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ABSTRACT

The KL2L3 (lDz) Auger, ls and 2p photoelectron energies
were measured for a serigf of phosphorus and sulphur com-
pounds and a comparison of the Auger and photoelectron shifts
was made. The potential'modcl, utilising charges from both
CNDO/2 and extendéd Hiickel Falculations, was used to attenmpt
to explain the shifts.
) On comparing the 1s and 2p photoelectron shifts a good
linear correlation was obtained witg the 1ls electron showing
the larger shift. This reflects the more core-like nature
of the ls electron as compared to the 2p electron. No such
correlation was obtained on comparison of the Auger electron
shifts with the photoelectron shifts. The Auger parameter,
w;en defined properly, related the Auger electron shift to
the phétoelectron shift in a convenient @ay. The variations
in shift could_be raé&onalisedwby consideration of the re--
laxation accompanying the lossvof the two electrons in the
final two hole state. It was found that relaxation depenééd
upon the ability of a group attached to the central atém«
to release electrons. Many factors can contribute to this
and reversals of the expected relaxation trends based upon
electronegativity arguments were noted.

The group shift concépt was also applied to the é#—

perimental data. Inherent in the group shift concept is the

assumption that shifts incurred by each group are indébendent

v



of each other. It was found that fhis assumption was only
valid within a very limited series of compounds at best.
The grouna, relaxation and transition potential models
were tested with the aid of two semi-empirical methods.
The CNDO/2 calculation gave reasonable correlation when
using fitted parameters though the parameters obtained did
not match the.expected theoretical trends too well. The
EWMO (Hiickel) calculation was found to partition charge
differently depending upon the number of lone pairs on the
central atom and hence the general applicability of this

method was severely limited.

,//f\
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Chapter 1. Introductjgn

A. General Introduction

In 1964, Hagstrom, Nordling and Siegbahnl demonstrated
that high resolution B-ray spectrometers could be used to
detefmine the binding energies of inner shell electrons in
elements of lpw atomic number and that the binding energy
of an inner shell electron from a particular element in
different chemical environhments could vary significantly.
Since then the field of photoelectron spectroscopy has been
shown to have many applications.2 Photoelectron spectroscopy
is in essence the application of the Einstein Photoelectric

Law:

EK = hv - I (1.1)

which relates the energy of the incident photon (hv) to
the ionisation potential (I) and the kinetic energy of the
ejected photoelectron (EK)' to chemical systems.

Following initial photoionisation the system can under-
go. secondary processes to achieve a lower energy state. An
electron from a higher energy level can fill the vacancy
releasing the excess energy either as:

(a) a photon (X-ray fluorescence) or
(b) an electron (the Auger process).
The Auger process3 is an internal rearrangement of

electrons with the ejection of one electron carrying the



excess encrgy. The enerqgy of the ejected electron depends
upon the energies of the levels involved. As is the case
with primary photoionisation the Auger electron energy can
also vary significantly with the chemical environment.
Understanding how these shifts arise and how they relate

to each other is of fundamental importance.

B. Description of the Various Processes

The various types of processcs which can occur are
illustrated in figure 1.1. Note that both X-ray (K, L, M,..)
and orbital (ls, 2s, 2p, 3s, 3p,..) notation for the electron
energy levels are used in the figure to demonstrate the
relationship.

(i) Photoionisation .

When the initial state of a molecule or atom is bom-
barded with photons of a characteristic energy, hv, a
transition occurs in which the final state is an ion plus

a free electron. Conservation of energy requires that

K

is the energy of formation of the ion. This is the ionisation

where E_ is the kinetic energy of the free electron and Ei

energy for removal of an electron from the molecule. The
ion is several thousand times heavier than the electron and

conservation of momentum dictates that for all practical
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Figurc 1.1 Processes involved in electron spectroscopy.
A. Initial state, e.g. Ne.
B. Photo ionisation.
C. "Shake-up" - "Shake-off" produces satellite structures.

D. Core vacancy, produced by any means allows E and F.

E. X-ray fluorescence, core vacancy filled by an electron
from a higher level and a photon of energy released.

F. Auger process, core vacancy filled by an electron from a

higher level and a secondary electron is released.



purposes the free electron takes up all the kinetic energy.
The ionisation energy can be equated to the difference

in the total energy of the ion state and that of the ground

state of the molecule or atom: c
s _ S . _
EI = Ef (N-1) EO(N) (1.2)
where EIS = jonisation energy of electron s
EO(N) = total energy df the ground state (the initial

state of the system)
Efs(N~l) = total energy of the ion which 1s formed when
electron s is removed.
Rigorous calculation of the appropriate total energies
yields the io;isation energy.
Quantum mechanically the probability of a transition
from the initial ground state (¥") to the final state (Y' -

ion + free electron) is given by the square of the trans-

ition moment integral4
M=<v¥" [ Zp | ¥v'" > (1.3)

where p is the dipole moment operator. Application of the
Born-Oppenheimer approximation separates the wave functions
into a product of electronic and nuclear functions.

Equation 1.3 then becomes
*" : 1 f*ll o [}
M _ﬁv (R) ¥ '(R) dR. [¥_ "(r;R) l)i: pelx’e (r;R)dr (1.4)

The nuclear function has been further split into rotational



and vibrational parts and since, in the majority of cases

rotational structure cannot be resolved, the former is

ignored.

For a photoele -tron transition to be allowed the
integrals in equation 1.4 must be non-zero. The final
state includes a free electron as well as the ion and hence
there is always a non—zeré value for equation 1.4. As a
consequence all one-electron transitions are allowed.

In the past photoelectron spectroscopy has been divided
(somewhat artificially) into two sections depending on the
photon source being used. One major branch is Photoelectron
Spectroscopy (PES) or Ultraviolet Photoelectron Spectroscopy
(UPS). 1In this case ultraviolet radiation provides the
photon source and hence this spectroscopy only deals with
the valence region: The other major branch is Electron
Spectroscopy for *Chemical Analysis (ESCA) or X-ray Photo-
electron Spectroscopy (XPS). The photon source in this case
is an X-ray. Depending on the X~ray being used and the
Tolecule being studied, the deeper core levels of the atom
can be probed as well as the valence shell levels. In
this thesis only thevtechniques appropriate to XPs will
be discussed.5

Because the core electrons do not take part in bonding,
it was originally thought that they would be of little

practical interest to the chemist. It is now known that

the core electron binding energ& values are affected by the



valence electron distribution and yield chemical information
upon core level ionisation. The interaélion of the core
electron with the valence shell gives r;se to a potential
energy contribution to the total ground state energy of the
molecule. Electron withdrawing substituents would reduce
this contribution® whereas electron donating groups would
increase the contribution and hence the chemical shift from
a suitable reference gives an indication of the chemical

v

environment.

(ii) "Shake~up and Shake-off"

In addition to the major peak, the photoelectron spectra
of the core-levels can also exhibit many satellite struc-
tures. Energy-loss peaks occur on the low kinetic energy
side of the main peak. They arise when the ejected electron N
collides with molecules in the chamber thereby losing some
kinetic energy. The latter cdntributions are pressure
dependent and are not part of the photoionisation process.

Upon photoionisation an excited ion state may be
formed in which the photoelectron has been emitted along
with the simultaneous excitation of an ocuter electron
either to an excited bound state or to the continuum. The
former is termed "shake-up" while the latter is termed
"shake~off"., Upon ionisation the‘resultant ion can be in

one ofaﬁ number of states with the ionisation energy of the

photoelectron being given by a modified form of equation (1.2)



8,k

8,k ‘_ ~ .
I = Ef (q—l) EO(N) (1.5} i

When k = 0-the ion is in its ground state and this gives
.
rise to the major peak. The satellite lines are defined by

k = 1, 2, etec. and since they denote excited ion states the
satellites will appear on the low kinetic energy side of
the major peak.

Photoionisation follows dipole selection rules (see
:quation 1.3), that is AL = 1 and AS = 0, thus the allowed
excited ion states must have the same symmetry as the ioﬁ.
in its ground state.

ellites also appear in the spectrum due to the
fact that the photon sourceg is not monochromatic. The
principal satellites are observed on the high kinetic
enefgx,side of the main peaki. By knowing the "diagram

lines" of the characteristic X-ray these satellites can

be easily identified and removed mathematically.

(iii) X-ray Fluorescence and the Auger Praocess
S % : °

Following creation of the core—holé state of the ion,
secondary processes can occur to allow the system to achieve
a lower energy sta£e. The two major decay modes are X-ray
fluorescence and the Auger process. In the case of X-ray }
fluorescence the exeess energy is released-in the form of |
a photon whereas in the Auger process the excess energy

is given ‘to”an emitted electron.



For the lighter elements the Auger process dominates.6
The respective yields for K-shell fluorescence and Auger

yields are given by

) P
Yk T pf+1£A and ay = pf+gA (1.6)
Wy = K~-shell fluorescence yield
ayg = Auger yield
Pf = ﬁransition probability for X-ray Fluorescence
PA = transition probability for the Auger process.
For P(2 = 15) w, = 0.061 and a_ = 0.939. Since X-ray

K K
fluorescence is not the most important decay mode for light

€lements and is not directly measurable with our equipment
it will only be discussed briefly to illustrate the dif-
ferences between it and the Auger process. |

The selection rules governing X-ray transitions are

given by

0, t1 with j = 0 +}> j = 0 - (1.7)

>
e
"
I+
[
-
>
s
il

Thus in transitions from the L shell to a K-hole the L, (K ,)

and L i) transitions are allowed whereas thkat from

3(Ka
}Ll shel;\is forbidden.

The X-ray line emitted éorrespénds to the energy dif-
. ference between the two levels involved in the X-ray —
transition, and to the first approximation the shifts

/.
for the core levels_of‘a molecule are very similar.7 Thus
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shifts in the X—rayiline in a series of molecules should

be very similar. This limits the use of X-ray emission for
the study of the chemical environment however, as will be
seen later, there is a measurable differencé in core
electron chemical shifts between the 1ls and 2p leveuls

8

(1.3 eV for PF_. compared to PH3).

5
The energy of the Auger electron is given by the
difference beﬁween the total energy of the initial hole

state and that of the two hole state:
Eau (X¥2) = Byt () ~ Byt (yg) (1.8)

EAU(XYZ) is the kinetic energy of the emitted XYZ Auger
electron, EM+(X) is the total energy of the initial hole
state, a singly ionised species with a hole in level X,

E 'is the total energy of the final two-hole ctate,

Mt (vz)
a doubly ionised species with holes in Levels Y and 2.
Thus in figure 1F the emitted Auger electron would be
designated KL1L3. The nomenclature follows the j-j
coupling scheme which will be described later.

The Auger energy can also be expressed in terms of

the binding energies of the levels involved:9

»EAU(XYZ) = EB(X) - EB(Y) - EB(Z) - R (1.9{

R includes terms which further reduce the Auger energy due

to differences in orbital energy values once an electron

is removed. This form allows the Auger energy to be put in



terms of measurable quantities and provides a basis upon
which semi-empirical methods of calculation can be applied.
The’ indistinguishability of electrons does not permit
distinction of whether electron Y or 7 is emitted as the
Auger electron.

Unlike X-ray fluorescence, the Auger process can

involve the Ll shell. The selection rules are:lo

AL = AS = AJ = 0 , parity unchanged

and the transition probability ‘is given by:

2
_ 2 e ; 2
P = 4= |<¢f(rl) Yf(rz)lT;Esin[¢i(rl) Yi(rz) >| (1.10)

The Auger transi£ion arises from a coulombic rearfangement
due to the interaction of the two electrons involved.10
¢i and wi are the single electron wavefunctions describing
the initial hole state and $¢ and ?f are the wavefunctions
describing the final state, which includes the continuum
eleétron. The wavefunctions must be correctly anti-sym-
metrised. The4continUum eléqtron can be treated as a plane
wave and hence its orbital angular momentum is unrestricted
thus allowing many transitions.

| The second row (Si-Ar) KLLcAuger spectra provides a
suitable system for the study qf Auger eledtrop chemical
shifts. Figure 1.2 shows the Augei KLL spectra of Ar, PH3

and PF3. The spectra are atomic in nature and show very

similar features. Auger spectra which involve the valence-

o
e O

10



3
initial hole state was created with the Ti Ka X-ray

Figure 1.2 KLL Auger spectra of Ar, PH, and PF,. The

(4510.84 eV). The major peaks on the Argon spectrum are
labelled in both the j-j and L-S coupling schemes. The
'1' denotes satellites thought to be associated with M

electron "shake-off".
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shell, the KLL Auger spectra 6f the first row for example,11

are more complex because the L shell atomic orbitals in-
volved are now shared with other atoms. Hence KLL Auger
spectra of these elements are unsuitable for the study of
chemical shift, however, complimentary information to UPS
can be derived therefrom. |

The number of lines in the low Z region of the periodic
table can be described by L-S coupling. In this case the
spin angular momenta, s; of each of the electrons involved
couple to give the total spin orbital momentum, S, of the
system and similarly the orbital angular momenta, £, of
each electron couple separately to give t?e total orbital
angular momentum)I” of the system. The total spin and
orbital momenté couple to give the total angular momentum,
J, of the system. The resultagt state is designated as

ZSflL where 2S+1 is called the multiplicity, J is the

J
total angular momentum and L, the angular momentum is
designated by the letters S, P, D; F, etc., for I=0, 1, 2, 3
respectively. Six final statés are possible and these are
shbwn in table 1.1.

The KLI. Auger spectrum shows only five major lines
in the low Z region since the 3P state from the 2522p4

configuration is forbidden because parity-is not conserved.

The initial K-hole state.(lsl/z) in the KLL Auger process

has even parity. The final state consists of a doubly-

ionised core hole, which in this case is the 2s22p (3p)

13



CONFIGURATION

2802p6

2s12p°
2822p4

TABLE 1.1
STATES
180-
3Po,1,z’ ‘e
lDz’ ’ 0,1,2°

14
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configuration having even parity and an emitted electron.
The electron, a continuum wave, must be in ;he P state
. (i.e. of angular momentum L = 1) in order to dghcerve the
total angular momentum of the system. Hence the final
state of the total system will have odd parity thereby
making the 3P state forbidden.

In the high Z region j-j coupling dominates. 1In
this scheme the s and £ momenta of each electron couple
to form a total angular momentum, j, for each electron.
Thus each electron is described by a definite j value which
must be specified before electron-electron coupling is
invoked. This gives the 231/2(Ll)' 2p1/2(L2) and 2p3/2(L3)
electrons,'and along with the initial hole state, lSl/z(K),
gives rise to six possible Auger lines, namely; KLlLl’
KLle, KLZLZ' KL1L3, KL2L3 and KL3L3.

By following the total J values, the j-j coupling
scheme can be correlatediwith the L-S scheme. This is

10 '

illustrated in figure 1.3. In the intermediate coupling

scheme nine PAuger lines are now possible. The 3P0 and

3P2 lines of éhe 2522p4 configuration are able to mix with

theé.ls0 and 1D2 lines of the same configuration res-

pectively via the same J quantum number and parity is no
longer violated. The 3P1 state of the 2522p4 configuration

2, 4

is still forbidden since there is no state of 2s 2p

configuration with the same J quantum number for it to mix

with.
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Figure 1.3 KLL line positions as a function of atomic

number. . (Reproduced with permission from Reference 10.)

