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Thé reéults of an investigation of the electronic
absorption spectrum of carbon diselenide are presented. The
synthesis of the compound from individual isotopes of selenium
is described. Some new observations and resuits from a re-
investigation of the infrared and Raman‘spectra are reported.

The electronic absorption spectra of individual isotopic mole-

h

cules were recorded and a detailed vibrational analvsis of one
of the obsgerved systems in the spectrum has been made. The
rotational structure of bands in this system has been examined.
‘A preliminary study of two other sySteﬁs are discussed. The
spéctra of carbon diselenide and the analogous carbon disulphide

are compared and the similarity between the two spectra is

shown.
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CHAPTER 1

INTRODUCTION

1.1 General Theory

A polyatomic molecule consists of three-or more
nuclei and accompanying electrons held together predominantly
by electrostatic interactions. The stationary states of this
system, according to guantum meéhanics, can be obtained from

the time-independent Schroedinger equation

[ WD e

Hy represents the Hamiltonian dﬁérator for an isolated non
translating molecule. If spin and relativistic effects are

neglected, Hy is given byl

42, . 2 42 2
H = — >V, - — N +V_+V__+ V
t o on ? L %:ZM& d "Vee' Ynn ne

(1.2)
The first two terms constitute the kinetic energy part of the
Hamiltonian whgre YJ? is the Laplacian with respect to fhe‘ith
electron of mass m and v(i is the Lap'laci;an operator with re-
spect td qth nucleus of mass M . The remaining three te?ms
.Veer Vnn and Vpe constitute the internal potential energy of
the molecule due to Coulombic interactions, and represent the
inter-electronic repulsion, inter-nuclear repulsion and

nuclear-electronic attraction terms respectively.
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In principle, by solﬁtion of Schroedinger equation
(l;l), energy eigenvalues Et and corresponding eigenfunctions
rq?t are obtained. The eigenfunctions represent the sta-
tionary etates‘of the molecule. In practice, however, exact
'solutlons are difficult to obtaln and therefore, approx1ma—
tlons are used. One such approx1matlon was proposed by Born
and Oppenheimer2 and is based upon the large disparity be-
tween electronic and nuclear masses, m and M. In classical
terminology, this~disparity renders‘the heavy nuclef much
slower in their movements with respect to those of the lighter
electrons. .For this reason the nuciei can be considered to
be momentarily fixed, while the electrons are still in motion.
Therefore the kinetic energy term due to the motion of the
nuclei vanishes and V,, is a constant. Under such conditions
“the electronic part of the Hamiltonian H{ can be written as
H —‘-13-2—2 V2+v + vV | (1.3)
e om 4 i °¢ " 'me )

¢

Its eigenvalues are represented by Eo and the corresponding
eigenfunctions by Iﬁk (ql, Qdi> dependent on the coordinates
‘of the. electrons. Each Tﬁ%’ (ql, Qdi> is also dependent on
the nuclear coordinates Qg4 as a parameter due to the Vo -

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

sum
Hy = He + Hy - (1.4)

: A _
where B oSiAeA ] mation of
- »Where Hn = gétﬁaaq&+‘thi In the zero order approximation o



Born and Oppenheimer?, the total eigenfunction l<¥%>» is

written as a simple product

Yed = | Yt 00 ¥ (o P 2.5

Wherel‘%’é> has been described above and I{k;>,is the nuclear
component of the system depending -only upon the coordinates

of the nuclei. This product approximation has been shown to
be valid under certain conditions3s4. One condition is that
the ratio m/M should be small; another is that the functions

which form the product should be nondegeneratel

. By substi-
tution of the product wavefunction in the Schrodinger equa-

tion (1.1), it'can be shownl:5 that

[I—In + Eq (Qa)]\'}_; > - Et|<_‘(n> (1.6)

which is simply the Schrodinger equation for |§%5>. |<¥;;>
represents the stationary states pf the nuclei. The Hamil-
tonian in this equation consists of the kinetic energy of the
nuclei and the electronic ehergy of the molecule, at Qq.
The total energy E; of the system for a given state
|\§’£> is given by the sum of the electronic energy Eg and

the energy of nuclear motion E,. That is,

E, = E, + Ej ' (1.7)

I<kh:>, the nuclear wavefunction, is dependent only on
the nuclear coordinates Q4. If there are N nuclei in a poly-

atomic molecule, their positions are completely specified by



3N nuclear coordinates. By a proper 'choice' of 3N coordinatese,

the wavefunction l{%};} can be approximated by the procduct

of a vibrational wavefunction [ﬁ?v)>, a rotational wavefunc—
tioni%Pﬁ), and a translational wavefunction r€9t£>. The trans-
lational wavefunction can be ignored if the coordinates of the
nuclei are defined relative to the centre of the mass of the

molecule. The product is then given by

B R 0 0.0

It will be shown in section 3.1 thatl{¥;>>is a function of 3N-6
vibrational coordinates in.a nonlinear molecule or of 3N-5
vibrational coordinates in a linear molecule. E, represents
the corresponding eigenvalue for this functionlgg;:> . It will
be also shown that r§?§> is a function of three rotational co-
ordinates which describe the orientation in space of a set of
rotating coordinate axes fixed in a nonlinear molecule. For
a linear molecule P@?R> is a function of two such coordinates.
ERr represents the corresponding eigenvalue for r§¥§>.

The total wavefunction for the molecule can therefore

be approximated by

W>-3¥ > 1.9)
. e Vv R _
and the total energy Ey is given by

E. = E¢ + By + Eg (1.10)



The"spin' property? of electrons in the molecule has
been neglected so far. When this property is taken into ac-
count; the electronic part8 of the wavefunction can be approxi-
mated by the product que \}s> , Where I\l’s> is a spin func-
tion dependent only upon coordinates in a hypothetical spin space.
The product approximation [§P6<Ig:> is a valid approxima-
tion so long as there is né interaction between spin and orbi-

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

'%t > = I\Pet\}_’v'\}& (1.11)

To obtain a better approximation to|<¥’£> and Ei, ad-
ditional terms should be added to the Hamiltonian in (1.1).
Examples of these are. terms due to spin-orbit interaction
(Hgp) ; spin-spin interaction (Hgg) and interaction of the mole-
" cule with external fields (Hoxt) s etc. If these terms are

9

smali, standard methods due to perturbation theory” may be ap-

plied to obtain better approximation to li}ﬁ;>'and E¢.

1.2 Symmetry properties of eigenfunctions

In principle, each of the funétions qué>, ng’v>

and rq?§> and its corresponding eigenvalues Eg, E; and ERr are

obtained by solwving an ‘'appropriate' wave equationlo. In prac;
tice, the solutions b;’é) of the 'eleétronic' waveequation
(1.2) are difficult to obtain, except for simple molecules.
However, for many problems in molecular spectroscopy, it is
not necessary to knOW'lgPe> explicitly. From the symmetry
properties of |€?é>, as well as those of PI>€> and '\}’R>:
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one can arrive at definite conclusions regarding some spectro-
scopic properties of the molecule. In the following chapters
the use of symmetry properties of eigenfunctions in the classi-
fication of stationary states of the molecule and in the de-
termination of selection rules for spectroscopic transitions
will be illustrated. | |

The symmetry properties of eigenfunctions of a mole-
cule are determined by the symmetry point group to which the
molecule belongs. It is well known that each mclecule can be
classified under a symmetry point group according to the sym-
metry operaticns that can be performed upon its nuclei.in their
equilibrium positions. (For details of such classification, ref-
6r to, inter alia, King7 and Hochstrasserll), That an eigen-—
function of the molecule transforms aé an irreducible repre-
sentation of the symmetry point group, will be shownl presently.
Since the total energy of a molecule in a'Stationary state must
be invariant for any symmetry operation carried out on the
mclecule, the Hamiltonian must also be invaﬁiant. For any
symmetry 6perator R, therefore, the following commutation rule

holds
RH = HR (.12)
which gives, for a nondegenerate state

[\ > = RH]\I/> =RE!\-_E> (1.13)

If!q2>iﬁ a normalized eigenfunction then this equation



necessarily implies that

RH{) = 41 ,"1’} (1.14)

The symmetry operation R, therefore, represents a one dimen~-

" sional transformation matrix [1] or [-1]. This result holds for
each symmetry operation R of the point group to which the mole-
cule belongs. The eigenfunction must then transform as one of
the one dimensional irreducible represeﬁtations of the boint
groupi Similar arguments could be used to show that degenerate
eigenfunctions aléo transform as representations of higher
dimension than unity. Each irreducible representation.of a
symmetry point group is denoted by a different symbol (Schoen-
flies notation)l, in order to identify its transformation pro-
perties. This symbol, called the symmetry species, will be
used hereafter to indicate the transformation properties of an
eigenfunction of the molecule. Further, a geﬁeral symbol

E}) will also be used in this work to denote the representa-
tion (not necessarily irreducible) generated by the symmetry
transformation of T, where T may be a function or a quantum
mechanical operator. Ir the product resolutlon of (1.9)

|\K> = \-_Y{ \]_/ \Ig > is valid, the symmetry species of each
component function can be separately obtained. The overall
symme?ry of FQ?t> is given by the 'direct' product1 representa-

tion which is written as

ﬁ/’ = q/)®rY) ® I(—\‘l’) (1.15)



The method of determlnlng the symmetry species of

|§P’> l§¥€> and f43ﬁ> will be dlscussed in subsequent chapters

wi
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th respect to a specific molecule. The direct product represen~
tion [qu) r 1f reducible, can be written as a direct sum

irreducible representatlon1

r =nremr'e @lr'@ (1.16)

lere i gives the number of times the irreducible representa-

ion r; occurs in (1.16).

3 Origin and Intensities of Absorption'Spectfa,

For each molecuie,.there exist a very large number poss4
)le stationary states |§}%}. If the molecule undergoes a transi;
on from one state lg?£>\to another state |§?f>, there is a
ncomitant change in energy from E; fo Ef. Thié change caﬁ‘be

pressed in terms of frequency thus,

V= — (1.17)

If Ei>'Ef, electromagnetic'radiatipn of frequency ¥ is spon-
taneousiy emitted by the molecule; if Ei<:Ef, this radiation is
absorbed. For such absorption, radiation of frequency jy/ must be
incident on the molecule. Experimentally, this radiation is
provided either by a source of radiation with a continuous

range of frequencies or by monochromatic radiation of frequency

. The absorbed radiation is observed as the ébsorption spectrum.

The transition from an initial state |§?£> to a final
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: ~f~statem1§?§>occurs~by the -interaction betweenuthe<électromagnetic
field associated with the incident radiation of frequency V and
the motion of electrostatic charges within the molecﬁle. If

the radiation field is included as a time dependent perturba-
‘tion term in the Hamlltonlan of equation (1.1) and applied to

§2'> the probability of finding the molecule in the state

¥ ¢) can be determined!2. Einsteinl3 in 1917 expressed the

probability of an absorption transition between two nondegenerate

states in terms of a coefficient Blf which is given by
352 | l (1.18)

‘Here |[R|2 is called the transition probability and R is called

the transition moment. & is expressed as the integral
=& e 1D (1.19)

P is an oleotric dipole, magnetic dipole, electric quadrupole,
or a higher moment operator. In molecular spectroscopy, P is
encountered most often as an electric dlpole moment operator.
Classically, the electrlc dipole moment of a system of charged

particles is given by

= rd 7 54 |
Po= Pt 4 Py + Pk (1.20)
w»-wherewP§u=f§;en n+~P-——;g? Yn, P, =D €7, ——(1.21)

Ty ey
i, 3, k are unit vectors in Cartesian coordinates and enp is the

charge on the nth particle. The dipole moment operator is a po-
L _

lar operator— whose components transform as the x,y,z coordinate
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of the system.» The magnetic moment operator is an axial vectorl
and transforme like a polar vector under rotations.

Ifnﬁpis nonzero at least for one of the components of
B, the transition between states !q_fg}and ,“{ff> can occur. K
therefore, represents the general selection rule for transitions
between the two states. 1In the next section,'specific selec~
tion rules are discussed in greater detail.

| The intensity of a spectroscopic transition in absorp-

tion éan be related to Bjf above, the frequency V of the incident
radiation and the population of molecules N, in the initial
state |§¥§>. If Iggs‘represents the intensity of absorption, this

relationship is given by 14

it

if
abs '

= TN By h oy Ax (1.22)

Here, ™t is the intensity of incident radiation andfAx is the
o

thickness of the absorbing layer of molecule in cm . Bis is

determined by the transition probability fﬁ]z. N., the number

il
of molecules in a non degenerate state !q?£>is given by the

Maxwell-Boltzmann distribution lawl5 thus

N; = N exp (-Ei/kT)
Yexp (-Ei/kT) (1.23)

where N is the total number of molecules, T is the absolute
temperature and k is £he Boltzmann constant.

For transitions between two 'electronic' states |\¥‘>
andlspg>, the Einstein transition probability coefficient Bim

is related to a dimensionless function f;, called the oscillator
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strength7 by

mn ”'ez nm (1.24)

fmn can be determined from experimental quantities. One of

these quantities is the extinction coefficient Ga/defined by the

Beer-Lamberts' lawl®. The relationship between fmn and e&/is

17
given by’

- - a
£, = 4.317 x 1079 xj;nngy v (1.25)

in absorption. In principle, fﬁh,obtained from experimental
guantities 1is substituted in equation (1.22) énd Bim is deter-
mined. The magnitude of the probability of transition i.e. ﬁﬁZ
between states rﬁ?:> and ]ﬁ?g} is therefore obtained. For all
possible transitions between an initial state m to a final state
n that involve the excitation of a single electron, a sum rule
defined by

D f, = 1 (1.26)
m

n

holds.

1.4 - Selection Rules

The,probability of transition between any two states*

I‘ij> agd [\:,[/’ > is dete?mined by the square of the integral

*A''prime(') refers to the higher energy state and a double
prime (") refers to the lower energy state of a transition.
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R = (’C}!'[ ?lfl’> | (1‘-.27)

If'ﬁ'is zero, the transition is forbidden. vaﬁ>is nonzero the
transition is allowed. Therefore the integral (1.27) determines
the selection rule for transition between any two states rqg;>
and '\}"> If |“1"> and I\T["> are explicitly known the integral
can be evaluated and by substitution in equation (1.27) along
with values of the other factors, the intensity of the transi-
tion can be determined. In practice, i{_[f.> and l%" > are not
often known explicitlyf Hoﬁever, it can be established whether
R is nonzero or not, from the symmetry properties of the two func-
tions and those of the operatorlgf' For this purpose, the dir-
ect product of qu?'), r&% and r?qf% is determined and re-
duced ,if possible, to a direct sum of irreducible répresentations

i.e. . . .
F‘F) @ l_(?) @ l?‘fi': anl; nzﬁ‘}.nnr'e (1.28)
' 1 2 n

It has been shownl that if at least one of the irreducible
representationsl-L in the direct sum is totally symmetric,i?
is nonvanishing. This condition can be ﬁsed to determine whether
- a transition cah occur between any two states ]@l> and |\Y'>
But, since the magnitude of<§icannot be detefmined by this method,
oscillator strengths £ ,, determined exﬁerimentally are com-
monly used to assess the magnituaes‘of proﬁabilities.

Ifi?is assumed to be an electric dipole operator} and

. - ...9
split into two partsl, one due to the electron P, and the other
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due to the nuclei.;; l.e.
P = P, +'§1 C(1.29)
Therefore, |
: i A__;' w 1 _-?‘ "
<th| PeI\K> + <\l/t|Pn H-/t> (1.30)
If we also assume that the product resolution of (1.5) di.e.,
r%f)mi<%’i%;? is valid, R can be written as
<Q ’\?2<\Y| P li) <q’ldal—-"><‘§’ N{e> (1.31)

For two different electronic stat_‘es, l\-‘fe>'and |'S_Ve> are ortho- =

. -
gonal functions. Therefore R reduces to
1l
-
- Y7
e

If,ﬁ2£> is written as a product of vibrational and rotational

(1.32)

wavefunction i.e.lgph> = l{%v ‘Q?ﬁ), the transition moment'is

) DCEITDE T w

When there is no transition between rotatlonal states i.e.

anen [P < ¥
= &2 ID<Y T - *-R" <\W’> 130

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

givén by

' = ‘ .
tegra114. So, if R,,is nonzero for at least one Cartesian com-

4 . . » .
ponent of P, and the overlap integral is nonzero, a transition



14.

between Iq/'> and‘*}n > is possible. The transiticn 'is

then an alliwed el‘edtion’ic transition. The overlap integral
determines the intensity distribution of the vibrational struc-
ture of the transitionl4 and will be discussed in section (4.6)}.
Sometimes, the molecule might change its syﬁmetry on excitaticn.
“';“ner _common symmetry species ofl '\]-_/ ' > andl‘q/"> must be
obtained with respect to the point groﬁp formed ?rom elements

in both states, before applying equation (1.34) for determinration
of seiection rules.

If the product resoluticn i.e. 1ﬂfe‘>=l q& e }Pv> is

not valid because of vibronic interaction, the transition mom-
ent reads

R AR DS D

Each state IJ--év> is a vibronic state. Selection rules

-
Pe

between vibronic states are determined by the direct use of egua-
tion (1.27). The smmetry species of each Hév> l.e. ]( @ev)’ is
first determined by the product !(?e) ® I(\I’v) , (for justifi-
cation of- [( iev).z I(\?e) ® (‘J..(v), see reference 8). Then

N ) “ - .
the direct product of I(\I" ) @ I_(-T?) ® l(\:r(ev) is determined
to cktain the selecticn rule, as before. If a transition is not
allowed electronically, it may be allowed as a vibronic transi-
tion. A transition allowed only by vibronic interaction is in
general, less intense than an electronically allowed-transitionlg.

[} L]
If each of the states Iﬁ?t> and l\:[/t> has a nonzero spin

and if there is no spin-orbit interaction, thenl__t:> =I é'g?s n

andl{/; =|\1’; '9_./; 'q(;;> The transition moment is given by
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(1.36)

R EARE
'-I? is zero unless I\‘:E é> =|%g> due to the orthogonalitf
of spin functions8. From this result, we get the selection rule
-/AAS = 0. That is, the total spin does not .change in an allowed
electronic transition. But even if the spins are different in
the two states, the transition may be allowed by spin-orbit inter-
action mechanism. In the presence of spin-orbit interaction,

each-functionli%gs> and]ﬂ?gs> may be written8 in the form
[Wes) =] gﬂ_{& +Xes (1.37)

whére)(es represents a component function due to the inter-
action term. If this function is substituted in equation (1.27),
—R; reduces to <?eSiPe|{Ees> The symmetry species of each FTX‘QS)
r—slr(e) ® [—'\Ys)]and {—>(és) [ = I——k('y3 Q r—'%) ] are
determlned and the selection rule for the transition is deter-
mined from equation (1.8). If<>(ésiP4><eé> is nonzero, then
transiﬁiohs between states with different spins i.e. AS # 0 may
be allowed. The intensity of transitions allowed because of
spin-orbit coupling is also, in general, weaker than that of those
‘allowed electronically without change of spinls.
Selection rules for transitions between vibrational states
\éhd rotational states within the same electronic sfate (i.e.
when'l?Q =|{_Eg> are determined by the second term in equation
(1.31). Since the first term is zero for|§?£>#1<gg>>in the same

-—

electronic state, R is given by
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| 'f{’=<'§_’;1 I;il«:f;'l ._.<Q{,\-7\E{'I;:I\E'\.T_’;> (1.38)

where the product approximation|‘4/4> =|i§?v \¥fﬁ> of section

1.1 has been used. |<}fv>> is a function of 3N-6 (or3N-5) moleculé
fixed vibrational displacement coordinates called normal co-
ordinates, Qp(disgussed in Section 3.1) and.lg?R> is a function

of 3 (or 2} space fixed coordinates X, ¥, Z. The operator EL
cannot be separated completely into a space fixed coordinate
component and a molecule fixed coordinate component. If Py

Py, Pz refer to the components of.;;along the space fixed axes

X, Y, Z and Px, Py, Py to the components 6f'g;aiong the molecule

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

Px cos xX cos yX cos zX Py
Py = cos XY - cos yY cos zY Py
Py, cos xXZ - cos yZ cos zZ 1Pz (1.39)

where the elements cos xX etc., are direction cosines between
the two sets of axes. This relation can be written for each

component of P thus

Pp = o OrgPq | (1.40)

where F = X, Yor Z and g = X, y Or z, 6&9 represents the dir-
ection cosines, and is a function of the vibrational coordinates.

If Pg is expanded in terms of the vibrational coordina-

tes Qk we havel? ..

3N=6 /ap,\ O, +
= g} ¥k

Q =0 (1.41)
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Substitution of (1.41) and (1.40) into (1.38) gives the transi-
tion moment due to each component. ' (For details refer to Allen
‘and Crossl9, 1963). For a transition between the same vibrational
states i.e. for rotational transitions, the transition moment

is written as

<“f el B> z@gl@l@ ¥

(1.42)

in which the orfhogonality of the functions l€%§>>has been
assumed. For simultaneous transition between pairs of vibra-

tional‘and rotational states, the transition moment is given by

SRANNZ ISR AMEICATL

Selection rules for rotational transitions and rotational-
vibrational transition follow from expression (1.42) and (1.43)
respectively. If the molecule has no permanent electric mément
(Pg% = 0 and therefore pure rotational transitions determined
by expression (1.42) do not occur. But, if the molecule has a
pérmanent moment selection rules for rotational transition are
obtainedl? from the integral part of equation (1.42). Selection
" rules. for wvibrational transitiors alone are determined by the
first factor in expression (1.43). Let this factor be indicated

by Ryy. Therefore
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e =3 <Rl Y .40

g
This integral can be established to be nonzero or zero by sym-

metry arguments which were discussed earlier.

In summary, methods of determining selection rules for
electronic, vibronic, spin-orbit coupled,‘vib;ational and rota-
tional transition have been discussed in this section. These

methods will be used subsequently in specific cases.

1.5 Types of Spectra

When molecules undergo simultaneous transitions be-
tween different pairs of stationary states, the absorption
(or emission) spectrum éonsists of several frequencies. The
ﬁairs of stationary states parficipating in the transitions may
be rotational, vibrational or electronic states; the pairs may
also be combinations of these states (e.g. vibronic states).
The resultant spectrum may be classified according to the type
of states involved in the transitions. Three principal classes
. of spectra are briefly described below.

i) Rotational Spectra

Each molecule has three principval moments of inertia
Ian, Ig and Ig which can be caliculated from the bond distances
and bond angles of the molecule. A molecule is classified as
a spherical rotor, if all the three moments of inertia are equal;
as a symmetric rotor, if two among the three moments of inertia
are equal; and as &an asymmetric rotor, if all three are unequal.

A linear molecule is a particular case of a symmetric rotoci,
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with the moment of inertia about the molecular axis equal to
zero. The rotational states |§§R> of each molecule may be
approximated by 'appropriate' (spherical, symmetric or asym-
metric)rotor functions. The eigenvalues Ep are expressed in
terms of rotational constants A, B and C which are inversely
proportional to~IA, Ig and I respectivelj,b(see section 4.7).
Selection rules between rotational states are determined by
equation (1.42). Transitions between rotational states occur
only if the molecule has a permanent dipole moment. Such transi-
fions are accompanied by relatively small energy changes; the
frequencies of radiation corresponding to the energy changes
usually lie in the frequency range of 1000 - 300,000 megacycles/
sec. In terms Qf wavelength, this range corresponds to 0.1~
30 cm: and is called the microwave region. The study of spectra
of molecules in this region is termed microwave spectroscopy

and yields data on rotational energy levels, moments of inertia
and, in favourable cases, bond distances and bond angles of the
molecule.

ii) ~ vibrational Spectra

The vibraticnal function ]qu)>of a molecule is a func-
tion of 3N~6 {(or 3N-5) vibrational coordinates (section 1.2).
It will be shown in saction 3.1, that each r%’w> can be ap-
~ proximated by a product of 3N-6 (or 3N-5) harmonic oscillator
wavefunctions. The eigenvalues of each harmonic oscillator func-
 tion is expressed in terms of a vibrational frequency Wy and

a vibrational quantum number vk. Selection rules for transitions
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between vibrational states are determined by the first factor
in equation (1.43); transitioms between rotational states of

each vibrational state occur simultaneously as determined by

the second factor in the same equation. The observed spectrum
therefore consists of frequencies corresponding to vibrational
and superimposed rotational transitions. The frequencies in

the spectrum are of relatively higher magnitude than those of
pure rotational spectra. Experimentally, vibrational -rotational
spectra of molecules are observed commonly in the 4000 - 40cm™1
region and are called infrared spectra. Analysis of the spectra
gives the vibrational frequencies of the molecule. Because of
restrictions imposed by selection rules (1.44) not all vibra-
tional transitions can occur. Therefore, all the 3N-6 vibrétion—
al frequencies may not be obtained by a study of the infrared
spectrum of the molecule. A complementary technique of observ-
ing vibration-rotation spectra is by Raman spectroscopy and

will be discussed in section 3.5. In.fhis technique, a monochro-
matic radiation of frequency Vo is scattered by the molecule.

In the scattered radiatién, in addition tq Vor frequencies Z/oi
Vyy where Vg is the frequency corresponding to the energy dif-
ference between the two vibrational states, are observed. In
favouréble cases, by the analysis of both infrared and Raman
épectra, all the 3N-6 (or 3N-5) frequencies of the molecule are
obtained. These frequencies may be related to the strength of
bonding (i.e. force cénstahts) between the constituent atoms in

the molecule.
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iii) - Electronic Spectra

The method of obtaining electronic eigenfunction I{k,;)
and eigenvalues Eg will be discussed in section 4.1. Selection
rules for transitions between any two electronié states are
determined by equation (1.32). The energy difference between
these electronic states have a wide range of values. The cor-
responding frequencigg of transitions.are of very large magni-
tude in comparisoh with those of either vibrational or rotational
spectra. The observed spectrum for each transition may liel6
in the infrared (25000 - 7500 2 ), visible (750?- 2000 R ), ul-
tra violet (2000 - 2000 A ) or in the vacuum ultraviolet (2000 - 20

g T%regions.. In a given electronic transition, there are simul-
taneous transitions between vibrational and rotational states of
each electronic stafe. From an analysis of the electronic spec-
trum, a variety of information, such as the shape of the mole-
cule, vibrational frequencies, moments of inertia, etc., in

both the combining states may be obtained. The data on vibra-
tional ffequencies and moments of inertia obtained in the ground
state by the use of microwave, infrared énd Raman techniques,

are frequently very useful in analysing the electronic spectruﬁ.

In the ﬁext section, an introduction to the spectro;
scopic problem dealt with in this thesis is given. Experi-
mental techniques used in this work, are described in Chapter 2.
Vibration-rotation spectra of carbon diselenide are dealt

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

~ spectrum of carbon diselenide is described.
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Triatomiq molecules are the simplest among polyatomic
molecules. Extensive work has been done in the past in ordér to
investigate their spectra, both experimentally and theoretically.
A comprehensive list of such molecules which have been studied,
as well as results obtained therefrom, has been compiled by
Herzbergs. In this work, we shall confine our attention to.one
partifular member of a group of triatomics represented by the
molecﬁlar formula XCY¥. Here, C represents a ¢arbon atom and
X,Y either the same or different atomé (0, S, Se) belonging to
the sixth group of the periodic table. Typical member of this
group are CO, and OCS. Miérowave spectra of OCS, 0OCSe and SCSe
have been investigated by several workers20,21,22,25,26, Cdz
and CSp are symmetric linear molecules which do not have per-
manent dipole moments and therefore do not show pure rotational
spectra. Infrared and Raman spectra of various XCY molecules of
this type have beenlinvestigated23. One of the most frequently
and thoroughly studied molecules is the Carbon dioxide (CO3)

molecule?7,28,29 & 30

Similar investi§ations have been done
on the SCS molecule also?7:31,32,33,34, Wentink:23 studied the
Ainfrared and Raman spectra of not only CS, but also CSep, SCSe
and SCTe molecules; furthermore, he predicted one of the vibra-
tional frequencies in the unstable OCTe, SeCTe and CTep molecules.
The force constants in all these molecules have been reported24..
A study of both vibrational and rotational spectra of these

XCY molecules indicate that all of them are linear in their
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~ground states. Internuclear distances Tox gnd Ty of
some of these molecules, collected by Wentink24 are given in
‘Table 1-1 for further use.

The electronic spectra of 0CO, SCS and OCS are well
known. A.general_discuséion'of the spectra of the first two
molecules has been presented by Herzberg8 (1966) . In each of
these molecules, mahy spectral regions of absorption i.e. the
so called 'systems', are known. Most of these systems lie in
the vécuum ultraviolet and only a few of them have been investi-

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

three other members of the group i.e. OCSe, SeCSe and SCSe. The
spectra of the first two molecules have been, however reported35,36.
The spectra of other XCY molecules are not known. |

In this work, a study of the spectra of ¢arbon disel-
enidé (i.e. CSej), one of the members of the XCY group, with
X =Y, will be presented. The‘electronic absorption spectré of.
this moiecule in the visible and ultraviolet regions were first
reported by Callear and Tyerman36'50. During flash-~photolysis
studies on CSep these authors observed and recorded the spectrum
under low resolution. Four banded absorption systems were found.
The first of these occurred in the far ultraviolet region at
2000;. A second very strong one was observed at 23003 region,
and was reported to cause the decomposition of the CSey molecule
into CSe and Se fragments. The remaining two absorption systems
were observed in the near ultraviolet at 3800% and in the violet-

blue region at 43003, The latter system was also observed under
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somewhat higher resolution and found td consist of groups of
line like heads. Callear and Tyerman36 did not investigate the
first, third and fourth of the above systems any further. The
second system at 2300&, however, was studied in detail in flash
photolyéis experiments. The specfral regions of absorption of
CSey mentioned above and those of CSp are indicated in Table 1-2.
From this table it is seen that CS,;, an analogous member of the
group, also has absorptions approximately in the same regions

as those of CSe,. Among these absorption spectra of Cs,, that
at 4300 ~ 3300 A has been analysed by Kleman3’,Liebermann38,
Douglas and Milton3? and others40/4l, the spectrum in the

3400 - 2900 A region has not been analysed in as much detai}

as the 4300 A system37,40,42 and the spectrum in the 2200-1800 A
region has been investigated by Price and Simpson43, Hauptmani4,
Ramasastry and Rao?2 and Dpuglas and Zanon45. A comparison of
the absorption systems of CS; and CSe; is discussed in Chapter 5.
The purpose of the present work, given below, is to

i) syntﬁesize CSe, from individual isotopes of Selenium in
order to obtain infrared, Raman and electronic absorption spectré;
ii) reinvestigate the infrared and Raman spectra and compare
the results obtained with those of Wentink23, whose work was
limited by experimental difficulties;

iii) study in detail the electronic absorption system at

4300 2 and determine the nature of electronic states involved

in the transition,; the shape of the molacule in the excited
state, the vibrational frequencies in both the states and any

other information (Part 5.A)
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iv) make a preliminary study on the absorption systems at
23002 and 3800 A,

v) compare the absorption systems of CSe; with those of CSj

already investigated, and

vi) discuss the results on CSe2 obtained in this work with

respect to those obtained by Callear and Tyerman36.

Other types of investigations have been made upon the
CSey molecule. Stiles et al33 studied ﬁhe effect of photoly-
sis on CSe; by analysing its electron spin resonance spectra.
They observed that solid phase CSe; samples reddened When ir-
radiated with a Mercury lamp radiation (2537.§ﬂ), suggesting
the formation of Se, molecules. The results of these irradia-
tion Studiés showed that elemeﬁtal selenium, selenium chains of
the type Se (Se) Se,and polymers such as (CSe)p were formed.
Brown and Whalley4® studied the polymerization of CSej and the

structure of the polymer formed by-infrared spectroscopy.
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Table 1 -'1

INTERNUCLEAR DISTANCES (IN i) IN SOME LINEAR XCY

MOLECULES (GROUND ELECTRONIC STATE)

Mole-
cule * fco fcs Tcse ICre rxy Ref.
CO, IR 1.162 - .= - 2.324 47
oCs M 1l.l64 1.559 - - 2.723 20, 21
OCSe M‘ 1.160 - 1.711 - ‘ 2.871 22
CS»y IR - 1.555 = | 3.109 32, 27
uv - 1.554 - - 48
scse at - 1.558  1.711 -~ 3.269 22
CSey a - - 1.711 - 3.422 24
sCTe M 1.557 1.904  3.461 49
*Method of measurement: IR = Infrared spectrum
M = Microwave spectrum
UV = Ultraviolet Spectrum
A = Assumed value

# Assumed value which gives the best calculated values of

rotational frequenéies; for details refer Wentinkf4
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Table 1 - 2

- ABSORPTION SYSTEMS IN CS, AND CSe2

Designation Region (A)
CS2 CSe2
3 -% 4300 - 3300*  4800.- 3900
3400 - 2900 4000 - 3500
A-X 2200 - 1800%% 2600 ~ 2150
¢ -X 1780 - 2150 2150 - 2
is 3A2(B2) state; the molecule is ben£ in this séate37.

is

132 state; the molecule is bent in this state45.



