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A m m m f

I r v i n  L arin*  Ph. !). 1949 (H. 5. U n iv e rs ity  o f M aryland, S. S.
Johns Hopkins U n lra r s l ty )

T i t l e  o f t h e s i s :  rt9TU!)IM9 OH THS FHOTOVOLT AXO 3FF3CT WITH
mmtalb ah!) m m m n a im  so lu tio h s*

Tha s i s  d i r  s o t  ad by P ro fe s s o r  C h arles  H. W hite 

M ajor: In o rg a n ic  Chemistry# Departm ent o f C hem istry 

M inors: F h y s io a l Chemistry# Physios* Organio Chem istry 

P ages In  th e s is *  106. Words in  a b s t r a c t  * 467.

The p rim ary  o b je c t  o f  th e s e  s tu d ie s  was to  d e re lo p  a 

s e n s l t l r a  method of d e te c t in g  th e  p rese n ce  and e s tim a tin g  th e  

c o n c e n tra t io n  o f a f lu o re s c in g  substance  in  s o lu t io n . T h is  

was a ttem pted  by combining two se p a ra te  p h o to - e le c t r ic  p h e­

nomena to  produce a la r g e r  p h o to -e f fe c t  th an  e i th e r  one a lo n e ; 

th e s e  two d i s t i n c t  p h o to - e le c t r ic  phenomena were considered  

as being  p r la o r d ia l ly  due to  (1) th e  l i g h t - s e n s i t I r e  e le c tro d e  

and (9) th e  f lu o re s c e n t  s o lu t io n . In  th e  fo rm er» th e  e le c tro d e  

was a m etal which was co re red  w ith  a l i g h t - s e n s i t i v e  lay er*  a 

sem i-conductor#  by means o f h e a tin g  In  a i r  o r  Immersion in  

c e r t a in  s o lu t io n s .  E x is tin g  th e o r ie s  on th e  p h o to - e le c t r ic  

p ro p e r ty  o f  semi -co n d u c to rs  h a re  been d is c u s se d . The u se  o f 

a g la s s  membrane In  th e  form o f th e  co n v e n tio n a l g la s s  e le c tro d e*  

which was th e  d ark  e lec tro d e *  and th e  com plete p a r a f f in in g  of 

th e  l i g h t - s e n s i t i v e  e le c tro d e  excep t where i t  was i r r a d ia te d  

produced f a i r l y  la rg e  p h o to p o te n tia ls  from th e  in c id e n t l i g h t  

b u t very  poor p h o to p o te n tia ls  from th e  f lu o re s c e n t  l i g h t  o f  a 

s o lu t io n .  A s e n s i t iv e  vacuum-tube e le c tro m e te r  was used to
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m easure th e  p h o to p o te n tia ls .  T h is p a r t  o f th a  re s e a rc h  w ith  

m e ta ls  was th e re fo re  ahandoned and f u l l  a t te n t io n  g iven  to  

th e  f lu o re s c e n t  so lu t io n .

The re e e a rc h  on f lu o re s c e n t  s o lu t io n s ,  h e re  c a l le d  th e  

*f lu o ro -p h o to v o lta to  e f f e c t ” because th e  p o te n t ia l  was a t  

f i r  a t  th o u g h t to  he produced only  In  th e  p reeen ee  o f a f  lu o r  t e ­

e in g  m olecule hu t was l a t e r  found to  he produced hy n o n -f lu o -  

r  ea s in g  compounds as w e l l ,  h as  y ie ld ed  v ery  p rom ising  r e s u l t s .

The i r r a d ia t e d  e le c tro d e  was sim ply a p o in t  o f an in e r t  m etal such 

as p la tin u m ; th e  d ark  e le c tro d e  was a p ie c e  o f p la tinum  f o i l .

The vacuum -tube e le c tro m e te r  ahove was a lso  used h e re  to  

m easure th e s e  f lu o ro -p h o to p o te n tla ls .  F lu o re sc in g  su b stan ces 

w hich d isp la y e d  f lu o re sc e n c e  th roughou t th e  s o lu t io n  (volume 

f lu o re sc e n c e )  produced a f lu o ro -p h o to p o te n tia l  which was 

alw ays p o s i t iv e  and p ro p o r tio n a l to  th e  c o n c e n tra tio n  w ith in  

a c e r t a in  optimum ran g e ; f lu o re s c in g  su b stan ces  which were 

s u f f i c i e n t ly  co n cen tra ted  to  produce f lu o re sc e n c e  on ly  a t  th e  

su r fa c e  where th e  In c id e n t l i g h t  f i r s t  approached th e  s o lu t io n  

( s u r fa c e  f lu o re sc e n c e )  y ie ld e d  c o n s ta n t f lu o ro -p h o to p o te n tla le  

which were Independent o f th e  c o n c e n tra tio n . The range o f 

c o n c e n tra t io n  In  which th e  p o in t  could b e s t o p e ra te  was much 

g r e a te r  th an  th e  '’trace** c o n c e n tra tio n s  which th e  eye and 

e x te rn a l  p h o to c e ll  can r e a d i ly  d e te c t .  T his f lu o ro -p h o to v o l­

t a i c  method, th e r e f o r e ,  I s  supplem entary to  th e  v is u a l  and 

p h o to m e tric  methods o f e s tim a tin g  e o n e e n tra tlo n e  o f f lu o re s c e n t  

su b s ta n c e s  In  s o lu t io n .

O ther v a r ia b le s  which had an e f f e c t  on th e  f lu o ro -
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p h o io p o te n tla l  were te m p e ra tu re , s iz e  o f  p ro b e -p o in t,  in te n s i ty  

o f  th e  in c id e n t l ig h t*  s t i r r i n g ,  and th e  d i e l e c t r i c  c o n s ta n t 

o f th e  so lv e n t.

th e  th e o ry , in troduced  h ere  to  ex p la in  t h i s  f lu o ro -  

p h o to v o lta tc  e f f e c t ,  proposed t h a t  th e  f lu o ro -p h o to -a c t iv e  

m olecule must have a low e le c t ro n -d e n s i ty  group such a s  a 

carbony l to  which p h o to -e le c tro n s  can move fro® an e le c t ro n  

source such as a benzene r in g  o r th e  so lv e n t, which subsequen tly  

form s th e  p o s i t iv e  f lu o ro -p h o to p o te n tla l .

o o o —
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The prim ary  o b je c t  o f  th e s e  stu&le® I s  to  develop  a 

s e n s i t iv e  method o f  d e te c t in g  th e  p resen ce  and e s tim a tin g  th e  

c o n c e n tra t io n  o f a f lu o re s c in g  substance In  s o lu t io n . T h is  

I s  accom plished a t  p re s e n t  by m easuring th e  f lu o re s c e n t  l i g h t  

w ith  a p h o to c e ll  o r  by v is u a l  com parison w ith  standards*  How* 

e v e r , I t  was th o u g h t th a t  th e  p e c u l ia r  p h o to v o lta ic  p ro p e r ty  

o f  th e  f lu o re s c in g  m olecule in  s o lu t io n  could be u t i l i s e d  fo r  

I t s  q u a n t i ta t iv e  e s tim a tio n  and, th e r e f o r e ,  th e se  s tu d ie s  were 

u n d ertak en  w ith  th e  secondary purpose o f  s tu d y in g  t h i s  f lu o r e s ­

c e n t p h o to v o lta ic  e f f e c t  o r ,  more b r i e f ly ,  th e  Hf lu o ro -p h o to ­

v o l t a i c  e f f e c t ”.

Zworykin and W ilson (73) d iv id e  a l l  p h o to - e le c t r ic  e f f e c t s  

in to  th re e  c la s s e s  as fo llo w s:

I -  The nh o to -em iss iv e  E f f e c t ,  where an a c tu a l  l i b e r a t i o n  
o f e le c t ro n s  as p h o to -e le o tro n s  ta k e s  p la c e . Examples 
o f  t h i s  c l a s s  are  th e  vacuum and g a e - f l l l e d  a l k a l i  -  
m etal o h o to - e le o tr ic  c e l l s .

I I -  The ? h o to c o rd u c tlv e  E f f e c t ,  where a change in  th e  
ohmic r e s i s ta n c e  o f m a tte r  r e s u l t s  on I r r a d ia t io n .  
Examples o f  t h i s  c la s s  a re  selenium ; s u l f id e s  o f  le a d ,  
antim ony, b ism uth , molybdenum, s i l v e r ,  and combina­
t io n s  o f th e s e ;  o x id es  o f  copper and s i l v e r ;  a l lo y  o f  
se len ium  and te l lu r iu m ; and th a l l iu m  o x y su lf ld e  ( fh a -  
lo f id e  c e l l ) .  P h o to c e lls  which o p e ra te  on t h i s  e f f e c t  
a re  sometimes c a l le d  '’l i g h t - s e n s i t i v e  r e s i s to r s "  (56 ). 
The new 'th e r m is to r s ” o r  therm al r e s i s t o r s  (9 , 49) 
which have a n e g a tiv e  r e s ls ta n c e - te m p e ra tu re  c o e f f i c i ­
e n t seem to  have some r e la t io n s h ip  to  th e  l i g h t - s e n ­
s i t i v e  r e s i s t o r s  o f  t h i s  c la s s .
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I I I -  The P h o to v o lta ic  3 f f e o t ,  whera a chem ical o r  p h y s ic a l 
r e a c t io n  r e s u l t s  l a  p roduolag  an e lec tro m o tiv e  force* 
I t  i s  in  t h i s  c la s s  where a l l  o f  th e s e  s tu d ie s  have 
been co n c e n tra te d .

Hughes and IhiBrldfjc (P%) d iv id e  th e  p h o to v o lta ic  e f f e c t ,  

C laes  t i t  above, f u r th e r  In to  fo u r  tro u p e  as fo llo w s:

1 - C e lls  In  which th e  e le c t ro d e s  o re  o x id e s , s u l f id e s ,  
o r  h a l id e s  o f c e r t a in  m e ta ls  and in  which th e  e l e c t r o ­
ly te  i s  a s o lu t io n  o f an ac id  o r  an In o rg an ic  s a l t .

3 -  C e lls  in  which p u re  m etal e le c tro d e s  d ip  in  a f lu o r s e ­
ts inv, s o lu t io n , h e re  c a l le d  th e  ’f lu o ro -p h o to v o lt  aic* 
s e l l .

3 -  ' e l l s  in  which th e  e le c tro d e s  a re  pu re  n e t a l s  d ip p in g  
In in o rg an ic  e l e c t r o l y t e s ; p h o to - lo n lf a t lo n  d i f f e r e n ­
ces  are  p ro b ab ly  d e te c te d .

4 -  O s lls  c o n s is t in g  o f two m eta ls  w ith  a  p a r t i a l  conduc­
to r  such as selenium  between them; t h i s  In d ic a te s  a  
r e la t io n s h ip  to  th e  pho toconductlve  e f f e c t  mentioned 
above and t h i s  r e la t io n s h ip  w i l l  be m entioned again  
below.

In  t h i s  d iv is io n  o f th e  p h o to v o lta ic  e f f e c t ,  th e  f i r s t  th re e  

g roups l e a l  w ith  s o lu t io n s  and th e  fo u r th  em braces th e  so - 

c a l le d  d ry  p h o to v o lta ic  c e l l s  which arc now used In  many 

in d u s t r i a l  d e v ic e s . <)nly two o u t o f  th e  fo u r  groups have 

been s tu d ied  h e re , i . e .  groups 1 and ? , The purpose o f s tu d y ­

ing  th e  p h o to v o lta ic  e f f e c t  o f  th e se  two g ro u p s, (1) m eta ls 

and t h e i r  compounds and (3) f lu o re s c e n t  s o lu t io n s ,  i s  to  

d e te rm in e  w hether a com bination  o f th e s e  two groups would 

g iv e  a g r e a te r  p h o to v o lta ic  e f f e c t  th an  e i th e r  o f  th e  e f f e c t s  

o f  th e  two groups a lone. In  o th e r  w ords, by form ing as e l e c t ­

ro d e  which i s  s e n s i t iv e  to  th e  f lu o re s c e n t  l i g h t  o f th e  so lu ­

t i o n ,  i t s  immersion in  th e  f lu o re s c in g  volume e ig h t  g iv e  s t i l l  

a  g r e a te r  p h o to v o lta ic  e f f e c t  due to  th e  p resen ce  o f th e  

e x c ite d  f lu o re s c in g  m olecule .

T h is  r e s e a rc h  h as  been d iv id e d  In to  two p a r t s  accord ing
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t o  th a  abov0-n e n t 1 oned two groups. P a r t  I  i s  e n t i t l e d  ^Stud­

i e s  on th e  P h o to v o lta ic  E f fe c t  w ith  !re ta lf lw and P a r t  XI. 

" S tu d ie s  on th e  P h o to v o lta ic  E f fe c t  w ith  F lu o re sc e n t S o lu tio n s* . 

P a r t  1  has been e x te n s iv e ly  s tu d ied  by many w orkers and se v e ra l 

th e o r ie s  have a lread y  been propounded to  e x p la in  th e  p h o to ­

v o l t a i c  e f f e c t  o f t h i s  p a r t ;  on th e  o th e r  hand, P a r t  J I ,  th e  

s tu d ie s  w ith  f lu o re s c e n t  s o lu t io n s ,  has n o t had much d ev e lo p ­

ment. Although t h i s  p re s e n t work has produced poor sem i­

cond u c to r l i g h t - s e n s i t i v e  e le c tro d e s  fo r  d e te c t in g  th e  weak 

f lu o re s c e n t  l i g h t ,  th e  most p rom ising  r e s u l t s  were ob ta in ed  

w ith  th e  f lu o re s c e n t s o lu t io n s  o f P a r t  However, s in c e  

th e  s tu d ie s  w ith  th e  m etal-ox Ida system have uncovered i n t e r ­

e s t in g  phenomena which may lead  to  a b e t t e r  u n d ers tan d in g  o f 

t h e i r  behav io r on I r r a d ia t in g  w ith  l i g h t ,  they  have been 

Included  in  t h i s  p ap er.

th e  p h o to v o lta ic  e f f e c t  was o r ig in a l ly  s tu d ied  by 

B eequsrel (3) w ith  s o lu t io n s  o f e l e c t r o ly t e s ,  l a t e r  by o th e rs  

w ith  n o n - e le c t r o ly te s  (30 , 3 9 , 5 3 ) , and f i n a l l y  w ith  so lid  

sem i-conducto rs  as mentioned in  group 4 , page P. B eal- o r  

p a r t ia l - c o n d u c to r s  are  rough ly  th o se  having an e l e c t r i c a l  

r e s i s ta n c e  no t g r e a te r  th an  10 ohms p e r  c e n tim e te r  cube; 

th o se  su b stan ces having a g r e a te r  v a lu e  a re  c l a s s i f i e d  as 

I n s u la to r s  a lthough  tem p era tu re  v a r ia t io n  a f f e c t s  t h i s  dem ar­

c a t io n  v a lu e  c o n s id e ra b ly . Huoh th eo ry  has been developed by 

th e  p h y s ic i s t  on th e  sem i-conductor (40 , 71)• P r a c t i c a l ly  

a l l  o f th e  s tu d ie s  in  t h i s  re s e a rc h  have been made w ith  

s o lu t io n s  in  o rd e r  t h a t  th e  prim ary  o b je c t ,  th e  developm ent
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o f a s e n s i t iv e  method of d e te c t  Inf, and e s tim a tin g  th e  concen­

t r a t i o n  o f  a f lu o re s c e n t  su b stan ce  In  s o lu t io n ,  could be 

f u l f i l l e d *

S e in e r (56) p o in ts  o u t th a t  * * .. th e  p h o to v o lta ic  c e l l  

commands a g r e a te r  v a r ie ty  o f te rm s th an  any o th e r  p h o to ­

e l e c t r i c  dev ice?  f o r  exam ple, d ry -d is c  c e l l ,  r e c t i f i e r  c e l l ,  

b lo c k in g - la y e r  c e l l ,  boundary -layer c e l l ,  I n s u la t in g - la y e r  

c e l l ,  b a r r i e r - l a y e r  c e l l ,  sandwich c e l l ,  p b o to -e .® * f. c e l l ,  

s e l f - g e n e ra t in g  c e l l ,  s o e r r s o h lo h t- c e l l  . . « ”* He a lso  s t a t e s  

t h a t  s in c e  a l l  o f  th e se  named c e l l s  do n o t c o n ta in  any l iq u id  

medium, they  should n o t be c a lle d  ^ p h o to v o lta ic  c e l l s ’1 but 

pho to~ s. m. f .  c e lls " ’ ? th o se  c e l l s  whloh do c o n ta in  a l iq u id  

Medium u s u a lly  as an e l e c t r o ly t e  should be c l a s s i f i e d  as 

* p h o to v o lt ale* o r *pho t o l y t i c "  and n o t ’’p h o to - e le c t r o ly t ic * .  

