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SPEC FROSCOPY

The Study of spectrosceyv - of vital importance to the modern chemists. Spectroscopic

“techniques cerve as s=lia~' means and are being used as a routine method of iden‘ification
of compounds. The main features'which give it an edge over the conventionalanalytical
techniques are given 'below:

& identification even wilh sery small amounts of m'mml
@  quick analysis

@  greater authenticity

® sample recovery (in most of the methods)

® fingr szactural details such as stereoisomer type, ctc.

This course on ‘Spectroscopy” has been developed keeping in mind the widespread usc of
*his technique in modern chemistiy leboratories. Both the theoretical aspects anc: the
applications of spectroscopic methods liave been dealt with in this.course. You will
appreciate the importance and uni-ueness of eah srectrescopic metheds, while stud)mg this
course. Besides these aspects, you will also learn about the izstru.nentation.

We are very much aware of the fact that the o .1cepts deal: with in this course are slightly
difficult. Therefore, they have been explained in a dstailed way. ,

This course consists of thirtecn units spread in four blocks. In srlir to nrcerstand spectra-
structure relationship in a better way, it is suggested that you shouid g~ through (or revise)
the course material of ‘ Atoms and Molecules’ (CHE-01),.‘Inorganic Ct : nistry’ (CHE-02)
and ‘Organic Chemistry’ (CHE-05) courses. Such a study is a pre-requisit: cince 1t would
provide the tonding theories of inorganic and organic compounds and prepa you for
assimilating the concepts discussed in the spectroscopy course.

As it is a four credit course, you are expected to devote 120 hours of study. But do not gat

disheartened as your pace of learniag may vary and you may need a little more time (or
little less time). You can plan your study by distributing your time as follows:

©®  About 7 hours of study for cach unit on an average making about 90 hours for 13
units.

® 10 hours for two tutor-maried assignments which are to be submitted for continuous
evaluation. -

® remaining 20 hors can be used fur attending the counselling sessions or revising the
course material rr doing some additional reading from the books mentioned:at the end
of each block. These books will be availabale at your study centre, Remember that
these books ar= anly for additional reading, i.c. if you want to study some aspects in
+ more detail, otherwise this course material is self-sufficient.

In case of any difficuity or suggestions, send your comments to the Course Coordinator at
the address given below. Your coniments will give us a feed back which wil! further help us
in improving this course.
Wishing you all the best in your studies,
v Course Coorcinator,
Spectreer:ny (CHE-10)
School :f Scieiises, IGNOU
Maidan Garhi, Ne'v Delhi-110 068.
Objectives
This course familiarises the learners with both the theory and application aspects of ,
spectroscopic methods used in the identification <7 compounds. After studymg this course,
the students should able ty:
e explair the basic concepts of atomic and molecular 5 ccira,
@  use the ideas of symmetry and group theory in explainirg the various types of
spectroscopy, ‘
©  describe the theoretical features and applications of various t)pes of spectroscopy i.c.
r~*ational, vibrational, Raman and electronic etc, :
@  discuss the instrumentation associated with the above speciral techniques,

@ cxplain the techniques of resonance spectroscopy such as nuclear magnetic resonance .
spectroscopy and electron spin resonance spectroscopy and their applications,




@  state the applications of mass spcectrometry, and {
®  correlate the spectra of simple lolecules with their structure.
Study Guide

Some of the concepts explained may seem difficult to you at the first altempt, hence you arc:

\

' advised to-read those portions-again. You can plan your study time and devotc 6-7 hours of

study to each unit. It is suggested ¢ that you attempt the sclf-assessment quesnons given in the
units to check your understanding of the concepts.
You are also advised to study the marginal remarks carefully as they will give you
-interesting and important information. . :
In case you want to read more about the topxcs dcalt in this bleck, you can consult the books
listed at the end of this block. Otherwise, the blocks sent to you are self-sufficient.
You will also be receiving two Tutor-Marked Assignments alongwith the course material,
‘Assignment ] is based on Blocks 1 and 2 and Assignment 2 is based on Biockg 3 and 4.
Start doing the assignments also as you study the course material. .
" In case of any difficulty or suggesuon send your comments and feedback to the course
coordinator; .
‘ Wxshmg you Good Luck in lhe studies.

_BASIC -CONCEPTS AND ROTATIONAL ’SPECTRA

Thxs is the first block of the ‘Spe"troscopy course. It deals with the basic uonccpts of
spectroscopy and rotational spectra. It contains three units,

‘Unit 1 deals with the ‘Spectra of Atoms’. It starts. with the basic concepts such as how and
why atomic spectrum is obtained. The atomic spectrum of hydrogen is discussed in detail
whereas the spectra of some multi-clectron systems such as He, C etc. have been explained
briefly. : :
"Unit 2 deals with ‘Symmetry of Molecules’. The study of symmctry of molecules can help in

- relating the shape of a molecule to its spectrum. This uriit begins with the recapitulation of
the VSEPR theory "v%:ich was explained in Unit 3 of * Atoms and Malecules’ (CHE-01) °

* course. This is followed by. the discussion on symmectry clements and symmetry operations.

The molecules will then be classified into point groups using symmetry, This classification

helps in understandmg various physical propemcs such as dipole moment, optical rotation

" and.gpesztra of molecules, '
 Some of the aspects of symmetry are dealt in the form of group theory in the Appendlx to -

*_Unit 2. The study of group theory wxl] help you in better understdndmg of advanced '

_ voncepts df spectroscopy.

" -Unit 3 is cevoted to the ‘Rotational Spectra’. From thls unit onwards the study of molecular

, spectra begins. The study of totational spectra of molecules helps in arriving at the values of

~molecuar parameters such as bond length and bond angle. We will begin this unit by

- explaining the various types of molecular motions. The rotational spectrum of a rigid

. diatomic molecule will be discussed in detail followed by the applications of such a study.

‘Then the effect of non-rigidity on rotational spectra will be explained. The rotational spectra
of polyatomic molecules will also be discussed bricfly. ;

‘Objectives \

After studying this block, you should be able to:

®  describe electromagnetic radiation,

@  discuss the atomic spectrum of hydrogen in detail,

®  predict thespectra of hydrogen like atoms, ‘

®  explain Zeeman effect, o

@ describe symmelry clements and syrimetry operations, -

@ identify the point group of a molecule from its symmetry elements
®  state implications of molecular symmetry, : C
e  define moment of incrtia, ‘
®  discuss the rotational spectra of lincar dm(onnc and triziomic molcculos
®  give applications of study of rotational spectra,
& -explain the effect of i xsotopxc substitution and non- rsgldxly on ti\e i*oi;monal epcum of
molecules, ; B :
classify various molecules on the basis oftheu' momom ofmcnm and

~relate the intensity of spectral lines with population of encrgy lev cls:

%0




UNIT 1__SPECTRA OF ATOMS

Structure
"L1 Introduction
Objectives (
1.2 The Electromagnetic Radiation
13 Interaction of Radiation with Matter
14 The Atomxc Spestrum of Hydrogen
1.5. Fine Structure of Hydrogen Atom Spectrum
1.6 Spectra of Some Hydrogen-hke Atcms i '
17 Multi-Electron Systems  \
1.2 Atémic Spectrum of Helium

7.9 Spectroscopic States of Carbon‘_k : | ~,
*1.10 The Zeeman Effect
1.11 X-Ray Fluorescence Spectroscopy
1.12 Photoelectron Spectro‘scbpy :
Y 1.13 Intensity of Spectral Lines
1.14 'Sum-mar}: »
LIS Terminal Questions

1,16 . Answers

11 INTRODUCTION

This is the first-unit of the ‘Spectroscopy’ course. As suggested to you, we assume that

by now you miust have studied “Atoms and Molecules” (CHE-01) course. Since there

must have been some time gap in-between, it will be useful to begin with by refteshmg
~ some of the conccpts dealt with in the ‘Atoms and Molecules’ course.

~This unit is devoted to the spectra of Atoms. You are aware from Unit 1 of “Atoms
and Molecules” course that atomic spectra results due to the interaction of electromagnetic

radiation with atoms, Hence, we will start our discussion by defining what is
electromagnetic radiation and how it propagates in space. We will also enlist some
characteristics of electromagnetic radiation followed by the explanation of its '
interaction with atoms. We will discuss the atomic spectra of hydrogen and hydrogen -
like atoms in detail followed by that of helium and sodium. ‘We will also explain the
spectroscopic states by taking the example of carbon, Then Zeeman effect will be
discussed. Finally, two techniques such as X-ray fluorescenice and photoelectron -
“Spectroscopy uscd in the dctcrmlnatxon of atomic spectra will be explamed i

. Objectives
© After studying this-unit,tyou should be able to:

® descnibe electromagnetic radiation,

e __define and relate various parameters such as wavelength, frequency, wavenumber
. etc. assocxatecﬁmth the electromagnetic radnatxon

@ discuss t'ie origin of various series of spectral lines in the atomxc spectrum of
hydrogcn :

i
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@ explain the fine structure of hydrogen atom spectrum,

@ predict the spectra of hydrogen like atoms,

& discuss the possible transitions in the atomic spectrum of helium,

¢ write spectroscopic terms of an atom from its clectron configuration,
® cxplain Zeeman effect and ' ,

® give importance of the x-ray flourcscence and photoelectron spectroscopy.

°

1.2 THE ELECTROMAGNETIC RADIATION

Since atoms and molecules cannot be seen, we derive information about their structure
by their intcraction with clectromagnetic radiation. You may recall from Units 1 and 6
of ‘Atoms and Molccules® course that electromagnctic radiation consists of oscillating
clectric and magnetic fields directed perpendicularly to cach other and also to the
dircction of propagation of radiation, as is shown in Fig. 1.1.

- o
Magnelic by tric
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) : Z propagation of
~ : . radiation -

Fig. 1.1: The electric and magnetic flelds of the electromagnetic radiation.

Similar to the othcr transverse wave motions such as that of stretched string or'water
wave, the clectromagnctic radiation carries energy from one place to another, But
unlike the other wave motions it does not require any medium for its propagation.

The clectromagncetic radiation can be described in terms of certain paramecters such as
wavelength, frequency, wave number and energy. Although these parameters have
been explained in Block 1, Unit 1, Sec. 1.4 of ‘Atoms and Molecules’ course, let us
revise them and refresh our memory as you will be using them very often throughout
this course.

Wavelength (1) can be defined as the distance between two successive crests or
troughs (sec Fig. 1.2). The wavciength depends on the system through which the
radiation is passing,
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Fig. 1.2: Wavelength assoclated with the clectromagnetic radlation.




: . " Spectra of Ao
Frequency (v) is the number of waves per second. P PO

Iy

Wave number (%) is the reciprocal of wavclcngth and 1t is the number of
waves per unit length.

The symbols and ST units of wavelength, frequency and wave number arc listed in
Table 1.1.

A

Table 1.1 : Some characteristics associated with electromagnetic radlation.’

Parameter Symbol - SI Unit
Wavelength 4 (lambda) metre (m)
Frequency v (nu) hertz (Hz)
Wave Number v (nu bar) metre™! (m"‘) _

These parameters are related to each other by the following relations:
. . o The longer the wavelength, thic

lower is the frequency; and the
(1 1) shorter the wavelength, the

A=
higher is the frequency.

<ela

where ¢ is the velocity of the radiation in the medium. However, in vacuum
¢ =2998 % 10¥ms™? '

(1.2)
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and

You may also recall fx'om Unit 1 of ‘Atoms and Molccules’ course that certain
phenomena like black body radiation, heat capacity variation, photoelectric effect and ‘
atomic spectra could not be explained with the help of classical mechanics. The You are advised to go through
. . o e . . . Unit 1, Secs. 1.5 and 1.6 for details
classical mechanics puts no restrictions on the value of a dynamic variable (e.g., of these phenomena.
energy, momentum etc.). The quantum theory proposed by Max Planck in 1900,
suggested that the energy can be emitted or absorbed only by a specificd amount,
called the quanta and not continuously. Also when we consider the interaction of
_radiation with matter, its wave like description fails to explain the interaction.
Therefore, the particle nature of the radiation has to be considered. These particles
are known as photons. The energy (E) of the photon can be related to the frequency ™)
of the radiation bv the following 't cxpressxon

E=hv i (13)
where A is the Planck’s constant and has the value 6.626 X 10™34) s,
From Eq. 1.1, we can say that

A
‘V*I

Substituting the above value of v in Eq. 1.3, we get.

-’%ﬁ - | (14

From Eq.1%, 7 = }f; Substituting this in E - 1.4, we can write

E=hcv S o (L5)-

Learnihe above selationships by heart and do not confuse one with the other. If you
do not feel confident, go through them once again. :
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Fig.1.3 shows the range of e!cctromagnetic radiation in terms of the above parameters,

o Spectra Carcef ully go through the values given for various rcglons Try to apply the above
rcldllonshlps (Eq.1.1t0 Eq.1.5) to these values .
71
/
FREQUENCY NAME OF‘ WAVELENGTH
22(}{-,,) RANGE (m)
10 p y-ray R T
v 4 - ' . -13
i ~ X-ray 10
” 10" i Vacuum N k nm
. Y -10 -
VIO}CL 7.1 ultraviolet 11 K T~ :g-g 420 ViOICt
. Bluc 6.4 Ultraviolet B — 470 Blue
\ Green S, 7 530 Green
: ullow 5.2- “N 580 Yellow
ear :
le[z‘g; Zg _ Infraved ‘1\0-6 ,620 Orange
' 0% 10”% -4— 1 THz . ' -+ 700 Red
: ' - Kar
x 10" Hz 7] infrared 1 MM
- v — lem 4 1972 _
: icrowave: ' S :
. 10° ~1GHz - -1 | o
1 R - . Ty - ] m : o 109 ‘ v . ‘ o
NI ME 107
T N e S B Radio- 1§ o 03
{ . -1 ftrequency ! krr'x;. 10
10T 1 kHz : : ’—‘*- _105 : '
;e . . . ' ‘ Pl . ._v L
¢ Flg. i.S; Thé Range of Electromagneilc radiation.

Although you know, the followmg
conversions from Unit 1 of ‘Atoms
& Molecules' ~ourse (CHE-01),. you
gre advised to go through them
again and refresh your memory. .

1 millimetre = 1 mm = 10> m
1 micrometre = | ym = 10~°m'
I nanometre -”1 am = 10" m

| picometre = 1 pm = 10"'lz
Angstrom =1A =10""m

- After understandmg the above sectlon, answer the followmg SAOs.

SAQ 1

Calculate the energy associated with a radiation having wavelength (1) = 400 nm,

lervaresne

LT T R TPy Ty YTy Y P PR PP T PR T I TYY

LT T Ty Ty Y T Y Y Ty Ty Y PR PT TR TR T Y P Ty

SeeEINRINEIIISIETIRIYIIIIIOIORINIINSY revres
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SAQ2

Gencrally, the energy is rcportcd per mole. How will you convert the energy value

- obtained above in terms of energy per mole ?

: Avaga{dro Number = 6.022 x 1()~3 mol™? ; = ; Ny

)

------- L T T Ty Ty L Ry Y Py Ly Ty Ty R T Ty Ty Ty Ty P YRR S PRI P IS
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‘13 INTERACTION OF RADIATION WITH MATTER |

From the above discussion you have an idea about what a radiation is? You are also

. familiar with the fact that matter consists of atoms or molecules. When electromagnetic
radiation comes in contact with matter, there may be an exchange of energy between
the photons and matter. As mentioned in the last section, according to Planck, energy
can change only in terms of quanta. Thus, a system may absorb energy and go from the .
lower energy state E, to the higher encrgy state E,. Alternatively, a system initially in

- the higher energy state E,, can lose energy and go to the lower energy state E,. The energy
difference, AE, between these two states is given by the following equation.

AE=E,~E =hy R | —(16)

where hv is the energy abosrbed or emitted, This is also shown in Fig. 1.4. : C

4 . Ez
» Y !
: b }
- - . The lower energy state is called
AE ; the ground state whereas the
. - _ \ ; * higher energy state obtained by
. A \ absorption of energy is called the -
: 5 : . excited state for that particular .
¥ L : E] i . SYStem‘. " o

{

‘ ) Flg:l.4: Energy levels.of a system.. :
: - o E . ' Yoe .
At this moment; can you think of the importance of the absorpticn or emission of b
energy by a system as discussed above? Obviously, by determining the energy absorbed
or emitted, you can know about the energy levels present in an atom or a molecule. In -
other words, these energy changes can be related'to the structure of the atom or the

molecule.

© The next question which will come to your mind is how to determine what amount
. of engﬁg_y is absorbed or emitted? Depending upon which one of the two modés
(absorption or emission) we choose for determining the energy change, we use the
instrui;iént,;galled absorption or emission spectrophotometer, These instruments
are designed to measure which frequencies of radiation are absorbed or emitted by
a particular sample on irradiation. The absqrpfion spectrophotometer '
(Fig.1.5 a)-consists of a source which gives radiation of known frequency
range. The radiation, thus obtained, is passed through the sample. The sample
absorbs some of the frequencies and transmits the others. The . R
transmitted radiation is then analysed, detected and-the frequencies K
absorbéd are:recorded. The emission spectrophotometer (Fig. 1.5 b) consists of a
~ source of excitation which energises the sample. The sample then emits a _
-characteristic radiation which can then be resolvec into its components and finally
detected. " ' ' S
Do not worry about the details of instrumentation at this stage. You will study them in
Unit 9 of Block 3 and at other appropriate places in this course. . K

At this stége, you may be curious to know how the absorption and emission spectra
look? In absorption spectra; certain frequencies are absorbed by the sample under
observation. When the transmitted radiation is analysed, these particular
frequencies will be missing and if a photographic plate is used as a detector, one

UGCHE-102A) ~ ; ‘ o . B 9
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value of E by a quantity v, where v, is the characteristic frequency of the
oscillator. This shows that the energy of the oscillator cannot be changed at will but it
can be only changed by a multiple of hvy,. This is referred to as quantisation of
energy. By showing the values of E for varying values of v we can build up cnergy levels
as shown in Fig. 4.4. '

hVosc

hoose

)
o
§
&
N (%]
g
&

l hUOSC m)osc
2 h\’osc 1
h hl)mc hUOSC

g MWosc 0

RVosc

absorption of
rediation
—+cm™

Absorplion of radiation

Fig 4.4; Energy levels of a harmonic oscillator.

4.3 ‘DIATOMIC MOLECULE AS HARMONIC |
OSCILLATOR |

Let us now consider two particles of masses n; and m, joined together by a spring

having a force constant k (Fig. 4.52). The distance of separation between the particles

is . The spring can be stretched and compressed by pulling the two particles apart
(Fig. 4.5b) or by pushing them to come closer (Fig. 4.5¢).

OIS ¢
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Fig. 4.5 Slrctchlhg and compression of two particles joined together by a spring.

Point O in Fig. 4.5 indicates the centre of mass and ry and r, denote distances of the




We can take out m, and (my + m,) out of differentiation because they are constant.

mym, %, '
Thus, i e =2 e (P {422
(ml + mZ) d t2 ( C) ) ( ) r=r-=r,

Here my m,/(my + m,) can be denoted by 4 which is called the reduced mass.

& . m.,r.

above, we get

- mym ’ ' ’ rery= il
NPt Sl 2 : - v (4.23) 2T,

- nll + mz
m(r=ry)=m,r,

Thus, Eq. 4.22 can be rewritten as or

m r-—mlr2=m T

5 : 1 2"
der A
Wl e kreny (428) o
d¢ . . mer=(my, +mgjr,
2 2 . . 2 2 I"lf
d(r=r)) d*r : d*(r—ry) . d*r oF T My
Since =2 = =L because 7 is a constant, we substitute ——— for <% in (nytmy) 2
d® dr d¢ de i
Similarly, from the Eq. B above,

Eq. 4.24 for having similarity in the variable on the two sides of the equation. Thus, we ean derive

m,r

'dzr-—r :
# ( ""Ez:"k(r"'re)

T . (425)

i

A comparison of Eqgs, 4.4 and 4.25 shows that the two expressions are similar if m of

Eq. 4.4 is identified with « of Eq. 4.25 and x of Eq. 4.4 is identified withr - 7, of Eq.

4.25. This leads us to conclude that the cscillational motion for two particles joined
together con be identified to the simple harmonic vibration of a particle of mass equal -
tou and-a “isplacement equal to r —~ r, (called A7) in the above case. Going on similar N SN

analogy, t~erefore, we can write equations similar to Eqs. 4.2, 4.6, 4.7, 4.11 and 4.12 for

oscills tions' ¢ the two particles joined by a spring viz.

Ar=Arycos2mvyt e (4.26)

422 »f
k=4n"vy u .. (4.27)

Ve
5

From ry+ry =r, we can say that

Using this vafuc of ryin Eq. A

g
Vo(m, )

parucics 4 and 4, réspecluvely, irom tae Cenire o1 mass U, 11 th¢ new aistance o1 . ”;{“;'"“‘_’"Ki; "ll""‘;“‘v
separation of the two particles in Fig. 4.5 (b or c) is referred to as 7, the displacement ot Diatomic Molecules
of m, with respect to m, given by r — r, (while keeping the centre of mass at O) can be .
1 i P 2 g y" 5.( ) ping ) Note that the potential energy is
employed in the equations of motion (similar to Eq. 4.4) as follows: proportional to the square of
. ) : relative displacement of the el
my dzrl R ) ’ - particle and is given by . ’
-.-c-i-;.i._. = —-k(r — ”c;‘. ‘ - ,,_(4,19) Vo= %k (r - ,c)z
» _ ' S and the restoring force is given as
‘and | , ' F=—=k(r—rp).
’ dz " . . 'Thus, the cquations of motion for
m Ty . . the two particles my and mj are as
2 e k(- ry) (320) i by Eas 4.19 and 420,
dt2 ‘ : given by Eqs 4.19 and 4,20,
* ) respectively,
Since r = ry + r, and myry = myr,, we get : From mi, r, = m,r,, we can write
, ' 11 =0y
. m,r
m m M
n= """‘"’2“"'7' and ry = ""“’"‘L"'r . .(4,21) ' ' m n ()
my + msy my -+ my !
ml rl
, . : and r,= .. (B)
Using these expressions for r; and ry, Egs. 4.19 and 4.20 reduce to o ",
' . : r= fl -+ YZ .
ml d2 w"m' . . r o= T—z.fg + fi.l._r_].
mq +my ‘ m m
=—k(r—r,) : oo
ds ' 2 2
_ l'zln2 + rlm
C o mym,
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" Such a nfotion is described in

detail in.Unit 3.

~ system can be described in terms of the motiont of a smgle (fictitious) particle around |

where m and m; are the masses of the two particles; The reduced mass of the

A AW VIV VA & VWV 78S i Jclvm SER T IO TR "}’1 hannhathhd A ieaied y-uvv kel ?quu wEL™
5 ES

centre of gravity. If the centre of gravnty is at rest, the motion of this two particle

their centre of gravity having the mass u. This mass u is referred to as the reduced:
mass and is given by the following equation. oo

mymy !
T mytmy _

hydrogen atom can be calculated as ,\
my, Me ‘ ’ ‘ .
R e .
# m, +m, v o ' o
my,

= 1] me——
€ m -+ m . .
- n [ ‘ ’ -

where m is the mass of the nucleus and m, is the mass of the electron,

§
¥

1

_ Thus, a correction of 140 me | istobe applied to the theoretic~ .y calculated value of

“the Rydbex‘g constant, R, - Thus thc value of the Rydberg constant for hydrogen
Asbould be ' :

Using spectroscopic-
determination, ratio of the mass
of proton to the mass of electron

" was found to be 183645, i.c.

12

m .
—£ = 183615
m,

my

. 1 . - .

Ry=Re |  m, . o w (L11)
| 142 . g

my

D1 : .
L 9109 1073 kg
16726 x 107 kg ).

= 1.09737x 10" m™

<

= 1.09677 X 10’ m™*

Thus, Eq.1.10 for hydrogen atom rewritten as,

=Ry |5 - LA
. ' "1 " :

where RH'is given by Eq.l.l 1

A -
. ¢ ‘ ! . .
/ - <

: Therefore we can expect that when the hydrogen atom goes from its ground state

: V But, what about the higher energy levels" Let us see Fxg 1.7 whlch shows energy levels
“forn = 1ton =5,

H(I 5" to the excited state H(15"2s" or 15°2p") i.e., when/the electron in hydrogen atom

goes from the first orbit (n = 1) to second orbit (1 = 2), a radiation corresponding to

wave number given by Eq. 1.12 should be absorbed. In the reverse,process, when the %
atom changes from its excited state to the ground state, the radiation with ¥ givenby . {
Egq.112 should be emitted. !

L
‘\




1=0 , I=1 1=2 . -
n = oo . (3state) (p stats) (d state) Eucra;r (em™)

~~0.2 R

L-04r.

-=0.6 R

--08 R

(b)

Flg. 1.7: (a). Possible transitions from gronnd state to exclted states in hydrogen atom,

(b) Hydrogen atom spectrum,
Z

' One thing which you.can xmmcdxatcly observe in the ﬁgure is that for a particularn

Spectra of Atons

Remember that the energy levels
having same cnergy are called
degencrate,

Remember that the four quantum
numbers about which you studied in
Unit 2 of Block 1 of ‘Atoms and
Molecules’ are principal (1),

-azimuthal (), magnetic (m,) and
- spin (18,) quantum numbers. The

principal quantum number (1)
represents the major energy level,
The azimuthal or angular

.momentum quantum number ()

represents the angular momentum
and shape of the orbital. The
magnetic quantum number (1)

determines the possible quantised
orientations of the angular
momentum and the orbital in space.
The spin angular quantum humber

() denotes the spin of an electron,

Note that according to the selection

rules the transition fot 1s'—» 25!
is forbidden but the transition from

A lsi—-——~>2s°2pl state is allowed. -

value, s, p and d levels are placed at the same level, i.e., they have same energy. This is - You may recall that Schrodinger

also evident from Eq.1.7. If you see Eq.1.7 carefully, you can note that all other terms
_‘except n are constant. Thus, for a particular atom, energy is governed by n. You may

*also recall from Units 1 and 2 of ‘Atoms and Molecules course (CHE-OI) that n was
called the principal quantum number.

- You can also see in Fig.1.7 (a) that there are various possxble energy levels. But if you
analyse Fig. 1.7 (b), you will find that the spectral lines appear only at discrete
wavelengths (or wave numbers). Thus, we can say that all the transitions from all the-
levels are not allowed; or in other words, we say that only some transitions are allowed
and others are not allowed. Now, to decide which transitions are allowed we can

- denve certain selection rules with the help of (time dependent) Schrddinger equation.

- In this course, we wigll not discuss the details of how'these selection rules are derived
- from, Schrodmgcr equatxon. But we will discuss what these rules are and how they are
“applied in case of various atoms to understand their spectra. !

The selection rules for the hydrogen atom are:

(i) An = anyvalue
and | (i) Al=z1 - - ~

Using thcsc rules, let us begin from the lowest possible level, i.e., 1s level. For this
"level,n =1and/ = 0. Thus, electron from this level (# = 1) can go to any hxgher level

withn = 2, 3, 4... etc. but with the restriction that A / should be equal to 1. Here Al
“can only b=+ 1, Therefore, I = 1 for the excited state which means that the 5 electron

can go only to p states of higher levels. These transitions are shown in Fxg 1.7 (a) Let

us also write value of ¥ from Eq. 1.12 for these transitions. . - - .

Hereny = 1and ny =23 4.... 80 we can say that

o R ’ ’ st Y

equation has been discussed in Unit 2

“~ of Block 1 of ‘Atoms and Molecules'

course

The Schrédmger equation can be
‘written as
Hv:éEt/JwﬁcmHuiV2+ Vv
8tm
&

a?
in which V2 IS ey o s o s
o oyt o

This form of Schrodinger equation
was time independent Schrodinger
cquation and was used to calculate
the energy of the energy levels, But,
for the derivation of selection rules
for spectral transitions, we have to
use time-dependent Schrédinger
equation. The time-dependent
Schridinger equatton can bc written.
follows:

.=k ——-(-—l“' ] + V(x)\v(x,z)
87r2m
h" o‘Il
. 47(2 i
Note that accordmg tothe
selection rules, 15t to 25! transmon

., is forbidden.

Remember ! represents the

. azimuthal quantum number and

can take values from O ton 1.

13
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Remember that according to the
Boltzman distribution, the number
of molecules present in the excited
state (N2) are related to the
number of' molecules in the
ground state (N1) by the followmg
expression:

14

- transitions from lower energy levels to higher levels whereas the

ko = kogse (v - W)

E, Vi

Fig. 4.7: Absorption of radiation and vibratlonal iransition.

As you have noticed in Eq. 4.33, the harmonic oscillator with different energy levels
defined by different values of v, has different wave functions, As mentioned in the
appendix of Unit 2, an electric dipolar transition from energy level v; to vyis only

allowed in case the transition moment integral given below is non-zero, i.e.

-+

L wMy,dg, - | o (434)

v

where y, f and Wy, are functions for veand v; levels, d ¢, is volume element.and M is

dipole moment operator. Without giving any further derivation it can be stated that if
dipole moment is a linear function of internuclear distance of the diatomic molecule,
the above integral is nonzero only if Av = *1 and if the dipole moment is a non linear
function of internuclear distance, the above integral is nonzero for all integral values
of Av. However, in practice only transitions with Av = *1 are allowed for harmonic
oscillator model of diatomic molecules where the dipole moment is known to be a
linear function of the internuclear distance, The ‘4 sign for Av above refers to

“~” sign refers to
transitions from higher energy levels to lower energy levels. The absorption of
radiations thus corresponds to “+ sign and emission of radiations to “~” sign of the v
values given above. Further, expansion of dipole moment operator M in Eq. 4.34.
shows that fundamental transitions are allowed only if d #'d(A r)is non zero, i.c. the
vibration should be accompanied by a change in the dipole moment to show a
fundamental transition. Thus homonuclear diatomic molecules do not show any
absorption in the fundamental vibrational spectrum. These rules regarding which
transitions are allowed and which are forbidden, are referred to as Selection Rules.

Since the frequency of the electromagnetic radiation which satisfies the condition
given in Eq, 4.33 falls in the infrared region, these transitions are referred to as
infrared transitions and are observed in the infrared region of the spectrum. The
intensity of the band corresponds to the amount of radiation absorbed and is related

to the square of the transition moment integral (Eq. 4.34). The frequency at which the
maximum absorption is observed corresponds to the frequency of electromagnetic
radiation responsible for transition as defined by Eq. 4.33. According to the Boltzman
distribution, the number of oscillators in v > 0 level are expected to be very small at
room temperature; hence only transitions from v = 0~ v = 1 arc observed where .
the v, for the oscillator is equal to the frequency of the clectromagnetic radiation

absorbed to give the fundamental transition, At higher temperaturcs v=1——>v =2
etc. transitions may also be observed. Such transitions are referred to as hot
transitions (or hot bands in the spectrum),

4.3.3 Evaluation of Force Constant and Maximum Displacement
As we have noticed above, the fréquency of electromagnetic radiation at which
absorption takes place can give the value of oscillational frequency of the diatomic
molecule e.g. for a transitionv; = 0 tov, = 1,

1y

AE=hv=hv = Vose o .. (4.35)

Qsc?

)




" Vibrational Spectra

and if we know the reduced mass cf the diatomic molecule, we can calculate the value
of Diatomic Molecules

of force constant, k by using Eq. 4.27 and 4.28. Egs. similar t¢ 4.15 and 4.17 for
diatomic molecule can'be employed to evaluate maximum displacement A 7, for

various values of v as follows:

' Total euergy =1

2
= (V + "1" h Yosc e (4.36) . e

| (v+ :21—) h o
giving Arg=t 4/ ——— . (437)
2unty AE=E—E

; 1 ‘ 1
= hivoge (Ve + 'i') "'v’wmc v+ '2')

SAQ 1
. ’ - =3 hvgge (1 +%) "hvmc(o+%)
HCl molecule shows an absorption at 2886 em™ 1, Determine its force « “ustant and s 1
maximum displacements (changes in internuclear distance) for v = 0,3 °3. I = Bvoys (:2 -~ -2-)
w BV,

-----------------

-------

........

434 Isotope Effect

We have noted above that the TICI molecule absorbs radiation of 2886 ot frcqﬁcncy.
Let us see what changes we expect in the infrared spectrum, if HClis changed to DCI.
This brings change in the reduced mass, i.e.

S 1% 35.5 2T
Ko = =162:: 10 kg
THOT 365 % 6.023 % 107
”DCI = 2 X 35.5 = 3.14 X 1‘1“27 kg

37.5 x 6.023 x 102

Thus, we can séy that

Kpa = 24u0 - (4.38)

The force constant is a property of the bond which in turn depands on the number of
electrons in H and D, Since number of electrons in H and D are equal it is assumed R
that to a good degree of approximation that the force constant for HCl and DCl are

equal,

Using the above argament in Eq. 4.28, we can conclude that

1
Vese & Vie
Thus,
’71D 'ﬂd
HCI — T
Yoo [hpa o JMptMa_ JTD gy (439)
bl #Hel mync Ny My ;

my + n\lCl 15



Basic Concepis and Rotational
Specira

‘Note that we are using

i to rcpxjesf:nt ”?:—‘z'

Note that we have used modulus™
sign (] ]) to represent the
magnitude of a vector in Egs. 1,14

1is represented as {1}, The same
convention will be followed for
other equations also.

Note that we are now using s to

". denote the spin quantum-number.

Conventionally, vector qunntitics ‘
may be represented by using an
arrow on it, for cxamplc, vector 1

can be represented l But we are
using bold lg kt\tcrs to denote vector
quantities.

16

* Spin angular momentum,
(a) and 1.14(b). Thus, magnitude of { ‘

’ «SAQ3

- If the ratio of mass of electron to the mass of nucleus for deuterium is' 0 00027148, ,

calculate the value of Rydberg constant for deuterium. (use the same value of R, for

deuterium as used for hydrogen). Also calculate the wave number for the first Balmcr
line for deuterium.

1.5 FINE STRUCTURE OF HYDROGEN ATOM
SPECTRUM

So far we have based our discussion on the Eq. 1.7, wlnch relatf 5 the energy (E) of an
energy level with the principal quantum number, #. But to understand the fine
structure, we have to consider the effect of other quantum sumbers as well on the
energy levels.

An electrbn possesses an orbital angular momentum (M and Spin angula*
momentum (s). The magnitude of these momenta |1 | and | s | is given by the
following equations:

Vig+ 1) -éf’]—‘- e (L142).

Orbital a~gular momentum, |1| =

.]s]=\/;(s+1).£; ...(i.14b) '

In the above two equations / represents the angular momentum quantum number and

can take valucs from0to (n — 1) and s represents the spin quantum number. Since
these momenta are always expressed as multxples of ( 1,055 x 107347 §), we can

2
as given below:

take 5 as one unit and represent it-as /1. Thus, we can ‘rewrite Eqs. 1.14a and 1.14b

= = VIG+1) inunitsof = VIQ+ 1) & . (L15)
~ and Is| =Vs(@s+ 1) in-units ofﬁ-:- Vs(s+1)n w (1.16)

The total angular momentum of the elcctron,j has contribution from both orbltal
and spin angular momenta and can be expressed as, :

+5 ‘ : | (1.17)

But here / and 5 bqth are vectors and theu’ sum as ngen by Eq. 1.17 is a vector
addition.

Let us now study about the vector nature of orbxtal angular momentum and spin

»angular momentum,




Vec_tor Nature of Orbital Angular Momentum

For a vector quantity, . g orbital angular momentum of an electron, to be
completely described, it is rcquxrcd that both its directior and magnitude should be
specified. The magnitude of 1 is specified as given in Eq, 1.14a (or 1.15) and is
quantised. Now what about its direction? The quantum theory says that a reference

- direction can be specified by applying the magnetic or electric field; and the angular
momentum vector can have only those directions whose components along the

. reference direction are integral multiples of 1. Such a reference direction is shown

in Fig. 1.10 as pointing in vertical direction and is conventionally used to
represent z — axis, see Fig. 1.10a.

z-axis
A
re'fere{lce For I=1,m =41, 0, -1
7 direction -
. (a) (b) .
, . 2 A
A
z component ;
A, = %) - Z-component
V2
angular
. momentum
- Ny =
: tmp= . ' P
- v - (0 oo

Fig.1.10: a) The reference direction,
b) Allowed directions for the angular momentum vcctor and
<) The components of angular momentum in the referemce difection,

, / .
Now, the angular momentum can point in such a way that its components in the 7
direction are integral multiples of #, Fig. 1.10b. If L is the component of angular

momentum. (1) in z direction, then

' - ' L =mh

Here myis an integral number called magnetic quantum number and can have values |

~.as given below'

A

UGOHE-TO(A) .

my=1,({-1)..0

.. (1.18)

¢ Spectra of Atomss

Note that for a free atom there is

no preference direction. Hence, the
Schrodinger equation tells us that
the total angular momentum is
quantised and only one component
of the angular momentum out of
the three components has a definite
value. You may call it £, Iy orl, but

by convention we call it /,, However,

when the aom is placed in a
magnetic field, there is a reference

. dircction of the magnetic'field

(which is called 2 direction) and the
component of the angular. ’
momentum in the direction of the'
field becomes quantised,

Note that the magnitude of the
orbital angular momentum,

] =VI Z? +1)yArand the maximum
valuc of its components in a

particular direction'is 71, Since
{1l > 1, the angular momentum

vector cannot point in the direction
of the applied ficld. The angle
between angular momentum vector

: .and the direction of the field is

given by 6,

In Fig.‘l.IO(b)
N
Ill TVIgTnh
== 1 !
Vig+D
For = 1,c0s0 FWITW“T/]‘:?
e 0=45
m =0, cos@ =0
oo emer
Yoo o :
m, sm‘l rosé ot et
S R/ T R
0 = 135°

CosO

<

wi(1.19),




iR and Raman Spectra

Maclaurian series is given as
follows
2 M

x « X X
+ [ s ahrdls
el 202 *

Note that X'in Eq. 4.50 a isequal to

Vi.c ke in Eq 450 b,

3
Vose = 6 Vosc Xe
2 T :
i Vose~ 4 Vosc Xe
5
1 /i _ N J
Yosc = 2 Vosc Xe
i
v 0 -

Effect of anhurmonicity on the
vibrational energy levels of a
diatomic molecule.-

18
UGCHE-10(14B)

near the equxhbrmm value, r,, therefore, instead of using Morse potential the

Maclaurian series expansion of potential energy is used for inclusion of anharmomcxty g
in the oscxllator as follows

3
@t o+ |LX

1| v |
d.(Ar)? Areo 3taan

V(AN =5

an°

Ar=0

= .% ky (A r)2 + % ks (& r)3 ... (4.49)

If we include higher ter:ns likc%kg, (A r)3 ete. in the potential energy expression, the

oscillator is referred to as anharmonic oscillator and such additional terms are
referred to as anharmonicity terms of potential energy expression, Inclusion of
anharmonicity terms leads to an improved version of encrgy levels, transmon energics
and selection rules.

The vibrational energy levels of the anharmonic oscillator can be expressed as

1,2

G () =To (v + 1) X (v

Y ar () e L @s0a)

X and Y are functions of constants k, , k5 etc. of Eq. 4.49 And are referred to as

anharmonicity constants, Usually the expression is turncated after two terms as Y is
far lesser in value than X. However, the equation of motion obtained by using a cubic
potential energy function is not easy to handle. One approximate solution to th -
schrodinger equation that may be formed expresses the energy in'terms

of the fundamental vibrational frequcncy, osc and anharmomcxty constant

Xe» as follows,

G (v) = e (v + %) Tt (VF %) 2 " (450B)
Even with a linear dipole moment functxon, the anharmonic wave functions yield
selection rules Av = %1, +2 +3 etc,, thus overtone bands get allowed due to
anharmonicity. The intensities of the overtone bands are, however, quite small in
comparison‘ to the intensity of the fundamental band (Fig. 4.6 a). Due to added terms

in the energy expression (Eq. 4.50), the energy levels are no more equidistant and they ;
are found to converge,

Thus, the anharmonic correction reduces the energy of every level. The reduction is

greater for the higher energy levels. Thus, the spacing between the energy levels,
Ey+ -E, , gets smaller as v gets larger. This was shown in Fig. 4.8 and the cxtent of

reduction is shown ir the margin.

4.43 Evaluation of Anharmonicity Constants

The term values G (v) for v = 0, 1, 2, 3 for anharmonic oscillator are given below:

L (451) .

Go=i7p-tx 3y .
3. 9,27 .
Gy = 'ivo“—zX + ""8"Y . (4.52)
‘ 5. 25, 125 :
G, = EVOSC—TX +g Y . (4.53)
7. 49 343 -
Gy = EVOSC_TX + ry Y o (4.54)




The energies of radiation in cm™ for fundamcntal first and second overtoaes can be
given as

C Fer=v-2x+ By o . (4.55)
Tpay = 2Pu=6X+ 3 3 Y o - . (4.56)
T = Fge = 12 + 111 Y : (4.57)

Thus by knowing the frequencies of electromagnetic radiation absorbed for

fundamental and overtone transitions, one can evaluate the oscillational frequency and

anharmonicity constants

Also, the equdxbnum dissociation energy, D, of a molecule can be calculated from its
spectroscopic dissociation energy, D, by using the followmg relation:

7 VoscXe 7V ‘
D, =Dy + -3 Tescle  Tosele . (4.58)

4.5 THE VIBRATING ROTATOR

In Unit 3, the pure rotations of diatomic molecules have been discussed and in the

preceding sections of this unit we have discussed pure vibrations of diatomic molecule.

The two motions have been discussed independent of each other, In reality, of course,

the rotational and vibrational motions take place sunultaneously In this scctxon, we
_now see how the spectrum gets modified because of thls mixing,

4.5.1 y .Energy Levels

The total cnergy is given as a sum of the rotational and vibrational energies defined by
the quantum numbers v and J.

o

E,y=GW+F)

= hvgse (V+3) + BRI (T + 1) ' o (4.59)
or E, y=hvy, (v+%) + heX (v+%>2+---

+ BheJ (J + 1) = Dhel (7 + 1)% + +- e (460)

forv = 0,1, 2.;andJ = 0,1,2 .. etc

where Eq. 4.59 represents rotational vibrational energy for harmonic oscillator and
rigid rotator whereas Eq. 4.60 represents the rotational vibrational energy for
anharmonic oscillator and nonrigid rotator

452 ThelR Spectra and P,Q,R Branches

The selectioa rules for transitions in vibrating rotator are same as given for rotations
and vibrations rf liatomic molecules (Unit 3 and Sec 4.3.2) which state Av = +1 and
AJ = x1, Thus for » fundamental vibrational transxtxon Av = 41, we shall have a
series of tr~1sitions whers AJ = +1 awd another serics where AJ = -1, The series
withAv = +1and AJ = +1 defines the transitions (00)-> (11), (01) - (12), (02) -

(13), (03) = (14), ... etc; whereas the scries with Av = +1 and AJ = -1 defines the
transitions (01) - (10), (02) = (11), (03) - (12), (04) - (13) etc. Here, the first .
number in the parenthesis denotes vibrational quantum number (v) and the second

/

Vibrational Spectra
of Diatomic Molecules -
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- Baslc Concepts and Rotational

Jcanbe replaced byj in case of a
smglc electron system. :

Note that capital letters are ved
to denote various L values -
corresponding to the state of an
dtom, Similar small letters s, p, d.
have been used for the states of
electrons.

Note that we are repnesentmg
L=0bySin the term symbol.

20

Raachale

You will now learn about the nomenclature of these states usmg Term Symbols.

.

Term Symbols .

“The energy levels of an atom are. called terms (or spectral terms), A term can be

desxgnated by a term symbol. A term symbol can bc denoted as

28+1LJ

Here,

L is the orbital or angular momentum quantum number and can take the values 0, 1, 2,
3,4...etc. and correspondmg to these values L can be represented by a letter as
S, P, D F,G.. etc. :

~

The superscript ***' gives the multiplicity of the energy state and the

" subscript, J, is the total angular momentum quantum number (as expresseJ

by Eq 1 22)

Let us ﬁrst take the oxample of hydrogen otom for determining the term symbol.

RN

For the ground state of hydrogen atom, the electronic configuration is 15'..

Here,s = -% and/ = 0, Thus, |

D

- e O
1-I+s--0+2-—

and the term symbol will be

‘. ) 1 3 . A_ N

Similarly, for a p electron, in hydrogen atom, we have,

»&=~;—;md1=-1'

e s-)hnl-s)
Ty
_3 i ‘

s -
So, the term symbols for the two energy levels of a p state for hydrogen atom about
which you studied abovc are :

Nl"."

1 1.
2s.+1Lj = (2X‘2‘+1)L-1. and 2 X"Z“f‘ 1L§_ .
. 2 ' 2
=2%P; and %P3
L2 2
' ¢

In the light of the abovc discussion, let us now see Fig.1.12. It shows the fine structure
+, of energy lcvels ‘of hydrogen atom.

‘i
i
NS




Spectra of Atams '

e i ) - ~ Energy (em™) )
4__\!_,_ -;'- 4p:=== _;-.%. 4d——_.;- .;. ~\‘ ] :
3s - ) + % 3d 5 3 » o :I‘he electronic configuration 15° 2!
e = 02 R : implies that the electron is present
. 3 inp orbital and s orbital is vacant.
26 1 : . .
T + ') ‘
Note that the electron configura-
: -~ 0.4 R : , tion 15° 20" of hydrogen atom gives
’ . rise to. two levels with term symbols }
2 | and * Each level is(2j+1) »
2 2
= 0.6 R .
fold degenerate, Thus, zPl level
. 2
. . e s 1,
3 with j = < is two
5 -~ 0.8 R 2
i ; 2x L
2 : i _(?J+1=v2x—i+1’w2)fold
Is LI : . .. ;_0 R : degenerate and ZPg Tevel with j= 3
: LA . A 2 2
is four-(% +1=2 x%-&- 1=4)
Fig. 1.12 ; Splitting of p states Into two energy levels corresponding fo two values of J. . fold degenerate. You will study in
The configuration of some lower atomic states is given in bracketts. Similarly, Sec. 1.10, Pig. 1.16 that these
we can write the conﬂguration of atomic states corresponding to higher energy levels, * degeneracies can be removed by the

application of the magnetic field,

_The j values for the various p encrgy states are also shown in the figure. Now, if an

- electron in Is energy level absorbs energy and gets excited to the 2p state; it has two
options corresponding to two j levels. Here the selection rules say that in addition to
the earlier restrictions of An = anythingand A/ = x 1;

¥

Aj=0or =1

By applying these selectxou rules to the above transmons from ls to 2p levcl, We can get
the following results: - ,

i
K

IR
and

Is ( = —%—) S 2 (j'= %).,'and Aj=+1

So both these transitions are allowed and thc spectrum of hydrogen shOWS one line for

each of these transxtxons.

Thus, we can expect a doublet for the transition of an clectron from anstoaplevel. - Actually the spacmg between the

This is called the fine structure of hydrogen atom spectrum, This pattem oflinesis lines is 0.365 cm™ and requires the

similar to Lyman series but the difference is that each line obtained is a doublet. In the ¥se of high resolution instruments
. . . g e . : : for resolving these lincs.

case of hydrogen spectrum, the spacing between the lines is very-very less and they are

difficult to resolve. The spacing as shown in Fig,1.12 is many fimes grcater than the )

actual splxttmg observed : : '

Further transitions from doublet P (2p) state to 2D or 2§ states are possible but we will
not go into details of these transxtxons. :

2

In the next section, you will be studying the spectra of hy"drogc‘n hkc atoms.

~

1.6 SPECTRA OF HYDROGEN-LIKE ATOMS

The atoms of all the elements of the Ist group in the Periodic Table have a single . o _ -
‘electron in their outermost shell. The inner closed shells have zero total angular :
v ' : S ;21

t . ‘ ' . o
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See Fig, 4.6 carefully now and note down the various features of the infrared spectrum
you can explain. -

e R R L N

e R R L L LT Y LT LT L T T T g S S

LR L R T T D o S ST NP

4.6 SUMMARY

- In this unit, you have learnt the properties of the motion of a single particle joined by

a spring fixed to a rigid wall. The motion follows Hooke’s law which states that the
restoring force is proportional to the displacement and acts in a direction opposite to
the direction of the displacement. The displacement of the particle follows simple
harmonic motion and is represented by a cosine function of time, ¢ and characteristic
frequency v .. The expressions for the Hooke’s law, Newton’s second law of motion

and simpl¢ harmoniz motion are combined to obtain relationship between the
oscillaticnal frequency v, and force constant of the spring, k (Eq. 4.7). The variation

of the potential energy of the motion of the particle with the displacement is shown by

- a parabola. Expressions for the potential energy, kinetic energy and the total energy of

the particle at a displacement x are then derived on the basis of the parabolic variation
of the potential energy. It was shown how the use of Schrodinger wave equation for
harmonic oscillator gives expression for encrgy of the motion which is quantized giving
various energy levels with different values of quantum numberv = 0, 1,2, 3 ... atc. It is
observed that the energy levels are equidistant with a consecutive gap of & v,,.. The

motion of two particles joined by a spring was then dealt with. The mathcratica!
derivation showed that the motion is equivalent to that of a harmonic oscillator
mentioned above such that its displacement is equal to the change in internuclear
distance and its mass is equal to the reduced mass of the two particles. The vibrations
of the diatomic molecule were treated in a way similar to the vibrations of two
particles jo'~=d by a spring, the internuclear bond made through the sharing of
electrons replaces the spring. Energy levels and other expressions similar to those
obtained for harmonic oscillator were used for studying the vibration of diatomic
molecule. N

Absorption of radiation in the infrared region led to transition of the diatomic
oscillater from ground state energy level with (v = 0) to excited state. The frequency
of the electromagnetic radiation at which absorption takes place is characteristic of
the molecule, and is also equal to the frequency of oscillation of the diatomic
harmonic oscillator. The selection rules for the vibrational transition shows that only

~ transitions with A v = 1 arc allowed. Also such transitions are allowed if there is a

change in the dipole moment during the vibration. These rules restrict such transitions
to be possible only for heteronuclear diatomic molecules from v = 0 to

v = 1levels. Due to Boltzman's distribution, population in v > 0 is found to be very
small at room temperature for most of the common diatomic molecules; therefore,
transitions for v = 1tov = 2 etc. are not observed. Evaluation of force constant and
maximum displacement, effect of isotopic substitution on oscillational frequency and
expression for zero point energy were discussed. '

The observed behaviour of diatomic molecules regarding their dissociation at higher
internuclear distances is introduced in the form of anharmonicity in the potential.
energy expression. This led to some correction in the quantum mechanical energy
leading to a convergence in energy levels. Selection rules allow the observation of
overtones in the absorption spectrum of anharmonic oscillator which can be employed
to evaluate anharmonicity constants, The last secgjop on vibrating rotator showed that




simultaneous existance of vibrations and rotations in the diatomic molecules leads to ] l‘)’gb:“ﬁf’"g; S‘pectlra
observation of fine structure in the absorption bands of IR spectra in terms of P, Q, R of Diatomic Molecules.
branches.

.

47 TERMINAL QUESTIONS

‘1. What is the energy difference between energy levels of a harmonic oscillator?
2. Define zero point energy. |
3. What are the selection rules for

(i) a harmonic oscillator to show vibrational spectra and

(ii) an anharmonic oscillator to show vibrational spectra?

4 Caleulate D, for Hy , if D, = 213749 cm™
Vose = 23217 cm™?
VoseXe = 66.2 cm™!

VoscYe = 0.6 cm™!

4.8 ANSWERS

Self Assessment Questions

L p=1627%x107kg

2 . -
k= 4n? Vosc M T o

Given'v = 2836 em™, To get vosc from it we have to multiply it by velocity
of light, c. ‘

2
Thus, k = dr? (vfm c) H

=483kgs™ =483 Nm™

CArg=108% 107,187 % 107,242 x 107, 2.86 x 10 forv = 0,1, 2,3
respectively and then calculating 4 and using Eq. 4.39.

O-D = 2718 cm™,

S

By using mg = 15.9949 x 1073 kg

myy = 1.007825 x.107 kg
mp = 2014101 X 10~ kg
3, E)HCVE,DCI=vZ
4, . f‘undémcn_tal, I and II overtones at 2886, 5668 and 8346 em™, |

(i)  Overtones wéaker than fundamentals

(i)  Harmonic oscillators-only fundamental transition are allowed (A v = 0)
Anbarmonic oscillator-Fundamental and overtones are allowed
(Av=0,1,2 etc,)




Basic Concepts and Roistlonal
Spectra ’

Remember that according 1o Pauli’y
Exclusion Principle no two
clectrons can have the same four
quantum numbers.

We can write the quantum
numbers of two electrons of He as
given below: )

] ! m; s g

Ist
1 1
.elecl'ron 1.0 0 3 +2
gl:cdtron 1 0 0 LA
2 RA

- The state of an electron can

further be described as @ or 8
depending upon its s and m, values.

Forastate (s, m) = (%. ‘12*)
) ‘ 11
and for S state (5,m,) = 73

(Remember that L = 0 is denoted
35 5).

‘So is pronounced as "singlet ess
zero",

Note that capital italicised J is used
in the terin symbol * ¥ 1L, of an

atom having more than one
clectron . o

We are considering the exicitation
of only one electron, since a very
large amount of energy would be
required to excite both the
electrons simultaneously.

" When the principal quantum number, n for

/

1.8 ATOMIC SPECIRUM OF HELIUM

~ exclusion principle. Thus, if ms,

“Corresponding to each of the above configurations, we have two possib/ilities:

Helium represents the simplest multi-electron system. Let us first derive the term
symbols for the ground state of helium atom. The electron configuration of helium is

is%, Here I, and /,, the quantum numbers of electrons 1 and 2, respectively have the
value 0. Hence L =1, + 1, = 0. Now, in the lowest cnergy state (i.e., ground state) both
these electrons occupy 1s orbital, If the values of three quantum numbers n, /, m; are
same for the two electrons, the value of ms' should be different according to the Pauli’s

1
+3

summation of mg, and m X to ﬁr§t give M, or (ii) Eq. 1.26.

then m, = ~1 . We can calculate S by (i) the
- ) 27 s

v

(i§ By summation of Mg, and mg,

=0

S

My =mg +mg = + -12-—-
Since M =0, hence § = 0.

Knowing L and S, we can calculate J asJ = L + S. Thus,/J=0+0= 0. Thus, the term
symbol for the ground state of helium B+ ; will be 20+ 1L0 = lso

So we can say that for the ground state of helium (1s%), the atomic state can be

represented by the term symbol 1S,

Let us consider the excited state of helium, If one of the electron is exciied to a higher
state, the electron configuration will change. The excited electron can ncv occupy

nst, npl, nd’, .. etc, orbitals where 1 =2, The corresponding clectronic ccnfiguruti‘qns‘ '
for helium atom in excited states could be written as follows, .

1s'ns!, 15! np", 1s'nd', ....etc.

i) the two electrons can have opposite spins, ie., mg =+ 2 and m, = —%;
This will lead to-M = mg +mg =+ %—% =0, | ‘
ii) the two electrons can have parallel spins; i.e., mg = + 5 and ms'z =+ —é— :
o - 1 1
| 4leadmg to My =mg +m = ( +2) + ( +2) =1,
, The component M; = 1 can arise only when § = 1.
(if) S can also be calculated using Eq. 126

the two electrons is different.then

m, and m, can take values + % and +%
leading to M, (aiid 8) = 1 as well as

+4 and - vielding M, (and $)=0.

" This gives risc.to states with tripiet and .
singlct levels. - :

S= 1 Gr+s) |, | Gr+s=1 e [ G1-5) |

( Lo ) 11 1o

e e =T Jg=——1=10

2 2)\2 2 2 2

From the above § values (0 aﬁd,l) we can get muldtiplicity of a state which is given as

28 + 1, as stated earlier. ~ “

Hence,when §=0,25+1=2x0+1=1

\

and when s=‘1,’2s+1=z><1+1=2+1:3

Thus, we have two spin states for each of the above configuration depending upon tho

24 - value of S. For § = 0, when multiplicity is 1, the state is termed as a singlet state,



Table A.2: Character Table of Cy, : Symmetry of Molecults

Cay E. G o o0

Al 1 1 1 . 1 K Z, xziyzy 22

Ay 1 1 S R,

B, 1 -1 1 -1 xne R,

]32 1 -1 -1 1 ¥, Yz \ R A representation is said to be
ol totally symmetric representation

. . ) : since any directional property
The value under E represents the dimensions of a representation. In C,, group, allthe  pejonging to A, repeesentation of

four representations are one-dimensional and in each case, E = 1. Such ~ Cy poirit group doces ot suffer
_representations are called non-degenerate representations. In these representations, sign change due to any of the
the application of a symmetry operation does not interconvert one orbital into symmetry operations.

another; for instance, p,, Py and p, belong to different representations, namely - ' “
B, B,and A;. Also, Ay representgtxon is said to be totally symmetric representation of '
C,, point group since the character value is 1 for all the four symmetry operations.

The formation of character table for C,, point group is more complicated and hence-
we shall only give its character tab!e without much explanatxon (Table A. 3)

Table A.3: Charactelj Table for C;, Group

. C3v E 263 3o'v
Aq 1 1 1 _ z, z2 2+ y
A, 1 1 -1 ; Ry
E 2 -1 0 T .(xry)’ (xy’xz “‘)’2)» (xz’)z) Ry >Ry) o .

~ The Mulliken notation of E is used for a representatxon, if the character value of 2is ‘
observed for the identity operation, E. The representation E is two dimensional; this o R
means x andy, R, andRy xz and yz etc. which are all bracketed together are ' -

interconverted by a symmetry operation; i.e., those bracketed togeiher are degenerate
and hence have same energy.

Uses of Character Tables

We can make use of character tables to solve specific problems such as those ngen

below:
o ' )
1. Selection rules regardmg the allowed transitions betwecn energy levels in
.(atomic and) molecular spectra
2. Symmetr; 7 species of v:bratxonal modes in molccules
3. Hybridisation schemes in molecules of specific geometry. 4 ‘

. The second one will be explamed i Units 5 and 6 and we shall not be discussing the

 third of the above. Let us now see how selection rules for. transitions in the molecular
spectra can be derived using character tables. _ ,

Selection Rules for the Allowed Spectval Transitions

The selection rules for the spectroscopic transitions throw hght on the type of mmal\
and final eénergy states for allowed spectral transitions. The selection rules specify the
conditions for the allowed transitions in terms of changes in quantum numbers Letus
» examine the first of the above two.

UGCHE-10 @A)



@ explain the concept of group frequency and derive inform. wion about molecular

IR and R :
amuan Spectra structure using group frequencies,

‘@ state how isotopic mass alters the frequencies of functional groups,
‘ @ explain how electronic factors affect the IR spectra of molecules,
For a norlinear molecule, six . .
e state the effect of hydrogen bonding and steric effect on the IR spectra of molecules,

coordinates (out of 3N coordinates)
arc accounted for by translational and
rotational degrees of freedom. Hence @  discuss tie steps involved in the analysis of IR spectra of simple molecules.
a nonlinear molecule has (3N-6) ‘ : o
vibrational degrees of freedom.

: For a linear molecule, thf:re are only 5.2 VIBRATIONAL DEGREES OF FREEDOM
- { two rotational degrees of freedom OF POLYATOMIC MOLECULES

apart from three translational
degr~es of freedom. Hence the
vibrational degrees of freedom fora
linear molecule are (3N-5),

and

We have already seen in Unit % that a diatomic molecule has only one fundamental
vibration or one vibrational ccordinate. This arises due to the stretching and
compression of the bond connscting two atoms just like a spring (see Fig. 3.1 of Unit 3),
Let us calculate the vibrational degrees of freedom of a polyatomlc

molecule. First let us assume that each atom is free to move in three

perpendicular directions (alongx, y, and z axes) and thus have three degrees of
freedom. The degrees of freedoma are the number of directions in which an atom can
move freely independent of other atoms in the molecule. Hence, for a molecule
contammg N atoms, the total degrees of frcedom is 3N.

We know that a molecule has trazslational, rotational and vibrational motions. A
 mclecule can have only three degrees of translational motion since centre of mass of
the molecule can move only along three axial directions. That is, the whole molecule
can mové along the three axes. In addition, when the molecule is nonlinear, there are
three degrees of freedom due to rotational motions about the three axes. Therefore,
-there remains 3N, - (3 +3) = (3N-6)cnordinates which account for vxbratlonal degrees -
of freedom for nonlinear polyatomic molecules. ‘

i "Fora linear molécule, there are two rotational degrees'of frecdon: as the rotations
(Total degrees of freedom) ~ about two axes perpendicular to internuclear bond axis only are allowed: The rotation
(translational degrees of freedom +about the internuclear axis is not possible since the moment of inertia along the
rotational degrees of freedom) = mternucleér axis is zero, Therefore a linear molecule possesses

Vibrational degrees of freedom. 3N-(3 +2) =(3N-5)vibrational degrees of freedom. The details of the number of
’ : degrees of freedom for linear an< nonlinear molecules are presented in Table 5.1

Table 5.1 : Dégrees of Freedom for Polyatomic Molecules

Degress of Freedom . : Linear : Nonlinear

Total " 3N AN
Translational 3 3
Rotational ' 2 3
Vibrational . L (3N-5) _ (3N-6)

Usmg Table 5.1, can you state the vibrational degrees of frcedom of
CO,, H,0 and NH3 molecules? It is worth recollecting that CO, is linear, H,O is

; angular and NH; is pyramidal.CO, molecule has (3 X 3 ~ 5) = 4 vibrational degrees

of freedom; H,0 molecule has.(3 X 3 — 6) = 3 vibrational degrees of freedom and
NH; molecule has (3 X 4 — 6) = 6 vibrational de;rees of freedom.

Normal Modes Vibrations

A molecule can vibzzte'only in certain modes, known as normal modes. Each normal
mode corresponds to a vibrational degree of freedom. A normal mode is an '
independent simultaneous motion of atoms or group of atoms that may be excited
+ \without leading to the excitation of any other normal mode. In general, a normal
vibration is one in which all atoms in a molecule vibrate at the same frequency and in
26 phase with each other.

UGCHE-10(151



For a polyatomic molecule, the normal modes of vibration are of two types:

8.

(i) stréxching vibrations (ii) bending vibrations

The linear and nonlinear molecules have (N-1) stretching vibrations. The bending
vibrations for linear and nonlinear molecules are (2NV-4)and(2N-5), respectively.

ot
71

4—B ~—— A ~—B— B—»4—A —B—+ ©
@ ®) ' In-plane bending
vy (L) A1)
Symmetric stretchmg Antisymmetric stretchmg +
v () (5)) vy () (2) B—A-——3
@
Out-of-plane bending
vy (L) (I1)

Fig.5.1: Normal modes of vitratien of & triatomic linear molecule, AB; (e.g,, CO2).:
(a) symmetric streicking (+*) (b) antisymmetric stretching (v3) (¢} in-plane bending
snd (d) out-of-plane bending ; both (c) and (d) are degenerats and hence these two
give rise to only one band (v2);(+) sign shows that the atom Is going above the plane
" while (~) sign indicates that the atom is going below the molecular plane, Thev;
and v3 vibratlons are parallel ([|) vibrations whereas the degéneraie vibration vy is

a perpendicular (1) vibration.

t
e \\. . 3/\8 AN

4 - : B
®) ©
Symmetric stretching Antisymmetric stretching Symmetric bending
vy (D (A-x) vy (1) By vo (D (A:)

Fig.5.2: Normal modes of vibrations of a triatomic angular molecule, AB; (¢.g,, H20).

() symmetric stretching (v1) (b) antisymmetric stretching (¥3) (¢) symumetric
bending (v2). ¥1 and v2 are parallel vlbrauons whereas v3 is a perpendicular .
vibration.

In stretching vnbx‘atlons, the atoms move along the bond axis so that the bond length
.increases or decreases at regular intervals, The ‘stretching vibrations again are of two
types. They are symmetric and an*xsymmetrxc stretchings. In symmetric stretching of a
triatomic molecule, both the bonds connected to a common atom can sxmultancously
- either elongate or contract. In the case of antxsymmemc stretching, if one bond is
lengthened, the other bonA is shortened or vice versa. These stretchings are shown in
" Figs. 5.1a and b and Figs. 5.2a and b for linear and angular molecules of the type AB,.

The arrows attached to each atom show the direction ‘of its motion during half of the
vibration, In Figs. 5.1 and 5.2, we indicate the type of each vibration mode as parallel
(I])or perpendicular (L). In a paralle? vibration, the dipole change takes place along
the line of the principal axis of symmetry. In a perpendicular vibration, the dipole
change takes place perpendicular to the line of the principal axis of symmetry. The
nature of vibration-rotation spectra of polyatomic molecules denens on the type of
vibration - parallel or perpendiculzy. We shall discuss this in S¢:2. 5.2.4.

The bending vibrations occur-when thcrf‘ s a change in bond angle betve~n b: ands
connected to a common atom, In <ome cases, the movement of a group of etnms with -
1 *spect to the remaining &toms in the molecule alsn causes bending vibrations for a
solyat *mic molecule, A linear triatomic molecu!” has two tending vxbrattons (Fig.5

@

. and also there is no xotational

a

Infrared Specira of
Polyatomic Molecules

The displacement of each atom
during cach normal mode of
vibration is such that all atoms
move with the same frequency and
in phase but with different
amplitude, The amplitudes of
vibrations of atoms are such ihat
the centre of mass does not move.
In other words, there is no
translational motion of the ;
molecule as a result of vibration

motion of the molecule.

The normal mode concept can .
facilitate the understanding of the;
vibrational excitation of a particular
group depending on the frequéncy

of incident radiation; this. radiation -
has no effect on the other part of

the molecule.

~
&5

o

Vibrations are classified as
paratiet (]|) or perpendicular
(-L) vibrations depending on
whether the dipole moment
changeis parallelor .
perpcndnculax to the principal
axis of the molecule. R

T,
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Spectra

Do not worry about the details of
how these allowed encify states
arc derived.

el
Note that 3o can be represented as

‘Bohr magneton (8,). You wili read
mor¢ about Bohr magneton in Unit
11 of Block 4.

Note that a charged particle having
angular momentum (e.g. ar.
clectron or nucicus) acts like a tiny
magnet and has a magnetic moment
(1¢) which is proportional to the
‘angular momentum (J).

Thus,Ta)

orfl=yY
-where v, the proportionality’
constant.galled gyromagnetic

S ge  gehe
yatio, is given byv—z-’-)—‘- or ==

- Hence |#] = ——a-~\/.7{7+1371
=a¢B,*U:c 5

In a magnetic ficld because of the
interaction between the magnetic
moment of the charged partick and
the applied field, the charged
particle experiences a torque “wvhich
makes the angular momentum

" precess around the direct’on of the
applied ficld. This is shown in Fig
10.3. The precessional frcgucn:y
(called Lavmor frequency is
dxrecuy proportional to the apphed
field, ic.

m——:yB

Since the component of the angular
momentum in the direction of the
field is also quantised and can take
only discrete values of niy

therefore, only certain allowed
orientations of angular momentum
are possible, These allowed
orientations have slightly different .
. energies as is also shown in

Fig. 116

28
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" (ii) In case the multiplicity is same the state with greatest L value is the lowest encrgy

statc. Thus, >P state is of lowest energy and is the ground state. Can you predict the
next higher state? It is 1D (because it has greater L valuc) Then comes § state The
3p state - being a triplet has three energy levels Pz, P and P

(iii) For half less than filled atomic orbitals, out of the states with same L value, the

statc with lowest J value will be the most stable state. For more than half filled orbitals,
states having higher J values have lower energy. Thus, out of sz, 3P1 and 3P0 states,

3 P, will be having the lowest energy. Such an energy level diagram is shown in Fig. 1.15.
Similarly, we can arrive at the possible energy states of other atoms from their
electronic configuration.

In the next section, you will be studying about the effect of magnetic field on the
sphttmg of energy Ievcls. o

110 THE ZEEMAN EFFECT

When an atom is subjected to a magnetic field, each line in its spectrum splits into a
number of components. The splitting of the lines is proportional to the strength of the
applicd magnetic field. This effect was first observed by Zeeman in 1896 and is known
as Zeeman effect. «

‘

Let us now understand why this effect is observed? You know that electrons have
charge. The motion of charge (electrons around nucleus) produces a circulating
electric current and this in turn generates a magnetic field. The magnetic dipole of the ~
atom (x) is related to the total angular momentum quantum number (J) by the '
followmg expressxon

;¢=—-§%VJ(J+ 1) kJT"1=-gcﬂeVJ(J+ 1) - (].2‘)) ‘
" Here,
- m is the mass of the electron
and e is the charge of the electron
&, is called the Lande’s splitting factor which can' be calculatcd as
L JUFD+SES+D-L(L+1) _
=1t 370+ 1) - (1.30)
The component of this magnetic dipole in the z direction (u,) can be written as |
Hy = "geﬁe my o (_] ‘3])
where m; represents the components of J (the total dngular miomentum) in the 2
direction and m ; can have the followmg values:
mj =J,J - 1, ..,2 or.0,...,~J ‘ . (1.32)

In other words, we can say that for a particular value of J we have QI+
components in the z direction. Also, note that 7, will be integral or half integral

depending upon whether J is integral or half integral.

-
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‘When we substitute aizerent values oy il X4, 1.01, We gOL GUICIUI 4, COMPORCILS.

The extent of interaction of different 4, components with external magnetic field (3,)-

will be different leading to different energy values and can be given as follows: Eq. 1.31 can also be éxpressed in

. terms of y as {ollows:

interaction = AE =u,B, =~g f,m;.B, w (1.33) _
_ He=ymh
" 'Thus we will have (27 + 1) different values for A E in the above expression. In other
words, this indicates the lifting of degeneracy by the application of external magnetic
field. This means that in the presence of external magnetic field, the energy levels . . .
Gyromagnetic ratio ) is the ratio

which were earlier degenerate, split into 2J + 1 levels.

Let us reconsider the hydrogen (or sodium) spectrum.

Here, the lowest term is 2.S‘_1_. Ithas L =0, S = % and henceJ =L + S.= %

2
11
~J =5 -

-So, | my=+J.. >

Therefore, this level will be split into two (2J + 1 =2 X ‘%’ + 1 = 2) levels in the

presence of magnetic field.

You may also remember that the two doublet P states were characterised as 2p1 and ZPg_.

2 2
The first state, 2P1 kasJ = % Thus, it will lead to
2 ,
. i, 1, .
my=3 and ) (using Eq. 1.32)
1 ~ '
Hence, when my=z, § =g B, X -2- = -—-g, B. (by Eq 1.31)
And from Eq. 1.33 ¢
' 1
AE=—-2-g,/3,Bz . (134)

; 1 1 1 .-
Similarly for m ="§’/‘z"“&'eﬁe?<“-§=§'8eﬂe

and AEa%g,ﬁ;.Bz

Thus, awording to tﬁe above equations, i.e., Egs. 1.34 and 1.35 2P1 fevel is further
2

‘spht into two energy levels in the presence of magneuc field. These levels are
separated by an energy dxfference of 2. ﬂ,B What about 2P3 state? For this J =

§-+1=3+1=v4levels.

andjt will be split into 2] +1=2X )

-,

Them y values for these four levels will be as given below: -

1
my=J,J~-1,..,,00r — i
2
_33 3
272 7 2
.31 1 3
Ty 2 2

 weget y=

Nivb

of magihetic momenst to the
asgular momentum.

y= -/—l— . Using  from Eq. 1.29 and J

f 1.28, -
mmBq -g, B, VIg+1)

VIg+1) R
- &P
®

Hence, Bq. 1.33 can be rewritten
asAE=yE m,B,

We can alsc write Av in place of
A E in the above equation.

Thus,
hv=yHm, B,

. yhm3,

or

or 2nv = ym, B,

When the two encrgy levels differ
bym, =1, we get ey = y B,

The term 2nv is the angular
frequency. It can be denoted by o

(byEq L 31) ‘and is expressed in radians sec ™.

© Asyou will study later in Block 4
we {1.35) Unit 10, Sec 10.3, it iz ako known

as Larmor Breguency.

.29




- to m unit during calculation.

(001)

2

R - E(000) =th' L—;— X 3,652 X 105) + L—;— X 1.595 x 105) + (i
Wave numberin cm s conversd = % X 6.626 X 1073 x 3 x 108 % 10° (3.652 + 1.595 + 3.756) J

X 3.756 X wSJ J J

-20
Thus 3652.cm™ is written as = 8945 X 10 “°J
3.652 X 10° m™.,

¥ .
lem™) =107 m ™) So far, we discussed the IR spectrum of H,O which is an angular triatomic molecule.

Let us now discuss the IR spectra of €O, which is a linear triatomic molecule.

5.3.2 IR Spectrum of CO2 Molecule

Among the four vibrations shown in Fig.5.1 for a triatomic linear molecule such as
CO,, the IR active vibrations are antisymmetric stretching (v3) and bending (v;) but -

249 e not the symmétric stretching(v,) since it does not cause any change in the dipole
" moment. The two IR bands of CO, at 2349 cm™* and 667 cm ™! correspond to v, and

vy, respectively, The band due to symmetric stretching (v;) at 1340 em ™ is not
~ observed in IR spectrum. However the.stretching band is Raman active. In the case of
A CO,, the first overtone of v, i.e., 2v, (2 X 667 cm ™ = 1334 cm"l) has the same.

o e syrimetry as the symmetric strctchmg mode and hence interacts with this fundamental
/ -vibration due to Fermi resonance giving rise to two bands. These two bands,are not
1d0em™ /1 " observable in IR spectrum but both are observable in Raman spectrum which will'be

(100) J discussed in the next unit. In fact, the Raman spectrum shows two bands at 1388 and

BUent| 1286 cm“l; the mean of these two values (1337 cm"l) is close to v and 2v,. The

(020) TR, " overtone.2v, which would normally be weak borrows intensity from the fundamental

1 v;,.and hence, two bands are observable in Raman spectrum,

Earlier we stated the formula for the quantum mechanical vibrational energy of poly -
atomic molecules. We can calculate the quantum mechanical vibrational energy of a
linear polyatomic moleculc by carrying out summation over (3N-5)terms, But we leave
it to you as an exercise in SAQ 2. : .

.
i

..
aman active)

533 Complex;i,ty of the IR Spectra of Polyatomic Molecules

As we have-discussed earlier, the infrared spectrum of a polyatomic molecule consists of
an absorption band at each of the (3N=6) or (3N-5) fundamental frequencies for
nonlinear and linear molecules, respectively, This is based on the assumption that cach
vibration is simple harmonic. But actually the vibrations are anharmonic, and therefore,
we will have overtones of diminishing intensities at twice, thrice the fundamental
frequency etc. In addition, we may have bands diie to combination of two fundamentals

V.
41
2

tIRmvc
' ' iIRinactivc
I Fermi resongnce bands (R

v
3

(combination bands) or difference of two fundamentals (difference bands). These bands
Vibrational energy levels” are weak, Also, a fundamental and an overtone may have frequencies very close to each
- of CO, molecule . other, The two close frequencics may resonate leading to higher and lower
frcquencxes relative to the original. This is

Note that the bending mode of CO2 ‘ STRETCHING - MODES FOR CH,
has a perpendicular band symmetry : :

whereas the overtone of the bending

mode (2v;) has paralle] band

symmetry like symmetric stretching

mode.

Fig. 5.1 can be used for depicting the

vibrelonal modes of CO2 Note that ' ‘ . ) ,
the symmeltric stretching mode is IR " symmemc antisymmetric
inactive wheveas antisymmetric BENDINC

stretching and bcndmg modces are IR ! G OR DEFORMATION MODES

active,
In-plane bending

An overtone is an absorption band , Out-of-plane bending
at twice, thrice, etc. the B ' '
frequencics of the fixndamc,nta}
band. '

/

scissor and rock twist and wag

' 30 : ' ) Fig. 5.5: Vibration modes in methylene group




called Fermi resonance and we have discussed it carlier. Thus an infrared spectrum,of
a compound will have strorg fundamental absorptions and wezk overtones,
combination bands and Fermi resonance bands. As the number of atoms increase, the
spectrum becomes complicated. In the case of polyatomic molecules, many out-
of-plane bending vibrations also are responsible for the complexity of the IR spectra

- and a complete analysis of the IR spectrum becomes quite difficult. For instance, the
stretching and bending modes of >CH, group are given in Fig.5.5. o

-

The complexity of IR spectrum of even a simple molecule such as H,O can be
understood from the frequencies of the IR bands of water vapour given in Table 5.2.

Table 5.2 : Infrared Bands of H,O Vapour

Wave number/cm ™t Intensity* " Transition involved
1595 ' v (000) —  (010)
3154 ‘ m ~(000) —> (020
3652 , s ' (000) —>  (100)
3756 vs - : (000) — (001)
5332 B m (000) — (011)

(000) —> (021

6874 gy w

*s = strong, m = medium, vs = verystrong, w = weak.

In the next subsection, we shall examine the influence of rotational fine structure on
the vibrational spectra of molecules. Generaily, IR spectrum of a molecule is used for
assigning the strongest bands and to identify the weaker ones as overtones or
combination bands or difference bards. In fact, the detailed procedure involved in
frequency assignment shall be illustrated in Sec. 6.7 of Unit 6 using the IR and Raman
spectra of SOz molecule.

5.3.4 Vibration-Rotation Spectra of Polyatomic Molecules

In the last unit, we studied the effect of rotation on the vibration spectra of diatomic
molecules. Now we briefly state some of the aspects of vibration-rotation spectra of
polyatomic molecules having lin=ar structure. Just for the purpose of having a simple
treatment, we shall not be discussing nonlinear molecules.

It’is interesting to note that the rotational fine structure of linear molecules depends
on the way they undcrgo dipole change-parallel or perpendicular-with respect to
principal axis of symmetry. We have illustrated these two types of vibrations for a
linear triatomic molecule through Fig. 5.1. We shall state the selection rules for these

{wo types separately.

\

Parallel vibrations of linear molecules

The selection rule for the parallel vibrations of linear molecules is stated below:

AJ =1, Av=:x1 forsimple harmonic motion -
AJ==%1, Av==%1+2 +3, .. for anharmonic motjon

. The spe 'r7. would be similar to diatomic molecules with P and R branches with
equal’, spaced lines on either side of the band centre. There is no line corresponding

to band centre. Fig.5.6 shows the P and R branches ccntenng around 3310 cm ,1 for
.HCN molecule which is linear. :

Infrared Specira of
Polyatomic Molecules
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gaicu. Coucepts and Rotationa! ~ * Similarly, when the lines originate due to the transition of the electron from the Mto K
pectrs * level, they are-termed as K lines. Similar to K, lincs, they -an also be subdivided as

Kﬂl’ Kﬂ?, etc.

" If an clectron is ejected from the L shell and an electron from M shell takes its vacant
place, then the lines corresponding to this emitted X-ray radiation in the spectrum
‘will be called as L lines. ‘

0 N Ng ,"=5
N \ 2 n=4
Mo Mﬂl\‘y
M y n=3
Laflolly Jts] Lolaiviis
LAMA N )
Ky | | .
] Ku_z_./KﬁllKﬂ KY K5 KE
K YVYVVY VY

Fig. 1.18: Varlous transitions responsible for o_rlgln of lines in X-ray spectrum.
. The X-ray emission spectrum so obtained is similar for all clemcnts.»Bi-xt they differ
from each other in the fact that the wavelengths at which various lines appear are
different and depend upon the atomic number of the element. Such a relationship

o between wavelength and atomic number was discovered by Moseley and is known as
> . Moseley’s Law. This can be mathematically stated as
=E = 0)? )
, A=3=a (Z-a). " | (1.36)

Here, Z is the atomic number and o is a constant which dépends upon series of lines
. under consideration and a is another constant,
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sSince the X-ray fluorescence spectrum is characteristic of a particular atom, it can be
used in its identification both qualitatively and quantitatively. The guantitative
measurements involve the measurement of intensity of the lines.

Elements.having atomic numbers betwee 12 and 92 can be analysed in air; but for
elements having atomic numbers between 5 and 11, the experiment is to be carried out
in vacuum because the fluorescence is absorbed by the air.

This method of detection of elements is non~-destructive and does not require
much sample preparation. Its applications are numerous and range from
determination of trace elements in. plants, analysis of ores, vulcanisation of rubber
(detection of sulphur ensuring high quality of rubber) to the analysis of objects of -
art and antiques.

1.2 PHOTOELECTRON SPECTROSCOPY

You now kndw that various energy levels exist in an atom. In this section, you will
study about a technique with the help of which electronic energy levels (of atoms and
molecules) can be determined. '

In this method, the sample is irradiated with mosochyomatic X-rays of known energy.
This results in the ejection of an electron from the sample. The remaining excess
energy of the X-rays is imparted to the electron as its kinetic energy, Thus, we can say.
that ’ ‘ :
Energy of the
incident
X-ray radiation

= Binding Encrgy + Kinetic energy . (1.37)

The kinetic energy of the electron is measured. The binding energy of the electron can
then be obtained from the above relationship by knowing the energy of the incident -

+ X-rays and kinetic energy of the ejected electron. Experimentally, the number of

- electrons ejected as a function of their kinetic energy are detected, This leads to the
measurement of binding energies of all the elecirons present in the system. This
information is-also characteris‘ic of a particular element and hence can be used to

- identify it.- ' ~ '

113 INTENSITY OF SPECTRAL LINES

We have based most of our discussion on the spectra of individual atoms. But what
happers vhen there is a bulk of particles and a number of possible caergy levels are
availabic ‘o them? Do all the particles occupy the lowest energy level? The answer to

g
o o B

‘ ' ) ® 9 ]
. . a. e B 6 &

A .
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Beeee 099 DB 66006
® )

Fig. 1.19: Tlic distribition of atoms or molcéulcg in various cnergy levels.

UGOHE usA)

Spectes of Atbms

An X-ray of waveléngth 1 nm has

an energy of 2 X 10716 1 pis
amount of encrgy car cause
ejection of electrons from the
inner shells of many atems.