CHAPTER II

Experimental

Two methods are available for the synthesis of carbon
diselenide. The first method is the interaction of hydrogen
selenide gas with carbon tetrgchloride vapour in a hot pyrex
tube at 500°C (Grimm et al,>t 1936). Tﬁe second method is

the,réaction of methylene chloride vapour with molten selenium

at 5509C (Ives and Pittman,®’ 1947). The overall reactions

are:
ccl, + 2HpSe 200 °¢ CSe, + 4HCI
CH,Cly + 2Se 550 °C CSe, + 2 HCIL

Some properties of carbon diéélenide, which are of importance
in the present work, are given in Table 2-1. _

Ives et al®? reported that the yield (about 52%) of
diselenide in the second method was much higher than that by the
first meéhod. Hence, the method of Ives et al was adopted in
this work. Fig. 2-1 is a schematic illustration of the ap-
paratus used in the synthesis of carbon diselenide. A stream
of nitrogen gas was bubbled through methylene chloride (?ischer
reagent grade) liquid at room temperature. The resultant mix-
ture of nitrogen gas and methylene chloride vapour was passed

over molten selenium (Analar Reagent grade) at red heat.

28,



i)

ii)

iii)
iv)

V)

vi)

vii)

29.

Table 2:- 1

PROPERTIES OF CARBON DISELENIDE

Colour:

Physiological:

Melting point:
Boiling point:
Solubility:

Other:

Vapour pressured2:

Golden yellow

Obnoxious odour; a few mg '1eft
exposed contaminates an entire
room; reported to be lachrymatory‘
and carcinogenic.

-45.5°C.

125°c.

Dissolves in carbon disulphide,

.carbon tetrachloride, methylene

chloride, grease and hydrocarbon
oils. Forms constant boiling mix-
tures with its solvents.

Reactive; decomposes on mercury
surface; sensitive to light; turns
brown and finally black on standing.
TeC 0 10 20 30 50

Pmm 4.7 7.7 13.6 23.3 58.3
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SY NTHE’S\S OF CSep ™~ FROM NATUR;‘AL SELE piuM

L eURE 2!
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A sblution of carbon diselenide in methylene chloride was
condensed in the receiver. The solution was filtered to remove
residual selenium and the filtrate was concentrated by frac-
tional distillation at atmospheric pressure.' Most of the methy-
lene chloride distilled over at 42°C; The residual carbon
diselenide fraction was stored at dry ice temperature (-78°C),

for subsequent use.

2.2  Synthesis of Carbon Diselenide from

The mefhod of Ives et al was used in the preliminary
work but was modified subsequently for the following reasons?
Firstly, it was necessary to synthesize CSey from mg guantities
of pure isotopes of selenium. ‘The method of Ives et al, desc-
ribed earlier, was unsuitable not only because it required gram
quantities of selenium,abut also because substantial amounts
of the element were lost in the form of a fine deposit all over
the apparétus used.

Secondly, CSe, is toxic and has a penetrating offensive édor,
(Table 2-1): it was therefore essential to work with the compound
in completely closed systems. Apparatus equipped with stopcocks
could not be used because CSej dissolved in the stopcock grease
and leaked out.

A new procedure was therefore devised for the synthesis
and is described below.

Isotopes Se80, se78 and Se’7 (obtained from Oak Ridge
National Laboratory of the United States Atomic Energy Commi-

sion) were used in the synthesis; they had an isotopic purity
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of 97%, 96% and 87% respectively. Figu‘2.2 is a schematic il-
lustration of the apparatus used. 15 mg of one of the selenium
isotopes was introduced into each of the two thick walled pyrex
reactor tubes shown. MethYlene chlorider(Fisher reagent grade)
liquid, held in a reservoir, was solidified by éurrounding it
with a dewar containing liquid nitrogen. With stopcocks A and

B open, the reactor tubes and the reservoir were evacuated. Stop-
cock A was then closed and the reservoir was allowed to warm up
tovfoom temperature. With stopcock B closed, the methylene
chloride was transferred ﬁnder vacuum into the reactor tubes
‘which were surrounded by dewars containing liquid nitrogen.

‘Bach of the reactor tubes was then sealed off at the constrictions
C shown, allowed to warm up to room temperature and then heated

to redness at end D with a 'Meker' burner. Yellow droplets of
CSe,, along with selenium vapour were observed to éondense on the
cooler sides of the reactor near.point E. After a few minutes

of cooling, the reactor was heated at E to consume any of the
depositea selenium. The process of heating the reactor at

points where selenium is deposited was repeated till no red
deposité of selenium were visible. The absorption cell was then
evacuated through stopcock‘F and sealed off at constriction Ga

The break seals were destroyed with Teflon coated iron breakers.
The side arm on fhe absorption cell was then immersed in liquid
nitrogen; CSe, from the reactor tubes was thereby condensed in the
side arm. The reactors were sealed off at constrictibns H

and disconnected from the cell.
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By this method, not even trace amounts of CSe, were re-
leased into the atmosphere. Odour and toxicity problems were
entirely avoided. Milligram quantities of selenium isotopes
were adequate to synthesize enough quantitiés of the compound
for most of the present spectroscopic work. However the exact
amount of carbon diselenide formed in each reactor tube was
unknown. From the quantity of selenium used (15 mg), volume
of meéhylene chloride condensed in each reactor tube (.3 ml) and
the efficiency of the reaction (52% yield), an estimate of 4
the concentration of CSe, in CHZCl, solution was obtained. The
maximum concentration of CSez in the reactionrwas about 3g/'lite£'
of CH2C12. The solution of CSej obtained by this method was
not purified or concentrated. The solvent CH,Clp was, as expec-
ted, the major impurity, as judged from infrared, Raman and
ultraviolet spectra. It will be seen in sections 3.8 and Chégter 5
that the spectra of methylene chloride did not interfere with
the interpretation of CSe, spectra.

Several types of cells, filled with vapour of CSej
(and CH7Cl2), were used in recording spectra;

i) Quartz cells 5 and 10 cm long and 2.5 cm diameter,
~ provided with quartz windows.
ii) Pyrex cells 5 and 10 and 50 cm ‘long and 2.5 em dia-
meter, with sealed-on pyrex windows.
iii) Pyrex cells 1.8 m long and 11 cm diameter, provided
with ground flénges at either end. Flat pyrex windows were

glued on to these ends with'Dekhotinsky' cement.
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iv) Cells for infrared spectra, 10 cm long and 5 cm dia-
meter provided with KBr windows or polyethylene windows.

The pressure of CSe, vapour in each ceil was not
measured. Mercury and oil manometers could not be used for
measurement of pressure in the cells since Cse, attacked mer-
‘cury and dissolved in oil. The partial pressure of CSe, in
each cell (other than that in the 1.8 m cell) was assumed to
be-equal to its vapour pressure at room temperature, because
some droplets of CSep solution were always present in these
cells at this temperature. The smaller cells were stored in a
refrigerator (at3°C) when not in actual use. The larger 1.8 m
cell was used immediately after filling it with the vapour of
Csej. h

Four isotopic CSej molecules were studied in this work .
vizL; Se80 - 12 - 580 se’8 - cl2 _ Se78, se?? - cl2 -
se’? and se’8 - cl? - 5e80, Fpor convenience, these ﬁoleculés
will be indicated by the notatians 80-80; 78-78; 77-77 and
78-80. The molecule obtained in the synthesis from natural
selenium will be denoted by N-N. 78-80 was synthésized from a
1:1 w/w mixture of se80 and se’8 isotopes and CH2Cl, vapour,

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

2.3 Infra Red Spéctra

The infrared spectrum of carbon diselenide was examined
with a Perkin Elmer Model 521 gratiﬁg spectrophotometer in
the region 4000 - 250 cm™! and a Perkin-Elmer model 301 grating

spectrophotometer in the 250 - 90 cm~1 region.
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In the 4000 - 400 cm"l-region, the spectra of N-N,
80-80 and 78-78 molecules were obtained in 10 cm long cells
with KBr windows. In the 400 - 90 cm~l region, 10 cm long
cells with polyethylene windows were used. Spectra of car-
‘bon tetrachloride, chloroform and methylene chloride vapouf
were also recorded with the same cells. These spectra were com-
pared with the spectrum of carbon diselenide in order to as-
certain whether these compounds were present as impurities in
carbon diselenide. All spectra were recorded at room tempera-
ture.

The vacuum wavelengths of absorption bands were de-
termined with respect to the vacuum wavelengths of absorption
peaks due to a thin polystyrene film and atmospheric wafer va-

pour>3. The uficertainty in measured frequencies is about 1 cm_l.

2.4 Raman Spectra

Raman' spectra of N-N, 80-80 and 78-78 were obtained with
a épemﬁodel 1400 ~ 11 Raman Spectrophotometer equipped with a
50 mW Spectra-Physics Model 125 Helium - Neon Laser -source.
Solution samples of carbon diselenide, sealed in melt-
ing point tubes (2 mm dia), were used. Plane polarized laser
radiation (at 6438 A)was focused on the sample. Scattered radia-
tion perpendicular to the incident beam was passed through a
condenser lens into the Spex monochromator (a Czerny-Turner gra-
ting instrument). The output of the monochromator was detected
-by a photomultiplier (ITT Model FW-130); the response of the photo-

) multipliér was amplified and recorded graphically as a
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function of wavelength on a linear scale and constituted the
Raman spedtrum; When necessary, an analyser which could be ro-
tated by 90° about the optic axis was introduced in the path

of the scattered beam between the sample and the monochromator.
Spectra of the CSe; samples were recorded without the analyser,
with the analyser oriented to transmit the incident plane po-
larized radiation and with the analyser perpendicular (90°) to
this direction. After passing through the analyser, the radia-
tion was completely depolarized by a "scrambler" before enter-
ing the slit of the monochromaﬁor.

Comparison spectra of liquid carbon tetrachloride,
chloroform and methylene chloride were recorded. The wavelengths
of each of thé observed Raman bands were obtained from pre-
viously calibrated wavelength counter on the instrument. These
wavelengths were converted ﬁo vacuum wavenumbers. The dis-
placement in wavenumbers of each of these bands with»respec£
to ﬁhe wavenumber corresponding to 6438 A was obtained. The
uncertainty in wavelength measurements were about 1 i and there—
fore the uncertainty in the wavenumber in this region was about

+ 3 em L,

2.5 Low Resolution Electronic Spectra

The absorption spectrum of CSe, vapour was recorded at
room temperature on each of three low resolution instruments;
a Cary (model 14) spectrophotometer, a Baush & Lomb 1.5 m
concave grating (model 11) spectrograph and a Hilgei Large

Quartz (model 492) Prism spectrograph. With the Cary instru-
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ment, 5 and 10lcm quartz cells were used to scan the 2000 -
1850 A region. The spedtra of 80-80 sélutiéns in liquid CH3Cl,
at 0.002 M concentration were also obsefved-with this spectro-
meter in the 5000 ﬁ - 3100 i region. A 1 cm long pyrex cell,
which could be sealed off to prevent the odour of CSé2 from
escaping and\the solution from evaporating,was used. The solu-
tion was successively diluted with equal volumes of methylene
chloride to record the spectrum at three different concentrations.
Blank spectra of gas and liquid phase methylene chloride were
also reéorded.

The B & L and Hilger spectrographs were uéed to re-
cord spectra on photographic plates, with 5, 10 and 50 cm long
- pyrex and quartz absorption ceilé. Either a 250 W Xenon arc
(Osram XBO high pressure lamp) in the uvltraviolet or a tungsten
filament lamp (6 wafts) in the visible was uéed as sources of
continuous ;adiation. Ekposure tiﬁes were of the order of 1
to' 10 seconds. The B & L spectrograph was used in the 7600 -
3800 i region, at a first order resolution of 30,000. The Hilger
spectrograph was'used for recording the spectra in the 4000 ~

3400 A and 2800 - 2200 A regions.

2.6 High Resolution Electronic Spectra

In order to examine their vibrational and rotational
structure in fine detail, the absorption bands of both natural
and isotopic CSe,; molecules were recorded on high resolution
spectrographs in the 4800 - 3400 A region. Pyrex cells, 10 and

50 cm long, were used to contain the vapour at room temperature.
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One of the spectrographs used extensively was a 20 ft
Ebert stigmatic plane grating spectrograph. The dispersion in
the 4300 A region was about 0;67 i/mm and the resolving power
in the first order was about 150,000. At slit widths of 30}
to 50 ) , exposure times of the ordér of 15 sec to 3 minutes
were necessary with a 250 W xénon lamp source. Spectra were
recorded on 35 mm Kodak SA - 1, Kodak Tri-X and Ilford FP-3.
films. The alignment of the source absorption cell and the
spectrograph optics was done using an OTT (model 1700.3 MW Helium-
Neon lLaser. |

During the course of this work, certain bands were
also photographed on a 35 ft astigmatic Eagle type concave gra-
ting spectrograph and a 35 ft Ebert spectrograph located at
" the National Research Council, Ottawa.* With the Eagle instru-
ment, the 4800 - 3400 A region was photographed in ‘the 3rd
order at é dispersion of .4 i/mm_and a resolutiond4 of about
250,000. A Lyman flash discharge lamp and a tungsten filament
lamp We;e used to record the spectrum, with a slit width of
20 4. Exposure times ranged from 2 minutes to 15 minutes.

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

»

*We are indebted to Dr. A. E. Douglas of the National
. Research Council of Canada, who permitted the use of these
spectrographs.
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A few selected bands of the 80-80 molecule were re-
corded* on the 35 £t Ebert spectrograph in the 13th, 14th and
15th orders with a Xenon lamp source at a slit width of 30 }r.
The.dispersion was approximately 0l i/mm‘and the resolution

about 600,000 in the 4300 - 3800 A region.

2.7 = Temperature work

The effect of temperature on the intensity of absorp-
tion bands in the 4800 - 3500 i region was determined over a
temperature range of - 42°C to 190°c.

In one typical set of experiments, the spectrum of
80-80 vapour was recorded at 22°C, 100°C and 190°C with a 20 ft
Ebert spectrograph described in the last section. A 50 cm
long absorption cell containing the compound was heated by a
furnace made out of a 75 cm long, 40 mm diameter pyrex'tﬁbe
which was wound with nichrome wire and lagged with asbestos.
The temperature of the interior of the furnace was measured with
a mercury bulb thermometer.

In a second set of experiments, the spectrum of 80-80
vapour was obtained at - 78°C, -420C, 220C and 110°C with the
Baush & Lomb and Hilger spectrographs. The vapéur pressure of
CSey at -789C and -42°C was too low to record a spectrogram

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

*We thank Mr. F. A. Alberti of the National Research
Council of Canada who photographed the bands using the absorp-
tion cells supplied by us.
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using a 1.8 meter long cell provided with pyrex windows at
either end. A White type multiple reflection system®356 was
used external to the cell-and a total path length of 22 meters
was obtained. The 80-80 compound synthesized from 15 mg of
se80 was introduced in the cell along with helium gas at near
atmospheric pressure. The helium was added to improve the
‘thermal eguilibrium between CSey molecules and the cold cell
walls. The exterior of the cell was then surrounded with
poWdered dry ice. The temperature of the outer cell surface
was measured with a calibrated Iron-Constantan thermocouple.
The spectrum was recorded when the temperature measured by

the thermocouple reached a constant value. The external temp-
erature of the cell could be raised above -78°C by passing a
current through a lagged nichrome coil wound around the cell.
Successive spectra at several temperatures were recorded on the

same photographic plate using the Bausch and Lomb and Hilger

spectrographs,

2.8 Zeeman Spectra

The effect of a superimposed magnetic field* (i.e. the
Zeeman effect) on the fine structure of 80-80 absorption bands

was studied in the 4800 - 3500 A region. Magnetic fields of

*The eguipnent for generating a pulsed magnetic field
was made available to us by Dr. A. E., Douglas.
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10000, 15000 and 25000 gauss were'ﬁsed. The absorption cell
(50 cm or 10 cm long) was axially supported within a cylin-
drical coii. The field was generated in pulses by discharg-
ing a large emf (of the oxdear of 20 kV)'through the coil with
a bank of condensers. A Lyman flash discharge through a quartz
capillary was used as the source of continuum for recording the
spectra; it was triggered to emit at precisely the instant of
maximum field strength. Initially, the spectrﬁm of CSy in a

' field of 10000 gauss was recorded on the 35 ft Eagle spectro-
graph (section 2.6). The rotational lines of some bands in

the CS) spectra are known to broaden in the presence of a mag-
netic fiéld. The spectra of CSy was checked to see if this
brbadening did occur, before the spectra of.CSez was recorded.
About 100 to 1000 flashes were used to record the spectra of

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

2.9 Miscellaneous

- On each éhotographically recorded spectrum, referencé
atomic spectral lines from a 110'v dc iron arc source or from a
Jarrell—ésh Iron Hollow cathode lamp operated at 20 mA, were
" juxtaposed.

For recording spectra photographically, emulsicns of
types Kodak I-0, II-0, Tri-X, SA-1l and Ilford FP-3. were used.
With the exception of Kodak Tri-X, all these emulsions were pro-
cessed in a Kodak D-19 developer and a F-5 fixer. Kodak Tri-X
emulsionsvwere processed in Kodak Acufine developer and F-5

fixer.
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The optical density of spectra recorded on these emul-
sions were measured with a Joyce-Loebl model 111C automatic re-
cording micfodeﬁsitometer. These values and visual estimates
of intensities from photographic enlaréements of spectra‘were
utilized in the present work. |

A travelling microscope (Mcpherson Instrument Co.)
with a least count of 0.0001 mm was used to measure positions of
band heads, rotational lines and other features in photographic
spectrogfams. The positions of the juxtaposed iron spectral
lines were measured at the same time. Wavelengths.of these lines
were obtained from a table compiled by the molecular spectroscopy
group of the National Researcﬁ Council at Ottawa: The positions
of band heads, etc., and the positions and wavelengths of iron
lines were punched on computer cards. .The data on these cards -
were analysed with a computer program written in Fortran IV
language for an IBM 7040 computer57. In this program, the
wavelengths and positions of iron lines were fitted to a quadratic
by a_least squares method; the wavelengths of the band heads and
other features were obtained by intefpolation from this quadratic,
and, wavelengths obtained in this matter were converted to wavenumbers
in vacuo by a formula derived by Edlen38, The uncertainty in

1 for band heads and

wavenumbers was estimatedrto be ¥ 0.3 em”
$0.03 ™1 for rotational lines. Diffuse features had a larger
uncertainty in their calculated wavenumbers.

Weak or obscure features which could not be measured

directly with the microscope, were measured by interpolation from

enlarged prints of the spectrum.



CHAPTER III
Infrared and Raman Spectra

3.1 Vibrational States and Energies

In section 1.2, it was shown that the nuclear wave-
function can be factored into a vibrational wavefunction lﬁ?‘;>
and a rotational wavefunction ‘§§j> , by a proper choice of
nuclear coordinates. In this section, a brief description of
the nature of I_*€> and associated energies is given. For
details, reference to standard texts such as Wilson, Decius
and Crosss Herzberg48 and others 7+/12 should be made.

Each free particle has 3 degrees of freedom correspond-
ing to translations along'three Cartesian axes. A polyatomic
molecule is a system of N nuclei (which can be treated as
particles) and therefore has 3N degrees of freedom. In a mole-
cule, these nuclei are bound to each other by electrostatic
forces and their motion is not independent of each other. But
‘the molecule as a whole (like a single particle) has 3 transla-
.tional degrées of freedom. It also has rotational degrees
of freedom about Cartesian axes; if ﬁhe molecule is nonlinear it
has 3 rotational degrees of freedom and if the molecule is
linear, it has only 2 such degrees of freedom. The remaining
3N-6 (or 3N-5 for a linear molecule) degrees of freedom cor-
respond to intramolecular motions of the nuclei. 3N-6 (or 3N-5)
coordinates are required to describe these moticens.

By classical metho&s; it can be shown that the intra-

44,
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molecular motion cen be resolved into 3N-6 {(or 3N-5) distinct
modes. of harmonic oscillations, provided the amplitudes of
these oscillations are small. Each non-degenerate oscillation
is assigned a coordinate Qp called the normal coordinate®"

and has a frequency V. The Qp can be related to either mass-
weighted Cartesian displacement coordinates'rli or internal
displacement coordinates Rifby linear transformations. In terms

of the normal coordinates Qx classical expressions for the

kinetic and potential energies have their simplest forms,

. 3N-6 IN-6
- 1/9" - _1 2
T = 1/2 > o2 . v=l/2 E Ax 9

(3.1)

. . . ’ N R . A __‘ 2 Z'n -
where Q, is the time derivative of Q.; Kk = 4 Ty, 1s a con
stant. For an isolated molecule the sum T + V is a constant
and gives the total classical energy of vibrations in the mole-

cule.
According to Quantum Mechanics, the Hamiltonian for

small vibrational displacements is given by

. 3N-6 o 3N-6. .
. ~h2 3 | 3\ 02
vib = - —— E . 2k
8 772 X 02 AE,

k=1 Tk k=1

(3.2)

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

fore given by
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Hyib }\I/v> = Ey l\:[/v> a (3.3)

Since Hyjp is a sum of 3N-6 (or 3N-5) independent Hamiltonians,
one for each O (3.3) represents 3N-6 (or 3N-5) independent
equations. The solution to each of these equations is a

- harmonic oscillator function, which is given by

| |\vak ©0” =N Hy () exp (~1/20; °)
(3.4)

where J\I/v (Qk)> represents the solution for the xt normai
coordinate,Iq-k is a normalizing factor,‘HVk(Qi) is a Hermite
N J 1/2/y \1/2
polynomial of degree v,; and Q, = Q ( A) . The
y g k k= (N

eigenvalue of each function M/Vk>is given by
Eve = hl/k (v + 1/2) - : (3.5)

where Vi = 0, 1, 2 .... stands for the vibrational guantum num-
ber of the kth vibrational mode. In the harmonic oscillator
approximation, we can write the total wavefunctionJ\I/v>as a

product of individual functions /lpvk; i.e.

N D= WD Wvp o Vo oo Viago 6.6

N g (@ ; '
‘N vilyy T1) Hy, (@) ... HVéN—;E (Q 3N—6)

X exp [~-1/2 (QI'LZ + Qéz + ... Q;;_G)f] :
(3.7)

13

Each functionlkl/ V]> represents a component vibrational state.

Two or more of these states may be degenerate i.e. have the same
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energy. The total vibrational energy is given by the sum of
vibrational energies of each component vibrational state i.e.
£ = B, = Sh y( +2 (3.8)
=V z Vk = : Vk k '—2- .
Yk Vk
For nondegenerate component states dy = 1; for doubly degen-
erate state dy _ 2; for triply degenerate state d, = 3

.ss.tC.

The symmetry of each vibrational state |§P£> may be
determined according to principles developed in section 1.2,
Each state |€P§>» must transform as one of the irreducible
representations, degenerate or nondegenerate, of the symmetry.
point group of the polyatomic molecule. Consider equation (3.7).
The exponent has the same form as the potential energy S)\kaz
in equation (3.2) and like potential energy, it must be invariant
to all the symmetry operations R of the molecﬁlarhpointAgroup,
Therefore, it is the product of Hermite polynomials alone that
determines the symmetry of I\I'V> . Assume that the molecule is
in its ground vibrationless state. Then all quantumn numbersvk

are zero. i.e
Vl = V2 = e Vk = e V3N_6 = 0 (3.9)

The Hermite polynomial of zeroth degree H,(Qg) is unity. The
product in (3.7) is also unity. Therefore Ig?v> , which is a

product of the totally symmetric exponential function with
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Hermite polynomials of zeroth degree, must Be tofally symmetric.
Thus the vibrational ground state of a polyatomic molecule is
always symmetric. |

The symmetry of excited vibrafional states I{%&> is
obtained from the symmetry of the component states Iiyq;> in the
following way. Let the mth vibration alone be excited by one
quaﬁtum i.e. vV = 1 and Vism™ 0. Hy (QA) is a linear function
of Op. Hence, the representation generated by.[¥%7Qmi>would be
the saﬁe as the representation generated by the normal coordin-
ate Q,. It can be shown that each normal coordinate Qr necessar-
ily belongs to one of the irreducible representations of the
symmetry point group of the molecule. The symmetry species
of each of the first e#cited states (with Vi = 1) must therefore
correspond to one of these irreducible representations. Thev
overall symmetry of ]g?;:> is obtained from the direct pro-
duct of irreducible representations of functions I%P; > , by
the use of expression (1.15).

In the present work, we are interested only in the vi-
brations of triatomic molecules of the XCX type described in
section 1.6. The method of obtaining symmetries of vibrational
states and normal coordinates for triatomic molecules is
described in ghe standard texts®? and will not be repeated here,.
The method of obtaining these symmetries will be assumed. A
linear symmetric triatomic molecule of the XCX type belongs to

the D, symmetry point group. If the molecule is bent, it
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belongs to the Czy point group. Symmetry elements such as
centre of inversion, rotation axes and reflection planes for
the XCX molecule are shown in Figs. 4.3 (a) and 4.3(b) for the
molecule in both point groups; Irreducible representations.
indicated by Schonflies symbols and the 'character's (for def-
inition, seé ref. 60) of’each irreducible representatioq are
given in the pharactér tables of Appendix A. Direct products
of irreducible representations are given in Appendix B.

If the XCX molecule is linear, it has 3N-5 = 4 genuine
vibrational modes and hence, 4 normal coordinates. The normal

modes of Vibration~are61:

a nondegenerate totally symmetric
stretching vibration, xé along -the molecular axis corresponding
to a coordinate Qj; a doubly degenerate bending vibration v,

in the plane of the molecule corre$ponding to coordinates'Qg

and %f; and.a nondegenerate antisymmetric,stretching vibrat':ionl/3
along the axis of the molecule corresponding ﬁo a coordinate

Q3. ©; transforms as a O representation; 0,2 and Q5P as a 'TTu
doubly degenerate representation and Q3, as a ot representation.
The symmetries of states with vj = l;(vé=0, é&=b); =1

(v3=0, v3=0) and v3=1 (vi=0, v,=0) is the same as those of

01, Q5 and Q3 respectively. The sPecieé of a state with v_ =0,

1
v2=0 and v3=0 is CT;- Let only one vibrational mode be excited.
Then, the species of states with Vf> 0 are always CT; and

those of v3> 0 are (7'3 or oﬁ depending upon whether v3 is even

or odd respectively. The species of states for the degenerate
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TTu vibration with v2:> 1l is obtained by the symmetric direct
proauct method °2/62, Symmetric products are shown in paren-
thesis in the direct product table of Appendix B. For vy = 2
two species of stages °_g+ and Sg’ which a;:e degenerate in the
harmonic oscillator approximation, are obtained; for vy = 3.
two species "TTu and ¢’u are obtained; for VS = 4, three species
CT&,’E;g and 77§ are obtained; etc. The symmetry species of -
some vibrational states are given in the fifth and seventh columns
of Table 3-263,

If the XCX molecule is bent, it has 3N-6 =.3 genuine
vibrational modes and hence three normal coordinates. All modes
of vibration are nondegenerateGl. They are: a symmetric stretch-
ing vibration l/ corresponding to a coordlnate Q7. @ bending V1bra—
tion ]/2 in the plane of the molecule, correspondlng to a coordinate
Q, and an asymmetric stretching vibration ]/3 corresponding to a
coordinate Qg. Qlaand Q2 transform as aj representations and Q3.
as a b, representation. Therefore the symmetries of states with
vV, Or Vv, Oor v, = 1, follows. Excited states with vl)> 0 and

v2>>0 and vo = 0 are always of a, symmetry. Excited states with

v3» 0 are of a, symmetry, if v3 is even and of by symmetry, if A&

1
is odd. In Figure 3.1, the vibrational modes of linear and bent
XCX molecules are illustrated. In this figure, mass weighted

cartesian coordinates on each atom are schematically shown.
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The wavefunction for the excited vibrational state
ISP§> of the doubly degenerate 7Tu'bending vibration of the
linear XCX molecule can be written®4 as

[.\I’V2> = N He

”e (@2a) Hy (sz)» exp -1/2[(Q), * dzﬁ, )]

v

(3.10)

which is a part of Equation 3.7. The exponent represents the
potential energy of a two dimensional oscillator along two
orthogonal coordinates Qg'and Qg. When these normal coprdin-
ates are expressed in polar form, it can be shown that an

equivalent function

‘LVV2> = f (v2) exp [-'- iLgﬁ (3.11)

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

vibration excited: v. = V.
2 25

rotation in the (0%, Qg) plane, f(v,) is 'a function independent

* Vg qsneasures‘the angle of

ofqb, and | the vibrational angular momentum guantum number,

" which takes the values
l =vy, vy -2, vy, =4, ... 1lo0r0 (3.12)

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

The vibrational levels are classified 55(7'&, 7 u, ESg etc.
according to the value of l = 0, 1, 2 etc, This classification
procedure yi elds the same spacies as those obtained in section

3.2 for the excited states of the 7, vibration.
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3.4 Energy levels of vibrational states

For a triatomic molecule, the total energy E, given by

expression (3.8) reduces to
By = hYy (vi+1/2)+. 1/, (vy+9) + B3 (vg+l/2) (3.13)

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

In terms of wavenumbers (units of cm'l) (3.10) may be written

as
E}-’:—G = ) - g_; w
ho = G(vyr vor v3) =Wy (vy + 1/2) +M, (v +5) +W3 (v3+l/2)

(3.14)

where G(vl, Vor v3) is called.the term value of a vibrational

state with gquantum numbers Vir YV, and Vs and where (W = _%%-

is the frequency in-wavenumber units.

'Ey, given by (3.13) is correct only in the harmonic
oscillator approximation; that is, only when the potential energy
téém in the Hamil£onian (3.2) is quadratic in the ccordinate
Qk. In a higher order approximation, cubic, gquartic, etc.,
anharmonic terms in Qk are included in the pétential energy;
these terms are treated asAperturbation terms H and added to the
" Hamiltonian (3.2) and the perturbed wavefunctions obtained.

The fofm of the corrected wavefunction is not given here. It
can be shown however, that these functions retain the symmetry
of the zeroth order wavefunctions. Term values in the an-

harmonic oscillator approximation are given empirically65

by the expansion
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: 3 d, dy fj
G (vysvy, vy) = B (v, 4 =) 2, xg (v + =) vyt )
k#5
is the de-

where xkj is an anharmonicity coefficient and dk

geﬁeracy of the kth vibration.

The effect of anharmonicity not only alﬁers the energy
of each state obtained in the harmonic approximation but also
removes some of the degeneracies present in these vibrational
states. As shown in the last section, each excited state of
the bending vibration with v,>> 1 has component states with
~different values of | . In the harmonic oscillator approxima-
tion all these components are degenerate. It can be shown
that states of the same symmetry can interact due to anharmonicity,
therefore states of the same l, but different‘vz (which haye
the same symmetry), can interact due to anharmonicity. Due
to this interaction, states with different | but the same V2,
have different energies. When this difference in energies be-
tween the [ components is also taken into account, the term

values are given by66

d el d.
- _k X ) 2
G (Vl’VZ'V ) Zw ,Vk + 2) + Zxkj (vk + 2) (vj + 2) + gl
(3.16)
where g is a small constant of the same order as xkj' Each

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

is not removed by anharmonicity interaction.
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+ Even if two states are not degenerate in the harmonic
oscillator approximation, they could interact due to anhar-
monicity, provided that both states are of same symmetry. If
the states have nearly the same energies in the harmonic oscil-
lator approximation, the interaction;between the states is
large (as can be shown by perturbation theory) and therefore
the perturbed energies differ considerably from their zeroth
order values. This type of perturbation is known as Fermi
resonande67 and could occur between any two vibrational states
in the molecule. The term values for these states cannot be
given explicitly. Transitions involving such perturbed states
give rise to bands with anomalous frequencies and anocmalous

intensities.

3.5 Selection Rules for'Vibrational'Spectra

i) Infrared Spectra:
Selection rules for electric dipole transitions between

68 and

vibrétional states of triatomic molecules are well known
will not be re-established here. These rules are obtained from

the symmetry species of the two\vibrational states (given in
section 3.2) involved in the transition, and those of the dipole
moment operator'??(given in the character tébles of Appendix A),
by ﬁse of expression (1.15), and with the aid of direct product
table of Appendix {B:. Selection rules for vibrational transitions

in triatomic molecules are summarized in Table 2-1.

