MOECULAR SPECTROSCOPY

Introduction

This chapter deal swith interaction of radiation with molecules. Quantum mechanics states that the
energy of the moleculesis quantized and certain selected energy values are permitted. These energy values are
represented in discrete energy levels. When energy is absorbed in the form of radiation, moleculeis promoted from
lower energy leve to higher energy levd.
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of radiation of radiation

E,—& =As=hcv,
where v isthe frequency of radiation in cm™ (wave number) absorbed by the mol ecule.
Thisfrequency can be experimentally determined by spectrometer. Radiation of several frequenciesis absorbed for
trangition of different energy levels of the molecules and produces absorption spectra.
But when the molecul e transits from higher level to lower level, the energy is emitted in the form of radiation.
These frequency lines give emisson spectra. The energy of the photon emitted isequal to the energy spacing.

&,—& =hcv
The frequency of radiation absorbed or emitted isrelated with the molecular properties and hence the latter is
calculated.
Molecular Energy and Range of Radiation for I nteraction

Electromagnetic radiation can be grouped into severa regions depending on the

wavelength (A ) or frequency (v). These are listed below:
Region: y— X rays UV - Vis Infra-red (IR) Microwave Radio wave

Wavelength(4): 3pm-3nm 3nm-800nm 800nm-3mm 3 mm-30cm 30cm-—3km

The molecular energy is classfied depending on their motion. There are three kinds of
mol ecular motion: the trand ationa motion of the molecule as a whole; the rotational motion; and the vibrations of
the nuclei within the molecule. These motions are approximately assumed to be independent and we shall discuss

Separately.
(1) Translational energy (¢,)

Thisenergy of the moleculeisdueto itstrandaional motion when it movesfrom
one point to another point in space. Thisenergy isquantized. It isexpressed as

2
& = n° (W} , taking the particle’s motion in one-dimensonal box.

N isthetrandational quantum number and itsvalueisO, 1, 2, 3, €tc. _

The energy gap of the two successve trand ational energy levelsisvery small o
of about A&, ~10°* erg. Hence, the radiation absorbed for transition from Ag = —30erg

one leve toitshigher level has frequency very close and forms a continuous
gpectrum. It meansthat the frequency linesin the spectrum are not separated
and this spectrum is of no use for the sudy of molecular properties. Thisiswhy we tak rotational spectra,
vibrationa spectra, electronic spectra but we do not talk trand ationa spectra.

(2) Rotational energy (&, )
Thisenergy isdueto rotational motion of the molecule.

The molecule isrotating a ong the axis pass ng through the centre of mass and " g

perpendicular to the bond axis. The rotational energy isgiven as Spnere
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h
g =J3(3+1 —
7|
where Jisthe rotational quantum number having values0, 1, 2, 3, etc.
| = moment of inertia= 4 r*, u = reduced mass of the molecule and r = bond length of the diatomic molecule.

Rotationa energy-gap between two consecutive levelsis of 107 erg. —

The wave length of radiation absorbed for such rotationd transitionis

calculated as Ag =hev = h% o, A= h%g . he, =10 erg
6.627 %10 erg secx3x10°cmsec™ —

Putting the val ues, we have A = =0.2cm.

10 erg

The wave length corresponds to the microwave region of radiation. It meansthat if the molecules in the gaseous
date at low pressure (to avoid interaction among the molecules) are kept in the exposure of microwave radiation,
the molecul es suffer rotational transition. Thisiswhy the rotational spectra are often called microwave spectra.

(3) Vibrational energy (¢&,)

This energy corresponds to the vibrations of the nucle within the molecule. The nucle is
sretched and compressed periodically aong the equilibrium position. The energy due to vibration of the molecule
isgiven by

1 1 K n::n_antre
& = (v+—j hcv, , where v, = —— [~ isthefrequency of the (Di roass
2 2rc\ u s k1 fﬁ) equilibrium
molecular vibrationin cm™ and V is vibrational quantum number ) position
having valuesO, 1, 2, 3, etc. _
T_he energy spacing of the vibrational energy levelsis approximately a O elongation
gvenas v+1 position
LA 0™ eg B .{:) equilibrium
position
— ¥
{}__6) COmpression
The wave length of radiation required for vibrational transition position
of the molecule, A = h% =0.02 cm= 0.2 mm.
€ s R
Thiswave length correspondsto infra-red region of radiation. i K) E':Iulllli'_l"l_‘-lm
Hy m, position

—=JS =3
Since vibrational energy spacing is

/=2 Theselection rule much greater than rotationa energy

J=1 predicts spacing, vibrationa trandtionis
v=1 J=10 : : .
AT ==+1 always accompanied with rotational
_ trandtion. Thusthe vibrationa spectra
fp =121 . ) .
N are always associ ated with rotational
J=3 ransiians spectraand IR spectra are dueto
J=12 vibration-rotation spectra
T=1
v=10 J=10

More over, Sncerotationa energy gap isof the order of thermal energy of the molecule, hence temperature
of the gas under study isto be kept carefully controlled. A small fluctuation of temperature can cause rotationa
transition without absorbing microwave radiation.

For one degree change of temperature, the change of thermal of the moleculeis

Aoy KT +D)—KT =k =1.36x10"erg.
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Thisthermal energy is sufficient to cause rotational transition and for that reason the
temperature of the gas under sudy need carefully controlled. But such control of temperature is not required for the

study of vibrationa spectra since energy gap of vibrational energy level (Ag, ) issufficient high for transtion from

small temperature fluctuation.
(3) Electronic Energy

Thisenergy correspond to the transition of eectron from highest occupied molecular orbital (HOMO)
to lowest unoccupied molecular orbital (LUMO). The dectronic energy,

2r*mz%e’ (1 . . ,

Eo = _T F , Where n isthe eectronic quantum number having values 1, 2, 3, etc.
The eectronic energy spacing is high and the radiation absorbed for electronic transition have wave length visble
to ultraviolet region of radiation.

_ hc ‘
The wave length of radiation absorbed 4 = —— =200 nm.
A&, Ag, =10 erg
For that reason the electronic spectraiscalled Vishle-UV spectra.
H

Since the electronic energy spacing isvery high in comparison to the vibrational -
and rotational energy spacings, electronic transtion is always accompanied with vibrational and rotational
trandtions. Thus, electronic spectra are associated with vibrational and rotational spectra. It makes electronic
spectra most complex while the rotational spectraare smples one.

3
2
L ,=27=0
3
2
1 _
v=1,7=1
- 3
2
T |
F‘E=2 1|-:'=|:|:,_JT=|:|
3
2
|
pv=2 J=10
3
2
1
v=1,7=1
3
2
1
=1 v=0,7r=1

aelaction rule
Ay = any value
AT =41
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Spectroscope and Spectroscopy

A spectroscope isan ingrument that separates polychromatic light into monochromatic
partsi.e. light into spectrum. In smple spectroscope, a prismis used to separate vis ble rangesinto congtituent
colours. When a scale for reading the monochromatic wave number is attached, the insgrument istermed the
spectrometer.

A spectrograph makes a photographic record of the spectrum and in a spectrophotometer;
a photographic cell is added with spectrometer for measuring quantitatively the light intendity a each wave length.
Spectroscopy involves the measurement and interpretation of the interaction of the substance with e ectromagnetic
radiation. So spectroscopy isthe recording, sudy and analysis of this spectrum. Thus, spectrophotometer is
invariably used to sudy the molecular spectra.

Intensity of the spectral lines
Mainly three factors control the intendty of the spectral lines.
(1) Trandtion probability: It isthe likelihood of a syssem in one state changing to another sate.
Thisisgiven by the selection rule and is discussed mathematically bel ow.
(2) Population: The number of atoms or moleculesinitialy present in the state from which the trangtion occurs.
(3) Concentration or path length of the sample: The amount of the material present that give rise to spectrum.

Transition probability from m state to n state
Thisprobability isgivenby P = jwm py,dz,
where p = electric dipole moment operator = X q I,. P, isalso caled trangtion (dipole) moment.

When P # 0, thetranstionisallowed and when P, =0, transition is not allowed.

L et us see the selection rule for a particle of charge g in one-dimensional box of length from the sate m to gate n.
For allowed trangtion, the transition probability would be non-zero.

Thereisone particle, 0 p= 2 ¢ I,= gx X, where Xisthe displacement of the particle from the origin.

L L
2 . N . N
The transition probability, P, :me(qx Xy, dx = Tq'[xsm%xxsm%xdx
0 0

qf X x| qf TX ¢ X
, P_=—1x| cos(m-n)— —cos(m+n)— | = — | xcos(m—n)— dx — | xcos(m+ n)— dx
o, = [ x| costm-) 2 costm )2 | = [ xcosm- )2 xoostm--n) 2
gL| cos(m—n)z -1 cos(m+n)z—1
or, Pi= —= > - > .
Vs (m-n) (m+n)

If mand nare both even number or both odd number, then m—n and m+ nare even number and P, =0

i.e. trandtions are not allowed.
If misevenand nisodd or vice versa, then m—nand m+n areodd and P,,, # 0. Transitions are alowed.

So, the sdlection rule for trandtionsin one dimensonal box is An=+1, +3, £5, etc are allowed.

Selection rule and Boltzmann population in different energy levels
Spectroscopy ordinarily dea s with a collection of identical molecules distributed among
gates according to Boltzmann digtribution law,

n
n

The selection rule for transition of different energy levelsfor absorption, say An=1.

Some of the moleculesin the N=0 level will absorb radiation and make atranstionto N =1 level when exposed

to radiation of appropriate frequency.

Some of the moleculesin the N=1 level will absorb radiation of appropriate frequency and goto N = 2, etc.
Thus, several frequency radiations are absorbed by a sample when exposed to radiation of suitable region

of radiation.

_Ag
=€ o , where A¢ = &, —¢,, difference of energy between two energy levels.
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Source of radiation, Dispersion element and Detectors used in Spectroscopy

Spectrd region Source Digpersing elements Detectors
UV (250 nm — 400 nm) H2 discharge tube Quartz prism Photo multiplier tube
Vishble (400 nm — 800 nm) Tungsten lamp Glass prism Photo multiplier tube
IR (800 nm-10°cm) Heated ceramic element  Rock salt crysta Thermocouple
Microwave (107> cm— 3 cm) Klystron tube - Quartz crystal detector

Range of scales with symbol

z a f p n U m C d Da k WM G T
zepto dto femto pico nano micro milli  centi deci deka kilo Mega giga tera
10* 10*® 10™ 10*% 10° 10° 10° 10% 10" 10" 10° 10° 10° 10"

Experimental technique of Spectroscopy experiment

Experimental technique for absorption spectroscopy in the UV-vishbleand IR regions
are same. Here one passes a beam of light containing a continuous range of frequencies through the sample,
disperses the radiation using priam or diffraction grating and at each frequency comparesthe intengty of a
reference beam that did not pass the sample.

Photograptoc

31t Lens - safe

Lens Lens

SO ce

srhetmatic diagram of a spectrom eter mutable
for operation m the vishle region

The above figureisa highly smplified schematic diagram of a spectrometer suitable for use
in the visible and UV regions spectrum. A ‘white’ light source isfocused by lens 1 onto a narrow dit and isthen
made into parallel beam by lens 2. After passing through the sample it is separated into its congtituent frequencies
by a prism and is then focused on to a photographic plate by lens 3. Rays have been drawn to show the points at

which two frequencies v, and v, are focused.

If the sample container is empty, the photographic plate, after development, should idedly
show an even blackening over the whol e range of frequencies covered (i.e. from A to B).
If now we imagine the sampl e space to be filled with a substance having only two possible

energy levels, ¢, and &, , the photographic plate, after development, will show blackening at all points except at

the frequency
(5 —gy
v=12 o h

gnce energy at the frequency will have been absorbed by the sample in raising each molecule from sate 1 to sate
2. Further if, asisamost always the case, there are many possble energy levels, ¢, ¢,,¢;,¢, avalabletothe

sample, a series of absorption lineswill appear on the photographic plate a frequencies given by

v:(gj —gk%_
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Now-a-days, photographic plateisrarely used and oscilloscope is used to detect the frequency lines of the

absorbed light.
8 g 10 11
Fx10 [m cm'I] —_—
Absorption spectra of H-atom (Bal mer series)
ROTATIONAL SPECTRA OF DIATOMICMOLECULES
Introduction

Rotational spectraisgenerally sudied by absorption of radiation in the microwave region of

radiation (10" A to 10°A or, 0.1 cmto 10 cm except for light diatomic molecules).

Let us consder adiatomic molecule cong gting of atoms of masses m: and mz connected by a
chemica bond of lengthr . The molecule is executing rotational motion aong an axis pass ng through the centre of
mass. The model is compared with rigid spheres connected by a rod of very thin breath. The bond length does not
change dueto rotation and so the potentid energy (V) of the molecul e istaken zero.

M oment of I nertia (1) rlf ¥ ¥
The moment of inertia, | = mr? +myr?. | |
But the centre of mass satisfiesthe condition, mr, = myr,. I : T
Adding m,r,in both Sdes weget mr, + mr, =m,r, + mr, .
or, (m+nlz)r1 =m,(r, +1,) K ¥l
m, centre

But, r, +r, =T, bondlength of the molecule so, I, =

r.
m +m, of mass

Smilarly, 1, = m r . [Burdwan Univ. 2015]
m+m,

Putting the valuesin the expresson of moment of inertia of the molecule, we get

2 2
I:ml(LrJ +mz( M rJ = MM 2 here MM ) called reduced mass of the
m+m m +m, m+m m+m
mol ecule. Hence the moment of inertia of the molecule,
| = ur®. Two-particle rotation is mathematically transformed into one particle.

Problem:
Cdlculate the reduced massof **'l *Cl . The bond length of the molecule is 2.32A. Calcul ate the moment of
inertia. [Burdwan Univ. 1993]
Solution: The reduced mass of the molecule, 1 = MM
+

127 35
,here m =—gmand m, =— gm,
NA NA
where Na is Avogadro number and it is 6.023x10% . Putting the values, we get reduced mass of the

molecule, 1 = 12735 — gm=4.55x10" gm.
(127 + 35) x 6023x 10

The moment of inertia, | = 4.55x10% gmx (2.32 x107° Cm)2 =2.45%x10"%® gmcn?.
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Implication of reduced mass
If one atom isvery lighter than the other atom, say, mi << m, then the reduced

mass of the molecule, y = mm . Mm M .The reduced mass of the molecule s closed to the mass of the
m+m m

lighter atom. It impliesthat only the lighter atom isrotating and keeping the heavier atom almogt fixed &t the centre

of mass. The reduced massisthus a measure of contribution of the atomsto the rotationd process.

When m =m, = m (say), then the reduced mass, u = %m indicating that both the atoms are contributing the

rotational processto the same extent.

Expression of Rotational Energy (using semi classical method)
Thetota energy of the rotating molecule is &, = KE + PE. But the molecule is assumed to be rigid

. 1 1
rotator and hence PE = 0. Thusthe rotational energy of the of the molecule, &, = KE = > mv + > myvs .

v, = linear velocity of oneatom = wr, and v, = linear velocity of the other molecule = wr, , where w isthe
angular velocity of both the atoms.

Thus, &, = %ml(a)rl)2 Jr%mz(a)rz)2 = %a)z (mr2 +myr} )= %wzl ,sincel = mr? +myr?.

| w)° 2
So, € = % = % But L = angular momentum of the molecule= /J(J +1) 21 (quantum condition).
T

2
and Jis

Thus, the rotational energy of the molecule, &, = J(J +1) = J(J +1)Bhc, where, B=—;

87°l 8z°lc
the rotational quantum number and it hasthe values0, 1, 2, 3, etci.e. any (+ve) integer including zero.
The energy of the rotating molecule is thus quanti zed.

However this energy expresson can be abtained by solving the Schrddinger equation of the rigid rotator,
00,0 1@
ox> oy°  r?op

2
Vzt//+87;2ﬂ(gr—0)l//=0,where V2 = _and 1 isbondlengthand 4 is
reduced mass of the molecule.

The rotationa energy can be shown in the as having energy levelsby putting J=0, 1, 2, 3, 4, €c.
n’s are the population of moleculesin the various energy levels.
J=4————¢ =205 This showsthat rotationa levels are not equispaced.
The energy spacing isincreasing asthe Jisincreasing.

Conditions of Rotational Transition

J=3 £, = 11i8he being microwave active. It means that only those molecules
can absorb or emit microwave radiation which have
permanent dipole moment.

Thus homonuclear diatomic molecules (A—A type)

g, = iBhe are microwave inactive though they have rotational motion.

" Heteronuclear diatomics (A—B type) are microwave

active and they give rotational spectra ThusHCI, CO, HBr,
] = g = 21Bhe CHG5Cl, etc are microwave active in gaseous phase.

'I\ ¥ (2) Mol eculesrequire to possess permanent dipole moment for
&,

J= g =0
Hgure: Rotationa energy levelswith population of moleculesin the various energy levels.
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To agationary observer S, , arotating polar molecule looks like an oscillating dipole that can tir the
electromagnetic field of radiation.

L |Efe—
s

- :
Sy—> ':-4.' “
T
B | A
oeEtTe

af mane al maai

(2) Sdlection rule states that rotational transgition occursin the adjacent levelsonly. AJ= +1.
For absorption spectra, A J=+1 and for emission spectra, AJ =—1.

Rotational Spectra

In absorption spectra, the molecule trangts from lower rotational
energy level (say, J) to higher rotational energy level (say, J). a
The energy difference between the rotational levels, hE, e ey

Ag,= &, —&,=J3'(3'+DBhc— J(J +1)Bhc. | ;

But for absorption spectra, J'=J +1 s0, Ag, =(J+1)(J +2)Bhc—J(J +DBhc= 2Bhc(J +1).

The molecule acquires the energy of transtion by absorption of microwave radiation of photon energy hey .
One absorbed photon can transit one molecule for one trandtion.

| d

Thus, hcy = 2Bhe(J +1) o, v =2BJ +1),

where v isthe frequency (in cm™) of radiation absorbed by the molecule for rotational transition,

B= Ssz and J=lower rotational quantum number having valuesO, 1, 2, 3, etc. These frequencies of
7T LN C

radiation absorbed by the molecule can be accurately determined by the insrument, spectrometer.
Rotational spectral lines are obtained by putting J=0, 1, 2, 3, etc. Rotational spectral lines along with specific
trangtions are shown as.

Thusit is seen that frequency lines of rotational spectra of diatomic J=4————ps, =20 Bae

mol ecul e are equi spaced though the rotational energy levels are not

equi spaced.

Applications I=3 £, =12Bhc
(A) The separation of frequency lines (Av ) of rotational spectra

isequal to 2B. It ispossible to caculate the bond distance (r ) of the g 1=2 g = 6.Bhe

diatomic polar molecul e from thisfrequency separation.

— I=1 ——&§ =15
AV:ZB:ZX% or, = % J=0L50=n
Bz urc 87" pc(av) 2E 4B 6B 5B

Problem:
The rotationa spectrum of *H *Cl shows the separation of
frequency linesis20.3 cm™. Calculate the bond length of the molecule. Vo U Vo U,
Solution: v
The reduced mass of the molecule, *H *Cl
U= mm__ 1x35 gm=1.63x10"*gm So, thebond length (r ) of the moleculeis
m+m, (1+35)x6.023x10”
—27
- _ 2x0627x10" g — —129x10°cm =1.20A.
8x(3.14)* x1.63x10* gmx 3x 10" cmsec x 20.3cm
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Problem:
If thereis+2 % error in the determination of rotational constant, B of adiatomic molecule,

calculate the % of error inits bond length measurement. [Calcutta Univ. 2005]
Solution: Bz%z Azor,InB:InA—ZInr or, OI—B:—Zﬂ,but d—B:Z% 0, ﬂ:—1%.
8z ur<c r B r B r

So the % of error in the bond length measurement is —1%.
Problem:

An egimated bond length of the species CN is0.117 nm. Predict the positions of the firg three linesin
the microwave spectrum of CN. (Atomic weight of C and N are 12.011 and 14.0067 respectively).

(Answer: v, =3.132cm*, v, =6.264cm , 7, =9.396 cm ™) [Calcutta Univ. 2013]
Problem:

If the J=2to 3 rotationa transtion for adiatomic molecule occursat A =2.00 cm, find A for the
J=6107 trangtion of thismolecule. (Answer: [Calcutta Univ. 2013]
Problem:

How many times does amolecule of *H **Cl rotates per sec. inthe J= 1 rotational level?
Given, B (*H *Cl ) = 10.6 cm™. [Burdwan Univ. 1989]
Answer: £ =1o® =] (27v,)" =271 (v,)? = I(I +D) h or, v,> =J(J +1)h—2

T2 2 ° ° 8z’ ' ° 167°1°
or, v, = J3(3 +1)4ﬂi2I or, v, =33+ 83;'0(; or, v, =+J3(J +1) 2Bc.

Now putting the values, we have v, = \/1(1+1) x 2x10.6 cm "x 3x 10" cmsec " =8.99x10™ sec™* .

Thus, the *H **Cl rotates about 9x10™ times per sec.

(B) Isotopic mass of an element can be determined from rotational spectral lines of the molecules having
two isotopes of the same element. For example, in amixture of *H *Cl and "H *'Cl in which the abundance ratio
is3:1, the spectrd linesof *H *'Cl isdightly to the left lower frequency side of the spectrum than *H *ClI .

Theintendty ratio will be also 3:1 depending on their abundance ratio.

[Intensity of spectral lines depends mainly on three factors: (i) trangtion probability (ii) population and (iii) conc.
or path length of the sample.]

The ratio of frequency-spacing of the two molecules AFIE 4A5'4E  6EB'6E
=! ' ' 1E_|
'H 5Cl and™H TCl are 2B and 28'. Thus Y =28 _ ' _#
Av. 2B | u 25

(Since r isnot affected by isotopic subgtitution, only reduced massis affected.) —

A_! ’ ’(rnl+rr|2) ¥ ﬁ‘
or, = :( mlmz,}/( . jz i —. Thusknowing Av', Avand m,m,, itispossbleto

Av o \m+m ) Am+m, ) m(m+m)

determine the mass (1, ) of *'Cl isotope of the eement. | sotopic shift is Av = Y iv = (l— VT] = (1— ﬁ,J )
Vv v r

Problem: The line spacings in the microwave spectrum of *CO and “CO are 3.68 cm™ and 3.84 cm?,

respectively. Find out the isotopic massof *°C . [m, =15.9994 in “C scal€] [Calcutta Univ. 2014]

Answer:

Problem: In the microwave spectrum of HCI (contaminated with DCI), the DCI spectral line will appear (recorded
inincreasing cm™®),

(@) closeto theright of HCI line (b) closeto theleft of HCI line

(c) far totheright of HCI line (d) far to the left of HCI line [Answer (d)]
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Relative population in different rotational energy levels
It is expected that relative intendities of the spectra lineswill depend on the
relative population of the energy levels. Greater isthe number of moleculesthat can trandt to the next higher level,
greater will be the intengty of the absorbed radiation the
. The population of one leve relative to the ather leve is given by Boltzmann

_Ag
digribution law, n_9% x e o , Where g isthe degeneracy factor of the rotational level and it is given by
n g
0, =(2J +1) and Ag = energy spacing between2and 1 levelsi.e. Ac = ¢, —¢,.

The population of a J th rotational leve isthusgivenby n, =Cg, e ha , where C is proportional ity constant.

_J(3+) BhV

Puttingthe valuesof g, and &,, wehaven, =C(2J +1)e KT, T
At J=0level, let the populationis n,, we have C = n,and

33+ Bhy "
o N, =n,(2J+1e KT
The expresson of n, consists of two terms— the non-exponential term 0 2dma & 5 10
which increasesthe vaue of n; and exponential term decreasesthe value Popui Ao of retatioral states

Of IHBSCI

of n, withincrease of J at constant temperature (T). At lower val ue of J, non-exponential dominates while at
larger value of J, exponentia term dominates. Thisis Gaussan distribution, so when n; isplotted againg J, the
value of n; increases, reaches to a maximum and then decreases with increase of J. The value of J (Jma) at which
N, attains maximum, can be calculated by using the condition of maximum and minimum. We have

dn, _I(I+)8BRe _J(3+1)Bhe Bhc
—=n,(2+0)e Kl +n, (23 +1)e KT —(23 +1) [x—
7 =" (2+0) n, (23 +1) [-(23+7)]x"=
I (J+D)Bhc 2 Bhe - .
=n, e KT {2— (23+1) F} = 0.Theterm within bracket corresponds to the maximum val ue.