L]
Binding euvergy of an electron is
the energy required to remove it
from the atom. It is also-called
ionisation encrgy, which wa
referred earlier, '

~ Similar to X-~ray phomelectmn, )

spectroscopy is the technique of
ultraviolet photoelectron ,
spectroscopy, In UV photoelectran |
spectroscopy, UV radiation js .
used as incident radiation. The .,
energy of this radiation is sufficient
fo eject a valence electron whose
kinetic energy is detesmined as
done in case of X-ray

photoelectron spectroseopy.
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this question is NO, Fig.1.19 shows the distribution of atoms or molecules in widely spaced
and closely spaced energy levels. ) ‘ :

The number of atoms or molecules NJ in a state with energy E}- relativé to the number -
N; with the lower energy E; is given by Boltzmann distribution as follows:

N, .
J .. ~OE/KT . . :
A Coe (138)

i

~ where N ,is the population (no. of particles) in the upper energy level (&),

Nj is the population of lower energy level (E));

AE is the energy difference between two levels,
T'is the temperature in Kelvin.

and k is the Boltzmann constant having value 1.38 X 10785 .

Certainly, as the energy difference between the levels (A E). incrééses, the relative

population of the upper level decreases.

Since the intensity of the spectral lines depends upon the initial population of the
level. Other factors being equal, the transition arising from the most populated level
will give rise to the most intense spectral line. '

1.14 SUMMARY

In this unit, you learnt about the nature and characteristics of electromagnetic
radiation. Various parameters such as frequency, wavelength etc. associated with
electromagnetic radiation were defined and their interrelationship was discussed.
Then, we discussed about the particle nature of electromagnestic radiation, The

interaction of electromagnetic radiation with atoms was explained by taking the

example of hydrogen atom spectrum. A detailed discussion of hydrogen atom

- spectrum was done including its fine structure. These concepts were extended to-
-~ the spectra of hydrogen-like atoms. Then, spectra of multi-electron systems were

taken and coupling schemes (L ~ S andJ -/ ) of angular momentum of these system
were explained. In these systems, nomenclature of various energy states by using
term symbols was also discussed. The spectra of helium and carbon were dealt as
examples of multi-electron systems. Finally, the effect of magnetic field on atomic

‘spectra was discussed under the title Zeeman effect. This was followed by sections

on experimental techniques followed in detection of elements using atomic spectra
which include techniques such as X-ray fluorescence spectroscopy and

. photoclectron spectroscopy. Lastly, the intensity of spectral lines was dealt.

\

1.15 TERMINAL QUESTIONS

1. Calculate the ¥ for the first spectral line of Balmer series for hydrogen atom.
2. Which of the following elements would have singlet and triplet states in their
- atomic energy levels?
Na, Mg, Cl, Ca, Cu, Ag, Ba

3. Derive the term symbol for the D state of a hydrogen atom.

'1.16 ANSWERS

Self Assessment Queétions

. e=k




. 6:626 % 1073  § x 2.098 w“ms 1
400nm

| Spoetia of Atews

o 5:626 X 1% 16 %2908 x 108 m 5”1
40x195°%m

w 4966187 X m Vw4973 10719y

2. To obtain energy per mole, the above valuc of energy is to be mulﬁplicdty the
Avogadro’s Number. Thus.

Eper mole = 4966187 x 107" J x 6,022 x 10% mol™" °

= 299063 781147 mol*' = 299.063781 14 kJ mol™!
=299 X 10° J mol™

. = 7
Y om ’

n

1
Ro = Re T 000057148

| w107 m=1 5 ol . 7 -1
= 1,09737x 10’ m™ x 1 00027148 1.09707419 X 10'm

=1,09707 x 10" m™ (approximated using significant figures)

1) s
¥ Balmer "RD(:{" -9-) = 36RD= 15237cm
4.  AV=1719cm™ |
" AE=hevy - - T

=6625~< 10'3“Jsx2998x 108m X 17.19 cmi™!

=44x 104y |
5. . Because Pauli’s Exclusion principle is violated, as § = 1 means m, and my,
should be + 2.

Terminal Questions

e o (11 9-4) _ 5, =
L ¥ Balmer = RH (4 “9’) Rn(%) = 36 Ry om

= 3-56- X 1.09677 x 10’ m™! = 15233 cma™

2. MgCaBa . -

3, 'Poral)'statc,l=2andsm—1-

2
15
Now,j=l+s5=2+ —=—
. 2 2
Mdj;=l—-s=2-%n% ‘.

. Thus;ZS' +1=2 x-;-+.i = 2; leading to term symbols ZD_s_ and 2D_s_ .
‘ I : R : 2 2
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UNIT 2 SYMMETRY OF MOLECULES

Strueture

21 Introdhction

Objectives A s
2.2  Valence Shell Electron Pair Repu]sxon (VSEPR) Theory
23  Symmetry Elements and Symmetry Operatxons S
24  Rotation about an Axis of Symmetry
2.5  Reflection in a Plane of Symmetry
2.6  Improper Rotation about an Axis of Improper Rotation
2.7 Inversion through Centre of Symmetry -

28  Identity

29  Point Groups of Molecules .
2.10 Some Implications of Molecular Symmetry
' Dipole Moment and Molecular Symmetry
Symmeiry and Optical Activity
Spectra and Moleculai' Symmetq

211 Summary .

2,12 Terminal Questions .
2.13  Answers

214 Appendix

21 INTRODUCTION

. - The molecules with different structures show different reactivity pattern and

" molecular spectra. The question arises, “is there any way to relate structure, spectra
and reactivity?”. Such a relationship could help us both in understanding the nature of
know1 substances and in predicting the properties of new ones; In this unit, we are
going to discuss symmetry aspects of molecules and, we will indicate how symmetry
could relate structure (or shape) to spectra (or to many of the.physical properties).

In Unit 3 of CHE-01 (Atoms and Molecules) course, we have dis'c‘uésedi
® the way of writing the Lewis structures of molecules (and ions) and

o predicting their shapes on the basis of valence shell electron pair repulsion theory.

As a continuation of the same, we shall relate shape of a molecule and symmetry

aspects in this unit. We shall show how to classify molecules as point groups based on

~ symmetry. We shall state the uses of point grou;. classification in understanding the
physical properties such as dipole moment, optical rotation and spectra. Some of the
aspects of symmetry are covered under group thcory in the Appendix part of this unit.
We shall also indicate the uszs of group theory in understanding the chemistry of ‘

“molecules. In this unit, we shall attempt a qualitative treatment of molecular symmctry
and group theory.

Objectives

" After studying this unit, you should be able to:

e define symmetry elements:and symmetry operations,

o state the list of symmetry clements in simple molecules,

e identify the point group of a molecule from the list of its symmetry elemcnts, and
e state the implications of molecular symmetry.
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2.2 VALENCE SHELL ELECTRON PAIR REPULSION

(VSEPR) THEORY

It is worth recapitulating valence: shell electron pair repulsion theory which has been
discussed in Unit 3 of CHE-01 course, The VSEPR theory helps us to explain the
shapes and bond angles of molecules in relation to the numbér of shared and lone

electron pairs around the central atoms.

We present in Table 2.1 the shapes of different molecules and ions according to

VSEPR theory.

Table 2.1 Number of Electron Pairs in the Valén'ce Shell of the Central

Atom, and shape of Molecule or ion, -

No. of Electron Pairs

Total Bond -~ Lone Shape Examples |
pairs pairs ' ' -

2 2 0 linear HgCl, BeCl,
3 3 0 triangular planvarl ' BF,;, BCl,, (;0‘2", NO;
3 2 1 angular $nCly(gas), NO;, CINO
4 4 0 tetrahedral CH,, BE;, NH;
4 3 1 trigonal pyramidal NH,, PF,

4 2 2 angular H,0, IS, NH;
5 5 0 ~ trigonal bipyramidal ' PCli(gas), SnCL
5 4 1 see-saw TeC€l, IFf , SF;

s 3 2 Teshaped CIF;, BiF,

5 2 3 linear XeF,, ICI;
6 6 0 octahedral SF,, PF;
6 5 1 _ square pyra;nidal IFs, prg“'
6 4 2 square planar .BrFy, XeF,

SAQ1

Using VSEPR theory, predict the shape of PCLy, Draw its structure.,

------------------------

Ay T Yy T Y T YT YT Y THTSNen

-------

23 SYMMETRY ELEMENTS AND SYMMETRY

. OPERATIONS

’ A ’ ' o \.‘."i B ) oy :
In the last section, we saw how molecules can be classified on'the basie of shape, Itis

better-to classify the molecules based on their symmetry aspects, This co

uld help us to”

understand the molecular properties such as dipole moment, optf'cal activity and




spectral characteristics. Before trying to classify molecules on the basis of symmetry, Symmetry of Molecules

we must understand the terms, symmetry elements and symmetry operations.

- Symmetry operation is the movement of an object such that it leaves the object
looking the same. A symmetry operation brings the molecule into the equivalent or
identical conﬁguratxon. You can understand the words ‘equivalent’ and ‘identical’
configurations by using a cardboard which is shaped like an equilateral triangle (Fig.
2.1a). You label the three vertices of the triangle as 1, 2 and 3. Rotation of the
triangular cardboard through 120° (2 2/3) and 240° (4 2/3) in the anticlockwise
direction gives rise to equivalent configurations i.e., each configuration is
indistinguishable from the original configuration (Figs. 2.1 b and ¢) whereas the
rotation through 360° (2 ) results in an identical configuratmn (Fig.2.1d).In
cquivalent configuratlon, the positions of the atoms in space are similar to those i in the

original configuration, i.e., before applying symmetry operation. In identical .
‘configuration, the positions of the atoms are the same as before applying symmctry
operation. (Compare Figs, 2.1a and d). . .

120

,2,4o° : . S /
" 360° | |

Fig. 2.1: (a) The conliguratlon before rotation; the dotted line shows the axls of rotation in a
) directlon perpendicular to the plare of the molccuie.

(b) and (c) equivalent conﬂgurallons (after anticleckwise rotatten through 120° (2 2/3) and
240° (4 n/3).

(d) identlcal configuration (after rotation through 360° (2 x)).

Similarly, reflection once across a plane passing through equilateral triangle type
molecule can give rise to equivalent configuration, while another reflection through

the same plane gives rise to identical configuration, For instance, imagine a Rotation through 120° once,
perpendicular plane passing through vertex 1 of the equilateral triangle-shaped twice and thrice can be
cardboard. This perpendicular plane is shown as a dotted line in Figs. 2.2 a and b, denoted by C5, € and Cy; €y
Reflection through this plane once results in equivalent configuration, Fig. 2.2b, also represents threcfold
Another reflection through this plane results in an identical configuration, Fig. 2.2c. axis of rotation. We shall

discuss this in a detailed way
in the next section,

Reflecti ' i
flection I Reflection ;

(@ - ) (c)

Fig. 2.2: a) The configuration before reficction.

b) The equivaleut configuration resulting from reflection through a perpendicular plane
{shown as dotied line passing thre - gh the veriex 1),

¢) The identical configuration resalting from another relection through the same plane, 39
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Tie symmetry element is a line or
a planc or'a point whereas the
symmetry operation is the
operation performed to bring the
object into an equivalent .
configuration,

We v/ill be using the same
symbols for each pair of symmetry
elements and symmetry
operations. These symbols are
indicated within brackets under
the column ‘Symmetry element’ in
Table 2.2, -

The crystal symmetry includes
- translational symmetry whereas
. molecular symmetry does not
{include it, B

4. Centre of symmetry (f)

- 5. Identity element (&)

So far we have seen'rotation about an axis and reflection across a plane which arc two.
of the five symmetry operations. All the symmetry operations are listed in Table 2.2,
Corresponding to each sysmetry operation, there is a symmetry clement. The _
symumetry element is a line or a plane or & point with respect to which the symmetry
operation is performed. The symmetry clement is a geometrical property which is said
to generate the operation. Table 2.2 lists the various symmetry elements and symmetry
operations, ' ' :

| Table 2.2: List of Sj}'nmmﬁiﬁy Elements and Symmetry Gperations

S. No. Symmetry Element Symmetry Qperation

Rotation once or several times by an
angle (equal to 360°/n or 2t/n) about
the axis; n must be an integer.

1. a-fold axis of symmetry or proper
axis of symmetry (C,) '

Reflection plane passing through the
molecule

2. Plane of symmetry (o)

Rotation about an axis by an angle
360°/n or 2r/n followed by reflection in
a plane perpendicular to the axis of
rotation

3. Auxis of improper rotation oz
alternating axis of symmetsy or
rotary-reflection axis (5;

Inversion of all atoms through the
centre-of symmetry ‘

Doing nothing to the object

At least one point in the molecule should be unaffected by all the symmetry
operations. Also, all the symmetry operations possible for a molecule must intersect at

this point. Thus, the symmetry operation should not lead to translational motion of the |

molecule in the space. This is the basic difference between the molecular symmetry
and crystal symmetry. :

This aspect will be made more clear in Sec. 2.9 where we shall distinguish between
molecular point groups and crystallographic space groups. We shall explain the .

symmetry operations and symraetry elements in a detailed way in the sections to follow.

SAQ2 S

Draw a square and label the corners 1, 2,3 and 4, Also through diagrams indicate the
equivalent configurations and the identical configuration arising out of rotation
through 90° successively four times through an axis perpendicular to the squarc
surface. - :

2.4 | ROTATION ABOUT AN AXIS OF SYMMETRY

‘The n-fold axis of symmetry (or the proper axis of symmetry) is a line about whicha

molecule is to be rotated through 360°/n( or 2r/n or ) to obtain an equivalent
configuration. The symbol for -fold axis of symmetry is C,. The subscript 2’ in C,is

called order of an axis which can be defined through Eq. 2.1. 5o




360°
Minimum angle of rotation (&) for obtdmmg
equrvalent configuration

Order of axis =n = «(2.1)

In the case of water molecule, rotation through 180° (= 360°/2) results in an
cquivalent configuration. A

Hence,

i.e., H)O molecule has a twofold axis of rotation (C, axis). C, axis of H,O is illustrated
.in Fig, 2.3 along with the rotation through C, axis once (Cz) and twice (C;), C stands

for 180° rotation once and C2 stands for 180° rotation twice. The twofold axis of water
is on the same plane as the oxygen and hydrogen atoms.

c, - c,

Flg. 2.3: Twofold axis C2 lnwater molecule; the effect of one C, rotation (Cz) is shown by

lnlerchange of H1 and l-l2 atoms. Application of C, twice (C;) brings the molecule to
ldeutlcal\couﬂgumllou as indicated by the position of H, on the left side and H, on the
right side. E

~ In general an-fold. axis of symmetry ( c ) gtves rise to C,l,, c (‘ operations, and,

2 e
n
Q—E;

'where E refers tc \dentlty operation, Identity operation.means doing nothmg to thc
molecule and after performing an identity cperation, the molecule regains identical

configurdtion. A rotation through 360° (Cn ) is an instance of xdentxty operation,

Note that C,:' means 7 times rotation about C,, axis. We shall see shortly other ways of

' carrying out identity operation. -

Note that asper Eq. 2.2in H,0 molecule, rotatxon through C, axis twice leads to
identical conﬁguratlon : B

e, : @@:d:E_

The presence of C axis in NH, can be understood on the basis of the fact that rotation
through 120°. about this axis. results in an equivalent conﬂgurauon Usmg Eq 2.1,

_360° _
n=Tr =3

“ The.C; axis of NH, is shown in Fig. 2.4a.

The rotations through 120°, 240°, and 360° are denoted by the éymbols C;, Cg and Cg;
tespectvely. The operations C§ and C2 lead to equivalent conﬁgurations while C"‘ leads

* toidentical configuration. The equilateral triangle formed by Jommg the positions of
three H atoms can be used to represent the effect of successive rotations by 120° three

L3

Uc.c.i-n-,-m(‘o,\)

-2

Symmetry of Moleculés

Notc that

“

27 360°

O 5% e oz

1 n

The subscripts 1 or 2 are used to
indicate the interchanging of the
hydrogen atoms.

For C, rotation,

“The rotation operation by

2n/n (= a) is denoted as C (a):




observed and the calculated values given below are those obtained cxpenmcntal y and

IR and Raman Spectra o
’ calculated (using the relationship between 7 and,u ).

Stfetching vibration:  O<H 3620 cm™! (observed)
, O-D 2634 cm™} (calculated)
AN : O-D 2630 cm™ ! (observed)

Bending vibration : C=C-H 815 cm™! (observed)

1 .

' C=C-D 598 cm ™! (calculated)
C=C-D 678 cm ™ (observed)

552 Eieptronic Effects

Let us see the effect of electron withdrawing or donating groups on the IR absorption
frequency of a particular group. Before we study this, it is advisable to recapitulate

. what you may have studied in Unit 5 of Organic Chemistry (CHE- Oo) course regarding
" electronic effects.

(i) Inductive effect

The inductive effect acts through the sigma (o) ¢lectrons or bonds in a molecule.
Inductive effect is felt only at short distances and it weakens as the length of the
carbon chain increases. The groups which withdraw electron density from the

_neighbouring atoms in a saturated carbon chain are called -1 groups and those which
enhance electren density, the +1 groups. A lxst of -I and + I groups are given in Table
5.2in Unit 5 of CHE-"S course.

(i) - Resonance eﬂ'ect

In contrast to the mductxv&éffect the resonance effect acts thxough the pi hoads, The
groups which withdraw electrons through pi bonds are ~R groups while thos.: which
donate electrons are + R groups. A list of.+ R and ~R groups are given in Tabic 5.6 of
Unit 5 of CHE-05 course. While trying to see the influence of electronic effects on the
IR frequency of a grotip, we have to bear in mind the following n.inciples:

¢ Any substituent which enhances bond order (or shortens the bond. length)in a group,
causes an increase in IP. frequency; if the substituent causes a decrease in bond order
. (or enhances the bond length), a decrease in IR frequency of the group results.

e If the inductive and resonance effects operate in opposite ways, then the one having
prcdommam influence decides the IR frequency value.

)k/”\//b

: Carbonyl frequency . 1720 cm™ 1700 cm™' 1700 cm™
I I 111

- v _ | .
/l\© AN
P L e 4>
+ > v 4+ \‘ ‘
- v Y

, i

" Let us consider a few examples, The carbonyl frequencies of I, IT and III:can be '
rationalised by realising that + R nature of the vinyl (—~CH = CH,) and phenyl groups
have a dominating influence over their -1 nature, For instance, the resonance effect in 111

. L _ operates to decrease the bond order of the carbonyl group-as per structures IV, V and VI
' 42. R T}ns could explain the lowar carbonyl frequency in III as compared to L.

: . UGCHE-10(178)




As an example for the change in absorptibn frequency caused by the inductive effect,
we can sce that the aldehydes have higher carbonyl absorption frequency than ketones
have. The additional alkyl group in ketones which has +7 nature causes a decrease In -

C=0 frcquency ﬁ ‘ (ﬁ

- (Ris alkyl group)
R/ C\H R/ C \R ) . '

Carbonyl frequency  Around 1735¢cm™  Around 1720 em™
VII VIII

As another example, we can compare the carbonyl group frequencies of the ketone
(VIII) with those of the thiol ester (IX) and the ester (X).

9 o™

RO RO /R ‘g Cxg R

‘Carbonyl frequency ~ Around 1720 cm™  Around 1690 cm™  Around 1740 cm™
VI X X

The + R nature of sulphur atom is more than its =/ nature which leads to loss of .

double bond character of the carbonyl group in the thiol ester. This accounts
for the lower frequency of the carbonyl group in the thiol ester IX as compared
to VIII. On the other hand, in the cas¢ of ester X, the~J effect of 6xygen atom
dominates over its + R nature. This results in the shortening of the carbonyl
bohd in X and in the ificrease of carbonyl frequency as compared to VIIL. -

The role of conjugatxon in resonance effect can be illustrated usmg the IR frcqucncy
values of XI and XII. .

C=C frequency 1650 cm™ 1610 cm™ :
XI X1 ,

The frequency of >C = C<  group in XII decreases due to the following resonance
structures (XIII and XIV)whcrem the terminal bonds have bond order value betwcen
one and two. :

CH CH, -~ H & +
77N /2 . /C N CH, . CH_ CH,
HC  CH — 5 — 5 X H'/c“:
X1 X111 ‘ X1V

5.83 Effect of Hydrogen Bonding

Fvdrogen bonding can occur in any systcm containing a proton donor group (X —H)
aad a proton acceptor (Y), if the s oribital of the proton can overlap effectively with
the p orbital of the acceptor group. Atoms X and Y are clcctronegatwe and, Y .
possesses lone pair of electrons. :

The common protqn donor groups in organic molecules are carboxyl, hydroxyl, amino
. or amido groups. Common proton acceptor a“oms are oxygen, nitrogen and the
. halogens. Unsatu-ated groups like the ethyleric linkage can also function as proton
acceptors. Kydrogen bondmg alters the force constant of both the groups and,
~ stretching and bending frequencies are altered. Because of hydrogen bonding, the
~ X-H stretching bands move to lower frequencies with increased intensity and band
widening. The stretching frequency of the acceptor group, for example, of the >C=0
group is also reduced but to a lesser degree than the proton donor group. The X~-H
 bending vibration usually shifts to higher frequency, when hydrogen bonding occurs.

£

Infrared Spectra of
Polyatomic Molecules

/

(+R>~10ofS) (+R<~Fof0)
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A vertical plane passcs through
principal axis. Hence o, and o | in
H,0 are vertical planes.
A horizontal plane (o) is

< perpendicular to the principal axis.

SAQ 4

State the symbols for the operations of six successive rotations through C, axis.

2.5  REFLECTION IN A PLANE OF SYMMETRY

A p'lane bisects the object under consideration so that one half of the object on one ;
sidc of the planc is the mirror image of the half on the other side. If the plane contains
the principal axis, it is called the vertical planc and is denoted by o,. H,0 has two

‘vértical planes of symmetry (o, and g, -Figs. 2.7. a and b) while NH, has three vertical

planes of symrpctry ,,0, and o' (Fig. 2.8).

a-
, <

(8)

Fig. 2.;7: a) Two vertical planes of symmetry
(0, and o) In water, :

b) a‘pl ne is different] sho@n so that it
v Py Y

®)
Fig. 2.8:  The three vertical planes of symmetry in
NHj (0,,0y and oy’ ); each vertieal plane of
symmetry encloses one N—H bond also,

is‘cusler to visualise the two planes,

The terms ‘conformation’ and _
‘configuration’ have to be properly

understood. Various conformations -

of a molecule result duc to rotatipn
about C~C bond through different
angles. For instance, ethanc has two
well known conformations, eclipsed
and staggered. For a better
undcerstanding of the term, -

- conformation, refer to See. 3.7 of

© Unit 3 of Block 1 of Organic -
Chemistry (CHE-05) course.

“‘The term‘configuration’ refers to a
particular spatial arrungement of
atoms in a molccule. The optical
isomers and geometrical isomers -
come under this category. In this

. context, you may refer to Sce. 2.2 of
Unit'2 of-Block 1 of Organic
Chemistry course,
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both these molecules have three vertical planes of symmetry. In addition to these, thé ’

When the plane of symmetry is-perpendicular to the prinéipal axis, it is called the
horizontal planc, and, is denoted by o, For instance, the plane containing all the six
carbon atoms and six hydrogen atoms in benzene is the horizontal plan, since it is
perpendicular to the (C;) principal axis. ' ' '

~ Again Ict us examirc the simple cases of NH, and BF,. The fact that thcir’shapés are

different is shown up by the presence of different types of planés of symmetry. Thus,

planar molccule, BF,, has a horizontal plane of symmetry but not NH3V“(which‘is{

pyramidal).

We shall also cxamine another type of plane‘ofsy.inmetry which is known as diliedral :

planc and is denoted by 0. A dihedral plane must be,
i) vertical (i.c., must contain the principal axis) and {
i) biscct the angle between two C, axes which are themselves perpendicular to the -

principal axis. ’




For instance, the staggered form of cthane (Fig. 2.9a) has three dihedral planes. Each - Symuetry of Molecules
dihedral plane contains the C; axis (which is the principal axis) and intersects two

. mutually perpendicular C, axis. One of the three dihedral planes is shown in Fig. 2.9b.

o

Fig. 2.9: (a) The‘s!aggen'fd conformation of ethane. It has three G4 planes and each gy plane
contains C — C bond and a pair of C — H bonds.
b) One of the dihedral plancs shown by the shaded portion. .

The operation of reflection of same type (viz. vert.ical,k horizontal or dihedral)
conducted twice across a plane leads to identity operation:

i.e. " o,0,=E .
- 3 oy oy = E - .29

Udad":E

Having studied the above, answer the following SAQs.

SAQ S

Name the planes‘of symmetry in PCl,, For its structure, refer to SAQ 1.

L T T XTI Y I T YY) bererresrenniay esaracnrsanesses vevenen ETRTTYRTN LT T T T T T TS TY YT TR T YRS PRI PP T Y srsesessarese Praesesesns
L T L T T Y P PR P T YT TRY ST IYITI TS FrssasarerEretasstIsisaritanrireny LR T Y Y P TR YTy TY YT PP PP YT T TY
T T T T Y R Ly T T Ry Py S T T T T T T P T T T T P P T R T P TIS TR A RIS I TN A AL .

SOCl, is pyramidal in shapc It has a plane of symmetry. Identify the atoms on this
planc.

Hint: Thcrc is a simple restriction on the planes of symmetry. A planc must either pass
through an atom or else that type of atom must occur m pairs being placed
symmetrxca]ly on either side of the plane,

“
* . . .
vesirsesssernenertrrenrirtincay Svsssesrsareancsrarnasesrrrsren qesrerentasrsisuioisy tsereeassesseineerene Sreeasensunirasrsrestarstsssirerse voervesasesaevrer
----- rou L T R T T T T T T T T T T TR TP T PR P TP T TP PP PR PRI T PO P S

. ‘ seerres vevessnne kervae D T T Ty P T I T LT TITYTY o Ty rerrane ¢
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1724cm™  keto carbonyl | keto form (X1x)
1748cm™! - ester carbonyl

1650cm™!  ester carbonyl  enol form (6:4%))

9 p—H—Q
CHy—C— CHy—C —0—C,H; === CH, —C ==CH — (—0 —C,H,

LX) o @XvD

554 Steric Effect

The stericefiect arises due to spatial interactions between the groups. This has been
discussed in detail in Subsec. 5.4.5 of Unit 5 of Block 1 of Organic Chemistry course.
The most common instance of steric effect is that which arises when the bulky groups
are present near a reactive group. Let us state an example, Generally, the resonance
effect lowers the frequency of a carbonyl band as mentioned in the case of I, Il and 11
in Subsec. 5.5.2 above. In order that the resonance forms may exist, there should be
coplanarity between the >C = C< and >C = O groups. If the coplanarity is
prevented due to steric effect, then the resonance structures (such as II to VI) may
not be possible, which means interaction between >C=C< and >C=0 groups is

! reduced. Consequently, the steric inhibition of resonance in XXI and (more so in)
XXII causes the carbonyl frequency to be higher than that in XX.

Carbonyl frequency 1663 cm”™ © 1686em” 1693 cm’
' XX Xx1 : XXII

Thus we have scen in this section the perturbation of group frequencies due to
structural features. Answer the following SAQ’s.

!

SAQS

>

Arrange the following compounds in the increasing order of carbonyl frequency:

Acetopheqcne, p-methoxyacetophenone and p-nitroacetophenone.

: SAQ6

The infrared spéctrum of 1-butanol (Ii’quid_ﬁlm) has single broad band between
3500-3200 cm*l; when it is diluted with CCl,, it shows an additional band near

3650 cm ™!, Explain the reason.

‘Hint:  ‘Liquid film’ means pure Hqﬁid is taken for spectral study without adding any
solvent. :

......................................................................

.




Infrared Spectra of
Polyatomic Molecules

56 APPLICATIONS OF IR SPECTRA IN
STRUCTURE DETERMINATION

The infrared spectra find a wide range of applications. For instance, structure
determination, quantitative analysis, hydrogen bonding studies and conformational
studies are some of the fields where infrared spectra play a vital role. The method of
determination of structure of simple inorganic compounds will be discussed in Unit 6
using IR and Raman spectral data. In this section, we shall discuss the role of IR
spectra ia arriving at the structure of organic compounds. : :

The matching of the.IR spectrum of an unknown compound with those of known
compounds provides the best means of structure identification of organic compounds,
The finger print region could be particularly useful for this purpose. Infrared
correlation charts such as Table 5.3 could t¢ used to identify the hydrocarbon skeleton
and the functional groups present in a molecule. To be sure of the structure of a
compound, data from IR spectra should be supported by other evidences like its
chemical, physical or other spectroscopic data (NMR,UV etc).

For:instance in Unit 13 of this course, we shall come across many interesting problems
of structure determination using a collection of spectral data. A preliminary.
assessment of structural details could be made using IR, spectral data. For this you
have to spend some time in finding the answers for the following questions.

I Hydrocarbon skeleton

Look for IR data indicating the presence of alkane, alkene, alkyne and aromatic

. residues. For doing this effectively, compare the IR spectral data of the compound .
with the entries under ¢ A, Hydrocarbon chromophore’ of Table 5.3 end find the

answers for the following questions: . o

) What is the type of hydrocarbon skeleton?
(@ Is thérg 'any special features in the IR,Spectrum which throw light on
substitution pattern?

You can arrive at “Y¢ hydrocarbon skeleton using C-H stretching, C-H bending and
C-C multiple bond stretching 2bsorptions.

Look for specific indications regarding the type of aromatic substitution, cis-trans
isomers, presence of gem-dimethyl groups etc.

"I Functional groups

The nature of functional grbups can be decided from the answers to the following
questions. S ' '

(i)  Does the compound have carbonyl g-oup(s)?

Look for sharp IR band(s) in the region 1800-1600 cm™ 1, If you find one such, answer
the questions (a) to (e) given below. '
(a) Does the spectrum have C-H stretching characteristic of an aldehyde?

(b) Does the spectrum have C-O stretching characteristic of an ester (or
lactone)?

(¢) Does the spectrum have O-H stretching characteristic of - COOH group?

(d) Does it show N-H stretching and bending vibrations characteristic of
amides? ' -
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Basic Concepts and Rotational A molecular group is called a point group because one point in the molecule remains
Spectra fixed under all the symmetry operations in thermolecule. Al the symmetry clements of ~
' a molecule interscct at this point. We may note that crystals have an additional
element of symmetry known as translational symmetry, wherein symmetry arises from
C, the translational motion of crystals through space. The crystals are classified into
’ ' space groups. We are not going to discuss crystallographic symmntetry in this unit..

The point group of a molecule can bc dcnotw by a specific symbol. There are two
kinds of notations, one devised by Schoenﬂxc,s and, the other, by Hermann and
Mauguin. The Schoenflies notation.is more common for the discussion of molecular
symmetry and the Hermann—Mauguin symbolism is c‘(duswcly used for the
discussion of crystal symmetry. In Table 2.3, we shall give the Schoenflies notation for

Fig. 2.15: 1,0, (partially opened -some of the pomt groups:
book configuration)

Note that all dihedral groups have _Table 2.3: Schoenflies Notation for Some Point Groups.

aC, axis andnCpaxes
perpendicular to C,, axis. The

) . Schoenflies Symmetry Examples
dihedral groups mentioned in notation elements .
Table 2.3 are . :
DS‘ D3b’ D6h' D3d and th
—__3'+ | o | E CHFCIBr
,C; : candE Quinoline (Fig. 2.13)
Ci (Sp iandE " meso-tartaric acid (Fig, 2.14)
G T CyandE . H,0, (partially opened book ¢
configuration (Fig. 2.15)).
Fig 2.16: [Co (en);]*F fonsen’  Cj, . Cp20,andE © H,0and SO,
: . stands for ethylene . g
diamine
Gy, 2C330,and E NH; and CHCl,
Coy 2C,, wo,and E {Linear molccules without centre of

symmetry such as CO, OCS and HBr

Con Cy0piandE trans»i,?-dichlorocthy]{cne
D, C33Cand E [Co (en)s]’" (Fig. 2.16)
Dy, 2C5,3Cy, 04, 30,,25; BF; PCls (Fig.2.17) and eclxpoed form
and E ‘of ethane '
Dﬁh ‘ 2 C6’ 2C3, 6C2, iy 3 O, CGHG
3 Ty 2S3, 2S6’ i aﬂdE
1;'1;. 2.17: PC; note that the o ‘ _
 vertical CLP-Clbonds Doy 2C, ®Cy, @0,,0p, All lincar molecules with centre of
constitute C, axis. 28, iandE symmetry such as Hy, Cly and C,H,
A groub is called a cubic group, if - : . ; . )
it has many C,, axes of order Dqy 2C4,3C,, 30,4, i, 2S¢ and E  Staggered form of ethane
greater than 2. The important
cubic groups are Tgand Oy, - . - _ '
. Td 8C3, 3C2, 6S4, 6 Ty and E CCl4 and CH,‘ (Flg. 2.18)
o, 6Cy,8C;,6Cy, 305,65,  SF (Fig. 2.19)

8Ss 60y iandE




Symmetry of Molecules

(@) ' (b) . (c)

Fig. 2.18: a) Methane belonging to T; group; the three cartesian axes s,crvé as three C, (and also S,)
axes, The four C; axes are along the four C 1 bonds (these C; axes are also the body
dlggonnls»«-MT, NS, OR and QP); one of the Cy axes (QP) is shown.

b) You can make six trinngular pisnes in a tetrahedren by combining any two corners

with the centre; do not confuse these six planes with four faces of the {efrahedron which
are cblained by joining any three corners only. These six planes are 60, for CH, ; each

of the o, passes ihrough the carbon and two hydrogen atoms and relates the other two
hydrogen atomns as a mirror image of each other.

¢) Oue of the six dihedral planes (o).

(a) (®) ' k ()

Fig. 2.19: SF,with O point group symmelry; ST is shown inside the cubm
(a) Each F'—8-F linear arrangement is a C, axis; the three C’4 axes are at right angles to
each other
(b) - Four Cjaxcs are located along the body dlagonnls (MT, NS, OR and QP) of the cube,
one of the C, axes (QP) is shown. e
(c) One of the three o) planes is shown by the shaded aren; each o, plnne comprlsw of two
diagonal units of F—S--F; other symimetry elements are not shown.

Using the above materials, answer the following SAQ.

saQ9

Usmg your answers foz SAQs 1,3-and 5, xdenufy thc point group of I’Cl3 »
S HRTTRY .

.
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Spectra . :
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2.10 SOME IMPLICATIONS OF MOLECULAR

You are advised to study Secs. 6.4
to 6.6 and the Appendix portion
of Unit 6 of CHE-01 (Atoms and
Molccules) course to understand
the dipole moment concept,

The statement that the dipole
moment vector should be

‘invariant (of totally symmetric)
with respect to symmetry
operations will be ured in defining -
the allowed transitinasin to =
Appendix of this unit,

You tty C,, 0, or g, operation
(using Fig. 2.20b) through’
diagrams such as Fig. 2.3 and
verify the fact that the dipole
moment vector remains invariant-
after each symmetry operation,

Note that molecular symmetry is a
theoretical concept. Experimental
quantities such as dipole morent
or absorption frequencies
(obtained from spectral
measurements) help us in
confirming the theoreti:al aspects
such as symmetry of a molecule.
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The examination of molecules with respect to symmetry aspects could lead us to many
useful conclusions, We shall examine a few of them. :

2.10.1 Dipole Moment and Molecular Symmetry

Dipole moment is a vector quantity as defined in Sec. 6.4 of Unit 6 of CHE-01 (Atoms
and Molecules) course. It has both direction and magnitude. The symmetry operation
allowed for a molecule should not affect the direction or magnitude of the dipole

“moment vector. In other words, the dipole moment vector should be invariant and

must be contained in cach of the symmetry elements of the molecule. As a result of

this, only molecules belonging to the groups Cn‘ » €,y and C; may have dipole moment.

Let us illustrate this using H,0 molecule. As explained in the Appendix of Unit 6 of
CHE-01 course, the direction of the resultant dipole moment vector in H,0 (indicated
by 4- sign) is as shown in Fig, 2.20a.

Fig. 2.20: Ilustration of the fact that each of the symmeltry elements of water contalns the dipole
moment vector. It Is worth recollecting that H,0 has £, C, and 2 g, a5 symmetry

elements,

H -0 stands for O—H bond moment and i~ stands for the direction of the resultant
‘dlpole moment vector, Note that the dipole moment vector lies along the C2 axls,

a)

b} Botho, and g, planes colntain the dipole moment vector, (li) is drawn to show that g,

o, and C, contain the dipole moment vector,

As shown in Fig, 2,20 a-b, the symmetry elements, C, axis and two o, planes, also.
contain the resultant dipole moment vector in H,0 molecule.

_ In molecules with the point groups such as Coatp Py Dy €tc,, there are symmetry

n
operations that correspond to turning the molccule upside down. This would reverse
the direction of the dipole moment vector which is not allowed. Hence, the molecules
belonging to the point groups such as Cop Py, €tc. cannot have dipole moment, Use

Table 2.3 and see how many of the molecules possess dipole moment.

'C(, {t




. exist in separate left-and right-handed forms, This implies that any optically active

The presence or absence of dipole moment tells us about the symmetry'bf the molecule.,
We shall illustrate this taking two cases of triatomic molecules, H,0 and CO,. HyOhasa

dipole moment value of 6.14 x 10~ C m. This confirms the bent structure of H,O (as It is worth recapitulating that the

Symmetry of Molecules

- predicted by VSEPR theory in Sec. 2.2) and the fact that it could belong to the pointgroup ~ bentstructure df H;O and the ..
Cyv (aspecial case of C,,, which has permanent dipole moment). ~
N P nv P

linear structure of Cbz have been
- explained in subsec, 6.6.3 of Unit

CO;, has zero dipole moment. This confirms thie linear structurs of CO, (as predicted 6 of CHE-01 (Atoms and .
oo . Moilecules) course based on
by VSEPR theory) and the fact that it could belong to D, point group. . O~H and Cm O boid moments,

2.10.2 Symmetry and Optical Activity

In Sec. 6.10 of Unit 6 of CHE-01 course, we have explained the concept of optical
activity. A molecule is optically active only if it could exist as separate left-and
right-handed forms or mirror image isomers. Lactic acid (Fig. 2.21) is an example of
an optically active molecule, From symmetry point of view, we can define optical
acivity. A molecule is optically active only if it cannot be superimposed on its mirror
image through improper rotation. Since a rotation about an axis followed by a
reflection in a perpendicular plane (i.e., improper rotation) converts a right-handed /
object to a left-handed object, the presence of S, axis indicates that a mo'ecule cannot H

molecule will not have an axis of improper rotation, S, It is important to check

whether a molecule has S,, axis eveniin an implied way. For example, the molecules in Fig. 2.21: Lactic acid: the
. . left-and right-handed forms

. the point group Cyp, are not optiqally active, since these molecules have S, axis as ‘(mirror Images),

N

83 [one full rotation of the molecule by 360° (C,) through any axis, followed by

implied by the presence of both C, axis and oy, plane. All molecules with centre of

symmetry are optically inactive. It is so since any molecule having the inversion centre
possesses S, ;i is equivalent to C, followed by o, which is equivalent to S, as explained

~ inSecs. 2.6 and 2.7

Evenif a molecule possesses only o, then also it is optically inactive since o is equal to

reflection across a perpendicular plane], Thus, fluorochloromethane (Fig. 2.22) which
has o is not optically active, ‘

. ( . ‘
To sum up, molecules having improper rotation axes will not be optically actlve, For
example, lactic acid belongs to C, and is optically active. Molecules having o (i.e., 8y, i
(i.e., S,) or any other S, are optically inactive. e .
g Flg. 2.22: o plane In CH,FCI
encloses C, F and CI,

2.10.3 Spectra and Mole;culavr Symmetry

We can examine the microwave and infrared spectral characteristics of a-molecule to
understand the molecular symmetry or vice versa.

We shall see in Unit 3 of this course tha* only molecules having permanent dipole ‘ : N
moment can give rise to pure rotational (or microwave) spectra. Thus, only molecules
belonging to the point groups C, and C, which have permanent dipole moment can

exhibit pure rotational spectra. For example, CO (Cey) and CH,CI (Cy ) can exhibit
pure rotational spectra but not CO, (P y) and CCl, (T ). The former two possess

permanent dipole moment but not the latter two, This again could help us in
confirming the point group classification of a mo)ccule.

In Units 4 and 5 of this course, we shall see that for a molecule to give rise to
vibrational spectra, one or morc vibrations of a molecule must give rise to a dipole

- moment change. The vibration spectra could be understood using the symmetry

_aspects of a particular vibration of a molecule. The assignment of infrared spectral

~ frequencies to the specific vibrations causing the absorption can be made using group,

 theory, We shall discuss some of the aspects of group theory in the Appendix of this -

unit and in Units § and 6.
51
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Basic Concepts and Rotational - Answer the following SAQs.
Spectra . .

SAQ 10
CH,CL, has the following symmetry clements:
E, C,and20, -

a) = Identify the pbint group.

b) Will the molecule show permanent dipole moment?

R T T T Ty DT R Y T PP YT T P T PP

......................................................................................

SAQ 11

Both CO, and CO are linear. Which of the two can exhibit pure rotational spectra?
State the reason. - ‘

..............................................................

...................................................

...................................................................

SAQ 12

. 1-Bromo-1-chloroethane belbngs to Cl point group. Is this molecules bptically active?
State the reason.

......................................................................

T Ty Ty P T P TR TR PP R I TR R P P TP PPN

....................................................................................

2,11 SUMMARY

In this unit, we have discussed symmetry aspects of molecules. We have explained the
Shoenflies system of point group classification. We have given examples for the point
groups of molecules. These ideas should enable you to relate the Lewis structure of a
molecule to its point group. In some of the units of this course, we shall be using
symmetry aspects of a molecule for understanding the molecular spectra.

N

2,12 TERMINAL QUESTIONS ' B 5
1. (a) Using VSEPR theory, find the shape of XeOF(,.', ' |
" Hints: Ofthe 8 electrons of Xe, 4 are involved in forming four Xe —F bonds;

- 2 electrons are involved in Xe~>O bond which should be considered
like a single covalént bond only. The other two clectrons form a lone
pait around Xe.

. - - - {b) Draw its shape. ‘ \

S (0 Name the principal axis of XeOF,.
2 .




2. (a) Although CHCL has tetrahgdral structure, it has symmetry cloments Symmetry of Molecules
: similar to NHj. The C—H bond in CHCly is a C3 axis. There are three
"0, planes, each plane enclosing C—H boud and one C—Cl bond. Identify
the point group of CHCl,.
(b). Canithave 'Iicrmanent dipole moment?
(c) Canit exhibit pure rotational spectra?
* (d) Canitbe optically active? °
3. (a) "[PtCl4]2_ has a square planar structu}c. State the name of the two proper
axes of symmetry.
(b) Does it have centre of symmetry?
(c). Canit have permanent dipole moment?

4. (a) HBrisa linear molecule. Statc the name of the prmmpal axis of symmetry
‘ it

(b) State its planes of symmetry.
(c) . Name its point group.
"~ (d) | Can it have permanent dipole moment?
(¢)  Can it exhibit pure rotational spectra?
5. HZO belongs to C,, group. Name the symmetry elements in it.
6. (a) For PFs, predict the shape using VSEPR theory.

(b) Stdte any three symmetry elements in xt

(¢) Identifyits point group.

- 2.13 ANSWERS

Self Assessment Questions

1. The central atom phosphorus has three bond pairs and one lone pair. Hence, it : P
is trigonal pyramidal. CI/ l . l
2, Through drawings it can be established that the equivalent confixzuratlons arise ' Cl

thrice one after the other, and finally the identical conﬁguratlon
3. PCl; has Cj axis,

L Cé, C}, Ci, C3, and C} (=E).

5. There are 3 U planes in PCl,. Each o, plane encloses one P — Clbond.

6. The plane of symmetry in SOCl, must pass through sulphur and oxygen atoms

since one atom each is present. The two chlorine atoms must lie on front and
back sides of this plane.

7. Presence of S axis indicates that rotation through 60° followed by reflection in
a perpendicular plane leads to equivalent configuration.

8. = The dipole moment of CgHy is zero, since it has a centre of symmetry.
9. Using Table 2.3, it can be shown that PCl; belongs to Cy, point group.
10, a) G ., ’

b) The molecule can have permanent dipole moment, since its point
group (C,,) is one among the C,, groups.
11. CFOZ belongs to Dy point group and does not have permanent dipole moment.
' Hence, it cannot exhibit pure rotational spectra. CO belongs to C,,, point group
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D8I Loncspis and Rotatioaal and has permanent dipole moment. Hence, it can exhibit pure rotational
Spectra ) . spectra.

(12) 1-bromo-1-chloroethanc is optically active, since it does not have S, axis,

. Terminal Questions ‘
1. (a) XeOF, is square pyramidal in shape.

. | P\t /p
"N

..

- (@ ¢
2. (@ G
| (b) It can have permanent dipole moment. -

(c) It can exhibit pure rotational spectra.
(d) It cannot be optféaﬂy active.

3. "(a)  Camdg,
(b) It has centre of symmetry.
(c) It cannot have permanent dipole moment.,

“ ® o
(b) wo,
© Cov

(d) It can have permanent dipole moment.
(e) It can exhibit pure rotationa spectra,

5. E, Cz and Zav .

6. -(2) Trigonal bipyramidal .
® G, 3C; (perpendicular to C3) and o,
() Dy

' 2.14 APPENDIX

- The Basic Aspects of Group Theory

The group tb.éory is the mathematical method for dealing with the application of
symmetry concepts to spectroscopy and molecular structure. We shall deal with the

following aspects of group theory in this section: ’
i) The criteria of a group .
if) - Character table of point groups

iii)  Uses of character tables
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The Criteria of Group ' - o : | Symmwwgamaw

A group is a collection or a set of clements which should satisfy the five criteria
mentioned below. The elements of a group are related to one another through a’
combination process. The clements of a group may be symmetry operations of a
molecule or the real numbers (— o to + o, inclusive of fractions). The combination
process may be multlphcatxon or addition. A group should satisfy the following five
criteria;

1. The produet of two elements of a group gives another elemeat of the group.

 Example

5

If A and B are two clements of a group, then the combination, AB, leads to C,

which is also an element of the group. The combination AB means, B is carried

~ out first and then A, The combination AB need not always be equal to BA (BA
means A is carried out first and then B). That is the order of combination is quite
important Those groups for which AB = BA are said to be commutative or Abelian

" groups; i.e., in Abelian groups, each eleinent commutes thh other elements of the

gr °“P

2, An element combines with itseif to form one of the elements of the group.

3. BEverygroup has one clement which commutes with all the elements of the
group to Ieave them unchanged. This element is called the identity element and
is indicated by the symbol E. :

Examples
() EA=AE=A
) EB = BE =B

4. Every element, has an inverse or recnpmcal which also belongs to the group. Thc
clement and the inverse combine to give the identity clement.

" Examples
If A™1is the inverse of A and, B™! the inverse of B, we can write
CAAl'=A"lA=E

BB =B iB=Eg

5. * Everyclement of the group obeys the associative law of combination. If A, B
and C are three elements of a group and the process of combination is
multiplication, then the associative law tells us that

(AB)C = A(BC)
We can illustrate the criteria of groups using the symmetry operations of C,, point .
group. E s o S
Emmple A | .

(

The four symmctry operations of C, point group, E Cz(z), ", () anda (12) satisfy

the. criteria of group. Let us explain the szgmﬁcancc of the opcxahons,
E,C, ()0, (m) ando, (y2).

ese operations can be undcrstood using the following dxagrams (Fig. A. 1) where
ong ﬁ to observe how (i) the two hydrogen atoms 1 and 2 and (ii) thex, y and
coordinates of oxygen atom are affected by these operations.
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Spectra

C(2) means rotation through
180° around z-axis.

Wi

Fig. A1: B, Cy(2), 0, (xz) and 5 (yz) operations,

Note that’ C, operation is carried out around z-axis and it interchanges the positions of
H, and H, atoms besides changing thex'and y.coordinates on oxygen atom. You can

observe that the posnuens of the two hydrogen atoms and the coordinates of the

. oxygen atom remain the same as a result of E eperation. But the o , () operation

o changes the y coordinate of oxygen atom while retaining the x and z coordinates of
oxygen atom and the posmons of two hydrogen atoms. The operation o, (yz) results in

- the change of positions of two hydrogen atoms and the x coordinate of the oxygen
atom. Using the rules that define a grouy, we can construct the following
,multlplxcatxon table (Tab]e A.1) for C, group. '

The elements of a group are ts Table A.1: Multiplication Table for C,; gronp
constituents. The elements of the ' ) ;

--group discussed in this cxample are : - - -
the symmetry operations suchas = e - E : &Y69) / o(xz) - a, (yz)
reflection, rotation etc. These E E y Cz(z) Iv Ov():/:\. ) ! (y z)
clements are not to be confused - - ’ oo ey g vy '

" with symmetry clements such as Cz(z)\ > Cy2) e E . - a; (yz) o,(xz)

© plane of symmetry, axis of - &.(x2) : o : —; E C, )

| symmetry,ete. % : i xz) : - (2) * 2z
co S %02 | wWe) em G E
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Notc t}:at any particular symmetry operation appears only once in each column or ‘ Symmetry ol iviolecules
cach row. In order to verify the entrics in Table A.1, you must remember the

convention that the operation listed at the top of the table has to be carried out first

followed by the operation listed at the left side. For example, the execution of

operation o, (xz) followed by the operation C,(z) gives rise to o, (y2). The sequence of

carrying out the opérations o, (x2) and C,(z), and the resultant product, o (yz) are

represented by means of curved arrows I and IT in Table A1, The product of
operations o, (xz) and C, (z) can be'represented by Eq. A.L

Cy (). 0, (2) = 0y (2) | (AD)

Eq. A.1 can be understood using Fig. A.2; this helps in verifying the first of the criteria
of a group stated above.

o, (y2)

Fig. A.2: Hlustratlon of Eq, A.1 [C)(2) 0,(62) = o) .(yz)].

-You can verify the other four criteria of group using the symmetry opérations of Cy,
group. Note that in C, group, the inverse of each element (i.e., symmetry operation) is
‘the element itself. ‘

Thus,  [C@I ' =C @)

- oy @17 = 0, () B
oy 027" =0y 02)

These are characteristic of C,, group. These relationships along wifh the fact that

E~1 = E should help you in verifying the entries in Table A.1 and also the fact that- ~ ,
o, (xz), o v, 2), Cz (z) and E form a group. A matrix is a rectangular ar@y of |
: . numbers or symbols for nunibers, |

which may be combined with
) " other such arrays according to
‘ point group. This could help us in studying some of the applications of group theory.  certain rules. You go through

: o : - ' Unit 13 of PMT Course or Unit § -
“of MTE-04 Course for getting an
elementary idea about matrices.

Next we shall devote our attention towards the formation of character table of C,,

Character Table of Point Groups

The symmetry operations of a point group can be represented using a set of matrices.
_Each matrix is called a representative. The sam of the diagonal elements of a matrix is

called its character. It is possible to Teduce a matrix into smaller matrices known as

treducible matrices. A set of irreducible matrices corresponding to the symmetry

operations of a point group is known as irreducible representation. Each irreducible

representation describes the effect of symmetry operations on the directional

properties such as translational coordinates (x,y,z ) rotational coordinates (R,, Ry, R)

ete. It is.possible to obtain useful information by listing the characters of all possible

irreducible representations of a-point group in a tablular form known as character

table. The set of character values of each irreducible representation is denoted : .
by the symbol 7. : o ; ) ‘ - &7

UGCHE-10(8/M)




Basic Concepts and Rotational
Spectra

' “ . UGCHE-10(8B) o

We shall'use a simple method to arrive at the character table of C,, point group and

then illustrate its uses. This can be done by seeing the effect of four symmetry ;
operations of C,, group on the signs of the lobes of p,., pyandp, orbitals. If the signs, pf

the lobes remain the same after performing a symmetry operation, the resulting - 7
change is represented by 1; on the other hand, if a symmetry operation changes the |
signs of the lobes, then it is represented by —1, In other words, the value of1 sxgmues .
no change in sngns of the lobes whxle a value of -1 signifies a change of sign.

Effect of Symmetry Operations on p . Orbital

The signs of the lobes of p, orbital remam the same after identity operatxon (E); so

.E canbe represented by 1.

Ep,=1p, .

This can be understood since performance of identity operation means doing nothing,

$

The signs of the lobes of p,, orbital changes by C, operation (about the z axis) and
hence, this operation can be represented by — 1.

Cypy = ~1p,

_ The signs of the lobes of p, orbitals remain the same after reflection through o, () :

* plane while there is a change after reflection through o (yz) plane.

oy ‘(XZ);px =1py

en o, (xz) can be represent‘ed'byA 1

0 02pe=1p,




‘ Symmetry of Molecules

z
'

or o, (yz) can be represented.by 1.

The four numbers corresponding to the operations E, C,, (;v (x2) and o, (2) on Dy
orbital constitute a representation which we shall call 7, and denote as follows:

G | E ¢, 0,02 o 02)
2 l 1 oA 1 -1 x

" Effect of Symmetry Operations on P, Orbital -

If we proceed on similar lines, we can find out the four numbers corresponding to the " X
four operations of C,, group onp, orbital and write 7, representation as shown below: ‘

sz‘ l E C, 9y (z) Y (2) R _ py orBilal
) ’ 1 - 1 b Y \

In other words, C, and o, (xz) result in changes of signs of t};e p, lobes whereas E and
o, (y2) cause retention of signs. S -

‘Effect of Symmetry Operationshon p, Orbital

By similar arguments, we can arrive at the decision that E, C,, o, (x2) and o, (yz) do
not change the signs of p, orbital. Each of the operations can be denoted by 1 only in

the representation 7,
. L

G | E Y 6 @ a0
13‘1-‘1_.; 1 1 2

Effect of Symmetry Operations on Quadratic Coordinates
From the columnwise products of 75, t%_ and 75, we can get the 7 values for 2y, yz, andxz

as follows:
C2 ‘ av’ (xz) . o'v' (yz) ; Note that

-1 ) 1 -1 =11

-1 -1 1

x()
y (%)
z2(3)
()
yz (7))

xz (vy)

i) 7, =1,y
) fiyry=1,7
1 1 SR
1 -1 -1
-1 -1 -1
-1 1 -1

R N T T <

The representation (z,) for the operations on xy is different from the representations
corresponding to the operations on x,y or z; but the representations for the operations
onyz andxz are 7, and 7, respectively, which are same as for those ony andx.

You try columawise products such as 7, 7; or 7,7, 0r 737 5 for obtaining
‘representations corresponding to the effect of the four operations on X%, y2 and 2% If

you work out correctly, you should be able to prove that all these representations are

the same,yiz, 7;, which is the representation corresponding to the effect of the four

. operationsonz. : : / :
: ~ ’ R C -5y
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Spectra

, ‘ E _ C, o, (x2} o, (7))

2ory?or2? (z3) : ’ I 1 ’ 1 1

Effect of Symmetry Operations on R R, and R

The symbols, R, Ry and R, denote the rotations around the x ~ ,y < andz-axes.

The molecule, H,0, is in xz plane. The operation £ on R, leaves it unchanged. The
operation C, around z-axis does not alter the direction of R, rotation. Hence £ and C,
operations on R, can be represented by 1. The operations, o, (xz) and o, (yz), reverse
the direction of R, rotation, and hence, these two operations can be represented by -1,

ER, , = 1R,
- GR, = 1R,
o, (x2)R, = =-1R,
ot 0IR, = -1R,

- We can see that the representation corresponding to the effect of operations on R, is

same as ‘t‘4.

| | = G o (x2) o )
Rz , 1 ‘ 1 ~1 - -1

Similarly the effect of the four symmetry operations on R, and Ry can be stated
through following representations: .

Y

£ G . o, (x2) o, (v2)
R, 1 -1 -1 I ()
R, 1 -1 L -1 ()

Thus we see that these are only four representations v, 7., 73 and 7, for C,, group.
There are rules to give names to these representations which ‘arc known by the name,
Mulliken notations. We shall not discuss these rules but use Mulliken notations of
B, B,, A| and A, for 73, Ty Ty and 7, respectively.

These four representations can be represented ix_1 a table called the character table of .
the C,, group (Table A.2). Also, we would have arrived at the same table, had we

started with the matrix representation of symmetry operations and proceeded (o

obtain the characters of irreducible representations,

‘The four rows of Table A.2 represent the sets of characters for the four irreducible

representations of C,, group.




Similarly, when S = 1land multxphcxty is 3, the state is cﬂled a triplet state. Thesc
states are dlustratcd in Fig. 1.14,

Speetra of Atoms

' Thus, all electronic configurations
To decide transitions to which of thcse states are allowed, we have the selection. rules 15t nst, 15 npt, 15" nd! wheren 2 2

for multi-electron systems as : ‘ give rise to both singlet and triplet

levels,
AS=0,AL= zx1, Al = O, *1
Here, AS=0 implies that S should not change for an allowed transition. Thus, the
transition will be allowed from _ Remember that singlet to-triplet
' or triplet to singlet transitions arc
o [ ——— = : .
S=1r— §=1 ) not allowed.

or
§ =3 §=3

Thus, transxtlons from singlet to singlet and triplet to triplet states will be allowed.
Since the ground state of helium has S = 1 and is a singlet state, the allowed
transitions are only to higher singlet states.

Let us next consider what A L = 1 impliés? AL = 1 means that when L was 0
(zero) in the ground state, the excited state can have L = 1. This indicates that the
excited state should be a P state.

Now what about its J value?J can be calculated as L +.5. For this state L = 1 and
S=0s0Jz= L+S—-1+0-—1

The term symbol-f()r the excited state will be . Note that for the singlet exciled
4 . statc of He having the atomic

: configuration 1s! 2p1’ the term
(Remember that L = 1 state- " symbolis 'P,. :

is denoted by P letter)

Thus, the allowed transition will be from

150 e 1P1 state. (Remember that one electron
'  still occupies 1s orbital and the
configuration is lsl?pl,

Note that this 1P1 state could belong to any of the levels having,;, n 2 2. These
transitions are depicted in Fig.1.14 (a). '

- Singlet Levels k Triplet Levels Enesgy (cm™")
'8 Py D, i, 3P Oyur v The three 2P states where 2 is the
s Y value of 2 in the excited triplet
s 1s5p 1s5d 155 1sSp 1e5d ==s state of helium (as shown in Fig.
1sds 1sdp =mmmss ledd ===} =~ 10,000 1.14b) can be designated as
follows:
"I = 20,000 3
. e 28
3 3
-~ 30,000 P R
——— 2P,
i~ = 40,000 :
-« 190,000
: You should also note that these |-
g -« 200,000 triplet levels correspond 1o

atomic configuration 15! Zp‘.

®)

' These levels arise as a result of
~ Fig. L.14: Energy levels (for electrons) of Helium atom showing (a) singlet to singlet transitions Spi;:)r;;/t {23;“5‘;; aresu
and (b) triplet to trlple1 transitions. . ’ '

From this excxtcd state, further transitions are possxblc in accordance to the selection
rule A L = =1, When AL = +1, transitions will occur to higher S or D states and when
n AL = -1, the systcm wxll return to the ground state (with L = O)
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M, , M and M, are the

components of the transition
dipole moment operator (M)
whereas, 4, ,uJ', and u_are the

components of transitica dipole
moment. o -

The intensity of a transition is
proportional to the square of
- the transition dipole moment.

Dipole moment is a molecular
property, Don't confuse the
permanent dipole moment of a
molecule with the term,
transiticn dipcle moment.
Transition dipole moment
comes into play when a
molecule interacts with a

. radiation and is related to the

" probedility of a transition taking
place from one energy state to
another, '

L. 1he 1ype of Initial and Final Energy States for Allowed Spectral Transitions

Let us first see how to decide whether a particular spectral transition is allowed or not,
Let v, and ¥, be the wave functions of two energy states @ and b, and M, the transition

dipole moment operator for which the components are M, , M, and M,. The transition
dipole moment x during the transitions between states 4 and b can be defined as

=y, My, dr - ~(A2)

where dr is the volume ‘element. The three components of transition dipole moment
(4, #, and ) can be defined in terms of the components of dipole moment operator

M, ,)(ly and M) along the three axes as follows:

> e = [ My, do o o ~(A3)
= [0y My, d | | ~(A4)
_ He= [ YoMy, dr | ~(A.5)
But M, = ex, M, = ey and M, = ez ’ _ | (A6)

where e is the electronic charge, and x, y and z are the cartesian coordinates.

Combininé Eqé. A3to A, ,
ke=eJypxy,dr | | ‘ (A
py=e[ppyy dr (A8
ty=e [ vpzyade ) o (A9

For a spectral transition to occur from the state, a to b, atleast one of the components.
of u (viz., ,, t, or ) should be a finite quantity (i.e., should be nonzero). On the

other hand, if all the components (¢, Hy Or #,) are zero, then the spectral transition is
totally symmetry forbidden. '

/ :
Further ,,, Hy OT U, will be finite (i.c., nonzero), only if the product of the symmetry -
species of the functions, ¥, and ¥, and the transition moment cperator, M,
My orM, (i.e. ¥, M, ¥, ¥, My, ory, M, p,) is totally symmetric; for example, the
product must belong to A, representation for the molecular point group C,,. Since
M, , M, and M, transform like x, y and z coordinates, we can state that the transition

moment integral will be nonzero, if the product of the symmetry species of the
functions, ¥, and ¢, and the coordinates (x, , z) is totally symmetric. Further, it can be

shown that the symmetry species of the product, y, x ¥, ¥, y 9, orw, z ¢, will be
totally symmetric, if the symmetry species of the product of the funictions y, and y; is
the same as that of x, y and z coordinates. : ‘

For example, let us examine whether the transition from the molecular state with
symmetry of wave function (¥, ) as A, to the state with symmetry-of wave function (,)

as B,, is allowed for the molecules of C,, group. From Tgble A2, we know thatx, y and
z belong to B,, B, and A, representations, respectively. Let us see whether any of the
three products, y, x Yo ¥pY ¥, 0T Yy 29, belongs to A; representation.

i) Representation of the product, Y, xy,

Function Symmetry Characters in four columns
species E Cy e, (x2) o, (v2)
" B, 1 T 1 1
Y, Ay 1 1 1 1
¥ Va B, 1 -1 v -1
x - By 1 ~1 1 -1
YpPaX - A, 1 1 1 1




You can see that the y, ¥, product has the same represcntatxon asx. So
o Yp Y% (ory,xy,) is totally symmetric.

i) Representation of the product, Yy ’/)a

Function Symmetry . Characters in four columns ‘
species E C, _o, (z) o, (¥2)
¥ By 1 -1 1 -1
Va A 1 1 1 1
CYpV¥a B, 1 -1 1 -1
y B, 1 - -1 1
Yp¥ay A, 1 i ‘1 - -1 -1

We can see that the symmetry species of the product,a[/b !/l ,is different from that of
they coordinate.

Hencc, the product v, y ¥, does not belong to A, representation.

iii) Renreseniation of the'product, Y 2Y,

Function Symmetry Characters in four columns .
species E C, o, () o,/ (y2)
¥y B1. 1 -1 1 -1
Yo Ay 1 1 1 1
Yo ¥a B, 1 -1 1 -1
z Ay 1 1 1 1
Vp¥aZ B, 1 -1 1 -1

Again y, ¥, belongs to B, rcprcsentatlon which is ; different from that of the
* z-coordinate. Hence, the product, ¥, ¥, z also does not belong to totally symmetric
representatzon._ -

Hence, we see that Y, x ¢, l’,elongs to Ai rcpréseﬁtation although Ve ¥, andlz/zb zy,

do.not. Hence thex component of the transition dipole moment is non-zero.
Therefore, we. conclude that the transition A,— B, is allowed and is polarized' in

the x direction, By similar procedure, it can be shown that (i) the transitions -
Bz-—-—--v A, and B, —> A, are allowed, the- former being polanzed in the x direction

and the latter in the y direction and (i) A} —— A, and B1 —-—- B, transitions are
not allowed. ' '

. Spééiﬁc Selection Rules

Further, a dctalled study of the transition dipole moment leads to specific selection -
rules which state the conditions for the allowed transitions in terms of changes in
quantum numbers. In Units 3 and 4, we shall study selection rules specific to rotation
and vxbratxon spectra.

4

Next, let us discuss the mcthod of 1dcnufymg pomt groups of molecules

Identiﬁ'cation of Point Groups

It is possible to find out the point group of a molecule by knowing its shape and
symmetry clements and, by using Table A 4.

Symmetry of Molecules

Notc that the transition moment

" has three componcents,

Kby andp_. If only onc, say, X
component is diffcrent from zero,
then the transition is said to be
polarized in the x-dircetion, If two
of the components, say, 4, and i,

* are different from zero, then the

transition is said to be polarized in
the xy planc. If ali the components
(4, ., and ;) are different from
zero, thén the transition is fully
allowed. Similarly, if all the three |
components arc zero, then
transition is totally forbidden and
its intensity is Zero.




Basic Concepts and - Table A.4: Flow Chart for laentiying roint Lroups.
Rotational spectra
1) Is the molecule linear?”
Yes ' No = -
® : .
2) Does the moleculé have i? 3) Does the molecule have two or more G,
" axes of order greater than 2 7
Yes No :
i . Yes 1. No
Deon N v Cooy .
h ' 4) Does the molccule have i?
Yes ) No
5) Does the molecule have Cs?
Yes Ne
Iy , : Oy Ty
6) Doces the molecule have C,, axis ?
Yes No
_ 7) Corresponding to the order (n) of principal . 13) Dogs the molecule have o?
. axis {C,), does the molecule have nCy axes Yes .
perpendicular to the principal axis? : N
' ]
CS
14) Does the molecule have i?
- Yes ' ‘
: l i ‘No
. . 8) Does the'molecule have oy? . Yes
) ¢
’ : Yes | No ) - | LNO
1)'"h 10) Does the molecule haveon ? 1
" Yes I No
—
Cob
11) Docs the molecule have # oy ?
9) Does the molecule have 11 o4?
 Yes No A S
l | Yes. " No L
D nd Dn : l ‘ -
Cav
12) Does the molecule have S, axis
of even order greater than 2 ?

Yes No

A

~
(/n




Note that the questions in the flow chiart given above arc numbered. This is done for
referring to the questions-which are relevant for identifying the point group of a
particular molecule. «

For identifying the point groups, the folloWing steps would be quite useful; |
Step i)

. Find out the shape of the molecule, this can be done using Sec. 2. 2 of this
unit.
Step i) List the symmetry elements in the molecule.
Step  iii) Mark those questions from Table A. .4 which are relevant to the symmetry ~

elements of the molecule under consideration, Write down the answers
and the inference. The answer to the last questlon gives the point group
of the molecule. .

Let us examine a few examples in the light of the steps mentioned above:

N

IH,
Step i) H, molecule has linear slxalpe. _
Step i) H, has the following symunctry elements:
| E,2C, ©C, (perpendlcular to Cw), Oy 0, , 2 S andi
Step | iii) The questions of Table A.4 relevant to this molecule are given below

alongwith the answers:
1, The molecule is linear (Proceed to question 2).
2. H, has i. The answer to this questlon mdlcates that the pomt group
of H2 18 th

In short, all linear molesules thhx such as acetylene, and homonuclear dxatomxc
molecules belong to th point group.

IHC

Step i) HCl molecule has linear shape.
Step if) HCl has the following symmetry elements ‘

E2C andooo

Step m) The questions of Table A4 relevant to this molecule are given below

~along with the answers:
1. The molecule is lincar (Proceed to question 2).

2. HCl does not have i. Hence, the point group of HCl is Copy »
Similarly, all lmear molecules without i such as heteronuclear diatomic molecules
belong to va point group. . .
Il H,0
Step i) H,0 molecule has angular sh_agle.
Step | i) H,0 has the foHoWing symmetry elements:
. E,20, and C,.

CUGCTIE-TOMA)

. only. While writing step (iii),

Symmetry of Molecules

To predict the shape of the
molecule, you may use Sec, 2.2 of
this unit and Sec. 3.7 of Unit 3 of
CHE-01 (Atoms and Molecules).
course.

Note that in Step (i), we have
mentioned many symmetry .
elements for H, molecule. But.in
Step (iii), all these symmetry
elements are not used for arriving
at the point group of the
molecule. Thus, the point group
of a molecule can be found out by
using a few symmetry elements

Y

foliow Table A 4 carefully,

In each of the examples I to IV, we
mention under step (iii) only '
relevant question numbers from
Table A4 along with answers. i
Thus, in Example Iil for H,0, the’
relevant question numbers are 1,
3,6, 7, 10.and 11. The *“yes” or
“no" part of the answer for each
question can be inferred from the
word in bold type. The answer to
the last question gives the point
group of the molecule,
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Basic Concepts and Rotational Step m) The qucsuons of Table A. 4 relevant to this molvculc are given below
Spectra o . along with the answers: °’

1. The molecule is not linear (Procged to question 3). '

3. The molecule does not have two or more C,, axes of order greater.
‘than 2 (Proceed to question 6), = o )

6. The molecule has C, axis. (Proceed to question 7).

7. The molecule does not have two C, axes perpendicular to the
principal axis (C, ). (Proceed to question 10).

'10. The molecule dqes not have oy, (Proceed to question 11).

11.  The molecule has 20, The last answer mdxcates that the point
group of H,O is Co

S0, is another example belonging to C,, point group.

IV NH3 |
Step i) NH;molecule has trigonal pyramidal shape.
St'ep ii) NHj has the following symmctry‘ clements:

| ‘ E?2 Cs and3o,.

‘Step iii) The questnons of Table A.4 relevant to this molccule are given below
*  along with the answers: _

1 The moleculc is mot linear (Proceed to questxon 3).

o " : - 3. - The molecule does not have two or more C, axes of order greatcr ’
" than 2 (Proceed to question 6). :

6. The molecule has C3 axis (Procced to question 7).

7. The molecule docs not have three C, axes perpcndxcular to C; axis
(Proceed to question 10), :

10. The molecule. does not have oy, (Proceed to question 11).

11. -The molecule has 3 .ay. Hence, the molecule belongs to C;, point -
‘group. =

As an exercise, you try to identify the point groups of BF; and ‘C6H6.

5

-~
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UNIT3_ROTATIONAL SPECTRA

Structure

3.1 Introduction
Objectives . . - ' gj

32  Molecular Motion and Energy. C ‘
"~ 23 Rotational S,pect‘riuﬁ of a Rigid Diatomic Molecule

24 Applications of Study of Rotational Spectra

35 Non-Rigid Rotors -

3.6 Rotational Spectra of Pblya'tbmic Molecules : _ :
3.7 . Population of Rotational Energy Levels and the Intensities of Spectral Lines

38 Summary
3.9 - Terminal Questions
3.10 Answers

3.1 INTRODUCTION

From this unit onwards we shall study the interaction of electromagnetic radiation with
an assembly of molecules rather than atoms, as has been.done in.the first unit of this
Block. This interaction will result in the so called molecular spectra of compounds.
Just like we extracted information about the structure of atoms from the atomic
spectra, we shall try to find out what information can be obtained from the molecular
spectrem regarding the structure and the behaviour of a molecule. o

1t will be seen that absorption or emission of electromagnetic radiation in different
regions, corresponding to different amounts of energy, would cause various types of
changes in the molecule. Thus, the spectra in each region would give a definite and
specific piece of information about the molecule. For instance. when the molecule is
subjected to radiations in the microwave region, we get informationabout the
rotational properties of the molecule which in turn gives the values of molecular
parameters like bond length, ‘ :

On the other hand, molecular spectrum in the infrared region is related to the
vibrational properties of the molecule. About vibrational spectra, you will study in -

~ Units 4 and 5 of Block 2. Since each region of spectrum requires a separate source of
characteristic radiation, sample preparation and recording technique, you will study
about them separately in Unit 9 of Block 3. R

In this unit, we will start our discussion with the concept of motion leading to the idea
of moment of inertia associated with a rotating body. On the basis of the moment of
inertia, molecules will be classified as linear, symmetric top, asymmetric top and

- spherical top molecules. We will then explain the rotational spectra of rigid linear
molecules in detail. We will also see what happens when a molecule is not rigid? We

“ will explain briefly the rotational spectra of simple polyatomic molecules and intensity
of spectral lines. ‘ T

Objectives

After studying this unit, you should be able to:
; . .

e define the moment of inertia,

o discuss the rotational spectra of rigid linear diatomic and triatomic molecules,

e giveapplications of study of rotat'ion’al‘sgectra,
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g“:::;wcep"‘md Kotational g explain the effect of isotopic substitution and non-rigidity on the rotational

, P - spectra of a molecule, - o ,

® ' classify various molecules according to their values of mmoment of inertia,
discuss the rotational spectra of simple polyatomic molecules, and

® relate the intensity of spectral lines with the population of a rotational level.

3.2 MOLECULAR MOTION AND ENERGY |

The understanding of molecular motions help in the interpretation of molecular
spectra. When we talk about molecular motions, there are various possibilities. When
we want to specify the position of a body in space, we have to specify the number of
degrees of freedom it possesses. The number of degrees of freedom is related to the
number of independent coordinates required to specify the position of the body in
space. For example, for a single particle we need three Cartesian coordinates x,yandz
to specify its positiqn. Hence, it is said to have three degrees of freedom. Thus, for a
molecule having N atoms, the total number of degrees of fresdom is 3N . ‘

Fora single particle, only one type of motion is possible which is called translational
motion. Hence, we can say that a single particle possesses three degrees of
translational freedom. ‘ o
-But what about translational motion of molecules? A molecule contains two or more
than two atoms. Since the atoms in a molecule are joined together, the molecule as a
whole will show translatory motion and the atoms will not move independently. The
" translational motion of a molecule can be described in terms of the centre of mass.
The centre of mass is the point where the whole mass can be considered to be
concentrated, Thus, we can specify three coordinates for the centre'of mass and say
that it has three degrees of freedom, similar to a single particle. The translational
motion of centre of mass of a molecule (non-linear) is shown in Fig, 3.1.

L 4

A (ﬁolcculc can storc engigy by Elg. 3.1: Translational motlon of centre of mass of & noniineayr ikm)!e'cule.‘
way of molecular motioris, - : »
For a polyatomic molecule having N atoms, (3N — 3) degrees of freedom still remain.
These can be attributed to internal motions.such as rotation and vibrations,

~ Let us now know more about rotational motion. The simplest case of rotation is that of
. aparticle about a fixed point, as shown in Fig. 3.2. '

i




Fig. 3.2: Rotation of a particle about a fixed polnL

The rotetional kinetic energy of this particle having mass m and velocity v can be
exprcsscd as

Pz

where p=mv is the momentum of the particle

The velocxty of this particle could be cxprcsscd as the distance travelled by it dmded
by the time taken. For one revo’ution, we can say that

distance _ Jmr G
time t

-

where ¢ is the time taken for one revolution 2nd is also known as period.

o 1 | : 2
AlSO = frcqugn(;y(/) e (3.3)
Substituting the value of ¢ from/E.q. 3.3 into Eq.3.2, we get
v o= :z_vtrf .. (3.4)
Replacing v in Eq. 3.1 by its valuz from Eq.3.4; we can write -
Z, = 2m @urf)? (3:5)
k=3zm . (3
The terms in the above equation can be rcarrénged as given below;
E, = %mﬁ 1)) . (3.6)

The quantity m/? of the above eq.lation is called the moment of inertia and is
rcpresented by] The term an is known as the angular velocity and is dcnoted by w.

. Thus, we can rewrite Eq.3 6 as

E, = 1/2 * - (3.7)
On comparing Egs.3.1 and 3;7, wu can say that in the equation for rotational motion
(i.e, Eq. 3.7), moment of inertia is the equivalent of mass as used in Bq.3.1. Also in

Eq 3.7, angular velocity () is used in place of linear velocnty (v) used-in Eq.3. 1.

|

33 ROTATIONAL SPECTRUM OF A RIGID DIATOMIC
MOLECULE )

Let us now apply the above ideas to the rotation of a diatomic molecule. We will first
assume that this diatomic molecule is a rigid body. This means that the distance
_between the atoms, i.e. the bond length does not change during the rotation. In other

- '(3.1)'_

- (32)

Rotational Specirs

For circular motion if a particle P
traverces an angle A6 in time A,
the arc PQ represented as As is
given by the following relation:

r.A0=As

Dividing by At on both the sides,‘

‘we get

ke _as
& At TAr

When At~ 0, we can write

7, lim A8 lim As
At=0 A% Arap A
A

a "
or ro=y

where w is the angular velocity
and v is the linear velocity. The,

. angular velocity, w is defined as

the number of radians of angle
swept in unit time.

Itis given by gg, where df is the

angle traversed in df time. It is

expressed in terms of radians sec” -,

6
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Note that the axis about

which the rotation takes

place, is perpendicular to the

axis of symmetry of the -
_molecule.

70

_words, vibrational movement is not taking place during rotation. We are also assuming

that the centre of mass of the molecule is fixed. Hence, there is no translational motion §
of the molecule. No real mojecule can be called an ideally ngld body. But many niolecules,
may be considered as rigid because their vibrational motion is small. Let us now focus our
attention on Fig. 3.3 which depicts the rotation of a rlgld diatomic molecule,

1— axis of rotation’
my; CM m;
® o:
Ty et
r 1 [ axis of
symmetry
) o ()

Fig, 3.3:(a) A rigid diatomic molecule,
(b) Rotation of a rigid diatomic molecule.

When such a molecule rotates, i it rotates about an axis passing through its cetitre of
mass(CM) The centre of mass is shown by the point O. For such a system,the centre of
mass is such a point for which the following condition is satisfied: :

We can re&range Eq. 3.8 as follows

l'l _ nlz ey
o @)
Using the characteristics of proportions, Eq.3.9 can be written as
n m | ;
= « (310
(ry+ry)  (ng+my) (3.10) ;
moy (ry +r '
or Mt . (3.11)

1-— (ml+m2) ‘ o

- We also know that the bond length or the distance between two atoms, 1, is cqual to the
-sum of r; and r,. Thus, we can write

rEn+rn - .2(3.12)

Substituting r = r, + 1, from Eq. 3:12 into Eq.fi.‘ll, we,get

)

Py 5 se————
1 (mq +my)

.. (3.13)
On similar lines, we can get

my.
e (3.14)

e
27 (my+my)

by starting from Eq.3.8 and rearranging it as o : , e

I ml - ' . ‘ '
222 . EECECY

Why do not you try Terminal Questxon 1 and checkit. .

Let us now write the energy of this system using Eq.3.7.

.\'Ek=1/2'1w2 B . _ ...(3.7)




You can imagine this molecule as a two particle system (Compare Figs. 3.2 and 33).
Here, you can see that two particles (atoms having masses m, and m,) are rotating
about the point o. ThUb, the rotational kinetic energy, E, of this system will be the sum

of thc Iy valucs of both the particles. So, we can wrlte

k(3.16)

.The angular velocitios of~ the two masses my aﬁd m., will be equal because of the
. rigidity of the molecule, Hence, '

a)1 = CU2 voe (3.17)
~ Let this angular velocity be w. So, we can rewrite Eq 3: 16 as '
_1 2,1 2
‘ E, = —zvmlz.‘%w- +-2-m2r§a)
1 N 1 - 2
, =5 mr+m)el=—lo . (3.18)

vhere I is the moment of inertia of the diatomic molecule.

The terms r; and r, can be eliminated. from Eq..3.18 by usmg the valucs of ryandr,
from Eqgs. 3.13 and 3.14, respectively, as given below.

i

Rotational Spectra

Note that the moment of inertia for
the single particle was expressed as
T'=mr* and for a diatomic molecyle
(two particle system), it is expressed .
asl = m,r% +mzr§. We can extend
this argument and generalise it for -
polyatomic molecules as follows,
For a polyatomic molecule, the
moment of incrtia about a parucular
axis is given by the sum of moments
due to various nuclei about that axis,
ie,J=2Zm, r|2 where 7, is the

i N

) pcrponAdicular distance of the

nucleus of mass7n, from the axis.

AT

Remember that we have earlier

" defined I as mr.

3

__ 1 _myr mr Y
,EF =z |™ my tmy| ™2 my +m, @
1| mm? o mymd? |
2 (m, + _mz)z. (my + mé)z '
m‘ m,. '
—;- 12 [m2 + ml] w?
(my + m?)
- ; .
_1 my mz"‘jw (3.19)
2.(my+my) , v
Comparing Eq. 3.19 with Eq. 3.78 , we can say that
_1m ’"2’2"‘ 1,2 '
Ey=3 (my +msy 21e ~(3:20)
Thus, I= - (3.21)
(’”1 + mZ) '
my
Here, -(—-——-_»f_-——-?—)- can be denoted by u which i is known as the reduced mass;
' my
Thes, we C«';n write . N o

mn
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L

‘Do not confuse the L wsed in Bq.
3.24 with that used in unit 1. Here,
* L represents the angular
‘momentum of the molecule
undergoing end to end rotation
about the centre of mass whercas

- inunit 1, it was used to denote the

angular momentum of the
clectron in'an atom,

The restriction on the valuc of J

comes from quantum mechanics.

N . h *
We have used h =-—in Eq.3.27.
: 2.

72

{
!

')have also replaced the two distances 7,

Thus, the idea of using reduced mass is to mathematically snmphfy the rotation of a two-particle
system into that of a one—particle problem, In other words, we have replaced the two
masses m, arid m, by a single mass H- You must have also realised that similarly we:

drzb_yr

At this stage, we have come to a point where we can deal with the rotation of a

- diatomic molecule having masses 1, and m, in terms of the rotation of a single
: parhcle of mass g-having a distance 7 from the origin,

Let us now reconsider Eq.3.18 which says
S
Ek = ’2’](0

This equatxon is alrxght as per the classxcal mechamcs approach. But when we apply
quantum mechanical approach to the molecule, certain restrictionis appear on the

rotational energy.

. Eq.3.18 can be expressed in terms of angular momentum L which can be defined as

Tt

L=Iw e (3. 23)

Substituting L for I ®in Eq.3.18, we get

L
E=5 7T . (3.24)

LN

Since the angular momentum is quantxsed it'can be expressed in terms of the
rotational quantum number, J,as glven below

Lz_.,-;J(J,*-n,-_z—;,-_-mﬁ : R

where J can take values 0, 1, 2, 3

Substituting the above value of L in Eq.3.24, we get

_1 Jg+pt_Tg+ D
2 I 2 '

The above equatlou gives the rotational energy of a molecule. The energy can also be

1 J(J . (3.26)

E =

‘expressed in terms of wave number, . The energies as gxpressed in terms of ¥ are

referred to as term values and are denoted by F (J'). The SI unit of a term value is m

but they are usually expressed in ‘em'l.