Some basic notations and definitions will be given here
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for subsequent use. Each vibrational state of a linear mole-
cule will be denoted by(vl, vg, v3) where vy, v, and v3 are
" the vibrational guantum numbers and |l is the vibrational an-
gular momentum quantﬁm number. The ground state is there-
fore represented by (0, 0°,0). Each band due to transition from
(0, 0°, 0) to any one of the states (1 0° 0), (0 11 0),
(0 0° 1) is called a fundamental; to any one of the states(f 0° 0)
(0 n§r0F~;3t‘f0 Oo f) whére n, m or p is greater than 1 is called
an overtone; and to any other state is called a combination band.
If the initial state is not the ground state, then the ob-
served frequency corresponding to the transition is called a
'hot' band. For bent molecules, the same notation and defini-
tions apply with one exception; in these molecules, | is not de-
fined and is therefore dropped from (vi, Vor v3).

For a linear XCX molecule, if the transition moment given

by'(l.44) is nonzero for that compdnent-P which 1is parallel

g
to the molecular axis, the resulting transition is called a

parallel transition; if the transition moment is nonzero for
components perpendicular to this axis, the resulting'transi-

tion is called a perpendicular transition.

ii) Raman Spectra:

Raman spectra may be observed'wﬁen a moleculeAscatters
incident radiation. Selection rules for transitions between
vibrational states are also determined by the transition mo-
ment integral given by (1.27). However for Raman transitions,

...§,
the operator P in this integral is not an electric dipole mo-
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Gg,showed that the correct

ment operator. Placzek and Teller
operator to be used is a 'polarizability' tensor[ﬁl] . The

transition moment therefore reads as

R, = <"k,'i[a]ly:> (3.17)

E}Jvis a 3'x 3 symmetric matrix with elements Oyy, Ciyyr Ozz»
dxyr dyz and dxz. The matrix relates the electric field vector
E'of the 1nc1dent radiation to a vector}L which represents
the dipole moment induced in the molecule. In matrix nota-

tion, EI] is defined by
- ~>
(K1 = [al [E] - (3.18)

Seiection rules may be determined as before by the
use of expression (1.15) from the symmetry species of|<¥2;>
{P:>and those of [d] glven 1n the character table of Appendix A.
The method of determination will not be given here since selec-~
tion rules for Raman transitions in triatomic molecules are
well known. These rules along with those for infrared transi-
tions areusummarized in Table 3=l.

An experimental quantity, available in the study of
Raman spectra, is the depolarization ratio f{.' It is defined
as the ratio of the scattered intensity which is polarized
perpendicular to the plane of polarization of the incident
radiation to the intensity parallel to the same plane. When
plane polarized‘radiation is used for scattering and intensi-

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

SUMMARY OF SELECTION RULES FOR VIBRATIONAL TRANSITIONS

"'\z;' FROM THE GROUND STATE ( 12(3) OR (1Al) OF XCX MOLECULES

_ LINEAR# 'BENT
SPECIES OF SELECTION RULE SPECIES OF . SELECTION RULE
' T and ] ¥ and
[\-P >l\£’> BAND TYPE I\P > I\-_P > BAND TYPE
F =V v v
| Infrared Raman : ' Infrared Raman
oyt %J, F A.P A, A “aA,ll.  a,p.
Ty, %3+ al F By A A, A,d-
Out Og* all. F
ESg cﬂ&* F A.d
Tha T F A.d
Sg Ty al F
Mg Ty all F
-nh.ré?g a2l F ’
A. allowed transition F. forbidden transition
1 parallel band | perpendicular band
P polarized band : d depolarized band

# Ref. to 68, pp. 271, 274, for a more detailed listing
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(I;) and parallel to this plane (I; ), fﬁ is given by
.1{ 7

l_—.——

Ty ~ | (3.19)
This ratio can be shown to be 3/4 for nontotally symmetric
Raman active vibration when plane polarized radiation is used
for excitation. For totally symmetric vibrations the ratio
lies between 0 and 3/4.

As a corollary of selection rules (given in Table 3-1)
for vibrational transitions in linear XCX molecules, the follow-'
ing rule is ébtained. For a molecule wiﬁh a centre'of symmetry,
transitions that are allowed in the infrared spectrum are for-
bidden in the Raman spectrum, and conversely, transitions that
are allowed in the Raman spectrum are forbidden in the infrared.
This rule is called the mutual exclusion rule and applies to

all molecules with a centre of symmetry.

3.6 Rotational Structure of Iﬁfréred;Bandsgff“s

The rotational eigenfunctions and eigenvalues of a lin-
ear XCX molecule are similar to those of homonuclear diatomic
molecule and have been described in standard texts’®. The fol-
lowing is a condensation of such material for future use.

The term values (or energy levels) Fy(J) of rotational

states of a linear molecule are given by

. - 2
F (3,1 ) = B, [3(3+1) - 12] - D [I(I+1) -12]

(3.20)
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where J is. the rotational quantum number, | is the vibrational
angular momentum quantﬁm.number. By is the rotational constant
in the vth vibrational level and Dy is a constant which represents
the effect of centrifugal stretching.

. In a first approximation, the total energy T of vibra-

tion and rotation of the molecule is given by

T = G(vl, Vo, v3) + Fy (J) (3.21)

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

5 . .
d.. - 2
T ==§; J (v, + k) + X (v + gki (v, +93.) + gt
C+ Byld(T + 1) - 1 -D a3+ 1) - 1212 (3.22)

Here, all the symbols have the same significance 'as before. =
Bv, the rotational constant,is different for different vibra-
tional levels due to interaction of rotation with vibration.

The relationship between B, and vj is given by

, < T :

c . - . d'-__;/
B L= _B S . (v - "'" ey 'K)
Vo= -g: O%f“% 5 (3.23)

Here cik.is a constanf and is small compared to B.. Bé is the
value of B at the equilibrium position of the nuclei and is
related to the equilibrium internuclear distance - in tﬂe
following way.

h 27.9889 x 1040
- Bg = = , in cm

< Ig Ip (3.24)
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where Iy, the moment of inertia, is given by

. 3
= 2 2
Iy z n}tri 2 mX Ex | (3.25)
i

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

Selection rules are determined by the transition moment
"'al.l"l
Ry k v R

Wavd 2, KUl <% 16 [V

(3.26)

" given by (1.43)

The first factor in (3.26) has been dealt with in section (3.5).
The second factor gives the matrix elements of the direction
cosines €9Fg between molecule fixed axes (g) and space fixed
axes (F); and determines selection rules for transition from
rotational states of one vibrational state to the rotational
states of the other. The method of obtaining these selection
rules from the matrix elements have been described by Allen and
Crossl9, Selection rules so obtained for a linear mdlecule,

are given below.

a) For parallel transitions ’ .
L= o Al - o AT =11
L# o Abl=o AJ

b) For perpendicular bands

n

1|

0,1  (3.27a)

AbL=+1 AT =0, + 1 (3.27Db)
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AThe,method of obtaining the relative values of the transition

probability|Ry .z

2 j.e. the so called line strengths g between
states of different quantum numbers | and J, are also given in s
the same reference abovelg. For a linear molecule, which is a
symmetric top molecule with I = 0 and Ig = Io (and for sym-
metric top molecules) expression for Atj_are called HSnl -
London/formulae. These formulae are tabulated in Appendix C.
Frequencies (expressed in cm~l) corresponding to transi-

tions between rotational states are given by
N o
o= ru,lH- ma", ) (3.28)

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

in (3.27), three types of expressions for U result, and are

given by

P =F' @3-, ) - @, 1) =0, - (By + BYI + (By - BY)I2
o =75, ) -, ') = 0y + (By - BY) I+ (By - By)I2
R(I) =F' (F+1,1" -F" (3, 1) = O, + 2By + (3B; - B,)J +

(By - By) J2 (3.29)

Terms due to D in (3.20) have been neglected in the substitution.
05 is called the band origin. The selection fule in | gives

a constant term and has been included in (Jy. The doublé degen-
~eracy in l (section 3.4y has been assumed to persist. Observed

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

P,0Q and R branches respectively.
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From the selection rules in Table 3-1, we note that the
(0 0° 1)-&—(0 0 0) tranéitioh correéponding to the fundamental
is a parallel transition iﬁ the infrared spectrum. Therefore
seleqtion rules for rotational transitions are AL =0
and AJ = ¥ 1. fThis fundamental should have P and R brénchés
only. For vib;ational states of the same electronic state, BQ
and Bs are usually nearly equal. It éan then be shown’l that
in the spectrum, these branches have to two intensity maxima
(which look like 'wings' on either side of 0% The (0 f’ 0) «—
(0 0° 0) fundamental‘is a perpendicular transition. Therefore
the selection rﬁles are Al =1 AJ=0, £ 1. All three
branches occﬁr in this case. It can be shgwn that the Q branch
is the most intense branch. ?he frequencies 6f the Q branch
are all nearly eqgual and the spectra lines corxesponding to these
frequencies lie almést oﬁ top of another since BérvB;. Therefore

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

like a spike when unresolved).

3.7 Isotope Effect

Since isotopic atoms have tHé same eleétronic struc-
ture, substitution of an atom by its isotope in a molecule doeé
not alter the potential function under which the nuclei move.71
ﬁowever,_nuclei of isotopic atoms have different masses. There-
fore thé §ibrationa1 frequenciesru)kwhich are mass dependent, are

altered.
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A theorem of fundamental importance in studying the
alteration of vibrational frequencies of a molecule, by iso-
‘topic substitution, has been given by Teller and Redlich73;
This theorem relates the vibrational frequencies of two iso-
topic molecules in terms of masses of the constituent atoms,
and the moments of inertia. For a symmetric triatomic mole-
cule XCX, the ratio of frequencies between pairs of isotopic
moiecules such as XCX and XiCXi; or XCX and XCiX; or XCX and

xicixl derived from Teller and Redlich relationship is given by

. . L] " i R ~
f7§ (Ul) _ mgmx (mészX sin* cf)
= T U i 2
men me+2m sin
(U3 Cc™X . \ C C a (3.30)
2=' (in:z%) _ (Zm;L( + mé) (m}% mg)
: S (2my + mp) (mi 2 ml)
12\ w,W, O VR (3.31)

where (J ,LUZ,LD3 are the zero order frequencies. my and m,
are the masses of X and C atoms'respectively. 'The.super-
script i‘stands for one of the two isotopic molecules and
2 (€ is the angle between XCX bonds. These expressions are
expected to hold approximately if observed frequencies of
fundamentals are used, instead ofWk- ‘

For linear XCX molecules, the bond angle 2 (= 180°.

With this value (3.30) reduces to

IO ?_(Cui\) _my pz‘ }_( m “e 2m /1’1 )
1 (LH ;g—' W ol {W3 mX (1 + 2 mx/mc)

(3.32)
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If ogly one of the X atoms in an XCX molecule is replaced

by an isotope, these relations do not hold. The'exact rela-
tienships between frequenciescui for such an unsymmetric substi-
tution have been given by Rdeeﬁfﬁal (see reference 74) . How-
ever, provided that the mass difference Asm§§= mxi—mx ie;sméil
compared to m,, the isotope shiftslﬁ&)k 5u)ﬁ—Ukaor XCX and xcxt
molecules is approximately given by half the shift for XCX and |

XiCX:'L molecules.

3.8 The present work

a) Observations and results:

Wentink23 obtained the infrared spectrum of CSey both
in the gas and liguid phases in the 4000 - 400 cm™1 region with
a Perkin' Elmer model 21) spectrophotometer. He also obtained
the Raman spectrum of CSej in the liquid phase with the 54618
spectral line of Hg as the exciting radiation; " Two experimental
limitations in his workaere: 1) the infrared spectro-
photometer used could not record infrared spectra below 400 cm~1,
Therefore bands,predicted (by Wentink) to occur in the region
below 400 cm‘% were not experimeﬁﬁaily observed. 2) It Was
found by Wentin$23 that samples of CSey decomposeé when ir-
radiated with radiation from a mercury.lamp. Therefore, the
scaftered radiation from these samples could not-be photo-
graphically recorded over long periods in order to observe weak
bands. |

In the present work, the first limitation was overcome

by the use of Perkin-Elmer model 521 and model 301 spectro-
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photometers; by which the infrared spéctrum of CSey could be
examined in the wider 4000 - 90 cm™ 1 range. The second limi-
tation was overcome by obtaining the.Raman spectrum with a

laser Raman spectrophotometer, described in section 2.4.
Relatively short periods of time were required to record spectra
on this instrument and decomposition of samples was not ob;
served during these periods. Observation of bands below

400 cm~! in the infrared spectrum, and observation 6f a mere
complete Raman spectrum in this work,therefore represent extens-
ions of Wentink's observations. Furthermére'the spectra of the
78-78 and 80-80 isotopic molecules were also obtained in addi-
tion to the spectra'of the N-N molecule.

Since CHyCl, is always present as an impurity in CSe;,
all observed spectra have bands due to the former molecule.
CHZClé forms a-constant boiling mixture wi th CSes and could not.
be removed from CSep by simple fractional distillation. Wentink
sufmountea this difficulty by diétilling CSes (N-N) solution in
CH2Cl,, with CSy; by this procedure CHpCl, was completely replaced
by CS, as.a solveﬁt for CSe,. Then he compared the spectrum-
of CSey in CH,Cl,, with the spectrum of CSe, in CS8; in order to
distinguish bands of CSep from those of either of CHyCl, or CSj.
This p;ogedure could not ke adopted for mg quantitiés of the
80-80 and 78-78 compéund.

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

78-78 and N-N molecules were compared with those of CH,Cl,,
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CHCl3z, CCl, and Héo molecules., . By such a comparison, bands of
. the former could be distinguished from those of the latter
molecules; In the first column of Table 3-2, the infrared
and Raman bands of CSe, which were observed in the work are list-
~ed in order of decreasing wavenumbers tcm"l) and the phase in
which the band was obtained is shown in parenthesis. In the
third column, symbols are given to indicate the method (infra-
red or Raman) by which the band was observed, the relative
intehsities among these bands, and whether a band was polari-
zed or not in the Raman spectrum, Symbo;s used are explained
at the bottom of the same table. In the second column of this
table the'wavenumbers givén by Wentink for these bands are
given.

In the infrared spectrum, two strong bands are ob-.
served. One at 1303 cmflu which has two intensity maxima on
either side of a central minimum, is the strongest band in’
the spectrum; the separation between the two maxima is 6.5 *

0.5 cm™ . fThe other band at 313 cm I

, which has only one
intensity maximum, is the next strongest band. These two bands
are shown in Fig. 3.2. Other weak bands are observed at 1666,
1260, 940 and 667 cm"l. The band at 940 cm™! seems to be simi-
lar in appearance to the 1303 cm~1 band. The remaining three
bands are much weaker and are almost overlapped by bands due to
either CH»Cl, or Hp0. A strong band was observed at 794 cm™!
in the spectrum of the N-N molecule and not in those of 80-80

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



Table 3 - 2

INFRARED AND RAMAN BANDS OF CARBON DISELENIDE

Observed ?andé Upper State Lower State
(ém"li: T Molecule

This work Wentink \41 vzl v3 Species Vi VgE,VB Species

1666 (g) # 1666  IT wwk* 1 0° 1 Out 0 0° 0 Ogt

1606 (1) n.o. R. vvw 0o 11 1 T 0 0° 0 Ogt

1303(g) 1303 I. vs. 0 0° 1 Oyt e 0° 0 Og*

940 (g) 930 I. w. 0 0° 1 Ot 100 0o  Ogt

667 (g) 673 I ww. 1 11 o Th 0 0° 0 Ogt

667.(1) n.o. R. vw 0o 33 o ’qSu 011 o Ty

647 (1) n.o. R. vw 0o 22 0 Og 0 0° 0 Ogt

636 (1) n.o. R..vVWw o 31 0 Ty o1l o Ty

© 631(1) n.o.  R. vvw 0 220 0 Ogt 0 0° 0 Og*

369(1) n.o. R.s.pol . 1 0° o Og* 0 0° 0 Ogt  78-78
364 (1) 366 R.s.pol 1 0° o Ogt 00° 0 Ogt  N-N

‘89



Table 3 - 2 (continued)

364 (1) n.o. R.s.pol 1 0° 0o Ogt 0 0° 0 Ogt 80-80
313(g) n.o. I.s o 1 o Ty 00 0 Oyt
*1260 em™!  I.vw. Unassigned. Observed by Wentink at 1253 cm™ ' and

Assigned to (0 0 1)«— (0 0°0) of c133e2

795 cm-l R.vvw. Unassigned

**yv.s. very strong s. strong w. weak . vw.  very weak
vVW. very very weak |

1 Infrared band R. Raman band  n.o. Not observed.

1 1iquia phase g. gas phase.

‘69
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ted it to some unknown volatile impurity. We found that the
strongest infrared band of CCl, vapour occurs at 794 em™t
and that the shape of this band and the band in the N-N spec-
trum are comparakle. This 794 cm_llband was therefore as-
signed to the CCly molecule. Since in the spectra of 80~86
and 78-78.mole§u1es,‘a band is not observed at 794 cm"l, it-
was concluded that the band is not due to CSey. This differ-
ence between the spectra of N-N and the other two isotopic mole-
culeé is probably due to the difference in the proceduré
adopted for thgir synthesis. Comparison of infrared spectra
of 80~-80 and 78-78 molecules does not indicate any measurable
iSotopic shifts.

The Raman spectrum of CSez(N~N) which was concentrated
by fractional distillation is shown in Fig. 3.3A. The Raman
spectrum of CH2012‘is also sﬁown in Fig. 3.3B. Arvart from the
bands of CH3Cl,, only one strong band is observed in the spectrum.
This band occurs at 364 cm~l for N-N, at 364 em™ ! for the 80-80
and at 369 cm~l for the 78-78 molecules. The difference in
wavenumbers between these two bands of 80-80 and 78-78 is 5 cm'l
and represents the isotopic shiftZX(jécugo -78. It was
found that these bands at 364 and 369 cm"l are reduced in in-
tensity almoé£ completely, when an analyser is placed in the
Raman scattered beam with its optical axis oriented perpendicu-
lar to the plane of polarization of the incident.beam. Wentink
1

not only observed a Raman band of the N-~N molecules at 366 cm™

but also another band at 300 cm-l. No band is observed in this
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work at this latter frequency. But an intense band of CH2C12
is however observed at 281 cm-l. Since CH,Cl, is always

Y

present as an impurity in CSe,, it is possible that Wentink

misconstrued this band at 281 cm"l

as a CSe2 band. 1In addi—
tion to the band at 364 cm_l, a few previously unreported
weak bands at 795, 667, 647, 636 and 631 cm"l observed in
this work, are listed in Table 3-2.

b) Interpretation and Discussion

It is inferred from Table 3—2-thét bands which occur
in the infrared spectrum do not occur in the Raman spectrum
and vice~versa (except for one very weak band at 667 cm_l,
see,paragraph 3). The mutual exclusion rule, mentioned in
section 3.5, therefore appliés in the present case. The mole-
cule must therefore have a centre of symmetry and this require-
ment is fulfilled only if the XCX molecule is linear and
not bent.

Three fundamentals are expected in the spectrum of an
XCX molecule; two of them should be active in the infrared
spectrum and one in the Raman (Table 3.1). The Strong infra-

1 1

red bands observed at 1303 ecm™ ' and 313 cm — were assigned as

the two infrared active fundamentals.” The former has two
intensity maxima on either side of a single minimum. Such a

shape is expected for a parallel band of a linear molecule

1

‘(section 3.7). This band at 1303 cm ~ was assigned to the erﬁ

asymmetric stretching fundamental i.e. to the parallel (0 0° 1)<

1

(0 0° 0) transition. The second band at 313 cmf has a single

maximum, as expected for a perpendicular transition in a linear
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molecule (sec. 3.6). This band was assigned to the 77, bend-
ing fundamental i.e; to the perpendicular (0 f’O)éﬂ»(O 0 0)

transition. The intense Raman active band at 364 cm'"l

is strong-
ly polarized with a depolarization ratio /?(?/4. This value is
much lower than the value of 3/4 expected fof a nontotally sym-

metric fundamental. This band at 364 cm *

was assigned to the
C7§ symmetric stretching fundamental i.e. to the (1 0° 0)« (0 0° 0)
transition. ‘

Weaker bands observed in the Raman spectra for the
first time, cbuld be assigned as the overtones‘and hot bands
in the T bending vibration. The band at 631 cm™l was at-
tributed to the (0 2° 0) «—(0 0° 0) transition and the band
at 647 cm~! to the (0 22 0)<— (0 0° 0) transitions. The bands
at 636 cm™l and 667 cm~l were attributed to the (0 31 0) —
(0 11 0) and (0 33 0) «— (0 1l 0) transitions respectively. A
jvery weak band observed at 795 cm™l was not assigned; it could

1

be due to an impurity. A very weak band at 1606 cm — was as-

signed to (0 ll i)é—- (0 0° 0). In the infrared 5pectrum,'

two weak bands were observed at 1666 cm™! and 667 cm™l. These
were assigned as combination bands and attributed to (1 0° 1)<«
(0 0° 0) and (1 11 0) «<— (0 0° 0) transitions respectively.

It may be noted that the occurence of a band at 667 em™ 1 in

both the infrared and Raman séectra is explained without viola-
tion of the mutual exclusion rule since it is assigned to
different transitions. The infrared band at 940 cm~l is simi—

1

lar in shape to the 1303 cm ~ and was attributed to the parallel

transition,(o 0° 1) «<— (1 0°0). A weak band occurs at 1260 cm_l
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in the infrared and will be discussed later. In Table 3-2
the quantum numbers and symmetry species of the final and
the initial states are given.

All the above assignments could be made on the as-
sumption that the XCX molecule is linear. If the molecule were
bent, all bands must be active both in the infrared and Raman
. spectra (Table 3-1) and this activity is not observed. Wentink
observed additional bands in the liquid phase spectra also. |
These bands were also assigned by him on the basis that the
molecule is linear. We therefore conclude that on the basis of
the current experimentalevidéHCe that CSe,; molecule is linear.
This conclusion is in accordance with the observation of other
workers that other molecules of the XCY group are also linear.

1 was observed in thecy;

An isotopic shift of 5 cm”
fuﬂdamental. It is possible to verify by calculation whether
the shift is of the right order of magnitude from the reduced
Teller-Redlich expression (3.32). For(.l.)l = 364 cm—l, e = 80

and m.C =-12, we get

78 _,,, 80 80 78 _ -1
‘“1 =W3 b'q \/ mSe /mSe 368.6 cm
(3.33)

Therefore Awl=u{_’8 -u)lso = 4.6 cmt = 5 em™l. It is seen that

there is good agreement between the observed and calculated
isotopic shifts. A similar calculation for the V/,(7T,) and

D%(Crﬁ) fundamentals shows that there should be very 1aidtle
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isotopic shifts for these fundamentals. The weak band ob-

1

served at 1260 cm ~ was interpreted by Wentink as the V 3(CTE)

fundamental of the Cl3Se2 molecule. Substitution och3(CIZSe2)
-= 1303 cm“l, m =12, m" = 13 - .+ and mge = 80 in equa-
c C -

tipn (3.32) givesCU3(Cl3Se2) = 1255 em™l, This calculated
va;ue is in reasonable agreement with the observed value of
1260 cm~l. But the observed intensity ratio of pg(clBSez)
t%§c1?8e2)= 0.05 is :five times larger:than thetméiecular ratio
of C13Se2: ClZSe2_= 0.01 calculated from isotopic abundancés.
This latter ratio is the expected intensity ratio for the iso-
topic bands. Therefore, even though there is agreement in
wavenumbers, there is no agreement in intensities. Wentink has
indicated that Plyler and Humphreys75 observed thel/3(C13S§5}
band in the infrared spectrum and has quoted this observation

in support of the assignment of the 1260 em™1 band. Our conclu-
sion is that more experimental evidence is needed to establish
that the 1260 cm-1 band is an isotopic band. However, this band
cannot be accounted for in any other way. The present ob-
sefvations on the fundamentals of 80-80 and 78-78 are given{in Cm_l)

below,  in comparison with those of Wentink on the N-N molecﬁles;

Wentink This work Shift

cl?se,  cl3se, 80-80 78-78 obs  calc
1 368 - 364 369 5 4.6
2 not observed - 313 313 0 "0

3 1303 1260 1303 1303 0 0
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From the separation of the P and R branch maxima in
the 1303 cm™! band an approximate value of B was calculated

with the formula76

R P _[sxtB _ —
Ty ~O _\/ e = 2.358,/ TB (3.34)

Where T = Temperature in °K, the value ofcrg —Cfﬁ was 6.5 f
0.5 cm™ 1 as measured from the band maxima. At a temperature
of 300°C, the B value was found to be 0.025% 0.008 cm™l. an
altgrnative way of calculating B,is from the expressiong for
the moment of Inertia Iz (eguation 3.24).and B (equation 3.25)

which are given below
2 —n
Ip = 2 mge r cse}B = grac

With mge = 80 and rpge = 1.711 A (Table 1-1), it was found that

- B = 0.,0360 cm'l. The agreement between the two values of B

is not satisfactory. This disagreement could arise from two
causes. Firstly, the formula for B values given by equation
(3.34) is only approximate and in addition, there is some error
in locating the exact positions of the P and R maxima (Fig. 3.2).
Secondly, the value rpge = 1.711 A quoted by Wentink is not

an experimental value; it was transferred from the correspond- ,
ing value in the OCSe molecule. This transference of the

rcse value may not be justified. We have no way of finding the
exact value for B; it could not be determined from an analysis of

the rotational structure of the 1303 cm_l band. The rotatiqnal lines
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were not resolved by the spe;tréphotometgr used in this work,. -
In corder to find a betﬁer value of B, the contour of the band
at 1303 em™! was calculated. a band contour program written for
a 7040 IBM computer was used for this purpose (see section 5.6).
It was foﬁnd that the band contour was not sufficiently sen-
sitive to changes inlthe B value and good fits could be obtained
for B values in the 0.025 - 0.030 cm™1 range. From the value of
B = 0.025 cm™ !, we find that rgge = 2.05 R.

From the data in Table 3-2, force constants and an-
harmonicity constants were calculated. Results of these calcu-

lations are given in Table 3-3.
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Table 3 - 3

GROUND STATES CONSTANTS IN CARBON DISELENIDE

A. Fundamentals:

1+
w

w (0™) = 364 cm
g.

W, () = 313

1+

1 em1 -

Wiyt =1303 ¥ 1 cm?d

B. Force Constants (units - 10-5 2 dynes/cm)*

This Work Wentink

Stretching force constant k; = 5.91 5.94%
. B ket - o
Bending force constant —=_ = -0.161 0.158
£12° )
Stretch-stretch. interaction
constant k4, = 0-33 : 0.36
C. Anharmonicity Constantst X22 =1 + 0.5 cm™ 1
' 1

g=4 + 1.5 cm”

Calculated from equation (D.3) in Appendix for
the values ofwl,wz anc‘l(.u3 above
+ .Calculated from Raman bands in Table 3-2 and equation (5.3)

X5 and X,3 Were assumed to be zero.



CHAPTER 4

ELECTRONIC ABSORPTION SPECTRA OF LINEAR XCX MOLECULES:

Exact solutions I(.L[/e (q,Qd)>, for the electronic part of
the time independent Schfddinger equations H;ICL/9>= Eg ',\;[/e>
are obtained only for very simple molecules such as H,. For
other molecules, approximate solutions are usually obtained.
One method of successive approximation by which these latter
solutions are determined is called the variational method.’?
In this method, a triél wavefunction J@Qwhich} is an approxi-
mation to some I%Qis‘ constructed from a set of known basis
functions l@l,) A particularly important form of the trial

wavefunction is the linear combination given by

, @e>= lz €3 l¢1> : | (4.1)

where M is the number of basis functions used and the C; are
constants. The eigenvalue corresponding to ]% is then calcu-

lated by the relation

_ <§e IHe| §e>

E §_’e will be, in general, higher than Egs the exact valuggo.

Therefore é,be

Cj; until the:enerqgy Egj is as close
e

is improved successively by-:varying the parameters

79‘
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(

to Eg as possible. The variational method is usually applied
to calculate;ground sta£e|§§é>

Each member|2§£>of the basis set is usually expressed
in terms (as described below) of single electron wavefunctions_
95i§i called molecular orbitals (MO's.). These wavefunctiohs
are obtained by assuﬁing that each electron in a molecule can
be.assigned a wavefunction qbi which is a function of the co-
ordinates (xi, ¥i, éi) of that electron only and hés correspond-
ing érbital energy €;. For each electron moving in the field
of the (fixed)Anuc;ei and the field of all the other eléctrons,

the wave equation is given by81

is the potential produced by the nuclei on the ith

(4.2)
Here, Vni
electron and V;y is the potential produced by electron k on
electron i andg; is the orbital energy. A genéral solution
of this sinéie electron wave equation is not available and
therefore; an approximate golution must be used for each qbiu
If each eleétron is also assigned a spin function EZOﬁfyé?;the
product functipn \;f)id. on(ﬁiﬁ isA called a (molecular) spin or-
bital. Each@?&)is,now expressed as an antisymmetric product
function of the spin orbitals of every electron. The form of
the product function is expressibie as a Slater determin-

ant82 with spin-orbitals as elements so that the Pauli principle

can be satisfied.
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If each electron in the molecule is assigned to a
molecular orbital i,.tﬁen a confiﬁuration is said to be
defined for the system. As a variety of M0's s are available
for each electron, different electron configurations for the
molecule can be defined. Among all these configurations
that, for- which the molecule has the lowest energy, is the
ground stafe configuration. Any other configuration is called
an excited state configuration. A given electron configuration
may’generate one or more electronic states ﬁ?é. In this work,
thé symmetry properties of MO's . and of the electronic states
resulting from different electron configura£ions will be exa-
mined and used to determine éeledtion rules for transitions
between their states. | |

For a linear molecule, the single electron functions

Qbi s are of the'form81
b, = Ry (21 Pexn (RN, (@.3)

where Zi’f?i’LPi are cylindrical coordinates of the itb elec-
trons and Ri 1is a radial function in %Zj and Pi:>\i is a
guantum number representing the angular momentum in units of %,
along the internuclear axis. Each MO QBi transforms as

one of the irreducible representations of a Cgyp Or Dggh Point
groups, according to whether the molecule has not, orihas a
centre of symmetry and is.designated by the symbols G, T .,

8,. .+s..€tc., ¢epending upon the value ofl)\il =0, 1, 2...etc.
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As a linear XCX molecule belongs to the Dobﬁ point group, each
M O‘ can be further cléSsified as a symmetric (g) or antisym-
metric (u) with respect to inversion of the wavefunctionsgbi
at the coordinate centre of symmetry in the molecule.
For a bent CX2 molecule, no simple form ofgbi is known,

as in linear molequles. Howéver, it can be shown that each
Mp = can be constructed to transform as an irreducible represeﬁ~
tation of the sz;point_group.

| in general, each single electron wavefunction (7’)1 may
be approximated by a linearVCOmbination of atomic orbitalssi
(LCAO) centred on each of the constituent atoms of the mole-
cule. The LCAO/MO is written as

Qbi o= :Sa ip ><1
P (4.4)

Here 5 is a summation index over the number of atomic orbitals
(Ads) chosen and ajp are unknown coefficients to be determined.
Fo%‘mathematicai simplification83, instead of atomic orbitals,
'symmetry"orbitals may be used in forminngi. Each symmetry
orbital is itself constructed as a linear combination of Aﬂé
centred on equivalent (for definition, refer to 6) nuclei, it.
transforms as an irreducible representation of the molecular
point groﬁp. Then, each set of M&s is formed as a linear combina-
tion of those symmetry orbitals which have the same transforma-
tion prbpertiesunder the group operatiOns. The coefficients

laiplz determine the proportion of each 20 in each MO ., and
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may themselves be determined by a variational method.

There are 22 electrons in the €Oy molecule; 6 are from
the (132)2 (25{:)2 (?.pc)2 atomic orbital configuration of the
carbon atom and 8 each from the 1150)2 (250)2 (2&5)4 configura-
tions of the oxygen atoms. If the 6 K shell (S-) electrons
are neglected we are left with 16 electrons in the molecule.
From the AO'sS on the C atoms and the pair of eguivalent O atoms,
symmetry orbitals can be built. Fig. 4.1, schematically illus-
trates the Md s of the COp molecule and the symmetry orbitals
from which the MO's - were formed. Each orbital is represented
by a horizontal line. On the right, the species of symmetry
orbitals and the linear combination of AO0fg used are given for
the oxygeﬁ atoms. On the left, the symmetry orbitals and the |
A0's of the carbon atom are given. Lines are drawn to indi-
cate the type of symmetry orbitals that contribute most in
forming each molecular orbkital.