Bhc 2 2KT 2kT /2@
So, (21 +1)° == =2o0r, (2] +1)° = Z— 2 1::/——— 2] = |2 1
( + ) T or,( + ) =% or,( J+ ) She or, 2J She

o, J. = /ZKB—-L —%. For *H *Cl, B=10.5cm™, o at 25 °C, the rotational level which is maximum
c

1.38x10*®erg K * x 300K
2x10.5cm * x6.627x10 % erg secx3x10" cmsec™
But Jisintegerso J, = 3.

lgo i og
2

populatedis  J, . :\/ >

Problem: Find the maximum popul ated rotationa energy level of 12¢1%0 molecule at 25 °C for which
B=193cm". [Answer: J . =7].

Intensity of the rotational frequency lines

Rotational trangtions will be most intense from i)

the J,., level. Theintensity of the rotational ab | 10B

frequency linesincreases with increase of J and

attains maximum and then decreases

like the plot of the n; vs. Jcurve.

12B
;4B

[1g] 12110 T —

| |
ey qﬁ—ﬁ«.r.q.ﬁqa.wnﬂﬁ-ww-fmwﬂ-.ci e T | —

7 |::r:'!j| —%

MOLECULAR SPECTROSCOPY — DR N CDEY 10



Width of spectral frequency lines
Different linesin a spectrum have different width. Thiswidth of frequency of radiation
can be explained on the basi s of Heisenberg uncertainty principle.

The principle gates Ae x At = 41 , Where At = life time of the molecule in the excited state and (7 )
T

A& = uncertainty of energy of the molecule absorbed or emitted.
Ae=hcAv , where Av = width or uncertainty in frequency of radiation absorbed or emitted by the molecule.

Thus, hCA17xr:L o, Av = h xl.

A dzhc 7
Thisshowsthat greater isthelife-time of the molecule in excited state, shorter isthe width of frequency lines.

Interaction of a polar molecule with radiation
In electromagnetic radiation, eectric field and magnetic field oscillate perpendicular to
each other and al so perpendicular to the direction of propagation of radiation.

One compl ete fluctuation of electric field occurs within the wave length (A4 ) of
radiation. Hence frequency of fluctuation of dectric field isequal to the frequency of radiation.

Electric field

r : =
J direction of propagation
propag

of radiation

Magnetic field

Now if we consider the rotation of a polar diatomic molecule (A— B type), the dipole moment ( 4, ) of say

vertical component is also fluctuating and the frequency of fluctuation of vertical component of 1, isequal tothe
frequency of molecular rotation.

B—P A+|F "
Bi— AT |-’4+§—B"7 | B7f=4 Botation of a polar
A B diatomic molecule
vertical component of _B_‘s _A'Hs

electric moment

Fluctuation of

W < electric moment

When the frequency of fluctuation of electric field of radiationis equal to the frequency of fluctuation of electric
moment generated due to rotation motion of polar molecul e, the resonance devel ops between the polar molecule
and radiation. It meansthat when the frequency of rotation of polar moleculeis equal to the frequency of radiation,
the molecul e interacts with radiation. It can withdraw energy from radiation or give up energy to the radiation.

For non-polar molecules, there is no fluctuation of electric moment due to rotation and
hence they can not interact with radiation and are microwave inactive.

Even polar diatomic molecules ( A— B type) when rotates along the bond axis, thereisno
fluctuation of dectric moment and so this rotation is microwave inactive.

Problem: Isthe rotation of AB type molecule about the bond axis effective in producing rotational transitions?
[BU 1988, Q 1(b), m= 2]
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Rotational Spectra of Polyatomic M olecules
There are three modes of rotation in the polyatomic molecul es along three mutually
perpendicular axes X, Y, Z.

For linear molecules, the nucle all exist on the bond axes ( X - axis) and all the mass of the moleculelie on that
axis. The moment of inertia about thisaxisis zero (|, = 0). The moment of inertia about the other two axes y, z

are same by symmetry (|, = I,). Thuslinear molecule has only one vaue of moment of inertialike diatomic

molecule. It isthen calculated by | :Z:mri2 and the spectra of these linear molecules are essentialy similar with

the diatomic molecule.
For non-linear polyatomic molecules, on the basis of rel ationship among different moment of inertia (I (. ) :

x1tyr1iz
they are classified into three types
(i) Spherical top molecules, such as CHs, SFeinwhich I, =1, =1

,-
(ii) Symmetrical top molecules, such as CHzCl, NHs inwhich I, =1, =1,.
(iii) Asymmetric top molecules, such asH20, CHsOH inwhich |, =1, #1,.

Sphericd top molecules have no permanent dipole moment and so these molecules are
microwave inactive. The spectra of symmetrical top and asymmetric top molecules are more complex than the
linear molecules because of the occurrence of more than one principle axes of moment of inertia.

INFRA-RED SPECTRA
(VIBRATIONAL-ROTATIONAL SPECTRA)

Introduction

Vibrational trangtion of amoleculeis effected by absorption of infra-red radiation of wave length
10*to 10" A. Since vibrationa transition requires much more energy than rotational transition, so absorption of
infra-red radiation causes vibrational and rotational transtions s multaneoudy. Thisiswhy, vibrational and
rotational spectrafdl jointly in theinfra-red spectra (IR spectra).

Analyssof frequency linesinthe IR spectra provides information about the flexibility of the bond,
bond dissociation energy, bond length of the molecule. Further this hel psto identify the functional groups,
unsaturation, isotopic mass, etc. In aword, it now becomes an important tool for sructural sudy and o IR spectra
are called finger print of a molecule.

Different stages of vibration of a diatomic molecule

The diatomic molecule cong sts of two atoms of masses centre
m, and m,, and isconnected by a bond. It has only one mode (‘.:.f mass
vibration and is symmetrical stretching vibration. Thebond is o 4 r”) equilibrium
like a spring connecting two balls of masses m and m, —7, - position ()
(spring and ball model). The atoms are executing periodic ! —g‘r
displacement along the bond axis (say X-axis). {f‘}_ Q elongation
Right hand side displacement is taken (+ve) while left i r z position (I1]
hand side displacement is (-ve) with centre of massis
at the origin. During the displacement of the atoms, /1
the centre of mass remainsfixed. {f "x) squilibrium
| to V pogitions complete one period of vibration. Thetime position (TII)
required for one complete vibrationis 7, and the frequency E) compression
of the molecular vibration, v, =1/7,,. pasition {1¥)
Bonding electrons bring back the vibrating nuclei from
elongation while inner shell electrons by repulsion push back " 4 e
from the compression. 'l:: "x) equilibrium

¥ m, position (V)
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Hooke’s Law for SHO Model
Thismolecular vibration is assumed to be s mple harmonic motion and it obeys Hooke’s

law i.e. restoring force (F ) is proportion to the displacement ( X). Thatis, F oc X or, F = —kX, wherek isforce

stretching constant and it depends on the nature of the bond. It has the unit dyne cnmi* in CGS systemand Nm ™ in
Sl sysem.

The above law can be written as m—- = —kx or, —=——X

The vibration of one atom affects the other atom to keep centre of massfixed at the origin and restoring force
(mass x acceleration) experienced by both the atomsis proportional to the amount the bond stretched ()(2 — xi) :

Applying the Hooke’s law for the vibration of two atoms, we get

2 2
ddt):Z = —L(x2 —% ) and — ddt)z(l = —L(x2 — X, ) [Atom of mass m, isstretched in the (~ve) direction]
m, m
Taking difference of the two

d?(x, - 2

M:—k£i+ij(x2—xl) or, d—;(:(—ij, Whereizi+iinwhich,u isreduced
ot mom d H pomom,

mass of the molecule and X is net displacement, X = (X, —X, ).

However, if 1, and I aretaken internuclear distance when the moleculeis a equilibrium and at stretched condition

d*(r—r 2
then X=r —r, and the Hooke’s law for the vibration becomes ¥ = —E(r - I’e) or, d—! = —E(r - re) .
dt y7, at Y7,
Significance of reduced massin the vibrating system
Thissgnifiesthat when a heavy atom (say, m, ) isbonded with light atom (m, ), the

reduced mass of the moleculeisclose to the lighter atom. Situation resemblesthat the lighter atom is only vibrating
heavier atom remains almogt fixed inits podtion. The centre of mass of the molecule lies very close to the centre of
the heavy atom. Thus, magnitude of x sgnifies the contribution of the atoms towards the vibration of the

molecule. When the two atoms are of same masses, m = m,= m, u = (%) M indicating that both atoms are
contributing the molecular vibration to the same extent.

Expression of force stretching constant
The Hooke’s law for the molecular motion comes up with the formulation

2
— = (—ij. Thisisan eigen value equation in which Xisthe eigen function of the operator 3? withthe
Y7,

eigen val ue(— %) , afundamental property of the vibrating system.

The genera solution of this differentia equationis X = Asin( /% tj+ Bcos( /% t). But in the molecular

vibration, when t =0, X=0, s0 putting these values, we get B = 0. Thus appropriate solution is a sne function and
the digplacement ( X) isoscillating periodically with time (t) with the time period(ro).

X= Asin( /% t), where Aisthe amplitude of the function, X.
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|:+v e] B &

displaement(x) o

(wve) e bime)

Again, for one cycle of oscillation, time required is 7, and sine function also changesthe angle2z . Then

,k :27zori= :i/k sincei:v 0, k=47%uv.2 or, k=4z2u(cv. ), where
ATO "1, YT or 4" T, O i mu(Co)

v, isthe frequency of molecular vibrationin cm™ unit. . Thisis expression of force stretching constant (k).
Problem: The wave number of vibration of *H *Cl moleculeis 2991 cm™. Ca culate the force constant (k) of the

H —Cl bond. [Burdwan Univ. 1995]
Answer: k=47 (cv, )2 , putting the val ues, we get
k= 4(3.14)2( 1335 — gmj(leOlo cmsec ' x 2991 cm’l)z erg = 5.11x10° dyne cm™.
36x 6.023x10

Values of k of some typical groups

Force stretching constant (k) measures the flexibility of abond. Greater the
value of Kk lessisitsflexibility and more rigidity of the bond. By flexibility, we mean how easily the bond can be
stretched; the bond angle can be distorted. The following values of Kk reflect the above concept.

bands values ka

(dbe eni) For one type of group, the group frequency (¥,) increases with the increase of k

oo 4.ﬁ><10-5 and decreases with the increase of reduced mass ( i ) of the group.
5

0=c 9.5x10 : _ 1 |k _ _
c=c ot Snce, iy, = ——,|— ,¥, decreasesfrom “=% to G=C to G-C
= 15_8><1u5 oc\
g-o  128x10
H-F 8.8x10-5 as kc;c > kc c > kc-c .
H-Cl  43x10° Again, k of the H — X molecules, where X = F, Cl, Br, | decreases due to more

H-1  3gx10” flexibility of the bondsand v, isalso decreased and  isincreased from
H-F to H-Cl to H-Brto H-l.

Problem: The fundamental vibrational frequency of H-Cl is 2885 cm. Assuming that H-Cl and D—Cl may be
treated as S mple harmonic oscillator, Cd culate the fundamental frequency of D-Cl.

(Atomic mass of Cl = 35 Dalton). [11T-KGP, 2003]
Answer : Wehave k= 4z°u(cv,)’, but K issamefor H-Cl and D —Cl
35/36
0, (7o)o.q = (7o), g . [2H-9 = 2885cm (3536) _ 2068 cm'™.
Hp_c (70/37)

Expression of vibrational energy ( &)

Vibrationd energy (&,) of amolecule can be obtained by solving the Schrodinger
equation of one-dimensonal smple harmonic oscillator (SHO). The equation is
d’y 8r°u . L . o1,
+—(5 —V)w = 0 when the oscillator isoscillating along X-axis. V =PE anditis =k x°.
ax? h>
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Putting the value of V and solving, we get the vibrational energy, &, = (v+—j— — but, vy =— [—,

30, the expression of vibrational energy of the molecule,
_ 1 _ 1 _
& = v+§ hv, or, & = v+§ hcv,,

where 7, isthe frequency of the molecular vibration incm™ and

V isthe vibrational quantum number having the valuesO, 1, 2, 3,
etci.e. any pogtiveinteger including zero.
The vibrationa energy when plotted it givesthe following diagram

Two aspects of molecular vibrational energy

(1) Thevibrational energy levels are equispaced and the energy
gacingis A&, = hci, i.e. difference between two successve

energy levelsis hciy, (like energy ladder).

N : : . \ 1, _
(2) Thelowest value of vibration energy (zero-point energy) isobtained by putting v = 0. So, ZPE, &, = > hcv, .

This meansthat even at absol ute zero temperature, the molecule
possesses some energy and thisiswhy the zero term is used in the energy value The molecule thus executes
vibrational motion even at absol ute zero temperature and it is never at rest.
The existence of zero-point energy is also supported by the Heisenberg uncertainty principle.
If the molecule would be at rest then uncertainty in position (AX) would be zero.

h h
Hence uncertainty in momentum, Ap, = 0, AX = b 0= and Ap, = is not possible.
7T 7T

Criteria of vibrational transition of molecules

(1) Only those mol ecul es execute vibrational transition whose dipole moment ( 4, ) changes due to vibration,

d
That is, d'u P +0. Thismeansthat the molecule must be an oscillating dipole for infrared active.
X

Thusall vibrating molecules can not absorb or emit infrared radiation and so do not give IR spectra
dluD — 0
X

(a) Homonuclear diatomic molecules (A — A type) arethus IR inactive, Snce

Thus, H2, N2, Oz, etc are IR inactive.

d
(b) Heteronuclear diatomic molecules (A — B type) are dways IR active since % # 0 and these molecules
give IR spectra. HCI, HBr, CO, NO, etc are IR active and vibrationa trangtion always occur.
(c) Non-polar moleculeslike CO2 will show vibrational trandtionsin some modes of vibrationsin which

% #0.
dx
COzisalinear molecule and so number of modes of vibrationis (3N — 5), where N isthe number of atomsin the
molecule. Out of these (3N — 5) modes, (N — 1) are stretching modes and (2N — 4) are bending modes of vibration.
Thus CO2 molecule can vibrate in 4 modes out of which two are stretching and two are bending vibrations.
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vibration vikration wikration wibration
dip d ditp d
LAy Hp = [ it R
i I = [l i 3
IR inative IR active IR active IR active

(Fu =1340 cm'I:I (:?u = 2340 r:m'lj (Fﬂ = GAT gm'lj ["_’u = GAT .:'m'l:l

Antisymmetric and two bending modes of vibrations are IR active but the bending modes are doubly degenerate
and o it leadsto one IR spectra. In the antisymmetric stretching mode, the dipole moment oscillates pardlel to the
bond axiswhile in the bending vibrations, the dipole moment oscillates perpendicular to the bond axis.

The number of vibrational modes of H20 isthree out of which two are stretching vibrations and one is bending

vibration. T

These are shown here. O n:’—o 9

[Note that during vibration A :

of the molecule, the centre of v/ H N AN |-i \H A

massremainsfixed in its H H H

origina position] Symm. antisymm. symin.
(N — 1) are stretching modes and (2N — 5) stretching  stretching l_wndl_ng

are bending modes of vibration vibraion vibration vibration

7, =36517em™ ¥ = 3755 8em™ By =1595.0cm™
(2) Vibrationd trangtions obey the selection rule,
Av=+1i.e, trandtion occursonly in adjacent vibrational levels. For absorption spectra, AV =+1.
When the dipole moment oscillates parallel to bond axis, the selection rule for absorption spectrais
AVv=+1 and AJ=+1.(parallel band)
When the dipole moment oscillates perpendicul ar to the bond axis, the selection rule for absorption spectra is
Av=+1 and AJ=0, +1.(perpendicular band)

Population in the vibrational energy levels
The population of the moleculesin the different vibrational energy levelsisguided by Boltzmann

A n _Asy . :
energy distribution law, 2 =€ Ve , asthis system is non-degenerate. For CO molecule at 27 °C,
n

Ag, , ~42x10™" erg/molecule and KT =1.38x107"° x300 = 4.14x10* erg/molecule.

Thus, M _ g1 L 40%10° = % . It meansthat if 10° (one million) CO moleculesarein v=0level,
Mo
then only 40 CO moleculesoccupy V=1 level at 27 °C. So at ordinary temperature, ground vibrational level
contains most of the molecules and other vibrational levels are thinly populated.
The vibrational transition occurs thus mainly from the ground vibrationd level (v = 0) and the
frequency linefor thetrandtion V=0 to v =1will be mog intense inthe IR spectra.
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Vibrational spectra
For the trangition of the moleculesfrom Vv to V' by absorption of IR radiation,

Ae=¢&,—¢&, = (v’ - %) hev, — (v+ %} hcvy = (V' —v)her, .

But selection rule states that for absorption spectra, V' —V = +1 and the energy of the photon absorbed for
trangtionis hcV’ o, hev =hev, or, Vv =V,,.

That is, frequency of radiation (V') absorbed isequa to the frequency of the molecular vibration (Vy)-
Since the vibrational energy levels are equispaced so, there will be only one frequency
lineinthe vibrationa spectrafor trangtion from any vibrationa leve to the next higher

vibrationa level. The IR spectral line given hereisfor any transition from v to v+1 level. — 7—
0

Experimental observation of IR spectra
Experimentally it is observed that IR spectra conssts of several bands and each band is
having a fine structure.

Intensit_',r
of abzorbed
radiation M
(Fate ) Al

F, = 2886 om™ F, o= 5668 em™ F, = 8347 em™
fundamental lat overtone 2nd overtone
band band hand

wave number [F) =

Rough sketch of IR absorption spectra of ¥ (imaginary)

abs

—

2143 ot 4360 ca !

Ulem™) —
IR spectra of 2elho (low resolution) of fundamental and first overtone band with centre frequency

Ag =hcv, =6.627x10 %" erg secx 3x 10 cmsec 'x 2143cm™ = 4.26x10 erg.

Thisexperimenta ly observed IR spectra could be explained by considering the following two aspects.

(1) Rotational transtion requires smaller energy than the vibrational transition and hence rotational trangitions
are accompanied with the vibrationa trangtions under the exposure of IR radiation. Thus vibrational and
rotational gpectra are obtained s multaneoudy and the fine structure of each band is due to superimposition of
rotationa spectra.

(2) The molecule executes anharmonic motion and Hooke’s law is not obeyed. The potential energy (V) differs.
Sdectionruleisviolaedanditis AV=+1 +2, +£3 etc. For AV = £1, we have fundamental band.

AV = + 2, we get 1% overtone, AV =+ 3, we have 2™ overtone, etc.
But fundamental band is most intense and 1% overtone, 2™ overtone bands less and less intense.
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IR spectra of diatomic molecule assuming harmonic oscillator and rigid rotator model

Let usdiscussthe firg agpect of the IR spectra of diatomic molecule. Born- Oppenheimer approximation
assumes that a diatomic molecul e can execute rotation and vibration motions quite independently. It means that
vibrationa motion of the molecule does not interfere its rotational motion. Thus the energy terms of these motions
can be added up.

& 1=& T&;,
where &, = vibrationa energy and & = rotationa energy of the molecule.

For the trangition of vibrational level and rotational level, the energy required for the molecule,
Ag, y =Ag, +Ag,

The molecule acquires this energy by absorption of radiation and o Agvl 3 =hcv, where v isthe frequency of
radiationincm™, A&, = hcv,, where v, isthe frequency of molecular vibration incm™ and

Ag; =2Bhc(J +1), where J isthe rotational quantum number having values0, 1, 2, 3, etcand B = h/(87r2Ic) .
Putting the val ues, we have hcv=hcv, + ZBhC(J +1)

or, 17=\70iZB(J +l)

With AJ =-1,i.e J#1toJ wehave V =V, —ZB(J +1) and putting J=0, 1, 2, 3, etc, we get a series of fine
linesand it iscdled P-series.

With AJ =+1,i.e Jto+1, wehave V =V, + ZB(J +1) and putting J=0, 1, 2, 3, etc, we get R-series of fine
lines.

With AJ =0, we have v =V, the centre line frequency of the band or in some cases, very closely spaced lines
are obtained and then it is called Q-series.

P-series R-series
172170—ZB(J +1) 17:170+ZB(J +l)
(J=0,1,2,3, etc. areinserted). (J=0, 1,2, 3, etc. areinserted)
v, =, 2B V, =7, +2B
V,=,—48B V,=v,+4B
v, =7,—6B 7, =1, +6B
v, =,-8B 7, =,+8B

The spectrum consists of equally spaced lines on each side of the band centre (v,,), with spacing 2B between any
two adjacent lines.
For linear stretching vibration, AJ = 0 isnot permitted by the selection rule and so there is gap between 1% line of
P-seriesand 1% line of R-series.

But for vertical vibration, such asfor vibration of NHs (caled inverson of umbrella) and
bending vibration of linear molecules, like CO2 AJ =0 ispermitted and Q-series appears whose rotational
frequency lines are closely spaced.

The frequency of the centre of the band is V,, and it isfrequency of the molecular vibration from which the force

congtant (K of the molecule can be determined using the relation, k = 47°u(cv, )2 .
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Problem: The vibrational frequency and rotational constant of HCI are 3000 cm™ and 10 cmi™* respectively.
Cdculate the frequencies of the 1% two lines of P and R branches of the vibrationa -rotational
spectrum of HCI. [NET 2000]

Solution: Wehavetheexpressionas V) =V, —2B and Vyq =V, +2B.
S0, Vi =3000—20=2980 cmi* and 5, = 3000+ 20=3020 cm

Vibrational and rotational trangtion of adiatomic molecule

&
ey
| I
Lo

transitions

J

I
(%

2
]
v=10,0=10

spectral

J
J

lines

T
I
|
|
|
|
I
|
|
I
!
|
|
1

lI'jl:l

5 1 1y A P €
F—branch - F—hranch
hranch

Selection rule of vibration-rotation trangition for absorption spectra: Av=+1 and AJ = +1.
From the spacing of two rotation lines, it is possible to cdculate the bond length (r ) of a diatomic molecule

h
————— Thusthe bond length of the molecule, r =, /2h/ (87z2 yc) .
8r urec

dnce, Av =2B and B=
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Anharmonic Oscillator
Now we can consider the anharmonic motion of the molecular vibration. The potential
energy of thistype of motion is expressed by Morse equation,

V(x) =D, (1-e*),
where D, = depth of the PE minimum or depth of the PE well and a = \/% .
When thisPE isincluded in the Schrédinger equation and solved, the following ;nergy expresson is obtained,
&y = (v+ %) hcv, - (v+ %)2 X, hcv, (neglecting higher terms)

where X, isanharmonic congtant for stretching vibration of the molecule and its valueis small (about 0.01).
Thus, the energy-difference of two vibrational levelsisgiven by

, 1Y, (., 1Y _ 1), _ 1)? _
Ag\,:ﬁv +Ejhcv—(v +Ej xehcv}—{ v+§jhcvo—(v+§j XehCVO:I

1Y 1Y ]
A :(V’_v)hCVO_KVIJrEj —(v+§j x, hcv,

= (V'=v)hcy, —(V —v)(V +v+1)x, hc,
o, Ag, =(V-V)[1-(V+v+1)x, |hc,

For adjacent levels, V' =V+1, 0 Ag, = [1— 2(V+l)xe]h0170, where V=0, 1, 2, 3, €tc.

A&, ,, =[1-2x,]hery, Ag,,, =[1-4x ]hcry, Ag, , =[1-6x,|hcr,, Ag,,, =[1-8%,|hci, etc.
This showsthat energy levels of anharmonic oscillator are not equispaced and the energy spacing is decreasing as
Visincreasing. So, a certainlimit of Vand higher, vibrational levels converge, Ag, = Oand continuum occurs.
Problem: Give three examples of three different mode sysems where (i) energy levels are equi spaced,

(ii) energy gap increases with increase in quantum number, (iii) energy gap decreases with increase

in quantum number. [Calcutta Univ. 2014]
Answer: (i) Simple harmonic oscillator (ii) Rigid rotator (iii) Anharmonic oscillator.

M orse PE diagram
The Morse PE energy for anharmonic oscillator can Fir)

also bewrittenwhen X=r —r, as
2
V(r)=D, [1— e’a(r‘re)} .

When V(1) isplotted againgt I ,

the curve will be no longer be parabolic.
The PE rises more steeply in the compression
and less steeply in the el ongation.

D, = spectroscopic dissociation energy and it isthe
energy difference between the dissociation level and
ground level. It isthe energy needed to break the bond.
D = energy difference between the dissociation level Ye

and the minimum of the PE curvei.e. it isthe depth of F ;
the PE curve.

-

1, _ hecy, hc, _
Thus, Dy = De_EhCVo ,but Dg :4—0 , 0 the dissociation energy of the bond, D, :&—%hcvo.
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Problem: The Morse potential is given by the expresson V(r) = D, [1— exp{-b(r - re)}]2 .

