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ABSTRACT

Energy loss spectra of 2.5 keV electrons, scattered by molecular
targets through small angles, have been studied in the regions of the
respective carbon, nitrogen, oxygen and fluorine K-edges and the
sulfur LII,III edges. Electron energy loss spectra for diatomic,
triatomic and polyatomic molecules have been studied. Discrete excitat-
ions have been interpreted in terms of the promotion of the respective
K-shell electron to unfilled valence molecular orbitals and Rydberg
orbitals. Most spectra show considerable structure above the respective
K-edge, in addition to the normal K-continuum. This structure represents
the simultaneous transitions of a K-shell and valence shell electrons
(i.e. shake-up and shake-off events following the creation of an inner
hole). 1In the case of molecular nitrogen and carbon monoxide, a simple
core model was shown to provide an accurate description for the K-shell
excited molecule. On the basis of this model, excitation and ionization
energies for some exotic chemical species have been predicted from the
relative energies observed in the K-shell energy loss spectra of a number
of molecules. The agreement between the estimated (core analogy) and
observed K-shell excitation energies for larger molecules is less
satisfactory, possibly because of the large changes in molecular geometry
which occur as a result of an election promotion. Finally, the carbon
K-shell energy loss spectra of carbon disulfide, carbonyl sulfide and
carbon tetrafluoride show features which are possibly associated with

the existence of an effective potential barrier in these molecules.
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CHAPTER ONE

INTRODUCTION

Electron impact excitation has been used as a spectroscopic
technique since tﬁe beginning of this century. Indeed, the first
exberimenta] demonstration of the quantization of atomic and molecular
- systems was provided by an energy loss measurement of electrons,
ine]astica]]y scattered by mercury atoms, in the classic Franck-Hertz

2 in 1930

experiment]. The electron energy loss measurements of Rudberg
are quite impressive in view of the limited development of electron
optics, electron energy analysers and signal processing electronics at
that time. However, until the early 1960's there were few experiments

in electron impact spectroscopy. At that time, there was a rapid growth
in both the quantity and quality of data, largely due to the stimulus
provided by two groups; that of Boersch, Geiger et al. and that of
Lassettre et al. In.fact, as early as 1966, ah electron spectrometer
with a resolution's 0.010 eV was in operation. This was sufficient to
resolve rotational Structure in the electron energy loss spectrum3 for
molecular hydrogen.. Since these measUrements, the resolution of electron
energy loss spectrometers has not been improved. However, in terms of
quantitative measurements, there has been a continual improvement in
determinations of generalized oscillator strengths and portions of the

Bethe surface. Recently, the dependence of excitation cross-sections on

impact energy (the "excitation function") and scattering angle has been



-2

used to identify the nature 6f atomic and molecular transitions. In
particular many electric dipole fofbidden transitions have been identiffed
in this manner using low impact energies. The developments and current
status of experiments are discussed in a number of reviews4'9.

In electron energy loss spectroscopy a "monoenergetic" beam of elect-
rons is used to excite the target species. Excitations are detected as
energyllosses in the scattered electron beam. The process may be repres-
ented as follows;

X+e. X* + e
where X is the target species, e is the “colliding" electron and X* is
the discrete state of the target which is excited by the collision. Discrete
electron energy losses occur for every accessible state of the target.
Therefore, electron energy loss spectroscopy is an alternative to the use of
photoabsorption for investigating the excited states of atoms and molecules.
In addition, the scattered intensities observed for fast electron impact
and small angle scattering may be quantitatively related to optical

oscillator strengthslo’]].

Under these conditions the impinging electron
simulates a virtual photon field and electric dipole transitions are
dominant. Dipole selection rules do not apply fdr low impact energies,
particularly at large scattering ang]es, and magnetic dipole, electric
quadrupole and spin forbidden processes may be observed. Electron impact
excitation is particularly useful at short wavé1engths (high excitation
energies) where uséfu] photon continuua are difficult to produce.

This thesis describes the application of fast electron impact to a

study of the high energy discrete states in the regions of inner shell

excitations of small molecules. These high energy states result from the



promotion of an inner shell electron, for example a 1s (K) electron
(which for most molecules is nonbonding and mainly atomic in character)
to unfilled molecular orbitals and Rydberg orbitals of the molecule.
Little 1nformafion is available about these high energy states.

To excite a molecule to a discrete state by photoabsorption, the
phofon energy must be exactly equal to the energy required for the trans-
ition. In the energy region for K-shell excitation, two continuum light
sources exist: (i) Bremsstrahlung and (ii) electron synchrotron radiation.
Bremsstrahlung continua are difficult sources for photoabsorption studies
because they are usually weak.. An electron synchrotron produces a useful
continuum, but it is a very expensive facility and of 1imited avéi]abi]ity.
K-shell absorptions were first observed for molecular nitrogen using Brems-

12,13

strahlung continuua Since then, Bremsstrahlung continuua have been

used to obtain a number of inner shell absorption spectra, although the

results are mainly in the regions of sulfur and fluorine inner shell

]4'26, Although synchrotron radiation has been available for some

27

edges

and methane28

time, only K-shell absorption spectra for molecular nitrogen
have been reported.

Recently, é]ectron impact has been used for the excitation of inner
she11'e1ectrons; Low resolution, K-shei] electron energy loss spectra of
nitrogen and carbon monoxide have been measured at an impact energy of

10 kev?d

and further measurements have been made in coincidence with
specific ion products30. Also, the K-shell energy loss spectra of some
nucleic acid bases have been observed by passing 25 keV electrons through
thin solid samples®..
'Furfher evidence on the discrete excitation of inner shell electrons

has been provided by the occurrence of high energy autoionization lines in



Auger electron spectra excited by (i) electron 1'mpact32-36

36

, and, (ii) a

carefully selected X-ray 1ine™ . High energy contributions to the Ka

emission spectra of nitrogen37'39 and (as pointed out by Siegbahn32) in

carbon monoxide40, have been attributed to resonance emission from neutral
stétes.
The data presently available on the discrete excitation of inner shell

27

electrons is extremely limited and incomplete. Molecular nitrogen®’ and

'methane28

are the only common gases for which reasonable K-shell absorption
spectra have been obtained. The object of this research is to obtain and
interpret inner shell "absorption" spectra for a variety of gaseous molecules

using fast electron impact.



CHAPTER TWO

THEORY OF FAST ELECTRON IMPACT.

2.1. Electron Energy Loss_Spectroscopy.

In electron energy loss spectroscopy a beam of "monoenergetic"
electrons is used to excite discrete states of an atomic or molecular target.
Excitations are detected as electron energy losses in the scattered electron
beam. The process may be represented as follows;

X+e(E) - X*(En) + e(E;,8)

where X is the target atom or molecule in its ground electronic state, Eo

is the kinetic energy of the incident electron beam, X* is the nth excited
state of the target which has energy En with respect to the ground state

and E] is the kinetic energy of an electron which is inelastically scattered
through angle 6 (with respect to the incident beam) in a collision in which
the target is excited to the nth state. The energy eguation is given by;

Eo = E] + En + By

where Et is the kinetic energy of the projectile electron which is trans-
ferred to translational energy of the target during the collision. Using

41

the conservation of energy and momentum, it has been shown' that

1/

- E - - 2

Et " (2mEO/M) [ 1 (En/Zto) {1 (En/Eo)} cose] (2.1.1)
where m and M are the masses of the incident electron and target molecule
respectively. Because of the large mass disparity between the electron and

target, this term is very small and may be neglected. For example,

_3
Et ~ 10 eV for the promotion of a nitrogen K-shell electron (En ~ 400 eV)



with experimental conditions used for this study (Eo = 2500 eV and 6 ~ 0 ).
Therefore, the electron energy loss, E0 - E1, is equal to the energy

required to excite the nth

excited state of the target, En. A measurement
of the discrete energy losses of the scattered electrons produces the
electron energy Toss spectrum which gives the energy absorption spectrum of
the target. Experimentally, the magnitude of the scattered electron

current measured at a given energy loss, E0 - E] = En and scattering angle 6,

is proportional to the differential cross-section,

do
onn (Eo’e)

for the excitation of the nth

state of the target. It has already been
stated that for high impact energies and small scattering angles, there is
a quantitative relationship between electron impact cross-sections and

10,11

optical data The following semiclassical treatment shows why a

relationship should exist.

2.2. The Virtual Photon Model.

In fast charged particle impact, excitations are generally produced
by distant (or glancing) collisions in which the impact parameter, b, is
larger than the dimensions of the atomic or molecular target [see Figure
1(a)]. The electric field experienced by the target in a distant collision
with a fast electron (or any structureless charged particle) is sharply
pulsed in time and uhiform in space. The frequency components of this

impulsive field may be obtained from the fourier transform relationship:

E(t) = fx(w)ei‘*’t do; I(w) = fE(t)e'iwt dt
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FIGURE 1. Electric field, E(t), and corresponding frequency spectrum, I{(v), associated with a
distant collision of a fast electron and molecular target.
a. Collision parameters; v, electron velocity and b, impact parameters.
b. Idealized case for a very fast electron.




where E(t) is the time dependence of the electric field and I(w), where
w = 2nv, is the intensity distribution of the frequency components of the
electric field. The faster the incident projectile, the more E(t) resembles
a delta function and in this hypothetical Timit the fourier transform of the
electric field, I(w), has equal coefficients at all frequencies [see
Figure 1(b)]. Therefore the electric field experienced by the target in
a distant collision with a fast electron is similar to the electric field
associated with a beam of white light. The interaction of the electron and
target may be viewed as the creation of a virtual photon field.

In practice, the electric field pulse has a finite width and therefore
I(w) s not constant over the entire range of frequencies. This problem
has been considered by Christophorou42. The results are illustrated in
Figure 1(c) and 1(d) where the components of the electric field intensities
as a function of time in units of b/v and the frequency spectra I(v) have
been plotted. Figure 1(c) shows that the intensity perpendicular to the
direction of incidence, Ilﬂv), is a constant over a large range of
frequencies (or energies since energy = hv where h is Planck's constant)
starting at zero frequency and then declines sharply as v approaches the
“cut-off" frequency, v/b. Figure 1(d) shows that the parallel component,
Iy (v) is much less intense and has a peaked intensity distribution.
Therefore, I(v) ~ Iiﬁv) and is essentially constant over the range of
frequencies normally involved in the excifation of atoms and molecules. The
white 1light analogy is still maintained.

It has been shown42 that the number of virtual photons (Nw) at
frequency w, is approximately inversely proportional to the energy;

Nw ~ const. (1/fhw) .



The number of electronic transitions, Nn’ induced by these virtual photons
fs proportional to the number of photons with energy equal to the transition
energy, En’ and the optical oscillator strength, fn’ of the transition.
Therefore in this "optical approximation";

N, Nw'fn ~  const. (fn/En) (2.2.1)

For fast electron impact and large oscillator strength transitions

(i.e. electric dipole allowed), the optical approximation gives a reasonabTe
estimate for the number of primary excitations42. One implication of
equation (2.2.1) is that valence shell electron excitation predominates over
inner shell electron excitation since En is much larger for the latter.

For a quantitative relationship between thica] oscillator strengths
and fast electron impact cross-section data, a quantum mechanical treatment
is required. In the derivations which follow, it will be shown that such
a relationship does exist and moreover that the optical approximation is in

approximate agreement with the quantum results.

2.3. The First Born Approximation.

A theoretical description of fast electron impact excitation was

43

initially derived by Bethe™ 1in the 1930's. A recent review which gives

more physical insight into the Bethe theory has been written by Inokuti]1.

The basis of the Bethe theory is the first Born approximation which assumes
that the interaction between the electron and the target is weak and therefore
the incident wave is negligibly distorted by the interaction. The criterion
for the validity of this approximation is somewhat arbitrary, but generally

the first Born approximation is assumed to be valid if the kinetic energy of

the incident electron is some 5-7 times the excitation energy of a particular
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transition and the scattering angle is small. Alternatively, the momentum
which is transferred in the collision should be small. This condition is
also satisfied by fast electron impact and small angle scattering. In order
to illustrate the first Born approximation, the sim@lest electron-atom
scattering problem will be considered. The results will then be general-

ized to more complex atom and molecule scattering.

2.4. Electron-Hydrogen Atom Scattering.

Even this is a three body problem and approximations are necessary.

The following derivation is based on that given by Massey and Burhop44.

The treatment by Moiseiwitsch and Smith is also 1nformative45.
The Schrbdinger equation for the system is

{v]2+v22+§%[E+%§+§§-$—?z]} w(?],?z) = 0 (2.4.1)
where subscripts 1 and 2 are associated with the incident and atomic
electron respectively, E = E0 + Et is the total energy of the system, where
E0 1; the energy of the ground state of the hydrogen atom and Et is the
kinetic enefgy of the incident electron, ?] and ?2 are respectively the
position vectors of the incident and atomic elecfrons with respect to the
nucleus (essentially the centre of mass), 12 is the interelectron distance

and W(?], ?2) is a wavefunction describing the two electrons.

The total wavefunction W(?], ?2) may be expressed in the form,

> -> T > > 4.2
v(ig, ) = e ROy (R) 4 e(F, Fy) (2.4.2)

where the first term on the RHS of equation (2.4.2) represents the wave-

function in the absence of any interaction (i.e. an asymptotic solution of
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equation (2.4.1), ry > =) and consists of the product of an incident plane
wave describing the incident electron and the electronic wavefunction of
the ground state of the hydrogen atom, wo(?z). The wave number k0 is
given by

2
k0 = 2mEt/ﬁ

2
The second term on the RHS of equation (2.4.2) represents terms introduced
by the interaction.

The wavefunction ¢(?], ?2) may be expanded in terms of a complete set

of states of the hydrogen atom,

$(F1s ¥y [E /] b, (¥,) _ (2.4.3)

where the sum and integral are over the discrete and continuum states

respectively. Substitution into (2.4.2), then into (2.4.1) and using the

fact that
2 2m e2 >
V2 + %‘2- En + 5 U)n(l"z) = 0 (2.4.4)
r
implies:

[Z+/] (v12 ¥ an) Fn(F1) ll’n(?‘)Z) -
n

2 _ 2
where kn = (2m/h°) (Et - E ¢ EO) (2.4.6)

and En is the energy of the nth atomic state.
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Multiplying both sides of (2.4.5) by wn*(?z), integrating over ?2

and using the orthoganality of the atomic functions,

gives;
w2 + k2 FF) = U el w (3w o ) F )
1 n ntd no et nm*' 1/ "'m* 1
(2.4.7)

where
Comet [y (- - LYy i (2.4.8)
nm ,ﬁZ Yn 2 rio r] Upira) dry T

_ 2
= (2m/H )Vnm .

Equation (2.4.7) represents én infinite set of coupled differential
equations and approximations must be used. In the first Born approximation,
‘the interaction is assumed to be weak and therefore the scattering amplitudes,
Fm(?]), are small. Therefore, on the RHS of equation (2.4.7) we neglect the

terms in U m # 0, since they are small in comparison with the first

o
term which involves the incident wave. Hence the essence of the first.
Born approximation is that the incident wave is negligibly distorted by
the weak interaction.

We then must solve
2) (#) RITRSE | (2.4.9)

>
Folry) = U,

and we require an asymptotic solution of the form

>y o] iknry
Falry) = r0 fo(0,0) &N (2.4.10)
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which is an outgoing spherical wave. fn(e,¢) is the scattering amplitude
corresponding to the excitation of the nth state of the hydrogen atom
where the electron is scattered at polar angles 6 and ¢ with respect to
the direction of incidence. The differential cross-section for the

excitation is given by the ratio of the scattered to the incident flux;

doon kn

T (8s0) = I (8,4) = E;‘l f.(6,¢) 2 (2.4.11)

where the factor kn/ko is in the ratijo of the scattered to incident
velocity (V = fik/m).

To determine fn(e,¢) a solution of (2.4.9) is required such that the
asymptotic form of Fn(?]) is given by (2.4.10). This may be done using the

method of Green's Function and gives45’46

e (o - )P g
f(6,¢) = -(4n) .fuon ef(ko - kn)-ry dr (2.4.12)

Substitution of (2.4.12) into (2.4.11) gives the following expression

for the differential cross-section,

.y &> >
/Uon(?]) ei(ko - Kn)-ry dr, 2 (2.4.13)

I (0.6) = (4 )'Zlk"
ont@s9 —. T F;

>
It is convenient to introduce the momentum transfer variable 4K where,
> N ‘%
4K = /ﬁko - kn .
the momentum transfer in the collision and ﬁko and'ﬁkn are the momenta of
the incident and scattered electron respectively. The magnitude of K is

given by,

2

K= = &k + kn - 2kokn c0S6 (2.4.14)

where 6 is the scattering angle.
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The differential cross-section (2.4.13) is then
Ion(6,¢) = (4r) 2 n I./ﬁ ) e1K' 1 dr1 |2 (2.4.15)

The total cross-section, Qon’ may be obtained by integrating (2.4.15),
JC/}on(e,¢) sinodode.

2.5 Generalization to Scattering by Complex Atoms.

If the interaction between the projectile and the atom is Coulombic,
then the interaction potential is

Vo= -e ﬂ F-v)! + N (2.5.1)

S=1

where ?s is the bosition vector of the sth atomic electron, ¥ is the
position vector of the incident electron with respect to the nucleus
(essentially the centre of mass), ZN is the nuclear charge and the sum
extends over all N atomic electrons. The differential cross-section is
then given by (2.4.15) with Uy ( ]) given by

2 N
_  Zme > x> =] N
Uon 2 /wn* [' Z (r - rs) T ]wo

i

(2.5.2)

The expression for the differential cross-section may be simplified by

integrating over the coordinates of the incident electron (v¥) using the

43

relation'~ (Bethe's integral),

'—)'_> .—>_)_
ﬁ? A L A S (2.5.3)
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If the atomic wavefunctions are orthogonal, the nuclear term does not
contribute to the differential cross-section. The nuclear term will
therefore be omitted in the following discussion and if the wavefunctions
are not orthoéona], it is a trivial task to add this term.

The differential cross-section then becomes

ODE %%4,% | ﬁ—} /wn* ZI:] KTy dey 12 (2.5.0)
where drN indicates integration over all the coordinates of the N atomic
electrons. It is convenient to express (2.5.4) in the following form,

2 4
_ 4m"e -4
IOﬂ (9,¢) - 'ﬁ4 (kn/ko) K l

g (K) E (2.5.5)

. >
where the matrix elements, eon(K), are given by

-> °_> >
contk) = /‘pn* ﬁ] e'Ts Vo dTy (2.5.6)

For most excitations the differential cross-section is only a

11,

function of 6 [i.e. Ion(e,¢) =1 (6)] because''; either the initial state

on

p_ is spatially symmetric or the target atoms are randomly oriented. Under

0
- >
these conditions Ieon(K) |2 is only a function of |K]|.
From an experimental view, it is more convenient to express the
differential cross-section as a function of K rather than o. Differentiating

(2.4.14) where k, and k are constant, gives;

d(k%)

— - _ do
= 2kokn sineds = kokn - (2.5.7)

Don
de

(6,4) we replace do by 2v.sinede

. _ 2
Since Ion (6,0) = nd (K )/kokn

and finally obtain from (2.5.5)
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2 4

do n(K) - Amme’ k -2 K-4

0 e o Ieon(K)l2 d(k%) (2.5.8)

It is relatively easy to generalize (2.5.8) to the case of electron-

molecule scattering. Consider a molecule having M nuclei and N electrons.

In this case the differential cross-section for the excitation of the nth
state is given by (2.5.8) where eon(K) is defined by;
A L > ' '
eon(K) = /W”*Z: z_ e Fm -Z’i} e'KTs y gt dt (2.5.9)

where the v's denote molecular wavefunctions which are functions of
. . . . > >
electronic, vibrational and rotational quantum numbers, Rm and r_ are

S
th

respectively the position vectors of the m~ nucleus and sth molecular

electron with respect to the centre of mass, Zm is the nuclear charge of

the mth

nucleus and d?M indicates integration over all nuclear coordinates.
In terms of the Born-Oppenheimer approximation, the molecular wavefunctions
are expressed as the product of an electronic wavefunction depending only on
the positions of the electrons (at a fixed nuclear separation) and a

wavefunction depending on the nuclear motion. ~Therefore
v B = v (R0 ), (0) (2.5.10)
rQ) = e (raQg)ew, (Q _ .5.

where v, . designates the total wavefunction describing the electronic (e),
vibratibna] (v) and rotational (r) motions, ¥ are the coordinates of the
electrons, 6 the coordinates of the nuclei and QO a fixed nuclear config-
uration. The nuclear terms in (2.5.9) will vanish upon integratibn over the
electronic coordinates if the electronic wavefunctions are orthogonal. The
intensities of vibrational excitation accompanying a given electronic
transition is simply given by the Franck-Condon factors which are proportional

to the overlap between the initial and final vibrational wavefunctions
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(see References 11 and 47). It should be noted that the first Born
approximation hés been assumed to be valid. However, experimentally, it

48,49 that the Frdnck—Condon factors derived from electron

has been found
impact data are in agreement with optical values even when the excitation
energy is such that the first Born approximation no longer applies. In

addition, the relative intensities of vibrational peaks belonging to the
same electronic transition are almost independent of scattering ang]e49.
These facts may be used to advantage in electron impact spectroscopy and
one specific example is the identification of the "C" state of ammoniaso.
A comprehensive, theoretical treatment of the excitation of vibrational

levels by electron impact has been given by Bonham and GeigerS].

2.6. Generalized Oscillator Strengths.

In discussing electron impact excitation it is convenient to use the

generalized oscillator strength, fn(K), which was first introduced by

Bethe43.

(K = (E/Q) [e, (K) |2 (2.6.1)

€
n on

1

where Q = ﬁ2K2/2m and has the units of energy. Using = the Bohr radius,

-8
3, = ﬁz/me2 = 0.52918 x 10 cm and the Rydberg energy, R = me4/2h2 =
13.606 eV, (2.6.1) becomes;

£ (K) = (E /R (Ka )78 Je, (K)|? (2.6.2)

fn(K) is then a generalization of the optical oscillator strength defined
by

- 2 .
fo = (E/R) ME (2.6.3)

where
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2 -2 ﬂ » 2 (2.6.4)
Mon = % I/‘pn* > Fs o dry |

Mgn is the dipole matrix element sduared and fn is proportional to the
cross-section for the excitation of the nth state by photoabsorption
(dipole approximation).
Consider the case when E is directed along the z axis and let Zg be
the z coordinate of the sth atomic electron, E-?s = KzS in (2.5.6). Equation

(2.6.2) becomes

oK) = (E/R) (Ka, |/ i ”<st dry | (2.6.5)

For small K the exponential in (2.6.5) may be expanded in a power series

in K,
iKz . 1,. 2 1 n
[ (1Kzs) + 5(1Kzs) + ... ﬁ~(1Kz ) (2.6.6)
Assuming that Uy ahd b, are orthogonal we obta1n4,
(K) v g (iK) + e, (iK)2 + e (ik)3 + (2.6.7)
€0n ] 2 3 « e « O
and
- -2 2 2 2 4
fn(K) = (E_/R) 2, [E] + (52 - 28183) K= + + 0(K )J
(2.6.8)
where

1 )
T /wn*i‘ z¢ y, dry (2.6.9)

In expressing fn(K) as a function of even powers of K in (2.6.8) it has
been assumed that the wavefunctions vy and v, are real (odd powers of K in

e*e, (2.6.7) substituted into (2.6.5), are imaginary.
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For very small momentum transfers, as K » 0, the right side of
(2.6.8) is dominated by the first term and

- -2 2
faK) = (E/R) a ™" &% = f, (2.6.10)

Tim K - 0
where fn is the optical oscillator strength defined in (2.6.3). Lassettre
et a1.52 have shown that (2.6.10) applies regardless of the first Born

approximation. However, extrapolations of fn(K) from relatively large

2 2

values of K™, to K® = 0, may be subject to considerable error. For example,

minima may occur in the generalized oscillator strength function at small

values of K2 as illustrated by the X ]z+ -~ B 1

monoxide53.

+ .
¥y transition of carbon

On the basis of (2.6.10) it is easy to distinguish between electric
dipole allowed and forbidden transitions:

fn(K) - fn > 0 > electric dipole allowed
lim K~ 0

f (K} > f = 0~ electric dipole forbidden
Tim K -~ 0

In electron impact spectroscopy it is conventional to define an allowed
transition as one which is rigorously allowed by electric dipole selection
rules even at low energies and large scattering angles where the first Born
approximation does not hold. Transitions for which ey = 0 and €9 # 0 in
(2.6.8) are termed "electric quadrupole" transitions. However, the
“quadrupole moment", 52,'15 not identical to the electric quadrupole moment
which occurs in optical spectroscopys. Expressing 22 as r2/3 + (z2 - r2/3),
£, becomes

) 2 2 2
e, = 1/3/11)”*2'5 rg b, dry + /wn*g] (zg - rg/3) ¥y dry (5.6.11)

S=1
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In optical spectroscopy only the second term on the RHS of (2.6.11)

contributes to the intensity of electric quadrupole transitionsS; there

is no analogue to the first term. The Lyman-Birge-Hopfield bands of
molecular nitrogen provide an example where only the second term of

1 1

(2.6.11) 1is nonzero while for the 1'S > 2'S transition in helium only the

54 some group theoretical selection rules

first term is nonzer05. Recently,
have been derived which are valid for all impact energies. -

The relationship between the generalized oscillator strength and the
optical oscillator strength (2.6.10) has important implications for
electron impact spectroscopy;

1. for small momentum transfers, electric dipole selection rules
apply to the excitation of atoms and molecules by electron impact

2. optical oscillator strengths may be deduced from electron impact
data and

3. optical oscillator strengths may be used to normalize éxperimenta]
electron impact data.

Three classes of electron impact experiments have been used to derive

optical oscillator strengths:

1. Fix the incident energy, Eo’ vary 6 and extrapolate fn(K) to K2 -0

2

(recall that K% = k02 s kn2 - 2k_k_cosé from (2.4.14). This method has

been used extensively by'Lassettre and co-workers (for examples see

References 53,55 and 56).