The relative ordering of the energies.é% for the COy
MO's * have been calculated by Mulligan (1951), who also obtained
the coefficients ajip determining the proportion of the com-
ponent AO's in each MO . His data is presented in Table 4-1,
The symbols B, b, N, a, A in that table respectively mean
4strongly bonding, weakly bonding, nonbonding, weakly antibond-
ing and strongly antibonding, following the notation used by
ulliken (1958). The same symbols have been used to label the
4-1. We note from the figure that the bonding

Md's of Fig

] e

(B) M0's are lower in energy then either of the symmetry orbitals
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from which the MO'S are formed whereas the corresponding
antibonding .(A) Mb's ére higher in energy with respect to
their symmetry orbitals. For nonbonding (N) MO's no relative
energy change is indicated.

The occupation of the lowest enexgy "MO's by the 16
electrons of COy are also shown schematically in the centre of
Fig. 4.1. Each nondegenerate () orbital is doubly occupied
by electrons of opposite spins whereas each twofold degenerate
(TT Yorbital is occupied by four electrons. The ground state

configuration of CO2 is therefore given by

3092 0w? W0y?2 oyw?2 ATyt alyt
(4.5)

Since all the MO's are fully occupied, (4.5) represents a
c¢losed shell configuration. Only one electronic state can
result from this configuration and this state transforms as
a totally symmetric repr?sentation,_/jgk. The ground state of
COy is thus denoted by b4 ZL; where\}’(' igs; the notation generally
used to specify the ground state of molecules.

If the inner closed AO dénfigurations on the S atom .
(i.e. X, L shells) and on the Se atom (i.e. K, L & M shells)
are neglected, both thesé atOms havé the same type of valence
‘(outer) shell configuration as an O atom. Hence it is reason-
able to assume initially that the molecular orbitals of CS,

and CSey molecules are similar to those of COy both in their

symmetry behaviour and relative ofdering of orbital energies.
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Table 4-1

MOLECULAR ORBITALS OF CARBON DIOXIDE®

Mo¥ FORM® ° ORBITAL ENERGY

Computed Observed *

40, 0.85(s-s')+0.84(z+z )+1.55z, -4.8 2 - A
50y 0.55(s+s')~1.325,+0.64(z~z ) -3.1 2 A
2Ty 0.57 (x+x ' )=0.92x_ 2.5 5 A
1T 27V 2(x-x"y 271/ 2(y—y"y 11.5 13.73 N
1Ty 0.49(x+x')+0.53x,;.. (y+y')+..yo  18.8 17.30 B
30u -0.64(s-s')+0.37(z+z"')~0.652 17.9 18.07 a
40y -0.51(s+s')+0.405,+0.46 (z-2 ) 19.4 19.38 a
20u 0.38(s-s )+0.11(z+z")-0.51z 42.4 B
307 0.18(sts')+0.325,+0.21(z-2")  44.9 B

* . éymbols A,'a, N, b, B denote antibonding, slightly antibonding,
nonbonding, slightly bonding,‘and bonding respectively.

# Thé lowesf energy orbital of each species is given the pre-
_fixing number 1. The higher energy orbitals are successively
numbered.

° Table adapted from Mullikeﬁ?

LCAO/SCF/MO's given by Mulligango.
. . 1
s,s',sc'are the ls orbitals of 0,0 -and C
X,v,2; ¥',v',2'; Xa1Yor2e are the px,py,pz orbitals of

O;O' and C ‘respectively.
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The electron configurations with lowest energy of CO2 and

cSep should therefore be closed shells, giving rise to ‘lj2f+‘
states. For CO, and Csz; anl §;+ ground state has been estég-'
lished by analysis of their elecg;onié absorption spectra8:37,

4.2 ' Excited States

In the excited state of a molecule in which one or -
mofe electrons are promoted to higher energies, there is usually
a rearrangement of electrons and nuclei with respect to their
coordinates in the ground state. If, in this excited stéte,
maximum stability (lowest energy) is achieved by a change in
the nuclear conférmation,'the molecule has a different shape
aﬂd may belong to a different symmetry point group classification.
For a symmetric triatomic molecule, there are two pbssible
equilibrium conformations of the nuclei. In one of these con-
formations the molecule remains linear (D), 9group) and in the
o?hér, it is bent (sz.grpup). '

. ~An excited state éonfiguration of the linear COj; mole-
cule ﬁay be obtaiﬁed by promoting an electron from the ground
state configﬁration. .From Fig. 4.1 and Table 4-1, we see that
the'unoccupied orbitals of lowest energy are the 27/, 5 Og
and 4 0y,. By promoting an electron from the 17Tg orbital to

these orbitals, the following configurations and electronic

states are obtained.
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Configuration States

‘ oI~ 3.+ 3= 1, 3,

e T3 (2T = S |

(1TTg)3 (27Ty) 2.2 2 2 A4,
eeere (1T 3 (50y) HTI _

.......'.....(~17Tg>3 40w - Hl J-—-[u | (4.6)

Completely leled orbitals can be neglected in deternlnlng ‘the
symmetry of states and. have therefore been omitted in (4.6).
The method of determining the symmetry of excited states from

the above configurations are well known84

and will not be repeated
here. Alongside each configuration, the symmetry species of
states generated from each configuration are shown.

If the molecule is bent in the excited state, configura;
tions of elecﬁrohs in MO's that transform as the irreducible
'representations of the C2§ point group, must be used to deter-
mine the resultant excited states. In order to build up such
.cqnfigurations, the syﬁmetry and ordering of these MO's must
be known. This information is available for simple bent mole-
cules such as 03 (Fischer-Hjalmars,1958)85 and may be used
qualitatively to'obtain configurations for the bent CO; mole-
cule. Walsh8® showed that the MO's of a bent triatomic mole-
cule can beAcorrelated with MQ's corresponding to its linear
confbrmations, both by symmetry and orbital energy. Qualitative
curves of orbital énergy versus bonding angle XER obtained by

87 obtained

him, have long been in use. Peyerimhoff and Buenker
such curves for the N; ion, on the basis of quantitative cal-

culations. These curves are presented in Fig. 4.2, and are
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expected to apply qualitatively to the isoelectronic CO3
molecule. The ordinate in Fig. 4-2 gives the orbital energy
in electron-volts énd the absciésérepresents the bénding
apgle'ﬁgx in the 100°-180° range. The extreme left éorres—
ponds to the bent conformation.of the molecule and the extremé
right to 4ts linear conformation. From the figure, it is seen
that each doubly degenerate (7)) orbital correlates with two
nondegeneraté orbitals oﬁ the bent molscule. ?hus, the 277y
orbital correlates with the 6a; and 2bj orbitals, the 17Tg
with the 4b2 and laz orbitals aﬁd thel7l, with the 5a; and

1bj; orbitals. In addition to correlations by symmetry, we see
“that there are changes in enexgy for each correlating orbital
as the bonding angle is varied adiabatically. For example,
the ga] orbital decreases in orbital energy with increasing
XEX angle, whereas the energies of .4aj and lbj orbitals in-
crease with it.

From the figure, we see that the drop in orbital energy
for thetﬁal orbital is going from 180° to 120° is about 4eV
{see arréw A). A bent molecule with its valence shell electrons
in the 63 orbitai has therefore greater stability than a linear
molecule with a 277y valence shell configuration. Another use
of the diagram is to obtain excitation energies for electron
promotion from one orbital to another. For example, the energy
required to.promote 6ne electron from the 17Tg orbital to the

27Tu orbital is of the order of 14 eV (see arrow B in Fig 4.2)
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Promotion to a 50g orbital requires an excitation energy of
about 26 eV (arrow C). Comparison of these numbers indicate
that if transitions corresponding to both excitations are ob-
servable, then the lower energy transition should correspond
to a 277, 4———~]fn§,electron promotion. As a result of this
tranéition the equilibrium configuration of the molecule is
expected to be bent since a further lowering in energy is
achieved by the occupation of the 6aj; orbital (by the electron).
" The éiscussion above is based upon a Walsh type diagram for
the N3 ion but the same arguments are expected.to apply in
the case of the isoelectronic COy molecule and the analogous
CsS, and CSe2 molecules. ’ o

From fhe lowest energy MO's on the left of Fig.‘4.2

the following electron configurations for the bent molecule

may be obtained:

Configuration States
Ground State......(1a2)2(4b2)2 ' 1A1
Excited States....(la2)2(4b3) (6a;) ;Bé,332
+vve(lay) (4b2) 2 (6a1) az,3a,
... . (1lap) (4by) 2 (2b7) 15,,3B,
. ...(1a2)2(4b2) (2by) | 125,38, (4.7)

The symmetry of excited eléctronic states arising from each
configuration has been obtained from the direct product (Appendix
B) of orbital species in partially occupied shells. Both ;ing-
let and triplet states result and are shown alongside each

configuration.
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Electron configurations and the symmetry species of
electronic states obtained from these configurations, for both
bent and linear COy molecules are given in Table 4-2. Excita-
tion énergies quoted by Mulliken8? for each state and the
expected shape of the molecule in that state,are also given in

the same table. . -~

absorption spectra

4.3 Selection rules for

The principles developed in sections 1.3 and 1.4 will
‘be now used to determine the selection rules.for.transitions
between a 'Ef.ground state ahd any one of the excited states
of Table 4—2?

For this purpose, we reccllect that the transition moment

integral (1.27) is

— - ’

R =<{¥‘13‘\:{/> B . (4.8)
]ifi?is to be nonzero, the direct product of symmetry spedies

of \}) , ’? (fi..e.Px,Py,,

totally symmetric component.l%@}could represent an electronic

or Pyz) and{%" must contain at least one

statepléz a singlet or a triplet electronic stateﬂ?%§>or a vib-
ronic statelVey?. The symmetry species in the first two types
of states are given in Table 4-2, The species of the electric

dipole operators Px,Py and Pz are given below

Doo h Cov

b B

) Ty
. u .

Py, . Aq

_ Py ’ .CT By (4.9)



Table 4-2

. -
. ELECTRON CONFIGURATIONS AND ELECTRONIC STATES OF COy°

Linear . ' ', Bent .
Configuration E:pé) E(ev) # Egpég?s) Configuration (:g}e) EEEéQPS) Form
‘ : .. (1ay) (4b)2(6a1) | lay(H)” Ay .
III 14.6 II ' 1 Linear
: g .. (lay) 2 (4b3) (6a7) By . By
g , A
7q) 3 (5
(II74) = (5 Tg) 3 ng .. (lay) (4bg)2(6a1) 3a,5 By,A1.By|
II 14.6 Z& ' Linear
' g ..(lap) 2 (4by) (6ay) | 3B, Az,B1,Ay -
g DY |
T ol . - .
s 22.1 S .. (la2) (4bp)2(2b7) | 1B B, | Linear
u e
! , .. (lap) 2 (4by) (2b1) | lAz(f) A, f Linear
3 A | 9.5 AN . L
< (AT 7 RThy) a . - ..(1la2) 2 (4b,) (6a1) B, B, |Bent
13 - - | .
‘Zzﬁ 9.2 }5; +IIu ..(la2)2(4b2)(2bl) 3A2 BZ'Al'Bl Linear
N . 9.2 : zzu ..(laz)(4b2?(6al) lAz(f) A, Bent
u .

93.




Table 4-2 {Contd.)

*
£ Transition is forbidden electronically from the ground state to this

+  Dhe table has been adapted from reference8?.

90

# Energies of states as calculated by Mulligan”".

94.

Linear Bent :
Configuration ﬁk_pe) E(ev)#,' /—('Epe LPS) Configuratidn nge) F(S_Deg/s) Form -
%CX IIu ‘ ..(laz)(4b2)2(2bl) 3B2 Ay,Bj,A]] Linear
8.4 > ‘
b VAN .. (lay) (4b2) 2 (6a;) 3a B,,A1,Bj| Bent
AT TR @u 2 1 2 2/21,B1
7.6 T+ ..(lap)2(4by) (6aj) B, A,,B1,Al Bent
u‘. Zu Hu
: bt +
(AT >, 0.00 > .. (Lap) 2 (4by) 2 ta) A, | Lineaz
state.
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ihé correlation of the 77, species above with an A, and a
B, species has been obtained from the data of Appendix E.
The change in the molecule fixed axés systems between the

linear and bent éonformations of the molecule can be seen from
a compariscn of Fig. 4.3 a) and b). It is seen therein that if
the molecule is bent in the excited state, the z axis of the
linear molecule becomes the y axis of the bent molecule and that
’tﬂé X axis is perpendicular to the molecular axis ((3§Z) in
both conformations. Note that X, y, z axes of both molecules
pass through the centre of mass. From the symmetry species .of

l LP')I Px, Py or Py and ]\IJT},direct products are obtained

from the data in Appendix B and selection rules are determined.

In the discussion'to follow transitions allowed elec-

tronically will be dealt with in i), transitions allowed be-
cause of spin orbit coupling in iii and; vibronic transitions

in iii)

i;' - The selection rules for an electronically allowed transi-

tipn is Qétermined by the intégral’product (equation 1.34)
R = Y I?]\UQ <\/J!v lkp“‘) (4.10)
The first factor is non-zero if the direct product
.. I(‘:pé‘) ® A(PX,PY o:; P,) ® (\JD:;)

generates a totally symmetric coﬁponent.
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By the use of Appendices A and B, it can be shown that for a
linear XCX molecule, this integral factor is nonzero only for
the following transitions

| 1+ 1 +

- X
. 2,
1 +
[« %2
and u g’ (4.11a)
1+
From Table 4-2 it is seen that whereas a ;: is a possible exci-

1
ted state for the molecule, II state does not occur among the
a !

manifold of excited states. It can also be shown'that the first
transition in (4.11a) is a parallel type transitiongs, since'ﬁ?
is nonzero for the P, component which is parallel to the symmetry
axis z of the linear molecule (Fig. 4.3) and that the secbnd :
transition is a perpendicular transiticn sinceﬁ??is nonzero for
the Py and Py components which are perpendicular to the same
z axis. Transiﬁions to all other linear states in Table 4-2
are forbidden eiectronically.

If the molecule is bent in the exc1ted otate, hen:the

symmetries of]\@’) Py, Py and P, andl\I/> in the C,, point

group must be used to determine the dlrect product. From Ap-

1 +
pendix E, it is seen that the ZS ground state correlates with
- . 1 +
1 ey . . .
a Al state; it is also seen that a EE exc1ted state correlates
u
with a le sta*e, if the change 1n the axis systems of Fig. 4.2

is assumed. The correlations ofIT [ﬁ} etc. states are also

given in the same appendix. By a determination of the direct
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product, it can be shown that the following is an allowed

electronic transition

1+
y 2[5
; (4.11b)

It can also be shown that the transition is of the parallel type.
From Table 4-2 it is seen that a le state is a possible exci-

ted state for the molecule. Transitions from the ground state

1

to the excited A, states can be shown to be forbidden.

The second integral factor of (4.10) (i.e. the overlap
integral) determines vibrational selection rules for the

'electronic transition; for the overlap integral to be nonzero,

l\l/‘> and]\}f} must transform as the same irreducible represen-

tatlons,
. 4
For the linear XCX molecule, transitions from its CE :

ground (v —v2—v3—0) v1bratlonal state, are therefore possible.
+ - 1+ :
only to vibrational states of (2& symmetry in the 221 excited
+
electronic state., Since all vibrational levels of the q;

(symmetric stretch) wvibration, and at least one componeht of
alternate excifed 1évels in the 7T (bendlng) and the CT
(antisymmetric stretchlng) vibrations are .of CT sPeéles, tran-
sitions to all these states are allowed from the ground state.

15 (Appendix F), a fraction

LI

of all the molecules populate excited vibrational levels (vi}O)

According to statisticl mechanics

of the ground electronic state. Transitions from these vi

?
levels to excited state vibrational levels (vi) of the same
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symmetry are possible. The vibrational selection rules for
an allowed linear-linear electronic transitions can therefore

be summed up by writing

A !

0, 1, *2, ¥3 .... for the O

I

vibration

Z&'Vz = 0, i2, t4, te .... for the T,
vibration

and Zk.v3 = 0, %2, %, %6 .... for the O,

vibration & (4.12)

where[&vi = vi - vi, refers to the change in the vibrational
quanﬁum’number of the ith vibration. For a bent ¢—— linear
transition, the same type of argument gives the vibrational
selection rules for the two totally symmet11cl/l(al),L/ (iz)+
and the one antisymmetric V 3(by) modes in a 1324_———- A ( ES )

electronic transition. Thus we have

Av, Av,

) Av?, =0, +2, :'_'4, for the V3 vibrations

0, *1, T2, ¥3... for they; and VY, and

(4.13)

The' observed vibrational spectrum of an elecfronic
transition may be grouped into progressions and sequences.
We define a progression as that collection of transitions from
a givep vibfational 1eve1 of one electronic state, to a set
of successive levels of the same vibration, in a second elec-

tronic state. We define a seguence as that series of transi-

tions having the same value of £5vi. Thus, those transitions
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n - l +
from the v, o= 0 level of the X }; state to the set of
¢ .59
.V = 0, 1, 2...etc. levels of the 1t excited state form a

1
.= ]
vi progression; and those transitions with Awl =vy - v; =0

forms a sequence in the I/ vibration.

- w1l _+
ii) Transitions from the X z; state to the triplet states
g

of Table 4-2 can occur because of spin-orbit interaction dis-
cussed in section 1.4, The symmetry species of spin functions
in the D__, and C_,  point groups are given in Appendix E .

. ©o 2v
For S=1, these species are,

D C
ooh 2

S a

g 2

Hg\\ Bl

v

(4.14)

‘'The irreducible representation generated by the spin-orbit
function tl/e;> ,. as obtained from the direct product of each
spin specieé in (4.14) with orbital species of each triplet
state, are‘iisted in the 4th and 7th columns of Table'{-z.
These spin orbit species are used in determining selection rules
from equation (1.27).

The probability of transitions which occur only be-
Causé of spin4orbit coupling, depends upon the magnitude of this
coupling. In each of the doubly degenerate 3[3|or 3II states

of Table 4-2 the magnitude of spin-orbit interaction can be

MA_RARGTEP HINIVEDQITY 1 IRRARY.
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large or,snall and each triplet state may be separated into
component (multiplet) states of different energy. The energy
splitting is determined by the magnitude of the spin-orbit in-
teraction. The species of the multiplet coﬁponents for each
orbitally degenerate stete is also shown in Tabie 4-2. Selec-
tion rules forvtransitions from the X ﬁ§:+ state to these
component states are also determined by tge integral (1.27).
It can be shown that among the multiplet components shown in’
Table 4-2, only the‘TTu component can 'combine' with the ground.
state (in a'transition) The v1bratlona1 structure of the
correspondlng IT e~ X 1§;+ transition is the same as that of
a, 1}; «—% ES electronlg transition dlscussed earlier;
however, the rotatlonal structure (section 4.7) of each vib-
rationai 'band' would be of the perpendicular type.
| -In Table 4-2, the multiplet component species of
~—~triplet states, in- whlch there is ‘very ‘Tittle orbital angular
momentum, that is zz .0f the linear molecule and 3A2 and 3B2
states of the bent molecule are also given. Transitions between
the 2: ground state to any of these triplet states could occur
Aemw—by-the-gntenSLty-‘borrowrngtmechanlsm. If- the-excited triplet
state and some otherssinglet state which are not very much
separated in energy interact due to spin-orbit coupling, then
the wavefunction of the triplet state and this singlet state

1
'mix' If a transition between this singlet state and the- Al

( ZE ) state is allowed, then a transition between the triplet

g
state and the,ground state is not strictly forbidden. Therefore
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a'nonzerq probability for the triplet «— singlet transition is

possible.
, 1 1
iii) Transltlons from the X 28 ( A ) state to the Az,
g
22' ZX and II states of Table 4-2 are electronlcally
u g

forbldden. To determlne whether transitions from the v1bron1c

levels of the ¥ 28 (A ) state to the v1bronlc levels of the .

nondegenerate 1A2 agd 22 are allowed, we first obtain the

respectlve vibronic species in each state If the molecule is
 the bent lAz state, alternate levels (vp=1, 3, 5, 7...) of the
antisymmetric stretching vibration are of(bz species, the cor-

responding vibronic species are therefore of b2® Ay = By sym-

in

metry in the lA‘ state and of b2®Al = B, symmetry in the ground

2
1l

levels of the excited states are allowed from the By and Ay
»vibronic levels of the ground state,f(this statement can be
-verified by the use of equation 1.27). similar'considera-

tions can be used to show even though the zz «— X 1§;+
-transition is forbidden electronically, v1bron1c tran81tiogs
of the type ]__I < H : A < A are allowed by symmetry.
Tran51t10ns between V1bron1c levels of the degenerate

Zx or [I electronic states ahd those of tﬁe' EZ ground
state are dlscussed in the next section; since an igportant

Vlbratlonal—electronlc type of interaction can occur when

degenerate vibrations are excited in degenerate electronic

Ay state. Perpendicular transitions to any of the B; vibronic

-.states, this interaction must be considered before examining -

rules for vibronic transitions any further.



103.

4.4 * The Renner Effect

The twofold orbital degeneracy of II,AZX..;.etc;
(i.e._[&:>0) electronic states of diatomic molecuies is removed
by interaction with the rotational motion of the nuclei (see
section 4.7). But in a polyatomic molecule, such a degeneracy
may be removed by interaction with degenerate bending vibrations.

91 and

This type of interaction was first recognized by Teller
was subsequently applied by Renner?2 to evaluate the splitting
ofj[l électronic_states of the linear CO, molecule. The con-
sequences of such vibronic interactions in linear molecules is
called the Renner (-Teller) effect.

In the absence of vibronic interaction, the Bprn-Oppenheimer
approximation can be used to write the total wavefunction,\%@>
in the product forml\._[/e \I/v \I/P>' If thel rotational part is
neglected, the product waveﬁunctionlxpg ‘P;>for a linear mole-

cule is given explicitly by the function?®3

N’(A Vv, 1)>=|\I/e \I/V>= exp (F iA.B)x‘R,n (r Yexp (Af’_ iLyY)

(4.15)°

In Fig. 4-4, the bending coordinate I, the azimuthal anglef? .
of the electron.from a fixed plane P cohtaining the linear mole-
cule, and the anglel¥ between the plane of bending motion and
the fixed plane P, have beenlindicated. /DVIH(F) in the wave-
function (4.15) above is the radial part of the vibrational
wavefunction. The definition of the quantum numbersj\ R L-and

v has been given in sections 3.2 and 3.3.
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When there is an interaction between the bending motion
and electronic motion, the product functionhig\%Cﬁs not a good
approximation. The effect of the electronic-vibrational in-
teraction on the product function and .the zero order eigen-
values can be calculated by perturbation methods, provided the

interaction is small and known explicitly. Pople and Longuet-
94

Higgins represented the perturbation due to vibronic inter-

action as an expansion in [ and Q'-=9—LP, and gave it the follow-
ing fgrm. |
V'=v_(r) + vi(r) [exp (ig) + exp ( -iQY]
‘ + Vy(r) [exp (2iQ)+ exp ( —2iaﬂ
+ V3(r) [exp (3i+ exp ( -3iQN]
+ Vg (xr) [exp (4iQD+ exp ( -4iQ)]
_ +Vm(r) [exp miQ)+ exp ( -miQY)

+

R ' (4.16)

where Vy(r) is of the order of r™. The matrix element which
determines the corrections to the zero order energies and eigen-

functions is given bY95

<\I/p(.Ar v, L) IV'I\I{«_I(A,V, L ) (4.17)

For a given pair of states ‘YP;> and l\£§6f the molecule,
those terms in V' which give a nonzero value for (4.17) may be
determined from the requirement that the product in the bracket

nmust be totally symmetric. It can be shown that this requirement
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is fulfilled in the following cases.

a) I;.'\I{)(A'V' { )> and]\}{!(A,v,[ ) > are identical.

In this trivial case, it can be shown that the integral
is nonzero only for the V,(r) term. As Vg(r) is a constant,
all integrals (4.17) have the same value.

xpé(j\,v,[5)>»and|\lé(j&,v,[ )>' are not identical.

If both functions are the degenerate components of an

b)

electronic state, they may be distinguished from each other
by the signed value (if greater than zero) of the quantum no.
K:]fl\ tﬁ |. It can be shown that all odd terms in V' (of 4.16)
such as vy (r) [ 3r v3(x)L J...etc. give vanishing matrix
elements (4.16) between the two component states. It can also
be shown that only those even terms Vﬁ(rﬁ[ :]wherg m =|lK t ]&

> (K 3»1\)4. give nonvanishing matrix elements. For éxample
in aH state,_A_ = *1. Therefore m = ] (K’_':l) —(Kll) l = ]2] or
]—2 L Between the two components of afﬂ:electroﬁic state, only
the V2(r)f Jterm therefore gives a nonzero matrix element.
Similarly, it can be shown®4 that only the Vg (o)L ] term
gives a nonzero matrix element for the coﬁponents of a‘ZXstate..

From the discussion in a) and b) above, it is evident
that the perturbation expression v’ reduces to the follbwing
forms for HandA states:
I]'states:lx. =fl V'=Vo(r) + Vy(rx) exp(2ﬂ2)+exp(-2i£»
ZX states:jx =f2 V'=Vo(r) + V4 (x) eXp(4ﬂJ)+exp(—4ﬁ¥)
(4.18)
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As a result of the perturbation, two component states
are obtained for each of theH andA states; one of the com-
ponents is symmetric and the other antisymmetric.with respect
to reflection in the molecular plane. Furthermore these two
components are of different energy; the degeneracy of the II
andHZXStates is removed. In the new zero order wavefunctions,
j@ﬂand L are not good gquantum numbers since the electronic
and vibrational angular momenta are not independently consérved
and must be replaced by K = "fj&fl].

ForIl elecﬁronic states, Pople and Longuet—Higginsgg
obtained the potential function of each component state in

terms of the bending coordinate r. For the higher energy com-

ponent the potential function is given by

it

ut = 1/2r2 + nrt (4.19)

U = (1/2-£)r2 + drt (4.20)

I

Here, the quantities g’>0 and h are anharmonic constants for
the lower and upper states respectively anq f is a constant meas-
wing = the strength of the vibronic coupling. For[ﬁ_electronic

96

states, Merer and Travis obtained the potential functions of

the two components in the following form
ut = ('kfl/z'r)')r4 (4.21)

Here??'and k are quartic coefficients for the;ﬁ& state.
The potential functions Ut and U for each electronic

state may be plotted as a function of the bending coordinate.l .
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The forms of these functions are given in Fig. 4-5a), b) and

c) for the U' and U™ components for aljjstate and in Fig. 4-5
d) and e) these components in awZXstate. It can be seen from
the expression for U™ in (4-20) that if £{1/2, U” has the
form in Fig. 4-5b) with two minima at +r and -r. At these
values of the bending coordinate, the molecule has a lower
energy than at r = 0. Therefore, a molecule in the lower com-
poneﬁt state shouldAbe stable in the bent conformation. In b),
the upper component ut is guadratic in r and has a minimum
corresponding to the linear conformation. A molecule in the
upper component state should be stable in the linear conformation.
It was shown by Dixo%Gthat if the vibronic interaction is suf-
ficiently large, the upper state may also have a double minimum
potential and this curve is given in ¢). Therefore Ut and U~
effectively represent the potential functions of two non degen-
erate states, each of which may belong to a different symmetry
point group. This separation of potentiél curves illustrated
by b)( 05 and e) represents a Static Renner effect. It can

be seen from (4-20) that f‘>l/2, both U' and U~ are anharmonic
oscillator functions of r. The potentials have the form of
Fig. 4-5a). Fot[f&states, the potential functions Ut given by
(4-21) are represented in Fig. 4~5d). In both a) and d) the
molecule remain; linear, even though the degenerate state has
.been split into component stafes. Both a) and d) represent
small vibronic interaction. The separation of potential curves

actually occurs only during a degenerate vibration (and
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THE RENNER-TELLER EFFECT

FIGURE 4.5
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therefore strictly static potential curves U" and U~ can-
not be drawn) . Fig. 4-5e) shows the potential functions of
a[ﬁ&state for a static Renner effect and is similar to ‘b).

. The eigenvalues of the vibfonic levels of a lI] state
were obtained by Renner for small interaction and by Pople
and Longuet-Higgins for small and larger interactions. No
such calculation is availablé for those of a %ZX state.
However, the eigenvalues of vibronic states of a 2zﬁxstate
have been calculated by Merer and Travis?? for small Renner-
Teller interaction.

The symmetry of the (Renner-Teller) component states
has been indicated before; one of them must be symmetric and
the other antisymmetric with respect to4reflection in the
- molecular plane. In the extreme case, the XCX molecule is
bentrin both states and therefore each state can be classified
according to the irreducible representations of the Cp,, point
grbup. ‘For a strong vibronic interaction, two component states,
one of Ag sgmmetry and another of By symmetry, are obtained
from the doubly degenerate lII and %CS excited states of the

u g
CO, molecule. In general, it is not possible to state which of
the vibrational states of the components belong to ut and
which to ﬁ_. Each vibronic level is identified by the quantum
number K. The selection rules for transitions from the vib-
ronic levels of the groﬁnd state to the vibronic levels of the

two component states are determined as before in section 4.3
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if the symmétries of thése vibronic levels are known. ° The'

spacings between vibrational bands.- can be détermined from the formulas

of Merer and Travis forA states and from the formulae of
Renner or'Pople and Longﬁet—Higgins forII states, provided the
vibronic interactioh is small.
If th ited state i 3A 3 tat i bit
e excited state is a u °F IIg state, spin orbi
coupling and Renner-Teller coupling must both be taken into ac-
count. When both interactions are of comparable magnitudé

the energies of vibronic levels are given by complicated ex-

pressions. Hougen97 calculated these expressions for BI]
(as well as 2I'[) states in XY¥X molecules. For %{& states, no
such calculations are available.

If vibronic interaction is large, the molecule will be
stable in the bent conformation (of the 'static' approximation).
‘The energy 1iYe1s of the vibronic states will then be similar
to those of the vibrational states of a bent molecule. 1In
the‘next section, we examine the energy structure of vibrational

levels in a bent molecule.

4.5 Vibrational energy levels in bent-and linear states

According. to eguation 3.15, the vibrational energy levels
of a bent molecule are expressed as term values Gb thus,
_ b b b
Gb(vl,vz,v3) =U)l (yl + 1/2) +(U5 (vo +1/2) +(U3 (V3 + 1/2)

(4.22)

where terms due to anharmonicity have been neglected. Similarly,
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from equation 3.16; the.vibrational,enexgy levels of a bent
molecule which is in a nondegenerate eledt;onic étate are
expressed as term values d’ thus, ' |

Gl (Vi,va,v3) =w§ (v1+1/2) +wg(v2+1/»2) +wl3 (vy+1/2)

' (4.23)
where terms with anharmonicity coefficients have been neglected.
The term, Ld;(v2+l), in the latter expression (4.23) repre-
sents the energy levels of the doubly degenerate ('ﬂ;) bending
vibration. Two degrees of freedom are associated with this
vibration. The corresponding terms MZ(VQ-+ 1/2) in the first
expression (4.22) represents the energy levels of the non-
degenerate bending vibration. Only one degree of freedom is
associated with the bending yibration of a bent molecule.
Therefore, one -'bending' vibrational degree of ffgedbm is_'iost'
by the linear molecule if it bends; this lost degrée of free-
"dom appears as a rotational degree of freedom abowt the y éxis
(which is a principal axis) of the bent molccule (Fig. 4.3).
If the term values given by equations 4.22 and 4;23, are to be
compared for the same number of degrees of freedom, anAaddi-
tional term has to be added to 4.23, corresponding to the ro-
tational energy levels of the bent molecule about its y axis.