Thus FeFQ) =k Ey J(J+ Dr _J@+1)h (3‘27)
. . he 87521 he 8n? Ic o

The term &7:2 can be represented by a constant B whxch is known as rotational

Ic
constant. Hence, Eq.3.27 can be written as
‘W=BI(J +1)
Thus,when =~ J=1, v=2B em™
j"ﬁxz, v = 6B em"l

. 4 ‘va=3,"if'.-—.—.128cm".1

andsoon. - ' :




_ Thc correspondmg energy levels are depicted in’ Fxg 3. 4

J "J

6 @B

5‘, 3OB “ ) ) :/
4 . 20B

3 12B

2 - 6B

1— —- 2B

Fig. 3.4: Rotationsal levels of a rigid dﬁutom!c molecule.

But we are more interested in knowing the difference between these cnergy levels so
that we can know the radiation of what frequency or wavenumber is absorbed or
emitted when a molécule changes from one rotational level to the other. Thus, we can

write the difference between two rotational l2vels_as follows.

AE=E -E where J' is thie final rotational level and.J
NG & is the initial rotational level.,
T+ DR T+ A -
- 2 Ta ' |
“ }12 t oy ] - i .
= -27[] ' +D)-JI+1) . | . (3.28)

The 7 for the above energy change can be given as follows: _ )
Vpy =BJJ +1)-JJ+1D]" - - (3.29)
‘From Fxg 3.4, we can see that the energy difference between the successive energy

levels is 2B, 4B, 6B, 8B, 10B and so on. The spectral lines originating from thess
transitions wnll appear as shown in Fig. 3.5. ,

J Energy

[5 — 308
AE=108B

4 4 208
Rotational v ‘
ot .
lcv(:lg:y : AE:BB;

3: l f— 12B

e (

Fig. 3.5: The fransitions between ibc various rotational levels and spectral lnes arising
fromy’ these transitions: .
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gﬂSl'; Concepts and Rotational  If you carefully see Fig. 3.5, we will notice that these spectral lines are equally spaced
pecira and there is a constant difference ot: 2B between the successive lines.

For a molecule to show rotatiofial spectrum, the following requirements should be met.

%)+ The first condition which a molecule should satisfy for showing rotational
spectra is that it should possess a permanent dipole moment. This is because a
rotating dipole produces an oscillating electric ficld which interacts with the
' oscxllatmg field of the radiation, »
if) There is a further restriction on rotational transitions for moleculcs having
permanent dipole moment. The selection rule for lincar molecule is AJ = % 1, -
So transitions could be from rotational levels havingJ = 0 = J = 1;
J=l1=J=2J=2-=J=3J=3-]=4and so on and in the reverse order
alsa.

Another factor which governs the intensity of rotational lines is the population of the
initial or ground state. You will study about this in See. 3.7.

The Condition for the Occurrence of Pure Rotation Spectra

In the Appendix of Unit 2, we have mentioned the applications of character tables.
One of the applications hes in determining whether a spectral transition could
occur from an energy state a to the energy state b. For such a transition to occur, at
least one of the components of the transition dipole moment, 4, which is equal to
J ¥, My, must have a non-zero value. You may be aware that 1, and 1, refer to
the wave functions of the energy states, b and a, whereas M is the dipole moment.
operator, In case of pure rotation spectra, it means that at least one of the three
conmponents of transition dipole moment, iy, 4, or 4, inx,y and z directions must

have a non zerp value in order that the molecule absorbs in the microwave region.
My Hy and p, are related to M, M, and M, which are the components of the dipole

 moment operator M as given below: -

=3 fwb'waa Fh' v ) " vee (A.l)
=f tpb «epa d‘i‘ : w (A2)
o= v My, dr | . (A3)

Note that'pi (bold tjlpe) stands . -
for transition dipole moment

Also Mx, M, and M, are related to the permanent dipole moment , x, ofa rotor and

whereas 4 (Roman type) refers _
to the permanent dipole the polar coordinates, 6 and ¢ , as per Eqgs. A.4 to A.6. For under standing the -

" moment. Also 4y, 4, and 4, are resolution of the dipole moment operator M in terms of My, M, and M, asper
g:;ocggf::‘:ﬁ?l:i?ﬁ:gg“ . Eqgs.Adto A6 and Fig. A.1, you are advised to go through Eq 2.54 of Unit 2 of
directions. - ' . .CHE-01 (‘Atoms and Molecules’ Course) where the relatxonshxp between the -

- . i spherical polar coordinates and the cartesxan coordmatcs is given.
' o . - My=psinfcosp v (A4)
M, =p sinfsing \. o w (AS)
M = {4 cos 0 ’ : . (AL6)

- Ifa molecule lacks’ permanent dipole moment (i.e., 4 = O), then M,, M,.and M, and
o hence, /tx, by and s, are zero as per Eqs. A.1to A.6. For a molecule havmg zero dipole | . )
moment, all the three components of transition dipole moment are thus equal to Zero.
=’ Asa result of this, amolectile with zero dipole moment cannot give rise to pure
* rotation spectra. In othér words, for a molecule to absorb in the microwave region,
it must have permanent dipole moment. Insub-Sec. 2.10, of the last unit, we have
~ mentioned that only molecules belonging to the groups C; (Cyand Cy) and
Flg, A.l: Transformaiion of ‘ - Cye (Cz‘, Ciy, +oo.Coay). @ and Cg.may | have permanent dipole moment. Now you can
- cartestan o spherical © ypderstand as to why HBr, CO and OCS (all of Cy,,, point group) can exhibit purc :

polar coordinates.
I X’Otatxuu spectra but Hz and C02 or Dp, pomt group) cannot.

v
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SAQ1

level?

What is the effect of decrease i in the moment of inertia on the’ energy of the rotational

SAQ2

‘What is the necessary condition for a molecule to show rotational spectrum?
« ) ‘ :

™
X

.......

3.4 APPLICATION S OF STUDY OF ROTATIONAL
| SPECTRA -

(i) Determination of moment of inertia and bond length

From the last sectiod, you know about the relationship between the enérgy (or
wavenumber) of radiation absorbed or emitted, required for the change of rotational

level and the moment of inertia. You.can now think of the reverse process of what we

have learnt above. If we determine the frequency of radiation absorbed or emitted
required for the change ofa partxcular rotational level, we can relate it to the value of
B, the rotational constant. Once B is determmed we can calculate the moment of

iner‘ia using the expressxon B=: h . The value of moment of inertia so obtamed

gnllc
can be used to give the value of r, the bond length if we know the reduced mass of the

system. One such example is illustrated below:

Thé transition fromJ = 0O to 7' What is the

bond length of *H*C1?

= 1 for HCl takes place at 7 = 21.18 cm

Let us follow the steps we have listed above. -

(from Eq. 3.29)

Thus, v=28 bm"l'
e _v_2118_
'.'So, B/-—2-—-—-—2 10.59 cm
= 10.59 X 10°m?
! h .
Also =
' 8t Be )
| 6.626 X 107 Js
So, , = R e (3 a2 PO "
8 x (3.14)* x 10.59 x 10* m™? x 2.998 X 10°m s
© = 0.2646 X 1076 kg m?
- Now I=pr v

To ‘k'no'w rfrom the above equation, we have to first calculate i as shown below:

K

Rointlons] Spectra

The value of rotational constant, B
of some molecules as obtained
from their rotational spectrum is
given below:

‘Molecule B/cw™
CcO 1.93128
HF 20.90
HBr . 8.4648
HC 10.59.
HI - 6,426
KCl 0.1286
NaCl 0.2180

- NO- 1.7
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Ny - my

: ma +my

_ (35.45) (1.008) 103
(3545 4-1.008) * 6,022 x 1023

= 1627 x 10 kg

Thus,

1
I
0.2646 X 10~ kg m?®
1.627 % 103 kg

5 \/0.2646x10"46 m?
“V 1e27x107

P o=
2

fi

=1275x 10 %m
r=127.5pm

(ii) Another application of the study of rotational spectra is in the determination of the
mass of a particular isotope or isotopic abundance of a particular isotope.

You know that isotopes differ from each other in atomic mass. If we consider a

particular molecule and another substituted molecule having an isotope of a particular

atom substituted, there will be a difference in the masses of these two molecules. For
example, if we consider 12¢160 and 13CmO there is an increase in the mass of
Beléo as compared to 12C180. Then, the reduced mass of the molecule having
higher mass isotope, i.e. 13C160 in thxs case, is more than the 12C10 . This would

lead to a higher value of I for 3C 160 which in turn indicates a lower value for
rotational constant, B for this molecule. The experimental values of rotational

constants of 2C'60 and 3C1%0 are as given below:

Rotatio_nél constant for 12C1%0 = B = 1.92118 cm™!

Rotational constant for 13C1%0 = B ' = 1.83669 cm™!

If we carefully examine the expression B = 87;2;1 , we conclude that the terms h, 7, ¢
. : ¢

are all constant and B is'i'nvcrsely proportional to I. Thus, we can write

_ _@T = h 82 I'c (here I and I’ represent the moment of inertia
B gilr h for 12C1%0 and ¥cl60, respectively.
I’ )
=T
And T’ =,u')2 and’t =;u'2
Thus, Zr=-L o106 . (330)
B 7 P . (3

(the bond length r of the molecule does
not change on isotopic substitution)

From the above equation, we know the ratio of 4 to u. Thus, if we know u, we can
calculate u', -

Hence u' =1.046 u ' : . (331




‘We know that atomic mass of 160) = 15.9994 and that of >C = 12.00 Rotational Spectra

- 15'9994"’13p
So, | e . (3.32
° a 159904+ m,,_ (3.32)
and o .
12 9994
_ 12 X 15.9994 .. (3.33)

K =12+ 15.9994

‘Expressing the Eq. 3.31 in terms of atomic masses as expressed in Eq.3.32 and 3.33,
we get '

15.9994 m "
. BC | 046 x 12x15.9994
‘ ]5.9994-&-/11IJC 12+15.9994

On solving the above equation, we obtain the value of m,,  =13.0007 which is the

precise value of mass of B¢ isotope and is in agreement with the valiie obtained by
other methods. Before we close our discussion on the determination of atomic mass of
an isotope, wg would also like to focus your attention on the appearance of the
rotational spectra after isotopic substitution. You have studied above in case of

130160y that. substitution of a heavier isotope leads to a decrease in the value of ,
rotational constant. Since the value of B is related to the spacing of spectral lines in the
rotational spectrum, a lower value of B' indicates smaller separation between the.
rotational levels and also in spectral lines. This is shown in Fig. 3.6.

I uco “CO
428, 6 - .
g 42,
128
128"
08 S - e
) . R - Iop
108
108’
Sl T = 208
i
1 y
8B
‘ l ) "
128 o, s e S : vl 4
G_B, 65’
6 2 [
4B, 1 4p
281 : i n
o 128 ¥
0 28 ap 65’ 8 108" 128
i
1 i
2B .48 o 88 00 128
A
o} : -

Fig. 3.6: Decrease In spacing between rotational levels and spe_ctr;l tines
due to Isotopic substitution.

Till now we based our discussions on the rigid diatomic molecules. In the next section,
you will study what happens.when we are dealing witha non-rigid molecule. Before

! going to the next section, answer SAQ 3 given below to check your understanding
abouit the above section. - |

SAQ3

From the rotational spectra of HNOo and 1>NO,it was found that %—= 1.0361 wherc B St

_and B are rotatienal constants for *NO and 1BNO, respectively. Calculate the atomic

mass of 15N if the masses of N and O are 14.004 and 15.9994, respectively. 7

-y
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Spectra
.
3.5 NON-RIGID ROTORS
The rigid rotors we considered before present an ideal case and actually whena
molecule rotates, its atoms experience a centrifugal force. Since the bonds are elastic
to some extent, when 2 non-rigid molecule rotates, the centrifugal force leads to the |
stretching of the bonds. This stretching leads to an increase in the bond length and
hence an increase in the moment of inertia. As a result of this, there is a decrease in
the separation between the rotational energy levels and also in the spectral lines.sec
Figs. 3.7 and 3.8. '
y s —— e N
208 5— : 4 - 3
L 128-400D P —
v=8B = . {v=8B —25%D
’ i
12B - 3 - :
. ﬂ o ‘ 128+ 144D s e,
v=68 ; v=6B ~108D .
. _ | i '
. : e S - H —
68 —3 2 : 6B 36D ol et
: v=48 v=4B-32D : T
Tv=28° ~ *v=2B-4p 28-4 o
Rigid 0 — Ndnrigid Rigid Rotor Non-rigid Rotor
R - Fig. 3.8: Energy level diagram for the rigid aﬁd non-rigid rotators. Theé spectral lines arising from the
Fig: 3.7: Effect of centrifugal transitions are indicated below the energy level diagrams. '
distortlon on the energy levels Tpis offect js taken care of if we write the v as given below: "
of a diatomic rotoy, - . - 2 I ‘
V=BI(+1)-DP(J+1) . . (334)
where,D is the centrifugal distortion constant and is given by the following equation,
4B - L ' .
D=— . o ... (3135)
w ,

The value of D is obtained from the'spectral results and is alwaysyvery much less than
B. The spectra of non~-rigid molecules will show a decrease in the spacing between
rotational levels and in spectral lines similar to the one shown in Fig. 3.6 but here the
decrease will be comparatively much smaller. Ty

In the next section, you will study about the rotational spectra of polyatomic molecules,

3.6 ROTATIONAL SPECTRA OF POLYATOMIC
MOLECULES <

<

Till now, we focussed our attention on the simple case of linear diatomic molecules, '+
The rotation of a polyatomic molecule is quite complex as compared to the diatomic -
molecules considered above. The rotation of a polyatomic molecale could be ,
simplified and understood in a better way if we consider components of the rotation
about the three principal axes. Thus, a three dimensional molecule will have three
moments of inertia about the three axes (x,y, z). You may remember that in the
previous case of a diatomic molecule, we considered the rotation about an axis
perpendicular to the axis of symmetry of the molecule. But actually, the rotation of the
. diatomic molecule could be about all the three axes (v, y andz) as shown below:

8 ) .




{&)

Fig. 3.9 7 Rotatlon of & distomic molecule sbout centre of mass:
(a) aboutx axis (b) aboutyaxis (c) abontz axis,

Let the moments of inertia for the above rotations be represented by /g, /o and 7,
respectively. Since the rotations as shown in part (a) and (b) are equivalent, we can say
Ig = I. In part (c), the moment of inertia about *he bond axis (y-axis) has a very small -
value as compared to /5 and /¢ and wé can use an approximation that /, =0, The

. small value of /4 could be attributed due to the differences in t}w masses and the radii

of the nucleus and the electrons. .

You know that most of the mass of the molecule is concentrated in the nuclei of its
atoms in a very small space. But the electrons having very less mass occupy relatively
large space. Therefore, the electrons contribute a major share to the moment of
inertia along the axis of symmetry becavse only they will be contributing to the
motion. The total moment of inertia (both due to electrons and nucleus) is very

small. Since the energy of the rotational levels is propostional to f}, the energy of the
rotational levels corresponding to rotation about the symmetry axis (Fig. 3.9(c)) will be
very-very high as compared to that of the rotational levels for rotations shown in Figs.

3.9(a) and (b). Thus, these rotational levels will not contribute to the rotational spectra
and the value of moment of inertia used in Eq. 3.26 could be either of / or I because

both of them are equal. -

With this background in our mind, let us shift our attestion to pdl‘yatomic‘molecul@s.
Polyatomic molecules can be classified into various groups according to their values of
moments of inertia along the three principal axes. Such a classification is given below
in Table 3.1, ‘

Taig!e 3.1 : Various Classes of Polyatomic Molecules.

Moments of Inertia Type of Rotor Examples Rotational
Constant
In=le, In=0 Linear CO, HC}, OCS A=a,B=C
In=lc=1, Spherical top CHs, SFs A=B=C
In <l =1¢ Prolate CH3F, CHyCl AsB=C
Symmetrical top '
Ia>lg =iy - Oblate” BCl3, CeHg A=B>C
JawmIp #Ic Asymmetric top CHoCly, 20 AeBeC

About the linear systems, you have éjrcady studied in detail for diatomic molecules.
Similarly, we can treat linear triatomic and other linear polyatemic molecules.

Let us study the case of a triatomic molecule OCS. Here also we will assume that it is a
rigid molecule. If you see the structure of OCS shown in Fig. 3.10, you can find that
there are two bond lengths, C-O and C-8. But we have one value for the moment of
inertia which cannot give two values of bond distances. This problem can be solved by
using isotopic substitution as follows, ' ' '

Rotstional Spectrs

Note that the moment of inertia

about the moleculdr axis is zero and
the moment of incrtia about the
other two axes perpendicular to the
molecular axis.are identical. '
Hence, only on¢ numerical value of

- Toccurs for a linear molecule and

the coergy is defined by only one
quantum number, J.

In case of polyatomic molecules
when the rotation in threc
dimensions is possibie, kinctic
energy of rotation (£,) can be

given as

1 2 2, 1 2
E,‘—wilAa)A + =1y wB+§‘IC“}E.‘

. (336) .

1
2

Similar to Eq. 3.24, we can write

2 2 2
Bl ts Ee
T T AT
- (337)

where L, =1, w,
Ly=lgop
Le=1o W
Here, the magnitude of total
angular momentum is given as
follows: s
2. 72 2 2
LP=L, +Ly + 1L

Thus for lincar molecules'where
Ia =0, Eq. 3.37 becomes as follows:

2

~

v2 2
P L+ )
k_,m.z_a_“

}tiir
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Fig. 3,10: OCS molecule,
Let the masses of O, C and S be\r(;presented‘ bym , m_ and m;, resbectivcly. Also let
the distances of theatoms O, C and S from the centre of mass (G) be represented as
T T, and To respectively. The centre of mass (G) will be such that
myr,+ rﬁc r,= mé r, ' _ | (3.385
The moment of inertia of this system (J) is given by thg following equation,
T=m# e m, 7 6w
We can express r, and fs by the following expressions (see Fig, 3 10).
h ro=rg b, : “ . (3.40)
" and T = Tes™Tc R N e (341)
We can substitute the above values of r; and 7, from ‘Eqs‘. 3.40 and 3.41 into Eq 338to
yield the following expression. ' ‘ - ‘
‘m(‘) (rco +r)tmg.= myg (r“.-’rc)
or morc(,-i-morc-'!’-mcrc =mr,-mgr,
" Bringing all the terms containing r, on one side, we can write .
myr, +mr,+mer, =lmsrcs";m6rco | .
r.(my+m +m)= an'zsrcﬁ--mor;o |
If we representm, +m +mg, the totai mass by M, the above equation becomes as
» given below e
rgM =M=, r;o | ‘ N w (3.42)
Similarly, we can express Eﬁ. 3.39 for I in terms of roandr, as given below:
. S Izmp(rm-}‘-rc)é-%-mcr%-i-ms(rm—-rc-}2
" = morczo + '"o"c2 Jr-z”'o"co.fc ?‘"’c’c2 +'"S'r,czs +'"s"cz ATl -
Rearranging, we get
, - : i I=mor§ +m %+ m,rg;f-?;c((ﬁor;;~m§r¢s) +myrk +mg i . (3.43)
! sz%-}-?j'c (Mo reo=MgTed « ;'mo’%o"*'ms'%s - (3.44)

80




Substituting value of 7, from ‘Eq. 342 mothcabovc equation, we get

M

: 2 : .
Py (ms Tes =My rco] ) [ms Tos =M oo

M

] ',(mo"cq"ms’cs) +~m6’§o + ms'%s_

Rotational Spectrs

Eq. 3.45 can be simplified to the
following expression.

. 1 . ’
= [momcrﬁo +mom, %,

mgre—m_r.. )% 2(m r Mg re)?
N O o " S =
e e nmier]
' (morco'msrcs)-- ' .
=m ’2 +m ’2 ¢ o (3.45 . ’
o’co s’cs’ M - ( ) You may remember that bond

* distances do not change when
isotopic substitution is carried

Eq. 3.45 is the one on which we will further focus our discussion. It contains the two -
out.

unknown distances 7, ‘and 7. Suppose we carry out an isotopic substitution in the

molecule. i.e., we substitute 180 in place of %0 and thén record the rotational -
spectra. The equation for moment of inertia (I ') of this new molecule thus becomes as
- given below: , (

H
{

_ (mo"co“'msrcs)z

. I'=m' 72 + mg 2 ia e (3.46)

l ~Awher'e mo’ represents the mass of the isotope of oxyg‘en. Now, we have two equations
[Egs. 3.45 and 3.46] and we can evaluate two unknowns r,, and r.; provided we know
‘the other parameters in these cquations, '

Next category of molecules is that of spherical top. These molecules have all the three
 moments of inertia as identical. As far as the value of rotational energy is concerned, it "
can be obtained by using any one of the abové values of moment of inertia. These : '
- molecules behave similar to linear molecules as far as their rotation is concerned. The - '
same equation as obtained for linear molecules can be appliéd to give the value of
. Ej or B: But because these molecules, being symmetric in nature, do not possess any
. dipole moment;. Thus, these molecules do not show pure rotational spectra,

. We will next consider symmetric top mo‘e'culc's.,You are aware that in these
molecules, two moments of inertia are equal but the third one is different. When this
third moment of inertia is less than the other two equal moments of inertia, the =
molecules afe known as nrolate molecules. On the other hand, when the third
moment of inertia is greater than the other two moments of inertia, then the

molecules are known to be of oblate type. Both these type of molecules are shown

‘below in Fig. 3.11. ' . ’ o :

’

C, unique axis -

" benzene, CeHe.
- . ( ’

‘ P
boron trifluoride, BF;.

methyl fluofide, CHF -
ff - / F.3. 3:11: Prolate and oblate symmetric molecules. -
‘ PR / . - —_— rf) B . .
Again, in'these wclecules first we consider that the molecules are rigid and derive the
engrgy expression by solving the Schrédinger equation. The following equation is - o
obtained by using the above method. : B , .

s
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We will not go into the details
of asriving at Bq. 3.47. It is valid |
for proiate molecules. .

For oblate molecules,

F=BIJ+1) - B-CK ™,

Uniqué axis is also known as
Top axis.

E
s =X =Bl + 1)+ (A-B)K cm™! | . (347)
he .
whefc, B= f

8 Ige

; h

A=
8nZICc

Here, J is the total angular momentum and K is the component of angular momentum
about the unique axis. The unique axis along the C-X bond of CH,X molecule is

shown in Fig.3.11.0bviously the values of K will be smaller than or equal toJ. Thus, K
can take the following values. . -

K=o, J=l, J2,.000, ey (J=1), = .. (349)
So, K can take 2J + 1 values.

From the above equation, you can see that K can have negative values as well. The
+ve and —ve values are associated with the clockwise and anticlockwise rotation

" about the symmetry axis, When K = 0, it means that there is no rotation about the

Eq. 3.50 permits determination of .
only onc rotational constant.
Hence the complete geometry of a
symmetric tep molecule cannot be
determined by using this single |
value of B cbtained from spectra,
In such a case, isotopic
substitution is used in structure
determination. .
Thus, centrifugal distortion leads
to a slight separation of the
components of J. ’

!
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‘symmetry axis or unique axis.

Eq 3.47 shows that the rotational energy depends upon the K2 terms. So the anticlock
wise or clockwise rotation (i.e., the +ve and —ve/values of K) will have same value for

K or energy. Thus, the’leVels corresponding to +K and -K will be degenerate.
The selection rules for; the rotation of such molecules are
AJ=%1andAK=0". ' o (3.49)

J .

The selection rule of AKX comes from the fact that there is no dipole moment about

* the symmetry axis (rotation about which is represented by X), hence electromagnetic

radiation cannot interact with the rotation about this axis. Hence, it is expressed as
AK=0.

Ifwe apply the above selectic;_n rules to Eq. 3.47, we get

S -Ten=BUFDI+D+ @-BEEI 0+ D+ @ -B)KY]
. =28 +1)cm™ o .. (3.50)
where J = 0,1, Zovusssrerrnnns” ' '

You can see that K is not reflected in the final equation for rotation and Eq. 3,50 is
similar to expression for ¥ obtained for the rotation of linear molecules.

Similar to the case of linear molecules, the centrifugal distortions due to non-rigid
nature of real molecules are taken care of by incorporating an additional term in the
energy expression as given below in Eq. 3.51:

Vo =BIU+ 1)+ B =D+ 1 =Dy U + DK? - DK em™
Vo, k)T K) = 2B U+ 1)-4D, (J + 1P =Dy + DK o™ .. (351)
Thus, Wc could take the cése of symmetric top molecules to be similar to that of linear’

molecules, The same procedure can be used for calculating B and J and bond lengths
for symmetric top-molecules as done earlier for linear molecules. But here, there will




be a difference in-the observed spectrum for symmetric top molecules as far as the
splitting of rotational lincs is concerncd. Since cach valuc of J is associated with 27 + 1
values of K and the levels corresponding to -+K and -K being degenerate. This leads to
the fact that the'spectral line associated with a particular level will be split intoJ + 1

components. Thus,the following splitting pattern will be observed.

when,  J K v (Irom Eq. 3.51)
1 0 4B - 32D,
+ 1 4B — 32D, — 4D, ¢
0 68 — 108 D,
+2 6B~ 108D, = 24D, 4

Thus, the spectrum obtained will look likc as shown below in Flg 312

Rotational Spectra

K=}
VG
// " zs
- K=2 r—-—-’g’;“ sy X3 .
= / J=4 = Jp0RL 12 2-3 344
J=5.K=1 .....// R k=3
T30 + (4-B) B | | | | ;
J=5, K=0 o K2 S 2w 4 T
e e 128 / 208 + 4 (A-B) fl '-' ﬂ\ : \
N ' +
108 J=t, K= YA ] ,' ‘ i
o W08+ (B) gp| S 7 | | |
Jﬂ’ k=0 ‘2’6{ F""‘ ‘2'3’4(A_B) E . i 1 \\
r 8’8 Ke2 68 ! R ! ,,' \‘| \‘\
88 J=3, K=1{ 48”.7—_2.—_-68*4“ 8 i : l' |\ \\
=, = / / N { 13l H i ~ \
Jo3. k=0 138 J=2,K=1 / 00 010 2592 1291 090 33 2433 191 G0
. —-——-—T 63 + (A-B) KK ,
J=2, K=0 ’/J=’ K=1|48 zk+u$) - \
J=1,K=0" [4B 2
J=0,K=0128 0
)
144 .
Fig. 3.12: (a) Rotational energy levels of grelate symmetric top molecules,

(b) Splitting of rotational spectral lines for symmetric top molecules,

Remember that no such splitting was observed for linear molecuiles. In other words, by
studying the spectra, you can know whether a certain molecule is of linear type or of
symmetrical top type. -

The analysis of rotational spectra of last class of molecules, i.e., Asymmetric top
molecules is quite complex and a general expression for energy cannot be written for

- them. Each molecule of this class requires individual treatment. In this course, we will
not go into the details of analysis of rotational spectra for this kind of molecules.

Note that in case of symmetric
top molecules, cach lines is
really a superposition of (J + 1)
lines.

In the next section, you will study about the intensity of spectral lines,

37 POPULATION OF ROTATIONAL ENERGY LEVELS
AND THE INTENSITIES OF SPECTRAL LINES

»

Accordmg toithe selcctlon rule, all those transxtnons where AJ = +1are poss:ble It

has been shown by calculations that the probability of all such transitions is the same.

However, this does not mean that all the transitions will have the same intensity,

Although the chances of a molecule going fromJ = 0 toJ = 1 is the same as o

J = 2toJ =3, yet the intensity of the two lines may differ. This is so because the total

number of molecules initially present inJ = 0 will be different from the molecules v
present inJ = 2, The larger the number of molecules present.in a particular state, the 83
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" energy state.”

larger will be the chances of transitions to thc ncxt state and hencegreater Wil e the
mtcnsxty

The: populat:on of the encrgy state dcpcnds on (1) Boltzmann distribution and (2) the
dcgcncracy of the state. {

«

"Boltzmann distribution can be expressed as, ' o
N, -AE AT : | o
_I.\I“— =€ ; . . (3.52)

where, Ny = number of molécules in any slalc
Ny = number of molcculcs in the lowest lcvel Le.,
J=0 .
Ey= energy difference belwcen thc two states
. k = Boltzmann constant ‘
T= tcmpcralurc m Kelvin

. Eq. 3.52 can be rewritten as,

N . : .

,, _T:J“L = BRI+ DIKT - L (353
One thing is clear from Eqs. 3.52 and 3.53 that the pnpul'nliunhf different states kdcps
on decreasing in an exponential manner as we keep on increasing the J value. '

Howuver, there is another factor-the dcgencracy of the state which will affect the
population. We shall not discuss'the origin and number of such degencrate states,
except to emphasxsc that degeneracy of a statc increases the pnpul.umn of a particular

>

The netresult of the two factors is that the population riscs to a maximum and then

~ decreases asJ value increases. The band with maximum intensity is given by,

SAQ‘ 4

Calculate the rclat:ve populatxou of ﬁrst tw0 rotatlonal energy levels for HCl at
300K. Use B = 1049 cm™

3.8 SUMMARY.

o

" In this unit, you leamt about various types of cnergxes assomated with different kind of

molecular motions. Rotational motion was the one in which were interested in. In this
context, the terms moment of inertia and angular velocity were explained. Then, the
rotation of a rigid diatomic molecule was discussed in detail. The energy levels

- associated with such molecules were consxdercd whxch in turn were related to-the
'obscrv\,d rotational spectra. : »

. The apphcatxons of rotational spectra study were hxghlxghtcd The case of non——rxgxd
) molccules was also explained. This was followed by the discussion of rotational spectra




of.polyatomic molecules In this class, linear, spherical and symmctrlc top molecules
were discussed. »

-

Lastly, the relationship betwecn the intensity of rotational spectral lines with
populatlon of rotatxonal levels? was described.

39 TERMINAL QUESTIONS

’ nllr
1, Usingmqr; =myr derive Ty B e o
gmyry 2" 2 (my + my) )
2. i Calculate the energyin terms of ¥ of the energy level correspondmg toJ = 7.
3. Whatis the selection rulc for a rigid dxatomxc molecule to show rotatxonal
spectrum? ;
4, Which of the following moleculcs wﬂl show rotational spectra?

0=C=0, HF, N,

S If the rotational’ cons*anf ior H3Clis 10 59 cm” what is the Value of
,7 rotational constant for *D 35Cl7 )
Use mass of 3Cl = 58.06 x 16727 kg ‘ "
~ mass of . °D = 3.344 x 107%7 kg ‘V
' mass of 1H = 1.673 x 1077 kg

lq
3.10 ANSWERS
1. From Eq.3.26, a decrc,ds' in moment of inertia wxll lead to an increase in lhc
' 3 energy of the rotational level. =~ ;- :
2. It should possess a permancnt dipole moment
3. Lol o061
B o
ok =1.0361xu

- PNx15.9994 _ 1.0361 (14,004 x 15.9994)
v BN 4159994 - 14.004 + 15,9994

ISN = 14.98257

. heB (6625x10"3“1s)(?998x103ms*')(m4cm”‘)(io2m )
3 - (13806><10‘23JK"‘)(300K)

= 5.007x1072

N/
For J=0, _}_\,_L._.-_-] )
For J =1 Yy Lo 25007x1072)

No

Rotational Spectrs.
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Basle Concrpts ang Rotational  Terminal Questions

Spectra '
1 myry = ngry
M
rpoomy
From the characteristics of proportions, ‘ ' ;
ry _m ’

rl +r2 - ’721 +’722
- myq (ry +1ry)
27 (my + my)
_ myr
(ny +m,)

2. =BIJ+1)
=BX7(7+1)
=BX7TxX8
= 568

3. Al==1

4. . HF

5. 5.446 cm™?
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INFRA RED AND RAMAN SPECTROSCOPY

In the first block of this course, you studied about some fundamental aspects of atomic
spectra, symametry, GGrorp Theory and Rotational Spectra. In this block, you will come
across the Infra Red Spectra of diatomic and polyatomic molecules and Raman Spectros-

copy.

This block is divided into three units. Unit 4 deals with vxbratlonal spectra of diatomic
molecules, while the infrared spectra of polyatomlc molecules is dealt with in Unit 5.
Unit 6, which is the last unit of this block, is devoted to Raman Spectroscopy.

In Unit 4, you will first study about the vibration of a single particle supported by a spring.
Then vibration of a diatomic molecule is discussed on similar lines. The harmonic oscillator
model of diatomic molecules is consdered and their vibrational spectra is explained. Then,
the effect of anharmonicity on the vibrational spectra is consndered Finally the rotational-
vibrational spectra of diatomic moiecules is discussed.

Y

{Unit 5 aims at highlighting the important aspects of infrared spectra of polyatomic
molecules. This unit begins with the explanation of different kinds of degrees of freedom.
Then the infrared spectra of some simple molecules such as H,0 and CO, are discussed.
This is followed by an account of the vibration-rotation spectra of p(ﬂyatomlc molecules,
The group frequencies of various classes of organic compounds have been discussed
alongwith factors affecting them. Finally the apphcatxon of infrared spectra is structure
determination is explained. -

In the Appendix to Unit 5, the use of group theory in finding out the symmetry species of
the normal modes of vibration and in determinine the number of infrared active vibrations
in H,0 and NH, has been discussed. i ~

- Unit 6 deals with Raman Spectroscopy. It starts with a dlscusswn on the origin'of Raman
Spectrum in terms of classical and quantum-mechanical concepts: After that rotational
Raman and vibrational Raman spectra are explained followed by Vibration-Rotation Raman
Spectra. Then Polarised Raman spectra is briefly included. Finally the applications of IR
and Raman Spectroscopy are illustrated using some simple examples. The Appendix to Unit
- 6 explains the application of group%heory in identifying Ram'm active vibrations and in
understandinrg the mutual Dxcluswn pnncxplc

Objectives

After sidying this block, you should be able to:

explain Hooke's law and mction of a harmer.ic oscillator,
o discuss the infrared spectrum of a diatomic molecule,

predict the effect of anharmonicity on the vxbratxonal spectrum of a diatomic
mnolecule, : , .
state the sele:tion rules for vibrational transitions in a diatomic molecule,

®

explain zero point energy,

di<cuss the energy levels and selection rules for a vibrating rotator,

calculate the number of vibrational modes in a polyatomic molécale,

explain the energy level scheme of water,

illustrate the use of group ficquencies it structure determination of a mo!f‘"ue
list various factors affecting the greap frequencies,

elaborate the steps involved in the analysis.of IR spectra of simple molecales,
give classical and quantum mechamcal explanations of the origin of Ra.
spectrum,

differentiate between mfrarcd and Raman spectroscopy,

describe the rotational, vibrational and vibration-rotation Raman Spectra,

® ® ® © © € 6 ® o

2 © e

explain Mutual Exclusion Principle

@

give applications of IR and Itaman Spectroscopy.







UNIT 4 VIBRATIONAL SPECTRA OF
DIAMOTIC MOLECULES

Structure

4.1  Introduction
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_ Quantisation and Encryyy Levels
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44  Anharmonicity
Morse Potential
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4.5  The Vibrating Rotator
Energy Levels-
The IR Spectra and P.Q.R Branches
Symmetric Top Vibrating Rotator Model

46 Summary '

4.7  Terminal Questions

48  Answers

41 INTRODUCTION

While going through Unit 7 of the course “Atoms and molecules” (CHE-01), you
might have appreciated the use of vibrational spectroscopy as an analytical technique
for the determination of molecular structure. In the last block of this course, two units
viz. Units 1 and 3 have been devoted to atomic spectra and rotational spectra,
respectively. In this unit and Unit 5, we will discuss vibrational spcctroscopy which ig
anothcr kind of spectroscopy dedlmg with molecules. .

In this unit, the theory and applications of vibrational spectra of diatomic molecules
will be described. The vxbratxonal spectra of polyatomic molecules is dxscusscd in
Unit 5.

In this unit, we will start our discussion with the classical example of the vibration of a
single particle supported by a spring. The similarity of the vibration in a diatomic
molecule with the vibration of a single particle is then brought about and possible
transitions for the harmonic oscillator model of diatomic molecules are discussed. This
is followed by the explanation of observed vibrational spectra of diatomic molecules,
the introduction of anharmonicity and the rotational- vibrational spectra of diatomic
molecules.




IR and Raman Spectra

Note that the negative sign in Eq.
4.1 indicates that if the
displacement is positive, the
restoring force is negative and
vice-versa,

Objectives

After studying this unit, you shox‘ild be able to:
o discuss Hooke’ 's law and motion of a harmomc oscillator,

e explain obscrvzd infrared spectra of diatomic molecules,

- @ evaluate harmonic frequency of diatomic oscxllator, force constant and

anharmonicity constant from the observed infrared spectra,

o predict vibrational frequencies of isotopically substituted molecules if the
vibrational frequencies of unsubstituted molecules are known,

gvaluate zero point energies, and
explain rotational-vibrational spectra of diatomic molecules.

4.2 HARMONIC OSCILLATOR

Counsider a particle of mass m held by a rigid support through a spring as shown in Fig.
4, 1(a) When this particle is displaced from its equilibrium posmon a
[see Fig. 4.1(b) or (c)] .

©

Equilibrium positiosn

(=)

Fig. 4,1: Contraction (c) and expansiou (b) of the spring showing dlsplacex{xcnt o{ the particle
from its equilibrium position (a). The restoring froce F acts in a directiop opposite to
the direction of displacement.

using some external force (like pushing or pulling by hand), it is observed that the
particle tends to go back te its equilibrium position after the force is withdrawn. As it
will be explained in sub-Sec 4.2.2, the particle not only goes back to its equilibrium
position but goes still further on the opposite side till the distance is equal to the initial
displacement and if there is no frictional loss or gravitational pull, the particle keeps
moving between the two extremes in a periodic motion. Such oscillations are referred
to as Simple Harmonic Motion (SHM) and the particle is referred as a Harmonic
Oscillator.

4.2.1 Hooke’s Law

The motion of the particle referred above towards its equilibrium position after the
external force is withdrawn can be explained as follows. On giving, a displaccmcnt ()
to the particle, a force called restoring force (F) arises in the spring in the direction
opposite to that of the displacemcent and acts to brmg it back to its equilibrium
position, A spring which behaves in this manner is said to obey Hooke’s law. Hooke’s
law states that the restoring force (F) is proportional to the displacement (x) and acts in @
direction opposite to the direction of the dzsplacement This can be represented
mathematically as:

Fa-x

g

or F=—ke . (42)




The proportionality constant, k is called the force constant of the spring. The force
constant k is a measure of the strength of the spring. Hence, a large value of k means a
stmnger and less flexible spring. From Eq. 4.1 it may be further noticed that for a
given value of x, a larger value of k' wxll result into a larger restoring force.

4.2.2 é«]quation of Motion

It is experimentally observed that if the particle is displaced from its equilibrium
position by a distance +x; (Fig. 4.1b) and the external force is withdrawn, the particle
returns to the equilibrium posifion (Fig. 4.1a)-and then continues to move to a
position, —x, away from the equilibrium position (Fig. 4.1c). The state of the spring
in Fig. 4.1b and 4.1c corresponds to the stretched and the compressed states,
respectively. And as mentioned above, if there is no frictional loss or gravitational pull
‘the particle continues to me» between these two extremes passing through the
equilibrium position. If the value of the maximum displacements (also called
amplitude) on the two extremes is denoted by -x; and +x,, then the value of the
displacement (or amphtude) x after time ¢ sec is given by a cosine function (Fig. 4.2) as
shown below: . .

X = X( COS 2T vy : ...(4.2)

where v, is the oscillation frequency in sec”? . Peuaticn 4.2 represents the equation
of motion of the particie.

’ Diqﬂm(mm)-—_o

Fig 4.2: A cosine function represents the ‘equatlon of motion of the harmonic oscillator. s

4.2.3 },Expressions for Force Constant and Charactéristic Fi'equency

Now, the restoring force F in Eq 4.1 can be represented in terms of Newton's second
law of motion as:

F=ma _ «.(43)
where  is the acceleration of motion which is denoted by second differential
“of x with respect to time, i.e. g = %%.«This on combination with Eq, 4.1 gives -
32 : 4 :
) A m dx ~kx D ' . (4.4)
a¢ «

Using Eq. 4.2 forx, :wé find

Vibrational Spectra
of Distomic Molecules

Similar to Eq. 4.2,
X can also be given as
X %xosin 2 Vgt )
You must also remember that the

sin function is 90° out of phase
with respect to the cos function.
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= N COS 2 Ayt

dx . :
pite X 2T Vg SIN2 T Voge

d*x 2
-;‘-; = v X (2 Voue) €08 2 Wt

= —~45° v?,,c X0 COS 2T Ve !

Note that work is given as
follows:
work = fcyee X distance

9 ‘
d7x ; 2
- 2 XgCOS M Ve, L = — 4 Ve X

¥k 4zti, ...\(4.5)
The results of Eqs. 4.4 and 4.5 on combination éivc
| ~kx = -471:21/(2,5c xm
From the above equation, we éan get the expression for the force constant, k as
k=4n*vi m S w(40)
and that for the oscillation frequency, v as
Vose = 2—17; \/—;% «'.’(;(4‘.7)

Thus, for a given spring with force constant, k and a particle of mass, m there is only
one oscillation frequency possible, v, , which is independent of the maximum displace-

ment of the particle. This is called characteristic frequency of the harmonic oscillator.

4.2.4f Potential Energy Curve
if Fé,“ is the external force applied to displace the particle by a distance dx, the work

done in doing s is stored as potential energy (P.E.), dV. Thus

AV =F,, d (48)

Since the external force is equal and opposite of the restoring force (—F) exerted by
the spring, we can write

dv = —F dx (49)
or %; =-F=kx Cor  dV=kxdx ..(4.10)

>

If equilibrium position is taken as that of zero potential enrgy, integration of above
equation gives ‘

V=cki? (4.11)

1
2

Since potential energy varies linearly with the square of the displacement, a plot of V-
vs. x gives a parabola as shown in Fig. 4.3,

Potential Energy, V i

. Fig. 4.3: Potenflal encrgy curve of the harmonic oscillator.




Now let us imagine that the particle has been displaced by a distance x; and released.
When it is displaced by a distance xp, at that point it has gained a potential energy of

%-fk xg. After its release, say at a time ¢ if the displacément isx, , then its potential

energy be %kx,z. The differepce, %kxg - %kx,2 represents the kinetic energy of the

particle which is given by —;- mv? where v is the velocity of the particle at a displacement

x,. Thus one can determine the velocity of the particle ata displacement x, if one knows
the values of m, k, xy and x,.

Thus,

KE. =2k -2 = 1m? | (4.12)

E.=2k(q ,)--zmv . (4.12)

Using v= %tx-’ we can write

| 1 (&)

KE.=>m (f&?) = 2mu? V2 K sin® (v, t) w(4.13)

PE.= —;—kx,z = 2mutvl,, cos® (2o, ) : w(4.14)
Total energy = %—kx(z) =2 mn’ vgscx?, ..(4.15)

4.2.5 Quéntisation and Energy Levels

As you have been introduced in Unit 2 of the “Atoms and Molecules” Course
(CHE-01), the motion of a microscopic particle can be described in quantum
machanics by Schrodinger’s wave equation. Similarly, the motion of a harmonic
oscillator, if the particle involved is microscopic in nature, can be discussed by solving
Schrodinger wave equation. We shall not go into the dexails of the solution, however,,
we shall use the results obtained which are very interesting,

The wave equation of this system is given as

2 2 . '
&y 8a°m . 1, 2 .
" + 7 (E-Zkxyp=0 - ..(4.16)

!

where y is the wave function of the oscillator, A is.“l?'lanck’s constant and E is the total
energy of the oscillator. The solution of this equation gives the energy, E as given

below:
B A/? 1. o
E;= 7 ";’— (V + 2) N ‘ ‘ ...(4.17)
_ where v is an integer and can take values 0, 1, 2, .........etc. and is known as vibrational

quantum number. ’

Using Eq. 4.7, we can write Eq. 4. 17 as given below:
' )

E=iw0(v+‘-1-) . 0 (4a8)

2
_The expression for E given in Eq. 4.18 deserves some further analysis, It $hows that E
. has different values for different values of v, Increasing v by one integer increases the
CUGCHE103A) - . ‘

Vibrational Spectra
of Diatomic Molecules

X =X COS 27T Voye!

dr . ,
i =X 2N Vpe SIN 2T Voo !
(%‘x_ wxgmzvg,csinZvac,c:

§

. You may remember from Unit 2 of

‘Atoms and Molccules' (CHE-01)
course that Schrédinger Equation
for a particle in one - dimension
can be given as follows: .

2., . 2

.‘?...’x‘i.,..i‘.’.‘..’.".. (R - ()
3t h’g ‘V)w
Thus, for V' = -chz, we get
_ﬁ+ﬂ(g;lkxw'_o
axt w2

Q
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'Basic Concepts and Rolatlonal
-~ Spectra
- Spurcc W81 Sample W8 Modulator MW Analyscr WAt Detector # Recorder
Scanning device
(a)
Sample W8 Analyser fWW- Detector 1 Recorder
Modulator | - Scanning device
Excitation
(b)
Fig.1.5: Schematic representation of (a) an absorption spectropholome!er aud
(b) un emission specitophoiometer
can expect dark lines for each of these absorptxons. This is shown in Fig. 1.6 (a). Fig
R 1.6 (b) shows an emission spectrum which shows discrete set of lines, each
corresponding to the emission of radiation (energy) when the system changes from th
higher energy state to the lower energy state. In this transition, the electronic
configuration of the atom changes and it gWes a signal in the spectrum of
the scmple. -
1.
, .
;
: 1 1 absrption speclmm
, . S o . . .} of sodium vapor
cmission spectrum
of sodium vapor
Fig.1.6: (2) A typléal absorption specirum;
" {b) An emisslon spectrum.
\ B Since in this unit, we will be restricting our discussion to the spectra of atoms, we will be

: mainly concerned with the transition of electrons from one atomic energy level to the
Keep in mind that the value of £, other. Let us start our study of atoms with the simplest atom, i.e,, hydrogen.

given by Eq. 1.7 is correct when the
mass of the nuclei is infinite.

Sty speaing when thomoson 1.4 THE ATOMIC SPECTRUM OF HYDROGEN

of the nuclei is aiso taken into
account, the value of E_ is given as

follows: The hydrogen atom has a single elcctron You can recall from Sec. 1.10, Unit 1, Block
1 of ‘Atoms and Molecules’ course (CHh—Ol) that the energy of an electron in nth

-2
5 wf*z‘ orbit of the hydrogen atom, £, tan be given by the following eRpression.
L P yarog 6 given by
. A Zz .

where & is the reduced mass of En 8 hz Z ! ‘ R (1'7)
hydrogen atont. 21
10 where Z is the atomic number,

uGeHEt0@y )




e is the charge of the electron, A ) Spectra of Afors
m is the mass of the electron,
gy is the permittivity in vacuum and has the value
8854x 1072 N 2, |
h is Planck’s coustunt,
and - n is the number of 1he orbit,

Let us consider the energy difference between the fivst and thie second energy state.
This can be given as

~Zze4m —Zze4m

AE=E --E = —
2 7 3,2 2 2,22
88011 n2 880/1 n
_Zetm (1 1 ~ 18)
- 822 27 2 A
0 ny Ay

Using Eq.1.5, we can say that the wave number of the radiation associated with the
above energy difference can be expressed as given in Eq.1.9.

. 2 4 o
S AE_Z e...ﬁ(_l_ _1_] . (19)

he 88(2)}43\0 nf-nz
22t m - S ,
The term W is called the Rydberg coastant and is denoted by symbol Ry for
8eghc .
hydrogen. Thus, we can rewrite 1q.1.9 as given below:
TRy |5 J;] W (110)
,’11 nj

" The experimental value of Rydburg constant as obtained from spectra.l data is
1.09677 X 10" m ™%,

The theoretical value of Rydberg constant can be caleulated by substituting the values
of various terms as given helow:

- Z2é*m

H 8 8(2) W

N ()% x (1602 x 1077 €)* x 9.109 x 107> kg
8 % (8.854 % 1072 C? N0 22 x (6,626 % 107 T ) x 2.998 x 10° m 57!

AY

= 1.09737 x 10" m™

The theoretical value of Rydbery constant is denoted by R ..

This difference between the expurimental value of Rydberg constant (Ryy) and

theoretical value of Rydberg con:tant (R,) is about 60 cm” ! Thie is beeause the -

- calculation was made on ihe basi of an infinitely massive nucleus. If we take into
account the finite mass of the nucleus then we have to consider the hydrogen atom as a
two particle system having massc.i mmq and r1,,
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.. (4.29)

.. (4.29)

KE. = —;— uvc . (430)
where v is the charaeteristic osciliational frequeticy of the system under
consideration, and v = d (A r)/dt.

The vibrations in diatomi¢ molecule ¢an be treated in a similar way. Instead of the
spring with force constant k, We hiave in the case of diatomic molecules binding of the

two nuclei through u boid Withi a foree constant k and these nuclei oscillate with a
characteristic oséillational frequency; v,

Extending the similarity &rther the wave equation for oscillation in diatom: ~olecule

© can be fiven similar to Eq 4.16 vz,

2 2 ‘ :
Ay ¢ Srpt [E - lAr 2} =0 A . (430)
and the expression for snergy similar to Eq. 4,17 can be given as ’
b (1 - | 4
E= RN (v + 2) - .. (432)

4,3.1 Zero Point Energy

Let us study the above equation more carefully, You will realise that even for v = 0,
ths energy E is not zero and the molecule oscillates with a definite value of frequency.

The energy at v = 0is given by E = %h Vs and is referred to as zero point energy.

The zoro point ehergy ¢ofrésponds to the energy of the molecule in the vibrational
ground state. o :

432 Infrared Speetia and Selection Rules

It infrared fadiations are passed thzough a sample of diatomic molecules in the gas
phase and the transmittsd radiations are analysed through the monochromator and
detector of a spectrometer (for details of working see - Unit 9) an infrared spectrum is.
obtained, The infrared spectrumresults from the absorption of radiation causing

‘tyansition from one energy level to another, The observed line position in the spectrum

gives information about the difference between the energy levels, However, the
intensity of the spectral lines gives information about the population of levels involved
in the transition. The spectrum so obtained is characteristic of the diatomic molecule
undet {nvestigation. The spectrum is employed to get information about the vibrations
of the molecule and interactions between the vibrational and rotational motions.

" The infrared spectral bands observed for HCI are shown schematically in Fig. 4.6.

Notice a signal with a strong intensity followed by two more of weak intensity (Fig. 4.6
a). The positions of the signals are given in terms of frequency of radiation absorbed,

7 (cm™).
The frequency, v (se,c"ll) = ¢ ¥ (cm™), where c is the velocity of light.

Because of various broadening mechanisms as well as rotational fine structure, these
signals do not appear as single lines but appear as bands. Depending on the resolution
of the cquipment used, the bands show different type of features and fine structure as
shown in Fig. 4.6'(c). We shall try to understand salient points of this spectrum in the
following secticrs. -




Vib'raﬂonal Specfra
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3 band :
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First overione - :
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Internuclear distance
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’ (i) ) i
1) @ (i)
Fig. 4.6 (a): Schematlc representation of the positions and intensitles of flrst three bands of HCI.
- The number in potation ¢ =+ 1, 0= 2 ax\d 0+ 3 indicate the initial and final levels of
each transltlgn.

(b) A (yplcul potential encrgy curve for a dlatomic molecule. The minimum In the curve
r. -corresponds tg the equilibrium distance between the atoms. Horizontal lines

represent vibrational levels, Transitions shown by a, b and c are the fundamental,
Tirst overtoue and second overtone, respectively. The deviation from equal spaclng
between energy levels is due to anharmonlcuy, as you will study in Sec 4.4,

(¢) : Fundamental band of HCI under (1) low, (ii) moderate and (11) high resolutions.

As given in Fig, 4 4, the cnergv levels for diatomic molecules, \when considered sumlar
to those of harmonic oscillatcr, are equidistant with an energy gap equal to hvyg
where v, is the vibrational frequency of the diatomic molecule in sec™ and 4 is

Planck’s constant. A promotion of the diatomic oscillator from a lower level to an
upper level can take place if an external energy, equal to the energy gap between the
two levels, is supplied. If the energy supplied is in the form of an electromagnetic

radiation with frequency v sec™?, a transition will occur if E = E, ~ E; = hv where E,
and E, denote energies of the final and the initial levels. Note the difference between v
and v, ; the former denotes the fraquency of electromagnetic radiation whereas the

latter denotes the oscillational frequency of the diatomic molecule. If the quantum
numbers, v for final and initial levels are given by veand v; respectively, then

1 = h Vg (vp = V) o |  (433)

An absorption of radiation takes place and the oscillator flips from energy level with
quantum number, vito that with vras shown in Fig. 4.7, The transitions for whxch

Av=1are caller! fundamental transitions and those with Av = 2 ,3,4 etc. are called
first, second, t.xird etc. overtones respectively.

Eq. 4 33 ”hows thata fundamental transition takes place if the frequency of
“electronagnetic radiation is equal to the oscillation frequency of the didgtomic molecule.
- The overtone transitions take place if the frequency of electromagnetzc radiation is an

mtegral multiple of the oscillational frequency. 3
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i . (1.13)

VSRH

When we substitute the above values of 1, in Eq.1.13, we can get the values for 7. For

example,

1
@

&.zu

Thus, we can get

. 3 5 ’ 24 w]
V:ZRH’QRH’ 16RH, ~2—§RH' ...... cm
for ny=2,3,4,5, ... respectively.

Such a series of lincs with above wave numbers was observed in the atomic spectrum
of hydrogen by Lyman and is-called Lyman series after him. Experimentally, this serics

/ was observed in the ulfraviolet reglon of the electromagnetic spectrum.You can sec

The valie of ¥4 as determined
from the observed spectrum of
hydrogen also led to the
calculation of precise value of Ry

which is equal to 109677.581 cm ™ ..

Wave number is related to encrgy
as

= 1,987 % 1073,

Ionisation encrgy can be obtained
with.the help of photoeleciron
specirosocpy which you will study
in detall in Sec. 1.12 of this unit.

Decreasing spacing between
spectral lines for Balmer scries of
hydrogen spectrum.

1em™?

my Observcd Calculated Spacmg
v(em” )v(cm ) ¥(em™)

15230 15233
o }5340

4 20570 20565
, } 2460

5 23030 23032
, } 1340

6 24370 24373
} 810

7 25180 25181
} 530
8 - 25710 25706 :
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the lines corresponding to this series in Fig. 1.9 and also in detail in Fig, 1.8.

15Ru )

Ry - 8Ry 1SRy 2Ry Ry
T S TR
: - N
- ‘ on
90,000 95000 100,000 105,000 110,000

80,000 85,000

Flg.1.8: Lyman serles showing couvergence at v = Ry,

You can sec in Fig. 1.8 that when 7 = RH' there is a continuum after this point in the

spectrum. From Eq. 1.13, you can see that ¥ = Ry; only when ny = . In other words,

this represents the removal of the electron from the atom which means ionisation of
the atom. Thus, we can measure the ionisation energy of the electron by knowing Ry

- ¢
orv,

Similar series of spectral lines called Balmer, Paschen, Brackett and Pfund series
were also observed for ny = 2,3, 4, 5 respectively and ny = (ny + 1), (g + 2),

(ny + 3).... etc. The energy levels, electronic transitions and spectral lines

. corresponding to these series are shown in Fig,1.9,

Fig. 1.9 also shows that in cach series as the value of n, increases, the separation

between the energy levels decreases. In other words, separation between the spectral
lines decreases with increasing value of n, till it reaches a convergence limit at ny= o

As you know this convergence limit represents the ionisation of the electron, any
energy greater than this limit, if supplied to the system, will only increase the kinetic
energy of the cjected electron and will result in the increase in the velocity of the
ejected electron. Since the kinetic energy is not quantised, it can be increased any
amount by supplying energy to the eiwtron and that is why the spectrum in this rchon
shows a continuum.

Till this point, we have been successful in explaining the origin of different lines in .
the atomic spectrum of hydrogen. However, when closely observed, hydrogen

spectrum reveals a fine siructure. For example, in the Lyman series, every line was

——




P

observed to be consisting of two lines (doublet) very close to each other. Thus, unless Spactra of Atoms
these lines were properly resolved, these two lines appeared as a single line. The ’
spectrum becomes more complicated for other series where every line shows a

multiplet structure. :

A/nm

— 1000

g8
Ll
fo-Visible-+|

— 500
— 400
— 300
- 200
— 150
L 120

— 100

7 2000

Total
spectrum
Balmer
: Ay = 2 Ry = H
Analysis
\
Principal -
‘quantum "
number Continuum .
‘nl =5 y " . ¥
m=al - - . VVVY
=3 _ S | -&‘VVﬁ L
: : Paschen ° Brackett’ ,
. ‘ © series © series o
ny=2f VYV ' T
Balmet L ? -
. : sefies . - R ‘
. Excited-states
EP B S )
O gl g ("'r’(
. d
. - Ground state
, n =1 YVYVY
‘ " Lyman

serics

‘Fig. L.g: Asketch 7 energy: levels for various aerles of spectm! lines obsenet’? in
o the atom!e srpectrum of hydrogen,

L "t us smdy the next sechon to ﬁnfi out the reason fo‘ the ﬁne structure of nydrogcn -
tom «pectrum T : :

But bcfore fhat you an check your undcrstandmg of thc abcsvc sectin by, answcrmg
the following SAQ " : .

15
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IR and Raman Spectra

In general, we can say that

where ¢ and y' denote the
frequency and the recuced mass
for the isotopically substituted
molecule: ~

/
i
3
h

16

It may be further noted that Eq. 4.44 represents the zero pointf‘energy incm”

And since the fundamental transition takes place with electromagnetic radiation of .
frequency equal to oscillational frequency, we can write that -
, , . :
HCI = HCI =V3

. 5 . (440
Ypci ¥pey (4:40)

‘Thus when HCl is changed to DCI, the fundamental transition in infrared spectrum is
observed at a lower frequency of electromagnetic radiation than that for HCl and the
ratio between these frequencies is given by Eq. 4.40.

SAQ 2

If the fundamental transition for O~H species is observed at 3735 cm"_l, find out the_
position of the corresponding transition for O-D species.

---------- SreestrerrrersrsIrsarIrertia

SAQ3.

vevaerees S T T TY T YT T TR OISy PR TR L I

4.3.5 Vibrational Term Value

Eqs. 4.28'and 4.32 give exﬁression for energy of diatomic oscillator as _foliows:-'-
E = hvgg (v + %) - .. (4.41)

If we divide both sides of Eq 4.41 by kc, we get

E _Vosc 1 ) '
Priaicre v+ 2) o (4.42)

The term E/Ac is referred to as the term value G(v) and the term v./c, the harmonic

frequency Vos;‘ . Both G(v) and ¥ have the units of wave number i.c. em™, thus giving

. the new expression for energy.of the vibrational levels in term values as follows.

G) = Voo (v +3) (in can™) Y
This 1s a convenient expression for cquaﬁng the frcquéncy of the oscillator, ¥, ¢, with
the frequency of the electromagnetic radiation absorbed for fundamental transition of
the harmonic oscillator, 7 as given below:

For ' v=0,G(0) = 2 Vuse T L(aae)
andfor ~ v=1, GQ1) -=;<%Vosc : o L ass)
[Thus, ©, G(1) = G(0) =Tpar =Vose . : - (446)

| 1




44 ANHARMONICITY

As was shown in Fig, 4.3, thc potential energy curve of a hartonic oscillator is a

~ parabola. Increase of displacement x, continuously-shows an increase in the energy. In
a diatomic molecule where change in the internuclear distance, A rois equated to the
displacement, x;, of harmonic os_éillat'or, it is not realistically possible to expect higher
and higher potential energy with increasing value of A r; since after a certain increase

in bond distance, dissociation takes place and the molecule breaks into'the constituent
atoms. The true variation of the potential energy with internuclear distance and the
"potential energy function for harmonic oscxllator model of diatomic molecule are

shown in Fxg 4.8, Parabola

¥
00 \ J v=§
g T—— v=4
O L A — x D D,
v ve
— ve2
e L

N N
Internuclear distance s

Figure 4.8 : The variation of potential energy with lntemuclenr ‘distance for mdlalomlc molecule
is shown by solid line. The potential energy function for a harmonic oscillator is

shown by broken line,
ki

- The deviation from harmonic oscillator behaviour is termed as anharmonicity, Note
- that the minimum in the curve occurs at re, the cqudnbrxum internuclear distance, You

can also see that in the vicinity of r,, the curve very closely srproximates the harmonic

oscillator. However, at larger mternuclear scparatlon, the artarmonic curve shows
significant -deviation from the harmonic curve.” . 1

You will now study about the Morse Potential functnon wluch gives a betfpr agréement
with fhc real curve, ¥

‘
'
!

Ay

4.4.1 Morse Potential . \ A

b

A mathematical equation for expressmg the potential energy of diatomic molecule was
given by P.M. Morse and is called Morse potential. This can be written as follows.

2
V(Ar) =D, [1 - e“‘“’]

- (447)

where Ar =r —r,, D, is dissociation energy of the molecule measured from the
minimum of the curve and B a constant is given by

/ancg_t
D.h

[

B =vg

where 7, ¢, h have their usual meaning and %, D, and v are respectively the reduced
mass, dissociation energy and oscillational frequency.
4.4.2. Energy Levels of Anharmonic Oscillator and Selection Rules

Smce in our analysis of IR transxtlons we are mainly concerned with bond distance

UC(I E-TO(TIA) . .

o (448)

Vibrational Spectra
of Distomic Molecules

Also note that in an anharmanis
oscillator the energy levels are not
equally spaced in contrast to the
case of a harmonic oscillator shown
in Fig. 44, 7o

Unlike a parabola, Moree curve
allows for disgoclation at high
energy.

The dissoc}ation energy, Dy
measured at the minimum of the,
P.E. curve is called the
equilibrium dissociation energy.
However, the spectroscopic

dissociation energy, Dy is energy of
the lowest vibrational level
(v = 0). Thus,
Dy= Dy~ %- B ¥ege
17
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Also note in Fig. 1. 10(c) that the
" values oflzforl = lare n,Oand +H.

IR

You will study in Sec.:1.10 that this
degeneracy can be lifted in the
presence of the magnetic field.

Note that in case of hydrogen atom,
the energy depends upon the principal
quantum number (1) only but for
multi-clectron systems it dcpcnds both
onnandl,

You should not confuse between s and
m . The spin quantum number s-of an
¢lectron (which is generally refersed as
spin) has the value % Butm,, u{hich is
the magnetic spin quantum number for
the z component ot’ spin angular

momentum can (akc the values + -12—

1
and - 7

mh

cosf “TT FCIOA

. 1 :
Nhen m3 + 3 /

18 ‘
UGEHE- 1001y

‘ Vector Nature of Spin Angular Momentum '

. Now what will be the value of iy for I = 0? It will be zero as per Eq.1.19 and the

angular momentum will also be zero according to Eq 1.15.

Similarly, for{ = 1,m; = +1,0, —1 from Eq.l‘lé.ﬂ When we substitute these integral
values of m; in Eq.1.18, we get z components of angular momentum () as given

below:

When « my=+1, L= 1 Ho=K ' «(1.20a)
mp=0, L=0n | . .{1.20b)
mp=~1, L=-1# =K ' ..(1.20¢)

The angular momentum | and its lz components for! = 1(m; = +1 0, —1) are shown
in Fig.1. 10(c)

Remember that the magnitude of angular momcntum (1) whose z components are
given by the above Eqgs.1.20a, 1.20b, 1.20c, is glvcn by Eq.1.15as .

| =VI@+Hr
. =VI{FDA | | ,
=Vin o : .2

Fa

Thus, the magnitude of angular momentum vector for / = 1is V2 . This i is shown in

‘Fig.1.10(b). -

-

Going back to Eq. 1.20, we can say that the z compcnent of the angular momentum has
precise values. If we apply Heisenberg uncertainty principle it says that the angle of

orientation of the angular mementum vector around the z-axis is.completely indefinite.
Thus, there is an equal probability of locating the angular momentum vector = all the -

‘directions around z axis, Thus, this vector takes the conical shape as shown in

Fig.1.10(c). Note that vector m, 0, has no z component (1, = O) lies in the xy—plane.

-

It is also worth mentioning here that the encrgy of electron depends on the magmtudc \
of the angular momentum and not on its direction. This leads us te conclude that all
the values of m; (corresponding to a particular /) have same value of I and have equal

energy and are, therefore, degenerate.

1

You are aware that the spin quantum numbers is equal to 1/2. The quantum laws again
specify that spin angular momentum, s, can take only those directions for which its

components in the reference direction (s,) are half integral multiples of /1. Thus,

‘Sz:'ms)f

- where my is equal to +1/2 or —1/2 and is known as spin magnetic quantum nuniber.

The allowed directions for the spin angular moxnentum vectors are showa in Fig. 1.11.

At thxs juncture, you have enough knowledge of orbital and spin angular momcnta
Therefore, we can now procecd to the concept of total angular momentum as given by

‘Eq. 117,




Fig. 1.11: The allowed directions of spin angular momentum for an electron.

‘Similar to Eqs; 1.15 and 1.16, we can represéntj in terms of total angular momentum
quantum number, j such that the magnitude of § can take the following values:

il = ViGg+D g =Vj(+1) in units of & ...(1.22)thnm‘=“%.

whercjcantakeva;lues [¢+s], |@+s=1] . [C=35)]

Let us find out j for an s electron.

Here /= 0ands = 12,
Thus j=|@+s)], ¢+s-1] v = 9) ]

= [+ D1, 1045 [0- )]

=Y

JITE Vi,
“"V‘; Zﬁ—zﬂ ) , T

Next we will do similar steps for a p electron. For ap electron,/ = land § =

S

Substituting these values of  and s in the following expression,

1= (@)l @rs=Dnft=9)]

Thc’,sé two values of j yiéld ji= \/ ~1§5— K and V % K using Eq. 1.22,

The two values of j represent two values of energy; thus, indicating the existence of two
energy levels of a p electron corresponding to/ = 1. It may also be emphasised here
that all p-levels will be split into.two energy levels corresponding toj = 1/2 and
j = 3/2, irrespective of whether they are 2p, 3p, 4p ... states. :

”jSAimilarly», for ad level when/ = 2 and s = %’we; can say that.

i
cosf =

“For d clectron

Spectra of Atoms

1

1y
Vs(s-{—l)ﬂ_

» %

Y 8 =35°15

™

1, .
..271

M 1‘
oS 8 = s = - .
.V'z—(-2-+1)ﬁ v

Tlleréfore, O=144°45'

For s electron .

I=0,s=% . |
j= 10+, |¢+s-1],

. L g-si °
i=[(ee3)}o3-1)|

For p electron

I=1s=

23 o

i s i 1 1
= ‘ (1+"2’) I s l(o*;—-]) | v I (1“5) I
3 ;
2.’

i

D e

= gt
=25 5

R |
J= |(2+2)I1

1 1
|(2+5“1)11 ':'(2“5)

= 5/2,3/2

Note that/ + s gives the maximum

value of jand /~s (or s —lifs > 1)

gives the minimum value of j. The j

can take all positive values from ]
maximum to minimum, the succesive

values deffering by one unit only.

For an s electron only the spin

angular momentum is responsible
for the total angular momentum.
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IR and Raman Spectra number corresponds to the rotational quantum number (/). The transitions described
above are shown in Fig, 4.9. ‘ ’

AJ = +1 (R branch) AJ = -] (P branch)
Av=+1 ‘ Av =+l
5 — h
> 4 A A
3
2 Vs
1 y 7'y
J” = 0 7y J
S 3
4 ,
. ¢ )
,': 3 )
9. 2 > V=
1
J'=0

Fkg, 4,9: The series of transitions with Av = +1 and AJ = *1.

For the vibrational transition Av = +1, the series of transitions with AT =-1 is called
P branch and the series of transitions with AJ = +1 is called R branch, For harmonic
oscillator and rigjd rotator model

AEV,J= VI,JI~E;,IIJJ/ ‘
=Ry (V =V') + Bhe [ (' + )=J" (" + D] ..(461)

Forv' = 1landv'' =0, the R branchis répresented‘by J'=J'" 4 1and P branch is
represented byJ.' =J '’ -1. The energy expressions for the two branches are given
below and they are shown schematically in Fig. 4.10.

AE, ;=hve,+2Bhc(J” +1),R brarch | . (462)

where J'' =0,1,2...
and AE, ;=hveg,—2Bhe]", Pbranch | )

whereJ'’ = 1,2,3...
"R branch . P branch

R, - P,

4 32 1 0.1 2 3 4 5 6 7
. AE, T

20 ‘ ’ Fig. 4.10: Pand R bmncliés showing energles of transitions with varying J '’ values.




Since AJ = 0 is not allowed, the transitions with A E, 7= h vy is not observed under

these conditions. This is referred to as Q branch. The infrared spectrum of a diatomic
molecule with this model will have two rotational vibrational bands with a dip in the -
centre corresponding to  AJ = 0 as shown in Fig. 4.11. In working out the expressions
for AE;, jgiven by Egs. 4,62 and 4.63, it is assumed that the diatomic moleculs

. behaves like a rigid rotator and harmonic oscilator and also tha the rotational
constant B does not vary with the vibrational quantum numbér, In practice, however,
 these assumptions are not true and the expressions get slightly modified when ihese
assumptions are taken into consideration,

7

R branch

\

[T p——
low resolution

R bmnch ’ P’bmnch

D, M s

" high resolution

Fig. 4.11: The vibrational rotational infrared spectrum of a distomic molecule with rigld
rotator and harmonic oscillator model :

4.5.3 Symmetric Top Vibrating Rotator Model

As mentioned in Unit 3, a diatomic molzscule can be considered as linear rotator if
mass of electrons is ignored, The moment of inertia in the direction of the internuclear
axis is zero and the moments of inertia in the other two directions (x, y) perpendicular
to this axis are equal and nonzero. In case the mass of the electrons is also considered
the moment of inertia in the z-direction is small but finite and therefore, I, = Iy >>1,

This is referred to a symmetric top model, The selection rules under these conditions
for vibrational-rotational transitions get modified as Av = =1'and AJ = 0, +1. The
molecules belonging to this category thus will have all the three (P, Q, R) branches
allowed and the infrared spectrum has a central branch (Q) surrounded by two
branches P and R on the low and high energy side of the Q branch. It is found that for
HCl molecule only P and R branches are observed in the vibrational rotational
infrared spectrum whereas for NO molecule all the three branches observed.

Vibrational Spectra
of Diatomic Molecules
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con e Loncepts anc Kofational . momentum. Thus, these elements can be considered similar to hydrogen atom as far as

Spectra their spectrum is concerned. The encrgy level diagram of sodium is shown in Fig. 1.13.
. i Piasn Dy
. . 2 . E
| F-—‘- ? P’k | — . ' . Eion
= 5d
2 = .
©. 8 g n
¢ 4 = I -
L E |
3 Sl/z

Energy level diagram for transitions
corresponding to D-lines of sodium.

Fig. 1.13: The energy level dlagram of sodium aton.

Here, the 3s electron will require least éncrgy to get excited as compared t'oy the inner
electron of first and second shell. Similar to the hydrogen atom, there are two energy

levels available (corresponding toj = % andj = %) at the 3p, 4p, ... etc. levels. The 3s

electron can b excited to any of these two 3p levels and the energy required for these

excitations éorrcsponds‘§o~588.995 nm and 589.592 nm. These two lines of atomic

spectrum of sodium are commonly known as D-lines (Fig. 1.13). Also note that on

further absorption of energy this electron from 3p levels can be promoted to higher s

and d states (A/ = + 1), But we will not go into details of these transitions and stop

our discussion of spectrum of sodium here. Other specics such as Het, Be* and B2+
, which have one electron in their outermost shelll show a spectrum similar to hydrogen,

For 35 to 3 (or 4p, Sp,... :

transitions, Al = +1, s

SAQ 4

Calculate the difference in the energy of the encrgy levels in J units corresponding to
two D lines in the atomic spectrum of sodium if A 7= 17.19 cm™.

serenee ree sene Cesterarrarvitnare eressersrecesrriiivansane orear
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1.7 MULTI-ELECTRON SYSTEMS

So far, you have studied about the spectra of atoms coﬁtéining a single electron in
' their outermost orbit. In this section, we will discuss the spectrum of multi-electron
: ' atoms which have more than one electron in their cutermost orbit. ’
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In these kinds of atoms, mtcrelectromc interactions also affcct the cnergy states. There v

are two ways in which the orbital and spin angular momenta of many electron systems
can combine, The first method is called the L-S coupling (or the Russel-Saunders

~ coupling) and the second method is called thej -J coupling, Let us now study about
these two schemes. We will discuss L-S coupling in detail because it is more relevant
to our discussion regarding llghter elements. ‘

AN

L~S Coupling .

This scheme of couplmg explains the atomic spectra of elements having atomic

number upto 30 In this method, we assume that the orbital angular momenta of all the

electrons combiné to nge the total orbital angular momentum, L. Similarly, the spin

angular momenta of various electrons can be combined to give total spin anguliar

momontum, S. Finally, the total orbital angular momentum and total spin angular
momentum could be added to get the total angular momentum, J.

vL (L + 1) in units of It

,where L is the total orbital angular momentum quantum number and can be obtamed
according to the following equatiru for the electrons 1 and 2. :

L=| (11.'”2) IR SR l -0 |

| Total orbital angular momcntum L] = ~(1.23)

- (124)

mxlarly we can wrnte total spin angular momentum, S of individual electrons 1, 2, ...
ctc, as .

VS (S + 1) in units of - (1.25)

where § is the total spin quantum number of individual electrons. It can be obtained
by summation of the individual quantum numbers s;, 5y, ... etc. of electrons 1, 2 etc.

and can take the values as

s 1=

§= ] (5, +55) [ | (1 +5,-1) oo L Gy =5p) | - (1.26)
Now, we have L and S as given by Eqs 1.23 and 1.25 and can calculate J. For this the L
~and S can be obtained from Eqs. 1.24 and 1.26and combined to giveJ such that

I= | @+ | | @+85-1) |,y | €-9) | o (127)
This total angular momentum quantum number, J is related to total angular
momentum, J, as

| 3| =VI ¢ +1) in units of & . (128)
Thus, from the above equation, we can calculate J values 'correspondixig to various
values of J, which correspond to various energy levels for a given atom.

With this we finish our discussion ofl L-S coupling. Before going to the next section
which deals with the Atomic Spectrum of Helium, let us briefly go through what is
known as j-j coupling. For larger atoms, the orbital'angular momentum and the spin
angular momentum of each individual electron is combined to yield total angular
momentum / as given below: » \ :

hts=);

Then, j,, j,, ... for all electrons are combined to finally yield J as

A=jtit

Let us now study about the atomic $pectrum of helium.

Spectea of Ateis

Eq. 1.24 is also known as
Clebsch~ Gordan series.

Note that
L=2%

where I, is the'angular momentum
of individual electron.

Z m ,i

Also, M; =
om, .
where - /i is the z component of

angular momentum of individual
electron and M;, gives the

component of fotal angular momentum
in the z - direction.

Similarly
§==Z 5"_

wheres; is the spin angular

momentum of the mdmdual
electron,

Also,
MS = z mti

where m,, is the 2, — component
i '

of spin angular momentum of

individual electron and My is the

component of total spin angular
momentum in the 2 ~ direction.
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(i) At hxgh resolution rotational fine structure shows P and R branches ana
a dipis:observed in the place of Q branch since transitions with AJ =0 -
are rot allowed.

Terminal Questions

1.

2.

hv@c \b(s

The energy of the molecule at v = 0, i.e. at vxbratnonal ground level is
called zero point energy.

Av=x1for harmomc oscillator

Avs *1 ;t2 +3 etc for an anharmonic oscxllator

- 22 540 cm™!
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5.10  Appendix

5.1 INTRODUCTION

In the previous unit, we learnt the principles of vibrational spectra of diatomic
molecules. We have explained the aspects like spacings between vibrational levels and
also the concept of zero point energy. The vibration-rotatioy spectra of diatomic
molecules have also been discussed. i

In this unit, we will study the IR spectra of molecules containing more than two atoms,
i.e., polyatomic molecules. First, we shall discuss the number of vibrational degrees of
freedom for linear and nonlinear molecules, We will proceed to explain the energy
level scheme for water molecule., Then we will learn to identify the presence of
functional groups in organic compounds with the help of chart of group frequencies.
We will also discuss how the isotopic substitution, inductive effect, resonance effect,
hydrogen bonding and'steric effect affect the group frequencies in IR spectra. Finally
in the Appendix part,,we shall outline the steps involved in the analysis of IR spectra
of molecules, f . _ .

Objetives - : o
After studying’ this unit you should be able to: ’

e calculate the number of vibrational modes in polyatomic molecules,
& discuss the energy level scheme for water, - . . : o

-
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‘Baslc Coucepts and Rotatlonar
Spectra

~ Term symbol of this atomic state ¥ T 1L y will be 331.

'l“hu;:. the configuration 1s12p‘.

gives size to 113, (singlet) aswellas

: 3(’2‘ 1, 0 (triplct) states.

!

" Thus, tae term symbols for this level will be

_ should also keep in mind that the subscript gives the value of J, the total angu]ar

26 )
COCHETOME)

. For the 152.9 iriplet level.

But if the helium ‘é'tb‘r;;i"smé.l;é;(i*)ﬁl'iﬁ}géent in the excited triplet state, its configuration

‘in the lowest level will be 1s'2s}. From this level one electron can be excited to higher
 triplet levels. (A 8 = 0). These transitions are shown in Fig. 1.14 (b). Let us study the
transition from 1s2s.to 1s2p level

M, = mg +mg,

1.1
=27%2
=1; hence S=1.
L=li+lL,=0+0=0

J=L+S=0+1=

For a 1s2p level (which is an excited state).

= 1. ThusS = 1.

: 1.1
"M =msl-+ms2=~2-+-2-

So, " 25 +1=2x1+2=3

I(l +1 )] l(z 41, = )] ...,[(zlwz)]
:=(0+1),(0+1w1)),...,[(0~1){=1,o ‘
7 = @4 8) |5 1)) (L-5)]
=[(L+S) ] (L +5-1)|...| (L= $)|

=(1+1),(i+1-1),(1j‘})

=2,1,0

2841y Z2X1¥1
Ly P, 10*1’210

Thus, lhxs k:vel has thrcc states correspondmg to Pz, Pl 3P0 Its tnplet nature is
indicated vy the 25 + 1(= 3) value as a superscript in the atomic term symbol. You

momentum quantum number associated with a particular state.
Let us now come to'the transitions from S to 3P, Py and Py states.
To check whether these a{é allowed or not, let us calculate J for them,

For 3§ e 3Py AJ=2-1=1

For %) —————> P;AJ=1-1=0

and .  For3§;————> 3P;AT=0-1=-1
“Thus, AJ =+ 1,0apd-1.
¢ o ; )

This is in"iiccordance with the selection rule AJ = 1, 0. So these transitions are
allowed. Thus, these transitions will appear as triplets in the atomic spectrum,
. ‘ Cy
Further transxtaons from 3P states to 3D or 35 states are possible and give complex :

patterns. But we will not go into details of these transitions and that is the reason why
these transxnons are not shown in Fig, 1.14 (b).

:



At this stage, it is enough for you to know that the spectrum of helium shows two types
of transitions, viz., from singlet to singlet and from triplet to triplet states. Since

A S = 0, transitions from smglet to tnplet or triplet.to singlet states are not allowed
and are callcd spin forbidden transxtlons !

The alkaline earth metals such as berylliuﬁ’l magnesium, calcium etc. and other
species having two electrons in their valence shell show spectrum similar to that of

helium.
SAQS S , o .

Why for the ground state of He atom having configuration 1s%, triplet state (S = 1)is
not possible? -

sresssesaraseeeiostiniearriortsestrsntraanne vessrsrseses ereracssrenees

1.9 SPECTROSCOPIC STATES OF CARBON

“The electronic configuration of carbor is 1s% 252 2,02 We can term the two electrons in

27 orbital as equivalent as they have same values of » and /. The 1s and 2s orbitals
bcmg completely filled, do not contribute to the angular momentum. Therefore, only

2p electrons will be responsible for the angular momentum, For these two electrons,
ly=Tlandl, =1,

s , f{gl(q +12)L!(ﬁ~+12-OLJ(Q +f2-1n.;1(1l~lzn
='|<1+1>|,:<1+1--:>1,1(1+1—2>i

‘Hence, the correspongmg ctates will be denoted byD Pand §. Smularly, S canalso
take values 0 and 1, depending upon whether the spins are paired or not. So, we have -
singlet and triplet levels for each of D, P and S states Thus, thc possible states are

%%%b%m%

By applying Pauli’s cxclusxon principle, we can derive the allowed energy states which

are p,1s and 3P states. To determine which onc of the three states is a ground state,’

Hund’s rule is used. According to this rule,

Splitting doe # aso
10 spin-orbit {2j + 1) lines
interaction in magnetic field
1 1
S S .
0 [ j= 0 1
'
2 iwg
= §
P
e ju 2 5
3
P’ je=1 3
A
AN ) j=0 e 1 ‘

Fig. 1.15: Energy level diagiam for carbon.

Spectra of Atoms

Helium atoms in singlet states
constitute parahelium and those in
triplet states constitute
orthohelium, Ordinary helium is a
mixture of parahelium and
orthohelium, Parahelium and
orthohelium are inter convertible
by exchange of encrgy.

27
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Degeneracy of a vibrational mode
is the number of normal modes
“which have same energy. For
instance, the degeneracy of v3
mosde of CO3 is two since the two
bending modes (in-plane and
out-of-plane) have same energy.

ana ¢) wilc a nominear riatoie molcCulc dtds Oy OIT DERGIE VIDEALIDI J.4 L),
Thus for a linear triatomic molecule (e.g., CO,), we could expect four vibrational

modes, two stretching and two bending. Both these bending vibrations are identical in
all respects except the direction. Such vibrations have same frequency (and cnergy)
and, are said to be degenerate. For instance, the two bending vibrations of CO, are

degenerate. As a result of this, only three absorption bands are found for CQ, - two

corresponding to the stretching vibrations and one to the bending vibration, A
nonlinear angular triatomic molecule (e.g., HyO) also has three vibrational modes, two

being due to the siretching modes and one due to the bending mode. The difference
between the linear and nonlinear triatomic molecules lies in the degeneracy of the
bending mode of the former.

