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ABSTRACT

Mossbauer  s p e c t r o s c o p y  i s  used as a probe f o r  m o n i t o r ­

i ng  t he  phot o  re d u c t i o n  o f  f e r r i c  i ons  by Ti O^ powders i n  an 

e l e c t r o l y t i c  s o l u t i o n  to i n v e s t i g a t e  what  c o n t r o l s  the

e f f i c i e n c y  o f  charge t r a n s f e r  i n  t h i s  sys t em.  The amount  o f
3+ 2 +r e d u c t i o n  o f  Fe t o Fe i s  compared w i t h  the l e n g t h  o f  

i l l u m i n a t i o n  t i me  a t  f i x e d  i n t e n s i t y  f o r  a s e r i e s  o f  samples 

and t he da t a  are a n a l y z ed  i n  terms o f  r a t e  c o n s t a n t s .  Exper  

i men t s  are done w i t h  t he s e m i c o n d u c t o r  powders ana t as e , 

r u t i l e ,  doped a n a t a s e ,  p l a t i n i z e d  doped a n a t a s e ,  and anat ase  

w i t h  a ho l e  a c c e p t o r  added to the s o l u t i o n .

The r a t e  c o n s t a n t s  r e p o r t e d  are t he f i r s t  o f  t h e i r  k i n d  

Compar i sons o f  t he  r a t e  c o n s t a n t s  f o r  t he  d i f f e r e n t  powders 

p r o v i d e  s u p p o r t  f o r  s e v e r a l  mechanisms t h o u g h t  t o  be i m p o r ­

t a n t  f o r  p h o t o r e d u c t i o n  i n  a p o w d e r - e l e c t r o l y t e  sys t em.  

Anat ase i s  more e f f i c i e n t  a t  s u p p o r t i n g  r e d u c t i o n  than i s  

r u t i l e .  Th i s  i s  c o n s i s t e n t  w i t h  the f a c t  t h a t  e n e r g e t i ­

c a l l y  i t  i s  e a s i e r  f o r  ana t ase  to d r i v e  a r e d u c t i o n  than 

r u t i l e .  I t  i s  a l s o  c o n s i s t e n t  w i t h  t he f a c t  t h a t  anat ase 

has a s m a l l e r  g r a i n  s i z e  t han r u t i l e .  Doping dec r eases  the 

e f f i c i e n c y  o f  t he anat ase  sys t em,  c o n s i s t e n t  w i t h  the i dea 

t h a t  a b a r r i e r  t o  e l e c t r o n  i n j e c t i o n  e x i s t s  i n  t he p a r t i c l e s  

P l a n t i n i z a t i o n  i n c r e a s e s  t he e f f i c i e n c y  o f  r e d u c t i o n  c o n s i s ­

t e n t  w i t h  a known c a t a l y t i c  b e h a v i o r .  F i n a l l y ,  t he a d d i t i o n
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o f  t he ho l e  a c c e p t o r  t o  t he  s o l u t i o n  enhances t he e f f i c i e n c y  

c o n s i s t e n t  w i t h  i t s  ho l e  s c a v e n g i n g  p r o p e r t i e s .
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INTRODUCTION

Much o f  t he p h y s i c s  o f  t he p-n j u n c t i o n  and S c h o t t k y -  

b a r r i e r  t ype  s o l a r  c e l l  de v i c es  i s  w e l l  u n d e r s t o o d ,  bu t  

making t hese j u n c t i o n s  i n v o l v e s  many prob l ems o f  g r ow i ng  

doped s i n g l e  c r y s t a l s .  An e a s i e r  way to p r oduce t he i m p o r ­

t a n t  d e p l e t i o n  r e g i o n  i n  a s e m i c o n d u c t o r  d e v i c e  i s  to 

immerse t he s e m i c o n d u c t o r  i n  an e l e c t r o l y t i c  s o l u t i o n .  Th i s  

produces  a p h o t o e l e c t r o c h e m i c a l  c e l l  t h a t  can be used to 

e i t h e r  d r i v e  chemi ca l  r e a c t i o n s  ( p h o t o e l e c t r o s y n t h e s i s )  o r  

t o pr oduce e l e c t r i c i t y  ( p h o t o v o l t a i c s ) .  A f u r t h e r  s i m p l i f i ­

c a t i o n  o f  p h o t o e l e c t r o c h e m i c a l  c e l l s  i s  to suspend s e m i ­

c o n d u c t o r  p a r t i c l e s  i n  t he s o l u t i o n .  In t h i s  way,  p h o t o ­

e l e c t r o s y n t h e s i s  can be ac h i e v ed  i n  a ve r y  s i m p l e  sys t em.

Wh i l e  t h e r e  has been work done w i t h  s e m i c o n d u c t o r  

powders suspended i n  l i q u i d  e l e c t r o l y t e s ^ " ^ ,  i t  has gen­

e r a l l y  been o f  a q u a l i t a t i v e  c h a r a c t e r  and l i t t l e  q u a n t i ­

t a t i v e  work has been r e p o r t e d  c o n c e r n i n g  the n a t u r e  o f  

charge t r a n s f e r  a t  t he semi  c o n d u c t o r - e l e c t r o l y t e  i n t e r f a c e .  

Th i s  t h e s i s  i s  concer ned w i t h  t hese  charge t r a n s f e r  p r o ­

cesses .  I t  uses Mossbauer  s p e c t r o s c o p y  as a probe f o r  

m o n i t o r i n g  the change o f  t he charge s t a t e s  o f  i r o n  i ons  i n 

an e l e c t r o l y t i c  s o l u t i o n ,  i n  wh i ch  s e m i c o n d u c t o r  p a r t i c l e s  

are suspended,  as a f u n c t i o n  o f  t i me o f  i l l u m i n a t i o n .  

Mossbauer  s p e c t r o s c o p y  i s  u s e f u l  because no chemi ca l
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a n a l y s i s  need be done to d e t e r m i n e  t he f e r r i c / f e r r o u s  r a t i o  

and i t  i s  no t  a f f e c t e d  by o t h e r  s pe c i es  i n  s o l u t i o n .  The 

r a t i o ,  t h e r e f o r e ,  may be d e t e r m i n e d  i n - s i  t u ,  r e d u c i n g  the 

p o s s i b i l i t y  o f  back o x i d a t i o n  o f  t he f e r r o u s  i o n .

Th i s  work  i n v o l v e d  t i t a n i u m - d i o x i d e  ( T i 0 ^ ) powders 

suspended i n  f e r r i c  c h l o r i d e  e l e c t r o l y t e .  Both c r y s t a l  

f orms ( a n a t a s e  and r u t i l e )  were s t u d i e d .  The e f f e c t  o f  a 

c a t a l y t i c  meta l  ( p l a t i n u m )  d e p o s i t e d  on t he TiO^ s e m i c o n ­

d u c t o r  powder  on the p h o t o o x i d a t i o n  or  p h o t o r e d u c t i o n  p r o ­

cess was a l s o  s t u d i e d .  The i m p o r t a n t  q u e s t i o n  o f  what  con­

t r o l s  t he e f f i c i e n c y  o f  p h o t o - i n d u c e d  charge t r a n s f e r  was 

exami ned i n  t h i s  wor k .  These e f f i c i e n c i e s  were d e f i n e d  i n  

t erms o f  r a t e  c o n s t a n t s .  A r a t e  c o n s t a n t  i s  a pa r ame t e r  i n 

t he r a t e  e q u a t i o n  and a h i g h e r  r a t e  c o n s t a n t  under  c o n d i ­

t i o n s  o f  c o n s t a n t  l i g h t  i n t e n s i t y  o f  c o n c e n t r a t i o n  denot es  

a h i g h e r  e l e c t r o n  t r a n s f e r  e f f i c i e n c y .  The r a t e  c o n s t a n t s  

measured i n  t h i s  s t u d y  are t he f i r s t  o f  t h e i r  k i n d  f o r  t h i s  

t ype  o f  sys t em.

The f i r s t  two s e c t i o n s  o f  t h i s  t h e s i s  r e l a t e  t he b a s i c  

p r i n c i p l e s  i n v o l v e d  i n  p h o t o e l e c t r o c h e m i s t r y  and Mossbauer  

s p e c t r o s c o p y .  The t h i r d  s e c t i o n  d e s c r i b e s  the e x p e r i m e n t a l  

s e t - u p  and p r ocedu r es  used,  as w e l l  as the d i f f i c u l t i e s  

i n v o l v e d  w i t h  the Mossbauer  s p e c t r o s c o p y  o f  i ons  i n  i c e .

The f o u r t h  s e c t i o n  d e s c r i b e s  t he r e s u l t s  o f  i n v e s t i g a t i o n s
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o f  t he TiOg - FeC1 g sys t em.  C o n c l u s i o n s  are summar i zed i n  

t he f i n a l  s e c t i o n .
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I . PHOTOELECTROCHEMISTRY

When a s e m i c o n d u c t o r  i s  immersed i n  an e l e c t r o l y t i c  

s o l u t i o n  the chemi ca l  p o t e n t i a l s  o f  t he s o l i d  and l i q u i d  

phases must  e q u i l i b r a t e .  Th i s  u s u a l l y  g e n e r a t e s  a d e p l e t i o n  

r e g i o n  i n  t he s e m i c o n d u c t o r  wh i ch  v a r i e s  i n  depth f rom 5 to 

200 nanomet ers^  depend i ng  on dop i ng  d e n s i t y ,  e l e c t r o l y t e ,  

e t c . The d e p l e t i o n  l a y e r  i s  r e s p o n s i b l e  f o r  t he s e p a r a t i o n  

o f  p h o t o g e n e r a t e d  e 1e c t r o n - h o l e  p a i r s . A n o t h e r  charged 

l a y e r ,  t he  H e l m h o l t z  l a y e r ,  t y p i c a l l y  e x i s t s  i n  t he e l e c t r o ­

l y t e  a d j a c e n t  t o  the s e m i c o n d u c t o r  s u r f a c e .  F i g u r e  1 p r e ­

s en t s  a model  o f  t he H e l m h o l t z  l a y e r  adsorbed on the s u r f a c e  

o f  a m e t a l J In o x i d e  s e m i c o n d u c t o r s ,  t he H e l m h o l t z  l a y e r  

i s  caused by p r e f e r e n t i a l  a d s o r p t i o n  o f  OH s p e c i e s  on the 

s e m i c o n d u c t o r .  Th i s  l a y e r  ex t ends  a few angs t roms i n t o  the
g

s o l u t i o n  and a f f e c t s  t he band bend i ng  t h a t  de ve l op s  i n  the

s e m i c o n d u c t o r .  W i t h o u t  t he H e l mh o l t z  l a y e r ,  t he d i f f e r e n c e

i n  p o t e n t i a l  an i n j e c t e d  e l e c t r o n  woul d  see woul d  s i m p l y

equal  t he d i f f e r e n c e  i n  t he chemi ca l  p o t e n t i a l s  between the

two phases.  F i g u r e  2 g i v e s  an a p p r o x i ma t e  s e r i e s  o f  event s
g

d e s c r i b i n g  the i n t e r f a c e  e n e r g e t i c s .

The e q u i l i b r a t e d  ener gy  l e v e l s  o f  t h i s  sys tem change 

under  i n t e n s e  i l l u m i n a t i o n .  In t h i s  case ,  a l a r g e  number 

o f  e l e c t r o n - h o l e  p a i r s  are p r oduced .  As t hese p a i r s  are 

s e p a r a t e d  by t he e l e c t r i c  f i e l d  i n  the d e p l e t i o n  l a y e r ,  t hey
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F i g j  r e 1 Two s t a t e  model  o f 

t he  doub l e  l a y e r  

H ç ; nn, h o i t z
G ouy planp

S o l v a t e d  
c at  i ons

S p e c i f i c a l l y  
a b s o r bed  

a n i o n s

N o r m a l  
w a t e r  

s t r u c t u r e  
[ •  7 8 . 5

Pr  i m  ar  y
w a t e r

S e c o n d a r y  
w a t e r  l a y e r

c . 3 2

3?
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F i g u r e  2 Energy l e v e l  d i agr am and energy  s c a l e s  f o r  

s e m i c o n d u c t o r - e l e c t r o l y t e  j u n c t i o n s ,  where 

t he H e l m h o l t z  l a y e r  p o t e n t i a l  ( V L, ) , work f unc

t i Q G U s c ^  and e l e c t r o n  a f f i n i t y  ( % ) are shown
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pr oduce a f i e l d  o f  t h e i r  own o f  t he o p p o s i t e  p o l a r i t y .  In 

s h o r t ,  t h e i r  e f f e c t  i s  t o  "unbend"  t he bands.  The amount  o f  

decr ease  i s  l a b e l e d  t he p h o t o v o l t a g e ,  . V ^  dec r eases  

the average f i e l d  each new e l e c t r o n - h o l e  p a i r  sees ,  t hus 

l o w e r i n g  t he p r o b a b i l i t y  t h a t  s e p a r a t i o n  occu r s  b e f o r e  

e l e c t r o n - h o l e  r e c o m b i n a t i o n .  The s e p a r a t e d  e l e c t r o n - h o l e  

p a i r s  are s u b s e q u e n t l y  i n j e c t e d  i n t o  t he e l e c t r o l y t e  to 

g e n e r a t e  o x i d a t i o n / r e d u c t i o n  r e a c t i o n s  a t  the s e m i c o n d u c t o r  

e l e c t r o d e  s u r f a c e .  Th i s  l eads  t o  t he p h o t o e l e c t r o c h e m i s t r y  

o f  t he sys t em.

The pH o f  t he e l e c t r o l y t e  has an e f f e c t  on the r e l a t i v e  

ener gy  l e v e l s  o f  t h i s  sys t em.  The H e l m h o l t z  l a y e r  c o n s i s t s  

o f  OH i ons  adsorbed on t he s u r f a c e  o f  the s e m i c o n d u c t o r .

As t he pH o f  t he s o l u t i o n  changes , t he c o n c e n t r a t i o n  o f  OH 

i ons  on the s u r f a c e  o f  the s e m i c o n d u c t o r  changes v i a  the 

r e a c t i  on :

(S. C.  ) OH" -* ( S . C.  ) + 0 ' 2+ H+

As t h i s  e q u i l i b r i u m  changes t he c a p a c i t a n c e  o f  t he H e l mh o l t z  

l a y e r  changes . Th i s  changes t he r e l a t i v e  p o s i t i o n s  o f  t he 

ener gy  l e v e l s  i n  t he s e m i c o n d u c t o r  t o  t hose  o f  the e l e c t r o ­

l y t e .  The ener gy  l e v e l s  i n  t he l a t t e r  are d e t e r m i n e d  by the 

p o t e n t i a l  o f  t he redox s p e c i e s  i n  t he e l e c t r o l y t e .

In a d d i t i o n  t o  pH s t u d i e s ,  i n v e s t i g a t o r s  i n  t h i s  f i e l d  

have t r i e d  many t h i n g s  to i n c r e a s e  the e f f i c i e n c i e s  o f  t h e i r
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s ys t ems .  P l a t i n u m  i s  f r e q u e n t l y  d e p o s i t e d  on p a r t  o f  t he 

e l e c t r o d e  s u r f a c e  because i t  i s  a good e l e c t r o n  a c c e p t o r  as 

w e l l  as an e x c e l l e n t  c a t a l y s t  f o r  r e d u c t i o n .  Th i s  i s  

because i t  i s  ve r y  porous and t h e r e f o r e  has a l a r g e  s u r f a c e  

area whi ch  can adsorb many s o l u t i o n  i o n s .  The a d d i t i o n  o f  

an e l e c t r o n  or  ho l e  a c c e p t o r  t o  the s o l u t i o n  has a l s o  been 

s t u d i e d .  These s p e c i es  a c t  as a s a c r i f i c i a l  agent  wh i ch  

are e a s i l y  r educed o r  o x i d i z e d  and p e r m i t s  t he d e s i r e d  o x i ­

d a t i o n  o r  r e d u c t i o n  t o  p r oc ee d .  Doped s e m i c o n d u c t o r s  are 

a l s o  f r e q u e n t l y  i n v e s t i g a t e d .  N o r m a l l y ,  i n  an i l l u m i n a t e d  

n - t y p e  s e m i c o n d u c t o r  ho l es  are i n j e c t e d  f rom the s e mi c o n ­

d u c t o r  e l e c t r o d e ,  w h i l e  i n  a p - t y p e  s e m i c o n d u c t o r  e l e c t r o n s  

are i n j e c t e d .  However ,  under  c e r t a i n  c o n d i t i o n s ,  f o r  

exampl e ,  when t he s e m i c o n d u c t o r  bands are f l a t  o r  t he p o t e n ­

t i a l  b a r r i e r  f o r  m a j o r i t y  c a r r i e r  i n j e c t i o n  can be overcome,  

e l e c t r o n s  can be i n j e c t e d  f rom i l l u m i n a t e d  n - t y p e  s emi c o n ­

d u c t o r s  and ho l es  can be i n j e c t e d  f rom p - t ype s e m i c o n d u c t o r s .  