The rotational energy levels of a bent XCX molecule are'
those of an asymmetric rotor with unequal principal moments of
inertia ¥a, Iy and I,. These moments of inertia can be cal-ﬁ

culated from the bond distance r_ , the bond angle XCX and

CcxX

the masses of X and C atoms. It can be shown by calculation
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(Appendix H)} that the .moment of inertia about the y axis of the
bent CSey molecule is the smallest principal moment of inertia
Ipn and that Ig is nearly equal to Ir. In terms of rotational

constants A, B and C where,

“h R " h

———

A= B = C=__——_—-

these relationships are given by

A »B=C
which is a characteristic property of a near prolate asymmetric
rotor. In the case of CSey for example, if the angle seCSe is
120° and rcge = 1.711A then A = 2.0 ,B = 0.048 and C = 0.047,in
cm™1 unif;s. It is seen from Appendix H, that A>B=C, even
if the bond angle is large. The asymmetry parameter f;is nearly
equal to-l which is the value of K for a prolate symmetric rotor.
‘Hence, we assume that the rotational energy levels of the bent
molecule can be represented by expressions similar to those of
a prolate symmetric rotor. These expressions are given in
Appendix G. The energy levels for the rotational motion about
the y axis alone is given by the term AVZKZ where K = } i/\ill
is the-angular momentum quantum number given before and sz is

the rotational constant for the vibrational state with gquantum

number v,. If this AV2K2 term is added to 4.23, we get

e b b b 2 !
G (vy,vy,v3) =W (v+1/2) +W, (vy+1/2) +(D3(v2+1/2) + Ay, K

(4.23 3)
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This expression‘éives the term value of rovibrational levels
with quantum number_vl,.y2,2V3 and K.

| The correlation between the vibrational levels of a
linear molecule and the rovibronic levels of the bent molecule
is illustrated by Figs 4-6 a), b) and c). In‘b),'successiVe
vibrational levels of the degenerate V§(7T) mode of the linear
l:z state are sﬁown by horizontal lines within the potential
curve. The | (=K) sublevels are also indicated therein. The
poféntial function of a bent XCX molecule, with two minima at
+r and -r values.of the bending coordinate in the linear mole-
cule, is shown in Fig 4-6 a). The illustration at the top of
this figure shows the 'bending' of the linear molecule. It
~is seen that this potential function resembles the lower com-
ponent functions represented in Fig 4-5 b) and e). The mole-
cule is stable in the bent4c0nfiguration at.the +r and -r
" values of the.bending coordinate. The hump at r=0 represents
a finite potential barrier for the molecule to change over
from a +r to -r configuration or ¢ice-versaby the bending motion.
However, this barrier does not exist for a change of configura-
tion by rotation about tﬁe y axis éf the bent molecule. Each"
curve in Fig 4-6 represents a planar section of a cylindrically
symmetric potential curve. Horizontal lines representing
vibrational levels have been dfawn both near the minima and
thé“ceng;al hump in Fig 4-6 a). Fig c) and a) are the same
curves éxcept for the expansion of the vertical energy scale

in the former. 1In c), the first three vibrational levels i.e.‘
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vg = 0, 1, and 2 are shown. <Quadratically spaced rotational

sublevels with K = 0, 1, 2 and 3 are also shown for the vg=0
level. The energy spacing between K=0 and 1 has been denoted

by A Al,corresponding to a similar spacing in the vgzl

0°
‘vibrational level, is also indicated. Pairs of lowest energy
levels with the same K have been connected by dashed lines.
From Fig 4-6a), we note that if the vibrational quan-
tum vg exceeds the value at the top of the hump ( i.e. vg >.n)
the mélecule is effectively linear; because,the amplitude of
bending vibration in the 'bent' molecule is large enough to
'freely' chénge the molecular configuraﬁion from +r to -r.
Secondly, the width of thé potential function above the hump
is larger than that below the hump. For this reason, the vi-
brational frequencyﬂké)of the linear molecule must be smaller
than that ((ug) of the bent molecule. Thirdly, comparison df
b) and c¢) in the figure indicates that the constant A, of the
bent molecule is correlated with that of the vibrational fre-
qﬁencyLU;._ That is, A, will abprbximately become equal to
'(u% when the molecule changes its configuration from bent to
linear. |
The variation in energy of the K levels as the molecule

changes its conformation has been investigated by Dixongs,

gg_and Thorson and NakagaWaloo. Each of them considered

Johns
the potential function of a linear molecule as that of a two
dimensional isotropic harmonic oscillator, and introduced

a perturbation in the function to produce the central 'hump'
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shown in Fig 4-6a). Thorson and Nakagawa assumed the po-

-

tential function to be
v = 1/2r%+ K / (€2 + £?) (4.24)

where C, Ky are constants. It is seen that if r = 0, V = KB/cz-

gives the hump height. Dixon used a function of the form
2 Q2
v = 1/2r%Qexp (-f3r) (4.25)

where‘ Q,[dare constants. It is seen that if r = 0, Vv =Qgives
the hump height. The first of the two summatidﬁ terms in (4.24)
and (4.25) is the potentia} function of a two dimensional harmonic
oscillator for which eigenvalues and solutions are known101.

The method of applying these functions (4.24) and (4.25)
to calculate the energy levels of the molecule has been discussed
by Johns and will not be repeated here. However, some of the
"conclusions arrived at by Johns and other workers on the baéis
of their calculations, are summarized below with the aid 6f Fig.
4.7. |
1. ﬁig. 4.7 a shows the variation in the value'onQXG i.e.
G(v2+l,K) - G(vy,K) of the bent molecule, with respeqt to an
average term value G, given by 1/2 Le(vy+l,K)+G(vy,K)] . It is
seen that eacthXG(K) curve decreases to a minimum and then in-
creases»again. This minimum is most pronounced for K=0 and
less so for higher K values. Such a behaviour of[ﬁ;G values
has been observed experimentally for some triatomic moleculesgg'102

and has been attributed to the potential hump in the potential

function discussed earlier. The minimum in‘KXG occurs at an
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energy corresponding to that near the top of the hump99. The

decrease ianXG values up to the minimum can be attributed to
a negative value of the anharmonicity coefficient x5, in ex-
pression (3.16) and the increaseICXG after the minimum to a

positive value of the anharmonicity coefficient.

II. Fig. 4.7b shows the variation to the value of Asz with
respect to vg. It is seen that sz increases slowly for small
values of vg and then increases rapidly for larger values of
vg. Experimental evidence for such a behaviour of Ay, has been
found?9,
If, from an experiﬁentally observed spectrum, evidence is ob-
tained in support of these two conclusions above, it can be
inferred that a bent state is iﬁvqlved in the transition.

In order to determine selection rules for transitions
%rom the vibronic levels of the l}felectronlc state to the
V1bron1c levels of the bent XCX molecule, the symmetry species
of the latter levels must be known. It is convenient to assume
. that the sﬁmmetry of each of these vibronic levels is the
same as that of the correlating vibronic levels in (the limit-

ing case of) the linear molecule. Selection rules are then

determined by the use of (1.27).

4.6 The Franck ~ Condon Principle

In section 4.3 selection rules for electronic transi-
tions and for transitions between vibrational states of each

‘combining' electronic stat have been discussed. The
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selection rules for such vibrational transitions in the pro-
duct wavefunction approximation'YPQN¥/€>ére'determined by the

overlap integral

Ry'y .=- <\I/V‘| \PV> | (4.26)

which is one of the factors of X in equation 4.10, TP\,.V.IZ
determines the relative intensities of the vibrational bands
in an electronic transition, and is the basis of the quantum
mechanical formulation of the Franck-Condon prinCiplelO3.

The classical approach to the Franck-Condon principle will
not be discussed here. For the present purpose we shall just
use the criterion that larger the magnitude of the overlap

integral, more intense will be the observed transition between

the states ,\I/V,> and '\I/v"> Therefore (4.26) becomes

R =S Vor? Yo Vs os) ¥ 52

= R.yv n X Rv' « X R

"~ n
Vivy 272 V3 V3

(4.27)

for the vibrational wavefunctions of the linear triatomic mole-

cule. Each of these factors is considered separately below

with the aid of Figs. 4-8 a), b), c) and d). ”
The potential energy curves for the symmetric étrétching

coordinate Q7 [in (a) and (b)] and for the bending coordinate

Qz[?in (c) and (d)] are shown schematically in the figures.

The curves in a) have each of their potential minima, correspond-

ing to the excited and ground state equilibrium configurations,
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at the same coordinate positions. In b), these minima are
displaced. The curvezaf the top half of c¢) gives the potential
energy curve for the bending coordinates for a linear molecule;
that of d) gives the potehtial energy curve for the bending
coordinate for a XCX molecule with energy minima at two values
of the bending coordinates. Thé_ground state potential curve
is also shown in ¢) and d). The form of the wavefunctions for
a few vibrational levels are also indicated in each of these
curves. Vertical or sloping lines are drawn from v"; = 0 levels
to excited state'vibrational levels.

The intensity. dlstrlbutlon among the vibrational trans1—
tions for a given electronlc transition will be considered
with respect to each of the cases a), b), ¢) and d) in Fig. 4-8.
Case a): There is very little change in the equilibrium value
of the bond length roy between the_fwo electronic states.
Therefore, the potential curves of grouhd and excited states for
the symmetric stretching mode Ql are almost the same; lqul
and !Hb ">are nearly orthogonal. Hence, the overlap integral

,"; is large only for vibrational transitions withpA, =
. : . 1-

v'~l - 6"1 = 0. In cold absorption; most of the molecules are-
in the Vl . 0 level. Therefore, 1sz&v1 = 0 applies, only the
0 —»0 band will be observed. At higher temperatures, levels
with v"l:>0 are also populated sufficiently and sequence bands
wichQ&vl = 0 from excited vibrational levels of the ground

state may be observed. In.case a), therefore, sequence bands

in the symmetric stretching vibration will be the most intense.
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Case b): There is a very laige'u change in the equilibrium
value of roy. The potential functions are not identical for
the symmetric stretching vibrational mode Q; in the ground and

excited electronic states. Hence, the overlap integral between

1
causelq)vi>>andhp;; . are not necessarily orthogonal. Let

L1} .
states with guantum numbers v, and vy #fvi can be nonzero be-

us consider only these vibrational transitions from the state

1
low temperatures). It is found that the maximum value of Rvivi

" .
with vy = 0 to v, states (i.e. absorption trahnsitions at very

is obtained, not between states with identical vibrational quan-

. 1
tum numbers as in case a), but between states with vy =n

(where n >0) and VI = 0; n is a large integer if the change in

rex is large. Nonzero values of overlap integrals may also be

obtained between states with vi>n or v;_(n, and v, = 0. There-
"

fore, bands corresponding to transitions from v; = 0 to states

1

1
gression) are observed in cold absorption. Among the bands of

|
with vy = ee...ntl, n,n - 1l....etc.(which represents a v, pro-

this progression, that which corresponds to the vi = DJG-V; =0
transition will be the most intense. At higher temperatures,
progressions in vi from the initialvvibrationalvlevel v;:> 0
are also observed. 1In case b) therefore, progressions in the

symmetric stretching vibration will be the most intense.

Case c): This case is analogous to case a) except that the
potential functions are plotted for the bending coordinate Qs

(or 'r' as in section 4.5). The molecule is linear in both
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the ground and excited electronic states and therefore there
is no change in the coordinate Q,. By arguments similar to
those used in case a), it can be shown that in cold absorp-
tion the 0-0 band is the most intense and that at higher temp-
eratures, sequence bands in the bending vibration may be

observed.

Case d): In this case, vibrational transitions from the ground
electronic state of a linear molecule to a excited electronic
state of a bent moleculé are examined. Since the XCX molecule
is stable in the bent configuration of the excitea state at

Qé = r, the equilibrium value of the bending coordinate Q; = 0
in the ground state is necessarily altered on excitation. The
potentiél functions are quite dissimilar and the upper state
function resembles that in Fig 4.6 a) or the bent component of
the function in Fig. 4.5 b) or e). Whereas the schematic rep-
resentation of vibrational wavefunctions is correct near the
minima of this potential function (Fig. 4.8 d), it is not
strictly correct for the wavefunctions near the hump; because
if there is strong vibronic interaction, the product resolu-
tion fg/ea\R,'>is not a good approximation to the total [\¥> .
In spite of this limitation, these wavefunctions represented by
dotted curves are given in Fig. 4.8 (d), in order to explain
qualitatively, the distribution of intensities in vibrational
transitions. The overlap integral RVév" (if R = Rg'o" X Ry'y"

2
is assumed to be valid) will be a maximum for states with v; =

0



125.

and vé = 0 and vé = n where n is a value of the quantum number

~near the hump. This t;ansition between v, = 0 to v; = n level
is represented in the figure by a ﬁertical line. Rvévﬁ will
decrease from this maximum value to a minimum value for states
with v; = 0 and v§'= 0. This transition between v; = 0 to -

3 i
Aushod

vé = 0 level is represented by a dotted line. The value of
Rvﬁvﬁ for a transition between states with v; = 0 and v; = m,
where n§m1>0 lies between these maximum and minimum values.

Such a transition is represented by a full line. If an elec-
tronic transition from the ground state to the excited state

is allowed for a linear conformation of the XCX molecule in both
states, (i.e. for r' = 0<¢—r" = 0) then, in cold absorption, a
progression of bands in the bending vibration due to transition
from vg = 0 to vgf = +... n+l, n, n-1 .... etc. may be observed.
The band due to Vé = n é%-v; =.0 transition should be the most
intense, and the intensity of bands on either (freguency) side
of this band should decrease successively. On the other hand,
an electronic transition from the ground state to the excited
state may be allowed only if the molecule is bent in the ex-

cited state (i.e. R is zero for r' = r<&—r" = 0 transition).

elelr
Even then, a progression of bands in the bending vibration may
be observed; but in this case, transition from v; = 0 occur,
bl
2

]
etc. levels, where m is a quantum number between vg = 0 and

not to levels near vy = n but to vJ = .... m+l, m, m=1....

v8' = n. Transitions to v, levels near m have the highest

probability, because Rene"va,zvnz has a minimum value for
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these levels. This product is zero at r' = 0 because Re‘e“
~is zero -and is very small at'r'=.r because Rv'v" is very small.
It is concluded therefore, that if the XCX molecule is bent
in the excited state, progressions in the bending vibration
may be observed.
It can be shown, by similar arguments as abové, that,
in principle, progressions in the antisymmetric stretching vi-
bration should occur, if in its equilibfium configuration in

the excited state, the XCX molecule is linear but has unequal

r and rex .-
Xy 2

4.7 Rotational Structure of vibfonic transitions

Transitions from vibronic states of a linear XCX molecule
in its ground ( ]§;+) electronic state to those of the linear
or bent XCX moleculg in its excited (singlet or triplet)
electronic state have been discussed in the previous sections.
Transitions between rotational states accompanying each vibronic
traﬁsition are discussed in this section.

The vibronic states of the linear XCX molecule can be
classified by the quantum number K é'l:f\fil. The symmetry
species of these states are denoted by symbols ZE,II,ZX...

7 +
etc. depending upon the value of K. In the ground :8. elec-
tronic state,jx = 0 and hence, K =|.. In the excited gtaté,
flcan be greater than zero, as is evident from Table 4-2. The
energies of rotational states in each of these vibronic levels

are analogous to those in electronic states of a homonuclear

diatomic molecule. The symmetry of each rotational level is
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given by its parity + or - and nuclear exchange symmetry 's'

or 'a'. The term values of rotational levels are given by
expression (3.20) where X replaces|. . Each of thése rotational
levels is doubly degenerate forH A . etc. vibronic states,
in which K >o . For the ground 'z (or any exc1tedz elec-
tronic state) this degeneracy is l-gype degeneracy discussed in
sectionr 3.4; interaction of rotation and vibration removes

this Qegeneracy and the resultant sf:litti_ng of levels with the
same J is called 'l"' type doubling. The magnitude of this

splitting for IT vibrational levels is approximately given by '

S = 4 (341) (4.28)

where, for XCX molecules, qq7 is given by

B2 2
- e ( 1y W2 ) (vy+1)

B (T}

3 (4.29)

For A vibrational states 8 is given by

2

2 .
S = q,T° (3+1) (4.30)

where q& is much smaller than q.ﬂ. . Fo]; excited siné‘let elec-
tronic states such as 1H.,. J'A etc. in whichA_ > 0 there is an
electronic double degeneracy for each J level. The splitting

of this degeneracy, i.e. the so called_/\_—type doubling, is caused by
interaction between electronic and rotational motions of the

molecule and has been discussed extensively in literaturelo"}.
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ForIT electronic states, E;is again given by equation (4.28)

but g is given by

/ / . \ ) (4.31)
where C%; =T'-T" (see equation 4.40)

For vibrational levels withﬁl>>0 inkﬁhese degeﬁerate electro-
nic states the total twofold degeneracy in K has to be con-
sidered. The splitting of this degeneracy i.e. the so called
K-type doubling occurs by the interaction of rotational elec-
tronic motion as well as by that of rotation and vibrationl0>,
The magnitude of this splitting is proportional to J(J+1)
forII vibronic states and J2(J+1)2 forzﬁsvibronic states.

The symmetries of rotational levels in each vibronic state such
as ;2 . 28 ’ II ,II etc., are the same as those of homonu-
clear diatozic mglecuges and will not be discussed here. (For
details refer to 106).

In section 4.5, it was indicated that the bent Cse,
molecule is a near prolate symmetric top. Rotatioﬁal energy
levels can therefore be represented by expressions similar to
those of a prolate symmetric top. In terms of an asymmetry

parameter defined by107

2 [a,-1/2(By+c,)] (4.32)

where Ay, By, and C,, are rotational constants in the vibrational

state, the term values FV(J,K) for the rotational levels are given
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108

Fy(3,K) = 1/2 (By+ Cu)3(I+1) + [ay - 1/2(B, + cy))
+ (1 - 3/8 b2 - 51/512 bi-... )K?
K .
+A13eff J (J+1)

+ADK 32 (3+1) 2

ff

+AEK g3 (g+1)3+... (4.33)
erf

These formulae are expected to be valid as long as J and b
are nét too large. In these expressions[ﬁ;Beff,ZSXDeff and
ngeff are coefficients related to b and are given in Ap-
pendix G. For K >O, each of these coefficients have two
values, because of the T signs in equation (G.1), (G.2)
(G.3) and (G.4). Therefore, if K:>0, each J level splits into
two levels of different term values. This splitting represents
a K-type doubling of each J level and increases with the value
of b, the asymmetry parameter. In other words, the greater the
deviation from linearity and therefore, from a symmetric top,
the greater is this K-type doubling. This doubling is a maxi-
num for K = ] and decreases for increasing values of K.
Selection rules for rotational transitions are given by
a) For parallel transitions:

K' = K" = 0 A x=o0 Nag=*1

K >0 N\ &=o0 'AJ=0,J_'1
b) For perpendicular transitions:

Arx=%t1 As=o0, 11

and in addition, by symmetry, the selection rules

I
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+ — - +,<ﬁ4->’+. - Ay -

s €— s a &<—> a S 4&—pe>a
These selection rules apply whether the XCX molecule is linear
or bent (to a near prolate symmetric top) in the excited state.
If the molecule is linear in both thé ground and excited states,
the rotational structﬁré of vibronic transitions are very simi-
lar to those of homonuclear diatomic molecules and will not be
discussed here in detail (refer to 106). If the molecule is
bent, in the exéited state, the rotational sﬁructure of vi-
bronic transitions are similar but not the same; Transitions
between the vibronic levels of the ground state and the vi-
bronic¢ levels of the bent excited state are illustrated with
the help of Fig. 4.9. 1In this figure, K sub-levels and their
symmetry species‘in the ground l§2+ electronic state and in
excited B, and Bj electronic statég are shown. The symmetry
species of K sublevels are given in parenthesis and correspond

to those of the linear molecule in the limiting case. As men-
' 1 _+

tioned earlier in section 4.3, the transition le & }; is a
1 .
parallel transition and the lBl & :S transition is a per-

gl + :
- pendicular transition (so is a lAl L ZS transition}).

Possible transitions between K sublevels of the former pair

of states, as determined By the selection rulezé&K = 0, are
represented schematically by vértical'lines in the-left half of
the figure. Possible transitions between the X sublevels of
the latter pair of states, as determined by the selection rules

4£XK =T 1, are represented similarly in the right half of the
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figure. It can be shown that for parallel transitions the
rotational structure of vibronic bands resembles §?~—-—-§Sg;
II — IIu Z& Zx etc. type transitions of a homonuclear
diatomic molecule whereas for perpendicular transitions
H.u@#‘z.g; Zg“_ Hu; A ;"" Hu;... etc. type transi-
tions. As shown in section (3.6), the selection rules in J
_give rise to three main series of rotational lines called P,
Q and R branches in each of these vibronic transitions. 1In a
25— E;type transition, however, the Q branch is absent; in
other parallel type transitions, the Q branch lihes are rela-
tively weaker than P or R branch lines; and in perpendicular
transitions, Q branch lineé are relatively stronger than P or
R branch lines. It can be shown that if the nuclei of XCX
molecule have a zero spin, alternate rotational lines in each

+
branch are absent in :Z e E;. and I];4~—-§§

type vibrecnic bands. It can also be shown that if the qpln of
the equivalent X nuclei is 1/2, then the intensities of suc-
cessive rotational lines in each branch of the latter two band
types are expected £o be in the ratio of 3:1. |
Since both bent 4— linear and linear &-— linear transi-
tions discussed above have very similar rotational structure;
some properties muét be found in order to distinguish bétween
the two types. Such properties are enﬁmeraterbelow.
(1) Thezﬁ&Deff coefficient (Appendix G) of the-excited vibroaic
state, has the largest value for K = 0 and is proportional

to the square of the asymmetry parameter b. If a rotational



133‘

analysis of a §;~ ES band is carried out, the value of D', the
centrifugal distortion constant,in.the upper state can be
determined. If the upper state is bent then D' = ZX Desf is

109 compared to the

expected to have an anamolously large value
D' value of the linear XCX molecule.

(2) The upper étate can be judged to be bent or linear from
the.magnitude of the K-type doubling in the excited state. 1f
the molecule is bent considerably, the deviation of the mole-
cule from a symmetric top is relatively large. Therefore

109, when compared to

K-type doubling is expected to be large
the K-type doubling in a linear XCX molecule or when compared
to the K-type doubling in the ground state.

The magnitude cof the K type doubling 8 in the upper

state is
S (3) = 1/2 (By - CII(JT + 1) (4.34)

This ES (J) may be obtained from a rotational analysis of
II ——;S type vibronic bands, by the use of the following rela-

tionship between the rotational lines

[R(I) - Q(3)] =~ LQ(I+l) - P(J+l]] =8(J+l) + 8(J)
= (ByQ) (3+1)2
 (4.35)

If there were no K-type doubling, the right hand side of (4.35)}
would be zero; if there is doubling, the right hand side is

nonzero and is called a 'combination' dé&fect. If the magnitude
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of the combination defect is large, it is a good indication of
a bent upper state, provided that the | - type doubling is not
anamolously large in the ground state.
(3) In vibronic transitions of the parallel type, the effect
of large K-type doubling on the rotational structure may be
observed directly. In II-I]. transitions, for example} be-
cause of | - type doubling in the ground (l§2+) state and the
K-type doubling in the excited state, three pairs of rotatiénal
brancﬂes Po(3), Pg(J), Q. (), Q4(J), and R,(J), Ryq(J) occur. |
If the K;type doubling is as large as in a considerably bent
molecule, eaéh branch in a pair is separated widely from the
other with increasing J value. THe most prominent heads in
the II@-»I? band are formed by either the P, aﬁd Pq pair
of branches or the R, and Ry pair of branches. Q. and Qg
branches are weaker and may not be observed. If the separa-
tion between P, and Py or RC and Rg is largé, then two band
heads which are well resolved are observed. Such a large
separation is not expected, if the molecule is linear in both
the upper and lower states, since the | or K-type doubling
for these states are usually small. InA-AqD -@, ... .etc.
type parallel transitions, the splitting between the heads
formed by P,, Pg or R., Ry is expected to be relatively smaller
than that for . II@——II type transitions.

From a rotational analysis of the J structure of vib-
ronic bands of bent linear transitiéns, an effectivé rotational

' '
constant for the upper state B? =1/2 (B.. + C refer to
Bp a ape = /2 By + Cy)
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equation 4,33) can be obtained. From a vibrational analysis
of these transitions, term values of rovibronic levels defined
by v, and K may be obtained from the wavenumbers of the bands
observed in the transition. From (4.33) it is seen that if

J=0 and K=0, 1,or 2,the following relationships are obtained.

Fy (0,1) - F, (0,0) = Ay - 1/2 (B + Cy) (4.36)
and for K' = 0 and K' = 2
Fy (0,2) ~ F) (0,0) = 4ay, - 2 (By + CJ) (4.37)

Hence, by substitution of experimentally obtained values of
F,(0,0), F,(0,1) in (4.36) and (4.37) and from Béff = 1/2(B;+C;)
9nd (4.35) the individual constants Ay, B, and C, may be obtained.
The discussion so far has been restricted to singlet-
singlet electronic transitions. Transitions from the singlet
ground state of the linear molecule to triplet states may be
allowed due to spin-orbit interaction in the excited state.
If the molecule is linear in the excited state, then spin

orbit interaction in this state is treated in the same way as

in diatomic molecules. When the interaction is smallllp (Hund's

, : |
case b), a triplet &— singlet transition is relatively for—

bidden; if it is large (Hund's cases a} or c})), each triplet

state is split into component multiplet states (section}4.3).

|
The symmetry species of such component states is given #n
' 1 +
Table 4.2, Selection rules for transitions from the

g
ground state to these component multiplet states are ob?ained

|



\ 136.

|
as usual. Selection rules»fbr vibronic and rotationa# transi-
tions in these component states are also determined aﬁ before.‘
If the molecule is bent in the ex01ted triplet state Ahen
transltlons from the singlet ground state to this trlélet state
could occur by the intensity ;borrowing' mechanism described
in section 4.3. The rététionél structure of the tripl%t
singlet tiansitions should re;émble that of a trén?iti?n from
the singlet ground state to the singlet state from which intensity .
is 'borrowed' by the triplet state. 1In Table 4.2 the %ultiglet
component states for each triélet state of the bent moiecule
are also given; if a large spin-orbit interaction is p%ssible
then the three component states are widely separated in energy.

|
Transitions from the ground state to these states should be

very similar to the bent-line&r transitions discussed éarlier,
o L
4.8  Zeeman Effect. : ' _ ﬁ

Application of a magnet%c field to a polyatomic mole-

cule introduces an external perturbatlon term into the total

%
Hamlltonlan. The function of the magnetic field is to @estroy
the isotropy of space. When this field is appiied the ?J + 1

" fold degeneracy of each rotational level J is removed in the
‘ \

molecule.. This effeét is called the Zeeman effectlll. iFor

atoms, the perturbation term due to the magnetic field is given
by H, = -fLIi ‘ﬁa(Lz + ggS,)H where z is the field dlréctlon,

| fL is the magnetic moment of the atom, ﬁg = eh/47Tm c the Bohr
magneton;lLz and Sz are the components of the orbital anﬁ

. )‘ .
spin angular momenta in units of h and gg is a constant for the state.



If the molecule has a magnetic moment (L, the 2J + 1 states

of different M; will have different energies and obseived

spectra of transitions involving these J levels should exhibit

: \
Three types of Zeeman effect are known in linear mole-

|
culesllz. The first of these types occurs in electronic states

a fine structure in the magnetic field.

which have magnetic moments due to the orbital angula% momenta
of electrons. Examples of such states are 1II, {ZX .f. etc.
(i.e. states with j\_>»0) of linear molecules. It hai been
shown that in this type of Zeeman effect, the dverall’splitting
(i.e. the difference in engrgy)ZX(IQJ)- J) between th% M= +J
and M = ~-J levels of each J level, decreases inverself as J + 1.
Each line of an observed rotational spectrum, if resolyed,
appears as several lines because of the splitting in eﬁergy'of

each J level. In the first of the three types of Zeeman effect,

| .
the separation between these component lines decreases rapidly

with increasing J and may be observed only for small values of
I
J. The second type of Zeeman effect occurs in states where a

magnetic moment arises from electron spin. Such a typ%cal state is

tha 32:state of linear molecules. It has been shown.that the

—overall splitting[ﬁ&CT(Jﬁ- J) in this state is nearly independent
of J for higher values of J. Therefore, the Zeeman sp%itting

of rotational lines in the spectrum arising from trans%tions
between 3 z electrcnic states- should be of equal magnitude

for higher rotational levels; This type Zeeman effectfié

|
expected in Hund's case b) states where spin is weakly‘coupled

|

|

- |
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\
to the orbital angular momentum. The third type occuﬁs in

nondegenerate singlef 1;2 electronic state. In this 4tate;
the magnetic moment of the molecule due to nuclear rot%ticn
!
is effectively compensated by that of the accompanyingimove—
ment of the eléctrons. However, it has been found tha% in spite
of this compensation, this state does have a small maghetic
moment which usually'arises from an interaction with s?me other
state. The magnitude of the interactionzx E has been %iven

|
[
3
|

11
by Townes and Schawlow %n the following form

s SI M B i ofel kel
.30

Here H},is a perturbation term due to the magnetic inte#actions

, \
and has been defined by the authorsl13,

. : !
'|0> represents the wavefunction of the observed state with

energy E,. ' i

|
l@> represents the wavefunctions of an interacting ?tate

I
with energy E,. ‘

5
n is the summation index over all such states. #
s is the summation index over the cartesian coordinates
of the electrons of the molecule. |
Js is the component of angular momentum (in units %f”ﬁ)
about each pfincipal axis. .i
I; is the moment of inertia about each principal aﬁis.

}Ao is the nuclear magneton.

!
I
|

Ls represents the orbital .angular momentum Of the é;ectrons.
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It is seen from (4.38) that if Ej - Ej is small,ZS;E #s large
and the Zeeman effect is large and proportional to J. %The
Zeeman splitting of observed rotational lines should t%ere—
fore show a corresponding dependence on J. |
Therefore, by application of an external magnetic

.>field and by examinaﬁion of the rotational structure u#der high
{a;?esolution the magnitude of the Zeeman splitting can ﬁe evalu~

,eated as a function of the quantum number J. From the #ependgnce
of the splitting on J, the type of state viz., an orbiﬁally
degeneratg’state, or a spin multiplet state or a 1zg.s?ate,
involvea in the transition may be inferred. 1

,
i

4.9  Isotopic Shifts : T

Equations (3.30), (3.31), (3.32) derived from t@e Teller-
Redlich product rule, were used in the last chapter to Ealculate
the fundamental frequenciesUJi of an 'isotopic; triatom@c mole-
cule from thosel&k of a 'normal’' molecule. If the two gets of
frequencies (Jy and (Ui are known in both the states ofian
electronic transition, the isotopic shifts in the vibra#ional
spectrum can be calculated. Thus, if C[i and O represénf
the frequencies of the iso-vibronic transitions (refer go foot-
note in section 5.3) in the two moleculés, the isotopicéshift
is simply ;

No=oc-0 (4.39)

1



Each O is given by:

O = (T'-T") + (G'-G") + (F'~F") |

—_ T_mn (el [ oL ‘
Oi= (T]-T§) + (G}-G}) + (FI-F!) (4740)
|
where T, G and F are the electronic, vibrational rotational

term values respectively. 'i' refers to the heavier i%otope.
|

If we assume that the potential functions of both isot%pic

molecules in the upper and lower electronic states areivery

nearly the same, then T=T; in both the upper and loweristates.

Therefore, T'~-T" = T]-T} =0 o. If the rotational ter# values

F and F; are neglected, the expressionsl(4.40) reduce %o:

[

o8 1 ' ' ] - n n n
CTe + G (vl 2 v3) G (vl v2 v )
and

= O

|
e * Ci(v] vy vy — GIUVI Vi VD) 4
|
where vy, v,, v3 are the vibrational quantum numbers i% the tri-
atomic molecules (as described in section 3.3} ’

i
|
i
!

For transitions between linear states of XCX molecules
an approximate expression for C7==CT-C§_ is obtainei by
[
substituting the expression for G(v;, vy, v3) from equation

(3.14) in (4.41) above. The result is

o= 0 = W,— Whwin— (W — i '1
i C 1 LA /20— ( 1 UJl)(v ﬁ 1/2)

i ; ' ] .
(W= W) (vyr1) = @ — Wiy (v} +‘;1)

i 1. i
@ — Wi i ri/zr Wi — W) (o) 41s2)

(4. 42)‘
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wherewl,(,uz,w3 are the three zero order vibrational fre-
quencies. Terms in xjy and g of (3.16) have been neglected
under the assumption that these constants 4o not‘infl-.ﬁence AG" very
much by isotopic substitution. Each frequency (U Xk is related
to the corresponding isotopic freguency (;‘.)]lc by the relations
given by equation (3.32) and CU]:'(’ = /Okwk’
For transitions in which the excited state is bent and
the ground state is linear, AO’ is obtained by the substi-
tutioiw. of Gb(vl, vlé, v3) from (4.23) for G' and Gli (v, vlz, v3)
.from (4.23) for G" in equation (4.41). The result is:
oo - (W1-Wih) (vi+1/2) - (Wi-wih vy+1/2)
+ (W3-w3h) (v3+1/2) - (W 3-w Y (vi+1/2)
F(Wo=Wol) (vyr1l/2) - (Wo-wyh) (vprl)

+ (A'—A'i)K'z » . (4.43)

If (4.42) and (4.43) are combined, we get

6'7-0: =Awi (v1+1/2) —Aw{ (v;+1/2) |
tA\wy vyra 72)- AWy (vy+l) |
+Aw (v3+1/2) AN W3 (v3+1/2) |

W -

+ [A'-A{1K2 . (4.44)
|
where d' = 2 for a linear excited state; d' = 1 for be%nt state

and Aw}:(x]){— (Uki. A and Ai are the rotational const%ants for
the 'normal' and isotopic molecule respectively. If K' = 0,
as in the case of z— Ztransition, the expression for;A O

is very similar to that for linear-linear transitions. If
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K' > 0, then z—g increases or decreases quadratically~{ with K'
depending on the sign of (A'-—Ai,') . For a bent XCX mollecule

the relationship between vibrational frequencies betWeén iso-

topic species x*cx' and XCX cannot be simply written a% LU]];' =
/O'(U.k. The relationships among (U and wi are (equatié?n 3.30
and 3.31):

i_ :

|
(.in% = P W W, (4.4%5)

[

i

where (3 and (,, are defined by equation (3.30) and (3.31).

|

. . 1 ! 3
At least one of the two isotopic frequencies (.Ui or (,UJZ'E' must

'
|

be known to evaluate the other from relation (4.42).

