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CHAPTER 1 


Introduction 


In this thesis the quantum mechanical structure 

and geometry of some of the energy states of the s2o 

molecule will be discussed. The structural information 

was obtained by absorption spectroscopy of the s2o 

molecule in the gas phase. In the first chapter of this 

thesis basic ideas, which are generally applicable to 

non-interacting isolated molecules in the gas phase and 

which are relevant to the discussion later in the thesis, 

will be summarised. 

SECTION A: The Schrodinger Eqns. for Molecules 

l.A.l. The Molecular Hamiltonian. 

A molecule is a system of electrons and nuclei, 

in which the nuclei are separated by distances of the 

-7 -8order of 10 - 10 ems. Quantum mechanics must be 

used in determining the properties of a molecule. 

Classical mechanics was used initially in explaining some 

of the properties of molecules. Much of the terminology 

used in classical mechanics is retained in the quantum 

mechanical description of molecules. 

l 



2 

The quantum mechanical properties of an isolated 

molecule in its stationary states are obtained by solving 

the Schrodinger Equation, 

Eqn. 1.1 

where E(m) is the nth energy eigenvalue associated with 

IyCm)) , which is the eigenfunction of the mth energy state 

is the Hamiltonian operator corresponding to the total 

energy of the electrons and nuclei. 

The operator form of Jt
'\ 

is normally described in coordinate 

representation rather than in momentum representation. 

If spin and relativistic effects are i3nored, the 

sum of the kinetic (T) and potential (V) energies, in a 

system in which energy is conserved, is given by 

(References (1) and (2)). 

A 1\ " 1t = T + v 


h2 -r-' 2
[ L \72 J= - 1 +-1 L~ v ~2 k • ..L Eqn. 1.2Mk me
k l 


zkz1 e Zke e2 

+ + -+L 2 L 2 L 

rkl rki r ..
k >1 i > u lJkik, 1 i' j 

thwhere Mk denotes the mass of the k nucleus, 

me denotes the mass of the electron, 

\7~ is the Laplacian in which differentiation is 

with respect to nuclear coordinates, 
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J'lrJ 
!\. ,_ 

l th J . 
lliJC.f!J_~ 

.tb 
:t e.LocL:con, 

.tb
Llt c~ l 

ex~ctly. The sinplest type of molecule is the three body 

molecule of the type n~ (3)(4). 

l.I .2. 

An algebraic ;;,o l uti on of the i3clu·od:i_J.:.[;eT 
_,_ 

eql..J(Jtj_OJ} J'c)T' t!;~:} }J,~ LJ()J.ecrt1c if; o1)t 
(, 

( ''l' 
E3 U 11 

/ <> 

, 1'( m)en J' 

of thE::: c :i. 


()C:1!_f::JJi_, c -~'.. (:.tJ function of 

n
li,_ 

of' LJ ( r~) 

., ,_ ·; 
'J_,c i . s {:~ t c 'J. L• 
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for stable and unstable electronic states are illustrated 

in Fig. 1.1 on page 5. The dissociation energies of the 

electronic states are also indicated. 

The second step in the solution of the Schrodinger 

equation is the solution of the equation 

[ (T + U(R)) - E(m)] I\J((rn) ) = 0, Eqn. 1.3 nuc nuc 1 nuc 

.1\ 

where T is the kinetic energy of nuclear motion nuc 

(unclamped nuclei), 

U(R) is the potential function as defined in the 

previous paragraph, 

E(rn) is the mth energy ei15envalue of the nuclear 
nuc 

motion corresponding to 

l"f (m) >the eigenfunction describing the nuclear 
nuc 

motion in the mth state, 

This procedure is equivalent to factorising the wave function 

l"r ~~fal > , which describes all the properties of the 

th m eigenstate of the molecule, 

I'\1/ (!:1) ) 1'\J/ (rn) (m) Eqn. 1.4(a)r total = f Telect> If\.1; 

nuc >' 

wherel'\1/(m) >describes only the electronic motion in the 
r elect 

th 
m eigenstate 

andl"f' (m)>was previously defined. 
nuc 

The factorisation is equivalent to forming the sums 
I\ I\ 

1 total =Xelect Eqn. l.4(b) 
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FIG. 1.1 PoTENTIAL CuRvEs. 

u 

-----·- - - - 

---------------------------~R 

(I) and (3) are potential curves for stable electronic states. 

The dissociation energies ore De(l) and De(3). 

(2) is the potential curve for an unstable electronic state. 

The dissociation energy, De(2), is zero. 
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and 
*F(m) - E(m) + E(m) Eqn. 1.11-(c)

~total - Jelect. nuc 

In this procedure, it is assumed that there are no inter

actions between elec~ronic and nuclear motions. 

l.A.3. The Born Oppenheimer Approximation. 

In molecular problems, where an exact analytical 

solution of tbe Schrodinger Equation is not possible, an 

approximate solution is obtained by assuming that 

IYtotal> = / 'felect .> ~~mclear ) 
1 

jYnuc1ear >' Eqn. 1.5(a) 
vibration rotation 

1\ 	 /\ A

"" 
= 	 +ttotal t elect. 1t nuc1ear + Jtnuclear Eqn. 1.5(b) 

vibration rotation 

= E + E 	 + E l . Eqn. l.5(c)and Etotal ·elect. 	 nuclear nuc ear 
vibration rotation 

Born and Oppenheirr.er (5) (and, recently, Liehr (6)) have 

outlined the conditions under which the separation process 

of Eqn. 1.5 is valid. 

where Mk is the average mass of the nuclei 

and me is the electronic mass. 

,_________,___ 
* For convenience,the superscript (m) will be 
omitted in the rest of the discussion. 

http:Oppenheirr.er
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In references (5) and (6) "ftotal is expanded in a power 

series in )(. , and the domain of validity of the separation 

process in Eqn. 1.5 is established.* 

SECTION B. Group Theory 

l.B.l. Introduction. 

Detailed treatments of group theoretical concepts 

and of the application of these concepts to molecular 

physics are given in the literature (1)(2)(3)(7)(8)(9)(10) 

(11)(12). Only those concepts relevant to the subject 

matter of this thesis will be summarised here. The 

" Schonflies notation will be used. The group of symmetry elements 

describing the symmetry properties of a molecule all 

intersect at a common point and form the point group to 

which that molecule belongs. 

The group character tables for all the representa

tions for the point groups of interest in this thesis are 

given in Table 1.1. The character under the identity 

operator E is N for an N-fold degenerate representation. 

The representations 1 span a representation space and are 

mutually orthogonal. 

* Most text books, however, refer to Eqn. 1.4, 
rather than to Eqn. 1.5, as the Born Oppenheimer Approxi
mation. 
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if 0 
/\ 

is any operator which is totally symmetric with 

respect to all the symmetry elements of the group. If 

the point group is Abelian, i.e., all the operators 

commute, then all representations r are non-degenerate. 

When the Born Oppenheimer Approximation is used 

three Schrodinger Equations must be solved 

" 
( Jt elect. - Eelect.) I "f el? = 0 Eqn. 1.6(a) 

Eqn. l.6(b) 

"' 
( "1.P E ) l'"'v ) 0 Eqn • l . 6 ( c ) ~rot. - rotation 1 rot. = 

Group theory requires that the wave functions ~~ >elect. 

and llJ' .b) transform as an irreducible representation
Vl • 

of the molecular point group, defined by the geometrical 

configuration of the nuclei in their equilibrium positions. 

~ ) must transform as an irreducible representationI r rot. 

of the point group describing the r:1omental ellipsoid of 

the molecule. 

The symmetry elements of linear triatomic molecules 

form the point groups D co h and C 00 v· In the former point 

group an operator for inversion through the centre of 

symmetry is present. This inversion operator is absent 
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in the C v point group.· When a linear triatomic molecule
00 

is bent, the symmetry elements associated with the equi

librium geometrical configurations of the nuclei define 

the poj.nt f5roups c2 v and Cs, corresponding to the point 

groups h and C in the linear conformations, respec-D00 oov 

tively. 

When the nuclei in a molecule can assume more 

than one equilibrium geometrical configuration and can 

easily move from one configuration to another, the 

molecule is said to be non rigid. The group theory of 

non-rigid molecules has been discussed by LonBuet-HiBgins(l3), 

Watso~(l6), and Hougen(l5) and Altman(l6). 

An asymmetric top is defined as a rotating object 

in which the three mutually-perpendicular moments of 

inertia of the object, I , Ib, and I , are all unequal.a c 

If Ib = I > I , the rotating object is called an oblate 
a c 

symmetric top. If Ib = Ic < Ia, the rotating object is 

called a prolate symmetric top. The rotational wave 

functions for an asymmetric top transform as the irreducible 

representations of the point group D~. The rotational 
c:. 

wave functions for a symmetric top transform as the 

irreducible representations of the point group D Theooz 

group character tables of the point groups c2v and areD2 

isomorphous, as are the point ~roups C and D The ,_, co v (;/:) z 

group character tables of all the point groups mentioned 

her~ are given in Appendix 1. 
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l.B.2. Direct Products bf Representations. 

\~1en a product of any function is taken the 

symmetry of the product function is determined, simply, 

froLJ. group theoretical arguments. Consideration will be 

given here only to the decomposition of direct products 

of representations into symmetric and antisymmetric 

products. 'l'he expression of point groups as semi-direct 

products of point groups wil~ also be outlined. 

Discussions of direct products of representations 

and their decomposition into syrnr:J.etric and antisymmetric 

parts are given by Hammerrnesh (8), Landau and Lifschitz (9), 

and Wilson, Decius and Cross (12). Let X (G) represent 

the character for each element in the group G. If there 

are two sets of .N' fold degenerate wave functions, "Vi and 

<:f • ' which transforn as the same representation r of the 
J 

point group G, then the direct product f\-g, r gives a 

representation of dimension N 2 • This reducible represen

tation contains }2 N (N +l) representations for symmetric 

wave function products of the type 

"V. <J . + Y. '!. 
l J J l 

and }2N(N -1) representations of the antisymmetric 

products of the type 
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Iror non-degenerate wave functions N = 1 and only the 

symmetric direct product can be formed. 

The characters of the symmetric product are 

Eqn. 1.7(a) 

The characters of the antisyrnrnetric product are 

Eqn. 1.7(b) 

Tables of double symmetric and antisymmetric direct products 

for various point groups are given in Table 57 of Herzberg 

(1) 	Vol. III. 

Semi-direct products have been defined by Lomont 

(10) and by Altman* (16)(17)(18). The sernidirect product 

is denoted by a 1\ sign. The concept of semidirect 

products has recently been used by Altman (18) to 

describe the point groups of non-rigid molecules. 

* Definition of sernidirect product as given in (16): 
If two groups N and C are such that ru1y element Ni of one 
group commutes with any element Cj of the other group 

N.C.= C.N. 
l J J l 

their group product (i.e., the set of all elements of the 
form NiC,) forms the group G which is the direct product 
of .N and-c 

N X c = G. 
On the other hand if N and C do not commute in detail but 
rather 

NC. = C.N for all C. EN,
J J J 

then the grcup product forms a group which is called the 
semidirect product of N and C 

N 1\ C. 
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l.B.3. Bent-Linear Symmetry Correlations. 

A triatomic molecule may have a linear or bent 

conformation. By the adiabatic principle the wave functions 

and energies of the eigenstates of molecule in the linear 

conformation must correlate with those of the same mole

cule in the bent conformation as the bond angle at the 

central atom is changed. The irreducible representations 

of the point groups of the linear and bent conformations 

of a molecule must also correlate, since the wave functions 

transform as the~e irreducible representations. The 

resolution of species of symmetric point groups into those 

of point groups of lower symmetry are given in Herzberg (2) 

Tables 55, 56, 57 and 58. 

l.B.4. Spin. 

The spin wave function of a single electron 

!spin~) exhibits a double degeneracy with respect to the 

time reversal operator. This double degeneracy is called 
1\ 

a Kramers doublet. If a:L is an operator which rotates 

the spin wave function through 2~, then 

Rjspin:t~) =-lspin±~> 


A2 
Therefore a{_ , or rotation through 411, is the equivalent 

of the identity operator. Thus, for a system with an 

unpaired electron, double groups as introduced by Bethe, 

must be used. The resolution of spin symmetry species 
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of the full rotation point group into the corresponding 

symmetry species of point groups of lower symmetry are 

given in Tables 55, 56, and 57 of Herzberg (2) Vol. III. 

SECTION C: Electronic, Vibrational and 

Rotational Energy Terms. 

l.C.l. Molecular Orbitals and L.C.A.O.* Theory. 

From the work of Hund and Mulliken, the idea of 

individ~al electronic molecular orbitals, analogous to 

atomic orbitals, was developed. The electronic structure 

of a molecule was "built up" by feeding in electrons into 

such orbitals, in accordance with the Pauli Exclus~on 

Principle. This procedure is called the .Aufbau Prinzip. 

Exact analytical expressions for molecular orbital wave 

functions can be determined only for molecules like H~. 

Approximate molecular orbital wave functions, for molecules 

where the Schrodinger equation cannot be solved exactly, 

are usually obtained by the L~C.A.O. method. The 

physical basis for this method is outlined below. 

The Fourier theorem states that any arbitrary 

function 'f", .which obeys the Dirichlet conditions**, can 

Linear combination of atomic orbitals. 
* * A function Y obeys the Dirichlet conditions if 
it is single valued, continuous, except for a finite 
number of discontinuities, and has a finite number of 
maxima and minima. 
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be expanded as a linear combination of any complete set 

of functions 

i.e., 

Every physically acceptable molecular orbital wave function 

obeys Dirichlet's conditions and so can be expanded 
00 

=~ Eqn. 1.8IY> 
n=l 

where is any complete set of functions. 

Normally the set is the set of atomic orbital 

wave functions. It is found that a very good approximation 

to I"f. ) of the molecular orbital can be obtained byI mo_1 

taking a linear combination of a small number of atomic 

orbital wave functions of appropriate symmetry; each 

atomic orbital wave function being localised on one of 

the nuclei in the molecule. 

Each molecular orbital is designated by a number 

n and the symmetry of the wave function of the molecular 

orbital 1 ns) ~ The number n is assigned empirically and 

indicates the relative energies of molecular orbitals of 

the same symm~try (e.g. the 3 ~ orbital lies higher in 

energy than the 2 11' orbital, etc.). 

The molecular wave functions of molecular orbitals 

which are completely filled with electrons, in accordance 

with the Pauli principle, transform as the totally symmetric 



15 


representaticnsof the point group of the molecule. It is 

assumed that the core atomic orbitals play very little part 

in determining the properties of the molecule, and can 

be considered as remaining as atomic orbitals centered 

around each nucleus. Only the valerille electron~ of each 

atom are considered as contributing to the formation of 

molecular orbitals. Since the core electron atomic 

orbitals, or the molecular orbitals formed from them, remain 

filled with electrons in all the molecular staLes con

sidered here, the symmetry of the total electronic wave 

function is determined from those molecular orbitals 

formed by a linear combination of the valence electrons 

of the ator~s of vvhich the molecule is composed. 

l.C.2. Hartree Fock Theory. 

Energies of molecular orbitals A~d electronic 

state~; are generally calculated by the Hartree Fock Self 

Consistent Field method. This method is based on a process 

of iteration of the approximations to the eigenfunctions 

of the Schrodinger Equation, which lead to a minimisation 

of the total ener~y, until self consistency is achieved 

in the sl)lti.tion. This is called an L.C.A.O./S.C . .B'./M.O. 

calculatio~ if a linear combination of atomic orbital wave 

functions was used as the initial approximation to the 

molecule.;:· orbital wave function. The method of the 

Hartree Fock calculation is dealt with extensively in the 
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literature (1)(2)(3)(9)(11)(21)(22). 

Ifl'"'fa> and I"'f'b) are molecular orbital wave 

functions of the same molecule, but which transform as 

different irreducible representations of the molecular 

point group then all matrix elements 

Eqn. 1.9 

This fact produces a great simplification in Hartree Fock 

Energy Calculations, since it eliminates many of the 

off-diagonal elements in the determinento.l equations that 

have to be solved. 

l.C.3. Vibrational Motions in Polyatomic Molecules. 

Every molecule containing N nuclei has 3N degrees 

of freedom of displacement. In a linear molecule five 

of these degrees of freedom, and in a non linear mole~u~~ ... 
six of these degrees of freedom are associated with 

translation and rotation of the molecule as a whole. 

Therefore there are (3N-5) for a linear molecule and 

(3N-6) for a non linear molecule degrees of freedom 

associated with the internal vibratorymotions of the 

nuclei in the molecule. 

Internal vibratory motions of polyatomic molecules 

are analysed into motions along separate normal coordinates 

and are identified by energy and symmetry. The theory of 

normal coordinate analysis is dealt with extensively in 
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the litero.ture, especially (1)(2)(12). 

Cartesian displacement coordinates, derived by 

linear transformation from normal coordinates, are fre

quently used to graphically depict normal vibrations. 

Fig. 1.2 shows the normal modes of vibration of molecules 

belongine; to the point 3roups C and C , ·since these oov s 

apply to the S~O molecule. The symmetry of a vibration 
c.. 

is determined by applying the symmetry operations of the 

point croup of the molecule to the schematic displacement 

vectors as shown in Fie;. 1.2. 

Simple normal coordinate arwlysis, in the harmonic 

approximation, requires that matrix elements 

= E. 6 .. Eqn. 1.10 
l lJ 

i.e., the normal vibrations do not interact. However this 

is no longer true in a higher approximation; for example 

the interaction of the bending vibration mode V with2 

the symmetric stretching mode V in the ground electronic
3 

state of s2o is considered as in Chapter 4. 

When several quanta of the same normal vibration 

are excited the symmetric direct product of the represcn

tations 3enerated by the wave functions of the normal 

vibrations must be taken in order to determine the 

symmetry of the resultant vibrational state. This product 

differs from the ordinary direct product only when degen

erate vibrational wave functions are involved. The 
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FtG. 1.2 NORMAL MoDES OF VIBRATION 

Point Group Coov Symmetry Mode 

Non-degenerate symmetric
cr+ 

stretching vibration 

Doubly degenerate symmetric 
TT 

bending vibration 

Non - d eg e n e r a t e symmetric
(}-) cr+c» ~ l/3 stretching vibration 

hv, > hv
3 

Point Group . Cs 


Non- degenerate symmetric 


a' v, stretching vibration
~ 
Non-degenerate symmetric 

0' 7/2 bending vibration~ 
Non- degenerate symmetric

a' l/3 stretching vibration 

Schematic Vector Displacements ( in 

Cortesi an Coordinates ) representing 

norma I vibrations 
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symmetries of the produc:t wave functions are listed in 

Herzberg (2) and in Wilson, Decius and Cress (12). 

l.C.4. 	 Harmonic Vibrations. 

Potential curves as in Fig. 1.1 can be represented 

by 	analytic formula such as 

2U(R) = }2k(H-R ) + terms of higher order in (H-R )
0	 0 

Eqn. 1.12 

In normal coordinate analysis a harmonic force field for 

nuclear motion, is assumed and terms in (R-R ) of higher
0 

2order than (R-R ) are ignored. 'l1he solution of the 
0 

simple harmonic oscillator problem is well known and 

leads to 

d. 
__.!)L h w. 	( v. + 2 Eqn. 1.13 

l li 

where v. is the number of quanta of the ith vibration 
l 

excited; h (.,). is 	the energy of excitation of one quantum
l 

of normal vibro. tional motion of frequency w. , and d. is 
l 	 l 

. th . b 	 t . 1 f t . the d egeneracy of t-l1e 1 Vl ra 1ona wave unc 1on. Thus 

in the siwple harmonic oscillator approximation the energy 

difference between adjacent vibrational energy levels is 

constant. 

In a linear triatomic molecule the degenerate 

vibrational wave function of the bending vibrational mode, 

v 
2 

, b.as a vi.braticnal c:mguJar moment'.J.m a2.sociate:l ·with it. The 
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magnitude of this vibrational angular momentum is [h where 

l.C.5. Anharmonic Vibrations. 

If terms in Eqn. 1.12 of higllE:r order in (R-R )
0 

2than (R-R ) are treated as a perturbation t6 the simple
0 

harmonic oscillator the vibrational energies are given 

by an expression of the form 

+ 'L: g.k t.tk + ••• other terms 
. k l ll . 

k 'J. i 

Eqn. 1.14 

where xik and gik are anharmonicity constants. 

For anharmonic vibrations the vibrational wave 

functions are not orthogonal, as in harmonic vibrations. 

Eqn. 1.10 does not hold and there is interaction between 

the "norrnalu modes of vibration* of the molecule. 

When ro3u(R) I IQ3R is < 0 the anharmonicity 

constant xik is negative. The energy difference between 

* The term normal mode of vibration can be applied 
only to harmonic vibrations. It is commonly used also in 
the description of anharmonic vibrations. 
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consecutive vibrational energy levels decreases with 

increasing quantum number of the vibrational energy levels 

being considered. 

If ro3u(I{)/"03R is) 0 9 the anharmonicity constants 

are positive and the energy difference between consec

utive vibrational energy levels increases with increasing 

quantum number of the vibrational energy levels being 

considered. The effects of anharmonicity on vibrational 

energy level patterns are shown in }:t,ig. 1.3 for negative, 

zero and positive anharmonicity effects. Negative 

anharmonicity is normally observed in the vibrational 

energy level pattern of polyatomic molecule, while 

positive anharmonicity effects are rarely observed. The 

vibrational structures of the electronic spectra of the 

s o molecule contain striking examples of both negative
2

and positive anharmonicity effects. 

l.C.6. 	 Vibrational Structure of a Non-Rigid Triatomic 

Molecule. 

Consider a bent triatomic molecule of ~he type 

BAA*,where A and A* are the same atomic species and the * 

just used for identification. If the bending vibration 

v has, classically, a large amplitude of vibrat ion2 

then the transition 

A- A* 	 A -A* 
~.B 	 B 



1 ' 
5 I 

5 
4 t---- ---r-!II \-----------/

I 5 4U(R) 
4 3 

3 \--------J-' 
3 

2 I I /
2 	 \00-----t-12 

00 

/ 	 ~R 	 7

""' 
Anharmonic oscillator energy Harmonrc oscillator energy Anharmonic oscillator energy 

levels when levels, whl ch are equal! y levels when 

-o3U(R) /1>3R ( 0 spaced. There are .no '"03u ( R) I -u3R ) 0 

i.e. 	 negatrve anharmonicity anharmonic effects. i.e. positive anh armon icit y 

-o3u (R) I "03R = 0 

Fig. I. 3 f\) 

f\) 
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may occur. This transition is classified as an isodynamic 

operation (18). If this isodynamic operation is feasible, 

the vibrational wave functions will transform, not as the 

irreducible representations of the point group C , but as s 
* the irreducible representations of the point group G4 , 

which is isomorphous with the point groups c2v' c2h etc. 

If this isodynarnic operation is feasible, there vvill be 

a doubling of each vibrational energy level with respect 

to the vibrational energy level pattern obtained when the 

isodynamic operation is not feasible (23). The energy 

splitting between the doublets of vibrational energy 

levels can be treated by the same mathematical procedure 

as is used for the inversion doublets of the NH molecule
3 

(18). 

l.C.7. Rotational Energy Terms in Polyatomic Molecules. 

A detailed rotational analysis of the vibrational 

bands of the electronic spectra of s2o could not be 

achieved. Therefore this discussion of rotational energy 

terms contains only the material relevant to the subject 

matter of the thesis. 

The simple theory of molecular rotation is based 

on the theory of the rigid rotator. In this theory the 

rotational energy levels of a polyatomic molecule are 

* 
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completely determined by the three principle moments of 

inertia Ia , Ib , Ic. These moments of inertia are 

calculated from the bond lensths and bond angles of the 

polyatomic molecule. 

Four angular momentum quantum numbers are used 

in characterising the energy states of the rotating 

molecule. 

J is the quantum number for the total angular momentum 

of the molecule fi J(J)(J+l). 

Mh is the projection of the total angular momentum along 


the Z axis of a laboratory fixed coordinate system • 


Kh is the pro~jection of the total arlgul.ar momentum along 


the z axis (determined by I ) in the molecule fixed 
a 

coordinate system, and 

S is the quantum number for the angular momentum associated 

with electron spin h Js(S+l) . 

The Ha~iltonian of the rigid rotor is 

J2 J 2 T2 
= x/2I + y/2I + '-z/2I Eqn. 1.15 

X y z 

where xyz is a molecule fixed coordinate system ar:d 

I < I ( I . As shown in the literature,especially (ll)
Z y X 

(24) and (25), the only non-vanishing matrix elements in 

the 	rotational Hamiltonian in matrix form are 

211	 2<J ' K Ii IJ ' K> = 4 { ¥ + t } ~ (J) ( J + l) - K } 
X y 

Eqn . l . 16 (a) 

http:arlgul.ar
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2 
and <J ,K±2 Id{" I J ,K> = - f1 [ 1... _ I1 } { (J) (J+l)-(K) (K~l) } ~ ~ 4 1

X y 

X 

Eqn. l.16(b) 

2 ~21 2n 1 u B n 121 = c . .IJet 2I
Z 

= A; 2I
X 

= and y 

An asymmetry parameter Xwas introduced by Ray 

:K = ( 2B - A - c) I (A - c) Eqn. 1.17 

lt'or· prolate and o'::>late symmetric tops, X has the limiting 

values of -1.0 and +1.0 respectively and has intermediate 

values for asymmetric tops of Fig. 1.4. 