In  t h i s  p a p e r , th e  term  ’’p h o to v o lta ic  c e l l*  i s  ap p lied  to  a l l  

th e  c e l l s  s tu d ied  which produce a p h o to p o te n t ia l ,  and s in c e  

n e a r ly  a l l  of th e  c e l l s  s tu d ied  h e re  c o n ta in  a l iq u id  medium, 

Summer* s su g g estio n  has been fo llow ed.
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part i

mmtm on  rm p h o to v o l t a i c  h f p h c t  mm c t t a l s

a n m m  i  

i m r n w o f t o n

As In d ic a te d  above, th e  s tu d ie s  o f  t h i s  p a r t  b a rs  been 

aads w ith  p h o to v o lta ic  c e l l s  t h a t  c o n ta in  s e n s i t iz e d  a ls o tro d a s  

covered u s u a lly  w ith  a se a l-co n d u c tin g  cm Ida la y e r  and In n er sad 

In  a l iq u id  medium which may o r  may n o t be an e l e c t r o ly t e ,  

t h e  l iq u id  medium seams to  a c t  as  a c o n ta c t  o r  connecting  

agen t to  th a  s e a t  o f p h o to - e le c t r ic  a c t i v i t y  which I s  In  th e  

sem l-conducting  la y e r  on th e  su rfa c e  o f  th e  I r r a d ia te d  e l e c t ­

rode* The e l e c t r o l y t i c  p h o to v o lta ic  c e l l s  d e sc r ib e d  In  t h i s  

p a r t  o f th e  re s e a rc h  may be consid ered  as  a  r e v iv a l  o f  th e  

o b s o le te  "wet* c e l l s  such as th e  R ayfoto  (11 , 73)* A roturus 

P h o to ly t lo  (7 3 ), and Ruben (73) c e l l s ,  whloh were r a p id ly  

r e p la c e d  by th e  M ry* p ho to -e .m .f*  c e l l  ty p e  o f  group 4 , page 

t ;  com mercial examples o f t h i s  d ry  pho to -e .m .f*  c e l l  type  are  

th e  t e s t  on P h o tro n ie  C e ll (68) , th e  Cernan Tungsram C e ll  (30) # 

th e  G enera l E le c t r i c  * Bloch Ins-L ayer" C e ll (3 S ) , and th e  

te s t ln g h o u s s  Photox C e ll  (6 7 ).

The form er % e t"  com mercial p h o to v o lta ic  c e l l s  mentioned 

above u s u a lly  co n ta in ed  cuprous oxide on copper a s  th e  l i g h t -  

s e n s i t iv e  e le c tro d e  and m e ta l l ic  lead  o r  cuprous oxide on 

cop p er as  th e  darle e le c t r o d e ; a  s o lu t io n  o f  le ad  n i t r a t e ,  

copper s u l f a t e ,  o r  some o th e r  s a l t ,  o r  t h e i r  g e l s ,  o r  a m oist
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r o c k - s a l t  c r y s t a l  were th e  means o f co n n ectin g  th e  d ark  and 

I r r a d ia t e d  e le c t ro d e s .

In  most o f  th e  above ’’dry** p h o to -e .m .f . c e l l s ,  th e  l i g h t -  

s e n s i t iv e  la y e r  i s  selenium  which i s  spread over a  sh e e t o f 

i ro n . Selenium when i r r a d ia t e d  p roduces a n e g a tiv e  charge on 

th e  e le c tro d e  o r c o n ta c t which i s  n e a re s t  th e  l i g h t  as shown 

a f t e r  ex h au stiv e  s tu d ie s  hy Mams and Bay (1) in  I 876. fh e  

i r r a d ia t e d  s u r fa c e , th e r e f o r e ,  assumes a n e g a tiv e  p o la r i ty  o r 

i s  * p h o to n e ss tiv e * ; th e  d ark  iro n  base e le c tro d e  i s  consequen t­

ly  * p h o to p o s itiv e * . The s e n s i t i v i t y  o f th e se  e le c tro d e s  i s  

s u f f i c i e n t  to  d e te c t  th e  f lu o re s c e n t  l i g h t  fro® 0.0001 mg. of 

sodium f lu o re s c e in  p e r  ml. o f s o lu t io n  (3 3 ). The p o la r i t y  o f 

th e  i r r a d ia t e d  e le c tro d e  i s  o f  th e o r e t io a l  s ig n if ic a n c e  and 

much d is c u s s io n  w i l l  be g iv en  on t h i s  below.

The o b so le te  form o f wet c e l l  has been r e c a l le d  h e re  n o t 

fo r  th e  purpose o f deve lop ing  a more e f f i c i e n t  p h o to v o lta ic  

c e l l  b u t to  d e term ine  i f  any e f f e c t  w ith  th e  l iq u id  medium as 

a f lu o re s c e n t  so lu t io n  could be ob ta ined  which would have 

some a n a ly t ic a l  s ig n if ic a n c e  accord ing  to  th e  prim ary o b je c t  

o f  t h i s  re se a rc h .
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CH4PTO II  

H IST O R IC

B sequersl (3) I s  co nsidered  th e  d is c o v e re r  o f th e  p h o to ­

v o l t a i c  e f f e o t  in  1939. H ie p h o to v o lta ic  c e l l  wee o f th e  

groupe 1 and 2  ty p e s  d e sc r ib e d  on page 2 ; i t  c o n s is te d  e s se n ­

t i a l l y  o f two s im ila r  m e ta l l ic  e le c tro d e s  such as s i l v e r ,  

each  covered w ith  s i l v e r  c h lo r id e  to  enhance th e  p h o to -e f fe c t  

over t h a t  o b ta in ed  w ith  th e  p la in  uncovered e le c tro d e e  in  an 

in o rg a n ic  e l e c t r o ly te .  *fhen th e se  e le c tro d e s  were p laced  in  

a d i l u t e  in o rg an ic  ac id  such as s u l f u r ic  and only  one o f th e  

two e le e tro d e e  i r r a d ia te d  w ith  l i g h t  from an a rc ,  a p o te n t i a l  

d i f f e r e n c e  o r p h o to p o te n tia l  was o b ta in ed , floldmann (18) in  

1909 and Ooldmann and a*odsky (19) in  1914 s tu d ied  t h i s  

e f f e c t ,  o f te n  c a l le d  th e  Becquerel e f f e o t ,  and concluded th a t  

th e  phenomenon was p r im a r ily  p h o to - e le c t r ic  in  n a tu re  and th a t  

any photochem ical a c tio n  on th e  e le o t r o ly te  o r  e le c tro d e  was 

a secondary e f f e o t  as a r e s u l t  o f th e  p h o to -e le c tro n ic  c u r re n t  

produced by th e  l i g h t .  T h e ir  method o f  ex p e rim en ta tio n  was 

un ique  a t  t h a t  tim e in  th a t  a p o te n tio m e tr ic  o i r c u l t  was 

u t i l i s e d  to  balance th e  p h o to p o te n tia l  g en era ted  by th e  p h o to ­

v o l t a i c  c e l l .  The change in  c u r re n t w ith  ap p lied  v o lta g e  a t  

c o n s ta n t l i g h t  in te n s i ty  u s in g  w hite l i g h t  was d e riv e d  which 

i s  s im ila r  to  th a t  o b ta in ed  w ith  a lk a l l -m e ta l  p h o to -em lss lv e  

c e l l s .  T h is  c u rv e , shown in  F ig . 1 , page 8 , in d ic a te s  th e  

p h o to - e le c t r ic  p ro p e r ty  o f  th e  l i g h t - s e n s i t i v e  e le c tro d e .
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R E L A T I V E

C U R R E N  T

o.s 0  - 0 1  - 0 . 20 4 0 3 0 2 0-1

A P P L I E D  V O L T S  TO P H O T O - E L E M E N T

F ig . 1 - C u rren t-v o lta g e  c h a r n c t e r l s t l c  of a p h o to v o l ta ic
c e l l  ( i n t e n s i t y  and i?avo-length of l i g h t  c o n s tan t)

C O P P E R

•3 . 6 0  A -»
C U B I C

C Ug o QUO

|«— 4  . 2 8  A—*| 
C U B I C

vr**' ►
T R I C L I N I C

F ig . 5 - C ry s ta l  s t r u c tu r e s  of copper and I t s  oxides
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L * ta r ,  l a  1995, Tan Dyokv (63) u s in g  monoohronmtie l i g h t  T s r l -  

f le d  th e se  experim ents and a lso  m ain ta ined  th e  p h o to - e le e t r le  

e x p la n a tio n , However, many w orkers, accord ing  to  Hughee and 

Du Bridge {51) and Lange (3 0 ), d id  n o t c o n s id e r  th e  p h o to ­

e l e c t r i c  e f f e c t  as p rim ary ; In s te a d , a p u re ly  photochem leal 

e x p la n a tio n  was adhered to  because o f c e r t a in  p e c u l ia r  r e s u l t s  

w ith  cuprous oxide and s i l v e r  h a l id e  s u r fa c e s .

In  1171, Dabine (53) c o n s tru c te d  a p h o to v o lta ic  c e l l  

u t i l i s i n g  selenium  as th e  se a l-co n d u c tin g  p h o to - s e n s i t iv e  

e le c t ro d e  and d i s t i l l e d  w ater as th e  " e le c t ro ly te * .  L a te r  

in  1393, K inchin  (39) in g e n io u s ly  used w ith  th e  selenium  sem i­

c o n d u c to r , ace to n e , m ethyl a lc o h o l, and oenan tho l (h e p ty lic  

aldehyde) s e p a ra te ly  in  o rd e r to  o b ta in  more fa v o ra b le  and 

s ta b le  r e s u l t s ,  Although th e  u se  o f o rg an ic  l iq u id s  was n o t 

co n tin u ed  a f t e r  K in ch in ’ s work, i t  in d ic a te s  th a t  th e  s e a t  o f 

p h o to - a c t iv i ty  i s  n o t in  th e  l iq u id  medium bu t in  th e  p h o to - 

e l e c t r i c a l ly - e x c i t e d  selenium . T h is a c tio n  in  th e  n e ig h b o r­

hood o f th e  l iq u id - e le c t r o d e  In te r fa c e  i s  s im ila r  to  th e  o ld  

e x p la n a tio n  g iven  by Davy who assumed t h a t  th e  lo c a t io n  o f 

th e  e le c tro m o tiv e  fo ro e  produced in  an e l e c t r o ly t i c  c e l l  i s  

a t  th e  Ju n c tio n  between m etal and s o lu t io n  and n o t a t  th e  

Ju n c tio n  of th e  d is s im i la r  m e ta ls  o f th e  c i r c u i t  as  assumed 

by Volta* (59). The use  o f o rg an ic  so lv e n ts  in  th e  above

v M issp e lled  as "DIJok" by Hughes and Du Bridge (58) and 
o th e rs  In  th e  l i t e r a t u r e .
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manner o f  tf inch ln  and a ls o  to  d i s s o lv e  f lu o re s c e n t  substancee 

h as  been a t t a i n t e d  In t h i s  re s e a rc h  and i s  d esc r ib ed  In P a r t  

I I  of t h i s  paper*
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<JH AFT® III

m i m i m  th io r ib b  o f  t m

PHOTO- J C m m * OF SHMI-CONBUCTORS

In  order t o  ex p la in  th e  phenomena ob ta in ed  w ith  pho to ­

v o l t a i c  c e l l s  whloh produce a c u r re n t on I r r a d ia t io n  w ith  

l i g h t ,  e x is t in g  th e o r ie s  based on Lange’s d is c u s s io n  o f copper 

(39) w i l l  be review ed.

An e l e c t r i c  c u r r e n t  nay be c a r r ie d  by e le c tro n s  in  m e ta ls  

as conducto rs o f th e  f i r s t  olaflfl o r  by Ions in  s o lu t io n s  ae 

co n d u c to rs  of th e  second c l a s s  o r  by bo th  e le c tro n s  and Iona 

s im u ltan eo u sly  as In  c e r t a in  c r y s ta l s .  I t  w i l l  be shown l a t e r  

In  th e  experim en ta l s e c tio n  o f  t h i s  p a r t  how th e  c u r r e n t ,  

p r im a r i ly  due to  p h o to -e le c tro n s  being l ib e r a te d  by I r r a d i a ­

t io n  o f th e  l i g h t - s e n s i t i v e  e le c t ro d e ,  has been p r a c t i c a l ly  

e lim in a te d  so th a t  on ly  e le c t ro n ic  " p re s su re s "  o r  "c o n c e n tra ­

t io n s "  can be measured as t r u e  p h o to p o ten t 1 a le .

The Bonoeot o f  L a t t ic e  B i s to r t  ion  P o in ts . I f  one main­

t a i n s  a s in g le  copper c r y s ta l  a t  1000°C in  th e  p resen ce  o f 

s u f f i c i e n t  oxygen, a s in g le  c r y s ta l  o f  cuprous oxide w i l l  

e v e n tu a lly  r e s u l t .  D uring th e  chem ical t r a n s i t i o n ,  th e  e le c ­

t r i c a l  r e s is ta n c e  o f th e  c r y s ta l  w i l l  In c rea se  u n t i l ,  th e o r e t ­

i c a l l y ,  a non-conductor w i l l  r e s u l t  when th e  c r y s ta l  I s  o f 

p u re  cuprous ox ide. However, in  th e  a c tu a l  c a s e , d e f in i t e  

and c o n s ta n t v a lu e s  o f  the rm al and e l e c t r i c a l  c o n d u c t iv i t ie s  

among many samplee a re  n o t o b ta in a b le  even though chem ical 

t e s t s  show com plete o x id a tio n  to  cuprous ox ide . To e x p la in
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t h i s  p e c u l i a r i t y ,  th e  concept o f  l a t t i c e  d i s t o r t i o n  p o in ts  has 

been in troduced* Tnglehard (10, 30) c a lc u la te d  from experim en ta l 

ev idence  th a t  a s in g le  d i s to r t i o n  p o in t among a thousand mole­

c u le s  o r  u n iik e - Io n  p a i r s  in  th e  c r y s ta l  i s  capab le  o f  p roduc­

in g  good p h o to -a c t iv i ty .