These s p e c i a l  cases are s t u d i e d  i n  t h i s  i n v e s t i g a t i o n .

The p h o t o e l e c t r o c h e m i s t r y  d i s c u s s e d  so f a r  a p p l i e s  

e q u a l l y  w e l l  t o  many t ypes  o f  s e m i c o n d u c t o r - e l e c t r o l y t e  

i n t e r f a c e s .  The i n t e r f a c e  s t u d i e d  here i n v o l v e s  s e mi c o n ­

d u c t o r  powders suspended i n  an aqueous e l e c t r o l y t e .  The 

powder  was TiO^ and t he e l e c t r o l y t e  was a 0 . 014  mo l a r  

f e r r i c  c h l o r i d e  s o l u t i o n .
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TiOg i s  o f  i n t e r e s t  f o r  s e v e r a l  r e a s o n s . I t  has been 

e x t e n s i v e l y  s t u d i e d  as a phot oanode f o r  the p h o t o e l e c t r o ­

chemi ca l  " s p l i t t i n g "  ( s i m u l t a n e o u s  r e d u c t i o n  and o x i d a t i o n )  

o f  w a t e r  i n t o  H  ̂ and 0 ^. The p r o d u c t ,  H  ̂ cou l d  t hen be 

used as an a l t e r n a t e  f u e l  . The a b i l i t y  o f  Ti  0  ̂ t o  s p l i t  

w a t e r  i s  due t o  i t s  band edge p o s i t i o n s  r e l a t i v e  to t he 

H+ / H£ and H^O/O^ redox  p o t e n t i a l s  as shown i n  F i g u r e  3.

Wi th T i 0 2 > bo t h  p ho t o p r o d uc e d  e l e c t r o n s  and ho l es  are 

i n j e c t e d  t o  t he s o l u t i o n  w i t h  enough t o t a l  ener gy  t o  cause 

t he a f o r e m e n t i o n e d  r e a c t i o n s  t o t ake  p l a c e .  As seen f rom 

t h i s  d i a g r a m,  the e l e c t r o n s  w i l l  emerge f rom the c o n d u c t i o n  

band w i t h  enough ener gy  t o  r educe any chemi ca l  s p e c i e s  w i t h  

a redox  p o t e n t i a l  be l ow t he c o n d u c t i o n  band edge and the 

ho l es  w i l l  emerge f rom the v a l e n c e  band w i t h  enough energy  

t o  o x i d i z e  any s p e c i e s  w i t h  a redox p o t e n t i a l  above the 

c o n d u c t i o n  band e d g e .

A p o s i t i v e  a s p e c t  o f  Ti  Og i s  i t s  h i gh  s t a b i l i t y .  A 

s t a b l e  s e m i c o n d u c t o r  i s  one t h a t  can i n j e c t  p h o t o g e n e r a t e d  

c a r r i e r s  i n t o  an e l e c t r o l y t e ,  bu t  i t s e l f  w i l l  no t  r e a c t  w i t h  

t he char ge  c a r r i e r s .  The l a t t e r  p r ocess  i s c a l l e d  p h o t o -  

d e g r e d a t i  on . An example o f  p h o t o d e g r e d a t i o n  i s :

CdS + 2h+ -> Cd2+ + S .

Here t he  CdS e l e c t r o d e  r e a c t s  w i t h  a v a l ence  band h o l e ,  

c aus i ng  o x i d a t i v e  d e g r e d a t i  o n . Th i s  r e a c t i o n  can coa t  a CdS



T-2820 10

NHE Sca l e  (eV)
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F i g u r e  3

P o s i t i o n  o f  Band gaps and p e r t i n e n t  

redox c o u p l e s .
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e l e c t r o d e  w i t h  a l a y e r  o f  s u l f u r ,  e f f e c t i v e l y  s h u t t i n g  o f f  

any charge t r a n s f e r  p r o c e s s .  Re ac t i on s  o f  t h i s  t ype  are 

seldom not ed on Ti  0  ̂ e l e c t r o d e s  bu t  are ve r y  common on 

s m a l l e r  bandgap s e m i c o n d u c t o r s .

A ma j o r  d i s a d v a n t a g e  o f  Ti  0^ i s  i t s  l a r g e  ba n d g ap .

Ti  0 g has two c r y s t a l  f o r m s ,  ana t ase  w i t h  a 3 . 2  eV bandgap 

and r u t i l e  w i t h  a 3 .0  eV b a n d g a p . S i nce  c a r r i e r s  can o n l y  

be c r e a t e d  by a b s o r p t i o n  o f  l i g h t  w i t h  ener gy  g r e a t e r  t han 

the bandgap (Eg)  both f orms o f  Ti  0^ can on l y  produce a 

p h o t o c u r r e n t  under  near -UV i l l u m i n a t i o n .  The s u n ' s  s p e c ­

t rum a t  t he e a r t h ' s  s u r f a c e  i s  no t  ve r y  i n t e n s e  i n  t he near  

UV , t h e r e f o r e ,  s e v e r e l y  l i m i t i n g  the maximum ex p ec t ed  o v e r ­

a l l  e f f i c i e n c i e s  f o r  Ti  0^ sys t ems .

In a d d i t i o n  to prob l ems t h a t  must  be c o n s i d e r e d  w i t h  

a s i n g l e - c r y s t a l  e l e c t r o d e  and metal  c o u n t e r - e l e c t r o d e  

sys t em,  powder  s e m i c o n d u c t o r s  p r e s e n t  o t h e r  c o m p l i c a t i o n s  

such as p a r t i c l e  s i z e  e f f e c t s  , charge a c c u m u l a t i o n  e f f e c t s , 

and m i x i n g  c o n s i d e r a t i o n s .  These w i l l  be d i s c u s s e d  i n  t he 

e x p e r i m e n t a l  p r oc ed u r es  s e c t i o n .

The e l e c t r o l y t e ,  f e r r i c  c h l o r i d e ,  was chosen f o r  two 

reasons . The f i r s t  was t h a t  t he p o s i t i o n  o f  t he f e r r i c -  

f e r r o u s  redox  p o t e n t i a l  l i e s  w i t h i n  the bandgap o f  Ti  Op 

( F i g .  3 ) .  Thus,  p h o t o e x c i t e d  e l e c t r o n s  shou l d  be ab l e  to 

reduce t he f e r r i c  i on  to the f e r r o u s  s t a t e .  The second
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reason was t h a t  t h i s  p r ocess  cou l d  then be r e a d i l y  m o n i t o r e d

us i ng  Mossbauer  s p e c t r o s c o p y . The Mossbauer  e f f e c t  i s  more
57e a s i l y  w i t n e s s e d  i n  Fe t han i n  any o t h e r  n u c l e a r  s pe c i es  

5 7and Fe occur s  n a t u r a l l y  w i t h  a 2 p e r c e n t  abundance i n  a l l  

i r o n  compounds.  The i r o n  used i n  t h i s  e l e c t r o l y t e  was 9 5%
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I I  . MOSSBAUER EFFECT

A . Genera l  Theor y

The Mossbauer  e f f e c t  i s  r e c o i l l e s s  gamma-ray e mi s s i o n  

and a b s o r p t i o n  by n u c l e i .  R e c o i l l e s s  e m i s s i o n  or  a b s o r p t i o n  

i s  no t  p o s s i b l e  f o r  a f r e e  n u c l e u s ,  f o r  when i t  emi t s  or  

absorbs  a gamma-ray i t  must  ga i n  or  l ose  a c e r t a i n  amount  

o f  r e c o i l  e n e r g y ,  E^. C o n s e r v a t i o n  o f  ener gy  r e q u i r e s

S  + ER = Eo
where EQ i s  t he n u c l e a r  t r a n s i t i o n  en e r gy .  T h e r e f o r e ,  i f  a 

gamma-ray i s  e m i t t e d  f rom one n u c l e u s ,  i n t e r a c t s  w i t h  an 

i d e n t i c a l  nuc l eus  and the two are i n i t i a l l y  a t  r e s t  w i t h  

r e s p e c t  t o  one a n o t h e r ,  t he s i t u a t i o n  i n  F i g u r e  4 w i l l  

r e s u l t .  In t h i s  case , r esonance f l o r e sc e nc e  w i l l  most  p r o ­

b a b l y  no t  t ake  p l a c e  s i n c e  t h e r e  i s  l i t t l e  or  no l i n e  o v e r ­

l a p .  The l i n e s  are s h i f t e d  by ER + E^ where 

Er  = Pn2/2M;  E = Py c = "hk 

In t hese  e q u a t i o n s  , M i s  t he mass o f  t he nuc l eus  i n v o l v e d ,  

k i s  t he  magn i t ude  o f  t he gamma-ray wave v e c t o r , c i s  t he 

v e l o c i t y  o f  l i g h t  and T) i s  P l a n c k ' s  c o n s t a n t  d i v i d e d  by 2 t t  .

The Mossbauer  e f f e c t  can o n l y  be obser ved  i n  s o l i d s  

where i t  i s  p o s s i b l e  f o r  a gamma-ray t o  be e m i t t e d  f rom a 

bound a tarn w i t h o u t  e x c i t i n g  a phonon.  Th i s  " z e r o - p h o n o n  

t r a n s i t i o n " ^  has the p r o b a b i l i t y ,  f , c a l l e d  the r e c o i l - f r e e  

f r a c t i o n .  For  a o n e - d i m e n s i o n a l  ha r mon i c  o s c i l l a t o r :
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EMISSION ABSORPTION

* + ♦

F i g u r e  4 Emi ss i on  

and a b s o r p t i o n  l i n e s  s h i f t e d  

by Er .
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2 2f  = e x p ( - k <x“ >)
2

where <x > i s  t he mean- squar e  v i b r a t i o n a l  a m p l i t u d e  i n  the 

x - d i r e c t i  on

Thus ,  t he s i t u a t i o n  can oc c u r  wh e r e i n  a gamma-ray w i l l

be e m i t t e d  f rom a nuc l eus  i n  one s o l i d  and be absorbed by

a n o t h e r  nuc l eus  i n  a d i f f e r e n t  s o l i d ,  t hus cau s i ng  n u c l e a r

resonance f l o r e s c e n c e .  Th i s  i s  t he Mossbauer  e f f e c t . I t

i s  o f  i n t e r e s t  because o f  t he nar row n a t u r a l  l i n e  w i d t h  o f

t he many Mossbauer  t r a n s i t i o n s .  Us i ng H e i s e n b e r g ' s  un c e r -
5 7ta i n t y  p r i n c i p a l  , f o r  t he  14 . 4  keV t r a n s i t i o n  i n  F e w i t h

a 10 ~ 7s l i f e t i m e ,  AE = 5 x 1 0 ' 9 eV and r / E  ^ 3 x 1 0 " 1 3 .
Y

Th i s  a l l o w s  t he e x p e r i m e n t e r  t o  d e t e c t  e x t r e m e l y  sma l l  

d i f f e r e n c e s  i n  ener gy  l e v e l s  between e m i t t i n g  and a b s o r b i n g  

n u c l e i ,  and t h e r e f o r e  makes p o s s i b l e  t he d e t e c t i o n  o f  a l l  

t he f o l l o w i n g  n u c l e a r  e f f e c t s .
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B . N u c l e a r  H y p e r f i n e  I n t e r a c t i o n s

As gamma-rays are e m i t t e d  f rom one s o l i d  and absor bed 

i n  a n o t h e r ,  t h e r e  are a v a r i e t y  o f  i n t e r a c t i o n s  wh i ch  must  

be c o n s i d e r e d .  These h y p e r f i n e  ( e l e c t r o n - n u c l e o n )  i n t e r ­

a c t i o n s  d e t e r m i n e  t he number o f  l i n e s  and t h e i r  r e l a t i v e  

p o s i t i o n s .  These a b s o r p t i o n  l i n e s  are r e s o l v e d  by moving 

t he sou r ce  r e l a t i v e  t o  t he a b s o r b e r  t o  Do p p l e r  s h i f t  t he 

gamma- rays.  The change i n  energy  o f  t he gamma-rays i s :

«  ■ JE

where v ,  t he r e l a t i v e  v e l o c i t y  o f  sou r ce  and a b s o r b e r , i s  

on the o r d e r  o f  mm/ s . T h e r e f o r e ,  t he p o s i t i o n s  o f  t he  peaks 

are c o n v e n t i o n a l l y  r e p o r t e d  i n  mm/s r a t h e r  t han i n  energy  

u n i t s .  The i n t e r a c t i o n s  o f  i n t e r e s t  here  are the i somer  

s h i f t ,  q u a d r u p o l e  s p l i t t i n g ,  and the ma gn e t i c  h y p e r f i n e  

i n t e r a c t i o n .

1. I somer  S h i f t

Th i s  e l e c t r o s t a t i c  i n t e r a c t i o n  a r i s e s  f rom the change 

o f  n u c l e a r  r a d i u s  between i t s  e x c i t e d  and ground s t a t e s ,  as 

w e l l  as t he d i f f e r e n c e  i n  e l e c t r o n  d e n s i t y  a t  t he nuc l eus  

between sou r ce  and a b s o r b e r  n u c l e i .

The change i n  ener gy  o f  t he gamma-ray as i t  goes f rom 

an e x c i t e d  t o  a ground s t a t e  i s  then g i v e n  by:

\,cn«d ' %„d - r  z - ,2g-d>
where Y ( o ) i s  t he t o t a l  e l e c t r o n  wave f u n c t i o n  e v a l u a t e d  a t
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R = o.  There can be d i f f e r i n g  e n v i r o n m e n t s ,  however ,  f r om 

sou r ce  t o  a b s o r b e r ,  g i v i n g  t he  f i n a l  f orm f o r  t he i somer  

s h i f t ^ :

ô = f 1 Z e 2 { | y a ( o ) | 2 - | Ys ( o ) | 2 H R 2ex - R2g n d } .

I n v o l v e d  i n  t h i s  work are t he  i somer  s h i f t s  o f  f e r r i c
3 +and f e r r o u s  i ons  . In a p e r f e c t l y  i o n i c  c r y s t a l  Fe has 

t he e l e c t r o n i c  c o n f i g u r a t i o n  3s^3p^3d^  and Fe^+ has the 

c o n f i g u r a t i o n  3 s ^ 3p^ 3d^ .  The Fe-H^O l i g a n d  i s  f a i r l y  p o l a r ,  

so t hese  i o n i c  c o n f i g u r a t i o n s  are a c c e p t a b l e  f o r  t he i r o n
9 +

i ons  i n  w a t e r .  The e x t r a  d e l e c t r o n  i n  the Fe1" i on  does

no t  c o n t r i b u t e  d i r e c t l y  t o  T ( o )  bu t  i n c r e a s e s  t he s h i e l d i n g
3+ 19

o f  3s e l e c t r o n s  f rom t he Fe n u c l e u s .  T h e r e f o r e ,  t he s 

e l e c t r o n  d e n s i t y  i s  h i g h e r  a t  t he nuc l eus  o f  t he f e r r i c  i o n ,  

and i t  w i l l  have a s m a l l e r  i somer  s h i f t  r e l a t i v e  to the 

s o u r c e .

Mossbauer  s p e c t r a  were t aken  o f  q u i c k  f r o z e n  aqueous

s o l u t i o n s  o f  F e d  g and FeC1 g . These p r o v i d e  an example o f
9+ 3 +

t y p i c a l  d i f f e r e n c e s  between Fe and Fe i somer  s h i f t s .
2 +

The i ons  assumed to  be t r a p p e d  i n  i c e  are Fe ( ^ and
3 + 13FetHgO)^ . These are f e r r o u s  and f e r r i c  i ons  c o o r d i ­

na t ed w i t h  s i x  wa t e r s  o f  h y d r a t i o n .  At  the t e m p e r a t u r e s  

i n v o l v e d  i n the e x p e r i me n t s  t hese  i ons  have n e a r l y  c u b i c  

symmet r y .  I t  was g e n e r a l l y  f ound t h a t  t he i somer  s h i f t  

f o r  t he f e r r i c  i on  was +0 . 4  + 0 . 1  mm/sec,  w h i l e  f o r  t he
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f e r r o u s  i on  i t  was +1 . 4  + 0 . 1  mm/sec.

2. Quadr upo l e  S p l i t t i n g

Th i s  i n t e r a c t i o n  a r i s e s  when a n u c l e a r  charge d i s t r i ­

b u t i o n  d e v i a t e s  f rom s p h e r i c a l  symmet r y .  Th i s  p r oduces  a 

t e n s o r  q u a n t i t y ,  t he  q u a d r u p o l e  moment t e n s o r , eQ w i t h  

e l e m e n t s :

Qi j  = / p nx i x j d3 r  
I f  t h e r e  e x i s t s  an e l e c t r i c  f i e l d  g r a d i e n t  ( e . f . g . )  a t  the

n u c l e u s ,  i t s  i n t e r a c t i o n  w i t h  t he q u a d r u p o l e  t e n s o r  w i l l

l i f t  d e g e n e r a c i e s  i n  t he n u c l e a r  l e v e l s  g i v i n g  r i s e  t o  the

obser ved q u a d r u p o l e  s p l i t t i n g .

