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ABSTRACT.

The purposé underlying the researches described in this thesis is
an attempt to understand the bonding and électronic stfucture of some
simple'inorganic and organometallic systems. " The particular molécules
chosen for study wéré the Selenium containing linear triatomic species
0CSe, SCSe,‘CSeQ ana the main group metallocenes M(C5H5)n n=1,

M =TIl & In ;'n4=2,M=Pb, Sn & Hg.

Inlall cases the,technique of ultraviolet photoelectron spectros-
copy1 was employed and the (vacuum) ultraviolet absorption spectré2
of 0CSe, SCSe & CSeg were also recorded. The major features of the
photoelecfron spectra were interpreted as arisiné‘fr;m ionization from
the filled valence levels obtained from simple schemes derived from
Mullikem-ﬁund molecular orbital thebryB. -The abSorptioﬁ spectra
wéré aﬁalysed in terms of transitions from these filled valence shell

4 orbitals

orbitals to the various empty valence and atomic like Rydberg
of the molecule. In addition, weaker features in the phot;electron
spectra of CSey and SCSe were attributed to formally forbidden one

photon transitions involving simultaneous ionization and electronic

excitations.
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1.

INTRODUCTION.

The results and their interpretation are presented in
Subsequént chapters. The purpose of this éhaﬁter is to provide
an introduction to the theoretical and practicai aspects of :

the spectroscopic techniques employed.

1. : PHOTOELECTRON SPECTROSCOPY.

a) Introduction and theory.

WVhen a moleéule is ifrgdiated by light of sﬁfficiently-short
w;velength an electron may be éjected ffom o;e of “the filied'orbital
levels. i.e. |

Molecule + hV —> ;(Molecule)f + electron.

This process, called photoionizatidn, forms the basis of
photoelectron sﬁectrpscopy, which is- concerned with the energy,
intensity and distribution of these electrons.

If the light source usedvisvﬁonochromatic, then-a velocity
analysis of the ejected electrons will, in éimple systems, show
a more or less discrete spectrum corresponding to the various
states of the ion produced on photoionization. - The spectrum thus-
obtéined pro%ides informat;on on fhe relative order of the
jonization potentials (IP's) of th; various cationic states
produced by ionization from successively higher binding energy
orfitals? In many céses,'even for simple systéms, there is ne .
other vay of obtaining such information and’ so the contribution
made by photoelectfon speétroééopy (p;e.s.) to ouf understandihg
of the ionic states of these molecules is considerable.

However, such information would be unlikely to arouse the intense

inferest of many chemists, who mainly deal with neutral or ground
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state ionic species, were it not for the fact that aécording to

9

Koopmans' Theorem”, the ordering of the energy levels in the ionic

state exacfly parallels-fhose'of the neutral molecule and furthermore

‘that the ioni?ation potential of each particular orbital Ij, is,equai

©in mégnitudé to its orbitai energyEﬁ;i .e. Ij = -—tj; Thus by choos-
.1ng to measure the ionic state energies, chemlsts have found an in-
:valuable tool for problng the electronlc structure of the neutral
molecule with which they coMmonly deal.

j. ~In addition, the band structure obserfed in the photoelectron
spectrum algo reflect the changes in ﬁolecular'geometry which>take
place on ionization. Such changeé are closely rélated to the congri—
:bution which the particular orbifal involved makes to the overall
bonding of the molecule and so further comparison with the prediction
of simple molecular orbitai schemes may be madelo. ‘

Since 1ts dlscovery in the early 1960's 11 12 fhe study of photo—
.electron spectroscopy has continued to develop at a rapid pace and is
now a fully mature branch of spectroscopy. The availability of com~
:mercial spectrometers from Perkin Elmerl3 based on the ériginal design
of Turner has contributed much to this development. It has frequent-
t1ly been the subject of review article314’15’16’10’8 and se%eral
ﬁooksl’6’17~havg also appeared - the one by Eland6 being particularly
good. The proceedings of several conférence518’19’20 devoted to the
subject have élso been published and give some indication of thé ex—

- :tent to which the_sﬁbject has deyeloped. Also of particular inter-

test are the feviéw chapfers on photoelectron spectroscopy included in

- the Specialist Periodical Reports puglished by the Chemical Societle.

In the experiments to be discussed in later chapters, the radiation

used for photoionization is exclusively in the vacuum ultraviolet
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region of the spectrum and_generally wil} only idni?e'thoSe electrons
-in molecglar orbiials located in the valence shell. ATo prébe deeper
into the borg-region, Xfay radiation is réquired22. 4A1though basically.
similaf in principle, és é result of the diffgrent instrumentation |
employed, the two branches of the subjeét XPS and UPS have deVeloped
" separately and sﬁchldivision of the subject'is likely to céntinue for
some time yet. A méjor obstacle to their convergenée is the poor
. resolution associated with the higher enefgy.Xray sourceg,gjnand
“"although pgcent‘attemptsvto bridge the gap between the two branches,
including the use of intermediate energy soﬁréesQE-and-the recording

25

of falence level spectra with Xray_sources may help to emphasise
the similarities, they also highlight the vastly superior resolution
of UPS technique.

In recognitiop of the situation which exists aE present,

reference will 6n1y be made to XPS data, when it overlaps with or

illuminates features observed in ultraviolet valence region spectra.



b) Instrumentation.

A diagramétic réprgsgntation of_é typical'sbectrometer is shown in
Fig. I}O , A'defailed description of the actual spéctfémeter and ’
the manner in which it wgsiﬁsed to obtain the resuits to be presented,
will be given in the Appendix on_experimentél m;thods. Here we‘will
‘concentrate on the broader aspects ofvinétrumenfation'and discuSsvthe
various essential component pafts.

The most commonly used and'ﬁseful ionization source is the Hé reéonance
line?He(I),with an energy of 21.22e.V. obtained by avhigh.voltage, low
éurreﬁt d.c; discharge in pure Helium. The output from such a system
consists mainlf of the He(I) line arising from the transition

He 151 2p1 —> He 152(15) . Higher membefs of the series arising

2

from the Helsnp (1P);>' He 1s (15 ) Vtransitidns, usua‘lly denoted
Heﬂ}#B:{,ﬁ‘ etc. usually occur to less than a few per cent and so the
lamp output Qén be used directly without the need for a monochromator
with its attendant loss in iﬁtensity?

In addition, the use of the He(I) line is particularly helpful
since the photoionization cross sections of most gases are near their
maxima.at this wavelength (584 nm).27 - Also, unlike the spectra
obtained with the principal lines of tﬁe other inert gases e.g. Ne or
Ar, there is less likelihood of autoionization effects causing
anomalous intensity effects in the spectrum.28
Although most valence levels lie abéve 21 e.V. in energy, there are
.some lev¢ls‘main1y‘derivedAfrom atomic S‘orbitals, whiéhAoccuf in the
range 21 to 40 e.V. and so are nof accessible using He(I) radiafion.

'However, gy altering the conditions of the He discharge it is also

: . o
possible to generate the He(II) line at 40.8 e.V. 9 and this will pro-

tduce ionization from all valence levels excepf F Qs.' This
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5..
transition of He+(2ﬁ1~%; 1s! ) occurs in discharge§ with a higher cur-
:reét density and lower Heligm'pressu?é than aré required to prbduce
" He(I). However it is rarely possible to obtéfn a:pure He(II) output
>with0ut the use of filtersjo and partiéular caré has {b be exercised
over the purity of the Helium-dsed. He(II) photon fiuxes of about
5% of theAiqrresponding He (1) output'aré coﬁmonly used. = However as a
--result of this;the'usefﬁl range of He(II) ionization is restricted to
below 28 e.V. since above this value He(I) ionization dominates the
spectrum.

The reason for this is that the different photo-ejected electrons
are analysed on the basis of their different.kipetip enefgies Ej which
are related to. the ionization potential by the eﬁpression Ej = bV -I.P.in
the atomie case. In an He(I) source we know hV is equal to
21.22“e.V. énd so it is customary to record the IP's directly. How-
sever in the case of a mixed HeI/HeII output it is not possible to dis-
stinguish between ah electron of the same kinetic energy arising from
ionization by He(1) énd He(II) photons even although they correspond
to ionization from orbitals with very different binding energies. -

Above an apparent IP pf.(éO.S - 21.2) = 19.6 e.V. the He(II) and
He(I) spectra ovérlap. However as a result of the fact that most
molecules have their first I.P's 2.8e.§; it is not until an apparent
‘I.P. of about 28 e.V. that overlap resulting from the usually much
highef'intensify He(I) line, obscures the He(11) ioﬁizations,

ll’lg.ih photoelectron-spectrosqoﬁy'was,perform—

66

The - earliest work
ted using retarding field analyseré which gave an integral tyPe"
spectrum. Howvever the poorer resolution of cylindricél grid analy-

ssersquickly led to its replacement by the electrostatic 127° cylin-

‘:drical analyser in which the voltage between two concentric plates
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ofJ%; section, is continually varied to deflect electrons of

different kinetic energies.l_ The several other types of analyser

available and feqent developments are described in detail in Refs%’6’21

In the majority of phbtoelectfoﬁ spectrometers tﬁe current 
produced by the different energy photogiectrons emerging from the
deflecfién analyser is amplified usiﬁg a 'cascade' type electron
multiplier. After amplification by a factor of 109, the signal is
taken to a pulse counter, which converts the pulses into an_analogﬁe
voltage signal propoftional to the number of pulses arriving per
‘secoﬁd. Counting rates between 1 and 105 electrons per secﬁnd'can
conveniently be displayed on an X - Y plotter as a function of

electron energy.
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c) Theory of Ionization.

Before indicating the methods commonly empioyed in analysing the
spectra thus oﬁfained, it will be useful to discuss further the pro-
:cess of ionization.

The interaction between a molecule and a photon takes place via
the electric dipole vector and this interaction is described accord-
:ing to the selection rules which detail the differences between the
quantum numbers of the initial and final states for an allowed trans-
:ition.31

For an atom or linear molecule, the change in angular momentum is

where £ = angular momentum of the ionized electron. In addition

. N g
since only one electron of spin - 1 is removed from the neutral system

to form the ion, the change in multiplicity (28‘+ 1) must be t 1.8
In the application of these rules the initial state corresponds
to the molecule plus incident photon and the final state to the ion
- plus free electron. Howefer, these rules are much less restrictive
for electronic excitation to the continuum than for transitions to
bound states. This is a consequence of the fact that when thelfree'
electron leaves the molecule, it can do so with whatever angular
momentum is required to satisfy the selection rules. Thus the out-
:going electron can be regarded as an s,p,d or f wave carrying zero,
one, two or three units of angular momenta or an appropriate mixture
of these waves when two different angular momenta are possible under

32

the selection rules.

Photoionization usually corresponds to the removal of a single

electron from the molecule without any change taking place in the



8.
"-dﬁantum numberé of the'remaining electrons. - The origin of this
one éleétroh transiﬂioh éélectipn:rule'is based on the faét'thaﬁ the
;initial an&ifinal_étafes are described in terms of ;impie oﬁe-electron
orbital configurations. - However this assumes that thé eiectronic |
'motioné are Qholly independent and when this is~nof stricfiy the case,
vthen'weak twé electron tfansitions can occur with an intensity related
to the degree of electron correlation. |
Koopmans' 'I"heorém,9 vhich striqtly only applieé.to ciésed shell
species, aléo'relies'on_the vaiidity of the one electron SCF orbital
piéture and is thus able to define'the energy of a moiécular orbital
aé the difference in energy between an electron a£ infinity frpm the
'.imolecular ion, and the same éleétron in the'moleéule. This energy

also defines the ionization potential and so the siﬁple relatiohéhip

Ij = —-Ea'
quoted previously is obtained.

This is only valid when the interactions between the remaining
electrons are_unaffected by the removal of oﬁe of ‘their numbers.
The fact that this is usuall& true for most real systgms stems from
the fact that the‘main errors-introduced in deriving Koopmans'
Theorem are fhe neglect of correlation energy'andvreorganisation
energy effects which although usually similar in magnitude, are qf
opposite'sign.34

‘ The application of Koopmané'_Theorem has formed the basis of the
énaiysis qf most photoelectron spectra and provided thé‘limitatioﬁs
and poséiblé inaccuracies inherent in its ;pﬁlication are borne in

mind, it is a most useful and convenient assumption with which to

begin any analysis.
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It is usual‘to assume that discrepanéies between calculated-
orbital‘energies.aﬁd those deriveﬁ usipg Koopména' Theorem are é result
- of inacpﬁfacies inhérent in the calculation. - . However several exémblés
are known where this is definite1§ not»thé casé.' |

it ié worth eﬁphasising at-this'point that the mélecular I.P's ob-
:tained by photoelecfron sﬁectrdscqpy'sﬁould oniy‘be properly comparéd
with the orbital and eigénvalue éolutions of an SCF Hamiltonian.

Althdugh these deloéalized.molecular orbitals may be.transfofmed'
, by,linear éombinationé into equivalent (hybrid) érbitals which are
equaily good sélutions to the Schrodinger equatiohs and suitéble.fbr
desériﬁing properties of the molecularigrbund state, such.as shépe,
the latter are not suitable for a discussion of the éxcitedlstates..
The correct set of wave functions are thosé which give the lowest

energies under Koopmans' theorem and these correspond to the delocal-

36

tized orbitals, at least for the lowest ionic state of each symmetry.
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d) Inferpretation of results..

Inspection of any molecular.photoelectron spectfum-indicgte&hthat
l-the simple relationship o
E=hv-IR .

quoted earlier for thg atomic case doés not sfrictly apél& to the
molecular case. “Instead of obtaiqing the single sharp line which the
abévg equation would imply, Qe observe band envelopes with groups of
closely spaced lines. |

This is a consequence of the fact that ionization takes élacg from
the molecuiar-ground stateito thé varioﬁs'rotationaliy an& vibration-
:aily excited states of the_ion as shown in Fig.Q.

Ip this case the appropriate relationship defining the energy of

the ejected photoelectron is

Except for the case of H237

the changes in rotational energy have not
"been resolved although the ﬁost intense rétational transition corres—~
tponds to the AJ = 0 transition.

However the-different vibrational levels can often be resolved
and as transitions usﬁally occur from the vibrational ground state
of the molecule, the proéression'of peaks observed in the spectrum
directly represents the various %ibrational levels of the ioq. . The
probability of a particular transition occurring bétween the ground
-state and a particular vibrational level in the ion is governed by
_ theryeplap pf the vibrational wave funétipns of each state. . This
is giveﬁ by the appropriate Franck-Condon factor for the transition
and the felative'intensity of each band is given by the square of -

38 '
~this factor. It should be emphasised, however, that the
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Franck—Condon factors do not infiuence the total intensity, but only
the relative'importaﬁce of the variqué vibrational components.

The fime scaig on which.ionization occurs .is about 10~15s, which“is
much faéterAthan the time.réqﬁired fdr-moleculér vibrafion and in many
cases, fof molecular dissociation. As a gesult it is possibie to-
denote the jonization p;ocess as verticél transitidns between the
potentialAenergy.surfaces, as shéwn in Fig. 2.

| If the change in the poténtiai energy éurfaces occurring on ioni-
szation is small, thén only those.transitioﬁs in which the vibrational
quantﬁm numbers remain largely uncﬁanged'will be.strong, since the
vibrational wave functions for such levels are,plosely matched. In
piactice, thié ﬁeans that the adiabatic (0 - O) tranéition is strong-
sest, since the target molecules are usually in their vibrational
gro;nd states.

Howevér, if there is a change in the position of thé potential
surface minimum (i.é. a different equilibrium internuclear distance)
in the exéited state; then the (0 — 0) transition will not be the
strongest. The largest overlap (Franck-Condon factor) will thén be
for transitions between the molecular vibrational ground state‘and
the higher yibrafional quahtum number leveis of the ion in which the
vibrational wave functions have large ;mplitudes at the molgcular
equilibrium internuclear distance. Thus vibrational modes which
correépond most closely to the change in internucléar distances are
most strongly e#cited and lpng vibrational progreséionshare observed.
In thisiway, the shape of the-ban&lenvelobe directly reflegts the
changes which occur in the potential energy surfaces on ionization.

It is convenient to use these surfaces to define the different

criteria  for establishing the ionization potential energy of the
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band. The.adiabatic'ionizafion.potential is the differehdeAin energy
" between the vibrafiAnal (and”rotational) grouna s£étes'of the poten—
tial energy surfaées of the moleculér and excited state species, i.e.
the (0 - 0) Eand,. In cases where this band is not clearly resolved,
the ioﬁiZatioq threshold is soﬁefiﬁés referred fo as the adiabatic
ionization potenﬁial.

The vertical idnization‘pdtential is given by the différenceAbe—
:tween the vibrational ground state of the ﬁoleculé’and that vibra-
s+tional state of the ion obtained by a "vertical" transition at the
molecular internuclear distance. ‘Experimentally'this usually corres-

:ponds to the point of maximum intensity in the photoelectron band.
The spaciﬁg of the lines in a band dependé on the vibrational
frequencies ip the ion and the vibrational energies are given by the

_ wellknown expression :
- V = vibrational quantum

- . _
EVib — (V+§ ) hv number.
and for an harmonié oscillator.

: K = force constant.
1. [K
vV = '—2? "/7‘ /} = reduced mass.

If the frequency in the ion is reduced in energy from its correspond;
ting value in the ground éfate, this impiies a reducfion in the force
constant.. Now, although there is no rigorous relationship between K,
(which defines the curvature at the base of the potential well), and
bond:strengths , a reduction in force constant is generally taken to
'imply a weaker'bond. This weakening of the bondqupld éuggest that
an eléctron haé Been removgd-frémla "bonding" 1eve1.. Tﬁus, a re—
:duction in frequency between molecule and ion, is often taken as
suggesting that ionization has occurred from a bonding orbital.
Likewise'if there is littlg‘change in frequency, this implies '"non-

bonding" character, and an increase in frequenéy usually taken to
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indicate the "antibonding" character of the orbital from which ioniza-
:tion.haé taken place. In this way, a siﬁpleicritérion, based on the
change in vibrational fredueﬂqy on ionizafion; can be:used to establish
the bonding cﬁaracteristics of the various molecular orﬁitals. |
Sinqe this criterion is applied at eqﬁilibrium values near Reg,
where the molecule agd ion are stable and the SCF ~ MO approximation
holds good, it is much-more satisfactory than any thefmochemicali
criterion based on the boﬁd dissociation energy D. (i.e. the depth of

'!the potential well). At the much larger internuclear distances near
the dissociation limit, the SCF - MO's cease to be goodzapbrbximations
unless extensive configuration miiing is taken into account. In
addition, as a'consequence of the non crossing rule, the potential
curve méy short cut to another potential ehergy surface of the same
symmetry but lower energy, and so play havoc with any thermochemical
bonding criterion. | | )

Since, in principle, the valence shell orbitals can be delocal-
tized over the entire molecule the interpretation of the p.e.
spectrum obtained is not always a trivial matter. The problem has -

 been likened to that in infra red spectroscopy where coupling of all
the molecular no;mal modesAﬁay occur.l‘O However the delocalization
may be symmetry restricted and certain other types of orbital e.g.
lone pairs, o? aromatic II levels, are usual}y easily recognised.
Further aids to asgignment-include an examination of the fine
structure of each band,its width and relative intensity. Comparison
with the predictiéns of simple mﬁlecular orbital and symmetry consid-
»:erafions as well as recourse to calculations of varying degrees of

41 :
sophistication are all frequently employed.

In addition, comparison with the spectra of>a related series of
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molecules and "chemical intuition" can sometimes be the most effective
' : ' ) :
way of analysing the spectra of the larger molecules. By a combin-

tation of all these methods it has been.possiblé to account for the

.major features in the spectra of most of the species studied to date.
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e) Application and future activities.

An indication of the range of such sfudies and.the éroelems in-
:vestigated usiﬁg p.e.'spectrqseopy may be oﬁtained ffom a glance at
" the compilatiené of published spectra in refs; IQ and 21, From these
it can be seen that the spectra of‘mbst sfable volatile eystems ha;e
now been.recorded. ;The chemical,eﬁplicatiens of photoreleetron

spectroscopy bhave ranged from the contribution of d orbitals to the

bonding in transition metal . and main group compounds, especially -
' Ly
those of silicon and germanium, to the substituent and steric effects
45

in aromatieAmolecules.

If as a result of the intense efforts of the last few years the
subject has now reached maturity, i{ will perhaps.not be too long
before it enters a difficult period. The interest of many'chemiets,_
both organic and inorganic, is likely to diminish as the stock of
readily accessible systems rapidlf declines in numbe;} .Also,
possible avenues of further research in areas such as the study of
transient46 or free radical specieshz angular distribqﬁion48 or solid
state studies49 usually require substantial.modification to the com-
smercial spectrometers, the ready‘availability of which caused the
subject to develep so qﬁieklly.

That there still remains a great deal of fascinating work to be
done e.g. usieg high temperature molecular beam techniques27’50,
not in doubt, but equally certaln is the fact that the branching ratio
of the subject between chemistry and phys1cs is rapidly changing

_ 2
towards the advantage of the latter.7
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OPTICAL SPECTROSCOPY.

a) Introduction.

Although‘the‘phenomena of photoionization Has been known since
at leést tHe beginping of this céntury?lﬂit was not until the fairly
recent de;élépment of ﬁoderatély high resolution eleptron energy
analyseré, that photohelectfén'spectroscépy becamé.possible. ~ On the
~other hand, the study of gbsorptipn df photons by atoms and molecules
as a function of the photon energy, has continued to océupy the
attention of spectfoscopists since about the middle of last century.
The contribution which these studies gave to the development of fhe

atomic and quantum theories of matter would be difficult to under-~

‘estimate.

Howevef, most of the work on the electronic spectra of atoms

and simple systems (e.g. diatomics) had been performed bj 1946, and as
a resu1t~of the technical developments which took place during the
second World War and immediately thereafter,the interest of many
spectroscopisté was directed to the lower energy regions of the
electromagnetic spectrum e;g. the infra red, microwave and radio-
frequency regions. ‘Another major factor contribﬁting to the compar-
“sative neglect of the electronic spectroscopy of molecules was that
it had been found that the spectra of the larger molecules and indeed,
.some of the smaller ones e.g. methane, were mainly diffuse and there-
:fore not readily amenable to analysis?‘
’ Recenfiy, ﬁoWever, with éccurately detérﬁihed ionization poteﬁtials
for larger molecules feadily obtainable from their photoelectron
-spectra, a renewed interest has been shown in the interpretation of

their spectra in the vacuum ultra-violet.
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AsAa result of this situation some of the best. of the_litera-
2,55,56,57,58

:ture reviews are none too-recent, although  the books by

zﬁobinsﬁ help to redress this situation. In addition;ASamson has
written an exceilent receﬁt account of the speciai instrumentation re-
:quired in'vacuum ultraviolet studies. The ﬁooks by Herzberg59’60
are classics and are essential réading for those seriously interested

in the electronic structure of molecules.
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B)“ Historical background.

The beginnings of optical Fpectrdscoby were laid by Newton who
:observed that the spectrum produced by the passage of the sﬁn's rays
~-through a prismjcould be recombined into _white light b& another prisg}
However, spectroscopy as we know it, did not begin.until the early.
-.19th ceﬁtury vhen Fraunhofer observed the dark lines in the sun'
spectrum wvhich bear his name?2 |

In about 1860 Eunsen and Kirchhoff were able to relate these
lines to emissidn lines in light sources in the laboratoryf3 Not un-
- snaturally,the visrble region (7000 - 4000 X) wvas the first to be in-
:vestigated, but the development of photography enabled studies to be
extended into the ultra- v1olet which had been discovered earlier in
'the century by Ritter?l‘t |

However, the systematic study of the vacuum U.V. did not begin
until about the 1890's, with the'rioneering researches of Victor
Schum.an."*a It was he who first realised that in addition to remov~
ting the air, the oxygen content of which starts to absorb below
1900 X, it was also necéssary to replace the conventional quartz
optics with natural fluorite,‘CaFg, and to record the spectra using
special Iargeiy gelarine free photograéhic emﬁlsions§4b As a
result of these modifications, he was éble to reach wavelengths
subsequently realised to be about 12508. The outstanding quality
of the spectra recorded with such apparatus can be seen in the com-
.parlson of Schuman's spectrum of Ho, w1th that obtalnéd using a
modern 6m spectrometer, reproduced in an article by Tousey§5 Hoﬁ-

tever it was Theodore Lyman65a who by constructing a vacuum grating

: 65b
spectrograph according to the principle of Rowland , was first able
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to'ﬁéaShré-waveleng{hs and so piace a wavélength‘écale on Schumaq's
spectra. Also;‘fﬁgnks to fﬂe aﬁsence-of-transmitting optics and
using He ’gourcES, he w;s able'to-exteﬁd the limits of vacuum u.v. to
,approximately 500 X and evéntuallyvsuéceeded in,reaphiné 250 X.j |
Since then the short waveleﬁgth limit:has Qpntinued to be extended

: . . o
until it now overlaps with the soft Xray region at approximately 5A.
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c) Techniques and instrumentation.

. However, it would be,completely.wrong to suggest that most vacuum
L u.v. spectroscoplsts regularly pursue their stud1es up to anythlng
near thls limit. The reasons for thls are to be found both in the
instruménféfion requlred to reach this 11m1t and the fact that for
most moleéules, the spectra gbo%é the fiyst ionization ﬁotential tend
to be diffuse as a épnsequence of the autoionization or rapid dissoci-
tation of the superexcited states produced. | . In fact it is this pro-
blem, a55001ated with all other resonance absorption technlques,
whlch makes the estimation of the higher energy ionization potentlals
by photoelectron spectroscopy so valuable.
/ In addition the difference in spectroscopic techniques betﬁeen
1800 and 2800 X (say) is comparatively small since the'changes in
- prisms, lenses, mirrors, windows and sources, although significant,
do not necessitate fundamental changes in spectrometer opfics. The
only majér'difference is‘thét below 2000 X, oxygen must be removed
from the light path. However the differences bet@een 800 X.and
1800 K are quite large, since there are no useful materials fof
pr1sms, lenses or windows and the reflectivity of mirrars is poor.66
Below 500 A where He is no longer transparent, these difficulties
become particularly acute and, once more, the instrumentation has to
be modified substahtially, mainiy by the use of grazing incidence
£echniques. '

For these reasons,'alfhough the entire.region beioﬁ 2000 X is

commonly called the "vacﬁum ultraviolet", it is convenient to sub-

tdivide this region into the various wavelength regions as shown

26

below_
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T o - o "o

2000A o 10q0A . 5?0A E 2A
[ — . N ]

SChpman region o 1 Lyman region ’Grazing incidence

- - - soft Xrays

-

Vacuum ultraviolet : ) .

In the studies to be presenied.in ChaptervB wé'will be concerned
exclusively with speétra‘fecqrded in the Schuman region, the sﬁort
wavelength cut off at 10502, being the lower transmission limit of

fLiF.
o An account of the spectrometers uéed in the.present vacuum u.v.
studies is given in the Appendix, but it wili Be useful at this stage
to giQe a broad outline of the more important instrumental features,
in this brief introduétion»to-the sub ject. |
- The layout of a basic normal incidenée speétrograph is shown in
Fig. 3. At the heart of most specfrometers is the diffraction
grating. This consisté of a large pumbér of parailel equidistant
grooves ruied side by side on a suitable surface with a diamond point.
The grating méy be transparent (i;e. transmission gréfing) or more
commonly, opaque to the incident radiation (i.e. a reflection grating).
- This latter type-wheﬁ ruled .on a concave mirror eliminates the need

67

for focussing and collimating lenses.
The diffraction of such a grating is given by the expression
sk = B (sina+sing T

where A = distance from first ruled line to last (often called linear
: ’ aperture).

number of lines ruled on the grating.

N =
n = order of spectrum i.e. 1,2,3 }....‘
O = angle of incident light of wavelength)\

B = angle of emergence of light.

Abotiléland.p are measured with respect to the normal.



concave
grating

Figure 3.

Concave grating mounts. " The slits 81 and plate B1

are in typical Paschen-Runge mount on the'Rowlandvcircle

2
which can be contained in an evacuted tube indicated by

the dotted lines.

“of the grating G. S and_B2 are in"FEagle mounting,
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If the angleq is constant, then the angular dispersion of the

incident rediation, is.given‘by the expression:-

gﬁ: n.N
dX = Acosf

Thus the dispersion varies directly with the order and number of
lines pér4unit.width. A more commonly used quantity is the linear .
dispersion (often éélled the plate factor) which is given by the

expression
A cos B
n.r.N

where T = radius of concave grating.

26

and is commonly expressed in A/mm. The lower the plate factor,

the better the resolution.

If the spectrum is recorded normal to the grating i.e.COS‘3 =1

the wavelength is a linear function of the angle of emergence and
the dispersion is constant. For practical reasonsy it is usually
necessary to record the spectrum slightiy off normal incidence and:
as a résulf, the'dispefsion is not strictly linear and higher orderr

correction terms are necessary to obtain accurate wavelength meas-

26

surements.

A

The resolving powér of- a plane grating, R = - ,and using the

d

conventional Rayleigh criterion
v ..?\_ :=n.N
dA
It is thus independeént of the wavelength,orispacing of the lines in
the grating, but iﬁcreases with increasing order number. Using a
modified Rayleigh criterion it is also possible to use the same

expression to describe the resolution of a concave grating provided

the width W of the grating illuminated is less than (or equal to)

68

%2%%- , where Wopt. is the optimum width of the grating and &aries
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with(land).. Typical values for Wopt. are listed in the book by
26 '

Samson.

The fact that the incident.radiation is diffréctea'into a variety
of orders produ;es a subéfantiallreductidﬁ in‘inténsity in the parti-
scular érdér in which the spectrum is recorde&. To overcome this,
the grating is usually ruled so that-tﬁe confours of the grooveé con-
scentrate the diffracted ligﬂt into a definite direction. This
technique is called "blazing," and the anglé © which the groove makes
with the vertical is known as the blaze angle as shown iﬁ the.cross—

:section of a grating below.

e

A

The grating may be mounted in a variety of ways. However

Rowland showed that for a concave grating, the locﬁs of the points
at which the slit and its image in a horizontal plane are in focus,
lie oﬂ a circle corresponding to the radius of the grating. This
circle, calléd the Rowland circle, forms the basis of the Eagle and
Paschen-Runge mounts as shown in Fig. 3. The detailé of these and
other mountings, some of which are not based on the Rowland circle,
;re discussed fully in Chapter 3 of Samson's book.

The light sources used in vacuum Uwv.,studies can generally be
divided-into two types i.e.

| a) Continuum sources, and
b) Line sources.

-The continuum sources are used to provide information on the
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absorption at all wavelengths but are usually not as intense as the
line sources. Thé continug_produced in high pressﬁre discharges of.
ﬁg "and the inert gases are commonl& used. These d1scharges can be
sustained either by a condensed high- voltage repetitive spark or by
microwave excitation; although’ the intensity of the continua produced
in the latter case is less intensé§9 o Hoﬁevef the ease of con-
:struction and long life time of the'sourcgs employed makes the
electrode—lesé microwave technique particularly appealing and by em-
:ploying longer exposure times, ‘the reduced intensity factor is‘nof

prohibitive.