Lange (3 0 ), q u o tin g  p rev io u s  w orkers , e s p e c ia l ly  Wagner 

{66}, m entions th re e  ty p e s  o f d i s t o r t i o n  p o in ts  in  th e  cuprous 

o x id e  c r y s ta l  l a t t i c e ;  th e se  a re  as fo llo w s :

1 -  The S u b s t i tu t io n  Type, dn oxygen ion  re p la c e s  a cup­
ro u s  ion  in  th e  cuprous ox ide c r y s ta l  l a t t i c e .  T h is 
ty p e  h as  n o t been u t i l i s e d  to  any e x te n t f o r  e x p la in ­
ing p h o to - a c t iv i ty  by means o f d i s t o r t i o n  p o in ts .
Wig* 2 , page 3 , shows th e  v a r io u s  c r y s ta l  s t r u c tu r e s  
o f  co o p er, ounrous o x id e , and ouprlo  ox ide . I t  does 
n o t seem l ik e ly  th a t  an oxygen ion  can a c tu a l ly  r e ­
p la c e  a cuprous ion  in  th e  cuprous ox ide c r y s t a l ;  
in s te a d ,  any oxygen e n te r in g  th e  cuprous oxide s t r u c ­
tu r e  would form th e  o u p rlc  oxide c r y s t a l  l a t t i c e .

2 -  The I n t e r s t i t i a l  o r  I n te r - L a t t i c e  Type. Ix c e s s  n e u t r a l  
copper atoms are  among f u l ly  occupied  cuprous oxide 
l a t t i c e  p o s itio n s*  T h is  I s  re p re se n te d  in  T ig . 3 ,  
page 13 , and causes "ex cess  co n d u c tio n ” , to  be d is c u s ­
sed f u r th e r  below.

3 -  The T ao an t-T lace  Type. Cuprous io n s  a re  m issing  in  
th e  cuprous ox ide c r y s t a l ,  re p re se n te d  In  F ig . 4 , page 
13. T h is  type  o f d i s t o r t i o n  p o in t  cau ses  " d e f ic ie n c y  
conduct Ion" a lso  to  be exp la ined  f u r th e r  below.

R egard l e s s  of th e  type  o f  d i s t o r t i o n  p o in t  o r  c e n te r  in  

th e  c r y s t a l ,  th e  p resen ce  o f oxygen, s u l f u r ,  o r o th e r  s u i ta b le  

e le c tro n e g a tiv e  elem ents lo o sen s  th e  e le c t ro n s  o f  th e  e l e c t r o ­

p o s i t iv e  m eta l. On I r r a d ia t in g ,  th e  e le c t ro n  which has been 

loosened  by th e  p resen ce  o f  th e s e  e le c tro n e g a tiv e  elem ents may 

escap e . T h is  escap ing  e le c t ro n  may be a prim ary  o r secondary 

v a le n c e  one, depending on th e  m etal o r  it©  © tats o f  v a len ce  a t
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th® d i s t o r t i o n  p o in t  and th® w ave-leng th  o f th e  l i g h t .  Only 

th® n a ta l  — a® copper, w hether i t  be a to n ic  o ily  trapped  in  a 

cuprous oxide l a t t i c e  {excess conduction) o r  as a  cuprous ion  

surrounded by oxygen th a t  belonged to  an o th er cuprous Ion 

whloh i s  now m issing  (d e f ic ie n c y  conduction) — can cause a 

d i s t o r t i o n  p o in t, th e  cuprous ion  d e f ic ie n c y  conduction  I s  

bellow ed to  r e s u l t  in  "baokw all* p h o to -e lem en ts  where th e  

p h o to -a c tiw e  la y e r  i s  behind th e  cuprous oxide th ic k n e s s  a t  

th e  cuprous ox ide-copper ju n c tio n *  g iv in g  a photonegetiw e 

e f f e c t  to  th e  copper base e le c tro d e , th e  trap p ed  n e u t r a l  

copper atoms in  ex cess  conduction  are  th o u g h t to  form " f r o n t -  

w all*  c e l l s  in  which th e  p h o to - a c t iv i ty  ta k e s  p la c e  J u s t  where 

th e  l i g h t  p e n e tr a te s  th e  f ro n t  t r a n s lu c e n t  m e ta l l ic  e le c tro d e  

and s t r i k e s  th e  cuprous oxide la y e r  im m ediately  u n d e rn ea th , 

cau sin g  a o h o to o o sltlw e  e f f e c t  w ith  r e s p e c t  to  th e  r e a r  copper 

base  m eta l su p p o rtin g  e le c tro d e . These e f f e c t s  are  i l l u s t r a t e d  

in  T ig s . 5 and 6* page 13.

The d e f ic ie n c y  conduc tion  o f  th e  v a c a n t-p i  ace ty p e  and 

th e  ex cess  conduction  o f th e  i n t e r s t i t i a l  ty p e  o f d i s t o r t i o n  

p o in ts  were s tu d ied  and d i f f e r e n t i a te d  by S eho ttky  and Waibel 

(3 0 , 55) by means o f th e  H a ll e f f e c t  (44* 58). They found 

t h a t  in  a i r  below 400°0* ex cess  conduction  o r  th e  I n t e r s t i t i a l  

ty p e  o f f i g .  3 i s  s ta b le  b u t t h a t  above 500°0, copper io n s  

a re  m issing  and an ex cess  o f oxygen i s  p re s e n t  to  cause d e f i ­

c ien cy  conduction  o r th e  v a c a n t-p la c e  ty p e  o f f i g .  4.

I t  may be w e ll h e re  to  s t r e s s  th e  f a c t  t h a t  th e  above 

d is c u s s io n  i s  based on d ry  e le c tro d e s  which have a  t r a n s lu c e n t
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e le c t ro d e  over i t .  The p rev io u s  s tu d ie s  on th e  c r y s t a l  of 

cuprous ox id 9 have no t been made w ith  s o lu t io n s  or any o th e r  

l i g u l d  medium. However, th e  shove d is c u s s io n  has  been g iven  

h e re  because a c o r r e l a t i o n  e x i s t s  between th e  s tu d ie s  w ith  

th e  dry  cuprous oxide c r y s t a l  and th e  wet Becquerel p h o to v o l­

t a i c  c e l l  as s tu d ied  in  t h i s  p a r t  o f  th e  r e s e a rc h ,  tenge  

a lso  s t r e s s e s  t h i s  sane r e l a t io n s h ip  as fo llo w s  (30):

"The sane fundam ental p h o to - e le c t r i c  p ro cess  u n d e r l ie s  
th e  Feopuerel e f f e c t  ( th e  wet p h o to v o l ta ic  c e l l ) ,  th e  
c r y s t a l  p h o to - e f f e c t  {3), and th e  b a r r i e r - l a y e r  e f f e c t  
( th e  dry o h o to - s .n . f .  c e l l ) ,  Ve group th e se  th re e  phenom­
ena, d i f f e r i n g  only ou tw ard ly , to g e th e r  as 1 sem i-conductor 
p h o t o - e f f e c t s ’ and d e s ig n a te  th e  v a r io u s  p h o to c e l l s  depen­
d in g  the reon  as ’p h o to -e le m en ts ’ , so as  to  emphasize th u s  
t h e i r  c h a r a c t e r i s t i c  p ro p e r ty  of a c t in g  as spontaneous 
sources  of c u r re n t .  **

The s p e c t r a l  s e n s i t i v i t i e s  o f  th e  " f ro n tw a l l"  and " back - 

wall"* pho to -e . n. f .  c e l l s  are n o t d isc u sse d  f u l l y  h ere  except 

to  p o in t  out t h a t  each has  i t s  own d e f i n i t e  maximum s e n s i t i v i t y  

w av e-leng th , p robab ly  due to  th e  two d i f f e r e n t  ty p es  of  d i s t o r ­

t i o n  c e n te r s .  These two d i f f e r e n t  ty p e s  are  concerned w ith  

th e  copper atom in  one case and th e  cuprous ion in  th e  o th e r j  

th e  two d i f f e r e n t  maxima f o r  each case  nay be due to  the  f o l ­

lowing two se p a ra te  o x id a t io n  r e a c t io n s :

vu° +  %  ^  0u+ e le c t ro n  ( f ro n tw a l l  excess  conduction)
K^2(3u+ +  ^— L (3u++ +  e le c t ro n  ( backwal! d e f ic ie n c y  conduc­

t io n )

where 3* a n d a r e  d i f f e r e n t  e n e rg ie s  of  i o n iz a t io n ,  o b ta in ­

a b le  from th e  in c id e n t  l i g h t .  Lange (30) showed t h a t  th e  wave­

le n g th  maximum of th e  backwall c e l l  i s  no t dependent on th e  

re d  c o lo r  of th e  cuprous oxide l a y e r  th rough  which th e  l i g h t
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must p e n e t r a te  In o rder  to  reac h  the p h o to -a c t iv e  I n te r f a c e  

’between the  r e a r  copper 'base and the cunroun oxide , ©s s ta te d  

by Hughes and Du Bridge ('>d )* Tn s te a d ,  th e  two ©hove r e a c t io n s  

may he Involved to  g ive th e  se p a ra te  w ave-length  maximum In 

each case . Table T summarises th e  ©hove d is c u s s io n .

Vhoto-e. o. f .  c e l l ^Vontwall c e l l Backwall c e l l

^ h o to - e f f e c t D ho toposit ive Fho tonega tive

Type of conduction "3X0688 D efic iency

Type of d i s t o r t i o n
l a t t i c e

I n t e r s t i t i a l Vac an t-p  la ce

S ta te  of copper a t  
d i s t o r t i o n  p o in t

H eu tra l  copper 
atom

Cuprous Ion

^ho to  - re  a c t io n  
r e s u l t i n g

Cu° 4- hv1------>-
C!u+ -h e

0u+ 4* hVo---- ►
Cu“l'++  e

Much work has been done on th e  s p e c t r a l  s e n s i t i v i t y  of 

l i g h t  s e n s i t i s e d  l a y e r s  on common n e t a l s ,  such as copper, 

s i l v e r  and gold (T), cadmium, slno  and s i l v e r  {4}, e tc .  ?!any 

o f  the  workers on t h i s  phase of the  p h o to v o l ta ic  problem 

adhere s tro n g ly  to  a photochem ical e x p la n a t io n  and photochem­

i c a l  th e o r i e s  have been advanced by van Dyck (6**), by ^ a r r ie o n  

(1 3 ) ,  by Vans e l  ow and Sheppard (6 A), and by o th e r s  (?%}, The 

e l e c t r o n s  l ib e r a te d  by th e  photochem ical p ro c e s s ,  according 

to  th e se  w orkers, do n o t n e c e s s a r i ly  obey laws of p h o to -e le c ­

t r i c  emission.

Langs (30} apparen tly  i s  th e  f i r s t  worker to  d i f f e r e n t i a t e  

d i s t i n c t l y  between th e  f ro n tw a l l  and backwall p h o to -e .m .f .
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c e l l s .  The Importance of both  i s  In d ica ted  by Bonner (56) 

who recommends se p a ra te  symbols fo r  each type as  shown In  F ig .

7 ,  p  ag® 13.

A r e c e n t  d is c u s s io n  on d i s t o r t i o n  p o in ts  n o t only in  

th e rm is to r  m a te r ia l  but in  sem i-conductors in  g e n e ra l  has been 

marts by T~scher* B reen , and Pearson  ( ? ) ;  th e  fo llow ing  i s  quoted 

from t h e i r  cap er ;

HBorne im p u r i t ie s  are  much more e f f e c t i v e  in  in c re a s in g  
th e  c o n d u c t iv i ty  (o f  sem i-conductors) than  o th e r s .  One hun­
dred  m arta  o a r  m i l l io n  of some im p u r i t ie s  may in c re a se  th e  
c o n d u c t iv i ty  of pu re  s i l i c o n  a t  room tem pera tu re  by a f a c t o r  
o f  10?. o th e r  im p u r i t ie s  may be p re s e n t  In 100,000 part® 
p e r  m i l l io n  and have a email e f f e c t  on th e  c o n d u c t iv i ty .
Tiro samples may c o n ta in  th e  same c o n c e n tra t io n  of an Im purity  
and s t i l l  d i f f e r  g r e a t l y  in  t h e i r  low tem pera tu re  conduc­
t i v i t y .  I f  yhe Im purity  I s  in  s o l id  s o lu t io n ,  t h a t  i s ,  
a to m ic a lly  d i s p e r s e d ,  th e  (c u r re n t)  e f f e c t  I s  g r e a t ;  i f  th e  
im purity  i s  segregated  in  a to m ica lly  la rg e  p a r t i c le ® ,  th e  
e f f e c t  i s  sm all. Binea h e a t  t r e a tm e n ts  a f f e c t  th e  d i s p e r ­
sion  of im p u r i t ie s  In  s o l i d s ,  th e  c o n d u c t iv i ty  of  sem i-con­
d u c to rs  f re q u e n t ly  may be a l te r e d  r a d i c a l l y  by h e a t  t r e a t ­
ment. Boms o th e r  sem i-conductors are  n o t a f fe c te d  g r e a t ly  
by h e a t  t rea tm en t/*

’’The im purity  need n o t he a fo re ig n  elem ent; in  th e  case 
of ox ides  or  s u l f i d e s ,  I t  can he an excess  or a d e f ic ie n c y  
of oxygsn or s u l f u r  from th e  en ac t s to ic h io m e tr ic  r e l a t i o n .  
T h is  excess can be brought about by h ea t  tre a tm e n t .  . . .
^ o r  a number of  samples of cuprous o x id e , h e a t - t r e a te d  in  
such a way as to  r e s u l t  in  vary ing  amount® o f  excess  oxygen 
. . . . t h e  g r e a t e r  th e  amount o f  excess oxygen, th e  g r e a t e r  i e  
th e  c o n d u c t iv i ty  in  the  low tem pera tu re  range . At h igh  
te m p e ra tu re s ,  a l l  samples (o f  th e  same compound) have about 
th e  same c o n d u c t iv i ty /*

* Bern!-conductors can be c l a s s i f i e d  on th e  b a s is  o f  th e  
c a r r i e r s  of th e  c u r r e n t  in to  i o n ic ,  e l e c t r o n i c ,  and mixed 
conduc to rs . C h lo rid e s  such as WaCl and eome s u l f id e s  a re  
io n ic  sem i-conductors; o th e r  s u l f id e s  and a few oxide®, such 
as uranium ox ide , are mixed sem i-conductors; e l e c t r o n ic  semi­
conductor® Inc lude  most ox ides ( f o r tu n a te ly )  such as ^npChj, 
FspOg, N i l ,  c a rb id e s  such as s i l i c o n  c a rb id e ,  and elem ents 
such as boron, s i l i c o n ,  germanium, and te l lu r iu m . In  io n ic  
and mixed conductor®, ions  are  tra n sp o r te d  th rough  th e  s o l id ,  
T h is  changes th e  d e n s i ty  of  c a r r i e r s  in  v a r io u s  r e g io n s ,  and 
th u s  changes th e  c o n d u c t iv i ty .  Because t h i s  i s  u n d e s i ra b le ,
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they  r a r e l y  ar® used in  making therm isto r®  (o r  dry  p h o to -e .m .f .
c e l l s } . H

E le c t ro n ic  sem i-conductors are  the re fo r®  of prim ary Im­

p o r t  once no t only as th e rm is to r  m a te r ia l  hut f o r  l i g h t - s e n s l - 

t l v e  sem i-conductors, f u r t h e r  th e o ry  g iven  by th e  ahoy® 

a u th o rs  i s  no t n ecessa ry  h ere  excep t to  quote t h e i r  summary:

*1- E -type (where n e g a tiv e  e lec tron®  are  th e  c u r r e n t  
c a r r i e r s  as determ ined by th e  H a ll  e f f e c t )  o x id e s ,  such a®
FnO, when heated  in  a n e u t r a l  or s l i g h t l y  reducing  atmos­
phere decone good co n d u c to rs ,  presumably because they  co n ta in  
excess s in e  which can donate  e l e c t ro n s .  I f  they  then  are  
hea ted  in  atmospheres which are  in c re a s in g ly  more o x id iz in g ,  
t h e i r  c o n d u c t iv i ty  d e c re a se s  u n t i l  e v e n tu a l ly  they  are 
i n t r i n s i c  sem i-conductors  o r  I n s u la to r s .

