelength or E= 40-160 kCal/m A :

the number of conjugated (consecutive) m bonds increases, the e.nergy gap (AE)
decreases, meaning that light of less energy (longer wavelength) is absorbéd. Tl?e
wavelength of maximum absorbance Amax corresponds to AE. Therefore, Amax Will be in
the UV part of the spectrum for molecules with fewer conjugated © bonds ax_ld more
toward the visible for molecules with many conjugated 7 bonds. Therefm"e, using UY'
Visible spectroscopy we can find out the Amax of an unknown molec.ule_ This in turn ¢an
tell us about the bonding present (if any). For example, let us consider what happefxs to
Amax When we increase the conjugation length from 0 (ethane) 1 (ethene) to 2 (butadiene)

to 3 (hextriene).

n the ground state

Table 2.5 Comparison of Amax of various compounds

Compound Formula‘ No. of conjugated pi bonds ~ Amay

Ethane CH3-CH3 0 150
Ethene CH>=CH: 1 176
Butadiene CH,=CH-CH=CH_ 2 217
Hexatriene CH,=CH-CH=CH-CH=CH, 3 258
Benzene CsHs 3 255

It can be observed that, longer the conjugation, longer the absorption wavelength. In the
case of Ethane we have o to o* transition at Ama of around 150 nm. As the number of
conj’ugated pi (m) bonds increases, the Amax increases. This means that the energy gap AE
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) decreases as the number of conjugated pi (x) bonds increases.

For example, ethylene has one double bond and absorbs at 176 nm due to n-n" transition.
Ethylene has two n orbitals, one ground state « bonding orbital and one excited state
n'antibonding orbital, When a molecule absorbs light at its longest-wavelength, an
electron.is excited from its highest occupied molecular orbita] (HOMO) to the lowest
‘unoccupl.ed molecular orbita] (LUMO). In ethylene or simple alkenes, the HOMO orbital
Is m orbital and LUMO is 7* orbita), The energy difference t;etween these two
corresponds to a wavelength of 176 nm.

SPECTROSCOPIC TECHNIQUES ENGINEERING CHEMISTRY

in butadiene is less ag compared to 7 to n'in ethylene, butadiene absorbs at longe
wavelcng.ths. Hence, greater the number of n orbitals (conjugation) lower will be %hr
energy .dlfference between spectrum i.e. HOMO and LUMO and longer will be the
absorption .Wavelength. Similarly, in the case of hexatriene, there are six © electrons 3
corresp.ondmgly SiX 7 orbitals, three bonding (7) and three antibonding (n*) orbitals aOn
absorption of energy the electron Jjumps from 7 bonding — n'antibonding (HOM(') —n>

Ethene Butadiene
Hexatriene
—_— —
N W

e* — Y3

— T2
A LUmMo %y

LUumo ZF n*, T n*1 LUMO
AE AE J AE
T 2HOMO \ T3 Homo

T HOMO T2
T ny

Note that the energy
gap AE (HOMO-LUMO 23]
p) decreas:
(becomes smaller) as the number of conjugated pi orbi)tals incre:Sses

As this trong t:itlzni :nergy hlf:vel fiiagram of unsaturated compounds
ogEintisto it s gsa:t exatriene toward mofecules with longer conjugation length,
, tomatocg 4 <-) visible region of the Spectrum and color starts to appear. For
e red in colour because of the presence of lycopene, the compound

having eleven copi
onjugated doub, :
tomatoes —; » uble bonds. Thus it absorbs at Amax value of 454 nm and
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Absorption and intensity shifts

ift in absorption maximum towards

e It i h
1. Hypsochromic Shift or Blue shift: It is the sl cither due to removal of

. . .
shorter wavelength or higher energy- Tfhl;\ oczl\l\x;e
jugati i larity of the s :
ugation or the change in po i
Tx(l):iirium of aniline shifts from 280 pm to 2()1(])' gm in z}x)c;;irl;::n o, towards
ic shift or Red shift: It is the shift*in & o

> Batlhommm;els:r:ghoor lower energy. This occur either due to the presence

onger w

auxochromes or due to the change 0 €
undergo bathochromic shift due to n —7't

C € t: ts 1n 111C13353d absorption intensity OPUCal
ffect: An effect that resul (
3 Hyperclu omi

of a ¢ i usually causes
ity) ompound. The introduction of an auxochrome y
densi f I

ansitions when the polarity of solvent 1§

hyperchromic shift.
Hyperchromic Shift
I hochromic Shift
Hypsoch S 1
I Hypochromic Shift
i
w

Wave length A——e-e=pp
Fig. 2.7 Various shifts in € and 1

4. Hypochromic effect: An effect that results in decreased absorption intensity. This is
caused by the introduction of a group which distorts the chromophore.