(a) Sketch the potential schematically and comment onthevaueof Vat r=0and r = .
(b) Show for small displacement from the equilibrium position the above function is approximated
by a s mple harmonic potential. [Burdwan Univ. 2012, Q 3(H)(ii), m = 5]

Solution: (a) For the sketch of the potential, see the Text, page
when r = re in the expresson of Morse potentia, we have
_ b(r—re) TP _ _
V(r,)=D,[1-€" | =D, [1-1] = 0.

Again, when r = oo, we get V(o) = D, [1— g P ) T =D,[1-e"* ]2 =D,[1-0]" =D,.
(b) Now, expanding the exponentid term in the Morse potential, we have

2
1 2 2
V(r)=D,|1-41-b(r-r.)—==b*(r—r,)" ——=}| =D,|1-{1-b(r —r
0)=0.[1-f1-b(r 1)~ 20 (- -} | ~D[1-{1-b(r )]
Higher powers of (r —r, )isneglected asthe displacement from the equilibriumis small so
(r—r,)issmall and the potential, V/(r) = Db (r —r,)°.
Thiswe can write, V(r) = %k(r - re)2 which the potentia of s mple harmonic oscillaor,

2_1 _ |k
where D b —Ekandb— /2De'

Vibrational Transition of Anharmonic Oscillator
Selection rule for anharmonic motionis Av=+1, +2, +3, etc. For absorption spectra, Av =1, 2, 3.
When, Av =1, thefrequency of vibration transtion gives fundamental line and when rotational lines are
superimposed, it iscalled fundamental band.
When Av =2, the band iscalled first overtone and when Av = 3, the band is called second overtone, etc.
Since most molecules occupy the ground vibrational leve, that is V =0 o, transition for

fundamental band occursfrom V=0to V' = 1.Thus, putting V=0 and V' = 1 in the expression of

Ag, =(V =V)[1-(V +Vv+1)x, |hcir,, we get
Ag, =(1-2x,) hcir,. When thistransition is effected by the absorption of IR radiation of photon energyhc v,
we have hcv =(1-2x,)hev, or, v =(1-2%,)7,.

This v isfrequency of the central line of the fundamental band. The frequency lines of the fundamenta band is
obtained by adding the rotational lines associated with thistrangtion, anditis

Similarly, the first overtone, V=0 V' =2, and centre band frequency is, v = 2(1-3x, ),
and the band frequencies of thefirst overtoneis vV =2( )
The second overtone, V=0 V' = 3, centre band frequency is v =3(1-4x,) v,

and the band frequencies of the second overtone is v =3(1-4x,)v, £ 2B(J +1).
It is seen that centre-band frequenciesare (V) . (V)4 certone - (7 )ard overtone = L 2 3.

Thus, knowing these centre band frequencies, it is possble to calcul ate anharmonicity constant ( X, ) and molecular
frequency (v, ). these vaues of the molecule will help to calculate dissociation energy ( D, ) and force stretching
congtant (k) of the bond.

1, 1 _
The exact zero-point-energy (when v=0) isalso calculated whichis &, = > hcv, — 2 x,hcv, .
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= 2668 cm* and (V) = 8347 cm™.

For lH 35C| ! (v)fundamental = 2886 Cm_l’ (‘7) 2nd overtone
From these frequencies, we get v, = 2990 cm™ and X, = 0.0174.
These valuesgive D, = 8.242x10™ erg = 118.194 kcal mol™, k= 5.09x10° dynecm™.

Problem: The fundamental and overtone transitions of **N *°O are centered at 1876.06 cm™* and

3724.20 cm™* respectively. Calculate the exact zero point energy of the molecule.
[Calcutta Univ. 2014]

Solution: We havetherelations, (v), . =(1-2%)v, and (V) .. =2(1-3x%)7,.
BUt, (V) oo = 1876.06cm™ and (V) =3724.20cm”,
Putting these values and solving, we get v, =1902.29 cm™ and X, = 0.0069.

1st overtone

Exact zero point energy of the molecule, &, = %hcﬁo ~ % X.hcv, . Putting the values of v, and x,,

weget g, =1.88x107" erg.

Interaction of Radiation with Vibrating M olecule
In el ectromagnetic radiation, the eectric field fluctuates and frequency of

fluctuation of the electric fidld isequa to the frequency of radiation.
Dueto vibration of a polar molecule, the dipole moment also fluctuates and the

frequency of fluctuation isequal to the frequency of molecular vibration.

Electric field

=

/ W Direction of propagation

of radiation

Magnetic field

E—l?
BF B gF BT Wibration of a polar
diatornic molecule
| BE__ A%
_A-HF
d-HT

Electric morment

Fluctuation of

. . y
\W < electric moment

When the frequency of fluctuation (oscillation) of electric field due to radiation becomes equal to that generated
from molecular vibration, resonance devel ops and interaction of the molecule with radiation occurs.
Under this condition, the molecule absorbs energy from radiation or emitsradiation.
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Problem:
The vibrational frequency of *H ™Br is 77, =2649.7 cm™ and X_i7, =45.2 cm™. Find the frequency (in cm™) of
the fundamental and first overtone of the molecule. [Calcutta Univ. 2011]

- —(45. —
Answer: We have X, = ( %649 7) = 0.017. Thenthe frequency of the centre of the fundamental band,

Vi = (1—-2%,)7, =(1-2x0.017) x 2649.7 = 2559.3cm™. The centre frequency of the first
OVENtoNe is Vg gerone = 2(1—3%, )V, = 2(1-3x0.017) x 2649.7 = 5029.13 cm™,

Appearance of Q-branchin IR spectrum

For Q-branch, the transition occurswhen AJ = 0 and this happens for perpendicular
vibration of the molecules.
If the vibration is taken Ssmple harmonic, the energy levels areidentica and the frequency lines of P-branch and R-
branch are all equispaced and are equal to 2B.
Transtionswith AJ =0, however corresponds to a Q-branch whose lines may be derived as V.. Thusthe Q-

branch consists of lines superimposed upon each other at the band centre V.. ., the one contribution arising for each

of the populated J values. Theresultant lineisusually very intense.
If we take B values differ dightly inthe upper and lower vibrationd gtates, then we can write

V=V,+(B'-B)J(J+1), where J=0,for OtoOtransition, J =1 for 1to 1 transtion,
J =2for 2 to 2 trangtion and so on.

B'= N , , rotational constant in the higher vibrational level and B= ) ) 2
8zcu(r)) 8z cu(r,)

rotational congtant in the lower vibrational level. But r, > r,, 0 B" < B. So, we see that the Q-branch line would
become split into series of lines on the low frequency side of v, since B’ — B = (- ve).
Normally (B'—B) isso small that that the lines can not be resolved and that the Q-branch appears asa

somewhat absorption centre around V..

This Q-branch occurs for the molecules executing perpendicular (1) vibrations i.e. vibration of the atoms is up and
down perpendicularly with the bond axis. Such as bending vibration of CO2 molecule, HCN molecule, NHs
molecule, etc

When the vibration is harmonic, V= 170 , the frequency of molecular vibration and when the vibrationis
anharmonic, ¥, = (1-2x, )V, for fundamental band and ¥, = 2(1-3x, ), for 1% overtone, etc.

Again, since B’ < B, therotationa lines are not accurately equispaced as
V=1V, +J’(J’+1)B’—.J(J +1)B

For P-branch, J — J -1 soputting J'=J -1, V, =V, +(B'-B)J*—(B'+B)J,
s0 1% line frequency is Ve =V.+(B'-B)—-(B'+B)=Vv.-2B,
+(

2" line frequency is Ve =V, +(B'—B)x2* —(B'+B)x2=1, + 2B - 6B,
3" line frequency is Ve =V, +(B'—B)x3 —(B'+B)x3=1, +6B'-12B.
For R-branch, J —1— J, soputting J =J -1, V; =V, +(B'-B)J*+(B'+B)J

s0 1% line frequency is Ve =Ve+(B'-B)+(B'+B)=1,+2B,

2" line frequency is Ve =V, +(B'=B)2+(B'+ B)2: V. +6B -2B

3" line frequency is Vg =V, +(B'-B)3 +(B'+B)3=V,+12B'-6B
and so on.
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Thus, the frequency gap of the P- branch is decreasing and that in the R-branch isincreasing as Jisincreasing.
Thetrandtions along with IR spectra are shown in below:

B o T
-
W |1 ”
n ™
=
g
R
=
m
=
!
el g g B G
F—hranch - F—hranch
branch

I
[

J
J=1

=0,J=0

spectral

lines

Problem: If the bond length of a heteronuclear diatomic molecule is greater in the upper vibrational sate,
the gap between the success ve absorption lines of P-branch

1. increases non-linearly

Hot bands

the vibrationa trangitions originate from thislevel. Asthe temperature is raised, molecules migrate from lowest

Answer: (2).

2. decreasesnon-linearly 3. increases linearly

4. decreaseslinearly

[NET, 2014, Dec]

At room temperature only, the lowest vibrational energy leve (V = O) highly populated and so most of

level to v =1. Thusa sufficient number of molecules occupy Vv =1leve a higher temperature thereby permitting

vibrationa trangtionsto originate from v = 1level. Such transitionsfrom v =1 to higher levels produce the

spectral lines called Hot bands. Asthe temperatureisincreased, theintensity of hot bands a so increases.
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ELECTRONIC SPECTRA

Introduction
Electronic spectra are observed when there occurs redistribution of eectronsin amolecule.
When the electrons trangit from filled molecular orbita (HOMO) to the vacant or partially filled molecular orbital
(LUMO), photons are absorbed by the moleculesfor trangition. The frequency of radiation for such trandtion falls
in the visble and ultraviolet region since energy required for éectronic trangtion isabout 100 kca/mole (about 7
x10™ erg/molecule). Thisiswhy electronic spectrais often called UV -Vis spectra
Electronic spectra are sudied in both absorption and emisson spectroscopy. Electronic transtionis
always accompanied with vibrational and rotational trangitions of the molecule. Therefore, electronic pectrais
always associated with vibrational and rotationa spectraand thereby it becomes most complicated.
Advantage
Ingtead of complex nature of the el ectronic gpectra, it has certain advantages a so.
(1) Thisspectraare sudied inthe visble and ultraviolet region of radiation and so experimenta handling is
easy. Thismeansthat recording is easy but interpretationis difficult.
(2) Homonuclear diatomic molecul es give dectronic spectraand molecular information about them can be
obtained from the study of electronic spectra. These molecules do not show microwave and infrared spectra.
(3) Information about the excited state of the molecul e and bond dissociation energy can be easly obtained
from the study of e ectronic spectra
Electronic spectra of diatomic molecules
When a diatomic molecule trangits from lower electronic Sate to the higher electronic gate, there
occurs innumerable change of vibrationa and rotational levels. Changesin vibrational |evels are shown by coarse
gructure and each coarse structure is a so associated with fine structure due to rotational transtions.
For vibrational trangition in the coarse structure of electronic spectra, Born-Oppenheimer
approximation is used.

Ag = A‘C"electronic + A‘9\/ibrational :

For a given electronic trandtion, there is no quantum mechanica restriction (i.e., selection rule) on the change of
vibrationa quantum numbers. Since most of the molecul es occupy in the ground vibrational level (V=0),

all types of trandtions from thislowest vibrational level to any of vibrational level of higher electronic Sate is
possible. Experimentally it isfound that al such trangtions are not equally intense. Only those trandtions are
intense which are in accordance to Frank-Condon principle. This principle states that

“The electronic transition occurs so quickly that the internuclear separation during the transition remains
unchanged.”

Thus, the dectronic transtions are vertical trangtions and these trangtions give intense electronic spectral lines.
Other trandtions give lessintense lines.

In the higher electronic gate, following changes happen.

(1) Internuclear separation isdightly larger generally and so rotational congtant B is thusless.

(2) Theforce congtant (k) isdightly smaller and hence the molecular frequency of vibration (170) issmaller.
(3) The potentia energy curve becomes flatter and so the molecule isless gablein the higher electronic state.
(4) The potentia energy curve isdisplaced towards the larger internuclear distance (I‘e) .

(5) Spacing of the successive vibrational levelsin the higher electronic sate is also smaller than those of the
ground e ectronic gate.
Each coarse gtructure is associated with band consigting of fine linesdue to rotational transitions, thus
making the e ectronic structure of very smple diatomic molecule quite complicated.

Quantitative approach

According to Born-Oppenhei mer approximation, the total energy
& =& t&, & [Neglecting the interaction among different molecular motions] .

The change of the energy levelsis Ag, = Ag. +Ag, +Ag,

where Ag, = (v' + %) hev, — (V + %j hcy,. [Neglecting anharmonicity of molecular vibration and taking
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molecular vibrationa frequency isdifferent in higher eectronic state from the lower electronic ate]
Again, Ag, =J'(J'+1)B'hc—J(J +1)Bhc, where the rotational constants are also different in different

electronic gates Thus, A&, ={hc§e+{(v’+%) hciv, —(v+%) thOH+ J'(J'+1)B'hc—-J(J +1)Bhc,

where v, isthe frequency (in cm™) of radiation if there would be electronic transition only and unaccompanied by
vibrationd and rotational transitions.
The photon of energy, hciy = Agt is absorbed for the el ectronic transition, and hence

— — ’ 1 — 1 —_ !’ ! !
hcy ={hc‘/e+{[v +Ejhc‘/o—(v+5jhc%ﬂ+J (J'+1)Bhc-J(J +1)Bhc

o, v :{ve +{(v'+%jq; —(v+%jVOH+J'(J'+1) B'-J(J+1)B.

Thisisthe expresson of frequency of radiation (V) for electronic trangtion.
Taking the term within bracket [ ] as v, the frequency of the central line of aband in coarse structure of the

electronic spectra, we have 17=17C+J’(J'+1)B'—J(J +1)B.
For P branch of the band, trangition of the rotationa levelsfrom J — J —1, we get the frequency
Vo =1, +J(J —1)B'—J(J +1)B o, Vp=V, +(B’— B)J2 —(B'+ B)J .

Thiswill condtitute the P branch of the fine structure. Each fine lineis obtained by putting J=1, 2, 3, etc. excluding
zero.

Again for R branch, rotational transition occursfrom J —-1— J, where J=1, 2, 3, etc excluding zero.
Ve=7,+J(J+1)B'-J(J-1)B o, ¥, =7,+(B'-B)JI*+(B'+B)J.

Thiswill congtitute the R branch of fine structure.
From the frequency of different linesin the fine sructure, it is possible to calculatethe valuesof v, B and B of

homonuclear diatomic molecules aso. These values will provide the bond length (equilibrium internucl ear
disgtance) of the molecule in the ground eectronic state and also in the higher e ectronic sate.

Problem: The fundamental vibrational frequency for *Na*Cl is366 cm™. Cdculate the fundamental

vibrational frequency for Na*'Cl . Use integral masses.
The bailing point of NaCl is 1686 K. Determine the ratio of populationin vibrationd level v =1

with respect to vV = 0for ®Na®Cl a thetemperature.  [I1Sc 2003, Adm. Test to Int. Ph.D.]

— 23N 35 | 23 37
solution: WreRe 30(23 a37C) _ |u(®Na¥cl) _ (23x37j/(23x35j:1-0109.
v, (®Na*Cl) ﬂ(ZBNa35c|) 23+37)/ \23+35

So, 77, (*Na®Cl) = 7, (*Na*Cl)/1.0109 = 366/1.0109 = 362.05 cm ™.

Again for ®Na®*Cl molecule, the energy gap for two consecutive levelsis
A&, = hcv, = 6.627x10 7 erg secx 3x 10°°cmsec'x 366 cm™ = 7.274x 10 erg .

gy _7.274x10 M eqg
The ratio of population, Mg %T =e Ksexm erg K™x1686K — 9,728
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Electronic Spectra of Polyatomic M olecules
El ectronic spectra of polyatomic molecules are very much complex and hence correl ation of
frequency of radiation absorbed with the specific trandtion of electronsisnot made. Instead, types of electronic

transition and the range of possble valuesof A, (wave length at which maximum absorption of radiation occurs)
issuggested.
Different types of electronsin a molecule
We encounter three types of electronsin molecules.

(8 o - dectrons These dectronsform o - bondsin the molecule. Since o - bond strongly binds the two

bonded atoms, the o - electrons are strongly bound between two the nuclel and great dea of

energy isrequired for such trandtion type of trandtion ( o — o).

For such transition, absorption of radiation of far ultra-violet region (/1 <200 nm) isrequired.
(b) 7-€electrons These are 7 - bond forming electrons and are less firmly bound to the bond-forming nuclei.

Therefore, less energy isrequired for excitation to antibonding molecular orbital (ﬂ* ) :

Radiation responsible for 7 — 7" trangition fallsin the near ultra-violet region and A being
within 200 nm to 400 nm. These trangtions occur in the molecules containing 7 - bonds.
These trandtion gives srongly intense spectra.

(c) n-electrons. These are non-bonding € ectrons and present in the atomsto the right of carbon in the periodic
table, notably in nitrogen, oxygen and halogens. It is attached to the single atom only and so
least firmly bound in the molecule. Therefore, least energy isrequired for the transtion of
n— 7" . n- electrons do not form bonds hence there is no antibonding orbital s associated with

it. Radiation for such type of transition (N — 7" ) fallsin the visible and ultra-violet region of
radiationand A lies between 400 nm to 750 nm.
We shall discusshere only 7 — 77" and n — 7" transitions only since these are common in the dectronic spectra

of polyatomic molecules. However, o — ¢ trandtion falsbelow A =175 nm and thisis outside of the available
range of spectrometer (range < 185 nm).

anti-bonding o+

o anti-bonding 7*
H—= T nDn—bDndlng n
gy |g—=a [T
o lanncling T
=
[
l;:ncnncling a

Transitions Orhbitals

7 — 7" trangtions occursin unsaturated compounds. Chromophoreslike>C=C< , —C=C— show thistype
of spectra. The group like > € = Oshows a strong absorption band around 170 nm dueto 7 — 7" transition and a
weaker absorption band around 280 nm for N — 7™ . (Unsaturated groups which cause absorption band at

A >175 nm are cadled Chromophores).

n— z" trangtion produces weak band of absorption since thistrangtions are often symmetrically forbidden and

also excitation involvesin different regions of the molecule.
When the double bond is a part of conjugated chain, the energies of the MO lie closer together due to increase of

chain length molecule (particlein 1-d box) andthe 7 — 7" transitions shift into visible region of radiation.

Bonds Amax (NM) & (cm*L mol ™)
-C=C- 170 16,000
-C=C-C=C- 220 21,000
-C=C-C=C-C=C- 260 35,000
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While oxygen containing molecules, we have both 7 — 7" and n — 7" transitionsand in conjugated polyenes,
both A, andintendgty (&) of the above transitionsincrease considerably.

Bands Tt (sﬁmng) P n—= I:wecxk:l prr
-0=0 166 2800
-C=0-0 240 320
-0=C-0=C-C=0 270 350
para guinane O :@ = 245 4325

Criteria of Rotational, Vibrational and Electronic Transitions of M olecules

Pure rotational spectra are shown by molecul es possessing a permanent electric dipole
moment or when the molecul e rotates, the component dipole moment must change.

Vibrationa spectra require a change of dipole moment during the vibration of the
mol ecul e (oscillating dipole).

El ectronic spectra are shown by all molecules since changesin electronic digributionina
mol ecul e are always accompanied by achange of dipole moment ( 4, ). However, if the e ectronic redistribution

occurs symmetrically, there isno net change in the dipole and the transtion isforbidden. For example, ina
molecule, s — p, trandtionisallowed because it corresponds to the movement of charge along the z-axis. In

contrast, a 1s — 2s is spherically symmetrical. It, therefore, involves no change in dipole moment and soitis
forbidden.

Thus, for the electronic trangtion, if there occurs some kind of trangent dipole moment (it
is called trangtion dipole moment), it absorbsvisble and UV radiation. However, there may some electronic
trangtion be forbidden but all moleculeswill show electronic spectra.

Chromophores:
Absorption of radiation of C = C double bond excitesa 7 -€lectron to an antibonding 7" orbital.

The Chromophore activity isthusduetoa 7z~ «<— 7 trandgition (whichread as 7 to z”" trandtion. Higher energy
level iswritten firgt). Itsenergy isabout 7 eV for a unconjugated double bond which corresponds to absorption at
180 nm (in the UV region) but when this double bond isa part of conjugation, the energy of MO lies closer together
(one-dimensional box model) and A shiftsto the higher side. Further if the conjugation chainlengthislarge, 4
changesto the visble region.
Transition responsible for absorption of carbonyl compound isdueto transitionof 7* < 7 and 7° «<—n.
The transition of lone pair of electronsin O-atomto 7z~ bond hastypica energy valueof 4 eV (equivalent to
290 nm). But the intendity of the transition isweak sincein carbonyl, 7" <— n issymmetrically forbidden.
GroupsC = C, C=0, —N = O which cause absorption at A > 180 nm are called Chromophores (colour bringer).
Position and intensity of the absorption are characterigtic of each group.

C = C shows absorption peak at 180 — 190 nm with molar absorption coefficient, & = 10" L mol™* cm™.

C = O shows absorption peak at 270 — 290 nm with molar absorption coefficient,& =10—30 L mol™ cm™.

Changein the Properties of a M olecule for Electronic Transition
When amolecule trandts to the excited sate by absorption of visible and ultraviolet region of
radiation, there occur alot of change in the physical and chemica properties of the substance. Excited Sate
possesses higher energy and so the bonds become weaker.
Trangtion from the ground bonding MO to antibonding MO can cause triple bond to become
double bond, double bond to single bond and single bond to disrupt. The bond length isincreased by about 15% or
more. Bond angles may also change significantly. The change of the following properties is given here.
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(1) Dipole moment:

By electronic trangition of the molecule, there occurs an change in electronic distribution, so dipole

moment of the moleculeis changed. Non-polar molecul e becomes polar in the excited state. Dipole moment of the
polar moleculesisincreased.

(2) Acid properties: Acidity of the molecule isa so changed in the excited Sate. Some examples are given as
(a) Acidity of phenol— In aqueous solution, phenol is a weak acid. But when it absorbs radiation of appropriate
frequency, it gets excited dueto N — 7 * trangtion. Lone pair of

electrons on the oxygen atom is shifted to the antibonding MO ( 7z *) CC’ —H O —F -

which ison the ring only. This promotion increases the (+ve) character ) J J

of oxygen atom and the phenol becomes stronger acid in the excited Sate. . &D 7 -[;D — ED +H*
-

(b) Acidity of carboxylic acid 1— In benzoic acid, the 7 — 7" trangition transfers charge from the ring to the

carboxylic group since antibonding MO islocated on the group. The acid strength becomesless. The variation if
often becomes as much as million times between the ground state and excited sate.

I dentification of organic compounds

The groupsin the organic compound absorb light of frequencieswithin certain range depending on its nature.
The some groups with range of absorbed frequencies (in cm™) are given bellow.

Groups Band{requencies Groups Bandfrequencies
| g (em™) (e
—o— JEE0-3030 S
| JO=C7 1600-1680
o H 3000 - 3120 —C=(C—  2900-2760
|
3340 —0OF 3500- 3700
=C-4 3300 - 3500
"M\_ p—
_ N—H
:: =0 1660—1870

Presence or absence of these groups may be established by the appearance or non-appearance of the
absorption bands associated with these groups.

MOLECULAR SPECTROSCOPY — DR N CDEY

29



Burdwan University, 2010
Q 4(f) Write down the selection rule for alowed rotational and vibrationa transition. @
Ans. According to rigid rotor model concept, the selection rule for rotational trangtionis AJ = +1,
It means that molecule trandtsin the successve levelsonly.
According to smple harmonic oscillator model concept, the selection rule for vibrationd level is
AV = %1, the molecule trandtsin the successve levelsonly.
But when the non-rigid model of molecule rotation is considered, the selection rule for rotational
trangtionisviolated and AJ = +1, +2, + 3, etc. aredlowed
Smilarly when anharmonic motion of the moleculeis consdered, the selection rule for vibrational
trangtionisaso violated and Av =1, + 2, + 3, etc. are permitted.

Q 5(c)(i) The microwave spectrum of HI conssts of a series of equally spaced lineswith AV =128 cm™.

Calculate the moment of inertia and the internucl ear distance. (3)
—27
Ans. Wehave Av = ZTh or, | = 22h_ = 2: 6627)(1? &9 S%C -gm cmt
8z°lc 87%(Av)c 8x(3.14)*x128cm ' x3x10°cmsec
= 4.37x10™* gm cm, thisisthe moment of inertia of the molecule.
Again,| = ,urz , where 1 = reduced mass of HI molecule = 1127 =1.65x10* gm.
(1+127) x6.023x10*
—41
Hence, the internuclear distance, r = y = 43018 §2;4m et =5.15x10cm=5.15 nm.
\/ H 1.65x10" gm

(i) Show that under harmonic oscillator approximation, the frequency of vibration of adiatomic molecule
isequd to the frequency of photon absorbed by the molecule. )]

Ans. Seethe Text for showing v =v/,.