2. Fix the scattering angle 6, vary EO and extrapolate fn(K) to K2 ~> 0.

This method has been used by Hertel and RossS7’58.

3. Use high incident energies (ko v kn) and small scattering angles

such that K2 = 0, the generalized oscillator strength is equal to the optical
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oscillator strength. This method has been used extensively by Geiger
et al. (see References 3, 59-62) and van der Wiel (see Reference 63).

When the first Born approximation is valid, the generalized oscillator
strength can be directly related to the differential cross-section. Using
(2.6.2) and (2.5.5),

do
2 “on
7 En(ko/kn) K a0 (2.6.11)

It is convenient to introduce]] an effective generalized oscillator strength
fh(K,EO) which can be calculated entirely from experimental measurements

regardless of the validity of the first Born approximation.

o

f'(K.E ) = (4 %) |1 - |2 (Ka_)° En Yn (2.6.12)
nt*"of o’/ E0 o/ R dq U

When the first Born approximation is valid (large EO) we can use the
Born expression for the differential cross-section (2.5.5) to show,

fﬁ(K,Eo) > fn(K) , large E0 _ (2.6.13)

where fn(K) is the generalized oscillator strength défined by (2.6.2). A
necessary, although not sufficient, condition]] for the validity of the
first Born approximation is that the effective generalized oscillator
strength fﬁ(K,Eo) should have the same K dependence at different incident
energies, Eo. Therefore, if fﬁ(K,EO) is a different function of K at
different impact energies, Eo’ the first Born approximation is clearly
invalid. On this basis, Skerbele and Lassettre have found transitions in
nitrogen64 and carbon monoxide53 where deviations are apparent even when

the incident energies are high enough to expect the first Born approximation
to apply. On the basis of a survey of a number of atomic and molecular

53

transitions, it has been found“~ that deviations from the first Born
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approximation are observed when tHe term symbols of the initial and final
states are identical. Therefore, the deviations are dependent on an
operator which is totally symmetric.

Experimentally, in an electron energy loss measurement, the differ-
ential cross-section for the transition is measured.at a fixed incident
energy, Eo’ and scattering angle 6. Using (2.6.12) and assuming that

the first Born approximation applies such that fh(K’Eo) = fn(K),

don 2 En]'/2 -2
do - 4a0 ] - 'E'(-)- (Kao) (R/En) fn(K) (2.6.]4)
At e = 0° such that KaO is a minimum and En << Eo’ it has been shown1]
that,
do '
on _ 2 .2 -3
Io = 16a0 R E0 En fn (2.6.15)

vhere fn is the optical oscillator strength and En is the excitation

energy or equivalently the electron energy loss.
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CHAPTER THREE

EXPERIMENTAL METHODS FOR INNER-SHELL EXCITATION STUDIES

For molecules composed of second row elements, the inner shell
(or core) electrons are the 15-(K).e]éctrohs which are nonbonding and
mainly atomic in character. Transitions involving the discrete excitat-
ion of a K-shell electron occur in the approximate energy regions;
200 eV (62 K) for boron, 300 eV (41 K) for carbon, 400 eV (31 K) for
nitrogen, 550 eV (22.5 K) for oxygen and 690 eV (18 K) for fluorine.
The 2s (LI) and 2p (LII,III) electrons of third row elements are also
core electrons when these elements are incorporated in a molecular
environment. For sulfur-containing molecules, inner shell excitations
requife approximately 2475 eV (5 R) for sulfur K, 220 eV (56 K) for

sulfur LI and 160 eV (77.5 A) for sulfur LII,III'

A bibliography of inner shell excitation studies has previously been
given in Chapter I. Information on discrete excitations has been provided
by four types of experiments; photoabsorption, Auger electron spectroscopy,
X-ray emission spectroscopy and e]ectron energy loss spectroscopy. Each of
these techniques has certain Timitations.

Discrete excitation by photoabsorption requires a photon with an
energy exactly equal to the energy required for the transition. The
difficulty of producing a useful photon continuum in the energy region
required for K-shell excitations (soft X-ray) has previously been mentioned;

Bremsstrahlung continuua are weak (particularly beiow 1000 eV) and electron
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synchrotron facilities are not readily available. In addition, an
electron synchrotron produces a large intensity of photons having energies
higher than that required for K-shell excitation and order overlapping in
‘the spectrograph seems to be a problem. In the case of the K-shell

absorption spectrum of nitrogen27

» an excess of oxygen (which.has strong
absorption below 20 R) had to be included in order to suppress this effect.
The design and construction of monochromators for the soft X-ray region is
also difficult. Surface reflectivities are extremely poor at such short
wavelengths and grazing incidence monochromators must be used. Also, since
resolution is on a wavelength scale, it becomes progressively more difficult
to obtain high energy resolution in the short wavelength region of the
energy spectrum. Since resolution is gained at the expense of intensity,
there is a practical limit to the resolution which can be obtained in the
soft X-ray region.

In order to diséuss the application of Auger electron spectroscopy
to inner shell excitation studies it is convenient to give a brief introduct-
ion to the technique. The ejection of an inner shell electron by X-ray

absorption, electron impact or other methods, results in the production of

a highly unstable species. The dominant relaxation process, for molecules
65

composed of second row elements, is by Auger electron ejection . The
process may be represented as follows;

. e K+ - . .

i. X o X + e Initial Ionization

. . K+ K+

i X5 (ET) s ™t YY) 4 e (Ey)

where (i) represents the initial ionization of a K-shell electron and (ii)

represents the Auger relaxation process in which the inner shell "hole" 1is
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filled by a valence shell electron and the energy Tiberated in the process
appears as kinetic energy (E]) of a second valence shell electron (the
Auger electron) which is ejected in the process. The kinetic energy of the

Auger electron is given by;

where EK+

is the energy of the initial K-shell ion state and E™F is the
energy of a doubly ionized state of the molecule (both vacancies in the
valence shell). If the initial K-shell "hole" state in (i1) is neutral,
then the main relaxation process is autoionization which produces a singly
charged final state:
(T (- B G (0 W (9

where X+ represents a sing]y charged ion state with the vacancy in one of
the valence shells. The kinetic energy of the ejected electron, E2, is

equal to the difference in energy between the initial K-shell excited

state and the singly charged ion state;

Referring to processes (ii) and (jii), the energies of the initial K-shell
ion (i1) and discrete states (iii) usually differ by Tess than 10 eV while
the doubly charged ion states in (ii) are typically 20 - 30 eV higher 1in
energy than the singly charged states in (iii). Therefore, autoionization
processes can be identified since the kinetic energies of the ejected elect-
rons are higher than the maximum energy which can be taken up by an Auger
electron. It is also possible for "excited" K-shell jon states (produced

by the shake-up of valence electrons in conjunction with K-shell ionization)
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to give rise to high energy Auger peaks. However, it can be established
that the initial state is neutral and not an "excited" K-shell ion state
by comparing the results of excitation by electron impact and X-ray

33'36. The discrete states are not excited by an X-ray line

absorption
with energy far in excess of the transition energies and the corresponding
autoionization lines are absent from the Auger spectrum. However, the
energy of an autoionization line is equal to the energy difference between
the initial neutral excited state and some final state of the singly
chafged species. Therefore, an ambiguity in peak assignment may arise
unless one of the states involved in the process can be positively ident-
ified.

A competitive relaxation process for a molecule with an inner shell
vacancy, is X-ray emission, in which the "hole" is filled by a valence
shell electron and the liberated energy appears as a photon (X-ray fluor-
escence). If the initial state is neutral, then the energy of the emitted
photon is equal to the excitation energy of the discrete state (resonance
emission). Recently, Siegbahn et a1.38’39’66, have constructed a high
resolution X-ray emission spectrometer (AE (FWHM) = 0.1 eV) which is
capable of resolving some of the vibrational structure of emission bands.
The résonance emission from the Towest K-shell excited state of molecular

38’39. However, emission bands from the

nitrogen has been clearly obhserved
higher energy K-shell excited states (observed in Reference 27) have not
been reported. In addition, high energy satellite Tines in the K-shell

X-ray emission spectrum of carbon monoxide have very low intensities and

. . . .66
energies and assignments of these lines have not been given ~. However,

for Tow atomic numbers, emission intensities are expected to be small since
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the competition between Auger emission and X-ray fluorescence is dominated
by the nonradiative process (see Reference 65). In addition, as in the
case of autoionization, an ambiguity in peak assignment may arise, since
the final state involved in the emission process may either be the ground
electronic state or any of the neutral, valence shell excited states of
the mo]ecu]ep

The only condition for the excitation of a neutral state by electron
impact is that the kinetic energy of the incident electron must be greater
than the transition energy. Since the kinetic energy of the fncident electron
is determined by the potential difference between the electron source and
collision region, the problems of an energy source for K-shell excitations
encountered in photoabsorption studies, do not exist. In addition, the
Tifetimes of these high energy states are relatively short and therefore the
natural Tine widths are large. The uncertainty broadening of the excited
states in the regions of the respective carbon, nitrogen and oxygen K-edges

39 around 0.1 eV. This estimate is supported by the clear

is probably
resolution of vibrational structure (0.26 eV spacings) in the high energy
autoionization band of carbon monoxide32. In principle the resolution
obtainable in electron energy loss spectroscopy'is an order of magnitude
lower than the natural line widths (see for example Reference 3) and
therefore, electron impact spectroscopy can potentially provide as much
information about these states as optical absorption spectroscopy. Also,
with the use of a suitable retarding lens, electrons can be energy analysed
at constant energy, E, and the resolution (AE/E) is constant over the

entire energy loss spectrum. Therefore, even for incident electrons with

energies in the keV range, and energy losses in the 300 - 700 eV energy
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region,'"high" resolution can be obtained by preretarding fhe scattered
electrons and energy analysing at a sufficiently Tow energy. Figure 2

shows the parameters relevant to a comparison of resolution on a wavelength
and energy basis and is helpful in comparing and contrasting photoabsorption
and electron impact spectroscopy. In Figure 2 the resolution, Ax (K),
corresponding to fixed values of resolution, AE (eV), has been plotted as

a function of energy. To illustrate the use of Figure 2, consider the
following examples; for carbon K-shell excitation, ~ 300 eV (41 K), a
resolution, AE, of 0.5 eV corresponds to a resolution Ax of ~ 0.1 K, while
for f1uor1ne.K—she11 excitation, ~ 700 eV (18 K), a resolution of 0.5 eV
corresponds to a resolution, Ax, of 0.02 E. The K-shell photoabsorption
spectrum of m'trogen27 was obtained with a resolution < 0.03 K which corres-
ponds to a resolution < 0.4 eV at 400 eV (31 R). In the case of electron
impact, a resolution of ~ 0.1 eV can be obtained with only modest "mono-
chromation" of the fncident beam. This, and the fact that there is no
difficulty in obtaining an energy source in electron impact spectroscopy,
suggests that there are advantages to the use of electron impact over

photoabsorption methods in the soft X-ray and X-ray regions.



1000: 1 i Lllllll 1 1 |1|1u| ] 1 ||11||| ! 1 lllllll 1 1 1|11||E
100 i
T ] AE :
5 ] =
o 1073 .
cC ] :
. i
1 T T T T 1 lIlIl.I' T T TTITT T T T 1T ™1 T TTTT

0.001 0.01 o1 1 10 100

Resolution AA f\

FIGURE 2. Resolution, Ax (A), plotted against energy for fixed values of
resolution, AE (0.01 to 0.05 eV). .

124
5
24 5
o
=
Q
=
1240 >°
12400

|
n
¥e)
|



-30-

CHAPTER FOUR

EXPERIMENTAL

4.1. 180° Electrostatic Ana]yser.

One of the most important components of an electron spectrometer is
the electron energy, or momentum analyser. The kinetic energies of
scattered electrons are usually measured by deflecting the electrons in
an electric or magnetic field. Alternatively, a combination of electric
and magnetic fields may be used. The properties and relative merits of
different types of electron energy analysers have been discussed in a
number of review articles,»9:67-69

A hemispherical electrostatic analyser was selected for this work
for the following reasons; (i) electrostatic deflection was chosen over
magnetic deflection because uniform magnetic fields are more difficult
to produce and control than electrostatic fields. In addition, problems
of fringe fields are more severe in the case of a magnetic analyser.

(i1) the two diﬁensiona] focusing propertiés of the hemispherical electro-
static analyser are ideally suited for coupling to strongly decelerating
lenses of axial symmetry.

The properties of hemispherical electrostatic analysers have been

72,73 and Sar-E168.

discussed by Purce117o, Simpson7], Simpson and Kuyatt
A schematic dfagram is shown in Figure 3. Electrons are deflected by the
1/r2 electrostatic field produced by the potential difference, Vo>

between the two hemispherical surfaces with radii ro> ry. The magnitude
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FIGURE 3. Schematic diagram of a hemispherical electron energy analyser.
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-of the electrostatic field is given by

gr) = o/ (4.1.7)
where C is a constant. Consider an electron with kinetic energy
E0 = mu§/2 which enters the analyser at the point X; = 0 and at an

angle o = 0°. In order for the electron to follow a circular path with
radius ros the centrifugal force must be equal to the electrostatic

force, e , at o3
muz/r = ef(r) = eC/r2 (4.1.2)
oo ) T

Since the kinetic energy, mug/Z is equal to eV0 in electron volts; from
(4.1.2),
(4.1.3)

C = 2rOV0 = (r] + rz)v0

where o is chosen as the midpoint. The potential at point r is given by;

Vir) = -%

+ B (4.1.4)

where B is a constant. The potentials of the inner and outer hemispheres

with respect to point ro are then

S
i

C/r] - C/Y‘o (4.1.5)

C/r

<=
—
-
St
L}
<3
——
~
[N ]
N
1

, - C/ry __ (4.1.6)

and therefore the potential difference across the hemispheres is given by

V(r]) - V(r2)

v, [(rz/r‘]) ] (r]/rz)] (4.1.7)

Let x, be the radial distance from "o of an electron entering the

73

1

analyser at angle o and energy E. It has been shown’® that the deviation,

Xos of the transmitted electron from the radial path, r_, is given by;

o
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2

(x2/ro) = - _(x]/ro) + 2(AE/EO) - 2 (4.1.8)

where AE = E - Eo' Since there is no linear term in «, the analyser
has first order angular focusing (the angular focusing is perfect at
360°)74. In addition, because of the spherical symmetry, the analyser
has two dimensional focusing properties.

The energy resoltuion (i.e. the transmission of electrons as a
function of energy taking into account the distribution of incident
electrons over space and angle can be approximated by73

AE(FWHM)/E0 = S/ZY‘O (4.1.9)

where AE(FWHM) is the full width at half maximum of the transmitted beam
and S is the slit width or diameter for a circular aperture. Expression
(4.1.9) neglects a term in o2 and is only applicable if o2 < S/2r,.

The analyser used for this research has the following dimensions;

ry = 1.5 inches
ro = 2.0 inches
r2 = 2.5 inches
S = 0.050 inches

The ratio of the potential dividing resistors RZ/R1) is given by the
ratio of the potentials V2/V] and for the dimensions of our analyser using

(4.1.5) and (4.1.6):

RZ/Rl = V2/V] = 3/5 (4.1.10)

The theoretical resolution (neglecting the o? term) is given by
(4.1.9),
AE/E0 = S/ZY‘0 = 0.0125 = 1.25% (4.1.11)

In order to test the performance of the analyser, the resolution,
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(i.e. AE(FWHM), as a function of electron energy, E_= evo) was

0
measured at 0° scattering with he]ium'as a target gas. The results are
shown in Figure 4. The AE(obs) curve is a convolution of the energy spread
of the gun and energy transmission function of the analyser. By extrapol-
ating to Eo = 0, the gun spread was estimated as ~ 0.28 eV. The lower
curve represents the energy transmission width of the analyser and was
obtained by corrected AE(obs) for the gun spread (the energy distributions
were assumed to be approximately Gaussian73). The experimental resolution
of the analyser is 1.23%, in good agreement with the theoretical estimate

of 1.25% (see 4.1.11). An édditiona] check of the analyser was performed
by plotting the focus potential, V12, of the hemispheres as a function of
electron energy eVO. The experimental plot was a straight Tine,

V]2‘= 1.07 Vo’ in exact agreement with the theoretical value calculated

using (4.1.7) and the dimensions of our analyser.

4.2. The Electron Source.

The electron source for the spectrometer was a Philips 6AW59 television
gun consisting of an indirectly heated oxide cathode (BaSr0), grid, anode
and focusing element (Einzel lens). A circuit diagram of the electron gun
power supply is shown in Figure 5. The advantage of an oxide cathode
source is that a reasonably monoenergetic beam; AE(FWHM) ~ 0.25 eV , can
be produced without using an energy selector. This is a result of the
Tow work function of the mixed oxide cathodes, which means that they can be
operated at much Tower temperatures than other emitters. For a thermionic

67,72, A

cathode E(FWHM) = 2.54 kT where k is the Boltzmann constant

(1711600 eV/OK). This implies a AE(FWHM) of ~ 0.25 eV for a normal
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operating temperature of approximately 1100 °K. The experimental value
obtained by extrapolation of the observed AE(FWHM) is ~ 0.28 eV (see

Figure 4). In addition, the television gun produces a well focused beam.
However, a major disadvantage is that the oxide cathode 1is readily

poisoned by most gases, particularly by strong oxidizers such as oxygen

and nitric oxide. In the present experiment, this difficulty was partially
overcome by operating the gun with a higher filament voltage which tended
to reduce its useful lifetime. A more satisfactory solution would be to

build a differentially pumped source.

4.3. The Spectrometer.

PTate 1 is a photograph of the spectrometer and Figure 6 shows a
schematic diagram. The main components are: A, the electron gun (oxide
cathode) and Einzel 1éns; B and F, quadrupd]e electric deflection plates;
¢, collision chamber operated at typical gas pressures of 10—4 torr; D,
gas inlet; E, angular selection plate; G, deée]erating lens; H, hemi-

spherical ana1ysef; and I, channel electron multiplier.

4.3.1. Spectrometer Construction.

The spectrometer was constructed from brass with the exception of
the angular selection plate, E, and the aperture plates of the analyser,
which were machined from molybdenum. The deflection plates were 0.4" x
0.6" and the angu]af selection plate and analyser "sTit" plates have
apertures of 0.050". The lens, G, is an equal diameter (D = 1.9") two
tube cylindrical lens with a high vo]tage element (length 1.21 D), a

gap of 0.16 D and a Tow voltage element (length 0.84 D), (the lens para-



1

The Spectrometer.
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FIGURE 6.

Schematic diagram of the apparatus.
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63). Electrical insul-

meters are essentially those used by van der Wiel
ation between components operating at different potentials was initially
provided by boron nitride spacers. However, these proved to be very
brittle, which was an inconvenience when the machine was dismantled for
cleaning. This problem was overcome by rebuilding the spectrometer using
precision sapphire balls (located in undersized holes) as insulators.

An additional advantage is that the balls also serve as accurate locaters.
Initially all brass surfaces were gold plated to provide a uniform surface
potential. However, it was found that the performance of the spectrometer
was not degraded by the omission of this step. The surfaces of the hemi-
spheres and aperture plates were coated with a uniform layer of benzene soot
to minimize the number of surface scattered electrons. In addition, a

slot (0.13" x 2.8") was milled in the back hemisphere (behind the entrance

slit) to reduce the number of back-scattered and secondary emitted electrons.

The performance of the analyser was not impaired by this modification.

4.3.2. Spectrometer Operation.

The electron beam was accelerated towards the collision region by a
2.5 kV potential difference. The quadrupole deflection plates B and F
were uéed to control the beam direction and the electron current was
monitered by deflecting the beam onto the angular selection plate, E,
which was floated, through a precision electrometer, by the high voltage
power supply. For K-shell energy loss measurements, it was not possible
to obtain spectra at a 0° scattering angle because of the large intensity
(even with the slot) of scattered and secondary emitted electrons produced

by the fast primary electron beam colliding with the back hemisphere. The
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primary beam was therefore deflected by the plates, B, such that it was
intercepted by the angular selection plate, E. Electrons having an

2 radians passed through the angular

average scattering angle of 2 x 10°
selection nlate aperture into the decelerating lens. Energy loss spectra
were obtained by scanning the electric potential applied to the deceler-
ating lens (usually from ground to +40 V) Whi]e the cathode potential was
floated at a negative voltage (corresponding to the approximate K-shell
energy loss; e.g. for nitrogen K-shell, -425 V). The accuracy of the
energy scale obtained was + 0.02 eV. The transmission energy of the
analyser was set at 25 eV and the resolution [AE(FWHM)] was ~ 0.5 eV.

Output pulses from the multiplier were processed by standard pulse electron-
ics (sée Figure 6) and stored in a multiscaler, whose channel advance was
synchronous with the scanning voltage applied to the decelerating lens.

The zero of the energy scale for each spectrum was determined by recording
the peak from elastically scattered electrons (measured as a d.c. current
using the electron multiplier as a Faraday cup) and the K-shell spectrum
(pulse counting) under identical experimental conditions (beam intensity,
deflection angle and target gas pressure). The elastic peak was too intense
to record in the pulse counting mode. In order to measure the valence

shell energy loss spectrum, the beam intensity was reduced such that the
pulse counting mode could be used. K-shell energy loss spectra, were
usually obtained using primary beams 1ntehsities of 0.1 pA to 1 pA.

Although some structure was usually apparent after a single scan, it was
usually necessary to signal average for some hours (typically overnight)

in order to obtain a spectrum with a good signal to noise ratio for the

weaker intensity structures.
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4.3.3. Energy Calibration.

The enerqay scale was usually fixed with respect to the elastic peak
as described in Section (4.3.2). The voltages were measured using a
digital voltmeter with an accuracy of = 0.1 volt on the 1000 volt range.
Since a calibrated voltage source in the 200 - 700 volt region was not
continuous]y_avai]ab]e, the lowest energy discrete peaks in the K-shell
energy loss spectra of molecular nitrogen and carbon monoxide (both carbon
and oxygen K-shells) were measured with a Fluke 343 A calibration power
supply. This provided three internal energy standards (NK = 400.93 =

0.05 eV, CK = 287.28 + 0.05 eV and 0, = 534.0 + 0.1 eV) which were

K
periodically used to calibrate the digital voltmeter. 'Absolute energies
were determined for the ammonia spectrum by recording the nitrogen K-éhe]]
spectrum of several mixtufes containing different partial pressures of
methane and molecular nitrogen and calibrating fhe ammonia peaks with
resbect to the intense 400.93 eV peak of nitrégen (see Figure 7). The
carbon K-shell energy loss spectrum of methane was similarly calibrated
against the first discrete peak observed in the K-shé]] energy loss spectrum

of carbon dioxide (290.7 + 0.2 eV), (see Figure 7). The absolute energies

are accurate to + 0.2 eV for all K-shell spectra unless otherwise stated.

4.3.4. Vacuum System.

The complete experimental arrangement is shown in Plate 2. The vacuum
chamber consists of a 16" outside diameter aluminum tube, 16" in height
with a 1/2"—thicklwa11. The bottom of the tube rests on a viton O-ring
- located in a machined groove in the baseplate (see Plate 1). The top of

the chamber is similarly closed with an aluminum 1id (containing an air
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PLATE 2 Complete Experimental Arrangement.
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inlet valve and 1onizatfon gauge head) and O-ring seal. All electrical
connections are made via high voltage ceramic octal-plugs or single
feed-throughs. These are soldered into flanges which are bolted to the
Tower side of the baseplate and sealed with viton O-rings. The 1id and
vacuum chamber may therefore be easily removed (no bolts are used on the
main chamber) to provide ready access to the spectrometer.

The vacuum chamber is screened from magnetic fields by a mu-metal
shield (not shown in Plate 2).

The vacuum 1is produced by an NRC 4" diffusion pump (using Conva]éx 10
polyphenyl ether) with a water baffle, Tiquid nitrogen trap, and 5" gate
valve between the pump and vacuum chamber. The typical base pressure of

the system is ~ 1 x 107 torr.

