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ABSTRACT 

High reso lu t ion  x-ray photoelectron core l eve l  spec t ra  f o r  a  v a r i e t y  of 

t r a n s i t i o n  metal complexes and metalloproteins a re  presented and r e l a t ed  

t o  quest ions  of surface r e a c t i v i t y ,  e lec t ron ic  s t r uc tu r e  and metal ion 

valency. Core l eve l  spec t ra  of VOSO 4 J  'JB2 9 'J203> 'J205> I J ,  VN, Na3V04, 

B203, B,  H3B03, Na2B40,10H20, Au,Laccase, Ste l lacyanin ,  Plastocyanin,  

2  - Hemocyanin, Spinach Ferredoxin, High Potent ia l  Iron Protein,  Fe S (SEt)4 , 4 4  

CuC12 (n-Bu S (CH2) *S-n-Bu) , Cu(n-Pr(C4H4N20H) 5) a r e  reported.  

Elect ron binding energies corre la ted by i n t e rna l  referencing a r e  tabula ted 

f o r  t he  species  studied.  

Charging e f f e c t s  i n  insu la t ing  chemical species a r e  quant i f ied  and used 

t o  examine t he  e lec t ron ic  and chemical proper t ies  of t h e  compounds 

s tudied.  I t  is demonstrated t h a t  charge neu t ra l i za t ion  i n  e l e c t ron  

spectroscopy is pr imar i ly  due t o  capture of secondary e lec t rons  i n  t h e  

sample chamber with average k i n e t i c  energies below 6 eV. 

Data handling methods f o r  noise  removal based on Fourier  methods a r e  

presented. Treatment of t he  observed photoelectron l i n e  shape i s  given 

and spec t r a l  deconvolution i s  employed i n  data  analys is .  

Passivation react ions  on vanadium dibor ide  i n  carboxylic ac id  a t t a ck  a r e  

a t t r i bu t ed  t o  t he  formation of surface  vanadium oxides. Quant i ta t ive  

aspects  of t he  e lec t ron spec t ra  a r e  developed, together  with observed 

charging phenomenon, t o  show the  unperturbed ebservazion of adsorbed species  

on c a t a l y t i c  vanadium oxides. 
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The valency of copper i n  Laccase i s  studied by means of new copper 

sulfo-complexes and t h e  well-defined p ro te ins  Stel lacyanin and Plas to-  

cyanin. Type 1 and Type 2 copper i s  observed and Type 3 copper i s  described 

by a CUI-S-S-CUI model. Oxyhemocyanin i s  a l so  s tudied and assigned i n  

terms of a cupr ic  model. 

The ~ e ~ ~ ~ ( ~ e t ) ~ ~ -  c l u s t e r  complex i s  examined and the  mercaptyl and 

su l f i do  su l fu r s  a re  assigned. Only one i ron s t a t e  i s  observed, F ~ I I I ,  

supporting the  delocalized model of t h i s  species .  I t  is suggested t h a t  

t he  oxidized and reduced c lu s t e r  species can be s t ab i l i z ed  i n  t h e  e lec t ron  

spectrometer. By comparison of t h e  photoelectron spec t ra ,  t h e  c l u s t e r  

complex i s  shown t o  be a reasonable model f o r  2-Fe and 4-Fe Ferredoxins 

and a d iscuss ion of t h e  spec t ra l  d i f ferences  i s  given. 

The experimental parameters necessary f o r  the  successful  s tudy of metal lo-  

p ro te ins  by photoelectron spectroscopy a r e  developed i n  terms of elemental 

s e n s i t i v i t y ,  decompositioii p ro f i l i ng ,  photoreduction, energy reference 

standards,  sample preparation and thermal e f f ec t s .  
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1 
I .  INTRODUCTION - 
The appl ica t ion of spectroscopic techniques, which p r o f i l e  t he  in te rac t ion  

of electromagnetic rad ia t ion  with mat ter  has y ie lded information about 

t he  e l e c t ron i c  s t r uc tu r e .  Generally, these  techniques measure re la t ion-  

sh ips  between species  i n  t he  ground s t a t e  and i n  t he  bound exci ted  s t a t e s .  

A few years ago, K. Siegbahnf s ESCA monograph1 exci ted  new i n t e r e s t  i n  a 

spectroscopic method which made poss ible  t he  d i r e c t  study of the  energy 

d i s t r i b u t i o n  of bound e lec t rons  i n  atoms, molecules and s o l i d s .  

This method required t he  i l luminat ion of a sample with electromagnetic 

rad ia t ion  and the  analys is  of  the  k i n e t i c  energy o r  momentum d i s t r i bu t i on  

of t h e  photoelectrons emitted. A considerable number of reviews of t he  

theory2> Y 4, experiment5, and appl ica t ion7,  of  e lec t ron  spectroscopy 

have appeared s ince  t h e  pioneering work of the  Uppsala group. 

1. Siegbahn, Kai; Nordling, Carl; Fahlman, Anders; Nordberg, Ragnar; 
Hamrin, K je l l ;  Hedman, Jan;  Johansson, Gunnilla; Bergmark, Tossten; 
Karlsson, Sven; Lindgren, Hngvar; Lindberg, Bernt; Electron Spectros- 
copy f o r  Chemical Analysis - Atomic, Molecular and So l id  S t a t e  Studies - 
bv Means of Electron S ~ e c t r o s c o ~ v .  Almavist G Wiksells ~ o k t r v c K r i  , L 

AB, Stockholm, Sweden, 1967. 

Hollander, J . M . ,  and Sh i r l ey ,  D.A. ,  - Ann. Rev. NucP.Sci., - 20, 435 (1970). 

Siegbahn, e t .  aP., ESCA Applied t o  Free Molecules, North Holland, 
Amsterdam, 1969, 

Gelius, U. ,  Molecular Orb i ta l s  and Line I n t e n s i t i e s  i n  ESCA Spectra 
Uppsala Universi ty,  I n s t i t u t e  of physics, Publicat ion #753, November 
1971. 

Fadley, C.S., Thesis ,  Universi ty of Cal i fornia ,  Berkeley, 1970. 

Pollak,  R . A . ,  Thesis ,  Universi ty of Ca l i f o r r~ i a ,  Berkeley, 1972, 

Bremser, W . ,  Xray Photoelectron Spectroscopy, i n  Topics i n  Current 
Chemistry, 36,"Springer-Verlag, Ber l in ,  1973. 

Hercules, D . M . ,  Analytical  Chemistry, 42, ZOA, 1970. 
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The e lect rons  of i n t e r e s t  escape from a depth of 4 t o  120 ins ide  the  

s o l i d  sample and a r e  not  perturbed by co l l i s i on .  The observed energy of 

the  photo-emitted e lect ron is  r e l a t ed  t o  t h e  atomic number of  the  emitting ' 

atom as well a s  t he  p r inc ipa l  quantum number of t h e  bound e lec t ron ,  the  

angular momentum and the  chemical environment. The discovery of t he  

chemical s h i f t  of t h e  core e lect ron bindi.ng energies promised considerable 

information about chemical s t r uc tu r e  . 

I n i t i a l  enthusiasm f o r  t h i s  new form of spectroscopy was dampened because 

of experimental and instrumental d i f f i c u l t i e s :  (1) The chemical s h i f t  i s  

small i n  r e l a t i o n  t o  t h e  na tu r a l  X-ray l i n e  widths and instrumental 

resolut ion.  (2) Surface contamination of samples gave r i s e  t o  da ta  which 

was not  representa t ive  of t he  bulk mater ia l .  (3) The sample of ten 

deoomposed i n  t he  vacuum o r  suffered rad ia t ion  damage, 44) Charge b u i l t  

up on the  sample a l t e r ed  t h e  energy of emitted e lect rons  i n  a non-repro- 

ducible manner. 

Because of t h e  great  po t en t i a l  of tk method a s  an ana ly t ica l  t o o l ,  the  

author decided t o  overcome these  d i f f i c u l t i e s  and t o  study t h e  e lec t ron ic  

s t ruc tu r e  of t ransi t ion-metal  complexes. Also, it seemed important t o  

apply ESCA t o  bis-inorganic chemistry, inco-qorat ing t r a n s i t i o n  metals. 

Here enzymatic a c t i v i t y  a t  spec i f i c  s i t e s 9  (often cal led ac t ive  s i t e s )  

can be s tudied,  espec ia l ly  as regards oxygen and e lect ron t ranspor t .  

9 .  Gray, H . B . ,  @per Proteins Based on 
Spectroscopic and M-netic Propert ies i n  Bioinorganic Chemistry, 
Advances i n  Chemistry, 100, American Chemical Soc., Washington, D.C., 
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Model complexes have been developed, which approximate the metal-protein 

environment. To such systems standard spectroscopic techniques as well 

as magnetic and electrochemical methods have already been appliedg l l l . 

Metal ions a t  ac t ive  s i t e s  of enzymes have unusual ligand configurations 

probably as a r e s u l t  of t h e i r  unique e lec t ron ic  s t ruc tu r e .  To devise 

a model requires  knowledge of t he  i d e n t i t y  of l igands ,  t h e i r  coordination, 

and t h e i r  physical a cce s s ib i l i t y .  

The present work has concerned i t s e l f  with a s e r i e s  of copper and iron 

metalloproteins f o r  which well-characterized model complexes were avai l -  

ab l e .  The valency and s i t e  environment of the  metal were detemined i n  

laccase and hemocyanin. Concurrently, s u l f u r  environments i n  metallo- 

p ro te ins  were studied.  A s imi l a r  study of the  i ron-sulfur  c lu s t e r s  i n  

ferredoxins was ca r r ied  out .  

In t h i s  t h e s i s  emphasis is  placed mainly on the  experimental aspects as  

PO ,-gar& ESCA a ~ d  metal l ~ p r e l e i n s  . Radizt ioz dw.age, dehydrat ion i n  

vacuum and thermal decomposition were monitored. An energy referencing 

system was devised f o r  t he  comparison of model complex and prote in  

spec t ra .  

10. Ts ib r i s ,  J . C . M . ,  and Woody, R.W., Coordination Chemistry Reviews, 
Elsevier  Publishing, Amsterdam, 1970. 

P I .  Williams, R.J.P., Role of Transi t ion Metal Ions i n  Biological 
Processes, R.I.C. Reviews, - 1, 13 (1968). 



4 
Spec ia l  sec t ions  of t h i s  t h e s i s  a r e  devoted t o  t h e  desc r ip t ion  o f  

experiments concerning charging e f f e c t s  and t o  removal 'of no i se  through 

data-handling methods. 

X-ray photoelectron spectroscopy i s  l imi ted  t o  t h e  examination of only 

t h e  f i r s t  few angstroms of t h e  s u r f a c e  o f  a  s o l i d  and seems t o  be an 

i d e a l  t o o l  f o r  t h e  s tudy of  t h e  pass iva t ion  of vanadium dibor ide .  In 

t h i s  case ,  t h e  study of  charging e f f e c t s  leads  t o  increased s t r u c t u r a l  

information.  The r e s u l t s  o f  t h i s  s tudy a r e  compared with d a t a  r ecen t ly  

obtained elsewhere on c a t a l y s t s  cons i s t ing  of  vanadium oxide and vanadium- 

molybdenum oxides,  



11.  GENERAL THEORETICAL - CONSIDERATIONS 

A. Theory of Photoelectron Emission 

The work reported i n  t h i s  t h e s i s  concerns t h e  i n t e rp r e t a t i on  of photo 

emission spec t ra  r e s u l t i n g  from X-ray adsorption by core l eve l s .  Several 

d e t a i l e d  reviews of t heo re t i c a l  aspects  of e lec t ron  spectroscopy a r e  

given i n  the  l i t e r a t ~ r e l , ~ > ~ , ~ .  The recent  treatment by ~ a d l e ~ l ~  i s  

t h e  most r igorous one. The energy conservation equation f o r  a  f r e e  atom 

or  molecule i s  

i hv + E = EKIN + Ef(k) , 

where 

hv z photon energy 

Ei 
E t o t a l  i n i t i a l  energy of t h e  adsorber 

E~~~ 
r Kinet ic  energy of t he  photo-electron 

Ef[k) 5 t o t a l  f i n a l  energy of t h e  adsorber a f t e r  the  
e j e c t i on  of an e lec t ron  from the  ~ t h  o r b i t a l  
as a  photo-electron 

For atomic s t a t e s ,  the  index k s tands  f o r  t he  quantum numbers nP o r  n l j .  

For molecules, k is  determined by t he  overa l l  symmetry of t he  adsorbing 

i f 
molecular o r b i t a l .  E and E (k)s may include contr ibut ions  from 

e l ec t ron i c ,  v ib ra t iona l ,  r o t a t i o n a l  and t r an s l a t i ona l  energies.  

The energy per turbat ion caused by f ac to r s  o ther  than X-ray adsorption 

[thermal exc i t a t i on ,  secondary e lec t ron  c s l i i s i o n )  a r e  small compared t o  

the  resolving power of the  instrument, which is  0.55 eV. Thus E~ i s  

assumed t o  be unique o r  single-valued. 

12.  Fadley, C.S., Theoret ica l  Aspects of Electron Spectroscopy, NATO 
Conference on m e c t r o n  ~missjoc, Ghcnt , 1973. 
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Relaxation processes can lead t o  uncer ta inty  i n  t h e  f i n a l  energy o f  

f t h e  s t a t e  (E [ k ) ) .  The photoelectron v e l o c i t i e s  a r i s i ng  from i r r ad i a t i on  

by s o f t  X-rays a r e  approximately non - r e l a t i v i s t i c .  Considering momentum 

f ' 
conservation E (k) can be wr i t t en  as t he  sum of a r e c o i l  energy E p lus  

r 

a term containing t he  energies corresponding t o  a l l  o ther  modes of 

mot ion 
I f 

ef (k) = E + E (k) . 
r 

For a given hv and E E increases with decreasing atomic o r  molecular 
K I N '  r 

mass I .  The r e c o i l  energies f o r  d i f f e r e n t  atoms calcula ted by Siegbahn 

a re :  H - 0.9 eV, L i  - 0.1 eV, Na - 0.04 eV, K - 0.02 eV, Rb - 0.01 eV 

(AlKa, EKIN = 1486 eV). E can be neglected with respect  t o  instrumental r 

reso lu t ion ,  and equation (1) reduces t o  

The binding energy of an e lec t ron  is  defined a s  the  pos i t ive  energy . 

required t o  remove it t o  i n f i n i t y  with zero k i n e t i c  energy. ~ e ~ r e s e n t i n ~  

t he  binding energy of the  k c  e lec t ron  by Eb(k), t h i s  r e la t ionsh ip  i s  

f i Eb(k) = E (k) - E (4) 

and equation 3 can be rewri t ten  as  

hv = E + Eb(k) . 
KIN (5) 

Since equation ( 5 )  r e f e r s  t o  an atom or  molecule i n  f r e e  space, t h i s  

binding energy i s  referenced t o  t he  vacuum l eve l ,  and appl ies  only t o  

gases ,  A s  shown i n  Figure 1 , s o l i d  specimens a r e  e l e c t r i c a l l y  connected 

t o  the  spectrometer and r e s t  a t  a f ixed  po t en t i a l .  



FIGURE 1 

Energy- l e v e l  diagram f o r  a m e t a l l i c  specimen e l e c t r i c a l l y  
connected t o  an e l e c t r o n  spectrome%er, The c lose ly  spaced 
l e v e l s  nea r  t h e  Fermi l e v e l  EF r ep resen t  t h e  f i l l e d  por t ion  
sf the  valence bands. The deeper l e v e l s  a r e  core l e v e l s .  
An analogous diagram a l s o  app l i e s  i n  p r i n c i p l e  t o  semi- 
conducting o r  i n s u l a t i n g  specimens, with t h e  only d i f f e r e n c e  
that. EF l i e s  somewhere between t h e  f i l l e d  valence bands and 
t h c  empty conduction bands above. 
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~t absolute zero, t he  Fermi l eve l ,  E~ ' f o r  a metal is  the  highest  

occupied l eve l .  This i n t e rp r e t a t i on  of E i s  approximately correct  F 

a t  room temperatures. The work function,  9,  f o r  a s o l i d  i s  defined as 

t he  energy separation between t he  vacuum and t he  Fermi l eve l s .  When 

t he  specimen and spectrometer a r e  i n  thermodynamic equil ibrium, the  two 

Fermi levels  w i l l  r e s t  a t  t he  same po t en t i a l .  The respect ive  vacuum 

l eve l s  need not  be equ i l ivan t ;  see  Figure 1. When t he  photo e lec t ron  

passes from the  sample t o  t he  analyzer,  it w i l l  experience a po t en t i a l  

equal t o  $ - where @ i s  t he  work function of the  sample. s 'spectrometer s 

The k i n e t i c  energy, E ~ ~ ~ '  
of  t h e  e lec t ron  i n s ide  t he  analyzer i s  r e l a t ed  

t o  the  escaping k i n e t i c  energy, E i I N ,  a t  t he  sample surface  by 

Binding energies i n  a me t a l l i c  s o l i d  can be measured e a s i l y  r e l a t i v e  t o  

t he  Fermi Bevels of  sample and spectrometer. For s o l i d s ,  equation (5) 

becomes 

where t he  supersc r ip t  F r e f e r s  t o  referencing a t  t he  F e m i  l eve l .  

In semiconductors and i n su l a to r s ,  the  F e m i  l eve l  is  no t  e a s i l y  defined, 

s i nce  it l i e s  somewhere between t he  valence bands (predominately f i l l e d )  

and the  conduction bands Qpredominately unoccupied) 3 .  Themodynmic 

equil ibrium does not  occur when t he  specimen impedes replenishing of t he  

e lec ted  e lec t rons .  

1 3 .  K i t t e l ,  C . K . ,  So l id  S t a t e  Physics, Wiley, (1968) 2nd Edit ion,  1973. '  
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Charging e f f e c t s  r e s u l t  i n  a ne t  re ta rda t ion  of t he  photoelectrons 

before they e n t e r  the  spectrometer. The magnitudes of these e f f ec t s  

vary from 1 t o  100 e lec t ron  v o l t s  and a r e  observed f o r  both so l ids5  and 

gases3.  The charging s h i f t  depends upon t he  photon f lux ,  the  secondary 

e lect ron f l ux  from spectrometer surfaces ,  t he  temperature, m d  the  

surface  and bulk conduct ivi t ies  of s o l i d  samples. 

I f  the  charge i s  uniformly d i s t r i bu t ed  over the  surface  of the  sample 

(of magnitude, Vc) then, equation 7 becomes 

hv = E KIN 
+ E~ (k) + 'c 'spectrometer . (8) 

I f  V i s  presumed t o  be zero, the  binding energies would appear t o  be 
C 

higher than they ac tua l ly  are .  A non-uniform charging po ten t ia l  would 

r e s u l t  i n  a broadening and d i s to r t i on  of t h e  peaks. 

B. S h i f t s  i n  Binding Energy of Core Electrons 

Molecular formation and reac t ion  causes r ed i s t r i bu t i ons  of valence 

e lect rons  compared t o  the  f r e e  atom, These r ed i s t r i bu t i ons  a f f ec t  the  

po t en t i a l  of t h e  inner  e lect rons  a d  r e s u l t  i n  changes i n  t h e i r  binding 

energies,  

In SiegbahnPs modelY f o r  predic t ing chemical s h i f t s ,  the  valence e lect rons  

a r e  represented by a spher ical  s h e l l  of negative charge. The po ten t ia l  

exerted by t h i s  s h e l l  on t h e  core e lect rons  within it is  given by 

where 6 i s  t h e  number of valence s h e l l  e lect rons  and r is t h e  radius  

of t h e  s h e l l .  I f  one e lec t ron  is  l o s t ,  t h e  screening po t en t i a l  seen by 

the  core e lect rons  i s  reduced by 

2 
AE = e /r  
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which i s  equivalent  t o  the  chemical s h i f t .  This model cor rec t ly  pre- 

d i c t s  the  order of magnitude of t h e  chemical s h i f t  but  overestimates 

t h e  extent  of charge t r ans f e r .  

The chemical s h i f t s  of a l l  core l eve l s  should be t he  same by t h i s  f r ee  

atom model. Fadley, e t  a1. 14, i n  an invest igat ion of  iodine compohds, 

found t h a t  the  s h i f t s  i n  t he  2s1/2, 2 ~ 1 / 2 '  2P3/2' 3d3/2' 3d5/29 4s1/2' 

and 4p leve l s  of iodine were equal within experimental e r ro r .  Oxida- 
3/ 2 

t i o n  number was t h e  f i r s t  empirical quant i ty  used t o  p red ic t  the  chemical 

s h i f t .  This parameter, however, gives a poor i l l u s t r a t i o n  of the  actual  

charge d i s t r i bu t i on  i n  molecules. Here, t he  d i s t r i bu t i on  i s  b e t t e r  

approximated by a number of o ther  models. The most important of these 

a r e  : 

1. The Pauling Valence Bond (PVB) model 

2.  The extended Huckel Molecular Orbi ta l  model 

3 .  The CNDO molecular o r b i t a l  method. 

The PVB method empirically cor re la tes  bond lengths and e lec t ronega t iv i t i es  

t o  es t imate  t he  d i s t r i bu t i on  of atomic charge1 5. The atom charge i s  

the  sum sf t h e  formal charge on atom A and t h e  charge t rans fe r red  from 

bonds of p a r t i a l  i on i c  character ,  Expressing t h i s  aPgebraicaIly, 

s~ = Q, f .EB+AnI 

where 

14. Fadley, C.S., Hagstrom, S.M.M., Klein, M.P., and Shir ley,  D.A., 
J. Chem. Phys., 48, 3779 (1968). - 

15. Pauling, L., , Ithaca, New York, Cornell 
Univ. Press,  
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A 
r formal charge on covalently bonded atom A 

C r summation over a l l  bonds t o  atom A 

n average bond number 

r p a r t i a l  i on i c  character  o f  bond 
I - -0.25 (x. - X  ) 

2 
= l - e  A B 

X~ - xBf e lec t ronega t iv i ty  d i f fe rence  between A and 0. 

The p r e d i c t a b i l i t y  of these  models was evaluated by Hollander and shir1ey2.  

The CNDO method gave t he  be s t  cor re la t ions  with experiment, while t he  

empirical  PVB model gave b e t t e r  r e s u l t s  than t he  extended HuckeP t r e a t -  

ment. 

C. Second Order Effects  

I f  the  i n i t i a l  s t a t e  has a non-zero angular momentum 9, then the  hole 

created by t h e  e j e c t i on  s f  a  core e lec t ron  can couple t o  J t o  form ., 

two OP more f i n a l  s t a t e s .  This e f f e c t  has been termed rnult iplet  s p l i t  - 
zing5, Unrest r ic ted  Hartree-Fock calcula t ions  p red ic t  s p l i t t i n g s  of 

up t o  I 2  eV. The Eree-atom model p red ic t s  t h a t  the  r e l a t i v e  i n t e n s i t i e s  

of t he  mul t ip le t  peaks a r e  given by t he  s t a t i s t i c a l  weight s f  the  two 

f i n a l  s t a t e s .  

5 
For example, i n  t he  spectrum from the  Mi2' ion,  (d high spin)  

the  f i n a l  s t a t e  sp in  (J) can be 5/2 t 1/2 and t he  mul t ip le t  i n t e n s i t i e s  

would be i n  t h e  r a t i o  o f 2 5  + 1 o r  7:s. The s p l i t t i n g  observed f o r  a 

s e r i e s  of i ron  compounds5 was 6 eV o r  about ha l f  t he  s p l i t t i n g  predicted.  

16. Bagus, P . S .  and L i w ,  B . ,  --- Phys Rev., - 148, 79 (1966) 
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Processes involving more than one e lec t ron  were first s tudied i n  d e t a i l  

by Kraus, Carlson and c o - ~ o r k e r s ~ ~ , ~ ~ ~ ~ ~ .  These s tud ies  of neon and 

argon used photon energies of 270 eV t o  1 .5  keV. Two and three-electron 

t r a n s i t i o n s  were predicted i n  photon adsorption with p robab i l i t i e s  as 

high as  20% f o r  each adsorbed photon. 

Two types of two-electron t r ans i t i ons  can be dist inguished depending on 

whether t he  second e lec t ron  i s  exci ted t o  a higher energy bound s t a t e  

(shake-up) or  t o  an unbound continuum s t a t e  (shake-off).  These t r ans i -  

t i o n s  can be wr i t t en  

(121 Shake-up : 

( "~)L ,s  
(n ' l 'pP hy (nl Iq-I  ( n ) ( n l  + Photoelectron 

Shake-off : . (13) 

( 1  1 3  TI^)^-' (nv lflP-l(~KINIt~w)' + Photoelectron, 

where (nl  B P)P  represents  some outer  subshel l  from which t he  second e lec-  

t r on  is  exci ted.  

Both processes lower t he  k i n e t i c  energy of ehe primary phofoelectron, 

which leads t o  s a t e l l i t e  s t r uc tu r e  ow the  low-kinetic energy (high 

binding energy) s i de  of t he  peak. 

17. Kraus, M.Q.; Vestal ,  M . E . ;  Johnston, W.H.; and CarPson, T.A. ;  
Phys Rev, - 133, A385 (1964) 

18. Carlson, T.A., and Kraus, M.O. ,  Phys Rev, - 137, A1655 (1965) 

19. Kraus, M.O. ,  Carlson, T.A., and Desmukes, R . D . ,  Phys Rev, - 170, 
37 (1968) 
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I n i t i a l  work a l s o  demonstrated t h a t  f o r  AlKa,photons shake-off s t r uc tu r e  

should be seen f o r  binding energies l e s s  than 500 eV. 

Multiple-electron t r ans i t i ons  have been predicted f o r  metals20 ,21. 

These processes a re  complicated by glasmon exc i ta t ion .  

D. Spectra l  Lines and In t ens i t y  Dis t r ibut ions  

X-ray photon adsorption can r e s u l t  i n  t he  s t imulat ion of four  d i f f e r en t  

processes as de t a i l ed  i n  Fig. 2 * .  

The i n i t i a l  X-ray capture r e s u l t s  i n  promotion of an e lec t ron  t o  e i t h e r  

a bound s t a t e  (X-ray adsorption) o r  t o  t he  vacuum continuum (X-ray 

photoelectron emission). In e i t h e r  case,  a K s t a t e  vacancy 

i s  created.  

Par t  of t he  energy of t he  photon s to red  i n  t h e  system i s  d i s s ipa ted  by 

e lec t ron  re laxa t ion  which can r e s u l t  i n  e i t h e r  X-ray fluorescence o r  

d 

Auger-electron emission. 'l'he po t en t i a l  emission of Auger e lec t rons  

complicates t h e  i n t e rp re t a t i on  of t he  observed k i n e t i c  energy d i s t r i bu -  

tion,N(E),because t he  apparent binding energies corresponding t o  t he  

peaks a re  independent of t h e  energy of t h e  incident  X-ray-photons. 

In general ,  photoelectron and, Auger-electron l i ne s  can be separated i f  

appropriate t a r g e t  mater ia ls  a r e  used (thus se lec t ing  the  most su i t ab l e  

c h a r a c t e r i s t i c  rad ia t ion) .  In most cases it requires  subs t an t i a l  e f fo r t  

t o  change t he  t a r g e t ,  

28. Hedin, L . ,  and Lundqvist, S . ,  Sol id  S t a t e  Physics, - 23 ,  P (19693 

21. Doniact, S. ,  Phys Rev, B 2 ,  3898 (i970) - 



PHOTOE 1,ECTRON AND AUGER LINES - 
(A1 Xrays) 

(A = Auger l i n e ;  1 = sub 1/2; 3 = sub 3/2; 5 = sub 5/2; 7 = sub 7/2) 

Te4p 
Bels 
Rb 3d 
Ce4d 
Ni3s 
Pr4d 
h12s 
Nd4d 
BiSpl 
T14f7 
Cu3s 
HgS s 
In4s 
Ge3p3 
T14f5 
I4P 
Ge3pl 
Sm4d 
Sr3d 
Eu4d 
P ~ P  
Zn3s 
Sn4s 
T1Ss 
Pb4f7 
Gd4d 
As3p3 
Pb4f5 
As3pB 
Tb4d 
PbSs 
Si2s  
3 3 s  
W4d 
Ga3s 
Bi4f7 
Y3d 
BiSs 
Ho4d 
Se3p3 
Cs4p3 
Bi4f5 
S ~ P  
Se3pl 
l'e4s 
Er4d5 
Cs4pl 
Er4d3 
Zr3dS 
Ba493 

Tm4d 
Ge4s 
Br3p3 
ThSp3 
Zr3d3 
Yb4d5 
14s 
B l s  
P2s 
Br3pl 
Ba4pl 
La4p3 
Lu4dS 
Yb4d3 
C12p 
As 3s 
Lu4d3 
Nb3dS 
Ea4p1 
Nb 3d3 
Ce4p3 
Hf4dS 
Pr4p3 
Ce4pP 
Hf4d3 
Nd4p3 
Mo3dS 
S2s 
ThSpP 
Evlo3d3 
Ta4dS 
Cs4s 
Se3s 
Pr4p3. 
Rb3p3 
Ta4d3 
Nd4p 1 
W4dS 
Rb 3p 1 
Sm4p3 
Ba4s 
Br3s 
Eu4p3 
W4d3 
U5pl 
Re4d5 
Sm4pP . 
Sr3p3 
C12s 
La4s 

271 Gd4p3 
273 * Os4d5 
2 74 Re4d3 
279 * Ru3d5 
280 Sr3pl 
284 Ru3d3 
284 Eu4pl 
284 * Cls 
289 Gd4pl 
290 Ce4s 
290 Os4d3 
290 ThSs 
294 * K2p3 
295 * Tr4dS 
297 K2pl 
301 * T3p3 
305 Pr4s 
306 Ho4p3 
307 * Rh3d5 
311 Tb4pl 
312 Rh3d3 
312 Ir4d3 
313 Y3pl 
314 * Pt4d5 
316 Nd4s 
320 Er4p3 
322 Rb3s 
32 2 Geh 
324 USs 
331 * Z ~ 3 p 3  
331 Pt4d3 
3 32 D Y ~ P ~  
334 * A u 4 G  
335 = Th4f7 
335 * Pd3dS 
337 Tin4p3 
34 8 Pd3d3 
343 Ho4p1 
343 Yb4p3 
344 Th4fS 
345 Zr3pl 
347 Sm4s 
347 * Ca2p3 
350 Ca2pl 
352 Au4d3 
354 * GeA 
358 Sr3s 
359 Lu4p3 
360 Eu4s 
360 * Hg4d5 



TASLE 1 
PHOTOELECTRON AND AUGER LINES (CONTINUED) - 

363 * Nb3p3 469 Os4p3 
366 Er4pl 472 Tm4 s 
367 * Ag3d5 479 Cua 
374 Ag3d3 480 Zn A 
376 Gd4s 483 Ru3pl , 

377 * K2s 485 * Sn3d5 
379 Nb3pl 487 Yb4s 
379 Hg4d3 492 W4pl 
380 Hf4p3 493 G a A  
381 * U4f7 494 Sn3d3 
386 Tm4pl 495 Ir4p3 
386 * Tk4d5 496 * Rh3p3 
392 V4fS 500 * Sc2s 
393 * F.103~3 500 * N a A  
395 Y3s 503 * ZnA 
396 Yb4pl 505 Mo3s 
398 Tb4s 506 Lu4s 
399 * Nls 511 G a A  
400 GaA 513 * V2p3 
402 * Sc2p3 518 Re4pl 
404 * Cd3d5 519 Pt4p3 
405 Ta4p3 520 V2pl 
407 Sc2pl 521 Rh3pl 
407 T14d3 522 G a A  
410 Mo3pP 528 * Sb3d5 
410 Lu4pl 531 * Pd3p3 
411 Cd3d3 532 * 81s 
413 * Pb4d5 537 Sb3d3 
416 iDy4s 538 Hf4s 
425 GeA 5 30 N a i l  
426 W4p3 546 Au4p3 
427 * G a A  547 BsJpl 
431 Zr3s 547 CuA 
435 Pb4d3 559 Bd3p1 
436 Ho4s 564 * Ti2s 
437 Hf4pl 566 Ta4s 
438 * C22s 567 Zn A 
440 * Bi4d5 568 * CuA 
443 * In3d5 571 H g 4 ~ 3  
444 deA 571 * Ag3p3 
445 Re4p3 572 * Te3d5 
449 Er4s 575 * Cr2p3 
451 In3d3 577 I r4p l  
454 GeA 581 Zn A 
455 * Ti2p3 582 Te3d3 
461 Ti2pl 584 Cr2pl 
461 * Ru3p3 585 Ru3s 
464 Bi4d3 590 Zn A 
465 Ta4pl 595 W4s 
469 Nb3s 602 &3pP 

* Strongest  Auger Line o r  one 
element spectrum, not  includin 

608 ~ t 4 p l  779 * C02p3 978 * Nd3d5 
609 T14p3 780 U4d3 981 * CA 
617 * Cd3p3 781 * Ba3d5 984 * IA 
620 * I3d5 782 Co A 998 Cs3p3 
625 Re4s 784 Fc A 1000 Nd3d3 
62 7 Rh3s 794 Co2pl 1001 OA 
62 8 '42s 796 Ba3d3 1005 * TeA 
629 CuA 797 * P r A  1006 Te3s 
631 I3d3 800 Hg4s 1007 C r A  
632 La4d 806 Bi4pl 1007 Ni2s 
640 Cua 812 Sb3pl 1015 * TeA 
640 * N i A  819 Te3p3 1020 Ya 
641 * Mn2p3 826 In3s 1021 * Zn2p3 
644 AuJpl 827 * CeA 1032 Sba 
645 Pb4p3 832 * La3d5 1040 * Sba 
648 CuA 835 * FA 1044 Zn2pB 
65 1 Cd3pl 838 Co A 1045 U4p3 
652 Mn2pl 843 Co A 1055 SnA 
655 Os4s 845 T14s 1060 * VA 
664 * Hn3p3 845 * FeA 1063 * SnA 
670 Pd3s 846 Fe2s 1063 Ba3p3 
675 * SmA 848 La3d3 1065 Cs2pP 
677 Hg4pl 855 * Ni2p3 1072 13s 
677 * Th4d5 861 FA 1072 * Na1s 
679 Bi4p3 865 * E a A  1077 TiA 
686 * Fls  870 Te3pl 1080 HnA 
690 I r 4 s  873 Ni2pl 9081 * Sm3dP 
695 Cr2s 875 I3p3 1087 * InA 
702 lin3p1 884 Sn3s 1096 Cu2s 
? ~ n  * F-?-.I 
I I V  I - G L ~ ~  $84 * ~ e ~ d a  1107 Sin363 
712 CuA 890 H3 aA 1107 * Fla 
712 N i A  89 4 Pb4s 1109 . CdA 
714 %h4d3 896 Fe A 1113 * TiA 
715 * Sn3p3 902 Ce3d3 1 1 1 6 "  CdA 
715 CoA 903 * BaA 1116 * Ga2p3 
717 Ag3s 908 * MnA PI24 Ea3p3 
72 2 'h"l4pP 315 Cs A 1131 AgA 
723 Fe2pl 926 Co2s 1131 * Eu3d5 
724 Pt4s 927 * C s A  1136 * AgA 
726 * Cs3d5 931 P3pl 1137 Ba3pl 
738 * U4d5 931 * Pr3d5 1143 Ga2pP 
740 Cs3d3 931 * Cu2p3 1157 * ScA* 
755 * NdA 9 39 Bi4s 1158 * PdA 
757 Sn3pl 944 Sb3s 1190 * *A 
759 Au4s 951 Cu2p1 1198 * CaA 
764 Pb4pl 951 Pr3d3 1215 * RuA 
766 Sb3p3 952 MnA 1230 * CA 
769 Mn2s 967 * C r A  1239 * KA 
770 Cd35 968 Th4p3 I307 * C l A  
778 N i A  972 I A 1315 * BA 

1333 * SA 

of t he  two s t ronges t  photoelectron l i n e s  i n  t h e  
g minor l i n e s  of sp in  doublets.  



Figurc 2a PRINCIPAL PHOTO ELECTRON ENERGIES 

9500 1400 1300 1200 I100 1000 900 800 700 600 500 400 300 200 100 0 

.t--- Binding Energy i n  BV 
(A1 KalS2 excitation, hu E 1483.6 eV) 



18 

Figure 2b P R I N C I P A L  AUGER ELECTRON E N E R G I E S  

1500 1400 1300 1200 1100 9000 900 800 700 800 BfKl 46M 300 Mil 100 0 

c-- Binding Energy in eV 
(A1 Kal,2 excitation, hu 1483.6 ev) 
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The Hewlett-Packard 5950A spectrometer has no provision fo r  changing 

t h e  t a rge t .  As most photoelectron spec t ra  presented i n  t h i s  t he s i s  were 

taken with t h i s  spectrometer, observed x-ray photoelectron l i ne s  and major 

Auger-electron l i ne s  have been catalogued f o r  analysis  of t h i s  data  

(Table 1). The s t rongest  photoelectron and Auger l i ne s  are  marked by an 

a s t e r i s k  (*). The energies given i n  t h a t  t ab l e  a re  compiled from obser- 

vat ions  by siegbahnl, and ~ a ~ n e r ~ ~ .  

The i n t ens i t y  of t h e  photoelectron l i n e  i s  proportional  t o  t he  concentra- 

t i o n  of t h e  element t o  be studied i n  t he  region of observation. l4enkez3 

has given a phenomenoPogical model f o r  t h e  i n t ens i t y  of a photoelectron 

Pine o r ig ina t ing  from a homogeneous sample with a smooth surface .  For ' 

very th ick samples, h i s  equation reduces t o  

W 

@i = Q A T . N . A  
B I ~ '  

where 

@ z i n t ens i t y  of t h e  photoelectron Pine - 
Q photon f l ux  

A : e f f ec t i ve  sample a rea  

w I s o l i d  angle of acceptance f o r  t h e  spectrometer.  

T E photoe lec t r i c  cross  sec t ion  
i 

N .  r number density of emitt ing atoms 
P 

A .  E mean f r ee  path f o r  i photoelectrons i n  t he  sample. 
B 

'When a parameter f o r  t he  e lect ron emission of surface contaminants is  

included, the  i n t ens i t y  becomes 

W 
Qi= Q A s i n  - yiNiAiTi 

4n 

2 2 .  ~a- Anal Chem, 44,  967 r1972) 
2 3 .  Ilenke, B.  L .  , X-ray o p t i c s a n d  X-ray MicroanaPysis, Academic Press, 

New York, N.Y., 1963, pp. 157-72. 
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a f t e r  s implifying f o r  the  uniform i n t e n s i t y  of t h e  exc i t ing  photons over 

t he  i 1 luminated region. 

Regrettably,  experimental values f o r  X and T are  lacking,  and only 
i i 

r e l a t i v e  cor re la t ions  can be made within the  same sample. An extensive 

s e r i e s  of  photoemission s e n s i t i v i t i e s  have been given by ~ a ~ n e r ~ ~ .  These 

a r e  referenced t o  the  Fluorine 1s l i n e  (A1K exc i t a t i on ) .  Additional 
a 

da t a  have appeared recently24a92sb.  These provide r e l a t i v e  es t imates  of 

pho toe lec t r i c  cross-sect ions ,  s ca t t e r i ng  coe f f i c i en t s  and mean-free 

photoelectron paths f o r  a s e r i e s  of elements and t h e i r  major photoelectron 

l i n e s .  P lo t t ing  the  da t a  on Log Log s ca l e  has permitted enhanced e s t i -  

mation of t r u e  s e n s i t i v i t i e s  by l i nea r  regress ion.  This empirical  

co r r e l a t i on  of elemental s e n s i t i v i t i e s  i s  displayed i n  Figure 3 t o  

f a c i l i t a t e  reduction of da t a  given i n  t h i s  t he s i s .  

24. Wagner, C . D . ,  Anal @hem, - 44, PO50 (1972) 

24a. Jorgensen,C.K., and Berthou, H., Farad. Disc. Chern. Soc., 2, 
269 (1972). 

24b, Nefedov, V.I., Sergushin, N.P., Bond, P.M., and Trzhaskovskaya, 
M.B., 3 .  Elec Spec, - 2, 383 (1973). 





111. EXPERIMENTAL METHODS 

A .  General Experimental Description 

The experiments described i n  t h i s  t h e s i s  a r e  based on an analysis  of 

the  k i n e t i c  energy d i s t r i bu t i on  of e lect rons  photo emitted from s o l i d  

specimens upon i r r a d i a t i o n  with X-rays. The bas ic  experimental arrange- 

ment consis ts  of a sample chamber, a mechanism f o r  sample in t roduct ion,  

x-ray photon source, e lec t ron  k i n e t i c  energy monochromator, e lec t ron  

pulse de tec tor ,  magnetic-field compensator, and supporting vacuum 

system. 

Low pressures ,  t o r r ,  a r e  required t o  avoid l i n e  broadening other-  

wise caused by co l l i s i ons  with gas molecules. In commercial e lect ron 

spectrometers, t he  vacuum i s  produced by d i f fus ion  pumps, turbo-molecular 

pumps o r  ion pumps. Each of these gives r i s e  t o  spec i f i c  problems. 

The di f fus ion and turbomolecular pumps pro&uce cracking products of pump 

o i l s  t h a t  may deposi t  on t he  sample surface .  The composition of  these  

products a re  i l l - de f ined ,  although they appear t o  be oxidation products?5 

The ion pmp/vac sorb method r e s u l t s  not only i n  Power pressures but  a l so  

i n  a hydrocarbon-free environment, containing e s sen t i a l l y  CO, C02 and 

H20 ( a t  t o r r ) .  With these  lowered pressures ,  t he  s igna l  s t rength  

is increased s ign i f i c an t l y .  

Vi r tua l ly  each modern e lect ron spectrometer has an e l e c t r o s t a t i c  energy 

a n a l y ~ e r * ~ ,  of t h e  kind f i r s t  described by ~ u r c e l l ~ ~  i n  1938. This 

analyzer cons i s t s  of concentric spher ica l  segments with the  outermost 
-- 

25 .  Riggs, Wm. M , ,  Pr ivate  Communication 
25a. Brundle, C . R . ,  and Roberts, M.W., Proc R Soc Eond, A 331, 383 (1972) 
26. Luccesi, C . A . ,  and Lester ,  J . E . ,  J .  Chem Ed, - 50, A205 (1973) 

' 

27. Purcel l ,  E . Y . ,  Phys Rev, - 51, 818 (1938) 
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sphere negatively charged. Po ten t ia l s  a re  adjusted t o  give a V = 0 plane 

along the  cen t ra l  r a d i a l  dimension. The use of i n l e t  and-exkt s l i t s ,  

placed a t  180' separat ion,  t o  govern e lect ron pathways through t h e  mono- 

chromator r e s u l t s  i n  maximum transmission through t he  analyzer. The 

analyzer resolut ion i s  determined by t h e  radius  of t h e  spheres and r e l a t i v e  

s l i t  widths. Commercial spectrometers employ cen t ra l  r a d i i  ranging from 

15.5 cm. t o  36.0 cm. 

The several  commercial and experimental approaches vary considerably i n  

t h e  choice of a source of X-ray photons, Siegbahn's i n i t i a l  work 

described a demountable X-ray tube which used an aluminum o r  magnesium 

t a r g e t .  These sources emit considerable energy i n  the  Ka doublet. 
P ,2 

Additional X-ray energy i s  emitted as Bremstrahlung, which is  p lo t ted  i n  

Figure 4 ,  as a function of accelera t ing voltage.  In addit ion t o  the  

c h a r a c t e r i s t i c  emission (Ka), a s e r i e s  of s a t e l l i t e s  are generated. The 

s t ronges t  of these  i s  the  Kag 4 l i n e ,  which gives two peaks i n . t h e  
t 

photoelectron spectrum a t  Bower binding energy. Magnesium rad ia t ion  

gives separations of 8.412 eV a t  9.48% primary peak i n t ens i t y  f o r  the  a 
3 

l i n e  and 10.142 eV a t  4.54% r e l a t i v e  i n t ens i t y5  f o r  the  ct t r ans i t i on5 .  
4 

The linewidth of t he  Ka doublet is 0.8 eV f o r  magnesium and 1.0 eV 
1,2 

f o r  Aluminum. 

An x-ray monochromator o f f e r s  an a l t e rna t i ve  t o  t he  "raw" x-ray source, 

I t  reduces t he  ne t  linewidth t o  0.1 eV and eliminates the  complications 
, . . . 

. .  . 
. .  . . . . . ( L .  

of peaks due t o  s a t e l l i t e  t r ans i t i ons .  .Bent c fy s t a l  i-*ay monb~hrom~to r s  . . 

have been described i n  t h e  monograph of t h e  Upgsala This apprdach 

r e s u l t s  i n  reduced x-ray f l ux  and e lec t ron  counting r a t e s .  
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The e lec t ron  de tec to rs  a r e  usua l ly  d i s c r e t e  e lec t ron  mu l t i p l i e r s .  

Spectrometers using monochromated sources employ multi-channel de tec to rs  

t o  recover l o s t  i n t ens i t y .  The combination of e lec t ron  mu l t i p l i e r  arrays 

with a phosphor videocon can provide 128 element detectors  (MCA). 

The l i n e  width i n  an e lec t ron  spectrum i s  general ly  represented as  the  

f u l l  width of t h e  observed peak a t  ha l f  the  maximum i n t e n s i t y  (FWHM). 

The contr ibut ions  t o  the  l i n e  width can be summarized as  

62 = A; + 82 + A; + X 5; , (16) 

where 

Ag " t h e  na tu r a l  l i n e  width 

AX f width of t h e  exc i t ing  x-ray l i n e  

AK : broadening by t h e  analyzer 

Aw r broadening due t o  s o l i d  s t a t e  e f f e c t s  i n  t he  sample. 

With a non-monochromatized x-ray source, A predominates, whereas Ag and , X 

A a r e  dominant when monochromated x-rays a r e  used. W 

B .  InstrtunentaP Charac te r i s t i c s  

Several  spectrometers were employed i n  t h i s  work: 

1. The J e t  Propulsion Laboratory-Utah S t a t e  Universi ty 

spectrometer 

2 ,  The McPherson ESCA 36 spectrometer 

3. The Hewlett-Packard 5950A spectrometer 

4. The DuPont 650 e lec t ron  spectrometer. 

The JPL-USU spectrometer and t he  McPherson ESCA 36 a r e  based on t he  

e l e c t r o s t a t i c  instrument described by t he  Uppsala group193. These 

employ 36 cm. mean radius  spheres machined t o  an accuracy of 0.5 p a r t s  

pe r  10,000. Both use turbo-molecular pumps but t he  McPherson 
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un i t28  a l so  uses a supplementary cryopump f o r  s t i l l  lower chamber 

pressures .  

During the  development of t he  JPL-USU spectrometer, we experienced t ha t  

a very high degree of accuracy and superb workmanship i s  required f o r  

t he  construction of the  e lec t ron  analyzer. Misalignment of the  analyzer 

spheres by p a r t s  per  thousand gave multiple images and broadenings of 

gold 4f spec t ra  t o  2.2 eV from 1.6 eV F W H M ~ ~ .  
7/ 2 

The JPL-USU spectrometer i s  shielded against  the  ea r th ' s  and o ther  

magnetic f i e l d s  by means of Helmholtz co i l s .  In addi t ion,  t he  analyzer 

sec t ion  is  surrounded by a paramagnetic sh ie ld .  The McPherson ESCA 36 

spectrometer employs a s e r i e s  of th ree  concentric paramagnetic sh ie lds  

t o  prevent inhomogeneities i n  t he  res idua l  f i e l d .  

The JPL-USU spectrometer was operated a t  t o  tonr  and gave about 

3 2 x 10 counts per  second (cps) f o r  a f resh ly  cleaned gold sample (Au 4 f  
7/ 2 

l i n e ,  FWHM ranging from 2.8 t o  1.6 eV). The McPherson ESCA 36,operated 

a t  a gauge reading of l e s s  than o r  equal t o  1 0 ' ~  t o r r ,  gave about 2 x 10 
4 

cps with t he  same sample i n  place Q F M  1.8 t o  1.5 eV) . In both cases, 

a single-channel detector  and Mg Ka rad ia t ion  was used. 
1,2 

Most of the  quan t i t a t ive  work reported i n  t h i s  t h e s i s  was performed with 

the  Hewlett-Packard 5950A spectrometer. This instrument employs a bent 

quar tz-crysta l  x-ray monochromator, an e l e c t r o s t a t i c  electron-beam 

monochromator, d ispers ion compensation e lect ron op t i c s ,  r e ta rd ing  po ten t ia l  

28 .  Rendina, J . ,  American Laborat-, - - 6, 27 (1972) 

29. Wood, J . K . ,  and Gruntkaner, F . J . ,  unpublished r ~ s u l t s  
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e l e c t r o n  lens ,  a  multichannel d e t e c t o r  and a multi-channel analyzer30 

(see  Fig. 5) . 
The di-spersion monochromators pass an energy packet E - AE t o  E + AE 

(AE i s  t h e  d i spers ion  of  t h e  analyzer) .  In t h i s  design,  t h e  e lec t ron  

analyzer i s  arranged s o  t h a t  i t s  energy dispers ion i s  a n t i p a r a l l e l  t o  

t h a t  of the  photon monochromator. If t h e  d ispers ion AE1 of t h e  e lec t ron  

analyzer i s  set equal t o  the  d ispers ion AE2.0f t h e  x-ray monochromator 

t h e  t r ansmi t t ed  l i n e  widths nea r ly  cancel  each o the r .  

In  theory,  n a t u r a l  l inewidths could be observed i n  t h i s  d i spe rs ion  

compensation system, but  second and t h i r d  order abberat ions l i m i t  t h e  

minimum widths t o  0.5 eV.  

The monochromator i l luminates  a well-defined region of t h e  sample 

(1  x 5 mm) bu t  reduces t h e  t o t a l  x-ray f l u x  by about two orders  of 

magnitude. The sample chamber and x-ray source a r e  i s o l a t e d  from each 

other  by an aluminm. window and case i s  being taken t o  avoid i r r a d i a t i n g  

t h e  chamber walls. Thus, t h e  number o f  secondary s t r a y  e lec t rons  

impinging on t h e  sample i s  very low and an aeaxijllfary e l e c t r o n  gwt (flood 

gun) has t o  be used to n e u t r a l i z e  t h e  charge t h a t  bu i lds  up on t h e  

sample. 

The vacuum i s  produced by noble ion pumps giving an opera t ing pressure  

of 3 x 1 0 ' ~  i n  t h e  main analyzer chamber. During normal opera t ion of t h e  

unbaked spectrometer ,  t h e  r e s i d u a l  gas i n  t h e  main chamber cons i s t s  

primarily of water ,  CO and H2, and small q u a n t i t i e s  of hydrocarbons and 

30, Siegbahn, K . ,  Hammond, D., PeIPner-Feldigg, H., Barnet t ,  B.F., 
Science, 176, 245 (19721. -- - 
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r a r e  gases.  A t y p i c a l  mass spectrum6 taken with t h e  EAI Quad 250 

quadrupole res idual -gas  analyzer  a t tached t o  t h e  main chamber is  shown 

i n  Fig.  6 .  

The p o t e n t i a l  of t h e  r e t a rd ing  lens  i s  swept t o  t r a c e  the  spectrum (Fig. 

5 )  and t h e  analyzer  i s  operated a t  cons tant  energy (110 eV). The analy- 

z e r  t ransmits  a 10 eV band which i s  de tec ted  by a 128 element multichannel 

a r r a y .  A phosphor/vidiocon system is used t o  d e t e c t  t h e  e l e c t r o n  count 

r a t e .  The information is  s t o r e d  i n  t h e  multichannel d e t e c t o r  (MCD). 

The spectrum i s  scanned over a s e l e c t e d  vol tage  range s o  t h a t  each element 

i n  t h e  a r ray  "sees" each energytwice  during a s i n g l e  scan. Data a r e  

recorded by a paper t a p e  punch and x-y p l o t t e r .  