16



The major lines are marked on the Ar spectrum (Figure
1.2) using both coupling schemes. 1In this region of 2z,
the L-S coupling still dominates and only the five major
lines are observed. Other peaks are also présent, the
majdrity of these peaks arise from the emission of an Auger
electron associated with a more highly excited initial K
hole state. Thus Auger electrons emitted by such'excited
states will have a lower kinetic energy.

The excited initial K-hole state can be produced by
"shake-up" or "shaké—off" accompanying the initial éhqto—
ionisation. For the second-row elements the probability
of outef shell excitation accompanying KAionisation is,

approximately 4% from the L shell and 20% from the M

shell.lzg Peaks associated with concomitant M shell ex-

citation should appear on the low kinetic energy side of
TN

each peak and should possess similar relative energies and

intensities as the major Auger lines,l3’14

since the M'
shell electrons are not involved in the KLL Auger brocess
and should.not interact strongly with the L shell electrons.
The lines marked 'l' in Figure LQ'arefhought to be satellite
lines which are associated with M electron "shake~off" and
can therefore be designated as KM-LLM lines. It can’be

seen that they‘are'equidistant from their respective groqnd
state Auger peaks. Comparing the spectra of PH3 and PF3
reveals that the energies of these features are chemicqlly

12,14

dependent. Peaks arising from states in which the L

17
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»

shell is excited are less intense than those in which the
M shell is excited. These satellites should be irregular
both in position and intensity since the excited elec¢tron
arises from the same shell as that partaking in the Auger
process, and strong interactions would be expected.14 Ex=-
citation of a bound electron upon ejection of the Auger
electron can also contribute to the satellite structure.
This is known as the double-Auger process and should be
difficult to see because the energy is divided between two

electrons‘lz

Excitation of the Auger spectrum can be ef;ectéd/byr
different means; the only essential feature\i; the creation
of an ion with an inner shell hole. X~ray excitation used
herein generally vields a simpler specérum because production
of highly excited ions is limited. Electron beam excitation

frequently produces highly excited hole-state ions, hence

satellite features are frequently more prominent.

C. Models for Chemical shift

It is not feasible or praétical to calculate initial
and final state energies for all molecules studied in order
to describe the chemical shift in both photoelectron or
Auger spectroscopy. Simple models can greatly extend the
utility of the data obtained and we discuss here the basis

for the models and the concepts involved.
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(i) Koopman's Theorem versus AESCF' The Concept of Relaxation

The binding (or ionisation) energy is properly defined
by the difference in the total energy of the ground state
and that of the final state (equation 1.2).‘ The total
energy of the ground state can be obtained by use of a full
self consistent field calculation within the Hartree-Fock scheme,
as can that of the final state with the appropriate core
hole. The difference in the total energies will give the
binding energy of the elgctron. This is known as the AESCF

16 The method can prove expensive and within itself

method.
be subject to various levels of approximation and sophis-
tication such as the extent and type of basis set and the
inclusion of configuration interaction. -

The most drastic simplification that can be made to the
scheme is to use the same wave functions for the péssive
orbitals in the ionised state as in the ground-state. This
is the ffrozen orbital approximation".

The Hamiltonian, in the Hartree-Fock scheme, for an

N-electron system with spin-orbitals Yi which are solutions

of the Hartree-Fock equation ﬁ@i = ei?i is given by

N ‘
H=h+ I (J.-K.) (1.11)
3=1 J 3
i 1 2 zu
where h is the one-electron operator (-EV -z F_—) and Jj
a

la

15
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xj are the coulomb and exchange operators.

The total energy for the N-electron system is

E(N) =

#

Qhere J, .
ij

s i

|
1]

and for the

L <y |h|y > +
=1 14

N N
<Yil r
j=1

1

5 I (J.-K.) |¥.>
2 i=1 ;o3

¢

N
I
i=1 j=1

(Jij'xij) (1.12)

<¥. (1) wj(z)ll/rlzlvi(l) ¥,(2)>

<¥; (1) vj(z)ll/rlzlvj(l) ¥;(2)>

N-1 system, with electron % missing

N 1 N
E(N-1,2) = I h, + 5 Iz (J..-K..) (1.13)
it * ig#e t
The difference is simply
1 ¥ )
E(N) - E(N-1,8) = h, + 5 (1.14)

L (J,.-K,.
: (3y47Kg3)

but this is simply the eigenvalue . for electron .l(el) in

the original Hartree-Fock equation

E(N) - E(N-1,2) =€ (1.15)

2

15/17 Ghich states

N

that the binding energy is taken to be the negétive of them

This result is known as X~opman's theorem

eigenvalue of the Hartree-Fock equation. Only one calculétion

is required.
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The majgr flaw in the Koopman's Theorem approach is
that it is a frozen orbital approach and takes no account
of electronic reorganisation which accompanies photoion-
isation. This would not be a problem if reorganisation 
energies were constant for each elemexg, however it is
apparent that the contributions vary significantly with
structure and valence. A method of correcting the Koopman's
Theorem value to the full ab initio AESCF standard would
provide a cost and time advantage, avoid problems that can
possibly occur with hole-state calculations16 as well as
providing a deeper conceptual undersatanding of the nature of
the processes involved. Such an approach was described by

Hedin and Johannson.18

The Hamiltonian for the ground state was written as:
H=h+1IV =h+V (1.16)
. k
h is the one-electron operator, Vk = bk“Kk' the two-electron
coulomb and exchange operators from orbital k. For the

hole state the Hamiltonian was written as: .

AR

B =h+v (1.17)

“

® - . .
where V = V—Vk + Vp, the * indicating a hole state. The
poteﬁtial describing the hole state is theV%riginal potential
minus that due to the removed electyon from orbital k élus

a polarisation potential due to the polarisation
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of the-orbitals upon removal of electron 1.

&
V.= I (V
P k#e

*

K Vk) (1.18)
This is the sum of the differences in the potential of the

passive orbitals before and after ionisation.

Hedin and Johannson18 showed that

E, = e, + 2 <p|v [2> + £ 1 <si|n -H-6e.]6i> (1.19)
2 p 2 : ' i :

% L i

the § signifying the difference between the initial and
final values. Expression (1.19) is exact, no approximations

have been made. The final term on the right-hand is small

o

compared.tb the polarisatich (or relaxation) term and so

the relaxed orbital enefé& becomes
" /

’ h\_; = : _]:
e . Ep =g, 4 2‘§g[vp]z> (1.20)

This‘ggéult provides a good basis for further studies,

models. y

(ii) Correlation of Potential with Binding-Energy Shifts

.

Basch19 and Schwartzzo'showed, almost simultaneously,
that the change in orbital energy parallsled the change in
potential at the nucleus on which the core orbital resided.

Thedp0tential at ﬁhcleus A arising from doubly-occupied



6.

- o

orbitals k and other nuclei, ZB' is given by

o, = =2 <k|1l/r, . |k> + T 2Z_/R (1.21)
A X 1A BA B’ "AB
i

In the Hartree-Fock-SCF theory the orbital energy is given

by

_ 1.2
- €y = <k|—§Vl|k> + <k|g - ZB/rlB|k> +

(1.22)

-

r (27 -K_ ) +J
= 2k kg kg kk

This is the same as equation (1.14) except that the sum-
' ¢nations are performed over doubly-occupied orbitals.
Basch collapsed orbital k onto nucleus A for all
terms except those givihg zefo or indeterminate results.

Thus <k]h%Vi|k>, Jkk and 2§; Kkl were kept,

, .<k[X-Z /ryolk> = <k|-z2,/r , |k> ¥ <k| £ -2_/r,_|k>
'p B/1B A‘ 1A \ pa B 1B

<k[—ZA/rlAlk> + I-Zp/Ryp

(rlB = AR’ the internuclear Q1stance since electron 1 is

centered on A.) ' ' .

I 2J3,, =2 <k(2) L(1)]1/r ,]k(2) 2(1)>
%7K Lk L7k 1A “

21 <k|k><2]l/r 2> =21 <2{1/r  [2>
Te#Kk fTia gk o 1A

A}

23



Hence equation (1.22) became

1 2 : '
L - - — -
€ vV t <k| 5V1|k> + <k| ZA/rlAlk> + Ik sz K g fl.23)

where V., = 2 ¢ <%|1/r,, [% + ¢ -2 /R,
A 27k 1A Bsn B AB

. +
and finally € v AVA ,

on the assumption that the change in the other terms in
equation (1.23) can be taken to be negligible. Calcula-
tions19 have indicated that this assumption is valid.

-

Comparison of VA with & (equation 1;21) shows it to
be basically ah "exte;nal potential”™, with AVA being the
difference in potential "felt" by the atom.

Schwartzz0 analysed the systeﬁ in a slightly dif-
ferent manner. The 1ls orbitai was separated'from the
others which had previously been transformed to localised
molecular orbitals, L. The interaction of the ls orbital
with,orbitals L in the th electron iptegrals was further

split into a local contribution, Li (molecular orbitals

connected to atom A) and a distant contri’,bution,“Lj (those

not connected to atom A). Equation 1.22 became
€. = <ls|—lV2—z /T .|1s> + J - I <1s|2. /. _|1s> +
1s 2°'1 "A""1A 1sls B’ 1B
B#A
X (ZJlsi_Klsi) + I (ZJlsj-Klsj) (1.24)

j=dist

24
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This form allows the following aﬁproximations to be made.
The 1s orbital is highly localised (becoming essentially

a delta function) and so the distant exchange integrals

(K, _.) should be approximately. zero. Furthermore, the

1sj
.distant coulomb integrals should have the same order as the

electron-~nuclear attraction intégral of the distant Lj for

nucleus A and the attraction of the 1ls density to other

nuclei can be approximated by a point charge:

<ls|ZB/rlBlls> = zB/gAB "

Finally, the localised internal energy of 1ls

_int_ 1,2
e1g - <1sl391 - Zp/rpplls> + I

should be insensitive to environment, leaving

int . - : 7 .

ext 1s 1ls
_ e
= -2 L <L J1/r,, |L.> + I 2 /R, -
j=dist Jf\ 1A J. B#A B’ "AB
z (2JlSl - Klsi) (1.25)

i=loc

comparing this with ¢ext

®oxt =% T %t

-2 L <L.|l/rlA|Lj> + Bﬁ Zp/Rpp =

j=dist I



—

2@ <L,|1/x . |L.>, (1.26)
i=loc 1 ;A 1 ’

Thé final expressions on the right-hand side of equations

(1.25) and (1.26) are not identical to each other but should

be similar and their changes with the environment shdu;d

" be very nearly the same, thus:

A(—els) = Am’ext)

n

and by application of Koopman's Theorem

AEB = A(® )

ext

Furthermore, the core orbitals at the other nuclei .are

very localised and screen their respective nuclei and so

only the valence orbitals need be considered: . -
AEB = A(¢val) < (1.27)
h o 2z L|1/x, . |2 z z*/R | ith Z. bei
where = - < r > + wi eing
val —val 1A B#A B’ "AB B

the effective reduced nuclear charge. This result allows

Ao .
semi-empirical models utilising such methods as the' CNDO
formalisation21 to be used.

The potential model can also be expressed in the

- following manner for an N-electron system

.
Eg = K} gy + vy + 2 (1.28)

¢

this expression, which will be termed the "atom-charge

26
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model”, was origipally based upon purely electrostatic
considerations. It can also be shown to follow directly

from the Hartree-Fock orbital energy22 using arguments

analogous to those of Schwartz and Basch.lg’20
N
qp = charge on atom A
W g q../R ; d, = charge on atom B
A B#A B’ "AB B ' ~
R = internuclear distance between atoms

AB
A and B

a Thusbvi is the potential on atom A due to the charges at all

other atoms.

3

k; = <ij|l/rij|ij>; j = valence electron.

This is”the coulomb repulsion integral between the core and
the valence electron.
The value & is simply a constant depending on the
’\\\fsig;ence level. |
r“* By invoking the point—charge approximation the|{atom
charge model reduces to the potential model of Schw:}tz or

Basch. 1In this case : ‘ ’ .

k.

g = <3/ ls> = z/n

The nuclear attraction integral of the valence o§bita1 at

A for nucleus A, which in turn c?n be equated to the Slater
. | [

orbital exponent for the valence shell ({) divided by the

principal quantum number (n) of that shell provided Slater

{

.

- '\,

27



type orbitals are used. Both the calculated integral23a

and the Slater exponent24 have been employed in the
evaluétion of this model.
The value for ki can also be determined empiriqally
by a least-squares fit on experimental data in conjunction
with the charges and potentials obtained from the semi-
empirical calculation. A separate ki can thus be obtained
fof;éach core-level. |
The above models have assumed the validity of Koopman's
Theorem. This is satisfactory for predicting shifts in
carefully selected series of compounds‘&here the relaxation
is similar. This model is known as the Ground Potential
Model (GPM). Further improvement would allow for variation
in relaxation and is known as the Relaxation Potentiél
Model (RPM) .23 |

The relaxation potential model follows directly from

equation (1.20).18 Re-expanding this equation:'

. ‘ 1 *
E, = <L|h+V|2> + 3<2| £ (V, -V, )[2>
L | 2 k3L k 'k
1 1, re*
= §<£lh+vll> + §<£]H +_V2|1>

1
Fleg

* .
+’€2’) J‘ (1029)

’ *
since by definition <£|V2|l> = <1£|1/r12|2£>==0; €, is the

hole state orbital energy. The result coﬂfirms an empirical

rule proposed by_Liberman.25

energies to changes in potential leads to
. 4

Equating the change in orbital

28
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E

1 " ’
. g =5(Vy + V) = -E (1.30)

B

-where EB is the shift in the binding ;nergy 6f the core-
electron. One further approximation must be made if semi-
Aempirical épproaches are to be used. To calculate V;
the concept of equivalent cores must be invoked. The idea
was originally applied to the estimation>of binding energy
shifts‘by qolly26 using thermochemical data.: However:the
concepf had been well established for analogous systems.27
The 1ls electrons effectively shield the other electrons
from one unit of nuclear charge. In the (1ls) hole state
the valence electrons belonging t%‘a nucleus of charge Q
afe subjected to (Q-1) units of charge. This behaviour can
be mimicked by replacing the parameters of the iqnised
atom by those of the atom with one additional un%} of
atomic charge, ie 2+l1. Increasing the net molecular chargé
by one unit equates the nuyPer of electrons in the two
species and preserves the ciosed shell struéture. Tﬁus
;he M(Z)Xn core hole ion is approximated by the M(Z+l)xn+
ion. The éame number of valence electronsiin the ion are
subjected to a nﬁcleus of total charge (Q+1) shieldea by
two 1s electrons and hence.are under the .influence of (Q-1)
units of charge as in the case of the ion with a (ls) hole.
The assumptions made in the equivalent-core approximation
are on the same level as those ieading to the potential
23c

model (compare-equatizn 1.27) and so equation 1.30

Q



finally becomes

_ 1
AEB = 3 (AVA(Z) + AVA(Z+1)) (1.31)

(iii) Models Involving Transition Operator Formalism

The RPM requires that two calculations be performed.

‘ The Transition Potential Model (TPM)28 has been suggested

as a method of avoiding the need for two calculatlons.

The TPM follows from the Transition Operator Method (TOM)

and before discussing the specific application. it is nec-

" essary to consider some of the formalism behind TOM.

. ©
TOM maintains the one-electron picture at AEgqp ¢

curacy by optimising the mean energy of the initial and
final states with respectlto a set of common spin orbitals.
The shift in binding energy is obtained from the eigenvalue
of the ionised spin orbital &i) using the transition Fock

operdtor which is defined as ~ {

Fi(1) =hy + I sT@5t@s + L@l iT@> w2
j#i :
’ *
(where <a(2)||a(2)> q(1) = fa (2) 1/ry, (1-Py;) a(2) g(1) dv,)
and associated with the following eigenvalue problem
PT(1) q"(1) = €] a" Q) o Q.33)
. ~ - 1 .