(iii) What would be the zero-point energy of an oscillator if it isclasscal or quantum? (D)
Ans. The zero-point energy (ZPE) of classical ocillator iszero as, &, = nhci,, where n =0, 1, 2, 3, efc.

. 1 - |
But ZPE of quantum oscillator is EhCVO as, &, = (v+ Ej hcv,, where v =0, 1, 2, 3, etc.

1

h 2
Q 8C(a) Using the formula for the energy levelsfor the Morse potential, ¢, = hv(n + Ej - %(n + %) ,

deduce the expression of energy spacing between adjacent levels.
For *H *Cl, D,=7.41x10" Jand v =8.97x10" sec’, calculate the smallest value of n for which

gn+l_gn <0-5(81_80). (5)

Ans. g . —&,= hv(n+§j— (hv)z (n+§j2 - hv(n+1j— (hv)2 £n+%j2: hV{l—;—S(nJrl)]

2) 4D, 2 2) 4D, ]

hv

Thus, energy spacing, As = hv{l—ﬁ(n+1)} .Again, putting N=0, we get & —¢&, = hv [1— ﬂ} :

2D

e e

hy 2

7.41x107°J 1
6.627x10*Jsx8.97x10%s™* 2

Now for *H *Cl molecule, hv 1—ﬂ <05hv 1—l o, ns> e 1
2D 2D

e e

Now putting the values given for the molecule, we get n >

or, N>11.97. Thus, the smalles valueof Nn=12.
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Burdwan University, 2011

Q 4(d) Classfy the following molecul esin terms of spherical top, symmetric top and asymmetric top:
CHsCI, CHas4, NHs, H20. 2
Ans. CHsCl — Symmetrictop, snce ly =1z = Ix, Ix=0.

CHas — Spherical top, since IX=1y =1z
NHz — Symmetrical top, since IX=2ly =2z
H20 — Asymmetric top, since IX# ly = 1z.
IX, ly and |zarethe moment of inertia, one about each axis. [ See Fundamental s of molecular
gpectroscopy — C N Banwell]

Q 5(d)(i) Calculate the force constant for H **CI molecule from the fact that the fundamental vibrational
frequency is8.667 x 10" sec™! and the reduced massis 1.627 x 10% kg. (3)
Ans. The force congtant of the moleculeisgiven by

k=47°u(v)’ = 4x(3.14)" x1.6275x 107 kg x (8.667x10° sec ) = 48215 N ™.

2
(ii) Find the value of B(Jmax + %j at temperature, where B isthe rotational constant and Jmax isthe

rotational level with maximum population for a diatomic molecule. ®
2 2
Ans. Wehave J__ = K1 and so the value of B Jmax+} =B KT =B KT :
2Bhc 2 2 2Bhc 2Bhc
2
Sothevdueof B| J +E = k—T
2 2hc

Q 6C(ii) Show that the linesin the rotationa spectrum of a diatomic molecule are equispaced under rigid rotor

approximation. )

Ans. We have the energy expression of rotational level under rigid rotor modd is
&, =J(J+1)Bch,

where B = —2 , caled rotationa constant of the molecule. The spacing between two adjacent

8r°lc
rotational energy level is Ag, =¢,,, —&,= 2Bhc(J +1), where J =1, 2, 3, etc.
But A = hvc, the energy of the photon required to transit the molecule from J to J +1.
Thus, v=(J+1)2B.

Putting thevalueof J =0, 1, 2, 3, etc. we get v of the
rotationd lines of the gpectrum.
The spectrum shows the rotationa lines are equispaced — — — _

and the frequency gap of thelinesis Av = 2B. Visr Viss Vi L
The rotationa spectrum of a diatomic moleculeis shown ~ -1 =
in the adjoining figure. Ly [r:m :I

(iv) Judtify that the ground state vibrational level of a diatomic moleculeis more densely populated. (3)
Ans. Population in different energy levels are controlled by Boltzmann digtribution law. Let us consder the
populationin v =1levd relativeto v=_0level,

n.l. A‘50»1 nl
—=€ Kl But Ag,,, >> KT 0, —* isvery small and thus n, >> n, it meansthat
Ny

v =0 level isdensaly populated than v =1level Higher levelsare ill of lower popul ated.
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Burdwan University, 2012
Q 4(g) Sketchthe IR active and IR inactive modes of vibration for carbon dioxide molecule. 2
Ans. See Burdwan Univ. 2014 Q 6C(ii), page
Q 5(d)(i) The Morse potentid function, V (r) for adiatomic molecule may be expressed as
2
V() =D,[1-e“ T,
Cdculate V(r,), V() and « inthe above expresson.
Ans. When r =r,, theMorse function, V(r,) = De[l— g allere) ]2 = De[l— e°]2 = De[1— 1]2 =0.
When r = oo, the Morse function, V(o) = De[l— galee) T = De[l— e” ]2 = De[1- O]2 = De.

Expanding the expresson of V(r), we have

2 2
V(r)= D{l—{l—a(r—re)—%az(r—re)z ___H = D{a(r—re)+%a2(r—re)2} :
When the displacement is small, higher powers of (r—re) are neglected, the M orse potentia becomes
V(r)=D,a*(r-r.)’.

(1+1+2)

ThisMorse function isidentical with potentid energy of SHO whichisV (r) = %k(r - re)z.

Equating this PE with Morse potential, we get o = /% .

(i1) Justify that the ground state vibration level of a diatomic molecule is more densely populated.  (2)

Ans. Seetheanswer givenin BU 2011, Q 6C(iv), page
and it meansthat v=0 leve isdensaly populated than v =1levd.

Q 6(C)(i) Which of the following molecules may give rotationa spectrum:
Hz, HCI, N2, CO, DCL, CCl4. (2

Ans. Thecriteria of amolecule to give rotational spectrum isthat the molecule must have permanent dipole
moment ( 4, ). Thus, HCI, CO, DCI give rotationa spectrum.

(ii) Find the expression for the spacing between adjacent rotational levels under rigid rotor

approximation.
Ans. We have the energy expresson of rotationa level under rigid rotor model is

g, =J3(J+1)Bch,

@

h . . .
870" called rotational congtant of the molecule. The spacing between two adjacent
7zl C

rotational energy level is Ag, =¢,,, —&,= 2Bhc(J +1), where J =1, 2, 3, etc.
Thus, the spacing of the adjacent levelsare: Ag, ,, = 2Bhc, Ag, ,, =4Bhc, Ae, ,, = 6Bhc, etc.

where B =

(iii) The fundamental vibrational frequency of H *Cl is8.67 x 10% sec’®. Calculate the fundamental
vibrational frequency of D *Cl on the assumption that the force constant of the bond are equdl.
1

Ans. The fundamental vibrational frequency isgivenby v, = o \/E .
T\ U
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ThUS, (VO)D""‘CI — 'uH *al — (lX 35)/36 — ’3_5 % g =0.717
(VO )H %al Hyysg (2 X 35)/37 36 70
hence, (v, )D34<:| =0.717x8.67x10"s=c™.

Burdwan University, 2013

Q 4(d) Classfy the following moleculesin terms of symmetric top, soherical top and asymmetric top category:

vinyl chloride, BCls, CCla and H2O. @)
Ans. Symmetrictop (ly =1z Ix) — BCls. Spherica top (Ix=ly=1z)— CCl..

Asymmetrictop (1x# ly # 1z) — vinyl chloride and H2O.

Q 4(e) Write down primary condition(s) for a molecule to exhibit rotational and vibrational spectroscopy. (2)
Ans. For amoleculeto give rotational pectra, the dipole moment of the molecule about any component must
change whileit isrotating and thus the molecule must be polar.

For a molecule to give infrared spectra, there mist be change of dipole moment ( ., ) whileitis

d
undergoing vibration and thus the molecule must be an oscillating dipole, dlj( B +0.

Q 5c(i) Sketchthe potentid energy curve representing the s mple harmonic motion having vibrationa state
v=0tov=0.Pointout D, and D, in such curve. (3)

Ans.  For harmonic motion,
1 ) W anharmonic
PE(V)==k(r-r,) motion

2 harmonic Jp——
The potential energy (V) vs. internuclear motion -
disance (I' ) is parabola s
Sothereisno D, and D, . 5
But for anharmonic motion, D, and D, 4

are shown in the adjoining curve. 2
D, = dissociation energy and

£
£
o4

D, = depth of the potential energy curve

=0
Thus, DO:De—%thO. \';/;
r—
Q 6C(i) Sketch the normal modes of vibration of water. (3)

Ans. Seethe Text, page .

(ii) The rotationa spectrum of HCI molecule showsthat the rotationa lines are equally separated by
20.7 cm™. Calculate the internuclear bond length if reduced mass of HCI isgiven as1.627 x 10% kg.

h

Ans. ltisgiven AV =2B=20.7cm " or, B=10.35cm™". We have B = —.
87 uc

or,.I =

87°ur’c

Putting the val ues, we get
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6.627x10% J.sec

r= _ =1.289x10 °cm.
8x(3.14)" x1.627 x10** gmx 3x10"cmsec *x10.35 cm’™

(iii) Write down the dectronic trandtion involved H — T
in formal dehyde. ) Mo b
Ans. The molecule, formal dehyde contains PR
N —bonding dectrons and 7z —bonding —
electrons e ,-/*“/j
So there occur two types of electronic =
trangtions, H
. % 5 H"-\. i
viz. 7" <~ nand 7° « . c=d
Hoo

Burdwan University, 2014

Q 4(d) Write down the selection rules for rotational and vibrational spectroscopy according to rigid rotor and
harmonic oscillator model concept, respectively. ()
Ans. According torigid rotor model concept, the selection rule for rotational trangtionis AJ =1,
It means that molecule trangitsin the successve levelsonly.
According to smple harmonic oscillator model concept, the selection rule for vibrationd leve is
AV = %1, the molecule trandtsin the successive levelsonly.

Q 5(d)(i) Calculate the force constant for H **Cl from the fact that the fundamental vibrational frequency is
8.667 x 10" sec’ and the reduced massis 1.6275 x 10 kg. (2)
Ans. Seetheanswer given, BU 2011, Q 5(d)(i).

(i) The Morse function for diatomic molecule iswritten as V (r) = De[l— galre) ]2 . Show that the

Morse function gives V (r,) = 0 and V() = De. 2
Ans.  Seethe answer of BU 2012, Q 5(d)(i) (first two parts)

Q 5(e)(i) State and explain Franck-Condon principle. 2
Ans. Seethe Text, page .

Q 6C(i) Deduce the expresson for the rotational level having maximum population (Jmax ) usi ng the concept

of Boltzmann digtribution, for rigid diatomic molecule. 4
Ans. Seethe Text, page

(i) Show the IR active and IR inactive vibrational modes of CO2 molecule. ()
Ans. Antisymmetrical stretching and two bending modes of vibration are IR active while symmetrical
gretching mode of vibrational mode isIR inactive.
in the above three modes dipole moment changes due to vibration and in the letter mode, dipole
moment does not change due to vibration. See the Text, page

Calcutta University, 2010

Q 5(a) Explain how the bond length of a homonuclear diatomic may be determined spectroscopically. ()
Ans. Homonuclear diatomic molecule responds only to the visble and UV light of radiation and there occurs
electronic trangition producing e ectronic spectra. From the fine structure of the electronic spectra, it is
possible to determine rotational congtant of the ground electronic state aswell as higher eectronic gate
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of the molecule and from which the bond length of the molecule in both the states are calcul ated.

(b) Thefirst rotational absorption of *C*°O occursat 3.8424 cm* and that for *C*°O at3.6734 cm™.
Cdculate the atomic weight of C-13. Mention the assumption used, if any.

[Given, O =15.9994 and “C = 12.0000] (3+1)
_h gl A

8r°cur? vV oou

3.8424cm™*  m(12.0000+15.9994)

3.6734cm* 12.0000(m' +15.9994)

where ' isthe atomic weight of **C . Solving the equation, we get the atomic weight of **C = 13.0005.
The assumption isthat the internuclear distance (r) isnot affected by the isotopic subgtitution.

(c) What are meant by fundamental, overtone and hot bands in vibrational spectroscopy? €))
Ans. For anharmonic motion of the molecule, the vibrationd trandtion from v =0 to v = 1in association with
rotational trandtions gives a series of finelines, called fundamental bands.
For vibrationa trangtion from v =0 to v = 2in association with rotational trangtion givesfirst overtone
and for trangition from v =0 to v =3 gives second overtone, etc.
For Hot bands, seethe Text, page .

Ans. 1% line of rotationa absorption spectraisgivenby v, =2B and B =

Putting the values for *C*°0 and *C*°O, we get

Q 6(a) Sate Franc-Condon principle and illugtrate with suitable diagram. 3
Ans. Seethe Text, page
(c) What isthe effect of anharmonicity in the vibrationa spectra of a diatomic molecule AB? 2

2
Ans. (i) Potential energy ischanged and it is given by Morse function, V/(r) = D, [1— e_“(r_req
(ii) The spacing of the adjacent vibrational energy levelsare decreased and it is
Ag, =[1-2(v+1)x, |hcir,, where v =0, 1, 2, 3, etc.

(iii) The selection ruleis violated and it becomes Av= +1, + 2, + 3, etc.
Calcutta University, 2011

Q 5(a) Show that the combined vibrati on-rotation spectrum of a diatomic moleculeis generally found to conssts
of equally spaced lines on each sde of the band origin. Assume the molecule asrigid rotator and
harmonic vibrator. (4)
Ans. Seethe band of finelines on both sde of the band centre in the Text, page .

(c) The vibrational frequency of *H ™Br is v, =2649.7 cm*and XV, = 45.2 cm™. Find the frequencies

(in cm™) of the fundamenta and first overtone of *H “Br . 4)
—1
Ans. The anharmonicity constant of the molecule, x, = XV __45.2cm - =0017. The centre frequency of

V.  2649.7 cm

e

the fundamental band, v,4 =(1—2x,)v, = (1—2x0.017) 2649.7 cm " = 2559.6cm*.
The centre band frequency of the first overtone, Viy e = 2(1—3%, ) v,

= 2(1-3x0.017) 2649.7 cm™* =5029.13cm .
Q 6(a) Assuming the expression for rotational energy of arigid diatomic molecule show that the spectral lines

are equispaced. (3)
Ans. Seethe Text, page .

(c) Show different modes of CO2 molecule and state which is Raman active. (4+1)
Ans. Seethe Text for different modes of CO2 molecule in page
Symmetrica gretching vibration is Raman active.
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Calcutta University, 2012

Q 5(a) Write down the expression for energy (EJ ) in arigid diatomic rotor. State the condition for such a

rotor to be microwave active and sate the corresponding spectroscopic selection rule. Also find the
expression for trangtion energy. (6)

Ans. We have the energy expression of arigid rotor, E; = J (J +l) Bch, where B iscalled rotational

, h . N . .
congant andisequal to B = T | ismoment of inertiaand isequal to | = ur®, where u is
°1C

reduced mass of the molecule.

Condition for microwave active isthat the rotor must have permanent dipole moment. In other words,
any component of dipole moment of the rotor must change during the rotation of the rotor.

The selection rule for rotationd trangition in spectroscopy is AJ = %1, it means that the molecule
trandts between the adjacent rotationa levelsonly.

The transition energy of therigid rotor is AE, ;,, =(J +1)2B, where, J isrotational quantum
number and it hasvalues0, 1, 2, 3, €tc.
(b) State and explain with diagram the Franck-Condon principle. 4

Ans. Seethe Text, page
Q 6(b) Therotationa spectrum of °Br °F shows a series of equidistant lines 0.71433 cm apart. Calcul ate the
bond length of the molecule. 8

79x 1
Ans. The reduced mass of the molecule, 1 = mm _ 9x19 —=2543 % 102 gm.
m+m, (79+19)x6.023x10

—27
The bond length, T = |—1'— = _ 662710 erg sec ~1.05x10°cm.
8r°uc  |[8x(3.14)" x 2.543x 10 gmx 3x10°°cmsec™

(c) A linear molecule hasthe formula AB-. Discuss how would you ascertain whether the molecule hasthe
gructure BAB or ABB using its Raman and IR spectratogether.
Ans. Seethe Text.

Calcutta University, 2013

Q 22(a) The symmetric stretching of COzisIR inactive but Raman active. Explain. 2
Ans. Symmetrical sretching vibration is IR inactive but this mode is Raman active. See Text for explanation.

(b) Infra-red Raman spectrum of Cl2 molecule shows a series of Stokes lines separated by 0.98 cm™ and a
smilar series of anti-gokeslines. Calculate the CI-Cl bond length. (Atomic Wt. of chlorine = 35.45) (3)
Ans. Seethe Text for the answer.

Q 23(a) How doesthe IR absorption spectrum of a hypothetical diatomic molecule AB look like, when it
behaves as (i) harmonic oscillator (ii) anharmonic oscillator. @
Ans. (i) The absorption spectrum will be of one band consisting of fine lines symmetricaly sporead over on
both sdes of centre frequency line and thisline is absent for the molecule AB type.

(i) This spectrum will cons g of several bands and each band is having a fine structure. First band is of
high intense and called fundamental band, second band is of lessintense and is called first overtone,
third band isof least intense and is called second overtone, etc.

The centre frequency line in these bands remain absent for thistype of molecule and ratio of the centre

Ilnes are Vfundamental : Vla overtone : V2nd overtone ~ 1: 2 : 3 .

(b) An egimated bond length of the species CN is0.117 mm. Predict the positions of the firgt threelinesin
the microwave spectrum of CN. (Atomic weight of C and N are 12.011 and 14.0067 respectively). (3)
12.011x14.0067

(12.011+14.0067) x 6.023x 10”
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h 6.627x10 " erg
87°ur?  8x(3.14)* x1.0736x10* gmx (0.0117 cm)®

The position of the first three linesis 2B, 4B, 6B = 0.1143sec ™', 0.2287sec ™, 0.3429 sec™*.

The rotational congtant, B = =00572sect.

Q 24(a) Show that for the rotationa spectrum of a diatomic molecule, the rotationa quantum number (to the
nearest integral vaue) for the maximum popul ated leve is given by

KT Y2 1 . _
Joex =| ——= | ——=. Thetermshave their usual significance. 3

2hcB 2
Ans. Seethe Text, page

(b) If the J = 2to 3 rotational trandtion for a diatomic molecule occursat 2 = 2.00 cm, find A for the
J =6to 7 trangtion of thismolecule. ()

V. 2
Ans. We have 7 = 2B(J +1) s, 2222 = fon _(2+1) 3 o g s = Ay s X; = 2.00><$ =0.8571cm.

‘76—>7 - ﬂ“Z—)Cs’ - (6+1) B 7

Calcutta University, 2014

Q 22(a) Give three examples of three different model syssems where (i) energy levels are equispaced,

(ii) energy gap increases with increase in quantum number, (iii) energy gap decreaseswith increasein

quantum number. 3
Ans. (i) When the molecular model istaken as smple harmonic oscillator, the energy levels are equispaced.

(if) Whenrigid rotor mode is consdered for molecular rotation, energy gap increases with increase in
guantum number.

(iii) When the molecular vibration is anharmonic, the energy gap decreases with increase in quantum
number.

(b) The line spacing in the microwave spectrum of *CO and “CO are 3.68 cm™* and 3.84cm'™*,
respectively. Find out the isotopic massof °C . [m, = 15.9994 in “C scal€]. (2)

av _28 _#
Av, 2B, 1
Av, mlzc(mlac +Wb)
AV, mlsc(lec +m))
Salving the equation, we have the i sotopic mass of My, = 12.9438.

Ans. We have , where 1subscript isgiven for *CO and 2 subscript given for “CO .

368cm*  12.0000(m,, +15.9994)

o = .
384cm? My, (12.0000+15.9994)

, putting the values, we get

Q 23(a) The fundamental and first overtone transitionsof **N *°O are centre at 1876.06 cm *and 3724.20 cm™

respectively. Calculate the exact zero point energy of the molecule. (3)
Vigow (1-3
Ans. We have 7,y =(1=2%, )7, and V4 0 = 2(1-3%,)V,, 0 ——= = (1-3x,) . Putting the val ues,
Vtund (1_ 2Xe)

) L 1-3
3724.20cm - = ( Xe) . Now solving the equation, X, = 0.0069.
1876.066 cm™  (1-2x,)
Again, putting the value of X, and V.4 intherelationvy,, = (1-2x, )7,

we get 1876.066 cm ™ = (1—-2x 0.0069)¥, or, ¥, =1902.29 cm'*.

: 1, - 1 _ _
The exact zero-point energy of the molecule, &, = > hcv, — 2 Xchev,,. Putting the values, we get
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& = é x 6.627 x10 7 erg secx 3x 10 cm sec *x1902.29 cm™* (l— % x 0.0069) =1.88x10 "erg.

(b) The Raman shift of a given Raman spectrum line isindependent of the value of the exciting frequency,
v, . Explain. 3]
Ans. Seethe Text.

Q 24(a) What are meant by fundamenta, overtone and hot band in vibrationa spectroscopy? 3
Ans.  SeeCU 2010, Q 5(c), page

(b) The wave number of the incident radiation in a Raman spectrometer is20,487 cm™ . What isthe wave
number of the scattered stokes radiation for the J =0to J = 2 trandtion of **N,, for which

B=199cm™. )
Ans. Seethe Text.
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Contents of
the chapter

Absorption of visible

PHOTOCHEMISTRY

Introduction:

This chapter deals with the chemical reactions that result when the reacting
substances are exposed to radiation. The activation of the reactant molecules is achieved by
absorption of photon of appropriate energy. A photon of radiation, often called quantum, is the
primary unit of radiation of energy hv, where v isthe frequency of radiation.

Thesereactions are called photochemical reactions and are effected by

and UV radiation absorption of radiation of visible and ultraviolet region of wavelength, approximately ranging
supplies activation from 1000 nm to 100 nm. The energy of the photon in this range varies from 35 kcal mol™ to
energy to thereactants. 286 kcal mol "L which corresponds to the activation energy of the chemical reactions.
On the other hand, when photons of X-raysand y -rays or high energy particles
like
Radiation a -particles, [ -particles are used, they can ionize innumerable particles coming in their path.
chemistry. Their energies are so high that they can produce drastic or vast changes. These effects are studied
in another chapter, called ‘radiation chemistry’.
Difference between photochemical reactions and thermal or dark reactions.
The differences between these two types of reactions are given below:
Photochemical (1) Photochemical reactions occur in presence of light and activation of reactant moleculesis
activation and thermal achieved by absorption of light energy (photochemical activation).
activation. But thermal or dark reactions do not require the presence of light. Activation

Absorption of light

of reactant molecules is achieved from thermal energy of the molecules (thermal activation).
(2) Thermal reactions are always accompanied by the decrease of free energy (AG < 0).
But photochemical reactions occur not only for the reactions with AG < 0, but also for
reactions with AG > 0.
When spontaneous reactions (AG < 0) occur photo chemically, light can act to
speed up reaction i.e. it acts essentially as catalyst.

In the non-spontaneous reactions (AG > 0), the radiant energy supplies the energy
that can increase the free energy of the reactant molecules so that G, o, < Gieerane @0

AG =G, ot ~ Gramtant = (V).

In photosynthesis of carbohydrate (non-spontaneous reaction, AG > 0), under the action of
sunlight and promoted by chlorophyll, CO, and H,O are combined in plants to produce
complex carbohydrate materials and O.. On removal of light, the products oxidize slowly
back to CO, and H>0, releasing at the same time the energy accumulated from the sun’s
radiations. Other non-spontaneous reactions that occurs photo chemically are

30, — 20, dimerisation of anthracene : 2C,H,, —(C,,Hy, ), ,

decomposition of ammonia: 2NH, — N, +3H,,, €tc.

(3) Rate of the thermal reactions is highly influenced by the change of temperature.
Therate of thermal uncatalyzed reactions at any fixed conc. becomes doubl es to trebles by the

accelerates the rate of
spontaneous reactions and
can also make
non-spontaneous reactions
to occur spontaneouslyv.

reactant

rise of 10° temperaturei.e. (kmo ij ~ 210 3. (Arrhenius relation)

Thermal reactions are
temperature-dependent
whiletruly photochemical
reactions are independent
of temperature.

But the rate of truly photochemical reactions is not influenced by the change of
temperature. Since activation energy is acquired not from thermal energy but from light, the
rate of these reactions is dependent on intensity of the light used for irradiation.

The number of molecules activated is proportional to the intensity of light to which the
reactant is exposed.

With sufficient intense light sources, it is possible to attain reaction rates at ordinary
temperature which would not result thermally except at considerably devated temperature.