Signal-to-background r a t i o s  observed i n  t h i s  work va r i ed  from $2 t o  B63:4 

and s ignal - to-noise  r a t i o s  from 12 to P700:l. The background i s  defined 

as  t h e  s i g n a l  measured a t  a point  7 eV Power i n  binding energy than the  

peak of  i n t e r e s t ,  The n o i s e  is  approximated by t h e  s tandard  dev ia t ion  

o f  each measurement which i s  given by t h e  square r o o t  of t h e  number of 

counts p e r  channel i n  t h e  background, Observed FWHM of Au 4f  was 
7/2 

4 8.72 eV with count r a t e s  of  about 8.5 t o  9 . 7  x PO counts per second. 

Dispersion compensation changes t h e  inheren t  l i n e  shape of t h e  photo- 

e l e c t r o n  peaks from an asymmetric t o  a symmetrically broadened (by 0.55 

eV) Lorentzian form5. This symmetry s i m p l i f i e s  deconvslut ion a s  is d i s -  

cussed i n  Chapter IV, 

This  system r e q u i r e s  smooth sample surfaces30 s ince  u n c e r t a i n t i e s  i n  the  

sample height  a f f e c t  t h e  s c a l i n g  of t h e  record ,  which in t roduces  an e r r o r  

of 0 .1  eV/0.3 mm i n  t h e  measurement. Er ro r s  of  t h i s  kind a r e  g r e a t l y  

reduced by using a sample an which a t h i n  gold f i l m  i s  l a t e r  deposi ted f o r  



use as a reference. 

C.  Voltaic Po ten t ia l  Effects  

The referencing of binding energies f o r  metals i s  straightforward,  but 

presents  some d i f f i c u l t i e s  f o r  insu la to rs .  In t h i s  case, the  def in i t ion  

of a Fermi Level is  questionable and charging e f f ec t s  can displace  the  

photoelectron l i ne s .  * 

If t he  charging domains a re  inhomogeneous, a d i s t o r t i on  of t h e  peak 

shape i s  observed. Changes i n  t he  f l u x  a r e  a l so  observed apparently due 

t o  re ta rda t ion  caused by t h e  surface  po ten t ia l .  

In most experimental systems, the  f l ux  levels  of t he  secondary e lect rons  

cannot be controlled.  The magnitude of the  VC is of ten i r reproducible  

because of t he  var ia t ion  x-ray f l u x  densi ty  and surface contamination31. 

The vo l t a i c  po ten t ia l  introduces considerable uncertainty as  regards the  

pos i t ion  of t h e  photoelectron l i ne s  i n  non-metallic samples. 

Siegb&n-type e lect ron spectrometers show charging e f f ec t s  of up t o  3 eV, 

while monochromatic systems can show s h i f t s  of up t o  130 eV because of the  

Back of s t r a y  e lect rons .  Measurement of absolute binding energies 

requires  a ca l ib ran t  o r  a device control l ing t he  i r r ad i a t i on  of t h e  

by low-energy e lect rons  o r  both. 

CaEibrant standards a r e  usual ly  deposited external ly  on t he  sample, 

The Uppsala group used t he  carbon l i n e  from adsorbed pump o i l .  This l i n e  

was assigned a binding energy o f  285.0 eV, Since many species have been 

31. Bremser, W . ,  Lennemann, F.; ; ' 95 ,  l o l l  (1972). - 



observed i n  t h i s  surface ~ o n t a m i n a n t ~ ~ ,  t h i s  reference is  unsat is factory.  

Seven carbon  components have been found i n  experiments on Ag HgI c rys ta l s  
2 4 

i n  t h i s  present  work. 

Other reference standards a re  obtained by deposit ion of graphi te  from a 

sooty flame33, by u t i l i z i n g  the  carbon from double-stick adhesive tape34 

o r  by evaporation of gold o r  lead onto t h e  sample. The l a s t  procedure is 

accepted as  t h e  most r e l i a b l e  one35, 

A d i f f i c u l t y  which may a r i s e  from the  d i spos i t ion  of too t h i n  a gold layer  

i s  formation of i s lands  of only a few hundred angstroms i n  diameter. The 

voltage di f ference between gold and the  sample material  a r i s i ng  from the  

di f ference i n  t he  photo y ie ld  is  given by 

where 

L E e lec t ron  d i f fus ion  length 

I.-- 
0 

radius  of c a l i b r an t  i s lands  

no-nl 5 difference i n  photo y ie ld  

ns z yie ld  of Bow energy e lect rons  ins ide  the  sample 

9 z penetra t ion depth of x-rays, 

0 
I f  t he  e lec t ron  d i f fus ion  length is assigned the  typ ica l  value of -500A, 

ro is  given t h e  same value,  and t he  x-ray penetra t ion depth is  a few 

microns, then eq. 17 T ~ ~ U C ~ S  t o  
. n O - n l  

v = 3  ns ev. ' (18) 

32. Olg i lv ie ,  J . L . ,  and Wolberg, A . ,  Applied Spectroscopy,26,401 - (1972) 
33. Brundle, C . R . ,  ~ S p e c t r ~ s c o p ~ ~  25, 8 (1971) 
34. Jasgensen, C.K., Chimia, 25, 213 ( n 7 1 )  
35. Hnatowich, P ,  J. , Hudis, J; Perlman, M. L. , Ragaini, R. C.  , J. Appl. 

Phys., 42, 4883 (1971) 
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Since ns< l ,  de tec tab le  s h i f t s  should r e s u l t  f o r  An>O.Ol. S imi la r  

photovoltaic s h i f t s  should occur i n  o ther  metal i n su l a to r  systems, and 

AV could be severa l  vol ts36.  

For i n t e rna l  c a l i b r a t i ons  several  schemes have been developed such as 

mixing t he  s m p l e  with graphite31,  and impregnating the  sample with a 

common element32. In cases,  where methyl o r  a l i p h a t i c  carbons a r e  pres-  

en t  i n  the  sample these  can be used as  a reference representing energies 

of  285.0 and 285.4 eV respect ively37 9 38. These standards o f f e r  correct ions  

f o r  Mandelung ~ o t e n t i a l s ~ ~  and va r i a t i ons  i n  t h e  work function.  This 

method was used throughout i n  t h i s  t h e s i s  work. 

The method of  i l luminat ing t he  sample with e lec t rons  of zero k i n e t i c  energy 

t o  neu t r a l i z e  t he  charge can a l s o  be used t o  obta in  a reference.  This 

technique was f i r s t  described by ~ u c h i t a ~ ~ ~  a d  i s  rou t ine ly  u t i l i z e d  in  

t h e  HP5950A spectrometer, supplied with a f lood gun of  va r iab le  f l ux  

(from 0 t o  48 eV). 

The observed s h i f t  of  t he  F l s  peak i n  experiments with ~ e f l o n ~ ~  has been 

p lo t t ed  versus t he  f l u x  from the  e lec t ron  gun; see  Fig. 7. Peak posi t ions  

can be s h i f t e d  pos i t i ve  o r  negative with apprppriate f lood gun currents .  

Replenishment cur ren t s  below lo-'' amps a r e  i n su f f i c i en t  t o  avoid charging 

s h i f t s .  The l i n e a r  ( l i n e a r  AeV, log current)  r e la t ionsh ip  between cur- 

refit  and peak s h i f t  g r ea t l y  f a c i l i t a t e s  t h e  appl ica t ion of correct ion 

f ac to r s .  

In t he  experiments reported i n  Chapter V,  t h e  photoelectron spectrum of 

3 6 .  Uebbing, J.J.,  Fr iva te  Communication 
37, Lindberg* R . J . ,  Hamrin, K . ,  Johansson, G., Gelius, U., Fahlman, A . ,  

Nordling, C . ,  Siegbahn, K . ,  Physica Sc r ip t a ,  I ,  286 (1970) 
38. Gelius, U . ,  Hedin, P.F., Hedman, J . ,  ~ i n d b e r ~ ;  B .  J . ,  Manne, Pi., 

Nordberg, R . ,  Nordling, C . ,  Siegbahn, K . ,  Physica Sc r ip t a ,  - 2, 70 (1970). 
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f r e s h  vanadium dibor ide  showed major var ia t ions  i n  d e t a i l  as a function 

of t he  flood gun current .  This seemed surpr i s ing  a t  f i r s t  s ince  the  

sample i s  a meta l l i c  conductor and apparently was i n  e l e c t r i c a l  cantact 

wi th  the  spectrometer. Subsequent examination of t he  sample revealed t h a t  

it was covered by an oxide layer  of low conductivity. ~ i g .  8 shows the  

spec t r a  obtained by applying four d i f f e r e n t  f lood gun currents.  

The vanadium ZpgI2 l i ne s  do not change pos i t ion  as t he  flood gun current  

is  varied.  Two peaks i n  t he  01s p a r t  of t h e  spectrum a l so  remain s t a -  

t ionary.  These invar ian t  peaks serve as  i n t e rna l  reference standard. 

Other l i ne s  t h a t  a r e  not  s ta t ionary  a r e  completely eliminated by a i r  

oxidation o r  o ther  treatment of t h e  sample (see Chapt. V) apparently 

decreasing t h e  impedence o f  t he  surface  layer .  Thus, t h i s  experiment 

provided valuable information as  regards t he  problem sf eliminating t he  

charging peaks. The same r e s u l t s  were obtained with t he  McPherson ESCA 

36 spectrometer by i n se r t i ng  a DC power supply between the  sample and 

holder.  The spectra recorded i n  t h i s  eoiifigirration are depicted i n  Fig. 

9. (The binding energies indicated have been corrected f o r  t he  applied 

b ias . )  In Fig. 10, t he  b i a s  po t en t i a l  i s  p lo t ted  against  the  s h i f t  (curve 

A) and t he  width (curve B) of t he  charging peak. A bias  po t en t i a l  of 

-6 v o l t s  gives spec t ra  which a re  s imi l a r  t o  those recorded on the  HP5950A 

when the  flood gun i s  o f f .  A continued increase  i n  t h e  negative bias 

permitted fu r the r  separation of t h e  insu la t ing  oxides peak from the  other  

oxygen l i ne s .  

39. Mandelung, E . ,  Z .  Physik, 19, 528 (1918) 
40. Huchital,  D.A. ,  and MCR~O~;-R.T.  , Phys Le t t ,  - 20, 158 (1972) 
41. Melera, A,, and Kelly, M., Private  Comunication. 





Figure 9. Bias-Potential  Experiment 

BINDING ENERGY i 

Spectra a r e  recorded with a b i a s  of  V v o l t s  applied between sample and 
spectrometer. Charging t he  surface  negat ively  r e p e l l s  the  incTdent 
low energy e lec t rons ,  
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The McPherson experiments used a magnesium-target x-ray tube with an 

aluminum window between the  source and sample chambers. This spectro- 

meter has a r e s t r i c t e d  geometry of t he  sample-chamber as  shown i n  Fig. 11. 

The sample subtends a large  s o l i d  angle of t he  secondary-electrons 

emitted from t h e  aluminum window. This geometry provides large  currents 

of these  e lect rons  t o  t h e  sample surface  and there fore  reduces charging 

s h i f t s  t o  <5 eV. 

The surface po t en t i a l  of  a sample undergoing photoemission (Fig. 11) i s  

given by 

Vc = VA + VE - Vs - VB - VK - VR 

where 

v~ r charge caused by photoemitted e lect rons  which 
a r e  captured by t he  analyzer 

"E - photoemission current  o ther  than Q 

vs r charge due t o  secondary e lect rons  from the  
x-ray window and sample-chamber walls  

Q~ 

r charge d i ss ipa ted  by bulk currents in the  sample 

VK charge neutra l ized through surface conductivity 

v~ r charge eliminated by e l e c t r i c a l  contact  of 
sample with the  holder.  

The replenishment currents  w i l l  discharge t he  surface  po ten t ia l  i n  

meta l l i c  conductors. For insu la to rs  and semiconductors, however VC 

can be represented by a steady s t a t e  approximation 

The foregoing experiments ind ica te  t h a t  t h e  important contributions t o  

VS a r e  e lec t rons  with energies l e s s  than 6 eV. Although t h e  secondary 

e lect rons  could have energies up t o  the  exc i t ing  photon energy, only 

slow e lec t rons  can be captured by the  surface .  
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High resolut ion spec t ra  of metals demonstrate t h a t  there  a r e  approximately 

3 x lo5 times as many e lect rons  emitted with k i n e t i c  energy l e s s  than 5 eV 

than there  a r e  core e lect rons  emitted. This emission of low energy 

e lect rons  can be explained by t h e i r  l a rge r  escape depth and by secondary 

processes caused by t h e  core l eve l  photoelectrons,  Thus, t h e  flood gun 

i s  r e a l l y  required.  The e l e c t r i c a l  aspects of t he  charging e f f e c t  

experiments (Fig. 11) requ i re  t h a t  charged domains of the sample must 

have a high impedance ( ~ > > 1 0 ~  ohms). Each domain i s  then i so l a t ed ,  and 

VC i s  given by 

Vc = VA + VE - Vs - VK s (20) 

D. = le  Preparation 

A s  mentioned i n  t he  Introduction,  much of t he  i n i t i a l  enthusiasm i n  ESCA 

vanished because sf a succession of disappointing r e s u l t s .  Spectra l  

fea tu res ,  which were an t ic ipa ted ,  were not  observed, m d  attempts t o  

e s t ab l i sh  oxidation s t a t e s  i n  mixed valence compounds gave ambiguous 

r e s u l t s .  Many of t he  disappointing r e s u l t s  must be a t t r i bu t ed  t o  poor 

sample preparation and poor experimental techniques, Though x-rays 

penetra te  t o  considerable depths, t he  photoelectrons must come from the  

so l i d  without sca t te r ing .  The escape depth of unscattered photoelectrons 

is  a function of t he  mean-free path,  which, i n  tu rn ,  i s  determined by 

t h e i r  k i n e t i c  energy and by the  mater ia l .  Riggs and wendt41a suggested 

4Pa. Riggs, Wm., and Wendt, W . ,  P r iva te  Communication 





t h a t  the  s ca t t e r i ng  of photoelectrons i n  so l i d s  a l so  depends on t he  

average binding energy of the  valence e lect rons .  Shorter  mean-free paths 

a r e  predicted f o r  e lect rons  sca t te red  i n  mater ia ls  exhibi t ing valence 

e lect rons  of lower binding energies.  For metals, t he  average binding 

energy of t h e  valence e lect rons  i s  about 3 t o  5 eV, and f o r  insu la to rs ,  

10 t o  14 eV. 

When t h i s  work was s t a r t e d ,  only two s e t s  of da t a  on escape depths were 

ava i lab le :  3-58 f o r  Auger e lect rons  i n  metals, and l00W observed i n  ESCA 

experiments on iodostera tes .  

Figure l l a  shows a re la t ionsh ip  between t he  mean-free path and the  k ine t i c  

energy of t h e  e lec t ron  which i s  consis tent  with recent  da ta  tabulated i n  

t h e  review a r t i c l e  by ~ r u n d l e ~ l ~ .  Electron ranging from spec t ra  of the  

valence region (0 t o  40 eV) correspond t o  depths of 0 t o  1008 depending 

on t h e  densi ty  and atomic number of t he  mater ia l .  C l s  and S2p peaks 

p r o f i l e  mate r ia l  a t  sho r t e r  depths while i ron  and copper 2p spec t ra  

(binding energies  of  710 t o  930 eV respectively) come from 15 t o  50R. 

A s  noted before ,  misleading experimental r e s u l t s  can be obtained i f  

surface  e f f e c t s  a r e  not  properly taken i n ro  account. Small amounts of 

impurit ies may accumulate a t  the  surface  and t h e i r  spec t ra  be erroneously 

in te rpre ted  a s  those or iginat ing from the  bulk mater ia l .  This problem 

i s  aggravated i f  samples a re  deposited from solut ion.  

Samples t h a t  oxidize i n  solut ions  probably have an extensively reacted 

surfaces.  Standard anaerobic methods can only supress t he  extent  of 

- 
41b. Brundle, C . R . ,  J .  Vac. Sci .  Technol. - 11, 212 (1974) 
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sur face  oxidation but not e l iminate  it. Hydrocarbons surrounding t he  

human body provide a major source of contamination of reac t ive  surfaces.  

Experimental reproduc ib i l i ty  requires  extremely clean handling techniques, 

f r e sh ly  prepared samples, and con t ro l  of sample exposure t o  the  laboratory 

and personnel. 

A number of sample mounting procedures e x i s t  t o  solve  the  d i f f i c u l t i e s  

of posi t ioning a sample i n  vacuum. Metals present t h e  l e a s t  physical and 

e l e c t r i c a l  problem. Cleaving of s i ng l e  c ry s t a l s  i n  vacuo gives reproduci- 

b l e  surfaces ,  and mechanical attachment i s  adequate. 

Po lycrys ta l l ine  and amorphous mater ia ls  must be protected against  t he  

bu r s t  of high ve loc i ty  a i r  passing over t he  sample during evacuation, 

and good e l e c t r i c a l  contact  must be achieved. , 

The various methods which have been developed over t he  years to solve 

these  problems a r e  summarized b r i e f l y  as  follows: 

I .  Double-sided adhesive tape34 -- t he  specimen i s  
dusted on the  tape and the  C l s  l i n e  a r i s i ng  from 
t h e  tape i 5  used as  a reference standard.  The 
method i s  convenient but  the  non-uniformity of 
composition and the  poorly defined conductivity 
of t he  tape a r e  ser ious  disadvantages. Sample 
contamination can occur from the  outgassing of 
t h e  hydrocarbon vehic les  present i n  t h e  adhesive 
mixture. A s  these hydrocarbons "back o f f f8  the  
t ape  during evacuation they f o m  an +tmosphere 
which envelops the  sample. 

2 .  ~ e l l e t s ~ l  analogous t o  t he  preparation of KBr  
p e l l e t s  used i n  I R  Spectroscopy. The p e l l e t  
represents  a sandwich consis t ing of one layer  
of sample and one layer  of graphi te .  E l ec t r i -  
c a l  contact  between t he  graphi te  and sample 
holder i s  e a s i l y  es tabl ished and some of t he  
g raph i te  serves as an external  energy ca l ib ran t .  
Reproducible r e s u l t s  a re  obtained with cohesive 
powders but  f o r  extremely f i n e  samples, t h i s  
method i s  ine f fec t ive .  



3.  Gallium subs t ra te43  -- a metal subs t ra te  i s  
f r e sh ly  wetted with Gallium metal.  The sample 
i s  dusted over t he  tacky surface ,  which in t ro -  
duces l e s s  contamination than Item 1. 

4. Aluminum matrix -- powders a r e  simply pressed 
i n t o  an aluminum sheet  which has been t rea ted  
chemically so  as t o  produce a porous and 
rough surface.  

5. Gold, platinum o r  copper mat rice^^^,^^ -- 
sample powders a r e  pressed jn to  f i n e  g r id  mesh 
of the  metal.  This method has no advantage 
over t he  p e l l e t  system (Item 2) except where 
required by t he  geometry of t h e  spectrometer. 

6 .  Deposition from so lu t ion  -- developed i n  t h e  
course of t h i s  work, solut ions  formed with 
i n e r t  solvents  of high vapor pressure a re  evap- 
o ra ted  t o  give t h i n  f i lms and th in  s i ng l e  
c r y s t a l s  by techniques s imi la r  t o  those 
described by C.  owm man^^. The subs t ra tes  
consis ted of 304 s t a i n l e s s  s t e e l  sheets  i n  
which a 0.2 mm deep and c i r c u l a r  r e l i e f  was cut .  
Uniform fi lms which were t h i n  enough t o  be t rans-  
parent  gave the  narrowest peaks and t h e  bes t  
signal-to-background r a t i o s .  Dichloromethane, 
acetone and water were used as  solvents f o r  most 
work. 

7. Deposition from s l u r r y  -- insoiubie  samples 
were prepared ( t h i s  work) from a s o l i d  s l u r ry  
which was poured onto the  re l i eved  sample 
p la tens  of Item 6. The samples were s u f f i c i e n t l y  
adhesive t o  maintain contact  with the  sample 
p l a t en  during the  experiment. 

In t h i s  work, methods 2 ,  3 and 7 were used f o r  insoluble samples and 

method 6 was used whenever poss ible .  The other  methods were re jec ted  

because of contamination, in terference i n  t h e  spectrum o r  problems i n  

achieving good e l e c t r i c a l  contact .  

42. Swartz, W.E., Watts, P.H., Watts, J .C . ,  Brasck, J.W., Lippincott,  
E .R . ,  Analyt, Chern., 44, 2001 (1972).  - 

43. D i a m i s ,  N.P. ,  Lester ,  J . E . ,  , 45, 1416 (1973) . 
44. Cowman, C . ,  Thesis,  Californ o ~ ~ e c h n o l o g y  (19741. 
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Invest igat ion of l iqu id  samples presents a very d i f f i c u l t  problem 

be cause of t h e  high vacuum required.  Recently, ~ i e ~ b a h n ~ ~  described 

an experimental approach which uses a l iqu id  beam as  t he  sample, and 

which requires  very e f f i c i e n t  d i f f e r e n t i a l  pumping of the  chamber. This 

technique i s  p resen t ly  p roh ib i t ive  f o r  most laborator ies  outs ide  the  

Uppsala group, because of t h e  severe instrumental requirements . Tech- 

niques employing frozen solut ions(glasses  a t  low temperatures)have been 

wel l  d o c ~ m e n t e d ~ ~ , ~ ~ .  The chemical s h i f t s  f o r  t h e  dissolved compounds 

have been compared with those found f o r  the  pure so l i d s .  Differences i n  

these  s h i f t s  have been observed and these  have been a t t r i bu t ed  t o  solu- 

t i o n  e f f e c t s ,  but might be explained i n  terms of t he  var ia t ion  of t he  

work function of so l i d s  with temperature48, 

In t h i s  work two methods were applied t o  t he  invest igat ion of prote in  

samples; (1) A pro te in  solut ion frozen under nitrogen at 200°K and 

(2) A pro te in  deposited by evaporation of t he  solvent (water). On each 

case gold was used a s  a subs t ra te .  The spec t ra  were i den t i ca l  when taken 

a t  t h e  same temperature. 

45. Siegbahn, H., Physica S c r i e ,  4 ,  164 (1973) 
46. Kramer, E . ,  ~ l ~ ~ h e m . - ~ h ~ s . ,  57, 3620 (1969) 
47. Eieb f r i t z ,  D., Angew Chem, $4, 156 ( ~ 9 7 T  
48. Butler ,  M.A., Wertheim, G . K ~  Rousseau, D.L., and Huhe r ,  S . ,  

Chem. PAys. Le t t . ,  g, 374 (1992) - 
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I V .  - DATA ANALYSIS 

A. Description of Data Charac te r i s t i cs  

The experimental da ta  represent measurements of t he  f l ux  as well as the  

k i n e t i c  energies of t h e  e lect rons  emitted from the  sample as it i s  

i r r a d i a t e d  with x-rays of 8.46a (AlKa, 1.486K eV) . The number of elec- 

t r ons  within small energy i n t e rva l s  are  recorded, thus forming an image 

of t h e  densi ty  of e l ec t ron i c  s t a t e s  t h a t  a re  r e l a t ed  t o  t he  binding 

energies .  The e lect rons  en t e r  a de tec tor  (Chapter 3) and a r e  processed 

e l ec t ron i ca l l y  t o  give a count r a t e  as  a function of k i n e t i c  energy. 

The noise i n  t h e  recorded spectrum a r i s e s  from a var ie ty  of e f f e c t s  

such a s ,  Johnson noise,  dark current ,  Shot t  noise,  Auger e lec t ron  and Comp- 

ton s ca t t e r i ng  noise,  occurring i n  t he  channel-plate e lect ron mul t ip l i e r ,  

t h e  vidiocon de tec tor ,  the  pulse height converter, the  &lament c i r c u i t r y  

and t he  x-ray power supply. A schematic of t h e  HP 5950A i s  given i n  Fig. 

1 3 ~ ~ .  Additional po t en t i a l  noise sources a r e  s t ray- f ie lds  i n  t he  e lect ron 

spectrometer and s t r a y  e lect rons .  The standard deviation is  given as 

where N represents the  t o t a l  number of counts a t  any point .  Excellent 

counting s t a t i s t i c s  a re  required f o r  cor rec t  assignment of  f i n e  s t ruc tu r e  

and detect ion of elements i n  low concentrations. The count r a t e  capab i l i ty  

of v i r t u a l l y  any e lec t ron  spectrometer exceeds by f a r  the  photon f lux  

presen t ly  avai lable .  To obtain reasonable.standard deviation,long count- 

ing times a r e  necessary, sometimes even r e su l t i ng  i n  rad ia t ion  damage of 

t he  sample, 
- 

49, Figure from HP 5950A manual. 
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Extensive s tudies  by ~ a d l e ~ ~  indicated t h a t  the  best  descr ipt ion of a 

photoelectron peak was a Lorentzian d i s t r i bu t i on  with an addi t ive  

Lorent zian t a i l  

This i n t ens i t y  d i s t r i bu t i on  i s  described by four  independent parameters: 

t h e  width (r)  , the  pos i t ion  ( E ~ ) ,  t he  t a i l  height t o  peak height r a t i o  

( B ) ,  and an i n t ens i t y  f ac to r  (A).  The d i s t r i bu t i on  i s  given as a function 

of t h e  e lect ron k i n e t i c  energy; see Fig. 14. 

Analysis of spec t r a l  da ta  obtained from the  HP 5950A indicate6 t h a t  the  

instrumental impulse function corresponds t o  about 0.5 t o  8 . 6  eV (gaussian 

d i s t r i bu t i on ) .  Symmetries introduced by t he  combination s f  monochroma- 

t i z a t i o n  and dispersion compensation make the  Eoren'tzian Pine shape a 

reasonable f i t  'to t h e  da ta  i n  t h i s  t h e s i s ,  
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B.  Standard Smoothina Methods 

Smoothing of experimental pulse data  by analogue and d i g i t a l  methods i s  

described i n  several  extensive r e v i e w ~ 5 ~ , 5 ~ , 5 2 , 5 3 .  Dig i ta l  methods are  

more v e r s a t i l e  than analogue methods and a r e  developed i n  t h i s  sect ion.  

The simplest methods of smoothing axe based on convolution of the  data 

with various weighting functions.  The moving-average procedure i s  a 

t yp i ca l  example. Here t he  ordinates  of a s e t  number of points ,  spaced 

a t  a constant in te rva l  a re  t o t a l ed  and normalized, thereby obtaining the  

average ordinate  a t  the  cen t ra l  abcissa  of the  group. The group i s  then 

incremented by one point  and t h e  process repeated over the  range of she 

data .  The concept of convolution can be generalized by defining a s e t  of 

convsPution in tegers ,  and an appropriate normalization fac tor .  ConvsPu- 

t i o n  reduces ts mult ip l icat ion of t he  ordinates point  by point  by the  

appropriate coef f ic ien t s .  For generation of t he  most representa t ive  

ordinate  a t  xo, the  products CiYi would be formed and normalized, t ha t  

where j is  t h e  running index of the  ordinate  da t a  in the  o r ig ina l  data  

f i l e .  

50. E m s t ,  R.C.,Sensit ivi tp -- Enhancement i n  E I a ~ e t i e  Resonarice i n  
Advances i n  Magnetic Resonance, J .  Waugh, Ed., Vol. 2 (1966) 

51. Moore, L. , B r i t  J Appl Phys ( J  Phys D) 1 ( 2 ) ,  - 237 (1968) 

* 52. Morrison, J . D . ,  J Chem ~ h y  39, 200 (1963) 
53. Petersson, G.A. , & i i ~ r n i a  I n s t i t u t e  of  Technology 

(1970). 
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The moving-average rout ine  would correspond t o  C i = l .  In general ,  t h i s  

method is not  very usefu l .  For t h i s  reason, a number of in teger  t ab les  

have been devised. These a r e  based on symmetric t r i angula r  functions,  

exponential functions,  stepwise box car  representa t ions  and others .  

The most sophisticated sf these methods is given by §avitskysk.  His 

algori thm generated a s e t  of convolution in tegers  which estimated the 

o rd ina te  of t h e  cen t ra l  abcissa  i n  the  convolution in te rva l  by f i t t i n g  

a leas t -square  curve through t h e  da t a  points .  The functional  bas i s  of 

t h i s  curve could be l i n e a r  o r  polynomial. Sav i t skyfs  method gave the  

most representa t ive  r e s u l t s  as regards l i n e  shape and noise re jec t ion .  

C.  F i l t r a t i o n  of Noise by Fourier Methods 

Vi r tua l ly  a l l  published XPS da ta  has been smoothed by d i g i t a l  convolution 

methods i n  r e a l  space. In each case, t he  signal-to-noise r a t i o s  have 

been enhanced thus considerably reducing t h e  scanning times. The e f f ec t  

of  t h i s  procedure on the  l i n e  shape has no t  been investigated. 

This author has assumed t h a t  t h e  bas ic  l i n e  shape contains much of the  

information ava i lab le  i n  t h i s  spectroscopy. The photoelectron peaks of  

s i n g l e  species  a r e  usual ly  symmetrical. Asymmetrical l i n e s  a re  a t t r i -  

buted t o  the  existence of sub t ly  d i f f e r e n t  chemical o r  physical species 

i n  the  same sample, 

The da t a  manipulation employed i n  t h i s  t h e s i s  has been aimed a t  achieving 

t he  bes t  represen ta t ion-of  t he  l i n e  shapes, Enhancement of  the  

54. Savitsky,  A . ,  and GoPay, M.J.E., -9 Anal Chem -' 36 1627 (1964). 
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s ignal- to-noise  r a t i o  by a f ac to r  of 10 was needed because of the  

extremely low corkcentration of metal i n  prote ins .  Here, t h e  metal con- 

t e n t  i s  3 t o  7 times lower than i n  any previously reported work. 

Experimental time had t o  be reduced because of rad ia t ion  damage i n  the 

sample. The convolution techniques described above were inadequate t o  

so lve  t h e  problem. 

The appl icat ion of  Fourier methods t o  s igna l  analysis  has been par t icu-  

l a r l y  f r u i t f u l  i n  other   field^^^^^^. The Fourier transform of  physical 

da t a  can be described as  f i t t i n g  the  observed spectrum t o  a s ine ,  cosine 

s e r i e s .  This i s  equivalent t o  reducing t he  r e a l  space spectrum t o  i t s  

frequency components. Analysis of t he  amplitudes of the  s e r i e s  as a 

funct ion of  t h e  frequency, enables separation of s igna l  from noise.  

The s igna l  power (amplitude) i n  Fourier  space of an ESCA spectrum i s  

concentrated i n  t he  first few terms of the  s e r i e s ,  whereas t h e  noise is  

represented by high-frequency terms, which a r e  re jec ted .  

The most common method of  f i l t r a t i o n  (smoothing) using the  .Fourier t rans-  

form involves t runcat ion of a l l  t he  terms of frequency greaeer than a 

chosen cut-off  point .  This is  equivalent t o  convolving i n  frequency 

space with a s t e p  function which is  uni ty  f o r  a l l  x l e s s  than xt and 

zero f o r  a l l  x g rea te r  than xt , where x represents  the  frequency of a 

given term. This corresponds t o  convolving i n  the  r e a l  o r  time domain 

with t he  function s i n  (x) /x  as  i l l u s t r a t e d  i n  Fig. 15. 

55. Castleman, K . R . ,  and Welch, A . J . ,  v'Feature Extraction i n  Visual 
Evoked Poten t ia l  Analysisw TR 192, Biomedical Research Laboratory, 
University of Texas, Austin (1969). 



FIGURE 15 

(a) (b) The spectral density function. (c) The energy density 
function. 
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This procedure, although reducing high-frequency noise  i n  the  r ea l  

spectrum (time domain) generates a new low-frequency component, r e fe r red  

t o  'as r inging,  which i s  determined by t he  sharpness of t he  ro l l - o f f  of 

t h e  f i l t e r  function i n  Fourier space (frequency domain). 

The convolution theorum s t a t e s  t h a t  i f  f ( t )  and g ( t )  a re  functions with 

Fourier  transforms F(w) and G(w) respect ively ,  then t he  convolution of 

f ( t )  and g ( t ) ,  given i n  the  time domain by 

h(w) = f ( t ) * g ( t )  = l i m -  T f ( t ) g ( r - t ) d t  , T- 2T 1 -T 

i s  expressed i n  t h e  frequency domain by 

H(w) = F(w)'G(w) 

Thus, convolution i n  t he  time domain and pointwise mul t ip l icat ion i n  the  

frequency domain a r e  equivalent .  I f  x ( t )  i s  an input s ignal  t o  a f i l t e r  

with impulse response h ( t ) ,  t h e  r e su l t an t  output y ( t )  i s  given by 

y ( t )  = F-I fF{x(t) lF ih( t )  1) , ( 25) 

where F( j ind ica tes  the  Fourier-transform operation.  

The physical i n t e rp re t a t i on  of t h i s  is  as follows: A t  each frequency w 

t h e  magnitude of H(w) gives the  a t tenuat ion f ac to r  f o r  the  component of 

x ( t )  a t  frequency w. Low pass f i l t e r s  s t a r t  with t he  a t tenuat ion fac tor  

H(w) equal t o  un i t y  which then decreases with higher w. Signal terms a re  

s t rongly enhanced a t  the  expense of noise  terms. The inverse transform 

synthesizes a new version of t he  s igna l  with reduced high frequency con- 

t e n t  (frequency r e f e r s  t o  s p a t i a l  frequency of o sc i l l a t i ons  i n  the  plane 

of t he  spectrum as  p lo t t ed ) .  

Pn e lect ron spectroscopy, t he  s igna l  shape i s  reasonably well definedBp5,6. 

There i s  a very c l e a r  d i s t i nc t i on  between t he  frequency of the  s igna l  
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and t h a t  of t h e  noise.  The problem of generating f i l t e r  functions 

(H(w)) f o r  da t a  manipulation has been t r e a t e d  a t  length i n  information 

theory56,57,58. 

From the  quoted work, a number of f i l t e r s  were se lec ted  t h a t  appeared 

t o  be well su i t ed  f o r  t he  spec i f i c  problems t rea ted  here. 

The author applied a f i l t e r  designed f o r  optimum resolut ion i n  a l i nea r  

system. The algorithm of  t h i s  f i l t e r  function (Weiner Estimator) is  

d i rec ted  t o  obta in  the  be s t  est imate of t h e  s igna l  before it i s  mixed 

with t he  noise .  Derived from the  Weiner-Hopf condit ion,  t h i s  f i l t e r  

generates a spectrum which i s  the  minimum mean-square-error est imate 

of t h e  na tura l  spectrum. 

To obtain optimal resolut ion,  the  cross cor re la t ion  of the  input s igna l  

and t he  des i red  output s igna l  should be equal t o  t h a t  of t h e  input s ignal  

and t he  ac tua l  output s igna l  as  regards each point  i n  the  sample. This 

------ ~ ~ ~ ~ i r e s  t h a t  t h e  e r r o r  caused by f i l t r a t i o n  be uncorreiated with the  

data .  With minimum mean-square-error c r i t e r i a ,  ~ ( t ]  i s  zero, which requires  

orthogonali ty between x ( t )  send ~ ( t ) .  

56. Bracewell, R . ,  The Fourier Transform and i t s  Applications, McGraw- 
H i l l ,  New York (1965) 

57. Papoulis, A . ,  The Fourier In tegra l  and i t s  Applications, McGsaw-Hill, 
New York (1962) 

58. Weiner, N . ,  P 

Dover, New Yor 



5 6 

For s igna l s  x ( t )  and y ( t )  with Fourier  transforms of X(w) and Y(w) 

respect ively ,  the  cross-corre la t ion function R, (T) i s  defined as Y 

which i s  expressed i n  the  frequency domain by 

sxy Cw) = x (w)Y* lw) , 4 2 71 

where Y* denotes t he  complex conjugate. 

Defining the  problem as one of f i l t e r i n g  a s igna l  mixed with noise  t o  

obta in  the  be s t  minimum mean-square-error est imate of the  na tu r a l  s ignal ,  

we proceed t o  derive the  f i l t e r  function a s  fo8lows: 

Let s ( t )  represent  t he  s igna l  and n ( t )  , t he  noise.  The received s igna l  

i s  then given by 

x f t )  = s ( t )  + n ( t ) .  (28)  

We wish t o  separate  the  s igna l  from the  noise.  The desi red output is  then 

given by 

Y ( t )  = s C 29) 

I f  the  a r i thmet ic  means of s ( t )  and n ( t )  a r e  assumed t o  be zero, thew 

\(TI = ('s ( t )  + n ( t ) )  ( s ( t + ~ ) + n ( t + + ) )  ( 30) 
= Rs + + RsnO~) + wns(~3 

Since s (t) %ma n ( t )  a r e  presumed to be non-correlated, and (7 = iT = o'g 

then, 

RsN(~) = R ~ ~ ( ~ )  ' 0 

and 

RX(r) = RS + R N ( ~ )  

In frequency space, 31 becomes 

S*(wI = Ss ( ~ 1  + S, fw) 
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Similar ly ,  f o r  the  cross-corre la t ion function of  x and y, 

and therefore ,  

By t he  object ives  of t he  problem, we a r e  given 

According t o  weinerS8, the  optimal l i n e a r  f i l t e r  is  given by 

Therefore, 

The optimal f i l t e r  increases the  amplitude of t he  frequency components 

i n  t he  s igna l  range, while suppressing those i n  t he  range where the  

desi red s igna l  is  weak and the  noise  s t rong.  

The mean-square estimated error-1s  given by 
w 

- 2  9 s s L  (01 
E = ~ r ,  Ss (w) - s, (w)+ Sn(w) 

If t he  frequency spec t ra  of S ( t )  and n(E) do not overlap, then 

ss (W) Sn(W) = 8 (39) 

and the  e r r o r  of est imation must be zero. 

Given the  functional  form of t he  Weiner f i l t e r  j u s t  derived, appl icat ion 

t o  e lec t ron  spectroscopy requires  knowledge of t he  t r u e  s igna l  spectrum 

and an kstimate o r  sample of noise.  
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Pig. 16 Au 4f region of gold reference standard. Spectra (a) ,  (d ) ,  and 
( f )  p l o t  r e l a t i v e  e lec t ron  f l ux  [y) vs, binding energy. Section (b) 
p l o t s  magnitude ( log y) vs. frequency and sec t ions  (c) and (e) p l o t  
r e l a t i v e  magnitude ( l ineax y) v s .  Four ier  frequency. 
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Fig. 17 Au 4f region o f  gold subs t r a t e  under t h i n  l ayer  of sample. 
Spectra a,d,  and f p l o t  r e l a t i v e  e lec t ron  flux (y) vs binding energy. 
Section b p l o t s  magnitude (log y) vs frequence and sec t ions  c and.e 
p l o t  r e l a t i v e  magnitude ( l i nea r  y) vs Fou r i e r  frequency, 
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A number of experimental s igna l  shapes were generated by convolving the  

instrumental function (gaussian d i s t r i bu t i on  of 0.55 eV FWHM) with a 

number of Lorentziarl d i s t r i bu t i ons  of d i f f e r en t  l ine ,widths .  No detectable  

di f ference i n  r e su l t i ng  f i l t e r e d  spec t ra  was observed between t h i s  

approach and t h a t  of l i n e  shape estimntion by Lorentzian d i s t r i bu t i ons  

of d i f f e r en t  half-widths. 

The t o t a l  energy of a function f ( t )  of duration T i s  given by55 

1 T  2 E = J f ( t ) d t  (40) 
T o  

and by Rayleigh' s t h e ~ r u m ~ ~  
CO 

j _ l f ( t )  l2 d t  = l:l~(w) l 2  dw. 

The t o t a l  energy of a time-domain function i s  given by in tegra t ion  sf the  

square of t h e  amplitudes i n  frequency space. This re la t ionsh ip  has been 

c i t e d  t o  develop t he  power spec t r a l  density of time functions given as 

wT(w) - ET (w) /41 (42) 

Random functions i n  the  time domaiii a r e  characterized by power spec t ra l  

dens i t i e s  which a r e  independent of frequency i n  Fourier  t r m s f o m  space. 

The power spec t r a l  densi ty  of white noise  would be frequency independent. 

F i g *  16 i l l u s t r a t e s  Weiner's treatment b f  a Au4f reference s igna l .  
78 2 

This sample was used f o r  energy ca l i b r a t i on  purposes. The spectrum from 

t h e  instrument is  p lo t ted  point  by point  as  I6a. The Fourier transform 

of the  o r ig ina l  da ta  i s  p lo t t ed  with logarithmic ordinate  a s  B6b, The 

o r ig ina l  spec t ra  from the  gold subs t ra te  beneath a t h in  f i lm of sample 

compound i s  given i n  Fig. 17a. The corresponding Fourier transform is 

p lo t t ed  i n  Fig. 17b. 
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Fig.  18 V - 0  region of  f r e s h  Vanadium Diboride (Flood Gun Off).  
Spect ra  a ,d ,  and f p l o t  r e l a t i v e  e l e c t r o n  f l u x  (y) vs binding energy. 
Sect ion  b plo ts  magnitude ( log  y)  v s  frequency and s e c t i o n s  c and e 
p l o t  r e l a t i v e  magnjtude ( l i n e a r  y )  vs Fourier frequency. 
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Fig. 19 Carbon Is spectrum of -S te l l acyan in .  Spectra  a ,  r l ,  and f  p l o t  
r e l a t i v e  e lec t ron  f l u x  (y) vs binding energy. Section b  p l o t s  magnitude 
(log y) vs frequency and sec t ions  c a~ ld  e p l o t  r e l a t i v e  magnitude 
( l i nea r  y )  vs  Fourier frequency. 
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Fig. 20 Sulfur  2p region of Laccase. Spectra a, d, and f p lo t  r e l a t i v e  
e lect ron f l ux  ( y )  vs binding energy. Section b p lo t3  magnitude (log y) 
vs frequency and sec t ion  c and e p lo t  xe la t ive  magnitude ( l i nea r  y )  vs  
Fourier frequency. 
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- 
Fig. 2 1  Cu 2p region of copper penicil lamine complex. Spectra a,  d, and 
f p l o t  r e l a t i v e  e lec t ron  f l ux  (y) vs binding energy. Section b p lo t s  
magnitude (log y)  vs frequency and sect ions  c and e p l o t  r e l a t i v e  
magnitude f 1 inea r  y) v s  Fouri e r  frequency, 
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Each sample spectrum was taken f o r  an accumulation of 10 scans over a 

10 e lec t ron  v o l t  window from 90 t o  80 eV with a scan r a t e  of  1 eV/sec 

and with da ta  s to red  i n  256 channels. In  each of t h e  f igures  16b and 17b, 

t he  l a s t  80% of t he  frequency components have equivalent amplitudes. 

A spectrum of vanadium dibor ide  i n  t h e  vanadium 2p, 01s region, i s  given 

i n  Fig. 18; t he  o r i g ina l  i s  18a and t he  Fourier  transform 18b. 

Here, a 50 v o l t  energy sweep was displayed i n  1024 channels a t  a scanning 

r a t e  of  1 eV/sec. The sampling frequency(number of points  pe r  eV)in 

Fig. 18 i s  d i f f e r e n t  from t h a t  i n  Figures 16 and 17. 

The carbon 1s core-level  spectrum of Ste l lacyanin  given i n  Fig. 19 was 

obtained with 10 v o l t  window, 256 channels, and 1 eV/sec scan r a t e .  Here 

as before,  19a gives t h e  o r i g ina l  spectrum and 19b the  Fourier  transform. 

The s u l f u r  2p core-level  spectrum f o r  laccase  given i n  Fig. 20 represents  

30 accumullated scans taken with a 20 v o l t  window, 256 channels, i eV/sec 

scanning r a t e .  

Figure 2 1  displays  a copper 2p spectrum (copper penici l lamine complex) 

taken with a 50 v o l t  window, 256 channels and P eV/sec scan r a t e .  The 

copper 2p region of t h e  metal loprotein laccase is  given i n  F ig .  2 2 .  (50 

v o l t  window, 256 channels and approximately 200 scans a t  1 eVlsec.3 The 

i ron  2p spec t r a  from an i ron s u l f u r  c l u s t e r  complex i s  given i n  Fig. 23 

{SO v o l t  window, 256 channels and B eV/sec scan r a t e ) .  Figure 24 shows t he  

i ron  2p l eve l  i n  t h e  2 i ron  Ferredoxin p ro te in  with i den t i c a l  sampling 

parameters a s  F ig .  23 but  with 10 times more scans,  
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Fig. 22 .  Cu 2p region (ordinate X100) of  Laccase, Spectra a ,  d ,  and f 
p l a t  r e l a t i v e  e lec t ron  f l u x  (y) vs  binding energy. Section b  p l o t s  
magnitude f log y) vs frequency and sec t ion  c and e  p l o t  r e l a t i v e  magnitude 
( l i nea r  y) vs FouYiwfrequency. 
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Fig z<. Fe 2p region o f  Holm's c l u s t e r  com?lex. Spectra a, d, and f 
p l o t  r e l a t i v e  e lecsron f lux  (y) vs binding energy, .  Section b p lo t s  
magnitude (log y)  vs frequency an3 sec t ions  c and e p l o t  r e l a t i v e  
magnitude ( l i n e a r  y)  vs .Fourier frequency. 
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Fig. 24. Fe 2p region of spinach Ferredoxin. Spectra a ,  d ,  and f 
p l o t  r e l a t i v e  e lec t ron  f l u x  (y) vs  binding energy. Section b p l o t s  
magnitude ( log y) vs frequency and sec t ions  c and e p l o t  r e l a t i v e  
magnitude ( l i nea r  y) vs Fourier frequency. 
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Fig. 25 Valence band region of HolmPs c l u s t e r  complex. Spectra a ,  d ,  
and f p lo t  r e l a t i v e  e lec t ron  f l ux  (y) vs binding energy. Section b p lo t s  
magnitude (log y) vs frequency and sect ions  c and e p l o t  r e l a t i v e  
magnitude ( l i nea r  y) vs Fourier frequency, 
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F ina l ly ,  t he  valence-band spec t ra  from t h e . c l u s t e r  complex of Fig. 22 

is  given i n  Fig. 25 (50 v o l t  window, 256 channels, 1 eV/sec scans) .  

Note t h a t  Fig. 17 i s  a poor signal-to-noise (S/N) case of Fig. 16; 

s im i l a r l y ,  Figures 2 1  and 22, and Figures 23 and 24 a r e  r e l a t e d ,  (same 

region f o r  t h e  same elements, same sampling frequencies b u t - d i f f e r e n t  

s ignal /noise  r a t i o s ) .  Figures 16, 17, and 19 correspond t o  10 v o l t  

windows, ( t h e  t o t a l  spectrum encompassirig 10 e lec t ron  v o l t s  was displayed 

i n  256 channels).  Figures 18, 21 ,  22, 23, 24, and 25 were obtained with 

50 v o l t  windows. In each case,  256 channels were used, except f o r  Fig. 

18, which corresponds t o  1024 channels. Figure 19 i s  the  only one dis-  

playing a 20 v o l t  spectrum. 

These d i f f e r en t  sampling frequencies,  rqgions, spec t r a l  band shapes, and 

concentrat ions have been reproduced i n  order t o  demonstrate the  s im i l a r i t y  

of  t h e  Four ier  tranforms desp i te  t he  d i f f e r en t  experimental parameters. 

11% each case, the  amplitude of t he  Fourier  curves f a l l s  o f f  with increas-  

ing frequency u n t i l  a minimum i s  reached a f t e r  which t he  spec t r a l  power 

densi ty  remains r e l a t i v e l y  csnsxant although random. 

In t h i s  work, the  r i g h t  h a l f  of each Fourier  transform displayed i n  the  

f igures  has been chosen t o  represent  the  noise .  The f i l t e r i n g  function 

used corresponds t o  equation 37 employing t h e  Fourier  transform sf a 

Larentzian o f  width W as  t he  s igna l  spectrum The width W i s  defined as 

t h e  minimum observable l i n e  width i n  t he  spectrum given i n  e lec t ron  vo l t s .  

The c segment of  Figures 16 through 25 displays  the  f i l t e r  function which 

r e s u l t s  from a minimum in t e l l i gence  width of 0.5 eV. The d segment gives 

the  r e su l t an t  f i l t e r e d  o r  Weinered spectrum. F i l t e r s  based on 1.0 eV 

FWHM de f in i t i ons  of minimum l i n e  width a r e  displayed a s  t h e  e group of 
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t h e  c i t e d  f igures ,  while the  f i l t e r e d  spec t ra  a r e  shown i n  the  f sect ion.  

In each case, the  p l o t  of  the  c s e r i e s  of the  Weiner f i l t e r  a t  0.5 eV 

FWHM demonstrates t h a t  more high frequency terms a r e  t ransmit ted  than a t  

1.0 eV F W  a s  i n  the  e p l o t s .  The low-pass f i l t e r  function r o l l s  off  

smoothly, el iminating r inging i n  t he  r e s u l t a n t  spectrum. The shape of 

t h e  f i l t e r  i s  unique t o  each aombination of the  spec t r a l  noise/sampling 

frequency. This is  demonstrated by t he  shape of the  function correspond- 

i ng  t o  50 volt/256 channels (Figs.21-25) i n  con t ras t  t o  t h a t  corresponding 

t o  P O  volt/256 channels (Figs. 16, 17, 19).  The f i l t e r  f o r  50 vsPt/l024 

channels (Fig.  18) i s  s im i l a r  t o  t h a t  f o r  50 voPt/254 channels (Figs. 21 - 

25 ) .  

The shape of t he  f i l t e r  is  more d r a s t i c a l l y  a f f ec t ed  by t h e  amount of 

no i se ,  c f . ,  Fig. l 6  vs. 17, and Fig. 21 vs. 2 2 ,  than by t h e  di f ference 

between observed spec t r a l  band shapes, c f . ,  Fig. 18, 2 1 ,  m d  23. Analysis 

sf spikes  i n  t he  Fourier  transforms permits  the  assignment of power-line 

no i se  terms and i s  t he  object  of continued work. 

A number of  o ther  f i l t r a t i o n  forms were attempted based on c r i t e r i a  such a s  

optimal l i n e a r  and now-linear reso lu t ion ,  but  these  gave no improvements. 

The matched f i l t e r 5 3  9 55 and Weiner es t imator  functions were programed 

i n t o  the  ESCA Data-Handling Program l i s t e d  i n  Appendix c60. 

Data from t h e  HP 5950A, t he  ESCA 36 o r  t he  JPL-USU spectrometers s tored 

on paper t ape  were compiled by computer and analyzed with t h e  f i l t e r  

c r i t e r i a  described here  using W = 1 .0  eV. 

60. This program was developed and implemented by E.K. Scheffer .  The ' 
funct ional  f i l t e r  r e la t ionsh ips  were provided by K.  Castleman and 
F. Grunthaner. 
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D. Deconvolution 

In Chapter 111, it was noted t h a t  the  Au4f photoelectron peak was not 
7/2 

narrower than 0.72 eV, although the  instrumental function ( b ( t ) )  f o r  the  

HP 5950A spectrometer was 0 -55  eV FWHM. The function (b ( t ) )  can be 

remov-d i n  Fourier  space, through deconvolution. I f  y ( t )  i s  the  observed 

s igna l  and x ( t )  t he  input s igna l ,  then,  

y ( t )  = F - ~ I F I ~ ( ~ )  I F I X ( ~ )  11 

and, accordingly, 

The na tura l  s igna l  x ( t )  can be recovered by means of equation 44 i f  bQtp 

i s  known. Unfortunately, t h i s  requires  pointwise m u l t i p ~ i c a t i o n  of the  

spectrum transform with a pos i t ive  exponential function.  This amplif ies 

t he  high-frequency components of the  spectrum by fac tors  of and 

higher which o b l i t e r a t e s  the  s igna l .  The deconvoleztion function must 

be truncated smoothly i n  transform space aK some frequency where t he  S/N 

r a t i o  of t he  deconvoluted sgeczrum i s  of t he  order of 1, 

Since t he  deconvolution function is  a mu l t i p l i e r  which res to res  the  

i n t e n s i t y  sf t h e  proper frequency components, trerpacaeisn is  equivalent 

t o  muPtipPication by un i ty  i n  transform space a d  t o  convoPueion with a 

d e l t a  function i n  r e a l  space. 

Preliminary r e s u l t s  ind ica te  t h a t  the  t r u e  Au4f 
7 1 2 ,  5/2  

spectrum should 

consis t  of a Lorentzim doublet with t he  peaks 3.67 eV apar t ,  having an 

i n t ens i t y  r a t i o  of 4:3. Each of the  two peaks has a FWHM of 0.42 eV. 