The useful ranges of the various continuavare_listed below:—-

Gas Useful range (K)

H, 1700 - 5000

Xe - ' 1480 - 2000

Kr- © 1250 - 1800

Ar 1050 - 1550

Ne 750 = 1000 -
He 580 - 1100

and by using a suitable combinﬁtion_of_lamps it is possible to cover
the whole of the ultraviolet region up to 600 K.

Another commonly employed source is thained froﬁ the Lymaﬁ
flash tube in which the energy of a caﬁacitor bank of severa]LLFis
discha;ged at 15 - 25kV through a low pressure gas contained in a
glass capillary tube?0 Irrespective of the nature of the gas, the
Lyman contlnuum extends from thevisible to about 900 A the actual
limit dependlng only on the cap1lléry diameter and current densities
used. The fact that such discharges are 'disruptive,' with the

main d1scharge taking place in eroded wall material also leads to

.several problems, including a short useful 11fet1me and an
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embarrgssment of absorption lines. Despite this, these ﬁubes.stilli
-retain considerable appéal and the éo—axial flash tube‘configuration
-is commonly employed in situations requiring higﬁ intépsity éoprées.

over a relativély short period e.g. in flash phofolysis experiments.

Again more-details are to be found in Samson's book.

The most popular-method of recordiné.vac.ucv.sPectra is still
the photographic plate. AnAaitérnative to the Schuman pléte, with
its almost-gelétine free base, is to coat the emulsion with a
fluorescent substancé e.g. sodium salicylate, which converts the
radiatioh'to light of longer wavelength. In this way thé extreme
sensitivity of the~Schumap plate to abrasion can be avoided although
fwith-a very slight loss in resolution?1 For accurate measurement,
glass plates are used in preference to cellulose strips. There
have been many attempts to obtain spectra in a more direct fashibn
using techniques such as photoelectric emission, photionization of
gaées and solid state photoﬁiodes?6 + For absolute intensity meas-

turements such methods are essential.
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d). Interpretation of results.

Having thus obtained and_measured.the_spectrum, the next'pnoblem
is the_challenge of analysing the bands observed in terms of the
-electronic structnre ofvthe'molecule.' The details of how this has
been performed for the CSey, 0CSe and SCSe systems are .given in
Chapter 3. - However it will be useful nt tnis stage to set up the
necessary framework, emphasising only the broader aspects of the inter-
:pretation of molecular electronic spectra.

In many cases, it has been possible to unravel the complexity of
molecular electronic spectra by using concepts derived from atomic
spectroscopy?Q However in tne molecular‘situation-there exists the
possibility of transitions which are withont parallel in the atomic
case, Thus it is convenient to classify the observed bands into two’
distinet classes.

i) intra valency transitions
and ii)  extra valency transitions. )

The difference between these is based on the assumption that the
intra valency transitions take place‘within'the nuclear framework,
whereas the extra valency transitions take place between orbitals
whose dimensions are so munh‘gréater than thoseof'the nnclear frnme—
twork that it may be approximated to a point. In this way we may ex-
tpect to find strong parallels between the extra valency transitions
and those observed in atomic spectra. The intra vélency transitions
on the other hand will follow a wholly different pattern and have no
analogue in atomlc spectra.

In some ways it is fortunate that the different types of transi-

ttion are to be found in the different energy regions of the spectrum.
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Thus it is COmmdn to find that the visiblq and.near.uJﬁg spectra
(i.e. up to approximatel& QOOOR) coﬁsisf mainly of intra wvalence
. transitions, whereas the vacuum (far) u.v. specfrﬁm lafgely consists
of extra valenci tfansitions. .- Inevitably this "rule of thumb" does
not hold for all systems and the distinction Between these different
class of transition is often, in itself, not particulary clear
espécially.iﬁ the 45,000 - 66,000 em™1 region?4

As the vac. u.v. specfra presented in Chapter 3 are dominated by
the extra valency transitions it is appropriate to begin with them.
A uséful wéy of thinking about the states formed by such éxcitatibn
is to consider them as a molecular ion, called the core, to which
is added an electron,.in one of the spacially large orbitals formed
from those atomic orbitals of larger n, than were fequiredlto form
the filled valence shell molecular orbita1s§6

In this way the similarities between the results of vacuum u.v.
and p.e..spectra are easily recognised. If the electron is suf-
sficiently far away from the nucleus, the core wili approximate to
a unit positive change and so the energiesbof the various transitions
shoul& resemble those of atomic hydrogen, the.frequencies V of which,
‘are given by the expression

hV = 1 - %%2

where I series limit
R = Rydberg const. (109737 cm™)
n=1, 2, 3 ... -

Thg-éarliest attempt.to use such an eqﬁation to anélyée multi-
eleétron_systems, was in the case of the alkali metal spectra?
Here it was expected that a similar system to hydrogen, with the

optically excited electron in an orbit at a large distance from the
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core, would exist. "How‘ever, attempts to fit the wave numbers of
the observed lines to the hydrogen atom formula were only success-
" ¢ful when non i'ntegral values of n were used.

Thus the equation had to be modified to

hy = 1 - o

where the various symbols have their previous measuring and

n, = (N-38).

n is again an integer and [0 called the quantum defect, allows for
the interaction of the Rydberg electron and the core. .In this way
it was possible to ax‘lalyse' the spectra into four éeries each char-
,tacterised by a different'value of § depending on the angular
momentum 1 of the electron and thus identified with transitions to
the different s,p,d and f Rydberg series. .

Comp.afison of the atomic electronic density (47T r2\U2)
for Nat and its 3s, 3p, 3d atomic orbitals shows that the extent of
penetration into the core decreases in the order 3s, 3p, 3d, and
this is exactly the same order as the decrease in quantum defect
values. Thus the effect of penetration is to increase the term
value from its éorr;:sponding value iﬁ the hydrogen atom sysfem to
produce positive valuesof O . Thus in Na, the quantum defect assoc-
tiated with the highly penetrating NSorbitals, b ns =14 ; the
"less penetrating np orbitals have - énp:O.Q -and the almost non
peﬁetrating nd levels have 6ﬂd =0. L

-A's n inc-reases so the fractional part of the orbital involved in
penetrat‘ion};’ill decrease and this is recognised in the Rydberg
formula because as n —> O so (n—S)Q —> nZ.

In addition as it is the quantity (n —S) and not n or 8
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separatelyiwhich is determined experimentally, the-modifieq Rydberg
equation gives a peasoqable fit.
However, t#is does not compiete the story of thé éuantﬁm defect
‘andee need to extend tﬁé theory toAaccaﬁnt forjthe'fact that in Rb,
for exampie, the 4d orbital has a value'aAgd = 1°2, whereas for
Na, 64d = 0. - |
.An explanation for this has been given by Mulliken in his‘con—
tcept of "r»ea'l'precursc}rvs."li These correspond to occupied orbitals
of the same éymmetry but lower n value than the particular orbital

under discussion and only those Rydberg orbitals without real pré—

tcursors in the core have O = 0. ~ Thus in Na, the 3d orbital has no_'

/ real precursor, but acts as such for the 4d series in K, Rb Cs, to
make them more penetrating.

In this way the observed trends invﬁ may be explainéd. Rydberg )
orbitals can also have "virtual precursors" e.g. in the éase of the
6s orbital of Na, the 1s and 2s are the real precursors and the
38, 4s and 5s are the virtuai precursors. In thé 'Aufbau' of
Rydberg orbitals each is built upon the.framework of the preceding
one ;nd so the degree of penetration of the first member of‘the.
series will be reflected in all the higher energy Rydbefg orbitals
and so lead to 5>0. This "look alike" aspecf of a Rydberg
orbital and its nearest real (ér virtual) precursor is called
"rgcapitulation." - .

-To . varying degrees'these concepts.dérived from étémic sbectra

will carry over into the iéterprétation‘of molecular spectra. How-
tever it'is-worth emphasising that we-now have a useful criterion

for establishing whether a particular molecular transition is of
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Rydbefg character or not. 'Thué Rydberg transitions are not only
characterisé& by their absorption freguency'v', but also by their
' terﬁ value T = I - hv.i(;B: 8)2’ so that inéreasiﬁg n by unity leads
to the next member of the series. In the case of'infer-valehce
shell transitions increasing ﬁ by oﬁe does not give the next level
because such transitions do not occurAin series.

'In addition, it is usual to find that the Rydberg tr;nsitions
in molecules resemble those of atoms in their sharpness. Inter-
valence bands, on thé other hand, are often broad, and wﬁen resolved,
show Extensive vibronic structure.l This may bé readily expiajned én
the basis of the changes in potential su?facesuon excitation used |
previously to accquﬁt_for the shapes of the band envelépes obtained
in photoelectron-spectra?8 Thus as Rydberg orbitals are esSentially
non-bonding, transitions to them from bonding molecular orbitals are
narrower than transitions to anti-bond?ng levels. The sharpesf
transitions of all will be from occupied non-bonding levels e.g.
lone pair levels to-the non-bonding Rydberg levels.

As the inter falence transitions mainiy occur between bonding
: (or‘non—bondiﬁg) levels and unoccupied anti-bonding levels we would
expect them to éhow considerable structure. However, the fact
should be recognised that not all Rydg;rg transitions will be sharp
and in cases where the upperﬁost occupied 1eveis are strongl& bond-
ting %his is unlikely to.be the case. The éhort lifetimes .of the
st;tesrprodubedfon'excitatioﬁ frpm strongly bondiné lc§éls may als&
contributg to the diffﬁseness'of fﬁe band shapes7§

In a linear molecule the axial (rather than central) field of

the core splits the terms of given n and 1 into (1 + 1) components,
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according to the value of 7\ , which is thleAcomponent .'of l along the

-molecular axis." Thus each of .the Rydberg orbltals may be character-

- tised by the quantum numbers (n, 1, })) and the mod1f1ed many electron

'Ry_dberg equat1on,' when ap_phed to linear ‘molecules should be written
66 | |

as

T =1p—- R __
=8

T = Term value.

The derivation of mclecular Rydberg levels from their atomic
'_connterparts-is shown in Fig. 4, where it has been assumed that the
‘spacing bctneen the‘different'h ccmponents (core snlitting) decrcascé o

lwith increasing n. Thus. at hlgh n values we are‘not able to dis-
/:tinguish Between the Po and P 4r levels and only one statc cnlled
the 'p ccmplexl is observed. A similar situation will apply to the
d and f levels.

‘The spacing between the different n and 1 terms alsc decreases
with increasing value of n and when tne Al splitting approaches
that of An spllttlng, there is strong m1x1ng of the dlfferent
(n, 1 )) levels and n and 1 are no longer useful quantum numbers.

It is common to assume that Xl) remains constant, but in fact
Vit changes slcwly along the series. A more accufate-cxpression
is the Rydberg-Ritz formula in which

-2 n*: effective principal
p (ﬁ? : quantum number

bin = Ay -
S is plotted against’ (n*) 2 to determ1ne X arﬂ{g
In most molecules, the ground state is usually closed shell
and the Rydberg core open shell. - Thus although penetration is
still th‘e nrime vcause of deviation frcm the hydrcgenic term 'valnes

and 't‘he values of Sns, Snp, Snd follow similar patterns as before,

there is also the possibility that quantum mechanical exchange will
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-be-ihvolved. However, fhe exchange energy depends on the exﬁent'of
the>Rydberg to core overlap and so will be significant at low n and ‘
- when thefe are no réal ﬁrecursors in the core. |

The pfecursor conbepf.is also 6f less use in‘thé molecular
case_especialiy when the'symm;try is low;' As alrésult of ﬁhere
>being many more Rydberg‘orbitals hafing the same symmetry as one of
the core orbitals, a non—penetrating brbital on oné cehtre-may |
penetrate andther,via two centre oVerlap)such that most Rydberg
orbitals of low n héve some penetration into the core. This will
causé the lower members of the sefies to deviaté from the térm
valuesvpredicted using the average quantum defect of the ser_ies.54

The requirement that the Rydberg orbitals are orthogonal to
the core and to each other still remains valid in the molecular sit-
tuation, and in faét'can be responsible for spreading the Rydberg
~orbital to centres where the original core precursor has no density.
In this way the recapitulation pfopérfies of the Rydberg wave
function will be modified.

In the molecular case the choice of n is sdmetimes ambiguous.
Some prefer to use.the united atom states?s whereas others use the
major atomic orbital component in a LCAO descfiptibﬁ at the inter-
nuclear distance.

In the case of diatomics (and linear triatomics) it would
appe;f that this 1atter1classificationiis to bevpreferred.-

Aﬁ inferésting feature>as$ociated with Rydbérg_ffansitions
in a'séries of molécuies containiﬁg elements from the same coluﬁﬁ
in the pefiodic table e.g. the HopX series where X = 0, S, Se, Te,
is that the term values remain fairly constant on going down the

80 .
series. - 1In fact there is a slight drop.. The term value is de-

:pendent on the expression 1/U1f_8)—2 and as n increases by unity
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at each step downwards but Siincreases by almost the same amount,the
quantity (n -8) remains nearly constant.
This near constancy in term values can readily be appreciated

from the fact fhat the ébrresponding orbitals in successive atoms

are usually at least the same size and in many cases almost identi-

tcal except for the innermost node. - The close similarity of the
. : . 81
S 38 and Se 4s orbitals shown in the paper by Adams is a con--

:vincing example of this effect.

Thus far we have presented a very encouraging picture of how
tﬁe'Rydbefg states in molecules can readily be derived ffom their
atomic counterparts and the spectra obtained so analysed. In
reality, the situation inevitably tends to be much more complex -
and there are many reasons for the difficulties encountered in the
analysis of molecular electronic spéctra.

' One of the most common is a result of the influence of inter-
valence transitions which Sccur at similar energies to the Rydberg
states and interact strongly with them e.g. NO. 'Furthermore a
Rydbefg orbital may possess a valence shell virtual orbital precur-

:sor of the same symmetry and such pairs of orbitals are called

"Rydberg ~ valence shell conjugates."

'higher frequency part of the band close to the dlss001at10n limit,

The distinction between such levels is frequently unclear and
the Rydberg state may merge into the valence shell state at the
54
Such conJugate bands usually possess anomalously high 1nten51tles
but usually only the lowest member of the Rydberg series will possess
a conjugate valence shell partner.

As a result of this and other reasons, the first member of a -
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series may deviate significantly from the expected Rydberg formula
position,aﬁd tﬁe nature of the uppermost state is then invdoubt.

.vIn such cases the effect of the presence of a sépond "trans—
:parent" gas é.g. He at high pfessure,‘dn the vﬁcﬁnh u.v. spectrum
of the species under‘inveétigétion, cau_be Qost ﬁsefu1?2 The
_ Rydberg states, which involve the excitation of an electron into é
large diameter orbit,'are considerably more susceptible to
pertufbation by the hjgﬁ pressure gas than are the inter-valence
excitations in which the transition is largely confined to the
infernuciear framework. Thus the Rydberg states often'show
‘assymetric pressure broadening as well as shifts to higher fre-
quencies. The interavaleﬁce transitions remain unaffected by
pressures of perturber gases up to at least 150 atm.

The effect of recording vacuum ﬁ.v.'spectra in condensed phases"

e.g. in matrices or in solution, is in many ways similaf, but
usualiy more extreme in its effect, ‘Thus in organic glasses, the
Rydberg transitions. are usually "washed oui* and> the inter-

valence bands shifted to lower frequencies.
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CORRELATION BETWEEN VACUUM ULTRAVIOLET SPECTRA AND PHOTO-
ELECTRON SPECTRA. o '

Desﬁite the quite distinct differences in.tebhniéues involved
and the iptefpre%ation of the specifa so produced, thére is really
a very strong link between the results .of photoelectron and vacuum
ultraviolet spectroscopy. The informatign obtained ﬁsing both can,
in favéurabie cases, enable a very detailed picture of the various
excited and ionic states of the system to be obtained. This in-
:formation is largely complementary and where there is overlap,

e.g. in the ionisation potentials obtained; the corroboration of
the series limits estimated from the vacuum u.v. spectra by tﬁose
obtained directly from p.e. spectra, is welcome proof of the
essential correctness of the vacuum d.v.'analyses.

In addition, knowledge of the first-IP from p.e. data éan be
of particular value in.the éalculation of term values and hence the
quantum defects,‘of.the bands observed in the optical spectrum.

The syétematic nature of the series thus obtained can be used to
produce tenfative assignments and by the use of iterative procedures,
successive refinements of tbe_series and its limits can thus be ob-
:tained.. Even in those cases where extended Rydberg series afe
confidently assigned so that a value for the IP of considerably
greater accuracy than is ever possible by p.e. sbeétfoscopy,.iS-ob—
:tained; - p.e. spectroscopy is still of great valué in providing
reliable values for the higher energy IPs.

~ Since ali the members of é‘ﬁydberg.series result from transi-
:tions between one particular molecular orbital and successively high-
ter energy orbitals'approaching‘the IP; it'is not only possible ta

- use p.e. spectroscopy to examine the nature of the Rydberg core at



36.

the series limit, but also, by assuming Koopmans' Theorem, to identi-
:fy the originating molecular orbital.

This relatlonshlp between photoelectron spectroscopy and optical
spectroscopy can also be 1nverted and it has been poss1b1e to deduce
the ordering of the orbital levels in the photoelectron spectrum from
the optical spectrum and a knowledge of the'orbitallsymmetries as
implied bp'the term values? | |

As noted previously, high resolution photoelectron spectra can
often reveal fine structure and in many cases the changes in geometry
respon31ble for the vibronic pattern in the optlcal spectrum 1s
closely matched by that observed in the photoelectron spectrum.

Thus prior knoWledge of the vibrational'intervals and Franck Condon
factors for the first band in the photoelectron spectrum can be
invaluable in helping to identify the Rydberg origins in optical
}spectra showing exten51ve vibrational progressions. Likewise, it
.is also possible to use the much higner resolution of the electronic
~spectrum to help unravel the vibronic structure in a poorly resolved
photoelectron band envelope?5

In addition to vibrational structure, the high resolution
photoelectiron spectrum can also give reliable estimates of the spin
orbit splitting produced on ionisation from orbitally degenerate
states. This is often similar enough in energy to that between
corresponding Rydberg series to be of considerable assistance in the
interpretation_of thevoptical spectrum. . | |

Thus in a system such as carbonyl selenide ijp wnich the bands
of overlapping Rydberg series exhibit an extremely complex structure
involving spin orbit splitting and progressions and sequences in

" both stretching modes, it would have been a considerably more
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difficult task to assign the spectrum, had the photoeiectron_spectrum
not been available. |

: It_is the ready avéilabilit& of  such informatioﬁ as the photb—
electron spectrum provi.d(;s vhich will stimuia‘tﬂe renewed interest in
the high resolution spectra of complex molecules and cpntribﬁte much

to the expansion of this field in the near future;‘
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THE PHOTOELECTRON SPECTRA OF CSe,, SCSe and 0CSe.
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1.  INTRODUCTION.

In this, and subsequent chapters we will examlne.the electronic
structures of the trlatomlc molecules, CSe2, SCSe, and OCSef 23 as
_revealed by photoelectron and absorption spectroscopy in the vacuum
ultra-violet. 49,6 Unlike the 11ghter»members of the series to whlch'
they belong, i.e. CO2, OCS and CSQZ‘the extent_of the spectroscopic
information available for the Se containing species is extremely
:limited. The reasons for.this are not too difficult to find. Theé

8
i -compounds are not generally available commercially and thus must be

syntheéise&. This can only be achiévéd in’disappqintiﬁgly low yields
and details of the synthetic routés employed.are given in the Appendix,
In common with most other volatile Se containing compounds} they
possess éxtremely.unpleas;nf smells even in low coﬁcentrations, - the

stench of CSe, being particularly memorable!  All the compounds are

readily decomposed by heat and light; 0CSe, the leasf stéble, is also
sensitive to water. All these factors, combined with the difficulty in
obtaining pufe samples, especial}y true in the case of CSe2, conspire

to make these compounds unattractive to spectroscopists.

However, these debit factors must be weighed against several
others.. The trends‘bbserved in the spectra of the CO,, COS, and'CSQ
series can be much'more cleafly seen when the serieé is extended to
include the Se containing analogues. In addition, the sﬁectra contain
several interesting featufes, largely connected with the. presence of

 the Selenium. Also they are particularly sulted for study in the

vacuum ultra—violet because, unlike their oxygen and sulphur analogues,li
they all have I.P.s which lie below the LiF cutoff (110 n.m.), making
it_poséible‘to observe fhe excited s£ates of the molecule to the
ionisation limit.

Thus, all the molecules in the Xy, CXY (X,Y = 0,S,Se) series
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series are of considerable interest to spectroscopists.  Much of

this interest derives from the fact that the spectra of triatomic

. - , o 10 .
 species provide a bridge between the spectra of atoms (and diatomic
' 11 . 12
_spe01es) and those of more complex polyatomic molecules.. In

addition, as the triatomic spécies‘to be discussed here are all linear
both in their ground and many of their higher electronically excited »
-and ionic states, they may readily be compared with diatomic molecules,

vhich are necessarily linear in all states.
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2)  RESULTS. _

| The He(I)-photoelectron spectra Qf thé molecuies CSeé, SCSe, and
OCSe are shown in Figﬁres‘i,.Q, and'3,'with the results and‘assignments
.0f the valence ionisation bénds given intTable 1. A aiscussion of the
weaker features observed in the spectra of these and other related
molecﬁles, will be deferred until the nexi chapter. Also included

for the séke of‘combleteness'and to facilitate comparison,‘the speétfa :
of CO,, 082 and OCS'adapfed from Referencg 7} are shown in Figure_& and

the results given in Table 2. All the spectra show four main bands

in the region up to 21 e.V.

3) INTERPRETATION and DISCUSSION.

a) First band |

The first band in both CSe2 and SCSe cénsists of tyo intense
well resolved (000) peaks. The splitting of the band is attributed
’to the fact that the arbitélly degenerate states of linear ions, e.g.
2“, 2A ’ QQ , divide into two components with different values 6fQ)
(f? =/\i S), These components should be of equal intensity, with the
component of higherSQ occurring at lower energy}l1 Thus, the first
two peaks obéerved in the spectrum derive froﬁ the X2r1gg and
X2r]%g states of the molecular ion. In.CSe2 like CS2, the two peaks
are of equal intensity, with no vibrationally exéitéd states obvious,
~implying that the 1Tl g level is essentially non-bonding. ~ However,
in-SQSe'the XQF]% component appears t6 be'slighily more intense thanv

the Xgrié component. The reason for this is that the (100) peak of
2

2 .
the X []3 state underlies the (000) peak of the XQF]% state, giving

2
an enhanced overall intensity to the second band. The (100) peak of

2 ' :
the X“[]1 state is clearly resolved and occurs at approximately
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| 1280 cijabové the (000) band. The cqrrésponding fyequency>in SCSe is
1435 cm.:1 and the small_reductiop in frequency and low inteﬁsity
(low Franck—Condon}factors) of the vibrational peaks, implies that -
the uppermost level in.SCSe,‘2TE has only a-slightly bonding charactiz
and, as expected, clésely resémbles the uppgrmost level in C82 and CSe2.
In analysing the vibrational pfdgiessions~dbs¢rved in photoelectron
spectré, a useful aid to éssignment are the vibrational selection rules
for all electronic transitions including ionisation.  These are based
on the Born—Oppenheimer approximation and the application of the
Franék Condon principle which assumes that the brobability of a- 2
Xyl Xy

where )(v,and )(Vg are the vibrational wavefunctions in the upper and

particular vibrational transition is given by the factor

lower state§ between which the transition takes place.

In addition, the direct product of the representations to which
A XV/ & XV/, belong, must be (or contain) the totally symmetric
representation of the point group of the molecule and the ion.14

16

Thus the selection rules may be expressed as

i) any number of quanta of a vibrational mode symmetric to
a symmetry species is allowed, and

ii) only zero or an even number of quanta of a vibrational mode
antisymmetric to a symmetry species is allowed.

Applying these rules to the sysgems under discussion we find
that for CX, species only V4 is allowed in single quanta, withVo
and,V3 appearing in double quanta. However for CXY species both
Vq andV3 can appear in single quanta, with Vo sfil; éppearing in
double quanta. In addition; théée doubie quantal excitations are
expected to be very weak.

Even for triatomic systems (which possess only three fundamental
~ vibrational modes) it is often not sufficient to compare the vibra-

:tional frequencies between the ion and molecule to make the appropriate



'ion; V1 increases in value from 2020 cm“1 in the molepule to 2100 cm

49.

V4

S v : . ' 4 . ~
assignment. For example in CSe2 with values of \ 1 and V

2

.of 368 and 308 cu_l--1 it would have been impossible to assign the

observed ionic frequency of 330 cmﬁi-(seen in fhe nex£ band) tO\/;
were it nbt for the fact‘that_weAknow from the-Vibrétional selection
rules above that \4 é- cannot appear in single quanta.

The first bandiin the OCSe,Figﬁres 3 and 5,is different from the
corresponding band in C32 and CSe2 as it clearly involveé many
vibrationally excited states of the ion. ~ In part, the apparent
complexity of the band deriﬁes from overlap_of the  vibrational
components of the Xgr]%_state with thosé.of the X2[1% state. ; This
égain is reflected in the aﬁpafently enhanced intensity.bf the.XQF]%
cbmponént. However the pattern of #ibrationallyvexcited states of
the Xgr]%.state-can readily be analyéed in terms of progressions
invelving both V4 and V

9a 3

-1 . : - :
642 cm in the neutral molecule to approximately 500 cm 1 in the

The‘vj vibration is reducéd from

1
in fhe ion.

Thus we have a situation in thch one frequency goes up .and the
other goes down in energy;. This apparent contradiction of the simple
rules about bonding and agtibOnding character as deduced from the
chénge in vibrational frequencies should be seen for the over-
simplification yhich it rqpresents in polyétomic species. In the
present example,'the frequencieétnl, and(u3.possess the same symmetry

Z:f and so may interact. The extent of this coupling will determine
the final values of V; and Vs observed in both the molecule and the
ion. Thﬁs:it would appear that the coupling in the ion is even

s /
greater than in the neutral molecule and so the Vl' an_d.V3 are pushed

_ even further apart. The net result is that one frequency goes up,
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Detail of the first band of 0CSe.
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the ofher down, when compared with neutral molecule values.
~ An identical set of vibrational progfessions iilV; and\/3 exists
for the X rlz state, but except for the flrst three members of the
(OOn) serles, these overlap with and are not resolved from the X r]l
state vibrational progressions.

i) Spin orbit coupllng in the flrst band.

Analysed in thls way the energy between the X r]3 and X f]l
 components, (the spin orbit coupling), is 10.57 - 10. 37 = 0. 20 e. V
:,(1610 cm.?) The corresponding values for CSe2 and CSSe are 0.26 e.V
and 0.18 é?v; respectively. At firstAsight,'it mayAappear strange that
the spin orbit spiitting in 0CSe is larger than that in SCSe.
However, it is obvious, both on comparing the energy and spin orbit
splitting of tﬁese bands with those of the corresponding bands in.the’
sulphur and oxygen analogues, that the highest occupied level in the
Selenium containiﬁg speciee, 1TTg (or 2T0), is 1arge1y derived from
Se 4pyp orbitals. Thus from qualifative energy and size considera-
:tions, the possible contribution from 02th to this?}evel in 0CSe
would be expected to be less than that of S 3prpy in SCSe. As a
result we observe that the spin orbit couﬁling in OCSe+ is greater
than in SCSet i:e. it is ﬁearef to the value of CSeS.

It is possible, and also instructive, to discuss this not only
in a qualltatlve manner, but also in a quantltlve fashlon17 It is
known that the energies of the spin orbit components are given by
the expression:—"

. E =Egtens — (1)

and for a [] etate.([\= 1), the spacing of the comfonents is equal

2 2 '
t0 €. In the “[] and @ states of a linear ion the magnitude of

the splitting depends on the proportions of the different orbitals
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mak1ng up the molecular orbltal (Y = ZC]J &p )

_1.e. | g_ ;';CEL gu — (2]

For the systems under d1scuss1on, the electrons of the 27T
orbital are 1arge1y located on the outeriatoms and so the spin orbit
spllttlng of the 2[1 stetes shbuld be“apprexihately equal to the
atomlc spllttlng parameter for the outer atoms g, . Thus taking the
observed spin orbit sp11tt1ng values in 002, CS, and CSe2, gives
g%%? -020 e V., g“;=j0,054 e.V. and-gdgf 0.26 e.V.,‘whi;h compare
favourably with the values obtained from atomic spectraf However
thefe is a small difference, e.g. the atomic spin orbit splitting in
‘ S; 3823p4 (3F>) is 382.cm—%, which is siightly smailer than the value
/ef 436 em_1 derived from the Cs; spectrum.  This discrepancy may be
accounted for by the modification of the Tl g orbitals which occurs on
ionisation. Thus we should really'combare fhe spin orbit value
obtained f§gm 082 with that of S, whlch has been estimated to be

452 cm 1, and in vhich case the correlation is much better. A

similar, but larger difference in € values betweéﬁ Se and CSeg exists
(+21 e.V. and - 26 e.V. respectively) for the same reasons.

i However using the g values derived above and the observed spin
orbit splitting in OCSe and S¢Se we may write, using equation (2).

—_ 2 7
€= C.S.tcg S,
g = ciGrchs,

N

.02 ¢ +.26C2 =.20
.054¢c, + 26¢g =.18

‘ 2 2 2
and solving these equations for Co , Cs , Cde and Cse . using the -

: L2 2 Ce .
normalisatibn equation Cx + Cy =1 (X, y = 0,8,Se) to produce

a pair of simultaneous equatlons in each case, we obtain the results

o3 = 2h80, T 708,
g =388, _ .62‘3&4” _

SCSe
Thus it 1s the substantially higher contr1but10n of SBth (w1th 1ts
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fairly smallg'vgluc) to‘theIQTEievel in SCSe'compafed wifh the
corresponqingly lower contribution of 02'1,,; to the 2Tllevel in 0CSe,
.which-regults in the larger spin orbit spiitting observed in the -
latter. | .

It is also instructive to perform an identical analysis on the

spin orbit splitting in ocst in which qaée we find
| 80cs 5026902, + 0.748s3ps

The sz and Cy”~ values are very close to those found for QCSe and
reflect the fact that_the differences befween SBPn and Se 4p“_are much
smaller than the corresponding differences between 02pTT and S3pn

It is the information which the p.e. spectra 6f CSéQ and 0CSe
‘give about the I.P.s, vibrational structure and spin orbit coupling
of this uppermost 2[j-state which are in%aluable in the aséignment of
the vacuum ultra-violet spectfa éf these molecules. We sﬁall return
to this in Chapter 3, where we shall see in detail how the overall band
contour of the 2r]state is refleéted time after time in the successive
Rydberg states leading to.thp Xgr]ionisation limit.

b) Second band. |

The second band in both CSe2 and SCSe is comparatively broad
witﬁ an overall width of approximately 0.6 e,V.vand consists of a
regular resolvable vibrational progression extending up toi): 8 or 9.
In CSeE the observed frequency is 330 cm—1 and as discussed previouslyb
may be assigned to V; and should be compared withﬁVi’ in CSe2 of
368 cm_l, Likéwise in SCSe+, the observed frequency'Vj, is reduced
ffom'aAgrognd state value of 506 cm_l-to"425 qﬁ—l in the ion. The
extenf of the band envelope, and the reduction in frequency occurring
in thelion, both indicate that there is a substantial bonding
character to this level.

| The second band in OCSe is again clearly different both in -

energy and band contour from the corresponding bands in CS2 and CSe2.
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There are (at least) 14 resolvable peaks extending from aﬁ adiabatic
I.P. of 14.62 e.V. for about 1 e.V., before breaking off into the third
band, Figure 6. The spécing of the prbgressioné, (approximately
0.075 e.V.) ié not strictly regular, and by analogy to the analysis
of a-simiiar band in OCS, may be interpfetéd as involving both

S/

\Wj and V{l modes in progressions of the type (n00), no1), (n02).

