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CHAPTER 1

Introduction

In this thesis the quantum mechanical structure
and geometry of some of the energy states of the 820
molecule will be discussed. The structural information
was obtained by absorption spectroscopy of the 820
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 Egns. for Molecules

1.A.1. The Molecular Hamiltonian.

A molecule is a system of electrons and nuclei,
in which the nuclei are separated by distances of the
order of 10”.7 - lO'_8 cms. 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.



The quantum mechanical properties of an isolated
molecule in its stationary states are obtained by solving

the Schrodinger Equation,

( ﬁr— E(m>) IY’(m)> = 0, Eqn. 1.1

m) . th . . .
e E( ) is the n energy eigenvalue associated with

wher
IV/(m?>>, which is the eigenfunction of the mth energy state
is the Hamiltonian operator correcsponding to the total
ehergy of the electrons and nuclei.
A\
The operator form of JH, is normally described in coordinate
representation rather than in momentum representation.
If spin and relativistic effects are ignored, the
sum of the kinetic (T) and potential (V) energies, in e
system in which energy is conserved, is given by

(References (1) and (2)).

A A N
We=ra+v
2 <
N DR R N i
k k e i ' e
. e z : 5 2 ; :
2, 7.e Z. e 2
k™1 k e
+ T + T + ;-‘-,
k>1 kl ki ki iy g ij
k, 1 i, J

where Mk denotes the mass of the kth nucleus,
m, denotes the mass of the electron,
§7§ is the Laplacian in which differentiation is

with respect to nuclear coordinates,



\VAEEE: Loplacian in which differentiation is
with resncct to electron coordinates |

i ; . Lth )
’zJ}[ and 2’;] are the electronic charges on the k and
L th .
1 nuclel respectively.
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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 solutioh of the Schrodinger

equation is the solution of the equation

P _ (m)Jl (m) ~, :

[(Pnuc + U(R)) Enuc \Vnuc O, Een. 1.3
A

where Tnuc is the kinetic energy of nuclear motion

(unclamped nuclei),

U(R) is the potential function as defined in the
previous paragraph,

E(mg is the mth energy eigenvalue of the nuclear

motion corresponding to

‘NV§32)>the eigenfunction describing the nuclear
th

motion in the m state,
This procedure is equivalent to factorising the wave function

waégzdl , which describes all the properties of the

mth eigenstate of the molecule,

Iy (m) S oy s v i) Eqn. 1.4(a)

total elect nuc
wherelﬁyg?gct> describes only the electronic motion in the
mth eigenstate

and|qy >wq previously defined.

The factorisation is equivalent to forming the sums

A A A\

;6 + 3( Eqn. 1.4(b)

total ~ elect nuc
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{1) and (3) are potential curves for stable electronic states,
The dissociation energies are D,(!) and De(3).

{(2) is the potential curve for an unstable electronic state.
The dissociation energy, De(2), is zero.



and

*
J(m) L o(m) (m) .
Ltotal - Eelect. * Enuc Egn. 1.4(c)

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

actions between electronic and nuclesar motions.

1.A.%3. The Born Oppenheimer Approximation.
In molecular problems, where an exact analytical
solution of the Schrodinger Equation is not possible, an

approximate solution is obtained by assuming that

IWY£otal> ="W;lect.> 'A*huclear >T¥guclear'>q Egn. 1.5(a)

vibration! rotation
A A A A
X=X + + R .\ ,
total elect. nuclear nuclear Egqn. 1.5(b)
vibration rotation
and Etotal = Eelect. * Enuclear * Enuclear Eqn. 1.5(c)
vibration rotation

Born and Oppenheimer (5) (and, recently, Liehr (6)) have
outlined the conditions under which the separation process

of Egqn. 1.5 is valid.
Let X = (m/H )%
- e’ "k ’

where Mk is the average mass of the nucleil

and mg, is the electronic mass.

*
For convenience, the superscript (m) will be
omitted in the rest of the discussion.
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In references (5) and (6) QV is expanded in a power

total
series in X, and the domain of validity of the separation

process in Eqn. 1.5 is established.*

SECTION B. Group Theory
1.B.1. 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
Schgnflies 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 NN for an N -fold degenerate representation.
The representations [ span a representation space and are

mutually orthogonal.

E3

Most text books, however, refer to Eqn. 1.4,
rather than to kEgn. 1.5, as the Born Oppenheimer Approxi-
mation. ‘



Thus
0 lfﬂj) = 5 ij(const),

A

if O is any operator which is totally symmetric with
respect to all the symmetry elementé of the group. If
the point group is Abelian, i.e., all the operators
commute, then all representations fﬁ are non-degenerate.
When the Born Oppenheimer Approximation is used

threejSohrodinger Equations must be solved

t
O

cgielect. B Eelect.) ’qul? Egqn. 1.6(a)

(jlvib. = Biv. |AY§1b > =0 Egn. 1.6(b)

A

(% - Evavion) | Yeor,> = O Eqn. 1.6(c)

rot. rotation

Group theory requirés that the wave functions I“Yxlect.>>
and 'quib.> transform as an irreducible representation
of the molecular point group, defined by the geometrical
configuration of the nuclei in their equilibrium positions.
qurot.> must transform as an irreducible representation
of the point group describing the momental ellipsoid of
the molecule.

The symmetry elements of linear triatomic molecules
form the point groups D“’h and C“’v’ In the formef point

group an operator for inversion through the centre of

symmetry is present. This inversion operator is absent



in the C_j v point group. VWhen a linear triatomic molecule
is bent, the symmetry elements associated with the equi-
librium geometrical configurations of the nuclei define

the poin% groups Ca

oy and Cs’ corresponding to the point

groups D and C__ ~ in the linear conformations, respec-

® h v

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 Longuet-Higgins(13),
Watson(16), and Hougén(lB) and Altman(1l6).

An asymmetric top is defined as a rotating object
in which the three mutually-perpendicular moments of
inertia of the object, Ia, Ib, and Ic’ are all unequal.
If Ib = Ia)> IC, the rotating object is called an oblate
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'Da. The rotational
wave functions for a symmetric top transform as the
irreducible representations of the point group D_ . The

2

group character tables of the point groups C2v

and D, are
2

isomorphous, as are the point groups C v and. Dd)z. The

group character tables of all the point groups mentioned

here are given in Appendix 1.
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1.B.2. Direct Products of Representations.

When a product of any function 1is taken the
symmetry of the producﬁ function is determined, simply,
from group theoretical arguments. Consideration will be
giﬁen here only to the decomposition of direct products.
of representations into symmetric and antisymmetric
products. The expression of point groups as semi-direct
products of point groups will also be outlined.

Discussions of direct products of representations
and their decomposition into symmetric end antisymmetric
parts are given by Hammermesh (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,ﬁVi and
93, which transform as the same representation [ﬁ of the
point group G, then the direct product 1_1(2)[_1 gives a
representation of dimension AfZ. This reducible represen-
tation contains % N (N+1) representations for symmetric

wave function products of the type

and BN (N -1) representations of the antisymmetric

products of the type

r\Vi ?J - I\VJ g)i
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For non-degenerate wave functions N = 1 and only the
symmetric direct product can be formed.

The characters of the symmetric product are

[ ’Xa ]1(G) = % {[ X (G) ]2 + X(G2)} ' Eqn. 1.7(a)

The characters of the antisymmetric product are
. N 12 : :
[ X ]@ =% {[X@1%- x>} 5an. 1.900)

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 semidirect product

is denoted by a sign. The concept of semidirect

A
products has recently been used by Altman (18) to

describe the point groups of non-rigid molecules.

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

Nicj = CjNi

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

NXC=GQ

On the other hand if N and C do not commute in detail but
rather

NC, = C.N for all C., €N,
J J J
then the group product forms a group which is called the
semidirect product of N and C
N C.
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1.B.5. Bent-Linear Symmetry Cdrrelations.

A triatomic molécule 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 correlsate 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 these 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.

1.B.4. Spin.
The spin wave function of a single electron
lspin % > exhibits a double degeneracy with respect to the
time reversal operator. This double degeneracy is called
A

a Kramers doublet. If R is an operator which rotates

the spin wave function through 217, then
[a)
R lspin * %> = - | spin £ % >

n v
Therefore GL2, or rotation through 47, 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.

1.C.1. Molecular Orbitals and L.C.A.0.* Theory.

From the work of Hund and Mulliken, the idea of
individual electronic molecular orbitals, analogous to
atomic orbitals, was developed. The electronid structure
of a molecule was "built up" by feeding in electrons into
such orbitals, in accordance with the Pauli Exclusion
Principle. This procedure is called the Aufbau Prinzip.
Exact analytical expressions for molecuiar 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.0. method. The
physical basis for this method is outlined below.

The Fourier theorem states that any arbitrary

function ’q/,.which obeys the Dirichlet conditions™**, can

*

Liinear combination of atonmic 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 .

o0

i.e., ,\}/ = Z Cn?n

n=1
Evéry physically acceptable molecular orbital wave function

obeys Dirichlet's conditions and so can be expanded
(e

"\}/> = g Cnlg)n> Eqn. 1.8

where lSﬁl> - is any complete set of functions.
Normally the set | §7n > is the set of atomic orbital
wave functions. It is found that a very good approximation
to [“yﬁol>> of the molecular orbital can be obtained by
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 functicn of the molecular
orbital[ ns» ¢ The number n is assigned ewmpirically and
indicates the relative energies of molecular orbitals of
the same symmétry (e.g. the 3 orbital lies higher in
energy than the 2™ 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
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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 valence electrons 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 1is determined from those molecular orbitals
formed by a linear combination of the valence electrons

of the atoms of which the molecule is composed.

1.C.2. Hartree Fock Theory.

Energies of molecular orbitals and electronic
states zre generally celculated 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 energy, until self consistency is achieved
in the solution. This is called an L.C.A.0./8.C.F./M.O.
calculation if a linear combination of atomic orbital wave
functions was used as the initial approximation to the
moleculsr orbitel wave function. The method of the

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

If,“Va)> and |°V£>> 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
N .
<“ﬁllﬂﬁl“h;> =0 Eqn. 1.9

This fact produces a great simplification in Hartree Fock
Energy Calculations, since 1t eliminates many of the
off-diagonal elements in the determinental equations that

have to be solved.

1.C.%. 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 moiéqu%g
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 ccordinates
and are identified by energy and symmetry. The theory of

" normal coordinate analysis is dealt with extensively in
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the literature, 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 °
belonging to the point groups CoOV and CS,'since these
apply to the S2O molecule. The symmetry of a vibration
is determined by applying the symmetry operations of the
point group of the molecule to the schematic displacement
vectors as shown in Fig. 1.2.
Simple normal coordinate analysis, in the harmonic

approximation, requires that matrix elements

L vijlﬁl\y(vjﬁ = Eisij' Egn. 1.10

i.e., the normal vibrations do not interact. However this
is no longer true in a—higher apprbximation; for example
the interaction of the bending vibration mode 1)2 with

the symmetric stretching mode 1/5 in the ground electronic
state of 820 is considered as in Chapter 4.

When several quanta of the same normal vibration
are excited the symmetric direct product of the represen-
tations generated by the wave funqtidns 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 vibrationzal wave functions are involved. The
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m d 7/3 stretching vibration

Schematic ~ Vector Displacements  (in

Cartesian Coordinates )  representing

normal vibrations



symmetries of the product wave functions are listed in

Herzverg (2) and in Wilson, Decius and Crcss (12).

~1.C.4., Harmonic Vibrations.
Potential curves as in Fig. 1.1 can be represented

by analytic formula such as

U(R) = %k(R-—RO)2 + terms of higher order in (R—RO)
Egn. 1.12

In normal coordinate analysis a harmonic force field for
nuclear motion, is assumed and terms in (R-RO) of higher
order than (R~R0)2 are ignored. The solution of the
simple harmonic oscillator problem is well known and

leads to

v1b(V]’V£""V ) = ZE: h W, (v + 7%) Egn. 1.13
where vy is the number of quanta of the ith vibration
excited; h(Qi is the energy of excitation of one quantum
of normal vibrational motion of frequency»(pi, and di is
the degeneracy of the ith vibrational wave function. Thus
in the simple 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,

Vo has a vibrational engular momentum associsted with it. The
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magnitude of this vibrational angular momentum is ﬂh where

L - Vs Vom2, Vo=, +e.eev.., 10T O.

1.0.5.' Anharmonic Vibrations.

If terms in Egn. 1.12 of higher order in (R—RO)
than (R—RO)2 are treated as a perturbation to the simple
" harmonic oscillator the vibrational energies are given
by an expression of the form

d. d. d
Evib(vl’v2’v3"')=iz B, (vyrs) + )3 Xik(vi+—2;)(vk+_’§)

ik
Ky i

" :E: 8ix Bizk + ... Oother terms
i,k
kyi

Egn. 1.14

where X510 and 8y are anharmonicity constants.

For anharmonic vibrations the vibrational wave
functions are not orthogonal, as in harmonic vibrations.
Egn. 1.10 does not hold and there is interaction between
the "normal" modes of vibration* of‘the mélecule.

Whén rDBU(R)/IoaR is < Ovthe anharmonicity

constant X4 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 QDBU(R)/T)BR is > Oythe anharmonicity constants
are positive and the energy difference between consec-
utive vibrational energy levels increases with increasing
quantum nunmber of the vibrational energy levels being
considered. The effects of anharmonicity on vibrational
energy level patterns are shown in Fig. 1.3 for negative,
zero and positive anharmonicity effects. Negative
anharmonicity is normally observed in the vibrational
energy ievel pattern of polyatomic molecule, while
positive anharmonicity effects are rarely observed. The
vibrational structures of the electronic spectra of the
820 molecule contain striking examples of both negative

and positive anharmonicity effects.

1.C.6. Vibrational Structure of a Non-Rigid Triatomic
Molecule.
Consider a bent triatomic molecule of the type
BAA*, where A and A* are the same atomic species and the *
Jjust used for identification. If the bending vibration
V.

2

then the transition

has, classically, a lafge amplitude of vibration

A — A* A — A*



Anharmonic oscillator energy

levels when

©03y(r)/03R < o

i.e. negative anharmonicity

&<—— R

Harmonic oscillator energy Anharmonic oscillator energy

levels, which are equally levels when

spaced. There are no D3U(R)/ D3R > ©

anharmonic effects. i.e. positive anharmonicity

03U(R)/ D3R = 0O

Fig. 1.3

A
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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 Cs’ but as
the irreducible representations of the point group G4*,
which is isomorphous with the point groups C2v’ CEh etc.
If this isodynamic operation is feasible, there will be

a doubling of each vibratioﬁal 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

5
(18).

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

A detailed rotational analysis of the vibrational
bands of the electronic spectra of 820 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

G, =C. AC,
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completely determined by the three principle moments of

inertia Ia » I - These moments of inertia are

b Lo
calculated from the bond lengthe and bond angles of the
polyatomic molecule.

Four angular momentum qﬁantum 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,JZESTEIIS,

Mh is the projection of the total angular momentum along
the 4 axis of a laboratory fixed coordinate sysfem.

Kh is the projection of the total angular momentum along
the z axis (determined by Ia> in the molecule fixed
coordinate system, and

5 is the quantum number for the angular momentum assoclated
with electron spin h Jgfgifj.

The Hamiltonian of the rigid rotor is

Do 3° ae |
= )(/2I + y/2I + z/2I ~ Egn. 1.15
e y z

where xyz is a molecule fixed coordinate system and

I, < Iy <'IX. As shown in the literature,especially (11)
(24) and (25), the‘only non~vanishing matrix elements in
the rotational Hamiltonian in matrix form are

?EIJ,K>> - %?-{%X + %}'} {(J)(J+1) - Kg} + B0 g2

{3,

Egn. 1.16(a)


http:arlgul.ar

2o

and <o,xt2 [R 5,55 - -%—2—{%—}( - %y} {(J)(J+l)—(K)(Ki1)} %

%
x { (J)(J+1)-(Ki1>(Ki2)}

Eqn. 1.16(b)

2 2 2
Let ® /21 = a; W/21 = B ana B/21L; = C

An asymmetry parameter X was introduced by Ray
X = (2B -4 -2C)/(A - C) Egn. 1.17

For prolate and oblate symmetric tops, X has the limiting
values of -1.0 and +1.0 respectively and has intermediate
values for asymmetric tops of Fig. 1l.4.

In the simple case of a prolate symmetric top
B=C and the non-diagonal matrix elements of Egn. 1.16(b)

vanish. Only the diagonal elements are non-zero and give
E. . (7) = B()(I+1) + (A-B)K° Eqn. 1.18

In a linear molecule, the rotational degree of
freedom about the z axis, which occurs in a bent molecule,
has been transformed into a vibrational degree of freedom.
IZ is a physically meaningless quantity for a linear
molecule if the nuclei are point masses, and if the elec-
tronic masses are ignored. So, for a linear molecule, in

the rigid rotor approximation,
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. (J) =B (1)(J+1) - K° Eqn. 1.19

If rotation-vibration interactions are taken into

account,centrifugal distortion energy terms of the form

2 2 -
Dy(I)7(I+1)% + D (I)(I+1)K + DK Eqn. 1.20-

are added to Eqns. 1.18, 1.19. The D's are called centri-
fugal distortion constants. The energy terms in Egn. 1.20
are of large magnitude in quasi linear electronic states
where rotation-vibration interactions are very large. The
structure of quasilinear states is discussed in detail in
Chapter 35, Section D rather than in this general intro-
ductory chapter.

In symmetric top wave functions with K> O,there
is a double degeneracy with respect to the quantum
number K. By the adiabatic principle,the energy levels
of prolate ahd oblate symmetric tops must correlate.
This correlation is shown in Fig. 1l.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.

1.C.8. Bummary of ideas in Section C.
Section C of this chapter dealt with the solution

of the Schrodinger egns. given in Eqn. 1.6.

A

(Rog = B | V> =0 Eqn. 1.6(a)
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A

(%Vib - Ei) | Vosp > = O Eqn. 1.6(b)
(%, . - ELge) , Voop > =0 Eqn. 1.6(c)

If éoupling between electronic, vibrational and rotational

motions is zero,then

Etotal ='Eel + Evib * Erot Eqn. 1.5(c)

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 Egns. 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 mechanisms, e.g.
electric dipolar, electric quadrupolar,magnetic dipolar,
etc. interactions with electromagnetic radiation. In

this section electric dipolar radiative transitions will
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be considered. A very brief discussion of electric quad-
rupolar radiative transitions will also be given.

Electric dipolar radiative transitions are responsible

for most of the spectroscopic transitions observed in
molecules. The other radiative mechanisms give spectra

of very low intensity and are rarely encountered. A
spectral system of the S2O molecule, which has very low
intensity, is observed in the spectral region 4,400 K -
67700 X and may be due to a quadrupolar radiative mechanisn.
1.D.2. Transition Probabilities.

The electric dipole operator M s
M- oe.T Eqn. 1.21

By use of the Born Oppenheimer Approximation,electronic
and vibrational transitions are considered separately

from transitions between rotational energy levels.

S0 I \Vtotal‘> =lr*%l> lmrnuc> Han.. 1.22(a)
el . fknuc Egqn. 1.22(b)

The transition moment,Ri between initial and final energy

f’
states 1is

i ¥ i ;
Rir = <Vios , Mios | Yoor > Ban. 1.23(e)
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representation of the point grouv of the molecule.
Therefore, if an allowed electric dipole transition
occurs between the states 1 and f, the direct product of

the representations

EESEINE

contains the representation according to which at least

one of the translation vectors TX,T or TZ transforms.

y
As can be seen from Table 1.1, no electronic
transition in any molecule which belongs to the CS point

group is forbidden for symmetry reasons only. In

molecules which belong to the C«)v point group ,

Tz transforms as the irreducible representation §:+ .
TX and Ty transform as the irreducible doubly degenerate
representation II.