Present e f f o r t s  t o  remove t h i s  broadening have been plagued by low-fre- 
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quency ringing in  t he  deconvolved spectrum. Recently, a new approach 

has been employed which promises t o  solve t h i s  problem. Several papers 

have appeared i n  t he  l i t e r a t u r e  6 o a y 6 0 b  which describe a superresolution 

a1goritk.n developed by Jansson. In t h i s  algorithm, the  function r e su l t -  

ing from the  deconvolution is  constrained t o  be non-negative and s ingle-  

valued. This boundary condition appears t o  help a r r iv ing  a t  unique 

solut ions .  Au4f7/* spec t ra  with FWHM of 0.53 eV FWHM and with s ignal /  

noise  r a t i o  o f  70: l  have been constructed from S/N = 500:l spectra .  

This work i s  continuing. 

60a. Jansson, Peter  A. ,  J 0 t Soc Am, 60, 184 (1970) 
60b. Jansson, Peter  A. , ~ I I . ~ O p t i c a l  Spectra, Sept . , 1972, 

p .  3 6 .  



V .  -.- SURFACE STUDIES OF VANADIUM DIBORIDE - 
A.  Introduction 

The re f rac to ry  vanadium dibor ide  undergoes a t t ack  by a number of d i f f e r e n t  

carboxyl ic  ac ids  r e s u l t i n g  i n  vanadium (111) carboxylate dimers. Green- 

wood e t .  a1. 61 found t h a t  hydrogen evolves during t he  reac t ion  and proposed 

t h e  formula: 

2VB2 + 6R 6O2H -+ V2(02CR)6 + 3H2 + 4B . (45) 

H e  suggested t h a t  t he  boron l i be r a t ed  i n  the  reac t ion  formed a pass ivat ing 

l a y e r  over t h e  surface of VB2. The reac t ion  of carboxylic acids with a 

number of  o ther  vanadium compounds was invest igated a t  Caltech i n  an 

unsuccessful  e f f o r t  t o  increase  t he  y ie ld  (%IS%) reported f o r  the  synthes is  

when VB2 was used as  a s t a r t i n g  material62.  Vanadium dibor ide  exhibited 

exceptional  r e a c t i v i t y  with anhydrous carboxylic ac ids ,  whereas VB2 

separa ted from the  reac t ion  vesse l  and added t o  a f r e sh  reac t ion  mixture 

underwent no reac t ion .  

The importance of vanadium oxides i n  c a l a l y s i s  i s  well  known6 ,64  p G 5  9 66.  

61. Greenwood, N . N . ,  Par ish ,  R.V. ,  and Thornton, P., J .  Chem Soc (A), 
320 (1966). 
Clendening, P . ,  and Powers, D.P., unpublished r e s u l t s .  
Larrson, R. and Nunziata, G . ,  Acta Chem Scand, - 24, 1 (1970) 
Lavison, R . ,  Acta Chem Scand, 26, 549 (1972). 
Goodenough, J-S So l id  S t a t e  Chem, ed. ,  H ,  Reiss, 

Pergamon, Oxford, Vol. 5, 155 (1971). 
66. Piamrin, K . ,  Nordling, C . ,  and Kihlborg, E . ,  Ann Acad Reg Scf 

Upsaliensis ,  - 14, 1 (1970). 
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Since t he  appl icat ion of X-ray photoelectron spectroscopy t o  t he  study of 

vanadium surfaces67 y 6 *  ,69 J~~ y 7 1  has yielded conf l i c t ing  information as 

regards  surface  chemistry, it seemed tha t  VB2 presented a more favorable 

mate r ia l  f o r  t h i s  study. The ESCA experiments were, therefore ,  i n i t i a t e d .  

Thus, the  charging experiments de ta i l ed  i n  Chapter I11 were observed for  

t h e  f i r s t  time i n  t he  course of t h i s  work, and it soon became obvious 

t h a t  a re-examination of t h e  previous work on the  oxides was necessary. 

B . Experimental 

In Greenwood's procedure used fo r  the  preparation of vanadium carboxylate 

dimers, finely-powdered vanadium diboride is  added t o  a deoxygenated solu- 

t i o n  of a carboxylic acid  and i t s  acid anhydride. This s l u r r y  is  refluxed 

a t  110'~ f o r  2 weeks during which time t h e  system i s  purged with nitrogen.  

The s l u r r y  is then f i l t e r e d  (again under nitrogen) and t he  dark green 

l i qu id  phase i s  processed fu r the r  t o  recover t he  dimexic compounds. 

The surface  react ions  of VB2 with carboxylic acids were s tudied i n  t h i s  

work by examining the  s o l i d  phase which was separated during t h i s  f i n a l  

s t ep .  Additional samples were taken by stopping the  react ion a f t e r  10 

minutes, 1 hour, 6 hours, and 36 hours. After  separation from the  l iquid  

phase, t he  t r e a t e d  VB2 powder was washed with g l a c i a l  a c e t i c  acid ,  acetone 

and e thyl  e the r  t o  remove t r ace s  of soluble  react ion products. 

67. Honig, J . M . ,  Van Zandt, L . E , ,  Board, R . D . ,  and Weaver, H . E . ,  
Phys Rev. B ,  - 4, 1323 (1972). 

68. Fiermans, L . ,  and Vennik, J . ,  Surface Science, 35, 42 (1973). 
69. Calpaert,  M.N., Clauws, P . ,  Fiermans, E . ,  ~ e n n i k ,  J . ,  Surface Science, 

3 6 ,  513 (1973). - 
70. Wertheim, G . K . ,  Rosencwaig, A . ,  Gallagher, F.K., and Buchanan, D . N . E . ,  

Bull Am Phys Soc, 16, 322 (1971). 
71. Larsson, R . ,  ~ a l k e s s o n ,  B . ,  and ~ c h o n ,  G . ,  Chemica Scr ip ta ,  - 3, 88 

(1973) . 
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In order t o  inves t iga te  the  poss ible  e f f e c t s  of oxygen and water on t he  

VB2 surface ,  t h r ee  d i f f e r en t  s e t s  of samples were prepared from f resh  and 

acid-exposed VB2. One s e t  was processed under nitrogen with anhydrous 

solvents ,  while another was exposed t o  oxygen f o r  36 hours before in t ro -  

ducing it i n t o  t he  ESCA spectrometer. The f i n a l  s e t  was prepared by 

following t he  organic solvent treatment of t he  s o l i d  residue (described 

above) with a s e r i e s  of r i n se s  with deoxygenated water. 

Control samples of elemental boron were t r ea t ed  i n  an i den t i ca l  manner. 

These samples and those of t he  t r ea t ed  vanadium diboride were supplied 

by P .  Clendening and D. Powers. Their s t a r t i n g  mater ia ls  and t h e  other 

vanadium compounds examined i n  t h i s  work were obtained commercially as 

ana ly t ica l  reagent grade. 

The preparation of V205 s ing le  c ry s t a l s  i s  described i n  Ref. 68. Clean 

(010) surfaces  were obtained by cleaving ins ide  the  spectrometer. Reduced 

V205 was prepared by heating a f resh ly  cleaved s ing l e  c ry s t a l  i n  butene 

a t  1 atmosphere pressure and 550° @ f o r  24 hours. Vacuum reduced V205 

was prepared by heating V205 i n  u l t r a  high vacuum (10-lo t o n )  at 550°C 

f o r  24 hours. 

ABk photoelectron spec t ra  were taken with t he  use sf powders except f o r  

V 0 of which s ing le  c ry s t a l s  were a l so  studied.  
2 5 

The powder 

specimens were: p e l l e t s  of the  P'graphite sandwichw type described i n  

Chapter 111. These were mounted on gold-coated pla tens  covered with a 

gold-plated window, 

The e lect ron spectra were taken with t he  HP 5950A spectrometer operated 

a t  an X-ray power of 800 wat ts  with an. indicated pressure i n  t he  sample 
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chamber of l e s s  than 3 x lo-' t o r r .  Temperatures were control led  with 

t h e  H. P. f lvariable-temperature sample probew and kept a t  300'~. 

The e lec t ron  spec t ra  f o r  vanadium dibor ide  samples were recorded i n  the  

oxygen I s ,  vanadium 2p (550-500 eV) , and t he  boron 1s region (205-185). 

A l l  scans of 50 v o l t  width were taken with 1024 da t a  channels. For 20 

v o l t  widths, 512 channels were used and fo r  10 vo l t  widths, 256 channels. 

A l l  N(E) maxima were reproducible t o  22 channels with an average var ia t ion  

of +l channel. The above parameters r e s u l t  i n  20 t o  26 po in t s  per v o l t  

and devia t ions  of l e s s  than t 0 . l  eV i n  t he  assignment of peak posi t ions .  

APB spec t ra  shown i n  the  f igures  have been f i l t e r e d  i n  "transform spaceqv 

(See Chapter IV) with a de f i n i t i on  of minimum s igna l  width of 1 .8  eV 

FWM. A l l  t h e  f igures  a r e  p lo t t ed  i n  t he  same format with corrected 

binding energy along t he  abcissa  and r e l a t i v e  e lec t ron  f l ux  along the  

ordinates .  The da tawere  taken on t h e  HP S950A spectrometer of  the  

Appl icat ionts  Laboratory of t h e  S c i e n t i f i c  Instruments Division of 

Hewlett-Packard andwere recorded on paper tape. The tape  was ed i ted  on 

t h e  CIT PDP 10 system and t rans fe r red  t o  cards ow the  CHT 370/158 compu- 

t e r .  The card decks were then processed by t h e  JPL ll08/930(Y system with 

t h e  ESCA Data Handling Program l i s t e d  i n  Appendix C ,  

Table 2 l ists aQB the  s t a t i s t i c a l l y  re levant  i n f l e c t i ons  observed i n  the  

spec t ra  of t h e  vanadium-oxygen region.  The spec t ra  a r e  l i s t e d  i n  columns 

with decreasing energy from top t o  bottom. A 1 1  da t a  corresponding t o  

peaks a re  underlined and those  corresponding t o  secondary peaks o r  

shoulders a r e  indicated by broken l i n e s .  The B l s  spec t ra  a r e  displayed 

i n  a s imi la r  way i n  Table 3.  



TABLE 2 Major I n f l e c t i o n s  Recorded f o r  the  Vanadium 2p / Oxygen 1s Regions 

Spectrum I d e n t i f i c a t i o n  Number - 
IOI 103 105 107 I 09 111 I13 116 117 121 128 129 131 132 133 134 136 138 
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Additional experiments were conducted with the  McPherson 36 ESCA 

spectrometer (Chapter I11 C ,  Voltaic e f f e c t s ) .  In t h i s  case ,samples of 

VB2 were pressed i n to  coarse aluminum p l a t e s ,  and t he  spec t ra  were 

recorded using Magnesium Ka rad ia t ion .  Data were taken with a 40 eV 

window and displayed i n  211 channels. Charging e f f ec t s  were studied by 

bias ing t he  sample from +10V t o  -20V with respect  t o  the  spectrometer as 

shown i n  Fig. 11. 

Results and Discussion 

Variat ion of f l ~ o d - g u n ~ ~  currents  resu l ted  i n ' d i f f exen t  spec t ra  f o r  the  

vanadim-oxygen and B l s  region when f resh  VB2 was used. A s  mentioned, 

VB2 i s  an exce l len t  conductor, and charging e f f e c t s  were not ant ic ipated.  

Figure 26 shows t he  e lect ron spec t ra  obtained from several  of these  

experiments i n  t h e  region of 550 eV t o  508 eV binding energy. Spectrum 

101 i s  t h a t  of f r e sh  VB2> where The flood gun had been adjusted t o  pro- 

v ide  cur ren t s  which neu t r a l i z e  t he  charging s h i f t  of teflon. n e  spectrum 

shows the  vanadium 2p l i n e  a t  520-515 eV binding energy with t he  vma- 
3/ 2 

d i m  2p1/* peak a t  528 t o  522 eV, and t h e  oxygen is l i n e  a t  535 eV t o  

529 eV. The i n t ens i t y  of t he  oxygen peak ind ica tes  t h a t  t he  surface s f  

t h e  sample i s  extensively oxidized. The e f f e c t  of turning off  t h e  flood 

gun i n  t h i s  experiment is  given i n  spectrum 103. Although the  region of 

t he  vanadium 2p doublet seems unchanged, the  oxygen P s  region d i f f e r s  

d r a s t i c a l l y  and a new l i n e  appears a t  higher binding energy and the  orig- 

i n a l  peak-with-shoulder system of 101 has become a t  l e a s t  two well-resolved 

72. The term flood gun r e f e r s  t o  t h e  i r r ad i a t i ng  device f o r  low-energy 
e lec t rons  described i n  Chapter 111. The reproduc ib i l i ty  of t he  
flood gun o r  vo l ta ic -po ten t ia l  experiments i s  described i n  Chapter 
1x1 - Section C. 



- 
Fig .  26 Vanadiwn oxygen region o f  vanadium diboride compounds 
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peaks. These spectra  a r e  revers ib le  within t h e  time frame of da ta  

acquis i t ion  (minutes) . 

The spectra  due t o  reacted VBZ i s  given i n  107. Here, the  Flood Gun was 

o f f  (FG of f )  and i n  109 t he  Flood Gun was on. The shape of t h e  oxygen 1s 

peak has changed, and t h e  charging e f f e c t  has been considerably reduced. 

The Boron 1s spec t ra  of these  compounds a r e  displayed i n  Figure 27. 

Spectrum 102 a r i s e s  from uncharged f r e sh  VB2 (FG on) while 104 i s  from 

charged VBZ (FG o f f ) .  The symmetric peak of 102 assumes t h e  two-peak 

s t ruc tu r e  of 104 when charging i s  introduced. Spectra 106 (FG on) and 

108 (FG of f )  a r e  due t o  passivated VB2 and show peaks i n  t h e  same energy 

pos i t ion  a s  i n  102 and 104 but an addi t ional  peak occurs a t  Power binding 

energy. 

A s  developed i n  Chapter 111, specimens having an impedence of much l e s s  

than lo9 ohms do not  exh ib i t  charging while samples having impedences 

g r ea t e r  than 10' ohms w i l l  r e s t  a t  some po ten t ia l  determined by t h e  steady 

s t a t e  of t h e  e lec t ron  currents .  In Figs. 26 and 27, some peaks of t he  

spectrum exhib i t  charging while others  correspond t o  domains t h a t  remained 

i n  good e l e c t r i c a l  contact  with t h e  spectrometer. This implies t ha t  the  

VC=O (FG on) case permits t he  i den t i f i c a t i on  of species by means of 

chemical-shift cor re la t ions .  The VC=n case (FG of f )  permits exploratory 

invest igat ion of t h e  var ia t ion  i n  conductivity across the  sample. Sub- 

t r a c t i o n  of t h e  FG on spec t ra  from t h e  FG on spec t ra  should give t he  

contribution from t h e  insu la t ing  species.  

In Fig. 28, t h e  r e s u l t s  of such an experiment a r e  displayed. Spectrum 

101 i s  shown a t  t h e  top of t he  f igure  and spectrum 103 a t  t he  center ,  



- 
Fig. 27 Boron 1s spectra of vanadium diboride compounds 



Fig. 28 Difference analysis of Vanadium Diboride spectra in 
V-O regton 
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Between the  two i s  the  di f ference spectrum 101 minus 103 marked 

This no ta t ion  w i l l  be used throughout t he  t he s i s .  A l i ne  i s  drawn through 

t he  di f ference spectrum a t  t h e  zero point .  Peaks below the  l i n e  corres- 

pond t o  species giving t h e  spectrum tha t  was subtracted while features  

above the  l i n e  belong t o  t he  i n i t i a l  spectrum. In t h i s  representa t ion,  

charging species a r e  emphasized and t he  v o l t a i c  po t en t i a l  can be d i r e c t l y  

assigned. In 101-103, a broad oxygen peak a t  532.1 eV s h i f t s  t o  537.1 eV 

f o r  a 5.8 v o l t  d i f fe rence  i n  charging po t en t i a l .  Fig. 28 a l s o  shows the 

d i f fe rence  spectrum between f r e sh  and passivated VB2. I t  ind ica tes  t ha t  

considerably more oxygen i s  present i n  t he  f resh  sample than i n  the  

reacted one and t h a t  a t  Peast two d i f f e r en t  vanadium species a re  present.  

The i n t ens i t y  i n  the  O l s  spectrum of 101 has been s ign i f i c an t l y  reduced 

i n  t h e  region of 531 eV binding energy. 

Figure 29 shows t h e  boron Is curves obtained from a s imi la r  treatment. 

The d i f fe rence  spec t ra  102-104 show t h a t  t he  charged peak has been 

broadened. A s h i f t  of 197.7-192.5 o r  5 .2  eV is  indicated,  compared t o  

5.0 eV f o r  t h e  O P s  region. Also, t he  di f ference spectrum, 182-104, i s  d i s -  

played i n  t he  same f igure  , where 106 i s  the  boron 1s spectrum of t he  

reacted VB2. This spectrum, which does not  go through zero, shows t he  

neg l ig ib le  amount of boron present on the  surface.  To f o r e s t a l l  confusion, 

it should be noted t h a t  t he  spec t ra  i n  these f igures  are  p lo t t ed  from 

maximum t o  minimum while t h e  di f ference spec t ra  a r e  point-wise subtract ion 

of f i l t e r e d  spectra .  

When the  f r e sh  VB2 samples were removed from the  spectrometer, they were 

s tored on a clean bench under dust  covers. After  16 hours, they were 
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re-examined i n  the  spectrometer ( spec t ra  111 and 113 vanadium-oxygen 

region) .  These a re  given i n  Figure 30, where 111 coresponds t o  flood 

gun on and 113 t o  f lood gun o f f .  A considerable change i n  t he  chargeable 

component of t h e  spectrum and an enhancement of t he  peak a t  529.7 eV is  

not iceable .  Spectra 117 and 121 of Figure 30 represent t he  V-0 region 

of a passivated sample of VB2, where a l l  procedures ( react ion,  separation 

and f i l t r a t i o n )  were ca r r ied  out under anhydrous condit ions.  (121 i s  the 

FG-off case.) 

The boron 1s region of t he  oxidized specimen i s  given i n  Figure 38 as 112 

(FG on) and 114 (FG o f f ) .  The boron 1s spectra  from a sample of VB2 

passivated and not exposed t o  water a r e  given i n  Fig. 31 a s  119 (FG on) 

and 120 (FG o f f ) .  The narrow p r o f i l e  of the  peak a t  Power binding energy 

i n  119/120 should be noted a s  well a s  t h e  considerable s t ruc tu r e  on both 

peaks. 

The d i f fe rence  spectrum 111-113 i s  given i n  Figure 32,  along with 111 and 

113 f o r  comparison. Were t he  charging s h i f t  has decreased (536.0-532.0 

4.0 eV) with respect  t o  t ha t  of f resh  V% and t h e  peak a t t r i bu t ed  to the 

insu la t ing  domains i s  reduced, 

Difference spec t ra  f o r  t he  corresponding boron Is regions a r e  given i n  

Fig. 33. The charging s h i f t  of about 2 v o l t s  i n  t he  peak a t  Power bind- 

ing energyin119/120 should be noted s ince  it i s  considerably l e s s  than 

t h a t  occurring i n  t h e  oxidized boron a s  seen i n  114. 

Very l i t t l e  quan t i t a t i ve  information e x i s t s  concerning vanadium XPS 

spectra .  Peak shapes a r e  complicated and of ten show muBtipPet s p l i t t i n g s  

as well as shake-up s a t e l l i t e s  a s  discussed i n  Chapter 2 6 8 9 7 n a  
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Flg, 30 Vanadium oxygen region of vanadium dfborfde spectra 
(charging comparison) 
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Fig, 33 Difference analysis of vanadfum diborfde compounds for 
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The s p e c t r a  o f  t h e  model compounds taken i n  t h e  course of t h i s  study a r e  

i l l u s t r a t e d  i n  Figure 34. Spectrum 128 represen t s  V203, 129 V205 powder, 

132 VN, 133 g ranu la r  vanadium metal ,  134 VOS04, 135 Na3V04, and 157 

t h e  oxygen region of  Na2B407. I t  becomes immediately c l e a r  t h a t  a l l  o f  

t h e  vanadium samples have s i g n i f i c a n t l y  oxidized surfaces .  Further ,  t h e  

d i f f e r e n c e s  i n  energy between t h e  oxygen 1s peak and the  vanadium 2p peak 

a r e  no t  uniform, ranging from 12.8 eV (V203) t o  16.3 eV (V meta l ) .  

I d e n t i c a l  vanadium oxygen spec ies  should e x h i b i t  constant  d i f f e rences .  

Thus, a wide range of d i f f e r e n t  V-0 spec ies  a r e  be l ieved t o  be present  

i n  any system. 

The vanadium 2p l i n e  i n  spectrum 129 (V 0 ) i s  about 8.92 eV F W ,  
3/ 2 2 5 

t h a t  is ,  s i g n i f i c a n t l y  narrower than any o t h e r  vanadium Pine observed i n  

t h i s  work. I t  i s  suggested i n  Chapter I1 t h a t  a photoelectron peak would 

be symmetrical i n  t h e  absence of  m u l t i p l e t  and s a t e l l i t e  e f f e c t s  and 

t h a t  t h e  observed l inewidth would be governed by t h e  l i f e t i m e  of the  hole  

s t a t e  and o t h e r  s o l i d - s t a t e  f a c t o r s .  

The spectrum of  W" i n  132 Figure 34, shows t h e  n i t r i d e  geak a t  rhe low 

binding-energy region and i s  superimposed. on t h e  vanadim peak a r i s i n g  

from vanadium oxide. Even i n  vanadi-mt metal (133-Fig. 34) seve ra l  peaks 

i n  t h e  V 2p region a r e  seen (133, Fig. 34) which a r e  a t t r i b u t a b l e  to 

oxides ,  Magnificat ion by a f a c t o r  of 5 i s  requi red  t o  make t h e  vanadium- 

metal peak at  513.5 eV v i s i b l e .  The high i n t e n s i t y  of t h e  oxygen 1s l i n e  

r e l a t i v e  t o  t h a t  o f  t h e  vanadium geak i n  134-Fig. 34 i s  no t  explained by 

t h e  s to ichiometry  o f  VOSB4. The s t r u c t u r e  o f  t h e  Na VO spectrum i n  136- 3 4 

Figure 34 i s  due i n  p a r t  t o  a sodium Auger l i n e  nea r  t h e  oxygen Ps peak, 

while t h e  l i n e  a t  534.1 can be a t t r i b u t e d  t o  water.  



Fig. 34 Vanadium oxygen reference spectra of model compounds 
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The spec t ra  of t he  model compounds shown i n  Fig. 34 show t h e  existence 

of a va r i e ty  of surface  oxides. Because of t he  complexity of vanadium 

oxide spec t ra ,  and t h e  p o s s i b i l i t y  of t h e  existence of a number of s imilar  

oxides on t h e  VB2 surface ,  the  model-compound spec t ra  were used as  l i n e  

shape models. These a r e  used t o  cor rec t  f o r  contributions from s imi la r  

species i n  t h e  VB2 spec t ra .  

Since t he  oxygen and vanadium peaks observed i n  Fig. 34 a r e  considerably 

stronger than those of vanadium diboride,  it was necessary t o  normalize 

t h e  model spec t ra  p r i o r  t o  subtract ion.  Algebraically,  t h i s  can be 

represented as 

hi@) = xi@) - c yi(e) , (461 

where, 

hi(") z pa r t i cu l a r  points  of t h e  di f ference spec t ra  

x. (el  r points  of t h e  i n i t i a l  spec t ra  
1 

yi(e) E poin t s  of the  subtracted spec t ra  

c r normalization coef f ic ien t  which is constant 
f o r  a given di f ference spectrum. 

F i r s t ,  t he  maximum negative value i s  determined which r e s u l t s  when sub- 

t r ac t i ng  the  raw spectrum. The normalization coef f ic ien t  i s  then caPcuBated 

which would make t h a t  term zero, 

In Figure 35, t h i s  da ta  i s  displayed f o r  f r e sh  Vanadium diboride.  The 

f i r s t  d i f ference spec t ra  compares 101 with the  oxidized sample of ~ n r e a c t e d  

VB2. Note t h a t  t he  peak a t  532.1 eV is  enhanced i n  f resh mater ia l ,  but 

more vanadium oxide is  present i n  111. Curve 117 displays t he  spectrum 

of anhydrous react ion product (anhydrous passivation) while 116 i s  t he  

spectrum of anhydrous react ion productt exposed t o  a i r  f o r  16 hours. In 



VB2 - oxidized 
FG on 

VB2 - reacted 
FG on 

VB - reacted 
ox 8d i 2ed 

- FG on 

FIR. 35 Difference analysis of VO region of fresh VB- (FG on) by 
cmparison with spectra Identified along ord f nats 
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both 116 and 117 (FG on),  t h e  major contr ibut ion of a new peak correspond- 
- 

ing  t o  h igher  binding energy i s  indicated .  The oxygen peak i s  located 

Difference spectrum 101-128 (Fig.  35) compares V203 with VB2. In t h i s  

case ,  sub t rac t ion  of V203 spectrum would remove too  much vanadium s igna l .  

S imi la r  conclusions can be drawn from t h e  d i f fe rence  spec t ra  101-129 

(V205) and 101-133 (V metal) .  I t  appears, however, t h a t  t h e  peak a t  

Bower binding energy i n  t h e  01s por t ion  of t h e  spectrum appears i n  t h e  

r i g h t  region f o r  a vanadium oxide assignment. 

Figure 36 shows s i m i l a r  comparisons but  with t h e  Flood-Gun o f f  exper i -  

ments. Spectrum 103 provides g r e a t e r  d e t a i l  i n  t h e  oxygen 1s spectrum 

of f r e s h  vanadium d ibor ide  than t h a t  of  101 and a f fo rds  a more f r u i t f u i  

comparison wi th  model spec t ra .  

Figure 36 f irst  displays  a d i f fe rence  spectrum between 107 ( reacted  VB2 

FG-off) and 103. The d i f fe rences  between reacted  and unreacted VB2 are  

s t rong ly  accentuated. The d i f f e r e n t  oxide peaks apparently correspond 

t o  t h e  s p e c i f i c  vanadium peaks a t  531.3/518.1 and 529.8/515.8 eV. The 

presence of an add i t iona l  01s peak a t  higher binding energy a s  well a s  t h e  

01s peak corresponding t o  t h e  charged domain i s  emphasized i n  t h e  d i f f e r -  

ence spectrum 103-107, 

The Pa t t e r  h a l f  of Fig. 36 i s  devoted t o  t h e  Flood Gun on/off experiments 

with t h e  reac ted  species .  The apparent s p l i t t i n g  of t h e  charging oxygen 

species  i s  a d e t a i l  a l s o  seen i n  t h e  vanadium 2p region. 

Comparative a n a l y s i s  of 103 is  continued i n  Fig. 37. Comparison of 103 

with t h e  a i r -oxidized experiment (113) i n d i c a t e s  t h e  build-up of a 
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Fig, 36 Difference analysis, V-0 region of vanedim diboride 
compounds 
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Fig, 37 Difference ahalysfs of V-0 region of fresh VB2 (PG off) 
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vanadium oxide upon oxidation.  The di f ference  spectrum of anhydrous 

reac t ion  product,  103-121, shows increased deepening of t h e  v a l l e y  

between the  two oxygen peaks of 103 along with implied mul t ip le t  d e t a i l  

i n  t h e  range between the  vanadium 2p and t h e  vanadium 2p l i n e s .  
1/2 3/2 

Comparison with V203 (128), V205 (129) and V metal (133) demonstrates 

over sub t rac t ion  of t h e  vanadium 2p l i n e  from these  oxides. I t  seems 

appropr ia te  t o  a t t r i b u t e  t h e  l i n e  occurring a t  lower binding energy ( in  

t h e  oxygen group) t o  these  species .  In Fig. 38, t h e  spectrum (109) of 

reacted  VB2 is  compared with t h a t  of t h e  oxidized VB2 I l l l ) ,  FG on. More 

in tense  s i g n a l s  represent ing low-binding energies  s f  oxygen and vanadium 

a r e  given by t h e  oxidized unreacted sample. A vanadium oxide species  

represent ing higher  binding energy i s  shorn i n  109. The d i f fe rence  spec- 

trum 109-116 i n d i c a t e s  a l a rge  amount of vanadium oxide a t  low binding 

energy and a small amount of oxide a t  high binding energy. The sample 

corresponding t o  109 was pass ivated  mate r i a l  which had been exposed t o  

water and 116 was reacted  and air-exposed VB Figure 38 shows t h a t  the  2 ' 

dif ferences  i n  t h e  s p e c t r a  a r e  minor. 

The sample represent ing 117 i n  t h e  d i f fe rence  spectrum 109-117 (F ig .  38) 

was processed i n  an anhydrous manner. The oxygen species  a t  531 eV binding 

energy is  more pronounced i n  BE7 while those  corresponding t o  bjnding 

energies  above and below t h a t  value a r e  more pronounced i n  109. 

Comparison of 109 wi th  V203 ( l28) ,  V205(129) and V metal (133) leads t o  

t h e  conclusion t h a t  t h e  vanadium oxide i n  t h e  reacted  mate r i a l  i s  s imi la r  

t o  t h a t  observed i n  t h e  model compounds. 

Figure 39 af fo rds  comparison of  t h e  boron 1s regions ,  Serious d i f f i c u l t i e s  
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Fig. 38 Difference analysis of V-0 region of reacted VB2 exposed 
to water (FG on) by comparison with spectra identified 
along ordinate, 



Fig. 39 Difference analysis of Boron. 1s region of vanadium 
diboride compounds 



103 
a r i s e  because of t h e  poor capture cross-sect ion of boron f o r  t he  AlKa 

rad ia t ion .  Since t h e  s i gna l  is weak,the noise  terms become accentuated 

by the  d i f fe rence  approach. In 106-108, no i se  predominates whereas i n  

106-112, a r e l a t i v e l y  high concentrat ion of boron (VB2 sample) i n  oxidized 

form e x i s t s .  Passivated VB2 exposed t o  water (106) and anhydrous pass i -  

vated VB2 (119)give r i s e  t o  r e l a t i v e l y  s t rong boron peaks a t  lowered 

binding energy as  i s  evident  in  t he  curve (119). 

The VO spectrum 107 of reacted VB2 (FG o f f )  is  given i n  Fig.  40. Compari- 

son with 1 2 1  (VB2 - anhy.-react) shows t h a t  oxide of lowered binding 

energy predominates i n  t he  spectrum of t h e  water exposed sample, while 

t he  boron oxide peak i s  more in tense  i n  the  anhydrous case ,  

Comparison o f  107 with the  spec t ra  of  t he  oxides V203 (1281, V205 (129) 

and V metal (133) ind ica tes ,  again, t h a t  vanadium oxides of  t h e  kind 

present  i n  t h e  model samples a r e  reg i s te red .  

The spectrum and d i f fe rence  spec t ra  obtained by using oxidized unreacted 

VB2 (111) i s  shown i n  Figure 41. The spectrum a t  the  top of t h e  f i gu re  

serves  as  a reference,  Comparison with 116 (air-exposed, reacted VB2) 

shows predominant i n t e n s i t y  i n  t h e  oxygen peak a t  lower binding energy. 

The 531 eV oxygen peak s f  primary i n t e n s i t y  corresponds t o  a kind sf 

oxide no t  p resen t  i n  111. Comparisons with V203 (P28), V2Q5 (129) and 

V metal (133) again show the  inappropriateness of using t he  model eom- 

pounds a s  a b a s i s  f o r  ana lys i s .  The same conclusion app l ies  t o  t h e  Flood 

Gun o f f  experiments shown i n  Fig, 42. 

D i f f e r en t i a l  charging experiments with anhxdrous passivated VB2 a r e  shown 

i n  Fig. 43. The uncharged case i s  shown as 117. The d i f fe rence  spectrum 
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Fig. 40 Difference analysis of V-0 region of reacted VB (FG off) 
exposed to H20 by comparison vi th spectra icientff ied 
along ordinate 



Fig, 41 Difference analysfs sf V-0 region of air-oxidised 
VB2 (FG on) by camparfaon with spectra identified along 
ordinate, 





Fig, 43 Difference analysis of V-0 region of reacted VB (FG on) 
vhi ch has been air-oxidiaed by cornpart son with spectra izent i f led 
along the ordinate, 
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117-121, implies v o l t a i c  s h i f t s  i n  the  vanadium species.  In tegrat ion of 

t h e  areas  under t he  curves ind ica tes  t h a t  fewer e lec t rons  a r e  being emitted 

i n  t h e  FG off case as wel l ,  although t he  magnitude of t he  no i se  ind ica tes  

t h a t  the  ac tua l  amplitude of 117-121 i s  small .  Enhancement of the  vanadium 

peak a t  513.3 assignable t o  VB2 ind ica tes  t h a t  t he  VB2 i s  immersed i n  o r  

otherwise i n  contact  with t h e  vanadium domains which a r e  e l e c t r i c a l l y  

i s o l a t e d  from the  bulk specimen. 

Comparison of 117 with t he  model compounds ind ica tes  t h a t  t he  surface  of 

reac ted  VB2 predominately cons i s t s  of s to ichiometr ic  oxides whereas f resh ly  

prepared mater ia l  does no t .  

Figure 44 shows t h a t  no s i g n i f i c a n t  charging e f f e c t  occurs i n  vanadium 

n i t r i d e  on i t s  surface  oxide. 

Enhancement o f  t he  spec t r a  made poss ible  by using t h e  model compounds as 

references  f o r  t h e  l i n e  shape of surface  oxides i s  sharply demonstrated i n  

t h e  132 s e r i e s  of d i f fe rence  spec t ra .  The reduction of t h e  oxide peak 

( i n  the  V 2p region) i s  evident  a s  i s  the1 enhancemen8. sf t h e  n i t r i d e  peak. 

The remaining oxide peak (Oils region) can be ascribed t o  a nitrogen-bound 

oxide which i s  indicated i n  t he  ni t rogen spectrum i n  which two d i s t i n c t  

peaks a r e  observed a t  401.2 eV and 396.$ eV, I t  appears from Fig. 44 

t h a t  t he  oxide occurring on the  surface  of VN i s  s imi la r  i n  composition 

t o  t h a t  occurring on t he  surface  of vanadium metal.  

The sur face  oxide of vanadium metal i s  compared t o  V203 (128) and V205 

(129) i n  Fig.  45. Both of these  oxides give s imi la r  r e s u l t s  suggesting 

t h a t  the  su r face  of vanadium metal cons i s t s  of  a complex mixture of a 

Barge va r i e t y  of  oxides. 
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Fig. 44. Difference analysis of V-0 region of vanadium nitride 
by comparison with spectra identified along ordinate. 



Fig, 45 Difference anrnlysfs of V-0 region of various vanaadiuw 
surface oxPdes 
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Figure 46 shows dif ference spectra  obtained by using the  s a l t  Na VO 
3 4 

(136). The sodium auger l i n e  is enhanced. The separat ion i n  core level  

binding energies between t h e  01s peak and t he  V2p l i n e  i n  V O (128) and 
2 3 

V205 (129) d i f f e r s  from t h a t  of t h e  vanadate. A s imi la r  l i n e  separation 

is observed on vanadyl s u l f a t e  (134). 

In t he  study of a number of o ther  boron compounds, a peak was consis tent ly  

observed i n  t h e  region of 192.2 eV. Boron metal gives r i s e  t o  a l i n e  a t  

188.0 eV. Similar  peaks were observed i n  the  spec t ra  of d i f f e r e n t  VB2 

samples. Other inves t iga tors73  9 74 0 75 have assigned t he  boron 1s peak 

a t  192.2 + 0 .1  eV t o  boron oxide species.  A l l  of t h e  boron oxides studied 

i n  t h i s  work have shown an oxygen 1s peak a t  339.4 + 0 . 1  eV above t he  

boron 1s l i n e  assigned t o  oxidized boron. Thus, it seems reasonable t o  

assume t h a t  t h e  l i n e  a t  531.6 eV or ig ina tes  from boron oxide. 

Similar ly ,  t h e  01s peak a t  529.8. 58.2  eV i n  the  vanadium diboride spectra  

can be assumed t o  a r i s e  from vanadium oxide. This assumption i s  consis- 

t e n t  with previous wor&67,68~69~70,7P~74~76. 

The observation of t h e  charging s h i f t  i n  VB2 and i ts  disappearance Logon 

oxidation i s  suggestive a s  regards previous work on systems re levant  t o  

73. Hendrickson, D . N . ,  Hollander, J . M . ,  and J o l l y ,  W.L., - Inorg Chem, - 9, 
612 (1969). 

74. Mavel, G . ,  Escard, J . ,  Costa, P . ,  and Costaing, J.,  Surface Science, 
35, 109 (1973). - 

75. Al l ison,  D.A. ,  Johansson, G . ,  Allan, C . J ,  Gelius, U . ,  Siegbahn, H . ,  
All ison,  J . ,  and Siegbahn, K , ,  Journal  of Elect  Spectroscopy and 
Related Phenomenon. 1. 269. 11973) . < .  . . 

7 6 .  Hamrin, K . ,  ~ohansson ,  G . ,  Gelius, U . ,  and Hordling, C . ,  J .  Chem 
Bhys So l id s ,  32, 2669 11970). 
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vanadium oxide c a t a l y s t s 7 7 .  The spec t ra  of powder samples of V203 and 

V205 (both semiconductors) taken i n  t h e  course of t h i s  t h e s i s  showed no 

charging s h i f t .  

Close inspect ion of  FiermanS published data68 on V205 indicated  a shoulder 

a t  higher binding energy on reduced V205 samples. Conversations with 

H .  Weaver (co-author with Honig) a t  Hewlett-Packard brought t o  l i g h t  t h a t  

some of 130nigts r esu l t s "  on V203 had been i r reproducible .  

A t  t h i s  p o i n t ,  severa l  samples of V 0 were prepared by vigorous grinding 
2 3 

i n  an agate mortar.  The prepara t ion was immediately p e l l e t i z e d  and i n t r o -  

duced i n t o  t h e  spectrometer. Charging s h i f t s  of O l s  peaks were now 

observed, although of lower magnitude than those observed i n  VB2. 

Samples of V205 were then reduced as described i n  Ref. 6 8 ,  then re-examined 

and again t h e  charging s h i f t  was encountered. Freshly ground V2B5 samples 

gave s i m i l a r  r e s u l t s .  

The q u a n t i t a t i v e  aspects  of e l ec t ron  spectrroscopy were devePoped a t  some 

length i n  Chapter 11. To summarize, t h e  a rea  under a photoePectron peak 

a d  above t h e  base l ine  i s  propor t ional  t o  t h e  concentrat ion of t h e  emi t t e r ,  

The e f f i c i e n c y  of capture  of  x-ray photons (pho toe lec t r i c  cross-sect ion)  

i s  a funct ion of t h e  atomic number and t h e  angular momentum of t h e  e lec t ron .  

The func t iona l  dependence of photoemission s e n s i t i v i t y  on Z renders e s t i -  

mation of r e l a t i v e  i n t e n s i t i e s  sf photoelectron Pines most d i f f i c u l t .  

-- 

77. The f lood gun accessory i s  a r e l a t i v e l y  new development i n  t h e  
f i e l d  of  e l e c t r o n  spectroscopy having only been a v a i l a b l e  s ince  
Dec., 1972 on t h e  HP SID spectrometer. Previous work on t h i s  
instrument would give r e s u l t s  repor ted  i n  t h i s  t h e s i s  as  FG off 
da ta .  Discrepancies between t h i s  and d a t a  from o ther  spectrometers 
were o f t en  re lega ted  a s  spurious.  
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~ a ~ n e r ~ ~  catalogued t h e  s e n s i t i v i t i e s  of t h e  elements f o r  photoemission 

r e l a t i v e  t o  a Fluorine 1s standard.  The da t a  were shown t o  be amenable 

t o  l i nea r  regress ion ana lys i s  f o r  each angular momentum. Least-squares 

l i n e s  f o r  each group were p lo t t ed  as shown i n  Figure 3.  To a first 

approximation, t h e  regress ion l i n e s  appeared-to override t h e  var ia t ions  

i n  t he  da t a  an t i c ipa ted  from the  widely varying samples used i n  Wagner's 

study. 

For oxygen, vanadium, and boron, r e l a t i v e  s e n s i t i v i t i e s  of  0.65, 1.5, and 

0.135 can be est imated from Fig. 3 .  Thus, the  a rea  of a photoelectron 

1 Pine from oxygen Is, vanadium 2p o r  boron ls has t o  be sca led  by ---- 
0.65 

1 before it can be used f o r  quan t i t a t i ve  comparison of 
1 . 5  ' 0.135 

l i n e  i n t e n s i t i e s .  

The area  under each photoelectron peak was determined i n  a number of these  

spec t ra  by means of a K E planimeter. The measurements were reproducible 

t o  52%. The d i f f e r e n t  parameters used i n  t he  accumulation of t he  data  

were normalized t o  256 channels with 10 scans a t  l eV/sec,. Graphical 

da t a  was normalized fo r  i n t e rp r e t a t i on  t o  l K  counts per  e lec t ron  v o l t .  

These da t a  were then mul t ip l ied  by t h e  s e n s i t i v i t y  r a t i o s  c i t e d  above and 

a r e  l i s t e d  i n  Table 5. The observed r a t i o s  a r e  given based on a r e l a t i v e  

i n t e n s i t y  f o r  t h e  vanadium 2p l i n e  of 10 un i t s .  3/2 

These i n t e n s i t i e s  a r e  then l i s t e d  f o r  O l s ,  V2p 
3/2' 

and B l s  l i n e s  together 

with each compound. Ratios a r e  ca lcula ted f o r  O/V, O/B  and V/B.  

We see  t h a t  t h e  O / B  r a t i o s  f o r  t h e  boron model compomds average 2.5  

50.1. Consequently, a column has been added t o  t he  VB2 group i n  which 

t he  s igna l  i n t e n s i t y  of t h e  boron 1s l i n e  (mult ipl ied by 2.5) i s  subtracted 
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from the  oxygen i n t ens i t y  and then divided by t h e  vanadium s igna l .  This 

i s  consis tent  with t he  assignment of t h e  B l s  peak a t  192.2 eV t o  a boron 

oxide. 

The model spec t ra  f o r  vanadium can be considered i n  two major groups. The 

f i r s t  of these  includes V203. V205, VN and Vmetal where average V/O r a t i o  

of 3.6 is  observed. The value of 2.5 f o r  VN can be re jec ted  because 

vanadium n i t r i d e  and vanadium oxide could not be separated completely i n  

t he  observed spectrum (Fig. 34, spectrum 132). The spec t ra  from reduced 

VZOS form t h e  second group. 

Note t h a t  reduction of V205 increases t he  O/V r a t i o  t o  exceed t h a t  of the  

f u l l y  oxidized parent  compound. UHV reduction,  which bas ica l ly  involves 

loss  of oxygen from the  surface,  r e s u l t s  i n  s t i l l  higher O/V r a t i o s ,  

Clearly,  one s f  t he  two following explanations may apply t o  t h i s  observa- 

t i on :  (1) With reduction,  t h e  e lec t ron  transmission of t h e  oxide changes 

m d  more e lec t rons  from deeper l eve l s  a r e  seen a t  t h e  analyzer. This 

implies considerable in te rac t ion  of photoelectrons with t he  e lect rons  

bound i n  t he  l a t t i c e .  In view of t he  s i m i l a r i t i e s  of  t h e  kinetnc energies 

of t he  vanadium 2p and t he  oxygen 1s  photoe8ectrons, such transmission 

enhancements should e f f e c t  both oxygen and vanadium l i ne s  equally,  yet  

t he  O/V r a t i o  has been observed t o  change, 

(2) The observed increase i n  oxygen i n t ens i t y  is  due t o  t h e  chemisorption 

of CO and/or H20 from the  spectrometer atmosphere onto t h e  vanadium oxide 

surfaces.  Fig. 6 gives a mass spectrum s f  t he  atmosphere within t h i s  

e lect ron spectrometer, I t  is  seen t h a t  H 0 and CO a r e  major atmospheric 
2 

const i tuents ,  with t h e i r  p a r t i a l  pressures i n  t he  range of lov9  t o r r .  
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I t  i s  known t h a t  c a t a ly s t s  must provide bound s i t e s  on the  surface f o r  

heterogeneous a c t i v i t y .  Chemisorbed species a re  bound on metal oxides 

by covalent, ion ic ,  o r  Van der  Waals forces .  The author suggests t ha t  a 

f igure  of merit  f o r  a c a t a l y t i c  surface i s  t he  existence of a s t ruc ture  

whose atoms can donate o r  accept charge from physical ly  adsorbed species.  

This e lec t ron  donation can r e s u l t  i n  bond formation with t h e  adatom 

reducing i t s  ac t iva t ion  energy f o r  chemical a t t ack  by other  adatoms on 

the  same surface.  

The degree t o  which t h i s  e lec t ron  t r ans f e r  i s  accomplished i s  of c ruc ia l  . 
importance f o r  c a t a ly s i s .  The surface layer  must have t h e  proper t ies  s f  

a semiconductor. 

When such surfaces a r e  formed on a compound exposed t o  t he  atmosphere 

ins ide  t he  spectrometer, chemisorption occurs and reaches rap id ly  a ce r ta in  

l imi t ing  value.  The observed binding energy of t h e  adsorbed species i s  

higher than t h e  binding energy of t h e  oxide of the  surface.  This may 

ind ica te  t h a t  t he  charge d i s t r i bu t i on  s f  t h e  oxygen atom of t he  adcompound 

within i t s  e l ec t ron i c  core i s  very s imi la r  t o  t ha t  of the  surface  oxide. 

Bound and ac t iva ted  CO o r  Hz0 i s  then e l ec t ron i ca l l y  intermediate between 

t h e  adatom and the  host  l a t t i c e .  This model contends t ha t  c a t a ly s i s  and 

r e a c t i v i t y  is  imaged by t h i s  rapid  oxygen uptake and change i n  t he  O/V 

r a t i o s  observed i n  t he  e lec t ron  spectrum. 

The observed charging e f f e c t  is a property of t h e  reac t ive  reduced oxide 

which i s  la semiconductor having an impedence grea te r  than lo9 ohms. 

Turning back t o  the  VB2 sec t ion  of Table 5 ,  it can be seen t ha t  f resh  VB2 

has higher OJV r a t i o  than the  model oxides. Note t h a t  t he  Ols peak a t  low 
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binding energy observed i n  VB2 with Flood Gun off  can be assigned t o  a 

s to ichiometr ic  vanadium oxide. Note f u r t h e r  t h a t  t h e  passivated VB2 shows 

lower O/V r a t i o s  than the  f r e sh  mater ia l  and t h a t  oxidation of f resh  VB 
2 

increases  t h e  amount of vanadium (reduces the  amount of oxygen) i n  the  

observable region.  

The pass ivat ion of VB2 can.now be discussed i n  terms of t h e  observed data .  

The most s t r i k i n g  aspect  of the  d i f fe rence  between reac t ive  and passivated 

VB2 i s  t o  be found i n  the  charging e f f e c t  experiments. Reactive VB2 shows 

a s i gn i f i c an t  charging e f f e c t  i n  which a mater ia l  with peaks i n  the  Ols, 

B l s ,  and C l s  regions of t h e  photoelectron spectrum a r e  displaced toward a 

higher binding energy by i den t i c a l  amounts. L i t t l e  charging i s  observed 

i n  t he  V2p region of t h e  spectrum. The oxygen/vanadium r a t i o s  i n  the  

spectrum of the  r e ac t i ve  mater ia l  a r e  qu i t e  d i f f e r e n t  from those observed 

f o r  model vanadium oxides. The spectrum of t he  unreactive mater ia l  shows 

no charging s h i f t  and t h e  O/V r a t i o s  a r e  much smaller .  A new vanadium 

species  a t  higher binding energy i s  observed i n  the  passivated material  

when compared t o  t he  f r e sh  VB compound. The reacted mate r ia l  a l s o  shows 
2 

evidence of t h e  presence of elemental boron on the  surface  of the  p a r t i c l e s .  

Both the r eac t i ve  and t he  passive VB2 compounds a r e  t o t a l l y  oxidized on 

t h e i r  surfaces  (probably t o  a depth g r ea t e r  than 7 7 0 6 ) .  This surface  

i s  predominantly a boron oxide phase mixed with a complicated s e r i e s  of 

vanadium oxides. 

Passivation of VB2 can then be ascribed t o  t he  deple t ion of t he  reac t ive  

[charging) vanadium oxide which was present  i n  f r e sh  VB2. These spect ra  

i nd i ca t e  t h a t  exposure of f r e sh  VB2 t o  oxygen w i l l  r e s u l t  i n  pass ivat ion 

of t h e  mate r ia l .  They f u r t h e r  suggest t h a t  the  a c t i ve  reagent in  the  
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synthesis  of carboxylate dimers may ac tua l ly  be the  insu la t ing  vanadium 

oxide. I t  is  suggested t h a t  f resh ly  ground V 0 V 0 o r  vanadium oxides 
2 3 '  2 5  

prepared i n  a reducing atmosphere would serve a s  good s t a r t i n g  materials  

f o r  t h i s  synthesis .  

Final ly  a statement about t he  complexity of t h i s  problem, As was men- 

t ioned,  a l l  samples studied here were heavily oxidized. Back-sputtering 

methods (argon ion bombardment) could have been used t o  scrub t he  surfaces 

and thereby simplify t h e  VB2 problem. However, the  author has observed 

reduction of i ron  oxides by spu t te r ing  ( se lec t ive  e jec t ion  of l i g h t e r  

elements). Oxidation by AT+ has been observed by other  workers. Ei ther  

of these  processes would have added addi t ional  complication. Back-sputter- 

ing was not f ea s ib l e  i n  t h i s  experiment because of t he  use of  pe,Platized 

powder samples, 
i 

The overwhelming majori ty of t he  spectroscopic work i n  t he  f i e l d  of 

c a t a ly s i s  is  based ow Auger-Electron Spectroscopy. Here, the  surface is 

i r r ad i a t ed  by a high-energy e lect ron beam and the  k ine t i c  energy d i s t r i -  

bution of t h e  r e su l t i ng  Auger e lect rons  i s  determined. 

This technique imparts considerable energy t o  t h e  surface  of t h e  sample 

and could r a i s e  t he  temperature o r  i n t e rna l  energy of t h e  surfacelb  a 
f 

point  where t h e  chemisorbed species could be desorbed from the  l a t t i c e .  

These e lect ron currents  can a l s o  reduce o r  oxidize the surface  oxides 

thereby changing the  e lec t ron ic  s t ruc tu r e  of t he  compound. Since the  

Auger work reported t o  da te  has seen much d i f f e r en t  oxygen and vanadium 

r a t i o s  than those reported by XPS, one can conclude t h a t  t h e  e lect ron 

excited experiment i s  perturbing t he  surface .  Thus, a , d i f f e r e n t  s t r uc tu r e  
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e x i s t s  when t he  compound i s  observed by Auger e lec t ron  spectaoscopy 

and t he  adsorbed species  i s  not  found. The inappropriateness of Auger 

spectroscopy i n  t h i s  work is  suggested. 



VI . COPPER METALLOPROTE INS 

A. Introduction 

Considerable ins igh t  i n t o  the  biochemical behavior of metal loproteins 

has been gained by studying t h e  s t r uc tu r e  and function of t h e  ac t ive  s i t e s  

containing t r a n s i t i o n  metals. I t  has been espec ia l ly  f r u i t f u l  t o  compare 

t he  magnetic, e l e c t ron i c  and k i n e t i c  p roper t i es  of  these  with those of 

model complexes. 

Because of t h e  complexity and s i z e  of t h e  metalloprotein's and t h e i r  

s u s c e p t i b i l i t y  t o  denaturat ion,  it has been d i f f i c u l t  f o r  crys ta l lographers  

t o  ge t  a f irm handle on t h e  funct ional  d e t a i l s  of t h e  ac t i ve  s i t e s .  