The coulomb-exchange term associated with the i-th spin f
orbital is multiplied by occupation number % to simulate

the mean initial and final state.

30
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Second-order perturbation analysis has shown that the

"transition" eigenvalue differs from the Koopman's Theorem

value in the same way as does the AESCF ionisation energy:29

}
SAE. . (i) = eT = e+ 3 |<ji]|ai>1?/ (e -e.) (1.34)
SCF i it.e b a j )

J,a
where a is a virtual orbital. Further analysis has led to
a variational argument to justify F' and it has also been
shown that the "transition" eigenvalue is equal to the

AE energy through to third-order in perturbation

30

SCF

analysis.
With the justification of TOM it is now convenient -to
extend the transition concept to the potential model. The

ioniséd atom in the molecule of interest is replaced by a

*
‘pseudo-atom of effective charge, ZA = ZA + %. The para-

meters used for this atom in semi-empirical~calculations
are interpolated between those apprepriate to the ZA and
Z, * 1 values. Put in the fgim of the atom charge model
(equetion 1.28), the TPM can be expressed as

AE. = k a, + VAN'N_l + 2 . (1.35)

The superscript (N,N-1) denotes (transition) values as-

sociated with a system of going from N to N-1 electrons.

Comparison of the TPM with the GPM should yield an estimate

of the relaxation energy.
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(iv) Extension of Potential Models to Auger Spectroscopy

The Auger KLL' electron kinetic energy is given by the
difference in the total energy of the initial state, a
species with a K-shell hole, and the total energy of the

final state which contains 2 IL shell holes.

) = g (N-2) (N-2)
Ej(KLL') = Eg - Eqi (1.36)

In terms of the binding energies of the levels involved,

the Auger process can be expressed as:
' — — - Tt
E, (KLL') = Eg (K) Eg (L) Eq (L") (1.37)

The bar indicates thaﬁ electron L' arises from a hdie‘state.
Equation 1.37 is equivalent go equation 1.9.

Both Liberman and transition operator approaches can
be applied to these equations. Adams31 applied the Libexrman
expression to the Auger process for some chlorine containing

species. Equation 1.36 was modified to become a "two-~step"

process.
| _ ,.N-1 _N N-1 _N
Ep (KLL') = (B, © - Eo)_- (E LV - E)
=— - ]
= Eg(K) - E_(LL') . (1.38)

EB(LL') can be called a "two electron binding energy".

Applying the Liberman expression to~equation (1'38)\gi25i¢/’

By = —zle ™ + T + Lre ¥+ s)™? 4

-



%[E(L')N + )N (1.39)

and to equation 1.37 ("three-step" process)

1

By = ~zle @Y + TN+ e @V + TN 4

2 (1.40)

slewnH™ 4 g
Both of these expressions were tested against AESCF cal~
culations and it was found that the three-step process gave
the better result. Adams3l applied the "potential at the
nucleus” approximation, “he equivalent core approximation
and made the further (dubious) approximation (which is
inherent in the "potential at the nucleus" approach) that

core-level shifts were the same, obtained the following RPM

expressions:

o |
AEA = 7[AVN(Z) ‘,AVN(Z+1) + 2AVN(Z+2)] (1.41)

for the two-step process and

. 1 :
AE, = 7[AVN(Z+1) + AVN(Z+2)] (1.42)

A

for the three;step,process. Equation 1.42 is also the
negative of the RPM expression forrthe binding-energy shift
of a éore-eléﬁtron leaviné an ion with a_single-core hole.
Thus by utilizing équation 1.37 the Auger energy shift can

be written as

A L+K ) [, -
AE, = AEy o + FIAV(Z+1) + AV(2+2)] (1.43)
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where AER = AEj(K) - AEg(L)

The 1s level and 2p level interact differently with
the valence shell due to £heir different proximities. This
manifests itself in a larger shift for the ls electron than
for the 2p.8 ‘The "potential at the nucleus" model should
reflect the 1ls shift bettersthan the 2p, however the
potential part of equation 1.43 refers to an electron from
the 2p shell. A measure of the interaction of the core-
levels with the valence shell can be made by comparing the
two-electron electrostatic integrals F°(18,3p) and Fo(Zp,3p)

obtainable from Mann's tables32 and this can be used to

modify equation 1.43. As will be seen later AE, . =
(constant) x AE2p to a very good degree and so equatjon
1.43 should still reflect the trend of the Auger éﬁl‘t even
if the potential'bart is not modified, though the slope may
not be unity. |

The transition operator gave the following, result for

a

the two-step process

[ ] - -
BE, (KLL ) = -a (NN - 2eN/N7Z (1.44)
and for the three-step process24 .
T4y L apl*K _ , N-1,N-2
AE, (KLL') = ABy . . - B¢ (1.45)

Application of the "atom-charge model" to equation 1.35 gave

«



L+K

- - CN-I'N_Z
X-raf :

---E_A + AE A

_ ku-l,N—quN—l,N-2VAN“1rN‘2 + 2 (1.46)

The charges and potentials are calculated using a pseudo
atom with nuclear charge Z + % in place of the original Z

atom. The parameters being obtained from'iqterpolation be-
A iy
tween those associated with the Z+1 atom and those with the

N

Z+2 atom.

The three-step model is the easiest to handle and with

the findings of Adams represents the more obvious application

of the potential model. The meaning of eN/N-2

within. the
TPM formalism, as would be required in the two-step @odel,
leads to possible ambiguities with the equivalent core
expression for the singly-ionised state (e¥"1) in that the

same parameters for the central atom are being used but

two different states are being described. It was noted>3
that

N'N-l - l N N-l

€ = slegy + €5 )

when full calculations are used to determin€ the orbital
energies. The ambiqpities arise when the potentiai model

is applied. These can be removed by imposing thevfollowing

relationshipé33 °

PRIL R VL.

2 )
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where o represehts the'true'gbtential. By assuming a sim-
ilar linearity for the charges, q, potentials, V, and K,

namely

N-1. -~ N-1 1, N,N-1

N ) X =

N—l ,N-Z
X

+

= =( +:x )

S 2

expressions were obtained for the "correct” equivalent core

potentia133'(&)&

¥ o WV o 20N o e
' B (1.47)
o N,N""l o N [}
where Q = ¢ -q . .

The Auger parameter, a, was originally defined by

“Wagner3‘ as

r | ' | . | l

a = (AEA + AEB) = ZAREA

with AQB being a core-binding energy shift and AREA the

difference in extra atomic relaxation of the initial photo-

ionisation. Application of equation (1.47) led to33

P
“

B (E, (KLL') + EB(t')) = 2arRV'N"1  6aq

\ )
aRNNT A(&'sN -.&N'N-1£;>the molecular relaxation energy.

iThis,expxession relates the shifts to the ground sta d
. -

transition potential of the initial ionisatiop. The charge

36



flow term (6AQ) takes account of the differing initial
states in Fhe loss of the first electron to that of the
second. The replacement of two-electron term by terms
associated with the initial photoionisation removes the
ambiguities however it is necessary to infer that the

relaxation of the second step follows from the first.

37
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In the orlglnal analy51s it was assumed that

AEL K was close to zero. This assumption can lead to

X-ray
substantial errors. The ambiguity can be avoided by using

~N-1,N-2

the three-step process in which & is used in con-

IL+K

junction with AEx—ray'

" A more accurate expression can be derived for the

Auger parameter.

AE, (KLL) + AE (AE,-AE -AE ,) + AE + (AEL—AEL)‘.

L+K
= AEy .y + 28E; - AE; - AE,
L+K N, N-1 N,N-1
= AEy .y~ Ale ) + Ae
AeN"l ,N-2
_ ALK N)N-1_ N N-1,N-2__N-1
SEY ray * A€ ) + ble et
- AEL K L AR + 4 (1.48)
X-ray R, RL )
AE, (KLL) + AE. = (M}I‘*K -AE.,) + AE. + (AE.-AE.)
A K X-ray L' K L L
o apl?K N
‘ = (ABy  , ~ME;.) + (BE{+ABy_ .0) + (AE -AE)
L+K |
= 28Ey_ ., * Ry + ARL - (ﬂ>49)



where the orbital approx1matlons for the binding energy have
been made using both the Liberman and transition operator
approaches. The final exp;eSSLOns indicate that the shifts
are dependant on the relaxation accohpanying the loss of
an initial ‘L shell electron (the relaxation accompanxing
the loss of the initial K electron is altered upon the
level being filled by an L elg?tron) and that to the loss
of an L electron leaving an ioﬁiwith a L-shell hole. Apply-
ing the kq + V + £ model to eV, eN/N-1 N-1 . 4 (N-1,N-2
will give estimates of RL' and RL as long as the ap-
propriate values for k are known.

The Auger parameter fofmalism provides a convenient
way of relating the Auger shift to the binding energy
shift. Rewriting equation 1.48 gives
8.

= _ _ A oLPK
AEpuc = (ARL + ARL.) (AEL Agx—ray

This is nothing more than é’rephrasing of equation 1.9. It

can be seen that the Auger chemical shift depends on a ref-

L+K )

Ey_ ray) which is modified by the

erence level (AEL - AE
relaxation contribution arising from the loss of the initial

electron and that of the second.

D. The Purpose of This Study

As with core electrons, Auger electrons in a series of

molecules also show a chemical shift. Coré electxon

-
-t
.
E

) (1.50)
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binding shifts have been studied extensively, however, until
recently, there has been very little systematic study of
the Auger electron shifts. It was of interest to study
these shifts and to compare them to the photoelectron shifts.

To have ;eadily comiarable values only Auger transitions
involving {nner core electrons can be considered. The
simplest system to study is the KLL spectra of the second
row elements. The complete KLL Auger spectra for SF6, Soz“
and HZS have been studled quite extensxvely.12 ,14

For comparlson of Auger Shlfts with those of core
electron binding energies, only tﬁe KL2L3 (lDz) line need
be considered. Keski-RaEkonén:and Krause>> compared the
KL, L, shift;with the 1s electron- shift in SF¢, H,S and SO,.
Asplund et al.36'compared the 2p3/2 shift with the Auger
shift in SF6, 802, HZS’ COS and CSQ? In this latter paper
a formalism based upoh the TPMz8 was yresented, however no
comparison of theory with experimental data was made..

An abliniﬁio study of the Auger KLlLl shift compared
with the binding energy shifts in some chlorine—containingBl_
and éilicon-containing37 species was conducted by Adams.

He extended the Liberman expressionls’25 for binding
energies to the Auger process and also outlined ¢ relaxation

. - "
potential expression.

The RPM was applied by Cavell and Sodhis to a series
of phosphorus compounds (Px3, SPX3, OPx3 (X=F,Cl); PH3 and

PF ) for both the core electron shifts and the Auger KL2L3
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shifts using a CNDO/2 program.‘38 The appfoach predicted
the 1s shifts.fairly well (and to a lesser extent the 2p
shift). 1Its prediction of the Auger shifts was not as
satisfactory. This was attributed as much to a possible -
failure of the CNDO formalism as to pbssible limitations in .
the potential modél.. (Note, after publication of fhis paper
a looping e£ror in the part of the program calculating the
potential at the nucleus for the (Z+2) equivalent core state
was discovered. Thus the calculated Auger shifts, as
presented in the paper, are in error. Corrected shifts,

as abpropriate to the paper, are shown in appendix 3.
The‘éonclusions as stated above, however, are still valid.) -
The @Ajor feature of interest was the lack of correlation
between the Auger shift and the Pls binding energy shi@t,

not only were the magnitudes different but in some cases

4

there was a reversal in trend. This was also observed by ¢

36 for some of the sulphur- compounds. \

Asplund et al.
Kelfve et 'a1.24 have perfofmed the most extensive

_ pfevious analysis of the relationship between the Auger | i

shift and the 2p electron shift for a series of silicon

compounds. They applied the TPM28 using a modified extended

Hickel prdgram, EWMO.39

The results showed satisfactory
predictions for both the Auger and binding energy shifts.
The shifts were also analysed by means of a "group shift"
aéproach and in the -limited geometry of the silicon compoundsl”

gave good correlation.



aly

In_this work the ls and 2pfcore electron shifts are
compared to the KL, L, (lDz) Auger electron shifts in an
extensive series of phosphorus and sulphur cdmpounds. ~Un-
like the silicon compounds in which the constant geometry
limits general conclusions, compounds of qulphur and phos-
phorus show various coordination environments. It was of
interest therefore, to sée how the Auger and core electron
shifts compared and hence hbw the relaxation effects dif-
feréd with these varioué geometries. By studying two dif-
ferent series of compounds it is possible to see how the
effects of one substituent tr@nsfer from one centre to
another. We have therefore tested various phosphorus and
sulphur compoﬁnds and analysed the results in‘terms of the

various models available.
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Chapter 2. Experimental

The ls and 2p core levels and the KL,L; Auger line
were recorded using a McPherson ESCA 36 photoelectron
spectrometer.

The 2p line was produced by irradiation with the Al
- K, (1486.65 eV) X-ray or the Mg Ka«(1253s64 eV) X-ray and

referenced to the Kr 3p3/2 and Kr 3d5/2 lines (214.55 (15)
eV and 93.80 (10) eV binding energieédo respectively).

- The 1s iine;was produced by irtadiation with the Ag
Pa1(2984f34(2’ev)§$ X-ray except for oxygen containing
sulphur compounds, in which case the Ag Lg, (3150.97 (3) ev) 3>
X-ray was used. The KL,Lq line was collected in the same
scan as the 1s lineland‘both lineg were referenced to the
Ne KLé’3K2'3 Auger line (804.56 (2) eV kinetic energy)4;aand
the Ne ls photoelectron line (870.37 (9) eV binding energy)‘o
produced by the Ag L ; X-ray.

In all cases the X-ray sources were operated at a
~power of 400 watts (10 kV x 40 mA).

The refer;nce gas supply was controlled with a
Granville-Phillips series 203 variable leak valve. Liquid
samples were céntained in an evacugted glass vial equipped
ﬁith a Teflon valve. The vapour was introduced via a
Nupro SS-4BMW all metal béllows metering valve. Gaseous
samples contained in cylinders were introduced via either

)
the Granville-Phillips or the Nupro valve. 1In order to

- 42
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control the gas pressure accuiately the cyl}nder pressure
was reduced by a Matheson 3500 series regulator.

All lines were made of 1/4" stainless steel tubing
and connections were made with 1/4" Swagelok fittings. The
sample (and reference) supplies were mixed in the feed
line prior to introductioﬂ into the ;ample cell. X-rays
entered the sample cell through an. aluminum window
(0.0001" thickness);

.The'pressure of the mixture was ﬁonitored using’;
MKS Baratron Pressure meter. The sample and reference
gases were of approximately equal pressures and typical
(total) pressﬁfes*ranged from 150-200 p. The mixtures were
successively scanned until adequate statistics (1500 2 c/s
on highest peak) were achieved. -Repeated rapid cycles were
run to minihise any possible error between reference and
sample peaks due to‘slight pressure drift.

The kinetic energy -f the electron is calculated from

the equation

K.E. = k AV

J

where Aviis the potential difference.between the analyser
plates and k is the expérimentally determined machine constant.
In order to compensate for any va?iations Qith time in the
machine constant, k, which are noticable over the large
kinetic energy differences involved in this work{ all‘peak

positions were normalised to gf%e\reference-line separations
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in agreement with those given in the literature, ie.