Work i ng i n  c a r t e s i a n  c o o r d i n a t e s  , both t he q u a d r u p o l e  

and e . f . g .  t e n s o r s  are t r a c e ! es s and s y m m e t r i c .  I f  the 

c o o r d i n a t e  sys tem i s  chosen t o c o i n c i d e  w i t h  t he p r i n c i p a l  

a x i s  o f  t he e . f . g .  t e n s o r ,  t he f i n a l  f o r m o f  the i n t e r a c t i o n  

H a m i l t o n i a n  becomes :

where I i s  t he n u c l e a r  s p i n ,  e i s  the e l e c t r o n i c  c h a r g e , I + 

and I are r a i s i n g  and l o w e r i n g  o p e r a t o r s .

1(1+1)  + h n ( I + 2 - I . 2 ) }

and

eq = Vz z
wh e re

62V / 6 i 2 = V . .
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The e f f e c t  o f  t he q u a d r u p o l e  i n t e r a c t i o n  on n u c l e a r

s t a t e s  w i t h  1^3/ 2  i s  t o  remove h a l f  o f  t h e i r  (21 + 1 ) - f o 1d
5 7degene r acy .  For  Fe,  wh i ch  has a f i r s t  e x c i t e d  s t a t e  o f  

1=3/2 and a ground s t a t e  o f  1=1 / 2 ,  t he  q u a d r u p o l e  i n t e r ­

a c t i o n  s p l i t s  t he e x c i t e d  s t a t e  i n t o  a d o u b l e t .  The com­

b i ned  e f f e c t s  o f  an i somer  s h i f t  and q u a d r u p o l e  s p l i t t i n g  

are shown i n  F i g u r e  5.

In t h i s  w o r k , f e r r i c  and f e r r o u s  i ons  were d i s t i n ­

gu i shed  m a i n l y  by t h e i r  d i f f e r i n g  q u a d r u p o l e  s p l i t t i n g s .

I t  has been p o s t u l a t e d  t h a t  i n  a f e r r i c  c h l o r i d e  s o l u t i o n ,  

t he  f e r r i c  i on can e i t h e r  be c o o r d i n a t e d  w i t h  s i x  H^O mo l e ­

c u l e s  or  f i v e  H^O mo l e c u l e s  and a C1~ i o n  t o  g i v e  

FeÇH^Oj j -Cl  wh i ch  has a d o u b l e t  w i t h  a q u a d r u p o l e  s p l i t t i n g

o f  0 . 25  mm/s.  Th i s  i s  due t o  t he d i s t o r t i o n  caused by the
15c o o r d i n a t e d  Cl l i g a n d  . Onl y  a s i n g l e  f e r r i c  peak cou l d  

be f i t t e d  to the da t a  i n  t h i s  s t u d y .

The f e r r o u s  i o n ,  as p r e v i o u s l y  m e n t i o n e d ,  has an e x t r a

d e l e c t r o n  whose charge d i s t r i b u t i o n  can e a s i l y  be d i s t o r t e d

by t he s l i g h t e s t  p e r t u r b a t i o n  f rom c u b i c  symmet r y .  Th i s

non-symme t r i  c charge i nduces  a l a r g e  e l e c t r i c  f i e l d  g r a d i e n t  

a t  t he  nuc l eus  wh i ch  produces  t y p i c a l  q u a d r u p o l e  s p l i t t i n g s  

near  3 . 2  mm/s.

3. Ma gne t i c  I n t e r a c t i o n s

The t h i r d  e l e c t r o n - n u c l e o n  i n t e r a c t i o n  a r i s e s  f rom the
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Fi g u re 5 I s o m e r s h i f t  ô and cjuadrupolG
5 7s p l i t t i n g  A f o r  Fe.
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ma g ne t i c  p a r t  o f  t he g e ne r a l  H a m i l t o n i a n .  Th i s  i s  f u r t h e r  

d i v i d e d  i n t o  two s u b c l a s s e s  . The f i r s t  i s  obser ved  i n  

f e r r o m a g n e t i c  or  a n t i  f e r r o m a g n e t i c  systems and r e s u l t s  f rom 

a s t r o n g  i n t e r n a l  ma gne t i c  f i e l d  o c c u r i n g  a t  t he n u c l e u s .

The second c l a s s  occu r s  i n  p a r a ma g n e t i c  systems w i t h  l ong 

e l e c t r o n i c  r e l a x a t i o n  t i mes  .  ̂ The second c l a s s  i s  o f  

i mp o r t a n c e  h e r e .

In t he p a r a ma g n e t i c  sys tem the ma gne t i c  f i e l d  a t  t he 

nuc l eus  depends on t he e l e c t r o n i c  r e l a x a t i o n  t i me  t . I f  i t  

i s  f a s t  compared t o 1 / w^ ,  t he r e c i p r o c a l  o f  t he n u c l e a r  

Larmor  f r e q u e n c y ,  t hen t he ma gne t i c  f i e l d  pr oduced by the 

e l e c t r o n  s p i n s  a t  t he  nuc l eus  averages t o  zer o  and no 

n u c l e a r  Zeeman s p l i t t i n g  i s  i n d u c e d .  I f  t he r e l a x a t i o n  t i me 

i s  s l ow compared t o  l /co^ t hen m a g n e t i c a l l y  s p l i t  s p e c t r a  

w i l l  be obser ved  because the nuc l eus  no l o n g e r  sees a mag­

n e t i c  f i e l d  wh i ch  averages t o zero  ove r  t he a p p r o p r i a t e  t i me 

i n t e r v a l  (10 ^ s ) .  The i n t e r m e d i a t e  case ,  where t  i s  o f  the 

o r d e r  o f  1 / w^ ,  w i l l  p r oduce l i n e  b r o ad en i n g  o f  t he non­

ma gn e t i c  peaks . The f a s t  case and the i n t e r m e d i a t e  case are 

o f  i n t e r e s t  he r e .

I t  has been p o s t u l a t e d ^  t h a t  when w a t e r  i s  q u i c k l y  

f r o z e n , two phases can c o e x i s t ,  one a r e g u l a r  c r y s t a l  l a t ­

t i c e  and one a g l a s s - l i k e  phase.  Because t he s o l u b i l i t y  o f  

i ons  i n  c r y s t a l l i n e  i c e  i s  l owe r  than t h e i r  s o l u b i l i t y  i n
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t he  g l a s s  phase,  t h e r e  can e x i s t  two r e g i o n s  o f  d i f f e r i n g  

i on  c o n c e n t r a t i o n .  T h i s ,  o f  c o u r s e ,  causes d i f f e r e n t  

aver age s pa c i ngs  between the i ons  i n  t he two phases . I f  

t he  i o n  c o n c e n t r a t i o n  i s  dec r eased  then t  decr eases  because 

o f  a dec r ease  i n  s p i n - s p i n  i n t e r a c t i o n s  and a s h a r p e r  p a r a ­

ma g n e t i c  peak w i l l  t hen be p r e s e n t . ^  Th i s  i s  p r o b a b l y  the 

case f o r  t he c r y s t a l l i n e  phase o f  q u i c k  f r o z e n  i c e .  In t he 

g l a s s  phase t he c o n c e n t r a t i o n  i s  i n c r e a s e d ,  so i n c r e a s e s

and ma g ne t i c  s p l i t t i n g  o r  l i n e  b r o a d e n i n g  i s  seen.  Thus,
3 +two t y pes  o f  Mossbauer  r esonance are seen f o r  Fe , a sharp

component  and a broad component .  These are i l l u s t r a t e d  i n  
2 +F i g u r e  6.  Fe i s  no t  a f f e c t e d  by t hese c o n s i d e r a t i o n s  

s i n c e  i t  shows no p a r a ma g n e t i c  r e l a x a t i o n  e f f e c t s .
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T

TOGO

0.939

0.978

0.908

- 7. 0 .

VELOCITY ( m m /s e c )
7 .

F i g u r e  6

Mossbauer  s pe c t  r u m (=1561 ) showi ng  
3 +bot h  Fe r e s o na n c es  .
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I I I . APPARATUS AND EXPERIMENTAL PROCEDURES

A . Sample P r e p a r a t i o n

The f e r r i c  c h l o r i d e  s o l u t i o n  was p r e p a r e d  by d i s s o l v ­

i ng  Fe^Og (9 5% ^ F e  e n r i c h e d )  i n  excess b o i l i n g  8N HC1 to
2 +whi ch  HgO was a d d e d . F r e q u e n t l y ,  some Fe i s  f ormed i n  the 

s o l u t i o n ,  and an o x i d i z i n g  agen t  (HgOu) was added to e l i m i ­

na t e  i t .  The f i n a l  s o l u t i o n  c o n c e n t r a t i o n  was 0 . 0 14  mo l a r
3 +

i n  t he Fe i o n .  Th i s  r o u g h l y  ap p r o x i ma t e d  a mono l aye r  o f  
3 +Fe i ons  when 20 mg o f  Ti  0  ̂ o f  average s i z e  20 pm was

3
suspended i n  0 . 6  cm o f  s o l u t i o n .

Both c r y s t a l  f orms o f  T i O^ ,  r u t i l e  and a n a t a s e ,  were

s t u d i e d .  The r u t i l e  was pr oduced by G a l l a r d - S c h l e s i n g e r  and 

was 99.999% pu r e .  I t  c o n t a i n e d  no an a t a s e .  The o t h e r  

v a r i e t y  o f  TiOg used was f r om MOB, was 99.9% p u r e ,  and con­

t a i n e d  70% ana t ase  and 30% r u t i l e  as d e t e r m i n e d  by x - r a y  

d i f f r a c t i o n .

I n  a d d i t i o n  t o  t hese  powder s ,  n - t y p e  a n a t a s e , p l a t i ­

n i z e d  a n a t a s e , and p l a t n i z e d ,  n - t y p e  anat ase  were a l s o  

s t u d i e d .  Doping t o  pr oduce t he n - t y p e  anat ase was accom­

p l i s h e d  by h e a t i n g  t he TiO^ i n  an i n e r t  e n v i r o n me n t  to 

a p p r o x i m a t e l y  1000 °C to i nd uc e  oxygen d e f e c t s  i n  t he l a t ­

t i c e .  P l a t i n i z a t i o n  was done a c c o r d i n g  to a p r ocess  docu­

mented by B a r d ^  whi ch i n v o l v e d  p h o t o r e d u c t i o n  o f  Pt  i ons 

on t o  t he TiO^ p a r t i c l e s .  A l l  o f  t he doped and p l a t i n i z e d
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samples were s u p p l i e d  by M a t t  R a d c l i f f  o f  t he S o l a r  Energy

Research I n s t i t u t e .

The samples were p r e p a r ed  by w e i g h i n g  ou t  20 mg o f  TiO^

and p u t t i n g  t h i s  amount  i n  a sample d i s k  (see F i g .  7 ) .  A

g l a s s  s l i p - c o v e r  140 ym t h i c k  was t hen cemented on w i t h

s i l i c o n e  cement .  The samples were i l l u m i n a t e d  t h r o ug h  t h i s

c o v e r - p l a t e . A f t e r  t he cement  d r i e d  t he FeC1^ s o l u t i o n  was

added by a s y r i n g e  t h r o ug h  a f i l l e r  ho l e  wh i ch  was t hen

s e a l e d  w i t h  s i l i c o n e  cement .  The e l e c t r o l y t e  volume o f  each
3 2sample d i s k  was about  0 . 6  cm w i t h  a 2 cm f r o n t a l  a r ea .
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B. Sample I l l u m i n a t i o n  Pr ocedur e

The i l l u m i n a t i o n  geomet r y  i s  shown i n  F i g u r e  7. The

samples were i l l u m i n a t e d  by a OS RAM 900 W lamp run by a

S h o e f f e l  255HR 1000 W power  s u p p l y .  The l i g h t  i n t e n s i t y  was
2

measured w i t h  an 0RTEC t h e r m o p i l e  and was 58 . 7  mw/cm f o r  

each sampl e .  Because t h i s  lamp had such an i n t e n s e  o u t p u t  

i n  t he red t o  i n f r a - r e d  r e g i o n ,  a N e l l e s - G r o i t  IR f i l t e r  was 

k ep t  i n  t he beam path t o  e l i m i n a t e  p o s s i b l e  r e d u c t i o n  caused 

by IR h e a t i n g  o f  t he sampl e .  The above i n t e n s i t y  was the 

v a l u e  w i t h  the IR f i l t e r  i n  p l a c e .  To keep the TiO^ p a r t i ­

c l e s  suspended and t o  i n s u r e  i l l u m i n a t i o n  o f  a l l  powder  the 

sample d i s k s  were he l d  i n  a d e n t a l  amal gamat o r  and shaken 

w h i l e  under  i l l u m i n a t i o n .

The p o s s i b i l i t y  o f  s p u r i o u s  r e d u c t i o n  caused by h e a t i n g  

or  some o t h e r  i n f l u e n c e  was checked by s ha k i n g  the sample 

w i t h  t he lamp o f f  as w e l l  as by h e a t i n g  t he sample w h i l e
24 -

s h a k i n g  i t .  No Fe was d e t e c t e d  i n  any case e x c e p t  i n  t he 

p r esence o f  i l l u m i n a t i o n .
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Sample Di sk

F i l l e r  Hole

S o l u t i o n

Sample Di sk

Top v i ew

F r o n t  P l a t e

S o l u t i o n

s i d e  v i ew

I l l u m i n a t i o n  Geomet ry

Sample d i s k

4

Lamp

Shaker  
Clamp

( mo t i o n  i n  and 
ou t  o f  p l ane  o f  
paper )

Beam
Path

t
I R F i l t e r

F i g u r e  7 

I l l u s t r a t i o n  o f  Sample Di sk  

And I l l u m i n a t i o n  Geomet ry
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C. F r e e z i n g  Pr ocedur e  and Temper a t u r e  C o n t r o l

In p r e p a r a t i o n  f o r  t he a c c u m u l a t i o n  o f  a Mossbauer

s p e c t r u m,  any l i q u i d  must  be c o n v e r t e d  t o the s o l i d  s t a t e .

The Fe C l ^ - T i O^  s us p e ns i o n s  were q u i c k - f r o z e n  i n  t h e i r  sample

c e l l s  i n  l i q u i d  n i t r o g e n  i m m e d i a t e l y  a f t e r  i l l u m i n a t i o n

ceased.  I mmedi a t e  f r e e z i n g  was nec es s a r y  to p r e v e n t  any
2+ 3 +back o x i d a t i o n  o f  pho t o  i nd uced  Fe to Fe . One example 

o f  t h i s  i s  spec t r um #16 37 ( Append i x  I I ) .  P l a t i n i z e d  doped 

anat ase  whi ch had been i l l u m i n a t e d  f o r  45 mi nu t es  q u i c k -  

f r o z e n  and measur ed,  was then a l l o w e d  t o  m e l t ,  r e f r o z e n  and

a new spec t r um was t a k e n .  The f i r s t  spec t r um showed 10.8%
2 + 2 +Fe , w h i l e  a f t e r  m e l t i n g  and r e f r e e z i n g  o n l y  4.0% Fe was

d e t e c t e d .

The samples were k e p t  f r o z e n  and t h e i r  t e m p e r a t u r e  con­

t r o l l e d  d u r i n g  spec t r um a c c u m u l a t i o n  by a c o l d - f i n g e r  

a p p a r a t u s . Temper a t u r e  was c o n t r o l l e d  by a d j u s t i n g  the 

amount  o f  d r y  n i t r o g e n  gas whi ch  f l o we d  t h r oug h  c o i l s  

immersed i n  l i q u i d  n i t r o g e n  then i n s i d e  t he c o l d  f i n g e r ,  to 

whi ch t he  sample h o l d e r  was a t t a c h e d .  The e n v i r o n me n t  

around the sample h o l d e r  was evacua t ed  t o  a p p r o x i m a t e l y  

15 mT f o r  each run to a l l o w  more e f f i c i e n t  c o o l i n g .  Two 

c o p p e r - c o n s t a n t a n  t he r mo c o up l es  were imbedded i n  the sample 

h o l d e r  t o m o n i t o r  t e m p e r a t u r e  d u r i n g  a r un .  I t  was i n i ­

t i a l l y  f ound t h a t  t he a b s o l u t e  areas o f  the peaks i n  the
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s p e c t r a  wou l d  change f r om run t o  r un .  Th i s  was a t t r i b u t e d
20t o  t he  t e m p e r a t u r e  h i s t o r y  o f  each sample and t hus to
2 i

phase t r a n s i t i o n s  t h a t  i c e  had u n d e r g o n e .