Any change of rate of photochemical reaction with temperatureis due
primarily to thermal reactions which follow the activated process.
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Every substance has
specific absorption
peaks at certain
wavelengths, called

A

max

Statement of the law

Mathematical
statement of the law

Integrated form of
the law

Definition of the
molar absorption
coefficient (&)

Transmittance, opacity

and absorbance

Absorbance (A) is

extensive but molar

absorptivity (&) is
intensive

Determination of
molar absorptivity of
the substance (&)

(4) More energy is often absorbed in photochemical reactions thaniit is required for activation,
but this situation is rardly attained in thermal reactions.

Absorption of light:

When light is passed through a
solution or a given liquid, absorption does not occur
at all wavelengths ( A). Light is considerably absorbed
at a particular wavelength within a small range. At the
shorter or longer wavelength side, absorption is very small.

Thus if we plot intensity of light absorbed (| ) against IrzEJ.s
wavelength (A ) , we obtain maximum absorption at a
particular wavelength, called 4, . Every substance has

Area

got its specific absorption curve and particular 4, values A
Absorption of light is governed by Lambert-Beers law for
solution of the light absorbing substance. Chlarophyll
Lambert-Beer’s law: /‘\
The law states that ‘the rate of decrease I ahs
of intensity of radiation with thickness (1) of absorbing
solution is proportional to the intensity of radiation (I) and
to the conc. (¢) of the solutein solution. That is,
dl 450 & 650 A
—a = k cl /1—“?

Where, ¢ = molar conc. of the solution,
| =intensity of radiation and k is proportionality constant, called absorption coefficient of the
solution.

| |
Separating the variables and integrating, we get —Ic:—l = kcI dl
o 0 — - _
| | K | Iy = — |1
or, In-2=kcl or, |og_0:[ jd o, log-2=gcl, — —c)=
I I 2.303 I — -
where |, = intensity of incident radiation and ]

| = intensity of transmitted radiation.
% 303~ ¢ formerly called molar extinction coefficient but now called molar absorption

coefficient or molar absorptivity of the substance. It depends on the nature of the substance that
absorbs light and on the wavelength of the light used.

It may be defined as ‘the reciprocal of thickness of one molar solution when the intensity of the
incident radiation falls to one tenth of the initial value’.

I - . . I . -
% is the opacity of the solution and % i is called transmittance.

|og||_0 = A, called absorbance or optical density of the solution.

A is an extensive property but molar absorption coefficient, & isintensive one.
Thus Lambert-Beer’s law takes the simple form,
A=¢cl. ,]\
The absorbance (A) of the solution is measured by photocell, thermopile
or chemical actinometer. The molar extinction coefficient (&) is
determined by plotting A vs. ¢ and the value is obtained from the slope.
For the purpose, solutions of different conc. of the light absorbing

PHOTOCHEMISTRY —-DR. N. C. DEY
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Beer’s law for solution
having several color
absorbing solutes

Magnitude of &
depends on the unit
chosen for conc.

When mol. wt of the
solute is not known,
% conc. is used.

Thelaw formsthe
basis of
spectrophotometric
analysis.

Deviation originates

when the structure of

the soluteis changed
in solution.

Question (1)
Answer:

Question
Answer:
Question

Burdwan Univ.
1998

Answer:

Calcutta Univ.
1979

substance are prepared and the absorbance is determined for these
solutions using the light of wavelength, A, of the substance.

Theintensity of light absorbed, 1, =1, —1 =1,-1,107 =1,(1-10"").
For the solution containing several light absorbing substances, the Beer’s law is
A=¢cl+egcl+——— or, A=2¢cl

where, ¢,, ¢, arethe molar absorption coefficient of the light absorbing solutes at agiven A of

thelight used and c,, C, aretheir respective molar conc. of the solutes in the solution.

Magnitude of & depends on the choice of conc. of the solution. If conc. is moal lit™?,
then unit of ¢ is the absorbance per unit length per unit conc. That is, unit of & = cm™ mol™ lit.
Dimensionof ¢ isL?x L3=L2
When molecular weight of the solute is not known, conc. is expressed in % and

&1 (325 nM) =30 means that for the substancein solutionat 4 = 325 nm, a solution of 1%

and length 1 cm has log (1o/l) = 30.

Fromthevaueof & and A, it is possible to determine the conc. of the light absorbing substance

in solution and it is the basis of spectrophotometric analysis. Thelaw is able to determine the

conc. of the solution within error less than 1%.

Deviation:

This law holds good for wide range of conc. (@) unless the structure of the color

substance is changed.

(b) Large amount of electrolyte may shift the absorption maximum and thus value of & may be
changed.

(c) Discrepancy may also be found when the color solute ionizes, dissociates or associatesin
solution and thus the nature of the species changes.

(d) Discrepancy also occurs when monochromatic light is not used.

Somerelated questions and answers:
The optical density of a solution is never negative. — Why?
Optical density =log (Id/1) is (+) vealwaysas lo > |, s0 I/l is greater than 1.

Find the dimension of molar extinction coefficient and write down its unit.

The dimension of molar extinction coefficient, & = %I =L2. Unit of & iscm™® mol™ lit.

Completethetable | % T  Conc. (M) | Answer: 0.00074 (M)
50 0.001
60 —

A dye solution of conc.0.01 g /cc absorbs 40% of bluelight in a cell of thickness 1 cm.
What would be the conc. to ensure 90% absorption in the same cell?

The absorbance, A = log (1o/l) = log (100/60) = 0.2218. Wehave, A= &cl .

Putting the values, 0.2218 = & x0.01 x 1 or, & =22.18cm™ g’ cc.
Again for 90% absorption, log (100/10) = 22.18 x ¢ x 1 or, ¢ = 0.045 ¢/ cc.

A 1x107° (M) solution of adye (X) shows an absorbance of 0.20 at 450 mp and an absorbance of

0.05 at 620 my.. A 1x10™ (M) solution of another dye (Y) shows 0.00 absorbance at 450 my and
an absorbance 0.42 at 620 mu. Calculate the conc. of each dye present together in a solution
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Answer:

Burdwan Univ.

1997

Calcutta Univ.
2002

Answer:

Calcutta Univ.

2001

Answer:

which exhibits an absorbance of 0.38 and 0.71 at 450 mp and 620 mp .respectively. The same
cdl isused in all measurements and its thickness is 1.00 cm.

For thedye (X), 0.20= &, (450mu)x1x10°x1 or, &, (450m) =200 cm™ mol ™ lit.
and 0.05 = &, (620mMu)x1x10°x1 or, &, (620m)
For thedye(Y), 0= &, (450mu)x1x10“*x1 or, & (450mu) =
and 042= &, (620mMu)x1x10"x1 or, & (620mu) =4200cm™ mol™ lit.
For the mixture of thetwo dyes, A=¢g,C,l+&,C/|.Thus, 0.38 =200% ¢, x1+0xC, x 1
or, c, =1.9x10%(M).
Again, 0.71=50x 1.9 x10°x 1 + 4200 x ¢, x1 or, ¢, = 1.46 x10™* (M).

=50 cm* mol™ lit.

A mixture of dichromate and permanganate was analyzed spectrophotometrically at 440 nm and
545 nm as a means for simultaneous determination of these two species, and the observed
absorbance values were 0.385 and 0.653 respectively at each wavelength for a 1.00 cm cell.
Calculate conc. of dichromate and permanganate in the known mixture,

[Given, for Cr,0," : &,,, =370litmol* cm™ and &, = 10.8lit mol™* cm* and

for MnO, : ¢,,, =92.8litmol™ cm® and &, = 2350 lit mol* cm]

Answer: G o+ =471x10* (M) and Gy =273 % 10% (M) .

A 2 x10™ (M) solution of a dye when placed in acel of 1.0 cm path length transmits 10.0% of
460 nm radiation incident on it. Calculate the value of the molar extinction coefficient of the dye.
If the same solution be placed in a cell of 5.0 mm path length what would be its absorbance?
Will the value of the molar extinction coefficient change if the measurement be made with

2 x10* (M) solutionin a 1.0 cm cell using radiation of 4 = 500 nm? (5)

Ist part: A= & ¢ |, where, A = log (lo/l). Putting the values, log (100/10) = & x 2x10%x 1
or, £ =5x 10% cm™ mol* lit.
2¥part: A= g cl =5x10°%x2x10*% 0.5=0.5.
3" part: The molar absorption coefficient depends on the nature of the substance and the
wavedength of the light used. Since the wavelength is changed in the experiment from
460 nmto 500 nm, the molar absorption coefficient ( &) of the substance will change.

A light of wavelength A having anintensity |, fall on a solution of conc. ¢ and path lengthl .
Write an expression for the intensity of light absorbed (12). Under what condition, will 1, be
proportional to c? (3)

1% part: The expression is given by Beer’s law, A= ¢ c |, where, A = log (I¢/l).

Thus, log (Id1) = & ¢ | or,In(lol) = (2303 &) c | or, | =1,
But, I, =1,—1 . Now putting the expression of | ,
we get, I, =1,—1, @ 230scl _ |O(1_ efz.sosgm).

" part: But when conc. cislow and ¢ issmall in value,
I, =1,[1-(1-2.303cl ———) ] =(1,%2.303¢ ) c = constant xc

and |, isproportional to conc. c.
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Calcutta Univ.

2004
Answer:

Calcutta Univ.
2014

Answer:

A 0.01 molar solution of a compound transmits 20% of the Na-D line when the absorbing path is
1.50 cm. What is the molar extinction coefficient of the substance? (2)

Beer’s lawis givenas A=g¢g cl, wheeA = log(lo/l) and & ismolar extinction
coefficient of the compound

Thus putting the values, we have, log (100/20) = ¢ x 0.01 x 1.5 or, & = 46.6 cm™* mol™ lit.
Ethylene has a UV absorption peaks at 162 nm with molar absorption coefficient

& =1x10"cm™* mol*lit. Calculate the absorbance of 162 nm radiation through a sample of

ethylene gas at 25 °C and 10 torr for acdl of length 1 cm. 2
We have Beer’s law, A=e&dl .

10/760)atm
But, _P_ ( / ) =5.38x10"mol lit™*.

C=—=
RT 0.082lit atmmol K ™ x 298K
Now the absorbance, A=1x10" cmi™*mol it x5.38x10*mol lit™* x1ecm=5.38.
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arhislaw indicates
qualitative relation
between light energy
absorbed and the
subsequent chemical
reaction occurred.

The laws of Photochemistry:
The photochemical reactions are governed by two basic laws. These are given below:

(2) The Grotthus— Draper law: This law states that
“Only those radiations which are absorbed can be effective in producing the chemical change.”
However, it does not necessarily mean that the absorbed radiation will
always bring about chemical change. The light absorbed may increase thermal energy and
thereby temperatureis increased. The absorbed radiation, in many cases, may be re-emitted in
the form of resonance radiation, fluorescence and phosphorescence.
Thislaw is purely qualitative and it does not indicate any relation
between the absorbed light and the amount of chemical change.

(2) The Einstein’s law of Photochemical Equivalence:

Thislaw statesthat “Each of quantum of radiation absorbed activates one molecule in the

This law is quantitative primary step of a photochemical process.”

one and is based on

The law states that each molecule takes one quantum of radiation for its activation and

quantum aspect of light. subsequent chemical reaction. Thus one molecul e absorbs the entire quantum and the energy

of the photon does not spread continuously over anumber of molecules that are exposed to
the light beam.

Thislaw isin a sense simply a quantum mechanical statement of the Grotthus - Draper law.

Efficiency of light energy |t s, thus, another example of the break of classical mechanics.

to bring out chemical

reaction is expressed by

quantum yield.

Definition of
quantum yield of a
photochemical
reaction.

Definition of one
einstein of light energy
and itsvaluein
different units.

Quantumyield isthe
rate of reaction per
einstein absorbed in
unit time in volume.

Quantum yield may
also beviewed in
different angle.

This law is the quantitative formulation of the 1% law of photochemistry.

Einstein’s law should not be interpreted to mean that one molecule would react per quantum

of radiation but it means that only one moleculeis activated by each quantum of radiation.
The efficiency of the absorbed light in bringing chemical change is expressed by

a term, called quantum yield (o). It is defined as

Number of moleculesreacting or formed

Number of quantumof light absorbed

The energy corresponding to Avogadro number of photons (one mole photon) is called one
einstein of energy. Thus the law can be stated as one mole of reactants will be activated by
absorption of one einstein of radiation.

Quantum yield (¢) =

Oneeinstein of energy (E) =Na hyv = N h% Where, cisthevelacity of light.

23 -1 27 0 1
o Onednstdn:(e.ozsxm mol *x 6.625x10 % erg secx 3x 10* cmsec%j erg mol em.

_ (1.196 x 10° A ) erg molt cm = (2.8%) cal mol™ cm.

One einstein energy is not an universal constant but it depends on the wavelength of light used.
Number of molesreacting or formed

Number of einstein of energy absorbed

Therefore the quantum yield of areaction is the number of moles of reacting or formed per
einstein of energy absorbed. If unit time and unit volume of the reacting system are considered,
then,

moles reacting per unit time per unit volume (rate of the reaction) or d[X]dt

einstein of light absorbed per unit time per unit volume (1 ,,.) Px = e

In other words, it can be said that rate of a photochemical reaction is proportional to the intensity
of light absorbed, 1.s, and the proportionality constant is quantum yield, ¢. Thus for the reaction,

Thus, the quantum yield (o) =

w:

A+2B— C
Rate of thereaction, r = _diA =—ld[B] = dic] =@l -
dt 2 dt dt
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@ isoneinthe
primary step but
overall photochemical
reaction may have
small or high value of
®

Secondary chain
reaction may lead to
high value of
quantum yield.

Secondary thermal
reaction may lead to
high quantum yield.

Activated molecule
may collide with
normal molecule and
both are decomposed.

Primary product may
act as catalyst

Secondary steps may
be exothermic.

Photo-physical
process
Deactivation of
activated molecule

Secondary inhibition
reaction

Reverse of primary
process

Exception to the
Einstein’s law

Excimer and
exciplex.

Though the intensity is the energy that falls on unit cross-sectional area per unit time, herel s is
defined as the number of moles of photons absorbed per unit time and per unit volume.
The quantum yield () of a reaction may vary from small value to very high value.
For the primary step (light absorbing step) of the photochemical reaction, generally the absorbed
photon brings out the chemical change of one molecule and so quantum yield () is unity.
The departure of ¢ from unity in a photochemical reaction is due to the nature of the secondary
steps which follows from the primary step.
Reasons for high quantum yield:
The following reasons may be considered for ¢ > 1.

(2) The products formed in the primary step may initiate chain reaction.

The exampleis photochemical formation of hydrogen chloride. Hz + Cl» M, 2HCI.

The primary step : Cl; + hv — 2Cl (light absorbing step).

The products of the primary step initiate the propagation step of the chain reaction.

The secondary steps: Cl + H, — HCI +H and H + Cl, — HC1 + CL

These propagation steps continuetill the reactants are consumed.

The quantum yield of formation of HCI is at least 10° i.e. one photon absorbed can produce

about 10° HCI molecules.
(2) The products of primary step may undergo thermal reactions in the sub%quent secondary

steps. The example is photo-decomposition of hydrogen iodide, 2HI L T

The primary step: HI + hv — H + 1, the secondary steps are, H + HI — Hp + I and I + I— L.

One photon dissociates two molecules of HI, so quantum yield of decomposition of HI is 2

e, ¢, =2.

(3) The activated molecule in the primary step may collide with the normal molecule and then

both are decomposed. The example is photodecomposition of NOCI:

Primary step: NOCI + hy — NOCI" (activated).
The secondary step: NOCI” + NOCI — N + Cl,, and the quantum yield, ¢,oq = 2.

(4) Theformation of product in the primary step may act as catalyst in the secondary steps and

thus rate of the reaction is enhanced and quantum yield is greater than one.
(5) In exothermic reaction, heat evolved may activate other molecul es and these molecules are

decomposed by thermal reaction.
Reasons for low quantum yield:

Followings arethe reasons for ¢ <1.

(1) The activated molecule in the primary step may be deactivated through resonance or
fluorescence or phosphorescence (photo physical processes) and thus ¢ <1.

(2) The activated molecule may undergo collision with other molecules so they are deactivated,
only producing thermal energy and thereby temperature is increased.

(3) The secondary process may involve a step which uses the product molecule as one of the
reactants (inhibition step). The exampleis in the decompasition of HI from H; and |, one step
is inhibition step.

HI + hv - H+1, H+Hl - Hx+ 1, 1+1-I; and H+ |, — HI +1 (inhibition step).
Dueto thelast step, the quantum yield of decomposition of HI is less than 2.
(4) The primary photochemical step may be reversed (recombination of freeradicals).
Br, + hv — 2Br (primary step) but, 2Br — Br, (reverse step).

Note: Exception to the Einstein’s law have recently been reported in simultaneous two quantum
absorptions in system illuminated with intensive and coherent radiation from laser.
A+2hy A",

When the A" (excited molecul€) collide with an unexcited A or B molecule to form Excimer
(AA)" and exciplex (AB)’
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A+A —(AA) and A+B—(AB)
These species are stable only in common in solutions of aromatic hydrocarbons. The Excimer and
exciplex then undergo fluorescence,  (AA) — 2A+hv o, (AB) — A+B+hy
or non-radiative decay to 2A or A + B.

Related problems:
Calcutta Univ. (1) When acetone vapor isirradiated with light of wave length 3130 A, it decomposes to form

2000 ethane and CO, (CH;),CO+hv —C,H,+CO.

Using reaction cell of 60.3 ml capacity and a temperature of 56°C, irradiation for 23000 sec
at arate of 85200 erg sec™ produced a change in pressure from 760.0 mm to 790.4 mm.
Calculate (i) the number of acetone molecules decomposed and (ii) the quantumyield. (4).

Answer: Let n moles of acetoneis taken initially and X mole of acetone is decomposed in 23000 sec.
So after decomposition, total moles=n— X + X+ X =n+ X.

pv (780075 o)atmx60.3x10°L

Attime t=0,n=""= — =2.208x10° mol -
RT  0.083Latmmol 'K ™ x(273+56) K
7904/ )atmx 60.3x107°L
After 23000 sec, n+x= ﬂ = ( /7 60) =2.296x107 mol -

RT ~ 0.083Latmmol 'K " x(273+56) K

The number of moles decomposed in 23000 sec ( X) = (2.296 — 2.208) x 10 mol
=0.088 x 10° mol.
The number of acetone molecul es decomposed = 0.088 x 10 mol x 6.023 x 10* mol*

=5.3 x 10"
Number of photons absorbed = 85200erg sec * x 23000sec — 3.08x107
6.625x10 %" ergsecx 3x 101°cmsec7
3130x10%cm
9
The quantum yidld = - number of acetone molecules decomposed _ 5.3x10" _017.
number of photons absor bed 3.08x10%
) (2) In the decomposition of ethyleneiodide, CoHal2 + hv — 2CoH4 + 12 with radiation of 424 nm,
BurdwanUniv. the iodine formed after 20 min required 41.14 ml of 0.005 (M) sodium thiosulphate solution.
2000 Theintensity of light source was 9.15 erg sec™. Calculate the quantum yield.
Answer : The reaction between sodium thiosulphate and lodine is 2 NaxS,03 + > = NaeS4Og + 2Nal
The number of moles of iodine formed after 20 min. = MO:&MX% =1.0285x10“mol -
1
- = 1.0285x10™* - -8 -1
Rate of formation of I x AOxGO =8.57x10"mol sec™.
The number of einstein absorbed = 9-815 _324%10°2-
1.196x10
424x107

Number of molesiodinereacted  8.57x10°°

- = 2.645x10".
Number of einstein absorbed  3.24x107*

The quantumyield, o =

BHU AdmtoM.Sc.  (3) Inaphotochemical reaction, A — 2B + C, the quantum efficiency with 500 nm light is
2011 2 x10? mol einstein™. After exposure of 300 m moles of A to thelight,, 2 m moles of B is
formed. The number of photons absorbed by A is
(1) 1x10"®  (2)3x10"®  (3) 6x10® (4) 9 x10%.
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3
1 m mol of A reactsto give2 mmol of B, s0 o102 - x10 molesAreacted
Answer number of einstein absorbed

Solving, we get the number of einstein absorbed = 0.5 x.10° .
Number of photons absorbed = 0.5x.10°x 6.023 x 10 =3 x 10",  Option (2) is correct.

IT-JAM, (4) A photochemical reaction was carried using a monochromatic radiation (490 nm) of intensity
2011 100 W. When the sample was irradiated for 30 min, 0.3 mole of the reactant was decomposed.
Estimate the quantum efficiency assuming 50% absorption.
Answer The energy of one photon corresponding to the wave length (490 nm) of radiation

_hc/ _6.625x10°* Jsx 3><108ms’1/ _ 19
hy = A_ 190x 10 °ny— +056x107J

100Js*(50/100)x 30x 60
4.056x10™J
Number of moleculesreacting _ 0.3x6.023x10% molecules

Number of photons absorbed 2.22x10% photons

Number photons absorbed in 30 min = =2.22x10%

Quantum efficiency = 0.82-

GRE Sample (5) Theyield of HCI from the photochemical reaction, Hx(g) + Clx(g) My 2HCI(g) is found
Question to be 3.0 x 10° mol when 1.5 x 10" photons are absorbed. Which of the following statements
explain the observation?
(A) The process requires multiphoton absorption.
(B) The process violates Franck — Condon principle.
(C) The fluorescence quantum yield is 1.00.
(D) Thereaction is a chain reaction.
— Number of moleculesreacting _ 30x10°x6.023x10”molecules

The quantum yield, =
Pra Number of photons absorbed 1.5x10" photons
=1.2x10°,
The high quantum yield is the indicative of chain reaction. The correct answer is (D).

Answer.

Calcutta Univ. (6) The photo-dissociation of gaseous hydrogen iodide to form normal hydrogen and iodine
2009 atoms requires radiation of 4040 A or less.
(i) Determinethe molar heat of dissociation of hydrogen iodide,
(i) if the radiation of 2537 A is used, how much energy will appear as kinetic energy of the
aoms. (4)
Answer. One einstein energy of radiation is the molar heat of dissociation, HI since the one mole of HI
is dissociated by the absorption of wave length, 4040 A
So, the one einstein of energy of radiation of 4040 A

_ Nyhc  6.023x10%mol ™ x6.627x 10 erg secx3x 10 cmsec™
A 4040x10 8 cmx 4.2x10"erg kcal ™

Energy corresponding to radiation of wave length, 2537 A = 70.58{4040) —112.4 keal mol -
2537

=70.58 kcal mol ™.

The kinetic energy that will appear = (112.4 — 70.58) kcal = 41.82 kcal.

Ouestion: The C = O bond energy in acetoneis 728 kJ mol . Will alight of 250 nm be ableto break the
bond? (2%2)
No. The energy corresponding to radiation of 250 nm = 478.4 kJmol™, soiit is less than the

Answer: energy required to break the bond.
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Franck-Condon rule;

when electron moves,

internuclear distance

remains unchanged in
the molecule.

PE vs. internuclear
distance(r) diagram
showing Franck-
Condon principle

Photo-physical

processes

Photo-chemical
processes

Primary processes in Photo-chemical reactions

The primary process in photochemical reaction is the light-absorbing step which follows the law
of photochemical equivalence. The photon in the region of visible and ultraviolet radiation
absorbed by a molecul e causes the el ectronic transition. The electronic transition follows
Franck-Condon rule according to which, the timerequired for electronic excitation is so small
that the internuclear distance remains unchanged during the excitation.

Thisis dueto the fact that € ectronic movement is much more rapid compared to nuclear
movements. The period for eectronic transition (may be calculated roughly from Bohr’s mode,
the time required to circle a hydrogen nucleus) is about 10° sec while vibrational period is of the
order of 10"* sec. This suggests that nuclei will not change their positions when electronic
configuration changes. The spectral transitions are drawn vertical as shownin the

figurePP’,MM', NN’ €tc.
i
/‘ F EXCITED STATE
'
5 I
PE| |, 1
Y E ;"1-.;[
y ;
Y B
-
Pl GROUMD STATE
r }

Franck-Condon principle further states that an dectronic transition would occur when the
molecules in the lower electronic state are in their extreme positions such as M, N, etc except in
the lowest vibrational level when the excitation starts from equilibrium position, (P).

Thisis dueto the fact that quantum mechanical results show that in the lowest energy state,
contrary to classical ideas, the most probable inter-molecular distance is that corresponding to the
equilibrium position. For the higher energy states, quantum mechanical result is more like the
classical result and most probable configuration is at the ends of the vibration, where the atoms
must stop and reverse their direction.