In molecules which belong to the point group Cu}v,the

only transitions allowed by an electric.dipole radiation

mechanism are therefore
She YT 2 e 2 10
TS ST A ote.
Ci.e., A\ - 0f1 Eqn. 1.25

(where /\_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

D'k = Ze(Brirk - Sik r2)

1

If a transition occurs between two energy states through
an electric quardupolar mechanism,the direct product of

the representations

v e [y

contains the representation according to which at least
one of T2, Ta, Ta, TT , T.T or T T transform. Elec-
X y 2 X'y ¥z Z7X
tronic transitions with [Xj\_ = 0, i1, +2 are allowed,
e.g., the transition SStS A is allowed.

The intensity of an electronic transition between

two energy levels in absorption is

I = const (V) Re

Lof iy

Egn. 1.26

where hv 1is the energy difference between the two energy

levels.

1.D.%3. Intensities of Vibrational Transitions.
In an allowed electric dipolar transition it is

required that

‘<W§iblviib> £ 0 Eqn. 1.27

When Egn. 1.27 is satisfied, n quanta of totally symmetric

but only 2n quanta of antisymmetric (where n is an integer)



normal vibrations are observed in the vibrational
structure of the electrbnic spectrum. The expression
<“V£ib‘”viib>> is called the vibrational overlap
integral.

For an allowed electric dipolar electronic
.transition,the quantity <ﬂ’£l‘jkéllﬂyél> is a constant
and so the intensities of the vibrational frequencies

are proportional to

: 2
f
Ivf “vy conat V gy |<\yviblﬂyiib>>l y Eqn. 1.28

where h1/fi = hf - hi

Egqn. 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 820.
In a quadratic force field the selection rule
which permits transitions between vibrational energy
levels under an electric dipolar radiation mechanism is j
Av_,i = *1 for transitions between vibrational levels of
J _
the same electronic state
and A)VJ = 0, 1 for transitions between vibrational
energy levels of different electronic states.
VWhen anharmonicity effects are large, these selection

rules are abrogated, so that transitions for which

ZXVj =0, %1, 2, ¥z, X ... etc.



are possible.

1.D.%5. Intensities of Transitions between Rotational

Energy Leveis.

Selection rules, which indicate the conditions
under which transition probabilities between rotational
energy levels are non-zero,(from symmetry 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 dipolar radiation, to be non-

zero, i.e.,

A

<AY£ot‘”&

rot

“yiog> A0,

it is required that the direct product

F( ’Yio’r) ® l—l(r\yxi*ot>

‘must contain an irreducible representation which transforms
as Rx’Ry or R, (the rotation operators). This leads to

the selection rules
As =0, f1 Ar-0%1 Eqn. 1.29

By use of the Wigner-Lckart 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 elegant way of deriving
both selection rules and intensity expressions for tran-

sitions between rotational energy levels.

SECTION E: ZElectron Spin and the Zeeman Effect

1.kE.1. Spin.
In the discussion given thus far, it has been

assumed that the factorisation

|Yiot > = I'YspaCQ{ fi> " Eqn. 1.%0

is possible, wherelfwf

.'> is a wave function determined
space

solely by ordinary three dimensional Cartesian coordinate
space, and where ,P:> is the electron spin wave function
determined solely by spin space coordinates. This
factorisation leads to a rigorous selection rule AS =0
for a2ll transitions. (S was defined in 1.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 interaction.
The factorisation of lmkfot> into vaspace>> is no
longer valid and transitions with A3 = %1 can occur weakly.
In molecules such as O5 and Sog,the intensity

ratio of transitions with AS = O to those with [&S =%



)

0N

I

&

of

RARV Rt

o oy A
HeAw

€

o
o3
Ch

O

iCe

nrese

the 1

in

P
el

el

J

Jen

[y,

enersy

its

in

ule

C

mole

&2
[e N

L

-

war.

Y
oo

O

S

evel

~
~—
s
v

e s
rodect

D

g
i

-

A

[

>y

N AERY

e

VY
21




SECTTION G:

by

molecules., This radiation forms the molecular spechrun.

o die the

39y s T -
Lo wave nunoers accoer

velonily

where o = 1/x and N is the wavelenzth of the radiation




vibrational energy

tate, lie in the range 1(

infrared region

rotational

the

electronic

o

-

fl \/A

ener 10

microwave 1 e ions of

1.2, Experimental

phase eléct

in

ey oo
Fas

oo
Nl

spectroscopy, a cell is

e

1ieh 1s to be exar

through the

)
Dassed

usually ohbained from

l()

en

tine-tungate

W Sy i [ ) vry
g from the absorpll

comporent wavelenzbhs by s
contains a diffraction gra
The gas abscerbs &

netween levels

tion

CrnaelrgEy

absoerption freguency produ

many stabvle electronic

and will have geveral

e
tral lines

Thooy

2
-

of

the

Methods
/roﬁi;
il
ined.
cell.
2 hi

Ld”'}

Ting

ata

Wovxr

W

3

levels, in the same eleclronic

N - . 5
- 107 em (approx.) i.e.,

the spcctrun

accompanying

or vibrational energies, lie

.y

e T, l.e.o, in Lhe far

electromegnetic spectrum.

molecular absorption

led with the gas,

A

tion

R - o vey A Sy
ERSRERNAY racls

Sure Xenon or

arc

Dres

The beam of radiation

on cell g separated into its
spectrometer. The gpectromeler

or 4 di SDe raive _D.T‘l,i,‘:l'! .

T frequency V.,

in the molecule Ibach discrete
ces & gspecbral line. In g el

Les exist for a given molec

lectronic

- £V e S, S B vy . . oy Ay o
ve inite widithe. The cuanta
. S s Ay f T
a grarh of 1ntenst !




versus V of each spectral line due to a non-interacting
non~-translating molecule, will have a Lorentzian Profile.
11 . 15 25
In any gas absorption cell there are 10 to 10
molecules present. These molecules undergo translational
motion and interact through collisions, producing Doppler
and pressure broadening in the observed spectral lines.
For absorption of radiation by a molecule,an
fi

oscillator strength f is defined by Mulliken and Rieke

(26) and see also (27) .

fi me
f = ffi kv

dy = 4.3 x 10‘9j€1, a

where m and e are the eiectronic mass and charge respec-
tively,

Ni is the number of molecules, in the state 1, per unit
volume, and

k and Gv are the absorption and extinction coefficients,

Vv
respectively.

1.G.%. Spectral Analysis.

Jhen an absorption spectrum is observed it is
necessary to identify the molecule which causes the
absorption. The oscillator strength of the spectral system
is determined, if this is possible. If several electronic
spectral systensof the same molecule are observed then it
may be possible to assign the electronic states involved.

Use of simple L.C.A.O0./I.0. 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
wifh 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 powerful tool for the determination of the quantum

mechanical structure of mnolecules.



CHAPTER II

Experimental Work

Introduction:

This Chapter is divided into two sections, A and
B. A review of previous work done on the 820 molecule
is given in Section A. The correct molecular formula of
820 was not established until 1959 and the establishment
of this formula is discussed in Section A. The
experimental work of the author on 820 is described 1in

Section B.

SECTION A: Previous Experimental Work

2.A.1. 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 product was shown to possess
a strong system of absorption bands in the region
2500 - 3400 K. This product is now known to be SQO.

Schenk (28) (29) showed by quantitative analysis

of the gaseous product collected in a liquid air trap

that the ratio of sulphur to oxygen atoms was unity.

41
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Schenk therefore assumed that the new oxide, which he had
prepared,was identical with the diatomic meclecule sulphur
monoxide, which gives an electronic band spectrum in
emission in the region 2400 - 4000 X when sulphur dioxide
is subJjected to a high voltage condensed electrical 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 (3%0)
and Martin (31). Cordes (32) in 19%7 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, 82.

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 8202.

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

mainly concerned with establishing the temperature
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dependence of the equilibrium

KN «Q
3202 < 20

over the range -60° C < +60° Q. Since the intensity
of the absorption bands c¢f 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 principaliy of 8202.

In 1950 Vallance Jones (34) examined the infrared
and ultraviolet spectra of Schenk's oxide of sulphur.
In the infrared spectrum bands were observed at 679 cmml
and 1165 cm;l. Vallance Jones (34) photographed the
ultraviolet absorption spectrum in the second order of a
21 ft. concave grating between 2500 K and %500 K and
made a partial vibrational analysis of the bands in the
3193 X to %3352 z 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
679 cm Y. This observation established that 679 em t
is a vibration frequency of the electronic ground state
of the molecule.

As mentioned breviously,Kondrat'eva and Kondrat'ev
(33) had studied the temperature dependence of the

(¢

absorption band intensities in the region of 3300 A.

From this temperature dependence data, Vallance Jones (34)
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tentatively assigned the crigin band of the intense
electronic absorption band system of Schenk's oxide of
sulphur as the band at %321 X.

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 is 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
sulphur with the intensity of the 1361 cm_l infrared
absorption band of sulphur dioxide. The average 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 - 40% of Schenk's new oxide

of sulphur.

2.A.3., The VWork 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 820 in the

spectral region 18,000 Mc/sec to 4%,000 Mc/sec. The

microwave spectra of the isotopic species 852S§d01b
854852016

and were analysed.
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The values obtained for the inertial constants
A, B and C of 820 are given in Table 2.1. The values of
these constants can readily be explained if disulphur
monoxide has a bent S5-5-0 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-0-8 structure which
would have a dipole moment along one inertial axis only.
Both 852 and Ol6 have zero nuclear spin. Therefore a
symmetrical 5-0-5 molecule with a twofold axis of
symmetry would have missing rotational levels in a bent
or linear cbnformation. 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 S5-5-0 with the S-8-0
angle of 118°.

‘Meschi and Myers (35) state that under the best
possible-experimental conditions, the method used by
Schenk for the preparation of SgO gives a product con-
,0 ard 50% of S0,. Since

P 2
Schenk (28) (29) and Kondrat'eva and Kondrat'ev (33)

taining approximately 50% of S

examined a mixture of these two gases, their quantitative
analytical results are not in conflict with the work of
Meschi and Myers (35).

Meschi and Myers (35) predicted that one quantum

of the bending vibrational motion, V o of SEO’ would
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have an energy of approximately %60 cm-l. Blukis and
Myers (36) observed an infrared absorption band at
388 cm_l and assigned this to the bending vibrational
mode V 2 of the ground electronic state of S2O.

In 1966 Nagarayan (37) calculated the mean
amplitudes of the vibrations of 820 by the method of
Cyvin (%8). These amplitudes of vibration are given in
Table 2.1. The mean amplitude of the bond angle bending
vibration Vs is anomalously large in comparison with
the same quantity for most other triatomic molecules.

Information on the structure of 520 known wprior
to the commencement of the present work is summarised in

. Table 2.1.
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Table 2.1.
Information on SEO Known Prior to

the Present Investigation

Chemical Formula

0 Ref. (35)

6]
V)

_Geometrical Structure in the greund electronic state

0
S ' the SO bond length = 1.46 A
RN o
S 0 the SS bond length = 1.88 A
the SSO angle = 118¢
Ref. (35)

Vibrational Frequencies of gzround electronic state.

V. o= 1165 em™1 Ref. (34)
V, = 388 cut Ref. (36)
Vy = 679 cn™? Ref. (34)

Inertial Constants of the ground electronic state
For 852852016

Agop = 1.39811 cn™t hoyo = 1.41692 cu b

Byoo = 0.16875 ca™t By, = 0.16877 cu T

Cppp = 0.15034 em™ Gy = 0.15013 cu
For §2%g320%0 Aooo = Copp = 1.24606 cmt
Booo = Cooo = 0-01741 cu™t

[

Here 000 indicates the zeroth vibrational energy
-level and 010 indicates the energy level corresponding to
the excitation of one cguantum of bending vibrational
motion ‘V2. ‘


http:quant.um
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Table 2.1 continued

Ray's Asymmetry Parameter
852832016

For

)Cooo -0.97049
Xo0 = 097057

Mean Square Amplitudes of vibrations in ground electronic

state
)
CTSO stretch = 0.0019272 A
O
Toq stretch = 0.0023619 A°
o .
. _ 2
TgaTgo C% bending = 0.0098465 A“ rads
Ref. (37)

Flectronic spectral systems observed

An absorption band spectrum was observed in the
o]
region 2500 - 3400 A. A tentative assignment of the
o
band at 5321 A as the origin band of this spectral system

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

2.B.1. Preparation of S2O.

An apparatus similar to that described by Vallance
Jones (34) was used to prepare 820 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 Jjacket 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
aprroximately 30 ma. When 520 was beingAgenerated 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
cocol 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 this way a high pressure of sulphur vapour was main-

tained in the discharge region of the generating tube.
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Fig. 2.1 Diagram of apparatus used
for preparation of S,0.

to pump_ﬂ

absorption cell

electrode k

|

Voitage of I5Kv. A.C.
applied between
‘the electrodes heating jacket

«—

electrode at 250°C

i :

gas inlet needle valve

molten sulphur\,/ \ﬁ

V4
%&heating mantle
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In the early part of the work sulphur dioxide was
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 S2O.

2.B.2. Properties of SEO'

Disulphur monoxide is a gas at room temperature.
It is metastable and has a mean life of several hours.
S2O undergoes rapid photodecomposition in which free
sulphur is produced. The particles of sulphur can be
seen as specks in the path of the light bean. 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
wavelength shorter than 5500 g is absorbed by a filter
before it enters the absorption cell, photodecomposition
still occurs. Three spectral systems of the S2O o

molecule were observed in the region 2000 - 7400 A.

Fach of the three systems had discrete band structure.

2.B.3. Absorption cells.
Four absorption cells were used in the present

experimental work. Two single pass cells of length
1 & g



10 cms and 1 m respectively were used to observe the
strong bands of the 5077 X absorption system. Two White
type multiple reflection cells of length 1.7 m and

6.0 m respectively were used to observe the weaker
bands of the 3077 X system, the bands of the 40C0 K
system and the bands of the 6000 K system. Fig. 2.2 is
~a diagram of the optical arrangement of a White Type
Multiple Reflection Cell. The maximum ﬁath 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 BOO‘m for 84 tréversals. 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 alignment, 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 range

107% - 1072 atmos. (approx.)

It is plausible to assume that, as in the work orf
Vallance Jones (34) and Meschi and Myers (35), the
maximum yield of S2O in the electrical discharge is
approximately 50%. Therefore the partial pressure of

820 in the absorption cell was varied over the range



Walls of the

. . Input Beam = i
multiple reflection pu ‘0 image
cell
image
-1 image
0 .2 49 images

IN ]

i

3 I . -1  images

Exit Beam = 4 image

Fig. 2.2  Schematic drawing of  optical adjustment of WHITE type multiple

reflection cell. For clarity the optical path is illustrated in three sections.

[8)]
(o]



54
-5 -3
5 x 10 - 5 x 10 7 atmos. (approx.)

2.B.4., Observation of the spectra.

The absorption spectrum of S2O in the region
o .
1900 - 3000 A was examined on a 1.5 m Littrow-mounted,

quartz prism spectrograph made by Hilger and Watts. The
o
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 -
3700 Z. The absorption bands of SEO in the spectral
range 3700 - 7400 i were observed in the first order of
a Bausch and Lomb Model 11 spectrograph.

The Bausch and Lomb lModel 11 spectrograph has a
dispersion of 15 X/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
are 7.5 X/mm and 70,000,réspectively.

The spectrum in the region 2800 - 3200 g was
observed on a Cary 14 spectrophotometer. The absorption
spectrum of 820 was examined in the region 7500 z -
25000 ﬁ on the same Cary 14 spectrophotometer. This
spectrophotometer is constructéd such that only 10 cm

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

The absorption bands of S2O in the region 2600 -
5500 X were photographed under high resolution in the
first order of a 6 m Ebert spectrograph of the type
described by King (40). The dispersion in this region
and the resolving power were approximately C.7 Z/mm and
lS0,000,respectively. The absorption bands between
3190 X and %380 K were photographed in the second order
of the same 6 m Ebert spectrograph. In the second
order-the dispersion and resolving powér were 0.5 K/mm
and 300,000 (approx.),respectively.

All‘of the work described above was carried out
at McMaster University.

In addition the absorption band at %193 g 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.*

2.8.6. Zeeman Effect.

In the National Research Council Laboratories,
o

an experiment to determine whether the 3193 A absorption

E

The author wishes to express his thanks to
Dr. A. E. Douglas, of the Division of Pure Physics, for
the use of this instrument Sept./Oct. 1966, and for
helpful discussions on the 3077 A spectral system of S,0.
- He wishes to thank also Mr. F. Alberti for experimenta%
assistance and advice.
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band exhibited a Zeeman Effect*, was also carried out.
A 1 m absorption cell, through 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 gsuss
~ was generated inside the solenoid. The flux lines of
this magnetic field were parallel to the gas absorption
cell. i
o

The 319% A absorption band was photcgraphed in
the 18th order of the 10.5 m Ebert type spectrograth,
when the 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
the region 1900 - 4200 g Kodak Spectrum Analysis #1,

325 mm film and 2 x 10 in, photographic plates were used
with Kodak D19 as dsveloper. The effective A.S.A. speed
of the Spectrum Analysis #1 film is 40 (41). 1In the

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

* .

Dr. A. E. Douglas kindly permitted the author to
use the large steady field solenoid at the N.Rk.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
(41). In the region 6000 X'— 2400 Z Kodak I N 35 mm
film, with Kodak D19 as developer, was used. This is
"fast" infrared film and has an effective A.S.A. speed

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

were used with Kodak D19 as developer.

2.B.8. Light sources.

The molecular spectra were photographed in
absorpticn.- A 450 watt, 23 amp, high pressure xenon
arc lamp, supplied by Osram, was used as the source
of the continuum of radiation in the region 1900 -
7400 K. Xenon emission bands occur around 4200 j and
7200 X. 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 lémp 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. The 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 maintained at 20 ma. The atomic spectral
lines of iron and neon obtained by using an iron hollow
cathode tube of this type are very sharp and do nct
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 -

7400 X 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.

o
(a) 1900 - 2400 A.

In this region there is an absorption 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 transition.
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It is not discussed further in this thesis.

o
(b) 2300 - 3500 A.

In this region of the spectrum there is a very
intensé absorption band system, with discrete band
structure. A photograph of this spectrum is given in
Fig. 4.1. It will be designated as the B « X spectral
* system. Some of the bands show a discrete rotational
structure 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

> to

Appendix IV, An estimated pressure path length of 10~
1072 1 atmos. (approx.) of 850 was used to observe the
E X spectral system.

(¢]
(¢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 L ¢ iASystem. It is probable that other absorption
bands of this system lie in the region 3500 - 4000 K.
It was not possible to obtain photographs of the spectra
in this wavelength region. (This is discussed later in
this chapter under 2.B.12. "Experimental Difficulties".)

o

The bands in the region 4000 - 4300 A are assigned to

~ 4%
the D «— X transition. A photograph of part of the
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system is given in Chapter 4.

The intensity of the 5 «— X spectral system is
approximately 102 weaker than the %{e—fi spectral
system. An estimated preséure path length of 820 of

2 . ~ ~
m-atmos. is used to observe the D & X

1072 to 10~
spectral system. A list of vibrational band wavenumbers
is given in Appendix V.

o
(d) 4400 - 6700 A

In this region there is a discrete absorption
band spectrum. Fach vibrational band has discrete
rotational structure. The band system is designated the
E’é—‘X system. A photograph of the spectrum is given in
Chapter 4 of this thesis. Absorption bands in the region
6400 - 6700 X 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 wduld be required. to photograph bands on the 6 m
Ebert spectrograph in the region 6400 - 6700 X. The
pressure path length used to observe thisIE 6—’§ spectral
system is in the range lO"5 - 10 m atmos. A list of band
head wavenumpers for the vibrational bands of the C «— X
system is given in Appendix VI.

~ ~ ~S
The D « X and C 4 X spectral systems have not

v

~
been observed previously. The analyses of the E & X,
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~s ~S nS ~v
the D & X and C & X spectral systems are given in

Chapter 4 of this thesis.

2.B.10. Identification of bearer of the spectra.