Instrumentation of UV- Visible Spectrophotometer

UV-Visible spectrometers have components similar to those of other spectrOIl'leters

using electromagnetic radiation. The essential parts of a UV- Visible spec'trophotomﬁwr
are as follows (See Fig. 2.8)
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a) Radiation source

pectrum in the region between 200-370 nm, and
a tungsten filament lamp for the region 325-750 nm.

b) Monochromator / filter

- The filter unit. consists of an entrance slit, a dispersing element and an exit slit.
The dispersing e.lement 1s generally a prism or grating. The function of the wavelength
controller/ filter is to isolate a narrow band of wavelength from the radiation source.
¢) Sample holder/ cells

. Modemn instruments are double- beam recording spectrophotometers in which the
light beam from the source is divided in to two

These beams are allowed to pass throu,
solvent. Cells used in UV.

identical parallel beams of equal intensity.
pa gh the sample cell and reference cell containing the
-Visible spectroscopy are made entirely of quartz,

d) Detectors

The two beams, one emer
reference cell, are then led to the det
radiation in to electrical energy,

ging from the sample cell and the other from the

ector system. The detectors convert the transmitted

Beam splitter

Fig. 2.8 Schematic diagram for UV-

Visible spectrophotometer

€) Recording system

e T?; detectordtransmits the signals to a recorder which gives the output
either on a video

recorded on a chart i
manner, we can measure { paper. In this

Wavelength,
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Applications of Electronic Spectroscopy (UV-Visible spectroscopy)
UV-Visible spectroscopy is used for

1. Identification of unknown compounds- An unknown compound can be identified

by comparing its spectrum with the spectra of known lcompounds, If the t'wo
spectra coincide, then the two compounds must be identical. The rule' gove'mllng
this is known as Hartley’s rule which states that compounds having similar
structure would have similar absorption spectra.
2. For detecting impurities in organic compounds.
3. In the quantitative estimation of compounds.
4. Characterization of aromatic compounds and dienes.
5. Study of kinetics of chemical reactions.
6. Determination of structure of compounds. )
7. For studying tautomeric equilibrium- The UV- Visible spectroghotometer can be
used to determine the percentage of keto and enol forms present in compounds.
8. Determination of molecular weight of a compound.
9. Determination of unknown concentration. )
10. To determine the ozone present in the environment by measuring its spectrum.

2.8 VIBRATIONAL (IR) SPECTROSCOPY

Vibrational spectroscopy is concerned with the study of mainly the vibrational motion of
the molecules. It arises from the interaction of the fluctuating molecular dipole moment
of the compound with the electromagnetic radiation. The vibrational spectra is given by
the electromagnetic radiations in the infrared region of the electromagnetic spectrum, that
is light with a longer wavelength and lower frequency than visible light. It covers a range
of techniques, mostly based on absorption spectroscopy. The essential requirement for a
molecule to show IR spectrum is the change in dipole moment of the molecule during the
vibration (fluctuating dipole moment). This type of spectrum is given by molecules with
permanent or fluctuating dipole moments. Therefore, Ha, O etc. will not give IR
spectrum whereas HCI, H>O etc. give the spectrum.

2.9 MODES OF VIBRATIONS IN A MOLECULE

When energy is absorbed by a molecule, the different bonds of constituent
s exhibit the different modes of vibrations, They are as follows.

' vibrations
‘ormation vibrations.

SPECTROSCOPIC TECHNIQUES ENGINEERING CHEMISTRY

Stretching vibrations: In stretching vibrations,

 the atoms move along the bond axis. As
a result, the bond length increases or decrea: .

dimensional movement,

a) Symmetric stretching:
direction,

b) Asymmetric stretchin
direction.

Types of Molecular Vibrations (Normal Modes in AX: groups)

In this type, the atoms of the molecule move in the same

g: In this type, the atoms of the molecule move in opposite

Stretching

Bending
Symmetric Asymmetric In - plane Out-of- plane
XX X X
A A Rocking Scissoring Wagging Twisting
X X X X
aQ & f\ﬁ X X X X
A N A A
A A A A

Fig. 2.9 Molecular vibration types

Bending or deformation vibrations

Bending or deformation vibrations involve a change in the bond angle whereas

the bond length remains unchanged. There are four types of bending vibrations.

1. Scissoring: In this type, the atoms move away

same plane just like the blades of a scissors.

2. Roc.kl‘ng: In this type, the movement of atoms takes place in the same direction,
- Twisting: In this type, one atom moves up and the ot
respect to the central atom.

- Wagging: In this type, both atoms move u
central atom.

and come closer to each other in the

her moves down the plane with

p and below the plane with respect to the
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Number of vibrational modes in a molecule

For describing the position of an atom in a molecule, it requires three degrees of freedom,
corresponding to three cartesian co-ordinates. The number of co-ordinates required to
specify the position of all atoms in a molecule is called the number of degrees of
freedom. Therefore, 2 molecule having “n” atoms, the degrees of freedom is equal to 3n.

Linear molecule: For a linear molecule, there are three translational and two rotational
degrees of freedom; hence, total number of vibrational mode possible is equal to 3n-5.
For example, CO: is a linear molecule, therefore, Vibrational degrees of freedom of CO2
—3n-5=3x3—5=09-5=4.So CO; is having four fundamental modes of vibrations
such as symmetric stretching, asymmetric stretching, in plane bending and out of plane
bending. Of the four normal modes, only the asymmetric stretching, in plane bending and
out of plane bending vibrations are IR active as they involve a change in dipole moment.
The symmetric stretching vibration does not produce any change in dipole moment, it is

IR inactive. Also the two bending modes are equivalent (degenerate). Therefore, only

two absorption frequencies are observed in the case of CO; at 2349cm’! for asymmetric
and 667cm! for bending vibration.