There can be little doubt that the second ‘band in CSe2 and SCSe
.'correlates with the second band observed in the spectrum of CSo.

| 2

-largely on the basis of the fact that the ZZU >( [19()

. + 1
transition for 082 ? is 1dentlca1 in energy to the dlfference‘

between the first and third I.P.s of CS the second band of CS has

2?7 ¥ 2
been assigned to 1onlsat10n from the r]u state. Also, emission
20
studies of theA rl -—)X ﬂ transition of CO ‘and the
2 2 21
r] — X [1() tran51t10n CcoS confirm that the second band in

the spectrum of these molecules arises ‘from 1onlsat10n of the second
TC level. Thus,.there would appeér to be no good reason to doubt
that the spcbnd band in the.spectra of CSey, SCSe and 0CSe also
arises from ionisation of the 1T£U(or 1TC ) level. |

In contrast to the previous Ttgﬂcvel, this orbital is delocalised
over the whole molecule, with greatest density at the central carbon
atom. Thus, we would expect the spin orbit splitting of the peéks

to be small and to be comparable to that of atomic carbon. In
14

2 (A [1 ) the- spllttlng has been observed to be 0.0118 e.V. and
although it may be expected to increase on going down the series,
because of the small contributions from the terminal atoms it remains

too small to be seen under the: normal conditions of resolution in

photoelectron spectroscopy.
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c) ‘Third and fourth valence bands.

The third valence ionisation band, the strongest in all the spectra,
can be clearly seen to consist of an intense_(OOO) peak in all cases.

" The associated vibrational structure is weak. .In CSé2 the (100)

band is aj“appfoximately 300"(A:m-1 higher energx(compare Vf(x 12:5)'

= 3680m—1 aﬁd V1,A2ﬂu :3300111;1) | v

and in SCSe the (001) band is at approximately 486 cm—% above (OOO),
(compare Vg (X?ZJ’)-‘; 506cm™ T ; V?/)(Azﬂ) = o5em~l)

The identification of the vibrational features of this band in OCSe

Ais: more problematical as a consequence of the overlap with the previous
band, but a weak feafure at approximately 1850 qul higher energy may be
gssigned'to the (100) band.

| The fourth valence ionisation appears much less intense and the
- possible causes of this are discugsed later. In CSe2 fhe_band consists
entirely of a sharp (000) component with no vibrational features
apparent. In SCSe a weak (001) band is observed at approximately

430 cm.1 to higher energy than the (000) peak. Again the correspondiﬁg
band in 0CSe is different, clearly showing resolved vibrational pro-

:gressions in V4 andV3 with frequencies of 2080 and 640 em~t

respectivély vhich are very close to their electronic ground'state
values. |
In all the molecules under discussion, the third and fqurth bands
.may be attributed to ionisation from the valence levelsC;u and Og
derivgd from atomic Py and S levels. Desp}te tﬁeir sharpﬁess and
generalAlack of extensive vibrational features, their contribution to
-the bonding (especially the Cu level) may be greater than the simple
application of these criteria usually imply. - This may be explained

as a result of the shortening of the bond lengths caused by the higher

energy Tt>bohds, leading to an effective cancellation of the +ve and
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-ve overlap. This makes the orbital'appear."non-bonding" at the

internuclear distance, when the criteria used to establish this, are

_the change in bond léngth and curvature of the base of the boténtial

energy curve. However, if the,contribgﬁion tO‘the_boﬁd.dissociation

energy i.e. the depth of the potential well, 'is considered instead,
then as the bond length increases, as on dissociation, the effective
cancellation of +ve and —ve overlap no longer applies, and so the

14

orbital will show considerable bonding power. However an alternative

explanation of this phenomenon is that it occurs as a result of mixing

of these(Ulevels with higher binding energy(C levels. These have been
observed in the Xray photoelectron spectrum and a}e of the appropriate
symmetry to mix with the 6 levels under discussion. »If.strong mixing
occurs then the extent of b§nding (and anti—boﬁding) character which

these levels would exhibit would be reduced and could give the appear-

sance of non-bonding character.

d) Correlation of electronic energy levels in linear triatomic
. systems.

Thus Qe'have seen how the four bands in each of the spectra may
be explained as due to ionisafion from the uppermost valence levels,
which in-ord'er of iﬁcreasing I.P. are.2'ﬂ.')1 Tt,46)3 o.

To emphasise the trends in orbital character and the trends in their

energies, a correlation diagram of the observed ionic states of COy

 through to CSey, is presented in Figure 7. The information which it

coﬁtgins is largely selfaexplanatory, with the.effect:ofhsubstitution
of S by Se,'having much less effect than that of 0 by S, clearly
apparent. Also included, for comparison, are the known ionic state
energies of other linear triatomic moiecules containing 16 vélence

. : 7,22,23
level electrons., Several features are worthy of comment., ’
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bnly in the mercuric halides is the ordering of the orbital-enérgies
" the same as in the CXé’CXY (x,Y = 0,S,Se) syétems. In the XCN
(X =‘O, Bf; I) and N0 molecules, the 4C51evei iévhigher than the 1T
level. This change 1is iil#stiétedAin the molecﬁiar‘orbital energy
diagrams shown in Figure 8. ‘These diagrams.have been constructed
from the known orbital energies of CO, CS»and Né as dgtermined by p.e.
spectroscopy7,24 and the atomic energy levels of O,N,Se, detérmined
from optical spectra%8 - In them we can see the composition of the
triatomic molecular orbitals in terms of the corresponding orbital
energies of their atomic and diatomic components. ‘Iq parficuiar,
we can see that the O(u) level in the ABC systems is formed
interaction of theO(g) level in AB with the Ps levels of C. In
002 and CSQ, thesg levels are sufficiently similar in energy to

interact strongly enough to push the J(u) level below the TU{u)level.

However in N20 the larger difference between theOg level of N2 énd

the 02p¢ level reduces the extent of the interaction between fhem
and so fhe 4(Tlevel‘remains above the 1TU level. However, in the
0CS and OCSe_systems wvhere there is a fairly large energy difference
between the CO 2CY1eveliahd'£he uppermost pQ level of S or Sé, the
molecular 4 O level formed from them 4s only just pushed below the 1TU
level and in fact overlaps with its higher vibrational levels.

1The trends observed in the spin orbit splittings of the QT]
states are also worthy of comment Thus in the HegXo and XCN
(x = C1, Br, I), the spln orbit splltt1ng on the flrst ‘band is largely
derived from the halogen pyg levels and we see a marked increase in
the splitting on goingbdown the series. This effect also occurs

for 81m11ar reasons in the first band of the CXQ;CXY (X Y =0,S Se)

systems._ However for the Hg X2 and CX2, CX\’molecules, the 1Ttu
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level is spread over the molecule with high dgﬁsity at £he.centra1
.atom. . In the’HgXéspectra, th§s results'iﬁ a consi@erabie Spin orbit
_ splitting of the 2f1ﬁ‘1evels, associated with the iérge atémic
“splitting value of mercury, §Hg. ‘By cpntrést,'the g;valug of Carbon,
‘being very much smaller, no splitting is Qbéér&edv in.tﬁe p.e.s of‘the
 A2r]u states of the CX, éystems. Howeve; in'XCNvmoleéules the
BQf]%,g.level contains.sOmeAhalogen pyp character and so the splitting

of the differéntS? levels increases on going down the series.

e) Relativé band intensities between He(I) and He(I1) spectra.

- In connection with studies of the_weak bands;to be.discussed iﬁ
/the.next chapter, the_spectra of-all the CXQ)CXY molecules were
. recorded using_He(II) radiation, and the spectra are shown in Figures 5 to
- 10 of that.chapter.If is interesting to cﬁmpare the £rends observed -
in the relative peak intensities for the different bands in the
spectra obtained with He(I) radiation with those obtainéd using Hé(II)
radiation. v
| Taking the intensity of the ECKu) band as uﬂity, the corresponding .
relative iﬁtensities are given in Table 3. The intensities are
Sumaed over .all the vibrational components, this being especially
important for the 1TU level.

The most striking feature is the marked increase in intensity of

the 170 and 30 bands in all sﬁectra, relative to the 40 bands, on

going from He(I) to He(II). Tn CS, , CSSe and CSe, systems the 1T

2
band dominates the He(II) spectrum. Comparison with the relative
intensities shown in the valence region Xray p.e. spectra (ESCA),

would be useful and'although the spectra have been»pbtained for

002, COS and CSQ, except in the case. of CSo,the 1TL and 4IT levels
: ' 25

are not resolved and so their relative intensities unobtainable.
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. ‘2 L
He (I) © o He(I1)
Molecule 1Tlu 4c(26u) 3s(2sg) 170 (u) 45(26u) 3s(20g)
C02 ' 1.2 1 0.1 - 1.2& 1 0.45
0CS 0.75 1 0.13 2.5 1 1.0
0CSe 0.4 1 0.14 1.7 1 0.9
C82 1.4 1 0.3 4.5 1 0.75
SCSe 1.1 1 0.25 3.0 1 0.55
C882 1.3 1 0.2 2.25 1 0.25
TABLE 3.

Relative photoionisation cross-sections in He(I) and He(II) spectra

of linear triatomic species.
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It should be noted however that the }cylevgllis of ;onsiderable
intensity in the ESCA spectra. | |
The causes of these changes'obserﬁéd on'varying‘the ionising
/source_from He(I) to He(II) and éventually to Mg kaare comple_x?6
Apart from the instrumental féctors associated with the decreased
sensitivity of electrostétic analeefs to .lowver energy electrons,
~which is particularly important in the case of Hé(I) spectra,

27

several other factors have been identified for closed shell species.

For orbitals éomposed from the same set of atomic orbitals, the
relétive cross—section for ionisétion. is~prop6rtional to the nuﬁber
of equivalent electrons available to be ionised. - Thus ionisations
from fully occupied TC levels should bé twice'as,intenée as those
;from 0 levels, and in addition the.intensity of the various O leﬁels
" should bérequal. - However the relative intensities also depend on
the atomic orbitéls from which the m.o's are derived and factors
such as their siie, number of nédes and localisation cah be of
considerable impoftance. Although no hard and fast rules exist,
some helpful generalisations have been made?8 Thus in He(I) spectra
the cross-section for ionisation increases on going down a group,
with a large increase between the first and second rows (e.g. 0 to S).
This trend is partially reversed on ;oing to Hg(II). In addition,
the cross-sections for ionisation of "s" type orbitals decreases
relétive to those of "b" type as the periodic taﬁle is crossed from
left to right. . Thus the ESCA_ results on CO,, obs..ana C8225indicate
that "2s" character is seen rouéﬁly ten times stronger'than "2p'i but
"3s" and "3p" have roughly the same intensify. Therefore the

relative contribution of the different atomic orbitals will contri-

tbute significantly to the observed intensity patterns and the
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~changes in intensity between He(I) and He(II) spectra.
Ab initio calculationsﬂof the relative atomic populétions of the

various molecular orbitals in 002, CS, -and COS have been published 25

2
and using these it is possible to deduce the ma jér atomic contributions

to the corresponding moleculaonrbitals in CSe 0CSe and SCSe as

9
- shown in.Taﬁle 4, It is instructive to use these‘resultsAto examine
the pattefn oflcorresponding relative intenéities in the light of the
trehds‘in photoionisation cross-sections quoted previously.

On a purely statistical basis, it might be exﬁected that the
2du and 20¢g levels in COy, CSQ_and CSey would show roughly the same
relative intensity. However, although both levels contain abouf the
same relative prbportion of terminal atom poﬂand s character, thé&
contain markedly different contributions from CQP. and Cgé atomic
~orbitals. Thus in the He(I) spectrum, we would expect the 2¢u level
Atd be the more intense, but in the He(II) spectrum, the ng.level;
with its Cy  contribution, should increase in relative intensity, as
observed. InVOCS,.OCSe and SCSe the 4G and 30 levels contain
completely different a.o's, largely derived from the terminal atoms.
The relative intensity pattern in the He(I) spectrum conforms.to the
rule that cross;sections for ionisation increase on going down a
group, so that in 0CSe the intensity ;f the 40 level (largely derived
from Se 4p /4s a.o's) is considerably greater than that of the 30
levei;which is mainly composed of 0 2s/2p a.o's. .Likewise,this effect
is predicted to be'leSS'maykéd in the He(II) specfrum, és observed.

~ The intensity of’the'4Cf1evéi in thé He(I) spectra of OCSe and
0CS is, relative to that of the 1Tl level, exceptionally high, but
this again may be explained in terms of the different a.o. contribu-

" stions to these levels. The 1TL level is composed mainly of Ogp,

a.o.s vhereas the 4T level is derived from Se &pcr (in 0CSe), and



Valence Levél.

1Tlg
2%u
25g‘
icu

idg
/

0CSe
Se&h

Selipv + Seks + C2p,
02p, + 02s + C2s
Se3s + C2p, + C2s

02s + C2s
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CSey
Sebypy

| Sé&bﬂ‘ + C2ps
Selkvey | .+ Sels
Sel po + Sels
Sels + C2%,
Seks + C2s

Valence Level,

oL
1T
4&(!
30
20
10

- TABLE 4.

+ C2s

SCSe
Seé?r

S3pg + C2pg

Sekp, + Seks + C2p_

4 S3p, + S3s '+ C2s
Seks + C2p, + C2s
S3s + C2s

Predicted major atomic orbital character of the upper valence levels

in CSe

99 SCSe and 0CSe.
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80 would-be predicted to be much more intense in the He(I) spectrum.
Again, as predicted, this effect is réversed in thé He(Ii) spectrum
and in this casé.the double“degenerééy'pf the_th.leyel resuits in its
" considerable intensity.

Thus on the basis of the relative a.o. contributions to each of
“the m.o's it is possible to account qualifively for the‘grosser
features of the relative intensity patterns and their behaviour on

changing to a higher energy ionising source.
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CHAPTER 2,

'FORBIDDEN TRANSITIONS IN THE He(I) and He(II)
SPECTRA OF LINEAR TRIATOMIC MOLECULES.
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1. INTRODUCTION.

In the preceding chapter we have-seen how the major features of

the photoelectron spectra of the CY2, CXY(X Y = 0,8 Se) series can be
.accounted for on the ba31s of 1on1sat10n from each of the four upper—
tmost valence shell levels. However in the spectra of these (and
other related molecules) weaker features are observed which cannot be
accounted for on this basis and it is the purpose of this chapter to
explain how they may arise. . -

In trying to interpret the1r occurrence, we will obtain a deeper
1n31ght into the process of photoionisation and of the excited ionic

states in which these molecules can exist.

2. BACKGROUND.
Factors which may produce weak features in the p-e. spectrum may
be classified as being due to:—

a) trace 1mpur1t1es in and/or decomposition of the original
sample.

b) ionisation from minority emission lines due to impurities
in the lamp.1

¢) forbidden transitions. .

Only when the possibility of factors (a) and (b) has been ruled
out can the possibility of forbidden transitions be considered.
Although some wrong assignments have appeared in the literature,2 it
is usually’not too dlfflcult to ascertain when factors (a) or (b)
apply, since there is usually a change in relatlve peak areas between
that of the impurity features and those of the pure compound on vafying
the experimental conditions. In addition the purlty of a sample may
be checked by several methods, e.g. infra-red or mass spectroscopy3
and the predicted positions of bands ar1s1ng from likely lamp inpurity

em1ss1on,11nes may be readily calculated and compared with the features
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observed.

An example of bands arising from such minority gmission'liﬁes is
.shown in Figure‘l.‘A it is mainly in the high I1.P. (i;e; low electron
‘kinetic energy)-region of the He(I) spectruﬁ that thesé minority |
emission Jines can prove troublesome. ° However in this caseé, they are
readilyAreéognised from'the sharp‘line character énd separation as
being identical_in-origin to-the>first band in the spectrum; arising
from ionisation of 1':he 27l 1evé1 of SCSe b_y'o(I), H(I) and N(I) lines

The first example of these forbidden transitions Qas observed in-
thé'spectrum of carbon disulphide,8 the so calléd 'fifth band',
although it was not immediately recognised as sucﬁ. It was originally;
fthought to be due to ionisation from the largely S35 based level
corresponding to the D%Zh+ state. However an ab initio calculation
on C82 places this level at 27.8 e.V. A broad band in the Xray
p.e. spectrum at approximately 26.5 e.V has been attribﬁted to this

| level and the more tight1y>bound 10g leve1.9 |

Another interesting feature of this weak band is the fact that
in contrast to all other bands in the spectra of linear triatomics,
this~particu1ar band is continuous in nature and shows no resolvable -
features. This héd been attributed to a short iifetime, aé a résult
of rapid dissociation, of the state of CSQ+ formed. If this weré
the case then dissociation should lead directly to a single;set of
products with most of the available.energy being converted inté

_ trénslgtiqngl'energy of the fragments. )

waever this system has been studied using photoelectron -
photoion coincidence techniques10 andvthe results are opposite to
those expected fér a rapid fragmgntation process. In fact, the
obsgrvation of 82+ ions indicates that the dissociation process is

siow and that a short lifetime cannot be responsible for its continuous
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appearance, ,

Thus it would appear that an anomalous,band‘which‘does not
correspodd tq-simp1e i$ﬁisation from any of the valenbé‘levels, exists
in the spectrﬁm of CSo. :In addition, the genuineness of this.band ié
pot in doubt, héving been observed.using spectroscopically pure samples
of CSo and under é ?ariety of experimental conaitions. All this would

point to the existence of this band being due to a forbidden process.

“''3.  RESULTS.

I£ was therefore of interest to seé whétﬁer the same process would
also permit thé observation of similar bands in other.CYQ, CXY
(X,Y = 0,5,Se) species.

Close inspection of the photoelectron spectra presegted in the
previous chapter reveals such bands only in the.He({) spectra of

CSe2 and SCSe, as shown in Figures 2 and 3 of this chapter.

4.  DISCUSSION. ’ -
Two related questions immediately arise:-

i) How do the forbidden bands become weakly allowed in
these systems?

ii) Why do only some of the spectra in such a closely
related series show these bands, while others do not?

a) Selection rules for ionisation.

In order to understand the existence of such forbidden bands it
is necessary to reconsider the expression:-
' 2
I o KWiM[p)]
vhere I = intensity, \J = total electronic wavefunction of initial
state (i) and final state (f), M = dipole moment vector.

Normally it is possible to interpret the p.e. spectra of closed
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-sheli molecules on the basis of one band to each valenc¢ level as there
are no orbitals from which ionisgtion_is symmetry forbidden% That the
‘ transition should involve removal of only ggg‘eleétron to the continuum,
leaving all others unaffec{e&, is a éonsequence of thé fact that the
ground and excited state Qave'functions éfe usually well describéd in
terms.of>antisymmetrised singlé;elecfron configurations i.e. Slater
type-determinants. It is thus ;ssumed that both the ground and
excited states share a common core of (N-1) elecﬁrons, the orbitals of
which are orthogonal.to the orbital in the groﬁnd state containing the
elecfron to be ionised? Thus there is only.oné electronic gtaﬁe
pfoduced on ionisation frém each molecular level of a closed shell
species, and so only one band produced in the spectrum, corresponding
to ionisation from that level. A proof that two electron excitations
are formally forbidden for orbitals of the type Aiscussed above, is
~given in reference 7.

b) Configuration mixing effects.

However it is known that such an analysis ignores effects such as
electron correlafion. As a resulf, the best wave function for a
'barticular statgvis not necessarily that. corresponding to the éimple
central field approximation description of that state. An improved
wave function may be obtained by taking appropriate linear combinations

: , 11
of all those wavefunctions derived from states of identical symmetry

i.e. | Wj = Gj@1 ‘+A bJ-LP2 +CJKP3 + o, mJLpn

Thus any excifed iéniSed statg will,nominélly cansist in part of
an electron configuraﬁion of the same symmetry, directly accessible to
photoionisation by removal of one electron. The intensity of the
transition to such an excited ionised state will be governed by the

square of the appropriate éonfiguration mixing co-efficientmj;



7.

Such a situation has been described as "intenéity borrowing by
configuration mixing," as the intensity of the formally allowed band
- (corresponding to the oﬁe eleéﬁron transition) iéured@ced; the.éum‘of
the squares of-the éonfiguratioﬁ mixing=éo—gffiéients being equal to
unity. =~In this way, the wéaker bands are régarded as having bofrowed
intenéity from the'allowed transition(s).

However only. those ideél configurétions.of identical spin,parity .
(1) and J value may mix with the predominant configuration to proéuce
the new wave function and so result in new bands. Thus we need only
cénéider éxéited states of the same term manifold as thoée‘ionic states
produced on direct ionisqtion.v
| In the CY2 sﬁecies under discussion we must congider alternativé‘
Q.Hg’ 2“‘%' QZuT 22g+ states.

c) Energy cycles for ionisation and excitation.

The energy of these electronically excited ionic states may-
. : 13
conveniently be analysed in terms of the cycle shown in Figure 4.
This involves alternative ionisation and excitation paths. Fromnthe

14 : 3 4
p.e. spectrum we can obtain reliable values for I1, and from the

optical spectrum15 we may obtain values for the various E2 transitions.
However we cannot obtain experimentally determined values for either
I2 or E1, but as a first approximation may assume, I1 = I2, This
~ would seenm reasonable,as it is thg same electron which is ionised
from the same orbital in each case. 4

-ThusAWe may use thé right hgnd path of Figure.h‘fo estiﬁate the
energy of the excited ion. |

It should be noted that although;the left hand path may also be
used, it is much less reliable to assume E2 = E1, as the former

4 1 . 21
involves a b ¢’ — b3c excitation, but the latter a,bjco——a be
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transition. Such_ are the magnitudes of the configuration splittings
observed in the electr-on-.ic spectra oi_‘ t_,hese molecules ’ghat 1t -would-b'e
misleading to reéard both E1 and E2 as purely e cl trénsitions.
The first éxc.i‘ted, state in these molecules, 'c'orr'esponding to the
configuration (...~.1ﬂluzi 1Tt g-3 QTCul) can give rise to 6 states fpr |

a linear molecule , | 16
- %+ 3 -
i.eo ]Zu+, 1A u, ]Zu ’ %u-* 9 A ’ &u .

Accordiné to the selection rules whi‘ch are discussed fully in the,
né’xtAchapter, only the ‘transitionAlzg*——) Izu j*., will be fully’allowed.
However states of the conflguratlon (..1]T, g32 ['[ul) a.re almost certalnly
non-linear and so the 12 * —— Au transition 19; allowed by a vibronic
interaction mechanism involving bending. Thus the energies of the
first two _strong band systems observed in the x.r-isible/ultraviolet
spectrum of these molecul'es‘corréspond to the transitions fo the IA u
~and 1Zu+ stétes respectively and their energies are listed in Table 1.
| The corresponding excitation in the 2ng state lea(is to the
configuration (1TEg 2Ttu1) and this gives rise to five states.

These may be derived as follows: the le,g part of the conflguratmn

generates Ag, Zg and 32:g states, each of which comblnes with the

remaining 2TCu electron as follows:-
ngl® myl ndn
hg x 20, <X 5 §
‘1Zg,-x_ 2ﬂ — 2n
| 32@;‘ X 2[7 <::j;
i.e. the excited ion conflguratlon (...1Ttg 2Ttu1) gives rise to a

4 1
2@11, nu and three eru states. 7

Of these the ,nu states are of the same symmetry as the states

produced on ionisation of the 1TCuAva1en'ce levels.
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- : - - ! 1 + -
Optical Transition Energies (e.V.) from Zg state.

“Molecule | ‘T g.+_—_> (.-1,T1:g3-2n1_11) 12g+7> (..1_'rn &> 30e) [ g (.11 'gj'jo’\ii)'-
l,Au -123 : lﬂg My
co, 8.4 o111 "10.6. ~ 12
ﬁoé's' 5.2 8.1 N 8.6 ~ 9.2
CS, 3.9 6.3 6.8 -~ 8
SCSe 3.5 5.7 ~ 6.4 ~7.6
0CSe 4.9 5.8 7.2 . 8.4
CSe,, : 3.3 5.4 | 6.1 7.3
,/ TABLE 1.
IS 2r]'uA e =

Molecule Zg+-—32ﬂg calcublated observed | calculated obéerved.
co, | 13.8 22.2 22.6 24.9 27.2
ocs 11.2 16.4 - 19.3 20.1
s, 10.1 14.0 14,1 16.4 17.1
SCSe 9.6 13.1 13.3 15.3 . 16.0

. OCSe - 10.4 15.3 - 16:2 -
CSe,, 9.3 12.6 | 12.7 14.7 15.3

TABLE 2.

Comparison of observed and calculated ‘energies of excited [] states."
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In order to galculaté the energy ofbthesé 2r1u states let us
return to thecycle in Figure L, As.an.example, we shall use the
CSe, system. |

First of all we should ﬁote thét ionisationvéf ; 1Tlg electron
from the 1A u (... 170 g3 211111) configuration leads. to 2ﬂ+u and Qg_iu
states and a-similar ionisation‘frqm the corresponding qz; states
leads to the remalnlng two r]u states. Thus it is valid to use .
the excitation energles corresponding to these [&u and %Zu states
followed by ionisation from the 1TEg level to generate the exclted

r]u states. However as the Zé - 1:z_u— tran31t10n is strongly
forbidden it is not possible to estimate the énergy of the r]u
state derived from it.

Using the known excitation energies to the %Suand %zu states in
CSe and iﬁé first I.P., we estimate that'the other 2r]u states will

2
'.océur at apparent I.P's of 9.3 + 3.3 = 12.6 e.V and 9.3 + 5.4 = 14,7e.V

respectively. These predictions may be favourably compared with the
weak bands observed at 12.7 e.V and 15.3 e.V.

d) Comparison of observed and predicted results.

The results, alopg With'thosefor other molecuies in the series
are presented in Table 2. The correlation is quite reasonable vhen
due allowance is made for the gross simplifications assumed in
deriving the predicted values. The principél value of the predictions
is tﬁ;t they give a good idea of where to expect-fhese_feafures,.whicﬁ
being'very weak can egsilj‘be misSed. .Froﬁ_{he reéults'in Tablg‘2
‘we can see that we would not expect to see these forbidden bands in

"the He(I) spectrum of C02 but that they should occur in the He(II)
spectfum, i.e. Figure 5(b). Also the fact that they are not observed

in the Hé(I) spectra of OCS and OCSe is due to the fact that they
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occur in regiops of the spectrum so dqminated b& the intense vﬁlence
transitions that fﬁey are o?scured by them. |

It is perhaps worth stressingAat this point that although we
4 have discussed tﬂese features in terms of ionisation and excitation
sequences, and have used an energy cycle based on such schemes to
estimate thelr energies, there can be no questlon that they arlse by
other than one photon processes. Since thevHe(I) resonance line does
not produce a continuum in the ultra-violet, it is not'p0ssib1e for
such bands to arise from stepwise ionisation and excitation processes.
The mechanism for their formation is an allowed simultaneous two
electron transition induced by one photoh.és'a”result of cdnfiéuration
mixing with a fully allowed ionic state of the same syﬁmetry.

e) Vibrational structure in forbidden bands.

Another feature of all these bands worthy of comment is their
continuous nature. It was éhown in the case of C82+, that this was
hot due to lifetime broadening%0 However the explanatiop of the
origin of these bands in terms of transitions to electronically
excited states of the ion with tﬁe‘configuration (...1Ttu4 1TEg2-2TEu1)
readily provides an explaqation for this diffuseness. It is wgll
known from the eiectronic spectra of the neutral molecules, that on
populating the 2TCu level, the nuclear-skéléton ceases to be linear}8

This is responsible for the highly complex pattern of vibronic structure

associ;ted with the u and jjzu transitions., L1kew1se, the
equilibrium p031t10n in these exc1ted r]u states of the jon will also
be non-linear, for the QTEu level is again populated As a result

of the partial relaxation of the selection rules occurring in a
linear—e> non linear transition, excitation of the low frequency bending‘

mode as well as Renner Teller complications could lead to a highly
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struétured band, which under the resolution of the spectrometer would
appear diffuse.

5. FORBIDDEN BANDS IN He(IT) SPECTRA. .

As there is iittle confusion between these "weak" features and'
. the méin valence bands, an undérstaﬁding of these bands. is nof really
essential to the interpretatign of tHe'majbr’féaturés of the He(I)
spéctra; Nevertheless, it is pleasing to be:able-to account for all

the bands observed.

a),Reasons for the proliferation of forbidden bands in He(II) spectra;

» However in the interpfetation bf the He(Ii) spectra of these -
molecules it is essential to consider the pos§ibility of thesé
"forbidden" bands. In factlin the region above 20 e.V. they dominate
the He(II) spectra as shown in Figures5 to 10.

As é consequence of the strong He(I) oufput still present in the
discharge, the He(Ii) linevénly allows ionisations up to about 25 e.V.

. to be distinguished from that due to He(TI). Neverthe1g§s in‘the
region up to 25 e.V. many new weak features are observed in all the
spectra.

The reasons why the He(II) spectra, compared with the He(I)
spectra, are soldominated sy £hese weak éonfigurétioﬂ mixing |
features may be e#plained as follows:— A °

i) The absence of any valence level ionisations in the region

20 - 25 elV, means that these weak formally forbidden_bands

are not obsqured by the much more iﬁtense vélepcevbands.
In faét fhis may be £hé réééon why‘sé few configuration
mixing bands are observed in He(I) spectra.

ii) The forbidden bands generally appear much stronger in
fhe He(II) spectra than in the He(I) spectra. This

effect is most noticeable in the He(II) spectrum of
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C892 Fig.10 where the pqnfiguration mixing bands -at
15.3 and 17.1 é.V. ére of comparable intensity to the
V (2¢g)—1 bandiat 16.2 e.v. It is also worfh néting
that relative t; the fully allowed valence level
ionisation bands, the intensity of these forbidden

bands inéreéses_on going down the series Cog_to CSe

2°
This.imbliés thét in the lighter molecules, the
configuration mixing coefficients for the higher
energy excited ionic states (mj) are much smaller,
vith the one electron descriptioﬁ of the wavefunctions
more reiiable,'than is thq case in the heavier analogues,
vhere cdnfiguration mixing is an important-factor.

iii) There are many exdited ionised states of the correct

| symmetry to mix with aﬁd borrow intensity from the

allowed QZg+; 27.;, 2!—11_1 st'ates.6 While it was
bnly necessary to consider two of these excited states
to'account for.thé weak features in the Hé(I) spectrum,
many of the others lie in the higher energy region of
the spectrum and are only accessible using He(I1)

radiation.