4.4. Sample Purity.

AT1 chemical samples used in this study were commercially purchased
and used without further purification. For liquid samples the normal
degassing procedure was followed. The stated minimum purity of the samples

was as follows:

N2 99.99% CH4 99.99%
Co 99.5% NH3 99.99%

O2 99% H20 DISTILLED
NO 98.5% : CH30H 99.9%

CO2 99.99% CH3OCH3 99.9%

N20 98% CH3NH2 98% -

C52 FISHER SPECTROANALYSED CF4 99.7%

€0sS 97.5% CH3COCH3 FISHER SPECTROANALYSED
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CHAPTER FIVE

DIATOMIC MOLECULES

5.1. Nitrogen and Carbon Monoxide

5.1.1. Nitrogen.

The ground state electron configuration of the nitrogen molecule is

)2]+

(1so )2 (1sau)2 (2509)2 (2$ou)2 (pru)4 (Zpog s Ig

g
a. Valence Shell Spectrum.
The valence shell electron energy loss spectrum is well known and
was reborded to test the spectrometer performance and also to provide a
purity check of the sample. In addition, some indication of the possibility
of forbidden transitions contributing to the K-shell spectrum may be
obtained. The valence shell electron energy loss spectrum of molecular
nitrogen is shown in Figure 8. Molecular nitrogen has been thoroughly
studied in this energy region by both optical (see Reference 75) and
electron energy Toss spectroscopy (see Reference 5). An electron energy
Toss spectrum has been obtained62 with 25 keV incident energy electrons
and a re$o1ution, AE(FWHM), of 0.01 eV. The 1ocations of the peaks observed
in our low resolution spectrum (AE(FWHM) 0.5 eV) are consistent with the
higher resolution results. Peak A with a maximum at 9.2 eV in our spectrum
1. + 1

is associated with the Lyman-Birge-Hopfield bands, Zg >~ a Hg (2pcg

This transition is forbidden by electric dinole selection rules (g «}> q),

> 2pﬂg).

although it gives rise to weak photoabsorption because of magnetic dipole

and electric quadrupole interactions (see Reference 76). The transition is
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also forbidden in our experiment since the first Born approximation

should be vatlid (i.e. EO(2500 eV) >> En and 0, ~ 0°). In electron

ver
~impact excitation the interaction between the incident and target electrons
is assumed to be purely electrostatic and therefore, the transition is

only associated with an electric quadrupole interaction. Since the term
symbol of the initial and final states differ, only the second term in
equation (2.6.11) contributes (i.e. the same matrix element associated

with electric quadrupole transitions by photoabsorption). For forward
scattering and fast electron impact, the ratio of dipole to quadrupole

5

cross-sections has been given™ as

0gloq = ey /E%e,” where T = E_ - (£ /2)
and € and €, are the dipole and quadrupole matrix elements respectively
[see (2.6.9)]. This implies that the dipole to quadrupole intensity ratio
increases linearly with incident energy. At 48 eV incident energy and

49

6 = 0°, the ratio’ is ~ 16. The ratio observed in our spectrum, 2500 eV

incident energy and eaver. v 0.02 rad. is ~ 18. Although our results were
not for forward scéttering, we still expect much Tess intensity to be
associated with a gquadrupole transition. The reason for this discrepancy
is not clear. In fact, Bonham77, using 10 keV electron impact has also
observed the Lyman-Birge-Hopfield bands, while Geiger at 25 keV and 6 = 0
has not (see Reference 5). The main intensity of peak B (12.8 eV) is
associated with the excitation of the b ]Hu state (12.84 eV, v' = 4
Reference 62). The higher energy peaks (C = 14.0 eV, D = 15.8 eV and E =
E =16.9 eV) result from the excitation of a number of electronic states
(see References 60 and 62). The location of the first jonization potential

75,78

in our spectrum is hased on the experimental value of 15.57 eV.
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b. Nitrogen K-shell Excitation.
The 1509 and 150u electrons are indistinguishable in X-ray PES
studies32 although in theory there should be a small energy difference

between the two orbita1s32:

The electrons filling these orbitals are
essentially nonbonding and are designated "K-shell" electrons because of
their atomic character. The removal of a K-shell electron which is local-

"]2. (The

ized on one nitrogen nucleus produces a nitric oxide type "core
"core" includes the two nuclei and their K-shells.) It should be noted that
all states having a K-shell hole are intermediate states that only exist for

-14

approximately 10 seconds before they decay by Auger emission (relaxation

via a radiative transition has a very low probability for elements of Tow
atomic number65){ If the K-shell electron is promoted to the first unoccup-
ied molecular orbital of nitrogen, the antibonding an ,» the resulting outer
“electronic conf1gurat1on is the same as that of the ground state of nitric
oxide. Similarly, promotion of the K-shell é]ectron in nitrogen to higher
energy orbitals produces species resembling nitric oxide in excited states.
Only those excited states of nitric oxide whfch are produced by the promotion
of the 2pr* electron can be correlated with the states of nitrogen produced
by the single transition of a K-shell e]ectfon. These include the dissociat-
ive, non-Rydberg, A'22+ state and all of the Rydberg states of nitric oxide
which converge to the ground jonic state. Complete ejection of the K-elect-
ron produces a state analogous to the ground state of No™. Therefore,

the energy positfons of the structure observed in the nitrogen K-shell
spectrum relative to the first discrete peak, should reproduce tﬁe energy
levels of the first Rydberg series of the nitric oxide molecule. Nakamura

27

et al. have successfully used this analogy with nitric oxide to interpret
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the discrete'strueture observed in the'optica1 absorption spectrum of
nitrogen; which wae obtained using synchrotrdn radiation.

The K-shell electron energy Toss spectrum of N2 is shown in Figure 9
and the peak positions are listed in Teb]e 1. The.re]atﬁve energieé’of
the nitric oxide mo]ecu]e79 have been drawn above the spectrum in ﬁigure 9
| - such that the first Rydberg level of nitkic oxide matches up with the
second discrete peak in our spectrum. A diffiéu]ty in applying this analogy
is that we are dealing with excitation in the Frank-Condon region of the |
nitrogen ground state to "NO-1ike" states. Therefore vibrational popul-
ations are uncertain;.'The second discrete peak.was chosen as a reference
pbint for two reéébns: (i) the first-discrete peak is broad and it has

been suggested that it represents transitions to two final'states36

and,
(1) the second peak, which represents excitation to a Rydberg orbital
(3s0) is expected to have an internuclear separat1on close to that of the
n1trogen ground state and therefore should have less vibrational exc1tat1on.
The spectrum has been divided into three reg1ons on the basis of the relat-
ive energy levels of nitric oxide (see Figure 9) Region I includes all ef
the discrete structure and extends up to the f1rst ionization potential of
nitric oxide (wh1ch corresponds to the K-edge of nitrogen), Region II
extends from the f]rst to the second 1on1zat1Qn potential of nitric oxide
and Region III inc1Udes all the structere,above the second ioniiation pot-
ential. The discrete part of the spectrum (Region I) is in good égreement
with the relative nitric oxide Tevels and also with the photoabsorption
spectrum27 (see Figure 10). The ground vibrat%ona] state of nitric oxide.
corresponds_ﬁo_an energy 0.4 eV be]ow-tﬁe maximUm of the first diecrete

peak in our spectrum (see Figure 9), whereas in the photoabsorption spect-
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TABLE 1

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND ASSIGNMENTS OF PEAKS OBSERVED IN REGION T OF THE

K-SHELL SPECTRA OF N2 AND CO (CARBON K-SHELL).

_ZS_.

Peak Nitrogen CO(CK—shell) Assignment® Nitric oxide
This work Optical2? This work (ref. 79)
Energy AE Energy AE Energy AE Orbitald State State Energy
1 400.622 0 400.11¢ 286. 864 0 2pr R G 0
2 406.10 5.48°  405.59 5.48°  292.34 5.48° 350, 1zu+ A%t 5.48
3. 407.00  6.38  406.50 6.39  293.31 6.45  3pm, ‘nu c2n 6.49
406.72 6.61 o, 'zt 0ET 6.6
4. 408.39 7.77  407.66 7.55  294.77 7.91 dsa, ]zu+ 2t 7.55
407.90 7.79 - 3dn ]nu 2 7.88
1.+ 2.+
oy 'r,t W 7.88
K-edgef

409.9 409.5 296.1

a Peak maximum at 400.93 + 0.05 eV.

b The second peak was used to position the relative nitric oxide levels.

c Centre of truncated peak at 400.84 eV.

d Peak maximum at 287.28 + 0.05 eV.

e Omit the g and the u for carbon monoxide states.

f Values from ESCA32:N_, 409.9 eV; CO, carbon-K 295.9 eV.

g Only the outer orbitg]s involved in the K-excitations have been included.
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rum27 the ground vibrational state was 0.6 eV below the centre of the
truncated first discrete peak. The difference is partially explained by
the asymmetric shape we find for this peak. A comparison of the nitrogen
K-shell energy Toss spectrum obtained with a resolution [AE(FWHM)] of
0.5 eV (this work) and the photoabsorption spectrum27 [AE(FWHM)l< 0.2 eV]
is shown in Figure 11. The first discrete peak observed in the photo-
absorption spectrum is "truncated" because of total absorption of the avail-

30

able radiation™" . The discrete part of the spectrum has already been

assigned by Nakamura et a1.%’ (

see Table 1), with the intense peak we
observe at 400.93 + 0.05 eV being attributed to the promotion of a 150u
electron to the lowest unfilled molecular orbital of nitrogen, the anti-

bonding 2png.

2
N2 (]ch) (]Sou

(1309)2 (1se )V ..., (2po

From a consideration of electron-ion coincidence spectra29’30, and the

27

photoabsorption data“", Wuilleumier and Krause36 have concluded that two

1+

excited states contribute to the first peak, the ]Hu and the Ly states.

The ]zu+ state results from the pfomotion of a 1soq electron to.the 2pou
orbital and is analogous to the dissociative A'22+~state of the nitric
oxide molecule. From the sharp Auger peaks resulting from the decay of
these states, it was concluded that a maximum of two vibrational levels
of the ]nu state were excited. Therefore, in the energy loss spectrum
there should be one or two vibrational transitions to the ]Hu state and a
broader continuum contribution to the higher energy side of the peak from

the ]Zu+ state. Our results show that the first discrete peak has a FWHM
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of 0.8 eV, which is significantly more than the O.S eV FWHM of the peak
from the elastically scattered electrons under identical experimental
conditions. Furthermore, the peak is slightly asymmetric on the high
energy side. We are not able to make any definite new conclusion from
our results. However, we observe a base width (at 5% of the peak height)

of about 2 eV in contrast to the 3 eV reported by van der Wiel and

30

E1-Sherbini at an impact energy of 10 keV and also, if there are two states,

they must be less than 0.5 eV36 apart. It is possible that the relative

cross sections for the two processes are significantly different at 2.5
and 10 keV. |
A value of 409.9 eV was derived for the K-shell binding energy from

the relative nitric oxide levels and this is in excellent agreement with

32

the X-ray PES value We have derived an approximate continuum shape by

using semiempirical X-ray mass absorption coefficients80 for n1"crogenJr

(see the hatched region in Figure 9). Structure is observed above the
K-edge instead of a smooth continuous decrease. This structure represents
a variety of multiple electron transitions involving one K-electron and one

or more valence electrons. The following two-electron transitions are

T The relationship between high impact energy loss spectra and photoabsorpt-
ion data has been derived in Chapter Two. For our experimental conditions
the conversion factor is approximately (energy loss)™3 (see 2.6.15), (if at
a momentum transfer, K, of about 1 au, the higher terms in K in the gener-
alized oscillator strength (2.6.8) can be neglected). This factor was used
to obtain the relative behaviour of the extrapolated mass absorption co-
efficients in the region of our spectrum. The absorption coefficients have
a contribution from shake-up and shake-off processes, but at energies far
above the K-edge we expect this contribution to be a constant fraction of
the K-continuum. The K-continuum was constructed by normalizing the data to
the height of our spectrum at the K-edge.
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expected to make the largest contributions:
i. double excitation; 1i.e., shake-up of a valence electron in

. . . . ] ] K-1
conjunction with K-shell excitation, designated by (N2 )

where
the superscript K-1 denotes a hole in the K-shell. It is interest-
ing to note that these states should correlate with the Rydberg and
non-Rydberg states of nitric oxide produced by the excitation of a

2po_ or 2pnu electron.

g

ii. excitation and ionization; involving an electron from both the K-
and valence shell, where one of the electrons is ejected and the
other remains behind in a higher unfilled orbital, designated by

K-1y+% |

(N2 ) -

valence electron required an energy outside the range of the spectrum.

The simultaneous jonization of a K-electron and a

The broad band observed in our spectrum in Region II must be associated

- **
with discrete structure arising from double excitations, i.e. (N2K ])

N
states, since from the nitric oxide analogy, the lowest possible (N2K ])+
state should correspond to the first excited ion state of nitric oxide
(a 3z+) which is 6.4 eV79 above the ground ionic state. It is interesting

to note that a number of autoionizing states of nitric oxide’? has been

observed between the first and the second ionization potentials which are

K-T**
)

analogous to the (N2 states. The 1nténsity of the first bump above

the K-edge is approximately 5% of that of the discrete peak at 401 eV
which is a reasonable ratio for shake-up events (for example see Reference 81).
This suggests that the 2p7rg orbital is involved in these excitations. The

second rise starting ~ 6 eV above the K-edge is then identified with onsets

K1y 4%

*
of ionization to a series of (N2 states analogous to NO+ states whose

79

thresholds (known from PES)’” are too close together to observe them separ-
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ately. However, as shown in Figure 9, the position of the second bump

correlates with these states (it is possible that doubly excited states,
- * %

(N2K_]) » also contribute to the intensity in Region III). These
K-1,+*

(N,

X-ray photoelectron spectrum at the low enerqgy side of the nitrogen K-shell

states should give rise to a series of séte]]ite peaks in an

peak. It is therefore interesting to compare the structure we observe above
416 eV with the satellite peaks observed by Carlson et a1.8]. The scatter
of data points at the base of the intense K-shell peak of Reference 81 does
not allow a conclusion about the possible presence of satellites around 6 eV
below the K-shell peak. In our spectrum higher onsets are not distinct
enough to compare with the satellite lines observed in Reference 81.
(However, in carbon monoxide, onsets are clearly observed and correlate

with the satellite peaks.) In order to compare the intensities we observe

K—1)+* 81

for the (N continua with the Tine intensities in the ESCA spectrum®',

2
we note the fo]]owihg features of our spectrum:

(i) The height of the jumps in Regioﬁs IT and III are of the same
magnitude as that of the K-jump.

(ii) At the high energy limit of our spectrum the structure has
decreased to a height which is roughly 30% higher than the K-continuum,
K—1)+.

(N Since Carlson et a1.81 observed a total satellite intensity of

2
'approximately 15% of the K-shell peak at a photon energy of 1487 eV, our
data at the high energy side of the spectrum are consistent with this
earlier work. However, it has been found in a wide range of cases (see for .
instance Reference 82) where ejection of a deep inner electron is involved,

that the intensity ratio of double transitions (one inner and one outer

shell electron) relative to single transitions (inner electron) as a
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function of photon energy rises steeply from threshold and then becomes
constant. On this basis we would expect the structures to have heights of
only a few percent of the K-jump throughout Region III. The fact that much

Targer structures are present suggests that there is a strong contribution

- *%k
K 1)

from a series of (N2 states converging to each of the indicated

thresholds. An alternative explanation would take account of the indist-
inguishability of the electrons, due to which a shake-off in conjunction

*
)+ state as a

with discrete K-excitation gives rise to the same (NZK']
shake-up "following" K-ionization. However, the first process might have

more of the characteristics of a resonance transition and therefore might

K1+

locally enhance the "normal" intensity of the (N2 continua.

The onset of the increase in intensity beyond the K-edge in the photo-

27

absorption spectrum of nitrogen“’ agrees with the onset of structure in

Region I of our spectrum (see Figure 11). Also, the structure we observe
above the K-edge s qualitatively similar to that observed in the electron

. . . . ++
energy loss spectrum of nitrogen measured in coincidence with the N2

30

(plus N+) ions™" produced by Auger decay. (From the similarity with the

coincidence studies of carbon monoxide where an ambiguity of ionic states

does not exist, we can conclude that most of the intensity is due to N2++

ions.) A normal Auger decay of fhe doubly excited states would produce a
singly charged ion, of which the coincidence spectrum shows no appreciable
intensity in this energy range. The inference that N2++ is the predominant

=T1.**%
K 1)

product indicates that the (N states first autoionize to form

2
(NZK'])+, which then undergo a normal Auger decay. This is supported by the
fact that the decay rate of the first autoionizing step will certainly be

faster than that of an Auger transition.



-60-

5.1.2. Carbon Monoxide.

Carbon monoxide is isoelectronic with nitrogen and has a ground state
electron configuration of

(159) (1500)? (250)% (250%)% (2pm)* (2p0)2, 5+,

We have studied both the carbon and oxygen'K—she11 energy loss spectra.
The valence shell spectrum has also been recorded.
a. Valence Shell Spectrum.
The valence shell electron energy loss spectrum of carbon monoxide
is shown in Figure 12. The locations of peaks are consistent with higher

48,53,55,83 75

resolution energy 1oss spectra and optical data’~. Peak A with

a maximum at 8.4 eV is associated with the "fourth positive group" of
carbon monoxide, which is analogous to the forbidden Lyman-Birge-Hopfield

bands of nitrogen. However, in the case of carbon monoxide, the transiticn

is allowed, ]z+ - A ]n (2pc » n*) and this is reflected in the much higher

intensity of this peak compared with peak A in the nitrogen valence shell

spectrum (Figure 8). Peaks B (10.7 eV) and C (11.3 eV) are associated with

the B ]z+ and C ]z+/E ]H Rydberg states respectively (see References 55 and

75). The higher energy peaks, D (13.4 eV), E (16.3 eV) and F (17.0 eV) are
associated with a number of overlapping excitations. The location of the

75

first ionization potential on the spectrum is based on the optical’” and

78 value of 14.00 eV.

UV-PES
b. Carbon K-shell Excitation.
The production of a carbon K-shell "ho]e“ should produce a nitric
oxide type core and thereforé we would expect the carbon K-shell spectrum

of carbon monoxide to be similar to the K—she]T spectrum of nitrogen. As

is shown in Figure 13, this is the case, and the relative energies of the
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FIGURE 12. Valence shell energy loss spectrum of carbon monoxide.
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-63-

peaks are in good agreement with those of the nitric oxide levels (see
Figure 10). Therefore we have assigned the discrete peaks in Region I by
analogy with the Rydberg states of nitric oxide (Table 1). The interpret-
ation of both the discrete and continuum part of the spectrum is the same
as that for nitrogen and therefore the arguments for peak assignments will
not be repeated. Instead we will discuss the differences between the two
spectra.

The relative intensities of the peaks in Region I of the two spectra
are slightly different. A further difference is that the first discrete
peak at 287.28 i_0.05 eV in the carbon K-shell spectrum has a FWHM of
0.56 eV and is symmetric, indicating that onjy one or two vibrational levels
of the ]n state are excited. This is in excellent agreement with the Auger
resu]ts32 where the vibrational spacings of the final CO+ states (produced

1

by autoionization of the 'n state) have been resolved. The base width (at

5% of the peak height) of the first peak is 6n1y 1.5 eV, rather than the

30 produced the

3 eV reported in Reference 30. (The coincidence spectra
same broad asymmetric shape for the first peak in both nitrogen and carbon
- monoxide.) This might indicate that the relative excitation cross-sectidns
for the states represented by the first peak are quite different at 2.5 and
10 keV. |

An energy of 296.1 eV was derived for tHe K-edge, which is in good

32 of 295.9 éV. The approximate

agreement with the X-ray PES value
continuum shape (hatched region in Figure ]3)'was constructed by smoothly
joining the extrapolated behaviour for the X-ray absorption coefficients
of methane and methy]a]84 (mainly carbon-K) td the continuum decrease near

the K-edge. The structure observed in Region'II is associated with discrete
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K-1

)**

states, (C'0 (i.e. carbon K-excitation and valence shake-up). Shaw

and Thomas85

have investigated the X-ray PES spectrum in the energy region
- 5.4 to 6 eV below the main carbon K-shell peak and have put a limit for the
intensity of any satellite structures (from CK']O)+* states) as 0.4% of

the carbon K-shell peak. This supports our assignment of -the structure in

K-1qy+*
)

Region II. The structure in Region III represents (C" 'O states and

there is probably a large contribution from doubly excited states (CK']O)**
The energies of the NO+* states as given by PES79 correlate with the first
broad bump in Region III. Onsets have been resolved where the ijonization
potentials are sufficiently far apart. The energies of the satellite lines
obtained by Carlson et a1.81 using an X-ray energy of 1487 eV are in
excellent agreement with the onsets observed in our spectrum (see Figure 13,
X-ray PES Tines). The lowest satellite line observed by Carlson et al.

is at 8.5 eV below the K-shell peak, but the scatter of data points would
probably mask a broad band of satellite lines close to the intense K-shell
peak. There are obvious differences between the structures observed above
the K-edge in the nitrogen spectrum and the carbon K-shell spectrum of
carbon monoxide. 1In Region II the componenté making up the discrete
structures do not have the same relative intensities as in nitrogen. in
carbon monoxide the structure is genera]]y more intense relative to the
K-jump and the higher onsets in Region III are clearly resolved. It is
reasonable to expect different shake-up and shake-off probabilities in the
two molecules, nitrogen and carbon monoxide. Carbon monoxide has two
different nuclei, and therefore, each molecular orbital will generally have
unequal “carbon and oxygen" electron densities. A change in the screening

of the carbon nucleus by the production of a carbon K-shell hole, should
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preferentially produce shake-up and shake-off of electrons from molecular
orbitals with the higher “"carbon" electron densities. Also if a direct
interaction between the inner and the valence electrons is involved to a
significant extent, we would expect this effect to contribute more to the
carbon K-shell spectrum than the nitrogén spectrum since the carbon K-orb-
ital is closer in energy to the valence shell.

The continuum structure is qualitatively the same as that observed in
the carbon K-shell energy loss spectrum of carbon monoxide measured in
coincidence with CO++ ions produced by Auger decay30. As in the case of

nitrogen, the doubly excited states observed in Region II do not contribute
K"]O

)**

to the CO" coincidence spectrum implying that these (C states first

K'10)+ which then'undergo a normal Auger decay to CO++.

autoionize to form (C
c. Oxygen K-shell Excitation.

From the close agreement observed in both the nitrogen K-shell
spectrum and the carbon K-shell spectrum of carbon monoxide with the
relative nitric oxide levels, we expect the oxygen K-shell spectrum to
reproduce the relative energy spacings of the states of the CF radical
(the production of an oxygen K-shell hole should produce a CF type core).
Three states of the carbon monofluoride radical are well known from spect-

roscopic stud1e586’89; the ground X?H, the A22+

22+

and the BZA states.

Recently a DZH and poésib]y acC state have been observed (see Reference 90

for details). The ionization potential of CF has been derived in a wide

89,91

range of experiments with estimates from spectroscopic data and

90’92, in fair agreement (see Reference 92 for a complete

calculated values
review).

The oxygen K-shell energy loss spectrum of carbon monoxide is shown
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in Figure 14. The relative energies of those states of CF which have
outer electronic configurations identical to those produced by a single
transition of a K-electron in CO, are also shown (the BZA state has
thergfore not been included in the correlation). The results are listed
in Table 2 and tentative assignments of the discrete structures have been
made on the basis of the carbon monofluoride states. The second discrete
peak has been used to normalize the relative CF energy levels. Also
included in Figure 14 are the three higher discrete peaks in the spectrum
on an expanded scale (insert a). (The full spectrum and the insert are
from different data runs.) As shown by Figure 14, the relative energies
of the presently known states of CF agree with the peaks in our spectrum.
The intense peak observed at 534.0 + 0.1 eV (analogous to the ground
in state of CF) has a FWHM of 1.3 eV and therefore we conclude that a
number of vibrational levels are populated (5 to 7). This is supported
by the fact that the relative CF energy scale implies that the ground
vibrational state is ~ 0.5 eV below the centre of the first discrete peak
(see Figure 14).

The ionization potential of CF, estimated as 8.9 + 0.1 eV from

89,91

spectroscopic data and 9.2 + 0.5 eV from a Hartree-Fock SCF calcul-

ation92

lTeads to values of 542.4 eV and 542.7 eV respectively for the
oxygen K-edge of carbon monoxide. These values compare favourably with
the experimenta]32 X-ray PES energy of 542.1 eV. An approximate K-contin-
uum as indicated by the hatched region in Figure 14 was constructed by
extrapolating X-ray mass absorption coefficients for oxygen80 (corrected

by an (energy 1055)‘3 factor) to the K-edge. Broad structure is observed

above the K-edge which represents shake-up and shake-off events associated
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TABLE 2

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND POSSIBLE ASSIGNMENTS OF PEAKS OBSERVED IN REGION I
OF THE OXYGEN K-SHELL SPECTRUM OF CARBON MONOXIDE.

Peak CO(0,-shell) this work Possible assignments CF86-90
Energy - AE Orbita]d State State Energy

1 533.52 0 2pr* I G 0
2 538.8 5.3 3s0 e 5. 32
3 539.8 6.3 3pn Iy pn 6.40
4 3po 1 2zt 6.65
4 540.9 7.4 ) - - - -

K—edgeC 542.4

a. Peak maximum at 534.0 = 0.1 eV.

b. The second peak was used to position the CF levels.

c. ESCA32 value, 542.1 eV.

d. Only the outer orbitals involved in the K-excitations have been included.

-89-
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with K-excitation and ionization. Relative to the K-jump, this structure

is more intense than in either of the previous spectra.

5.2. Nitric Oxide and Oxygen.

5.2.1. Nitric Oxide.

The ground electronic state of the nitric oxide molecule has the
electron configuration

(1505)° (1s0)? (250)? (250%)% (2p0)? (20m)* (20v%)", 1.

A valence shell spectrum was not recorded. The 1500 and ]SON molecular
orbitals, formed from the oxygen K-shell and nitrogen K-shell atomic
orbitals respectively, are nonbonding and mainly atomic in character. The
excitation or ionization of an inner shell electron results in a number of
electronic state§ for each orbital configuration because of the coupling
of unpaired electron spins between the core and valence shell (see

Table 3). Thus the ionization of a nitrogen 1s electron or oxygen 1s

electron results in 3H and 1

3

I molecular ion states. Using X-ray PES,
m- ]H energy splittings (exchange splittings) of 1.42 eV and 0.55 eV

have been observed93’94

for nitrogen 1s ionization and oxygen 1s ionization
respectively. On the basis of the core analogyv model we expect the prom-
otion of a nitrogen 1s electron in nitric oxide to discrete levels below
the Ts ionization Timit, to produce a nitric oxide species with relative
energy levels similar to those of molecular oxygen in its ground and
valence shell excited states (produced by the excitation of an 02, 2png
electron). ~Ionization of the nitrogen 1s electron should produce a nitric

oxide species similar to oxygen in its ground ijonic state. Similarly the

promotion of an oxygen 1s e]ectron'in nitric oxide should produce an



TABLE 3
ELECTRON CONFIGURATIONS AND ELECTRONIC STATES OF K-SHELL EXCITED NITRIC OXIDE AND MOLECULAR OXYGEN.

ELECTRON CONFIGURATION RYDBERG ORBITALS MOLECULAR STATES?
NITRIC? 1500 ]So,\l 2s0  2sc* 2pc  2pm  2pm* no nn ®
OXIDE ! '
NO 2 2 2 2 2 4 1 x2n
N0 2 2 2 2 4 2 b=, 2=, 2y, 2t
N0 2 2 2 2 4 1 1, %1, %
o 2 1 2 2 2 4 1 005 ), L), &)
K+ 2 1 2 2 2 4 7 1 5,

OXYGEN®  1so_ 1so, 2so_ 2s0. 2ps. 2om. 2pm

g u g u g u g
3 1 1.+
0, 2 2 2 2 2 4. 2 Krg.a bl
K 1
0 2 1 2 2 2 4 3 T, 'n
Og* 2 1 2 2 2 4 2 1 52', 3'z:'(2), 3A, 3z+, ]z', ]A, 1+
og* 2 2 2 2 2 2 1 °n, 3n(sa), 3, n(3), Yo
o§+ 2 1 2 2 2 2 2 1 b, 25, 2, ot

a The same molecular states are obtained by oxygen 1s excitation in NO
b The numbers in brackets refer to the number of states of that symmetry.
C g, u designations do not apply to an oxygen molecule with a localized 1s hole.
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"NF-1ike" species.
a. Nitrogen K-shell Excitation.