Using the materials in this section, answer the following SAQ.

SAG T
State the number of stretching and bending modes of C,H,.

T T T T T T P T T Ly P R R e R L I R A A LA AL L]

....................................................................................................................

53 IR SPECTRA OF SOME POLYATOMIC
MOLECULES

First we shall discuss the IR spectrum of simple molecules like H,0 and CO,.

5.3.1 IR Spectrum of H20 Molecule

As mentioned in the last section, water, a nonlinear molecule, has three normal modes
of vibrations. Fig.5.3 shows the IR spectrum of water in an inert solvent.

100' . »

ERRR

Transmittance (%)

0 0
3800 ° 3400 3000 2600 2200 1800 1400 1000 600
Wavenumber / e

Fig.5.3: Infrared spectrum (schematic) of H20 in an inert solvent showing three dominant
absorptions.

We can notice two sharp bands at higher frequency region-(at 3756 cm™ ! and

3652 cm—i) ax;d one sharp band at lower frequency region (at 1595 cm"l). Group
theory can be used in assigning vibrational modes to the observed IR absorption
frequencies. Two examples (H,0 and NH;) are discussed in the Appendix part of

this unit. The frequencies at 3652 em™, 1595cm ™! and 3756 cm™! are associated
with symmetric stretching, symmetric bending and antisymmetric stretching modes,




TESPAALIVARAY. AL LHG HLATLL VIDTATOoNnS arc associaled with a change m dipole moment, tndraved Spectra of
.y s ) Polyatomic Molecules

which is a necessary condition for a vibration to be infrared active. It is also

possible to draw vibrational energy level diagram corresponding to these three

bands as in Fig. 5.4. The quantum numbers for each of the vibrational levels are

shown below vy, v, andv,. The quantum number notation is useful in identifying

each of the energy sublevels. For instance, ‘000’ means v, = v, = vy = 0; ‘010

means vy =0, =1 and v3 = 0; ‘020’ means v, = 0, v, = 2andvy =-0 and so on. The notation ‘000 means that the

You can see that the wave number corresponding to the energy difference between Mmolecule is in the vibrational energy
level givén by the quantum numbers,

E(100) and E(000) is 3652cm ™! ; the wave number corresponding to the encrgy v1vavs) = (000).
difference between E(010) and E(000)is 1595 cm ™" and the wave number

corrcspondmg to the energy difference between E{001)and E(000)is 3756 cm ™. The
three vibrational modes which are assocxated with the three IR bands are similar to those '

shown in Fig.5.2. .
Y1 R vz ] . Vg
- (002) - -=(002)
(200) ===+ = e (200)
i (040) =--cmmmimm e (040)
030) ====-mmmmm e 030
? 030 (030)
‘s i
e w111 § B (001)
By R § [0} i etieieebbieh S bl thb b bbb At bbbt
(020) =====mmommeep e (020)
] 3756 cm
. «1 .
3652 cm e e (1)11) KRN RS (010)
1595 cm™
— (000) -======-- B (000) ==~==- (000) -~ (000)
Symmetric : Symmetric Atisymmetric
stretching bending stretching

Fig. 5.4: The three vibrational energy levels for water molecule.

The quantum mechamcal vibrational energy of a polyatomic molecule containing N
atoms is given by,

v

Eivy..)=hc 3 (vi+d;/2)% (summation over allv;)

wherev; d; and¥; are the quantum number, degenefacy and fundamental frequency for a
particular vibrational mode, v;. In case of H,0, this equation can be written as

E(vyvyv3) = he [((v, + 1/2) 3.652 X 10°) |
+ (v + 1/2) 1.595 X 10°) + ((v3 + 1/2) 3.756 X 10°) ] J  Unit of & = units of hcy

1
=Jsms m

since degeneracy is 1 for each of the modes in H,0 molecule. =7
Using this equation, we can calculatc the total zero point energy for H,0 moleculc as

shown below: : _ ‘
[ g cs X : s _ 29
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This is diagramatically represented in Fig, 1.16 below.

* No Field o Field Applied m,

&
/% |
AN
1 t
& F

_**‘/2 (‘* Y &A?Bs)

%5 o ‘; ,
7% \ Zg:ﬁBx *1/2 (*I&Sam:)
o -w«m"i i ' i n-e»an"’.'
E;ﬂ;;ums ofspecxmlorm A
applied field,

Flg.L.16: Spiiiting of varlous energy levels in the presence of magnetic field.

Thus, a transition from the lower 28 1 level to .zPl level (which was a single line in the
: : 5

absen<e of magnetic field) will show four lines according to the four transitions

~ possibie in the presence of magetic field. In other'words, we can say that the original

single L ne in the absence of magnnetic field is spht into four lines in the presence of
magnetic field. Here, the additional selection rule is Am; = 0, x1. Sirilarly, a

transition from %51 to 2P3 yields 6 lines in the presence of magnetic field.
2 2 .

- Let us now understand the magnitude of splitting of thcsc lines. If we calculate g, for

/S_l_, 2}’1 2P3 levels using Bq.1.30, we get, g, = 1, 3 d%, respectively for these

levels These valucs are in the ratioc 3:1:2. Since splitting is proportional to g, these
levels are split in the above ratio. In other words, we can say that splitting is not
uniform.or equal for all the levels. This is known as anomalous Zeeman effect.

\ Now, you may be curious to know what is normal Zeeman effect? When the

splitting of levels is identical in the presence of magnetic field, then the effect
is known as normal Zeeman effect. For example, in helium atom - consider the -
singlet states, For these states 25 + 1 = 1. It yields, § = 0. Then, L = J, Thcreforc
from Eq. 1.30.

J(J+ 1)+S(S+1):~L(L+1)

&= 270+
14O +O-LEL+T) : ,
2+ 1) o [sincc L =T -
1 U ) T+ L (L+1) = J(J+1
-;+A S ~1+0-_1 | (A ) =Ji )]’




Therefore, from Eq.1.33, when g, = 1 splitting will be identical and proportional to the Spectra of Atoms

applicd magnetic field only and will have a constant value for a parncular value of the
apphud magnetic field, B,.

Thus, the Zeeman‘cffect gives very useful information which can be used to deduce the
term symbols in the following way:

i)  Number of lines obtained in presence of inaghetic field is related to the J value
of the initial and final states involved in that particular transition. :

i) g, values obtained from'the splitting tell about the L and S values of the ¢electron
undergoing the transition. ' ' ‘

In the next two sections, you will study about two techniques which help us in the .
experimental determination of energy levels of atoms.

1.8 X-RAY FLUORESCENCE SPECTROSCOPY

When an X-ray or a fast moving electron collides with an atom, its energy may be
absorbed by the atom. In case the energy is sufficient to knock one of the electrons

from the inner shell (X, L. M, etc.) of the atom, it removes the electron creating there

a vacant position. Then, the outer electron falls into this vacant position and the X-ray
photons are emitted in this process. The X~rays so emitted are characteristic of the
element bombarded. : N

Fig. 1.17: Varlo:‘us shells of an atom.

Here, you should note that within a shell, there are many energy levels. The electron
can be knocked off from any one of these levels (transitions between these may also
‘take place) giving risetoa range of radiation, This is shown in Fig. 1.17.

In case the initial excitation is brought about by X-~rays, the phenomenon is known as The innermost shell is X shell and
flourescence. In this case, the spectrum so obtained is termed as X-ray fluorescence e madmum amount of energy is
spectrum, In such a spectrum, the emitted radiation is aiways lower in energy than the required to remove an electron
px(;ltmg X-rays. from this shell, »

When the transition of the electron (to fill the gap) takes place from tth to the K
shell, the lines appearing in the spectrum are called K, X-rays. These can be further

subdivided as Kap Kc‘2 ... etc. corresponding to the electrons originating from the

various sublevels of the L shell. This is shown in Fig, 1.18.
o . .31




IR and Rnman Spect ru‘
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Wavenumber / cm™

Fig.5.6: Spectrum of symmeftric stretching vibration of HCN molecule showlngl’ and R
branch lines.

For larger molecules, the value of B may be so small that separate lines can no Jonger
be resolved in the P and R branches. In this case, rotational fine structure is lost and a
typical PR contour is seen (Fig.5.7).

A nonlinear molecule cannot nge rise to such a simple PR band and so, obsc: vation
of PR band somewhere within a spectrum is a sufficient proof that the me‘ﬂc':!e is
linear or nearly linear. ‘

Wavenumber / cm™

Fig.5.7 : Typical PR contuur arklng due to low resolution.
Perpendicular vibrations of linear molecules
“Thé selection rule for these vibrations is given below:

Av=x1  AJ=0,%1 for simple harmonic vibration




Infrarcd Spectra of

This means, a vibrational change could take place with no simultaneous rotational
Polyatomic Molecules

transition. You may remember that AJ = 0 corresponds to Q branch. The nature of
the spectrum then depends on the difference between B values in the upper and lower
levels, Normally these two values are not much different with the result that Q branch
appears as a broad absorption band. If the rotational fine structure is unresolved, this
band has the distinctive contour as shown in Fig. 5.8.

A

Fig. 5.8 : " The contour of PR band under low resolution.

The utility of studying vibration-rotation spectra is more for nonpolar molecules like
CO,, C;H,, CH, etc. for which dipole moment is zero. These molecules do not give

rise to pure rotation spectra. These molecules however show infrared or Raman
spectra. If these spectra exhibit resolved fine structure, the mement of i mertxa of, the
molecule can be obtained. :

Although nuclear spin also has a sngmﬁcant effect on the rotational fine structure of
vibration spectra, we do not intend studying the same. ! :

Answer the following SAQ’s.

SAQ 2 y Lt

Assuming that 7;, 7, and ¥ of CO, are 1340 cm ™%, 557 cm™ and 2349 e ™, caleulate

its zero point encrgy.
(Hint : Degeneracy (d;) is 1 for v; and v4 but 2 for v,).

: ¢
Calculate the wavenumbcrs of the-first and second overtones of v, of CO. 5. Use - S

¥, from SAQ2.

« UGCHE-10(16A) .
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IR and Ramun Spectra

54 GROUP FREQUENCY CONCEPT AND
CHART OF GROUP FREQUENCIES

The normal modes of vibration can be divided into two types, namely, skeletal
vibrations and the characteristic group vibrations. The skeletal vibrations involve
~ displacements of all atoms to the same extent. The skeletal vibrations usually fall in the

- range 1400700 cm ™, The ether linkage, saturated hydrocarbon chain, aromatic
rmgs etc. give rise to skeletal vibration bgmds A complex pattern of bands may occur
in the IR spectrum of a compound which could be identified as due to a particular
skeletal structure. We shall discuss this later in t}us section,

The second type of normal modes known as the characteristic group vibrations
involve the displacement of only a small portion of the molecule independent of the
rest of the molecule. The absorption bands which arise due to the characteristic group

- vibrations are called group frequencies. The group frcquenucs are in general
independent of the structure of the molecule as a whole.'A few instances of the
perturbation of group frequencies are discussed in the next section.

Many commonly occurring functional groups such as ~CH;, >C=0, —NH, cte. have

characteristic group frequencies when they arc present in a molecule. For example, all
compounds containing a —CHj group possess absorption bands in the region of

Fi

. 2950 cm_1 (stretching) and 1400 cm™? (bél{ding). Similarly all compounds having the
>C=0 group have a strong band at about 1700 cm™ L, Such group frequencies are
listed'in Table 5.3 which is also known as chart of group frequencies,

~Table 53¢ Group Frequencies

“Group ' Intensity Range/cm ™!

" A.  Hydrocarbon chromophore

\ C-—H STRETCHING
i a. Alkane o (mes) | 2962-2853
‘ b, Alkene | (m) 13100-3000 .
c. Alkyne ‘ ; (s) 3300
d. Aromatic T (v) - 3030
2. C—HBENDING ) .
a. Alkane, C—H W) T 1m0
A  Alkane, CH, R | 1485-1445
Alkane, CH3 o (m) ’ , 1470-1430  and
. ' (s). 1380-1370
. . ’ (. . RN
,'\ : S : “Alkane, gem- -dimethyl (s) ‘ 1385-1380 and
P (doublet) o o (s) : 1370-1365
 Alkane, tert- butyl : (m) 1395-1385  and
(doublet) : (s) .~ 1365
. b, Alkene, monosubstltuted ‘ (s) 995-985
; (vmyl) » " (s) : 915-905  and
- ’ (s). 1420-1410
Alkene, disubstituted, cis ) (s) 690
, , 2 ~Alkene, dxsubstxtutcd (s) 970-960  and
34 T P trans : (m) 1310-1295

e B
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Group Intensity Range/cm"l
Alkene, disubstituted, (s) 805-885  and
gem. - (s) 1420-1410
;  Alkene, trisubstituted () | 840-790
c. Alkyne (s) 630
d.  Aromatic substitution type:
Five adjacent hydrogen atoms (v,8) | 750 and
‘ v v,8) 700
four adjécent hydrogen atoms (v,5) 750
three adjacent hydrogen atoms o (v,m) 780
two adjac:ant hydrogen atoms (v,m) 830
o one hydfogcn atom , | (v,w)z 880
' .2, C—C MULTIPLE BOND STRETCHING
. ~a.  Alkene, noncohjugatefd | ) 1680-1620
‘:\ Alkene, monosubstituted (vinyl) (m) 1645
Alkene, disubstituted, cis . (m) 1656
Alkene, disubstituted? trans (m) 1675
Alkene; disubstituted, gem (m) 1653
© Alkene trisubstituted (m) 1669
Alkene tetrasubstituted O 1669
b.  Alkyne, monosub‘stitu‘ted (m) 2140-2100
Alkyne, disubsﬁtuted (v,w) 2260;2190
. Aromatic | Q) 1600
| ) 1580
(m) . 1500 and
(m) 1459
B. Carbonyl chromophore
1. KETONES
a. . Saturated (3§ ’ 1725-1705
b a ﬂ-—Uﬂsatixfated (s) - 1685-1665
. Aryl ‘ (s) 1700-1680
2, ALDEHYDES
{‘aﬂ Carbonyl stretching 4
A'.Sat‘u,rated, aliphatic, (65 1740-1720
a;. B-Unsaturated, aliphatic (s) 1705-1680
Aryl <0 1715-1695
: b. C—-H stretching - 'b (w) g 2900-2820- ar;d
: (two bands)  * W) .. - 2775-2700 '

o
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IR and Raman Spectra Grdup Intensity Range/cm"l
3. ESTERS
- a Carbonyl stretching ‘
Saturated, acyclic ' (s) : 1750-1735
Saturated, cyclic: .

6-Iactonés (and larger rings) (s) . -1750-1735
y- lactones - (s) - . 1780-1760
B-lactones | (s) 1820

. Unsaturated;
Vinyl ester type (s) 1800-1770
@, B-unsaturated and aryl (s) 1730-1717
a-ketoesters (s) 1755-1740
B-ketoesters (e;xoli'c) ( (s) 1650

b. C-O stretching

All types of esters stated above; (s) . 1300-1050

one or two bands ’
4. CARBOXYLIC ACIDS

, &  Carbonyl stretching;

Saturated aliphatic (s) 17251700
a, B —unsaturated aliphatic (s) T - 1915-1690 )
Aryl , (s) : 1700~1680
b.  Hydroxyl stretching : (w) 2700-2500
(bonded), several bands :
¢.  Carboxylate anion - (s) 1610-1550  and
- stretching (s) - 1400-1300
5, AMIDES
a.” Carbonyl stretching
Primary, solid and concentrated (s) 1650
solution
Primary, dilute solution (s) 1690
Secondary, solid and (s) 1680-1630
concentrated solution :
Sccondary, dilute solution (s) 1700-1670
7 .
Tertiary, solid and all solutions (s) 1670-1630
b.  N—H stretching o
Primary, free: two bands (m) ' 3500  and
) (m) 3400
Primary, bonded: two bands (m) 3350  and
- (m) © 3180
. Secondary, free: one band | (m) 3430

36 : v Secondary,bonded: one hand (m) - 3320-3140




¢

Group Intensity Range/cm“l
c. N—H bending -
Primary amides, dilute solution (s) 1620-1590
Secondary amides, dilute solutioh (s) 1550-1510
C. Miscellaneous chromophoric groups . ‘
1.  ALCOHOLS AND PHENOLS |
a. OiH stretching - ,:
Free O-H (v, sh) 3700-3600
Intermolecularly hydrogen ‘ L
bonded (changes on dilution)
single bridge compounds (v, sh) 3550-3450
Poljmcric association (s,b) 3400-3300.
Intramolecularly hydrogen.
bonded (no change on dilution)
‘Single Bridge compounds (v,sh) 3570-3450
. Che}atc_z compounds (w,b) 3200-2500
b. O-H bending and C-O
stretching
Primary alcohols (s) 1050  and
(s) 1350-1260
Secondary alcohols. (s) 1100 and
: {s) 1350-1260
Tertiary alcohols (s 1150  and
(s) 1410-1310
Phenols (s) 1200 and
‘ (s) 1410-1310
2. Ethers
' 'c-0 stretching o
Dialkyl ethers o) 1150-1070
Alkyl vinyl éthers or (s)’ 1275-1200  and;
alkyl phenyl ethers (s) 1075-1020
3. AMINES
a. N-Hstretching ‘
- Primary, free; two Bands> (m) 3500 and
: (m) 3400 '
Secondary, free; one band (m) :3500-3310
Imines (=N-H); one band (m) 3400-3300
b. N-H bending
Primary (s-m) 1650-1590
‘Secondary (w) 1650-1550

Infsared Spectra of
Polyntomic Molecules
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Group ‘ Intensity . Rangé/?cm*l
c. C-Nstretching N _ : . '
Aromatic, primary | (s) 1340-1250
Aromatic, secondary (s) 1350-1280
Aromatic, tertiar'y (s) ' 1360-1310
Aliphatic : o (w) . 1220-1020 and

(w) 1410
4, UNSATURATED NITROGEN COMPOUNDS

a. C=Nstretching

Alkyl nitziles (m) ' 2260-2240
a, B — Unsaturated alkyl nitriles (i) | 2235-2215
Aryl nitriles B (m) 2240-2220

b. © C=Nstretching
- (imines, oximes)

Alkyl compounds ) \¢ 1690-1640
a, 8 — Unsaturated compounds o ) 1660-1630
c.  C—NO,, Nitro compounds a :

_1 ’ ~ aromatic (s) : 1570~1500 and |
o (s © 1370-1300
aliphatic (s) 1570-1550  and
: (s) 1380-1370

5. HALOGEN COMPOUNDS

C-X stretching o
a. C-F - (s) 1400-1000
b, C-Cl \ W 800-600
¢c. C-Br (s) 600-500
d. CI T sy 500
6. SULFUR COMPOUNDS
a.  $—Hstretching W) © 2600-2550
b. =S stretching (s . 1200-1050
¢.  S=O0 stretching \ ‘
Sulfonamides (s) 1180-1140  and
(s) . 1350-1300
Sulfonic acids (s) 1210-1150
(s) o 1060-1030 and
(s) ' 650

Abbreviations: s = streng, m = medium, w = weak, v = variable
. b = broad, sh = sharp. :

Now we will investigate in a detailed way the characteristic regions of IR absorption
using which it is possible to identify the functional groups. We know that IR region

falls between wavenumbers 4000 cm ™! and 600 cm ™. The whole iegion can be divided



into four distinct regions to facilitate easy identif’cation of functional groups in a
polyatomic organic molecule. The four distinct regions of absorption are given below:

4000 — 2500 cm™*
2500 — 2000 cm ™
2000 — 1500 cm™?
1500 — 600 em™*

4000 — 25(\10 cm reglon

The absorption occurring due to stretching of X-H bond (X =0, N and C) falls in this
region. For organic compounds, the stretching vibrations noticed in this region
mvarnably point out the presence of O-H, N-H or C~H This region extends upto

2500 cm™

The O-H stretching band occurs at 3700 3600 cn; ! when not involved in
hydrogen bonding. It is a relatively broad band. The O-H group of alcohols and

. phenols gives absorption in this region. Regarding the O-H stretching frequency of
carboxylic acids, we shall discuss shortly under hydrogen bonding cffect in Subsec.

5.5.3. The N-H stretching can be noticed between 3500 and 3100 cm™ !, The amines
and amides give absorption in this region. The primary amines (having ~ NH,

group) show a doublet structure (two sharp bands), while secondary amines,
(having > N-H group) give only one sharp band. The tertiary amines -
understandably do not show absorption as these do not have N-H bond.

The C-H stretching from aliphatic compounds also occur in the range of 3300-2850

cm™L, They are moderately Froad. A little care has to be exercised while identifying
+ C-H str‘etching, because C-H stretching of aromatic compounds occur.as shoulder

‘above 3000 cm™ 1 To be precxse, the shoulder of aromatic hydrogen atoms can be
noticed around 3030 cm™ L. The antisymmetric and symmetric stretchings of methyluu,
(> CH,) and methyl ( ~ CHj) groups can be seen between 2965 and 2880 cm™ . ! The

~ C-H stretching vibrations of alkenes occur between 3100 and 3000 cm ™ while those of

" alkynes occur around 3300 cm ™1,

2500 — 2000 cm ™ region

The compounds containing triple bond absorb in this region, The triple bond
corresponds to bond order three. The strength of the bond and hence the force
constant is high. Since the vibrational frequency is directly proportional to the squarc
root of force constant, the triple bonds absorb at higher frequency as compared to

~ double and single bonds.

The carbon-carbon triplﬁe bond (—~ C=C --) absorbs between 2300 and 2100 em™?

The band is normally of weak intensity, The nitrile group absorbs between

2300 — 2200 co ™%, Further the band due to nitrile group is of medium intensity. Only
by the intewnsities of the bands, these two groups can be distinguished. The change
involv> 1in dipole moment is greater for —' C = N group than for — C = C — group.
This is the reason for greater intensity of band for — C = N than for— C = C ~ group.

Iufvired Spectra of
Polyatomic Molecules
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2000 — 1500 cm“‘% région

All compounds haviné double bond show absorption in this region. The groups which
exhibit significant absorption in this region are >C = C< and >'C = O. Among these
two, the C=O stretching s easy to recognise in the IR spectra. It is an intense band
observed between 1830 and 1650 cm;wl . This absorption helps in identifying carbonyl

group in organic compounds.The C=C stretch is much weaker in character and

can be noticed around 1650 cm ™!

1500 —600 cm ™! region

We have so far dealt with the groups which absorb above 1500 em™ L, Itis also easy to
assign the bands above 1500 (;m"1 to a particular group. But below 1500 em ™Y, it will ,_

‘not be easy to assign the bands. Especially in the region 1450-900 cm™}, even

structurally similar molecules give different absorption patterns. This is the reason for
referring to this region as fingerprint region.

In this region, many of the single bonds such as C-C, C-N, c-0
absorb, apart from absorptions due to skeletal vibrations mentioned at the beginning

- - of this section. Further, there will also be coupling of vibrational bands. For example,

C - C stretching frequencies can couple with C~H bending vibrations. Much useful
information can be derived from the finger print region. We shall now see briefly the
charact~vistic absorption in this region.

i) The C - H stretching is between 1400-1000 cm™ ! and it is an intense band.

i) The aromatic rings and alkenes in general give rise to out-of-planc C-H

bending vibrations and can be seen between 1000-700 cm™L,

iif) In substituted benzenes, the spectral pattern in this region give information
whether it is monosubstituted or 1,2-,1,3- or 1,4- disubstituted. This is because
C-H bonds adjacent to these substituted positions appear distinctively in

850-690 cm ™1 region. The position of absorption band -aries with respezt to
substitution pattern as shown below: , '

Monosubstituted ' 759 mei,aﬁ 4700 em™"
odisbstiutst 750 o™
m-disubstituted | 780 cm™~ L 5
p-disubstituted 830 cm ™t

ivy . The cpmpound contaixﬁng gem-dimethyl groups (> C(CH,),) has a doublet
band at about 1375 cm ™2, A

V) The compound containing a chain of at least four methylene groups shows
band at 720 cm ™. y ‘ ‘

We shall discuss the applications of IR spectra ‘n structure determination in Sec 5.6, -

SAQ 4

The infrarcd spectrum of 2-mzthyl propan-1-ol has the following absorption bauds:

2400 cm™! (broad)

2260 ¢m™! (medium)




Infrared Spectra of

1450 cm"l (m&’x‘liilm) } ' Polyntomic Molecules
1380 ecm™! (sharp doublet)

1370 ot 1 .

1050 cm™? (shar‘p)‘

Inndicate the groups responsible for these bands.
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5.5 PERTURBATION OF GROUP
FREQUENCIES a

"The frequency of a particular IR band can be altered due to isotopic substitution,
electronic effects, hydrogen bonding or steric effect. These aspects areto be
understood carefully in order to derive useful information from the infrared spectra of

compounds.

5.5.1 Mass Effect

The xsotopxc substitution causes 2 change in‘the reduced mass of a functional group.
Since the vibrational wavenumber is related to the masses of atoms, the change in -
reduced mass causes.a change in the wavenumber of absorption. Let us illustrate this
by seeing the effect of deuterium substitution on the wavenumber of absorptxon of

C-J—I bond.
_ L 1/2 ’ 172
VC~D _ ,uc__H n ( mc . ’nH ) (’nc + 771D) NA)
Vo-p .\#C-DJ kNA (mc + my) me " mp 2
) ‘ ' ¥ is proportional to e “since,
X _ 172
mH (’nc + mD) . 7= ,__1__ [‘..
= . e Y u
) (mC + mH) - nmnp )
where mq, my ard mp are the atomic masses of carbon, hydrogén and deuterium and
N is the Avogad-o constant.”
‘Vc D_ (1x(12+2) V2
Veon \(2+ 1) x2
7o \172
14
= ( 13 % 2) = (.7338
Hence, 'VC"‘D = (.7338 VC"H
= (0.7338 X 2900) cm ™} (since gy = 2900 cm ™Y
_ -1
= 2128 cm
Thus, we see that the substitution of heavier isotope reduces the vibrational frequency
of a bond. This aspect is of much value in the IR spectral analysis of compounds and in
the assignment of IR frequencies to a particular mode of vibration. Two more :
examples of the effect of isotopic substitution on IR frequency are given below. The 41
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The rotations, s, C§ and C3 in
NH; and BF; can be explained
using the figures given below. As

. far as NH; molecule is concerned,
it must be realised that the three

" vertices of the equilateral triangle

represent the three ;iydrogen
atoms of NH; while nitrogen atom
is above the plane of equilateral
triangle so that the shape of the
molécule is trigonal pyramidal, In
case of BF,, the three vertices of
the equilateral triangle represent
the three flourine atoms and the
boron atom is also in the plane of
this triangle in keeping with the
triangular planar shape of BF,
molecule.

42 : :
UGCHE-10(6B)
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‘times. For this, use Figs. 2.1 a-d; Figs. 2.1 b, c and d are the results of C;, C‘§ and C‘;

operations. You can understand these operations using the figures given in the margin.

In.other words, a th:eefold axis of symmctry gives rise to three operatxons

cl c2 and C3,

Also GG =C . (23).

* i.e., rotation through 240° is equivalent to rotation through 120° twice.

Further, - acl=CG=E ' (2.4

.c., a rotatxon by 240° after a rotation through 120° is equal to rotation by 120° three
times (C;) or rotation by 360°. The operation C3 is cqualent to identity operatxon E.

The difference between the trxgonal pyramidal moleculo NH3 and planar molecule
BF, can be seen from the fact that these two molecules have different numbers of axcs

of symmetry. For example, has only a threefold axis of symmetry but BF, has onc
ry. P

threefold axis of symmetry (perpendicular-to the plane of the molecule and passing
through atom B) and three twofold axes of symmetry. Each C, axis in BF, is along one

of the B~ F bonds (Flgs 2.5 a-b). Thus, the three C, axes are perpendlcular to C, axis

‘in BF3.

Let us examine benzene molecule. Benzene has one C axis (perpendicular to the

- molecular plane) and six C, axes (Figs. 2.6 a-b). Three of the (", axes pass through

the mid points.of the opposnte and parallel sides of the hexagon (i.e., in between
C—C honds) while three others pass through the opposite corners of the hexagon (i.e.,
along C—H bonds). Honce in bsnzenc, the six C, axes are perpendicular to

.

li

. i
If a molecule has many C, axes of different orders, then the axis with the highest
order is called the principal axis of the molecule. Thus, the Cy axis in BF; is its
principal axis. Benzene has Cj axis as its principal axis.

3

C3i

pHo | , : )
(a) ' i 1%
Fig.2. 4 (a) The shape of NH; molecule-—trigonnl (b) The top view of NH; molecule which is ’
pyramidal; point O les in the xy plane used in drawing the ﬁgurés given at the
(shown as shaded area) and on the 2 axis margin to denote Cj, C2 and C":

which is C; axis passing through

nitrogen atom. The three hydrogen
aloms form an equllaleral triangle in the

xy plane,

operations.
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E.
/3—'—*“1?
F
) | o . (b) .
flg. 2.5: (a) Theshape of BF; molecule — . (b) Threefold axis of symmetry in BFy; il»l";s’ perpendlct;in; {0 the
triangular planar ' '~ myolecular plane. The molecular plane is shown by the shaded

area. Each B — F bond is also a twofold axis of symmeltry. All the
three C, axes are in the molecular plane. -

[N
Sincen = 2n/a,n tends to infinity.

as & tends to.zero. Also note that
a is a continuous angle variable,

Fig 2.6: (a) C¢in benzene; it is perpendicular to the moleculnr plane (shown as shaded area)

() The three C, axes along opposite C—H bonds and three C, axes in between parallel
C — Cbonds.

i
¢

Linear molecules such as H,, HCl, CO,, COS, etc. have C, axis along their molecular

axes since rotation through even any small angle gives rise to an equivalent

v configuration. In other words, the angle of rotation for obtaining equivalent
configuration is infinitesimally small (i.e.; & - 0) for linear molecules such that N

_ apphcatx"n of Eq. 2.1 leads to the conclusion that n'= . ‘

Usmg the above ideas, answer the following SAQs. \ ~ .

SAN3
You have predieted the shape of PCly in SAQ 1. Name the axis of symmictry in PCl, .
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IR aud Raman Spectra This shift is less-pro,nounced'_compared to the stretching frequency shift.

0+ H—0
V
rR—c/ =
O H.....O,{
XV

There can be intermolecular or iutramolecular hydrogen bonding. Intermolecular
hydrogen bonding (or association)may result in dimer molecules or in polymers. For
example, carboxylic acids form dimers (XV).

Intramolecular hydrogen bonding is possible in systems where 5 or 6 membered ring
formatlon is p0551ble as'in XVI, XVII and XVIIIL

. S 'O“‘
O—H..0 e
bmen—d ¢ ?“%Lmﬁ | °
7 25 —rry .
o No” SO=CH—C_ Eil]
XV -
L XVII ~XVI

Intermolecular hydrogen bonding (or association)is affected by concentration change
and temperature change, whereas these factors do not influence intramolecular
hydrogen bonding. As a result of this, dilution or temperature change can alter the IR
spectral pattern of associated molecules. For instance, dilution reduces the possibility
of dimer or polymer formation. So at low concentrations, intermolecular hydrcgen
bonding possibility becomes less and the intensity of the corresponding absorp.xon
band also becomes less. This can be'illustrated as follows:

100

80 -1

3

Transmitiance {%)

§oN
<
!

20

¢

o B ‘ ,. :
T T T T T T T T N

) 4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800

Wavcnumbcr /em™) (
/

»

Fig.5.9: lnfrared spe"trum ol‘e(hanol (10% VIV in CCL:)
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4000 3500 3000 2500 2000 1800 - 1600 1400 1200 1000
P ) -1
Fig.5.10: Infrared spactrum of ethanol (1%V/V in CCL). Wavenumber / (6m )
The IR spectré of both 10% and 1% ethanol in CCl, show the effect of concentration
on intermolecular H-bonding. Figs.59 and 5.10 shaw these spectra. In Fig.5.9, the 10%
" ethanol solution has one sharp absorption at 3640 cm -1 (A) and a strong broad
absorption at 3340 cm ™1 (B). Two'such peaks are also noticed in Fig.5.10 for 1%
ethanol. However in 1% ethanol, the sharp band at 3640 em™? (A) has increased
intensity and, to balance this, the intensity of the broad band at 3340 cm ™ is less.
From these consideratjons, the sharp band has been taken to be due to monomeric

-form of ethanol ()-H bond unassociated) and broad band due to the polymeric form
(O-H bond asgociated), The amount of monomer or unassociated alcohol has

increased on dilut’on resulting in the gain of intensity of sharp band (at 3640 cm -1
relative to the broad band (at 3340 cm“l).

The cffect of temperature on intermolecular H-bonding is similar to the one noticed in
the case of concentration, The association of molecules is prevented at higher
temperatures and so the increase in the intensity of sharp band at 3640 em™lis
noticed. It is desirable to determine the spectra of a sample under different conditions
of physical state or concentration. In very dilute solution or in the vapour phase,
.molecular association effects are minimised, whereas in solid state or in concentrated

solntion, molecular association effects are considerable. For example in the IR
spectrum of pure liquid acetic acid, C= O stretching is seen at 1718 cm™%; in the
vapour phase, two carbonyl bands are seen at 1733 cm™? and 1786 cm ™%, The C=0
absorption in the liquid state is attributed to the dimer only, whereas, the two bands at
- 1733 cm ™! and 1786 cm™! in the vapour state are due to the dimer and monomer,
respectively, The absorpnon caused by free O-H stretching of a carboxylic acid is
observed near 3550 cm™ whercas the bonded O —H in the dimeric form absorbs in .
the region 2700-2500 cr ™ 1 Also when a carbonyl group is mvolved in mtramolccular
hydrogen bonding, it has lower stretchmg frequency. For instance, acetophenone (III)

has carbonyl absorption at 1700 cm™ ! whereas 2- hydroxyacetophenone (XVIII) which

has intramolecular hydrogen bonding has carbonyl absorption band at 1635 cm ™7,

showing a decrease of 65 cm™ 1.

The existence of keto and enol forms can be understood in terms of the effect of
hydrogen bonding on IR spectral frequencies, For instance, ethyl acetoacetate which
has both keto and enol forms shows absorption characteristic of both the forms,

Infrared Spectra of
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In the Appendix part, we shall
discuss the importance of
combining operations such as in

Eq.2.6.

in trans-dichloroethylene, S,
“eing quivalent to C, operation
followed by 0y, can be shown as
follows: '

H. _Cl
X, |
: Clz H2

" To understand the displacement
of particular hydrogen or chlorine
atoms, the subscripts 1and 2 are’
used, Also\note'that :S‘z is
equivalent to /, the inversion .
operation, which we shall discuss
in the next section.

~J

2.6 IMPROPER ROTATION ABOUT AN AXIS OF

IMPROPER ROTATION

An n-fold improper rotation consists of n-fold rotation followed by a horizontal
reflection. Improper rotation about an axis is also known as rotary-reflection
operation. Such an axis is called rotary-reflection axis or alternating axis of symmetry
or improper axis of symmetry 1S, :

To cite-an example, the staggered conformation of ethane has improper axis of order

- 6(Sg). To illustrate this fact, the rotation of the staggered conformation of ethane by

60° (Cé) followed by reflection through the horizontal plane (o) has been shown in
Fig. 2.10. You can see from this figure that C, followed by o, which is equivalent to Se
leads to an equivalent configuration. ‘

ie., 0y, Cs =S¢ (26)

@

H H
Loy
H H
H\

Fig. 2.10: 5 in staggered conformation of cthane shown in terms of Csand o, !

The presence of improper axis of symmetry in a molecule may scem difficult to
identily. But it is useful for deciding whether a molecule is nptically active or not, This
aspect will be made clear in Subsec. 2.10.2 of this unit. Your understanding of this
section can be verified by answering the following SAQ.

SAQ 7

The staggered conformation of ethane has S axis. What do you mean by this?

R L T P P T P S N

-----

.......
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..........................................................................................................................................................

2.7 INVERSION THROUGH CENTRE OF SYMMETRY

Inversion is the process of drawing a line from, any point-through the centre of the
molecule to an equal distance on the otner side from the centre to arrive at an
equivalent point. The centre of the molecule which generates inversion is called the

centre Qf symmetry or the inversion centre ().
. { . ».‘u*

IR




All homonuclear diatomic molecules (e.g., H,, N,, etc.) posscss the centre of

symmetry. Also CO,, C,H, (Fig. 2.11), CgHg, SFg.and the staggered conformation of
cthane possess centre of symmetry.

H,0, NH;, BF; and CH, do not possess centre of symmetry, In Sec. 6.6.3 of Unit6 of

Atoms and Moleculcs course, we have indicated that the presence of centre of
symmetry in a molecule leads to zero dipole moment for the molecule. We will recall -
this idea in Sec. 2.10.1 of this Unit. Similar to reflection, the operation of inversion
conducted twice through the centre of symmetry leads to identity operation.

di=E «(2.7)

Ans“éer the following SAQ.
SAQ 8

What do you think could be the dipole moment of benzene?
State the reason. ‘

.........................

----------------------

.................

......

2.8 IDENTITY

/

1

The operation of identity (E) consists of doing nothing. The corresponding element is
the entire object. All molecules possess identity element. One reason for its inclusion
is that some molecules (e.g., CHFCIBr, Fig. 2.12) have only this symmetry element;
another reason is connected with one of the fundamental aspects of group theory
(which we shall mention in the Appendix of this unit). We have already mentioned the -
relationships of rotation, reﬂechon and inversion with identity. operatxon through Eqgs.
2.2,25and 2.7.

Fig. 2.12: CHFCIBr which has oniy identity as the clement of §ymmelry.

So far, we discussed in detail the symmetry elements and symmetry opcratioh's.l In the
next section, let us see how th; molecules can be classified according to symmetry,

29 POINT GROUPS OF MOLECULES

{
Point groups of molecules are classes of molscules which have same list of symmetry
clements. Thus, CH, and CCl,, have same list of symmetry'elements and, belong to the
" same point group; and, are different from the point group to which H,0 belongs. The

classification of molecules into point groups is of help in understanding the spectral
characteristics, dipole moment values efc. of molecules.

Symmetry of Molecules

H
N
TN

Fig. 2.11: The dot represents the
centre of symmetry in
cthylene.

Note that i is a special case of
improper rogation, when the
angle of rotation is 180°
(a=21/2 =),

Also ¢, C, = S:_ = |

This rclationship has been
illustrated using :
trans-dichlorocthylene in the'
previous section.

Fig. 2.13: Quinoline

H
HOOC

Fig. 2.14: meso-tartaric acid

The method of identifying point
groups of molecules has been
discussed in the Appendix.




IR and Raman Spectra ‘ (e) Could it be a ketone only?

Remember that the compound could have two carbonyl groups even. Note
down the inferences and find the answers for the following questions also.

(ii) Doesit show O-H stretching; O-H bending and C-O stretching bands
characteristic of alcohols or phenols?

| IR (iii) Does it show only C-O absorption without O~H strctchmg band (which is
‘ 1 characteristic of ethcrs)"

(iv)  Does it show N-H stretching, N-H bending and C-N vibrations characteristic
of amines?

(v)  Does it have vibrations characteristic of —~C=N, >C=N~ or—NO,
groups? ‘

(vi) Does it have S-H, C=S or $ =0 vibrations characteristic of thiols, thioacids,
sulphonyl derivatives ctc.? .

III Some special features regarding structure
The answer to the following question .can throw light on somé structural aspects:

" Does the spectrum show any special features which bring out the presence of A
tautomers, intramolecular hydrogen bonding, intermolecular hydrogen bonding etc.?

The answers to the above questions provide us information regarding hydrocarbon
skeleton and the functional groups present in the compound. Let us work out three

problems using the above approach

Example 1
A compourid of molecular formula C;Hg has IR bands at the following frequcnéics:
3050 cm™!
- 2900 cm™"

1600 cm ™!

1500 cm™*
1430 cm™!
1380 cm™*
750 cm™!
700 cm™?

Suggest a possible structure for the compound.

We have to look for the answers for only the questions relating to the hydrocarbon
skeleton, since the molecular formula suggests that it is a hydrocarbon and it cannot
have any specific functional group.

b
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Infrared Spectra of
Hydrocarbon skeleton ; Polyatomic Molecules

The prcsénce of aromatic ring is indicated by the presence of bands at 3050 em !

(aromatic C-H stretching) and at 1600 em™! and 1500 cm™! (C-C multiple bond
stretching of the aromatic ring). The presence of —CHj and or >CH, groups is
hinted by the absorptions at 2900 cm™? (aliphatic C-H stretching) and at 1430 em™!
and 1380 cm ™! (aliphatic C— H bending).

‘Substitution type

The absorptions at 750 em ™! .and 700 cm ™! show the presence of mbnosubstitutéd_
benzene ring (CgHs™). ‘

"~ Since the molecular formula is CyHg we can infer that it has a —C¢Hj group and

a —CH, group (C;Hg — C¢Hs = CHj). Hence, the possible structure of the compound

is ; o
) CH3 . o

This needs confirmation through NMR data.
Example 2

A compound has xﬁolccular formuia C4HgO.The NMR spectrum shows the presence
of two methyl groups and one methylene group. F-irther NMR spectrum excludes the
possibility of aldehyde group. The IR spectrum shows the following prominent bands: "
} 2041-2850 cm™!  (medium)
176cem™  + (sharp) N
1459 cm ™! "~ (medium)

Arrive at the structure of the compeund,

Hydrocarbon skeleton

The hyGrocarbon skeleton is of alkane type since the C~H stretching (2941-2850

cm™? ) and bending vibrations (1459 cm™! ) indicate the presence of one or more
- CHj; and >CH, groups. .

~ Functional group

The absorption at 1716 em™! shows the presence of >C = O group. The molecular
formula indicates tke presence of only one oxygen atom and this, in conjunction with

* IR band at 1716 cm ™! indicates that the compound should be an aldehyde or a
ketone. Since NMR spectrum excludes the presence of aldehyde group, the structure
_of the compound is .

CH,— Ck,—C—CH,

“This structure is in line wit* NMR spectral data which show the presence of two
— CHj groups and one ~ CH, group. This example wili be discussed again with

detailed NMR data in Unit, 13 (as problem 1).

UGCHE-10(18A) . ) ' ot
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IR and Ruman Spectra Example3

A compound of molecular formula CoHy,0, yields the following IR data:

3022 cm™? (Weék)

2940 cm™! (weak)

1730 cm™! (sharp)
1605 cm™" and 1504 cm ™ (weak)
1060 cm™ (sharp)

835 cm™! (sharp)

[

NMR data provides information iegarding the presence of two ~ CHj groups and one

s CgH, group. Suggest possible structures.

The structures can be arrived at as follows.

Hydrocarbon skeleton

The z;bsorptions at 3022 cm™ Y, 1605 cm ™! and 1504 cm™! bring out the presence of

aromatic ring, Further the absorption at 2940 em™tis suggestive of the presence of

one or more — CHy and or >CH, groups.

Substitution type

The band at 835 cm™ ! is indicative of p- disubstitution.

Functional group
The a’bsorptions( at 1730 cm ™ 'and 1060 cm™Yindicate thebrescncc of ester.group.

On the basis of available IR arid NMR data, we can n conclude that the compound hds
@p- C6H4 group (ii) two mcthyl groups-and (m) one ester group

Possibly one of the mcthyl groups is attached dlrectly to the benzene ring and another
methyl group forms part of the ester group, i.c., cither as ~COOCH; or CH3CO0-"

As it is, the two possible structures are: H, CH,

COOCH, OCOCH,

More evidences are required to take a clear decision regarding structure. .

50
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From the above examples, you can understand that IR data could give vital clues ‘ Infrared Spectra of
regarding the hydrocarbon skeleton and the functional groups. For arriving at the - Polyatomic Molecules
exact structure, more spectral data are required, o

- Answer the following SAQ.

SAQ7 | o )

A compound has the molecular formula C;HsN. I‘t has the following absorption bands:
3050 cm™! |
2240 cm™!
1600 c~t
1500 cm™? s
750 cm™?

700 cm™

Arrive at the structure of the compound.

ristaxarse Berseresesntane B L P T T P P P P T FYS TR PPN

...............................................

Y SUMMARY

In this unit we dlscussed the method of calcutation o '~brahonal degrees of freedom
of linear and nonlinear polyatomic molecules. We exi'ained the IR spectra of H,O

and CO,. The uso of the chart of group frequencies ha' heen stated. The perturbation

of group frequencies arising out of mass effect, electronic effects, hydrogen bonding

and steric effect has been discussed. Finally the method of using IR spectrafor ~ o
determination of structure of organic compounds has been illustrated. In the

Appendix portion, we have explained the steps involvec in ascertaining the IR active

vibrations. For this purpose, group theory is being made use of.

5.8 TERMINAL QUESTIONS

1.  Calculate the numbe- of stretching and bending modes of PF; and CH,.

‘\,\/;

2. SiF, vapour is angular in shape and it belongs to C,, group. The frequencies for
its symmetric stretéhmg, symmetric bending and antisymmetric stretching
modes are 855cm™ 345 cm™ ! and 872 cm 1, respectively. Calculate its total
zero point energy.

3. The infrared spectrum of nonane has the following three promment bands:

2960 cm ™! , 1450 cm™? and 1370 cm™t, Identify the groups responsible for these
absorptxons. o

’ y ’
4, The infrared spectrum of CH; — C — SH has the following prominent bands: : : ;

2960 ¢m™!
2500 cm™t
51
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1700 cm™!
1450 cm™

1380 cm™

Indicate the grdups responsible for these bands.

Explain the following: _,
a) The C=0 frequency in acyl chlorides is higher than that in alkyl esters.
b) The C=0 frequency in methyl acetate is less than that in phenyl acetate.

2,4-Pentanedione shows a broad band stretching from 3400 cm™ to 2400 cm™!

. whicli is unchanged on dilution. Try to identify this band.

A coinpound has the molecular formula C4H,,0. It has no prominent
absorption bands above 3000 em™, in the region 2900-1500 cm™ or below 1000
cm™, The main absorption bands are given below:

2970 cm™
1450 cm™
1370 cm™t Separate bands - no doublet

1100 cto™!

Suggest possible structures for the compound.

5.9 ANSWERS -

Self Assessment Questions:

1.

A linear molecule has (N-1)stretching and (2N-4)bending vibrations. Since N is
four for C,H,, there are three stretching and four bending vibrations.

E(000) = hc{(0 +.1/2)F; + (0 + 1)7, + (0 + 1/2)7,]J

= 6.626 X 107> x 3 x 10° x 10? [(1340 x 1/2) + 667 + (2349 x 1/2)]J
=4992x 10723

The factor 107 is used to convert em™Linto m™,

The first and the secqnd;ovcrtonés of v, appear at 1334 cm™ ! and 2001 cm ™%,

3400 cm™? .0 ~ H stretching

2960 cm™t : ' C - Hstretching of —CHj and > CH, groups
1450 cm™! C - Hbending of > CH, group

1380 cm™? | }

i370 em™1- (

1050 cm™? | O - H bending and C~ O stretching

p-methoxyacetophenone < acetophcnoﬁe <p-nitroacetophenone.

and C-H bending of gem-dimethyl groups -

The + R nature of ~-OCHj group and - R nature of p-nitro group which interact
with the carbonyl group result in the change in the carbonyl frequency as

“mentioned above.




6. The single broad band of the pure alcohol is due to associated ~O—H group. On
: dilution, the free ~O-H group stretching also appears. :

7.  Hydrocarben skeleton

The presence of aromatic ring is brought out by the presence of bands at
3050 cm™? (aromatic C - H stretching). The absorptions at 1600 cm ™! and
1500 cm ™ are due to C~ C multiple bond stretching of the aromatic ring,

Substitution type

The bands at 750 cm™! and 700 cm™! (C - H bending) are characteristic of
monorsubstituted benzene ring,

Functionai group

The absorption at 2240 cm™! orings out the presence of — C = N group.
Keeping in mind the molecular formula (C;HN), the structure assigned is

O-om

Terminal Questions

Stretching ~  Bending

.1 PR 3 3
CH, 4 K
2. Thedegeneracy s 1 for each of the three zaodes.

E (000) = hc [(7y X 1/2) + (¥, X 1/2) + (33 X 1/2)]] ,
= 6.626 X 107> x 3 x 10° x 107 11855 x 1/2) + (345 X 1/2) + (872 x 1/2)]7
=2.059% 10720y o ‘

3. 2960 cm™ (C-H stretching of -CHy and >CH, groups)
-1 . ~
1450 cm: (C-H bending of — CHyand >CH, groups)
1370 cm™!
4. 2960 cm™? C-H étrctching of — CH, group
. '2500.cm™! ) S ~ H strétching
1700 cm™! C=0 stretching
-1 ;
1450 cm } and C-Hbending of —CHj group
1380 cm™! | ’ . :

5. a) The dominance of -/ nature over +R is more prominent in the case of chloro
group than for ~OR group. This may possibly be résponsible for the higher
_ carbonyl frequency in the case of acyl chlorides, -
. ' " ‘ O ‘@ i
o R/U‘*ci e r
| s ' RIS 5
- b) In phenyl acetate, the nonbonding pair.on aryl oxygen is partly drawn into the
ring and its conjugation with carbonyl group is diminished. When this happens
in phenyl acet=ite, ~I effect of oxygen becomes dominant and carbonyl group
* moves to high: r frequency as compared to that in methyl acetate.

u.

—————

e = N et e s A

Infraved Spectra of
Polyatomic Molecules
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6. 2,4-Pentancdione exists in keto and enol forms, The broad band mentioned is
due to the enolic O - H stretching which is involved in intramolecular hydrogen
bonding.

7.~ The carbon skeleton

The C - H stretching absorption at 2970 cm'-l, and C - H bending absorp(i&ns
at 1450 cm ™! and 1370 cm ™! indicate the presence of —CH; and _>CH,

groups. Absence of doublets around 1370 cm™! rule out the possibility of gem-
dimethyl or ¢-butyl branching.

Functional group
The absorption at 1100 cm ™! indicates etheér linkage.
The two'possible structures are given below:

CH3 e CHZ "'O bt CHz"‘ CH3

CH; - O - CH, - CH, - CH,

3.10 APPENDIX

We can use group theory for finding the symmetry species of the normal modes of
vibration of a-molecule and also for determining the number of infrared active
vibrations in a molecule. We can also associate the experimentally observed IR
absorption bands with the vibrational modes. Using H,0 and NH; molecules as

cxamples, we shall explain the steps involved in identifying the number of IR active
vibrations of a molecule. In the Appendix of Unit 6, we shall explain how the
assignment of frequencics to the vibrational modes is done by using IR and Raman

spectra,

Analysis of IR spectia of molecules

You must recapitulate the group theory discussed in the Appendix of Unit 2 in order
to understand the materials discussed here. Let us first state the steps involved in
ideutifying the number of IR active vibrations of a molecule.

Step1:  Find the reducible representation for all the symmetry operations of the
molecule.

Step2:  Obtaining the reducible representation of all the vibrations.
Step3:  Obtain the <ymmetry species of the vibrational modes.
Step4:  Iduntify the cymmetry species of cach vibrational mode.

Step 5:  Identify the infrared active vibrational modes.

Let us apply these sreps to identify the IR active vibrations of H,0 molecule. You are
aware that H,O has the following symmetry operations :

E, C,, 0, (xz) and o', (yz).

Step 1: Finding the reducible representation for all the symmetry operations of the
molecule

We shall discuss a simple method to build the characters of a reducible representation




Infrared Speci

(R) of a molccule and then apply this to H,O first and later to NHB. The character !
Polyatomic Molec aEs

X;z (p) for a particular symmetry operaﬁon (p) in a reducible representation R is given
by the product of

(i)  The number of atoms (n,) which are not shifted by the symmetry opcratioﬁ and

(i)  The contribution xp (p) that each unshiftcd atom makes to the character for a
particular symmetry operation p in a reducible representation, R.

| ie, xR @) = nuxr @) (A

Tigvalues

In case of water, n, values for the symmetry operations, E, Gy, 0, (2) and o, (yz) arc

given below:
(i)  E does not shift any of the three atoms in Hz(j and, n, = 3.

(i)  C,rotation does not shift oxygen but interchanges two hydrogen atoms (see
Fig.2.3 of Unit 2),1.e.n, = 1.

(iii) o, (x2) reflecticn does not shift any of the three atoms since this reflection is in
the molecular r’ane (see Fig.2.7 of Unit 2), i.e., 1, = 3.

@) o, (2 rcﬂeqtion does not shift oxygen atoin whereas it shifts the two hydrogen
atoms (see Fig. 2.7 of Unit 2), i.e.,n, = 1,

Xr (p) values

The contribution xR (p) that each unshifted atom makes to the character for a
particular symmetry operation p in a reducible representation can be obta‘ned using
Table A.1. ' v )

Table A.1: xp (p) values

Proper rotation ’ Improper rotation
P E C(a) a S(x) i
xR (P) 3 1+2cosa 1 —1+42cosa 3 ~ The proper rotation by & = /1 i

. denoted as Cex) while imips
One must note that the identity operation E is equivalent to proper rotation through  rotation by & is denoted s 57

2 and that the character xg (E) is a special casc for proper rotation with a = 2, Note a is the minimun angic o
Similarly o = § (2r) with character yz (0) = — 1+ 2cos 2x = 1, and, i = S(7) with ~ rotation.
“character xg (i) = — 1+ 2 cosz = — 3 are special cases of the general result for

improper rotation, S(a). It is therefore only nccessary to consider two kinds of
symmetry operations, proper rotation C(e) and improper rotation, S(«). Further, the
character, xz (C,) = 1 + 2 cosw = ~ 1, since C, is proper rotation with & = 7.

The calculation of xk (p) for each symmetry operation « . .z done ku.:'}u;« - e s
follows:
> E g o
Xz (D) 3 -1 !
n, 3 1 : 1
G Z B ‘
X;% ®) 29 1 i A2 23

(using Eq. A.1)
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56,
%

Step '2: Obtaining the reducible representation of all the vibrations

In order to obtain the reducible representation of all the vibrational modes of H,0
molecule, we must subtract the characters of the symmetry operations in the
irreducible representations of translations and rotations from the characters of
symmetry operations given by Eq. A.2. The translations belong to By, B, and A, as per

C,, character table because they are influenced by the symmetry operations in the
same way asx, y and z directions. Similarly the rotations belong to B, B; and A,, since
Ry, Ry and R, belong to these three symmetry species as per Cy, character table.

Character Table of C,, Group

S N S

E G o d(» Four
classes of
operations

— A 1 1 1 1z A2 2

A, 1 1 -1 -1 Xy R,
— B, 1 -1 1 -1 X Xz Ry
— B, 1 ~1 -1 1y yz R,

k 1 Irreducible

representations of
Cyy group

From C,, character table, the sum of the characters of the symmetry operations in the
irreducible representations of translations is given by By + B, + Ay

E G o () ay(y2)
B, + By + A 3 -1 1 1 ~(A3)

Similarly, the sum of the characters of the symmetry operations in the irreducible
representations of rotations is given by B, + By + A,.

E G a®@ a0
B, + B; + A, 3 -1 - -1 -1 _ ~(A4)

Hence the characters of the symmetry operations in the reducible representation of
vibrations (7) is given by subtracting Eqs. {A.3 and A4 from Eq. A.2 as follows:

E G ot oo
X;z (p) 9 = | 3 1
-[(By + B, + Ay) 3 -1 1 1]
i [(B2+ Bl + Az) 3 —"1 ‘—1 L —1]
T 3 1 3 1 «(A.5)

Eq. A.S represents the characters of the symmetry operations (x (p) ) in the reducible
representation, 7. .

‘Again T represents the reducible representatior. of all the vibrational modes of H,0
molecule, ‘ '




Step 3: Obtaining the symmetry species of the vibrational modes Infrared Spectra of

‘ ; Polyatomic Molecules
In order to obtain the symmetry species of the vibrational modes, we have to split the  Note that N is the number of
reducible representation 7 into various irreducible representations by using the operations in a class while A is the
reduction formula (Eq. A.6). Before stating the reduction formula, we should know ~ Pumber of operations in a group.
the following:

@) x} (p), the character for each symmetry operation in an irreducible -
representation /,
(i) x’p), the character for each symmetry operation in the reducible

representation, T ,
. . N The word ‘class’ will be explained
(iii) N, the number of symmetry operations in a class (which is equal to the shortly.

number of equivalent operations in the class).

(@iv) ~ h, the order of the group (which is equal to the total number of operations
in the group).

Obtaining the character x, (p) for each symmetry operation in an irreducible M A

representation, I.

The entries below the operations, E, C,, 0, (xz) and a(,(yz} in the first row of the ‘
character table ~f C,, group give the characters for these operations in the irreducible o

representation, A,.

ia,B) =1 a %

XA, c) =1
%a, @, () =1

L ’ ' You may revise the
o', (2)) = 1 Y :
XAI( V(y )) . characteristics of the character

tables A.2and A3 dmcusscd in
Similarly the entries in the second row of the C,, character table give the characters of (ne Appendix part of Unit 2.
Table A.2 of Unit 2 contains the
sets of characters {or the four

) symmetry operations,
- Xa, E) : =1« ‘  E, €y, 0 (32) and o, (y2)in the
four irrcducible representations,
Ay, Az, By and By of Cay group.
Table A.3 of Unit 2 contains the
) sets of characters for the three
XAZ (o, (xz)) =1 ’ classes of symmetry operations in
* 2 the three irreducibic

representations, Ay, Az and E of R
Cyy group.

the symmetry operations of C,, group in the irreducible representation, A,.

il
o

X4,(C2)

Xa, (00(¥2)) =-1

The entries in the third and fourth rows of 77, character table give the characters of
the symmetry operations of C,, group in th+ irreducible representations, Bl and B,,

cspcctxvely

Obtaining the character x (p) for each symmetry operation in "he reducible
representation 7.’ ‘

In the reducible representation T of C,, group, the character for each symmetry

« operation is as indicated in Eq. A.5. - 57}

UGCHIE-T0(19A)




IR and Ruman Spectra ‘) x (E) =3
x(G) =1

% (@, (2) =3

X @) =1

«(A.5)

Obtaining thé number of symmetry operations (N)in a Class

We denote the number of symmetry operations in a class as N. The term ‘class’ is
better explained using the symmetry operations of Cy, group. We shall be presently
using the materials of Secs. 2.4 and 2.5 of Unit 2. A set of operations are in the same
class if they are equivalent operations. The word “equivalent operations” means that

such operations lead to equivalent configurations of the molecule. For instance, c§
. nd rati ntioned in Sec. 2.4 of Unit 2) lead to equivalen fi ions.
The characters of all clements in a a C‘g operations (mentioned in Sec ) quivalent configurations

class are same. Hence, only the Hence C; and C;‘ are equivalent operations and these two operations belong to the
characters of the classes are given in same class. As mentioned in Sec. 2.5 of Unit 2,0, o}, and 0’|, operations in NH,

t InC : . . . .
the chargeter table. In Cy charactes molecule are equivalent operations and each of these planes passes through nitrogen

table, cach e'ement (i.e., symmet . 3 . 7 h
R (ie., symmetry atom and a hydrogen atom and relates the other two hydrogen atoms as a mirror

operation) is a class . The four . f each ther. H " and o’ bel to th 1 dN = 3 for thi

symmetry operations in Cy, grovp 1?8 Of each other. Hence o, o\ and o’} belong to the same class an = 3 for this

are four classes. class, Also E is an operation which does not have any equivalent operation and hence
In Cy group, Eisaclassinitself; £ is a class in itself for which N' = 1, Hence Cs, point group has three classes, E, 2C,

the two C operations, Ca141¢2  and 3 o, with N values of 1, 2 and 3, respectively.
constitute a class and are denoted as . :
;C:li“AC;",c";ms';' “‘:IT (8venin 1y the case of H,0 (G, group), each of the four operations E, C,, o, (x2) and o,(y2)
ablie A.31n Unit 2 and also . < . HPR .
towards the end of this Appendix). belongs to different class. Note that o, (xz) in HZO 1s in the molecular plane which
Also the three operations, contains both the hydrogen atoms and the oxygen atom while o, (yz) is perpendicular
Oy ovand o’} constitute another  tq 0, (xz) plane and it passes through only oxygen atom and relates the two hydrogen

class and are denoted as3a. Hence 4 ms asa mirror image of each other (Fig.2.7 of Unit 2). Hence there are four classes
there are three classes in Cs, group, v . S . .
of operations in C,, group cach having N = 1.

Obtaining the order of the group (h)

Order of the group (h) is the total number of operations in a group. In C,, group,
. there are four symmetry operations and hence, h = 4.

Having understood the terms required, we shall state the rednction formula which is
usefulin obtaining the symmetry specics of the vibrational modes.

Reduction fofmula

" Number of times (1) an

t F . . . : P

irreducible representation I _1 YN (AG
overall meane occursin the reducible ovezrall X (p)-x(p). +(A.6)
classes representation () classes

summation of the terms

2;(P) 2 () * N forall the . _ ‘
classes of a point group. Let us reduce the réducible representation 7 of C,, group into the irreducible

( representa{ions, Ay, Ay, By and B, Using the X; (p) values of A, A,, By and B, ‘
representatiops’ of C,, group and knowing that (i) A = 4 for. Cyy group and (i) N = 1
for each of the four classes of operations in Cy group, we can find out n; for each of
the four irreducible representations, I,

Number oftimes A; symmetry
species occurs in =np
representation ¢ :

i
58 ;
UGCHE-10(191) N
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= 1 Polyatomic Molecules
4 (ix 3 )+(1x1x1)+(1x3><1)+(1x1x1)
«F > . «CZ-» +0o, Gz)~» q..a -(2)~> -
‘ .
1 ) \
=3 B+1+3+1]= .

S Note that there are four claskscs of
Hence, n AT 2or A; occurs twice in the reducible representation, 7. operations in Cy, group. Hence

there are four terms in the
summation corresponding to four

Sumlarly, ' \ '
classes.
nA2 4 (1 X3 X 1) + (1 X 1X 1) + (( 1) X3 X 1) + (( 1) xX1x 1) In the calculation ofn,\l,using Eq.
«E~» - ‘TCZ—" “0, (xz)-> ‘-Uv(yz)-b A6, there are four terms
. : corresponding to E, Cz, o,(%y) and
1 ov(yz). »
‘—1. 3 +1- "' 1] = The first term marked,

‘ . . . . *aE 1) N
i.e.,, A, does not occur in the reducible representation . Vv I}
o : ' (ax 3x 1

«F

N Y o _ -
B~ 4 [(1 X 2x 1) + (( 1) % 1 X 1) + (1 X 3 X 1) + (( 1) X 1x 1)] stands for the application of the
formula for the class of operation,
. E. This term is obtained using the
= _1_ B=1+3- 1] =1 relationships,
4 L : XA, E) =1,
o | , : | #(E) =3 and
“Hence, By occurs once in the reducible representation, r. N=1

Similarly the second term stands
for the application of formula for
the class of operation, C2.The
third and fourth terms stand for st
the classes of operations, oy (x2) L
and oy (y2), respectively. i

,,Bz=’-}[(1><3x1) F =D X1x1)+ ((~Dx3xD+(1x1xD]

=iB-1-3+1]=

So, Bé does not occur in the reducible representation, 7. In short 7 can be split into o
2A; + B,. In other words, symmetry species of vibrations = 2A'1 + By, e

In Sec. 5.2, we have mentioned that H,0 which is an angular triatomic molecule must
have three vibrational modes, namely, symmetric stretching (v;) symmetric bcndmg
(v) ur.d antisymmetric stretching (v3).We now undersiand that two of these vibrations
must belong to A; symmetry while the third one must belong to B, symmetry. In the
next step, we shall identify the symmetry species of each mode of vibration.

Step 4 : Identifying the symmetry species of each vibrational mode

. We arrive at the irreducible representations of symmetric stretching, symmetric ,
* bending and antisymmetric stretching mcdes by performance of the symmetry As mentioned in Sec. 5.2, the
Opefatlons on the molecule. arrows attached to each atom

' 'show the direction of its motion
during half of the vibration,
During the other half of the
vibration, the movement will be in
the opposite direction.

Irreducible representation of symmetric stretching mode

- We can identify the set of character values for each of the four operations E, C,, o, (xz)
and v, ( y2) over the symmetric stretching mode. If the performance of an operation

does not change the direction of arrows in a stretching mode, 11is given as the
character value; but if the direction of arrows changes by the performance of an
~ operation, ~1 is given as the character value.
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i
e

0
Ny O\H S N PN
4 Now” S H\ /H H\A

G

(zﬁb ©

Directions of :
the arrows } No change No change No change No change
Character } '

value 1 ’ 1 1 1

Symmeltry specles of symmetric siretching = Ay v

You may remember that C, rotation is around z axis and because of C, rotation, the
two H atoms change their positions; but again the directions of two arrows arcund
these H atoms are similar to those of the initial configuration suggesting no change in
the direction of the stretching mode. o, (xz) does not bring about a change in the
direction of the stretchinf mode since xz reflection takes place in the molecular plane.
o', ( yz) reflection takes place in a direction perpendicular to the molecular plane and
it brings about the reflection of two H atoms; but again, there are two arrows with the
direction similar to those of the original configuration which indicates that there is no

- change in the stretching mode. Hence the character value of 1 is obtained in each of
the four operations, E, C,, 0, (xz) and 0,( y2), indicating that the symmetric stretching
vibration belongs to A, representation. ’

Irreducible representation of the symnietr'ic Bending mode

It can be shown using the diagrams that after performing each of the four symmetry
operations, E, C,, 0, (xz) and 0',( yz), the arrows are in the same directions showing no
change in the direction of the bending mode. You may try this as an cxercise. So, the
character values corresponding to these four operations are 1, 1, 1, 1 which indicates
that the symmetric bending mode also belongs to A, representation.

‘ Irreducible répresentation of the antisymmetric stretching mode

The effect of the four symmetry operations on ;hé arrows drawn for the antisymmetric
stretching is explained through the diagram as follows: '

: “Totall metric A '

; y sym N 1 -0
representation” means that a _ : / \
rarticular vibration does not show H “H
.a >y change in direction due toany © - : VY

c*the symmetry operations. The
sesult of each operation on the
vibration is + 1",

Q’V

)

L
2N
H’ ' H

)
Directions of i ) , :
the arrows; } N‘f change Change No change - Change.
Character ] - ’ = J o
P : value 0o } -1 , 1 , -1
. 60 ’ ’ . Sfquelry specles olapllsymmel;lc stretching = B;

fa

Ao




Hence, antisymmetric stretching vibration belongs to B, representation, Infrared Spectra of
: ) . i Polyatomic Molecules
It is worth pointing out that symmetric stretching and symmetric bending modes derive

their name from the fact that these two stretching modes belong to the totally

symmetric A; representation. On the other hand, antisymmetric stretching mode owes

_its name to the fact that it is antisymmetric to at least two of the operations, C, and

o, (y2).

Thus we have seen that two of the normal modes belong to A representatxon whxlc the

third belo: g8 to Bl representation as mcntloned earlier in Step 3.

Step 5: Identifying the infrared active vibrational modes : ,

In the Appendix poition of Unit 2 and under the title, “uses of character tables”, we
“have shown that for a spectral transition to occyr from the state a to b, at least one of
‘the components of the transition dipole ' mome nt (i, My, or ;) should be nonzero. We

have explained that for an allowed spectral transition, the symmetry species of the
product, ¥, ¥, must be same as that of x, y or z coordinate. Such a spectral transition is

symmetry allowed, since the product of the symmetry species of the functions y;, and
1, and that of one of the coordinates x, y or z becomzs toally symmetric i.e., Y x ¥, or

Pp Y Y, Or P 29, belongs to A, representation,

Using the procedure followed in Appendix of Unit 2 for obtaining the representation
of the products Y X Yo, YpY Ya OT Y2 Y, you can try {g prove that

$))  the symmetrxc strctchmg and bending modt‘s are IR actxve and are polarized in ‘ o :
- the z-direction and

(i)  the antisymmetric stretchmg mode is also IR actxve and is polarxzed in the
x-direction.

To prove the above statements, the following hints also will be usefui :

i)  For the symmetric stretching and bending modes, ¥, = A = A, and Note that the results ()}, = At .
@ > Sym g g ¥ = Ap¥a = Ay for symmetric stretching and

C YR, = Agssinee, z = Ay, (YY) z = AjA = A and the z- ~component of the bending modes, and (ii) ¥, = B1

transition dipole moment (u,) is nonzero. : for the antisymmetric stretching
: : mode follow from our discussion

" . . . _ - on the irreducible
(ii)  For the antisymmetric stretching mode, ¥, = By, ¥, = A and representations of the

Yy ¥, = BjA; = By;sincex = By, (¥, ¥,)x = BB, = Al and the x-component vibrational modes in Step 4.

f the transition dipole momen is nonzer Also the ground state belongs to ‘
° v ansiti P oment (i) is nonzero. Ati.e., ¥, = Aj for all these

. i three modes.
Hence, all the three vibrational modes of H,0 are IR active.

Here it is worth making ths generalisation:

A vibration will be IR active, if it belongs to the same symmetry species as a component of
transition dipole moment, i.e., to the same symmetry species asx, y, or z. .
: ’ ) In Scc. 6.7 of Unit 6, the assignment ]
of vibrational modecs to the
experimentally observed IR

We shall shortly apply this rule to NH, molecule which belongs to Cy, group.
‘ . ‘absozption bands will be explaincd

* You are aware that NH; has the following symmetry operations : ' ) using IR and Raman spectra,
ECL o, o and o (See Secs. 2.4 and 2.5 of Unit 2. ; S ' ’
€3 €30, 0y v v 5. 2. . . . ,
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For Cs axis, the order of axis
(n) =3. Using Bq. 2.1 of Unit 2,
+ainimum angle of rotation.
(@)= 360°/3 = 120°
Also C(120°) = 1 + 2 cos 120°
=1~(2%X1/2)
=
because - cos 120° = — gin 30°
' = —-1/2

62

Also'C% and C§ belong to one class, 0, 0!,0"!, belong to another class
while E is a class in itself. Hence the operations are grouped under three classes:

E,2C; and 30,
The character table for Cy, is given below:

Character Table of Cj,

Three classes in Cy,

C3V E 2C3 3 o,

Aq 1 L 1 z , ZZ’xZ +_y2

A, 1 1 -1 , R,
E 2 -1 0 () (xy, g yz) ﬁ(Rx’ Ry)

, (2, y2)
Irreducible representations
of Cy, group

Step 1:  Reducible representation for all the symmetry oberations of NHy -

To find the characters of the reducible representation using Eq. A.1, we must know n,
and yp (p) for each of the symmetry operations. While arriving at n, and y (p) values,
it is enough to consider only one mémber of each class. Hence, n o Xp(p) and X;a (P)of
E, C; and o, are to be calculated for finding the reducible representation of the
molecule.

' You may be aware that operation E does not shift any of the four atoms in NHy; hence

‘na = 4 for E. During C, (C; or Cg) operation, nitrogen atom alone is not shifted; hence
ng = 1for C3. During any of the three o, operations, nitrogen atom and one of the H
atoms are not shifted. Hence n, = 2 foro,,.

We can obtain x, (p) values of E, C; and o, using Table A.1 as follows:

E c(1200) o,
xr(p) 3 1+ 2cos 120° 1
=

The calculation of X;z (p) for each symmetry operation can be shown as follows:

r ‘ E , 2C, . 30,
g (P) : 3 0 ‘ 1
n, : ' 2
. x;{ (p) 12 0 2 (AT
(calculated as per

Eq.A.1)

Step2: Obtaining the reducible represéntation of all the vibrations

As done in the case of H,0 molecule, we shall subtract the characters of symmetry

operations in the irreducible representations of translations and rotations from the
characters of symmetry operations given by Eq. A.7 so that we could obfain the
reducible representation of all the vibrational modes of NH; mol-cule.




As per Cy, character table, the translations belong to E and A, because these are ~ Infrared Spectra of

. .. ; . Polyatomic Molecul
influenced by the symmetry operations in the same way asx, y and z directions. oyatomic Molecules
~ Similarly the rotations belong to E and A, since R,, Ry and R, belong to these

symmetry species.

Hence the sum of the characters of the symmetry operations in the irreducible
representations of translations is given by E + A, (Eq. A.8); and the sum of the

characters of the symmetry operations in the irreducible representations of rotations is
given by E + A, (Eq. A.9). i

Using Cj, character table, E + A, and E + A, can be calculated. The characters of

the symmetry operations in the reducible representation of vibrations (%) is given by
subtracting Eqs. A.8 and A.9 from Eq. A.7.

E 26, 3,

1k (P) | 1 o . 2 ’ ,;.(A.7)
-[(E+A1§ 3 ;  0 1 | (A.8)]
S@+a) 3 0 4 | (A9
6 : 0o 2 L.(A10)

Eq. A.10 represents the characters of the symmetry operations (x (p))inz, the
reducible representation of all vibrational modes of NH, molecnle. |

Step 3: Obtaining‘ the symmetry species of the vibrational modes

We shall use Eq. A.6 to cbtain the symmetry species of the vibrational modes of NH,
molecule. We know that for Cy, group, 4 = 6, since there are six operations:

E,C},Cha,,0,anda",

AlsoN = 1 for thevclass of operation, E; N = 2 for the class of opérations C; and Cg‘
“and N = 3 for the class of operations, o, 0%, and o/

To get x (p), we have to use Eq. A.10 and, to get %7 (p), we have to use character table
of C, . /
3v

Number of times
A sym'mctryspecies - \ = n A
occurs in T representation.
| =1/6[(1X6X 1)+ (1X0x2)+(1x2x3)]
= 1/6 [12]=2 |
Similarly, np, = 1/6[(1% 6 X 1)+ (1x 0% 2) + ((~ 1) X 2 X 3)]
=1/6[6 6] =0 ; |
ng =16[2X6X 1)+ ((~1) X 0x2)+ (0x2x3)]
= 2:

. Hence symmetry species of vibrations = 2A, + 2E. 63
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The two vibrations which belong to the symmetry species A must be tctally symmetric

with respect to all symmetry operations, while two others belonging to E are
antisymmetric and are doubly degenerate.

Step 4: Identifying the symmetry species of each vibrational mode

" The four fundamental modes of NH; given below can be examined with respect to the

symmetry operations E, C; and 0, . The vibrational modes for which the directions of
the arrows remain the same after performing each one of these three operations »
belong to the totally symmetric species, Ap. Those vibrational modes for which there is
a changc in the direction of arrows could be considered to belong to the symmetry
specxcs E through a process of elimination. .

" If you proceed correctly, you will find that one strctchmg vibration and one bendmg

vibration belong to the totally symmetric species (A). Evidently the other two belong

to the antisymmetric species (which are assumcd to belong to E, the doubly
degenerate modc) :

The four fundamental vibrational modes of NHj are given below:

A
4

/ : N NN

* Symmetric siretching . Out-of-plane symmetric bending
1 Ay

/T\H

N .
. . ~
l : H> ¢
Antisymmetric stretching ’ . Antisymmetric bending

Step 5: Identifying the infrared active vibrational modes

Using the method indicated for H,O molecule, you may try to see whether the two
vibrational modes with A; and the other two with E symmetry are IR active. By using
the generalisation stated earlier regarding the infrared activity of vibration, we can
conclude that all these are expected to be IR active since (i) two of the vibrational
modes _(symmctnc stretchivg and out-of-plane symmetric bending) bclong to A; to
which z also belongs and (ii) the.other two vibrational modes, (antisymmetric
stretching and antisymmetric bending), belong to E to which x and y also belong.
Hence all the four fundamental modes are expected to be IR active.
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6.1 Introduction
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6.2  Origin of Raman Spectrum . » .

Classical Theory of Raman Spectrum
Quantum Theory of Raman Spectrum
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68 Summary |
6.9  Terminal Questions

6.10. Answers » L -
6.11 Appendix ' ' .

6.1 INTRODUCTION

The origin of Raman spectrum lies in the scattering of radiation by molecules. During.

the scattering of radiation, there is a change in the direction of the photon on
interaction with matter. For example, the blu¢ rolour of the sky is the result of
scattering of light by air'molecules. The interaction of monochromatic radiation with
matter may result in an (i) elastic collision or {ii) inelastic collision. The resultant
radiation after an elastic collision will have the same frequency as that of the incident
radiation and is known as Rayleigh scattering. Thus in Rayleigh scattering, the
frequency of the resultant radiation is the same as that of the incident radiation but the
direction of the radiation is changed. On he other hand, if there is an inelastic '
collision, then the direction as well as the frequency of the.resultant radiation would

- be different from that of the incident radiation. Thus-diie to inelastic collision, there is
a transfer of energy between the electromagnetictadiation and the molecules of the
medcium, Although the energy thus available for exchange may be stored in the
molecule in electronic, vibrational or rotational modes, it is the exchange with the
vibrational modes that is of the greatest interest to chemists. The transfer of energy
consequent to inelastic collision is of the order of 3-3000 cm ™" which lies in the far
infrared to infrared region of the electromagnetic spectrum. These inglastic collisions

- can, therefore, give us information about the rotations and vibrations of the molecules.
The study of such radiation arising out of inelastic collisions is called Raman ,
spectroscopy.In this unit, we shall study the basic concepts related to Raman
spectroscopy and its applications.

Objectives
Aftcx; studying this unit you should be able to:

» explain the origin of Raman spectrum in terms of classical and quantum rischanical
cencepts, . : ‘
= diferentiate betwe . infrared and Raman rps

65
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o describe the rule of mutual exclusion and explain 1ts use in the dctcrmmahon of
structure of molecules, and

o illustrate the applications of Raman spectra.

6.2 ORIGIN OF RAMAN SPECTRUM

In 1923, Smekal predicted that on irradiation of a substance with a monochromatic
light, scattering of radiation will take place and some of the scattered radiation should
have different frequencies from that of the incident radiation. In 1928, Raman
experimentally’established the existence of such frequencies above and below that of
the incident beam. However, molecules gain or lose energy according to quantum
laws. When the molecules gain energy, the scattered photons will be of lower energy or
frequency and appear in the spectrum as Stokes lines, On the other hand, if the
molecules lose their energy to the photons, the scattered radiation will appear with

{

* higher frequency than the incident radiation, and the resultant lines are called anti-

Stokes lines. The main bulk of the scattered radlatlons will appear unaltered in energy
and is termed a$'Rayleigh scattering, :

- 6.2.1 Classical Theory of Raman Spectrum

Polarizability has the dimension of
volume and it is considered to be
proportional to the volume of the
molecule.

§

Isotropic property has the same
value in all the directions. Density
of a substance is an example for
isotropic property, since it is same
for any portion of a substance,
irrespective of the directions.
An anisotropic property has
different values along different
directions of applications of a
force field. X.ray diffraction by
crystals is an instance of
anisotropic property. The
anisotropic naturc of |
polarizability is the main factor
deciding the activity in Raman
spectra.

- Polarizebility of a spherical species

is an isotropic property. For
instance, the polarizability of

atoms {s isotropic, Polarizability of

spherical top molecules (like
CHy, SFg) is also isotropic.

66
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We can consider the molecules of a substance as a sea of electrons in which the
positively charged nuclei are embedded. If such a system is subjected to a static
electric field, the electrons will be attracted to the positive pole and the positively
charged nuclei will be attracted towards the negative pole. The separation of charges
gives rise to induced dipole moment in the molecules. The molecules are then said to
be polarized. The magnitude of the induced dipole moment depends on the strength
of the applied field (E) and the polarizability (&) of the molecule,

u=ak k’ : ' w(6.1)

The polarizability of a molecule is a measure of the ease with which a molecule can be
distorted. Some molecules may get distorted or deformed much more easily than the -

others. Polarizability has already been explained in Unit 6 of Block 1 of Atoms and

Molectles course. Polarizability of any molecule need not be the same in all
directions. For example, even for a simple homonuclear diatomic molecule, the
electrons forining the bond can easily be displaced by an electric ficld applied along
the bond axis as compared to the case when the field applied is at right angles to bond
axis. In other words, polarizability of molecules is an anisotropic property. The
anisotropic nature of molecular polarizability facilitates activity in Raman spectra,

Using classical theory it is possible to prove that in order to obtain Raman spectrum,
the molecular vibration (or rotation) must cause some change in the polarizability of

_ the molecule, We shall just take this result without trying to prove the same. It is

possible to depict polarizability changes in terms of polarizabili*: cllipsoids where we
represent the polarizability in“various directions. The ellipsoic: is a three dimensional
surface for which the distance from the electrical centre of the molecule is inversely
proportional to the square root of the polarizability (i.e., 1/Ve). Thus where the -
polarizability is the greatest, the distance from the axis of the ellipsoid.is the least and
vice versa. During each of the three modes of vibrations of H,0, symmetric stretching
mode (¥), bending mode (y,) and antisymmetric stretching mode (v3), the
polarizability changes and hence all thé threc'are Raman active (Figl.ﬁéil). o

5




Raman Spectroscopy

A periodically changing
polarizability is the requirement for
a Raman band.

(a) Symmetric stretching, (A,) _
In Figs. 6.1 and 6.2, the symmetry

_}I‘M’OWWLH )ﬁP’O\'LL,_L )_‘;I"O“;,( species of vibrations (such as Ay,

H _ H © H ' H Blz 2 and Il ) are
menticned in terms of group theory
symbols. In this connection, go
through Table 6.2 in Sec 6.7, the

: 'nargmal matter given along with it
and the character tables at the end
of the Appendix of this unit.

() Symmetric bending (A)

(c) Antisymmetric-stretching, (B,)

Fig.6.1: The shapes of the polarizability ellipsoids of H20 molecule during three vibrational modes;
the centre column shows the equilibrium position of the molecule while those in the right
and left are extremes of vibration. (a),(b) and (¢) stand for symmetric stretching mode(v1),the
bending miode (v2)and the antlsymmetric streiching mode (v3), respectively. All the three

‘vibrations of H20 involve a change at least in one of the three aspects of polarizability
ellipsoids, namely, slze, shape or direction.