It is seen from equation (4.44) thatAO‘ is a linear
!
function of each Vi This linear relationship is illus#rated
in F_ig(. 4.10 and will be used subsequently in section: 5.4f .

Each plot 'representsA Cwev ks With the restriction thati all
vy # vp are constants or zero. K has also been assumed %to be
zZero. (U]l_" and (U%" obtained in section 3.8 for the (80&-80)
molecule and the corresponding freqguencies (Ui'_, UJ; for iii:he
(78-78) molecule were used to calculateAQ‘ . These Vaiil.ues
are quoted in Fig. 4.10. Assumed values of (L):iL' and (.U%‘
(based on data in section 5-3) for the 80-80 molecule an(%i wi
and (Ué for the 78-78 molecule are also given. Since 8¢—80

is a heavier molecule than 78-78, Wy >(.Uki. Some infe:%ences

may be drawn by examination of Fig. 4.10. They are: 7,

|
{
|
I
|
i
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(a) The isotopic shiftléSCT'for the origin band i.e. for a

!

(0,0°0) <

(O;GiO) transition is nearly =zero. |
(b) Isotopic shifts are positive if vé>>0 and if all éther
guantum numbers vj#vk are zero. :

(c) Isotopic shifts are negative if v;>>o and if all gther

quantum numbers vj#v) are zero. |
These conclusions are expected to apply generally, even

though specific values of Wy have been used. The expﬁessions

\
used in calculating[ﬁ;cr are valid only in the harmoni? approxi-

. l
mation. |
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Chapter. 5
' ?
DESCRIPTION AND ANALYSIS OF CARBON DISELENIDE SPECTRUM
|
The vapour phase electronic absorption spectrum of
sarbon diselenide, observed under low resolution on the Cary
14 spectrophotometer, is shown in Fig. 5.1. Four regﬂons of
' |
absorption are indicated therein, by the symbols R, V? A and
. These absorptions correspond to those observed by Callear
and Tyerman36 on low resolution Hilger and 3 m concave gratlng
spectrographs. Each absorptlon has a discrete structure. Some

preliminary observations on the four absorptions are given below.

Absorption Region (A) Remarks
R 4500-4000 very weak
v 4050-3450 . weak
A 2600-2100 , very strong
c .

2100- strohg

It was mentioned in section 2.2 that methylene chloride con-
stituted the major impurity in CSe2 -and that it could not be

removed. The electronic absorption spectrum of pure methylene

chloride‘vapour was compared with the-sPectrum of CSezf It

was found that among the four absorptions shown in Figi 5-1,
|
the absorption C is apparently superimposed on an absorption

* The nomenclature R and V. have been chosen to correspond to
those of Kieman37 for the absorptions in the CS spectrum. The

. absorption (R) of CSp has been identified as an 3@ X transi-

tion; and the absorption A and C of CS2 as A<— X and E<- X
transitions respectlvely

I
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due to methylene chloride vapour .(compare curves 2 and 3 in
Fig. 5.1) and lies almost in the vacuum ultraviolet spectral
region. This region was not examined in the present work.

The remaining absorptions R, V and A ére not observed in methy-

lene chloride vapour.

The oscillator strength f,,, for each Jof the three sfs—
tems was calculated from their respective absorbance values
measured from low resolution Cary 14 spectrograms. The details
of the method used to calculate f,, are‘given in Appendix I.

The spectral regions of absorption of cséé has been
-shown below in (5.1). Analogous absorption systems of CSjy
(reported by Klemé%? also occur in similar regions and their
wavelength ranges are also shown in (5.1). The oscillator
strengths of the CSe; absorption systems are given in the
third column and those of CS; in the sixth column. The absorp-
'tion pressure-path (in units of mm of Hg for p and in m for £),
needed to observe each of the three absorption systems in CSej

and CS, are also given below.

cse, cs,
System Region (A) fam pxl Region (A) f£pn » pxl
R 4500-4000 104 9 3800-3400 {1074 160
v 4050-3450 107> 1 3300-2900 10~%4 3.2
A 2600-2100 10™' 0.01  2100-1900 - 0.05
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Since the amount of CSej present in the synthesized mixture is
not known exactly (section 2.2), f,, values could be inaccurate
by a factor of 10 (see Appendik I). Kleman observed the R and
v systems of CS3; on a 35 ft Eagle spectrograph similar to the
one used in this work for recording the R and V systeﬁs of
CSey. The abéorption pressure-path length data for CS2 are quoted
from his work. A value for f,, for the A system of CSZ is not
available. The estimate given in (5.1) of the absorption pressure
path length for this system has been obtained from the data of
Tyerman].‘19

The probability of the transition is proportional to fome
From the data in (5.1) above, we note that the oscillator strengths
for the R:V:A systems of CSe, are in the ratio of 1073: 1072 1.
Hence, wé conclude that the R and V absorptions result frém rela-
tively forbidden transitions in comparison with the A system |
transition and that between the R and V absorptions,the latter
results from a transition which is more 'allowed' than the former.
The relative oscillator strengths and absorption pressure-path
Yengths among the CS, systems apparently have a similar rela-
tionship as those of CSe,. However, the value of fgﬁ and pxl
for each system of CS; is smaller and larger respectively than
that of the corresponding systems of CSe,.

Since the f values in CSep is greater than the fom

values expected for magnetic dipole (10'5) or electric quadrupole

(10_8) allowed transitions, it is 1ikely that the R, V and A
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systems arise from electric dipole ‘transitions (for which fom =
1 to 1074115 purther, the fm =;IO'l value of the A system

is closer to that of an allowed eleétronic transifion (for which
fom = 1 to 10°1); and the £, values 1073 and 1074 of the Vv and

R Systems respectively are:closer to those of many-vibro~
nically allowed transitions (fé; which £ . = 1072 to 1074,
Therefore, it is possible that V and R systems arise from
forbidden electronic transitiohs which 'become' allowed by vi-
bronic interactions. This argﬁment does not preclude the possi-
bility that these systems resuit from transiéions between the

singlet ground state and triplet excited states in Table 4.2.

5.2 . Spectra of isotOpic.speci?s.of CSe,
3 {

ﬁaturally occuring eleméntal selenium contains six of
its stable isotopes in relativ?ly large abundances (Table 5-1).
The presence of these isotopesfcomplicates the observed spectrum

of CSej synthesized from natural selenium considerably, as

discussed below.

It can be shown (Appendix J) that, if six stable isbtoPes

| '
are present, twenty-one different species of isotopic CSey mole-

cules are formed during the 5y;tHesis. The notation used to
identify each of these species is given in section 2.2. From
the percentage natural abundances given in Table 5-1 for each
isotopé, the molecul%r ratios among the isotopic species present
in CSe, (N-N) may be obtained.‘-The method of calculating their

molecular ratio is shown in Appendix J. From these ratios, the
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number of molecu;es'of each isotopic species relative‘to 100
- molecules of the 80-80 species can be obtained. Their relative
values are given in Table 5-1, and can be used to calculate
the relative intensities among bands of isotopic molécules. The
intensity of a band corresponding to a given electronic transi-
tion is directly proportional to the number of molecules Ni in
the initial State of the transition (equation 1;22). Hence,
from the data in the above table, we see that;,if'a band due
to the 80-80 molecule has an intensity of 100, that due to the
78-78 molecule should have relative ‘intensity of 25 for the
same transition. Therefore, the numbers in the last six
columns of Table 5-1 repfesent the relative intensities for
bands due to isotopic molecules, in a given transition. Only
eieven out of the twenty-one species in the table have bands
whose relative intensity values exceed 4. Bands of these ele-
ven species'are the ones expected to be seen experiméntally. '
The complexity of the observed speétrum of CSej .
(N-N), due to the presence of isotopes 6f selenium,is illustrated
with the aid of Fig. 5.2. a) éhowF the spectrum of the R
system of the N-N species photographed on a Bausch and Lomb
1.5 m grating spectrograph. Undér the resolution of ﬁhis in-
strument, most absorption bands are diffuse, with a few showing
line-like structure.' In b) one of the bands, as it appears |
under the higher resolution of a 20 ft Ebert spectrograph is
-shown. Tenllihe like ﬁeads which beldng to this band, are
mérked by arrows in the figuré [Band heads, not marked b& arxrows

do not belong to the band under discussion]. Callear and
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- Table 5-1

ISOTOPIC SPECIES OF CARBON DISELENIDE

Mass Natural % Relative Number# of Isotopic molecules in
No. Abundance of {N-N)
et 82 80 78 77 76 74

82 8.84 4

80 49.96 40 100

78  23.61 20 100 25

77 7.50 4 35 20 4

76 9.12 4 40 20 4 4

74 0.96 1 1 -1 1 1 1

4 "Refer to Appendix J for calculations
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B

Tyerma%ﬁobserved these line like'héads, and concluded that their
bands are'differenf in structure from those of the R system

in the CSy spectrum. In this investigation;.it was found that
these heads could be explained satisfactorily as bands. due

to different isotopic CSe, molecules. The correct assignment

of each band head to a specific isotopic molecule can be arrived
at by comparing the spectrum in b) with the spectré of 80-80,
78-80 and 78-78 molecules shown in Fig. 5-2 ¢), d) and e) res-
pectively. One strong band, marked by the arrow, is seen in

c). This band is due to the 80—80»molecule and has a discrete
rotational structure which is degraded to the violet. Two
bands, one weak and the other strong are observed in the spec-
trum of the 78-~78 molecule. The stronger band is due to the
78-78 mélecule and has a violet degraded rotational structure,
like the band in c¢). Three bands are observed in the 5p¢ctrum
of the 78-80 species. It can be observed that the intensity

of the middle band is nearly twice that of the other two (as
indicated by the relative heights of the arrows). The band at
the left is-due to the 80-80 molecule and the band at right due
to the 78-78 molecule and the bandrin the middle due to the
78-80 molecule. The bands of 80-80 and 78—7é molecules occur

in the absorption spectra because the 78-80 component was
synthesized from a 1l:1 w/w mixture of se80 and se’8. (The
presence of three bghds, incidentally, proves that theféiare

two atoﬁs of Se in the absorber. Refer to Appendix J). ‘The
bénds of §0~80,‘78-80-andv78~78vmolecules can be readily identi-

fied in b) by their positions; the juxtaposed arrows which
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indicate these bands, bear the 80-80, 78-80 and 78-78 labels.
The two intervals between these three banés are equal; the in-
terval between 80-80 and 78-80 have been given the symbol "2g".
The remaining seven band heads in b) can be identified in the
following way. As shown in section 3.7, the isotopic shift
between bands of XCX and xicxl molecules is expected to be ap-
proximately double that between bands of XCX and XCXi'molecules;
Here, the interval between 80-80 and 78-78 baﬁds is '4q' and
that between 80-80 and 80-78 bands is '2g' which justifies this
expectation. Hence, we assume that if there is a mass change
of two in one selenium atom between two isotopic CSe2>molecules,
the interval between the bands of the species should be '2q'
and if there is a mass change of two in each of the selenium
atoms, the interval should be '4g'. With this interval rule

as basis, the band heads of 82-82, 82-80, 78-76 etc. could

be satisfactorily located with réspect to the bands of 80-80
and 78-78. In Fig. 5-2 b), the ten band heads‘of isotopic
species, identified by this interval tule, are markedzby ar-
rows and labelled according to species. The intervals between
band heads are shown in units of 'q'. By the interval rule,
the bands of 80-80 and 82-78 must coincide. This coincidence
is indicated by superimposed arrows. Similarly, the bands of
80~16 and 78-78 must coinciae; however, these appear to be
separate. The heights of the juxtaposed arrows are propor-
tional to the relative intensity value given in Table 5-1 for

each species. The intensities of band heads in the spectrum



154,

8

in b) are observed to be approximately in the same ratio as
the heights of the arrows. We conclude, therefore; that each
of the ten like heads can be'accounted-for as band heads
of isotopic species and fhat the presence of these isotopic
heads is a primary reason for the apparent cOmplekity of the
observed spectrum of CSegat(N—N) |

Since the spectrum of the N-N species is complex it
was not investigated in detail in this work. The spectrum of
the R, and Vv systems were, howevér, recorded under high resolu-
tion. Most of this investigation on the R and V absorption
systems of CSe, was carried out with the 80-80 and 78-78 species,
because Se89 ana Se78 were most readily available with rela-
tively greater isotopic purity (v 97%). The spectra of 77-77
‘and 78—50 species were also recorded for sPecific‘purposes. The
rest of this chapter is divided into four parts. In part A,
the déscription and anaiysis of the R systems is presented and

in parts B and C a preliminary investigation of the V and A

systems respectively is given. part D is a summary of this work.

PART A

e

THE R SYSTEM

The4absorptioh bands of the R system were recorded us-
~ing 50 cm 1long absorption cells each containing the vapor of

80?80, 78-78, 77-77, 78-80 and N-N compounds at room temperature.
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The R system of N-N was also recorded with an 1.8 m White type
multiple reflection cell containing-the vapour at a pressure -
of \23‘mm., a£ room temperature (27°C). Isétopic compounds
were not used in the 1.8 m long path length cell because suf-
ficient amounts of these compounds for filling such a cell were
-not available. The effect of temperature on the intensity of
the R system was studied by taking spectra‘at - 425C, 22°C;
100°C and 200°C. The vapour pressure of CSe; was too low at
temperatures below - 42°C and a spectrum could not be observed
evén with the use of the multiple reflection cell. At and
above 200°C, CSej either decomposed or polymerized, producing
deposits on the inner surfaces of the absorption cell. Ex-
perimental details of recording spectra are discussed in
. section 2,6,
At room temperature and with a path 1ength of 50 cm

the observed R system aﬁsorption lies in the range of 3950 to
4550 %. At 100°C and 200°C, weaker bands at the red end of
the spectrum increase in intengify-and hot bands are observed
above 4550 A. When the path length is increased to 20‘m at
room temperature, the R system could be observed up to 4800 g.
Many bands observed in this addi%ional region of the red end of
the spec¢trum occur at the same wavelength as the bands observed
when the shorter pa?h length cells were heated. Callear and
Tyerman3§ also observed such an extension of the R system, in

the high temperature absorption of N-N vapour.
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Altogether about 300 bands were observed in the high
resolution spectrum of both 80-80 and 78-78 vapour: Most of
these are wéak; showing a profile that is sharp and line like
without'any associated ro£ational structure. Some of the bands
are diffuse, broad or multiple headed. The structure of the
band heads is more difficult to determine at the higher energy
end (4000 &) of the spectrum since weaker bands 6f the V sys-
tem overlap the bands of the R system in this-region.7 All
strong bands of the system, whose rotational structure is dis-
cernible, are'degraded to the violet. Many of them have sharp
resolved rotational lines, a few wavenumbers away froﬁ the wave-
number of the band head. The rotational structure of many of
these bands of CSejy resemble that of the violet degraded
bands of the CS, (R) system. Most of the CSep bands are appar-
ently single headed. However, in the red end of the spectrum
several bands with double heads are also observed. Many of the
bands observed for each isotopic spectrum partially overlap
each other so that often, it is difficult to determine whether
a weak head is genuine or an intense rotational line of another
bandf |

The spectrum of 80-80 and 78-78 in the 3950 - 4600 &
region is shown in Appendix K.. The wavenumbers of all the
observed band heads in 80-80 and 78-78 in the 3950 - 4800 &
region are given in Appendix L. Band heads, listed‘by‘waveff“ﬂ

numbers in the same row of the table in Appendix L, do not
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necessarily belong to isovibronic® transitions. However, in
those rows where differences in wavenumbers (i.e;; isbtopic
shifts) are also given in addition to wavenﬁmbers, band heads
“have been judéed to belongtto‘isovibronic transitions. The
estimated intensity of each 80-80 and 78-78 band head is also
éiven relative to a value of 100 for the most intense band.
The intensity estimates are based on visualijudgement of épectra,
and of their ‘microdensitometer traces. The letters c, mc, mh; h
alongside intensity values of 80-80 bands indicate cold, possi—
bly cold, possibly hot and hot bands respeétively. Such data
was not obtained for every band in the system.

Both the 80-804and 78-78 spectra contain a large num-
ber of bands. - Therefore, it was not always possible to decide
just by.a comparison of the two spectra whether a band in the
80-80 spectrum and another band in 78-78 result from isovibronic
transitions. Because of this difficulty isotopic shifts for
all the observed bands could not be unambiguously détermined.
For the stronger baﬁds in the spectra, the method outlined
below and illustrated by Fig. 5-3 b) for the band at 22744 em™t
‘was used Lo determine isotopic shifts. In this figure, the
spectrum at the top is that of 86-80, the middlé one is that
of 78~78 and the bottom cne is that of CSey synthesized from

a 1:1 w/w mixture of Se78 and se80.. The band heads of each

* For convenience, those transitions which have the correspond-
ing number of vibrational excited guanta in the ground and
upper states have been termed as isovibronic transitions.
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isétopic,épecies.are indicated by leading lines. It was men-
tioned earlier in section 5-2, that the band heads of iso-
vibronic-transitipns in the 80-80, 78-80 and 78-78 molecules
are sepafated by equal energy'intervals (in this case; each

interval is 5.5 em~ 1

in waﬁenumber units) and also have an
-intensity.ratio of 1:2:1. These requirements are fulfilled
for the 78-78 and 80-80 bands éhown at 22744 cm~1 and therefore
we conclude that these two bands result from 'isovibronic'
transitions. Similarly, other isotopic bands in 78-78 and
80-80 were compared with those of 78-80; if the two criteria
mentioned above are satisfied for all three bands in #he 78-80
spectra the transitions were identified as isovibronié? The
intervais between isovibronic bands i.e. isotopic shifts were
recordea. However, this method of identification could not
be used for low intensity bands in the isotopic spectra or for
those bands which are overlapped or'perturbed,.as shown below.
Perturbations are observed in various parts of the
spectrum. Many band heads are displaced from their 'normal'
positions in the energy spectrum. Several have anamolous
intensities and structure. It can be shown that these effects
are present in the system by a cpmparison‘of isotopic'spectra.
Fig. 5-3 b) has been discussed in the earlier paragraph and
represents the 'normal' case of energy and intensity relation-
ships among the isofopic band heads of 80-80, 78-80 and 78-78
;species. Fig. 5-3 a) shows ﬁhe band at 22716 em™l., Here the

Wavenumbef intervals between the 80-80, 78-80 and 78-78 band



160.
heads are in the ratio of 8.2 : 6.6 whereas the expected ratio
is 1l:1. Therefore either one, or two, or all band heads are
not in their normal position in the spectrum. An example of
an intensity anomaly is seen in Fig. 5-3 d) ; for the bands at .

23976 cm™ 1t

where the intensity of the 80-80 band is much less
than that of the 78-78 band and therefore the expected inten-
sity ratio of 1:2:1 for the 80-80, 78-80 and 78-78 bands does
not agree with the observed fatio. A third case of apparent

1 reproduced in

perturbation is seen in the band at 23930 cm™
Fig. 5-3 c). Here, the band in 80-80 appears to be single,
that in 78-78 seems to be triple, and that in 78-80, doﬁble
headed. The explanation, that the band in 78-78 is a triply
overlapped band, was subsequently found to be reasonable. Per-
turbations are also evident in the rotational structure of
strong bands. Members of series of lines forming a bfanch in
the rotational structure are often seen to be displaced from

expected positions or reduced in intensity. Examples of such

rotational perturbations are not illustrated here.

5.4 Evidence in favour of a bent exeited‘state
A. Occurence of progressions in the bending vibration -

Many strong bands and a large number of weak bands occur
throughout the observed range of the R system absorptipn. Even
in the spectrum of a single'isotopic species such.as»éb—So; ne )
regularity or repetitive patterns among these bands is obvious.
It is possible that a part of this irregularity is caused by

the presence of perturbations discussed in the earlier section.
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Some -examples of'frequency differences among the strongest
bands are approximately 40, 125, 170, 295, 465, 630, 770,
-930...etc. Cm—l. However,  among these values, series of bands
with successive intervals of « 170 and v 465 cm™1 could be
identified.

| The members of series, which have successive but ir-

regular intervals of 170 cm~1

, form the most prominent groups.
Within each group, the intenéity of each successive band in-
creases with its ffequency and reaches a maximum at the second
or third member of the group. The relative intensities among
the bands within each group varies slowly. If the bands were
member of a sequence then the intensity variation among them
should be much more prbnounced and show a different distribution
(Appendix F). Furthermore, spectra observed at low temperatures
indicate that the member of the most intense group of these
bands are cold bands, suggesting that all these bands originate
on the vibrationless ground state (v; = v; = vg = 0). There-
fore it is assumed that each of these groups form a picgression
rather than a sequence. The frequency interval of 170 em™1

is too small to be any of the ground state vibrational fre-
quencies (obtained in section 3.8) viz. UJ; = 364 cm™}, W3 =

313 cm™! and W3 = 1303 cm'l.. Further, it will be shown in
secfion 5.4 B, that the excited state symmetric stretbhing
frequency(ul in é linear state cannot be smaller than its wvalue

1

of 364 cm™! in the ground state. Hence, the interval of 170 cm™

is also too small to be the excited state symmetric stretching
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mode in the linear CSe, molecule. Hence we assume that these
_groups ofvbands with a’frequency intervals of 170 em™! form a
progression in the bending'vibration. Such an observation of
progressigns in this bending vibration according to Franck-Condon
princigie-iﬁplies that the molecule is berit in the éxcited state.
(section 4.6). "7 - A !

Alternatively,t£hé stfongest bands can also be arranged
into groups with a freqﬁency in;erval of about 460 cm-1 between
,succeésive bands. The number o% members in each_grbup is fewer
than the number in the progression (in bending viﬁration) des-
cribed in the previous paragrapﬁ. These groups were assuﬁed
to be progressions in the symmetric stretching modej the
magnitﬁde of the excited state stretching frequency i.e. 460 em™L
is compatible with that derived from arguments presented in
section 5.4 B. Since the intensities of Succeséive members of
the group are fairly constant they cannot be attributed to
sequence bands. |

If the transition by which the R systems absorption occurs,
is between electronic states of the linear CSe, molecule (i.e.
a 1inea1'¢—n—linea; transition) progressions in the symmetric
" stretching mode should be observed provided there is a change
in the internuclear diétance.rCSe. When ﬁhere is very little
change in [cge, Sequences should be observed (refer discussion
on the Frapck-Condoﬁ principle 4.6). In either case, alternate
members of a progression in the hontotally symmefric vibration

i.e.[ﬁ&vz orw[ngj:.O, + 2, + 4...etc. should be observed

with low intensity. The observation of progressions in the
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symmetric stretching mode satisfies the first of the above
requirements for é linear-linear transition. The requirement
that alternate members of a progression in the bending vibra-
-tion -occur is not satisfied because the interval of 17("ig;m_1

.is probably too sma}l to be two quanta 6f the bendihg fre-
-quency (1) for the linear CSez.molecule.

For a bent ¢— linear transition, however, progressions
should be obsérved both in the symmetric stfetching modes as
well as in the bending modes (section 4.6). The observation
of both types of progression is consistent with this requirement.
It is therefore likely that the excited state correqunds to
that of a bent molecule.

é; Ro?gtional structure

"The rotational structure of the bands in the R system
- provides more evidence in favour of a bent excited state. As
mentioned in the earlier section, strong bands in the systems
are violet degraded and reveal sharp rotational lines. These
lines appear to be.iegularly spaced; £he intervals between
successivé lines suggest only a small value (see section 5.6)
for the'difference in rotational constants between the ground
and excited étate vibrafional levels. If the molecule is
linear in both states; then the intervals between rotational
lines must be a fun?tion of,[SB and the observed rotational
structure must be the J structure. It is known from basic

theory (sections 3.6 and 4.8) that the rotational structure of

vibronic bands can be violet degraded only if the rotational
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constant in the upper vibronic state [(B') is greater than that
in the lower vibronic state (B"). If the molecule is linear
in both states, B' >w B" impligs that résé ( rgSe' since B

'is inversely proportional to the moment of inertia;IB~= 2'msg
réSe (Equation 5.25). ‘If the intefhuclear distance in the
excited state (réSe) is smaller than that in the ground state
(rESe), it means that there is a greater bonding in the eﬁcitgd-
- state of the linear molecule than in the ground state. This
conclusion is contrary to expectation; since from arguments
présented in section 4.2,'it would imply that an electron pro-
motion has occured from the nonbonding 1T"g orbital to a
bonaing orbital rather than to an antibonding orbital. If the
molecule is bent in the upper state however, an excited state
B' value larger than its value in the ground state can be
obtained even for_a réSe >.r35e. This argument is illustrated
in Appendix H, where in the first column of the table several

_ values oflréSe are given} For the sake of argument rESe may
be assumed to be equai to 1.711 g from the data of Wentink?23

In the secoﬁd column, bond,anglés,SééSe are given. The third,
fourth and fifth columns show thg caiculated rotational con-
stanfs A,\B,'Cvin cm;l.fOr fhe corresponding geometry and the
last column shows the value of the asymmetry parameter. It

is found thatf(%-lafor all tﬂe rows and tﬁeréfore the molecule
is approximately a prolate symmetric top for any angle of bend-

ing in the given range.. It is also shown in the table that

even if the fpge is larger in the excited state, B' can be
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larger than B". Hence, violet degraded vibronic bands are

. possible even if the internuclear distance rcge is larger than
that in the ground state, provided the molecule is bent in the
*éxcited state. Therefore, the rotational structure of the

bands also suggests a bent excited state. In section 5.6 the
rotational structure of these bands is examined in greater detail.

C. Isotopic shifts

- -

. The values of isotopic shifts[XCT=(j78 'CTBO) for the.

' bands of ﬁhe R system are given in Appendix L. From thié iso-
topic shift data, the following observations and references
(based upon the discussion in section 4.10) can be made:

1. None of the bands, for which isotopic shifts could be deter-
mingd, have zero or near zero isotopic shifts. Such a small
shift is expected for an origin band (see Fig. 4.10). Hence
it is tentatively assumed that the origin band correqund-
ing to the.(0,0,0)'4———-(0,0,0)“ transition is not observeé
in the spectrum.

2,  All observed isotopic shifts are positive and lie in the
range of 3 to 16 cm~}. Smaller shifts are observed at the
low energy end of the séectrum and large shifts at the high
energy end of the spectrum. 'Most of the intense cold bands
(which were observed in temperature work) lie in the latter
region. Large %sotOpic shifts for cold bands indicate that
these bands result from transitions between the vibrationless
(v;=v;=v§=0)_grounﬁ_state to the excited vibrational levels
(vi,vé and vé' where one or more vi may be nonzero) of the

upper state.
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The absenée ofAén observable origin band and the pre-
'sence of bands due'to(Vi, Vo, vj}%——4(0;0;0f transitions; in-
dicates that there is a change in the equilibrium geometry of
the molecule in the excited state (refer to discussion of the
Franck-Condon principle in section 4.6). This change in geo-
metry could be due to changes in the internuclear distance rcse
or a change in the bond angle SeC® Since progressions in the
bending vibration are observed, it is likely that there is a
change in the bond angle in the excited state.

Small iSO£opic shifts in the lower energy end of the
spectrum can be accounted for under the assumption that there
is a change in equilibrium geometry on excitation. Transi-
tions in this‘region are from excited vibrationai levels v;

i of the ex-

of the ground state to lower vibrational levels v
cited state. It can be shown from equation (4.44) by sub-
stitution of approximate quantum numbers vi and v;,that iso-
topic shifts are indeed small in this case.

. 5.5 Detailed Vibrational Analysis of the R System
' I _+.

The vibrational levels of arlinéar g state and the
rovibronic levels of a bent excited state have been discussed
before in section 4.5 (the symmetries of these levels are given
in Fig. 4.9). It has been shown (section 4.7) that fonlx K=0
(i.e. parallel type) transitions, Z~'-Z, H—H,A-A, etc.
type bands result whereas forlﬁ&; =+ 1 (i.e. perpendicular

type) transitiohs, }Z-IT}II —Ea,ZSX—II, etc. type bands result.

In the present work, violet degraded bands with sharp rotational
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structure are obéerved (section 5.3) in the spectrum and the
rotational structure of many of these bands resemble that of
the z- ztype bands in the R system of CS;. 1In F'ig..‘51.7', an
example of such a z;-—zgiband in the R system of CSe, is shown.
In addition to these bands, several.II:-I]'bands are also ob-
served in the present work. These bands were identified as
11: IIfype bands by their rotational structure; this method of
identification is discussed in section 5.6. Bands of11--:Z:
II—Z&&...etc. types are not observed. A classification of bands
by their rotatioﬁal structure into };—ZS, II—II,IffoX...etc.
types determine directly the value of the quantum number K for
each of these bands in the ground and excited states.

As mentioned in section 5.4.A, progressions are obser-
ved with a separation of about 170 cm—l between suqéessive
members. At room temperature ZZ-EEtype bands are the strongest
bands observed in the spectrum and many of them form these
(170 cm_l) progressions. A typical progression of bands has
members with wavenumbers 23295.2, 23471.6, 23641.5, 23807.7,

23976.2 and 24151.3 cm L. The successive intervals between

these bands are 176.4, 169.9, 166.2, 168.5 and 175.3 cm™ L.
These intervals apparently decrease to a minimum before in-
creasing again. Such a uniform behavior was not always ob-
served. In some progressions of }:—ZS bands, successive inter-

vals were staggered.

Since the frequencies of all three fundamentals in the



~ground state, viz. W, = 364 em™t,W, = 313 om™t andW,; = 1303
cm—l are known, intervals between band heads corresponding

to these frequencies were sought»in the spectrum. None of
these intervals occured frequently enough for unambigous iden-
tification.

1

However, a wavenumber difference of 631.4 cm -~ is

obtained between two zz-zz‘type bands at 23641.5% and 23010.1

em™l. This difference is in good agreement with 631 em™1

, the
wavenémber of the observed Raman active overtone band (section
3.8), corresponding to the (0 2°0 yé————(p 0° Of vibrational
transition in the ground state bending vibration (for notation
refer to section 3.5). In‘addition to the above two ZS— ES
type bands, three pairé of II—-IItype bands are observed at
23034.6 and 22398.9; 22870.1 and 22234.1; 22694.8 and 22059.0
em™). The intervals between bands of each successive pair is
635.7, 636.0 and 635.8 cm T respectively. The mean value of
the last three number i.e. 635.9 cm ! is in good agreement with
636 cm“l, the wavenumber of the observed Raman active overtone
" band, corresponding to the- (0 3l 0?4———-(0 11 0; transition in
the ground state bending vibration.

It was assumed tentatively that the 23641.6 and 23010.1
cm';,bands of the EE—:Z type occur due to transitions from the

(0 0° 0)" and (0 2° 0)" vibrational levels: of the ground state

* Unless otherwise stated, wavenumbers quoted in text, refer

to those of the (80-80) isotopic species.
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respectively to a common rovibronic level with K! =‘0.§f a
bent upper state denoted by (v;. ‘vg v3)'. Thej-[—- IItype
bands at 23034.6 and 22398.9 cm‘:.L was assumed to be due to
transitions from the (b 11'0)" and (0.31 0)" levels of the
~ground state respectively to a common rovibronic level (with

K = 1) of a bent upper state. The successive intervals between:
the bands (of the previous paragraph) at 23034.6, 22870.1 and

1 and those between the

22694.8 cm™ ! are 164.5 and 175.3 cm”
-II-I]:type bands at 22398.9, 22234.1 and 22059.0 cm‘l_are 164.8
and 175.1 cm~l. Each set of these three bands,'therefore form
progressions 51m11ar to that formed by the ES ZS type bands
mentioned earlier in this sectlon.