A t e m p e r a t u r e  c y c l i n g  p r o c ed u r e  was f ound whi ch gave 

the b e s t  p e r c e n t  e f f e c t  (Peak I n t e n s i t y  - Backgr ound 

I n t e s i t y ) / B a c k g r o u n d  I n t e n s i t y  a t  a c o n v e n i e n t  o p e r a t i n g  

t e m p e r a t u r e .  A p l o t  o f  p e r c e n t  e f f e c t  o f  t he Fe^+ peak 

ve r sus  t e m p e r a t u r e  i s  shown f o r  one such t e m p e r a t u r e  c y c l e  

i n  F i g u r e  8. The ar rows i n  t h i s  f i g u r e  show the c y c l i n g  

d i r e c t i o n .  Once t h i s  p r o c e d u r e  was worked ou t  i t  was used

on eve r y  sample p r i o r  t o  a c c u m u l a t i n g  a Mossbauer  s pec t r um.

I t  s i m p l y  i n v o l v e d  warmi ng t he  sample f rom l i q u i d  n i t r o g e n

t e m p e r a t u r e  t o  -80 °C t hen c o o l i n g  to -120 °C.
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D. Spec t rum A c c u m u l a t i o n  
5 7A 2 5mCi Co i n  Rh s ou r c e  was used to p r oduce t he 14 . 4

c y
keV Mossbauer  gamma- r ays . Co ( h a l f - l i f e  270 days)  decays

5 7by e l e c t r o n  c a p t u r e  t o  the 136.5 keV s t a t e  o f  Fe wh i ch

then e i t h e r  decays d i r e c t l y  t o  t he ground s t a t e  o r  i n  a two

s t e p  pr ocess  by e m i t t i n g  a 122 keV gamma-ray t hen t he 14. 4

keV gamma- ray.  The l a t t e r  happens abou t  91% o f  t he t i me .

The ener gy  o f  t he  14 . 4  keV gamma - ray  was v a r i e d

s l i g h t l y  by t he  f i r s t  o r d e r  Dop p l e r  e f f e c t , i . e . ,  by a

r e l a t i v e  mo t i on  o f  t he sou r ce  o f  t he sampl e .  Th i s  r e l a t i v e

mo t i o n  was a c h i ev e d  by an E l s c i n t  d r i v e  sys tem to wh i ch  the
5 7s our ce  was a t t a c h e d .  The v e l o c i t i e s  needed f o r  Fe are o f  

t he o r d e r  o f  a few mm/s.  Us i ng t r a n s m i s s i o n  geomet r y  an 

a b s o r p t i o n  s pe c t r um ( c o u n t s  ver sus  sou r ce  v e l o c i t y )  was 

t hen o b t a i n e d  and s t o r e d  i n  256 channe l s  o f  a T r a c o r -  

N o r t h e r n  model  701 m u l t i c h a n n e l  a n a l y z e r . The a b s o l u t e  

v e l o c i t y  s c a l e  was d e t e r m i n e d  by c a l i b r a t i n g  t he s p e c t r o ­

me t e r  p e r i o d i c a l l y  w i t h  t he w e l l  known s pe c t r um o f  m e t a l l i c  

i r o n .
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E. Data Han d l i n g

A f t e r  t he spec t r um a c c u mu l a t e d ,  i t  was t r a n s f e r r e d  to

an App l e  I I  comput er  and s t o r e d  on f l o p p y  d i s k .  I t  was then

t r a n s f e r r e d  f rom the App l e  t o  a main f rame c omp u t e r ,  a

DEC-10,  where a s u p e r p o s i t i o n  o f  L o r e n t z i a n  peaks was f i t t e d

to i t  by a l e a s t  squares  method.

An i m p o r t a n t  a s p e c t  o f  t h i s  t h e s i s  was t o  d e t e r m i n e  the
3+ 2 +r e l a t i v e  amounts o f  Fe t o Fe i n  the f r o z e n  s o l u t i o n s .

3+ 2 +I t  was assumed t h a t  t he f  va l ues  f o r  Fe and Fe s i t e s  

were the same. The amount  o f  each s pe c i e s  , t h e r e f o r e ,  was 

p r o p o r t i o n a l  t o  i t s  peak area i n  the v e l o c i t y  s p e c t r u m.

The area o f  each resonance l i n e  may be c a l c u l a t e d  by 

t he f o r m u l a :

A i = |  r i ( N~ - V /Nco 
F r e f e r s  to the peak w i d t h  a t  h a l f - h e i g h t ,  i s  t he o f f -  

r esonance c o u n t s , N. i s  t he o n - r e s on a n c e  coun t s  and t he s u b ­

s c r i p t  i r e f e r s  t o  t he i th l i n e  i n  t he s p e c t r u m.  Computer  

f i t t i n g  was u s u a l l y  done a l l o w i n g  the Fe^+ peaks to have

i n d e p e n d e n t  i n t e n s i t y ,  p o s i t i o n  and w i d t h  pa r amet e r s  and the 
2 +Fe peaks were f i t  as a q u a d r u p o l e  p a i r .  Areas were then

2 + 3 +
c a l c u l a t e d  f o r  each peak and t he Fe /Fe r a t i o s  were d e t e r ­

mi ned.

Two pr ob l ems were e n c o u n t e r e d ,  however ,  w i t h  the s p e c ­

t r a  i n v o l v i n g  the f r o z e n  aqueous s o l u t i o n s  o f  i r o n  i o n s .
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2 +The f i r s t  i n v o l v e d  t he p o s i t i o n s  o f  t he  l owe r  v e l o c i t y  Fe

peak and t he nar row Fe^+ p e a k . I t  was somet imes i m p o s s i b l e
2 + 3 +t o  r e s o l v e  t he  two p e a k s . When t h i s  o c c u r r e d ,  t he Fe /Fe

r a t i o  was c a l c u l a t e d  assuming a s y mmet r i c  q u a d r u p o l e  p a i r  
2 +f o r  Fe i o n .  The same area whi ch the comput e r  f i t  t o t he

2 4 -

h i g h e r  v e l o c i t y  Fe peak was ass i gned  t o  t he l owe r  v e l o c i t y
2+ 3 +Fe peak and was s u b t r a c t e d  f rom the nar r ow Fe peak to

c onser ve  t o t a l  r esonance a r ea .  Some a n i s o t r o p y  has been
2 + 2 2not ed f o r  t he Fe s pe c i e s  i n  hexagonal  i c e  b u t  t he amb i ­

en t  i c e  phase was assumed to be n e a r l y  c u b i c  because o f  t he 

t e m p e r a t u r e  c y c l i n g  done h e r e ,  so no a n i s o t r o p y  was e x p e c t e d .

The second p r ob l em i n v o l v e d  comput e r  f i t t i n g  o f  t he 

m a g n e t i c a l l y  broadened Fe^+ p e a k . The program woul d  f i t  

t h i s  peak w i t h  a L o r e n t z i  an l i n e  o f  u n r e a s o n a b l e  w i d t h ,  

somet imes t w i c e  as wi de as t he e n t i r e  s pec t r um.  Such a 

w i d t h  i s  t oo wi de because the maximum ma gn e t i c  f i e l d  a t  a 

Fe^+ nuc l eus  i s  550 kG whi ch wou l d  cause r esonance to 

appear  a t  maximum v e l o c i t i e s  o f  + 9 . 5  mm/s e c . i n  a v e l o c i t y  

s pe c t r um.  The v e l o c i t y  l i m i t s  o f  a t y p i c a l  spec t r um f o r  

t h i s  work were +_ 10.5 mm/sec.  The f i t t e d  area o f  t h i s  

broadened Fe^+ r esonance was t h e r e f o r e  o f t e n  much t oo l a r g e  

and w e i g h t e d  the Fe^+/ F e ^ + r a t i o  h e a v i l y  t owar d  Fe^+ . A 

r e v i s e d  area f o r  t h i s  peak had to be c a l c u l a t e d  f o r  each 

spec t r um by t he method o u t l i n e d  i n  Append i x  I .  An example
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o f  t he  t ype  o f  s p e c t r a  on whi ch  both o f  t hese  c o r r e c t i o n s

were done i s  shown i n  F i g u r e  9.  An o t h e r  t y p i c a l  spec t r um 
2 +

wi th l a r g e r  Fe peaks i s  shown i n  F i g u r e  10.
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o n 1 y one Fe peak r e s o l v e d .
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F i g u r e  10

M o s s b a u e r  s p e c t r u m ( ^ 1 7 1 5 )  w i t h

2 +
l a r g e  a mo u n t s  o f  Fe e v i d e n t .
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IV.  RESULTS AND DISCUSSION

A l l  p e r t i n e n t  s p e c t r a l  pa r amet e r s  f o r  each k i n e t i c s  run

are p r e s e n t e d  i n  Append i x  I I .  The pa r amet e r s  are grouped by

k i n e t i c s  r u n ,  and r e s u l t s  o f  s p e c i a l  s p e c t r a  are p r e s e n t e d

a t  t he  end o f  t h i s  a p p e n d i x .

The e x p e r i m e n t a l  da t a  f o r  t he f i v e  k i n e t i c s  runs are

p r e s e n t e d  i n  t he f o l l o w i n g  s e c t i o n s .  The r e s u l t s  are
2 +p r e s e n t e d  as f r a c t i o n a l  c o n c e n t r a t i o n  o f  Fe , c , ve r sus  

t i me  o f  i l l u m i n a t i o n .  c i s  d e f i n e d  to be:

{ F e 2+} / ( { F e 2+} + { F e 3+})  

where t he { }  denot es  t he area o f  t he p e a k s . A l l  i l l u m i n a ­

t i o n  was done as s t a t e d  i n  t he e x p e r i m e n t a l  s e c t i o n  w i t h  the 

sample d i s k  a p p r o x i m a t e l y  2 cm f rom the l amp.  The e r r o r  ba r  

f o r  each p o i n t  i n  t he f i g u r e s  was c a l c u l a t e d  us i ng  t he n o r ­

mal f o r m u l a  f o r  t he s t a n d a r d  d e v i a t i o n  w i t h  the va l ues  f o r  

t he u n c e r t a i n t i e s  i n  peak w i d t h  and peak i n t e n s i t y  r e p o r t e d  

f r om t he f i t t i n g  r o u t i n e .  Large u n c e r t a i n t i e s  o f  some p o i n t s  

can be t r a c e d  to l a r g e  u n c e r t a i n t i e s  i n  t he area o f  t he 

br oad Fe^+ component  o r  s i m p l y  t o p o o r e r  s t a t i s t i c s  a c q u i r e d  

i n  s ome s p e c t r a .
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A . K i n e t i c  Data A n a l y s i s
3 +E l e c t r o n  t r a n s f e r  t o  Fe i ons  as d e t e r m i n e d  by c 

ver sus  t i me  o f  i l l u m i n a t i o n ,  i s  an a l y z ed  k i n e t i c a l l y .  The 

r e a c t i o n  i s ,

Fe3+ + e ' +  Fe2+ 

where f o r  each k i n e t i c  r u n ,  an o r d e r  o f  r e a c t i o n  ( x ) and a 

r a t e  c o n s t a n t  ( k )  are o b t a i n e d  us i ng  t he  r a t e  e q u a t i o n :  

d c / d t  = k ( 1 - c ) x 

Chemi s t s  use the r a t e  e q u a t i o n  to exp r ess  a r e l a t i o n ­

s h i p  between the r e a c t i o n  r a t e  and the c o n c e n t r a t i o n  o f  t he 

r e a c t a n t s . The o r d e r  o f  r e a c t i o n ,  x ,  i s  gover ned by the 

power  t o  wh i ch  t he  c o n c e n t r a t i o n s  o f  t he r e a c t a n t s  are 

r a i s e d  i n  the e x p r e s s i o n  f o r  t he r e a c t i o n  r a t e .  A r e a c t i o n  

o f  t he t ype  :

mA + nB = C 

has t he r a t e  e q u a t i o n  

d ( C ) / d t = k ( A ) m( B ) n
2 3whi ch  i s  s i m p l y  a s t a t e m e n t  o f  the Law o f  Mass A c t i o n

Th i s  r e a c t i o n  i s  s a i d  t o  be o f  t he m *̂1 o r d e r  w i t h  r e s p e c t  to

t he c o n c e n t r a t i o n  o f  A,  ( A ) ,  and o f  t he n ^  o r d e r  i n  ( B ) .

I t  s ho u l d  be p o i n t e d  ou t  t h a t  one canno t  know the c o r r e c t  

o r d e r  o f  r e a c t i o n  s i m p l y  by l o o k i n g  a t  the ba l anced  chemi ca l  

e q u a t i o n .  Th i s  i s  because i n  some r e a c t i o n s ,  i n c l u d i n g  the 

one i n  t h i s  wo r k ,  many p o s s i b l e  pathways c ou l d  be i n v o l v e d .
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A l l  k i n e t i c s  p a r ame t e r s  such as r a t e  c o n s t a n t s ,  o r d e r s  

o f  r e a c t i o n  and "goodness o f  f i t "  pa r amet e r s  were c a l c u l a t e d  

us i ng  a program e n t i t l e d  F I e t c h e r - P o w e l 1. I t  i s  a common 

pr ogr am used to o b t a i n  r a t e  c o n s t a n t s  and r e l a t e d  pa r ame t e r s  

f rom v a r i o u s  t ypes  o f  k i n e t i c  da t a .  I t  i s  a n o n l i n e a r  l e a s t  

squar es  method whi ch m i n i m i z e s  the sum o f  squar ed  r e s i d u a l s ,

g.

 ̂ i ^ i obs ^ i  ca 1 c ^
where y  ̂ , i s  t he e x p e r i m e n t a l  p o i n t  and y .  c a -|c i s  the

c a l c u l a t e d  p o i n t  f o r  t he pr oposed mechani sm.

B r e i f l y ,  t he pr ogram works by t he f o l l o w i n g  method.

The use r  s u p p l i e s  the da t a  and the pr oposed e q u a t i o n  f o r  t he 

mechanism o f  r e a c t i o n ;  t h i s  c o n t a i n s  the o r de r s  o f  r e a c t i o n  

and r a t e  c o n s t a n t s .  The us e r  a l s o  s u p p l i e s  the e q u a t i o n ' s  

d e r i v a t i v e s  w i t h  r e s p e c t  t o  the pa r amet e r s  be i ng  sea r ched  

f o r .  The program then c a l c u l a t e s  an i n i t i a l  g and i n i t i a l  

g r a d i e n t s .  From t hese v a l ues  t he  program dec i des  how much 

and i n  what  d i r e c t i o n  t o  i n c r e m e n t  t he i n i t i a l  p a r a m e t e r s .  

From the new pa r ame t e r s  a new g and new g r a d i e n t s  are c a l ­

c u l a t e d  and t he p r ocess  i s  r e p e a t ed  u n t i l  conver gence  i s  

a c h i e v e d .  Convergence oc c u r s  when the g o r  t he magn i t udes  

o f  t he g r a d i e n t s  drop bel ow a c e r t a i n  v a l u e ,  wh i ch  i s  s e t  by 

t he u s e r .  The program t hen r e p o r t s  t he f i n a l  g , f i n a l  p a r a ­

met ers  and goodness o f  f i t  p a r a m e t e r ,  whi ch i s  r e l a t e d  to g .
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The o b j e c t i v e  o f  t h i s  work was t o  compare r a t e  c o n ­

s t a n t s  between the d i f f e r e n t  s e t s  o f  k i n e t i c  da t a  t o t r y  

t o  un d e r s t a n d  what  c o n t r o l s  char ge  t r a n s f e r .  For  r a t e  c on ­

s t a n t s  t o  be m e a n i n g f u l l y  compared t hey  must  a l l  be c a l c u ­

l a t e d  us i ng  t he same o r d e r  o f  r e a c t i o n .  The same x must  

be used because ,  f o r  a s e t  o f  d a t a ,  a change i n  x must  g i v e  

a change i n  k.  Compar i ng k ' s  was e a s i l y  ac c o mp l i s h e d  by 

s p e c i f y i n g  an x and l e t t i n g  o n l y  k v a r y  i n  t he pr ogr am.  A 

sma l l  change i n  x was u s u a l l y  accompani ed by ve r y  sma l l  

changes i n  t he goodness o f  f i t  p a r ame t e r  (see Tab l e  I I ) .  

Th i s  was i m p o r t a n t  because even i f  t he b e s t  x was s l i g h t l y  

d i f f e r e n t  f o r  each s e t  o f  d a t a ,  t he c a l c u l a t e d  k ' s  f o r  the 

x ' s  wou l d  o n l y  va r y  by a sma l l  amount .

The b e s t  f i t  x ,  t he x a t  wh i ch  r a t e  c o n s t a n t s  f o r  a l l  

k i n e t i c  runs were compared,  was c a l c u l a t e d  f rom the r u t i l e  

and anat ase  runs s i n c e  t hese had the l a r g e s t  number o f  data 

p o i n t s .  The as s umpt i on  t h a t  t he same o r d e r  o f  r e a c t i o n  was 

v a l i d  f o r  a l l  k i n e t i c s  runs was e q u i v a l e n t  t o s ay i n g  t h a t  

t he same mechanism o f  charge t r a n s f e r  e x i s t e d  f o r  a l l  f orms 

o f  T i 0 2 . The d e t a i l s  o f  cho o s i ng  t he r e p r e s e n t a t i v e  x are 

p r e s e n t e d  i n  t he ne x t  s u b - s e c t i o n .