In the simple case of a prolate symmetric top 

B=C and the non-diagonal matrix elements of Eqn. l.l6(b) 

vanish. O:aly the diagonal elements are non-zero and give 

E t(J) = B(J)(J+l) + (A-B)K2 
Eqn. 1.18 ro 

In a linear molecule, the rotational degree of 

fr-eedom about the z axis, which occurs in a bent molecule, 

has been transformed into a vibrational degree of freedom. 

I is a physically meaningless quantity for a linear 
2 

molecule if the nuclei are point masses, and if the elec

tronic masses are ignored. So, for a linear molecule, in 

the rigiQ rotor approximation, 
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K2Erot (J) = n (J)(J+l) - Eqn. 1.19 

If rotation-vibration interactions are taken into 

account,centrifugal distortion energy terms of the form 

Eqn. 1.20 

are added to Eqns. 1.18, 1.19. The D's are called centri

fu~al distortion constants. The energy terms in Eqn. 1.20 

are of large magnitude in quasi linear electronic states 

where rotation-vibration interactions are very large. The 

structure of quasili.near states is discussed in detail in 

Chapter 3, Section D rather than in this general intra

ductory chapter. 

In symmetric top wave functions with K > 0, there 

is a double degeneracy with respect to the quantum 

number K. By the adiabatic principle,the energy levels 

of prolate and oblate symmetric tops must correlate. 

This correlation is sho.,~m in Fig. 1.4. For asymmetric 

tops the degeneracy with respect to K is absent,and the 

rotational energy level pattern is more complex than the 

corresponding pattern for symmetric tops. 

l.C.8. Summary of ideas in Section C. 

Section C of this chapter dealt with the solution 

of the Schrodinger eqns. given in Eqn. 1.6. 

Eqn. l.6(a) 
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/\ 

0 Eqn. 1.6(b)( d{vib - Evib) / 'fvib) = 

" Eqn. 1.6(c)( ~rot - Erot) I 'frot ) = 0 

If coupling between electronic, vibrational and rotational 

motions is zero,then 

E Eqn. 1. 5( c)E 1 + E 'b + E ttotal e v1 ro 

If these couplings are non-zero,then there are additional. 
energy expression in Eqn. 1.5(c). These energy corrections 

are normally introduced by means of perturbation theory, 

in which Eqns. 1.5 and 1.6 are taken as the zeroth order 

approximation. 

So far,only the stationary state energy levels 

have been considered. Section D of this chapter will deal 

with transitions between these energy levels and with the 

relative probabilities of these transitions. 

SECTION D: Transitions Between Energy Levels 

1. D.1. Introduction. 

Transitions can occur between energy levels of a 

molecule through various radiative ~echanisms, e.g. 

electric dipolar, electric quadrupolar,rnagnetic dipolar, 

etc. interactions with electroffiagnetic radiation. In 

this section ele c.tri c dipolc'1r radiative transit ions vvill 
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be considered. A very brief discussion of electric quad

rupolar radiative transitions will also be given. 

Elect~ic dipolar radiative transitions are responsible 

for most of tlre spectroscopic transitions observed in 

molecules. The other radiative mechrutisms give spectra 

of very lov1 intensity and are rarely encountered. A 

spectral system of the s2o molecule, which has very low 
0 

intensity, is observed in the spectral region 4,400 A 
0 

6700 A and may be due to a quadrupolar radiative mechanism. 

l.D.2. Transition Probabilities. 
" 

The electric dipole operator A is 

" e.r Eqn. 1.21 

By use of the Born Oppenheimer Approximation,electronic 

and vibrational transitions are considered separately 

from transitions between rotational energy levels. 

So I 1"total ) =I i"el) I~nuc) Eqn .. 1.22(a) 

II"'"' and AAtot = 1\1 + nuc Eqn. 1.22(b) 

The transition moment,Rif'between initial and final energy 

states is 

Eqn. 1.23(a) 
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represent2tion of the point group of the. molecule. 

Therefore, if an allowed electric dipole transition 

occurs between the .states i and f, the direct prodl.JCt of 

the representations 

contains the representation accordine; to which at least 

one of the translation vectors T T or T transforms.x' y z 
As can be seen from Table 1.1, no electronic 

transition in any molecule which belone;s to the C points 

group is forbidden for symmetry reasons only. In 

molecules which bel one; to the C «J v point group , 

T transforms as the irreducible representation ~ + z 

T and T transform as the irreducible doubly degenerate
X y 

representation TI . 

In molecules which belong to the point group CC() v ,the 

only transitions allowed by an electric dipole radiation 

mechanism are therefore 

I+ I.+, 1T I- I-, TT~ H 

TTH.L+, 2:-, n, 6 etc. 

i.e., 6/\ o±1 Eqn. 1.25== , 

(where A h is the projection of the electronic angular 

momentum along the internuclear axis of the molecule). 
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The electric quadrupole moment tensor is 

If a transition occurs between two energy states through 

an electric quardupolar mechanism,the direct product of 

the representations 

contains the representation according to which at least 

2 T2 one of T2 T T T T T or T T transform. Elecx' ·y' Z' X y' y Z Z X 

tronic transitions with 6,. A = 0, 2:1, +2 are allowed, 

e.t;., the transition 2::+ H L is allowed. 

The intensity of an electronic transition between 

two energy levels in absorption is 

2
I = const ( V ) n , Eqn. 1.26 
~~f ~~f 

where hV is the enert;y difference between the two energy 

levels. 

l.D.3. Intensities of Vibrational Transitions. 

In an allowed electric dipolar transition it is 

required that 

'\lr f I'\lri '\. .L 0 Eqn. 1.27· < T vib Tvib / r 

~hen Eqn. 1.27 is satisfied, n quanta of totally symmetric 

but only 2n quanta of an tisymmetric ( ,,vhere n is an integer) 
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normal vibrations are observed in the vibrational 

structure of the electronic spectrum. The expression 

is called the vibrational overlap 

integral. 

For an allowed electric dipolar electronic 

transition, the quantity is a constant<'t!1 IAell Y!1) 

and so the intensities of the vibrational frequencies 

are proportional to 

r I i 12 1.28I('tvib "fvib) ' 
Eqn. 

where h V fi = Ef - Ei 

Eqn. 1.28 is the quantum mechanical basis for the 

mathematical expression of the Franck Condon Effect. 

This Effect is discussed in detail in Chapter 3, Section D 

with special reference to the electronic spectra of s2o. 
In a quadratic force field the selection rule 

which permits transitions between vibrational enerBY 

levels under an. electric dipolar radiation mechanism is ; 

~vi = ±1 for transitions between vibrational levels of 
u 

the same electronic state 

and ~v. = O, ±1 for transitions between vibrational 
J 

energy levels of different electronic states. 

When anharmonicity effects are J.arge, these selection 

rules are abrogated, so that transitions for ~1ich 

A 0 +, +2 +3 + tL\ v . = , -.~. , - . , - , - • • • • e c. 
J 
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are possible. 

l.D.3. 	 Intensities of Transitions between Rotational 

Energy Levels. 

Selection rules, which indicate the conditions 

under vvhich transition probabilities between rotational 

energy levels are non-zero,(from symoetry considerations 

alone) can readily be determined by the same group 

theoretical methods as outlined previously for electronic 

and vibrational selection rules. 

For the transition moment of a rotational transi

tion, allowed by electric ~ipolar radiation, to be non

zero, i.e., 

1- o, 

it is required that the direct product 

must contain an irreducible representation which transforms 

as R ,R orR (the rotation operators). This leads to
X y Z 

the selection rules 

Eqn. 1.29 

By use of the V/igner-Eckart theorem,the relative 

intensities of rotational transitions can be expressed in 

terms of the vector coupling or Clebsch Gordon Coefficients. 
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Use of this theorem provides an ele~ant way of deriving 

both selection rules and intensity expressions for tran

sitions between rotational energy levels. 

SJ:~crriON E: Electron Spin and the Zeeman Effect 

l.E.l. Spin. 

In the discussion given thus far, it has been 

assumed that the factorisation 

Eqn. l. 30 

is possible, where j1' . ) is a wave function determined space 

solely by ordinary three dimensional Cartesian coordinate 

space, and where lf) is the electron spin wave function 

determined solely by spin space coordinates. This 

factorisation leads to a rigorous selection rule ~S = 0 

for all transitions. (S was defined in l.C.7.) 

However,both the intrinsic electron spin angular 

momentum and the electronic orbital angular momentum have 

magnetic fields associated with them. These magnetic 

fields couple with each other. The resultant effects 

due to this coupling are called spin-orbit ir~eraction. 

The factorisation of ~~tot> into I1\lr > is noT space 

1one;er val i.d and transitions with ~ S = ±1 can occur weaklY. 

In molecules such as o and so ,the intensity
3 2 

ratio of transitions with 6. S == 0 to those with 6. S = 2:1 
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ve~sus V of each spectral line due to a non-interacting 

non-translating molecule, will have a Lorentzian Profile. 

In any gas absorption cell there are 1015 to 1025 

molecules present. These molecules undergo translational 

motion and interact through collisions, ~reducing Doppler 

and pressure broadening in the observed spectral lines. 

For absorption of radiation by a molecule,an 


. ll t ' tl ffi .
osc1 a ;or s~reng.1 1s defined by Mulliken and Rieke 

(26) 	 arui see also (27) • 

2 me ·- --2- ffi kv dv =4.3xlo-9JE:v d.Y 
TT e N. 

l 

where m and e are the electronic mass and charge respec

ti'!ely, 

N. is the number of molecules, in the state i, per unit 
l 

volume, and 

k V and Ev are tfte absorption and extinction coefficients, 

respectively. 

l.G.3. Spectral Analysis. 

When an absorption spectrum is observed it is 

necessary to identify the molecule v1hich causes the 

absorption. The oscillator strength of the spectral system 

is determined, if this is possible. If several electronic 

spectral systerrs of the same molecule are observed then it 

may be possible to assi~n the electronic states involved. 

Use of simple L.C.A.O./M.O. theory enables one to predict 
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the electronic states which can occur in the molecule 

and to predict, approximately, the energies of electronic 

transitions. The vibrational and rotational structures 

in each electronic spectral system must be consistent 

with the assignment of the electronic transitions. The 

depths of electronic potential wells are determined where 

possible. From a detailed analysis of rotational 

structures accurate bond lengths and bond angles of the 

molecule in the different electronic states may be 

readily determined. Thus molecular spectroscopy provides 

a very povH?rful tool for the determination of the quantum 

mechanical structure of molecules. 



CHAPTER II 


Experimental Work 


Introduction: 

This Chapter is divided into two sections, A and 

B. A review of previous work done on the s2o molecule 

is given in Section A. The correct molecular formula of 

s2o was not established until 1959 and the establishment 

of this formula is discussed in Section A. The 

experimental work of the author on s2o is described in 

Section B. 

SEC1:PION A: Previous Experimental Work 

2.A.l. Work Prior to 1959. 

In 1933 Schenk (28) obtained evidence of the 

existence of a new oxide of sulphur by streaming sulphur 

dioxide and sulphur vapour through a high voltage 

electrical discharge. The produ6t was shown to possess 

a strong system of absorption bands in the region 
0 

2500 - 3400 A. This product is now known to be s2o. 
Sche.nk (28) (29) shov;red by quantitative analysis 

of the gaseous product collected in a liquid ajr trap 

that the ratio of sulphur to oxyGen atoms was unity. 

41 




42 


Schenk therefore assumed that the new oxide, which he had 

prepared,was identical with the diatomic molecule sulphur 

monoxide, which gives an electronic band sr-·ectrum in 
0 

emission in the region 2LJ-OO - 4000 A when sulphur dioxide 

is subjected to a high voltage condensed ele~trical dis

charge. 

The emission spectrum of diatomic sulphur monoxide 

had previously been analysed in detail by Henri and 

Wolff (30) and by Martin (31). Since the spectrum of 

sulphur monoxide is not the same as the one Schenk 

found, his (Schenk's) assignment is in error. Apparently 

Schenk was not aware of the work of Henri and Wolff (30) 

and Martin (31). Cordes (32) in 1937 fitted the 

absorption bands of the discharge tube product to a 

vibrational energy level scheme, on the assumption that 

the bearer of the spectrum was an excited diatomic 

sulphur molecule, s2 . 

Kondrat'eva and Kondrat'ev (33) repeated the 

quantitative analysis of Schenk (28) (29) and confirmed 

that the ratio of sulphur to oxygen atoms in the gaseous 

product from the discharge tube, which was condensed 

in a liquid air trap, was unity. They concluded that 

the chemical formula of the oxide prepared by Schenk (28) 

was s o
2

.
2

The work of Kondrat'eva and Kondrat'ev (33) was 

mainly concerned with establishing the temperature 
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dependence of the equilibrium 

over the range -60° C ~ +60° C. Since the intensity 

of the absorption bands of Schenk's oxide of sulphur did 

not vary appreciably in this temperature range Kondrat'eva 

. and Kondrat'ev (33) concluded that the equilibrium 

mixture consisted principally of s o •
2 2 

In 1950 Vallance Jones (34) examined the infr.·:ired 

and ultraviolet spectra of Schenk's oxide of sulphur. 

In the infrared spectrum baiJds were observed at 679 em -·1 

1and 1165 cm- . Vallance Jones (34) photographed the 

ultraviolet absorption spectrum in the second order of·a 
0 0 

21 ft. concave grating between 2500 A and 3500 A and 


made a partial vibrational analysis of the bands in the 

0 0 

3193 A to 3352 A region. He divided the bands in this 

region into three progressions A, B and C. He showed 

that three members of the A progression were separated 

from the corresponding members of the B progression by 

1679 crn- . 'I'his observation established that 679 cm-l 

is a vibration frequency of the electronic ground state 

of the molecule. 

As mentioned previously,Xondrat'eva and Kondrat'ev 

(33) had studied the temperature dependence of the 
0 

absorption band intensities in the region of 3300 A. 

From this temperature dependence data, Vallance Jones (34) 
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tentatively assigned the origin band of the intense 

electronic absorption band system of Schenk's oxide of 
0 

sulphur as the band at 3321 A. 

2.A.2. Purity of the Discharge Product. 

The conversion of sulphur dioxide and sulphur 

vapour into the new oxide of sulphur in the electrical 

discharge js less than 100%. Vallance Jones (34) 

carried out experiments to obtain the conditions of 

maximum yield of the new oxide of sulphur. The yield 

was estimated by comparison of the intensity of the 

ultraviolet absorption band system of the new oxide of 

-1sulphur with the intensity of the 1361 em infrared 

absorption band of sulphur dioxide. The averae;e yield 

of the reaction was 30- 40%, i.e., the product of the 

discharge tube contained 60 - 70% of sulphur dioxide 

plus sulphur vapour and 30 - AO% of Schenk's new oxide 

of sulphur. 

2.A.3. The Work of Meschi and Myers. 

In 1959 Meschi and Myers (35) established that 

Schenk's oxide of sulphur was disulphur monoxide, s2o. 
They examined the microwave spectrum of s2o in the 

spectral region 18,000 Me/sec to 43,000 Me/sec. The 

32 3'- 16microwave spec~ra of the isotopic species S· S ~0 
34 32 16

and s s o were analysed. 
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The values obtained for the iner~ial constants 

A, B and C of s o are given in Table 2.1. The values of
2

these constants can readily be explained if disulphur 

monoxide has a bent S-S-0 structure. The observed 

microwave spectrum is consistent with that for a 

molecule with a dipole moment along two inertial axes. 

This observation excludes a bent S-0-S structure which 

would have a dipole moment along one inertial axis only. 

16Both s32 and o have zero nuclear spin. Therefore a 

symmetrical S-0-S molecule with a twofold axis of 

symmetry would have missing rotational levels in a bent 

or linear conformation. This is not observed. The 

analysis of the microwave spectrum by Meschi and Myers 

(35) proved conclusively that Schenk's oxide of sulphur 

was an asymmetrical bent molecule S-S-0 with the S-S-0 

angle of 118°. 

Meschi and Myers (35) state that under the best 

possible experimental conditions, the method used by 

Schenk for the preparation of s2o gives a product con

tainin~ approximately 50% of s o ar.d 50% of so • Since2 2 

Schenk (28) (29) and Kondrat'eva and Kondrat'ev (33) 

examined a mixture of these two gases, their quantitative 

analytical results are not in conflict with the work of 
J 

Meschi and Myers (35). 

Meschi and Myers (35) predicted that one quantum 

of the bending v~brational motion, V 2 , of s2o, would 
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-1have an energy of approximately 360 em Blukis and 

Myers (36) observed an infrared absorption band at 

-1
388 em and assigned this to the bending vibrational 

mode v of the ground electronic state of s o.
2 2

In 1966 Nagarayan (37) calculated the mean 

amplitudes of the vibrations of s2o by the method of 

Cyvin (38). These amplitudes of vibration are given in 

Table 2.1. The mean amplitude of the bond angle bending 

vibration v is anomalously large in comparison with2 

the same quantity for most other triatomic molecules. 

Information on the structure of s o known prior2

to the commencement of the present work is summarised in 

Table 2.1. 
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Table 2.1. 


Information on s2o Known Prior to 


the Present Investigation 


Chemical Formula s 0 Ref. (35)2 

Geometrical Structure in the ground electronic state 
0 

s the so bond length :::; 1.46 A 
/ ""-.' 0 

s 0 the ss bond length = 1.88 A 

the sso angle = 118° 

Ref. (35) 

Vibrational Frequencies of grou~d electronic state 

-1
vl = 1165 em Ref. (34) 

-1'V = 388 em Ref. (36)2 
-1

6?9 em Ref. (34)v3 = 

Inertial Constants of the ground electronic state 

For s32s32ol6 

Aooo. = 1.39811 cm-l 
AOlO = 1.41692 -1 em * 

Booo = 0.16875 em-1 
BOlO = 0.16877 em -1 

cooo = 0.15034 -1em COlO = 0.15013 -1em 

.For 8348 32016 
Aooo - cooo = 1.24606 -l em 

Booo 
.- cooo = 0.01741 -1em 

* Here 000 indicates the zeroth vibrational enercy 
·level and 010 indicates the energy level corresponding to 
the excitation of one quant.um of bendine; vibrational 
motion 11 2 • 

http:quant.um


----
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Table 2.1 continued 

Ray's Asymmetry Parameter 

For s32s32ol6 

xooo = -0.97049 

= -0.97057X010 

Mean Sa,wre__Ag[Qli tudes of vi brat ions in •!:rQt:nd electronic 

state 
02cr stretch = 0.0019272 Aso 
02

stretch 0.0023619 A(J ss 	 = 
2 

rssrso cr® bendine; = 	 0.0098465 A 
02 

rads . 

Ref. (37) 

Electronic spectral systems observed 

An absorption band spectrum was observed in the 
0 

region 2500 - ;AOO A. A tentative assignment of the 
0 

band at 3321 A as the origin band of this spectral system 

was made by Vallance Jones (34). 
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SECTION B: Present Investigation on s2o 

2.B.l. Preparation of s2o. 

An apparatus similar to that described by Vallance 

Jones (34) was used to prepare s2o for the experimental 

investigations described in this section. A diagram of 

the apparatus is given in Fig. 2.1. Sulphur was placed 

in the round-bottomed flask and heated. to boiling point. 

The heating jacket around the discharge region of the 

tube was maintained at 250° C. 

A 60 cycle/sec 16 Kv. A.C. voltage was applied 

between the electrodes. The discharge current was 

approximately 30 rna. When s2o was being generated the 

colour of the discharge was blue, but had a green 

appearance when viewed through the layer of molten 

sulphur on the walls of the discharge tube. It was not 

possible to maintain the electrical discharge when the 

total pressure of gas in the discharge tube exceeded 

8 mms Hg. 

Solid sulphur was allowed to accumulate in the 

cool upper part of the generating tube. A constant down

ward flow of molten sulphur into the discharge region 

was maintained by heating this solid accretion of sulphur, 

in the upper part of the tube, at regular intervals. 

In th1s way a high pressure of sulphur vapour was main

tained in the discharge resion of the generating tube. 
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Fig. 2.1 Diagram of apparatus used 

for preparation of S20. 
to pump j 

absorption cell~ 

Volt age of 15 Kv. A.C. 

applle d between 

·the electrodes heating jacket 

(-

electrode at 250°C 

inlet needle valve 

molte.n 

__ / 
mantle 
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In the early part of the work sulphur dioxide v,ras 

allowed to leak into the discharge tube through the 

needle valve. As the work progressed it was found to be 

more convenient to leak air rather than sulphur dioxide 

into the discharge tube. The use of air in place of 

sulphur dioxide produced no change in the relative 

intensities of the observed spectra of s o.
2

2.B.2. Properties of 8 0.2

Disulphur monoxide is a gas at room temperature. 

It is metastable and has a mean life of several hours. 

8 0 undergoes rapid photodecomposition in which free2

sulphur is produced. The particles of sulphur can be 

seen as specks in the path of the light beam. These 

particles settle on the walls and windows of the absorp

tion cell. In order to minimise the deposition of these 

particles, the s2o was streamed in a continuous flow 

through the absorption cell. Even if all radiation of 
0 

wavelength shorter than 5500 A is absorbed by a filter 

before it enters the absorption cell, photodecomposition 

still occurs. 1'hree spectral systems of the 8 02
0 

molecule were observed in the region 2000 - 7400 A. 

Each of the three systems had discrete band structure. 

2.B.3. Absorption cells. 

Four absorption cells were used in the present 

experimental war~. Two single pass cells of length 
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10 ems and 1 m respectively were ~sed to observe the 
0 

strong bands of the 3077 A absorption system. Two Vlhite 

type multiple reflection cells of length 1.7 m and 

6.0 m respectively were used to observe the weaker 
0 0 

bands of the 3077 A system, the bands of the 4000 A 
0 

system and the bands of the 6000 A system. Fig. 2.2 is 

a diagram of the optical arrangement of a White Type 

Multiple Reflection Cell. The maximum path length 

attained in the 1.7 m cell was approximately 50 m for 

28 traversals; while the maximum path length attained 

in the 6 m cell was 500 m for 84 traversals. The con

struction and optical alignment procedure for a White 

type multiple reflection cell has been described by 

Herzberg and Bernstein (39). The "minus one image" 

method of ali.Enment, given by these authors, was found 

to be extremely rapid and simple. 

The total pressure of gas in the absorption cells 

was varied over the ran~e 

210- atmos. (approx.) 

It is plausible to assume that, as in the work or' 

Vallance Jones (34) and Meschi and Myers (35), the 

maximum yield of s o in the electrical discharge is2

approximately 50%. Therefore the partial pressure of 

s o in the absorption cell was varied over the range2



Walls of 	 the 
Input Beam = 0 image

multiple 	 reflection "" -----~--::-::;-cell 
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f 
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0 2 4 images 
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Fig. 2.2 	 Schematic drawing of optical adjustment of WHITE type multiple 

reflection cell. For clarity the optrcal path is illustrated in three sections. 
' (Jl 

(JJ 



54 

_c:
5 X 10 :::> 5 x 10-3 atmos. (approx.) 

2.B.4. 	 Observation of the spectra. 

The absorption spectrum of s2o in the region 
0 

1900 - 3000 A was examined on a 1.5 m Littrow-mounted, 

quartz prism spectrograph made by Hilger and Watts. The 
0 

absorption spectrum of s2o in the region 2200 - 3700 A 

was examined in the second order of a Bausch and Lomb, 

Model 11, 1.5 metre, concave grating spectrograph. The 

second order of the grating is used in the Model 11 

spectrograph to observe spectra in the range 1850 
0 

3700 A. The absorption bands of s2o in the spectral 
0 

range 3700 - 7L+OO A were observed in the first order of 

a Bausch and Lomb Model 11 spectrograph. 

The Bausch and Lomb Model ll spectrograph has a 
0 

dispersion of 15 A/mm and a resolving power of 35,000 in 

the first order of the spectrum. The dispersion and 

resolving power in the second order of this spectrograph 
0 

are 7.5 	A/mm and 70,000,respectively. 
0 

The spectrum in the region 2800 - 3200 A was 

observed on a Cary 14 spectrophotometer. The absorption 
0 

spectrum of s o was examined in the region 7500 A
2

0 

25000 A on the same Cary lL~ spectrophotoneter. This 

spectrophotometer is constructed such that only 10 em 

absorption cells may readily be used on it. 
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2.B.5. High resolution spectrographs. 

The absorption bands of s o in the region 26002
0 

3500 A were photographed under high resolution in the 

first order of a 6 m Ebert spectrograph of the type 

described by King (40). IJ:1he dispersion in this region 
0 

and the resolving power were approximately 0.7 A/mm and 

150,000,respectively. The absorption bands between 
0 	 0 

3190 A and 3380 A were photographed in the second order 

of the same 6 m Ebert spectrograph. In the second 
0 

order the dispersion and resolving power were 0.3 A/mm 

and 300,000 (approx.),respectively. 

All of the work described above was carried out 

at McMaster University. 
0 

In addition the absorption band at 3193 A was 

photographed in the· eighteenth order of a 10.5 m Ebert 

type spectrograph, in the Spectroscopic Laboratories of 

the Division of Pure Physics, National Research Council 

of Canada, Sussex Drive, Ottawa.* 

2.B.6. 	 Zeeman Effect. 