N

[reference separatlon]eXRt _ [x - reference]

[reference separatlon]1it {

expt

Xactual reference]lit

hence the true kinetic energy of x, xactual; was found.
Subtracting the core electron kinetic energies from the
energy of the exciting source gave the required binding
energy. .

At least three separate runs were performed f;r
each data set and an average value was taken. The largest
deviation from the average was 0.09 eV with the majority
of cases deviating by 0.05 eV or less. It is concluded
that the errors in the shifts are no more than 0.1 e\,

Positions and areas of each peak were obtained by
using a_non;iinear least séuares program42 which could Xit
either a Lorentzian or Gaussian curve. No attempt was
made to deconvolute the spin orbital components of 2p peak
as the'resolution was insufficient. Some difficulty was
experienced in deconvoluting the Kr 3d peak however con-

straining the Kr 3d5/2 and Kr-3d3/2 to equal FWHM gave a

~good fit with the required intensity ratios and separations.
_ A sufficient portion of the low energy side of the KL,L,

Auger line was collected im order to ensure a good fit on

the KL,Lj Auger peak, however this portion of the spectrum

was not accurately fitted.



All the compounds were obtained commercially with the

43 44

exception of SPF4 and P(CF3)3 which were made by

standard literature procedures in this laboratory; and

P(C2H which was supplied by Dr. John Malito of this

5)3
department. Where necegsary, the reagents were fractionated
under vacuum to remove‘ﬁmpurities, and the purity of the
compound was verified by I.R. or N.M.R. sgectroscopy or
both. Chemical means had to be employed to purify SF445,

otherwise the compounds were run without further purification.
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Chapter 3. Calculations

A. Semi-empirical Programs R

Two types of semi-empirical calculations were em-
. P s e ’
L : 38

£ utilised the CNDO/2 formalisation
Pl

f}’aramgtr;satlon of Pople et al.21
"\ , 4

with

aPe second was a modified iterative

H‘ﬁck'é};gﬂrpgr-am @MO)39 which was adapted for

»

_~ex£énde&,
transition potential calculations. Caléulations, in both
cases, were performed with d-.rbitals not included in
the basis set. In the CND6/2 case attempts wefe made to
include d—orbﬁtals, however difficulties occurred with
convergence for many of the molecules.

Both progréms had to be parametrised for Ar so that
calculations could be performed to estimate the Auger
electron chemical shift for the sulphur compounds.

In the CNDO/2 program the nq.Péi parameters‘sfwere

-21.76 ev

1/2(1 + A)S
1/2(1 + A)p = - 9,56 eV

.The Ar parameters used for the CNDO calculations were
those estimated by St@ggard and Manne. %7
| The EWMO (Hiickel) program has been used successfully
by Relfveetal.z4 on a series of silicbn compounds. The
main features of théﬁpiogram have been adequately described?4:48

and will not be dealt with here.

/ ’ . 46



47

The Ar parameters for the EWMO  (Hickel) program were
obtained in the ‘following manner. The expression for the
electron-repulsion integrals, 95’ within the CNDO form- *

alisation reduces to

9gs = [555a15,5,]

where SA represents the orbitals and are Slater-type s

orbitals. This reduces to

9eg = cqnst. 4

whe;e ¢ is the Slater exponent. The ratio, gss(Ar)/gss(Cl)

then becomes the ratio of the Slater exponents:

g (Ar) Sar 2.25 111

g (Cl) ‘Cl 2.03

By using the values of the average one-centre electron
repulsion integrals (gAA) and the average two-centre

. * ’
electron repulsion integrals (gAA) appropriate to the

49

EWMO (Hiickel) calculations for C17“, the following estimates

for Ar were obtained:

= 11.42 eV = 11.51 eV

*
Iaa 9an

These values and the experimental ionisation potentials

(-3 »
for Ar 3s and Ar 3§f729.24 eV and 15.82 eV respectively)

give the c§re-matr1x elements, Uss and Upp: "‘E;h
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UB. = ~109.78 eV Upp = -96.36 eV

by use of the relationship

»-Ii = .Uii + (zA-l)gm

In all cases calculations were performed on each
molecule for the ground state (2) and the equivalent core
states (2+l1) and (z+2). The equivalent core states.were
obtained by replacing the atom of interest with the (Z+n)
atom. A molecular charge of n throughout the series
maintained a conetant number of electrons. 1In this way I
the properties of the siﬁgly—iow}sed and doubly-ionised ions.
were mimicked.

Furthermore, in the Hiickel case, calculations were
performed en eaeh molecule for the transition states
(z+1/i) and“(z+3/2). In this case the atom of interest
was replaced by a pseudo-atom. For the (2+1/2) case the
pseudo-atom parameters were obtained by 1nterpolat10n
between those of the 2 atom and those of the (Z+1) atom.

In the (2+3/2) case the parameters were interpolated be-

tween the (2+1) atom and the (2+2) atom.

B. Models for Chemical Shift -
_ ?Jwgy

Sem1—emp1r10al calculations on ESCA shifts have proved

.useful in the context of the potential model. The original

~ form of the potential model js”



- k + V., + 2 (301)

BBy = kydy + Y,

B

This will be termed the "atom charge model".
oThe terms in equation (3.1) are:
AEB is the binding energy.shift.
qp is the charge on atom A, the atom of interest.
Vy = BiA qB/RAB . the potentia{ on the ionised atom, A, due
to the charges at all other atoms in the
molecule.
k; = <ijl}/rij|ij> » the coulomb repulsion intégral between
k ‘ the core electron (i) and the valencé
| | electron (j).
'z is a constant depending on the‘referenqg level.
In practice k and L are obtained by a least-squares
. fit on experimental data. Thié)allows a value of k for
'eadh core level to be estimated. Howevaf, in practice,

1t is found that the value of k varies according to the

compounds selected for the least-squares fit.
: . :

By invtking the point-charge approximation, ki becomes: *

Ry = <Hlise; i3> =8 - 8 (3.2)

*
L

that is the nuclear attxagf@in integral of the valence
orbital at A for nucleus A, which in .tufn is equal to the
Slater orbital exponent ({) for the valgnce shell divided
by the gglncxpal quantum number of thq' lence'yhall.i

. . ‘ o .
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Equation (3.1) can be modified to form the Potential
" model:

K

AE, = -AV(Z) = -A(KP,, - I q./R..) (3.3)
(} B AT, 9 Rpn

,Qhere PAA ig the valence electron population on atom A and
K is calquleted for each‘case using the point ché;ge ap-
nroximation. This is thelﬁppxoaoh used by Davis et a1'23a
Use of the ground state (i.e. parametets associated
with the Z atom) in equation ?B 1l) or (3. 33 allows an
e-tinationuof the chemical shift to be obtained. This
‘ approach ignores the relaxation occurring upon pho&p-
ioni.ation and is known as the Ground Potent;el Hodel (GPM)
The Relaxation Potenttal Model (RPM) attempts to
correct for relaxatlon by ﬂse of the equivalent core

approach. Equation (3.1) is modified by using charges and
the oft-centre atom potentials given by ’

yl' _- § ”,if
a = 1/2(q, (2) + qA(z+1)) | )
pe (3.4
Va = 1/2(V, (2) + Vi{8+1))

. » ) : We : B' } ' ' ‘ .
3' The apprepriate k is obtained-theoretically or by fitéing.
The RPM as used by Davis etal. 23a obtained by ‘

: ".Ataking the negative neans of V(Z) and V(z+1)~found by use

- bf eqnation (3 3). ‘ That 18
. %

S Ax, = Z AV ¥ V(z+1)) (3.5)

2



The use of the pseudo-atom (the Trans.cion Potential
Model -LTBn) allows;a direct estimate of the relaxed
binding,ehQrglpﬁ‘from équation (Q\l). The appropriate
charges and bff-atom potentials,~1n this case, are given
,v’"“l ’ 5 . . )
in onbﬂﬁalculatlon.

s : An estimatlon for the relaxation energy can be ob-

talﬁed by subtracting the GPM value for the chemical shift’
o L ’

"from the RPM or TPM value’

¢ ,

The extension into Au3er spectroscopy is obtained by

using
J ]

. - * *
. AEpye = MEgG(K) - Eg(L) -EBfL )) = ABEypay ~AER(L) 3.6

AUG
~ where AEAUG is the KLL Auger shift. The term.AE (L*) is
the blnding energy shift for an L-shell electron in a
species already containing. an L-shell hole.
The appropriate model?yias described oaflier, can be
used by uﬁilising a (2+1) iﬁitiallstate and a (2+2) final
state or a (g+3/2) transition state. H

In the a(‘,ébo calculations ground q'nd relaxation po-

B

o

“ tential models were utllised for both the atom~charge and
?potentlal models. In the former case both fitted and

theoretical h‘s were used. In the Hiickel case the ground,
. .-

relaﬁftlon ahd tran81tlon potential models were utillsed \

for the atom-oharge model. ‘ - »u‘. y

‘All the»geometries, where obtainable, were experimental.y"

-
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. '\:' I\
Other geometries we. assumed usifig bond lengths. %{fé’
angles from similar compounds of known geometry. E 1

details of the geometries used in the calculations can

be found in Appendix 1.
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Chapter 4. Results and Discussion

A. Experimental Results

All shifts were referenced to PH; in the phosphorus
series and to st in the sulphur series. Phosphorus 1; and
2p phbtoeIecfrons and KL2L3 Auger shifts aie éiyen }n
Table 4.1 and the corresponding data fqr thé‘%ééégﬁr;sérieé

in Table 4.2. The correlation between the 1s ad&fzp‘

.’ ."..<,‘ .
photoelectron shifts for phosphorus is' shown n Figdré§§alu o

. and the correlation bétween the 1s photoelectrqg and KL, L4
Auger shifts for phosphores is shoﬁn i Figure 4.7. The
corrgsponding correlations for sulphur\ére shown in Figures
4.3 and 4.4. .

| it was found that the oxygen KVV Auger region coincided
iwith the Sls lime under Ag Lal X-ray excitation. Ac-
cofdingly Sls peaks were collected with Ag LBl X-ray
excitation for the oxygen-containing sulphﬁr compounds. ‘- The
Sls binding energies for HZS differed‘ﬁhen Ag L("1 X-ray
or Ag L81 X-ray excitation‘were compared; the former gavé

a Sls valué of 2478.87 eV whereas the latter gave a value
.o Q L F . -

of 2478.60 eV. éince the Ag Lu1 X-ray gave a more intense

photoelectron line with a smaller FWHM than Ag LBllx-ray

the forme; value was considered to,pe more reliable. All

Sls peaks obtained by means of Ag L X-ray excitation were
B 4 ST

refgrenéed to the, S1s line of H,S produced. by the Ag LBI

x-rqaggg order to obviate binding-energy shiff§ errocs.

(g
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Table 4.1. Experimental chemical shifts‘.rglative to PHBb
4

c d

Compound # Als A2p -AKL2L3
PH, 1 0.00 0.00 . 0.00
SPF; 2 . e gmngo '5.15 . 2.98
P(CH.): 3 -0.98 =-1.10 -1.08€ -3.30
373 T aans?
SPC1, 4 4.21  3.57 3.5852 -0.47
OPF, 5 6.96  5.91 6.03°2 5.14
OPCl, 6 4.70  4.01 4.01°2 9.72
PF 7 8.55  7.33 8.83°2. 5.93
13 ) .
PClg 8 3.28  2.79 2.73°2 -0.39
PF 9 5.48  4.72 4.70% 4.62
3 * 4.76°2
» b !
SP (CH;0) ,C1 10 3.60 2.78 : -0.95
(CH40) 420 11 3.34  2.54 -0.11
© (CH40) 4PS 12 . 3.26 | 2.39 -0.95
(CH;0)4P 13 ' 1.82 1.19 -103
‘ p(cn3)cx2 | 14 | 1.89  1.53 g -1.33
PAC. HS)BAA - 15 . -1.48 -1.53 - -4.48
- - T v |
- op(cu cﬂpcx- 16 3.77 318  _ =0.10
- gbgcH 3061, *~ i'c17 L. 3.19 2.59 . -1.44
p(cr3)3 . ~"1$, - 1.74 1.70 -1.16
!"3/ ~

S . #--r

»

‘(a) All shxfts taken as Ashift = compound - reference.

Shifts are reliable to to*i eV.
| (Cont'd.)

S
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Table £.1. Cont'd.

SN

N
((b) ﬁé{g{gnce lines for PH, (in eV)

This work - Ref. 51 Ref. 52
ls ' 2150.88 (20) - -
2p 137.35 (20) - 137.3 136.87
KL2L3 1841.46 (20) 1841.4 -

(c) The ls lines were prodtced By AgL, (2984.34 ev). The

Auger line was collected in the same scan..

Calibration lines used were:

Ne KLa3Ly3 4 804.56 (2) eV
AgLa converted by Ne 1s 870.37 (9) ev

*

(d) The 2p lines.were prodgigd by AlK, (1486.65 eV) or

Mgk, (1253.64-ev). <5

Calibration lines used were:

Kr!3ds/2‘ | 93.80 (10) ev
Kr 3p3/2 ’ 214.55 (15) ev
(e) Values adjusted from Ref. 51.

-
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Agreement between the shifts reporte& here and those
of other workers was found'to be good with the exception
of some of fhe-Zp shifts shifts reported by Jolly et al.53
The iﬁrgest discrepancy was 1.5 evﬂfor the P2p shift of

PF ‘ Our PF5 2p spectrum was redé&ermined‘on different

5° .
occasions and we are confident of the preéent value. Further- ¥
support for the view that the value gquoted by Jolly et a1;57
\\"is in error is'that their value gives a larger PH, to
PP, shift fof the 2p shift than that for our ls shift which
is inconsistent with the general 1s/2p nhift relationship.
The absolute values of the photoeleehron and Auger
| lines for the PB3 reference are given in Table d4.1. The
‘1’va1ue of Ashe #t al. 50 for the Pip line"li37 3 eV) agrees
uell with the value of 137.35 eV found in this work, whereas
the value gquoted by Jolly et al.s2 (135,37 eV) is sig-
nificantly 1ovér.v The KL,L, auber valui.of .Ashe et al.>?
(1841.4 eV) also agrees well uitﬁ Quf vaiue of 1841. 46 ev.
The absolute valueg for the Has-gnlorence are given
in Table 4.2, Agreement with the -] KL2L3 Auger valun\pf
'Asplund et al.‘ is excellent as’ is the agxeemant for the
S2p photoelectron valuel once the sé}g*ofgit coupling is
taken into account. XA systematic calibration error
(V.4 eV) seems to be present in the Sls photoelectron ﬁ
'energy between thxs work and that of Xeski~-Rahkonen and ’
xrause. 35 houevar. the reported shifts agree well vithin f

the linits of experj_unul “mr. ‘ . o .&;

”..