The nitrogen K-shell electron energy loss spectrum of nitric
oxide is shown in Figure 15 and the energies and possible assignments of
peaks are listed in Table 4. The general appearance of the spectrum is
similar to that observed for the diatomic molecules nitrogen and carbon
monoxide in that the spectrum is dominated by the first discrete peak.
This intense peak, Tocated at 399.1 eV is interpreted as arising from the
promotion of a nitrogen 1s electron to the lowest available molecular
orbital, the 2pn*. The resulting electron configuration can give rise to
42', 22—, ZA and 22+ electronic states (see Table 3). Electric dipole
selection rules apply to electron impact excitation for high incident
energies and small scattering angles (i.e. when the first Born approxim-
ation is va]id)4. Although the first Born approxihation may not always
apply to our experiment (the incident energy is six times the excitation
energy for nitrogen K-shell promotion while the ratio decreases to 4;5
for oxygen K-shell promotion) the experimental cenditions are such that

spin forbidden transitions should not be observed. Therefore, the 42
state is not expected to contribute to our.spectrum. The 22', 2A and 22+
states are all dipole connected to the ground 2H state and peaks associated
with the excitation of these states should be observed in our spectrum.

The first discrete peak has a AE(FWHM) of 1.0 eV compared with a AE(FWHM)
of 0.4 eV observed for the peak associated with elastic scattered electrons
and is symmetric (the slight asymmetry on the tail of the peak is instru-
mental). This suggests that the energy spacings of'the three doublet

states is less than 1 eV. Since this first peak is by far the most intense
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FIGURE 15. Nitrogen K-shell energy 10ss spectrum of nitric oxide.

_ZL_



TABLE 4

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND POSSIBLE ASSIGNMENTS OF PEAKS OBSERVED
I THE K-SHELL ENERGY LOSS SPECTRA OF NO (NITROGEM AND OXYGEN K-SHELLS).

Ny~ SHELL ORBITAL? STATES 0, SHELL
ASSIGNMENT
PEAK ENERGY AE PEAK ENERGY AE
1 399. 0 2pm* 257, 2, ot ] 532.7 0
2 404. 5.0 2po* %, 2
3 406. 6.9 350 2y 2 540.2 7.5
4 407. 7.9 355, 3pr 21, 2
5 409. 9.3 3p
~ 409, ~ 10.1
K-EDSE® 410, 10.6 - 3 K-EDGE?  543.3  10.6
6 ~ 410, v 10.7
K-EDSED 411, 12.1 w ‘n K-EDSED 5440 11.3
413. 13.4 SHAKE-UP 546.3  13.6
414, 14.8 {SHAEE-OFF

a Only the outer orbitals involved in the K-excitations have been included.

b These values are from X-ray PES.32

_SL_



-74-

structure in the spectrum, we expect these discrete levels to give the
largest contribution to the high energy autoionization 1ines observed in
the Auger spectrum of nitric oxide excited by electron impact35.

A theoretical estimate of the enefgy differences between the 42',

s 2 and states (arising from the transition ]soN > 2pm*) can be

made on the basis that the orbital wavefunctions of the four states are
identical (frozen orbital approximatibn). Omitting the filled orbitals,

the 42' and 2A states can be represented by the single determinants,

o(%:7)

1s 70"

l})(zA ) . ‘rr+* +*|

where the orbitals have been written in complex form and the bar represents

[1s

m

. B spin. The 22 states are associated with Tinear combinations of the three

single determinants,

+* %

by = [1s ﬂf*ﬂ-*l, o = lIs w+*ﬂ-*| and ¢, = [1s m" = |

Linear combinations which are eigenfunctions of 52

» the total spin angular
momentum operator; can be found by the Nesbet method95. Combinations

which satisfy the above condition and have the correct reflection symmetry

are
2.- 1
(") = = (2¢p -~ ¢y - 0p) .
2.+ 1
P(T) = = (¢, - ¢)
3 /o A TB

From the total energy expressions for the four states and the fact that

K15n+* = K]Sﬂ_*fthe energy differences are

2T) 4 3K, iw e (5.2.1)

lsm

Ay = E(Tz7) + K K 4% % eee. (5.2.2)

Tsnt*
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E(%Y) = %) o+ Kpg 4%+ 2K 4 .. (5.2.3)

where Kij is the exchange integral between orbitals i and j. On the basis
of the core analogy model, nitrogen 1s excitation in nitric oxide (i.e.

*
production of NK 0 states) is expected to produce molecular oxygen like

states. Therefore we assume that the charge distributions of valence

K

*
molecular orbitals for N" 0 states have an equal contribution from both

*
atomic centres. The 2pn* orbital in NK 0 is then approximated by the
wavefunction ¢(2pn*) = 0.707pnNK* - 0.707pnO where P K* and prg represent
the atomic pr orbitals associated with the nitrogen nucleus with a 1s

*
hole and the oxygen nucleus respectively in NK 0. Since PTK* v pm

0
and ]SNK* " 150, one-centre exchange integrals for atomic oxygen96 may

be used to calculate the exchange integrals in equations (5.2.1) to

(5.2.3). The two-centre exchange integrals are typically an order of

magnitude sma]]er-g4 and have been neglected (see Reference 94 where an an-

alogous procedure has been used to estimate the exchange splitting for 1s

ionization in open shell systems). The results are shown in Figure 16(a)

75

where the experimental energy levels’™ of the three states of molecular

oxygen (X3z;, a]A and b]Z;) arising from the same valence electron

g
configuration (.... 2p 4 angz) have been included. On the basis of the

m
u
core analogy model the 32& state of molecular oxygen gives rise to
corresponding 85- and 25" states in NX

the ]Ag and ]Z; states is expected to be similar to the energy difference
*
between the 2A and 22+ states of NK 0. The calculation suggests that the

22' and ZA states should be close in energy and approximately 1 eV below

the 22+ state. This result is in qualitative agreement with the correspond-

*O while the energy difference between

ing experimental oxygen energy levels. The experimental FWHM of 1.0 eV
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for the first discrete peak and the symmetric peak shape indicates that
if all three doublet states are excited with approximately equal intensity,
their energy spacings must be smaller than those calculated.

Qur assignment of the first discrete peak (ISGN ~ 2pm*) is supported
by the close agreement between the observed peak energy, 399.7 + 0.2 eV,
and the value of 399.8 eV estimated using the concept of equivalent cores

and the thermochemical method97'99. The following reaction scheme was

used:
1. No(xm) > H%Cn) + e BE, = 410.3 ev?
2. 0% > oy 0E, = 0.4
3. o) + o® . N e
4. 0, (W) > 0,7(X) AE; = -0.01
5. 0, (1) +e o 02(X3z;) 0Eg = -12.07'00
6. 02(x3z;) e 0,0 bEg = 0.6
7. 0,00) + W& L WK%oqu) + of* L
8. M%ow) - (W) bEg ~ 0.6

M) > N0W)  aE = 399.8+ 5 - & ~ 399.8 eV

K+

where (X) indicates the ground state species; N o(W), 02+(w), OZ(W) and

3 ]H NK+0

*
nK 0(W) respectively represent the weighted averages of the °I and

states, the ground jonic states (2n3/ . 2n1/2) of 02, the X
2 .

- - *
42 . 22 R 2A and 22+ states of NK*O. NK O(w) is

1

3 -
L ,a& A_ and
g g

b ]z; states of O2 and the

* *
the weighted average of the doublet NK 0 states in NK 0(W), cf. Figure 16(a).

The weighted averages have been calculated from the relative energies shown

in Figure 16(a), except AE4 which is based on the 2

100

3, 2n1/2 splitting

of the ground state 02+ species In the'equivalent cores approximation,



-78-

§ ~ §8'(see Reference 98).

The broad band of structure with a maximum at ~ 404.7 eV is too high
in energy to be associated with promotion to the 2pn* orbital and too low
in energy to be associated with the lowest Rydberg excitation. A possible
explanation of this band is that it represents the excitation of a nitrogen
Is electron to the antibonding 2po* valence orbital. The broad nature of
the peak could be associated with excitation of the two 2n states (see .
Table 3) resulting from this electron configuration (the 4H state is for-
bidden). The resulting states are expected to have some dissociative
character since the corresponding valence shell excitation in nitric oxide

2_+ 101

results in a dissociative A' “5  state This dissociative character

would contribute to the broadening of the structure. Since all the valence
orbitals have been accounted for, the higher discrete peaks in the spectrum
are probably associated with the promotion bf a nitrogen 1s electron to
Rydberg orbitals. This assignment is supported by the magnitudes of the

derived quantum defects. .The promotion of a 1so electron to either nso

or npo Rydberg orbitals results in three separate Rydberg series (4n, 2n and

2H). Two of these series, the 4H and one of the 2H series will converge

to the 3n K-shell ion state while the remaining 2H series converges to the

1 2

M K-shell ion state. Only the “n states are expected to contribute to

our spectrum. The first Rydberg transition, ]SON + 3s0, should result in

3

two 2H states, one converging at the "I jonic 1imit and the other converging

to the ]H ionic Timit. The third peak located at 406.6 eV is assigned to
the 2H state which is associated with the 3H limit. Using the observed

3 32

peak energy and the X-ray PES value of 410.3 eV for the “n 1imit°“, we

deduce a gquantum defect of 1.08, which compares favourably with the quantum
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defects observed for 3s Rydberg excitation in the valence shell spectrum

79,101

of nitric oxide » 2pn* > 3so, & = 0.97 and the valence shell spectrum

of molecular oxygen102

R 2p1rg > 3509, ¢ = 1.1. The fourth peak observed at
an energy of 407.6 eV has a quantum defect of 1.2 with respect to the ]H
ion state. This peak could then have a contribution from the remaining 2H
state produced by the excitation of a ]SUN electron to the 3sc Rydberg
orbital. The much larger intensity of peak four compared to peak three
could result from a contribution from the transition ]SON -+ 3pm where the
ionization Tlimit is the 3H ion state. The quantum defect of peak four
with respect to the 3n limit is 0.75 and is consistent with the quantum
- defect, ¢ = 0.7679; observed for the corresponding valence shell transition
in nitric oxide (2pn* > 3px). Similarly péak five observed at 409.0 eV
has a quantum defect of 0.80 with respect to the ]H Timit which is consist-
ent with what we would expect for 3p excitation where the Rydberg state
- converges to the ]H 1imit. However, the promotion of a lscN e]ectrbn to
the 3pm and 3pc Rydberg levels results.in six and two dipole allowed final
states respectively (see Table 3) and the assignments of these higher
Rydberg peaks are clearly uncertain. Peak six observed at ~ 410.4 eV is
probably associated with Rydberg states which converge to the 1H ion state.
The positions of the 3H and ]H K-edges in our spectrum are based on

32 of 410.3 and 411.8 eV respectively.

the experimental X-ray PES values
The broad band of structure with maxima at approximately 413.1 eV and
414.5 eV is associated with the shake-up and shake-off of valence electrons
in conjunction with K-shell excitation.

On the basis of the core analogy model we expect the energy spacing

4 2

between the average energy of the "r~ and “r” states resulting from 1soN
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promotion to the 2pn* orbital and the average energy of the 3H and ]n NK+0
states in nitric oxide to reproduce the energy spacing between the ground
state and first ion state of molecular oxygen, 12.07 eV]00 [see

Figure 16(a)]. Using the first peak maximum as an indication of the 22'
4- 2

energy level and our estimate of the - "2 splitting of 1.4 eV, yields

an energy spacing of 12.0 + 0.4 eV in qualitative agreement with the

3n and ]H ion states produced

predicted value. The sph’tting+ between the
by ionization of a nitrogen 1s electron in nitric oxide is 1.42 eV93’94.
Using the same approximation assumed in deriving equations (5.2.1) to

32,94
* .

(5.2.3), the 3n, ]H energy spacing is equal to 2K Using the

1smt
value of K15n+* calculated with one-centre atomic oxygen exchange integrals
gives a value of 0.96 eV for the ESCA splitting.

b. Oxygen K-shell Excitation.

The oxygen K-shell electron energy loss spectrum of nitric oxide
is shown in Figure 17 and the energies and possible assignments of structure
are listed in Table 4. The poor signal to noise ratio compared with that
of the nitrogen K—shé]] spectrum of nitric oxide (Figure 15) reflects the
fact that the inelastic scattering intensity of fast electrons for forward
scattering decreases]] by a factor, « (energy 1oss)'3. The interpretation
of the first discrete peak observed at 532.7 eV is analogous to that of
the first peak in the nitrogen K-shell spectrum of nitric oxide (see Table 4).
The peak is very broad and has a FWHM of 2.1 eV compared with an elastic
FWHM of 0.4 eV. This result suggests that the three doublet NOK* states
associated with this peak have a wider energy spacing than the corresponding

¥ Absolute binding energies in References 93 and 94 are only + 0.5 eV.
Therefore in Table 4 the NK*(Q energies are from Reference 32.
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NK*O states. The intensity of the first peak relative to the others
indicates that these discrete levels are expected to give the largest
contribution to the high energy autoionization lines observed in the
oxygen K-shell Auger spectrum of nitric oxide excited by electron 1mpact35.
Oxygen 1s excitation in nitric oxide should produce an "NF-1ike"
species. In analogy to the case of nitrogen 1s electron promotion, we
have theorefica]]y estimated the relative energy spacings of the 42_,
22', 2A and 22+ states as a result of oxygen 1s promotion to the 2pn*
molecular orbital. A wave function for the 2pr* orbital in NOK* was
calculated using an INDO ca]cu]ation]03 (unrestricted Hartree-Fock with one-
centfe exchange) for NF with an internuclear separation equal to that of
nitric oxide. Using the resulting wavefunction, ¢(2pr*) o 0.859pm, -
0.5]2pn0K*, PToK* v PTE, ]SOK* ~ Isp and the one-centre atomic fluorine

96, the calculated energy spatings shown in Figure 16(b)

104,105 3

exchange integrals

were obtained.” The experimental energy spacings

a ]A and b ]z+ states of NF (larger than the corresponding spacings in

of the X“z~,

oxygen) are in qualitative agreement with the estimated values for NOK*

[see Figure 16(b)]. The calculation suggests that the three doublet states
produced by oxygen 1s promotion to the 2pn* molecular orbital in nitric
oxide, have an energy spacing of ~ 1.8 eV in good agreement with the
experimental FWHM of the first discrete peak (Figure 17). The energy
required for the transition 1500 > 2pn* can be estimated using the quiva]ent

cores approximation and the thermochemical method in exact analogy to the

T The energy spacings wege also calculated using a wavefunction calculated

for NF with re = 1.3173 A, the experimental internuclear separation!0% of NF,
X3z=. The largest deviation from the energy differences shown in Figure 16(b)
was < 0.1 eV,
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method used for the nitrogen K-shell case, 150N > 2pr*. The estimated
value of ~ 531.9 eV 1is in good agreement with the observed peak energy,
532.7 eV, considering that the observed FWHM of the peak is 2.1 eV.

There appears to be a broad band of structure with a maximum at
approximately 540.2 eV. The quantum defects with respect to the 3H and ]n
fonization Timits are consistent with those expected for excitation of an
oxygen 1s electron to Rydberg states with quantum number three.

3H and ]n K-edges in our spectrum are based on

32

The positions of the

the experimental X-ray PES values>“ of 543.3 eV and 544.0 eV respectively.

The broad band of structure with a maximum at approximately 546 eV repres-
ents the shake-up and shake-off of valence electrons in conjunction with
1500 excitation.

The core analogy model suggests that the energy difference between the

3 1 K+ 4 22- K*

average energies of the “m and ‘1 NO" states and the 'x~ and NO

states [see Figure 16(b)] should have a magnitude similar to the first

ionization potential of NF. Assuming that the onset of the first discrete

* -
peak in the NOK spectrum corresponds to excitation of the 22 state, we

derive a value of ~ 13 eV for the ionization potential of NF. The value of

106 107,108

13.1 £ 0.2 eV derived from experimental appearance potentials

106

and the theoretical value of 13.2 + 0.3 eV are in reasonable agreement

with this prediction.

The magnitude of the molecular exchange integral, K derived

1s.mt*
F'E
from the INDO 2pn* wavefunction for NOK*, implies that the exchange
splitting (to the same degree of approximation as in the case of the

3 1 K+

T and "I NO states is 0.6 eV.

93,94

discrete multiplet splittings) of the

This compares favourably with the experimental value of 0.55 eV.
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5.2.2. Oxygen.

The ground electronic state of the oxygen molecule has the electron
configuration:

(150g)% (150,)% (2534)? (250,)7 (2p0)? (20m,)* (20m )2, s

a. Valence Shell Spectrum.
The valence shell energy loss spectrum of molecular oxygen is
shown in Figure 18. A high resolution spectrum, AE{(FWHM) = 0.01 eV, in
the 6.8 to 21 eV énergy region, has been obtainedG] using 25 keV incident
electrons. In addition, assignments of optically forbidden transitions and
some Rydberg states have been made on the basis of angular dependence

102,116

studies using Tower impact energies The locations of peaks in

our spectrum are consistent with these higher resolution measurements.

The first excitation in oxygen is 2pm - 2pﬂg resulting in six possible

1,3.+ 1,3 1,3.-
L Au and zu.
32; (the Schuman-Runge continuum). Peak B

final electronic states; The only optically

3

allowed transition is X zé -~ B

in our spectrum (maximum 8.3 eV) is associated with this transition (the
vertical transition energy from other workers is 8.6 eV; see Reference

116). The broad band A with a maximum at approximately 6.0 eV is in the

3 3

energy region where the forbidden A Z:, C Au and c]z; states occur (see

Reference 16). The ++|+- selection rule is not rigorous for nonaxial

scattering in electron impact54 and the intensity of the A band is probably

3 3

associated with the A Z: state. The Au and ]Z; excitations are less

probable at imoact eneragy of 2.5 keV since the first involves ar = 2 and

the second involves a spin forbidden transition. The ]ZZ and ]Au states

have not been observed in either electron impact or optical studies. Peak

C (10.0 eV) and shoulder D (10.9 eV) are associated with the "Tongest"



i

- ELASTIC

o

Intensity (arbitrary units)

o 10 20 30
Energy Loss (eV)

FIGURE 18. Valence shell eneragy 10ss spectrum of molecular oxygen.
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®1) and "second” (10.29 eV®') band respectively. The higher

(9.97 ev
energy peaks, E (13.0 eV), F (15.3 eV) G (16.9 eV), H (19.0 eV), I (20.1 eV),
J (21.8 eV), K (23.5 eV) and L (24.5 eV) are asﬁociated with a large

number of over]appihg transitions (see Reference 61). The location of the
first ionization potential shown in our spectrum is based on the experi-

100 4y PES value of 12.07 ev.

mental
b. Oxygen K-shell Excitation.

In general, the promotion of a core electron (1so = oxygen K) to
discrete levels results in a number of possible final states for a given
electron configuration (see Table 3).+ The exchange splitting between the
multiplet components.can be quite large as shown by the experimental va]ue109
of 1.11 eV measured by X-ray PES for the splitting between 42' and 22'
ion states produced by 1s jonization in molecular oxygen.

The K—shé]] electron energy loss spectrum of oxygen is shown in
Figure 19 and thé'energies and possible assignments of peaks are listed in
Table 5. The first discrete peak observed at 530.8 eV is attributed to the
promotion of an oxygen 1so electron to the lowest unfilled molecular orbital,
the 2png. The resulting configuration:

(1so)! ...l (2pm)* (2pn*)3
gives rise to a 3H and a ]H state and only the triplet state is expected to
contribute to our spectrum.. The observed peak has a FWHM of 0.5 eV,
indicating the excitation of a number of vibrational levels. Since the
intensity of this peak is much larger than the higher energy discrete peaks
observed in the spectrum, excitation to the 3n state is expected to give

¥ Formally, g and u symmetry does not apply to an oxygen molecule with a
lTocalized Ts hole (for example see Reference 117).
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TABLE 5

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND POSSIBLE ASSIGNMENTS OF
PEAKS OBSERVED IN THE K-SHELL ENERGY LOSS SPECTRUM CF 0,.

2
PEAK ENERSGY AE ASSIGNMENT
ORBITAL STATES
1 530.8 0 2p, 3
2 539.2 8.4 350, 37 (2), 3t
3 541.9 1.1 3p, 3d, etc
K-EDGED 543. 1 12.3 . bs-
K-EDGED 544. 2 13.4 - 25

a Only the final orbital involved in the excitation and molecular
states dipole connected to the ground 37q state have been included.
However, the 33 state has been included since the -«f>+ rule does
not apply to electron impact for non-axial scattering.>*"

b As determined by X-ray PES.32

_88_
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the largest contribution to the high energy autoionization 1ines observed

32,35 1

in the oxygen 1s Auger.spectrum excited by electron impact
second and third peaks with maxima at 539.2 and approximately 541.9 eV
respectively are probably associated with the excitation of a 1so electron
to the 3s, 3p and higher energy Rydberg levels. A quantum defect of 1.25
is derived from the observed energy position of the second peak and the
expem‘menta]32 X-ray PES values for the K-edges. The magnitude of the
quantum defect is similar to that deduced from the reported excitation
energy for the corresponding valence shell transition in oxygen]oz,

prg + 3sc_, for which § = 1.1.

g
The positions of the 4

32

z  and 22' K-edges in our spectrum are based on

the X-ray PES values™™ of 543.1 eV and 544.2 eV respectively.

On the basis of the core analogy model we expect K-shell excitations
in molecular oxygen to produce an "OF-1like" species. The existence of

the oxygen monofluoride radical has been firmly established by matrix

techniques?lo’]]z, and recently, gas phase detection has been c]aimed]]3.

114

An ionization potential of 13.1 + 0.5 eV has been calculated' ', which

114

agrees with the value of 13.1 + 0.3 eV estimated from the appearance

potentia]”5 of OF" from 02F2., From the energy difference between the

average energy of the 42' and ?Z' 02K+ states and the estimated energy of

*
the 3H and ]H 02K states, we deduce a value of 12.7 + 0.4 eV for the
ionization potential of OF. Our estimated value is in reasonable agreement

with the theoretical and "experimental" values.
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CHAPTER SIX

TRIATOMIC MOLECULES

6.1. Carbon Dioxide and Nitrous Oxide.

6.1.1. Carbon Dioxide.

The carbon dioxide molecule is Tlinear in its ground electronic state
and has the electron configuration

R

2 2
(]Ug) (]Gu) (20 )

2 2 2 12 2 4
)" (30,,) (20,) (409) (30,)° (Or )" (0n

g g g

The 109 and 1ou orbitals are linear combinations of oxygen 1s atomic
orbitals, while the 209 orbital is formed from the carbon 1s atomic orbital.
The 109, 1cu and 209 orbitals are essentially 1oca11'zedJr on their nuclei
and are therefore nonbonding. To indicate their "atomic" character, the
electrons filling these orbitals are designated oxygen K-shell and carbon
K-shell electrons. We have studied both the carbon and oxygen K-shell
energy loss spectra. A valence shell spectrum has also been recorded.
a. Valence Shell Spectrum.

.The valence shell energy loss spectrum of carbon dioxide is

shown in Figure 20. The observed locations of peaks are consistent with

5,49,118

high resolution electron impact spectra and a "high" resolution

119

optical spectrum The broad peak A with a maximum at approximately 9 eV

is associated with 1ng > 2nu (n*) transitions. In the photoabsorption
T Recent quantum mechanical calculations on the 1s-hole states of the 05

molecular ion!17 have been interpreted as an indication that the core holes
are localized.
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' spectrumllg, two overlapping bands have been observed in this energy

1 1
s, ('B5)

transition and the second (peak maximum at 9.31 eV) assigned to the

]Z; > 1“9 transition. Both transitions are forbidden in Dooh symmetry,

but in C2V symmetry they each have an allowed ]BZ component. The higher

region; one (peak maximum at 8.41 eV) assigned to the ]z; >

energy peaks in our spectrum; B (10.9 eV, shoulder ~ 11.2 eV),

C (12.3 eV), D (13.3 eV) and E (16.0 eV) are probably associated with
Rydberg transitions. The higher resolution electron energy loss spectrum”8
has been interpreted on the basis of a Rydberg assignment. The location
of the first jonization potential shown in Figure 20 is based on the exper-

78,120 (& 13 77 ev.

imental value
b. Carbon K-shell Excitation.
The K-she11 spectra of the diatomic molecules (Chapter Five)
were interpreted on the basis of a simple "equivalent core" model, in
which a hole in the K-shell is considered to have the same effect on the
potential experienced by the outer valence electrons as one more positive
charge on the nucleus.

If the core analogy mode]lis valid for carbon dioxide, we would expect
the relative energies of the peaks observed in the carbon K-shell spectrum
(with respect to the lowest energy discrete peak) to reproduce those
observed in the excitation of the 6a1 electron to Rydberg states in nitrogen
dioxide. However, before comparing data from the two molecules, several
factors should be considered.

i. The ground electronic state of the nitrogen dioxide molecule,

XZA], is bent (the equilibrium bond angle is 134°) and the extent of

vibrational excitation accompanying electron promotion is determined by
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the overlap of the final and initial state vibrational wavefunctions

(i.e. the Franck-Condon factors). Therefore, the promotion of the'6a1
electron to the linear Rydberg states and the ion state is expected to
excite many vibrational quanta (particu]ar]y'of the bending mode, v2).
This is illustrated in Figure 21, where a qué]itative representation of
some of the states of nitrogen dioxide has been drawn in the bending
coordinate. It should be noted that the independent stretching coordinate
also contributes to the vibrational structure of excited states.

ii. In carbon K-shell excitations in carbon dioxide, vibrational
populations are determined by the Franck-Condon region of the linear ground
state. This is shown in Figure 21, where it has been assumed that the
- K-shell excited states of carbon dioxide have the same relative energies as
those states of nitrogen dioxide resulting from the promotion of a 6a]
valence electron.