(b\ Discussion and assignments.

Although all the He(II) spectra reveal many of these forbidden
bands there are not enoughiof them for all the possigle configuration
mixing states to be populated. . There are 34 possible excited ionised
states dérived from atomic p érbitals alone, which ean mix'with and
borrow intensity from the fully allowed states. The major probiem

"associated with assigning these observed features to the most likely

‘excited ionic states, is that there are several near coincidences in
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the énergies predicted from ionisation and excitation cycles, and the
band envelopes are often sufficieqtly broad to encompass-sevefal
possible predictions. | As a result our analysis does not allow us to
formulate the selection rulés which'must apply fo these bands -~ that
approximateVselection'rules aust éxist cannot be in doubt, otherwise
we would observe many more bands. |
Th§ excited ionic states derived by ionisation from all upper
valence levels of the various known excited states of these molecules
are giﬁen in Table 3. From it we observe that only in the case of
ionisation from the clevels of the 1A state do we generaté
jonic states of different symmétry'to the fully allowed ioni; states.
In Table 4 the calculations of the excited ionic stafes produced using
the ionisétionA+ excitation schemes detailed in Figure 3 are presented.'
"These may be compared with the forbidden features observed in the He(I)
and He(II) spectra.
It should be-noted that seferal'alternative assignments exist.
" For example, it islpossible that the bands listed in Table 2 and which
were assigned to the second, higher energy, 2r1u state, could also be

2
assigned to the r]g state (eeee 1Ttu§

1 .
1Tf.g3 9Tlu.) derived from the
%Eg —_— 1Z§u.excitation followed by ionisation from the TU u level.
Nevertheless, the bands observed may be accounted for on the

basis of transitions to excited ionic states deriving intemnsity from

configuration mixing intensity borrowing.

(c) Pressure effects in He(I) and He(II) spectra.

In coming to thls conclusion it was necessary to verify that
none of the bands was '"pressure dependent," as this would imply a
multi-step process leading to its formation. - The He(II) spectra

of these molecules recorded at higher pressures of the sampie in the
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Excited ) . .
- peutral Tonisation - Final excited jonic
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Comparison of predicted and obsefved energies of excited ionic states of

2 2 2 + 2 +
nu, A ﬂg, 2u s Zg , Symmetry. -

A () C0g €Sy W CSep | 0CS 1 gese ' scse
calc obs Icalc obs ‘calc obs - |calc obs |éalc obs I calc obs
| .
1TLg 222 2261140 14-1 12.6 1071166~ li5.3 - '431 133
) : ] ) I o
“4Ttu ~ 26-0 27-2'16.75 17~1=15'05- 15-3,20-7 00-1120.1 20 15-55 1577
. { . .
. : : |
1 \ | { . |
+ ! - I
12-(‘1) | : | | |
1Tlg 249 27-2 (16.4& 17.1l149 1530193 201162 - l15:3 15.7
A _ ‘ |
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target reglon‘are shown in Figures 5 to 10 ‘Only ic the case of
. C02 Flgure 5, ~did any of the weak features increase in 1ntens1ty with -
1ncreased pressure and”only then with a small ehlft in position.

.The effect of inCreaeed pfessure of sampie is shown in Figure 1i
where the.number of‘electron counfs‘(pef secocd)_is plofted against
" the number of tufnsqu the inlet needle valve‘for~the observed bands
_of_COé. In using tﬁe number of turns of the-inlet needle valve as
f_a-co—ordinate axis we are assuming that tﬁe sample pressure in the .
'target reglon increases with the number of turns. Unfortunately it
wae not p0351b1e to mecsure the pressure dlrectly in the target reglon of
the spectrdmeter with sufficient accuracy tO'determlne whether or not
" the pressure~ihcreased linearly with the nuﬁber of turns elthough,
such a_condition is not essential to‘our argument.

The ovefall shape of the curves produced by the valence bands

showsthat the number of counts increases rapidly_with pressure until
it reaches a plateau between 4 and 7'turns,_but insfead of continuing
to rise it then slowly falls, eﬁentually to zero, with ever increasing
vpresspre.v This indicates that at higher sample pressures, the photo-
ejected electrops interact with the parent molecuie instead of reaching
the analyser. The electrons may be scattered as a result of this
interaction, but since the detection system is only designed to accept
those electrons emitted perpendicular to the photon beam, this will
not only result in a COnSiderable reduction in intensity, but is alse
_ likely to produce ; diffuse background to the band. However for
certain electrcns with particular energies it is'ppssibleAfor the
interaction to result in electron impact type phenomena and this
should give rise to new fairly well defined bands.

Thus the pressure dependence of the baﬁd in COo at.27 e.V.

Figure 5 is in marked contrasf to that exhibited by the valence
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bands. In this case, the number of counts continﬁes to rise, feaching
. a high pléteau, at pfessqres when the_vaience bands}have all but
disappeafed. It i§ thérefore likely that thé.bana oﬁserved in 27 e.V.
is an examplé of sugh an electron impact intefaction and may be
tentatively assigned to a process such as; |
COg + hVjg g e.f.-—5> C02+ (X?r]g) + e—(27 e.V.)
e"(27 e.v.) * COp—=> e + .[002]#-—9C02+(X2ﬂg) + e;(27 - 1I) e.V,
: I =13.8c%e.V.

‘ Thus as a result of impact by the 27 e.V. electron, another electron
..Qith a Kinetic Energy of 13.2 is ejected. . This would appear at an
appérentvi;P. of (40;8 —'13.2) = 27.6 e.V.: Furfhgrmo;e we would
expect the appearance of such a b&nd to depend on the pressure of COo
since the probability of électron capture inéreases with increasing
- pressure. |

Other examples of electron.molecule interactions have been noted
in the He(I) spec£rum of C02 vhen recorded with higL sample pressures
and the lack of observed structure in the bands attributed to the

: 21
instability of the compound negative ions. The effect of increasing

the sample pressurevon the He(I) spectrum of OCS is shown in Figure 12,
Here it is observed that the Agr] band almost disabpears under the
B22:band_which now shows considerably enhanced vibrational structure
when compared with the lower pressure spectrum. In addition the
higher I.RCQEZband is'almost buried under the high background of
'randomlyAscattered electrons.

However, qo,pfessure effeqts, analogoué t§ those of 002 , were
observed in the He(II) spectfa of the other molecuies in this series
and so we may confidently assign all the weak bands observed in their
spectra as arising from configuration mixing of states of the sahe

term manifold as the allowed simple one electron ionisation states,
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CHAPTER 3

THE ELECTRONIC SPECTRA OF CSey,, SCSe and OCSe.
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1)  INTRODUCTION.

a) Selection Rules.

. In the pre?ious chgpters we have éxaminéd in deféil the varipus
ioh;c states of CSe2 , SCSe, 0CSe produced by electronic transitions-
from the filled valen;e shell levels intb'the'continuum.’ |

"In this chapter we will again be éoncerned'with electronic
transitions produced by vac. u.v. radiation, from the filled valence
'shell levels, but this time into successively higher energy Qgggg_.
I' states of the neutral molecule.

As observed in the Introduction, such excitations may be
élassified iﬁto - |

(a) intgrvalence transitions
(b) extravalence (Rydberg) transitions.

1
on the basis of their successive term values.

However, the.intensity of both is again governed by an ex-—

EMED

dipole strength , M = dipole moment vector

:pression of the type

overall wave function for state 1

= overall wave function for state f.

1] 1} = ©

similar to that encountered previously in the explanation of photo-
telectron band intensitieé.2 The conditions under which such ex-
-:pressions.vanish.identically (i.e. equal zero) again yieldbthe
selegtion rules. " In the case of an elecﬁfonic transition to a
bound.staté, thé selection rulés are of much more assistance in
- choosing between pdssible assignments, than is usually the case in

photbelectron spectra. This is a consequence of the fact that

whereas the photo ejected electron can assume vhatever angular
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momen tum is required to satisfy the selection rules without affécting
the energy of the transitidﬁ,j in the case of an;eléctron in a bound
orbit, thesé different values of £ _éorrespond tgltrqnsitioﬁs to
different states.

The selection rules fo? electronic transitions in linear mole-
scules are similar to those of diatomic molecules except that due
allowance has to be made for tﬁe.influence of the larger number of
vibrational ﬁodes.4 |

.It is often possible to use the symmetry properties of.thé‘wave"
functions fo piedict whether or not the integral will vanish.'
These symmetry bésed selection rules stem from thé fact that the
product lp iX QJf must transform as (belong to) the same.symmetry.
specieé as at least one of the components of M. However, as
the three components of M can at most belong to only three diffeteﬁﬁ
' symmetry species, -and in molecules of high symmetry e.g. 0V 3 th
may only belong to two, '\ui X Y £ may belong to a syﬁmetry species
to which M does not beiong.

This would correspond to a forbidden transition. It is also
the case that when an integrdhd is an odd function-of the intégration

co-ordinates, the integrand will vanish.

We should also distinguish clearly between rigorous electric
dipole selection rules and approximate selection rules which depend
on the extent to which assumptions, such as the Born-Oppenheimer

5

approximation” or the coupling conditions, are valid.
The rigorous selection rules7 for an electric dipole transition
in a linear molecule are

As=0,%1 ; J=0<—l—>J=o.

- J = total angular momentum.
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which_. is identical to the a£omic case, assuming zero nuclear- spin.

As the symmetry properties of ﬁh_e ‘mqlecular wave. func’tion.s do
not depend on the coupling conditidns, transitions between rotationalv
leveis governed by -

r<> <+e> - <> -
and wheh applicable -

s €«>> a , <—+—> s <> s
also applies. _

For linear mo;leéules -

g<—>u, g é—l—% g, u<t>u

The additional seleétion rules depend on the coupling conditions.

Thus in situations where the electronic states may be .identified ac-
scording to the value of N as L , n, A:/ © then only
transitions between sfates such that

AN =‘ 0, 21 are allowed.

This permits T <> 12 > Z ‘<_> n ~~ but not Z<>A
transitions. In addition when both initial and final states have
A =0, it can be shown that

T4 + .- - * -
<)Y L X<—>7FT bt F<l>¥
Provided spin oi‘bit coupling is not too large, the total spin angular
momentum remains unchanged in a transiﬁtion i.e. AS =0, and prevents
transitions between states of different multiplicity. Faurthermore
when Zis a good quantum number. (i.e. Hunds case .(a))
o bz =0
(n b. do not confusez with Z whlch is a state w1th/\ )
"When Q the axial component of J, is also conserved i.e.

Hunds cases (a) and (e)? then

A QR = 0, 1 ; - except for.J = 0 when §2 :0 <{‘>’Q:O ‘
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-For singlet to singlet transitions this is equivalent to
the A N =0, i | ruie and‘prevents- the appearance of Q branches
in 1 )} é_;) 1Z transitions.’ » |

In other cases where Q fmd /\ are not def.iﬁed, then similar
selection rules hold for the quantum numbers defining the angular
momentum.

"Detailed proofs lof these selection rules are given in Reference
8, but it will be instructive to consider in a far léss rigorous
fashion the g ¢—> u and spin mul_tiplicity rul_e.s, as examplgs of how

such rules may be derived.

Thus for molecules with a centre of symmétry-the-transition
moment will be zero unless the overall function is gerade (g). Now
all components of M are necessarily ungerade (u) and so the product
\u i X Wf must also be (u) for the total integral to be (g).

- This can only happen if y i is (g), gnd \Uf is (u), or vice versa,
but not if both LU i or Y § are either u or g. In this way
only g&y u is alllowed.-

In transitioﬁs vhich involve a change of spin e.g. singlet to
triplet, the transition mome_n't may be written as eéual to - |

/\Uia M ‘Wf Bdtdo

where (¢ and FS are spin wave functions of opposite sign.

This may be arranged to give do = volume element
: M - of spin co-ordinates
oMy fapaq
However, the integrand & (3 is an odd function ‘and $o the total
integral vanishes. Thus éingiet to triplet transitions are forbidden.
As a consequence of these rules only a few of the large number of

transitions which otherwise would be possible are seen to occur.
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Furthermore proposed assignments should porrespondlto transitions
which obey these rules.

Howéver in pract1ée the 51tuat10n tends to be less well defined
and "fofbldden tran31t10ns" may be observed as a result of inter-
taction with the,magnetic dipole or elegtric quadrupole vector of
the radiétipn{;‘ Tﬁeée.interactions each possess distinct selection
rules and a transition forbidden by the eleptric dipole selection
rules may be allowed under these new selection rules.4

However, such interactions tend to be»very much weaker than the
électfic dipole transitions and rarely confribute.to fhe méjor
speétral features;

A more éommon cause of forbidden transitions occurring with
réasonable intensity .is due to violations of the approximate
selection rules When the quantum numbers involved are n; longer
vholly valid. Thus althdugh we have 'shown that siﬁglet to triplet
transitions are formally forbidden; they may occur as a result of
spin orbit éoupling'effects; Thus although it is-useful to dis-
:tinguish between states on the basis of their multiplicity, by
assuming that the orbital‘and spin angular momenta are independent,
such an assumption is not always wholly valid. As a result of
the small interaction which exists'betweén states of identical total
angular momentum, the spin orbit integrals of the form [ -

]1—— 3 o
: -\HlM i#
do not vanish identically, and their use in the appropriate secular
leads to two,fin#l wave funétions of the form:
B L _
y o= ¥

of which one possesses largely singlet and the other mainly triplet

4
e
el

character.
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Thus the admixture of small amount of singlet character into Qhat
would have been an qtherwise vholly triplet function , results in
transitions to this state with intensities proportioﬁal to the

. o . A
mixing co-efficient (X ° .. A =
A ) Coupling Schemes. - ‘
In the higher quantum levels of the lighter elements and in most

of the Rydberg states of the heavier elements, the spin momenta of
the Rydberg and core electrons are sufficiently reduced for (L,s)

coupling'schemes to be no longer vélid.

Instead we must employ (J,j) coulpling‘which allows for the
)interactionvof the core electron spin with its own angular momentum.
. In this scheme the spin and orbital angular momentum of each electron
1A . : .

is coupled to form a resultant angular momentum with quantum number

Ji, i.e.

and the electrostatic interactions cause these individual Ji values

to couple and form a resultant J.

i.e. J = 2 ‘{i : Ji = 2% 25‘._1

Thus we have a situation in which there is strong interaction

)

between states of similar J value and not too surprisingly, we find
the OS =0 and AL selection rules do not épply as S and L are no-

longer good quantum numbers. Instead the selection rules are -

8T =0, 1 ana Bj=0,%1. o
) Uﬁféftunately,_at high quantum‘numbéf levels oth;r‘pertﬁrba—
:tions may occur but a clear example of this change in coupling
schemes is to be found in PII. As can be seen in Figure 1, at low

1 . :
n, the P1»and P 0,1,2 states corresponding to the configuration



1000—] |
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P ——— — -

Figure 1

Coupling schemes in P(iI1).
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ns n/p, (n + 1) n{p.-etc. are clearly distinguished on the basis of
. : , : 1 3
‘multiplicity, however as n ‘increases, the energy of Py and P2

states approach .each other, as do the énergies of the 3Po,1 levels.

. . : ) 1 hd i
In the limit the separation between P1 / 3P2 level and the

. ' ) :
3P0/3P1 levels approaches that of the Rﬁ - 2Pl,separation in PIIT.
' 2

2

Thus if thefe is a change in coupiing scheme on goiﬁé to higher
quantﬁm levels, then there should be a corresponding change in the
observed splittings between different‘multiplet compoﬁents of ﬁhe
geries. Farthermore ifvno change in multiplet splitting is observed
with increasing n, and the splitting is closeuto the spin orbit
coupling of the ion, then the coupling may be assumed to be (J,j)
throughout. The'molecular analogue of (J,j) coupling is (flc) 03)
.coupling. In this .flc is the total éngular momentum of the core
and (U that of the Rydberg eiectron. It should be emphasised ,
however, that both (A,S) and (Qc;w) coupling schemes lead to exactly
the same number ofAmultiplet states and the samé values of J,. Only

their energy separation is different.
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Selection Rules for Triatomic Species.

4Wheréas the breaches of the selection rules discussed thus fér
apply equally well to diafomics and other linear molecules, there
are two other causes of breakdown of the seleétioﬁ rulés which do
not apply in fhe diatomic éase. Tﬂus, if on eXéitafion, the nuclear
geomefry does not remain linéér, but bends in the excited state so
formed, certain quantﬁm numbers of symmetries afevnb longer defined
and éo some of the selection rules do‘not apply. Also, if strong
Avibrbnic>interactions exist in one of the states involved in a
‘transition forbidden by electric dlpole selection rules, then this
1nte¥act10n may cause certain v1bronlc tran51t10ns (but not the 0-0
band) to become allowed. Thus although aj_ g Zj+
transition is fo?bidden, if aCTu v1brat10n is singly ex01ted the
resulting vibronic tranéition would be Y .;H1 z;
and thus ailowed.4 |

Furthermore,Aif should be recognised that unlike the situation
for diatomics where there are no seleétion rules for the vibroniec
transitions, this is not the case for all linear molecules. Thus
although the relative intensity in both systems are given by the

Franck Condon. factors

i.e. IX X //d"i= l

these must be totally symmetric for the partlculaf vibrational
transition to be allowed. Only if there are no symmetry operations
to wﬁich the integrand is antisymmetric will the integral be non -
~vanishing. |

In the case when there ére-iﬁo (or‘more) totally symmetric
vibrations then we obtain not only p?ogressions in each of the vibra-

:tions, but also in combinations of them. This can result in a
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considerably_more complex vibrational pattern for a linear triatomic
than for a diatomic, as shown in Figure 2.

The degenergté bending mode in linear moIecuies TT(u) is non
totally symmetric and only'tfansitiohs-in even'§élﬁes‘of AﬂJk.can
oécur.' Such vibrations are éiso characterised by the quantum
number /(,k' for which .thé selection fﬁle A j’k = 0 applies. In
addition the intensity of successive.transitionsin non-totally
symmetric vibrations élwaysdeclines rapidly, whereas in totally
symmetric Vibrations'the relative intensity pattern can often reach
its ﬁaximum only at high.\jk . Thé reason for fhis, based
on the,differeﬁces in potential surfaceé between ground and e#cited
sfates, has been discussed previously in relation to photoelectron
spectra band envelapes.

As in'diatomids, we can also find sequence structure on the low

~energy side of the vibrational progressions. As shown in Figure 3
these sequences cofrespond to groﬁps of band with the same A‘Uk
but as \// <T J0’> so the (OfO), (1-1), (2-2) transitions occur at

successively lower energies. However, unlike diatomics, it is now

possible to have sequences in single quanta of all totally symmetric
modes and in double quanta of non totally symmetric modes. Both
types of seéuences exhibit similar relative intensity patterns and in
the case of the excitation of the bending mode fréquency, the higher
statiétical weight can lead to moderate intensity.

Fufthef complicatiéns”can afige from tfanéitioné to or from
orbitally degenerate étates e.g. ! 1T or'lx . As a result of
vibronic interaction, a splitting occurs in the vibrational levels
of the degenerate state in which one or more quanta of the degenerate

bending vibrations is excifed. These splittings, call Renner-leller
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'-Splittihgs,q can result in several more transitions being observed as
shown in Figure 4. VWhen fhe separation of the Renner-Teller com--

" :ponents is lafge, analysis of the resultant spectruﬁvéan be difficult{
A detailed accéunt of tﬁis phendmena ana.its efféct on the electronic

- , _ : 10
spectra of triatomic molecules has appeared recently.
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o, THE VISIBLE/u.v. SPECTRUM of CSep, SCSe and OCSe.

a) Selection rules.

We are néw able to use the selection rules given above to identif& '
the allowed transitions in CSeq. The selection rules for the other
Sé containing tfiatomics SCSe and 0CSe will be basically similar,
although the g and u restrictions do not apply.

From the analysis of thé photoelectron studies, we have establiéhed“

,fhat the electronic ground state of CSe2 may be written

2 2 4 Ly 1<+
(--20% 20, 1" 17t %
As the lowest energy empty valence shell orbitais are the 2ﬂ£ and 36é

levels, we expect the low energy electronic spectrum to arise from the

following transitions:-—

. 1. P P B -
(- -1ng)—.->-(....1n33 znu)-1_Z§—->1Zu,ABu,Zu, Mo vl
N 1 ;1 + —_
(......1Tté)-ﬁ( 1 3 ) 1Zg 11'!9,1“%. N
.3 ’ ) ~t-_'> + - -+ -
(....mémé)—a (1ﬂ'.u1rté 2n:L) g Zg.-,Ag._Zg, Zg,Ag,Zg,
According to-the selection rules, only the 12:*_9 z:*

transition will be allowed, all the others being forbidden either by
.parity‘, multiplicity or AN\ selection rules.

' b) Use of Walsh diagrams

. 11
However we know from the Walsh diagram for CO2 ,reproduced

in Figure 5, that when the 2Ty level is occupied, the nuclear geometry
no longer remains liﬁear, but will bend. As a result, e must

' consider the correlation between Iinear and bent states shown below:—

Bent state. Polarisation Linear state.
1 It | 1
Ay 1 Xg Ny [Ag
i~ I
1a, forbidden Yy Mg Au
' ' == 1 ]
1y . L rg Ny Ag

. . Iss+ 1 1
By [ Ly ”9 AU,.



30,

30y

2T,

25,

Linear

. Bent

Figure

5

Walsh.

Diagram
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Thus when a vibronic interaction involving g-bent sfate is taken
into accoﬁnt, it is possible for the transition_‘z%;;———fkku
to become allerd. |

Again using the Waish diagfam we_één see tgét when the 3og
level is occupied, the nuclear framework is agaiﬁ likel§ to be linear.
Although parity forbiddeﬁ,'the_ti%;———é?r1g transifibn méy.become
allowed.by vibronic coupling of the G u viﬁrational mode. However;-
if allbwed, the ‘Zg;—%1r1g transition would Be expected to show :
Renner—Tellér effects. | |

Thus of the 1% possible transitions only 3 qfe likely to be -

fobserved; In order of increasing energy these will be:-
] + o1 :
Ty == Ay (- oangdom)
I+ ¥ |

Ty ="My (- Mg’ 305)

However the fact that the appearance of the first and last of these

is due to a ﬁartial breakdown of the selection rules should be
reflected ih'decreased intensity of the bands cdfresponding to these
transitions, compared with that of the fully aliowéd 'Zg+___>'zu+
tran;itioﬁ..

c) Results and discussion

The Visiblé/near ultravioletAspectra of CSey, SCSe and OCSe
are presentedvin Figures 6, 7; 8, ahdsthq assignments given in
Table 1. As expected there are.strong simila?ities between tﬁe
j spectfg “"although theréAare regular shifﬁs in the feiative énergy
of the same transition occurriné in fhe different molecules.
Generaliy the transition energies in OCSe are the highest and those
in CSe2 the lowest. Thus both CSe2 and SCSe are coloured yellow

- + ] .
as a result of absorption in the visible from the 'z%g)—_> [*ﬁ .
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Molecule

CSe2

(See Fig. 6)

SCSe -

(See Fig. 7)

0CSe
(See Fig. 8)
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TABLE 1.

Near u.v. and visible spectra.

(em™1)

Sr———

band max.

~ 26,500

A 44,000

~ 49,000
~ 28,500
~ 45,600

~ 40,500

> 50,000

Comment.

Assignment.

X5 g —>Aq

x¥E—=%3

x5y — T,
X%[+——9 5&
X%E+l—4> %[+

X%f+~e>1

s K+

Weak. diffuse
v.complex vibrational
structure.

V.strong diffuse.

W. diffuse.

Weak. Sharp.
V. complex vibrational
structure.

V. Strong, diffuse’
vibrational structure.

W. diffuse vibrational

structure.

V. strong, diffuse
vibrational structure.

"
(l
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- transition. The corresponding transition in 0CSe occurs in the near
uv.{r. and so 0OCSe is colourless. As a consequence of the non-linear
~geometry arising from occupation of the.2_n'u level and the'Renner—Tel.ler
effects associated with transitions to orbitally degenerate staf;es, the
- . _ It I'n . )
vibrational structure of the ZQ-—-) AU . 1is particularly complex and
has, in the case of CSey and 0CSe been studied by King and his co-workers
' ' 12,13 ‘

using isotopically pure selenium compounds. ’ The vibrational

: 1+ ‘
structure of the 125-—$Zu transition is diffuse, even under high.
13,13a

- resolution, although an analysis has been proposed for 0CSe



101.

- 3.  THE VACUUM ULTRAVIOLET SPECTRA of CSe,, SCSe and 0CSe.

a) - Selection rules

Ve may again use theﬂselectiod ?ules to help decide wbich
'Rydberg transitions will be allowed

From the p.e. results we know that the only complete Rydberg
series we can expect to observe are those converging to the ﬂg limit
(... 1Tg ) Thus it is appropriate to cbaracterise the‘Rydberg state
as being formed from a r]g ionic core wibh the Rydberg elecbron in an
orbit with 1 =0, 1,2,

This will result in the following states:-—

Core.. X Rydberg electron.= Total Rydberg Stete.
Mg X , Ou z N,
T[gk X 6 u = r] g?

u u
Assuming (\\,S) coupling to apply each of these states may.

exisb in singlet or triplet forms but by the spin multipllcity
selection bule, only those transitions to the singlet component will be
allowed. Also, according to the other selection rulee,'we would
predict only the ,ZS —) ,.HU and lz;-—y 'ZG | transitlons |
to be fully allowed. Thus only those transitions involving electronic
excitation from the I{g level to the gu,fTu and Hu Rydberg levels will
be observed. |

The symmetry of the various Carbon and Selenium Rydberg levels
is glven in Table 2, where it -can be seen that trans1t10ns to all Se ns,
np and nd Rydberg 1evels w111 be allowed vhereas only tlaneltlons to c
np Rydberg series would be possible. As Rydberg transitions are
essentially "atomic" they tend te follow fhe atomic A1 = £ 1 selection

9

rule” so that the transitions to the np, level are expected to be much



Se

ns

np

nd

ns

np

np

nd

ndb

nd

TABLE 2.

Ou

Og

Cg

Og
Tig

cg
ne

6g_--

T

Te

Ou

+ Ju

+

TCu

gu
TTu

6u
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stronger than thosg to the npn_level,,for which[XI = 0, In the caée
of the nd levels the selection rules allow fransitions to both the ndo

and nd6 components.

b) Results.

The vacuum ultraviolet spectra of CSe., SCSe and 0CSe are

97
presented in Figures 9, 10,11, Although undoubtedly very complex,
the almost complete absence of diffuse structureless bands has madé
it possible to carry'out a detailed analysis of all the spectra and
the results are given in Tables 3;4,5. Againithere are sfronger
similarities between the.spectra of SCSe and CSe2,-than between those
of 0CSe and CSe,,

-Thisvwas “also noted previously in the comparison between the first

. band in the p.e. sﬁectrum of each compound. Thus whereas the

2 .
X rTQ-%, % states of CSe, showed no vibrational structure, the
corresponding )<2r]%?%,band of 0CSe cleérly showed progressions inV 4

and\/3, and this difference is also apparent in the Rydberg series.

c) Jdentification of Rydberg series in molecules.

The assignments of the Rydbexrg series are carried out using
a set of Rydberg term tables. in these, the different term values
for quantum defects from 1.00 to 0.01, in steps of 0.01, are liéted
for iﬁcreasing n, A copy of such a set of term tables is includéd
in an appendix.id fhis éhapfér.. -Knowing the i.P; from the p.e.
spectrum it is possibie to calculate the term value of each band
directly and usiné the Rydberg term tables we obéain the associated
values of the quantum defect O and N. Now if a band belongs to a
Rydberg.éeries, then for a particular value of‘ﬁ, increasing N oy

unity should lead to the term value of the next member.



Figure 9. The Absorption Spectrum of CSep between 150 and 130 n.m,

Background
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ns (n=7-10)
10 8

2
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10 9 8 7 ‘ np (n:6-10)' ﬂ% core
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Series limit 76813

Series limit

TABLE 3. RYDBERG SERIES FOR CSe,. BAND ORIGINS (To) cm

nd Series. ®M1 core 2M3 core

n v 6 Coument n Vv i o) Comment fﬁi:l‘i’i?t

4 64270 C1.04 Cow 4 61960 1.06 W 2300

5 69531 1.12 e 5 67390 e 3 s 2141

6 72082 1.19 s 6 70004 1.16 s 2078

7 73562 1.19 s 7 71429 1.19 s 2133

8 Thlll 1.20 s 8 72312 1.19 s 2132

9 75013 1.19 s 9 72876 1.19 m 2137
10 75403 1.19 s 10 73260 121 s 2148
11 75667 1.19 s 11 73540 1.19 m 2137
12 76878 1.20 m 12 73741 1.18 m 2137
'13 75990 m 13 73900 W 2090
14 76150 v 14 74020 VoW 2130
15 - 76256 VoW 15 74070 Vow 2220
16 76320 VoW 16 74110 VoW, 2210
17 76380 VoW
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TABLE 3 (Contd.)

nd Series.

n

9
10
11

ns Series

5

57610

68269
71444
73239
74267

74859
75313

- 52312

64583
70053

73714
74516
75041

2“%— core

6

2 61
2 42
2 48
2 46

2 44
2 40

2 46

3 01
2 97

3 03
3 10
3 14

RYDBERG SERIES FOR CSe,.

Comment.

V.8

10

11

10

11

2[1;5_ core
-

v A
55497 261
66225 2 40
69440 2 42
71124 2 ub
72134 2 43
72780 2 45
73169 2 48
50000 2 89
62150 3 04
67944 2 96
71505 %12
72280 3 94
72865 3922

BAND ORIGINS (To) em™?

Comment

Ve

s

- Spin orbit

coupling.
2113
2044
200%

2115

2312

2433
2109

2036 -
2036
2176



The Absorption spectrum of CSep between 170 and 185 n,m,

Background

CSe,

Higher
pressure

T I 1 ] [} 1 T o T T T T
172 3 L e Bl 8 9 180 1 2 3 n.m,
5po; (=) 5po; (2=1)
Figure 9 (See Table 3),
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B N 1 Table 3

Absorptibn Spectrum of CSe,. between 210 nm and 170 nm
. TG

. . o -1 Assignment » -
A(vacuum) /*nm Intensity " v/em Description v vibration ' electronic (upper state)
205 L : : 48,780 continuum v-}H (...lw33cl)

. | - ) | g g g
. 203.0 min 19,260 | e g N
E 4 m L resqnance ST o(...lv (Qc=%)530u) see text
201.94 max | k9,510 . - - o g . :
| |  dirfusedr | 1 2300 23/2) 50
"200.90 . m S 50,000 broad, qlffuge (o,p) Hu’l(:i.lng(nc—3/;)530u)
N . N o " " ®% ' ? :
198.20 W ‘ 50,454 | v2.
197.4y v 50,648 © diffuse** 2v,?
1964 o 50,896 broad, aiffuse** - 2v?
196,03 W - 51,013 diffuse 3Vl?
l95.h3v. : v 51,169 | : V1V,
| 195'30v' | W o 51,203 : Vs
193 =99 | 4 W 51, §h9 ‘ diffuse 2,y 37V,
' ' ' . o " ’ '
‘193.86 _ o m . 51,584 v ¥V,
191.3, v 52,263  sharp © v (1,1) S
: 1
| , 1 I (...lw3(Qc=%)5scu)

191-16 : ) m' 52,312 : " ._ (0,0) ' . u:l g
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P Table 9

Assignment

A(vacuum)/*nm Intensity . \)/cm_l : Description vibration - electronic (upper state)
S 181.6, | o 55,066 v (1,2

18¥.h3 | w 55,118 sharp ' : (0,1)

181.1; '_‘ Vv 55,215 | g

180. 54 : m 55,377 sharp (2,2)*

180. 34 i s ! 55,438 - (1,1) .

