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2.2 ROTATIONAL SPECTRA

We have seen that rotation
lar energy, is quantized:
trary amount” of rot
momentum) but jgs el
the shape

values—the

al encrgy, along with al| other forms of molecy-
this means that a molecule cannot have any arbi-
ational energy (i, any arbitrary value of angular
iergy is limited (o certain definite valyes depending on
and size of (he molccule concerned. The permitted cnergy
'so-called rot véls—may in principle be

ational energy le
lated for any molecule

by solving (he Schrédinge system
represented by (hyy molecule. For simple molecyles
volved is straightforward by tedious, while for complic;
probably impossiple

ated systems it ig
without gross Approximations, We shall not concern
ourselves unduly with this, howey

er, being content merely to accept the
results of eXisting solutions and to point oyt where reas
mations may lead.
We shall consider [
lincar mole

-

ach cl
cule in most det

ass of rotating molecule in
extended (o Symmelrical

ail, because much of its treqyq
and y nsymmetrical molecules,
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“13 DIATOMIC MOLECULES [ o it ot (i eadd

Lp = L 1. /N Q.
231 The Righd Dintomle Molecule

We start with (his, the ghiplest of all lnewr molecules, shown e Fig. 2.1
Museen my and oy are Joined by a rigid b (the bond) whose fength i

Fp =ty 1 (2.5)

The molecule rofntes end-overzend abont n point € the centie of gravity
this 15 defined by e moment, or |ul|hluitlj' cquntion

o oh’.l“‘ UL’
Fﬁ J‘n""f‘" L

Myr, o iyt (2.0)
o ' . y ,u\‘
Fhe moment of inertia abowt C e delined by, faml eattn \"/'/ e
TR e
b et
- i h : =
, _"”"'l ' "“’] L ,[n (l
CEMrry g, (from (2.6))
sy rdmy 4omy) (27

But, from (2.5) and (2.6):

'f‘ PR | v
J"’ e, 7
My Py = myry = mylry - ry)

e Ve -‘d
”ICIC[IHC. “il II'P‘ (; YAAE WS {fﬁ\i
. y | AllA
: 5o '“J ,‘" ) ""d Y ’”l L) A (¥ ‘ Hl j] . [
' my oy ooy oy

Replacing (2.8) into (2.7):

”'| ”l_l 1 'p
= ry = Jirg (29)
My Aoy
where we hive wiitten Ji= my oty /Ay 4 on), and g le ealled the reduced
mass of the system. Eguation (2.9) delimes the moment ol inertin cons
yentently in terms of the atomic mises ind the bond leagth,

", 1y

|.. fy

-,

|
B o —

Vigore 2,0 A rigid diatomic mclecule tremted we two mieses, o1, and my, joloed by a rghd b
of lengthry =r A 1y,
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Jh FUNDAMENTALS OF MOLECUL AR AP TROSTOTY

In general, 1o taise the maolecule from the state J o state st Twe waalkd
have
‘j RN i Iilo, i' IHJ l :l rloll', I II

A
= R{J*+ M 2- W

of
Vyegey =22 4 Dem ! (2160

Thus & stepwise ratsing of the rotatanal energy restilts e an absarpiion
cemeowhile sttt low el

' spectrum conststing of lines al 2, 4H, ol
This 1a shonw ol the Toal

ing would result in an dentical empsion speciium

of Iy 21
In derving tus pattern we
} can occur from o particnlar level only o als name

above or below  we huve not, for nstiance, constleradl the seqieive ol

transiions J = Qs J =23-+J = J I fact, o rather soplistivcated apph

' cation of the Schrodinger wave equation shows that, for this mulevnle, we

1 need only consider transitons in which J clianges iy one wiit all ather
soch o resule s eadbed osele

we e the assumpiion that a transiiion
drate aetghbour, culie

transitions being apectioscopleally forbisdiden. !
tion rute, and we may formulate it for the rigud datomie rotitor ay

Selection rule A = 1| (2 0h

ccule.
Of conrse, only il the molecule 15 asymmeln (heteronnelean will this

spectrum bo obscrved, since (1t 1 homonucleat therw will b wo dipol
l component change durmg the totation, and Tenee i interciion with vl
' ation Thus molecules suchi as HCE and €O will show i rotatigial spes

teum, while N, and O, will not Kemember also, that rotation abiont the
wo can now s it there are fwo

|
‘ Thus g (216) gives the whole spectinm to be expectd frony suele il
1

f bond axis was rejected i Sees 2
; ceasons for thus. Farstly, the moment of inertu s veey sinall whout the bl
f so, applying Lqs (210) or (211 we see (hat e enerpy Tevels wanht be
. extremely widely spiced . this means that a mulecule cequires o greal doal ol
b energy (o be ratsed fram the J = 0o the 0= 1 state, wd sichy tragsitions
i do not occur wnder normal spectrascopie camlitions. Thits diatomie fad
- all lineir ) molecules are in the o= O stite for votution about the bowd asis,

and they may be siaid to be not roteting Secondly, even (el a frapsttogn
should occur, there will be oo dipole change and hence no spectinm

To conclude this section we shudb apply Ty (2160 1o abseryved spec
trum in order to determme the moment of nerta and hence the hoad
length. Gilliwm et al 1 have measured the fiest e (4= 0) in e tatidion

| t Gilam, Jolnson, and Clordy, Physteal Revfew, T8, 140 {1950
LH'HJi.w {r’ JE ( a8 {' icla (I'J'rl (I II cn e

ol bl ewengy 1 quile lange sihe gl
- 1 ! . " - | ] it
cLanacken 4 [ Lo qelatoy s "'t"‘ ebed l'“-l[ 1y o Tie
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spectrum of carbon monoxide as 3-842 35 em ™. Henee from Eq. (2.16):

AP

5=2B om™!

o ' g}ﬁ h v

B=192118Scm™!

