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CHAPTER 1 

INTRODUCTION 

_1.1 General Theory 

A polyatornic molecule consists of three or more 

nuclei and accompanying electrons held together predominantly 

by electrostatic interactions. The stationary states of this 

system, according to quantum mechanics, can be obtained from 

the time-independent Schroedinger equation 

(1.1) 

a 
Ht represents the Hamiltonian operator for an isolated non 

translating molecule. If spin a~d relativistic effects are 

neglected, Ht is given byl 

k2 . '2. 
--- ..~r_n~-~~ 

2m 
i 

. -11.2 . 'l. . 

~ ~ \1,., +V + v + vne 
d. 2M(t u.. ee nn 

(1·. 2) 

.The first two terms constitute the kinetic _energy part of the 

Hamiltonian where ~ is the Laplacian with respect to the tth 
- ]. 

electron of mass m and \7~ is the Laplacian operator with re-

spect to cith nucleus of mass M • The remaining three terms 

Vee, Vnn and Vne constitute the intern_al potential energy of 

the molecule due to Coulombic interactions, and represent the 

inter-electronic repulsion, inter-nuclear repulsion and 

nuclear-electronic attraction terms respectively. 
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Iri principle, by solution of Schroedi~ger equation 

(1.1), energy eigenvalues Et and corresponding eigenfunctions 

~~t) are obtained. The eigenfunctions represe~t the sta­

tionary states.of the molecule. In practice, however, exact 

solutions are difficult to obtain and therefore, approxima~ 

tions are used~ One such approximation was proposed by Born 

and Oppenheimer2 and is based upon the large disparity be­

tween electronic and nuclear masses, m and M. In classical 

ter.minol~gy, this disparity renders·the heaVy nuclei much 

slower in their movements with respect to those of the l~ghter 

electrons. For this reason the nuclei can be considered to 

be momentarily fixed, while the electrons are still in motion. 

Therefore the kinetic ene!gY term due to the motion of·the 

nuclei vanishes and Vnn is a constant. Under such conditions 

the electronic part of the Hamiltonian Ht can be written as 

(1..3) 

Its eigenvalues are represented by Ee and the corr~sponding 

.eigenfunctions by ~~ (qi, Q~~i ~ependent on the coordinates 
e hlr of the. electrons. Eaqh :-·--I :r.- (qi I Qci..)> is a.lso dependent on 

___ the. nuclear coordinates Qc1 as a parameter due to the Vne 

term in He. The total-Hamiltonian can now be written as the . 

sum 

Ht = He + Hn (1• 4} 

:,;• where Hn 

1'2, 

=--~ ~ ·~:+ Vnn~ In the zero order approximation of 
~a: ... ~Mct . 



Born and Oppenheimer2, the total eigenfunction l~t) is 

written as a simple product 

l"f t) = I y (qit OcJ y (QC{ >) 
e n 

(1.5) 

3. 

where IY e'> has been described above and IYn> is the nuclear 

component of the system depending-only upon the coordinates 

of the nuclei. This product approximation has been shown to 

be valid under certain conditions3,4. One condition is that 

the ratio m/M should be small; another is that the functions 

which form the product should be nondegenerate1 • By substi­

tution of the product wavefunction in the Schrodinger equa­

tion (1.1), it can be shownl,S that 

= Etl *" n) (1. 6) 

which is simply the Schrodinger equation for IYn>. I'J:rn) 

represents the stationary states of the nuclei. The Hamil-

tonian in this equation consists of the kinetic energy of the 

nuclei and the electronic energy of the molecule, at Q~. 

The total energy Et of the system for ~- given state 

l'i:~ is -given by the sum of the electronic energy Ee and 

the energy of nuclear motion En. That ls, 

I -i'f'n), the nuclear wavefunction, is dependent only on 

the nuclear coordinates· Oo.· If there are N nuclei in a poly-· 

atomic molecule, their positions are completely specified by 
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3N nuclear coordinates~ By a proper 'choice' of 3N coordinates 6 , 

the wavefunction J''f'n) can be approx.imated by the product 

of a vibra-tional 1..;avefunction J'}' v) , a rotational \vave~unc­
tlon rt:R> I and a translational wavefunction l'f" tJ..) • The trans­

lational wavefunction can be ignored i~ the coordiri~tes of the 

nuclei are defined relative to the centre of the mass of the 

molecule. The product is. then given by 

~~ 'l' >· ~ - v E (1. 8) 

It will be shown in section 3.1 that~~~ is a function of 3N-6 

vibrational coordinates in.a nonlinear molecule or of 3N-5 

vibrational coordinates in a linear molecule. Ev represents 

the corresponding eigenvalue for this function l'f-v) . It will 

be also shown that ~~ .;;> is a function of three rotational co­

ordinates which describe the orientation in space of a set of 

rotating coordinate.axes fixed in a nonlinear molecule. For 

a linear molecule I~R) is a function of two such coordinates. 

ER represents the corresponding eigenvalue for 1"1' R). 

The total wavefunction for the molecule can therefore 

be approximated by 

It> .t 
= If 'I: 'l > e v R 

(1. 9) 

and the total energy Et is given by 

( 1.10) 
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The 'spin' property? of electrons in the molecule has 

been neglected so far. When this property is taken into ac­

count, the elect~onic partS of the wavefunct~on can be approxi­

mated by the product ('fe \E' 
5

) , where J'}- 5 ) is a spin func­

tion dependent only upon coordinates in a hypothetical spin space. 

The product approximation ~~e~s)> is a valid approxima-

tion so long as there is no interaction between spin and orbi-

tal motion of the electrons. The total wave function now reads 

( 1.11) 

To obtain a better· approximation to ~~t) and Et, ad­

ditional terms should be added to the Hamiltonian in (1.1). 

Examples of these are terms due to spin-orbit interaction 

(Hso> 1 spin-spin interaction (Hss> and interaction of the mole­

cule with external fields (Hext>, etc. If these terms are 

small, standard methods due to perturbation theory9 may be ap­

plied to obtain better approximation to J\Yt:> and Et· 

1.2 Symmetry properties of eigenfunctions 

In principle, each of the functions J\} ~, I 'f:t v) 

and ~~R) and its c~rresponding· eigenvalues Ee, Ev and ER are 

obtained by sol7ing an 'appropriate' wave equationlO. In prac­

tice, the solutions ~~e) of the 'ele~tronic' waveequation 

(1.2) are difficult to obtain, except for simple molecules. 

However, for many problems in molecular spectroscopy, it is 

not necessary to know l~e) explicitly. From the symmetry 

properties of ~~ ;> , as v1ell as those of j"¥ v) and I~ R) 1 



6. 

one can arrive at definite conclusions regarding some spectro­

scopic properties of the molecule. In the following chapters 

the use of symmetry properties of eigenfunctions in the classi­

fication of stationary states of the molecule and in the de­

tei~ination of selection rules for spectroscopic transitions 

will be illustrated. 

The :symmetry properties of eigenfunctions of a mole-

cule are determined by the symmetry point_ group to which the 

molecule be~ongs. It is well known ihat each molecule can be 

classified under a symmetry point group acco:rding to the sym­

metry operations that can be performed upon its nuclei in their 

equilibrium positions. (For details of such classification, ref­

er to, inter alia, King 7 and Hochs.trasserll) . That an eigen­

function of the molecule ·transforms as an irreducible repre­

sentation of the synrnetry point_ group, will be shownl presently. 

Since the total energy of a molecule in a stationary state must 

be invariant for any symmetry operation carried out on the 

molecule, the Hamiltonian must also be invariant. For any 

symmetry operator R, therefore, the following commutation rule 

holds 

RH = HR (] .• 12) 

which gives, for a nondegenerate state 

(1.13) 

If J~)is a normalized eigenfunction then this equation 
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necessarily implies that 

(1.14) 

The symmetry operation R, therefore, repre.sents a one dimen-

sional transformation matrix [1] or [-1]. This result holds for 

each symmetry operation R of the point. group to which the mole­

cule belongs. The eigenfunction must then transform as one of 

the one dimensional irreducible representa-tions of the point 
i 

group~ Similar arguments could be used to show that degenerate 

eigenfunctions also transform as representations of higher 

dimension than unity. Each irreducible representation of a 

symmetry point gr0up is denoted by a different symbol (Schoen­

flies notation)l, in order to identify its transformation pro­

perties. This symbol, ca.lled the symmetry species, will. be 

used hereafter to indicate the transformation properties of an 

eigenfunc·tion of the molecule. Further; a general symbol 

~T) will also be used in this work to denote the representa­

tion (not necessarily irreducible) generated-by the symmetry 

transformation of T, where T may be a function or a quantum 

mechanical operator. If the product resolution of (1.9) 

~~) "' I "J: e '\l(v ~ ) is valid, the symmetry species of each 

component function can be separately obtained. The overall 

symme~ry of )~t) is given by the 'direct' product1 representa­

tion which is written as 

~) 
t 

= (1.15) 
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The method of determining the symmetry species of 

If,), I \I: v'>, and l'fr R) will b~ discussed in subsequent chapters 

.wfth respect to a SJ?ecific molecule. The direct ·product represen--

t1tion ~(~~) , if reducible, can be written as a direct sum 

o irreducible representationl 

(1.16) 

w 
1

ere i g·ives the number of times the irreducible representa­

tion r: occurs. in (1.16). 

For each molecule,. there exist a very large number poss-

1JJ3 Orig·in and Intensities of Absorption· Spectra. 

i le stationary states J\V"t? . If the molecule undergoes a transi­

from one state l'l'i)'to another state Iff), there is a 

c ncomitant change in energy from Ei to Ef. This change can be 

e pressed in terms of frequency thus, 

E. - Ef . l.. . 

1/ = (1.17) 

h 

I Ei) E£, electrom~gaetic · radiati?n of frequency ·}j i_s spen-

t neously emitted· by the molecule; if Ei.<Ef·, this radiation is 

a sorbed. For such absor.ption,. radiation of frequency z; must be 
I 

i~cident on the molecule. Experimentally, this radiation is 

plovided either by a source of radiation with a continuous 
I 

r~nge of frequencies or by monochromatic radiation of frequency 
I i 

Zl!. The absorbed radiation is observed as Lhe absorption spectrum. 

The transition from an initial state )\¥'j) to a'final 
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--~----slate --I Y :fi> ~ccurs -by the -inter action between _the -~lectromagnetic 
f~eld associated with the incident radiation of frequency V and 

t e motion of electrostatic charges within the molecule. If 

t e radiation field is included as a time dependent perturba-

t on term in the Hamiltonian of equation (1.1) and applied to 

~~i) the probability of finding the molecule in the state 

J~f>can be determinedl2. Einsteinl3 in 1917 expressed the 

p obability of an absorption transition between two nondegenerate 

s ates in terms of a coefficient B:f which is given by 
.l 

2 
B·· = 27T (RJ 

1 f 3!}2 . (1.18.) 

H re (RJ2 is called the transition probability and R is called 

t e transition moment. It is expressed as the integral 

(1.19) 

P is an electric dipole, magnetic dipole, electric quadrupole, 

o a higher moment operator. In molecular spectroscopy, P is 

e countered most often as an electric dipole moment operator.· 

C assically, the electric dipole moment of a system of charged 

pirtic1es.is given by 

4 ..., 7 ~k 
I P = P xl. + Py~ + P z (1. 2 0 l 
I . - . . . 

--4ere--Px~-:6-enxn-;-Py=-6enYn;- Pz = Le~zn ____ (1.21} 

-· ..• --·-~ J---~-- -~ 

i r j I k are unit vectors in Cartesian coordiri.ates·-·a.nd en -i~i- the 

charge. on the nth pa+ticle.· The dipole moment operator is a po~ 
-·..,:.. 

lar operator1 whose components transform as the x,y·,z coordinate~~"':~~:~..::.. 
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of the system. The m~gnetic moment operator is an axial vectorl 

and transforms like a polar vector under rotations. 
4 . 

If R is nonzero at least for one of the components of 

1, the transition betl~leen states J"} j)and fY f) ca~ occur. ~ 
therefore, represents the general selection rule for transitions 

between the two states. In the next section, specific selec-

tion rules are discussed in greater detail. 

The intensity· of a spectroscopic transition in absorp-

tion can be related to Bif above, the frequencyV of the incident 

radiation and the population of molecules Ni in the initial 

state )\}"i>. If I!~s ·represents the in-tensity of absorption, this 

relationship is given by 14 

if 
I ·- = abs 

(1. 22} 

if Here, I is the intensity of incident radiation andb.x is the 
0 

thickness of the absorbi~g layer of molecule in em . Bi£ is 

determined by the transition probabilit~r pt12. Ni, the number 

of molecules in a non degenerate state l~i)is given by the 

Maxwell-Boltzmann distribution lawlS thus 

N~ = 
J. 

N exp (-Ei/kT} 
-=re-.x-:!lp._--;(:---=E i/k T > 

I 

(1.23} 

where N is the total number of molecules, T is the absolute 

temperature and k is the Boltzmann constant. 

For transitions between t\VO 'electronic' states It> 
and l'f'm'>, the Einstein transition probability coefficient Bn.rn 

is related to a dimensionless function fmn called the oscillator 
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strength? by 

:.2'rurl,cv 
f = .-<":"" •• --- B 
mn e2 nm (1.24) 

f 111n can be determined from experimental quantities. One of 

these quan-'cities is the extinc~ion coefficient E
21

defined by the 

Be:er-La..rnberts' law1 6 • The relationship between fmn and E
21

is 
17 

given by· 

= 4.317 X 10-9 (1.25) 

in absorptione In principle, fmn•obtained from experimental 

quantities is substituted in equation (1.22} and Bnm is deter­

mined. The magni t.ude of the probability of transition i.e. rt"l 2 

between states I'!' m) and l"f n> is therefore obtained. For all 

possible transitions between an initial state m to a final state 

n that involve the excitation of a.single electron, a sum rule 

defined by 

holds. 

2fmn = 1 
ron 

(1.26} 

The probability of transition between any two states* 

l"i' ." > and r 'l'J > is determined by the square of the integral 

~A •·prime('} refers to the higher energy state and a double 
prime ("} refers to the lov.1er energy state of a transition. 
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(1.27) 

If ~is zero, the transition is forbidden. 
----.:;> 

If R is nonzero the 

transition is allowed. Therefore the integral {1.47) determines 
' . 

the selection rule for transition between any-two states(~·) 

CJ.nd If"). If j"o/) and I~') are explicitly known the integral 

can be evaluated and by substitution in equation {1.27) along 

with values of the other factors, the intensity of the transi-
~ n· 

tion can be determined. In practice I I t -> and rY > are not 

often known explicitly. However, it can be established whether 

It is nonzero or not, from- the syriune·try properties of the two func-
....;:> 

tions and those of the operator P. For thi~ purpose, the dir­
r::tn 

ect product of~~·), f("t) and I(~) is determined andre-

duced~i~ possible, to a direct sum of irreducible representations 

i.e. 

k'I! > ® Lc~, ® f<Yi'= n1fe n2re nJ e 
1 2 n 

{1.28) 

.It has been shownl that if at least one of the irreducible 

"representations rn in the direct is totally 
. ~ 

sum synunetr1c, R 

is nonvanishing. This condition can be used to determine whether 

1,\_, I> I ... T_J t). a transition can occur between· any two states ~ and 'r 
~ . 

But, since the magnitude of R cannot be determined by this method, 

oscillator strengths fmn determined experimentally are com­

monly used to assess the magnitudes ·of probabilities • 
. ~ ' . 
If P is assumed to be an electric dipole operator, and 

1 --:> split into two parts , one due to·the electron Pe and the other 
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-:::; 
due to the nuclei Pn I.e. 

!?+~ e n (1.29) 

Therefore, 

(1.30) 

If we also assume that the ·product resolution _pf (l· 5) ·i.e., 

rt> = It e t" ~ is valid I if cari be written as 

it= <'J:Jf/<'\l'~lt>+ <il-;:1'(><'1')~> (1.3l) 

' 
For two different electronic states, I 'f''e> and Jo/e) are ortho-

~anal functions~ 
_, 

Therefore R reduces to 

(1.32) 

If ,J'f'n) is written as a product of vibrational and rotational 

wavefunction i.e. f~n) = J~v ~~' the_ transition moment is 

given by 

~ 
R = 

(1.33) 

When there is no transition between rotational state~ i.e. 

when jiJR) = j'£';) 

The second·factor in this integral is called the 'overlap' in­

tegrall4. So, ·ifJte9is nonzero for at .least one Cartesian com­
~ ponent of Pe and the overlap integral is nonzero, a transition 
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between I--}') andlt'') is possible. The transition is 
e e 

then an allowed electronic ·transition. The overlap integral 

determines the intensity distribution of the vibrational struc-

. 14 . .. . .. (4 6' ture of the trans1tion and w1ll be d1scussed 1n sect1on . ~· 

Sometimes, the molecule might cha!lge its symmetry on excitaticn. 

~n' . common symmetry species of I 'f ~ )andlt:> must be 

obtained with respect to th.e point group formed from eleme~ts 

in both states, before applying equation (1.34) for determination 

of selection rules. 
C[ ... 

If the product resoluticn i.e. \ 'f ev) = I ~ e 1' v) is 

not valid because of vibronic interaction, the transition mom-

ent reads 

Each state ~~v) is a vibronic state. Selection rules 

between vibronic states are determined by the direct use of equa­

tion (1.27). The symmetry species of each ltv> i.e. ~ ev>, is 

first de.terinined by the product r ( 'l'e> 9 ~v) , (for justifi­

cation of-~ev>-= G~el & l<~v>, see reference 8). Then 

the direct product of l<'f'~~) ® · I <Pl 0 I <'f :v> is determined 

to obtain the selection rule,_as before.· If a transition is not 

allowed electronically, it. may be allowed as a vibronic transi­

tion. A transition allow~d only by vibronic interaction is in 

general, less intense than an electronically allowed·transition18 • 

If each of the states If~) and If~) has a nonzero spin 

and if there is no spin-orbit interaction, thenl'f' ~) =1-\1'~ \}' ~ 'f' ~) 
and}\ft~) =l'f~ "f; 1':) .. _ The transition ro~oment is given by 
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(1.36) 

Jt is zero unless f'f ~) = ( f ;) due to the orthogonality 

of spin functions8. From this result, we get the selection rule 

·~S = 0. That is, the total spin does not.change in an allowed 

electronic transition. But even if the spins are different in 

the two states, the transition may be allowed by spin-orbit inter-

action mechanism. In the presence of spin-orbit interaction, 

each ·function rtes> and Jf'~s) may be written8 in the form 

+Xes (1.37) 

where)(es represents a component function due to the inter-

action term. If this function is substituted in 

if reduces to ("t~s ~~~ '£:'~~ The symmetry species 

[ f<Y~> 0 [0}~>1 and [(~s> r = no/e) 

equation (1 .. 27), 

of each rcx~sl 
0 [7 't') 1 are 

determined and the selection rule for ~he transition is deter­

mined from equation (1.8). rf()(~sji?4X;~ is nonzero, then 

transitions between states with different spins i.e.AS ~ 0 may 

be allowed. The intensity of transitions allowed because of 

spin-orbit coupling is also, in gen~ral, weaker than that of those 

allowed electro?ically without change of spinl8. 

Selection rules for transitions between vibrational states 

atid' rotational states within the same electr9nic state (i.e. 

whenl\V::) =~~~)are determined by the second term in equation 

(1. 31.) • Since the first term is zero for )'tit)# J'P~> in the same 

electronic state, R is given by 
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R = ('f'~ 1 ~~"f~> = <~v ~·I ~I "t "'!:';> <L 38) 

where -the product approximation I 'f n) = ~~ v "±'R) of section 

1.1 has been used. 1"1' v) is a function of 3N-6 (or3N-5) molecule 

fixed vibrational displacement coordinates -called normal co-

ordinates, Qk(dis9ussed in Section 3.1) and ~~R) is a function 

-> 
of 3 (or 2) space fixed coordinates X, Y, z. The operata~ Pn 

cannot be separated completely into a space fixed coordinate 

component and a molecule fixed coordinate component. If PX' 
....;;;'1 

Py, Pz refer to the components of Pnalong the space fixed axes 
. ~. 

X, Y1 Z and Px, Py, Pz to the components of Pnalong the molecule 

fixed axes x,y,z then we have the relation19 

Px) cos XX cos yX cos zX Px 

Py = cos xY cos yY cos zY Py 

Pz cos xz cos yZ cos zz Pz (1.39) 

where the elements cos xX etc., are direction cosines between 

the two sets of axes. This relation can be written for each 

component of P thus 

where F = X, Y or z and g = x, y or z~ 0. represents the dir-. O'Fg, 

ection cosines, and is a function of the vibrational· coordinates. 

If Pg is expanded in terms of the vibrational coordina­

tes Qk we have1 9 

(1.41) 
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Substitution of (1.41) and (1~40) into (1.38) gives the transi-

tiori moment due to each component. · (For details refer to Allen 

and Crossl9, 1963). For a transition between the same vibrational 

states i.e. for rotational transitions, the transition moment 

is written as 

in which the orthogonality of the functions ~~~)has been 

assumed. For simultaneous transition between pairs of vibra-

tional and rotational states, the transition moment is given by 

Selection rules for rotational transitions and rotational-

vibrational transition follow from expression (1.42) and ·(1 .• 43) 

respectively. If the molecule has no permanent electric moment 

(Pg) ~ 0 and therefore pure rotational transitions determined 
0 

by expression (1.42) do not occur. But, if the molecule has a 

permanent moment selection rules for rotational transition are 

6btaineal9 from ~he integral part of equation (1.42). Selection 

rules. for vibrational transitiomalone are determined by the 

first factor in expression (1.43). Let this factor be indicated 

by R~. Therefore 
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' " ~ = (1.44) 

g 

This integral can be established to be nonzero or ze:::.·o by synl-

metry arguments which were discussed earlier. 

In SUil."mary, methods of determini!lg selection· rules for 

electronic, vibronic, spin-orbit coupled, vibrational and rota­

tional transition have been discussed in this section. These 

methods will be used subsequently in specific cases. 

: 
1.5 Types of Spectra 

When molecules undergo simultaneous transitions be-

tween different pair~ of stationary states, the absorption 

(or emission) spectrum consists of several frequencies. The 

~airs of stationary states participating in the transitions may 

be rotatio~al, vibrational .or electronic states; ttie pairs may 

also be combinations of these states (e~g. vibronic states). 

The resultant spectrum may be classified according to the type 

of states involved in the transitions. Three principal classes 

of spectra are briefly described below. 

i) Rotational Spe·ctra 

Each molecule has three principal moments of inertia 

IA, IB and Ic which can be calculated_ from the bond distances 

and bond angles of the molecule. A molecule is classified as 

a spherical rotor, if all the three moments of inertia are equal; 

as a symmetric rotor, if two amo~g the three moments of inertia 

are equal; and as an as~nmetric rotor, if all three are unequal. 

A linear molecule is a particular case of a symmetric rotor, 
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with the moment of inertia about the molecular axis equal to 

zero. The rotational states I ~R) of each molecule may be 

approximated by 'appropriate' (spherical, symmetric or asym-

metric)rotor functions. The eigenvalues ER are express~d in 

terms of rotational constants A, B and C which are inversely 

proportional to IA, IB and Ic respectively, (see section 4.7). 

Selection rules be·tween rotational states are determined by 

equation (1.42). Transitions between rotational states occur 

only if the molecule has a permanent dipole mom~nt. Such transi­

tions are accompanied by relatively small energy changes; the 

frequencies of radiation corresponding to the energy changes 

usually lie in the frequency range of 1000 - 300,000 megacycles/ 

sec. In terms of wavelength, this range correspon~s to 0.1-

30 em: and is called the microwave region. The study of spectra 

of molecules in this region is termed microwave spectroscopy 

and yields data on rotational energy levels, moments of inertia 

and, in favourable cases, bond distances and bond angles of the 

molecule. 

ii) Vibrational Spe·ctra 

The vibrational function J~v) of a molecule is a func­

tion of 3N-6 (or 3N-5) vibrational coordinates (section 1.2). 

It will be shown in section 3.1, that .each l~v) can be ap­

proximated by a product of 3N-6 (or 3N-5) harmonic oscillator 

wavefunctions. The eigenvalues of each harmonic oscillator func-

tion is expressed in terms of a vibrational frequency UJk and 

a vibrational quantum number Vk• Selection rules for transitions 
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between vibrational states are determined by the first factor 

in equation (1.43); transitiombetween rotational states of 

each vibrational state occur simulta,neously as determined by 

the second factor in the same equation. The observed spectrum 

therefore consists of frequencies corresponding to vibrational 

and superimposed rotational transitions. The frequencies in 

the spectrum are of relatively higher magnitude than those of 

pure rotational spectra. Experimental!~ vibrational -rotational 

spec·tra. of molecules are observed commonly in the 4000 - 40cm-l 

region and are called infrared spectra. Analysis of the spectra 

gives the vibrational frequencies of the molecule. Because of 

restrictions imposed by selection rules (1. 44) not a~.J vibra­

tional transitions can occur. Therefore, ali th~ 3N-6 vib~ation­

al frequencies may not be obtained by a study of the infrare:d 

spectrum of the molecule. A complementary technique of observ­

ing vibration-rotation spectra is by Raman spectroscopy and 

will be discussed in ~ection 3.5. In.this technique, a monochro­

matic radiation of frequency 1/o is scattered by the molecule. 

In the scattered radiation, in addition to y 0 , frequencies V 0 ± 

Vvr where 7J vr is the frequency corresponding to the energy dif­

ference between the two vibrational states, are observed. In 

favourable cases, by the analysis of both infrared and Raman 

~pectra, all the 3N-6 (or 3N-5) frequencies of the molecule are 

obtained. These frequencies may be related to the strength of 

l:>onding (i.e. force constants) between the constituent atoms in 

the molecule. 
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iii) Ele·c:tr·on·:tc· ·s-p·e·c·t·ra 

The method of obtaini~g electronic eigenfunction J'f e'> 

and eigenvalues Ee will be discussed in section 4.1. Selection 

_rules for transitions between any two electronic states are 

determined by equation (1.32). The energy difference between 

these electronic states have a wide range of values. The cor-

responding frequencies of transitions are of very large rnagni-

tude in comparison with those of either.vibrational or rotational 

spectra. The observed spectrum for each transition may liel6 

in the infrared (25000- 75001 ), visible (750~- 4000 R ), ul­

tra violet (4000.;.. zooa·l) or in the vacuum ultraviolet (2090- 20 
o' 
A )~regions. In a given electronic transition, there are simul-

taneous transitions between vibrational and rotational states of 

each electronic state. From an analysis of the electronic spec-

trum, a variety of information, ·such as the shape of the mole-

cule, vibrational frequencies, moments of inertia, etc., in 

both the combining states may be obtained. The data on vibra-

tional frequencies and moments of inertia obtained in the ground 

state by the use of microwave, infr~red and Raman techniques, 

are frequently very useful in analysing the electronic spectrum. 

In the next section, an introduction to the spectra-

scopic problem dealt with in this thesis is given. Experi-

mental techniques us~d in this work, are described in Chapter 2. 

Vib~a~ion-rotation spectra of carbon diselenide are dealt 

with in the Chapter 3 • In Chapter 4 and 5, the electronic 

spectrum of carbon diselenide is described. 
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Triatomic molecules are the simplest among polyatomic 

molecules. Extensive work has been done in the past in order to 

investigate their spectra, both experimentally and theoretically. 

A comprehensive list of such molecules which have been studied 1 

as well as results obtained therefrom, has been compiled by 

Herzberg8. In this ,.,ork, we shall confine our attention to one 

particular member of a group of triatomics·represented by the 
I 

molecular formula XCY. Here, C represents a '~arbon atom and 

X,Y either i;he same or different atoms (0, s, Se) belonging to 

the sixth_ group of the periodic table. Typical member of this 

group are co2 and ocs. Microwave spectra of ocs, ocse and sese 

have been investigated by several workers20,21,22,25,26. co2 

and cs2 are synunetric linear molecules which do not have per­

manent dipole moments and therefore do not show pure rotational 

spectra. Infrared and Raman spectra of various XCY molecules of 

this type have been investigated23 • One of the most frequently 

and thoroughly studied molecules is the Carbon dioxide (C02) 

molecule27,2S, 29 & 30 Similar investigations have been done 

on the scs molecule also27 , 31 , 32 , 33 , 34 • Wentin~3 studied the 

infrared and Raman spectra of not only cs2 but also cse2, sese 

and SCTe molecules; furthermore, he predicted one of the vibra-

tional frequencies in the unst~ble OCTe, SeCTe and CTe2 molecules. 

The force constants in all these molecules have been reported24. 

A study. of both vibrational and rotational spectra of these 

XCY molecules indicate ·that all of them are linear in their 
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ground states. Internuclear distances rCX and rCY of 

some of these molecules, collected by Wentink24 are ~iven in 

Table 1-1 for further use. 

The electronic spectra of OCO, SCS and OCS are well 

known. A general discussion of the spectra of the first two 

molecules has been presented by HerzbergB (1966) • In each of 

these molecules, many spectral regions of absorption i.e. the 

so ca~led 'systems', are known. Most of these systems lie in 

the vacuum ultraviolet and only a few of them have been investi-

. gated thoroughly. Very little is known about the spectra of 

three other members of the group i.e. ocse, Seese and sese. The 

spectra of the first two molecules have been, however reported35,36. 

The spectra of other XCY molecules are not known. 

In this work, a study of the spectra of c~rbon disel­

enide (i.e. cse2), one of the .members of the XCY_ group, with 

X: y, will be presented. The electronic absorption spectra of 

this molecule in the .visible and ultraviolet regi~ns were first 

reported by Callear and Tyerman36,50. During flash-photolysis 

studies on cse2 these authors observed and recorded the spectrum 

under low resolution. Four banded absorption systema were found. 

The first of these occurred in the far ultraviolet region at 
0 g . 

2000A. A second very strong one was observed at 2300A region, 
. . . 

and was reported to cause the decomposition of the CSe2 molecule 

into CSe and Se fragments. The remaining two absorption ·systems 

0 . 
were observed in the near ultraviolet at 3800~ a~d.in the v1olet · 

0 
blue region at 4300A. The latter system was also ·observed under 
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somewhat h~gher resolution and found to consist of groups of 

line like heads. Callear and Tyerman36 did not investigate the 

first, third and fourth of the above systems.any further. The 

• second system at 2300A, however, 'vas studied in detail in flash 

photolysis experiments.. The spectral regions of abs.orption of 

CSe2 mentioned above and those of CS2 are indicated in Table 1-2. 

From this table it is seen that cs 2 , an analogous member of the 

group, also has absorptions approximately in the same regions 

as those of cse2 • Al·nong these absorption spectra of cs 2 , that 

at 4300 - 3_300 A has been analysed by Kleman37 ,Liebermann38, 

Douglas and Milton39 and others40,41. The spectrum in the 
0 

3400 - 2900 A region has not b~en analysed in as much detail 

as the.4300 A system37,40,42 and the spectrum in the 2200-1800 A 

region'has been inves·tigated by Price and Simpson43, Hauptman44, 

~amasastry and Rao42 and Douglas and Zanon45. A compar~son of 

the absorption systems of CS2 and CSe2 is discussed in Chapter 5. 

The purpose of the present work, given below, is to 

i) synthesize cse2 from individual isotopes of selenium in 

order to obtain infrared, Raman and electronic absorption spectra; 

ii) reinvestigate the infrared and Raman spectra and compare 

the results obtained with those of Wentink23, whose work was 

limited by experimental difficulties; 

iii) sttldy in detail the electronic absorption system at 
0 

4300 A and determine the nature of electronic states involved 

in the transition, the shape of the molecule in the excited 

state, the vibrational frequencies in both the states and any 

other information {Part 5 .. ~) 
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iv) make a preliminary study on the absorption systems at 
·o o 

2300A and 3800 A, 

v) compare the absorption systems of CSe2 with those of CS2 

already investigated, and 

vi) discuss the resul£s on cse2 obtained in this work with 

respect to those obtained by Callear and Tyerman36. 

Other types of investigations have been made upon the 

C~e2 molecule. Stiles et al35 studied the effect of photoly-

sis on cse2 by analysing its electron spin resonance spectra. 

They observed that solid phase cse2 samples reddened when ir­

radiated with a Mercury lamp radiation (2537.i.), suggesting J . . . 

the formation of se~ molecules. The results of these irradia-
~ 

tion studies showed that elemental selenium, selenium chains of 

the type Se (Seti Se,and polymers such as (CSe)n were formed. 

Brown and Whalley46 studied ~he polymerization of CSe2 and the 

structure of the polymer formed by infrared spectroscopy. 



Table 1 -·1 

D 
INTERNUCLEAR DISTANCES (IN A) IN SOME LINEAR XCY 

MOLECULES (GROUND ELECTRONIC STATE) 

Mole-
cule * reo res rcse reTe rxy 

C02 IR 1.162 2. 324 

ocs M 1.164 1.559 2.723 

ocse M 1.160 1.711 -- 2.871 

cs2 IR 1.555 - 3.109 -

uv 1.554 

sese A# 1.558 1.711 -=- 3.269 

CSe2 A 1.711 ;;;., 3.422 

SCTe M 1.557 1.904 3.461 

*Method of measurement: IR = Infrared spectrum 

M = Microwave spectrum 

UV = Ultraviolet Spectrum 

A = Assumed value 

# Assumed value which gives the best calculated values of 

rotational frequencies; for details refer Wentink~4 

26. 

Ref. 
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48 
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Table 1 - 2 

. ABSORPTION SYSTEMS IN cs 2 AND CSe2 

Designation Region ci> 
cs 2 CSe

2 - -a - X 4300 - 3300* 4800.- 3900 

3400 - 2900 4000 3500 
~ 

- -A- X 2200 - 1800** 2600 - 2150 

- -C - X 1780 - 2150 2150 - ? 

*;is a 3A2 (B 2 ) state; the ~olecule is bent in this state37. 

**A is a 1B2 state; the molecule is·bent in this state45 • 



CHAPTER II 

Experimenta~ 

Two methods are available for the synthesis of carbon 

diselenide. The first method is the interaction of hydrogen 

selenide gas with carbon tetr?chloride vapour in a hot pyrex 
I . 

tube at 500°C (Grirru.n e·t al, 51 1936) • The second method is 

the.reaction of methylene chloride vapour with molten selenium 

at ssooc (Ives.and Pittman,57 1947). The overall reactions 

are: 

500 °_~ CSe2 + 4HC1 

550 oc 
------·~ CSe2 + 2 HCl 

Some properties of carbon diselenide, which are of importance 

in the present work, are given in Table 2-1. 

Ives et al52 reported that the yield (about 52%) of 

diselenide in the second method was much higher than that by the 

first method. Hence, the method of Ives et al was adopted in 

this work. Fig. 2-1 is a schematic illus·tration of thG ap­

paratus used in the synthesis of carbon.diselenide. A stream 

of nitrogen gas was bubbled through methylene chloride (Fischer 

reagent grade) liquid at room temperature. The resultant mix-

ture of nitrogen gas and methylene chloride vapour was passed 

over molten selenium (A!1alar Reagent grade) at red heat~ 

28. 
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Table 2" ,_ 1 

PROPERTIES OF CARBON DISELENIDE 

Colour: 

Physiological: 

Melting point: 

Boiling point: 

Solubility: 

Other: 

Golden yellow 

Obnoxious odour; a few mg left 

exposed contaminates an entire 

room; reported to be lachrymatory 

and carcinogenic. 

-45.5°C. 

125°c. 

Dissolves in carbon disulphide, 

carbon tetrachloride, methylene 

chloride,_ grease and hydrocarbon 

oils. Forms constant boiling mix­

tures with its solvents. 

Reactive; decomposes on mercury 

surface; sensitive to light; turns 

brown and finally black.on standing. 

vii) Vapour pressure52: T °C . 0 10 20 30 50 

P nun 4.7 7.7 13.6 23.3 58.3 
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A solution of carbon diselenide in methylene chloride was 

condensed in the receiver. The solution was filtered to remove 

residual selenium and the filtrate was concentrated by frac­

tional distillation a.t atmospheric pressure. Most of the methy­

lene chloride distilled over at 42°C. The residual carbon 

diselenide fraction was stored at dry ice temperature (-78°C), 

for subsequent use. 

The method of Ives et al was used in the preliminary 

work but was modified subsequently for the following reasons~ 

Firstly, it was necessary to synthesize CSe2 from mg quantities 

of pure isotopes of selenium. The method of Ives et al, desc­

ribed earlier, was unsuitable not only because it required. gram 
• I 

quantities of selenium,-but also because substantial amounts 

of the element were lost in the form of a fine deposit all over 

~he apparatus used. 