In the case of CO, molecule, it is seen that during symmetric stretching ),

polarizability changes because of the change in ellipsoid size and this mode is Raman
active. For the bending (v,) and antisymmetric stretching modes (v3), there is no -
overall change in polarizability ellipsoid (Fig.6.2). Hence the bending and |
antisymmetric stretching mode® of CO, are Raman inactive. This aspect can be '
explained as follows. The molecular polarizability of a molecule can be thought of in
terms of bond polarizabilities. We can assume that a net periodic polarizability change
facilitates activity in Raman spectra, The symmetric stretching mode of CO, is Raman
active since the polarizability changes in each bond during stretching or compression
add up to give a net periodic polarizability change. For the antisymmetric stretching
mode of CO,, the polarizability change in one bond cancels that for the other bond
and this mode is Raman inactive, Similarly during the bending vibrations of CO, the
net polarizability change is zero, since the two C-O bonds are bent in opposite
directions during each of the bending vibrations of bond angle expansion or
compression and hence, the bending mode is also Raman inactive,

67
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O My WO

(a) Symmetric stretching, ° (2‘.8)

s g"y

43 G
2 |
B

T‘Q o

' ) Bendmg. (1)

?
L

A (¢) Antisymmetric stretching, ()
Fig.6.2.: The shapes of polarizability ellipsoids of COz molecule during (a) symmetric stretehing (v1)
(b) bending (v2) and (c) antisymmetric stretching (v3) modes. Of these three, only symmetric
s(relchlng accounts for overall change in the ellipsold and only this is Raman activc

" In Units 3 and 4, we have studied that in the mfrarcd (or uucrowave) region, a

vibration (or rotation) is active only when it brings about a change in the dipole
moment of the molecule . We can generalise that any vibration(or rotation) which
causes a change in the polarizability of the molecule will be Raman active whereas any
vibration (or rotation) which brings about a change in the electric dipole moment of
the molecule will be infrared (or microwave)active. Some vibrations may be both
Raman and infrared active. Group theory can be elegantly used to find out whether a
vibration will be Raman active or not. A brief dxscussxon along these lines is given in
the Appendix of this unit. . /

6.2.2 Quantum Theory of Ra"m_,an Specfrum

Let us discuss the quantum mechanical treatment of Raman spectrum, Consider the
interaction of a photon of frequencyv with an isolated molecule. The oscillating
electric field associated with the photon of energy hv interacts with the molecule and
deforms the electronic configuration of the molecule. For some infinitesimally small
period of time, the photon and the molecule may be considered to constitute a new
state, which may be called a virtual state. The molecule has reached this new state

- through interaction with the photon; this state is hxgher in energy to the extent of the

energy of the incident beam, Av. The virtual state is an unstable state and a photon is
immediately emitted as scattered radiation, while the molecule returns to one of the




states associated with the molecule. Let E, and E,, be the initial and final energy states

of the molecule. If v and v/ are frequencies of the incident and the scattered
radiations, we can write using the law of conscrvation of energy,

W+E,=h' +E, (62)

E,-Ey=h('-v) «.(6.3)
- IfE, = E,,, then the sé:attcred radiation will have the same frequency as the incident

radiation (+' = v) as evident from the above equation, Thus thé collision between the
photons and the molecules is an elastic one and the scattering is of Rayleigh type.

IfE, < E;, then the frequency of the scattered radiation v’ will be less than the
frequency of the incident radiation v (or the wavelength of the scattered radiation ("))
will be more than that of the incident radiation (1) i.e. in Stokes lines, v < v ord’ > A,

~ In other words, some portion of the energy is transferred from the incident radiation
to the molecules and thus scattered radiation appears at a lower frequency (or at
longer wavelength) in the spectrum., The scattered radiation appears as Stokes lines in
the Raman spectrum

Finally xfE > E,, the scattered radiation will appear at higher frcqucncy (or at

shorter wavelcngth) than the incident radiation and it is. known as anti-Stokes lines,

i.c., in anti-Stokes lines, v’ > v and A’ < A. The origin of Stokes lines, Rayleigh lines

and the anti-Stokes lines are shown in Fig. 6.3a. The schematic dlagram of Raman
.(spcctra of a diatomic gas is shown in Fig. 6.3b.

......... bevargebereas
A Virtual state ' Vlrtual s aw
)} i ) . "
. , s ] , F W r
, @ hv ) v hv' hv - ; hv : hy v
. - . " »
& A
Ey E,
E, - —— E,= Ey — -Ey, e
Stokes ‘ Rayleigh Anti-Stokes
vi<y Vimy vy
@ .
4 ' S Rayleigh ‘ire
ok
A ‘ 5, s
, ) Q
Stokes band Anti-Stokes band
Vibration-rotation Pure rotation Vibration-rotation
. . )
®),

Flg, 6.3: (a) Theivtemnc'lons that glve ric~ to the Slokes, anti-Stokes and Rayleigh lnes.
(b) Thes-k cms( [ c‘iagram of Pam3zn spectrim of a diatomic gas.

| (iii)

Ramag Spectroscopy

v

While working problems using
Eq. 6.4, you have to remembcr the
following:

(i) ¥is the wavenumber (1/1) of
the incident radiation,

¥' is the wavenumber (1/4')
of the scattered radiation; ¥
is also called the absolute
wavenumber at which a band
will be observed in the
Raman spectrum or the
‘position of the Raman line.

@D

A¥ corresponds to the .
wavenumber of the vibration
band in the vibrational
Raman spectrum or the
spacing between a particular
set of lines in the rotational
Ramaii spectrum,

6o




IR and Raman Spectra

$ !

Raman spectrum is & plot of

" intensity of scattered radiation as a

function of wavenumber, The band
corresponding to ¥ constitutes the
Rayleigh line. The bands to the left
of ¥ are Stokes lincs since (% ' — )
for these are negative, The bands
to the right of ¥ have positive )
(¥’ — ¥) values and these are
anti-Stokes lines. The intensity of
the lines depends on the population
at different energy levels

(Fig. 6.3b). The relative heights of
lines are indicative of relative
intensities,

The experimental details of
obtaining Raman spectra will be
discussed in Unit 9 of this course.

' Jt is found that the Raman shift (A 7) is generally of the ofder of 3-3000 cm ™1,

Exciting line

welength /nm 511.00  435.80
wenumber /fem™ 19569 22946
. 1
/em 3377
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‘s important to remember that a “Raman frequency” of 2% 10°m™

Since the transfer of energy to and from the molecules follow the same quantum laws,

-both Stokes and anti-Stokes lines appear at equal spacing from the Raylexgh line. In

order to give a common expression for Stokes and anti-Stokes lines, we can write in
terms of wavenumbers,

1

V-F=tAY ‘ wnr(6.4)
where ¥’ and ¥ are wavenumbers of the scattered and incident radiation, respectively
and, A7, is the rotational or vibrational or rotation-vibration wavenumber of the
molecule A7 is known as the Raman shift, The plus sign in Eq. 6.4 refers to
anti-Stokes lines while the minus sign refers to Stokes lines.

There are more molecules in the ground state than in the excited state and, the former
class gives rise to the Stokes lines while the latter gives rise to the anti-Stokes lines;
hence, Stokes lines are more intense than the anti-Stokes lines (Fig. 6. 3b)

The mtensxty of Raman scattering in general is very low. Only about 10™> of the
incident radiation is Raylexgh-scattered and the total amount of Raman-scattercd
radiation is about 10”2 that of the Raylelgh-scattered tadiation. It is customary to
observe only Stokes emission, since anti-Stokes emission for vibrational energy
transfer is usually too weak to be detected:

From the above discussion you can understand that the ideal source for Raman
spectroscopy must be both very intense and highly monochromatic. The development
of laser as a source has greatly facilitated the usage of Raman spectroscopy

The

Raman shift can be observed from far infrared to infrared regxon but Raman
spectroscopy should not be taken as a kind of infrared or microwave spectroscopy It

Lis not measured
in the infrared region but corresponds to an emission at a wavelength of 540.8 nm for
excitation "y an Ar laser. You go through the following examples. .

Example 1

The Raman spzcirum of C,H,(g) observed using 435.80 nm Hg incident radiation shows
one of the I'wies at 511.00 nm. Determine the wavenumber of the vibration band (A 7).

.
N

Since A’ > A the observed band i isa Stokes line.

Applymg Eq 6.4 for a Stokes lme

=t

—AV =V -7
or AT =¥ =¥ =1/4 - 1/A'
‘} =3377x 10 m™! = 3377 cm™!
Example 2

The Raman spectra of CF,(g) was observed using the 435.80 nm Hg exciting energy‘

Four bands corresponding to the four fundamental vibrations were observed at
444.25 nm, 448.16 nm, 453,80 nm and 461.64 nm, Determine the wavenumbers (A %) of
these fundamental vibrations.

5

Since A’ > A for all the lines, these are Stokes lines. Applying Eq. 6.4 for Stokes lines,

bvld

—-T= - AV




we can calculate the wavenumbers of these vibrations as shown below:

Exciting line
Raman lines
< P
Wavelength/nm - 461.64  453.80 448.16 44425 435.80
Wavenumber / cm™ 21662 22036 22313 22510 22946
AV/em™ 1284 910 633 436

- In the next three sections, we shiall discuss the rotational, vibrational and
vibration-rotation Raman spectra of molecules in detail. However, before proceeding
. to the next section, you may answer the following SAQ.

"SAQ 1
Would all the rotational and vibrational transitions of a molecule be Raman active ?

L T T I S P PR P P evenesiebsersferranens seress tessrrersrenvisaserscsnces sooaresene o

In Unit 3 of this course while dxscussmg the pure rotational spectra, we classified the
molecules under the categories of linear, spherical top, symmetric top and asymmetric
top. We also stated mathematical expressions for the calculation of energies of
different rotational levels as well as for the energy involved in the transition from one *
level to another for molecules belonging to these categories. For our dlscussmn on the
rotational Raman spectra, we shall follow the samc classnﬁcatxon

Linear molecules ' )

- As da:nvpd in Unit 3: of this course, the rotational energy levels for a linear molecule
are given by Eq. 6.5.

‘

= BJ"(J +1em™? ‘...(6.5)

whereJ = 0, 1, 2, etc, B is the rotational constant for the molecule and eyis the

rotational cnergy exprcsscd in-waverumbers.

In Eq. 6.5. we have neglected the higher order terms since in Raman spectra, such high
precision is generally not obtained. The selection rule for rotational Raman spectra is
. o ' J
Av =0 and .
AJ =0, =2 (in the same vibrational level)

The transition A J.= 0 means that the scattered radiation has the same frequency as
the incident radiation and it appears as Rayleigh scattering only.

b ' S
- When AJ = +2, we can write for a transition J-> J + 2,

o

Raman Spectroscopy

¢

It is worth recollecting that the
selection rule for microwave
spectrais AJ = x 1, Butin
rotational Raman spectra, the
sclection rule is

AJ=0,+2

We know that the rotational
changes in the Raman spectrum
depend on the polarizability of the
molecule. The polarizability in

turd is associated with two dipole
transitions - one for the g
incoming, and one for the outgoing
photon. Hence, there will be two
quantum rotational jumps as given

by

AJ==x2

7
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?

Aepy =Bl +2)(J+3)=J(J + D}em™?
=B@4J+6)cm™! ; we(6.6)
whereJ = 0,1,2,3, ... and it is the rotational quantum number in the lower state.

A &, stands for the rotational energy change in cm™! unit during the transition. We
shall use the term A ¥, instead of Ae,, and write,

A%, = B(4J + 6) cm™ . w(6.7)
Eq. 6.4 can be rewritten for rotational spectra as follows:
V-T=t ATy, C..(68)

A7, is the Raman shift for the rotational Raman spectra or the rotational Raman
shift.

Using Eq. 6.7 we can write, o
P -7 £B@J+6)em™l . (69)

We can understand that +A ¥, stands for anti-Stokes lines while ~ A ¥, stands for

Stokes lines. : :
& =B/ +1])
A48 J=6
308 5
13
& | 208 'y 4
128 y 3
68 — 7y . 2
2B v 1
0
N Stokes lines Rayleigh' Anti-Stokes lines
V+2¢0) unZ gh~ ) (J+23.111)"cs
A0 .
2
G 42
§ S5¢3 42
g | 6«4 31 351 573 64
2¢0 20
Vv
+ B(4J+6) ~22B

-188 14 -10B 6B ) 8 108 . 14B 188 228
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Fig. 6.4: Pure rotational Raman spectrum »f a diatomic molecule—schematic diagram.

The schematic Raman rotational spectrum of a diatomic molecule is given in Fig. 6.4.
Each transition is labelled according to the transitions, The relative heights of lines are
indicative of relative intensities of lines which again depend on the population at
various energy levels.




There is a general rule for labelling any series of lines in the spectrum which states that
when AJ = +2, +1, 0, -1, - 2, the corresponding group of frequencies are called S, R,
Q, P and O branches of the spectrum, respectively. Thus in the above case, when
AJ = +2, we shall observe S-branch of the spectrum. Notice that whenJ = 0 is
substituted in Eq. 6.9, the separation of the first line from the exciting line is féund to

- be 6B, Once the value of rotational constant B is known, we can evaluate the moment
of inertia of the moleculc smce,

-h

B =
Snzlc

Rotational Raman spectra for molecules like H,, 0,,HCN, CO,, C;0; etc. have

yielded useful information about their molccular structure. This information is
cspecxallv useful for homonuclear diatomic molecules which give no infrared or
microwave spectra, Raman spectrum with rotational fine structure is generally not
obtained for linear molecules having more than three atoms,

It should be mentioned that if the molecule has a centre of symmetry (as in the case of
Hy, Ny, Oy, CO,) the nuclear spin exerts its effect in the Raman and IR spectra. The -

intensity pattern can be explained using nuclear spin effect. We shall not go into the
theoretical background of this aspect but state a few examples. The significant
conclusion is that the intensity pattern of rotational Raman spectra has a vxtal role to
play while provxdmg data regarding molecular structure.

In order to show the ruclear spin effect on thc intensity pattern, let us consider two
types of molecules, one having zero nuclear spin and another having nonzero nuclear
- spin.

In the rotational Raman spectra of molecules like O, (with %0 atoms) and CO,
(with ! 2 cand 0 atoms, both having zero nuclear spin), every alternate
rotational level is absent. One can see an interesting variation between the
rotational Raman spectra of CO, and O,.In CO,, every level with odd J value

is missing and thus transitions fromJ = 1, 3, 5, ..... levels are completely

absent (as shown by dotted lines in Fig. 6. 5), whlle lines of even J values are
observed.

@

-

A . |
Stokes lines

Rayleigh
T+20)

line
Al=0

Intensity
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w
- 1
w

Vei=
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Since Aot =B (4J + 6),
substituting different values of J
=0, 1,2, 3, etc,, we get the
corresponding lines at 6B, 108,
148, 188 ctc, (less than or greater
than) from the exciting radiation
(¥) for the Stokes and the
anti-Stokes lines, respectively as
shown in Fig. 6.4.

Thus the spacing between the
lines would be 4B,

4Anli-Stokcs lines
+2-0

+.B(4J+6) 228 ~14B 148

Fig. 6.5: Schematic diagram of pure rotational Raman spectra of CO3. Note that all the odd J lines of

CO2 are absent (as shown by the dotted lines). All the nllowed transmorq (l.e., those of even
J values) are shown by solid lines.

The average line separation then is equal to 8B (i.c., A¥ = 8B) while the difference
between the first Stokcs line and the first antl-Stnkcs line is 128, Similcrly in the
Raman spectrum of ! Oz, the spectral transitions correspond to energy levels with odd
J values and those from even J values are missing. The average line separation is equal
to 8B while the separation betwen the first stokes line, and the first anti-Stokes line is
208, Let us try to work out the following problem.

Li, CHLE - A

73




IR and Raman Spectra

| Example 3

The rotational Raman spectra of CO,(g) showed a series of nboorption peaks .

separated by 3.16 cm™ 1in the S branch, What is the value of the rotational constant
(B) for CO, molecule ? .

In the case of CO,, A%, = 8B

§

36 1
B ===cm
8
= 0.395cm ™! :
=395 ‘m“l
(1) Inthe case of molcculcs hkc 11—12, 14N2 ete, (Which have nonzero nuclear spin),
the intensity of cVery alternate line decreases. The mtcns:ty ratio of 2:1 in favour
of evenJ values is observed between the successive lines in the rotatxonal
Raman spectra of * NZ (Fig. 6.6). In other words, the lines at even J values have
greater intensity than those at odd J.values. In the rotational Rafman spectra of
1H,, the intensity ratio of 3:1 is observed between the successxvc lines. -
vll ; [ )
. Stokes lines Raylei - Anti-Stokes li
64 P Us2zed Regeigh Tr2snT - so4
A'20 ‘
42 ’ ’ 42
. S 53 o . 553
A 2¢0 20 ‘
, 31 ’ 31
X '{;r - ' ¢ I A ) . ) l 1o
+8(4J+6) -22B . ~18B ~14B . -10B ~6B 6B 108 148 195 22B
- N N l‘_ — bl o ‘ N
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~ Example 4

74 A
UGCHE- 111

Flg. 6.6: Rotational Raman spectra of MNz .

," &

While usmg rotatxqual Raman spectra of H,, N, etc, for obtaining molccular 1

parameters, it should be borne i in mind that AV = 4B,

'

For hydrogen molecule, the spacing between the S-branch lines in the Ramap

spectrum is 243.2 em™!, Calculate the bond length of hydrogen.
Mass of hydrogen atom = 1.673 X 10™%" kg

For hydrogen molccule, the spacing between the lines (A7) = 4B
4B = 2432 cm™"
=2432x 10*m™! SRS

B =6008x10°m™?




' i ' & e ’ Raman § eLtrosco Y
ro b 6.626 X 107 o pectroscop,

= = kgm
‘ &’Bc 8 x (3.143)% X 6.008 X 10° X 2.998 x 10°

= 4,655 x 10™*8 kg m?

# my + my 2 , ‘ S

=8365% 10" Bkg A » ST

172 —ag\ 172 S E o S
= (—1-) = 549—5—5-’5—13_—23 m=746%10"1m - L
S U 8365x 1078 - _ el
=746 pm
The sphcrxcal top molecules (like CH, and SF¢) on rotatlon along any axis would not o o \

produce a chahge in the polarizability of the molecules. Hence the spherxcal top
molecules do not exhibit rotational Raman spectra, We shall not discuss the rotational
Raman spectra of symmetric top and asymmemc top molecules due to their
complexity.

In thc next sectlon, we shall discuss the vibrational Raman spectra ‘of molecules. You : o
may try to answer the following SAQ before proceedmg to the next section. : ‘ R

SAQ 2

CalculateI and carbon-oxygen bond distance (rc o) for COZ (g), knowmg that B is . : !
39.5m" ‘ |

Hints: I =2 X mass of. oxygen atom X (rc_o)z_

10.016

Mass of oxygen atom = ~————= .
RL 6.023 x 109 ©

..........................................................................................

.......................................................................

64 VIBRATIONAL RAMAN SPECTRA

We have seen thal the Raman frcquencxes cover the region of energy which can also
~bring about the changes in the vibrational energy level of the molecules, Thus, both the
infrared and Raman spectra will gwe us information about the vibrational changes in
the molecule. However, since the origin of spectra is different in the two cases, we can
get information through Raman spectra about those molecules which are inaccessible
* to infrared spectra. : ‘ ‘.

- Eirch vib-ati ynal ch'mge will be accompanied by rotational change. Hence, the
vibration ¢ spactra is truly a vibration-rotation spectra; but the rotational changes are
observed only in the gaseous state, where the molecules are far apart from each other
and, have complﬂte freedom of rotation. Thus, only under high resolution, molecules
in gaseous state give aman.spectra with rotational fine structure. In this sectnon, we

shall deal thh the v'brauonal Raman spectra only, 7‘5 )
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As discussed in Unit 4 on vibrational spectra, we can express the vibrational energy as

eip =V + W) V. — (v + 1/2) Ve X cm_lg v=0,1,2,..) ....(6;10)

where.v.is.the quantum number associated with the vibrations of the molecule and %

-is the harmonic frequency in-wavenumber which is equal to v, /c . You can refer to
- Eq.4.28 of Unit 4 for understanding the significance of v, . Also X is the '

anharmonicity constant.
For any vibrational transition, the selection rule is
Av=x1,%2...

Restricting ourselves to only fundamental vibration, where A v = +1, the transition
takes place from v = O tov = +1. The intensity of other transitions will be very weak
and can be neglected. .

For vibrational Raman spectrum, we can write an equation similar to Egs. 6.4 and 6.8, )
V -P= AT, o o (6.11)
A%, is the vidrational Raman shift,

Eq.6.11 takesﬁnto‘account only the fundamental band; it ignores overtones for the
sake of simplicity.

From Eq. 6.11, we can see that the Raman active vibrational frequencies appear-as

Stokes and anti-Stokes lines on either side of the central exciting line having a
frequencyv The Stokes lines as usual would be more intense than anti-Stokes lines.

Example §

~ Predict the position of the Raman vibration lines for C-H stretching of an alkane at

2960 cm™?, if Hg radiation of 435.8 nm (22946 cm ™) is used.

3

Stokes line: Using Eq. 6.11, 7’ = (22946 — 2960) cm ™

¥ = 19986 cm ™}

‘Anti-Stokes line: Using Eq. 6.11,

= (22946 + 2960) cm ™! .,

= 15906 cm"1

For molecules havmg centre of symmetry, there is a generalisation — known as the
rule of mutual ‘exclusion — which is quite useful in identifying them, This has been
d:scussed in the following subsectxon

Mutual Exclusion Principle

The mutual exclusion principle states that any molecule which has centre of symmetry

- will not have any vibrational mode which is both Raman as well as infrared active, A

precise way of stating the mutual exclusion principle i; as follows:

;




For a molecule with centre of symmetry, any given normal vibration may be active in
the infrared or in the Raman (or in neither) but not in both,

.

The portion written within the brackets ‘or in neither’ means that some of the normal
vibrations may be inactive both in Raman and infrared regions. For example, ethylene,
which has centre of symmetry, has twelve modes of vibration. Six of these are Raman
active and five are infrared active, the remaining mode is neither irfrared active nor
Raman active. Such modes of vibrations of molecules with centre of symmetry which
are totally inactive in both infrared and Raman spectra are called spectroscopically '
silent fundamental vibrations. In benzene, which has a total of thirty normal modes,
twenty two are active either in Raman or in infrared. The remaining eight modes are
totally inactive in both Raman and infrared. A simplified statement of mutual
exclusion principle is given below: ’

“If a molecule has centre of symmetry, then no modes can be both infrared and
~ Raman active”.

i

_As a corollary to the above statement, we can say that if a particular vibration mode of
the molecule gives rise to lines at the same frequency in both the infrared and Raman
spectra, then the molecule must not have centre of symmetry. In the Appendix of this
Unit, we shall discuss this principle in relation to group theory. :

Let us consider the application of this'simple rule in the interpretation of the
spectra of two triatomic molecules, CO, and SO, . The two peaks at 2349 and.

667 cm™ ! in the infrared spectrum of CO, are found to be at;gcnt in the Raman
spectrum of the molecule. We may expect a single Raman peak for this molecule at
1340 cm ™! due to symmetric stretch. In fact, two peaks of similar intensity appear
at 1388 cma ™! and 1286 cm™ ! which are due to Fermi resonancs between v '
(symmetric strétching frequency) and 2v, (twice the bending frequency) as
explained in Sec. 5.3 of the last unit. The Fermi resonance bands are not covered

by mutual exclusion principle since it applies to fundamental modes only. Thus, it
must be noticed that the fundamental mpdcs of CO, which are infrared active are

F.aman inactive.

Our conclusion is that CO, molecule must have centre of symmetry in accordance with
the mutual exclusion principle. This is in agreement with the fact that CO, is a linear
molecule with a symmetric structure and its dipole moment is zero.

In the case 0% SO,, we get three peaks around 519, 1151 and 1361 em™ ! in both the
Raman and infrared spectra, These observations indicate that SO, molecule has no

centre of symm:stry and we shall use this fact in Sec 6.7 in discussing its structure.

: ! : ot
It has also been observed that the symmetric vibrations give rise to intense Raman
iines but the antisymmetric.vibrations produce weaker lines in the spectrum.
Frequencies at which these vibrations will occur can be calculated with the help of
quantum mechanics which we are not going to discuss in this course. - ‘

Answer the following SAQ’s before going through Sec. 6.5.

/

SAQ 3

C,H,; has two IR bands and three Raman bands, none of them occur at tae same

wavenumber, Furthér, one of the IR bands shows a simple PR structure. Comment on
the structure of C,H, . ' » v

raman speciroscopy -
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..................................................................

SAQ 4
What type of spectral pattern would you expect from IR ancl Raman spcetra ifthe
structure of N,O is N-N--O but not N—-()~N ? Verify your answer with the case study

discussed in Sec. 6.7,

R P P T P YT T P YU POPUUOr I

............................
.........................................................................................................................................................

.................................................................................................................................................

6 5 VIBRATION - ROTATION RAMAN SPECTRA

Relatwely a very small number of molecules have been studied for which vxbratmnal
Raman spectra show rotatxonal fine structure. E

For the simplest case of a dlatomxc molecule, the selection rules for vibration-rotation
Raman spectra are as follows:

AJ=0,%2and Av = 1.

.4 ’ . Rayleigh line
2
Q
8,110
' illllllll | , of s
Stokes band ‘ Anti-Stokes band
Vibration-rotation . Pure ro(auon Vlbralion rotation

Fig. 6 7: The schcmatlc diagram of the vlbtallon-rolatlon Raman spectrum of a diatomic gas.

The transitions for which AJ = ~2 glve rise to O-branch while those for whxch Al=0
give rise to Q-branch and finally, if AJ = +2, S-branch occurs. In Fig. 6.7, the
schematic diagram of the vibration-rotation Raman spectrum of a diatomic gas is
shown, The presence of a strong Q-branch in the Raman spectra is noteworthy. The
lines in O and S-branches of the Raman spectrum could be analysed to yield B,
moment of inertia and bond length

6.6 POLARIZED RAMAN SPECTRA

Before explaining polanzed Raman spectra we should understand the terms, plane

- polarized light and depolarization ratio. You may have studied in Sec. 6.10 of Unit 6 of

Atoms and Molecules Course that when monochromatic light is passed through a nicol
prism, the outcoming light vibrates in only one particular plane. Such a type of light i is
called plane polarized light. When plane polarized light is passed through another
nicol prism, the intensity of the transmitted light depends on the way the polarizing




axes of the two prisms are oriented towards each other, If the polarizing axes of the

two prisms are parallel to each other, the intensity of the transmitted light is maximum.

When the two axes are perpendicular, no light passes through the second nicol prism.
If the incident light falling on the second nicol prism is only partially polarized, then
the intensity of the transmitted light perpcndxcular to the plane of polarization (7, ) is

minimum but not zero. In the case of partxally polarized light, it is useful to define the
ratio 6i“intensity of light transmitted perpendicular to the plane of maximum
polarization (/) to the intensity of light transmitted parallel to the plane of maximum

polarization (/ 1) + This ratio is called depolarization ratio (p ) which is given as

follows: p=—= ‘ S (6.12)

The depolarization ratio is quite useful in determining whether a Raman line is
polarized or not. A Raman line is said to be polarized, if the value of p lies between
- 0and 6/7.1f p is more than 6/7, a Raman line is said to be depolarized.

The number of polarized Raman lines ¢dn be obizined from the cxperimental
values of p which could help us in assxgmng the vibraiional modes to the
experimentally observed frequencxes In general, it can be stated that a symmetric
. vxbratmn gives rise to a polarized (or partially polarized) Raman line while an
antlsymmetnc vibration gives a depolarized line. Thc use of polarized Raman
. lines will be lllustrated in Sec. 6 7.

SAQS

Polarized Raman spectra of CHCI3 give the follow'ng data for three of the bands:

; ¢

S.No ' Raman band/cm™! I, Iy
N U R 58 79.2
.ii) | w0 13 83.2
T \760 _ L 47 60

%

 Identify thosé which are polarized.

6.7 APPLICATIONS OF IR AND RAMAN
SPECTROSCOPY

We can derive useful structural information from Raman and infrared spectra of
molecules. However, we must realise that Raman and infrared spectra are
complcmentary to each other in many ways as shown in Table 6.1,

Raman Spectroscopy
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In the Appendix, we shall examine
the Raman activity of the three
vibrational modes of triatomic
molecules (H20 or SO2)
belonging to C2v group.

In Table 6.2, the symmetry species
are given in terms of group theory

&ymbols.

The symmetry species of ench mode
of vibration Is denoted in the
respective figures, For
understanding the characters of
these symmetry species, you may
consult the character tables for

Cav, C3v, Ceovand Doy given at the

- end of the Appendix of this unit.
Bven without understanding the
basis of group theory symbols, you
can try to use them, if you follow the
Appendix materials. If by chance
you don’t follow the Appendix
materials, don’t lose confidence!
You can still follow the main portion
of the unit excluding the Appendix.
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Table 6.1: Characteristics of Raman and Infrared Spectra

Ramun Infrared
1. Raman spectrum is the result of 1. Infrared spectrum is because of
scattering of light by the molecules. the absorption of radiation by the -
molecules.
2. It depends on the changing 2. It depends on the oscillating dipole
- polarizability of the molecule. moment in the molecule,
3,  Homonuclear diatomic molecules 3.  Homonuclear diatomic molecules
are rotationally and or t are inactive.
vibrationally active, *

4, Water can be used as a solvant. 4.  Water is less likely to be used as a
: solvent since it is opaque to
infrared radiations.

Using the case of SO, molecule, we now show how the structure of a molecule could

be determined using IR-and Raman spectra. Let us also explain how the polarized
Raman spectra could be used in assigning vibrational modes to the frequencies
observed in the spectra.

In sec. 6.4, we have mentioned that SO, gives three absofption bands at 519, 1151 an

1361 cm ™! both in IR spectra and Raman spectra and that it does not have centre of
symmetry, Further, a linear polyatomic molecule is expected to show at least some IR
bands with P and R branches as exhibited by diatomic molecules (See Fig. 4.11 of
Unit 4). These PR bands (or contours) arise due to vibrations causing a dipole change -
parallel to the principal axis of symmetry. In the IR spectra of SO, , no band shows

simple PR structure. Hence, SO, molecule is not linear and it must have a bent shape.

g
O/. \‘O

Further, the bands at 519 and 1151 cm'"1 are Raman polarized. This indicates that
these bands are. due to symmeétric vibrations. If we make a reasonable assumption that

stretching frequencies are larger than bending, then 519 cm ™! is.assigned to symmetric
bending vibration while 1151 em™tis assigned to symmetric stretching mode. The

band at 1361 ém ™! is Raman depolarized which indicates that it can be assigned to the
antisymmetric stretching mode. Thus we assign the modes of vibration to tlhie observed
frequencies of SO, ; also we infer that it is angular in shape.

For a few molecules, IR and Raman active vibragions arc discugscd in Table 6.2,

Table 6.2: IR Active and Raman Active Vibrations of Some Molecules

Molecule CO, N,O H,0 or SO, NH,

(or ion) (or CIO3)
Fig. No. 6.2 6.8 6.1 6.9
Geomefry Lincar Linear Angular Pyramidal

(symmetric)  (asymmetric)

Point group D oy Cooy Gy ' Cs,



Total number A 4 : 4 ; 3 6
of modes

Fundamentals 3 . 3 3 - 4
Symmetry S e P
species Zg ' 2z 2A4, By ?Al, 2E
N . |
u
Hu
IR active | 2*, 22* o
~ species : ﬁ‘u o 2A4, B, 2A;,2E
_Raman active + st
_species : 23 , 2 - 2A4, By 2A4,2E
[T (bending)
. tooweaktobe ;
observed]
Polarized .. 2*’ 5+ ' 24 ' 2A;
vibration & .. (symmetric (symmetric (symmetric
i (iy n:n;ﬁtrx;: stretching) . stretchingand  stretching and
stretchung, : ‘ bending) out-of-plane
‘ symmetric -
- bending)

N.B: I1,,, I1 and E: Doubly degenerate vibrations

Let us illustrate the use of Table 6.2 in structure detc: vmination. Care should be taken
to interpret Raman spe- tra since one or more bands may be missing due to wcak
intensity (or these bands may be spectroscopically silent).

Case study of N2O

We shall illustrate as to how the structure of N,O has been established using infrared
and Raman spectral data given in Table 6.3.

Rapun

‘Table 6.3: Infrared and Raman Spectral Data of Nitrous Oxide

-1

V/cr Infrared _ Raman
589 - strong; PQR band - ;-
1285 ’ - verystrong; PR band very strong
2224 S ~ -very strong; PR band strong
The four possible structures of N,O are given below:
N KON
N N N N—0—N N—N-—Q -
I | CE m. v

The presence of two bands thh simple PR contours indicate that the molecule is

. lmcar ‘Hence the structures I and II are ruled out.

Thc appcarancc of (at least) two bands (1285 and 2224

UC CUI 10(22A)

1

cm"J ) in both mfrared and

cltyas

COBY
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IR and Raman Spectra Raman spectra indicates that the molecule does not have centre of symmetry. As per
Table 6.2, we may expect all the three bands to appear in the infrared and Raman

spectra. It is possible that the third band at 589 em™1is too weak that it is not observed
in Raman spectrum. Hence, it is clear that N,O has the structure IV.Letustryto -
indicate the vibrational modes of N,0 (Fig. 6.8). ’

T
—N—

N O
«N-4—~N—O0-> v v “N—N-»¢0
N—N—0
k’Suetching (}f) . . Bending I Stretching'(zlﬁ)’

Fig. 6.8: Vibrational modes of N2O

As énother example, you may verify the structure of CIO; ion as pyramidal using
~ the data given in Tables 6.2 and 6.4 . The vibrational modes of ClOy ion are given
in Fxg 6. 9

Table 6.4: Infrared and Raman Spectra of CIO; fon

VRaman/cm . Y c‘m_'
450 (depolarized) ‘ 434
610 (polarized) - o 624
940 (depolarized) 950
982 (polarized) 994 -

S - L : |
TN L AN '\ A
'/08 o, o;i o, '\/Z,J %o I N

Symmetric * Antisymmetric Out-of-plane Antisymmetric

stretching - . stretching ; symmetric bending
Ay o ® bending B)
: Ap o

Fig. 6.9: Vibrational modes of C103” fon.

The main advantage of Raman sbedmscopy lies in the fact that it can be studied in the
visible region of the spectrum unlike microwave or infrared spectroscopy. With the
introduction of laser beam as a Raman-source, low frequency vibrations can also be
easily studied. Rotatlons and vibrations of molecules which cannot be studied with
microwave or infrared techmqucs are easily handled by Raman spectroscopy. For
instance, the structural parameters of iomonuclear diatomic molecules can be
obtained using Raman spectra.

Raman spectra finds a lot of applications in the structure determination of orgamc
(-ompounds It can be successfully used for the analysis of a mixture of compounds
which are otherwise difficult to identify without separation into constituents. In

general, IR is more suitable for molecular vibrations of organic compounds having

‘ frequencies above 650 cm™? Raman spectra could be studied even upto 100 cm -1
82 \ and is therefore, quite suited for studying weak vibrations such as metal-ligand
UGCHE-10(22B) - -
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stretchings, most of which lie below 600 cm™! . Further, the polar solvents like water Raman Spectroscopy

can be used in recording Raman spectra. Let us study three more apphcatxons of
Raman spectra.

(1) Dissociation constants of mineral acids |

By monitoring the i mtensxty of absorptxon bands due to nitrate ion and nitric acid using
Raman spectrum, it i is possible to obtain the dissociation constant of nitric acid.

HNO; + HOT—— H,0" + NO;

Similarly the dissociation constants of HZSO4 and HSOjy also have been studied. It

has been found that the concentration of SO4 ionis small in sulphuric acid except m
very dilute solutions,

2) Structure of complex‘ions in solution

One of the mportant applications of Raman spcctra is to identify the structure of
complex ions of mcrcury, thallium and silver ions in solution, The existrnce of

mercurous ion as Hg2* and not as Hg" has been established-through the Hg—Hg
strétching frequency observed in the Raman spectrum of its ions. Similar results have
been obtained for thallous (le ) ions also.

(3) Strength of metal-ligand bonding

The totally symmefric ~i* rations (Fig. 6.10) of the tetrahedral conipléx ions (like
ZnCE™, CcCE™, HgCR™, etc) and the octahedral complexes (like SiF¢™, PFg , SFy)
<an be studied using Raman spectra, These are all IR inactive. From their Raman
spectra, metal-ligand bond stretching force constants and henge, information about
the strength of the metal- ligand hond can be obtained. It is seen that the oxyanions
such as PO%", SO,%" etc. have much larger force constants. This is taken as an

evidence that there is dr — px bonding between the central atom and the oxygen atom |
in addition to the abondxng

Fig. 6.10: Totally symmetric vibratlons of MLs and MLg complexes.

SAQ 6 '

A mclecu  AB, has three pronﬁncnt IR absorption bands and ore Raman band; for
the Raman band, the vibrational Raman shift coincides with one of the three IR ban-ls,
The rotat’onal fine structure of the IR bands is complex and docs not show simple PR
contour, "What is the shape of the molecule ?
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6.8 SUMMARY

7

In this unit we explained the origin of Raman spectrum in tarms of classical as well as
quantum mechanical models arriving at the same results, Next we discussed the
rotational, vibrational and vibration-rotation Raman spectra in detail: The relevant
selection rules were also given. The principle of mutual exclusion was stated and its
importance in the elucidation of molecular structure was given. A brief outline of the
utility of the study of polarized Raman lines was given. Finally a few apphcatlons of
Raman spectroscopy were discussed. .

6.9 TERMINAL QUESTIONS

1) If the fundamcntal vibrational frequency of a particular ketone occurs at: 1730

cm determme the position of Raman lines. The ketone is irradiated with
?rgon iaser of wavelength 514.53 nm,

2 As per Table 5.3.0f Umt 5, the C—~H stretching range is 2962-2853 cm™ ! for an

alkane. Assuming that argon laser of wavelength 514.53 nm (19435 cm™ ) is
. used, find the upper and lower wavenumbers for the pos:tlons of the Stokes
lines for C-H stretching.

3) Why is that the mtensxty of Stokes Imes generally greater than the anti-Stokes
lines ? ,

4)  How can you differentiate between the foliowmg two structures using IR and
Raman spectra : :

A
N\ R
B/ B B—iA‘—B?

5) ° Which of the followmg molecules would give pure rotational Raman
spcctrum : : :

Hz, H,0, SF,’ CH4 and N ?

6) The vxbratxonal Raman shift for C~ H bendmg vibration is 1460 cm ™. For -

argon Iaset “of wavenumber 19435 cm™ ", predxct the position of Stokes and
apti-Stokes lines corresponding to C ~ H bending vibration.

6.10 ANSWERS

Self Assessment Questions

1) A molecular rotation or vibration will be Raman active, only if it is
' accompanied by polarizability change.

h

2 I= :
) 8 B¢ <

= 6.626 x 107 ko
8 X (3.143)% X 39.5 x 2.998 x 10°

=7.08 x 10746 kg m®

But as per the hints given, - .



: 2% 0.016 2 2 : ~ Raman Spectroscopy
N R -l 23X(rc_,_0) kgm ) N
: ~ 6.023 X 10 _ ,

" 46 23712 o
reeo __[(708 Xx107P %6023 X W07 115%10"0m | .

0.032
= 115 pm

3) Smce none of the bands appear in both IR and Raman spectra at the same
wavenumber, C,H, must have centre of symmetry. The presence of an IR band

with a simple PR structure brings out the linear structure. Hence C,H, has the
linear symmetrical structure as shown below:

H-C=C-H

4) | 'I‘he structure N~ N O does not havs centre of symmetry whereas N~ O — N
has. Hencg, if the structure N - N —O is correct, one or more bands must occur
at the same wavenumber in both IR and Raman spectra.

5 »p valucs at all these 'three bands are less than 6/7 and these bands are polarized.

' 6)  The molecule does not have centre of symmetry. It does not have lmear
structure. Hence, ABZ must be angular.

Termmal Questions

1)  Wehaveto find the position of both Stokes lines and antx-Stokcs lmcs As per
Eq. 64,V for Stokes line =7 — A7V

= (——-«-—-1—-~—-1.730x105)m 1

514.53 x 107°
= (19435 x 10° — 1.730 X 10°) m ™"
= 17705% 10°m™"

= 17705 cm™}

Similarly 7' for anti-Stokes line = v+ AT
=2.1165 x 10° m™?
= 21165 cm""1

2) AsperEq.64,7 for the Stokes lines lxe between (19435 2962) cm ™ Land \
(19435-2853) cm™ 1 ie., between 16473 cm” and 16582 cm”

3)  There are more molecules in the ground state than in the excited state. The
former class gives rise to the Stokes lines, while the latter gives rise-to the -
anti-Stokes lines. Hence, Stokes lines are more intense tban the anti-Stokes
'4)  The molecule with angular symmetrical structure can be expected to exhibit : {
three IR bands and three Raman bands, all the three being common; the
molecule with linear symmetrical structure has no band appearing in both IR
and Raman spectra,

5)  The spherical top molecules SF, and CH, could not exhibit pure rotational
Raman spectrum; others can. ‘ ' : 85
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Since S0, belongs to Cy, group

(just like HyO molecule), two of
the vibrational modes belong to
Aj symmetry and the third one
belongs to By symmetry. Also all
these three modes are active both
in infrared and Raman spectra.

6) UseEq.6.11,
Stokes line : (19435 - 1460) cm ™! = 17975 cm ™!
Anti-Stokes line: (19435 + 1460) cm ™! = 20895 cm™?

6.11 APPENDIX :

In this Appendix, we shall show how group theory helps in identifying Raman active

vibrations and in understanding the mutual exclusion principle.

Raman active vibrational modes

éroup theory can be used to find out whether a particular vibrational mode will be
Raman active or not. In the case of vibrational Raman spectra, a particular vibration
mode will be active only if the polarizability of the molecule changes during vibration.
In terms of the polarizability operator «, the transition moment integral can be
obtained using the term, [ Yy a Y, dr, where ¢, and i, are the wave functions

corresponding to ground state and the excited state, respectively. In this term, « is one

~ of the following quadratic or binary functions of the cartesian coordinates:

22,58, 2,2, 20, (0 = 3P).

A vibration will be Raman active, ifit belongs to the same symmetry species as a
component of polarizability. A vibration transition may give rise to a Raman band,
only if the symmetry species of the product of the functions v, y, is the same as one

of xz,yz, zz, Xy, ¥z, ¢ or any combination of these. In that case, the transition moment
integral will have nonzero value and the vibrational mode is Raman active.

This rule can be applied to find out the Raman activity of the vibrational modes of
Hzo and NH3 .
H,0

In Unit 5, we have mentioned that for H,0 (as also for SO,) molecule, two of the.
vibrational modes belong to Ay symmetry and the third one belongs to B; symmetry
and all these are IR active, Let us now see whether these are Raman active.

(i) Vibrational modes with A1 symmetry

From the C, , character table, we see that the vibrational modes with A; symmetry

belong to the same irreducible representation as x?, y2 orz2. Hence the vibrational
modes with A; symmetry are Raman active. -

(i) Vibrational mode with B1 symmetry

The vibrational mode with B; symmetry belongs to same irreducible representation as
xz; hence this mode also will be Raman active.

NH;3

In unit'5, we have mentioned that fony"NH:, molecule, two of the vibrational modes
belong to A; symmetry and the other two to E symmetry. From the Cy, character table,

we see that (i) the vibrational modes with A symmetry belong to the same irreducible
representation as 22 orx® + %, and (ii) the vibrational modes with E symmetry belong
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to the same irreducible representation as (x -y ,xy) or (xz,yz). Hence all the four Raman Spectroscopy

vibrational modes of NH; are Raman active.

i

" Let us next explain the mutual exclusion principle using group theory.

- The mutual exclusion principle
’ ' ! B You can use Table 6.2, Figs. 6.1,

Point groups of molecules with centre of symmetry have twosets of irreducible 6.2, 6.8 and 6.9 and the character
representations. The representations which are symmetric with respect to inversion tables Cyy, Cy, Copy, and Doy
are called g (‘gerade’) representations, while those which are antlsymmemc to . (given at the end of this Appendix)
inversion are called u (‘ungerade’) representations. Let us expiain as to how to and verify that

identify a parti_cular representation as u or g. () IR active vibrations belong to

the same symmetry species as
X yorz

By inversion operation, the coordinztesy, yorz “°come ~X,~yor -z ic, thcse . _ o
(i) Raman active vibrations

undergo a sign change on inve.sion. . ’ belong to the same symmetry
) : species as any of the
inversinn ‘ " quadratic or binary functions
D ——— o of the cartesian coordinates.

For instance, from Table 6.2,

inversion Fig. 6.2 and the character

Y m—— -y . . table for D o, group, we can -
-infer that the symmetric

inversion stretching w‘nbtn'txon .of COzis
5 R Rama2 active since it belongs
' . to zg symmetry to which

i.e.,x, y and z coordinates are antisymmetric with respect to inversion. But the ako quadratic and binary

quadratxc or the binary functions of coordinates do nat undergo a sign change on : functions, ¥ + y® and

befong . Similarly, bending
and antisymimetric stretching
of CO2 are IR active since

inversion i.e., these are symmetric with respect to inversion,

x2 inversion : +"  these two belong to Iy and
- (%) - (-n= 2 : + .
- > towhich the
. LA e ’
inversion cartesian coordinates (%, y)

and z also belong, Why don’t
you verify the entries in

g x)(y) =Xy

. . . . n . ' Table 6.2 regarding the IR
This is true of all binary or quadratic coordinates and their combinations. and Raman ﬁtm &bmiom
: _ of N5O, Hy0 and CiO3 ior:
In the light of the definition given for g and u functions, the coordmatcsx, y and z also 7 Use the relevant
whlch are antxsymmetrxc to mvcrsxon belong to u representation whereas the quadratic figures and the character

- tables of point groups as
and bmary ‘coordinates, 2%, y* y% 2%, xy, etc, belong to g representation (since these are mentioned in Table 6.2.

symmetric with respect to mvcrsxon)

The selection rule for IR active vibration whxch we have studied in the Appendix of the
* last unit can be stated as follows:

A vibration will be IR active, if the excited mode has the same symmetr as one of the
cartesian coordinates (x, y and z). '

Using this, we can infer that in the molecules with centre of symmetry, the vibrational
modes belonging to u symmetry species are IR active.

Similarly using the selection rule for Raman spectra that a normal vibration will be Raman
active if the vibrational mode has the came irreducible representation as one of the
quadratic or binary coordinates, we can infer that in case of molecules with centre of
symmetry, vibrational modes belonging te g symmetry species are Raman active.

In short, in molecules with centre of symmetry, a vibrational mode may be active either
in Raman or in mfrared but not in both. This is the mutual cxcluswn principle stated in
Sec. 6 4.
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Character Tables of C,,, Cy,, C;,W

and D, groups

1. J.R.Dyer, Application of Absorption Speétroscop

C E C;  ofxz) - oY) 1

Al 1 1. 1 ¢ o 1% z‘ ‘ xZ, yZ, Zl

Bl 1 -1 1 -1 X, R), Xz

BZ . 1 ) ""1 . ‘—1 1 y’ RX i yz

Gy | E 26, 3, | |

Al ‘: 1 1. 7 1 Z x2 +y2 »zz

A, 1 1 -1 | R,

E o 2 7-;1 0 (x,y)’ (Rx; Ry) (xz - yz,xy) (xz, yz)
Coy E 26",: f . ®0, l

- + bt B -
A=Y 1T e 1 z . 2+ 2 2
A= 2“ 1 o -1 . R,
E =T .

. =11 2 2cos¢ e 0 g(x, i RuR) | (xz,y2)
E,=A 2 2c082¢ s 0 ' o = 2 )
Ey=® 2 2c083¢p e 0.

Dew | E 2¢2 wo, i 252w wC,

E+ 1 1 . 1 1 1 1| 2y

3 )

3 1, 1 e 11 1 -1 | R,

" ; ‘
88 2 2C0S¢ e 0 2 -2c08¢ 0 | RuR))| (xz,y2)
A 2 2c082¢ e 0 2 2c052 0 o2 = x9)

+ 1 A 1 -1 -1 -1 |z
2,
4 1 1 e =1 =1 -1 1
2,
Ty, 2 2C08¢ e 0 -2 2cos¢ 0| &Yy
Au 2 2c082) e 0 -2 -2cos2gp 0
Further Reading

y of Organic Compourids,

Eastern Ecpnomy Edition, Prentice-Hall of India Pyt.Ltd.

i

2. D.H.Williams and Ian Fleming, Sﬁéctroscopic Methods in Organic Chemistry.

Tata Mc Graw Hill Publishing Co. Ltd. 4thEd.

3. C.N Banwell, Fundamentals of ‘Molecular Spectroscopy, 3rd Ed,.

‘Tata McGraw Hill Publishing Cq&td :
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INSTRUMENT A

D ans

in Block 1 of this courss, you siudied the basic concepts of spe

rotational spactra. Block 2 deali with the vibrational spocira of ,
infrared apcm & of polyatomic ; moleculss and the B uLmﬁ specira. In this blovk, you
will stedy sbout the electronic spoctra and the instrumentation in orrﬁim} SPECH CECODY.

%

Unit 7 doals w‘x‘n & discussion of slectrosic spectra of diatomic asd polyaiomic

molecules, In ihis unit the Sox 1-(‘;}{*&:?“* e approxiiaation will be discussed. You

will fearn to write the torm symbols for grouad and exciied states of distomic

molecoies and the selection rules for transitions in diatomic molecules, The

Franck-Condon principle, which helps i vnderstanding the variation iu inteasities of
a

sy
(1‘?!

spectral fines, will then be mscusscd You will ai io hoar Ehf: diffarent
transitions possible In the slectronic up? : { ogut
used in electronic spadiva w“ also be d

absorption mavima in conjuga
will conclude with 2 ézsm i

b

n Unit 8, we will discuss the colour and the elect
complenes. An attempt will be wmade o explain ths ¢
complexes and their electronic sbsorpiion spectra in At

transfer slectronic transitions, The crystal field theory and the g
be briefly-described ¢o explain the nature of metzl-ligand interactic yausitic
metal complexes. Fin iv {i 16 various processss, by which an excited electronic state
gots deactivated will be discussed. '

?z"i’/—. 4

o memtal

&

Unit @ deals with the salient features of various instruments nsed for rsco
rotational, vibrational, clectrovic and Ramdn spectra. We also describe the
preparing a sample for recordin g mce speoira, The experimental techrigoes
‘cmployed for recording umy, esr and mass specira are quite different from the ones
cmployed for recording rofation V:b ationa), ¢ It};:!*tmmc 'md Raman spocira, Hence,
the experimental technigques ass zatc 1 s spectra will be

described in the respective units 'm Bl

Obj‘eeiiv-@s

o After studying this block, you shouid be a_ﬁle to:

o derive term symbols for diatomic moleculss,

o predict the allowed transitions between different siates in Jiatomic molecules,

® apply Franck-Condon privciple and explain ihe variation in inteasities of spectra
lines, t

i . & % #
& explanthen ~x" 0~ o, 0~ m ~x" transitions using diagrams,
o calculate dissociation cnergy of molecules in the grovad state,

® apply Woodward rules to predict the wavclength of abscrption maxima for
conjugated dienes and (rienes,

@ apply Fieser and Scott rules to predict the wavelength of absorption maxima for
a, f —unsaturated kefones,

explain the effect of solvent onn ~ #* and 7 ~ x* Lmn.,rtzons in electronic spectra,
describe the elements of crystal field theory,

explain why and how, the d-orbitals of transitic;m motal ions show eneygy splittings,

% @ & e

explain the eIcctromc spectra of transition metal complexes,
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* describe charge-transfer spectra,

use the Jablonski diagrams to explain the various proccsées by which an .excited
electronic state gets deactivated,

explain how fluorescence and phosphorescence take place in natural chemical
systems, L . ‘
describe the different components of various spectrometers,

explain the. terms, signal to noise ratio and resolving power,

describe the various sampling techniques, \ (

correlate slit-width with resolving power,

dilferentiate between single beam and double beam spectrometers,

draw block diagram of a spectrometer.

¢
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7.1 » Introduction
Objectives .
7.2 Born-Oppenheimer Approximation
7.3 Electronic States of Diatomic Molecules
Molecular Orbital Treatment bf"Dia;pmic Molecules
Molecular Term Symbois ; N
'\I()criving Term Symbols R
Ground and Excited State Term Symbols of Diatomics
Selection Rules for Spectra of Diatomics . ,
74 Franck-Condon Principle and Intensxt'cs of Electronic Spectra
7.5  Electronic Spectra of Pplyatomlc Molecules”
7.6  Some Important Terms Usc;d in Electronic Spectroscopy
Chhompphorc o
Auxcchrome
Hypsochromic Shift
Batﬁochromic Shift
. Hyperchromic Shift |
Hypochromic Shift
"\7.7 Absorption$ ’dup to Ethylenic and Carbonyl Chrom()phofe
" Ethylenic Chromophore ' o
'Acetylenic and Benzenoid Chromophore ,

Carbonyl Chromophorc )
78  Solvent Effects on Elcctromc Spe{ctr@
x — x* Transitions ‘
n —f'n' ’ljransitions
79 -Su'mmary
7.10 Terminal Questions
711 Answgars "
Y

7.1 INTRODUCTIO"N :

- In Units 4 and 5, we have dxscussed the IR spectra of diatomic and polyatomxc
molecules, respectively. We have learnt about the mass effects, electronic effects,
solvent cffects and hydrogen bonding effects on IR vibrational spectra. We have also
Icarnt the uscfulness of IR spectra for molecular structure determination. In‘Unit 6,
we have studicd the application of Raman spectroscopy in determination of molecular
© struttil.. A comparative study of Raman and IR spectra has also been included in

L Unit G "‘hns study helps us to identify different kinds of structures of moleculcs

. The 5%y :’ TR, Raman and :1.crowave spectra still does not give answer to the
Tqucstion éhy certain sutstances are colour:d? For example, the green colour of
vcgctatxon duc to a ~¢tapound chlarophyll. Transition metal complcxes, such as
[T1(H20)6] , are coloured. The answer to the origin of colours in substances and

- information about excntcd states of molcr'ules can be obtained from a study of their

1,
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electronic spectra which oceur in the visible (400 - 800 nm} and ultraviolet (200 ~400
um) regions of electromagnetic specirum, Unit 7 deals with a discussion of electronic
spectra of diatoric and polyatomic molecules. This study will be followed by a
discussion of clectronic spactra of transition metal complexes in Unit 8,

In this unit, we will state the Born-Oppenheimer approximation. We will recapitulate
the molecular orbital treatment for determining the clectronic states of diatomic
molecules. We will Iearn to write the term symbols for ground and excited states of
diatomic molecules. The selection rules for transitions it diatomic malecuies will then

“be outlined. The Franck-Condon principle wilf also be stated. This principle’is used to

understand the variation in intensities of electronic spectra. The different types of
iransitions possible in the electronic spoctra of polyatemic melecules will then be
discussed. The terms chromophare, auxochrome, hypsochromic and bathochromic
effects, hyperehromic and hypochromic effects will be defined. The rules o predict .
the position absorption maxima in conjugated dienes, and erones will then be
presented. The unit will conclude with & discussion of offect of solvent on s 7" an

70~ gt transitions in carbonyl and unsaturated compounds.

Objectives

After studyiﬁg this unit you should be able to:

@ describe the molecular orbital approack for diatowsic molecules,

* write the ground and excited state configurations for diatomics,
derive term symbols for diatomic molecules,

predict the allowed transitions between states in diatomics,

2 @& 8 6

k apply Franck-Condon principle and explain the variation in intensitics of spectra
of CN™ radical, CO and I molecules,

. . . ¥ L Y * W ' o
explain using diagrams the n — ", n — o yO =0, T~ {ransitions,
define chromophore, auxochiome, hypsochromic and bathochromic effects,
hyperchromic and hypochromic effects in clectronic spectra,
calculate dissociation energy of molecules in the ground state,

apply Woodward rules to predict the absorption maximum foreconjugated dicnes

~ and trienes,

@ apply Ficser and Scott rules to predict the absc-ption maximum for «, B
unsaturated ketones, and )

® cxplain the effect of solvent onn ~ ¥ and 7 — #* transitions in electronic

spectra. : -

7.2  BCGRN-OPPENHEIMER APPROXIMATION

The structure cf electronic spectra.involves the change of at least three quantum
numbers simvltancously, namely electronic, vibrational and rotational quantum
numbers. This follows the Born-Oppenhceimer approximation that rotational (Ep),
vibrational (E,) and electronic (E,) encrgy levels are independent of one another.

The total energy E is written as

E=E,+FE, +Ey
A changé in the total energy as a result of electronic t(ansition in ‘.a moleenle xs
AE=AE,+AE,+ ARy, " "
In wave numbers the change is represented ~a$

Av=»Q0ve+Av, + Avg

' The approximate orders of magnitude of these changes are

Bug = Av, X 10° ~ Avp % 16% ¢!




Thus eack elecironic level comprx:.as a number of vibrational {evels and each

AR |
v

vibrational level consists of several rotational levels, as is shown in Fig, 7.1,

From these values of relative order of energies, we find that the vibrational cba*zg‘asz

2ive a ‘coarse structiire’ and the smaller rotational charn :ges give & ‘fine strucinze

clectrf;nic 8

changes are neglected and clectronic band sysiem is considered in ferms ¢
between clecironic levels each consisting of a series of vibronic levels of *.n same kind.

ectra. Since rotational exwrby changcb are mxmrnnm meae et i‘rﬁ"f!
f transitions

1 ¥
‘,-;’
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Fig. 7.1 : Rotational, vibrational and electronic energy levels in a molccule.

7.3 ELECTRONIC STATES OF DIATOMIC
MOLECULES

In Unit 1 of this course, you studied that in an atom various electronic states can arise
from a given electronic configuration due to coupling of orbital angular' momentum
and spin angular momentum of electron. You also studied that the atoiic spectra
arise due to transition between different electronic energy states. Similarly for
molecules various electronic states can arise from a given electronic configuration of a
molecu'e. The electronic configuration of a molecule can be derived on the basis of
molecular orbital theory which you studicd in Unit 5 of the CHE-01 course.

7.3.1 Molecular Orbital Treatment of Diatomic Molecules

According to the molecular orbital theory there exists a set of molecular orbitals which
embrace all the nuclei forming the molecule. You have studied in the Atoms and
Molecules (CHE - 01) course that tie molecular orbitals can be created by linear
“combination of atomic orbitals (LCAO) of appropriate encrgy. Fig. 7.2 depicts the
shape of o and = molecular orbitals formed by the LCAO ‘method. More complex
orbitals, 8, ¢ etr., can be formed by interaction between d, f atomic orbitals, But this
need not concern us; the simple molecules with which we shall deal with usc srand

orbitals/cnly.

Electronic Spesiva~!
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Fig.7.2 : Formation'of 0 and o*,, 7t and Jr*mol‘céulnr orbitals by LCAO.

Various molecular orbitals have different energics and are characterised by the four
gnantum numbers similar to 'the atomic orbitals. The principal quantum number, 7 and
*i¢ azimuthal or subsidiary quantum number, / are retained from the atomic orbitals
and have the same significance here-also. But the magnetic quantum number, n1, is

replaced by a new quantum number A, which represents (in the units of 1/2r), the
component or the projection of electronic orbital angular momentum along the
inter-nuclear axis. A can take same valucs for molecules as m; has for the atomic
orbitals, i.e.4 = 0, % 1, % 2, +'3,... When 1 =0, the molecular orbitals are symmetric
for rotation about the inter-nuclear axis (i.e., the line joining the two nuclei) and hence
are called o orbitals, When A = = 1, orbitals are known as 7 ‘orbitals. The &
molecular orbitals are antisymm‘étrié for rotation about the molecular axis, that is, if
we rotate the molecular orbital by 180°, they change sign (sec Fig. 7.2). Similarly,

A= * 2, + 3,.. etc. represent & &, ¢ =+, ...ctc. molecular orbitals. The different typics.
- of molecular- orbitals with their symbols and A values are listed below:

MOsymbols o # & ¢ ... LTI




A Values 0 =1 =2 =3 ...

Note that the designations o, 7, &, ¢ are not strictly analogovs to atomic designations s,
ndf whwh depend on /and not on 7, values. Also note that except for o orbital
when A = 0, for ali other orbitals with 4 s 0, there ‘are two possible values of 4, + 4
and — 4, i.e,, cach electronic state is doubly dbgﬁh(’ldf,h

S, .
The spin quantum number s is similar to that for the atomic orbitals, and mg, the
component of spin anguiar momentum, can take the values & 14,

The order of energy of molecular orbitals has been determiued from the spectroscopic
data. The energy level diagrams for homonuclear diatomic molecules are shown in Fig,
7.3, where we also indicate to the rvight and lelt, the atomic orbitals which combine fo
~form cach molecuiar orbital. Fig. 7.3(a) shows the order of energies of the MOs of the
larger molecules such as N, O, and F,, wherein the energies of o 2p and #2p orbitals
are very close to one another. For lighter molecules such as Li,, B, and C,, the order
of energies of thesc orbitals is reversed, i.¢., #%p becomes lower in energy than the o2p

2

orbital, Fig.7.3 (b). .
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Fig. 7.3 : Energy level dlagram for {a) Nj, O, and F; mojecules (b) Li,, B,and C, molecules.

Electronic configuration of a diatomic molecule can be derived by filling the electrons L
in molecular orbitals. Essentially the same rules apply to their filling as to their filling
of atomic orbitals. That is’ A

i) the electrons occupy the available molecular orbitals one at a time, the lowest
' energy orbital being filled first (aufbau prmcnple),

if)  cach molccular orbital can accommodate a maximum of two clectrom provided
their spins are opposite (Pduii’s exclusion principle),

iii)  no paiving of clectrons in orbitals of cqual energy will take place unless there is
atleast one electron in cach of them (Hund's rule of maximum multiplicity).

7.3.2 Molecular Term Symbols

As for atoms, the electronic state of the molecule depends on the net or total
electronic arrangement. The electronic arrangement of the molecule as a whole can be
best characterised by the component of total orbital angular momentum along the
inter-nuclear axis and the total spin angular momentum. For a molccule, the total
~-orbital component along the molecular axis is denoted by the quantum ntimber A,
which is the sum of the quantum numbers for cach individual electron (4. Thus,

A = Z A; where summation is over all clectrons.
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. ¢
@ 1e,~tmmc Spectra and The following symbols (capital Greek letters) are used to represent the varions A
§n~,tx umcnmhon values for a molecuie:

Symbol (X A & ...

AVale 0 &1 =2 =3 ...

The total electron spin angular momentum of a molecule is represented by the total
spin quantum number $. The multiplicity of 2 molecular state is, a8 fov atoms, 25 +1
and this is usually indicated as an upper prefix to the term f;y“ni:'ai
The values of A and S of a molecular state are represented in the - for
symbol as -

rm of a term-

28
2 +1A

{n addition, the term symbol has a subscript and a superscript on the vight side. The
subscript (g or 1) indicates whether on inversion through the contre of syrametyy the
orhital c‘xanges sign or not. This is referred to as parity. In a homonuclear diatomic
molecuie the overall parity is equal {o the product of individual parities. If two
occupied oroztals are gerade { g), their product’is also ger me {g). If the two occupicd
orbitals are ungerade (u), their product is also gerade { g ). However, the product of

; ‘ one gerade and cne ungerade orbital wili be ungerade, i.¢.,

gxg=¢g
‘ UXu=g
g><u==g ’

The superscript (+ or ~) on the right side of the molecular term symbol denotes the
behaviour of the orbitals under reflection in a plane cmltammg the nuclei. The o
molecular orbitals have a perfect cylindrical symmetry and are always symmetric (i.¢.,
- remain unchanged) with respect to this operation and are given a + Cign Therefore,
any molecular wave function that is a product of o type orbitals will be 2 TTheE”
. state arises when two electrons with parallel spin reside in zr or & molecular orbitals.
" The IT and A states are not classified + or - these states always oceur as df‘gcnf‘ram

pfnrs. ;

‘ . 133 Deriving Term Sﬂ/mbols

{ - S In determining the term symbols of many- clectron dxamm:cs, the following rules
should be kept in mind:

) @ All filled orbxtals (e.g. 02 b3 64) are IE"L
, | I This is because there is no orbital angular momentum from a closed shell, net
g Lo spin is zero and the overall parity is g. The last remark follows from the rule that
’ ' in a many-elecgtron molecule the overall parity is obtained from the produrt of
the parities of each clectron using

. gXg=g=uXu=gandgxu=u.
® The state of the "hole" is the state of the electron. As for atoms, the stalr 248
be determined from the holes that must be filled to complete a orbital. Thus al

and 7> will have the same term symbol, so will have the 8" and 6° orbitals.

Thexfoll‘owin_g cxar‘ny(),_lés will illustrate the general procedure for determining the term -
symbols: _ , ) {

() {A=31;=2=0hencethe state is . § = 15,25 + 1 =2 x 3 + I'= 2. Hence
a.doutlet state. Since, the electron is in a o molecular orbital which is of g type, hcnce

10 o _ " the subscript will be g. The ormtal does not change sign under reflection in the .

" . UGCHE-104B)
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‘molecular plaune, hence a + superscript. So the term symbeol should be iy ", Similarly , .

. ! L et
lor (0;4}1, the term symboi should be %,
- ’ ) 3
(O'k.)?' to= A A+ A, = 04 0 =0, hence again a Z state. As both the clc»trom are in
the sawe molecnlar orbital, they have different m, valucs. Thus, v ;
Mg = (g + (), == (Vg =+ (=V2) = 0. With Me=0,5 =0, and 2.8 + 1= 1. Heaes, '
a singlet state, The pxoduct of two ungerade functions is gerade (u X = g, parity is
& Since ch electrons ave in a o orbital, the right superscript will be 4. Therefore, the
term ayrfs%‘ol 15 1:8, . . -
()" The electron could be in either the -+ (4 = +1) orbital or the 7~ (A = -1}
orbital, Therefore, A = 4 = % 1, and.the state is 11, Sma,c,, the molecular orbital has
ouly one electr o, S o=V, hcncc multiplicity (2 § -+ &) is 2. Parity is u. Therefore, the

term sytbol is }‘Eu.

'

(m,)" : There are two possible conﬁgurations;
CrtY ) A=A+ Ayt Ay =14l = ]
Y =Y Amdy Ayt Ay =1 =1~ 1= 1

Therefore, A = = 1 and the state is IT. Also, the state function is a product of three
ungerade functions, hence unacradc (it X u % 1 = u). Since, the electrons in filled o o »

molecular orbital (Jz+) or (T~ ) are paired, thexe is no net spin contribution from

this orbital. There is only one electron-present in. (:lt+) or (- ) molecular orbital,
hence § = V2. Therefore, the multiplicity 28 + 1 = "2 X 15+ 1 = 2. Hence, the term *

symbol is Hu Note that this is identical to the term symbol for the (Jtu)
configuration. o , *

734 Ground and Excited State Term Symbois of Diaﬁomics

Now, we will derivg the term symbols for the ground and cxcnted states of three
molecules, namely hydrogen, H,, the lithium hydride; ] LxH and the oxygen i nolcculc,
O, Letus consxder the H, molecule first. : .

H,: The ground state electronic configuration of H, is (Ugls)z. As both the electrons ¢ "
areinaoorbital, A =2; +Ay= 0+ 0 = 0, hence the state will be X. Since electrons ‘ ' -

- are paired, the net spin S is = 0. Hence, multiplicity (25 + 1) is 1. Both the electrons S L
arc in the same orbital which is ofg-typc Hence, the overall parity is g X g=g: and the: A . i
subscript is g. Both the electrons are in o orbital which does not change sign under ’ ' k
reflection in molecular plane. Hence, the superscript is a +. 'I‘hus we have the ground §

state of hydrogen represented by the spectroscopic term symbo], g . : ‘ ; '

Let us now consider the first excited state of the H, molecule having configuration
(0'81‘\‘)1 (0,15)'. The value of A = A+ Ay =0+ 0 =0, hence again the state will be 3.,
One electron is in an orbital of g parity, while the other is in that of u parity. The o
overall parity is g X u = u, the subscript is u. The orbitals do not change sign under o o
reflection in molgcular plane, hence superscript is (+) X (+)= +. Further, the o
electrons can have parallel or antiparallel spins, therefore, net spin § can be'1 or 0.

The corresponding multiplicities (25 + 1)can be 3(triplet) or 1 (singlet). Therefore, the

term symbol will be 12 or 32 . You can sxmnlarly obtain the term symbols for other
excited states of the hydrogen molecule.

LiH : Now, we consider LiH, which is a heteronuclear diatomic molecule, The ground

state electronic configuration of LiH is X (ogls)z, -where K is used to denote two - 11
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Mote that the term sy'nbms for 7t
confimiration are A, Zg and! 4_3.

The term for the ground state is "L .

12 ,

e

electrons in the Ls orbital. A = Ay + 4; = 0 + 0 = 0, hence it belongs to a & state. The
net spin (S) is zero, s0 muit:phcﬁ/ 25 +1 is one. The orbitals remain \mchar:gcd

N /.J —

under reflection in molecular plane, overall reflection symmetrywill be (+) x {4 ) =
+., 8o we will have the + superscript in the term symbol. A heteronuciear d:ammlc
molecule has no centre of symmetry and hence the term s symbol will no¢ have the

subscript symbol g or u. T?;e'emre, the pmund state term symbol for Lil is =

he excited state of LiH may ‘me electronic configuration i (on?lv) (UXZJ) The value

f A is again 0, hence a T state. .S can be cs?hex 0 (opposits s*am‘;f or 1 {paraligl
ping), hence mumphcs[" (28 +1) will be 1 or 3. Both g, 2s ¢ and o& 2 Oi‘bit?ﬂo remain

xzchm ged under reflection, hence overali reflection symmetry will be {4 % {+)
5 i
== . Therefore, the term symbols for the above excited state of LiH will be "2 * and

R

%7, Thers can be several other excited states also,

> =

G

w

=

.t Let us nov/ consider (‘m round nt'h(’ term s mbo mr the oxygen mo!cr‘uﬁe having
2°
the configuration (g, 3.9) A 15)" {og ’?J)“ {0, 2‘\ A } (Jr,, ).r) (JT 20)” As you

know the con*p]mtelv filled moiucuia: orbitals Vonmbms nothing to the total orbiial
angular momentum and toial spin %ngu!dr momcfxtum and the overall parity isg, we

have to consider the contribution of (Jz ) orb:tais only. The following
configurations are possibic: :

20 A=A =t = 1 \
. a A state.
) ey A m,a1+,2.2==*1~1.~»--2 J

@Y @y A=A+ Ay =1-1=0,2F state: |

The electrons in the A state must be paired since they are in the same spatial orbital.
Hence, § = 0,28 +1 = 1; it is a singlet (1A) state.

For thc 2 state, thc two clectrons being in_ different molecular orbxzals withvalue of

A = =1, can have same m; values (i.e. parallcl spins) or different mg values (ke..
antiparaliel spins). The net spin S will be 1 or 0, respectively, giving rise to both triplet
as well as singlet states, 35 and . Since, the overall parity isg Xg=g zhe ierms arc

32 and 12 Thus for 0,, thc ground state must be cither A, 5., Of 1“6

According to Hund’s rule, the ground state has the highest spin mult_iplicity. The
ground state is therefore, 32 As stated earlier, when two electrons with parallel spin
reside in o or 6 molecular orbltais xt gives rise to £ stales. Thuq the complete
ground state term synibol fo_r Q, is 357, the other Z state is Z, .

You should note that the * symmetry i considered only for £ states. This 1s because
for the states with A s 0, reflection of lhc wave function in a piane through the nucle’

changes the sign of A. That is, one member of the degencrate pair of states is -
transformed into the other.

We have listed in Tablc 7.1, term symbols arising from various clectronic
configurations of diatomic molecules.

Table 7.1 + Electronic Terms of Diatomic molecules.

! Cobfi'guration Terms
oo S .’ : Ig+ 3+ .
an;an3 ‘ | 1H, ’n )
mt;mz3 ‘ 12+’32+,12~’32—, lA, 35
né; n36; 78 1II, 3II,1<I), 3¢
- 25t .




Conﬁgur;z;tion Terms
2t 8t g+
7t;.7!23 : n
Ve B L
s;8° ' A
' 2 lg+ 3= Ip ‘

Before we describe selection rules for the electronic spectra of diatomic molecules,
> you may like to attempt.the following SAQ..

{5} The ground state ©f GRygoo MODLRL

{fy . When the axial component oitoial aur,u Jar momoniny

calus 5 ® stais,

7 3. 5 Selectxon Rules for Spectra -of Dxatomlcs ’

Thc following selectlon rules apply to electromc transxtxons in dxatomxc moleculeS'

1, Athe componcnt of total angular momentum along the inter-nuclear axis can

’ ~ have the same value for ground and cxcntcd states (AA = 0) orAA = 1,

" Hence, transitions betwsen T and £ or between I and = or between II and A
states are - permxtted Traasitions between A and 2 or between' (D and I1 states
-are not permitted. o : :

2. . AS = 0,ie.. theelectron does rot c‘xange its'spin during transmon. Only
transitions hutween two singlet or two doublet or two trlplet states are allowed.
This rule breaks down for molecules with heavy nuclel.

.3, =% states can undergo transitions only into other =* states (or, of course, into
‘ IT states) whereas =~ can go only mto 27 (orIT) statc Symbohcally,

z*«-—-—»z* 5T e 27 3wt 27,

4, .1In homodlatomxc molecules the panty for the excited state should be dlffcrent
‘from that of the, ground state. g «—> u and u «—> g transmons are permlttcd ,

g S e transmc"s areforkidder, i. €.y
]

g<—->u,g<‘—/~bg, "‘""/'"7 .
Wf’ ilst in Tablc 7 2 som e of tb 2 dllowed diactronic trapsitions fof diatomic

\

‘ moleculf,

¢ St
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Table 7.2; Al_loweii Transitions for Diatomic Molecules.

Homonuclear: . Heteronuclear

z';«%z,;‘ | st ezt
3 3, 2T e 3T
né«:—»af | . Ne—z"
0,«—3% = Me—3
M e—Z; eI
me—z e
' , «—1T1, Ae— A
My, Ae—d
I, «— A&, QD -
A A, : etc.
etc, ~'

- Before we pro'cecd further, you may like to try the following SAQ to test your
.understanding of the concepts discussed in this section.

"SAQ2

Use the words given below to fill in the blanks in the following statements:

singlets, forbidden, multiplicity, same, parity

- (a) . The component of the angular momcntum along the internuclear axis can have

the - value for the ground and excited states of the molecule.
(b) Transitions betweentwo ___° ._are permitted.
(©)  Inhomodiatomics tii(_: . for the excited state must be different from

_that of the ground state.
(d)  The transi‘tion’?+ s 37 is } in clectronic spectra of diatomics.

(e) Durmg an electronic transition, lhe ground and cxcxtcd states must have the
samc spin :

We have learnt in Section 7 2 that the vibrational energy changes give rise to the
coarse structure in electronic spcctra The appearance of the vibrational structure in
an electronic band can be explained in terms of the Franck-Condon principle. The
next section deals with this princip_lc.

7.4 FRANCK CONDON PRINCIPLE AND INTENSITIES
. OF ELECTRONIC SPECTRA

The Franck- Condon prmc:plc states that since the time rcquucd fora molcculc to
execute a vibration (about 107 12 5ec) is much longer than that required for transition
of electrons (about 107 15 sec.); during electronic transitions the nuclei do not
appreciably alter their positions. This means that the internuclear distance remains
unaltered during the transition, The meaning of Franck- Condon principle can be
undcrstood by consndcrmg the potential energy curves in Fig,urc 7.4. Before the




absorption the molecule is-in the ground vibrational state of the ground electronic
state. The nuclei are located at the equilibrium separation R,. When the transition
occurs, the molecule is excited to the state represented by thc upper curve. According
to the Franck Condon principle the nuclear framework remains constant during the
excitation, and so we may represent this trans(tlon by a vertical line (Fig: 7.4).

Thus we say that the clectro‘nic transition is vertical. A vertical transition mdxqatcs that
an electronic transition occurs without change of nuclear geometry. The vertical
transition cuts through several-vibrational levels of the upper electronic state. The
level marked * is the one in which the nuclei are most probablyat separation R, . This
happens to be the most probable level for the {crminafion of the transition. However,

" we have many other vibrational levels nearby which have an appreciable probability of
nuclei being at R,. Hence, transitions occur to all vibrational levels in this region. But
most intensely to the level marked by *. '

The intensities of bands in electronic spectra can be quantitatively predicted by
calculating the Franck condon factor, (which is beyond the scope .of this course),

Electronic Spectra-I

R,

o

It can be shown thh the help of quantum mechanical calculations that the intensity of ~Fig. 7.4 : Representation of a vertical

a band is related to the dlffcrcncc in' the nuclear separatxons R, and R’, for the ground

_and excited electromc states, respectively. Three cases of electronic spectra arise
depending on the relative values of R, and R%. These are as follows:

Case: : . R,=R,(Fig.7.52)
\
Case2 : Ry >R, (. 7.5b) i
" Cws3: . RL>>R, (Fig.7.5 9

Case 1: Fig.7. 5 a shows the near ultraviolet spectrum of CN rad:cal The potentxal
=nergy minima lie very nearly one above the othcr The 0-0 band has maximum
mtensxty 1~0; 2-0, 3-0 bands decrease in intensity. The equilibrium bond lengths
(R,, R') and vibrational wavenumbcrs (w,w ') for the 0-0 band for CN™ radical are -

~ given below:
R.=0.11506nm, w' =2164.1cm™ !
R, =0.11718nm, w = 2068.7cm™ |

Cas . 2: Fig. 7.5 b shows the spectrum.of CO. The minimum of the upper potential

¢ 1Prgy lies at a moderatcly greater R, value (0.01-0.02 nm) than the lower potential .
ezgy. The 0-3 band has maximum mtcnsxty and other bands on both sides have:
screased intensity. The equilibrium bond lengths and v1brat10na1 wave numbprs are

gwcn below ;

R,= 0.1235-nm, w' = 1515.6cm™}
R, = 0.1128 nm, w =21702cm ™!

Case 3: The minimum of the upper potential energy curve lies at a considerable
distance away from that of the lower potential energy curve in the spectrum of I, (Fxg.‘
7.5 c). In this case, transition takes place to a very high vibrational level in the upper
state, which corrcsponds to the continuum level. The continuum level has very high
- energy and the molcculc undergoes dissociation. The 0 — 0 band is absent in this

! spectrum

vibronic transition

15
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Fig. 7.5 : Application of anck-Co.‘nd.on principle to the spectra oi’ :
(a) CN radical (b) CC: molecule (c) I, molecule,

Spectra corresponding to case 3 are useful in obtaining the dissociation energy of the
molecule in the ground state. From the excited state, if a diatomic molecule dissociates
into atoms, one of the atoms from fragmentation will be in the ground state and the
other will be in the excited state. The energy of dissociation into atoms in the ground
state (Do) can be obtained if we know.the encrgy corresponding to continuum (ficw,,)
and the excitation encrgy (E,,). The formula for D, is . S

D0=h.cwr'n'"anx . . ' . )

This energy corresponds to that of one phot3n. To obtain the energy for one mole in-

"keals, we must multiply D by (Ny/4.2 x 10'%) where Nj is the Avogadro number, The

following example illustrates the computation of dissociation energy for ground state
for I, molecule.

Example 7.1
The limit of continuum absorption for iodine gas oceurs at 499.5 nm. The excitation cnergy
for the iodine atom is 0.94 cv. Compute the ground state dissociation cnergy for I,.
Solution :
Wi =1/4 = 1/(499.5 x 1077) = 1074995 cm™
hewy, = 6.6256.x 10777 x 2.998 x 101 x 107/499.5 = 3,976 x 102 ¢erg
o= 0942y =094 X 16 X 107 erg = 1.504 X 102 erg ,
Dy = hew,, — E,, perphoton . - ‘ , -
© =3.976 x 107 = 1,504 x 102 erg per photon
= (3.976 — 1.504) x 1072 erg perphoton

= 2472 x 10712 erg per photon




To ql:;tain the energy in keal per mole this value is multiplied by Ny/4.2 X 101° ’ Electronic Spectra-*
Dy = 2472% 10 % x 6.023 x 10%%/4.2 x 10" keal permole

= 2,472 X 6.023 X 10/4.2 = 35.4496 kcal per mole

We have learnt the Franck-Condon principle'and its application to electronic band
spectra of different diatomic molecules. You may now solve the following SAQ.
.

SAQ 3 . . 1
Fill in the blanks in the following statcni'e.n_ts using the words given below:

continuum, unaltered, dissociation.
a) - According to Franck-Condon principle the internuclear distance
© remains ) during an electronic transition.-
b)  When the nuclear separation R/, for the excitéd electronic state is very much
different from that for the ground electronic state, the molecule undergoes

¢)  The dissociation energy in the ground state for a molccul.e.can be computed if

.we know the wave number for _level and the excitation energy of
the molecule,

7.5 ELECTRONIC $PECTRA OF POLYATOMIC
" 'MOLECULES

Unlike diatomic molecules, the rotational fine structure is not observed in polyatomic’
_molecules and the vibrational structure is presciit in the form of broad bands. The
+ absence of rotational fine structure in polyatomics is duc to the closely spaced
- rotational energy levels and high values of moments of inertia. Hence, spectra of
" polyatomics have poorer resolution as compared to spectra of diatomics, In spite of

this limitation, spectra of polyatomics provide important information about electronic
- structure. ) : ) . : ’

We make use of molecular orbital theory to understand theoretical aspects of spectra

- of polyatomics. ‘In electronic transitions of polyatomics, we-encounter three types of
molecular orbitals: o and 0, . and %", and n (nonbonding) orbitals. Grbitals without
* arc bonding orbifals and those with « are antibonding orbitals. The energy levels of
all these molecular orbitals, ini increasing order of encrgy, are skown in Fig.7.6.

oo

o : - *
Vacant ) o
anti-bonding .
orbitals
n* bind
T :
“Filled : T
n ) non_-bonding ¥ h ”n
orbital ol 1%
Tt
. RIj&-
n ry i
Filled %1%
bonding T LT
: orbitals- ) o
: o ‘ : o
' @ ()

Fig..7.5 : Schematic diagram of (2) order of molecular orbital energies (b) possible
electronic transitions, .
When a molecule absorbs energy in the UV or visible region, an electron from a
specific MO is excited to another of higher'encergy. The possible transitions of the
electron between the MO’s are: .

v * * - " « - *
o-6,n—o,n—-x,x-x,x—-0 ando— 7", 17
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- whichis the loganthm of recxprocal of transmxttance (D), ie., v !