A p r ob l em was e n c o u n t e r e d  i n  d e t e r m i n i n g  the u n c e r ­

t a i n t y  i n  each r a t e  c o n s t a n t  s i n c e  the pr ogram d i d  no t  p r o ­

v i d e  such i n f o r m a t i o n .  For  each run the data p o i n t s  were
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i n p u t  t o  t he program and f i t t e d  assuming a p a r t i c u l a r  x.

Each f i t  gave a k and t hese  k ' s  cou l d  be compared between 

s e t s  o f  d a t a .  However ,  some i n f o r m a t i o n  was needed on the 

p r e c i s i o n  i n  k based on t he e x p e r i m e n t a l  u n c e r t a i n t y  i n  each 

datum.  T h e r e f o r e ,  what  was done was t o  i n p u t  t he top o f  the 

e r r o r  bars  ( TEB) f o r  each run as a dat a s e t  and t he bo t t om 

o f  t he e r r o r  bars  (BEB) as a da t a  s e t ,  and f i t  them us i ng  

t he b e s t  f i t  x.  In t h i s  way some i n f o r m a t i o n  on t he u n c e r ­

t a i n t i e s  i n  t he k ' s  c o u l d  be o b t a i n e d .
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B. Ana t ase  ve r sus  R u t i l e  

1. R e s u l t s

F i g u r e  11 p r e s e n t s  t he r e s u l t s  f o r  t he anat ase  s u s ­

pended i n  f e r r i c  c h l o r i d e  s o l u t i o n .  As a check on r e p r o -  

d u c e a b i l i t y ,  c e r t a i n  p o i n t s  a t  t he same i l l u m i n a t i o n  t i me 

have been r e p e a t e d . They are p r e s e n t e d  as be i n g  s l i g h t l y  

o f f s e t  f rom each o t h e r  i n  t he case o f  o v e r l a p  o f  t h e i r  

e r r o r  b a r .
2 +One i m p o r t a n t  f e a t u r e  i s  t he l a c k  o f  Fe f ound i n  any 

s o l u t i o n  f o r  up t o 15 mi nu t es  o f  i l l u m i n a t i o n .  Th i s  appears  

t o be an i n d u c t i o n  p e r i o d .  The e r r o r  ba r s  f o r  the p o i n t s
2 +d u r i n g  t he i n d u c t i o n  p e r i o d  show the minimum amount  o f  Fe 

t h a t  c o u l d  be d e t e c t e d  w i t h  t he s pec t r um s t a t i s t i c s .

There i s  no ob v i ous  e x p l a n a t i o n  f o r  t he i n d u c t i o n

p e r i o d  f o r  t h i s  sys t em.  I t  has ,  however ,  been obser ved  i n  
2 4

o t h e r  systems . Ox i de s e m i c o n d u c t o r s  tend t o s p e c i f i c a l l y  

adsorb p o s i t i v e  i o n s .  Th i s  w o u l d ,  o f  c o u r s e , i n c l u d e  

s p e c i f i c  a d s o r p t i o n  o f  f e r r i c  i ons  f rom the s o l u t i o n  on t o  

the Ti  0  ̂ s u r f a c e .  One wou l d  e x p e c t ,  once i l l u m i n a t i o n  

b e g a n , t h a t  r e d u c t i o n  wou l d t ake  p l a c e  i m m e d i a t e l y .  One 

p o s s i b i l i t y  i s  t h a t  t he p h o t o g e n e r a t e d  e l e c t r o n s  are i n i ­

t i a l l y  d i v e r t e d  i n t o  a n o t h e r  r e d u c t i o n  pathway t h a t  i s  

nec es s a r y  b e f o r e  t he f e r r i c  r e d u c t i o n  can pr oceed ; however ,  

no i n d e p e n d e n t  ev i d e nc e  f o r  t h i s  e x i s t s .
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F i g u r e  12 shows the r e s u l t s  f o r  r u t i l e .  In c o n t r a s t

w i t h  t he ana t ase  l ess  s c a t t e r  appears  i n  t hese  da t a  e x c e p t

a t  s h o r t e r  t i m e s . The g r e a t  d i s p a r i t y  i n  c between the 25

mi nu t e  p o i n t  and t he 30 mi nu t e  p o i n t  s ho u l d  be noted as t h i s

i s  no t  e a s i l y  e x p l a i n e d  e x c e p t  by c o n t a m i n a t i o n  f rom the

f i l l e r  s y r i n g e .  I n g e n e r a l ,  however ,  t h e r e  i s  a more
2 +s y s t e m a t i c  i n c r e a s e  i n  p e r c e n t  Fe a t  l o n g e r  i l l u m i n a t i o n

t i mes  than w i t h  the an a t a s e .  A n o t h e r  d i f f e r e n c e  f rom the

ana t ase  i s  t he a p p a r e n t  l a c k  o f  an i n d u c t i o n  p e r i o d .  A
2 +s i g n i f i c a n t  amount  o f  Fe was not ed a f t e r  10 mi nu t es  o f  

i l l u m i n a t i o n .

To g e t  an e s t i m a t e  o f  t he o r d e r  o f  r e a c t i o n  and r a t e

c o n s t a n t s ,  both k and x were a l l o we d  to va r y  i n d e p e n d e n t l y

f o r  each s e t  o f  d a t a .  The i n d u c t i o n  p e r i o d  was t aken i n t o

ac c o un t  by f i t t i n g  the dat a s t a r t i n g  a t  the l a s t  p o i n t  where
2 +no Fe was d e t e c t e d .  These f i n d i n g s  are c o n t a i n e d  i n  Tab l e

I .  In o r d e r  t o  ge t  a b e s t  va l u e  f o r  x f o r  t he combined 

ana t ase  and r u t i l e  da t a  t he f o l l o w i n g  p r oc ed u r e  was used.

A s e r i e s  o f  x ' s  near  the v a l ues  r e p o r t e d  i n  Tab l e  I were

chosen.  Val ues  f o r  k ' s  and goodness o f  f i t  p a r a m e t e r s ,

g . f . p . ,  were t hen o b t a i n e d  f o r  each o f  t hese  x ' s .  Th i s  i s  

p r e s e n t e d  i n  Tab l e  I I .  To de t e r m i n e  whi ch x i s  t he b e s t  

v a l u e ,  t he g . f . p . ' s f o r  each case were n o r m a l i z e d  by d i v i d ­

i ng  each by t he s m a l l e s t  number i n t he s e r i e s  . The
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T a b l e  I

x and k v a l u es  when both are f i t t e d  

i n d e p e n d e n t l y  f o r  anat ase and r u t i l e .

Ana t ase X k
!

g f  p

TEB 14.51 .0022 0 . 222

DATA 16.25 .0010 0 . 2 03

BEB 19.32 . 1091 0 . 229

Rut i l e

TEB 10.09 .0021 0 . 557

DATA 6. 65 .0009 1.289

BEB 18.83 .0009 0 . 352
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r e s u l t i n g  g . f . p . 1s were summed f o r  each x.  These are com­

p i l e d  i n  Tab l e  I I I .  The x w i t h  the l o w e s t  sum was assumed 

t o  be the o v e r a l l  be s t  f i t ,  and t h i s  va l u e  was d e t e r m i n e d  to 

be x = 9 . 5 .  There i s  no p h y s i c a l  e x p l a n a t i o n  f o r  t he o r d e r  

o f  a r e a c t i o n  t o be t h i s  l a r g e .  The l a r g e s t  o r d e r  t y p i c a l l y

e nc o u n t e r e d  i s  x = 3. Th i s  l a r g e  x m i gh t  be caused by the
+ 2system s a t u r a t i n g  w i t h  Fe a t  some va l ue  much l es s  t han 100%.

I t  shou l d  be no t ed  t h a t  t he g . f . p . ' s f o r  t he n e i g h b o r i n g

x ' s  v a r i e d  o n l y  s l i g h t l y ,  hence t h i s  i s  a s h a l l o w  minimum.

P l o t s  o f  t he f i t s  o v e r l a y i n g  t he dat a are p r e s e n t e d  i n

F i g u r e s  13 and 14. The b e s t  f i t  k va l u e s  are

k ( a n a t a s e ) = 0 . 0043  +0 . 0033
- 0 . 0 0 2 2

k ( r u t i l e )  = 0 . 0012 +0. 0009
- 0 . 0 0 0 6

I t  was no t  deemed nec es s a r y  t o  c o r r e c t  f o r  t he  p r esence o f  

30% r u t i l e  i n  t he ana t ase  used i n t hese  e x p e r i me n t s  because 

o f  t he  u n c e r t a i n t i e s  accompany i ng the p o i n t s  and t he f a c t  

t h a t  t he d i f f e r e n c e  i n  t h e i r  e f f i c i e n c i e s  m i g h t  no t  be r e ­

l a t e d  t o  c r y s t a l  s t r u c t u r e .  Ot he r  p o s s i b i l i t i e s  are i n d i ­

ca t ed  be l ow.

2. Discussion

The r e s u l t s  o f  t he above a n a l y s i s  c l e a r l y  show r u t i l e  

has a l owe r  o v e r a l l  r a t e  c o n s t a n t  t han a n a t as e .  A l t h o u g h  

the band gap f o r  r u t i l e  i s  somewhat  s m a l l e r  t han a n a t a s e ,

( 3 . 0  eV ver sus  3.2 eV) ,  ana t ase  has a more n e g a t i v e  conduc ­

t i o n  band p o t e n t i a l  t han r u t i l e  (see F i g u r e  3 ) .  Th i s  would
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make the d r i v i n g  f o r c e  f o r  t he r e d u c t i o n  g r e a t e r  f o r  ana t ase  

compared to r u t i l e .  Th i s  band edge d i f f e r e n c e  t hus appears  

t o be more i m p o r t a n t  t han t he e f f e c t  o f  t he l a r g e r  band gap 

o f  a n a t a s e ,  hence i t s  l owe r  quantum e f f i c i e n c i e s .

However ,  a n o t h e r  p o s s i b l e  e x p l a n a t i o n  i n v o l v e s  c o n s i ­

d e r a t i o n  o f  t he p a r t i c l e  and g r a i n  s i z e s .  Gr a i ns  are the 

s ma l l  s i n g l e  c r y s t a l s  wh i ch  have f ormed t o g e t h e r  t o make 

t he l a r g e r  p a r t i c l e s .  Anat ase p a r t i c l e s  were a l l  ab l e  to 

pass t h r ough  400 mesh s i e v e s  w i t h  an open i ng  s i z e  o f  35 

m i c r o n s .  Onl y  40% o f  t he  r u t i l e  p a r t i c l e s  were ab l e  t o  

pass .  S i nce  s m a l l e r  p a r t i c l e s  have a g r e a t e r  s u r f a c e  area 

per  u n i t  w e i g h t ,  t he  k i n e t i c s  o f  charge t r a n s f e r  s ho u l d  be 

g r e a t e r  f o r  t he a n a t a s e .  However ,  r e d u c t i o n s  done w i t h  the 

s i e v e d  p a r t i c l e s  showed no s i g n i f i c a n t  change i n  t he amount  

o f  r e d u c t i o n  (see Ta b l e  V I I I ) .

E l e c t r o n  m i c r o g r a p h s  o f  t he two Ti  O^ m a t e r i a l s  i n d i c a t e  

a d i f f e r e n c e  i n  g r a i n  s i z e s .  As shown i n  F i g u r e  15,  g r a i n  

s i z e  o f  t he ana t ase  i s  much s m a l l e r ,  abou t  1 m i c r o n ,  t han 

t h a t  o f  r u t i l e ,  abou t  10 m i c r o n s .  Th i s  m i g h t  e x p l a i n  t he 

d i f f e r e n c e  i n  t h e i r  r a t e  c o n s t a n t s .  S m a l l e r  g r a i n s  are 

i m p o r t a n t  because t hey  i n c r e a s e  the amount  o f  s u r f a c e  area 

per  u n i t  w e i g h t  o f  m a t e r i a l .  T h e r e f o r e ,  s m a l l e r  g r a i n s  

p r o v i d e  more area on whi ch  s o l u t i o n  s p e c i es  can be adso r bed .  

No a t t e m p t  was made t o q u a n t i f y  the e f f e c t  o f  g r a i n  s i z e  on



2 8 2 0

ANATASE

h--------------------{
RUT I L E  1 0 . Ou

F i g u r e  15 E l e c t r o n  m i c r o g r a p h s  s h o w i n g  g r a i n  

s i z e s  o f  a n a t a s e  and  r u t i l e .
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e f f i c i e n c y  because o n l y  two g r a i n  s i z e s  were a v a i l a b l e ,  one 

f o r  ana t ase  and one f o r  r u t i l e ,  and t he u n c e r t a i n t y  i n  t hese 

da t a  was t oo l a r g e  t o  w a r r a n t  such s p e c i f i c  c o n s i d e r a t i o n s .



T-2820 55

C. E f f e c t  o f  Doping

1. R e s u l t s

In F i g u r e  16 t he da t a  f o r  doped anat ase  i s  p r e s e n t e d .  

There are a r e l a t i v e l y  sma l l  number o f  p o i n t s  because the 

amount  o f  n - t y p e  doped ana t ase  a v a i l a b l e  was f a i r l y  l i m i t e d .  

In t hese  da t a  t h e r e  i s  a l s o  some l a r g e  s c a t t e r  a t  s h o r t  

i l l u m i n a t i o n  t i m e s .  The pr esence  o f  an i n d u c t i o n  p e r i o d  

he r e  can n e i t h e r  be a f f i r m e d  nor  den i ed  because o f  a l a c k  o f  

p o i n t s  a t  s h o r t  i l l u m i n a t i o n  t i m e s .

2. Discussion
The pr oposed model  f o r  t he  sma l l  p a r t i c l e s  o f  pure 

r u t i l e  and anat ase  suspended i n  s o l u t i o n  assumes t h a t  t hey  

have f l a t  bands s i n c e  t he c a r r i e r  c o n c e n t r a t i o n  i s  ve r y  l ow.  

For  doped,  n - t y p e  a n a t a s e , t he  c a r r i e r  c o n c e n t r a t i o n  i s  h i gh  

and a band d i ag r am o f  t he t y pe  shown i n  F i g u r e  2 i s  p r o ­

posed.  For  t hese  band e n e r g e t i c s  t he m i n o r i t y  c a r r i e r s  

( h o l e s )  are most  e a s i l y  i n j e c t e d  i n t o  t he s o l u t i o n .  Th i s  i s  

because the i nduced  e l e c t r i c  f i e l d  i n  t he d e p l e t i o n  r e g i o n  

opposes e l e c t r o n  f l o w  to  the s o l u t i o n .

Most  sys tems us i n g  n - t y p e  s e m i c o n d u c t o r  e l e c t r o d e s  have 

a met a l  c o u n t e r - e l e c t r o d e ;  t hus  ho l e  i n j e c t i o n  t akes  p l a c e  

a t  t he s e m i c o n d u c t o r  s u r f a c e  and e l e c t r o n  i n j e c t i o n  t akes  

p l a c e  a t  t he met a l  c o u n t e r - e l e c t r o d e .  In sma l l  c o n d u c t i n g  

p a r t i c l e s  w i t h  no second met a l  phase , t h e r e  i s  no c o u n t e r
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e l e c t r o d e  and p a r t i c l e s  wh i ch  beg i n  t o  i n j e c t  ho l es  i n t o  the 

s o l u t i o n  w i l l  s t op  a f t e r  a b r i e f  t i me s i n c e  t he p a r t i c l e s  

w i l l  a c q u i r e  a n e g a t i v e  c h a r g e .  A l s o ,  t he e l e c t r o n s  must  

overcome a p o t e n t i a l  b a r r i e r  a t  the i n t e r f a c e  i n  o r d e r  t o 

become i n j e c t e d  i n t o  t he  e l e c t r o l y t e .  Hence,  e l e c t r o n  

i n j e c t i o n  f rom the n - t y p e  doped s e m i c o n d u c t o r  powders i s  

ex p ec t ed  t o  be s l ow.

Th i s  t ype  o f  b e h a v i o r  i s  c o n s i s t e n t  w i t h  o b s e r v a t i o n s  

f o r  doped a n a t a s e . As shown i n  Tab l e  I V ,  t he e f f i c i e n c y  o f  

doped ana t ase  i s  much l o we r  t han  t h a t  f o r  pure an a t ase .

Th i s  s t r o n g l y  s u p p o r t s  t he  i dea  t h a t  a d e p l e t i o n  r e g i o n  

e x i s t s  i n  sma l l  p a r t i c l e s .  I t  i s  assumed t h a t  t he p h o t o g e n ­

e r a t e d  ho l e s  are i n t e r c e p t e d  by H^O t o  pr oduce 0  ̂ f o r  the 

o x i d a t i o n  r e a c t i o n .