In the National Research Council Laboratories, 
0 

an experiment to determine whether the 3193 A absorption 

* The author wishes to express his thanks to 
Dr. A. E. Douglas, of the Division of Pure IJhysi\.:s, for 
the use of this instrument Sept.~Oct. 1966, and for 
helpful discussions on the 3077 A spectral system of S~O. 
He wishes to thank also Mr. F. Alberti for experirnentai 
assistance and advice. 
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band exhibited a Zeeman Effect*, was also carried out. 

A 1 m absorption cell,throue;h which s2o was continuously 

flowing, was placed inside the coil of a large solenoidal 

magnet. The solenoid was 1~2 metres in length. When a 

D.C. current of 80 amps. was passed through the coil of 

the solenoid, a magnetic field of strength 2,000 gauss 

was generated inside the solenoid. The flux lines of 

this magnetic field were parallel to the gas absorption 

cell. 
0 

The 3193 A absorption band was photographed in 

the 18th order of the 10.5 m Ebert type spectrograph, 

when tbe magnetic field strength was zero, and when it 

was 2,000 gauss. No difference was detectable·between 

the two spectra, i.e., a Zeeman effect was not observed. 

2.B.7. Photographic Materials. 

_Except for the spectra recorded on the Cary 14 

Spectrophotometer, all spectra were photographed. In 
0 

the region 1900 - 4200 A Kodak Spectrum Analysis #1, 

35 mm film and ·2 x 10 in.photographic plates were used 

with Kodak Dl9 as developer. The effective A.S.A.· speed 

of the Spectrum Analysis #l film is 40 (41). In the 
0 

region 4100 - 6500 A both Ilford FP3 35 mm film, with 

* Dr. A. E. Douglas kindly permitted the author to 
use the lc=lrge steady field solenoid at the N. R. C. 
laboratories for this experiment. 
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Kodak D19 as developer, and Kodak Tri-X 35 mm film with 

"Acufine" as developer, were used. The effective A.S.A. 

speeds of these films are 125 and 1,200,respectively 
0 0 

(41). In the region 6000 A~ 7400 A Kodak IN 35 mm 

film, with Kodak Dl9 as developer, was used. This is 

"fast" infrared film and has an effective A.S.A. speed 

of 10 (41). For the work at Ottawa Kodak 1-0 plates 

were used with Kodak Dl9 as developer. 

2.B.8. Light sources. 

The molecular spectra were photographed in 

absorption.- A 450 watt, 23 amp, high pressure xenon 

arc lamp, supplied by Osrarn, was used as the source 

of the continuum of radiation in the region 1900 
0 0 

7400 A. Xenon emission bands occur &round 4200 A and 
0 

7200 A. The use of a tungsten lamp filled with iodine 

vapour was tried as a light source in these regions. 

However the intrinsic intensity of the beam of light 

obtained from this lamp is much lower than that obtained 

from the xenon arc. No useful spectra were obtained 

using this tungsten lamp. 

Comparison spectra were recorded beside the 

molecular spectra. The atomic emission spectra of iron 

and neon were used for this purpose. These emission 

spectra were obtained from an iron hollow cathode tube 

which contained neon gas at low pressure. Tho hollow 
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cathode tube was made by the Jarrell Ash Cc. The 

striking voltage was 185 volts D.C. The discharge 

current was m!3-intained at 20 rna. The atomic spectral 

lines of iron and neon obtained by using an iron hollow 

cathode tube cf this type are very sharp and do not 

display self reversal or Stark Effects frequently observed 

in the more common Pfund type iron arc. The emission 

lines of neon were very useful in the region 5500 
0 

7L~OO A since there are very few iron arc emission lines 

here. 

The National Research Council of Canada has 

tabulated the accurate wavelengths of the iron and neon 

emission lines observed in an iron hollow cathode dis

charge tube of the type described in the previous para

graph. These N.R.C. tables were used in the present 

work. 

2.B.9. Description of observed spectra. 

The observed spectra can be considered in four 

separate groups~ 

0 

( a) 1900 - 2L~OO A • 

In this region there is an ribsorption continuum, 

the intensity of which increases towards shorter wave

lengths. Since a maximum in this absorption continuum 

was not observed,it is difficult to assign this con

tinuous spectrum to a specific electronic transj_tion. 
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It is not discussed further in this thesis. 

0 

(b) 2300 - 3500 A. 

In this region of the spectrum there is a very 

intense absorption band system, with discrete band 

structure. A photograph of this spectrum is given i'!'l 
...v --../ 

Fig. 4.1. It will be designated as the E r- X spectral 

system. Some of the bands show a discrete rotational 

structu.re while the other bands are diffuse. This is 

discussed in Chapter 4, Section B. All of the bands cf 

this system show sharp degradation to the red. A list 

of band head wavenumbers of this system is given in 

Appendix IV. An estimated pressure path length of 10-5 to 

10-3 m atmos. (approx.) of s o ~as used to observe the
2

E X spectral system. 

0 

(c) 4000 - 4300 A. 

A spectral system is observed in this region. 

The system has discrete vibrational structure. The 

bands are red degraded but not as sharply as those of 
,....., ,...., 

the E ~ X ~ystem. It is probable that other absorption 
0 

bands of this system lie in the region 3500 - 4000 A. 

It was not possible to obtain photographs of the spectra 

in this wavelength region. (This is discussed later in 

this chapter under 2.B.l2. "Experimental Difficulties".) 
0 

':i'he bands in the region 4000 - L~300 A are assie:;ned to 
,...., 'V 

the D ~ X transition. A photoe;raph of part of the 

http:structu.re
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system is given in Chapter 4. 
,v IV 

The intensity of the D ~ X spectral system is 
2 r-.1 r-/

approximately 10 weaker than the E ~ X spectral 

system. An estimated pressure path length of s2o of 

10-3 to 10-2 m atmos. is used to observe the D~ X 
spectral system. A list of vibrational band wavenumbers 

is given in Appendix V. 

0 

(d) 4400 - 6700 A 

In this region there is a di~crete absorption 

band spectrum. Each vibrational band has discrete 

rotational structure. The band system is designated the 
,-../ ,-.J 

C ~ X system. A photograph of the spectrum is given in 

Chapter 4 of this thesis. Abs6rption bands in the region 
0 

6400 - 6700 A could not be photographed on the 6 m 

Ebert spectroGraph. Kodak I N 35 mm film must be used 

in this.region. Since this film has an A.S.A. speed of 

approximately 10 an exposure time of approximately 100 

hours would be required to photograph bands on the 6 m 
0 

Ebert spectrograph in the region 6400 - 6700 A. The 
,...._, ,...., 

pressure path length used to observe this C f-- X spectral 

system. is in the range 10-3 - 10 m atmos. A list of ba:::.d 
"'-' .......,


head wavenunfoers for the vibrational bands of the G <- X 

system is given in Appendix VI • 

..-v ,....,., '"""-./ '"'"" 
The D ~ X and C ~ X spectral sys terns have not 

1'"'-./ rv 

been observed previously. The analyses of the E <--- X, 
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rv IV /'\./ rv 
the D ~ X and C ~ X spectral systems are given in 

Chapter 4 of this thesis. 

2.B.l0. Identification of bearer of the spectra. 
"' ;v

The E ~ X spectral system in the region 2300 
0 

3500 A is known from the work of Schenk (28) and Vallance 

Jones (34). The absorption spectrum of so occurring in2
0 

the region 2400 - 3200 A is also well known. The 
""'-/ rv 

oscillator strength of the E ~ X spectral system is 

approximately ten times greater than the oscillator 
0 

strength of the 2400 - 3200 A absorption system of so2 . 

Therefore, under favourable experimental conditions, 

when the yield of s o is at a maximum, no trace of the2

absorption bands of so is seeri on the photographic2 
/V IV 

films of the E ~ X spectral system of s o.2
/'V IV /V IV 

The D ~ X and C ~ X spectral systems do not 

lie in the absorption regions of so2 • The large 6 rn 

multiple reflection cell was filled with so to a2 

pressure of ~ atrnos. No absorption bands of SO') were 
0 0 c 

observed in the region 4500 A - 7400 A even when the 

pressure path length of so was 200 rn atmos.2 

The bands of the well known f3inglet triplet 
0 

spectral system of so in the region 3600 - ~100 A did
2 

""-' "" not coincide with any of the bands of the D ~ X 

absorption system of s2o. Therefore,none of the bands 

"" r.../ "' ""' ,.., ""'-/

attributed to the E ~ X, D ~ X and C 4--- X spectral 

systems of s o are absorption bands of so2 .2
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It is necessary to exclude the possibility that 
,..., ,.., """ """' 

the C ~ X and D ?- X spectral systems are not due to a 

molecule S-0-S. S-0-S and S-S-0 are isoelectronic and 

would be expected to have spectral absorption systems in 

the same region of the spectrum. Meschi and Myers (35) 

did not find any evidence for the existence of S-0-S. 

No additional spectral systems were seen in the region 
0 

2000 - L~OOO A. 

rv rv I"V "" 

If the C ~ X and D t- X spectral systems are 

due ·to a different absorbing molecule from that which 
rv ,.., 

produces the E ~ X system,then the intensities of the 
,.y rv ,._ -v ,v rJ 

C ~X and D -E-X systems,relative to theE 4:-- X syste:n, 

should vary as experimental conditions in the discharge 

tube are varied. In fact,no chance in relative intensi

ties is observed when the experimental conditions are 

varied. By use of this argument,it is obvious ttat the 
.N ~ tv rJ 

C ~ X Emd D ~ X spectral systems are not due to 

sulphides, nitrogen, carbon, aluminum or silicon. If 
~ "' rJ tV

either the C ~ X or .D (;--X system was due to a nitrogen 

compound of' sulphur, a dramatic increase in absorption 

intensity should be observed when air,rather than sulphur 

dioxide,is leaked into the discharge tube. This is not 

observed. 
/V "' 

Acco:rdingly,all evidence indicates that the E ~ X, 
"-' N N rv 

D 4:-- X and C r- X absorption systems are due to electronic 

transitions in the s2o molecule. 
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2.B.ll. Calculation of band head energies. 

The pos.it ions of sharp band heads and rotational 

features, and of the lines of the·iron-neon comparison 

spectra, were measured on each photograph of the spectrum 

with a McPherson travelling microscopc,which has a 

precision of 0.001 mm. The wavelenBths of the sharp 

band heads and rotational features were calculated. The 

Edlen vacuum wavelength correction, which compensates 

for the variation of the refractive index of air with 

wavelene;th,was added to band head wavelengths, as 

measured in air. This is equal to the wavelength which 

would be measured in vacuo. v = 1/ A... where,vac 


A is measured in ems, was then calculated. This 
vac 

calculational process was performed on a computer. 

Microdensitometer traces of all absorption bands 

were made on a Joyce-Loobl MK III C microdensitometer. 

Measurements of the wavelengths of diffuse band 

heads were taken from microdensitometer tracings and 

-1converted to vacuum em by the process outlined above. 

For· sharp band heads,the estimated uncertainty 

. b d h d . . +1 -l1n an ea energ1es lS - em For very difi'use bands 

this uncertainty is ±10 cm-1 • 

2.B.l2 .. Intensity measurements. 
......, '"-/ 

The intensities of bands in the E {- X spectral 

system were measured as follows. Microdensitometer 
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traces of all the bands were made on a Joyce-Loebl 

Microdensitometer Model :r.JIK III C. This instrument 

measures the optical density of the photographic image. 

The optical density measured in this way is approximately 

proportional to the log of the transmission coefficient 

of the s o gas for the various wavelengths examined.
2

Thus the intensity figures quoted in this work are pro

portional to the log of the intensity of the absor~tion 
0 "'-" ....., 

bands. For convenience the 0 band of the E ~ X system
0 

was arbitrarily assigned an intensity figure of 100 

and all other intensity figures were scaled proportionately. 
,y rJ 

For the D ~ X spectral system it was difficult 

to obtain accurate intensity measurements. Since the 

film of solid sulphur absorbs light and the absorption 

coefficient for this process increases rapidly with 
0 

decreasing wavelength in the region of 4000 A, the light 
0 

intensity over the spectral region examined - 4000 A 
0 

4300 A was not uniform. The relative intensities of 
.-v I"V 

absorption bands for the D - X spectral syste.m were 

therefore e~timated from photographic enlargements of 

the spectrum. Since the origin band of the system was 

not assigned, the most intense band was assigned an 

intensity value of 100. The intensity figures for the 
.v /'V 

D ~ X spectral system are only useful as order of 

magnitude figures. 
rJ I'V 

In the C ~ X spectral system a very wide ranBe 
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0 

of intensities was observed. In the region 4400 5500 A, 

intensity measurements were obtained for intense absorp

tion bands from microdensitometer traces as was done for 
rv rv 

the E t- X spectral system. The intensities of bands in 
0 0 

the region 6000 A 6700 A could not be measured from 

micro~ensitometer traces since the wavelei~th response of 

the photographic materials used in this region of the 

spectrum is non-uniform. In this region of the spectrum, 

intensi.ty figures of absorption bands were estimated 

from photographic enlargements of the spectrum. This 

procedure was also used to obtain intensity figures for 
0 

the very weak bands in the region 4400 - 6000 A. Since 
,v rv 

the origin band of the C 4- X spectral system has not 

been assigned,the absorption band with maximum intensit;;r 

was arbitrarily assigned an intensity figure of 100 a~1d 

all other intensity estimates were scaled proportionately. 

A list of vibrational band head energies in 

-1 em and intensity measure!!lents for these bands are given 
I I'J ,-..J,....., rJ 

in Appendices IV, V and VI for the E ~ X, D 4- X and 
IV ,..., 

C ~ X spectral systems,respectively. 

2.B.l2. Experimental difficulties. 

The task of photographing the electronic spectra 

of s2o was a very laborious operation. Considerable 

care had to be exercised in the generation of the s2o. 
The rate of inflow of sulphur dioxide, or air, into the 

http:intensi.ty
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discharge tube was carefully controlled. If the rate of 

inflow v1as too high, the discharge between the electrodes 

ceased and instead a discharge took place between the 

electrodes and the heating jacket outside the discharge 

tube. When a discharge took place throutjh the walls of 

the discharge tube, t_hese walls were punctured and the 

discharge tube cracked at the point of puncture. 

In the early stages of the experimental work,the 

average life time of a discharge tube, before cracking, 

was approximately five hours. With experience and care 

this average life time was extended to approximately 100 

hours. 

If the rate of flow of gas or air into the dis

charge tube is too low,sulphur dioxide,rather than 

disulphur monoxide,is produced. It is also necessary to 

reduce the rate of inflow of gas with time, because the 

cool parts of the system were rapidly clogged with solid 

sulphur. This clogging reduced the effectiveness of the 

pumping system. As a protective device, a liquid air 

trap was placed between the absorption cell and the pumping 

system. It was found necessary to clean out all half 

clogged tubes every two to three hours, even though wi<:l:e 

bore ~ubing of 1.5 mm diameter was used throughout the 

apparatus. 

The rapid photodecomposition of s2o inside the 

absorption cells also caused great experimentaJ 
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difficulties. The windows of absorption cells and the 

multiple reflection mirrors of the 6 m cell were rapidly 

coated with a film of sulphur, which strongly absorbs 
0 

light of all wavelengths less than 3900 A. The 

absorption by a film of sulphur is particularly intense 
0 

in the region 3500 - 3900 A. Hence,it was not possible 

to photoEraph the absorption bands of 8 0 in this2

spectral region. 

To remove these films of sulphur, it was 

necessary to wash the windows of the absorption cells 

and the multiple reflection mirrors approximately every 

one hour. This was a tedious process since the whole 

apparatus was shut off during cleaning operations and 

required 20 - 30 minutes of heating up before 8 0 could2

again be generated. 

As can be seen from the above, the task of 

photographing the electronic spectra of 8 0 was a very2
""' -v

tedious operation. The absorption bands of the D ~ X 

and C X systems could be 6bserved through the 

spectrograph with the naked eye. Bands of these systems 

were photographed, not in order of wavelength, but when 

the absorption intensity was considered suitable by the 

experimenter. 

rrhe results of the experimental work are 

summarised in Fig. 2.3 and 'rable 2.2. 
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'l'able 2.2 

Spectral Observations 

0 
1900 - 2300 A. Hilger Watts 1.5 m Littrow Mounted quartz 

spectrograph used. Continuous absorption. Not assiv1ed. 

0 
2300 - 2500 A. 1.5 m Bausch and Lomb Model ll spectra-

graph; 6 m Ebert spectrograph; 10.5 m spectrograph used. 

Intense absorption with discrete band structure. Some of 
,..J ,..J 

the bands have rotational structure. Assir;ned E ~ X systerr:. 

0 
~~00 - 4000 A. No observations possible. 

0 
4000 - 4300 A. 1.5 m Bausch and Lomb Model ll spectrograph 

and 6 m Ebert spectrograph used. Weak absorption bands 
,v ""-/ 

observed. Assigned as D f- X system. 

0 

:±L~OQ_=_E2700_.6:• 1. 5 m Bausch and J~omb Model 11 spectrograph 

and 6 m Ebert spectrograph used. Extrer:-:ely weak absorp
rv 'V 

tion bands observed. Assigned as C t- X system. 

0 
6700 - 25000 A. Cary 14 Spectrophotometer used. Pressure 

path length available very low. No absorption systems 

observed. 



Chapter III 


Theoretical Considerations 


Introduction. 

In this chapter the energy states which the s2o 

rnolecuJ.e can occupy will be considered. This will be 

done by reference to molecules which have electronic and 

vibrational energy levels similar to those expected in 

the 820 molecule. The o and 802 molecules have the same
3 

number of valence electrons - eighteen - as s2o. In the 

discussion in this chapter the series of molecules o3, 

so2 and s2o wjll be called an isoelectronic series. 

CL'he chapter :Ls divicled into four sections. In 

Section A the possjble electronic states of s o are con2

sidered using simple l,.C./\..0./M.O. theory. The Henner 

Effect is discussed in Section B. In Section C the 

problem of quasilinear electronic states is considered. 

Those aspects of the Franck-Condon Effect, which are 

used in the explanation of the electronic spectra of s2o, 

are discussed in Section D. 

In the fou:-th chapter of this thesis an analysis 

of the spectra of s2o is presented. The purpose of this 

third chapter is to provide a discussion of the spectra 

v;hj.c}J could possibly be observed for the s2o molecule. 

The content of this chapter compliments that of Chapter 

Four. 

. 70 
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SECTION A: Possibl~ Electronic States of s2o 

3.A.l. 	 General. 

In the qualitative description of electronic 

states of triatomic molecules it is necessary to consider 

the molecule in both the linear and bent conformations. 

By the adiabatic principle the electronic states of the 

two conforr.wticms can be correlated. In the linear con

formation both o and 802 belong to the point r;roup Dao h,
3 

while the 8 0 molecule in the linear conformation belongs2

to the point group v. In the bent conformation oC00 3 
and so2 belong to the point group c2v and 820 belonc;s to 

the point group c . 
s 

3.A.2. 	 Molecular Orbitals for the linear confor~ation of 

s2o. 

The electronic states of the linear conformation 

of s2o will be considered first. The electron configura

tions for sulphur and oxye;en atoms are 

2Sulphur 	Kij 3s 

Oxygen K 

As an approximation it vvill be assumed, that since the 

sulphur and oxygen atoms have the same number of valence 

electrons, and that in each molecule (of o
3

, so2 and s2o) 

each atom (sulphur and oxygen) contributes six valence 



72 

electrons to molecule formation, the molecular orbitals of 

8 0 will be similar to those of o and 80
2 

.2 3 

o and so are classified as AB ·type molecules.


3 2 2 

Molecular orbitals in AB type molecules have been con2 

sidered by \'/alsh (42). Since s2o in the linea.r conforma

tion belongs to the point group ceo v' the indices g 

and u , as u::;ed by Walsh (42) in describing AB type
2 

linear molecules, are omitted in this discussion. 

Hayes and Pfeiffer (43)* have recently carried out 

L.C.A.O./S.C.F./M.O. calculations for the o3 and so2 

molecules. Similar calculations for the o3 molecule were 

carried out by Peyerirnhoff and Buenker (44). 

The approximate energy ordering of the molecular 

orbitals of the o3 and so2 molecules in the linear confor

mation is e;iven in Fig. 3.1.** ~Phe symmetry classification 

of each molecular orbital is shown in terms of the Coov 

point group. The calculations of Hayes and Pfeiffer (43) 

show that the energy ordering of the molecular orbitals is 

* The author wishes to thank Dr. Hayes for 
discussion and for communicating this paper to him prior 
to publication. 

* * 'l1he content and format of Fig. 3.1 has been 
taken from the work of Hayes and Pfeiffer (43). 
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FIG. 3.1 


ENERGY ORDERING OF ORBITALS 

IN THE LINEAR CONFORMATION 


-.....,....- 3TT 

2Tr 
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3o

-- 2o
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the same for the o3 and so molecules, when these molecules2 

are in the linear conformation. It is plausible to 

assume tlmt tbe qualitative energy orderine; of the molec

ular orbitals will be the same also for the s2o molecule 

when it jq in the linear conformation. 

In order to obtain the ground state electron con

figurations of the molecules, the molecular orbitals are 

filled up with electrons in accordance with the Aufbau 

Prinzip. In the linear conformation of the s2o molecule 

alJ. of the orbitals between 1 o- and 2 TI are completely 

filled with electrons. There are two electrons in the 

3 11 orbital. 

3.A.3. Ground :Electronic States in the Linear Conformation 

of s2o. 

In deriving the electronic states of S~O, only


L 

these tvvo 3 1T electrons need be con[5idered. Since the 

two electrons are in the same orbital, by the Pauli 

Exclusion Principle, tb.e product wave function of the 

two electrons must be antisyr:1metric v1ith respect to 

exchange in both Cartesian and spin space. Therefore 

the symmetries of the electronic states formed by the 

-(31T )2 configuration are readily determined by takinB the 

double antisymmetric product of the irreducible represen

tations accordinc -co which both the space and spin wave 

.functions transform, 
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i.e. , 

Eqn. 3.1 

J:t'or the Cartesian space part 1T ® 7T yields 

symmetric product 

antisymmetric product. 

For the spin space part the product ~ yields® E12 

symmetric product 

'\:"""';. 
~ antisyrnmetric product 

Therefore the total antisymmetric wave functions have the 

symmetries 

In spin space, sinr;let wave functions transform as """"'+L...J 

and triplet wave functions transform as ( 2::- ~ n ) . 
Therefore only the electronic states 

1 L +, 1~ and 3 L 

2 can arise from the confifju.ration (311 ) . Of these three 
7. 

states the :J L state is expected to lie lmvest in 

energy, according to Hund' s ruJ.e. In general, in iso

electronic diatomic molecules the 16. state lies lower 
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in energy th~n the 1 ""+ state arisinr; from the elec~ same 

tron configuration. It is reasonable to assume that the 

same energy orctering of 1 L+ and 1 ~ states also occurs 

in linear triatomic molecules. 

3.A.4. 	 Excited Electronic States in tbe Linear Conformation. 

Calculations by Hayes and Pfeif.fer ( L~j) and by 

G. W. Robinson (45) on 07. have shown that the next hie;hest 
~ 

set of molecul<:~r electronic energy levels are obtained by 

the single electron promotion 

In this configuration there are three eC}uival.ent 

electrons in both the 211' and 31T molecular orbitals. 

'l'herefore, the Bymmetries of the resultant electronic 

states are obtained by takinG the simple direct product 

of the representations 

( 'I':.niple 	 anti symnetric product of TT , E~) 

(Triple 	antisymmetric product of 1l , r~) 

For eR.ct. t;riple autisymmetric product 

the total antisyrnmetric product is Therefore, 

the symmetries-of the electronic states which can arise 
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from the configuration 

are contained in 

and are 

3~ ' 1~ ' 

It is plausible to assume that the lower excited electronic 

states of the linear conformation of s2o are similar to 

those of o and 80 when these molecules are also in the3 2 

linear conformation. 

3.A.5. Molecular Orbitals for the Bent Conformation of 

c•020 . 

A qualitative correlation of single electron 

molecular orbital energies in a triatomic molecule of the 

type AB2 , between bent and linear co!lforraa tions has been 

given by >Val:::;h ( 42). A figure showing these correlations 

is usually called a ~alsh Diagram. The recent 

L.C.A.O./S.C.F./M.O. calculations of Hayes and Pfeiffer 

(1+3) have c;i ven IValsh Diagrams for o and 802 when the
3 

bond angle BAB 5.s varied from 40° to 180° of ¥ig. 3.2. 

In the bent confor:utation of D r1olecule there r'1ay 

be ambiguity in labelling the orbitals with a number n, 
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Fig. 3. 2. 
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which indicates enere;y order inc:. This arrib igui ty in 

labelling orbitals is due to th8 fact th<,t on the Wal~>'h 

Dia~ram the graphs of orbital enercy verf.3Us hond angle, 

for djfferent orbitals, may cross at angles different from 

180°. To avoid the a6biguity, in Fig. 3.2, the angle 

120°'was chosen as a reference point and the orbitals 

were labelled in order of incrensing energy at a bond 

angle of 120°. 