In some cases,  t h e  valency of t h e  metal ion can be est imated by means of 

op t i c a l ,  paramagnetic and electYochemical measurements. So f a r ,  these  

have mostly provided ambiguous r e s u l t s .  I t  seems t h a t  ESCA is  a super ior  

eeol  t o  study t he  e f f e c t  sf t h e  envirenment en the  valence s t a t e  of the  

t r a n s i t i o n  metal.  

This chapter  d e t a i l s  t he  appl ica t ion of ESCA i n  p a r t i c u l a r  t o  the  study 

s f  Eaccase and Wemocyanin, both containing copper at the  a c t i ve  s i t e .  

The e l ec t ron i c  s t r uc tu r e  of copper-containing p ro te ins  has been t r e a t ed  

i n  a numben. of recent  reviews9 9 78 9 79 ,  Three chemically d i f f e r e n t  

types of copper have been found78: (1) An EPR detectable  cupr ic  ion which 

i s  responsible f o r  t he  in tense  blue  color  (Type 1 ) ;  (2)  an EPR detectable  

78. Malkin, R . ,  and Malmstrom, B . G . ,  Adv i n  Enzymology, 33, 177 (i970). 
79. Vallee, B . L . ,  and Wacker, W.E.C. ,  "The Proteins1',  H. Neurath, ed, 

VoP. V . ,  -. Metalloproteins,  2nd ed.; Academic, N.Y., (1970). 
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cupr ic  ion with a  low ex t inc t ion  coef f i c ien t  compared t o  b lue  cu2+ which 

i s  re fe r red  t o  as %on bluev (Type 2) ; and (3) a  form not de tec tab le  

with EPR (Type 3 ) .  

Type 3 i s  present  i n  the  oxidases and i n  Hemocyanin, an oxygen t ranspor t  

p ro te in .  This 2-electron t r a n s f e r  s i t e  containing two copper atoms does 

not  contr ibute  t o  t he  magnetic s u s c e p t i b i l i t y  s f  the  p ro te in ,  but manifests 

i t s e l f  by an absorptiion o f  330 nm rad ia t ion .  In Laccase it has been 

described as a  dimeric Cu(1) o r  spin pai red 2Cu(II)  enter^^,^^ Y 8 O  and 

i s  subject  t o  much controversy. 

The elcictron spec t r a  of t h e  v1blue~9 copper p ro te ins ,  S t e l  lacyanin and 

Plastocyanin, have been s tud ied  t o  f ind  more de t a i l ed  information as t o  

t h e  na tu re  o f  the  diamagnetic s i t e .  The l f R h ~ ~  Blue Protein!*, Ste l lacyanin ,  

i so l a t ed  from t h e  Japanese lacquer t ree81,  i s  a  copper p ro t e in  of 16,800 

gm molecular weight with one Type I copper pe r  molecule. The op t i c a l  

and magnetic p roper t i es  as well as t he  c i r c u l a r  dichroism of  t h i s  electron- 

c a r r i e r  p ro te in  are consis tent  with a  highly-asymmetric binding s i t e  of 

copper. 

Plastocyanin, l ikewise,  i s  a copper prote in .  I t  i s  present  i n  t he  

chloroplas ts  s f  p l an t s  and algae md  is  no% auto-oxidizable. This prote in  

contains 2 Type P copper atoms per 21,000 gm molecular u n i t ,  and has been 

80. Byers, W . ,  Curzon, G . ,  G'arbett, K . ,  Speyer, B .E . ,  Young, S.N., and 
Williams, R . J . P . ,  Biochem and Biophys .Act&., - 210, 38 (1973). 

81, Omura, T . ,  J .  Biochem (Tokyo), - 50, 264, and 389 (1961). 
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proposed t o  serve as  an intermediary i n  t he  e lect ron t r a n s f e r  of 

chloroplasts82 9 8 3  9 8 4 .  

The "Blue oxidase", Laccase, contains 4 copper atoms per 120,000 molecu- 

Par weight. This enzyme i s  present i n  several  p lan t s  and fungi;  t h e  

samples used i n  t h i s  work were taken from Rhus v e r n i ~ i f e r a ~ ~ , ~ ~ .  Of 

t h e  4 copper atoms p e r  molecule, one is  of Type 1, one of Type 2, and 

two of Type 3, forming t h e  diamagnetic center.  

The study of t he  copper 2p e lect ron spectrum of t he  cupr ic  Type B atom 
3/2 

i n  Ste l lacyanin and Plastocyanin i s  used i n  t h i s  repor t  t o  e s t ab l i sh  the 

p a r t  of the  spectrum of Laccase t h a t  corresponds t o  t he  Type 1 s i t e .  

The author presumed t h a t  the  spec t ra  of Type B and Type 2 copper a r e  

very s imi la r .  Thus, subtract ion of a cupr ic  Type 1 spectrum from the  

spectrum of Laccase should give a representa t ion of  t he  Type 3 copper 

s i t e .  

A s  was mentioned previously, t h e  Type 3 copper s i t e  i s  a l so  present in  

t h e  oxygen t ranspor t  p ro te in ,  Hernocyanin. This b lue  p ro te in  i s  found i n  

t h e  hernolymph of several  mollusks and has a molecular weight sf 3,750,000. 

82. Katoh, S . ,  Nature, - 186, 533 (1960). 
83. Katoh, S . ,  Sh i r a to r i ,  I . ,  arid Takamiya, A. ,  J.  Biochem (Tokyo), 2, 

32 (1962). 
84. Blwnberg, W.E. ,  and Peisach, J . ,  Biochem Biophysics Acts, - 126, 269 

(1966). 
85. .Mosbach, R . ,  Biochem Biophys Acts, 73, 204 (1963). 
86, Reinhammer, B,, Biochem Biophys -- AC~Z 205, 35 (P970), 
87, Hemmerich, P o ,  i n  Oxidases and Related Redox Systems, King, T.E., 

Mason, H.S., and Morrison, M . ,  eds. ,  p. 216, WPley, N.Y. (1964). 
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The molecule can be broken i n t o  a number of sub-units  of mblecular 

weight of 25,000 t o  75,000 with 2 copper atoms per m o l e ~ u l e ~ ~ , ~ ~ .  

Oxyhemocpanin has been described i n  terms of both cul* and cul models90. 

I t s  photoelectron spectrum has been examined i n  t h i s  work and was 

compared t o  t h a t  of t he  blue  copper p ro te ins .  

Recently, extensive  work on t h e  photoelectron spectroscopy of a number 

of copper complexes has appearedg1. This work and concurrent work by 

t he  author indicated t h a t  cupr ic  and cuprous ions have overlapping ranges 

of binding energies  which make t h e  assignment of oxidation s t a t e  by the  

ESCA method very d i f f i c u l t .  However, t h e  d9 Cu(P1) ion gives h igh- intensi ty  

s a t e l l i t e  s t r u c t u r e  i n  t h e  e lec t ron  spectrum between the  copper 2p 
3/2 

and t h e  copper 2p l i n e  while no such t r a n s i t i o n s  occur i n  cupsous 
1/2 

complexes. This makes poss ible  a c l e a r  d i s t i nc t i on  between oxidation 

s t a t e s .  I t  was a l s o  observed t h a t  cupr ic  systems underwent x-ray photo 

reduction t o  cuprous s t a t e s .  

This observation helps to, explain t h e  momaPously Bow binding energies 

observed i n  t h e  only reported x-ray photoelectron spectrum of  metallo- 

prote ins92 s g 3  9 9 4  Here t h e  copper-containing p ro te in  erythrocuprien (2 

Type 2 copper pe r  32,600 gm. molecular weight) was found t o  have a broad 

f ea tu r e l e s s  Cu 2p l i n e  a t  931.9 eV. This work assigns t h i s  spectrum 
3/ 2 

t o  a photo-reduced pro te in ,  r e su l t i ng  from rad ia t ion  damage, 

88. Boas, J.F.,Pilbraw,-J.R.., .  Troup, G . J . ,  Moore, C . ,  and Smith, T.D., 
J .  Chem Soc A 1969, 965 (1969). - 

89. G h i r e t t i ,  F . ,  ed . ,  Physiology and Biochemistry of Hemocyanin s 

Academic, N.Y., (1968). 
90. Van Holde, K . E . ,  Biochemistry, 6, 93, (1967). 
91. Frost ,  D . C . ,  I s h i t a n i ,  A . ,  and  o ow ell, C . A . ,  Molecular Phys, - 24, 

77 (19731, 
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In addit ion t o  t h i s  photoreduction, o ther  rad ia t ion  damage was observed 

during room-temperature experiments. In t h i s  work,the e f f e c t  was mini- 

mized by operating a t  lowered temperatures. 

A s e r i e s  of  copper model complexes with su l fu r  Pigands was invest igated 

f o r  t h e  f i r s t  time by XPS t o  e s t ab l i sh  t he  d e t a i l s  of t he  s a t e l l i t e  s t ruc-  

t u r e  and t o  determine t he  magnitude of t h e  chemical s h i f t  f o r  copper. 

F ina l ly ,  t he  s u l f u r  spectrum of t h e  p ro te ins  and various model complexes 

were studied i n  an e f f o r t  t o  assign t h e  nature  of  poss ible  sulfur-copper 

centers .  The s u l f u r  spec t r a  a r e  cor re la ted  with da t a  presented more 

extensively  i n  Chapter V I  I .  

B. Experimental 

In t he  course of  these  s t ud i e s ,  four  d i f f e r en t  e lec t ron  spectrometers 

were used, t he  HP 59508, the  JPL-USU spectrometer, the  McPherson ESCA 3 6 ,  

and t he  DuPont $58 e lec t ron  spectrometer, Most of the  quan t i t a t i ve  da ta  

reported were taken with the  HP 5958A described i n  Chapter IPI. 

The p ro te ins  Ste l lacyanin ,  Plastocyanin, and kaccase were supplied as 

buffered (potassium hydrogen phosphate) so lu t ions  by R. Wolwerda, The 

ba s i c  preparat ive  method f o r  i so l a t i ng  these  proeeins i n  high pu r i t y  from 

the  commercially avai  l a b l e  ex t r ac t  i s  described by ~ e i n h a m m e r ~ ~ ,  

92. Jung, G., Ottnad, M . ,  Bohnenkamp, W . ,  Bremser, W . ,  and Weser,,U+, 
~ iochem Biophys Acta, - 295, 77 (1973). 

93. Jung, G . ,  Ottnad, M . ,  Bohnenkamp, W . ,  and Weser, U . ,  FEBS Le t t ,  - 25, 
346 (1972). 

94. Jung, G . ,  VoePter, W . ,  and Weser, U., Z PhysioP Chem, - 353, 720 (1972). 
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R.  Holwerda has made extens ive  modif ica t ions  of t h i s  procedure and h i s  

work has r e c e n t l y  been described i n  d e t a i l 9 4 a .  Solut ions  o f  Hemocyanin 

I i n  phosphate bufffer were provided by D r .  D.  Guttermann. Cu -n-propyl- 

t h i o u r a c i l ,  cul' b i s -n -bu ty l th ioace ta te ,  1, 2 di: buty l th ioethane  C U I ' C ~ ~ ,  

cuI1 d i  (ace to th io)  ethane,  and (311) CUII  (penici l lamine) complexes were 

provided by D r .  H . J .  Schugar. Copper ace ty lacetonate  complexes and t h e i r  

d e r i v a t i v e s  were suppl ied  by J .  Swanson. Other copper and s u l f u r  com- 

pounds were obtained commercially a s  a n a l y t i c a l  reagent  grades.  

ESCA s p e c t r a  were taken using two d i f f e r e n t  types  of p r o t e i n  samples. One 

s e t  of  experiments used p r o t e i n  which has been "freeze-dried" (water 

removed by pumping a t  low temperature) .  These powdered samples were 

psocessed by t h e  techniques r e f e r r e d  t o  e a r l i e r  a s  "graphi te  sandwich" 

and "gallium-wetted subs t ra t e"  (see  Chapter 111). An a l t e r n a t e  s e t  of 

samples were prepared from buffered  s o l u t i o n s ,  which were quickly  frozen 

on gold templates i n  a n i t rogen  atmosphere and immediately introduced i n t o  

t h e  spectrometer ,  o r  were evaporated a t  room temperature onto  t h e  gold 
3 

p l a t e n s  i n  a n i t rogen  stream t o  f o m  t h i n  t r ansparen t  f i lms.  

The s p e c t r a  taken with t h e  use of  t h e  var ious  g n e s  of samples d i f f e r e d  

i n s i g n i f i c a n t l y  from each o the r .  The mosr reproducible d a t a  and t h e  

h ighes t  S/N and S/B r a t i o s  were obtained with t h e  t h i n  f i lms .  A l l  p ro te in  

s p e c t r a  shown i n  t h e  f i g u r e s  were obtained by t h i s  method. 

94a. Holwerda, R . ,  Ph.D. Thes is ,  C a l i f o r n i a  I n s t i t u t e  of  Technology, 
1974. 
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The soluble  copper model complexes were prepared i n  t he  same manner, 

whereas insoluble  samples were used i n  t he  form of p e l l e t s .  

Charging s h i f t s  of 2 t o  7 eV were observed on p ro te in  samples and were 

compensated by use of t h e  f lood gun (0.40 ma, 0.0 eV). A l l  spec t ra  were 

taken a t  reduced temperatures (220 '~  t o  2 4 0 ~ ~ )  t o  minimize photoreduct ion 

of cupr ic  s i t e s .  The onset  of r ad i a t i on  damage was followed by scanning 

the  C l s  s pec t r a l  region (280-290 eV, B eV/sec, 256 channels, 10 scans) 

repeatedly  over a period of several  hours. These spec t ra  obtained a t  

10.5 minute i n t e r v a l s  were sequen t ia l ly  dumped on paper-tape and then 

analyzed using t he  d i f f e r e n t i a l  methods described i n  Chapter V. A t  room 

temperature, d i f ferences  i n  t h e  carbon spec t ra  were d i s ~ e r n i b l e  a f t e r  

approximately 2 1  minutes i r r a d i a t i o n  with t h e  monochromatized source. 

Radiation damage decreased a s  t h e  temperature was lowered t o  about 240°#, 

a t  which no changes i n  t he  spectrum could be observed a f t e r  4 hours of 

i r r ad i a t i on .  A s  t h e  temperature was reduced s t i l l  f u r t he r ,  r ad ia t ion  

damage could be observed once again. A t  1 0 0 ~ ~  s i gn i f i c an t  and i r r ep r s -  

ducibPe spec t r a l  changes occurred a f t e r  about 21 minutes i r r ad i a t i on .  

The extent  of cugr ic  photoreduceion was inversely  propor t ional  t o  tem- 

pera tu re  down t o  190 -200 '~~  where cuprous species were being rap id ly  

generated, A t  1 5 0 ~ ~ ~  sharp s p l i t t i n g s  of Cu 2p l i n e s  occurred along 
3/ 2 

with an increased background i n  t he  region of high binding energy. This 

is  a t t r i b u t a b l e  t o  g r ea t e r  Auger i n t e n s i t i e s  of oxygen i n  H20, COs o r  

C02 condensed on t he  sample surface.  

The optimum temperature range a t  which t h e  e f f e c t  of all these  competing 

f ac to r s  i s  reduced is  220° t o  240'~. 



Figure 47. Reference spectrum of gold 4f region recorded on t h e  
HP 5950A (50 scans,  LO eV window, 1024 channels, 1 eV/sec], 



t--- Binding energy CeV) 
Figure 48. Reference Gold 4f spectrum a s  recorded by Dupont 310 

curve resolver .  The l i n e  shape i s  indis t inguishable  
from the  o r ig ina l  spectrum; see Fig. 47. 



133 
A l l  repor ted  binding energ ies  a r e  referenced t o  t h e  standard gold sample 

(Au 4f @ 84.0 eV, Fermi l e v e l  @ 0 .0  eV). This is  i n t e r n a l l y  augmented 
712 

by t h e  choice of methyl carbon a t  285.0 eV and a l i p h a t i c  carbon a t  285.4 

eV binding energy, i n  order  t o  c o r r e c t  f o r  v a r i a t i o n s  i n  t h e  work function 

of  each sample. 

A l l  s p e c t r a  d isplayed i n  t h i s  chapter  were taken a t  1 eV/sec with 256 

channels p e r  10 ,  20 o r  50 eV windows. The p l o t t e d  d a t a  were smoothed 

through Weiner ana lys i s  o f  t h e  raw curves (1.0 eV F W  as  minimum width).  

Peak p o s i t i o n s  and i n f l e c t i o n . p o i n t s  were determined (using f i l t e r e d  

data)  by d i f f e r e n t i a l  convolution described by ~ a v i t s k ~ ~ ~ .  

A DuPont 310 curve analyzer  was used t o  deconvolve t h e  s p e c t r a l  d e t a i l  

observed i n  t h e  Cu 2p312 and t h e  S 2p312 regions.  The a c t u a l  l i n e  shape 

observed i n  monockromated x-ray photoelectron specCsoscspy i s  Eorentzian 

convolved wi th  a Gaussian func t ion  sf f i x e d  width (See Chapter 1 1 ) .  The 

inost symmetrical l i n e  shapes encountered i n  t h e  course sf t h i s  work were 

(I) Au 4f7/* l i n e  of  r h e g o l d  re fe rence  standard;  (2) C l s  l i n e  from u l t r a -  

high p u r i t y  g raph i t e ;  (3) S i l i c o n  2p doublet  from f r e s h l y  cleaned s i l i c o n  

wafers ,  and (4) t h e  Cu 2p3,* l i n e  from Cu(1) n-propyl- th iouraci l  complex. 

The gold re fe rence  4 f  l i n e  was used a s  a r ep resen ta t ive  shape i n  order  
712 

t~ c a l i b r a t e  t h e  breakpoints ,  p o s i t i o n a l  ampl i f i e r s  and scew parameters 

f o r  9 channels on t h e  DuPont 310 Curve Resolver. Figure 47 shows t h e  

re fe rence  gold spectrum while Fig. 48 shows t h e  r e s u l t i n g  l i n e  shape 

programmed i n t o  t h e  curve reso lve r .  
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TABLE 9,.CONTINUED 

Spectrum Iden t i f i c a t i on  Number - 
124 125 126 127 140 164 171 176 189 194 214 215 219 227 230 502 508 

_ _ _ _ _ I _ _ q l _ _ _ I _ - - - - - _ . - -  

284.88 284.82 284.83 
284.75 284.77 284.75 284.75 284.73 284.73 

284.65 284.60 284.63 
284.58 284.57 

284.40 284.44 284.42 284.42 284.45 
284.31 284.38 284.35 

284.22 284.27 284.20 284.23 
284.11 284.19 284.15 284.18 284.14 
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The o the r  reference  s p e c t r a  could be f i t  cons i s t en t ly  by merely varying 

t h e  height ,  width, and pos i t ion  f o r  each channel. In addi t ion  t o  curve 

r e s o l u t i o n ,  t h e  normalized a r e a  of each channel was determined reproducibly 

wi th in  21%. A t  l e a s t  t h r e e  deconvolutions were made f o r  each of t h e  

spec t ra  and those displayed i n  t h i s  t h e s i s  a r e  composites. 

The i n f l e c t i o n  p o i n t s  observed i n  t h e  spec t ra  (passed by t h e  1 . 0  eV 

f i l t e r )  of severa l  copper complexes and meta l loprote ins  a r e  given i n  

Table 6. The major Bines a r e  marked with a s o l i d  underl ine and shoulders 

with broken under l ines  a s  i n  Tables 2 and 3 of  Chapter V. 

The s u l f u r  2p d a t a  a r e  given i n  Table 7 and Table 8 lists t h e  oxygen 
3/2 

I s  da ta .  The s p e c t r a l  region of Carbon I s  i s  given i n  Table 9. A l l  

binding energies  repor ted  i n  t h e  t h e s i s  a r e  referenced t o  t h i s  t a b l e .  

Additional t a b l e s  of C I S  binding energies and peak assignments a r e  given 

by Gelius e t  .aP. 38. Summlcies by Lindberg r e p o r t  extensive work on s u l f u r  

compounds andl give a number of assignment t a b l e s 3 7 ,  Because of  t h e  

g r e a t e r  r e s o l u t i o n  sf the  HewPett-Packard instrument a s  compared t o  the  

magnetic instrument of t h e  Swedish group, t h e r e  i s  a d i f fe rence  i n  t h e  

repor ted  s u l f u r  values.  The Lindberg r e s u l t s  a r e  based on t h e  weighted 

average of t h e  unresolved Sulfur  2p doublet  whereas t h e  HP 595OA has 

resolved t h e  double t ,  The author,  the re fo re ,  r e p o r t s  the  s u l f u r  2p 3/ 2 

l i n e .  Thus, 0 .4  eV s h o ~ l d  be subtrac ted  from a l l  Lindberg values i f  

these  a r e  t o  be  compared wi th  those  given i n  t h i s  work. 



I46 
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Figure 49. Copper 2p spectra of various copper-sulfur model compfexes. 
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C. Results  and Discussion - 

A s  noted i n  t h e  in t roduct ion t o  t h i s  chapter ,  t he  e lec t ron spectrum of 

copper compounds has been the  object  of considerable recent  work which 

was st imulated by Novakovts observationg5 of s a t e l l i t e  s t r uc tu r e  i n  

cupr ic  s a l t s g 1  , 9 6 , 9 7 p 9 8 , 9 9 , 1 0 0 ~  He in te rpre ted  h i s  da ta  i n  terms of a 

band-structure model which is  s im i l a r  t o  the  shake-up model discussed in 

Chapter 11. He a l s o  observed s a t e l l i t e s  i n  cuprous compounds and suggested 

t h a t  the  observed s a t e l l i t e s  a c tua l l y  arose from mat ter  adsorbed on the  

sample surfaceg6.  Subsequent workgP, 97 ,f38 , 9 9 9  O 0  and experiments con- 

ducted by t he  author ind ica te  t h a t  the  d9 Copper (XI) exh ib i t s  s a t e l l i t e  

and mul t ip le t  s t r u c t u r e  whose i n t ens i t y  and magnitude is  determined by the  

coordination of t he  metal ion. Diamagnetic dlO~u(l[] compounds do not give 

r i s e  t o  such s a t e P l i t e s .  

This i s  shown i n  Fig. 49 displaying spec t ra  of copper-sulfur complexes. 

These spec t ra  a l l  represent  the  coiiipesite of  5 sr more spec t ra  i n  the  

binding energy i n t e r v a l  970 t o  920 eV. This region shows t h e  copper 

~ P ~ , I ~ -  2 ~ ~ / ~  doublet with t he  2p l i n e  a t  938.0 t o  930.0 eV. The peak 
3/ 2 

s t r uc tu r e  in  t h e  region s f  947.0 t o  938.0 eV represents  the  s a t e l l i t e  

m N o v a k o v ,  Rev, - B 3 ,  2693 (1971). 
96. Novakov, T . ,  a n d s ,  R . ,  Sol id  S t a t e  Comm, 9 ,  I975 (1971). 
97. Robert, T . ,  Bar te l ,  M. ,  and Offergeld, G . ,  ~ u r F a c e  Sc i ,  33, 923 (1972). - 
98. Cast le ,  J . E . ,  Nature Physical Science, 234, 93 (1971). -- 
99. Schon, G .  , Surface Science, 35, 96 (1973). 
100. Rosencwaig, A , ,  and ~ e r t h e i m y ~ .  K . ,  J .  Electron Spec 6 Related Phen, 

1 ,  493, (1973). - 



- BINDING ENERGY 

Figure 50.  Copper 2p electron spectra of mode8 copper compPexes with 
nitrogen-containing ligmds. 
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which has s p l i t  from t h e  2p l i n e ,  while t h e  s t r u c t u r e  i n  the  region of 
3/2 

967.0 t o  960.0 eV a r i s e s  from s a t e l l i t e s  o f  t h e  2p1/2 l i n e .  

Spectrum 167 represen t s  Cu(1) n-propyl t h i o u r a c i l  and c l e a r l y  shows the  

diamagnetic s a t e l l i t e - f r e e  Cu(I) . The CU" b i s  n -bu ty l th ioace ta te  complex 

i s  given i n  spectrum 173. Here, copper (11) i s  i n  a  2  su l fur-2  oxygen 

coordinat ion.  Spectrum 177 is  t h a t  of  1, 2-di-butyl thioethane C U ' I C ~ ~  

with a  l igand environment of 2  t h i o e t h e r  s u l f u r s  and 2  ch lo r ide  ions .  

Spectrum 191 i s  another  2  su l fur-2  oxygen l igand system ( d i  (ace to  t h i o )  

ethane cuI1) bu t  now showing an a l t e r e d  geometry o f  t h e  coordinat ion a s  

compared t o  t h e  complex of  spectrum 173. Spectrum 199 i s  t h a t  of t h e  

(CUI) culI  (pen ic i  1 lamine) 2  complex. 

Each of t h e  cupr ic  complexes has d i f f e r e n t  Bigands and a  corresponding 

d i f f e r e n t  s a t e l l i t e  s t r u c t u r e .  In add i t ion  t o  t h e  major d i f f e rences  i n  

s a t e l l i t e s  between d i f f e r e n t  l igand systems, s i g n i f i c a n t l y  d i f f e r e n t  

s a t e l l i t e  i n t e n s i t y  d i s t r i b u t i o n s  f o r  d i f f e r e n t  geometries a r e  observed 

with t h e  same l igand,  e .g . ,  173 vs ,  191. at about 933.0 eV f o r  each 

complex, a  sharp Pine is  evident  i n  t h e  s t r u c t u r e  of t h e  2p3l2 l i n e  (most 

obvious i n  177 though observable i n  173, 191 and 199). This l i n e  i s  imaged 

about 20 eV higher  a t  935.8 eV i n  t h e  2p region and increases  i n  
1/2 

i n t e n s i t y  with i r r a d i a t i o n  time. I t  i s  assigned t o  t h e  photoreduced s t a t e  

( o r i g i n a l l y  cupr ic  ion) .  

Several  a d d i t i o n a l  spec t ra  of copper model complexes a r e  given i n  Fig. 

50. 552 i s  t h e  spectrum of Cu(IP) tetraphenylporphyrin while 559, 560, 

and 556 a r e  cPatRrate complexes having 2  Copper (11) atoms p e r  molecule. 

The metals  have i d e n t i c a l  s u l f u r  and n i t rogen  coordinat ion bu t  share  a  
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Figure 52 .  Carbon 1s spectra of the model copper complexes of Figures 
49 and 50. 
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bridging oxygen. 

/ 

The s t r u c t u r e s  of these  model complexes a r e  represented  i n  Fig. 51. 

Table 10 l i s ts  by s p e c t r a l  number t h e  major Copper 2p binding energies  

and the  p o s i t i o n s  of a  number of t h e  s a t e l l i t e s .  Additional da ta  a r e  

included f o r  comparison. These were taken with t h e  McPherson ESCA 36 and 

t h e  JPL-USU spectrometers  a s  well  a s  from t h e  extens ive  compilations of 

Fros t  e t  a l g l .  The Fros t  d a t a  has been correc ted  where poss ib le  s o  a s  

t o  be cons i s t en t  with t h e  p resen t  work. 

A s  mentioned i n  t h e  experimental sec t ion ,  a l l  t h e  s p e c t r a  a r e  referenced 

t o  a  common a l i p h a t i c  carbon binding energy. The s p e c t r a  f o r  the  model 

complexes of  Figures 49 and 50 i n  t h e  Carbon Bs region a r e  given i n  Fig. 

3 2 .  Spectrum 549 i s  t h a t  of Cu TPP and the  o the r s  follow t h e  order  given 

i n  Fig. 49. 

The oxygen 1s region of t h e  photoelectron spectrum of these  complexes 

n s  given i n  Fig ,  53. Spectrum 168 i s  t h a t  of  t h e  phenolic  oxygen of t h e  

t h i o u r a c i l  complex. The carboxylate oxygens of  t h e  d i (ace to th io]e thane  

complex a r e  shown i n  spectrum 190, while 196 gives  t h e  carboxylate 

oxygens of t h e  penic i l lamine  complex. Spectrum 551 i s  t h a t  of Cu TPP, 

and s p e c t r a  557 and 563 a r e  due t o  t h e  2 copper c l a t h r a t e  complex with 

bridging oxygen l igands .  

The primary peak i n  spectrum 551 f a l l s  a t  s i g n i f i c a n t l y  h igher  binding 

energy than would correspond t o  carboxylate oxygens (532.5 eV). In 

accordance with l i t e r a t u r e  da taq7  Y 9 9 y  t h i s  oxygen i s  assigned t o  water 

bound by copper (11 ) .  



- 
Figure 54. Sulfur 2p spectra o f  the copper model complexes, 
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P a r t  of  t h e  spectrum 190 can be assigned t o  water and p a r t  @ carboxylate 

oxygen bound t o  cuI1. Thus, t h e r e  is  an ambiguity i n  t h e  i n t e r p r e t a t i o n  

of t h e  low binding energy peak of  t h e  penic i l lamine  complex (196). 

These oxygens can be assigned through comparison wi th  t h e  s p e c t r a  of  t h e  

o t h e r  model complexes. For example, t h e  bridging oxygens o f  t h e  c l a t h -  

r a t e  complexes L Cu20C3H7 (557) and Q Cu20C2H5 (563) c o n s i s t  of a  

phenolic  oxygen bound t o  Cul, we would expect the  analogous cupric-bound 

oxygen t o  occur a t  higher binding energy ( l e s s  e l e c t r o n  t r a n s f e r  from 

metal t o  oxygen). Thus, t h e  531.0 eV peak i n  spectrum 557 and t h e  531.5 

eV peak of  spectrum 563 can be assigned t o  t h e  br idging alkoxide oxygm. 

' 
The 533.0 eV peak then corresponds t o  t h e  phenolic  oxygen bound t o  

Copper (HI]. In  genera l ,  we have observed t h a t  t h e  01s binding energy 

1 f o r  oxygen-cuI1 i s  about B eV higher  than t h a t  f o r  oxygen-Cu . From 

Table 9 ,  t h e  carboxylate oxygen (of spectrum 190) is found a t  532.1 eV 

(0-CU"]. Assigning t h e  peak a t  531.2 eV i n  196 t o  carboxylate oxygen 

would correspond t o  a  s h i f t  of about 1 eV toward Power binding energy. 

This  suggests  t h a t  t h e  penic i l lamine  carbsxyla te  oxygews a r e  p r imar i ly  

bound t o  @ul. 

FSgure 54 shows t h e  s u l f u r  s p e c t r a  of  these  model complexes. The 

s u l f u r  of t h e  t h i o u r a c i l  CU' complex (B65) is  i n t r i g u i n g l y  s i m i l a r  t o  t h a t  

i n  (193) penic i l lamine .  This  suggests  t h a t  the  coordinat ion of  CuI i n  

t h e  cuI2cuII  (penici l lamine) complex is  S e  * cul * a -0. Spectrum 170 repre-  

s e n t s  t h e  cul* b u t y l t h i o a c e t a t e  system and 174 t h e  d ibutyl th ioethane  

C u l I ~ l Z  complex, The s u l f u r  spectrum of t h e  d i th ioacetoethane  complex is 

given i n  188. 



Figure 5 5 ,  Copper 2p spectra of  [CuCI))2 Cu(I1) ( p e n i c i l l m i ~ e ) 2  
taken as a function o f  temperature and time t o  illlustsate 
photoreduction. 





160 

The photoreduction of cupr ic  systems was followed by t he  experiment 

i l l u s t r a t e d  i n  Fig. 55. Here, t he  (cul) Z ~ u l l  (pen ic i l  lamine) complex 

was studied a s  a function of temperature and i r r a d i a t i o n  time. ~ h i n  

f i lms of t h r ee  samples on gold coated substl-ates were placed i n  t he  

spectrameter, simultaneously, and wcre kept  a t  I~CI 'K while t h e  spectrum 

was taken (PO scans,  1 eV/sec., 256 channels, 970-920 eV). The r e s u l t  

i s  given as  spectrum 231. The temperature was then increas.ed t o  200 '~  

keeping a l l  o the r  i n s t r m n t a l  parameters t h e  same (spectrum 232), In 

l i k e  manner, spectrum 233 was taken a t  2 5 0 ~ ~ ~  while spectrum 199 was 

taken a t  room temperature with 20 scans. The cuP peak a t  933.0  f O . l  eV 

increases  i n  i n t e n s i t y  r e l a t i v e  t o  t he  cuP1 peak a t  about 934.8 90.2 eV. 

Each spectrum of Fig. 55 is  normalized t o  t h e  value of i t s  maximun'tem 

on t h e  p l o t .  An increase  i n  t h e  i n t e n s i t y  of t h e  s t ronges t ,  933.0 eV, 

peak i r  seen a s  an e f f ec t i ve  decrease in t h e  i n t e n s i t y  of t h e  934.8 

58.2 eV-  peak. 

I Since t h e  penici l lamine complex i s  a mixed valence (Cu )2~u11  

t h e r e  e x i s t s  t he  p o s s i b i l i t y  t h a t  t h e  photoreduction product of  C U ~ '  4ui 

does not  have t h e  same binding energy a s  t he  o r i g ina l  CUI s t a t e .  This is  

shown i n  Fig. 56 using t he  spec t r a l  d i f fe rence  techniques developed i n  

Chapter V. 100,008 counts have been a r b i t r a r i l y  added t o  t he  spectrum in  

order  t o  decrease t he  s igna l  power of spectrum 167, (CU' t h i o u r a c i l  complex). 

This spectrum i s  then subtracted from t h e  spec t r a  of Fig. 5%. 

- 
101. Schugar, W.J., Pr iva te  Comunication. 







The CuI1 p a r t  i s  enhanced i n  t he  d i f fe rence  spect ra .  A s h i f t  i s  observed 

of about 1.9 eV between t h e  parent  CU** l i n e  and t h a t  of  t h e  photoreduc- 

t i o n  product. 

Figures 57 and 58 sllow t h e  di f ference spec t ra  obtained by subtract ing 

I the  Cu - t h iou rac i l  spectrum from each one of the  model complexes. The 

spec t r a  de t a i l ed  i n  Fig. 58 exh ib i t  high signal-to-noise r a t i o s  and per- 

m i t  a  c l e a r e r  assignment of t he  2p3l2 l i n e  and i t s  mul t ip le t  components. 

The spec t r a  shown i n  Figs. 49, 58 and 55 were deconvolved i n  t he  Cu 2p 
3/ 2 

region by means of t h e  DuPont 310 curve analyzer as  described i n  the  

experimental sec t ion  of t h i s  chapter .  E i the r  t he  Bow-binding s i de  of the  

CUI peak o r  t he  high-binding s i de  of the  cul l  peak was f i t t e d  with the  

analyzer depending upon which of these  was the  bes t  resolved one. The 

ove ra l l  peak shape was then generated with addi t ional  channels as needed. 

By applying a t  l e a s t  3 successive deconvolutions f o r  each of t h e  spec t ra  

described i n  r h i s  t h e s i s ,  a  d i f fe rence  df  1.92 10.04 eY between iu" and 

t h e  cul decomposition product was es tabl ished.  

The s u s c e p t i b i l i t y  of alkyl-nitrogen compounds t o  rad ia t ion  damage has 

been shown by t he  Swedish groupP. A t  Berkeley the  extent  of  damage t o  

t h e  p ro te in  was s tudied by t h e  use s f  n i t rogen and s u l f u r  spec t ra lo2  p 1 0 3 *  

These ea r l y  experiments could not  follow changes i n  t he  t rans i t ion-metal  

spec t ra  because of the  weakness of the  s igna l .  

102. Klein, M . ,  and Kramer, L . ,  "Proceedings of t he  Symposium on Improv- 
ing Plant  Protein by Nuclear Techniques1'. 

103, Wurzbach, J . ,  Pr iva te  Communication. 
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Figure 59. Copper 2p spectra of the metalloproteins Stellacyanin and 

Plastocyanin. 



In t h i s  work, several  spectrometers were employed, each having a d i f f e r en t  

source.  The McPherson ESCA 36 employs a high i n t ens i t y  Mg-target tube 

giving about one order of magnitude higher f l ux  than t he  MgKa source 
122 

used in  t he  JPL-USU spectrometer. The monochromatized AlKa source of 
1 , 2  

t he  HP 5950A spectrometer del ivered two orders of magnitude lower x - ~ a y  

f l u x  than t h e  JPL-USU u n i t .  

The C l s ,  N l s ,  and S2p spec t ra  of t h e  same pro te in  samples varied from one 

spectrometer t o  another. This can be explained i n  terms of rad ia t ion  

damage caused by the  d i f f e r e n t . f l u x  levels .  

Thus, it suggested i t s e l f  t o  inves t iga te  t h e  metal-ion spec t ra  sf t h e  

p ro te ins  as  a function s f  i r r ad i a t i on  time. Previous experimenters 

studying t he  e lec t ron  spec t ra  of metalloproteins have used long scanning 

times (as much as  4 days) and i n t e n s i t i e s  conside~rnbPy higher than thsss  

provided by t h e  McPherson instrument i n  order t o  separate  t h e  s ignal  from 

t h e  background, The data-handling techniques discussed i n  Chapter IV and 

t h e  recent instrumental improvements made it possible  f o r  t he  author to 

acquire da t a  i n  i n t e rva l s  of  one hour o r  l e s s  with b e t t e r  s ignal- to-  

noise  r a t i o s  than those reporred previously, 

In experiments with t he  model copper p ro te ins ,  Stel lacyanin and Plastocy- 

anin,  data  were dumped a t  f ixed scan i n t e rva l s  from instrument memory 

onto paper t ape  f o r  computer treatment. In  spectrum 05, t he  copper 2p 

region of Ste l lacyanin i s  shown a f t e r  accumulation of 77 scans which took 

3 hours 15 minutes (256 channels and k eV/sec) and a f t e r  105 scans (4 

hours 24 minutes, .spectrum 06), see Fig. 59. The Cu2p spectrum of 

Plastocyanin i s  a l so  given i n  Figure 59 a t  25 scans (spectrum 19) and 
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a f t e r  223 scans o r  9 hours 25 minutes (spectrum 20). 

These spec t ra  a l l  show a major o f f - sca le  peak a t  high binding energy 

assignable t o  t he  KLL oxygen Auger l ine .  Therefore, a l l  of these  spectra 

f a l l  on a decreasing background (970 eV---+ 920 eV). 

Ste l lacyanin (Table 10) shows a strong l i n e  a t  932.5 eV which increases 

and a shoulder a t  933.9 eV which decreases i n  i n t ens i t y  with fu r the r  

i r r ad i a t i on .  In Plastocyanin, a strong l i n e  i s  observed at  933.3 eV and 

a shoulder a t  934.4 eV which decreases i n  i n t ens i t y  with time. 

Spectrwn 19 sf Plastocyanin most c losely  approximates the  spectr& of the  

mreduced Type 1 copper while comparison of 19 and 28 shows t h a t  s i g n i f i -  

cant signal-to-noise enhancement was a t t a ined  by a 18-fold increase i n  

number of scans. In addi t ion to t he  reduction of t h e  Sow-frequency noise,  

t h e  s a t e l l i t e  s t r uc tu r e  (peaks i n  t he  region 947-938 eV) has been s ign i f i -  

cant ly  di lu ted.  The copper Z P ~ / ~  l i n e  has narrowed, and i n  spectrum 20 

P f a l l s  i n  t he  region of t he  ant ic ipated Cu photo-reduction product. 

In Table 4 ,  t h e  i n f l ec t i on  points  a r e  l i s t e d  by spectrum mmber. The 

recurrence of  i n f l ec t i ons  between t he  2p and t he  2p peaks' suggests 
312 1/2 

t h a t  s a t e l l i t e  s t r uc tu r e  may be observed i n  t h e  metalloproteins (though 

the  low frequency noise  is qu i t e  s i gn i f i c an t ) .  The peaks a t . 4 . 0 ,  6,0,  8.7, 

a d  10.3 eV above t he  estimated Copper (11) peak (933.9 eV) i n  t he  S t e l l a -  

cyanin spectrum a re  presumably due t o  s a t e l l i t e  t rans i t ions .  Similar  

analysis  of Plastocyanin spec t ra  lead t o  assignments of s a t e l l i t e  . , 

t r ans i t i ons  a t  3.3, 5.5, 6.7, 8.2, and 11 .2  eV. The assumption t h a t  ~ u "  

e~rrsspowde to 933.9 eV and the r a d i a t i ~ n  demage produce t o  932.5 eV f o r  



Figure 60; Dffference spectra for the Cu 2p region of Stellacyanin 
( 0 5 ,  05-06, 06) md Plastocyanin (19, 19-20, 20). 
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RIN31NG E N L 8 3 Y  
Figure 61. The Carbon I s  spectra of various metalloproteins. The original 

Binding Energy posit ians are shown before referencing the 
spectra t o  the C l s  standard (al iphat ic  carbon @ 2 8 5 . 4  eV). 
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Ste l lacyanin (934.4 eV and 933.3 eV f o r  Plastocyanin) i s  based on estimates 

of these  peak pos i t ions  from the  composite curves. The di f ference of 

AE=1.4 eV in  t h e  binding energies is  observed between parent  species and 

photo-reduction product of Ste l lacyanin (1.1 eV f o r  Plastocyanin). 

I The d i f fe rence  i n  binding energy between CU" and Cu i n  model complexes 

corresponds t o  an average AE of 1 .6  eV, whereas t he  deconvolution of the 

spec t r a  showed AE a t  1.9 eV. I f  est imation e r ro r s  of  up t o  0.3 eV are  

assumed, t h e  CU'-CU~' peak separation f o r  prote ins  seems l e s s  than t ha t  f o r  

t h e  model systems. The shoulders on t he  lower binding energy s ide  of the  

Cu 2p3/2 l i n e  i n  both metalloproteins c m  be assigned t o  cuO resu l t ing  

I from reduction of Cu . 
The d i f fe rence  spec t ra  i n  Figure 60 a r e  used t o  determine t h e  spectrum of 

t h e  metal-ion species  which exis ted during t he  time i n t e rva l s  i n  which t he  

spec t r a  were recorded. The curve labeled 06-05 represents t h e  photoelectron 

spec t r a  of StePBacyamrin which ex i s ted  a f t e r  3 hours of i r r ad i a t i on .  The 

CUI-CU" decomposition couple is  r ead i l y  observed a s  i s  t h e  s a t e l l i t e  

s t r uc tu r e  and t he  2p112 spin-orbi t  doublet.  The di f ference spectrum 20-19 

is  almost i den t i ca l  t o  curve 20 because t h e  l a t t e r  owe represents  BO 

times as  many scans a s  t he  former. 

The C l s  s pec t r a  of t h e  various m e t a l l ~ p s o t e i n s  used as  an i n t e rna l  re fe r -  

ence standard a r e  i l l u s t r a t e d  i n  Fig. 61. Spectrum 214 represents  

Ste l lacyanin,  215 represents  Laccase, and 219 Plastocyanin. The C l s  

spectrum of Hemocyanin taken immediately a f t e r  inse r t ing  t h e  sample i n t o  

t he  spectrometer i s  given as  227 and t h a t  taken a f t e r  9 hours of i r rad ia -  

t i o n  is 230. The dif ference spectrum between t he  l a t t e r  two, labeled 



1 hr .  
(25 scans) 

2 h r s .  
(48 scans) 

3 h r s .  
(79 scans) 

5  h r s .  
(128 scans] 

Figure 6 2 .  Copper 2p spectra o f  Laccase, dwaped at  time intervals 
given along ordinate .  



Figure 63, Difference spectra for Laccase, Cu 2p region, Sequential 
spectra have been subtracted from each other t o  show the 
curve due to  the components that existed during the accumula- 
t ion  time. 
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227-230, shows t h e  change due t o  photo.decomposition. 

In  a l l  of these  spectra ,  t he  value of  285.4 eV has been assigned t o  the  

maximum i n  t h e  C l s  region which i s  represen ta t ive  f o r  a l i p h a t i c  and 

aromatic carbons according t o  Siegbahn s work3*. The correct ion required 

t o  convert from Au 4f reference t o  t h e  C l s  reference? i s  1.5 20.5 eV. 

In order t o  follow the  change i n  t he  C U * / C U ~ ~  r a t i o  of t he  diamagnetic 

copper s i t e  i n  Laccase, the  da ta  were dumped on tape at i n t e rva l s  of 

approximately one hour. The spec t ra  thus obtained a r e  shown i n  Fig. 42; 

spectrum 08 corresponds t o  25 scans (1 hour); 09 t o  48 scans ( ~ 2  hours); 

PO to 79 scans ( Q J ~  hours); and YB t o  128 scans ($5 hours). 

The s a t e l l i t e  s t r uc tu r e  and t he  pronounced 2p l i n e  i s  evident i n  
3/ 2 

Figure 62. However, t he  s a t e l l i t e  i n t ens i t y  i n  t he  region 948 eV to 937 eV 

decreases with time r e l a t i v e  t o  t h e  major peak a t  933.5 eV which i s  strong 

and apparently invar ian t  with time. The s t ruc tu r e  of t h i s  peak i s  s imilar  

t o  t h a t  observed f o r  Stel lacyanin and Plastocyanin. The shoulder a t  

932.7 eV increases  while t he  shoulder a t  934.6 eV decreases as a r e s u l t  of 

rad ia t ion  damage. Also, t h e  shoulders at 931-3 and 930.4 eV increase with 

time. These a r e  presumed t o  be caused by Cu-metal reduction products 

s im i l a r  t o  those observed fo r  Stel lacyanin rend Plastocyanin. 

The change i n  t h e  spec t ra  caused by a gradual increase i n  radia t ion-  

damage products can be seen i n  Fig. 63, which shows three  d i f fe rence  spectra .  

A s  before,  09-08 corresponds t o  species which a r e  present between 1 and 

2 hours of i r r a d i a t i o n  while 10-09 gives t h e  2 Its 3 hour i n t e rna l  and 

11-10 is  due t o  those species which a r e  present  a f t e r  3 hours but  before 



Figure 64,  Difference spectra in which the Stellacyanin Cu 2p spectrum 
after 77 scans (05) is  subtracted from the Laccase spectra 
of Fig.  62. 



Figure 6 5 .  Difference spectra showing the resu l t  of subtracting the 
S t e l  l a c ~ m i n  spectra (05, 06) and the Plastacyanin spectra 
(19,203 from the Laecase spectrum (11) accumulated with 
5 hrs.  exposure. 
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5 hours. The method used has enhanced t h e  noise  component bu t  a l so  t he  

shoulder a t  t h e  low binding s ide ,  and ye t  t he  main peak a t  933.5 eV is  

re ta ined .  On t h e  high binding s ide  of t h i s  peak, a negative trough occurs 

which t h e  author assigns t o  the  Type 1 Copper I1 s i t e  of Laccase (934.6 eV). 

Fig. 64 shows Laccase spec t ra  from which t h e  Stel lacyanin spectrum 05 has 

been subtracted.  In each case, 08-05, 09-05, 10-05, and 11-05, t he  noise  

has  been increased sharply, but  t h e  s t reng th  of t he  oxygen Auger l i n e  

(981 eV as  referenced t o  AlKa ) shows t h a t  t he  Eaccase spectrum i n  each 1 , 2  

case  has a higher count l eve l  per  channel than t he  Ste l lacyanin spectrum. 

Further,  i n  t h e  Cu2p region, t he  Ste l lacyanin spectrum overcompensates 

t h e  Laccase 2p l i n e ,  while i n  t he  s a t e l l i t e  region 943.0 eV t o  ,934.0,eV, 

more power i s  evidenced i n  t h e  Eaccase spectrum while the  Ste l lacyanin 

spectrum shows more power i n  t h e  s a t e l l i t e  region from 948.0 eV t o  943.0 

eV. TRis suggests t h e  p o s s i b i l i t y  of d i f f e r e n t  cuIH environments i n  

Eaecase Ste1laeyaliine 

Continuing these  comparisons by means of d i f ference spectra: Fig. 45 

cont ras t s  Eaccase d i r e c t l y  with Ste l lacyanin and Plastocyanin a t  more 

equivalent exposure times. Spectrum 11-05 and 11-06 re-emphasize t he  

observations developed i n  t h e  discussion of Fig, 44 concerning t he  increased 

Cu 2p s igna l  i n  Stel lacyanin a s  compared t o  t h a t  of Eaccase. However, 
3/ 2 

spectrum 11-19 and 11-20 re in force  the  i n i t i a l  observations made i n  the  

review of t h e  ba s i c  Laccase spec t ra  (Fig. 62). Spectrum 11-20 shows a 

s t rongly enhanced peak a t  932.5 eV with another a t  931.3 eV and ye t  another 

a$ 933,7 eV, The low-energy s a t e l l i t e s  a re  s t r ~ n g e r  i n  Eaccase, while 

t h e  high-energy s a t e l l i t e s  a re  favored i n  Plastocyanin. 



the spectra 
C, D, and E 
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Figure 66 shows the  r e s u l t s  of curve reso lu t ion  of spec t ra  08 through 11. 

The bas ic  curve shape i s  described a t  t he  beginning of t h i s  chapter. These 

deconvolutions are  the  r e s u l t  of s i x  d i f f e r e n t  determinations f o r  each 

spectrum. The posi t ion of t h e  f i t t e d  bands was found t o  vary by 21.3%. 

The a rea  of any convolution component varied by about +Peg%. The peaks 

noted A, B, C ,  D ,  and E var ied i n  pos i t ion  by +2 .1% t o  -1 .2% going from 

08 through 11. A s  has been described e a r l i e r ,  pos i t ion ,  width, and 

height of each component were permitted t o  vary f o r  bes t  v i sua l  f i t  t o  t h e  

data .  Peaks beyond E t o  higher binding energy and below A t o  Bower bind- 

ing energy were f i t  i n  order t o  compensate fo r  changes i n  t h e  basel ine .  

The r e s u l t  of these  experiments i s  p lo t ted  f o r  peaks D E C (Fig. 671 which 

a r e  t he  major components of t h e  primary Cu 2p l i n e  i n  Eaccase. Rela- 
3/ 2 

t i v e  i n t e n s i t y  is p lo t ted  vs. accumulated i r r a d i a t i o n  time i n  hours. The 

curve denoted@ shows ~ a ~ n  increase i n  i n t e n s i t y  t o  a maximum then f a l l s  o.ff 

at ~ ~ b c t ~ t  5 t= 7 hours, md increases again with extended Brradfatien t h e .  

The i n i t i a l  increase  is due t o  photo-reduction of Cu" t o  CU' , t he  sub- 

sequent decl ine  corresponds t o  CU'-CU~ conversion, and the  f i n a l  r i s e  t o  

I increased concentrat ion of Cu because of evaporation of decomposed protein.  

Curve D, which corresponds t o  t he  933.5 eV peak of t he  Laccase spectra ,  

decreases becatlse of t h e  photoreduction Cu*+Cu0 and then increases  a s ,  

again, t he  concentrat ion of CU' i s  increased when t he  p ro te in  evaporates. 

I t  is  seen t h a t  decomposition .of t h e  p ro te in  becomes s ign i f i c an t  a f t e r  

9 t o  8 Rours when monochromatized AlKa radiation. i s  used (HP 5950A 
1,2 

model). During t h e  experiment with Ste l lacyanin i n  t h e  McPherson ESCA 36 

instrument, t o t a l  decomposition of t h e  prote in  occurred already a f t e r  2 
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TABLE 11, CONTINUED Assignments of  Binding Energies f o r  the  Sulfur  2p -- 3/ 2 

Spectrum # Compound Name Sulfur Configuration Binding Energy (eV) 
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hours because t he  x-ray f l ux  from the  MgKa source used here i s  about 

lo3  times g rea te r  than t h a t  of t he  HP un i t .  In t h i s  case, t h e  s a t e l l i t e  

peaks a r e  not  even observed. 

In addi t ion t o  the  copper spec t ra ,  the  s u l f u r  spec t ra  of t h e  model com- 

pounds and t h e  prote ins  Ste l lacyanin,  Laccase, and Hemocyanin a r e  compiled 

i n  Table 11, together with re-calcula ted da t a  on Erythrocuprein from 
\ 

Jung l s  workg3 ,94 and da t a  discussed i n  Chapter VII. A l l  s u l f u r  spectra  

show considerable d e t a i l ;  only t h e  prominent bands a r e  l i s t e d  i n  Table 11. 