The E « X spectrai system in the region 2300 -
3500 X is known from the work of Schenk (28) and Vallance
Jones (%4). The absorption spectrum of 802 occurring in
" the region 2400 - 3200 E is also well known. The
oscillator strength of the T« X spectral syste@ is
approximately ten times greater than the oscillator
strength of the 2400 - 3200 K absorption system of 802.
Therefore, under favourable experimental conditions,
when the yield of 820 is at a maxinum, no trace of the
absorption bands of 802 is seen on the photographic
films of the E ¢ % spectral system of SEO°

The D e—‘§ and 6 4—'i spectral systems do not
lie in the absorption regions of S02. The large © m
muitiple refiection cell was filled with 802 to a
pressure of % atmos. No absorption bands of 802 were
observed in the region 4500 X — 7400 X even when the
pressure path length of 802 was 200 m atmos.

The bands of the well known singlet triplet

0

spectral system of SO, in the region 3600 - 4100 A did

2
~/ ~)
not coincide with any of the bands of the D &« X

absorption system of SEO' Therefore,none of the bands

~ ~ ~

attributed to the E <—'§§ D < X and € « X spectral

systems of 820 are absorption ovands of 802.
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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 5-0-8., §5-0-5 and S-5-0 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 S5-0-85.
No additional spectral systems were seen in the region

(¢}
2000 - 4000 A.

~/

If the ¢ « X and D « X spectral systems zre
due to a different absorbing molecule from that which

~/ ~

produces the E ¢ X system,then the intensities of the
~ ~ ~ ~ ~ ~
C < X and D <~ X systems,relative to the E < X systen,
should vary as experimental conditions in the discharge
tube are varied. In fact,no change in reletive intensi-
ties is observed when the experimental conditions are
varied. By use of this argument, it is obvious that the
~ ~ ~ ~ ~
C ¢ X and D <« X spectral systems are not due to
sulphides, nitrogen, carbon, aluminum or silicon. If

. ~ ~n/ ~ ns s
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.

~ns nJ
Accordingly,all evidence indicates that the E ¢« X,

~/ ~n ~/ la'd .
D & X and C « X absorption systems are due to electronic

transiticns in the 820 molecule.



2.B.11, Calculation of band head energies.

The positions 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 midroscope,which has a
precision of 0.001 mm. The wavelengths 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
wavelength,was added to band head wavelengths, as
measured in air. This is equal to the wavelength which
would be measured in vacuo. VvV = 1/’)a,vaC where,

vac is measured in cms, was then calculated. This
calculational process was performed on a computer.

Microdensitometer traces of all absorption bands
were made on a Joyce-Loebl MK III C microdensitometer.

‘Measurements of the wavelengths of diffuse band
heads were taken from microdensitometer tracings and
converted to vacuum cm-l by the process outlined above.

For sharp band heads,the estimated uncertainty

in band head energies is g} cm_l. For very diffuse bands

this uncertainty is ¥10 e L.

2.B.12. . 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 ModellMK III C. 7This instrument
measures the optical density of the photographic image.
The optical density measured in this way 1s approximately
proportional to the log of the transmission coefficient
of the S2O gas for the various wavelengths examined.
Thus the intensity figures quoted in this work are pro-
portional to the log of the intensity of the absorntion
bands. For convenience the Og band of the E « i system
was arbitrarily assigned an intensity figure of 100
and "all other intensity figures were scaled proportionately.
For the D e-'§ spectral system it was difficult
to obtaln accurate intensity measurements. Since the
film of solid sulphur absorbs light and the absorption

coefficient for this process increases rapidly with

o

decreasing wavelength in the region of #4#C00 A, the light
' o

intensity over the spectral region examined - 4000 A -

o
4300 A was not uniform. The relative intensities of

absorption bands for‘thelﬁ'—-li spectral system were
therefore estimated from photographic enlargements of
the sbectrum. 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
5 « % spectral system are only useful as order of
magnitude figures.

~ ~s
In the C ¢« X spectral system a very wide range
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o}
of intensities was observed. In the region 4400 - 5500 A,

intensity measurements Wefe obtained for intense absorp-
tion bands from microdensitometer traces as was done for
the T « X spectral system.- The intensities of bands in
the region 6000 z - 6700 z could not be measured from
microdensitometer traces since the wavelength response of
the photographic matefials used in this region of the
spectrum 1is non-uniform. In this region of the spectrun,
intensity figures of absorption bands were estimated
from photographic enlargements of the spectrum. This
procedure was also used to obtain intensity figures for
the very weak bands in the region 4400 - 6000 K. Since
the origin band of the T « % spectral system has not
been assigned,the absorption band with maximum intensity
was arbitrarily assigned an intensity figure of 100 aad
all other intensity estimates were‘scaled proportionately.
‘A 1list of vibrational band head energies in
Cm"l and intensity measurements for these bands are given

~s ~
in Appendices IV, V and VI for the E « X, D & X and

¢ « X spectral systems,respectively.
2.B.12. Experimental difficulties.

The task c¢f photographing the electronic spectra
of S2O was a very laborious operation. Considerable
care had to be exercised in the generation of the 820.

The rate of inflow of sulphur dioxide, or air, into the
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discharge tube was carefully controlled. If the rate of
inflow was too high, the discharge between the electrodes
ceased and instead a‘discharge took place hetween the
electrodes and the heating Jjacket outside the discharge
tube. When a discharge took place through the walls of
the discharge tube, these 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,
waé approximateiy five ﬂours. 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 tco low,sulphur dioxide,rather than
disulphur monoxide,is‘produced. it 1s also necessary to
reduce the rate of inflow of gas with time, because the
cool pafts of the system were rapidly clogged with solid
sulphur. This clogging reduced the effectiveness of the
pumping system. As a protecfive 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@e

—e

bore tubing of 1.5 mm diameter was used throughout the

apparatus.
The rapid photodecomposition of SZO inside the

absorotion cells also caused great experimental



67

difficulties. The windows of absorption cells and the
multiple reflection miriors of the 6 m cell were rapidly
coated with a film of sulphur, which strongly absorbs
light of all wavelengths less than 3900 2. The
absorption by a film of sulphur is particularly intense
in the region 3500 - 3900 X. Hence,it was not possible
to photograph the absorption bands of 820 in this
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 S2O could
again be generated.

As éan be seen from the abbve, the task of
photographing the electronic spectra of SEO was a very
tedious operation. The absorption bands of the 5 « i
and C ~ X systems could ve observed 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.

The results of the experimental work are

summarised in Fig. 2.3 and Table 2.2.
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Table 2.2

Spectral Observations

o
1900 - 2300 A. Hilger Vatts 1.5 m Littrow Mounted quartz

spectrograph used. Continuous avsorption. Not assigned.

o]
23200 - 3500 A, 1.5 m Bausch and Lonmb lModel 11 spectro-

graph; 6 m Ebert spectrograph; 10.5 m spectrograph used.
Intense absorption with discrete band stfucture. Some of

: ~ ~
the bands have rotational structure. Assigned E « X systen.

o
5500 - 4000 A. No observations possible.

0
4000 = 4300 A. 1.5 m Bausch and Lomb Model 11 spectrograph

and 6 m Ebert spectrograph used. Weak absorption bands

lasd

observed. Assigned as D ¢« X system.

, o
4400 - 6700 A. 1.5 m Bausch and Lomb Model 11 spectrograph

and 6 m Ebert spectrograph used. Extremely weak absorp-

~o

lavd
tion bands observed. Assigned as C « X system.

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

path length available very low. No absorption systems

observed.



Chapter JTII

Theoretical Considerations

Introduction.

In this chapter the energy states which the 820
molecule 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 O5 and 802 molecules have the sane
number of valence electrons - eighteen - as 820. In the
discussion in this chapter the series of molecules 05,
802 and SQO will be called an isoelectronic series.

The chapter is divided into four sections. In
Section A the possible electronic states of 820 are con-
sidered using simple L.C.A.0./M.O. theory. The Renner
Effect is discussed in Section B. 1In 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 fourth chapter of this thesis an analysis
of the spectra of SQO is presented. The purpose of this
third chapter is o provide a discussion of the‘spectra
which could possibly be observed for the 520 molecule.
The contient of this chapter compliments that of Chapter

Four.
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SECTION A: Pogsible Electronic States of 820

5.A.1. General.

In the gqualitative description of electronic
states of triatomic molecules 1t is ﬁecessary to consider
the molecule in both the linear and bent conformations.
By the adiabatic principle the electronic states of the
two conformations can be correlated. In the linear con-
formation both O5 and SO2 belong to thé point group D“’h’
while the SEO molecule in the linear conformation belongs
to the point group C“’v' In the bent conformation O,

5

and SO? belong to the point group C?V and 820 belongs to

the point group CS.

2.A.2. Molecular Orbitals for the linear conforration of
820.
The electronic states of the liresar conformation

of S2O will be considered first. The electron cenfigura-

tions for sulphur and oxygen atoms are

Sulphur KL 552 5p4

Oxygen K 252 2p4

As an approximation it will be assumed, that since the
sulphur and oxygen atoms have the same number of valence
electrons, and that in each molecule (of 05, SO? and 820)

each atom (sulphur and oxygen) contributes six valence
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electrons to molecule formation, the molecular orbitals of
820 will be similar to those of O5 and SO2.

O5 and 802 are classified as ABB'type molecules.
Molecular orbitals in AB2 type molecules have been con-
sidered by Walsh (42). Since S2O in the linesar conforma-
tion belongs to the point group C“’v’ the indices g
and u , as used by Walsh (42) in describing AB, type
linear molecules, are omitted in this discussion.

Hayes and Pfeiffer (43)* have recently carried out
L.C.A.0./S5.C.¥./M.0. calculations for the Oy and S0,
molecules. HBimilar calculations for the 05 molecule were
carried out by Peyerimhoff and Buenker (44).

The approximate energy ordering of the molecular
orbitals of the O5 and 802 molecules in the linear confor-
mation is given in Fig. 3%3.1.** The symmetry classification
of each molecular orbital is shown in terms of the (g

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.

* %
The content and format of PFig. %.1 has been
taken from the work of Hayes and Pfeiffer (43%).
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the same for the O5 and 802 molecules, when these molecules
are in the linesr conformation. It is plausible to
assume.that the qualitative energy ordering of the molec-
ular orbitalswill be the same also for the SgO molecule
when it is 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 820 molecule
all of the orbitals between 1o and 21 are completely

filled with electrons. There are two electrons in the

'3 W orbital.

3.A.%, Ground Electronic States in the Linear Conformation

of 820.

In deriving the electronic states of SBO’ only
these two 3 T electrons need be considered. Since the
two electrons are in the same orbital, by the Pauli
Exclusion Principle, the product wave function of the
two electrons must be antisymmetric with respect to
exchange in both Cartesian and spin space. Therefore
the symmetries of the electronic states formed by the
(5??)2 configuration are readily determined by taking the
double antisymmetric product of the irreducible represen-
tations according to which both the space and spin wave

functions transform,
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i.e.,

XA, Ey) Eqn. 3.1
¥Yor the Cartesian space part T®T7T yields
AN symmetric product
ED— antisymmetric product.
For the spin space part the product E% ® E}é yields
IE:-, T symmetric product
§2.+ antisymmetric product

Therefore the total antisymmetric wave functions have the

symmetries
(2" and A) @ (=D
(X7) @ (X7 and TT)

. . . +
In spin space, singlet wave functions transform as >
and triplet wave functions transform as (2 g T[] ).

Therefore only the electronic states

can arise from the configuration (53?)2. Of these three
z _ .

states the 7 E: state is expected to lie lowest in

energy, according to Hund's rule. In general, in iso-

N . . . 1 .
electronic diatcomic molecules the Z& state lies lower
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. 1 + R

in energy thgn the E: state arising from the same elec-

tron configuration. It is reasonable to assume that the
N 1 + 1 .

same energy ordering of E: and states also occurs

in linear triatomic molecules.

5.A.4, Excited Llectronic States in the Liﬁear Conformation.
Calculations by Hayes and Pfeiffer (43%) énd by

G. W. Robinson (45) on O5 have shown that the next highest

set of molecular electronic energy levels are obtained by

the single electron pronmotion

BN RN CE - L SN ¢ I CE O

In this configuration there are three equivalent
electrons in both the 27 and %7 molecular orbitals.
Therefore,the symmetries of the resultant electronic
states are obtained by taking the simple direct product

of the representations
(Triple antisymmetric product of 1T, E%)
(Triple antisymmetric product of T, E%)
For each triple antisymmetric product
P M, By

the total antisymmetric product 1is TIQ)E%. Therefore,

the symmetries. of the electronic states which can arise
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from the configuration
e 2707 (37
are contained in

’rr®E1/2 ® 'rr®E1/2

and are
5A , lZ_\_’ 52+’ lz+, Z—’ lz—

It is plausible to assume that the lower excited electronic

W

states of the linear conformation of SQO are similar to
those of O5 and SO2 when these molecules are also in the

linear conformation.

3.A.5. lNolecular Orbitals for the BRent Conformation of

SgO.

A qualitative correlation of single electron
molecular orbital erergies in a triatomic molecule of the
type AB2’ between bent and linear conformations has been
- given by Walsh (42). A figure showing these correlations
is usually called a Walsh Diagram. The recent
L.C.A.0./85.C.T./M.0. calculations of Hayes and Pfeiffer

(43%) have given VWalsh Diagrams for 0, and 80, when the

5
bond angle BAB is varied from 40° to 180° of Fig. %5.2.
In the bent conformation of a molecule there may

be ambigulty in labelling the orbitals with a number n,
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Fig. 3.2
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which indicates energy ordering. This ambiguity in
Jabelling orbitals is due to the fact that on the Walsh
Diagram the graphs of orbital energy versus bond angle,
for different orbitals, may cross at angles different from
180°. To svoid the ambiguity, in Fig. 3.2, the angle
120°° was chosen as a reference voint and the orbitals

were labelled in order of increasing energy at a bond

angle of 120°.

3.A.6. Ilectronic States in the Bent Conformation of S2O.
As for the linear conformation, molecular orbi-
tals are filled with electrons in accordance with the
Aufbau Prinzip. In the bent conforrmation the molecule
helongs to the CS point group and the molecular orbital
electronic wave functions are all non-degenerate since
the CS group is an Abelian Group. The spin wave functions
are doubly degenerate - Kramers Doublets.
‘The ground electronic state arises from the

configuration
ceee (8a7)7 (7a)? (3am)0

when the BAB bond angle is approximately 120°.* The

resultant electronic state is obtained by taking the

*
The S$-5-0 angle is 118° in the ground electronic
state - Meschi and lyers (%5).



80
double antisymmetric product.

P CUNE

2

a'® a' yields A', which is symmetric and
E% ® E% yields A', A", A" asg the symmetric product
and A' as the antisymmetric product.
In spin space,singlet wave functions transform as A' and
triplet wave functions transform as A'@ A" & A" in the
Cs point group. Therefore the ground electronic state of
SQO is expected to be a lA' state.

This 1A' state of the configuration
oo (8272 (727)°

~ - oh e 1\
of the bent conformation correlates with the state

arising from the configuration
4 —\2
cees (277 (370)

of the linear conformation, cf. Fig. 3.3%.
In the vent conformation,the first electron

promotion is

v (7207 3aM° S oL (a)t (zam)t

Using the product of representations techniqgue, as out-
lined above the configuration

o (622 (7an)t (3am)}
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yields BA" and 1A" states.
The 5A" state of the Qohfiguration e (7a')l (53”)l
correlates with the 2.7 state of the .... (2’TT)4 (55?)2
configuration. The lA" state of the configuration

(78')1 (5a”)1 correlates with the upper half of the
lZ& state of the configuration .... (27ﬂ4 (57?)2.

When the two electron pronotion

(6202 (a2 (3am% 5 ... (62 (720 (3am)°

occurs,giving the configuration
. (6a)° (7a0)° (52",

only an lA' stale 1s possible. This lA' state correlates
with the 1 §:+ electronic state of the configuration
. 4 —\2
cee (2m)T (BAT)°.

WWhen the electron promotions
-~ " 2 ] 2 rn ] 2 1 2 1 1] 2 - |3 l
cev. (22")7 (6a')° (72')° 5 u... (2aM)° (6a")Y (7a)® (3a")

and

2

(2a")° (6a')° (7a')° o «v.. (2amT (6a')° (7a') (3am)t

occur,the resultant electron configurations give

l’BA“ l’aA' states. These states correlate with the

and
5 A\ ana 1 /\ states of the .... (2’“)5 (3 ar )5 configura-

tion of the linear conformsution.
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Only those states mentioned above are of interest
to the subject matter of this thesis. The 122 7
and 1’5123— states of 820 which arise from the configura-
tion ... (21r)5 (B’W)B in the linear conformation
correlate with l’BA’ and 1’5A" states in the bent con-

formation of the molecule.

5.A.7. Excited Electronic States of 802.
Absorption spectral systems for the 802 molecule
o) .0
are observed at 2900 A and 3800 A and are assigned as

. . ~ ~ - ~ i .
the transitions- A « X and a « X respectively, cf.

Herzberg (2). The A efi system is assigned as a singlet
singlet transition and the 3 «X is assigned as the
corresponding,singlét triplet transition. The Ee—fg
system shows a Zeeman Effect.

The bond angle 0-5-0 for the A state has not
been determined. Merer (46) has carried out a rotational
analysis of some of the bands of the & «-i spectral
system and has concluded that the bond angle in the
triplet a state is 126°.

The electronic configuration which gives the
A and a states has not been completely determined, cf.
Mulliken (47). Merer (46) assigned the electron con-

figurations as

singlet AlBl
triplet aﬁBl

(5v,)° (wapdt (207
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FEquations of the molecules may be solved by using the

Born-Oppenheimer Approximation. The factorisation

qytot = qrél rqfvib ,wfrot Eqn. 3.2

also Eqn. 1.5(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

Nf ; quib or ’qyrot *

el
In a linear triatomic molecule the wave functions
of the TT, ZX, % etc. electronic states are doubly
degenerate; the wave functions of the bending vibrational
mod e vV, are doubly degenerate; cf. Fig. 1.2, and the
rotational wave functions are doubly degenerate with
respect to the quantum number K, cf. 1.C.7. These
degeneracles are removed 1f the interaction of electronic
and nuclear motions is taken into account. These inter-
actions are treated as perturbations to the Hamiltonian
of ﬂhe molecule in the linear conformation. The inter-
action of
(i) electronic and vibrational motions gives rise to
Renner Coupling,
(ii) electronic and rotational motions gives rise to
K~type Doubling,
(iii) vibrational and rotational motions gives rise to

1-type DOubling.
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3.B.2. Weak Renner Effect.

It was noted by Renner (48) that the absorption
bands of the 002 molecule, in the region 1010 K - 1070 X,
had a complex vibrational structure. This complexity was
attributed, by Renner, to the coupling between the elec-
tronic angular momentum of a TT electronic state and the
vibrational angular momentum of the doubly degenerate
bending vibration. This type of coupling is now called
the Renner Effect (48)(49)(2).

In a theoretical treatment of the Renner Effect,
it is assumed that Ghe coupling causes a separation of
the potential energy curve of the doubly degenerate elec-
tronic state, along the normal coordinate of bending Ty s
into two separate potential energy curves U+(rb) and
U (r

b)' Renner (48) treated only the case where the

minimum of U+(rb) and of U-(rb) coincided at ry o= 0.

5.B.%5. "The static Renner Effect.

The situation treated by Renner is called the
dynanic Renner Effect since it can be observed only by
excitation of the bending vibrational motion 1/2. The
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 minimun
at Ty Z 0 and U+(rb) a minimum at Ty = 0, or both

U—(rb) and U+(rb) may have minima at Ty Z 0. These
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three situations are illustrated in Fig. 52.5. For clarity
in this discussion, they will be called Renner LEffect

Case (a), Renner Effect Case (o) and Renrer Effect Case (c),
respectively.