3.A.6. Electronic States in the Bent Conformation of s2o. 

As for the linear conformation, molecular orbi

tals are filled with electrons in accordance with the 

Atlfbau Prinzip. In the bent conformation the molecule 

belongs to the C point croup and the molecular orbital s 

electronie wave functions are all non-dee;enerate since 

the C group is an Abelian Group. The spin v1ave functions s 

are doubly degenerate - Kramers Doublets. 

The ground electronic state arises from the 

configuration 

·when the BAB bond an:_;le is approxirna tely 120°. * The 

resultant electronic state is obtained by taking the 

* The S-S-0 angle is 118° in the ground electronic 
state - ~::escl~i and VIyeJ:'S ()5). 
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double antisymmetric product. 

X 2 (a'' E,l)
(2 

a' ® 	 a' yields A', which is symmetric and 

}~ ~ :E)-2 yields A' , A11 
, A" as the symmetric product 

and A' as the antisymmetric product. 

In spin space, singlet vvave functions transform as A 1 and 

triplet wave fun<::tions transform as A' EP A" ~ A" in the 

C point group. Therefore the t;round eleetronic state of 
s 

A 18~0 is expected to be a 1 state. 
{._ 

This 	1A' state of the configuration 

..•. ( (:r I )2 ('?•a 1 )2oa 

1
of the bent conformation correlates vtith the ~ state 

arising from the configuration 

of the linear conformation, cf. Fig. 3.3. 

In the bent conformation,the first electron 

promotion is 

(7 ")l1 )]_• • • • 	 ( '7a 1)2 c-,.:;a ")o -7 • • • • 1.. a (7.:;a 

UsinB the product of representations technique, as out

lined above the configuration 
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yields 3A 11 REd 
1A" states. 

3A11The s t·at·e o f the conf.lQ.lrat 1on. • • • • ( 7a 1 
) ]_ ( 3a 11 

) l 

correlates v1i th the 	3 L- ste.te of the .... (211 ) 4 (3 '71 ) 2 

1confir;uration. The A" state of the configuration 

1 1(7a 1
) (3a") correlates vtith the upper half 	of the 

21 6. state of the confie;uration .•.. (2'11)4 (3 7( ) . 

When the two electron promotion 

') 02( 6a 1 ) (?a 1 
)'::. ( 3a") ~ . . • . ( 6a I ) 2 ( 7a I ) 0 ( 3a") 2 

occurs ,giving the configuration 

1A 1 	 1A 1only an sta~e is possible. This state correlates 

with· the 1 L + electronic staLe of the configuration 

4
(21rr) (37r) 2 • 


When the electron promotions 


and 

2 2 2 	 , 1 2 2 1(2a 11
) (6a 1

) (?a 1 ) ~ •••• (2a") (6a 1 
) (7a 1 

) (3a") 

occur,the resultant electron confic;urations give 

l,3A" and l,3A 1 states. These states correlate v;ith the 

3/1 and 1 6_ states of the .... (211) 3 (311 ) 3 confit;ura

tion of the linear conform~tion. 

http:L-ste.te
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Only those states mentioned above are of interest 

to the subject matter of this thesis. The l,3 2:+ 
and 1 '3 ~~- states of s2o which arise from the configura

tion ..•• (21r )3 (3 '?f')3 in the linear conformation 

1 3 l 3correlate with ' A' and ' A" states in the bent con

formation of the molecule. 

3.A.7. Excited Electronic States of so2 . 

Absorption spectral systems 
0 0 

for the so2 molecule 

are observed at 2900 A and 3800 A and are assigned as 

the 
"' 

transitions- A ~ 
,..J 

X and 
r../ 

a ~ 
~ 
X res})ectively, cf. 

,..J ,.,./ 

Herzberg (2). The A~ X system is assigned as a singlet 
,.... 

singlet t:::'ansition and the a ~xis assigned as the 
,..., 1"./ 

corresponding singlet triplet transition. 'l'he a(- X 

system shows a Zeeman Effect. 

1l'he bond angle 0-S-0 for t..he A state has not 

been determined. Merer (46) has carried out a rotational 

analysis of some of the bands of the a - X spectral 

system and has concluded that the bond angle in the 

triplet a state is 126°. 

'rhe electronic configuration which gives the 

A and a :states has not been completely determined, cf. 

Mulliken (47). Merer ('+6) assigned the electron con

figurations as 

singlet 

triplet 
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Equations of the molecules may be solved by using the 

Born-Oppenheimer Approxirnat ion. ~~he factorisation 

Eqn. 	 3.2"ftot = "tel 	 'frot 

also 	Eqn. l.5(a) 

is valid provided there is no vibronic interaction between 

close lying electronic states and provided there are 

no degeneracies in any two of the wavefunctions 

~vib or 1'\j/rot"tel 

In a linear.triatomic molecule the wave functions 

of the Tf, ~ , ~ etc. ele·ctronic states are doubly 

decenerat;e; the wave functions of the bending vibrational 

mode v ')are dout)ly degenerate; cf. Fig. 1.2, and the 
("_ 

rotational wave functions are doubly degenerate v1i th 

respect to the quantum number K, cf. l.C.7. These 

degeneracies are removed if the interaction of electronic 

and nuclear motions is taken into account. These inter

actions are treated as perturbations to the Hamiltonian 

of the molecule in the linear conformation. The inter

action of 

(i) 	electronic and vi bratior1a 1 motions gives rise to 


Henner Coupling, 


(ii) 	electronic and rotational motions gives rise to 


K-type Doubling, 


(iii) 	vibrational and rotational motions gives rise to 

1-t;ype Doubling. 
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3.B.2. Weak Renner Effect. 

It was noted by Renner (48) that the absorption 
0 0 

bands of the co2 molecule, in the region 1010 A - 1070 A, 

hacl a complex vibrational structure. This complexity vms 

attributed, by Renner, to the coupli'1fj betvreen the elec

tronic angular momentum of a n electronic state and the 

vibrational an[_iular momentum of the doub1y degenerate 

bending vibration. This type of coupling is now ca11ed 

the Renner Effect (48)(Ll9)(2). 

In a theoretical treatment of the Renner Effect, 

it is assumed that the coupling causes a separation of 

the potential ener~y curve of the doubly degenerate elec

tronic f3tate, along the normal coordinate of bending rb, 

into two separate potential energy curves u+(rb) and 

u-(rb). Renner ('+8) treated only the case where the 

minimum of u+(rb) and of u-(rb) coincided at rb = 0. 

3.B.3. The static Renner Effect. 

The situation treated by Renner is called the 

dynamic Renner Effect since it can be observed only by 

excitation of the bending vibrational motion V 2 . ~Phe 

coupling between the electronic and vibrational angular 

momentum is small in the dynamic Renner Effect. If this 

coupling is large, then u-(rb) curve may have a minimum 

at rb I 0 and U+(rb) a minimum at rb = 0, or both 

u-(rb) and u+(rb) may have minima at rb I 0. ':Phese 
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three situations are illustrated in Pig. 3.5. For clarity 

in this discussion, they will be <.:alled Renner Effect 

Case (n), Henner Effect Case (o) and Henner Effect Cane (c), 

respectively. 

In the Renr1er Effect Case (b) and Case (c), an 

energy minirnur:J is achieved by angular distortion of the 

molec1Jle out of the liilear conformation. r.rhe u+(rb) and 

u-(rb) may be considered as belongin~ to separate non

degenerate eleetronic states. However, when the vibra

tiona1 enerr;y levels of theGe "separate" electrord c 

states are being considered it is neeessary to take into 

account the fact that they correlate with a sin[ile doub1y 

degenerate e1cctronic state of the linear conformation of 

the molecule. The vibratj.onal enercy levels in the 

"separat c" electron j c Eitates strongly l)erturb one another. 

Henner Effect Case (b) and HePYJ.e:r.' Effect Case (c) 

1are c2.lled the static Renner Effect. l'he distortion 

froD the linec.',r cor:formation is perP.'lanent and hence the 

separation of the u-(rb) and u+(rb) at rb I 0 curves-is 

permanent and does not depend on the excitation of bending 

vibrational motion as for Renner Effect Case (a). 

A theoretjcal treatment of Renner Effect Case (a) 

wns given by Renner (48); Case (b) was considered in a 

serni-err.piricCJl way by Pople and Lone;uet-Hig[';ins (50) and 

Case (e) was considered by Dixon (51)(52)(53)(5LJ-), cf. 
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Fig. 3.5. Potential Curves for weak (a) and strong (b) and (c) Renner Effect. 

Potent1al energy U (rb) is plotted on the ordinate. The bending coordinate 
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fact can be illustrated quite si.rnply. If, in a triatomic 

molecule which belonc;s to the point croup C cO v havine; 
1 ... 1 1\ 2 
~ · and Ll states arising from the same ... ( 1f) 

electron confie;urR tion, a bending vi bration V 2 is excited, 

1then, when the I+ and 16, ·states are distorted by the 

lAIvibration, the 1 I'+ state goes to a state and the 

lD lAIstate goes to a and lA" state momentarily. The 

1A 1 component of the 1D sta.te and the 1A1 state of the 

1~+ 
~ state repel each other. This may, equivalently, 

be described by sayint; that there is Renner Coupling in 

the 1 6 state. ln this case, the coupling takes place 

via a close-lying electronic state of appropriate 

l "'"""' + 1 Asymmetry. If the L and u states lie close together 

in energy the magnitude of the Renner Coupling is 

particularly large. 

The electronic spectral system of 1m2 , which was 

examined by Dressler and HaDsay (57), was initially 

assigned as a bent to linear transition in absorption. 

Ji'or thi::; spectral system of NH2 , the lower bent electronic 

2state and the upper linear (quasilinear) electronicn1 

state 2A1 both correlate with a single 2 TI electronic 
u 

state of the linear conformation. In the linear conforrna
~:> <;-, - 2

tion a -- > state lies close to the n state previously 
~u u 

2B1 
2 

1mentioned. Theoretical treatments of the and A

states of NH,) have been given by Pople and I.Jonguet-Hice;ins 
c.. 

(50) and by Dixon (52) (cf. also Appendix li, Sections B 
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and C). The approach in each of these papers is semi-

empirical. No mention is made of the possible interaction 

2 	 2of the 2B,) ( ~ u-) state with the 
2A~ and B (or 2 n ) 

L 	 ~ l U 

state alti1ough, as pointed ov.t by Renner, such interactions 

should lead to strong Renner Coupling. 

SECTION C: Quasilinearity 

3.0.1. 	 Potential Humps. 

(~Iasilinearity was first treated theoretically by 

Thorson and Nakagawa (~8) in an explanation of the infra

red spectrum of disiloxane (SiH ) 2o Disiloxane can be
3

considered as being an AB2 type molecuJe and the 

theoretical treatment of Thorson and Nakagawa (58) dealt 

only with AB2 type triatomic molecules. The mathematical 

are;ument:3 1)resented by these authors are outlined in 

Appendix III. 

Dixon (51) and Johns (5<)) have diE;cussed quasi-

linearity in triatomic molecules. The mathematical 

treatment of these authors (58) (51) (59) involves the 

solution of the two-dimensional isotropic simple harmonic 

oscillator which is perturbed by a potential hump*. The 

effect of the perturbation is that, for the lower vibra

_*_______ 

cf. note in Appendix II on the use of the word 
"hump 11 

• 
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tional energy levels, the molecule is stable in the bent 

conforrr:ation, ·while in the higher vibrational energy 

· levels of the same electronic state it is stable in the 

linear conformation. 

~1he analytic expression for the hump devised by 

Thorson and Nakagawa (58) is 

2 2K/(c + r ) , 


2
where K/c is the hump height relative to the potential 


minirrmr:1 for the bent molecule, 


and r is the distance between the central atom and the 


line joining the two extremal atoms of the triatomic 


molecule. This is a Lorentz ian hurap. Dixon (51) used a 


Gaussian potential hump* 


ct.- exp C-j3r2 ) 

as a perturbation to the two-dir:1ensional oscillator. The 

height of this Gaussian potential hump is ex., and j3 indicates 

the width of the hump. 

Johns (59) has used both Gaussian and Lorentzian 


potential humps in his calculations on the quasilinear 

rvl ~] rJ]_"'+
A A" state of A ·A" ~ X ~ spectral system of HCN 

_*______ 

A Gaussian barrier had previously been used by 
Chon and f3tellman (60) to exprt.:ss the barrier to inversion 
in ammonia. 
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analysed by Herzberg and Innes (61). Both Johns (59) and 

Dixon (51) have considered only the bending vibrational 

motion V in a quasilinear electronic state and have2 

shown that the properties outlined in j.C.2. are character

istic of such a state. 

j.C.2. Anharmonicity change.s in a quasilinear state. 

J~et 

= E - Ev.v.J.+ l J. 

where E is the energy of the ith quantum of the bendingv. 
l 

vibrational motion. 


A graph of L G versus E for a quasilinear electronic 
v. v. 
l l 

state js shown in Fig. 3.6. The value of 6_ G decreases,v. 
l 

passes through a minimum and then increases again. Thus 

the vibrational energy level pattern shows negative anhar

monicity for small v. but as v. increases the anharmonicity
l l 

becomes zero and then assumes a positive value. This 

behaviour is very characteristic of the bending vibrational 

motion in a quasilinear triatomic molecule. 

Both Johns (59) and Dixon (51) indicate that the 

enert,"Y difference E ) - Et ) , where the 
\V2 = 0 IY2 = k 

anharmonicity ch~nges from negative to positive at the kth 

vibrational energy level, is approxim1:1tely equal to the 

hump height. Johns (59) has shovm thut, in a cruasilinear 

state, there is a systematic increase in the inertial 
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Fig. 3. 6. Effects of quasi linearity. 
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constant A and in the rotational distortion constant DK 

with increase in vibrational qu£m tum number v • This is
2 

shown in Fig. 3.6 (b) and Fie;. 3.6 (c). A correlation of 

the vibrational and rotational energy levels of a triatomic 

molecule in the linear and bent conformo.tions iB given in 

Fig. 3.7. 

3.C.3. 	 Interaction of Bending and Stretching Vibrational 

Motio:rs in a Quasilinear State. 

Freed and I.1ombo.rdi (62) have r;i ven a very general 

treatment of the interactions of bending and stretching 

vibrational motions in a triatomic molecule ~1ich has a 

large classical arrplitucle of bending vibration in the bent 

conforn:at:Lon. The results obtained by these authors are 

not directly applicable to the discussion in Clllipter 4. 

Thorson and Nakagawa (58) have given a semiqualitative 

treatment; of the interaction of bending and stretching 

vibrational motions in an AB2 quasilinear triatomic molecul~. 

The mathematical details of the calculation of Thorson·and 

Nakagawa are given in Appendix III. 

If the stretchinc vibrational n:otion is described 

by a simple harmonic oscillator equation, the energy 

eigenvalues are 

E 	 (N + ;h)h w Eqn. 3.2 
s 	 s s 

where 1I is the nu:nber of (lUant9 of stretching vibration 
s 

excited 
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and n w is the 8n8rgy of one quantum of symmetric stretchings 

vibration. 

If the molecule has a large classical amplitude of bending 

vibration, the instantaneous moments of inertia of the 

molecule chan~e appreciably ~uring the bending motion. 

This chanr;e produces a strong couplin§j between bending and 

stretching vibrational motions and leads to energy shifts 

in Equation 3.2. These energy shifts are calculated in 

Appendix III. 

= 72(~:x + 2M/m)(N + }2)h w (cx..2 ) n Bqn. 3.3 s s s n,~ 

for an AB? type molecule 
'

where 

m is the mass of atom A, 

M is the mass of atom B, 

X is the constant which gives the strength of the 
s 

coupling between the bending and symmetrical 

stretching vibrationa] Dotions, 

= }'2 ( '11' - BAB) , 

n is the node of the bending vibration excited, 

tis the order of the Associated Laguerre Polynomial, 

which is contained in the wave functio:J. for the 

bending vibrational motion of the molecule. 

Thorson arrl Nakagawa (58) have discussed qualitatively the 

values of <rx,2.) o which would be observed for a typicaln,.v 
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quasi linear triatomic molecule. The quantities <ex_.2 > n o,.v 
ancl ex}· o (n=l, 2, 3 etc.) may differ greatly in n,,v 

numerical value. In general the numerical diffe!:'ences 

2 2 are very much smaller than<oc > n, l- <ex:,> n+l,i 
2 2 The difference((X, > 0' l <ex. > l,t 
2 2 means that a vibrational level,<(X> o,l- <(j,_ > l,t 

corresponding to trw excitation of stretchinG vibrational 

motion in the molecule is "apparently split 11 into tvvo or 

more component levels havinG the saBe but different n 

valUE'JS. 

This behaviour is characteristic of quasilinear 

electronic states. The a~parent splitting of the 3~ and 
0 rJ r-../

3 bands of the E ~ X system of s2o are attributed to this2 

effect. 

SECTION D: Vibrational Transitions and 

the Franck-Condon Principle 

3.D.l. The Franck-Condon Principle. 

When a transition occurs between two electronic 

states in a molecule, the "electron jump" occurs, 

classicaLLy, in a time interval which is very much smaller 

than the period of time taken for the nuclei of the 

molecule to perform one cooplete cycle of vibration. 

This clas~>iC<Jl iclea was fir~>t introduced by Franck (6) 

in an ex:rlanation of photoc llemical dissociation of simple 
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molecules.. The postulate, made by Franck, implies that the 

geometrical configurations and momenta of the nuclei of 

the molecule are the same just before and just after elec

tronic excitation, even thoue;h the equilibrium geometri

cal confie;uration of the nuclei may be different in the 

initial and excited electronic states. 

Condon (6LJ-) ex_pressed the postulate of Franck (63) 

in quc-Jnturn mechanical terms and by use of the postulate 

he was able to give expressions for the relative inten

sities of the vibrational bands in the electronic spectra 

of several simple diatoraic molecules. The Franck-Condon 

Principle may be illustrated in a e;rapbical manner as in 

Fig. _3.8. In Fig. _3.8. U'(r) ancl U"(r) are cross-sections 

along the normal coordinate r of the potential surfaces 

of the electronic states}~' and E". Using J;'ig. 3.8. the 

relative intensities of the vibrational bands involving 

the normal coordinate r in the transition :E' -f- E" L'lay be 

predicted. 

'rhe most probable electronic transition is 

represented by a vertical straight line origirwting at 

the point A on the U"(R) curve and terminating at point B 

on the U'(H) curve. 

= 

In the semiclassical treatment of the Franck-Condon 

Principle the point A is at the point of intersection of 
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Fig. 3.8. Franck- Condon Effect. "Vertical fr,:Jnsitions" 

for classical and quantum mechanical treatments. 

McMASTER UNIVERSITY LIBRAR'l. 
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the potential curve and the horizontal 1ine denoting the 

vibrational enere;y level. In the quantum mechanical 

treatment, the point A is at the most probnole value of 

r for a quantised oscillator. 

The vibratiorml wave functions of a molecule are 

those of a quantised oscillator - the product of a 

Hermite Polynomial and an exponential function. The 
:l. 

square of tho wave function , gives the"fvib 

probability that the quantised norwal vibration of the 

moJ.ecuJ.e, along the normal coordinate R, has a value 

R = r. The dotted lines in Fig. 3.8 indicate the squares 

of the appropriate vibrational wave functions. Condon (64) 

sho·,vpd that the intensity of a transition betvJeen two 

vibrational enere;y levels is proportional to the square 

of the overlap integral of the vibrational wave functions 

<Ycr) j '/'Ci) ) 2 

v v 

This overlap integral was previously discussed on page 32 

of Chapter 1. 

Fig. 3-9 shows how the Franck-Condon Principle 

applies to tl1e vibrational band intensities associated 

with an electronic transition between a bent ground elec

tro_nic state and a linear excited electronic state in a 

triatomic molecule. This figure is used to explain the 

vibrational band intensities observed in the electronic 

spec t ra o . i' ..)<'' 
2 

0 . 
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of bending motion 

Fi<J. 3.9. Franck- Condon Effect in a triatomic molecule. 

A bent-linear transition is show n.l~ l2is also shov-m. 
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The potential curves in FiB· 3.9 are cross-sections 

throu~h cylindrically symmetric potential surfaces*. In 

a triatomic XYZ molecule the potential surface along the 

normal coordinate which describes the bending vibrational 

motion is cylin~lrically symmetric about the energy = U 

axis. The cylindrical symmetry is due to the fact that, in 

the linear conformation the bending vibration can take 

place in any of the infinity of planes which intersect 

along the internuclear axis - the z axis - of the molecule; 

and in the bent conformation the plane of the molecule 

can rotate about the axis on which the X and Z atoms lie. 

F'or these cylindrically symmetric potential surfaces the 

bending vibrational motion and the rotational motion are 

coupled and the wave functions of the energy levels, in 

the potential wells, are described by Associated La~uerre 

Polynomials. (cf. Appendix III, Equation A.III.5.) 

3.D.2. Nomenclature, Progressions and Sequences. 

C~he band due to the transition bet·ween the zeroth 

vibrational energy level of the ground state and the 

zeroth vi.. brational energy level of the excited state is 

caJ.led the origin band of the electronic spectral system. 

The origin band is designated 0°. A vibrational band 
0 

is desig)no.ted ~ C if it is due to the transition.t\B 

~---------------------- -------·--··--
cf. Fig. A.II1.2. 
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v A indicates the vibrational energy level dt,.e to t~e 

excitation of vA quanta of the normal vibration 11 A. 

c }i'
Intercombination bands are indicated AB DE etc. The 

set of bands 

C+2 , C+l \. C t
•••• ' AB AB , 1 B , • • • • • • e c. 

form a progression. 

'The set of bands 

c .c c .... ' A B ' 1\.B+ l ' AQD+ 2 ' 

form a progression \Vhich is technically called a "hot band" 

proGression. A hot band procression arises from excited 

vibrational levels in the ground electronic state and the 

relative intensities of members of this progression may 

be altered by clw.n::;e in temperature of the molecular sample. 

~~he set of bands 

form a sequence of bands. 

A D• :>7, • Changes in Geometry ....1 • 

.ExperimentaJ observations on the vibrational 

st:r·ucture or many vil;roLic tram:>iti.or:s in molecules, 

indicate that, if there is a larGe chm:se in th0 normal 

coor·.:linate r, as between the ground and exciteci electronic 

states, then the vi bration.al bm1d spectrur~' observed, d1Je to 

http:bration.al
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a transition between these levels, will consist of lone 

intense progresr;ions in tl1e normal vi brat ion assoc;i~Jted 

vd t.b thE~ norma1 coordinate r. 

Dressler and H~msay (57) have used a simple formula 

to estimate th8 difference in bond ancle, 6 9 ' between 

the ground 2 B ~lectronic state a~d the low lying
1 

2A1 CY2Tiu) electronic state of the NH2 molecule, 

where E is the enerr;y difference between the 0 ° banci and 
0 

the most intense absorption band in the 2 n progression of 
0 

2 2
the -A f- B spectral systen and where k & is the force

1 1 

constant for t;he bending vibrational motion 11 of the
2 

') 

cB stote.
1 

3.D.4. The Deslandres Table. 

A Deslandres Table is a rectanBular ta~ular array 

of the wavenumbers of the vibrational bands of an elec

tronic spectral system. In each horizontCJ.l row of the 

table, the wavenu~bers of a v' progression, of the norcal 

vibration V. are arranged in order·, while in each vertical 
] -

column the wavenumbers of a v" prot;ression in the same 

normal vibration are arranged in order. 1'his arran~ernent 

is discussed in Herzberg Vol. I, Ref. (65)*. Each 

* The horizontal and vertical arrancements are the 
reverse of those r;iven in Herzbc:::·g Vol. I. 1'he arra~ccr;;~~nt 
above is more convenient for absorption spectroscopy. 
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diat;onal colur.m of the tabular array contairw the set of 

bands forminc a sequence. For polyatomic molecules a 

super Deslandres 'Jiable nay be formed, (cf. Herzberg Vol. III 

Ref. (2)) and each element of this Table may itseJf be a 

simple Deslandres table. 

j.D.5. The Condon Parabola. 

A parabola can be drawn on a Deslandres table 

through those elements of the tabular array which corres

pond to the most intense vi bre.tional be:mds of the spectral 

system for which the table was constructed. This parabola 

is called a Condon parabo~a (64). Two cases will be con

sj_dered 

(i) 	 When the sequence of bands of which the origin 

band is the first member is the most int8nse 

feature of the vibre..tional band structure of the 

spectral sy~~tem, the two branches of t~le Condon 

Parabola lie close to the diaconal of t~e 

Deslandres Table. An analysis of this type of 

spectrum shows that the change in the nor~al 

coordinate, corre~:>ponding to the normal vi brat ion 

for which the Desl'3.ndres Table vJas construe ted, 

is very small. 

(ii) 	 When long progressions of bands form the ~ost 

inten~:;e feature of the vibrational band structure 

of the spectral system., the two branches of the 
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VII PROGRESSIONS 

t 1' 1' t 1' 
PROGRESSIONS 

Deslandres Table showmg tabular array of progressions and sequences 

v' v' 

v" v" 

Condon Parabola when the Condon Parabola when the 

change in normal coordinate change in normal coordinate 

is small. is large. 