The order of decreasing energy for these transitions is as follows:.

/.‘ b

o=d"'3o0-na"=n-0" > —%n' =n -0 >n -
Of all the possnble transmons, lhe last three are responsxblc for absorptxons in the
“region 200-800 nm, whereas others requxre much h:gher cnergy. '

o — o transition : Fxg 7.6 revcals that this transition requxres very high' encrgy. Thc
“absorption spectra ‘obtained appear in the far ultraviolet region (< < 200 nm).
Molecules which give this type of spectrum_ are saturated hydrocarbons and other
“compounds in which all valence electrons arc involved in single bond formation. Smce
a spectrometer generally cannot measure below 185 nm{ the region involving o — ¢
transxtnons is rclatwely of less i xmportanee for chemlcal anzile:s :

n- transmo,n The spectra correspendmg ton —ao* transmon appear in the near
UV or visible region. Compounds containing non- bondmg or lone-pair electrons show-
thxs transition. For example, methyl alcohol vapour shows an absorpuon maximum at
183 nm; Methyl chloride and mcthyl amine show: absorplnon maxima at 173 nm and 213

nm, respectxve]y g o -

et /

n— n* transition : Thkis type of>ir,ansit‘iop is ex}}'ibited by unsaturatcd,molcceles containing non bonding
glectrons. Certain organic groups like > C=N-, -N =0, > C= O showthis type of transition and w¢
oblam absorption maxima for these’ systems at wavelengths gnca(cr than 280 nm. Groups suchas
>C=N--N=0, >C=0, —CCOH causmg absorpuon at wavelengths grcater than 175 nm are refefred
10 as ciromophores. More mforma‘iori on chromophores will be presented a little: Iater iy

[
transitl n : Band due tor—n" truns!ﬂon appears in the spcclra of cbmpounds

JC o= .
conwlnlng > C =C=C~->C=0and> (f—N-— funcllonal groups. Ethylene and acetone
exhibitz - a° lranslllon atl6s and 150 nm, respecllvely Then - " transition is hlghly nﬂccted by ¢
conjuga!fon : :

(o
[

You have studxed in Umt 8 of the CHE 01 ¢ course that the absorptlru bands in
ultravxolet and vnslble spéctra are characterlsed by two, mam parameters which are

1) Ay Valtie: The va¥ iy of the wavelength at which absorption maximum occurs .s
called the d,,.x value. This corresponds to the wavelength of the radlatxon whose

. energy is'equal to that requxred for an electronic transition. As dxffcrent transmons

require dxfferent energxes their 4, values are dlfferen (

u) emax Vale: ¢ value, whxch is known as molar absorptlvxty or molar extinction .. .-

_coefficient, is a measure of extent of absorptlon or intensit )y of absorptipn. The ¢ val ue
is: charactenstng of a particular compound at a given wavelength “Usually for the
wavelength of t max:mum absorptlon ().max) molar absorptmty is expressed as €,

- The mtensxty of absorptxon can be expressed as transmxttanqc (T), which is defined ds
the ratio of the intensity of the radiation transmitted from the sample (7) to that of the -
radlatxon mcldcnt on the sample @), ie., . . . . I

T= n, | o L
Intensity of absorptxon is more convemently expressed in terms of dbsorbance (A), |

o

logyg (Io/1) . ‘,-’ ff e

(-

10810 W) =

Absorbance ofa band is related to the sample thickness and the concentration of the
absorbing specnes. The relatxonshxp is expressed in the form of Beer-Lambert Iaw as

¢

‘shown below: . y
* g A= ecl = logj, (IO/I)
.Y , . L
Or = o obhwess glam ittt T e T - )

. Ao L
mdlar absorptivity.or molar absorption constant.

! o wd
W

i . . cw

e
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= sémplc’thic,lﬁxess‘, or path length through,thc sampl‘é

£ Absorbance isa dlmcnsmnlcss quantxty
dm™ and path length (/) in cm, hence & has the units of dm’ moi’ cm’

!

Concentratxon (c) is usually ex 1prcssad in mol
If we use SI¢

units of mol m 3 for concentration and m for path length the units of & will be. m2

"mol”, We can obtain the values of m m’ mol
© ‘units in the following manner; £ = dm mol"

107 -1 m2 mol™

|8

s

units from those i m dm?® mol
m™ = 107 m3 mol™ (10

Valucs of e in SI units can, therefore, easily be obtained from pubhshed valucs in dm

mol™ cm” by dmdmg the rumerical quantity in latter units by 10.

V Al‘*grption bands with e

cr strong bands, wherea., those with Eriax

intensity or‘weak bands.

r\ax

A

values <10% m? mol'1 are known as low

i

T

value > 103 m mol"~1 are c’o'nsidered‘to be high intensity

Lot

iy

7.6 SOME IMPORTANT TERMS USED IN ELECTRONIC

SPECTROSCOPY

i
i
|

Chromophore:

3

In a number of molecules the absorptxon ofa photon can be traced to the electrons of
certain covalently unsaturated groups. Such groups, for example carbonyl in aldehydes

‘or ketones which are. responsxble for electronic absorptlon are referred to as

1

chromophorcs Othpr examples of chromophores are >C=C<,-C= 'C-,~ COOH,
~ =N=0, ~NO,, -N=N-and so on. Chromophore in Greek means colour brmgc; and

* the presence of a chromophore often accounts for colours of substances: The
following table hsts thc absorpt:on maxxma for some typlcal cbxomophores )

Table 73: Absorptlon Data for Isolated Chromophores

Solvent

Chromophiinc System Example, Transxt.xon .Amax C 8;,‘,;(
Group . o )
' : om  m®mei™t K
|Ethylenic RCH:CHRvEtﬁylene P .»;;‘f' -.165 ... 1500 ¢ - Vapoui‘
. |Acetylenic . R-C=C-R . Acetylene ~g-»>z* 173 = - 6000 Vapour
Carbonyl © - "RR'1‘C=O . Acetone T 188 900 ' n-Hexane
: L wont 219 15
Cubonyl ~ RHC=0  Adetald-  p-»z® = 290 16 - Heptane
Carbonyl =~ RCOOH - Aceticacid p-z® 204 60  Water
Amido RCONH, = Acctamide -»nx* <208 = — -
Azomethine ~ >C=N- Acctoxime gz -» 1* | 190 5000 .. Water .
: thrile_ ~C= N ',Ac_ct('m?trile n->pt <160 - - -
Azo IN=N- Azomethanc 1 -»5* © 347 - 045  Dioxane
.

-Contd. - .
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:n ff::; [;I:x::: 33:;:; Land Chrg;r:‘(;lll)ll)mnc System Example Transition A, Emax  Solvent
om - mPmol™!
Nitroso -N=0 Nitroso- meat 300 10 Ether
< butane . 665 .20
Nitrate ’ -(§NOZ Ethyl n-i 270 .12 Dioxanc
' nitrate o '
Nitro -NO, - Nitrome-  p>z* 271 1.86  Alcohol
: thane '
" | Nitrite ~ -ONO Amyl gg* 2185 112 Petrolcum
nitrite -, , o* 346.5 : cther

Auxochrome

!

A saturated group with-nonbonded electrons which, when attached to a chromophore,
alters both the wavelength and the intensity of the absorption is called an auxochrome,
e.g., OH,NH, and C1. The auxochrome, though by itself is unable to impart colour to a
compound. The auxochromic effect depends on the ability of the chemical group to
donate electrons into conjugated system. This has been miost studied with aromatic _
systems and the spectral shifts of monosubstituted aromatic compound's have been

_ correlated with electron donating power of auxochromes. The electron donating
power of some common auxochromés decreases in the order i
O™ > NHCH; >NH, >OH >Cl >CH; > NHy = H
In this list the effect of protonating the NH, group should be noted, the proton binds

the nonbonding (lone pair) clectrons on the nitrogen of the amino group and prevents
them from interacting with the benzene n-electron systera. Thus, the A, value for

aniline (C4HgNH,) and the anilinium ion (C6H5NH; ) are 230 nm and 203 nm,
respectively as compared to 204 nmi for benzene. " :

Bathochresiis or red shift : A sfxift of the absoiption maximum towards longer
wavelength (lower frequency)produced by a change of medium or by the presence of
an auxochrome, is called bathochremic shift or red chift, »

Hypsochromic shift or Blue shift : A shift towards shorter wavelength (higher
frequency) caused by a change of medium or hy removal of conjugatiomis referred to
as hypsochromic shift or blue shift. For example, the conjugation of the lonc pair of -
: clectrons on the nitrogen atom of aniline with the z-bond system of the benzene ring is
; .- removed by protanation. Aniline absorbs at 230 nm, but in acid solution the main peak
~ is shifted to 203 nm due to the presence of anilinium jons. '

~ Hypochromic effect ; An effect leading to decreased absorption intensiiy is called
_ hypochromic effect. '

Hyperchromic effect : An effect leading to increased absorption intensity is called
hyperchromic effect. - '

-

7.7 ABSORPTION DUE TO ETHYLENIC AND
-~ CARBONYL CHROMOPHORE

In this section we shall discuss the electronic absotptions of only two of the more
0 important chromophores in little more detail. These arc the. ethylenic and the




carbonyl chromophores. In addition, we shall have only a bricf look at the absorptions Electronic Spectra-1
of the acetylenic and the benzenoid chromophores.

7.7.1 Ethylenic Chromophore

| .As you know ethylene has five o bonds (four C~H and one C=C) and one bond If

-

we denote o molecular orbitals as 05, 0, etc.,-and consider only the twelve valence
electrons, the ground state electronic configuration of ethylene is ..(‘71) (02) (03) ‘

(o;)2~(<75)2 (Jz)2 . If we consider only the highest o orbital, the ordering of the .
molecular orbitals is as shown in Fig. 7.7. :

In cthylcne only four electronic transitions are possible which are .
n—-n,o- 0' ,7 — o and o — ¥, Out of these the latter two are symmetry forbidden.
Of the other two, as you can sce from the Figure 7.7, thew — Jz transition would
require less energy. In ethylene in the vapour phase the x — ™ transition appears at |

.

165 nm (e,,,, = 1000 m? mol™! ). The transition is out of the normal range of most
spectrometers. ' ‘ o*
A
bidd
L.
1
1 n
1
12 Os

Fig.7.7$ Orbital energy dingram for ethylene.

Alkyl substitution of the ethylenic compound moves the absorption to longer
wavelengths (bathochronic shift). The effect is progressive as the number of alkyl
groups increases. Attachment of a heteroatom (bearing nonbonded electrons) to the
ethylenic linkage also gives rise to a red or bathochronic shift. Nitrogen and sulphur
are the most effective heteroatoms shifting the absorptlon well into the near.ultraviolet
region. For example methyl vinyl sulphide (CH;SCH = CH,) absorbs at 228 nm. The
absorptions of cyclic monoolefins resemble those of the open chain olefins and the
absorption has no relationship to ring size. When there are two or more isolated
ethylenic bonds in a molecule, it.absorbs at the same position as the single ethylenic
chromophore. The intensity of absorptxon, however, is proportxonal to the number of
isolated chromophonc groups in the molecule.

~Asthe absorptlon due to isolated ethylemc chromophorc takes "Iace in fai ultraviolet
-region, electronic spectroscopy has thus little use in'detecting 1soldtcd double bond.

Conjugation markedly affects the position of absorption due to the > C=C<
chromophore giving rise to a bathochronic shift. Thus, the 4., value for # — z*

transition for the 1, 3-butadicne is 217 nm as compared to 185 nm for'the
1, 5-hexadiene.

CH,<CH-CH=CH, CH,=CH~-CH,~CH,~CH=CH,

1, 3-butadiene ' 1, S-hexadiene
Amax 217 nm ' Amax 185 nm
Emax 2100'm? mol™ Emax 2000 m mol”1

This relatively large increase in the wavelength of absorption due to conjugation can
be explamed as follows. In ethylenc the two 2p atomic orbitals combine to forni a set of

& and z° molecular orbitals. In conjugated dienes such as 1,3-butadiene, whenz and

E molecvlar orbitals of two ethylenic linkages are close enough, overlap can occur, As--
. a result a combination of two z molecular orbitals gives two delocalised orbitals of -

lower and hxgher energy (:zrl andx,). Sumlar]y the two z” orbitals gwc rise to two
delocalised ' orb;tals of différent ¢ energies (3 and 7y) (Fig.7.8). Thus,_ the lowest

¢
-
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comparcd to the lowest energy w—n*

" energy JE7-—.7K3 transition in 1 3-butadiene occurs at a longer wavclcngth (217 nm) as

transition of 1, 5-hexadiene (185 numi).

>e=c< >c.—c——c-—c< >e= c< ~
. o
4 ) e \\f\
| e : e
g |
E : ‘ !
) AE isolated AE conjugated

isolated
system
o

Fig 7 8: Moleculnr orbllal energy rclutions

" conjugated isolated
: syslcm . system

hlp betwecn szybltals of isolated and con}ugalcd aienes. :

As the extent of conjugation increases, it lowers still further the genergy of transxtxon
from the hlghcst occupied % orbital tp the lowest unoccuplcdn' orbital, thcrcby thc :

Aoy value i mcreases

X ;
Table 7. 4 gives the wavele,ngths of some conjugated polyenes that demonstrate ﬂns

effect . .

, Table 74 Absorptlon bands of conjugated

polye

nes H(CH =CH),H

m‘m/ nm

o 9t & wo|s

S

217
304, . | on
334,
364
. %10

R

The effects of substituents and geometry on the absorption bands of conjugated dienes
are fairly consistent. A set of empirical rules has been formulated by Woodward to -
predict the.absorption of open chain (acyclic) and six-membered ring dienes. These .,
rules have been modxficd by Feiser and Scott The rules are summarised in Table 7.5.

~ Table7.5: Woodward Rul_e_s fo

rpredicting w—n' Absorp}ioh in Dien‘esL~

Value assigned to parent open chain diene 4217 nm
Valie assigned to parent heteroannular diene 214 nm
Value assigned to parent homoannular diene . 253 nm
Increments for ] N '
a) cach alkyl substituent or ring resndue ‘ . ’ o 5nm
b) /each cxocychc double bond ‘ o . 5mm
¢)  each double bond extendmg conjugatxon 30 nm
d) . auxochrome -Of(acyl).. . 0nm
’ .~ Oalkyl) . 6 nm.
i S(alkyl). ~30 nm
I R *Cl ~Br S - Sam
: ) N R PR —N(alkyl)z R " L . 60 nm
. B R ff’éélcuggged'lm _ W




S.k ~
In order to be able to apply these rules you must be able to xdentnfy the types of structures " Electronic Spectra-1.

referred toin Table 7.5, The basic chromophore unit is 1, 3-butadiene which'is consxdered
the parent acychc (or nonwcyclxc) dxene CH,= CH\CH/ CH, or N

If saturated alkyl ¢ groups are attached to the dlene, then an addxtlonal contnbutxou for '
.~ each group is added, e.g., w—n" absorptxon inl,2, 4—trunethylbutadlene(l) is analysed
in terms of the rules as follows

CHs ."“ »

| “ |
: CH3 H or. kﬂ) N
R \CH/C o _ |
Base value for acyclic diene (I) = 217 nm T . : - ,

. f\, LT N ' )
For three methyl groups, add3'X 5 =++15nm
. ‘ . - ' S s ‘
Predicted 4,,,,, /fog":r;-;n* transition = 232 nm - I S
' 4,Ob)served A may for w—a* transition, =231 nm. ‘
If the diene system is contamed in a smgle ring, it is termed homoannular,e.g.,

> compound (II).-On the other hand if it is spread ¢ over two rmgs, it is said to be . A 5
heteroannulax e.g., compound (III) : B

'Homoaimular diene” ' Heteroannular digne 5
For Compound (IT) we have a base.value of - =283 nm

For three rmg retndues (a), (b) & (c): add 3XSnm = +15nm"

. The lower double ‘bond in A ls attached to but is outmde' o

{ _ring B, i.e., it xs exocychctq ring B, addSnm o . |= +5nm’ ‘
Predicted A, value .  R L =273n0m "
Observed- Amax valuc 3 - . SRR —275nm

Note that the gtoups marked thh as do no?contnbute as they are not dxrectly

attached to the dlene system

For compouud (11F) we haveabaSe value of N - "==_ 24mm -
i For three rmg resxdues (a) (b), (c) add 3 X 5 nm ' ;~’ = "‘y+ 15 nm ) ‘ ‘_)“ }
The double bond in nngA:smexocyclxc positionto - . oo -
. rmgB add 5om ;. ., =+5mm
' Prcdxctedlmaxvalue o R ’ =234mm o R
Observedzlmaxvalue ~"1:K = 235pm S | . I

Thus in'all the three cases, the predxcted Amax values are in very good agreement wnth

theobservedvalues L : - G e v

¥ .
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772 Acetylenic and Benzenoid Chromophore

The clectronic spectra of the acetylenic and the benzenoid chromophorc arc more
complex than those of the ethylenic chromophore. These cannot be explainct by
following the model presented for the cthylenic chromophore. They exhibit three

- absorption bands cach as shown below.
Acctylene: 152 nm (strong), 182 nm (moderate), 220 nm(weak)

Benzene: 184 nm (strong), 204 nm (strong), 254 nm (weak).

In cach case, you can see, the lowest encrgy absorption band is weak, which is
characteristic of a forbidden transition, ¢.g., n—a". But there are no non-bonding

electrons in these molecules. Thus all the three transitions arise from x—x*

‘transitions. Acetylene and benzene are highly sy:ﬁmctrical molecules having

dégcnerate‘mo}ccdlar orbitals. Transitions between degenerate orbitals in these cases
give rise to the complexity in their electronic spectra.

7.1.3 Carbonyl Chromophore

" You know that the carbonyl group contains, in addition to a pair of o electrons, a pair )

of 7 electrons-and two pairs of nonbonding clectrons. Saturated aldehydes and

ketones exhibit three absorption bands due to w—an",n—~c" andn--x" transitions
: a . ’

/]\ ' 0 ™

. o
Fig.7.9: Electronic transitions of n carbonyl group in aldehydes and ketones.

(Fig.7.9). Two bands appear in th far ultraviolet region near 150 nm and 190 nm
regicn and are due to the w—x* and n—o* transitions, r.cspcctivcly. The third band is
due to the forbidden n—n* transition which appears as a weak band (Emax <3.0 m?
mol"l) in the near ultraviolet region in the 270~300 nm region, In formaldchyde the
n-gu" absorption band is found at 310 nm. In contrast to the situation in alkencs, alkyl
substitution moves this absorption to higher cnergy. Thus in acctaldchyde and acetone .
this band appears at 290 nm and 279 nm, respectively. Auxochromes such as Cl, OH
and NH,, cause a larger shift in the carbonyl n - absorption toshorier wavelengths.
The shift in absorption results from a combination of resonance and inductive effects.
The resonance effect (z-clectron release) of the lone pair of the substituent raises the

energy of the ™ orbital, but leaves the nonbonding electrons of the carbonyl group

- unchanged in energy (Fig. 7.10 (a)). The ncgative inductive effect (o<electron

withdrawal) lowers the energy of the nonbonding orbital by making the carbon atom of

the group more positive (Fig. 7.10 (b)). The overall shift arises from the sum of these
two effects. '

When a carbonyl group of a ketone is conjugated with a carbon-carbon couble bond
(>C= C <), the compound is known as an enone or a, B-unsaturated kotone, c.g.

mcth*yl.vmy¥ ketone (CH;COCH=CH,). Conjugation has an cffcct on the cnérgy of
T~ ,transn_ipn similar to that in alkencs. As the energy of the 72 orbital is lowered
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Fig. 7.10: Schematic dlagram of a) the resonance effect alone and b) the inductive effec{ alone ofa
substifuent on the n — .7!" transition of a carbonyl group. ’

by conjugatlon (Fig.7.11), the x—n* and n—a* absorptions movc to longcr ‘
wavelengths, Thus for propenal (CH, = CH—CHO), the n—x “andn —
“absorptions occur at 202 nm and 336 nim, respectively.

, o]
>c=c< >C=C—C=0  >C=0
: e v/
A /’\/‘ ' ¥ \ﬁ"‘\_
Loy S P ~ n*
. . \_“~ . n; ’_/‘
‘ r I o ‘

AE, isolated - |AE, conj.  |AB; conj. | AEyisolated
' S |
15

n N

e .
n 4 _,,—-—-'-H;-—- n
. »-4-’-1-}.'—-—-—«“1 :
isclaet i conjugated isolated
system © o osystem . system

Fig. 7.11: Orbl!nl energy relationships betwee:i isolated and conjugaled C=Cand C=0 groups.

As thh the conjugated dienes, there are empmcal rules to predict the position of the

n—x" band in enones. These rules were put forth by Woodward and modified by
Feiser and Scott. These rules are summarised in. Tablc 7.6. ‘

We will now apply the rules fora ﬂ unsaturatcd ketones to predict the absorption
maximum in compound IV, .

Valu~for parent a, ﬂ-unsaturaged ketone = 215 nm
for B-subs-ituent (marked a); add 12 nm ‘v ‘ =+ 12nm .
for w-substituent (mafked b); add 18 nm = + 18 nm
for two double bonds extending conjugatxon, add |
2xX30nm , = -+ 60 nm
for homoannular diene component; add 39 ﬁm =+ 39 nm
" for exocyclic double bond ; add Snm =+ 5nm
calculated Amax value : : = 349 nm

Three A, ,, values have been obscrved for this compound and these are 230 nm,

278 um and 348 nm. The longest wavelength peak ig in excellent agreement with the
calculatcd value.

~

U(.;;( HE-10{26A)
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Electronic Spectra and Table 7.6: Feiser and Scott rules for predicting x—z" absorption in «, f§ ~
instrumentation .

- unsaturated ketones (enonss) and aldehydes

Value for parent acyclic kétonc L 215 nm
Value for parent six-membered ring ketone _ 215 nm
Value for parent five membered ring ketone . 202 nm
Value for parent unsaturated aldéhydc' , 207 nm
Increments for B : {

'a)' each double bond extending the conjugation . - 30 m

. b) each alkyl group or ring residue a 10 nm

S . " ‘ il v 12 nm

y and highcr 18 nm

¢) auxochromes _ - (i) -OH « 35nm

. ’ B . 30 nm

) S0 nm-

(i) -OAc o,8,4 - 6nm

(i) " ~-OMe o , o 35mm

B 30 nm

y 17 nm

s 31 nm

(iv) -Salk . 85mm

vy -Cl «a 15 nm

. B 12 nm

(vi) -Br «a ' 25nm

B ‘ 30 nm

, . (vii) NR, S 95 nm
d) exocyclié double bond o Snm

e) homodlcne component , - 3Ynm

Calculated ).max value " : = Total -

¥ The next section de,sc..’ bes the effect of solvcnt on eléct'ronlc spectra,
7 8 SOLVENT EFF ECTS ON ELECTRONIC SPECTRA

As with v1bratxonal spectra the phasc of the sample or the solvent used while
measuring the spectrum can make a marked differénce on electronic spectra. Broad'v
there are two extremes; the vapour phase and non-polar solvents on the onc hand, and
polar and hydroxylxc solvcnts on the other, Let us consider the effect of solvent on

n—n" and n—n" transitions one by one.

. *, s
T —-J transxtlons .

. When a polar solvent -is used the. dxpolc dlpOlC interaction with the solvent molecules
lowers the encrgy of the i exe:ted,state more than that of the ground statc (Fig. 7.12),
; This is due to thc fact'th { d states are-miore polar than ground statcs: The
. energy dlffcreuce bctween the it and ground states.is reduced. This lcads to a

small red shift of the absorptxon maxxmum ini polar solvénts. Thus the w1 lransuxou
shows a red shift of the ordcr of 10—-20 nm ‘when the solvcnl is changed from hexane o
.ethanol : :

26
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Fig. 7.12 : Solvent effects on n—n" and n—x"* transitions,

* ‘. .
. n — 7 transitions

¥

Solvem Lffcct forn — " lransmons is opposnte to that found for Jz-Jr transitions.

Polar solvcnls causc a shift to lower wavelength: (blue shift) relative to non-polar
sclve~ts or the vapour: phase. The effect is particularly pronounced in hydroxylxc '
solvents. The lone-pair clcctrons in the rion-bonding orbital hydrogen bond or

otherwise. interact strongly thh the polar solvcnt lcadmg to a lowering in eneigy of
the non-bonding orbital whereas 7 orbltal is affected much less (Fig.7. 12) The result
is an increase in the transition cncrgy on going from a less polar to a more polar
solvent. For example; in hexane solutxon, Acctone shows absorption maximum at 279
nm whereas in aqucous solution, the absorptnon max:mum is at 264 5 nm,

You muk)‘l' now try l‘ovahswcrﬂ (lﬁc_‘l_;ollowingSAQ.‘
SAQ S
Fill in‘the blanks in the following statements using the words given below:

Polar, red, increased, decreased

a) The w—x" transition shows a shift in more polar solvents.

b) “The n—x"* transition shows a blue shxft in more solvents.

c) . hypcrchromxc effect means that the intensity of an absorptxon is

d) hypsocromxc effect means that the intensity of an absorptxon is

{

7.9 SUMMARY

In this unit, you have learnt the molecular orbital trcatment of dlatomxc molecules.

You have also studied about the ground and cxcnted state conﬁgurattons and term
symbols of diatomics. Selection rules for transxtlon betwecn ‘different energy states

" have also beent"scnbcd L , ' _ s

4
We have discussed the’ Franclf Condon prmcxple and its applxcatlon to explain

. variation in intensities of spectra of different kinds of moleculés. You have learnt some

important definitions of terms used in eléctronic spectroscopy. Wé have also d:scusscd
the rules to predict absorption maxima.in conjugated dienes, trienes and - .-

- ,8 unsaturated aldchydes anl ketones ‘We now summarise that we have lcamt in thxs

Unll

K thn we write thc molccu‘ar term symbols for homodiatomics, we must find out

g

4

the effects of symmetry opcratlons suci as reflection and inversion on these. -
molccules. ,
§

- Electronic Spectra~I
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L d) F. The correct statement is “the.spectroscopic term Sym‘bol for Héi‘in'ithe ground

® Spin multlphcxty of the excxted and ground states must be the same for a
transition in a diatomic molecule.

e The parity must changc durmg a spcctroscopxc transition in a d:atomxc molcrulc
with centre of symmetry. : < ‘ v

'y The z—x" transition is strong in carb myl compounds since i is electronically
allowed whereas the n——n transxtxon is weak since it is magnetically allowed.

® The rules of Woodward modxfied by Feiser and Scott help us in predicting the

absorption maxima for conjugated dienes, trienes and a ﬂ unsaturated aldehydes
and ketones.

® The z—x" transition shows a red shift in more polar solvents. The n—x"
transxtxon shows a bluc shift for a solvent which is more polar.

7.10 TERMINAL 'QUESTIONS ;'

1) Obtain the molecular term symbols for the followmg three excited states of °
hydrogen moleculc

(015" (0525)"; (0 15" (o )% (05 15)" ZP)

2) Im the ultraviolet absorption spectrum of oxygen, continuum absogptlon begins
at 56876 cm™ - The excitation energy of oxygen atom is 15868 cm™ . Find the
dissociation energy of the 0, molecule in the ground state in kcal/mole.

3) The dissociation energy for chlorine molecule in the ground statc is 239.42
kilojoule per mole. If the excitation energy for chlorine is 881 cm ~, compute the
continuum vibrational wave npmber for chlormc molecule. ‘

: 4) Calculate the Amax for the unsaturated{ ketone (V) using Fieser and Scott rules.

RO ¢ . i
- i

711 ANSWERS

- Self Assessment Questions .

1) a)F.The correct statement is “if the molecular orbxtal for a homonuclear diatomic ’2
“molecule has a subscript g, it indicates that the orbital does not change sxgn
on inversion through centre of symmetry

BT ?

c) F. The correct statcment is “for LiH moleculc, the spectroscomc term symbol
. " will'not have a subscript g or u on the right side bccausc 1t a hetcronuelear
e molccule which has no centre of symmetry, -~ |

statt;,lslz+ o oo

e)T : A N 7
DT b

e




" 2) a) sameb) singlets ¢) parity d) forbidden

i »

¢) multiplicity
3) a) unaltered b) dissociation c) contimium J

4) a) red b) polar ¢) increased d) decreased  e) increased

Terminal Questions

1.a) Since, both the electrons are o electrons, A=A+ /12 =0+ 0=0. It gives rise
to a X state, The net spin § can have two values O and 1. The corresponding
multiplicities (2§ + 1) will be 1 (singlet) and 3 (triplet). Since, both constituent

| obritals are of g parity, the overall parity will be g X g = g. Under reflection; ‘he
orbitals remain unchangéd, heance reflection symmetry will bc (+ ) X ( +)

The term symbols will be 12+ and 32+

b) Since, both the electrons are o, A 11 + ,12 =0+ O O we havc a X state. The

net spin S can be 0 or 1, the multiplicity will be 1 or 3. The overall parity will be
CgXg=g. Undcr reflection, both the orbitals remain unchanged, hence the

~ reflection symmctry wxll be (+) X (+) +. The term symbols will be 12;'
-+ and 32+ : - ‘ -

¢) Since one electron | isinazx orbxtal the value of A = /11 +A,=0x1==x1,
The state will be I1. Again, since one electronisin a a corbital and the other in
a 7, orbital, the overall parity is g X u = u. The net spin S can be 0 or 1, the

multxplxcxty will be 1 or 3. The term symbol will be ITI or H .

-~

: 2 ' Do = hc W — ve) erg per photon

= 6,6256 % 1077 x 2.998 x 1010 x (5687;5 — 15868)
«-; 8.14564 x 10™12 erg per photon
’ .. 8.14564 x 10712 x 6. 023 x 10%/4.2 x10"° kcal mole
= 11681 10= 116.81kcal/mole |

The dissociation energy is 116.81 kcal/mol
3. Do = hewy, — Egy
Dy/per photon = (Do/6.023 1023) x 10" erg

= 23942 X 10’0/6 023 % 1023
C=3075%x 10 Perg
| fE?x“‘ hew,,
= 6.6256 X 10"" % 2,998 x 101 x 88lerg
o7 1.7499 10““ erg
Wi 5 Do +Ep)/he ’ E

= (39.:75‘x 1078 + 1.7499 x 1073%/(6.6256 x i°»27’>< 2.998 x 10'%

Elecironic Spevt.
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4,

= (39.75 + 1.7499) x 10”1%/(6.6256 x 2.998 x 10™7)

| = (414999 x 10%)/(6.6256 x2.998)

= 20892.4cm ™
. value for parent six membered ring ketone = 2150m
for two double bonds extending conjugation, add (2 X 30) nm = + 60 nm
\. for ring residue 8 (marked a), add 1 X 2 nm =+ 12 nm
for ring residue (marked b), add 1 xX18 nm . =~+18mm ,
for ring residues- (marked ¢ and c¢'),add 2 X 18 nm =+ 36nm

fe--one exocyclic double bond in ring marked A,add 1 X Snm = + Snm

. for homodiene component, add 1 X 39 nm =+ 39 nm

Calculatedd,, =385nm -
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8.10 Answers

8.1 iN’IRODUCTION

In Unit 7, we have developed the basic theory of electromc energy levels of many
simple molécules in their ground and excited state confi igurations. We also discussed
the basic selrction rules which permit us to observe electronic spectra when these
n z:u?ec * nider 30 cuergy transitions from the ground to the excited state. We have
¢ls* 10 - that a quantitative understanding of the colours of many chemical
substa'lces, and even specrﬁc molecular groupings'within substances, may be achieved
byst udymg thelr electronic absorptxon spectra. -
IudPed one of the most readily perceived properties of chemical substances is their
colour. For example, the wealth of colours displayed by a variety of ‘everyday’
crystalline moréamc materials such as copper sulphate and potassium permanganate
has fascmated almost everyone of us nght from our school years.

Tt‘ *‘us Jmt we shall first rake up the very mterestmg subject of the colour of transition
.metal comy'exes and the interpretation of their electronic absorption spectra in terms
of what are called ‘d-d’ and “‘charge- transfer’ electromc transitions. We shall then
consider the more general guestion-of how an excited electronic state gets

. ‘d=activated’;i.e., returns to 1ts ground stdte by iosmg its excess encrgy through various
machanisms.

31
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Objectives

After studymg tlus unit, you should be able to;

® describe the elements of crystal field theory and explain why, and how, the d- orbltals
of transition metal ions show energy splittings, :

discuss the electronic spectra of transition metal complexes,
cxnlain charge-transfer spectra, - ‘

use the Jablonski diagram to explain the various processes by which the excited
electronic state gets deactivated, and

® tosee how fluorescence and phosphorescence become two-very: xmportant examples
~of emission spectroscopy in many natural chemical systems.

8.2 MODELS FOR‘METAL-LIGAND‘ INTERACTICNS

You have learnt earlier (m Block 4) of the CHE-02 course that metal ions of the first
transition series, from Ti to Cu in the Periodic table, are able to form 2 wide range of
compounds. In these compounds the outermost ‘valence’ shell consisting of the five 3d
orbitals is only partially occupied by electrons. In the ‘free’ or ‘unbound’ state of the,
transition metal (M), these five d-orbitals have the same energy (i.e., they are
‘degenerate’); this five-fold degeneracy is, however, usually removed by the effects of
ligands (L), which'are molecules or ions linked to the metal, M. Very simply,
transitions of electrons between the component d-orbitals ¢ £ shis partially illed shell
cause the beautiful colours which are so characteristic of thése compoungs. We shall
see that an understanding of not only the colours of transition metal complexes, but
also the geometric arrangement of th- lxganr‘ " we0upd M, can come from the electronic
absorption spectra. .

The most cominon ligands (L) are monoatomic or polyatomic negative ions (CI™,
CNT, etc.), and neutral polar molecvles usually having one or more lone pairs of

| electrons (H,0, NH;, CO, etc.).

In a large number of transition metal complexes fh&(“gands are found to be arranged *
aroundyM in one of several definite symmetries: octahedral, tetrahedral, tetragonal, or -
square planar. Further, usually the negative ends of ionic ligands or the lone electron
pairs of polar molecular, ligands are attracted towards the positively charged metal ion,
‘There are two models which are used to discuss the metal-ligand ( L-M) interaction.

" In the first of these, known as the Crystal Field Theory, which was introduced by Bethe

and Van Vleck, we simply consider the'interaction as an electrostatic repulsion

‘between the negatxve charge of the ligands and the electrons of the central metal; that

is, the ligands are considered as ‘point’ electric ch iarges. This model assumes that the .
bonds bctween metal and the surroundmg lxgands are compietely ionic: ‘

You may now wonder whether such a purely elect: ostatxc, or ‘ionic’, model is always
realistic, Indeed, it is not, because our every-day chemistry shows us that in some
complexes the electrons which we have assumed to be entirely in the atomic d-orbitals
of metal may actually ‘spread out’ and spend time in orbitals belonging to ligand, and
v1ce~versa, ‘thus giving considerable covalency to the M —L bonds which are now made
up of ML molecular orbitals’, Accordmgly, in the second theoxy (called the
Molecular Orbital Theory), the lone pair orbitals of ligand are combined with s, pand”

~ d orbitals of M to give ‘bonding’ and antx-bondmg orbitals. The electrons from the

hgands then occupy the bondmg orbxtals, giving the complex its stability, and the

'remalmng electrons partially fill the antx-bondmg orbitals. You will notice, in any

case, that both these theories explam the splitting of d—orbxtal degeneracy in different
ways, but that they lead to the same gencral pattern of energy levels. A blend of these

" two theories is usually termed as ngand Field Theory.

i\v.
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8.3 BASICS OF CRYSTAL FIELD THEORY

Let us first consider the crystal field approach to octahedral coordination, in which the
M-L interaction is well approximated by placing six equal negative charges at the
same dxstance away from the central M ion along the # x, =y and * z axes. Fig. 8.1
.indicates that the lobes of the d,xy dy, and dy, orbitals all point between these charges, . ’ ‘
‘whereas the 4 2 and d2 ,yz orbltals have lobes ‘which point directly towards the Co

charges. An electron in'one of the first group of orbitals will therefore have a lower : ' {
energy than an electron in one of the latter group of orbitals because of the smaller \'
electrostatic repulsion.

Thus, in the presance of an octahedral crystal field, the five 3d orbitals (see Fig. 8.2)
split into two groups separated by an energy difference A; the upp’cr group of two is

doubly dcge.}vrate (and labelled ;) and the lower group of three is triply degenerate
. (and labelled 'zg) The energy dlfference (A,) between the two separated sets of

orbitals is of great interest, because it is'this A, which is identified with the d-d
electronic transition of the octahedral complex. In some textbooks, you may find this

Fig. 8.1 : The orientations of the five 3d orbitals when a transition metal ion is surrounded
octahedrally by six lignnds. ) :

‘energy separation written in terms of the notatlon ‘Dq (or 10 Dgq, for convenience).
What does this mean? Well, it turns out that the d-d cnergy difference depends on the
product of the magnitude of the charge on the ligands, g, and the polarizability of the
central metal ion, denoted by D. Since in practice we will be unable to separate D and
g, we.trz2t the product Dq as a single adjustable parameter. And all confusion will
vanigh'iS viu remember that in our notation, A, = 10 Dq.

Energy fjelat‘ionvl*"' ~in terms of A, are illustrated in Fig. 8.2, from which it can be

see~ that the =nergy of the ¢, orbitals increases by an amount 0.6 A, and that of the f24
<. oruitals de-reases by 0.44,,. Thus, if the 3d electrons in an ion M?¥ of the first
transition series wrc dist.ibuted among the available orbitals in such a way as to

w
w
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Fig. 8.2 : Effect of an octahedral crystal field on the energies of the five 3d orbitals
mamtam the maximum number of electrons in the unpalrcd (‘high spin”) condition, a
* net lowering of the electronic energy will result in all cases except Ca’*,Mn** and

Zn®* as'shown in Table 8.1 below.
Table 8 1: Crystal Field Stabxhsatlon Energles of Ca®% to Zn * fons

Cat* S+ Titt VAt M2t FRert CoP N2 Cult zo?

Numberof3d = 0 1, 2 '3 4 5 6 7 8 9 10
electrons’ - -

IDNistribution for

high spie o e

|configuration:e, -~ - - - . 1 2 2 2 2 3 4

4 0 1 2 3 3 3 4 5 6 6.6

Lowering of : N , ' : : ' ' ,
energy: A, 0 04 08 .12 0.6' 0 04 08 12 06 0.

* According to thls sunple electrostatw mterpretatlon, all the M2* ions (w1th the

exception of Ca®*, Mn®* and Zn +) will, when subjected to an octahedral crystal
ficld, be stabilized by various multiples of A, and this actual energy of stablhsatlon is

named ‘crystal ﬁeld stabillsatxon energy’ (CFSE),

At this po‘m you will be naturally curious to know how the d-orbital degeneracy will be
split in the other most frequently met M—L coordination geometries, namely, the
tetragonal, square planar, and tetrahedral gcomemcs Let us consider them now.
Supposing that you pull the two ligands on the * z axis of the octahedron away from

“the central metal, so that they are more remote from metal than the other four ligands

: lower energy level than dz2
:electrostatxc repulsion along * * z-axis is now reduced. If the two ligands on the *z

in the xy plane, then we achieve, a tetragonal arrangcment of lxgands around metal,
Thie resulting d- orbital splitting is shown in'Fig. 8.3. The two sets of degenerate :
orbitals that characterise octaliedral sphttmg are further split; the dp now sinks to a

2 ‘arid thcd d

v » palr becomes lower than d becauee

axis are then moved-away to xufimty (the-extreme case!), then we have the square

* planar. complex thh the splnttmg shown in Fig, 8.3, \

Fmally, in the most mterestmg case of the tetrahedral complexes the d orbltal splxttmg

is actually the' reversc of the. qphttmg in the octahedral case! You will visualisc this
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.3d Orbital Splitting

C e
' ' K © 7 octahedra Letraonal . square planar
w:ﬁlsegml;' B N _g L b ~A1+A2#A3—13A

Fig. 8. 3 Crystal ﬂeld spll(tlng of d—orbltals of melal lon lrl complexes having dlﬂerent geometrles.

more readily by ruscrlbmg the tetrahedron ina cube, Frg 8.4 (a) The four llgands '
making up the tetrahedron appear as. shaded cxrcles at the alternate cubc corners.
Thed, 2 and d;? orbitals are now degenerate, and pomt towards the centres of cube
faces, and the dy,, dy, d orbltals are degenerate and pomt at the mxdpomts of the ‘ ‘
cube edges. : A . ;

P
i
1

Fig 8.4: The t°1mhedral complex sh')wing thal thc llgands repel the dg yz orbitals less than
thedxy, dyzandd ~orbitals, - o T B
In Fxg 8.4 (b) we examine one face of the cube, on whrch hgands L3 aud Lgare ¢
“located. We see-thatd?. 5 £ fally 2t the’ centre of this face. dyy at the centre of the
edge, and Ly and Lyat: opposrte cornefs, If d is half the edge-length then L3 wrll be at ‘
distance d from one lobe of dy, but at distance (\/7 Yd from‘one: lobe of 4,2 e

Consequently, epulsxon will: be greater at those orbitals that are closer to the hgands, S :

‘ by set; than at-the'other se -{(d 2andd, 2 2) Therefore, forthe .~ ‘

al'field the trnply degenerate set (!abelled rz) is hrgher in energy than: S “

'rate set (labelled ¢), just the reverse of the situation for the’ two sets'f. T ‘

ral‘crystal field case.-By the way, you should not fail to'note that,ina* = :

n,toereisna centre of: symmetry about whxch the ﬁgure canbe inverted; _ , e
'emfor We, omlt the g- ubscnpt from the'ty and e symmetry labels. Thus, for the

SAILE éle trou conﬁguratron d", the energy relationships between octahedral and-

‘P'rahedral fields are xactly reversed This fact greatly facrhtates the problems of . _

mterpretmg electrov'c spectra ST , : T35

]
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Analysis of a large number of experimental data for transition metal complexes of
various geometries shows the d-d splittings to be related as given below:

Square planar > Octahedral >  Tetrahedral
(134) 8o 045 4,)

We now take one very simple, but very typical and ‘colourful’, example: that of the d—d
électronic band in a complex with a single d electron, An aqueous solution of
Tiy(SO,), is red-purple in colour, and has a single broad absorption maximum in the
visible spectral reglon around 20,400 cm™! (Fig. 8.5). However, this is a band of rather

weak intensity, (¢ = 0.6 m 2 mol”™ )and this is based on an lmportant ‘selection rule’

* which we shall discuss presently.';Now our central metal ion is Ti>*, but how is it

coordinated, and to what ligands? Note that this is an.aqueous solution, having plenty
of water molecules to act as ligands! Actually, thls electronic absorption band is
ascribed to the octahedral complex [Ti (HzO)ﬁ] , and may be understood as the
cxg:xtatxon of the single d-electron from the tZg level to the e, level. This transition can

be represented as follows : (t?g) (eg) — (th) ( )

This is what we call a d-d transition, or d—d absorption band, for which A, = 20,400
cm™. The spectra of most complexes of the first transition series of elements can be
explained with similar orders of magnitude for A.

- Purple Blue Green | Yellow | Orange | © Red
Wavelength /nm
400 500 600 700

Absorbance —_y,

5000 20,000 15,000
o Frequency /' cm
Fig. 8.5: Vlslble ahsorptlon spectrum of [Ti(H,0)*}

The spectrum of [Ti(H 0)6]3+ can be interpreted by means of the colour-scale given
in Fig, 8.5. You can see that the complex absorbs strongly in the blue—grcen region of
the visible regxon Therefore, it appeéars purple-red in colour,

We shall examine just one more mtcrestmg result of a d-d transition from

expenmental absorptxon spectra, and by using Table 8.1 we shall also illustrate a
sample calculation of crystal ﬁeld stabilisation energy- (CFSE) Our example is solid
NiCl, crystal, in which the Ni?* ion site is surrounded by six C1™ ligands in an '
octahedral arrangcmcnt The crystal gives an electronic absorption spectrum peaking
at 9270 cm ™1, Since the wavenumber correspondmg to an energy of one electron volt
is 8066 cm ™, and also since 1eV = 96.5kJ mol ™! , the absorption maximum of 9270
cm ™ ¥ indicates a crystal field spl'ttmg (4,) of (9270/8066) % 96.5 kJ mol"1 The

crystal field stabilisation energy for the 4® Ni2* on in an octahedral field is (see Table
81)12 A, N




Hence, o : ' Electronic Spectra-i1

020 e
CFSE = 124, —12x8066><96.5—133 KJ mol

Thus the sphttmg of 3d orbitals leads to a crystal field stabilisation energy of 133 kJ
mol ™%,

-Beforée we procecd further you may like to attempt the following SAQ to test your
understanding of the conccpts dcvcloped so far. .

SAQ 1~
- a) State whether the followixig statements are true or false. Write T or F in the
boxes provided. ‘
i) - five-fold degeneracy of d-orbitals is removed by effects of ligands attached

to the metal. ) ]

ii) an clectron in dy, dyz or d orbitals is lower in energy than that in
drord?_ 2 orbxtals in an octanedral complex. [::]

iif) anelectronindord? ¥ orbital is higher in energy than that in d);y » dyy

or d,, orbital in a tetrahedral complcx
iv) energy of the e orbital dccrcases by 0.4 A, and that of the 15, orblt;s
increases by 0. 6 A, in an_octahedral complex. I::

b) Fillin the blarxks in the following statements using the words given below:
* centre of symmetry, polarizability, octahedral, point, reverse -

i)  The d-orbital splitting for a tetrahedral complexis actuahy the
of the splitting iu an octahedral case, :

ii) In a tetrahedron there is no __._about which the figure can
“be inverted. ’ ‘

iii) Thc clectromc absorptxon spectrum of sz(SO4)3 is ascribed to the
_ complex, [Tl(ﬂ20)6]

iv) The d-d encergy difference depends’on the product o)cﬁ:\a\rge and
' of the central mctal ion.

v) Inthe crystal field theory, ligands are considered as .‘_cicctric
charges. '

84 ‘FORBIDDEN’ VS ‘ALLOWED’ d-d ABSORPTIONS: -
T HE 'ORIGIN OF ‘WEAK’ AND ‘STRONG’ d-d BANDS

You will recall from Unit 7 that, by the. operatnon of the Laporte selection rule, a d-d
elcctronic transition is highly forbidden in a free ion; in the case of transition metal
complexes also, when the crystal field around the M has octahedral symmetry, the d-d
electronic transition is forbidden by the ‘parity’ selection rule ‘even 4-7/—* even’; or
‘gerade «—~<-» gerade’, abbreviated as ‘g «»<> g’. However, in the real world of
chemistry, we sometimes find that rules, hke the egg-shell, are “made only to be
broken”! Therefore, instead of using the ¢ g0’ ‘no-go’ lanbuagc of ‘allowed’ and
‘forbidden’, we, sometimes find it’ convenient to speak of ‘strongly allowed’ and ‘weakly
allowed’ transitions. For sxamyg'»; the g « e 1 forbiddenness can be broken the
moment the centre of symmetr -)f our M-L octahedron becomes destroyed by a
~vibrational displacement of ‘6dd’; or ‘&’ (ungerade) symmetry. The mechanism is that,
in the displaced arrangement caused by this vibration, the 4 orbitals of the central M

ion can mix with p (or f) orhitels, and also that the ligand orbitals may contribute 57
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unequally to the distorted d orbitals. Thus, the totally not-allowed d-d transition
becomes allowed, though weekly. The rather small valuc of the absorbance about
which we remarked earlier in the case of [I‘n(Hzo)d is in accord with such a
vibrationally induced, and therefore wcakly allowed, electronic transition. Very
suitably, the term ‘vxbromc transmon has been comed in the htcraturc to descnbe this '

‘band.

Y€ cvr avgument above is correct regarding this so-called ‘forbxddenness of the £, > ¢,

transition, then in complexes without a centre of symmetry, such as the tetrahedral
coraplexes, this mixing of the d-orbital with other orbitals can occur even for the
equilibrium (i.e., non-vibrating) configuration, giving strongly ‘symmetry-allowed’
transitions with much larger abscrbance values. This is indeed what happens for
tetrahedral complexes such as the alkox1des of Crtt , Cr(OR), (which have intense
d-d bands centred at 15,000.cm™ ), proving that our crystal field theory does go far in
predict’ \g the ‘oehavxour of electronic absorptxon in transition metal complexcs

8.5 (HARGE-TRANSFER (C.T.) SPECTRA GENERAL
’ &ONSIDERATIONS

The various d—-d transitions so far dxscussed are, however, stxll comparatively weakcr in

 relatior to another possible kind of electronic transition called ‘charge trausfer” ,

transiti~n’, Let us illustrate “charge transfer” by choosmg a well-known, and agam
very col~urful, cxamplc from organic chemistry, When chloroform solutions of
chlorani: {pale yellow) and aniline (colourless) are mixed, the resulting solution
becomes leep purple, and its spectrum shows an absorption which is not possessed by
any ne - the components of the mixture when in the pure state. At-the same time,
there ’s no-evidence of any appreciable reacticn taking place. This is one example of a .
Charge-Transfer spécirum, where a photon (or light quantum) is absorbed by a weak
complex between an electron ‘donor> molecule: (D) and an electron acceptor moleculc
(A) with the consequent shift of electronic charge from D to A. Charge transfer bands
are usually broad, structurelcss bands since the binding energies of the complexes are
sufficiently small so that. many ‘different configurations may exist in equilibrium with
one another, ‘ : ~

In the case of i morgamc compounds, while colour is generally assocxatcd with the
presence of  partially filled d-shell, many compounds with d®or d* conﬁguratlons '
are also intensely coloured. Mercury(1l) iodide (brick red, d 10y the familiar
permanganate(VII) ion (intense purple, d°) and bismuth(I1I) iodidé (red-orange,
dlosz) are some cxamples. In such cases the colour arises, at least in part, as a
consequencc of the absorptnon of light which occurs when an electron from a ligand
orbital is transfcrred to ametal orbital and vice.versa. Such charge transfer {or
electron transfer) processes are termed ‘L—to — M? and ‘M — to— L (inverse)’ charge
trausfex rcspectxvely

Charge transfer processcs are commonly of hnghcr quantum energy than d-d

transitions and generally lie in the ultraviolet or far ultraviolet spectral region.
Howevcr if the metal is easily oxxdxsable and the ligand readily reducible, or vice-
versa, then chargc transfer transitions may occuf in the visible région. Often these
spectra are very intense and mask thc d-d transitions. Indeed, the d-d spectra of
transition metal iodide complcxes are notoriously difficult to obtain for this reason, the
xodxde ion being so readily oxidisable. In the next section we shall explore the effects of
‘Metal- -Ligand’ charge-transfer phenomena a little further, after first pohshmg up the
‘crystal field’ model to rcprcsent ‘hgand field’ effects more faxthfully




8.6 EFF ECTS OF THE LIGANDS AND ‘POLISHING 8] %
THE CRYSTAL FIELD MODEL :
THE LANGUAGE OF LIGAND FIELDS

.

Our eatlier discussion of the simple crystal field theory may now be modificd by
including three important kinds of ‘chemical bonding’ involving M and L: (i) L-M
sigma-bonding interactions, (ii) L--M pi- bondmg interactions, and (iii) M~L “back
bonding” (") interactions. For cxample, in ML, octahedral complexes, a strong LM
sigma interaction raises the ¢, level, increasing the A value On the other hand, the

L-»M pi-interaction raises thc‘\tzg and hcncc'décreases A, Finally, the M-L (")

mteractxon lowers t,, again, increasing A, The information contained here represents

the general situation for the d-orbital splitting for all common geometnes which, as we

have shown earlier, can be expressed as fractions of A,

" The manner in which various kinds of L and M interact will therefore affect A, and
hence the stabilisation energies which in the present model we call Ligand Field
Stabilisation Energies (LFSE, as opposed to the carlier'CFSE). For cxamplc, good
n-¢lectron ‘acceptor’ ligands such as CN™ and CO favour strong M—~L (back bonding)
mterachon As a result, these ligands cause-large sphttmgs, in the energy range of
30,000 ¢m™ 1 or 3.72 eV. .In contrast, ligands with a lone- -pair of electrons, which we:
‘may call ‘donors’ (to the z-orbitals of metal), cause small splitting about 10,000 cm
or 1.24 ¢V. The Br™ and I' ions are good examples of these. In the mtcrmcdlate range
of splittings, we place hgands such as NH; and H,0 which have no 7- bondmg

-1

capacity. At first glance, we may perhaps be surprised that the halogen anions, I.and -

Br, with their negative charge should cause smaller splittings than a neutral hgand
lxlrc NH,. At least our simple electrostatic or ‘crystal field’ model would tell us that
txis result is unexpected. But here is where we begin to.appreciate that covalence

effects are very important. The lone pair of NH, is ip a well-directed sp* hybrxd orbital :

and interacts well with the empty metal (hybrid).orbital. On the other hand, the filled

~ p-orbitals on the halide ligand interact quite strongly with the empty d-orbitals of M;
that is electric charge js transferred from ligand to métal, These L-»M interactions
thcrefore, give rise to charge transfer: transitions. This transfer lowers the posmve
charge on the metal and reduces the D term in ‘10 Dg'. For the same metal, the greatcr
the reducing power of the ligand, (e. g I >Br > Cl"), the lower is the energy at -
which the charge-transfcr band occurs. -Similarly; for the same'L, the greater the
oxidising power of the metal ion, the lower the energy of the charge«transfer band. For

“transition metal ions carrying the same charge, the value of A would decrease as
ordered in the serles, : : oo :

CO CN >N()2> en’ >NH3>H20>OH >F >Cl >Br >T7,

where the above i igns and neutral molecules represent the ligands which may surround'
the trans:tlon mctal lon The above series is known as the spectrochemlcal series.

Tlxe electronic spectra of [Nr(HZO)ﬁ] and Ni(en)s]2+ Fig. 8.6, demonstrate, ina -

simple.way, the apphcatxon of the spectrochemxcal series. An aqueous solutlon of

NiSOyis p2*~ green, but when, cthylenedlammc (en) is’ -added, the colour turns dcep

Phue. The [N (H20)6] has a minimum In its absorption (or a maximvn inits |

© - {ransmittance) where green absorbs. but ir all other regions of the visible spcctrum it
has sor:e absorption, and her ce the green colour; On the other hand, | N:(cn)3]

“dbsorbs green light strongly 9"d iransinits only blue-purple and a little red; hence its

: dcrp blue colour . -
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Fig. 8.6 : Electronic absorpiion spectra of {Ni(H,0),]°* (solid line) and [Ni(en);}** (broken line),

SAQ2

Although the spectra of [PtBr4]2' and [PtCl,] 2 are very similar, LM band in thc
*lirst complex is at 36,000 cm™ =1, while in the chloride complex it is at 44, 000 o
Suggest a reasonable explanation for this difference.

8.7 DE-EXCITATION PROCESSES IN ELECTRONIC
SPECTROSCOPY: THE JABLONSKI DIAGRAMS

In our dxscussxon of electronic absorptlon spectra so fdl‘ we have devoted our
" attention to'the absorption of light energy by a molecule in its ground state. The
molecule thus becomes ‘excited’. We would now be eurious to know what happens to
this excess energy in the excited molecule which has vbsorbed a quantum of light. Let
,. us calculate the time requxred for a typlcal absorptlon proeess. A light photon travels
S _atavelocity of 3 X 10° msec™, or 3 x 10 A sec’ 1, Now, the diameter of a typical
‘ ‘ molecule with which the light photon interacts is ~ 3 A. Therefore, the photon will

remain ‘at’ the molecule for 3/(3- ><1018) = 1()'18 sec. Accordingly, the absorption
process has to occur in about 10™ 18 sec or less, In this very small time interval, the
nuclei of molecules undergo virtually no motion, and this fact forms the basis of the
. Franck-Condon principle (Unit 7), according to which-most molecules, upon
; : electromc excitation, enter a vibrationally excited level of the excited state.
i 4
Virtually all organic molecules (which have filled molecular orbitals), except free
_radicals, have singlet ground state; these are usually denoted by S . We then refer to
* clcctromcally excited singlets.as S 152 etc., in the order of increasing energics (these

40 . together with S, are called the singlet manifold) and similarly to possible manifold
: . . . »




of triplets as Ty, Ty, etc. Excxtatlon normaﬂy leads to smglct exmtcd states rather than
to triplet states because the S, - T transition involves a change in (electromc) spin’
. multnphcrty ard is highly forbidden (Umt D. :

,Excxtahou takes the ground-statc molecule from the lowest vibrational level, in wlnch it
usyally exists, to an excited singlet state. Thiere are soveral possible excited singlet statés
S81;5,, etc. The various processes by which a molecule in the excited singlet states can -
become de-excited are illustrated collectively by the Jablonski diagrams, e.g. Fig, 8.7. In
these dlagrams, solid lines represent radiative processes, and wavy lines non-radiative
processes. We shall now briefly discuss a number of the possible events which lead to
'de-exmtatxon or dissipation of the excess cnergy. The events will be discussed in the order
of the increasing time which they require, the first being the fastest. -
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"Fig 8. 7:J ablonski dlngram showing processes connectlng various eleclronic states of molccules
(1) absorption, (3) dissociation and predissociation(4) vibrational relaxation,
(5) iuternal and external conversion, (6) fluorescence, (7) intersystem crossing,
(8) phosphorescence, (9) quenchlng, (10) reveme Intersystem crossing, -
(ll) delayed fluorescence.

8 7.1 Vlbratlonal Redlstrlbutmn

After excxtatxon (process lin an 8. 7), probably the most rapnd process to occur in the
now electronically and vxbratxonauy excitéd molecule is a redistribution of the excess
vibrational energy among the different v:bratxonal modes (process 2, not shown in

Fig. 8.7). It is quite likely to be of major slgmficance in thc dlssocxatxon and
pre-dlssoc:atlon of large molccules ‘

8. 72 Dlssoclatmn '

stsbcmtion (Fxg 8.7, pxocess 3 ) is almost certain to occur, if at all w:thxn the penod
of time of a few v*hratlonv For example, if the vibration energy is betwccn 300 and
3000 cm the\wb:atxoual frequcncy is between about 1013 and 1014 sec” ,Thls, means

UGUHE-L0UBA)
1
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. that the time required for one vibration is, classically, about 10_"14_ to 10

~=13
1 sec. Given

sufficient energy, a diatomic molecule such as H, must dissociate in the time of a

- single vibration, provided some other process (such as-a collision) does not intervene.

8. 73 :I.’redisso"ciation |

In pclyatomic molecules, there are usually additional states between the attractive and

repulsive states shown in Fig. 8.8. An excited state which is not a repulsxve state is
shown in curve C in this figure. Excitation to a low vibrational level of curve C (arrow
a) behaves like a normal electronic transition. But excitation to a high vibrational level
of curve, C (arrow b) places the molecule energetically above the intersection of curves
B and €, Its vibrational motion on curve C, from points x to y and back, passes this
intersection point, and there is a fair probability that a molecule will “lose its way” and
continue on curve B, which again results in dissociation. This process, called
predissociation, is very-common in heavy diatomic and polyatomic molecules.

N

AGS)

V, - ik

Voq

Imernuclear '*:sumce R

_ Fig. 8.8 : Potential energy curyes for ground and excl!ed electronic sla!es of molecules showing .
predlssoclatlon

: When ths molecules are in the higher vibratlonal excxted state, it is also possible that they

can underoo rearrangements involving bond formation, bond breaking, or both. However,
we must roz-ember that the lifetime in excited singlet states higher than S, is very-very
short, and eve:1 in the lowest vibrational level of S the lifetime is relatively short. Other
interesting processes are poss'ble if the molecule can somehow cross over to the T state”
-(in the triplet manifold) where, as we shall see, it has much greater hfetxme

874 Vibrational Relaxation

In our time scale, the next process (process 4, Fig. 87) is vibrational relaxation or the
dropping to the lowest vnbratlonal level that does not involve a change in electronic
energy. The mechanism of this process undoubtedly requires ¢ither collision (in the
gas-phase) or a chllision-like interaction with the environment (in the liquid ghase)
Gas phase collisions require, dependmg on'gas pressure, about 10 t0 107 sec or
longer, while the hqmd-phase collision-like process occurs in about the same txme asa

" vibration (10 t0 10 3sec)

- 8.7.5  Internal and'External Cénversion i

These processes (shown as number 5 in Fig. 8.7) aré slower than those prevxously

discussed and result in the' relaxation of the molecule mto a lower energy state within a
ngen (i-e,, singlet or triplet) manifold.




As originally defined from observations of the luminescence of gases, internal  Electronic Spectra-1I

conversion is referred to the de-activation (quenching) of excited molecules by
collision with other molecules of the same species, while external convei'sion is
referred to the de-activation by collision with dissimilar molecules. In solution, this
distinction becomes meaningless, of course, and we speak only of intérnal conversion,
-referring thereby to a deactivation process in which the electronic excitation énergy is
dissipated as thermal energy by collision with any other (usually solvent) molecule.
We note from Fig. 8.7 that this non-radiative conversion occurs between different
electronic states. ; ' S

8.7.6  Fluorescence.

All the processes discussed upto this point are relatively very fast, and only irrrare
cases are they separately observable by spectroscopy. Consequently, our knowledge
about these processes is often ouly by inference. : B

' The emission of radiation (process 6, Fig. 8.7), which results in a transition of the
molecule from an excited state to the ground state, without a change in multiplicity, is
called fluorescence and occurs typically in 10"8 sec. Therefore, fluorescence
practically always occurs from the lowest excited state of the singlet manifold, since
this is the only state in the manifold with a lifetime longer than.the time.required for
the various collision dependent relaxation and conversion processes.

Since fluorescence usually occurs from the lowest vibrational state.of S;, and emission
like absorption, is always vertical, the molecule descends to an excited vibrational level
of the ground state, Fig. 8.7. This is just the reverse of the usual case in absorption, in
which promotion occurs from the v = 0 level in S, and the'molecule ends up in higker
 vibrational levels, v->0; in §;. Accordingly, we expect a “mirror-image” relationship
between absorption and fluorescence spectra, with the fluorescence spéctrum - '
appearing at longer wavelength (or lower frequency) than the absorption spectrum. -

8.7.7 . Inter-System Crossing and Phosphorescence
Phosphorescence is another process of de-activation of the excited state. It involves -
emission Jf radiation as a result of transition of electron between the states of different
spin multiplicities (Fig. 8.7, process 7). This occurs through spin-orbit coupling, in
-which states with different spin angular momenta and orbital angular momenta.mix
slightly because they have the same total angular momentum. '

Energy

/ Ground state.

Representalive coordinate ——— R : ) A . : 43
Fig. 8.9 : Potential ¢nergy curves of singlet and triplet states Involved In phospborescépce ) )
C e . . . . T
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Phenomenon of phosphorescence can be understood in the following manner. Fjg. 8.9
represents the arrangement of potential energy curves of singlet S and triplet 7 states
that can lead to phosphorescence. Absorption of radiation can lead to the excitation of

. electron from the ground singlet state to.the excited singlet state. Collision

deactivation can then drop the energy past the point where the potential energy curve

.of the singlet state crosses that.of the triplet state. Although internal conversion

between states of different multiplicities is not easy, this process, known as
inter-system crossing (process 7, Fig. 8. 7), can occur leading to the triplct state

“molecules.

Once a different multiplicity manifold is attained by intersystem crossing (e.g., singlet
- triplet), the'same relaxation processes are important as were relevant in the original

_manifold. Following the same rcasoning, the molecule will relax to the lowest
“vibrational level of the lowest electronic state of the new manifold. Once this point is

reached, however, the final decay to-the ground state is much slower and gives rise to a
great variety of phenomena.

Inlersvstem crossmg from the lowest excited singlet to the lowest triplet is onc of the
most important photochem!cal processes because of the long lifctime of the lowest
triplet. The loss of energy from the lowest trlplet to'the ground state may occur by a:
radiative process called phosphorcsoence {process 8, Fig. 8.7) or by a relaxation

- process consisting of a reverse intersystem crossing (process 10, Fig. 8.7) involving

internal or external conversion, The .low‘es't‘triplc‘t is difficult to pupulate by direct
singl'et —triplet absorption and equally difficult to de-populate by emission of -
radiation, If “he nori-radiative patlis for de-activation are eliminated (for example, by
using a very low temperature), the natural radiative lifetime of the triplet can be
estimated. Phesphorescence spectra are usuélly determined in solutions that are -
frozen at 70-80 K. The phosphorescence spectra occur at longer wave'ength (lower
frequcncy) than the ﬂuoresceuce soectra Why? (Sludy the Iablonskl dnagrdm '

,arefully)

8.7.8 Fluorescence and Phosph'()resce'ncc Quenching >

The most readlly observed and therefore thc most read:ly studied, are thc two -
radiative processes, fluorescence and. phosphorescenw When they are not obscrved
or, particularly, when they disappear under certain circumstances, they are said to be
quenched (pro.ecss 9, Fig 8.7). What this means is that, in the competition between
processes, the radiative one has lost out because some alternative process was more
rapid in the systems. Thus, fluorescence competes with internal and external
conversion, with intersystem crossing, and possibly with some photochemical
processes. Only when fluorescence is more rapid than, or at least as fast as, any of the
others, can it be observed. Similarly, phosphorescence competes with relaxation by _
reverse intersystem crossing to the ground state, delayed fluorescence (process 11, Fig,
8.7), photochemical reactions, and other ‘exotic’ processes such as triplet- tnplet

~ annihilation and excimer ﬂuorcscence

SAQ 3

State whether the following statements are true or false. Wnte T or Fin the boxes
provided.

a) Inintersystem crossing there is a chzmge in spin multlpllcxty of states N

b), Fluorescence occurs in 1078 seconds : [

.¢)  The phenomenon of prednssocxat:on is very common in heavy diatomic and

,polyatomxcmolecules ' . o . [——:J




. d) . Most of the organic molecules except free radicals are in trlplet

‘state { ' l::ﬁ ]

8.8 SUMMARY., |

o e b ———

In this unit you had studied that in'the presence of ligands, the five fold degeneracy of

. d orbitals of a metal ion is removed. By absorption of energy in the visible 1egi=n f
spectra; the electrons can undergo d-d transitions, The origin of colours of transition.
metal complexes can be explained in the light of d-d and charge transfer electronic
transitions and the crystal field thcory You have also studied various proccsses by -
which de-activation of an electronic state takes placed.

8.9 TERMINAL QUESTIONS

1. - The £ orbitals are higher in energy than the ¢,, orbitals in octahedral
' environment but the order is reversed in tet'azlledral arrangement. Explain.

2. Give the absorption spectrum of T12(804)3 and explam the type of elcctronxc
~ transition taking place. :

S 3. HgS KMnO4 and KzCrO4- all are mtensely coloured though there is no

_ possxbllxty of d—d transitions in them Explam

8.10 ANSWERS

Self Assessment Questions
.1 @) T )T &)y T iv) F
b i) reverse 'ii) céntre of symmetry -

iii) octahedral  iv) polarizability v) point = :

2. In charge-transfer spectra, the greater-the reducm\s, powcr of the llgand the
lower is the energy at which the charge transfev band occurs, As Br™jon hasa -
greater reducing power than the CI” ion, the charge-transfer bands occur at

36,000 cm™" and 44,000 cm™ in the spectra of [PtBr,]*” and [PtCl,]%",
respectxvely S : 4

.

3a)T BT T 4 F

Terminal Questions
1. SeeSection83 . ) o - -
2. SeeSection 8.3

3. The intense colours of HgS, KMnO, and K,CrO are due to charge-trdnSfcr
transitions as there is no possibility of d-d transition in any of them, The red
colour of HgS is due to the transition s* ()~ Hg(6s) i.e., due to the transfcr of

" lone pair electrons ¢ f sulphide ion to the empty 6s orbital of the mercury (I'I)
“ion. The intense colours 6f KMnO, and K,CrO, are due to the transfer of lone
pair electrons cn 0% ion to the empty ¢y, orbitals on Mn’* and Cr8* i xons You
should note that Mn7+ and Cr8 %, are cxamples of a’0 ions, whercas Hg has a
. d"® conﬁgurahon
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_shall deal with absorptmn spectrometers uscd in different regions of spectrum.

UNIT 9 OPTICAL SPECTROSCOPY:
INSTRUMENTATION AND
SAMPLING

Structure

9.1  Introduction

Objectives

9.2 Speétroséopic Components

Sources
Monochromators

Detectors

93  Sample Handling Techniques

e

9.4 Micro\_wvave Sp&ctrometer

9.5 Infrared Spe_ctfometcr

9.6 Raman Spectrometer

9.7  Electronic (Visible and Ultraviolet) Spectrometer
9.8 Fluorés.ceﬁcé and Phosphoresccnce Spectrometer
9.9  Signalto Nmse Ratio and Rcsolvmg Power

9.10 Summary ' .

9.11 Terminal Questions

9,12 Answers

91 INTRODUCTION |

In the carlier units on different kinds of spectra namely —rotational, vibrational, '

' éléctroxxi.c'and Raman~ we have looked into the origin of a particular spectra and the

information it can give us about the molecular structure. However, we had not .
discussed how these spectra are experimentally obtained. Since there is a lot of
similarity in the experimental techmques in obtaining different kinds of spectra, we'
shall learn them in this unit. At the same time each one of them differs in detail from -
the other and hence they have been treated seperately in different sections. You wo: 1ld
notice that nmr, esr and mass spectra have not been included here since their -
exper:mt:ntal techniques are quite different from the ones discussed in this uml
Hence the experimental techniques associated with nmr, esr and mass spectra are
included in their rcspectwc units. The spectrum of a sample is recorded with thc help
of an instrument called, spectrometer or spectrophotometer. A spectrometer gener ally -
records some function of radiant power. (e.g. percent absorption or transmission)
transmitted through the samplc at dxffcrenl wave leng,ths in the gwcn region. A

“spectro photometer glvcs us the ratio of the radiant power of two electromagnetic

beams. Since the absorption spectrum is much more intensc than the emissioh  «
spectrum, we gencrally record the absorption spcctrum of a sample. In this unit, we

*




Objectives

After studying this unit,you should be able to:

Optical Spectroscopy:
Instrumentation
and Sampling

. >

e describe the different eomponents of various spectrophotomctcrs

@ cxplain the various terms like srgnal to noisa ratio, resolving power cte. assocnted

with spectrometers,

describe the various sampling techniques,

'correlatc slit-width with resolving power,

draw a block dlagram of a spectrometer,

. differentiate between single beam and double beam spoctrometers and

9.2 SPECTROSCOPIC COMPONENTS

In tlus section, we shall dlSCUSS the main features of spectrometers, followed by the
differences in components as per requirements of the various regions of a spectrum.
First of all, we need a suitable source of electromagnetic: radiation which must provide
a continuous and sufficient radiant érergy over the whole region of spectrum under
study. Its intensity must also not change.during the time when spectrum is being
recorded. For different regions of spectrum, we would, naturaily, need different
sources of radiation and these havc becn discussed inSub-section 9.2.1,

Next we shall requnre some optical devices to guide the radlatlons on to the: sample
and to the detector. These include slits, lenses, mirrors, prisms/gratings, ‘
monochromators etc. Since monochromators are common to all types of-
spectrometers, we shall discuss them inSub-section 9.2.2. Other optical parts are
discussed at suitable places simply because the optical set.up requirements may be .
different for different instruments. The sample itself could be in gaseous, liquid or
solid state and hence, different sample handling techniques are reqt'xrcd These
tcchmques have been/ d'scussed scparately in Scctxon $.3.

Fmally, after the radiations have passed through the samplc we de(c—:ct and record -
them: with the nelp of detetors. These have been discussed in Sub-section 9.2.3. The
detectors are in,turn connectcd to amplifiers and a recorder to produce a plot of
absorbance or transmxttance as the wavelength or frequency varies. The function of a
detector is to.convert the radiation falling on it to electrical current which is amplified
by the recorder: We can sumup the above mformatxon in a block diagram given below

(Fxg 9.1).

—| Optical

System

9 2.1 Sources -

) -
- Optical

— Dcteotor']-—v[vAmpli‘ﬁér]

System-

Recorder J

Fig. 9.1 : Block diagram ofa speclrarxleter._

As stated earher the source should produce contmuous and steady radiations in given
_region of spectrum. It should also not contain any strong emission lines. Keeping these
~ factors iz mind, the following sources 'have been found uscful and are commenly used

for dlfferent reglons

Mizrowave : Reflex Klystron valve is the main source of radiations in microwave
region. It emits radiations of a narrow range of frequency and therefore, it does not

require any monochromator. The frequency of the region is controlied by the voltage
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applied to the .Klystrdn valve. Thus by slowly changing the voltage, we can scan the
whole regxoxi of the spectrum. The only difficulty with Klystron valve is that it emits
radiations of very small frequency range. Microwaves cannot be directed by optical
devices. On the other hand, the microwaves can be directed along a rectangular mctal

tube called a waveguxcle

lnfrared The source for infrared regxon is usually a filament Wthh is maintained at
red or white heat by an electric current. The two most commonly used are known as -
Nernst glower and Globar filament, The Nernst glower is made of zirconium and
yttrium (rare earths) oxides in the: form of a hollow rod of approximately 2 mm in
diameter and 30 mm in length It is heated to about 2000°C when it furnishes maximum

‘radiations at about 7000 cni~ 1 The Globar filament is made of silicon carbide. It is

heated to about 1500°C when it furnishes maximum radiation at about 5000 cm™?. It

produces less intense radiations than Nernst glower, However, the Globar filament is
employed for working at higher wavelengths, the reason being that its radiant power

output decreases more slowly than the Nernst glower.

Raman : The common exeiting source of Raman spectrometers is a mercury discharge
lamp. It gives a series of characteristic lines at 253.7, 365, 404.7, 435 8 and 546.1 nm, A

single wavelength is used as a souce. The other wavclengths are cut off by the use of

suitable filters, The most commonly used radiation corresponds to 435.8.im. Since the
intensity of Raman spectrum is proportional to the fourth power of the frequency of
the exciting line, it is useful to employ high frequency. Too high a frequency may cause
photodecomposition or may cause overlap of Raman shifts. Thus a line with optimum
value is selected. More recently, however, laser sources have replaced the mercury
discharge lamps which provxdc extreme monochromatic radiations of high intensity.
The commonly employed liclium-neon laser emits a strong line at 632.8 nm. Except for
the high cost, xt has all the other advantages like high intensity, monochromatic”
char=zter an< "o filter isequired. It has the added advantage that 1t can be. used for
coloured solutlms and much smaller samples

Ultrawolet and Visible Region: For work in ultraviolet region, a hyclrogen dxschargc
‘amp is used. It can be used between 200 nm to 375 nm. The intensity of the lamp-
increases almost threefold by replacing hydrogen with deuterium. Other high mtensxty
lamps are known but are not commonly used due to various difficulties.

For vxsxblc region, the commen source is the tungsten filament incandescent lamp. It
can be used between 350 to 800 nm rcglon and is operated at a temperature of about
3000°C

9.2.2 Monochromators

In order to restrict the'band of wavelength passing through the sample, we require
some optxcal devices known as monochromators. These monochromators consist of a
dlspersmg device which splits the polychromatic beam into a spectrum. The two -~ -

common devices used for this purposc are prisms and gratings, the only exception being’

microwave region, where waveguides arc used. In addition to a prism or grating, the
monochromator has two slits. One of the slits sharply defines the incoming beam. The
other exit slit is placed after the dlspersmg medium and its function is to allow only a
narrow beam of radiation to fall on the ;ample. Two important characteristics of a
dispersing device are shown in Fig. 9.2. The nominal wavelength is the wavelength of
band centre, The range of wavelengths between two points at which the transmittance

is one half of the maximum transmittance is known as band pass width. It is cssenhally

the width of the exit slit..The band pass width depends on the nature of the dispersing
unit and the focal length of the monochromator. The band pass width alsc depends on
the ruling of the grating and since it remains constant for a particular grating, the band

‘pass width for a ngcn slit remains constant throughout the spectrum in case of grating
' spectrometcrs In pnsm spectrometcrs the band pass-width changes with wavelcng‘]




Lecause the dispersion of the prism changes with the wavelength. We know from our
previous knowledge th.at the dispersion of polychromatic radiation into a spectrum s
caused due to the variation of refractive index with wavelength, Heace, the separation
of two wavelengths depends upon the dispersion power of the prism material. The
separation of wavelengths is not uniform throughout and the separation becomes
smaller at higher wavelengths, Glass and quartz are used as prism materials for the
visible spectrum; glass is preferved as priswm since its dispersion power is three times
than that of quartz. However, glass is not transparent in the ultraviolet region and
henee quartz prisms are used for this region. '
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Fig. 9.2: Transmittance chavacteristies of a monochromator.

The dispersal of a polychromatic beam iato a spectrum can also be achicved by means

ofa grating, A grating consists of a large number of parallel lines on a highly polished
surface. Generally, there are about 600 lines per millimeter for yliraviolet and visible
regions, Bach ruled groove in a grating acts as a scattering centre for light rays and the
light spreads out over a range of angles.

8.2.3 Detecta’rs

It is quite obvious that different fcgions of spectrum would require different detector
systems. In this section, we shail discuss the various detectors used for different
regions of spectrum. '

For microwave region, a quartz crystal is generally employed as a detector. It is
mounted on 2 cartridge made up of a tungsten wisker held in point contact with the
crystal. It detects the radiations focussed upon it and converts the microwave power to
a direct current output. The signal it gives is amplified and fed to the recorder, It is
quite sensitive and easy to use. Instead of quartz crystal, superhctrodyne radio receiver
or silicon-tungsten crystal may also be used.

In case of Raman spectrum, especially when mercury arc lamp is used as a source, we
must use extremely sensitive detectors, The detectors commonly employed for this
purpose are either photomultiplier tubes or a photographic plate. A photomultiplier
tube consists of a phototube and a series of electrodes known as diodes. A phototube
is simply a glass bulb which is partially coated internally with a thin layer of
photosensitive material such as potassium oxide or silver oxide leaving a small portion
uncoated to permit the entry of light. The coated layer is attached to the negative end
of a battery. A metal ring at the centre of the bulb is made the anode by joining it to
the positive end of the battery. The whole bulb is evacuated. When light falis

cn the cathode, the photosensitive layer emits electrons which are atiracted towards
the anode and a current flows through the outside circuit, .

As mentioned abeve, in a photomultiplicr tube the emitted clectrons are made (o fall
successively on a sesies of electrodes which are charged successively at higher
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otentials. Bach of thege clectrodes is covered with a material which emits several
*“e;hons for each electron that'fall on its ¢uxface3 The net effect is the amplification of
the current many timsg )

in the case of mfrared specirometers, the detes tors ar o gosierally of two kinds:
{1} Golay celi {ii) bo§omet x or thermocouple. Both of then are basically thermal
detectors which give e at all the frequencies in the regios,

Golay cell : When infrared radiations are allowed to tall on 2 gas eanclosed in 2 smalt
cell, it heats up the gas causing the cho‘x‘; in pressuee within fE!w cell. These chaugea
in pressure are recorded, This type of eell is bulky and expensive and hence less
commonly used. Bolometers end Thermocouplies on the other hand make use of
pm;occ‘adw*'vzc PRENOMEHORN, T .

Bolometers: We know that the resistance of a metallic conductor changes with .
temperature, When infrared 5aoaatnon {ali 0w 2 thin metal conductor, its temperature
changes which causes e corres omidmg change in its resistance. The changés i the
resistance can be measured with the gu, p of a YWheatstone bridge, The bolometer
forms one arm of the bridge and the otlier balancing arm of the bridge consists of a
similar metal steip but which is not exposerf to the radiation. If no radiation falis on the
bolometer, no current would tiow and the bridge would remain balanced. Howeves,
when infrared radiations fali on the belometer, a current would start flowing thmugh
Lhcf;baivanomf'tu due to change in the resistance. The current flowing through the
galvanometer would then be dxrcctlv proportional to the radm(xonr falling on the
bolomete

Thermocouples: Ina thermocouple, two wires of d_iffcrent semiconductor materials
with high thermoelectric cfﬁciuncy are joined together at the two ends. The infrared-
radiations are made to fal! at one of the joints (hot junction), the other joint (cold
junction) is kept at a constant temperature. This dlfferc:nu, of temperature causes an
electrical potential differcnce between the two joints. The potential difference would
depcnd upon the;amount of radiation falling on the hot junction and is thus a measure

of th(’ radiation.