The c a l c u l a t e d  cu r ves  f o r  t he doped ana t ase  are shown 

i n  F i g u r e  15.  The goodness o f  f i t  f o r  t hese  cu r ves  was t he 

p o o r e s t  o f  a l l  t he d a t a .  Because o f  t h i s  a n o t h e r  t ype o f  

b e h a v i o r  m i g h t  be i n f e r r e d  f r om the d a t a .  I t  i s  p o s s i b l e  

t h a t  t he  Fe^+ c o n c e n t r a t i o n  q u i c k l y  r eaches  a s a t u r a t i o n  

va l ue  ( a b o u t  10%) and t hen shows o n l y  a mi n i ma l  i n c r e a s e  or  

even a dec r ease  w i t h  t i m e .  A p l o t  o f  the doped anat ase  da t a  

p r e s e n t e d  i n  F i g u r e  17 was f i t t e d  u s i n g  t h i s  i dea  o f  the 

two k i n e t i c  r e g i m e s . The i n i t i a l  r a t e  c o n s t a n t  ( 0 -30 m i n ­

u t e s )  was 0 . 0 0 7 2 ,  and t he f i n a l  r a t e  c o n s t a n t  ( 30 - 120  m i n u t e s )
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F i g u r e  17

Doped Anat ase assumi ng two r a t e  c o n s t a n t s .



Tab l e  IV

Compar i son o f  r a t e  c o n s t a n t s  a t  x= 9.  

f o r  Doped and pure  Anat ase

Doped
Anat ase Anat ase

TEB 0. 0032 0. 0076

Data 0. 0018 0. 0043

BEB 0. 0010 0. 0021
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was - 0 . 0 0 0 2 .  Th i s  wou l d  s u p p o r t  t he p r o p o s a l  t h a t  t he 

p a r t i c l e s  do i ndeed a c q u i r e  a p o s i t i v e  charge and t h i s  

cha r ge  i n h i b i t s  f u r t h e r  r e d u c t i o n .  However ,  s t a t i s t i c s  were 

no t  good enough to make d e f i n i t i v e  s e l e c t i o n  between the 

two k i n e t i c  model s .
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D. E f f e c t  o f  P l a t i n i z a t i o n

F i g u r e  18 p r e s e n t s  t he da t a  f o r  doped anat ase  on t o

whi ch  p l a t i n u m  had been d e p o s i t e d  by p h o t o r e d u c t i o n .

P l a t i n i z e d  undoped anat ase  was no t  a v a i l a b l e  i n  s u f f i c i e n t

q u a n t i t i e s  t o  accumul a t e  da t a  f o r  a k i n e t i c  run so the

e f f e c t s  o f  pi  a t i n i z a t i o n  were o n l y  s t u d i e d  on doped a n a t a s e .

As men t i on ed  i n  s e c t i o n  I p l a t i n u m  i s  a w e l l  known

c a t a l y s t  f o r  r e d u c t i o n .  Ot her s  have c l e a r l y  shown t h a t  t he

a d d i t i o n  o f  p l a t i n u m  on p a r t i c l e s  g r e a t l y  enhances t he
2 5r e d u c t i o n  o f  H^O to  . Photo reduced p l a t i n u m  does no t  

coa t  t he  e n t i r e  TiO^ p a r t i c l e ;  i n s t e a d  i t  occu r s  i n  i s l a n d s .  

These " p h o t o c h e m i c a l  d i o d e s 11 p r o v i d e  the e l e c t r o d e  and 

met a l  c o u n t e r - e l e c t r o d e  sys t em needed f o r  e f f i c i e n t  r e d u c ­

t i o n  o f  w a t e r ,  a l l  on t he  same p a r t i c l e .  I t  i s  l o g i c a l  t o
3+ 2 +assume t h a t  s i n c e  the Fe /Fe coup l e  i s  more p o s i t i v e  than 

t he H^/Hg cou p l e  (see F i g u r e  3 ) ,  any f e r r i c  i on i n  t he 

v i c i n i t y  o f  a p h o t o g e n e r a t e d  e l e c t r o n  w i l l  be p r e f e r e n t i a l l y  

reduced .

P l a t i n u m  does have a s i g n i f i c a n t  e f f e c t  on t he r a t e  

c o n s t a n t s  as shown i n  Tab l e  V. However ,  t he i n c r e a s e  i n  the 

amount  o f  r e d u c t i o n  due t o  p l a t i n i z a t i o n  i s  no t  as d r a m a t i c  

as i s  seen by o t h e r s .  For  examp l e ,  Sakat a no t ed t h a t  t he 

r a t e  o f  hydr ogen gas e v o l u t i o n  f r om TiO^ powders i n c r e a s e  by 

a f a c t o r  o f  20 to 100 i n  t he p r esence  o f  even a sma l l  amount
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F i g u r e  18 

P l a t i n i z e d ,  Doped A n a t a s e , 

overlayed wi th Fletcher-Powel l  

f i t t e d  curves.
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T a b l e  V

Compar i son o f  r a t e  c o n s t a n t s  a t  x = 9 . 5  

f o r  p l a t i n i z e d  doped,  doped and pure anat ase

P l a t i n i z e d  
Doped A n a t .

Doped
Anat ase Anat ase

TEB 0.Û032 0. 0032 0 . 0076 ;
1

Data 0 . 0028 0 . 0018
I

0 . 0043

BEB 0. 0019 0. 0010

i

0. 0021
i
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2 7
o f  p l a t i n u m  . Th i s  i s  most  e a s i l y  e x p l a i n e d  by the 

e x i s t a n c e  o f  t he b a r r i e r  t o e l e c t r o n  t r a n s f e r  i n  doped 

a na t a s e .  The c a l c u l a t e d  cu r ves  are a l s o  shown i n  F i g u r e  

18.
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E. E f f e c t  o f  Hole A c c e p t o r

F i g u r e  19 p r e s e n t s  t he da t a  f o r  ana t ase  i n  f e r r i c  

c h l o r i d e  s o l u t i o n  t o  whi ch was added enough sodium a c e t a t e  

t o  make i t  0 . 0 14  mo l a r  i n  t he a c e t a t e  i on  ( CH^COO") , whi ch 

i s  a good a c c e p t o r  o f  ho l es  f o r  o x i d a t i o n  to COU. Th i s  

sma l l  amount  o f  sodium a c e t a t e  d i d  no t  d r a s t i c a l l y  a f f e c t  

t he o p t i c a l  p r o p e r t i e s  o f  t he f e r r i c  c h l o r i d e  s o l u t i o n ,  t hus 

t he s p e c t r a l  d i s t r i b u t i o n  s t r i k i n g  each p a r t i c l e  was no t  

a 1t e r e d .

A n a t a s e , i n  t he p r esence  o f  a h o l e  a c c e p t o r  s h o u l d  be a 

much more e f f i c i e n t  sys t em f o r  f e r r i c  i on  r e d u c t i o n  compared 

t o t he  case where anat ase  i s  used w i t h o u t  a good ho l e  

a c c e p t o r  and t h i s  i s  r e f l e c t e d  by the r a t e  c o n s t a n t s  shown

i n  Tab l e  V I .  The a c e t a t e  i on  i s  a s a c r i f i c i a l  agent  whi ch

i s  ve r y  e a s i l y  o x i d i z e d .  I t s  e f f e c t  on ana t ase  i s  t o 

scavenge ho l es  b e f o r e  t hey  can b a c k - o x i d i z e  the f e r r o u s  i o n .  

Th i s  r e s u l t s  i n  a h i g h e r  o v e r a l l  r a t e  c o n s t a n t  f o r  t he

sys t em.  The c a l c u l a t e d  cur ves  are i n c l u d e d  i n  F i g u r e  19.

In a d d i t i o n  t o  t he a f f e c t  o f  a ho l e  a c c e p t o r  on a n a t a s e ,  

i t s  a f f e c t  on o t h e r  systems was b r i e f l y  s t u d i e d .  These 

r e s u l t s  are summar i zed i n  Tab l e  V I I .  The ho l e  a c c e p t o r  

g e n e r a l l y  i n c r e a s e d  t he amount  o f  r e d u c t i o n  seen f o r  a 

p a r t i c u l a r  t i me  o f  i l l u m i n a t i o n .
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Tab l e  VI 

E f f e c t  o f  ho l e  a c c e p t o r  on 

r a t e  c o n s t a n t s  a t  x = 9 . 5

Anat ase 
+ AC" Anat ase

TEB 0. 0186 0.0076

Data 0.0079 0. 0004

BEB 0. 0028 0.0021



- 2 8 2 0

Tab l e  V I I  

E f f e c t  o f  ho l e  a c c e p t o r  

on s e l e c t e d  s e m i c o n d u c t o r s

Subs t ance Time
Wi th ho l e  
A c c e p t o r

Wi t h o u t  
Hol e A c c e p t o r

P l a t i n i z e d  
Doped Anat ase 10 mi n . 0 .0 0 . 0

1 h r . 1 3 . 6  + 2%
5 . 8  + . 9% 
9 . 7  + 4%

P l a t i n i z e d
Anat ase 2 h r . 1 5 . 6  + 3 . 6 % 2 0 . 5  + 10%

15 mi n . 11.1 + 2.5%

Doped
Anat ase 1 h r . 1 0 . 1  + 3 . 2 % 7 . 4  + 1 . 6 %

R u t i l e 1 h r . 9 . 1  + 1 . 5 % 7 . 6  + 1 . 6 %
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F . M i s c e l l a n e o u s  E f f e c t s

Summar i zed i n  Tab l e  V I I I  are t he r e s u l t s  o f  a b r e i f  

i n v e s t i g a t i o n  o f  t he e f f e c t  o f  chang i ng  t he r e l a t i v e  amounts 

o f  v a r i o u s  s p e c i e s  i n  t h i s  sys t em.  O v e r a l l ,  i t  can be 

q u a l i t a t i v e l y  s a i d  t h a t  sma l l  e r r o r s  i n  t he  amount  o f  TiO^ 

and c o n c e n t r a t i o n s  o f  s o l u t i o n  s pe c i e s  have l i t t l e  e f f e c t  

on t he amount  o f  r e d u c t i o n  f o r  a p a r t i c u l a r  l e n g t h  o f  

i l l u m i n a t i o n .
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V . CONCLUSIONS AND COMMENTS

The r a t e  c o n s t a n t s  r e p o r t e d  here are t he f i r s t  o f  t h e i r  

k i n d  and because o f  t h i s ,  s ho u l d  be v i ewed as a b a s i s  f o r  

compar i son  w i t h  f u t u r e  wo r k .  These r e s u l t s  are summar i zed 

i n  Tab l e  IX and c e r t a i n  c o n c l u s i o n s  can be drawn f rom them:

1. These da t a  c l e a r l y  show t h a t  t he p h o t o c o n v e r s i o n  

pr ocess  w i t h  t he anat ase powder  used i n  t h i s  e x p e r i m e n t  i s  

more e f f i c i e n t  t han t he r u t i l e .  What was no t  made c l e a r  was 

wh e t h e r  t h i s  e f f e c t  was due t o  t he s m a l l e r  g r a i n  s i z e  o f  

ana t ase  o r  t o  i t s  more n e g a t i v e  c o n d u c t i o n  band p o t e n t i a l  , 

or  t o some c o m b i n a t i o n  o f  t he  two e f f e c t s .

2. I t  can be c l e a r l y  s t a t e d  t h a t  n - t y p e ,  oxygen 

vacancy dop i ng  dec r eases  the s y s t e m ' s  e f f i c i e n c y .  Th i s  

s h o u l d  be due t o  t he c r e a t i o n  o f  a d e p l e t i o n  l a y e r  i n  t he 

p a r t i c l e s  whi ch i n h i b i t s  e l e c t r o n  i n j e c t i o n .

3. P l a t i n i z a t i o n  i n c r e a s e d  the e f f i c i e n c y  o f  e l e c t r o n  

i n j e c t i o n  t o the f e r r i c  i on  f o r  t h i s  sys t em.  Th i s  i s  p r o ­

b a b l y  due t o i t s  c a t a l y t i c  p r o p e r t i e s .

4.  The a d d i t i o n  o f  a ho l e  a c c e p t o r  t o t he s o l u t i o n  

d e f i n a t e l y  a l l o w s  t he r a t e  o f  e l e c t r o n  i n j e c t i o n  to i n ­

c r e a s e .  Th i s  i s  due t o i t s  ho l e  s c aveng i ng  c h a r a c t e r i s t i c s ,  

whi ch reduces e l e c t r o n - h o l e  r e c o m b i n a t i o n  and p e r m i t s  the 

e l e c t r o n  c o n c e n t r a t i o n  on t he p a r t i c l e  t o  b u i l d  up.
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Ta b l e  IX 

Summary o f  r a t e  c o n s t a n t s  

f o r  a l l  s u b s t a n c e .

Subs t ance BEB Data TEB

Anat ase 0. 0021 0. 0043 0. 0076

R u t i l e 0 . 0006 0. 0012 0.0021

Doped
Anat ase 0. 0010 0. 0018 0. 0032

P l a t i n i z e d
Doped
Anat ase 0. 0019 0. 0028 0 . 0032

Anat ase
+

Hoie A c c e p t o r 0 . 0028 0.0079 0. 0186
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Whi l e  much has been 1 e a r n e d , f u r t h e r  r e f i n e m e n t  i s  

needed t o  reduce t he e x p e r i m e n t a l  u n c e r t a i n t y  i n  t hese 

e x p e r i me n t s  and t h e r e f o r e  t o  a l l o w  b e t t e r  d e f i n i t i o n  o f  

t he v a r i o u s  e f f e c t s .  Th i s  c o u l d  be done by a c c u m u l a t i n g  

b e t t e r  s t a t i s t i c s  i n  t he Mossbauer  s p e c t r a ,  and c o n t r o l ­

l i n g  more t i g h t l y  e x p e r i m e n t a l  v a r i a b l e s  such as sample 

t e m p e r a t u r e s  and t he l i g h t  i n t e n s i t i e s .  P a r t i c u l a r l y  

h e l p f u l  wou l d  be a means o f  remov i ng or  more a c c u r a t e l y  

c o n t r o l l i n g  t he br oadened Fe^+ Mossbauer  r esonance .

As an e x t e n s i o n  o f  t h i s  wo r k ,  t he e f f e c t  o f  g r a i n  s i z e  

on t he  e f f i c i e n c y  o f  e l e c t r o n  i n j e c t i o n  needs t o  be s t u d i e d  

more t h o r o u g h l y .  Th i s  cou l d  be done by measur i ng  r a t e  

c o n s t a n t s  on a s e r i e s  o f  powders o f  ana t ase  and r u t i l e  w i t h  

d i f f e r i n g  g r a i n  s i z e s .  Th i s  cou l d  he l p  answer  t he  q u e s t i o n  

o f  what  c o n t r o l s  the d i f f e r e n c e  i n  e f f i c i e n c i e s  between 

anat ase  and r u t i l e .  K i n e t i c  da t a  a l s o  needs t o be accumu­

l a t e d  f o r  doped r u t i l e ,  p l a t i n i z e d  anat ase  and p l a t i n i z e d  

r u t i l e .  Th i s  wou l d  h e l p  q u a n t i f y  t he e f f e c t s  o f  t hese 

v a r i a b l e s  and g i v e  more s p e c i f i c  i n f o r m a t i o n  on t he mech­

ani sm o f  charge t r a n s f e r  i n  T i O^ .

Th i s  mechanism i s  assumed to be ve r y  much l i k e  the 

mechanisms p o s t u l a t e d  f o r  o t h e r  ox i de  s e m i c o n d u c t o r s .  L i g h t  

i s  obsor bed by the p a r t i c l e  and an e l e c t r o n - h o l e  p a i r  i s  

p r o d u c e d . I f  t h i s  p a i r  i s  p r oduced where an e l e c t r i c  f i e l d
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e x i s t s  ( t he space charge r e g i o n )  or  near  t he s u r f a c e  o f  t he 

s e m i c o n d u c t o r ,  i t  i s  h i g h l y  p r o b a b l e  t h a t  t he  e l e c t r o n  o r  

ho l e  w i l l  reach t he s u r f a c e .  Once a t  t he s u r f a c e  i t  can 

e i t h e r  b a c k - r e a c t  w i t h  i t s  c o u n t e r - p a r t ,  be i n j e c t e d  i n t o  

t he s o l u t i o n  o r  f a l l  i n t o  a s u r f a c e  s t a t e ,  where e i t h e r  o f  

t he  two a f o r e m e n t i o n e d  f a t e s  a wa i t s  i t .  Once i n  s o l u t i o n  

t he reduced s p e c i es  can b a c k - o x i d i z e .

Each s t e p  i n  t h i s  p r ocess  has a t  l e a s t  two branches  

an e l e c t r o n  o r  ho l e  can t a k e .  Th i s  work s t u d i e d  o n l y  the 

o v e r a l l  p r o b a b i l i t y  f rom l i g h t  a b s o r p t i o n  t o  r e d u c t i o n .