In the Renner Effect Case (b) and Case (c¢), an
energy minimum is achieved by angular distortion of the
molecule out of the linear conformation. The U+(rb) and
U_(rb) may be considered as belonging fo separate non-

degenerate electronic states. However, when the vibra-

1" t

tional energy levels of these "separate" electronic
states are being considered it is necessary to take into
account the fact that thej correlate with a single doubly
degenerate electronic state of the linear conformation of
the molecule. The vibrational energy levels in the
"separate" electronic states strongly perturb one another.
Renner Effect Case (b) and Rerner Effect Case (c)
are called the static Renner Effect. The distortion
from the linear conformation is permanent and hence the
separation of the U”(rb) and U+(rb) at # O curves.is
permanent and does not depend on the excitation of bending
vibrational motion as for Renner Effect Case (a).
A theoretical treatment of Renner Effect Case (a)
was given by Renner (48); Case (b) was considered in a
sermi-empirical way by Povle and Longuet-Higgins (50) and
Case (c¢) was considered by Dixon (51)(52)(53)(54), cf.

Appendix II.
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fact can be illustrated quite simply. If, in a triatomic

molecule which belongs to the point group CoaV having

-+

1 5

electron configuration, a bending vibration 1J2 is excited,

and. lZl states arising from the same ...(77)2

thén, when the L §:+ and l[& "states are distorted by the
vibration, the ! §;+'state goes to a lA' state and the
1[& state goes to a lA' and lA" state momentarily. The
lA' component of the lZ& state and the lA' state of the
1 Zj+ state repel each other. This may, equivalently,

be described by saying that there is Renner Coupling in
the 1 Z& state. 1In this case, the coupling takes place
via a close-lying electronic state of appropriate
symmetrj. If the I'E:*-auﬁ.]‘lx states lie close together
in energy the magnitude of the Renner Coupling is
particularly large.

The electronic spectral system of NH,, which was

8,
examined by Dressler and Ramsay (57), was initially
assigned as a bent to linear transition in absorption.

For this spectral system of NH the lower bent electronic

2,
state aBl and the upper linear (quasilinear) electronic
state aﬂ‘ both correlate with a single 2]T u electronic

state of the linear conformation. In the linear conforma-

2 - . c X
tion a M‘E:u state lies close to the a]Tu state previously
menticned. Theoretical treatments of the 881 and aAl

)

states of NH, have been given by Pople and Longuet-Higgins
[ 8

(50) and by Dixon (52) (cf. also Appendix 1I, 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, 2 - . . 2 . 2 2

of the “B, ( 2211) state with the “A; and "By (or ]Tu)

state although, as pointed out by Renner, such interactions

should lead to strong Renner coupling.

SECTION C: Quasilinearity

5.C.1. Potential Humps.

Quasilinearity was first treated theoretically by
Thorson and Nakagawa (958) in an explanation of the infra-
red spectrum of disiloxane (SiHB)gO . Disiloxane can be
considered as being an AB2 type molecule and the
theoretical treatment of Thorson and Nakagawa (58) dealt
only with A82 type triétomic molecules. The mathematical
arguments presented by these authors are outlined in
Appendix IIT.

Dixon (51) and Johns (59) have discussed quasi-
linearity in triatomic molecules. The mathématical
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".
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tional energy levels, the molecule is stable in the bent
conformation, while in the higher vibrational energy
"levels of the same electronic state it is stable in the
lineer conformation.

The analytic expression for the hump devised by

Thorson and Nakagawa (58) is
K/(c2 + rg),

whereyiﬂf/c‘2 is the hump helight relative to the potential
minimum for the bent molecule,

and r 1s the distance ovetween the central atom and the
line Jjoining the two extremal atous of the triatomic
molecule. This is a Lorentzian hump. Dixon (51) used a

Gaussian potential hump*
2
& exp (~/3r )

as a perturbation to the two-dimensional oscillator. The
height of this Gaussian potential humpAis m,and/g indicates
the width of the hump.

Johns (59) has used both Gaussian and Lorentzian

potential humps in his calculations on the gquasilinear
1

~1

s ~s
A TA" state of A TA" & X 1 > " spectral system of HCN

*

A Gaussian barrier had previously been used by
Chan and Stellman (60) to express the bvarrier to inversion
in amnnmonia.
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analysed by Herzberg and Innes (61). Both Johns (59) and
Dixon (51) have considered only the bending vibrational
motion V5 in a quasilinear electronic state and have

shown that the properties outlined in 3.C.2. are character-

istic of such a state.

5.C.2., Anharmonicity changes in a cuasilinear state.

Let

where Ev. is the energy of the ith quéntum of the bending

i
vibrational notion.
A graph of ASGV. versus Ev. for a quasilinear electronic

i
state is shown in Fig. 3.6. The value of[& Gv. decreases, .
i

passes through a minimum and then increases again. Thus
the vibrational energy level pattern shows negative anhar-
monicity for smalil v, but as vy increases the anharmonicity
becones zero and then assumes a positive value. This
behaviour is very charaqteristic of the bending vibrational
motion in a.quasilinear triatomic molecule.

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

erc 11 f X ] - K where the
energy difference %Ve - 0 h&g K 0¥

. . - - ‘s th
anharmonicity changes from negative to positive at the k
vibrational energy level, is approximately equal to the '

hump height. Jdhns (59) has shown that, in a quasilinear

state, there is a systematic increase in the inertial
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constant A and in the rotational distortion constant DK

with increase in vibrational quantum number v This is

2.
shown in Fig. %.6 (b) and Tig. %.6 (c). A correlation of
the vibrational and rotational energy levelg of a triatomic

molecule in the linear and bent conformations is given in

Fig. 3.7.

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

Motiors in a Quasilinear State.

Freed and Lombardi (62) have given a very general
treatment of the interactions of bending and stretching
vibrational motidns in a triatowmic molecule which has a
large classical amplitude of bending vibration in the bent
conformation. The results obtained by these authors are
not directly applicable to the discussion in Chapter 4.
Thorson and Nakagawa (58) have given a semicualitative
treatment of the interaction of bending and stretching
vibrational nmotions in an A82 quasilinesr triatomic molecule.
The mathematical details of the calculation of Thorson-and
Nakagawa are given in Appendix IITI.

If the stretching vibrational motion is described
by a simple harmonic oscillator equation, the energy

eigenvalues are

E

(N + ®hw Egqn. 3.2

S ) S

vhere N_ 1s the number of quanta of stretching vibration
O

excited
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and ﬁzus is the energy cf one guantunm of symmetric stretching
vibration. |

If the molecule has a large classical amplitude of bending
vibration, the instantaneous moments of inertia of the
molecule change appreciably during the bending motion.

This change produces a strong coupling between bending and
stretching vibrational motions and leads to energy shifts

in Iguation 3%.2. These energy shifts are calculated in

Appendix III.
. e PR 2 o
E = %(aAS + ZM/m)(NS + %)h(os <:a.>11,£ Lgn. 3.3

for an A82 type nmolecule

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
f=l

coupling between the bending and symmetrical

stretching vibrational notions,

1

% (M - BAB),

n is the mode of the bending vioration excited,

£ is the order of the Asséciated Laguerre Polynomial,
which is contained in the wave function for the
bending vibrational motion of the molecule.

Thorson and Nakagawa (58) have discussed qualitatively the

values of <(uf> n. b which would be observed for a typical
3
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quasilinear triatomic molecule. The quantities <> o, L
and cx? n,ﬂ,(nzl’ 2, 3 etc.) may differ greatly in
numerical value. In general the numerical differences

<a?> n, L <Qf; n+l,£ are very much smaller than

<U?> O,X,— <d?> l,ﬂ . The difference

<CX?> o,f,_ <d€> l,z means that a vibrational level,
corresponding to the excitation of stretching vibrational
motion in the molecule is "apparently split" into two or
more éomponent levels having the sane but different n
yalues.

This behaviour is characteristic of quasilinear

electfonic states. The aﬁparent splitting of the 5? and
Bg bands of the f;é—ﬁ’system of 820 are attributed to this

effect.

SECTION D:  Vibrational Transitions and

the Franck-Condon Principle

3.D.1. The iIranck-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
thap the period of time téken for the nuclel of the
molecule to perform one complete cycle of vibration.

This classical idea was first introduced by Franck (6)

in an explanation of photochiemical 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 Jjust before and Jjust after elec-
tronic excitation, even though the equilibrium geometri-
cal configuration of the nuclei may be different in the
initial and excited electronic states.

Condon (64) expressed the postulate of TFranck (63)
in quantum mechanical terms and by use of the postulate
he was able to glve expressions for the relative inten-
sities of the vibrational bands in the electronic spectra
of several simple diatomic molecules. The Franck-Condon
Principle may be illustrated in a graphical manner as in
Fig. 3.8. In Fig. %.8. U'(r) and U"(r) are cross-sections
along the normal coordinate r of the potential surfaces
of the electronic states k' and E". Using Fig. 3.8. the
relative intensities of the vibrational bands involving
the normal coordinate r in the transition E' <« " nmay be
predicted.

The most probable electronic transition is
represented by a vertical straight line originating at
the point A on the U"(R) curve and terminating at point B

on the U'(R) curve.

Ry = Ry

In the semiclassical treatment of the Franck-Condon

Principle the point A is at the point of intersection of
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the potential curve and the horizontal line denoting the
vibrational energy level. In the quantum mechanical
treatment, the point A is at the most probaole value of
r for a quantised oscillator.

The vibrational wave functions of a molecule are
those bf a quantised oscillator - the product of a
Hermite Polynomial and an exponential function. The

2

square of the wave function ’w;ib -, gives the
probability that the quantised normal vibration of the
molecule, 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)
showed thal the intensity of a transition between two
vibrational energy levels is proportional to the square

of the overlap integral of the vibrational wave functions
. 2
<V [ Y >
v v

This overlap integral was previously discussed on page %2
of Chapter 1.

Fig. 3.9 shows how the Franck-Condon Principle
applies to the vibrational band intensities associated
with an electronic transition betﬁeen a bent ground elec-
tronic 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

spectra of 820.
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The potential curves in Fig. 3.9 are cross-sections
through cylindrically symmetric potential suffaces*. In
a triatomic XYZ molecule the potential surface along the
normal coordinate which describes the bending vibrational
motion is cylindrically symmetric about the energy = U
axis. The cylindrical symmetry is due to the fact that, in
the linear conformation the bending viovration 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.
For these cylindrically symmetric potential surfaces the
bending vibrational motion and the rotational motion are
coupled and the wave functious of the energy levels, in
the potential wells, are described by Associated Laguerre

Polynomials. (cf. Appendix III, Eguation A.IITI.5.)

3.D.2. Nonenclature, Progressions-and Sequences.

The band due to the transition between the zeroth
vibrational energy level of the ground state and the
zeroth vibrational energy level of the excited state is
called the origin band of the electronic spectral system.
The origin band is designated Og. A»vibfational band

. . C .o, ' s
is designated AR if it is due to the Utransition

cf. Fig. A.I1T.2.
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Cvy € Bvg .

v, indicates the vibrational energy level due to the

A

excitation of v, quanta of the normal vibraticn Vv

-y A.
BC DEB etc. The

A

Intercombination bands are indicated A

sett of bands

C+2 ,C+1 C
ceeay AB Ag AB o etc.

form a progression.

The set of bands

C C C

ceesy A B’ AB+1"AB+2, cenn

form a progression which is technically called a "hot band"
progression. A hot band progression arises from excited
vibrational levels in the ground electronic state and the
relative intensities of members of this progression may

be altered by change in temperature of the molecular sample.

The set of bands

C+2 C+1 C

..'l, AB+2’ IXB_’_J.’ 1‘ s & s @

e
B’
form a sequence of bands.

5.D.%., Changes in Geometry.

Experimental observations on the vibrational
structure of many vihronic transitions in molecules,
indicate that, if there is a large change in the normal
coordinate r, as dbetween the ground and excited electronic

states, then the vibrational band spectrum observed, due to
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a transition petween these levels, will consist of long
intense progressions in the normal vibration associated
with the normal coordinate r.

Dressler and Ramsay (57) have used a simple formula
to estimate the difference in bond angle, A ® , between
the ground 2Bl electronic state and the low lying
2Al(%TTu) electronic state of the NH2 molecule,

E = kg (A O

. : . : 0
where E is the energy difference between the OO band and
. . . ~ D .
the most intense absorption band in the 80 vrogression of
2 2 . .
the A] <~ °B1 spectral system and where kg 1is the force

constant for the bending vibrational motion 1/2 of the

LBl state.

45.D.4, The Deslandres Table.

A Deslandres Table is a rectangular tabular array
of the wavenumbers of the vibrational bands of an elec-
tronic spectral system. In each horizontal row of the
table, the wavenumbers of a v' progression, of the norral
vibration L/j are arranged in order; while in each vertica
column the waveﬁumbers of a v" progression in the sane
normal vibration are arranged in order. This arrangement

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

*

The horizontal and vertical arrangements are the
reverse of those given in Herzberg Vol. 1. The arrangement
above is more convenient for absorption spectroscopy.
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diagonal column of the tabular array contains the set of
bands forming a sequence. For polyatomic molecules a

super Deslandres Table may be formed, (cf. Herzberg Vol. TII
Ref. (2)) and each element of this Table may itself be a

simple Deslandres table.

5.D0.5., The Condon Parabvola.

A parabola can be drawn on a Deslandres table
through those elements of the tabular array which corres-
pond to the most intense vibretional bands of the spectral
system for which the table was constructed. This parabola
is called a Condon parabola (64). Two cases will be con-

sidered

(i) When the sequence of bands of which the origin
band is the first member is the most intense
feature of the vibretional band structure of tne
spectral system, the two branches of the Condon
Parabola lie close to the diagonal of the
Deslandres Table. An analysis of this type of
spectrum shows that the change in the nornsi
coordinate, corresponding to the normal vibration
for which the Deslandres Table was constructed,

is very small.

(ii) VWhen long progressions of bands form the most
intense feature of the vibrational band structure

of the spectral system, the two branches of the
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VRS & SR PROGRESSIONS

PROGRESSIONS

Deslandres Table showing tabular array of progressions and sequences

VI V|
1] 1
Vv Vv
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 & Condon

FParabolae
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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, cofresponding to the normal vibration,
for which 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 two potential surfaces for a triatomic
molecule along one normal cocordinate - the normal coordinate
ol bending vibrational motion and illustrates the section

i e Y XN
for a bent and for a linear state. The £ ¢« X and C « X
spectral systems of 820 are of the type described in

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

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

features.

(i) There are long progressions in the bands due

to the bending vibrational motion V ,.
<
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(ii) The branches of the Condon parabola are, in the

asymptbtic limit, separated by a large angle.

(iii) The vibrational bands of the system are red

degraded.

Feature (iii) may be understood in the following 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'(3) = B.{ (D)) - k2]

and the rotational energy levels of the same molecule
in an electronic state which is stable in a bent conforma-

tion, are

Er L (T,K) = BU(I)(J+1) + (A"-BM)K°

when the asymmetry parameter X is = -1.0. When X is
approximately -1.0 the moleculaf system is nearly a
prolate symmetric top and A" > B" while B" and B' are
almost equal. Therefore the rotational structure
involving rotational energy levels determined by J and K
in the ground state but by B(J)(J+1) only in the excited
state must be red degraded. In the ground state of SEO’
X is approximately -1.0 and so in this state the

molecule is considered to be a prolate symmetric top.
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In the’E and g electronic states the molecule is in the linear
L~ ~s ~/ "

conformation and in the E < X and C ¢« 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 toﬁu)g of the linear conformation.* Therefore each
vibrational band in the linear conformation is a K sub-
band. Transitions between the rotational levels of the
bent electronic state determined by A"B" J and K and
those of the linear electronic state determined by
(A" e—éuee), B', J and K, are violet degraded ie. 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.

cf. Fig. 37, page 96.



CHAPTER IV
Analysis of Experinmental Data

Introduction.

As mentioned in Chapter II, which dealt with the
experimental work on the 820 molecule, three absorption
systems,each with discrete vibrational band structure,were
0
A

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

~ Y ' . .
(i) E ¢« X System: Absorption bands of this system

' 0
were ooserved in the spectral region 2500 - %500 A.

-~ ~S
(ii) D « X System: Due to the experimental difficulties

outlined in Chapter II 2.B.12,only a fragment of

this spectral system was observed in the region
O .
4000 - 4300 A.

s ~s

C ¢« X Systen: Absorption bands of thls system
: _ 0

were observed 1in the region 4400 - 6700 A.

~
bt
b=
|
s

~S ~S
The D ¢ X and C <« X systems have not been reported
e ~ n
previously. Absorption bands of the I ¢« X cystem in the
O .

region %350 - 3500 A have not been reported previously.
Lxtremely long absorption pressure path lengtias were used
in the present work and thus very weak absorvtion bands

could be observed.

111
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Since the three band systewms were observed in
absorption it is reasonable to assume that they originate
in a common ground state* and involve transitions to three
different excited electronic states. From the analysis
of the three different absorption band systems information
on the quantum mechanical structure of the X, C, D and E
electronic states of 520 is obtained.

This chapter is divided into four suosectilons.
Section A deals with the relative intensities of the three
absorption band systems. In Section B an analysis of the
E <« X absorption pand system is presented. GSection C

» 3 ~ Y ’ b
deals briefly with the D « X absorption band system. In

3 - 3 -~ ~ 3
Section C, a partial analysis of the C <« X absorption
band system is presented. In Chapter V some conclusions

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

SECTION A: Intensities

4.A.1. Definition or Oscillator Sfrengths.

omparisons of intensities of electronic transi-
tions are frequently expressed in terms of oscillator
strengths 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 IO passes through
a columnn of gas of length I cus ywith a con-
centration of gas of c moles/litre, and emerges
with an intensity I , due to the absorption
of (IO - 1) of the radiation by the

molecules of gas
then the absorbance
- Taco ( -
A= logyy (I/1) = € Le

where €v is the molar extinction coefficient.
Mulliken and Rieke (26) have shown that the oscillator

strength of the transition causing the absorption is
f=4.5x10—9f€v av .

They have also shown that if the intensity envelope of the
complete spectral system is triangular in shape & good
approximation to JhEU d» is AV%. AV% is the width
in cm_l of the intensity envelope of the whole spectral
system at an intensity value equal to half the intensity

naximum.

4.A.2. DMeasurement of Oscillator Strengths in S.,0.

~
T

The absorption band spectrum of the E « spectral
system of 820 was observed on a Cary 14 Spectrophotometer.

The discrete band structure of the spectral system was
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observed. The effective path length of absorbing gas was
approximately 5 cm (% 2-cm). The total pressure of gas

in the absorption cell was approximately 1 mm Hg.

Vallance Jones (34) and Meschi and Myers (35) have shown
that when 820 is generated in the manner described in
Chapter II, the resultant gas mixture contains approximately
~ 50% 520 and 50% 802. Therefore the estimated partial

pressure of S.0 in the absorption cell is ¥ mm Hg.

2

Under these conditions, the absorbance, A, of the
%?<% iispectral éystem was approximately 4 x 10"2.
Therefore the extinction coefficient éiv is approximately
105. The intensity envelope for the'ﬁ — ilabsorption
band spectrum is triangular in shape. The width observed
at half maximum intensity IAV% was approximately

5 x lOj cms-l. Therefore the oscillator strength of the

transition

H
1

€v A‘U% x 4.3 x lO"9

1

-2 . :
2 x 10 7, approximately.
This calculation is an order of magnitude calculation.
Therefore it is significant to quote only

£ (E <—‘§) lies in the range 10"2 - 107t

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

~
7

absorption intensity of the T ¢ % spectral system and the
long absorption path lengths required fo observe the bands
of fhese systems cannot easily be used on a Cary 14
spectrophotometer. The pressure path lengths required to
~ observe the D« i?and'g ¢« X absorption band systems were

approximately 102 and 1O5b(respective1y) greater than the

~

pressure path length used to observe the E ¢« X absorp-

tion band systems. Therefore,the oscillator strengths
~ ~ ~ ~ ~ .

of the E ¢ X, D & X and C & X absorption systems are

approximately in the ratio 1 : 10 © : 10—2 respeclively.