After absorption of photon in the region of visible or UV radiation, the energy rich excited
molecule may undergo photo-physical processes by way of fluorescence and phosphorescence or
resonance radiation. By these processes, the excited molecule re-emits radiation and comes back
toits ground state. In many instances, the excess energy gained by the molecule may be
transformed into heat energy by collision with other molecules and thereby temperatureis
increased.

The absorption of photon on the other way may lead to chemical reactions. Such behavior can be
explained by the potential energy curves. Four types of primary processes are possible. These are
given below:

Typel:
When the moleculein the higher electronic state also assumes a definite stable vibrational level
as shown in thefigure, there will be no direct dissociation of the molecule. The excess energy,
in the usual course, may be dissipated by the photo-physical processes as outlined above. But the
molecule may retain its energy until it can be used chemically. The spectrum will show fine
structure.
(a) By combination with another molecule, such as

NOCI + hy - NOCI*, NOCI* + NOCI — 2NO + CI,
The photo chemically excited NOCI* collides with a normal NOCI molecule leading to chemical
decomposition. The quantum yield (¢) = 2.
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PE vs. r diagram for

transition from ground T 7 ecited state
state to stable vibration

level of the excited
State

Example of
photosensitization

PE vs. r diagram for
transition from ground
state to excited state of

above the vibration

stability level.

Example of
photochemical chain
reaction

FE

vertical transition

ground state

internuclear distance (1] —=

(b) By transferring the excitation energy to another molecule which in turn utilizes the energy for
activation and produces the chemical change, such as, decomposition of oxalic acid by UO,™ ion

UG, + hy — (UO2™)* ; (UO;™)* + (COOH), — UO;™" + CO + CO, + H,0

The excited uranyl ion (UO2"™)* actually passes the energy to an oxalic acid molecule and the
latter suffers decomposition.

This reaction is called photo sensitization reaction and (UO-") is called photo sensitizer, acting
the function of photochemical catalyst.

Typell:

If the moleculeis raised to the higher electronic state and acquires a vibrational quantum level
above the maximum stability level, the energy acquired is higher than the binding energy
concerned, the molecule in the first oscillation will undergo dissociation. The spectrum will
show continuum.

% excited state

FE vertical transition

ground state

internuclear distance [ r) —=

The product of dissociation may enter into a simple thermal chemical reaction or these may start
chain reaction.
(a) Thermal chemical reaction: Photo chemical decomposition of HI:

HI+ hy — H+1: primary step (or light absorbing step)

H+HI—-H; +1, I+1— I, : secondary thermal steps.

Quantumyield = 2.

(b) Chain reaction: Photochemical combination of H, and Cla.

Cl> + hy — 2ClI: primary step (light absorbing step)

Cl +H; — HCI + H; H + Cl, — HCI + C1 ; secondary chain propagation step.
The quantum yield (¢) is very high since the propagation steps continue till the reactants are
exhausted.
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PE vs. r diagram for
transition from ground
state to unstable
excited state.

Typelll:

The absorption of energy may raise the molecule to an electronic state which is quite unstable and
the corresponding potential energy curve does not show any minimum. No sooner is the photon
absorbed, the molecul e breaks down into atoms and radicals. The fragments of dissociation are
produced with different kinetic energy and a continuous spectrum is obtained without any fine
structure.

unstahle
excited state

FE

vertical transition

grouncd state

internuclear distance ( r] —=

The products of dissociation may start secondary chemical changes as outlined in the typell.

Type | V: Pre-dissociation:

Beside the above, the dissociation may occur in another way. In this case, stable and unstable
upper levels overlap each other. Transition occurs from the lower level (1) to the stable upper
level (11). During the course of vibration, the molecule may shift from the stablelevel (I1) to the
unstableleve (I11). When a shift of this type takes place, the molecule would dissociate
producing atoms or radicals. The behavior isreferred to as the pre-dissociation. The spectrum
would show fine structure at lower levels of vibration followed by continuum: the latter may be
followed by again fine structure.

stahle
excited state

II conversion from
\ﬁ& IIto III

internal

PE vs. r diagram for T ?&stable
excited state

transition from ground

state to stable excited ITI

state and then to
unstabl e state

(Pre-dissociation).

FE

vertical transition

ground state

internuclear distance ([ r) —=
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Example of photo-
decomposition of
acetone.

Photochemical
decomposition of HI is
studied at wave length

282 nmand 253 nm.

Mechanism of the
reaction

Rate equation of the
reaction on the basis of
the proposed
mechanism.

Photo-dissociation of acetone may be cited as example:

¥
I:H3 ':Hg I:H3
et s % T
C=0 4+ hy — =0 — C=0—CH,+ CH.CO
- ,ff P 3 3
CHS ':H3 CH3

The photon absorption may primarily occur at C = O bond and subsequently on transfer, leads to
the cleavage of C — C bond. The existence of freeradicals has been experimentally detected.
The secondary processes may follow as

CHs + CH3CO — CyHg + CO; CHsCO — CH3 + CO

That is, first excited eectronic level of C = O is stable but that of C — C isrdatively less stable
and so latter is broken up by the absorption of radiation.

SOME TYPICAL EXAMPLE OF PHOTOCHEMICAL REACTIONS
(A) Photochemical decomposition of hydrogen iodide ( 2HI - Ho+ 12 ):

The electronic spectrum of HI in the wave length region 200 nm to 330 nm shows continuum,
indicating that HI molecule is dissociated in this A - range by absorption of radiation.
The decomposition has been studied at 282 nm and 253 nm. The following mechanism has been
suggested for the reaction (282 nm is equivalent to 101 kcal/mol).
Primary step: HI + hv — H + I, rate = quantum yield (¢) X las, but @ = 1 for the primary step
and so rate = | xs, it isthe number of Einstein absorbed per unit time
per unit volume of the reaction mixture.

I,
Secondary steps: H + HI ——*Hx+1;  rate= ko [H] [HI]
[
| +1 LB P rate = ks [|]2
However, thisis followed by an inhibition step

Inhibition step:  H + 12 s HI + I; rate= ka[H] [12]
This step occurs when large amount of 1, accumulates in the reaction vessel.
Following the above proposed mechanism, the rate of photo decomposition of HI is given as:

- KIHIH - K] ®

Using the steady state condition of H-atom, we get d[d:'] as — IG[HI[HIT=K,[H][1,]=0 (2

Utilizing the relation (2), we get —M=2k2[H][HI]. (3)
From the steady state equation of H-atom (2), [H] = m .

diHIT 2k [HITI
dt  K[HIT+k,[1,]
or, the rate equation for the photo decomposition of HI using the above proposed mechanismis:
_d[Hl] B 21 . 4

c _1{&}[!21
k, J[HI]

Putting the expression of [H] in the equation (3), we have —
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Quantumyield (@)
of thereaction

Quantumyield = 2
at theinitial stages
of thereaction or
when inhibition step
isignored.

Br. is dissociated by
absorption of radiation
of 4 <510 nm.

Mechanism of the
photochemical
reaction

Formulation of the
expression rate
equation and
guantum yield

_(=d[HIY/dt)

The quantumyyield of decomposition of Hl is ¢, = (5)
- R
[HI]

This expression of ¢ i shows that at theinitial stages of the reaction, [I/ issmall and

Qn=2
but at the latter stages of the reaction, [l%l] is not negligible and so ¢ becomes less than 2.

If the inhibition step isignored, then ¢ = 2 and independent of [HI]. However, | isindirectly
related with [HI] through Beer’s law.

i
(B) Photochemical combination of H, and Br, ( H2 + Br» — % JHBr )

With the radiation of wave length (A) less than 510 nm is reached, banded spectrum of Br»
disappears and continuum is obtained. Bromine molecul es are thus dissociated by the absorption
of radiation of A4 <510 nm (510 nm wave length is equivalent to 56 kcal/moal).

The mechanism of the reaction has been proposed as follows:

Primary step: Br; + hy — 2Br; rate = las, Since ¢ = 1.
Secondary step:  Br + Ho———>HBr + H; rate=ko [Br] [H2]

H + Brz *HBr +Br; rate=ks[H][Br]
Inhibition step: ~ H + HBr % H, + Br; rate=kq[H] [HBr]

Br+Br — Br,; rate = ks [Br]?

Following the above mechanism, the rate of formation of HBr is given as:

A ARG AR CEY &

Using steady state approximation of H and Br chain carriers, we get
UB]_ 91~ KIBAIIH, T+ KIHITBE] + K [HITHBI] - 268 =0 @
A o lBrH,1 - KIH1(Br] -k [HI[HBr] =0 €
Adding (2) and (3), we have 21 . = 2k [Br]* or, [Br]=(|abs/k5)y2 (4)

d[HBr]

Using equation (3) in equation (1), we have =2k,[H][Br,] (5)

k[Brl[H,] = kz(labs/kﬁ) “[H.] [from equation (4)]

k,[Br,]+k,[HBr]  k[Br,]+k,[HBr]
d[HBr] _ 2k, (1 s/ k) 2[H, ] Br,]
dt kJ[Br,]+k,[HBr]
dHBr] _ 2K/(las/ks) [Ho]
dt 1+(k,/ks)([HBr/[Br,])
rateof formation HBr _ (d[HBr]/dt)

Now from equation (3) [H] =

Now putting [H] in equation (5), we get

Or, therate equation of the formation of HBr is

The quantum yield of the formation of HBr, ¢ =

or, 2 y kz\/(]/ks)[Hz]

P e 1+ (ky k) (MBI [Br,])
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Critical discussion of
the rate equation and
the quantumyield

Cl; is dissociated by
absorption of radiation
of 4 <480nm.

Mechanism of the
photochemical
reaction

Formulation of
expression of rate
equation and quantum
yield.

From the above expression, it is clear that the rate of formation of HBr is proportional to the
square root of light intensity (I aps).

This mechanism is strictly applied at constant pressure. This is dueto the fact that the reaction
occurs from two moles of reactants to two moles of productsi.e. volume remains constant and
that becomes possible only if T and P are kept constant. If P changes, then volume changes and

conc. can not be written as % .

Another point isto note that in spite of chain reaction, quantum yield of the photosynthesis of
HBrislow (¢ = 0.01) at ordinary temperature. Thisis dueto the fact that the secondary step

Br+ H,——>HBr +H; rate=k, [Br] [H2].
This step is slow due to high activation energy (= 18 kcal mol™ ) and so most of the bromine
atoms produced in the primary step recombine to produce Br, molecules and thus giving low
yield.
However, if temperature is increased, the rate of the step is also increased so the quantum yield of

(Arrheniusequation, k,=A eE%%Tj

formation of HBr isincreased. The recombination of Br-atoms (freeradicals) is not affected by
the increased of temperature.

It isinteresting to note that astheintensity of radiation isincreased, a greater proportion of the

Br-atoms formed are converted into the Br.. Thus most of the additional quanta are thus wasted
and the processiis less efficient (¢ decreases).

i
(C) Photosynthesis of hydrogen chloride ( H2 + Cl. ——3 2HCl )

It is one of the most interesting and perplexing photochemical reaction. When a mixture of
chlorine and hydrogen is exposed to light, the continuous region of chlorine spectrum is obtained
at the wavelength less than 480 nm. This indicates that chlorineis dissociated at A < 480nm and
thisisthe primary step of this photochemical synthesis of HCI (510 nm wave length is equivalent
to 56 kcal/mal).
Thefollowing steps may be suggested for the reaction.
Primary step:  Cla + hv — 2Cl ; rate = las, Since the quantum yield = 1.
Secondary step:  Cl + H,———>HCl + H; rate = ko [Cl] [H2]
H +Cl, — % HCI + Br; rate = ks [H][Cl3]

k
Cl +wall — > destruction;  rate= k4 [Cl]

Therate of formation of HCl is: % =k,[CI][H,] +k,[H][CI,] (1
Applying steady state condition for conc. of H and Cl atoms, we have

diH]

—q =[Gl ]-K[H][CI,] =0 @
and A 21,,, - kIO, + KIHIICL]-K[C1] =0 ®
Adding equation (2) and (3), we get 2l . —Kk,[Cl]=0 or, [CI]= 2l ab% 4)

d[HCI]
dt
Putting the expression of [Cl] from equation (4), the rate equationiis:

d[HC] _ oy o 2lass d[HCI] _( 4k,
e K, [H.] o T—[ZJI%[HZI

By utilizing equation (2), the rate of formation of HCl becomes

= 2i5[CI][H,]
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:(d[HICI]/dt) Of,¢=(i—k2}[H2]-

The expression of ¢ isin agreement with the experimental results in absence of oxygen and
when Cl pressureis not too low. Therateis proportional to the intensity of the absorbed light
and the H> pressure.

But when the chain termination step is the gas phase recombination of Cl-atoms with a third

The quantum yield of the formation of HCI, ¢

k, b
body, Cl + Cl + M ———* Cl,(M), the rate expression becomes d[HCI] _ 2k2[H2]{2|—“‘°5j ’
ot kIM]
If a small amount of oxygen is present in the reaction mixture, the main chain termination step is

H + 0, — HO, and thisleadsto the expression of rate IIHCI _ | Tus iy 5.
dt k[O,])

The following mechanism has been proposed for the photochemical formation of HCI:
Cly+ hy — 2Cl (rate = @ 1 |g) == (1), Cl+H, ——>HCl + H -—-(2)

k
H +Cl, *HCI+Cl  —mee- (3), Cl——>1 Cl, (4)

Obtain the expression for the overall rate of formation of HCl. Comment on the quantum yield of
thereaction.

1% Part : Seethe note for the rate equation, d[';tCI] =[2kk2¢lJ|a[H2]-
vl

(d[HCI]/dt) _ (2,0,
e el GHE
"4
The comment is that quantum yield of formation of HCI (¢ ) is directly proportional
to the conc. of Hy . J
(D) Photo dimerisation of anthracene ( 2A ;}Az)

When a dilute solution of anthracene (A) in benzene or in other inert solvent,
is exposed to UV light, the system exhibits fluorescence with small quantumyield (¢ ) of
dimerisation of anthracene (Az). As[A] isincreased, the fluorescencefalls off and quantum yield

of A, increases towards to a limiting value and fluorescence is practically eliminated.
In other wards, fluorescence is quenched as the [A] isincreased.

2" Part : Quantum yield of formation of HCl (¢ ) =

a

Figure shows the quenching
of fluorescence exhibited

quantum by anthracenein solution

_T,rield':??:'
@
or fluarescence
El:u"

}rield L

[A] ———

That is, when [A] islow, ¢ — O0but ¥ — 1 andwhen[A] islarge, ¢ — 1 and ¥ — 0.

This observation can be explained by the following qualitative argument:

When conc. of anthracene, [A] is low, thereis little chance for the excited molecule to collide
with normal anthracene molecule during the life-time of the excited state (10 sec).

The excitation energy is re-emitted in the form of fluorescence and the fluorescenceyield (v ) is

high. But when the[A] is increased, the chances of collision of the excited molecules with normal
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mol ecules increases and thus quantum yield of formation of dimmer (¢ ) isincreased and the
fluorescence yield () is decreased.

However this observation can be explained quantitatively by the proposed mechanism as outlined
below:

Absorption step (primary step) : A + hy, — A* (excited anthracene)

k,
Florescencestep: A* ——* A + hy, (energy of fluorescence photon)

Dimerisation or quenching step: A* + A *A, (dimmer anthracene)

Applying the steady state condition for the conc. of A*, we have

d[ A*]
at

I
=1~k [A]-k[A][A=0 or, (k, +k[A])A] =1 or, [A]=—2—{
we K ATk [ATA =0 or, (K, +K[AIAT =14 (i = kA
Theintensity of fluorescence, |, isgivenbyl,, =rateof thefluorescencestep =k, [A*] .
Thefraction of the excited molecules that fluoresce, is called the fluorescence yield (i ) and is

_ Iﬂuor k [A*]
gvenas. ¥ or, V/:(kf +kq[A])[A*]

fluo

1
V=7 o
|abs 1+(k, /K, JIA]
This expression shows that as the conc. of anthracene, [A] isincreased, the fluorescence yield
(w ) isdecreased and when [A] isvery high, v — 0.

Again, therate of dimerisation, % =k, [A][A], putting the expression of [A*], we get:

diAl_ KAl dlA]_ |
dt (k +k[A) 0 dt 1e(k k) A
_d[A)]/dt B 1

This shows that as the conc. of anthracene, [A] is increased, the quantum yield of dimerisation of
anthracene (¢ ) increases and when [A] is very high, ¢ tendsto limiting value of one.

However, the experimental value of ¢ islittle less than unity dueto the thermal dissociation of

P

thedimmer, A, ———2A. Thistends to decrease the quantum yield (¢ ) from unity.
A typical valueof ¢ for thereactionis0.2.

Stern — Volmer relation :
Theintensity of fluorescence from an excited molecule A will depend
on the efficiency of any competitive chemical quenching process. Let us consider the gas phase

fluorescence from the excited anthracene molecule A* whichisformed by, A + hy, — A*
This absorption step is followed by the second order quenching step, A* + Q — A + Q, with rate

The quantum yield of dimerisation, ®

coefficient, kq in competition with the fluorescence step with intensity of fluorescence, | fluor
A* — A+ hi,, with rate coefficient, Kk, .
I

=k *1. b *1 — Iabs
f[A ]1 " [A] X(kf +kq[Q]) ,Ifluo kfXIabs

,thus| g, =
(k; +Kk,[Q])

I fluor
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This leads to Stern-Volmer relation between fluorescence intensity and absorption intensity as:

I
Jabs 94 [kq 4 j[Q] T
I fluo f
With increase of [Q], the fluorescence intensity T .
is decreased and quenching step is dominated. I e nlope = [%]

@] —

Thereaction A — B + C is supposed to proceed according to the following mechanism:

A+ = A" A"+ M " A+ M A" —3 B+
Derive an expression for the quantum yield () for the reaction. Plot s [M]. (3+1)
@

We have the expression of ¢ by using the steady state conditionof [ A’] as

i (g

Thereaction 2ALl A, occurs photochemically. The different steps in the reaction system are:

(i) A——= A% ii) A*+A—S dy; (i) A*——A+k"; (iv) 4 -y 24
Applying the steady state concept to A* , show that at photo stationary equilibrium,

Lo . Also show that [A2] is independent of [A] when A isin large excess.

e T e

| d[A*]
Using steady state concept to A*, we have

[ A Ak [A] 0.
or, [Af]=—las
K[A+ kK,
The rate of formation of the dimmer, %:kz[A][A*]—k‘l[Az] = %—K‘[Aﬂ
alal_,
t

When the reaction attains photo-stationary equilibrium, ———= , i.e thereisno change of A

d
kZ[A]XIabs labs
m—k4[A2]:O or, k4[A2]=1—k3 or, [Az]=L¢'

K
kLA § {“ kZ[A]}

is negligible small in comparison to 1.

with time. Thus,

When A is present in large excess, [A] is high and
k[ Al

so, [A]=-2= and [A)] isindependent of [A].
4

K
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Photochemical equilibrium or photostationary state

In reversible photochemical reactions, either or both processes may be sensitive to light.
A reaction in which Let usfirst consider the reaction in which the forward reaction is light sensitive but backward

forward processis reaction is light insensitive (dark reaction).
light sensitive but A+ e+ D
rever;eerpr;(zlzess IS The forward reaction occurs by absorption of radiation and as the reaction proceeds, the products

' areformed. The backward reaction starts and the rate of the backward reaction (R, ) is increased.

Therate of the forward reaction, (R; ) = las
But therate of the backward reaction, (R,) = k, [C][D].
R; is constant if intensity of the radiation is kept constant. But R, isincreased as the products
. are being accumulated. Eventually a sate is reached when
Formulation of

R, = R, and equilibrium is attained.
Thus, at the equilibrium, lass = K, [C][D].

This equilibrium is called photochemical equilibrium. This differs from true thermal equilibrium.
Now we see in details what the differences between photochemical equilibrium and thermal
equilibrium are:

photochemical equil™.

(2) Unlike the thermal equilibrium, the conc. of the products in photochemical equilibrium does
not depend on the conc. of the reactants.

(2) If the source of the radiation is removed, forward light sensitive process stops and thermal

thermal equil™. and process may occur but backward process continues and the equilibrium is changed and it shifts
hotochermical to true equilibrium or thermodynamic

photoc 'e:]nlc equilibrium. This is why the photochemical equilibrium is often called photostationary state.
equil™. (3) The photochemical equilibrium depends on the intensity of the radiation used but it does not

depend on the temperature of the experiment. If temperatureisincreased, R, isincreased as

Comparison between

the rate constant, Kk, isincreased according to Arrhenius equation but R; remains constant.

With this higher rate of backward process, the products are depleted and the rate is decreased
and becomes equal to therate of the forward process. Thus, the equilibrium remains
unaffected with change of temperature.
The exampl es of thethis type of reaction are

(a) Dimerisati on of anthracene (b) Decomposition of nitric oxide

2.'!7_:.'I'_. INO, ——=2 N} 4 i,

ICRGLT T

The equilibrium constant, K, remains constant for afixed intensity of light and vary if the
latter is changed. Further they do not correspond to the equilibrium constant obtained for

Absorption of light reaction under purely thermal condition.
modifiesthe AG° of the (4 Inthermal equilibrium, the equilibrium constant (K, ) is related with standard free energy
reaction and hence the change of thereaction, AG® =—-RTInK, and AG® = G}, ;s — Glensians Which again
valueof K, depends on the temperature at which the equilibrium exists.
But in photochemical equilibrium, these free energy relations are modified by the free energy
Reactions in which supplied by light. Addition of the latter changes the AG® of the reaction and thereby also the
both forward and equilibrium constant.
reverse processesareé Now et us consider the reactions where light affects both the forward and backward processes of
light sensitive. the photochemical reactions.
A+ B—===0C+D
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only the spontaneous
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to determine intensity
of light

The examples of thistype of reactions are:
. . oo 280, ——= 2800, + (],
Dissociation of sulphur trioxide i -

(5) Both the direct and reverse reactions take place with appreciable velocity when exposed to
UV light but in absence of light, it occurs with low velocity at ordinary temperature.

Thermal equilibrium calculations show that to obtain 30% dissociation of SOz at 1 atm
pressure, this substance must be heated

to 630°C. On the other hand, it is found that photochemically SO; may be dissociated to the
extent of 35% at 45°C.

(6) However photochemical equilibrium is selective towards absorption of radiation for activation
energy but thermal reaction involves absorption of heat without selective for acquiring
activation energy.

The phenomenon of vision is explained by postulating a photostationary state.

Light sensitive substance in the eye, called ‘visual purple’ is bleached forming ‘visual yellow’ on

exposureto light, but it isregenerated in a thermal change with the result of photostationary state.

In the dark, visual purple accumulates and results dazzle on exposure to light.

Photosensitization Reactions:

In some class of reactions, the reactants are not sensitive to the light
to which they are exposed and hence they do not take part in the primary step of absorption of
radiation and subsequent dissociation. But if a suitable foreign substance is added to the reaction
vessel in small amount, the reaction starts. In this case, the foreign substance absorbs light to
which the reactants are exposed and gets excited. This excited foreign substance passes the
energy to the reactant molecules which undergo dissociation. This class of reactionsis called
photosensitization reactions and the foreign substanceis called photo-sensitizer.

Difference from catalyzed reactions:

The photo-sensitizer, like catalyst, remains itself unchanged in mass
and composition, and induces the change of the other substances. But the catalyst can not start a
reaction, it can only accelerate the speed of the spontaneous reactions (in which AG < 0), but
photo-sensitizer can induce reactions not only spontaneous reactions but also in some non-
spontaneous reactions (in which AG > 0)

Most important example of photosensitization reaction involving an
increase of free energy (AG > 0) due to reaction is the photosynthesis of carbohydrate sensitized
by chlorophyll.

Examples: (1) Gas phase photo sensitization reactions:

Photosensiti zation reaction between hydrogen and oxygen in
presence of mercury vapor when exposed to radiation of A = 253.7 nm leads to the formation of
water and hydrogen peroxide.

Primary step: Hg + hy — Hg* (excited);

Secondary chainreaction: Hg* + H, — Hg + 2H;
Chain branching: H+ O — HO + O and O + H, —» HO + H;
Chain propagation: OH + H, — H>0 + H;
Chain termination: OH + OH — H20;

Energy corresponding to this A = 113 kcal mol™ and dissociation of H, requires 103 kcal mol™.
Still the reaction does not occur in absence of mercury vapor as this radiation is not sensitive to
H2 gas. However, the mechanism is not yet clear.

(2) Liquid phase photo sensitization reactions.