? -  F -ty p e  (where p o s i t i v e  ’h o l e s ’ appear to  be the  
c u r r e n t  c a r r i e r s  as a s c e r ta in e d  by measurement o f  th e  elgn 
o f  the  v I a l l  e f f e c t )  o x id es ,  such as HIO, when heated in  
s t ro n g ly  o x id is in g  atmospheres are  good conductors . Very 
l i k e l y  they co n ta in  (atomic) oxygen in  excess of th e  s t o i ­
ch io m etr ic  r e a c t io n  and t h i s  oxygen (a s  atoms) accen ts  
a d d i t io n a l  e le c t ro n s .  *nien th e se  are  hea ted  in  l e s s  ox id 1 -  
ping or n e u t r a l  atmospheres they  become p o o rer  conductor®, 
semi-conductor®, or in su la to r® .

3 -  Hhen a n - ty p s  oxide i s  s in te re d  w ith  another ? - ty p e  
o x id e , th e  c o n d u c t iv i ty  in c re a s e s ;  s im i la r ly  f o r  two H -type 
ox ides. Put when a ^ - ty p e  i s  added to  an H-type th e  conduc­
t i v i t y  dec reases .

I f  a m etal forms se v e ra l  o x id es ,  th e  one in  which 
th e  metal e x e r t s  i t s  h ig h e s t  v a lence  i s  H -type, w hile  th e  
one in  which i t  exert® i t s  low est v a lence  w i l l  he P -type  (3 1 )* ”

^ea rso n  (dd) quo tes  th e  fo llo w in g :

” Py im p u r i t ie s  we mean added fo re ig n  atoms, p h y s ic a l  
d e f e c t s  in  th e  l a t t i c e ,  o r  d i f f e r e n c e s  from s to ic h io m e tr ic  
co m p o s it io n . . .  .

th e n  a m etal p o in t  i s  p laced  a g a in s t  an im purity  semi­
conduc to r , th e  com bination has a n o n - l in e a r  c u r re n t  v e rsu s  
v o l ta g e  c h a r a c t e r i s t i c  and act® a® a r e c t i f i e r .  For a P -  
type  sample th e  c u r r e n t  i s  l a r g e  *»hen th e  semi -conductor 1® 
made p o s i t iv e  and th e  m etal p o in t  i s  n e g a t iv e ,  hut i s  email 
when th e se  p o l a r i t i e s  are re v e rse d .  For an H-type sample 
th e  s ig n  of th e  e f f e c t  1® re v e rse d  eo t h a t  th e  c u r re n t  1® 
la r g e  when th e  sem i-conductor I s  n e g a t iv e . *
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arson  a lso  combines e l e c t r i c a l  r e s i s t i v i t y ,  p h o to - e f f e c t ,

H a l l  e f f e c t ,  th e rm o -e f fe c t ,  r e c t i f i c a t i o n ,  and th e rm is to r  

e f f e c t  of s e a l•c o n d u c to rs  in to  one based on th e  im purity  o r  

d i s t o r t i o n  p o in t  concept.

The C arr ie r-B ayer  th e o ry . - ftchotthy (3 0 , ) found t h a t

when cuprous oxide i s  formed on copper a t  h ig h  tem p era tu res  

(oa. 1000^0 ) in  th e  a i r ,  a r e s i s t a n c e  r a t i o  of 1 to  100 o r  

more i s  ob ta ined  a t  room tem pera tu re  between th e  e l e c t r o n ic  

r e s i s t a n c e  from oopper to  c u p roue oxide v e rsu s  th e  e l e c t r o n ic  

r e s i s t a n c e  from cuprous oxide to  copper w ith  h ig h  v o l ta g e ;  in  

o th e r  words, e l e c t ro n s  t r a v e l  more r e a d i ly  from copper to  

cuprous oxide a t  h igh  app lied  v o l ta g e s .  At low v o l ta g e s ,  th e  

r e s i s t a n c e s  were approxim ately  th e  same fo r  e i t h e r  d ire c t io n #  

^ow in th e  f ro n tw a l l  p h o to -e .m .f .  c e l l ,  th e  electron©  p ass  

r e a d i ly  from the  oopper to  th e  cuprous oxide and are p r a c t i c a l ­

ly  blocked in  the  r e v e rs e  d i r e c t i o n ,  as in  the  above o x id a - 

copper system. Bit in  the  backwall p h o to -e .m .f . c e l l  as p r e ­

pared  above by 'vohottTcy, th e  p h o to -e le c t ro n s  pans r e a d i ly  in  

th e  o p p o s ite  d i r e c t io n  to  t h a t  of th e  above conduction  e l e c ­

t r o n s  w ith  h igh  v o l ta g e ;  th e  o h o to -e le c t ro n e  here  pass  r e a d i ly  

from oxide to  metal to  g iv e  a p h o tonega tive  e le c t ro d e .  S c h o t t -  

Icy assumed t h a t  in  th e  bsokwall m eta l-ox ide  i n t e r f a c e ,  only 

th e  edges of th e  cubic cuprous oxide c r y s t a l s  are  imbedded in  

th e  copper base to  g ive  a ‘’r e s i s t a n c e  s ie v e ” which he termed 

th e  “b a r r i e r - l a y e r ” . This  backwall b a r r i e r  l a y e r  supposedly 

h a s  a h ig h  r e s i s t a n c e  o r  in s u la t in g  l a y e r  t o  p h o to -e le c t ro n s  

go ing  in  one d i r e c t i o n ,  from m etal to  o x id e , and t h i s  l a y e r
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p re v e n ts  I n te r n s !  s h o r t - c l r m i i t i n g  so t h a t  an e x te rn a l  c u r r e n t  

can  he g en era ted .

feichmann (3 0 , 60) extender! t h l e  b a r r i e r - l a y e r  c o n ta o t -  

poimt id e a  by in tro d u c in g  h i s  famous A fie ld-funnel*’ concep t; 

he proposed an analogy t h a t  more n o le c u le e  o f  a  gas can be 

caused to  flow th rough  th e  top  o f  a fu n n e l than  i n i t i a l l y  

th rough  i t s  stem. S im i la r ly ,  th e  mixed c r y s t a l  o f  copper and 

cuprous oxide form a f i e l d - f u n n e l ;  th e  copper atom a c te  ae 

I t s  wlds mouth allow ing e le c t r o n s  to  flow th rough  I t  r e a d i ly  

s in c e  i t  i s  a m e ta l ;  th e  stem o f  t h i s  f i e ld - f u n n e l  i s  th e  

cuprous oxide c r y s t a l ,  th e  n e g a tiv e  e l e c t r i c  f i e l d s  o f  th e  

oxygen Ions in  th e  mixed c r y s t a l s  r e t a r d in g  e le c t ro n  movement 

th rough  i t .  The f i e ld - f u n n e l  id e a  i s  d e p ic te d  in  ^ ig .  8 , 

page 18.

The b a r r i e r - l a y e r  th e o ry  end It© f i e ld - f u n n e l  e x ten s io n  

does  n o t  e x p la in  th e  s e a t  o f  p h o to - a c t iv i ty  and th e  dependence 

o f  th e  p h o to p o te n t ia l  on l i g h t  I n t e n s i t y .  The th e o ry  a ttem p ts  

t o  e x p la in  th e  behav ior o f  e l e c t r i c  c u r r e n t s  o r  th e  flow o f  

e l e c t r o n s  through th e  copper-cuprous oxide la y e r  but does no t 

p ro v id e  f o r  th e  p ro d u c tio n  o f  p h o to p o te n t ia l s  when no c u r r e n t  

i s  a l lo w s!  to  flow , nor does  i t  e x p la in  in  a s a t i s f a c t o r y  

manner th e  baokwall e f f e c t  where e l e c t r o n s  p ass  r e a d i ly  from 

oxide to  oopper t o  g iv e  a ph o to n eg a tiv e  supporting  copper 

e l e c t r o d e .  This  th eo ry  was th e r e f o r e  superseded by th e  fo l lo w ­

ing  In s u la t in g -L a y e r  Theory.

IMS I a r j l  atln<t - L w r  T h .o ry . T h is  th e o ry  i s  ap p a ren tly  

due to  Lange (30) and i s  based on th e  work o f  B other and Bohmke
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(50 ) .  Pro® th e  s tu d ie s  w ith  la rg e  se p a ra te  c r y s t a l s  of cup­

ro u s  oxide and w ith  c r y s t a l l i n e  l a y e r s  o f  cuprous oxide on 

copper, Lange showed t h a t  th e  sem i-conducting p h o to p ro p e r t ie s  

of  th e se  la rg e  c r y s t a l s  ( th e  c r y s t a l  p h o to - e f f e c t )  and th e  

c r y s t a l l i n e  l a y e r s  on th e  copper su rfa ce  ( th e  Becquerel and 

h a r r i e r - l a y e r  p h o to - e f f e c ts )  a re  th e  same. The b locking l a y e r  

and i t s  in h e re n t  h igh  r e s i s t a n c e  a re  no t n ecessa ry  f o r  p h o to -  

a c t i v i t y ,  t h i s  f a c t  a t tem pts  to  e x p la in  th e  anomaly mentioned 

above t h a t  p h o to -e le c t ro n s  In th e  backwall c e l l  flow r e a d i ly  

in  th e  o p p o site  d i r e c t i o n  to  conduction  e le c t ro n s  t h a t  flow 

d u r in g  r e c t i f i c a t i o n ,  to  he d isc u sse d  f u r th e r  below.

’Then a copper su rfa ce  i s  heated, a t  1000nC, oxygen fro® 

th e  a i r  d i f f u s e s  in to  th e  su r fa ce  to  form cuprous ox ide ; th e  

amount of  n e u t r a l  copper atoms rem aining of course  depends on 

th e  d i s t a n c e  below th e  o r ig in a l  copper su r fa c e .  At 1000°0 th e  

e q u i l ib r iu m  i s  favored  toward cuprous oxide as fo llo w s:

20ug0 +  02 AGuO

T his r e s u l t s  in  a b ack v a ll  c e l l  whose p h o to -a c t iv e  la y e r  

c o n ta in s  monovalent cuprous ions  and whose supporting  e le c t ro d e  

accord ing  to  Lange i s  ph o to n eg a tiv e . T h is  i s  re p re se n te d  in  

P ig . 6 , page 13 , where th e  t r a n s lu c e n t  e le c t ro d e  may be a 

t h i n  m etal or a s o lu t io n .  The in s u la t in g  la y e r  which re su lt®  

from t h i s  t re a tm e n t i s  sons 3 in  P ig . %  pqg*,..23# presumably 

composed of pu re  cuprous ox ide in  which th e  e l e c t r i c a l  conduc­

t i v i t y  i s  low est. 3one 4 o f  t h i s  f ig u r e  i s  composed o f  cup­

r o u s  oxide w ith  many l a t t i c e  d i s t o r t i o n  p o in t s  and p o sse ss in g  

d e f ic ie n c y  conduction  o r  v a c a n t-p la o e  type  o f  d i s t o r t i o n  p o in t
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Zone 1 

Zone 2 

Zone 3

Zone 4

V P ho t o  - 
P O T E N T I A L "  V

U 1 I 2 . 3 'f  1

B A C K WA L L  

T Y P E

F R O N T W A L L  

T Y P E

V O L T M E  T E R

KV

I N S U L A T I N G  L A Y E R

T R A N S P A R  E N T  
E L E C T R O D E

L A Y E R  T H I C K N E S S

-  Cuprous oxide la y e r  r ic h  in  copper p a r t i c l e s

-  Cuprous oxide la y e r  poor in  copper p a r t i c l e s

• L ea s t contam inated cuprous oxide la y e r  a c tin g  as a 
sem i-conducting  h a r r ie r  la y e r  having th e  low est 
e l e c t r i c a l  c o n d u c tiv ity  due to  a few embedded 
l a t t l o e  d i s t o r t i o n  p o in ts

-  Cuprous oxide la y e r  r ic h  in  oxygen atoms as d i s t o r ­
t io n  p o in ts

F ig , 9 - Dependence o f th e  co n ten t o f f re e  copper, e l e c t r i c a l  
c o n d u c tiv ity , and p h o to p o te n tia l on th e  la y e r  th ic k ­
n ess  in  th e  therm al o x id a tio n  of copper



as g iv en  In  f a b le  I ,  page 16; t h i s  would g ive  a p h o to n eg a tiv e  

su p p o rtin g  e le c tro d e  aooording to  Lange* However, in  t h i s  

r e s e a r c h ,  a p h o to p o a itiv e  e le c tro d e  was found w ith  copper e le c ­

t r o d e s  p rep ared  in  th e  bunsen flam e. G arriso n  (13) s ta te s  

th a t  an i n i t i a l  chem ical tre a tm e n t o f copper to  form cuprous 

oxide over i t  gave a p h o to p o s itiv e  e le c tro d e  w hile  subsequent 

chem ical tre a tm e n t produced a p h o to n eg a tiv e  e le c tro d e . T h is 

w i l l  be d isc u sse d  f u r th e r  below.