- - t

Symmetric stretch Asymmetric stretch Out of plane Bending Bending

Fig.2.10 Vibrations in a linear triatomic molecule of CO2

SPECTROSCOPIC TECHNIQUES ENGINEERING CHEMISTRY

For a nonlinear molecule, there are 3n-6 vibrational degrees of freedom. For
examp:je, PIiO, 802, and NO; are non-linear triatomic molecules. The vibrational de.grees
of fr‘ce o.m =3n-6 =3x3-6=19-6 = 3. Water is having three fundamental modes
of vibration suc;h as symmetric stretching, asymmetric stretching and bending vibration,
All thfa three vibrations are IR active as there is a change in dipole moment duri th'
vibration. So, IR spectrum of water exhibits three absorption bands. e

Mechanism of interaction

For a vibrational mode to appear in the infrared spectrum for absorbing
energy f{'om the incident radiation, it is essential that a change in dipole moment occurs
during vibration. Vibration of two similar atoms against each other (for example Oz or N2
molecules), will not result in a change of electric symmetry or dipole moment .of the
molecule, and hence such molecules will not absorb in the IR region. During the
vibration of a molecule, such as CO», there occurs a change in dipole moment; it wil] lead
to the generation of an oscillating electric field. When a photon of a particular frequency
comes in resonance with frequency of the vibration of a molecule, the absorption of
photon takes place and molecules starts oscillating with the frequency of radiation.

=
M
N0
—n=—o
=
—
n=—o

In the case of HCN, vibrational degrees of freedom of HCN = 3n 5=3x3-5 =
9-5 = 4. Here all the four modes are IR active.

Non Linear molecule

AN A

Symmetric stretch Symmetric bend

Asymmetric stretch

Fig.2. 11 Stretching in non-linear triatomic molecule

62

Fig. 2.12 Mechanism of interaction of oscillating dipole of CO2 in asymmetric stretch

2.10 ENERGY OF VIBRATIONS

A simple harmonic oscillator can be considered as a model for a vibrating diatomic
molecule. The vibrational energy is given by

63
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7 1
Ew = [v + ;] x hvo
Where v is the vibration quantum number and has values of 0,1,2,3
fundamental vibrational frequency. The fundamental vibrational frequency vo of such a
molecule behaving like a simple harmonic oscillator is given by,

and v, is the

1 |k
vo=-— 7

Where k is the force constant (which relates the strength of the bond) and y is the reduced
. m; . .
mass of a diatomic molecule given by the equation, p = mn::m’z When multiplying by

Plank’s constant (on both sides)

ho [k
AEvip=5- |7
T

n

In spectroscopy, the unit commonly used is wave number 0. So we can write,
-1 ko
b =— |- cm
2nc qJp

k _ - .
- = 92nc ie
m

- m;m.
or k= 49n2c? %
my+m;

k=4 po*nc?

Since ¢ = v, the equation for force constant may also be written as

mj;m,
k=422 Dtz
my+m;

Thus, knowing ¥ from the IR spectrum, the force constant k for a given diatomic

molecule (of known mjand m) can be calculated using the above equation.

Problem 6: CO molecule absorbs at 2140 cm!. Calculate the force constant of the
molecule, given atomic masses of C and O are 12 amu and 16 amu respectively. (lamu =
1.67 x 10-%7kg).

S 4 [ .
b= \/; Where, i is the reduced mass of the system, \/% = ¥ 2mc or

2mnc

But reduced mass of the system is given by the equation, p = 1Mz
? my+m;

64
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MMy _ 12X1.67x10-27kgx 16x1.67x10727 kg ‘
my+m,;  12x167x 10727kg + 16X 1.67 x 10-27 kg =114x10% kg'

p=
But the velocity of light js 3 x 108 m/s and we have § = 2140cm! = 2140 x 10?m!
Substituting the above values in equation (1) we have
k=4x3.142x 1.14 x 10% kg x (3 x10%ms™)?x (2140 x10%m'!)?
k= 1853kg/s?, but we know that 1N = kgm/s?

ive. k= 1853 S _ ygs3npy

Problem 7: If the fundamental vibrational frequency for HC is 8.667 x 103 s1, calculate
the force constant of HCI bond. [H=1.008; Cl1=35.45 1. :

Force constant, k = 4 y2n2 ™Mz -
m;+m;,
_ 1008x10~3 _ ’
M= s = L6736x 107 kg,

3545x10 3
6.023x 1023

=58.8577 x 10?7 kg;

mimp _ (1.6736 x 10727) (58,8877 x 10 —27) 5
Mitmz (16736 x10727) + (58.8877 x 10-27) 16273 x 10 kg

Frequency v =28.667 x 1013 51, substituting the values in eqn. (1)
K=4x3.142x (8.667x 101 2 x (1.6273 x 10 27) = 482.086 kg S
=482.086 Nm™! (Since kg S2 = kg m S2m™)

Problem 8: Calculate the frequency in (Hz and cm™) of O-H bond, if the force constant
and reduced mass of the atom pair are 770Nm! and 1.563 x 1027 kg respectively.
Solution:

l) v=21 [k - 770 Nm=1 = 770 kgm s~2 m=1
2wl p 2x3.14 \1563x10727 kg 2x3.14 1.563 x 10727 kg

=1117x 10"s' or Hz

i) p=Y - L117x10M4571
4 3x108ms—1

= 3723 cm’!
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Instrumentation of IR Spectrophotometer

spectrometers  using

IR | spectrometers  have components similar to other
eter are as follows.

electromagnetic radiation. The essential parts of an IR spectrom

a) Radiation source: The main sources of infrared radiation are (1) The Nemnst

glower, which is a filament containing oxides of zirconium, thorium and yttrium and
cerium. (2) Globar is a bonded silicon carbide rod. (3) Nichrome wire wound on a
ceramic support. When heated electrically at 1200 - 2000°C, they glow and produce
IR radiation.

of the wavelength controller/ filter is to isolate a narrow band of wavelength from the
radiation source. The most commonly used prism materials are as follows.