Secondly, CSe2 is toxic and has a penetrating offensiye odor, 

(Table 2-:1) : it was therefore essential to work \vi th the compound 

in completely closed systems. Apparatus equipped with stopcocks 

could not be used because CSe2 dissolved in the stopcock grease 

and leaked out. 

A new procedure was therefore devised for the synthesis 

and is described below. 

Isotopes Se80, se78 and se77 (obtained from Oak Ridge 

National Laboratory of the United States Atomic Energy Commi-

sion) were used in the synthesis; they had an isotopic purity 
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of 97%, 96% and 87% respectively. Figo 2.2 is a schematic il­

lustration of the apparatus used. 15 mg of one of the selenium 

isotopes was introduced into each of the two thick walled pyrex 

reactor tubes showno Methylene chloride (Fisher reagent grade) 

liquid, held in a reservoir, was solidified by surrounding it 

with a dewar containing liquid nitroge~o With stopcocks A and 

B open, the reactor tubes and the reservoir were evacuated. Stop­

cock A was then closed and the reservoir was allowed to warm up 

to room temperatureo With stopcock B closed, the methylene 

chloride was transferred under vacuum into the reactor tubes 

·which were surrounded by dewars containing liquid nitrogen. 

·Each of the reactor tubes was then sealed off at the constrictions 

C shown, allowed to warm up to room temperature and then heated 

to redness at end D with a 'Meker' burner. Yellow droplets of 

cse 2 , along with selenium vapour were observed to cond.ense on the 

I cooler sides of the reactor near point E. After a few minutes 

of cooling, the reactor was heated at E to consume any of the 

deposited selenium. The process of heating the reactor at 

points where selenium is deposited was repeated till no red 

deposits of selenium were visible. The absorption cell was then 

evacuated through stopcock F and sealed off at constriction Go 

The break seals were destroyed with Teflon coated iron breakers. 

The side arm on the absorption cell was then immersed in liquid 

nitrogen; cse2 from the reactor tubes was thereby condensed in the 

side arm~ The reactors were sealed off at constrictions H 

and disconnected from the cello 
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By this method, not even trace amounts of cse2 were re­

leased into the atmosphere. Odour and toxicity problems were 

entirely avoided. Milligram quantities of selenium isotope~ 

were ad~quate to synthesize enough quantities of the compound 

for most of the present spect~oscopic work. Howeve~ the exact 

amoun,t of carbon diselenide formed in each reactor tube was 

unknown. From the quantity of selenium used (IS mg), volume 

of methylene chloride condensed in each reactor tube (.3 ml) and 

the ~fficiency Of tbe reactiOn (52% yield_) 1 an estimate Of 

the concentration of cse2 in CH2Cl 2 solution was obtained. The 

maximum concentration of CSe2 in the reaction was about 39; ·lit&~· 

of CH2Cl2. The solution of CSe2 obtained by this method was 

not purified or concentrated. The solvent CH2c12 was, as expec­

ted, the major impurity, as judged from infrared, Raman and 

ultraviolet spectra. It will be seen in sections 3 .Er and Cliapte.r 5 

that the spectra of methylene chloride .did. not interfere with 

the interpretation of cse2 spectra. 

Several types of cells, filled with vapour of CSe2 

(and CH2Cl2), were used in recording spectra; 

i) Quartz cells 5 and 10 em 

provided with quartz windows. 

long and 2.5 em diameter, 

ii) Pyrex cells 5 and 10 and 50 em long and 2.5 ern dia-

meter, with sealed-on pyrex windows. 

, iii) Pyrex ceils 1.8 m long and 11 em diameter, provided 

with ground flanges at either end. Flat pyrex windows were 

glued on to these ends with'Dekhotinsky' cement. 
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iv). Cells for infrared spectra, 10 em long and 5-cm dia-

meter provided with KBr windows or polyethylene windows. 

The pressure of cse2 vapour in each cell was not 

measured. Mercury and oil manometers could not be used for 

measurement of pressure in the cells since cse2 attacked mer­

cury and dissolved iri oil. The partial pressure of CSe2 in 

each cell (other than that in the 1. 8 m cell) ~'las assumed to 

be equal to its vapour pressure at room temperature, because 

some droplets of CSe2 solution were always present in these 

cells at this temperature. The smaller cells were stored in a 

refrigerator (at3°C) when not in actual · 'lSe. The larger 1. 8 m 

cell was used immediately after filling it with the vapour of 

cse2 • 

Four isotopic CSe2 molecules were studied in this work . 

viz~ 7 seBO - cl2 - se80, se78 - c 12 - se78, se77 cl2 -

se77 and Se78 - cl2 - se8°. For convenience, these molecules 

will. be indicated by the notations 80-80; 78-78; 77-77 and 

78-80. The molecule obtained in the synthesis from natural 

selenium will be denoted by N-N. 78~80 was synthesized from a 

1:1 w/w mixture of se8 0 and se78 isotopes and CH2Cl2 vapour, 

and therefore the product contained 80-80 and 78-78 also. 

2.3 Infra Red Spectra 

The infrared spectrum of carbon diselenide was examined 

·with a Perkin ~lmer Model 521 grating spectrophotome-ter in 

the region 4000 - 250 cm-1 and a Perkin-Elmer model 301 grating 

spectrophotometer in the 250 - 90 cm-1 region. 
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In the 4000 - 400 cm-1 r~gion, the spectra of N-N, 

80-80. and 78-78 molecules were obtained in 10 em lo!lg cells 

with KBr windows. In the 400 - 90 cm-1 region, 10 em long 

cells with-polyethylene windows were used. Spectra of car-

bon tetrachloride, chloroform and methylene chloride vapour 

were also recorded with the same cells. These spectra were com-

pared with the spectrum of carbon diselenide in order to as-

certain whether these compounds were pre-sent as impurities in 

carbon diselenide. All spectra were recorded at room tempera-

ture. 

The vacuum wavelengths of absorption bands were de-

termine~ with respect to the vacuum wavelengths of absorption 

peaks due to a thin polys_tyrene film and atmospheric water va­

pour53. The uncertainty in measured frequencies is about.l cm-1 • 

2.4 Raman Spectra 

Rani-an spectra of N-N, 80-80 and 78-78 were obtained with 

a Spexmodel 1400 - 11 Raman Spectrophotometer equipped with a 

50 mW Spectra-Physics Model 125 Helium- Neon Laser.source. 

Solution samples of carbon diselenide, sealed in melt-. 

ing point tubes (2 rom dia), were used. Plane polarized laser 

• radiation (at 6438 A)was focused on ·the sample. Scattered radia-

tion perpendicular to the incident beam was passed through a 

condenser lens into the Spex monochromator (a c.zerny-Turner gra­

ting instrument). The output of the monochromator was detected 

-by a photomultiplier (ITT Model FW-130).; the response of the photo-

multiplier was amplified and recorded graphically ~s a 
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function of wavele~gth on a linear scale and constituted the 

Raman spectrum. When necessary, an analyser which could be ro-

tated by 90° about the optic axis was introduced in the path 

of the scattered beam between the sample and the monochromator. 

Spectra of the CSe2 samples were recorded without the analyser, 

with the analyser oriented to ·tra11smit the incident plane po-

larized radiation and with the analyser perpendicular (900) to 

this ~irection. After passi~g thro~gh the analyser, the radia­

tion was completely depolarized by a "scrambler" before enter-

ing the slit of the monochromator. 

Comparison spectr~ of liquid carbon ~etrachloride, 

chloroform and methylene chloride were recorded. The wavelengths 

of each of the observed Raman bands were obtained from pre-

viously calibrated wavelength counter on the instrument. These 

wavelengths were·converted to vacuum wavenumbers. The dis-

placement ~n waveirurnbers of each of these bands with respect 

0 • 
to the wavenumber corresponding to 6438 A was obta~ned. The 

• uncertainty in wavelength measurements were about 1 A and there-

fore the uncertainty in the wavenumber in this region was about 

:!: 3 cm-1 • 

2.5 Low Resolution Electronic Spectra 

The absorption spectrum of cse2 vapour was recorded at 

room temperature on each of three low resolution instruments; 

a Cary (model 14) spectrophotometer, a Baush & Lomb 1.5 m 

concave grating (model 11) spectrograph and a Hilger Large 

Quartz (model 492) Prism spectrograph. With the Cary ins·tru~ 
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ment, 5 and 10 em quartz cells were used to scan th~ 2000 -

D • 
1850 A r~g1on. The spectra of 80-80 solutions in liquid CH2c1 2 

at 0.002 M concentration were also observed with this spectre-
t> 0 

meter in the 5000 A - 3100 A region. A 1 em long pyrex cell, 

which could be ·sealed off .to prevent the odour of cse2 from· 

escaping and the solution from evaporating,was used. The solu-

tion was successively diluted with equal volumes of methylene 

chloride to record the spectrum at three different concentrations. 

Blank spectra of gas and liquid phase ~ethylene chloride were 

also recorded. 

The B & L and Hi~ger spectr~graphs were used to re­

cord spectra on photographic plates, with 5, 10 and 50 em long 
. . 

pyrex and quartz absorption cells. Either a 250 W Xenon arc 

(Osram XBO high pressure lamp) in the ultraviolet or .a t·..1ngsten 

filament lamp (6 watts) in the v~sible was used as sources of 

continuous radiation. Exposure times were of the order of 1 

ta lO seconds. The B & L spectrograph was used in the 7600 ... 
0 

3800 A region, at a first order resolution of 30,000. The Hilger 

spectrograph was used for recording the spectr~ in the 4000 -

• 3400 A and 
0 

2800 - 2200 A ~egions. 

In order to examine their vibrational and rotational 

structure in fine detail, the absorption bands of both natural 

and isotopic cse2 molecules were recorded on high resolution 
0 

spectrographs in the 4800 - 3400 A region. Pyrex cells, 10 and 

50 em long, were used to contain the vapour at room temperature. 
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One of the spectr~graphs used extensively was a 20 ft 

Ebert st~gmatic plane ~rati~g spectr~graph. The dispersion in 
0 0 

the 4300 A region was about 0.67 A/mm and the ·resolvi~g power 

in the first order was about 150,000. At slit widths of 30·~. 

to 50 ~ , exposure times of the order of 15 sec to 3 minutes 

were necessary with a 250 W Xenon lamp source. Spectra were 

recorded on 35 nun Kodak SA- 1, Kodak Tri-X and Ilford pp.....:3. 

films. The alignment of the source absorption cell and the 

spectrograph optics was done using an OTT (model 170)0. 3 m·w Helium-

Neon Laser. 

During the course of this work, certain bands were 

also photographed on a 35 ft astigmatic Eagle type concave gra­

ting spectrograph and a 35 ft Ebert spectrograph located at 

·the National Research Council, Ottawa.* With the Eagle instru-

ment, the 4800 - 3400 A region was photographed in ·the 3rd 

• order at a dispersion ofo.4 A/mm and a resolution54 of about 

250,000. A Lyman flash discharge lamp and a tungsten filament 

lamp were used to record the spectrum, with a slit width of 

20 ~- Exposure times ranged from 2 minutes to 15 minutes. 

Kodak I - 0 and II - 0 plates of dimension 18" X 2" were used. 

*We are indebted to Dr. A. E. Douglas of the National 
Research Council of Canada~ who permitted the use of these 
spectrographs. 
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A few selected bands of the 80-80 molecule were re-

corded* on the 35 ft Ebert spectr~graph ~n the 13th, 14th and 

15th orders with a Xenon lamp source at a slit width of 30 ~· 

The dispersion was approximate!~ Ul A/mm .and the resolution 

about 600,000 in the ' . 4300 - 3800 A reg~on. 

The effect of temperature on the intensity of absorp-

• tion bands in the 4800 - 3500 A region was determined over a 

temperature range of - 42°C to 190°c. 

In one typical set of experiments, the spectrum of 

80-80 vapour.was recorded at 22oc, 100°C and 190oc with a 20ft 

Ebert spectrograph described in the last section. A 50 em 

long absorption cell containing the compound was heated by a 

furnace made out of a 75 em long, 40 rom diameter pyrex 'tube 

which was wound with nichrome wire·and lagged with asbestos. 

The temperature of the interior of the furnace was measured with 

a mercury bulb thermometer. 

In a second set of experiments, the spectrum of 80-80 

vapour was obtained at- 78°C, -42°C, 22oc and 110°C with.the 

Baush & Lomb and Hilger spectrographs. The vapour pressure of 

CSe2 at -78°C and -42°C was too low to record a spectrogram 

from a 50 em cell. The path length was therefore increased. 

*We thank Mr. F. A. Alberti of the National Research 
Council of Canada who photographed the bands using the absorp­
tion cells supplied by us. 
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usi~g a 1.8 meter lo!lg cell provided with pyrex windows at 

either end. A White type multiple reflection system55,56 was 

used ex~ernal to the cell and a total path length df 22 meters 

was obtained·. The 80-80 compound synthesized from 15 mg of 

se80 was introduced in the cell along with helium. gas at near 

atmospheric pressure. The helium was added to improve the 

thermal equilibrium between CSe2 molecules and the cold cell 

walls,. The exterior of the cell was then surrounded with 

powdered dry ice. The temperature of the outer cell surface 

was measured with a calibrated Iron-Constantan thermocouple. 

The spectrum was recorded when the temperature measured by 

the thermocouple reached a constant value. The external temp­

erature of the cell copld be raised above -78°C by passing a 

current through a lagged nichrome coil wound around the cell. 

Successive spectra at several temperatures were recorded on the 

same photographic plate using the Bausch and Lomb and Hilger 

spectrographs. 

2. 8 ·z·eeman Spec·tra _ 

The effect of a superimposed magnetic field* {i.e. the 

Zeeman effect) on the fine structure of 80-80 absorption bands 

was studied in the 
0 

4800 - 3500 A region. Magnetic fields of 

*The equ.ipnE!nt for generating a pulsed magnetic field 
was made available t.o us by Dr. A. E. Douglas. 
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10000, 15000 and 25000_ gauss were ·used. The absorption cell 

(SO em or 10 em lo!lg) was axially supported within a cylin­

drical coil. The field was generated in. pulses by discharg­

ing a large emf (of the order of 20 kV) through the·coil with 

a bank_of condensers. A Lyman flash discha~ge through a quartz 

capillary was used as the source of continuum for recording the 

spectra; it \vas triggered to emit at precisely the instant of 

maximum f~eld strength. Initially, the spectrum of CS2 in a 

' field of 10000 gauss was recorded on the 35 ft E~gle spectro­

graph (section 2.6). The rotational lines of some bands in 

the cs2 spectra are known to broaden in the presence of a mag­

netic field. The spectra of cs2 was checked to see if this 

broadening did occur, before the spectra of cse2 was recorded. 

About 100 to 1000 flashes were used to record the spectra of 

CSe2'0n Kodak I-0 and II-0 plates. 

2. 9 Miscella·ne·ous 

On each photographically recorded spectrum, reference 

atomic spectral lines from a 11o·v de iron arc source or from a 

Jarrell-Ash Iron Hollow cathode lamp operated at 20 rnA, were 

juxtaposed. 

For recording spectra photographically, emulsions of 

types Kodak I-0, II-0 f Tri-X, SA-l and Ilford FP-3. t.vere used. 

w.:t·th the exception of Kodak Tri-X, all these emulsions were pro­

cessed in a Kodak D-19 developer and a F-5 fixer. Kodak Tri-X 

emulsions \vere proc·essed in Kodak Acufine developer and F-5 

fixer. 
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The optical density of spectra recorded on these emul­

sions were measured with a Joyce-Loebl model lllC autom~tic re-

cording miciodensitometer. These values and visual ~stimates 

of intensities from photographic erilargements of spectra were 

utilized in the present work. 

A travelling microscope (Mcpherson Instrument Co.) 

with a least count of 0.0001 rom was used to measure positions of 

band heads, rotational lines and other features in· photographic 

spectrograms. The positions of the juxtaposed iron spectral 

lines were measured at the same time. Wavel~ngths.of these lines 

were obtained from a table compiled by the molecular spectroscopy 

group of the National Research Council at Ottawa. The positions 

of band heads, etc., and the positions and wavelengths of iron 

lines were punched on computer cards •. The data on these cards 

were analysed with a computer program written in Fortran IV 

language for.an IBM 7040 computer57 . In this program, the 

wavelengths and positions of iron lines were fitted to a quadratic 

by a_least squares ~ethod; the wavelengths of the band heads and 

other features were obtained by interpolation from this quadratic, 

and, wavelengths obtained in this matter were converted to wavenurnbers 

in vacuo by a formula derived by Edlen58. The uncertainty in 

wavenumbers· was estimated to be ± 0.3 cm-1 for band heads and 

±0.03 cm-1 for rotational lines. ·Diffuse features had a large~ 

uncertainty in their calculated wavenurnbers. 

Weak or obscure features which could not be measured 

directly with the microscope, were measured by interpolation from 

enlarged prints of the spectrum. 



CHAPTER III 

Infrared and Raman Spectra 

3.1 Vibra·tional States and Energies 

In ·section 1.2, it was shown that the nuclear wave-· 

function can be factored into a vibrational wavefunction 

and a rotational. 'itvavefunction I%,) , by a proper choice of 

nuclear coord~nates. In this section, a brief description of 

the nature of J~v) and associated energies is given. For 

details, reference to standard texts such as Wilson, Decius 

and Cross~ Herzberg48 and others 7,12 should be made. 

Each free particle has 3 degrees of freedom correspond­

ing to translations along three Cartesian axes. A polyatomic 

molecule is a system of N nuclei (which can be treated as 

particles) and therefore has 3N degrees of freedom.. lu a mole­

cule, t.hese nuclei are b.ound to each other by electrostatic 

forces ano their JP.Otion is not independen·t of each other. But 

·the inolecule as a whole (like a single particle) has 3 transla­

_tional degrees of freedom. It also has rotational d~grees 

of freedom about Cartesian axes; if the molecule is nonlinear it 

has 3 rot~tional degrees of freedom and if the molecule is 

linear 1 it has only 2 such d~grees of freedom. The remaining 

3N-6 (or 3N-s· for a linear molecule) degrees of freedom cor-

respond to intramolecular motions of the nuclei. 3N-6 (or 3N-5) 

coordinates are required to describe these motions. 

By classical methods, it can be shown that the intra-

44 .. 
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molecular motion can be-resolved into 3N-6 (or 3N-5) distinct 

_modes_ of harmonic o.acillations, provided the amplitudes of 

these oscillations are small. Each non-degenerate oscillation 

is assigned a coordinate Qk called the normal coordinate 6 · 

and has a frequency Pk· The Qk can be related to either mass­

weighted Cartesian displacement coordinates 'l i or internal 

displacement coordinates Rii by linear transformations. In terms 

of the normal coordinates Qk classical expressions· for the 

kinetic and potential energies have their simplest forms, 

3N-6 

T = 1/2 . 2 Qk 2. ; v =1/2 

(3.1) 

where Qk is the tim~-derivative ofQk; Ak = 4 7T 2 z;k2 is a con-
, 

stant. For an isolated molecule the sum T ·+ V is a constant 

and_ gives the total classical energy of vibrations in the mole-

ctile. 

Acc9rding to Quantum Mechanics, the Hamiltonian for 

small vibrational displacements is given by 

3N-6 
-h2 .~ 
a7T2L_ 

k=l 

3N-6· . 

-LA.kQ~. 
k=l (3. 2) 

in terms of normal coordinates. The wave equation is there-

fore given_ by 
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= (3.3) 

$ince Hvib is a sum of 3N-6 (or 3N-5) independent Hamiltonians, 

one for each Qk, (3.3) represents 3N-6 (or 3N-5) independent 

equations. The solution to each of these equations is a 

harmonic oscillator function, which is given by 

where J\f' v (Qk) > represents the solution for the kth normal 

coordinate,~ k is a normalizing factor,-Hvk(Q~) is a Hermite 

polynomial"of degree vk; and dk = Qk ( ~l~~)l/2 • The 

eigenvalue of each function ~I' )is given by /"r Vk 

(3. 5) 

\'/here vk = 0, 1, 2 •••• stands for the vibrational- quantum num­

ber of the· kth vibrational mode. In the harmonic oscillator 

approximation, we can write the total wavefunction J"::' v)as a 

product of individual functions /t/; v; i.e. 

I \II;>= j y/ v{ ljJ v{ · · · /l/J ~ · · ./ \jJ VJN-~ (3 • 6) 

X 

H -­
v3N-p 

I 

(Q 3 ) 
N-6 

'2 )' ·,] + ••• + Q . 
3N-6 

(3. 7) 

Each function J\j; v;{ represents a component vibrational state. 

Two or more of these states may be degenerate i.e. have the same 
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energy. The total vibrational ene~gy is_ given by the sum of 

vibrational energies of each component vibrational "state i.e. 

.til = 
~v = l/ (Vk + dk) 

k 2 
(3. 8) 

For nondegenerate component states dk = 1; for doubly degen­

erate state dk = 2; for triply d~generate state dk = 3 

•••• etc. 

3. 2 Synunetry of vibrational· ·s·ta·t·es 

The symmetry of each vibrational state J·'iiv) may be 

determined according to principles developed in section·l.2. 

Each state }'fv) must transform as one of the irreducible 

representations, degenerate or nondegenerate, of the symmetry. 

point group of the polyatomic molecule. Consider equation (3 .. 7). 

The exponent· has the same form as the potential ene~~y I A kQk 2 

in equati·on (3.2) and like potential energy, it must be invariant 

to all the symmetry operations R of the molecular point_ group. 

Therefore, it is the product of Hermite polynomials alone that 

determines the symmetry of J ~v) • Assume that the molecule is 

in its ground vibrationless state. Then all quantum numbers vk 

are zero. iae 

(3. 9) 

The Hermite polynomial of zeroth degree H0 (Qk) is unity. The 

product in (3.7) is also unity. Therefore l~v), which is a 

product of the totally symmetric exponential function with 
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Hermite polynomials of zeroth degree, must be totally symmetric. 

~ Thus the vibrational ground state of a polya·tomic molecule is 

always symmetric. 

The symmetry of excited vibrational states ~~v) is 

obtained from the symmetry of the component states j~v~> in the 

following way. Let the roth vibration alone be excited by one 

Hl (Q
1

) is a linear function m 

of Om· Hence, the representation_ generated by lt'(o:..-.. J)would be 

the same as the representation generated by the normal coordin-

ate Om·. It can be shown that each normal coordinate Qk necessar­

ily belongs to one of the irreducible representations of the 

symmetry point group of the molecule. The symmetry species 

of each of the first excited states (with vk = 1) must therefore 

- correspond to one of these irreducible representations. The 

overall symmetry of )~v:> is obtained from the direqt pro­

duct of irreducible representations of functio~s J~v ) , by 

the use of expression (1.15). 

In the present work, we are interested only in the vi­

brations of triatomic molecules of the XCX type described in 

section 1.6. The method of obtaining symmetries of vibrational 

states and normal coordinates for triatomic molecules is 

described in the standard texts59 and will not be repeated here. 

The ~ethod of obtaining these symmetries will be assumed. A 

linear symmetric triatomic molecule of the XCX type belongs to 

the Dttb symmetry point group. If the molecule is bent, it 



49. 

belo~gs to the C2v point_ group. Symmetry elements such as· 

centre of inversion, rotation axes and reflection planes for 

the XCX molecule are shown in Figs. 4.3 (a) and 4.3(b) for the 

molecule in both point groups. Irreducible representations 

indicated by Schonflies symbols and the 'character's (for def­

inition, see ref. 6Q) of each irreducible representatio~ are 

given in the character tables of Appendix A. Direct products 

of irreducible representations are_ given in Appendix B. 

If the XCX molecule is linear, it has 3N-5 4 genuine 

vibrational modes and hence, 4 normal coordinates. The normal 

modes of vibration.are61 : a nondegenerate totally symmetric 

stretch'i!lg vibration, \.i, along-the molecular axis corresponding 

to a. coordinate o1 ; a doubly degenerate bendi~g vibration V2 

in the plane of the molecule corresponding to coordinates Q~ 
. 2 

and ob; and a nondegenerate antisymmetric.stretching vibrationV3 2 . . 
along the axis of the molecule corresponding to a coordinate 

Q3. Ql transforms as a cr; representation; o2a and Q2b as a 1T u 

doubly degenerate representation and Q3 , as a CJt representation. 

The symmetries of states with vl = 1 (y2=0, ,;.3..=0); v2=I 

~"':'1 =0, V3 =0) and_ v3 =1 {vr =0, v 2 =0) is the same as those of 

Or, 02 and o3 respectively. The species of a state with v1=0, 

v2=0· and v 3=o is cr;. Let only one vibrational mode be excited. 

Then, the species of st~tes with v1~ 0 are always Ci~ and 

those of v3'> 0 are 0" ~ or o't depending upon whether v3 is even 

or odd respectively. The species of states for the degenerate 
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1Tu vibration with v 2 > 1 is obtained by the symmetric direct 

product method 5 9 ,6 2. Symmetric products are shown .in paren-

thesis in the direct product table of Appendix B. For v 2 = 2 

two species of stages <rg + and 0 g, which a~e degenerate in the 

harmonic oscillator approximation, are obtained; for v 3 = 3. 

two species lfu and ~u are obtained; for v 3 = 4, three species 

o-~, & g and 7Tg are obtained; etc. The symmetry species of 

some vibrational states are given in the fifth and seventh columns 

of Table 3-263 •. 

If the XCX molecule is bent, it has 3N-6 = 3 genuine 

vibrational modes and hence three normal coordinates. All modes 

of vibration are nondegenerate61 • They are: a symmetric stretch-

ing vibration 1)1 corresponding· to .a coordinate Q1 , a bending vibra­

tion 112 in the plane of the molecule, corresponding to a coordinate 

o2 and an asymmetric _stretching vibration \13 corresponding to.a 

coordinate Q~. o1 and o2 transform as a 1 representat~ons and Q 3 , 

as a b 2 representation. Therefore the symmetries of states with 

v 1 or v
2 

or v
3 

= 1, follows. Excited states with v1 ) 0 and 

v 2 ) 0 and Vc = 0 are always of a
1 

symmetry. Excited states with 

v3) 0 are of a
1 

symmetry, if v 3 is even and of b 2 symmetry, if v 3 

is odd. In Figure 3.1, the vibrational modes of.linear and bent 

XCX molecules are illustrated. In this figure, mass weighted 

cartesian coordinates on each atom are schematically shown. 
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The wavefunction for the exc.ited vibrational state 

lfo/ of ~he doubiy degenerate 7Tu.bending vibration of the 

linear XCX molecule can be written64 as 

Jfv) = 
2 

(3.10) 

which is a part of Equation 3.7. The exponent represents the 

potential energy of a two dimensional oscillator along two 

orthogonal coordinates Q~~ and Q~. When these normal coordin­

ates are expressed in polar form, it can be shown that an 

equivalent function 

(3 .11) 

is obtained. Here v 2 is the number of quanta of the.degenerate 

vibration excited: v = v. + v· . • ~ measure_s. the angle of 
2. 2a· 2n· 't' 

rotation in the {Q~, Q~) plane, f(v2) is ·a function independent 

of¢, and l the vibrational angular momentum quantum number, 

· which takes the values 

1 or 0 (3 .12) 

For v 2 = 2, l = 0 or 2; for v 3 = 3, l = 3 or 1 etc. 

The vibrational levels are classified as(Tg, 7Tu, 8g etc. 

according to the value of l = 0, 1, 2 etc ,i This classification 

procedure yields the same spP.cies as those obtained in section 

3.2 for the excited states of the 7Tu vibration. 
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For a triatomic molecule, the total ene~gy Ev. given by 

expression (3.8) reduces to 

{3.13) 

d = 1 for a bent molecule and d = 2 for a linear molecule. 

In terms of. wavenumbers (units of cm-1) (3 .. 10) may be written 

as 

Ev d 
he= G(v1 , v 2 , v3) =W1 (v1 + 1/2) +~ (v2 +7) +W3 (v3+1/2) 

(3.14) 

\'lhere G (v
1

_, v 2 , v 3 ) is called the term value of a vibrational 

state with quantum numbers v 1 , v 2 and v 3 and where(.~ 

is the frequen~y in-wavenumber units • 

. Ev, given by (3.13) is correct only in the harmonic 

oscillator approximation; that is, only when the potential energy 

term in the Hamiltonian (3.2) is quadratic in the coordinate 

Qk. In a higher order approximation, cubic, quartic, etc., 
I 

anharmonic terms in Qk are included in the potential energy; 
,. 

these terms are treated as perturbation terms H and added to the 

Hamiltonian (3.2) and the perturbed wavefunctions obtained. 

The form of the corrected wavefunctio~ is not given here. It 

can be shown however, that these functions retain the symmetry 

of the zeroth order wavefunctions. Term values in the an-

h . "11 . . . . ' 11 65 armon1c osc1 ator approx1mat1on are g1ven a~p1r1ca y 

by the expansion 
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d. 
(v. + _]) 

J 2 

where xkj is an anharrnonicity coefficient and dk is the de­

generacy of the kth vibration. 

The effect of anharmonicity not only alters the energy 

of each state obtained in the harmonic approximation but also 

removes some of the degeneracies present in these vibrational 

states. As shown in the last section, each excited state of 

the bending vibration with v 2 )> 1 has component states with 

different values of l . In the harmonic oscillator approxima-

tion all these components are degenerate. It can be shown 

that states of the same symmetry can interact due to anharmonicity, 

therefore states of the same l , but different v 2 (which have 

the same symmetry) , can intera·ct due to anharrnonici ty. Due 

to this interaction, states with different l but the 'same v2, 

have different energies. When this difference in energie~ be­

tween the l components is also taken into account, the term 

1 . by66 va ues are g1ven 

d. 
{v. + 2) + gl2 

J 2 

( 3 .16) 

where g is a small constant of the same order as xkj. Each 

state with l) 0 is still doubly degenerate but this degeneracy 

is not ~~moved by anharmonicity interaction. 
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Even if two states are not d~generate in the harmonic 

oscillator approximation, the~ could interact due to anhar-

monicity, provided that both s·tates are of same symmetry. If 

th~ states have nearly the same energies in ths harmonic oscil­

lator approximation, the interaction between the states is 

large (as can be shown by perturbation theory) and therefore 

the perturbed energies differ considerably from their zeroth 

order values. This type of perturbation is known as Fermi 

resonance67 and could occur bet'tveen any two vibrational states 

in the molecule. The term values for these states cannot be 

given explicitly. Transitions involving such perturbed states 

give rise to bands with anomalous frequencies and anomalous 

intensities. 

3. 5 Selection Rules· for Vibrationa·l spec·t·ra 

i) Infrared Spectra: 

Selection.rules for electric dipole transitions between 

vibrational sta.tes of triatomic molecules are well knotr~n68 and 

will not be re-established here. These rules are obtained from 
I 

the symmetry species of the two vibrational states (given in 

section 3.2) involved in the transition, and those of the dipole 

moment operator if (given in the character tables of Appendix A), 

by use of expression (1.15}, and with the aid of direct product 

table of Appendix (B r • Selection rules for vibrational transiJcions 

in triatomic molecules are summarized in Table 3-l. 

Some basic notations and definitions will be given here 
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for subsequent use. Each vibrational state of a linear mole-

~ ( . l cule will be denoted by v1 , v 2 , v
3

) where v1 , v2 and v3 are 

the vibrational quantum·numbers. and lis the vibrational an­

gular momentum quantum number. The ground state is there-

fore represented by (0, 0°,0). Each band due to transition from 

(D, 0°, 0) to any one of the states (1 0° 0), (0 11 0), 

.CO 0° 1) is called a fundamental; to any one of the states (111 0° 0) 

(O rr.t,O,~ ··ar· tO Q0 P) where n, m or p is greater than 1 is called 

an overtone; and to any other state is called a combination band. 

If the initial state is not the ground state, then the ob-

served frequency corresponding to the transition is called a 

'hot• band. For bent molecules, the same notation and defini­

tions apply with one exception; in the~e molecules, l is not de-
l fined and is therefore dropped from (VI, v 2 , v3). 

For a linear XCX molecule, if the transition moment given 

by~ (1.44) is nonzero for that component· Pg which. is ~arallel 

to the molecular axis, the resulting transition is called a 

pa:e-allel transition; if the transition moment is nonzero for 

components p~rpendicular to this axis, the res~lti!lg transi­

tion is called a perpendicular transition. 

ii) Haman Spe·ct·r·a: 

Raman spectra may be observed. when a molecule scatters 

incident radiation. Selection rules for transitions between 

vibrational states are also determined by the· transition mo­

ment integral given by (1.27). However for Raman transitions, 

the·operator Jt· in this integral is not an electric dipole mo-
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men·t operator. Placzek and Teller69 showed that the correct 

operator to be used is a 'polarizability' tensor[a] The 

transition'moment therefore reads as 

R ·' ~~' = vv 

. ' n 

(3.17) 

[a]. is a 3 · x 3 syrnrnetric matrix with elements c1xx, dyy, O:zz, 

d.xy, d.yz and dxz. The matrix relates the elec"'cric field vector 

·-t· of the incident radiation to a vector {t, wh.:i ch ~epresents 
the dipole moment induced in the molecule. In matrix nota­

tion, [a] is defined by 

= [(t] 

Selection rules may be determined as before by the 

use of expression {1.15) from the symmetry species of If;,> r 
i'f)and _those of [d)_ given in the character table of Appendix ~ .... 

v 
The method of determination will not be given here since selec-

tion rules for Raman transitions in triatomic molecules are 

well known. These rules along with those for infrared transi-

tions are stunmarized in Table 311. 

An experimental quantity, available in the study of 

Raman spectra, is· the depolarization ratio f'1 .. It is defined 

as the ratio of the scattered intensity which is polariz~d 

perpendicular to the plane of polarization of the incident 

radiation to the intensity parallel to the same plane. When 

plane polari~ed radiation is used for scattering and intensi­

ties are measured in a direction perpendicular to this plane 
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Table 3 - 1 

SUMMARY OF SELECTION RULES FOR VIBRATIONAL TRANSITIONS 

)' FROM THE GROUND STATE ( 
1 LJ OR ( 1 A1) OF xcx MOLECULES 

LINEAR# 

SPECIES OF SELECTION 

t1~>1't> 
and 

BAND TYPE 

Infrared 

o:+ g a::.+ g F 

7Tu wg+ A,l 

o-u+ og+ A f I. 
8g O""g+ F 

7Tu 7Tu. F 

·o'g 7Tu Al 

~g 1ru A II 
7T_ 

u ·8 g Al 

A. allowed transition 

parallel band 

p polarized band 

RULE 

Raman 

A.P 

F 

F 

A.d 

A.d 

F 

F 

F 

BENT 

SPECIES OF .. SELECTION RULE 

It;,> l't > and 
BAND TYPE 

Infrared Raman 

Al Al I A,.ll. A,P · 

B2 Al A, A,d · 

F. forbidden transition 

l perpendicular band 

d depolarized band 

i Ref. to 68, pp. 271, 274, for a more detailed listing 
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(IJ l and parallel to this plane {Ill ) , P1 is given by 

This ratio can be sho\vn to be 3/4 for nontotally synunetric 

Raman active vibration when plane polarized radiation is used 

for excitation. For totally symmetric vibrations the ratio 

lies between 0 and 3/4. 

As a corollary of selection.rules (given in Table 3-1) 

for vibrational transitions in linear XCX molecules, the follow-· 

ing rule is obtained. For a molecule with a centre of symmetry, 

transitions that are allowed in the infrared spectrum are for-

bidden in the Raman spectrum, and conversely, transitions that 

are allowed in the Raman spectrum are forbidden in the infrared. 

This rule is called the mutual exclusion rule and applies to 

all molecules with a centre of symmetry. 

3. 6 · Rotational Structure of rrifrared .. Bands.:. ~ 

The rotational eigenfunctions and eigenvalues of a lin­

ear XCX molecule are similar to those of homonuclear diatomic 

molecule and have been described in standard texts7°. The fol-

lowing is a condensation of such material for future use. 

The term values (or energy levels) Fv(J) of·rotational 

states of a linear molecule are given by. 

(3.20} 
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where J is. the rotational quantum number, l is the vibrational 

angular momentum quantum.number. Bv is the rotational constant 

in the vth vibrational level and Dv is a constant which represents 

the effect of centrifugal stretchi~g. 

In a first approximation, the total ene~gy T of vibra­

tion and rotation of the molecule is_ given by . 

Substitution of (3.20) and (3.16) in (3.21) gives 

3 
d . 

T = LCA{,. '"k + '~> + -~j 
dk- d 12 

xk"j (vi(~+ "2)_ (vj + 4zl + g' 

+ BvfJ(J + 1) - l~J Dv~J(J + 1) -·[2]2 (3.22) 

Here, all the symbols have the same significance ·as before. · · 

B~, the rotational constant,is different for different vibra­

tional levels due to interaction of rotation with vibration. 