180.1, - v 55,497 R ~ (0,0) 1n;(..r1n§(nc=3/2)5pci);

179.3; W ss,7sh . aiffuse o (2,1) | |

179.1¢ f m - ' 55,816 o 3 | (1,0)

178.6 - v 55,963 | o B

ifa.so | o 55,991 . | ?
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Table 9

' A(vacuum)/*nm Intensity 'vv/cmfl Description Assignment . ,
‘vibration electronic (upper state)
WhTy . 57,231 | _ C v 0 )
$173.7 : s 57,55k diffuse . B S N 3 1.
- , : ' { Hu(...lv (Qc=%)5pcu)
173.55 . vs - 57,610 St o (0,0 | .
i 172.6;‘ N VW 57,927 " . (1,0) j
¥ wavelengths accurate to 10.05 nm.
¥% - other wesker diffuse bands in this region.
+ Si emission line at 180.8 nm may obscure the (3,3) band.

'+ other very weak bands in the region 173.6-172.6 nm.



The Absorption Spectrum of SCSe between 120 and 180 n.m,

8 Z 6 : s series

P 7 ! 6 g p sreies
J .

G ' 4 M i" d series

L e
Assignment of this v 6
region given in i 7 (e 1SR I iy 500
x R3ge, 10 £I0b, : _ See Table Ld for assignment
\ ) \ | o %) il . of weakér features ih this
0 . o, I3 e g 70 region.
X10%.m,” ", '

Figure 10,
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TABLE 4.

nd Series.

10

11

12

13

14

.15

16

17

18

19
20

- 65399

71536
71189
75596
76468
77018
77394
77660
77863

78013

78130

28023

78297
78356
78407

78449

78483 .

2

6 :

1-14

T 1-12

1-14
1-13

1-14

1.14

1:15
1-14
1-14
1-13

1-12

1.12
112

1.15

RYDBERG SERIES TFOR SCSe.

hy

Comment ' | n vV

v.diffuse | A 640007

8. | 5 69999

m overlapped | 6 72665

m. sharp 1 7 74067

m. sharp A : 8 74936

m. sharp “ 9 75498
. sharp | 10 75884

m. sharp 11 76176

w. sharp | 12 76368

w. sharp I 13 76511

w.sharp l 14 76621

w. sharp L5 76723

" vew | |

V.Q |

vow 1

VoW l

VoW ]

[

"BAND ORIGINS (To) cm™ !

ﬂé_ core
2

S) o Comment
12 % . w.diffuse
.12 'v,' s, overlapped
13 m,
.17 | m. overlapped
17 | f m, sharp
18 . w.diffuse
18 ~ w,sharp
.10 w. sharp
.11 . » w. sharp

' (sharp
.16 m)overlapped
.23 ~ w. overlapped

.14 W,

Spin orbit

- coupling.

1399
1537
1524
1529
1532
1520
1510
1485
" 1195
1502
1509

- 1500

tband partially obscured

by emission lines.
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. TABLE 4 Contd.

np Series.

10
11
12

13

59885
70043
73503
75257
76263
76887

77308

77602

77818

2
- []1 core
2

9)
2 59
2 46
L2 44
2 43
2 41
2 41
2 40
2 40

239

i

(000-000) band.

- RYDBERG SERIES FOR SCSe.

Comment

V.

S.

m,

s.F
overlapped

diffuse:

.sharp
. sharp
.sharp
isharp
. sharp

. sharp

this region given in Table 4(d).

10

11

12

13

76309

Details and assignment of other bands in

2F1g core
2

v -0
58336 259
6au32 2 kg
71998 { 2 45
73751 2 44
75k 243
75372 l2-44
75795 2 Lk
7600k 2 4k
2 44

Comment

v.s ¥

m, diffuse

m.

W.
w.diffuse

w.sharp

o 4
BAND ORIGINS (To) cm

Spin orbit

" coupling.

. 1545
L1611
1505
1506
1509
1515
1513
1508

..‘1509
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TABLE 4 Contd.

ns Series.

n

10

11
112

13

14

53253

66175
(71638)

74207

75665

76511

7704k
77416

77674

77870

ﬂ core

nf

2-935

305

311
3.0
3.06
3-08

3-07

3-09

3-09

series limit :

RYDBERG SERIES FOR SCSe.

2

1 core

78792 qm?l

|

|
Comment |
l'
_ m.sharp | 5
w.diffuse | 6
MO

l
m.overlappedl !
w_broad l 9
m. sharp |10

w.(shoulder)lli
w.(shoulder)112
w,(shoulder)l.;

w,(shoulder)‘
|

51734
64800
70126
72738

74164

75005
75548
75904

'BAND ORIGINS (To) em™

Qﬁ_:’)_‘core
2 o) Comment Spin 9rbit
K coupling.
2-93%: w. diffuse ‘ 1519
3-03':" w.diffuse 1375
%

3-04' w. (?) . | 1469
3~08 w. overlapped 1501
3.08 . ow 1506
3.07 ~ m. sharp | 1496

3.1 W

.overlapped 1512

* calculated value, weak
very complex absorption in this
region due to intervalence bands.

2
r]% core sgrieé limit: 77294 cm”

1

. .
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Table & Absorption Spectrum of SCSe between 210n.m. and 170 n.m.

FquueEiy
(em. )
49660
49901
50134
- 50382
50829
51207

51034
51734/878

52305/396
53254
52750
52907
53920
51584
52586
52845
53520
54205
54847

55548

Comment

w.broad
w.broad
w.broad
w.broad
m.broad
m.broad

m.broad

s.broad

s.overlapped

s,sharp

Assingnment.

v 217 Q=3) 50

45?210 =}) 56"

000-000 4% 210 Q=3) 58yt
11

000-001
000-010 "

001-000(?) “
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Table 4 (Contd.) Absorption Spectrum of SCSe.between 210 and 170 n.m.

Assignment Wavelength. Assignment - Wavelength. Ass;gnment"

a. (Electronic) - oyt (Vibrational) el (Electronic).
2 - . o : ' 2 '
ni | IR ni
- ‘ 2
57788 001-002
57837 -000-001 59387 |
58151 . 004-004
_58196 003-003 . 59747
58223 002-002 59767
’ 58280 . 1 001-001 59831' _
C(eeu5p) 58336  000-000 59885 (...50")
| 58426 ? -
58659 ? _ -
58730 002-001 60301
58787 © 001-000 60351
59460 200-100 61015
59530 100-000 61077
- 202-101 61404

- 101-000 61451



Figure 11 : The Absorption Spectrum of 0CSe between 145 and 115 n.m,

140 145 n,m,

’ 51’

ns

np ﬂ%core

np |1
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TABLE 5.

- nd Series.

10

1

12

13'

14

.15

Series Limit

\Y

71336

77664

0556

R2004

R2976
R3521
83270
249295
R4381

84540

 aL651

R4756

1

1

[N

20

22

21

17

17
27
31
02

20

18
24

12

' -1.
85531 cm

RYDBERG SERIES FOR OCSe .

2
ﬂ% core

Comment. : ©  n

10

11
12

Vv
69493
75887
78714
R0233
81091

81687

.R2094

82574

Series Limit

2
M3 co
2
1
1

1

1

BAND ORIGINS (To) cm -

re
5 Comment
20

21

23

23

28

27

24

25

83524 cm™ 1

Spin orbit
coupling.

T 1843
1777
1842

1861

1875

1834

1776

1807
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TABLE 5 (Contd.)

np Series.

. 10

11:

12

13

14

;

V

66210
66292

75987
75957

79721

79234

81568

2684

R3788

RL0OR9

94329,

84490

o=

2.61
‘2. 60

2.59
2.58

2.58
2.53

v 2.61

2 .56

. 2.56

2.58
2.52

2.5

RYDBERG SERIES FOR OCSe.

‘core |

.Comment;

10

643R8
64534

74146

74230

78005

78100

79796

80872

81568

BAND ORIGINS (To) cm

o .
ﬂg_ core
0

.59

OO DN

.56

N -

.5k
251

2.58
257
2.51

60

.58

~ Comment.

Spin orbit

cpupling.
1882
1758

1741
1727

1716
1734

1722
1812



"TABLE 5 (Contd.)

ns Series. .

n Y,
6 "~ 7203R
.7 70004
R 80673
©
- 9 82004
10 82976

.2
ﬂ% core

3.13
313

3.14

3.7

3.16

RYDBERG SERIES FOR 0CSe.

Comment.

10

70247

76267

78929

- 80354

81198

BAND ORIGINS (To) —

2
ﬂ_’é_ core
2

3.11
3.11
3.12

3,14

Comment.

Spin orbit
coupling.

- 1781

1777
1744
1740

- 1778
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Thus, in principle, all that is necessary, is to tabulate the
absorption'frequenéy;v ; calculate the term value; (1 -V); and nofe
;the corresponding Valﬁe of ) and N for each band ih the spectrum. | From -
such a tabulation the various-seriés characterised by the same value of
§ and sequential N can theﬁ be identified. ”

' ﬁowever, even in fhe atomic case such an ideal situation is
unlikely to occur. In the molecular case fhe possibilities‘for
perturbation from thé expected Rydberg term values is considerably
greater and it is the extent ofisuch deviations which can make the

—intefpretafion-of molecplar Rydberg spectra a challenge}

Thus, there is inévitgbly a consideféble degree of "trial and
érror" in trying to fit theé observed bands into Rydberg series and thé'
ambiguities which arise are.oftén best resolved by cross~correlation
of related spectra.

It is usually appropriate to treat the results using standard
"best fit" techniques}6 waever one of the major difficulties in
the initial stages of the analysis arises from thé-faét that although
the absorption frequencies may be accurate to * 1em~1 (or better), the
term values calculated using I.P.s determined from p.e. spectra afe
often only accurate to * 100 cﬁ"ll Especially at the highef n values,
where the bands tend to be quite closely spaced, this level of
inaccuracy is sufficiently large to make assignment of successive
ﬁemberé virtually impossible. Thus we may have to rely on experience,
;or £rend$.iniothef features, such as band shape and inténsity'to estimafe
the series; Thus we normaily exﬁect the intensity of.successive
members of a series to decrease regularly and rapidly with increasing

n. This is a consequence of the fact that the oscillator strength of

a Rydberg transition is governed by an exprQSSion of the forﬁ
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<¢C/M/¢é> and as n increases)the overlap between the core wave
" function flc and that of the Rydberg electron ¢R decreases. In the
_case of an unperturbed atomlc series the oscillator strength is

-3 17

zexpected to decrease as n ;

Thus by inspection it may be possible to- 1dent1fy members of the-
series to nearer the limit than would have been p0531b1e on the basis
of poorly'estlmated term values, Provided we have correctly chosen
:_the members of the series we cae now extrapolate the series to its

limit and obtain a more aceurate value for the'I.P. This'process

can then be repeated several times and at each stage a more accurate
"value for the I.P. and hence the term values is obtained. When a
sufficiently accurate value for the I.P. is obtained it is possible

to reverse the procees and use the I.P. to calcu]ate the term values
for a given value ofD. These may then be coméaréd with experimental
values and any obvious discrebancies noted. In such a procedure the
choice of a suitable‘value of § is usually that of the terminal members,
rather than the initial members of the series,as theee usually lie
considerably off the positions predicted using average O values. It
is also this ef%en quite iérge change ind between the early members
which makes series identification particularly difficult in the
preliminary stages. |

The reasons for such deviations, as well as the methods by which

it may be possible:to cheek_whether or not a band actually belongs to

" the Rydberg series, vere discussed in the Introduction.

a) Analysis of Rydberg series in CSeg, SCSe and OCSe.

There are three other factors which make preliminary identifi-

tcation of the Rydberg series mere difficult in the particular
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molecules,under discussion. The first of these is the'fact that as
we have seen previously .in the p.e. spectrum, the X r‘(g) state to
which the ns, np and od series converge, is sp11t by sp1n orbit
coupl;ng. Thus it is necessary to characterlse the observed ﬁydberg
series -according to the§? value of the core,vwith the§2 ='g core series
lying to lower eoergy'than the series with f?: 1 core. Thus instead-
of there being only-three R&dberg series to identify, there are now
six. Furthermore, there is not only considerable overlap but there
~are also several 001n01dences between the two series apd were 1t not
for the fact that the splitting between the different core series so
closely resembles that of the ion, then identification of the differeot.
Y; components would have been considerablyemore difficult. |

The presence of these two closelyblying limits means that in the
initial stages of.the analysis it is necessary to eyaluate term values
for eyery,transition to both series'limits.. However only one of
these will properly predict the next series member and so it is
usually possible to'identify thé particular core to which it belongs.
Unfortunately the several cases of coincidence between the different
core series can produce coqsiderable_ambiguity in the early stages of
analysis.

When the members of a particular series have been identified,
it is usefui to examine the spectrum, and by inspection to identify
the corresponding members;of the same n and_6 s but with different
core state,52 . Thrs is poss1b1e because of the strong resemblance
'in band shape and relatlve 1ntens1ty between the dlfferent core series.

In the p.e. spectra, the lj.é ; states were observed to be
' 2
‘ 2

equally intense. However in the optical spectrum the (2 =1) core

- series is generally more intense than the (2 = g) core series.
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An explanation for-this.is that we have assumed (S?C,Q)) coupling
to exist ié all ﬁﬁe Rydberg states. Cértainly this would appear
reasonable, as there is ﬁo major'changé in the valﬁé of the splittings
observed befween the different components on goihg down the series
.from high to low n. This would_suggesf that there has.bgen iittle
éhange from (S?C,(Q)'coupling. Hﬁwever it is:sfill likely that
there is some (/\ ,S') coupling character present, especially in the "
lower n series members and to that. extent we may alternatively label
thé differeﬁt components as 1{] and 3r1 . By the spin multiplicity
selection ruies we would expect the transitions to th; 3n.components:
to be forbidden and that to the 1r]‘component fully allowed. It is
. this residual "forbiddeness" which may account for the slightly
decreased intensity of the (2= g‘core componeﬁt.

In addition the difference in intensity bétween tﬂe correspond-
ting members of a.series with different‘coreS? value decreases with
increasing n as (g£,(ﬂ) coupling ﬁecomes even more valid with higher n.

Another feature cauéing some problems in series identification
is the fact that there is a near integral difference between the
quantum defects of the ns and nd series. Now the observed term
value is related to thg %alue of (n.-;6)2~and so- the ns and nd series
tend to merge together. This ishespecially true near the series
limit where only the d series are cleafly observed, In fact in the

'CSéQ and SCSe spectra the ns series members are really rather poorly .
defined. In OCSé, on the othgr hand, although fhere is still a
tendency for the s and d series to merge together, the ns series is
particularly strong and well defined.

The @hird difficulty was only really acute in the case of 0CSe.

The problem arises from the fact that only the term values of the
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(OOO)Tband will correctly predict the next (000) members of the series.
Thus the complete tabulation,of all the bands, term values and
associated quantum defects contains much redundapt;and indeed misleading
information as a result of including'vibrationallﬁ exéited states.
Largely. by inspection and triai and error it is possible to identify
which ére the electronic origins and Wﬁichvare the vibrationally excited
States; In OCSe where the overall bénd envelopes consist of two_
overlappiﬁg bands, corresponding to the differeqt core states, each of .
vhich exhibits long ﬁrogressions inﬁvl.and V3 , it is doubtful whether
a'satisfactory,analysis could_have-been started Qithout the éid of the

information available from the photoelectron studies.

e) Discussion of results.

Despite these several gomplications it has proved possible to
analyse the speCtré in considerable detail 18, 19,20 and the results
given in Tables 3; 4, 5 are 1argé1y self-explanatory. However
there still remain a'few features which it is difficult to account
. for in a wholly satisfactory manner.

For instance in CSe2 the 1Tl g —> Se5p (§2 =-g_) core
transition is shérp whereas the corresponding transition to the higher
energy (S? = 1) core is diffuse. An analogous but even more complex
situation exists in ng where the much smaller energy difference
betweéh the different cofe states leads to considerable overlap of
the ubper Vibraéiohal memberévof_the lower core st;teg ;nd the diffuse
envelope of the upper éore state. | _By contrast in ’SCSe,see taﬁle L,
the vibfational members of both core states are clearly resolved, with

no apparent diffuseness present, A possible reason for the diffuse-

tness in.CS2 and CSe, is that the potential-énergy surfaces may lie
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so that the vibrational members of the upper'state are predissociated

by curve crossing to. that of the lower state.

. e -
2'COI‘

However the reason why such a situation does not apply in‘SCSem_
(or OCSe) is not at.all obvious, although it may'be cennected‘with :
/thevabsence of g and u symmetry in these latter molecules; However,
had such an effect leadlng to dlffuseness of the vibrational members
of the (S) %) core existed in 0OCSe, it is doubtful whether it
would have been possible to analyse the spectrum. In CSe2 and SCSe
the other Rydberg series members only exhibit week vibrational
structure, iframy, implying that thebpotential curves for these states
lie almost directly above the potentiél curves for.the ground state.
This~emphasises the essentialiy 'non-bonding' nature of the Rydberg
orbitals, |
Another puzzling feature, which occurs only in 0CSe, is an
apparent splitting of the,initial members of the 2 T — np series.
- Again, there is no wholly satisfactory explanatlon, but as it is
conflned to the early members of the series it might 1ndlcate that
' 1t arises from tran81t10ns to the p]I‘ and PO levels of the
'p compleX'l5 but that in the higher n values the splitting is toe

small to be observed.
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f)’ Higher energy intervalence transitions.

When all the Rydberg series haYé bgen identified the remaining
© bands are either the higher energy valence level tfansitions‘or else
-the early members of other Rydberg series converging to the next I.P.
Both typeé of band tend to be féirly weak and diffuse as a result of
>rapid dissociation or autoionisation effecté. However it is often
péésible to distinguish betﬁeen these two types of band using informa-
sttion obtained.from the photoelectron spectrum and the results are

presented in Table 6.

g) Configuration mixigg effects.

.One other particularly interesting feature obsefved.in the
spectra of CSe, and OCSe are apparent emissioné such as shown in
Figures 12, 13. Such 'window' effects have been noted previously in
a few other moleculese,g.naphthalene21 and have been tﬁe subject of a
theoretical analysié. - ' -

22, 23

The theory as originally developed was concerned with

_ 24
the autoionisation windows observed in the spectra of heavy atoms

and although such windows have also been observed in a few molecules
e.g. SF6?$ the theory has mainly been employed to explain effects
such as those reported here.

These arise as a result of configuration mixing between a
discre£e Rydberg state an& a dissociation continuum of the same symmetry
and energy leédigg to inierfefence effects between fhé~1eve1s?6
Depending on the magnitﬁde and sign of_certain parameters, especially
the line profile index g, a variety of line shapes, ranging from totally
destructive interference on one side and cohstructive on the other,

27 4
may result, as shown in Figure 14%.
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Table 6.

Higher Energy Intervalence Transitions.

CSe2 ‘ o
Transition. fémfl) . Comment.
30, 1Tl g _~ 58,000 w. diffuse.
2Ttué-1Ttu ~ 65,000 _ m. diffuse.
30 (1T, ~ v68,500 w. diffuse.
SCSe
60 ¢—2T0 - ~ 64,000 V. broad diffuse. .
66,800 .
. _ 67,600
3TE<-1TE 6%:000 - broad diffuse.
68,400 .
~ 71,000 V.W.
complex
~ 72,800 ‘vibrational structure.
OCSe .
50<— 27T " ~58,300 - strongly mixed

: with Rydberg
'60 «—2TT 67,500 levels.
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Ip CSe2 the _étates most likel& to be_. in_volvgd are the 3[']Ao
component: of the Se 58 Rydberg state of Q: % core “a'nd the
. ZU (g =0) vibronic Acon'tinuum associated with tﬁe valence shell
| transition ( 'Zg'*_élrlg) correspond;ing.lto the configuration

4 L 28
(---- .1‘[‘(-94‘- 3019 ). A similar analysis m§y apply to OCSe.
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CHAPTER 1V.

THE PHOTOELECTRON SPECTRA OF MAIN GROUP CYCLOPENTADIENYLS.
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INTRODUCTION. -

Main group cyclopentadienyls.,

. main group elements, T1 CgHlz, In C Hs Sn(C5H5)2 s Pb (05H5)

-In this chapter we will be concerned with the structure

and bonding in the cyclopentadieﬁe deriatives of the heavy-

5 2

S ‘
‘and Hg (C5H5)2. Some of the other heavy main group

elements are also known to form a cyclopentadienyl derivative

552

.2
e.g. Cd (CH ) , sb (CH and Bi (C_H but these
’}(55)3 (CgH5) |
decompose or disproportionate on heating? analso were not

‘synthesised in this study.

Accurate gas phase structures and bond lengths have
. 4,5,6
been determined previously for all the compounds studied,
except for Hg (C5H5)2, whose structure has been deduced from
its i.r. spectrum in sqlution.

The purpose of the study was to see how the different
struptures and bonding schémes vhich exist in these compounds
would be revealed-and understood using Photoélectron
Spectroscopy. - It will also be useful to make comparison
with the p.e. spectra of other metal cyclopentadienyl

8,9,10
compounds.

Bonding schemes in metal cyclopentadienyls.

Given that the known range of metal cyclopentadienides
compafes in size and distribution throughout the periodic

"

3
table with those of the metal halides and metal oxides,

it is not surprising that there are often marked differences

in their physical and chemical properties.v
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. .. . ., 11
Thus, largely on the basis of i.r. evidence, Fritz =~ has
classified the observed spectra into 4 different groups,
according to the nature of the bonding between the metal and

. 12 .
the cyclopentadienyl ligand(s). - These classes are:-

Ionically bonded; e.g. K C5Hs, Rb 05H5, Ca(C5H5)2 and Sr(C

H ).
5 5)2
Here the metal is ionically bonded to the C5H5 ring and the

i.r. spectrum is essentially the same as that of the C.H ~ ion

575

which possesses DSh symmetry. These compoﬁnds can easily be

understood as salts of the weak acid C5H6 (pKa = 20) formed by

strongly electropositive metals; the_Csﬁs- ion as predicted
from simple Huckel. theory, has a resonance stabilised aromatic
sextet of electrons.

Centrally O bonded; e.g. Li CsHs, T1 CoHz, Mg (C5H5)2.

the metal is bonded to the centre of the C5H5 ring and the

Here

ring spectrum interpreted on the basis of 05V symmetry.

Unlike type (1), this class of complex can also show metal-
ligand vibrations.

Centrally TT bonded; e.g. Fe ‘(05115)2, Ru (CSH5)2, Ni(C5H5)2.

The large number of transition metal éycldpentadienyl
complexes arebalmost all of this type, in which the metai is
bonded to the centre of the ring via a TT bond. The C5H5
rings exhibit similar spectra to (2), but the CH out of plane

deformation frequencies are usually higher than for type (2).

In addition to the metal-ring strétching vibrétions, this

type of complex also exhibits other skeletal modes in the

far i.r.

Diene O bonded; e.g. Hg (C5H5)2, Me381C5H5. In this tyge

-of complex the metal is bonded to one of the ring carbons
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through a g bond. The i.r. spectra are similar to. that of C5Hg

- and quite distinct from those exhibited by the other types of metal
cyclopentadienyls.
However, it should be noted that this classification scheme

relates ‘to solids (or in some cases solutions), and may not be

strictly relevant to our studies on isolated gaseous molecules.

c) Previous photoelectron studies of metal cyclopentadienyls.

A considerable amount of effort on the part of theoreticai
chemists has gone into devising suitable molecular orbital .
bandiﬁg schemes to account for fhe remarkable sandwich fype

- structures of molecules like-ferrocene. These schemes have
1argé1y been based on constructing m.o.'s from suitable
combinations of the ligand orbitals of appropriate symmetry
and energy'td interact with the metal d orbitals which, under
the influence‘of the ligand'field,.are no longef degenerate%

The results of various semi—emﬁirical calculations have led to

‘differeﬁt estimates of the orbital energies and-Qrderg3 likewise
they have produced conflicting.estimates of the charge distribution

-

.in the mo_lecule%D Nevertheless, there is little dispute about

the qualitative featu;es of the bonding and it is quite clear

that Fe(CsHs)Q.can only be regarded as a deriﬁative of Fe(II) in

a purely formal sense as the bonding is mostly covalent in nature.

These pfedictions have largely been confirmed by p.e. spectroscopy
Comparisgnvof the p.e. spectra of Fe(C5H5)2 and Mg(C5H5)g :

in whiéh,the d orbitals df,Mg are asgumed to take no bart in the

bonding, reveél two additional bands of relative intensity 2:1

at approximately 7 e.V.‘in the spectrum of Fe(C5H5)2

These must be due to ionisation from the predominantly metal
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3d orbital levels in Fe(Q;HE)g. The highgr ionisation energy bands,
_ which are coﬁmon to both spectra, appear to be characteristic of the
C5E;' spécies; and can.ge attributed to ionisation from the eséentially
" ligand 7T and O levels in":the_complex.

Sﬁch an analysis in which difect_compafison is made between the
molecularvlevels.in;the neutral species and the results of the
photoelec£ron spéctrﬁm, (which relates to the molecular ion), assumes
. the validity of Koopmans' Theorem.16 However, recent ab initio
‘calculations have cast serious doubt upon its validity in Fe(C5H52;7
and C5E5NiNOi8 Essential to the.apélicatibnvof Koopmans' Theorem
is the assumption that no electronic reorganisation of the orbital
energies takes place. on ionisation, and such are the differences in
charge delocalisatibn possible when ionisation takes place from an
orbital largely lopalised on the metél atom, compared with that
possible for ionisation from orbifa}s delocalised over the C5H5 rings,
tﬁat a substantial degree of electronic rearrangements may in fact
occur on ionisation from the predominantly metal m.df's. In the
case of the essentially Ni 3d levels of C5H5N1N0 this energy has
been estimated to be about 6 e.V.

This breakdown in Koobmans‘ Theorem is likely to occur for most
of the metal cyclopentadienyl systems under discussion, but it is
to be hoped that the deviations which will occur within a group of
related molecules will be:sufficiently systematic to at least allow.
a reasonably valid‘indication of trends within the group to be
determined.

Using this as a justification the photoelectron spectra of
several of the transition metal cyclopentadienyl compounds and their

_ ring substituted deriatives have been analysed assuming Koopmans'
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: 8,9
Theorem.’ 0f particular interest are the spectra of the species

- V(G5B )y, Cr(C5Hy)p, Co(CHy )y, and Ni(C5H5)y, all of which exhibit

complex metal 3d ionisation bands in the low energy region of the’

spectrum. This is due to the larger number of ion states accessible

from the open shell electronic configurations of the neutral molecule

compared with a closed shell species e.g. Fe(CSH5)2.

The photelectron spectrum of Mn(C5H15)2 has been interpreted in

terms of a high spin, partially ionic structure, which is consistenf

11

“with the analysis of its i.r. spectrum.

Relationship between structure and bonding.

In thebdiscussion and analysis of the results to be presented
we will see much of the fundamental relatipnship between structure
and bonding. These‘two largely complementary features are
related by molecular symmetry. The structure‘%mposes restrictions
on all molecular wavefunctions which must conform to the symmetry
properties of the molecular geometry, As a result, the symmetry
propertieé are‘fundaméntal in determining the bonding possible’
for a particular structure, as only atomic and molécular orbitals
of the same symmetry can combine. In addition, although the
symmetfy conditions may be satisfied, significant bonding will
not occur when therevis too great an ehergy diffefence between
the orbitéis involved. - When drawing up qualitative'm.o;
bonding scheﬁes it will therefore be necessar& to consider both
the energy and the symmetry species of the comppnent molecular
or atoﬁic orbitals. Thus prior to the analysis and discussion

of the p.e. spedtra it will be necessary to estimate the energy
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levels and determine the symmetries of the cyclopentadienyl ligand

and metal orbitals. This .we shall now do.
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2. THALLIUM DICYCLOPENTADIENYL AND INDIUM DICYCLOPENTADIENYL.

"-a)-Molecular'orbital_enérgy levels of CsHs.

Unfdrfunately, as p.e. spectrpscopy’is not:yét sufficientl& ._
developed in the techniques requirgd'to.obfain the spectra of
spécies as short-lived as CSH;, diréctly determined.values of
the molecular o}bital energies havé‘not been recorded. Hdweyer,
it is possible to make estimateé of these lévelé froﬁ a kndwle@ge

of the p.e. spectrum of C5H6.

. This has been recorded and the results analyse&'with-the aid
of both extended Huckellznd Spectroscopically farameferised
INDO (SPINDO) calculations?O- In addition, the resuité of the
SPINDO calculations agree well with those of a recent ab initio
calculation? the assignments of which'are‘shpwn in Figure 1.

On changing from.C5H6 to CSH5* ?he molecular symmetry also
changes, from Co, to D5h’ and using group correlation methods,
the symmetry of the corresponding molgcular orib%tals in}C5B5—
are readily obtained from those of C5Hé’ It'is worth noting
that this leads to the result, also demonstrated to be the
case in'C6ﬁ6,23that the uppermostCTlevels of the ring are
intermediate in energy between the two occupiedTllevels,

" "

e1 and a2. ’

We can check the number and symmetry of the molecular orbitals
of C5H5— from consideration of the manner in which the atomic
orbitals of C and H can combine in Q5H5_. Each C will

contribute 4 electrons and each H will contribute 1 electron,

making a total of 25 + 1 = 26 in C5Hg™, These 26 electrons
form 5(C - )0 , 5(C - H)O and 3(C fC)TT bonds of symmetry

_ , ,
- o : e ‘
(C C) - ay + & + e? 20 electrons

(C-HO . at +el + ep
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(C -c) JT : 8 * €. 6-electrons

and'compafison of these with the results of Figure 1 bears out the

" original assignments.

v b) Atomic energy levels of Thallium and Indium.

0f the metals under consideration, only the gas phase u.v.

24,33

p-e. spectra of Hg and Pb have been reported. However, in the

case of the .other metals we can estimate the binding energies of the

25.

atomic orbitals from optical absorption spectra.