The approximate oscillator strengths are shown in Table 4.1.

Table 4.1
Spectral System ‘ Approximate Oscillator
A Strength f
T e X 1072 ... 107t
T e X 1074 ... 1077
T «X 1077 ... 107°
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SECTION B: The E ¢ X Systenm

4.8B.1. Description of Spectrun.

Abéorption bands of this spectral system were
observed in the region 2300 i - 35500 X. The intensity
maximum of the system occurs at approximately 2800 X.

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

of the sbsorption bands at %307 X and %3521 X. This photo-
graph was taken in the 18# Order of the 6 m Ebert
spectrograph - the high resolution spectroszraph.

The vibrational bands of the spectral system are,

on the basis of appearance,divided into three groups ;

(1) bands in the spectral region %19% - %500 X. (the
bands at 3208 X, 4222 K, 3248 X and 3291 X are excepted
from this grouping.) These bands are all sharply degraded
to the red and they all show fine rotational structure,even
when observed on the Bausch and Lomb Model 11 spectro-
graph - the low resolution spectrograph.

o
(ii) bands in the spectral region 2819 - 319% A. (with
the exception of bands at 2830 X, 2860 X and 2830 X.)
The bands at 3208 R, 3222 Z, 3248 X and %291 K are included

in this group. All of the bands in this group are sharply
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Fig. 4.1

SPECTROGRAM OF A SECTION OF THE E <« X

SYSTEM OF O IN THXE REGICHN 30,000 Cm”l

S
. 0 2 -1 0
(%3330 A) TO 37,000 cm (2700 &)

The intensity maximum in the A progression
is at approximately 35,500 cm‘l and in the
C progression at approximately 34,500 cm—l.
Rotational structure may be seen in bands
at the low energy side of the spectrogran.
The diffuse character of the bands at the
high energy side of the spectrogram may
also be seen. Quantum number assignments
of the bands are also shown. These aséign—
ments will be discussed later in this

chapter.
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Fig. 4.2

HIGH RESOLUTION EBERT SPECTRCGRAN SHOWING
THEL PINE ROTATIONAL BSTRUCITURE OF THE
ABSORPTION BAKDS AT 30,099 cm—l AND AT

30,229 em” L.

The sharp heads and strong red degradation

of the bands in this region of the spectrum

is clearly illustrated in this photograph,
. . ‘st .

which was taken in the 1 order of the

6 m Ebert Spectrograph.



3327.16 A 331975 A 3309.78 A

.w,
30099 cm™ 30229 cm™
FIG. 4.2 HIGH RESOLUTION SPECTROGRAM SHOWING THE ROTATIONAL
STRUCTURE WHICH IS TYPICAL OF BANDS OF THE E’(-;(v SYSTEM.

oZali



degraded to the red and are similar in appearance to the

.

vands in group (i). None of the bands in group (ii)

a

show any resolved rotational structure even when observed
on the 6 m Ebert spectrograph, which has a theoretical
resolving power of 200,000 in the second order of diffrac-
tion.
0 0

(iii) bands in the region 2300 A - 2819 A region. The

o o ¢
bands at 2830 A, 28560 A and 2890 A are included in this
group. All bends in group (iii) are diffuse in appearance
the diffuseness being more marked for bands at shorter
wave lengths. No resolved rotational structure was

T

observed for any of these bands. Bands close {1

(]
e to 2800 A

n

show a distinct red degradation,while bands close to
o
2300 A are very diffuse and do not show any distinct

degradastion.

Bands with maximum absorption intensity occur at
O E
2800 A approximately. The intensity of bands in the
0
region 2800 - 2300 A falls off slowly towards shorter

wave lengths. The intensities of bands in the region of

0
2500 A are approximately 10/ of the maximun intensity
0
(which occurs at 2800 A approximately.) The intensity

o}
of bands in the region 280C -~ 3500 A falls off rapidly

towards longer wave lengths. The intensitiies of the
o
absorption bands at 3500 A are avvroximately 0.01% of
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o)
the intensities of the bands at 2800 A. A list of band

~
head wave numbers and intensities of the bands of the II ¢«

.

tem is given in Appendix IV.

n

sy

4.B.2. Ordering cf Bands into Progressions.

Vallance Jones (%4) arranged the eleven bands

o} o

lying between %193 A and 3151 A into three progressions
which he called the A, B and C progressions. He showed
that three members of the B progression were separated
from three members of the A progression by 6%9 cms_l. An
infrared absorption band at this same frequency was
observed by Vallance Jones (%4). ‘Meschi and Myers (35)
have assigned this absorption band at 679 cmnl as being
due to the excitation of one quantum of the stretching
Vibration‘v5 of the ground X state of S?O.

Table 4.2 is a Table similar to that given by
Vallance Jones (%4). The band head energies used in the
table were taken from the measurements made in the present

o}
work. Bands to longer wave length than 3351 A are
included in the table. Bands to shorter wave length than
0 ‘

319% A are not included in Table 4.2. (This omission
is explained in the discussion of hump heights since the
hump height changes when stretcning vibrational motions
are excited.)

Table 4.2 shows that four members of the C

progressions are separated from Lhe corresponding members

>



Table 4.2

A B A E A C VAN D

-1 -1 -1 -1 -1 -1
cm cm cnm Ccn » cm cm
31408* 30629* 679 - 31308 29955 1355
30909 * 30229* 680 30909 29557 1352
30506 * 29826+ 680 30506 29154 1352
30099 20419 680 30099 28747 1352
29689 29008 681 29689

Bands assigned in Table II, page 1267,0f Vallance

Jores (34,
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) . .. -1
of the A progression by 1352 cnm

approximately.

-

1352 et is approximately 2 x 679 cm—l.
Therefore,the energy'interval 1352 cm_l is identified as
2y" of the X ground electronic state.

’ The energy différences between successive members

of the A, B and C progressions are approximately 390 cm_l.

Blukis and Myers (3%6) have observed an infrared absorption

—

band at 388 cm —, which is identified as the energy of one
quantum of bending vibrational rmotion 'vé in the % ground
state. Therefore the A, B and C bands are identified as
progressions in the bending vibrational motion vé.
The A, B and C series of bands extend a considerable
distance towards higher energies 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 from progressions in the
upper state vibrational bending motion Vé. The frequency
vé is only slightly different from the frequency ‘Vg.
The aséignment of these bands depends upon the identifica-
tion of the origin band of the system. All bands
o
(i) of the A progression between 2300 and 2941 A
(ii) of the B progression between 2870 and 3183 X and
o
(iii) of the C progression between 2%00 and 33%8 A

a double or triple headed structure.
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4.B.5. Assignment of the Og band.
The graphs of A(%f (the energy difference between

2
successive members ol a progression of bands) versus energy

was plotted for the A, B and C progressions. This is shown
in Fig. 4.%. The graph shows a sudden discontinuity of
approximately 14 c:m—1 in the A progression at %2487 cm"l
(3077 1), in the B progression ab (31796: 31807) em™) and
in the C progression at (31158; 3%1173) cm—l. The band at

2+ . -1 . . . o, :
52,487 cm is assigned as the origin, Oo*, band and the A

progression of bands is assigned as the set of bands
- ’O
(evn. 2% ana 29 .0 0).
o) n

The double headed band at (31796; 31807) cm“] is assigned
as the 35 band and the B progression of bands 1s assigned

as

*
Schenk (28) assumed that the molecule now known

to be Sp0 was 5202. Kondrat'eva and Kendrat'ev (%%) wished
to exanine the equilibrium

§,0, & 250
and the temperature dependence of this interconversion
process. They concluded that the degree of dissociation
of what they velieved to be 5p0pinto 8C was very snall.
It is now known that the molecule is in fact the triatonmic
molecule $p0 and not the tetra-atomic molecule S20p.
Kondrat'eva and Kondrat'ev measured the absorption inten-
sity of the vibrational bands at 30099 cm™ and 30506 e~
(members of the A& vrogression) and 30229 cu~d and 50629 cn”™
(members of the B progrescion). A single pass 10 cm

1
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footnote continued

absorption gas cell was used by kondrat'eva and Kondrat'ev.
The effective temperature of the central © cm of this cell
was varied from -60° C to +60° C. It was observed that

the absorgtion intensity_of the vibrational bands at

30229 cm~+ and %0629 cn—+ changed relative to the absorption
intensity of the vibrational bands at 30099 cm~! and

30506 cm—L. The absolute absorption intensities of these
latter bands was not observed to change under the experi-
mental conditions used. Vallance Jones (3%4) also believed
the 820 molecule to be $p0p. On the basis of the intensity
opservations of Kondrat'eva and Kondrat'ev, he tentatively
assicned the band at 30099 cm~1 as the Oy band of the
absorption band spectrum. This assignment is quoted in
Herzberg Vol. IITI.

The present assignment of the band at 32487 cm
does not conflict with the intensity observations of
Kondrat'eva and Kondrat'ev. Vallance Jones did not
onserve the vibrational bands at 29689 cm‘l, 29274 cm‘l,
28860 cm~t. All of these bands are menmbers of the A
progression. There 1s no discontinuity in
EV2+1 - EV2 at 30099 cm™l such as occurs at 5245) cm—1.

If %0099 cm-1 is assumed to be the C° band then energy
level diagrams (as in Figs. 4.4 and .5 5) are complex and
exceedingly difficult to expldln. The intensity measure-
nents of Kondrat'ev and Kondrat'eva were carried out with )
a short abborptLon patn length of gas, over small temperature
range and over such a small region of the total absorption
uoectrum that it cannot be reg qrded as conclusive that the

absolute intensity of the bar d at 30099 cn~1 does not change
in temperature, while all other bands do show & temperature
effect. The values for the absorption coefficients only
varied by approximately 1» in the work of Kondrat'eva and
Kondrat'ev (53).

The assignment of the Og band as the vand at 32487 cm -1

provides a much greater degree of internal consistency in
the analysis of the spectrum.


http:progress:i.on
http:absorptJ.on

127

FIG. 4.3
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The double headed band at (31158; 31173%) cm~l is assigned
as the 58 band and the C progression of bands is identified
as
AN, 0 ~0,0
(ven 2052 and 2n§2 e

where n

1, 2, %, ... etc.

The intensity of the origin band is 100 (c¢f. Chapter II

2.B.12), the intensity of the 53 band is 7.5 and the
o]
2
A super-Deslandres table of the bands of the T <«

intensity of the A5 band is 1.8.

14

system is given in Table 4.35. An erergy level diagram
for the vibrational structure of the ground X state 1is
given in Fig. 4.4 and for the vibrational structure of the

E state in Figure 4.5. The ground and excited state

progresgions formed by the A, B and C series of bands

are also shown on these energy level diagrams. The
0
. - -1
assignment of the band at 32487 cn (3077 A) as the

origin band gives a consistent vibrational energy level
~ ’\:‘/ .

scheme for both the X and E electronic states.

No progressions in the vibrational mode V{ could

. ~ ~/

be identified in the E < X spectral system. This may be
due to the fact that V! contains no angle-bending com-
ponent of motion, whereas vg does (cf. Fig. 1.2, page 18)
and hence v{ is not active, but vg is active in the

spectrum in accordance with the Franck-Condon Principle
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o
SUPER DESLANDRES TABLE OF THE 3077A ABSORPTION SPECTRUM OF S,0 (E'a « X'A" TRANSITION)
Vo i 2 3 a 5 6 7 8 9 10 " 12 i
5204 1359 33250 33629 34008 34377 34746 35123 35479 35862 36227 36550 36952 202
34000 34351 34712 35060 35427 35800 36123 36450 36838 - 20
22093 N
) ! 2 4 5 6 4 8
vll
; 2 a7 12191 32593 32980 33368 33736 34111 34483 34848
31700 1.796 12179 32582 32930 33355 33683 34054 34422 34784
32558 33307
31415 e Rl
) V, o ! 2 3 ] [ 6 i 3 9 b
31424
3104 v
; 31173 31554 31962 32347 32733 33018 33502 33874 14251 34623 340pa
21 31020 31158 31537 31946 32306 32686 33065 33445 33807 34i88 3a50> 3404
3t918 34055 14558 40,0
yv09
(| 30776
1076,
3| 30629 °
“n506
,| 30376
4| 30229 30359
,//
30099 ;
5| 22971
5
5| 29826 2993 «— 2% BANDS — A PROGRESSION
29689 o
«— 3,20 BANDS — B PROGRESSION
a| 29557
6 29419 0 AN
3,2, BaNDs —> C PROGRESSION
29274
(] 0 ~0 0 0
5| 29154 2 3.2 3,2
7| 29008 " Lo 2w
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28860
6| 28747 l l l
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for a bent to linear transition. No bands which could be

. n 4l . Ces o
assigned to lo or ﬁo were ldentified in the spectrun.

4.,B8.4, The X ground electronic state of SEO'
During the present investigation of SQO,absorption
path lengths of gas of from 10 cm to 0.5 Km were used to

observe the spectra. In the X ground state,ten members of

. o) . . )
the procsression 2. - the A progression - eizht members of
(] o O
1n
" ) . 20 ~0 . A
the progression ﬁl O the B progression - and seven

. 20 0 .
members of the progression 52 £n ~ the C progression - were
observed.

The vibrational energy level structure of the X

ground state of 5,0 shows the following features, which are

characteristic of quasilinear electronic states.

. . . . Q .
(i) The energy intervals in the 2n progression

Gn:"Eu. "Eu
Vo V2-r1 Vo

decrease at first and then systematically increase as vg
increazes. This behaviour is characteristic cf a quasi-
linear molecule cf. Thorson and Nakagawa (58), Dixon (51)
and Johns (59). The same qualitative behaviour is

) . v 20 40 . , -0 ~0
observed in Lhe_ﬁl an progression of bands. In the 35 2n

progression Z&GV" systenatically increases with n for all

values of vg.
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(ii) The ground state vibratioﬁal levels in which single
and double guanta of the symmetric stretching vibration

Vg 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

v5 only. This is discussed by Thorson and Nakagawa (58).

The force constant calculations of Nagarajan (%7)
have shown that the root mean square value of the classical
amplitude of the bending vibration vg is approximately
9° in the zeroth vibrational level of the ground ¥ elec-
tronic state of S2O. This is a large value for the
classical amplitude of beﬁding vibration for a triatomic
molecule and this large value is characteristic of a
quasilinear electronic state.

Meschi and Myers (35) have observed that the
inertial constant A of the 0,1,0 vibrational level of the
ground X state of 820 was greater than the A constant
for the zeroth vibrational energy level of the sane %

state of 020.

-1 -
Agi1o = 1.4169 cn Anop = 1.3981 cm

1

This is characteristic of a quasilinear electronic state,
cf. Johns (59).

. . A ~
These four observations establish that the X
ground state of S?O must be considered as a quasilinear

state as described in Section C of Chapter 111 and in

Appendix III.



4.B.5. Hump height.

If the X state of S.0 is a quasilinear state then

2
the héight € or the potential hump, which distorts the
molecule from the linear into the bent conformation, must

be estimated. No absolute method for the determination

of hump heights is yet available 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

o]

tate were discussed in Chapter IIT Section C. Both

n
a

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

— W - ) 3
Lv2=0 Lv2=k Ei (approx.)

vihere v2=k is the vibrational energy level at which the
anharmonicity changes from negative to positive, and where
Ei is the hump height. This reasoning would suggest a
. : . =1 . ~
hump height of approximately 1200 cm in the ground X
state of 820 when no quanta of symmetric vibration are
excited (i.e., in the A progression of bands). The hump
. o . -1
height would be approxinmately 800 cm when one quantun
of stretching vibrational motion V; is excited and is
1

400 em ~, or less, when two quanta of the stretching

vibrational motion V; are excited. There is a reduction
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in the apparent Hump height when the stretching vibrational
motion V5 is excited. >The vector displacements for the
vibrational mode V5 as shown in PFig. 1.2, page 18,
indicale that this mode contains a bond angle bending
component. Therefore,during the vibration Ug the
molecule tends to ”straightén out", i.e., move towards a
linear conformation.

However, the assignment of 1200 cm~1 as the

potential hump height in the ¥ state of O when neither

E‘!
2
of the stretching vibratlional motions are excited is
not consistent with other calculations. Dixon (51) has

shown that the potential huump height éz , when stretching

vibrational motions are not excited is given by

2
as - q, O
£ . b [,_“?,;“Q;L: 2__l] S %

g is the displacement of the central stom of the
triatomic molecule in the bent conformation, from the
position which it would occupy on the internuclear axis if
the molecule were in the lincar conformxtion, a, is

0
measured in Aj

S, is the amplitude of the bending vibration in
the zeroth vibrational energy level. S is measured in
O
A

where @ is the energy of the symmetric bending vibration

Vo
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X is a slowly varying function of ? ;

and n = 2 «pfB as discussed in Chapter III 3.C.2.
For the X ground state of S2O
0 0 -1
q, = 0.81 A* S, = 0.09 Ax* W = 395 cm

and for a typical quasilinear molecule X is approximately
0.8***,

From this calculation the hump height

-1

£ = 6,500

This is much larger than the
of 1200 en”t. However, there
either method of calculation

accurate values.

As Fig. 4.3 shows, the slope of Z&GV

cm approx.

previously estimated value
is no reason to believe that

would give particularly

2

curve only changes sign slowly, and there is no reason

to assume an exact correspondence between the hump height

and the point where the anharmonicity constant changes

sign.

*

Calculated from the geometry of S2O in the ground

X state.

* %

Calculated from the value of ¢

Nagarajan (37).

9 28 given by

X is a very slowly varying function of the product

* % K
2«pf . Iven when n = 2 ap
by less than 15mn., The value

order of magcnitude calculation of

4=

10075, X changes
used for this
hump height.

is changed
£ - the

by
is

LD
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The occurrence of positive anharmonicity in the
energy level pattern of the bending vibrational motion V2
below the potential hump height can be accounted for in
the‘following manner. The lorentzian and Gaussian analy-
tical forms of the potentisl energy hump are chosen simply
for ease of computation, and may be quite unrealistic
for the ground X state of the SQO molecule. A potential
hump with small width but large height in energy units is
shown in Fig. 4.6. The wave functioné for the vibrational
rotational energy levels will overlap in the region under-
neath the potential hump. When apprecisable overlap occurs
the probability of the molecule veing in the linear
conformation is increased. If the form of potential
hump in Fig. 4.6 is realistic for the ground g’state of
SEO,then positive anharmonicity in the energy level pattern
of the‘bending vibrational motion V2 can occur at energy

levels below the top of the potential hump.

4.B.6. IExcitation of quanta of stretching vibration in

the X state.

. . (%31796) -1 . (%1158) -1
5 ~ation a at ;3 { C and ;o4 a5z S n
The v1b1dt+ona1 bands at (31807) cm nd (31193) Cr

have beer sssigned as the and 58 bands. Both bands

20
-1
are double headed. The separation of the two heads in

o . -1 . L0 . -1
the %27 band is 11 c¢cm and 1in the 52 band is 1% cm . As

A

can be seen from the enercy level diagrams, Figs. 4.4 and

4.5 on pvages 129 and 130, these splitiirgs are not due to
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rotavional branch leads but occur in the energy levels
agssociated with excitationiof the stretching vibrational
motion v% in the X ground state of SZO'

In the infrazred absorption bands observed by
Vallance Joneg (54),the hand correspornding to the excita~
tion of one quasrntum of symmetric stretching vibrational
motion vg contained three peaks - one at 670 cm—l, one
at 679 em™ Y and one at A91 cm—l; while the infrared

absorption band corresponding to the excitation of one

n

quantun of symmetric stretching vibrational rmotion 1)

has two peaks - one at 1159 cm-1 and the other at
1173 e L.