In order to compare the two sets of data,-the nitrogen dioxide
energies must be corrected by subtracting both the barrier to linearity

121 and the excess vibrational population of

of nitrogen dioxide (1.83 eV)
the upper states. The latter quantity can be estimated as being approx-
imately 1.6 eV on the basis of the difference between the vertical

(11.25 ey)!22 123

and the adiabatic (< 9.62 eV) values for the first ioniz-
ation potential of nitrogen dioxide. We expect a similar correction to
apply to the Rydberg states.

The carbon K-shell energy loss spectrum of carbon dioxide is shown in
Figure 22 and the energies and tentative assignments of structure are
listed in Table 6. Although complete data on the valence shell excitation

of nitrogen dioxide is not available, the corrected relative energies of
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TABLE 6

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND POSSIBLE ASSIGNMENTS OF PEAKS OBSERVED IN THE
CARBON AND OXYGEN K-SHELL SPECTRA OF CARBON DIOXIDE.

PEAK CARBON K- SHELL OXYSEN K-SHELL POSSTBLE ,
CALCULATED CALCULATED ASSIGNMENT
ENERGY AE VALUE@ ENERGY AE ENERGY2
1 290.7 0 - {535.4 0 - 1r, (6a; + 1b,)
292.7 2.0 2941 MASKED® ? 537.7 350,
3 {(294.5)d (3.8) 204.9 538.7 3.3 538.5 3po,
294.9 4.2 295.2 538.8 3pr
296.0 539.6 4so,
4 296.3 5.6 296.2 539.9 4.5 539.8 4ps,
296.4 539.9 4pr
K-EDGE® 297.5 6.8 - 541.1 5.4 - x
5 ~301 10 - Tn, + SHAKE-UP
6 314 13 - - Tn, + SHAKE-UP

a. Calculated using the Rydberg formula; Ep=A-R/(n-8)2, where En is the excitation energy; A, the
K-shell ionization energy of CO,; R, the Rydberg constant; n, the quantum number; and §, the
guantum defect. The quantum defects used were those from the valence shell Rydberg series of
carbon dioxidel2* with; &(ns¢)=1.0, &(nps)=0.71, and &(npr)=0.56. :

b. Only the final orbital/s involved in the K-excitations have been included. If the hole states are
Tocalized (see text) the g and u designations should be omitted for oxygen K-shell excitations
since the molecule would have C y Symmetry.

c. The intense first discrete peak probably includes the first Rydberg transition (see the text).
d. This extra peak is from a higher resolution scan. Figure 2 (insert a).
e. These values are from X-ray PES measurements.!25

_96_
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122 which converge to the first ion state

the identified Rydberg states
do not match the data from the carbon K-shell spectrum (see the correlation
diagram, Figure 23). Qualitatively, the spectrum is very similar to those
previously observed for nitrogen and carbon monoxide, with the discrete

structure dominated by the Towest energy peak. This intense peak observed
at 290.7 + 0.2 eV is interpreted as arising from the promotion of a carbon

K-shell electron (209) to the Towest unfilled molecular orbital of carbon

dioxide, the 2nu.

2 2 2 4 1.+
COZ (]og) (10u) (209) e . . (11rg) , X Zg -
2 2 1 \4 11
(]og) (1ou) (209) e e (]wg) (Zﬂu) > T

For linear states of carbon dioxide, the 2nu orbital is doubly degenerate.
This degeneracy is removed in bent states with the production of the 6a]
and the 1b] Renner-Teller components (see Figure 21). A reasonable estim-
ation for the equilibrium bond angle of a state produced by exciting a
carbon K-shell electron (20g becomes 2a1 in C2V symmetry) to the 6a] orbital
is approximately 135°. This estimation is based on two facts; a bond
angle of 134° for the ground state of nitrogen dioxide, and a bond angle of
122° for the first valence excited state of carbon d1'ox1'de]20 which results
from the transition 1ng(4b2) - 1nu(6a]). The analogous carbon K-shell
excited state resulting from the trahsition 2a] > 6a] is expected to have a
bond angle larger than 122° since the 4b2 orbital is now filled and on the

120

basis of a Walsh diagram this orbital favours larger bond angles. The

peak which we have associated with the transitions 2a1 > 6a] and
20 - 2nu (6a] + 1b]) has a FWHM of 0.9 eV (elastic peak 0.5 eV) indicating

g
that a number of vibrations are excited. In the bending coordinate,
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FIGURE 23. Correlation of the observed peaks in the K-shell energy loss spectra
of carbon dioxide and nitrous oxide (both carbon and oxygen K-shells).
The dashed lines represent the expected positions of unresolved peaks
(see the text).. The relative energies (corrected) of appropriate
states from the valence shell spectrum of nitrogen dioxide have also
been included for comparison. g
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maximum Franck-Condon overlap is expected for the 0 > 0 transition to the
Tinear 1b] component. Therefore, most of the observed intensity is probably
associated with vibrational excitation of the lower members of the linear
comPonenf while some'of the intensity on the low energy side of the peak,
could be excitation of the higher vibrational levels Qf the bent 6a]_
component below the barrier to Tinearity. These "hole" states decay by
Auger emjseion in a much shorter time than that required for a vibration

' and therefore the excited molecule does not reach the bent equilibrium
conformation. However, such transitions may still occur since the wave-
functions are finite, although small, at the linear position (i.e. between
the two wells). Ih Auger'emission studies the:K-she1] excited states'are
observed when they decay by autoionizing to singly charged ion states. The
energies of the ejecfed-e]ectrons are higher than the maximum energy which
can be taken up byla.fhormal“ Auger electron. In the carbon K-shell Auger

35 two high energy peaks at 272.6 + 0.5 eV and

spectrum of carbon dioxide
268.2 + 0.5 eV have been observed. Assuming that the first discrete state
at 290.7 + 0.2 eV is the initial neutral exc1ted state implies that singly
charged ion states of carbon dioxide occur at 18 1 eV and 22.5 eV. The
first energy agrees with that necessary78 to remove a 3cu electron, while
the second prgbably represents shake-up in codjunction with the ionization
of a va]ence e]ectron The higher energy d1screte peaks in the spectrum are
assoc1ated with states produced by promot1ng a carbon K-shell electron to -
Rydberg orb1tals, produc1ng states which converge to the carbon K-shell

ionization 1imit. The much lower intensity, with respect to that of the

first discrete peak, is expected, since the first discrete peak is associated
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with the promotion of a K-shell electron to a valence molecular orbital
with a principal quantum number of two, while the higher energy discrete
peaks are associated with higher quantum number (n = 3,4) Rydberg orbitals.
Two orbitals which are sometimes included in the valence shell, the_50g

and the 4ou, are expected to correspond with outer Rydberg orbita1s119,
Energy values calculated using quantum defects from the valence shell

124

Rydberg series of carbon dioxide and a series limit of 297.5 eV as

determined by X-ray PES!Z®

, and in good agreement with peaks observed in
the spectrum (see Table 6). The largest deviation is found for the peak
at 292.7 eV, which is assigned to the first Rydberg transition, 209 - 3509.
However, this is expected since the 350g orbital is very close to the valence
shell and is probably not a "true" Rydberg orbital. This transition is
optically forbidden by the selection rule g «|» g and is also forbidden

in our experiment if the first Born approximation is valid. However, in
electron impact spectroscopy symmetry forbidden transitions have been
observed even at higher energies where the first Born approximation is
normally expected to be valid. In fact, Skerbele and Lassettre53 have
proposed the selection rule that deviations from the first Born approx-
imation are largest when the excited state and the groﬁnd state belong to

the same symmetry species, i.e. the deviation depends upon a totally

symmetric operator (see Reference 126). In this case, both states have a
1.+
g

g .
expected. The third peak at 294.9 eV is assigned to the Rydberg transitions

term manifold and therefore deviations from the Born theory are to be

209 > 3pou, 3pnu. A higher resolution scan is shown in Figure 22 (insert a)

and indicates that this band is composed of a number of peaks. The quantum

defect calculations are in good agreement with these assignments, giving
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values of 294.9 eV for the 3pou peak and 295.2 eV for the 3pwu peak. It
is possible that the high energy shoulder has a contribution from the
transition 209 > 450g (calculated value 296.0 eV). The fourth discrete
band with a maximum at 296.4 eV is probably associated with 2cg > 4p
Rydbekg transitions.

A value of 297.5 eV has been obtained for the carbon K-shell binding

energy by X-ray PES]ZS.

An ionization potential of 298.0 eV is obtained
using the core analogy model (energy of the onset of the first discrete

peak in the carbon K-shell spectrum, plus a corrected value for the ion-
ization potential of nitrogen dioxide) which is only in fair agreement with
the experimental value (see Figure 23). Structure is observed above the
K-edge representing a variety of multiple electron transitions involving

one K-shell electron and one or more valence shell electrons. The following

two electron transitions are expected to make the largest contributions;

i. double eXcitation; i.e. shake-up of a valence electron in con-
K-1

**
) where the

junction with K-shell excitation, designated by (C 02
superscript K-1 denotes a hole in the carbon K-shell.
ij. excitation and ionization; involving an electron from both the
carbon K- and valence shells, where one of the electrons is ejected and
the other remains behind in a higher_unfi]]ed orbital, designated by
(c“To,)*".
The broad structure observed in Region II of the carbon K-shell spectrum
is associated with discrete structure arising from double excitations,

ie. (cK’102)**

states. The intensity of these bands is roughly the same
as that of the K-jump and a few percent of the intensity of the first

discrete peak at 290.7 eV. This suggests that most of the intensity arises
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from the shake-up of valence electrons in conjunction with carbon K-shell
promotion to the 2nu molecular orbital. Discrete states resulting from the
promotion of a carbon K-shell electron to the Rydberg orbitals are much less
intense and therefore we expect shake-up associated with these transitions

to contribute 1ittle intensity to the observed shake-up structure. Contrib-

K-1

*
utions to the intensity of this structure from (C 02)+ states are

- improbable since the lowest shake-up state associated with K-shell ion-

125

ization, as determined by X-ray PES'“>, should start at 10.8 eV above the

K-edge. The structure observed in Region III of the carbon K-shell spectrum

- *
is identified with the onsets of ionization to (CK ]02)+ states. These

K-To )+

(C states should give rise to a series of shake-up peaks in the

2
X-ray PES spectrum on the low kinetic energy side of the carbon K-shell
peak. In Figure 22 we have drawn the shake-up peaks associated with carbon
K-ionization of carbon dioxide observed by Siegbahn et a]-125 and Carlson

8]. It can be seen that the energy region of the band observed in our

et al.
spectrum correlates with the shake-up peaks. The total shake-up intensity
observed in the X-ray PES experiments is roughly 20% of that of the K-shell
peak, while the intensity of structure in Regidn IIT of our spectrum is at
least twice that of the K-jump. The large shake-up intensity observed in
Region III of our spectrum probably has a significant contribution from a

series of (CK_]OZ)**

states, which converge to each of the indicated
thresholds [cf. the nitrogen K-shell spectrum of molecular nitrogen
(5.1.1).

c. Oxygen sthe11 Excitation.

The oxygen K-shell energy loss spectrum of carbon dioxide is

shown in Figure 24 and tentative assignments of observed structures are
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listed in Table 6. The interpretation of the spectrum is analogous to

that of the carbon K-shell and therefore only differences will be discussed
in detail. The first discrete peak at 535.4 + 0.2 eV has a FWHM of 1.4 eV
compared with the elastic peak FWHM of 0.55 eV. In addition to the promot-
ion of an oxygen K-shell electron to the two components of the 2nu orbital,
the 6a] and the 1b], it is possible that some of the line broadening and
intensity on the high energy side of the peak is associated with the Towest
energy Rydberg transition, 1ou - 3509. This transition is optically
allowed (in contrast to the corresponding transition involving a carbon
K-shell electron) since formally one oxygen K-shell orbital has 9, symmetry
and the other has I, symmetry. The results of the correlation diagram
shown in Figure 23 are consistent with the possibility that the first
discrete peak includes the first Rydberg transition. The assignments of
the remaining discrete peaks follow those of the carbon K-shell as shown

by Table 6 and Figure 23. The energy positions of these discrete peaks are
in good agreement with those expected on the basis of calculations involving

124

quantum defects from the valence shell spectra of carbon dioxide and a

125

series limit of 541.1 eV (see Table 6).

35, a peak has

In the oxygen K-shell Auger spectrum of carbon dioxide
been observed at 511.3 + 0.3 eV which is too high in energy to attribute
to a "normal" Auger process. The assumption that the first discrete state
observed at 535.4 eV in our spectrum, is the initial neutral excited state,
implies the existence of a singly charged state of carbon dioxide at an
energy of 24.1 eV. The closest known ion state of carbon d1'0x1'de78 is at

19.4 eV, arising from the ejection of a 409 electron. Therefore, the final

state probably arises from the shake-up of a valence electron in conjunction
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with the ionization of a second valence electron.

A value of 541.1 eV has been obtained for the oxygen K-shell binding

125

energy by X-ray PES Above this edge the spectrum has been divided

into two regions; Region II extends from the K-edge up to the lowest energy

K—1)+* 81,125

where (CO2 states have been observed by X—ray PES » and Region III

extends from this point to the high energy limit of the spectrum. Thus in

K-1 %%
)

Region II we would expect to observe discrete excitations, (CO2 states,

while in Region III the structures probably arise from both discrete states,

-1 ¢ -1 4%
K 1) K ])+

(Cco » and continuum states, (CO2 (cf. the carbon K-shell

2
spectrum). The intensities of shake-up structures observed in Region II,
relative to the intensities of Region III and the K-jump, appear to be

small. In Figure 24 we have.indicated the energy positions where states
arising from shake-up associated with oxygen K-shell ionization of carbon

81,125

dioxide have been observed by X-ray PES The broad region of structure

observed in Region III of our spectrum correlates with the shake-up peaks.

6.1.2. Nitrous Oxide (N,0).

The nitrous oxide molecule is isoelectronic with carbon dioxide and

the Tinear ground electronic state has the electronic configuration

(16)% (20)2 (30)2 (46)% (50)% (60)2 (70)2 (1m)* (2r)?, 15",
The 1o orbital is essentially the oxygen K-shell orbital and the 2o and 3o
orbitals represent nitrogen K-shell orbitals. We have studied both the
nitrogen and the oxygen K-shell energy loss spectra. A valence shell
spectrum has also been recorded.

a. Valence Shell Spectrum.

The valence shell energy Toss spectrum of nitrous oxide is shown
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in Figure 25. The locations of peaks are consistent with higher resolution

spectra49’]]8’]]9. The weak band with a maximum at ~ 7.0 eV (peak A) is

probably associated with a = - =* transition, analogous to the first band

in the carbon dioxide valence shell spectrum (see Figure 20). 1In a higher

]19, a broad, weak band with a maximum

at 6.81 eV has been assigned to the forbidden, ]z+ > ]A transition. In

resolution photoabsorption spectrum

CS symmetry, both Renner-Teller components, A' and Af, are allowed, which
explains why the transition is observed in our spectrum. The higher energy
peaks observed in our spectrum, B (8.5 eV), C (9.6 eV), D(11.2 eV),

E (12.3 ev), F( 14.1 eV); G (14.8 eV),.H (16.0 eV) and I (18.5 eV) are
probably associated with Rydberg transitions. A Rydberg interpretation of

the higher resolution electron impact spectrum”8

119

has been suggested,

s the peak corresponding to B

in our spectrum has been assigned to the transition ]z+ > ]n (o » n*).

although in the photoabsorption spectrum

The location of the first ionization potent1a1 shown on our spectrum is

78,120 (¢ 15 g9 ev.

based on the experimental value
b. Nitrogen K-shell Excitation.

If we essume that the core electrons are Tocalized on their
nuclei, the 2o and 30 molecular orbitals represent central nitrogen and
términa] nitrogen'K-she11 orbitals respectively. On the basis of the
core analogy model, excitation of a terminal nitrogen K-shell electron in
nitrous oxide should produce states analogous to appropriate states of
nitrogen dioxide.

The.nitrogen K-shell energy loss spectruh is shown in Figure 26

and tentative peak assignments are listed in Table 7. The assignments are

analogous to those previously given for the corresponding peaks in the
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TABLE 7

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND POSSIBLE ASSIGNMENTS OF
PEAKS OBSERVED IN THE NITROGEN K-SHELL SPECTRUM OF NITROUS OXIDE.

rd CALCULATED
PEAK ENERGY AE ASSIGNMENT VALUED
1 401.1 0 Np > 3n(a' +a") -
2 404.7 3.6¢ N, > 3r(a' +a") -
Ny > 3s0 2 405. 1
3 406.2 5.1 N > 3po 406.0
3pm 406.2
Ny > 3do 406.7
3dn 406.9
Ny > 4so 407.0
4 407.6 6.5 N. > 4po, 4pr 407.3
4do 407.5
Ad 407.6
5 408.0 6.9 N, + 3so 409.1
d
TERMINAL
KCEDGE 408.5 7.4 e+ o -
6 410.0 8.9 N, > 3po 410.0
3pn 410.2
N, 3do 410.7
3dn 410.9
N+ 4so 411.0
7 411.2 10.1 N, = 4po, 4pr 411.3
4dg 411.5
4dn 411.6
d
CENTRAL
K- EDGE 412.5 11.4 N> = -

a Only the final orbital/s involved in the K-excitations have been included.
b Calculated using the Rydberg formula. The quantum defects used were those
from the valence shell Rydberg series of nitrous oxidel27(averaged
values) with §(nso)=1.0, §(npo)=0.68, &(npm)=0.57, &(ndo)=0.29 and &(ndm)=0.07
c A more accurate determination is 3.62 + 0.05 eV (from a different data run).
d These values are from X-rav PES experiments32.
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carbon dioxide spectra (see Figure 23), although the nitrous oxide spectrum
is more complex since two separate spectra are overlapped. Therefore, we
will discuss the separation of the spectrum into its two component parts
and any features which are unique to the nitrous oxide spectrum. The
spectrum is dominated by the first two discrete peaks which have approx-
imately equal intensities. The lowest energy peak is attributed to the
promotion of a terminal nitrogen K-shell electron to the Towest unfilled
molecular orbital, the 3w. The higher energy peak is then associated with
the corresponding transition involving a central nitrogen K-shell electron.
The observed energy difference between the two discrete states produced

by these transitions is 3.62 + 0.05 eV. The two discrete peaks have
different widths, with the peak associated with the terminal nitrogen having
a FWHY of 1.1 eV while the corresponding peak associated with the central
nitrogen has a FWHM of 1.3 eV. These are much larger than the width of the
peak from elastically scattered electrons (FWHM of 0.5 eV) and indicate
K-shell excitation to a number of vibrational levels of both components, a'
and a", of the 3m level (r degeneracies in nitrous oxide are Tifted in CS
symmetry with the formation of a' and a" components). It is possible that
the first Rydberg transition associated with the promotion of a terminal
nitrogen K-shell electron is masked by the intense second discrete peak and
therefore, may contributé to its width. It is interesting that the widths
of the peaks associated with the corresponding jon states (separated by

4.0 eV), observed by X-ray PES32, follow the reverse order in that ionization
of a terminal nitrogen K-shell electron gives rise to a peak with a FWHM 6f
1.05 eV, while ionization of a central nitrogeﬁ K-shell electron produces a

peak having a FWHM of 0.95 eV. The absolute magnitudes of the FWHM's
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measured in the two different experiments are not directly comparable,

since the Targe natural Tine widths of the incident X-rays are the main
contributor to the FWHM's of the peaks associated with the jon states. The
separation of the higher energy discrete peaks in the spectrum into peaks
associated with each of the nitrogen inner shells has been made on the basis
that the energy splitting observed between corresponding Rydberg states
(i.e. one associated with the promotion of a terminal nitrogen K-shell
electron and the other associated with the promotion of a central nitrogen
K-shell electron to the same final orbital) should be from 3.6 to 4.0 eV.

In fact, for a "true" Rydberg type orbital, we would -expect an energy split-
ting closer to the 4.0 eV separation of the 16n states. Peaks 6 and 7 lie
above the terminal nitrogen K-edge and are assigned to Rydberg transitions
involving the central nitrogen (see Table 7). However, it is possible

that in this energy region there could be a contribution from doubly excited

- k% ’
K ]NO) states. On the basis of the first assignment it is possible to

(N
tentatively assign the other discrete peaks. The energy positions of the
assigned peaks are.in good agreement with thbse expected on the basis of
calculated values using quantum defects from the valence shell spectra of

127 32 (see Table 7).

nitrous oxide .and series 1imits as provided by X-ray PES
The energy difference between all of_the corresponding states is within the
range 3.6 to 4.0 eV and the spectrum associated with each shell correlates
with those of carbon dioxide (see Figure 23). The association of the peak
at 408.0 eV with the firsf Rydberg transition involving a central nitrogen
K-shell electron (26 + 3so), indicates that.the peak from the corresponding
transition involving a terminal nitrogen K-shell electron should be in the

energy region of the intense second discrete peak. In some regions it is
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impossible to specify which Rydberg transitions are responsible for the
main intensity (for example 3p or 3d). For instance, in the valence shell

]27. The relative

spectra, ¢ -~ 3dr Rydberg transitions are usually intense
energies of the peaks assigned to the promotion of a terminal nitrogen
K-shell electron do not match those observed in the carbon K-shell spectrum
of carbon dioxide or the corrected relative energies of the nitrogen dioxide
molecule (see Figure 23). Therefore, the description of the K-shell excited
states of these triatomic molecules in terms of the core analogy model is
not as accurate as that for the diatomics. This result is not surprising
in view of the additional molecular complexities of the triatomic molecules.
The energy positions of the terminal and central nitrogen K-edges,
shown in Figure 26, are those obtained by X-ray PES32. Structures observed
between the two edges.cannot be assigned with certainty, although the
correlation diagram, Figure 23, is consistent with the discrete assignment.
Above the central nitrogen K-edge the observed structures correspond to
the shake-up and shake-off of valence e1ectrohs in conjunction with K-shell
excitation or 1onfzation of either a terminal or central nitrogen K-shell
electron. The first band of structure observed at ~ 414 eV in our spectrum
is probably associated with (NK']NO)** states, while the band centred around

. . K_] * %
418 eV could have a contribution from (NN"~'0)

K-1 K-1 )+*

states. The position of

(N N0)+* and (NN 128 have been

0 states as determined by X-ray PES

included in Figure 26.
c. Oxygen K-shell Excitation.
The oxygen K-shell energy loss spectrum of nitrous oxide is
shown in Figure 27 and tentative peak assignments are listed in Table 8.

The interpretation of the spectrum is analogous to that of each nitrogen
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TABLE 8

ABSOLUTE ENERGIES (eV), RELATIVE ENERSIES AND POSSIBLE ASSIGNMENTS OF
PEAKS OBSERVED IN THE OXYGEN K-SHELL SPECTRUM-OF NITROUS OXIDE.

a CALCULATED

PEAK ENERGY AE ASSIGNMENT VALUED
1 534.6 0 3r(a' + a") -

2 536.5 1.9 3so 537.8

3 538.8 4.2 3po 538.7

3pn 538.9

3do 539.3

3dn 539.6

4so 539.7

4 540.0 5.4 4po, 4pr 540.0

4do 540.2

4dn 540.3
K-EDGE® 541.2 6.6 © -

a. Only the final orbital/s involved in the K-excitations have
been included.

b. Calculated using the Rydberg formula. The quantum defects used
were those from the valence shell Rydberg series of nitrous oxidel27
with §(nsg) = 1.0, s(nps) = 0.68, s(npr) = 0.57, s(ndo) = 0.29 and
§(nds) = 0.07. : '

c. This value is from X-ray PES32,
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K-shell spectrum and therefore only differences and interesting features
will be discussed. The first discrete peak has a FWHM of 1.2 eV, which

is similar to those observed for the corresponding peaks in the nitrogen
spectrum of nitrous oxide. (In contrast, for carbon dioxide, the FWHM's
were 0.9 eV for the carbon K-shell and 1.4 eV for the oxygen K-shell. This
provides some reinforcement of the suggestion that the first peak in the
oxygen K-shell spectrum of carbon dioxide has a contribution from a
transition to the 350g Rydberg orbita}.) The intensities of the higher
energy discrete peaks in the spectrum, relative to that of the first discrete
peak, are Tlarger than those observed in either of the previous spectra.

Part of this intensity may be associated with transitions to d-type Rydberg
orbitals since the valence shell spectrum has a strong contribution from
sigma to nd Rydbérg orbita]s]zz. However, we would also expect this to
occur in the case of the nitrogen K-shell spectrum of nitrous oxide, where

a "normal" intensity was observed. A sharp decrease in intensity is
observed after the K-edge. 1In the nitrogen K-shell spectrum it is difficult
to conclude whether a similar situation occurs because both K-regions are
obscured, one by discrete structure and the other by a continuum.

The position of the oxygen K-edge in Figure 27,is based on the
experimental value provided by X-ray_PES?Z. A surprising feature above the
K-edge is the extremely small intensity of structures associated with
K-l)** K-1)+*

(N20

in conjunction with K-shell ionization (i.e. (N,0
128

and (NZO states. The energy positions where shake-up

K'])+* states) have been

observed by X-ray PES are included in Figure 27.
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6.2. Carbon Disulfide and Carbonyl Sulfide.

6.2.1. Carbon Disulfide.

The carbon disulfide molecule is linear in its ground electronic

state and has the electron configuration:

1 +

3 2 (40,12 (65)7 (50,)2 (2n)* (2r ), 5.