For v3 =0, the expression for the term values of the

ground state for the bending vibrational levels can be shown

(from equation 3.16) to have the following form.

"G" (0, v'é) = (U'z'(vz + 1) + x22(vy + )2 + g2 + 1/2 (x5, + X23)

X (V2 + 1) + 1/4 X713 (5.2)

" It can be shown that if the term value G" (0, 0°) = 0, then

the expression (5.2) above reduces to (5.3) on the following

*Notation:— Same as section 3.5 except that the prime and double
prime refer to upper and ground electronic states respectively;
also, K is eqgual to | in the ground state and K represents the
total angular momentum. in the upper state. 'Since the gquantum
number v3 is not encountered in this analysis the notation is
reduced to (vy, ) in each state for convenience.
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éage.
. _ " " 2
G" (0, vl2)=w§ (Vo + 1) + %yy vo© + gl? (5.3)

where(_dz)" =(.Q; + 2x;2 + 1/2 (x{z + x93) + 1/4 (x;_3) has been

1 obtained in

substituted in (5.2). The interval of 631.4 cm™
the last section corresponds to the wavenumber difference be-
tween G" (0,0°) amd G"(0,2°) term values and the interval of
635.9 cm™! to the difference between G"(0,31) and G"(0,11)
term_values. By substitution of these intervals and appropriate
term values G" (o, vg ) it was found that x5, = 1.2 em™L,

With this value of xzé» term value differences G"[0, (vy+2) ] -
G" (0, J}) for v, = 2, 3, 4 .. etc. were calculated by the

use of eguation (5.3), Some of these calculated term value

differences are given below in em™ L,

G"(0,2° - G"(0,0°) = 631.4
G" (0,31) G (0,1}) 635.9
1 G"(0,4°) G" (0,2°) - 640.7
& (0,4% " (0,2%) 640.7
G"(0,5%) G" (0,31 644.8
G" (0,53) G"(0,33) 644.8 (5. 4)

Pairs of bands whose wavenumber intervals correspond to each

of these calculated intervals were identified in the spectrum.

The members of the pair were then assigned the corresponding

guantum numbers 0,

(v + 2}

L

and 0, vy of the ground state

and assumed to share a common upper rovibronic state in the

transition.
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In Fig. - 5.4, a typical set of bands in each of the
80-80 and 78-78 spectra, resulting from (isovibronic) transi-
tion from ground state levels and K = 0,1,2,3 ... subievels
of one v; level in the excited state are represented schema-
tically. The observed wavenumber Jdifferences between‘ground
state levels of the same | (=K) which have the same symmetry,
are shown. The agreement between these differences and the
calculated differences in (5.4) may be verified. From the
scheme in Fig. 5.4 it is seen that bands at 23178.2 and
22547.2 cm ™t must be of the 23—-§Etype; and the bands at
22870.1 and 22234.1 cm™! must be of the II“II type. From an
observation of their rotational structure and band head struc-
' ture (see section 5.6) it was found that all the above four
bands are of the correct types. Such agreements between ex-
pected and assigned band types were found for bands of the
78-78 molecule also. The relative intensities among the bands
represented in Fig; 5.4 were also consistant with their assign-
ment. The Z- Zandn-n bands arising from V'Z' = 0 and 1
levels respectively were the most intense bands {(see Appendix L)
in.each of the isotopic molecules, as expected- (see Appendix F)>
of bands arising from transitions from the ground and a low |
energy (313 cm™1) excited vibrational state. For other bands
of Fig. 5.4, there is a decrease in intensity with an increase
in the value of the'v; level from which they originate. From
temperature work it was found that the band at 23178.2 em™1
is a cold band and that at 228701 em™t is relatively a hotter
band (refer Appendix L). Such a temperature effect suppofts

the assignment of the former band to a transition arising
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from a v; = 0 initial state. The quantum numbers v; and v;
for»this state should be zero for the same reason. Several
such sets i.e. transitions from the ground state vibrational
levels to K sublevels of each successiVe v; level in the
excited state, could be picked out. Five or six sets could
be arranged into progressions with successive intervals of
approximately 170 cm L (between corresponding members in each
set). Five progressions of such sets are observed. Four
of these are schematically shown in Fig. 5.5. Each vertical
line in this diagram represents the first member of a set
(of Fig. 5.4) i.e. a 22— };type band. The wavenumber of this
band and, in parenthesis, the isotopic shiftZX.CT, are given.
The members of each progression are believed to be transi-
tions from the ground state v; = 0 level to successive vi
levels. The successive intervals (mean values of 4644, 4618\.
and '4659) between vi levels are shown. Each vibrational level
has been ﬁumbered in Fig. 5.5; these numberings are justified
in section 5.7. The wavenumbers of all those bands which have
been assigned are given in Table 5.2. Table 5.2 a) lists
z- Ztype bands; 5.2 b) vlists H-H type bands; 5.2 c)
lists[ﬁ&—[ﬁgbands; etc. The assignments of fibrational quantum
numbers for §§~ Ezand:rI—I] type bands are shown in the spectro-
grams of Appendix K. |

In each isotopic spectrum, about 100 bands can be
assighed to transitions from the ﬁibrdnic levels of a linear
ground state to those of the same bent excited state; The

strongest bands in the spectrum, with a few exceptions, are
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assigned without difficulty in this analysis. The combination
differences G" [0, (vo + 2)X 71 - a" (o, sz) were used as basis
for checking the correctness of assignments. All pairs of bands
which are transitions from [0,(?2 + 2)K']hand (0, v%)" levels

to any common éxcited state rovibrohié level are expected to
have the same value of G" [0, (v, + 2)K] - ¢" [05, V5], within
limits of experimental error. These differences were evaluated
from the wavenumbers of assigned band heads in Takle 5-2 and

mean values are given below in cm_%

80-80 78-78

p; = G(0, 20) - G(0,00)

631.3 631.7

py = G(0, 37) - G(0,11) = 636.0  636.6

i

p3 = G(0, 4% - 6(0,2%) = 640.7 641.5

py = GO, 42) - G(0,22) = 640.1  640.9
- 1, 1. |
ps = G(0, 57) - G(0,37) = 644.8 646.8

pg = G(0, 53) - G(0,33)

645.1 (5.5)

Since the strongest bands of the system are ZS— Ezand IT} II
bands the maximum number of individual 'pj' values were obtained

for the first two differences (p; and pp) above. The largest

1 1

was 0.4 cm — and

from the mean value of 631.7, it was f 0.6 cm'l. Similar:

deviation from the mean value of 631.3 cm”

satisfactory agreements were obtained for the Pi values of
636.0 and 636.6 cm™l. These agreements support the vibrational

analysis.



S>'- >'BANDS OF THE R SYSTEM (in cm™l)

Table 5-2 a)

176,

" ¢=cold, mc=possibly cold,

h=hot’

- o~y »I O O I :
Vi,V2 7 '1.Y2  (g0-80) 80-80 78-78 - (78-78)
0,6 - 0,0 10 23002.3  23010.9 15
0,7 - 0,0 75 23178.2  23188.1 75
0,8 -~ 0,0 95mc *23347.4  23356.3 80
0,9 - 0,0 100c 23514.7 23527.1 100
0,10 - 0,0 70m *23683.7 23697.9. 90
0,11 - 0,0 10 23841.3  23856.2 10
0,6 - 0,2 25h 22371.6  22379.3 30
0,7 - 0,2 60h 22547.2  22556.5 55
0,8 - 0,2 50 22716.4  22724.6 40
0,9 - 0,2 40 22883.5 22895.5 50
0,10 - 0,2 55 23052.2 23063.6 55
0,6 - 0,4 h 21730.1  21738.2
0,7 - 0,4 h 21906.5 21915.0
0,8 - 0,4 h 22075.6,
1,5 - 0,0 15 232952  23303.4 15
1,6 - 0,0 70 - 23471.6  23481.6 50
1,7 - 0,0 90me 23641.5 23653.7 80
—
- overlapped;

m=cold or hot, mh=possibly hot



V1.V2

1,8 - 0,0
1,9 - 0,0
1,10 - 0,0
1,5 - 0,2
1;6 - 0,2
1,7 < 0,2
1,8 - 0,2
1,9 - 0,2
2,4 - 0,0
2,5 - 0,0
2,6 - 0,0
2,7 - 0,0
2,8 - 0,0
2,9 - 0,0
2,4 - 0,2
2,5 - 0,2
2,6 - 0,2
2,7 - 0,2
3,4 - 0,0
3,5 - 0,0
3,6 - 0,0
3,7 -.0,0
3,8

- V1, V2

Table 5-2 a) (in cm”

I
(80-80)
100c
100

20

20
45
65m
95

95mc

20
25
70c
90ﬁ
60mc

20mc .

10
10
15

50

10
15
40
40c
10

1y

o
80-80

- 23807.7

23976.2

24151.3

22664.0

©22840.2

23010.1
23176.5

*23347.4

23571.8
23755.0

*23930.4

24099.4
24270.6

24443.5

22938.9

23124.1
23298,8
23468.0

24046.1
24216.5
24394.0
24563.5
24735.6

(continﬁed)

o
78-78
23821.4
23990.8

24166.7

22671.4
22849.4
23021.9
23189.6

123359.2

23577.8

23763.9

23943.3
24112.5
24284.0

24455.2

22945.9
23132.4
23311.9

23480.6

24056.7
24228.3
24405.2
24575.3

I
(78-78
100
70
10

15
55
70
75
25

.10
20
50
80
25
10

10
10
25

25

15
10
30
50

177.-

)



Tabkle 5-2 a)

] v om n I

vi,V2 - V1,v2  (80-80)

3,6 - O;é 10
3,7 - 0,2 40

(in Cm-l)

0N
80-80

23762.3
"23932.7

(continued)

o
78-78

23771.3
23944.2

178,

I
(78-78)

10
50
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Table 5-2 b)

H—I—[BANDS OF THE R SYSTEM

161.3

171.3

] ? A ‘ll 1] E U O_
vy,Va T V3,V2 I 80-80 78-78 I
0,6 - 0,1 45 22694.5  22702.1 50
. 694.8 701.9
0,7 - 0,1 85 22869.6 22879.6 90
870.1  22879.0
0,8 - 0,1 100m *23034.6 23044.3 " 90
044.7
0,9 - 0,1 50 23219.6 . 23226.3 30
220.1 226.8
0,10 - 0,1 70mh 23388.4  23399.9 90
400.7
0,6 - 0,3 30 22058.4  22065.1 30
© 059.0 065.7
0,7 - 0,3 50 22233.5 22242.3 45
234.1 243.1
0,8 - 0,3 55 22398.9  22408.1 60
399.1 409.1
0,9 - 0,3 20 22583.7
0,10 ~ 0,3 30 22752.2 22763.1 35
0,6 - 0,5 h 21413.5
0,7 - 0,5 h 21588.3
. 589.4
0,8 - 0,5 h' 21754.6 21761.3
1,5 - 0,1 22986.7 - 22994.1
- 987.4 ©994.9
1,6 - 0,1 90m 23160.8  23170.8 90



L] ¢ 1] "
Vl 'Vz - Vl ,V2

1'7

1,8
1,9
1,10

2,7
2,8

1,7
1,8
2,6

2,7

0,1

Table?5—2 b) (continued)

T
60

90me
70m
20

25
50m

50mc

70
10
15

15
40

10

20

25¢
70c¢
15

" 60mec

o
80-80

23340.9

23499.4

23683.7 .

23858.4

23267.5
23474.5

23623.3
624.5

23803.2
23969.9

24151.3

22351.1

22525.2
525.8

22705.2 .

22863.8

t

22986.7
987.4

23167.4

23755.0
23932.7
24103.4

124264.9

o}
78-78

23350.8
351.8

.23513.4

23697.9
23873.2

23276.8

23487.5

23637.4

23816.1
23985.8
24167.1

22360.4

22533.9

534.3

22714.9

22876.9

23000.6

23179.1

23765.6
24942.5
24114.9

24284.0

ok

80

100
20
20

15

35
60

15
25

10
15

20
60

80

80 -

-180.
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Table 5-2 b) (continued)

(] [} '" n - ’ U U
Vy,V2 < VIV2 I | 80-80 . 78—?8 ..‘ I

3,4 - 0,3 50  23468.0



ViivVy = V3,V

0,5
0,6
0,7

0,8 -

1,5
1,6
1,7
1,8
1,9

Table 5-2 c)

A-ABANDS OF THE R SYSTEM

I

10

30

80

50

10

25

10
20
15

15
35
10°

O
80-80

1 22225.8
22395.4

22570.3
570.8

22744.0

22910.1

 23096.2

21585.9
21754.6
21929.8

22103.6

22687.7

*22863.8

*93033.0 -

23211.9
22377.9

’

23149.7
23329.8
23497.2

G
78-78

22402.2
22580.0

22755.3

22924.1

- 23104.2

21761.3

22695.3
22870.5
23041.2

23218.9

23166.0

23340.9

23507.0

20

75

60
30
15

20

20

20

15

15

182,



¥ ¢
V1,92

0,8
0,7
0,6

1,7
1,6

1,6

n "

= V1.V

Table 5-2 d)

@ =®3ANDS OF THE R SYSTEM

I

10
30

25

*))
80-80

22455.9
22283.4

22100.0

21809.0
21638.9
21454.9

22754.8

22581.0

21934.7

o
78-78

. 22464.1

22292.3

22107.5

21816.4

22763.8

Tk

183.

20
25
10
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A plot of pi(given in 5.5) against v, is shown in
" Fig. 5.6. From this plot, u)g" and x5, were obtained, as in-

dicated in the figure, and are given below.

" ) :
313.4 cm™ 1 X999 = 1.1 em™ L

For 80-80 w$

1

For  78-78 w9 = 313.5 em” %35 = 1.2 cm™?

The respective values are equal within limits of experimental

errors.

Term values in the ground state:
From these numbers, and the value of p; is given in
(5.5) the term values of G" (0, vg,

- were calculated with respect to the (0 0° 0)" level, as shown

0), for X = 0 and K = 1

below.

For K = 0

Acm—lA
G(0,0°,0) Py G(0,2°,0) P3  G(0,4°,0)
80-80 0 631.3 631.3 640.7 1272.0
78-78 0 631.7 631.7 641.5 1273.2
(5.6)
| For K =1
: -1
c,1%,00 p, 60,30 Ps  G(0,5%,0)
80-80 313.4 636.0 949.4 6445\ 1594.2

78-78 313.5 636.6 950.1 646.8 1596.9
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If 'g' in equation (5.3) is known then the term values
G“(O,v§,0)" for K‘= 2,.3 «s.. €tc. levels may be calculated.

In the present work 'g' was found to be equal to 4 (+ 1.5)cm-1,
from the data on liquid phase Raman spectra (refer to Table

3-3) and was judged to be.relatively inaccurate to be used

for calculations of G" (0, vf)" values..

Term Values in the Uppef State:

From these G"(O,vg)" values and the -wavenumber of
assigned bands in Table 5.2, the term values of the upper state
levels T(vl, v%)' were next'calculéted. These term values are

defined by
T vy, vy)' = O, vy, VB '+ GU(0,vE)" (5.86)

where(j% is the wavenumber of the band head (formed by the J
structure) corresponding to the transition from (o, v%)" level
to (vy, vg)' level. Mean term values T' so ébtained are given
'in Table 5-3 for both isotopic molecules (80-80 and 78-78).
Isotopic shifts T(78_?8) - T(80"80x== Zxcrére alse given in
the last two columns of the same éable.

. —Rovibronic levels in the ﬁbpér state which havé same
vibrational quantum nurbers v;, ¥z (and v3) but which have
different values K = 0 and K = 1 are separated by wavenumber

interval given by (equation 4.36)

P vy ve) - T vy v) = B @, - B 3,0

(5.7)



TERM VALUES,AG' VALUES, A CONSTANT AND ISOTOPIC SHIFTS

Table 5-3 3

IN THE UPPER STATE

DOg= 178080 g et 1N

1 ]

vi,V5 80-80 78-78 =0 =1
K=0 K=1 ‘A K=0 K=1 i A o A%

0,6 23002.9 |23008.3 5.4 23011.1{23015.7 | 4.6 8.2 7.4
JAY: 175.7 | 175.2 177.1 177.5

0,7 23178.6 |23183.5 4.9 23188.2{23193.2 | 5.0 9.6 9.7
JAN:  169.4 | 164.8 168.1] 165.5

0,8 23348.0 |23348.3 0.3 23356.3|23358.7 | 2.4 8.3 10.4
Ae 166.9 | 185.0 170.8| 181.6

0,9 23514.9 |23533.3 18.4 22527.1| 23540.3 | 13.2 12.2 7.0
Ne 169.1 | 167.4 169.5| 173.4

0,10 23684.0 |23701.7 17.7 23696.6/23713.7 | 17.1 12.6 12.0
JANE: 157.3 159.7

0,11 23841.3 23856.3 15.0

187.



Table 5-3 b

TERM VALUES T", AG" VALUES, A CONSTANT AND ISOTOPIC SHIFTS

N\ o= (r48-78%) IN (CM-1l) IN THE UPPER STATE
B -

vi v, 80-80 . 78-78 k=0 | &=l
X=0 K=1 a ‘K=0 K=1 Iy O AOE{
1,5 23295.3 | 23300.7 5.4 23303.2 | 23308.4] 5.4 7.9 7.7
JANE 176.2 | 174.3 178.1 | 176.2
1,6 ' 23471.5 | 23475.0 3.5 23481.3 | 22484.6| 3.3 9.8 9.6
Ne 170.0 | 179.1 172.4 180.5
1,7 23641.5 | 23654.4 12.9 23653.7 | 23665.1|11.4 12.2 10.7 -
JANE 166.3 | 158.6 167.7 | 161.8
1,8 23807.8 |23813.0 5.2 23821.4 |23826.9] 5.5 13.6 13.9
Ae 169.8 | 184.0 169.5 | 184.5
1,9 23977.6 | 23997.1 19.5 23990.9 |24011.4(20.5 13.3 | 14.3
AN 171.7 | 174.8 175.8 | 173.3
1,10 .24151.3 |24171.8 20.5 24166.7 |24184,7 (18,0 15,4 12,9

188.



. Table 5-3 ¢

_TERM VALUES /\G' VALUES, A CONSTANT AND ISOTOPIC SHIFTS

'AO":'(TZ{B-TI?IO) IN {M~1),IN THE UPPER STATE

80~80

78-78

=1

L R=0
K=0 . K=1 a K=0 K=0 A A /\Cx
2,4 23571.0 | 23580.9 9.9 23577.7 | 23590.3 | 12.6 6.7 9.4
— AG 184.2 207.0 186.0 210.7
2,5 23755.2 | 23787.9 32.7 23763.7 | 23801.0 | 37.3 8.5 13.1
A 175.0 |  147.4 179.8| 149.6
2,6 123930.2 | 23937.3 7.1 23943.5| 23950.6| 7.1 | 13.3 | 13.3
JAYE 169.1 | 179.4 168.9| 178.8
2,7 24099.3 | 24116.7 17.4 24112.4| 24129.4| 17.0 | 13.1 | 12.7
Ne 171.3 | 166.6 171.6| 169.9
2,8 24270.6 | 24283.3 12.7 24284.0| 24299.3| 15.3 | 13.4 16.0
AN 162.9 | 181.4 174.2| 181.3
2,9 24443.5 | 24464.7 21.2 24258.2| 24480.6| 22.4 | 14.7. | 15.9

189.
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If J = 0, then this (5.7) reduces to

F' (0,1) - F' (0,0) = Ay - 1/2 (B) + Cy) = &,

(5.8)

where A&, B; and C; are rotational constants in the upper state
with quantum numbers vi and vé and‘§§ is used as a conveniént
symbol. Values of Kv are given in Table 5-3 for each isotopic
species.

The assignment of vibrational quantum}numbers vi, and
v, to the bands of Table 5-2 are tentative. The bands of that
progression showﬂ at the extreme left of Fig. 5.5, were as-~
signed the gquantum number vi = 0 for the final state of the
corresponding transitions; no progressions which could arise
from still lower energy vi levels were observed with certainty.
The assignment of quantum numbers vé for bands of each pro-
gressions was done by the use of isotopic shifts. Isotopic
shifts given in Table 5-3 were used for this purpose. These
shifts, for bands whose quantum numbers are vi = 0, v{ = 0,
v; = 0 and K' = 0, were plotted against a running number, and
this plot is shown in Fig. 5.1L Thg closest integral intercept
of the curve atzx O = 0 was assumed to be zero and the number
axis is renumberéd to obtain a better (but not necessarily exact)
numbering of vé since the isotopic shift for the origin band
cannot be exactly predicted for each band. The values of vé
given in Tables 5-2 and 5-3 for th~ (O,VZf levels are the
suggested values based on Fig. 5;11 The numberings of vé

levels for each of the remaining vi =1, 2, 3 levels 1is depéndent
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upon the choice OfCUi , the symmetric stretching frequency in

1

the excited state. If@%iﬁﬂ 460 cm™~, then the numberings

for v;_given in the above tables are correct, relative to the

' " —
v =0, vé progression. Ifcuita630 cm 1 (see section 5.7 )
l N
edach v

2

numbering decreased by one, two and three successively. Since
t

2
cipated from equation (4.44) seems to hold only approximately

; could be in error by £2. Plots of[ﬁgjhvé for

all progressions observed in the spectrum are not shown in Fig.

level in successive progressions has its current

the linear relationship between isotopic shifts and v, , anti-

the\values of v
5.I1 In general, isotopic shifts for bands of these progressions
are irregular. ‘Neglect of anharmonicity effects in the isotopi¢
' shift formula is not expected to give rise to such irregulari-
ties. The only available explanation seems to be the presence
of large perturbations (section 5.2). In his work on CSZ’ Kleman37
reported that the isotopic shifts for the higher quantum
number lévels could not be predicted by the simple is&topic
shift formula. This statement appears to be true for garbon
diselenide also.

From Tables 5-3 a) , b) and c¢), it is seen that A values
'
2°

; in each of the'vi'= 0, 1 and 2 levels.

 The shape of these curves resemble qualitatively, those given in

in general, increase with an increase in v Fig./5.8 gives

the plots of A against v

Fig. 4,7 (by Johns) 22 , but points in the plot show considerable

-— ]
deviations. By extrapolating the curve of A against v; to v, = 0

an intercept of A, = 1.5 em~l is obtained. This value is

expected to have an estimated error of £ 1.0 cm~1 or even



193.

FIGURE

5.8

10

1 R e T

R

WL



194.

a higher positive value. Since the A values obtained are

erratic} the quadratic relationship (section 4.7)

K - 9 :
G'(vl,vz) = constant + A K + .. (5.9)

could not be established between the term values of the

K" =0, 1, 2 .. etc. sublevels of each v; level. If such a rela-
tionship could be established, it will be additional proof of a
bent excited state.

" In Fig. 5.5, G' [Vl, (vy + 1)K] - G'Lvy, v12<:| = Aag
values are marked, for the K = 0 sublevels in the excited state.
Fig. 5.9 shows the curves obtained from piots of ﬁBG' values
- of Table 5-3 against vé + 1/2. A qualitative resemblance of
these curves to that given by &ohns99 is evident (compare Fig.
4.7). However, it cannot be established whether the agreement
'in shape is fortuitous or not because of the oécurence of per-
turbations in the system. If the minima in the [L(T curves are
genuine, their observation is an additional proof for a bent
excited state as discussed in section 4.5. Each curve in the
figure has been extrépolated to v; = 0 to obtain some'indica—
tion of the magnitudes of AG' for the Vé = 0 and v; = 1 levels.,
If anharmonicity effects are neglected AG'=R Q'; fr.om the
figure, Aé&j& is seen to be in the range‘of 210 to 185 cm L.
A more reliable value of the excited state bending vibration

frequency oo; could not be obtained with the present work.

5.6 Rotational Structure

Liebermann38L by a detailed rotational analysis, showed

that many bands of the R system of CS, are of the 'ZL -Ei_ type.



200

160

200

[]e

+78-78
° 80-80

Woev b g e e

-~ -
Vo

FIGURE 5.9



196.

b

Kleman obser§ed that, in addition to these 22——55 type bands
. II“‘II,ZQY_YCS ., etc type bands are also present in the
~system. Such a classification of bands by their rotational

. structure enabled Kleman to arrive at a satisfactory vibra-
tional apalysis of*the.R éystem of Csz.'

‘ in this work, a similar classification was attempted
with the same purpose in view. 22————22 type bands were
identified . easily. These bénds are single headed, have a
éimple sharp line like rotational structure which is degraded
to the violet and resemble the ES-;Z type bands of CS,. .The
rotational lines apparently form a single R branch; and are
resolved beyond 2 or 3 em™! from the band head. A few of
these bands weie photographed on a high resolution 35 ft
'spectrobraph; one of the bands in which the rotational struc-
ture is very well resolved is éhown in Fig. 5.7. Displacements
of rotational lines from their expected wavenumber positions in
the branch were observed in several bands. These irregularities
were attributed to perturbations.

. Then_l_[, A._A , etc 1;y'pes of bands in the CSe2 R
- ———system.could not be -identified -by -inspection.-or- by -comparison
of the bénds of the R system of CS,. | In tﬁe latter spectra‘
PI—IT; bands were observed to be double headed with a -
separation of 4 to 5 cm™1 between the two heads;ZX:YC&~bands
were also double headed with a separation of ébout 1 cm™1
bétweenﬂthelheads. | Klemah identified these bands by theéir

appearende alone in the lower energy end of the CS; spectrum.
( : . :
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. In the CSe, spectrum some double headed bands with a spacing
of less than 1 cm—l between the heads were observed at the
lower energy end of the spectrum. - It was, héwever, difficulﬁ
to assigg these bands to eitherI]}aI] orlﬁ??f& types by
inspection alone. Onehsuéh dqub}e‘headed band in the CSe2
speétrum.is shown in Fig. 5.7 and has been classified as a

II—II band. The method by wﬂich the identification was
arrived at is discussed below.

A band contour program in Fortran IV language was
formulated for an IBM 7040 computer. With'the program, the
band contours of E;—;;,II-—II, andzﬁyjzx ﬁype bands due to
parallel transitions as well as those of H—Z A-—-H
etc-type, due to perpendicular transitions, could be calculated.
In the:first sﬁage of the program the rotational energy levels
of the ground state, which are very similar to those of a di-
'atomic molecule were calculated for a given B value. In this
Calculation,l\f—-type or | -type doubling were also taken into
acéount by the use of expression (4.28). In the second stage,
the rotational energy ievels of the bent excited state were
caléulated from the formulae of Pélolos-(given in Appendix G)

" 'for given -values of the constants A,B~and C. Thé wavenumbers
corresponding to transitions allowed by Selection rules in K,

J and parity, between the two sets of levels were calculated.
Hanl-Londqn'formuléé for line strengths, statiétical weights of
, J‘levels, and the distributién'of molecules in each J level at

a given temperature are taken into account in order to calculate
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the relative intensities among rotational lines corresponding
to each transition. The mechanics of producing a calculated
rotational band contour for a given spectroscopic resolution
was adopted from the asymmetric rotor contour program of
Parkiri.]';21 |
The prograﬁ was initially used to calculate the con-

tours of -.--z, H-H and A-A bands of the R system of CsS,.
A,B and C constants given by Lieberman and Kleman were used

for the calculation. The contours obtained were found to
Matcﬁ gualitatively, the rotational line structure of these
EE—ES,II-II ,[ﬁyﬂzx bands, illustrations’of which are given by
Kleman. The separation betweep the two heads of apIT-;II or
ZX-—Z& type band head is determined by the asymmetry parameter
'b' given in Appendix G. It was observed from band contour
caléulations that the appearance of each of theséIl{I andzﬁyycx'
bands in the CSy spectrum is not unique; a band contour of a
II—I] band with a small 'b' value resembles the band contour
of aZS;qC&band with a large 'b' value. | Therefore a better
guide to thé assignments of I]—IIand[&-jC&bands in the R system
of CSz.is obtained from the wavenumber of the bands in the
spectra rather than on their characteristic appearénée.

The band contour program was used next to calculate the
contours of E;*E;,II%[I,ZX—iCXQS well as§§5f1,... etc type
bands for the CSe2 molecule. The rotational constant A, was
assumed to be equal to the ZV values in Table 5-3. A wide
range of Kv values can apply as seen from this table, and there-

fore this constant was varied in the range of 3 to 20 em~1)
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‘B; and C; were estimated from the resolved part of. the rota-
tional structure of z;—zztype'bands in the R system of CSez.
The difference in wavenuﬁbers of successive rotational lines
R(J) - R(J-2) were plotted against a running number. From
the slope of these curvesdcx B = 1/2(B; + cé) - Bs; (this re-
lationship may be verified from equations 4.33, 3.20 and 3.28)

were calculated. It was found thatzﬁxB lies in the range of

0.0005 to .002 cm"1 . For each assumed value of B" in the

range of 0.025 and 0.036 em~1 {(section 3.8), 1/2(Bv

+ C;) was
obtaihed and used for calculating the band contour. It was
assumed that B; is nearly equal té C; ané the difference
between the two constants and Av served as a'éaramterf for
calculating b. The contours are determined by the asymmetry
 parameter 'b' as well as the difference[ﬁsB rather than the
individual values of rotational constants. In general, the
value of 'b' is much sSmallerthan for CS, . In Fig. 5.8 typical
Z_Z, H—-ﬂ and A-—A'contours calculated in this way are
shown. By a comparison of Fig. 5.10 with the spectrogram of
Fig. 5.7, it-can be seen that the calculated contour ofzz'gzand
I]-II type bands show a qualitatiye resemblance‘to the observed
bands in the latter figure. From Fig; 5:1q it may bé observed
thatzﬁy—zﬁxbands are not double headed.;-It was found that in the
range of Av' Bv and Cv values used for calculating contours
only II-—II bands are double headed; za—Ezbands are single
headed>and are distinguishable from Z&'ﬁfﬁ bands by the siméler

rotational structure of the former. The contours of:Z—JiIand
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dfl'"zz type bands were calculated to be double headed but the
calculated contours did not match those of observed bands.

In order to pick out 25'22 bands from other band types
in the R system, the spectrum of the (77-77) molecule .was
observed on a high resolution 21 ft. Ebert spectrograph. Since
Sé77 has a nuclear spin of I = 1/2, the intensity of alternate
- rotational lines in 23*22 bands must be in the ratio of 3:1;
whereas since Se®® hds a nuclear épin”of'I{)=' 0, alternate
rotational lines, in Z"’Z.bands of the (80-80) molecule should
be missing. This difference in the structure of:8€§:type bands
of the two isotopic molecules was looked for in order to identi-
fy thesebands unambigously. However , this method was not
successful; the rotational structure of the bands of (77-77)
species was not resolved by the spectrograph. The only evidence
for the presence of alternate rotational lines in the (77—77).
bands which must be missing in the (80-80) bands, seems to be
the appafent loss of resolution of r@tatioqél_lines in the levels
of the former molecule in comparison with the resolution of

line into the bands of the latter molecule.
5.7 Calculations

A. Bond angle :
If the rotational constants A and B at the equilibrium
position of the bent molecule are known, the bond angle-. 2Q

120
can be calculated from the relation . ) .

- m A
‘;anz a - (o4 :

m, + 2 mge B (5.10)
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where my is the mass of the Carbon atom and Mg, is the mass of

the Selenium atom. It is assumed that the rotational constant

A ='iéo = 1.5 + 1 cm~l (from Fig. 5.8) and that B" lies in the
range of 0.025 em~1 to 0.036 em™1 (section 3.8). According to
section 5.6, B' values are not greater than B" by more than

" can be used.

0.002 em™1, Therefore the approximation 8'= B
This approximation is not in greater error than is the uncer-
tainty in the value of A. By substitution of these values of

B and A in (5.10) it is found that 2@&= 105° to 140°.

B. Origin band of the R system :

As mentioned in section 5.3, the T 600 band (i.e. the
origin band) ‘has not been positively identified in the spectrum-
It is possible that the origin band transition has a very small
probability and that all the observed bands at the low energy
end (where the origin band is expected) of the spectrum are due
to transition from excited v; levels.

An approximate value fbr Cgoo was obtained from the
isotopic .displacements of term.valueszCXCTgiven in Table 5-=3.
ZXCT values for the levels (Ovvg o)" were plotted against the
term values; the intercept on the term value axis forZS(T= Q,

' gives a very approximate value for '(§*gbop It was found by -this

method that
T goo = 21900 cm~ 1

with a large estimated uncertainty of % 400 cm™l.
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C. Upper state vibrational frequencies :

An approximate range of values for the bending vibra-
tional frequency in the upper state i.e. 180 to 215 cm~! has
been given in section 5.5. A value of the asymmetric
stretching frequénéy in the upper state cu; was not found.