— e ' P 4 c -
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'.the shifts of P(CF3)3 and PCl, from PB3 Tﬂz differences

-‘Ascan be seen in Pigures 4.1 and 4.3, ‘the cor-cw

relation betveen the 1s and 2p photoe ctron shifts 'is good

' vitﬁ the 1s shift being larger, howewi ’, when comparlng the

pd;toelectron with the Auger shifts (Figs. 4.2 and 4.4),
there ia poor correlat;on. The photoelectron and Auger
lbigts of an atom i) a series of compounds of the same

coordination -state would be the most lxkely series to showu

-
any correlation of»thece values. o-parison; of compounds

in which the coordinationﬁnumber of ‘the cdntral atom is

R .

alterea is the least favourable cdhe«for relation. *: i
' while*the latter ppint i; sugported by the data (comparea .

the relationsh :\betueen'Sozrz and SP Cl<or SPF3 and PF ).

ytt

similar differences ¥so. occur in conparxsons of the former' R

‘type, the Augerlkhift bQMVeen SO(CH3 2" -apd SOCI2 is smaller Y
‘than the corresponding SlL shift uh!reas the converse is |
‘true in the case of S0Cl, ,and SOP2 * Another example is in

2-

inetrenda must arise from the relaxatlon contrlbutlon

associatedd with the initial photoionisation of the molecule
on o B

)

from the ion.r It is ﬁhis point that the various theoretical

' and that aswj.&ted wi”‘femoval of a second electron

»
-~

nodels must resolve. = , _ .
AN ' ' S _ .

s - . la s < ‘ : _ Cooe
ggg_;cat!on of the Experxmental Results to the Group S

Shift Concegp
) :, ’ ' ‘
qunﬁ lhift ocnoopts night*provide a u.eful ieans of

. AY
| ﬂ . \:’; 3 T ‘.‘ .‘ - 2} . . . ]

Ve ol B . S . R . RN o . . g d




sy
E;;;the group shift idea is the assumption that shifts

g

.wag“ 'chemicgl shifts in Auger and photoelectron -

'Vispectqpscopy. It involves the partioning ofnthe total . 3

. correlatioh between g%oup shift and total chemical shift. .
In the. silrcon.series.hof

.&ere tetrahedral and éﬁ g‘
i S . . R <R

~ the phosphorus and sulphur compounds presented here, ad-

. the general applicability gﬁ the group shift model.

given in Q:S}e 4.3. It is(epparent that in spite of

hoccasional good agresment there exiSts serious discrepancies. .

For the’fls serier the agreement is good with the exception g%

.65

-

e

.ﬁ . . -
..; ’ R : Q’ 1] <

we

shift into contributions made by eaoh‘group. Inherent

incurred by each gﬁpup are independedt of each other

This iisumption ignores the QQQ; that more e&ect;bnegative *
v I D Ak
., ‘ R
suﬁstituents can induce a highegch;rgO oq{the central - .‘ h
Sy . ‘ y
atom which in turn can affect the-@the; éubstituents. |

A test® of the group shift concegbgon a series of ¢ ‘
o " e @ & o
silicon compounds indicateé that there i;? a very good
AF
24

'.fr, all the moleduleg encountered

s 7 - .-
Wy,

o

y 1imited ré&ge of groups, -Cl, °
OCHZCH3, fﬁ( -CH'j‘-3 CBﬂCHz»and -CH2CH were evi}uated In
ditional factork such as the change pf the coordination
number, the effect of lone pdirs, the inclusion of highly
electronegative groups such a&s -F and —CF and groups |

bopded to the central ‘atom with a double bond were in- -

troduced which should prdVide»a more thorough ‘test upon

Experimental group #hifts (gro'”. »’group y) are : .

any compounds involving a,terninal sulphur substitnent. : ok
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#’.

' Por the P KL,L, series there are many more exceptions and

the validity‘ of the concept appears to have vanished.a —~This
View is further supported by the values for the series e)f

".%mpounds with sulphur as the central atom. Comparison of

r -

group shifts obtalned f;om compounds of dlffering co~ o~ °

ordination indlcate the lack of general appllcablllty

readily revealed by comparlng the shift obtained from the "

_difference ((CHj) ,S0- (&’)25) b that obtained from the
dif ference ((ay fO)st (Cfi 0) 250) . Furthermore the

(CH -HS dlfference i1l ustrates the lack of consisteﬁ“
py ,
the group shift method even’ wh&n compounds of 'the s

-

coordination number are compared. .
’ . A R . L C -
—a ) .

To summarise, the group shift concept appears to be
valid only within very(‘:iimited sqries of compounds at best

and it must be ‘used with cautwn, Yhence the 'boncept is of

P .
; &gy .

l:bgtle use. T i T . ‘
N . ’ Y | ," ; Ly h : l . ~
C. Results of -Calculations - Chargeé and Potentials

511 of ‘the calculations performed .gave Eh_e__gg.t,chargef -

%,.‘/ " Qq,kthe ,central- aton, q‘Qr and the potent:.al on the central

.
.V

atom due to the. ch;rges at ail other atoms in the molecule,r

A Charges and potentials were obtained for the neutral” ‘

molecule (qA : VA ). its smgly-ionised core-holg state

(QAN-I: " AN 1) enid its’ doubll led oote-hole state b
N-Z 1! 2’ : ST :

»4' %

4.

-.,.. BN
i = -

AN
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:"' ‘

within the conixt of the aemi—empirioal calcul%ons used 0y T
here the equivalent-core approximation was used. The \ -

v

central (z) atom in the molecule was reglaced by the iso/-"'

electronic (Z+l) and (z+2) cataons for the singly-ionised

and doubly-ionised sppcieé-respectively. Transition state gg,,

charge} and potentials éor/ a N+ (N-l) and a GN-l) : (ﬁ 2“) - .

N.Y- 1’ v'n M-l N-13N=2 . N-1,N-2,

. § A S, V ) were

A

also obtained but only with the EWMO (Huckél) program.
+1/2

trans lti&i (q

pseudo-atom

+3/2 &

The gentral (Z), atom was replacdd bya (Z+l/2)
pseudo~

for the s (W) transition.ﬁand bya ((z+1) +1/2)

atom for the (N-l) + (N-Z Jtunsition. Paraméters for the i
pseudo-atom were: obtained by interpolation between the 2,

Z+1 and 2+2 atomic parameters.

.

Results of the CNDO/2 calculq?on are given in Tables
o
&4 and 4.5 for the phosphorus and sylphur series res-

ctively. The corxespori%ing results of the EWMO (Hiickel)
calculations are ‘given in Tables 4.6 and 4.7. Lgonvex:gerx'ce R
probléms occurred in the" MOQprwrm in the case of & (
- values are not available. “In all other c?ses comrerg‘ence

: ')',4-‘ . . © ..
“’@g’b kchieved._ *‘:’;-’: > ST

e > : - - . r

. P(CE‘3)3 and for the (N-2) state of F(C2 s)3 thus these '

The net charge on the atom being ionised (qA) 18

-

~
relateg to its vaience population (P ) by

i 3 Q . oL
o s W
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where z is the effective reduced charge of atom A (the
nuclear charge minus the number of core—electrons). Plots

of the phosphorus valence population versus the state of

- core-ionjisation derived from CNQé/2°calculations are shown

in Figure 4.5 ancf &om EWMO (Huckel) calculations in

'Figiye 4.6. Simila: plots for ‘the sulphur series are

ahpwn in Flgures 4.7 and 4 %‘ The change in valence pop-

“ulation upon cogéafsnlsatﬁon glves a measure oféthé/EIectron

oo
flow‘toards the central atom due to ﬁab foymation of a
. . & -

hole state. ., ; o R
. . & . . .l._ L e

" I : . ) . . . . : £

CNDO/2 Results

Qhe CNDO/Z calcuf;tion gives. an almost llnear increase
1n the valence pognlatlon of the core atom upon lncreasing

core—ipnisation. A larger increase in the valence population-

4

on tbe cofe—atom is perceivable upon second 1oni§atlon for

”-

some of theomolecules, however for all prlcticalﬁburposes

the. trend is linear. A simllar linear trend was observed-

: _)'ay'l(elfve et al. 24 for CNDO/Z calculatiorm performed om- the

series SiCl (CH3)4 n' however the calculatlon predlcted "y
that 81C1‘ wouk! have the highest silicon valence pop-
ulation . in the serles, contradictlng the results expected
on the basls of sxmple electronegativity arguments 24_i
This behaviour was not obcerved 1n th¢ Ptesent series’ of

calculations for phosphorus or sulphur compounds. The

N S .
S0 . s -
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Figure 4.6 Comparison of the P valence population (from
EWMO calculation) with the state of core ionisation for some
Phosphorus compounds. Compound numbers are presented in

Table 4.1.
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Figure 4.7 Comparison of the S valegFe population (from

CNDO/Z'caléulation) with the state of core ionisation for

some sulphur compounds. Compound numbers are presented in

Table 4.2.
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Figure 4.8 Comparison of the S valence population (from

EWMO calculaiion) with the state of core ionisation for some

43 gulphur coméounda. Compound numbers are presented in Table 4.2.
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_ here did not.

valence population of the core atom in both cases follows

+

the expected electrohegatiqﬁty trends.
24

The CNDO/2 calculations performed by Kelfve ‘et al. (

included d-orbitals whereas the calculations reported

d-orbitals were performed ‘on PCl3 and P(CH3)3. The results
are presented in Table 4.8 and Figure 4.9: The expected
,trend in the phosphorus valence population is preserved
when comparing{the pdbul#tion in P(CH3)3lto PCIB, however
the calculation shows .more of an increase in the valence
éopulation on the core atom upon second ionisation compared
to the initial ionisation than in the case where d-orbitals
were omitted from the basis set. These changes arising |
froq a change in basis set illustrate the dangers of ob-

taining charges and potentials from semi~ehpirica1 methods

involving a minimal basis set.

(ii) EWMO (Hiickel) Results

-

The EWMO {(Hlckel) calculation shows different trends
for t@g change in valence population of the‘core atom |
upén increasing core ionisation in the phosphorus and
sulphur series. The sulphur series shows an almost linear
relationship of population with possibly an indication of
saturation. The phosphorus series shows a markedly larger

increase in the valence population in going from the first

For comparison CNDO/2 calculations including

81



, Table 4.8. fho-phorus valence population on P(C33)3 and

PCl3 from CNDO/2 calculations with d-orbitals

included.
State of Core Ionisation
N N-1 ‘N-2
PCl, 4.7338 . 5‘.‘4'891 / 6.4732
P(CH;), 4.9-113 5.6569 } 6.5815
&
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Figure 4.9 Comparison of the P valence population (frbh

CNDO/2 calculation) with the state of core ion%gatidﬁ for
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»

ionisaéion to the second. Both of these trends contrast
with that shown by Kelfve et al.24 for silicon. Upon in:
creasiné core-ionisation, the silicon series showed a
marked saturation in the increase of the valence pop-
ulation on the central atom.

This difference in trends between the three series
of compounds for the same type of calculation is disturbing.
A possible explanation for this occurrence might be in the
parameterisation of the phosphorus atom in the EWMO (Hiickel)
program. As a test t6 see whether the behaviour of the
phosphdfus'compounds is a quirk of tﬁe parameterisation or
whether it is part of a general trend, a few of the
phosphorus compounds were run with the silicon anion (Si")
as an equivalent .core. The results are shown in Figure
4.10. It can be seen that.the values involving the use
of the phosphorus parameters are too high and this implies
that tﬁe trend in the phosphorus series is caused by the
particular parameterisation chosen for phosphorus in the
EWMO (Hlckel) program.

In‘yiew of this result it‘was decided to change the
parameter:‘for phosphorus in the EWMO (Hickel) program.
Full details of the methods us;d are»given in Appendix 2.
A plot of SiCl4 valence population versus the state of
core-ionisation obtained with both the original para-

meterisation?8 and for the new parameters is given in Figure

4.11. For comparison, similar data for PCl3 and SC12 are
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Flgure 4.10 Comparison of the P valence population (from

EWMO calculation) with the state of core ionisation for some
phosphorus compounds going from the si~ equivalent core

. + .
state to the c1t? equivalent core state.
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It can be seen t&};iall t
now proceed in a sfmilarlmanne; upon increasing core-
ionisation. Also, the transition potential model values
no longer lie in a smooth curve as originally indicated in
the work on the silicon series.24 Figure 4.12 summarises
the results of the phosphgrus series, the transition
potential values are omitted for clarity. All the new

‘'values are presented in Table 4.9.

D. . Results of Calculations - Application of the Various

Models and Comparison with Experiment

The charges and potentials obtained by methods de-
scribed in the previous section can be used in the "atom
charge model" (Equation 3.1) to estimate the binding energy
shifts of the core electrons emitted upon‘the initial
photo-ionisation (AE(ls) or AE(2p)), and the hinding
energy shifts'of a 2p electron in a system already con-
taining a 2p vacancy (AE(Zp*)). The latter can be related
to the Auger energy shifts (AE(KL2L3)) by subtraction of
the Auger shifts from the x-ray shifts as shown in Equation
3.6.

An estimation of the k and 2 values‘required in

Equation 3.1 may be obtained from a least squargs fit of

AE - V = kq + 2 (4.2)

87
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Figure 4.12 As Figure 4.6 but with new P parameterisation.
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The transition states have been omitted for clarity.
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J

where AE is the appropriate experimental cheémical shift,

and g and V are the charges and potentials appropriate to °

RS
+

the model under consideration. g

»

The ground potential model (GPM) estimates AE(ls)

and AE(2p) frpm ground-ltate charges and potentlals

-

(qN, VN) The charges and- pot&tials of the sinqu-loﬁised
COre-hole Btate‘(qN 3 QN “}, obtained by using the (z+1)
quuivalent core for the Z atom, provided GPM estimates of
AE(Zb'). The relaxatjon potehtiai model (RPM) estimates
AE(ls) and AE(Zp)usi:Sk

charges and the potentials and AE(2p )from1/2(qN -1 qN 2)-
and 1/2(vN l+vN- 2). In the latter case qN 2'and vi'- 2 re

PN
the chargesg and potentials of the doubly—ionised coze-hplei

states obtained by using the (z+2) equlvaleqt core for

o

the Z atom. SR S -

Both the GPM and RPM approaches have been used in !

conJunctlon with charges and potentials obtalned ffﬁm
CNDO/Z and from EWMO (Huckel) calculations. Thewtransitlon

potential model (TPM), whlch uses the transition charges

N,N- l VN /N-1

and potentials (q '’ ) obtalned from eqnlvalent core

+1/2% calculations was applied to estlmate AE(ls)

(2+1/2)
* and AE(2p) hE(Zp ) was estimated using (q
as estlmated wlth a (2-#3/2)"3/2 eduivalent core calculation.

Only charges and potentlala frdm ‘theé EWMO (Huckel) calc-

13

ulation were used for the TPM case.

172 (q"+q" 1) ana1/2 (VV+v™71) for the
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o
A'theoretical\zzitzlfgf k can also be obtained within
the context of the point-charge approximation

~

k, = <j|1/r;[3> = % (4-3)

where  is the Slater orbital exponent of the valence ‘
(aheil and n is the principal quantum number of that shell.
The value for r is unambiguous within the CNDO/2 formalism,
_however, within the EWMO (Hﬁckéf) program a different 7 is
used for the s and p valence orbitals. - Table 4.10
lists the appropriate theoretical k's estimated from the
Slater exponents. A weighted average is used for the
EWMO (Hiickel) exponents. The %+1/2 values are the average
of the expunents appropriate to Z (the atomic number) and
Z+1 atoms. 2
The GPM approach assumes that the shifts in binding
energy éan be connected exclusively‘to the praberties of
the ground state of the molecule. In effect a constant
relaxation contribution within a series of molecules is
assumed. Furthermore, the use of a fitting techniqué to
extract predictive parameters (k and &) from experimental
data tends to obscure differences arising from additional
contributions which may be significant. Incorporation of
relaxation, as in the use of the relaxation or transition

potential models, should give a more correct estimation of

» . . .
k. The values for k obtained by fitting the 2p and 2p

el



Table 4.10.