The relationship between Bv and Vi is given by 

Here G(. is a constant and is small compared to B •. 
.k 

(3.23) 

Be is the 

value of B at the equilibrium position of the nuclei and is 

related to the equilibrium internuclear distance r in the 
ex 

following way. 

h 27.9889 x·lo-40 
-1 

. Be = = in em 

87(2 <C IB IB ( 3 .• 24) 
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where IB, the moment of inertia, is given by 

3 

IB = 2: m. r 2 = 2 m ex 2 (3. 25) 
i i X 

i 
m is the mass of the X atom in a m.u. 

X 

Selection rules are determined by the transition moment 
-~ 1 1 n n • 
Rv·k v R . g1ven by (1.43) 

-> 
'R ' ' " . "· · -v R ·v R =2: g <'\P~ t Pg I 'l£v> <~~ I eFg r '-f'' R) 

{3. 26) 

The first factor in (3.26) has been dealt with in section (3.5). 

The second factor gives the matrix elements of the direction 

cosines (9Fg between molecule fixed axes (g) and space fixed 

axes (F); and determines selection rules for transition from 

rotational states of one vibrational state to the rotational 

states of the other. The method of obt·aining these selection 

rules from the matrix elements have been described by Allen and 

Crossl9. Selection rules so obtained for ~ linear molecule, 

are given below. 

a) For parallel transitions 

b) For perpendicular bands 

6,_J=!:l 

b.J = 0, :. 1 

/iJ=O,+l 

(3.27a) 

{3.27b) 
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The_method of obtaini~g the relative values of the transition 

probabilityln';_,R" 12 i.e. the so called line strengths AlJ between 

states of different quantum numbers l and J, are also given in 

the same reference above19 • For a linear molecule, which is a 

synunetric top molecule with IA = 0 and IB = Ic (and for sym­

metric top molecules) expression for AlJ are called HBnl -
J 

London formulae. These formulae are tabulated in Appendix C. 

Frequencies (expressed in cm-1) correspondi~g to transi­

tio~s between rotational states are given by 

CT= F I (J' ' l I ) - F" (J fl ' llf) (3.28) 

If equation (3.20) and selection rules (3.27) are substituted 

in (3. 27), three types of expressions for (j result, and are 

given by 

p' (J-1, l ') fl l II) I II (B~ - B")J2 P(J) = - F (J' = 0: - (Bv + Bv)J + 
0 ·V 

Q (J) ' . l I ) F"(J, l If) o-0 I 
B;) (Bv - B;)J2 a F {J, - = + (B - J + v 

F' (J + 1, l'> - F" (J I lll> CTo + ' I II 
R(J) = = 2Bv-+ (3Bv - Bv)J + 

(B~ - B~) J2 (3.29) 

Terms due to D in (3.20) have been neglected in the substitution~ 

Cb is called the band origin. The selection rule in l gives 

a constant term and has been included in tr0 • The double degen­

eracy in l (section 3.4J has been assumed to persist. Observed 

frequencies corresponding to P(J), Q(J) and R(J} are called 

P,Q and R branches respectively. 
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From the selection rules in Table 3-:-1, _we note that the 

(0 0° 1) <- (0 0 0) transition corres·pondi!lg to the fundamental 

is a parallel transition in the infrared spectrum. Therefore 

selection rules for rotational transitions are A ·l = 0 , ~ .. , 

and~J = + 1. This fundamental should have P and R branches 

only. Fo~ vibrational states of the same electronic state; B~ 

and B~ are usually nearly equal. It can then be shown71 that 

in the spectrmn, these branches have to two intensity maxima 

(which look like 'wings' on either side ofcr0 • The (0 t· 0)+-

(0 oo· 0) fundamental is a perpendicular transition. Therefore 

the selection rules are A't = ± 1 · A J = O, :1= 1. All t.hree 

branches occur in this case. It can be shown that the Q branch 

is the most intense branch. The frequencies of the Q branch 

are all nearly equal and the spectra lines corresponding to these 

frequencies lie almost on top of another since B~""B;. Therefore 

the band appears to have a single intense maximun (which looks 

like a spike when unresolved) • 

3.7 Isotope Effect 

Since isotopic atoms have the same ·electronic struc-

ture, substitution of an atom by its isotope in a molecule does 

not alter th~ potential function under which the nuclei move.71 

However,_ nuclei of isotopic atoms have different masses. There-

fore the vibrational frequenci~s wk which are mass dependent, are 

altered. 



A theorem of fundamental importance in studyi~g the 

alteration of vibrational frequencie~ of a molecule, by iso­

topic substitution, has been. given by Teller and Redlich73. 

This theorem relates the vibrational frequencies of two iso-

topic molecules in ter.ms of masses of the constituent atoms, 

and the moments of inertia. For·a symmetric triatomic mole-

cule XCX, the ratio of frequencies between pairs of isotop~c 

molecules such as XCX and xicxi; or XCX and xcix; or xcx and 

xicixi derived from Teller and Redlich relationship is given by 

= (-~) mcmx { i. 2 i sin2 :) p; me-r mx 
= ·m1mi 

\me+ 2m~ sin2 
w3 C X (3.30) 

2 ( wiwi) (2m~ + mi) (m2 m(!) p = ... 1 2 = C X 
{2mx + me> (m~: .. 2 m1) 

- 12 wlw2 c .(3.31) 

whereGU1 ,u;2 ,U)3 are the zero order frequencies. mx and me 

are the masses of X and C atoms respectively. The super-

script i stands for one of the two isotopic molecules and 

2 (J:. is the angle between XCX bonds. These expressions are 

expected to hold approximately if observed frequencies of 

fundamentals are used, instead ofU)k. 

For linear XCX molecules, the bond angle 2 CL= 180Q. 

With this ·value (3.30) reduces to 

f.' ~fJi=m~ 
1 1 m1 

X 

( 3. 32) 
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If only one of the X atoms in an XCX molecule is replaced 

by an-isotope, these relations do not hold. The exact rela-

tionships between frequenciesWi for such an unsyrnmetric substi-

tution have been given by Rosenthal (see reference 74.)_ • How­

ever, provided that the mass difference 6 rr X= mxi-mX i~ ;s_m~:ll 

compared to mx, the isotope shiftsAWk ='wk-Wkfor XC~ and xcxi 

molecules is approximately given by half the shift for XCX.and 

xicxi molecules. 

a) Observations and results: 

Wentink23 obtained the infrared spectrUm of c~e2 both 

in the gas and liquid phases in the 4000 - 400 cm-1 region with 

a Perkin'Elmer ~odel 21) spectrophotometer. He also obtained 

the Raman spectrum of CSe2 in the liquid phase with the 5461A 

spectral line of Hg as the exciting radiation. Two experimental 
J 

limitations in his work were: 1) the infrared spectro­

photometer used could not record infrared spectra below 400 cm-1. 

Therefore bands
1
predicted (by Wentink) to occur in the region 

below 400 cm-1 were not experimenta-lly observed. 2) It was 
' 

found by Wentink23 that samples of CSe2 decomposed when ir-

radiated with radiation from a mercury lamp. Therefore, the 

scattered radiation from these samples could not be photo-

graphically recorded over long periods in order to observe weak 

bands. 

In the present work, the first limitation was overcome 

~y the use of Perkin-Elmer model 521 and model 301 spectra-
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photometers, by which the infrared spectrum of CSe2 could be 

examined in the wider 4000 - 90 c:ffi-1 range. The second limi­

tation was overcome by obtaining the.Raman spectrum with a 

laser Raman spectrophotometer, described in section 2.4. 

Rela·tively short periods of time \'lere required to record spectra· 

on this instrument and decomposition of samples was·not ob­

served during these periods. Observation of bands below 

400 cm- 1 in the infrared spectrum, and observqtion of a mere 

complete Rarnan spectrum in this work~therefore represent extens­

ions of lV'entink' s observations. Furthermore, the spectra_ of the 

78-78 and 80-80 isotopic molecules we~e also obtained in addi­

tion to the spectra of the N-N molecule. 

Since CH2Cl2 is alvlays present as an impurity in CSe2, 

all observed spectra have bands due to the former molecule. 

CH2c12 forms a constant boili~g mixture with CSe2 and could not 

be removed from CSe2 by simple fractional distillation. Wentink 

surmounted this difficulty by distilling CSe2 (N-N) solution in 

CH2c1 2, with CS2; by this p~·ocedure CH2c12 was completely replaced 

by cs2 as a solvent for cse2 . Then he compared the spectrum 

of cse2 in CH2c12 , with the spectrum of cse2 in CS2 in order. to 

distinguish bands of CSe2 from those of either of CH2c12 or cs2. 

This procedure could not be adopted for mg quantities of the 

80-80 and 78-78 compound. 

In this work, the infrared and Raman spectra of 80-80, · 

78-78 and N-N molecules were compared ~vi th those of CH2c12 , 
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CHC_l3, _ccl 4 and H2o molecules. By .such !3- comparison, bands of 

the former. could be disti~guished f.rom those of .the latter 

molecules. In the first column of Table 3-2, the infrared 

and Raman bands of cse2 t,.hich were observed in the work a.re list­

ed in order of decreasing wavenumbers (cm-1) and the phase in 

which the band was obtained is shown in parenthesis. In the 

third column, symbols are given to indicate the method {infra­

red or Raman) by which the band was observed, the relative 

intensities among these bands, and whether a band was polari-

zed or not in the Raman spectrum. Symbols used are explained 

at the bottom of the same table. In the second column of this 

tabl.e the wavenumbers given by Wentink for these bands are 

given. 

In the infrared spectrum, two_stro~g bands are ob-. 

served. One at 1303 em-~', which has two intensity maxima on 

either side of a central minimum, is the stro!lgest band in· 

the spectrum; the separation between the two maxima is 6.5 ± 

0.5 
-1. 

em .• 
-1 The other band at 313 em , which has only one 

intensity maximum, is the next strongest band. These two bands 

are shown in Fig. 3.2. Other weak bands are observed at 1666, 

1260, 940 and 667 cm- 1 • The band at 940 cm-1 seems to be simi-
-

lar in appearance to the 1303 em-1 band. The remaining three 

bands are much weaker and are· almost overlapped by bands due to 

either CH2c1 2 or H2o. A strong band was observed at 794 cm-l 

in the spectrum of the N-N molecule and not in those of 80-80 

or 78-78. This band was also observed by Wentink who attribu-



Table 3 - 2 

INFRARED AND RAMAN BANDS OF CARBON DISELENIDE 

Observed Bands Upper State Lower State 
... 

{~m-1) 
. 

vl v21 VJ V1 V21 VJ 
Molecule 

This work Wentink Species Species 

1666(g)~ 1666 It vw** 1 oo 1 O""u+ 0 0° 0 o-g-+ 
1 

1606 (1) n.o. R. vvw 0 1 1 rr:. g 0 0° 0 O""g+ 

1303(g) 1303 !. vs. 0 oo 1 ou+ e oo 0 CTg+ 

940(g) 930 I. w. ·0 oo 1 o:·+ u 1 0° 0 a-g+ 

667(g) 673 I vw. 1 11 0 Tru 0 0° 0 CTg+ 

667.(1) n.o. R. vw · 0 33 0 '¢u 0 11 0 7Tu 

647 (1) n.o, R. vw 0 22 0 8g 0 0° 0 U'g+ 

636 (1.) n.o. R •. VVW 0 31 0 7Tu 0 11 0 7Tu 

631(1) n.o. R. vvw 0 20 0 CTg+ 0 0° 0 o-g+ 

369(1) n.o. R.s.pol 1 oo 0 CJg+ 0 0° 0 ag+ 78-78 

364 (1) 366 R.s.pol 1 oo 0 a-·g+ 0 0° 0 CTg+ N-N 
0'\ 
CX) . 

J 



364(1) 

313(g) 

n.o. 

n.o. 

* -1 1260 em I.vw. 

-1 
795 em R.vvw. 

** v.s. very strong 

Table 3 - 2 (continued) 

R.s.po1 

I.s 

1 0° 0 

0 ~ 0 

O""g+ 

7Tu 

0 0°' 0 

0 0 0 

CTg+ 

erg+ 

Unassigned. Observed by Wentink at 1253 cm-1 and 
Assigned to (0 ~ 1)+--(0 0°0) of c13se2 . 

Unassigned 

s. strong Ttl. weak vw. 

vvw. very very weak 

T Infrared band 

1 liquid phase 

R. 

g. 

Raman band n.o. Not observed. 

gas phase. 

80-80 

very \veak 

0'\ 
\,0 
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N-N 8 0- 8·0 

~-----6_·_5 __ cm_,_-r ___ ~ · 

a . 3 r 3 cm-- 1 b. 1 3 o 3 cm1 

Vapour pnase 
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2 

FIGURE 3. 2 
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ted it to some unknown volatile impurity. We found that the 

stro~1gest infrared band of CC1 4 vapour occurs at 794 em -1 

and that the shape of this band and .the band in the N-N spec-

trtim are comparable. This 794 cm-l band was therefore as-

signed to the CCl4 molecule. Since in the spectra of 80-80 

and 78-78.molecules, a band is not observed at 794 cm-1 , it 

was concluded that the band is not due to CSe2. This differ­

ence between the spectra of N-N and the other two isotopic mole­

cules is probably due to the difference in the procedure 

adopted for their synthesis. Comparison of infrared spectra 

of 80-80 and 78-78 molecules does not indicate any measurable 

isotopic shifts. 

The Raman spectrum of cse2 (N-N) which ~las concentrated 

by fractional distillation is shown in Fig. 3.3A~ The Raman 

spectrum of CH 2c12 is also shown in Fig. 3. 3B. Apar·t from the 

bands of CH2c12 , only one strong band is observed in the spectrum. 

This band occurs at 364 cm-1 for N-N, at 364 crn-1 for the so~so 

and at 369 cm-1 for the 78-78 molecules. The difference in 

wavenmnbers between these two bands of 80-80 and 78-78 is 5 cm-1 

and represents the isotopic shift.6 a-=wBo -w7B. It was 

£ou~d that these bands at 364 and 369 cm-1 are reduced in in-

tensity almost completely, when an analyser is placed in the 

Raman scattered beam with its·optical axis oriented perpendicu-

lar to·the plane of polarization of the incident beam. Wentink 

not only observed a Raman band of the N-N molecules at 366 cm-1 

but also another band at 300 cm-1. No band is observed in this 
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work at this latter frequency. But an intense band of cH2c1 2 

is however observed at 281 cm-l Since CH2cl2 is always 

present as an impurity in cse2 , it is possible that Wentink 

misconstrued this band at 281 cm-1 as a cse 2 band. In addi­

tion to the band at 364 cm-1 , a few previously unreported 

weak bands at 795, 667, 647, 636 and 631 cm- 1 observed in 

this work, are listed in Table 3-2. 

b) Interpretation and Discussion 

It is inferred from Table 3-2 that bands which occur 

in the infrared spectrum do not occur in the Raman spectrum 

and vice-versa (except for one very weak band at 667 cm- 1 , 

see paragraph 3). The mutual exclusion rule, mentioned in 

section 3.5, therefore applies in the present case. The mole-

cule must therefore have a centre of symmetry and this require-

ment is fulfilled only if the XCX molecule is linear and 

not bent. 

Three fundamentals are expected in the spectrum of an 

XCX molecule; two of them should be active in the infrared 

spectrum and one in the Raman (Taple 3.1). The strong infra­

red bands observed at 1303 cm-l and 313 cm-l were assigned as 

the two infrared active fundamentals.· The former has two 

intensity maxima on either side of a single minimum. Such a 

shape is expected for a parallel band of a linear molecule 

·(section 3.7). This band at 1303 cm-l was assigned to the crt 
asymmetric stretching fundamental i.e. to the parallel (0 Q9 1)<­

(0 0° 0) transition. The second band at 313 cm~1 has a single 

maximum, as expected for a perpendicular transition in a linear 
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molecule (sec. 3.6). This band was assigned to the 7Tu bend-

ing fundamental i.e. to the perpendicular (0 r- 0)~-(0 0 0) 

transition. The intense Raman active band at 364 cm-1 is strong-

ly polarized with a depolarization ratio R (314. 
t -

This value is 

much lower than the value of 3/4 expected for a nontotally sym­

metric fundamental. This band at 364 cm-l was ass~gned to the 

cr~ symmetric stretching fundamental i.e. to the (1 oo· 0)~ (0 0° 0) 

transition. 

Weaker bands observed in the Raman spectra for the 

first time, could be assigned as the overtones and hot bands 

in the 7Tu bending vibration. The band at 631 cm-1 was at-

tributed to the (0 20 0) ~·.{0 oo 0) transition and the band 

at 647 cm-1 to the (0 22 0)'---(0 0° 0) transitions. The bands 

at 636 cm-1 and 667 cm-1 were attributed to the · (0 31 O) <:-6---

(O 11 0) and (0 33 0) ""'""-- (0 1l 0) transitions respectively. A 

very weak band observed at 795 cm-1 was not assigned; it could 

be due to an impurity. A very weak band at 1606 cm-1 was as­

signed to (0 11 i> ~ {0 0° 0). In the infrared spectrum, 

two weak bands were observed at 1666 cm-1 and 667 cm-1. These 

were assigned as combination bands and attributed to· (1 0° 1)-+-­

{0 0° 0) and (1 11 0) ~ (0 0° 0) transitions respectively. 

It may be noted._that the occurence of a band at 667 cm-1 in 

both the infrared and Raman spectra is explained without viola-

tion of the mutual exclusion rule since it is assigned to 

different transitions. The infrared band at 940 cm-1 is simi­

lar in shape to the 1303 cm-1 and was attributed to the par~llel 

transition, (0 0° 1) ~ (1 0°0). A weak band occurs at 1260 cm-l 
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in the infrared and will be discu,ssed later. In Table 3-2 

the quantum numbers and symmetry species of the final and 

the initial states are given. 

All the above assignments could be made. on the as­

sumption that the XCX molecule is linear. If the molecule were 

bent, all bands must be active both in the infrared and Raman· 

. spectra (Table 3-1) and this activity is not observed. Wentink 

observed additional bands in the liquid phase spectra also. 

These bands were also assigned by him on the basis that the 

molecule is linear. We therefore conclude that on the basis of 

the current experimental evidence that cse2 molecule is linear. 

This conclusion is in accordance with the observation of other 

workers that other molecules of the XCY group are also linear. 

An isotopic shift of 5 cm~ 1 was observed in thecr; 

fundamental. It is possible to verify by calculation whether 

the shift is of the right order of magnitude from the reduced 

Teller-Redlich expression (3.32). ForUJ
1 

= 364 cm-1 , DSe = 80 

and m =:-: 12, we get c 

W 78 w 80 
1 = 1 X m 80;m 78 = 368.6 cm-l 

Se Re 
(3.33) 

ThereforeJ1W=W78 -w 80 = 4.6 cm-1 .~ 5 cm-1 
1 1" 1 

It is seen that 

there is good agreement between the observed and calculated 

isotopic shifts. A similar calculation for theV2 <7Tu> and 

fl3 <a-~> fundamentals sho\vS that there should be veJ:y· l~thtl:e: , 
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isotopic shifts for these fundamentals. The weak band ob­

served at 1260 cm-l was interpreted by Wentink as the V 3(()~) 

fundamental of the c13se2 molecule. Substitution ofUJ 3 (c12se2) 
-1 . i · = 1303 em , m _,=12, m. = 13 .· and mse = 80 in equa-

'e c 
tion (3.32) givesW3 (cl3se2 ) = 1255 cm- 1 • This calculated 

value is in reasonable agreement with the observed value of 

1260 cm-1. But the observed intensity ratio of ~· (clise2) : 
. .. ?3 

~ . 2 
. Yj(cl. Se2) = 0. 05 is,. five times· larger,~·tban the·:;mo.Iecular ratio 

of c13se2 : c12se2.. = 0. 01 calculate{)~. from isotopic a~undances. 

This latter ratio is the expected intensity ratiq for the iso-

topic bands. Therefore, even though there is agreement in 

wavenumbers, there is no agreement in intensities. Wentink has 

indicated that Plyler and Humphreys 7 5 observed the 11 3 ( c13s.~::-.) 

band in the infrared spectrum and has quoted this observation 

in support of the assignment of the 1260 cm-l_band. Our conclu-

sian is that more experimental evidence is needed to ·establish 

that the 1260 cm-1 band is an isotopic band. However, this band 

cannot be accounted for .in any other way. The present ob­

servations on the fundamentals of 80-80 and 78~78 are given(in cm-1) 

below,· in comparison with those of Wentink on the N-N molecules~ 

Wentink This work Shift 

c 12se 2 cl3se2 80-80 78-78 obs calc 

1 368 364 369 5 4.6 

2 not observed· 313 313 0 . 0 

3 1303 1260 1303 1303 0 0 
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From the separation of the P and R branch maxima in 

the 1303 cm-1 band an approximate·value of B was calculated 

with the formula7 6 

R P =J·akTB 
a-M -(}'" M he (3.34) 

Where T = Temperature in °K, the value ofcr~ -cr~ was 6.5 ~ 

0.5 cm-1 as measured from the band maxima. At a temperature 

of 300°C, the B value was found to be 0.025± 0.008 cm-1. An 

alternative way of calculating B1 is from the expressions for 

the moment of Inertia IB (equation 3.24) and B (equation 3.25) 

which are given below 

h' 

0 

With ~Se = 80 and rcse = 1.711 A (Table 1-1), it was found that 

B = 0.0360 cm-1 • The agreement between the two values of 13 

is not satisfactory. This disagreement could arise from two 

causes. Firstly, the formula forB values given by equation 

(3.34) is only approximate and in addition, there is some error 

in locating the exact positions of the P arid R maxima (Fig. 3.2). 
0 

Secondly, the value rcse = 1.711 A quoted by Wen~ink is not 

an experimental value; it was transferred from the correspond-

ing value in the ocse molecule. This transference of the 

rcse value may not be justified. We have ~o way of finding the 

exact value for B; it could not be determined from an analysis.of 

the rotational structure of the 1303 cm-l band. The rotational lines 
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't'lere not resolved by the spe?·troohotom~t.r;;r us,ed in this worl<. · 

In order to find a better value of." B, the contour of t.he band 

at 1303 cm-1 was calculated. A band' contour program written for 

a 7o4·o IBM computer was used for this purpose (see section 5. 6). 

It was found that the band contour was. not sufficiently sen-

sitive to· changes in the B value and good fits could be obtained 

for B values in the 0.025 - 0.030 cm-1 range. From the value of 

B = 0.025 cm-1 , we find that rcse = 0 
2.05 A. 

From the datn in Table 3~2, force constants and an-

harmonicity constants were calculated. ·Results of these calcu-

lations are given in Table 3-3. 

\ 



A. 

B. 

c. 
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+ 

Table 3 - 3 · 

GROUND STATES CONSTANTS IN CARBON DISELENIDE 

Fundamentals: 

w 1 ((Y+) = 364 + 3 cm-1 
g· 

uJ 2 (1/u) = 313 + 1 cm-1 

w 3 cou+> =1303 + 1 cm-1 -

Force Constants (units - Io-5 * X dynes/em) 

This Work 

Stretching force constant k1 = 5.91 

"kct · Bending force constant -"- = 
rl22 

··n .161 

Stretch-stretch. interaction 

constant kl2 = Q.33 

Anharmonicity Constants+ x22 = 1 ~ 

g = 4 + 

Calculated from equation (0.3) in Appendix for 

the values ofUJ1 ,UJ 2 andUJ3 above 

Went ink 

0-.158 

0.36 

0.5 cm-l 

1.5 ClJl-1 

78. 

·Calculated from Raman bands in Table 3-2 and equation (5.3) 

x12 and x23 were assumed to be zero. 



CHAPTER 4 

ELECTRONIC ABSORPTION SPECTRA OF LINEAR XCX MOLECULES: 

4 .1 . E·le·c·tr·on ·conf"igur·a·ti·o·n·s· ·a·nd ·the· Gro·u·nd st·a·te 

Exact solutions)~e(q,Q~)), for the electronic part of 

the time independent Sch1'::0dinger equations H~l'¥~= Ee ·j '}e) 

are obtained only for very simple molecules such as H~. For 

other molecules, approximate solutions are usually obtained. 

One method of successive approximation by which these latter 

solutions are determined is called the variational method.7 9 

In this method, a trial wavefunction J~e)which is an approxi­

mation to some f'i' :>is- constructed from a set of known basis 

functions J ~i>· A particularly important form of the trial 

wavefunction is the linear combination given by 

(4 .1) 

Where M is the number of basi's functions used and the Ci are 

constants. The eigenvalue corresponding to J<i'e)is then calcu­

lated by the relation 

(~IHel ~e) 
(q;e I g>e) 

E qe will be, in general, higher than Ee, the exact value80 • 
~ 

Therefore ~e .is improv~d sucqessively by-: varying the parameters 

ci until the:energy E~ is as close 

e 

79. 
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to Ee as possible. The variational method is usually applied 

to calculate.ground statejPe) 

Each member I ~1)of the basis set is usually expressed 

in terms (as described below) of si!lgle electron wavefunctions 

c/>is, called molecular orbitals (MO';;.). These wavefunctions 

are obtained by assuming that each electron in a_molecule can 

be .assigned a wavefunction Gbi which is a function of the-co­

ordinates (xi, Yi 1 Zi) of that electron only and has correspond­

ing brbital energy e1 . For each electron moving in the field 

of the (fixed) .nuclei and the field of all the other electrons, 

the wave equation is given by81 

2m ··( + .fl--r- E_.·. 
. _·. ~ 

Here, Vni is the potential produced b~l the nuclei on the ith 

electron and Vik is the potential produced by electron k on 

electron i and€1 is the orbital energy, A general solution 
. . 

of this single electron wave equation is not available and 

therefor.e; an approximate s.olution must be used for each ¢i. 

If each electron is also assigned a spin function t;l- 0~.:... ({3 ;the 

product function i a. on ~{J is called a (molecular) spin or­

bital. Each~)is now expressed as an antisymmetric product 

function of the spin orbitals of eve~y electron. The form of 

the product function is expressible as a Slater determin-

ant82 with spin-orbitals as elements so that the Pauli principle 

can be satisfied. 
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If each elec·i:ron in the molecule is ass~gned to a 

mol·ecular· orbitalc/Ji, then a conf~:gura.tion is said to be 

defined for the system. As a variety of ~P's s are available 

for each electron, different electron configurations for the 

molecule can be defined. Among all .the·se conf~gurations 

that, for-which the molecule has the lowest energy, is the 

ground state configuration. Any other configuration is c~lled 

an excited state configuration. A given electron configuration 

may generate one or more electronic states 9?e· In this work, 
\ 

the symmetry properties of MO '~s .' and of the electronic states 

resulting from different electron configurations will be exa-

mined and used to determine selection rules for transitions 

between their states. 

For a linear molecule, the single electron functions 

c/Ji s are of the· form81 

(4. 3) 

where Z i, Pi, l\> i are cylindrical coordinates of the i th elec­

trons and Ri is a radial function in Zi and Pi, Ai is a 

quantum number representing the angular momentum in units of ~, 

along the internuclear axis. Each MO ~i transforms as 

one of the irreducible representations of a C'oo h or D'ooh point 

groups, according to whether the molecule has not, or has a 

centre Of Symmetry and iS designated by the symbOlS o-, 7T 1 

8, ..... etc .• '~epending upon the value of 1\t = 0, 1, 2 ••. etc. 
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As a linear XCX molecule belo!lgs to the D ot)h point. group, each 

M 0 can be further clas.sified as a symmetric _(g) or antisym­

metrl.c (u) with respect to inversion of the \-vavefunctions cp_ 
at the coordinate centre of synunetry in the moleculeo 

For a bent cx2 molec~le, no si~ple form ofcpi is known, 

as in linear molecules. However, it can be shown that each 

Mo can be constructed to transform as an irreducible represen-

tation of the c2v.·point_ grqup. 

In general, each si!lgle electron wave function cp i may 

be approximated by a linear combination of atomic orbitals83
1 

(LCAO} centred on each of· the constituent atoms of the mole-

cule. The LCAO/MO is written as 

La ip X·. 
p (4.4) 

Here p is a summation index over_ the number of atomic orbitals 
I 

(Aps) chosen and aip are unknown coefficients to be determined. 

For-mathematical simplification83, instead of atomic orbitals, 

'symmetry' orbitals may be used in formingcpi. Each symmetry 
- -

orbital is itself constructed as a linear combination of lO's 

centred on equivalent (for definition, refer _to 6) nuclei; it 

transforms as an irreducible representation of the molecular 
I 

point group. Then, each set of MOs is formed as a linear combina-

tion o~ those symmetry orbitals which have the same transforma­

tion propert~esunder the group operations. The coefficients 

{aipl 2 determine the proportion of each AO in each MO . , and 
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may themselves be determined by a variational methode 

There are 22 electrons in th~ C02 molecule; 6 are from 

the (13c)2 (2.SC) 2 (2pc) 2 a·tomic orbital config-uration of the 

4 
carbon atom and 8 each from the -(1SC")) 2 {2S ) 2 (2p) configura-

0 . 0 

tions of the oxygen a·toms o If ·the 6 K shell ('s ) electrons 

are neglected we are left with 16 electrons in the molecule .. 

From the A.O' s on ·the c a·toms and the pair of equivalent o atoms, 

symme"cry orbi·tals can be buil-'c.. Fig .. 4., 1, schema·tically illus­

t 
trates the HO s of the C02 molecule and "che symrnetry orbitals 

fron1 which the MO' s- were formed., Each orbi ta.l is represented 

by a horizontal line.. On ·the righ·t .. the species of symmetry 

orbitals and the linear combina·tion of AO "s used are g·iven for 

the oxygen atoms. On the left, the symmetry orbitals and the 

AO's of the carbon atom are giveno Lines are drawn to indi-

cate the type of symmetry orbi·tals ·tha·t con"cribute mos·t in 

forming each molecular orbitalc 

The relative ordering of -'che energies &,. for the C02 
~-

NO! s · have been calculated by Mulligan (1951) v \vho also obtained 

the coefficients aip determining the proportion of the com-

ponen·t P.D 1 s in each IY10 . His da·ta is presented in Table 4-1 o 

The symbols B, b, N, a 1 A in that table respec·tively mean 

strongly bonding, weakly bonding, nonbonding, weakly antibond-

ing and strongly antibonding, following the notation used by 

Mulliken {1958) 0 The same symbols have been used ·to label the 

I'-1.') 1 s of Fig., 4-1., V.7e note from Jche figure tha·t the bonding-

(B) BJ' s are lo\;Jer in energ-y then either of ·the symme·try orbitals 
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c .... c-... O··C··O 

MOLECULAR ORBITALS (S-CHEMATIC) 

,._ FIG U R E 4 .I 
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from which the MO' s 3.re formed whereas .. the correspondi~g 

antibondi:ng . (A) MO' s are h~gl_1er· in ene~gy with respect to 

their symmetry orbitals. For nonbondi:ng (N) Mo'·s no relative 

ene~gy change is indicated. 
. . 

The occupation of the lowest ene?=gy · .'MO' s by the 16 

electrons of C02 are also shown schematically in the centre of 

Fig. 4.1. Each nondegenerate (0'") orbital is doubly occupied 

by electrons of opposite spins whereas each twofold degenerate 

af)orbital is occupied by four electrons. The_ ground state 

configuration of C02 is therefore_ given by 

(JCTgl 2 (2CYu> 2 (4CTg) 2 (3CTu> 2 (11Tu> 4 (17Tg) 4 

(4. 5) 

Since all the ~O's are fully occupied, (4.5) represents a 

closed shell configuration. Only one electro~ic state can 

result from this configuration and this state transforms as 
__... + 

a totally symmetric representation, ~ . The ground state of 
~·~ ~ g 

co2 is thus denoted by X L 9 where X is the notati.on generally 

used to specify the ground state of molecules. 

If the inner closed AO configurations on the S atom 

(i.e. K, L shells) and on the Se. atom .(i.e. K, L & M shells) 

are neglected, both _these atoms have the same type of valence 

·(outer) shell configuration as an 0 atom. Hence it is reason-

able to assume initially that the molecular orbitals of CS2 

and CSe2 molecules are similar to those of C02 both in their 

symmetry behaviour and relative ordering of orbital energies. 
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Table 4-1 

MOLECULAR ORBI'I'ALS. OF CARBON DIOXIDE
0 

Mo# FORM0 0 ORBITAL ENEHGY 

Computed Observed * 
4 O"'u ' ' 0.85(s-s )+0.84(z+z )+1.55zc -4.8 2 A 

, ' I 

5 erg 0.55ts+s )-1.32sc+O.n4(z-z ) -3.1 2 A 

2 Tfu ' 2.5 5 0.57(x+x )-0.92xc A 

1 7Tg 2-l/2cx-x')/2-l/2cy-y') 11.5 13.73 N 

1 7Tu . ' 0.49(x+x )+0.53x0 ; .• (y+y')+ .. y 0 
18.8 17.30 B 

3 Clu 
I I 17.9 18.07 -0.64(s-s )+0.37(z+z )-0.65z

0 
a 

' ' 4 o-g -O.Sl(s+s )+0.40sc+0.46(z-z ) 19.4 19.38 a 

2 O""u 
I I . 

42.4 B 0.38{s-s )+O.ll(z+z )-O.Slz c 

3CJg f ' 0.48(s+s )+0.32s0 +0.21(z-z ) 44.9 B 

*· . Symbols A 1 a 1 N 1 b, B denote antibonding 1 slightly antibonding 1 

nonbond~ng, slightly bonding, and bonding respectively. 

# The lowest energy orbi·tal of each species is given the pre­

fixing number 1. The higher energy orbitals are successively 

0 

00 

numbered. 

Table adapted from MullikeJ? 

LCAO/SCF/MO's given by Mulligan90. 

r • 
s,s ,sc are the ~s orbitals of 0 1 0 ·and C 

xly,z; x',y',z'; xc,Yc,Zc are the Px,PyrPz orbitals of 

0,0' and c·respectively. 



The electron configurations '"di.th .lo:west energy ot C02 and 
. . . . 1 +-

cse2 should therefore be closed shells, giving rise to .'-2: · _ 
.. 1 + . . .g 

states·. For co2 and cs2 , an 2: grqund state has been estab-­
g., 

lished by analysis of their electronic absorption spectra8,37. 

In the excited state of a molecule in which one or · 

more electrons are promoted to higher energies, there is usually 

a rearrangement of electrons and nuclei with respect to their 

coordinates in the ground state. If, in this excited state, 

maximum stability (lowest energy) is achieved by a change in 

the nuclear confermation,·the molecule has a different shape 

and may belong to a different symmetry point group classification. 

For a symmetric triatomic molecule, there are two possible 

equilibrium conformations of the nuclei. In one of these con­

formations the molecule remains linear (D~h group) and in the 

oth~r, it is bent (C2~ grpup). 

An excited state configur-ation of the linear C02 mole­

cule may be obtained by promoting an electron from the. ground 

state configuration. . From Fig. 4·. 1 and Table 4-1, we see that 

the unoccupied orbitals of lowest energy are the 2 7Tu, 5 og 
and 4Gru· By promoting an electron from the 17Tg orbital to 

these orbitals, the following configurations and electronic 

states are obtain~d. 



Conf~guration 

............ ll 7!g> 3 (2 "iTu) 

•••••. • •••••• {1 7Tg) 3 (5 ':'g> 

~ ........... ll 7Tg) 3 ( 4 O""u) 

8R, 

Completely fil~ed orpitals can ~~ neglected in determini~g ·the 

symmetry of states aric;l. have ·therefore be~n omitted in (4. 6). 

The method of determining the symmetry of excited states from 

the above configurations are well known84 and wil~ not b~ repeated 

here. Alongside each conf~guration, the sx~etry species of 

states generated from each configuration are shown. 