Fig. 3.10. Deslandres Table 8 Condon 

Parabolae 
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Condon parabola are separated, in the asymptotic 

limit by a large angle. An analysis of this type 

of spectrum shows that the change in normal 

coordinate, corresponding to the normal vibraLion, 

for v;hich the Deslandres Table was constructed, is 

very 	large. 

This 	type of spectrum is observed in a bent linear transi

tion 	in a triatomic molecule as in Fig. 3.9. This figure 

is a 	 section through tvJO potential surfaces for a triatomic 

molecule along one normal coordinate - the normal coordinate 

of bending vibrational moi:;ion and illustr<Jtes the section 
,..,.._, rv ""'-/ rv 

for a bent and for a linear state. The E ~X and C E-X 

spectral systems of s o are of the type described in
2

(ii), (with respect to bending motion). 

3.D.6. Vibrational Structure of a Bent-linear Transition. 

'rhe vibrational structure of an absorption 

spectral system due to an allowed transition from a 

bent ground electronic state to a linear excited state 

of a triatomic molecule should display the follmvine; 

features. 

(i) 	 ~~here are long progressions in the bands due 


to the bending vibrational motion V ').

L 
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(ii) 	 The branches of the Condon parabola are, in the 

asymptotic limit, separated by a large angle. 

(iii) 	 The vibrational bands of the system are red 


degraded. 


Feature (iii) may be understood in the followin(i way. 

The degradation of a vibrational band is dependent on the 

rotational structure of the band. As shown in Chapter I, 

Equations 1.18 and 1.19 the rotational energy levels of 

a linear triatomic molecule are given by 

E' (J) = B '. { ( J) ( J +1 ) - K
2 J 

and the rotational energy levels of the same molecule 

in an electronic state which is stable in a bent conforma

tion, are 

2 
= B"(J)(J+l) + (A"-B")K

when the asymmetry parameter){ is : -1.0. When 'X is 

approximately -1.0 the molecular system is nearly a 

~ t · .._ · t - '" > B" ,.u>ll"le B" ar1d B'pro1_a e symme •Jrlc ·op ana ll "! are 

almost equal. 'rherefore the rotational structure 

involving rotational energy levels determined by J and K 

in the ground state but by B(J)(J+l) only in the excited 

state rnw:;t be red detjraded. In the ground. state of s2o, 

X is approximately -1.0 and so in this state the 

molecule is considered to be a prolate symmetric top. 
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,..,_, N 

In the E and C electronic states the molecule is in the linear 
IV rv rv' tV 

conformation and in the E f- X and C f- X transitions the 

features described here are observed. 

As shown in Section C of this chapter when a 

triatomic molecule goes from a bent to a linear confor

mation the inertial constant A increases, not to infinity, 

but to -ic..> of the linear conformation.* Therefore each
2 

vibrational band in the linear conformation is a K sub-

band. '11ransi t ions between the rotational levels of the 

bent electronic state determined by J't"B" J and K and 

those of the linear electronic state determined by 

(A' f- ~~w2 e), B' , J and K, are violet degraded i.e. the 

total intensity envelope of the whole spectral system is 

violet degraded. 

The ideas discussed in this chapter will be used 

to explain the observed spectra of s2o in Chapter 4. 

* c f • }io•1g. 77.7 , page 96 . 



CHAP11EE IV 

Analysis of Experimentol Do.ta 

Introduction. 

As mentioned in Chapter II, which deo.lt with the 

experimental work on the s2o molecule, three absorption 

system!:;,each with discrete vibrational band ntructure,were 
0 

observed in the spectral region 2300 - 7400 A. They are ; 

'V rv 
(i) E ~ X S;ystem: Absorption bands of this system 

0 

were observed in the spectral region 2300 - 3500 A. 

rv .-v 
(ii) 	 D ~ X Syster:J.: Due to the experimental dj f fi_cul ties 

outlirJed in Chapter II 2.13.12,only a fragment of 

this spectral system wa~> observed in the region 
0 

l+OOO - 4300 A. 

,v ""' 
(iii) C ~ X System: Ab.:wrption band~3 of th~cs system 

() 

were observed in the refjion 4400 - G?GO A. 

,v rv 
The D ~ X and C ~ X systems have not been re_por~ed 

~ ""' previous1y. Absorption bands of the E ~ X ~ystem in the 
0 

resion 3350 - 3500 A have not been reported yec:viously. 

Extremely long absorption pressure pnth lengt.1s v,rere used 

in the p:t::-esent work and thus very weak absoruticm b::mds 

could be observed. 

111 
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:Since the three bcmd s,ysterns were observed in 

absorption it is reasonable to assume that they ori~inate 

in a common ground state* and involve transitions to three 

different excited electronic states. From the analysis 

of the three different absorption bvnd systems information 
,...., 

on the quantum mechanical structure of the X, C, D and E 

electronic states of s2o is obtained. 

~rhis chapter is divided into four suosections. 

Section A deals -Nith the relative intensities of the three 

absorption band systems. In Section B an analysis of the 
,.......- "'-/ 


E ~ X absorption band 	system is presented. Section C 
""" .......,.

deals briefly with the D ~ X absorption band system. In 
,...._, 

Section C, a partial analysis of the C ~ X absorptjon 

band system is presented. In Chapter V some conclusions 

on the structure of the electronic states of s2o are given. 

SECTION A: Intensities 

4.A.l. Definition of Oscillator Strengths. 

Comparisons of intensities of electronic transi

tions are frequently expressed in terms of oscillator 

strenEths of the transitions. A short discussion of 

oscillator strengths was given in Chapter I, page 39. 

·-----·-------------------- 
* cf. Section D for further discussion. 
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If a beam of electromagnetic radiation of 

frequency v and intensity I passes through
0 

a column of gas of length t ems , witt-1 a con

centration of gas of c moles/litre , and emerges 

with an intensity I , due to the absor·pt ion 

of (I - I) of the radiation by Lhe 
0 

molecules of gas 

then the absorbance 

where Ev is the molar extinction coefficient. 

Mulliken and Hieke (2G) have shown that the oscillator 

strength of the transition causing the absorption is 

f = 4.3 x 10-9 JE. dv.
1 

They have also shown that if the intensity envelope of the 

complete spectral systern is trianc;ular in shape a good 

approximation to is 6 V 1t.: is the vJidth 
72 

-C' 1J1n. em-l cu. 'h e 1nt. ens1. t y enve1 ope of t•·11e w1101,. 1 e spec tra l 

system at an intensity value equal -to half the intensity 

maximum. 

l+. A. 2. Measurement of Oscillator Strengths in S,)O.
L 

~ 

IJ:1he absorption band spectrum of the E .;...... X spectral 

system of s2o was observed on a Cary l'+ Spectrophotooeter. 

'l1he discrete band Gtrueture of the Gpectral [;;ystem wa0 
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observed. The effective path len~th of absorbinc gas was 

approximately 5 em(± 2 em). The total pressure of gas 

in the absorption cell was approximately l mrn Hg. 

Vallance Jones (34) and Meschi and Myers (35) have shown 

that when s2o is generated in the manner described in 

Chapter II, the resultant gas mixture contains approximately 

50% s2o and 50% so2 . Therefore the estimated partial 

pressure of s o in the absorption cell is }'2 mm Hg.
2 

Under these conditions, the absorbance, A, of the 

2E ~ X spectral s~rstem was approximately 4 x 10- . 

Therefore the extinction coefficient (V is approximately 
""",...,.,.

103 . ':f.lhe intensity envelope for the E ~ X absorption 

band spectrum is triangular in shape. The width observed 

at half maximum intensity 6v~ was approximately 

5 x 103 cr:1s-l Therefore the oscillator strength of the 

transition 

f = ( V 6 V ~ X Lt. 3 X 10-9 

-2= 2 x 10 , approximately. 

This calculation is an order of magnitude calculation. 

Therefore it is significant to quote only 

f(E ~ X) lies in the range 10-2 - 10-l 

Direct absorbance measurements were not made on 
,.,.....,_, _..., -../ ~ 

the Cary 14 spectrophotometer for the C -<- ·x and D - X 
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absorption band systems. The absorption intensities of 

these spectral systems are very much lower than the 
,._, 

absorption inten~->i ty of the E f- X spectral system and the 

long absorption path lengths required to observe the bands 

of these systems cannot easily be used on a Cary 11~ 

spectrophotometer. 1J.1he pressure path lengths re<J.uired to 
_.., ,......., ,......, -./ 


observe the D f- X and C f- X absorption band systems were 

approximately 102 and 105 (respectively) greater than the 
~ 

pressure path length used to observe the E ~ X absorp

tion band systems. Therefore,the oscillator strengths 
""-./ --v--v ,-../ ,.../ .-../

of the E f. X, D f-. X and C ~ X 	absorption systems are 

-2 -5approximately in the ratio 1 : 10 : 10 , respectivel;y. 

The approximate oscillator strengtl1s are shown in Table 4.1. 

'I'able 4.1 

Spectral System Approximate Oscillutor 

Strength f 
,..v ,r-./ 

E ~ X 	 10-2 10-l 
~ ~ 

D ~ X 10-4 10-3 
,..,., rV 

c '(- X 	 10-7 10-6 
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,...._, 
SEC'l1ION B: ~:Phe E ~ X System 

4.B.l. 	 Description of Spectrum. 

Absorption bands of thjs spectral system were 
0 0 

observed in the region 2300 A - 3500 A. The intensity 
0 

maximum of the system occurs at approximately 2800 A. 

The spectrum is illustrated in Fig. 4.1. The photograph 

of the spectrum in Fig. 4.1 was taken in the second order 

of the 1.5 m Bausch and Lomb Model 11 spectrograph. 

Fig. 4.2 is a photograph of the rotational structure 
0 	 0 

of the absorption bands at 3307 A and 3321 A. This photo

graph was taken in the 1st Order of the 6 m Ebert 

spectrocraph - the high resolution spectrograph. 

The vibrational bands of the spectral system are, 

on the basis of appearance,divided into three groups; 

0 

(i) bands in the spectral ret::;ion 3193 3500 A. (the 
0 0 0 0 

bands at 3208 A, 3222 A, 321~8 A and 3291 A are excepted 

from this grouping.) These bands are all sharply degraded 

to the reel and they all show fine rotational structure,even 

when observed on the Bausch and Lomb Model ll spectra~ 

graph - the lov,r resolution spectrograph. 

0 

( i i) bands in the spectral recion 2819 - 3193 A. (with 
0 0 0 

the exception of bands at 2830 A, 2860 A and 2890 A.) 
0 0 0 0 

11he bands at 3208 A, 3222 A, 32L~8 A and 3291 A are includecl 

in this 	group. All of the bands in this group are sharply 
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Fig. 4.1 

~ ,....., 
SP~crrROGRAJV: O.F' A SEC'l1ION OF s:'HE E (- X 

SYS'11J.:;M OF s2o IN '.PHE HEGION 30,000 cm-l 
0 0 

(3330 A) TO 37,000 cm-l (2'i00 A) 

The intensity maximum in the A progreHsion 

is at approximately 35,500 cm-l and in the 

1C progression at approximately 34,500 cm- . 

Rotational structure may be seen in bands 

at the low energy side of the spectrogram. 

'I'he diffuse character of the bands at the 

hie;h energy side of the spectrogram may 

also be seen. Quantum nur'1.ber assitjnrnents 

of the bands are also shown. These assign

rncnts vlill be discussed later in this 

chapter. 
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Fig. 4.2 

HIGH RESOLU'l1 ION EBEm' SPEC~l1HOGHAr'-1 ShO\UNG 

'I'HE FINE HOTA1'IOHAL [111lWC'l1UHE OF THE 

AB~ORPTION BANDS AT 30,099 cm-l AND AT 

30,229 ern 
-1 

• 

The sharp heads and strong red degradation 

of the bands in this region of the spectrum 

is clearly illustrated in this photograph, 

·stwhich was. taken in the l order of the 

6 m Ebert Spectrocraph. 
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degraded to the red and are similar in appearance to the 

bands in group (i). IJone of' the bands in e;roup (ii) 

show any resolved rotational structure even when observed 

on the 6 m Ebert spoctro3raph, which has a theoretical 

resolving poVIer of 300,000 in the second order of diffrac

tion. 

0 0 
(iii) bands in the region 2300 A - 2819 A re~ion. The 

0 0 0 
bands n.t 2830 A, 2B60 A and 2890 A are inclmled in this 

group. All bends in croup (iii) are diffuse in appe~~ranee 

the diffuseness being more marked for bands at shorter 

wave lene;ths. No resolved rotational struct11~e ·::::.1s 
() 

observed for any of these bands. Bands clos8 to 2300 A 

show a distinct red dee;radation,while bands close to 
0 

2300 A are very diffuse and do not show any distinct 

degradation. 

Bands with maximum absorption intensity occur at 
0 

2800 A approximately. The intensity of bands in the 
0 

re~ion 2800 - 2300 A falls off slowly towards shorter 

wave lengths. The intensities of bands in the re~ion of 
0 

2300 A are approximately lO}o of the maximum intensity 
0 

(whieh occurs at 2f300 A approx'lmately.) r:ehe inten~;ity 
0 

of bands in the recion 2800 - 3500 A falls off rapidl.y 

towRrds lonc;er wave lengths. ~~he intenst iies of the 
0 

absorption b::-Jr>ds at 3500 A <Jre a}'~H'oxirnatPly 0.01% of 



1.2~? 

0 

the intensities of the bands at 2800 A. A list of band 
""'-" ,....,

head WcJ.Ve numbers and intensities of the bc:mds of the E ~ X 

system is civen iri Appendix IV. 

4.B.2. 	 Orderinr; of Bands into Proc;ressions. 

Vallance JoncB (3L~) arranged the eleven bR!lcis 
0 	 0 

lying between 3193 A and 3151 A into three pro8ressions 

which he called the A, B and C pro~ressions. He showed 

that thr·ee members of the B progression were separ-ated 

~ 	 f , A . 6. r·9 -1f rom t11ree members o . tne progress1on by 1 ems . An 

infrared absorption band at this same frequency vnts 

observed b,;r Vallance Jones (34). Meschi ar1d Myers (35) 

have assigned this abf:;orption band at 679 crn-l as being 

due to the excitatjon of one qw:mtur'l of the stretching 

vibration 11 of the ground X state of s o.
3 2

Table 4.2 is a Table similar to that given by 

Vallance .Jones (jh). The band head enerc;ies used in the 

table were taken from the measurements made in the present 
0 

work. Bands to longer wave length than 3351 A are 

included in the table. Bands to shorter wave lenc;th than 
0 

3193 A are not included in Table 4.2. (This omission 

is explained in the diBc;ussion of hump heights since the 

hump heicht chan2:es when stretching vibrational motions 

are excited.) 

Table 4. 2 shovJs that four mer:1bers of the C 

pro~ressions are separated from the correspondinB members 
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Table Lt-. 2 


A B .6E 
-l -1 -l em em em 

31~,08* 30629* 679 


30909* 30229* 680 


30)06* 29826* 680 


30099 29419 680 


29689 2900(3 681. 


* 

c !J.E 
_,-1 -1em _._em em 

31308 29955 1353 


30909 29557 1352 


30506 29154 1352 


30099 28747 1352 


29689 


Bands assigned in Table II, pace 1267,of Vallance 

Jones (34). 
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of the A procression by 1352 em-\ approximately. 

1 -11352 em- is approximately 2 x 679 ern 

'rherefore, the enerc;y interval 1352 CI7!-l is identified as 
-./ 

2 v" of the .X. ground electronic state. 

The energy differences between successive memoers 

~ B d C . . t 1 -'90 -lo f th· e 1"\., an progresslons are approx1.ma e y :; em . 

Blukis and Myers (36) have observed an infrared absorption 

band at 388 cm-1, which is identified as the enere;y of one 

qu.antum of bending vibrational r:wtion "V2 in the 
..v 
X ground 

state. Therefore the A, B and C bands are identified as 

progresr;ions in the bending vibrational motion v2. 
The A, B and C series of bm1ds extend a considerable 

c1is Lance towards higher er1ere;ies with slightly altered 

wave number intervals and with much greater intensity. 

In the next section it will be shown that these extensions 

of the A, B and C series result frorrt progression;; in the 

upper state vibrational bending motion V~. The frequency 

v2_ is only sliGhtly different from the frequency 1) 2. 
The assignment of these bands depends upon the identifica

tion of the origin band of the system. All bandf3 
0 

(i) of the j;_ pror;ression betvJeen 2300 and 2941 A, 
0 

(ii) of the B progression between 2870 and 3183 A and 
0 

(iii) of the c progression between 2300 cmd 3338 A show 

a double or triple headed structure. 

http:approx1.ma
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Assignment of the 0 0 band. 
0 

The graphs of 1:::, G (the energy difference between 
v2 

successive members of a progression of bancJ fl) versus energy 

was plotted for the A, B and C progressions. This is shown 

in Fig. 4. 3. 'l'he graph shows a sudden discontinuity of 

approximately 14 cm-l in the A progression at 32487 cm-l 
0 

(3077 A), in the B progression at (31796; 31807) cm-l and 

in the C progression at (31158; 31173) cm-l The band at 

-1
32,487 em is assigned as the origin, 0~*, band and the A 

progression of bandB i.s assigned as the set r.1f b::mds 

( .... arL.0 2°_ 
n 

.. . . ) . 
-]

The double headed band at (31796; 31807) em is assigned 

as the 3~ band and the B progression of bands is e:1ssicned 

as 

and .... ) .( .. . . 

___________,___ 
* Schenk (28) assumed that the molecule now known 
to be S20 was 8202. Kondrat'eva and Kcndrat'ev (33) wished 
to exanine the equU.i brj.1.1m 

s ~ 2SO2o2 
and the temperature dependence of this interconversion 
process. They concluded that the degree of dissociation 
of what they believed to be ~)202into GO WCJ.B very srmll. 
It is now known that the molecule is in fact the triatooic 
molecule S20 and not the tetrCJ.-atomic oolecule 2202. 
Kondrat'eva and Kondrat'ev measured the ab~orption inten
sity of t;he vibrational bands at _30099 cm-J. and 305C6 cm-1 
(members of the A progression) and 30229 cm-1 and 30629 cm-1 
(members of the B pro~res:.::ion). A ::3~nsle pass 10 em 

http:brj.1.1m
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footnote continued 

absorption gas cell was used by Kondrat'eva and Kondrat'ev. 
The effective temperature of the central 6 ern of this cell 
was varied from -G0° C to +60° C. It was observed that 
th~_absorption ~n~~nsity of the vibrati?nal bands at . 
.30229 crn-1. and 30629 cm-1 chant;ed relatlve to t{le absorptJ.on 
intensity of the vibrational bands at 30099 cm-l and 
30506 cm-1. The absolute absorption intensities of these 
latter bands was not observed to change under the experi
mental conditions used. Vallance Jones (34) also believed 
the S20 molecule to be 8202. On the basis of the intensity 
oos~rvations of Kondr~t'eva and Kondrat'@v, he t~ntatively 
ass1gned the band at 30099 cm-1 as the band of the0 0 
absorption band spectrum. ':Phis assignment is quoted in 
Herzberg Vol. III. 

The present assignment of the band at 32487 cm-l 
does not conflict with the intensity observations of 
Kondrat'eva and Kondrat'ev. Vallance Jones did not 
o :)serve the vi :)rationa.l bands at 296t39 cm-1, 2927h crn-1, 
28860 cm-1. All of these bands are mer:J.bers of tbe A 
progress:i.on. 'l1here is no discontinuit;y in Gv2 = 
Ev2 +l - Ev2 at 30099 cm-1 such as occurs at 32L~8'? cm--1. 

If 30099 cm-1 is assumed to be the C0 band then energy 
level diagrams (as in Figs. 4.L~ and ~. 5) are complex and 
exceedingly difficult to explain. The intensity measure
ments of Kondrat'ev and Kondrat'eva were carried out with 
a short absorption path' length of gas, over small temperature 
range and over such a small region of the total absorntion 
spectrum that it cannot be ret;arded as conclu.sive that the 
absolute intensity of the band at 30099 cm-l c10es not change 
in temperature, while all other bands do show a temperature 
effect. The values for the absorptlon coefficients only 
varied by approximately l~ in the work of Kondrat'eva and 
Koncirat 'ev (.33). 

-1The assignment of the 0~ band as the band at 3~~1~87 em 
provide~> a much g:-eater de;:;ree of internal consistency in 
the analysis of the spect;rurn. 

http:progress:i.on
http:absorptJ.on
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The double headed band at (31158; 31173) em -1 is assigned 

as the 0 band ' and the C procression of bands is identified32 

as 

( ...• 2n3o ~an d 2o3o ~ .. ,.. .)o 	 '- n L 

where n = l, 2, 3, . . . etc. 

The intensity of the orisin bend is 100 (cf. Chapter II 

2.B.12), the intensity of the 3~ band is 7.5 and the 

intensity of the 3~ band is l.b. 
,...., "'-' 

A super-Deslcmdre~; tah1e of the bands of the E f.- X 

system is given in Table Lt.3. An er~ergy level cliasram 

for the vibrational structure of the (;round X state is 

given in Fig. 4.4 and for the vibrational structure of the 

E state in Figure L~. 5. The grotmd and excited state 

proe;ressions forned by the A, B and C series of bands 

are also shown on these energy level dlacrams. The 
0 

assignrlent of the band at 32L~87 cm-l (3077 A) as the 

origin band gives a consistent vibrational energy level 

scheme for both the i and ~electronic states. 

No progressions in the vibrational mode vr could 
,.,_, 	 rv' 

be identified in the E ~ X spectral system. This nay be 

clue to the fact that Vl contains no angle-bondinij com

ponent of motion, whereas 1J_3 does (cf. l:t'ig. 1.2, page 18) 

and hence vl is not active, but -v_3 j_s active in the 

spectr'mn. in accordance with the Ji'ranck-Condon Principle 



SUPER DESLANDRES TABLE OF THE 3077 A ABSORPTION SPECTRUM OF 51 0 	 (E 'A +- X 'A" TRANSITION) 

v; 0 	 2 3 4 5 6 7 8 9 10 II 12 i' 

v· 
ct. • ~ (' ")0 ' j 2 ,_ . ') gQ 9 33250 33629 	 34008 34377 34746 35123 35479 35862 36227 36550 3£,952 


34000 34351 34712 35060 35427 35800 36123 36450 3683e - '2 0 


~? 0~3 1'\ v 0 I 2 3 	 4 5 6 7 8 
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31 I 7 3 31 5 54 3196 2 32347 32733 33118 33502 3387 4 3 4 2 5 I 346?3 3"<;:1t..4 

3115 8 3!537 31946 32306 32686 33065 3 34 45 33807 34 i 8 8 3 4 ~ c ·, 34 0 I'.~ 
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for a bent to linear transition. No bands which could be 

assigned to ln or 3n v1ere identified in the spectrum.
0 0 

""" 4.B.4. The X ground electronic state of s2o. 
During the present investi~ation of s20,absorption 

path lengths of gas of fror.-; 10 em to 0. 5 Km were used to 

observe the Sl)ectra. In the X ground state, ten mero.bers of 

20the pro::::;ression the A progression - eight r'lembers of 
n 

the proc;resr3ion 30
l L 

')0 

n - the B progression - and seven 

members of the progression 3° 2 2° - the C progression - were 
n 

observed. 

'l'he vibrational enerc;y level structure of the X 

ground state of s2o shows the following features, vrhich are 

cha.rc..cteristi.c of qua.silinear electronic states . 

. t erva1 . ,1c 2° progress1on1n s 1n tl . 
n 

decrease at first arrl then systematicalJy increase as v~ 

increa3es. This behaviour is characteristic of a quasi

linear molecule cf. Thorson and Nakac;cwta (58), Dixon (51) 

and Johns (59). 'l1he same qualitative behaviour is 

observed in the 3~ 2~ proe;ression of bands. In the 3~ 2~ 

progression D. G 11 sy1_.;teoatically increases with n for all 
v2 

values of V "'"'.c::.. 



132 


(ii) The ground state vibrational levels in which sinEle 

and double quanta of the symmetric stretching vibration 

v; and 2 v; are excited appear to have two components. 

No apparent splitting is observed in the bands which 

involve the excitation of symmetric bending vibrations 

v~ only. This is discussed by Thorson and Nakagawa (58). 

The force constant calculations of Nae;arajnn (37) 

have shovvn that the root mean square value of the classical 

amplitude of the bending vibration v~ is approximately 

9° in the zeroth vibrational level of the ground X elec

tronic state of s2o. This is a large value for the 

classical amplitude of bending vibration for a triatomic 

molecule and this large value is characteristic of a 

quasilinear electronic state. 

Meschi and l'~yers (35) have observed that the 

inertial constant A of the 0,1,0 vibrational level of the 

cround X state of s o was greater than the A con~;tant
2

--./ 

for the zeroth vibrational energy level of the same X 

-1 -1 
em = 1.3931 emA000 

This is characteristic of a quasilinear electronic state, 

cf. Johns (59). 
,-.../ 

r.rhese four observations establish that the X 

ground state of s o must be considered as a quasilinear2

state us described in Section C of Chapter III and in 

Appendix III. 
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4.B.5. Hump height. 
~ 

If the X state of 8 0 is a quasilinear state then2

the hei~ht E of the potential hump, which distorts the 

molecule from the linear into the bent conformatjon, must 

be estimated. No absolute method for the determination 

of hump heights is yet av~ilable in the literature. A 

discussion of the presently available methods of determining 

hump heights are given here. 