I f  th e  p a r t i a l  re d u c tio n  o f th e  su rfa ce  o f a la y e r  of 

cuprous oxide on th e  su p p o rtin g  oopper i s  perform ed by quench­

in g  th e  cuprous oxide a t  1000°0 in  m in era l o i l ,  form aldehyde, 

o r  o th e r  red u c in g  ag en t, o r  by a glow d is c h a rg e , a f ro n tw a ll  

e le c t ro d e  r e s u l t s  because n e u t r a l  copper atoms a re  now p re s e n t  

In  sons 4 , f i g .  9. The copper atoms f r e s h ly  formed in  t h i s  

f ro n tw a ll  e le c t ro d e , which c o n ta in s  an i n t e r s t i t i a l  type  o f 

d i s t o r t i o n  c e n te r  to  cause ex cess  co n d u c tio n , should r e s u l t  in  

a p h o to p o s i t iv e  su p p o rtin g  e le c tro d e  as In  F ig . 3 and F ig . 5* 

page 13.

The b lo c k in g - la y e r  th eo ry  exp la ined  th e  c u r re n t phenomena 

o f  th e  ox id e-co p p er system bu t n e g lec ted  th e  p ro d u c tio n  o f th e  

p h o to p o te n t ia l  on open c i r c u i t .  The in s u la t in g - la y e r  th e o ry , 

on th e  o th e r  hand, e lu c id a te s  th e  o p e n -c i rc u i t  p h o to p o te n tia l  

by assuming th a t  th e  l i g h t - s e n s i t i v e  e le c tro d e  i s  a p h o to - 

e le c t ro n  c o n c e n tra tio n  c e l l  and th a t  th e  in s u la t in g  la y e r  

s e p a ra te s  two d i f f e r e n t  p h o to -e le c tro n  c o n c e n tra tio n s  o r  forms 

a p h o to - e le c t r o n /e le c tr o n  system  so t h a t  th e  p o te n t i a l  d i f f e r ­

ence between them can be m easured, analogous to  pH measurements
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w ith  th e  g la s s  e le c tro d e . The e x te rn a l  c u r re n t  i s  a  r e e u l t  

o f t h i s  d if f e re n c e  In  e le c t ro n  c o n c e n tra tio n  which d im in ish e s  

as th e  c e l l  d e t e r io r a te s .  The two e le c t ro n  c o n c e n tra tio n s  

a re  assumed to  he brought about by th e  in s u la t in g  l a y e r ,  sons 

3 o f F ig . 9 , hawing a l e s s e r  number (H^5 o f p h o to -e le c tro n s  

produced by th e  l i g h t  due to  a much l e s s  number o f  d i s t o r t i o n  

c e n te r s  than  th a t  con ta ined  In zone 4 , which c o n ta in s  a la rg e r  

number (Hg) o f p h o to -e le c tro n s  on I r r a d ia t io n .  The r e s u l t in g  

p h o to p o te n tia l  can be t r e a te d  as a Ifaxwell-Boltzm ann d i s t r i b u ­

t i o n  and p u t in to  th e  form o f th e  H ernst eq u a tio n  f o r  th e  

io n ic  c o n c e n tra tio n s  o f  two s o lu t io n s ,  as fo llo w s:

% =  (u-v /u+v) • RT/nF • In ^ /fc p  

where u and % a re  th e  io n ic  m o b i l i t ie s  o f th e  an ion  and c a t io n  

r e s p e c t iv e ly .  S ince th e  m o b i l i t ie s  o f  th e  e le c tro n  u and 

p o s i t iv e  cuprous ion  v  (assum ing a mixed conducto r as mentioned 

on page IT) are  invo lved  h e re , and s in ce  th e  m o b ility  o f th e  

e le c t ro n  i s  so much g r e a te r  in  c r y s ta l s  th an  th a t  o f th e  Io n , 

th e  above eq u a tio n  becomes:

n  =  ( m / * ) - iT m x /Bp 

O a rr lso n  (13) and Fanselow  and Sheppard (6h) u t i l i z e  th e  

d i f f e r e n c e  in  e le c t ro n  and Ion m o b i l i t ie s  In  c r y s t a l l i n e  s l i v e r  

bromide to  e x p la in  an e f f e c t  c a l le d  h e re  th e  " t r a n s ie n t  p h o to -  

in d u c tiv e  effect**, to  be d e sc r ib e d  and d isc u sse d  below.

3ng lchard  (10 , 3 0 ) , m entioned above on page 15 , from e x p e r i­

m en tal worh c a lc u la te d  by means o f t h i s  eq u a tio n  an open c i r ­

c u i t  maximum th e o r e t i c a l  p h o to p o te n tia l  o f 183 m i l l iv o l t s  

which i s  a much low er v a lu e  th an  O a rri so n ’ s (13) 300 m i l l iv o l t
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ex p e rim en ta l maximum o r th e  370 m i l l i v o l t  v a lu e  ob ta in ed  

e x p e rim en ta lly  in  t h i s  r e  sea r oh. The la r g e r  p h o to p o te n tia l  

may be due to  two fa c to rs ?  (1) Hnglehard c a lc u la te d  th e  p o te n ­

t i a l  d i f f e r e n c e  between sones 3 and 4 o f  F ig . 9 ae i l l u s t r a t e d  

by th e  v o ltm e te r  and a much h ig h e r  th e o r e t i c a l  v a lu e  would 

p ro b ab ly  be ob ta ined  between th e  base oopper m etal and sons 4 , 

i l l u s t r a t e d  in  th e  f ig u re  by In  o rd e r  to  e x p la in  th e  h ig h e r  

o p p o s i te - p o la r i ty  v a lu e s  o b ta in ed  in  t h i s  re s e a rc h . And ( 2 ) ,  

th e  g la s s  membrane used in  t h i s  work h as  a h ig h e r  r e s is ta n c e  

th a n  th e  in s u la t in g  la y e r  o f  zone 3 th e reb y  allow ing  a g r e a te r  

p h o to p o te n t ia l  to  be b u i l t  up a c ro ss  i t  in  th e  p h o to v o lta ic  

c e l l .  The use  o f th e  g la s s  membrane to  s e p a ra te  two d i f f e r e n t  

e le c t ro n  " c o n c e n tra tio n s ” i s  s im ila r  to  t h a t  o f th e  in s u la t in g  

la y e r  o f sons 3 o f F ig . 9 , and re c e n t  re e e a ro h  (£3) h as  shown 

t h a t  t h i s  a r t i f i c i a l  g la s s  b a r r ie r - l a y e r  may prove advantageous 

in  c e r t a in  d ry  r e c t i f i e r s #  some u s in g  "b lue* conductive  ti ta n iu m  

d io x id e . Some prom ising  r e s u l t s  have been ob ta in ed  w ith  v a r ­

n is h  on selenium  (29, 23) and th in  r i c e  p aper sandwiched in  a 

m agnesium /iron oxide r e c t i f i e r  (3 2 ). The use  o f th e  g la s s  

membrane in  th e  p h o to v o lta ic  c e l l s  s tu d ie d  in  t h i s  re s e a rc h  

w i l l  be d isc u sse d  f u r th e r  below.

Thus, in  th e  i r r a d ia t e d  c r y s ta l  o f cuprous o x id e , re g a rd ­

l e s s  o f th e  c r y s ta l  e l s e ,  a c e r t a in  c o n c e n tra tio n  o f p h o to ­

e le c t ro n s  e x i s t s  w ith in  i t  w hich, when e l e c t r l o a l l y  compared 

to  th e  e le c t ro n  c o n c e n tra tio n  o f an o th e r conducto r o r  sem i­

co n d u c to r t h a t  to u ch es th e  c r y s ta l  o r  I s  se p a ra te d  from i t  by 

an in s u la t in g  membrane, p roduces a p h o to p o te n tia l  which may be 

used  to  p ro v id e  an e x te rn a l  c u r r e n t .  In  t h i s  r e s e a rc h , t h i s  

p h o to p o te n t ia l  i s  measured by a vacuum -tube e le c tro m e te r .
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In tro d u c tio n . In  a photochem ical ohange o r  r e a c t io n ,  

i r r a d i a t i o n  w ith  l i g h t  o f o a r ta ln  w ave-leng ths h as  caused th e  

i r r a d i a t e !  su b stan ces to  change I t s  chem ical as w e ll as  i t s  

p h y s ic a l  p r o p e r t ie s .  The lo s s  o r  g a in  o f  e le c t ro n s  by i r r a d i a ­

t io n  w ith  l i g h t ,  which nay he co n s id ered  as th e  p rim ary  e f f e c t  

obeying p h o to - e le c t r ic  law s, cau ses th e  chem ical change which 

may he co n sid ered  as th e  secondary photochem ical e f f e c t .  I f  

some weans can he in tro d u ced  whereby th e  e le c t ro n s  can n o t 

le a v e  th e  su bstance  perm anently  hu t can r e tu r n  when th e  l i g h t  

i s  rem oved, th e  substance  can rem ain s ta b le  in d e f in i t e ly  and 

can  th en  he u t i l i s e d  to  g iv e  a c o n s is te n t  and reproduo ab le  

p h o to - e le c t r ic  o r p h o to v o lta ic  e f f e c t .  P re v en tio n  o f th e  

perm anent lo s s  o f e le c t ro n s  can be done by n o t allow ing  a 

c u r r e n t  to  flow  from th e  c e l l  o r  lo c a l ly  in  th e  pho to -e lem en t. 

In  t h i s  p a r t  o f th e  r e s e a r c h ,  th e  method used to  study  th e  

p h o to v o lta ic  e f f e c t  o f m e ta ls  and t h e i r  o x id es and to  reduce 

c u r r e n t  flow  i s  to  In tro d u ce  a g la s s  membrane and to  p a r a f f in  

th e  l i g h t - s e n s i t i v e  e le c tro d e  ex cep t where i t  i s  i r r a d ia te d .

A d i f f e r e n c e  o f p o t e n t i a l ,  th e  p h o to p o te n t ia l ,  i s  allow ed to  

form a c ro s s  th e  g la s s  membrane and t h i s  p h o to p o te n tia l  i s  

measured by means o f a vacuum -tube e le c tro m e te r ,  s im ila r  to  

th e  co n v e n tio n a l g la s a -e le e tro d a  pH assem bly.

Thf. P h o to v o lta ic  C e l l . The p h o to v o lta ic  c e l l  system used 

in  t h i s  r e s e a rc h  i s  shown in  d e t a i l  in  F ig . 10 , page 28. The
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T O  P O T E N T I O M E T E R   » .

C O P P E R  B A S E  

C U P R O U S  O X I D E  L A Y E R '  

P A R A F F I N  C O A T I N G ,  
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P L A T I N U M  -  
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Q U I N H Y D R O N E  
H A L F  -  C E L L

? lg . 10 - The p h o to v o l ta ic  c e l l  ( la y e r  th ic k n e s s e s  on the
copper photo-elem ent have been g r e a t ly  exaggerated)
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in s id e  of th e  g la s s  membrane s h e l l  o r e le c t ro d e ,  which 1® th e  

d ark  or u n ir r a d ia te d  e le c t ro d e , u s u a lly  c o n ta in s  th e  conven­

t io n a l  3*1 N H31-quinhydrone h a l f - c e l l  f o r  e l e c t r i c a l  s ta b i l i ty #  

In  th e  e a r ly  experim ents o f  t h i s  r e s e a rc h , a bare  p la tin u m  

w ire  was p laced  in s id e  th e  g la s s  e le c tro d e  to g e th e r  w ith  th e  

same s o lu t io n  as on th e  o u ts id e  bu t t h i s  caused e r r a t i c  r e s u l t s .  

Changing to  th e  in te r n a l  0 ,1  H HO1-quinhydrone system caused 

th e  e le c tro m e te r  to  be more stab le#  The n e c e s s i ty  o f th e  

g la s s  membrane was rough ly  in d ic a te d  by th e  re d u c tio n  o f e l e c t r o ­

m eter d r i f t  when compared to  a m etal e le c tro d e  or calom el h a l f ­

c e l l .

The su rfa c e  of th e  i r r a d ia te d  e le c tro d e  was p a ra f f in e d  

w herever i t  was immersed in  th e  l iq u id ,  excep t f o r  a sm all 

a re a  u s u a lly  a square 1 cm. on an edge which was l e f t  u n p a ra f-  

fin/Ssd so as to  be com plete ly  I r r a d ia te d  by th e  lig h t#  G a r r i ­

son (13) a lso  p a ra f f in e d  h i s  e le c tro d e s*  ap p a re n tly  th e  f i r s t  

t o  do so , on th e  dark  s id e  on ly . T h is p rocedure  o f  p a r a f f in ­

ing  aided in  g iv in g  th e  maximum p h o to p o te n tia l  because I f  th e  

e le c t ro d e ,  which was only  p a r t ly  i r r a d i a t e d ,  were com pletely  

u n p a ra f f in e d , c u r re n t m ight flow  lo c a l ly  between th e  d ark  and 

i r r a d ia t e d  a rea s  of th e  e le c tro d e  v ia  th e  se a l-co n d u c tin g  la y e r ,  

e l e c t r o ly t e ,  or base m etal. T h is lo c a l  c u r re n t was to  a la rg e  

e x te n t  reduced by th e  in s u la t in g  p ro p e r ty  o f th e  p a r a f f in  and 

th u s  moat of th e  e le c t ro n s  a f fe c te d  by th e  l i g h t  could have 

th e  e f f e c t  of b u ild in g  up a p o te n t i a l  d if fe re n c e  ac ro ss  the  

g la s s  membrane as shown in  F ig  10. The n e c e s s ity  o f the  p a ra f*  

f i n  c o a tin g  was sim ply shown by th e  fo llo w in g  experim ent:



30

A cuprous oxide la y e r  was formed on a 1 by 3 Inch s t r i p  
o f 0 .0 0 8  inch  th ic k  e l e o t r o ly t io  sh e e t oopper (used th ro u g h ­
ou t t h i s  re se a rc h )  by h e a tin g  in  a bun sen flam e. I r r a d i a t ­
ing  th e  cuprous oxide la y e r  w ith  a c y l in d r ic a l  l i g h t  beam 
1 cm. in  d im e te r  *379 an average o h o to p o e ltiv e  v a lu e  of 8 
u n i t s  on th e  galvanom eter s c a le . A fter c o a tin g  w ith  p a r a f ­
f i n  excep t fo r  a square a rea  of 1 cm. on an edge and u s in g  
th e  save l i g h t  beam, an average p h o to p o te n tia l  o f 6?? p o s i ­
t i v e  u n i t s  vas ob ta ined  - an in c re a se  o f approxim ately  8- 
fo ld  :

The E lec tro m e te r C i r c u i t . F ig . 11, page 31 , shows th e  

com plete e l e c t r i c a l  c i r c u i t  o f  th e  ap p a ra tu s  used  in  t h i s  p a r t  

o f  th e  r e s e a rc h . The e le c tro m e te r  o l r o u i t  I s  an Improved d .c ,  

v o ltm e te r  developed by Bi b ridge and B?own (9) and has a lso  

been used  w ith  p h o to v o lta ic  c e l l s  by C lark  and C a r r e t t  (7) 

and o th e rs  (4 1 ). Although M u lle r, Carman, and 0roz (41) 

p o in t  o u t th a t  t h i s  c i r c u i t  has a h ig h  in p u t r e s is ta n c e  and 

th e re fo r e  i s  n o t s u i ta b le  f o r  b a r r ie r - l a y e r  c e l l s  due to  t h e i r  

low r e s i s t a n c e ,  th e  g la s s  membrane In c re a s e s  th e  r e s i s ta n c e  of 

th e  p h o to v o lta ic  c e l l  in  t h i s  re s e a rc h  so as to  be s u i ta b le  

f o r  t h i s  c i r c u i t ;  d i s t i l l e d  w ate r and th e  o rg an ic  so lv e n ts  f o r  

th e  f lu o re s c e n t  substances in  P a r t  I I  a lso  re n d e r  t h i s  c i r c u i t  

s u i t a b le .  The e le c tro m e te r  s e c tio n  was mounted in  a c lo sed  

m eta l box as a sh ie ld  which a lso  con ta ined  a 500 ml. beaker 

h a l f - f i l l e d  w ith  anhydrous lump calcium  c h lo r id e  as a dehyd­

r a n t .  The c o n t ro l-g r id  le ad  emerged from th e  a e ta l  box th rough  

a la rg e  molded and la th e - tu rn e d  s u lfu r  I n s u la to r .  The c a l ib r a ­

t io n  curve of t h i s  vacuum -tube e le c tro m e te r  i s  shown In  F ig .