2 4
b]s S

1s “2s

12

c 2p

S (50

g
We have studied the carbon 1s (K) and sulfur 2p (LII,III) energy loss
spectra. Cross-sections for discrete transitions in the region of the
sulfur 2s (LI) edge appear to be small and a spectrum was not recorded.
The valence shell of carbon disulfide is isoelectronic with those of
carbon dioxide and nitrous oxide.
a. Valence Shell Spectrum.

The valence shell energy loss spectrum of carbon disulfide is

shown in Figure 28.. The observed locations of peaks are consistent with

]]8. Peak A, with a maximum at 4.1 eV, is

a higher resolution spectrum
associated with the ]BZ Renner-Teller component of the ]Au state which
results from the transition, an > 3nu (v*). This transition has been
positively identified in the corresponding energy region of a high

resolution optical spectrumlzg.

The weak intensity of this band is
associated with the forbidden nature of the transition in Dooh symmetry.

The intense peak, B, with a maximum at 6.2 eV is associated with the

an > 3ﬁu (n*), ]z: (]BZ) transition (see the interpretation of the optical
spectra]]9’129). This transition is electric dipole allowed in both Dcoh

and C2V symmetry; which accounts for its strong intensity relative to
peak A. The 1oca£ions of higher energy peaks in our spectrum are;

C (8.5 ¢eV), D (9.3 eV), E (11.1 eV), F (11.9 eV), G (13.4 eV) and

119

H (15.1 eV). In the photoabsorption spectrum and a higher resolution
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electron impact spectrum’ '*, corresponding peaks have been assigned to

Rydberg excitations. The location of the first ionization potential

78 3f 10.06 eV.

shown in our spectrum is based on the UV-PES value
b. Carbon K-shell Excitation.

The carbon K-shell energy loss spectrum of carbon disulfide is
shown in Figure 29 and the energies and possible assignments of peaks are
listed in Table 9. The intense peak observed at 286.1 eV is interpreted
as arising from the promotion of a carbon K-shell electron to the Towest
unfilled-molecular orbital, the 3nu (r*). The peak has a FWHM of 0.56 eV
compared with a FWHM of 0.38 eV for the peak associated with elastically
scattered electrons. This indicates the excitation of a number of vibrat-
ional levels. This peak is analogous to the first discrete peak observed
in the carbon K-shell spectrum of carbon dioxide. The second and third
peaks located at ~ 289.6 eV and 290.6 eV respectively, are probably assoc-
iated with the promotion of a carbon K-shell electron to Rydberg orbitals.
Since carbon énd sulfur belong to different rows of the periodic table, a
choice of principal quantum numbers exists. The Towest Rydberg orbital
may be designated 3s appropriate for carbon or 4s appropriate for sulfur.
The quantum defects may be appreciably different from those derived for
molecules containing only second row atoms (see Reference 130). The
quantum defects (assuming n = 3) derived from the experimental energies of
peaks two and three and the X-ray PES value for the carbon K-edge in carbon

disulfide 22

are 1.03 and 0.67 respectively. If a Rydberg assignment is
correct, peak two is probably associated with 3s excitation and peak three
with 3p excitation. The broad shoulder on the Tow energy side of peak four

may also be associated with Rydberg transitions.
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TABLE 9

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND POSSIBLE ASSIGNMENTS OF PEAKS OBSERVED IN
THE CARBON K-SHELL ENERGY LOSS SPECTRUM OF CARBON DISULFIDE AND THE CARBON AND OXYSEN

K-SHELL ENERGY LOSS SPECTRA OF CARBONYL SULFIDE.

CARBON DISULFIDE POSSIBLE? CARBONYL SULFIDE
CARBON K-SHELL Moo iNmEnT  CARBON K-SHELL OXYGEN K-SHELL
PEAK ENERGY AE PEAK ENERGY ENERGY  AE
] 286.1 0 - O 288.2 533.7 0
2 289.6 3.5 ns? 2 291.0 2. |
3 290.6 4.5 np? 3 291.5 3. é§
4 v 293.7 5.
5 294.4 6.
K-EDGED 293.1 7.0 - K-EDGE 295.2 7. 540.3 6.6
4 293.4 7.3 6 297.5 9.
5 295.8 9.7 7 298.3  10.
6 v 299.4  ~ 13.3

a Only the outer orbitals involved in the K-excitations have been included.

b These values are from X-ray PES125,
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The position of the carbon K-edge indicated on our spectrum is based

on the experimental X-ray PES va]ue]25

of 293.1 + 0.1 eV. Peak four with

a maximum at 293.4 + 0.2 eV has two possible explanations: . the peak
may be associated with the shake-up and/or shake-off of valence electrons
in cohjunction with the excitation of a carbon K-shell electron to the

3wu molecular orbital and, ii. the carbon disulfide molecule may have an
effective potential barrier in the regions of the sulfur atoms (see
References 131-134). Discrete levels can occur up to the top of the
barrier which may be well above the jonization limit. The first interpret-
ation is supported_by the shake-up 1ines observed in conjunction with
carbon K-shell ionization in carbon disulfide as de'cer*mined]25 by X-ray

K—]S

PES. The two lowest shake-up states, (C 2)+* states, occur at 6.5

125 (see Figure 29) with relative

and 9.1 eV above the K-shell ion state
intensities (with respect to the main K-shell ion peak) of 7 and 16.4%
respectively. The shake-up states associated with the discrete excitation

of a carbon K-shell electron are expected to have similar relative energies
(with respect to the main discrete peak) and intensities roughly 5 to

20% of that of the main peak. Therefore, peaks four and five, which are
observed at 7.3 eV and 9.7 eV respectively above the intense 3nu peak

are consistent with a shake-up 1nterpretation. Similarly the broad stfuct-
ure (peak 6) located at approximately 299.4 eV could be associated with the
shake-up of valence electrons in conjunction with K-shell excitation to the
3nu orbital and/or K-shell ionization. Similar shake-up structures were
observed in the K-shell spectra (carbon, nitrogen and oxygen) of the diatohic
molecules, nitrogen, Section (5.1.1), and carbon monoxide, Section (5.1.2),

and the triatomic molecules, carbon dioxide, Section (6.1.1), and nitrous
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oxide, Section (6.1.2). However, in these cases the shake-up bands are
rather broad in contrast to the relatively sharp nature of peak four. The
second interpretation, that there is an effective potential barrier, is
based on the observation that the carbon K-shell spectrum of carbon
disulfide has properties similar to.those observed in the inner shell
absorption spectra of SF616']9, BF320'22 and other molecules!2»21,23-25
consisting of a central atom "surrounded" by electronegative atoms. For
these molecules the inner shell absorption spectra of the central atom
(and in some cases the surrounding atoms) are generally characterized by
strong discrete peaks both above and below the ionization Timit, as well
as weak Rydberg series and small K-jumps. These effects have been attrib-

131-134

uted to the existence of an effective potential barrier on the

outer rim of these molecules. This barrier separates an inner potential

133 for

well from an outer, shallow well of large radius132. Calculations
the excited states of BF3 support a potential barrier in this molecule.
This phenomenon is not limited to molecules which consist of a central
atom completely surrounded by electronegative atoms. In fact the

115

sulfur LII 111 absorption spectrum of 502 has some of the characteristics

131 has

which are usually associated with a potential barrier]3]. Dehmer
pointed out that the sulfur LII,III photoabsorption spectrum]5’21 of

carbon disulfide is not consistent with the existence of a potential

barrier. However, this result does not negate the possibility of a potential
| barrier to the promotion of a carbon K-shell electron (i.e., from the

central atom) of carbon disulfide. The fact that peaks four and five in

the carbon K-shell spectrum are located above the K-edge and are relatively

narrow structures indicates the possible existence of a potential barrier.
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The presence of a barrier is not expecfed to significantly reduce the
overlap between Rydberg orbitals (outer-well) and the inner-well carbon
K-shell orbital since the barrier would not completely surround the |
molecule. Therefore, Rydberg excitations are also expected to be observed
(see Reference 131). With the exception of the NF3, BF3 and BC13 molecules,
characteristics attributed to a potential barrier have only been observed
(see Reference 131) in molecules containing sulfur or silicon In these
molecules, the participation of d-orbitals in the bonding may be an import-
ant factor. The carbon K-shell energy loss spectrum of carbon dioxide,
Section (6.1.1), does not support such an interpretation for this molecule.
These results suggest that the electronegativity of the peripheral atoms is
not the only consideration, since oxygen is more electronegative than
sulfur.

c. Sulfur LII,III (2p) Shell Excitation.

The sulfur LII,III’She]] energy loss spectrum of carbon disulfide
is shown in Figure 30 and the energies and possible assignments of peaks
are listed in Table 10. The optical absorption spectrum of carbon disulfide
in this energy region has previously been obtained]5 using a Bremstrahlung
continuum. The instrumental resolution was ~ 0.4 eV (i.e. the same as in
our spectrum) and the absolute calibration is reported to be + 0.1 eV. The
optical results are Tisted in Table 10. Below the LII,III'edge’ the optical
spectrum]5 and our energy Toss spectrum show identical structure, although
the absolute calibrations differ by 0.4 eV (this is 0.1 eV larger than the
sum of the experimental uncertainties). . The spectra do not show character-
istics which are usually associated with a potential barfier. It has been

131

suggested that the discrete structure observed in the optical spectrum
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TABLE 10

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND POSSIBLE ASSIGNMENTS OF PEAKS OBSERVED IN THE SUL-
FUR 2p (LII III—SHELL) ENERGY LOSS SPECTRA OF CARBON DISULFIDE AND CARBONYL.

CARBON DISULFIDE CARBONYL SULFIDE

THIS WORK oPTICAL® ggg?#gtEb THIS WORK

PEAK ENERGY  aE  ENERGY  AE  ASSIGNMENT  PEAK ENERGY  af
1 163.1 0 163.5 0 - 1 164.2 0
2 164.2 1.1 164.6 1.1 - 2  165.6 1.4
3 165.9 2.8  166.4 2.9 - 3 166.9 2.7
4 166.5 3.4  167.0 3.5 4 168.1 3.9
5 167.4 4.3 167.7 4.2 5 168.6 4.4
6 168.2 5.1  168.6 5.1 6 170.0 5.8

7 169.5 6.4  169.9 6.4
L-EDGES (2“3/2) 169.8 6.7 - L-EDGES (2H3/2) 170.6 6.4
8 170.8 7.4 1711 7.6 ~171.0 6.8
L-EDGES (an/é) 171.0 7.9 - L-EDGEC (2H1/2) 171.8 7.6
n177.1 214.0 SHAKE-UP ~191 ~26.8

a. Reference 15.

b. Only the outer orbital involved in the transition is given.

c. Reference 125.

=GelL-
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probably derives from superimposed Rydberg lines, but an individual assign-
ment of the peaks has not been attempted. Spin-orbit coupling in the
sulfur 2p shell of carbon disulfide is large, as shown by the 1.2 eV

splitting obs_erved]25 2

by X-ray PES between the H3/zand 2H1/2 sulfur 2p
ion states of carbon disulfide. Therefore Russell-Saunders coupling does
not apply and (w,w) coupling gives a more appropriate description (see
Reference 75). Thé Towest energy discrete peaks observed in the sulfur 2p
spectrum are expected to be associated with the proﬁotion of a sulfur 2p
electron to the 3nu valence molecular orbital (cf. the carbon K-shell
spectrum of carbon disulfide). Six groups of molecular states are

expected75

as a result of this excitation, since the lone sulfur 2p electron
may be a GT/Z, ﬂ3/2 or Ty, Peaks one and two are probably associated
with 3nu excitation. Peak one is approximately the same energy below the
2n3/2 edge, as the first discrete peak in the carbon K-shell spectrum of
carbon disulfide is below the carbon K-edge. Peaks three to seven are
probably associated with Rydberg excitations, although some of the intensity
(particularly in the low energy region of this group of peaks) may be
associated with 3nu excitation.

The positions of the 2H3/2 and 2n1/2 L-edges indicated in our spectrum

125 £ 169.8 + 0.1 and 171.0 + 0.1 eV

are based on the X-ray PES values
respectively. The band of structure with an onset at ~ 177 eV is probably
associated with the shake-up of valence electrons in conjunction with
sulfur 2p ionization. The onset is 7.3 eV above the 2H3/2 edge in exact
agreement with the energy of the lowest shake-up state observed by X-ray
PES for the sulfur 2p shell of carbon disulfide. The positions of the

L-1)+* 125

shake-up states, (CS2 , observed by X-ray PES are indicated in
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Figure 30.

6.2.2. Carbonyl Sulfide.

The carbonyl sulfide molecule is Tinear in its ground electronic

state and has the electron configuration:

2 +
ST, 075 € g Soo (60)% (7007 (80)% (90)% (2n)* (3}, 5.

We have studied the oxygen 1s (K), carbon 1s (K) and sulfur 2p (LII III)

shell energy loss spectra. Cross-sections for discrete transitions in the
region of the sulfur 2s (LI) edge appear to be small and a spectrum was
not recorded. The valence shell of carbonyl sulfide is isoelectronic with
those of carbon dioxide, nitrous oxide and carbon disulfide. A valence
shell spectrum was recorded.
a. Va]enée Shell Spectrum.
The valence shell spectrum of carbonyl sulfide is shown in

Figure 31. The locations of peaks are consistent with higher resolution

118 119

electron impact and optical spectra The weak broad band, A, with

a maximum at approximately 5.7 eV is probably associated with the transition

1

21 > 3 (7*) []Z+ -> A(1A')], see Reference 119. The higher energy peaks

observed in our spectrum are; B (7.4 eV), C (8.1 eV), D (9.5 eV),
E (12.1 eV), F (13.2 eV) and G (13.8 eV). In the higher resolution electron

impact spectrum”8 the corresponding peaks have been assigned to Rydberg

]]9, peaks corresponding to

B and C in our spectrum have been assigned to non-Rydberg, ]Z+ > ]H and

]Z+ > ]Z+ transitions respectively. The location of the first jonization
120

transitions. However, in the optical spectrum

potential shown in Figure 31 is based on the optical and experimental
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UV-PES value’®

of 11.2 eV.
b. Oxygen K-shel] Excitation.

The oxygen K-shell energy loss speétrum of carbonyl sulfide is
shown in Figure 32 and the energies and possible assignments of structures
are listed in Table 9. The calibration accuracy of the spectrum is
+ 0.3 eV. The poor signal to noise and signal to background ratios are
partially due to the fact that for fast electron impact and forward
scattering, the inelastic scattering intensity decreasesH by a factor,

« (energy 1oss)'3. The broad peak with a maximum at 533.7 + 0.3 eV is
interpreted as arising from the promotion of an oxygen K-shell electron to
the Towest unfilled molecular orbital, the 4n (n*). The peak has a FWHM
of 1.2 eV (elastic FWHM 0.5 eV) indicating the excitation of a number of
vibrational levels.

The position of the oxygen K-edge indicated on our spectrum is based

125 (¢ 540.3 + 0.1 eV.

on the X-ray PES value
c. Carbon K-shell Excitation.

The carbon K-shell energy loss spectrum of carbonyl sulfide is
shown in Figure 33 and the energies and possible assignments of peaks are
Tisted in Table 9. The general appearance of the spectrum is similar to
the carbon K-shell spectrum of carbon disulfide, although the relative
energies of structures are different. The intense discrete peak observed
at 288.2 eV is interpreted as arising from the promotion of a carbon K-shell
electron to the lowest unfilled molecular orbital of carbonyl sulfide,
the 4n (n*). This interpretation is analogous to that of the first discrete

peak observed in the carbon K-shell spectrum of carbon disulfide,

Section (6.2.1), and carbon dioxide, Section (6.1.1). 1In each case the
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peak is approximately the same energy below the respective K-edge. The
peak in the carbonyl sulfide spectrum has a FWHM of 0.85 eV (elastic
FWHM 0.56 eV) indicating the excftation of a number of vibrational Tlevels.
Higher energy discrete structures below the K-edge are probably associated
with the promotion of a carbon K-shell electron to Rydberg orbitals. The
derived quantum defects of peaks two and three (assuming n = 3) are
1.2 and 1.08 respectively. Therefore peaks two and three could represent
‘promotion to the 3s and 3p Rydberg orbitals respectively. The quantum
defect of 1.08 is somewhat large for a 3p Rydberg excitation and suggests
that this Rydberg orbital has more penetration into the sulfur core than
does the 3s. 1In addition to Rydberg excitations, peak five may have a
contribution from the shake-up of valence electrons in conjunction with the
promotion of a cafbon K-shell electron to the 4r molecular orbital. It
is also possible that the carbonyl sulfide molecule has an effective
potential barrier (cf. the possible 1nterpretation of the carbon K-she]]l
spectrum of carboh disulfide). If this is the case, the excited states
are expected to bé:a mixture of Rydberg (outer-well states) and inner—wei]
states. | |

The position of the K-edge indicated in our spectrum is based on thé

X-ray PES va]ue]25

of 295.2 + 0.1 eVT The broad structure observed above
the K-edge (peaks six and seven) may be associated with shake-up states
where the promotion of a carbon K-shell electron to the 4r molecular
orbital is involved. The relative energies of these structures with
respect to the fifst discrete peak is ~ 9 eV which is consistent with the

125

Towest shake-up state observed in conjunction with carbon K-shell

jonization (i.e. 8.3 eV above the K-edge). The X-ray PES]25 shake-up
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- *
K ]OS)+ states have been included in Figure 33.

Tines corresponding to C
Alternatively, beaks six and seven may represent discrete states raised
above the K-edge by an effective potential barrier.

d. Sulfur LII,III (2p)-shell Excitation.

The sulfur LII,III*She]] energy loss spectrum of carbonyl sulfide
is shown in Figure 34 and the energies and possible assignments of peaks
are listed in Table 10. Figure 35 shows the discrete structure below the
edge on an expanded scale. The interpretation of the spectrum is similar
to that of the sulfur LII,III spectrum of carbon disulfide. The first
three peaks are relatively intense and are probably associated with the
promotion of a sulfur 2p electron to the 4r (r*) molecular orbital. In
exact analogy to carbon disulfide, the promotion of a sulfur 2p electron
to the 4r molecular orbital results in six grdups of molecular state in

120

(wsw) coupling Higher energy discrete peaks (four-six) are probably

associated with Rydberg transitions. Should an effective potential barrier
exist in the carbonyl sulfide molecule, it is unlikely (as in the case of
carbon disulfide) fhat it would have a significant effect on the e*citation
of a sulfur 2p electron.

The positions of the 2H3/2 and 2H1/2 L-edges indicated in Figures 34

125

and 35 are based on the experimental X-ray PES values of 170.6 + 0.1 eV

125 in

and 171.8 = 0.1 eV respectively. The shake-up Tines observed
conjunction with sulfur 2p jonization corresbonding to (COSL'])+* states,
have been included in Figure 34. The broad band of structure with an

onset at approximately 191 eV is probably associated with the excitation of

125

shake-up/shake-off states. The X-rav PES spectrum'“>, showing shake-up

structures, is not reported above 190 eV.
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CHAPTER SEVEN

POLYATOMIC MOLECULES.

'7.1. Introduction.

The prominent features observed in the absorption spectra (valence
shell regions) of saturated polyatomic holecu]es are usually associated
with Rydberg transitions (for examples see Reference 120). On this basis,
Rydberg transitions are also expected to dominate the K-shell spectra of
these molecules. In comparing the Rydberg states observed as a result of
K-shell promotion with those observed in the promotion of a valence shell
electron, it is convenient to use the term values (difference between the
excitation energy and the corresponding ionization potential) since they
have been extensively used in interpreting the valence shell spectra. Ffor
the same principal quantum number, n, a discussion of the quantum defect,
§, or the term value is equivalent since the term value is equal to
R/(n - 5)2 where R is the Rydberg constant. For valence shell excitation
to 3p and 3d Rydberg levels, it has been found that the term values are
approximately constant in a wide range of compounds, while the 3s term

]35. The observed 3s deviations correlate with the

values vary considerably
nature of the substituent groups of the molecule and occur because the

penetration of the 3s orbital either increases (the binding energy increases
and therefore the term value increases) or decreases (Tower term value) for

the addition of an electronegative or'e1ectropositive substituent respect-

ively. The 3p and 3d Rydberg orbitals are much less sensitive to the nature
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of the substituents since they have much less penetration than the 3s.

In principle, for K-shell excitation to Rydberg orbitals, we expect to
observe larger term values than those observed for valence shell excit-
ation in the same molecule. This result is expected since, as a result

of a K-shell excitation, one of the cores (nuc]eué + K-shell) of the
molecule has effectively one more positive charge. A penetrating orbital
such as a 3s Rydberg is therefore expected to be more tightly bound (higher
term value) for a molecule with a K-shell vacancy than it is when the

molecule has a valence vacancy.

7.2. Methane, Ammonia, Water, Methanol, Dimethyl Ether and
Monomethylamine. '

7.2.1. Methane.

The ground electronic state of the methane molecule has tetrahedral
symmetry and the electron configuration:
(12))% (2a;)? (1t,)®,

2 A

1"
The 1a] molecular orbital is formed from the carbon 1s atomic orbital and
is essentially localized on the carbon nucleus. In recognition of this
"atomic" character the electrons filling this orbital are designated carbon
K-shell electrons.
a. Valence Shell Spectrum.

The valence shell electron energy loss spectrum of methane is

shown in Figure 36. The locations of peaks are consistent with a higher

]36, where a Rydberg assignment has been proposed. The

resolution spectrum
peak positions in our spectrum are: A (10.0 eV), B (11.6 eV) and C (13.4 eV).

The Tocation of the first jonization potential shown in Figure 36 is based
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120 ¢ 13.0 ev.

on the adiabatic value
b. Carbon K-shell Excitation.

Absorption in the region of the carbon K-edge in methane has
been investigated using Bremsstrahlung cont1'nuua]37']40 and more recently
with the continuous radiation produced by an electron synchrotron28. The
spectra obtained with Bremsstrahlung radiation are characterized by weak
absorptions superimposed by the second order spectrum of the lTower wave-
length region, making it difficult to identify carbon-K absorption bands.

28

However, the much "cleaner" synchrotron spectrum“® shows two discrete

absorptions. Energy levels for some of the core excited states of methane
have also been ca1cu1ated]4]']42.

The carbon K-shell energy loss spectrum of methane is shown in
Figure 37 and the energies and tentative assignments of peaks are listed
in Table 11. Table 11 also includes excitation energies observed using

28

electron synchrotron radiation“® and calculated values using SCF wave-

functions]42.

Qur spectrum shows more discrete structure than the optical
spectrum28 and extends further into the continuum region. The first discrete
peak observed at 287.0 eV is interpreted as arising from the promotion of

a carbon K-shell electron (]a]) to the 3sa] Rydberg Tevel. This experimental
value for the excitation energy and the X-ray PES32 value of 290.7 eV fdr

the K-shell jonization potential implies a quantum defect of 1.08 for the 3s
Rydberg state. The magnitude of the quantum defect is consistent with those
observed for excitations to an ns Rydberg 1eve1]30. The transition

1a] > 3sa] is optically forbidden and is forbidden in our experiment if the

first Born approximation is valid (the impact energy is 8 times the

excitation energy and 6 v 0°). However, both the initial and final states
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TABLE 11

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND TENTATIVE

CARBON K-SHELL SPECTRUM OF METHANE.

ASSIGNMENTS OF PEAKS OBSERVED IN THE

CALCULATED OPTICAL

PEAK ENERGY AE TERM VALUE® ASSIGNMENTb ENERGYC DATAd ScF®
1 287. 0 3.7 3sa] - 287.2 287.3
2 288, 1.0 2.7 3pt2 - 288.3 288.4
4sa] 289.1 - -
3d 289.2 - -
3 289, 2.4 1.3 4pt2 289.4 - -
1
4 289. 2.8 0.9 5pt2 289.9 - - =
]
K-EDGET  290. 3.7 0 -
5 303 16 SHAKE-UP
AND
6 w311 24 SHAKE-QOFF
a. Defined as the difference between the jonization potential and the excitation energy.
b. Only the final orbital is listed (initial orbital is la, = carbon K).

c. Calculated using the Rydberg formula E, = A-R/(n-8

)2 whére En is the excitation energy for the

Rydberg level having quantum number n and quantum defect §, A is the carbon K-shell jonization

potential and R is the Rydberg constant.
from the energy positions of the first two peaks.

d. From Reference 28.

-h D

. From Reference 142.
. X-ray PES value (Reference 32).

The quantum defects used for ns and np were derived
§{nd) was assumed to be O.
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belong to the same symmetry species and therefore deviations from the Born
theory are expected.53 The first absorption in the electron synchrotron

142 have calculated a

spectrum28 was observed at 287.2 eV. Bagus et al.
value of 287.3 eV for the Rydberg transition, 1a] > 3sa]. From intensity
considerations and the calculated results, they suggest that the first
absorption peak in the synchrotron spectrum should be assigned to the

1a1 > 3sa1 Rydberg transition, the transition being observed because of
vibronic coupling between the ground state and the 3sa] Rydberg state due
to the two,TZ,vibrational modes, vy and vg- Finally, the term value for
this transition is 3.7 eV in comparison with a term value of 3.95 eV

136 for the corresponding transition in the valence shell spectrum

observed
of methane, 1t2 > 3sa]. The second peak in our spectrum observed at

288.0 eV is assigned to the promotion of a 1a] electron to the first
p-Rydberg orbital, 1a] > 3pt2,']T2. This transition is electric dipole
allowed and the large intensity relative to that of the first peak is
therefore expected. The excitation energy implies a quantum defect of
0.75 which is reasonab1e for a 3p Rydberg 1eve1 (see Reference 130). The
peak has a FWHM of 1.0 eV (in contrast to a FWHM of 0.5 eV for the peak
associated with elastically scattered electrons) and is asymmetric on the
high energy side (see the insert in Figure 37). In addition to vibrational
excitation, some of the broadening and asymmetry could be associated with

a Jahn-Teller splitting of the degenerate ]T2 electronic state. The first
two peaks observed in the electron impact spectrum of the valence shell

energy region of methane 1302143 (

corresponding to peak A in Figure 36) have
an energy difference of 0.68 eV and have been interpreted as Jahn-Teller

components of the ]T2 state arising from the transition 1t2 > 35a]. A
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Jahn-Teller splitting of 0.8 eV has been observed for the first ion state

144

of methane by PES The observed energies for peak 2 in our spectrum

and the second peak in the synchrotron spectrum28 are in good agreement.