In the case of Tl, the relevant transitions are:-

j P>) . v cnm
71(1) Py (..5a"%s%6p) —> 11(11) s, (.,5a'%s%) - 49250

— 11(1) Zp % (..5a106s6p2) 67150

— 11(1) %p « (..50a2%s264) 36200

o

T1(11) 50 (..5a1%s2) —> T1(11) 1° _(5d96é26p) 110590
and using this information we can derive the energy level diagram
showﬁ in Fioure 2a, as follows.
, The transition TI(I} P——%Tl(II) SO gives us the ionisation
of the T1 6p level as 6°1 e.V. and the other transitions give the
.energies of the 63, 6d and 5d levels relative to the T1 6p level.
It must be emphasised that alfhoﬁgh care was taken to choose
- transitions to étates which are fairly representative of the emergy
differencés between the centres of the,various'configdrafioqs
poSsiblé oﬁ'excitationi the analysis of tﬁc‘spectrum jusf pefforméd
can only give a rough indication of the ionisation energies of the
atomicAlevels involved. Nevertheless, these vaiues will Bé
sufficiently accurate for our purpqsés and proviéd we choose the

same‘transitions‘in systems of related configuratioh'then valid
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comparison may be made.

The corresponding transition energies in In are found to be:-

. cm—1
2 | :
In (1) (4a105525,) P _%In(II)('lLleSsg) 1s; 46,470
: ‘—> In (1)(4d1%5s5p2) PL 59,650
—> In (I)(4d105425q) 21)3‘ 32,890
R 2
2 ' _
In(I1I) (4d105s) - In(III)(4d95s ) 115,570

and using the same'procedure as in T1, the approximate atomic
ionisation energles-derlved for In are shown in Flgure 2b.

Comparing the levels in Tl and In, it should be noted that
the In 5s level is hlgher in energy than the T1 6s level. However
the reverse is true for the d levels, in whlch the In 4d electrons

appear more tightly bound than the T1 5d electrons, These
25

observations are also reflected in the trends in the successive I.P.s
~i.e.
M I I1. 11T IV _ )
T1 0.1 204 29.8 50.7 e.V,
( In 5.7 18.8 28.0 o 54 e.V,
N 3 ! a9
. Configuration | ns ns (n -1)a [(n-1

M(II) is tﬁe energy requiréd to remove én ns level electron from

M+(ns2np°) to give M++(ns1np°). The difference between the
M(IV) and M(III) energies is due to ionisation of an (n - 1) d

level electron.

c) Structure of T1C5H5 and InCsHs.

Although polymeric as solidsg6, in the gas phase both
_ Tl'C5H5 and In C5H5 consist of monomeric open sandwich structure

species in which the metal is symmetrically placed above the centre-



Gas phase Structures of InC H d TICH_,-
Ge 5 and T1CHg

Tl!f c- L 2,678 - Gas phase structure

In - C 2.41 X bond Jengths in
o °
- f He
C-c 1434 TICHy and InC.H..

Figure 3,



138.

as shown in Figure 3. The bond lengths in T1 (5115 and In C5H5 have .
been determined from electron'diffraction studies, ’ . - This

structure has molecular symme txry C5V and in this point group the

metal a.o.s possess éymmétry as shown in Figure 2c.

d) Molecular orbital ehergy diagram for TlC5Hf3 and interpretation
of the p.e. spectrum.

Ha?ing carefully considered the symmetry_proberties and energy
of the ligand molecular orﬁitals and the metal a.0.s fk can-how
attempt to construct an m.o. energy level diagram for T1C5H5 and
this is shown in Figure 4. With the aid df‘thié diagram we can
attempt to analyse the Hé(I)'and He(II) p.e. spectra of T1C5H5 ,
wvhich are shown in Figures 5 and 6.

Also of some.assistancé in the assignment, is cbmparisqn with
the He(I) spectra of T1C1 and TlBr,.27 thch both show three bands
and have ﬁeen anglysed as follows:- |

One band, approximately 13.5 é.V}, CTbondiqg lééel derived from
halogen Por and Tl 6s a.o.s.

Two overlapping bands, approximately 10 e.V};TTlevel, essentially
halogen pyg very little mixed with T1 6p1r; O bonding level, derived
from T1 65,‘6po.and haldgen Py - |

Thus the first band in the p.e. spectrum of T105H5’ is largely
aerived from the eZ (TT) level of C5H5 and contains only a small

contribution from T1 6PTF orbitals which lie to higher energy but

are of the same e symmetry. There is no resolvable vibrational

structure to the band, although the shoulder to higher ionisation

energy may arise as a result of Jahn-Teller interaction328 in the

2E state of the molecular ion.
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The next band in the spectrum at 10.3 e.V. is weaker than the

first and is attributed to a 'O lone pair level deri&ed mainly from

. T1 6s, 6p0' atomic orBitals,vbut with a small cohtribution from the

. n : :
ring ag level. T - e
The next band, the strongeét in the He(I) spectrum, cofresponds
to the uppermost of the ligand O™ orbitalé, ei and eé and again shows
no resolvable vibrational féatures. These levels are eséentially
unchanged in energ& between ligand and complex because there are no

. : ’
metal a.o.s either of appropriate energy, or in the case of eg ring

'leﬁel; of.appropriate symmetry with which to overlap. The fact that

the p.e. spectra of other métallocenes containing both transition
metal and main group metals? all show an almost identical strong
featureless band in this region, further points to the lack of metal
orbital contribution to these essentially ligand O;levels. These
levels are more clearly distinguished in the He(II) p.e. spectrum
where fhe relative photoioﬁisation cross-sections appear reversed
in comparison to. those of the He(I) spectrunm. Uhfortunately, such
intensity effects are only imperfectly understood at present and
althbugh several of the contributing factors have been recogniseg?
they do not in this case provide additional infofmation to éid

assignment, As in the first band of the spectrum, there is the

possibility of Jahn-Teller broadening in the molecular ion states

‘ contributing to the overall width of the bands.

. As a high energy slioulder to these bands is another, clearly

~ seen in the He(II) spectrum which is attributed to the ligand 7T level,

Jé with a small contribution from the T1 6s orbital.
" The next band in the spectrum is again broad and is due to
’
ionisation from the largely ligand CH and CCO bonding levels a)

and eo, Although of the same symmetry as the metal,SdZQ, and
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_ SdXEyQ, and 5d orbitals, there does not appear to be much mixing.

Xy
Again, ‘the second of these overlapping levels is more clearly
distinguished in the He(II) spectrum.

Subsequent bands were only observed using He(II) radiation.
The first of these at 19.6 e.V, and the band at 22 e.V. are attributed
to ionisation from the largely metal 5d orbitals. The magnitude of
the separation between these bands makes it clear that the splitting
is essentially due to spin-orbit coupling rather than "ligand field"

effects relating to molecular symmetry. The two bands are thus

2
designated as the 2D5 and 93 components of the T15d levels.
2

The low energy shoulder to the QQ% band.at about 21.6 e.V. is
attributed to the largely C28C7 bonding level of the ligand.

It is difficult to be sure whether the subsequent features
observed in the He(II) spectrum correspond to higher energy ionisation
levels of TlC5H5 or are due to "shadow" features which arise from the

He(I)/g’ X lines !

also present in the spectrometer discharge and which
could give rise to bands iﬁ this region. Certainly a fairly strdng
feature deriving from the other CQS(j bonding level, ai, would be
expected to occur at about 26 e.V., but it is impossible to be certain
whether the bands observed at that part of the spectrum, are either
wholly or in part due to this.

e) Molecular orbital energy diagram and interpretation of p;e. spectrum

f InC_H_.
of In 515

The corresponding m.o. level diagram and the He(I) p.e. spectrum

of InC_H_ are shown in figures 7 and 8.

55
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T1C B,
Adiabatic ~ Vertical
7.67 | 8.12
9.87 10.28
11.%7 12.77
15.77  16.28

TABLE I

InC 5H5’ v
Adiabatic Vertical
7.81 f 8.3
9.3
11.61 12.7
16.0 16.3 -

(IP's in e.V.)
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AAithough essgntially'similar to'thatvof-TleHS; see Table i?
the spectrum:of InCgH g éhéws qeftgiq features which in fact cﬁrroborate
fhe_assignments_made for TlCéHs. The only significant difference -
expected between the épectré would be associated with levels in which
the metal a.o.s haﬁé avmajor.contribution; for as We-héve'already
seen there is a différence in energy 6f abproiimateiy 1‘e.V. between
the ionisation energies of £he In 5s and Tl 6s levels in the free
atom.

In the analysis of the TlC5H5.spectrum the second band; at
10.3 e.V., was assigned to an eSSentiélly metal O level and on such
a bésis would be predicted to shift to lower ionisation eneréy in the
case of InQ5H5' This prediction is observed to oécur,-the second

band in InC5H5 being at 9.3 e.V.

Also, the small change in the I.P. of the first band in the
spectrum, see table 1 and figures 5 and 8, may indicatq an even
smaller degree df.mixing between the uppermost ring'Tf<}eVel, e;,
and the metal pp brbitals‘of the same symmetry, in the case of
InC5H5 , than in T1C5Hs.

The fact that the ;emaining bands'do not shift in the Indium
compound compéred with the Thallium one, supports their origin as

-

essentially ligand ionisations.

E It would be most instructive to compare the‘He(II) p.e. speétra_
of InCsH; and TICHH5, for on the basis of the metal orbital
ionisation energies of Figurevé;'the Iﬁdium'coﬁpound should not-
exhibit any of the féatures in the 20 - 22 e.V. region which were
ascribed to maiﬁiy T1 5d level ionisations. Unfortuﬁately, |
experimental difficulties in obtaining usable He(II) output from

discharge lamp have made it impractical to record satisfactory
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He(II) spectra of any of the other metallocene compounds in this

study.

f) Ionic versus covalent bonding in T1C5H5,

" As a result of calculations of the overlap integrals between the

' L0
metal and ring orbitals,InCsH; and Tlefls were originally thought

to be truly ionic compounds. This calculation has subsequently been
shown to be in error’ and the recalculated values are”in-agreement

. 11
with the other evidence which suggests covalent bonding. Likewise

the p.e. spectra of both compounds doinot indicate any strongly ibnic,

character to the bonding. If this had been the case, we would have

9

expected the uppermost ligand 77 ionisation to occur at lower I.P..
Also as the I.P. of T1(II) is 20.4 e.V. we would have expected the
metal s level ionisations ét a much higher energy than were in fact

27
observed.

+ ~
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3. . LEAD DICYCLOPENTADTENYL AND TIN DICYCLOPENTADIENYL.

We shall now turn our attention'to the second péir of main group
metallocépes‘étudied B&Ap.e. spectroscopy, viz., Pb(C5H5)2 and
Sn(CBH5)2. Followiné'tﬁe same sequence of ‘analysis and discussion
leadiﬁg-to the construction of the m.o. energy level diagfams used to
interpret the T1C5H5 and In05H5vspectra, we shall Begin by éonéidering
the atomic energy leQels of the metal atbms.

S a) Atbmic levels of tin and lead.

The electronlc tran31t10ns in Pb and Sn used to g§t1mate the a.o.

energy levels shown in Flgures 9(a) and (b) are:— - -1

2
Pb(1)(..5a %6s26p2) 3p° —> Pb(11) (5d106 6p1) QP% 59821

-~ Pb(I) (- - 6s26p16d1)3D<1’ 46,060

Pb(u)('sdlogs%pl) 2}% —> pb(11) (54'%s6p°)  “p3 66,124

. ] . )
po(v) ( 5al0) 1g 2 —> Pb(v) " (5a%s) p, 114,705
and the corresponding transitions in Sn are:- ' e -1
sn(1) (1a1%54%5,2) 3p —> sn(11) (4a'%54254) - Pl 59,236

2p5 63,483
) )
—> Sn(I) (5s25p 5al) 3Dy 44,508
4
sn(11) (4’ 5325 1) P1 —> Sn(11) (4a10 555p2) P% 48,368
sn(v)  ( 4a'®) g —ssa(v) (4a%5s) - 3p, 155,058
A recently reported gas phase p.e. spectrum of Pb gave identical
values for the energies of the QPL, 23% and &P states and so
: : 3 33
corroborates the above analysis of the electronic spectrum.
The same trends as were observed in the Tl and In atomic levels
are repeated in Pb and Sn. Thué, the uppermost filled s and p levels
occur at slightly lower I.P. in the lighter element, whereas the d .

level ionisations are at lower I.P. in the heavier element. This



Q

N

@

10

12

14

16

18

eV.20

- 22

N

Pb

W

6s

‘54

5p

'55_

sa



146,
means that it should again be possible fo'distinguish between molecular
levels of Pb(Cslg)o apd-Sn(C5H5)2 vhich are largely derived from the
. metal a.o.s.
Compafison-of Figufes 3 and 9_also‘éhows tﬁat the Pb a.o0.s8 occur

- to higher”binding energy than the corresponding Tl a.o.s and that the

same relationship is true for the I.P.s of Sn and In.

b)‘ Symmetry-classificétion'of molecular orbitals in (CzHz), systems,

The molecular orbital levels -of the C5H§‘1igand shown in Figure 1
wili reQuife to be reclassified in terms of the new molecﬁlar(symmetry
to take account of the interactioﬁs betweén the ring levels; | Two .
,gossible orientations of the riﬁgs which it will be useful to considerA

are the parallel and skew ring structures. i.e.

coe B

Strictly speaking, the parallel ring structure can exist in

eitheé of two forms with the rings staggered (D5d) or eclipsgd (D5h)l
but as this is not essential to our assignments or the energy differ-
sence between these forms large, we shall regard the parallel structure
as only possessing D5'symmetry.v In this pbint group (which is

isomorphous with C5V) the ligand 7T m.o.s combine as follaows:-

Cgisdpm D5

2 x ag a; + ag
i

2 x e{ 3 2e1
n

2 x ey o 2e9

In the skew structure, which has Co, symmetry; the doubly
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degenerate e levels split into a and b combinations although the

splitting is éxpected to be-small. Thus the ring 1 levels combine to

give:—

(C5ti5)y T Cov
1/} '

2 x ag A aj + by

) n ' : .

2 x ey a, + b2; a, + b1
n .

2 x ey aq + b2; ag + b1

with the axes and by, by convention shown in Figure 10.

c) Structures ofvSn(C5H5}2and Pb(CSH5)27

Thg gas phase stfuctures of Sn(C5H5)2 and-Pb(C5H5)2 have beeq '
determined and both compoﬁnds possess the skew ring.structur;% Thié
Atypé of structure ié fairly common in transition metal cyclopentadienyl
deriQatives with other ligands also presehﬁﬂe.g. (C5H5)2 MX, whéré
M= Ti, Zr, Mo; X = Halide, H, R. betails of the structture and

bond lengths in Sn(C5H5)2 are given in Figure 10(a).

d) Molecular orbital energy level diagrams and interpretatibn of
the p.e. spectra of Sn (C5H5)2 and Pb(C5H5)2.

In constructing the mfo. enérgy level diagrams fér Sn(C5H5)2
and Pb(C5H5)2 it is helpful to distinguish the interactions possible
for e;éh symmetry class iﬁ the manner shown in Figures 11 and 12.

In this way ﬁe'mAy avoid the éonfusion which'coﬁld'arise'from'tﬁe
proliferation of a and b levels. .It_is also assumed that the 1T
level splittings are small. This effect has been noted previously
in the p.e. spectra of 1,1 substituted derivatives of M(C5H5)2;

A : 8
(M = Fe, Ru, Os).in which t?e symmetry is also reduced to CQv.or Cop s
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C,, E G Oxz Gz
' A1; + o+ + +
A2 + O+ - -
B1 + - - +
B, + - +- - .

Figure 10

C-C 1.437
C -1 1.142

Sn ~ C 2,706
A11 C - H, € - C distances

equzl.
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" but Vith'only'a slight diffuseness occurring on some of the bands.
7 Thus it would‘appeér #s if the h.o.s behaved as if they posseésed
vhigher symme try properties-thah théy in fact have.

We can use.the m.o. diagrams to interpret the'He(I) speqtra‘of
Sn(ésﬂﬁ)gand Pb(CSH5)2 which are shown in Figures 13 and 14. - Both
spectra contain 5 bands (denoted A to E in'table 2) and show consider- .
sable overall similarity. However in the spectrum of Pb(C5H5)2
(Figure 14) bands A and B are clearly split wheréas this effect is not
resolved in the spectrum of Sn(C5H5)2.

" The A and B bands largely derive from the'ligand é:1T'leyels
mixing with the metal p orbitalsf However there.is no metal'p-
orbital of the same symmetry to overlap with the iigaﬁd.aQTT level
and so Qe assign the low I.P. component of the first band (A) to this
level. The next band (B) is assigned to the bj and by levels derived
’ from the mgtal ﬁx,py and ligandTTe; orbitals of the same symmetry.

The remaining IeVei deriving from the ring a, and metal p, orbital .
is therefore assignéd to the higher energy shoulder of band A.

However it should be pointed out that plausible alternative
assignments exist fqr these bands and it is possible that band‘B
defives from overlap of the ay and b2 ring T levels with py,pz;
the px orbital contributing to the high energy shoulder of band A,

The next band, C, is substantially shifted in position between
" the £ﬁo spectra; in Sn(C5H5)2 it is just apparent as a high energy
shoulder to:thé pfeﬁious baﬁ@ B?‘but ianb(C5H5)2:it_ié completely
' distinct; This shiff would stroﬁgly suggest that it derives from a
molecular level of essentially metal orbital character and is attributed

to the metal s level of symmetry a,.

The similarity both in shape, position and intensity of the
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Pb ((:5]35)2 Sn (C5H5)2
Adigbatic | Vertical Adiabatic Ve'rtical
7.4 7.53 | -
8.00 & ,7.75
8.6 B 9.1
9.0 :
10.3 C . ) 9.7
1.6 127 D 11,6 12,8
15.8 16. 4 E 16.0 16,4

: TABLE 2 (IP's in e.V.)
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two remaining featurelees bands D and E, in both sbectra is whelly'
. consistent with the1r a551gnment tolllgandCTlevels and as assumed
earlier, the splitting of these O levels as a result of 1nteract1ons
- between the two rings is'too small to be apparent. l The other two
llgandTrlevels ai and b2 are also not resolved but presumably 11e

buried beneath the hlgh energy tail of the bands labelled D.

: e) Comparison with p.e. spectra of other M(C5H5)2 species.

It is instructive at this point -to compare the sp€ctra of the
Pb and Sn cyclopentadienyls with that of Mg(C )2 This compound
has a parallel ring structure of D5d symmetry in the gas phase. But
in the case of Mg there are no occupied p orbitals, and although -the
3s_1eve1 is of comparable energy to the g and €n ligand levels, it
is of alg symmetry and therefore does net mix with the ligand levels.
Consequently the first two bands, of approximately equal intensity,
at R.23 and 9.26 e.V. (vertical i.P.s) are almost entirely derived
from the €1g and ey combination of the upper ligandr levels but
perhaps slightly stabilised by ieteraction with empty p orbitals of
Mg. These mayrbe compared with the bands denoted A and B in -
Pb(CSHS)2 which oecur at slightly lower ionisation energy. This
largely corroborates the earlier assignment of these bands in
Pb(C H ) (and Sn(C—H5)2), as possessing some metal py character as
a result of m1x1ng between the llgand1r and metal pn-levels wvhich lie
to higher energy (lower I.P.).

Comparlson of the p.e. spectra of Pb and Sn cyclopentadienyls

with those of the skew ring transition metal derivative59 e.g.
-(C H ) MoCOzis also instruetive. In these compounds the first two

552

bands are attributed to largely metal d orbital ionisations.
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- However, the next set of bands arise from the ligand 77 levels which

split intf the ay, bz; ag and b; co@ponenf;. In ghe casé'of (C5H5)2—
‘MoCO these occﬁr at 8.8, 9.3 and 9.6 e.V. and may agéin be compared
vith the Pb(Csfl5)p ionisations at 7.53, 8.63 and 9.00 e.V. Once more
we see thg_fb(CsH5)2 I.P.s occur to lover eneig& apd thg Qbserved
splittings of the higher I.P. bands in both spectra are of COmparable

size.
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L, ' MERCURY DICYCLOPFVTADIFVYL

Finally, we turn our attention to Hg(C H5)2. This cOmpound‘is
sensitive to both heat‘and light. Uhfortunately the analogous Cd
derivative is so.unstablé3 that it cannot be subllmed vlthout

substantial decomp031t10n and so was not suitable for this study.

a) Atomic energy levels in mercury.

. The energies of the atomic levels of Hg are readily obtainable

i 24,34 .
.from the p.e. spectrum ’ - This shows bands at 10.4, 14.84 and
L - 2 2 -2 ——

16.71 e.V, corresponding to the S%, D5 and Pg states of Hg (II).

However it is instructive to compare these values with the -

25 :
results arrived from the optical spectrum. The transitions:-—
em~1
10 1 - 10 2 . '
Hg(I)(Sd 6s°)  Tso —> Hg(11) (5a'%g1y  Zs, - ew,1su

2

—> Hg(1) (5d10%s6p) 3P'1 39,412

3

—> Hg(1) - (5d%526pl) F) 76,945
~> Hg(1I) (5d%s?) QDg_ 119,692

—> Hg(171) (5d9652) 21)2 134,732
2

lead to estimates of the 6s and 5d levels which are in good agreement
with the p.e. results. In addition the optical spectrum gives an
estimate for the energy of the unoccupied 6p level. = These results
are shown in Figure 15. This agreement between optical and p.e. data
gives an additional measure of confidence to‘the type of analysis

performed on theAprical spectra of the other metals in deriving their

orbital energies.

b) Struct?re of Hg(C5H5)2.

- 35

After many years of dispute, the evidence of the solution i.r.
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and n.m.r.3 has finally been resolved and points to an extremely fast
"fluxional” diene strﬁcture; No structﬁre determination of the
moleéple in the gas phdse has been reported and an étfempt to record
thebelectron Aiffraction ﬁattern of CngC5H5 wa? abandoned as a result
of the substantial decompoéitioﬁ of thé sémple'which occurred on heating.
This decomposition wpuid lead to such a.compléx mixture of gas phase
species, that it would be impossible to analyse the résulting diffracfion

- pattern to give reliable data for CngC5H A similar situation would , .

. 5
obtain for Hg(C5H5)2 which is thermally less stable.
The possible structures for Hg(C5H5)2 as deduced frdm fhé i.T.

are shown in Figure 16. However, the transoid structure, of symmetry

Coys is considered unlikely on the basis of the measured dipole moment.

c) Diene energy'levels in C5H5-

In a O"diene structure the ligand levels are best compared with
the molecular levels in C5H6 as this allows for the considerable local-
tisation of the ring TT levels which still exists in these compounds.
Furthermore we will assume that there is no significant interaction

between the levels of the different rings.

a) Molecular energy level diagram and p.e. spectrum of Hg(C5H5)2.

We can now cénstruct the m.o. level diagram for Hg(C5H5)2 shown
in Figure 17. ‘Also of considerable assistance in the interpretatidn
of the p.e. spectrum, is comparison with other O diene compounds,
notably SiH3ciH5’ the p.e. spectrum of which has recently been analysed

) 2
" with the aid of ab initio calculations.

The p.e. spectrum of Hg(C5H5)2 is shown in Figure 18. Also
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mg (C.1,),
‘Adiabatic Vertical
7.8 8
0% 9.8
10.5 10.9

13,4
14,65 14,8

16.4

TABLE 3 (IP's in e.V.)
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.appafent are bands of Hg and C5H6 which result‘from some décomposifion
of the Hg(C H5)2 sample. 

The first band of Hg(05H5)2 overlaps with the sharp features
(denoted with arrows) whlch are attrlbuted to traces of C5H619' This
similarity in position and the fact that it occu™s tq much higher
energy than the first band of PS(C HS)Q’ confiﬁn< the assignment of
the band to levels of essentially C5 6 1a2 character. The possibility
of some mixing with a higher energy (lower I.P.), unoccupied 6p level
-of Hg may account for the féct that the bands lie to slightly lover
I.P. in the Hg compound than in 05 6° | |

The next band largely derives from- the 2bq- level of C5H6 and
again the possibility of mixing with the b, levels of Hgbp may account
for its Slléhtly 1ower I.P. By analogy to a similar band in
SlH305H5 assigned to the (TT- SiC) 1eve12 this band is attributed to
- the (7v - HgC) bonding level. |

VThe next band appears as a low ionisation energy shoulder to the

ligand O bands.and is gttributed to the HgCObonding levels formed by
overlap of the Hg 6s level and ligand levels of the same symmetry, aq.

The broad.featureless band between 11 and 14}5 e.V. will contain

the remaining ligand O levels.

" The low ionisation energy shoulder to the Hg 2?; line observed

at 14.9 e.V. igs attributed to the remaining ring1Torbitals derived
from the 1b; level of C5H6’ perhaps sllghtly mlxed with the by level
" of Hg 5d orbitals. )

The final band in the spectrum, containing a very weak feature
ét 16.75 e.V. corresponding to the QDg “state of Hg+, is due to

ionisation from the C — C and C - H O bonding levels corresponding

to the 7aj, 4by and 6a; levels of CsHg. .Undérlying this band and



157.
and.probably responsible fer the long'tail which extends froﬁ about
17 e.V. to about 18. 5 e.V., will be ionisations from the largely
Hg 5d levels which would be expected to occur in this region of the

38,39

spectrum.
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THE PHOTOELECTRON SPECTROMETER

The spectrometer used was a commercielly aYailable Perkin
'vElmer P.S. 16 1nstrument This medel, vhich was fifst produced
about six years ago, has since undergone severalAmlnor modifica-
:tions and is currently available as the PS18 model.

Likewise several alferations and alditions, including the use
of a heated sample. inlet probe and an He(I)/He(II) d1scharge lamp
were made to the PS16 1nstrument to obtain some of the results
presented in the preceding chapters.

The basic design features and components are largely similar
Ilto those of the 'typieal‘ spectrometer described in the introduction
and are as shown in Figure T and Figure 2.

The water cooled helium discharge lamp is connected to the
jonisation chamber by a fine capillary tube allowing the radiation
to pass fhrough the sample but preventihg excessive diffusion of
the heiium, wvhich is continuously pumped out from the lamp.  The
photoejected electrons leave the target region fﬁrough a narrow
s11t and enter the electrostatic analyser This consists of two
- concentric plates of 127 (75) sect1on, the voltage between which
vmay be varied continuously to deflect electrons of different energy.
The exit from the analyser to the electron multiplier, is controlled’
~ by a narrow slif of width variable up to a maximum of 1 mm. In
recording high resolution He(T) spectra, this slit is kept at the
mlnlmum width compatlble w1th reasonable 1nten51ty,‘w1th a resolu~
:tion of = 30 meV being readlly obtalnable. However, when record-
:1ng‘He(II) spectra it is usually necessary to open the slit
coneiderably wider in ofder to obtain ﬁseful intensity, even although

tLis is.at the expense of inferior resolution.
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The amplified pulses generated by the electrons then pass from
the eiectrqn multiﬁlier into a solid state counting system coﬁsisting
of a linear amplifier and a ratemeter capable of handling count rates
of up to 5000 counts‘per second (cps)- The principal features of
the He(I) spectra were recordéd at count rates in the range 500 -
5000 cps, but as alcohsequence of the-ldw-He(II) intensity from the
discharge lamp even at{optimum conditions, most He(II) spectra were
recorded at count rates in the range 150'— 500 cps. To improve the
signal to noise ratio in this latter range it is necessary to use an
integrating time constant which averages the signal over 5, 15 or 60
second periods as necessary. . |

The counting equipment is connected to a variablé speed X -.Y

. plotter which records the intensity of each band as a function of
its apparent ionisation potential (measured in eV). It is bossible
(and indeed more convenient)'to record the I.P.'s directly, rather
than the experimehtally determined kinetic energy (KE) of the
electrons, by using the relationship,

K.E. = I.P. - 21.2 V.

>In recording the spgctrum on the X - Y plotter the.chart.speed _
has to be apprdpriate to the count fate and integrating time cﬁn—
¢stant employed, otherwise there wilf be considerable loss in
appafent resolution and accuracy of intensity and energy values.

The band positions of the spectra thus obtaiﬁed are calibrated
by combarison with known §tandards such as Ar, Kr or N9 introduced
into'the target chamber'duriﬁg'fhe courée of the experiment from
samples kept in the instrﬁment‘reser§oir. |

" The %acuum system employed in the spectrometer (as shown in

Figufe.l), indicates the conflicting préésure requirements of the
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different spectfometer'regions. The main chamber,-which contains
the analysér, and electron multiplier mugt be mai;tained-at pressures
better than 5 x 10—5 iorr by an oil diffusion pﬁmp backed By a
rotary pump. " This allows the;photoelqptrOns a‘coliiéon free path .
to. the électron multiplier. iIf the pressure expéeds this limit
then anomalous effects such as thosé preéented in Chapter 2 are
likely to occur.

Hovever, the fressure of He in the discharge lamp neceésaryAto
maintain a continuous self sustaining discharge is in the range
0.1 to 10 Torr} the limiting value dgpending critically on the
- voltage, distance between, and surface condition; of the electrodes.
Likewise, the sample.préssﬁre in the target region required to
generate sufficiént‘phdtoelectfons is again in the = 107! Torr
range. In order to maintain these different pressures in the.
absence of suitable window méterials it is necessary to employ
differential pumping on the sample and He supply as well as connect-
:ing the ionisation chamber to the main chamber. by a narrow slit.

Gaseous and volatile samples are introduced into the inéirument»
through a 'Hoke' needle valve connected via a stainless steel
manifold té a simple conventional all glass.vacﬁum iine fitted with
greaseless 'Rotaflo' taps. The appropriate needle valve position'
is determined by opening the valve until the optimum signal
‘strength of the strongest peak in the spectrum is obtained.
Typical‘sample consumption is between 1 to 10 mg houf—r: and
sampies iﬁtroduced into the séectromete;s are condensed on to a
liquid'N2 cooled.'muck; trap. By closiné_the baffle valve between

the main chamber and the diffusion pumps it is possible to let the
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chamber up to atmospheric pressure whilst maintaining the pumping

' system intact. ) By filling the chamber with dry No samples cguld
be recovered from the muck trap by use of a specially conétructéd
glass pot, the ground glass top ﬁf_ﬁhich formed a seal with the
rubber O ring of the trap. Afhis was then attached to a vacuum
line and the samplé pumped off as-the-trap warmed up. .This was
useful not only as it'aIIOWed precioué samples to be recdvered, but
aléo because it was necesséry to prevent unpleasant smelling or
toxic sampleé from éscaping to the atmosphere.

" For samples which do not poésess the necéésary vapour ﬁreSsure
of at leést 10—2 torr. “ aé room temperature,. but-which do have such
vapour pressurés when heated to temperatures ub to 25600 it is
possible‘to use an alternative inlet system., |

In this case the sample is placed in a small gléss capillary
tube inserted directly into the probe ionisation chamber. .By '
controlling the fiow rate of the air or water coolant té the dis-
scharge lamp, it ié possible to use the ionisation chamber as a
small oven with wvhich to heat the sample to the required temperature.
It is important fhat this temperature is stable and is not allowed
to vary by moré than X 2°C during the recording of each spectrum,
otherwise misleading relative intensiéy patterns will be obtained.
The temperature is thus monitored continously by a ~thermocouple
located in the all-metal sample probe. |

When héndiing air'ornwétey sensitive sampleé by fhis mefhod,
it is necessary to perform sﬁch ﬁénipulétions as filling the capil—
t:lary tube and fitting it into the héated probe in an inert (usually |
dry N2) filled glove bag. The probe and sample is then removed from

the Bag,and inserted into the spectrometer as quickly as possible.
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The provision of a vacuum lock on the spectrometer allows this to be
performed rapidly and the total time fo; wvhich the sample is exposed
less than 5 seconds. " Thus excepf in the case of extremely sensitive
or spontaneéusly inflammabie samples, it is normally not necessary to
employ further precautions. |

Another usefu}.alteration made to tﬁe spectrometer was the
modification of the He discharge lamp to‘give, in addition to the
usual He(I) lines, the higher energy He(II) resonance lines.