Equivalent Core

P S

P

st S
. ot c1?t

Ar++
(a) k = /3 x 27.2107 ev.
;. + 3¢

(b) ¢ = =

4

Theoretical k'sa

EWMOb

15.3446
16.2938
17.2430
18.2271
19.2112
20.2061

21.2010

from Slater's exponents. -

CNDO/2

14.5124
15.4950
16.4776
17.4601
18.4425
19.4257
20.4080
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D

experlmental shifts with RPM (or TPM) charges and potentlals
should display a similar trend to the theoretical values.
This relationship provides an indication of whether the
charges and potentials obtained from the calculations truly
reflect the differences between the photo-ionisation of

the molecule and the loss of an electron from the singly-

charged ion. : —

(i) CNDO/2 Calculations

The values obtained for k and &. from the least-squares
fit are listed in Table 4.11. The GPM apd RPM shifts for
the phosphorus series are shown in Table 4.12 and those
for sulphur in Table 4.13. The correlations obtained be- \
tween the various calculated shifts and experiment‘are
summarised in Table 4.14. The correlations obtained between
the RPM calculated shifts and experiment for the 2p and 2
Auger shifts are shown in. ‘Figures 4.13 to 4. 16.

In general the model; provide reasonable correlation
with experiment. ‘The RPM approach gives a slope with almost
the ideal value of unity in all cases (a suitable choice of -
reference would glve zero intercept). The phosphorus series
shows clearly the improvement in correlatibn'resulting from
the RPM approach as compared tb the GPM approach. The im-
provement is less pronounced for the sulphur series. The
correlatioﬁs obtained for the Auger data for both the

a

phosphorus and sulphur series were not as good as those



Table 4.11.

Phosphorus series

Sulphur series

(a)

1ls (GPM)
1s (RPM)
2p (GPM)

2p (RPM)

2p* (GPM)

2p* (RPM)

ls (GPM)
1s (RPM)
2p (GPM)

2p (RPM)

2p* (GPM)

2p* (RPM)

Data fitted to

*

=

14.2372
14.2604
13.6076
13.5715
14.6411
14.3854

15.3715
15.8820
14.6091

14.9901

15.5111
16.1632

AE~V = kq + 2

Parameters from least-squares £it? for t

je

1.9357
- 5.6186
1.9476

5.5893
-12.1232
-15.3313

- 4.8491
0.4162

~11.6618
-16.2604

0.2772

5
4.8689

atom-

charge model (CNDO/2 charges and potentials). -

corr.
coeff.

0.9949
0.9988.
0.9944
0.9988
0.9940
0.9914

0.9980
0.9977
0.99890"
0.9978
0.9964
0.9890
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Table 4.14. Correlation obtained from least-squares fit on
calculated versus experimental shifts (CNDO/2

calculation:atom-charge model).

corr.
slope intcpt coeff.
Phosphorus series
1s (GPM) 0.9522 1.3943 0.9504
1s (RPM) 1.0006 -0.6136 0.9903
2p (GPM) ) 0.9377 1.5246 0.9353
2p (RPM) 1.0003 -0.4484 0.9884
KL,L, (GPM) 0.9466 0.2283 0.9515
KL,L, (RPM) . 1.0346 -1.6707 0.9629
Sulphur series
1s (GPM) 0.9908 0.6749 0.9847
ls (RPM) 0.9972 -1.0617 0.9864
2p (GPM) 0.9911 - 0.7469 0.9818
2p (RPM) 0.9999 -0.9586 0.9848
KL,L, (GPM) 0.9997 © -0.4783 0.9765
KL,L., (RPM) 1.oéso , -2.1795 0.9555
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- Figure 4.13 Correlation of calculated versus experimental

P2p binding energy shifts. Calculated shifts are ob-
tained from the atom charge model using CNDO/2 RPM charges

and potentials.,
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Figure 4.14 Correlation of calculated versus experimental

S2p binding energy shifts. Calculated 'shifts are obtained
from the atom charge model using CNDO/2 RPM charges and

potentials.
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Figure 4.15 Correlation of calculated versus experimental

P KL2L3 Auger energy shifts. Calcuiatgd shifts are ob-
- tained from the atom charge model using CNDO/2 RPM charges

and potentials.
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E}Qure 4.16 Correlation of calculated versus experimental

s KL2L3 Auger energy shifts. Calculated shifts arxe ob-

tained from the atom charge model using CNDO/2 RPM charges

and potentials.
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obtained for the core-electron shifts. This suggesés
limitations in the applicability of the equivalent core
approximation for the doubly-charged ion, especially with
charées and potentials obtained by the CNDO/2 methodology.
The value obtained for k for the 2p. (RPM) shift is larger
than that for the 2p (RPM) shift, however, neither value
is as large as the theoretical values. This sugghsts that R
the calculation is able to predict the general trend in a ., \
satisfactory manner élthough the charges and potentfals

may not be absolutely-correct. Y .

The shifts obtained by “the potential model (equatibn 3.3)
have also been evaluated and the results are presented in
Tablé 4.15. The correlations petween the calculated and .%g
experimental shifts are summarised in Table 4.16 and those &
from the relaxation potential model are shown in Figures
4.17 to 4.22. The correlations obtained between calculated ;
and experlmental shifts are as goo; or better than those ¢
" obtained with the atom-charge model however, the slope
of the line is no longer unity. In this model a theor-
etical value for k is calculafed each time using ki==;j|1/ri[j>
(equation 3.2). This support# the point that the valence

' populations (and hence charges) and potentials obtained in

- '{"/,-\ﬁ

the CNDO/2 calculatlons are not con81stent with the
theoretxcally estimated values for k but are still adequate

in showing the trends.
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Table 4.16. Correlation obtained from least-squares fit on

calculated versus experimental shifts (CNDO/2

calculation:potential model).

Phosphorué series
1s (GPM)
.ls (RPM)
- 2p (GPM)
2p (RPM)
T RL,L, (GPM)

KL2L3 (RPM)

Sulphur series
1ls (GPM)
1s (RPM)
2p (GPM)
_2p (RPM)
KL L3_(GPM)

2

KL

2L3 (RPM)

slope

1.0066

1.2124

1.1371
1.3767
1.2158
1.4372

1.1869
1.2122
1.3736
1.4049
1.4662
1.4080

intcpt

1.4230
-0.6626
1.6727
-0.3814

1.0925

-0.5510

0.7235
-1.1111
0.8730
~-0.9644
0.6209
-1.3835

corr.
coeff,

0.9527
0.9914
0.9427
0.9862
0.9593
0.9761

0.9878

0.9895
0.9876

0.9908

0.9845
0.9766
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‘Pigure 4.17 Correlation of calculated (pbtential model) .

shifts versus experimental Pls binding energy shifts. Cal-
culated shifts are obtained using CNDO/2 RPM point charge

potentials. o
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Figure 4.18 Correlation of calculated (potential model) |

shifts versus ef%erimental Sls binding energy shifts.
Calculated shiftéﬂgre obtained using CNDO/2 RPM point

charge potentiils. '/ :

~
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Figure 4.19 Correlation of calculated (potential model}

shifts versus experimental P2p binding energy shifts.
Calculated shifts are obtained usipq CNDO/Z RPM point

- charge potentials.
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Flgure 4.20 Correlatlon of calculated (potential model)

shifts versus experimental S binding energy shifts.

2p
Calculated shifts are obtained using CNDO/2 RPM point

charge poténtials.
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Figure 4.21 Correlation of calculated (potential model)
shifts versus experimental P_KL2L3 Auger eneigy shifts.
Calculated shifts are obtained using CNDd/Z RPM point

!

, charge potentials.
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Figure 4.22 Correlation of calculated (potent1a1 model)

shifts versus experlmental S KL2L3 Auger energy Shlfts

Calculated shifts are obtained using CNDO/2 RPM point

charge potentials.
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The slope obtained for the 1s shigg prediction is
closer to unity than that for the equivalent 2p shift,
reflecting the fact that the point—charge approximation
is more appropriate for the deeper levels. The 2p electrons
will have a greater interaction wiﬁh the valence shell than
will the 1ls level because of its closer proxihity.

CNDO/2 calculations with d-orbitals included in the
basis set were performed for the phosphorus serxries. Con-
vergence problems occurred in many cases and so only the
results of a limited series are presented. Table 4.17
shows the calculated shifts along with the correlations
obt;inéd from least-squares fits on the calculated versus
experimental shifts. The‘éorfelations obtained are con-
siderébly poorer than those obtained from calculations
omitting,d-orbitais. Furthermore, the values for k (Table
4.18), though larger than those obtainéd when d-orbiﬁals

L
were omitted, do not follow the expected theoretical trend

when comparing the loss of a 2p electron from the molecule
to the loss of a 2p electron from the ion. It can be
concluded that the charges and potentiais obtained from

the CNDO/2 calculation including d—oxbitalé in the basis

set are inadequate. ,

(ii) EWMO (Hiickel) Calculations

Only the atom-charge model was used in conjunctlon Wlth

charges and potentials from the EWMO (Huckel) calculatlon.
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Table 4.18. k values obtained from least~squares £it? using
CNDO/2 charges and potentials - d orbitals in-

cluded in the basis sét.

Phosphorus serieé k
1s (GPM) | 18.98495%
._ 1s (RPM) | 17.6137
2p (GPM) ‘ . 17.8466
2p (RPM) 16.4861
2p* (GPM) . 17.8507
2p* (RPM) "'16.i429

(a) k obtained from fit to

AE-V = kq + &

-




The fitted values of k and L for the GPM, RPM and TPM
approaches are listed in Table 4.19. The results of
calculations done with the original par‘meterisation48
with new phosphorus parameters (Appendix 2) are compared.
The shifts for the phoﬁphorus series are given in Table
4.20 for the case of the original parameterisation for

P and in Table 4.21 for the new parameters. Shifts for
the sulphur series are given in Tables 4.22 and 4.23
respectively. Table 4.24 suumarises the correlations be-

tween the various calculated shifts and experiment, some

of which are shown in Figures 4.23 to 4.30.

The correlations between the calculated and experlmental

“shifts are very similar for both parameterlsatlons The
- original parameterisation gives a slightly better fit for
the phosphorus series Whereasbthe converse is true for the
sulphur series in which a phosphorus group is present as

-a substituent on the sulphur. The use of.fitting tech-

niques to obtaln k and L values tends to obscure the \\)
effect that the new parameterlsatlon may have on the f{t.

»

The new parameterisation clearly gives a lower value for
- ) N (/“ )

the k associated with the initial photo~jonisation in the -

o)
phosphorus series and this may indicate that the new

parameterisation is more realistic, however it is difficult

to draw any definite conclusions.

The correlatlons between experimental and calculated

]

and
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Table 4.21. Calculated atom charge model shifts.(eV) ob-

MOLECULE
PH3

SPF
P(CHj) 5
SPC1
oPF
OPCl
PF .

PCl3

PF,
SP (CH40) ,C1
(CH40) ;PO
(CH40) 4PS
(CH,0) 5P
P(CH4)Cl,

OP (CH,C1)Cl,
SP(CH,)C1,

_P(C2H5)3

tained from EWMO (new P parameterisation)

charges énd_potentials used?.

GPM

0.0

7.18

0.48
6.26
7.70
6.08
9.12
3.05
5.44
4.90
4.20
4.11
1.50
2.29
5.77
5.68
0.52

A

1ls

RPM

0.0
6.10

-0.82

4.73

6.85

4.59

8.09

- 1l.61

4.58
3.41
2.89
1 2.71
0.24
0.89

- 4.16

TPM
~y0I0

5.92

-1.05

4.15 -

-1.24

4.51
6.69
4.39
7.91
1.37
4.42
3.19

2.67

2.48
-0.01
' 0.66

3.95
3.93
-1.49

GPM
0.0
6.38
0.43

5.77

4.24

3.30
3.36
0.99
2.12

. 5.14

5.21

0.49

RPM
0.0
5.33

-0.84

4.28

S5.91
3.98

7.07
1.45

4.01

2.80

2.03
2.00
-0.22
0.77
3.57

3.72

-1.21

TPM
0.0
5.16

~1.06
4.07 .
5.75

. 3.78

6.89
1.21
3.85

2.58

- 1.81

L d

1.78
-0.46
0.54
13.37
3.50°
-1.46 .

(a) 2p* and KL,L, shifts are unchanged from Table 4.20.
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TABLE 4.24

Correlation obtained from liut--quatu fit on

calculated versus experimental shifts (EwMO

calculation)

Original Parametrigation

New P Parametrisation

slope intcpt corr coeff slope intcpt corr coeff

Phosphorus hﬂories

1s (GPM) 7 0.9649  0.7501 0.9617 0.9626 1.0972 0.9490
1s (RPM) 0.9802 -0.4154 - 0.9682 0.9800 -0.2174.-70.9558
1ls (TPM) 0.9819 -0.5537 0.9672 0.9812 -0.4222 0.9647
2p (GPM) 0.9739  0.8077 0.9554 0.9711 1.1559 0.9394
2p (RPM) 0.9941 -0.3188  0.9646 0.9936 -0.1229 0.9614
2p (TPM) 0.9964 -0.4580?{' 0.9638 0.9958 -0.3267 0.9605
KL L, (GPM) 0.7970 1.1197 0.8878

KL, L}  (RPM) 0.8247 0.0164% 0.9051%

KL,Ly (TPM) ' 0.8230 -0.1739  0.g8897 .

Sulphur Series" . ',

1s (GpM) 0.9949 1.2105 0.9816 0.9956 1.1071 0.9833
. 1s (RPM) 0.9951 -0.2113 0.9873  0.9939 -0.2563 0.9880 -
1s (TPM) 0:9929 -0.5034  0.9852 0.9912 -0.5275‘ 0.9861
. 2p (GPM) 0.9983 1.1953 ' 0.9774 0.9999 1.1210 0.9795
2p (RPM) . 0.9995 -0.1653 0.9854  0.9989 -0.1853 0.9865
2p (rpn) 0.9976 .-0.4525 0.9835 0.9965 -0.4529 0.9548
KL, L, (GpM) 0.9461 0.7002 0.3703  0.9440 0.7274 0.9714
xLst (niu) 0.9655 -0.2844 0.9788 p.sséy‘-o,zago 0.9803
KL,Ly (TPHM) 0.9583 ' -0.3061 0.9776 0.9559 -0.2537 0.9788

(a) P(czus) 3 hot included

in fit, note KI.2L3 (GPM) : slope = 90,7559 °
intcpt = 1.1210

€Orr coeff = 0.8609 »

a
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Figure 4.23 Correlation of calculated versus experimental
.P2p bindjng energy shifts. . Calculated shifts are obtained
from the atom charge model using EWMO RPM charges and

potentials.
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AEzp(RPM}/eV
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l a
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|
N

Figure 4.24 Correlation of calculated versus experimental

Sip binding energy'shifts. Caléulated shifts are obtained

. from the atom charge model.using EWMO RPM charges and

potentials.
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AE?.p (RPM) /eV

I

AEzpfcxpt)/cV

Figure 4.25 Correlation of calculated versus experimentaI

P2p binding energy shifts. Calculated shifts are obtained

from the atom charge model u51ng EWMO (new P parameterisation)

RPM charges and potentials.