Decomposition of oxalic acid by uranyl ion is another example of
photo sensitization reaction in solution. Thereaction is used in chemical actinometer to determine
the intensity of light experimentally. Uranyl ion acts as photo sensitizer. In absence of uranyl ion,
quantum yield of decomposition of oxalic acid (¢) is very low and it is about 0.01 or less.
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But when the oxalic acid with uranyl ion in solution exposed to radiation of A ranging from
254 nm to 435 nm, ¢ becomes about 0.57 (average value)

UO; ** + hy — (UO2™)* (excited); (UO:™)* + (COOH), — UO;"" + CO + COz + H,O

(3) Natural photo-sensitization reaction:

Thetypical exampleis the photo synthesis of carbohydratein living plant in
presence of chlorophyll by absorption of sun rays. Most plant and animal life on earth depends on
this process in which green plants synthesize carbohydrate from CO, and H,O. Chlorophyl|
contains a conjugated ring system that allows absorption of visible radiation and thus acts as
photo sensitizer. The main absorption peaks of chlorophyll are at 450 nm (blue) and 650 nm

s S
(red). B0, + 6HO0—"200 O H (1) + 600,

Thereaction occurs in very complicated fashion and quantum yield, ¢ = 0.34. This reaction is
non-spontaneous in absence of chlorophyll and AG® = 688 kcal mol ™.

The reverse of this reaction provides energy for plants and animals.

Two main difficulties are encountered while dealing with this type of reactions.

(i) It isdifficult to propose the mechanism of the reactions and

(ii) It is difficult also to study the kinetics of the reactions.

Chemical actinometer:

Originally the term actinometry is used to designate the methods of
measuring the solar radiations. At present the term means the method of measuring the number pf
quanta or intensity of light used in the experiment.

The chemical actinometer uses several photochemical reactions of known quantum yield.
Oxalate actinometer:

This actinometer is popular for measuring the intensity of radiation within
wave length of 254 nmto 435 nm. It uses the decomposition of oxalic acid photosensitized by
uranyl ion. Thision absorbs the radiation of above wave length and gets excited. It transfers the
absorbed energy to the oxalic acid which is then decompaosed.

UO; ™ + hy — (UO2"™)* (excited); (UO.™)* + (COOH), — UO."™ + CO + CO; + H,0O

Theamount of oxalic acid remaining after exposure can be determined by titration with standard
KMnO; solution and the extent of decompaosition is used to find the number of incident photons.
The average quantum efficiency of the above reaction in the wave length region is 0.57.

Thus knowing the amount of oxalic acid decomposed, the number of photons or einstein of
energy absorbed can be determined.

Calculation:

number of molesof oxalic acid decomposed

number of einstein of light absorbed (E)

When 1 mole of oxalic acid is decomposed, it can be written: g57- L or, g__ 1 =1.75-
E 0.57
It means that each mole of oxalic acid decomposed is equivalent to 1.75 einstein energy of the

radiation. If timeis noted for the exposure, intensity can be calculated.

The quantum efficiency (@) =

Materials used in the actinometer:

The oxalic actinometer contains 0.04 (M) oxalic acid and
0.01 (M) uranyl sulphate solution mixture or in some cases, uranyl oxalate solution of appropriate
conc. is taken as such.
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Limitation of the
oxalate actinometer

Problem 1:

Solution:

Problem 2:

Solution:

Problem 3:

Solution:

Limitation of the method:
Quantumyield (¢ ) for the process depends on the wave length ( 4 ) of

thelight used. For example, ¢ of thereaction at 25 °C is decreased from 0.60 at 254 nm to 0.49

at 366 nm and then increased again to 0.58 at 435 nm. Thus the number of quanta absorbed per
sec can be calculated from the value of wave length of the light used. This is done from the
standard plot of ¢ vs. A of thelight.

Another limitation is that this method is used for alimited range of wave length of radiation from
254 nmto 435 nmonly.

Related problems:

In a particular experiment, the actinometer contains 5.232 g anhydrous oxalic acid in 25 cc water
together with uranyl sulphate. After exposurefor 5 min, the remaining oxalic acid istitrated with
0.212 (M) KMnO4 and 17.0 cc requires for compl ete titration of remaining oxalic acid. Calculate
the amount of photon /sec and einstein /sec at this wavelength.

(Quantum efficiency of decomposition of oxalic acid at the wave length used is 0.53)

17.0 cc 0.212 (M) KMnO;4 solution = 0.212 x 17 x 10° = 3.604 x 10 mol of KMnOs.
The reaction between KMnO, and oxalic acid is given by

2 MnOs + 5 C,0s2 + 16H* — 2Mn*2 + 10 CO, + 8 H-0O

Thus, 3.604x10° mol of KMnQy4 is equivalent to (5/2)x3.604x10° = 9.01 x 10 mol oxalic acid.
The number of moles of oxalic acid decomposed = (5.232 / 90) — 9.01x 10° = 4.91 x 1072,

The number of einstein of radiation absorbed per sec = (4.91x102/ 0.53) / (5%60)=3.09x10™,
The number of photons absorbed per sec = 3.09 x 10 x 6.023 x10% = 1.86 x 10%.

In an experiment, the incident light of wave length 300 nm passes through an empty cell
decomposes 6.201 x 10° mol oxalateion in 2 hrs. When the cell contains acetone and it is
irradiated for 10 hrs, it is found that 1.40 x 10 mol acetone is decomposed and the light that
passes through the cell and not absorbed decomposes 2.631 x 10 mol of the oxalate. What is the
quantum efficiency of the acetone decomposition?

(@ of uranyl oxalateis 0.570 at wave length 300 nm).

_3 - -
| aps = lingigent = lransmitiea BUL 1, = —6?)%1;32 =5.44x10°° einstein/ hour.
2.631x10°7? e
and ltransm'tted N W =4.61x10 3 @nstein/ hour.
Thus, | sporbeg = D-44x107° - 4.62x10° = 0.82x 10 *einstein / hour
-3

Thus the quantum efficiency of the acetone decomposition = (1'40X10 / 310) _

0.82x10™

Radiation of wave length 2540 A was passed through a cell containing 10 ml of a solution of
0.0495 molar oxalic acid and 0.01 molar uranyl sulphate; after the absorption of 8.81x108 ergs of
radiation, the oxalic acid was reduced to 0.0383 molar. Calculate the quantum yield for the photo
chemical decomposition of oxalic acid at the given wave length. (4) [CU, 2007, Q6(c)]

Initial amount of oxalic acid = (0.0495/ 1000) x 10 = 0.000495 moles.
Final amount of oxalic acid after exposure = (0.0383 / 1000) x 10 = 0.000383 moles.
Amount of oxalic acid decomposed after irradiation = 0.000495 — 0.000383 = 0.000112 moles.

8.81x10° erg of radiation — 8.81x10° —0.000187 €instein.
(1.196><107 )
2540x10°®

The quantum yield of decomposition of oxalic acid, ¢ =0.000112/0.000187 = 0.599
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PRIMARY PHOTO PHYSICAL PROCESSES:

I ntroduction:

When amolecule (A) is exposed to visible and ultra violet radiation, it is promoted
to higher eectronic state by absorption of radiation. If the molecule does not involvein
photochemical reaction, it must return to its ground eectronic state (So) through different photo
physical processes. In these photo physical processes, the chemical identity of the molecule
remains same but the excess absorbed energy is removed by different physical processes.

In gaseous system at moderate pressure, most energy is taken away by collision with environment
molecules and radiation energy is converted into heat energy.

In condensed system or in gaseous state at reasonable high pressures, there are different pathways
for the excited molecul e to dissipate excitation energy. Some areintrinsic properties of the
molecule and are unimolecular in which the excitation energy is re-emitted in the form of
fluorescence and phosphorescence while others depend on external perturbations and may
involve bimolecular collisions with environment.

Singlet (S) and Triplet (T) states:

These two terms represent the multiplicity of the spin vectorsin
spectroscopy and simply refers to the number of unpair eectrons. If the systems have 0,1,2,3, €tc.
unpair electrons, it refersto singlet, doublet, triplet, quartet, ec.

In molecules, generally the two terms, singlet and triplet are common with unpair electrons 0
and 2 respectively. These represent the multiplicity of spin vector (J) and is equal to J = 2S+1,
where Sisthetotal spin quantum number of the molecule and is equal to S=s;, + .

For an arrangement of opposite spins '-{JD, ss=% and s, = - % and S= 0 hence the multiplicity,
J=2S+ 1=1. Such an arrangement is represented by a single wave function and so givesriseto
singlet state. The molecule is diamagnetic in the state due to absence of unpair electrons.

For an arrangement of two paralld spinsﬂr:', si=ands, =% andS=s5+$=%+%=1,
and the multiplicity, J = 25+ 1 = 3. This corresponds to the three different orientations of the
total spin vector along z-component (Ms = 1, 0, —1). These arrangements of paralld spin are
represented by three degenerate wave functions in absence of magnetic field (one for each value
of Mg) and giveriseto triplet state (T). But the degeneracy is lifted when magnetic field is
applied. The presence of unpair €ectron spins ascribes magnetic behavior in the molecule.
The magnet moment observed in the mol ecule confirms the presence of two unpair electrons.

A triplet state (T) is always has alower energy than the corresponding singlet state (S).
Thisis roughly explained as two outer €ectrons have same spins, they can not come closer
without violating Pauli Exclusion Principle. Since the electrons are further apart, thereisa
decrease in dectronic repulsion and the energy of the moleculeis lower.

Notations used:

Thesinglet and triplet electronic levels are denoted by Sand T respectively.
Subscripts indicate the order of increasing energy, superscript indicates that the moleculeisin
higher vibrational level and so is having excess vibrational energy. Absence of superscript
indicates that the moleculeisin lowest vibrational level.

Jablonsky Potential Energy Diagram:

Let the system isinitially in the ground state (&) with
electronsin pair, called ground singlet state. Absorption of one quantum of radiation unpairs the
electrons and promote to an excited dectronic state, called first excited singlet (SY).

The vertical axis measures the energy of the system while horizontal axis simply spreads the
figurefor clarity.

Radiative transitions are indicated by solid lines while non-radiative transitions by wavy lines.
Because of Frank Condon principle, the molecule, after absorption of light, most likely is

in an excited vibrational level. Collision with other molecules takes away this excess vibrational
energy very rapidly and comes to zero vibrational level (v = 0) of the excited singlet state (Sy).
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Quantum mechanical
restrictionfor S— S
and T— S transitions

Radiationless
transitions, 1C and ISC

Simplified sketch of
Jablonsky PE diagram

Notations for various
energy states of the
molecule used in the
diagram

Allowed Electronic Transitions:

Quantum mechanically the allowed dectronic transitions occur
between the states of same spin multiplicity. A transition in which the spinisreversed isa
forbidden transition. Thus, the singlet — singlet and triplet — triplet transitions are allowed whereas
thesinglet — triplet or triplet — singlet transitions are forbidden.

In some molecules, the singlet — triplet transition becomes weakly allowed as spin — orbit
interaction in heavy atoms in the molecule can reverse the spins of the electrons.

Internal Conversion (1C) and Intersystem Crossing (1 SC):

The crossing over of the molecule from
singlet to singlet or triplet to triplet is known as internal conversion (IC) whilethat of singlet to
triplet or vice versais known as intersystem crossing (ISC). These IC and ISC are radiationless
transition between two states and the rate of I1C and I SC depends on the energy separation
between the states involved. Larger the energy separation, lower isthe rate.

Jablonsky Potential energy diagram:

This diagram is simplified sketch indicating different photo
physical pathways, like photo excitation of the molecule, fluorescence, phosphorescence, internal
conversion (IC) and intersystem crossing (1SC), etc.

—_ S‘"
¢ e g
211 I IS0
““’}:}:Sut’“ 1v
5 SN % 14

Excitation

Fluorescence

':_t“!
=1 ]
(=]
;':mmx
Fhosphorescence

Jablonzky FE diagram

Detailed notations in the diagram are given bel ow:
S, = ground singlet (v = 0);

S,’ = ground singlet in higher vibrational level;

SOV' = ground singlet in another higher vibrational level;
S = excited singlet (v = 0);

S’ = excited singlet in higher vibrational level;

T, = excited triplet (v = 0);

T," = excited triplet in higher vibrational leve;

7 = frequency of the fluorescent light;

7, = frequency of the phosphorescent light.

The molecule after excitation can revert to the ground singlet state (So) by the three possible
pathways as outlined below:
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Pathl is
fluorescence which
is radiative transition

Path Il is
phosphorescence
whichisalso
radiative transition

Path I11A and
path Il B are
non-radiative |IC and
ISC

Table shows the name
of different processes,
reactions and ratein
photo physical
pathways.

PATH I:
Let the molecule after excitation moves to excited electronic state of higher vibrational

level, §" (according to Franck-Condon principle). By collisions with other molecules, the excess

vibrational energy is taken away by non-radiative process and the molecule comesto S .

In non-radiative process, the environment acts as a heat sink for dissipation of extra energy as
thermal energy. From this state, the molecule re-emits radiation and transitsto the S; state.
This radiative transition gives rise to fluorescence of energy (hy, ). Thefrequency of the
fluorescent radiation is less than that of excitation radiation since fluorescence occurs after some
energy has been discarded into the solvent.

Sincethetransition S — S, is quantum mechanically permitted, it is very rapid it ceases almost
immediately after the excitation radiation is switched off.

(Radiative lifetime, 7, =— and k, = 10°— 10° sec™, unimolecular reaction is 1st
f
order and so lifetime isinversely proportion to the rate constant of the process. )
PATH II: Themoleculefrom § cancrossto T,” through intersystem crossing (1SC)
(kisc = 10* — 10° sec™) and then it follows rapid loss of excess vibrational energy through
bimolecular collision with environment molecules and comesto T, . Thisis followed by radiative

trangition from T, — S, (kp = 10%— 10" sec™) with emission of phosphorescent radiation.

The frequency of phosphorescent radiation is much smaller than that of incident radiation and
slightly smaller than that of fluorescent light. That is

]/p<]/f <Y, or, ﬂ,e<if <ip

Since T, — §, transition is forbidden by selection rule, the process of phosphorescence is slow

and continued to even hours after the incident light is removed.

However, the intersystem crossing (1SC) is much slower and competes with the fluorescent
emission in the molecule that exhibit phosphorescence.

This phosphorescent light is most intense for solid samples because environment then collides
less effectively with the molecule. Inthat case, | SC step has time to occur as the singlet excited
state lowly loses vibrational energy and falls past the intersection point.

The difference between these two radiative transitions is that fluorescence is an immediate
conversion of absorbed light into re-emitted energy, but that in phosphorescence the energy is
stored in some kind of reservoir from which it slowly leaks. Thus, phosphorescence is delayed
fluorescence.

PATH I11 A: Non-radiative internal conversion (IC) from § — SOV' and rapid thermalisation of

vibrational energy brings the moleculeto S;. Therewill be no emission of radiation in this
pathway.

PATH |11 B: Reverseinter system conversion (ISC) may leadto T, — S," level and

then comesto S, by rapid thermal equilibriation with collision by other molecules. Thereis no
emission of radiation in this pathway.
Various Rate Equations of the Photophysical Process:

Process Reactions Rate
Excitation S+hy—>§ | s
Fluorescence S —§+hy, (pathl) AllS]
Internal conversion S-S (path 1l A) ke [S]
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Substances producing
fluorescence and
phosphorescence

Flow sheet of different
pathways for
dissipation of extra
enerav

Alternative Jablonsky
PE diagram

Different types of
luminescence

Fluorescence quenching S+Q—>S+Q (pahlll A) k; [S1[Q]

Intersystem crossing S-T, (path 111 B) ki [S]
Phosphorescence T,>S+hy,  (pahll) AslTi]
Intersystem crossing (reverse) T, — S, (path 111 B) ki [T1]
Phosphorescence quenching T, +Q—> S +Q  (pathlll B) kqP [TIQ]

Where, k’s are the rate constants for the various processes. Ao and Ars arethe Einstein
coefficients for spontaneous emissions. M = any atom or molecule that may be present.
Fluorescence producing substances are eosin, fluorescein, chlorophyll, etc.

Phosphorescence producing substances are ZnS and alkaline earth metal sulphides (generally
called phosphor).

Sketch of the different pathways
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Fig.— The alternative sketch of Jablonsky diagram showing fluorescence and phosphorescence.
Radiation occurs in a transition between states of the same multiplicity — Fluorescence and
radiation emitted in a transition between states of different multiplicity — Phosphorescence.

Luminescence or Cold light:
The emission of visible light from a body due to some cause other

than heat is called luminescence. It is the light without heat. It is of following type:

(1) Photoluminescence: Thisis caused by light and it is of two types
(i) fluorescence (ii) phosphorescence.

(2) Chemiluminescence: This results from chemical reaction viz. oxidation of red phosphorusin
aerial oxygen.

(3) Bioluminescence: It isobserved in living organisms like fire fly or glow worm.
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(4) Cathodoluminescence: It occurs when cathode is stimulated by bombardment of electrons.
(5) Electroluminescence: It results from the application of an electric field to matter.

Absorption and fluorescence spectra have approximately mirror-image relation:

As Radiative lifetime, 7, = ki , hence the states that are populated rapidly are also depopulated
f

readily. If only fluorescence is the process of emission (spontaneous) of an excited state, then the

intensity distribution would be the same as that of absorption spectrum.

Absorption and fluorescence spectra have an approximately mirror-image relationship if the

gpacings of the ground state and excited state are similar.
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Answer:

Burd. Univ. 2010

ANnswer:

Burd. Univ. 2013

Answer:

Mention the characteristic features of photochemical equilibrium. (2)

Let us start with photochemical dimerisation of anthracene (A) in which forward reactionis
photochemical while backward reaction is thermal.

i ”
2 A A,

et ds
Asthe product A: is formed by absorption of light, backward reaction also starts.
Therate of the forward reaction (Ry) = las and the rate of the backward reaction (Ry) = k,[ A]

After sometime, Rr = R, and the reaction attains photochemical equilibrium.

Main characteristics of this equilibrium are given here:

(a) Equilibrium is not affected by temperature. It depends on the intensity of light absorbed.
(b) When radiation is withdrawn, equilibrium turns into thermal equilibrium. Thisiswhy it is
called photostationary state.

(c) At equilibrium, k,[ A)] =1, and so the conc. of the product (A2) does not depend on the

conc. of the monomer (A).

What do you mean by ‘Fluorescence’ and ‘Phosphorescence’? (2+2)
Fluorescence is the re-emission of radiation from an excited state to lower state of the molecule
without spin reversal, i.e. from singlet to singlet or triplet to triplet.

Since these transitions are quantum mechanically allowed, fluorescence occurs immediately after
the excitation and the process stops as soon as excitation source is switched off. The frequency of
fluorescence radiation is smaller that of excitation.

Phosphorescence is also the re-emission of radiation from excited state to the lower state of the
molecule with spin reversal, i.e. fromtriplet to singlet and from singlet to triplet. These
transitions are not allowed quantum mechanically, so the process occurs very slowly and
continues for long time even the excitation source is removed.

Phosphorescence is thus delayed fluorescence.

]| |

— 4

skepch of fuorescence and Fistephore cenoe

Discuss ‘intersystem crossing’ and ‘phosphorescence’ in the
context of a photophysical process. (2)

When a molecule is exposed to UV- VIS radiation, it
absorbs radiation and promoted from ground singlet (So) to
next higher singlet (S;) following Franck-Condon principle.
Initsfirst vibration it shifts to the excited triplet (T1) of
higher vibration level through ‘intersystem crossing’.

The excess vibrational energy is dissipated by collision with
environment molecules and comes to ground vibration level
of thetriplet. Now the molecule re-emits energy in the form

Fleaphorascenca

Almorpten

i

|

I
|
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Burd. Univ. 2013

Solution:

Burd. Univ. 2013

Answer:

Burd. Univ.
2013

Solution:

TIFR, Adm. to Int.
M Sc and Ph D,
2014

Burd. Univ. 2014
Answer:

Burd. Univ.
2014

of ‘phosphorescence’ and comes to ground singlet through triplet to singlet transition. This
transition is not quantum mechanically allowed, so the process is slow and re-emission
continues for later times after the excitation energy is stopped.

On passing monochromatic light through a 0.04 molar solution in acell of 2 cm thickness, the
intensity of the transmitted light was reduced to 50%.
Calculate the molar extinction co-efficient of the solution. (2)

. I : . .
The Beer’s law is Iog(l—OJ = ¢l , theterms have usual meanings. Putting the data given,

we have, Iog(%j =&x0.04mol L™*x2cm

Solving, we get, molar extinction coefficient of the solution, & =3.76L mol ‘cm™.

Absorption and fluorescence spectra hold mirror image relationship — Comment. 2
Seethe text note, page. 26.

Onirradiation of propionaldehyde at 30 °C with light having wavelength of 3020 A, the quantum
yield for CO is estimated to be 0.54. The intensity of incident light is 15,000 erg /sec. Find the
rate of formation of CO. 3

The photo decomposition of propionaldehydeis CH,CHO —_5CH .+CO

—27 0 -1
The energy of one photon, ¢ = E = 6.62% erg%r:x;?.xlol W= 6.58x10 erg.
A 3020x10°cm

15000erg / sec
6.58x10 “erg
number of moleculesCO formed per sec

number of photonsabsorbed per sec
Or, number of moleculesCO formed per sec = 0.54x 2.28x10" =1.23x10"™
1.23x10"

Therate of formationof CO= = ————-= 2.04x107° moles per sec.
6.023x10

The number of photons of incident light 15000 erg /sec = =2.28x10"sec .

Now quantumyield, ¢ =

Phosphorescenceis a slower process than fluorescence because

(A) phosphorescence occurs at longer wavel engths than fluorescence

(B) spin angular momentum is not conserved in phosphorescence process

(C) both A and B (D) none of the above [Correct answer isB]

Discuss “internal conversion” and “quantum yield” in the context of a photochemical process. (2)
When the mol ecul e shifts from singlet to singlet or triplet to triplet i.e. without spin reversal, the
processis called internal conversion. Therate of the process depends on the energy separation
between the two spin states. Greater is the energy separation, slower istherate.

It is a non-radiative process.

Quantumyield (¢ ) of a photochemical processis defined asthe ratio of number molecules

reacting and number of photons absorbed. It provides the quantitative term defining the efficiency
of the absorbed light for photochemical process. Higher the value of ¢, greater is the efficiency

of the absorbed light to yield more photochemical reaction.

Which of the following molecules would generate high phasphorescence quantum yield at low
temperature? H,O and SeOCl,? 2
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2014
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Burd. Univ.
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Burd. Univ.
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2015
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SeOCl, molecule gives more phosphorescence quantum yield than H,O. Thisis dueto the fact
that SeOCl. contains heavier atom Se and so in this case there will be easy spin reversal for
greater spin-orbit interaction. Further at low temperature (below 11 °C), SeOCl; isin solid state
and hence phosphorescence yield becomes more due to less collision with environment.

State and explain Franck-Condon principle. 2
Seethetext.

Absorption of UV radiation decom}aoseﬁ acetone according to the reaction
(CH3)2CO_} C.Hs + CO.
The quantum yield of thereaction at 280 nmis 0.2. A sample of acetone absorbs monochromatic

radiation at 280 nm at therateof 7.50x10°J.sec™*. Calculate the rate of formation of CO.  (4)
Number of einstein energy absorbed per sec.

_ Q1 7.50x107°J.sec % 280x10°m
N,hc  6.023x10%mol *x 6.625x10 > J.secx3x10°msec”

-=1.75x10"°mol sec™.

Calculate the number of photons emitted in 1 sfroma 100 W red lamp, assuming for simplicity
that all the photons have an average wavelength of 694 nm. 2

% B 100J.sec 1% 694 %10 °m
hc 6.625x10*J.secx3x10®msec™

Number of photons emitted = =3.49x10° sect

e m T

Write down the rate law for the photochemical reaction, S e | 2
Rate of dissociation of Cl, —M = Rate of forward reaction — Rate of backward reaction
=kl s — kZ[CI]Z.

. [CI2] B
Sotheratelaw isgivenas — =kl s —K[CI]".

In photobromination of cinnamic acid, radiation at 435 nm with intensity of 1.4x10°Js™ was
80.1% absorbed in alitre of solution during an exposure of 1105 s. The conc. of Br; is decreased
by 7.5x10*mol m™ during this period. What is the quantum yield? (4)
1.4x102J.s*x0.801litre * x11055% 435.8x10°m
6.023x10”mol ' x6.625x10* J.sx3x10°ms™
—(d[Br,]/dt) _ 7.5x10?mol x10°lit™*
l,.,  45x10°mollit*

Light energy, las = =45%x10°mol lit™.

Quantumyield, ¢ = =16.63.