Table. 2.6. Material wave number relation

Material Wave number

Sodium chloride 4000 to 650 cm’!
Potassium bromide 1000 to 400 cm’!
Caesium iodide 1000 to 260 cm’!

Calcium fluoride 50,000 to 1100 cm!

¢) Sample holder / cells: Modem instruments are double-beam recording

spectrophotometers in which the light beam emanating from the source is divided in
to two identical parallel beams of equal intensity. These beams are allowed to pass
through the sample cell and reference cell containing the solvent. Cells used in IR
spectroscopy are generally made of sodium chloride or potassium bromide.

Q-r }_S\"“{ i |_

v

E Detect Recorder
Source Monochromator \\_ Reference crector

Beam splitter

Fig.2.13 Schematic diagram for IR spectrometer

d) Detectors: The two beams, one emerging from the sample cell and the other fro®
the reference cell, are then led to the detector system. The detectors convert 1
transmitted radiation in to electrical energy.

66

b) Monochromator / filter: The filter unit consists of prisms or gratings. The function |

BT
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¢) Recording system: :
output disfla;,ed eiti,? X detecfor transmits the signals to a recorder which gives the
paper. In this on & video screen or, more generally, recorded ik
. m ’ 0
diati anner, we can measure the extent to whi ’ o 0 S
radiation at each frequency or wave s which a substance absorbs
Interpretation of IR Spectrum

Interpretation of an IR Spectrum is not a sim

intensity may occur at shorter

overtone bands. The absorptionwl?:::;nih: ::fﬁ::t?:: ;’z:ﬂlled Czembil_laﬁon s
structural features —conjugation, angle strain or Van der Waﬁsns]z' hSl:i!ﬁm - “’?’i"
Overtone ban(!s should not be confused with the intense fundame:':'l z ;‘;ie“ !’o.ndlf‘&
from normal vibrational modes. IR spectrum is generally studied in t\:IO :ans 1::%‘“::‘“5

ple matter. Some bands of weak

Wavelength (um)

100 s i PR P . MR

< J
é Functional group region
E
E — Finger print reglon
£ .
P —
. .
e T T T T T T '»
Zhe

Frequency (cm™)
Fig.2.14 Functional group and finger print region’

1. F unctional group region: The bands in this region are particularly uséful in
identification of the type of functional groups present in the organic molecule.
This region lies between 5000 cm™ to 1300 cm!. -

2. Fi'ngcr print region: The area from 1300 cm™ to 687 cm™! is called the finger
print region. The IR spectrum of an unknown substance is compared with the
spectra of possible substances. It is associated with complex vibrational and
rotational energy changes and is characteristic of the molecule as a whole. No
two compounds can have identical bands in this region.

Applications of IR spectrometer

1. The force constant for different bonds.
2. To ascertain hydrogen bonding in a molecule.
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3. For detecting impurities in a sample.
4, Shape and symmetry of molecules.
5. Determination of bond length.
6. Identification of unknown compounds.
7. Study of chemical reactions.
8. Structural elucidation of organic compounds.
9. Identification of functional groups in organic molecules.
10. Tautomeric equilibrium can be studied.
11. Study of co- ordination compounds.
12. Molecular symmetry and dipole moments.

2.11 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY

NMR Spectroscopy is a powerful tool for investigating the structure of
molecules. The technique is used to identify unknown compounds, to check
for impurities and to study the shapes of molecules. In this branch of
spectroscopy, radio frequency waves induce transitions between magnetic
energy levels of nuclei of a molecule, which are created by keeping the
nuclei in a magnetic field. The term ‘nuclear' interprets the technique that
detects nuclei of atoms such as hydrogen-l(proton).The term magnetic
interprets the nuclei that act like tiny magnets that can line up either in the
same direction or in the opposite direction to an external magnetic field. The
term “resonance” is the absorption of energy in the form of radio waves with
the frequency corresponding to the size of energy jump as the nuclei flip
from one alignment in a magnetic field to the other.

Theory of NMR spectroscopy

The matter part that interacts with electromagnetic radiation is the
magnetic moment created by nuclear spin of atoms and molecules. Nucleus
of an atom is positively charged, when it spins, it develops a magnetic field
and act as a tiny bar magnet with a magnetic moment (y). It has been found that
any nucleus consisting of either an odd number of protons or an odd number of neutrons
or both has the property of nuclear spin. For example,

1. Nuclei with odd atomic number (Z) and odd mass

Pl number (A) such as;H', Nand

2. Nuclei wi i
uclei with odd atomic number (Z) and even mass number (A). ;H2, 7N, sB!? etc-

68
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3. Nuclei with even atomic number (Z) and odd mass number (A) 6C'.

4. Nuclei with even atomic n}lmber (Z) and even mass number (A) have no magnetic
moment, 5o they are NMR inactive. ;He?, ¢C'2, 306 etc.