If the molecule is bent in the excfted state, configura-

tions of electrons in MO's th~t transform as the irreducible 

~representations of the C2v point group, must be used to deter­

mine the resultant excited states. In order to build up such 

CC?nfigurations, the symmetry and ordering of these MO's must 

be known. This information is available for simple bent mole­

cules such as 03 {Fischer-Hjalmars
1

1958)85 and may be used 

qualitatively to obtain configurations for the bent co2 mole­

cule. Walsh86 showed that the MO's of a bent triatomic mole-

cule can be correlated with MO's corresponding to its linear 

conf,o'rmations, both by. symmetry and orbital energy. Quali·tative 
A 

curves of orbital energy versus bonding angle XCX obtained by 

him, have ~ong been in use. Peyerimhoff and Buenker87 obtained 

-
such curves for the N3 ion, on the basis of quantitative cal-

culations. These curves are presented in Fig. 4.2, and are-
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expected to apply qualitat.ively to .the isoelectronic C02 

molecule. The ordinate in Fig. 4~2. gives the orbital energy 
) 

in electron-volts and the abscissarepresents the bending 

angle· ~X in the 100°-180° range.. The extreme lef't corres­

ponds to the bent conformation of the molecule and the extreme 

right to ~ts linear conformation. From the figure, it is seen 

that each doubly degenerate (7T) orbital correlates with two 

nondegenerate orbitals of the bent molecule. 'hus, the 27Tu 

orbital correlates with the 6a1 and 2bl orbitals, the 17Tg 

with the 4b2 and la2 orbitals and the17Tu with the Sa1 and 

lb1 orbitals. In addition to.correlations by symmetry, we see 

·that there are changes in ene~gy for each correlating orbital 

as the bonding angle is varied adiabatically. For example, 

th~ 6al orbital decreases in orbital energy with increasing 
~ 

XCX angle, whereas the energies of .4al and lb1 orbitals in-

crease with it. 

From the figure, we see ~hat the drop in orbital energy 

for the 6?3-l orbital is going from lao·~ to 120° is about 4eV 

(see arrow A). A bent molecule with its valence shell electrons 

in the 6a1 orbital has therefore greater stability than a linear 

molecule with a 27Tu valence shell configuration. Another use 

of the diagr~m is to obtain excitation energies for electron 

promotion from one orb":i tal to another. For example, ·the energy 

required to promote one electron from the 17Tg orbital to the 

21T u orbital is of the order of· 14 eV (see arrow B in Fig. 4 .'2) 
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Promotion to a 5 C[g o1:·bi.tal requires an excitation energy of 

about 26 eV (arrow C) . Comparison ·of these numbers indicate 

that if transitions correspondi~g to both excita~ions are ob­

servable, then the lower energy transition should correspond 

to a ·27Tu ~ 17Tg electron promotion. As a result of this 

transition the equilibrium configuration of the molecule is 

expected to be bent since a further loweri~g in energy is 

achieved by the occupation of the 6a1 orbital (by the electron). 

The discussion above is based upon a Walsh type diagram for 

the.N3 ion but the same arguments are expected-to apply in 

the case of the isoel~ctronic C02 molecule and the analogous 

cs2 and cse2 molecules. 

From the lowest energy MO's on the left of Fig. 4.2 

the· following electron configurations for the bent molecule· 

may be obtained: 

Configuration 

Ground State •••••• (la2)2(4b2)2 

Excited States •••• (la2) 2 (4b2) {6al~: 

••• , (la2) (4b2) 2 (6al) 

•••• (la2) (4b2) 2 {2bl) 

••• ·• (la2) 2 (4b2) (2bl) 

States 

lAl 
1 . 3 
:-B2, B2 

1A2,3A2 

1B2,3B2 

1A2,3A2 (4.7) 

The symmetry of excited electronic states arising from each 

configuration has been obtained from the direct product (Appendix 

B) of orbital species in partially occupied shells. · Both sing-

let and triplet states result and are shown alongside each 

configuration. 
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Electron conf~gurations and the symmetry speci~s of 

electronic statei obtained from th~se configurations, for both. 

- bent and linear C02 molecules are_ given in Table 4-?· Excita­

tio-n energies ,quoted by Mulliken89 for each state and the 

expected shape of the molecule in that state,are also given in 

the same table. 

The principles developed in sections 1.3 and 1.4 will 

be now used to determine the selection rules.for,transitions 

' 4 
betvleen a L: ground state and any one of the excited states 

g 
of Table 4- 2 . 

. For this purpos~, we recollect that the transition moment 

integral (1.2j) is 

( 4. 8) 

If !tis to be nonzero, the direct product of symmetry species 

of'!'', 1f (i.e.Px,Py, or Pz.> and 'f" must contain at least one 

totally s~etric component. J~)could represent an electronic 

state!%), a singlet or a triplet electronic st"atel\fes'>or a vib­

ronic statel~ev} The symmetry species in the first two types 

of states are given in Tabie 4-2. The species of the electric 

dipole operators Px,Py and Pz are given below 

D\'XI h C2v 

Px 
7T 

Bl 
-=::: =-A u 

·P y 1 

Pz o-u + 
B2 (4. 9) 
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Table. 4-2 

+ 
ELECTRON CONFIGURATIONS ANn ELECTRONIC STATES OF co2 · 

t.1n.ear Bent 

Configuration l<'o/el E(ev)# r;qJetsl Configuration ~~el 
'· •• (la2) (4b2) 2 (6a1) 1A2(f)* 

lf1 14 .• 6 I1 r 

1B2 •• (la2) 2 (4b2) (.6a1) g g \ 

( I7Tg) 3. ( 5 CJg) 
3 

n . : 
•• (la~) (4b2) 2 (6al) 3A2 g 

I1 14 .. 6 6 
l:g ••. (1a2 ) 2 (4b2) (6a1) 3n 

g 2 
.rr 

12:~ . f~ .· •• (la2) (4b2) 2 (2bl) lB2 22.1 
u ' 

•• (la2) 2 (4b2) (2bl) 1A2 (f) 

~ 
l 

•• (17T g> 3 [2 Tru> 9.5 ~: 
.... (la2) 2 (4b2) (Gal) 1B2 u· , U• 

- 3 -
I L:~ +Q 3A2 ·L ... 9.2 •• (la2) 2 (4b2) (2bl) 

u 
I - 2· •• (lazJ(4b2f(6al) 1A2(f) L. 9.2 u u 

--------~- ----
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' 

w;~\flsl Form I 

I 

A2 l 
Linear 

B2 

B2 ,Al ,Bl 
Linear 

A2,Bl,Al .. 

B2 Linear 

A2 Linear 

B2 Bent 

B2,A1 ,B] Linear 

A2 Bent 



Table 4-2 1Contd.) 

Linear Bent 

Configuration /7 \f.!e> E(eV)~· /7 ']; e ']Is) Configuration rf']!e> rcq;e ']is> Form· 

36 rru •• (la2) ~4b2) 2 (2bl) 3B2 A2,Bl,Al Linear 
8.4 

u A- •• (la2) (4b2) 2 (Ga1 ) 3A2 B2,Al,Bl Bent 
. 3 

•• (1 Trg) ( Tru> ' u 
<Pu 

3 .... 

L _7.G ~ +nu •• (la2)2(4b2) (Ga1 ) 3B A2,Bl,Al Bent 2 
u'· 

• ... L+ .. lA 
I 

. 4 • • (la2) 2 (4b2) 2 
I 

•• (1 Trg> L:d, o.oo Al Linea 1 I g I 

-

* f Transition is forbidden electronically from the ground state to this state. 

+ The table has been adapted from reference89~ 

# Energies of states as calculated by Mulligan90 • 

94. 



The correlation ~f the TT u species above \\'i th an A1 and a 

B1 species has been obtained from the data of Appendix E. 

·Th~ change in the molecule fixed axes systems bet""1een the 

95. 

linear and bent conformations of the molecule can be seen from 

a comparison of Fig. 4.3 a) and b). It is seen therein. that if 
. 

the molecule is bent in the excited state, the z axis of the 

linear molecule becomes the y axis of the bent molecule and that . 
·the x axis is perpendicular to the molecular axis ( CJ}7 z) in 

both conformations. Note that x, y, z axes of bpth molecules 

.pass through the centre of mass. From the symmetry species .of 

I "f '), Px' Py or Pz and I'll>, direc·t products are obtained 

from the data in·Appendix Band selection rules are determined. 

In the discussion to follow transitions allowed elec-

tronically will be dealt with in n, transitions allowed be-

cause of spin orbit coupling in ii) and; vibronic transitions 

in iiil 

i) The selection rules for an electronically allowed transi-

tion is determined by the integral· product (equation 1.34) 

..!lp 

R = (4.10)' 

The first factor is non-zero if the direct product 

I< f~· ) ® (Px,Py or Pz) ® \f" ( e) 

"' generates a totally symmetric component. 
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By the use of Appendice.s A and B ,. :it .can be shown that for a 

linear XCX molecule, this int~gra1 ·factor is nonzero only for 

the following transitions 

< 

1 

and 
n E---( -

u (4.lla) 

1 + 
From Table 4-2 it is seen that whereas a ~u is a possible exci-

1 
ted state for the molecule, TJu st~te does not occur among the 

manifold of excited states. It can also be shown that the first 

transition in (4.lla) is a parallel type transition88 , since1t 

is nonzero for the Pz component which is parallel to the symmetry 

axis z of the linear molecule (Fig. 4.3) and that the second . 

transition is a perpendicular transition since Vis nonzero for 

the Px and Py components which are perpendicular to the same 

z.~xis. Transitions to all other linear states in Table 4-2 
. . 

are forbidden electronically. 

If the molecule is bent in the excited state, then· the 
' 

symmetries· of I'}') 
e 

group must be used 

" 
Px, Py and Pz and J'f!) in the c2v point 

e 
to determine the 

1 + 
direct product. From Ap-

pendix E, it is seen that the ~ ground state correlates with 
1 g 1 + 

a A1 state; it is also seen that a ~ excited state correlates 
u 

.with a 1s 2 state, if the change in the axis systems of Fig. 4.2 

is assumed. The correlations of 11. , 6 . etc. states are also 

given. in the same appendix., By a determination of '~::he direct 
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product, it can be shown that .the followi~g is an allowed 

electronic transition 

lB 
2 

(4 .llb) 

It can also be shown that the transition is of the pa-rallel type. 

From Table 4-2 it is seen that a 1B2 state is a possible exci­

ted state for the molecule. Transitions from· the ground state 

to the excited 1A2 states can be shown to be forbidden. 

The second integral factor of (4.10) (i.e. the overlap 

integral) determines vibrational selection rules for the 

· electronic transition; for th~ overlap integral to be nonzero, 
' " 1\f' ) and f'±') must transform as the· sarn.e irreducible represen~ 
v v 

tations. 
+ 

For the linear XCX molecule, transitions from its og .. 
ground (v

1
=v2=v3=0) vibrational state, are therefore possible, 

+ 1 + 
only to vibrational states of · ~- symffietry in the ~ 

electronic state. 

(symmetric stretch) vibration, and at least one component of 

alternate excited levels in the TT (bending) and the a-+ 
u u 

+ (antisymmetric stretching) vibrations are ·,of 0: species, tran­_g 

sitions to all these states are allowed from the ground state. 

According to statistical mechanics15 (Appendix. F) , a fraction 
If . 

of all the molecules populate excited vibrational levels (v.)O) 
:L 

of the ground el~ctronic state. 
If 

Transitions from these vi 

' levels to excited state vibrational levels (v.) of the same 
l. 
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synunetry are possible. The vibrational selection rules for 

an allowed linear-linear electronic transitions can therefore 

be s~mmed up by writing 

/ivl 0, +1 +2 ~3 + = for the CJ' 
- I - , 

vibration· g 

,6 v2 0, + + ~6 for the Tfu = -2, _4, 
vibration 

~v3 + + .l. 

for the ~ and = o, _2, _4, .:.6 
vibration ( 4 .12) 

II 

where Avi = V· - Vi, refers to the change in the vibrational 
~ 

"' 
quantum number of the ith vib~~ation. For a bent ~ linear 

transition, the same type of argument gives the vibrational 

selection rules for the two totally sym_metric l/1 (a1 ) , ·v 2 (a2) · 

and the one antisym1netric Zl3 (b2 ) modes in a l_s
2 
~ 1

A1 ( 
1
,L +) 

g 
e~ectronic transition. Thus we have 

fiv
1
,,6,v

2 
0, +1 + + for the v1 and 1/2 and = _2, -3 ..• - , 

/iv3 o, + = _2, + -4' .•••.. for the 1/3 vib:r·ations 

( 4 .13) 

Tha.observed vibrational spectrum of an electronic 

transition may be grouped into progressions and sequences. 

We define a progression as that collec-t;ion of transitions from 

a given vibrational levei of one electronic state, to a set 

of successive levels of the same vibration, in a second elec-

tronic state. We define a sequence as that series of transi-

tions.hav.:tng the same value of ~vi. Thus, those transitions 
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....... 1 + 
from the v

1 
= 0 level of the X ~ state to 

II 

the set of 
. 1 g :+ 

. v1 = · 0, 1, 2 ••• etc. levels of the ·4 excited_ state form a 
, r rr 

vl pr~gression; and those "transitions with .6vl = vl - v2 = 0 

forms a sequence in the l/1 vibration . 
.,...- """' 1 + 

ii} Transitions from the X ~ state to the triplet states 
g 

of Table 4-2 can occur because· of spin-orbit interaction dis-

cussed in section 1.4. ~he symmetry species of spin functions 

in' the D
00

h and c
2

v point groups are given in Appendix E . 

For S=l, these species are, 

D 
OOh 

-I 
g 

A 
2 

(4 .14) 

·The irreducible representation generated by the spin-orbit 

function l;±~ e:> , as obtained from the direct product of each 

spin species in ( 4 ._14) with orbital species of each triplet 

state, are listed in the 4th and 7th columns of Table· 4-2. 

These spin orbit species are used in determining selection rules 

from equation (1.27). 

The probability of transitions which occur only be-

cause of spin~or~it couplins, depends upon the magnitude of this 

coupling. In each of the doubly degenerate 3~ or 3 f1 states 

of Table 4-2 the magnitude of spin-orbit interaction can be 
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large or small and each triplet state may be separated into 

component (multiplet) states of different ene~gy.· The energy 

splitting is determined by the magnitude of the spin-orbit in­

teraction. The species of the multiplet components for each 

orbitally degenerate st~te is ~lso shown in Table 4-2. Selec­
~+ 

tion rules for transiti9ns from the X ~ state to these 
' 9 

component states are also determined by the integr~l (1.27). 

It can be shown that among the multiplet components shown in.­

Table 4-2, only the lTu component can 'combine' with the ground­

state (in a transition). The vibrational ·structure of the 
1 + 

corre~ponding TI (- - x L: transition is the same as that of 
1 + -"' 1 u + g 

a_ L: < X L: electronic transition discussed earlier; 
u g 

however, the ~otatio.nal structure (section 4. 7) ·of each vib-
. 

rational 'band' would be· of the perpendicular type. 

- In Table 4·-2, the multiplet component species of 

---~---triplet~ states, --in-which there is -very -1:-ittle orbital angular 
3 -

momentum, that is L .of the linear molecule and 3A2 and 3B2 

st~tes of the bent molecule are also given. Transitions between 
1~+ ' 

the ~ ground state to any of.these trip~et states could occur 
. g r 

--~------by ---t.he-intens ity -'-bo-r-rewing' mechani-sm. -If- the---excited trip let 

state-and some ~ther-singlet state which are not very much 

separated in energy interact due to spin~orbit coupling, then 

the wavefunction of the triplet state and this singlet state 

'mix'. 
1"+ 

( ~ ) 
g 

state 

1 
If a transition between this singlet state and the-· A

1 
state is allowed, then a transition between the t~iplet 

and the qround state is not strictly forbidden. Therefore 
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a ·nonzero probability for the ·triplet~ si~glet transition is 

possible. 
- 1 + 1 1 

iii) Transitions from the·x L {A.) state to the A
2

, 

~"'-, lA. and liT g 1 
~ ~ states of Table 4-2 are electronically 

u u g 
forbidden. To determine whether transitions from the vibronic 

1 + . . . . 
levels of the X L (A1 ) state to the vibronic levels of the _ 

1 g 1 -
n0ndegenerate A2 _and L::· ~re allowed, we first obtain the 

. u 
respective vibronic species in each ~tate. If the molecule is in 

the bent 1
A state, alternate levels (v2=1,_3, 5, 7 ••• ) of the 

2 

antisymmetric stretching vibration ~re of b 2 species, the cor-

responding vibronic species are therefore 

metry in the. 
1

A2 state and of b 2 Q) A1 = B2 

of b 2 <il A.2 = B1 sym­

symmetry in ·the ground 
1

A state. 1 Perpendicular transitions to any.of the B1 vibronic 

levels of the excited. stat.es are allowed from the B2 and A1 

vibronic l~vels qf the ground state, .·(this statement can be 

··verified· by the use of equation 1·.27).. Similar· considera-
. ' 1 - 1 + 

tions can be used to show even though . the L +---- · X L 
_u g 

-transition is forbidden electronic~lly, vibronic transitions 

of the type IT ~ TI : 6 4-- 6 are allowed by syrrunetry. . g .u u . g 
. r 

Transitions between vibroni9 levels of the degenerate 
1 1 . 
~---or rr 
--u g 

. .1,+ 
electronic states ahd those of the · ~ ground 

state are discussed in the ne~t section; since an 
g 

important 
. . 

vibrational-electronic type of interaction can occur when . 
:degenera-te: vibrations are excited in degenerate electronic 

·stateS·;· this interaction must be cons_idered before examining 

..rules for vibronic transitions any further. 



103. 

4. 4 · ·The ·Retrne·r· E·f:~·e·ct 

The twofold orbital d~generacy of TI , 6 .. · .. etc. 

(i.e. A) 0) electronic states of diatomic molecules is removed 

by interaction with the rotational motion of the nuclei (see 

section 4.7). But in a polyatomic molecule, such a degeneracy 

may be removed by interaction with degenerate bendi!lg vibrations. 

This type of interaction was first recognized by Teller91 and 

was subsequently applied by Renner92 to evaluate the splitting 

of TI electronic states of the linear C02 molecule. The con­

sequences of such vibronic interactions in linear molecules is 

called the Renner (-Teller) effect. 

In the absence of vibronic interaction, the B~rn~Oppenheimer 

approximation can be used to write the total wavefunctionj\f't) 

in the product forml't'e 'f'v ~). If the rotational part is 

negleCted, the product wavef.unctionl'l'e '±'~for a linear mole-

cule is giv~n explicitly by the function93 

I \II (A, v I l l) ==I'±' e '¥ )= exp (.':: A e) xPvltl< r . ) exp ( ~ i .. ~ ) 
(4.15)' 

In Fig. 4-4' the b~nding coordinate r I the azimuthal angle e 
of the electron from a fixed plane P .containing the linear mole­

cule, and the angle ~ between the plane of bending motion and 

the fixed plane P, have been indicated. P v lll <r) in the wave­

function (4.15) above is the radial part of the vibrational 

wavefunction. The definition of the quantum numbersA , l. and 

v has been_ given in sections 3.2 and 3.3. 
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When there is an interaction between the bendi~g motion 

and electronic motion, the product ·function['±£ \L{)is not a. good 

approximation. The effect of the electronic-vibrational in-

teraction on the product function and .the zero order e~gen~ 

values can be calculated by perturbation methods, provided the 

interaction is small and known explicitly. Pople and Longuet­

Higgins94 represented the perturbation due to vibronic inter­

action as an expansion in r and q, = 8-lf' , and gave it the follO'~v-
. i 

ing form. 

' V =V
0

(r) + V1(r) 

+ V2(r) 

+ V3(r) 

+ v4 (r) . . . . . . . 
+ Vm (r) 

+ 

"+ •••••• ·• 

[exp 

[.exp 

[exp 

[exp 

[exp 

( :iQ:) + exp ( -iafl 
{2jQ) + exp ( -2iQl] 

(3iq)+ exp -3ja>J 
(4j(!) + exp ( -4:ia)] 

(rniQ) + exp -mia>.) 

(4.16) 

where Vffi (r). is of the order· of rm. The matrix element which 

determines the corrections to the zero order energies and eigen­

functions is given by95 

('{!PeA, v, l ) I v' 1\l'q cA ,v, l l) (4.17) 
- -

For a given pair of states I'±~~ and· ~~~f the molecule, 

those in V 
I 

which give a nonzero (4.17) be terms value for may 
F 

determined from the requirement that the product in the bracket 

must be totally symmetric. It can be shown that this requirement 
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is fulfilled in the fo~lowi~g cases. 

a) r~ (A. vI l ) >and i\}'q cA,v ,[ . ) > are identical. 

In this ·trivial case, it can be shown that.the integral 

is nonzero only for the ~0 (r) term. As V0 (r) is a constant, 

all integrals (4.17) have the same value. 

b) I \f!PcA,v, (:))and ~~cA,v,! >) are not identical. 

If both functions are the degenerate components of an 

electronic state, they may be disti~guished from each other 

by the signed value (if greater than zero) of the quant·um no. 
It 

It can be shown that all odd terms in V (of 4.lq) 

such as v1 (r) [ J ... etc. give vanishing matrix 

elements (4.16) between the two component states. It can also 

be shown that only those even terms Vm(r)[ J where m = I. K ~ A 
-~ ( K + j\ >'l . give nonvanishing matrix elements. For example 

in afl state,A = +1 - . Therefore m = ) U(!:l> - ( K+ 1 ) I = 1 ~ J or 

J -2 j. Between the two components of a FI electronic state, only 

the v2 (r) [ ]term therefore gives a nonzero matrix element. 

Similarly, it can be shown94 that only the V4(~)[ J term 

gives a nonzero matrix element for ·the components of a~stat~. 

From the- discussion in a) and b) above, it is evident 
I 

that the perturbation expression V reduces to the following 

forms forTI and~ states: 

n states: A = +~ v' =Vo (r) + v2 (r) exp (2iq) +exp (-2i_Q) 

~ states:A =+2 V
1
=V

0
(r) + v4 (r) exp(4~)+exp(-4igr) 

( 4 .18) 
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As a result of the .perturbation, two component states 

are obtained for each of the TI and~ states; one of the com-

ponents is symmetric and the other antisymmetric with respect 

to reflection in the molecular plane. Furthermore these two 

components are of different ene~gy; the d~generacy of the TI 

and ~states is removed. In the new zero order wavefunctions, 

lL_and l · are not good quantum numbers since the electronic 

and vibrational angular momenta are not ,indepe:,~dently con~ferved 

and must be replaced by K = 1 tA±t J . 

ForTI electronic states, Pople and Longuet-Higgins~~ 

obtained the potential fu~ction of each component state in 

ter.ms of the bending coordinate r. For the higher energy com-

ponent the potential function is given by 

u+ = l/2r2 + hr 4 

u- = (l/2~f)r2 + gr4 

(4.19) 

(4.20) 

Here, the quantities g)O and hare anharmonic constants for 

the lower and upper states respectively an~ f is a constant meas­

:t:lring the strength of the vibronic coupling. For~ electronic 

states, Merer and Travis96 obtained the potential functions of 

the two components in the following form 

( 4. 21) 

Here7]1 and k are quartic coefficients for the~ state. 

The potential functi~ns u+ and u- for each electronic 

state may be plotted as a function of the bending coordinate.r • 
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The forms of these functions are given in F~g. 4-Sa), b) and 

c) for the· u+ and U- components for an state and in F~g. 4-5 

d) and e) these components in a~state. It can be seen from 

the expression for u- in (4-20) that if f ( 1/2, u- has the 

form in Fig. 4-Sb) with two minima at +r and -r. At these 

values of the bending coordinate, the molecule has a lower 

energy than at r = 0. Therefore, a molecule in the lower com-

ponent state should be stable in the bent conformation. In b), 

the upper component u+ is quadratic in r and has a minimum 

corresponding to the linear conformation. A molecule in the 

upper component state should be stable in the linear conformation. 

It was shown by Dixo~6 that if the vibronic interaction is suf-

ficiently large, the upper state may also have a double minimum 

potential and this curve is given in c) • Therefore u+ and u-

effectively represent the potential functions of two non degen-

erate states, each of which may belong to a different symmetry 

pciint group. This separation of potential cuives illustrated 

by b), c) and e) represents a Static Renner effect. It can 

be seen from (4-20) that f )1/2, both u+ and u- are anharmonic 

oscillator functions of r. The potentials have the form of 

Fig •. 4-Sa) • For Ll states I the potential functions u~ given by 

{4-21) are represented in Fig. 4-Sd). In both a) and d) the 

molecule remains linear, even though the degenerate state has 

been split into component states. Both a) and d) represent 

small vibronic interaction. The separation of potential curves 

actually occurs only during a degenerat_e vibration (and 
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. 1 ..!.. therefore strictly static potent1a curves u• and U can-

not be drawn). F~g. 4-Se) shows the potential functions of 

a .6state for a static Renner effect and is similar to ·b). 

The eigenvalues of the vibronic levels of a lf] state 

were obtained by Renner for small interaction and by Pople 

and Longuet-Higgins for small and larger interactions. No 

such calculation is available for those of a 1,6 state. 

However, the eigenvalues of,vibronic states of a 2,6state 

have been calculated by Merer and Travis 97 for small Renner-

Teller interaction. 

The symmetry of the (Renner-Teller) component states 

has been indicated before; one of them must be symmetric and 

the other antisymmetric with respect to reflection in the 

. molecular plane. In the extreme case, the XCX molecule is 

bent in both states and therefore each state can be classified 

accordin~ to the ir~educible representations of the c2v point 

group. For a strong vibronic int~raction, two component states, 

one of A2 symmetry and another of B2 S)~etry, are obtained 

1 lA . 
from the· doubly degenerate n and ~ excited states of the 

u g 
co2 molecule. In general, it is not possible to state which of 

the vibrational states of the components belong to u+ and 

which to U-. Each.vibronic level is identified by the quantum 

number K. The selection rul~s for transitions from the vib-

ronic levels of the ground state to the vibronic levels of the 

two component states are determined as before in section 4.3 
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if the symmetries of these vibronic levels are known. The· 

spacings between vibrational bands- can be deter.mined from the ·f·ormula 

of Merer and Travis for 6 states and from the formulae of 

Renner or Pople and Longuet-Higgins forfJ states, provided the 

vibronic interaction is small. 

31\ 3rrg If the e-xcited state is a U u or state, spin orbit 

coupling and Renner-Teller coupling must both be taken into ac-

count. When both interactions are of comparable magnitude 

the ·~nergies of vibronic levels are_ given by complicated ex­

pressions. Hougen97 calculated these expressions for 3fl 
{as well as 2 TI> states in XYX molecules. For 3~ states, no 

such calculations are available. 

If vibronic interaction is large, the molecule will be 

stable in the bent conformation (of the 'static' approximation). 

The energy levels of the vibronic states will then be similar 
ca .. 

to those of the vibrational states of a bent molecule. In 

the next section, we examine the energy structure of vibrational 

levels in a bent molecule. 

4. 5 Vibrational energy l-evels in bent ···.and linear states 

According .. to equation 3.15, the vibrational energy levels 

of a bent molecule are expressed as term values Gb thus, 
b - .b b b 

G (v1 ,v2 ,v3 ) =W1 (v1 + 1/2) + W2 (v2 +1/2) + W
3 

(v3 + 1/2) 

(4.22) 

where terms due to anharmonicity have been neglect~d. Similarly, 
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from equation 3.16, the ·vibrational .ene~gy levels of a bent 

molecule which is in a nond~generate elec"tronic state are 

expressed as term values J thus, 

l l l" L G (v1 ,v2 ,v3 ) = W1 (v1 +1/2) + W2 {v2+1/2) + W
3 

(v2+1/2) 

(4.23) 

where terms with anharmo~icity coefficients have been neglected. 

The term, Wl (v2+1), in the latter expression (4.23) repre-
2· 

sents the en~rgy levels of the doubly degenerate (7T) bending 
u 

vibration. Two degrees of freedom are associated with this 
b 

vibration. The corresponding terms uJ (vi'D· + 1/i) in the first 
. 2 ~ 

expression (4 .22) represen.ts the ene~gy l.evels of the non-

degen~rate bending vibration. Only one degree of freedom is 

associated with the bending vibration of a bent molecule. 

Therefore, one ·-'bending' vibrational degree of fr~edom is 'lost' 

by the linear molecule if it ·bends; this lost degree of free-
, 

dom appears as a rotational degree of freedom about. the y axis 

(which is a principal axis) of the bent molecule (Fig. 4.3). 

If the term values given by equations 4.22 and 4.23, are to be 

compared .for the same number of degrees of freedom, an addi-

tiona! term has to be added to 4.23, corresponding ta_the ro-
. -

tational energy levels of the bent molecule about its y .axis. 

The rotational energy levels of a bent XCX molecule are 

those of an asymmetric rotor with unequal principal moments o~ 

in~rtia lA, IB and1c· These moments of inertia can be cal­

"""' culated from the bond distance rex' the bond a!lgle XCX and 

the masses of X and c atoms. It can be shown by calculation 
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(Appendix H.) that the.moment of inertia about they axis of the 

bent CSe2 molecule is the smallest principal moment of inertia 

IA and that IB is nearly equal to Ic. In terms of rotational 

constants A, B and c where, 

.. h 
A= B = 

these relationships are given by 

A )B::! C 

which is a characteristic property of a near prolate asymmetric 
~ 

rotor. In the case of cse2 for example, if the angle SeCSe is 

• 120° and rcse = 1.711A then A = 2.0, B = 0.048 and c = 0.047,in 

cm-1 units. It is seen from Appendix H, that A>B~ C, even 

if the bond angle is large. The asymmetry parameter /\is nearly 

equal to-1 which is the value of K for a prolate symmetric rotor. 

·Hence, we. assume that the rotational energy levels of the bent 

molecule can be represented by expressions similar to those of 

a prolate synunetric rotor. These expressions are given in 

Appendix G.· The energy levels for the rotational motion about 

they axis alone is given by the term Av
2

K2 where K ~ l ±A±ll 

is the·angular momentum quantum number given before and Av2 is 

the rotational constant for the vibrational state with quantum 

number_ v 2 . If this Av2K2· term is added to 4 .:23 , we get 

b b b b 2 
G (v1 ,v2 ,v3 ) =u>1 Cv1+1/2) +lJ 2 Cv2+1/2) +tJ3 Cv2+1/2) + Av2K 

(4.23 a) 
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This expression gives the term value of rovibrational levels 

with _quantum number. _v 1 ,_ y 2 , ,v_3 and K. 

The correlation between the vibrational levels of a 

linear molecule and the rovibronic levels of the bent" molecule 

is illustrated by Figs 4-6 a) , b) and c) • In b) , successive 

vibrational levels of the degenerate ZI2 (Tr) mode of the linear 
1 -
~ state are shown by horizontal lines within the potentia~ 

curveo The l· (=K) sublevels are also indicated therein. The 

potential function of a bent XCX molecule, with two minima at 

+r and -r values of the bending coordinate in the linear mole-

cule, is shown in Fig 4-6 a). The illustration at the top of 

this figure shows the 'bending' of the linear molecule. It 

is seen that this potential function resembles the lower com-

ponent functions represented in Fig 4-5 b) and e). The mole­

cule is stahl~ in the bent.configuration at t~e +rand -r 

values of the bending coordinate. The hump at r=O represents 

a finite potential barrier for the molecule to change over 

from a +r to -r configuration or \ri.ce-versaby the bending motion. 

However, this barrier does not exist for a change of conf_igura-

tion by rotation about they axis of the bent molecule. Each· 

curve in Fig 4-6 represents a planar section of a cylindrically 

symmetric potential curve. Horizontal lines representing 

vibrational levels have been drawn both near the minima and 

the central hump in Fig 4-6 a) • Fig c) and a) are the same 

curves except fo~ the expansion of the vertical energy scale 

in the former. In c), the first three vibrational levels i.e. 
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b v 2 = .o, 1, .and 2 are sho\vn. Quadratically spaced rotational 

sublevels with K = 0, 1, 2 and 3 ·are ·also shown for the v~=O. 

level. The ene~gy spacing between K=o and 1 has been denoted 

b by A0 •· A11 corresponding to a similar spaci~g in the v 2=1 

vibrational level, is also indicated. Pairs of lowest energy 

levels with the same K have been connected by dashed lines. 

From·Fig 4-6a), we note that if the vibrational quan-

b b 
tum v 2 exceeds the value at the top of the hump ( i.e. v 2 ) n) 

the molecule is effectively linear; because,the amplitude of 

bending vibration in the 'bent' mol~cule is large enough to 

'freely' change the molecular configuration from +r to -r. 

Secondly, the width of the potential function above the hump 

is larger than that below the hump. For this reason, the vi­

brational frequency(~) of the linear molecule must be smaller 

than that ((U~) of the bent molecule. Thirdly, comparison of 

b) and c). in th~ figure indicates that the constant A
0 

of the 

bent molecule is correlated with that of the vibrational fre-
. 1 

quencyuJ
2

. That is, A0 will approximately become equal to 

·~when the molecule changes its configuration from bent to 

linear. 

The variation in energy of the K levels as the molecule 

cha~ges its conformation has been investigated by Dixon98 , 

J h 99 d Th d N k . lOO E h f th "d d o.ns an orson an a agawa . ac o em cons1 ere 

the potential function of a linear molecule as that of a two 

dimensional isotropic harmonic oscillator, and introduced 

a perturbation in the function to produce the central 'hump' 
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shown in F~g 4-6a) . Thorson and ·Nak~gawa assumed the po­

tential function to be 

(4.24) 

where C, KB are constants. It is seen that if r = _0, V = KB/c2· 

gives the hump height. Dixon used a function of the form 

( 4. 25) 

where CL.(3are constantso It is seen that if r = O, V =~gives 

the ·bump height. The first of the two summation terms in {4.24) 

and (4.25) is the potential function of a two dimensional harmonic 

"11 t f h" h . 1 d 1 . k 101 
osc~ a or or w ~c e~genva ues an so ut~ons are nown • 

The method of applying these functions (4.24) and (4.25) 

to calculate the energy levels of the molecule h~s been discussed 

by Johns and wi.ll not be repeated here. However, some of the 

conclusions arrived at by Johns and other workers on the basis 

of their calculations, are summarized below with the aid of F~g. 

4.7. 

1.. Fig. 4. 7 a shows the variation in the value of ~G i.e. 

G(v2+l,K) - G(v2 ,K) of the bent molecule, with respect to an 

average· term value G, given by 1/2 [ G Cv2+l ,K) +G Cv2 ,K)] • It is 

seen that each~ G (K) curve decreases to .a minimum and then in­

creases again. This minimum is most pronounced for K=O and 

less so for higher K values. Such a behaviour of 6 G values 

h b b . f . . 1 1 99,102 as ee~ o served exper~mentally or some tr~atom~c mo ecu es 

and has been attributed to the potential hump in the potential 

function discussed earlier. The minimum in~G occurs at an 



118. 

-
I 

K=3 

a. E 
K:,:2 

0 .. - K=l 
(.!) -·~=0 

<l 

Mean te rrn vo I ue G {c m-1·) 

b. 

I 

E 
() -· 

. > 
<:t 

• 1 

FIGURE 4.7 



·. 119. 

99 ene!gY correspondi~g to that near the top of the hump • The 

decrease in~G values·up to the minimum can be attributed to 

a n~gative value of the anharmonicity coefficient x 22 in ex­

pr~ssi'on (3.16) and the increase~G after the minimum to a 

positive value of the anharmonicity coefficient. 

II. Fig. 4.7b shows the variation to the value of Ab with 
v2 

b 
respect to v 2 .. It i.s seen that Av

2 
increases slowly for small 

b values of v 2 and then increases rapidly for larger values of 

b v 2 . Exp~rimental evidence for such.a behaviour of ~2 has been 

founa99. 

If, from ail experimentally observed spectrum, .evidence is ob-

tained in support 6f these two conclusions above, it can be 

inferred that a bent state is involved in the transition. 

In order to determine selection rules for transiti6ns 
1 + 

from the vibronic levels of the L: electronic sta·te to the 
g . 

vibronic levels of the bent XCX molecule, the symmetry species 

of the latter levels must be kno\.,rn. It is convenient to assume 

that the symmetry of each of these vibronic levels is the 

same as that of the correlating vibronic levels in (the limit­

ing case of) the linear molecule. Selection rules are then 

determined by the use of (1.27). 

4.6 The· Franck - Condon Principle 

In section 4.3 selection rules for electronic transi-

tions and for transitions betvveen vibrational states of each 

1 combining 1 electronic sta·'ce have been discussed. The 
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selection rules for such :vibrational transitions in the pro­

duct wavefunction approximationJ'fte \!! v>are 'determined by the 

overlap int~gral 

= (4.26) 

-.:.;-
which is one of the factors of R in equation 4.10. 

determines the relative intensities of the vibrational bands 

in an electronic transition, and is the basis of the quantum 

mechanical formulation of the Franck-Condon principlel03. 

The.classical approach to the Franck-Condon principle will 

not be discussed here. For the present purpose we shall just 

use the criterion that larger the magnitude of the overlap 

integral, more intense will be the observed transition between 

the states f"l'v•> and I 'JI v .. l Therefore (4. 26) becomes 

R 'v" =~dr •/''' .. > ~{, , /\II_ .. )~\fJ •/ \fJ ... ) -v ~ v~ ~VI ~~v2 Yv2 V3 v3 

= (4.27) 

for the vibrational wavefunctions of the linear triatomic mole-

cule. Each of tpese factors is considered separately below 

with th.e aid of Figs. 4-8 a) , b) , c) and d) • 

The potential energy curves for the synunetric stretching 

coordinate o1 [~n (a) and (b)] and for the bending coordinate 

0 2 [in (c) and (d)] are shown schematically in the figures .. 