Photochemical equilibrium of dimerisation of anthracene (3"’ — 4 )may be represented by
the following mechanism:

A+lv = A4 + 4A—4 ar.-*l_.:.fI‘

> A+ A, — 2

Apply steady state approximation on the conc. of A", calculatetherate of formation of A». Find
the conc. of A, when the system is at photostationary state. 4

Following the given mechanism, we have d[AZ] =K,[AI[A']-K,[A]. Now applying steady

d[A7] _ _
pm —K[A[AT-K[A]=0 or, [A]_kZ[A] Tk

state approximation, we get
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Putting in the rate equation, [A?] =k,[ Al x ALk [A] % -k,[A] = m K[A].
Thus the rate of formation of A, = [d?z] _ 1+(k3|/a|25 A —Kk,[A] . But at the stationary state,
% =0, hencethe conc. of A; at the stationary state, [A,] = K, (1+(II<331/)T<2)/[A]) .
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NUCLEAR MAGNETIC RESONANCE

Introduction: NMR spectraliein the radio frequency region of electromagnetic radiation and it involves
the reversal of spin angular momentum of the nucleus when kept in a magnetic field. This spectrum is very
useful in elucidating the structure of molecules especially in the domain of organic chemistry.

Nature of nucleus. NMR spectroscopy deals with the interaction of nuclei with external magnet field. The
protons and neutrons present in the atom spin on their own axis and each of them possesses angular
momentum (1/2) i here 1/2 is the spin quantum number of each particle.

Each nucleus possesses a total spin angular momentum which results simply from the vector addition of the
spin angular momentum of protons and neutrons. The net resultant spin angular momentum of the nucleus
and its magnitude has certain discrete values i.e, it isquantized, that is

L= JIU+1) &,
wherel is called spin quantum number of the nucleus or called nuclear spin.

Experimental facts show that
(1) A nucleus with an odd mass number has a half integral spin (i.e, 1/2, 3/2, 5/2, &tc) .

(2) A nucleus with an odd number of protons and odd number of neutrons has an integral spin (1, 2, 3, €c).

(3) A nucleus with an even number of protons and even number of neutrons has zero spin (I = 0).
Thus: *H,®N, F , 2C havel =1/2, ®*Cl has 1 =3/2, O has | =5/2,and °H, N have | =1

B has | = 3. But *C, *O, “He have | =0.
Angular momentum of the nucleus:

Angular momentum of the spinning nucleusis given by therdation, L = JI(I+1) 7 .
Again the angular momentum (L) is also space quantized i.e., it cannot have any arbitrary direction but can
point only along certain directions. These directions are such that the component of L along certain
reference axis (say, Z-axis) has only quantized values. The permitted values of Z-component of L (L7) are:

Lz = m h,
where m can take the following values:
(@) For integral valuesof I, m = -1,-(I-1),...0... +( - 1), +I,and
(b) for half- integral valuesof I, m=-1,-(1-1), ...... -1/2,+1/2, ....... +I-1),+1.

Sotherearetotal of (21 + 1) components for each value of |. These components are normally
degenerate (i.e, al of them have same energy). But this degeneracy is lifted up when the nuclel is kept in
an external magnet field and NMR spectroscopy originates due to this lifting up of degeneracy of energy.
Lz = Lcos® of whichbothL andLz are quantized and so 6 can have
only certain discrete values.

L= JIG+1) 7 and Lz = mh,so \/I(l +1) cosd=m

For,'H, | =1/2and m = -1/2 and +1/2.

LI.-

For °H ,1 = 1,and m = -1, 0, +1.

Z - axis
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Magnetic moment of the nucleus:

The spinning of a nucleus is equivalent to the circulation of positive charge around the
axis of spinning. It produces a tiny magnet placed along the spin axis. The magnetic moment (ym) of the
generated magnet is calculated by using Ampere’s law, 1 =i A, where i = current strength,

A = area of cross section of the circular path.

/ I = (+ve) charge circulating per unit time.
= number of revolutions per sec x paositive charge on the nucleus.
C% = ﬁ x pe, wherethe nucleus of charge pe circulating with velocity v
around the nucleus of radius r . p = number of protons present in the nucleus

and e= electronic charge.

«Pe | PE

. v
Thus, magnet moment, 1 =i A= ——xzr’x pe=(Mvr
= Fom o 7T X pe=(Mw )< o8 2M

where M = nuclear massand Mwr is angular momentum (L).
px mp
M

But L=/l (1+1)7 , hence z,=/I(! +1)><( j(ﬂj , Where m_ = mass of the proton.

2mp

pxm eh
or, u =./1(1+1 P Ix 1, , where 1, = nuclear neton =——.
Ha=A1 ( )( Y J My Hy mag om,

My, isthe magnetic moment of a single spinning proton (similar to Bohr magneton) and its value is:

en  1.6x10"°Cx6.627x10*Js
2m, 2x2x3.14x1.673x 10?"kg

(1Teda=C"'s *kg = A's *kg =10, 000 Gauss)

Experimental evidence showsthat aterm, G (number) isrequired to include in the expression of g,

Ly = =5.05x107 J/(C™*xs7'xkg )= 5.05x107 J/T .

Though theoretical basis of G is not known, it is added to comply with the experimental results.

Gpxm Gpxm
Hence 1,=4/1 (1 +1)X(%jﬂ’“ or, =0yl (1 +1) 1y, where gz%,
called g -factor that depends on the nature of the nucleus, while £, nuclear magneton is a universal

constant.
Potential energy of a nucleusin a magnetic field:

When a nucleus is placed in a homogeneous external magnetic field of strength B, it will behaveasa
tiny magnet and tend to orient itself with respect to thefield. In that case, the potential energy is given by:

e=—(u,cos0)xB,
where 1. C0S6 is the component of the magnet moment along the axis of thefield B and & istheangle

between the direction of magnetic moment () and the external applied magnetic field (B).
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H,00S6 = component of £ along B= g./I (1 +1) cos g4, = 9 M 1y,
as JI(1+1)cosf = m,
Hagose This component (m) has (2I +1) orientations in space,

S0 M has (2l +1)values. Thusthe potential energy

e=—0gBy,ym
€ isquantized and it can have certain discrete values.

Three cases may be distinguished on the sign of m.

1. For negative value of m, the potential energy ( € ) increases with the increase of magnet field (B ).
Thisis dueto the fact that the orientation of the poles of the tiny magnet generated due to spinning
motion of the nucleusisin the unfavorable position in the magnetic field (repulsive position).

2. For positive value of m, the potential energy (€ ) decreases with the increase of magnet field (B ).
Here the orientation of thetiny magnet isin the favorable direction and this leads to more and more
stabilized (attractive position) as the external field ( B) isincreased.

3. For zero value of m, the potential energy () = 0. Here the orientation of thetiny magnet is
perpendicular to the direction of the magnetic field (B).

Transition in magnetic energy levels:

Sdection rule for the magnetic energy transitionis: A m=+1.
Therefore, the energy gap between two adjacent magnetic energy levelsis: A € = gB, (AmM)

or, Ae=0By,.
€= - gRum — 4 m
N 0w 5 e pEaL
=gl o —m| = piiu
. i u.|-|—.l-|'|_ll'=.
tn-.ﬂﬁil m il

For such transition between two magnetic energy levels, the energy of the photon absorbed is hv and thus
hv =guB and v=(guB)/h, where v isthefrequency of the light
absorbed for such transition and it depends on the magnetic field, B.

A typical magnetic field (B) of 1 T = 10,000 Gauss is easily attained in the laboratory and for'H |
g =5.585, u, =5.05x107" J/T, so the frequency of the light absorbed is calculated as,

v =(5.585x5.05x10*" J/T x1T) /6.627x10 * 5= 42.6x10°s™ , then v =42.6MHz that fallsin
the radio frequency region of electromagnetic radiation. [ FM radio station broadcast from 88 to 108 MHz ]

For bare proton (*H nucleus), | = 1/2 hence, so m=+1/2and-1/2 (two orientations).
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When the magnet field is applied, the energy is split up for these two orientations

4 M= e cafls Mg
+)
| Ammid Mg X1 g, B
i1 ekt B
& o Hiekd : of, Ammpu, &
i m==1/a &'m{1 :-a'_u.g

The energy gap, A € increases with the increase of B. When the energy of the photon is matched with the
energy gap between two magnetic levels at the field strength (B), resonance builds up and the radiation is
absorbed.

Either of the frequency of radiation (1) or the external magnetic field (B) can be varied to match the energy
of photon with the energy gap of thetwo levels but it is the usual practice to keep frequency of radiation
fixed generally at 60 MHz and magnetic field strength (B) is increased. Resonance is built up when the

equation v = (gB,,)/h is satisfied and energy transfer between the radiation and the nucleus occurs.

Different kinds of nuclei (*H, °C, *°F, etc) have very different g - values, so their NMR absorption lines
occur at very different frequencies. In a given experiment, one examines the NMR spectrum of only one
kind of nucleus. We are considering only proton (*H ) NMR spectra

_—-' A = gl = by b N
(no feld) " | l
) e =0 T - TransibGon
s
B Specits
of bére prolin
Entensry B -

Larmor precession:
A spinning proton like the motion of atop in a gravitational field precesses around the field direction. This

precessional motion results from the torque (defined as 4, x B) on the angular momentum vector. This

precessional motion of a proton can take place either parallel (shown inthefigure) or antiparalld to the
direction of the magnet field. This precession of a spinning charged body in a magnetic field is referred to
asLarmor precession.

Frequency of Larmor precession, t precessional orbit
B =l
(vo)= 'um: radians/sec. But 14, = g1 (1 +1) 44 nuclear magnetic
moment [ .}
I(l1+1 x B 4 i
and, L=./I(1 +2) 7 o, Vo= 9 ( )'uN radians/sec, N_5 spinning proton
JI(1+1) 7
B 1 B :
or, vozgﬂ—Nx—s‘l or, vozg'u—’“ Hz.
h 2 h

Thisisjust equal to the frequency of radiation () absorbed.
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From the classical theory, it is supposed that when the frequency of radiation becomes equal to the
frequency of Larmor precessional maotion of the nucleus, it can interact and energy transfer occurs between
radiation and spinning nucleus. The radio frequency beam is said to be in resonance with the magnetic
nuclel and so theterm is called nuclear magnetic resonance. However, the nuclei having | = 0 are NMR
inactive. Further NMR spectra are obtained only in presence of external magnetic field while in vibrational
and rotational spectra are obtained in absence of magnetic field.

Experimental set-up for NMR spectrometer: In 1946, Block and Purcdl independently devel oped the
experimental technique for study of NMR spectroscopy. The spectrometer consists of a tube (S) containing
sample either liquid or solid placed between two poles of a huge magnet (M) of adjustablefield strength. A
coil (A) surrounding the sample emits a definite pre-adjusted radio frequency (40 — 60 MHz) from a
transmitter, while another coil (B) picks up any radiation emitted. The latter is carried to a receiver and
amplified and finally to a cathode ray oscillograph or recorder. Thefield strength (B) is gradually increased

and radiation is only absorbed when the equation, v, = g, B/his satisfied for agiven v .

||1.: 1Ii||$-||'|lil'l:'l| ; Radio Teqmency  —
: | mnid amplifer f
I E

™

[T Recefver

b
A e I amid

a-:.% mecorder

= =

SPEINNg sAmple uhe
15
Schemalec dizgran of simple NhR specinomesier

When this condition is reached, thereis resonance between two and absorption occurs. On further increase
of field strength (B), thereis no absorption until again a correspondence is reached. These absorptions are
detected from oscilloscope or recorder.

PMR in organic compounds: In organic compounds, “C and °O are not magnetic active nuclei (I = 0),
and these nuclel cannot interact with the external magnetic field, thus they do not show NM R spectroscopy.

NMR spectra of organic compound are only dueto the *H nuclei (proton) soiit is called usually proton
magnetic resonance (PMR) spectroscopy. The area under the PMR signalsis directly proportional to the

number of resonating *H nuclei in the organic compound. The position and area of PMR signal are the
characteristics of the nature and number of *H nuclei present in the compound.

Chemical shift (0 ): A proton (H?) has only two magnetic energy levels and there is one energy level gap.
S0, we can expect one absorption peak in the resonance spectrum. But even at low resolution as many as
two in CH3sOH and three in CH3;CH, OH absorption peaks are usually obtained. This is dueto fact that

different "H nuclei exist in different chemical environments in the molecule. The density of electron cloud
around any particular nucleusis different in the different groups. The éectronic field produces an induced
magnetic field which acts in opposition to the external magnet field (B). Thus effectivefield (or actual
field) observed by the nucleusis not equal to the external magnetic field (B) applied but alittleless by a
factor equal to the induced magnetic field produced by electron cloud surrounding the nucleus i.e.

Bobserved = Bapplied — Binduced-
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But Binduced ¢ Bapplied OF, Binduced = 0 Bappliied , @S induced field is directly proportional to the applied field. Bo
=B-0 B = B(1 — o), where By = actual field strength observed by the *H nuclei and B is applied field.

Hence Ae=gB(l-o)uy

o, isthe screening constant that depends on the electron cloud density around the nucleus in a molecule.
Larger the electron cloud density, greater is the value of o and Bo will be less for the nucleus.

Spacing of NMR signalsis very close and could not be measured accurately. So NMR signal of *H nuclel
is measured with respect to one reference substance and then multiplied by 10° to get a significant value.
Variation of Bo dueto variation in the chemical (i.e., eectronic) environment of the nucleusis called the
chemical shift (§) whichis defined as,

B.-B
5:%x106 ppm ,

ref

where B, and B, arethe values of external magnetic field at which resonance occurs for H* nuclei

sample
present in the reference compound and the sample compound respectively.
Reference compound is dissolved in the same solution of the sample so that both are under the influence of

the same external magnet field. The reference compound is universally sdected for *"H NMR in
non-agueous solventsis tetra methyl silane (TMS), (CH3)4Si. Thereasons for the selection are given
below:

1. It gives a single intense peak, since the entire twelve nuclei 'H are equivalent.

2. The *H nuclei in TMS are highly shielded as compared to those in organic compounds hence exhibit
resonance at avery high field strength (1.4092 T for 60 MHz radiation) which can be easily recognized.
3. It has low bailing point (27°C) and hence can be removed after the spectrum has been recorded.
TMS also dissolves without reaction in most organic solvents.
Chemical shift (8) is a dimensionless parameter and expressed in parts per million (ppm). It is independent
of field strength (B). Chemical shift, (§) for TMSistaken 0.0 ppm
Chemical shift is also denoted by T whichisdefinedby 7=10- §. Thusfor TMS, 7 is 10.0 ppm.
Most organic molecules will have chemical shift between 0 and 10. For example, water has § of about 4.7
ppm at ordinary temperature
NMR spectrum of CH3;OH:

Methyl alcohol (CH3sOH) has three identical C-H bonds and one O-H bond. The chemical
environments of H-atoms in C-H bonds and O-H bond are different. Since O-atom is more € ectronegative
than C, the dectron density around H atom in O-H bond will be less than that on H atom in C-H bonds.
That is, the shielding effect of H-nucleusin O-H is less than that of H-nuclel in C-H bonds

ooy < ocy  hence,  (Bo)on > (Bo)cH
The observed (actual) field experienced by the hydroxyl proton will be greater than that by methyl protons.
Now the spacing between two nuclear magnetic energy levels in presence of magnet field as
Ae = guy By
and it is greater for hydroxyl proton than that for methyl proton for the applied magnetic field (B).
This effect will steadily increase with theincrease of applied magnetic field. That is,

(A€)on > (A€)ch-
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Since NMR spectrometers are mostly operated by using a constant frequency oscillator (usually at 60 MHz)
and varying the external magnet field, it is obvious that hydroxyl proton will be thrown into resonance at
lower magnetic field than methyl protons as the external magnetic field is steadily increasing.
It means that hydroxyl proton will resonate at low end
field and methyl protons at high end field. o
The area under the signal of methyl protons will be _ o I
three times larger than that under the hydroxyl proton. o) (6]
But area under TMS protons is twelve times than that N om
of the hydroxy! proton. Thisis for the resonating protons
in OH, CHz and TMSare 1, 3, and 12 respectively. " 2
2C and O nuclei are NMR inactiveas | = 0for AR A T
these nuclei. -x1='_:-__-.hl|1--.‘-:-_ I:-:I,I-:'I-::.-:I. 5
NMR spectrum of CH3CH-OH:
In ethyl alcohal (CHsCH>OH), we have three different types of protons
(1) hydroxyl proton (2) methylene protons and (3) methyl protons.
Out of these, the hydroxyl proton is expected to be least shielded as it is attached to the more
electronegative O — atom. Consequently this proton will come into resonance at lowest end field. Out of the
methylene and methyl protons, the H — atom in CH. group is expected to be less shielded than methyl
protons as CH- group is directly attached to O — atom .Thus methylene protons will come into resonance
earlier than those of methyl protons. Hence the NMR spectrum of CH3CH>OH will consist of three signals.
Thesignal at thelow end field is due to OH proton, at the high end field is due to methyl protons and in-
between is due to methylene protons.
Area under the signals .
OH:CH,:CHz =1:2:3 i s
Thus NMR studies revesl e
(a) the presence of particular functional o L**{ LT e e
groups & e e, 4
(b) the relative number of nuclel present ' -
in the group and 1 g i
(c) therelative positions of these groups SR GNY | RO ..
from the multiplicities of the lines ooty o —+ M IM il L
(under high resolution dueto e ’

spin — spin splitting)

WIE. sgiiels of CH, O 1 OH
licnder live sessalnliog )

Spin — spin Splitting:

When NMR spectrum of CH3;CH,OH is observed under high resolution, thelinesin the
spectrum are split into number of fine lines (multiplets).

The effect is caused by the interaction of the magnetic Ay
moments of one set of equivalent protons with those p—

of another st. e k 3 I
This splitting is called spin — spin splitting. !F.l ]uhi |\“‘
However, equivalent nuclei of a particular set do not : :

wik
[ntensity B

interact with one another because of sdection rule.
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In case of ethanol, the absorption peak due to CHs group is split into three components. This is dueto the
presence of neighboring CH- protons, each with spin 1/2.

These protons in CH- group when coupled would produce three possible combinations.
1. Spins of both protons parallel to that of the methyl protons.

2. Spins of both the protons are antiparallel to that of the methyl protons.

3. Spin of first parallel and second antiparallel to that of methyl protons, and vice versa.

Asaresult of this pattern of coupling, the corresponding values of mwill be +1, 0, -1 but zero value
of mcan be obtained in two ways. Possible spin combinations for the methyl ene protons are shown below:

The resonance absorption of methyl protons would therefore, be split into three peaks (a triplet) having
reative intensitiesof 1: 2: 1.

Similarly, the methylene (CH>) protons are affected by three protons of neighboring CHs group. Thesethree
protons, each with 1/2 spin can couplein four different ways and corresponding m can have values,

+3/2, +1/2, -1/2, -3/2. There will befour closely spaced spectral lines for the CH» group and the intensities
of the spectral lineswill beintheratio 1:3:3: 1.

The hydroxyl proton is not affected by neighboring protons because it exchanges its position so rapidly with
protons of other molecules that it does not produce splitting effect. Hence hydroxyl proton will have only
oneline

soin combinations of metliviens peotons spin coenbinations of methyl protous

resultant spm (m)

spin ofes@tions  resultint spindm) P OreRkations ,

Lis
|

Number of peaksinagroup = n +1,
where N = number of equivalent protons in the adjacent group that interact with the proton being studied.

Intensities of the multiplets can be obtained from the co-€efficient of the terms that result from the binomial
expansion of (1+x)", where n = number of equivalent adjacent protons.
Thus for methylene group, number of peaks = 3 + 1 and intensities are obtained from the expansion of
(1+ X)3 =1+3x+3x*+x* so, theintensitiesareintheratio 1:3:3: 1.
For methyl group, number of peaks = 2 + 1 = 3 and the intensities are obtained from the expansion
(1+ x)2 =1+2x+x° i.eintheratio 1:2:1
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Some Univer sity Questions with Answers:

Q 1. What is nuclear magneton? Write an expression for the spin energy level of a nucleus having a nuclear
spin | placed in a magnetic field, H. Compare the gap between the spin energy levels 'H (I = 1/2)
and °H (I =1).

Ans. 1% part: Nuclear magneton ( z,, ) is defined as, JINES zﬂ , terms having usual significance.
m
p

It the quantity used to define the magnetic moment of a spinning proton.
2" part: The energy expression of spin energy level of anucleus of spin | inamagnetic fieldH is

givenby e=—gH z4,+/1 (1 +1) cosé, where @ is the angle between the magnetic moment
and thefiled direction. But /1 (I +1) cos@ = m that has values from

(1 -1),.......... —(1-1,-1 ,s0 e=—gH g m.
3 part: For H'(l =%), m =+1/2and-1/2, sotheenergy gap,
1 1 pm.  Gxlxm
Ae=[§gH,uNJ—(—§gH,uNj=gH,uN,hefeg=G Mpz 1 ":Gmp
hence, Ae:(Gmp)H,uN.

For H* (1 =1), m=1,0,-1. Sotheenergy gap, A e=(gH 1, )—(—9H £y ) = 20H 11y,

pm

Gx1xm
bU[ngM: xIxm, 1

1
2 :EGmp,hence Aez(EGmPJXZH/JN =Gm H -

Thus the energy gap for *H and °H is same.

p

Q 2. How do the NMR spectra of a proton in chemical environment differ from that of a bare proton?
Discuss with respect to the case of ethanol.
Ans. In case of bare proton, there is no electron cloud around the nucleus. The screening constant (a) =0.

The applied field becomes same as the observed field. The NMR signal will occur at the lowest
magnetic field of *H nuclei.

-~ OH
[tvel L CH; CH
e = e
] ' : ey | |
nt ) ! " [imea l.*ﬂ"{-‘-_:%- om——_Liield om) L e
i ; A ga § = edaiine B=a R DT CON
a1l [l o TSt ——
4 - “CH LH)
I.'.:l B=3% T - Tram ikom -
1 A
/ £ A i
— .H"' MR s A5 | 3l
\ u o ke proidn HirteaRiTy fp— J-_! 1. 0 b3 I-"
o H. H TEE

NKIR agnals of CHCH, 00
Ciendesr hite fesd o)

For ethanol, there are different types of *H
nuclei from the viewpoint of electron cloud environment around the nucleus. o, <o, <O0g, , hence

(By)oy > (Bo )CH2 > (B, )CH3 . The energy gap of the different protons will be (A ), >(A e)CH2 >(A e)CH3

so hydroxyl proton will be thrown into resonance at lowest end of the magnetic field, methyl protons at the
highest end and methylene protons at the middie end.
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Q 3. What is nuclear magneton and nuclear g-factor?

m .
pMP .y denotes the magnetic moment of bare

Ans. The nuclear magneton, y,, = & and g=G
2m,

proton and it is universal constant. g-factor is the property of the nucleus, where G is a number
obtained from experimental data.

Q 4. Thenucleus “C isNMR activebut “C is not. Why?

Ans. Experiment shows that for nucleus with odd mass number, nuclear spin quantum number (| ) = half
integral and they are NMR active hence °C is NMR active while C has even number of protons
and even number of neutronsand | = 0. It isthus NMR inactive since magnetic moment ¢, of

nucleusis zero.
Q 5. What is chemical shift in NMR spectroscopy? Sketch the NMR spectra that you expect to find for
protons in ethanol (i) at low resolution and (ii) at high resolution. Ans. See the note, page 6 and 7.

Q 7. For an dectron moving with avelocity v inacircular orbit of radiusr , obtain expression for
(i) angular momentum and (ii) magnetic moment.
Ans. (i) Theangular momentum of the eectron (L) is mwvr, wherem is the mass of the electron and

(ii) magnetic moment according to Ampere’s law £, = 1A, where i = current circulating per sec

. . v
= number of revolution per sec x negative charge on the electron = - xe , A=areaof cross
r

section of the coil = 712 . Thus, magnetic moment of electron,
__V xexzr?= evr
Hn = ot 2’

Q 8. Obtain an expression for Larmor frequency of precession of the proton around the applied magnetic
field. Ans. The Larmor precession frequency is given by v, = (g,uN B)/h . See the text, page 4.

Q 9. NMR spectrum is said to quite different from the IR and electronic spectra. Discuss the most
important point for this difference.

Ans. NMR spectrais obtained in presence of external magnetic field and it is used to split the energy
levels. But for IR and dectronic spectra, external magnet field is not required for absorption of
radiation.

Q 10. Which of the following nuclei respond to NMR spectroscopy? 'H, ?H, “C, *C, °O. Give reasons

inbrief. Ans. *H, *H, “C respond to NMR spectroscopy as for the nuclei, | 0. Seetext, page 1.
Q 11. Inwhat position of the of the following energy scale does the NMR spectra bdong? Far IR, IR,
visible, UV, X-ray, none. Justify your answer. Ans. None, much larger wave length of radiation
(radio wave) is required as the spacing of magnetic energy level isvery small.
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