The Lorentzian and Gaussian approximations to the 

shape of the potential hump in a quasilinear electronic 

state were discussed in Chapter III Section C. Both 

Johns (59) and Dixon (51) imply, but do not state explicitly, 

that irrespective of which form - Gaussian or Lorentzian 

is used to describe the potential hump, the energy difference 

= S (approx.) 

VJhere v =k is the vibrational energy level at which the2 

anharmonicity changes from negative to positive, and where 

f. j s the hump height. ':Phis reasoning would sugt_';est a 

hum11 height of approximately 1200 em-l in the c;round X 
state of 8 0 wlwn no quanta of symmetric vibration are2

excited (i.e., in the A proe;ression of bands). ~1rw hunp 

-1height would be approximately 800 ern vihen one quantum 

of stretching vibrational motion v~ is excited and is 
/ 

1~00 cm-l, or less, when two quanta of the stretching 

vibrational motion V" are excitf-;cl. There is a reduction
3 



in the apparent hump heicht when the stretching vibrational 

motion Vz is excited. The vector displacements for the 
:J 

vibrational mode v as shown in Fig. 1.2, page 18,
3 

indicate that thif> mode contains a bond angle bending 

component. Therefore,durinE the vibration vg the 

molecule tend[3 to "straighten out", i.e., move towards a 

linear conformation. 

-]
However, the asE>ie;nrnent of 1200 em - as tbe 

potential hump heig1lt in the X state of E:; o when neither
2

of trw stretching vibrational moti ow; are excited .L> 

not coru3istent VIi th other calculations. Dixon (51) has 

~lhovm t1tat the potential hump height £. , \Then ~>tretch:LnE; 

vibrational motions are not excited is given by 

2 
qo Ws -- ---,s- ,

L!sc 
0 

q 1s the displacement of the central atom of the 
0 

triDtor1ic molecule in the bent conformation, from the 

position v1hicb it 1vould occupy on the :i.nternue1ear axiE3 if 

the molecule were in the linear conformation. 
0 

mea:;ured in A; 

s is the ciFlflitu~le of the b~mdin(_'; vibraLion in 
0 

tbc zeroth vi br<-,tional enerf5Y leve:J . 

A; 
0 
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X is a slowly varying functjon of ? ; 

and ? = 2 a.f3 as discussed in Chapter III 3.C.2. 


'V 

For the :X ground state of 8 02

0 0 

= 0. 81 /1. * s = 0.09 A** w = 395 em 
-1 

0 

and for a typical quasilinear molecule X is approximately 

0.8***. 

From this calculation the hump height 

(? 6-, r:oo- cn1-l~ = ~ approx. 

1'his is much larger than the previously er;timated value 

-1ofl200 em However, there is no reason to believe that 

either method of calculation would give particularly 

accurate values. As Fig. 4.3 shows, the slope of 

curve only changes sign slowly, and there i~ no reason 

to assume an -exact correspondence bet·ween the hump heie;ht 

and the point where the anharmonicity constant changes 

sign. 

*-- 
Calculated from the geometry of 8 0 in the ground2

X st<Jte. 

** 2Calculated from the value of .~ as ~iven by 
Nagarajan (37). 

*** X is a very slowly varying function of the product 
2 o<.ft Even when ~ = 2 c~,~ is changed by lOO;o, X chane;es 
by le~;s than 15%. 11he value of 'X = 0.8 i~:; used for this 
order of macnitude calculRtion of £, - the hump height. 
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'I'he occ11rrence of positive anharmonici ty j_n the 

energy level patterrJ. of the bending vibrational motion v2 

below the potential hump heic;ht can be accounted for in 

the following manner. The Lorentzian and Gaussian analy

tical forms of the potential energy hump are chosen simply 

for ease of computation, and may be quite unrealistic 

"" for the ground X state of the s2o molecule. A potential 

bump with small width but large height in energy units is 

s.hown in li'ig. L~.6. The wave funct:i.onEJ for the vibraLional 

rotational enert;y levels 1nill overlali in the rer;ion under

neath the potential hump. When appreciable overlap occurs 

the probability of the moJ.ecule being in the linear 

conforr:1n. tion is increased. If the form of poter1.tial 

hump in Fjr;. 4.6 is realistic for the ground X state of 

s20,then positive anharmonicity in the energy level pattern 

of the bendi·ng vi hrational motion V can occur at energy2 

levels below the top of the potential hump. 

L~. B.6. Excitation of quanta of stretching vibration in 

the X state. 

The vibrational bands at 
( 31796)
( 3lBO?) 

' -l 
ern 

., .
a.nd 

( 31158)
(j·ll73) 

-1 c !:1 

llave beer: c-J.fJSi[!;ned as the )~ and 3~ band~>. Both bar~cl s 

arr~ double he8.ded. 'l'he se;)aration of the two heads in 

1the 3~ band is ll cm-l a!1d in the 3~ bFn~d is 15· cm- . As 

can be seer~ from the .-:-:nersy level diac;rnr:1s, F'ir;s. LJ.. .LJ.. a.nd 

4.5 on paces 129 and 130, these splittirgs ore not due to 
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FIG. 4.6. POTENTIAL CURVES 

SHOWING TUNNELING INTO THE 

. REGION BENEATH THE HUMP. 



rotatio•Jal ·branch leads but occ.ur in the energy levels 

associated with excitatj.on of the stretching vibrational 

motion V§ in the X ground state of s o.2

In the i.nfrered absorption bands observed by 

Vallance Jone~·; (34), the band corrcspor..ding to the excita

tion of one qvr-:r:tum of syr:nnetric [:ltretchin£5 vibratj onal 

motion v" contained thrne peak:s - one at 6?0 em -1 , one
3 
-1 -1at 6?9 em and one at 691 ern while the infrared 

a bsorpt:lor~ band corTe f) pondinr; to the excitation of one 

quanturr: of symmetric stretching vibrational cot ion V"1 

has two peaks - one at 1159 em -1 and the other at 

1] 7-· -1 .. ? em • 

There are two possible explanations for the 

ob~3erva.tion of a splitting in the enersy levels as~"Joc iated 
....... 


with stretchin~ vibrational motions in the X electron5c 

state. 

V II(i) Since the mean amplitude of bending vibration 2 

in the X state of S-S-0 has a large clas[;ical amplitude 

the s o molecule may be classified as a non-ri~id molecule.2

Tbe operation 

(l) (2) (1) (2) 

I /s-s S-8 II 


""'-. 
0 0 

which sv,ritches the oxyf;en atom is an isodynarric operation. 

Con fiGurations I and II are not Sll.perir.rposable by sirnpl e 

rotBtion. If the ox~rgen ~~witchi.ne; is a feasible operation 

http:witchi.ne
http:excitatj.on
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then the wave functions of the S-:)0 molecule transform as 
c_ 

the ir:.-·educible representations of the Abelian point 

group which is isomorphous with c2v. The effect ofG4 

this is to produce a small splitting* of each vibrational 

energy level into tv10 components. These components are 

cla~.;sified + and - according as the wave function of each 

component remains unchanged or chanees sign on ref1eetion 

in the plane of the molecule. Transitions from both of 

these components to the single upper vibrational level 

(0,0,0) of the E state can occur. 

However, the use of this effect as an expJ[mation 

for the observed splitting of the 3~ and 3~ bands is not 

accepted in this work. An effect of this kind should be 

lar~er in vibrational bands involving the excitation of 

quanta of bending vibration V~· No splitting of similar 

ma~ni tude i's o :.)served in the 2~ progre~:;sion of bands. 

A second mechanism to explain the r;plittings is 

that proposed by Thorson and IJakatjawa (58). This explana

tion is considered in detail in Chapter III Section C and 

in Appendix III. It is a eharacteristic of ~1asiline~r 

electronic states that vibrational bands associated 

witlt stretching vibrational ~otions in such a state show 

side band effects, i.e., sho·w an apparent splitting which 

is absent fror~ vibrational bands associated with the 

bendinc vibrationaJ. motion of the r:1olecule. This explana

tion is G.f3sumed to be the correct one. 

-.-*--------------·---------·--------------- 
Private Comnunicat.ion: i\ltmc:n (23). 



The symmetries of the components of the "split" 

vibratjonal energy levels were not assigned by Thorson and 

~akagawa (58). :From the energy level diagrams Pigs. 4.L~ 

0and 4. 5 i.t is seen that the two components of the 31 and 

3~ are not of the same symmetry. For further discussi.on 

cf. 4.13.13. 

4.B.7. 	 Hotational structure. 

All vibra~ional bands involving transitions from 

the vibrational enere;y levels of the 
--./

X e;round state to 

the (0 0 0) energy level of the E electronic state of 

r> .!'s o ( 
v.l. • Fig. L+,L~) have sharp heads and are sharply2

degraded to the red. In this set of bands the 

00 0 ')0 0 20-,0 0 2030 
o' 21' 	- c..2 31, 1'1 32' 1 2 

do not show a resolved rotational structure, wl1ereas all 

th8 other bands of the set do. 

The most likely explanation is that the group of 

bands, for vvhich rotational structure -..vas not observed do 

in fact have rotational structure, in Vlhich, however, the 

separation of the rotational spectral lines is less than 

width due to the Doppler and pres~mre broadenint; of these 

rotational lines. The observation or discrete rotational 

structure for the 2~, 2~ etc. bands excludes the possibility 

that the diffuseness in the 0~, ~~-~ etc. bands is due to 
,...._; 

a diffuseness in the (0 0 0) level of the E st:Jte. 

http:discussi.on
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observation of transitions in the microwave region of the 

spectrum between the lower rotational energy levels of 

the (0,0,0) and (0,1,0) vibrational enere;y levels of the 

X ground electronic state of s2o excludes dissociation in 

these vibrational. energy levels. 

In a quesilinear electronic state of a molecule, 

the inertial constc:.nt, A, and Hay's asyinraetry paramBter 

are functions of the number of quanta of bending vibra

tional motion excited. Both A and X increase rapidly 

with v (59). rrhi s type of behaviour is shown in Fig. 3. 6.2 

It is probable that A(O)O)" is sufficiently large and 

that the rotational energy levels of the v~ = 3 vibra-
L 

tional ener~y level are separated by a sufficiently large 

energy gap from one another that the rotational lines of 

the 2~ band do not overlap each other and so are resolved 

as rotational lines by the spectro~raph. If the symmetric 

stretchine; vibration vg is excited,the potential hump 

to linearity is reduced and the constants 

andA(02l)" 11.(022)" 

...., 
of the X electronic state are also sufficiently large to 

allow the observation of resolved rotational structure. 

Photographs of bands showing resolved rotational structure 

are ~iven in Fig. 4.2. 

A pl"lotor;raph of the vibrational brmd. at 31,308 em --1 

http:constc:.nt
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which shows resolved rotational structur~was taken on the 

10.5 m Ebert spectroGraph, of resolving power 600,000,at 

the National Reseurch Council Laboratories in Ottawa. 

This vibrational band,which is similar to the bands in 

Fig. 4.2 in structure ,sho·l/~3 an extrer;Jely complicated 

strueture formed by the appearance of many rotational 

branehes. The energy spacing between successive members 

of some of these branches can be fitted to an empirical 

fornmla 

E = '.fl ( 2lJ + l) 

-1In some rotational branches,T = 1.0 em and N = 0, l, 2 

etc.,vvhile in other branches.T also= 1.0 cm-l and 

N = l, 2, 3 etc.,but N I 0. The value ofT could not be 

identified with any of the known inertial constants of 

the molecule. The number N could not be identified 

the quantum number K or J. 

A comparison between the photograph of the 

-131308 ern band of s o and a photo[_Srapll of the rotaLional2

structures cif the spectrum of CSe taken on the same2 

10.5 m speetroc;raph showed that rno:::;t of the 11 rotatiorwl 

lines 11 in the 31308 ern 
-1 

band of s2o are probably due to 

many single spectral lines which occur close toc;ether in 

energy and are blended into one apparent rotational line. 

A rotational analysis of the 31,308 cm-l band of s2o 

could not be marie in sl_Jite of considerable tirr1e devoted 
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to the task of rotational analysis. It a~)pears that such 

an analysis v1ill only be achieved on the experinental si <l.e 

when the band can be photographed under very much hie;her· 

resolution than is currently available and wr:en ways are 

found to introduce isotopes of ox,ytsen or su:Lphu:r iHto the 

molecule to obtain different molecular isotopic species, 

and on the theoretical side when an~lytical cxrr~ssions 

for the rotational levels of quasilinear states of 

molecules have been worked out. 

4.B.8. The Electronic spin of the 
-v

X state. 
-1As previously discussed in Chapter II, the 31308 em 

0 ;ov ,v 

(3193 A) band of the E ~ X spectral system does not 

I"V "" 
show a Zcerr1nn Effect. If either the E or the X state 

of the s2o molecule has an electronic spin of unity, 

then in a magnetic field the spin angular momentum vector· 

could l1ave three quantised components along the direction 

of the rnagneLic field, i.e., M = 0, ± 1. It is shovm s 

in Her::-~bcrc Vol. III (2) that an energy ter:::;l /:). E must 

be considered in the presence of a magnetic field. The 

energy 6 E is added to the rotational energies. 

') ..pwher.e c = the IJa.11-de g factor vrhich = c_ l. or free elE:ctrons, 

-5 -JJL B = tte Bohr mae;neton ,., L~. 6? x J.O Cfl -~G~HlS:-:;, 



and H = strensth of applied ma~netic field in gHuss. 

In the Zee!nan Effec.-r; experiment carried out in the Nntional 

He search Council Labor:1.tori es, Ottawa, H = ~, 000 c;aus s 

so !::. E = 0.2 ern-\ ap~1roximately. Energy shifts of 

0.2 cm-l in the rotational structure of a vibrational band 

should readily be observable on the 10.5 rn Ebert spectra

cr8ph at N.R.C., Ottawa. At the very least, the effect 

of the mac;netic field would be to "blur" the rotational 

lines in the spectrum (Dou~las (66)) and this was not 

observed. 

Since no Zeeman Effect is observable for the 

-1 	 - ~31,308 em band of the .E ~ X spectro1l system it is 

necessB.r2 to conclude that the electronic spin anr;ulc:u:

momentum of both the X and E electron:..c staten is zero. 

,..., 
4.B.9. 	 The Symmetry of the X electronic state. 

"'"' 
~.1he X el ectroni.c state of s2o is stable in the 

bent conformation. The electronic spin angular 2omentum 
....... 

associated v:ith the X state is zero, i.e., it is a sin3let 

state. rrhe 	s o molecule contains an even number of elec2

trons a~d in the ground state the molecular orbitals are 

doubly occur)ied. Therefore ,the ground state of s2o is 

the X'A' state, i.e., the ground state is tot.::tlly symnetric 

with respect to th1_; operations of the point [';:COup to 

which the molecule beloncs. In the o and S0 molecules
3 2 

1the ground states are A, states • 
. L 

http:necessB.r2
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The calculations of Hobinson (2?) on o3 show that 

the ground 
1A .-.·a- c ~ el aueS 1·tl:l t-J: l Ug si.~,~te._X l '"'t' te 0.1.r +- V! ·vle A -""' of 

the confi~uration .... ( ~ ) 
4 
(2n ) 2 of the linear conform9g u 

tion. It is reasonable to assume that the corresponding 

X 1A' state of s
2
o correlates with the 1 6 state of the 

4 2( ;z, 1f ) the lnear f ormac1on,· 

see Fie;. 3.2. The results of the spectroscopic analyses 

are consistent with this assignment. 

If the X 1A' state of s2o is deiived from the 

1 4 2 

configuration ( 2 1T ) / of' 1 · con t 

( ... (2 7T) (3 1i) ) state of the linear conformation 

then the potential curve fe-r the X state can be derived 

by considering strong !tenner Couplinc;, either case (b) 

or case (c) in the linear 1 ~ state, see Fi5. 3-5 88. 

An exact analytical treatment of Renner Coupling and the 

influence of nearby electronic states on the magnitude cf 

the couplins would be helpful in determininiT the quasi

linear character of the~ 1
A' state of s2o. 

,....., 
4.B.l0. Geometry of the E electronic state. 

,-.J '""-" 

The vibrational bands of the E ~ X spectral 

system are all sharply degraded to the red. Very long 

progressions 

( .... 2n 
0 

')0 
n 

. . . .)L 

( .... 2n:;r.O 2030 . . ..)o/1 n 1 

( .... 2n;z,O 207,0 .. . .)
o~2 n~2 
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are observed. · The Franck Condon Principle implies that 

there is a large chonce in the normal coordinate associated 

with the bending vibrational motior1 v when the molecule 

,..._, 
2 

is excited from the X ground state to the E excited elec

tronic state, i.e., there is a large difference in the 
_.., ,...J 

S-S-0 bond angle betv1een the E and X states. 

Dressler and Hausay (5?) used a simple calculation 

to determine the difference in bond an[;le between the 

2 2022 
Ilu) and 022 

ITu) states in NH2 •B1 A1 

I1et 6, G be the difference in bond ansle. 

Let kb be the force constant for the bending 

vibre:=~tional motion V 2· 
Let ~ E be the enerr5y difference between the 

origin band and the bands vvhich show maximum 

absorption intensity. 

'l1hen ;6k ( 6 8 ) 2 
== _6 E. 

maximum absorption intensity at approximately 35,500 "'. 

0 

J:t'or the X state (and also approximately for the E state) 

of s o the
2

value of k 6 is 3approximately 6xl0 -1 em /rad. 

The origin band occurs at 3248? -1 ern and the bands with 

1 cm

'rherefore 6 E is approximately 3000 em-l. 

Therefore L e ~l rad. 

('11his calculation is an order of magnitude calculation.) 

* See intem-:;i t,y measnrecler:.t s Ap:pendtx IV. 
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,..., 
Therei~o:::-e, if the bond angle 9 in the X state is 118° the 

bond angle in the E state is 

118° ± 57° i.e. approx. 60° or 180° 

If the latter bond angle is chosen, then s2o would. have ::1.n 

acute angled triangular form, which is improbable. 

If the bond ane;le 180° for the E electronic state is the 
rv ,.....; 

correct choice, the E ~ X spectral system should Bhov'l the 

characteristics of an electronic transition between a 

bent and a linear electronic state. These characteristics 

were listed in Section D of Chapter III. The sharp red 
,...,. ,.._,. 

dec;radation of the vibrational bands of the E (-- X s;ystem 

is characteri~:;tic of a linear ( bent transition. There

-fore the geometry of the E electronic state of s
2
o is 

assigned a linear electronic state. 

It was not possible to carry out Franck-Condon 

Effect calculations to determine the difference in geometry 

rv "" between the ground X state and the E excited state. These 

calculations use overlap integrals (cf. page 33). 'l'he exact 
,...,. 'V 

analytical form of the wave functions in the X and E 

states are unknom1 and the harmonic oscillator approxi

mation - the normal approximation used in such calcula
,-v 

tion~> would lwrdly seem appropriate for quasilinear X 

state. 
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4.B.ll. The Electronic spin of the E state. 
0 ,...., "" 

The .?193 A band of the E (--- X spectral system 

does not show a Zeeman Effect in a magnetic field of 

2,000 gauss. l~rom the absence of the Zeeman Effect it is 
,....,. 

necessary to assume that the E state of s2o molecule has 

zero electronic spin angular momentum . 

.-v 

Lt-.B.12. Vibrational Structure of theE state. 

The bands of the E (- X spectral system v;hich 

involve transitions to the excited vibrational levels of 

the E state are nearly all double or triple headed. This 

is shown in Fig. Lt- • l • In Fig. L~ • 5 the vibratiorwl energy 

levels v' = 0 to v' = 5 of the 
,,
.6 state are shown and

2 2 

transjtions from the (000) (001) and (002) vibrational 
......, 

energy levels of the X ground state to the levels of the 

E stat~ are also shown. The energy level diagram was 

constructed from band head wave numbers. Since the band 

head wave numbers are not determined to an accuracy of 

-1better than ± 1 em the accuracy in determining the 

. f tl "b t" 1 J 1 . + ~ -lener~1es o ~ v1.ra 1ona energy eves 1s- L em • 

From the experimental data,the vibrational energy 

"" levels v~ = 0 and v~ = l of the E state are observed to 

consist of a single level; the v~ = 2 level is observed 

1to consisb of two components separated by 26 cm- ; and 

the v 2_ = .3, 4 CJncl 5 vi b1·a ttonal levels are each observed 

to consist of three components. The identification of 

the component levels is difficult since the uncertainty 

http:Lt-.B.12
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in band head meas1..1rements of the bands 2~, 2~ etc., 

26 3o ·273o t . + ? -1l' e c., ls- ~ern and greater and accurote0 0 1 

combination differences cannot be obtained. The levels 

v2_ = 6, 7 etc. of the 
~ 

E state are therefore not shown 

in Fig. 1+.5. 

L~.B.l3. Symmetry of theE
"'-/ 

state. 

"-' "" The E state of S?O is a linear state. If the E 
' 

sta.te is a 'L state the~ the energy levels (0 · 0) arev2 

given by 

On the basis of this formula the ener.c:;y level E(v2 ) consists 

of as many components as there are values of L. ln is 

the vibrational angular momentum along the internuclear 

axis of the linear molecule. 

If E is a '2: state, the level 


= 0 has 1 component ~ 


v2 

v2 "' 
v2 -·· 1 has l comuonent n 

:::: 2 1lc. s 2 co wpone r: t s 2: ~ r3epa.r:·<.:: ted by L~c 

v2 = 3 has 2 components rr separated b~r 0 ~ 8c'" 

v2 = 4 has 3 components r t z separated by 12€';' l~g
' 

y,) = 5 has 3 components H, p ,TT sepero.ted by 16g, 8r:r
Ol etc. 

L 

In F-i C1' 4.5.J-1··. 
-~ 

2 COElponentr:> <.'f the (0 2 0) level .<-Jre obse-rved and tr.ey 



150 


-1 
are separated by 26 em 

3 components (rather than 2) of the (030) levr~l are otH,erved 

with separations 8 cm-l and 32 cm-l 

3 components of the (040) level are observed with separa

. -1 -1 
t1o~s 8 ern and 39 em 

3 components of the (050) level are observed with separa

1 -1tions 26 em- and 52 em 

From this data it is not possible to form a consistent 
,-.J 

value of g and thus :it is concluded that tho E state is 

not a '2: state. 

Th. e 1:. s a \; e o . o l s no · t s , a \; e V!Jll.. c 1~ t ~ f (' 0 · t t•1e 1 1\. 11 t ~ ,_ · l
2 

correlates with the upper half of the 1D state of the 

configuration .... (2'1f/L(31f) 2 • A. 3A" or 3 2::- state lies 

1belovr this A" state but no other states lie below the 

3A" or 3 ~--L si.~ate. However two spectral systems lying 
rv /V 

to the red - to lower energies - of the E t- X system are 

observed eXJ)erimentally. 

In o and so the next singlet electronic state
3 2 

higher in energy than the 1~1." (~ ~) state and which is not 

~ ~-a ~ state arises from the confir;uration ... (111 )~ (21f
g 

It is a 16 state. A reasonable assignment of the E u 

state, within the L.C.A.O./M.O. approximation used is as 

the 1~ state of the .... (211)3(311')3 configuration. 
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4. B.14. Henner Coupline; in the }{ 1.6, state. 

A 16 state is expected to show a Henner Effect. 

Weak Renner Couplin£5 was discussed in Apr)end.i x II Sect ion A. 

For the .Q, = 0 one component level - of 6, symmetry 

occur 

t = 1 two component levels of IT and ~ symr:1etry occur 

l = 2 rour component levels of 2: +, n , L., L:
symmetry occur etc. cf. Merer and Travis (56) 

K= lA+ tl 
Levels for which (v2-2) I K and I K occur in pa:i.:rs andv2 

the mutuel 11 repulsion" of .energy levelr-3 of the s&me symmetry 

gives a complex vibrational energy level pattern. Transi

tions to all the components are not observed. From the 

experimental data available it is not possible to assicn 

symmetries to the co!nponent s of the vi l)ra tional enerr:;y 

levels observed in the 1 D state. The symmetries to be 

assigned to the (000) level, to the two components of the 

(001)" and (002)" levels of a quasilinear electronic state 

have not yet been determined theoretically. It would 

appear, however, that the symmetries of the two components 

of the levels (001)" and (002)" are possibly the same, but 

are different from the symmetry which must be assigned to 

tr'e (000)" level to account for the energy level diae;ram 

Fig. 4.5. Tltis problem requires theoretical clarification 

before definite symmetry assiu1~ents can be made. 



15')
c._ 

"" ,-.._/

L~.B.l5. Hesume of data on E f- X iJystem. 

lt'rom the lone; "hot band" progressions observed the 
,.._, 

!]Uasilinear character of the X state was established. 
/V 

TheE state on the basis of the simple L.C.A.O./M.O. 

approxi.mgtion used if> assiJ)led as a 1 L state. 

rv --v 
SECTION C: The D f- X spectral system 

4.C.l. Description of system. 

Absorption bands due to this system were observed 
0 

in the region 4000 - 4300 A. Due to the experimental 

difficulties outlined in Chapter II, it was not pos;.3i bl e 
0 

to make observatj_ons in the region 3500 - 4000 A. It is 
rv ,...._, 

probable that bands of the D ~ X syster:J are present in 
0 

the re~ion 3500 - 4000 A. 