130

1o T |

AEzp(RPM)/eV
=)
3
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N

AEzp(cxpt)/cV

Flgure 4.26 Correlation of calculated versus experimental

Szp blndlhg enerqy shlfts.' Calculated shifts are obtained -
from. the atom charge model . using EWMO (new 4 parameterlsation)
RPM charges and potentials.A _ ‘
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10

, —«AEz_p (TPM) /eV

-

!
-5 0 5 10

. - AEzp(cxpt)/eV

Figure 4.27 Correlation of éalculated versus experimental

P2p binding energy shifts. Calculated ‘shifts are ob-
tained from the atom charge model usan BNHO (new P

parameterisatzon) TPM charges and poﬁantials.'a"



v

AE,  (TPM) fev

"y

Figure 4 28 cOrrelation of calculated versus exper:mental

SZp binding energy ahifts. Calculated ohifts are‘gbtained
from the atom charge modal uaing EWMO (nev P parameter-

isation) TPM charqes a:fd potentius. | \\
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Figure 4.29 Correlation of‘calcuiated versus experimental

P KL2L3 Augerfenétgy shifts. Calculated shifts are ob-‘
'ta.'lned fron the ahﬂn charqe podel using xmo m char
/" and potentials. o S Y
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lzggure 4.30 ‘Correlation of calculated versus experimental

o S KL2L3 Auger‘energy shifts. Calculated shifts are ob-

tained from the atom charge model using*EHHo (new P para-
* | :
: ﬁ.nterisation) RPM charges and potentials. ‘

Tv Q
JJ'J

134



shifts for both the RPM and TPM approaches are equally
good. The TPM approach gives a slightly lower value for k.
Since the TPM apﬁroach was not used with the CNDO/2 formal-
isation we cannot compa;e~the advantages of the TPM and
thus we shall only consi@er the RPM approach. However, it
seems that the TPM approach gives as reasonable an estimate
of chemical shifts at this level of approximation as does

. the RPM approach and does so with'one calculation rather
than two.

The EWMO (Hiickel) calculations, for the sulphur series,
gave as goed a correlation of experimentalveranscalculated
shifts at all levels as the CNDO/2 caléulations, however
the value for k obtained on the RPM fit on the 2p*odata
was v1rtually the same as that for the 2p data. In the
phosphorus series the correlatlons derlve& from the EWMO .
(Hickel) calculations were cons1derab1y worse\than‘thogz‘
derived from the CNDO/2 calculations. While the experimental
versus calculated shift correlations for the ls and 2p |

electrons. were reasonable, the correlatlon of the Auger_

s“ w . -

data was poor. The model, utillslng EWMO (Hickel) charges :
and potentials, exhibits deficiencies when dealing with the
loss of the second electton and the concomitant electron
reorganisation. This is demonstrated by the sxgnlflcantly
lower correlatlon coefficient obtained on the fit of

equation 4.2 for the P2p shift. The poor fit here will

J -
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result-in a lack of correlation between the experimental
and calculated shifts. Figure 4.31 shows the correlation
of (AE - V) witf q for the PZp*.shifts using the RPM
charges and potentials appropriate to the ion. It is clear
why a poor correlation was obtained. The EWMO (Hiickel)
calculation results for phosphorus compounds with a lone
pair on the central aton are different from those without

a lone pair. This differenve is also illustrated by a
similar plot for the SZp* ehifts (Figure 4.32). The
molecules can be grouped according to the number of lone
pairs on theicentral atom. The "pivoting" ;é not as
dramatic in the'eulphur case as with fhe phoSphorus series
and hence a fit over all the groupsvgines a reasonable’
correlation, however, the pivoting results in an unreasonable
value for k. Asimilan differencesCin the correlation of

(AE - V)bagainst q are observed for the Pls shifts using
‘the RPM charges and potentials approprzate to the molecule
(Figure 4.33). The differences are not as pronounced as
those.aseociated with the P2p shifts, and as in the
sulphur case, results in a reasonable fit. Correlation of
(AE - V) with q for the P2p shlfts, u51ng RPM charges

and potentmals approprlate to the ion from the tNDO/z .
_ calculatlon (Flgure 4.34) shows a cons;stent trend re~

gardless of coondlnatlon. .
Table’4.25 gummarises the k'and_L.Valueerbtained with

>
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\

Figure 4.31 Correlation. of (AEZP*-—V) with (kq+z) using EWMO \

(new P parameter:.satlon) RPM charges and potentials ap—' ' \
| Propriate to the ion state ~ phosphorus;serles. Compound, \
nunbbers are presented in TabLe 4.1. The compounds ;re ‘
grouped accordlng to those w:Lth one vlone pair (l) and no

R

lone pairs (@) on the phosphorus atom.
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Figfige 4;.32, Correlation of (AE, .-V) with (kq+%) using EWMO
(-new P iparameteriSation), RPM charges and potential,s appro-
,priate to the ion state - sulphur series. COmpound qumbers
are presented in Table 4 2. ‘l‘he compounds are grouped ac-
cord:.ng to those with three lone pa.u:s (7) P twa lone pairs o,
) »one 1one pair (A) and no lcme pa.irs (0) on the aulphur atom. |

-

s 07 - . o ) . - . . -

- ' : e
& ' - A A ST LR SR RN : T -



ZSr

-5' b’

Figure 4.33 Correlation of (AE, -V) with (kg+t) using EWMO

(new P parameterisatien) RPM charges and ‘potentials ap-
proprlate to the molecule - phosphdrus series. Compound‘

numbers are presented in 'I'able 4. 1. 'l‘he compounds are

grouped according to those with one 1one pair ©) and no

lone pairs (D) on the phosphorus atom B _
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_yN=1,N-2

\

5L ‘ ‘ } \
Figure 4.34 Correlation of (AEZP,—V) with (kq+%) using

CNDO/2 RPM charges and p6tentials appropriate to the ion
'state - phosphorus,series. Compound numbers are presented
in Table 4.1.
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EWMO (Hickel) charges and potentials, as well as the cor-

relation between the experimental and calculated shifts,

s (original and néew parameterisation) and
%.which only molecules without lone pairs
BN .

ftgﬁ hgbe been considered. The corré;ation
'lé—lé‘ar\&provement over that when all the
molecules.Ageﬁéongiaered. Theik values obtained for the
RPM approach now reflect the theoretical tré:;: The new
parameterisétion gives lower values for k but again the
difference7 aré too small to permit definite conclusions.

The EWMO (Hlickel) calculation seems to partition

*vcharge differently when lone pairs are involved on the atom

\

~

and as a result series of molecules related by equal
numbers of lone pairs are established. It must be c‘ncluded
that the general applicability of.,the EWMO (Hiickel)
calculation to estimate shifts is limited except in ‘he

case of a carefully selected series of compounds. W

E. Relationship of the Auger Electron Shift to the Core

Electron Binding Energy Shift

34

The Auger parameter~ was originally defined as

ba = (AE,, . + 8Ep.) = 28R, (4.4)

The sum of thé Aﬁgér chemical shift and the binding energy

shift of a specified core. electron equals twice the extra




L4 .
atomic relaxation energy associated with the photoelectron.

It was shown in the introduction that a more accurate

expression can be obtained. For the KLL Auger shifts the

Auge: parameter becomes ) g
o | Lok . ,
(AEKLL * AE;) = AR+ AR s + AEX-ray . (4.5)

\

with the spec1f1ed core electron comlng from the L—shell

~The Auger parameter depends not ohly on the relaxation

enexrqgy assoc1ated with the loss of the initial photoelectron
but also with that of the second electron which is leav1ng

a singly-charged 1on.- The X-ray term corrects for the
dlfference in the chemlcal ‘shift associated with the K-shell
and that associated with the L-shell, thls must be considered
since the K-shell is refilled'byoan L-electron lo'the AugerA
process. If the specified electron is‘from the K shell,

the Auger parameter becomee

N l R : _ ) 1+K .
T (AEKLL:+ AEK) = ARy + AR » + 2Ar:x__r‘,_,‘.Y (4.6)

The relaxation terms are st111 associated WIth the L shell,

144

the shell which provides the Auger electron which we observe.

" The values for AR in the above equatxons express
changes in total relaxation energles. If the atomic e
contribution is cdgéldered to be constant’for the whole
'series then the values for AR are shifts in extra atom;c

T
-

relaxatlon." BN
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Rearrangement of equation (4.5) giVas
AEy . = (AR + AR x) - (AE_ - sEl*K (4.7)
KLL = RL R, Fy, = 8By ray) .

- The Auger chemical shift depends on a reference level

(4B, - AEL fay) which is modified by the relaxation con-
tributions arising from the removal of both the initial and
secgndary electtons. This expresslon provides a convenlent
way of relating the Auger shift to the binding-energy ‘shift.
This is shown dlagramatlcally in Figure 4.35 for the ';q
phosphorus series and Flgur‘4 36 for the sulphur series.

Only experlmental values have been used and hence the
relaxation contrlbutlon shown is the sum of ARL and ARL*
contrlbutlons. The dlagram clearly 1nd1cates where and why
reversals occur between the Auger)and photoelectron chemlcar
shifts. The relaxation contribution can greatly alter the
shifts--adding as much as 3.5 ev in some cases relative

to the reference. ) )

- The. results from the calculatiops have also been

applied to equation 4.5. In view of the discussion in the
previous section only the.results from the CNDO/2 calculatlons
will beqqgfsidered fbr the complete series of molecules. | |
The Auger parameter, exper1menta1 relaxation_energy shifts,

as well as the calculated relaxationwgnergy shifts for both
electrons obtained from the atom dharge and potcntzal

modela are shown jin Table 4.26 !br tha pho'phorus series
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. TANLE 4.26¢ Relaxation - emperimencal an' fyom CHDO/2
-lnhuh-dthlqupu—morm

w “‘)."‘L" - "“‘m;

‘s -“cx:

I'4

@ Corvalatien with s tiee ug. .33 o

slope = 1.0899  iacpt = 028845 corr coeff = 0.9281
(o) b-;«ue‘h-u,u b (sée rig. 4.37) _
' ,O0e = 1.2969 incgt = 0.3549 corr coaff = 0.9323

- n,,u« Mu(2p) yo 13,5715
) »15‘ s Xt (20%) = 36,3054

R . .. (all shifes 1n o)
. Y '«;ﬁ.xmnm Y %0del®  Poteatial Model
SRR
o7 Seleei T ity se® any n; ﬂvu,. oA empen ®
X . :
SN T e.00. © o o e o 0 ° e
S ey 1.2 1.05 2.17 6.67 0.86 2.58  0.33 0.76  2.14
4‘» wiemy), 208 0.12 2.20 1.68 161 34 1.77 1.5¢ 3.8
-y s, 340 0.64 406 193 199 458 199 236 4
. orr,. -0.28 . 1.05 0.77 ©.AS 0.34 1.5¢ -0.33 o.10 0.82
‘ oeci, 260 0.6 3.2 173 1.95 437, 1.68 2.0 - 462
g ©-18  1.22 1.40 0.32 0.78 2.32 0.07 0.72 2.0
x1, 3.65 049 31e 1.6 198 415 130 3. .36
m, .66 0.76 0.10 0.17 0.39 1.27 T-0.34 o1 e.s3
SP(CN,0),C1" 2.91 0.82 3.73 2.10 2.09 .01 213 2.2 s.a
c )
- (EOIT0 185 080 265 189 197 466 1.2 2.0 4n
Co, M 2,47 007 234 2.1 2.04. 5.02 2.1 2.8 s.i6
$c2,0) .2 1.59 0,63 2.22 1.7 Les 4 195 200 4.
PENICL, 250 0.36 Fe6 165 1 3.5 1.67. 194 397
PiCMgly  2.50  0.05 2.95 2.29 2.19 .53  2.5) 2.32 -¢ise
ORICR,CLICI; 268 0.5% 3.20 1.33 197 460 192 2.06  4.37
' SPCU)CL,  3.43 oco 400 1.96 1.91  ,4.47 ° 2.01 2,03  4a.64
ricry), 2.“1 _ o.oc Lnr .19 2.66 423 248 2.1 am
5 .

&
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and in Table 4.27 for the sulphur series. I
The ground potential values for k used i‘i%ié'atom—

charge model were ohtained from:a linear extraﬁoiation

based upon the relaxation potential values for k. FJ.gures ‘-0 ]
4.37 and 4.38 shoﬁ the correlation of (AEgyp + AE;) with !>'1<§ﬁb\
(ARL +fARL* +. AE§+§ay) for the phosphorus and sulphur .‘- v.;ﬁﬁ,
serles respectlvely. The correlation is satisfactory with
the sulphur series having less" scatter than the’ p?osphorus
serxes{? In both cases the potent1al model . (utillsing A
theoretlcal k's) gives the better correlation. pUnit sloéLs
are not obtained, which is not surprlsing in view of the
correlations obtalned.between.the experimental and cal-

s

culated shifts presented prev: usly. With the exception

‘3

of‘the molecules containing ‘the (hOCH3)'}4gand, the cal-
culated values follow the same general trends as experlment
though they are somewhat lﬂrger. :

) The CNDO/Z calculatlon used here failg with (-OCH ).

.Lee et al have calculated the "electron' flow (relaxatlon)
?uring core-ionisation for a series of te;valent phosphorus ‘
compounds using a CNDO/Z program which was modified by
Sherwoed 55 Théy found that upon core ionisation, the
P(OCH3) molecule,exhlblted subgtantially less relaxatlon' ‘
tha PCLy. and p(ca'3) 5 | |
' The results/from ‘the EWMO (Hﬁckel) oalculations have . .
) "s. !ach serlei |

of ione pairs bn the

Al .

N

i‘been applied to ?elect serieg of
fdkﬂ!bs nolecules with the same ne

'”f‘ﬁ"‘*\.”,- ) !
. The P
T 20 F ;oo
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central aeem, The theoretical k's (Table 4.10) were used
in conjunction with the atomecharge model. The results,
along hk{h the CNDO/2 relaxation energf shifts based upon
| the same refefence values, are shown in Table 4.28 for
phosphorus and Table 4.29 for sulphur. The trends 1n»the
total relaxation obtained from the Eﬁho (Hickel) cal-
culations follow the experimental trends in all cases
(except PF3 compared to PH3). ‘The values obtained are
smaller than those oPtained by the CNDO/2 method and the
 total relaxation energy shifts are in closer agfeement with
ekperiment. In some cases the relative relaxation con-
tributions of the first and second 10n18at&on 'steps to the
total relaxation have been reversed ove;kthose predicted
by the CNDO/2 calculations. .

In view of the difficultie% and contradictions arising
from*the semi-empirical calculations used here, it is
diffeeult to draw any definite conclusions™al about the 51g-
nlflcance‘of changes in relaxation enérgies which are
associated with the first ionisation step compared to those
associated with the second. However, certain observations
-can be.hade based upon the experlmental' values for total
relaxation. The relaxatlon depends on the ahil;ty of a
'group to:réhpese electrons. This may be due to its electro-
negativmty, polurisabilzty or both With all things being 1;5
.equal the more electronegative a substituent the less

relaxation will occur. “his is amply illustrated by the

Y.