NuMci:ar spin and energy levels in magnetic field/ Quantum description of
Ni

According to quantum ?heory, the spinning nucleus can have only those spin angular
momentum values permitted by the equation

Spi 1 p
pin angular momentum = I(I + 1)z =
114

Where 1, is the spin annmm number of the nuclei, which can have zero, integral or half
integral values and h is the plank’s constant. But the magnetic moment of the nucleus, p
can be equated to the gyromagnetic ratio and angular momentum, by the equation

W = ¥ X spin angular momentum.
o= yxI+yAE
2n
On introducing a nucleus having a magnetic moment in to a magnetic field, Ho, the two
energy levels E1 and Exseparates corresponding to mi = - ¥ (antiparallel to the direction

of magnetic field) and m; =+, (parallel to the direction of magnetic field).

h
Ei =-% (12';) Ho =---mmmmmmememmmeeeeeeee= (1)
- | —
Thus when a nucleus absorbs energy (equal to the energy difference, AE = E2—Ey), it

gets promoted from the lower energy state E; to the higher energy state Ez. In other

words, magnetic moment of the nucleus changes from the parallel state to the anti-
parallel state.

AE = E;—E; (but E=hv)
AE s
v =0 on substituting the values of Ei and E2, we get
v = (1) Ho + %(22) Ho
or v = (L) Hoeereeereeemmeeeeeenes @)
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From the above equation it is clear that the frequency of absorbed or ~em1tlte:(i) bgm al[l) ° ;:Z procedubelt NVR
‘movi is directly proportiona! c

. from one energy level to another is Y ' ' | .

in mOV;‘“gf 1d. Also it is clear that when the radio frequency is kept const:?nt and t}.\e For recording NMR spectra, the sample is placed between the poles of the
.fl“wlc ;e 1 etic. field is varied, at some field strength, the energy requm:d. to ﬂlP strong magnet. The sample is then itaatid i s e e pole] o o
strength of l:\‘agn&;‘ ‘ene N -;,f the ’radiation. Then absorption occurs and a signal is Tl’ﬂnsll.l(m bctwccn'thcsc levels is induced by radiation from the radiofrequency
proton exgal_‘;_hes :lmnt\‘g s);lectmm obtained is called NMR. Thus, nuclear magnetic transmitter. Aft cc;tam value of the magnetic field, absorption of radiofrequency occurs
reso:ance (NMR) is the study of the properties of molecules containing magnetic nuclei Absorption of ra

by means of the application of a magnetic field and the observation of the frequency at xdgzsi:;l;g«;?;:;)i
i € I s
which they come in to resonance with a radiofrequency electromagnetic field. g sig

Interpretation of NMR Spectra: The number of signals in NMR tells us how many
Instrumentation of NMR Spectroscopy different environments are there in a molecule. Th

proportional to the number of hydrogen atoms in thaf

e area under each NMR signal is

t environment. Thus various aspects
1 § o (~~~~ ] of NMR can be interpreted as
i | i S| —— -
fiis ‘ i Radin'ﬁ:equency Bridae 4 : 1. The number of signals will give us how many different kinds of protons are there in a
fiat ) s Oscillator | molecule.
il ‘ ( 2. The position of signals will give information about the electronic environment of each
By kind of proton.
Y’ !’ Magnet Spectrum 3. The intensities of signals will give information about the number of protons of each
ligh kind. .
‘ S 4. Splitting of signals in to several peaks will give information about the environment of
proton with respect to other nearby protons.

2.12 CHEMICAL SHIFT

Chemical shift is an important feature of NMR spectra. In different chemical
environments, the same type of nucleus will be shiclded slightly from the applied field
electrons. Chemical shift may be defined as a shift in position of a spectrum peak due to a
small change in chemical environment. The scparation in the positions of the spectral———
signals of hydrogen atoms in different chemical environments from that of some

arbitrarily chosen standard is called the chemical shift. When a molecule is placed in a

Fig. 2.15 Instrumentation -NMR

A typical NMR spectrometer consists of the following parts.
1. A mdiofrequency source: In NMR, the frequency of radiation is kept constant, and the

magnitude of the lied ic field is varied, till absorption of the radiation by magnetic field, its electrons are caused to circulate, there by producing an induced
% proton occurs. The slight variation in the magnetic field is achieved by passing current SREHEUCifield, hich may cillist
4 ! through wire coils, wrapped round the two pole pieces of the magnet. L. Oppose the applied field / Shielding: - Evidently, the effective field experienced by
L gl 2. A transmitter to supply the desired radiofrequency (r.f) energy.

the protons is diminished. Under this state, the protons are shielded. The shielded

3. A detector- amplifier to pick-up and amplify the resonance signal. protons in- turn, shift the absorption position up ficld. Consequently, the value of the

4. A probe which serves to hold the sample between two pole pieces. applied field necessary to bring the nucleus in resonance will be more. F
5. A device to receive and record the signal, acetylic protons exhibit this type of chemical shift

or exampte,
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i ielding: - Evidently, the effective fielq
2. Reinforces the applied field / Deshielding B, on i sad o 18

experienced by the protons is enhanced. Und'er Lhis |:tate,tim i p
i hielded protons in- turn, shift the absorp f
R oo s the value of the applied field necessary to bring the

NMR spectrum. Consequently, nd aldehydic protons

nucleus in resonance will be less. For example, ethylenic a

exhibit this type of chemical shift.

Factors affecting Chemical Shift

1. Shielding and deshielding: Compared with a naked proton, a shielldcd (dliminishing. of
applied magnetic field by the electrons of the atom) proton .reqmres a higher applied
field strength and a deshielded (increasing of applied magnetic field by the‘p e.]ectrons
of the atom) proton requires a lower applied field strength. Thus Shielding and

deshielding of protons by electrons causes chemical shift. o
All aromatic protons differ widely because of the powerful deshielding due to the

circulation of the p electrons. ) )
Electro negativity -of attached atoms: -The presence of certain electronegative
compounds attached to aliphatic compounds can induce chemical shift.