By working with very high voltages and low He preésures it is

possible to make the discharge emit.radiation from Hejions; the
major output from which is the Hé(II) line at 40.8 eV, The
successful operation of the discharge under such conditioné required
the construction of a much more'powerful supply system. The work
vas carried out by Mr. Alan King (Departmental Electronic Workshoﬁ)
in collaboration'with Mr. Hans Lempka . of Perkin Eimer. The design
of the power unit is shown in Figuie 3, and is capable of delivering
25kV at 250 m.A. current. B

The mains input voltage is controlled by a variable transformer
with a secondary winding capable of producing up to 18,000 V. AC.
This is then ;;Ctlfled 1nto an unsatibilised halfwave DC supply by
a series of 40 diodes contained in two stacks. The power then
passes through the resistor R2, which is air cooled #hilst the unit
-is in operétion._ For safety, the entire unit is contained in an
earthed metal cagé and the power is 1e& to-the discharge lamp using
cér ignition céble contained in an earthed conduit.

To operate the lamp under He(II) conditions, the following

procedure is adopted. The He pressure in the lamp is increased )



Bird's eye view

of power unit.

R1

00

Figure

discharge



167.
to approximately 5iTorr and the power unit switched on. The voltage
is slow1y incréased to 15 to 18 KV by which time the discharge should
ignite. ' immediately this occurs é feéding of apéroximately 150 m.A
should show on the ammeterAanq the véltage readiﬁg digps by é - 3 kvV.
If igﬁition of the discharge has not Qpcurred when the voltage read- -
:ing has reached 20kV then if is necéssary to increase the pressure
of He. When ignition has occurred the voltage is reduced to
approximately 13k.V. and the He ?ressure lowered s10wiy and caréfuliy
to the minimumvpressﬁre‘at which the discharge will operate.
USuaily this ié at a bressurebetWeen'°1 to .2 T;rf and the iowef the
pressufé; the greater the He(II) output.

When recording He(II) spectra the range of electron kinetic -
enefgies which are reqdired.to be analyéed is almost twice that of
' He(I) specfra. Aé a result, the.voltage range across the analyser
. plates must also be doubled and this is achieved by means of a two
way switch locatéd behind the spectroﬁeter féscia.' -

However as the X - Y plotfer records apparept ionisation
potentials (assuming hy = 21.2 1 eV) and not electron kinetic
energies, the calibratidn of the spectra involves a little care.

For a normal routine He(I) scathhe apparent IP scale begins at 6 eV.
This corresponds to an elgctron kinetic energy of 15.2 eV. On
changing to He(II).operation,the highest kinetic energy electfoh
measufed on this scan will therefore be 15.2 x 2 = 30.4 eV aﬁd will
correspond to a;n a.ppareht'IP‘_of,'A(AO.B - 30.4) = 10.k eV.. In fact,

it is possible to rec&rd lower'energy I?'s on other expansioh SCanhing
modes. However very sloﬁ scan speeds were necessary (because of the

very low count rates associated with He(I1) spectfa) and so it was
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not usual to record routine spectra using expansion modes.,
Another conseqﬁeﬁce of thg low scan‘spéeds was.the signifiqantly
. larger quantity of-éémple required. |
| ' Normally at least 1'm. mole vas needed to obtain all the
necessary, spectra. But in the éase of involatilg samples which
requiréd the use of the heated probe‘inlet system the restricted
.sample size proved troublesome. It W§S‘difficu1t to obtain a high
enough rate bf_sublimation compatible with maintaining sufficient
sémple to complete a full scan, which could easili take up tovl%_hours.
Another drawback‘having to USe'sﬁch.a large quantity of samplg
.was the ingreased'émount of maﬁerial which decomﬁésed in the spectro-
/:meter. The successfultopéfation of the diéchargé lamp in the He(II)
méde requires particular care not only over the purity of the He
supply but also over the cleanliness of the electrode surfaces.  As -
a result it was frequently neceésary to dismantle and clean the dis-

s:charge and target chamber surfaces.
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VACUUM ULTRAVIOLET SPECTROMETERS.

Two differen£'vacuum'p;v§ spectrometers were used to obtgin the
results presented in Chapter 3. The preliminarf work was performed
on a-ﬁilger Watés 1 metre vacuum grating mpnochfbmatbr and the- sub-
:sequent‘higher_resblutibn'sthdies were obtained at the University

— A _
of Dundee using a Macpherson Model 241,

\

- The basic design and operation of both instruments is very simi- )

:lar. As shown in Figure 4, both Qonsist of a large cylindrical
chamber evacuated to about 10 -6 Torr to eliminate atmospheric.
absorption. Light from the source passiﬂg thfough the sample,‘which
is contained in a glass cell fitted with Li F_windows, falls on to
the qpncéve grating. bThe light is dispersed by it, fefocﬁssed into
the focal curve and passes through the exit slit fo be recorded on a
photographic. film.

- The ma jor differences Between the spectrémeters lie iﬂ the light
sources employed, fhe grating characteristics, and the size of the
photographic film uéed to recprd the spectrum. |

In the Hilger Watts instrument the source was a pulsed Lyman
discharge lamp filled with‘either Ar or Kr and it was.usuallyz
necessary to>fife the lamp 10 to 15 times per exposure. The
Macpherson instrument was operated using a continuous microwave
sustained discharge in either Ho, Kr or Ar. In this case it was
possible to vary either the sample pressure or expasure time to
obtain suitable intensity.

The exposﬁre times depenﬁ,éfitically on the microwave power,

the cleanliness of the cell windows and the absorption of the
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Asa@pie and usuélly ranged from bétwegn 5 to 10 minutes. Once a
suitable exposure time had'been Aeterminéd, it was customary to use
the same time for egch expésufevand increase the preésuré of'Sample
to reveal the weaker spéétral features. . AfterAeach exposure the

\_E}atehdlder containing the photographic. film was raised, enabling

'severalvexposuréé (ﬁsually up to 5) to be recorded on each film.

In this:way the sPeétra obtained with the Macpherson instrument
presented in Chapter 3 shows clearly the effect of increasing sampie

.pressure.“ '

The érating in thé Hilger Watfs instrﬁmént was rﬁled with 2000
lines/mm and had a radius of curvature of 99.98 cm. In the
Macpherson instrument the 3 metre radius grating had 1200 lines/mm
with a linear dispersion of 2.8 X/mm wvhich is almost twice that of
the smaller instrument. .

In order to photograph the spgctrﬁm, sﬁecially prepared film
vas ﬁsed.. For the Hilger Watts instrument Ilford HB4 film |
gensitised Ey a .5M Sodium Salicylatesolution in methanol was
developed using microphen. In the Macpherson instruﬁent the film
was available either in the form of cellulose strips or, for more
a;curate wvork, on glass plates.

The épectrum thus obtained can then be enlarged photographi-
:cally or by a microdensitometer attached to an X — Y chart reéorder.

'By this latter technique:it is possible to produce a more convention-
:al representation of the spectrum in which the intensityrof each
Band is.plotted against waveiéngth. The distance of eaéh band in
the spectrum is then measured relative to accurately known standard .

lines (usually atomic emission lines occurring naturally in the
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lamp) either from the densitometer tracé.br preferably directly from
the.photogréphic plate. It is for this reasén that glass plates
"are used in preference to cellulose strips since thesé»latter are
much more liable to disfértAor dhange sfie and éo-produce erroneous

band position measurements.

4 N~

The distances may be measured directly from the photograph or
plate either with a ruler and’magnifying glass or preferably using
a travelling microscope iinked to an accurate micrometer screw.

The wavelengfh dispersion of the plate'is then calculated froﬁ the

disfancés‘between the emission 1ines>and in this way the.wavelength
of each unknown line obtainedlby linear interpolation. . If greater
/accuracy of wavelength measurement is required it is cuétomary to

use higher order terms to define the. wavelength disperson of the

plate.
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PREPARATION AND CHARACTERISATION OF METAL CYCLOPENTADIENYL

COMPOUNDS.

‘PREPARATIONS.

The heavy metal cyclopentadienyl compounds. were all prepared

according to standard literature methbds; As a result it will only -

-

be necessary té give a,brief.indication of the methods used as

further details are included in the references given.

a)

_ : 1
Thallium Cyclopentadienyl T1 CgHs

This was prepared by adding 3.ml of freshly distilled cyclopent-

- tadiene monomer to 5.04g Thallous Sﬁlphate dissolved in

15ml of 4N aqueous Sodium Hydroxide ; The mixture was shaken
vigourously fqr twenty minutes and the r;action proceeded
smoothly according to the equation: 4

TlOH + CSHG f_—“%>,.TIC5H5 + HZO,
The curdy white precipitate was filtered off rapidly, washed
and left to dry in a vacuum desicator filled with fresh
potassium hydroxide KOH. A pure sample of Thalli&m cyclopent-
tadienyl was obtained by vacuum sublimation of the dried pro-
sduct at 100°C. This produced 3.5g of fine yelloﬁ ne;dle
shaped crystals, rebrésénting an overall yield of 65% (based

on the quantity of Thallous Sulphate used).

2
~ Indium Cyclopentadienyl.

.Owing-to the sensitivity to moisture and atmospherié oxygen
it is:noé poésiblé to érepare this? or the ;ther'éyclopenta-
:dienyls by roﬁfes analogou; to the preparation of Thallium"
Cyclopentadienyl. Instead the compounds are prepared by the

reaction of sodium cyclopentadiene with the metal halide in
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ether. '

In such cases particular care has to be taken to ensure that

the ether and metal halide are ary and that all manipulations

aff_peerrmed in an inert atﬁosbherev(usuélly'dry nitrogen).
Sodium Cyclopentadieﬁe is prepared by feflﬁxing k.8¢g finely
divided'métallic spdium for 4 - 6 hours under nitrogen with

15 m1 of freshly distilled cyclopentadiene monomer in 500 mls
QIX per&xide free diethyl. ether. The Sodium Cyclopentadiene
is formed with the evolution of hydrogen according to the

equation:

2N§ + 2Cg Hg ——> 2Na Cgl5 + Hy

When reaction is complete the resulting solution is pale pink

in colour. To this is added, with stirring, 13 g. Indium
trichloride dissolved in excess dry diethyl ether.

The Indium trichloride used Qas dried prior to use, by reflux-
sing with £hiony1 chloride (SOCIQ) and filtering off the
anhydrous Indium trichloride.

The mixture of Na C5H5-and In Cl3 is refluxed with continuous
stirring under No for 12 - 14 hours.,. Thé solvent is then
reduced to sﬁall bulk by distillation at atmospheric preésure,
and is removed completely by further distillation at reduced
pressure. The resulting solid residue is transferred in an

inert atmosphere to a vacuum sublimation tube and a pure

‘sample obtained by gradually raising the temperature to 150°c.

Tin Diqyélopentadienvl and Lead Dicyclopentadienvyl.

These were prepared by the addition of slight excess of the
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" appropriate anhydrous metal halide to sodium cyclopentadiene

in dry diethyl ether jor tetra hydrofuran according to the

equations:
Sn C1, +'2Na C5Hs solvent, Sn (p5ﬂ5)2 +'2NgC1

-

PbClg + 2Na CgHg solvent Pb (C5Hs)y + 2NaCl
The mixtures were stirred continuously under reflux in an -
atmosphere of dt?Né for 10 - 12 hours. The anhydrous metal

halidevwas prepared by treating the hydrated metal salt with

~acetic anhydride for 11 hours and filtering off the solid.

After reaction was complete, the solvent was removed by

distillation and pure samples obtained by sﬁblimation of the

- s0lid residue at IOOOC in vacuum,

Like Indium cyclopentadienyl both Tin dieyclopentadienyl and
Lead dicyclopentadienyl are air and moisture sensitive com-
:pounds which require to be manipulated in dry inert condi-

stions.

Mercury dicyclopentadienyl Hg (C5 H5)2
Like the Indium, Tin and Lead defivatives, mercury dicyclo-
:peﬁtadienyi may also bé preﬁared by the action of the metal
halide on sodiﬁm cyclopentadiene in ether, i.e.

Hg C1, + 2Na C5 H; — > Hg(05H5)2 + 2NaCl
However an alternative, and better, synthesis uses the low
temperature exchange reaction betheh mercuric éﬁloride and

théllium cyclopentadiene in dry tetra hydrofuran described

6
- by the equatiom:-

THF . '
Hg Cl, + 2T1 CsHg _1?2—} 2 T1Cl +Hg (Cgll5 )y .
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.By stirring vigoufously for730 minutes a suspension of 6g Thallium
' cyclopentadiene incircg_jo ml Tetrahydrofuran was pfeparéd,- This was
cooled toabéuﬁ -40°c. using a chlorobenzene/liq. nitrogen slush

béth and 3g_of Mercuricvéhloridg dissolved‘ih I0 ml. Tetrahydrofuran was
/adaed siowly. : After stirring for one hour at —40°C the solution was
filtered rapidly undgr nitrogen., - " The filtrate was
immediately»redﬁced to drynéss using a rotator& evaporator. The
fremainihg yellow solid was dissolved in 2 - 3 ml dry'diéthyl ether,.
thhe solution filtered, and the filtrate coo;ed to -40°C to precipi-
:fate fine yellow crystals of mercury dicyclopentadienyl. These

were then filtered off and stored in the dark.  The yield is quanta-
stive. |

(e) Attempted preparation of Cadmiumdicyclopentadienyl.

An attempted preparation of the kpow;i but highly sensitve
compound cadmium dicyclopentadienyl, by an analogous preparation to
that outlined above, but using cadmium chloride, CdClQ in place of
mercuric chloride, was not successful and did not lead to isolable
products.

(£) Characterisation of Metal Cyclopentadienyls.

The purity of the samples thus prepared was confirmed by record-
:ing their mass spectra using an AEI MS 902.

The samples were manipulated in an inért atmosphere and intro-
sduced into the spéctromefer via an all giaSs heated inlet system.
The spectra, whiéh were recorded at various temperatures up to 120°C.
with 70 eV ionising voltage, all showed parent ion.peaks with the

correct metal isbtope pattern. All other peaks could reasonably
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be attributed to.likely fragmentation productbions, and no impuritiés'
Qere found to be'éreseht in the vapour above the heqted solid. Thus,
as a result of the basic similarit& ;n,éxperimental‘techniques used
to record both éhe mass spectra and-photoeledtron spectra, we can be
.certain‘tﬁat the photoélectroh spectra do, in fact, correspénd to the
”Mcompoﬁnds-chosen for study and not fo‘otﬁer,,or decomposition, pro-

sducts.
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PREPARATION AND PURIFICATION OF THE Se CONTAINING DERIVATIVES
CSe,, SCSe, OCSe. ‘

INTRODUCT ION.

In recording thg'éhotoelectfon,and vacuum ultra-violet spectra
‘fof CSe2, SCSe and OCSe several attempts wére“neéeséary to obtain
all the materiélArequired. 'As a result, slightly different methods
and/or modifiCatians to the appératus employed on each oécasiqn,
occurred. - The methods deSéribéd below.detail the systemé emploied-v.
on the‘final occasion on thch eaqh method was usedé

In the desigﬁ‘énd executiqn of thesé éxperiments considerable
attention neéded folﬁe giveﬁ to safety. Not only were tﬁe compounds
involved often particulariy unpleasant but some were also highly
inflammable ana toxic. As a result all the experimeqts were
carried out ﬁndgr fhe supervision (and with the prior consent) of

a safety officer.
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8
‘CARBON DISELENIDE.
This was produced in low yield by the direct reactidn of
methylene chloride vapour and Se at 500 - 600°C.
i.e. CHyCI, +_Se‘~_>_csé2 + QHc;.' -
The apparatus used is shown in Figure 5.

/

—~PREPARATION. of SELENIUM.

The Sélenium required (8Og.),Awas prepared by passing sﬁlphﬁr '
dioxide through an acidified solution of selenium dioxide.

i.e. Hy0 + SeOy + S0, + 2H+__> H,S0, + Hp0 + Se |

"The selenium was filtered off and dried in a oven at ISOOC'for
2 days. Final traceé of water were removed by heating to 3060 for
4 hours‘in;a stream of dry nifrogen. Aftef.allowing to cool, the
selenium was pulverised and stored in a desiccator until required.

PREPARATION OF CARBON. DISELENIDE.

The finely divided Se was loosely packed into one end of a silica-

tube and heated td approximate1y15200C. A slow stream of dry Ng

was passed througﬁ-the apparatus to carry the methylene chloride
vapour and selenium to the reaction zone of the furnace tube at

560°C. Under optimum conditions a white mist was~prodﬁced in_the
receiver flask.. If the flow rate of nitrogen or the temperaturevof
the bulk Selenium was too high, then ;xcess Selenium was swept through’
the apparatus so blocking the outlet from the furnace tube té the
recgiVer flask. Howevér when the furnace temperétures and flow .rates
.had stabiliSedfthé experimeﬁt could be left-to coﬁtinﬁé undisturbed
for several hours. At the énd 6f_thisltime, the receiver flasks

would contain a dark, foul smelling liquid.

PURIFICATION.

The first stage in the isolation of pure CSe, was to distil the
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liQuid fractionally at afmospheric pressure,using a 30 cm. glass bead
»filled column,to rémove'gxcess methylene-chloride. | The remaining dark
red liquid was then tréﬁsferred to a vacuum line fittéd with Rotaflo
greaseless téps and thevmi¥ture freed from dissolved seienium by
pumping. |
The Carbon Disglenide was further purified by repeatgd trap to

trap distillation using an‘acetone—solid'carbon dioxide (—78°C) and

'Toluene—liquid_nitrogen (—9600) slush baths. Despite assertions to
_;_the contrary in the litérature? it was possible. by this method tov
obtain;a éémple of carbon diselenide whose infra—rgd-séectrﬁm showed
it to be free of methylene chloride or 6ther impurities. The bulk of
the golden yellow liquid thus obtained was stored in a refrigerator
‘and in the absence of light to prevent polymerisation.” Small
samples kept at —1960C on the vacuum line, showed no éigﬁ of

decomposition.
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CARBON SULPHOSELENIDE.

This wvas prepared by the reaction between carbon disulphide

vapour ahﬁ.éelenium at 75090‘
i.e. CS, + Se —> SCSe + S.

The method and apﬁaratus employed was.essentially.siﬁilar to thaf
'dgscribed above in the preparation of carbon diselenide,‘#s shown in
" Figure 6.
PREPARATION. | ' - | ' A

The Sé, prepared as above, was placéd at one end(gf the silica _
furnace éube and heated t0‘450 - 50600. ..A.burrent of c;rﬁon disulphide
vapoﬁr was carried in a stream of dry nitrogen through the héated 
:Selenium and the resulting vapoﬁrs passed along tﬁe tube‘wheré if was

A 0
heated to 750 C to form carbon sulphoselenide in about 1% yield.

The vapours were then collected in ice cooled receivers.

PURIFiCATION.

The resultiﬁg orange red liquia was freed from the bulk of the
carbon disulphide by distillation at atmospheric préssure using a
30 cm. long glass bead filled column. The distillate was maintained
at 40 - 50°C until no morg.carbon disulphide could be removed. - The
remaining dark red liquid was then transferred to a vacuum line and
the mixture freed from carbon disulphide by repeated trap to trap
distillatiop and by using a low temperature. fractionating column at
;SOOC. Thevpurity of the remaining pale yellow liquid was confirmed
by its infra-redlsbectrum which: showed no carbon disulphide or otﬁer
impurités to be present. Sémples of purifiéd carbon sulbhoselenide

o .
were stored in the dark at -196 C to prevent decomposition.
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CARBON OXYSELENIDE.

The éynthesis of this compound was berformed using two different
methods and the samples obtained gave identical spectra.
‘The basis for the first mefhod was the reaction between aluminium
selenide and phosgene at 2200C
i.e. AlS 3C0C1,, —> 24 .
e }2 e3' f SCOC12—-§> 2AlCl3 + 73C0Se

which “was performed using the apparatus shown in Figure 7.

~PURIFICATION OF PHOSGENE.

The phosgene required was obtained by repeéted freezing and
thawing of‘a 12% solution of phosgené in benzene and condensing the
vapours above the solid. These Qeré fractionated by trap to trap
'distillation'using a pentane-liquid nitrogen (-IBOQC) and an actone-
solid carbon‘dipxide (—780C) slush bath to remove impurities such as
carbon dioxide, hydrogen chloride and benzene. | The purity of the
remaining phosgene was confirmed by its-infra-red spectrum.

PREPARATION OF ALUMINIUM:SELENIDE.

The Aluminium Selenide was prepared by igniting a 3:5 mixture by
weight of fihely powdered Aluminium and Selenium in a clay pot with a
lighted magnesi?m ribbon. The resulting mass was finely powdered and
stored in a desiccator.

PREPARATION OF CARBONYL SELENIDE.

With the Aluminium Selenide heated to 22000 the phosgene was
slowly passed ovér.it by carefully opening the needle valve. The
bulk of the unrgacfed phosgene was trapped iﬁ the -78°C bath, with the
remainder, and any carbonyl selenide produced, condensing.in the
_196°C liquid nitrogen trap.

PURIFICATION OF CARBONYL SELENIDE.

Small amounts of carbon dioxide, hydrogen chloride and hydrogen
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selenide produced by hydrolysis, and unreaoted phosgene were removed
by repeated trap to trap distillation u51ng -145 C, A-13OOC~and ;120°C
.slush baths.

As a result of impurities in the alﬁminium'selenide, the overall
yield was much lower than anticipated and it was necessary to repeat
the experiment and subsequent fractionation several times to obtain a
reaeonable quantity of carbonyl selenide. In ‘the or1g1na1 report of
this method it was noted that the Aluminium trichloride produced by
the reaction had a marked catalytic effect on the yield. However the
alnminium'selenide hed been prepared by heating a stoichiometric-
mixture of powdered Aluminium and Selenium in a sealed glass tube, but
/an attempt to prepare a semple by this method resulted in e‘violent
explosion and so was not repeated.

. The alternative preparative route based.on the direct reaction
750°¢

CO + Se ——> CO0Se
12

was also employed.

The apparatus required, was basically similar to that described
previously for the preparation of carbon diselenide and carbon
sulphoselenide but with severel important modifications as shown in
Figure 8.

These were necessary because carbon monoxide does not condense
at liquid nitrogen temperatures, but has a vapour pressure of almost
'40 cm. Hg, Thus the manometers, blow offs and long bubbler placed
between the apparatus and - the pump enabled a steady pressure of
. approx1mate1y 30 em. Hg to be maintained in the apparatus. At this
pressure  the carbonylselenide readily condensed in the -196°C trap,
without too much vapourised Selenium being swept out of the furnace.

PURIFICATION OF CARBONYL SELENIDE.

The only impurity present in the carbonyl selenide prepafed by
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this method was carbon dioxide, which was removed by trap to trap
»diétiilation using'-120O and —13000 slush baths. | After fractionatién,
the'ipfra#red,spectrum.of the carbonyl selenide showed it to be free
from impuritiés.

- Carbon oxyselenide is sensitive to wéter and light and readiiy
decomposes in coﬁtact with metal surfaces ér stopcock grease. As
a reSﬁlt‘if was manipﬁlated in the absence of light in é greaseless

tap vacuum line and stored in the dark at -196°C in all glass ampoules.
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The photoelectron spectrum of CSe,
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The He I photoelectron spectrum of CSe, has been recorded and four of the
bands observed assigned to ionization from valence shell levels that correlate
well with those found for CO, and CS,. Weak bands in the spectra of CS,
and CSe, are assigned to shake-up processes in which electronic excitation
of the ion accompanies ionization.

1. INTRODUCTION

The photoelectron (PE) spectra of CO, [1] and CS, [2] are well known,
having been investigated in detail by many workers. We have recorded the PE
spectrum of CSe, with He I (21:22 eV) excitation to enable a comparison of the
upper valence shell levels with those of the lighter molecules to be made. The
electronic spectrum in the near ultra-violet and visible regions, which has been
reported by Tyerman [3], is discussed here in relation to the PE spectrum.
The PE spectrum of CSe, is particularly interesting as it contains fairly pro-
minent bands that we assign to shake-up processes, formally forbidden transitions
involving electronic excitation as well as ionization. While such bands are
common in X-ray excited PE spectra [4] and a few examples have been reported
using He 11 (40-8 eV) excitation [5, 6], it appears that none have been reported
previously in He I spectra.

2. EXPERIMENTAL

Carbon diselenide was prepared [7] by streaming methylene chloride over
molten selenium at about 600°C in a stream of nitrogen. The resultant yellow
liquid was condensed at room temperature and purified by fractional distillation
on a vacuum line. The infra-red spectrum of the product then showed no
methylene chloride or other impurities to be present.

Photoelectron spectra were recorded using a Perkin Elmer PS16 spectro-
meter with He T (21:22 eV) excitationt. Near-ultra-violet spectra were recorded
using samples in the vapour phase in 100 mm cells on a Unicam SP800 spectro-
meter.

3. RESULTS AND DISCUSSION

The PE spectrum of CSe, (figure 1) shows six bands, whose vertical ioniza-
tion potentials are listed in table 1. The first band consists of a pair of sharp

T eVay0-160 192 a].
M.P. 31
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peaks of equal intensity separated by 0-26 eV (2100 cm-1). This splitting we
assign to spin—orbit coupling separating the two states of the CSe,* ion X211, ,
and I, 5. The corresponding splittings for CO,* and CS,+ are 180 cm— and
436 cm~! respectively [1, 2]. No peaks corresponding to the formation of ions
in vibrationally excited states can be detected. Thus as for CS, the highest
occupied level of CSey(17,) is essentially non-bonding.

Electron Counts

8 10 12 14 16 B 20
1P/ev

Figure 1. The He I photoelectron spectrum of CSé;.

CO,?t CS,? CSe, Assignment
1379 10-07 9:26 17g

10-12 9-52
17-60 12-84 11-74 17y .

14-1 12-75 Shake-up band
18-08 14-47 13-61 204

15-3 Shake-up band

19-40 16-20 15-87 204

17-1 Shake-up band

Table 1. Vertical ionization potentials/eV.

The second band in the spectrum is comparatively broad, extending from an
adiabatic IP of about 1145 eV to about 12 eV. A vibrational progression is
resolvable ; the mean spacing measured over nine peaks is 0-041 eV (330 cm™1),
which may be compared with the symmetric stretching frequency of the ground
state molecule (368 cm=!) [7]. We accordingly assign this band to a strongly.
bonding level, 1,

The third strong band consists of a sharp (0, 0) peak at 13-61 eV with a weak
(0, 1) peak about 35 meV (~300 cm—1) to higher energy. 'The band at 15-87 eV
is also sharp, but shows no (0, 1) peak. We assign these two bands to two of the
four o levels of the valence shell.

The above assignment is closely similar to those proposed for CO, and CS,,
as is shown in table 1. 'The two remaining bands in the PE spectrum of CSe,,
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at 12:75 eV and 15-3 eV, cannot reasonably be assigned to ionization from valence
shell levels ; their nature will be discussed below.

We first note that these weak peaks are separated from the first strong band by
about 3-4 eV and 5-9 eV respectively. These energies are comparable with those
associated with near-ultra-violet transitions, suggesting that an analysis of the
electronic spectrum of CSe, reported by Tyerman [3] may help in assigning the
weak peaks in the PE spectrum. The bands observed by Tyerman are listed in
table 2, which gives our estimates of band maxima and relative intensities,
together with comparable data for the first bands of CS, [8].

It is apparent that a very close similarity exists between the electronic spectra
of these two molecules, the main difference being that each band of CSe, occurs
some 6000 cm~! to the red of the corresponding band of CS,. This energy
difference is almost identical to the difference in the first ionization potentials of
the two molecules, suggesting that identical assignments of the electronic spectra
are appropriate.

CS, [8] CSe, [3] Intensity
29 000 23 000 Very weak
31 500 26 500 Weak
50 000 43 400 Strong
55 000 49 100 Weak

Table 2. Visible and ultra-violet spectra of CS, and CSe, (band maxima/cm~1).

While the assignment of the CS, spectrum is perhaps not yet certain, the weight
of evidence at present seems to favour the suggestion that all the first three bands
involve transitions to states derived from the configuration . .. (L 327, ) (A),
the strongest band, at 50 000 cm~ involving the fully allowed transition to the
13, state, that near 31 500 cm™ the 'A, component and the very weak bands
near 29 000 cm—! the A, componentt. The great complexity of the bands is
ascribed to the fact that the upper states are all bent, because of the occupation of
the 2, level, so that extensive progressions in the bending vibration occur, and
the bands due to the two components of the bent ion overlap, while several sets
of hot bands arise because of the low bending frequency in the ground state.

Taking the analogous assignment for CSe,, we see that the two singlet states
(*A, and 1E,) of the . .. (1m,)¥2m,)* configuration of CSe, lie 3-3 ¢V and 5-4 eV
respectively above the ground state ', of the configuration . .. (1m,)%. The
similarity of these energies to those separating the weak peaks in the photo-
electron spectrum from the first strong band leads us to consider what states may
arise from a similar excitation 17, -2, in the ion CSe,* (ground-state configura-
tion. . . (1m,)?%).

The resulting configuration . .. (17,)%(2m,)! gives rise to five states for a
linear ion ; these may be classified in terms of the states of the ... (1m,)% ...
part of the configuration that they arise from. 'This part gives 1A, 1T, and 3%,

+ We are greatly indebted to a referee for a clear exposition of this assignment, which is
in no sense our own.

312
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states, each of which combines with an additional 2w, electron to give a 2II,,
state ; in addition 'A, gives rise to a 2®,, state whereas 3%, gives rise to a 4II,
state :

ny? ) @)
2¢
1Ag x 2ﬂu < u
211“
129 X 21']’u —_— 21Tu
2
T
o
4.n-u
States derived from the configuration . . . (174)2(27y)%.