There are two possible explanations‘for the
observation of a splitting in_the enersy levels associated
with stretching vibrational motions in the ¥ electronic
state. -

(i) Since the mean amplitude of bending vibration 'v§

in the X state of 5-8-0 has a large classical amplitude

(%

the 820 molecule may be classified as a non-rigid molecule.
The operation

(1) (2) (1) (@
S 5 S— 8

0

0 o)

which switches the oxygen atom is an isodynamic operation.
Configurations I and II are not superimposable by simple

rotation. If the oxygen switching is a feasible operation


http:witchi.ne
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129
then the wave functions of the SEO molecule transform as
the irreducible representations of the Abelian point
group G4 which is isomorphous with C2v' The effect of
this 1s to produce a small splitting™ of each vibrational
energy level into two components. These components are
classified + and - according as the wave function of each
component remains unchanged or changes sign on reflection
in the plane of the molecule. Transitions from both of
thesefcomponents to the single upper vibrational level
(C,0,0) of the E state can occur.

However, the use of this effect as an explanation
for the observed splitting of the 52 and Bg bands is not
accepted in this work. An effect of this kind should be
larger in vibrational bands involving the excitation of
quanta of bending vibration 1/&. No splitting of similar
magnitude is observed in the 22 progression of bands.

A second mechanism to explain the splittings is
that proposed by Thorson and lNakagawa (58). This explana-
tion is considered in detail in Chapter III1 Gecticon C and
in Apvendix III. It is a characteristic of quasilinear
electronic states that vibrational bands assoclated

with stretching vibrational motions in such state show

)

side band effects, i.e., show an apparent splitting which

is absent from vibrational bands associated with the

bending vibrational motion of the molecule. This explana-
£ I

tion is assumed to be the correct one.

Private Comnunication, Altman (2%).
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The symmetries of the components of the "split"
vibrational energy levels were not assigned by Therson and
Nakagawa (58). From the energy level diagrams Figs. 4.4
and 4.5 1t is seen that the two components of the Bi and
33 are not of the same symmetry. For further discussion

cf. 4&.B.15.

4.,8B.7. Rotational structure.

All vibrational bands involving transitions from
the vibrational energy levels of the % ground state to
the (0 O O) energy level of the E electronic state of
8,0 (¢f. Fig. 4.4) have sharp heads and are sharply

degraded to the red. In this set of bands the

O
o

Y

2O

02, 29,

i

(] (@] ~0-0 (@] 0-0
5 515 219 500 2135

do not show a resolved rotational structure, whereas all -
the other bands of the set do.

The most likely explanation is that the group of
bands, for which rotational structure was not observed do
in fact have rotational structure, in which, however, the
separation of the rotational spectral lines is less than
width due to the Doppler and pressure bfoadeninv of these
rotational lines. The observation of discrete rotational
structure for the 22, 22 etc. bands excludes the possibility
that the diffuseness in the Og, ai etc. bands is due to
a diffuseness in the (0 O 0) level of the T state. The
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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) ard (0,1,0) vibrational energy levels of the
X ground electronic state of 5,0 excludes dissociation in
these vibrational energy levels.

In a quasilinear electronic state of a molecule,
the inertial constant, i, and Ray's asymmetry parameter
are functions of the number of quanta of bending vibra-
tional motion excited. Both A and X increase rapidly
with v, (59). This type of behaviour is shown in Fig. %.6.
It is probable that A(OBO)" is sufficiently large and
that the rotational energy levels of the v5 = % vibra-
tional energy level are separated by a sufficiently large
energy cap frow one another that the rotational lines of
the 2; band do not overlap each other and so are resolved
as rotational lines by the spectrograph. If the symmetric
stretching vibration v! 1is excited,the potential hump

5

to linearity is reduced and the constants

A<021)” and A(O22)"

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 given in Fig. 4.2.

A photograph of the vibralional band at 31,308 cmnl,


http:constc:.nt

142

which shows resolved rotational structure,waé taken on the
10.5 m Ebert spectrograph, of resolving power 600,000, at
the National Research Cbuncil Laboratories in Ottawa.

This vibrational band,which is similar to the bands in
Fig. 4.2 in structure,shows an extremely complicated
structure formed by the appearance of many rotational
branches. The energy spacing between successive members

of some of these branches can be fitted to an empirical

formila

E = (2N + 1)
In some rotational branches,T = 1.0 cm—l and N = 0, 1, 2
etc.,while in other branches. T also = 1.0 cm"l and

N =1, 2, 3 etc.,but N %'O. The value of T could not be
identified with any of the known inertial constants of
the molecule. The number N could not be identified as
the quantum number K or J.

A conmparison between the photograph of the
31308 et band of 5,0 snd a photograph of the rotational
structures of the spectrum of CSe2 taken on the same
10.5 m spectrograph showed that most of the "rotational
2O are probably due to

many single spectral lines which occur close together in

lines" in the %1308 em ! vand of

energy and are blended into one apparent rotaticnal line.
. . . - g -1, .
A rotational analysis of the 351,308 cn band of 5?0

could not be made in supite of considerable time devoted
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to the task of rotational analysis. It appears that such
an analysis will only be achieved on the experimental side
when the band can be photographed under very much higher
resolution than is currently available and when ways are
fouhd to introduce isotopes of oxygen or suiphur into the
molecule to obtain different molecular isotopic specles,
and on the theoretical side when analytical expressions
Tfor the rotational levels of quasilineaf states of

nolecules have been worked out.

D
4,B.8. The Electronic spin of the X state.

. . . . e -1
As previously discussed in Chapter II, the 31508 cm
-, - O ~ ’\/
(319% A) band of the E ¢« X spectral system does not

~

show & Zeeman Effect. 1If either the E or the X state

&R

of the 820 molecule has an electronic spin of unity,

then in a magnetic field the spin angular momentum vector:
could have three quantised components along the direction
of the magnelic field, i.e., MS =0, ¥ 1. It is shown

in Herwberg Vol. IIX (2) that an energy ternn A E must

be considered in the presence of a magnetic field. The

energy A E is added to the rotational energies.

E = -ghy ugh

where g = the Lande g factor which = 2 for free electrons,

F'B = the Bohr magneton = 4.67 x 10 > en T /seuss,
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and H = strength of applied magnetic field in gauss.

In the Zeeman Lffect experiment carried out in the National

Research Council Laboratories, Cttawa, H = 2,000 gaus

[}

so AT = 0.2 cm*l,approximately. Energy shifts of
0.2 cmm1 in the rotational structure of a vibrational band
should readily be observable on the 10.5 m Ebert spectro-
gravh at N.R.C., Ottawa. At the very least, the effect
of the magnetic field would be to "blur" the rotational
lines in the spectrum (Douglas (66)) and this was not
observed.

Since no Zeeman Effect is observable for the
24 -1 L 7y ca s
51,508 cm band of the E & X svectral system 1t is
necessary to conclude that the electronic spin angular

momentum of both the X and E electronic states is zero.

~/

4,.8.9., The Symmetry of the X electronic state.

_ ~ . .

The X electronic state of 820 is stable in the
pent conformation. The electronic spin angular nomentun

3 - ~ » » 3 - )
associated with the X state 1s zero, i.e., 1t 1s a singlet
state. The’S2O molecule contains an even number of elec-
trons and in the ground state the molecular orbitals are
doubly occupied. Therefore,the ground state of 820 is
the X'A' state, i.e., the ground state is totally symumetric
with respect to the operations of the point group to
which the molecule belongs. 1In the O5 and S02 molecules
1

the ground states are Al states.
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The calculations of Robinson (27) on O, show that

3
the ground X lAl state correlates with the lZ&g state of
the configuration ....( wg)4(2‘ﬂu)2 of the linear conformsu-
tion. It is reasonable to assume that the corresponding

X lA' state of 820 correlates with the T A\ state of the
configuration .... (2'n)4(5ﬁ’)2 of the linear conformation,
- see Fig. 3.2. The results of the spectroscopic analyses
are consistent with this assignment.

1

If the X “A' state of S$.0 is derived from the

P
(...(27!)4(55?)2) state of the linear conformation

1
then the potential curve fur the X state can be derived
by considering strong Renner Coupling, either case (b)

P oo lzx ot a1 -
or case (c) in the linear state, sece Flg. 3.5 page 88.
An exact analytical treatment of Renner Coupling and the
influence of nearby electronic states on the magnitude of

the coupling would be helpful in détermining the quasi-

linear character of the illA' state of SQO.

4.8.10. Geometry of the ¥ electronic state.
The vibrational bands of the I « X spectral
system are all sharply degraded to the red. Very long

progressions

n.,o 0,0
(. « s n 20)1 s 0 0 s 2I131 . ..)
(.... 2238 e 2353 ced)
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are observed. - The Francxk Condon Principle implies that
there 1s a large change in the normal coordinate associated
with the bending vibrational motion V2 when the molecule
is excited from the ﬁfground state to the T excited elec—
tronic state, i.e., there is a large difference in the
5-5-0 bond angle between the ﬁ'and‘f'states.

Dressler and Ramusay (57) used. a simple calculation
to determine the difference in bond angie between the
281 (%EITU) and 2Al(%2IIu) states in NH2.

Let /A® be the difference in bond angle.

Let k¢ be the force constant for the bending
vibrational motibn vAa.

- Let AE be the energy difference between the
origin band and the bands which show maximum
absorption intensity.

Then Jkg (A©) - AE.
For the X state (and also approximately for the E state)
of 820 the value of k6 is approximately 6XlO5 cm—l/rad.
The origin band occurs at %2487 cm"1 and the bands with
maximum absorption intensity at approximately 35,500 cm_l*.
Therefore 4&E)is approximately 3000 cm T
Therefore /A © 21 rad.

(This calculation is an order of magnitude calculation.)

See intensity measurenments Appendix IV.
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Therefore,if the bond angle © 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 1is chosen,then 5,0 would have an
acute angled triangular form, which is improbable.
If the bond angle 180° for the E electronic state is the
. ~ o

correct choice,the E <& X spectral system should show 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

L4 - . ’ A< ~
degradation of the vibrational bands of the I ¢ X system
is characteristic of a linear & bent transition. There-

[y . >

fore the geometry of the k electronic state of SEO is
assigned a linear electronic state.

It was not possible to carry out Franck-Condon

Effect calculations to determine the difference in geometry

between the ground X state and the E excited state. These

o~
A

a
calculations use overlap integrals (cf. page 33). The exact
. . . 7 o~
analytical form of the wave functions in the X and k
states are unknown and the harmonic oscilliator approxi-
mation - the normal approximation used 1n such calcula-

~/

tions would hardly seem appropriate for quasilinear X

state.
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4,8.11. The Electronic spin of the
. The %193 K band of the T« X spectral systen

does not show a Zeeman Effect in a magnetic field of

2000 gauss. From the absence of the Zeeman LEffect it is

~t
necessary to assume that the L state of SPO molecule has

zero electronic spin angular momentun.

4.B.12. Vibrational Structure of the E'state.

The bands of the E ¢ X spectral system which
involve transitions to the excited vibrational levels of
the E state are nearly ali double or triple headed. This
is shown in Fig. 4.1. 1In Fig. 4.5 the vibrational energy
levels vé = 0 to vé = 5 of the I state are shown and
transitions from the (0CC) (001) and (002) vibrational
energy levels of the X ground state to the levels of the
¥ state 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
better than ¥ 1 cm“l, the accuracy in determining the

, -1
* 2 cnm .

energies of the vibrational energy levels is
From the experimental data,the vibrational energy
levels vé = 0 and Vé - 1 of the B state are observed to
consist of a single level; the vé = 2 level 1s observed
to consist of two components separated by 26 cmﬁl; and
the vé = %, & and 5 vibrational levels are each observed

to conusist of three components. The identification of

the component ievels is difficult since the uncertainty
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etc.,

in band head measurements of the bands ES, 2Z
6,0 "7, . -

2051, EZ§§ etc., is I 2em 1 and greater and accurate

combination differences cannot be obtained. The levels
' ~S

v,y = 6, 7 etc. of the E state are therefore not shown

in Fjg. 4'050

4.8B.1%5. Symmetry of the'ﬁlstate.
The % state of S,0 is a linear state. If the T
state is a 3  state then the energy levels (O Vo 0) are

given by

E(v2) = (v2+l) nw, + X, +1)° + g %2 + smaller terms

2

where ,ﬁ = Vg, V -2, ++eo 1 or O

On the basis of this formula the energy level E(ve) consists
of as many components as there are values of X/. In is

the vibrational angular momentum aiong the internuclear

axis of the linear molecule.

If E is a 2, state, the level
1

v, = O has component E:

vV, = 1 has 1 component T

vV, = 2 nss 2 componerﬂx;iz ,ZX separated by 4g

Vo = 3 has 2 components ﬂ-, § separated by 8g

v, = 4 has % components rj, [& ,E: separated by 12g, 4g

vy = 5 has % comporents H, $ ,TT separated by léog, 8z, etc.

In Fig. 4.5

2 components of the (0 2 0) level are observed and they
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are separated by 26 em ™t

%3 components (rather than 2) of the (030) level are observed
with separations 8 en” ! and 32 ent

%3 components of the (040) level are observed with separa-
tiors 8 em * and 39 om™ T

3 components of the (050) level are observed with separa-

tions 26 cm™ ' and 52 em™ .

From this data it is not possible to form a consistent
~
value of g and thus it is concluded that the E state is
not a EZ state.
~ . . 1 .
The ¥ state of 520 is not the A" state which
v ‘o ‘ 1
correlates with the upper half of the state of the
. . i 2 z 2 - -
configuration ....(27) (34)°. A ﬁA" or 5 > state lies
.1 .
below this “A" state but no other states lie below the
S 3 S atat . e i :
A" or > state. However two spectral systems lying
fatd a4
to the red - to lower energies - of the I « X system are
observed experimentally.
In O5 anc 5'2 the next singlet electronic state
. . 3 N l,,qA N o .
higher in erergy than the “A"(%/\) state and which is not
. . . %, 3
a E: state arises from the configuration ...(17rg)'(271 ).
~
It is a 1[§u state. A reasonable assignment of the E

state, within the L.C.A.0./M.0O. approximation used is as

the lZl state of the ....(E’N)D(B'ﬁ)5 configuration.
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4.8B.14., Renner Coupling in the E Z& state.

1 . . }
A ZX state is expected to show a Renner ILffect.
Weak Renner Coupling was discussed in Appendix I1 Section A.

For the Q, O one component level - of Zx symmetry

]

occur

)
b2

1 two component levels of T ana é symnetry occur

2 four component levels of ». , T, e

symmetry occur etc. cf. Merer and Travis (56)

K = IJA\ + 2/'

Levels for which (v2—2) £ K and A2 Z K occur in pairs and
the mutuel Y"repulsion" of energy levels of the same symmetry
gives a complex vibrational energy level pattern. Transi-
tions to all the components are not observed. From the
experimental datza available it is not possible to assign
symmetries to the components of the vibrational energy
levels cobserved in the l[& state. The symmetries to be
assigned to the (C00) level, to the two components of the
(0C1)" 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
the (000)" level to account for the energy level diagram
Fig. 4.5. This problem requires theoretical clarification’

before definite symmetry assignments can be made,
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~ ~
4.,B.15. Resume of data on E ¢ X systen.
From the long "hot band" progressions observed the
. ~~
quasilinear character of the X state was established.
~
The E state on the basis of the simple L.C.A.O0./H.O.
approximation used is assligned as a state.

~N

) ~
SECTION C: The D & X spectral systemn

4.C.1. Description of systen.

Absorption bands due to this system were observed
in the region 4C00 -~ 4300 K.v Due to the experimental
difficulties outlined in Chapter II, it was not possible
to make observations in the region 3500 - 4000 X. It is
prooable that bands of the D é—li system are present in
the region 35500 - 4000 Z.

The profiles of the vibrational bands are different
from those for the ﬁ &~ % and ¢ < X systems. On the low
resolution spectrograph - 1St order of the Bausch and
Lorb Model 11 1.5 n concave grating spectrograph - the
bands appear diffuse and show marginal degradation to the
red. Under high resolution - ISt order of the 6 m kEbert
spectrograph - éome rotational structure is partly
resolved.

A list of the energies of fifteen vibrational
band heads and intensities observed in the region

o)
4000 - 4300 A 1s given in Appendix V. A photograph of some



of these bands as observed on the low resolution spectro-

graph is given in Fig. 4.7.

4.C.2. Analysis.

Since only a fragment of this absorption system
was observed a comprehensive analysis was not possible.
In Table 4.% {(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 om_l
and 685 Cm_l which correspond to the energies of the
bending vibrational motion t15 and the stretching vibra-

v 1

tion V,%’ respectively, of the X “A' ground state of SPO'

The Og band was not identified. It would appear however
that it lies at approximately 25,000 cm"l, and the limited
region of the observed system is confined to "hot band"
transitions.

A rather distinctive feature of this spectral
system is the presence of groups of three bands separated

. -1 .
by approximately 100 cm ~. These groups are shown in

Table 4.3 (b)
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1 Progression

24982 (70)
399 em” L
24590 (60)

39% omt
24197 (30)

401 cm

23796 (50)

Groups of three bands separated by approx.

25,525
253,415
25,512

1

Table 4.3 (a)

2nd Progression

24298 (50)

392 om™
24906 (70)

394 em™ T+

23512 (50)

Table 4.3 (b)

25,79
25,906
23,998

24,096
24,197
24 208

154

Difference

684

684

685

100 cm

ou, 881
24,982
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‘ ~
4.C.%. ©Opin Symmetry and Geometry of the D state.
Due to the limited amount of experimental data
. ~ ‘\} 3 3 -
obtained on the D < X spectral system it is not possible
to make a definite assignment of the electronic spin,
. ) ~ . .

symmetry and geometry of the D electronic state of 5,0.

. . [

~

"~

By comparison of the D < X spectral system with the

~ v . . .

I ¢ X spectral system it is possible, however, to make
some statements about these properties.

As mentioned previously in Chapter III triplet

and singlét states are observed in 802 at T, = 25766 cm"l
and T = 29622 em ! respectively (2). The energy

difference hetween this singlet state and triplet state
. 2
is 4000 cu ¥ or % eV approximately )Z&u and a llxu states

arise from the electronic configuration
3 (hoae 3\
(17rg) (27,)

of the O, molecule in the linear conformation. In the

3
ot 5n lp 3
bent conformation of 05, 82 52 A

obtained which correlate with the 5Z&u and lzﬁu states of

b

1
> and A2 states are

the linear conformation. From the. calculations of
Robinson (45) the energy difference between the singlet
and corresponding triplet state arising from the same
electronic configuration is approximately 1 eV in eilther
the linear or vent conformation.
. . ~1 ~1., N
The origin band of the E-/\ ¢~ X A' syster of S$,0

D

[l
R . - -1 , o ) ~ ~1,,
state is at 32487 cm ~. The origin band of D ¢ X A
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system is at 7~ 25000 cm*l. The energy separation of the
~ 1 ~ . . - -1
E [& and D states of 820 is therefore ~ 7500 cm or

1 eV. It is therefore possible that the D electronic
state is a triplet electronic state arising from the same

electronic configuration as the L

1
Zx state. The
: o1 :
oscillator strength of the D & X TA' spectral system is
- . 2 .
a factor of approximately 10~ weaker than the oscillator
1 ~ 1 - .
strength for the E ~/\ ¢~ X ~A' spectral system. This
oscillator strength ratio is consistent with the assignment
~
of the D electronic state of S,0 as a triplet electronic
[+8
state arising from the same electronic configuration
~1 ‘
as the E [3 state.
It is not possible to determine the geometrical
~ . -
conformation of the D state of 5,0 from the limited amount
. [
cof experimental data, although the activity of ﬂ/g in
the spectrum would suggest a change of bond angle on
_ _ _ N ~
excitation. The vibrational bands of the D < X spectral
system do not huave extremely sharp heads at the violet
end of each band arnd are not very sharply degraded to the
red as are the bands of the B & X and C & X spectral

systems. Therefore it 1s not possible to assign definitely

~ ~s
the D ¢ X spectral system as due %o 2 bent to linear

R

transition or to assume that the D electronic state of

SEO is stable in the linear conformation. 1In the §g state

of 80., the 0-5-0 bond angle is considerably less than the
[ 8

1~ .. . N
bond anzle for the A state which arises Tfronm the sane

S
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configuration cf. lerer (46). A sinilar situation may
~N
probably exlist for the D state of S,0.
(o8

. . A

Theoretical treatments of the D state of SEO
would be extremely complex since both Renner Coupling as
described in Appendix III and spin orbit coupling for a
triplet state would have to be taken into account. A
Zeeman Effect experiment would have to be carried out

-~ . . . ~ .
before a definite assignment of the D state as a triplet
state could be made and a rotational analysis would have
to be carried out before a definite assignment of the
~ .
geometry of the D state could be made.
‘ - ~ v .
SLCTION D: The C ¢« X Absorption Systew
C s ~ v

4.D.1. Description of the C & X spectral systen.