Expression for Chemical Shift -

Usually chemical shift is measured with respect to certain standard. Tetramethylsilane
[TMS (CH;)sSi] is selected as the standard because of its conveniently located well
defined absorption. Chemical shift positions are expressed in & (delta) units, which is
equal to the
VUs—UTMS
Operating frequency 106
Av

operational frequency in megacycles(per sec)
Where, vs = frequency of the sample, vreferepce = frequency of the sample (TMS) and Av is
the frequency shift. The value of § is expressed in parts per million (ppm). Most chemical
shift values have been found to lie between 0and 10. TMS has been assigned & value of
0. Previously, chemical shift was expressed in  (tau) units, which are related to & by the
equation t=10-§
Tetramethylsilane (CH3)sSi (TMS) is the most co.

mmon] d
because of the following reasons. Y. e referonce i
1. Chemically inert and do not j i

Interfere with compounds under study.

S .
may be recovered after recording spectra.

Vs—Vreference
Operating frequency

Chemical shift § = X 10° oré =

In other words, Chemical shift § =

SPECTROSCOPIC TECHNIQUES ENGINEERING CHEMISTRY

4. Itis soluble in most organic solvents

roblem 9: what is the shift of the re, e
P ’ 'Sonaj fi i wi
. nce from TMS of a group of nuclei with § 35

Solution:We know that,§ = —Dsomms 106
Operating frequency
_ 8Xoperating f;
(vs- 1MS ) = w _ 35x350x106Hz
106 T T 16 =1225Hz=1.23kHz

Problem10: Find the chemical shif; in ppm(3) for a proton that has resonance at 126Hz
downfield from TMS on a Spectrometer that operates at 60MHz.

Solution: § = sTVTMS 126
1§=—DOsvtms 6 o=
Operating frequency %10 60x106 X 10°=2.1

Thus chemical shift, §=2.1 ppm

.Problemll: If the (?bserved chemical shift of a proton is 200Hz from TMS and
msltmment frequency is 60 MHz, what is the chemical shift in terms of §? Express it in T
values.

Solution: We know that, § = Ds"vTMs 6 _ __200
4 o —— = — =
Operating frequency x10 60x106 x108 = 333

Butt=10-5=10-333 =667
Problem. 12: At what frequency shift from TMS would a group of nuclei with § =1.00
resonate in spectrometer operating at 500 MHz? .

Solution: §=—Ys—tMs i
olution: § Operating frequengy X 106 or vs- vrMs = 5 x operating frequency x 106
Vs-Urms = 1.00 x 500 MHz x 10 = 1.00 x 500 x 106 Hz x106 = 500 Hz
2.13 SPIN-SPIN COUPLING IN PROTON NMR SPECTRA

Each hydrogen in a molecule spins and generates their own magnetic field. Thus an

NMR spectrum shows a signal for each kind of proton in a molecule. Each NMR-active

ml.deus has its own magnetic field as a result of its magnetic moment. Depending on the

SPll.l s.tate of the nucleus, it will either add to or subtract from the external magnetic field,

Splitting reflects the environment of the absorbing protons w.r.t. the nearby protons .
Peaks .are often split into multiple peaks due to magnetic interactions be-tween
Ronequivalent protons on adjacent carbons; the process is called Spin-spin splitting

In short fine splitting of the peaks in NMR spectrum due to the interaction b;atweeu
Protons on adjacent atoms is referred to as spin-spin splitting or spin-spin coupling

73
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Rules for Spin-Spin Splitting

Chemically equivalent protons do
. Only nonequivalent protons couple.

_ Protons on adjacent carbons normally will couple.
4. Protons that are farther than two carbon atoms apa

not show spin-spin coupling.

1t do not split each other.

W -

The n+1 Rule
icity) observed in the NMR signal for a group of protons is
e multiplicity of a signal is

tons in neighboring group. Th
t in the nearby group- Count the number of
) rule.” The (n+1) Rule, an empirical rule

nucleus is coupled to 1 number of
ak is (n+1). In other words, if n
k will split in to (n+ 1) line.

The number of lines (multipl
related to the number of prof
calculated by using number of protons presen
neighbors (n) and add 1. This is known a$ “(ntl
used to predict the multiplicity it states that if a given
nuclei that are equivalent, the multiplicity of the pe
number of protons is present in 2 nearby nucleus, the peal
rtant to keep straight two separate pieces of information:
w many nuclei ar

nuclei are at that position.
as they allow us to

It is impo!
1. The splitting patte
2. The integral for a peak tells us ho
Couplings are perhaps the most impo!
elucidate chemical structure.

m of a peak tells us ho ¢ next to it.

w many
rtant parameter in NMR,

Structure of Ethanol
Methyl trplet

Fig 2.16 NMR Spectrum of Ethanol
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Fig.2.16 shows the 'H
absorption peaks. This I::iﬁ:l:;cuum of ethanol (CH3-CH,-OH), which indi

viz. CHs- protons, CH,- protonsat there are three different types,of protom Fates three
Ft[};‘_ee peaks (a triplet) and the me‘fila!;ﬁeg:l Prl';t;ns. The methyl peak has bI:eSerlxn S;::‘[a?;i;

is occurs becau . peak has been split i

protons. The Spacis:gt}:;lzvi; ts}ina“ interaction (coupl;]:;t;:;z:’:rtl?:a: .
between the peaks of the meth le peaks of the methyl triplet is equal to ‘:h?OUPS.Of
called the coupling constant, J, ylene quartet. This spacing is measured in HenzS];:;mii