Ste l lacyanin shows peak a t  161.8, 163.7, 164.8, and 167.7 eV, Laccase a t  

161.1, 162.4, 164.1, 165.0, and 167.4 eV and Oxyhemocyanin a t  163.9, 

165.1, and 167.3 eV. The Varian IEE-15 spectrum reported by Jung e t  a l .  

shows peaks a t  160.9, 161.8, 162.8, 163.9, and 167.3 eV. A l l  t h e  peaks 

a t  167.4 58.3 eV can be a t t r i bu t ed  t o  s u l f a t e  o r  some s t h e r  f o m  of sx i -  

dized su l fu r .  The s l i g h t  d i f ferences  i n  observed binding energies  

represented by ",he 167 eP,' peaks muPd be accetmted fer by Made1~;n.g e f f e c t s  

f o r  charged species  o r  by minor chsmical s h i f t  va r ia t ions .  

The s u l f u r  2p l i n e s  at 163.9 20.2 eV a r e  assigned t o  metal-bound cyst ine  

s u l f u r  while those i n  t he  region of 165.0 50.2 eV a r e  assigned a s  f r e e  

cys t ine  o r  cyst ine  su l fu r .  The 961.8 eV peak i n  Ste l lacyanin and t he  

161.1 eV and 162.4 eV peaks i n  Laccase a r e  in t r iguing.  From the  model- 

complex s tud i e s ,  t h e  162.4 eV peak i n  Laccase can be a t t r i bu t ed  t o  R-S- 

bound t o  @uP1 but  t h e  161.8 eV peak of Ste l lacyanin seems too  Pow for  

such an explanation, 

I t  i s  poss ib le  t h a t  t h i s  peak a r i s e s  from R-S' bound t o  t h e  photo decom- 

pos i t ion  product CU', but t he  ant ic ipatkd binding energy should then be 



Figure 68, Copper 2p spectra of Hemocyanin l i s t ed  after the  data accwnula- 
t i on  times given on the ordinate. 



experiment, 
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Figure 70, Difference spectra which compgre the 3 Hernocyanin Cu2p 
of Fig ,  68 with the 77 scan spectra o f  Stellacymin (0 
the S-hour spectrum of Laccase (11).  

spectra 
5) and 
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about 162.5 eV. The highly negative s u l f u r  represented a t  161.1 eV i n  

Laccase must e i t h e r  be f r e e  su l f i de ,  which i s  conceivable due t o  impurity 

concentration a t  the  surface  o f a  t h in  c r y s t a l ,  o r  must be assigned a s  a 

bridging d i s u l f i d e  a s  suggested i n  Chapter V I I .  

The observed di f ference i n  t h e  low-binding energy su l fu r  of Laccase and 

t h a t  of Ste l lacyanin i s  0 . 7  eV, which i s  in t r igu ing ly  close t o  t h e  values 

observed f o r  d i f ferences  between f r e e  su l fu r  l igands and those bound t o  

copper. The author,  therefore ,  suggests t h a t  the  peak a t  161.8 eV f o r  

Ste l lacyanin represents  a precursor of t h e  copper bound s i t e  in Laccase 

a t  161.1 eV. Further study of su l fu r  i n  metalloproteins w i l l  attempt 

t o  make t h i s  assignment on l e s s  q u a l i t a t i v e  terms. 

The su l fu r  spectrum of Hemocyanin i s  representa t ive  f o r  s u l f a t e  o r  oxidized 

s u l f u r  together  with f r e e  $165.1 eV' and 163.9 eV) cyst ine  su l fu r  

I bound t o  CU". Here. no evidence of Cu -bound s u l f u r  was observed. The 

Cu 2p spec t ra  sf t h i s  p ro t e ina re  give& in Fig. 68 as  a function of  time. 

S p e c t m  24 was dumped a f t e r  38 scans (1 hr .  30 min.], 25 a f t e r  74 scans 

(3  h r s , ) ,  a d  spectrum 26 a f t e r  154 scans Q6&rs, 30 min.). 

Figure 69 p r o f i l e s  by means 'of d i f ference spec t ra  the  photo deeormpssition. 

The change i n  r e l a t i v e  i n t e n s i t i e s  of t h e  peaks a t  933.9 eV (cu'I) and 

I 952.4 eV (Cu ) i s  evident a s  is t he  reduction i n  t he  i n t ens i t y  of t h e  

s a t e l l i t e s .  A l is t  of what a r e  believed t o  be s a t e l l i t e s  i s  given i n  

Table PO.  

Figure 70 shows two s e t s  of d i f ference spectra,TRe f i r s t  t h r ee  were obtained 

by subtract ing the  Ste l lacyanin s p e c t r q  05 from those of Wemocyanin 24, 
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25, and 26. The second s e t  o f  t h r ee  represents  t he  r e s u l t  obtained by 

sub t rac t ing  t h e  Laccase spectrum 11 instead.  

The Ste l lacyanin spec t ra  have overcompensated t he  copper region and i n  

p a r t i c u l a r  t h e  peak at  932.5 (24-05 and 25-05). In spectrum- 26-05, t he  

d i f fe rences  a r e  so  small t h a t  t h e  noise dominates. 

In  t h e  second s e t  of d i f ference spec t ra  s l i g h t  overcompensation a t  

935.0 eV i s  observed, and t he  s a t e l l i t e  region appears t o  be d i ss imi la r ,  

The r e l a t i v e  i n t e n s i t i e s  of t h e  Cu 2p l i n e  of these  prote ins  ind ica te  t h a t  

t he r e  a r e  s i gn i f i c an t  d i f fe rences  i n  t h e  apparent copper concentrat ions,  

Normalized t o  t he  i n t ens i t y  of t h e  oxygen Auger Pine a t  981 eV, t he  re la -  

t i v e  i n t e n s i t i e s  were a s  follows: 3.2 - Plastocymin,  7.2 - Stellacyanin,  

2.5 - Laccase, and 3 . 3  - Wemocyanin. The accepted values f o r  t h e  bulk 

weight percentages of copper were 0.6% (PBastocyanin), 0.4% (Stellacyanin),  

8.2% (Laccase), and 0.3% (I-femocyanin) respect ively .  Since t h e  observed 

l i n e  i n t e n s i t y  does not  correspond t o  these  bulk concentrat ions,  one may 

conclude t h a t  the  i n t ens i t y  va r i a t i on  is  caused by di f ferences  i n  t he  

depths of t h e  coppeT atoms i n  t h e  prote ins .  The copper atoms i n  BBasto- 

cyanin a r e  approximately 70% deeper than i n  Stel lacyanin.  The four  copper 

atoms of Eaccase would average 30% deeper e h m  these  i n  SteBPaeyanin m d  

those  of Hemocyanin would l i e  about 40% deeper. 

D. Conclusions 

These s tud ies  of model complexes have demonstrated t h a t  t he r e  a r e  major 

di f ferences  between t h e  spec t ra  a r i s i ng  from diamagnetic d l0  CU(I)  and 

paramagnetic d9 Cu". Photoreduction of CU" t o  CUI has been observed, 



t h e  r a t e  of which appears t o  be determined by t h e  coordination. As regards 

t he  i n t ens i t y  and pos i t ion  of s a t e l l i t e  peaks i n  the  spectra  of cupric 

compounds, the re  i s  again a dependence upon t h e  coordination. 

The da ta  on a l l  t he  copper p ro te ins  represent s imilar  s a t e l l i t e  s t ruc ture .  

Because of t h e  time required t o  accumulate good s t a t i s t i c s ,  t h e  copper i n  

Ste l lacyanin and Plastocyanin underwent considerable photoreduction. The 

pro te ins  appear t o  be more s ens i t i ve  t o  reduction than the  model complexes. 

This could be understood i n  terms of t h e  a v a i l a b i l i t y  of s i t e s  i n  S t e l l a -  

I cyanin and Plastocyanin t o  s t a b i l i z e  t h e  Cu photo product, Thus, the  

peak a t  932.5 eV observed i n  Stel lacyanin might be only p a r t i a l l y  due t o  

decomposition product and probably ind ica tes  increased population of t h e  

Cu(1) s i t e .  This i n t e rp re t a t i on  i s  consis tent  with the  observation of a 

smaller  d i f fe rence  i n  binding energy between CU" and ~ u '  i n  t he  photo- 

reduction doublet f o r  t h e  prote ins  than f o r  the  model complexes. 

Spectra l  ana lys i s  of t he  Laccase experiments ind ica te  t h a t  p ro te in  decom- 

pos i t ion  i s  extensive a f t e r  7 t o  $ hours of i r r ad i a t i on .  Further,  the  

Cu 2p spec t ra  ind ica te  t h e  i n t ens i t y  of one peak a t  933.5 eV remains 

r e l a t i v e l y  constant ,  while t h e  r a t i o  of t h e  i n t e n s i t i e s  of t h e  two peaks a t  

934.6 and 932.7 eV changes d r a s t i c a l l y  and f i n a l l y  inver t s .  Difference 

spec t ra  ind ica te  t h a t  t h e  doublet 934.4, 933.3 eV of Plastocyanin caused 

by photoreduction i s  s imi la r  t o  t h a t  of Caccase. Removal of t h i s  doublet 

through subtract ion shows a second decomposition doublet a t  933.7,93B.3 eV 

but  does not  per turb  t h e  peak a t  932,s eV. The apparent s a t e l l i t e  s t ruc tures  

of Plastocyanin and Laccase a r e  very s imi l a r  a t  t h e  low-binding energy while 

a t  high-binding energy t h e  Laccase and Stellacyanin s a t e l l i t e s  a r e  very 



190 
s imi la r .  In t h e  model complexes, t h i s  p a r t i c u l a r  type of s a t e l l i t e  

s t r u c t u r e  is  observed only when su l fu r  is  coordinated t o  t he  copper. The 

photoreduction doublet 933.9,  932 .5  eV i s  common t o  Laccase and S t e l l a -  

cyan i n .  

The l i n e  a t  934.6 eV is a t t r i bu t ed  t o  Type 1 copper i n  Laccase and the  

l i n e  a t  933.7 eV (seen i n  both Rlastocyanin and Laccase) is  assigned t o  

Type 2 copper. Thus, t he  l i n e  a t  933.5 eV i n  Laccase corresponds t o  a 

high concentration of a s p e c i f i c  type of Cu(1) s i t e .  The binding energy i s  

intermediate between those expected f o r  cuprous s t a t e s  and cupr ic  s t a t e s  

i n  t h e  model complexes. Upon extended i r r ad i a t i on ,  t he  r e l a t i v e  inten- 

s i t i e s  of t h i s  Cu(I) peak a t  933.5 eV and t h e  one a t  932 ,7  eV corresponding 

t o  photoreduction become equal,  Quant i ta t ive  evaluation sf Cu 2p spectra  

is  poss ible  only a f t e r  photoreduction t o  Cu(I), because s f  t h e  s a t e l l i t e  

problem. The assignment of 2 Cu atoms t o  t h e  peak a t  933.5 eV is csnsis-  

t e n t  with these  r e s u l t s .  I t  is ~ l s c  suggested that the  peak a t  931.3 eV 

corresponds t o  a decomposition product, probably Cu metal. The reduction 

peak a t  932.7 eV is a t t r i bu t ed  t o  t h e  Type B copper (934.6 eV) and the  

an t ic ipa ted  decomposition produce of type 2 copper was not detected a t  

932.7  eV. 

The su l fu r  spec t ra  of t h e  copper metalloproteins i s  a l so  cons i s ten t  with 

t he  assignment of a Cul* *S"-R moiety i n  Laccase. A su l fu r  peak a t  uniquely 

low binding energy is observed i n  Laccase which t he  author ass igns  as  a 

d i su l f i de  bound to @u[I). The d f su l f i de  appears t o  be present i n  S t e l l a -  

cyanin a s  well  but  here,  it is not  bound t o  Cu(1). 
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This i n t e rp re t a t i on  i s  consis tent  with t he  Cu(1)' *\-s'*. . Cu(I) moiety 

proposed by ~ i l l i a m s ~ ~  and   em me rich*^. Electron t r ans f e r  from Cu(1) t o  

t he  d i su l f i de  i s  required t o  explain t he  magnitude of t he  apparent nega- 

t i v e  charge on su l fu r .  

The appearance of a photoreduction doublet and s a t e l l i t e  s t r uc tu r e  i n  

hemocyanin can be explained only by a Copper I1 moiety. This Cu(lCI) s i t e  

i s  apparently spin-spin coupled s ince  no EPR i s  observed. The su l fu r  

spec t ra  of t h e  p ro te in  i s  consis tent  with Cu(I1) bound t o  su l fu r .  

The oxygen spectrum shows a peak at  low binding energy (530.8 eV). This 

oxygen must have a highly negative character .  I n i t i a l  r esu les  ind ica te  

t h a t  a superoxide configuration i s  highly probable. 



VII. STUDIES OF THE IRON-SULFUR MOIETY I N  
2 - I R O N  AND 4-IRON FERREDOXTNS 

A. Introduction 

Although in tens ive  study of i ron-sulfur  prote ins  only began within t he  

pa s t  decade, considerable s t r u c t u r a l  information i s  ava i lab le  concerning 

t h e  coordination and geometry of t he  ac t ive  s i t e s .  Since these  prote ins  

a r e  well-characterized through x-ray crystal lography, inves t iga tors  have 

used v i r t u a l l y  every spectroscopis too l  t o  study the  app l i cab i l i t y  of 

modern instrumental methods. 

Biologically,  the  ferredoxins a r e  involved i n  a Barge va r i e ty  of e lect ron 

t r a n s f e r  processes ranging from nitrogen f i xa t i on  t o  photosynthesis, These 

prote ins  of r e l a t i v e l y  Bow-molecular weight have two to e igh t  i ron  atoms 

a t  each ac t i ve  s i t e  and an equal number of l a b i l e  (Poosely bound) o r  

inorganic s u l f i d e  ions per  molecule. Analyses of t h e  mino-acid sequences 

and residues of a number of p lanr  and bac t e r i a l  ferredsxins  show remark- 

ab le  s i m i l a r i t i e s .  These have l ed  t o  the  development of a model 

e lucidat ing t h e  evolution of the  organisms which contain these  p ro te ins ,  

The s t r u c t u r a l  chemistry of t h e  ac t i ve  s i t e s  of t he  non-heme i ron  su l fu r  

p ro te ins  has been reviewed recent 1yP 04. The physiochemical proper t ies  

have been t r ea t ed  i n  t he  Ts ib i s  and Woody reviewa0. The s t ruc tu r e  of 

Rubridoxin, a one iron-0 l a b i l e  s u l f i d e  prote in  has been given by Jensen 

e t .  a l e 9 0 5 ~ 1 0 6  who showed t h a t  t he  ac t ive  s i t e  was comprised of a d i s to r ted  

104. Mason, R . ,  and Zubieta, J . A . ,  Angewandte Chemie, 85, 390 (1973). 
105, He r r i o t t ,  J . R . ,  Sieker,  L,@, , Jensen, L . H ,  , and ~ z e n b e r ~ ,  W., 

9. Mol Bio., 50, 391 (1970). 
106. Watenpaugh, KT., Sieker,  L.C., He r r i o t t ,  J.R., and Jensen, L . H . ,  

Cold Spring Harbor Symp Quant Biol.,  - 36, 359 (197B), 
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Fe-S tetrahedron.  High-potential i ron pro te in  (HiPIP) has been i so la ted  

4 

from Chromatium and was ref ined s t r u c t u r a l l y  with da t a  corresponding t o  

2.0 1 resolut ion.  The r e s u l t s  have shown t h e  existence of a cubic Fe4S4 

c l u s t e r  i n  which i ron  and s u l f u r  atoms a r e  a t  a l t e rna t e  v e r t i c e ~ ~ ~ ~ , ~ ~ ~ .  

Car te r  e t  . al.  O8 pointed out t h e  s t ruc tu r a l  s i m i l a r i t y  between t h e  Fe4S4 

c l u s t e r  i n  reduced H i P I P  and t h e  oxidized Fe4S4 c l u s t e r  i n  t h e  four-iron 

ferredoxins.  Recent s t r u c t u r a l  r e s u l t s  on t h e  8 iron-8 s u l f u r  c l o s t r i d i a l  

ferredoxin i so l a t ed  from M. aerogenes show the  presence of two Fe4S4 

c l u s t e r s  separated by 12 8. Each of these  has t h e  same cubic Fe4S4 s t ruc-  

t u r e  t h a t  was found i n  H ~ P I P ~ O ~ .  

The crysta l lographic  s t ud i e s  sf these  i ron-sulfur  prote ins  have stimulated 

e lec t ron ic  s t r u c t u r a l  invest igat ions  and a s e r i e s  of e f f o r t s  t o  synthesize 

re levant  model complexes. The syntheses have proven t o  be very d i f f i c u l t .  

Unt i l  very recen t ly  t h e  best  models have been t h e  dimeric and te t rameric  

a P n  1.3 
di th io lene  complexesL a 9 l 1 2 .  A new i ron-sulfur  clus'ter has been re -  

2 - 
ported recen t ly  by Herskovitz e t .  a1. This compound, Fe4S4(SCH2R) 

which is  re fe r red  t o  i n  t h i s  work as'Holm's'compound,has a s t ruc tu r e  

remarkably s imi l a r  t o  t h a t  of t he  Fe4S4 group observed i n  H ~ P I P ~ ~ ~ ~ ~ I ~ ~  

187. Carter ,  C.W., Jr., Freer,  S.T., Xuong, Ng.H., Alden, R.A.,*md 
Kraut, J., 0 9  - 36, 381 (1971). 

108. Car ter ,  C.W., Jr., Kraut, J., Freer, S.T., Alden, R.A. ,  Sieker,  L.C., 
Adman, E . ,  and Jensen, L.H.,  Proc Nat Acad Sc i ,  USA, 69, 3526 (1972). 

109. Sieker,  L.C., Adman, E . ,  and Jensen, L.H., Nature, - 23541 40 (1972). 
110. Balch, A.L. ,  J h e r  Chem Soc, - 91, 6962 (1969). 
111. Balch, A .L . ,  Dance, I . G . ,  and Holm, R.H. ,  J Amer Chem Sot, - 90, 1139 

(1968). 
112. Davison , A.,  Howe, D.W., and Shawl, E.T., Inorg Chem, - 6 ,  458 (1967). 
113. Herskovitz, T . ,  Aver i l l ,  B . A . ,  Holm, R.A., Ibers ,  J .A. ,  Ph i l l i p s ,  

W.D.,  and Weicher, J . F . ,  Proc Natl Acad Sc i ,  USA, 69, 2437 (19721. - 
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A very de t a i l ed  and accurate c rys ta l - s t ruc ture  invest igat ion1 l indicates  

2 - t h a t  the  Fe4S4(RS)4 c l u s t e r  i n  Holm's compound contains two types of 

s u l f u r ,  a mercaptide and an inorganic su l f ide .  Although e l ec t roneu t r a l i t y  

requires  t he  presence of 2 Fe(I1) and 2 Fe(II1) , t he  ava i lab le  physical 

da t a  (EPR, NMR, Mossbauer, e tc . )  ind ica te  t h a t  only a s i ng l e  species  is  

present .  The purpose of t he  present invest igat ion i s  t o  determine t he  

valence s t a t e  of i r on  species  within the  time s ca l e  of photoemission and 

hole re laxat ion (*lo-l6 sec . ) .  Also, a study of t h e  e l ec t ron i c  s t ruc tu r e  

of t h e  su l fu r  i n  t h e  c l u s t e r  needs t o  be re-examined t o  resolve  t he  

ambiguities a r i s i n g  from t h e  low-resolution ESCA work reported i n  t he  

l i t e ra tu re113 .  

ESCA s tud ies  on i ron-sulfur  prote ins  were described by Kramer and ~ l e i n ~ I @  

p r i o r  t o  the  successful  synthesis  of Holmqs c l u s t e r  compound. Kramer and 

Klein" inves t iga t ions  suffered se r iog~s ly  because s f  poor instrumentation 

requir ing choice of .the weak Fe 3p ine  r a the r  than t he  s t rong Fe 2p 
3/  1 36 2 

l i ne .  Nevertheless, t he  invest igat ions  showed t h a t  su l fu r  exhibi ted a 

la rge  chemical s h i f t ,  

An attempt t o  study t h e  valency of i ron  i n  ferredoxins by means of  ESCA 

was a l s o  reported by ~ i e b f r i t z ~ ~ ~ ,  The s t ronger  Fe 2p l i n e s  were inves- 

t i g a t e d  using several  d i th io lene  model complexes. 

Both s f  t h e  above s tud ies  were ca r r ied  out with t h e  use of x-ray sources 

of considerable i n t~ens i t y  not  employing monochromators. Thus, considerable 

114. Kramer, L . N . ,  and Klein, M.P., i n  
Shir ley,  D.A. ,  (North Holland) Ams 

115. L iebf r i t z ,  D. ,  a s  - 11, 232 (1972) . 
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rad.iation damage must have occurred i n  t h e i r  samples. 

This chapter descr ibes  ESCA experiments on i ron ,  su l fu r ,  carbon, nitrogen,  

and oxygen i n  2 iron-2 s u l f u r  spinach ferredoxin and i n  4 - i ron-  4- 

s u l f u r  high-potential  i ron  pro te in ,  These s tud ies  are corre la ted with 

s imi la r  inves t iga t ions  of various model complexes including t he  di th iolene 

and Holm's Fe4S4 c l u s t e r  compounds. 

A l l  t h e  da t a  r e l a t i n g  t o  sulfur-containing csmpounds,including those taken 

from the  l i t e r a t u r e ,  a r e  discussed i n  Chapter VI. No similar extensive 

compilation of ESCA da t a  ow i ron  systems i s  ava i lab le  i n  t h e  l i t e r a t u r e .  

I t  has been reported t h a t  t h e  binding energy corresponding t o  t he  Fe 2p 
31 2 

l i n e  var ies  by about 6.0 eV with changes i n  t h e  chemical environmentlE6. 

The observed Pine width i s  governed by mul t ip le t  and shake-up e f f e c t s  

which a r e  determined by t h e  spin  s t a t e  of t h e  Fe coreYB7,  ESCA spec t ra  s f  

f e r r i c  and fe r rous  cyano complexes have been used t o  show t h e  existence of 

two i ron species  with local ized charge, F ~ I I  m d  peHIIp in  pruss ian blueP18. 

Auger-electron emission spec t ra  of i ron  obtained by photon and e lect ron 

exc i ta t ion  have been described i n  t h e  l i t e r a t u r e Y  g.  Whenever poss ible ,  

valencies and binding energies given i n  t h i s  t h e s i s  have been standardized 

so  a s  t o  permit comparison with published data .  

116. L iebf r i t z ,  D., and Bremser, W., Chemiker-ZTG, 94, 232 (1972). 
117. Fadley, C.S., and Shir ley,  D.A., 109 (1970). 
118. Wertheim, G . ,  and Wosencwaig, A.,  54, 3235 (1971). 
119. Yin, & . I . ,  Yell in ,  E., and Alder, I . ,  J Appl P-, - 42, 3595 (1971). 
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B . Experimental 

J .  Rawlings provided samples of t h e  2 Iron - 2 Labile s u l f u r  spinach 

ferredoxin and t h e  4 I ron - 4 Sulfur  high-potential  i ron pro te in  from 

Chromatium, which were prepared according t o  the  method of ~ a r t s c h l ~ ~ .  

Samples of t h e  c l u s t e r  compound (n-Pr4N)2Fe4S4(S E t ) 4  were provided by 

D r .  R .  H.Holm. D r .  0. Siiman supplied samples of t h e  d i th io lene  complex 

(n-Bu4N) (Fe (SCH2CH2S) 2) a s  well  a s  Fe (SPd2NPd2S) 2 9  Fe (SPdZNPd20) and 

Fe(SPd2NC(NC4H8)S)3. Additional i ron  and s u l f u r  compounds were obtained 

commercially as reagent grade. 

The samples were prepared f o r  in t roduct ion i n t o  t h e  ESCA spectrometer by 

t he  methods described previously i n  Chapter 111 and V I .  Thin f i lms of the  

model complexes were formed by evaporation s f  solut ions  sf t h e  t e t ra -a lky l  

mon ium s a l t s  i n  nitromethane and a c e t o n i t r i l e  under dry nitrogen.  The 

prote in  samples were prepared using t h e  lvfrozem-solutionl~ technique m d  

a l so  t he  t h in  f i lm method. In each case, t h e  s t a r t i n g  mater ia ls  consisted 

sf f r e sh ly  prepared aqueous solut ions  of t he  prote in  containing a phosphate 

buffer .  The samples were kept under nitrogen during t ranspor t  from the  

preparation a rea  t o  t he  spectrometer i n l e t .  Despite these  precautions,  

a l l  samples showed considerable oxidation of t h e  surface, 

Sample spec t ra  were taken a t  2 5 0 ~ ~  f o r  reasons out l ined i n  Chapter VI, 

A l l  spec t ra  were i n i t i a l l y  referenced against  the  Au4f doublet and the  
7/2 

:kmi edge a s  previously described. In addi t ion t o  t h i s  i n i t i a l  referencing,  

t he  observed spec t ra  were corrected t o  give a binding energy of 285.4 eV 

120. Bartsch, R.G.,  i n  Bac te r ia l  - Photosynthesis , (Gest, H. ,  San Pie t ro ,  
A . ,  and Vernon, L.P.) p ow Springs, Ohio (1963). 



FIGIJRE 70 MODEL COMPLEXES 

Model Complex # 1 

Pe (sP~ *NP d2S) 

Model Complex # 3  

@-Bu4N) (Fez (SCH2CH2S) 4) 

Model Complex #2 

Model Complex 84 

Fe(SPcb2NC(NC4H8)s)3 , 

Model Complex #5 
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TABLE 13 Major Inflections Recorded for the Phosphorus 2p 

Region 

spectrum Identification Number - 
53 3 541 548 
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f o r  a l i p h a t i c  carbons, and 285.0 eV f o r  methyl carbon centers .  

A l l  e lec t ron spec t ra  displayed as  f igures  i n  t h i s  chapter were f i l t e r e d  

with a Weiner f i l t e r  of 1.0 eV minimum width. In f lec t ions  and peak posi- 

t i o n s  were assigned by der iva t ive  analysis  using rou t ines  described by 

~ a v i t s k y ~ ~ .  

The DuPont model 310 Curve Resolver was used t o  deconvolve t h e  su l fu r  2p 

spectra .  The l i n e  shape used a s  a standard i n  t h i s  analysis  has been 

described i n  Chapter V I .  

C .  Results and Discussion 

The model i ron  complexes invest igated i n  t h i s  t h e s i s  a r e  represented i n  

Fig. 70. For t h e  sake of c l a r i t y ,  a number has been assigned t o  each of 

these:  The te t ramer ic  i ron s u l f u r  c l u s t e r  is model #1, the  d i th io lene  

complex, ~e~ ( S C H ~ C H ~ S )  42-, i s  model # 2 ,  the  t e t r ahed ra l  (ferrous) complex 

Fe(SP82NP$ZS)2 i s  model #3, ferric complex species Fe(SPb2NPB 2 01 a 3  is model 

#4, and t he  f e r r i c  su l fu r  complex Fe(SPd2NC(NC4H8)S)3 i s  model # 5 .  

Each of these contain nitrogen e i t h e r  as  the  quaternary m o n i u n  cat ion or  

a s  p a r t  of t h e  l igands of complexes 3 through 5, whtch are composed sf both 

a l i p h a t i c  and aromatic carbons. Models 3 through 5 have two d i f f e r en t  

phosporus environments. In f lec t ions  i n  t he  spec t ra  of the  N l s  region of 

a l l  compounds studied here a r e  given i n  Table 12. The phosporus 2p da ta  

a r e  given i n  Table 13, while t h e  C l s  da ta  have already been given i n  Table 

9 of Chapter V I .  The in f l ec t i on  po in t s  f o r  01s a r e  given i n  Table 8, 

Chapter VP. 



Figure 71, Nitrogen IS Spectrcn of iron-sulfur model complexes, 
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Figure 71 shows t he  spec t r a l  region of nitrogen 1s representing the  model 

complexes, The binding energy i n t e rva l  comprising the  nitrogen 1s region 

ranges from 390.0 eV t o  410.0 eV. Spectrum 509 shows t he  e lec t ron  spectrum 

of model #1 (Holm's c l u s t e r  compound). The peak corresponding t o  quater- 

nary ammonium nitrogen f a l l s  a t  401.9 eV. The peaks a t  lower binding 

energy probably represent  photo decomposition products. Spectrum 527 

corresponds t o  t he  d i th io lene  complex, model # 2 ,  and the  peak a t  402.5 eV 

i s  a t t r i bu t ed  t o  t he  quaternary nitrogen of t he  tetra-n-propyl ammonium 

cat ion.  This spectrum a l s o  shows peaks a t  399.8 eV which correspond t o  

radiation-damage products ( f r ee  m i n e  impuri t ies) .  

Spectrum 509 was taken a f t e r  l e s s  than 10 minutes cumuPative x-ray 

exposure while 527 was taken a f t e r  93 minutes. As mentioned, the  phots- 

decomposition product of t e t r a  a lky l  ammonium nitrogens s tudied by the  

Swedish groupP correspond t o  a peak which was 2 eV lower i n  binding energy 

than thaz of t h e  parent  species and was assigned eo f r e e  m i n e s .  The 

group observed t h a t  t h i s  ni trogen was p a r t i c u l a r l y  s ens i t i ve  t o  rad ia t ion  

decomposition, but  a more recent report120 makes no such statement,  

In t h e  two cases ,  509 8 527, the  nitrogen spec t ra  a r i s e  from t h e  cat ion 

i n  t h e  t h i n  f i l m  sample. No e f f o r t  has been made t o  cor rec t  f o r  MadePmg 

s i t e  e f f e c t s ,  s ince  t he  c r y s t a l l i n i t y  of these  f i lms has not  been es tab l i sh-  

ed. In recen t  work on t he  photoePectron spectroscopy of quaternary 

ni t rogen compounds1 20a,  Madelung correct ions  were calcula ted f o r  a l l  the  

120a. Jack, J.J., and Hercules, D.M., Anal Chem, - 43, 729 (1971). 



FPwre 72, Phosposus 2p spectra sf the iron sulfur model eompBexes. 
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ammonium ha l ides .  S t ab i l i z a t i on  fac tors  varying from 8.3 eV t o  6.5 eV 

were calcula ted f o r  a l l  t h e  ha l ide  anions. I t  i s  conceivable t h a t  some 

of t h e  complexity of these  peaks can be explained i n  terms of s l i g h t l y  

d i f f e r e n t  l a t t i c e  s i t e s  i n  t he  c ry s t a l .  

Spectrum 532 gives  t h e  N l s  spectrum of mode1 #5. Two nitrogen environ- 

ments a r e  resolved. The peak a t  399.4 eV is a t t r i bu t ed  t o  t he  heterocycl ic  

nitrogen while t he  peak at  397.4 eV corresponds t o  the  ni t rogen bound t o  

diphenyl phosphine. These i n t e rp re t a t i ons  a r e  consis tent  with those made 

by Nordberg e t  . a1. . 

The spectrum of model complex #3 i s  given a s  540, Were, t he  peak a t  

398.4 eV corresponds t o  the  nitrogen bound t o  phosphine. Spectrum 547 gives 

t h e  nitrogen spectrum s f  model #4. The major peak i s  observed a t  397.9 eV. 

The phosphorus 2p spec t ra  of t he  i ron s u l f u r  complexes 3,  4 ,  and 5 a r e  

given i n  Fig. 72. Spectrum 533 a r i s e s  from model complex 5 and shows a 

maximum a t  132.9 eV, The spectrum 541 with a maximum a t  132.4 eV corres- 

ponds to model #3. Hn spectrum 548 (model complex #4) peaks a r e  observed 

a t  133.3 eV and 135.1 eV. In accordance with simple e lec t ronega t iv i ty  

consideration,  the  Power binding energy peak a t  133.3 eV is a t t r i bu t ed  t o  

phosphorus bound t o  su l fu r  and t h a t  a t  135.1 eV t o  phosphine. 

The carbon Is spec t ra  of these  model osmplexes a r e  given i n  F i g .  73. The 

Fe4S4 c l u s t e r  (model #4) corresponds t o  spectrum 510, the  d i th io lene  (model 

121. Nordberg, R., Albridge, R . G . ,  Bergmark, T., Ericsom, U., ~edmaua,, J., 
Nordling, C . ,  Siegbahn, K . ,  and Lindberg, B.J., Arkiv. For Kemi., 28, 
19 (1967). 
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#2) t o  spectrum 526, t he  f e r r i c  su l fu r  complex (model #5) t o  531, the  

ferrous  s u l f u r  complex (model #3) t o  539, t he  f e r r i c  oxygen-sulfur complex 

(model 84) t o  spectrum 543. The C l s  spec t ra  of models 3 and 4 a re  qu i t e  

s imi la r ,  a s  was ant ic ipated.  Spectrum 543 shows a t a i l  a t  high binding 

energy ( a t  about 286.2 eV) which comprises 10 t o  20% of t he  t o t a l  peak 

i n t ens i t y .  The or ig in  of t h e  t a i l  can be a t t r i bu t ed  t o  e lec t ron  with- 

drawal from t h e  phenyl groups. 

The C l s  spectrum of model 5 shows a major peak a t  285.0 eV which cs r res -  

ponds t o  phenyl groups of t h e  ligand. In  view of t h e  Bigmd s t ruc tu r e ,  

t h e  methylene carbons of t he  r ing  system should manifest themselves i n  a 

peak a t  about 285.5 eV. A peak a t  about 286 eV would be ant ic ipated fo r  

t h e  nitrogen-bonded methylene carbons. The t r i gona l  carbon b o n d  t o  su l -  

f u r  and ni t rogen would be expected t o  give r i s e  t o  a peak a t  about 287.2 eV. 

These t h r ee  peaks apparently cons t i t u t e  t h e  tail a t  high binding energy 

shown i n  curve #531. 

The spec t ra  a r i s i n g  from the  c l u s t e r  complex and the  d i th io lene  compound 

a r e  expected t o  give a primary peak a t  285.4 eV cha rac t e r i s t i c  f o r  methylene 

carbon m d  a shoulder a t  285.0 f o r  methyl carbon. The peaks corresponding 

t o  t he  anion carbons should d i f f e r  s l i g h t l y  from those corresponding t o  

t h e  cat ion carbons because of l a t t i c e  e f f ec t s .  The sulfur-bound methylene 

groups of t h e  c l u s t e r  compound should give r i s e  t o  a peak a t  about 286.5 

eV, having about 13% of t he  t o t a l  C l s  i n t ens i t y .  A peak of about 25% of 

t h e  t o t a l  i n t ens i t y  should be seen i n  t he  same region i n  spectrum 526 

representing d i th io lene .  However, only shoulders a r e  observed a t  these  

energies i n  both spec t ra  and well-resolved peaks occur a t  about 289.5 eV 



Figure 74. Carbon ls o r i g ina l  and di f ference spectra f o r  the c l u s t e r  
and d i th io lene  complexes. 5021508 and SlQ/SP3 a r e  FG on/sff  
spec t ra  of the  c l u s t e r  complex where the l a t t e r  a r i s e  from arn 
oxidized sample; 518 and 520 compare oxidation di f ferences  
f o r  a d i th io lene  sample. 



xidized Sample 

B I N D I N G  ENERGY 
Figure 75. Carbon Bs spectra  of t h e  c l u s t e r  complex (510, 513) and the  

d i t h i o l e n e  complex (526, 529) ,  



which corresponds t o  carbonyl o r  carboxylate carbon. This ind ica tes  t ha t  

t he  surface i s  s i gn i f i c an t l y  oxidized. 

A s  mentioned previously,  t he  C l s  region of t he  spectrum is monitored t o  

follow the  progressing rad ia t ion  damage, Several of these  spec t ra  are 

reproduced i n  Figure 74. Spectrum 502 gives the  C l s  FG-on spectrum of 

t h e  c lu s t e r  compound (sample s l i g h t l y  oxidized) and 508 gives t he  FG-off 

spectrum of t h e  same sample. Although the  band shapes d i f f e r ,  t h e  

charging s h i f t s  a r e  very small. 

Spectrum 510 corresponds t o  a highly oxidized sample of t he  c l u s t e r  com- 

pound. The d i f fe rence  spectrum 510-502 emphasizes the  e f f ec t  of oxidization.  

Spectra 508 and 513 a r e  t h e  FG-off coun'tergarts of the  ones j u s t  discussed 

(502, 510); see  difference spectrum 508-513. A higher content of a l i pha t i c  

carbon i s  r e f l ec t ed  i n  508, while 513 shows t h e  e f f e c t  of a s i gn i f i c an t l y  

higher content of sulfur-bound carbon. The spec t ra  of the  d i th io lene  

(oxidized, 518 and vPnormal", 526) exh ib i t  t h e  same feature .  

S p e c t m  513 was obtained from the  same sample as 510 except t h a t  FG was 

o f f .  The d i f fe rence  spectrum 510-513 shows a charging s h i f t  of 0.65 eV. 

The peak a t  286.5 eV corresponding t o  mercagtyl su l fu r  is  enhanced i n  

spectrum 513. Also, a peak representing a pos i t i ve ly  charged carbon has 

sh i f t ed  about 2 vo l t s .  

Spectrum 526 (Fig. 75) gives t he  C l s  spectrum corresponding t o  t h e  di th io-  

lene complex and was taken immediately a f t e r  inse r t ion  i n to  t he  spectrometer. 

Spectrum 529 corresponds t o  t he  same sample but was taken a f t e r  7 . 6  hrs .  

of i r r a d i a t i o n  at  300'~- Both a re  FG-on spec t ra  and the  d i f fe rence  
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spectrum (526-529) p ro f i l e s  t he  rad ia t ion  damage. The a l i p h a t i c  carbon 

a t t r i b u t a b l e  t o  t he  te t ra-n-butyl  groups of t h e  quaternary ammonium 
e 

ca t i on  appears t o  decompose t o  a negatively charged carbon species.  Pre- 

c i s e  determination of t h e  decomposition product i s  beyond t h e  scope of 

t h i s  t h e s i s ,  s ince  a choice between negative f r e e  rad ica l s ,  simple f r e e  

m i n e s  and elemental carbon cannot be made without addi t ional  and exten- 

s i ve  experimental work. The N l s  spectrum (527) of d i th io lene  i s  given 

i n  Fig. 71. Again, negative f r e e  r ad i ca l s  cannot be dis t inguished from 

o ther  poss ible  react ion products. 

The e f f e c t s  of  aerobic oxidation of t he  i ron-sulfur  complexes i s  apparent 

i n  Fig. 76, which ~ ~ I O W S  t h e  oxygen 1s spectra .  Spectrum 522 corresponds 

t o  highly oxidized d i th io lene ,  523 t o  l e s s  oxidized sample, and 522-523 

is t h e  d i f fe rence  spectrum. Both spec t ra  show a peak a t  533.6 eV. Spec- 

trum 523 a l so  contains maxima a t  532.2 eV and 530.9 eV. The Batter  can 

be a t t r i bu t ed  t o  oxide but carboxylate oxygen should occur a t  about 531.6 

eV; see Chapter VH. The region of 532.2 eV 50.3 eV corresponds t o  sulfoxide 

species .  Lindberg e t  , a1 . 37 have demonstrated t h a t  a l i p h a t i c  s u l f a t e  e s t e r s  

g ive  peaks a t  about 532.5 eV and 533.8 eV 50.3 eV, whereas s u l f i t e  e s t e r s  
/ 

show t r a n s i t i o n s  a t  533.2 eV and 533.6 eV 20.2 eV. Thus, t he  peak a t  

533.6 eV i n  t h e  spectrum of oxidized d i th io lene  can be a t t r i bu t ed  t o  a 

s u l f i t e  e s t e r .  Spectrum 523 a r i s e s  from a p a r t i a l l y  ae rob ica l ly  oxidized 

sample. One may speculate t h a t  t h e  oxidation begins with formation of 

sulfoxide which oxidizes fu r the r  t o  s u l f i t e ,  the  bonds t o  a l i p h a t i c  carbon 

remaining i n t a c t .  Some metal oxide i s  observed on t h e  surface  a f t e r  sx i -  

dat ion,  although s u l f u r  oxides a r e  t h e  main const i tuents .  
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More oxidized 

BINDING EYER I 
Figure 77.  Sulfur 2p spectra oE Holm's Compound, MC lil showing the e f f ec t s  

of  increased oxidation, 
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Spectrum 535, Fig. 76, gives t he  Ols spectrum f o r  model complex #5. 

Again, the  spectra  can be a t t r i bu t ed  t o  oxide, sul foxide,  and s u l f i t e  

oxygens. No evidence of phosphorus oxides was found i n  t h e  corresponding 

P2p spectra .  The peak a t  531.5 eV i n  spectrum 542 [model complex 3) can 

be a t t r i bu t ed  t o  oxygen bound t o  phospoms. The extended t a i l  toward low 

binding energy is  ind ica t ive  of metal oxides and t h a t  toward high binding 

energy would ind ica te  t h e  presence of some sulfoxides.  The spectrum of 

model complex 4 shovs t h e  metal and phosporus bound oxygen together with 

small amounts of an unknown oxidation product. The number of  counts above 

background f o r  t h e  maxima i n  t h e  spectra  of Fig. 76, a r e  7K f o r  522, 2K 

per  523, PK f o r  542 and 3K f o r  544. Thus, the  oxidation of the  d i th io lene  

sample (522) has proceeded extensively when compared t o  t ha t  of the  samples 

corresponding t o  523 and 535. Oxidation is v i r t ua l l ynegE ib ib l e  i n  t h e  

sample of t he  ferrous  complex (542). 

Figure 77 i l i u s t r a t e s -S2p  spec t ra  05 iioimts c l u s t e r  copnplex. AS the  c lu s t e r  

complex is oxidized, the  r e l a t i v e  amount of mercaptyl carbon increases.  

Similar  csncPusions can be reached by inspection of 503 and 515. 503 

a r i s e s  from a sample showing t h e  l e a s t  oxidation on" t h e  c l u s t e r  compllex 

observed i n  t h i s  work, while t h a t  corresponding t o  585 is extensively 

reacted.  The d i f fe rence  spectrum 503-515 shows an increase i n  the  m r e -  

solved su l fox ide-su l f i t e  peak a t  168.0 eV 90.5 eV,.md the  peak a r i s i ng  

from mercapTyl sq l fu r .  

Spectrum 516 gives t h e  FG-off case of 515 and t h e  di f ference spectrum shows 

the  charging of  one su l fu r  species,  but a l so  permits increased resolut ion 

( i n  516) of t he  mercaptyl and other  low'binding energy components of t he  
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164.0 eV 20.8 eV peak. Reduced charging s h i f t s  should r e s u l t  f o r  species 

ly ing a t  some depth below the  surface.  Thus, surface-oxidation products 

should show a charging e f f e c t  but t h e  unreacted complex (underneath) should 

not.  

A s  mentioned i n  Chapter 111, t he  e f f ec t i ve  sampling depths i n  t h i s  

spectroscopy have been studied122 by means of carbon deposit ion.  Fig. 77a 

shows a p l o t  o f  these  r e s u l t s ,  where thickness of t h e  invest igated layer 

i s  compared t o  the  observed binding energy referenced t o  AlKa. This data  

appears t o  give observation depths within an e r r o r  of 200 t o  300%. The 

e f f ec t i ve  sampling depths f o r  t h e  major peaks have been indicated i n  the  

f igure  . 
When taking i n t o  account t he  di f ference between t he  mean f r e e  paths of t he  

e lec t rons  i n  p ro te ins  and amorphous graphi te ,  the  sampling depths should 

be 30 a f o r  Sap, 21 a f o r  O l s ,  18 a f o r  Fe 2p, and 27 f o r  Cls. Thus, 

t h e  carbon and su l fu r  spec t ra  w i l l  be more representa t ive  of  t h e  bulk and 

unoxidized mater ia l  than t he  oxygen ls spec t ra ,  and t h e  i r on  spec t ra  

should be l e a s t  representa t ive  of unreacted bulk mater ia l .  

2 
The photoemitted e lec t rons  come from an i r r ad i a t ed  a rea  of  1 x 5 mm . 
This means t h a t  the  examined volume sf the  specimen i s  about 

1.10~ x 5 . 1 0 ~  x 50 = 2.5'10 a3 Considering an i r r ad i a t ed ,  examined 

segment t o  be a cube 50 W on a s i de ,  then t he  experimental observation 

would comprise 1011 sampling c e l l s ,  which corresponds t o  a surface-to- 

122. Steinhardt ,  R.G. ,  Hudis, J.,  and Perlman, M . E . ,  Phys Rev B., 5, 
1016 (1972). 



Figure 78. Sulfur Zp spectra of the iron sulfur model complexes. 
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Fer r f c  Su l fu r  

Ferrous Sulfur  

BINOINC ENERGY - 
Figure 79. Duplication of t h e  S 2p spec t r a  sf Fig. 78 wi th  m % t i p % i c a t i o n s  

by 2X on the ordinate.  





Figure 81, Duplication sf the S 2p spectra o f  Fig, 78 with multip%ication 
o f  6X on ordinate. 
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depth r a t i o  of lo1'. 

Figure 78 gives the  S2p spec t ra  f o r  t h e  s e t  of i ron-sulfur  model complexes. 

Spectra 515/516 a r e  t he  FG on/off s e t  f o r  t h e  c l u s t e r  model. The d i th io -  

lene complex gives spectrum 525, model complex 5 gives spectrum 534, 

spectrum 538 represents  model complex 3, and spectrum 546 a r i s e s  from 

model compound #4. 

The peaks observed i n  these  spec t ra  together with assignments of the  

s u l f u r  environments corresponding t o  these  l i ne s  a r e  given i n  Table 11. 

2 + Divalent s u l f u r  (S ) and su l f i de  (s2-) give r i s e  t o  peaks i n  t h e  region 

166.0 eV t o  160.0 eV, while oxidized su l fu r ,  e .g. ,  su l f a t e ,  s u l f i t o  e s t e r s ,  

and sulfoxides,give peaks corresponding t o  higher binding energies (167.0 

Oxidized s u l f u r  i s  observed in samples corresponding to spec t ra  515, 516, 

525, and 534. In order  eo emphasize t he  presence of weak peaks which 

probably correspond t o  unoxidized compomd,the spec t ra  of F ig .  78 a r e  

reproduced i n  subsequent f igures .  Figure 79 represents  multipl.ication on the  

y-axis of Fig. 78 by a f ac to r  of 2 ,  Fig. $0 by a f a c t o r  of 4,  and Fig. 81 

by a f ac to r  of  6. In each case, the  spec t ra  a r e  p lo t t ed  from tRe minimum 

value and t h e  curves a r e  blanked off a f t e r  reaching t he  upper p l o t  l i m i t .  

The oxidation products i n  Spectrum 534 a r e  more pronounced as shown in  

Figure 79 while t he  change i n  t h e  shape of t he  background is accentuated 

i n  Figs. $0 and 81 f o r  spec t ra  525 and 534. The binding energies indicated 

by t he  peaks corresponding t o  these  oxidized components a re  s imilar  Tor 

model complexes 3 througR 5 ,  The spec t ra  of t he  oxidized components of the  



Figure 82a. Basic line shape used in deconvolution of S 2p spectra 
with DPlpont 310 Curve Resolver, 



Figure 82b. Spectral l ine shape used in deconvolution with hpont 310 
Curve Resolver, when a skewed background i s  used in the 
resolution. 



Figure 83. Deconvolution of spectrum 538 corresponding to the Ferrous 
Sulfur complex (MC #3) ,  



Figure 84, Deconvolution of S 2p spectrum 534, corresponding to the 
Ferric sulfur complex (MC # 5 ) ,  
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d i th io lene  and c l u s t e r  compounds d i f f e r  d r a s t i c a l l y  from those of complexes 

3 through 5. 

Complicated s t ruc tu r e  i s  observed i n  the  region corresponding t o  S 2 + 

through s2-. A s  mentioned, i n  t h i s  work the  spin  o r b i t  doublet of t he  

su l fu r  2p l eve l  has been resolved. Consequently, each su l fu r  environment 

gives r i s e  t o  two l i n e s ,  with an i n t ens i t y  r a t i o  of 2 :1 ,  separated by 1.2 

e lect ron vo l t s .  The curve-resolving methods f o r  deconvolution developed 

i n  Chapter V I  were used t o  determine t h e  i n t ens i t y  r a t i o s  of  these  peaks 

and t h e i r  corresponding binding energies.  

The bas ic  Pine shape used i n  deconvoPution was described i n  Chapter VH. 

A represen ta t ive  Pine shape i s  given i n  Fig. 82a. Figure 82b gives the  

l i n e  shape when a skewed background i s  used t o  approximate t he  d i s c r e t e  

l o s s  region o f  t h e  spectrum. 

The l e a s t  complicated of t h e  su l fu r  spec t ra  i s  given i n  spectrum 538 (model 

c0mpPe.x 3 ) .  m e  major peak of spectrum 538, 163.0 eV i s  shown deconvolved 

i n  Figure 83. Two major Sines a r e  found a t  r e i a t i v e  i n t e n s i t i e s  of approxi- 

mately 2 : l  with a s p l i t t i n g  of 1.16 eV. Several addi t ional  peaks are 

found, the  l a rge s t  o f  which has an i n t ens i t y  sf 9% of t he  t o t a l ,  This 

peak i s  located beneath the  s t rongest  peak but has been s h i f t e d  8 . 3  eV 

toward t he  high binding energy. Its i n t ens i t y  and locat ion varied over 

t h e  4 attempted deconvolutions suggesting an e r r o r  i n  the  Pine shape, The 

small peaks a t  Pow binding energy consis tent ly  give t h e  same posi t ion md 

i n t ens i t y  and can be a t t r i bu t ed  t o  electron-induced rad ia t ion  damage, 

S p e c t m  534, (model compound 5) i s  shoyn deconvolved i n  Fig. 84. In 



Figure 84a. Deconvolution of spectrum 546, corresponding to the Ferrfc 
sulfur-~xygen complex (MC W4). 
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addi t ion t o  t h e  minor peaks a s  found i n  Fig. 83, two major peaks of equal 

i n t ens i t y  separated by 1.2 eV a r e  observed, I f  t he  low binding energy 

peak i s  t r ea t ed  as  a composite of t h e  2p112 l i n e  from the  f i r s t  s t a t e  and 

t he  2p l i n e  from a second s t a t e ,  r e s u l t s  consis tent  with t h e  observed 
3/2 

s t ruc tu r e  can be obtained. A 35% r e l a t i v e  i n t ens i t y  i s  observed f o r  the  

f i r s t  peak and t he  i n t ens i t y  of t he  high binding peak becomes 37% -% (35%) 

o r  20%. This suggests a doublet component a t  10% r e l a t i v e  i n t ens i t y  and 

1.0 t o  1.2 eV higher binding energy. The deconvolution gives two coincident 

peaks a t  a point  1.2 eV higher binding.energy of 4% and 5% r e l a t i v e  inten- 

s i t y  f o r  a t o t a l  of 9% which is  within t h e  realm of accuracy s f  t he  method. 

For s i x  deconvolutions, t he  width of t h e  second, high binding energy peak 

(B) and t h e  pos i t ion  and i n t ens i t y  s f  t he  peaks i n  t h e  region of @ were 

observed t o  vary by 27%. 

The best  observed f i t  t o  t h e  da t a  of spectrum 546 (model compound 4) is  

displayed i n  Fig. 84a. The peak s t ruc tu r e  whfch resu l ted  from the  decon- 
0 

volution was reproducible i n  posi t ion,  width and i n t ens i t y  t o  within 325, 

f o r  3 deconvolutisns. This s e t  of peaks can be duplicated by t h r ee  spin- 

o r b i t  doublets with t h e  i n t ens i t y  r a t i o s  3:2:P a t  162.9 eV, 161.9 eV, a d  

163.5 eQ, respect ively .  The doublet a t  162.1 eV i s  a t t r i bu t ed  t o  the  

primary su l fu r  species.  The doublet a t  161.7 eV could a r i s e  from e lec t ron ic  

e f f e c t s  within t h e  complex, e.g.,  oxidation-reduction, or  it could corres- 

pond t o  decomposition product as  previously noted. The peak a t  163.5 eV, 

however, corresponds t o  impuri t ies  containing su l fu r  bound t~ carbon and 

i ron.  
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Figure 85, DeconvoIutio~n of Spectrum 525 corresponding to the dithiolene 
complex (MC #2) . 