142

Bagus et al. have calculated a value of 288.4 eV for the 1a] > 3pt2

transition and have suggested that this is the correct 1nterpretation of

28

the photoabsorption peak observed by Chun“® at 288.3 eV. A one-centre

Hartree-Fock ca1cu1ation]4]

of the 1a] > 3pt2 transition energy gave a
value of 284.7 + 0.3 eV, which is appreciably Tower than our experimental
result. Finally, a term value of 2.7 eV is obtained from our data for

this transition; The magnitude of this term value is similar to those
observed in the valence shell spectra of the fluoromethane mo]ecu1e5136

for the promotion of an outermost electron to a 3p Rydberg orbital

(e.qg. CFy: 1ty > 3p, term value 2.61 eV). We have calculated the expected
excitation energies for higher_nsa] and npt2 Rydberg levels using the
quantum defects derived from our experimental values for the n = 3 levels
and a value of 290.7 eV for the carbon K-edge of methane32. The results
are listed in Table 11 and have been used as an aid in interpreting the
higher energy discrete structure in the spectrum. This structure consists
of a peak (number 4) with a maximum at 289.8 eV and a lower energy shoulder
(peak number 3) at 289.4 eV. The observed energies are in excellent agree-
ment with the calculated values for the 4pt2 and 5pt2 Rydberg levels,
suggesting that these peaks could have contributions fronm transitions to
these orbitals. The relative intensity of the 3p transition to that of the
3s transition indicates that transitions to higher quantum number ns states

would be very weak. Finally, 1a1 to 3d transitions could contribute to

structure in this region, as indicated by the calculated transition energy
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(the quantum defect was assumed to be zero).
The position of the K-edge indicated in our spectrum isfbased on
the value of 290.7 eV for the K-shell ionizatfon potential determined by

X-ray PES32

. The very broad structures located at approximate]y 303 and
311 eV are associated with the simultaneous tranéitfons of a K-shell and
valence shell electrons (i.e. the shake-up and shake—dff of valence electrons
in conjunction with K-shell excitation or jonization. Similar structures

have been observed in the case of the diatomicfand'triatomic molecules

(see Section (5.1.1) for details).

7.2.2. Ammonia.

The ground electronic state of the ammonia molecule has pyramidal
geometry, but is more appropriately described by D3h symmetry because of
inversion. However, the small inversion splitting of the.vz" =0
vibrational level into a symmetric and antisymmetric level results in
selection rules which are effectively the same as those for C3V symmetry]45.
The electron configuration of the ground electronic state of ammonia in
C3v symmetry is

(m])2 (Za])z (1e)* (3a,)%, ]A].

The ]a] molecular orbital is formed from the nitrogen 1s atomic orbital.
Promotion of a la] electron to nsa,, npe and-npa] Rydberg orbitals is
electric dipole allowed. One interesting feature of the valence shell
spectrUm of ammonia is that all of the states (both Rydberg and ion),
resulting from the promotion of a 3a] electron, are either planar or very

146

nearly planar This produces long progressions in vy and is a result of
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the loss of an electron from an orbitéj WhjEHi$trong1y"sfébiii?es pyramidal
geometry. Such large changes in geométf&ié&éfnot expected for the promotion
of a 1a] electron (essentially atomic§§ﬁ§:ﬁqﬁbdhding)lto_Rydberg orbitals
and, therefore, these transitions are;ékbééted t@ rgsu]t.in less vibrat-
ional excitation. o L

a. Valence Shell Spectrum.

| The valence shell electron energy loss spectrum of ammonia is
shown in Figure 38. The locations of peaks ére”consiéteht with higher

120,145 .14 electron impact results?9:20,56

resolution photoabsorption
where the peaks have been associated with Rydbéfg,transftiohs.' In our
spectrum, corresponding peaks are observedlaf: .A (6;3-eV), B.(& 8.0 eV),
C (9.2 eV), D (11.3 eV) and E (15.2 eV). The location of the first
ionization potential in Figure 38 is bésed.on:the_expefimental”va]ue]20’147
of 10.2 eV, - ' |
b. Nitrogen K-shell Excitation.

The nitrogen K-shell energy loss spectrum of ammonia is shown in
Figure 39 and the energies and tentaiive assignments-of peaks are listed in
Table 12. The general appearance of the spectrum resembles that of the
carbon K-shell spectrum of methane and the spectrum has been interpreted
in terms of the excitation of a nitrogen "K-shell" electron (1a]) to
Rydberg orbitals. Transition energies estimated using quantum defects

120,145 of ammonia have been included

derived from the valence shell spectrum
in Table 12. The first discrete peak observed at 400.6 eV has been
assigned to the transition, 1a] > 3sa]. The peak has a FWHM of 0.8 eV
(compared with an elastic peak .FWHM of 0.5 eV) indicating that a number of

vibrational Tevels are excited. The 5.0 eV term value implies a quantum
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TABLE 12

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND TENTATIVE ASSIGNMENTS OF THE PEAKS
OBSERVED IN THE NITROGEN K-SHELL SPECTRUM OF AMMONIA

. ESTIMATED
PEAK ENERGY ~ AE  TERM VALUE  ASSIGNMENT ENERGYD
1 400.6 0 5.0 3sa, 401.2
2 402.2 1.6 3.4 3pe 402.8
3 403.5 2.9 2.1 3pa, 403.4
4 404.1 3.5 1.5 4sa,/3d 404.1
ipe 404.3 ,
~404.6 40 1.0 . Spe 404.8 &
K-EDGES  405.6 5.0 0. e
5 ~ 4189 41305 SHAKE=UP
| A
SHAKE-OFF

6 4289 w2705

a. Only the final orbital involved in the excitation is given (the initial orbital is
1a1 = Nitrogen K).

b. Estimated using quantum defects derived from the valence shell spectrumS0°143>145. 6(nsa]) = 1.25
n=3; 1.02n> 3, s(npe) = 0.8, 6(npa]) = 0.54, and §(nd) was assumed to be 0.

c. From X-ray PES32,
d. Onset.
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defect df 1.35-which is comparable witH the 1.25 guantum defect observed]45
in the va]eﬁce:shé11 Qpéctrum for the transition 3a_1 -> 3sa]. It is normal
for the 3§.quantum défect to be appreciably higher than that determined
for the higher.members of the series in polyatomic molecules. In fact,
for valence shell éxcftafion in ammonia, the 35a] orbital is not a pure
Rydberg orb%ta] and sdeé appreciable antibonding characterss. Peak
number 2, obserVed.at.404.2 eV, 1s assigned tQ the prbmotion of a Ia]
electron to the 16West energy 3p Rydberg orbité]_(Bpe). This peak has a
FWHM of_0.7-eV and a quantum defect (peak maximum) of 1.0 in contrast to
the quantum defeéf:of 0.8 (calculated from the adiabatic transition energy
reported in Réferéﬁ;é 50)_f0r the promotion of a 3a].e1éctron to the 3pe
Rydberg:orbjtal.ﬂ Thé ghefgy difference'bbserved for the two valence shell
transit{oﬁé'3a1.+'3pe and 3a1 -> 3pa] (s = 0.54) is < 0.6 eV50.
FWHM of thé"sétohd'péak in our spectrum does not support a contribution from
the transition 1a] > 3pa] uniess for K—she]] excitation the 3pe and 3pa]
energy difference is sma]] or the 1ntens1ty of one transition is weak We
suggest that the th1rd peak at 403.5 eV could represent the transition
1a] > 3pa]. This imp]ies a 3p splitting bf 1.3 eV for K-shell excitation.
The observed enefgy'df'fhe fourth peak, 401.1 eV, is consistent with the
energy calculated for the excitationvof a 1a] electron to 3d, 4s and 4p
Rydberg orbitals. The_high energy shoulder probably has contributions from
the excitation of. n = 5 and higher Rydberg_orbitals.

Thé position of the K-edge in our spectfum is based on the experimental
X-ray PES va]ue32 of 405 6 eV for the 1a1 binding'energy in ammonia. - The

broad structures with onsets at ~ 414 eV and v 428 eV are identified with

the s1mu1taneous transitions of a K-she]] and valence she]] electrons.

The observed -
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7.2.3. Mater.

The ground electronic state of the water molecule has C2V symmetry
and the electron configuration:
(17)% (2a7)% (1b,)% (3a7)% (1b))%, TA,.
The 1a] orbital is formed from the oxygen 1s orbital and is localized on
the oxygen nucleus. The three p-orbitals are nondegenerate in C2v symmetry
and have ays b] and b2 symmetries. Transitions involving the promotion of
a 1a] electron to ns and np Rydberg orbitals are electric dipole allowed.
a. Valence Shell Spectrum.
The valence shell energy Tloss spectrum of water is shown in
Figure 40. The locations of peaks; A (7.5 eV), B (9.7 eV), C (10.1 eV),
D (11.1 eV), E (13.6 eV) and F (17.2 eV) are consistent with higher

120 49’]48’]49. These spectra

120,150,151

resolution optical and electron impact results

have been interpreted in terms of Rydberg transitions The
Tocation of the first ionization potential in Figure 40 is based on the

120 (¢ 12,61 ev.

experimental value
b. Oxygen K-shell Excitation,

The K-shell energy loss spectrum of Water is shown in Figure 41 and
the energies and tentative assignments of peaks are listed in Table 13. The
general appearance of the spectrum ig similar to that observed for the
K-shell spectra of methane and ammonia. The spectrum is interpreted in
terms of Rydberg excitations and excitation energies estimated using the
quantum defect method are included in Table 13; The first peak observed

at 534.0 eV is assigned to the promotion of an oxygen K-shell electron

(1a]) to the 3sa; Rydberg orbital. The peak has a FWHM of 1.0 eV,
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TABLE 13

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND POSSIBLE ASSIGNMENTS OF PEAKS OBSERVED

IN THE OXYGEN K-SHELL SPECTRUM OF WATER.

POSSIBLE ESTIMATED
PEAK ENERGY AE TEPM VALUE ASSIGNMENT ENERGYD
1 534.0 0 5.7 3sa, 534.5
2 535.9 1.9 3.8 3pb, -
3 : 537.1 3.1 2.6 : 33pa] 537.1.
3pb]
3d 537.5 '
o
4 538.5 4.5 1.2 4s 538.1 &
4p 538.5
K-EDGEC 539.7 5.7 o
SHAKE-UP
~ 555 AND
SHAKE-OFF

a. Only the final orbitals involved in the K-excitations have been included.

b. Estimated using the quantum defect method with quantum defects from the valence
shell spectrum of water!*6.  (3s) = 1.38 (from the term value of 5.2 eV reported by

Reference 150, &(ns) = 1.05 n > 3, 6(npa1/b]) = 0.7, s(nd) = 0.05.

c. From X-ray PES32,
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indicating that a number of vibrational levels are excited. The term
value is 5.7 eV which implies a quantum defect of 1.45 for the 3s Rydberg
state. This term value is comparable with the term value of 5.2 eV observ-

ed150

in the valence shell spectrum of water for the promotion of an
electron from the outermost orbital to the 3s Rydberg Tevel, i.e.

]b] > 3sa]. The second peak, observed at 535.9 eV, has a FWHM of 0.9 eV
(different data run) which indicates the excitation of a number of vibrat-
ional Tevels. This peak is assigned to the transition la1 > 3pb2 and has

a term value of 3.8 eV. The corresponding transition in the valence shell
spectrum 1b] > 3pb2 is electric dipole forbidden and has not been observed.
However, the 1b] > 3pb2 excitation energy has been calculated by the

INDO]SZ 153

and the IVO methods. Both calculations indicate that the lowest
energy 3p Rydberg excitation should result from promotion to the b2
component. The third peak in our spectrum at 537.1 eV is then associated
with promotion of a 1a] electron to the 3pa] and 3pb] Rydberg orbitals and
has a term value of 2.6 eV. The energy difference between these orbitals

in the valence shell spec’crum]50

(1b] promotion) is 0.16 eV (term values
2.62 eV and 2.46). The term value for the K-shell transition is in good
agreement with the term values for the corresponding valence transitions.
The fourth peak observed.at 538.5 eV_(term value 1.2 eV) is probably

associated with 4s and 4p Rydberg transitions (cf. the estimated values in

Table 13).
The position of the K-edge shown on our spectrum is based on the
A-ray PES32 value of 539.7 eV for the K-shell binding energy of water. The

broad structure observed in the continuum region ~ 555 eV is associated

with the simultaneous transitions of a K-shell and valence shell electrons.
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7.2.4. Methanol.

The ground electronic state of the methanol molecule has CS symmetry

and the electronic configuration]so;

(1a")% (2a")% (32")% (4a")? (5a")2 (1a")2 (6a")2 (7a")2 (2a")2, Ta.
The 1a' and 2a' molecular orbitals represent the oxygen 1s and carbon 1s
atomic orbitals respectively. The 3s and 3p Rydberg orbital symmetries
in the Cs point group are 3sa', 3pa' (twice) and 3pa". The promotion of
an electron from any of the occupied molecular orbitals of methanol to
each of these Rydberg orbitals is electric dipole allowed. UWe have invest-
igated both the carbon and oxygen K-shell regions of methanol. A valence
shell spectrum was recorded. |

a. Valence Shell Spectrum.

The valence shell energy loss spectrum of methanol is shown in

Figure 42. The Tocations of peaks, A (6.8 eV), B(7.9 eV), C (8.3 eVv),
D (9.8 eV), E (12.0 eV), F (13.8 eV) and G (15.8 eV), are consistent with

higher resolution electron impact resu]ts]48’]50

» where the peaks have
been associated with Rydberg transitions. The location of the first
ionization potential in Figure 42 is based on the adiabatic va]ue]20 of
10.85 eV.
b. Carbon K-shell Excitation.

The carbon K-shell energy loss spectrum of methanol is shown in
Figure 43 and the energies and tentative assignments of peaks are listed
in Table 14. We have interpreted the spectrum in terms of Rydberg transit-
ions. Transition energies estimated using term values observed in the

150

valence shell spectrum for 2a" promotion (mainly an oxygen lone pair

150)

orbital are also listed in Table 14. The first discrete peak observed
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TABLE 14

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND TENTATIVE ASSIGNMENTS OF PEAKS OBSERVED IN
THE CARBON AND OXYGEN K-SHELL SPECTRUM OF METHANOL.

CARBON K-SHELL OXYGEN K-SHELL | ASSTGNMENT?
~ TERM  ESTIMATED ' TERM ESTIMATED
PEAK  ENERGY AE  VALUE  VALUE? PEAK  ENERGY AE  VALUE  VALUER@
1 288. 1 0 4.2 288.1 1 534.1 0 4.8 534.6 3sa’
2 289.4 1.3 2.9 289.1 3p
3 290.3 2.2 2.0 289.7 2 537.1 3.0 1.8 3p
290.6 3d
4 291.3 3.2 1.0  291.08 4s/ap L
[00]
K-EDGE® 292.3 4.2 K-EDGE® 538.9 4.8 w '

a. Estimated using the term values observed in the valence shell spectrum,150
b. Only the final orbital involved in the excitation is given.
c. X-ray PES value.32
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at 288.1 eV has a term value of 4.2 eV and is assigned to the promotion
of a carbon 1s electron (2a') to the 3sa' Rydberg orbital, 2a' - 3sa'
(6 = 1.2). The term value for this transition is very close to the term

value of 4.22 eV observed]50

for the corresponding valence shell transition,
2a" » 3sa'. The second and third discrete peaks in our spectrum are
assigned to the promotion of a la' electron to 3p Rydberg orbita]é. The
observed energy difference between the two 3p levels is 0.8 eV. In the

valence shell electron impact spectrum of methano1]50 (

obtained with much
higher resolution) two peaks wifh an energy difference of 0.4 eV (correspond-
ing to peaks B and C in Figure 42) have been assigned to 3p Rydberg excit-
ations, 22" - 3p. The observed term values wefe 3.24 eV and 2.64 eV which.
are somewhat higher than those observed in our K-shell spectrum (2.9 and
2.0 eV). The fourth band of structure with a maximum at 291.3 eV probably
has contributions from 3d, 4s and 4p Rydberg transitions.

The position of the carbon K-edge in our'épectrum is based on the

2 of 292.3 eV for the K-shell ionization energy. Structures

X-ray PES va]ue3
arising from the simultaneous promotion of a K-shell and valence shell
electrons appear to be weak.
c. Qxygen K-shell Excitation.

The oxygen K-shell energy ]oss spectrdm of methanol is shown in
Figure 44 and the energies and tentative assignments of peaks are ]5sted
in Table 14. The spectrum has a sloping baseline which is instrumental,
artsing from the Targe continuous background of secondéry emitted and
apparatus scattered electrons. This background is monotonically decreasing

as a function of energy loss and was checked by recording the signal from

background scattered electrons without any target gas. The background is
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more prominent in the oxygen K-shell energy region because of the rapid
decrease in scattering intensity with energy ]oss]], j.e. at least as fast
as (energy 1oss)'3. The appearance of the spectrum is appreciably different
from that for the carbon K-shell (Figure 43). The first peak at 534.1 eV
has a term value of 4.6 eV and is interpreted as arising from the promotion
of an oxygen K-shell electron to the 3sa’ Rydberg orbital, la' - 3sa'.
The peak has a FWHM of 1.2 eV indicating the excitation of many vibrational
levels. Higher energy structure consists of a broad peak with a maximum
At 537.1 eV. On the basis of the assignments of thé previous spectra, we
expect 3p Rydberg excitations to contribute the most intensity to this
broad structure. If this is the case, the relative intensities of the 3p
components must be significantly different from those observed in the
carbon K-shell spectrum of methanol. Transitions to 3d, 4s and 4p Rydberg
orbitals are also expected to contribute intensity in the region of the band
maximum.

The position of the K-edge indicated on our spectrum is based on the

32

X-ray PES value“" of 538.9 eV for the oxygen K-shell binding energy of

methanol.

7.2.5. Dimethyl Ether.

The ground electronic state of the dimethyl ether molecule has C2v

symmetry and the electron configuration]54:

2 \2 2 12 2 2 2 1
(1a]) (Za]) (1b2) (CHbonding) (2b2) (3a]) (1b2) R A].
The 1a1 and Za]/lb2 molecular orbitals represent oxygen 1s and carbon 1s

orbitals respectively. In the excitation of an oxygen 1s electron, the
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final Rydberg states have the same symmetries as the corresponding states
in water [see Section (7.2.3.)]. The promotion of a carbon 1s electron
should result in a Towering of the molecular symmetry to Cs' In either
point group, excitation of a K-shell electron (carbon or oxygen) to all
3s and 3p Rydberg levels is electric dipole allowed.

a. Valence Shell Spectrum.

The valence shell energy Toss spectrum of dimethyl ether is

shown in Figure 45. The locations of peaks, A (6.7 eV), B (7.6 eV),
C (8.5eV), D (9.2 eV), E (11.0 eV) and F (12.9 eV), are consistent with

]48, where structures have been

a higher resolution energy loss spectrum
assigned to Rydberg transitions. Peaks G (14.0 eV) and H (15.5 eV) are
associated with nitrogen impurity (verified by UV-PES) and peaks D and
F also have a contribution from this source. The location of the first
ionization potential shown in Figure 45 is based on the experimental,

120 £ 9 96 ev.

adiabatic value
b. Carbon K-shell Excitation.

The carbon K-shell energy loss spectrum of dimethyl ether is
shown in Figure 46 and the energies and tentative assignments of peaks are
listed in Table 15. The first energy loss structure appears as a shou]der
at approximately 288.5 eV (term value 3.75 eV) on the more intense second
peak and is assigned to the promotion of a carbon K-shell electron
(2a' in C, point group) to the 3sa' Rydberg orbital. The second peak
observed at 289.4 eV (term value 2.85 eV) is assigned to the promotion of
a carbon K-shell electron (2a') to a 3p Rydberg orbital. The third peak in
the spectrum observed at 291.1 eV (term value 1.15 eV) probably has cont-

ributions from 4s and 4p Rydberg transitions.
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TABLE 15
ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND TENTATIVE ASSIGNMENTS OF PEAKS OBSERVED IN

THE CARBON AND OXYGEN K-SHELL SPECTRA OF DIMETHYL ETHER (CH30CH,).
CARBON K-SHELL OXYGEN K-SHELL ASSIGNMENT®
| TERM  ESTIMATED TERM ESTIMATED
PEAK  ENERGY AE  VALUE  VALUEQ PEAK  ENERGY AF  VALUE  VALUEQ
1 288.5 0 3.75  288.9 1 535.5 0 3.1 535.2 3sa,
2 289.4 0.9 2.85 {289.6 {535.9 3p
289.8 - 536. 2
290.7 537.0 3d
3 291.1 2.6 1.15 2 538.6 3.1 4s/4p :
(02}
K-EDGE® 292.25 3.75 K-EDGE® 538.59 3.1 - ¢

a. Estimated using the term values observed in the valence shell spectrum of dimethyl etherl48
b. Only the final orbital involved in the excitation is listed.
c. X-ray PES valueslS5,
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The position of the carbon K-edge indicated in our spectrum is

155 0f 292.25 0.05 eV.

based on the X-ray PES value
c. Oxygen K-shell Excitation.
The oxygen K-shell energy loss spectrum of dimethyl ether is
shown in Figure 47 and the energies and tentative assignments of peaks are
Tisted in Table 15. The spectrum is very different from the carbon K-shell
spectrum of dimethyl ether (Figure 46) and resembles the oxygen K-shell
~spectrum of methanol (Figure 44).

The first péak at 535.5 eV (term value 3.1 eV) is assigned to the
promotion of an oxygen K-shell electron to the 35a] Rydberg orbital. The
broad band of structure with a maximum at 538.6 eV presumably has contribut-
ions from 3p and higher quantum number Rydberg transition.

The position of the oxygen K-edge indicated on our spectrum is based

155

on the X-ray PES value of 538.6 + 0.05 eV.

7.2.6. Monomethylamine.

The ground electronic state of the monomethylamine molecule has CS

symmetry (staggered conformation) and the electron configuration]56;

(12')% (2a')% (32")% (42)% (1a")2 (5a")? (6a")2 (2a")2 (72")2 (3a")2, A’
The Ta' and 2a' orbitals represent nitrogen 1s and carbon 1s orbitals
respectively.

a. Valence Shell Spectrum.
The valence shell electron energy loss spectrﬁm of monomethylamine
is shown in Figure 48. Electron impact data for monomethylamine has not
been reported in the literature and, optically, only the X > A transition,

120

with an onset at 5.2 eV, has been observed This transition has been

120

assigned to the excitation of a nitrogen lone pair electron (3a") to the
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3s Rydberg orbital, analogous to the first band in the ammonia valence
shell spectrum (peak A in Figure 38). Peak A, with a maximum at approx-
imately 5.7 eV in our spectrum, is therefore associated with the X - A
transition. Peak B (~ 7.0 éV) probably represents the excitation of a
higher energy Rydberg state. The location of the first ionization potential
shown in Figure 48 is based on the adiabatic va]ue]20 of 8.97 eV.

b. Carbon K-shell Excitation.

The carbon K-shell energy loss spectrum of monomethylamine is
shown in Figure 49 and the energies and tentative assignments of peaks are
listed in Table 16. The first peak observed at 287.5 eV (term value 4.1 eV)
is interpreted as representing the promotion of a carbon 1s electron to the
3sa' Rydberg orbital, while the second peak observed at 288.5 eV (term value
3.1 eV) is associated with carbon 1s excitation to a 3p Rydberg level.
Finally, the broad band with a peak maximum at 291.5 eV and shoulder
~ 290.4 eV 1is probably associated with 3d and higher quantum number ns and
np Rydberc transitions. |

The position of the carbon K-edge indicated in our spectrum is based on

155 0f 291.6 + 0.05 ev.

the X-ray PES value
c. Nitrogen K-shell Excitation.

The nitrogen K-shell energy loss spectrum of monomethylamine is
shown in Figure 50 and the energies and tentative assignments of peaks are
listed in Table 16. The first peak at 400.6 eV has a term value of 4.5 eV
(s = 1.3) and is assigned to the promotion of a nitrogen 1s electron to the
3sa' Rydberg orbital. The second peak at 401.9 eV has a term value of 3.2 eV

(6 = 0.9) and is associated with the promotion of a nitrogen 1s electron to

a 3p Rydberg orbital. The broad structure with a peak maximum at 404.6 eV
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TABLE 16

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND TENTATIVE ASSIGNMENTS OF PEAKS OBSERVED IN

THE CARBON AND NITROGEN K-SHELL SPECTRA OF MONOMETHYLAMINE (CH3NH2).

CARBON K-SHELL NITROGEN K-SHELL ASSIGNMENTb

TERM ESTIMATED TERM ESTIMATED
PEAK ENERGY E VALUE  VALUEQ PEAK ENERGY E VALUE VALUE?R

1 287.5 0 4.1 - 1 400.6 0 4.5 - 3s
2 { 288.5 1.0 3.1 - 2 201.9 1.3 3.2 - 3p
shoulder ~1.87? 2.3

3 200.4 2.9 1.2 289.2 3 ~803.4 2.8 1.7 403.3 45

| ' 290. 2 403.6 3d/4p 5

~J

4 2915 4.0 0.1 1 404.6 4.0 0.5 -

K-EDGEC 291.6 4.1 k-Enced 405.1 4.5

a. Estimated from the quantum defects derived from the energy positions of the first two peaks.
§(nd) was assumed to be 0.

b. Only the final orbital involved in the excitation is given.
c. X-ray PES valuelS5,
d. X-ray PES valuel55, 157,
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(term value 0.5 eV) and a shoulder at ~ 403.4 (term value ~ 1.7 eV) is
probably associated with 3d, and higher quantum number ns and np Rydberg
transitions. Table 16 includes estimates of these excitation energies on
the basis of the quantum defects derived from the observed energies of the
- 3s and 3p peaks in our spectrum.