Structure of Ethyl Bromide

3"

Br-CH,- CH3 Hr

Fig.2.17 NMR Spectrum of Ethyl Bromide

Ethyl Bromide has two
types of hydrogen. Th
CHs shielded b gen. The downfield peak at about 3 i
m field poak :t't:;oB: zlmd appear as quartet due to the adjacent methyll:;rmf 1():2 i
b ut 1.7 ppm is the CHs and appears as a tri B ) e
ethylene (n=2) a triplet due to the adjacent

Structure of Ethyl acetate

Th
ere are three types of protons marked as A, B and C

L. In'plet8~ 1.3 iv ed to 3 of eth: ou|
.3 ppm; relative lIltCllSit)’ 3; assi
; ) » easl CH. part yl group
tnplet sp]mmg due to neighbming CH: (H atoms are far aw fr
‘ay om

R electronegative O atom).
. Si ~ ; relative intensi
inglet § ~ 1.9 ppm ; relative intensity 3; assigned to CH part of acetyl grou
p, no

, splitting as no hydrogen attached to adjacent carbon
. Quartet § ~ 4.1 ppm ; relative intensity 2; assigned to CHa part of ethyl
group,

quartet splitting due to neighboring CH.
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e relative eak i wi e in the ratio 3: 3
i P! areas of these chemical shifts ill b 2
Th elal

i H Appllcatlons of NMR S
g t ber of pl'OtOl'lS in each set.
correspondm 0 the numl pectroscopy

N'MR' SPc.clroscf)py is a technique used by most modern chemical laboratories, It
has applications in a wide range of disci

; é plines, and development of new applied methods
r -W—_-‘ for NMR is an active area of research,

(o]
7
HaC—C
B 0—CHz-CHa
c” A

: Methods in NMR spectroscopy have particular
relevance to the following applications:

1. The application of nuclear magnetic resona
is magnetic resonance imaging for medical diagnosis.
. Itis used for the identification of atomic con

figurations in molecules.
. It is used for quantitative analysis of mat

erials for particular isotope content from
integrated area under NMR absorption band.

. Itis a rapid, non-destructive method for analyzing proton content of oils and fats,
. Itis used for the determination of water (H0) in liquid N2Os and in heavy water-D,0
. Itis used in structural diagnosis and study of keto-enol tautomerism.
. Itis used in the investigation of intra-molecular conversions.
. Itis used in the study of inorganic complexes and their structural determinations.
- “ : 9. In the study of hydrogen bonding
B 2 0 8ppm 10.1t is used in the study of reaction kinetics.
Fig.2.18 NMR spectrum of Ethyl acetate 11. Sample purity determination

nce best known to the general public
Jac =7.2Hz

A=1.26

w N

i
o
8
T
oA
=
3
00 N N L B

12. Another use for nuclear magnetic resonance is data acquisition in the petroleum
Coupling Constants industry for petroleum and natural gas exploration and recovery.

Chemists quantify the spin-spin coupling effects using the term called the

2.14 MAGNETIC RESONANCE IMAGING (MRI)
coupling constant, which is abbreviated with the capital letter J. Coupling constant is the

distance between the centers of two adjacent peaks in a multiplet and usually it is 2 ) Magnetlc _ Tesonance  imaging (MRI), is _amedical imafgiug technique “SC‘d
constant. The value of coupling constant is simply the difference, expressed in Hz, or in :ﬁs?i:lﬁo Investigate the anatomy il_ld;u;lgs‘wﬂd(’f ;I}c body in l;Oth l.lealth an;] t:]
cps (cycles per second), between two adjacent sub-peaks in a split signal. It is a measure Bod "l;h scz.mner's “5.3 strong ma.lgne =3 e] y an f: 101 w_aves “? orm Images _0 e
of the effectiveness of spin-spin coupling. The coupling constant is independent of the 0dy. The technique {5 widely used in h(?spl_ta. s for r?e_lca dnagnos:ls, staging of disease
external field. In other words, we say that the value of J remains the same irrespective of 'fmd for follow-up thboul. f:xposure y 1or'uzmg E.xd.latmns' Refiecting the fund'ameutal
the applied field. From the value of coupling constant, one can distinguish between two Importance and applicability of MRI in medicine, Paul Lauterbur and Sir Peter

singlets and one doublet and also a quartet from two doublets. It can be done by simply I:(I’TSﬂe.ld were a.warded the _2003- Nsbe[ Prize in Medicine for their
recording the spectrum at two different radio frequencies. If the separation (in Hz) ceming magnetic resonance imaging
between the lines (value of J) does not change, then the signal is a doublet. On the other Principle:
hand, if the separation between the lines increases, with increasing frequency, then the

signal in fact, will be two singlets. The val

. ue of “J” generally lies between 0 and 20 HZ
The same explanation can be given to distinguish a q

vartet from doublets,

"discoveries

Magnetic resonance imaging employs nuclear magnetic resonance protons to
Produce proton density maps (or images) of the human body. Thus, MRI can be utilized
to differentiate between healthy and diseased tissues of the body. It is based on the fact
that the protons present within water, lipids, fats etc. resonate at a given frequency. Since
human body contains about 75% water (H20) having two hydrogen nuclei, images of the

7

Scanned with CamScanner



' ENGINEERING gy I '

EM!STRY

SPECTROSCOPIC TEC HNIQUES

pe taken. In @ diseased condition of body

lters, and hence by using MRI, one can detegy u,t
e

different parts of the body can easily
distribution of water, fats, lipids €tc- 2
diseased part(s) of the body.