The ultraviolet or wsxblc spectropho(omctcrs gcnually contdm photomultnphcx tube

as a detector. - o
4

Fill in the blanks in the follwing:

‘1) Iatensity of the discharge lamp increases by replacing hydrogen with ..., .
i)  Tungsten Glament !amp is uwd beltween e 80d i, nm for visible
region,
iif)  In prism spectrometer, band pass widths changes with ...,
SAQ2

|

What are the detectors for IR spectrometer ? Give their basic principle,
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9.3 SAMPLE HANDLING TECHNIQUES

All-the instruments would require some kind of a container to hold the .samplc The
first and the foremost characteristic of a container is that it should be lr‘mqparcnl to

[y




the region in which the spectrum is to be recorded. Secondly, when a spectrum of 4
samiple in solution is to be recorded, the containers or the ceils must be made of such a
waterial which is inert to the solvent. The thickness of cell must be wniform. The
surface facing the incident radiation must be flat. These are some of the other critesia
which must be kept in mind. We shall now discuss various types of cells used for
different regions of speciruni. ' :

The Microwave Region

A rectangular tube of copper or silver known as waveguide is used to keep the sample
for the microwave region. The tube is closed at both ends by thin mica windows. Holes
are made in the tube for introduction of the sawmple as well as for evacuation of as
The beam direction can be fixed across the tube and hence the waveguide is made of-
melallic conductor with a rectangular shape. :

The Infrared Region

Glass cells cannot be used for the infrared region, since the glass absorbs strongly at
most of the }"requencies in this region. NaCl and XBr are some of the salts which are
transparent in this region of the spectrum. Hence, the cells are constructed from these
salts. The NaCl cells are most commonly used for routine work in the region
4000-6507%, These are cheaper than XBr cells, Below 630 c‘m’"l_, we must use KBr'cells

«since NaCl absorbs in this region. Depending upon the phase —solid, liquid or gas—
the sampling techniques change. S

i) Sampling of Gases : The gas sampics arc contained in a cell approximately 10 cm
long with sodium chloride windows at either end. It is kept across the path of infrared
beam. These cells are used for gases at a pressure of 1 atm. or.greater. For gases at low
pressures specially designed cells are used. Since the area provided in the '
spectrometers is limited, the path length of the beam can be increased by repeated
reflections within the cell by means of mirrors. : .

ii) Sampling of Liquids : For liquid samples, cells with fixed path lengths and variable
path lengths are both commercially available. The liquid sample thickness should be
between 0.01 to 0.05 mm which would give transmittance between 20-70 percent, The
cells of this thickness are made of sodium chloride or potassium bromide rectanguiar
plates scaled by gaskets and clamped together. A drop of liquid-is pressed between
NaCl/KBr plates which are put in a cell holder and scanned. For solutions, two
matched cells are generally employed, one of which contains the solution and the
other is filled with pure solvent and scanned through a double beam spectrometer.
However, it is difficult to obtain a fully matched pair of cells since the cell material is
casily affected by moisture, Under these circumstances, a careful selection of solvents
is made such that they are transparent in the desired region of spectrum, The
influence of a particular-solvent on the solute must be carefully examined before

its use.

iif) Sampling of Solids : There are basically two different techniques for handling of a
“solid sample. One which is most commonly employed is known as nujo! mult
‘technique. In this case the sample is finely ground to a paste in a small amount of

mineral oil (nyjol) or hexachlorobutadienc. It forms a fine suspension or mull of the

sample in the oil. The mull is pressed between two NaCl/KBr plates to give a thin film
of the sample. The two plates are clamped in a holder with open windows on both
sides and the whole assem®y is kept in the path of the infrared beafn. Two spectra of

the sample are recorded sendrately, one with a nujol mull and the other with a
¢ hexacnlorobutadiere muil. Though hexachlorobutadienc absorbs at a number of
* frequencies in the infrared region, it is transparent in all those regions where nujol
absorbs. Hence, by the coirbined study of the two spectra, we can get all the
\frequcncies at which the sample absorbs, :

Lrptieal Specirescopy:
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The second technique is known as peliet gaha,aqm. In this case a small amount of
sample is maded and ground with about bundred times its weight of potassium
bromide. The mixture is transferred to an evacuable die to remove the moisture 2uc
then a hzgix pressure is applied to yield a transparent pellet. It is put in a suitable
holder and the whole asseibly is placed in the fine of the infrared beam. The holdes

~way be even 1 thick folded paper with open slits. A blank KBr pellet of almost thc

 sams dimensions is ;Mmd in the path of the beaw. The results with this technique are
not easily reproducible. The resolution, however, is betier as compared with the nujol
mull method.

Raman Spectza

The type of cell for Ramasn spectrum varies with the amount of sample used, and the
intensity of the scurce, When the guantity of the sample is small, a multitraversal tube
is used where the incident beam is allowed to undergo a series.of reflcctions with the
help of mirrors before it emerges from the tube. The sample cells are larger for gases
as compared fo the ones used for liquids,

* The usual length of the cylindrical tubé may be between 20-30.cw and the diameter 1
to 7 cm with flat ends. The source is usually a mercury discharge lamp. However, when
the source is a laser beam, the sample holderq are of much smaller capacity of about

Lml and are made of quartz.

11V, and Visible Region

A good quality glass or quartz can transmit radiations down to 200 nm. Hencs, for
routine work in the uv and visible region, quartz cells are most commonly employed.

- Alkali fluorides and clacium fluoride are transparent upto about 100 nm and as such
these are used for speciﬁc samples where the desired absorption oceirs below 200 nm.
The thickness of the cell is usually 1 ¢m and rectangular in shape. They are normally
supplied as matched pair.

3.4 M}CR@WAVE SPECTROMETER

The microwave spectrometer is shown in the form of 2 block diagram in Fig, 9.3. As shown
in the figure, the source of monochromatic radiations in the microwave region is a Klystron
whose emission frequency can be varied over a range, Since the frequency depends upon
the applied voltage, by varying the voltage we can scan the whole region of microwave
spectrum. Moreover, we have already learnt that Klystron emits radiations of narrow
frequency range and so we do not need a menochromator in this case. '

Power w{mﬂgf ]_-_—--»{ Wavegu_iggj——-—-—»@plej.__» Dete?:_rc_)_ﬂ

supply

; fior |
Ll}ecordcr e Amplifier |

Fig. 9.3 : Block diagram of a microwsave spectrometer,

The radiations are made to pass through a waveguide containing the sample in the
gaseous state. After passing through the sampic the radiations fall on the detector. A
quartz crystal acts as a detector which converts the radiations into clectrical signals
which are subsequently amplified. The amplified signal is connected to a pen-and-ink
recorder. The functional details of various parts have alrcady been discussed i in
previous sections, -

9.5 INF RARED SPECTROMETER

There are two kmds of infrared spectrometers available; Smgle beam and doubie
beam. A block diagram of the single beam specirometer isgiven in Fig. 9.4,
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Flg. 9.4 : Block diagram of a single beam infrared spectrometer.

The optical system-I consists of a set of collimating mirror placed near the source. A

parabolic mirror is used to produce parallel 1 ight rays. Slit-I regulates the amout of

incident radiation reaching the sample. The radiations after passing through the

sample are analyzcd using optical system-IL. Optical system II consists of a set of prism  y jyron Mirror: A plane mirror is

or grating, littron mirror and a spherical mirror. The spherical mirror is employed to pla}tceéilbchn}d ﬁ\v\;‘hprnsrr{) ata .
suitavic anglc.. €n aboveamao

focus the radiation on to the detector. - : . light passcsg through the prism, it is

reflected back by the mirror, Thus

. . R . . . e s ' the beam passes througl. the prism
Knowing the original intensity and the intensity of radiation after passing through the ' mcs‘:hcmby dougling t}?e

sample as measured by the detector, you can find out how much radiation has been dispersion produced. It is known as
3 i inel= bes ap double-pass system. We can
absorbed. Though the construction of a singls beam spectrometer is cheaper and improve the sesolution further it

casier than a double beam spectrometer, it is associated with some inherent problems.  the beam is returned one more time
First, since the intensity of emission of the radiation is not constant throughout the g’t’&‘;ﬁf”}guﬁr&g cth}z :’]‘;g'd make
region of spectrum, it must be continuousiy balanced by varying the slit width which  reduces the scattered radiation to
cannot be easily achieved. Secondly, water vapours and CO, present in the atmosphere "¢8/givlc amount.
also absorb in certain regions of the spectrum. This absorbance must be subtracted
from the spectrum with the help of a blank-run. This ‘back ground’ spectrum must be .
repeated with.each sample since the percentage of water vapours in the atmosphere is  An optical system is used to:
variable. Even this would rot solve our problem if our sample shows characteristic - * sclect the proper frequency of
absorbance at those frequencies where H,0 or CO, absorbs. Hence, these must be. radiation

. . h * guide the radiation in the
completely removed by some means before a spectrum is recorded. Again it cannotbe  gpecified direction
done easily and completely. Finally if the spectrum of the sample is to be'recorded in + obtain a good spectrum
solution, it would show the absorbance peaks due to the solvent. All these problems

aretaken care of satisfactorily in a double beam spectrometer.

Double beam Spectrometer : In the double beam instrument, a plane mirror is placed -
in front of the sourcc which splits the beam into two equivalent half beams. The two
beams are focussed by separate concave mirror systems one passing through the
sample while the other reference beam is left empty or allowed to pass through the
solvent, A shutter-comb is placed in the path of the reference beam to reduce its
intensity such that the two beams are again balanced. The two half beams after
recombination with the help of mirror system reach the detector. The signal from the
detector is amplified and fed to the recording system. The roles of prism (grating),
littron mirror etc. remain the same as.in the single beam instrument. Thus the

spectrum recorded on the chart paper gives the relative transmittance of the sample..

S&O‘ 3

State lhc name of the instrument useful in studymg, thc IR specira m the solution phase.

9.6 RAMAN SPECTROMETER

A block diagram of a Raman spectrometer is shown in Fig. 9.5.

{ Sample }.___.., Analyser }MWE lifier

Recorder

Fig. 9.5 : Block diagram of .a: Raman spectrometcr. . 53 ‘
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The sample is irradiated with an infense beam of monochromatic light and the
scattered radiations are coliected at right angles to the incident beam. These are thes
passed on to the analyser, detectos, amplifier and recorder sequentially. Faman
intensities are approximately 0.01 percent of the incident light and therefora metdent
light must be very intease. This is achieved by surrounding the sample tube with four
to eight tubular mercury arc lamps. These arcs generate a good amount of heat ang
heace the Raman tube is protected from the heat by means of a water jacket through
which tap water is circulated. Selection of useful lines in the mercury are lamp is done

by placing suitable liquid fiiters between the source and the sample tube, A

]

. cross-sectional diagram of the whole sst-up is shown in Fig. 9.6,

s .. Bankof
C)‘““"" // mercury-are

o
N jaaps

O

L4

L

Roman wbe ™88% B~ To ) \ («—g'
o T Spectrometer e Watn
Liquid fitter [ A e
. 1 : Q
Cooling watar—H=y ] -
Mercury-arc CTTT B Liquid filter
lamp e 3 )
SIDE VIEW : : END VIEW

¥ig. 9.6 : Arrangenient of sample tube and Raman excitation source.

The introduction of laser source, whichi'gives narrow, intense and monochromatic
beam, has simplified the arrangement drastically. The laser beam is directly focussed
on to the sample. The sample container in this case is a rectangular quactz tube
approximately 2 cm in length and 0.5 cm? in cross-scction with suitably located
openings for transferring the solution,

The scattered light after passing through the sample is focussed at the front skit of the
spectrometer with the help of two prisms and lenses. The beam from the entrante shit
is allowed to fall on two monochromators with the help of spherical mirrors. The
gratings are rotated lincarly in wave numbers and the wave nuinber setting is read on.a
counter. The beam then passes through an exit slit to a rotating mirror: The functicn of
the rotating mirror is to direct the beam to two photomultiplier tnbes alternately. This
arrangement avoids the loss in energy. The signals from the two photomultiplicr tubes

_are combined. Another reference photoiupc collects a portion of the exciting radiation
_through an alternative optical path. The two sigaals from the reference and the Raman

beam are amplified and compared. The use of a double monochromator reduces the -
effect of scattering by dust pasticles in the sample.

What is the function of the rotating mirror in Raman spectrometer ?

L B L D T

9.7 ELECTRONIC (VISIBLE AND ULTRAVIOLET)

SPECTROMETER

.

The basic featurcs of a single beam u.v, - visible spectrometer are shown in Fig. 9.7.

Source Optical| | Entrance |__[ Sample | [Grating | Exit STt |
[ Sample |- [¢ |
system Slit

- ¥
! Recorder *——-Wpliﬁeﬁwmf Detector ;
. R s g ! |

Fig. 9.7 : Schematic disgrem of a visible and uv spectrometer. T
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' The radiation from a suitable source is focussed on an eantrance siit with the help of » Oypiical Spectroscopy:
) C Insirementaiion

lens system. In the single beam spectrometer the beam passes through the sample and ,
: i and Sampling

falls cv a prism or grating which is mounted on a rotating table. After dispersion frora
the prism or grating, the radiati . of the c&uxred wavelength passes through the exit
slit and on to a detector. The signal fxom the dsteator is amplified and fed to a
recorder. In 2 double beam spectrometer. The beam is split into two equivalent
half-beams with the help of lens systems. (ne part of the beam passes through the
sample and the other through the reference celi which contains the solvent. Two parts
of the bearm emerging out from the sample and reference cells are focusaed on to 2
detector which records the difference in transmittance of the two beams, The signal
{rom'the detector is fed into an amplifier. The araplifier commonly employed is a

: pbotomulhpher tube. The signal transmitted by the amplifier enters the recorder. The
recorder consists of a pen-and a chart paper whose movement is synchronised with the
movement of the grating. Thus the chart paper plots a graph between the wavelength
and absorbaxice- (or transmittance). ‘

The only difference between the u.v, and visible spectrophotometers lies in the choice

of the radiation source. For visible region, we use tungsten filament famp which is

useful in the region of 350-800 nm. For ultraviolet region covering the range from 150

to 350 am, a hydrogen lamp or deuterium lamp is used, which is basically a discharge
tube containing hydrogen (or deuterium) gas under pressure. The pressure of the gas -
is kept high in order to obtain a continuous spectrum otherwise a line spectrum would be
obtained. There are a number of other types of discharge tubes available in the market
but the one described above is the most commonly used. '
Thus we an record the spectrum from say 150 to 800 nm by the same

spetrohotometer just by changing the soyrce from hydrogen lamp to tangster.

fﬁlamcnt lamp. As stated carlier, the electronic spectra can be reccrdsd sither on a
photographic plate or on a chart paper with the help of a photomu'tiplier tube as a
‘detector. For any short lived species a photographic plate is more useful since it can
recerd the whole spectrum in a fraction of a second. No detector can operate at such a
fast speed. Even unstable species giving very weak signals can be recorded on a
photographic plate by increasing the exposure time, These signals can be easily missed
-by a photomultiplier tube. However, the greatest disadvantage with the photographic
plate is its limitcd‘xc‘solving power besides being expensive.

Once the spectrum is.recorded — which is basically a plot between absorbance (or
transmittance) and the wavelength —it can be analysed to get useful information.

9.8 FLUORESCENCE AND PHOSPHORESCENCE
SPECTROMETER ’

The instrument for mcasuring ﬂuorcScence are known as fluorimeters by the British
and fluorometer by the Americans. They are further classified as filter fluorometers
and fluorescence spectrometer. The difference between the two lies in the way the
exciting radiations and.the fluorescence (emission) radiations are selected.
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The basic components of a filter fluorometer are shown in a block diagram form in the
Fig. 9.8. ’

Source Optical | Shit | Primary) ‘Slits [ Sample
| Souree | S f—o Sample |

system filter

— I ‘ Secondary
! oteot i
[ 1*'§\,corderw JWiPthodytec~0f S RV T

Fig.9.8: Block diagram of a fiuorometer.

The source of excitation is usually a mercury discharge lamp. The principal lines of
this occur at 366, 405, 436, 546 and 578 nm. We can select any of these exciting lines
with the help of a primary filter. The beam after passing through the sample passes
through a secondary filter and falls on the photocell placed at right angles to the
incident beam in order that it may not be affected by primary radiation, Proper optical
system and secondary filters are to be used to absorb the primary radiation and
transmit the fluorescent radiation. The intensity of the fluorescence is measured with

. reference to some standard substance.

Inthe fluorescence spectrometer, we get rid of the filters by using two

monochrométqrs—- usually gratings. Thus we can selectively utilise the wéve~lc‘ngth of
the exciting radiation as well as the fluorescence peaks. Further improvement is made

by making use of a beam splitter. A portion of the beam is reflected directly to a
. monitoring photomultiplier tube and the other portion after passing through sample is -

detected by fluorescence photomultiplier tube in the usual fashion, The output from

the two photomultiplier tubes are fed into a radiation recorder. Thus, we can obtain a

true excitation spectrum,

Phiosphorescence Spectrometer: Phosphorescence spectrometers are essentially very
similar to -fluorescence spectrometers. There are however, two basic differences. In
order to minimize all the other degradation processes through collision except the
phosphorescence transitions, we maintain the sample at liquid nitrogen temperature,
Secondly, the substance under study may give both phosphorescence and fluorescence
spectrum. Since we want to record only the phosphorescence spectrum, we. introduce
a device known as phosphoroscope. It introduces a delay between the time when the
sample is irradiated and when the phOsphorcsccnce is observed. Two commonly
employed phosphoroscopes are rotating disk or rotating drum type.

Rotating disk phosphoroscope consists of two slotted disks mounted on a shaft driven
by a variable speed motor. The disks are so arranged that the openings in one are in

" line with the unslotted portion of the other. The sample is placed between the two

disks. When the disks are rotated, the sample gets illuminated and then darkened,
When it is dark, the phosphorescence passes through the second disk, and can be
recorded in the usual manner. In the rotating drum phosphoroscope, the sample is
surrounded by a hollow drum having equally spaced slits. The drum is rotated by a
variable speed motor. When a slit is in line with exciting radiation, the sample is
illuminated and then it gets darkened. The phosphorescence radiation passes through
the other slit at right angles to the exciting radiation and then on to the '
monochromator. The common solvent used for the phosphorescence studies is a
mixture of ethyl cther, isopentene and cthanol. At liquid nitrogen temperature, it
forms a clear rigid glass.

9.9 SIGNALTO NOISE RATIO AND RESOLVING
POWER

The quality of spectrum would depend on the nature of the substance, type of
spectrometer, and the sample handling technique. However, there are a couple of




things which if properly handled can yield better spectrum. These are discussed under
the heading signal to noise (S/N) ratio and resolving power. As we shall see they are
intervelated and indirectly controlled to a certain extent by the slit width of tht
monochrcmator.

S/N Ratio: It is a recognised fact that all electronic devices, whether it is a detector or
an amplifier, produce fake clectronic signals. These singals are non-uniform and-
random in nature. Such signals are called ‘noise’ and are inherent weakness of any
electronic device. The main reason for the noise is not too difficuit to understaid. The
electrons which are the signal (charge) carriers are nof confined to narrow energy
value of the signal but spread over a range of energy values dug to thermal motion and
hence the false signals,

If the noise of the instrument is low in comparison with the signal due to absorption of
the sample, it does not interfere and we can neglect it. However, if the absorption due
to the sample is very weak it would be lost in the noise of the instrument. Even with
sensitive detectors, the sxgnals can be xdentlﬁed easily only if their intensity is three or
four times that of the noisc :

Resolving Power: We have stated carlier that the electronic specira never occur at a

single frequency. It is always spread over a range of frequencies. Now if there are two

absorption peaks very near to each other, we shall be recording the total abssorption
due to the two peaks as the radiations pass across the slit. To a certain extent, we can
resolve the two peaks if the width of the slit is narrowed but too much resolution will -
cause unnecessary noise superimposed upon the signal. On the other hand, too little

 resolution depresses the peak heights and the separation of the bands is less well
dcfined. Obviously, we can operate only with an optimum band width.’

The resoition of the bands is also determined by the scan speed size and the
dxspcrsmg characteristics of grating or prism, optlcal design of the instrument etc, We,
are not going to discuss these factors here.

510 SUMMARY.

In this unit, we have studied the different sources of radiation and the detectors used
for the various spebtroscopxc regions, We have also analysed the reasons for using '
different kinds of materials and their limitations. Sample handlmg techniques also vary
in different regions of the spectrum and these have also been discussed briefly. Next,
we discussed the working of spectrometers concentrating mainly on tke variations in
the optical systems of different regions. The role of monochromators and filters has
also been indicated. We defined the terms, signal to noise ratio (S/N.ratip), slit width
and the resolving power. Throughout the text, we have emphasized the point that this
discussion should give you a brief idea of instrumentation, so that you may not
consider any instrument as a black magic box in which you insert your sample and out
comes the result' .

9,11 TERMINAL QUESTIONS

1)  Whatdo you undg;sgéﬁd.by the term “band pass width” ?

2)  Whatare the sources of radiaﬁon for the following spectrophotometers ?
i) IR i) Raman i) UV |

3) Whit is the function of Littron mirror in IR spectrophiotometer ?

4)  What are the differences between phosphonsce*xce and fluorescence
spectrometers ? ? :

5)  Draw block.ggagr,a,m of.a spectrometer ?
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9.12 ANSWERS

I3

Self Assessmient Questions

fud

) Douterivm
i 350 no; 860 nm
it} Wave length/

2. Golay celi, bolemeter and thermoco xpie are the detectors for IR
spectrophotometer, Thelr basic pringiples ave as follows:

Golay ell: Radiation heats up the gas, caunsiz g change in pressure within cell.
These changes are recorded,

Bolomester 3“id thermosnuple work by photoconductivity phenomenon.

{3

. Bouble beam spectrophotometer

I
nJ
[/l
oo
Pty
=
]
¢
&
Q
3
o 9,,
o

he rotating mirror is tp divect the beam to two photomuliiphicr

b1l 3 s s
Terminal Questions

1} The rauge of wave’ez.gms betwesn two points at which the transmitiance is one
ball of the maximum transmittance is known 2s band pass width,

2} 1) Nernst glower and Globar filament
ii) Mercury discharge lamp.

i) Hydrogen or deuterium discharge Ia AP,

o3
Mo

it is used for improving the resolution,

43 Unlike § scence spacirometers, phosphorescence spectrometers make use
of hqwu nitrogen temper ature and a device kaown as phosphoroscope.
)] Please ses Fig, 9.1,

i J‘R.E}yer, Appilication of Absarptiun Spectroscopy of {hrganic Compmmﬁs,
Eastern Economy Edition, Prentice-Hall of India Pvt.Lid.

Z. D.JELWilliams and Ian Fleming, Spec ctroseopic Methods in Qrganic C hcmxatry
Tata Me Graw Hill Publishing Co. Ltd. /&hz.;d

3. C.N Banwell, Fundamentals of Molecular Spectroscspy, 3rd B4,
' Tata MeGraw Hill Publishing Co. Lid.

58
UGCHE-10(30B)




NOTES







-I‘Jttar Pradesh ‘ UGCHE"IO
Rajarshi Tandon Open University, Sp%Ctl’OSCOpy

"~ Block

.

RESONANCE SPECTROSCOPY AND MASS
SPECTROMETRY -

UNIT 10

 Nuclear Magnetic Resonance Spectroscopy B 5

UNIT 11

Elec‘ti‘_dxi‘ Spin Resonance Spectroscopy . 3

UNIT 12 | |
Mass Spectrometry ’ | ‘ : 47
UNIT 13 ‘

_Exercises in Problem Solving using IR, UV, NMR and ,
" Mass Spectral Techmques 4 : v 63




RESONANCE SPECTROSCOPY AND MASS
SPECTROSCOPY |

In the earlier blocks of this course, you have ¢ died a variety of spectroscopic techniques. |
In this block, you will study about the Resonance spectroscopy and Mass Spectrometry
techniques which are widely used in the structure determination. The last unit illustrates
how to arrive at the structure of an unknown compound on the basis of its spe-ral data.

Both Units 10 and 11 are devoted to resonance spectroscopy. In Unit 10, the Nuclear
Magnetic Resonance Spectroscopy has been discussed while Unit 11 deals with the Electron
Spin Resonance Spectroscopy. These two techniques are unique in principle in spectroscopy
because of the fact that here energy levels are generated by placing the substance being

~ studied in an external magnetic field. In Unit 10, the nuclear magnetic resonance
spectroscopy of proton is discussed in detail alongwith its analytical applications. Unit 11
reveals the fundamental concepts associated with Electron Spin Resonance Spectroscopy.
Here also, structure-spectra relation has been iliustrated using simpie examples.

Unit 12 is devoted to Mass Spectrometry. Although this technique is not based on the
general principle of absorption of electromagnetic radiation, it is studied alongwitk the
other spectroscopic techniques because of its important role in structure deterraination.

Unit 13 contains some reprecentative; examples and illustrates how the information from
various spectral techniques can be put together like the pieces of a jig-saw puzzle to arrive
at the structurt of an unknown compound.
Objectives
After studying ihis block, you should be able to

explain the principle of nuclear magnetic resonance,

define chemical shift,

discuss spin-spin splitting,

]
®
®
®  describe the uses of NMR spectroscopy in structure elucidation,
] correlz;te the NMR spectra of sixﬁplc molecules with their structure,
® djscuss the principle of Electron Spin Resonance Spectrogcopy, :

© t;kplain nuclear hyperfine splitting in simple radicals,

o

illustrate the use of ESR spectral studies in structure elucidation of some simple
species, ~ .

explain the technique of mass spectrometry, _
discuss various fragmentation types and factors affecting them,

®

®

o  describe Mclafferty rearrangement,

®  correlate mass spectra of simple molecules with their structure,
. ,

use UV, IR, NMR and mass spectral data to arrive at the structure of a given
compound.







UNIT 10 NUCLEAR MAGNETIC |
RESONANCE SPECTROSCOPY

Sfructure

10.1  Introduction
Objectives _

10.2 “Magnetic and Nqn-magnctic Nuclei .
Magnetic Moments :
‘Quantization

10.3 ' Larmor Precession and Resonance Phenomenon
Magnetic Torque and Gyration
Resonance and Nuclear Induction
Relaxation Phenomenon

- 104 Recording of NMR Spectrum

105  The Chemical Shift

10.6  Presentation of the NMR Spectrum

10.7 SpinuSpin Coupling

10.8  Factors Affecting the Chemical Shift

10.9 . Spin Decoupling o

1010 NMR of Nuclei Other than Protons

1011  Time Domain NMR ‘ ; ,

10.12 Representative Examples with Analytical Appiications

10.13 ‘Summary | ;

10.14 Terminal Questions

10.15 Answers

10.1 INTRODUCTION

Upto now we have described various spectroscopic techniques in which we measured
the cnergy levels of electronic, vibrational and rotational states of atoms and
molecules. In the above cases we simply subjected the system to electromagnetic
radiations of appropriate energy (or wavelength) and looke for absorption at specific
regions. There is an interesting new branch of spectroscopy, known as magnetic
resonance spectroscopy where we subject the system to an external magnetic field and
examine the energy levels'created in these systems by the magnetic field. If a system is
to produce a number of new energy levels under the influence of a magnetic field, it is
obvious that the system itself should have some magnetic properties. For éxample,
systems which have unpaired electrons or ‘free’ electrons (examples are free radicals
and systems containing incompletely filled electron shells) and zlso systems which
bave some specific atomic nuclei possessing a permanent magnetic dipole moment,
have magnetic properties. The former systems are termed electron paramagnetic
systems, while the latter are called nuclear paramagnetic systems. We shall in this
unit address ourselves to the spectroscopic study of paramagnetic nuclei, called
Nuclear Maganetic Resonance or NMR and in the next unit describe the electron
paramagnetic resonance spectroscopy. In essence, magnetic resonance spectroscopy |
deals with energy levels of atoms or molecules when thcsc are placed in an external
magnetic field. B!
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Spectroscopy Objectives

After studying this unit, you should be able to:
’ predict whether a nucleus will show magnetic properties or not?
describe the magnetic moment,
discuss Larmor precession,
explain the principle of nuclear maguetic resos. _
give the schematic representation of the NM i &;/ wometer,

describe relaxation phenomenon and its mechanism,
define chemical shift, |
discuss spin-spin splitting,
explain time domain NMR,
describe uses of NMR spectroscopy in structure elucidation, and
correlate the NMR spectrum of simple molecules with their structurc.

@@80’@@®®®@

10.2 MAGNETIC AND NON-MAGNETIC NUCLEIL

10.2.1 Magnetic Moments

<

Before we describe the Nuclear Magnetic Resonance phenomenon, let us first ask
ourselves why some nuclei are magnetic and why some others are not. We know from
our previous background, all atomic systems as well as atoms in molecules have a
nucleus at the centre with electrons occupying the extranuclear space. We also. know
that (in order that atoms and molecules are neutral) the nuclei are positively charged.
Although ALL nuclei are positively charged, only some of them have, in addition, the -
property of “spinning”. This is shown in Fig. 10.1. '

SN0

Nuclear spin is described by the spin
angular momentum quantum
number, L The nuclei which exhibit
NMR spectra have / > 0,

Given below are some
generalisations for the spin quantum
number of different nuclei:

~

‘(1) Nuclei having even number of . e .

protons and ncutrons have ) v H=0 0

I = 0. The examples of such i L

nuclei are *He, *C and 0. Spheric | nonsoinning ' Sphetical spinning

. AL Hses . nucleus
(ii)  Nuclei having odd number of )
rotons and ncutrons have . .

ﬁncgral value of /. For example, Fig. 10.1 : A nonspinning andg 2 spinning nucleus.

*Hand "N have I = 1. The spin characteristics of nuclei are defined by a spin angular momentum quantum
(iif) Nuclci having odd valuc for  mumber, 1. The magnitude of the spin angular momentum |1| is related to the spin

the sum of protons and angular momentum quanfum number 7 in the following way. ‘

neutrons have half integral ,

value of /. Thus 'H and N ; 4 ' =VI{+ 1) A T e (101)

have I = %and Y0 have I = -‘;—
Remember that we expressed the spin angular momentum of an electron by a similar

expression, (Eq. 1.14b) in Unit 1, Block 1. This spin angular momentum is a vector
sum of the individual spin angular momentum of the component particles of the
nucleus, namely neutrons and protons. The exact way in which the neutrons and
protons ¢ re vectorially coupled can be understood from nuclear shell models but this
is not important for us now. If the nucleus has a spin angular momentum I # 0, then
this corresponds to a spinning positive charge and any spinning charge will gencrate a
magnetic moment (i ). The magnetic moment, u , of any nucleus is proportional to its
spin angular momentum (¥) and is given by the following expression.

6 :
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p= 'T;j‘,ﬂ Spectroscopy .

Note that the quantity
E-A—;- is called the gyromagnetic
" ratio, y. Hence, we can say that

where gy, is called the nuclear g-factor which is characteristic of the particular nucleus,

¢ is the charge on a proton and m is the mass of the proton. Similarly, the magnitudes
of magnetic moment and spin angular momentum are thus related as follows:

: p=yl ‘
e =yVIT+ 1IN
lul = VI + D) 2 (Using I from Eq: 10.1) A
=gy ﬂN TEE) ‘ ";(10.2) When the cilarge of the partiélc is

positive, the magnetic moment
efi ) : vector (i) and the angular
where A= ™ and is called nuclear magneton, momentum vector (I point in the
same direction. But when the
' particle is negatively charged (e.g.
SAQ 1 ' K electron), these two vectors point
po
,in the epposits direction.

Calculate the value of nuclear magneton for proton.
(Given e = 1.602 X 10™Y2 C, 4 = 6.626 X 10™ 3 J 5, mass of proton =1.672 x 10~ ¥ kg)

The following table (Table 10.1) lisis some of the magnetic nuclei with their spin
angular magnetic quantum number I, magnetic moment # and nuclear gy factors. The

nuclei such as 2C (g protons + 6 neutiohs) and 160 (8 protons + 8 neutrons) have
I =0and are non—magnetxc, i.e. they are not affected by a magnetic field.

Table 10.1: Propertles of Some Magnetic Nuclei

Name (% abundance) Tz M I ] &N

: (in nuclear '
) magnctons)
1y Proton (99.99) 11 12 2.7928 5.585
2y Deutron (0.01) -1 2 1 0.8574 0.857
13 Carbon (11) 6 13 12 07024 1405
9  Fluorine (100) 9 19 12 26288 5257
31, Phosphorus (100) ' 15 31 12 11317 2.263

4y Nitrogen (99.63)
15y Nitrogen (0.37)

14 1 +0.4038 0.403

IOS TN

15 12 -0.2831 -0.567

' 10.2.2 Quantizaiion

Those nuclei which have a spin angular momentum, are therefore, associated with a

magnetic moment, and can be looked at as a small bar magnet, There is, however, a

very clcar distinction between an ordinary laboratory bar magnet and a “suclear spin

magnet” since the latter is a quantum particle. In other words, while a bar magnet can

take vp any orientation when placed in an external field corresponding to a continuous

variation of the potential energy (Fig. 10.2 a), the nuclear magnetic “quantum bar

magnet” is allowed to take only certain allowed orientations. Thus, a nucleus with spin 4
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It should be noted that although the
spins can be classified as paraliel or
antiparalle! to the magnetic field,
the magnetic moment vector is not
completely aligned or non-aligned
to the magnetic field becevse of the

relation
m17¢

0= [ = RPED% 0D

where 0 is the angls ~twcen the
magnetic moment vector and the
direction of the magnetic field. For

a pi.‘otonlniandm,u x5

" Eq,10.3 can alsobewnttenas
Hz=ylz

Remember that you studied similar

expressions for the case of electron
in Unit 1, Block 1.

Components
of angular

momentum in

direction of
field for

1
=t

and__}_
: 2

qQuantum number J, can take (14 + 1) vrientations in the external magnetic field. If the

2,then1tcantaketwo(21+1-— . ;+1~1+1—2)

orientations only in an external ficld. We can easily undcrstand the orientation of spin

spin quantum number I =

3 nuclel, in that they can either align parallel or antiparallel to the external field. No
other orientation is permitted. This.is schcmatlcally illustrated in the Fig. 10.2(b).

. o
72 7 . g
~F A" g
wr<Qr 1 #
\ 2 A -
~ 4 N S
N ZLLs / /
. % / %
4 % %
27 )74 I s
e Ea(3cos?0 — 1) v E=xg B.B,m
ORI | ®
Fig. 10.2: (a) The orientation of 2 macroscopic magnet in a field, whcre it can take any
- orlentation (8 ) and the energy is proportional fo (3 cos’0 — 1).

(b) The nuclear magnetic moments being quantum mechanical entities are either
allgned parallel or antlparallel to the external ﬂeld.

The component of the magnetic momgnt of the nucleus in the direction of the applied
magnetxc ﬁeld, M, is given as follows: :

. lenle ' S
pe= o, , o (103)

where I, is the component of spin angular momentum in the direction of the applied
magnetnc field.

i
Also I, canbe cxpresséd as fo'lows: ‘
' L=mh . (10.4)

_ where m, is the qu'antum number for z-component and can take values —J, ......, +1.

This is illustrated in Fig. 10.3 (a).

1, Total angular 1
momentum E, . m =T3P ostate 1
T o L +5 gnPNB,
+1 C

2

»

AE = gnBnB,'
- Larmor (prcccssion)
L= m,:x - frequency e - snPaB,
) . =+ —2--7[ ,_,‘) , m = +__1_
2
(® (b)

Fig. 10.3: (a) Total angular momentum / _==\/I I+1L)n for I= % and its components
1, (= m % form, = +-§' and -';') in the direction of spplied magnetic field.
(b) Two energy levels corresponding to s > +-;é (lower level) and m; = —% (upper level).

v
e
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The different values of m; yield different values of I, and s, in tur, Nyelear Mepr«t f" Resouance
o . w . ) Sgariroscopy

Thus, wecanéay fbr I= %,m,w —--l—and +}-

_ 2 2
i 1 ' : (
and I= *Eh and +§f‘l {from Eq. 10.4)  ;
‘ | , ' pr=yk
Substituting these values of I, in Eq. 10.3, we can say that sy rongl
) i Hence,

lgale 1, lewle 1
,uzf-—'—"zj;;,-")( -Eh wdwxgﬁ

B oy ntpit Bz

: i For s .
—!gNI eh. lgN’ g}‘i. : | Fidg o= -?-—,/Eo =mi§-$z
4m 4m '
. . Wy Eﬁm.—kﬁ
eR . . And

Usi for — :
lng ﬂN Zm e 7 T i }_’:-77 . ',~g». e
BE = g~ Egr s Lo B |05

py= =3 5 lenl A and 3 3 ‘3N| Bn - Sy
. ! ‘Therefore
’ pmDE 185
Since the energy of the magnetic dipole in a magnetic field of strength B, is given as ge B BAES
 E=-,B, o (105) ‘ ~E=
. . i ] i . : .
'we get, E 4= +‘i lgN I ﬂN Bz andE = ) th ‘ ﬁN Bz ; Bn the absease of magnetic field,

these two levels have the same
encrgy and ave called degeverasz

These energy levels are shown in Fig. 10.3 (b).

Note that for a proton (I = -:15 , the lower spin level corresponds to iy = w&% and is- {1

known as « state. The upper spin state having m = —% , is known as § state, The

energy difference between these two spin states is thus given as

1 1 -
AE =Ep." Ea = ilgN'.ﬂNBi - (“5'81\1' ﬂNEz) = ‘S'N!ﬂNB; ‘ : R
B, : | 2
and v= .i‘h.E. = .'EU..'..’?.N__.E A . C 7 .(10.6)

h

The splitting of the nuclear energy into (27 + 1) levels for a nucleus of spin f is knova
- . as the nuclear Zeeman cffect and is the primary phenomenon in NMR. spectroscopy.

103 LARMOCR PRECESSION AND RESONANCE
PHENOMENON

103.1 Magnetic Torque and Gyration

Apart from the above understanding that the nuclear magnetic energy levels are split’
in a magnetic field, it is also unportant to understand the phenomenological

- description of the motion of the spins. Thus, the spin of a nucleus (proton) under the
influence of an external magnetic field can either align with tke field or oppose an
external field. In addition to this, it shows pr\e@essim&ﬁ motion, The preceswzonal
motion of a spmnmg top is shown in Fig. 10.4. The top is spmmng about the axis A. In
addition the spinning axis A moves slowly around the vertical axis O which is the
prccessxonal motion.

Just as a spinning top experiences a gxav;tatmnal torgue and undergoss ¢ pmcessmna\
motion (gyroscopic motion), the spinning atomic nucleus also undergoss a
prccessxonal motion under the mﬂucncc of the mageetic torque from the external

. magnetic field.
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_ The phenomenon of precession is
known as Larmor precession and
the precessional frequency is
krown as Larmor frequency.

10

Fig 10.4; The\gyroscoplc motion of a spinning top under the influence of the gravitational torque, g.

The precessional motion of a proton can take two orientatious as shown in Fig. 10.5.

The lower energy orientation shows the alignment with the field and the higher energy

orientation is opposed to the field.
- .

i
i

high energy | =~—F—

~ low energy | w—te——

'Flg. 10.5: Precession.of & nucieus (proton).

" Now we have two kinds of motion and frequencies. One, the spinning frequency
(around axis A) and the second precessional frequency (around axis (). The spinning
frequency does not change but the precessional frequency is proportional to the |

~ strength of the applied field. The expression for precessional frequency, w is given

below: ;
vl e 0 =yB Lo
=55 OF k--.w--»y{7 . «(10.7)
where y is the gyromagnetic ratip and B, is the strength of the applied magnetic field .
felt by the proton. ‘ '

You may remember from_unit 1, Sec 1.10 that we called @ as Larmor frequency.

If we replace 4 in the above equation byl';;— , we get
# B,

=
v ———t—

2}

Substituting the values for 4 and I we can write
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...(19.8)

The precessional frcquéncies for some of the nuclei at sclected ﬂeld‘strcngths are
~ given in Tabie 10.2.

Table 10.2: Precessional frequencies for some nuclei at various field sirengths

B/T| 14 19 23 47 71 17 144
Nucleus :
g 60 80 100 200 300 500 600
2 9.2 123 153 306 460 768 92
ug | 192 256 320 642 969 1598 192
13 151 201 . 251 503 755 1257 [ 151
1y 43 57 . 12 145 207 361 . 43
sy | 61 81 - 101 203 304 507 61,
o | 81 108 136 271 407 618 81
Bg | 565 75.3 94.1 1882 2882 4705 . 565
31p 243 324 405 810 1215 2024, 243 v

If you compare Eq. 10.8 with Eq: 10.6, you will note that the precessional frequency is
the sare as the frequency of scparatxon between the two energy levels,

Let .2 now study the phenomenon of resonance.

"103.2 Resonance and Nuclear 'Induction

" The Larmor precession which you read above, provxdes a mechanism by which an
electromagnetic radiation can interact with the spinning nucleus, If an electromagnetic
radiation of frequency v. as given by Eq. 10.6 (and is same.as in Eq. 10.8) is allowed to
interact with the nuclei, then the nuclei from lower energy level may abaorb energy and

go to thc higher energy level. ‘
W}wn‘

In an ensemble of nuclei, they distribute themselves beiween the two-energy lcvelv AE=7x10%])
accordmg to the Boltzmann dxstnbunon as given below: k=138%x102 3!
' : T=300K 2
N. AR TR0} .
—=e kT 136X 075K X 20
Nl ‘ -3 10 5
Since the cncrgxcs of the upper and lowcr levels do not differ very much the numbe;_ B w1 (1 % 107

of nuclei occupymg these levels is also not very different, For example, in case of
protons studied using a 200 MHz instrument, the difference in the number of nuclei is

of the order of 1 in 10° . Because of this small difference in population, the sample has The magnetic dipole moment per
a net magnetisation M is the direction of the applied ficld, Fig. 10.6(a). unit volume isknowa as
' . ) megnetisation
When the radiofrequency is applied at the right angle to magnetic field, it produces a
rotating maghnetic field having a componeat in the (¢~y) plane. It is necessary that the
frequency of rotation of the rotating magnetic field be exactly the same as the ‘
- Larmor frequency (Fig. 10.6b). Only when such a condition is met, i.c. the two - 11
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Fig. 10.6; (a) The vector sum of nuclear magnetic moments which are precessing about an axis
* parallel or antiparallel to the external field, leads, due to Boltzmann disiribution,
a net excess population In the lower energy state. '

B
: Larmor frequency. (precession)
I
- rotating magaetic
) . ficld
. s ¢ / )

" Fig 106 (b)
(b) Resonance will be observed when the frequency of rotatling magnetic field
matches with that of Larmor frequency.

|

- .

RF © |

(c) An rf field applied perpendicuiar to the magnetic field produces a torque
rotating the net maguetisation from the z-axis to the {ransverse plsne (¢-y)
where it can produce a nuclear magnetic induction sigual in o tuned ceil

12 ’ )




frequencies are in resonance, the nuclei will absorb energy. Thlo is the reason why thls ‘ N“"'e‘“' Magzetic Rescnance
phenomenon is called nuclear m.xgnetlc resonance. Henqe the condmon for Spe“ms“’"y

resonance lS : ) : L .
IW-'=gNﬂN o D (10.9)

The apphcatlon of the radlofrequency rotates the net magnetlsauou into tbe (-
plane as is shown in Fig. 10.6(c). This induces a current in the tuned coil. The details
- of this are given in Sec.'10.4 under instrumentation, Before you study the details of
instrumentation of NMR: spectroscopy, it is.worthwhile to undcrstand *ne
phenomenon of relaxation as glven below

10.3.3 Relaxation Phénomenon

You have studied above that the population of various encrgy leve‘f is governed by
Boltzmann distribution, Absorption of radiofrequency radiation will disturb this
distribution. Hence, after some time, the population of lower and higher levels will -
become equal. When this happens, no more energy will be absorbed. This situation is

* referred to as the saturation of the resonance signal. To record the NMR spectrum, it
- is necessary that the original equilibrium is restored. This is done by the dissipation of
excess energy through relaxation process. Two types of rclaXatxon proccsscs are

spin- hmce relaxations and spm~spm relaxations.-

The name spin-lattice relaxation originated from the fact that carlier studies were
made on solid samples where the relaxation of spm excitation energy occurs due to
lattice vibrations. The random motions of the adjaccnt nuclei set up fluctuating
magnetic fields at the nucleus leading to its interaction with the magnetic dipole of the
excited nucleus. The result-of this overall process is the transfcr of energy from thc '
excited nucleus to the neighbouring atoms

. The spm—spm relaxations mvoivc the interaction of spin of onc nucleus with the spins’
of neighbouring nuclei. For-example, if there are two nuclei, then one. nucleus can flip
. up and the other can flip down by mutual exchange of spms :

10.4 RECORDING OF NMR SPECTRUM

The schematic representation of an NMR spectrometer is shown in Fig. 10.7.

A,sample tubc, B, transmnttcr con C, sweep magnet D, receiver co;l F mam magnct

I‘lg 10 7+ Schematic represenm(ion of an NMR specirometer,
The components of an NMR speutmmcter include a magnet a radlofrequency source f; :ﬁgﬁ’:‘}g? ::g:(;;gft;’i";qp;:lf
and a detec'ion system'in addition to the recording device. The sample whose NMR - ipecqpum. '
spcctrum is to be recorded is dlS\OlVﬁd ina smtable solventfand placed ina < tube o 13

-

UG CHI. 10(32A)
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The solvents used for wcommg
NMR specirum are

CCls, CDCl, CéDé, ds ~DMSO,
D20, (CB3)2 8O.

In most NMR spectrometers, the
frequency is kept fixed and the

" magnetic ficld is varied i}l the
resonance condition is reached.

AE ""39 =8NﬂNB;,

Hencev =
Similarly, for a shiclded proton

gnﬂnE’z .
}

;AE =hy' =g By B:(1-0)

’chcc,v'-.—;'g-—-—-——(-—l”p"ﬂ’: 1-9 ;

Thus,v' = v (1-0)

14
UGCHE-10(33n)

Note that for an unshiclded proton |

having 15 cms length and 0.5 om dizracter. The sample tube is placed between the

poles of a magnet. The sample tube is spun to ensure that 2 uniform magne:ic field is

experienced by all the nuciei of the sample. When the radiofrequency is applied, the
suclei abserb energy which is detected and recorded. Two alternatives are available -
here. We can either kesp the frequency constant and vary the magnetic field to know
the position of resonance or we can keep the magnetic field strength constant and vary
the frequency and record the resonance position,

Modern NMR spectrometers are of Fourier transform type. Théy are very sensitive:
and can be used to record the NMR specira of a variety of nuclel. You will study miore
about this techmquc in Sec. 10.11.

Till now you were studymg tbs priuciple behind NMR spectroscopy and its
instrumentation. Let us now study the reason why this tcchmque is so important (o

: the chemists,

1@ 5 THE CHEMICAL SHIFT

) So far what we have talked about nuclei holds good only whean they are bare For bare

nuclei the resonance condition is as given by Eq. 10.9, i.e. kv = gy By B,

It implics that all the nuclei of a given type (for example, hydrogen atoms) in a sample
should absorb the energy corresponding to the above v value, If such had been the
case, the NMR spectroscopy would have been of no use to the chemists. In real
systems, however, the nuclei are surrounded by extranuclear electrons and these can

 modify the external field by either shielding or deshiclding the nucleus.

- The circulating clectrons produce an induced magnetic field which opposes the

applied field (B,). Hence, the magnetic ﬁeld experienced by the nucleus (B, ) is ngen
by the following equation: .
\ ’ Bcff - B Bmduc"d ’ ‘ k (10 1O)

The induced field is proportxonal te; ‘hc applied ﬁeld and is given by the following

expression:

B =0B, o ..(10.11)

induced

where o is the shiclding constant.

Substituting the value of B} 4, .cq from Eq. 10.11 into Eq. 10.10, we get
Beff=32”UBz .

. =B,(1~9) < : _ ..{10.12)

Thus, in presence of the extranuclear electronic envxmnmcnt the resonance condition
has to be modified as:

Chy = gyBnB, (1~ 0) : .(10.13)
- This is shown in Fig. 10.8. b
\\~\ B
ey o
up . _ ‘ .
AE = hv = gpBuBz AE’ = hv' = gyByB, (1-0)
No magnetic )
“field
/.,._,..'_sz..,.f‘;;,.m
. 7 Shielded
W@ JROdE (screcned) nucleus
in magnetic
Bare nucleus . field
in magnetic '
fid g aos:

Fig. m 8: Modification of nuclear Zecman level splitting s a resull of elecu'onlc shielding.
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Positive value of o means that the nuclei are shielded by the electronic environment,
Spectroscopy

- while negative o corresponds to deshielding of the nucleus. Wh;n shielding occurs, the
B, is less than B, , hence B, must be increasc? to bring the nucleus in resonance. On

the other hand when deshielding occurs, B is more than B, , resultirg in the

resonance at lower field. Thus, due to shielding (or deshielding) ideatical nuclei (e.g.
H) which have different chemical erivironment (in other-words, different clectron
density) resonate at different values.of the applied ficld: These values being
characteristic can be used to identify various types of environment in which the:
nucleus is present. Since the shift in the position of resonance is due to difference in
chemical environment, it is called chemical shift. Since we cannot measure the NMR
of bare nuclei we have to use some reference standard with respect to which we can
measure the extent of shiclding or deshielding of the external field inwarious chemical’
environments, (This is very similar te the choice of the standard hydrogen electrode as
the reference for defining electrode potentials of various half-cells in '

- Electrochemistry). »

: . . ’ . s o . Since the protor., of TMS are morc
Th¢ reference chosen is the molecule Tetramethy! sxlgne, (CHj, Si (TMS). The shielded as compared to those of
choice of TMS as reference is due to the fact that it contains 12 protons per molecule,  most organic compounds, the '
all of which are chemically equivalent. With the consequent high specific proton chemical shift for most organic

concentration TMS will give strong NMR absorption even in dilute solutions. Secondly compounds is a positive number.
the protons in TMS are highly shiclded and hence occur at “higher fields” compared ‘

to protons of most organic compounds, This will make the TMS resonance

non-interfering with test spectra. ‘

Unit of Chemical Shift

Suppose we measure a test sample and TMS using the same magpetic field B, , the

" resonance conditions are given by '

thCSt =gNﬁNBZ (1 el UTCS[) ’ ...(10.]4)

~ vrvs =8n BB (1~ orms) S ..(10:15)

Thus : _ :
1Y pogt = W rps = BB B, (1 = O1eg) — 8P B, (1-opg
Bvpgy ~vrms) = BnBu By [ ore = (L~ oris )
HWpes, = VTmS) = EnOnB: [~ Orest] -;-(10-16)
By definition oqpyg = 0 (Reference)

If we measpre the same two samples (Test and TMS) by doubling the field then, -
28 (Vpeg = Yrms) = 28BN Bz (= Fpes) + : «.{10.17)

No# the frequency difference between test and reference gets doubled. In order to
represent shifts in a universal manner we-have to quote these shifts independent of the
strength of the field. This is achieved by dividing the shift in ficld (constant frequency
measurement) or shift in frequancy (constant field measurement) by the respective
spectrometer field or frequency and represent it by ¢ . This makes the shift
dimensionless, but makes it a very small value since the shift in field or frequency is

nearly 10% times smaller than the measuring field or frequency. Therefore, we multiply
this dimensionless constant by 10% and express it in terms of parts per million (ppm).

Tbgs the chemical shift, d can be given as . | Note that there is a change of
C v -~ «  signs when we use ficld (B) instead
. ) t TMS .
= 3 cctr:;fctcr frequenc X 106 ppm "+ of frequency (v) in
P . quency : Eq. 10.18.
B - o
“ms__Fre o 106 ppm ..(10.18) ” .

= Spcctrdmeter field

Table 10.3 shows the chemical shifts for protons in some classes of organic compounds.
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. Remembsr that the chemical
shift values for protons are
rclated to the electron density

. around the atom to which they
arc bonded. If the efectron
density is high, then the protons
are shiclded from the magnetic
field and hence higher magnetic :

~ field is to be applied to achieve
resonance. Protons having -
smaller values of chemical shift

~ are said to appear at upfield as
compared to those which have
hlgher chemlcal shift values and. -

are gaid to appear downsk \&, But

you should not forget that bova.
these types of protons aze still

appearing downfield with respect .

to TMS.

Cy N .
Remember that chemically

- cquivalent protons absorb at the
same 3 value. ' :

i6

Table 10.3: Chemical Shifts of Common Proton "vGroups. ;

y .

. Functional Group
Organomctailic - RCH;M ~1.2-0.1.
Cyclop'ropyl"v ' D——H | 0.2
“ Methy!” 5' ‘ —CHy 0.9
Methylene —~CH,— 1.3
‘Tertiary RyC—-H _ 1.5
 Alljlic ~C=C - CHy— . 17 |
" Alkyne ~C=C-H . 23 “
Benzylic . Ar —CHy~ 233
Vinyl —C=C-H 14:5-6.0
Aromatic . Ar-H 6-8.5
© Amino RCH;NH) 20-28
' '{R-«NH;,:_ ' 1-5
. Alkyl balides R~CHp~X 24
Ketones R—CH,~CO~R 2-2.7
Alcohols. ‘ {RCH ~OH 3.4-4
o 1R—-0OH -5
Ethers R—0-=CH,—K 334
Esters R—CO-OCH,~R 3.7:4:1
R RCH,-—-COOR < 222
Aldehydic RCO-H ‘ 9-10
~ Carboxyﬁc‘acids R—-COOH 10-12
Enolic _C=C-O0H 15-17
SAQZ

The chczmcal shift of protcms in a test sample occurs at 2 ppm. W hat is. thc dxfference
in Hz between TMS and test proton resonances when measured in a 100 MHz

gpectrometer and in a 200:MHz spéctrometer" A

........

.................................

.....

..........................................................
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. From hcre onwards, we will focus our dnscussxon mamly on the TH — NMR, or proton

NMR as hydrogen is present in most of the organic moleculés and hence ast udy of

lH-NMR helps in their structure elucidation, Befotre that let us see how dc,s an
NMR spectrum look like?

10.6 PRESENTATION OF THE NMR “PECTRUM

The NMR spectrum is rc;:ordcd on a chart paper, It. has at its botton 6 scalc (in ppm)
with & values increasing from right to left. The 0 (zero) d value corrcsponds to TMS.

" TMS when added as an intery. sl standard to thc solutlon of the sample whose NMR
spectrum is to be recorded shows a signal (peak) at0das shown in Fig. 10.9. The




Nuclear Magnetic Resonance

lower 3 value means an upﬁeld chew’oql *hff and indicates that thc proton whose -
Spectroscopy

signal appears in this region has high =lectron ¢ensity around it. Sirrilarly the higher
the value of 3 for a particalar signal, the higher the dishiz!4ing and lower the electron -

" density around the proton giving that signal. Thus, as said.eariier, ch=mically (or
magnetically) different protons will show signals at different & valucs. Hence, by
countmg the numbér of signals; you can say how many chemically dxfnerent protons are
present in the molecule of the sample

Besides showing the number of different kinds of‘protons, the 1H - NMR spectrum
also tells how many protons of each kind are present in a molecule. This is shown by

- the intensity of the signal, The intensity of a signal is measurcd in terms of the area
under that peak The area under an NMR signal is directly proportional to.the number
of protons giving rise to that signal. This area is measured by an electronic integrator
and is recorded by the instrument on the spectrum as a stepped curve. The height of
each step can be counted by counting the number of squares 2n the graph.

9
CH3 COCH3
b a

In the light of the above discussion, let us go through Fig. 10.9. It =Lows two signals
indicating that two kinds of hydrogens are present in methyl acetate.

~0CHy . —CHy
L R ™S
JL S | S J\

Fig, 10.9: The NMR spectrum of methyl acetate (not druwn to scale) showing two peaks
from the two chemically dlffercnt methyl groups and the TMS at 0 ppm.

~

One signal is due to the hydrogen atoms of the methyl group attached to the oxygcn , .
‘aad the other signal is due to the methyl group attached to the carbonyl group. These
to sets of hydrogens arg non-equivalent and can be represented by a,b,c..... ete. .

The two signéi} are of equal intensity because the number of protons rcéponsiole for
them is equal (3 in this case). ; '

Besxdes ngmg the abovc information, the NMR spectrum of a compound can tell how
many different protons are present on the neighbouring carbon atom of a particular -
proton. This is explained in the next section. '

’

Before that attempt the following SAQ to check your understanding of the above
concerts. ’

" SAQ3
Identify the chemically dlffcrcnt set of prctons in (CH3)2 CHCHO and label them
using letters, a,b,c ... etc. :

................................................................................

17
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Protons on adjacent carbons
are known as vicinal protons.

7]
wo{z. J

10.7 SPIN-SPIN COUPLING

Apart from the phenomenon of chemical shift, protons which are on adjacent atoxs
.can also indirectly interact with each other depending upon the nature and number of
the bonds between them, This can be illustrated by studying a portion of the NMR
spectrum of a compound having two protons on adjacent carbons as shown in Fig, 10.10.

doublets observed

o J J e
5“A . T o, .

Fig. 10.10 Splitting in the signals of two vicinal protons.

Let the two protons present on the adjacent carbon atoms be represented as Hy and
Hyp. These two protons when present in different magnetic environments resonate at

different position and hence show different values of chemical shifts. The signal duc to
each proton is split into a doublet. This can be explained as follows. For H,, there arc

two possibilities of spin orientations of Hp. The spin of Hg can be cither aligned
(parallel) to Hy or opposed to H . In roughly half of the molecules, tl;é spin of Hy is
parallel to H, and in rest half, it is opposed to H . In one case H A proton is
deshielded and in other it is shielded. Thus, H, experiences two different magnetic
fields and resonates at two different positions resulting in a doublet in the NMRE
spectrum. Similarly, Hp also yields a doublet. R

Let us consider one more cxample, i.e. the NMR spectrum of ethanal as shown in
Fig.10.11. ' . .

o
ot

spin

Arrangements
of the Methyl
Protons-

o w}PosibleSpin

Net 4% +1f -t 3 |=spin+’h
o LL,JLL Jub

2
¥ T

¥ L]

12 10 8 6 L 2 0 PPM

Fig. 10.11;: NMR spectrum of ethunal. The spectrum shows a signal at 4 2.12 ppin due to the
- CH3 group being split into a doublet due to spin-spin coupling to the aldehyde
proton and a quartet at § 9.9 ppm from the aldchyde proton due to coupling
to methyl profons; inset shows the multipléts in ¢xpaxded scale. '

i




" The spectrum consists of two groups of lines. The group occurring at 0 5.Y ppm comes
from the aldehyde proton while the lines occurring at d 2.12 ppm arc from the methyl
group. The relative intensities of these lines are in the ratio 1:3. However, the aldehyde

- resonance(lines)occur as an equally spaced quartet (fourlines) with relative intensity
1:3:3:1 with a spacing of 3 Hz in between them. '

This fine structure or splitting of lines is due to the indirect coupling between aldehyde
proton and the methyl protons. This is called spin-spin coupling and can be understood
as due to a small magnetic field produced at the site of the aldehyde proton by various
statistical distributions of the spin orientation-of the methyl protons. There are three
methyl protons and their spins can be aligned parallel or antiparallel to the field as is
shown in Fig. 10.12, ‘

STATISTICAL DISTRIBUTION OF ORIENTATIONS

" TOTAL SPIN METHYL PROTONS' (as seen by CHO proton) RELATIVE
'QUANTUM . WEIGHTAGE
~-NO. (M) '
Y 1t t (aa) 1
2t 4 L @t bt @Ba) Lt Baw) 3
-1/2 VLot BBa L L BBt L (@Bh) 3
B2 Lol @8 1

" ALDEHYDE PROTON (as seen by CH; protons)

1/2 ' ta - , 1
-172 ‘ I . . 1

Fig. 10.12: T. e origin of spin-spin coupling multiplets and their relative Intensities. The eight
possible orientations of the spin of three methyl protons leads to total spin quantum
numbers of 3/2, 1/2, -1/2 and <3/2 with a statistical weight ratio of 1:3:3:1 leading to a
quartet splitting of the aldchyde resonance in this ratio. Similar arguments will lead
to a 1:1 doublet of the methyl protons by aldehyde proton. If we denote spins with

. mll =-i‘-% by a and those with mI = —-‘—12‘ ‘with 3, we et notations for the spin

~ orientations a s given in brackets.

The stetistical distribution of the methyl proton orientations leading to netmy
(total) of 3/2, 1/2, -1/2, -3/2 has the weightage 1:3:3:1, While the my=3/2 .
configuration can provide a local field, say, of 3/2J, the others will provide + 1/2J
and -3/2J, so that the aldehyde proton will give now four resonances relative to
the position of chemical shift (in the absence of coupling) at £3/2/ and £1/2J

- with intensities 1:3:3:1 and separation J. Thus the aldehyde resonance occurs as'a -
quartet of intensity 1:3:3:1, Here J is known as the coupling constant and is
measured in Hz, ' ‘

We now look at the'effect of aldehyde proton on the methyl resonance; the former can
be either parallel or antiparallel { m; = -+ —}; or - %) giving rise to local field of +J/2.

Thus the methyl resonance is split info a doublet of separationJ = 3 Hz with equal
intensities. Spin-spin coupling can range between few Hz to tens of Hz depending on
the hybridization of the bonds invoived and the sumber of bonds intervening the two
coupled nuclei under consideration. '

4 AREFR AR TR et T T
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v §pectroscopy On similar grounds, an ethyl group will give a quartet (1:3:3:1) for the methylene
- Tesonance and a triplet (1:2:1) for the methyl resonance. This is shown in the NMR
“spectrum of ethanol in Fig. 10.13,

i JUEN ERTH N

Area under CH3 peaks

Integrated trace

Area und]r CHp peaks
Y : » - y o TET e .

Aera under OH
i ‘ peak
rnemirmamerninimimrimiine] v w Vo o
,(A/ T™S
L l l l
6 o

5 4

.y

¥ig. 10.13: The NMR spec... *» of a solution of ethanol. The methyl and methylene groups are

k mutually coupled giving a triplet (1:2:1) and quartet (1:3:3:1) respectively, while the OH

" group, due fo rapid exchange does not show any spin-spi;) coupling with neiglibouring
profons and no splifting of the signals is obsérved due fo the ~OH proton.

If any atom in the molecule undergdes rapid exchange in the intra-or intermolecular
way {exchange between solutes or between solvent and solute), then the coupling

The 'H ~ NMR spectrum of between the exchanging and rest of the nuclci is averaged to zero. Thus an aqueous
cthanol was discussed in unit4 of g 1ytion of alcohol will give spin-spin coupling pattern for the methyl and methylene
CHE -05 (Organic chemistry) protons by mutual coupling, while the OH group which undergoes rapid exchange with
course also, ' the solvent water molecules will appear as a single line,

Chemical .Exchangé

.. ™. . + PR o
- O+ H - == R-0"-H
R SI H \gHz == R (,) 1+ OH,
: H

R-b‘5—H === R-0H+H-OH}
.. ) H " . . i <
STy o

’ In general, we can say that for n equivalent protons coupled to a particular set of ’

20 '~ -protons, spin-spin coupling leads to splitting of the signal of this set into (211 + 1)

)




lines with the intensities given by th> ssfficients of the bionominal expansion of :

Y 1 1 Nuclear Magnetic Resonx.mce
(¢ +1)". For s . NMR, I for a proton = 3 leadingto2nl+1=2Xn X 2 +1 : Spectroscopy

=1+ 1, Thus, in 'H ~ NMR spectrum, # equivalent protons will split a signal into
n + 1lines. This is shown below in the form of Pascal triangle in Fig,10.14.
Relative Intensity - ; n

6

Fig. 10.14: The relative intensitles of the spin-spin splltting rultiplets for »
coupled equivalent protons. :

- Spin-spin coupling patterns are also transferable between molecules, Thus whenever a
molecule contains an ethyl group, the quartet-triplet pattern (as shown for ethyl
- alcohol) will appear in the NMR spectrum, Table 10.4 lists some characteristic

spin- spin coupling constants,
Table 10.4 : Spin-spin coupling constants.
Type of compound J, (Hz) Typc of compound J, (Hz)
_C ~ : 12-15 CH-OH 5
H - —
cH-cHZ 65 cFé/H ‘ 03
- free ™~y '
rotation)
H g RS , .
(o) 8 H . (cis) 6-14
' (m)2-3 ' C=C~H (trans) 11-18
(r) 0-1 . :
| \CH 0
~Sc=c" 4-10 Il 13
- ™~ H H-C-C-H
.
(a-a)8-9
~ : —
C=CH-CH= 10-13 Cyclohexane (a-¢) 23
-~ “~ : (e-¢) 2-3
' CH,
- H-C~-C=C-H 2-3 ”*CI-I/ : 67
™ CH,
: H .~ C-H
-CH,-CH; 7 Sc=c_ =2

T LGCHE-003A) ' ) ’ o 21




Spectroscopy “ S AQ 4

How many resonances will occur in the proton NMR of isopropyl chloride and what
will be the nature of the spin-spin coupling ?

.............................

................................................................

Cl

CHsCHCH3
Ysopropyt chloride

...............................................................

.....

SAQS

An organic compbund with molecular formula CgHy gives three NMR signals at 7
ppm (singlet), 2.4 ppm (quartet) and 1.2 ppm (tripiet) with relative intensities 5:2:3.
Identify the compound.

................................................................................

.......................

.............................................................

........................................

..........................................................

..................

..........................................................................................................................................................

10.8 FACTORS AFFECTING CHEMICAL SHIFT

@) Electronegaltivity of the groups present

- Let us study the NMR spectrum of 1,1,2~trichloroethane (CLCHCH,CI) as shown in
F . ‘
. Fig. 10.15.

T —T —T E— l l N
B e S S Sy B R RN N SR B AR S
1300 1200 1100 1000 800 800 700 600 500 400 300 200 100 0 Hz

ppm (8)
Fig. 1015 : NMR spectrum of 1,1,2-trichlorcethane.

The spectrum shows two groups of signals. The signal due to CH, protons is of double
intensity as compared to that for CH protons. The signal due to —CH, protons is split

due to the adjacent —CH proton into a doublet as per the i + 1 rule. Similarly, the

2 signal due to —CH proton is split into a triplet due to two protons of the adjacent

UGOHE- TG




~CH, group. Also the signal due to—Cg protons appears downfield as compared to
the signal due to —CH, proton because the two chlorine atoms attached to the carbon

bearing this hydrogen withdraw electrons due to their inductive effect and deshield the
proton to a larger extent as compared to the singlz chlorine atom present on the other
carbon atom. , '

Similarly, the NMR spectrum of ethyl bromide as shown in Fig. 10.16. shows one
triplet due to methyl protors and ohe quartet due to methylene (—CH,) protons.

CH;;-'-' CHz"“'B!’

—t
——cd
-
et
el

A ppm
Fig. 10.16 ; NMR spectrum of ethyl bromide. \

In addition to the electronegativity of the groups, the other factor which influences th
position of the chemical shift is magnetic anisotropy.

(if) Magnetic Anisotropy
Anisotropy means difference in a property depending upon the direction. Thus,
anisotropic properties have unequal value in different directions. Various functional

groups present in organic molecules containing multiple bonds show +his behaviour.

Various classes of organic cdmpounds having multiple bonds are given below:

@) \:C = C< alkenes
(i) -C=C~ alkynes
(iii) C=0 carbonyl compounds

(iv) ©/ aromatic compounds

In these molecules, the circular motion of 7 electrons in the presence of applied
magnetic ficld, generates an induced magnetic field. The induced magnetic field
opposes the applied magnetic field in the centre of the molecule. But it reinforces the '
applied magnetic field outside the region of & electrons. This is shown in Fig. 10.17.

VRN

g "

Fig. 10.17 : Direction of induced magnetic field

Nuclear Magnetic Resonance
Spectroscopy
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Spectrascopy Thus the H atoms attached to the double bond are deshielded and appear downfield
: in the NMR spectrum at & 4-8 ppm. ‘

* Butin case of alkynes, the protons appear upfield because the region in which they lie
has induiced field oppesite to the magnetic field, see Fig. 10.18 given below. They
appear in the range J 1.5-3.5,

H Induced
o , i, g ficld
4 4, C ‘ﬁ’; R
!v'/ ."."' ‘"“‘"\ \- / '-.“‘....- ".\ \
{7 YL N
Pl 1 i
applied | \ 7 A
fidld ©\ 0\ i \*'\ VA
\ ", 4 l \ Moty iaurtt” ‘,-’
. N, 4 N\ 4
-, A A, o
‘ Shieiding of acetylenic protons by a triple bond in
paral.el orientation to the applied field
- o
: L ~. o icld
. . ’,, ‘*‘% 1.5
. i il .
applicd & A H—C F= C—R
fidd || /
\ kN s E B 4 / -
"\..‘ ....... ,ﬁ" K’. ‘ r %
Shié!ding of acetylenic protons by a triple bond perpendicular to the applied field
Fig, 10.18; Directlon of induced magnetlc field in alkynes, »
The aromatic protons of benzene are similar to the protons of the double bond. The
direction of the induced magnetic ficld is shown in Fig. 10.19 for aromatic ring. The
aromatic protons are deshiclded and appear in the region 8 6-9,
induced ! L7
ma nc}tic s \ / L
“NSTT N SN
- \ / 3
SN
; Y B 9 nng curren
4 f { B\‘ N \ of circulating
" = electrons
. L
applied . - ?
ficld o P /
K /
\"'a. e ,;/ i, o -
o e
Flg. 10.19 ; Effect of ving curvent In benzene mesystem Increases effective magnatiz Ny st the proton,
24




10.9 SPIN DECOUPLING

1t is also possxble to decouple the spin-spin coupling between two groups of
resonances (signals) by sweeping the spectrum while simultaneously applying a sccond
constant frequency at the resonance position of one of the groups. This irradiation
scrambles the population of various orientations leading to a net zcro magnetization
from this group and the spin-spin coupling to this group is decoupled Spin decoupling

can be used to identify the connectivities between groups of spins, This is shown below

in Fig.10.20.

(a)

(b)

(c)

¥ig. 10.20: (8) NMR specirum of a two spin (A and-X) system: both A and X showing a doublet coupling'

pattern. (b) When X nucleus is irradiated and the specirzm measured, resonance of
A appears as a singlet since coherent irradiation at X frequency decouples it from the
A nucless. (c) When A nucleus is irradiafed and the spectrum measured, X appears as
asinglet.

10.10 NMR OF NUCLEI OTHER THAN PROTONS

ther nuclei such as 3'P, Bp and B3¢ can also be studied by NMR. Both >*P and

1(‘.'.*‘ havel = % and are 100% abundant in this state. Their spectra can be measured in

‘the same ways as for protons. 31p and 1P compounds can be analysed in terms of their
characteristic chemical shifts and spin-spin coupling to neighbouring nuciei.

.. However as far as -°C is concerned, it is very difficult to obtain good spectra due to the
following reasons. The natural abundance of Beis only 1.1% and the remaining 12c

. . . . . . 1
isotope is non-magnetic. Besides, the magnetic moment is r of that of a proton. It can

be shown that in a given magnetic field, the sensitivity of NMR detection is

proportional to the (Resonance frcquency)3 x abundance. °C spectra are
approximately 1/6400 times weaker than proton spectra for identical molar
chncentrations, so that normal detection by field sweep or frcqucncy sweep gives
practically no spectrum. One can measure isotopically enriched 13C compounds, but
these are prohibitively expensive, The way to circumvent this difficulty is to resort to
the practice of time domain NMR and Fourier transform techniques, which we shall -
very briefly and in a qualitative manner describe below. ’

10.11 TIME DOMAIN NMR

Normally we let the ensemble of molecules in a strong magnetic ficld and sweep the
radio-frequency slowly, so that scquentially different chemically shifted protons are

.

Nuclear Magnetic Resonance
Spectrescopy
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brought to resonance and we obtain the spectrum as a function of frequency. This
sequential way of obtaining spectrum subjects the system to a single monochromatic
radiation at a time and searching for NMR absorptxon In order to obtain well resolved
_spectrum, we have to sweep the frequency slowly giving sufficient time for he recorder
Yo react, Typically several minutes or even hours will be required to record one
spectrum, even when the concentration of the spins are high.-

Spectroscopy

However, if we subject the system to a radlofrequcncy “pulse” (i.c., a high power
radiofrequency source is electronically pulsed-switched on and off~thhm a time
interval of a few microseconds), it can be shown mathematically as well as in reality
that this sudden “gating” of the radiofrequency can produce a wide range of spectral
distribution in a single shot. By pulsing the radiofrequency transmitter, we produce
and subject all nuclei, irrespective of their chemical shifts, simultaneously to a broad
sp=ctrum of frequencies leading to the so called “multichannel excitation”, Tt is
possible, thérefore, to simultaneously “tip” all different chemically shifted nuclei into
the x-y pldne in a very short time (much less compared to spin-lattice and spin-spin
relaxation). The resulting magnetization vectors will induce current simultancously in
the receiver coil which will produce a time varying signal from each and every different
type of nuclei at their characteristic frequencies. The resulting induced signal known
as free induction decay (FID) will gradually decay in a sinusoidal fashion depending on
chemical shift, spin-spin coupling and spin--spin relaxation. This time-domain signal
when mathematically Fourier transformed will .roduce the full NMR spectrum that
would otherwise be obtained by the conventlonal way of slowly sweeping the frequency
through the entire spectrum. Schematically this is shown in Fig. 10.21.

oo

Flg 10.21: Schematic represcntulion of the pulse NMR method. An infense RF pulse appiicd
close to resonance will bring all nuclel info resonance irrespective of their chemical shifts.
All these precessing magnetic moments will produce a free induction decay signal (FID)
which upon Fourler transformation will produce the full spectrum which would
otherwise be obtained by a slow sean of the spectrum.

The whole process which correspdnds to multichannel excitation followed by
multichannel detection can be accomplished in a few seconds. This process can be
repeated several hundred times and specira coherently added to produce a good

signal to noise ratio even from 13C or 'H at micromolar concentrations. In the pulsed
Fourier transform method it can be shown that while the signal from nuclear
resonances will add linearly proportional to the number of co- added spectra, the
noise being a random process will only add proportional to the square root of the
number of co-added spectra.

26




Thus if a 13C spectrum has a signal to noise ratio of 1:1 (i.e., the signal cannot be Nuclear Magnetic Resonance
distinguished from noise) after co-adding one hundred spectra we get a meaningful Spectrascopy
spectrum, of signal to noise ratio of 10, This is illustrated in Fig, 10.22. '

e

Fig.10.22; Schematic representation of the dramatic improvement in the signal (o noise
ratio from L:1 (fop spectrum) to nearly (10:1 when 100 spectra ave co-added),

With the advent of commercially available pulse~FT spectrometers, almost all
magrietic nuclei in the periodic table, irrespective of their magnetic moment and low
natural abundance, are now accessible for NMR study.

Let us now study some analytical applications of NMR study.

1012 REPRESENTATIVE EXAMPLES WITH &
ANALYTICAL APPLICATIONS

.The NMR spectrum of B,Hj, diborane, gives two groups of resonances for protons,
The two possible structures for diborane are shown in Fig. 10.23.

B

H_ B/H H. _H. ___H
HoB-B-H B
H NH 5”7 Sus Nm

\a) (b)

Fig. 10.23 : Two possible structures for diborane, ByHg. The NMR results will
show that structure (b) Is correct,

Structure (a) contains two equivalent BHy uxiits and is expected to give a single

. resonance (all protons are-equivalent), while structure (b) has two bridged protons
and four terminal protons and is expectzd to give two different resonances, as
observed. Hence structure (b) is supported by NMR.

The spectrum of N, N-dimethylnitrosoamine shows two different methyl resonances at
room temperature and at high temperatures it shows only one resonance
corresponding to the middle point of the room temperature spectrum. This can be
understood as follows, At room temperature, there is only restricted rotation about the

N-N bond so that statistically 50% of methyl groups are frans to N = O bond.

Therefore, the methyl groups (a) and (b) have different chemical shifts. When free rotation sets
i at high temperatures, the two methyl groups interchange rapidly between cis and trans
configurations, so that on a “time average” they are identical and neither.is cis or trans leading
to an eguivalence and a single transition, (see Fig. 10.24).

i
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§
(a) {b)
The rate of rotation of C-N bond,
k is given as ‘ -
b= Low Temp.
T S
vhere v is the mean lifetime of a
particular configuration and can
be medsured at any*temperature,
The activation ehergy A E for
rotation can then be calculated
using the Arrg?ius'equalion
1 —— A—
Ink=! A4 RT
where A is a constant
characteristic of the reaction.
(a) C H\3 ' P o)
\ High Temp.
Flg, 10.24: The effect of hindered !nternal rotation and subsequent free rofation about the N-N .
bond in N, N-dimethylnifrosoamine as a function of temperatfure. Af low temperature,
- the.two methyl groups appear as two distinct peaks. As the rotation sets in, they undergo
slow exchange leading to broadening of the lines, and when the exchange frequency is
higher than the shift difference (in the static spectrum) they are no longer
distinguishable,
10.13 SUMMARY

In this unit, you studied about the magnetic behaviour of common nuclei. Then the
principle of NMR spectroscopy was discussed. The details of instrumentation were
described followed by relaxation phenomenon, A detailed account of chemical shift
and spin-spin interactions was presented. The NMR spectrum of nuclei other than
hydrogen was briefly introduced. Due emphasis was given on the time domain NMR
keeping in view its importance in the recent times. Finally, some examples illustrating
the use of NMR spectroscopy were taken. ‘

10.14 TERMINAL QUESTIONS

1. Predict qualitatively the NMR of propargyl bromide, HC = CH — CH, - Br
if the spin-spin coilplipg is2.7Hz. : ;

2. Predict the nature of the >'P and 'H spectrum of trimethyl phosphine,
(CH,),P, if the coupling between 3P and 'H is 8 Hz.



3. Predict the nature of the NMR spectrum for the isomers of butyl chloride, = Nuclear Magnetic Resonance
assuming coupling only between protons on adjacent carbons. Spectroscopy

1015 ANSWERS _

Self Assessment Questions

(1602 % 1072 C) (6.626 x 10" T )

b 'BN~2"’ 2% 2t X 1.672 % 107 kg
= 5050 x 10727y 7
2, * The chemical shift = 2 ppm
By definition -
- YTEST ~ YTMS o
spectrometer frequency o
At 100 MHz | | -
py = 2XI00XI0_
10

Similarly, for 200 MHz, Av = 400 Hz

i

' CI;I3 ~-
3. CI;I3 _— CI;)ILI;IO
4, Isopropy! chlorids has the formula (CHs), CHCL. The two methyl groups are

identica!, while the CH group is different. Therefore, there are two groups of
resonances. The resonance from the two methyl groups will give a 1;1 doublet
<hrough coupling with the CH proton. The resonance of CH praten will be
split into a seven line pattern (septet) whose relative intensities are
1:6:15:20:15:6:1 (refer to Fig, 10.14).

S. The peaks at 0 2.4 and J 1.2 ppm consisting of a quartet and triplet are from
an ethyl group. The peak at 4 7 ppm corresponds to protons attached to a
benzene ring. From the relative intensitics, if there is one ethyl group, then
there is onc CgHj group. Together the molecule is likely to be cthyl benzene.,
If it is 5o, the molecular formula is CgHsCH,CHj = CgH, . Hence, the

compound is ethyl benzene.

Terminal Questions

1. Propargyl bromide contains two types of protons. The =CH protons are like
in acetylene and will occur at 8 2.2 ppm and the —CH, Br protons will occur

around & 3.68 ppm. The CH, resonance will occur as a doublet (1:1) and the

CH resonance as a triplet (1 2: 1) The splitting between the doublet and
triplet is 2. 7 Hz.

2. The H-NMR spectrum will give a resonance corresponding to.a single
chemical shift due to all three equivalent methyl groups, split into a doublet
with a spacing of 8 Hz due to P, with intensities 1:1.

The 3'p spectrum will give a resonance corresponding to chemical shift of 3lp
split into 10 lines from 9 equivalent protons of methyls with intensity

distribution given by 1:9:36:84:126:126:84:36:9:1.
29

UGCHE-16(34A)




Spectroscopy

30

UGCHE-10'34B) -

Normal butyl chloride, CHy ~ CH, -~ CH, — CH, — Clwill give four .
resonances. The methyl group will give triplet (from adjacent —CH,, the next
methylene will be a triplet of quartet (4 X 3), the next methylene will be a

triplet of triplet (3% 3), and the last methylene adjacent to Cl will give a

triplet,

Isobutyl chloride will give a singl‘e resonance from two equivalent methyls,
split into a doublet (CH), the CH group will give'a resonance split into a
septet of triplets (7 X 3) and the last CH,, group will give a doublet.

Ter‘t.iary buty! chloride, (CH3)3 ~ C - Cl, will give Aa-sihgle line from three

equivalent methyls and there will be no spin-spin coupling,
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'1.1_INTRODUCTION

In the last unit, you have studied about the Nuclear Magnetic Resonance (N, M R.)
Spectroscupy. We hope that you have clearly understood the principle of NM.R.

- spectroscopy and other concepts explained there. We assume that you can apply the
- knowledge gained about N.M.R. spectroscopy in structuré elucidation of simple
molecules.

Similar to the nuclei of some atoms, the free or unpaired electrons have spin and show
magnetic properties. Thus, systems containing unpaired electrons can be studied bya
technique, called Electron Spin Resonance (E.S.R.) spectroscopy in a manner similar
to NM.R, spectroscopv Therefore, we will reuse here some of the concepts of Unit 10.

In this unit, we-will first introduce you to the principle behind E.S.R. spectroscopy:
Then we will familiarise you with the instrumentation. After that you will know how an
ESR spectrum looks like? We will then discuss nuclear hyperfine interaction using -
simple examples. Finally we will focus our attention on the applxcatxons of ESR

spectral studies. , » A

}Objectivés
After studying this unit, you should be able to:

discuss the principle behind ESR spectroscopy,
give the condition for absorption of radiation in ESR spectral studies, ,
describe salient features of instrumentation used in ESR spectrum recordmg,
explain nuclear hyperfine sphttxng in simple radicals,
give the significance of g valuga, and

illustrate the use of ESR spectral studies in the structurc elucxdatxon of some sxmple
molecules, :

.

T @ &0 @ ©

¥
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Spectroscopy

You may recall that an electron
has both orbital angular
momentum and spin angular
momentum, However, in case of
molecules, only the constributions
from spin angular momentum are
important. Within a molecule,
there are strong internal electric
fields directed along the chemical
~ bonds, In a diatomic molécule such
a field is directed-along the inter-
nuclear axis. This internal field
holds the crhital angular -
momentum of the electrons in
fixed orientations, 'ﬁiey cannot
line up with an external magnetic
tield and their contribtion is not
significant, Thus, orbital angular
momentum is said to be quenched,
Thus, the major contribution
comes {rom spin angular
momentum,

32
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11.2 PRINCIPLE

Similar to the Case of a nucleus having spin and magnetic moment, the clectron has
spin and magnetic moment, When the electron is kept in a magnetic field, the
magnetic dipole precesses about the axis of the applied field with the frequency called
Larmor precession similar to the case of a nucleus. Parallel to the treatment of NMR,
here also there are two spin states differing in energy. When an electromagnetic
radiation of suitable frequency is applied, the transition from one spin state to another
takes place. ‘

Similar to NMR spectroscopy, for an asscinbly of unpaired electrons, the ratio of
electron population in two levels is given by Boltzmann distribution and is expressed
Ne  _AE/RT ‘

— 2

Ng

The ratio of populations in two energy levels are calculated by substituting the AE
values in the above equation and here also the lower energy level is slightly more
populated. It is this excess population which is responsible for the net upward
transitions resulting in the phenomenon of electron spin magnetic resonance. Thus,
the following species may show an ESR spectrum;

@ Free radicals having odd number of electrons
(i1) 0Odd electron mblécules, e.g. NO,NO,, CIO, etc.
(ﬂi) O, in triplet state .
@iv) Some transition metal complexes, organometallic vvinpounds and catalysts
A containing metal ions having incomplete 3d, 4d or 5d orbitals
RO Rare earths and actinides having incomplete 4f, 6d ,. etc. orbitals
(vi) Some impurities
- SAQ1

Which of the following would show an ESR spectrum?