The profiles of the vibrational bends are different 
,v rJ .-..! IV 

from those for the E \--- X and C ~ X systems. On the lovr 

resolution spectrograph - 1st order of the Bausch and 

Lo~b Model ll 1.5 m concave 3rating spectrograph - the 

bands appear diffuse ar0 show marginal degradation to the 

red. Under high resolution - lst order of the 6 m Ebert 

spectro3raph - some rotational structure is partly 

resolved. 

A list of tl1e ener2:ies of fifteen vibrational 

bc:1.nd heads and intensities observed in the region 
0 

L~OOO - Lt-300 A is given in Appendix V. A photoe;raph of some 
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of these bands as observed on the low resolution spectra-

graph is ~iven in Fig. 4.7. 

4.C.2. Anal~sis. 

Since only a fragment of this absorption system 

was observed a comprehensive analysis was not possible. 

In Table 4.3 (a) seven bands have been arranged into two 

progressions. The energy differences between successive 

members of each progression and the energy differences 

between corresponding members of the two progressions are 

also given. These differences are approximately 395 em -1 

and 6E55 cm-l which correspond to the energies of the 

bendine; vibrational motion V 2 and the stretching vibra

tion V ~~ respectively, of the r 1A' ground state of s2o. 
The 0~ band was not identified. It would appear however 

1that it lies at approximately 25,000 cm- , and the limited 

region of the observed system is confined to 11 hot band" 

transitions. 

A rather distj_nctive feature of this spectral 

system is the presence of croups of three ban~s separated 

-1by approximately 100 em ·. These groups are shown in 

Table 4. 3 (b) 
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Table 4.3 (a) 

1st 2nd p .Progression rogress]_On Difference 

24982 (70) 24298 (50) 68L~ 

-1 -1392 em 392 ern 

24590 (60) 21+906 (70) 681.1
-1 -1

393 CQ 39L1- ern 

2L~l9'7 (30) 23512 (50) 685 
-1401 ern 

23'796 (30) 

'l1able '+. 3 (b) 

Groups of three bands separated by approx. 100 era 
-1 

23,796 211-,096 24,881 

23,415 23,906 2L~, 197 24,982 

23,512 23,998 2Lf., 298 
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/V 

4.0.3. 	 Spin Symmetry and Geometry of the D st~te. 

Due to the limited amount of experimental data 
,.,..., 'V 

obtained on the ]) ~ X spectral system it :Ls not possible 

to make a definite assignment of the electronic spin, 
,..., 

symmetry and geometry of the J) electronic state of S~O. 
c:. 

/'V /'V 

By comparison of the D ~ X spectral system VJith the 
rv rv 
E ~ X spectre.! system it is possible, however, to make 

some statements about these properties. 

As mentioned previously in Chapter III triplet 

and singlet states are observed in so2 at Te = 25766 crn-l 

and T
8 

= 29622 cm-l respectively (2). The energy 

difference between this singlet state and triplet state 

is 4000 crn-l or ~ eV Rpproximately 3Du and a 1Lu states 

arise from the electronic configuration 

3 	 3•••. (11/) (271)g 	 u 

of the o molecule j_n the linear conformation. In the
3 

3 1 	 3 1,bent conformation of 0~, B B A and 1i. states are 
? 2 2 2 2 

obtained which correlate with the 3~ and 1 /j states of u u 

the linear conformation. Prom the. calculationB of 

Robinson (45) the energy difference between the sine;let 

and corresponding triplet state ar~sing from the same 

electronic configut'ation is approximately l eV in either 

the linear or bent conformation. 

f' th rvl~l/\ f.-~ l I t i' 0'I 	 0The origin band O.J.. e .~ u A 11. svs ·eJr. o ur)
' c:. 

~2L8n 	 -1 ~ ~ lstate is at _; i .. 1 em . The origin b<::.tr'.d of D (- X A 1 



156 


-l 
system is at rv 25000 em The energy separation of the 

IV l A AI -l
E u and D states of s o is therefore ""'-" 7500 em or2

"" l eV. It is therefore possible that the D electronic 

state is a triplet electronic state arising from the same 

. f . t . th /'VI•', l A e 1 ec t-ron1c con lGUra J.on as - e u state. The 

oscillator stren[:;th of the D f- X 1A' spectral syBtem is 

2 
a factor of approximately 10 weaker than the oscillator 

strength for the E 1 fj f- X 1 A' spectral system. This 

oscillator strenc;th ratio is consistent with the assignment 
IV 

of the D electronic state of S~O as a triplet electronic 
L 

state arising from the same electronic confic;uration 

as the E 1 6 state. 

It is not possible to deternine the geometrical 

conformation of the 
rv 
D state of B~O fror.1 the limited amount 

L 

of experimental data, althouBh the activity of ~ ~ in 

the spectrum would susgest a chm1c;e of bond anr_sle on 
rv A/ 

excitation. rl1he vibrational bands of tlle D ~X spectral 

system do not 'huve extremely sharp heads at the violet 

end of each bGnd a.'Cd are not very sharply degraded to the 
rv rv /"">./ 1\./

red as are the b:Jnds of the E f- X and C ~ X spectral 

systems. Therefore it is not possible to assign definitely 
rv 

the D E- X spectral system as due to 9. bent to linear 
/'.I 

transition or to assu.me that the D elec.t:ronic state of 

s2o is stable in the linear conformation. In the 3z state 

of SO~ the 0-S-0 bond angle is considerably less thm1 the 
L 

1":"'bond angle for the ll stt:i.te which arisAs from the S'J.rr.e 

http:stt:i.te
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conficuration cf. lherer (L~6). A sinilar situation may 
IV 

probably exist for the D state of E~O. 
L. ......., 

'l'heoretical treatments of the D state of s2o 

would be extremely complex since both Renner Coupling as 

described in Appendix III and spin orbit couplinE for a 

triplet state would have to be taken into ancount. A 

Zeeman Effect experiment would have to he carried out 
r.../ 

before a definite assicnment of the D state as ::1. triplet 

state could be made and a rot<:1tional analysis 1NOuld have 

to be carried out before a definite assiGnmcmt <'f the 
I'V 

geometry of the D state could be made. 

rv rv 
SECTION 	 D: The C f-. X Absorption Systew 

rV rv 
4.D.l. 	 Description of the C f- X spectral syste~. 

Absorption bands of this S}iectral system wore 
0 

observed in the spectral region L~_?OO - 6700 A. A photo

graph of the spectrum as obtained on the low resolution 

1. 5 rn Bausch and I.JoLLb Model ll spectrorjraph is given in 

Fig. 4.?. In Fitj. 4.8 the rotationo.1 structure of tb e 
0 

absorption band at 502t53 A (19881) is shown. This 

structure is tvnicaJ.v • of the rotational structure of the 
rv IV 

bands of the C ~ X system. A list of band head WCJ.Ve 

nmnbers 	and b:J.nd inten1=>ities is z:;iven in Appendix VI. 
rV ,v 

All bands of the C ?-- X spectral system of s2o 

show a discrete resolved rotational structure even when 
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rv ,.._., 

LO\'J RESOLU':PION SPLC'l'IWGRAMi3 OF 'J:lrJ:E C ~ X 
rv ,....; 

AND PAHT OF THE D f.- X SPEUL'IU\.I~ SYS 1l'EMS IN 

THE ENEHGY RANGE 17000 em-l TO 2L!-OOO em-l. 

rv rv 

Only a small frat;ment of the D (--- X system 

is shown here since it is difficult to 

obtain a good spectrosram of the system. 
IV IV 

'l1he absorption bands of the C 	 E- X .:>ystem 

-1in the region 17000 - 15000 em are not 

shown for the sa~e rea~on. This photo

<'tgraph vms obtained in the lo 	 Order of a 

1.5 m concave grating Bausch and Lomb 

Model 11 spectrograph. 



• ·og men: at the C- X System Members of the A and 8 progresstons ore shown 

i5- ~ Svstem 

· 8 k·7 k· k· k·" k·3 k•2 

..,. ..,.... J...1 .... I...I -~ I ...I ... I... 
8 

_.. 
A 

I I I L ___ _j___ I 

2 4,000 23,000 22,0 00 2 1,000 20,000 19,000 18,00 0 

ENERGY IN CM - 1 

~ ~ . . 
IG 7 h ~ D .. X and th~ C t-X sp~ctrol syst~ms of sp '" th~ sp~ctro l reQion 4 0 8 0 A - 5 790 A 

(Jl 

<.0 
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Fig. L~. 8 

A HIGH HESOLU'l1IO!'l SPLCTHOGHAM OF 'l1HE 

This photograph was taken in the lst 

Order of the 6 m Ebert spectrocraph ar~d 

clearly shows the red degradation of 

the bands. 



0 0 

5031 35 A 503 7. 7 5 A 


198 8 1 cm- 1 

Fl G. 4.8 HIGH RES OLU TION SPECTROGRAM SHOWI NG THE ROTA TIONAL 

,..._, ,..._, 
STRUC:T J R E WHICH IS TYPICAL O F BAN OS OF THE C ~ X SYSTEM. 

m 
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observed on the low resolution spectrocraph. Each band 

has an extremely sharp head at the violet end of the 

band and is very sharply degraded to the red. The most 

intense ab~;orption bands occur in the ree;ion 4500 
0 ,-v rv 

5500 A. ~Phe oscillator strent;th of the C (----X trmwi

-6 -7tion is of the order of magnitude 10 - 10 . 

4.D.2. Analysis. 

The dominant featu:ee of the C ~ X spectrnl 

system of s2o is a loEg intense progression of absorption 

bands. At the long wavelength end of this progression 

the enercy separation 8etween consecutive memoers of the 

progression is approximately L~50 cm-l while at the 

short wavelencth end of the progression this energy 

separation between consecutive members has dropped to 

340 cm-l (ap_proxirnately). Seventeen merubers of this 

progression are observed. For discussion purposes it 

will be called the B progression. 

Four other progressions are observed. They are 

labelled the A, C, D arrl E progressions. Six members 

of the A progression, four members of the C progression, 

five members of the D progression and five rnemoers of 

the E progression are observed. The wave numbers of 

bands in the A, B, C, D and-E progressionl:-l are given in 

-1
~Iable 4. 4. The 16024 em band of the B pro~ression is 

arbitrarily assigned the number k. 
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Table l~. L~ 

~ rv 

Prot;ressions of Bands in the C <- X system 

and differences between successive members of prog~essions. 

Number A 

k+l6 

k+l5 

k+l4 

k+l3 

k+l2 

k+ll 

k+lO 

k+9 

k+8 20976 

411 

k+7 20565 

410 

k+6 20155 

B 

22391+ 

338 

22056 

31-1-l 

21715 

3L+..?-, 

21372 

358 

2101L~ 

369 

2061+-5 

368 

20277 

396 

19881 

398 

19483 

L~07 

19076 

417 

18659 

c D E 


17599 




Table '+.4 cont 'd 

Number A B c D E 

k+6 20155 18659 17599 

L~17 Ln7 420 

k+5 19'/38 18242 17179 16697 

427 L~27 420 L~20 

k+4 19311 1?815 16759 16277 

l~41 439 439 LJ-41 

k+3 188?0 17376 16566 16320 15836 

11-49 l~47 11-37 ll-11-6 4Ll·7 

k+2 18421 16929 16129 158?4 15389 

452 4'1-7 LJ-61 

k+1 16477 15682 14928 

453 LJ-60 

k 16024 15222 
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Table L.~. 5 

-1Table of Energy differences in em between 

correspcinding members of the progressions. 

B BAk+n k+n k+n Bk+n 

-Bk+n -Ck+n Dk+n - E'1-:+n 

k+8 1494 

k+7 11+89 

k+6 1496 1060 

k+5 1LI96 1065 1.51+5 

k+LJ- 1L~96 1056 1538 

k+3 111-94 810 1057 1540 

k+2 1'~92 800 1055 1540 

k+1 795 1549 

k 802 
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Energy differences between co:r.'responding members 

of the A, B, C, D and E progressions are given in 

'l1able L1-.5. The most intense be.nds of the spectral system 

from the B progression. ·The bands in the A progression 

are of much weaker intensity than bands in the l3 pro-

gression and the bands of the C, D and E progressions 

are extremely weak and are observed only at a pressure 

path length of approximately 10 rn atmos. 

The energy of bending vibrational motion v 2 
rv 1 l

in the X A' state of s2o is approximately 395 em- . The 

energy difference between successive members of the B 

progression as shown in Table 4.4 varies from 453 to 

7.3'3 -l7 (, ern . It is reasonable therefore to assign the 

energy differences in the range 453 to 338 crn-l as the 

energies of .successive quanta of bending vibrational 

motion 1J 2_ in the C state of s2o. Since the B progression 

is the most intense progression it is assiBned as the 

( ... 2n ... )progression.
0 

Members of the A progression are 1495 ern 
-l 

· to 

higher energy than the members of the B progression. It 

is not possible to assign this energy difference with 

certainty. 1495 em -l may be the energy of one quantum 

of stretching vibrational motion vl in the c state of 

s o or it may be the energy of tVlo quanta of stretching
2

vibrational motion v in the C state. If the later
3 
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alternative were correct than a progression of bands, the 

members of w~lich are separated by approximately 750 em -1 

from the corresponding members of the B progression 

should be observed. No such progression is observed. 

Therefore it is tentatively assumed that the first 

alternative is correct and that the A proo·e.ssi on is in 

fact the set of bauds. 

( . . . . ll 2n .••• )
0 0 

Members of tho C progression are approximately 

802 em-l t o l ower energy th· an th. e rnem bers o f t~11e ll".) pro

gressj_on. The intensity ratio of corresponding members 

of tlte B and C progressions is approximately 10 : 1. 

The energy value 802 cm-l cannot be identified with an,y 

single ~1antum of vibrational motion in the ground 

electronic state. However 

-1
802 ern is approx. 2 v~ 

and so a tenta.ti 'Je assiGnment of the C progress ion is 

( .... . . ..) 	 - C progresEion 

Bands whicrt co1J.ld be 	 identified as 

( .... . . . . ) 

were not observed. The failure to observe these bands is 

discussed later in this section of the chapter. 

http:tenta.ti
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'}
1he energy levels (0,1,1) and (1,1,0) of the 

X1 A' state of s
2
o are 

* ** 1063 -1 -1 
em and em

1072 

above the (0,0,0) level of the same state. Members of the 

D and E progres~dons, which are of extremely low intensity 

1 are 1059 cm- and 1544 cm-l to lower enerGY than the 

corresponding members of the intense B proBression. 

Therefore the D and E progressions are tentatively assigned 

as originating on the (0 1 l) and (1 1 0) vibrational 

energy levels of the~ 1 A' state of s o. The bands of the2

D and E progressions are assigned as the set of bands 

0 :;.:0( .... 2n 
0 

. . . . ) D progression, and21 ./1 

( ... . 2n 10 20 . . . . ) E progression.
0 1 1 

The tentative assignment of the C, D and E 

pro~ressions given above requires that the bands in these 

progressions are due to transitions from ener~y levels 
<V 

(0 2 0), (0 ll) and (11 0) of the X state to the vibrational 

* 
 rv r.; 


Obtained from an analysis of the E (:- X sy~;tem. 

** Obtained by a combination of tLe infra red data 
obtained by Va112nce X,ones (Y+) and d<Jta obtained in the 
analysis of tt1e E <-- X system. 
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energy levels (0, k+n, 0) of the C state. The (0 2 0), 

1(0 11) and (ll 0) levels lie 802 cm- , 1060 cm-l and 

-1 ~ 
1549 em above tl'e (000) level of the X state. 1J1nese 

energy levels will be relatively unpopulated compared to 

-1tbe levels (010), (001) etc. ·which lie at 392 em 
' -1

679 em etc. above the ( C 0 0) of the 
;v

X state. Hovvevcr 
tV 

the X state is a cp.HH>i1incar state cmd overla:ppine; of 

the wave functions into the rezi on beneath tl:.e potential 

lmmr), as shown in Pi£i. Lt.6, is c;rcat;er in th•; (0 2 0), 

(011) etc. JcvelB than in the (010), (001) etc. levels 

i.e., the ~o1ecule is in a more lineur conformation in 

these vibrational energy states. The Franck-Condon 

Principle implies that the intensities of tram;:Ltions 

from the "more linear" energy levels are c;reater than 

those for the "more bent" enercy levels. This appli 

catjon of the Ji'ra.nck-Condon Princi.ple explains the 

observation of the C,D and E progressions if the tentative 

assignment of these progressions is correct. The 

intensities of the C, D and E progressions are very weak. 

0 "-' rv 
. t f tl.-, 0 l)c"ln(i of' the C f- X Qyc:tem ..Th. e ass1gnrr.en o. Lle - ~ ~ ~ 

0 
IV 

1'he origin band of C f-- X syster.1 was not assic;ned. 

In order to rr.ake a definite af;sie;nment of the 0~ bfmd it 

would be necessary to observe the progression of bands 

'")0 
L 

n 

http:ass1gnrr.en
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In this set of bands a di:.:>cor:tinuitv in the !J. G versus 
" v2 

E(v
2 

) graph (cf. Fie;. L~.3) of LJ-53 cm-l to 395 cm-1 would 

occur at the 0° band. However· no progressions of hot bands 
0 

involving V 2 could be observed, probably because of 
r- ....,.. 

their low intensity. r11he C ~ X system is fiO weak that 

the bands observed could only be obtained under 
,...,. IV 

limitingly high pre::;sure path length. If the C f-- X 

transition is a linear f- bent transition progres~-3ions 

in V 2 will be very mueh weaker than progresE~ions in V 2, 
"'-' IV 

as was observed for the .E r X spectral system. Tt is 

probable that the band at 160~~LI- em-l in the B pro~:;ress:Lon 
1 . 

is either 0° or 2K where k is an 	integer close to zero. 
0 0 

rv 

Thus the zeroth vibrational enere;y level of the C ;.:;tate 

-1of s o lies --v 16000 em above the ze.!'oth vibrational2

level of the X1 A' state of the molecule. 

tV 

4.D.4. 	 Geometry of the C State. 
~ rv 

The B pro:.;ression of the C E- X spectral system 

of s o shows a long progression of bands due to excitation
2

o.f the bending vibrational motion V 2. Therefore, as 

discussed in the Section D of Chapter III on the Franck-

Condon Principle, there is a large change in the S-S-0 
rv 

bond anc;le on going from the X c;round state to the 
"'-c 

rV IV
r' {excited state. All bands of the 	\.- X system are ~->harply 

'V 

degraded to the red. If the bond S-S-0 ansle in the C 

state was larger than in the X state, but yet less than 
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"V rv 
H30° the ban(:1s of the C t- X spectral system would be 

violet degraded. rrherefore aE3 ciisc1wsed :Ln C!Japter III 

Section D, the S-S-0 ancle in the C electronjc state is 

H30° if the molecule is stable in the linear conforrcation 
rv 

in the C state of s o.2

4.D.5. Anharmoni.city <:tnd dis:-wciat:Lon energy. 
IV IV 

The B pro[~re~3~:3ion of the C E- X spectral system 

has been a~:; sii._';n ed as the 

( . . . . 2n .... )
0 

set of b<:J.nds. Fron1 the datt:l on this long pro[~rc:3u:ion of 

bands the anharmonici ty and dis<wcj_ut j_on cncrc;y of the C 

electronic state alorq:; the norr;,e.:Jl coordinate of bending 

vibrational mot:Lon may be determined. 

J:i'or a linear electronic stnte of a molecv.le 

[) ') * 
~L + other terms 

If 

J.S 

(In _p1ott:Lnf; the c;rnph it ir; <-F:Osumed thC:Jt E(v,J is chosen 
L 

*------·-------------------·~-·------------------··-·--------·---·· -·-····----·--··----------
rcn ' 1- r'y de• f' t-1. '" ( 2I1 ) D ~ ">e><e·c··· " {' ·t··} >"-' IV J..JlC l)c-..1 .,o 0 Jll·- , •••.0 ••• -~J PJ O[~J L.J.:oJ.On 0.... ,,_lC 

C (-- X tran'"j t~ qn do not l!/'lVe r:m1 tiplo rLE'Li.(J~'. fj'l1ercfore 
tlw tc~rm i1: e; ;.,.c. for the C c3tate i::; ver-;/ fcHCla1l a:rd is 
n e ::.:;1 e c. t e c1 j n t hi ~' c r: l c 111 a i: j o n . 

http:L.J.:oJ.On
http:molecv.le
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1?3 

/"'\./
for = 0 or 1.) J:i'ic~. L~. 9 sh01.'v'S this graph for tlw C 

state of s2o. The slope of the graph is 8.6 cm-l so tha 

anhHrmonicity consto.nt is approximately 4.3 em -1 

x for the ~state = 4.3 cm-l22 

A graph of /1 G( v ) versus E( v ) is plotted for the
2 2 

rv 
C electronic state of s2o in Fig. 4.10. The zero point 

on the E(v ) scale was chosen as 16000 cm-l since the2 
r../ 

zeroth vibrational level of the C state lies at approxi

-1mately 16000 cr.: . Tbe intercept of the graph on the 
r-v' 

E(v2 ) axis is equal to the dissociation energy of the C 

electronic state along the normal coordinate describing 

the bending motion of the molecule - q2 . The intercept 

-1is at approximately 12COO em or 1.5 eV approximately. 

r11herefore 

/V -1D (q ) for the C state of s o = 12000 em 
8 2 2

I"V' 

LJ..D.6. Spin a."1d symmetry of the C electronic state of s o.
2

It is not possible to mal-::e a definite assignment of 
A./ 

the spin and symmetry of the C electronic state from the 
fV rv' 

ex1)erimental data aveilable. The C ~- X transition* can 

* . ~ 1he ,~;~nsiti~n cloef3 ~ot zr~gin2tero~.~:r~er?~~n 3L:-· ._,_
electron1c state of the ... (27() C,7T) c'"mJJ~urctc,lon. If ll 
did then intensitY considerations would require thclt; the A3A" 
or AJL;- should Jie at 11 e L~500 cm-1. Tr~is sLate s)J,.ould 
strongly perturo the upper vibrational leveL; of tlle X stnte. 
"Hot band" proe;resr~.i_orls u.o tQ., 3?1t0 cr:1-l to the Tt?cl of the 
08 band are oo;.:;er·vecl"'in the E ~X syster:-!.. No perturbations 
are obseeved so the !:::, stc:1te is at a much higber energy than 
4500 cm-1 above the X state. 

http:consto.nt
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be transit io:::1 (:_) 3A" or 3 2: I. 
ro/ 

X 11\ I.. •, (2) 1A"(}$.fl) ~ 
f"

X lA' 

or (3) 11\ I 
"· or 1 ~+ -<-

,._ 
X lAI * . If the transit.Lon is the 

first alternative then the transition 1 J.'l.."(%/J) f- X1 A 1 

should ·be observed to higher energies and with greater 

intensity. Only one strong spectral absorption system 
0 

is observed in the region 2300 - 6700 A. rl1herefore the 

rv /V . 3 3 ~- "' l
C E- X transition is not the A" or L (-- X A 1 transi

1 1
A 1tion. The transition A"(Y2L) (-X should be an 

intense allowed electric clipole tro.nsition. Hithin the 

framework of the simple L.C.A.O./M.O. approximation used 

in Section A of Chapter III the transition 1 L: + ~ 

should involve a "two electron jump" 

in the bent conforr.1ation of both electronic states and an 

electric: quaclrupolar transition** 

J.. 1~ The ?A" or ) .L, -,-·~he 1A"(l$.L) and the A or
lt:, ,. stfltes all ar~ise frc;>ra the configurc:tion 
... (211)-1- (311)2 oi the llnear conforrnatlon. 

** "Vi bronically J';.llo'.ved" tran">it ions do not occur in 
molecules which belonG' to the point groups Cc; and Gv, 
since there are no antisymmetric vibrations in Duch 
molecules. 
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in the linear-quasilinear conformations. No spectrum of 

a polyatomic molecule hus ever been definitely assigned 

to a "two electron jump" or to an electric quadrupolar 
IV rv 

transition. The possibility of the C ~ X transition 

beint; due to such a radiative mechanism cannot be cor:J.
rv rv 

pletely excluded. 

,-.../system then the C 

If such 

state is 

a 

a 

transition causes 

1 "+~ state. 

the C ~ X 

4.D.?. Hotational .Structure. 

All bands of the C {.-- X spectral sys tern shovv an 

extensive fine rotational structure, cf. Pi(';. 4.S 

Thf;se rotational structuros are very complex. Q;uaclratic 

progressions of spectral lines and progression of spectral 

lines with constant energy spacinc are observed. It was 
,-..,/ r-J 

not possible, as for the E (;- X system~to fit these pro

gressions to any of the known molecular parameters and so 

an analysis of tl1ese rotational structures was not carried 
N 1\/ 

out. A rotational analysis of the C f- X system will 

have to be carried out before it is possible to assign 
rJ 

the spin and symmetry of the C state VJi th certc:d.nty. 

4.D.8. Other Transitions. 

An examination of the absorption spectrum of 

Sr)O vias carried out j_n the spectral recion 6r;oo to 25000 A. 
c.. 

No absorption sy!:>tem~3 v1ere ob~'erved in thjs region. 