The position of the nitrogen K-edge indicated in our spectrum is
based on the X-ray PES value of 405.1 eV for the nitrogen 1s binding energy

in monomethy]amine]55’157.

7.2.7. Term Values.

The 3s term values in the K-shell spectra of methane, ammonia and water
follow the same order as the 3s term values derived from the valence shell
speétra of the same mo1ecu1es]20’136’]45’]%’]50 (for promotion of the least
tightly bound electron) with CH4 < NH3 < H20 (see Table 17). This result
is expected, since term values increase with increasing effective nuclear
charge. In the series, water, methanol and dimethyl ether, the 3s term
values derived from both the valence shell spectra and the K-shell spectra
follow the same order with CH OCH3 < CH3OH < H20. The trend in the valence

3
shell spectra has been exp]ained]35

on the basis that the 3s Rydberg orbital
increases its carbon character with jncreasing alkylation, which results in
less penetration into the core and, therefore, a lower term value. A
similar trend is observed in the K-shell spectra of ammonia and mono-

methylamine with the term values in the expected order, CH3NH2 < NH3.

7.3. Carbon Tetrafluoride.

The carbon tetrafluoride molecule is tetrahedral in its ground



TABLE 17.

3s AND 3p RYDBERG TERM VALUES OBSERVED FOR K-SHELL EXCITATION AND VALENCE SHELL EXCITATION (OUTERMOST

ELECTRON) IN CH4, NH3, H20, CH3OH, CH3OCH, AND CH,NH,,.

372
Ne CH4 NH3 HZO _
k-she11(?) C 1t N 3a, (¢) 0 1b, () (F)Tﬂa]
: K 2 K 3y K 1 r
- 3.7 3.95 {4.29 5.0 4,43 5.7 5.2 3s
3.61
3.04 2.7 - - {3.4 {2.81 {3.8 -
2.1 2.24 2.6 {2.62
2.46
L
~J
CH3NH2 CH30H IS
u(d)
NK CK OK CK 2a
4.5 4.1 4.8 4,2 4,22 3s
3.2 {3 1 {2.9 {3.24 3p
2.3 2.1 2.64
CH3OCH3
(e)
0K CK 1b]
3.1 3.75 3.37 3s
_ 2.85 {2.70 3p
a. Reference 158; b. Reference 136; c. Peferences 120,145 2.41

d. Reference 150; e. Reference 148.
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electronic state and has the electron configuration]44:

(1t2)° (12)% (2a))? (3a)? (2t,)® (42))2 (3¢,)° (1e)* (42,06 (1¢)5, Ta

1 1°

The 1t2 and 1a] molecular orbitals are formed from linear combinations of
fluorine 1s (K) atomic orbitals. The calculated energy d1'f1°er‘ence32’]44
between the 1a] and 1t2 orbitals is negligible (v 0.001 eV). The two
orbitals will be designated fluorine-K because of their atomic character
and assumed to be degenerate. Similarly the 2a] molecular orbital is formed
from the carbon 1s (K) atomic orbital and the electrons filling this orb-
ital will be designated carbon K-shell electrons.

It has a]feady been pointed out in Section 6.2. that the inner shell
absorption spectra for molecules composed of a central atom "surrounded"
by electronegative atoms, show analomous features which have been attributed
to an effective potential barrier on the outef rim of these molecules (see
Reference 131). Therefore, a potential barrier may exist in the carbon
tetrafluoride molecule. The fluorine K-shell absorption spectra of the
fluoromethanes, including carbon tetrafluoride, have been obtained26
using Bremsstrahlung radiation. However, absorption spectra in the region
of the carbon K-edges, which are the most interesting from the point of view
of a possible potential barrier, were not reported.

a. Valence Shell Spectrum.

The valence shell energy loss spectrum of carbon tetrafluoride

is shown in Figure 51 and the energies of peaks are given in Table 18.
The valence shell spectrum of carbon tetrafluoride has previously been

136 with 400 eV incident electrons, zero degree scattering angle

136

obtained

and a resolution of ~ 0.045 eV. The observed peaks have been assigned
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TABLE 18

ABSOLUTE ENERGIES (eV) OF PEAKS OBSERVED IN THE VALENCE SHELL

ENERGY LOSS SPECTRUM OF CARBON TETRAFLUORIDE.

THIS WORK® REFERENCE 136°

PEAK ENERGY ENERGY

12.5 12.51

13.7 13.59
13.89

15.9 15.81

16.8 16.86

17.2

17.8 :

. 18.01

18.4

19.3 19.42

20.6 20.53

a.

2.5 keV incident energy, 0.5 eV _FWHM elastic peak and
average scattering angle 2 x 1072 rad.

. 400 eV incident energy, 0.045 FWHM elastic peak and zero

degree scattering angle. The spectrum has been assigned in
Reference 136.
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to Rydberg transitions using the term value scheme and this interpretation

]36. Our

136

is consistent with that of the other fluoromethane molecules
spectrum compares favourably with the higher resolution spectrum (see
Table 18).

b. Carbon K-shell Excitation.

The carbon K-shell energy loss spectrum of carbon tetrafluoride
is shown in Figure 52 and the energies and possible assignments of peaks
are listed in Table 19. The spectrum is dominated by a broad band of
structure located just below the carbon K-edge. This band of structure
has a number of components which are clearly visible in the expanded
spectrum shown in the insert in Figure 52. On the basis of the Rydberg
interpretations of the carbon K-shell spectrum of methane (see
Section 7.2.1) and the valence shell spectra of methane and the fluoro-

methanes]36

, we expect the lowest energy transition in the carbon K-shell
spectrum of carbon tetrafluoride to be, Za] (carbon-K) - 35a]. This
transition is optically forbidden and is forbidden in our experiment if the
first Born approximation is valid (the incident energy is eight times the
excitation energy). However, both initial and final states belong to the
same symmetry species and deviations from the Born theory are expected53.
The spectrum is expected to resemb]e_the carbon K-shell spectrum of methane
(see Figure 37) where the 3s peak has much Tess intensity than the 3p. As
shown by Figure 52, this is not observed. Moreover, the first four struct-
ures on the band have quantum defects of 1.2, 1.1, 1.0 and 0.9 (term
values, 4.0, 3.7, 3.4 and 3.1 eV respectively), all consistent with 3s

excitation. The term value observed for the first carbon K-shell absorption

in the methane spectrum (Figure 37) was 3.7 eV. In the valence shell
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TABLE 19

ABSOLUTE ENERGIES (eV), RELATIVE ENERGIES AND POSSIBLE ASSIGNMENTS OF
PEAKS OBSERVED IN THE CARBON AND FLUORINE K-SHELL ENERGY LOSS SPECTRA
OF CARBON TETRAFLUORIDE.

b
POSSIBLE
CARBON K-SHELL FLUORINE K-SHELL ORBITAL

PEAK ENERGY ~aE  TERM VALUE? PEAK ENERGY ~ AE  TERM VALUE® ASSIGNMENT

1 297.8 0 4.0 shoulder "4 3s©

2 298.1 0.3 3.7

3 298.4 0.6 3.4

4. 298.7 0.9 3.1

5 2993 1.5 2.5 1 692.9 0 2.3 3p

6  300.2 2.7 1.6 2 w694 1.1 1.2 3d
k-epced 301.8 4.0 k-EDGEY  695.2 2.3 -

a. Defined as the difference between the excitation energy and the jonization
potential (i.e. the binding energy of the electron in the excited orbital).

b. Only the final orbital is given.
c. This assignment does not apply to the carbon K-shell spectrum (see text).
d. X-ray PES values 32
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spectrum of carbon tetraf]uoride]36

» 3s term values were in the range
4.1 - 3.5 eV. However, the energy spacings between the first four components
of the band, ~ 0.3 eV, are too large to be associated with vibrational
structure.’ Therefore, the appearance of these multiplet features in the
region where a single peak is expected is highly unusual. Features five
and six have quantum defects of 0.67 and 0.08 respectively (term values
2.5 and 1.6 eV. These features may be associated with the promotion of a
carbon K-shell electron to 3p and 3d Rydberg orbitals respectively. The
term values are consistent with those observed for corresponding Rydberg
excitations in the valence shell spectra of the fluoromethane mo]ecu1es]36
(e.q. CF4, 1t1 ~ 3p and le » 3d have term values of 2.6 and 1.6 eV respect-
ively).

The Tocation of the carbon K-edge indicated on our spectrum is based

on the experimental X-ray PES va]ue32

of 301.8 eV. The extremely broad
structure observed above the K—edge'is possibly associated with shake-up and
shake-off processes in conjunction with K-shell excitation and/or ioniz-
ation.

With regard to the possible existence of a potential barrier, the
carbon K-shell ehergy loss spectrum of carbon fetraf]uoride has two features
not observed 1n.the K-shell spectra of molecules such as methane, ammonia,
and water, where a potential barrier is nof expected (see Figures 37, 39
and 41):

i. an unusual number of components are observed in the energy region
where a single peak associated with 3s Rydberg excitation is expected. This

T The 1argest5g1brat1ona1 spac1ng for CF4 in 1ts ground electronic state is
= 0.16 eV!
V3 T
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is apparently not vibrational structure and it is also unlikely that any
of the higher energy components (i.e. peaks 3 and 4) are associated with a
Jahn-Teller sp]itting of the ]T2 state arising from the transition,

2a] > 3pt2, which has been associated with peak five. Jahn-Teller instab-
ility is Targer in methane than in carbon tetraf]uoride Th1s 1s illust-

136

rated by the’ va]ence she]1 spectra. where a’ d1st1nct sp11tt1ng has been

observed in methane (1t2 ~ 3s, AE = 0.68 eV) while a splitting is not
apparent in the carbon tetrafluoride sbectrum. Since a Jahn-Teller
splitting is not obvious in the carbon K-shell spectrum of methane, (see
Figure 37) we do not expect-to obserVeﬂa-sblitting in the carbon K-shell
spectrum ot-carbbn tetrafluoridé‘ However even if there is appreciable
Jahn-Teller sp11tt1ng, ‘there  can only-be a max1mum of three features assoc-
jated with the 1T2 state. . . S

ii. the rath of theaintensitylin-theccontinnum region of the K-edge
to that of'discrete.structures is small in comparison with similar ratios
observed iﬁ the K-she11 spectra of methane, ammonia and water (see
Figures 37, 39 and 41) This feature s common to all inner shell spectra
in mo1ecu1es where'the existence of a potent1a1 barr1er has been proposed.
It arises because the intensity dssociated with direct ionization. is
suppressed untﬁi the ejected electron has enough energy to overcome the
barrier (see Reference 131). Using this model, the increase in intensity
on the K- cont1nuum at aoprox1mate1y 308 eV may be associated with the
onset of “d1rect” 1on1zat1on ‘

C. F]uor1ne V she]] Excitation.:

The f]uor1ne K-shell electron energy loss spectrum of carbon

tetrafluoride is shown in Figure 53 and the energies and possible
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assignments of structures are given in Table 19. The optical absorption
spectrum has previously been obtained using Bremsstrahlung radiation26.

It consists of one broad absorption band located just below the K-edge and
several broad bands in the continuum region. Our spectrum shows a broad
band below the K-edge with a maximum located at 692.9 eV and a high energy
shoulder located at approximately 694 eV. The low energy side of the peak
is asymmetric and appears to have a contribution from unresolved structure.
The discrete structure observed in the K-shell photoabsorption spectrum26
was attributed to the promotion of a fluorine K-shell electron to anti-
bonding valence orbitals. We suggest that a Rydberg interpretation is more
Tikely. The-quantum defects derived from the locations of the peak maximum
and high energy shoulder are 0.57 and 0 respective1y (term values 2.3 and
1.2 eV), consistent with those expected for 3p and 3d Rydberg excitation.
The structure on the low energy side of the peak may be associated with 3s

Rydberg excitation. This interpretation is conéistent with that of the

carbon K-shell spectrum of methane (see Table 11) and the valence shell

spectra of the f]uoromethanes]36 (including CF4).
The Tocation of the fluorine K-edge indicated on our spectrum is
32

based on the X-ray PES value™ of 695.2 eV. The intensity of structure

just beyond the K-edge is approximately one-half that of the main discrete

26).

peak (see also the optical absorption spectrum This is in sharp contrast

to the low ratio of continuum to discrete structure observed in the carbon
K-shell spectrum of carbon tetrafluoride and the fluorine K-shell spectrum]6
of SF6. This suggests that if a potential barrier exists in the carbon

tetrafluoride molecule (see the carbon K-shell discussion) it probably has

little effect on the excitation of a fluorine K-shell electron.
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7.4. Carbon K-shell Energy Loss Spectrum of Acetone.

The ground electronic state of the acetone molecule has C2V symmetry

and the electron configuration:

(]a1)2 (Za])2 (3a])2 (1b2)2 (valence she11)24, ]A]

The 1a] and Za] molecular orbifa]s are formed from the 1s (K) atomic
orbitals of oxygen and the carbonyl carbon respectively. Similarly, the
3a] and 1b2 molecular orbita]s:represent linear combinations of the 1s (K)
atomic orbitals of the two methyl carbons. The electrons filling these
orbitals are designated K-shell electrons because they are localized on
their respective nuclei (nonbonding) and are mainly atomic in character.
The X-ray PES spectrum of acetone32 consists of two peaks in the region of
the carbon K-edge separated by 2.6 eV (intensity ratio 2:1). These peaks
represent the 1oni;ation of 3a1/1b2 and 2a1 electrons respectively, with
the methyl carbon associated with the Tower K-shell binding energy and the
larger intensity peak. On the basis of the X-ray PES spectrum, the 3a]
and 1b2 molecular orbitals are considered to be effectively degenerateJr
at our experimental resolution (~ 0.5 eV).

The valence shell electron energy loss spectrum of acetone has

160,161 and prominent features have been assigned to

recently been repdrted
Rydberg transitiong. On this basis we expect.Rydberg transitions to
dominate the K-shell spectrum.

The carbon K-shell energy loss spectrum 6f acetone is shown in

Figure 54 and the énergies and possible assignments of peaks are given in

¥ Theoretically a small energy difference is expected. A similar situation
occurs32 in the CF, molecule for the fluorine 1s (K) electrons. In this
case, the calculated32’1l4% energy splitting is very small (~ 0.001 eV).
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Table 20. The first discrete peak with a maximum at 286.8 eV is inter-
preted as arising from the promotion of a carbon K-shell electron (methyl),
3a]/1b2, to the 3sa] Rydberg orbital. The observed excitation energy and
the X-ray PES va]ue32 for the series limit implies a quantum defect of 1.2.
The magnitude of this quantum defect is consistent with that expected]30
for a 3s Rydberg state and similar to the quantum defect derived for the ns
Rydberg series in the valence shell spectrum of acetone (1.03, Reference 160
and 1.09, Reference 161). The first peak observed in our spectrum has a
FWHM of 1.0 eV compared with a FWHM of 0.6 eV for the peak associated with
elastically scattered electrons. This indicates the excitation of a
number of vibrational levels. It is unlikely that any of this broadening
is associated with an energy difference between the 3a] and ]b2 orbitals.
Peak two, with a maximum at 288.4 eV, may be associated with the excitation
of a carbon K-shell electron (methyl) to one or more components of the 3p
Rydberg orbital (a], b] and b2). The derived quantum defect is 0.8,
consistent with the quantum defect observed for the np Rydberg series in
the valence shell spectrum of acetone (0.81, Reference 160 and 0.76,
Reference 161). In addition, we expect the promotion of a 2a1 electron
(carbonyl carbon K-shell) to the 3sa; Rydberg orbital to contribute to the
intensity observed in this region of the spectrum. The derived quantum
defect of peak two with respect to the carbonyl carbon K-edge is 1.4. The
magnitude of this quantum defect is possible for a 3s Rydberg state.
Assignments of structure Tocated above the first peak in our spectrum
~are clearly speculative. However, peaks associated with the promotion of

a methyl carbon K-shell electron are expected to be approximately twice

as intense as those associated with the excitation of a carbonyl K-shell



TABLE 20

ABSOLUTE ENERGIES (eV), RELATIVE EMERGIES AND POSSIBLE ASSIGNMENTS OF PEAKS OBSERVED IN THE
CARBCN K-SHELL ENERGY LOSS SPECTRUM OF ACETONE.

POSSIBLE® DERIVED®
PEAK ENERGY AE ASSTGNMENT QUANTUM DEFECT
] 286.8 0 C, ~ 3sa 1.2
2 288.4 1.6 C; ~ 3p 0.8
C2 > 3sa] | 1.4
3 290.0 3.2
wEME(cQC 291.2 4.4 Cy > =
4 291.9 5.5 {cz > 4s 1.3
C, ~ 3d 0.32
K-EDGE (cz)C 293.8 7.0 Cp > =
5 ~n 296.4 ~ 9.6 SHAKE-UP
AND
6 v 301 N 14,2 SHAKE-OFF

a. C] = Carbon K (methyl), C2 = Carbon K (carbonyl)

b. Derived from the Rydberg formula, E = A-R/(n-é)2 where E is the observed excitation energy;
A, the ionization potential; R, the Rydberg constant; n, the principal quantum number and §,
the quantum defect.

c. X-ray PES values32,

-881L-



-189-

electron (cf. the X-ray PES spectrum of acetone32).

The Tocations of thé two carbon K-edges shown on our spectrum are
based on the expem‘menta132 carbon 1s binding energies determined by X-ray
PES. Peak 4, located between the two edges, may be associated with the
transition carbon K (carbonyl) - 4s (5§ = 1.3) and/or
carbon-K (carbonyl) - 3d (s = 0.32). 1In the valence shell spectrum of

160 ¢ 0.32 (0.28,

acetone, the 3d Rydberg series has a quantum defect
Reference 161). The broad structures observed above the K-edges (peaks 5
and 6) are attributed to the simultaneous transitions of a carbon 1s and

valence shell electrons (i.e. shake-up and shake-off processes).

7.5. Estimation of the Excitation and Tonization Energies of NH41_53Q

and H2F Radicals Using Core Analogies Applied to K-shell Electron Energy

Loss Spectra.

Nakamura_et a1.27

have interpreted the K-shell photoabsorption spectrum
of molecular nitrogen (obtained using synchrotron radiation) using a core
analogy model. The K-shell excited nitrogen molecule is expected to

resemble nitric oxide in two respects; i. the outer electronic config-
urations of K-shell excited nitrogen states and valence nitric oxide states
are identical, and, ii. the core potential (nuclei plus K-shells) in

both molecules is expected to be similar, since a hole in one of the K-shells
of nitrogen increases the effective core charge by one positive unit. Thus
the energy spacings of valence shell excited states of nitric oxide and
K—she]] excited states of nitrogen are found to be very similar. The

results presented in this thesis demonstrate that inner shell absorption

spectra can be more easily obtained using techniques of energy loss, electron
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impact spectroscopy at high (2.5 keV) impact energies. The K-shell energy
loss spectra of nitrogen and carbon monoxide (carbon-K) are almost ident-
ical (see Figures 9 and 13) as expected on the basis of the core'analogy
model (both K-shell excited molecules should "resemble" nitric oxide).
Furthermore, the oxygen K-shell spectrum of carbon monoxide (Figure 14)

is consistent with a "CF description" of the oxygen K-shell excited molecule.
Thus, satisfactory estimates of the excited state energiés and ionization
potential of the carbon monofluoride radical were obtained. However, in

the case of the linear triatomic molecules, nitrous oxide and carbon

dioxide (see Section 6.1.) there is poor agreement between the energy
spacings of the K-shell excited states and those expected on the basis of
the core analogy model (i.e. excitation of the terminal nitrogen K-shell
electron in N20 and the carbon K-shell electron in CO2 should produce
"N02-11ke" species). The breakdown of the model in these cases may be
partially associated with the large changes in molecular geometry which
occur as-a result of electronic excitation in these molecules. In favour-
able cases it should be possible to predict the excited state and ionization
energies of radical species using core analogies applied to inner shell
absorption spectra.

The core analogy model is expected to apply to the K-shell "hole"
states of the methane, ammonia and water molecules because they have one
"central" heavy nucleus which is expected to dominate the potential field.
This "atomic-Tike" structure is evident from the well-behaved Rydberg levels
observed in the K-shell spectrum of methane (see Table 11). Therefore, the
relative energies of the K-shell excited states of methane (with respect to

the lowest energy K-shell excited state);



-191-

(1ap)! (2a7)% (2t,) (3sa;)!, T,

| are expected to be similar to the relative energies of the excited states
of the ammonium radical, NH4, (with respect to the ground state:

(12))° (2a,)% (2t,)® (3s2))", %,

assuming tetrahedral symmetry) produced by the excitation of a 3s electron.
Similarly, the relative energies of the K-shell excited states of ammonia
and water are expected to be similar to those observed for states result-
ing from 3s electron promotion in the hydrogen oxide radical, H3O, and the
hypothetical fluoronium radical, HZF’ respectively.

The ammonium and hydrogen oxide radicals have been investigated both

experimentally and theoretically. Mass spectrometry has provided experi-

mental evidence suggesting that NH4]62 and H30]62’]63 could exist in the

gas phase. The formation of NH4 on solid surfaces has also been

164,165

claimed and H30 has been postulated as an intermediate in water

166,167 168

radiolysis experiments A recent report of the ESR spectra of

matrix-stabilized H3O and D3O radicals has been challenged on both experim-

169 170

ental and theoretical grounds Theoretically, the stability of gas

3 + H. and H20 + H.

respectively, has not been clearly established. The calculations of Gangi
171

phase NH4 and H3O with respect'to dissociation into NH

and Bader for H30 indicate a barrier of 6.6 Kcals/mole along the dis-

sociation path, suggesting the possibility of low temperature isolation.

172 i ndicate that NH, and H.0

4 3
are unstable with respect to dissociation, since potential minima were

However, the calculations by Lathan et al.

not found. Experimental evidence to support the existence of the H2F
radical has not been reported and theoretical ca]cu]ations]72 indicate

that the radical does not have a tightly bound structure. The fluoronium
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173 in a solid mixture and in solution

ion, H2F+, has recently been observed
by (Tow temperature) infrared spectroscopy.

Table 21 Tists the predicted excitation and ionization energies of
the NH4, H30 and H2F radicals using the core analogy model. Theoretical

174 for the ammonium radical have also been included. The theoretical

values
and core analogy values for the excited states of NH4 agree within experim-
ental accuracy. This is illustrated in Figure 55, where we have indicated
the relative energies of the calculated NH4 states on the carbon K-shell
electron energy loss spectrum of methane. The zero of the NH4 energy scale

corresponds to its ground electronic state. The position of the methane

K-edge indicated on the spectrdm is based on the experimental value deter-

mined by X-ray photoelectron spectroscopy32. Other calculations of the
ionization potential of NH4 give values of 3.92]72, 3.94]75’]76, 3.97]75
and 3.8 eV]62’]77, in good agreement with our predicted value of

3.7 £ 0.3 eV. The experimental value of 5.9 eV estimated by surface ion-

162

ization techniques is much larger than the predicted core analogy and

theoretical values. Excited state calculations for the H30 radica1]7]

give values of 4.4 and 5.2 eV for the two lowest excited states, which do

not agree witi: cur predicted values. The calculated ionization potentia1]7]

(using a Targer basis set) is 4.6 eV and is in better agreement with our

predicted value of 5.0 + 0.3 eV. Other calculated values for the ion-

172 171 175 175,178

ization potential of H30 give values of 5.8 ', 4.6 ", 4.4 "7, 4.2

]62. 162 of ~ 10.9 eV estimated .from the

and 3.9 eV The experimental value
appearance potential of H3O+ is appreciably larger than our predicted value.

Calculations for excited states of the fluoronium radical, H2F,'have not



TABLE 21

ESTIMATED ENERGY LEVELS (eV) OF THE HH,, H,0 AND HYPOTHETICAL H.F RADICALS.
EXCITED NH, Hy0 H,F
n _—
ORBITAL THIS WORK THEORY® THIS WORK  THIS WORK
AE (eV) AE (eV) AE- (eV) AE (eV)
GROUND
STATE 0 0 0 0
3p 1.0 1.3 {1.6 {1 9
2.9 3.1
3d/4s 2.2
4p 2.4 2.6 3.5 4.5
5p 2.8 4.0
- (IP) 3.7 3.8P 5.0° 5.74

a. Reference 174, the calculated jonization potential increased to 4.0 eV
with a larger basis set.

b. Other calculations of the ionization
3.94175,176 ' 3,97175  and 3.8 eVv162,1

c. Calculations of the ionization potential of H
4,475, 4.2175]178 3nd 3.9 eV162,

. A value of 8.57 eV has been calculated!’2

(=X

?gtentia] of'NH4 give values of 3.92172,

30 give values of 5.8172, 4,6171,

-€6lL-
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FIGURE 55. The carbon K-shell electron energy loss spectrum of methane
and calculated energy levels of the ammonium radical (NH4).
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been reported. The calculated jonization potentia1]72, 8.57 eV, is

larger ‘than our predicted value, 5.7 + 0.3 eV.
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CHAPTER EIGHT

CONCLUSION

The K-shell energy loss spectra for a variety of small molecules have
been studied using fast electron impact. The results demonstrate that high
impact energy, electron energy loss spectroscopy is a viable alternative
to the use of photoabsorption techniques for studying excitation processes
in the soft X-ray and X-ray regions.. In fact, there are some practical
advantages to the use of electron impact spectroscopy, and with only modest
energy selection of the incident beam, the resolution would be the same
magnitude as the natural Tine widths of these highly excited states.

It has been shown that the K-shell spectra of the diatomic molecules,
nitrogen and carbon monoxide, are consistent with the results expected on
the basis of a simple core analogy model. This model has been used to
estimate excitation and ionization energies for some exotic chemical species
from the relative energies observed in the K-shell energy loss spectra of
a number of molecules.

Finally, evidence for the possible existence of effective potential
barriers in the carbon disulfide, carbonyl sulfide and carbon tetrafluoride
molecules has been obtained. However, additional experiments (with higher
resolution) complimented by theoretical calculations are necessary in

order to substantiate these proposals.
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