The curves in a) have each of their potential minima, correspond-

ing to the excited and ground state equilibrium configurations,. 
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at the same coordinate positions. In b), these minima are 

displaced. The curve at the top half of c). gives the potential 

ene~gy curve for the bending coordinates for a linear molecule; 

that of d) gives the potential ene~gy curve for the bending 

coordinate for a XCX molecule with ene~gy minima at two values 

of the bending coordinates. The ground state potential curve 

is also shown· in c) and d). The form of the wavefunctions for 

a few vibrational levels are also indicated in each of these 

curves. Vertical or sloping lines are drawn from v"i = 0 levels 

to excited state vibrational levels. 

The intensity.distribution among the vibrational transi-

tions for a given electronic transition will be considered 

with respect to each of the cases a), b), ·c) and d) in Fig. 4~8. 

Case a): There is very little change in the equilibrium value 

of the bond length rex between the two electronic states. 

Therefor~, the potential curves of ground and excited states for 

the symmetric stretching mode 0 1 are almost the same; I ~vi) 
and ltj;v1')are nearly orthogonal. Hence, the overlap integral 

R.' 
11

• ·- is large only for vibrational transitions with~~ = 
~v.v ~ 

• II 

v-
1

- v 
1 

= 0. In cold absorption, most of the molecules are· 
II 1\ 

in the v 1 =, 0 level. Therefore, if~v1 = 0 applies, only the 

0 - 0 band will be observed. At higher temperatures, leve·ls 

with v"
1
)o are also populated sufficiently and sequence bands 

with~ v 1 = 0 from excited vibrational levels of the ground 

state may be observed~ In. case a), therefore, sequence bands 

in the S)7l1l1'netric stretching vibration will be -the most intense. 
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Case b) : There is a very iarge · ·. cha!lge in the equilibrium 

value of rex· The.potential functions are not identical for 

the symmetric stretching vibrational mode o1 in the ground and 

excited electronic states. Hence, the overlap integral between 
I II I 

states with quantum numbers v
1 

and v 1 yt.v1 can be nonzero be-

cause lt/J v 
1 

) andJtj;v "> are not necessarily orthogonal. Let 
1 1 . 

us consider only these vibrational transitions from the state 
" . 

with v 1 = 0 to v~ states (i.e. absorption transitions at very 

low temperatures). It is found that the maximum value of Rviv" 
1 1 

is obtained, not between states with identical vibrational quan~ 
I 

tum numbers as in case a), but between states with v 1 = n 

" (where n )0) and v 1 = o: n is a large int~ger if the change in 

rex is large. Nonzero values of overlap integrals may also be 
I I · II 

obtained between states with v 1 )n or v
1 

( n, and v
1 

= 0. There-

" fore, bands corresponding to transitions frorn_v1 = 0 to states 
I I 

wi,th v 1 = •••.• n+l, n.,n - 1 .•.• etc. (which represents a v
1 

pro-

gression) are observed in cold absorption. Among the hands of 
I II 

this progression, that which corresponds to the v 1 = n ~ v 1 = 0 

transition will be the most intense. At higher temperatures, 

progressions in v~ from the initial vibrational level v~) 0 

are also observed. In case b) therefo~e, progressions in the 

symmetric stretching vibration will be the most intense. 

Case c): This case is analogous to case a) except that the 

potential functions are plotted for ~he bending coordinate 0 2 

(or 'r 1 as in section 4.5). The molecule is linear in both 
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the. ground and excited electronic .states and therefore there 

is no change in the coordinate Q2 . By arguments similar to 

those used in case a), it can be. shown that in cold absorp-

tion the 0-0 band is the most intense and that at h~gher temp­

eratures, sequence bands in the bending vibration may be 

observed. 

Case.d): In this case, vibrational transitions from the ground 

electronic state of a linear ~olecule to a excited electronic 

state of a bent molecule are examined. Since the XCX molecule 

is stable in the bent configuration of the excited state at 

o; = r, the equilibrium value of the bendi~g coordinate a; = 0 

in the ground state is necessarily altered on excitation. The 

potential functions are quite dissimilar and the upper state 

function resembles that in Fig 4.6 a) or the bent component of 

the function in Fig. 4.5 b) or e). Whereas the schematic rep-

resentation of vibrational wavefunctions is correct near the 

minima of this potential function (Fig. 4.8 d), it is not 

strictly correct for the \vavefunctions near the hump; becau.se 

if there is strong vibronic interaction, t~e product resolu­

tion / \fie•~ •)is not a good approximation to the total I~) . 
In spite of this limitation, these wavefunctions represented by 

dotted curves are given in Fig. 4.8 (d), in order to explain 

qualitatively, the distribution of intensities in vibrational 

transitions. The overlap integral Rv• 11 (if R = Re'e" X Rv'v" 
2v2 

is assumed to be valid) will be a maximum for states with v~ = 0 
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and v~ = 0 and v; = n where n is a value of the quantum number 

near the hump. .. ' This transition between v 2 = 0 to v2 = .n level 

is represented in the figure by a vertical line. Rv~v~ will 

decrease from this maximum value to a minimum value for states 

" ' with v 2 = 0 and v2 = 0. This ·transition bet,veen v ~ = 0 to · 
I ,,-f •' -~. ti; 

v 2 = 0 level is represented by a dotted line. The value of 

. h .. " Rv~vi for a transition between states w~t v 2 = _0 and v2 = m, 

where n)m>o lies between these maximum and minimum values. 

Such a transition is represented by a full line~ If an elec-

tronic transition from the ground state to the excited state 

is allowed for a linear conformation of the XCX molecule in both 
1 n states, (i.e. for r = 0 <- r = 0) then, in cold absorption, a 

progression of bands in the bending vibration due to transition 

II b 1 

from v 2 = 0 to v 2 = •••• n+l, n, n-1 •... etc. may be observed. 
I H The band due to v 2 = n <d'S-V2 = 0 transition should be the most 

intense, and the intensity of bands on either (frequency) side 

of this .band should decrease successively. On the other hand, 

an electronic transition from the ground state to the excited 

state may be allowed only if the molecule is bent in the ex~ 

cited state (i.e. R , " is zero for r' = r~r" = 0 transition)~ e e 

Even then, a progression of bands in the bending vibration may 

be observed; but in this case, transition from v2 = 0 occur, 
· I b I 

not to levels near v 2 = n but to v 
2 

= .... m+l, m, m=l •.•. 

b' etc. levels, where m is a quantum number between v = 0 and 
2 

v~' = n. Transitions to v~ levels near m have the highest 

proba~ility, because Re'e"><..Rv' " has a minimum value for 
2v 2 



these levels. This product is zero at r' = 0 because R 
· e'e" 

is zero ·and is very small a~ r'= r because R, "is very small. v v 

- It is· concluded therefore, that if the XCX molecule is bent 

in the excited state, progressions in the bending vibration· 

may be observed. 

It can be shown, by similar arguments as above, that, 

in principle, pr~gressions in the antisymmetric stretching vi­

bration should occur, if in its equilibrium configuration in 

the excited state, the XCX molecule is linear but has unequal 

rex and rex .. 
1 2' 

4. 7 Rota-tional Structure· ·of vibronic tra·ns·i tio·ns 

Transitions from vibronic states of a linear XCX molecule 
1 + 

in its g-round { ~ ) electronic state to those of the linear 
g 

or bent XCX molecule in its excited (singlet or triplet) 

electronic state have been discussed in the previous sections. 

Transitions between rotational states accompanying each vibronic 

transition are discussed in this section. 

The vibronic states of the linear XCX molecule can be 

clas$ified by the quantum number K ~ l~J\~\lJ· The s~umetry 

species of these states are denoted by symbols L ,p, 6 ... 
I. + 

etc. depending upon the value of K~ ln the ground 2: elec-
g -

tronic state,A = 0 and hence, K =l. • In the excited state, 

A can be_ greater than zero, as is evident from 'l'able 4-2. The 

energies of rotatio~al states in each of these vibronic levels 

are analogous to those in electronic states of a homonuclear 

diatomic molecule. The symmetry of each rotational level is 
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given by its parity+ or -.and nuclear excha!lge symmetry 's' 

or 'a'. The term values of rotational levels are_ g{ven by 

expression (3 . .20) where ·K replaces l. . Each of these rotational 

levels is doubly degenerate for f16_. . . . etc. vibronic states, 
. + 

in which K )o . For the_ ground ·'I (or any excited L elec-
g . . 

tronic state) this degeneracy is l~type degeneracy discussed in 

section 3.4; interaction of rotation and vibration removes 

this degeneracy and the resultant splitti!lg of levels with the 

same J is called 'l' type doubli~g. The magnitude of this 

splitting forlfvibrational levels is approxima~ely_ given by 

where, for XCX molecules, q7T is given by 

B 2 . ·e 

w 2 

Fol:' A vibrational states ~sis given by 

q J2 (J+l)2 
A 

(4.28) 

(4.29) 

(4.30)· 

where q~ is much smaller than q7T • For excited singlet elec­

tronic states such as 1[1, 16_ etc. in which A) 0 there is an 

electronic double degeneracy for each J level. The splitting 

of this degeneracy, i.e. the so called)\ -type doubling, is caused by 

interaction between electronic and rotational motions of the 

1 1 d h b d . d . 1 . l"t t 104 mo ecu e an as een ~scusse extens~ve y ~n ~ era ure • 
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ForTI electronic states, C is ~gain given by equation (4. 28) 

but q is. given by 

q oe 
I 

(4.31) I 

where =T'-T" (see equation 4.40) 

For vibrational levels with :t)o in these d~generate electro­

nic states the total twofold d~generacy in K has to be con­

sidered. The spl~tting of this d~generacy i.e. the so called 

K-type doubling occurs by the interaction of rotational elec­

tronic motion as well as by that of rotation and vibration105 • 

The magnitude of this splitti~g is proportional to J{J+l) 

for n vibronic states and J2 (J+l) 2 for~ vibronic states. 

The symmetries of rotational levels in each vibronic state such 

as ~ , L 1 f1 1 TI etc. , are the same as those of homonu-
~ u g u 

clear diatomic molecules and will not be discussed here. (For 

details refer to 106). 

In section 4.5, it was indicated that the bent cse2 

molecule is a near prolate synunetric top. Rotational energy 

levels can therefore be represented by expressions similar to 

those of a prolate symmetric top. In terms of an asymmetry 

parameter defined by107 

b = 
(4.32) 

where Av, Bv and Cv are rotational constants in the vibrational 
" 

state, the term values Fv(J,K) for the rotational levels are given 



Fv (J ,K) = 1/2 (Bv+ Cv) J (J+l) + [ Av - 1/2 (Bv + CvU 
+ (1- 3/8 b 2 - 51/512 b4- •.. e)K2 

+~BK ·J(J+l) 
eff 

-tAD~ff J2(J+1)2 

+bHK J3(J+1)3+ •.• 
eff 

129. 

(4. 33) 

These formulae are expected to be valid as long as J and b 

are not too la~ge. In these expressions6 Bef£, 6 neff and 

6Heff are coefficients related to b and are given in Ap­

pendix G. For K >0, each of these coefficients have two 

values, because of the! signs in equation (G.l), (G.2) 

(G.3) and (G.4). Therefore, if K)O, each J level splits into 

two levels of different term values. This splitting represents 

a K-type doubling of each J level and increases with the value 

of b, the asymmetry parameter. In other words, the greater the 

deviation from linearity and therefore, from a symmetric top, 

the greater is this K-type doubling. This doubling is a maxi­

mum for K = 1 and decreases for increasing values of K. 

Selection rules for rotational transitions are given by 

a) For parallel transitions: 

K > 0 

6.K = 0 

6 K = 0 

b) For perpendicular transitions: 

6 K = ~ 1 ~J = 0, ! 1 

= + -
= 0, 

and in addition, by symmetry,the selection rules 

1 

+ - 1 
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+ ~<-~> - - ~ /)-

s 'E:::<,--.;t) s s <E:::/-:>a 

These selection rules apply whether the XCX molecule is linear 

or bent (to a near prolate symmetric top) in the excited state. 

If the molecule is linear in both the.ground and excited state~, 

the rotational structure of vibronic transitions are very simi-

lar to those of homonuclear diatomic molecules and will not be 

discussed here in detail (refer to 106) . If the molecule is 
! 

bent, in the excited state, the rotational structure of vi-

bronic transitions are similar but not the same. Transitions 

between the vibronic·levels of the ground state and the vi-

bronic levels of the bent excited state are illustrated with 

the help of Fig~ 4.9. In this figure, K sub-levels and their 
1 + 

symmetry species in the ground ~g electronic state and in 

excited B2 and B1 electronic states are shown. The symmetry 

species of K sublevels are given in parenthesis and correspond 

to those of the linear molecule in the limiting case~ As men-
1 + 

tioned earlier in section 4.3, the transition 1B2 ~ ~ is a 
1 g . 

parallel transition and the 
1

B
1 
~ ~ transition is a per-

g 1 + . 
pendicular transition (so is a 1A

1 
<!!:--- 2: transition) • 

g 
Possible transitions between K sublevels of the former pair 

of states, as determined by the selection rule 6 K = 0, are 

represented schematically by vertical lines in the left half of 

the figure. Possible transitions between the K sublevels of 

the latter pair of states, as determined by the·selection rules 

fiK = + 1, are represented· similarly in the r~ght half ·of the 
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f~gure. It can be sho\vn that for parallel transitions the 

rotational structure of vibronic bands resembles ). ·-- 2: ; 
.:.:.-u g 

TI. ~ [l ; 1\ '""- ~ etc. type transitions of· a homonuclear g u ~u g 

diatomic molecule whereas for perpendicular transitions 

11 .. .(_ ""'" . 
'u .l~. I g 

2:" 4.---- IT ; ~ ~ IT ; . . . etc. type transi-
g u g u 

tions. As shown in section (3.6), the selection rules in J 

give rise to three main series of rotational lines called P, 

Q and R branches in each of these vibronic transitions. In a 
I 

~-~type transition, however, the Q branch is absent; in 

other parallel type transitions, the Q branch lines are rela­

tively weaker than P or R bianch lines; and in perpendicular 

transitions, Q branch lines are relatively strange~ than P or 

R branch lines. It can be shown that if the nuclei of XCX 

molecule have a zero spin, alt~rnate rotational lines in each 
+ 

2>\!~< -- ~: _ and branch are absent in n~L+ 
llu g ~ 

type vibronic bands. It can also be shown that if the spin of 

the equivalent X nuclei is 1/2, then the intensities of sue-

cessive rotational lines in each branch·of the latter two band 

types are expected to be in the ratio of 3:1. 

Since both bent ~ linear and linear ~ linear transi-

tions discussed above have very similar rotational structure, 

some properties must be found ip order to distinguish between 

the two types. Such properties are enumerated, below. 

(1) The~Deff coefficient (Appendix G) of the· excited vibronic 

state, has the largest value for K = 0 and is proportional 

to the square of the asymmetry parameter b. If a ro-tational 
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analysis of a 2:- 2 band is carried out, the value of D', the 

centrif~gal distortion constant 1 in.the upper state can be 

determined. If the upper state is bent then D' = ~ neff is 

expected to have an anamolously· la~ge value109 compared to the 

D' value o£ the linear XCX molecule. 

(2) The upper state can be judged to be bent or linear from 

the magnitude of the K-type doubli~g in the excited state. If 

the molecule is bent considerably, the deviation of the mole-

cule from a symmetric top is relatively large. Therefore 

K-type doubling is expected to be la~ge109 , when compared to 

the K-type doubling in a linear XCX molecule or when compared 

to the K-type doubling in the ground state. 

The magnitude of the K type doubli!lg 8 in the upper 

state is 

0 (J) = 1/2 (Bv - Cv)J(J + 1) (4.34) 

This 8 (J) may be obtained from a rotational analysis of 

f1 --2 type vibronic bands, by the use of the followi~g rela­

tionship between the rotational lines 

[R(J) - Q (J)] - L Q (J+l) - p {J+lLJ = 0(J+l) + 3 (J) 

· = (By-CJ (J+l} 2 

(4. 35) 

If there were no K-type doubli~g, the right hand side of (4.35) 

would be zero; if there is doubli~g, the right hand side is 

nonzero and is called a 'combination' defect. If the magnitude 
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of the combinat:ion def.ect is la:r-ge, :it is a. good indication of 

a bent upper state, provided that the ( - type doubli~g is not 

anamolously la~ge in the. ground state. 

(3) In vibronic transitions of the parallel type, the effect 

of large I<.;...type doubli~g on the rotational s"tructure may be 

observed directly. In n -IT transitions I for example I be­
l + 

cause of l - type doubli~g in the. ground ( L ) state and the 
g 

K-type doubling in the excited state, three ~airs of rotational 
I 

branches Pc(J), Pd(J), Qc(J), Qd(J), and Rc(J), Rd(J) occur. 

If the K-type doubling is as large as in a considerably bent 

molecule, each branch in a pair is separated widely from the 

other with increasing J value. The most prominent heads in 

the IT ~ fJ band are formed by either the P c and P d pair 

of branches or the Rc and Rd ~air of branches. Oc and Qd 

branches are weaker and may not be observed. ·If the separa-

tion between .Pc and Pd or Rc and Ra is large, then two band 

heads which are well resolved are observed. Such a large 

separation is not expected, if the molecule is linear in both 

the upper and lower states, since the l or K-type doubling · 

for these states are usually small. In 6.-6, <$ -~, .... etc. 

type parallel transitions, the splitting between the heads 

form~d by Pc, Pd or Rc, Ra is expected to be relatively smaller 

than that for. n f--IT type transitions. 

From a rotational analysis of the J structure of vib-

ronib bands of bent linear transit~ons, an effective rotational 

r ' constant for the upper state B~ff = 1/2 (Bv + Cv) (refer to 
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equation 4. 33) can be obtained. ·From a vibrational analysis 

of these transitions, term values of rovibronic levels defined 

by v2 and K may be obtained from the wavenumbers of 

observed in the transition. From (4.33) it is seen 

J=O and K=O, l,or 2,the following relationships are 

F~ (0,1) - F~ (0,0) = 
I I I 

Av - 1/2 (Bv + Cv) 

and for K 1 = 0 and K1 = 2 

I I I 

Fv (0,2) - Fv co,o) = 4Av 

bands 

ained. 

(4. 7) 

Hence1 by substitution of experimentally obtained value~ of 
i, 

Fv(O,O), Fv(O,l) in (4.36) and (4.37) and from B~ff = ~/2(B~+C~) 

and (4 .. 35) the i.ndividual <?onstants Av, Bv and Cv may be obtained . 
. \. 

The discussion so far has been restricted to singlet-

singlet electronic transitions. Transitions from the singlet 

ground state of the linear molecule to triplet states may be 

allowed due to spin-orbit interaction in the excited state. 

If the molecule is linear in the excited state, then spin 

orbit interaction in this state is ~reated in the same way as 

in diatomic molecules. When the interaction is sma1111P (Hund.' s· 
• I 

case b), a triplet cl-- singlet transition is relatively :for-
I 

bidden; if it is large (Hund 1 s cases a} or c)), each tr~plet 

state is split into component multiplet states (section~~ 4. 3) . 
II 

The symmetry species of such component states is. give~ t~ 

Table 4.2. Selection rules for transitions from the ~ 

ground state to these component multiplet states are ob,~ined 
I 
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I 
as usual. Selection rules for vibronic and rotationat_transi-

tions in these component states are· also determined a~ before.· 

If the molecule is bent in the excited triplet state ~ben 
transitions from the singlet ground state to this tri~let state 

'I 

could occur by the intensity 'l?orrowing ' mechanism des 1

1

cr ibed 

in section 4.3~ The r~tation~l structure of the tripl~t 
singlet transitions should resemble that of a trans.i tibn from 

• I 

! 

the singlet ground state to the singlet state from whi~h intensity 

is 'borrowed' by the triplet state. In Table 4.2 the ~ultiplet 
I • 

II 

co~ponent states for each triplet state of· the bent molecule 
r 

I 

are also given; if a large spin-orbit interaction is p~ssible 

then the three ~omponent stat\s are widely separated il energy. 

Transitions from the ground state to these states shou]d be 
. ! !. 

' very similar to the bent-linear transitions discussed ~arlier. 

· 4. 8 · ·zeema·n Ef·fect. 
1 

Application of a magnetic fie~_d to a polyatomic fn.ole-

' I cule introduces an external perturbation term into the ~otal 
. I t 

Hamiltonian. The function of the magnetic field is to oestroy 
I, 

the isotropy of space. 
I 

When tpis !ield is applied the ~J + 1 
; 

I 

fold degeneracy of each rotational level J is removed i* the 
I 

molecule •. This effect is called th-e Zeeman effect111 • 11For 

atoms, the perturbation term due to the magnetic field ~s given 
I 

by Hz = -fL. a = {3 (Lz. + gsSz)H where z is the field dir,ction, 

fL is the· magnetic mo~ent of the atom, {3 = eh/47Tmec ~he Bohr 

magneton; Lz and Sz .are the components of the orbital an
1f 
I 

spin angular momenta in units of h and g 8 is a constant 11for the state. 
I 
I 

! 

I 

I 
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I 

If the molecule has a magnetic Iliomelit fl.- , the 2J + 1 itates 

of different MJ will have different energies and obselved 
. I 

spectra of transitions involvi~g these J levels shoul~ exhibit 
I 

a fine structure in the m~gnetic field. \ 
I 

Three types of Zeeman effect are known in line~r mole-
1 

cules112 • The first of these types occurs in electro~ic states 

which have magnetic moments due to the orbital angulaJ momenta 
. i 

1 1 J\ I 

of el
1
ectrons. Examples of such states are n, U • ·1· etc. 

(i.e. states with~) 0) of linear molecules. It ha9 been 
I 

shown that in this type of Zeeman effect,. the overall !splitting 
I 

( i.e. the difference in energy) ~ if (J1 - J) bet1veen th~ M = +J 

.and M = -J levels of each J level, decreases inverse!~ as J + 1. 

Each line of an observed rotational spectrum, if resol~ed, 

a~ears a~ several lines because of the splittin~ in e~er~·of 
I 

each J level. In the first of the· three types of Zeem~n effect, 
II 

i 

the separation between these component lines dec:t:'e.as·es\ rapidly 
I 

with increasi~g J and may be observed only for small v~lues of 
I 

I 

J. The second type of Zeeman effect occurs in states Where a 

l 
magnetic moment arises from electron spin. Such a typlcal state is 

t!!o"'> 3L_ state of linear molecules. It ha_s been shown. tfat the 

.overall splitting~ CJ(Jr- J) in this state is nearly fndependent 

of J for higher values of J. Therefore, the ze~an sp~itting 
of rotational lines in the spectrum arising·from transitions 

3 J 
between 2: electrcnic states·- should be of equal magnJLtude 

for higher rotational levels. This type Zeeman effectli~ 
I 

expected in Hund's case b) states where spih is weakly\coupled 

I 

I 
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i 

to the orbital a:ngular momentum. .The third type occu~s in 
'I 

nond~gerierate si!lglet 1 2 electronic state. In this s\tate, 

the magnetic moment of the molecule due to nuclear rot~tion 
I 
I 

is.effectively compensated by that of the accompanying\move­

ment of the electrons. However, it has been found thaf in spite 

of this compensation, this state does have a small maghetic . I 
moment which usually arises from an interaction with sbme other 

i 

state. The magnitude of the interaction~ E has .been ~iven 
!I 

11~ 
by Townes and Schawlo'i.v J.n the fol·lowing form 

2: L LfLo 
n s s 

fl2J6H~ · {oILs In) {n ILs •I o) 
Is Eo-En 

Here. H~/ is a perturbation term due to the magnetic inte'oc-actions 
I 

n 

s 

Js 

Is 

~0 
,Ls 

and has been defined by the authorsll3. \ 
I 

represents the wave£unction of the observed sta~e with 

energy E0 • 

represents the wavefunctions of an interacting 

with energy En. 

is the sununation index over all s'uch states. 

I 

I 

I 
I 

II 

ftate 
I 

i 
i 
I 
I 

is the summation index over the cartesian coord~nates 
I 

of the electrons of the molecule. 
I 
i 

i!l 

is the .component of angular momentum (in units t:tf n) 
I . 

about each principal axis. I 

is the moment of inertia each principal 
I 

about a4is. 

is the nuclear magneton. II 

I 
I 

represents the orbi tq.l ~.angular momentum of the ellectrons. 



139 .• 

It is seen from (4.38) that if E0 - .En is small,6, E large 

and the Zeeman effect is la~ge and proportional to J. The 

Zeeman splitting of observed rotational lines should t~ere­

fore show a correspondi~g dependence on J. 

Therefore, by application of an external magnet~c 

(ield and by examination of the rotational structure u~der high 
:': ·' ii 

: __ .~esolution the magnitude of the Zeeman spli tti~g can Ipe evalu-

ated as a function '?f the quantum number J. From the 4ependence 
I 

of the splitting on J, the type of state viz., an orbitally 
1 li 

degenerate state, or a spin multiplet state or a 2: s~ate, 
• I 

involved in the transition may be inferred. I 

4. SJ rs·o·topi·c Shif-ts 

Equations (3.30), (3.31), (3.32) derived from th1e Teller­
! 

Redlich product rule, were used in the last chapter to balculate 

the fundamental frequenciesUJ~ of ~n 'isotopic' triatomfc mole-
. . i 

cule from thosetLk of a vnormal' molecule. If the two ~ets of 

• i I 

frequencies wk and wk are known in both the states ofi an 

ele.ctronic transition, the isotopic shifts in the vibrational 

spectrum can be calculated. Thus I if cri and CT repres~nt 
! 

the. frequencies of the iso-vibronic transitions (refer to foot-
... ! 

note in section 5.3) in the two molecules, the isotopic 1
1

shift 

is simply 

6a-=. (J- a­
i 
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Each Cl is given by: 

(T = (T'-T") + (G 1 -G") + (F 1 -F") 

(I;= (T!-T~) + (G!-G~) + (F!-F~) 
• J_ J_ 1 1 1 J_ 

where T, G and F are the electronic, vibrational 
i 

term values respectively. • •I 1 i' refers to the heav1er 1~otope. 
i 

If we assume that the poteptial functions of both isot~pic 
'i 

molecules in the upper and lower electronic. 'states are,l: very 
I 

! 

nearly the same, then T=Ti in both the upper and lower': states. 
i 
i 

Therefore, T '-T" = Tl-Tj_ = ()e. If the rotational term values 
I 

F and Fi are neglected, the expressions (4.40) reduce to: 

CT= ere + G I (v • vi VI) - G"(v" v" v") 
1 2 3 1 2 3 

and 

= CYe+ Gj_(vi VI. VI) - Gj_(v]_ v" v") 
(4.41) 2 3 2 3 

I 

i 
1, 

I 

where v 1 , .v2 , v 3 are the vibrational quantum numbers irl the tri-

atomic molecules {as described in section 3.3l, I 
I 

i 

For transitions between linear states of XCX moJ.Jecules 

an approximate expression for CJ=CT-0: 
l. 

i 

is obtained\ by 
i 

substituting the expression for G(v1 , v 2 , v3) from equa\tion 
I 
! 
I (3.14) in (4.41) above. The result is 

rr .:...._ ~.... = w' w'i I ' I J ·'' ''; " I v • l 1 - i\_:v1+1/2}.- (UJ1 - Wi> (v1 ~1/2) 
--.._ ! 

i 

(~ w~) (v3 +1/21 w~- w'~) (v; +~/2) 
i 

(4.42~ 
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wherew1 ,q; 2 ,w 3 are the .three. zero order vibr.ationallfre-
1 

quencies. Terms in xik and_ g of (3' •. 16) have been n~g~ected 
.-1 . 

under the assumption that these constants do not. in:fl~ence l:l. rs very 

much by. isotopic substitution.. Each frequency W k 

to the corresponding isotopic frequency UJ~ by the 

given by equation (3.32) and w~ =Pkwk. 

is !related 

re~ations 
I 

I 

I 
I 

For transitions in which the excited state is ijent and 
I 

the ground state is linear, 6 () is obtained by the ~ubsti-

tutio~ of Gb (v1 , v~ ~ v 3 ) from (4. 23) for G' and G\ (vl,ii .J2, v3) 
I 

from (4.23) for G" in equation (4.41). The result is:! 
I · li I II IIi ff 

c;-_ o-: == cW 1 -W 1 ) (v1+1/2) - cw 1-w 1 ) Cv1+1/2) 
l. 

+ cw;-w;i> cv;~l/2) - cw;-w;i> cv;+l/2) 

+ CW ;-w;i> (v;+l/2) CW ;-w ;i>. (v;+l) 
I 

(4 .f43) 

If (4.42) and (4.43) are combined, we get 

=Llwi 
+6w; 
+Lw~ 

" (v1+1/2) 

I 

where d'. = 2 for a linear excited state; d' = .1 for bent state 
I 

and 6 W = W - W i. 
k k k 

A and Ai are the rotational cons~ants for 
! 

the •normal' and isotopic molecule respectively. ·If ~· = 0, 

as in the case of I- I transition, the expression fo~6 a­

is· very similar to that fof linear-linear transitions .i If 
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\i 

'I 

I 

K' ) 0, then 2: -Z increases or decreases quadratically\1. with K' 

depending on the sign of (A 1 -Ai 1 
) • For a bent XCX mol~cule 

the relationship between vibrational frequencies betwe~n iso­

topic species xicxi and XCX cannot be simply written a~ W~ = 
I 
I 

The relationships amo!lg Wk· and W ~ are (equatio/n 3.30 

and 3.31): 

i 
'I 

I 

where p3 and p12 are defined by equation (3. 30) and (I~. 31). 
; ' • I, 

At least one of the two isotopic frequencies W~ or w~~, must 
1 2: 

I 

be known to evaluate the other from relation (4.44). 

It is seen from equation (4.44) that6o- is a lfnear 
I 

function of each vk. This linear relationship is illus~rated 
I 

I 

in Fig. 4.10 and will be used subsequently in section· ~.4:. 
', 

Each plot ·represents6o-ocv k' with the restri~tion tha~ all 

I 
vj :F vk are constants or zero. K has also been assumed \to be 

•n •II I 

zero. w~ and W2 obtained in section 3. 8 for the (80\-80) 1. ! 

molecule and the corresponding frequencies Wi, 
(78-78) molecule were used to calculate 6, CT • 

II ,I 

w2 for ~he 
i 
I 
I 

These va~ues 
• I • ., 

Assumed values. of Wy and w~ 1

, 

1, 

are quoted in Fig. 4.10. 

(based on data in section 
I I 

5-3) for the 80-80 molecule an1 uu1 
! 

and ' UJ 2 for the 78-78 molecule are also given. Since SQ-80 
i 

is a heavier molecule than 78-78, wk )wki. 
• II 

Some ~nfe.trences 
I 

may be drawn by examination_of Fig. 4.10. They are: 
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(a) The isotopic shift6o- for the ·ar~gin band i.e. :for a 

(0,0°,0) <:-- (O.,OQ,O) transition is nearly zero. 

(b) Isotopic shifts are positive if v~) 0 arid if all 9ther 

quantQm numbers vj~vk are zero. 

(c) Isotopic shifts are negative if v~> 0 and if all 9ther 
i 

quantum numbers vjr!vk are zero. 

These conclusions are expected to apply general~y, even 

though specific values of UUk have been used. 

used in calcula·t.ing 6, (T are valid only in the 

mation~ 

--

I 

The exp~essions 
'! 

harmonid approxi-
1 

! 



Chapter. 5 

i 
I 

DESCRIPTION AND ANALYSIS OF CARBON DISELENIDE SPECTRUM 
I 

I 
I 
I 

The vapour phase electronic absorption spectru~ of 
I 

~arbon diselenide, observed unde~ low resolution on the Cary 
I 

14 spectrophotometer, is shown in Fig. 5~1. Four regiJons of 
I 

*: absorption are indicated therein, by the symbols R, V,i A and 
I 

i 

c . These absorptions correspond to tho~e observed by ~allear 
I 

and Tyerrna.n36 on low resolution Hilger and 3 Itt concav~ grating 
:· 

sl?ectrographs. Each absorption has a discrete structQre. 
I 

Some 

preliminary observations on the four absorptions are_ ~iven below • 

Absorption 

R 

v 

A 

c 

• Region (A) 

4500-4000 

4050-3450 

2600-2100 

2100-

Remalrks 
: 

very
1 

weak 

weaki 

very: stro!lg 
i 

stropg 
I 
I 

! 

It was mentioned in sec·t.ion 2. 2 that methylene chlorid:e con-
: 

stituted the major impurity in cse2 ·and that it could ~ot .be 
I 

I 

removed. The electronic absorption spectrum of pure m~thylene 
I 

' • I 

chloride vapour was compared with the spectrum of cse2 ;. It 
I 
I 

was 'found that among the four absorptions shown in Fig!. 5-l, 
I 

the absorption C is apparently superimposed on an a~sprption 
I 

I 

* The nomenclature R and ~ have been chosen to corresbond to 
those of Klernan37 for the absorptions in the CS~ spectrum. ·.The 
absorption (R) of CS2 has been identified a~ an ~ ~~ tr~si~ 
tion; and the absorption A·and C of CS2 as A"-- X and e<-- X 
transitions respectively8. · 
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due to methylene chloride vapour . (c·ompare curves 2 and . 3 in 

F~g. 5·.1) and lies a·lmost in the ·vacu·um ultraviolet spectral 

region. This r~gion was not examined in th~ present work. 

The remaini~g absorptions R, V and A are not observed in methy­

lene chloride vapour. 

The oscillator stre~gth fnm for each of the three sys­

tems was calculated from·their respective absorbance values 

measured from low resolution Cary 14 spectr~grams. The details 

of the method used to calculate fnm are given in Appendix I. 

The spectral regions of absorption of cse2 has been 

shown below in (5.1). Analogous absorption systems of·CS2 

(reported by Klema"li) also ocqur in similar regions and their 

wavelength ranges are also shown in (5.1). The oscillator 

stre~gths of the cse2 absorption systems are given in the 

third column and those of CS2 in the sixth column. The absorp­

tion pressure-path (in units of rom of Hg for p ·and in m for ..t) , 

needed to observe each of the three absorption systems in cse2 

and cs2 are also given below. 

CSe 2 cs2 

System Region (A) fnm pxl Region (A) fnm pxl 

R 4500-4000 lo-4 g· 3800-3400 (1o-4 160 

v 4050-3450 10-3 
1 3300-2900 lo-4 3.2 

A 2600-2100 10-l 0.01 2100-1900 0.05 

(5 .1) 
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Since the amount of cse2 .Present in the synthesized mixture is 

not known exactly (section 2. 2) ,· fnm values could be inaccurate 

by a factor of 10 (see Appendix I) . Kleman observed the R and 
' 

V systems of cs2 on a 35 ft · E~gle spectr~graph similar to the 

one used in this work for recordi~g the R and. V systems of 

CSe2. The absorption pressure-path le~gth data for cs2 are quoted 

from his work. A value for ~nm for the A system of CS2 is not 

available. The estimate given in (5.1) of th~ absorption pressure 

path length for this system has been obtained from the data of 

Tyerman~19 

The probabi.li.ty. of the transition is proportional to fnm. 

From the data in (5.1) above, we note that the oscillator strengths 

for the R:V:A systems of cse2 are in the ratio of 10-3 : 10-2 : 1. 

Hence, we conclude that the R and V absorptions result from rela-

tively forbidden transitions in comparison with the A system 

transition and that between the Rand V absorptions,the latter 

results from a transition which is more 'allowed' than the former. 

The relative oscillator strengths and absorption pressure-path 

le~gths among the cs2 systems apparently have a similar rela­

tionship as those of cse2 • However, the value of f~ and pxl 

for each system of cs2 is smaller and larger respectively than 

that of the corr_esponding systems· of cse2 • 

Since the f~tn values. in CSe2 is greater than the f~m 

values expected for magnetic dipole (10-5) or electric quadrupole 

(10-8) allowed transitions, it is likely that the R, V and A 
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systems arise from electric. dipole :transitions {for which fnm = 
1 to lo-.4) 115 • Further,. the fnm = lo-l value of the A system 

is closer to that of an allowed electronic transition (for which 

fnm = 1 to 10-1 ); and the fnm values lo-3 .and 10-4 of the V and 

R systems respectively are clos~r to those of mariy vibro­

nically allowed transitions (for which fnm = 10~ 2 to 10-4). 