IT , page 3T, which In d ic a te s  a maximum s e n s i t i v i t y  o f 1 .1  x 

lO**  ̂ v o l t  p e r  mm. d iv is io n  w ith  a s l i g h t  d e v ia t io n  a t  th e  

h ig h e r  galvanom eter re a d in g s .
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The hlm ht-B oures arrt O ther P a r m e te r  s . The l lg h t-e o u ro e  

used th ro u g h o u t t h i s  r e s e a rc h  wss th e  G eneral E le c t r i c  100 

w a tt  Type B-4 c le a r - g la s s  mercury vapor lamp (14) f ix e d  a t  a 

d is ta n c e  o f ?5om. from th e  c u b ic a l o p t ic a l  c e l l ,  as in d ic a te d  

in  T ig s . 10 and 13. T h is lamp was en e rg ised  by a s p e c ia l 

a u x i l ia r y  tra n sfo rm er which was connected to  th e  a. c . m ains.

Ho e f f o r t  was made f o r  o b ta in in g  a c o n s ta n t l i g h t  f r e e  from 

v a r i a t io n s  because th e se  s tu d ie s  were made q u a l i t a t iv e l y  a t  

f i r s t  in  o rd e r to  d e term ine  i f  a pho to -e lem en t could be p r e ­

pared  s e n s i t iv e  to  f lu o re s c e n t  l i g h t ,  r e fe re n c e  (14) and 

B lochsr and B a r r e t t  (4) g iv e  th e  r e l a t i v e  s p e c tr a l  c o n te n t o f 

th e  l i g h t  from t h i s  lamp* JOLso, no g la s s  f i l t e r s  were ueed 

because th e  lo n g er w ave-leng ths of l i g h t  which could r e ta r d  

p h o to - e le c t r ic  em ission  in  th e  l i g h t - s e n s i t i v e  la y e r  o r quench 

th e  f lu o re sc e n c e  o f th e  su b stan ces  s tu d ie d  in  P a r t  IX a re  n o t 

p r e s e n t  to  any d e tr im e n ta l  degree as conpared w ith  th e  s h o r te r  

f lu o re s c e n c e -e x c i t in g  w ave-leng ths o f l i g h t  which a re  p re s e n t  

in  th e  m ercury a rc . t f l t r a - v i o l e t  g la s s  f i l t e r s  were used only  

when i t  was n ec essa ry  to  see  th e  f lu o re sc e n c e  w ith  th e  eye.

The work d e sc r ib e d  in  P a r t  XI w ith  f lu o re s c e n t  s o lu t io n s  a lso  

shows th a t  f i l t e r s  were n o t needed f o r  th e  e l e c t r i c a l  m easure­

m ents and, in  f a c t ,  th ey  u s u a lly  d im in ished  th e  f lu o ro -p h o to -  

p o te n t i a l  to  a low v a lu e  as compared w ith  no f i l t e r s .  V oltage 

r e g u la t io n  fo r  th e  l i g h t  source fo r  th e  work o f P a r t  IX was 

th e re fo re  n o t n ecessa ry .

The l i g h t  source and p h o to v o lta ic  c e l l  system  were mounted 

in  a box s im ila r  to  t h a t  d e sc r ib e d  by Levin (33) and shown in  

F ig . 13, page 3*.



34

(1H3PTFR V 

?rB  RHOTOYOLTATd SSH/FIOR OF OOPPHR

F re sh ly  c leaned  copper In  d i s t i l l e d  w ater d isp lay e d  no 

p h o to - a c t iv i t y ; i f  allow ed to  rem ain in  th e  d i s t i l l e d  w ater 

f o r  a few h o u rs , a s l i g h t  D hotonegatlve e f f e c t  r e s u l te d  due 

to  some chem ical a c t iv i ty ,  A s t r i p  of e l e c t r o ly t i c  sh ee t 

copper 1 by 3 inches and 0 .00$  inch  th ic k  { th is  th ic k n e s s  

used th roughou t t h i s  work) was cleaned  and p o lish e d  w ith  s te e l  

wool, c a r e fu l ly  wiped to  remove any adhering  I ro n , and heated  

in  a bun sen flam e a t  a glow ing tem p era tu re  of approxim ately  

$00 fo r  about 1 m inute, i f t e r  a llow ing  to  coo l to  room 

te m p e ra tu re , th e  lo o se  b lack  cu p rlc  oxide was blown o r l i g h t ­

ly  wiped away exposing th e  te n a c io u s  red  cuprous oxide la y e r  

undernea th . T h is red  la y e r  was coa ted  w ith  p a r a f f in  excep t 

fo r  a square a rea  o f 1 cm. on an edge and th e  e le c tro d e  was 

immersed in  d i s t i l l e d  w a te r; a p h o to p o s itiv e  v a lu e  of 20 m i l l i ­

v o l t s  was th u s  o b ta in ed , ’fhen th e  copper was hea ted  so as to

p re v e n t glowing and allow ed to  b lacken  to  th e  c u p ric  oxide

c o lo r ,  a n h o to p o s ltlv e  v a lu e  o f 950 m i l l iv o l t s  was o b ta in ed  

in  d i s t i l l e d  w ate r. The p h o to p o s itiv e  v a lu e s  In d ic a te  th a t  

p h o to -e le c tro n s  are moving from th e  su p p o rtin g  copper e l e c t ­

rode in to  th e  oxide and toward th e  l iq u id  medium and l i g h t .

Although Lange (30) in d ic a te s  t h a t  copper which he p rep ared  by

h e a tin g  in  a i r  y ie ld ed  a p h o to n eg a tiv e  e f f e c t  as a dry  p h o to ­

e lem en t, th o se  p rep ared  s im ila r ly  In t h i s  r e s e a rc h  and by (Jo Id 

mann and Brodsky (19) y ie ld e d  a p h o to p o s itiv e  e f f e c t .
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Vhsn d i s t i l l e d  w ate r was used  as th e  l iq u id  medium w ith  

th e  cuprous oxide photo-elem ent*  a h ig h e r  p o s i t iv e  p h o to p o ten ­

t i a l  was ob ta ined  than  when a s a l t  so lA tlon  was used .

fhen f r e s h ly  c leaned  copper s t r i p s  were p laced  in  d i s t i l ­

le d  w ater and i r r a d ia te d  f o r  an hour* a v a r ic o lo re d  la y e r  of 

cuprous oxide appeared which yielded, a n e g a tiv e  p h o to p o te n tia l  

o f approxim ately  3 m il l iv o l t s *  an e f f e c t  o p p o s ite  to  th a t  ob­

ta in e d  by h e a tin g  oopper in  a i r .  In n e re lo n  o f f r e s h ly  cleaned  

copper s t r i p s  fo r  4 days In  0 ,1  N KC1 y ie ld ed  a p h o to s e n s it iv e  

su r fa c e  whose average n e g a tiv e  p h o to p o te n tla !  was 150 m i l l i ­

v o l t s  a f t e r  th e  s e n s i t iv e  su rfa c e  was c a r e f u l ly  washed w ith  

d i s t i l l e d  w ater* d r ie d  In th e  a i r ,  and p a ra f f in e d  ex cep t f o r  a 

square  cm ., u s in g  d i s t i l l e d  w ater as th e  l iq u id  medium w ith  

th e  g la s s  e le c tro d e  as in  F ig . 1 0 , page 28. 0 .1  H fC l as th e

l iq u id  medium of th e  photovoltaic? c e l l  y ie ld e d  a much low er 

p h o to p o ts n t la l  o f approxim ately  40 m i l l i v o l t s  n eg a tiv e  w ith  a 

p e c u l ia r  t r a n s i e n t  p h o to -In d u c tiv e  e f f e o t  to  be d esc rib ed  be­

low. S o lu tio n s  of s e v e ra l o th e r  su b stan ces  were te s te d  f o r  

form ing a p h o to s e n s it iv e  su rface  on copper; th e se  s o lu t io n s  

were te s te d  by immersing oopper s t r i p e  in  them a t  hour I n t e r ­

v a l s  and o v ern ig h t and i r r a d ia t in g  them; th e se  s o lu t io n s  were 

o f  hydrogen p e ro x id e , n i t r i c  a c id , n i t r i c  ac id-hydrogen  p e r ­

ox ide m ix tu re , o u p rlc  c h lo r id e ^ , c u p ric  n i t r a t e ,  cu p rlc  s u lfa te *

G a r r i s o n  (13) used s l i g h t ly  so lu b le  cuprous c h lo r id e  
s o lu t io n s  fo llow ed by a slow h y d ro ly s is  in  w ater to  form 
cuprous oxide la y e r s ,  ^y v a ry in g  th e  tim e of tre a tm e n t , th in  
la y e r s  were p h o to p o s itiv e  as ob ta in ed  w ith  th e  flam e in  a i r  
and t h i s ’s la y e r s  were found p h o to n eg a tiv e  c o n tra ry  to  Cloldmann 
and Brodsky (11) who concluded from t h e i r  p h o to - e le c tr ic  
th e o ry  th a t  cuprous ox ide la y e r s  in  any th ic k n e s s  were always
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ammonium p e r c h lo r a te ,  and ammonium p e r s u l f a te .  Of th e se  

su b s ta n c e s , cu p rie  n ltaaate formed th e  n o e t p h o to s e n s it iv e  

la y e r  on th e  s u r f  see of th e  immersed s t r i p  o f  copper; an o v er­

n ig h t  immersion in  0 .1  K aqueous cu p ric  n i t r a t e  s o lu t io n  

y ie ld e d  a n e g a tiv e  p h o to p o te n tia l  o f 370 m i l l i v o l t s ,  th e  h ig h ­

e s t  p h o to p o te n tla l ,  r e g a rd le s s  o f p o l a r i t y ,  o b ta in ed  in  t h i s  

p a r t  of th e  re s e a rc h  on m e ta ls . Longer immersion© reduced 

th e  p h o to p o te n tia l  due to  th ic k e r  p r e c ip i t a t in g  la y e r s .  How­

e v e r , r e c o n s id e r in g  th e  p rim ary  o b je c t  o f t h i s  r e s e a rc h , t h i s  

rem arkab le  p h o to s e n s it iv e  su rfa c e  proved to  be n o t a t  a l l  

s e n s i t iv e  to  th e  f lu o re s c e n t  l i g h t  o f such su b s tan ces  a s  sodium 

f lu o re s c e in  d is s o lv e d  in  w ater when th e  f lo t-n h o to -e le m e n t was 

p la c e d  p a r a l l e l  to  th e  l i g h t  beam so as to  be illum ined  only  

by th e  weak f lu o re s c e n t  l i g h t  and n o t by th e  s tro n g e r  l i g h t  

from th e  m ercury a rc .

S ince th e  above s e n s i t i s in g  method appeared sim ple and 

somewhat p ro m isin g , i t  was stud led  f u r th e r .  An a ttem p t to  

p re p a re  p h o to s e n s it iv e  su rfa c e s  by e l e c t r o ly s i s  w ith  th e  in ­

tended  copper pho to -e lem en t as anode and w ith  s o lu t io n s  o f 

v a r io u s  s a l t s  a t  d i f f e r e n t  pH v a lu e s  as th e  e l e c t r o ly t e  d id  

n o t produce p h o to s e n s it iv e  su rfa c e s . A lso, an a ttem p t to  fo ra  

a l i g h t - s e n s i t i v e  e le c tro d e  by th e  e le c t ro p h o re t ic  d e p o s it io n  

o f cuprous o x id e , suspended in  w a te r, on copper and p la tin u m  

d id  n o t prove s u c c e s s fu l ,  though th e  suspended p a r t i c l e  pos­

sessed  a n eg a tiv e  charge .

p h o to p o s itiv e  when p rep ared  in  a flam e in  a i r .  T h is type  o f 
d isc re p an c y  i s  th e  b a s is  o f th e  p re s e n t  argument between th e  
photochem ical and p h o to - e le c t r ic  ad h e ren ts .
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The e f f e c t  of tb s  v a r i a t i o n  o f  th e  l ig h t-e x p o se d  cuprous 

oxide a res  on th e  o h o to p o ts n t la l  u s in g  d i e t  t i l e d  crater and th e  

g la s s  e le c t ro d e  as in  ? lg .  1 0 , page ° 8 , w ith  no f i l t e r s  was 

s tud ied  and i s  summarised in  Table XT; t h i s  no t only  shows th e  

im portance of th e  p a r a f f i n  c o a tin g  but a lso  p o in t s  out ano ther 

f a c t  of t h e o r e t i c a l  s ig n i f ic a n c e  to  be d isc u ssed  in  Chapter 7X1*

TAHLH I I

7AHXATI0H OP PHOT OP OT PITT I AT, 
7ITH HXPOSHO TRRA0T.AT70 _m .\

Treatm ent 
of  prepared 
e le c t ro d e

ires. i r r a d i a t e d  
and u n p a ra ff in ed

Average p o s i t iv e  
p h o to p o te n t ia l  in  
m i l l i v o l t s

Not
p a ra f f in e d

0 cm. d iam ete r  
i r r a d i a t e d

17

1 cm. d iam ete r  
I r r a d ia te d

10

*5.5 on. d ia .  
I r r a d ia t e d

V«✓

P a ra f f in e d 4 sq. cm. 60

1 sq. cm. 83

O.0 5  gq. Qn. 105

0 .01  sq. cm. 60

then  an area  of 1 sq. on. on copper s t r i p s  3 by 4 cm .,

which haws remained exposed to  th e  a i r  f o r  a y e a r ,  was f r e s h ly  

cleaned  w ith  s t e e l  wool, wiped w ith  a c le a n  c lo th  to  remove 

adhering  i r o n ,  and immersed in  a O . l  H po tassium  c h lo r id e  

s o lu t io n  c o n ta in in g  p h en o lp h th a le In  ( to  be d es ig n a ted  as th e  