Shake-up bands correspond to transitions formally forbidden under photon-
excitation ; they are held [5] to derive their intensity by mixing of the upper state
with nearby states of the same symmetry to which transitions are allowed. There
are no nearby state of 2@, or 4[l, symmetry to which transitions are allowed in
this case, but the photoelectron band at 11-7 eV. corresponds to the allowed
transition to the %I, state derived from the configuration ... (17, )3(1ar )2
Thus all the *II,, states arising from the configuration . . . (17,)%2m,)! may give
rise to weak bands; we assign the two weak bands we observe at 12-7 eV and
15-3 eV to two of them. Other weak peaks appear in our spectra of CSe, in the
18-21 eV region ; while most of these may plausibly be accounted for in terms
of ionization by ‘ impurity lines ’ in the output of the lamp [such as those due to
traces of H atoms (10-2eV, 12-1 V) and N atoms (10-95 eV)] we cannot be
certain that there are no further genuine ionizations in this region.

v v v
122 126 130
1 P/eV

Figure 2. A portion of the photoelectron spectrum of CSe, showing the shake-up band near
1275 eV.
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It should be noted that the 2II, states involved in the shake-up transitions,
with electrons in the antibonding 2, level, are expected to be bent, as are the
state of the molecule arising from the . . . (17,)3(2m,)! configuration. Under the
resulting Cj, symmetry each 2II, state should split into 24, and 2B, states, but
it does not seem likely that this splitting will be large. It may well contribute
to the breadth of the 15-3 eV band. The weak peak at 12:6 eV (figures 1, 2)
varies in intensity relative to the 12-75 eV band, so we assign it to traces of H,O0.
It is possible that some of its intensity may in fact be due to a second component
of the 12-75 ¢V band of CSe,, as we have been unable to remove it completely and
it appears broader than expected for H,O in figure 2.

A similar pair of weak bands to those we observe in CSe, has been reported
in the spectrum of CS, (see table 1). It seems possible that they may be due to
shake-up processes similar to those we have invoked for CSe,.

4. CONCLUSIONS

We have observed and analysed the photoelectron spectrum of CSe,; the
valence shell levels 20, 20,, 17, and 1m, give rise to bands similar in position and
structure to those found for CO, and CS,. Weak peaks in the spectra of CSe,
are assigned to shake-up processes leading to *II, states derived from the
... (1m,)¥(2m,)t configuration of the ion.
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The vacuum ultraviolet spectrum of CSe, is reported in the region 210-130 nm. Rydberg series
leading to the first ionisation potential are identified and vibrational structure associated with the long
wavelength members assigned. The effects of spin-orbit coupling and configuration mixing on the
observed spectrum, in the 200 nm region, are discussed.

The vacuum ultraviolet spectra of CO, and CS, have been investigated by many
workers ; the results have recently been reviewed.! These spectra contain extensive
Rydberg series leading to several distinct ionisation potentials. By contrast the
spectrum of CSe, has been reported only in the quartz ultraviolet region; Callear and
Tyerman 2 published plates showing bands down to 190 nm, but did not analyse this
region. We have suggested an assignment for these bands in connection with our
analysis 3 of the He I photoelectron spectrum of CSe,. This study has provided
values for the ionisation potentials of the molecule due to removal of electrons from
the 1z, 1x,, 20, and 20, valence-shell molecular orbitals.

Photoelectron data make it possible to analyse Rydberg series with a greater degree
of confidence than has been the case hitherto, as the number of unknown parameters
in the series formula

E, = I-R(n—5)?

is reduced from three (Z, » and ) to two if Iis known. Accordingly we have investi-
gated the spectrum of CSe, in the range 130-210 nm and analysed the observed bands
into Rydberg series leading to the first ionisation potential, found from the photo-
electron study.

This first ionisation potential corresponds to removal of an electron from the 1z,
level and is associated with two states of the ion, *II, ; and ?II, ;. The energy differ-
ence between these states, 0.26 eV (2100 cm™') is a measure of the spin-orbit coupling
in the ion. This may be expected to manifest itself in Rydberg states leading to the
first ionisation potential, as these contain the ionic * core *” together with an electron
in a diffuse Rydberg orbital. The interaction of the Rydberg electron with the core
electrons is expected to be weak.

The most prominent feature in the 160-210 nm region of the absorption spectrum
is a pair of very strong bands, separated by ~2100 cm—, at 180.2 and 173.6 nm. The
term value (/— E) calculated using the photoelectron ionisation potential is 2.42 eV
for the long-wavelength member. Comparison of this with the Rydberg levels of
atomic Se suggests the assignment of these bands to Se 5p (atomic term about 2.3 eV).
The selection rules for a symmetric linear triatomic molecule are such that transitions
from the 'Z;} ground state are fully allowed only to '~} and 'II, upper states ; as the
core has symmetry 21, allowed transitions may occur to states with =, or o, Rydberg
levels occupied. It seems likely that these very strong bands correspond to Rydberg
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states with the Se 5p o, level occupied, as transitions to Se 5p m, level would be ex-
pected to be weak (Al = 0).

Close to these two strong bands are a number of other fairly intense features
attributable to vibrational excitation (see table 1). The symmetric stretching fre-
quency of the molecule in the ground state ¢ is 368 cm~?, and appreciable populations
of vibrationally excited states are expected at 300 K. In addition to the strong (0, 0)
band there are weaker bands assigned to the (1, 0) and (0, 1) vibrational transitions.
The vibration frequencies v and v/ are found to be ~380 and ~320 cm~" respect-
ively from these bands. The appreciable difference between these frequencies leads
to the appearance of sequences ; the transitions (1, 1), (2, 2), (2, 1) and (1, 2) give rise
to the most prominent features of this type.

TABLE 1.—ABSORPTION SPECTRUM OF CSe, BETWEEN 210 AND 170 nm

X assignment
ten-
A(vacuum)/*nm ";if)r'l ¥jem-? description vibration electronic (upper state)
~205 ~48 780  continuum L. . . 17230})
%g:l".gsmrrllr;x m ig gfg resonance ST of. - - 1723(Qe = 3)5s50}) see text
200.0, m 50000 broad, diffuset (0, 0) L0 . 173 ( Qe = 2)5s501)
198.2, w 50454 broad, diffuset v,?
1974, w 50 648  diffuset 20, ?
196.4¢ w 50896 broad, diffuset 2v,?
196.0; w 51013  diffuse 3v;?
195.4; vw 51169 vitvs—vy
195.3, w 51203 v
193.9 vw 51549 diffuse vy +vs—v;
193.8, m 51584 diffuse vy vy .
191.3, vw 52263 sharp vi(1, 1) 5 3 — 1
1911 m 52312 sharp ©, 0) Iy 175 Qe = PSsou)
181.6, vw 55066 v(1,2)
181.4; w 55118 sharp ©o,1n
181.1, vw 55215 ?
180.55 m 55377 sharp @, )1
180.3g s 55438 sharp an
180.1, vs 55497 sharp 0, 0) LA .. 153(Qc = $)5pal)
179.36 vw 55754 diffuse 2,10
179.1¢ m 55816 diffuse a,0)
178.69 vw 55963 ?
178.6, vw 55991 ?
174.7, w 57231 v,(0, 1)
173.75 S 57 554 diffuse an R 3 _ 1
1735,  vs 57610 diffuse ©,0) L. . - 1m)Qe = B5po?)
17_2.63§ vw 57927 diffuse 1,0

* wavelengths accurate to +0.05 nm; T other weaker diffuse bands in this region; 1 Si emission
line at 180.8 nm may obscure the (3, 3) band ; § other very weak bands in the region 173.6-172.6 nm.

Although the bending frequency v} is lower than v it is of «, symmetry and should
only appear in double quanta. It is not impossible that such transitions are involved
in the sequences observed, but the indicated change in v, seems adequate explanation
for them. A very weak band possibly assignable to excitation of 2v} is observed at
178.7 nm.

The bands associated with the shorter-wavelength transition (*II, ; core) are more
diffuse then those belonging to the longer-wavelength transition, and fewer of them
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are measurable. This diffuseness must be due to a predissociation affecting the higher-
energy Rydberg state.

The Rydberg states with Se 5s levels occupied would be expected to give transitions
of lower energy than those with Se 5p levels occupied. The atomic term value for
Se 5s is about 3.6eV. Again the strongest transitions are to states with the oy
combination of Se 5s levels occupied, together with either the Q, = % or the Q, = 1
ionic core. The sharp band, showing a sequence of peaks, near 191.2 is best assigned
to the Se 55 o, Rydberg state correlating with the Q. = 1 state of the ion. The other
component apparently gives rise to a complex progression of bands around 200 nm.
We place the origin at 200.0, corresponding to a term value of about 3.2 eV.

A broad continuum that extends from 200 to 210 nm is probably due to the
valence-shell transition 30+« In,. This transition is formally forbidden, and the
observed band will derive its intensity from transitions involving excitation of ¢, or 7,
vibrations. No discrete vibrational peaks are apparent, so the transition must lead to
dissociation. ~Asthe upperelectronic state associated with this band has I1,symmetry,
excitation of ¢, and =, vibrations will give allowed vibronic transitions of ITI, and X,
symmetry respectively. The Se 5s ¢, Rydberg state has II, symmetry, and the
vibrational progression associated with the Q. = $ core state will arise from coupling
with the I, vibronic continuum.

g
[+
0
S
2
8
<
BTTO
i
I,
52 a0 PPE
v/10° cm~?
FIG. 1.-—Tracing of 200 nm region of CSe, absorption spectrum recorded on Unicam SP800 spectro-
photometer.

A further phenomenon associated with the interaction of the Se 55 Rydberg states
and the excited valence-shell level with electronic configuration . . . 17230, isthe abrapt
variation of intensity in the continuum at 203 nm. We interpret this as being a
“ resonance ”,%7 here involving configuration mixing of a Rydberg state and a
dissociation continuum of the same energy, like parity and with the same total angular
momentum (J). Fig. 1 shows a tracing of this region.

The dissociation continua have J values of 0(Z,) and 1(IT,). As the Rydberg
states correlating with the Q., = % and Q. = % ionic states are so clearly separated we
must use (€2, ®) coupling between the core and Rydberg levels. The Q. = 3 core
then gives rise to states with J = 1 and J = 2, while the Q. = 1 core gives rise to
states with / = 1 and J = 0. We have already assigned peaks to the two singlet
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states, so the only remaining possibility is interaction of the *II, Rydberg state
correlating with the Q, = 3 core with the Z,(J = 0) vibronic continuum. This
enables us to define the energy of the triplet Rydberg state; the singlet-triplet
separation is ~3050 cm~!.

Other Rydberg transitions appear between 170 nm and the ionisation limit near
130 nm ; some show vibrational satellites, while all show the large spin-orbit coupling
and can be divided into two distinct sets of series. Table 2 shows the energies of all
band origins and our suggested assignments. In addition to Rydberg series a number
of other weaker features have been observed, and are assigned as follows : a diffuse
band at 169:8 nm, as arising from the allowed valence shell transition 30,«1x, [a
weaker band at 169.1 nm could then be the (1, 0) transition]. Several diffuse bands
between 154.4 and 151.6 nm are assigned to the 2m,« 1z, transition. A continuum
and a number of bands between 147.0 and 144.8 nm are assigned to the 3o,« 17,
transition. .

The Rydberg series have been assigned as pairs of s levels (6 ~ 3.1), p levels
(6 ~ 2.45), and d levels (6 ~ 1.2). 1In each case the first members of the series are
perturbed and displaced from the predicted positions. As the ionisation limits are
approached the d series become more prominent ; the s series merge with the d series
because the quantum defects differ by almost exactly 2, but the p series appear to be-
come weak. This is to be expected as the Rydberg states become more atom-like
innature. The series leading to the second limit (Q. = % core) are considerably more

TABLE 2.—RYDBERG SERIES FOR CSe,

X core quantum  spin-orbit N
n Alnm intensity Vfem-1 state defect & splittingfem~1 comments

(a) nd series

4 ~1614 w 61960 2TI; 106 .0  Wweak, and
~155.6 w 64 270 zﬂ% 1.04 diffuse
5 1483, s 67390 °M; 112 o14p WO bands
143.8, s 69531 H; 112 ' (sequence structure?)
6 14285 s 70004 11, 116 2078 strong diffuse band,
138.7; s 72082 I, 119 overlaps, 7s(*I1,) -
7 140.0, s 71420 I  1.19 2133 overlaps 7p(*I1y)
2
1359, s 73 562 H.} 1.19
8 1382, s 72312 I, 1.19 2132 coincidence with
1343, s 74444 (I, 1.20 8s(*11,)
9 1372, m 72876 Iy 1.19 2137 coincidence with
1333, s 75013 ZH% 1.19 ’ lls(zT-I%)
10 136.5 s 73260 (I 1.21 2148 overlaps 8p(*I1,) -
2 i
1326, s 75.403 H% 1.19
1 1359 m 73540 211,  1.19 2137 overlaps 7d(*I1y)
2
1321, s 75677 -I-L} 1.19
12 1356, m 73 741 Iy 118 2137 coincidence with
131.7, m 75878 I,  1.20 9s(*Iy)
13 ~1354 w ~73860 I, 2130
~131.6 m  ~75990 2II, :
14 ~135.3 VW ~ 73910 Z‘H% 3190
~131.4 W ~76 100 ZH*
15 ~135.0 VW ~74 070 2H% 2110
~131.2, ww ~76 180 21'[%
16 ~1349 wvw ~74130 I, 2150
~131.1 VW ~76 280 ZH,}
17  ~130.9 VW ~76 400 ZH*
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TABLE 2.—continued

. . core quantum  spin-orbit
n A/nm intensity Vfem™! state  defect & splitting/cm/~1 comments

(b) np series

5 180.1, vs 55497 21'[,} 2.61 2113 well developed sequence
173.5s vs 57 610 21—[& 2.61 structure
6 151.00 s 66225 2I1, 2.40 2044 two bands
14645 s 68269 2Il, 242 (sequence structure 7)
7 144.0;, vs 69440 11, 242 2004 two bands
139.9; s 71444 201, 248 (sequence structure?)
8 140.60 s 71124 01, 244 2115 sequence structure
136.5, s 73239 01, 246 overlaps 10d(*I1)
9 138.65 s 72134 211 3 243 2133 sequence structure ?
2
13465 m 74 267 H% 2.44
10 1374, m 72780 2I1, 2.40 2115 sequence structure ?
1335, m 74 895 ZH% 2.45
i1 136.6; w 73 169 21_1% 2.48 2144
132.7¢ m 75313 ZH% 2.46
(¢) ns series
5 2000, s 50000 ZIT, 2.89 2312 irregular progressions
191.1¢ m 52312 [0, 2.89 sequence only
6 ~1609 w 62150 *II, 3.04 ~2400 diffuse
1548, m 64 583 ZH* 3.01 diffuse
7 14713 s . 67 944 ZH* 2.96 2109 diffuse
14275 s 70053 I, 297 diffuse, overlaps 6d(*I1)
8 14213 ww 70 333 ZH% 2.98 1979
138.2 s 72312 ?I, 3.06 coincidence with 84(3I1;)
9 13985 m 71 505 ZH% 3.12 2236
1356; m 73741 M1,  3.03 coincidence with12d(*IT,)
10 138.35 w 72 280 ZH,} 3.24 2236
1342, m 74 516 ZH.;_ 3.10
11 1372, w 72865 °II, 3.22 2176 coincidence with 9d(*IT,)
13326 m 75041 21’[,% 3.14

intense than those leading to the first limit, and because of chance coincidences
between members of the different series it is less easy to pick out the latter. The
(Qc = %) nd series can be followed up to n =~ 17, only about 400 cm~! from the
ionisation limit.

What appears to be the first member of another Rydberg series leading to the 4211,
state of the ion, gives rise to a number of broad bands between 140.9 and 142.6 nm.
We assign it to the 5s0,« 17, transition, as the energy difference between the strongest
band and the band at 200 nm attributed to the 550, In, transition is equal to that
observed in the u.v. photoelectron spectrum between the 1n, and 1z, levels (2.48 eV).
The next Rydberg transition of this type, the 5po,«Ix, transition, would be expected
to give a band at about 132.5 nm, where the spectrum is dominated by the closely
spaced nd series leading to the second ionisation limit at 130.3 nm. As the (An,)1
band in the photoelectron spectrum is broad, consisting of a progression of vibrational
peaks in v}, we may expect Rydberg transitions associated with this level to give broad
bands too, going to a limit at 11.74 eV (= 105.6 nm).

Finally, a diffuse band around 120 nm is observed that could correspond to the
allowed 3,20, valence shell transition. Further Rydberg series are to be expected
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below 120 nm associated with the B2Z, state of the ion (vertical ionisation potential =
13.61 eV ; ionisation limit 91 nm). These series should give rise to single peaks like
that found for the (25,)~! transition in the photoelectron spectrum.
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to the S.R.C. for the award of a Research Fellowship to H. M. G. We are also in-
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The He I photoelectron spectra of OCSe and SCSe have been studied and the strong bands ob-
served assigned to ionisation from four valence-shell levels in each case. Weaker bands in the
spectrum of SCSe are attributed to the formation of doubly-excited species in which an electron has
been excited in addition to the ionisation. The positions of these bands are shown to be related to
the transition energies found in the electronic spectrum of the molecule. The same relationship
holds for other molecules in which similar ** shake-up > bands have been reported.

We have recently reported ! the He I photoelectron spectrum of CSe,, which
contains bands arising from electronic excitation during ionisation (shake-up bands) as
well as bands due to direct ionisation. A similar feature in the spectrum 2 of CS, was
attributed to the same effect. We have now prepared the unsymmetrical compounds
OCSe and SCSe, and recorded their spectra to see if similar bands were present. The
spectrum of SCSe does contain such bands; the corresponding bands for OCSe
probably underlie the much stronger bands due to direct ionisation.

Meanwhile, the He I photoelectron spectra of all these compounds have been
published 3 and discussed in detail by other workers. They report no bands due to
shake-up effects, despite efforts to find bands analogous to the “ fifth band >> of CS,.
It was suggested that the photoionisation cross-sections for transitions of this type
were too small for them to be detected in this set of molecules. Our earlier results for
CSe, and our present results for SCSe show that this conclusion is incorrect.

EXPERIMENTAL

Photoelectron spectra were recorded using a Perkin Elmer PS16 spectrometer with
He I(21.22 eV) excitation.t U.v./visible spectra were recorded using 100 mm gas cells on
a Pye Unicam SP800 spectrophotometer.

Carbon oxide selenide (OCSe) was prepared in low yield both by direct reaction 4 of
carbon monoxide and selenium vapour at 750°C and by reaction * of phosgene (COCIl,) with
heated Al,Se;. The latter method gave lower yields than expected from the literature
reports. Subsequent purification was carried out by trap-to-trap and low-temperature
column distillation in a vacuum line until no impurities could be detected by infra-red
spectroscopy.

SCSe was prepared © in very low yield (1 %) by passing CS, and selenium vapours together
through a tube furnace at 750°C. The resulting golden liquid, containing CS,, SCSe and
dissolved selenium, was distilled fractionally at atmospheric pressure using a 3060 mm column
packed with glass beads to remove most of the CS,. The dark liquid remaining was trans-
ferred to a vacuum line and distilled to remove selenium and the remaining CS,. Particular
attention was given to the purification of this sample, which was distilled repeatedly until
no traces of impurity could be detected by infra-red spectroscopy.

t Working resolution was in the range 25-40 meV ; no structure resolvable at this level was ob-
served on the weak bands reported here. The stronger bands showed vibrational structure as
reported by other workers.?
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RESULTS AND DISCUSSION

The photoelectron spectra of OCSe and SCSe are shown in fig. 1 and 2, and the
ionisation potentials collected in table 1, which also shows our assignments. Details
of the weak bands of SCSe are shown in fig. 3 and 4.

electron counts

Jan S

0 12 ra 6 '8
binding energy/eV

Fi1G. 1.—The He I photoelectron spectrum of OCSe.

The four intense bands in each spectrum are assigned to direct ionisation of valence
electrons from the levels 2n, 17, 46 and 30, in order of increasing binding energy,
by analogy with the spectra of OCS and the symmetrical triatomic molecules CO,,
CS, and CSe,. This assignment is identical to that proposed in ref. (3), and we do
not propose to discuss it or the detailed structures of the main bands further.

electron counts

.

10 12 4 16
binding energy/eV
FiG. 2.—The He I photoelectron Spectrum of SCSe.
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In addition to these strong bands, the spectrum of SCSe contains weaker bands
which cannot be assigned to direct ionisation from valence levels. As for CSe,, a
clue to their assignment comes from the fact that they are displaced from the first
strong band of the spectrum by about 3.6 eV and 6.3 eV respectively. These are

100
8 ]
g g
8 8
a o
= =
2 2
o [
O ¥ T Y T O T 1 T T T T
13.0 13.2 3.4 13.6 15.4 15.6 15.8 6.0 16.2 16.4
binding energy/eV binding energy/eV
F1G. 3.—The first shake-up band in the FiG. 4.—Portion of the photoelectron spectrum of
photoelectron spectrum of SCSe. SCSe showing the fourth main band and the

second shake-up band.

close to the energies associated with the optical transitions observed for the molecule,
at about 28 000 cm~! (3.5eV) and 46 000 cm~—! (5.7 eV), as shown in fig. 5. We
suggest that the two sets of bands can be ascribed to the same excitation 27 — 3w,
occurring respectively in the ion and in the molecule.

TABLE 1.—PHOTOELECTRON SPECTRA OF OCSe AND SCSe

state IP/eV for OCSe IP/eV for SCSe electron

of ion adiabatic vertical adiabatic vertical configuration
X113, 4 10.37 9.58 302402 1714 213

10.57 9.76

ATl 14.62 15.14 12.05 12.25 302 40* 173 2n*

M 13.13 13.14 302 462 17n* 22 30t
BX 15.72 14.05 302 40! 171* 21

1 15.62 1598  302%40?% 17n* 272 30t
cz 17.92 16.02 30! 402 1% 2n*

In the neutral molecule, this excitation leads to a configuration (. . . 1z* 2n3 3n!)
which gives rise to states 1'3%+, 1:3A and !-3X-. By analogy with the proposed !
assignment of the optical spectra of CS, and CSe,, the two absorption bands shown in
fig. 5 will correspond to the 'T+ and !A upper states respectively. In the ion the
same excitation leads to the configuration (... 1zn*2n? 3n!), which gives rise to
states 2®, *IT and three 211 states.

The 2IT states of this configuration cannot be reached by one-electron excitation
from the ground state molecule, and would not be expected to give rise to bands in
the photoelectron spectrum by interaction with a photon. However, configuration
mixing with the 21T states of the ion resulting from simple removal of an electron
from the 17 or 27 levels can provide a mechanism by which transitions to the “ doubly
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excited ”’ states can be observed. As for CSe,, only two of the three states give bands
in our spectrum.

b

50 . as a0’ 30 : 25
wavenumber/10% cm~?

FiG. 5.—Ultraviolet spectrum of SCSe between 25 000 and 50 000 cm—1.

In the photoionisation process the intensity 7 of any transition may be represented
by the expression : I oc [(¥”|P|¥'>|? where P is the electric dipole moment, ¥ is the
‘wavefunction of the initial state (ground state neutral molecule) and ¥’ is the wave-
function of the final state (ion plus the ionised electron). The selection rule .that
only one-electron transitions are allowed (give finite intensity) follows if it is assumed
that the core orbitals remain unperturbed in the process and are orthogonal to the
orbital containing the electron to be ionised.

*If the wavefunctions ¥’ and ¥’ are regarded as derived purely from one electron
configuration each this selection rule forbids the appearance of shake-up bands in
the photoelectron spectrum, for such bands correspond to states of the ion differing
by two electron changes from the ground state molecule. This prohibition is relaxed,
however, if configuration mixing between states of the same symmetry is taken into
account, for each overall wavefunction now is a linear combination of the wave-
functions of the ideal conﬁgurations

¥, = ap, +bp,+cips+.

Now prov1ded at least one of the ideal wavefunctions ¢ of the excited state corre-
sponds to a configuration differing from the ground state (which will normally be
well described by a single configuration) by only a one-electron change, a mechanism
exists for intensity to be *“ borrowed ” from a formally allowed band by a formally
forbidden band. The intensity is proportional to the square of the appropriate
configuration mixing coefficient (m,). The intensity of the formally allowed band
should be correspondingly reduced by such borrowing, as the sum of the squares of
‘the coefﬁcxents relating to the configuration that supplies the intensity must equal
unity.

Recently there have been several attempts 7> ® to calculate the position. and
intensities of shake-up bands in the spectra of diatomic and triatomic molecules using,
for the most part, semi-empirical methods to derive the configuration mixing co-
efficients and hence the intensities and energies involved. The results have not been
unsatisfactory in some instances, though the parameterisation needed in any semi-
empirical calculation makes it dlﬂicult to be sure of the exact significance of the
agreement with experiment. .
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We would point out that it is possible to infer the positions (energies) of some
shake-up bands from information experimentally available from the electronic
spectrum of the neutral molecule. The scheme shows that energy cycles can be

EXCITED ION

221
/v( b)\\

excxtatlon(l) ionisation (2)

- GROUND STATE ION AN
AN N\
(...a2b%c% total EXCITED MOLECULE
AN energy A (..a*b3cY)
ionisation (1) excitation (2)

GROUND STATE MOLECULE
(...a%b* %
ScHEME 1.—The right-hand path is the one adopted in the text..

written giving the energy required to form an excited state ion from the ground state
molecule in two ways :— by way of the ground state ion followed by excitation of an
electron in the ion, or by way of an excited state molecule followed by ionisation of a
non-excited electron from this molecule.

From experiment we know the energies associated with ionisation of the ground
state molecule (Ionisation 1) and with excitation of the giound state molecule
(Excitation 2). The other energies are not directly determinable, but it seems a
reasonable approximation to take the ionisation energy of the excited molecule
(Tonisation 2) as being equal to that of the ground state molecule ; the same electron
is ionised from the same orbital in each case, though the different disposition of the
remaining electrons will certainly cause some difference in the net energies for the two
processes. '

The cycle then provides a convenient method of calculating the energies of excited
state ions, such as those involved in shake-up bands, from experimentally determined
data. - We would emphasise that its use carries no implication whatsoever about the
mechanism by which shake-up bands arise ; as we have already stated, this involves
configuration mixing between ionic states of the same symmetry.

Applying the cycle to SCSe, we note that the optical transition of energy 3.5 eV
leads to the !A state of the excited molecule ; removal of an electron from the 2=n
level can now lead to one of the 211 states of the ion with the configuration
(... 1n* 272 37'). As the energy required to remove an electron from the 2z level
of the ground state molecule is 9.6 eV we may expect the total energy for the process
to be roughly 3.54-9.6 = 13.1 eV. The shake-up band at 13.3 ¢V is thus very close
to the predicted position.

Similarly, removal of an electron from the 2z level in the '+ excited state of the
molecule, for which the excitation energy from the electronic spectrum is 5.7 eV,
should give rise to another excited state 2ITion whose production in a one-step process
requires 5.7+9.6 = 15.3eV. The corresponding shake-up band appears to coincide
‘more-or-less exactly with the intense fourth main band at 16.0 eV, causing the marked
broadening of the foot of the peak (see fig. 4). The third *IT state of the ion with this



S. CRADOCK AND W. DUNCAN 1267

configuration arises from the 'Z- state of the excited molecule by removal of a 2r
electron ; this molecular state has not been definitely located in this or any similar

molecule because the transition between it and the ground state molecule is strongly
forbidden. g

TABLE 2.—ENERGIES OF IONISATION AND EXCITATION FOR MOLECULES/eV

optical shake-up band optical shake-up band
transition position transition position

molecule IstIP 1A & 1%+ calc. obs. 1Z+ & 13+ calc. obs.
CSe;, \\ 9.3¢ * 330 12.6 12.7¢ 5.4 14.7 15.3¢2
CS, 10.1% 3.9¢ 14.0 14.1% 6.3¢ 164 17.1°

CO, 13.8° 8.4¢ 222 22.6" 11.1¢ - 24,9 —
SCSe 9.6¢ 3.58 13.1 13.3¢ 5.78 15.3 16.02

OCSe 10.4¢ 4,94 15.3 o 5.84 16.2 o
OoCs 11.2% 5.2¢ 16.4 o 8.1¢ 19.3 20.1%
N.O 12.9% 6.8°¢ 19.7 19.57 9.7¢ 22.6 22.5¢

aref. (1), bref. (2), € ref. (3), 9 ref. (9), € ref. (10), / ref. (7), ¢ this work, * ref. 11).
—, not reported ; o, obscured by strong bands arising from direct ionisation.

We have made a similar analysis of possible shake-up bands in the spectra of
CSe,, CS,, CO,, OCSe, OCS and N,0.1 The predicted positions for the bands
formally related to the ‘A and '+ excited state molecules are shown in table 2. Our
observed bands for CSe, and SCSe, the bands noted for CS, by earlier workers 2
and the bands found 7 for N,O with He II (40.8 eV) excitation are also shown. The
agreement in all cases is excellent for the lower energy band and reasonable for the
second band. Most of the other bands predicted will require He II excitation, as the
total energy required is 21 eV or more. It is apparent that the predicted positions
for the shake-up bands in the spectrum of OCSe (15.3 and 16.2 eV) lie in regions of
the spectrum dominated by the strong bands due to direct ionisation from the 1z
and 4o levels. It is thus quite reasonable that they are not observed.

CONCLUSIONS

The He I photoelectron spectra of OCSe and SCSe have been recorded. In
‘contrast to an earlier report, we find weak bands attributable to shake-up processes
in the spectrum of SCSe. An analysis of their positions in terms of a cycle involving
the electronic transition energies of the molecule and its normal first ionisation
potential suggests that any such bands in the spectrum of OCSe are obscured by direct
ionisation bands of much greater intensity. An extension of the analysis to the known
and unknown shake-up bands of CO,, CS,, CSe,, OCS and N,O is proposed ; the
good agreement between calculated and observed band positions suggests that the

cycle employed here will be a useful aid to the understanding of shake-up bands in
other molecules.

!'S. Cradock and W. Duncan, Mol. Phys., 1974, 27, 837.
2 C. R. Brundle and D. W. Turner, Int. J. Mass Spectr. Ion Phys., 1969, 2, 195.
*D. C. Frost, S. T. Lee and C. A. McDowell, J. Chem. Phys., 1973, 59, 5484.

1 A referee has drawn our attention to a paper ! proposing a similar analysis for *“ configuration
interaction * bands of, among other molecules, CO,, COS, CS, and N,0. Except for N0, however,
no specific assignments were profferred for the bands we deal with here, though their positions are
reported. A band fitting closely our predicted position for CO, (predicted 22.2 eV ; observed 22.6 eV)

is also reported in this paper. The band reported for COS at 20.1 eV may well correlate with our
predicted band at 19.3 eV (table 2).



1268 P.E. SPECTRA OF OCSe AND SCSe

4 T. G. Pearson.and P. L. Robinson, J. Chem. Soc., 1932, 652.

5 O. Glemser and T. Risler, Z. Naturforsch., 1948, 3b, 1.

6 L. Ya. Markovskii, N. V. Veshina and T. K. Voivodskaya, Zhur. priklad. Khim., 1970, 43,

1149.

7 3. C. Lorquet and C. Cadet, Int. J. Mass Spectr. Ion Phys., 1971, 7, 463.

8 H. Lefebvre-Brion, Chem. Phys. Letters, 1971, 9, 463.

9 M. Bavia, G. Di Lonardo, C. Galloni and A. Trombett, J.C.S. Faraday 11, 1972, 68, 615.

10 3 W. Rabalais, J. M. McDonald, V. Scherr and S. P. McGlynn, Chem. Rev., 1971, 71, 73.
1t A W. Potts and T. A. Williams, J. Electron Spectr., 1974, 3, 3.

PRINTED IN GREAT BRITAIN AT
THE UNIVERSITY PRESS
ABERDEEN