However the prGssure p.:t th lenf:tll used was very STn"lll 

due to the con.struct ion of the Cary 14 3pectrophotornet~"r. 

0 
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If the C state is the 
1 L + state then the trar..si tions 

A 11 (}~ ~) ~ X 1A. 1 and 3A 11 or 3 L- ~ X 1 A 1 should be 

observed in the infra red region Df the spectrum. 

Therefore it would be desirable to examine the absorp

tion spectrum of S~O in the infra red region of the 
c.;. 

spec tru::1 at r;me~l creater prcs[;~.1re path lenijths than v1ere 

available during the present work. 
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Conclusions 


Three spectral systems of the S,)O molecl..Jle have 
c_ 

been observed. Two of these systems have not been 

reported previously. These two systems were observed 

by m->i!lg White type multiple reflection cells and an 

absorbing path lencth of up to ~ Km was used. 

A simple L. C. A. 0. /I,:i. 0. theory was developed to 

account for the observed spectra. Wi th:.n the framework 

1of this theory a ~ state arising from the electronic 

configurotion •.. (211 )) (3. If )3 is expected to show a we!lk 

Renner Effect while the 1 6 state arising from the con

4 2fic;uration (2 11' ) (31( ) is expected to shovv a strong 

Renne:..--- Effect either Case (b) or Case (c). 1'his strong 

effect may be due to the j_nteraction of this 1 6 state 

·~···Jl. tb th··~ 1 "=' + .-::tate -" th f · t · ~ r_ ~ ;;;j O.L e same COil . lE:;Ut'O .ilOn, 'l'he 

observed spectra are consistent with the L.C.A.O./hl.O. 

theory • 

. 'l1he quasilinear character of the ground elec

tronic state of the molecule was established. Very few 

electronic states which displa;:r a quasilinear character 

have beeE observed and much theoretical investication of 

the phenornenon of C}l..Ht.s ilinearity must be carried out in 

future work. It is probable that rotational analyses 
rv f'-"l'v N tv IV 

of the E l:- X, D ~ A: and C &--X syster:1s wilJ. not be 

1?8 
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achj_eved until analytical expressions for the rotational 

energy levels of a quasilinear state are available in 

tractable form. 

It is doubtful if more information can be obtained 

on the quantur:1 mechanical structure of s2o by the tech
o 

nique of absoT_ption spectroscopy in the 1900 - ?400 A 

spectral ranse with the experimental apparatus presently 

available and with the present theoretical understandinc; 

of the phenoraenon of quasilinearity. 
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APPENDIX I 


Point Groups and Character Tables 


The Schoenflies Notation. 

" E is the identity operator 


" 
C ( t) is an operator denoting rotation through an 
n 

angle 2 If' /n about the i axis 


" . 
~ .. 1s an operator denoting reflection in the
lJ 
plane containing the orthogonal intersecting 

vectors i and j 

" ~is rotation by_2rr (cf. Chapter 1, Section E) 

By convention the principal axis - the axis of 

highest symmetry coincides with the z axis. 

Character Table for c Point Group
s 

c s 

A' 

A" 

... - - - 

E}2 

1\" E " ~ crxz 

T ':Pz, R1 1 1 x' y 

R R1 -1 1 Ty' x' z 

2 0 -2 

A.l 



----------

c 

A.2 

Character '11ab1e for the c2v and D2 Point Groups 

2v 

D2 

A1 A 

A2 B
1 

B1 B':)
c::_ 

H,) 
c::_ 

B
3 

E1t E1t;2 ,2 

" E 

" "'" E c (z) 
1\ " (}t

2 o-xz o-yz 
"" E 

1\ 

c" (z)' c2Cy) c (x) ~ 2 2

1 1 1 1 1 

1 l -1 -1 1 

1 -1 1 -1 1 

1 -1 -1 1 1 

-----  I----------------- 

2 0 0 0 -2 

Character Table for the C

• • • • JDoo z c2 I 
1\ I J\ 1\n!l\ 

cr ,(R, •••• 2C tR..,c (j)v 
"' 


1 1 . . . .. . 1 I 1 1 

1 1 .. . . . . -1 I 1 1 • • • • • • R z 

2 2cusn~ . . . . . . 0 I 

I 2 2cosng> rT' • R
x,y' x,y

I• 


I
2 2cos2nf .... . . 0 2 2co s2n<J' ..... . 
I 


I
- - ---- - . - - - -- -- - - - - --- 
1l m2 2co sJ;2n9' ..... . 0 1-2 2 CO S/2rlJ • • • • • • 

I 

') 3_m f "2 c._ C 0 S:=;I.LJ" •••••• 0 ~-2 .. -2co.s~n!f ..... . 
• c::_ 

00 

and D00 Point Groupsz 

A , " "rH."2r~n~ : (}(, ..•• 2c tR 

'll for 0z 2v 

Tz for D2; R for z 

both D2 and 
c2v 

T ,R for D2;y y Tx' 
H for y 02v 

T ,H for D2; ~l_l
X X y' 

H for c
X 2v 

v 

' I 
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APPEliDIX II 

Renner Effect 

l /\SECTION A: The Dynamic Renner Effect in a ~ 


Electronic State 


Definitions. 

When a linear triatomic molecule undergoes a 

bending vibration, the central atom of the molecule moves 

a distance r from the molecular axis. Let P be the ancle 

between the plane, in which the bendinG takes place and a 

fixed plane through the interrruclear azis. Let ft be the 

angle between the plane in \Yb ich the elec trcnG fji vL:1g rise 

to the electronic angular momentum An ia sicuated and the 

same fixed reference plune as used to define 9' . C f' .~ 

l!'ig. A.II.l. ~ is the angular displacehlent coordinate 

conjugate to the axial angular momentum of a:l the 

. co ' ~ 'la-r·• .L u +·electrons. . .•. ) 1 t1-le.L c- n u o· 1.< <. •. •.rj.;'"'- ,, f.)". "Ce""P.ll ~ n '-' coordj_ywte 

conjugate to the vibrational angular momentum, lh, of the 

decenerate vibrational state. Let ~ = ( p- ~ ). 
The electronic wave function of a linear r:JOlecule 

has the form 

= f exp(:t: iAfi) Eqn . A. I I . A • 1 . 

'N.here exp(± i A f3) expresses the cylindrical s::f'l.metry of 

the electron distribution about the internuclear axis of 
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Fig. A.ll.l 



the linear molecule, and where f contuinE all ~the~ terms 

of the electronic wave function. If A) 0 then I"'f: > j s e 

doubly degenerate. 

The wave function for the bendin~ vibrational 

motion of a linear triatomic molecule has the form 

I"f vi b > = .P (r b) exp (.:!: i i p ) Eqn. ii...II.A.2. 

where ..P (rb) expresses all terms other than exp(± i J... P) 
in the vibrational wave function. 

The Coupling Hamiltonian. 

If the Born Oppenheir:1er Approzination is assumed, 

even though I"fe ) and I"f . b ) are both doubly
Vl 

degenerate, the vibronic wave function is written as the 

product 

IA, v, i > = 

= [ f exp ( 2: i. I\p) J [ .f ( r b) exp ( :t: i J- P ) .J Eqn. A.II.A.3. 

The energy of couplins between electronic and 

vibrational angular oomenta is expressed in a series con

tainin~ terms of the type 

V r~ [ exp( i J\. 0(.,) + exp( -i A cv)] 


where dv = ( f3 - p ) 
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The most ~erJeral form of the Hamiltonian giving the energy 

of coupling is 

.I\
Jt' V (r) + Vlrb [ exp(i J\cx_) + exp ( -i A cL)]

0 

21\ 
+ [ exp( i2 A rx_) + exp(-i2/\IX.) JV2rb 

+ V3 r~/\. [ exp ( i.3 1\ a_) + exp( -i3/\ ~) ] 

+ ••• etc. Eqn. A. II. A. 4. 

Since 3t ' must be symmetric in rb for all values of/\. 

the coefficients v1 , v , v etc. raust be zero. Terms 
3 5 

4/\.
containing rb and hi~her powers of rb are cenerally 

omitted to simplif:f th'3 rna the rna tical treatment. The term 

V merely adds a constant energy and so is neglected.. 
0 

':L'herefore for a 6.. electronic state, the 

Hamiltonian .for the COUJ)lins of vibrational and electronic 

angular.. rnorne;ltCJ. is 

Eqn. A.II.A.5.~· 

where ? is a constant and is treated as a coupling 

parameter. 

Perturbation Treatment of the Dynamic Renner Effect. 

Let d{ be the Hamiltonian for the two dinensional 
0 

isotropic oscillator. When Renner coupling is zero, 1e, 
0 

describes the bending vibrational motion of a linear 



triatomic molecule. The eigenvalues of 

1t 
0 

jA, v,l) = Ejl\, v,t > 
Eqn. A.II.A.6. 

where w~ is the bendins frequency
c.. 

and g is the anharmonicity constant associated with the22 

vibrational anc;ul&r momentum l11 


In the matrix form of Jt the non-diagonal 'elements ere 
0 

zero. The terrr_s of Eqn. A.Il.A.6 are the diagonal ele~o.ents. 

'l'o obtain expressions for the vibrational energy 

levels in the dynamic Renner Effect, the matrix form of 

1{ + 1t' must be diae:;onalised. The coordinates and 
0 

q1 q2 

were introduced by Moffitt and Liehr (55), and 

ql + iq2 = rb exp 1P 
Eqn. A.II.A.?. 

- iq2 = oxp -i pql rb 

So }t' of Eqn. A.II.A.5 becomes 

4 42dt' = 12?[Cq1-iq ) exp(L~ip) + (q1 +q2 ) exp(-Lt-ip)] 

Eqn. A.II.A.8. 

The operator exp Ll-i f3 can connect only the v1ave functions 

I/\= -2> witnjA = +2_> 

and the operator exp -4i p can connect only the wave 
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functions 

/A=+2) with /A=-2) 

Therefore the only non-vanishing matrix elements in the 

matrix form o:' Jt 1 are 

4~ rz (2, v2' K-·2 I (ql-iq2) exp L~if; I -2, v2, K+2 >and 

4
;1? 'Y[ ( --2, v2 , K+2 I (q1 +iq2 ) exp -L~if>/ 2, v2 , K-2) 

where· the wave function basis set islA, v 2 , 1) and 

K = j A + J>. Ivlerer and rl1ravis (56) have diae;onaliscd the 

matrix ( Jf, 0 + dt 1
) for a /j electronic state (actually 

') 

for a "-6 electronic r>tate) and have given resultant 

expressions for the vibrational energy levels. 

Ener~y Expressions. 

For the e;eneral case of the four states of c;iven 

K belonging to a level of e;iven (that .; c 
, where..J... ...,;;v2 


and K + 2) the energies are
K I v2 I v2 

E+ = (v +l) W + }'2P - Q + S/P (a)
2 2 

Eqn. A.II.A.9. 

and E- = (v +1) w - ;hP - Q - S/P (b)2 2 

where 

2
P ~ )2 { 64K2e;~2 + 36 '7. 2 

( v~-K2 ] [ ( v2+2/ - K ] } )2, 
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and 

The states for which K = and K = v2+2, lie at the centrev2 
of the splitting pattern and the e!lergies are 

(v +l) w2 - ( rz 21 lJ 2 )(K)(K+l)(K+2)(.i{+35)2

+ g22 (K-2)2 Eqn. A.II.A.lO (a) 

2 
+ g22 (K-2) Eqn. A.II.A.lO (b) 

and 

= 4 ( rz. 2I W2 ) ( v 2+1 ) ( v + 2 ) ( 7v2- 3 ) + 4-e;22 ( v 2-l )2 
Eqn. A.II.A.ll. 

'l1he theory outlined above adequately describes the 

vibrational energy levels of the dynamic Renner Effect 

in a 1/j. state of a linear triatomic molecule. 

http:A.II.A.ll
http:A.II.A.lO
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SECTION B: Renner Effect Case (b) 

In thin case the potential curve u+(rb) has a 

minimum at rb -- 0 and the potential curve u-(r- ) has a
t) 

minimum at rb I 0. If, for convenience, h V = 1 and k -- 1
2 

where v2 if the frequency of the bending vibration in 

the electronic state described by the u+(rb) potential 

function and 

k is the elastic force constant for the vibrational 

bending mot ion V ').
c_ 

Analytic expressions for u+(rb) and u-(rb) are set up on 

a semi- er:~.pirical basis by h)ple and Longuet-Higgins (50). 

Eqn. A.II.B.l (a) 

Eqn. A.II.B.l (b) 

where h and g are anharrnonicity constants for the upper 

and lower potential curves, respectively and g) 0 

and f which gives a measure of the potential hump height 

is ) }2. 

The constants v and v (cf. Eqn. 4 of Section A of this
0 2 

Appendix) are 

A.lO 
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Eqn. A.II.B.2 (a) 

I 2 I .L~v2 = +~fr - ~(g-h)r Eqn. A.II.B.2 (b) 

i3y simultaneously diagonalising ( Jt + J.t '),the vibrational 
0 

energy levels associated with the upper potential curve 

U~(rb) are given by 

1 2 [ )}- BK 5h-g + (2f)/(v2 +1 Eqn. A.II.B.3. 

Ramsay and. Dressler (44) fitted the vibrational energy 

2 2
levels of the A(~ TTl!.) state of NH to the expression2 

given in Eqn. A.II.B.3. above. 



APPENDIX II 

SECTION C: Renner Effect Case (c) 

The situation in which both the u-(rb) and the 

u+(rb) portions of the potential curve have minir:1a at 

rb I 0 has been treated by Dixon (52). It is assumed 

that the potential hump in both states can be expressed 

analytically in Gaus~>ian form ( cf. Chapter 3, Section C 

on quasiliEearity and Appendix III). 

IJ.1he T.f-(rb) anci U+(rb) portions of the potential 

curve are considered as potential curves of separate 

electronic stu.tes. In these two electronic states the 

molecule is stable in the bent conformation. Rotation 

about the molecule fixed z axis is coupled to the bendine; 

vibration an( the resultant wave functions are of the 

form of the associated r~aguerre polynomialo. The vibra

tional ener1.5ies are calculated using a comp1..l.ter and the 

calculation is repeated until a good fit with the 

experimental data is obtained. 

A.l2 
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Quasilinearity 


Introduction. 

Consider a -criatomic molecule of the AB,) type. 
c. 

Let n.12 and R be the A-B bond lengths. Let 6, and
23 12 

~ the small extensions of n and n during23 be 
12 23 

stretching vibrational motions ( v 
1 

and V
3
). Let s and a 

be symmetry coordinates defined by 

Let m be the mass of atom A 

and M be the mass of atom B. 

Let R be the displacement of atom A from the line 

joining the B atoms. 

Let r = 2Mm/(m+2M). 

cf. Fig. A.III.l. 

If centrifugal distortion during rotation is neglected, 

and if vibration rotation coupling and vibration-vibration 

interaction terms are considered to be zero, then the 

total kinetic energy is 

A.l3 
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M 

- --,- .•........._ cV -
..J"";-r;

tb i} 

Fig.A.ill.l 
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A.Jli.l. 
2 2 2 

+ (l/2fL)(pr + p9' /r ) 

1.I:be Hamil toniar~. 

The potential energy associated with symmetric arrl 

antisymmetric stretchinB motions is 

2 2
}~k s + ~k a s a 

where k and k are the elastic constants for symmetric
s a 

and antisymmetric bond stretching motions respectively. 

Thorson and Nakagawa (58) introduced the potential 

energy term 

2P.E. = ~k r + Eqn. A.III.2. 
r 

'.Phis potential energy term is independent of P and so is 

2 2cylindrically symmetric. The term K/(C +r ) is a 

Lorentzian term which introduces a potential hurcp into 

the quadratic potential surface of the .simple harr:1onic 

oscillator. ':Phe pot cntial surface of the simple harmonic 

oscillator is 1efinecl by 

2= }~k r 
r 
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A potential enerr;y surface of the form given in Eqn. A.III.2 

results in a non-linear electronic sta~e of the molecuJ_e. 

2cf. Fig. A.III.2. The hump* height is K/c relative to 

the potential minimum for the bent molecule. Therefore 

the total Hamiltoni8n is 

2 2 
= (l/2M)p + %k s +s s 

Eqn. A.III.3. 

The Solution of the Scllrodincer E:1uation. 

Let the Schrodinger equation for the molecule be 

* The term "rmop" rather than "barrier" is used. 
':J.1he term "bm_~rier" is reserved to describe the maximum 
in the potential surface of a molecule such as between 
inversion configurations of ammonia. The potential 
hump, with respect to the ber~ding vi brat ion of a tri
atomic molecule is illustrated in Fig. A.III.2. The 
potential hump is cylindrically symmetrie about the E 
axis, and so a transition from one side of the potential 
well to the other ;.:;ide can be achieved by Himple rotation, 
cf. Johns (56). 
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Thorson and Nakusawa (58) assumed that 

Y= X(s) X(a) YCr,P) 

where X(s) and X(a) are wave functions of one dimensional 

simple harmonic oscillators with natlU'Dl frequencies of 

(k /M)'
1~ 

= W and ( 2k / ,u )~ == W 
s s a 1 a 

The wave function "f(r, P) satisfies the Schrodinger 

Equation 

+ K/(c2+r2 )} ~ =r ~ 
Eqn. A.III.4. 

The solution of Eqn. A.III.4 is obtained by 

separation of the variables 

1' ( r S') = Fn ,t ( r) exp ( i l <J ) Eqn. A.III.5. 

where <j' is as defined in Fie;. A.III.2. 


and lis an integer == 0, ±1, ±2, etc. 


The term exp(i £~)expresses the cylindrical symmetry of 


'\f!'Cr,P) about the line joining the B atoms. 


If the substitutions 

y ~ 
u == r [ fL kr } ../1'1 and 

B = c
2 

[ fL kr} ~/fl. 

are made in Eqn. A.III.4. 



A.l9 

Then 

Eqn. A.III.6. 

where the A(n, L,k) are numerical coefficients, 


and the Lt~k(u2 ) are the normalised associated Laguerre 


polynomials of deGree k and order L , 

and n ii1dicates that the nth mode of vibration-rotation is 


being considered. 


Dixon (51) has solved an equation similar to 

Eqn. A.III.4 except in that the term 2 2K/c +r ) was replaced 

by a term OC 2exp(- j3 r ) - a Gaussian hump of total height 

~. This type of tern- a Gaussian term- was also used 

by Chan and Stelman (60) to give an analytical expression 

to the barrier to inversion in ammonia. 

The potential energy expression used by Dixon (51) 

is 

Eqn. A.III.7 •• 

The Interaction of Bending and Stretching Vibrations in a 

Quasilinear Electronic State. 

The following semiqualitative treatment of the 

interact ion of bending and stretching vi bration:3 in a 

quasi linear electro!'liC state was t;i ven by 'I'hor.::;on and 

Nakagawa (58). A more general ·form of th8 potential ener~y 
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term than that ~iven in Eqn. A.III.3. is 

2 2 2V = V ( r ) + Y2k s + k X s rX,
0 s s s 

Eqn. A.III.8. 
2 2 2+ }{>k a + k X a Clv a a a 

2 2 2
where V (r) = Yzk r + K/(c +r ),o r 

X is the constant denoting the strength of the s 

coupling between the bending vibrational motion 

V and the symmetric stretching motion V2 3 
(in AB2 type molecules), 

X is a similar quantity but is defined for 
a 

asymmetric stretchin[; motion V (in AB2 type1 


molecules), 


is as defined in Fig. A.III.l. 

The moments of inertia of a quasilinear molecule, 

with a lurge classical amplitude of bending vibration, will 

vary during thE course of the bending motion. The 

Hamiltonian for the symmetric stretching vi~ration is 

therefore 
1\ 

+ J( 
s s,b 

= 

Eqn. A.III.9. 
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The solution to the equation 

" df. X(s) = E X(s) is already e;ivens s 

E = 11 w = fl(k /Iii)~ Eqn. A. III.lO s s s 

I 

Thorson and Nakagawa (58) treated de sb as a perturbation 

to the simple harmonic oscillator defined by Eqn. A.III.lO. 

L ~ th f t . f h IJ t h ·et INs oe e wave unc -lon o t.e symmetr1c> 8 

stretching vibration of the molecule being considered. 

Then in a first order perturbation treatment the diac;onal 

matrix elements of the HB.I:1.il tonian ;]{'sb are 

where n and i are quantum numbers as defined for 

Eqn. A.III.6. 

But 
= ( ri 11fr s 2 jN )s s s 

= ~(N +%)h W s s 

for a simple har.monic oscillator of frequency W • s 

Therefore the perturbation shifts in energy, due to the 

interaction of the bending and symmetric stretchiDg 

vibrational motions, for a gi-~,en value of N, n a.nd [s 

are 

http:HB.I:1.il
http:A.III.lO
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T' = (X + M/r:l) (N + 1~'~h c.J1-~' s r.) 8 8 I [3 

Eqn. A.III.ll. 

Normally in electronic states of triatomic molecules which 

have lart::;e clas3ical amplitudes of bending vibrations the· 

averased values 

<ex_ 2 ) ot and 
2 (where n=l,2,3, ... etc.)<O(.>nt 

are numerically different. The difference may be very 

large, especially near the top of the potential hump 

(cf. Fig. A.III.2.) and this leads to an apparent "splitting 11 

of the bands involving the vibrational motions V and
1 

1) 
3

. This "splitting" of bands involvine; the excitation 

of stretching vibrational motions is characteristic of a 

quasilinear electronic state of a molecule. 

http:A.III.ll


APPENDIX IV 

Band heads in wavenurnbers, assignments, anci intensities 
"'-/ -"'./ 

( cf. pg. 63, 2. B.12) of bands in the E ~ X spE::~tral system. 

Assignments are in the notation sug~ested by Brand and 

Watson in J. Mol. 

Band Heacl 
-1in em 

28?47 

28860 

29008 

29154 

292?h 

29419 

29557 

29689 

29826 

29955 

29971 

30099 

30229 

30359 

)03?6 

Suectry. 10, 166 
~ 	 .-

Intensity 

0.01 

0.005 

0.1 

0.01 

0.05 

0.5 

0.05 

0.2 

2.0 

0.15 

0.15 

1.4 

3.0 

0.8 

0.6 

(1963).. 

Assignment 

20 30 
6 2 

20 
9 

20 30 
7 1 

20 30 
5 2 

20 
8 

20 
6 3 

20 
4 

:;:0
/2 

20 
? 

20 30 
5 1 

20 30 
3 2 

20 
6 

20 30 
4 1 

20 	 7.0 
2 ?2 

· A.23 
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Band Head Intensity Assignment 
-1in em 


20
30506 6.5 
5 


20 30
30629 5.0 
3 1 


30761 1.5 
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.From approx. 3?500 em-l to higher vmvenumbers the absorp

tion bands are very diffuse and it is difficult to obtain 

accurate band head vwvenumbers and intensities. The 

-1
diffuse baEd structm'e is readily observed up to L~3000 em 
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Appendix V 

Table of '.vave numbers of bands and intensities o8served in 
0 

the region L~OOO - 1~300 A. 

Enert;y in em-1 Intensity 

25057 80 

24932 70 

2L~(381 80 

21t734* 100 

24590 60 

21~369 50 

2LQ98 50 

24197 30 

24096* 80 

2399B 60 

23906 70 

23796 30 

23512 50 

23415 70 

23325 100 

*Probably due to the overlap of two or more vibrational 
bands. 
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Appendix VI 

A list of band head ·wave numbers, intensities and assign-· 
/V rV 

ments of the abf;orption bands of the C ~ X. Since the 


0~ band was not assigned the bands are labelled 


according to the progression and number assigned in Table 4. 


Unassigned bands are marked U.A. 


Band heCJd Intensity Assignrient 

-1in em Progression Number 

14928 0.001 E k+l 

15082 0.01 U.A. 

15222 0.05 c k 

15389 0.5 E k+2 

15534 5 u ./l. 

15682 2 c k+l 

15836 4 E k+3 

15874 0.5 D k+2 

15979 3 U.A. 

l602L~ 0.1 B k 

16129 2 c k+2 

16277 3 E k+L~ 

16320 6 D k+3 

16477 4 l3 k+l 

16566 0.1 c k+.? 

16697 l E k+5 
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Band head Intensity Assignment 

in em -1 Progress:::.on Number 

16759 6 D k+4 

16929 2 U.A. 

17125 3 B k+2 

17179 5 D k+5 

173?6 5 B k+3 

17543 1 U.A. 

1?599 2 D k+6 

17815 10 B k+4 

18031+ 0.5 u.i\. 

18242 25 B k+5 

18421 1 A k+2 

18659 L~5 B k+6 

18870 3 A k+3 

19076 65 B k+7 

19311 6 A k+4 

19483 75 B k+8 

19595 2 U.A. 

19679 2 U.A. 

19738 6 A k+5 

19881 85 B k+9 

20065 3 U.A. 

20155 8 A k+6 

20277 100 B k+10 
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Band head Intensity Assic;nment 

in -1 em Proc;ression Number 

20565 10 A k+7 

206L~5 90 B k+1l 

20976 10 A k+8 

2101Li 80 B k+12 

21)72 60 B k+13 

21715 50 B k+lLt 

22056 45 B k+15 

223911 L~Q B k+l6 
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