Figure 8 6 ,  DeconvolutPon of Spectrum 515 corresponding t o  Holm's 
Caqound (Cluster - MC #§) . 
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The spectrum 525 (di th iolene complex) i s  shown deconvolved i n  Fig. 85. 

The best  f i t  observed f o r  t h i s  spectrum r e s u l t s  i n  3  major peaks noted A, 

B y  and C ,  with r e l a t i v e  i n t e n s i t i e s  of 12%,  48%, and 25% respect ively  of 

t h e  t o t a l .  Proceeding from r i g h t  t o  l e f t  A occurs a t  162.3 eV, B a t  

163.6 eV and @ a t  164.9 eV. Each of t h e  deconvolved peaks f a l l s  within 

1.2 eV of t he  neares t  neighbor. The peak a t  A (12% r e l a t i v e  in tens i ty )  

reduces t he  observed peak i n t ens i t y  of B t o  42% (with a  spin-orbi t  doublet 

assignment) which i n  t u rn  requires  a  peak of 21% a t  t he  energy of C. The 

dif ference of 4% i n  t he  observed i n t ens i t y  of C could a r i s e  from e r ro r  i n  

t h e  method o r  a l t e rna t i ve ly ,  t he  smaller  peaks a t  D might ind ica te  t he  

presence of another low-level component with a  2p l i n e  a t  164.7 eV. 
3/2 

The primary fea tures  of t he  spectrum can be accounted fo r  by 2p l i ne s  
a/ 2 

a t  162.3 eV and 163.6 eV having an i n t ens i t y  r a t i o  of about B:3.5 .  

Int r iguingly ,  t he  s t ruc tu r e  of t he  d i th io lene  complex indicates  a  3  ts P 

d i s t r i b u t i o ~  of s u l f ~ r  environmenes where 4 of the sulfur  atoms a re  bound 

t o  one a l i p h a t i c  carbon and t o  one i ron,  while t h e  o ther  two su l fu r  atoms 

a r e  bound t o  one a l i p h a t i c  carbon and two iron centers .  Thus, t he  162.3 eV 

peak i s  a t t r i bu t ed  t o  t h e  two-iron bound su l fu r ,  while the  peak a t  163.6 eV 

corresponds t o  t h e  one-iron su l fu r .  

Holmrs model compound gives t he  most complicated of these  spec t ra  (5151. 

Seven deconvolutions of these  da t a  were cornplete4,and the  composite of the  

bes t  f i t s  t o  the  peaks i s  given i n  Fig. 86. The areas ,  peak posi t ions  and 

widths sf the  deconvolved components varied within a range of t1 ,4%.  The 

posi t ions  and r e l a t i v e  i n t e n s i t i e s  of  the  component peaks a r e  given a s  

follows: 
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Posi t  ion Rel. I n t ens i t v  

The DuPont model 310 Curve Resolver used i n  these  deconvolutions can 

generate 9 peaks f o r  synthesis  of the  observed l i n e  shape. Each of the  

peaks i s  control led by a separate  channel, and gives a symmetrical l i n e  

shape. I t  is not  poss ible  t o  f i x  t he  r e l a t i v e  heights and pos i t ions  of 

a s e t  of two channels and then move them a s  s e t  o r  u n i t  f o r  curve f i t t i n g .  

The su l fu r  2p spec t r a  consis t  of spin o r b i t  doublets which a r e  separated 

by 1.2 eV and r e l a t e d  i n  i n t ens i t y  (2: l ) .  Thus, t h i s  i n t e r r e l a t i on  

reduces t h e  number of degrees of freedom i n  the  system. To take advantage 

of t h i s  re la t ionsh ip ,  t h e  i n t ens i t y  of t he  deconvoluted peaks must be 

reduced t o  t he  doublet components. 

Consequently, ehe peak noted A requires  a corresponding peak a t  about 

163.7 eV sf about 4% r e l a t i v e  in tens i ty .  The primary i n t ens i t y  of C i s  

corrected t o  11%. Further, t he  peak a t  B requires  a doublet a t  164.5 eV 

of 4% r e l a t i v e  i n t ens i t y ,  This reduces t h e  peak a t  D t o  22%. The primary 

peak a t  C requires  a Pine a t  165.2 eV of i n t ens i t y  5.5%. Within t he  e r ro r  

of approximation, t h i s  can be assigned t o  t he  peak a t  E ,  thereby reducing 

i t s  primary i n t e n s i t y  to 4.5%. The primary i n t ens i t y  of  D requires  a Sine 

a t  165.9 eV of i n t ens i t y  11%. The peak a% E requires  a Pine a t  166.3 eV 

of about 2%. Since 165.9 eV f a l l s  about midway between P and G, the  

required i n t ens i t y  w i l l  be proportionally s p l i t  and the re fore  F reduces t o  



6% while G reduces t o  5%. 

The posi t ions  and r e l a t i v e  i n t e n s i t i e s  of t h e  primary s u l f u r  2 ~ ~ / ~  peaks 

(neglecting doublet in tens i ty )  in fe r red  from t h i s  analysis  of spectrum 

515 can be l i s t e d  as: 

Peak Posi t ion Re1 . In tens i ty  

The peaks a t  A t  and B' would be a t t r i bu t ed  t o  su l f i de ,  while C 1 ,  D', E', 

F t ,  and G' would be a t t r i bu t ed  t o  s u l f u r  bound t o  a l i pha t i c  carbon. The 

r a t i o  of t he  two forms is  ~pproximately  14%/48% o r  about 9:3.5. Planimeter 

analysis  of t h e  f u l l  spectrum (515) ind ica tes  thtpe the  oxidized su l fu r  peak 

i s  r e l a t ed  t o  t h e  low binding peak by t h e  r a t i o  1:%.93. The overa l l  r a t i o s  

of the  th ree  regions,  i . e , ,  oxidized, a l i p h a t i c  d iva len t ,  and su l f i de  sul-  

f u r ,  occur i n  t h e  r a t i o  of 2.4:3.5:1. These a rea  assessments ind ica te  

t h a t  the  i n t e n s i t y  of t h e  peak corresponding t o  a l i pha t i c  d ivalent  su l fu r  

i s  near ly  equal t o  %he observed sum of oxidized s u l f u r  and su l f i de .  

Sulf ide  and d iva len t  s u l f u r  occur i n  $he r a t i o  P eo l i n  t h e  compliex. Thus, 

it appears t h a t  t he  oxidized su l fu r  r e s u l t s  from the  oxidation of su l f i de  

and not mercaptyl su l fu r .  

The peak a t  162.5 eV 98.2 eV is a t t r i bu t ed  t o  t he  bridging su l fu r .  The 

peak a t  163.3 eV probably a r i s e s  from bound su l f i de  a s  well ,  but t he  

higher binding energy (0.8 eV) requires  t h a t  t h i s  su l fu r  is  bonded t o  a 
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more electron-withdrawing system. The approximately one t o  one r a t i o  of 

A t o  B su l fu r  w i l l  be discussed l a t e r  i n  t h i s  sect ion.  

The su l fu r  peak a t  164.0 eV of 11% in t ens i t y  (C su l fu r )  shows a neg l ig ib le  

charging s h i f t ;  see  spectrum 516. This peak is  a t t r i bu t ed  t o  the  mer- 

captyl  su l fu r  of t h e  c l u s t e r  complex. The assignment of t he  D su l fu r  

(164.0 eV) must take i n t o  account i t s  in tens i ty .  A s  mentioned, the  r e l a -  

t i v e  i n t ens i t y  of t h e  th ree  major forms of su l fu r  is  i n  the  r a t i o  of 

2.4:3.5:1. The r a t i o  of oxidized sudfur t o  s u l f i d e  is la rger  than 2:1. 

Consequently, consideration must be made of t h e  nature  of t h e  oxidized 

s u l f u r  species contributing t o  t he  peak a t  168.7 eV. From Lindbergls 

work37$ we can see t h a t  the  s6+ i n  s u l f a t e  gives a peak a t  about 168.5 eV, 

while t h e  s4+ i n  s u l f i t e  e s t e r s  occurs a t  167.3 eV and inorganic s u l f i t e  

occurs a t  166.3 eV. Oxidized cys t ine  sulfoxide was found a t  166.1 eV and 

dioxo su l fu r  o f  oxidized cyst ine  occurred a t  168.4 eV. 

The observed s u l f u r  oxides then f a l l  r i g h t  i n  t h e  neighborhood of s u l f a t e  

o r  o ther  higher oxides of su l fu r .  L i t t l e  evidence i s  found f o r  s u l f i t e  

e s t e r s ,  however, t he  peak a t  @ and t h e  shoulder a t  168.8 eV i n  515 f a l l s  

i n  t h e  region of bound su l fu r  oxides, The oxidation giving r i s e  t o  s u l f a t e  

should a l so  dest roy t he  complex and lead t o  f r e e  o r  unbound mercaptide 

ligands. The mercaptfdes should be expected t o  evaporate in  t he  spectrm- 

e t e r  vacuum, but could poss ibly  be trapped i n  t h e  sample surface  because 

of t h e  low temperature (250°~) ,  o r  t he  formation of sul fo  polymers, The 

peak a t  164.7 eV is therefore  assigned a s  d iva len t  su l fu r  bound t o  carbon 

but not  t o  i ron.  
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Figuse 87. Iron 2p spectra o f  the iron-sulfur model complexes. 
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The postulated presence of sulfoxide i n  t he  ESCA samples leads t o  several  

poss ib le  explanations of the  two d i f f e r en t  (by 0.8 eV) iron-bound su l f i de  

peaks i n  515. One p o s s i b i l i t y  i s  p a r t i a l  oxidat ive  a t t ack  on the  c lu s t e r  

r e su l t i ng  i n  S - 0  species  s t i l l  bound t o  t h e  metal.  This would require  

e lec t ron  t r a n s f e r  from the  c l u s t e r  and ( i n  terms of a delocalized model) 

should r e s u l t  i n  higher charges on the  unoxidized sulf ide .  The sulfoxide 

s u l f u r  should a l s o  s h i f t  t o  lowered binding energy because of  electron 

delocal izat ion i n  t h e  c lu s t e r .  A second p o s s i b i l i t y  a r i s e s  i f  i r r ad i a t i on  

of t h e  sample with low-energy e lect rons  produces a s l i g h t  amount of reduced 

c l u s t e r  compound, which should give r i s e  t o  S2p peaks a t  Powered binding 

energy as compared t o  t he  parent  compound. 

These arguments suggest t h a t  t he  A su l fu r  corresponds t o  the  reduced s t a t e  

of t he  c l u s t e r  su l f i de  and t he  B su l fu r  t o  t he  oxidized s t a t e .  

Turning t o  the  Fe 2p region of t h e  photoelectron spectrum, Fig. 87 gives 

t he  s p e c t ~ a  of t h e  model complexes i n  t h e  range sf 750 t o  708 eV. S p e c t m  

511 i s  t h a t  of Holm's compound, 524 represents  t he  d i th io lene  complex, 

534 t h e  Model #5, 537 t h e  Model #3, and 545 the.ModeP #4. 

Because of t h e  aerobic oxidation manifested in t h e  01s md S2p spec t ra  of 

these  complexes, it can be concluded t h a t  t he  Pe2p spec t ra  contain contr i -  

butions from the  reac t ion  products as  well a s  from t h e  parent  compound 

which remain i n  t h e  observation layer.  

The i n f l ec t i on  po in t s  observed i n  these  spec t ra  a r e  l i s t e d  i n  Table 14. 

The spec t ra  of Fig. 87 lack the  f i n e  s t ruc tu r e  produced by t h e  d9 Cu(I1) 

complexes described i n  Chapter VI. In general ,  d5 Fel" and d6 ~ e "  com- 

plexes are high spin  and undergo several  mul t ip le t  and shake up processes. 
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The low spin complexes show shake up s t ruc tu r e  but  s t i l l  give narrow l i ne s  

(52 eV FWHM) as compared t o  t he  high spin cases where t he  spectrum becomes 

an i nd i s t i nc t  broad band (%-7 eV FWHM). The super ior  performance of t he  

HP 5950A permits resolut ion of s t r uc tu r e  superimposed on these  bands. 

Present theory cannot cope with t he  va r i e ty  p f  s t a t e s  which give r i s e  t o  

t he  large number of mul t ip le t  and shake up peaks comprising these  spectra .  

In a l l  spec t ra  of Fig. 87, i n i t i a l  background (from low binding energy t o  

high) i s  r e l a t i v e l y  f la t  but  t he  background a t  binding energies g r ea t e r  

than those corresponding t o  the  2p1/* components i s  near ly  as grea t  (elec- 

t r on  flux) a s  t h e  observed photoelectron peaks. The region between t he  

2~~~~ and t he  2p peaks never re tu rns  t o  t h e  i n i t i a l  background. The 
1/2 

shape of t h e  background should be dependent on the  cross-section f o r  

e lect ron s ca t t e r i ng  and therefore  be sample dependent. 

In each spectrum, t h e  curve shows s t ruc tu r e  a t  binding energies which a re  

s l i g h t l y  lower than t h e  2plI2 l i ne .  This s t r uc tu r e  f a l l s  i n  the  range of 

observed 

Spectrum 537, ferrous  model #3, shows a sharp l i n e  a t  709.4 eV and a broad 

peak a t  712.7 eV. Model #5, the  f e r r i c  s u l f u r  complex, shows (spectrum 

536) a peak a t  711.2 eQ with s t ruc tu r e  a t  712.9 eV. Spectrum 545 of model 

#4, f e r r i c  su l fu r ,  oxygen complex shows ;a peak a t  7111.8 eV with addi t ional  

s t r uc tu r e  a t  716.7 eV. 

The d i th io lene  complex (MC #2) gives r i s e  t o  spectrum 524, which shows a 

peak a t  708.6 eV with a major peak a t  711.3 eV. Final ly ,  t he  c l u s t e r  

complex gives r i s e  t o  a peak (spectrum 511) a t  710.5 eV with a shoulder a t  
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711.9 eV. Throughout those spectra ,  broad peaks a r e  found a t  711.8 

20.2 eV. Previous inves t iga tors  have assigned t h e  Fe 2p from Fe 0 a t  3/ 2 2 3 

712.0 eV 20.2 eV, and t h e  2~~~~ peak from FeP04 a t  712.8 eV 20.2 e ~ ~ ~ ~ 8 ~ ~ ~ .  

Thus, each of these  samples apparently contains an i ron  oxide contaminant 

i n  addi t ion t o  t he  s t a r t i n g  compound. Since none of t he  model compound 

spec t ra  a r e  due t o  a t o t a l l y  oxidized species ,  no oxide curve i s  avai lable  

f o r  d i f ference analysis .  

The spectrum of t h e  d i th io lene  comp1e.x shows peaks a t  ferrous  (708.4 eV) 

and f e r r i c  (711.3 eV) pos i t ions ,  These a r e  comparable t o  those reported 

by l , iebfri tz115 f o r  reduced and oxidized d i th io lene  complexes. I f  t he  

peak a t  708.6 eV a r i s e s  from reduced complex and t h a t  a t  711.3 eV from 

oxidized d i th io lene ,  t h e  remaining component a t  712.5 eV must a r i s e  from 

the  metal oxide. 

The peak a t  769.4 eV i n  spectrum 537 corresponds. t o  t he  parent  compound, 

The broad s t ruc tu r e  a t  high binding energy can be a t t r i bu t ed  t o  oxidized 

f e r r i c  components. Similar ly ,  the  parent  compound (model #5] gives r i s e  

t o  the peak a t  711.2 eV i n  spectrum 536 and t h e  s t ruc tu r e  a t  712.9 eV 

corresponds t o  metal oxide o r  shake-up t r ans i t i ons .  However, a s  noted in  

Table 14, a small i n f l ec t i on  i s  observed i n  t h i s  spectrum a t  709.6 eV 

which could be a t t r i b u t e d  t o  reduced species  a r i s i ng  frommechanisms d i s -  

cussed i n  Chapter V I ,  

The peak a t  711.8 eV i n  spectrum 545 i s  assigned t o  t he  parent f e r r i c  

compound (model #4) .  Those peaks centered at 716.7 eV can be assigned t o  

shake-up processes,  The sharpness of t h e  peak may be r e l a t ed  t o  t he  
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Figure $8, DLfference spectra comparing spectrum (511) o f  Yolmfs cluster 
compound (MC 81) with that of the other eornplexes listed on 
the ordinate. 



--c_ -.,- I----'..,---- 

(Cluster] FG on 

(Cluster) FG off 
300" K - 2500 K 

Figure 89, Difference spectra comparing spectra arising from the cluster 
complex (MC #I] 
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presence of oxygen i n  t h e  inner  l i ga t i ng  sphere. 

Figure 88 gives di f ference spec t ra  i n  which spectrum 511 (Holm's compound) 

i s  compared with t he  spec t ra  of the  other  model complexes. The difference 

spectrum 511-520 compares t he  spectrum of t h e  c l u s t e r  with t h a t  of the  

highly oxidized d i th io lene  sample. 511-524 gives t h i s  comparison with 

the  spectrum of a l e s s  oxidized d i th io lene  sample. The contras t ing of 

spec t ra  536 and 537 shows a sharpening of d e t a i l  i n  t he  511 spectrum and 

enhancement of t he  s t ruc tu r e  a t  about 720 eV. 

A s  has been mentioned, both spectrum 536 (MC # 5) and spectrum 537 (MC W3) 

a r e  dominated by s t ruc tu r e  a t  712 eV which has been a t t r i bu t ed  t o  metal 

oxides. However, t h e  major enhancement i n  the  s p e c t m  of the c lu s t e r  

complex through t h i s  difference analysis  occurs a t  716 eV'which should 

a r i s e  pr imari ly  from mul t ip le t  s t ruc ture .  

Spectrum 537 shows evidence sf ferrous  components and the  511-537 dif fer -  

ence spectrum has sharpened t he  Bow binding energy s ide  of t h e  Pe 2p 
31 2 

peak of 511. This spectrum of predominately f e r r i c  species (534) has 

enhanced t he  shoulder at  Bower binding energy i n  t h e  di f ference spectrum 

511-536, These d i f fe rence  spec t ra  ind ica te  t h a t  t he  c l u s t e r  compound 

contains a small amount of ferrous  i ron.  The FeQIP) species a r e  probably 

contained i n  t he  reduced s t a t e  of t he  c l u s t e r  complex which was suggested 

i n  t h e  s u l f u r  spectra .  

Figure 89 shows a s e t  of f lood gun experiments. 511 is  t he  FG on spec- 

trum of t he  c l u s t e r  complex and 512 t he  FG o f f  case. Their d i f ference 

spectrum (511-512) shows a peak centered i n  t h e  ferrous  region which 
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s h i f t s  t o  high binding energy. This i s  consis tent  with charging experi- 

ments using t h e  S2p spectra  of t h i s  complex. The reduced s t a t e  appears t o  

s h i f t  more than the  normal [electron oxidized) s t a t e .  

Spectrum 507 is t h a t  of t h e  c lu s t e r  complex a t  300 '~  (FG of f )  and is com- 

pared t o  i t s  250 '~ counterpart (512) i n  t he  dif ference spectrum 507-512. 

This curve suggests t h a t  t h e  amount of ferrous  mater ia l  i n  t he  sample of 

t he  c lu s t e r  complex i s  much grea te r  a t  room temperature than a t  reduced 

temperatures, Again, a s  observed i n  t he  copper problem, reduceion appears 

t o  be inh ib i ted  by going t o  Bower temperatures. 

This analysis of t h e  spectra  of HolmPs compound indicates  t h a t  some reduced 

species a re  present and f e r r i c  decomposition produces a re  observed i n  the  

sample, but t he  Fe 2p photoelectron spectra  a r e  consistent  with a dePocaP- 

ized model of t he  c lu s t e r .  No evidence is  found f o r  equal amounts of 

local ized charge Fe(II1) and Fe(I1) species,  and the  observed l i n e  width 

is consistent  with t h e  low spin magnetic s t a t e s .  

Since the  time sca le  of t h e  re laxat ion processes which dominate t h i s  

experiment i s  10-l6 sec and these spectra  probe atomic or  core s r a t e s ,  

t h i s  observation of low spin i ron is  not consis tent  with t he  an t i fe r ro-  

magnetically coupled (spin-paired) s t a t e  which Herskovitz e t  . a1 . have 

used t o  describe the  complex, 

I f  addi t ional  da t a  from other  methods should conc~us ive ly  show t h a t  the  

i ron centers  a re  high-spin mtiferromagnet ieal ly  coupled, then new con- 

cepts of magnetic e f f ec t s  on ESCA l i n e  shapes must be developed. 
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Figure 90. Iron 2p spectra o f  2 Iron (568) and 4 Iron (576) ferredoxin 

proteins,  The Fe 2p spectra o f  the c lus ter  (571) and the 
dithiofene (524) complexes are a l s o  plotted for comparison. 
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( Figure 9i. Difference spectra comparing the Fe 2p spectrum of the 4 Iron 
Pe~redsxin (5763 with that of the Iron-sulfur Model Complexes. 
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Now turning t o  an analysis  of t h e  2 Iron and 4 I ron ferredoxins,  Fig. 90 

gives t h e i r  Fe  2p spectra .  Spinach ferredoxin (2  Fe, 2 l a b i l e  S) corres-  

ponds t o  spectrum 568,and spectrum 576 a r i s e s  from t h e  high po t en t i a l  i ron 

prote in  (4 Fe, 4s) from Chromatium. The Fe 2p spec t ra  of the  c l u s t e r  com- 

plex (511) and t h e  d i th io lene  complex (524) a r e  a l s o  shown i n  t h i s  f igure  

f o r  comparison. 

A difference i n  t h e  s t ruc tu r e  of t h e  background a t  high binding energy i s  

apparent i n  t h e  p ro te in  spectra .  This change can be a t t r i bu t ed  t o  sample- 

r e l a t ed  di f ferences  i n  t he  e lect ron-scat teying cross-sections.  In t he  case 

of t he  prote in ,  the  average Z of t h e  s ca t t e r i ng  atom w i l l  be much Bower 

than t h a t  of t h e  model complexes which have a higher concentration of iron.  

The spectrum (568) of t he  two-iron spinach ferredoxin shows a major peak 

a t  710.7 eV which i s  in t r igu ing ly  similar t o  t h a t  of t he  c l u s t e r  complex 

(710.6 eV]. I t  a l so  shows a second peak at  714=2 eV, The HiPlP spec$r?lx! 

(576) shows a major peak at 7B1,8 eV, a shoulder a t  709.7 eV, and another 

peak a t  714.3 eV, 

Figure 91 gives t h e  di f ference spec t ra  which compare t he  2 Fe ferredoxin 

with t he  model complexes and Fig. 92 contains s imi la r  comparisons fo r  the 

4 Fe case. 

From Figure 91, it appears t h a t  while t h e  c l u s t e r  complex is  an excel lent  

model f o r  t he  major Fe 2p l i n e  of spectrum 568, it gives an inadequate 

representa t ion of t h e  s a t e l l i t e  peak a t  714.2 eQ. The spectrum a r i s i ng  

from the  oxidized ( f e r r i c )  contaminant has l i t t l e  e f f e c t  on t h e  overa l l  

shape of t h e  p ro te in  spectrum. In t h e  case of t h e  ferrous  model complex 
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(568-5371, the  low binding energy s ide  of t h e  main peak i s  sharpened. This 

ind ica tes  t h a t  some reduced species a re  present i n  t he  spinach ferredoxin 

sample. 

The di f ference spec t ra  using t h e  spectrum of 4 Fe-HiPIP a r e  qu i t e  d i f f e r en t  

from those using t h a t  of t h e  2  Fe prote in .  Comparison with t h e  c l u s t e r  

complex (576-511) demonstrates t h a t  more reduced i ron  i s  present i n  the  

HiPIP sample. Nonetheless, t he  spec t ra  of t h e  c l u s t e r  compPex i s  s t i l l  

t h e  be s t  model f o r  t h a t  of t h e  p ro te in  i n  every regard except f o r  t he  peak 

a t  714.3 eV. This peak occurs i n  both prote in  spectra  and could a r i s e  from 

a s a t e l l i t e  t r a n s i t i o n  unique t o  t he  prote ins  and t h e  neares t  neighbors 

around the  ac t ive  s i t e .  

Comparison wPth t h e  spectrum of t h e  d i th io lene  complex a l s o  emphasizes the  

presence of some reduced i ron  i n  t h e  prote in  sample, The d i f fe rence  spec- 

trum with 536 enhances t h i s  Pow binding energy peak, while 576-537 ...rrv lnnp~re &+A 4 

t o  emphasize t he  f e r r i c  component of t h e  prote in .  The shape of t he  curve 

r e su l t i ng  from 576-545 (MC #4) shows t h e  enhancement s f  a  Pow binding 

energy peak, md a symmetrical peak midway between the  f e r r i c  and ferrous  

pares  sf t h e  spectrum. 

The su l fu r  2p spec t ra  f o r  these  p ro te ins  a r e  given in  Figure 93,  S p e e t m  

572 a r i s e s  from spinach ferredoxin and spectrum 577 corresponds t o  a  four 

i ron  HiPIP sample. The S2p spec t ra  a r i s i ng  from the  c lu s t e r  complex, 

t he  d i th io lene  complex and the  fe r rous  model complex (MC #3) a r e  included 

i n  t h e  f igure  f o r  comparison. Differences between the  prote in  spectra  

a r e  immediately evident. HiPIP (577) shows s ign i f i c an t l y  more s u l f a t e  
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Ferredoxin 

5 7 7  4 Fe-4s 
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Ferrous Sulfur 

BINDING ENE GY 
Figure 94. 2-Fold enhancement o!k the S Zp spectra o f  Fig.  93. 
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than does spinach ferredoxin,  a s  evidenced by the  in tens i ty  of the  su l fur  

peaks a t  168.1 eV and 168.3 eV. This di f ference was consis tent ly  observed 

during a l l  work with these  prote ins  (4 samples of HiPIP and 7 of spinach 

ferredoxin) . Similar r e s u l t s  were reported by Kramer and ~ l e i n l l ~ .  

Apparently, s u l f a t e  i s  more t i g h t l y  bound t o  HiPIP than t o  spinach ferre-  

doxin even though both pro te ins  had been extensively desal ted.  The strong 

oxidized su l fu r  peak i n  HiPIP has prompted the  use of magnification of the  

y-axis t o  b e t t e r  resolve t he  divalent su l fur  region. 

Correspondingly, Fig. 94 shows 2-fold enhacement of Fig. 93 and Fig. 95, 

4-fold. The observed pos i t ions  of t he  major peaks a r e  catalogued i n  Table 

11 f o r  comparison with other  S2p data.  

Figure 96 gives t he  deconvolutioan spectrum of S2p s p e c b m  572 fo r  spinach 

ferredoxin.  The deconvolved peaks with t h e i r  posi t ions  and i n t e n s i t i e s  

are given as  follows: 

Peak Posit ion Rel. In tens i ty  

Proceeding from low binding energy t o  high, and assigning posi t ions  which 

correspond t o  the  SZp3/2 l i n e ,  we find t h a t  t h e  peak a t  161.2 eV requires 

a component a t  162.4 eV of 3% r e l a t i v e  in tens i ty .  Reducing B by 3% t o  

21%, t h i s  peak suggests a l i n e  a t  163.2 eV of about 11%. C is  therefore  

assigned as  t h e  spin-orbi t  component o feB.  I f  D is s primary component 



Figure 97, Deconvolution of spectrum 576 cwrresgonding to 4Fe-4s High 
Potential Iron Protein (HiPPP] 



(16%) i n t ens i t y ,  a l i n e  is  required a t  164.9 eV with 8% r e l a t i v e  in tens i ty .  

The peak a t  164.3 eV with 20% primary i n t ens i t y  requires  a peak a t  165.5 eV 

with 10% r e l a t i v e  in tens i ty .  These two spin-orbi t  requirements could be 

a t t r i bu t ed  t o  the  broad l i n e  a t  165.2 eV (F) . 
The reduced i n t e n s i t i e s ,  showing only t h e  S2p peak pos i t ion  and i n t ens i t y ,  

3/ 2 
a r e  a s  follows: 

Peak 

A ' 
B ' 
D ' 
E ' 
G ' 

Posi t ion Rel. I n t ens i t y  

161.2 eV 6% 
162.0 eV 2 1% 
163.7 eV 16% 
164.3 eV Z 0% 
166.5 eV 4% 

Through comparison with t h e  assignments of t he  su l fu r  spec t ra  of t h e  c l u s t e r  

compound, A v  s u l f u r  i s  a t t r i bu t ed  to bridging su l fu r  a t  a reduced s i t e  and 

B Y  as  i t s  oxidized counterpart.  The r a t i o  s f  these  s i ze s  i s  about 4:B 

whereas E l  i s  assigned a s  f r e e  cys t ine  (not coordinated to metal]. The 

i n t e n s i t y  r a t i o  ind ica tes  t h a t  t h e  concentration of bound c y s t i n e - i s  nearly 

equal t o  t h a t  of t h e  unbound. 

The l a b i l e  ( su l f ide)  S2p assignments f o r  spinach ferredoxin a r e  1 . 3  eV 

( f o r  both peaks) Power than the  corresponding assignment i n  t he  c l u s t e r  

compound. The peaks corresponding t o  a l i p h a t i c  d ivalent  s u l f u r  d i f f e r  by 

0.4 eV, Thus, about 0.4 eV of these  di f ferences  can be a t t r i bu t ed  t o  

local ized s i t e  d i f ferences .  

The deconvolution of spectrum 576 is  given a s  Figure 97. The spectrum of 

Fig. 92 was used i n  t h i s  work and not  t he  magnified t r ace s  of  Pig. 93. 



The e r ro r s  i n  i n t ens i t y  and pos i t ion  a r e  much grea te r  than i n  t h e  previous 

deconvolutions. A summary of t h e  da ta  follows: 

Peak Posit ion Rel. I n t ens i t y  

We then proceed from low binding energy t o  high t o  construct  a  s e t  of 

S2psl2 l ines .  A should give r i s e  t o  a  peak a t  162.3 eV with 8% r e l .  

i n t ens i t y .  This l i e s  part-way between C and D and, a s  before ,  they a r e  

reduced by 4%. B (161.8 eV) requ i res  a  spin-orbi t  component a t  163.0 eV 

with 5% r e l .  i n t ens i t y .  This el iminates t he  i n t ens i t y  of t h e  peak a t  C 

(now a t t r i bu t ed  t o  S2pIl2 components) . 
D requires  a spin-orbi t  component at  164.5 eV with 12% re l .  i n t ens i t y  and 

E requ i res  one a t  164.9 eV with 4.5 % r e l a t i v e  in tens i ty .  G (165.0 eQ] can 

be a t t r i bu t ed  t o  spin-orbi t  components, and P is reduced t o  5% r e l a t i v e  

i n t ens i t y .  

The n e t  i n t e n s i t i e s  and t he  pos i t ions  of t h e  S2p3/2 l i ne s  estimated from 

the  deconvolution a r e  given below: 

Peak - 
A' 
B ' 
D ' 
E ' 
P ' 
H ' 

Posi t ion Rel. I n t ens i t y  
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A s  before, t he  peak a t  161.1 eV is assigned a s  su l f i de  i n  t h e  reduced s t a t e  
\ 

and a t  161.8 eV t o  su l f i de  i n  t h e  oxidized s t a t e  of  t he  c lu s t e r .  Dl 

corresponds t o  cyst ine  s u l f u r  coordinated t o  a  metal and E f  i s  a t t r i bu t ed  

t o  t he  unbound cyst ine .  The r a t i o  of oxidized t o  reduced ac t i ve  s i t e  

(deduced from the  l a b i l e  su l fu r  assignments) i s  about 2:3 and t h e  r a t i o  of 

bound t o  unbound cys t ine  i s  2.5:l .  

Throughout t h i s  work, t h e  low binding energy p a r t  of t he  spectrum has been 

reducible t o  two 2p peaks with 0.7 eV 3 . 1  eV separation.  The author 
3/ 2 

has a t t r i bu t ed  t h i s  d i f ference t o  t he  charge di f ference observed on t he  

deLocalized c l u s t e r  between t h e  oxidized and the  reduced s t a t e s .  In the  

case of  H i P I P ,  t he  su l f i de  photoelectron peaks l i e  l , 4  eV t o  lower binding 

energy than do t h e  su l f i de  peaks of t h e  c l u s t e r  complex, The a l i pha t i c  

bound divalent  s u l f u r  l i e s  a t  about 0.8 eV Bower binding energy when 

comparing ?iiPIP t o  t h e  c l u s t e r  complex. 

These devia t ions  can be explained i n  rems s f  s i t e  va r i a t i ons  and a re  

consis tent  with observations of t h e  s u l f u r  spectra  of spinach ferredoxin. 

The apparent charge on t he  s u l f u r  atoms, comparing bsmd cys t ine  t o  l a b i l e  

su l fu r ,  i s  no t  equal and va r i e s  f o r  t h e  two c l u s t e r  cases (model and HiPIP). 

These conclusions concerning oxidized and reduced s t a t e s  of t h e  c lu s t e r  

e f f ec t i ng  t he  S2p spec t ra  requires  re-examination of the  Fe 2p spectra  

(Fig, 90, 91, 92). Spectrum 568 showed contributions from a  small mount 

of reduced component, Some mul t ip le t  s t r uc tu r e  a t  713.5 eV i s  observed,and 

a major l i n e  i s  evident a t  710.7 eV which i s  s imi la r  t o  thsart found f o r  Holmss 

c l u s t e r  compound . Spectrum 576 shows l i n e  shapes cha rac t e r i s t i c  of 
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paramagnetic s t r uc tu r e s  and a p e a k  s imi la r  t o  t h a t  a r i s i ng  from a reduced 

species  i s  apparent a t  lower binding energies (form and shape a re  s imilar  

t o  t h a t  of t h e  c l u s t e r  compound). Both p ro te ins  show a s a t e l l i t e  t r ans i t i on  

a t  714.3 eV i n  t h e i r  Fe 2p spectra .  

These da t a  suggest t h a t  t h e  spinach ferredoxin sample contains a small 

amount of paramagnetic species  (seen i n  t h e  spec t ra  a t  pe(I1) binding 

energies) .  Also, t h e  HiPIP Fe 2p spectrum contains sigxiificant contribu- 

t i ons  from a f e r r i c  paramagnetic s t a t e .  

Final ly ,  t he  unique s a t e l l i t e  s t r uc tu r e  observed f o r  t he  p ro te ins  suggests 

t h a t  another e lec t ron  t r ans f e r  pathway is avai lable  i n  which i s  provided 

by neares t  neighbors ( t o  t he  ac t i ve  s i t e )  and which has not been approxi- 

mated by t h e  model complexes s tudied thus f a r .  

These i n t e rp re t a t i ons  a r e  consis tent  with recent proposals by Carter  e t .  

suggesting t h a t  t h e  ac t ive  s i t e  sf reduced H i Q I P  and oxidized &iron 

ferredoxin could both be described a s  a spin-paired s t a t e .  Oxidized MiPIP 

and reduced Ferredoxin would be paramagnetic. 

D. Conclusions 

This chapter has been devoted t o  discussion of t he  ESCA spec t ra  of compounds 

which a r e  well  defined crysta l lographical ly .  Most of t h i s  work has empha- 

s ized  the  c l u s t e r  model complex synthesized by Holm and co-workers, 

Comparison of t h e  e lec t ron  spec t ra  of t h i s  model with t h e  2Fe and 4Fe 

ferredoxins has been based on t he  Fe 2p and S2p spectra .  

This eornplex has been shown t o  provide excel lent  model f o r  the  photo- 
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e lec t ron  spec t ra  of t h e  ac t ive  s i t e s  of these  prote ins .  In  addi t ion t o  

t he  s i m i l a r i t i e s  i n  t h e  ESCA spectra ,  several  in t r igu ing  d i f fe rences  ex i s t .  

Spec i f ica l ly ,  t he  l a b i l e  s u l f u r  and t he  mercaptyl o r  cys t ine  su l fu r  have 

been detected i n  t he  spec t ra  of t he  model. Only t h i s  complex,Holmfs com- 

pound, provides a reasonable model f o r  the  s u l f u r  spec t ra  of t he  prote ins .  

The Fe 2p spec t ra  of t he  c l u s t e r  model and t h e  na t ive  p ro te ins  a r e  a l so  

s t r i k i n g l y  s imilar .  However, the  r e l a t i v e  charge on the  mercaptyl (cystine) 

and l a b i l e  s u l f u r  i s  apparently d i f f e r en t  f o r  t h e  prote ins  a s  compared t o  

t he  c lu s t e r .  Also, the  Fe 2p spectra  of t h e  prote ins  show a well-resolved 

s a t e l l i t e  t r a n s i t i o n  which i s  not  present i n  t he  spectra  of t h e  model 

complexes. 

The S2p spec t ra  i n  low binding energy region can be a t t r i bu t ed  t o  t h e  

presence of oxidized and reduced s t a t e s  of t h e  Fe-S c l u s t e r s  a s  regards 

both the  p ro te ins  m d  t h e  c l u s t e r  model. Spin-paired s t a t e s  have been 

observed i n  t h e  oxidized ferredoxin and reduced HiPIP,and paramagnetic 

s t a t e s  have been found i n  oxidized HiPIP and reduced ferredoxin.  These 

r e s u l t s  have been in te rpre ted  i n  terms of  a three-point  oxidation cycle 

where HiPHP and t h e  ferredoxin share  a structuraf.'ly-similar intermediate. 

The magnetic dnnvironrnent s f  t h e  i r on  centers  studied i n  t h i s  t h e s i s  has 

been assigned and these  r e s u l t s  appear t o  c o n f l i c t  with da t a  from other  

physical  methods. Spec i f ica l ly ,  t he  i ron s i t e s  i n  t h e  c l u s t e r  complex 

appear t o  be diamagnetic a t  an atomic l eve l  ( 1 0  e c  re laxa t ion  time) 

r a t h e r  than low spin  at  a molecular l eve l  (through spin-spin coupling) . 
These experiments have only solved some~of t h e  preliminary problems 
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pertaining to the study of metalloproteins through ESCA. Again, it appears 

that oxidized and reduced sites can be prepared "in situ". The possibility 

of electron titrztion or electrochemistry in vacuum must be explored fur- 

ther. 

This work has demonstrated that proteins can be studied under these experi- 

mental conditions. Although decomposition occurs, the parent material can 

be followed for considerable periods of time. Low temperature capability 

is essential to the study of decomposable materials, and much attention 

muse be given to smple preparation for reproducible resulits. 



VIII. CONCLUSIONS 

This work was i n i t i a t e d  a f t e r  an extensive e f f o r t  t o  study t h e  e lec t ron ic  

s t r u c t u r e  of t r a n s i t i o n  metal complexes through low temperature rad ia t ion  

methods proved t o  be unsuccessful. A t  t h i s  time, t he  pioneering work of 

t he  Uppsala group came t o  my a t ten t ion .  After  a review of the  ex i s t ing  

l i t e r a t u r e ,  I became involved i n  a program of instrumental design and 

experimentation which forced a de ta i l ed  restudy of t h e  fundamental aspects 

of t h i s  work. 

The experimental work was f i r s t  d i rec ted  a t  s igna l  detect ion,  then a t  the  

physics of x-ray tube design i n  an e f f o r t  t o  generate more s i gna l ,  

Additional s igna l  demonstrated the  poor reso lu t ion  of our system and the  

cycle was r e i t e r a t e d .  Final ly ,  t h e  instrumentation was under such control  

t h a t  consideration could be given t o  t he  samples used i n  t h e  experiment. 

In an e f f o r t  t o  solve t he  engineering problems encountered i n  t he  construc- 

t i o n  s f  t h e  JPE-USU spectrometer, the  author c lose ly  examined commercial 

design prac t ice .  In t he  course of t he  study of these  instruments, experi- 

ments were designed t o  study rad ia t ion  damage and sample handling techniques. 

Much d i f f i c u l t y  was encountered when attempting t o  compare r e s u l t s  from 

d i f f e r e n t  laborator ies .  

The de s i r e  t o  obta in  "hardt1 numbers and control  the  var ia t ions  i n  the  

charging s h i f t ,  led the  author t o  develop t h e  experiments described i n  

Chapter I11 on VC e f f ec t s .  A conductive sample with insu la t ing  oxide layers  

permitted t he  measurement of charging s h i f t s  r e l a t i v e  t o  an i n t e rna l  stand- 

ard. The f i r s t  f lood gun on/off experiments with t h e  HIP 5950A led  t o  
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bias-potent ia l  experiments. These st imulated new concepts about the  

physics of e lec t ron  capture on t h e  sample surface.  

This work demonstrated t h a t  charging po t en t i a l s  a r e  pr imari ly  neutra l ized 

by low-energy e lect rons  and t h a t  95% of these  e lect rons  had k i n e t i c  energies 

of l e s s  than 6 eV. The bias-potent ia l  experiments suggested t h a t  models 

could be developed f o r  the  e lec t ron ic  in te rac t ion  of molecules. Sigli if i-  

cant chemical p roper t i es  could be linked t o  di f ferences  i n  t h e  surface  

conductivity.  This f e d '  t o  t he  use of a through-bond conduction model t o  

explain these  r e s u l t s .  

The charging-effect  experiments led t o  t h e  s teady-s ta te  model f o r  vacuum- 

e lec t ron  emission and replenishment. This s teady-s ta te  determined t he  

observed surface  po t en t i a l  of t he  insu la t ihg  mater ia l .  

The work on t h e  VB2-passivation reac t ion  was st imulated by t h e  de s i r e  t o  

understand these  di f ferences  i n  t he  p roper t i es  of t h e  surface .  

Throughout t h i s  work, a pre judice  was developing which h e l d - t h a t  ESCA con- 

tained s ign i f i c an t  quan t i t a t ive  and qua l i t a t i ve  information which might be 

focused t o  solve  p r ac t i c a l  chemical problems, 

The key t o  t h e  quan t i t a t ive  problem erne with Wagneras publ icat ion of 

r e l a t i v e  s e n s i t i v i t i e s  of  t h e  e l e r en t s  which he had observed through con- 

s iderab le  research.  The regression analysis  of h i s  da ta  led  d i r e c t l y  t o  

t he  observations of adsorptive r e a c t i v i t y  i n  Chapter V, This may lead t o  

s i gn i f i c an t  new understanding i n  s tud ies  of c a t a ly s i s ,  

The va r i a t i on  i n  t h e  VB2 spec t ra  by sample forced t h e  author t o  examine 

c r i t i c a l l y  t he  techniques of handling simples. These s tud ies  demonstrated 
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t he  necess i ty  of clean vacuum systems which a r e  f ree  of major hydrocarbon 

impuri t ies .  This permits t he  use of i n t e rna l  reference standards based 

on methyl o r  a l i p h a t i c  carbons which can be used t o  compensate fo r  l a t t i c e  

and other  s i t e  e f f ec t s .  

The use of double-stick t ape  was soon abandoned and the  t h i n  f i lm and th in  

c r y s t a l  techniques were developed. 

The study of metalloproteins required an extension of the  s e n s i t i v i t y  of 

t he  method by one order of magnitude beyond l eve l s  previously reported,  

This resu l ted  i n  development of optimm-resolution f i l t e r s  8 s  remove t he  

noise  i n  t he  data .  

A knowledge of r ad i a t i on  photo-processes led  t he  author t o  devise t h e  time/ 

temperature experiments reported i n  Chapter VP.  Here, D r .  @ r a y g s  continuing 

i n t e r e s t  i n  copper metalloproteins st imulated t h e  author t o  go beyond the  

disappointment of overlapping chemical s h i f t s  of Cu(1) and Cu(11). 

Experiments were developed which used t h e  s a t e l l i t e  s t r uc tu r e  of t h e  photo- 

e lect ron l i n e s  of t r a n s i t i o n  metal ions and t h e  observed photo-reduction 

of cupr ic  ion; see  Chapter VB. These experiments led t o  t h e  groposaP sf a 

CU~-S-S-CUP i d e n t i t y  f o r  t h e  diamagnetic type 3 copper s i t e  i n  Eaccase. 

Similar  experiments led t o  a Cu(I1) model f o r  t h e  copper-oxygen s i t e  i n  

oxy -hernocyanin. 

The s u l f u r  spec t ra  sf prote ins  and model compliexes were a l so  seudied. The 

observation of d i su l f i de  coordinated t o  metal reinforced the  model proposed 

f o r  Laccase, The enhanced r a t e  of photoreduction i n  prote ins  led t o  the  

suggestion t h a t  both oxidized and seduced f ~ m s  could be studied Psin   sit^'^ 
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i n  t h e  photoelectron experiment. A smaller d i f ference i n  binding energy 

between Cu(1) and Cu(I1) a t  s im i l a r  s i t e s  was observed i n  t h e  prote ins  

as compared t o  t h e  model complexes. This should lead t o  models of t h e  

coordination i n  t he  biological  s t a t e ,  s ince  t he  difference i n  energy 

between t h e  oxidized and t h e  reduced s t a t e  is  uniquely low. 

Much of t h i s  work was speculative because no de f in i t i ve  s t r u c t u r a l  evidence 

was avai lable  . 
In Chapter VII, a study s f  i ron-sulfur  (non-heme) prote ins  i s  reported. 

Here, complicated i ron and s u l f u r  spec t ra  a r e  analyzed using i n t e rna l  

referencing,  va r iab le  temperature control ,  charging di f ferences  and e lect ron 

reac t ions  t o  develop an e lec t ron ic  s t r u c t u r a l  model s f  t he  ac t ive  s i t e s  of 

these  e lec t ron- t rans fe r  prote ins .  The recent synthesis  of a . c l u s t e r  

complex which e f f ec t i ve ly  modeled t he  ac t ive  s i t e  of t he  i ron  su l fu r  pro- 

t e i n  provided an opportunity f o r  t h e  appl icat ion of t h e  previous experiments 

t o  a well-characterized system. 

Chapter V I I  d e t a i l s  t h e  analysis  of t h e  s t r u c t u r a l  aspects of iron-sulfur 

model systems and gives a discussion sf t h e  p roper t i es  s f  t h e  delocalized 

Fee% c lus te r .  The l a b i l e  s u l f u r  which is  bound t o  i ron  i n  t h e  c l u s t e r  

appears 40 be found i n  two forms, one corresponding t o  t h e  oxidized elec- 

t r o n i c  s t a t e  of t h e  c l u s t e r ,  the  other  corresponding t o  the  reduced form. 

Free cyst ine  s u l f u r  has been observed as well a s  i ts  metal-coordinated 

equivalent. 

The magnetic s t a t e  of  t he  i ron  cen te rs  have been examined. A delocalized 

model of t h e  i r on  su l fu r  moiety i s  consis tent  with t h e  data.  A s  observed 
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i n  t h e  copper-protein experiments, both oxidized and reduced forms of t he  

p ro t e in s  have contributed t o  t he  ESCA spectrum. Only one i r on  environment 

and valence i s  observed i n  t he  Fe-S c l u s t e r s  (model and p ro te in ) .  