It was mentioned in section 5.3, that progressions were
also observed in the symmetric stretch corresponding to wave-
number intervals of about 460 cm™! between members of each
progression. This value could be cl;se to the correct value of
the Symmetric stretching frequency in the 'upper state. 1In
Fig. 5.5, these intervals are marked and are obtained from
wavenumber differences between bands arising from transitions
between a common ground state to successive vi levels in the
excited state. The mean interval between successive bands
vi = 0,1,2,3 are given at the top of the figure.. These values
are 464;9, 461.3 and 465.7 cm~1l (refer to Fig. 5.5). It is
interesting to note that these intervals do not increase or
decrease uniformly. However, other possible differences
between corresponding bands of each v; progression are 293, 630,
805, 972, .. etc cm_l, and, in principle, one of these values
could correspond to the symmetric stretching frequenéy.

Kleman, in the case of Cs,, chose the most reasonable

value of '*fl from a similar set of possible frequencies, by a
1

1
bent state. For this purpose, he used equations (D.2) 1in

determination of the stretching force constants k., in the upper

which the bond angle s andWl,, determined by the analysis of
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the R system of CSy were substituted. He chose thatW ;

as the correct'frequency which gave a positive value of k&

as well as a value smaller than ki in the linear ground state.
Such a procedure could not be used satisfactorily in this
work because of the uncertainties in the bond angle and U)é.
Therefore it has been assumed that the value of” 465 em™1

is close to the correct value. The. values 805, 972 ...etc.
cm™l are felt to be too hiéh and the value of 293 cm~ ! too
lowL The possibility that U)i could be close to 630 ecm™ %t

is not entirely eliminated.

" PART B
THE V SYSTEM

5.8 A brief description and some preliminary remarks on
the V system absorption of CSey is given in this section..
A detailed analysis of this system has not been attempted
at the present time.

A. Observations:

10 and 50 cm cells which contained the vapour (at
room temperature) of 80-80 and 78-78 molecules weré used for
recording spectra on low and high resélution spectrographs.

A very large number of bands, some stréng and many weak, were
observed in the 4050-3450 A region -of the absorption épectrum.
The higher wavelength end of the spectrum just overlaps the

lower wavelength end of the R system. In this region of

overlap, there are several weak bands which could not be
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assigned to one system on thé»other. The last panel in
Appendix K shows this region of the spectrum.

Bands at’the higher wavelength (1§wér,energy) end of
the spéétrum are violet degraded and have sharp heads. Some
‘of the heads in fhe 80-80 spectrum are double headed with a
;separaﬁion of 3 to 4 Eﬁ'l between the heads; in the 78778
spectruﬁ, double heads are not as evident, and each band
head appears slightly diffuse. The number of ingense bands;
in this region of the spectrum are ré1ativeiy smaller, and
the wavenumber intervals between these bands are larger,
than at the higher energy region of the spectrum. The most
intense bands lie in this latter regionl. Many bands in
this region do not show a marked violet degradation; they
appear as bréad patches, with intensity maxima occuring
~A-within each patch. For such bands; wavenumbers of band
_heads could not be obtained accurately, since band heads .
are not well defined. These bands could be similar in ap-
~ pearancé to those observed in the V system of CSj 5y Kleman37,

.One of the violet degraded bands observed at 26221 cm—1
is shown at the bottom of Fig..5L7. It is seen, by a compari-
son of this band with thevzg— zzand II—,IItype bands of the
R sys;em given in the same figure, that the rotational struc-
ture of the V system band appeafs to be mofe complex. The
rotational lines in this band are not broadened in the
presence‘of a magnetic field (up to 25000 gauss).

Many of the intense bands could be arranged into
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progressions with an interval of about 360 cm™1l between suc-
cessive bands. These bands are shown schematically in
Fig. 5.12. Wavenumbers and estimated intensities (in paren-
‘thesis) of each band in thev80—80‘molecu1é are given on
each vertical line representing the band. Isotopic shifts
A\g‘ :0_17{8_ O—gq are also given next to the intensity value.
Double headed bands are indicated by the symbol d.h. and single
headed bands by s.h.; all other bands are more complex in
appearance. The intervals between successive bands of each
progression are given. Other possibie intervals between the
intense bands are about 125, 245, 485, 830 ...etc. cm .

These intervals are found between bands of one progression and
those of another. |

It is observed from the flgure that the intensity of
‘ each band within each progression increases with wavenumber.
It is also observed that isotopic shifts are large for bands
at higher wavenumbers and decrease reguiarly by about 5 cm~1

for successive bands.

B. Discussion:
[

" The oscillator strength and spectral region of the V

system of CSe, are similar to éhose of the V system of CS,

(section 5.1). It is possible that these systems are analogous.
Several wo;keré'have observed the V system of CSj

which appears to have a complex vibrational énd.rotational

structure. A comélete vibrational ahélysig of the system is

not available. A detailed discussion and a tentative analysis
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has been given by Rémasastry and Rao%2, These authors obser-
ved progressions which they attributed to the symmetric stretch-
. ing frequency of the CS3 molecule in a slightly bent excited
state. They prpposed that this excited state is a ;A elec-
tronic state to which a transition from thé l§;+ grouid state
occurs, and that this lA state is one of the (genner—Teller)

i 2 1
split component states of a II excited state (refer to

Table 4-2) of the lihear molecuge:

Caliear and Tyerman observed the analogous V system
of CSey for the first time but did ﬁot propose an analysis.
In this work, the same system was observed with the 80-80
and 78-78 molecules. The violet degradation of bands at the
low energy regions of the spectrum indicates that the corres-
ponding transitions are probably from a linear ground state
to a bent excited‘stéte (section 5.4B); since such a distinct
degradation is not observed in bands at_fhe higher energy
region of the spectrum, it is probable that the transitions
in the latter region are from a linear ground state to a lin~-
ear excited state. Both these observations may be explained
on the basis that the excited electronic staﬁe is that of a
'slightly' bent molecule; since, the upper staté vibrational
levels for the first kind of trénsitién could correspond to
those of the molecule in the bent conformation énd'for the
second kind of transitions they could correspond to excited

vibrational levels (of the same upper electronic state) in

which the molecule has changed over to a linear conformation.
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Few of the observed intervals between intense bands
correspond to 313.5 or 631.3 em™! which are the wavenumbers
corresponding to one and two quanta respectively of bending
vibration in the ground state. If the molecule is indeed
bent in the excited state, it is difficult to understand the
reason why these intervals are not observed, as in the case
of the R system.

However, if the electronic transition which corresponds
to Ehe V system absorption is an allowed transition (if the
molecule is linear or evenuslightly bent in the excited state),
progressions in symmetric stretching vibrations Ufi and(U"l
should be observed. It is possible that the intervals of'aﬁout
360 cm™1 shown in Fig. 5.12 correspond to the symmetric
stretching vibration in the excited state. The observation
of iarge changes in isotopic shifts for successive members of
. the progressions is consistent with this assignment (section 4.10).
It was found that these progressions could not be accounted
for~as those of the ground state symmepric stretching frequency
because of the small changes in relative inﬁensities between
bands in each progression. Améhg*other*observed'wavgnumber differ—
eﬁ;esthe interval of 485 cm"1 between progressions could be
two quanta of the upper state bending frequency.

For an allowed electronic transition, the oscillator
strength may be much higher than the valﬁe of 1073 ob-
served for the V system. This observation is therefore not
consistent with the proposition that the transition is an

allowed transition. But, it is possible to account for both
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observations viz. a low value of oscillator strength, as well
as progressions in the symmetric stretching frequency in the
exclted state, if the»ppssibility of spin-orbit interaction
in the excited state is taken into account;

It is therefore suggested that the exéiteax;ég£e ié a
triplet state to which transition from the ground state is
allowed, Predominantly due to spin-orbit interaction rather
thaﬁ vibronic interaction;' Such a large spin orbit interac-
tion is possible for molecules such as CSez; two constituent

atoms of which are quite heavy. PFurther work is necessary

- to establish with certainty the nature of the excited state.

PART C
THE A SYSTEM

5.9 _This system of CSe, which is ibserved in the 2600-21003 regs
has an analogue in the Ele — X E; system of CS, as
mentioned in section 5.1. The upper gtafe of the latter
system was established by Douglas and zanon45 by a partial
rotational analysis of a few bands in the system. The vi-
brational structure of this system is not understood completely,
but these workers state that this structure is similar to
that of the R system of CSZQ It is possible that the A sys-
- tem of CSe, arises from a similar transition as the A
system of CS,.

VIn the présent work, the A system of CSe, was recor-

ded only under low resolution on the spectrophotometer.
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The waveiengths and wavenumbers of the observed intensity
peaks from the (Cary) spectrograms are given in Table 5-4.
The uncertainty in the Wavenumbér data is of the order of
15 - Zdlcmfl. The absorption spectrum must be recorded at
higher resolution to obtain more accurate data for a vibra-
tional'analysis. The-énly evidence available at present
to estaﬁlish that this system is similar to that of cs,

is the comparable intensities and regions of occurence  of

both systems.

PART D
SUMMARY AND CONCLUSIONS

The obﬁectives of this work were listed in section

. 1.6. Among these objectives; the following have been achieved.
i. Milligrém quantities of CSej. have been synthesized.fromH;AA
individual isotopies of selenium viz. Seso, se’8 and se’?

by a previously unreported method (section 2.2). These iso-
topic'mOlecules were used for recording absorption spectra.
ii.“hThe;igfrared and Raman spectra of N-N, 80-80, and 78-78
molecules ﬁere investigated. The vapour phase infrared
spectrum of the molecules have been investigated in the range

- of 4000-90 cm"l, thereby extending thé range previously examined
by Wentink23. The reported fundamental at 308 cm~1, due to

fhe bending vibration of CSez; has been observed experimentally
at 313 cm™l. A more complete Raman spectra of N-N, 80-80

and 78-78 molecules have been recorded. The symmetrid
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Table’5#4

WAVELENGTHS, WAVENUMBERS AND ABSORBANCE READINGS OF SYSTEM i

A (agg) Absorbance
G _ em™1 |
2402.5 41623 0.60
2389 41858 | 0.68
2381 41999, . 0.77
2377 42069 . 1 0.77
2375 _ . 42105 0.76
2370 42194, - 0.87
2367 42247 0.94
2356.5 42435, 1.02
2346 - 42625 1.22
2334  az844 1.47
2332.5 42872 | o 1.47
2324 43029 1.50
2321 " 43084 - 1.48
2313 43233 1.72
2302.5 43431 - 1.76
2299 43497 ' 1.68
2294.5 43582 . 1.75
2290.5 43658 1.84
2281 43840 1.83
2279.5 ) © 43869 1.85
2270 o 44052 1.81

2259.5 44257 ' 1.73
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Table 5-4 (contd.)

A : (air) Absorbance
1. cm™ 1 :
2252 44405 1.42
2248.5 14471  1.48
2242 44603 1.33
2240 44642 1.33
2230 - 44843 1.16
2226.5 44913 1.14
2221 45024 ' - 1.05

2217.5 45095 ©1.03
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stretching fundamental and overtones of the bending vibration
were observed experimentally for the first time. Results of
these investigations indicate that the molecule is linear in
the ground state, as expected (section 3.8).
iii. The electronic absorption spectra of N-N, 80-80 and
78-78 molecules in the vapour phase were observed under low
and high resolution in the 4500 - 3450 i region. The R system
absorption in the 4600 - 4000 A region has been investigated
in detail. A satisfactory vibrational analysis has been ob-
tained on tﬁe_basis that the transition for the R system is
from a linear ground state to a bent B, state. Approximate
frequencies of the symmetric stretching and bending vibration
in the excited state have been found.. The bond angle in the
excited state conformation of the molecule seems to be in
the range of 105 - 140° .
iv. ° A brief report on the V system absorption of 80-80 mole-
cule in the 405@—3450 A region is given. Preliminary'studies
show that the molecule could be slightly bent in the excited
state opf the transitfbn corresponding to the V system. '
Further work is necessary to esfablish the nature of the exci-
ted state (section 5.B).
v. The absorption»spectra»éf CSeé in the 2300 K region,
_at low resolution was observed. It is tentétively assuméd
that the corresponding transition is a A 1 ‘—-X 22 £

Some conclusions may be drawn regardlng the electronlc

states involved in the observed transitions of the CSe,
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molecule by a consideration of the electron configuration
of C02. These configurations have been given in secfion 4.1.
If it is assumed that these configurations are acceptable
approx1matlons to those of the CSep; molecule, we can write

the following for the latter molecule

Configuration Symmetry
1.t3d 1321, 3
wim) = Z, 2550, B,
Exc1ted state--:i---- (7T) (CT? — T] II (5.11)

1
(Wg')?)(O"u) H H

The relative energies of the resultant statgs_given for CO9
in Table 4-2 are expected to apply here also.

The R system is the lowest energy absorption ob-
served so far. It must therefore correspond to a transition
from the 1§S+ state to one of the relatively low lying states
given above. The choice of the upper state of the R system
is discussed below. |
i) The oscillator strengths of ;Of4 (section 5.1) for the
system indicates that the transition is not an allowed elec-
tric dipole (mégﬁetic dipole or électric quadrupole) transi-
tion. Therefore, we eliminate the possibility that the
transition is from the 125; to the l§2+ state which results

: u
from the (7Ig)37Tu configuration; a transition to one of the

triplet electronic states or orbitally degenerate singlet

electronic states seems likely.
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ii) - The cofrect choice bf the'u?per state may be obtained
from a_comparison of the R system‘of CSe2 with that of the '
R system of CS, for which the transition has been established
-+to be a 321@—izz+ type transition. Thefe are many 'areas'
of similarity between these two CS, and Cse, spectra and are
1isted below: |

a) Oscillator strengths £, have comparable magnitudes.

b) The vibrational structures of the two systems are remark-
ably similar. Both systems are transitions of the bent-
linear type. .

c) The rotatioﬁal structure of bénds in the twovsystems are
also gquite similar and have a singlet-singlet type rotational
struc?ure. All assigned bands are of the parallel type.

~d) Both systems occur in very similar spectral regions,
which indicateS~that the transition energies are of the

same order of magnitude. Hence, it is possible that the
upper states are from very similar electronic configuratiéns.
e) It was found that, in addition to the bands of the R
system, several intense bands-wgre present at the higher

' enérgy end of the spectrum which could be assigned to pro-
gressions of 170 em™1 ipterval;. These bands.could not be
assigned as members of the R system;, The frequencies of
members 6f one such progression are (24367.6, 24529.9,
24709.1, 24875.7 cm_l)n Kleman37 foﬁnd similar progressions

of bands which could not be assigned to the R system. He

proposed that these bands are due to transitions from the
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X ES to hitherto unidentified other electronic states.
It is posgible that such transitions are present in the R
system of CSey also.
f) Perturbations in the vibrational and rotational structure
of the bands of ﬁhe'system wefe'observed,analpgous to thoée
in the bands of Csz,ih'this‘wérk, .ThéSe'pefturbations_are
probably due to the presence of sfates which aré close ‘in
energy to the<ﬁpper state of the R system. -

'The only features of dissimilarity between the two
systemsvwas the observation that there is no Zeeman effect
observed in the rotational lines of the bands of the R systeﬁ
of CSe, . There are two ways in which this dissimilarity
may be accounted for. Firstly; a Zeeman effect for the R system
of CS, was observed only in the bands at the low energy end
~ of the spectrum. Long path length cells were used to ob-
serve these bands. No Zeeman broadening was observed for
the bands at the higher energy end. 1In CSey, much smaller
path length cells were used since only small qﬁantities of
isotopes were available. Therefére, bands of the R system
_of -CSe, could not be observed at' the low energy end of the _
spectrum to check whether a Zeeman effect is observable in
this #egion.» Secondly, it is bossible that the magnetic fields
(of 25000 gauss) used for the CSe, molecule is not adequate.
Douglé%gwas able to observe the Zeeman effect on cs, for
much-smailer fields. He showed that‘the observed Zeemanleffect

in the rotational (J) lines of the bands increases linearly
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with J. Such an increase is expected for a Bz'state}only if
there ie an interaction with a neighbouring state. The mag-
nitudes of the interaction is dependent on the separation in

energy between the interacting'states. Hop.genll-8 has shown

.that an Ai, and By components of a 3A2 state could interact

with the By state of the C82 molecule; the B, upper state is

the thlrd component in thlS triplet state. It,lS possible

"thatAthe A, and B; components of a 3A2 state in CSe,; inter- -

acthless with the third B, state because of a larger energy
separation. Much larger megnetic fields may then be necessary
to observe a Zeeman effect. |

It is concluded that the R system of CSe,, like that
of csé, is a spin multiplet compenent with'Bz symmetry.

This B, state could be one of the‘components of a 3A2 bent

‘electronic state which correlates with a %ﬁ; or a }:'

state (refer Table 4—2) in the linear conformation of the
molecule. The V system could arise from a transition to the
upper component of a Renner-Teller %ﬁx_state and it is possible
that this component is slightly bent, The A system could arise

from a tran51tlon to the E; stdte of Table 4-2.
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APPENDIX A

CHARACTER TABLE FOR D. i POINT GROUP

CHARACTER TABLE

E

@
E .2"*0' Z~®"Q; o R 'Z:SZ“’Cz
1 1 1 1 11 1 Qo @y Oop
1 1 1 -1 -1° -1 -1 T,
1 1 -1 1 1 -1 -1 Ry
1 1 -1 -1 -1 -1 1
2 éCpsa 0 2 '—2 -2Cos® 0 Rx'Ry
2 2Cos8 0 -2 2. 20088 0 Ty,T,
2  2Cos@ 0 2 2 2C0s20 0
2  2Cose | 0 -2 —z. =2Cos26 ©

Cz(z)

FOR C,, POINT GROUP

O x2) O (y2)
1 1 Ty
1 4 o
1 -1 Tx+Ry
-1 1 iy, Ry
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APPENDIX B

DIRECT PRODUCTS OF IRREDUCIBLE REPRESENTATICNS

Cy ( Dep) -BOINT GROUP

>y 0 A e
-

s 0 A 0@
S S 0 A &
T S ne AT
A >[5\ I
® . sk

The above products are for the C , group and may be used

>

1

'fo; the-Deoh group if gxu=u;gxg=g;uxu=g rules are used;

c POINT GROUP

RV

Ay Ay’ By By
Ay a3 A, B, B,
L) Ay By By
By LS L)



_APPENDIX C
@
HONL - LONDON RULES

The intensity distribution in an absorption band is
given by the relation

e L -F(XK,J) /KT
Igg = CO Rgy 9rJ© !

wheré AKJ__iS the line strength, ggj the statistical weight
of the 1owéi' state, O’ the wavenumber of the line, k the
Boltzman constant in crh-l/degree, J is the ;:otatipnal guantum
number and K is the vibronic angular momentum quantum number
(for linear molecule K=| ). The line strengths for a symmet-

19

ric rotor are given by the Honl-London formula~~ which are given

by: for parallel bands ( A K=0)

C(I+1) 2~ K2
R branches (AJ = +1): Agg = (J+1) (2J+1) (c.la)
K2 |
Q branches (A = 0 ): Aggy = J (J+1) (c.1b)
‘ 32 - g2

P branches (&J = -1): Ay = J(20 + 1) (c.lc)

for perpendicular bands (AK = '_‘fl).

. tae2try (@vitx)
Bgg = T @FD (WD) (g.2a)

R branches (AJ = +1)

| (TH14K) (THK)
Bgs = T (3+1) (C.2b)

0)

0 b;'anches (AT

. " (J=1+K) (J+K) ,
.. P branches (AJ —l). AKJ J(2J+1) (C.2c)




#

a.4

These formulae have been arrived at by evaluating the transi-

tion moment due to symmetric rotor wavefunctions
<& | a. | v
R' Fg R v

.Here Fg fepresent the directionlcoéines between the rotating
moleculeAfixed'coordinate system (:g = X,¥,2 f and the space
fixed coordinate system ( F = X,Y,Z ).

The ﬁatrix element is nonzero for the selection rules
of a symmetric rotor and has a magnitude given by the Honl-
ﬁondon férmulae, which are evaluated simply by thé use of
commutation relations. Each Ayy have been weighted with
'respéct to unresolved 2J+1 spatial degeneracy of the rotational

J level.



APPENDIX D
FORCE CONSTANTS OF XCX MOLECULES

In terms of internal displacement coordinates Rj

Ry, and R3 i.e. change in boOnd length ra change in band

Xy

angle 2{, and change in bond length Tay the valence force
2 _

' field expression for the potential energy is given by77

_ 2 2 | 2
2V = k3 (Ry® + R3)“ + 2kjpRjR3 4+ Kk R (D.1)

where k, is the bond stretching force constant, kg is the
bending force constant and ki, is the interaction“édnstant
bgtweeniRi and:fRz-ﬂ"coofdinates.'° it can be shown’8 that the
forceconstants and srequencies of vibrationbarg related by

the following expressions.
- 2m

e 8052 ki + k12 '
Xl+x2" (l+ m. " a my (D.2a)
2 . .
Y >\ _ ...I.EZ(.. k1 + k32 ket :
MAz = {1+ o 7 2 |
| e ©om® JT12° (D.2D)
\ = [1+2% sin2Qf¥1 - K12 4
3 omg T myg (D.2c)

where q:,mx stands for the masses of C and X atoms, and >\~=

. k
5.8894 X 10722 and r1y = r3 + 12 - 2ryr) cos?@ If the XCX
» molecule were linear i.e. 2 Q = 180°, (D.2 ) reduce to .
>\ _ . -k-]- + kq2
1

my (D.3a)



\ 1+ 2%\ ke
2 =2 — 2 . :
e Mx 127 | (D. 3b)
o B 2m’¢' k _k
- > - 1712
ana N = [1e m) 222
C m (D.3c)
C
If %1,>\2 and k3 are known, kl' k12 and kQ: can be calculated

for a linear molecule. For a bent molecule, the angle 2({{

must' also be known.



APPENDIX E

RESOLUTION OF SPECIES OF LINEAR MOLECULES OF DOO

h
SXMMETRY INTO THOSE OF sz SYMMETRY
Change of axes: Deoh X v 3
sz X z y
Species
Db Coy
+
2 — M
’ g
< +
z —— s B2
u
Z— B
g 1
>, — By
u
I — A, + B
g 2 2
IT — A, + B
u 1 1
YA — A, + B
1
g 1
A — -
u :
For § =1 - N A,
2 -



APPENDIX F

DISTRiBUTION OF CSe, MOLECULES IN THE GROUND STATE v, LEVELS

"

The fracticn of Cse, molecules in v, levels were

calculated separately by the expression

- N1 o= di exp.(—G(vi)/kT)
YN
:E?i exp (-G (v;) /kT)

The fractions were calculated for four different temp-

eratures used experimentally, assuming that G(Vz)“ =£Qg;2
The results are: for CUzo=313 cm™t A
T.' . | ' vg )
0 : 1 2
-42°C 0.77 _ . 0.15 - 0.02
RT 0.66 0.22 ~0.06
100°C 0.59 0.28  0.10
200°C 0.50 0.33 _ 0.15

If other factors in (1.22) are equal, the relative intensities
of absorption transitions for v;ﬂo,l,z levels are proportional

to their respective fractions given above at each temperature.



APPENDIX G
ROTATIONAL LEVELS OF A NEAR PROLATE TOP
108 . : S
Polo obtained the expressions for the energy

levels of a near symmetric rotor in terms of the parameter 'b'

given in section 4.8. His formula can be written as

F (3, K) = 1/2 (By + CIT(T + 1) + &,
3 _ 51 \
- Th2 _ — 4 2 K
x(l 8b | 512b )K + AB™ J(T + 1)
+ ADK 32(7 + 1)2 + Ak J3_(J +1)3 +...

where the cpefficients ABK, A ana AHK are given by,

for K = 0: ABY? = 37 (:':b2 + 2
‘ v z 128P4 + )
ar® = B, (-2 -1 44 )
8 128

ARY = Xv (—‘%b‘l + ... ) (6.1)

for K = 1: _AB1=Avx

+1 L 2. 3.3 —-)
- = + b —b? + 9 ;.12
o I R PY" st

1 - g /+1,3 1,4 - .
AL AV(-slzb 1536 * ) (c.2)
for K = 2: AB2 = 'ziv(l(z + 1)b2 + l(oFa)pt + _)
‘ 8 128
ADZ = '-Xv ' X

1 oy o d
(._._.(2 T :|_)}:)2 +5048 (23532)b 'I'{...)



For K =

3

where Ay

2 1 B
Du? = E (18432(57+64§b4 + )
(c.3)
AB3 = % (11)2 ¥ 33,9 14+
s B \T - 138 128 - )
Ap® = }'\,(- L2~ 1,3, 6L p4 -
. 64 t Ga TO'ZTO ,)

3 _ = +-1' 3 .3 +
H = ——— - 3
AN .Av(- b k4 ,\)

= (Ay - 1/2 (BiCQ))

(G.4)



APPENDIX H

Values 6f A, Bnand C Constants (in cm"l) in a bent CSey Mole-
A o
cule, for different Values of rege (ﬁ) and SeCSe Angle (For

method of ¢alculation see reference 114)

rese  S&CE A B ¢ K=2[B-1/2(a+C)]
T A-C
1.711A  180° - 0.0360 . 0.0360  -1.0000
150° 7.6980 0.0386 0.0384  -0.9999
*120°  2.0627 0.0480 0.0469  -0.9989
1.811A 180° 0.0321 0.032 -1.0000
150° 6.8914 0.0344 0.0342  -0.9999
*120° 1.8412 0.0428 0.0418  -0.9989
1.9114 180° . 0.0288 0.0288  -=1.0000
150° 6.1710 0.0309 0.0308  -0.9999
*1200 1.6536 0.0384 0.0376 -0.9989
2.011A 180° | 0.0260 0.0260 -1.0000
150° 5.5726 0.0279 0.0278  -0.9999
120° 1.4931 0.0347 0.0339 -0.9989
2.111%  180° 0.0236 0.0236  —-1.0000
120° 1.3550 0.0315 0.0308  -0.9997

150° 5.0571 0.0253 0.0252 -0.9984

If a value of rpge = 1.711 A ii assumed for the linear
molecule, then B" = 0.0360 cm™ ~. For higher value of

recger at angles marked by*_ (or angles close to it), B values
are higher than 0.0360 cm™1.
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. APPENDIX I

OSCILLATOR STRENGTHS OF THE R, V AND A ABSORPTIONS

The oscillator strengths of the three absorptions were
17

obféihed from the equation

. .. . . —9 : ’.
fnm = 4.319 x 10 x.yxfec_de‘... (1.1)

, - , -1 -1
where &wis the extinctioni:coefficient in litre mole cm at

wavenumbers*,)/ is a constant and the integration is over the
entire absorption band. If the absorber is in the gas phase,){
is unity. If the absorber is in the solution phase, it is given

116 related to the refractive index.of the sol-

by an expression
vent. The refractive index of methylene chloride at 25° ¢ is
‘1.3348'(Handbook of Physics and Chemistry, 48th Ed.) and for
.this vaiue, )’= 0.84.

.The inEegral in (I.1) waé rot evaluated directly. In-

stead, the following approximat:i.on‘.[7

= - e oo (I.2)
feo_do- Se_ Aoy,

was used. € is the maximum molar  extinction co-efficient

and éxeﬁgs the width at half height in cm_; . A further sim--

plification of (I.2) was obtaineé by'assuming that the plot of
Goégainst Ois ;J:riangular in shape; for this assumed shape,

the value of Qis uni?y.

' 16

The>following form of the Beer - Lambert's law is used

to calculaj:e e’max
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D = log10 I/I = €nax X © X L oo (I.3)

I énd I are the intensity of radiation incident on and trans-
mitted by the sample, respectively. 'c' is the concentration

of the sample in moles per litre and ! L"is the absorption

path length in cm. D is the absorbance, measured off the Cary

14 spectrogramé for each of the three absorptions.

The oscillator strengths of the R and V systems were
calculated from the solution spectra of CSe, in methylene chloride.
Fér the A system, the oscillator strength was obtained in the
vapour phase. In each absorption band, A6jwas obtained from the

wavelengtﬁs measured at half the intensity height. The final

form of the equation (I.l) used in the calculation is given by

£ = 4.319 x 107° X Acyy... (I.4)

nm x k x-ema

X

The data used and results obtained are tabulated below:- '

c x\ € Mean f

max - nm
System moles x cm D i AGy,
litre
.002 0.14 - - -
R (CSep) .001 0.09 55 2430 1074
.0005 0.06
.002 1.08
V (CSe,) 001 © 0.52 530 2300 1073
n .0005 0.31
A (cSe,) .0025 1.85 7030 2300 1071

Vs ,) .325 1.84 53 2200 10~4
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The value.. qf f,m has been rounded off to the nearest
power °f710. They are expected to be in error by a factor of
10. The maximum experimental uncertainty was in the concen-
trations of the absorber (refer to section 2.2). The fim
value for CS, was obtained from the solution spectrum of cs,

in cyclohexane given in Sadtler's chartsll?
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APPENDIX J

ISOTOPIC SPECIES OF CSe2

The number of isotopic species formed during the

synthésis of CSe, from natural. selen um is calculated thus :

2
a. No. of stable isotopics of Selenium = 6
b. No of available selenium positions in CSe,; = 2.
c. No. of spedies of CSe2 which contain the

same Se atoms .. = 6

d. No. of species of CSe2 which contain .61

different Se atoms . =-——=15
, S 412!
Total number of species of CSe,(c+d) = 21

The ratio of the number of molecules of one species
with réspect to that of another is determined from elementary
considerations on probability. Let us assume that there are
100 atoms of natural selenium available. From percentage
natural abundances given in Table 5-~1, it is seen that there

80 among 100 atoms of Selat, Between the two

afe 50 atom of Se
positions in CSe,, the probability of Se80 occupying the -

- first position is 50/100; and the'probability of se80 occupying
. the second position is 49/99. The probabilit& of 5e80 occupying

- both is given by the product :

. 50 .. 49
_— x = 0.25 (5.1)
100 99

The result is the fraction of 80-80 molecules in CSegat. The



molecular fraction of each of the 21 species were found in thé
same way;,éach fractionwas then multiplied by 400 and then
entered in the last column of Table 5-1. It can be shown
similarly that for a l:1 w/w mixture of se80 . Se78, three

species of CSe, are formed with a molecular ratio of 1:2:1.



THE

al?

~

(R) 3¢<X SYSTEM OF CSe, (80-80) & (78-78) MOLECULES

Contact prints of spectrograms, recorded on a 35 ft. Eagle spectrograph (in the

3rd
1.

.

21588 3 cm™!
{

order), are reproduced in four successive panels of this Appendix.
7-% type bands of the 80-80 species and n-n type bands of the 78-78 species

are marked. Connecting lines are shown between bands of isovibronic
transitions. A1l assigned bands are not marked.

The quantum numbers vj, v% are given at the end of each panel and v'], vé
are given for each bald

At the violet end of the spectrum, some weak bands of the V system are shown.

el
L

© ]
c 220584 e¢m~!

APPENDIX K — R system (4630- 4520 A)
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228696 cm™ v

il
I
vt
>
0,0
8"
2,60
1,99
34 o—
2,/0——

23942 5 cm"!
APPENDIX K.- R system (4370- 4i70 A)
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239699 cm-!

B - G G = T
B — l\[ K Y. o e o J.Zt 1 |
78-78 | . ) i : % Ii i ;

H“H i .I, i : £ 0.l

sus] - =

g0-80 ;_ il 1o
7878 '\J

[1-11 V-SYSTEM

25249 2 cm™

APPENDIX K~ RBV systems( 4170-3940 A )



'APPENDIX L

BANDS OF CSe2 IN THE 25251-21326 cm™1 REGION
1. Wavenumbers of observed band heads and measurable features

are given below for both 80-80 and 78~78 molecules.

2, Intensities (I) are quoted relative to a maximum value of 100.
If no value is quoted, the intensity of the band head or

featurves must be assumed to be small.

3. Isotopic shifts for band heads,[§§§5 O0;(78-78) - O (80-80)
andZXkCE'= oﬁ(78—80) - C&ﬁSO—SO) are given for isovibronic
transitions. The latter quantity is given only for the most

intense bands.

1

4. Bands whose wavenumbers are greater than 24600 cm™ - may be

" due to both R and V systems.

5. The notations ¢ = cold band; mc = possibly cold band;

m = cold or hot band; mh = possibly hot band and h = hot band

apply. These notations are given for the more intense bands.

.

6. Most of the bands below 22059 em™l are hot bands and are
observed with greater intensity at higher temperatures. These
bands are also observed in multiple reflection cells. Intensity

values for these bands at room temperature are not given.
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