KOI -p h sn o lp h th a le in  so lu t io n )  , th e  s o lu t io n  turned red in  the  

d arh  a t  th e  f r e s h ly  cleaned su rface . The sane e f f e c t  was a lso  

o b ta in ed  when s s im i la r  but com pletely  cleaned copper s t r i p  

was hea ted  in  a c o l o r l e s s  bunsen flame to  form cuprous oxide 

o v e r a l l ,  and a small a rea  cleaned  and p o lish e d  so as to  form
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a copper a rea  of about 1 sq# cm. ; th e  red t e s t  a lso  appeared 

a t  t h i s  f r e s h ly  cleaned  copper area* T h is  a c t io n  r e p e a l s  

t h a t  an e l e c t r o l y s i s  o f  th e  crater i s  ta k in g  p la c e  in  th e  dark  

a t  th e  cleaned copper su rface  which a c ts  as a cathode. The 

p h en o lp h th a le ln  becomes red  a t  t h i s  su rfa ce  due to  th e  hydroxyl 

ion  which i s  l e f t  behind when th e  hydrogen ion i s  d ischarged  

by an e le c t ro n  according  to  th e  fo llow ing  p ro b ab le  r e a c t io n s :

Cu° ------------ > Cki"*" +  e le c t ro n

°!lpO — !? e l e c t r o n s  ► £0H +  H2

o r  2 H“** +  f> e le c t ro n s   ►Hp

lu +  - f  01“  ------► CuClJ

The copper i s  ox id ized  to  th e  cuprous ion  which r e a c t s  w ith  

th e  c h lo r id e  Ion p r e s e n t  to  form in s o lu b le  cuprous c h lo r id e  on 

th e  su rface  of th e  c leaned  copper a rea ;  a chem ical t e s t  d i s ­

c lo sed  th e  chloride*  I f  no c h lo r id e  ion had been p r e s e n t ,  

in s o lu b le  cuprous o r  eu p r lc  hydroxide would p robab ly  have been 

formed j u s t  as in  th e  immersion of c le a n  copper in  aqueous 

e u p r ic  n i t r a t e  as d esc r ib e d  on page 35*

^hen th e  p a r t i  a l ly -c le a n e d  copper s t r i p e  in n e r  sed In  th e  

K O I-phenolph thale ln  s o lu t io n  were i r r a d i a t e d  by means of  th e  

m ercury-vapor lamp, a d e f i n i t e  re v e rse  e f f e c t  was o b ta in e d ,  

th e  red  p h e n o lp h th a le in  c o lo r  appeared a t  th e  cuprous oxide 

su r fa c e .  In  f a c t ,  i t  was p o s s ib le  to  a d ju s t  th e  I n te n s i ty  of  

th e  l i g h t  by v ary in g  th e  d is ta n c e  between t e s t - t u b e  and lamp 

so t h a t  no red  t e s t  was ob ta ined  from e i t h e r  th e  cleaned  copper 

o r  cuprous oxide su r fa c e ;  t h i s  d e l i c a t e  p o in t  o f  ba lance  has 

t h e o r e t i c a l  s ig n i f ic a n c e  and may be determined, p r e c i s e ly  by
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means of a s e n s i t iv e  galvanom eter p laced  between two se p a ra te  

e l e c t r o d e s  in  th e  same Fdl s o lu t io n ,  no p h e n o lp h th a le In  being 

r e q u i r e d ;  one e le c t ro d e  i s  cowered w ith  cuprous oxide and th e  

o th e r  i s  c leaned copper, both  p ro p e r ly  in s u la te d  w ith  p a r a f f in  

and fa c in g  the  v a r ia b le  l i g h t  i n t e n s i t y .  The l i g h t  o u s t  be of 

th e  p ro p e r  w ave-length  to  e j e c t  p h o to - e le c t r o n s  from cuprous 

oxide so t h a t  th e  red  p h e n o lp h th a le in  c o lo r  can occur In th e  

s o lu t io n  a t  t h i s  su rface  accord ing  to  th e  fo llo w in g  p robab le  

r e a c t i o n s ;

Cuprlo hydroxide being In so lu b le  u n l ik e  c u p r ic  c h lo r id e  p r e c i p ­

i t a t e s  on th e  cuprous oxide su r fa c e .  From th e  above, i t  might 

appear t h a t  a standard  o f  l i g h t  I n t e n s i ty  could be s e t  up a t  

th e  ba lance  p o in t  in  th e  o o p p er-cup rous-cup ric  system, but 

w hether t h i s  system p e r  se i s  s u i t a b le  as a l i g h t  standard  o r  

w hether th e  th ic k n e s s  o f  th e  cuprous oxide la y e r  d e te rm ines  

th e  c r i t i c a l  l i g h t  i n t e n s i t y  must be cons idered . I t  seems 

t h a t  th e  th ic k n e s s  of th e  cuprous oxide l a y e r  would be a con­

t r o l l i n g  f a c t o r  I f  p h o to - e le c t ro n s  were e je c te d  from th e  p ho to -  

p o s i t i v e  n e t s i - o x id e  I n te r f a c e  hut no f u r th e r  t e s t e  were made 

to  v e r i f y  t h i s .  A d is c u s s io n  w i l l  be g iven in  Chapter V II, 

"Thotobalanoing'* s tu d ie s  were no t made w ith  copper p h o to -e lc -  

raents p repared  in  c u p r ic  n i t r a t e  s o lu t io n  as d e sc r ib ed  above, 

s in c e  t h i s  would have taken th e  r e s e a rc h  too  f a r  amiss from 

th e  prim ary  object#

0u + - ^ —► 0u ++  - ( - e le c t ro n

3H90 +  9 e le c t ro n s  --------►FOH" +  %

o r - f  o e l e c t r o n s ------>-Hp

flu(OH?J
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One o th e r  e f f e c t  h as  been ob ta ined  in  t h i s  vorb w ith  

coooer. t h i s  e f f e c t ,  h e re  c a lle d  th e  " t r a n s ie n t  p h o to -in d u c ­

t i v e  i f  feet** end mentioned on page 35* has been n o tic ed  by 

many w orkers working w ith  o th e r  m eta ls  b e s id e s  copper. I t s  

ex p lan a tio n  has been g iven  by o th e rs  (4 , 1 3 , £3 , 6 3 , 64) as  

one which occurs w ith in  th e  l i g h t - s e n s i t i v e  la y e r .  T h is 

t r a n s i e n t  p h o to - in d u c tiv e  e f f e c t  was o b ta in ed  when a p h o to - 

p o s i t iv e  cuprous oxIda-covered  e le c tro d e  p rep a red  in  th e  flam e 

was immersed in  a d i l u t e  KCI s o lu t io n  3 t  d e sc r ib e d  on page 35 ; 

im m ediately on i r r a d i a t i o n ,  th e  p h o to p o te n tia l  f i r s t  assumed 

a n e g a tiv e  v a lu e  and th en  a la r g e r  p o s i t iv e  v a lu e . T h is  l a  

I l l u s t r a t e d  in  ? ig .  14 , page 41. D i s t i l l e d  w ater d id  n o t 

y ie ld  t h i s  t r a n s i e n t  e f f e c t  bu t o th e r  s a l t s  b e s id e s  po tassium  

c h lo r id e  d id ,  in d ic a t in g  th a t  th e  e f f e c t  I s  due to  th e  n a tu re  

o f  th e  l iq u id  medium and n o t to  th e  cuprous oxide la y e r .

O ther m e ta ls  s tu d ied  f o r  p h o to - a c t iv i ty  were i ro n ,  s in e ,  

magnesium, and t i n ,  and th e  r e s u l t s  o f  th e se  s tu d ie s  are  

b r i e f ly  d e sc r ib e d  in  th e  fo llo w in g  c h a p te r .
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c n w r m  v i

THI PHOTO-JCTIVITY OF FiRIOtJB f!fl?ALS

I ro n * T h is m etal was s tu d ied  because i t  has two oxides* 

The hare  m atal had no p h o to - a c t lv l ty  when s tu d ied  in  d i s t i l l e d  

w a te r as in  Fig* 10 , page 2% Hhen allow ed to  rem ain in  th e  

d i s t i l l e d  w a te r , th e  m etal slow ly became p h o to n eg a tiv e  as w ith  

co p p e r, and th e  Iro n  su rfa c e  showed th e  brow nish t in g e  o f rust*  

^fhen a c le an  iro n  s t r i p  was covered w ith  p a r a f f in  on both 

s id e s  excep t f o r  an a re a  o f 1 sq. cm. on bo th  s id e s ,  Immersed 

in  d i s t i l l e d  w a te r , and one s id e  i r r a d ia t e d ,  th e  i r r a d ia te d  

s id e  became a tta c k ed  and th e  w ater q u ick ly  became ye llow - 

c o lo re d ; no chem ical a c tio n  appeared on th e  d ark  s id e  ex cep t 

f o r  th e  fo rm ation  o f hydrogen bubbles. T h is  in d ic a te s  th a t  

th e  e le c t ro n ic  flow  in  th e  m etal i s  away from th e  l i g h t .  The

v e ry  ra p id  developm ent o f  th e  yellow  c o lo r  o f  th e  l iq u id  i s

due to  th e  fo rm ation  o f c o l lo id a l  f e r r i c  hydroxide w hich, 

s in c e  i t  form s a p o s i t iv e  c o l lo id ,  I s  r e p e l le d  away from th e  

p o s i t iv e  i r r a d ia te d  su rfa c e  perh ap s as soon as formed.

H ith  s im ila r  iro n  e le c tro d e s  immersed in  0 ,1  H KC1, an 

o p p o s ite  e f f e c t  to  th e  above r e s u l te d  on i r r a d i a t i o n ,  no 

chem ical a c tio n  ocourlng  t h i s  tim e on th e  i r r a d ia t e d  su rfa ce  

b u t on th e  d ark  s id e . The s o lu t io n  h ere  a lso  developed th e

yellow  c o lo r  q u ic k ly . The e le c t ro n ic  flow  in  th e  m etal i s

tow ards th e  l i g h t  in  t h i s  c a s e , and t h i s  was v e r i f ie d  w ith  

p h e n o lp h th a le in  tu rn in g  red  only  a t  th e  i r r a d ia te d  bare  s u r ­

fa c e . However, th e se  s u r fa c e s  d isp lay e d  on ly  sm all pho t op o te n - 

t i a l s .
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I ro n  s t r i p s  which bad been hea ted  in  a i r  to  form black  

f e r ro u s  oxide y ie ld ed  a poo r p h o to -e f f e c t .  Also, a c lea n  i ro n  

s t r i p  immersed in  f e r r i c  c h lo r id e  s o lu t io n  d isp lay ed  only a 

s l i g h t  p h o to p o s i t iv e  e f f e c t  in  d i s t i l l e d  w a te r ,  lo o se  b lack 

f e r ro u s  oxide bav ins  ap p a ren tly  been formed d u r in g  th e  immer­

s ion  in  th e  f e r r i c  c h lo r id e  s o lu t io n ;  immersion in  f e r r i c  

n i t r a t e  s o lu t io n  formed lo o se  f e r r i c  oxide which a lso  showed 

a very  s l i g h t  p h o to p o s i t iv e  e f f e o t  when t e s t e d  in  d i s t i l l e d  

w ater.

The e f f e c t  of io n s  in  re v e rs in g  th e  d i r e c t io n  of e le c t ro n ic  

flow  in  th e  m etal d u rin g  I r r a d ia t io n  a lso  point®  to  the  n a tu re  

o f  th e  l iq u id  medium as th e  cause o f th e  t r a n s i e n t  p h o to - 

in d u c tiv e  e f f e c t ,  as m entioned on page 40.

S ince iro n  and i t s  w a te r - in s o lu b le  o x id es  d id  n o t in d ic ­

a te  any s ig n i f ic a n t  s e n s i t i v i t y  to  l i g h t  p h o to p o te n tio ra e tr le a l ly , 

th ey  were n o t s tu d ied  f u r th e r  in  t h i s  research*  However, I t  

may be in te r e s t i n g  to  p o in t  ou t h e re  th e  photochem ical re d u c ­

t io n  of f e r r i c  ion  to  f e r ro u s  Ion as in  th e  b lu e -p r in t in g  

p ro c e s s  which u t i l i z e s  po tassium  fe r r ic y a n id e  to  form In so lu b le  

P ru s s ia n  b lue . I t  i s  known (1?) th a t  f e r r i c  e a l t e  o f  s tro n g  

a c id s  as s u l f u r ic  and h y d ro c h lo ric  are  n o t reduced by l i g h t  

w h ile  f e r r i c  s a l t s  o f weak a c id s , u s u a lly  o rg an ic  a c id s  such 

as o x a l ic ,  c i t r i c ,  and l a c t i c ,  in  so lu t io n  are  reduced to  

f e r ro u s  s a l t s .  T h is b lu e -p r in t  r e a c t io n  has no t been used as 

an ac tln o m ete r a s , f o r  exam ple, a so lu t io n  o f u ran y l s u l f a te  

o r  m ercu ric  c h lo r id e  (15) to g e th e r  w ith  o x a lic  ac id  to  measure 

th e  in te n s i ty  o f l i g h t ,  carbon monoxide and d io x id e  being
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l i b e r a t  ad and t h e i r  combined volumes q u a n t i ta t iv e ly  measured 

as an Index of th e  l i g h t  in te n s i ty .  S im ila r ly ,  in  th e  b lu e ­

p r i n t  r e a c t io n ,  when th e  p h o to -e le c tro n  i s  l ib e r a te d  w ith in  

th e  d ry  o rgan ic  s a l t ,  th e  o rg an ic  l i g h t - s e n s i t i v e  r a d ic a l  ©ay 

be o x id ised  to  a gaseous o r i n e r t  p ro d u c t and th e  f e r r i c  ion  

now low in  th e  e.m. f .  s e r ie s  c a p tu re s  th e  loosened  p h o to - 

e le c t ro n ,  t h i s  d is c u s s io n  has been Included  here  to  In d ic a te  

t h a t  in  o rd e r th a t  th e  f e r r ic -o r g a n ic  r a d ic a l  bond be l i g h t -  

s e n s i t iv e ,  i t  must be l e s s  e le c t ro v a le n t  th an  in  th e  in o rg an ic  

f e r r i c  oxide type o f bond.

t i n e , t i n e  m etal was found to  be n o t p h o to p o te n tta l ly  

a c t iv e ,  l in o  oxide on s in e  tak en  from stock  showed a sm all 

p h o to n e g a tiv e  e f f e c t  in  d i s t i l l e d  w ater o f about 10 m i l l iv o l t s .  

$ inoe th e  aInc  ox ide had a v ery  h ig h  e l e c t r i c a l  r e s i s t a n c e ,  a 

c lean ed  s in e  e le c tro d e  was used In s tead  o f  th e  g la s s  e le c tro d e  

o f  ^ ig . 10, page 23. tn  th e  KOI -p h en o lp h th a le in  s o lu t io n , 

s in e  behaved l i k e  copper and i r o n ,  th e  e le c t ro n s  in  th e  m etal 

flow ing  tow ards th e  l i g h t  and th e  red  t e s t  showing a t  th e  

i r r a d ia t e d  s u r fa c e , in d ic a t in g  th e  i n i t i a l  fo rm atio n  o f a 

p h o to p o s l t iv e  e le c tro d e . Ho f u r th e r  s tu d ie s  were made w ith  

s in e  due to  i t s  sm all p h o to p o te n tia ls .