A major d i f fe rence  i n  t h e  Fe 2p spectrum of t h e  p ro te ins  as  compared t o  

the  model complex has  led  t o  t he  speculat ion of t h e  exis tence  of an addi- 

t i o n a l  environment i n  t he  p ro t e in  capable of e lec t ron  t r a n s f e r  from the  

c lu s t e r .  The poss ib le  cor re la t ion  of shake-up t r a n s i t i o n s  with de t a i l ed  

ana lys i s  of t h e  valence band of t he  photoelectron spectrum and t h e  f a r  W 

adsorption spectrum might lead to new ins igh t  i n t o  e lec t ron  t r a n s f e r  

mechanisms i n  p ro t e in s .  
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IX. APPENDICES 



A. Index of Spectra 



SPECTRA INDEX 

Na2 B 4 0 7 *  1 0 H 2 0  109 

Aea 73, 151, 152 

Laccase 194, 196, 197, 1199 

Stellacyanin 76, 187, 190, 197, 210 

PBa stocyanin 187, 190, 197, 210 

Hernocyanin 207, 209, 210 

Cu(BuSCH2C 0212 167, 174, 176, 177, 182 

c u 3  [ s c  (CH312 GH(NH23c02)~  167, 17'4, 176, 177, 179, B81, 182 

Cu(02C@% S ( C H ~ ) ~ S C H ~ C O ~ )  267, 174, 176, 177, 182 

C u  (Tetra phenyP phorphrtn) 169, 174, 176, 183 

Spf nach Ferredoxtn 80, 280, 282-5 

HlPiP 280, 282-5 



F e 2  ( s c H ~ c H ~ s ) ~ ~ -  2 2 7 ,  2 3 2 ,  2 3 6 ,  2 3 8 ,  246-9,  272 ,  2 7 5 ,  2 8 0 ,  282-5 

F e  (SP@2NP@S)2 2 2 7 ,  2 3 1 ,  2 3 2 ,  2 3 8 ,  246-9,  2 7 2 ,  2 7 5 ,  282-5 

~e (SP@2NP@2 0) 2 2 7 ,  2 3 1 ,  2 3 2 ,  2 3 8 ,  246-9 ,  272 ,  2 7 5 ,  282-5 

F ~ ( s B @ N C ( N C ~ H ~ ) S ) ~  2 2 7 ,  2 3 1 ,  232 ,  2 3 8 ,  246-9, 272 ,  2 7 5 ,  282-5 

Brems t r ah lung  From M g  T a r g e t  2 9 ,  3 0  

RGA S p e c t r u m  3 6  



B. Electron Energy Diagrams 



TABLE 1 2 84 

(A = Auger l i n e ;  

Hf4f 
Ta4f 
Ge3d 
Hf5p3 
Sb4d 
K3s 
W4f7 
wsp3 
W4f5 
Ta5p3 
Hf5pl 
' V ~ P  
S r4s  
Te4d 
A s  3d 
C r  3p 
Ru4p 
Ca3s 
%asp 1 
Re4f 
Y 4s 
W5pl 
Re 5p 3 
Wh4p 
Mn 3P 
I4d 
Os4f 
Qs5p3 
Pt5p3 
P d4p 
Mg2p 
Zr4s 
I r 5 p 3  
Sc3s 
Au5p 3 
L i l s  
Fe 3p 
Ag4p3 
Se3d 
Nb4s 
Re5pl 
Hg5p3 
T i  3s 
c03p 
I r 4 f 7  
MO4s 
Ag4pl 
I r 4 f 5  
Os5pl 
IrSpP 

PHOTOELECTRON AND AUGER LINES 

1 = sub 

(A1 Xrays) 

1/2;  3 = sub 3/2; 5 = 

110 Te4p 
111 * Bels 
111 * Rb3d 
111 * Ce4d 
112 N i  3s 
114 * Pr4d 
118 * A12s 
118 * Nd4d 
118 Bi5pl  
118 * T14f7 
120 Cu3s 
120 Hg5 s 
122 In4s  
122 * Ge3p3 
122 T14f5 
123 I4P 
129 Ge 3p 1 
130 * Sm4d 
134 * Sr3d 
134 * Eu4d 
135 " P2p 
137 Zn 3s 
137 Sn4s 
137 T15s 
138 * Pb4f7 

bU4U 141 * "'"' 
141 * As3p3 
143 Pb4f5 
147 As3p1 
148 * Tb4d 
148 Pb5s 
149 * S i 2 s  
152 Sb4s 
154 * Dy4d 
158 Ga3s 
158 * Bi4f7 
159 * Y3d 
160 Bi5s 
161 * Ho4d 
162 Se3p3 
162 Cs4p3 
163 Bi4f5 
165 * S2p 
168 Se3pE 
168 Te4s 
168 * Er4d5 
172 Cs4pl 
177 Er4d3 
180 * ZrSdli, 
180 Ba4p3 

sub 5/2; 7 = 

Tm4d 271 
Ge4s 2 7 3 
Br3p3 274 
Th5p3 279 
Zr3d3 280 
Yb4d5 284 
14s 2 84 
Bls 2 84 
P2s 2 89 
Br3pl 290 
Ba4pl 290 
La4p3 290 
Lu4d5 294 
Yb4d3 295 
CP2p 297 
As3s 30 P 
Eu4d3 305 
Mb3d5 306 
La4pB 307 
Nb3d3 311 
Ce4p3 312 
Hf4d5 312 
Pr4p3 313 
Ce4pl 314 
Hf4d3 316 
Nd4p3 320 
Mo3d5 322 
S2s 322 
Th5pl 324 
Mo3d3 331 
Ta4d5 331 
Cs4s 3 32 
Se3s 334 
Pr4pP 335 
Rb3p3 335 
Ta4d3 337 
Nd4pl 340 
W4d5 343 
Rb3pl 343 
Sm4p3 344 
Ba4s 345 
Br3s 347 
Eu4p3 347 
W4d3 350 
U5pl 352 
Re4d5 354 
Sm4pl 358 
Sr3p3 359 
C12s 360 
La4s 360 

sub 7/2) 

Gd4p3 
* Os4d5 

Re4d3 
* Ru3d5 

S r3p l  
Ru3d3 
Eu4pl 

* C l s  
Gd4p 1 
Ce4s 
Os4d3 
Th5 s 

* K2p3 
* I r4d5  

K2pP 
* T3p3 

Pr4s 
H04p3 

* Rh3d5 
Tb 4p 1 
Rh3d3 
I r4d3  
Y3pl 

* Pt4d5 
Nd4s 
r"- A- v c r  r-p" 
Rb 3s 
GeA 
U5s 

* Zr3p3 
Pt4d3 
DY 4p 1 

* Au4d5 
* Th4f7 
* Pd3dS 

Tm4p3 
Pd3d3 
Ho4pl 
Yb4p 3 
Th4f 5 
Zr3pl 
Sm4 s 

* Ca2p3 
Ca2pl 
Au4d3 

* GeA 
Sr3s  
Lu4p3 
Eu4s 

* Hg4d5 
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TABLE 1 

PHOTOELECTRON AND AUGER LINES (CONTINUED) 

Nb3p3 
Er4p 1 
Ag3d5 
Ag3d3 
Gd4s 
K2 s 
Nb 3p 1 
Hg4d3 
Hf4p3 
U4f7 
Tm4p 1 
T14d5 
V4f5 
Mo 3p 3 
Y 3s 
Yb4pB 
Tb4s 
N l s  
GaA 
Sc2p3 
Cd3d5 
Ta4p3 
Sc2pl 
T14d3 
Mo3p 1 
Lu4p 1 
Cd3d3 
Pb4d5 
Dy4s 
GeA 
w4p3 
G aA 
Zr3s 
Pb4d3 
Ho4s 
Hf4pl 
Ca2s 
Bi4d5 
In3d5 
GeA 
Re4p 3 
Er4s 
In3d3 
GeA 
Ti2p3 
Ti2pl  
Ru3p 3 
Bi4d3 
Ta4p 1 
Nb3s 

Os4p3 
Tm4 s 
Cua 
ZnA 
Ru3p 1 
Sn3d5 
Yb4s 
W4pl 
G a A  
Sn3d3 
Ir4p3 
Wh3p3 
Sc2s 
NaA 
Zn A 
M03s 
Lu4s 
GaA 
v2p3 
Re4p1 
Pt4p3 
V2pl 
RhSpP 
GaA 
Sb3d5 
Pd3p3 
01s 
Sb3d3 
Hf4s 
N aA 
Au4p3 
0s  4p 1 
CuA 
Pd3pl 
Ti2s 
Ta4s 
ZnA 
CuA 
Hg4p3 
Ag3p3 
Te3d5 
Cr2p3 
I r 4 p l  
Zn A 
Te3d3 
C r  2p 1 
Ru3s 
ZnA 
W4s 
Ag 3p 1 

pt4p1 
T14p3 
Cd3p3 
I3d5 
Re4s 
Rh3s 
v2 s 
CuA 
13d3 
La4d 
Cua 
N i A  
m2p3  
Au4p 1 
Pb4p3 
Cu A 
Cd3p1 
Mn2pl 
Os4s 
In3p3 
Pd3s 
SmA 
Hg4p 1 
Th4d5 
Bi4p3 
F l s  
I r 4 s  
Cr2s 
In3pl 
Fe2p3 
CuA 
N i A  
Th4d3 
Sn3p3 
CoA 
Ag3s 
T14pl 
Fe2pl 
Pt4s 
C s  3d5 
U4d5 
Cs3d3 
N dA 
Sn3p9 
Au4s 
Pb4p1 
Sb3p3 
m 2 s  
Cd3s 
N i A  ' 

C02p3 
U4d3 
Ba3d5 
CoA 
Fe A 
C02pl 
Ba3d3 
PrA 
Hg4s 
Bi4pl 
Sb3pl 
Te3p3 
In3s 
CeA 
La3d5 
FA 
CoA 
CoA 
T14s 
Fe A 
Fe2s 
La3d3 
Ni2p3 
FA 
LaA 
Te 3p 1 
Ni2pl 
I3p3 
Sn3s 
Ce3d5 
BaA 
Pb4s 
Fe A 
Ce3d3 
B a A  
MnA 
C s  A 
C02s 
C s A  
9 3p 1 
Pr3d5 
Cu2p3 
Bids 
Sb 3s 
Cu2p 1 
Pr3d3 
Mn A 
C r A  
Th4p3 
I A 

Nd3d5 
C A 
I A 
Cs3p3 
Nd3d3 
0 A 
TeA 
Te3s 
C r A  
Ni2s 
TeA 
Va 
Zn2p3 
Sb a 
Sba 
Zn2p1 
u4p3 
Sn A 
V ft 
SnA 
Ba3p3 
Cs2pI 
P 3s 
Nals 
Ti  A 
InA 
Sm3d5 
InA 
Cu2 s 
Sm3d3 
N a 
CdA 
T i  A 
CdA 
Ga2p3 
La3p3 
AgA 
Eu3d5 
AgA 
Ba3pP 
Ga2pl 
S cA* 
PdA 
RhA 
caa 
RuA 
C A 
K A 
C I A  
B A 
SA 

* Stronges t  Auger Line o r  one of  t h e  two s t ronges t  photoelectron Pines i n  t h e  
element spectrum, n o t  including minor l i n e s  of  sp in  doublets .  
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+--- Binding Energy in  eV 
(A1  KallZ excitation, hv E 1483.6 eV) 



Figure 2b PRINCIPAL A U G E R  E L E C T R O N  E N E R G I E S  
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C.  General ESCA Data Analysis Program 



aRUN L K S V J J ~ A Z ~ ~ E ~ ; A ~ ~ P ~ ~ / ~ D O ~ ~  
@ P S G  L O A D  SEG 1 9 3 9  
@ s Y  M e  SC P U K C H %  r  s G 9 3 0 C A  
~ ~ C P I I S  FLOTP 

SVBROUTI?dE  P L P T R I A R Q A Y I N V B Y A X ~ S I Z E ~ F L ~ N )  
C----------------------------------------------------------------------- 

C T H I S  S U F 9 O U 7 I N E  "LOTS A N  ARQAY O r  N P C I N T 5 v  SCALED FROM 0.13 T O  
C AWAXr ON k GRAPH r F  H E I G H T  * S I Z E * r  A N D  LENGTH ' P L E N *  
c----------------------------------------------------------------------- 

C Z M E N S f O N  AEPAY (1) 
COMVON FS 11024  1 
S=SLZE 
Y z A R P A Y  (1) I A M A X * f  
I F ( Y  e C T e S I Y = S  
C A L L  P L O T I - Y 1 C e C l 9 3 )  
D O  I r=zrr; 
X = P L E N + I X - l ) / f  N - I )  
Y=S* A F R A Y ( 1  l /AKAX 
TF I Y e G T m S I  Y=5 

1 C A L L  P L O T ( - Y r Y s 2 )  
END 

2 F C F e I  F C F T  
S U B 9 0 U T I N E  FOPTt A R M ~ S ~ I F S V I F E ~ R ~  FORTOOO 

C FORT @CC 
C F C?TI  ONE-PIP IENSTONAL F I ? ! I T E  COMPLEX F O U R I E R  TRANTFORM. FORTGOO 
C FORT G C C  
C F.3URZER T3A?J5FORV S U 2 3 0 U T T N E *  P Q 3 G R A P Y E D  TN S Y S T E Y / 3 6 C e  F O R T O O C  
C E A S I C  P R C G R A R P I N C  S U F F C E T r  F C P T P P Y  IV. FCnM C28-E-4  FORTOGG 
C 7 F S = 0  TC S E T  N P = 2 + * Y  4N3 6 E T  UP S I N E  TABLE.  F O R T 0 0 1  
C FORTCCO 
C D O E S  E I T Y  ER F O U R I E R  S Y N T H E S T S  9 f r  E r  9CCYi'UTES CnMPFEX F C U R f E R  S E R I E S F O R T O O O  
C E T V E A  A V E C T O C  C'F N CCKFLEX F C U F I E F ;  A M F L J T U D E S r O R r  G I V E N  A VECTOR FORTOCL! 
C OF COMPLEX D A T A  X DOES F O ' J R i E 9  Ai.!ALYSI';r G O K P U T I N f  A M P L I T U D E S .  f O 3 T G O 1  
C P I S  A CCKPLEX V E F T O P  CF L E K C T H  t ,=2+*M CCFPLEX P I O Z .  O R  2 * N  R E h L  F O R T C Q l  

N IS A N  I R T E E E R  C , L T , M e L T . 1 3 9  S E T  S Y  U S E 9 0  
5 I S  A V E C T O R  S(J)= S f N [ 2 * F f  *J/h'F l v  J = l r 2 , .  . ..rNf'/4-lv 
COMPUTED 9Y P R 9 G 9 4 M o  
I F S  I S  A F A E k r E T E P  TC B E  S E T  2Y U C E c  A 5  FOLLOGS-  
I F S = 1  TO SET K='VP=2*+Mq SET UP 5 I N  T A a t E e  ANC DO F O U i i I f R  
r Y N T l - E S I S r  R E C L A C I N G  T H E  VECTCR A !?Y 

THE X e 5  ATE ZTC3E9 W I T Y  97  X f J l  I Y  C E L L  2 * J + 1  
kP,C I n '  Y [ J J  I N  C E L L  2 * & + 2  F O F  J = C r l t 2 r r r . r N - l s  
TWE n*s A?E 5 r c ~ ~ 3  T:J T ~ E  ; ~ N E  :+ANYEQ. 

IF S Z -  1 TC S t T  ~ ! = N P = ~ + + Y I S C T  UF S1N ' P Z L E r  AN3  3 C  F C V R I E R  
d h A L Y Z I S v  T A K Z Y G  THE T r : F C T  V E G T S C  A LtC X LKC 
9 c p t A C I N ;  IT O Y  T H E  R ,A"" ,>+- Y I N f l ! - f T  SECVE F3UQI?!7 SFQIES. 
I F S z + ;  Tf C C  F O U r Z E Q  C Y h T H E S I S  C h L Y c  b !TTP  A PEE-CObtPUTEC 5 .  
I F S r - 2  Tfl DO c C ! J R T f ?  4NAFYSIP CNLY, W'TH A PFE-CSYPUTED 5 .  
T F E F C  IS SET F Y  F F C G D A Y  T ? -  
= f  I F  NO E R 9 C F  D E T E C T E D .  



C =I XF ri TS O U T  OF 9 R N G E .  r G 2 a  MWEN I F 5 = + 2 ~ - 2 r  THE 
C p " E - C C M P U T E D  W T k E L E  IS h 'CT LAFGf EKCUGH. 
C =-1 U H E N  IFS = + l o - 1 9  Y E A N S  O Y E  IS R E C O W P U + I N G  5 T A B L E  
C U N N E C E S S A R I L Y ,  
C 
C NCTE-  AS S T A T E D  A B O V E ?  T H E  P E X I K C P  V A L U E  OF M F O R  T H I S  P R C C R A P  
C PS 13,  O N E  M A Y  I N C Q E A S E  T R I S  L I K T T  BY Q E P t A C f N G  13 T N  
C 'TATEVENT 3 E E L C W  B Y  L C G 2  lit WHERE N ' 5  T H E  M A X r  N O ,  OF 
C C O M P L E X  WUMBERS O N E  C A N  S T O R E  I N  H I G H - V E F D  C O R E .  O N E  MUST 
C A L S O  ADD M O P E  D O  STPITEPENTS T C  T H E  G I N A P Y  Z O R T  R O U T I N E  
C F S L L O U I N G  STATEMENT 2 4  A N D  C H A N G E  TYE E Q U I V A L E N C E  S T A T E M E N T S  
C F C R  VPE K ' S e  
C 

C T M E N S I O h  A f l l r  S ( 1 1 ~  K f 1 4 )  
E Q U I V A L E N C E  4 K 1 1 3 l r K l l r 1 K ~ 1 2 ~ r K 2 l ~ f K ~ 1 1 ~ 1 K 3 l s ~ K I 1 O f e K ~ ~  
E C U I V A L E N C E  ( K t  % f r K 5 I , f K t  B l r K 6 5 v ( K [ 7 1 ~ ~ 7 ) r  (Kt 6 1 v K 8 1  
E 3 U I V A I E N C E  f K I  5lrK9 I P  !Kt 4 ) r K l C l r  l X ?  3 3 1 K l l 9 r l K I  21 r K 1 2 1  
E C U f V A L E N C E  I K t  I ) r K T 3 l t (  K( 1 )  w h Z E  
IF t W ) 2 r r Z t 3  

3 I f ( M - 1 3 )  5 ~ 5 1 2  
2 J F E 2 R = l  
1 P E T U R K  
5 I F E R R = O  

NZZ* 
Nn=N 
k'F=!4 
NT=N/4 
r-r=hL-2 
I F 1  I A B S ( I F S 3  - 1 1 2 C C s 2 C C r 2 0  
CCRAMBLE k r  E Y  S A F D E F Z  IVETWOC! 

I C 
2 0  X I l I = Z * h l  

C O  2 2  L Z 2 r H  
2 2  X f L ) = K I L - 1 3 / 2  

fPV 2Q L = P r 1 2  
24 K ( L + l l = Z  

C N S T E  L Q U I V & L E P ! C E  CF K L  A 4 2  KlI4-LI 
C B I N A X Y  S09T- 

I ,.!=2 
30 3G J l = 2 t K l r 2  
C C  3 C  J Z = J L t K 2 r K I  
5 C  35 J 3 = J Z r % ? r K 2  
f O  3 C  J 4 ~ d 3 r K 4 r K 3  
DP 3 C  J S = J 4 r K S r ) 4 ; ' 4  
r C  3C J 6 ~ d g t K G r K 5  
9 C  3C J 7 = 2 6 r i ( 3 r K G  
r0 t f  J S Z J ~ V K S I K ~  
DC 3 C  J 9 = d E i c X 4 s K 9  
f C  3 C  J l f = J 9 s t + K I C 1 " 5  
3f.2 3C J 1 1 = J I D v K i l v K 1 ?  
f C  'C J 1 2 z J l l r V 1 2 ~ K i l  
n n  0 -  32 J I = . J ? ~ V X L ~ T V ~ ?  

I r ( Z , - J I  I Z B F ~ C P ~ C  
2 3  T = R ( T J - 1  3 

P [IJ-il=t ( J I - I  I 
PtJI-lF=T 

F O R T 0 0 3 4  
F O R T O G 3 5  
F O R T 0 0 3 6  
F O R T 0 0 3 7  
F O R T 0  0 3 5  
F O F 7 T E C 3 9  
F O R T 0 0 4 0  
F O R T 0 0 4  1 
F G R T 0 0 4 2  
F O R T 0 0 4 3  
F O R T 0 0 4 4  
F O R T C C 4 5  
F O R T 0 0 4 6  
F O R T C C 4 7  
F O R T 0 0 4 8  
F O R T C 0 4 9  
f 04T0050 
F O R T 0 0 5 1  
f O R T O 0 5 2  
F O R T 0 0 5 3  
F O 2 T C 0 5 4  
FORTP055  
F D R T O O S S  
F O R T C C 5 7  
F O R T 0 0 5 8  
F O R T C 0 5 9  
F O R T C O G 0  
F C R T C C 6 1  
F 0 9 T O C 6 2  
F O R T C O 6 3  
F ' 3 R T 0 0 6 4  
F O R T O C 6 5  
F O R T 0 0 6 6  
F O R T O C E ?  
F O R T 0 0 6 3  
F O R T E 0 6 9  
F O R 1 1 3 0 7 1 ;  
F O R T G f J 7 1 :  
F O R T O G 7 2  
F O R T C 0 7 3  
fOQTC074 
F C R T O C 1 5  
F O R T O G 7 6  
F G R T C C T I  
F O W T C G 7 B  
F C i l T C C ? S  
F D F I T f 2 0 8 0  
F O R T O G 9 1  
f39TCC82 
F C R T G t B t  
F C f ? T G [ ? B 4  
F C A T C O B S  
F D 2 T D C B 5  
F @ R T @ C 9 ?  
F C R T C O B S  



T Z A i I J 9  
A (IJ ) = A  ( JI 1 
A I J I I  =T 

t G  3J=f  , + 2  
3 F I I F S 1 3 2 r 2 9 3 F  

C C C I N C  F O U P I E E  A G A t Y S I S r S ~  DIV. B Y  IS AWL C C N J C C A T E .  
32 F N  = N 

C O  3 4  I = T r N  
A 1 2 * I - 1 9  = A f 2 * 1 - 1 ) / F Y  

3 4  A[Z*I)=-A12*II/FK 
C SPECIAL CASE- h = l  

3 6  C C  4 C  I = l r N t 2  
T = A 1 2 * I - 1 1  
R ( 2 * 1 - 1 )  =T + A ( 2 * 1 + 1 1  
& 1 2 * I + l ) = T - A f Z * I + 1 )  
T=A f S*I 1 
A 1 2 9 1 1  = T + Af2*T+Z) 

4C A i 2 * 1 + 2 f  = T - A ( 2 + I + 2 1  
I F I M - 1 3  2 s l  950 

C S E T  FQR L = 2  
50 L E X P 1 = 2  

C t E X F I = Z * * ( L - 1 1  
LE XP= S 

C L F X F = 2 * *  t L + 1 1  
N P L =  2 * * W  

C R F L  = N P *  2 * * - t  
5 0  0 0  1 3 C  L = 2 r Y  

C S F E C l A L  CASE- J = C  
33 50 I = Z r h ' Z r L E X P  
I I = T  + L E X F l  
I 2 = 1 1 +  L E X P l  
I? = 1 2 + L E Y P l  
T = A f I - 1 )  
A t I - I 1  = T +A[iZ-Il 
A ( f 2 - 1 )  = T - ~ A ( T 2 - 1 )  
i = A  (1) 
R f I )  = T + A ( I 2 1  
A t 1 2 1  z T - A t 1 2 1  
T= - A t 1 3 1  
'T = A ( 1 3 - 3 . 1  
A f I 3 - 1 3  = A f i 1 - 1 1  - 7 
.&(I? 1 = A t 5 1 6 1  - T I  
A i I l - 1 1  = A f I l - 1 1  * T  

F f  A I I 7 .  I = A t 1 1  4-1 
I F  ( L - 2  1 1 2 0 1  1 2 C r  9!? 

F f  V L A S T = N 2 - L E X F  
J J = N P L  
C C  II? J = 4 r L E Y r l i r  
h'C J Jz:,IT-JJ 
Lrp=S ( S ~ C J J  I 
t 'T=S(  J J I  
T L A f  T z J + K L k Z T  
3 9  I C E  I' d ? I L k S T . L E X =  
I I = T + L E Y P ~  
:a=: I+  L E Y F 1  



113=12 + L E x P 1  
y = & ( f 2 - 1 1 + U ~ - A ( 1 2 1 * U T  
T I = A f T 2 - 1 )  *UI+A112)  *U9 
4 ( 1 2 - 1 1 = ~ ~ X - ~ I - T  
A ( I 2  )=PI1 1 - T I  
A !I-1) = b  f Z - I ) + T  
& ( I )  = A I I I + T I  
Tz-A (13-lf*UI-A ( I 3 ) W  
T T = A f I 3 - 1 1 * U R - A I I 1 ) + U I  
A t ~ 3 - l l = A t T I - I  I - T  
A t 1 3 1  = A 1 1 1  )-TI 
A f I l - l l = k f I f - I I + T  

130 A ? I 1 )  = A t 1 1 1  + T I  
C E K D  CF 1 LOOP 

110 JJ=JJ+NPC 
C E R D  OF J LOOP 

1 2 0  L E X P l = Z * C E X P I  
LEXP = 2 * L E X P  

1 3 0  NPL=NpE/Z 
C E N D  CF L LOCP 

140 IF I I F 5 ) 1 4 5 r Z r l  
C C C I K G  F O U P I E R  A t i & L Y S I S .  " E F L P C E  C BY C C N J U G A T E .  

1 4 5  DC 150 I Y l r Y  
1 5 C  A S 2 * I )  = - A ( ? * ; )  
150 C C  TO 1 

C PETU EN 
C PAKE T P B L E  CF S( J)=S'N!2*DI+J/NFlt J = l q Z f -  * .  aIVT-19~1T=t.1?/4 

2 C G  CCNTIb!UE 
I F  ( V T )  2 6 0 ~ 2 6 C q 2 0 5  

2C5 T f J E T A = c 7 E ? 5 3 9 8 1 6 3 4  
C T H E T A = ? I / 2 * *  ( L + l l  FC3 L = l  

2 1 @  J Y T E F  = NT 
C J S T E P  Z 2 * * f  Td-Pi-L+l ) FC" L = l  

JCIF = N T / 2  
C JCIF = 2**f:d17-t3 FO? L = 2  

' I J D I F J  = S I 3 ! f T H E T A  1 
ZF I M T - 2 ) 2 6 0 * 2 2 C ~ 2 2 0  

22C C C  25C L ~ z r r ' T  
TYETA = T H E T A / 2 1  
J Y T E F 2  z JSTEF 
JSTED = J a I F  
J f I F  z J S Z F f 2  
S I  JCX' j=TINITYEIAI 
J C 1 = h T - J Z Z F  
S f  JC11 = C C S I T H " T A 9  
J L A Y + = N T - J S T E F 2  
IF[ J t f i S T -  JSTEp?2SC ~ 2 3 C ~ 2 3 ~  

.?3C t C  2 4 f  J = J S + E " r J L k S T r J S T ' C  
JCZNT- J 
, ' T = J + J 9 I F  

2 4 5  3 J D ) = S f J )  * S t  J C l  ) + S f . J ! ? ~ F l * S f J C l  
Z ' C  C C N ? T " U E  
2 G C  IFIIFS12CrlrZf 

F V C  
2 C C F t I S  Y & ? b !  

F O R T 0 1 4 4  
FORT13145 
F O R T O l 4 E  
F O R T 0 1 4 7  
F O R T 0 1 4 9  
FORTI2149  
F O R T 0 1 5 0  
F O R T C 1 5 1  
F O R T 0 1 5 2  
FORTOf  53  
F O R T 0 1 5 4  
F O R T G 1 5 5  
F O R T 0 1 5 6  
F O R T C 1 5 7  
F 'ORTO158 
F O R T i 3 1 5 9  
F O R T O 1 6 C  
F O R T 0 1 6 3  
F O R T 0 1 6 2  
F O R T C l 6 3  
f O R T O 1 6 4  
F O R T E 1 6 5  
F O R T 0 1 6 6  
F O R T 0 1 6 7  
FORT01613  
F O R T 0 1 6 9  
F O Q T 0 1 7 Q  
F O R T C l 7 l  
F O R T 0 1 7 2  
F O R T 0 1 7 3  
FORT0174 
F O R T 0 1 7 5  
F O R T 0 1 7 6  
F O R T P I 7 7  
F O R T 0 1 7 8  
FORT CP 7 9  
F O R T 0 1 8 0  
F O R T C l S l  
FOFiTC182  
F O R T P l S 3  
FORT13184 
F C R T 0 1 8 5  
F 9 R T C 1 9 6  
F O R T C 1 8 7  
F O R T 0 1 8 8  
F O R T C l 8 ' 3  
FfrRTr219G 
F O E T P 1 9 1  
F C 2 T 0 1 9 2  
F C R T C 1 9 3  
F O R T C P J 4  
FORTO19C 
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* 

6------- -------------------------------------------- ---------------em- -- 
C  P E C K  SETUP 2 5  AS TOLLCUT: 
C Ab! A R E T T q A R Y  NUM2TP C F  GDSUPS MAY BE P L O i T E 3  
C F C R  EACH SROUFI T V C  G R C U F  CChTROL CA9DS kRE F f Q U I 9 E G p  FOLLGWEO EY 
C THE SPSC%?A MEEDE? F O 9  T H A T  SPOUP 
C TPE FCPMAT CF THE GRCUP CCNTFCL C A R P 5  ZS:  
C CARD 1 COLe 1- 2 N U M 3 E R  CF PLOTS IN THE GRgUP 
C CARD 1 CCL 3 - 3 5  T I T L E  OF T P E  G R C U P  
C C A R D  2 COLe 1-10 I N I T I A L  B f N 3 I N G  ENEDSY OF THE G R O U P  P L O T  
C CCL 1 1 - 2 0  F I K A L  E I K E I N G  E h E E G Y  
C CCL 21-30 WTDTH OF W E T H E R  I N  f V  
C AT T t ? S  P O I N T  CCpE THE S P E C T D A ,  EACH CF THE ZFECTRA kLSC H A S  T W G  
C C O N T R 9 L  CAR35. THE f O ? M A T  CF THESE TS: 
C CARE 1 COL 1- 6 T I T L E  8 
C COL 7- 9 S T 2 9 A G f  N U Y 3 E Q  
C CCL 1C-11 AKOURT THE NUVEEF  CF F C I G T S  IS T O  B E  REDUCEC 
C C C L  12-20 N l J P 3 E 2  OF SCAN5 
C  C A R P  2 CCL 1 -13  I N I T T A L  5 I K D I N F  EREFGY 
C C S L  11-20 F I N A L  P T N D I Y G  ENERGY 
C COL 2 1 - 2 ?  C0APECT;CN FACTOR 
C CCL 3C f i 3 2 Y A L T Z A T I C N  I N D I C A T O ?  
C C CiL 3 1  S U 3 T R A C T i S h  I N G I C E e T G r  
C  COL 3 2 - 4 1  H A G Y I F I C A T I C N  FACTOW 
C T b I S  15  FCLLOVEC F Y  THE DATA  ZN A ( 4 Y v l C 7 ' )  FCPMAY 
C GENE4AL NOTES 
C WPEN Z U B T P A G T I N G  Z F E C T R k v  THE P L C T  15 CF THF  F I R S T  MIb:US THE  
C SECON3 
C  THE SUET?AACTZS!< T N ! 3 I C A T C L  CCCUR? ON THE T U ~ T ~ A H E ~ D Q  THE NORMAL- 
C I Z A T I O N  I N D T C A T O R  C'N THE YTNUEKD. 
C T F  T t E  STQRAGF NlJb'BEF I S  NCT E O U L L  TC Z E C C I  T L E  SPECTRA K I L L  F E  STORED 
C IN T H A T  L3CATI!JF.;i0 
C 2 F  TI-E S P E C T R V E  N R P E  f I T  ' S T O c E D ' ,  TLiF TFECTRA STOREC IF\' THE LCfCPTICN 
C f Q D I S A T E 2  BY T T G R a G E  Q'.jYZFz # I L L  3 E  9 E T 9 I E V E C  AN3 NO C A T A  C A R D S  
C P 5 E  hECECSACY. T Y E  SECCF!D SFECTFIJF: CChTFOL  C A D I )  I S  T T I L L  NECCEZSARY 
C HCWEVFR- 
C TF f t - E  R E ~ U C T T C N  F R C T C Q  I S  CPITTFZr IT 1 5  S E T  TO 1 
C I F  THE N U Y E E ?  OF SCANS I S  OMITTEZr I T  IS 5 E T  TC) i C O O  
C I F  Tt-E W C I N E R  kI3TI-l  15 Cp"LTTCDr IT IS 5 E T  TC 1 - f  V O L T S  
C THE MAi\GNIFICATTON =ACTCF? I S  Of.:fT-TE!lr TT IS35SUVED ?:Of TO CWAbIGE 
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
c----------------------------------------------------------------------- 
C C E F I E F  APFAYS USE,? I T T K F C F A E  Y S T  T Z A = I E r  PE3FORM I K I T I k L I Z A T I C t i  
r----------------------------------------------------------------------- -, 

CYP?Eh'51CfPr T T T L E  ( E l  r D R T  ( 1 9 2 4 )  t C S  (If S & )  
D T Y E N S I C ? ;  S f 2 5 6 1  
CCPPLEY D A T A (  I C 2 q ! r T E W F  (If24 1 
COMw3N F 5 f  1 2 2 4 1  
C E F I K F  F I L E  4 ? ( 3 C * f C 3 t r L ! r ; F I L L 1  
C k L L  P L C T S  
F Y A G z l  .C 

f -  -- ----------------------------------- --------------------------- ------ " 

C D F A C  Tb: TPE CpC'UF fCF ,TFCL  C A r 2 S  
C ?$FZ  Y U Y 3 r 9  C' F 3 A P H S  IY THE G ? s V C  
C ~ l T t E s  T I ' L 5  CF Ti-!E C R C U F  
c € P A Y  Z t'~~:h'ub! ":t:r~r c E ~ J E ' $ ~  7'3 c c  ~ I : ~ L A Y E D  



C  E N I N  q I N Z Y U M  P I N D T N G  E N E 2 G Y  T O  P E  D I S O L A Y E D  
C \ir b" IDH C F  T T H  5 S r O C T H I h ; G  L ' E I N E W P  IF; V O L T S  
p---------------------------------------------------------------------- 

21 ~ F A C ( ~ ~ ~ ~ C ~ E ~ ~ ~ ~ ~ ~ K G ~ ~ I T L E V E Y F , X ~ ~ ~ ~ I I \ ' ~ ~ '  
1OC F O R M A T f K 2 ~ Z k 6 r l r 3 F 1 C . 0 )  

C----------------------------------------------------------------------- 
C PLOT THE FRAME* C I F =  THE 5 T Z E  OF ORE GPAPH 
C----------------------------------------------------------------------- 

IF f W o E B e ! l * O )  W = l e C  
C A L L  S Y Y E i G L  (-. ~FCICPC ~ ~ ~ v T I T L E *  9CeOt3E '  1 
C A L L  P L O T l D I O ~ l C e C ' r 3 f  
C C  1 I = l * I G  
y=10-1 
C A L L  P L O T l O c G t Y ~ 2 i  
CALL P L O T l O * l r Y r 2 1  

1 CALL F L O T ~ O * O T Y ~ Z T  
DTF=17,01NG 
CFLL P L O T [ 1 7 . C c O * C r 2 !  
C A L L  &XI?( 17 ,Cr0 ,Cr9B fNC7NG ENER3Y'r-l4rl?.Us9C*DtEMAXr { E M I N - £ M A X 1  

* / ~ c . L )  
C a L L  P L O T (  1 7 * C r 1 C - C * 3 1  
CALL F L C ! T ( G - G V ~ C . C ~ ~ )  
W P I T E I S r 3 G 3 )  

3 C 3  F C R K A T ( / / / / / f  
C----------------------------------------------------------------------- 

C PAIN L 3 C P e  FCOGFAP G C E S  T H R C U E H  T H I S  C N C C  F O E  EACH GFAFW O F  A G 4 O U F  
C-- ----------------------------------------------------------- ---------- 

SC 2 C  J J = l r h G  
C----------------------------------------------------------------------- 
C P E A L  A S P E C T R h  I N T O  A w R A Y  D A T  
C----------------------------------------------------------------------- 

CALL ~ E A ~ I N ~ D ~ T ~ N L K F ~ I V E ~ ~  
I F  L A G =  O 
IF(IFSUE eEB+OSGC T O  IC 

C----------------------------------------------------------------------- 
C I F  A S V B T R A C T I O R  I S  TC B E  3Ch"r C f A D  TN THE OTHER SPECTRk T O  
e R P R A Y  os 
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

T F L A G = l  
C A L L  P E A D I N ~ O S I N F ~ ~ V E Z ~ F ~ ~  
SO 1 5 1  T z l r Y  

1 5 k  F ' : t I l = 3 A T ( I I  
C ----------------------------------------------------------------- ------ 
C CALCULATf T P E  S H I F T  TY F C I K T S  
?----------------------------------------------------------------------- 

T - 'H=(r3-K;) + Y l ( E i - i 2  ) + I 3 I C F + C . 5  
W Q I T E I S o 1 9 9 3 f S H  

1 3  F C f ? P A T ( '  R E L A T I V E  5 H I C T  C F ' r I ? )  t4 

3 C 2  CCNTIb iUE 
C----------------------------------------------------------------------- 
C 3 2  THE 5 U 3 T 9 A C f i S "  
C----------------------------------------------------------------------- 



D A T I I I = D A T t l - I S H I - O W  
E C  TC 2 

7 I F [ J , L E a N 9  GO TO 3 
CAT [ I )=DAT f 1-1 1 

G O  TO 2 
e D A T ( l J z D A T ( I ) - O S I J )  
2 CONTINUE 

& - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

C FIN9 THE P A X I P U N  AN9 M I N I Y U Y  OF THE DFTA 
C----------------------------------------------------------------------- 

T O  AMAX=- lsSE6 
A P I N r l e O E E  
00 11 I = l r N  
X=DA T (1 1 
I F  iXaGTeAMAX)AYAX=X 
T F ( X  s L T e A H I N  I A M I N I X  

1 1  CONTINUE 
W * I T t ( 6 v  i 0 3 ) A Y I b : r A M A X  

Z C 3  FORMAT 1ZF3.5-33 
C----------------------------------------------------------------------- 
C 1' THE MTNIHUM I 5  G2EATEw THAN ZERO* AND/QR NORMALIZATION 15 NOT 
C WAN? E n v  S K I P  THE KC4P 'kL IZATICP~ SECTICK 
C----------------------------------------------------------------------- 

TF(AYIN.CT.OeCaCE*INC'F.ECeCIGO T C  1 5 2  
C--- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
C C T  H E E t f l S E  r ROPKALZZE THE F E S U L T  C F  THC S U E T 9 A C T I O N  
C----------------------------------------------------------------------- 

C C  1 5 3  I z l v R  
If f 3 A T  i f 1 ,  E 3 ,  A t 4 i N 1  6 0  T O  154 

1 5 3  CCNTfhUE 
1 5 4  5 1 = F S ( I I  

52=Si-AMIR' 
fNOi?=S1/%2 
V F I T E  16v 4 C 1  )FNOE 

4 Z 1  FORNATf ' T H E . , R C F ? M A L I Z A T T O Y  F 4 C T D q  I S  ' t F 9 a 5 1  
E C  S E E  I = l v N  
OSiT)=051TI*FY39 

I F 5  CAT(  lF=FS[I? 
Ih'O?P?=0 
C C  T C  2 0 2  

1 5 2  CCNTINUE 
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

C k n 4 K E  A L L  Q A T A  POSTTTVT F?= 9 W T T N E  PLOTP 
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

D C  12 I = l r f L '  
1 2  L A T ( I l z D A T ( I 1 - & " I "  

C- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

C C A L C U L P T E  T P E  S H T r T  C F  TWE C T T S I P '  N E C ' T Z A c Y ?  L N C  C C K F U T E  THE 
C LCNGTH 01 THE Pt3T 
C----------------------------------------------------------------------- 

S Y I F T Z  I E Y R X - E 1  I / !  :??AX-ztilTt*! 1 * I c  .? 
CLEMztEI-E2 } / ! E K A Y - E Y T h : f * 1 C e  C 

C-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
C I F  T k E  F)LC!T 15 h ' I T f . ' I h  THE F L C T f E r  L I i . ' ' T S t  S K I P  T P E  T G L I K C P T I C t :  S E C -  
C TYOK.  





C----------------------------------------------------------------------- 

I F ( r F T F T e f T * f - G o 4 1  . A R T ! .  ( S 1 ~ I F T + A L E t ~ l e ~ T ~ 1 C . 4 ) G C  T O  15 
C----------------------------------------------------------------------- 
C T F U N C R T E  THE D A T R  5 0  I? F I T S  C N  THE E F A P K  
C----------------------------------------------------------------------- 

C I S F = A L E K / I  N - 1 )  
I F ( ! j H T F T e G T e O - O 1 S C '  TO 2DC 
N ? = t  - C s 4 - S H I F T f  / D I S P t f  
Z H I F T = S H T F T + N Y * D I S P  
D O  ZC!I I = l v N  

2 0 1  G A T I I I z D A T  l I + N S 3  
P:rN- hI: 
G O  TO 202 

2 C O  b:'=[ Z P I F T - (  1C-4-ALEN I l t ' D I Z F + 1  
N= N-F4 5 

Z C 2  P L E N = A L E N - N S * C I S P  
c----------------------------------------------------------------------- 
C PFSET THE O R I G I N  A R C  C A L C U L A T f  THC P C S f T I O N  CF T H E  ZERO L I N E  
C----------------------------------------------------------------------- 

1 5  f ALL F L G T I D I F  r S H I F T w - 3  i 
Y=DIF* f -AtY IN3  / !AVAX-AMIN1  

c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
G =LOT THE 5 A T A  AN3 U R I T E  TYE TITLES 
C----------------------------------------------------------------------- 

AYAX=AMAX-AMIbi  
&PAX=AYAX/F?+?CiG 
W R I T E ! 5 9 4 0 5 ) F Y 9 G  

4C'F FCRYATC * M U L T I F L I C & T I O R  F A C T C "  I S  ' f F l c . 2 )  
C A L L  P L C T R ~ ~ A T T N U A P ~ X T D I ~ U A L ~ % I ~  
V F P z S e S B - S H I F T  
IF ( H e S T * 7 I F e 0 9 a Y a L T * O . I I l F ! !  TC 127  
CALL P L O T ~ - F S ~ Q . C - ~ H I F T I ~ )  
C A L L  P L O T ~ - H I - T * I F T , ~  1 

1 2 7  CCNTINUE 
C P t l  S Y M ~ ~ L ? - ~ L ~ ~ ~ ~ ~ ~ V E ~ * " , ~ ~ ~ ~ N A Y U ~ S ~ C ~ ~ I  
I F l i F L A G . F T . C F C A L L  S Y P ' 9 0 L I - D T F / 2 , + t . 7 ?  F V ~ ? * C . Z E V N A F : ~ ~ D C . G * F ;  1 

2 0  C A L L  P L O T I O - E ~ - S W T F T I - ~ )  
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

C 5HIFT THE C = I G ? N  AND ?ETUqM F C R  A N E L i  G R C U P  
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

C A L L  P C O T I  5 * S ~ C a C ' * - 3 1  
F C  T C  2 i  

9 9  C A L L  F L O T t 1 0 ~ ? v ! ? . C v 9 9 9 )  . 
f TC F '----------------------------------------------------------------------- 

P - ~ t - 1 2  ~ u ~ F ~ I ' ‘ ~ ? ' ~  d i " C A Q ~  ~h ~ r { \ ' 3  z ~ ( ; r c z  ",e,i< C A ' A  F P G H  'HE 
r Y C E C T "  OMZTEq*  r r m  n rrrnr + - A l l L  3 - % >  A?:: 
C: Z f 8 PE i ,L  L'FAY C C b : T A z F . I h S  THY f b T L  h'qrpi T t i F  SUCRCUTINE 
C TS ZSF!E 
C R P, K ?HZ : 'APE O F  T u E  Z F E C T F i A  
c €1 THY ?Z?JST?46 TR:EpZY :TLYT CF TPE 3 F E G T R A  
r. 
b '1 2 THE E l h Z I N f  r F I E P f Y  F f  T h E  El:n C F  THE S P E C T R A  
C----------------------------------------------------------------------- 

?UBPCUTIF 'C  Q ' ; f i ? v T ? ! t ( I 3 * V L ! 4 c E l r L Z l  
C f A L  T G f  i l  



D I M E N S I O N  I S T O P 4  3 P 9  
C O M Y C N  F T ( l S 2 4  1 
D I M E N S I O N  PMllCl 
CATA 7 S T / * S T O R E D q /  

G----------------------------------------------------------------------- 
C  PFAC I N  TBE F C L L t W f N G  V A D I A B L E S :  
C NAM THE N4ME O F  THE SPECTRA 
C  1 NU THE L O C A T I O R  THE SFECTFA I5 T C  EE STORED I N  C 9  R E T R I E V E O  
C F RGIJ! 
C P!QEC THE FACTC!? THE NUfJSZW CF F O I N T S  SHOULD B E  REDUCED B Y  
C 5C AMS THE NUMSER O F  S C A N S  TAKEN I N  THE SPECRTA 
C E f THE I N I T I A L  E I h C I N G  r N E f ? r Y  CF THC SPECTRA 
C E2 THE F I N A L  S f N 3 I N G  ENERGY O F  THE S P E C T R A  
C C F  THE CORRECTION c P C T C 9  F C C  T H F  E N E R G I E S  OF THE SPECTRA 
C LMOFP A V A D I A B L E  EQUAL  T O  1 I F  THE SPECTPA IS T O  B E  N O R M A L T Z E D  
C I F S U B  A VAFTAFLE EGUAL TO ONE I F  T H E  SPECT'A 1 5  THE F I R S T  OF 
C TWC S?ECTRA T H A T  ARE TO 3 E  SUSTRACTED 
C I C I S F  AN A 3 D I T I O N A L  D T S P L k C E Y C K T  THAT  PAY BE U'ED FOP S U B T R A C T I O N  
C FFAF A MAGNIFTCATTON FACTOR F O R  THE F I N A L  GRAPH 
c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

?EA245,1C?l ~ ~ ! A ~ , I N U ? N ~ E ~ T ~ C A N S  
f G 1  F C R K C I T & & 6 r 1 3 r T 2 r F O e C  1 

I F  ~ S C A N S ~ E G , D ~ C ) S C A N 5 = i 3 e O  
T P = I C e O / S C A N S  
FSAV=FP?AI; 
G F A D  ( S ~ 1 C 3 1 E l r E 2 r C F t I h ~ S F i F ! ~ I F Z I ! E t  z E I S C r  F M A G  

1 C 3  F O R N A T ~ ~ F ~ C ~ @ T F ~ ~ C ~ ~ I ~ ~ ~ : ~ ~ F ~ C ~ O ' I  
I F ( F P E G * E G e O e P f F ~ A G = F S & V  

C----------------------------------------------------------------------- 
C IF R E T R I E V I N G  A P C E V T C U S L V  STZPEC S P E C T F U M I  G G  TC THE READ S E C T I G N  
C----------------------------------------------------------------------- 

f F ( N A F r E Q . I S T I G C  TC 4 5  
C----------------------------------------------------------------------- 
C OTHERWISEI P E A 3  I h  A T F E C T Q A  F R O P ,  T H E  C k E C S  
P-- - - - - - , - - - - , - - - - , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

b'P=il 
E l = E L + C F  
E2=E2*CF 
N= 0 

1 c E A D b q r 1 C E ) l R  
100  FCRNAT I4XslCI7f 

C C  2 T = I r i C  
T F I I N [ Z I , E Q , P ) G C l  T 9  3 
P:=N+ 1 
T 3 ( Y ) = ? N I I 3  
c e  TC 2 

3 I F I I N . 5 T a I C ) S C  T 3  a 
2  CCNT I?:UE 

GO T C  I 
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

C TF j H T  N C M 9 Z P  CF DGTR( !T5  I7 T ?  3E DE2USE39  5 C  IT HERE 
r,--,---,--------------------------------------------------------------- 



C----------------------------------------------------------------------- 
C  CALCULATE THE P A X I w U P  A N D  N I h I Y U F '  C F  THE OATA 
C----------------------------------------------------------------------- 

1 4  €!PAX=-ImCE6 
3 M I N = 1  eUE6 
@ G  5 G  T = l r n '  
X = I Q I I  )*FA 
IF (XmCTmBMAXIEKAX=X 
I F  (X.LT.S%IN3GMTN=X 

5C D A T A ( I J = > (  
7 5  AYAXZBMAX-3MIN 

c- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
C F T N D  P? r WHE2F M= A  NUMSE? S U C H  T H A T  2 * * P l = N U M 3 F R  OF POINTS I N  THE 
C S F E C T P U M  
C----------------------------------------------------------------------- 

J=2 
30 51 M = l r 1 2  
I F ( J e G E e N I G 0  T O  S f  

51 J=J*2  
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
C TF N E C E S S A R Y  I AD? 1 P O I N T  TO THE SFECTF!A 
C----------------------------------------------------------------------- 

C----------------------------------------------------------------------- 
C P!CW C C  T P E  WETKEF 
C----------------------------------------------------------------------- 

53 CALL F O R T ( D A T F r P t ? r - l r I F E R R I  
W P T T E ~ ~ Q ~ E ~ ~ N A N I E ~ ~ E ~ ~ C F  ~ S ? I N T E W A X ~ M ~ ~ I  

l C 2  F O R P A T ( ~ X F A ~ ~ C F ~ C - ~ ~  217) 
P-------,---------------------,------------------------------------------- " 
e C A L C U L A T E  A L ~ F ~ K T Y I A R  C T  THE  C O F R C C T  UISTH 

C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

C F f N 3  THE AVEPFSE *>:SiSE V A L U E  



C 00 THE ACTUAL WEINED FILTERIYS 

00 35 J z l r N  
C = C A B S I T E E P ( d )  1 
FAC=G/ 1G+AVl 
FTt J ) ' =FAC 

35 TEMPI J)=DATAIJJ+FAC 
CALL FORT(TEMPsPr5rl rIFEo9) 
FAz0.0 
C C  4C I = P t N  

40 I34Tl=REALlTEEP119 ]+FA 
c ----------------------------------------------- ------- ------------ ----- 
C IF THE S P E C T R A  IS NOT TO 9 E  STOfiEDe RCTUPYo OTFIEFiWISEe STORE IT 
C AKD T F Y  TO REPD I T  BACK A G A I h  
C----------------------------------------------------------------------- 

IFIIhU.EQc0 IRETUEK 
ISTORIINUI=N 
WFITE(6v147lNrINU 
M K = 0  

57 K ~ ~ T E ~ ~ C ' I N U ~ P ~ A W ~ E ~ V E ~ I  I I G ( I I P I = ~ ~ N )  
9 E A D I 4 0 ' I N U r E R R = 9 9 ~ N A 9 f l ~ F 2 9 f F T I ~ l  ?I=lvNI 
KFITE[Ev 115 1 N P K  vl?!U 

1 2 5  FC?R?JAT(v S P E C T R A  'rA6r9 STORES Ttt  LDCATIOV 'rT4) 
?ETURP 

c----------------------------------------------------------------------- 
C V F  TC FIVE R E T R I E ?  ALLCWEC 
p----------------------------------------------------------------------- " 

99 YrC=ME:+l 
TF f M W * G T * S  ) S T O P  
b~FITE[€vT18 1 

118 FORMAT!* ER90R IN WSITE S E C T I O N q 1  
FC T C  57 

C----------------------------------------------------------------------- 

C P F A D  C SPECTRA FFCM THE FTLES.  IF A N  E R P O R  O C C U R S *  R E T R Y  U F  TO 
e .i 7 i V E  -r T i M E S -  
C----------------------------------------------------------------------- 

ti5 :I= I S T C R  (TNU) 
W F I T E ~ E P ~ ~ T I N I I N U  

147 F C R Y A y ( 2 1 1 0 )  
' r C A C f  413*T"UrrEPcz5E I P \ ~ P . V . : ~ E I ~ Z V ( [ O ( I I  rT=ZrP.'l 

WQITf l € i r l i 6 ) N f i Y s I ~ ! U  
11E; F C R U I ; T [  ' C P E C T F A  ' r  L E V  ' Q E T E z f t ' E f  FC3Y L C C A T i Y ;  ' r I 4 f  

DE Y U? ?! 
5 5  b / E I T E t E t  112 1 

119 FCRPqAT (' R E R 3  E 3 7 n ? ' ?  
p'r'.l=p.pJ+l 
T -F (P'!!-ST,5 )5TqG 
C C  T C  4 5  
E N D  

1 2 I d b F  
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DISTRIBUTED FEEDBACK NEON Ka X-RAY USER 

PROPOSITION - 
I t  i s  proposed t h a t  an x-ray l a s e r  could be constructed employing e lect ron 

pumping of Neon gas, fo r  exc i ta t ion  of K s h e l l  fluorescence, i n  a 

d i s t r i bu t ed  feedback l a s e r  cavi ty  formed by a syn the t ic  z eo l i t e  c rys ta l .  

INTRODUCTION - 

Throughout t h i s  worker's invest igat ions  i n  X-ray photoelectron spectros- 

copy, the  need f o r  an x-ray photon source of usable energy, reasonable 

i n t ens i t y ,  and narrow width has been consis tent ly  apparent. Present raw 

x-ray sources of AlKa (-1.1 eV wide) and MgaK ;2 (-0.9 eV wide) 
B,2 

rad ia t ion  a r e  toobroad  f o r  high resolut ion work and o f f e r  spec t r a l  com- 

p l i c a t i ons  i n  t h e  f o m  of s a t e l l i t e  t r ans i t i ons .  

The monochromatized AP Ka rad ia t ion  system employed i n  t h i s  t he s i s  has 
1 , 2  

----.-~4 +he 0 - + a 3  1; +a nnnhl nm a n A  n n n n r \ r . r a c l  +ha 
I G I I I V V G U  L1lv J Q l r e A A I L v  yAyYP.rl l l  I I Q A A u w U ~  %..- l i n e  shape t o  0.5 e V  a t  

t he  expense of x-ray i n t ens i t y ,  a d  instrumental complexity. He ( I )  (21 .  O 

eV) and He(I1) (40.8 eV) photon sources, though qu i t e  narrow, have 

l imi ted u t i l i t y  because sf t h e i r  Bow energies,  

This worker embarked on an attempt t o  f ab r i ca t e  a narrow l i n e  source f o r  

use i n  e lect ron spectroscopy with l imi ted success. A s o d i m  Ka source 

was constructed by the  simple expediant of evaporating NaCl onto a cold 

Cu t a rge t  and bombarding the  t h i n  NaCP f i lm with 5 KEV e lect rons .  The 

Na K l i n e  a t  (1041 eV) had an apdarent width of "0.7 eV but the  source 

was qu i t e  e r r a t i c ,  and could be operated a t  very low i n t e n s i t i e s .  A 

Fluorine Ka source was fabr icated by f luor ida t ing  a copper t a r g e t ,  then 
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exci t ing K s h e l l  fluorescence by e lec t ron  bombardment. The F K a  l i n e  

was observed t o  be weak and q u i t e  broad ("2.0 eV) . 

Effor t  then focused on fabr ica t ing  a  Neon K x-ray source. Employing a  

di rected bean of e lect rons ,  Neon gas was introduced i n t o  the  e lect ron 

path from a  cap i l l a ry  under pressure.  The r e su l t an t  spec t ra  were very 

weak and plagued with s a t e l l i t e  s t ruc ture .  

An ongoing pro jec t  i n  EM Theory of d i s t r i bu t ed  feedback l a s e r  cavi ty  a t  

JPE/CIT was brought t o  my a t t en t i on  a t  t h i s  time, and1 it was noted t ha t  

the  EM Theory appeared t o  apply t o  t he  x-ray region of t h e  spectrum as  

well as  t he  op t i ca l .  A t  t h i s  time, t h e  p o s s i b i l i t y  of fabr ica t ing  an 

x-ray l a s e r  based on Neon K-Shell fluorescence and a  d i s t r i bu t ed  feedback 

l a s e r  cavi ty  prepared from syn the t ic  z eo l i t e  c r y s t a l s  was developed. 

A number of papers have recen t ly  appeared t r e a t i n g  the  Bine shape and 

s a t e l l i t e  i n t e n s i t y  d i s t r i bu t i on  i n  t h e  K fluorescence of Neon. The 

most notable of these  a r e  the  d i r e c t  e lect ron exc i ta t ion  work of %avi l l a2  

and CrKa x-ray photon exc i ta t ion  work of ~ e s k i - ~ a h k o n e n ~ .  Both of these 

experimenters employed double c ry s t a l  spectrometers i n  t h e i r  work and 

show Bine widths f o r  t he  Ka t r ans i t i on  which a r e  s i gn i f i c an t l y  broadened 

by instrumental contribution.  