%

155

"
N
RS 5

Experimental and calculated (atom charge model) 2

Table 4.28.
relaxation energy shifts (evV) -~ P seriesb. |
Exptl. CNDO/2 EWMO
Molecule AR1.+ARL'; ARL S ARL,' ARI Al&_*
 PH, 0. 0 0 0 0
PF, -0.66 ~0.34 - 0.11 0.14 0.35
PC1, 2.69 1.70 2717 1.33  1.65
P(CH) 4 2.08 1.77 1.56 1.35 1.36
p(oca3)3' 1.59 1.75 © 2.00 0.75 b.slf
P(CHj)Cl, 2.50 . 1.67/ 1.94 132 1.56°
P(C,H.) 4 2.90 2.5 2.32 © o 1.92 -
P(CF,) 4 2.82 “2.48 2.3 - -
P#.Sj.\ 0 o ° :& :
SPRy 0.94 0.26 0.04 0.42 0.43
spCl, 3.22 - 1.96 1.4 1.33 1.39
SP(OCH;) 5 ‘ 2.29 2.04 1.46 0.83 0.77
SP (OCH;) ,C1 2.73 2.06 1.54 105 1.07
SP(CH,)C1, . 3.45 1.94.  1.31 1.34  1.25
oPF, ~0.46 -0.40  -0.62  -0.08 =-0.15
OPC1, 12.42 ~1.61 1.38 1.06 1.10
OP (CH,0) , 167 1.75 1.37 0.53  0.44
OP (CH,C1)C1, 2.50 1.85 ’ 1.34 £i22 1.26

(a) Theotetieal values for k used (Table 4.10). -

3

(b) The molecules have been grouped according to the number

of lone pairs on the’central atom.
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Table 4.29. Experimental and calculated (atom charge model)?

relaxation energy shifts (ev) - § seriesb.

-Exptl. . CNDO/2 ‘EWMO

Molecule AR +AR , AR R, AR aR,
H,S 0 0 0 0 0

¢ (CH,) SH ' 131 1.05  0.74 0.69 .0.63
(¢Hy),8 2.26 1.81 1.50  1.28 1.17
CH,SSCH, 3.15  2.43 1.81 1.68 1.64
CF,SSCF, 3.15 2,75 2.10  2.15 2.14
SF o SN I 0 o 0
SOF, © -0.56  -0.76 ~1.02 ~0.20 "-0.33
(CH3) ,S0 0.93 0.76 -0.71  0.52 0.13
socl, 1.75 1.21 0.44 0.78 ~0.65
so, Iy -0.90 -1.57 ~1.91 -0.27 -0.58
(CH;0) ,50 1.26 1.26 0.17 0.41  0.48
SFg 0 0 0 0 0
sozc1p -0.11 0.01 - -0.56 0.05 -0.12
s0,c1, 0.83 0.77 0.28 0.45 0.28
so,F, 7 40,76 -0.98  -1.22  -0.38 -0.58

CSFCL 104 055 o440 36 0.40

(cH 0)2502 o em 1.19 0.16 0.21 0.13

- (E) Theoretical valueé for _‘ used (Table 4.10).

(b) The molecules. have been g&uped according to the number

of lone pairs on the central atom.

-



iy

comparison of similar molecules containing F and C1
substituents, or comparison of molecules with a terminal
sulphur with those containing the more electronegative
terminal O in the phosphorus series or comparison of the
-PF3 ligand with the ~PC1$ in the sulphur series.

Othef f&ctors, however, appear to be equally impor-
tant. Based upoh the simple electronegat jui arguments
it might be expected that ~C,H, and -CH, P behave sim-t
ilarly and that PF3 would have substantially less re-

laxation than PH3, as wquld molecules with a -CF3 group

when compared to simllar molecules uontainlng a -CH3

° group This 18 not . the case,_the C2H5 group exhibits

more relaxatloguthan-the ~¢H3_grqup;,and in the latter two

B

~_examp1es the reverse is observed. These can be attrlbuted

to an increase in the polarisability of the group due to
the presence of a larger number of electrons thereby con-
tributing a larger total "electron flow". |

Replacement of a lone pair by twg/é groups (e.g. com-
paripg, respeqtively) PF, SF4,'Sozvﬁith PFg, SFg, SO,F,)
increases the number of électrons-aﬁle to "flow" onto the

ionised centre and hence increases the relaxation in-Spite
~ .

of the high eléctronegativity’of the F groups. This is also

the case when mplmm lone pair with a terminal §
group, however, substitution of a terminal O qroup for the

157

loné pair arodueea litg;e net effect, presumably tﬂé electro-

LR b N




negativity of 0 cancels out the increase in relaxation due
to the presence of moxre electrons.

Obviously relaxation is the sum of many complex con-

tributions. The above examples have been discussed in te;ms ‘

of "number of electrons" and electtonegatlvity Such ﬁpcfors

as "single" and “"double" bonds allowing more or less

electron flow could also contribute to the total amount of

relaxation. | . »
Oné final interesting point to note is the reversal of

‘relaxation effects betweeh -0083 an@f-cn3'in the comparison

of tpe phosphorus and sulphur ;exies gf coﬁpounds. The ‘

EWMO (Hiickel) calculation'coirectly pggdicts'this. ‘The

calculation shows that in P(OCH3)3 and P(CHB)3 the dif-

ference in relaxation between them is approximately the

same for both ionlsation steps whereas in (CH O) so there

is an increase in the relaxetlon for the second ionisation

compared to that for (CK3)280. ,*

158



Chapter S. ‘Summary and Conclusions

.
Woay

The KL2L3 Auger line, 1s and 2p core electron
lines were collected in a serles of phosphorus and
sulphur compounds and their chemical shifts were

»
compared. The potential mggel was ‘used to attempt to

explaln the shlfts.. ’

The correlation between the 1s photoelectron shift
and the 2p photoelectron™ shift was very good. The
1s photoelectron shift was larger. ' There was no such
correlation when comparing the Auger electron shift tors
the core electron shifts.\ The Auger parameter.a‘
when defined properly, related the Augerlelectxon shift )
to the core electron shift in a'conveoient way and the
" variations in shift¢ could be tationalised:by'conr
sideration of the sﬁifts in relaxation du . the. loss
of two electroms. It was found that the relaxation de-
Pends upon the ability of a group attached to the central
atoo to release electrons. Hany factors -can contribute~
to this Sneyit is necessary to keep all of th2; in ming.
For’ instance, the results showed that~an increase in
the polarisability of a group due to the presence of a
large number of electrons can reverse tbeﬂaxﬁected re~
laxation trende based soIely upon elactronogativlty.

The lack of success of _the g »,t

related to a large serion o! nol‘




the groups are affected by the oth.r substituents on th.
central aton and ‘that they cannot be ignoreda.

¢ The modals were tested witly the aid of two tyfn. of
eni;-enpirical méthods. The /2 calqulation gave ' “5}‘ ‘
reasonable correlation when using fitted p&rmtcr-
‘ &:uqh the values pbtainoil for k (the cquloubic rcpulsion
,integral) ?id not match the expected th.orotical trends too
well. It was thus d:lff:leult to relat:o J;.h. rolaxat:l;on as-
sociated with the loss of the second ﬂpctron to that as- |
sociated w:l.th thc in:l.tfal photoioni-;tion. The BMO {Huckel)
.calculag!.on ‘ found -to partion chargg duferently dipend:lng
: upon thc‘tn‘mbcr of lone pairy’ present o0 the ionised atom
md thus the gereral gpplicabil.ity of ?1 method is

+ .

It ik appaunt that -ozq’mgzk is .k'equired in fqn- e
| ulating seli-ﬁwtricai Spprafiehes. o |
‘ chu:gg distributions. ' ety , v
the mlmt.ion ptoeolm Mvod w:lth th. 1ona of thq; |

1\‘ _' T
‘ ‘Auger eleetm to thq nlmtiau procdsm involved vith . ,
" the loc- of 1n£tia1 oorn elcctm ‘. ,v o -f: T '7""-,‘f
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- Table Al.1l.. References from which experimental geometries

| were obtained
S i 0
v-Referenceaﬂiiff- e .. Compound ’ | T
ALl ‘j‘“" PHys PPy, Py, OPF,, OPCly, SECLy, (CH,0) PO,
sCly sr‘, sica, . T - -
AlL.2. . sF,, sr"'c1, S0Cl,, S0,Cl, | o Y

L L ¥ B k2

Al.3 ‘ftv*n 25, ' (CH,) SH, (CH3)2 ’ (cua).h:_n‘:‘

,,Sor ' sozrz' so?clr - :
i u“ - o P{cﬂ3)

AL.6 [w}: sppB, ‘pel, - (cF, )ss(cr )
Ne |?A‘1‘.7 - ! .

’ ) 3,::.' . "}6‘:‘ ‘,:., \ ¢ A ‘ "o ‘
‘References are: Comfar ' . S .

51 - -:.andolt-aornstein (Rew Setiee) Gmup II, Vol. 1.

o Springer-verleb, Berlin (1976)'. :'} v ’

. Al.2 B Laur in "Sulphur m Organic and xno:gamio cm— |

istry", Aod. a. Senning). ’Vol. 35 ‘Chap; 24, narcu e
R loekket. neuuxprk (zyza;. j*ﬂ,f¢?6~iflj15*: wf7ve,f;"‘r AR

.-" .
&

3




‘Table Al.1l, Co.nt'd'.'f N | .

Al.4 I.M. Hillier and V.R. .Saunders, Trans. F& Soc:, 66,
| 2401 (1970). *
Al.5 -’C‘.J. Marsden and L.S. Bartlett, Inorg. Chem., 15,
2713 (1976) . ?
Al.6 "Tables of Interatomic Distances and Configuration
in Molecules and Ions", (ed. L.E. gutton), Chem.
Soc. Spec. Publ.-#11 (1958)%
Al.7 L. Asplund, P. Kelfve;, B, @lomster, H. s\iégba'hn ‘
" K. S8iegbahn, R L. Lozes and u.I. Wahlgren, Phyaica

Spectra, 16, 273 (1977).

'(7 . , -




170

*P,3U0D

0050% (%mo) o

aUAmVE

(e3wp ©TydeaborTe3lsL10) .

i nammoov ds

s 3 ' '

A suoj3dumssve go
20IN0g

- 3
R I

_FoTbuw puv (y) sG36GRT

u . Y
" S ¥OT = omnov_c - ; o
) ’ bl
BEV'T = 0=D .tt,. U
. St=os L T
o - Quit=To-d TG
T T160°T ="H~D | S
R 1000 uw
($88°T = 5=a _, ‘101 mu~u\{‘
N ,ﬂm@ L ta (tmp)a cnu £10a. w.
' fe6°86 = DaD> Wm A Amnnuvmmuu“ t
. €17 = Toas> ¢ R
. '9d0° ¢ - “u-m e T
| .,,}8.3”
m%noo;o
. nxnnuo.mo

uodn poseq 2 30t
puoq poumssy. : v&uonﬁou,.‘nqvnzﬂ

*spunodwoo 3o saTI3oWoes pounsse 103 sTseg




71

-4

~*

1

/

Cos®(tmo) uy o83, v
“he T

.N
o088 (tmo)

€ (%up0) a0

os® ammov

um/ama - Omgm0>
.- TEY'T = Om=g

- ¢0°0TT = HOB>

t 3 pT°1 - on

oy, 53 .
- "G8Y'T = O=§
«8°80T = SOD>

eZ0T = 0SO>

suoT3dumsse jo
@0xnosg

saTBuw pue ._ﬁ sy3busT.

puoq paygesy

®




o4

, Figure A2.1 shows a plot of the core-integrala, U and

P

proportional to tha Slae_

R
-

- 'APPENDIX 2 Uy

Reparameterisation of the EWMO (Hiickel) Program

The program was a nodif\:ied iterative extended Hiickel - -
program (F.Wltlo).'f39 The ujor features of _this program have o,

becn adeq&ately describedu “ and will not be. dealj: with

here\ with the exception of - &m para:eteriiation. » ' -
The core-energy pm:dmetera and the Values for the 7 =

electron rppulsion j.ntegral *vere uken t’rom s.{::hel and

wm.tehemi.‘,9 'rhese atom parameter# are e upo. valence 4’ “ ;

e

" state energies for the atom given by Hinze and Jaffé. 56

| v

A ss

Upp. against the second-row elem&ta. 'rhe manner in which &

the argon values were obtainaa has already heen described
: : ' .-'. L ow, ¥ ~

&

in chapter 3.7 ¢ . f , . . ‘;*u““ .
The grapﬁ shwa a smooth trend of values with’ the - - ‘t
exception oﬁ those pertaining to phoaphorus’. , timilar" . "
plot for thqx_nlues dbtainaf byolear; et al._57ii ﬂhown i’n
Figure A2 2., +In this case a lmooth cu:ve thmtqh an the
point,s is’ obtaindd . ST S \_ . '
“. As mentioned pxeviously f#f al{nptex 3.’: -'5"
:“sion integralq. g'.. '
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* .
one~centre term and 9aA for the two-centre term. These

values are defined as

1 :
gAA = fgcgss + lngp + ngp + lzgppf)

* l .
gAA = Ig(gss + 6g8p + 3gpp +,69pp|)

¢

where gij are fhe appropriate electron-repulsion integrals
between the s and p electrons. It is not unreasonable to
assume, to the level of the semi-empirical approximation
used here, that the average elgctron repulsion terms are
also proportional to the Slater equnent. A plot of 9an
versus cs is shown in Figure A2.3 for both sets of para-
meteré. The parameter values diven by Oleari et al.s7 are
approximately linear for all elements in the row whefeas

in the vdlues given by Sichel and Whitehead49the*value
assigned to phosphorus deViates substantially fr-m the
linearity of the parameter$ assigned to{the_remaining
elements. This deviation of the phosphorus parameter in
‘%he latter case seems to reflect the stability of the half-
filled shéll’in atomic phosphorus. However, when dealing
with changes in the motecular environment the concept of
the stability of the half-fillgd shell is no longer relevant
becadse all systems are based on filled valence shells.
Thus for the series from Si through to Cl a smooth, gradual

increase in parameter ‘values would be expected. 1In this con-

text the trends exhibited by the parameterisation of Oleari

175
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et al.S] seems more reasonable.
Rather than attempt to reparameterise the entire program

37 ve thought that

using the values given b,§01eari et al.,
it would be'mofe efficient and equally justified. to inter-
polate new balues for the phosphorus parameters, in effect
obtaining new parameters for phosphorus which would be-related

fo the other atomic parameters given by Sichel and Whitehead.49

This set in genenal would parallel those of Oleari et al.51
The one—céhtre électron repulsion integral wés estimatea from
a lea§t—squares fit of atomic parameters for the seéond
row (with the’eXCeption of P) as shown in Figure A2.3.
A similar procedure was used to estimate the two-cehtre
electron repulsion integrai. A correlation of theléore
integrals froh both works is shown in Figure A2.4. .The
phosphorus parameter value given by Oleari et al. was then
convertéd ﬁo an/interpolated "Sichel and Whitehead" core
integral value for pho?phorus using tﬁe‘least—squares . .
correlation function d;fined by the data in Figure A2.4.

The final values for the new phosphorus parameters are

presented in Table A2.1. Figure A2.5 shows the new relation-

ship of the core integrals for the second row elements.

Fe
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e
Table A2§;

New Parameters for P (in eV)

-u -u

ss PP . Ian 9an

50.648 42.949 8.079 8.124

-
[P
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" APPENDIX 3

7

Corrected values for the calculated Auger shifts as

presented in Table 1, re¥. 8. ~
) Auger "
2 stép 3 ep
eqn. 5 eqn. 6
y ¢
\-PH3 0 | 0
Pcl3 : -1.78 -1.32
PF3 5.08 5.53
SPCl3 0.43 : *0.60
SPF3 : 5.90 . 6.33
0PC13 0.72 1.13
OPF, - 7.54 - 7.96
PF 8.64 9.28
A
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