; tic field is applied
i R . MRL a varying magne aCl‘osS
Procedure: For taking the image in  various regions of body come o reg the

/ sideration. The protons . d ; ona
:fj?fl!::n‘::::;oc::ucncics and the intensity 'Of signal is p;oPonlon;lf;o the m{mbn:f
protons at that magnetic field. The body part is then rota(¢ lmo'?f- ierent orientyy;
and another projection is made. Finally, the data ob‘tamcd from different Projectiong
combined by a computer to geta \hree.dimensional image of the body part. MR1 ¢Quire
very small time for scanning a particular body part.

Applications

1. For investigating the functioning of myocardium, heart etc.

2. For identifying the regions of excessive fat deposition in different organs, blogg
vessels etc.

3. For estimating fluorine concentration in body parts.

4. For the analysis of blood.

Advantages

1. MRI can create more detailed images of the human body than are possible with X-
rays.

(=]

MRI provides good contrast between the different soft tissues of the body, which

makes it CSP‘:CII\"y useful in imaging the brain, muscles, the heart and cancers
compared with other medic

or X-rays,
3. Unlike CT scans X-rays,
4.

al imaging techniques such as computed tomography (CT)

MRI does not use jonizin iati

i S g radiations.

MRI is used to distinguish pathologic tissue (such as brain tumor) from normal tissuc.
5(22\_'12) EXAMPLES

_—
- . v
P_i.ample I+ A solution shows a transmittance of 209
thickness. Calculate o

when taken in a cell of 2.5¢™
12000dm’mol'em™!

IS concentrati i i
on, if the molar absorption  coefficient

la=100, 1= 20,¢ = 12000dm’mo}?

log 2 = in thi e
8= eclin this case | =

2~5Cﬂmndc:7

=12000 XCX2.5dm}

log X2
B 20 -1
mol et

Xcm

8
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log 5= cx 30000 dm’mol™! or 30000 ¢ = 0.6989
¢=10.6989/30000 = 2.3296 x 10-5 mol dm

Example 2: 'H*Cl has a force constant (k) value of 480 Nm'. Calculate the fundamental
frequency and its wave number.

Solution: Reduced mass () of 'H3Cl = —tm2
m1+mz
_ 10x1073 . 35x10 73
Here, my= —So——ps =1.66x 10 kg and mz=m =58.11x 10?7 kg
(166 x58.11) 96.4626

}l——mx 10?7 kg=w x 107 kg=1.614x 107 kg

. 1 [k 1 480Nm-1 1 480 kgms=2 m~! 13 1

DVv=o0dh T oo J1,614x1o-27 kg 2x314 J 1614x10-2 kg LU et
v 8683x1013s7!

W) D=l = SEBX107S T 5 g94x 105 m! = 2

) By = MOTS T 9894 x 10 m! = 2894 cm

IMPORTANT QUESTIONS

What do you mean by electromagnetic radiation and electromagnetic spectrum?
Define the term frequency and wave number.

Give the energy of an electromagnetic radiation.

State the types of spectroscopy.

Beer-Lambert’s Law (RGPV, June 02, Dec. 02, 03, 04, June 05)
Write notes on UV-Visible spectroscopy
Write notes on IR spectroscopy (RGPV, June07)

9. What is chemical shift in NMR spectroscopy ( K.U.2014)

10. Write the expression for vibrational energy and fundamental vibrational frequency.
Explain the different types of vibrational frequencies and the applications of
vibrational spectroscopy to structural studics. (K.U.2014)

11. The absorbance of a 0.01M dye solution in ethanol is 0.62 in a 2 cm cell for light of
wavelength 5000 A°. If the path length of light through the sample is doubled and
the concentration is made half, what will be the value of absorbance? KTU 2016

12.CHCl; protons show a shift in frequency of 728Hz from TMS signal in a 100 MHz
instrument, how much would be the shift in frequency for the same proton from TMS
in a 300 MHz NMR instrument? (2019 May/ June )

13. What interpretations are obtained from chemical shifts in molecule? (KTU 2019Junc)

L

2.

3.

4.

5. The spectrum arising from electronic transition occurs as a broad band. Justify.
6.

7.

8.

79

Scanned with CamScanner



N

' INEE
SPECTROSCOPIC TECHNIQUES ENGINEERING CHEM1gpy,

14. Discuss the factors affecting chemical shift. (KTU 2019 June) .
15. Calculate the force constant of HF molecule, if it shows IR absorption at 4133 el
Given that the atomic masses of hydrogen and fluorine are 1 a.m.u and 19 am,

respectively. What would be the wave number if hydrogen atoms are replaced by
deuterium atoms? (KTU 2019 June).

16. How will you distinguish the isomers of C4Hio using NMR spectroscopy?(KTU 2019)

17. Write three points of comparison between UV and IR spectrum. (KTU 2016 Jan)

18.Why is TMS taken as reference to determine chemical shift values in NMR
Spectroscopy? (KTU 2016 Aug)

19. What is MRI? How is it useful j

Scanned with CamScanner