In general ,  t he  Ka x-ray fluorescence l i n e  denotes t he  t r ans i t i on  of an 

1, Evans, G . ,  and Elachi, C . ,  Private  Communication 
2 ,  Lavi l la ,  R .E . ,  Phys Rev., A4, 476 (1971) 
3 .  Keski-Rahkonen, O . ,  ~ h ~ s i c a s c r i ~ t a ,  - 7 ,  151 (1973). 
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e lec t ron  from the  2p s h e l l  t o  a  1s vacancy, and re laxa t ion  of t he  r e su l t an t  

high energy s t a t e  with t he  emission of an x-ray quanta. This process is 

diagrammed i n  Fig. 1. S t r i c t l y ,  2 Ka t r a n s i t i o n s  a r e  poss ible ,  one from 

the  Lg l eve l  and one from the  L2 l eve l .  The observed K a  l i n e  should have 

twice t he  i n t e n s i t y  of t he  K a 2  l i n e  a s  given by t he  s t a t i s t i c a l  weights 

of t h e  l eve l s .  

The observed energy separat ion between t h e  Kal and t he  Ka2 l i n e s  i s  

l a rge ly  determined by t h e  spin  o r b i t  s p l i t t i n g  of t he  2p l eve l ,  In Fig. 

3, the  sp in -orb i t  s p l i t t i n g  observed i s  p lo t t ed  vs. atomic number fo r  t he  

elements below C r  i n  t h e  pe r iod ic  t ab l e .  From the  f igure  it i s  evident 

t h a t  the  sp in  o r b i t  s p l i t t i n g  of Ne should be l e s s  than 100 meV. 

The observed spectrum of K s h e l l  f luorescence i n  Ne i s  given i n  Fig. 2 .  

A s  predic ted from t h e  sp in -orb i t  ext rapola t ion i n  Fig. 3, the  K q , 2  

doublet of A 1  and Mg has coalesced i n t o  a  s i ng l e  K a  t r a n s i t i o n  within the  

instrumental  r eso lu t ion .  Note, however, t h a t  more than 40% s f  t he  avai l -  

able x-ray f luorescence has been pa r t i t i oned  i n  the  s a t e l l i t e  l i ne s3 .  

Recent Auger e lec t ron  s tud ies  of Neon4y5 give linewidths which ind ica te  

t h a t  t he  raw K a  neon l i n e  should be between 808 and 200 meV wide with 

inherent  s t a t e  linewidths of  t he  order  of  1.0 me V. K s h e l l  emission cross- 

sec t ions  f o r  neon a r e  given a t  cm2/atom while t he  K s h e l l  

4. Johansson, G . ,  Hedman, J . ,  Berndtsson, A . ,  Klasson, M., and Nilsson, 
R . ,  UUIP-769, March 1972. 

5,  Gelius, U . ,  Ba s i l i e r ,  E .  Svernsssn, S . ,  Bergmark, T . ,  and Seigbahn, K . ,  
UUIP-817, April  1973. 



307 

ionizat ion cross-section i s  of t h e  order of cm2/atom6 8, l o .  

Studies of t he  t o t a l  Auger and x-ray r a t e s  f o r  occupation of a K s h e l l  

vacancy i n  Ne give a K l i f e t ime  of about 15-80 o r  10-Is ~ e c o n d s ~ , ~ , ~ , ~ ~ .  

X-RAY LASERS 

Following t he  skep t ica l ly  received announcement of t he  observation of 

las ing i n  x-rays produced upon s.uperradient exc i ta t ion  of CuS04 i n  

much work has been devoted i n  p r iva t e  and governmental labora- 

t o r i e s  t o  an attempt t o  reproduce t h e  o r ig ina l  da t a  (unsuccessful) and 

t o  f ab r i ca t e  an x-ray laser13.  

This a c t i v i t y  i s  based i n  p a r t  on the  f a c t  t h a t  subs tan t ia l  gain/atsm are  

poss ible  with allowed x-ray t r ans i t i ons .  The cross-section f o r  stimulated 

emission R,as t h e  value a t  t he  center  of t he  l i n e  o f ,  

where, 

X t he  wavelength 

Av t h e  na tu r a l  linewidth 

T ~ + ~  
the  r ad i a t i ve  t r a n s i t i o n  probabi l i ty  f o r  u t o  1. 

6 -  Harrison, K . G . ,  Tawara, H . ,  and DeHeer, F .J . ,  Physica, 66, 16 (1973) 
7. Bhalla, C . P . ,  Falland, N . O . ,  and Hein, M.A. , Phys Rev ~ r 8 ,  649 (1973) 
8. Kraus, M.O. ,  S tenie ,  F.A., Lewis, L . J . ,  Carlson, T.A., an3 Moddeman, 

W.E. ,  Phps Let t  A . ,  - 31, 89 (1970) 
9. Heinz, J . ,  Z. Phys., - 143, 153 (1955) 
lo .  Mehlharn, W . ,  and Asaad, W . N . ,  Z .  Phys., K, 231 (19669 
11. Bhalla, C . P . ,  and Hein, M . ,  Phys Rev - -  Let t ,  30, 39 (1973) 
12.  Kepros, J . G . ,  Erying, E.M.,  and Coyle, F.W., Jr . ,  P r o ~  Nat Acad Sci  

USA, 69, 1744 (1972) - -  
13,  Mallozzi, P . J . ,  Epstein, H.M., Jung, R.G. ,  Applebaum, D . C . ,    air land, 

B . P . ,  and Gallagher, W . J . ,  liFundamental and Applied Laser Physics, 
Proceedings of  t he  Esfahan Symposium". Javan, A . ,  and F e ~ d ,  M.S., 
ed. Wiley, 1973) 



2 For t he  Cu Kal l i n e ,  subject  of t he  in i t ia l  work, oS is  8.0 x 10-l8 cm . 

This cross-section i s  2 orders of  magnitude g r ea t e r  than t h a t  f o r  t h e  

Nd-Glass l a s e r  a t  X = 1 . 0 6 ~ m ~ ~ .  

Similar ly ,  f o r  Cu, the  atomic adsorption corss-sect ion,  a,, a t  CuKal, 

hv=8.0 KEV) i s  of t h e  order  of 5.0 x cm21 a t  hv= 8KEV. These 

comparative emission and adsorption cross-sections requ i re  t h a t  about 

0.1% of a l l  Cu atoms would have t o  be i n  t he  upper s t a t e  a t  a given mom- 

ent  f o r  l a s ing  t o  occur. These terms when cor re la ted  with K s h e l l  

l i f e t imes  requ i re  a power f l u x  of 10" watts/cm2, o r  near ly  6 orders of 

magnitude above present  s t a t e  of a r t  l 5. 

For t he  s o f t  x-ray case of AlKa, as i s  "1.8 x PO- I7 cmZ9 aa = 1 . 4  x 

2 cm2? and t he  minimum threshold power is  1.1 x 10'' watts/cm which has 

already been achieved a t  B a t t e l l e  Memorial ~ n s t i t u t e l  3. Subs t i tu t ing  

ava i lab le  numbers as  c i t e d  previously,  f o r  the  Neon case,  we have f o r  

i(a= 848 elj', -4n-lK--2 - --#a .c- 
0, 

LU LV and a P (Be)' 1012-1015 watts /cmZ, m 

without cav i ty  based gain. 

DISTRIBUTED FEEDBACK LASERS 

Laser c a v i t i e s  based on per iod ic  changes i n  t he  operat ive  index of re-  

f r a c t i o n  per  u n i t  cavi ty  length permit the  el imination of mirrors as  a 

fundamental cons t ra in t .  Tota l  transmission of t h e  l a s e r  photon i s  then 

poss ible .  

14. Dugnay, M.A., and Rentzepis, P.M., AppP Phys Le t t . ,  P O ,  356 (1967) 
15. Stankevich, Yu. L. , DokH Akad Nauk SSSR, - 191, 805 (1-0) , 
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Such a  per iodic  cavi ty  i s  most e f f ec t i ve  when t he  per iod ic i ty  A i s  such 

t h a t  

A = A / 2  

where X i s  the  wavelength of t he  x-ray wave. Neon Xa emission a t  14.61a 

would, therefore ,  require  pe r iod i c i t i e s  i n  a  l a s e r  cavi ty  a t  7.3058 f o r  

g rea tes t  e f f e c t  i n  the  d i s t r i bu t ed  feedback mode. 

Simplifying t h e  development of t h e  DFB mode, a  cubic c ry s t a l  of period 

A and atomic backscattering cross-section a ,  t he  coupling coef f ic ien t ,  C,  

between t he  foreward and feedback mode is given by, 

where E i s  t h e  length of t h e  l a se r .  

If t he  predicated l a s e r  gain is  

gain x length = 1.2 

then the  coupling required i s  about 

c = 1, 

For wavelengths i n  the region sf NeKa requirements, a must.be g rea te r  

than 8 .  B 2, 

ZEOLITE CAVITY 

The key term of  t h i s  proposit ion i s  the  u t i l i z a t i o n  of na tu r a l l y  occuring 

minerals and new syn the t ic  analogues of t h e  zeo l i t e  c l a s s  as  d i s t r ibu ted  

feedback l a s e r  c av i t i e s .  The requirements of Bong channels with per iodic  

matter  waves with pe r iod i c i t y  a t  7 t o  8 a i s  consis tant  with present ly  

avai lable  z e o l i t e  s t r uc tu r e s .  The porosi ty  of these  s t ruc tu r e s  t o  the  

i n e r t  gases such as  Ne presents  t he  p o s s i b i l i t y  of  channeling the  x-ray 

emi t te r  i n  t he  cavi ty  by di f fus ion.  
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Following t h e  advent of successful  syn the t i c  methods, a l a rge  number of 

z eo l i t e s  have been fabr ica ted which show a t  l e a s t  one open channel with 

pe r i od i c i t y  and pore s i z e  i n  t he  spec i f i ca t ion  needed t o  form a d i s t r i bu -  

t e d  feedback l a s e r  cav i ty  f o r  x-ray emission. However, ex i s t en t  s t r u c t u r a l  

data1 * descr ibes  these  dimensions within 0.1 l( due t o  experimental 

d i f f i c u l t i e s  and mater ia l  va r ia t ion .  Dehydrating na tu r a l  and syn the t i c  

z eo l i t e s  induces changes i n  t h e  framework s t r uc tu r eP8 .  Exchanged forms, 

with ca t ion replacement by hydrogen, s im i l a r l y  exh ib i t  s t r u c t u r a l  changes. 

I t  appears, however, t h a t  Linde L I ~ ,  ~ o r d e n i t e ~ ~ ,  and ~ a u j  a s i t e21  o f f e r  

general  z e o l i t e  c l a s s e s  i n  which a su i t ab l e  cav i ty  may be found. Since 

a number of questions remain unresolved about t he  proper c av i t y  use of 

z eo l i t e s  a s  well  a s  t he  pumping l eve l s  required f o r  Ne x-ray l as ing ,  such 

should be resolved i n  t he  experimental sequence. 

EXPERIMENT 

I t  is  t he  general  design of t h e  experiment t o  exc i t e  Ne Ka x-rgys i n  the  

confines of a na tu r a l l y  determined cav i ty  and t o  de tec t  the  generation,  

i n t e n s i t y  and angular d i s t r i b u t i o n  of such. The physical  placement of 

Neon gas i n  t h e  cav i ty  would be accomplished a s  indicated i n  Fig. 4. 

6 Breck, D.W. ,  "Advances i n  Zeo l i t e  ScienceH i n  Advances i n  Chem, 101, - 
Flanigen, E.M., and Sand, L.B., ed. ,  ACS, Washington,D.C. (1971) 1-19. 

17 ,  Meier, W.M. ,  and Olson, D.H. ,  91Zeoli te  Frameworkssv i n  Advances i n  Chem 
101, Flanigen, E.M., and Sand, E . B , ,  ed., ACS, Washington,D.C. (19713 - 
pp. 155-170. 

18. Balgard, W.D.,  and Ray, R . ,  "Crystal Ghemical Relat ionships i n  t he  
Analcite Familyff, Advances i n  Chem, 121,  Meier, W.M.,  and Uytterhaeven, - 
J . B . ,  ed. ,  ACS, Washington,D.C.. (1973), pp. 189-199. 

19, Barrer, R.M., Vi l l i ge r ,  H . ,  Z Krist, 128, 352 (1969). 
20. Meier, W.M. ,  Z Krist, 115, 439 (1961)- - 
21. Baur, W.H.,  Am Mineralogist,  49, 697 (1964). - 
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Here a  s e c t i o n  of  z e o l i t e  c r y s t a l  is sea led  i n  t h e  wall  of t h e  experi-  

mental chamber; on t h e  outward s i d e  of t h e  c r y s t a l  i s  a  high vacuum 

environment; on t h e  inward s i d e  of t h e  c r y s t a l  i s  a  chamber of  l i q u i d  

Neon, which is permit ted t o  d i f f u s e  through t h e  c r y s t a l  t o  t h e  ou t s ide  

vacuum chamber. Presumably t h e  flow of Neon should be through t h e  

channels i n  t h e  z e o l i t e  c r y s t a l .  

In t h e  vacuum chamber i s  mounted an e lec t ron  g m  capable o f  high i n t e n s i t y  

and x-y r a s t e r .  Perpendicular  t o  t h e  plane o f  t h e  c r y s t a l  and p a r a l l e l  

t o  t h e  plane of  t h e  e l e c t r o n  beam i s  mounted a  magnet with e x t e r n a l l y  

v a r i a b l e  f i e l d ,  Also i n  t h e  vacuum chamber is mounted a  movable photon 

counter .  A Beryllium s h i e l d  i s  placed between t h e  d e t e c t o r  (photon 

counter) and t h e  source ( t h e  c r y s t a l ) .  

Given t h e  experimental appara tus ,  the  genera l  experiment can be described 

a s  follows: 

P. With faraday cup i n  Neon chamber, a l i g n  e l e c t r o n  

o p t i c s  f o r  maximum channeling with both chambers 

a t  high vacuum. 

2 .  Admit inc reas ing  mounts  sf He gas i n t o  t h e  

primary neon chamber and repea t  t h e  rneasure- 

ments of P ,  

3 .  Admit l i q u i d  neon, He mixture and i r r a d i a t e  i n  

maximum channeling modes while observing angular  

photon d i s t r i b u t i o n .  

4.  I t e r a t e  c r y s t a l  choice. 

In t h i s  experimental scheme, it is  a n t i c i p a t e d  t h a t  e l e c t r o n  i r r a d i a t i o n  
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i n  the  zeo l i t e  f i e l d  w i l l  cause plasma generation i n  the  gas mixture and 

avalanche currents  f o r  Ne ionizat ion.  The addi t ion of He gas should 

provide ~ e +  f o r  neu t ra l i za t ion  of space charge build-up. Variat ion of e- 

gun power and Ne temperature should provide an adjustable  parameter t o  
I 

vary the  l a t t i c e  plane spacing fo r  empirical adjustment f o r  las ing 

condition. 

CONCLUSION 

I n i t i a l  ca lcula t ions  on t h i s  system ind ica te  t h a t  t h e  c r y s t a l  plane 

spacing is  c r i t i c a l  and should be maintained t o  f0.0lR. Actual Ne Ka l i n e  

widths of t h e  order of B meV o r  l e s s  a re  ant ic ipated.  The Back sf 

information about c e l l  parameters and i n t e rna l  e l e c t r i c a l  f i e l d s  of many 

of t he  s p t h e t i c  z eo l i t e s  ind ica te  necess i ty  f o r  considerable c ry s t a l  

research. 
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GIARACTERIZATION OF METAL SURFACES AND ADSORBATES BY 
INTERMOLECULAR AUGER ELECTRON PROCESSES 

PROPOSITION 

I t  i s  proposed t h a t  s i gn i f i c an t  new information per ta in ing  t o  t he  i den t i t y  

and charac te r iza t ion  of metal adsorbate bonds could be obtained through 

a study of i n t e r e l ec t ron i c  Auger processes, i n  such systems. 

INTRODUCTION 

The appl ica t ion of surface  s t a t e  spectroscopies such as in f ra red  r e f l e c -  

tance syectroscopyl, e lec t ron  impact spectroscopy2, low energy e lec t ron  

d i f  f r a c t i on3 ,  auger e lec t ron  spectroscopy4, and x-ray photoelectron 

spectroscopy5 t o  the  study of metal surfaces  and adsorbates has yielded 

considerable information about chemical bonding i n  t h i s  system. Each of 

t h e  c i t e d  spectroscopies have been major research e f f o r t s  i n  the  pas t  

few years ,  however XPS and AES a r e  now a t  t h e  fo re f ron t  ~f i n t e r e s t  be- 

cause of t h e  unique da t a  ava i l ab le .  

A predic t ion i s  developed i n  t h i s  t h e s i s  t h a t  of  the  Bat ter  two spectros-  

copies,  XPS per turbs  t he  system of metal-metal surface-adsorbate l e s s  than 

does AES and f u r t h e r  it i s  speculated t h a t  t h e  XPS spectrum can study the  

Adsorbate-metal surface  bond i n  d e t a i l .  

1. Yates, J .T. ,  Jr . ,  and King, D . A . ,  Surface Science, 30, 601, (1972). 
2 .  Newsham, I . G . ,  and Sandstrom, D.R. ,  J Vac Sc i  and ~ z h . ,  - 10, 39, 

(19731 . 
3, Duke,. C. B . ,  Paper, 20th Natl Symposium American Vacuum Soc. , 1973. 
4. Tracy, J.C.,and Palmburg, P.W., J Chem Phys, - 51, 4852 (1969), 
5 ,  Madey, T.E., Yates, J . T . ,  and Erickson, N . E . ,  Chem Phys Le t t . ,  - 19, 

487 (1973). . 
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To da te ,  however, t he  e lec t ron  emission spectroscopies have emphasized 

absolute and r e l a t i v e  e lec t ron  k i n e t i c  and binding energies as the  re le -  

vant i n t e rp r e t ab l e  da ta .  This approach has neglected t h e  p o s s i b i l i t y  of 

s i gn i f i c an t  information i n  t he  band shapes of the  observed N(E) d i s t r i -  

butions.  Recently, however, with t h e  advent of high reso lu t ion  AES and 

XPS spectrometers, the  instrumental  and experimental contr ibut ions  t o  the  

observed l i n e  s t r uc tu r e s  have become minimal and quant i f ied .  These 

developments pose t h e  p o s s i b i l i t y  of  in te r roga t ing  t h e  observed l i n e  

shapes and thereby accruing da t a  on t he  chemical e f f e c t s  on t he  ho le - s ta te  

l i f e t imes  which govern these  t r a n s i t i o n s .  

HOLE STATE LIFETIMES 

I t  has been shown t h a t  t h e  l i f e t ime  of core holes  i n  so l i d s6  and gases7,  

which decay pr imar i ly  through non-radiat ive Auger t r a n s i t i o n s  involving 

valence e lec t rons  on t he  hole  s t a t e  atom, depend on t he  chemical s t a t e  of 

t h a t  atom. The experimental observation of t h i s  e f f e c t  was based on XPS 

measurements where higher  oxidation s t a t e s  of a given element gave r i s e  

t o  narrower core  e lec t ron  l i n e  widths. This was in te rpre ted  i n  t e rn s  of 

t he  decreased number of zalence e lec t rons  ava i l ab le  f o r  f i l l i n g  the  

photoelectron vacancy. 

These processes can be explained i n  terms of intra-atomic considerat ions.  

Recently, however, @ i t r i n 8  has  observed and described an inter-atomic Auger 

process which he descr ibes  as  general ly  dominant i n  photoemission spectro- 

5 copy. 

Friedman, R.M. ,  Hudis, J., and Perlman, M,L,  , ~ h y s  Rev Le t t ,  - 29, 

7. Shaw, R.W. ,Jr. , and Thomas, T.D. , Phys Rev Le t t ,  - 29, 689, (1972). 
8. C i t r i n ,  P.H., Phys Rev - -  Let t ,  31, 1164 (19733, 
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The matrix element describing an Auger t r a n s i t i o n  may be expressed as 

where p~ i s  the  i n i t i a l  hold s t a t e  on s i t e  A,  $(2) is  the  continuum s t a t e  

of the  Auger e lec t ron ,  and @ ( I )  and @(2) a r e  t he  init ial  bound s t a t e s  of 

t he  ho ld - f i l l i ng  and photo e jected e lect rons ,  respect ively .  One can now 

t r e a t  a  number of s p e c i f i c  cases i n  terms of the  Auger annihi la t ion of the  

hole s t a t e .  The bound s t a t e  wave functions can be localized e i t h e r  on 

s i t e  A ( the  hold s t a t e  atom) o r  s i t e  B ( inner sphere ligand t o  A), or  

t he  various combinations of these  s i t e s ,  

Considering t he  decay of t h e  photo-vacency i n  terms of an Auger mechanism, 

one can d i s t ingu ish  t h e  various p o s s i b i l i t i e s  by t h e  no ta t ion  group AA, 

BB,  AB,  and BA, where t he  f i r s t  l e t t e r  r e f e r s  t o  the  s i t e  from which the  

hole f i l l i n g  e lect ron or ig ina tes  m d  the  second l e t t e r  denotes the  source 

of t h e  emieted Auger e lect ron.  

The &4 mechar".Hsa i s  s t r 8 igh t= fomard  and has been described i n  i n t r a -  

atomic t e rn s ,  Line shape cha rac t e r i s t i c s  should be so l e ly  determined by 

t h e  chemical s t a t e  of the  hole s t a t e  center .  The BB mechanism, i n  contra- 

d i s t i nc t i on ,  muse be described as a intermolecular process where e lect rons  

a re  donated from the  Pigand t o  t he  cen t ra l  metal ion vacancy followed by 

l i g m d  Auger emission. 

The existarace of such processes i n  Ha2p linewidths is  demonstrated6 

upsas consideration of t he  2p spec t ra  of NaBH a d  Ha metal. The 2p core 

hole in  Na metal decays by means sf Auger mechanisms based on the  Na 3s 

conduction e lect rons ,  On the  ba s i s  of iwtra-molecular arguments (AA 

re laxat ion mechanisms) t h e  2p core hole of Nae i n  NaOH should be consider- 

ably narrower than t he  Na metal case. Experimentally a f t e r  subtraction 



319 
of t he  instrumental broadening terms, t he  2p l i n e  i n  NaOH was observed t o  

be f i v e  times the  width of t he  l i n e  i n  t he  metal case. This l i f e t ime  

broadening has been a t t r i bu t edg  t o  the  a v a i l a b i l i t y  of hydroxyl vtilence 

e lec t rons  fo r  f i l l i n g  t h e  photo hole.  

From E q .  1, the  magnitude of t he  in tera tomic  t r a n s i t i o n  r a t e  depends on 

the  s p a t i a l  d i s t r i bu t i on  o r  densi ty  of  the  l igand e lect rons  ava i l ab le  f o r  

h o l e - f i l l i n g  and/or Auger e j e c t i on  by v i r t u e  of t h e i r  overlap with o r  

proximity t o  the  hole  s t a t e .  The e f f ec t i ve  t o t a l  valence e lect ron densi ty  

ava i l ab le  t o  t he  hole s t a t e  by t h e  inner  sphere l igand system (AVED) has 

been cor re la ted  with t he  observed Pinewidth of core e lec t rons  i n  a va r i e t y  

of compounds. 

Of the  above mentioned hole s t a t e  decaymechani~ms, the  AB system i s  most 

i n t e r e s t i ng .  Here t he  intra-atomic o r  inter-atomic e f f e c t s  can be varied.  

The very e f f i c i e n t  Coster-Kronig ( intra-atomic) terms can be kept essen- 

t i a l l y  constant  over a s e r i e s  s f  c en t r a l  metals by judicious choice of 

core e lec t ron l eve l  s tudied,  consequently emphasizing l igand e f f ec t s .  

A method the re fore  e x i s t s  t o  follow t h e  consequence of neares t  neighbor 

i n t e r ac t i ons  upon hole s t a t e  e f f e c t s  and co r r e l a t e  same with the  nature  

of  the  operat ive  bonding. This represents  a h i t h e r t o  mexpBored aspect 

of B E S ,  XPS and X-ray adsorption spectroscopies.  

EXPERIMENTAL 

The cen t r a l  considerat ion of t h i s  proposal e n t a i l s  t h e  study of ho le - s ta te  

9. Ci t r i n ,  P.H.,'Phys Rev A , - t o  be published. 
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decay processes i n  a  v a r i e t y  of  t r a n s i t i o n  metal- l igand s i t u a t i o n s  a s  

primary ob jec t ive .  

A s  noted i n  t h e  in t roduc t ion ,  a  s i g n i f i c a n t  number of experimental 

inves t iga t ions  a r e  underway studying var ious  metal s u b s t r a t e s ,  eg . ,  P t ,  

Ir, Pd, N i ,  e t c . ,  t oge the r  wi th  var ious  adsorbates ,  eg . ,  CO, OH, 02 ,  N 2 ,  

e t c . ,  i n  an e f f o r t  t o  s tudy t h e  c a t a l y t i c  e f f e c t  of such surfaces .  

This proposal ,  t h e r e f o r e ,  suggests  t h e  study of metal and adsorbate l i n e  

width of var ious  core l e v e l s  a s  a  funct ion  o f  metal and adsorbate i d e n t i t y .  

This information,  however, would be inconclusive without modeling s t u d i e s  

o f  t r a n s i t i o n  metal complexes. By study of  gas and s o l i d  phase photo- 

e l e c t r o n  s p e c t r a  of  t r a n s i t i o n  metal carbonyls, for-example, s i g n i f i c a n t  

bonding v a r i a t i o n s  and metal Sigand i n t e r a c t i o n s  could be es t ab l i shed  f o r  

t h e  adsorbate CO, 

Addit ional  s t u d i e s  of  t r a n s i t i o n  metal aquo and amino complexes, t r a n s -  

f ixed i n  t h i n  s o l i d  f i l m s  o r  ciatiirate glasses should provide correllary 

information f o r  H 2 0  and NH3 adsorption modes. Var ia t ion  of g l a s s  media 

o r  r e l a t i v e  composition should g ive  information concerning o u t e r  sphere 

i n t e r a c t i o n s  on t h e  femtosecond time s c a l e .  

CONCLUSION 

I The l i f e t i m e s  of core  hole  s t a t e s  depend on both in t ra-a tomic  and i n t e r -  

atomic e lec t ron  con t r ibu t ions .  The l a t t e r  l igand t o  metal Auger r e l a x a t i o n  

mechanisms o f f e r  a  Pow r e s o l u t i o n  observation of  t h e  delocaPizat ion of 

Metal l igand bonding. The monitoring of observed l i f e t i m e s  through XPS 

and MS l inewidth determinations o f f e r s  s i g n i f i c a n t  neglec ted  information 

from the  spect roscopies .  
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The study of linewidths of core e lect ron l i ne s  i n  both ligand and metal 

f o r  t h e  ligand Co, HZO, and NH3 i s  proposed f o r  a s e r i e s  of cen t ra l  

t r a n s i t i o n  metals f o r  cor re la t ion  with metal ligand bond information 

accrued from e l ec t ron i c  adsorption spectroscopy. The extension of t h i s  

da ta  t o  the  i n t e rp re t a t i ons  of observed core linewidths i n  the  XPS, AES 

s tud ies  of t he  adsorbates CO, H20, and NH3 on s ing l e  c ry s t a l  t r ans i t i on  

metals i s  proposed t o  study the  adssrbate-metal surface  bonding charac- 

t e r i z a t i on .  
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CHEMISTRY AND PHYSICS OF ELECTRONIC CONDUCTION IN 
AMORPHOUS SiOp FILMS BY X-RAY PHOTOELECTRON SPECTROSCOPY 

PROPOSITION 

It is proposed that a vacuum level low energy electron irradiation device 

can substitute for a metal for the purposes of studying the dynamics of 

conduction-material interaction in metal-oxide-semiconductor field effect 

devices by means of x-ray photoelectron spectroscopy. 

INTRODUCTION 

The electronic component technology of the semiconductor industry is 

directly tied to large-scale integrated circuit design, The fundamental 

operative technology of transistors in integrated circuits will emphasize 

MOSFET (metal-oxide-semiconductor-fiePd-effect-transistor devices. 

Substantial research efforts are devoted to understanding the fundamental 

material parameters of the operation sf such devices. A significant aspect 

of this work involves the attempt to understand the chemical and physical 

mechanisms which incite these devices through a comprehension of the 

fundamental chemical and physical aspects of electronic conduction. 

To date, there has existed no method of probing the fundamental aspects 

of the electronic structure of such devices while undergoing reasonable 

operative modes. The data of photoemission spectroscopy, namely occupied 

electronic densities of states, chemical environment and surface state 

interactions has offered promise as a to01 for studying the active 

materials of such devices. This experimental probe has been largely 

ineffective in such studies in near time because of its limited observa- 
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tional depth, poor resolution and serious charging problems involved in 

the study of non-conductive materials. 

This thesis has developed a concept of an electron steady state, involving 

a balance of photoemission and replenishment currents in the experiment, 

which promises to solve charging and spectral reproducibility problems. 

This steady state experiment, however, offers no intrinsic charge standard 

to facilitate absolute VC potential measurements and subsequent compensa- 

tion. 

This proposition suggests that the Flood Gun device1 &scribed in the 

thesis can be employed as a metal layer substitution and consequently 

would permit the preparation sf simulated MOS device experiments. These 

experiments should lead to understanding of the conduction process on an 

atomistic scale and should permit comprehensive study of the SiOZ-Si 

interface. 

SEMICONDUCTOR DEVICES 

A number of excellent texts exist which offer detailed treatment of semi- 

conductor device design, theory, utilization and processing technology2 9 ,4 * 

The most common industrial transistor technology is based upon the bipolar 

junction device where two types of conductors are involved in operation, 

the free-electron and the positive-hole. This discussion, however, centers 

1 ,  Huchital, D.A., and McKeon, R.T., Appl Phys Lett, 20, 158 (1972). 
2, Grove, A.S., Physics 6 Technology of ~emiconductor-@evices, Wiley, 

N.Y.. 41967). . . 
3. Holland, L , ,  ed., Thin Film Microelectronics, - Wiley, N.Y., (1965). 
4, Benney, W.M., and Lau, E , ,  ed,, MOS Integrated Circuits, Van Nostrand 

Reinhold, N.Y. , (1972) . 
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about a more recen t ly  developed device, the  MOS t r a n s i s t o r ,  which i s  of 

major importance i n  in tegra ted  c i r c u i t  technology. 

In t h e  MOS t r a n s i s t o r ,  a conducting channel is  induced between two 

very c lose ly  spaced e lect rode regions by increas ing t he  e l e c t r i c  f i e l d  

a t  t he  surface of the  semiconductor between t he  e lect rodes .  The bas ic  

s t r uc tu r e  i s  shown i n  Fig. 1 .  

The two e lect rode regions ,  ca l l ed  the  source and d ra in ,  a r e  formed by a 

p-type di f fus ion i n t o  an n-type s i l i c o n  wafer. Between the  source and 

the  d ra in  a r e  two p-n junctions back t o  back, pl n and np . With a 
2 

voltage VDS applied between t he  source (posi t ive)  and t h e  dra in  (negative) 

t he  np2 junction i s  reverse-biased,  and the re fore  ms current  w i l l  flow 

from source t o  d ra in .  I f  then,  t he  gate  e lec t rode over t he  space 

between source and dra in  i s  made su f f i c i en t l y  negative with respect  t o  

the  source, holes a r e  a t t r a c t e d  t o  the  surface  of the  n-type region and 

cause it t o  change t o  p-type, Une then has two p-type e lect rodes  with a 

p-channel joining than a d  consequently a current  can flow, 

The thickness of pure oxide under t he  gate  e lec t rode  i s  of the  order of 

0 
POQOA, however, t h e  a c tua l  ef fect iveness  of t he  device i s  determined by 

the  Si-Si02 i n t e r f ace  and t he  f i r s t  30 t o  40 2 of t h e  SiO oxide f i lm on 
2 

t h e  S i  surface .  A s  t h e  f i e l d  o r  charge on t h e  oxide i s  changed, the  

bands of t h e  s i l i c o n  subs t r a t e  move i n  energy o r  bend i n  response. Hence, 

t he  f i e l d  observed by t he  S i  subs t ra te  i n t e r f ace  is an extremely accurate 

representa t ion of t he  charge on the  oxide. Further,  t he  S i  in te r face  

communicates d i r e c t l y  with t h e  f i r s t  20 t o  30 R of Si02 from the  i n t e r -  

face .  Si02 beyond 40 8 from the i n t e r f ace  i s  e f f ec t i ve ly  a bulk d i e l e c t r i c  

medium. 



327 
The e f f e c t  on t h e  i n t e r n a l  energy l e v e l s  of t h e  Si-semiconductor of  

charge i n  t h e  i n t e r f a c i a l  oxide i s  represented  i n  Fig. 2. Here Fig. 2a 

diagrams the  e f f e c t i v e  c i r c u i t  i n  an experimental device.  The e lec t ron  

energy l e v e l s  f o r  var ious  p o t e n t i a l  e f f e c t s  a r e  given i n  Fig. 2b, c and d. 

Accwr.ulation of  charge a t  the  S i  su r face  brought about by applying a s u i t -  

able  ex te rna l  e l e c t r i c  f i e l d  o r i e n t a t e d  t o  a t t r a c t  e l e c t r o n s  toward the  

su r face  i s  diagrammed i n  Fig. 2b. Raising t h e  apparent fermi l e v e l  of 

t h e  metal by e x t e r n a l  b i a s  w i l l  b r ing  t h e  bands of t h e  semiconductor i n t o  

t h e  deple t ion  region (Fig. 2c) and wi th  continued b i a s  inc rease  i n t o  the  

invers ion  region (Fig. 2d). Here t h e  dens i ty  of  ho les  becomes g r e a t e r  

than t h a t  of  e l e c t r o n s  and t h e  s u b s t r a t e  in ter face-resembles  p-type 

mate r i a l .  

EXPERIMENT 

A s  developed i n  t h i s  t h e s i s ,  t h e  ac tua l  escape depth of  unperturbed 

e lec t rons  i n  t h e  range of k i n e t i c  energies  employed i n  X-ray photoelectron 

spectroscopy have been es tab l i shed  t o  be i n  t h e  region 4-100 2 over the  

range of  observed mate r i a l s .  For i n s u l a t o r s  (Si02) and semiconductors (Si)  

t h e  range 15-808 seems more appropr ia te ,  

For t h i n  oxides on semiconductors (20-40k th ickness)  it would appear thar: 

t h e  oxide, t h e  i n t e r f a c e ,  and the  proximate bulk semiconductor could be 

examined i n  t h e  XPS spectrum. Var ia t ion  of  t h e  e l ec t ron  s%eady s t a t e  

parameters a t  constant  Flood Gun energies  should permit the  establishment 

of ac tua l  e l e c t r o n  f l u x  parameters and a p r o f i l i n g  of t h e  core and valence 

Bevels of  t h e  Si02 - S i  system. 
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This proposi t ion  suggests  t h a t  the  low energy e l e c t r o n  i r r a d i a t i n g  device 

can be s u b s t i t u t e d  f o r  t h e  b ias ing  metal e l ec t rode  i n  t h e  f a b r i c a t i o n  of 

a  simulated MOS device.  This experiment i s  diagrammed i n  Fig.  3a. 

I f  the  Flood Gun d i r e c t l y  s u b s t i t u t e s  f o r  the  metal ,  t h e  n e t  e f f e c t  of  

conduction would be charge i n j e c t i o n  i n t o  t h e  S i  conduction band. This 

case i s  represented  a s  Fig. 3b. If, however, a s  i s  ind ica ted  i n  recent  

i n e l a s t i c  e l e c t r o n  tunnel ing  experiments on t h i s  system5, su r face  s t a t e s  

aboezmd on t h e  oxide, then,  these  s t a t e s  could s e t  up a  pseudo-metal 

boundary on t h e  oxide. This  would enable b ias ing  by t h e  e l ec t ron  steady 

s t a t e  and access t o  t h e  charge accumulation region of  eke band bending 

experiment. 

F ina l ly ,  i f  a  preponderence of surface  s t a t e s  i s  observed, t h e  low energy 

e lec t ron  device o f fe r s  t h e  p o s s i b i l i t y  of taking i n e l a s t i c  e l ec t ron  

tunneling s p e c t r a  of t h e  surface  s t a t e s  simultaneously with t h e  a c q u i s i t i o n  

of  t h e  photoelectron spectrum, 

CONCLUSION 

This p ropos i t ion  suggests  the  f ab r i ca t ion  of an experimental program on 

t h e  XPS study of  t h e  su r face  and i n t e r f a c e  s t a t e s  of t h e  SiO -S i  system 2 

opera t ing  under a c t i v e  e l e c t r o n i c  conduction. The program should include 

inves t iga t ion  of  d i f f e r e n t  su r face  prepara t ions ,  dopants and thermal modes 

i n  order  t o  p r o f i l e  t h e  opera t ional  mechanics of  MOS devices.  Corre la t ion  

with e l e c t r i c a l  measurements and processing technology should enable con- 

c lus ions  concerning conduction mechanisms i n  oxide semiconductor ma te r i a l s .  

5. Lewis, B.F. ,  P r i v a t e  Communication. 
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THIN FILM ELECTRO-OPTICAL SPECTROSCOPY OF 

d 6 9  d 8 ,  A N D  d l 0 ,  TRANSITION METAL COMPLEXES 

PROPOSITION 

I t  i s  proposed t h a t  a t h i n  f i l m  spect roscopic  method be inves t iga ted  i n  

order  t o  s tudy high e l e c t r i c  f i e l d  coupling e f f e c t s  on l igand f i e l d  and 

charge t r a n s f e r  t r a n s i t i o n s  i n  wel l -charac ter ized  d6, d8, and d l 0  t r a n s i -  

t i o n  metal complexes. 

INTRODUCTION 

Recent progress  i n  t h e  f i e l d  of  in teg ra ted  o p t i c s  has emphasized t h e  

development of  th in - f i lm l a s e r s 1  and modulators2. This work has i n  t u r n  

s t imula ted  development sf t h i n  f i l m s  a s  wave guides t o  t r a p  t h e  component 

l i g h t  t r a i n s .  

S tudies  of  t h e s e  t h i n  f i l m  l i g h t  guides have mainly been devoted t o  syn- 

t h e t i c  problems. The use sf t h i n  s i n g l e  c r y s t a l  garnet  f i lms as  o p t i c a l  

wave-guides has been described3.  Recent work i n  Tien s group4 Y ,5 Y has 

been devoted t o  t h e  study of a s e r i e s  of  t h i n  organosilicow films prepared 

i n  RF discharge.  

l ,  Kogelnik, H . ,  and Shank, C . V . ,  Appl Phys Le t t ,  18, 152 (1971). 
2, Tien, P.K., Martin, R . J . ,  Wolfe, R . ,  LeCraw, R . c ,  and Blank, S.L.,  

Appl Phys Le t t ,  21, 394 (1972). 
3. Tien, P . K , ,  ~ a r t z ,  R.  J . ,  Blank, S.L. ,  Wemple, S,H., and Varnerin, 

L . J . ,  Appl Phys Let t ,  - 21, 207 (1972). 
4.  Tien, P , K , ,  Smolinsky, G . ,  and Martin, R . J . ,  Appl Optics,  11, 637 (1972). 
5 .  Vosile,  M . J . ,  and Smolinsky, G . ,  J Electrochem Soc, 119, 4 5 1  (1972). 

Tien, P . K . ,  Martin, R . J . ,  Smolinsky, G . ,  e l O p t i c s ,  1 2 ,  - -  
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guide medium t o  another medium of d i f f e r i n g  r e f r a c t i v e  index providing 

t h a t  t h e  t r a n s i t i o n  between t h e  two guides i s  gradual .  

S imi la r ly ,  t echn ica l  development of f i b e r  o p t i c s  f o r  e f f e c t i v e  t r a n s -  

mi t tance  o f  W and v i s i b l e  l i g h t  i n  t h e  range 280 t o  1300 nm has progressed 

t o  a  marketable s t ageg .  The use o f  tapered  f i b e r s  permits  concentrat ion 

and expansion of  inc iden t  l i g h t  i n t e n s i t i e s .  

A s p e c t r a l  device i s  consequently proposed t o  permit the  study of 

e l e c t r o n i c  adsorption spectroscopy i n  t h i n  f a b r i c a t e d  f i lms and i s  repre-  

sented  i n  Fig. 2 .  Here p r i smat i c  coupling t o  t h e  f i lms i s  provided by 

tapered  UV l i g h t  guides bonded t o  s u p e r a s i l  prisms. The prism system on 

t h e  r i g h t  of  Fig ,  2 exc i t e6  a  l i g h t  wave i n t o  a  fi1.m and a  few centimeters  

away t h e  same Bight wave i s  coupled out  of t h e  f i l m  by t h e  system on the  

l e f t ,  

This  spect rographic  device would permit thermal modulcition of  t h e  observed 

<npc+~-. .,P--..IU by thermal v a r i a t i o n s  of t h e  s & s t r a t e v  Deposition of 2 masked &J 

f i l m  above the  medium and t h e  use  s f  a  metal s u b s t r a t e  permits  t h e  appl i -  

ca t ion  of high AC and DC e l e c t r i c  f i e l d s  across  the  sample. This  f a c i l i t a t e s  

s tudy sf t h e  coupling sf e l e c t r o n i c  t r a n s i t i o n s  with e l e c t r i c  f i e l d s  up 

t o  t h e  EiPm breakdown l i m i t .  

Should t h e  s u b s t r a t e  upon which t h e  medium is  grown be of o p t i c a l l y  

t r ansparen t  ma te r i a l ,  $;meble dye l a s e r s  could be used t o  e x c i t e  p a r t i c u l a r  

r r a n s i t i o n s  wi th in  the  f i l m  while observing t h e  e l e c t r o n i c  spectrum a t  

normal incidence i n  an o p t i c a l  double resonance experiment. 

9 .  Disl ich ,  H . ,  and Jacobsen, A . ,  Angew Chem I n t  Ed, - 1 2 ,  439 (1973). 



EXPERIMENT 
i 

This worker's inves t iga t ions  as  well  a s  those of ~.~owrnanlO i n d i c a t e  t h a t  

a  large  number of t r a n s i t i o n  metal complexes form t h i n  s i n g l e  c r y s t a l s  

under appropr ia te  condit ions when c r y s t a l l i z e d  a s  tetra-alkylammonium s a l t s .  

This proposal ,  then, suggests  t h a t  a  s tudy of t h e  changes i n  t h e  e l e c t r o n i c  

adsorption spectrum a s  a  funct ion of t h e  s t a t e  and applied DC f i e l d s  near 

breakdown p o t e n t i a l  be undertaken f o r  a  s e r i e s  of t h i n  f i l m  samples of  

t r a n s i t i o n  metal complexes . This study should encompass simple ha lo  

complexes of octahedral  d6 ( l r l I I ,  p t  IV) , square p laner  d8 (ptI1,  AuIII) 

and t e t r a h e d r a l  dPQ ( H ~ I I ,  TIIP1) t r a n s i t i o n  metals .  

CONCEUS ION 

A t h i n  f i lm spectroscopy involving o p t i c a l  coupling mechanics i n t o  t h i n  

mate r i a l s  i s  proposed i n  order  t o  enable e l e c t r o  o p t i c a l ,  and o p t i c a l  

double resonant s t u d i e s  of model t r a n s i t i o n  metal complexes. 

10. Cowman, C . ,  Thesis,  C a l i f o r n i a  I n s t i t u t e  of Technology, 1973. 
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PREPARATION OF DAMAGE FREE SILICON SURFACES 

B Y  PSEUDO-CHEMICAL MECHANICAL ION POLISHING PROCESSES 

PROPOSITION -- 
I t  i s  proposed t h a t  chemical mechanical po l i sh ing  systems employing 

d i s c r e e t  oxidat ive  and complexing mechanisms should be s tud ied  as a  pre- 

p a r a t i v e  method f o r  t h e  syn thes i s  of damage f r e e  s i l i c o n  s u b s t r a t e s .  

INTRODUCTION 

S i l i c o n  and i t s  oxides provide exce l l en t  s u b s t r a t e s  f o r  such d ive r se  

app l i ca t ions  a s  c a t a l y t i c  modeling s t u d i e s  on semiconductors and as  

s u b s t r a t e s  f o r  e l e c t r o n i c  devices.  One of t h e  most important considera- 

t i o n s  i n  t h e  u t i l i t y  of  s i l i c o n  i s  the  high chemical p u r i t y  i n  which it 

i s  r e a d i l y  a v a i l a b l e ,  Addi t ional ly ,  i t s  oxides a r e  well  behaved, and t h e  

t h e r m a l l y  grown am3rphous SiO has  exce l l en t  adhesion and contac t  s t a b i l i t y  
2  

t o  the  semiconductor s u b s t r a t e ,  

S tudies  of S i  and Si02-Si  a s  c a t a l y t i c  and e l e c t r o n i c  s u b s t r a t e s  r e l y  on 

t h e  a b i l i t y  t o  prepare1 a  reproducible su r face  s t r u c t u r e  with minimum de- 

f e c t a t i o n  and which images t h e  s t r u c t u r a l  parameters s f  t h e  bulk s t a t e  

a s  exac t ly  a s  p o s s i b l e ,  

S i l i c o n  i s  genera l ly  supplied as  pol ished wafers. These polished wafers 

a r e  cue from S i l i c o n  ingots  by diamond saws which leave damage f i e l d s  on 

t h e  su r face  t o  a depth of  about 100 m i c r o n s l ~ * ,  Mechanical abras ive  

1 ,  Buck, T,M,, i n  Surface Chemistry of Metals and Semiconductors, Gatos, 
H . C . ,  ed . ,  p .  107, WiPey, N . Y . ,  (1960). 

2, Meek, R . E . ,  and Huf f s tu t l e r ,  M.C., J r , ,  3 Electrochem Soc, ,  - 116, 
893 (1969). 
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po l i sh ing  systems leave t h i s  damage s t r u c t u r e  i n  t h e  su r face  p r o f i l e .  

Chemical e tchants  p o l i s h  by removing t h e  damage zone, bu t  leave  an 

undulat ing s u r f  ace behind3. 

Because o f  t h e  demanding surface  q u a l i t y  requi red  by t h e  e l e c t r o n i c s  

indust ry ,  a  s e r i e s  of po l i sh ing  systems were devised which combined the  

optim-m parameters of chemical and mechanical systems. The two preeminent 

systems s t i l l  i n  use u t i l i z e  d i s c r e e t  two-stage r e a c t i o n  processes.  These 

processes can be descr ibed a s  oxidat ion  of t h e  s i l i c o n  followed by 

so lva t ion  of t h e  r e s u l t a n t  species .  

I t  has been repor ted4,  however, t h a t  high r e s o l u t i o n  s t u d i e s  of S i  su r -  

faces show extens ive  mic rosp l i t  damage. The mic rosp l i t s  have dimensions 

of t h e  order  of pm and t h e  dens i ty  of t h e  s p l i t s  is of t h e  order  of 

1 0 ~ / c m ~ .  I t  appears t h a t  these  micro-cracks in t h e  su r face  a r e  r e s idua l  

saw damage and a r e  propagated by mechanical s t r a i n  of t h e  su r face  during 

rhe po l i sh ing  opera t inn ,  I t  wrs shown by t h e  I R M  i2~0rkers t h a t  4 A 1 - ~ A "  c + m n l ~  

chemical etchanes could remove t h e  s p l i t s  but  would degrade t h e  surface .  

This proposi t ion  emphasizes a neb approach t o  chemical mechanical pol ish-  

ing which may lead t o  v i r t u a l l y  damage f r e e  su r faces  f o r  e l e c t r o n i c  and 

chemical app l i ca t ion .  

CHEMICAL MECHANICAL METHODS 

Two processes are i n  wide-spread use i n  t h e  indus t ry  a s  noted ,  One of 

3 ,  Wai-Choudhury, P . ,  J .  Electrochem - Soc, ,  - 118, 1183 (1971). 
4. Schwuttke, G . H . ,  IBM Technical Report, TR 22.1588, Jan ,  1973. 



338 

t hese  i s  termed copper ion pol ish ing5 and r e l y s  on cupr ic  oxidat ion of 

t h e  S i l i c o n  s u b s t r a t e  t o  deposi t  a  l aye r  of Cu metal over t h e  f r e s h  oxide. 

The ambient s o l u t i o n  c o n s i s t s  of  b a s i c  f l u o r i d e  b u f f e r  which can e f f e c t  

so lva t ion  and subsequent removal of  t h e  s i l i c o n  oxide i f  it comes i n  

contac t  with t h e  oxide. The i n h i b i t o r y  e f f e c t  o f  t h e  Cu metal l aye r  i s  

mechanicalPy wiped away by means of  a  lapping po l i sh ing  c l o t h .  This  has 

t h e  n e t  e f f e c t  of emphasizing reac t ion  a t  the  topo log ica l ly  higher e l e -  

va t ions  and reducing reac t ion  r a t e  a t  lower e l eva t ions ,  Therefore, comes 

t h e  desc r ip t ion  of t h e  process a s  hybrid,  chemical-mechanical pol ish ing.  

This worker's extens ive  a n a l y s i s  of t h i s  system l e d  t o  t h e  pos tu la t ion  of 

a mechanism f o r  t h e  heterogeneous reac t ion6  and -.the following proposal 

l o r  i t s  s u b s t i t u t i o n  by a  new process technology. I t  was f i r s t  proposed 

t h a t  t h e  funct ion  of  t h e  metal b u f f e r  layer  could more e f f e c t i v e l y  be 

;erved by t h e  s u b s t i t u t i o n  of  long chain s u r f a c t a n t s  f o r  t h e  metal .  These 

iong chain s u r f a c t a n t s  were presupposed t o  adsorb t o  the  oxide surface ,  

only t o  be removed by t h e  mechanical in te rven t ion  o f  t h e  wiping element. 

Eliminating t h e  need f o r  t h e  metal coat ing lead t o  t h e  proposal t h a t  

t h e  Iron HEDTA c l a t h r a t e  complex be employed i n  t h e  oxidat ion  couple with 

elementary s i l i c o n .  The process would then become: 

1. Iron HEDTA oxidat ion  4Fe ''I + siO -t silV + 4 ~ ~ 1 1  

2 .  Sur fac tan t  oxide b a r r i e r  coat ing  

3 .  Fluor ide  so lva t ion  and removal of t h e  S i  Oxide by complexation. 

5.  Regh, J . ,  and Si lvey,  G . A . ,  Electrochem Tech, 6 ,  155 (1968). 
6 .  Grunthaner, F ,  J ,  , NASA Technical Memorandum, ~ z n e ,  1973, 
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EXPERIMENTAL - 

In view of t h e  recent IBM surface  s tudies  of s i l i c o n  subs t ra te ,  t he  

p o s s i b i l i t y  of damage f r e e  surfaces has become a  major object ive  i n  sys- 

tem design. The proposed Fe-HEDTA/Surfacant system eliminated a  number 

of ser ious  problems inherent  i n  t he  Cu-ion polishing technique including 

tne  imbedding of metal ion and metal c lu s t e r s  i n  the  surface.  The 

mechanical lapping system could, however, reintroduce the  microspl i t  

s i t ua t i on .  

I t  i s , t he r e fo re ,  suggested i n  t h i s  proposit ion t h a t  ag i t a t i on  of t h e  

sur fac tan t  l ayer  f o r  complexation/removal be accomplished by laminar 

wiping of t h e  subs t ra te  face.  Here, the  subs t ra te  and the  wiping wheel 

a re  separated several  hundreds o r  thousands of microns but t o t a l l y  sub- 

merged i n  t he  polishing so lu t ion ,  The ne t  e f f ec t  of wiper movement i s  a  

iaminar flow removal of t h e  occupied surfactant  s t a t e s .  The energy 

irnna-+-~ , I , y a L L G U  t o  t h e  surface  by tile mechanical aspect of t he  process should now 

be t r i v i a l  with respect  t o  t h a t  required f o r  micro-spl i t  formation. 

S t u d ~ e s  of t h e  r a t e  of mater ia l  removal as a function s f  oxidant con- 

cen t ra t i cn ,  su r fac tan t  length,  and solut ion pH a r e  likewise suggested in 

an e f f o r t  t o  b e t t e r  underseand the  heterogeneous react ion mechanism. 

CONCLUSION 

A new surface pretreatment eechnology i s  proposed which should f a c i l i t a t e  

t h e  preparation of damage f r e e ,  op t ica l  qua l i t y  surfaces f o r  chemical and 

e lec t ron ic  s tud ies  involving elemental S i l i con .  
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