@ *CHy N, (i)CO, (v CeH;

sreerriserecenerarns esersvarinesee srereenare ereverresranentrevens

11.3 THE FUNDAMENTAL EQUATION

You are aware from Unit 1, Block 1 that an electron has spin which can h:- designated

by the spin quantum number, s. The spin quantum number has a value ot 3 You may

also recall'that the magnitude of the spin angular momentum 5] of the clectron can
be represented as '

[s] = s+ Tn

If we substitute s = ;1; in the above equation, we get

= Al Lfd = A fly3y V3
s = 2(2+1)11- S XS =1

‘

_ You are also aware that this spin angular momentum (s) of the electron can have its

3
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components (s,) in the direction of the magnetic field {in the z divection) which ave

“half integral multiples of & , i.e.

s, = H

“where mg can take values ,,,”,?1” and »o%% .

You are alse aware fram Sec, 10.2, (Usit 10) that a spinning t:hange geverates a
magnetic moment. The magnetic moment of the elecizon w2, i rolated 1o iis spin
_angular momentum (s) by the following equatipn.

oy Bel 1w
Fel = =9 1% .

Substituting the value of s from above equation, we get

g.eli ,
e VT o g, B, VAT

4

(11.1)

where

B, is the Bolzr raagnetor and is equal to “-';m . Hors, ¢ :md m arg the c‘"taxgc

5E

and mass of the electron, respectively.

& is a dimensionless constant and is called the elestron g factor. ¥ has a value
2.00232 for a free electron.

You may remember that in Unit 10, a stmilar equation, Bq. 101, was used for the case
of a nucleus. From Eq. 11.1, the component of the magnetic monmeni in the direction
of the field (u,) will be related to the component of the angular momentum in the z

dircction (mg) by the following equation.
My = g ﬂe mg f ‘ e N va)

The interaction of the magnetic moment (#,} with the applicd Held of strongih B,
" applied along z axis is given by their prodact.

Interaction =E =~ B, rensen LT
= g, Peong B, (using Bq. 11.7)

Remember that »1; can take values from + 5, .., 0. For s single clentros,
1 1 1. _— - y 1 1
= andmyg = »’«'-2-. and ~3 Corresponding to the twa values of iy as 3 and - 5

the two valves of energy can be obtained using Fq, 113 as follows,

s
N
k=N

e

E= +-';- BeBe By (form, = + ) e

T
S

I, .
and ) £ o= - Ti'?v’eﬁ{t. B, {for sy~

"‘hus, the electron spin has two encrgy states in 2 magnotic tw d. Fhese rnergy states
are-shown in th 1.1 :

The magnetic ma

Hiectvon Spin Resonance
Spactoosonpy

electvon {ral can alse Be
an folfomyes

-
[ )
A B

Bote 1! \i‘.*“
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Spectroscopy

In the absence of the magnetic
fncld the two states (a and f) have
the samc energy and are said to be
degenerate.

Note that the basic equations for
ESR follow the same pattern of
NMR. )

From Eq. 11.6, we can say that
h V = geﬂc Bg

=g¢eh
Zm

B
“)/ﬁBz

and )
‘)‘” Bz'
h

Spectrometer frequency (v/Hz)

X-band - 9.5 X 10°

K-band 23 % 10°

Q-band- 35 % 10°
1GHz = 10° Hz

So the frequentcies mentioned on
{R.H.S.can also be written as
9.5 GHz,23 GHzand 35 GHz

E = +(3)g.B.B,:
P | ofm; =+)
G4 -9 -
o B hv = geBeBz
. . "B(”f& =""§')
B=0 1 20 b b,

Fig. 11.1: Two energy levels 6! an electron in the presence of magnetic field.

%— which is

in contrast with the case of nuclei about which you studied in Unit 10. This lower
energy statc is represented by 8 and can be designated by its quantum numbers

“You can see in Fig, 11.1 that the lower energy state- corresponds to mg = -

2 T2
Similarly, the higher energy state canbe denoted by & and can. be designated by

(s, m) as’ . In this state, the magnetic moment is parallel to the applied ficld.

guantum numbers ; ; .-In this stalc, the magnetic moment is gntiparallel to the

applied field.

It is also evident from Fig. 11.1 and Eq. 11.4 that the kcner‘gy difference between the

_two states is as given below:

. AE :geﬂeBz

Application of an electromagnetic radiation (oscillating field) perpendicular to the
applied field B,, induces transitions from the lower to the higher energy state provided

the following resonance condition is satigfied:
“hv=AE =geﬂeBz

where v is the frequency of the applied radiation.

Eq, 11.6 shows that the energy separation between the two levels and hence frequency
of the radiation absorbed (v), is proportional to the applied field, (B,). Therefore, you
may say thal c.s.r, spectra can be studied by using the radiation of any frequency
provided we use the appropriate applied field. Most commonly, fields of 0.34 T and
1.25 T are used. The corresponding frequencies for the free electron being

9.5 x 10° Hz and 35 x 10° Hz.

The frequency 9.5 GHz lies in the X-band of the microwave region and the frequency
35 GHz lies in the Q band of the microwave region. The details of instrumentation of
an ESR spectrometer ar¢ given in the next section.

“To test ybut understanding of the above discussion, try the following SAQ.

SAQZ'

A spccxmen of ZnO shows a strong esr line at the frequency 9.45 GHz. Calculatc the
g-value of the line.

...........................................................................................

...........




Electron Spin Resonance

11.4 ESR SPECTROMETER | o Spectroscopy

The layout of ESR spectrometer is shown in Fig 11.2, you can see that the ESR
specirometer is similar to the NMR spectrometer in principle. You can see in-
Fig. 11.2 that the source of microwave radiation is klystron. The radiation obtained
frors source is channeled through a waveguide to the sample which is kept in the
magnetic field. When the transitions between spin levels take place, the energy from
the microwave radiation is absorbed. The absorbed radiation is then detected by a

- phase-sensitive detector and the spectrum is recorded as a derivative spectrum. Let us
study next section to know what do we mean by a derivative spectrum.

The BSR spectrometer is similar
to.an NMR spectrometer. But
since the Bohr magneton (Be) of an,
clectron is abdu( 10” fotd larger
than that forthe miclci, the
frequency required for the ESR
‘ . ) experiment falls in the microwave
' region of the clectromagnetic
radiation instead of
radiofrequency region as was the
case for an NMR experiment. Also
the ESR spectraare not
represented as absorption curves
Phase-sensitive (as is the case with NMR spectra)
dotactor - : but as derivative curves,

Signat out

Irradiation
port

Fig, 11.2: The ESR spectrometer.

11.5 PRESENTATION OF THE ESR SPECTRUM

The ESR spectrometer operates at a fixed microwave frequency and the magnetic
field is swept. The ESR spectra are not presented as absorption curve which was the
<ase. for NMR spectrum but as derivative curves as said earlier. The first derivative
“i.e. slope) of the absorption curve is plotted against the strength of the magnetic field.
Such a comparison of spectral presentation is shown in Fig, 1.3. Fig. 1.3 (a) shows an
- absorption curve whereas Fig. 1.3 (b) shows the derivative curve, .

Intensity

ESR Spectrum can be recorded
for gascs, solutions, powders,
single crystals and frozen
solutions.

Mn;nelic Field (Increasing) ==~
()

Darivative Signal
=]

Magnetic Field (Incressing) =~
() ’

Fig. 1.3: (a) An absorption curve,
(b) A derivative curve,
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Note that the positive values (+ 1—)
of spin quantum number (my for
clectron and 3 for nucleus ) arc
designated as @ and negative values
(- -2-) are represented by 8 . Thus,
we can represent the energy levels
obtained after hyperfine splitting by
specifying their (75, m; ) values or
using ez, B notation, The subscripts
eand pin a, f; and @53, denote
electron and proton, respectively, A
third way of representing the spin of
an elcctron or a proton and thus
specifying various energy levels is,
by uSing arrows as ¢ or | . This
notation was used in Unit 10, Fig.
10.10.

1T=10'G

Note that the hydrogen atom
represents the case of an interaction
between an clectron and a single
proton in the magnetic ficld,

In case of an ESR spectrum, the absorption signal is broad and it is difficult to know
the point of maximum absorption. The recording of spectra as a derivative is useful
because it helps to identify the point of maximium absorption which is obtained as s
point of intersection of two lines. This point is shown as point () in P:g 1.3 (h). We will
now discuss the ESR spectrum of some simple systems.

11.6 THE ESR SPECTRA OF SOME SIMPLE SYSTEMS

If the applied magnetic field (B,) is the only magnefic ficld ac tmy on the unpaire d

electron, the ESR spectrum would show a single line with a frequency s specified in
terms of thegvalue (as given by Eq. 11.6, hv = g, 3, B,) :

Such is the case of the ESR spectrum of SO3 anion where no magnetic nuclei are
present and the observed spectrum is a single line.

You have studied in Unit 10 that coupling between the nuclear spins (spin-spin
coupling) causes a splitting of the nuclear magnetic eae gy levels resulting in the
splitting of51gmls in NMR spectra. Similarly when the magnetic nuclei are present in
the system, the spin of the electron interacts with the maguetic moments of the nuclear
spin. This leads to the splitting of the spectral line mm a nuher of lines and 3s koewn
as the nuclear hyperfine interaction.

Let us study the case of hydrogen atom to understand hyperfine interaction.

11.6.1 ESR spectrum of Hydrogen Atom

The ESR spectrum of hydrogen atom shows two equally intense Iines which are 506.8
G apart. This is shown below in Fig, 11.4(a).

Inmagnetic  Hyperfine Spin of electron
field interaction sand nuclens
i e
GF'-"--- oy 7 1,5, (.'L.%-, _,,%-.)
LR <\
a - i
: me gl k4
- ap ‘ i
WMNMW\WL‘B. 0 magnetic
field ] i
he oty = %’ ﬁﬁp? & %‘ ' '%‘)
e w<
AR :%a ﬁ‘o'.’ ¢ —)L - 7}‘.)
€] . (b}

Fig. 11.4: (a) ESR speetrum of hydrogen atom,
(b) The energy levels obtained as n result
of nuciear hyperfine Intéraction.

The origin of these two lines as a result of sphumg due to nuclear hyperfine
interaction can be explained as foliows, In the presence of magnetic licld, an unpair ed
clectron has two energy levels corresponding (o two spin states denoted by

my = +% and ms = - %

Jfwe consider the interaction of thesc levels with a single nuclei (as i the case of

: . ] . B gy
hy rogen) havingm; = + > and — =, we get four encrgy levels as shows in Flg. 11.4(b),

2 2 !
The selection rules for the transitions are

Amg =+ Tand Am; = 0.

The transitions which are allowed by these selection rules are also shawn o




Fig, 11.4(b). The energies of the two allowed transitions are given by the following
expression. ’

B

AE=hv=g B, B,xma

1
=8, B B, :’-'\'i ¢ wen(1L.7)

where ¢ is hyperfine splitting constant and has the value 1420.4 MHz for hydrogen
atom,

Let us now study a little more complex systems,

11.6.2 KSR Specira--Some More Examples

Lot us now study the case of deuterium., The nuclear spin quantum number I = 1 in
this case, Hence, there are three values of the component of angular momentum
vector my as given below.
= L=y e Oy ey = (I~ 1), = e (11.8)
=+ 1,0, - 1 '

Similar to the vase of hydrogen atom, the interaction of nuclear spin with both the
values of n, of electron (:1/2) yields six energy levels as shown in Fig, 11.5 (a),

By applying the selection rules, the three allowed transitions are as shown in

Fig. 11.5 (a). This leads to the splitting of the signal into 3 comporieats as shown in Fig.

11.5 (b). In general, ve can say that if an clectron interacts with a nucleus of spin I the
ESR signal splits into 2T + 1) components.

External Field + Magnetic
Bffect of nucleus

with fal
: 5 ™
Eaterna] Field +1
H
m, = '
/o a T\ 0
/ -1
_ud / ' '
¥ No field
g ’ 1
i . -
s N
. e ;
‘ : Ersmnns 4 1
@)
Resonance potition
ap ap
r r—v -k B,
’
. . )

Fig. 11.5: (a) Energy levels of deuterium arising due to uwclear-eleciron interaction,
(b) ESR spectrumn of deuterivm,

We will row discuss the ESR spectra of some species which contain more than one
magnetic nuclei.’ )

Let us first consider a single electron in presence of t\::vo protons. The two protons’
interact equally with the electron and give rise to s encigy levels. By using the _
selectionrules A mg = * 1 and Amy; = 0, three transitions are possible as shown in Fig,

11.6. These three transitions will show three signalss in the ESR spectrum,

UGCHE 1035 A)
¢ s

Flectron Spin Resonance
Spectroscopy

. Since an electron can approach the

proton much more closely than can
another proton, the coupling is
much stronger and the splitting of
ESR spectral lines is. much greater
than those of NMR spectral lines.
Hence in proton NMR spectra, the
coupling constant is of the order of
10 Hz whercas in ESR spectra, the
hyperfine splitting constant is of
the order of 10 MHz, .

55}
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Since both the electron and the
proton have spin quantum

‘ numbcxz\%rfhc splitting pattern
due to hyperfine splitting in ESR
spectra resembles to thatof - -
spin-spin splitting in case of NMR
spectra, .

38
UGCHE-10(35)
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Fig. 17.6 (#) ESR energy level dlagram for the Interaction of one electron.with two protons,
) (b) ESR spectrum. ' .

)

The simplest example of such a species is methyl radical, -CHj . It contains three

equivalent hydrogen atoms. Thus, net/ = 1/2 + 1/2 + 1/2 = 3/2 in this case. Hence
3,1 1 -3

mp =2, + 25732 in the direction of the applied magnetic field. Interaction of

each of these m; values with m; = + % and - }2- will yield eight energy levels as shown
in Fig. 11.7 (a). '

The application of selection rules tells us that 4 transitions are allowed. These
transitions are shown in Fig, 11.7 (a). The ESR spectrum of methyl radical obtained as
a result of these transitions is shown in Fig. 11.7 (b). You can see that the signals are
not of equal intensity and their ratio of intensity is 1: 3: 3: 1. This pattern of splitting °

_.and intensity can be understood easily if we add the splitting caused by each
“equivalent nucleus in turn. This is shown in detail in Fig, 11.7 (c) for one, two and-

three protons. Note that in this case since the hyperfine splittings are same (i.e.

‘hyperfine splitting constant is having the same value), there was equal spacing between .

the splitted lines, For suchi cases where cquivalent protons are involved, Pascal

triangle can be used for determining the number of lines obtained after splitting and

i
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Fig. 11.7: (a) The energy levels and allowed {ransitions in methyl radical.
(b) ESR spectrum 'of methyl radical. The numbsr« indicate the {ransition
v shown in part (c). o
" +(c) Identical splitting caused by three equivalkntprotins,
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Let us come Lo a little diffeseni sase of nos-cquivalent protons, Consider & simple
system where there are Iwo non- equivalent protons interact ing with an electron,
Firstly, the origival line will be split by the first proton to & doublet. Let us denote

the splitiing constant dué 1o the interaction with first proton by ;. This is depicted

in Fig. 11.8 (a). Then, the sccosd proson again splits cach line of the doublet nto
two lines and this time we represent the splitiing constant as ¢, . Since gy and ¢,
are different, we get 4 lines. You can compart this splitting pattern with that
obtained with iwo equivaleat protous as predicted by Pascal triangle. This is shown

in Fig. 11.8 (b).

e,

Sy, -
e ey

Splining due to
first.proton

s wowmarias B novcsaracsirinny

Splining due to
second protox

&)
¥
,,""w ) e ’
v""* ‘\Q“.
i L ] -
@ 3 Splitting due 1o
I {itst proton
)
et R
” ] Splitting due to
l“ n . ’” @ oo l second proton

Fag, 11,80 () Splitting by two noq-eqaivalent protons.
" {b} Splitting by two equivalent protons,

Lihe ihe example of ethiylradical, UMy which has twa sets ol pro-ons

Lot splitting constants, We can wrire ethvl radical o« - OV CHy, The ©8

secerrvaa of othiyl vadical is showr dn Fig, 1107

‘The pattorn of lines observed in the spectium can ve explamed if we first cossider ©f
splitting of the signal due to two CH, protons. This will tead to & triplet having the
intensity in the catio of 1:2:1, Let the splitting constant for this b denoted as 44 as
showa in Fig, 119 (b). Each component is further split by methyl (CHy) protons intc
four components having intensity in the ratio 1: 2; 2: 1. The, splitting constant is

denoted as gy
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Fig. 11.9: (a) The ESR spectrum of ethy! radical.
(b) Splitiing pattern of the ESR spectrum,

Sim?". rly, in case of - CH,OH radical the signal in the ESR spectrum is first split due.
to the, -~ protons of CH, group into a triplet in the ratio 1: 2: 1, Then, each
compdne. - of this triplet is further split into a doublet by coupling with the H of the
OH group. 1 ¢ observed spectrum thus looks as shewn below in Fig. 11.10.

AQH, ) aC"z

+

A
A

HBOH

et s UAlCTAIISS thas v oo L@ SPLETING 18 caused By bour & ue .. ‘ o
nuclei of spin I; and a set of m equivalent nuclei of spin Jj, then the number of lines is

given by (2n1; + 1) QmI; + 1).

A% er understanding the above discussion, answer the following SAQ.

Electron Spin Resonance
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SAQ3

~Predict the number of components and their intensities in the ESR spectrum of + C¢H.
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---------------------------------------------------------

11.7 THE g VALUE

You are aware of the g value of free electron from Eq.11,1 where we represented it by
.- You have also seen that g, is related to the energy difference, AE according to Eq.

11.5. Thus, we can describe the variation in AE in terms of changing g, values. This is
in contrast to NMR spectroscopy where we kept gy fixed and introduced shiclding

_Constant (cr) to-describe the different resonance energies. Smcc for NMR, we had
‘Boj = B, (1~ 0) and AEypp = gy By Bogt Ay = gnfin (1 = 0) B, Amy.

Similarly, AEgsp = g B, BeffA ng = ge B (1~ 0) B, Amy . ~(119) -

If we combine g, and (1 — o) in Eq. 11.9 and write it as g ;

.

[i.e.g = g, (1 = 0)], then we can write Eq. 11.9as follows.

AEpsp =g B B, bmg | e (11.10)

You are already aware that for a free electron g is fcﬁiescnted as g, and is equal to

2.00232. But, when we talk about the g factor of a radical or a complex in the context of
the resonance condition given by Eq. 11.5, we mean g which is inclusive of shxeldmg

constant as
g=g (1-0)

The g value of a substance gives mformatxon about its electronic structure
and hence can be used in its identification just like chemical shxfts in the NMR spectra.

It may aiso be mertioned here that the g value we werc referring above

(Eq. 11.5) was for isntropic systems, i.e. systems which were without directional
properties. But the systems which are anisotropic,i.e. systems which have

directional properties (e:g. a crystal), show different g values depending upon its
direction of measurement. For such a system, when g values are measured by applying
the field along the three coordinate axes, they are > termed as gy, , 8y and g, Again, we

-can refer the g value as g (g parallel) or g, (g perpendicular) depending upon
I L

‘vhcther we are measuring g values parallél to the axis of symmetry or perpendicular
to it. You can understand this with the help of the following diagram, (Fig. 11.11).

Fig. 11.11 shows & as the axis-of symmetry. When we measure g along this axls, we -
represent it as 8 and designate it as g, . The other two g values along the other

two principle axes perpendicular to g are called g, and are dcsxgnated as gxx
and gyy ‘
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axis' of symmetry

g1

Fig. 11.11:g” andg_L .

The g values for organic radicals are almost isotr(;pic and differ very little from g, for
the free electron, This is illustrated below in Table 11.1.

Table 11.1: The g value of some organic radicals

.rz'xdica‘l C g value
CH, 200255
‘CH,CH; = - 20026
'.CHzOH' | 20033
-CH,CHO ~ 2.0045
‘CH,CCCH, | 2:0042

The g values of some species'such as ROO, RZNO and inorganic radicals differ from
g This is because the unpaired electron is localised in a particular orbital giving rise
to spin orbital coupling. Some examples of inorganic radicals being o
34° jons (V2+ ) Clj3+ and Mn** having g values in the range 1.98-1,99) and 34° jons
«(Fe3+, Mn2+ and Cr* have g values close to 2.00). v

11.8 SOME APPLICATIONS OF ESR SPECTRAL
STUDIES C '

The study of ESR spectrum has wide applications as given by the following examples:

@  Study of Free Radicals:

* Free radicals can be studied by ESR spectroscopy even in small
concentrations. The hyperfine structure of the ESR spectrum is a kind of

* fingerprint that helps to identify the radical present in a sample. Besides using
nuclear hyperfine splitting to explain the number of magnetic nuclei present
nearby the unpaired electron as discussed in Sec. 11.5, it can also help in
mapping the unpaired spin density. This can be dove by using McConnell

Equation as given below:
a=Qp: ‘ P ¢ & 18 § §)

Here a is the observed hyperfine splitting constant, Q is the hyperfine splitting -

constant ‘o coupling constant) for unit density and p is the electron density.” 3
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For example, in case of hydrogen dtom ¢ = 50 mT and I for Ls orbital is 1;
“hence @ = 50 mT.

For -CHj radxcal, @ = 2.3mT. Using Q = 50 (T, p can be calculated as
23

p =35 = 0.046.

This means electron spends 5% of its time in 1s orbital of each hydrogen atom
and remaiuing 85% of its time near carbon.

@) In the Study of Organometallic *Compmmd»“
The ESR spectra of the'single electron reduction product of
SFeCo, (CO)g and PhCCoy (CO)g show 15 line spectrum (¢ = 5 G) and 22
line spectrum (@ = 10 G), respectively. This thus indicated the delocalisation
of the added electron on the cobalt atoms present. A
Thus, 2 Co in SFeCoy(CO), will give 2 X 2 X 7/2 + 1 = 15 lines and 3 Co in
PhCCo4(CO) will give 2 X 3 X 7/2 + 1 = 22 lines.

(i)  Transition Metal Complexes
Here, observed g values help to determine wheather anpaired electron is
localised on transition metal atom or on adjacent ligand.

11.9 SUMMARY

In this unit, you studied that

~

ESR transitions occur in the microwave region of the electromagnetic spectrum and
are accompanied by a change in the spin of the unpaired (,I"ctron

ESR spectra are recorded as derivative curves,

The coupling of the electron and nuclear spins results in nuclear hyperfine
interaction, This results in the splitting of ESR line. The splitting is denoted by the
hyperfine splitting constant, a. The splitting pattern helps in the determination of
structure of the free radical.

The g-factor for the electron is a universal constant and has the value g = 2.00232.
The deviation from this g value indicates the departure from fre:, radical behaviour
(delocalisation).

¥

10 TERMINAL QUESTIONS

11,

1. The benzene anion has g = 2.0025. At what magunetic induction B, would its
ESR spectral line be centred at frequency 9.350 GHz?

2. How many ESR spectral lines are observed if an unpaired electron, delocaliscd
on two non-equivalent protons, is placed in magnetic field?

3. An ESR spectrum shows only three lines. Explain how it could arise from:
(a) Hyperfine coupling to two nuclei with spin = 1/2
(b) Hyperfine coupling to a nucleus with spin = 1.

4, The ESR spectrum of a radical with a singlp magnetic  ucleus is split into four
lines of equal intensity. What is the spin of the nucleus?

5. How many lines would you expect in the ESR spectra of bis (acetylacctonato)

copper (I1) if I for copper is % ?




Predict the ESR spectrum pattern for NO (804)2" radical if I = 1 for nitrogen
which is here the only nucleus having spin.

In the ESR spectrum of K3 Mo (CN)g, 25% isotopes of Mo show spin J = -;—
‘Predict the pattern of lines around a central line from 75% ‘non-magnetic

isotope.

The ESR spectrum of bis (saiicylaldimiuatb) copper (I1)

}Iﬂ S~ /" Ha , © o
L=No . O—
o N @
<<‘ a o7 N=C-~
= /N
H, Hy

showed four main groups of lines, each of which contains 15 lines.

S
Ifor Cuw= 5
IforN=1

and I'forH=~

Assume M, are not p'\rtxcxparmg in hyperfine splitting and explain the origin of
lines,

11.11 ANSWERS

Self Assessment Questions

1.

(i) -CHy and  (iv) CCHE
3 an Yetg
== (from Bq.11.6)

_ 6626 x 1073 5) (9.5 x 10°Hz) _
9.274x 107 577 (0.1569T)

According to the Pascal triangle when the number of protons is six, there will be

7 lines in the ESR spectrum having the intensity in the ratio 1: 6: 15: 20: 15: 6: 1.

e 8 o]

UGCHE-10(36A)
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hv

1, BZ=EE

_ (6626 107#75) (935 x 10° Hp)
(9.27408 x 10™% A m?) (2.0025)

=3334x107"=03334T
=3334G (1T =10'G)

2. In the presence of a magnetic field the unpaired electron will have two cnergy
levels giving rise to a single ESR line. This line will split further into a doublet

due to the first proton | = -% . This doublet will further split into two doublets

due to second proton, because each proton has different hyperfine splitting
constant. The sphiiting dué to twd non-equivalent protons is shown in Fig. 1.8(a).
With selection rules Am; = 0, four lines will be observed in the ESR spectrum.

3. (a) For two equivalent nuclei (I = 1/2) gives the total/ = 1; so (2nI+1) rule
gives 2X1X1+1 = 3 lines, with an intensity distribution of 1: 2:1, ‘

(b) In case we have a nucleus with spih I = 1;then by using 2nl + 1, we get
2%1%1+1 = 3 lines in the spectrum. These lines will be of equal intensity.

4, Since we have obtaihed 4 lines of equal intensity in ESR spectrum suggesting
interaction of a single nucleus. By using the equation 2al + 1 wheren = 1,we
have2x 1 XI+1=4 ’

) 2I+1=4
20=3

=3

T=3

So, the spin of the nucleus interacting would be % .

5. 4 lines using2n I + 1:
I ©6.  I=1;hence2nl+1=2%xX1xX1+1
t = 3linés with equal intensity
7. Around a central line, six smaller signal§ (three on each side) should appear

from 25% Mo having I = %bccausc

2711+1=2X1x%+1
=6 ‘
8. Four main group of linbs originate from Cu (I = %) hyperfine coupling.
| No. of lines in each of these four major peaks =.(2 nly+1)@ml; + I
| :',/ﬂ2 ' .",=(2><2><1+1)(2x2x%+1)
| v =5x3=15

46
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UNIT 12_MASS SPECTROMETRY

Structure
12.1 Introduction
Objectives
12,2 ' Principle
12.3 The Mass Spectromcter
12.4 The Mass Spectrum: Various Important Features

12.5 Fragmentation Patterns
Simple Cleavage
Effect of a Hetero Atom
Formation of Resonance Stabilised Cations
Loss of Small Molecules
Rearrangement

12.6 Sumr-ary
12.7 Terminal Quéstions
12.8 ° Answers ‘

f 1_2.1_ : INTRODUCTION

In the las: two units (Units 10 and 11 of this block) you studied about the spin
magnetic.re? ynance spectroscopy. You learnt there that the spin magnetic resonance
spectroscopy:balps in structure elucidation. You may also remember that rotation,
vibration, Raman and electronic spectroscopy are the other techniques which help in
the determination of molecular structure. You have already studied about these

" techniques in detail in the various units of earlier blocks of this course. In this unit, .
we will introduce to you one more technique which is useful in the determination of
structure of atoms and molecules as well as atomic and molecular masses. This
technique is known as mass spectrometry.

In this urit, we will first explain the principle of mass spectrometry. Thenwe will tell

you about the salient features of a mass spectrometer. This will be followed by a

discussion on how a mass spectrum is presented and how to deduce information

available from the mass spectrum. You will also be told about the fragmentauon
types of various species and factors affecting fragmentagon We will also discuss

' McLafferty rearrangement. [

* Finally we will illustrate the applications of mass spectrometry by takin g some simple
-examples

Objectives
_After studying this unit, you should be able to:

exglain the principle involved in the mass 'spec'rometry,'

highlight the important features of a mass sper.irometer,

draw a typxcal mass spectrum and explain the in ormation derived from it,
discuss various fragmentauon types and factors affecting fragmentation,
explain the McLafferty rearrangement, and

correlate the mass spectra of simple systems to their structure.

47
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Note that the radical cation is

both a radical as well as a cation.

48

122 PRINCIPLE

Mass spectrometry is based upon a principle which is different from that underlying
the various forms of spectroscopy which you studied earlier. Most of the spectral
techniques which we discussed in the earlier units involved absorption of energy
from various regions of electromagnetic spectrum. But, in mass spectrometry the
sample is bombarded with high energy electrons which knock off an electrosn {rom

the sample leading to a positively charged radical ion, [M]“-L.

M+ ¢ > [M]T + 2

This radical ion being highly energetic, may fragment further yielding smaller
fragments as shown below:

AT+ B
M)
ct+ D

The radical ion and other fragments are separated according to their m/z ratic where
m is the mass and z is the charge of the ion. The record of m/z values of these species
verses their relative abundance is known as mass spectrum of the sampie. You will
study in the later sections of this unit that mass spectrum of a sample gives important
information about the structure of its atoms or molecules. Although the mass
spectrometry differs in principle from other spectroscopic techniques, it is -
considered alongwith them because it complements the information regarding the

* structure of the atoms and molecules obtained by other spectroscopic techniques.

12.3 THE MASS SPECTROMETER

Fig. 12.1 (a) shows the basic features of a simple mass spectrometer while
Fig. 12.1 (b) shows the components of a modern high resolution mass
spectrometer. ‘

Fig. 12.1 (a) shows a vapour inlet from where sample vapours are introduced to the
ionisation chamber.

Various methods of ionisation are available as given below:

(i) . Electron Ionisation or Electron Impact (abbreviated as El)
(i) Chemical Jonisation (CI)
(iiiy ~ Fast Atom Bombardment (FAB)

(i) In electron ionisation method, the sample vapour is bombarded with

/high energy electrons having energy about 1.12 X 1077 1. The electron
on'striking the sample M, takes away one electron from it and the sample
gets ionised as shown below:

€+ M———> [M] + 2" _ (1
radical
cation

A very low pressure (10’4 N m‘?’) is maintained in the ionisation chamber so that
collisions between jons and unionised atoras or molecules are at a minimum lcvc;/

o

In El method, we study the molecular ion ,anil fragment ions,

(ii) In chemical ionisation méthbd, a reagent gas (such as CHy or NHg) is pussed
into the ion‘ising chamber where it ionises, fragments and coliides with ncutyal
molecules to yield CH;' or NH‘T reagent jons. This pro‘cess is shown below fox
methane. oo
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. Fig. 12.1 : Mass Spectrometer: (é) Basic features.

(b) Hl%h resolution double focussing instrument.
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In CI method, we study mu*
jons.

The term high resolution will be
explained in the next section,

50

CHy+ ¢ ———> CHJ + 2" (tonisation) ... (12.2)

CH! + —> CH; +H- (fragmentation) .., (12.3)

CH‘;'L + CH, > CH;' + CH; } ~ (collision with neutral

and CH;' + CHy ———> CzH; +H, molecule, CH, ) ... (12.4)
These reagent ions protonate the sample to yield MH " ions which are ohe unit higher
in mass than the sample. ' e

M+ CHf —> MH* + CH,

.Chemical ionisation is a milder method of ionisation as compared to electron -

ionisation. This is also useful in the determination of relative molar mass (mol. wt.)

because fragmentation of MH™ is very little in this case. However, in EI method Mt
undergoes extensive fragmentation and hence is not observed most of the time in mass
spectra. But the fragmentation is otherwise helpful in structure determination of the
sample, .
(iii) Fast atom bombardment involves the bombardment of the sample with high
cnergy xenon atoms, This method is used for large or involatile molecules. The
ionisation is carried out in solution phase and hence thermally unstable
compotuids can be studied by using this technique.

Atp —X,

ionic

compound

At +8 w (12.5)

Now you have learnt a lot about what can happen in the ionisation chamber. Let us
look at Fig. 12.1{a) again, The ions are generated in the ionisation chamber. The ions
are then passed through accelerating plates. The accelerating plates accelerate only
the positively charged ions, The negative ions and neutral particles are not
accelerated but are continuously removed. From the accelerating plates, the positive *
ions pass through the analyser tube where a magnet is used which reflects them along
a curved path, By varying the magnetic field, ions of different masses can be recorded.

Fig. 12.1 (b) shows a high resolution double focusing mass spectrometer, You can see
that the basic features of the instrument are same as in Fig, 12.1 (2). But in addition it
has an electrostatic analyser which carries out a preliminary focusing and then the
ions are passed through the magnetic analyser. This is known as double focusing, The
ions are then allowed to enter the collector detector system where they impinge upon .
an electron multjplier detector and produce a current. The current is amplified by an
amplifier and is y roportional to the intensity of the ions. The current so produced is
fed to'a computer which processes the data and then usually records it in the form of a
bar graph using a recorder. ' ‘

Let us now study how does a typical mass spectrum look and what are its salient
features, : :

SAQ1

Calculate the m/z values for 6H3, 5CH3 and 6CCH3.

eeas . erse
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12.4 THE MASS SPECTRUM: VARIOUS
IMPORTANT FEATURES o
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Fig. 12.2: Mass speairum of ethanol.

Relative abundance/%

Fig. 12.2 shows the mass spectrum of ethanol. You can se¢ that the mass spectrum is
a plot of relative abundance (on y-axis) of positively charged ions verses their mass
to charge (m/z) ratio ( onx-axis). Since most of the particles are singly charged

(z = 1), the m/z of these ions is equal to their masses. You have learnt in the
previous sections that loss of an electron from a molecule yields a radical cation, i.e.

Relative abundance is
also known as intensity.

M+ e ——> Mt + 2
radical
caiion

This radical cation is also known as molecuiar ion. The mass of Mt can be taken as .
equal to that of M because the mass of the electron lost is negligible. Thus, if we get

the value of m/z of M* from the mass spectrum, we get the molecular weight of M.

The mass spectrum of ethanol shows a peak at m/z 46. Let us see if it corresponds to
its molecular ion or not? Let us add the relative atomic masses of atoms present in
- ethanol (C;HsOH) as given below.

2 x atomic mass of carbbn + 6% atomic mass of H-++ 1 X atomic mass of O
= (2%.12) + (6 X 1) + (1 % 16) '
=24+6+16
= 46

Thus, the peak at m/z = 46 corresponds to the molecular jon of ethanol which is
(QHSOH)*. But this is not the peak of highest intensity. :

The peak of highest intehsity is called the base peak. The base peak in the mass
spectrum of ethanol is at m/z 31, The intensity of the base peak is assigned a value of
100 and the intensities of other peaks are expressed relative to that of the base peak.

You can see in the figure that there is a small peak at m/z 47 also. This can be called
as M + 1 peak. But where from it has come? The origin of this peak can be
understood if we take into account the natural abundance of the constituent atoms.
Most of the elements exist in nature as predominantly one isotope. But some
elements exist as more than one isotope (Table 12.1) and carbon is one such element,

Carbon exists in nature a 1§C as well as 12(3. The natural abundance of 120 is 1.1%
as compared to 1§c. If 120 is present in ethanol molecule, it will show an M+1
peak. Similarly, O also occurs as 1§0 isotope and H also occurs as %H isotope. The
presence of an isotope of these elemen's would also lead to M+1 peak. Similarly, if

the molecule contains two 1§C atoms or a 12(: and %H or 130 atoms, the mass

spectrum would show an M+2 peak also. The other peaks in the spectrum appear
due to the fragmentation of the molecular jon.

Table 12.1 shows the natural abundance of isotopes of some common clements. 51
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Table 12.1 : Natural abundance of isotopes of some elements.

. ‘|Isotope  Abundance % Isotope Abundance, % Isotope Abundance, %
g £ 99.985 y 0.015
1% 98.89 13¢ 1.11
14N 99.63 N 037
160 99.76 70 0.04 ) 0.20
3% 95.0 Bt 076 34 42
19 100 | |
| 3Ba 75.5 31 24.5
TBr N 505 Spy 49.5
127y 1100 \

You can see in Table 12.1 that Br exists as two isotepes: "Brand ®'Br in the ratio
50.5 and 49.5. Thus, in the mass spectrum of bromometh ne (CH;Br) shown in

. ' Fig. 12.3, you can see an M+2 peak of ‘avl"_rpdq’s_t,eqli:al intensity as M™ peak.

[CH:Brt  [CH'Bit

//_, g
100 !
P y 94 1196

gt e

] s0 )

& L '

A /
/ /
¥ 79, 81
g ! ! 1 H gld
/ , 20 60 80 100 >
e
// . mz )
S/ \ : Fig, 12.3: Mass spectrum of bromomethane, .
s/ .
/ Similarly when chlorine is present in the molecule, the pattern in the spectrum near
m* region will-be as shown below: '
M __3
g M+2 1
/
M3
/ 2.2
/e M+2 1
;-
! M*

Fig. 12.4: Patlern of mass spectrum near m* region for a molecule containing a chlorine ntom.




Note that the intensity of M+2 peak is about one third of M* peak. In case a
compound contains a nitrogen atom, it shows an odd numbered molecular ion peak.
This is called the nitrogen rule. In case, the number of nitrogen atoms is even, a molecular ion
peak having an even mass will be observed. ‘ ’ .

So far we have discussed the m/z values which differed from each other by one unit.

This is termed as unit resolution. Thus, by unit resolution, we should’be able to oy
differentiate a peak of say m/z 400 from that of m/z 399 or 401. To determine the

resolution of an instrument, two adjacent peaks in the mass spectrum having

approximately the same intensity are chosen and are designated as M, and M, where

M, represents the higher mass number peak out of the two. The resolution R is then
given by the following equation:
M,

R o= m (12.6)

There are two kinds of instruments available:

i) Low Resolutionand (i) High Resolution

These molecular masses are
calculated using the following
atomfc masses:

Arbitrarily; low resolution instruments are categorised as those which can resolve
‘masses upto 2000. The high resolution instruments, on the other Hand can
differentiate the mass 500 from 499.95. Thus, by using a high resolution mass

‘Moo~ 1.00782

spectrometer it is possible to differentiate between the following species:
' m/z ‘ A v . _
CO 27.9949 ~ 0 - 159949
CH,=Crl, 28.0313 , “N - 14,0031
N, 28.6061

"Ring {ow resolution instrument all these species yield the peak at m/z 28 and could
15 be differentiated. ‘

Thyo using high resolution mass spectrometer one can chose the correct structure
out . he various possibilities. «

E;S FRAGMENTATION PATTERNS

You are aware that the molecular jon formed undergoes fragmentation.
Fragm-ntation involves the lose of free radicals or small neutral molecules from the
molecu'ar ion. It is important to note that the fragmentation does not take place in a
‘random way but it takes place in such a fashion that the most stable fragments
possible are formed. We will now discuss the common fragmentation patterns by
taking the example of some organic compounds.

12.5.1 Simple Cleavage

Let us start with the simple case of alkanes. The mass spectrum of n-hexane is shown
in Fig. 12.5.

43 57

29, 71
CH3— cu’zl‘» CHZ:}- cu%— CHZ:{» CH;,
100_ M5~29 *
7
M-43 CH3— CH;— CHy—CHy— CH,~—CH,
=t 60
: % ¢
40 . M
A 86
20 ‘ \ M-15 ‘.
71
] Wil i '

10 20 30 40 SO 60 70 B0 90 100 110 120 130 140 150 160
mz

Fig. 12.5: Mass spectrum of n-hexane,
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Molecular ion of n-hexane can be written as follows:
[CH;CH,CH,CH,CH,CH;) ¥

You can see a peak at m/z 86 corresponding to the molecular ion. ,

Let us find out the base peak. It appears at m/z 57. Its origin ('an be cxplaincd if we
consider the loss of 86~57 = 29 units as C,H radical from M ion giving the n-butyl
cation as follows: g

: | 4} ‘
[CH3CH2CHZCH2CH2'CH3]+’M:% [CHLCH,CH,CH,] + - CH;
m/z 86 n-butyl cation ethyl radical
m/z = 57 (not detectable)

Note that the positive charge is carried by one f“agmem and the odd electron is on the

- other fragment. The reverse could have also happam‘d i.e. the cthyl cation and butyl

radical could have formed as given below:

B . N +- .
[CH,CH,CH,CH,CH,CH,]* —— CH,CH,CH,CH, + CH,CH,
m/z 29
(not detectable)

' . + -
- Thus, we can expect a peak at m/z 29 due to CH,CH,. Remember that it is the

positively charged ion which is detected by mass spectromety. If you look at Fig, 12.5,
you can find a peak at m/z 29 also.

-

The cleavage could have taken place in the middle of the molecule also as shown
below:

[CH;CH,CH, ~ CH2CH2(,H3] L,H3LI'12CH2 + CH,CH2€H3
m/z 43

You can see a weak peak at /n/z 71 which corresponds to M~15 fragment. This
indicates the loss of + CHj radical as 15 units. The peak is weak because the - CHj

radical produced is not very stable. The other possibility of charge being carried by

methyl as CH3 is not observed.

+
[CH;CH,CH;CH,CH, - CH,] L (m/z = "T1)
' . +
CH;CH,CH,CH,CH, + CH,
not observed

Out of the above two pathways possible, first one takes place indicating that the
stability of the cation is more important than the smb:hty of the radical, Thus

fragmentation yields the more stable CH;CHZCHz(?HZCHZ cation and not CH3 cation.

Stability of catipn is also observed in case of branched alkanes. In branched alkanes,
fragmentation primarily occurs at the branch. For cxamplc in 2-methylpropane,

| cHy
+ —
TR ) ~CHCH + -CH,
CH,CHCH,

(i*\ ‘ ?{3
CH, CH + CH,

fragmcntation occurs predominantly via the first bathway because the cation obtained
is more stable as compared to the methy! cation obtained in the second pathway,

" Similarly, for 2-methylpentane fragmentation at branches can lead to peaks at rm/z 71

and m/z 43 as shown below:




CH,

| CH,CH,CH,~CH" + .CH,

-+ .
CH3 . / m/z 71.

- CH
CH,CH,CH,~CH-CH, | 3
m/ 86 CH,CH,CH, + *CH—CH,
-m/z 43

Note that both the carbocations (m/z 71 and 43) are secondary carbocations and are
stable. You can locate these peaks in the mass spectrum of 2-methylpentane shown in
Fig. 12.6.

_ M-43

100 43 A CHs

%0 ' CHgwr CH—- CHy= CHy=— CH,
zt &
4 M-15
b l 40 71 .
B N
M-29 Mt .
20 .
g ‘U 57 86
0 aali s i Il i ll]ll X A lll i . L : i 2 i 2

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
miz .

Fig. 12.6: Mass speclrum of 2-methylpentane.

You can also o'. «~rve from the above examples that alkanes show homologous series of
M-14 fragmcnts ude to the lose of CH, groups.

SAQ 2

Explain the origin of peaks at m/z 114, 85, 71, 57 in the mass spectrum of n—octane,

...........................

--------------------------------------------------------

12.5.2 Effect of a Heteroatom

Mass spectra of compounds containing heteroatoms (N, O, halogens etc.) show

+ .
Ri.f)‘CH —oH |0, ¢ CH"Q):H *R
G H mi3l
H I (a)
l(ii) - (I;H:QH
H

R—CH lj&i +H ®
.(b) I miz = M~-1
R— “H==0H

an '

‘Mass Spectrometry
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Spectroscopy ' a-cleavage, i.¢. cleavage of bond to the carbon that is o to the heteroatom. .For
example, two such o cleavages are shown above in case of alccl.ol.

The resulting cations (a) and (b) can resonance stat :lise to structures (I) and (II),
respectively. It is here in this resonance stabilisation that the role of heteroator
comes into play. The unshared pair of electrons on the heteroatom helps in
delocalisation of the positive charge which helps to stabxlxse the carbocations

(a and b) formed initially.

The a-cleavage rule applies to compounds containing ~-NRR', -SR, ~OR, ~Cl and
carbonyl functional groups. Two such examples follow.

+
~ | R . | R,
R‘—i—-C-———N/ —R 4+ + C- (\ &
L B ’ \Rz‘ l \RZ
a-cleavage I
{amine)
Y
C:f:x/
| Mg,
+
L . V2
.t-cleavage ' I
(ether) : ,
. +
:O-——.-R

It is also worth considering here the.fact that where more than one site of a—cleavage
is possible, the ejection of largest alkyl radical gives the largest pcak. We can

’ understand this by taking the foliowing example. In the case of 2-butanol, the most
abundant peak is at m/z 45 resulting from the ejection of ethyl radical.
(I)H
- CH,CH,—C '+ H
OH . OH (i)
(iii) I ()
: (iii) CH,
CHy;CH, + +C —H CHscHz—;-i z§~)H o iz 73
11 il
largest CIH CH; - \ OH
radical ’ 3 - l
mlz 45 (base peak) CH3;CHy—C~—H + CH,4

R . m/'z 59 .
In case of carbonyl compounds, R1> C = O, cleavage can occur on cither side of
A ) |

the C = O grou). This leads to the following possibilities: .

+ . _x

1.2 + R1 : et =
NS &) f@/”WRM CO =0
‘ FEANNG Rig® 4 %,
a = | @,
O ’
- R L, L
Rl—CEQ : ' Rl 4 C:‘:“
}'&} . ‘ R,
R;"' Rl\
&=0

In case the alkyl carbocations Rl and R2 are stable, they are also formed via (i) (b)

and (ii) (b) pathways.
s (ii) (b) pathway.




12.5.3 Formation of Resonance Stabilised. Cations » Mass Spectrometry

Molecular ions of alkenes and alkylbenzenes fragment to yield resonance stabilised
cations. In alkencs, the bond B-to the double bond is cleaved to yield a resonance
stabilised allyl cation. Similarly, the following fragmentation of the alkylbenzenes
takes place because the resulting benzylic cation, which is stabilised by resonance, is
also in equilibrium with the tropylium ion.

! . N
[I&CH,~CH=CH,] e [CH,~CH=CH,~—-—~CH,=CH—CH,

@—CH%—(}—-—" el it =

l miz 91 trop,/lium ion

~

rclo_ngncg .
stabilisation
+

Oronron— O
+ .

The mass spectrum of butvibenzene shown in Fig, 12,7 exibits & peak at m/z 91
_and it is in fact the base peak.

100
Ph—CH, CH;CH,CH;, , n-butylbenzenc
80 . ‘
o
'z | 60
1]
[
. Ela
2 )
i 1 J]l : Jl 1 ] b Ll . }
102 30 40 S0 60 70 80 90 100 110 120 130 140 150 160
mlz ;
Fig. 12,7 : Mass spectrum of butylbenzene
SAQ 3

The mass spectrum of trans 2-hexene shows peaks at 71/z 84 and 55, Account for
them.
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12.5.4 Loss of Small Molecules

Small stable molecules such as H,O, CO,, CO, C,H, etc. can be lost from a
molecular ion, For example, alcohols easily lose H,0 molecule and show prominent.
M-18 peak.

The loss of H,0O from alcohols is so facile that no molec.lar jon peak is observed in
their mass spectrum, Mass spectrum of 2-methyl ~2-butanol as shown in Fig. 12.8
illustrates this point. : .
57




Spectroscopy , 100 | M-29

-18-15
wl M18.15)
%\ 60 |- M-15
w .
8
& 40
: M-18 M+
20 |- l _ l A
0 lll e IL I 1 ‘ml I 4 |L T " ;
20 30 40 50 50 70 80 90 100

mlz
Fig. 12.8: Mass spectrum of 2-methyl-2-butanol.

The following fragmentation pathways explain the origin of various peaks in the

mass spectrum.
o + - + —
' CH3CH2-—(‘:-- cu, | —22, CHaCHT-—‘fll-*‘CHs or CH3CH2““-C‘3=== cH,
(l2H3 CH. ‘ CH,
miz 88 miz 10 iz 70
] -CH,
CGH
CH; + cn,cn,—-é-’-—: CH, 5H24(E,:§-. CH,
. ‘ miz T3 | CH; -
CH;CH; +. + C—CHs _ : miz 55
o I i
I miz 59 +(’)ln CH, = (13 _in,
: 6 q CH;CH,—C - CH,4 CH,
g — CH,3
" CH,

12.5.5 Rearrangement

You might have observed in the earlier examples that 2 molecular ion with an cven
mass value cleaves to give fragment ions with odd mass values and vice-versa. But if
the even mass molecular ion yields fragments of even mass and odd mass molecular
ion yields fragments of odd mass, it indicates that a rearrangement has taken place.

In case the mass difference between expected and the observed fragment ion is of onc
unit, rearrangement involving migration of hydrogen atom can be expected.

A rearrangement known as McLafferty rearrangement is commonly observed in

the compounds having the following structure where X and Y can be C, O, S, N
and P. [
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Let us take the example of an aldehyde or a ketone having y~hydrogeu. It can undergo -
the McLafferty rearrangement as shown below:

H ' +
~A ~ HO
AN

. ~
/C\C C\R - L C// .
N | AN
alkene
Here X=Cand Y=0 enol

When R = H, aldehyde

R = Alkyl, ketone

Here X =C andY = O
when R = H, aldehyde
R = alkyl, ketone

The mass spectrum of butanal (CH;CH,CH,CHO) is shown in Fig. 12.9. It shows

10 44 o)
% _ M-28 ., ﬂ
> \C
E 60 29 H H,CH,CH,
Q
= M+
= 40 1l 57 .
- 20 ) } J
0 Lu I' l'l e l.
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
; mlz.

Fig. 12.9: Mass spectrum of butanal.

prominent peaks at m/z 72, 57, 44 and 29. These peaks can be explained as follows:

m/z fragments

72 M+

57 : loss of éHB, M- CH‘3)+ fragment.

29 loss of éH3CH2CH3, (M~C;H,)" fragment

The peak at m/z 44 (M~28) is an even mass peak from the even mass number
molecular ion and hence indicates a rcarrangcmcnt The McLafferty rearrangement
cxplains this peak as follows:

m/z"72 — k —

. H H [ N

' / HO

)( N |

N II
A H /. [+
o ,, :

n . i -

miz 72 eno

miz 44

Mass Spectrometry

59




Spectroscopy

60

Similarly carboxyhc acids and esters can also undergo McLafferty rearrangcmcnt
provided they have y-hydrogen,

SAQ4

- The mass spectrum of pentanoic acid shows a peak of m/z 60 involving McLafferty

rearrangement. Write the structures for the fragments formed.

........................................................................................................................................................

12.6 SUMMARY

Let us now summarise the important points which you studied in this unit.

® Mass spectrometry s different in principle from the other spectrescopic techniques.

& It involves the bombardment of atoms and molecules with high energy clectrons
which yields a molecular ion by the lose of an electron, This forms the basis of
electron ionisation.T he molecular ion itself being energetic can undergo fragmentation

e Chemical lomsatlon and fast atom bombardmcnt provxdc alternative means of
ionisation, :

® Mass spectrum is a plot~of relative abundance of various positively chargcd
fragments vs their m/z values, :

@ The peak corresponding to molecular ion gives the molecular mass.

© The base peak is the peak of highest intensity,

‘e The pattern of peaks rcar the molecular ion region i.e., M+1, M2 peaks ctc.

gives important information about the nature of heteroatoms present,

® Various fragmentation patterns involve simple cleavage, a~cleavage, loss
of small molecules, formation of resonance stabilised catlom and
rearrangements,

® McLafferty rearrangement involves a y ~hydrogen and a double bond between C,
O, N, S, P atoms.

12,7 TERMINAL QUESTIONS

1, The mass spectrum of chloroethanc shows two peaks at'm/z 64 and
66. The peak at m/z 66 is of one third intensity as the pcak at m/z 64,
Which one is the molecular ion peak? Account for the origin of the other peak.

2. The mass spectrum of phenyl ethanone (C¢HsCOCHS) shows the peaks at m/z
120, 105 and 77. Show how these peaks arise in the mass spectrum.

3. 4 compound shows the moiecular ion peak at m/z 107. What is the nature of
the compound?
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12.8 ANSWERS s Cpieiromey
* Self Assessment Questions - ‘ .
“m/z
1. *ch, 15
*och, 31
*OCCH, 43
2.,
e -
1
ool " : cHs
) Cl) R ) eR RO
. 1., CHy -t
o ; ava% CHa G
[>\]
s
l
o C C4 Cl . ‘ + .
LB GtCellavme CH, CH, CH,CH,CH, + CH,CH,CH
' miz 71
[N : . . .
,"’51 2 - | ‘ ;
N 2 . .
’)1? E *C Cleap ’ ’ s . ’ e
© (.') PN i
o S Q’JCH | |
) 112 cx
| 2C, A C
0 Lm: e 8s 112 +* ‘]Y
i | ?CIIG

3. "'trans-z-hexan_e : peak at m/z 84 is due to [M]" and that at
m/z 55 is due to [M— CH,CH,]*

. which is resonance stabilised allylic cation as shown below:

+
H ' :
N LY CH, H\ + //CHz N
O - C—cC "
AN / N

H ) ;
4, | ' /H . OH ; Hs

A H, /N C
1o” om - B0 o, /N

miz 60
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P_ec By Terminal Questions

L The peak at m/z 64 is the molecular ion peak havmg 35Cl isotope. The other
peak is M+2 peak having 3¢ isotope.

\ o * wqe&f‘ <_:>—C+ + CH,
| , miz 105 l .
: Q‘C”CHQ’ W,,
' : . + COCH,4

miz 11

3. It contalss one nitrogen atom.
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UNIT 13 EXERCISES IN PROBLEM
SOLVING USING IR, UV, NMR AND
MASS SPECTRAL TECHNIQUES

/

Structure
13.1  Introduction ‘ )

Objectives )
132 Molecular Formula and Index of Hydrogen Deficiency

133  General Approach of Identification of Organic Compounds
13.4  Application of Spectral Data to Structure Elucidation

13.5  Summary

13.6 Terminal Questions

13.7 Answers

13.1 INTRODUCTION

So far vie have studied various spectroscopic techniques such as IR, UV-VIS, NMR
and mass spectrometry. The knowledge you have gained so far provides the framework
for learning acvanced concepts of the subject, but deeper understancing of
spectroscopy can be gained through actual application of your knowledge in solving
problems related to structure clucidation. In this unit we will discuss the Sxmplc
applications of IR, UV, NMR spectroscopy and mass spectrometry in arriving at the
structures of organic compounds. Thus if you have learnt the previous.units carefully,
namely 1-12 of this course, you will be able to correlate the information from various
“mectral techniques with the structure of an organic compound.

It is - ‘ways advisable to collect all the available spectral data of the compound before
makin; a tentative (or even definite) structural assignment. The order in which the

. informa’’ 2 from various spectral techniques could be used is not a very rigid one.
But, it is L~ ter to start with the mass spectral data and know the molecular weight.

~ The UV spectrum can then be analysed to know the extent of conjugation present.
"This can be followed by the study of IR spectrum which will indicate the nature of
carbon skeleton and functional group (s) present, The information obtained so far K i
from above spectral techmques is supplemented by studymg the NMR spectrum which ,
reveals the number of various kinds of protons present in a molecule.

We will usc the same approach in this unit to illustrate spectra- siructure relationship
by taking a few simnle molecules as examples.

Objectives : R
After studying this unit, you should be able to: -

o use mass spectrum of a given compound to know its molccular weight and other
structural features, : .

o calculate the index of hydrogen deficiency (the sum of mult:p!e bonds and ring
~ syslems),

e identify the carbon skeleton and functional groups present in a compound from its -
IR spectrum,

o predict the extent of unsaturation present in a compound from its UV spectrum ' 63
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The various mcthods used for
determination of mol.wt. included
the Rast method (involving
l’rc(:_’zlingjfsoint lowering), vapour
density method for volatile
substances and elevation of
boiling point etc,

64

using Amax and ¢ values,
' count the exact number of various non-equivalert protons and predict their
chemical environment using the NMR spectrum, e ’
e use the UV, IR, NMR and Mass spectral data to arrive at the structure of a given
compound. :

13.2 MOLECULAR FORMULA AND INDEX OF
_'HYDROGEN DEFICIENCY

Before attémpting to deduce the structure of an unknown organic substance from its
spectral data, we can simplify the problem to some extent by arriving at its molecular
formula. The molecular formula of a compound can be obtained by knowing its
empirical formula and molecular weight. You must be aware from your previous
knowledge that qualitative and quantitative elemental analysis yields empirical
formula. Then, molecular formula can be obtained as given below:

0= Mol. wt.
Empirical formula wt.

Let

Then molecular formula = n X Empirical formula.

"When the molecular formula is determined, the index of hydrogen deficiency (IHD)

may be used to know the number of multiple bonds and ring systems. If the THD is
one, it shows that taere is either a double bond or one ring system. If IHD is two, it
indicates two double bends or two. rings or one double bond and one ring system or a
triple bond. Similarly IHD three means either three double bonds or three rings or
their combination thereof, Now the question is how to find the THD? Itis very simple:
In the molecular formula, substitute CHj; for each halogen, CH, for each O or S and
CH for each N or P. For example, the IHD for thiophene C, H Sis3,ie. by
substituting S by CH, , we arrive at Cy Hy CH, = C; Hq and the molccular formula for
the corresponding saturated hydrocarbon is Cs Hy,. Hence there is a difference of 65
aloms (or 3 hydrogen equivalents) and this number gives THD as 3. It indicates that 2

* double bonds and a ring system could be present in the structure as given below:

(Two double bonds and a ring system)

Similarly,-the THD for Cg Hg is 4 while that of Cg Hyy is zero,

13.3 GENERAL APPROACH OF IDENTIF ICATION OF
ORGANIC COMPOUNDS . :

Prior to the spectroscopic methods of analysis and identification of compounds, other
physical and chemical methods were used for characterising various molecules, The
physical methods included the determination of physical constants such as m.pt., 1+ :.,
solubility, refractive index etc,

The chemical methods involved the following steps:

0] Qualitative and quantitative determination of elements present.

-(ii) Determination of mol. wt. and molecular formula.

The determination of molecular formula restricts the number of possible
‘structures by limiting the number and nature of functional groups. '




P R =‘ . . : : o . Exercises In Problem Solving
(iii) P\mctxopal group ideutification. . Using IR, UV, NMR and Mass

(iv)  Preparation and identification of suitable derivatives. Spétmﬂ TeCthues
W) Synthesis from known simple compounds.

(vi)  Support from degradative studies.

But today spectroscopic methods have replaced the older chemical methods due to the -

following advantages:
@) they are less time consuming,
(i) the results are very accuraie,

(iif) only a small amount of sample is needed which car be res :averzd in most of
the techniques.

The determination of structure now-a-days involves the use of data from mass, UV, IR
and NMR spectra leading to a variety of information about a given compound. Let us
study about this in a little more detail.

I.. Mass Spectrum

| You have studied i Unit 12 that by knowing the molecular ion peakfrom the mass .
spectrum, we can know the molecular weight of the compound. Also by carefully

.analysing the other small peaks present near Mt peak, we can know about the
presence of halogens ete. The presence of nitrogen is also mdxcated in case of an odd
numbered molecular ion peak.

Thu: when you have mass spectruim of 2 given compound, you should look for the
foilow'ng information :

()  Whichisthe M" peak 7 o -
Gi)  Whatis its sm/z value ? o :
(iii) What is the molecular weight of ithe compound ?

(iv)  Whether the molecular weight is odd or even ?

(V) What is the pattera around M* region ?

V (v1) What are the halogens present and what is their number ?

{vii) ~ Which is the base peak ? ‘

viii)  Presence (or absmca) of various characteristic peaks rcsultmg due to the
fragmentations of various classes of compounds mdxcatmg a particular
. functional group.

Since in the last unit, we did not discuss the characteristic fragmentation
patterns of ecach class of organic compounds, at this stage you have only a
limited knowlcdg,e to check the information needed in point (viii). But you
can identify certain features such as presence of alcohols, heteroatoms,
presence of benzyl (CgHsCH,~) group, y - hydrogen (McLafferty

rearrangement) etc. in the mass spectrum,

IL The next step is analyse the UV spectram

You have studied electronic spectra in Units 8 and 9 of Block 3 and you are aware of
various eléctronic transitions which can take place in a compound. Thus, the
electronic or UV spectrui yields the information about the presence (or absence) of
conjugation present in a compound. But it is of little value as far as the finer structural
detai’s are concerned. A few A, values for simple classes of organic compounds are

- preseater in Tohle 13,1,

The study of UV spectra is more
uscful for long chain unsaturated
compounds e.g. fatty acids, certain
natural products as tefpenes,
carotenes cte.
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Conjugation shifts the Amaxvalues
to higher wavelengths.

Presence of various, substituent

groups also shifts the Amax value. -

The trans-isomer of an alkene
absorbs at long.. amax than the
cis-isomer,

Table 13.1: Range of 4, values for various classes of compounds

S.No. | Class : | Region of 1,,,,, in nm (transition)
1. . | Alkanes | 140-150 (0—>0")
2. Akyl chloride . - 170-175 (n—>0") ‘
Alkyl bromide © 200210 " ) h
Alkyl iodide 255260 (" ° )
3. Alcohols and amines$ ‘ 180-185 .
Aldehiydes 180  (w—>x')
o 290-295 (n——>n")
5. Ketones o 190 (mw—>x")
6. Carboxylic e}gip@_s'(saturated) _ o 260_210 (n _—>n"“~> :
7. Esters ‘ . 200-205 (n—>n")"
8. Amides - . 205-220 (1 —>n")
9. Aromatic compounds .250-—28‘0 (r—>=n") .

Table 13.2 lists some common organic compounds and their A, values.

Table 13.2: 4, values ¢f some comimon organic compounds

S.No. | Compound ‘ Ao/ (BM)
1. Ethene : 175

2. Butadiene A 217

3. | Hexatriene . | 258

4, Ethanal 180, 290
5, Propanone ' 190,280
6. Benzene ~ 204,254 .
7. Aniline | 230,280
8. Phenol o 210,271
9. Nitrobenzene ‘ ] 270

10, ) .Rcsorcinol . 277

11. " Pyridine 252

12, Stilbene (trans) 295

13, | Stilbene (cis) - | 280

- IIL IR Spectrum

You are familiar from unit 5 that the vibrational or IR spectrum of a compound can
tell many things about the given compound. Thus, in an IR spectrum you should look
into various regions for the following information.

@ Nature of Carbon skeleton (600—1400 cm”l).

(i) _ Prcéencc of various functional groups (1400—4000 cnn”':).
(as given in Table 5.3). _

(i)  Ppresence of hydrogen bonding (3260-3600 em™h.

(iv) - Geometry (cis~ or trans- ) in case of olefinic compounds.

() Substitution pattern for aromatic compounds.




.

v

For your convenience, we are enlisting in Table 13.3 the range of frequencxcs for some .
classes of organic compounds. ;

Table 13.3: Characteristic IR frequencies in em™!

Bond Class Frequency
C-H Alkanes 28502960
’ 1350~1470
C-H Alkenes 3020-3080 -
£ 675-1000
C-H Aromatid ring 3000-3100
R 675-870
C-H Alkynes " 3300
~C=C Alkenes 16401680
C=C Alkynes 2100-2260 -
Cc=C Aromatic ; 1500, 1600
c-0 Alcohols, ethers, carboxylic 1080-1300
acids, esters )
C=0 aldehydes, ketones, carboxylic 1690-1760
‘ acids, esters '
O-H (free) Alcohols, phenols 3610-3640
_(H-bonded) | Alcohols, phenols, 3200-3600
' | carboxylic acids 2500-3000
| LH Amines 3300-3500
C- " Monosubstituted aromatic 690-710, 730-770
o-Disubstituted 735-770
m-Disubstituted 690~710, 750-810
‘p-Disubstituted g 810-840

-After knowing the presencc of functional groups and other features from IR spectrum,

finslly the NMR sgectrum of the compound is analysed to supply the finer structural,

. dcta;ls

IV. NMR spectrum

The NMR spectrum was Hiscussed in Unit 10. You know that NMR spectrum or more

particularly "H-NMR spectrum can furnish information about the nature and number
of various protons present in-a molecule. Thus when you start interpreting the

'H-NMR spcctruin ofa compound, you should look for the following details in the
spectrum.
® How many different types of protons are there?

You will find an answer to this question by counting the number of different
signals present in the spectrum.

(il) . What is the positior. of thesesignals ?

osition of signals will give you hint about the electronic environment of
oton, i.c whether it is linked to an electronegative element or not and is
omatxc, ald=*-dic, alcoholic; phenolic or carboxylic proton etc.

(iii) What is thc ratio of ‘various typcs of protons ?’

' Thl_S can be fouqd out by analysing the integrals.

Exercises In Problem Solving
Using IR, UV, NMR and Mass
Speciral Techniques

No two diffcrent compounds can
have the supcrimposable IR

spectra, Therefore, IR spectrum

can be used to characterize a
conipound if it exhibits a .
superimposable (peak to peak) IR
spectrum with that of a known
compound, thereby, establishing its
identity.
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L (iv)  How many neighbouring protons are present around a given proton ?

This information is obtained by observing the spin-épin splitting pattern of a particular
signal. ‘ S

In the rest of the unit, we will present some examples to show how we can use the
Mass, UV, IR and 'H-NMR spectral data in solving structural problems.

13.4 APPLICATION OF SPECTRAL DATA TO
STRUCTURE ELUCIDATION

Problem 1

A compound showed molecular formula C;HgO onthe basis of C, H analysis. Jt
exhibited the mass spectrum as shown in Fig. 13.1.

100 = 43
. CHy—C -—CH,CHj
. 80 ™ Mol.wt, =72
.8 ' ’
<]
5
g 60—
=3 .
2
2
.o
2
g w0 :
a‘é‘
20 — M(72)
. l
I ved thit e o iR .
R 1 i

10 15 20 25 30 35 40 45 56 55 &0 65 70 75 80
“pilz '
Fig. 13.1: The mass specirum of compound 1.

The mass spectrum showed a peak at m/z 72 which also indicates the CHgO as the

molccusar formula.

First of all we will calculate the IHD. Since there is one oxygen and it is to be replaced
by CH, and hence C4HgO gives C, Hg CH, or Cs Hy4. The corresponding molecular

formula for saturated hydrocarbon having 5 carbon atoms is CsH,; (cf, C, Han+2)- sy
The difference between CsH; and CsHy, is two H atoms, therefore, the IHD is one.

This shows that either there is one double bond or it is a cyclic compound with one

ring. : ’

The base peak in mass spectrum appears at m/z 43 which could be due to the loss of
72-43 =29 units; thus indicating the loss of C,Hs (29 units). Another peak at m/z 57

indicates the loss of 72-57 =15 units which could due to the loss of CHj group
(having mass 15 units). Thus, presence of one cthyl and onc methyl group is indicated.

The IR spectrum in Fig, 13.2 shows a strong band at 1716 cm” ! which shows the

_ presence of carbonyl (C=0O) group.

_ The presence of carbonyl group thus accounts for the index of hydrogen deficiency
(i.c. one double bond C=0) as weli as oxygen atom of the molecular formula. Thus,
the possibility of cyclic structure is ruled out. The other information which we can get
from IR spectrum is not very useful as the bands at 29412857 cin”? and 1460 cm ™!
are due to the C-H stretching and bending vibrations, respectively.

«~
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Fig. 13.2: IR spectrum of compound 1.

The presence of carbonyl suggests us to look for its UV spectrum which shows Amayx at
274 nm. This indicates that the carbonyl is either in the form of an aldehyde or a
ketone. The above information is further supplemented by 'H.NMR spectrum, The
'H-NMR spectrum is shown in Fig. 13.3. :

100 [T
o0 ff!
80

60
50
40

30

27

10 9 8 7 6 5 4 3 2 1 0
8 {ppm) '
Fig, 13.3: The "H-NMR shqctrum of comp‘ou‘nbd |

i

It shows a triplet at 8 1.0 withJ = 7 Hz corresponding to 3 protons which indicates
that it is coupling with 2 neighbouring protons. A quartet at 8 2.47 (J = 7 Hz)is
_observed which corresponds to 2 proions. The same coupling constant of 7 Hz for -
both signals show them to be coupled to each other and hence a CHj — CH,— group
is indicated, Remember that same was indicated in mass spectrum also. The singlet at
4 2.20 for 3 protons shows the presence of methyl group, The absence of any splitting
of methyl signal shows that these protons are not coupled to any other proton; thus
indicating that there is no proton on its adjacent carbon atom. Thus, the adjacent

carbon could be a carbonyl carbon. So, we can write

CH3 C CHz CHS ] ’

as the structure of compound 1. Had it been-an aldehyde, there should have been a
signal around J 9.".'he absence of signa! in this region rules out the possibility of an
aldehyde. Thus, it is a ketone. o ' :

Problem 2

The following data is given for a compound, Let us arrive at its stiscture. ' ' 69
UGCTIE-10(39A)



spectroscopy . - Mol.wt. : 108 (it is not an acidic compound).

uv ' Agax 254 nm and 202 nm.
IR : 3420, 3064, 1500 and 1455 cm™
NMR (3, CDCly):3.85(s 1H)4.55(; 2H) and 7.25 G, 5H)

The mass spectrum of this compound.as exhibited in Fig, 13.4 shows the molecular fon
peak at m/z 108; thus confirming its molecular weight as 108,
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Fig. 13.4: Mass spectrum of compound 2.
In this case only.molecular weight is known and hence in the absence of molecular
formula no help in structural assxgnment can be obtained as far as IHD is concerned.
The most important information is from its UV spectrum.whxch exhibits A,,,, 254 nm
and 4,,,, 202 nm showing the presence of benzene ring in the compound. This
observation is further supported by its IR spectrum shown in Fig. 13.5.
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\ Fig. 13.5: IR spectrum of compound 2.

The band at 3064 cm ™! is from C-H stretch of aromatic ring system and those at 1500
and 1455"cm—1 are characteristic of aromatic C= C stretching, The broad band at 3420

cm™ may be due to ~OH or —NH. Since the band is broad it may be due to hydrogen
bonded ~OH. When the compound was tested for acxdxty it was found that it is not
acidic. Therefore, hydroxyl is not present on benzenc ring because phenols are acidic.

o 70 : Let us next consider its "H-NMR spectrum which is shown in Fig. 13.6.
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Excrcises In Problem Solving
~ " Using IR, UV, NMR and Mass
Spectral Techniques’
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Fig. 13.6: H.NMR spectrom of compound 2.

It shows a singlet at 8 7.25 corresponding to five protons. This rcgion'indiéates the
presence of aromatic protons. Thus, this signal indicates 5 aromatic protons ofa
benzene ring. Only one position of the benzesie is thus substituted.

The otker information which can be achieved from NMR sp‘ectrum is that there are
two more singlets. The singlet at & 1.8 corresponds to one proton indicating it to.be a
—OH proton. The other singlet at 8 4.7 is due to two protons. Since the protons are in
the ratio 1:2:5, the total number of hydrogens is eight. The total mass units of -
hydrogen and oxygen are 24 and the remainder is 108-24 =84 mass units. This
indicates that there are 7 carbon atoms. Hence the molecular formula comes out to be
C, Hg O. If we substract CgHs of benzene ring and ~OH, from C; Hg O we are left with

a CH, unit. Hence, the formula of compound 2 is CGHSCHZOH.

Lt us now go back to its mass spectrum. The mass spectrum shows a prominent -
(M-1) peak and small (M-2) and (M-3) peaks. The base peak is at m/z 79, the other
Idrgpu pcaks are at m/z 77.and 51. The fragmeniation pattern shown in Fig. 13.7 explains

the ong,m of these peaks.
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Fig. 13.7: Fragmentation of benzyl alcohol. A



Spectroscopy ~ Problem3

- Let us now assign the structure to a compound which shows the following spectra.

‘The mass épectrum of;ihis compound is shown in Fig, 13.8.
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Fig. 13.8: The nias:s'&pcctru:zx of compound 3.

-1t shows an M ™ peak at m/z 84. The base peak appears at iz 56 and there is another
large peak at m/z 41. Thus, there are losses of 28 and 43 mass units, respectively.

Let us now study the IR spectrum as shown in Fig. 13.9.
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Fig. 13.9: IR specirum of cf)mpound 3.

It shows bands at about 2000 cm ™ and 1450 cm ™! indicating the presence of a
saturated hydrocarbon. The band at 1450 cm ™! is characteristic of methylene group

CH.,) for its C~H bending vibrations. The band near 2900 em ™ is due to C-H
2 , g

stretching vibration. The absence of any band in the region 1600-1800 em ™",

-~ attributable to C =C and C = O.stretching bands, confirms their absence from the
molecular structure. '

© Let us now take sbxhé helpfrom its{',_H—NMR spectrunr which is shown in Fig. 13.10.

The NMR spectrum is very simple and shows only one singlet at ¢ 1.42. This indicates
that only one kind of protons are present. In other words, it means that all protons are
equivalent. This is possible only if the compound is cyclic. Thus, it could be a cyclic
saturated hydrocarbon. Since the mol.wt., from mass spectrum was indicated to be 84,
it could be C¢Hy, or cyclohexanc. The peaks in the mass spectrom at ay/z 56 and 41

72 could be due to C4H§" and _C3H§' , respectively.
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Fig. 13.10: 'INMR spectrum of compound 3,

The NMR spectrum is very simple and shows only one singlet &t & 1.42. This indicates
that only one kind of protons are present. In other words, it n:eans that all protons are
equivalent, This is possible only if the compound is cyclic. Thus it could be a cyclic
saturated hydrocarbon. Since the mol.wt, from mass spectrum was indicated to be 84,
it could be C4H;, or cyclohexane. The peaks in the mass spectrum at /z 56 and 41

could te due to C4H; and C,Hy , respectively.

Problefn 4
We will now assign the structure to a compound which has following spectral data :
Mass spectrum : m/z = 150 (M+), 91, 43.
Molecular formula :Cg Hyg O,
1 spcctn;m: 1740, 1220, 1600-1400, 749 and 697 cm™ L,
NMR spectrum : (3, CDCly):1.96 (5, 3H), 5.0 (s, 2H), 7.22 (s, 5H).
The coiﬁpound is found to have molecular formula CoyH;(0; , on the basis of its

lemental and mass spectral analysis. The mass spectrum presented in Fig. 13.11,
shows the M peak at m/fz = 150.
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Fig. 13.11: Mass spectrum of compoﬁh&'&
The index of hydrogen deficiency for this molecular formula is calculated to be 5.
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Fig, 13.12: IR spectrom of compound 4.

Its infrared spectrum in Fig, 13,12 shows intense bands at 1740 (C = O) and 1220 cm™?

,

(C-0) which suggest an ester (~C-O-) grouping. (Refer Table 13.3).

The band at 1220 cm ™ is characteristic of an cthanoate (acetate) ester, i.e.

—C~0~CH; . The two bands at 749 em™ ! and 697 cm ™! suggest that it contains a
mono-substituted benzene ring. The aromatic C=+'C is also evident from bands in the

1600-1400 cm ™! region.

Let us now look for these features in its 'H- NMR spectrum which is illustrated in

Fig. 13.13. -
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Fig. 13.13: "H-NMR spectrum of compound 4,

1t shows a singlet at 3 7.22 corresponding to 5 protons, thus confirming the presence of
a mono-substituted benzene ring. Further, another singlet at  1.96 corresponding to 3

protons confirms the presence of three protons of — C~0O~CHjy groups. The third

74 2.



signal in the NMR spectrum 15 also a singlet at © 5 due to two protons. Exercises In Problem Solving
) ‘ Using IR, UV, NMR and Mass

Let us now see where these two protons are located ? Spectral Techniques
0]

If we subtract CgHg — and CH; — CO-~ from the molecular formula Cy Hy O, , we are
left with one CH, group. Thus, these two protons are — CH, - protons. The — CH, —

protons appear downfield indicating their linkage to benzene ring on one hand and
oxygen on the other,

We can fit the above pieces of information into the following structure:

I
CgHsCH,~0~C~CH,

* The mass spectrum also supports the above structure by showing peaks at m/z = 43

+
due to COCHj and at 91 due to C;H7 . The base peak at m/z 108 can be explained as
follows :

O

i |
C¢Hs ~ CH,~0~C~CHy~> C{H,CH,0H"
m/fz 108

Probi .1 5

A compound shows the following spectra. Let us identify its structure.
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Fig. 13.14: "H-NMR spectrum of compound 5,
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"Fig. 13.15: Mass spectrum of compound 5,
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Fig. 13,16: IR spectrum of compound §,

The 'H-NMR spectrum of the compound shown in Tlg 13.14 exhibits a triplet at

J 1.85 due to 3 protons and a quartet at & 3.2 due (o 2 protons. You must havc guessed
by now the origin of these signals. These signals correspond to an ethyl group. These
are the only signals present in the NMR spectrum. Let us Bow see (o which another
group this ethyl group is attached. ‘

We will now study its mass spectrum shown in Fig, 13.15, The mass spectrum shows
the molecular ion peak at m/z 156 which is also the base peak in'this case. There is
another large peak at m/z 29 and this could be due (o the cthyl grouping (C2HS+). The
remaining 127 units could be thought of as due to the presence of lodine because it has
amass 127. Also there are no M +2 or M +4 peaks present, so Cl and Br are ruled
out. Flourine also does not fit in this mass data, thus iodine is the only possibility.
Thus, this compound could be C,Hl.

This structure is further supported by its IR spectrum (Fig. 13.16) which is very simple
indicating the sxmple nature of the compound. In addmon to the usual C-H stretching

. near 3000 cm™ ", it shows a strong band at 1200 cm™ ! which is duc tothe CH, wagging
vibration, characteristic of alkyl halides.

Problem 6

A compound having moleculdr formula CSHsO3 shows Lhc following spectra. Let us
identify its structure,

UV spectrum— 4. 262 nm
76
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Fig, 13.17: IR spectrum of compound 6.
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Fig, 13.19: Mass spectrum of compound 6,

The index of hydrogen defxcxency is 2. Thus, it may contain Fxtber two double b-ads,or
one double hond and one ring or two rmgs or a triple bond. ’ ’

The IR spectrum (Fig. 13.17) shows a very broad abso_rption from 23603233 cm ™! 7

UGCHE-10(10A)




Spectroscopy

78

indicating the O-H stretching absorption of a carboxylic acid. The strong C+==0 band
at 1715 cm_~1 also supports this observation.

Its UV spectrum shows an absorption at A, 262 which indicates the presence of a

keto group.

-

Let us now study its TH-NMR spectrum as shown in Fig. 13.18. It shows a signal at & 11
due to ~COOH proton. A singlet.at 8 2.12 corresponds to three protons and another

singlet at 8 2.60 due to four protons is observed. The signal at 8 2.12 could be due to a
—CHj group attached to the keto group. The d 2.60 four proton signal could be duc to

almost equivalent two CH, groups. Thus, we can say that we have

| ' ~
CH; C--CH,~CH,- and -COOH groups. If we assemble thém, we get the following
structure: -

?I _
CH; C-CH,~-CH,~CO0H
Let us see its mass spectrum given in Fig, 13.19.

It shows the small molecular ion peak at m/z 116. The base peak appears at m/z 43,
which could be duc to CH3CO+ fragment. Hence, it also supports the presence of a

keto (COCH;) group in the compound.

Problem 7 .
The &ilowing spectra were exhibited by a compound. What is its structure ?
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Fig. 13.20: Mass spectrum of comypound 7.
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Fig. 13.22: TH.NMR spcctrumbof compound 7.

Let us first analyse the mass spectrum. The mass spectrum show: the molceular ion

" peak at m/z 61. Since it is an odd numbered peak, you can predict that a N atom is
present in the imiclecule. Thre base peax appears at m/z = 30 which is very ~haracteristic of
primary amines due to the following fragmentation.

.*.
[R ~ CH, - NH2]+' —> R + CH, = NH,
- mfz = 30

Thas, the compound is a primary amine,

¢

Let us confirm this from its IR spectrum. The IR spectrum shows two bands at 2850
and 2920 cin ™! confirming it to be a primary amine. The other broad band present in
the region 3100~ 3400 em™! could be due to bydrogen bonded hydroxyl group.

- We can now say that it has —NH; and -OH greups. So 61-(17 +16) yields 28 mass

units, ~f you analyse the NMR spectrum, you will see two triplets each due to two
protons at d 2.9 and & 3.7. Thus the presence of —~CH, — CH, — group is indicated.

Another signal at & 2.4 corresponding to 3 protons could be-duc ~-OH and —NH,
[ “tons. So we can write the structure of the compound as HO — CH, — CH, — NH, .

13.5 SUMMARY

In this unit, the general approach to identify a given compound was discussed. The
variety of information which can be obtained {rom various spectral data was
highlighted. This information can then be pooled to arive at the possible structure of
the given compound. This approach was illustrated using some simple organic
compounds.

-~

13.6 TERMINAL QUESTIONS

1. Calculate the number of double bend and/or ring equivalents in the compounds
with the following molecular formulae:

) CpyHi,N,
i) CyHgO3N,

2. A compound has molecular weight 130 and has the molecular formula CgH,50.
It lacks any absorption in UV spectrum above 209 nm. In its IR spectrum, it

shows bands at 2950~ 2850, 1340 and 1075 cmfl. It shows only one singlet in -




Spectroscopy 'H—NMR spectrum at & 1.1. Find the structural formula of the compound. : s
oo i 3 A compound with molecular formula CgHgO gave a negative iodoform test. It
v exhibited the following spectral data. i : ‘ R
- UV: A,,2%nm,e, 18 ° | —
IR: 3040, 2935 2856, 2735, 1720, 1600 and 1570 and 1460 cm™ !, '
NMR : (8, CDCly) : 2.75 (d, 2H), 7.25 (s, 5H) and 9.72 (1, 1H).

o4 The molecular weight of a compound is 112. It shows no UV absorption bund
above 200 nm. The IR spectrum is devoid of any functional group and the NMR
~ spectrum shows a singlet at & 1.52. Find the structure of the compound,

13.7 ANSWERS

L w7 - (i) 4 ‘ | | !
HiC ' _ CHy
2. H;C—C-0-C—CH,
H,C ~ ~ CHj
3 !«/'\'t]— CH,CHO
N

4. Cyclooctane
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