Therefore, it is possible.that V and. R systems arise from 

forbidden electronic transitions which 'become' allowed by vi~ 

bronic interactions. This argument does not preclude the possi­
. ! 

' 
bility that these systems resuit from transitions between the 

singlet_ ground state and triplet excited states in Table 4.2. 

5. 2 . Spectra of isotopic speci±s of. cse2 
l 

Naturally occuring elemental selenium contains six of 

its stable isotopes in relatively large abundances (Table 5-l). 
! 

The presence of these isotopes.complicates the observed spectrum 

of cse2 synthesized from naturll selenium considerably, as 

discussed below. 

It can be shown (Append~x.J) that, if six stable isotopes 
! . t 

are present., twenty-one different species of isotopic CSe2 mole-

cules are formed during the syntnesis. The notation used to 

identify. each of these species is given in section 2.2. From 

the percentage natural abundances given in Table 5-l for each 

isotope, tJ:le molecular ratios among the isotopic spec~es present 

in CSe2{N-N) may be obtained. ·The method of calculating their 

molecu~.ar ratio is_ shown in Appendix J. From these ratios, the 
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number of molecules· of each is.otop:ic species relative to 100 

molecule~ of the ao-ao species can be obtained. Their relative 

values ar.e. given in Table 5-l, and can be used to calculate 

the relative intensities amo~g bands of isotopic molecules. The 

intensity of a band corresponding to a. given electronic transi­

tion is directly proportional to the number of molecules Ni in 

the initial state of the transition (equation 1.22). Hence, 

from ··the data in the abpve table, we see that, if· a band due 

to the 80~80 molecule has an intensity of 1001 that due to the 

78-78 molecule should have relative ·intensity of 25 for the 

same transition. Therefore, the numbers in the last six 

columns of Table 5-l represent the relative intensities for 

bands due to isotopic molecules, in a given transition. Only 

eleven out of the twenty-one species in the table have bands 

whose relative intensity values exceed 4. Bands of these ele­

ven species are the ones expected to be seen experimentally. 

The complexity of the observed spectrum of cse2 .. 

(N..:N), due to the presence of isotopes of selenium ,is illustrated 

with the aid of Fig. 5.2. a) shows the spectrum of the R 
t 

system of the N-N species photographed on a Bausch and Lomb 

1.5 m_ grating spectrograph. Under the resolution of this in­

strument, most absorption bands are diffuse, with a few showin~ 

line-like structure. In b) one of the bands, as it appears 

under the higher resolution of a 20 ft Ebert spectrograph is 

·shownm Ten line like heads which belo~g to this band, are 

marked by.arrows in the f~gure [Band heads, not marked by arrows 

do not belo~g to the band under discussion] • Callear and 
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Table. 5-1 

ISOTOPIC SPECIES OF· CARBON DISELENIDE 

Mass Natural % Relative Number*: of Isotopic molecules .tn 

No. Abundance of ''fN-N) 

' i -se 82 80 78 77 76 74 

82 8.84 4 

80 49.96 40 100 

78 23.61 20 100 25 

77 7.50 4 35 20 4 

76 9.12 4 40 20 4 4 

74 0.96 1 1 1 1 1 1 

# ·Refer to Appendix J for calculations 
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Tyerma~6 observed these line like heads, and concluded that their 

bands are different in .structure from those ·of _the R system 

in the CS2 spectrum. In this invest~gatio~, .it was found that 

these heads could be explained satisfactorily as bands .. due 

to different isotopic· c_se2 molecules. The correct ass~gnment 

of each band head to a specific iso~opic molecule can be arrived 

at by comparing the spectrum in b) with the spectra of 80-80, 

78-80 and 78-78 molecules shown in· F~g. 5-2 'c), d) and e) res­

pectively.· One strong band, marked by the arrow, is seen in 

c) .. This- band is due to the 80-80 molecule and has a discrete 

rotational structure which is degraded to the violet. Two 

bands, one weak and the other stro~g are observed in the spec­

trum of the 78-78 molecule. The stro~ger band is due to the 

78-78 molecule and has a violet d~graded rotational structure,· 

like the band in c). Three-bands are observed in the spectrum 

of the 78-80 species. It can be observed that the intensity 

of the middle band is nearly twice that of the other two (as 

indicated-by the .relative he~ghts of the arrows). ~he band at 

the left is due to the 80-80 mole~ule and the band at r~ght due 

to the 78-78 molecule and the band in the middle due to .the 

78-80 molecule. The bands of 80~80 and 78-78 molecules occur 

in the absorption spectra because the 78-80 ·component was 

synthesized from a 1:1 w/w mixture of se80 and se78 • (The 

presence of three bands, incidentally, proves that there.are 

two atoms of Se in the absorber. Refer to Appendix J). The 

bands of 80-80, 78-80-and 78-78 molecules can be readily ;identi­

fied in b) by their positions; the juxtaposed arrows which 
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indicate these bands, bea·r .the· ·ao:....ao ,. 78-80 and 78-78 labels. 

The two intervals between these three bands are ·equal; the in­

terval between 80-80 and 78-80 have been. given the symbol 11 2q 11
• 

Th~ remaini:ng seven band heads in b) can be identified in the 

following way. As shown in section 3~7, the isotopic shift 

between bands of XCX and xicxi molecules is expected to be ap­

proximately double that between bands of xcx and xcxi molecules. 

Here, the interval between 80-80 and 78-78 bands is '4q' and 

·that between 80-80 and 80-78 bands is '2q' which justifies this 

expectation. Hence, we assume that if there is a mass change 

of two in one selenium atom between two isotopic CSe2 molecules, 

the interval between t~e bands of the species should be '2q' 

and if there is a mass change of two in each of the selenium 

atoms, the interval should be '4q'. With.this interval rule 

as basis, the band heads of 82-82, 82-80, 78-76 etc. could 

be satisfactorily located with respect to the bands of 80-80 

and 78-78. In Fig. 5-2 b), the ten band heads of isotopic 

species, identified by this interval rule, are marked by ar­

rows and labelled according to species. The intervals between 

band heads are shown in units of 'q'. By the interval rule, 

the bands of 80-80 and 82-78 must coincide. This coincidence 

is indicated by superimposed arrows. Similarly, the bands of 

80-'1.6. and 78-78 must coinc.ide; however, these appear t.o be 

separate. The heights of the-juxtaposed arrows are propor­

tional to the relative intensity value given in Table ~-1 for 

each species. The intensities of band heads in the spec'trum 
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in b) are observed to be ·appro:X"ima.te~ly in the ·same ratio as 

the ·he~ghts of the arrows. We conc:lude, therefore, that each 

of the te~ like heads can be accounted for as band heads 

of isotopic species and that the presence of these isotopic 

heads is .a primary reason for the apparent c·omplexi ty of the 

observed spectrum of cse2at(N-N) 

Since the spectrum of the N-N species is complex it 

was not inves'tigated in detail in this work. The spectrum of 

the R, and V systems were, however, recorded under h~gh resolu­

tion. Most of this investigation on the R and V absorption 

systems of cse2 was carried out with the 80-80 and 78-78 species, 

because seBO and se78 were most readily available with rela­

tively_ greater isotopic purity (~97%). The spectra of 77-77 

and 78-80 species were also recorded for specific· purposes. The 

rest of this chapter is divided into four parts. In part A, 

the description and analysis of the R systems is presented and 

in parts B and C a preliminary invest~gation of the V and A 

systems respectively is_ given. Part D is a summary of this work. 

PART A 

THE R SYSTEM 

5.3 Gerteral Descript~on 

The.absorption bands of the R system were recorded us­

i~g 50 em lo!J.g absorption cells each containing the v-apor of 

80-80, 78-78, 77-77, 78-80 and N-N compounds at room tempera.ture. 
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The R system of N-N was also rec·or.ded with an 1.8 m White type 

multiple ·reflection cell containi~g the ·vapour at a pressure 

of 23 ·;mni. , at room temperature (27°C) . Isotopic compounds 

were not used in the l~a m lo~g path le~gth cell because suf­

ficient amounts of these compounds for filli~g such a cell were 

---not available. The effect of temperature on the intensity of 

the R system was studied by taking spectra. at- 42.°C, 22°C, 

100°C and 200°C. The vapour pressure of cse2 was too low at 

temperatures below - 42°C and a spectrum could not be observed 

even with the use of the multiple reflection cell. At and 

above 200°C, cse2 either decomposed or polymerized, produci~g 

deposits on the inner surfaces of the absorption cell. Ex-

perimental details of recording spectra are discussed in 

section 2.6. 

At room temperature and with a path ie~gth of 50 em 

the observed R system absorption lies in the ra~ge of 3950 to 
0 

4550 A. At 100°C and 200°C, weaker bands at the red end of 

the spectrum increase in intensity ·and hot bands are observed 
. . 0 

above 4550 A. When the path length is increased to 20 m at 
o· 

.room temperature, the R system could be observed up to 4800 A. 
, 

Many bands observed in this additional region of the red end of 

the spectrum occur at.the same wavelength as the bands observed 

when the shorter path le~gth cells were heated. Callear and 

Tyerman36 also observed such.an extension of the R system, in 

the h~gh temperature absorption of N-N vapour. 
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Alt~gether about 300 bands were observed in the h~gh 

resolution spectrum of both 80~80 and 78-78 vapour. Most of 

these are weak,· showi!lg a profile ·that is sharp and line like 

wi~hout any associated rotational structure. Some of the bands 

are diffuse, broad or multiple headed. The structure of the 

band heads is more difficult to determine at the h~gher energy 
0 

·~nd (4000 A) of the spectrum. since weaker bands of the V sys-

tern overlap the bands of the R system in this r~gion. All 

stro~g bands of the system, whose rotational structure is dis-

cern.ible, are d~graded to the violet. Many of them have sharp 

resolved rotational lines, a few wavenumbers- away from the wave-

number of the band head. The rotational structure of many of 

these bands of CSe2 resemble that of the violet d~graded 

bands of the cs 2 {R) system. Most of the cse2 bands are appar­

ently single headed. However, in the red end of the spectrum 

several bands with double heads are also observed. Many of the 

bands observed for each isotopic spectrum partially overlap 

each .other so that often, it is difficult to determine·whether 

a weak head is genuine or an intense rotational line of another 

band. 
0 

The spectrum of 80-80 and 78-78 in the 3950 - 4600 A 

r~gion is shown in Appendix K •. The wavenumbers of all the 
0 

observed band heads in 80-.80 and 78-78 in the 3950 - 4800 A 
~ ~ _:;~ 

region are_ given in Appendix L. Band heads, listed by wave=-',·:· 

numbers in the same row of the table in Appendix L, do not 
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n_ecessarily belo~g to isovibronic*. transitions. However, in 

those rows where differences in w.av.enumbers (i.e;, isotopic 

shifts} ~;re also. given in addition to wavenumbers, band heads 

.. have been ju~ged to belo~g to· isovibronic transitions-. The 

estimated intensity of each· 80-80 and· 78-78 band head is also 

given relative to a value of 10.0 for the most intense band. 

The intensity estimates are based on visual ju~gement of spectra, 

and of their'roicrodensitometer traces. The letters c, me, mh, h 

alo~gside intensity values of 80-80 bands indicate cold, possi­

bly cold, possibly hot and hot bands respectively. Such data 

was not obtained for every band in the system. 

Both the 80-80 and 78-78 spectra contain a la!ge num-

ber of bands. -Therefore, it was not always possible to decide 

just by a comparison of the two spectra whether a band in the 

80-80 spectrum and another band in 78-78 result from isovibronic 

transitions. Because of this difficulty isotopic shifts for 

all the observed bands could not be unambiguously determined. 

For the stronger bands in the spectra, the method outlined 

b~low and illustrated by Fig. 5-3 b) for the band at 22744 cm-l 

-was used to de-termine isotopic shifts. In this figure, the 
, 

spectrum at the top is that of 80-80, the middle one is that 

of 78--78 and the bottom one is that of cse2 synthesized from 

a 1:1 w/w mixture of se78 and seBO •. The band heads of each 

* For convenience, those transitions which have the correspond­
i~g number of vibrational excited qu~nta in the ground and 
upper states have been termed as isovibronic transitions. 
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isotopic species are indicated py .leadi~g lines. It was men­

tioned earlier in sec"tion 5-2,. that· the band heads of ·iso-

vibronic transitions in the' 80~80, 78-80 and 78-78 molecules 

are separated by equal ene~gy·interva~s (in this case, each 

interval is 5.5 cm-1 in wavenu~er units) and also have an 

-intensity ratio of 1:2:1. These requirements are fulfilled 

for the 78-78 and 80-80 bands shown at 22744 cm-1 and therefore 

·we conclude that these two bands result from 'isovibronic' 

transitions. Similarly, other isotopic bands in 78-78 and 

80-::-80 were compared with those of 78-80; if the two criter-ia 
'. 

mentioned above are satisfied for all three bands in the 78-80 

~pectra the transiti6ns were identified as isovibronic. The 

intervals between isovibronic bands i.e. isotopic. shifts were 

recorded. However, this method of identification could not 

be used for low intensity bands in the isotopic spectra or for 

those bands which are overlapped or perturbed, as shown below. 

Perturbations are observed in various parts of the 

spectrum. Many band heads are displaced from their 'normal' 

p~sitions in the energy spectru~. Several have anamolous 

intensities and structure. 
r 

It can be shown that these effects 

are present in the system by a comparison· of isotopic spectra. 

F~g. 5-~ b) has been discussed in the earlier paragraph and 

represents the 'normal 1 case of ene~gy and intensity relation~ 

ships amo~g the isotopic band heads of 80-80, 78-80 and 78-78 

species. Fig. -S-3 a) shows the band at 22716 cm-1. Here the 

wavenumber intervals between the 80-80, 78-80 and 78-78 band 
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heads are in the ratio of 8. 2 .: 6. 6 whereas the expected ratio 

is 1:1. Therefore either one, or. two, or all band heads are 

not in their normal position in the spectrum. An· example of 

an intensity anomaly is seen in Fig. 5-3 d)· ,for the bands at 
. :_.-· 

23976 cm-l where the intensity.of the 80-80 band is much less 

than that of the 78-78 band and therefore the expected inten­

sity ratio of 1:2:1 for the 80-80, 78-80 and 78-78 bands does 

not agree with the observed ratio. A third case of apparent 

perturbation is seen in the band at 23930 cm-1 reproduced in 

Fig. 5-3 c). Here, the band in 80-80 appears to be single, 

that in 78-78 seems to be triple, and that in 78-80, double 

headed. The explanation, that the band in 78-78 is a triply 

overlapped band, was subsequently found to be reasonable. Per-

turbations are also evident in the rotational structure of 

strong bands. Members of series of lines forming a branch in 

the rotational structure are often seen to be displaced from 

expected positions or reduced in intensity. Examples of such 

rotational perturbations are not illustrated here. 

5. 4 Evidence in favour of a bent excited' s·tate 

A. Occurence of progressions in the bending vibration 

Many strong bands and a la~ge. number of weak bands occur 

throughout the observed range of the R system absorption. Even 

in the spectrum of a single isotopic species such as 80-80, no 

regularity or repetitive patterns among these bands ·is obvious. 

It is possible that a part of this irregularity is caused by 

the presence of perturbations discussed in the earlier section. 
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_Some -examples of frequency differences amo!lg the stro~gest 

bands are ·approximately 40, .125, 170, 295, 465, 630, 770, 
. -1 

· 930 ••• etc. ·em • However,. among these values, series of bands 

w;ith successive intervals of ""170 and ""465 cm-1 could be 

identified. 

The members of series, which have successive but ir­

regular intervals of 170 cm-1 , form the most prominent groups. 

Within each. group, the intensity of each successive band in-

creases with its frequency and reaches a maximum at the second 

or third member of the group. The relative intensities among 

the bands within each. group varies slowly. If the bands were 

member of a sequence then the intensity variation among them 

should be much more pronounced and show a different distribution 

(Appendix F). Furthermore, spectra observed at low temperatures 

indicate that the member of the most intense group of these 

bands are cold bands, suggesting that all these bands o'riginate 
II II II 

on the vibrationless ground state (v1 = v2 = v3 = 0) . There-

fore it is assumed that each of these groups form a pr~gression 

rather than a sequence.. The frequency intervaJ_ of 170 cm-l 

is too small to be any of the ground state vibrational fre-

. . . . ) . W" 4 -1 w II quenc1es (obta1ned 1n sect1on 3.8 v1z. 1 = 36 em , 2 = 
1 II 1 313 em- and W3 = 1303 em- • Further, it will be shown in 

section 5.4 B, that the excited state synunetric stretching 

frequencyGu1 in a lin.ear state cannot be smaller than its value 

of 364 cm-1 in the ground state. Hence, the interval of 170 cm-1 

is also too small to be the excited state symmetric stretching 
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mode in the linear-CSe2 molecule. Hence we assume that these 

. groups of bands with a frequency intervals of 170 cm-1 form a 

progre~sion in the bendi~g ·vibration. Such an observation of 

pr~gressions in this bendi~g vibration accordi~g to ~ranck-Condon 

princiJ?-...~e implies that. the molecule is bent in the e,:tci ted st-ate. 

(section 4.6). _ .. ,. -:..- : 

Alternatively, the strongest bands can also be arranged 
. ~ 

into groups with a frequency interval of about 460 cm-1 between 
i 

I 
. successive bands. The number o.f members in each_ group is fewer 

than the number in the pr~gression (in bending vibration) des­

cribed in the previous par~grap?. These. groups were a~sumed 

to be progressions in the symme,tric stretchi~g modej the 
. I . 

magnitude of the excited state ~tretching frequency i.e. 460 cm-l 

is compatible with that derived from arguments presented in 

section 5.4 B. Since the intensities of successive members of 

the group are fairly constant they cannot be attributed to 

sequence bands. 

If the transition by which the R systems absorption occurs, 

is between electronic states of the linear CSe2 molecule (i.e • 

. a linear ~<:--·linear transition) progressions in the sYmmetric 

stretching mode should be observed provided there is a change 

in the ~nternuclear dista~ce. rcse• When there is very little 

Change in r CSe 1 SequenCeS ShOUld be ObServed (ref,er diSCUSSiOn 

on the Franck-Condo~ principle 4.6). In either case, alternate 

members of a progression in the nontotally synunetric vibration 

i.e-~ v 2 or 6.v3 ·.-. 0, ± · 2, ± 4 ••• etc. should be observed 

with low intensity. The observation of progressions in the 



163. 
~ -· 

symmetric str.etchi~g mode satisfies. :the· first of the above 

requir·ements for a linear-linear transition. The requirement 

that alternate members of a pr~gression in the bendi~g vibra~ 

-tion -occur is not satisfied b~cause the interval of 17C~m-l 
.. 

is probably too small to be two quanta of the bendi~g fre-

~--..quency W2 for the linear CSe2 molecule. 

For a bent ~ linear transition, however, progressions 

s{lould be observed both in the symmetric stretchi~g modes as 

well as in the bending modes (section 4.6). The observation 

of both types of progression is consistent with this requirement. 

It is therefore likely that the excited state corresponds to 

that of a bent molecule. 

B. Rotational structure 

·The rotational structure of the bands in the R system 

provides more ·evidence in fav6ur of a bent excited state. As 

mentioned in the earlier section, stro~g bands in the.systems 

a~e violet d~graded and reveal sharp rotational lines. These 

lines appear to be regularly spaced; the intervals between 

successive lines suggest only a small value (see section 5.6) 
t 

"for the~ difference in rotational constants between the ground 

and excited st~te vibration~! levels. If the molecule is 

linear in both states, then the intervals between rotational 

lines must be a function of~B and the observed rotational 

structure must be the J structure. It is known from basic 

theory (sections 3.6 and 4.8) that the rotational structure of 

vibronic bands cart be violet degraded only if the rotational 
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constant in the upper vibronic sta.te: ·.(B') is. greater ·than that. 

in the lower vibronic state (B"). If the molecule is linear 

in both s·tates, B' ) · B" implies that r~se ( r~~se ,· since B 

·is inversely proportional to the moment of inertia IB.= 2 msl 

r~se (Equation 3.25). 'If the internuclear dis~ance in the 

excited state (r~se> is smaller than that in the. ground state 
II 

(rcse> , it means that there is a greater bondi!lg in the excited . 

state of the 11near molecule than in the. ground state. This 

conclusion is contrary to expectation; sin?e from a~guments 

presented in section 4.2,·it would imply that an electron pro­

motion has occured from the non~ondi~g l~g orbital to a 

bonding orbital rather than to an antibonding orbital. If the 

molecule is bent in the upper state however, an excited state 

B' value larger than its value in the. ground state can be 

obtained even ·~or .a rcse > r.CSe. This a?=gument is illustrated 

in Appendix ·H, where in the first column of the table several 

' " values of rcse are given. For the sake of a?=gument rcse may 

be assumed to be equal to 1.711 l from the data of Wentink23 
. A 

In the second column, bond angles tSeCSe are given. The third, 

fourth and fifth columns show the calculated rotational con-, 

stants A, B, C in cm-1 for the corresponding geometry and the 

last column p~ows the value of the asymmetry parameter. It 

is found that k~-14 for all the rows and therefore the molecule 

is approximately a prolate symmetric top for any angle of bend­

ing in the given range... It is also shown in the table that 

even if the rcse is larger in the excited state, B' can be 
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la:rger .than B11
• Hence, violet d~gr.aded. vibronic bands are 

possible ·even if th~ internuclear distance ·rcse ·is la:rger than 

that in the_ ground state, provided the molecule is bent in_ the 

-excited state. Therefore, the 'rotational structure of the 

bands also suggests a bent excited state. In section 5.6 the 

-rotational structure of these bands is examined in greater detail. 

c. Isotopic shifts 

A 80 . The values of isotopic shiftS/~o-= ()78 - () .J for. the. 

bands of the R system are_ given in Appendix L. From this iso-

topic shift_data, the fol~owi~g observations and references 

(based upon the discussion in section 4.10) can be made: 

1. None of the bands, for which isotopic shifts could be deter-

mined, have zero or· near zero isotopic shifts. Such a small 

shift is expected for an origin band (see Fig. 4.10). Hence 

lt is tentatively assumed that the origin band correspond-

i~g to t~e (0, 0 ,0) 1 ~<-- (0, 0, 0) 11 transition is not observed 

in the spectrum. 

2. All observed isotopic shifts are positive and lie in the 

range of 3 to 16 cm-1. Smaller shifts are observed at the 

low energy end of the spectrum and large shifts at the high 

energy end.of the spectrum. Most of the intense cold bands 

(which were observed in temperature work) lie in the latter 

region. Large isotopic shif-ts for cold bands indicate that . 
these bands result from transitions between the vibrationless 

II II II . 

(vl=v2=v3=0)_ ground state to the excited vibrational levels 
I I I I 

(vl,v2 and v3 where one or more Vi may be no~zero) ·of the 

upper state. 
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The absence of an observable or~gin band and the pre­

·sence of ·bands due to (v1 ,. v 2 , v 3} ~co·,o·,oy transitions, in~ 

dicates that there is a cha~ge in the equilibrium_ geometry of 

the molecule in the excited state (refer to discussion of the 

Franck-Condon principle in section 4.6). This cha~ge in ge6-

metry could be due to changes in the internuclear distance ·rcse 

or a change in the bond angle set~ Since progressions in the 

bending vibration are observed, it is likely that there is a 

change in the bond angle in the excited state. 

Small i~otopic shifts in the lower ene~gy end of the 

spectrum can be accounted for under the assumption that there 

is a change in equilibrium_ geometry on excitation. Transi-

" tions in this region are from excited vibrational levels vi 
I 

of the ground state to lower vibrational levels vi of the ex-

cited state. It can be shown from equation (4.44) by sub-
I II 

stitution of approximate quantum numbers vi and vi,that iso-

topic shifts are indeed small in this case. 

5. 5 Detailed Vibrational Analysis· o·f· ·the· .R sy·st·em 
1 +-_- - L 

The vibrational levers of a linear g state and the 

rovibronic levels of a bent excited state have been discussed 

before in section 4.5 (the symmetries of these levels are given 

in F~g. 4.9). It has been shown (section 4.7) that for6 K=O 

(i.e. parallel type) transitions, L·:..L, [1-[1,~-~, etc. 

type bands result whereas for6.~ = : 1 (i.e. perpendicular 

type) transitions, L-f1,fl-2:,6,-f1, etc. type bands result. 

In the present work, violet d~graded bands with sharp rotational 
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structure are observed (s.ection 5 .3)' in the spectrum and the 

rotational structure ·of· many of these bands resemble that of 

the L- L type bands in the R system of cs2. In F~g. 5. 7 I an 

example of such a L- L band in the R system of cse2 is shown. 

In addition to these bands' several rr -.IT bands are also ob­

served in the present work~ These bands were identified as 

lf- Iftype bands by their r~tational structure; this method of 

identification is discussed in section 5. 6. .Bands of]T- 2~ 

TI -li, ... etc. types are not observed. A classification of bands 

by their rotational structure into L-L~ IT -IT 1 6-~ ... etc. 

types determine directly the value of the quantum number K for 

each of these bands in the ground and excited states. 

As mentioned in section 5.4.A, progressions ar~ obser­

ved with a separation of about 170 cm-1 between suc~essive 

members. At room temperature '2:- 2: type bands. are the strongest 

bands observed in the spectrum and many of them form these 

(170 cm-1 ) progressions. A typical pr!Jgression of bands has 

members with wavenumbers 23295.2 1 23471.6 1 23641.5 1 23807.7 1 

23976 .. 2 and 24151.3 cm-1 • The successive intervals between 

these bands are 176.4; 169.9, 166.2, 168.5 and 175.3 cm-1 • 

These intervals apparently decrease to .a minimum before in-

cre~sing again. Such a uniform behavior was not always ob~ 

served. In some progressions of L- 2: bands I succ-essiv-e -Inter...:. 

vals were st~~gered. 

Since the frequencies of .all three fundamentals in the 
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W -1 -1 w . ground state, viz. 1 = .364. em ,.w2 = 313 em and 3 = 1303 

cm-1 are known, intervals between band heads correspondi!lg 

to thes·e frequencies were so~ght in the spectrum~ None of 

these intervals occured frequently eno~gh for unamb~gous iden­

tification. 

However, a wavenumber difference of 631.4 cm-1 is 

obtained between two L- L type bands at 23641.5* and 23010.1 

cm-1 . This difference is in. good ~greement with 631 cm-1 , the 
I 

wavenUmber of the observed Raman active overtone band (section 

" " 3.8), corresponding to the (0 2°0 ) ~"' _..._(0 0° 0.) vibrational 

transition in the ground state bendi~g vibration {for.notation 

refer to section 3.5). In addition to the above two ~- ~ 
type bandS 1 three pairS Of rr- rr type bandS are ObServed at 

23034.6 and 22398.9; 22870.1 and 22234.1; 22694.8 and 22059.0 

cm-1. The intervals between bands of each successive pair is 

635.7, 636.0 and 635.8 cm-1 respectively. The mean value of 

the last three number i.e. 635.9 cm-1 is in good agreement with 

636 cm-1, the wavenumber of the observed Raman active overtone 

1 n 1 u 
band, corresponding to the· (0 3 0) ~ (0 1 0) transition in 

the ground state bending vibration. 

It was assumed tentatively that the 23641.6 and 23010.1 

cm-1 ,bands of the ~-~ type occur due to transitions from the 

(0 0° 0)" and (O 2° 0)" vibrational level.s: of the ground state 

* Unless otherwise stated, wavenumbers quoted in text, refer 
to those of the (80-80) isotopic species. 



respectively to a common rovibr.onic level with K' = Oof a 

bent upper state denoted by (v1. v~. v 3 ) '. The.J1- J.rtype 

bands at 23034.6 and 22398.9 cm-1 was assumed to·be due to 

transitions from the (0 11 0) 11 and (0 31 0) 11 levels of the 

169. 

ground state respectively to a common rovibronic level {with 

K = 1) of a bent upper state. The successive intervals between· 

the bands (of the previous par~graph) at 23034.6, 22870.1 and 

22694 .. 8 cm-1 are 164.5 and 175.3 cm-1 and those between the 

. rr- n: type bands at 22398.9, 22234.1 and 22059.0 cm-1 are 164.8 

and 17 5 .1 cm-1. Each set of these three bands,.· therefore form 

progressions similar to that formed by the~-~ type.bands 

mentioned earlier in this section. 
II 

For v3 = 0, the expression for the term values of the 

ground state for the bendi~g vibrational levels can be shown 

(from equation 3.16) to have the following form. 

x (v2 + 1) + 1/4 x13 (5.2) 

It can be shown that if the term value G" {0, 0°) = O, then 

the expression (5.2) above reduces to (5.3) on the following· 

*Notation:- Same as section 3.5 except that the prime and double 
prime refer to upper and ground electronic states respectively; 
also, K is equal to l in the ground state and K represents the 
total angular momentum.in the upper state. Since the quantum 
number V3 is not encountered in this 'analysis the notation is 
reduced to (v1 , ~ ) in each state for convenience. . . 
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page. 

(5.3) 

11 
..t:J" 11 n n n n 

where w 2 = U)2 + 2x22 + 1/2 (x1 2 + x23) + 1/4 (x13) has been 

substituted in (5.2). The interval of 631.4 cm-1 obtained in 

the last section corresponds to the wavenumber difference be-

tween G"{0,0°} amd G"(0,2°) term values and the interval of 

635.9 cm-1 to the difference. between G"{0,31) and G"{O,l1) 

term values. By substitution of these intervals and appropriate 

term values G"{o, v~ ) it was found that x22 = 1.2 cm-1 • 
l 

With this value of x 2i, term value differences G"[O,(v2+2) ] ~ 

G11 (0, v~) for v2 = 2, 3, 4 •• etc. were calculated by the 

use of equation (5.3).· Some of these calculated term value 

differences ar.e given below in cm-1 • 

G"(O,i0 ) G"{0,0°) = 631.4 

G" (0, 31 ) G"(O,l1 ) = 635.9 

G"(0,4°) G n co·, 2°) = 640.7 

G11 co, 42 ) 
., 

640.7 G11 (0, 2""·) = 

G"(o,s1 > G" (0,31) = 644.8 

G11 (0,53) G"(0,3 3) = 644.8 
(5. 4) 

Pairs of bands whose wavenumber intervals ·correspond to each 

of these calculated interva.ls were identified in the spectrum. 

The members _of the pair were th~n assigned the corresponding 

l l quantum numbers 0, (v2 + 2) and 0, v2 _of the ground state 

and assumed to share a common upper· ro'iribronic state in the 

transition. 
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In Fig. -~.4, a typical set of bands in each of the 

80-80 and 78-78 spectra, resulting from (isovibronic) transi-

tion from ground state levels and K = 0,1,2,3 •.. sublevels 
I 

of one v 2 level in the excited state are represented schema-

tically. The observed wavenumber differences between ground 

state levels of the same l (=K) which have the same symmetry, 

are shown. The agreement between these differences and the 

calculated differences in (5-.4). may be verified. From the 

scheme in Fig. 5.4 it is seen that bands at 23178.2 and 

22547.2 cm-1 must be of the L- 2:type; and the bands a.t 

22870-..r and 22234·.1 cm-1 must be of the TI-n type. From an 

observation of their rotational structure and band head struc-

ture {see section 5.6) it was found that all the above four 

bands are of the correct types. Such agreements between ex-

pected and assigned band types were found for bands of the 

78-78 molecule also. The relative-intensities· among the bands 

represented in Fig. 5.4 were also consistant with their assign­

ment. The 2- L andfl-IT bands arising from v~ = 0 and 1 

levels respectively were the most intense bands (see Appendix L} 

in each of the isotopic molecules, .as expected {see Appendix F) 

of bands arising from transitions from the ground and a low 

energy (3.13 cm-1) excited vibrational sta·te. For other bands 

of Fig. 5.4, there is a decrease in intensity with an increase 

II • • • in the value of the v 2 level from whJ.ch they orJ.gJ.nate. From 

temperature work it was found that the band at 23178.2 cm-1 

is a cold band and that at 22870~ cm-l is relatively a hotter 
~ 

band (refer Appendix L) • Such a temperature effect supports 

the assignment of the former band to a transition arising 
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" " " from a v 2 = 0 initial state .. The quantum numbers v 1 and v3 

for this state should be zero for the same reason. Several 

such sets i.e. transitions from the ground state vibrational 

. " levels to K sublevels of each successive v 2 level in the 

exbited state, could be picked out. Five or six sets could 

be arranged into progressions with successive intervals of 

approximately 170 ~m-l (between corresponding members in each 

set). Five progressions of such sets are observed. Four 

of these are schematically shown in Figo 5.5.. Each vertical 

line in this diagram represents the first member of a set 

(of Figo 5.4) i.e. a ~-~type band. The wavenumber of this 

band and, in parenthesis, the isotopic shift-6 a-, are given. 

The members of each progression are believed to be transi-
II I I 

tions from the ground state v 1 = 0 level to success~ve v 1 

levels. The successive intervals (mean values of 464;i~., 461-3 _ 

and 
u 

465;j) between v 1 levels are shown .. Each vibrational level 

has been numbered in Fig. 5.5; these numberings are justified 

in section 5.7. The wavenumbers of all those bands which have 

been assigned are given in Table 5.20 Table 5~2 a) lists 

~-~type bands; 5o2 b) lists n-n type bands; 5.2 c) 

lists 6,-6, bands 9 etc. The assignments of v ibra tiona I quantum 

numbers for ~- I and TI-n type bands are shown in the spectro­

grams of Appendix K. 

In each isotopic spectrum, about 100 bands can be 

ass~gned to transitions from the vibronic levels ·of a linear 

ground state to those ·af the same ·bent excited stateo· The 

stro~gest bands in the spectrum, with a few exceptions, are 
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assigned without difficulty in this analysis. The combination 

differences G" [ 0 1 (v2 + 2) K ] - G" ( 0 1 v 2 K) were used as basis 

for checking the correctness of assignments. All pairs of· bands 

which are transitions from [0, (v2 + 2) K. 1'" and (0 1 v~)" l.evels 

to·any common excited state rovibronic level are expected to 

have the same value of G" [0,. (v2 + 2)K]- G" [02, ~j, within 

limits of experimental error. These differences were evaluated 

from the wavenumbers of assigned band heads in Table 5-2 and 

. .. -1 mean values are g~ven below ~n em • 

80-80 78-78 

Pl = G(0 1 20) - G(o,oo> = 631.3 631.7 

P2 = G(O, 31) - G(O,l1 ) = 636.0 636.6 

P3 = G(O, 40) - G(0,2°) = 640.7 641.5 

P4 = G (0 I 42) - G(0,2 2 ) = 640.1 640.9 

Ps = G(O, sl> - G(0,31 ) = 644.8 646·. 8 

P6 = G(O, s3> - G(0,33) = 645.1 (5. 5) 

Since the strongest bands of the system are L- Land IT-IT 
bands the maximum number of individual 'Pi' values were obtained 

for the first two differences (pl and P2) above. The .largest 

deviation from the mean value of 631.3 cm-l was 0.4 cm-l and 

from the mean value of 631.7, it was! 0.6 cm-1 . Similar· 

satisfactory ~greements were_obtained for the Pi values of 

63'6\ 0 and 636.6 cm-1 • These agreements support the vibrational 

analysis. 
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Table 5-2 a) 

L- LBANDS OF THE R SYSTEM· (in cm-1) 

I I II II I a- u I 
v1,v2 -· v]_ v 

I 2 (8.0-80) 80-80 78-78 (78-78) 

0,6 - 0,0 10 2300'2. 3 23010.9 15 
-

0,7 - 0,0 75 23178.2 23188.1 75 

0,8 - 0,0 95rnc * . 23347.4 23356.3 80 

0,9 -. 0-,0 100c 23514.7 23527.1 100 

0,10 - 0,0 70m *23683.7 23697.9. 90 

-· ;. 
0,11 - 0,0 10 23841.3 23856.2 10 

0,6 - 0,2 25h 2"2371. 6 22379.3 30 

0,7 - 0,2 60h 22547.2 22556.5 55 
. 