More work needs to be done t o  l e a r n  about  t he i n d i v i d u a l  

s t e p s .  Answers co u l d  be ga i ned  by us i n g  t e c h n i q u e s  such as 

Auger  s p e c t r o s c o p y  and LEED to  t e l l  what  s o l u t i o n  s pe c i es  

are a c t u a l l y  adsorbed on t he TiO^ s u r f a c e .  F l a s h - p h o t o l y s i s  

c o u l d  a l s o  be used to s t u d y  t he i n s t a n t a n e o u s  p r o d u c t i o n  o f  

r educed s pe c i e s  on t he TiO^ s u r f a c e ,  hence g e t t i n g  i n f o r m a ­

t i o n  on r a t e s  o f  i n s t a n t a n e o u s  back o x i d a t i o n  o f  t hese  i o n s .

A n o t h e r  area where work i s  b a d l y  needed i s  t o  r e l a t e  

t h e o r e t i c a l  m i c r o s c o p i c  quantum e f f i c i e n c i e s  w i t h  measured 

r a t e s  o f  r e d u c t i o n  o f  s o l u t i o n  s p e c i e s .  In t he l i t e r a t u r e  

t h e r e  p r e s e n t l y  e x i s t  two br oad c l a s s e s  o f  pa pe r s .  The 

f i r s t  dea l s  w i t h  t h e o r e t i c a l  e x p r e s s i o n s  f o r  quantum e f f i ­

c i e n c i e s  o f  s e m i c o n d u c t o r  e l e c t r o d e s  under  i l l u m i n a t i o n ^  ^
31-33w h i l e  t he second i s  h i g h l y  q u a l i t a t i v e  i n  n a t u r e  . In
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t he l a t t e r ,  t he r e s e a r c h e r  t y p i c a l l y  measures the r a t e  o f  

e v o l u t i o n  o f  some reduced s p e c i e s  as a f u n c t i o n  o f  l i g h t  

i n t e n s i t y ,  s o l u t i o n  s p e c i e s ,  p l a t i n i z a t i o n ,  e t c . There 

are many v a r i a b l e s  t o  c o n s i d e r  i n  a sys tem o f  p a r t i c l e s  i n  

s o l u t i o n  such as back r e a c t i o n s ,  t u r b i d i t y ,  l i g h t  a b s o r p ­

t i o n  by s o l u t i o n  s p e c i e s  and p a r t i c l e  s i z e  and shape.  But  

t e c h n i q u e s  such as f l a s h - p h o t o l y s i s  and Mossbauer  s p e c t r o s ­

copy can be used to u n r a v e l  p a r t s  o f  t he p u z z l e .  Th i s  i s  

an e x c i t i n g  area o f  r e s e a r c h  whi ch  ho l ds  much p r omi se  f o r  

f u t u r e  w o r k .



T-2820 76

REFERENCES CITED

1. B . K r a e u t l e r  and A. Bar d ,  J o u r .  Amer . Chem. So c . ,
100,  5985,  ( 1 9 7 8 ) .

2. T. Sakat a and T. Kawai  , Chem. Phys.  L e t t . ,  8 8 , 50,
( 1 9 8 2 ) .

3. T. I noue and A. F u j i s h i m a ,  N a t u r e ,  100,  6 37,  ( 19 79 ) .

4. A. N o z i k ,  Appl  . Phys.  L e t t .  , 30 , 567 , ( 1977 ) .

5. A. H e n g l e i n ,  B e r . Bunsenges Phys.  Chem. ,  8 6 , 241,
( 1 9 8 2 ) .

6 . A. B a r d , S c i e n c e ,  207,  140,  ( 1980 ) .

7. J . B o c k r i s ,  Bas i c  Research Needs and O p p o r t u n i t i e s  on
I n t e r f a c e s  i n  S o l a r  M a t e r i a l s ,  C o n f - 8006156,  D . O . E . ,  
p . 72,  ( 1 9 8 1 ) .

8 . A. N o z i k ,  P h o t o v o l t a i c  and P h o t o e l e c t r o c h e m i c a l  S o l a r  
Energy C o n v e r s i o n ,  N . Y . ,  Plenum P r e s s ,  p . 263,  ( 1 9 8 1 ) .

9. I b i d .

10. L.  May, I n t r o d u c t i o n  t o  t he Mossbauer  E f f e c t , N . Y . ,
Plenum P r es s ,  p . 9,  ( 1 9 7 1 ) .

11. May , I b i d .  , p . 49.

12. May, I b i d .  , p . 107.

13. A. N o z i k ,  PhD t h e s i s ,  Mossbauer  S t u d i e s  o f  Ions i n  I c e ,  
Yal e U n i v e r s i t y ,  p. 1 1 , ( 1 9 6 7 ) .

14. A Noz i k  and M. Kap l a n ,  J .  Chem. P h y s . ,  49,  4141,  ( 1 9 6 8 ) .

15. I b i d .

16. H. Wickman and M. K l e i n ,  Phys.  Rev . ,  152,  731 ( 1 9 6 6 ) .

17. S. Morup and J.  Knudsen,  J.  Chem. P h y s . ,  65,  536,  ( 1 9 7 9 ) .

18. I b i d .

19. A. B a r d , J . Chem. P h y s . ,  6 1, 82,  ( 1982 ) .



T-2820

20. A. N o z i k ,  PhD t h e s i s ,  p . 40.

21. Morup, op cit.
22. A. N o z i k ,  PhD t h e s i s  , p . 27.

23.  R. A l b e r t y ,  P h y s i c a l  C h e m i s t r y ,  John Wi l e y  & Sons,
p . 479 , ( 19 79 ) .

24.  A. F r a n k , S o l a r  Energy Research I n s t i t u t e ,  p e r s o n a l  
c o mmu n i c a t i o n ,  ( 1 9 8 3 ) .

25.  B. K r a e u t l e r  and A . J .  Bar d ,  J.  Am. Chem. S o c . ,  10 0,
1 9 ,  ( 1 9 7 8 ) .

26.  A. N o z i k ,  A p p l .  Phys.  L e t t . ,  30,  11,  ( 1 9 7 7 ) .

27.  T. S a k a t a , T. Kawai  and K. Hash i mo t o ,  Chem. Phys.  
L e t t . ,  8 8 ,  1 ,  ( 1 9 8 2 ) .

28.  R. W i l s o n ,  J.  Ap p l e .  P h y s . ,  48,  10,  ( 1 9 7 7 ) .

29.  M. Hanschuh,  W. L o r e n z ,  C. A e g e r t e r  and T. K a t t l e ,
J .  E1e c t r o a n d a 1 Chem. ,  144,  2,  (19 83 ) .

30.  M. Wr i g h t on  and A. E l l i s ,  J . Am. Chem. S o c . ,  98,  10,
( 1 9 7 6 ) .

31.  T. I n o u e , A. F u j i s h m a ,  S. K o n i s i  and K. Honda,  N a t u r e ,  
2 7 7 ,  ( 1 9  7 9 ) .

32.  B . K r a e u t l e r  and A. Bar d ,  J .  Am. Chem. S o c . ,  99,  23,
( 1 9 7 7 ) .

33.  B. K r a e u t l e r  and A. Ba r d ,  J .  Am. Chem. S o c . ,  100 , 19,
( 1 9 7 8 ) .



T-2820 78

APPENDIX I 

AREA CORRECTION CALCULATIONS

A. Fe^+ Area

In many s p e c t r a  t he comput e r  f i t t e d  the br oadened 

Fe^+ component  w i t h  a ve r y  broad L o r e n t z i  an peak whi ch  

h e a v i l y  w e i g h t s  t he Fe^ + / F e ^ + r a t i o  t oward  Fe^+ . See 

F i g u r e  20.  The c o r r e c t  area A g 1 i s  c a l c u l a t e d  by i n t e ­

g r a t i n g  t he  br oad L o r e n t z i  an ove r  t he l i m i t s  o f  t he a c t u a l  

s p e c t r a  and s u b t r a c t i n g  t he r e c t a n g u l a r  area above i t .

The f i t t i n g  r o u t i n e  r e t u r n s  a p l o t  o f  t he f i t t e d  

spec t r um o v e r l a y i n g  the a c t u a l  s pe c t r um.  I t  a l s o  r e t u r n s  

va l ues  f o r  t he  p o s i t i o n ,  w i d t h  and i n t e n s i t y  o f  each f i t t e d

peak.  To c a l c u l a t e  the c o r r e c t  area ( A g 1 ) f o r  t he broadened 
3 +Fe p e a k , t he f o l l o w i n g  p r o c e d u r e  must  be used:

The area o f  a peak can be c a l c u l a t e d  f rom i t s  w i d t h  

a t  h a l f  i n t e n s i t y ,  and i t s  i n t e n s i t y .  I ,  where 

A = I , f o r  a L o r e n t z i a n .

The comput e r  c a l c u l a t e s :

t r i r T ' r ' T ' r ' P 1 
i g ,  i g ,  i g '  ^ 2 '  2 ' 2 ' 3 ' ^ 3  ' 3

T + T ' 1
J r 2+ 2 2 ^2 2 n + i n n

3nd Fe = i 2r 2 + i 2 t 2 ' + I 3r3 + A 3 - ( l )  100

The c o r r e c t  area f o r  t he br oadened Fe component ,  A g ' , must  

be computed f rom spec t r um p a r a m e t e r s ,  as
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i i--------------------------------r

1.000

«

* f

0.965

0.956

0.938
_i_________________________i_________________________i_

-7 . 0. 7.
Vl LOQ i Y ( m m /s e c )

F i g u r e  20 

Mossbauer  spec t r um used as example 

f o r  Append i x  I .
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A ' = / ? 55 3 dP - 2551.
2 ( P - P ' )

1 + ( -----ÿ—i—-— }
1 3

2 ( P - P3 ) 2 dP
Le t  x = -------- —j---------  so dx = — —i , t h e r e f o r e

^3 ^3

A3 ' = - T ÿ T  f — - 255 I 3 ' / U  + {_ ! i ^ V l } 2 K  
2 ( 1+x ) 3

A f t e r  i n t e g r a t i o n .

F V  I V  , 2 ( 255-P ' )  . 2 ( 1 - P,  ' )
A3 ' = — ^ — { T a n ” ----------------------  Tan" 1  ^ --- }

2 ( 1 - P V )  ,
- 255 I ' / { I  + { ---------—t----- > > .

1 3

B. Fe^+ Area

I t  i s  assumed t h a t  t he f e r r o u s  i on  i n  i c e  g i v e s  a

q u a d r u p o l e  p a i r  f o r  i t s  a b s o r b t i  on s p e c t r u m . In some
2 +

s p e c t r a  t he l o we r  v e l o c i t y  f e r r o u s  peak,  Fe i s  u n r e s o l v e d

f r om t he nar row f e r r i c  peak,  Fe^+S . When the l o we r  v e l o c i t y
2+ 2+ 3+Fe peak,  Fe _,  canno t  be r e s o l v e d  f rom Fe i t  i s  as -

2 +sumed to  have t he same area as the h i g h e r  v e l o c i t y  Fe peak,
2+ 2+ 3 +Fe , .  The area o f  Fe i s  t hen s u b t r a c t e d  f rom FeT - 5

whi ch c o n s e r v e s  t o t a l  a r ea .  I t  i s  t hen p o s s i b l e  t o  c a l c u ­

l a t e  t he f e r r i c / f e r r o u s  r a t i o .  The t o t a l  area i s  t h e n :
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( Fe3 + b ) + ( F e 3 + S) + ( Fe 2 + _) + ( F e 2 + + ) = T o t a l  Area = TA 

where ( )  i n d i c a t e s  t he  area o f  t h a t  p e a k .

%Fe2+ = { ( Fe2+_ ) + ( Fe 2++ ) } / T A  * 100
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APPENDIX II - SPECTRUM PARAMETERS
KEY

( s p e c t r u m number and i n f o r m a t i o n )

p w A
+ 3 +3Fe B broadened Fe peak

Fe + 3g shar p  Fe+3 peak
+ 2 +2  Fe _ l o we r  v e l o c i t y  Fe
+ 2 + 2  Fe h i g h e r  v e l o c i t y  Fe

L i s t  o f  a b b r e v i a t i o n s  :

p - p o s i t i o n  o f  peak ( mm/ sec ) ,  r e l a t i v e  t o  zero 

w - w i d t h  o f  peak (mm/sec)  

a - area o f  peak ( c o u n t s  * mm/sec)

A n a t . - ana t ase  

Rut .  - r u t i l e  

HAc - ho l e  a c c e p t o r  

Pt - p l a t i n i z e d  

D - doped ( n - t y p e d )

CC - comput er  c a l c u l a t e d  and w i d t h  no t  i n v o l v e d  

CNC - c o n c e n t r a t i o n

peak

peak

o f  v e l o c i t y .
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APPENDIX II - SPECTRUM PARAMETERS

15 5 9 Anat ase

Fe3+B .63
3 +Fe

Fe

Fe

.50

w

2 mi n 

4 . 53 

.76
2 +

2 +

< 2.7% Fe 2 +

.41 

. 39

.80

p w

1561 Anat ase - 5 mi n . 

3 +Fe

Fe

Fe

Fe

3 +

2 +

2 +

.71 5.35

.48 .98

Fe^^ o f  < . 88%

1564 Anat ase 

Fe3+B .92

Fe3+S .47

10 mi n 

4 . 94 

. 6 6

Fe 2 +

? +
Fe

< 2% Fe 2 +

.44

.33

.77

15 71 Anat ase 

Fe3+B 1.15 

Fe3+S .15

15 mi n 

CC 

.65

Fe 2 +

Fe2 + +
< 2% Fe 2 +

15 65 Anat ase 
3 +Fe

Fe 3 +
.96

.44
2 +Fe*" _ - . 0 8
2 +

Fe + 2. 84

5 . 9  + 3.2%

20 mi n 

4 . 94  

. 8 6  

.48 

.48

.51

.25

. 0 2

. 0 2

.80

1566 Anat ase 
3 +Fe

Fe

Fe

Fe

3 +

2 +

2 +

1 .29 

. 30 

- . 0 8  

2.88

30 mi n 

4 . 12 

1.15 

.33 

.33

9 . 4  + 2.7%

A

. 30

.51

.81

. 38

.43

.81

.38

.24

.05

.05

.72
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APPENDIX II - SPECTRUM PARAMETERS (continued)

p w A p w A

1569 Anat ase - 45 mi n .  1663 Anat ase - 1 hour

Fe3+B .52 CC .36 Fe3+B - 56 5 . 65 .28

Fe3+S .48 .70 .40 Fe3+s • 51 • 60 .54

Fe2+_ - . 2 4  .71 .03 Fe 2+_ - . 1 7  .47 .08

Fe2"1". 2 . 82  . 71 .03 Fe2 + , 2 . 80 .34 .08+   + -------

12.2 + 2.2% .82 16 . 9  + 3.5% .98

1691 A n a t a s e  - 1 hour  1572 A n a t a s e  - 75 mi n.

F e 3 + B - - -  Fe 3+g .51 CC .46

Fe 3+s .42 .70 .54 Fe 3+s - 42  - 89  - 39

Fe 2+_ - .  1 0 . 32 .06 F e 2 \  - .  09 .48 .05

Fe 2++ 2 . 79  .32 JD6. Fe 2++ 2 . 93 .48 ^05_

1 8 . 7 + 2 . 5 %  .66 1 6 . 1 + 4 . 5 %  .95

1570 Anat ase - 90 mi n.  1634 Anat ase - 90 mi n.

Fe 3+b .42 CC .25 Fe ^  .54 CC .28

Fe 3+s . 51 .74 . 49 Fe 3+s - 47 ■11 - 28

Fe 2+_ - . 2 3  . 30 .08 Fe 2+_ - . 21  .25 .07

Fe 2++ 2 . 87 .30 JD8 Fe 2++ 2 . 83 . 29 ^07

1 4 . 5 + 3 . 1 %  .90 20.1 + 3.0% .70
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APPENDIX II - SPECTRUM PARAMETERS (continued)

P w A P w A

1735 Anat ase - 90 mi n. 1643 Anat ase - 2 hours

.47 CC .20 Fe3+B .23 5.35 .10

Fe3+s .54 .53 .40 - 3 + s .43 .73 .41

Fe2 + - .49 .44 .05 Fe2 + - .1 0 .27 .07

re2+ + 2.77 .32 .05 Fe2+ + 2.84 .27 .07

14.5 + 9.4% .70 13. 2 + 1 0 . 0% 1 .09

1 703 Anat ase - 2 hours 1694 Anat ase - 3 hours

Fe3+B .44 CC .44 F* 3+B .38 5.35 .10

- 3+s .56 .58 . 32 Fe3+S .60 .75 .41

Fe2 + - .18 .42 .06 Fe2 + - . 1 0 .36 .07

- 2 + + 2. 78 .37 .06 Fe2+ + 2.81 .36 .07

14 . 9 + 2.4% .88 21 . 9  + 10.4% .68

1 702 Anat ase - 4 hours 16 9 5 Anat ase - 5 hours

Fe3+B .21 CC .30 Fe3+B . 36 CC .18

- 3+s .53 .70 .33 Fe3+s .19 .98 .53

Fe2 + - . 21 .31 .05 Fe2+ - . 1 0 .38 .09

Fe2\ 2.87 .25 . 75 f®2+ + 2.85 .38 .09

14 . 3 + 2.4% 1 .43 20. 2  + 13.6% .89
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APPENDIX I I  - SPECTRUM PARAMETERS ( C o n t i n u e d )

P w A P W A

1700 Anat ase - 6 hours 1573 R u t i l e  - 5 mi n.

F e 3 + B .54 CC .24 F e 3  + B .53 3.13

Fe3+S .10 .52 .57 Fe3+s .49 .67 .