Absorption bands of this spectral system were

0
observed in the spectral region 4%00 - 6700 A. A photo-
graph of the spectrum as obtained on the low resolution
1.5 m Bausch and Lomb Model 11 spectrograph is given in
Fig. 4.7. In Pig. 4.8 the rotational structure of the
' ¢}
absorption band at 5028% A (19881) is shown. This
structure is typical of the rotational structurec of the
~ ~J
bands of the C & X system. A list of band head wave
numbers and band intensities is given in Appendix VI.
~ ~
All bands of the C 4 X spectral system of S?O

show a discrete resolved rotational structure even when
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Fig. 4.7

LOW RESOLUTION SPLECTROGRAMS OF THE 6 «— X
AND PART OF THE % «— % SPECTRAL BYSTLMS 1IN

1 1

THE ENERGY RANGL 17000 cm —~ TO 24000 cm .

Only a swmall fragment of the b — X system
is shown here since it is difficult to
obtain a good spectrogram of the system.

) ~ ~

The absorption bands of the C ¢ X systen
in the region 17000 — 15000 cm © are not
shown for the same reason. This photo-
graph was obtained in the ISt Order of a
1.5 m concave grating Bausch and Lomd

Model 11 spectrograph.



Fragment of the C-X System. Members of the A and B progressions

are shown
X System
keB ke?7 ko6 ke$
kol kootE k4 keld kel kel k+l1O k079 ko8 k"’ ke keS ke+d ke
5 K 3 | | |
24,000 23000 22,000 21,000 20000 19,000 18,000
ENERGY IN CM™
FIG. 4.7 The D&X and the En-; spectral systems of S_,O in the spectral region 4080 A.\ - 57903

6S1
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Fig. 4.8

A HIGH RESOLUTICH SPLCTROGRAM OF THE

~/

19881 cm™t BAND OF THE G ¢— X SYSITA.
This photograph was taken in the lSt
Order of the 6 m Ebert spectrograph and
clearly shows the red degradation of

the bands.



5031 35A 5037.75 A
| |

bbbt b AL AR hh bbb b b st s s |

1988 cm™!

FIG. 4.8 HIGH RESOLUTION SPECTROGRAM SHOWING THE ROTATIONAL

~
X

STRUCTURE WHICH IS TYPICAL OF BANDS OF THE L&

191
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observed on the low resolubion spectrograph. IDach band
has an extremely sharp head at the violet end of the
band and is very sharply degraded to the red. The most
intense absorption bands occur in the fegion 4500 - -

) ~ ~
5500 A. The oscillator strensth of the C «— X transi-

6

tion is of the order of magnitude 10 -~ - 10~7.

4.D.2. Analysis.
~ ~

The dominant feature of the C ¢— X spectral
system of 820 is a long intense progregsion of absorption
bands. At the long wavelength end of this progression
the energy separation oetween consecutive memoers of the
progression is approximately 450 cm"1 while at the
short wavelength end of the progression this energy
separation between consecutive members has dropped to
340 Cm—l (approximately). Seventeen me@bers 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 and E progressions. SixX members
of the A progression, fcur members of the C progression,
five members of the D progression and five members of
the E progression are observed. The wave nuubers of

bands in the A, B, C, D and E progressions are given in

Table 4.4. The 16024 cn band of the B progression is

arbitrarily assigned the number k.
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Progressions of Bands in the C

~
<

& X system
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and differences between successive members of progressions.

Nuumber

k+16

k+15

k+14

k+1%

k+12

k+11

k+10

k+9

k+8

20976
411

20565
410

20155

B
22394
528
22056
341
21715
345
21%72
558
21014

369

20645
368
20277
396
19881
598
19483
407
19076
417
18659

17

-

2

99



Number

k+6

k+4

k+1

A
20155
417
19738
427
19311
441
18870
349
18421

Table 4.4 cont'd

B
18659
417
18242
1427
17815
439
17576
447
16929
452
16477
453
16024

16566
437
16129
447
15682
460
15222

5
17599
420
17179
420
16759
439
16320
446

15874

164

16697
420
16277
4441
15836
iVity)
15389
461
14928



k+8
k+7
k+6
k+5
k+4
k+3
k+2
k+1

Table 4.5

. . . -1
Table of Energy differences in cm between

corresponding members of the progressions.

1494
1489
1496
1496
1496
1494
1492

k+n

~Ck+n

810
800

795
8C2

k+n

k+n

1660
1065
1056
1057
1055

=
o)
N
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Energy differences between corresponding members
of the A, B, C, D and ¥ progressions are given in
Table 4.5. The most intense bends of the spectral system
from the B progression. ‘The bands in the A progression
are of much weaker intensity than bands in the B 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 m atmos.

; The energy of bending vibrational motion \)5
in the % lA' state of S2O is approximately 395 cm—l. The
energy difference between successive members of the B
progression as shown in Téble 4.4 varies from 453 to
538 cm-l. It is reasonable therefore to assign the
energy differences in the range 45% to 338 cm_1 as the
energies of successive quanta of bending vibrational
mnotion ‘Vé in the C state of 820. Since the B progression
is the most intense progression it is assigned as the
(... 22 ...) progression.

Members of the A progression are 1495 crrf_l to
higher energy than the memoers of the B progression. It
is not possible to assign this energy difference with
certainty. 1495 cm-l may be the energy of one quantum
of stretching vibrational motion Vl‘in the C state of
820 or it may be the energy of two quanta of stretching
vibrational motion V., in the C state. If the later

>
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alternative were correct than a progression of bands, the
members of which are separated by approximately 750 cm—l
from the corresponding members of the B progression
should be observed. No such progression is observed.
Therefore it is tentatively assuwmed that the first
alternative is correct and that the A progression is in

fact the set of bands.
1 on
('0.. lo 20 ll.’)

Members of the C progression are approximately
802 cm—l to lower energy than the members of the B pro-
gression. The intensity fatio of corresponding members
of the B and C progressions 1s approximately 10 : 1.
The energy value 802 cm_l cannot be identified with any
single quantum of vibrational motion in the ground

electronic state. However .
802 em™ ! is approx. 2 V5
~and so a tentative assignment of the C progression is
Conns 22 2; ceud) - C progression
Bandé which could be identified as
(eenn 20 éi ...Q)

were not observed. The failure to observe these bands is

discussed later in this section of the chapter.
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The energy levels (0,1,1) and (1,1,0) of the

L d
hid

A' state of S2O are

* * %

1063% -1 1548
1072 cm and 156% cm

above the (0,0,0) level of the same étate. fembers of the
D and E progressions, which are of extremely low intensity
are 1059 cm_l and 1544 cm-_l to lower energy than the
corresponding members of the intense B progression.
Therefore the D and E progressions are tentatively assigned
as originating on the (0 1 1) and (1 1 O) vibrational
energy levels of the'% lA' state of S2O. The bands of the

D and ¥ progressions are assigned as the set of bands

n ] .
(vuv. 202939 (000 D progression, and
o 1 71
n .0 ,,0 - .
ceee 21227 L. I progression.
Coev 25 178 ) PTOBress

The tentative assignment of the C, D and I
progressions given above requires that the bands in these
progressions are due to transitions from energy levels

(020), (011) and (110) of the X state to the vibrational

~ ~
Obtained from an analysis of the E <« X systen.

* %k

Obtained by a combination of the infra red data
ootained by Vellgnce Jones (%4) and data obtained in the
analysis of the h 4 X system.
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energy levels (0, k+n, O) of the C state. The (020),

. . -1 : -1 <
(011) and (11C) levels lie 802 cm ~, 1060 cnm and

-1 4 :
1549 cn above the (000) level of the X state. These
energy levels will te relatively unpopulated compared to
. . s n e -1
the levels (010), (C0O1) etc. which lie at %92 cm —,
X -1 Y
679 cm etc. ahove the (C0O0) of the X state. However
~

the X state is a quasilinear state and overlapping of
the wave functions into the regzion beneath the potential
hump, as shown in Fig. 4.6, is greater in the (020),
(011) etc. levels than in the (010), (00 1l) etc. levels
i.e., the molecule is in a more linear conformation in
these vibrational energy states. The Franck-Condomn
Principle implies that the intensities of transitions
from the "more linear" energy levels are greater than
those for the "more bent" energy levels. This appli-
cation of the Franck-Condon Principle 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.

. No ~s
4.D.3. The assignrent of the 0° band of the C ¢ X systemn.
(o] O

2

xr

The origin band of C ¢ X system was not assigned.
: - . 0 .
In order to make a definite assignment of the OO band it

would be necessary to observe the progression of bands
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In this set of bands a discontinuity in the A GV versus
2
N s . -1 ; = <
h(Ve) graph (cf. Fig. 4.3) of 453 cm to 395 em~1 would
o, .
occur at the Oo band. However no progressions of hot bands
involving ‘V; could be observed, probably because of
13 - ) 3 oy a4 .
their low intensity. The C « X system is so weak that
the bands observed could only be obtained under
» - . . ~ N
limitingly high pressure path length. If the C & X
ransiti is linear nt transition progression
t tion a line &~ bent transit progressions
in 1)5 will be very nuch weaker than progressions in l/ﬁ,
~ ~ . s
as was observed for the B ¢ X spectral system. Tt is
o . -1 . : .
probable that the band at 16024 cn in the B progression
. - o K - N
is either OO or 20 where k is an integer close to zero.
a4
Thus the zeroth vibrational energy level of the C state

of 5,0 lies ~ 16000 Cm_l above thz zeroth vibrational

e
level of the % lA’ state of the molecule.

w
4.D.4. Geometry of the C State.
. ~ %
The B progression of the C & X spectral system
of 820 shows a long progression of bands due to excitation
of the bending vibrational motion X/é. Therefore, as
discussed in the Section D of Chapter III on the Franck-
Conidon Principle, there is a large change in the S-5-0
2 ] ] ©

la s .
bond angle on going from the X ground state to the C
~ ~
excited state. All bands of the C & X system are sharply
~
degraded to the red. If the bond 5-8-0 angle in the C

~’

g

state was larger than in the X state, but yet less than
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180° the bands of the C é X spectral system would be
violet degraded. Therefore as discussed in Chapter IT1T
Section D, the S-5-0 angle in the C electronic state is
180° if the molecule is stable in the linear conformation

in the 6 state of S5.,0.

2

4.0.5. Anharmonicity and dissociation encrgy.
ns n
> I aress510r 3 the spe 1Al 8SY ST
The B progression of the C ¢ X spectral systen

has been assivned as the

(cene 2g ceet)

seti of bands. Irom the data on this long progression of

~
bands the anharmonicity and dissociation energy of the C
electronic state along the normal coordinate of bending
viorational motion may be determined.

For a linear electronic state of a molecule

R Y
9(v?+1)2 + g ka + other terms

Lo

E(vg) = (v2+1)ﬁ W, X,

If A6(v,) = Blv,+1) - (v,

is plotted against v, @ straight line graph of slope 2x22.

(In vlotting the graph it is asssumed that E(v.) is chosen
E L) 2 a (_)

* : . : PRa . .
~ ~ Lhe bands of the (...86...)~3 progression of the
C & X transitign do not have multiple heads. Therefore

. . X S
the term in g Le for the § state is very small and is
neslected in this calculation.
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-~

~/
for = 0 or 1.) Fip. 4.9 shows this graph for the C
state of 820. The slope of the graph is 8.6 cm~l so the
. 1

anharmonicity constant is approximately 4.% cm

~ ) -1
X505 for the C state = 4.% cm

A graph of ZXG(VE) versus E(v2) is plotted for the

C electronic state of SEO in Fig. 4.10. The zero point

on the E(v2) scale was chosen as 16000 cm.1 since the
zeroth vibrational level of thetalstate lies at approxi-
mately 16000 cm"l. The intercept of the graph on the
E(vg) axis is equal to the dissociation energy of the 8/
electronic state along the normal coordinate describing
the bending motion of the molecule - Qs The intercept

is at approximately 12C00 crn__l or 1.5 eV approxinmately.

Therefore

D (q,) for the T state of §,0 = 12000 cn™*

) ~/
4.D.6. BSpin and symmetry of the C electronic state of 820.

It is not possible to make a definite assignment of
- » N »
the spin and symmetry of the C electronic state from the

~ %
experimental data available., The C ¢— X transition* can

* A

The transition does not ?riginate on the 24" 2%
electronic state of the ...(27W)*(% 7 )c configuration. If_it

did then intensity considerations would require that the ASAM
or A2¥”  should lie at Te 4500 cm~1. This state spould
strongly perturo the upper vibrational_ levels of the X state.
"Hot band" vrogressions up tq 3740 cm~t to the red of the

08 band are oobserved in the Lk ¢« X system. HNc perturbations
are observed so the A stabe is at a much higher encrgy than
4500 cm~L above the X state.
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be transition (2) Spm op 0 I X Aty (2) lA"(%[&) « X lA‘

. 1 ] + o * . .
or (3) “A' or 1 Ej « X ") If the transition is the

]‘A'

first alternative then the transition lA"OéA) — X
should be observed to higher energies and with greater
intensity. Only one strong spectral avsorption systenm
is observed in the region 2500 — 6700 K. Therefore the

Y v ‘s . ’ 3 3 - ~ 1 .
C « X transition is not the “A" or - > < X “A' transi-
. s 1 ‘ 1 :

tion. The transition "A"(%A) & X TA' should be an
intense allowed electric dipole transition. Within the
framework of the simple L.C.A.0./K.0. approximation used
. . Y A . ) e sas 1 + v 1.,
in Section A of Chapter IIT the transition o0 &~ X A

should involve a "two electron Jjump"
' |2 0 . n2 2 r 12 p: HO
ceee (B2 (7a')7 (3a™) 5 ... (BE")T (7a')7 (3a™)

in the bent conformation cf both electronic states and an

electric quadrupolar transition**

« A

>

x* ) p -

A The‘ﬁA" or 5 >, , the lA”(%[}) and the 1A' cr
lz; _ sbates all arise from the configuration
2% (37 ) of the linear conformation.

* %

"Vibronically Allowed" transitions do not occur in
molecules which belong to the point groups Cg and Cy,
since there are no antisymmetric vibrations in such
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
. - . . 3 ~ N . »
transition. The possibility of the C ¢~ X transition
being due to such a radiative mechanism cannot be con-
"o no
pletely excluded. If such a transition causes the C ¢ X
~ . 1 +
system then the C state is a = )} " state.
4.D.7. Rotational OStructure.
A~ ~

All bands of the C ¢ X spectral system show an
extensive fine rotational structure, cf. Fig. 4.8
These rotational structures are very complex. Quadratic
progressions of spectral lines and progression of spectral
lines with constant energy spacing are observed. It was

~ ~
not possible, as for the II ¢ X system’to it these pro-
gressions to any of the known molecular parameters and so
an analysis of these rotational structures was not carried
~ ~

out. A rotational analysis of the C & X gystem will

have to be carried out before it is possible to assign

~
the spin and symmetry of the C state with certainty.

4.D.8. Other Transitions.
An examination of the absorption spectrum of
0
SQO was carried out in the spectral region 6700 to 25000 A.
No absoroption systems were observed in this regilon.
However the pressure path length used was very snmall

due te the construction of the Cary 14 Opectrophotoumeter.
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If the E state is the l§;‘+ state then the traﬁsitions
lA"(VaA)_ < X lar ana Pamor 227 e« ¥ tar snould bve
observed 1n the infra red region of the spectrum.
Therefore 1t would be desirable to examine the absorp-
tion spectrum of SQO in the infra red region of the

spectrum at much greater pressure path lengths than were

available during the present work.



CHAPTER V

Conclusions

Three spectral systems of the 5,0 molecule have
[
been observed. Two of these systems have not been
reported previously. These two systems were observed
by using White type multiple reflection cells and an
absorbing path length of up to % Km was used.

A simple L.C.A.0./M.0. theory was developed to
account for the observed spectra. Within the framework
. . 1 .. .
of this theory a ZX state arising from the electronic

. . 5 o 3 .
configuration ...(27)7 (37)° is expected to show a weak

PN . 1 . .

Renner Effect while the Z& state arising from the con-

o . 4 2 . N . )
figuration (2o) (37 )° is expected to shew a strong
Renner Effect either Case (b) or Case (¢). This strong

. } - e . lZX )

effect may be due to the interaction of this state

.. 1 + ~ . . m
with the E: state of the csame configuration. The
observed spectra are consistent with the L.C.A4.0./M.O.
theory.

.The qguasilinear character of the ground elec-
tronic state of the molecule was established. Very few
electronic states which display a quasilinear character
have been observed ard much theoretical investigation of
the phenomenon of quasilinearity must be carried out in

future work. It is probable that rotational analyses

v

R

~ ~ ~ r~ ~/ .
of the E & X, D & X and C ¢ X systems will not be

178
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achieved until analytical expressions for the rotational
energy levels of a quasilinear state are available in
tractable form.
It is doubuful if more information can be obtained

on the quantum mechanical structure of 820 by the tech-

o
nique of absorption spectroscopy in the 1900 - 7400 A
spectral range with the experimental apparatus presently
available and with the present theoretical understanding

of the phlenomenon of quasilinearity.
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APPENDIX I

Point Groups and Character Tables

The Schoenflies Notation.
ﬁ is the identity operator
én( L) is an operator denoting rotation through an
angle 27 /n about the K axis
aij is an operator denoting reflection in the
plane containing the orthogonal intersecting
vectors 1 and J
&,iﬁ rotation by 2w (cf. Chapter 1, Section E)
By convention the principal axis - the axis of

highest symmetry ccincides with the z axis.

Character Table for CS Point Group

CS ‘ ﬁ 8—XZ .: @'
A’ 1 1 ; 1 Tyr Tpo By
Ey 2 0 -2

ALl



Character Table for the C2v and D2 Point Groups

S A A A
Coy ‘ ('2(“) Tz cryzi ®
A A N A , A : A
D2 02(2) Cgay) Cg(x): R
Al . A 1 1 1 1 ; 1 Tz for C2v
A ; _ 4 0 )
A2 Bl 1 1 1 1 ! 1 Tz for D2, RZ for
: poth D, and C
X 2 2v
B, B 1 -1 1 -1 E 1 Ty,Ry for D3 T,
; Ry fgr C2v
32 B5 1 -1 -1 11 TX,RX for D2; Ty,
: R for C '
---------- . p'e 2v
Character Table for the Coo
v
and D“’z Point Groups
"\ A oA A
Dd) z Ec . 02(311? PP LY 62 E R' s e ‘2013@. oooooo
Ay A A A
Cooy | Bownn28® L. T R-.2C7R L,
DR I T 1M1 . 1T eeenn. T,
— i
)RR ] I .. 1.1 . 1 e R
) . Z
T 2 Zcosn¥ ...... 0!'2 .. 2cosn® ...... M : R
' . X,y xX,7
Zﬁ 2 2cos2ny ..... . 012 .. 2c0s2¥ ...
. : : [ :
B (S S ?
E% 2 .. 2cos¥n®...... 0,-2 .. 2coskn® ......
- 1 -
2 .. 2cos2r®...... 0,-2 ..—2cosgn? ......
' - & ot 4
|
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APPENDIX IT

Renner Effect

SECTION A: The Dynamic Renner Effect in a A

Electronic oState

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 angle
between the plane, in which the bending takes place and a
fixed plane through the internuclear axis. Let ﬁi be the
angle between the plare in which the electrens giviag rise
to the electronic angular momentum AT i3 sicuated and the
same fixed reference plane as used to define @ . cf.