~,8 - 0,2 50 -22716.4 22724.6 40 

0,9 - 0,2 40 22883.5 22895.5 50 

0,10 - 0,2 55 23052.2 23063.6 55 

0,6 - 0,4 h 21730.1 21738.2 

0,7 - 0,4 h 21906.5 21915.0 

0,8 0,4 h 22075.6, 

1·5 , . .... · a·,o 15 23295:2 23303.4 15 

r·,G_ - o·,o 70 . 23471.6 23481.6 so 

1,7 - 0,0 90mc 23641.5 23653.7 80 

* overlapped; 

c=co1~,· mc=possib1y cold, rn=co1d or hot, mh=possibly hot 
h=hot 
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Table 5-2 a) (in .-1) em (continued) 

u ' II II I a- o- I 
vl.v2 - vl,v2 (80-80) 80-80 78-78 (78-78) 

1,8 - 0 0 '. lODe 23807.7 23821.4 100 

1,9 - 0,0 100 23976.2 23990.8 70 

1,10 - 0;0 20 24151.3 24166.7 10 

1,5 - 0,2 20 22664.0 22671.4 15 

1;6 - 0,2 45 .. 22840.2 22849.4 55 

1,7 -· 0,2 65m 23010.1 23021.~ 70 

1,8 - 0,2 95 23176.5 23189. 6" 75• 

1,9 - 0,2 95me *23347.4 23359.2 25 

2,4 - 0,0 20 23571.8 23577.8 10 

2,5 0,0 25 23755.0 23763.9 20 

2,6 - 0,0 70e *23930.4 23943.3 50 

2,7 - 0,0 90m 24099.4 24112.5 80 

2,8 - 0,0 60me 24270.6 24284.0 25 

2,9 - 0,0 20me 24443.5 24455.2 10 

2,4 - 0,2 10 22938.9 22945.9 10 

2,5 - 0,2 10 23124.1! 23132.4 10 

2,6 - 0,2 15 23298,.8 23311.9 25 

2,7 - 0,2 50 23468.0 23480.6 25 

3,4 - 0,0 10 24046.1 24056.7 15 

3 5 -.I o,o 15 24216.5 24228.3 10 

3,6. - 0 ,o. 40 24394.0 24405.2 30 

3,7 -. cr, o 40c 24563.5 24575.3 50 

3,8 - 0,0 10 24735.6 
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Table 5-2 a) (in cm-1 ) (continued) 

8 ' .. " I () a- I 
Vl V2 

I 
- V!,V2 (80-80) 80-80 78-78 (78-78) 

. 
3,6 - 0,2 10 23762.3 23771.3 10 

3,7 - 0,2 40 ··23932. 7 23944.2 50 
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Table 5-2 b) 

IT-. f1 BANDS OF THE R SYSTEM 

() a-
I I II n 

v_l, v2 - v1Jv2 I 80-80 78-78 I 

0,6 - 0,1 45 22694.5 22702.1 50 
694.8 701.9 

0,7 - 0,1 85 22869.6 22879.6 90 
870.1 22879.0 

o,s-~ 0,1 lOOm '*23034. 6 23044.3 . 90 
044.7 

0,9 - 0,1 so 23219.6 23226.3 30 
220.1 226.8 

0,10 - 0,1 70mb 23388.4 23399.9 90 
400.7 

0,6 0,3 30 22058.4 22065.1 30 
059.0 065.7 

0,7 0,3 50 22233.5 22242.3 45 
234.1 243.1 

0,8 - 0 ,3_ 55 22398.9 22408.1 60 
399.1 409.1 

0;9 - 0,3 20 22583.7 

0,10 0,3 30 22752.2 22763.1 35 

0,6 - 0,5 h 21413,."5 

0,7 0,5 h 21588.3 
589.4 

0,8 - 015 h 21754.6 21761.3 

1;5 - 0,1 22986.7 22994.1 
987.4 .• 994.9 

1',6 -· 0,1 90m 23160 .• 8 23170'. 8 90 
161.3 171.3 
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Table 5-2 b) (continued) 

cr () 
I g l'i IU 

vl,v2 - v1,v2 I 80-80 78-78 I· 

1,7 ·a, 1 60 23340 .. 9 23350.8 80 
351.8 

1,8 - 0,1 90mc 2349.9.4 .23513.4 100 

1,9 ~ 0,1 70m 23683.7 23697.9 90 

1,10 - 0,1 20 23858.4 23873.2 20 

2,4 ·- 0,1 ~5 23267.5 23276.8 15 

2,5 - 0,1 50m 23474.5 23487.5 35 

.2,6 = 0,1 SOme 23623.3 23637.4 60 
624.5 

2,7 - 0,1 70 23803.2 23816.1 80 

2,8 0,1 10 23969.9 23985e8 25 

2,9 ... 0,1 15 '24151. 3 24167.1 25 

1,5 - 0,3 15 22351.1 22360.4 15 

1,6 - 0,3 40 22525.2 22533.9 25 
525.8 534.3 

1,7 - 0,3 10 22705.2 . 22714.9 10 

1,8 - 0,3 22863.8 22876.9 15 

2,6 = 0,3 22986.7 23000.6 10 
987'. 4 

2;7 - 0,3 20 23167.4 23179.1 10. 

3,4 - 0' 1. 25~ 23755.0 23765.6 20 

3,5 - 0,1 70c 23932.7 24942.5 60 

3 ;:6 -· 0,1 15 24103 .·4 24114.9 . 80 

3,7 0,1 · 60mc 24264.9 24284.0 80 



3,4 - 0,3 

Table 5-2 b) (continued) 

I so<!so 

so 23468.0 

., 

o-
78-78 

.• 

181 .• 

I 
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Table 5-2 c) 

6-6BANDS OF THE R SYSTEM 

I v II II cr a-
Vl;V2 - v:1,v2 I 80-80 78-78 I 

0,5 - 0,2 10 . 22225.8 

0,6 - 0,2 ·Jo 22395.4 22402.2 20 

0,.7 - 0,2 80 22570.3 22580.0 75 
570.8 

0,8 ·~ 0,2 50 22744.0 22755.3 60 

0,9 - 0,2 22910.1 22924.1 30 

0,10 - 0,2 10 23096.2 23104.2 15 

0,5 0,4 21585.9 

0,6 - 0,4 h 21754.6 21761.3 

0,7 - 0,4 h 21929.8 

0,8 - 0,4 22103.6 

1,5 - 0,2 25 22687.7 22695.3 20 

1,6 - 0,2 *22863.8 2287b.5 

1~7 .... 0,2 10 *23033.0- 23041.2 20 

1,8 0,2 20 23211.9 23218.9 20 

1,9 .... 0,2 15 22377.9 

2,5 0,2 15 23149.7 23166.0 15 

2,6 - 0,2 35 23329.8 23340.9 15 

2,7 - 0,2 10° 23497.2 23507.0 5 
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Table 5-2 d) 

cp -<PBANDS OF THE R SYSTEM 

' g .. n cr u-
vl,v2 = v]_,v2 I 80-80 78-78 I 

0118 - 0,3 10 2245.5.9 22464.1 20 

0,7 = 0,3 30 22283.4 22292.3 25 

0,6 - 0,3 22100.0 22107.5 10 

0,8 ...... 0,5 h 21809.0 21816.4 

0,7 - 0,5 h 21638.9 

0,6 = 0,5 h 21454.9 

1,7 = 0,3 22754.8 22763.8 

1,6 - 0,3 25 22581.·0 

1,6 - 0,5 h 21934.7 
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A plot of p. {given in 5. 5) against v 2 is shown in ' . . 
n 

Fig·. 5. 6. From this plot, W ~ and x 2 2 were obtained, as in--

dicated in the figure, and are given below. 

For 80-80 o" 313.4 -1 1.1 cm-1 
w2 = em x22 = 

For 78-78 w~ 3l3.5 -1 1.2 cm-1 = c.m x22 = 

The respective values are equal within limits of experimental 

errors. 

Term values in the ground state: 

From these numbers, and the value of pi is given in 

(5.5) the term values of G"(O, v~, 0), forK= 0 and K = 1 

were calculated with respect to the (0 0° 0) 11 level, as shown 

below. 

For K = 0 -1 em 

G {0, 0°, 0) pl G (0, 2°,0) 1!3 G(0,4°,0) 

80-80 0 631.3 631.3 640.7 1272.0 

78-78 0 631.7 631.7 641.5 1273.2 

{.5. 6) 

For· I< - 1 

1 
cm-1 

1 1 p's G (0, 1 _, 0) ~2 G(0,3 ,0) G(O,S ,0) 
.-

80-80 313.4 636.0 949.4 6446 1594.2 

78-78 313 • .s 636.6 950.1 646.8 1596.9 
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645 

640 

P. 
I 6'35 

em-

630 
0 -

1a-1a w
2 

= cs31 .a- 4x 1.2)/2=313.5 

0 
_so-so w2 -= cs31. 3 ..... 4 x 1.1 )/2-= 313.4 

0 3. 

FlGURE 5.6 
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If 'g' in equation (5."3) is known then the term values 

G" (0 1 V~ 1 0)" for K .= 2 1 3 •.•• etc. levels may be calculated. 

-1 In the present work 'g' was found to be equal to 4 f± l.S)cm 1 

from the data on liquid phase Raman spectra (refer to Table 

3-3) and was .judged to be.relatively inaccurate to be used 
n K . . 

for calculations of G (0 1 v~)" values •. 

Term Values in the Upper State: 

From these G"(0 1 v~)" values and the-wavenumber of 

ass~gned bands in Table 5.2 1 the term values of the upper state 

1 1 ( K) ,. - 1 1 d eve _s T y1 , v2 were next ca cu ate . These term values are 

defined by 

where ~ is the wavenumber of the band head (formed by the J 

structure) -corresponding to the transition from (o, v~)" level 

·to Cv11 v~)' level. Mean term values T' so obtained are given 

in Table 5-3 for both isotopic molecules ·cs-o~ao and 78-78). 

I:sotopic shifts T <78-?8 > - T (80-80) _ = 6.cr ~re also given in 

the last two columns of the same table. 
. t 

- ----Rovibronic levels in the upper state which have same 

vibrational quantum numbers v1 1 v2 (and v 3) but which have 

different values K = 0 and K = 1 are separated by wavenumber 

interval given by (equation 4. 3.6) . . 

F' (J, ll v F ~ (J I 0} .v 

. (5 .• 71 



Table 5-3 a. 

TERM VALUES,~G' VALUES, A CONSTANT AND ISOTO?IC SHIFTS 

IN THE UPPER STATE 

·~C"JH= ~"iB_TSO in CM-l IN 

I ' vl1v2 80-80 78-78 K=O K=l 

- - ~(X ~~ K=O K=l ·A K=O K=l A H 

0,6 23002.9 23008.3 5.4 23011.1 23015.7 4.6 8 •. 2 7.4 

~G 175.7 175.2 177.1 177.5 

0,7 23178.6 23183.5 4.9 23188.2 23193.2 5.0 9.6 9.7 

~G 169.4 164.8 168.1 165.5 

0,8 23348.0 23348.3 0.3 23356.3 23358.7 2.4 8.3 10.4 

~G 166.9 1as·.o 170.8 181.6 

0,9 23514.9 23533. 3' 18.4 22527.1 23540.3 13.2 12.2 7.0 

~G 169.1 167.4 169.5 173.4 

0,10 23684.0 23701.7 17.7 23696.6 23713.7 17.1 12.6 12.0 

~G 157 .~~- 159.7 
·-· 

0,11 23841.3 23856.3 15.0 
----

187. 
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vl v2 

1,5 

~G 
1,6 

~G 
1,7 

~G 
1,8 

~G 
1,9 

~G 
1,10 

Table 5-3 b 

TERM VALUES T", 6. G" VALUES, A CONSTANT AND ISOTOPIC SHIFTS 

6.cr= (T~8-T~O) IN (CM-1) IN THE UPPER STATE 
H 

80-80 78-78 K=O 

- - 6.o-H K=O K=l A ·K=O K=l A 

: 

23295.3 23300.7 5.4 23303.2 ·23308. 4 5.4 7.9 

176.2 174.3 178.1 176.2 

' 23471.5 2347.5.0 3.5 23481.3 22484.6 3.3 9.8 

.170. 0 179.1 172.4 180.5 

23641.5 23654.4 12.9 23653.7 23665.1 11.4 12.2 

166.3 158.6 167.7 161.8 

23807.8 23813.0 5.2 23821.4 23826.9 5.5 13.6 

169.8 184.0 169.5 184.5 

23977.6 23997.1 19.5 23990.9 24011.4 20.5 13.3 
·-

171 .. ·7 174.8 175.8 173.3 

24151.3 . 24171.8 20.5 24166.7 24184,7 18,0 15,4 

1aa. 

,,. 

K=1 

16.0H 

7.7 

. 

9.6 

10.7 . 

13.9 

14.3 

12,9 



' ' vl v2 
. 

2,4 

~ 6G. 
2,5 

6G 
2,6 

6G 
2,7 

6G 
2,8 

~G 
2;9 

'Table 5-3 c 

. TERM. VALUES 6G' VALUES, A CONSTANT AND ISOTOP.IC SHIFTS 

'6a':-(T~8-T~O) IN :CM-1)
1 

IN THE UPPE"R !'lTATE 

··r 

80-80 
-

:78-78 

K=O. K:::!:l A K=O !{::::!:0 A 

23571.0 23580.9 9.9 23577.7 23590.3 12.6 

184.2 2oi.o 186.0 210.7 

23755.2 23787.9 32.7 23763.7 23801.0 31.3 
.. 

175.0 147.4 179.8 149.6 

23930.2 23937.3 7.1 23943.5 23950.6 7 ~.1 

169.1 179.4 168.9 . 178.8 
.. 

24099.3 24116.7 17~4 24112.4 24129.4 17.0 

171.3 166.6 171.6 169.9 

24270.6 24283.3 12.7 24284.0 24299.3 15.3 

162.9 181.4 174.2 181.3 

24443.5 24464.7 21.2 24458.2 24480.6 22.4 

189. 

l{:::!:Q K=l 

6.UH ~OH 

6.7 9.4 

8.5 13.1 

13.3 13.3 

13.1 12.7 

13.4 16.0 

14.7 .. 15.9 
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If J = 0, then this (5.7) reduces to 

F' (0,1) - F' (0 1 0) 

(5. 8) 

I I I 

where ~, Bv and Cv are rotational constants in the upper state 

' ' with quantum numbers v 1 a~d v 2 and Av is used as a convenient 

symbol. Values of Av are given in Table 5-3 for each isotopic 

species. 
I 

The assignment of vibrational quantum numbers v 1 , and 

' v2 to the bands of Table 5-2 are tentative. The bands of that 

progression shown at the extreme left of Fig. 5.5, were as-
I 

signed the quantum number v 1 = 0 for the final state of the 

corresponding transitions; no pr~gressions which could arise 

from still lower energy vi levels were obseived with certainty. 

I 
The assignment of quantum numbers v 2 for bands of each pro-

gressions was done by the use of isotopic shifts. Isotopic 

shifts given in Table 5-3 were used for this purpose. These 
I fl 

shifts, for bands whose quantum numbers are v1 = 0, v 1 = 0, 
II I 

v 2 = 0 and K = 0, were plotted against a runni~g number, and 

this plot ·is shown in Fig. 5 .lL The closest in-tegral intercept 

of the curve at~ cr= 0 was assumed to be zero and the number 

axis is renumbered to obtain a petter (but not necessarily exact} 
I 

numbering of v 2 since the isotopic shift for the origin band 

' cannot be exactly predicted for each band. The values of v 2 
I 

given in Tables 5-2 and 5-3 for th~ (O,v2 ) levels are the 

' s~9"gested va.lues based on Fig. 5·.11 The riumberi;ngs of v 2 

levels for each of the r~maining v1 = 1, 2, 3 levels is dependent 
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upon the choice of W' , .the symmetri:c .~t;retchi!lg frequencx ;i.n 
. . . . 1 

I 

the exc.i ted .state. lf (A)· # 460 cm ..... l, :then th.e· numb.er!!l9'S 
1 

for v' giveti in th~ ~bove table~ are ~orrect, ~elative to the 
2" 

v 
1 

I • 
= O, v 2 progress1on. 

I 

IfUJi~630 cm-l (see section 5.7 ) 

each v 2 level in successive progressions has its current 

numbering decreased by one, two and three successively. Since 

the linear relationship between isotopic shifts and v 2 , anti­

cipated from equation (4.44) seems to hold only approximately 

the .values of v; could be jn error by±·2. Plots ot6a-a:v; for 

all progressions observed in the spectrum are not shown in Fig. 

5.11 In general, isotopic shifts for bands .of these progressions 

are irregular. Neglect of anharmonicity effects in the isotopic 

shift formula is not expected to give rise to such irregulari-

ties. The ohly available explanation seems to be the presence 
37 of large perturbations {section 5.2). In his work on cs2 , Kleman 

reported that the isotopic shifts for the higher quantum 

number levels could not be predicted by the simple isotopic 

shift formula. This statement appears to be true for parbon· 

diselenide also. 

From Tables 5-3 a) , b) and c), it is seen that A values 

in general, increase with an increase in v;. Fig./5.8 gives 
- ' . r . the plots of A against v2 in each of the v1 = 0, 1 and 2 levels. 

The shape of these curves +esem.ble qualitatively, those given in 

Fig. 4.7 (by Johns) 99 , but points in the plot show considerable 

- ' ' deviations. By extrapolating the curve of A against v 2 to v 2 = 0 

an intercept of A0 = 1.5 cm-1 is obtained. This value is 

expected to have an estimated error of ± 1. 0 cm-1 or even 



tS 

10 
A 

em-• 

5 

0 5 
v~ 

FIGURE 5.8 

• 
0 

0 

10 

193 • 

. ·, 

+ 78-78 

• 8.0-80 



194. 

a higher positive value. Since the A values obtained are 

erratic, the quadratic relationship (section 4.7) 

= constant + A K2 + •• ( 5. 9) 

could not be established between the term values of the 

K''' = 0, 1, 2 • •. etc. sublevels of each v 
2 

level. If such a rela­

tionship could be est~blished, it will be additional proof of a 

bent excited state. 

:. In Fig. 5.5, G' [v
1

, (v2 + l)K] G 1 [vi, v~J = bG 1 

values are marked, for the K = 0 sublevels in the excit~d state. 

Fig. 5.9 shows the curves obtained from plots of 
G• 6 values 

I 

of Table 5-3 against v 2 + 1/2. A qualitative resemblance of 

these curves to that given by ~ohns99 is evident (compare Fig. 

4.7). However, it cannot be established whether the agreement 

in shape is fortuitous or not because of the occurence of per­

turbations in the system. If the minima in the 6, G 1 curves are 

genuine, their observation is an additional proof for a bent 

excited state as discussed in section 4.5. Each curve in the 
I 

figure has been extrapolated to v 2 = 0 to obtain some indica-

A r r 
tion of the magnitudes of ~G 1 for the v 2 = 0 and v 2 = 1 levels. 

I • 

If anharmonici ty effects are neglected 1'::::. G • ~ c.u
2

; from the 

figure, 6,. G is seen to be in the range of 210 to 185 em -l 

A more reliable value of the excited state bending vibration 
I 

frequency (A)
2 

could not be obtained with the present work. 

5.6 Rotational Structure 

Liebermann38 ,. by a detailed rotational analysis, showed 

that many bands of the R system of CS2 are of the L_ - L type. 
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Kleman observed that, in addition to these ~--~ type bands 

. n-n, ~-~ . , "etc type bands are also present in the 

system. S1;1ch a classification of bands by their rotational 

structure enabled Kleman to arrive at a satisfactory vibra-

tional analysis of the R syste~ of ~s2 • 

In this work, a similar classification was attempted 

with the same purpose in view. L-2:: type bands were 

identified . easily. These bands are single headed, have a 

simple sharp line like rotational structure which is degraded 

to the v~olet and resemble the L--~ type bands of cs 2 •. The 

rotational lines apparently form a single R branch; and are 

resolved beyond 2 or 3 cm-1 from the band head. A few of 

these bands were photographed on a high resolution 35 ft 
. 

·spectrograph; one of the bands in which the rotational struc-

ture is very well resolved is shown in Fig. 5.7. Displacements 

of rotational lines from their expected wavenumber positions· -in 

the branch were observed in several bands. Th~se irregularities 

were attributed to perturbations. 

o TheTI-[1, ~.;_~ , etc types of bands in the CSe R 
2 

r 

- - - ----.......s.ystem--,could---not-. be -ident-ified --by . inspec-tion.---or- by -comp-arison 

of the bands of the R system of Cs2 • In the latter spectra 

n-n. bands were observed to be double headed with a 

s~paration of 4 to 5 cm-1 between the two heads;~-A bands 

were also _double he~ded with a separation of about 1 cm-1 

between the heads. Kleman identified these bands by their 

appearence alone in the lower en~rgy end of the cs2 spectrum. 
( . 
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In the cse2 spectrum some double headed bands with a spacing 

of less than 1 cm-1 between the heads were observed at the 

lower energy end of the spectrum. It was, however, difficult 

to assign these bands to e"ither~f1 or 6:"~D types by 

inspection alone. One such double ·headed band in the cse2 
spectrum is shown in Fig. 5.7 and has been classified as a 

fl-IT band. The method by which the identification was 

arrived at is discussed below. 

A band contour program in Fortran IV language was 

formulated for an IBM 7040 computer. With the pro~ram, the 

band contours of L-L ,[1- [1, and6-/i. type bands due to 

parallel transitions as well as those of TI -.2: ~ -TI 
etc type, due_to perpendicular transitions, could be calculated. 

In the first stage of the program the rotational energy levels 

of the ground state, which are very similar to those of a di-

atomic molecule were calculated for a given B value. In this 

·calculation, A·- type or l -type doubling were also taken ·into 

account by the use of expression (~.28). In the second stage, 

the rotational energy levels of the bent excited state were 

calculated from the _formulae of Polo108 .(given in Appendix G) 

··for given -values of the constant"s A,B and C. The wavenumbers 

corresponding to transitions allowed by selection rules in K, 

J and parity, between the two sets of levels were calculated • 
• 

Honl-London formulae for l~ne strengths, stati~tical weights of 

J levels, and the distribution of molecules in each J level at 

a give~ temperature are taken into account in order to calculate 



the relative intensities among rotational lines corresponding 

to each transition. The mechanics of producing a calculated 

rotational band contour for a given spectroscop~c resolution 

was adopted from the asymmetric rotor contour program of 
. rzi Parkl.n. 

The program was initially used to calculate the con­

tours of b.--2 I n~n and 6-~ bands of the R system of cs2. 

A,B and C constants given by Lieberman and Kleman were used 

for the calculation. The contours obtained were found to 

match qualitatively, the rotational line structure of these 

:b-L,TI-TI , ~-~ bands, illustrations 'of whlch are given by 

Kleman. The separation between the two heads of an .:..nor 

~-~ type band head is determined by the asymmetry parameter 

'b' given in Appendix G. It was observed from band contour 

calculations that the appear~nce of each of thes.e[l-[l and~-~ · 

bands in the cs 2 spectrum is not unique; a band contour of a 

fl-[l band with a small 'b' value resembles the band contour 

of a~-~band with a large 'b' value. Therefore a better 

guide to the assignments of TI-f1and~-6.bands in the R sys·tem 

of cs 2 is obtained from the wavenumber of the bands in the 

spectra rather than on their characteri~tic appearan~e. 

The band contour program was used next to calculate the 

contours of ~_; 2:, IJ-fl ,6.-6 as wel~ as L-Il , • • • etc .type 

bands for the cse2 molecule. The rotational constant Av was 

assumed to be equal to the A values in Table 5~3. v 
.A wide 

range of Av values can apply as seen from this table, and there­

fore this constant was varied in the range of 3 to 20 cm-1~ 
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·B• and C' were estimated from the resolved part of. the rota-
v v 

tional structure of ~--~type bands in the R system of cse2 • 

The difference in wavenumbers of successive rotational lines 

R(J) - R(J-2) were plotted against a running number. From 

the slope of these curves,./\. B = 1/2 (B' + C') - B" · (this re-~ V V V' 

lationship may be verified from equations. 4 .• ~3, 3. 20 and 3. 2~) 

were calculated. It was found tha~ 6 B lies in the range of 

0.0005 to .002 cm-1 • 
II 

For each assumed value. of B in the 

range of 0.025 and 0.036 cm-1 (section 3.8), 1/2(B~ + C~) was 

obtained and used for calculating the band contour. It was 

assumed that B~ is nearly equal to C~ and the difference 

between the two constants and Av served as a paramter; for 

calculating b. The contours are determined by the asymmetry 

paramete.r 'b • as well as the difference 6 B rather than the 

individual values of rotational constants. In general, the 

value of 'b' is much s!malla:--·than for cs 2 • In Fig. 5. 8 typical 

2:-L, TI-TI and 6-6·contours calculated in this way are 

shown. By a comparison of Fig. 5.10 with the spectrogram of 

Fig. 5.7, it can be seen that the calculated contour of~-2:and 
[1-[1 type bands show a qualitative resemblance to the observed 

bands in the latter figure. From Fig. 5.1~ it may be observed 

that 6-6 bands are not double heade_d. , It was found that in the 

range of A , B and C values used for calculating contours --v v v . 

only [1-TI ba,nds are double headed; L-~bands are single 

headed and are distingu,ishable from 6-6 bands by the simpler 

rotational structure of the former. The contours of :2:-fJ and 
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n- L: type bands were calculated to be double headed but the 

calculated contours did no·t match .those of observed hands. 

In order to pick out ~~~ bands from other band types 

in the R system, the spectrum of the (77-77) molecule .was 

observed on a high resolution 21 ft. Ebert spectrograph. Since 

s~77 has a nuclear spin of I = 1/2, the intensity of alternate 

rotational lines in L:-2': bands must be in the ratio of 3:1; 

whereas since s~80 h~s a-nuclear ~piri"of I - 0, alternate 

rotational lines, in 2:-2': bands of· the (80-80) molecule should 

be missing. This difference in the structure of2':-l:type bands 

of the two isotopic molecul-es vlas looked for in order to identi-

fy thesebands unambigously. However 1 this method was not 

successful; the rotational structure of the bands of (77-77) 

species was not resolved by the spectrograph. The only evidence 

for the pre!sence of alternate rotational lines in the (77-77) 

bands which must be missing in the (~0-SO) bands, seems to be 

the apparent loss of resolution of yQtatio~al lines in the levels 

of the former molecule in comparison with the resolution of 

line into the bands of the latter molecule. 

5.7 Calculations 

A. Bond angle : 

If the rotational constants A and B at the equilibrium 

position of the bent molecule are known, the bond angle 4 2a-
120 

can be calculated from the relation 

tan2 cr = 
A 

----------~--- x---
B (5 .. 10) 
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where mc.is the mass of the Carbon atom and mse is the mass of 

the Selenium atom. It is assumed that the rotational constant 

A= A1 = 1.5 ± 1 cm-1 (from Fig. 5.8) and that ·B" lies. in the 
00 

range of 0.025 cm-1 to 0.036 cm-1 (section 3.8). According to 

section 5.6, B' values are not greater than B" by more· than 

Therefore the approximation n'= B" can be used. 

This approximation is not in greater error than is the uncer-

t·ainty in the value of A. By substitution of· these values of 

B and A in (5.10) it is found that 2ct= 105° to 140°. 

B. Origin band of the R system : 

As mentioned in seption 5.3, the rr- band (i • e • the vooo 

origin band) ·has not been positively identified in the spectrum· 

It is possible that the origin band transition has a very small 

probability and that all the observed bands at the low energy 

end (where the origin band is expected) of the spectrum are due 
.n 

to transition from excited v; levels. 

An approximate value for cr was obtained from the 
000 

isotopic .displacements of term values 6cr given in Table 5·~3. 
A 0 I U (T values for the levels (0 v 2 0) , were plotted against the 

term values; the intercept on the term value axis for6cr= OJ 
'g .. ives a very approximate value for ·~ ... It was found by-.this boo 

method· that 

.cr000 = 21900 cm-1 

with a large estimated uncertainty of ± 400 crn-1. 
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C. Upper state vibrational frequencies 

An approximate range of values for the bending vibra~ 

tional frequency in the upper state i.e.· 180 to 215 cm-1 has 

been given in section 5.5 . A value of the asymmetric 
I . 

stretching frequency in the upper state UJ
3 

was not found. 

It was mentioned in section 5.3, that progressions were 

also observed in the symmetric stretch corresponding to wave­

number intervals of about 460 cm-1 between members of each 

progression. This value could be close to the correct value of 

the symmetric stretching frequency in the ·upper state. In 

Fig. s~s, these intervals are marked and are obtained from 

wavenumber differences between bands arising from transitions 
I 

between a common ground state to successive v
1 

levels in the 

excited state. The mean interval between successive bands 

• v 1 = 0,1,2,3 are given at the top of the figure. These values 

are 464.~, 461.3 and 465.7 cm-1 (refer to Fig. 5.5). It i.s 

interesting to note that these intervals do not increase or 

decrease uniform~y. However, other possible differences 

• between corresponding bands of each v progression are 293, 630, 
2 . 

805, 972, •• etc cm-1 , and, in principle, one of these values 

could correspond to the symmetric stretching frequency. 

Kleman, in the case of cs2 I chose the most re-as.onable . 

• value of uJ 1 from a similar set of possible frequencies, by a 

• determination 6£ the stretching force constants k
1 

in the upper 

bent state. For this purpose, he used equations (D.2) in 

which the bond angle 
,...,., r 

SCS andW 2 , determined by the analysis of 
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the R system of cs2 were substituted. He chose that uJ { 

as the correct frequency which gave a positive value of k'1 

as well as a value small-a: than ki in the linear ground state. 

Such a procedure could not be used satisfactorily in this 

work because of the uncertainties in the bond angle and W~. 

Therefore it has been assumed that the va.lue of'_. 465 cm-1 

is close to the correct value. The.values 805', 972 ••. etc. 

cm-1 are felt to be too high and the value of 293 cm-1 too 

low. The possibility that Wi could be close to 630 cm-1 

is not entirely eliminated. 

·.PART B 

THE V SYSTEM 

5.8 A brief description and some preliminary remarks on 

the V system absorption of CSe2 is given in this section.· 

A detailed analysis of this system has not been attempted 

at the present time. 

A. Observations: 

10 and 50 em cells which contained the vapour (at 

room temperature) of 80-80 and 78-78 molecules were used for 

recording spectra on. low and high resolution spectrographs. 

A very large number of bands, some strong and many weak, were 
. 0 . • .. 

observed in the 4050-3450 A region,of the absorption spectrum. 

The higher wavelength end of the spectrum just overlaps the 

lower wavelength end of the R system. In this region of 

overlap, there are several weak bands which could not be 
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assigned to one system on the other. The last panel in 

Appendix K shows this region of the spectrum. 

Bands at the higher wavelength (lower_energy) end of 

the spectrum are·violet degraded and have sharp heads. Some 

of the heads in the 80-80 spectrum are double headed with a 

~eparation of 3 to 4 ~~-1 between the heads; in the 78-78 

spectrum, double heads are not as evident, and each band 

head appears slightly diffuse. The number of intense bands. 

in this region of the spectrum are ·relatively smaller, and 

the wavenumber intervals betwee·n thes~ bands are la~ger, 

than at the higher energy region of the spectrum. The most 

intense bands lie in this latter region. Many bands in 

this region do not show a marked violet degradation; they 

appea:t as broad patches, with intensity maxima occuring 

within each patch. For such bands, wavenumbers of band 

... heads _could not be obtained accurately, since band heads 

are.not well defined. These bands could be similar in ap~ 

pearance to those observed in the V system of CS2 by Kleman37. 

-One of the violet degraded bands observed at 26221 cm-1 

is shown at the bottom of Fig. s~7. It is seen, by a compari­

- son of· this band with the -L- Land J1_. I1 type bands of the 

R system given in the same figure, that the rotational struc-

ture of the V system band appears to be more complex. The 

rotational lines rn this band are not broadened in the 

presence of a magnetic field (up to 25000 gauss). 

Many of the intense bands could be arranged into 
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progressions with an interval of about 360 cm-1 between sue-

cessive bands. These bands are shown schematically in 

Fig. 5.12. Wavenumbers and estimated intensities (in_paren­

..:thesis) of each band in the 80-80 molecule are_ given on 

each vertical line representing the band. Isotopic shifts 

J\:., rr-:.1 8 rr 8 Q • • • 
~,(J =-vH - v H · are -also g1.ven next to the 1.ntens1.ty value. 

Double headed bands are indicated by the symbol d.h. and single 

headed bands by s.h.; qll other bands a~e more complex in 

appearance. The intervals between successive bands of each 

progression are given.· Other poss·ible intervals between the 

intense bands are about 125, 245, 485, 830 -1 ••• etc. em • 

These intervals are found between bands.of one pr~gression and 

those of another. 

It is observed from the figure that the intensity of 

ea·ch band within each progression increases with wavenumber. 

It is also observed that isotopic shifts are large for bands 

at higher wavenumbers and decrease regularly by about 5 cm-1 

for successive bands. 

B. Discussion: 

- -·:--The oscillator strength and spectral_ region of the V 

system of ~se2 are s-imilar to those of the V system of cs2 

(section 5.1). It is possible that these systems are analogous. 

Several workers have observed the V system of cs2 
• 

which· appears to have a complex vibrational and rotational 

structure. A complete vibrational analysis of the system is 

not available. A detailed discussion and a tentative analysis 
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has been given·by Ramasastry and Rao42. These authors obser-

ved progressions which they attributed to the symmetric stretch-

ing·frequency of the cs2 molecule in a slightly bent excited 
1 

·state. They proposed that this excited state is a A elec-

tronic state to which a transition from 
. 1 2 

the ~+ ground state 
g 1 

occurs, and that this A 
2 

state is one of the (Renner-Teller) 

a ln split component states of excited state (refer to 
g .. 

Table 4-2) of the linear molec~le. 

Callear and Tyerman observed the analogous V system 

of CSe2 for the first time but did not propose an analysis. 

In this work, the same system was observed with the 80-80 

and 78-78 molecules. The violet d~gradation of bands at.the 

low energy regions of the spectrum indicates that the corres-

pending transitions are probably from a linear ground state 

to a bent excited state (section 5.4B); since such a distinct 

degraqation is not observed in bands at the higher energy 

region of the spectrum, it is probable that the transitions 

in the latter region are from a linear groun.~ state to a lin­

ear excited state. Both these observations may be explained 

on the basis that the excited electronic state is that of a 

'slightly' bent molecule; since, the upper state vibrational 

levels for the first kind of transition could correspond.to 

those of the molecule in the bent conformation and ·for the 

second kind of transitions they could correspond t0 excited 

vibrational levels (of the same upper electronic state) in 

which the molecule has changed over to a linear conformation. 
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Few of the observed intervals between intense bands 

correspond to 313.5 or 631.3 cm-1 which are.the wavenumbers 

corresponding to one and two quanta respectively of bending 

vibration in the ground state. If the molecule is indeed 

bent in the excited state, it is difficult to understand the 

reason why these intervals are not observed, as in the case 

of the R system. 

However, if the electronic transition which corresponds 

to the V system absorption is an allowed transition (if the 

molecule is linear or even slightly ben~ in the excited state), 

W ' /,In progressions in symmetric stretching vibrations ·1 anduu L 

should be observed. It is possible that the intervals of about 

360 cm-1 shown in Fig. 5.12 correspond to the symmetric 

stretching vibration in the excited state. The observation 

of large changes in isotopic shifts for successive members of 

the progressions is consistent with this assignment (section 4.10). 

It was found that these progressions could not be accounted 

for as those of the ground state symmetric stretching frequency 

because of the small changes in relative ~ntensities between 
... 

bands in each progression. Among "-o.ther observed~ wav~numbe-r differ-

ence·s the interval of 485 em -l between progressions could be 

two quanta of the upper state bending frequency. 

For an allowed electronic transition, the oscillator 

strength may be'much higher than the value of lo-3 ob-

served for the v system·. This observation is therefore not 

consistent with the proposition that the transition is an 

allowed transition. But, it is possible to account for both 



209. 

observations viz. a low value ·of oscillator strength, as well 

as progressions in the symmetric stretching frequency in the 

excited state, if the·possibility of spin-orbit interaction 

in the excited state is taken into account. 

It is therefore suggested that the excited state is a 

triplet state to which transition from·the ground state is 

allowed, :predominantly due.to .spin-orbit interaction rather 

than vibronic interaction. Such ~ large spin orbit interac~ 

tion is possible for molecules such as cse2 , two constituent 

atoms of which are quite heavy. Further work is necessary 

, to establish with ce~tainty the ·nature of the excited state. 

PART C 

THE A SYSTEM 

• 5.9 This system of cse2 which is observed in the 2600-2100A 
1 . 1 + 

has an analogue in the A B2 ( XL system of cs2 as 
g 

mentioried in section 5.1. The upper state of the latter 

system was established by Douglas and Zanon45 by a partial 

.rotational analysis of a few bands in the system. The vi-

brational structure of this system is not understood completely, 

but these workers state that this structure is similar to 

that of the R system of ~S2. It is possible that the A sys-

tern of cse2 arises from a similar transition as the A 
I 

system of cs 2 • 

In the present work, the A system of cse2 was recor­

ded only under low resolution on the spectrophotometer. 

reg] 
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The wavelengths and wavenumber's of the observed intensity 

peaks from the (Cary) spectrogr·ams are ·given in Table 5-4. 