F e 2 + - . 1 5 .31 .14 Fe2 + - - -

r e 2++ 2.77 .26 .14 Fe 2\ - - -

25.5 + 8 . 2 % 1 .09 < 1.4% o f  Fe2+ •

1621 R u t i l e  - 10 mi n. 1 608 R u t i l e  - 15 mi n.

- 3 + b .52 5.35 .49 Fe 3  + B . 74 5. 36 *

- 3+s . 4 8 .65 .46 Fe3+s .49 .73 *

Fe 2 + - .08 .24 .02 Fe 2 + - . 0 8 .33 *

- 2 + + 2 . 8 0 .24 .02 Fe 2 \ 2 . 7 2 . 33 *

3 . 9  + 2 . 7% .99 1. 8 + 1 . 8 %

1574 R u t i l e  - 2 5 mi n. 1 7 2 2 R u t i l e  - 30 mi n.

- 3 + b 

Fe3 + S

.71

.44

6 . 8 9

.75

.46

.50
F e 3 + B

pe3+s

. 6 8

.47

CC

.58

•

Fe2 + - . 0 8 .29 .03 Fe2 + - - -

- 2 + + 2 . 8 9 .29 .03 pe2\ - - -

6 . 8  + 0 .9% 1 .02 < 2 . 0 Fe2 +

* - i r r e g u l a r  sample
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APPENDIX I I  - SPECTRUM PARAMETERS ( c o n t i n u e d )

P w A P w A

1577 R u t i l e  - 35 mi n • 1575 R u t i l e  - 4 5 mi n .

Fe3 + B .55 .68 .38 Fe3+B .66 CC . 38

Fe3+s .45 .72 .52 Fe3+S .48 .62 .51

Fe2 + „ - . 0 8 . 23 .02 Fe2+_ - . 1 0 .21 .01

Fe2 + + 2. 84 .23 .02 Fe2++ 2.82 .21 .01

5. 2 + 0.9% .94 2. 6 + 0.5% .91

1 720 R u t i l e  - 4 5 min . 1578 R u t i l e  - 1 hour

Fe3 + B .51 4. 10 .60 Fe3+B .83 CC .32

- 3+s .48 .67 .60 Fe3+S .44 1 .03 .50

Fe2+ - . 0 8 .22 .01 Fe2+_ - . 0 8 .39 .02

Fe 2 + + 2. 88 .22 .01 Fe2++ 2.91 . 39 .02

3.0 + 0 . 6 % 1 .21 6 . 7  + 1.9% .86

1 579 R u t i l e  - 7 5 min . 1576 R u t i l e  - 90 mi n.

Fe3+B .08 5.35 .45 Fe^+g 1.20 CC .24

Fe3+s .45 .80 . 36 Fe 3+s - 42 .84 .43

Fe2+_ - . 0 8 .53 .02 Fe 2 + _ .08 .29 .02

Fe 2++ 2 . 50 .53 .02 ? +Fe '  + 2.88 .29 .02

6. 7  + 1.4% . 85 7.2 + 2.1% .71
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APPENDIX II - SPECTRUM PARAMETERS (continued)

- P w A

1 620 R u t i l e  - 105 mi n.

Fe3+B .46 5 .35 .25

Fe3+s . 94 .84 .63

Fe 2 + - .08 .62 .03

re2< 2. 97 .62 .03

6 . 3  + 5.6% .94

1 71 6 R u t i l e  - 3 hours

Fe3 + B .53 CC .22

Fe3+s .45 .62 .41

Fe2 + - . 1 0 .42 .03

re2++ 2. 77 .42 .03

9. 3 + 2 . 0 % .69

171 9 R u t i l e  - 5 hours

f* 3+b
- - -

Fe3+s .49 .60 .61

Fe2 + - . 1 0 .43 .06

Fe2\ 2.87 .43 .06

16.5 + 14.5% .73

P w A

1 580 R u t i l e  - 2 hours

Fe3 + B .93 5 . 35 .27

Fe3+s .44 .86 . 32

Fe2 + - . 0 8 .33 .02

f * 2 + + 2.83 .37 .02

7.6 + 1 . 6 % .63

1728 R u t i l e  - 4 hours

f* 3+b .26 CC .50

f * 3+s .49 .59 .50

Fe2 + - . 1 9 .18 .05

- 2 + + 2.81 .25 .05

10.9 + 1.9% 1 .10

1723 R u t i l e  - 6 hours

Fe3 + B - - -

- 3+s .62 .85 .51

Fe 2 + - . 1 0 . 32 .05

Fe 2++ 2.85 .32 .05

17. 3 + 0.5% .61
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APPENDIX II - SPECTRUM PARAMETERS (continued)

P w A P w A

1 72 5 An a t . + HAc - 5 m i n . 1716 Ana t . + HAc -  10 m i n .

F e 3 + B . 7 9 CC . 4 2 r e 3 ; . 56 CC .48

F e 3 + s

Fe 2 +

. 47 . 7 2 . 31 r e 3+s . 5 4 . 34 . 28

- - - F e 2 ;  - . 1 7 . 34 . 05

r e 2 ; - - - r e 2 ;  2 . 79 . 32 . 05

< 1. 5% F e 2 + . 7 3 1 3 . 2  + 4 . 9% . 76

1 7 30 Ana t . + HAc - 10 m i n . 1 724  Ana t . + HAc - 30 m i n .

Fe3+B . 38 CC . 35 r e 3 ; . 38 CC . 41

r e 3+s . 5 6 . 7 2 . 33 r e 3+s . 58 . 9 7 . 28

Fe 2 + - . 0 9 . 51 . 0 3 F e 2 ' .  - .11 ._4 5 . 0 3

r e 2 ; 2. 84 . 4 2 . 0 3 r e 2" , .  2 . 79 . 29 . 0 3

9 . 5  + 9 .4% . 7 4 - 1 3 . 0  + 4 . 3% . 75

1 6 4 3 An a t . + HAc - 1 hour 1 704  Ana t . + HAc - 1 hour

Fe B

- 3*s
2 +

Fe

. 47 5.65 . 28 r e 3 ; . 5 2 5 . 3 5 . 35

. 5 3 . 09 .33 r e 3+s . 5 8 . 83 . 30

- . 1 8 . 59 . 0 5 F e 2+ - .21 .44 .06
2+~ 

Fe + 2 . 8 5 . 3 4 . 0 5 r e 2 ;  2 . 83 .25 .03

1 4 . 0  + 10. 5% . 71 8 . 9  + 4 . 6 % . 7 4
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APPENDIX I I  - SPECTRUM PARAMETERS ( c o n t i n u e d )

P w A P w A

1 7 08 Ana t .  + HAc - 90 mi n . 1721 Anat . + HAc - 2 hours

Fe3 + B .25 CC .29
f* 3+b

. 34 CC .23

Fe3+s .54 .79 . 1 3 Fe3 + S .45 .79 . 3 2

F e ^ - . 1 9 . 3 0 . 0 8 Fe2+_ - .25 .19 .07

Fe2 + + 2 . 8 2 .41 . 0 8 Fe2\  2 . 8 3 .27 .07

28 . 0  + 8 . 4 % .58 15.8 + 2. 7% . 6 9

1 709 A n a t . + HAc - 4 hours 1715 Ana t . + HAc - 6 hours

Fe3+B .57 CC . 30
f* 3+b

.14 CC . 2 8

F e 3 + s . 4 7 .67 .44
f* 3+s

.56 .51 .10

Fe2 + -  .21 .23 .12 Fe 2+_ - .18 .31 . 1 3

Fe 2 + + 2 . 8 4 .27 .12 pe 2++ 2 .81 .37 .1 3

2 4 . 9  + 4 . 2 % . 9 8 41. 5 + 11 . 6% .64

1 6 75 Doped A n a t . -  5 mi n . 1 664 Doped An a t . - 10 mi n .

f* 3+b
.40 CC .35 Fe B .45 5 . 6 5 . 20

Fe 3+s . 3 8 .71 . 36 Fe3+S . 39 .70 .24

Fe 2 + - - - Fe2+„ - . 1 0 . 31 .02

f * 2\ - - - Fe 2++ 2 .81 . 31 .02

< 1 . 0 % F e 2 + .71 9 . 3  + 4 . 5 % .48
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APPENDIX II - SPECTRUM PARAMETERS (continued)

P w A

1 731 Doped A n a t .. - 10 mi n .

Fe3 + B .46 CC .30

Fe 3+s .47 .62 .48

Fe2+_ - . 1 0 .27 .01

Fe2++ 2. 79 .27 .01

3.6 + 1 . 1% .80

1655 Doped Ana t . - 30 mi n .

r « 3* ,  • " CC . 39

f = 3 , s " .72 .51

Fe 2+_ - . 1 0 .31 .04

Fe 2++ 2.85 . 31 .04

9 + 1.5% .98

16 61 Doped A n a t . - 90 mi n .

Fe 3+B - - -

Fe ' ^g  -39 .82 .56

Fe 2+_ - . 1 0 .33 .06

Fe 2++ 2.81 .30 .06

10 . 2  + 5.6% .68

P w A

1654 Do pe d An a t ,. - 1 5 mi  n

Fe3 + B • 67 CC .50

Fe3+S • 45 .69 .42

Fe 2 + 1 0 .28 .02

Fe2\ 2 . 84 .28 .02

4. 6  + 4% .96

1660 Doped Ana t ,. - 1 hour

Fe3+B • 69 CC .27

F® 3+S • 44 .76 .67

Fe 2 + 1 0 .31 .04

F e 2++ 2 . 84 .31 .04

7 . 8  + 1 . 2 % .92

1 734 Doped Ana t . - 2 hours

Fe
3 +

B • 59 3 . 1 8 .54

Fe 3 +
S • 49 .60 . 38

Fe
2 +

• 25 .27 .03

Fe
2 +

+ 2 . 87 .21 .03

6 . 9 + 2 . 1% .98
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APPENDIX I I  - SPECTRUM PARAMETERS ( c o n t i n u e d )

P w A P w A

1 642 Doped Anat . - 2 hours 1623 Pt Dope d An a t . - 5 mi

Fe3+B .21 5. 35 .25 Fe3+B .83 5 . 35 .42

Fe3+s .48 . 74 .54 Fe3\ .43 .59 .46

Fe2 + - . 1 0 . 34 .03

) 
1

+C\J<DU_ - - -

2 . 90 . 34 .03 - 2++ - - -

7.4 + 1 . 6 % .85 2 +< 1.5% Fe .88

1626 Pt Doped Ana t . - 10 mi n . 1627 Pt Doped Ana t . - 20 mi n

f * 3+b
. 30 CC . 37

f * 3+b
. 33 3. 70 *

- 3+s . 41 . 6 3 . 4 2
f* 3+s

. 4 7 . 7 9 *

Fe 2 + - - - Fe 2 + - . 0 8 .18 *

- 2++ - - - r e 2; 3 . 1 0 . 1 8 *

< 1.3% Fe 2 + . 7 9 2.4 + 1. 8 %

1 6 2 9  Pt Doped An a t . - 30 mi n . 1 6 30  Pt Dope d A n a t . 45 mi n

.65 5.35 . 4 4 Fe 3+B . 41 5 . 35 . 4 0

. 5 0 . 6 3 .48 . 4 9 .62 .32

Fe 2 + - . 2 6 .28 . 01 Fe 2 + - . 1 0 .33 . 0 4

2. 83 .28 . 01 - 2++ 2. 53 .33 . 0 4

3.8 + 1 . 8 % . 9 4 1 0 . 8  + 1 .5% .80

* - sample me l t ed
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APPENDIX I I  - SPECTRUM PARAMETERS ( c o n t i n u e d )

P w A P w A

1638 Pt Do pe d Ana t . - 1 hour 1624 Pt Doped Ana t . - 1 hour

Fe3+B .44 5.44 . 31 Fe3+B .60 CC .26

- 3+s .46 .71 .55 Fe3+s .41 .92 .66

Fe2 + - .08 .20 .02 Fe2 + - . 1 0 .28 . 05

2. 82 . 20 .02 F- + + 2. 86 .28 .05

5 . 9  + 0 ..9% .90 9.7 + 9% 1 .02

1628 Pt Do pe d An a t . - 90 mi n . 1732 Pt Doped Ana t . - 90 mi n

Fe3 + B .28 5.60 .31 Fe3 + B .52 3.21 .40

pe3+s .56 .61 . 33 Fe3+s .50 .56 . 30

Fe2 + - . 1 4 .45 .03 Fe2 + - .21 .26 .04

Fe2\ 2. 77 .45 .03 Fe2\ 2 . 83 .26 .04

14.5 + 3 . 1 % .70 11.7 + 2 . 0 % .78

1625 Pt Doped Ana t . - 2 hours 1736 Pt Doped An a t  - 3 hours

Fe3 + B . 26 5.36 .24 Fe3 + B .18 CC .22

Fe3+s .44 .77 .55 Fe3 + B .50 .65 . 30

Fe 2 + - . 0 8 .27 .04 Fe2 + - . 2 0 .27 .07

F e 2 + + 2. 88 . 27 .04 pe2 + + 2. 86 .28 .07

10. 2 + 1 .9% .87 20. 6  + 3.4% .66
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APPENDIX II - SPECTRUM PARAMETERS (continued)

p w A

1641 Pt D Anat + HAc - 10

r e 3 + B .54 CC .41

Fe 3+s .41 .70 .37

F e 2 + - - -

r e 2++ - - -

2 +
No Fe p r e s e n t .78

1645 Pt An a t  + HAc - 15 mi

.91 5.65 .19

Fe3+S .37 1. 17 .44

Fe2 + - . 1 0 .32 .03

Fe2+; 2.85 . 32 .03

11.1 + 3.6% .69

1 644 D Ana t  + HAc - 2 h r s .

Fe3+B 1 .20 CC . 24

Fe 3+S .41 1. 12 .41

Fe 2 + - . 1 0 .45 .03

Fe 2++ 2.90 .45 .03

10.1 + 3.2% .91

P w A

1640 Pt D Anat + HAc -  1 h

F* 3 + B .48 5.35 .31

Fe3+S .44 .93 .33

1
+(X

I<DU- - . 1 2 .29 .05

Fe2\ 2. 83 .29 .05

13.6 + 2 . 0 % .74

1646 Pt An a t  + HAc - 2 hrs

Fe3 + B .62 CC .27

Fe3+s . 38 .97 .28

Fe2 + - . 1 0 .31 .03

Fe 2++ 2. 88 .31 .03

11.2 + 1 0 . 0 % .61

1 647 R u t i l e  + HAc - 2 hrs

Fe3+B .58 CC . 34

f* 3+s
.42 .86 .34

Fe 2 + - . 1 0 .55 .03

- 2++ 2.75 .55 .03

10.3 + 1.5% .74
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APPENDIX I I  - SPECTRUM PARAMETERS ( c o n t i n ued )

P w A P w A

1733 Ana t  40 mg - 1 hour N16 2 2 -400 R u t i l e  - 1 h r

^ 3+b .56 CC .24 Fe3+B - 41 CC .36

Fe3+S .55 .54 .19 Fe3+s - 42 .86 .43

Fe2 + - . 1 8 .33 .02 Fe2+_ - . 0 8 .34 .03

- 2+'+ 2. 83 .20 .02
2 +

Fe + 2 . 83 . 34 .03

10 . 8  + 2.5% .48 8 . 2  + 1.4% .87

1705 Anat  1/2 cone Fe Cl 1 h r 1706 Anat  + 5 x HAc - 1 h r

Fe3 + B .64 CC .32 Fe 3+B .44 CC .46

Fe3 + . .48 .71 .39 Fe 3 + s .60 .67 .20

Fe2 + .01 .63 .07 Fe 2 + _ - . 1 7 .42 .07

Fe 2++ 2. 78 . 36 .05
2 +

Fe" + 2.81 .40 .07

14.1 + 1 0 . 1% .74 18. 2  + 4.6% .81

1648 Pt  Anat - 2 hours 16 37 Repeat  o f Spect rum 16

f* 3+b . 1 9 5. 85 .24 Fe3+B .53 CC .63

Fe3+s .39 .98 .35 Fe 3 + s -52 .79 .54

Fe2 + - . 0 8 .44 .07 2 +Fe _ - . 2 4 . 30 .18

- 2++ 2. 83 .39 .07 2Fe + 2 . 88 .18 .18

20.5 + 1 1 . 2% .74 4 . 0  + 1.9% 1 .33