Fig., A.I1.1. ﬂ is the angular displacenent coordinate
conjugate to the axial angular momentum of all the
electrons. 9@ is the angular displacement coordinate
conjugate to the vibrational angular nmomentum, 1%, of the
degenerate vibrational state. Let o = ( ﬁ - @),

The electronic wave function of a linear molecule

has the form

"

V>

f exp(E i /\ﬁ) Egqn. A.IT.A.1.

+ . N . .
where exp(= 1A/\p) expresses the cylindrical symmetry of

the electron distribution about the internuclear axis of

A3
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the linear molecule, and where f contains all other terms
_ . . - ./\_ A/ .
of the electronic wave function. If > 0 then I*; > is
doubly degenerate.
The wave function for the bending vibrational

motion of a linear triatomic molecule has the form
+ . - _— e
|Yvib> = P (rb) exp(Z 1 LP) Eqn. A.IT.A.2.

where /O(rb) expresses all terms other than exp(* i,ﬁgp)

in the vibrational wave function.

The Coupling Hamiltonian.

If the Born Oppenheimer Approximation is assumed,
even though l“Ve > and Iﬂyvib > are both doubly
degenerate, the vibronic wave function is written as the

product

A, v, b> - I“Ve>l“4’vib.>

= {f exp(E iAB) ] [ﬁ(rb> exp(f 119 ),J Eqn. A.IL.A.3.

The energy of coupling between electronic and
vibrational angular nomenta is expressed in a series con-

taining terms of the type

[exp(i/\d& + exp(—i/\«&]

where &= (f~9)

A
v Ty
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The most general form of the Hamiltonian giving the energy

of coupling is
. AT o :
g' o=V (r) + Viry | exp(i Aa) + exp(«l/\cL)J
2

+ Vgrb/\ [exp(i2 A=) + exp(—i2/\oL)J

R TAN
V3o [ exp(i3 Aw) + exp(-i3 Aw) ]

+ ... etc. | Egn. A.IT.A.4,

Since &' must be symmetric in r, for all values of /\

b

the coefficients V V5 etec. nust be zero. Terms

17 \[57

bains L A - cenerally
contalining ry and higher powers of » _are generally

L

b
omitted to simplify the mathematical treatment. The term

VO merely adds a ccenstant energy and so is neglected.
Therefore for a /\ electronic state, the
Hamiltonian for the coupling of vibrational and electronic

angular momenta is
1 4 , A 5
A = Q r cos Q(ﬁ-dj Egqn. A.II.A.S.

where ? is a constant and 1s treated as a coupling

parameter.

Perturbation Treatment of the Dynamic Renner Lffect.
Let ¢ be the Hamiltonian for the two dimensional
o
isotropic oscillator. ‘When Renner coupling is zero, 480
describes the bending vibrational motion of a linear
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triatomic molecule. The eigenvalues of
%Ol/\avs’?’> = EL/\’V’X/>

are E = (v2+1)6)2 + gq?,ﬂa Egn. A.ITI.A.6,

[

where W o is the bending frequency
and G0 is the anharmonicity constant associated with the
[l

vibrational angular momentum Lz

In the matrix form of Jﬁo the non-diagonal elements are

zero. The terms of Eqn. A.IL.A.6 are the diagonal elements.
To obtain expressions for the vibrational energy

levels in the dynamic Renner Effect, the matrix form of

# + R' must be diagonalised. The coordinates Q) and Q)

o
were introduced by Moffitt and Liehr (55), and

q; + iqy r.oexp i N

Egqn. A.II.A.7.

!

qQ - iq, = 1 exp -i®
So # of Eqn. A.II.A.5 becones

. . )
o= %y [(ql-—iq2) exp(4i B) + (qy+a,) exp(-4if) ]
Eqn. A.I1.A.8.

The operator exp 4iﬂ can connect only the wave functions

l/\.= -2:> with'/\.= +2.>

and the operator exp ~4if5 can connect only the wave
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functions
[N = +2> with | A= -2 D

Therefore the only non-vanishing natrix elements in the

matrix form of }t' are

. . 4 . . ,
¥% n <2, Vo) K--2 ’(ql—1q2) exp 4if I -2, Vo) h+2:> and

] . N .y . .

%N < -2, Vs, K+2 l(ql+1q2) exp —41ﬁ’ 2, Vo, K-2 >
where' the wave function basis set is | A , Voo £'> and
K = l/\ +<£>. Merer and Travis (56) have diagonalised the
matrix (R + H') for a /\ electronic state (actually

>

for a “/AA electronic state) and have given resultant

expressions for the vibrational energy levels.

Energy Expressions.
For the general case of the four states of given
&
K belonging to a level of given v, (that is, where

K # v, and K #‘vg + 2) the energies are

ET (vo*1) @, + BP - Q + 8/P (2)
Eqn. A.IT.A.9.

and B = (v2+1) AP P - Q - S/P (p)

where
1/
) 2 2 . 2r 2 .2 2 2 72
p-w {eurel, + 36 97 [ Va1l (vyr2)? - 1),
Q= (0% 00,01 [17v,(v,02) + 583} 4 gyp (k7).



and

S = q(AQ /(J2J(VQ+1)L ggp {17v@(v +2) - 15K° + 72}

The states for which K = Vs and K = v2+2, lie at the centre

of the splitting pattern and the energies are

E(K=vy) = (vyr1) @, = (2 0,)(K) (K1) (K42) (£+35)

b s (K-2)° . Eqn. A.II.A.10 (&)

B(K=vy#2) = (vyr1) 0, = (977 0,) (K=1)(K) (K1) (K+2)

* 8op (K-2) Eqn. A.II.A.10 (b)

and E(K=v,+2) - E(K:vg)

2

= 4( Q 2y W,) (Vor1) (vy+2) (Pvy=3) + 4gsn(vs-1)
Eqn. A.II.A.11.

The theory outlined above adequately describes the
vibrational energy levels of the dynamic Renner Effect

. 1 : . . .
in a ZX state of a linear triatomic molecule.
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APPENDIX TI
SECTION B: Renner Effect Case (b)

: . +
In this case the potential curve U (rb) has a

minimum at Ty = O and the poctential curve U—(rb) has a

minimum at ry # 0. 1If, for convenience, h'v2

if the frequency of the bending vibration in

= 1 and k = 1
where 'V2
the electronic state described by the U+(rb) potential
function and
k is the elastic force constant for the vibrational
bending motion 1)2.
Analytic expresgsions for U+(rb) and U-(rb) are set up on

a semi-empirical basis by Pople and Longuet-Higgins (50).

. L
U+(rb) %Pa + hr Eqn. A.II.B.1 (a)

and U-(rn) (%~f)r2 + gr4 Egqn. A.II.B.1 (b)

1

where h and g are anharmonicity constants for the upper
and lower potential curves, respectively and g > O
and f which gives a measure of the potential hump height

is > J.

The constants V, and vV, (cf. Eqn. 4 of Section A of this

Appendix) are

A.10
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‘ _ L
V., = =kfr= + }’z(g+h)r+ Egqn. A.II.B.2 (a)
v, = +1/2fr2 - “/é(g--h)r4 Egn. A.II.B.2 (b)

By simultaneously diagonalising (}ﬂo + 4@'),the vibrational
energy levels associated with the upper potential curve
Uf(rb) are given by

o)

+ _ 3 <
1'4 (V2$K> - <V2+l> + 2h(V2+]>

1

- §K2{5h-g v (20)/(v,*D))  Ean. £.TI.B.3.

Ramsay and Dressler (44) fitted the vibrational energy

levels of the aA(%aTL) state of NH, to the expression

2
given in Eqn. A.II.B.3%. above.



APPENDIX II
SECTION C: Renner Lffect Case (c)

The situation in which both the Un(rb) and the
U+(rb) portions of the potential curve have minina at
Ty #Z O has been treated by Dixon (52). It is assumed
that the potential hump in both states can be expressed
analytically in Gaussian form (cf. Chapter 3, Section C
on quasilinearity and Appendix 111).

The Um(rb) and U+(rb) portions of the potential
curve are considered as potential curves of gseparate
electronic states. In these two electronic states the
molecule is stable in the bent conformation. Rotation
about the mclecule fixed z axis is coupled to the bending
vibration anc the resultant wave functions are of the
form of the associated Laguerre polynomials. The vibra-
tional energies are calculated using a computer and the
calculation is repeated until a good fit with the

experimental data is obtained.

A.12



APPENDIX IIT

Quasilinearity

Introducticn.
Consider a triatomic molecule of the AB., type.

[
Let Ry, and R23 be the A-B bond lengths. Let [312 and
A\, be the small extensions of R and R.

2% 12 2%
stretching vibrational motions (1/1 and VE)' Let s and a

during

be symmetry coordinates defined by

n
it

(1/72) (D, + D,

o
it

(1/72) (D, - Dy

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 atons.

Let /L = 2Mm/(m+2M) .

cf. Fig. A.III.1.

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.15
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T = (l/QM)pi + (léﬁL)pi
Bqn. A.III.1.

+»(1/2/L)(p§ + p§ /=)

The Hamiltonian.
The potential energy associated with symmetric and

antisymmetric stretching motions is
2 )
Bk s° + %kaaL

where kS and ka are the elastic constants for symmetric
and antisymmetric bond stfetching motions respectively.

Thorson and Nakagawa (58) introduced the potential
energy term

A .
P.E. = %krrz + K/(02+rc) Eqn. A.ITII.2.

This potential energy term is independent of 9P and so is
. - - 2 2\ .
cylindrically symmetric. The term K/(C+r®) ic a
Lorentzian term which introduces a potential hump into
the quadratic potential surface of the simple harmonic
oscillator. The potential surface of the simple harmonic

oscillator is defined by
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A thential energy surface of the form given in Eqn. A.III.Z2
results in a non-linear electronic state of the molecule.
cf. Fig. A.IIT.2. The hump* height is K/c2 relative to

the potential minimum for the bent molecule. Therefore

the total Hamiltonian is

2

= (1/21)p5 + Pk s " (l//u,)pi + Yk a

’ o]
+ (l/B/L) {pi + p?/ra] + ¥k rT + K(c2+ra)
Eqn. A.III.3%.

The Solution of the Schrodinger Equation.

Let the Schrodinger equation for the molecule be

XY=V

*

The term "hump" rather than "barrier" is used.

The term "barrier" 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 berding vibration of a tri-
atomic molecule is illustrated in Fig. A.IIT.2. The
potential hump is cylindrically symmetric about the E
axis, and so a transition from one side of the potential
well to the other side can be achieved by simple rotation,
cf. Johns (56).



Al7 .

U = potential Energy

T

——>  Bending Coordinate

Fig. A.II.2.
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Thorson and Nakasawa (58) assumed that

Voo X(s) X(a) Y, ?)

where X(s) and X(a) are wave functions of one dimensional

simple harmonic oscillators with natural frequencies of
P 1

Y . %
(ks/m) = Wy and <2ka{/L> = )

a

The wave function “V(r,?) satisfles the Schrodinger

Equation

{(1/2/L)(p§ + ps /r2) + %krr2 + K/(02+r2)} VoL E.QV

Egn. A.IIT.4.

The solution of Eqn. A.IIT.4 is obtained by

separation of the variables

Vir9) - F,, () exp(i L 9) Eqn. A.III.5.

where P is as defined in Fig. A.ITI.2.

and b is an integer = 0, *1, %2, etc.

The term exp(i 25?) expresses the cylindrical‘symmetry of
“V(r,?) about the line Jjoining the B atoms.

If the substitutions

o
1l

A
r {ﬁLkr 7*'/‘h/é and

02{/u. kr}%/ﬁ

are made in Eqn. A.III.4.

td
it
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Then
Eﬁ.t(u> = exp(—u2/2) uL (B+u2)g§; Aln,k, 1 >L,£+k (u2)

Eqn. 4.III1.6.

where the A(n, L,k) are numerical coefficients,
and the L£+k(u2) are the ncermalised associated Laguerre
polynomials of degree k and order L',
and n indicates that the nth mode of vibration-rotation is
being considered.

Dixon (51) has solved an equation similar to
Fan. A.IITI.4 except in that the term K/02+r2) was replaced
by a term & exp(—/3r2) - a Gaussian hump of total height
. This type of term - 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 Dixoan (51)

is

V = %krr2 + 0 exp(—/Srg) Egn. A.III.7.,

The Interaction of Bending and Stretching Vibrations in e
yuasilinear Electronic State.

The following semiqualitative treatment of the
interaction of bending and stretching vibrations in a
guasilinear electronic state was given by Thorson and

Nakagawa (58). A more general -form of the povential energy



A.20

term than that given in Egn. A.I1IT1.3%. is

2 2

o}
. R 1/ o
V = Vo(r) + pkss + ksxss o

Eqn. A.IIL.6.
2 .2

+ }‘ekaa2 + kaXaa X
where Vo(r) = Vakrr2 + K/(02+r2),

XS is the constant denoting the strength of the
coupling between the bending vibrational motion
V, and the symmetric stretchihg motion V5
(in A82 type molecules),

X 1s a similar quantity but is defined for
asymmetric stretching motion L& (in AB,, type
molecules),

is as defined in Fig. A.IIT.1.

The moments of inertia of a quasilinear molecule,
with a lafge classical amplitude of bending vibration, will
vary during the course of the bending motion. The
Hamiltonian for ihe symmetric stretching vibration is
therefore

A A /\,

w._.H X
s s,b

= {pi/ZM + %kss2 } + {(2M/m)<&2(p§/2M> + kSXSs2<%2}

Egn. A.IIT.O.



The solution to the equation

A

J{SX(S) = ESX(S) is already given

Es = hws = h(ks/h’i)‘l/é Eqn. A.III.10

Thorson and Nakagawa (58) treated :%;b as a perturbation

to the simple harmonic oscillator defined by Egn. A.III.10.
Let INS:> be the wave function of the Nsth symmnetric

stretching vibration of the molecule being considered.

Then in a first order perturbation treatwent the diagonal

matrix elements of the Hamiltonian :R;b are

[am/m) <w_|(p2ram)|n_> +2x_ <n_|pk_s®l n >} {n Alwfnl>
- S S s S S s '"s

where n and ,2 are quantum numbers as defined for

Egn. A.III.6.

But

"

G| e2ram|nY = <l s

N, D

%(I'JS+1/2)h W

for a simple harmonic oscillator of frequency cos.
Therefore the perturbation shifts in energy, due to the
interaction of the bending and symmetric stretching
vibrational motions, for a given value of NS, n andlﬂ

are


http:HB.I:1.il
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\ T 4 2
By = (XS + M/m)(hs + %)hﬁ)s o™y nd
Eqn. A.IITI.11.

Normally in electronic states of triatomic molecules which
have large classical amplitudes of bending vibrations the

averaged values

2 2 §
oD ol and o) ) (where n=1,2,%,... etc.)

are numerically different. The difference may be very

large, especially near the top of the potential hump

(ef. Fig. A.III.2.) and this leads to an apparent "splitting"
of the bands involving the vibrational motions V 1 and

1}5. This "splitting" of bands involving the excitation

cf stretching vibrational moticns is characteristic of a

quasilinear electronic state of a molecule.
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APPENDIX IV
Band heads in wavenumbers, assignments, ana intensities
: N ~ 4
(cf. pg. 63, 2.B.12) of bands in the E & X spectral systemn.
Assignments are in the notation suggested by Brand and

Watson in J. Mol. Spectry. 10, 166 (1963).

Band Head Intensity Assignment
in cm"l
28747 0.01 22 53
28860 0.005 28
29008 0.1 2; Bi
29154 0.01 25 33
29294 0.05 2g
29419 0.5 22 %
29557 0.05 29 39
29689 0.2 23
29826 2.0 22 53
29955 0.15 20 50
29971 0.15 57e
» ~0
20099 1.4 2¢
30229 3.0 ' 22 53
50559 0.8
29 23
30376 0.6 -
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Band Head Intensity Assignment
in cm
30506 6.5 2§
30629 5.0 22 5§
30761 1.5
2 58
30776 1.5
(o]
30909 14 24
%1020 6.0 23 5§
21158 1.8 o
3
3117% 1.8 2
o ~0
31508 o4 2%
%1415 9.5
2] 37
31420 | 7.5
31537 13
~ 4
31554 11
31700 52 25
21705 6 0
31807 8 1
31918 16
_ 2 L0
31946 16 2c 33
31962 14
. - o)
2209% 72 29
%2179 12 _
ol 55

32191 i ©
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Band Head Intensity Assignment
in cm-l
32306 25
| 22 59
32347 55
30487 100 og
32568 4
2 0
30582 6 | 2¢ 35
32593 6
22686 48
5
32735 4
306869 117 2é
32950 9
25 33
32980 11
53065 50
33118 58
33250 128 2§
55307 9
e 4 _o
35355 9 2, 35
55568 7
33445 70 -
2P 32
33502 54

no
O ‘W

33629 1%5



Band Head Intensity Assignment

J -1
In c¢cm
273684 )
33736 10 o 7l
S reenr
33807 60 S7 50
2380l 20 -
34000 i
138 « 2
34008 |
34054 6 26 50
34111 8 o1
34188 65 8 4o
34251 70 o e
54351 5
130 22
543777
34400 6 J7 40
34483 6 o 1
34558 &0
34592 38 27 39
3U62% 55
%4712 60 6
| | 2
24746, 100 ©
34084 4
o8 5?

34848 4 ©



Band Head

. -1
in cm

34912
54945
54984
35060
35123

55343
35226

55427
35499

26044

55800
35862

3604%
2012%
56227
56364
56450'
56550
56755
56838
56952

37079

Intensity

60
45

45

54
41

41

20

Assignment

210
o

o7
O

-0
55

A.27



Band Head Intensity Assignment
in cm"l
37220 45 215
37302 45 ©
. 17 -o
37445 25 20 52
37569 55 14
37651 35 | ©
38001 30 21”

. -1 . -
From approx. 37500 cm to higher wavenumbers the absorp-
tion bands are very diffuse and it is difficult to obtain
accurate band head wavenumbers and intencsities. The

. . . -1
diffuse band structure is readily observed up to 435000 cm ~,
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Appendix V

Table of wave numbers of bands and intensities observed in

o)
the region 4000 - 4300 A.

Energy in cnt ~ Intensity
25057 80
24982 | 70
24881 80
24734.* 100
24590 60
24369 . 50
24298 50
24197 50
24096* 80
23998 | 60
23906 70
23796 30
25512 : 50

. 23415 70
254325 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-
. . ~ ~/
ments of the absorption bands of the C « X. Since the
o} . .
Oo-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 head Intensity Assignrient
in em™t Progression Number
14928 0.001 : E k+1
15082 0.01 ~U.A.
15222 0.05 C X
15389 0.5 E Ke2
15554 5 U.i
15682 2 C k+1
15836 4 E k+3%
15874 0.5 D k+2
15979 3 U.A.
16024 0.1 B k
16129 2 C k+2
16277 3 L K+
16320 6 D k+3
16497 4 B k+1
16566 .O.l C k+%
16697 1 B k+5



Band head Intensity Assignment

in em™ 1 Progression Number
16759 6 D k+d
16929 2 U.A

17125 3 B k+2
17179 > D k+5
17376 5 B k+3
1754% 1 U.A.

17599 2 D k+6
17815 10 B K-+
18034 0.5 U.A.

18242 25 B k+5
18421 1 A k+2
18659 45 B k+6
18870 3 A k+3
19076 65 B k+7
19311 6 A k+4
1948% 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+o

20277 100 B k+10



Band head Intensity Assignment

in em™* | Progression Nunber
20565 10 A k+7

20645 90 B k+ll
20976 10 A k+8

21014 80 B k+12
21472 60 B k+13
21715 50 B k+14
22056 45 B K415
22494 40 B k+16
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