The uncertainty in the wavenumber data is of the order of 

15 - 20.cm-1 . The absorption spectrum must be recorded at 

higher resolution to obtain more ·accurate data for a vibra-

tional analysis. The only evidence available at present 

to establish that this system is similar to that of cs2 

is the comparable intensities and regions of occurence.-of 

bot-h systems. 

PART D 

SUMMARY AND CONCLUSIONS 

The objectives of this work were listed in section 

1.6. Among these objectives, the following have been achieved. 

i. Mil:ligram quantities of cse2. have been synthesized .from .. 

individual isotopies of selenium viz. se8°, se78 and se77 

by a previously unreported method (section 2.2). These iso~ 

topic ·molecules were used for recording absorption s~ectra. 

ii. ___ The __ ipJrared and Raman spectra of N-N, ·so-so, and 7S-7S 

molecules were investigated. The vapour phase infrared 

spect~um of the molecules have been in~estigated in th~ r~nge 

of 4000-90 cm-1 , thereby extending the range previously examined 

by Wentink23. The reported fundamental at 308 cm-1, due to 

the bending vibration of CSe2:, has been observed experimentally­

at 313 cm-1 • A more complete Raman spectra of N-N, 80-80 

and 78-78 molecules have been recorded. The symmetric 
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Table 5;._4 

• WAVELENGTHS, WAVENUMBERS AND ABSORBANCE READINGS OF SYSTEM A 

• (aK) A Absorbance 
+ 1 cm-1 -

2402.5 41623 0.60 

2389 .41858 ' 0. 68 

2381 41999. '0 .. 77 

2377 42069 ' 0. 77 

2375 42105 0.76 

2370 42194. · o· .. 87 

.2367 42247 0.94 

2356.5 42435' 1.02 

2346 42625 1.22 

2334 42844 1'. 47 

2332.5 42872 1.47 

2324 43029 1 .. 50 

2321 43084 1.48 

2313 43233 1.72 

2302.5 43431 1.76 

2299 43497 1.68 

2294.,5 43582 1.75 

2290.5 43658 1 .. 84 

2281 43840 1.83 

2279.5 43869 1.85 

2270 44052 1.81 

2259.5 44257 1.73 
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Table 5-4 (contd.,) 

0 
{air) A Absorbance 

+1 cm-1 

2252 44405 1.42 

2248.,5 44474 1.48 

2242 44603 1.33 

2240 44642 1.33 

2230 . . 44843" 1.16 

2226.5 44913 1.14 

2221 45024 1.05 

2217.5 45095 1.03 
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stretching fundamental and overtones of the bending vibration 

were observed experimentally for the 'first time. Results of 

these investigations indicate that the molecule is linear in 

the ground state, as expected (section 3.8). 

iii. The electronic absorption spectra of N-N, 80-80 and 

78-78 molecules in the vapour phase were observed under low 

• and high resolution in the 4500 - 3450 A region. The R system 

absorption in the 4600 - 4000 A region has been investigated 

in detail. A satisfactory vibrational analysis has been ob-

tained on the basis that the transition for the R system is 

from a linear ground state to a bent B2 state. Approximate 

frequencies of the symmetric stretching and bending vibration 

in the excited state have been found. The bond angle in the . 

excited state conformation of the molecule seems to be in 

the range of 105 - 140° . 

iv. A brief report on the V system absorption of 80-80 mole-

• cule in the 4050-3450 A region is given. Preliminary studies 

show that .the molecule could be slightly bent in the excited 
. 

state of the transition corresponding to the V system. 

Further work is necessary to establish the nature of the exci-

ted state (section S.B). 
0 

v. The absorption spectra of CSe2 in the 2300 A region,· 

at low resolution was observed. It is tentatively assumed 
1 """' 1 + 

that the corresponding transition is a A B ·-X L i 
2 "g 

Some conclusions m~y be drawn regarding the electronic 

states involved in the observed transitions of the cse2 
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molecule by a consideration of the ·electron conf~guration 

of co2 • These configcirations have been given in section 4.1. 

If it is assumed that these configurations are acceptable 

approximations to those of the cse2 molecule, we can write 

the following for the latter molecule · 

Configuration 

Excited state··~···· 

e • e 0 I a • 

err) c"1rj 
3 1 ( ~) ( ogJ 

( -rr;~ ( aJ 

Symmetry 

~ 
(5~ 11 ) 

The re~ative energies of the re~ultant states given for C02 

in Table 4-2 are expected to apply he~e also • 

. The R system is the lowest energy absorption ob­

served so far. It must therefore. correspond ·to a transition 
1 + 

u 

from the ~ state to one of the relatively low lying states 
g 

given aboveo The choice of the upper state of the R system 

is discussed below. 

i) The oscillator strengths of .lo-4 (section- 5 .1) for the 

system indicates that the transition is not an allowed elec­

tric dipole (magnetic dipole or elec~ric quadrupole) transi-

tion.. ·Therefore, tve eliminate the possibility that the 
1 + . 1 + 

transition is from the ~, to the ~u state which results 

from the { 1T 
9

) 3 7T u conf~iguration; a transition to one of the 

triplet electronic states or orbitally degenerate singlet 

electronic states seems likely. 
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ii) The correct choice of the upper state may be obtained_ 

from a comparison of the R system of cse2 with that of the 

R syst~:m of c.s 2 for which the transition has been established 
1 + -

-- --to be a B2 +==-·I type transition o There are many 11 areas' 
. - g 
of similarity between these two c~2 and cse2 spectra and are 

--listed below: 

a) Oscillator strengths fnm have comparable magnitudes. 

b) The vibrational structures of the two systems are remark-

ably similar. Both systems are transitions of the bent­

iinear type. 

c) The rotational structure ·of bands in the two systems are 

also quite similar and have a singlet-si~glet type rotational 

structure. All assigned bands are of the parallel type. 

·d) Both systems occur in very similar spectral regions, 

which indicates that the transition energies are of the 

same order of magnitude. Henceu it is possible that the 

upper states are from very similar electronic configurations. 

e) It was found that, in addition to the·bands of the R 

system, several intense bands·were present at the higher 
-r 

energy end of the spectru~ which could be assigned to pro­

gressions of 17 0 em -l :i.nterval~. These bands could not be 

assigned as members of the R system. The frequencies of 

members of one such progression are (24367·. 6, 24529.9, . 
24709 .1·, 24875 .. 7 cm-1)., Kle~an37 found similar progressions 

of bands which could not be assigned to the R system. He 

proposed that these bands are due to transitions from the 
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1 ·. + 
X L to hitherto unidentified'other electronic states. 

g 
It is possible that such transitions are ·present in the R 

system ef :cse2 also._. 

f) Perturbations in the vibrational and rotational structure 

of the bands of the ·syst·em: were ·observed,. anal~gous to those 

in the bands of cs2, in this work. Thes·e ·per·turbations. are 

probably due to the presence of states which are close·in 

energy to the·upper state of the R system •. 

The only features of dissimilarity between the two 

systems was the observation that there is no Zeeman effect 

observed in the rotational lines of the bands ·of .the· R system 

of cse2 • There are two ways in which this dissimilarity 

may be accounted for. Firstly, a Zeeman effect for the R system· 

of cs2 was observed only in the bands at the low energy end 

of the spectrum. Long path length cells were used to ob-

serve these bands. No Zeeman broadening was observed for 

the bands at the higher energy end. In cse2 , much smaller 

path length cells were used since only small quantities of 

isotopes were available. Therefore, bands of the R system 

__ of· ~s~2 could not be observed att the low energy end of the __ 

spectrum to check whether a Zeeman effect is observable in 

this x:eg~on. Secondly, it is .possible that the magnetic fields 

(of 25000 gauss) used for the_ cse2 molecule is not ad~quate. 

Douglai?was able to observe the Zeeman effect on cs2 for 

much ·smaller fields. He showed that the observed Zeeman effect 

in the rotational (J) lines of the bands increases linearly. 
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with J. Such an increas.e ·is expec'ted for a B 2 state) only if 

there is an interaction with ·a neighbouring state. The mag­

nitudes of the interaction is dependent on the separation in 

. ....__; ener_gy between the interacting stat~s. Ho~gen11-8 has shown 

_that_an_A;L, and B1 components of a 3A2 state could interact 

with the B2 state of the cs2 molecule;· the ·B2 upper state is 

the third component in this triplet .. state. It~ is possible 

· tha_t the A1 and B1 components of a 3.A2 state in cse2 inter- -· 

act less with the third B2 state bec·ause ·of a la~ger energy 

separation. Much larger· magnetic fields may then be necessary 

to observe a Zeeman .effect. 

It is concluded that the R system of cse2 , like that 

of cs2, is a spin multiplet component with B2 sytnmetry. 

This B2 state could. be one of the ·component~ of a 3A2 bent 

electronic· state which correlates with a 3 A or a 3'1:-
L.::.u u 

state (refer Table 4-2) in the linear conformation of the 

molecule. The V system could arise from a transition to the . . 

~pper component of a Renner-Teller 3~- state and it is possible 

that this component is slightly bent, The A system could arise 
I ... 

from a transition to:the ~·state· of Table 4-2. 

.• 
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APPENDIX A 

CHARACTER TABLE FOR D. t POINT GROUP 
coh 

"0 . 0 
-- Species E 2·-c .. co··o:: i h 2·S dOC2 

. ciJ ·tl 00 

\ ... 
_·_ ~~ 

g 1 1 1 1 1 1 1 a.xx+~y,azz 
.f 

'In 1 1 1 -1 -1· -1 -1 ~z -
l:g 1 1 -1 1 1 -1 -1 Rz 

-
:L:'u 1 1 -1 -1 -1 -1 ·1 

. ~rr 
9 2 2Cos0 0 2 -2 -2Cos0 0 RxtRy 

_·~-rr~ 
2 2Cos0 0 -2 2 2Cos0 0 Tx,Ty 

Ag 2 2Cos0 0 2 2 2Cos20 0 

/.j,u 2 2Cos0 0 -2 .,..2 -2Cos20 0 

CHARACTER TABLE FOR <?2v POINT GROUP 

Species E c 2 (z) cr (xz) , Cl (yz) 

Al 1 1 1 1 Tz 

A2 1 . 1 -1 -1 Rz 

B 
1 

1 -1 1 -1 Tx,Ry 

B2 1 -1 -1 1 TY' Rz 



... 
2: 

f 

TI 

6 

.cp 

Q.'L 
APPENDIX B 

DIRECT PRODUCTS OF IRREDUCIBLE REPRESENTATIONS 

+ 
2: 2: u 

+ -2:" 2: 
... 

2:" 

. l 

I 
I 

. C.'-cov· ( D 00 h) ·EQINT G~()UP 

IT L <P 
'-

IT cp. 

..... TI ~ .4? 

iliJA IT,cP ~I r 

L,l!lr 
/ 

II/H 

::r L1!1.I 
The ~hove products are for the Caov group and may be used 

for the D oct 4 group if gxu=u; gx.g=g; uxu=g rules are used; 

C ~OINT ~ROUP 
c»v 

Al A2' Bl B2 

Ar 
A .. 

1 A2 Bl B2 

A2 Al B2 Bl 

Bl Al A2 

B2 Bl 
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.APPENDIX C 

... 
HONL - LONDON RULES 

The intensity distribution in an absorption band is 

. ·given b~ the relation 

I C rl A g e·-F (K,J) /kT 
KJ = v KJ. KJ 

where ~J is the line strength, 9KJ the statistical weight 

of the lower state, crthe wavenumber of the line, k the 

Boltzman constant in c~-l/degree, J is the rotational quantum 

number and K is the vibronic angular momentum quantum number 

(for linear molecule K=l ). The line strengths for a symmet­

ric rotor are. given by the Honl-London formula19 which are given 

by: for parallel bands ( 6. K=O) 

R branches {6J = +1) : AKJ 

Q branches (AJ = 0 ) : AKJ 

P branches (AJ ='-1): AKJ 

for perpendicular bands (AK = !l)r 

, 
R branches (6J = +1) AKJ 

Q branches (AI = 0 ) AKJ 

-. p branches (AJ = -1) ~J 

· · · (J+l') ·2· ·-· K 2 
= . (J+l) (2J+l) 

= 

= 

= 

= 

= 

K2 
J (J+l) 

J2 _ K2 
J (2J + 1) 

. . ('J +2~K). (J +l+K) 
(J+l) (2J+l) 

.. ('J+l+K). ("J+K) 
J (J+l) 

.. ('J-'l+K). ('J+K) 
J (2J+l) 

(C .la) 

. (C ~ lb) 

<c. 2a) 

(C.2b) 

(C. 2c) 
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These formulae have been arrived .at by .evalua·ti~g the transi­

tion moment due to synurtetric rotor w.avefunctions 

-~ R' I 
.Here£7Fg represent the direction cosines between the rotating 

molecule fixed coordinate system <. g = _x,y,z ) and the space 

fixed coordinate system ( F = X,Y,Z ) • 

The matrix element is nonzero for the: selection rules 

of a symmetric rotor and has a magnitude given by the Honl-

London formulae, which are evaluated simply by the use of 

commutation relations. Each AKJ have been weighted with 

respect to unresolved 2J+l spatial degeneracy of the rotat~onal 

J level. 
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APPENDIX D 

FORCE CONSTANTS OF XCX MOLECULES 

In terms of internal displacement coordinates R1 

R2 and R3 i.e. change in bOnd length rex change in band 
• 

angle 2~, and change in bond length rex the valence force 
2 

·field expression for the potential energy is_ given by77 

+ 
(D .1) 

where k 1 is the bo.nd stretchi!lg force constant, ka, is the 

bending force constant and k 12 is the interacti-on -·constant 

b~tween.~ Ri and· B: 2 coordinates. · 0 It can be shown 78 that the 

forceconstants and irequencies of vibration are related by 

the following 

(D. 2a) 

(D. 2b) 

(D. 2c) 

where me,~ stands for the masses of C and X atoms, and A· = 
k 

2 2 2 2" ? 5. 8894· X 10- W · and r12 -= r 1 + r 2 - 2r1r2 cos-- (t. If the XCX 
k 

I molecule were linear iee. 2 a = 180°, (D.2) reduce to. 

= 
(D. 3a) 
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(1 + 2m ) . 'ko: 
\~ : X 

2 m~ --= 
mxrl22 (D. 3b) 

.A;- (1 2m~) kl.-kl2 • .t$"' 

and = + me. m·.,, 
e (D. 3c) 

If \ 1 , A 2 and A3 are known, k
1

, k 12 and ka can be calculat·ed 

for a linear molecule. For a bent molecule, the angle 20 

must' also be known. 



\ 
a.7 

APPENDIX E 

RESOLUTION OF SPECIES OF LINEAR MOJ_JECULES OF D00 h 

SYMMETRY INTO THOSE OF C2v SYMMETRY 

Change of axes: Da:>h X y z 
J, ~ ~ 

C2v X z y 

Species 

DCOh C2v 

L+ Al· 
g 

L+ ·- ... B2 
u 

z:- B 
g 1 

2: A2 
u 

TI A2 + B2 
g 

IT Al + B 
u 1 

6 Al + Bl 
g 

~ I A2 + Bz 
u 

For S = 1 L- A2 
g 

n - Bl + B2 
g 
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APPENDIX F 

" DISTRIBUTION OF CSe2 L"lOLECULES IN THE GROUND ST1.~TE v 2 LEVELS 

It 

The fraction of cse2 molecules in v 2 levels were 

calculate~ separately by the expression 

Ni = 
"N 

di exp . (-G. (vi) ./.kT). 

~di exp (-G (vil/kT) 

The fractions were calculated for four different temp­

" -o" eratures_used experimentally, assuming that G(v2 ) =~2v2 
The results are: for UJ2 °=313 cm-l \ 

II 
T v2 

0 1 2 

0.77 0 .. 15 0.02 

RT 0.66 0.22 0.06 

0 .. 59 0.28 DolO 

200°C o.so 0.33 0.15 

If other factors in (1.22) are equalu the relative intensities 
II 

of absorption transitions for v2~o,l,2 levels are proportional 

to their respective fractions given above at each temperature. 
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APPENDIX G 

ROTATIONAL LEVELS OF A NEAR PROLATE TOP 

Polo108 obtained the ·exp:r:es·sions for the ene~gy 

levels ·of a near-symmetric rotor in terms of the parameter 'b' 

given in section 4.8. His formula can be written as 

Fv(J, K} ·= 1/2 (Bv + Cvll(J + 1) + Av 

. 3 . "51 ) 

( 
-2 -. 4 2 A K ( ) X 1- 8b - 512h - ••• K +~B J J + 1 

+AnK J2(J + 1)2 +AHM J3(J + 1)3 + ••. 

where the coefficients 6 BK, ADK a~d A HK are given by, 

. for K = 0: AB~ = - ( 1 2 9 ) ~ ib + 12sb4 + . . . 
AD0 - ( 1 2 19 4 .. 9 = Av --b - -b + 

8 128 

6.Ho -
(_: 5·~2b4 = Av + . . . ) ( G.1) 

-for K = 1: = Av X 

(
+ 1 +. 1b2 .;. . "3 1...3 +. 9 -) 
... 2b 4. + ill 128~4 + 

---··-A_ Dl -- ·n . ( 1 b2 +' .!_b3 35 b4 + ) 
~ - -v -32 - 64 - 3072 -

AHl = - ( + 1 3 Av -s12b_ 
1 b4 -

+ 1536 + ) (G. 2) 

for K = 2: 6_B2 = A., 0<2 ± 1)b2 +. 1(9±4)b4 + ~ .) 
3:28 

ilD2 = ·A X v 

(1 .. "1" 
(23.:j:32lb4+ .. ) -(2 + 1) b 2 +2048 48 
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... 

( ·1·!·432 {57,t:6·4) b4 + ••• ) 

For K = 3 .6-B9 = 

·.6,.n3 = 

/l.H3 = 

(G.4) 

where Av = (Av ~ 1/2 {ByJ-~)} 

.· 
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APl?ENDIX H 

Valu~s of A, B,. and C Constants (iri cm-1) in a bent CSe2 Mole-

• A cule, for different Values of rcse (A) and Seese Angle -(For 

method of 6alculati6n see reference 114) 

. . 
1.711A 

• 1.811A 

•• 
1.911A 

• 2.011A 

• 2.111A 

A 
SeCSe 

180° 

180° 

*120° 

180° 

180° 

150° 

120° 

180° 

120° 

• A 

7.6980 

2.0627 

6.8914 

1.8412 

6.1710 

1.6536 

5. 5726 

1.4931 

1.3550 

5.0571 

B c /<=2 [B-'1/2 (A+C)] 
'-· A-C 

0.0360 0.0360 

0. 0386 . 0. 0384 

0.0480 O.Q469 

0.0321 0.032 

0.0344 0.0342 

0.0428 0.0418 

o.o288 o·.o288 

0.0309 0.0308 

0.0384 0.0376 

o·.o26o o.0260 

0.0279 0.0278 

0.0347 0.0339-

0.0236 0.0236 

0.0315 0.0308 

0.0253 0.0252 

-1.0000 

-0.9999 

-0.9989 

-1.0000 

-0.9999 

-0.9989 

-1.0000 

-0.9999 

-0.9989 

-1.0000 

-0.9999 

-0.9989 

-1.0000 

-0.9997 

-0.9984 

* If a value of rcse = 1.711 A if assumed for the linear 
molecule, then B" = 0.0360 em- • For higher value of 
rcse, at angles marked by* (or angles close to it), B values 
are higher than 0.0360 cm-1 
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APPENDIX I 

OSCILLATOR STRENGTHS OF THE R,. V AND A ABSORPTIONS 

The oscillator strengths of the three absorptions were 

obtai:'hed from the equa t~on 17 

fnm = 4.319 x 10-
9 

x .'fx J e.,..cl<r ••• (I.1) 

;_1 -1 
.where &G"'is the extinction~;coeffieient in litre mole em at 

wavenumber~, )I is a constant. and the integration is over the 

entire absorption band .. If the absorber is.in the gas phase,)( 

is· unityo If the absorber is in the solution phaseu it is given 

b . 116 1 t d t th f t . . d f th 1 y an express~on re .a e o e re rae ~ve 1n ex o e so -

vento The refractive index of methylene chloride at 25° C is 

1.3348 (Handbook of Physics and Chemistry, 48th Ed.) and for 

this value, )I= 0 .. 84 .. 

The integral in (I.l) was ~ot evaluated directly. In­

stead, the following approximation17 

. . . (I. 2) 

was used. E is the maximum molar extinction co-efficient 
max 

-1 
and ~Gi~is the width at half height in em A further sim-

. "" 
plification of (I .2) ·was obtained by assuming that the plo.t _of 

6against Clis tria~gular in shape; for this assumed shape, 
a-

the value of c; is unity. 

The following form of the Beer - Lambert's law16 is used 

to calculate E. 
max 
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D = =~ xcxl ·max (I. 3) 

I
0 

and I are the intensity of radiation incident on and trans­

mitted by the sample, ~espectively. 'c' is the concentration 

of . the sample .in moles per litre and ' l ' is the absorption 

path length in cmo D is the absorbance, measured off the Cary 

14 spectrograms for each of the three absorptions. 

The oscillator strengths of the R and V systems were 

calculated from the solution spectra of cse2 in methylene chloride. 

For the A system, the oscillator strength \vas obtained in the 

vapour phase. In each absorption band,~G\was obtained fr.om the 

wavelengths measured at half the intensity height. The final 

form of the equation (I.l) used in the calculation is given by 

f nm = 4 • 319 x 10-9 
x k x. e max x A rs-'y~ • • • (I . 4 ) 

The data used and results obtained are tabulated below:-

c XL e·max Mean fnm 

System moles x em 
D 6.crv-a 

litre 

.002 0.14 

R (CSe 2) .. 001 0.09 55 2430 10-4 

•. 0005 0.06 

.002 1.08 

v (CSe 2) .001 0.52 530 2300 10-3 

.0005 0.31 ·-----
A (CSe 2 ) .0025 1.85 7030 2300 10-l 

V ._(CS 2) .325 1.84 53 2200 lo- 4 
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The value.~ of fnm has been rounded off to the nearest 

_power of -10. They are expected to be in error by a factor of 

10. The maximum experimental uncertainty was in the concen­

trations of the absorber (refer to section 2.2). The fnm 

value for cs2 -was obtained from the solution spectrum of cs2 

in cyclohexane given in Sadtle~'s charts~17. 

-· 
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APPENDIX J 

ISOTOPIC SPECIES OF CSe2 

The number of isotopic species formed during the 

synthesis of cse2 · from natural. selen · .um is calculated thus 

a. No.· of stable isotopics of Seleniwn = 6 

b. No of available selenium positions in cse2 = 2· · · · 

c. No. of species of cse2 which contain the 
same Se atoms 

d. No. of species of cse2 w~ich contain 
different Se atoms • 

Total number of species of cse2 (c+d) 

= 6 

6! 
--=15 
4l2! 

= 21 

The ratio of the number of molecules of one species 

with respect to that of another is determined from elementary 

considerations on probability. Let us assume that there are 

100 atoms of natural selenium available. From percentage 

natural abundances given in Table 5-l, it is seen that there 

are 50 atom of se80 among 100 atoms of senat. Between the two 

positions in cse2 , t~e probability of se80 occupying the -

fir.st position is 50/10'0; and ther probability of se80 occupying 

the second position is 49/99. '!'he probability of se80 occupying · 

both is given by the product.: 

.so. . .. ,4_9 

X = 0.25 (J .1) 
:io.o 99 

The result is the fraction of 80-80 molecules in cse~at. The 
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molecular fraction of each of the 21 species were found in the 

same way; each fractionwas then multiplied by 400 and then 

entered in the last column of Table 5-lo It can be shown 

simi.larly that for a 1:1 w/w mixture of se80 : se78, three 

species of cse2 are formed with a molecular ratio of 1:2:1. 



I-I 
80-80 

78-78 

n-n 

THE ( R ) ac -x SYSTEM OF CSe 2 (80-8 0 } 8 ( 78-78} MOLECULES 

Con t act prints of spectrograw.s, recorded on a 35 ft. Eagle spectrograph (in the 
3rd order ) , are reproduced in four successive panels of this Appendix. 

l. 

2. 

j 

L- L type bands of the 80-80 species and n- n type bands of the 78-78 species 
are marked. Connecting lines are shown between bands of isovibronic 
transitions. All assigned bands are not marked . 

The quantum numbers v1, v2 are given at the end of each panel and v• 1 , v2 
are given for each b·al'ld. 

At the violet end of the spectrum, some weak bands of the V system are shown. 

co 
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APPENDIX I<- R sy~tem ( 4 6 30- 45 20 A) 
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APPENDIX L 

BANDS OF CSe
2 

IN THE 25251-21326 cm-l REGION 

lo Wavenumbers of observed band heads and measurable features 

are given below for-both 80-80 and 78-78 molecules. 

2 .. Intensities (I) are· quoted relative to a maximum value of 100. 

If no value is quoted, the intensity of the band head or 

featt)d."es must be assumed to be small. 

-';;l 3. Isotopic shifts for band heads,6o;_= CTa'7B-78) - O"a(B0-80) 

and~ 02 · = OH:(78-80) - UH(B0-80) are given for isovibronic 

transitions. The latter quantity is given only for the most 

intense bands. 

4. Bands whose wavenumbers are greater than 24600 cm-l may be 

due to both R and V systems. 

5. The notations c = cold band; me = possibly cold band; 

m =cold or hot band; mh =possibly hot band and h =·hot band 

apply. These notations are given for the more intense bands. 

6. Most of the bands below 22059 cm-1 are hot bands and are 

observed with greater intensity at higher temperatures. These 
-
bands are also observed in multiple reflection cells. Intensity 

values for these bands at room temperature are not given. 
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70 

50 

30 

5 

25 

10 

40 

30 

30 

30 

60 

40 

25 

-
30 

3-0 

20 

40 

25 

f!T 

80-80 

25251.6 

243.3 

237.1 

226.3 

181.4 

180.3 

137.5 

136.9 

134.2 

133.6 

125.5 

109.9 

098.7 

25003.3 

000.3 

24997.3 

985.8 

960.8 

5.5 

5.9 

(} 
78-78 

25264.0 

25257.1 

249.2 

221.8 

212.6 

206.6 

196.1 

188.4 

1~82. 6 

179.9 

162.0 

159.9 

147.0 

141.7 

136.3 

129.0 

125.7 

121.0 

25045.3 

25038.4 

25020.2 

25005.8 

24999.3 

24997.7 

a.22 

I 
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. --·~ .. 

960.7 

.931. 8 

., 

911.7 

25 24865.8 9.9 24875.7 

845.2 

844~4 

10 24827.7 838.9 

834.3 

825.2 

35 24805.2 13.6 24818.8 

10 ·, 24774.2 

5 <. 760.8 

10 735.6 24753.9 

5 734.8 746.5 

5 732.4 745.4 

743.7 

725.7 

5 729.8 724.8 

25 709.1 721.8 25 

---10 -/07;9 

. 15 . 661.6 10.8 672.4 

10 657.6 11.6 669.2 

24640.6 

620.6 635.3 

618.7 632.1 

10 ·6·()3. 0 619.3 

607.1 
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. ) 

-·~ ~Xtc 24563.5 13.6 24577·.1 ·so 

562.9 12.4 575.3 so 

570.4 

566.2 

544.0 

.·t.soc 2452·9. 9 13.3 543.2 40 

529.5 13.7 

522.7 

10 500.3 527.0 10 

10 489.2 526.0 

24516.7 10 

466.1 

450.9 24465.2 

15 . 446.6 465.5 10 

20mo. 443.5 455.2 10 

10 436.3 452.3 20 

10 429.9 444.8 15 

419.6 441.0 10 

405.2 

402.0 t 4 07. 5 

394.0 12.8 406.8 5.8 

40 24393.5 11.7 24405.2 30 

10 < 377.1 

40 352.1° 367.6 20 

40 24351 •. 5 11.3 24362.8 30 

40 351.0 24346.6 

324.0 5 
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318.3 24290.5 25 

'po--~a: . 1 m .. 24270.6 13.4 24284.0 25 6. 2 . 

-~me. 264.9. 19.1 . 284.0 80 

256.5 283.7 

271.9 

249 .. 7 266.5 

258.3 

10 241o0 13.1 254 .. 1 10 

253.7 

10( 216.5 234.0 10 

10< 203.8 

10< 188.3 228.3 10 

188.2 

187.0 24195.6 5 

179.5 24187.5 

10( 166.8 175.2 

15 151.3 15.8 167.1 25 7.7 

149e0 17.7 166.7 25 

10< 140.8 11.7 152.5 5 

133.3 15.0 t 148.3 

127.3 148.1 10 
" 

121.4 

120.3 

15 24103.4. 11.5 24114.9 80 

9,0m 24099.4 13.1 112.5 80 6.7 

20 24089.2 103.4 10 
i ' 

073.5 

10< 24063.5 19~7 24083.2 15 
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063.0 

10 24046.1 073.0 5 ( 

47.0 

42.7 

15 24042.1 14.6 056.7 15 

. 24031.6 5 ( 

' 10 <.. 23987.5 

90 23976.2 14.6 23990.8 70 

16 970.3 989.2 10 

10 969.9 985.8 . 25 

10( 952.3 97.3. 0 5 .( 

23956.0 5 < 
944.2 50 

70c 23930.4 12.9 943.3 so 

23932.7 12.1 942.5 60 

937.9 5 <. 
936.8 5 < 
926.8 5 < 

23904.8 11.6 916.4 

904.8* 914.1 

894.5 911.4 

10 23880.6 895.6 10 

.. 888 .1 10 < 
10( 872.2 883.7 20 

883.3 

877 .·8 . 

. 10 . 869~0 23876.8 10 

87.3. 2 10 
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20 23858.4 7.2 865.6 20 

10 849.3 

848.3 

lO< 841.3 14.9 856.2 10( 6.8 

15 819.2 

100c 23807.7 13.7 821.4 100 

-70 23803.2 12.9 816.1 80 

23801.6- 814.8 10 

799.5-

792.1 807.8 10 

801.7 

798.8 

10 782.3 793.4 10 

793.1 

20 23767.3 15.5 23782.8 so· 

10 762.3 9.0 23771.3 10 

10 759.6 

25 23755.0 10.6 765.6 20 

15 23752.1 11.8 763.9 20 

.756.-8- 20 

735.6 752.1 

10 719.5 11.2 -23730.7 

7os·. 3 

20 706.8. 

50 699.2 14.5 713.7 60 

50 . 23698.2 . 704.7 30 
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70m 23683.7 14.2 6"97. 9 90 

10 ( 23676.3 686 .• 1 10 

·676.7 10 <' 
647.6 10.6 658. 2·. 25 

-'··.~me 641.5 12.2 653.7 80 6.1 

23624.5 23647.6 15 

- -~ ~Omc 23623.3 14.1 23637.4 60 

629.9 10 < 
.~.0~. 23611 .• 8 ·1·3. 8 62.$ .. 6 60 

607.8 11.8 619.6 10 

618.3 10 

15 577.7 

20 571.8 16.0 23587.8 20 

10 .561. 6 577.8 10 

10 23556.1 . 

10 555.5 9.2 564.7 .15 

15 23540.3 13.2 553.5 20 

539.9 20 

lOOc 23514.7 12.4 23527.1 100 6.2 

90mc 23499.4 14.0 23513.4 100 7.6 

10 497.2 507.0 5 

10 488.7 10.7 499.4 15 

50m. 474.5 13.0 23487.5 35 

60c 468.5 14.8 483.3 

~ 70 471.6 9.0 . 480.6" 25 So2 

50 . 468.2 13.4 

so 468.0 13.6 481~.6 50 
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476.7 25 

15 453~1 459.8 10 

37 448.2 9.7 457.9 20 

456.9 20 

~0 446.4 455.6 20 

448.2 10 

445.4 10 

23441.4 

1·~< 422.9 431.1 10 < 
419.0 10 < 
4.18. 7 

10 23402.7 9.3 412.0 20 

394.8 

-?omth 23388.4 12.3 23400.7 90 6.7 

399.9 90 

379.7 

355.8 7.1 23362.9 70 - -

359.2 25 

· · 9-5mc:.::- 23347.4 8.9 356.3* 80 

60 340.9 15.4 356.3 80 5.2 

. -----50 335.8 350.8 80 

40 336.8 15.0 351.8 80 

40 335.4 347.4 20 

342.5 5 

35 23329.8 11.1 340.9 15 

324.5 

25 23314 .. 7 9',.6 324.3 25 
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40 310.0 12.7 322.7 40 

35 23298.8 13.1 23311.9 25 

15 23297.5 14.9 23312.4 15 

295.2 8.2 303.4 15 

302.1 10 

23283.8 10 

25 267.5 9.3 276.8 15 

256.4 9.9 276.3 10 

264.6 10 < 
10( 245.7 8.4 264 .·1 10 < 
10 249.6 253.4 10 < 

244.8 70 

45 23231.7 11.8 243.5 70 

225.1 

30 2-23.8 12.6 23236.4 50 

SOh 220.1 6.7 226.8 40 
... 

so 219.6 226.3· 30 

7 215.9 

20 211.9 7.0 218.9 20 2~9 

t 

23204.5 

30 184.5 204.1 50 

75c. 178.2 9. 9 . 188.1 75 

9.5c 176.5 13.1 189.6 75 

20 167.4 179.1 10 

75m 23163 .·3 9.9 17·3 ~ 2 85 

90m 23161.3 10~0 171.3 90 
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90m 160.8 10.0 170.8 90 

168.2 10 

15 149·. 7 .166.0 15 

25 151.6 10.7 162.3 20 

10 145.5 159.3 10 < 
10 139.9 153.3 25 

}52.5 25 

23124.1 132.4 

10 23096.2 8.0 23104.2 15 

55 23052.2 11.4 23063.6 35 

051.6 30 

lOOm 23034.6 10.1 044.7 90 4.0 

044.3 90 4.1 

1.0 23033.0 041.2. 20 

040.2 

035.1 

036.4 

026.2 10 

. 65" h'\ 23010.1 11.8 .021. 9 70 5.8 

10.0 

016.6 10 

10 < 23003.5 7.4 010.9 15 

10 (. 002.3 

23000.6 10 < 
15 22987.4 7.5 22994.9 10 3.3 

986.7 7. 4 . 994.1 

94-2~6 22951.7 10 

8 938.9 945.9 10 
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22929.8 936.7 10 

929.8 10< 

40. 910.6 13.5 924.1 30 

10.1 13.6 923.7 30 

30 22913.1 7.9 921.0 20 

.a.sn 90·2. 7 .6 .3 909.0 45 

908.7 .45 

40 22883.8 11.7 895.5 so 

883.5 

30 878.7 9.2 887.9 35 

- .. _·ssm· 870.1 9.5 879.6 90 4.8 

85 869.6 9.4 879.0 90 4.7 

866.8 

40 866.3 22876.9 15 

863.8 22870.5 

15 22854.7 9.0 863.7 10 

5 849.3 13.1 862.4 10 

45 840.2 9.2 
...-,. 

849.4 55 4.8 

845.0 .,._. 

818.4 825.9 10 < 
801.6 

- ... 1 . ·"~ ,Q.- 786.4 

15 22783.3 7.4 22790.7 20 

10 764.3 

763.1 776.9 15 

754.8 

30 752.2 11.0 763.2 35 
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754.5 

50 22744.0. 11.3 755.3 60 5.5 

742.1 -752.2 

. 20 739.1 746.3 

20 22724.6 6.6 731.2 40 

22729.3 15 

. 50 715.1 22725.1 45 

50 22716.4 8.2 724.6 45 

10 705.2 9.7 714.9 1o< 

"15 700.8 710.1 10 

45 22694.8 7.3 22702.1 50 

45 694.5 7.4 701.9 50 3.2 

689.8 698.8 15 

25 687.7 7.6 695.3 20 

683.2 

-20 ·668.5 22671.4 15 

20 22664.0 6.8 670.8 

10 < 625.8 628.5 10 

616.0 8.0 624.0 10 

- 607.0 10 

604.9 10 

25 22594.5 603.2 15 

20 583.7 586.2 15 

25 581.0 

' 40. . 22-576.8 9.1 . 589.9 25 

: so:mh ~ .. 1 57D~8 9.2 22580.0 75 4.6 
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BOrn 570.3 579.2 75 

60h 22547.2 9.3 556.5 55 

553.1 20 
.. 

537.0 15 

30h 22527.4 9.4 536.8 15 

40 22525.8 8.5 534.3 25 

.40 25.2 . ~33. 9 25 

10 520.1 

20 476.6 9.6 22486.2 15 

75.7 

5 22455.9 8.2 464.1 20 

35 22446.5 

35 445.5 9.8 456.3 35 
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