{;O—'I = 38"‘2

Rewriting Eq. (2.13) as: I = h/8zBc. we hav o ngr Sl
q 1 Be, we have = a’(‘\ %“g:’—‘: @ s £,

6-626 x 107 _27:9907 x 107*7 Por

I'eo

; T 8x° x 299793 x 10° x B B kgm® 5 =¥

= 14:5695, x 107*7 kg m? N
where we express the velocity of light in cm s~ !, since B is in cm ™~ '. But the
moment of inertia is ur® (cf. Eq. (2.9)) and, knowing the relative atomic
weights (H = 1-:0080) to be C = 12:0000, O = 159994, and the absolute
mass of the hydrogen atom to be 167343 x 10727 kg, we can calculate
the masses of carbon and oxygen, respectively, as 1992168 and
26561 36 x 10727 kg. The reduced mass is then:

_ 1992168 x 26:561 36 x 10~

l — 11-38365 x 10~ 27 k
4648303 x 10~ 27 X &

Hence:
= 12799 x 107 m? |0

4 = 7130\ #\P
and

R

reo = 0-1131 nm (or 1-131 A) =0 .

2.3.2 The Intensities of Spectral Lines

We want now to consider briefly the relative intensities of the spectral lines
of Eq. (2.16): for this a prime requirement is plai_nl:.' a knowledge of the
relative probabilities of transition between the various energy levels. E‘h;_n:s,
for instance. a molecule have more or less chance of making the transition
J=0—J =1 than the transition J=1—J=27 We mentioned above
calculations which show that a change of AJ =42, +3, etc, was
forbidden—in other words, the transition probability for all these changes is
zero. Precisely similar calculations show that the probability of all ‘changes
with AJ = +1 is almost the same—all, to a good approximation, are

equally likely to occur. . b P
- "—"qE. y - i ﬂ,;.'.(:‘\“"'x-;‘*‘-«'(-fb"i!-“-"; o L:‘«-'t‘c"\ ol WACHY
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E =—J(J +1)
8n*l

where J is the rotational quantum number that can have values 0, 1,2, 3ete., and J 4 the '
" Mo,

of inertia of the molecule about the axis of rota

i, m ] 2

. (s LD et

] =| —— I, = }Uo
m, +mz

cm, and m, are the atomic masscs of the two at

tion, i.¢.,

wher oms of the diatomic molecule apd

nn,

m, + m,

is called the reduced mass.
Derivation of the expression for rotational energy: Centre of gravity of a diatomic me)es,
a1

is the point which satisfies the following conditions :

IHI J'l = NI: 1'2 i

The moment of inertia of the diatomic molecule is given by

! = L2414 2 2
=m r"+ mor ®

=m, et mrr,
= Py (m, + m.,_) {14
t = Ay

But rYry=r
- From eqn. (1), m,r=m,(rg- )
IH: I‘(J

or n=——— i)

m, + m,
- _omyr .
Similarly, np=— (]

!Hl + n?:

Substituting these values in eqn. (if), we get

p 4 2
moms ., omimy,

= r,
(m, +m,)’ " (m, 4 m,) )

m,m,(m, +my) , mm,
= = ry = — I

2 o
(m, +m,) m, 4 m,
2 mm, . . i)
_ nr}| where p = ———isreduced massJ A
’"l 4+ nl:

given by

Now, by definition, the angular momentum of a rotating molecule is (il
L=l
where ® is the angular velocity (just as linear momentum is mass * velocity).

But angular momentum is quantized whose values are given by "
A

L= JJ(J+1) i

2n

where J = 0, 1, 2, 3..., called the rotational E‘tmntum numbers.
Further the energy of a rotating molecule is given by

E=—1-1’m2
2
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The Qll:mllrvd value of the rotutonal enerpy vall be given by
- (lu) / [
A e T T o
Laaqunng the value ol L From eqne (i), we pel

I
o JiJ 4 )= R OO L e (4 ])
=0 }-ln' ! ‘]

(x1)

heag Jv 0, 1,23 ete. inequation (vi), patern of the rotational creips lese)s abtatned will

pownin b 1819,
J 124" 8l

1| ———e

0 "' wn/

() e

Fig, 18,19, Rotational cncrpy lesely of o diatomie molecule reatng i as i nigid rottag
m“”,‘l'. the spacing between the eoerey lesels mnerenses as Joancreases, becauvse of the
(J+ 1)n cy. (ar),

L, Derive s expression for the frequeney and witve mumbiee of lines o the votatlonal

!-"-Mlﬂu.rrl rotntional oneraiee aee oiven by the expression
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