T in , f i n  m etal y ie ld e d  in d e f in i te  r e s u l t s  when f r e s h ly  

c lean ed  and when allowed to  rem ain In  d i s t i l l e d  w ater f o r  

s e v e ra l  h o u rs . Some p h o to -a o tlw lty  was no ted  by p a r a f f in in g  

th e  t i n  excep t f o r  a sm all a re a  on both  s id e s ,  Immersing in  

th e  K O l-pheno lph tha le in  s o lu t io n , and i r r a d i a t i n g  f o r  6 h o u rs ; 

th e  i r r a d ia te d  s id e  appeared u n a ttach ed  b u t d e f in i t e  eigne of
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chem ical a t ta c k  appeared on th e  d ark  s id e . T h is  in d ic a te s  

th e  e le c t ro n  flow  in  th e  m etal to  he toward th e  l i g h t  ten d in g  

to  re n d e r  th e  raetal p h o to p o s itiv e . The e f f e c t  was s l ig h t  and 

could  n o t he v e r i f ie d  by p h o to p o te n tia l  measurement. S ince 

t i n  d isp la y e d  such s l i g h t  r e s u l t s ,  i t  was n o t s tu d ied  f u r th e r .

Hagneslum. Tiagnesium showed no p h o to - a c t iv i ty  due to  i t s  

chem ical a c t iv i ty  in  w ate r. However, u s in g  a p ie ce  o f magne­

sium rih h o n  ahout 20 cm. lo n g , com pletely  p a ra f f in e d  excep t 

f o r  two 0 .0 4  aq. cm. a rea s  ahout 10 cm. a p a r t ,  and c o ile d  so 

as to  o b ta in  an i r r a d ia te d  and a d ark  a re a , i t  was dipped in to  

th e  i r r a d ia t e d  K O I-phenolph thale ln  s o lu t io n ;  th e  i r r a d ia te d  

a re a  formed hydrogen bubbles sooner th an  th e  dark  a re a  d u rin g  

th e  f i r s t  few moments o f immersion in d ic a t in g  th a t  l i g h t  does 

seem to  have some e f f e c t  In causing  e le c t ro n s  in  th e  m etal to  

flow  toward I t ,  j u s t  as in  th e  o ases  o f th e  above m eta ls .

The p h o to - a o t lv i ty  was found to  he v ery  sm all f o r  magnesium 

and th e re fo r e  was n o t s tu d ie d  f u r th e r .

The experim en ta l work o u tlin e d  In  t h i s  c h a p te r  may he 

summarised as fo llo w s: (1) a l l  th e  m e ta ls  s tu d ied  h ere  

d isp la y e d  no p h o to - a o t iv l ty  when f re s h ly  c lean e d , (?) e le c tro n s  

in  th e  m etal flowed tow ards th e  l i g h t  on i r r a d ia t io n  in  s a l t  

s o lu t io n  th e reb y  y ie ld in g  a p h o to p o s itiv e  e le c tro d e , and (3) 

e le c t ro n s  in  th e  m etal on i r r a d ia t io n  may tend to  flow  away 

from th e  l i g h t  in  d i s t i l l e d  w ate r.
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CHAPTER VII

A TH10H3TIO.IL DISCUSSION OF THF PHOTOVOLTAIC NFFFOT 

viTH m  n m m  cow oum B

T h is  c h a p te r , which concludes th e  work o f th le  f i r s t  p a r t  

w ith  m e ts ls ,  summarises and d is c u s s e s  th e  r e s u l t s  o f th e  

a c tu a l  work o f th e  p rev io u s  c h a p te rs  and a lso  m entions o th e r  

r e l a t e d  r e s e a rc h , fa a ttem p t h as  heen made h e re  to  c l a r i f y  

d is c re p a n c ie s  which have heen In d ic a te d  in  th e  p rev io u s  pages.

The f i r s t  apparen t d isc re p a n c y , m entioned on page T4, I s  

t h a t  p h o to -e lem en ts  p rep ared  accord ing  to  th e  l i t e r a t u r e  by 

h e a tin g  copper In  a flam e In  o rd e r  to  produce a cuprous oxide 

sem i-conducting  la y e r  were p h o to n eg a tiv e  as in d ic a te d  in  f i g .  

6 ,  page 13 , w hereas th o se  p repared  s im ila r ly  In  th l e  re s e a rc h  

were p h o to p o s itiv e . The main d if fe re n c e  between th e  d ry  con­

v e n t io n a l  p h o to -e .m .f . c e l l  and th e  wet p h o to v o lta ic  c e l l  used 

in  t h i s  re s e a rc h  I s  th e  h ig h  r e s is ta n c e  o f th e  g la s s  e le c tro d e  

o r  d i s t i l l e d  w ater o r  s o lu t io n  of th e  p h o to v o lta ic  c e l l ;  th e  

i n t e r n a l  e l e c t r i c a l  r e s i s ta n c e  between th e  two e le c tro d e s  o f 

th e  d ry  p h o to -s .m . f .  c e l l  i s  much sm a lle r th an  th a t  o f th e  

p h o to v o lta ic  c e l l  used h e re . That th e re  should a c tu a l ly  be a 

change o f p o la r i t y  in  th e  copper pho to -elem en t due to  th e  

p h o to v o lta ic  c e l l  r e s i s ta n c e  would be d i f f i c u l t  to  u n d e rs ta n d , 

a lth o u g h  th e  p resen ce  o f  io n s  which markedly low ers th e  

r e s i s ta n c e  of th e  l iq u id  medium produced a sm a lle r p h o to p o s i­

t i v e  p o te n t ia l  than  w ith  d i s t i l l e d  w ater and a lso  caused th e  

n e g a tiv e  t r a n s i e n t  p h o to - in d u c tiv e  d ip . Fro® an e le c t ro n ic
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c o n s id e ra t io n , a p h o to n eg a tiv e  e le c tro d e  sim ply In d ic a te s  

t h a t  p h o to -e le c tro n s  are  flow ing  toward® th e  base m etal under 

th e  in f lu e n c e  o f l i g h t ,  w hile  co n v erse ly  fox* p h o to p o s itiv e  

e le c t ro d e s  p h o to -e le c tro n s  are  going away from th e  base m etal, 

th e  p h o to p o s itiv e  copper e le c t ro d e s  o b ta in ed  In th le  re s e a rc h  

a ls o  In d ic a te  th a t  e le c t ro n s  are  moving away from th e  base 

m eta l tow ards th e  l iq u id  and t h i s  was v e r i f ie d  by th e  KC1- 

p h e n o lp h th a ls ln  s o lu t io n  on page 33. The p h o to p o s ltlv e  copper 

e le c t ro d e s  o f t h i s  r e s e a rc h  seem to  re v e a l  th a t  an excess of 

oxygen atoms I s  p re s e n t  on th e  su rface  of th e  oxide fa c in g  th e  

l iq u i d  39 a r e s u l t  o f  th e  h e a tin g  in  a i r ,  th u s  causing  p h o to ­

e le c t r o n s  in  th e  sem i-conducting  la y e r  to  move tow ards th e se  

e x c e ss  oxygen atoms and sway from th e  base m etal accord ing  to  

th e  th e o ry  on page 19 and F ig . 9 , page 93. In  f a c t ,  when a 

copper s t r i p  was h ea ted  c a r e fu l ly  to  form a te n a c io u s  b lack  

la y e r  o f ouprio  o x id e , a la rg e r  p o s i t iv e  p h o to p o te n tia l  was 

ob ta in ed  in  s a l t  so lu t io n  th an  w ith  a red  cuprous oxide la y e r ;  

t h i s  r e s u l t  may be exp la in ed  by assuming th a t  a g r e a te r  excsee 

o f  en trapped  atomic oxygen l e  p re s e n t in  th e  b lack  M-type 

e u p rlo  oxide la y e r  which may co n ta in  cuprous oxide th an  in  th e  

re d  p erh ap s  P -ty p e  cuprous oxide la y e r ,  c o n s id e rin g  p arag rap h  

4 ,  page 19.

qrith  th e  p h o to n eg a tiv e  copper elem ents prepared  by immer­

sio n  in  o u p ric  n i t r a t e  s o lu t io n ,  a la y e r  o f c r y s ta l l i n e  c u p rlc  

h yd rox ide  in s te a d  o f cuprous oxide I s  p re s e n t over th e  copper 

base m eta l. A la rg e  excess o f  oxygen atoms i s  n o t p re s e n t in  

t h i s  c u p r ic  hydroxide la y e r  so th a t  p h o to -e le c tro n s  re le a se d
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w ith in  t h i s  H -type sem i-conduct Inc? la y e r  can move f r e e ly  

to w ard s th e  base m etal re n d e rin g  i t  p h o to n eg a tiv e . I t  le  

p ro b a b le  th a t  an excess o f  cuprous io n s  i s  p re s e n t in  t h i s  

o u p rie  hydroxide la y e r  due to  incom plete o x id a tio n  to  th e  

c u p r ic  1 on by th e  n i t r a t e  io n . Iro n  may behave s im ila r ly  as 

in d ic a te d  on page 43. The ex cess  o f cuprous lone may form 

th e  d i s t o r t i o n  c e n te r s  w ith in  th e  c u p r ic  hydroxide sem i-con­

d u c tin g  la y e r .  The su rfa ce  o f  th e  washed and d r ie d  p h o to sen ­

s i t i v e  c u p ric  hydroxide la y e r  appeared o p a le sc e n t and nacreous 

to  th e  eye, and a t  c e r t a in  an g le s  to  in c id e n t  w hite  l i g h t  

p o la r is e d  th e  l i g h t ,  in d ic a t in g  an o r ie n ta t io n  o f c r y s ta l  

f a c e s . G a rriso n  (13) s ta te d ,  a s  in  th e  fo o tn o te  o f  page 35* 

t h a t  copper s t r i p s  immersed fo r  th e  f i r s t  tim e in  a s o lu t io n  

o f  cuprous c h lo r id e  and a f te rw ard s  hydro lysed  to  form red  

cuprous oxide were f i r s t  p h o to p o s itiv e  and subsequent t r e a t ­

m ents formed p h o to n eg a tiv e  e le c tro d e s . The f i r s t  immersion 

may have occluded o r adsorbed exoeee atom ic oxygen from th e  

s o lu t io n  s u f f i c ie n t ly  to  form th e  p h o to p o s itiv e  e le c t ro d e ,  

w h ile  f u r th e r  immersion produced cuprous oxide c r y s ta l s  which 

cou ld  move th e  adsorbed atom ic oxygen la y e r  f u r th e r  away from 

th e  base m etal d u rin g  fo rm ation  and t r a p  copper atoms to  p ro ­

duce an H -type sem i-conductor whose p h o to -e le c tro n s  could then  

in f lu e n c e  th e  base m etal n e g a tiv e ly  by o o n ta c t. Thus, i t  

ap p ears  t h a t  an H -type semi -conducto r as  c u p r ic  oxide can form 

a p h o to p o s i t iv e  e le c tro d e  by p o sse ss in g  cuprous oxide and 

oxygen atoms a t  o r  n ea r th e  l iq u id -o x id e  i n t e r  fa o e , w hile  

c u p r ic  h y d ro x id e , a ls o  an H -type sem i-conductor p rep ared
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ch em ica lly  here* forms a p h o to n eg a tiv e  e le c tro d e  by co n ta in in g  

ex cess  cuprous Ions. Cuprous oxide c r y s ta l s  form a p h o to p o s i­

t i v e  e le c tro d e  w ith  ex cess oxygen atoms a t  th e  liq u id -o x id e  

i n t e r f a c e ,  perh ap s as in  th e  s u b s t i tu t io n  type  o f  page 19, 

and a p h o to n eg a tiv e  e le c tro d e  w ith  excess copper atoms as 

In tim a ted  by Lange (3 0 ), page 14.

From th e  p rev io u s  c h a p te r , when an i r r a d ia te d  m etal was 

f i r s t  Immersed in  an e l e c t r o ly t e ,  e le c t ro n s  appeared to  go 

tow ards th e  l i g h t ;  th e  d ark  s id e  th e re fo re  became chem ically  

a tta c h ed  and th e  m etal should he p h o to p o s itiv e . T h is i n i t i a l  

a c tio n  may he due to  th e  H allwachs p h o to - e le c t r ic  e f f e c t  (46, 

5 3 ). As tim e p ro ceed s , th e  p o s i t iv e  p h o to p o te n tia l  o f th e  

e le c t ro d e  may e i th e r  become more pronounced o r may change to  

being  p h o to n ag a tiv e  as i t  d id  f o r  copper because a s l i g h t  

amount of cuprous oxide which may he formed by lo c a l  a c tio n  

on th e  i r r a d ia t e d  s id e  of th e  m etal i s  now a sem i-conductor 

w ith  excess copper atoms. T h is e f f e c t  was shown w ith  th e  FC1- 

p h e n o lp h th a le ln  so lu t io n  m entioned on page 39.

Another apparen t d isc re p an c y  i s  th a t  f ro n tw a ll and back- 

w a ll c e l l s  a re  a r e s u l t  o f  th e  two se p a ra te  c opp e r  -ox id a t  1 on 

r e a c t io n s  g iven  on page 15 and th a t  each has i t s  own re s p e c tiv e  

optimum e x c i ta t io n  w ave-leng th  as mentioned on page 15. ? t t  

from a c o n s id e ra tio n  of th e  above p a rag rap h s , th e se  two sepa­

r a t e  w av e-len g th s may be re q u ire d  by (1) p h o to -e le c tro n s  

r e l e a s e !  by th e  p resen ce  of th e  excess oxygen atoms trap p ed  a t  

o r  n ea r th e  su rface  of th e  a ir -h e a te d  p h o to p o s itiv e  e le c tro d e  

and (9) p h o to -e le c tro n s  w ith in  th e  sem i-conducting  cuprous
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o x id e  la y e r  re le a s e d  as In  th e  c r y s ta l  p h o to -e f fe c t  mentioned 

on page 15 due to  th e  ex cess  copper atoms. The work d e sc rib ed  

on pages 3? and 3^ w ith  th e  K*31 -p h e n o lp h th a le In  s o lu t io n  in d i ­

c a te s  th a t  th e  o x id a tio n  o f cuprous Ion to  th e  c u p ric  form 

took  p ia c e  as a seco n ia ry  r e a c t io n  on ly  d u rin g  I r r a d ia t io n  

an! n o t in  d a rk n ess  where th e  copper m etal was e le c tro c h e m ic a l- 

ly  o x id is e !  to  th e  ouprous form by th e  s a l t  so lu tion*  The 

re d u c tio n  of th e  su rfa ce  o f a cuprous oxide la y e r  by methods 

in d ic a te d  on page ?H w ith  th e  in te n t io n  o f re v e rs in g  th e  

p h o to p o te n t ia l  nay n o t only  have reduced cuprous Ions to  

copper atoms bu t may a lao  have removed o r reduced excess 

oxygen atoms to  y ie ld  a p h o to n eg a tiv e  e le c tro d e  as i f  I t  were 

p rep a re d  by immersion. I t  appears th a t  a lo n g e r w ave-leng th  

o f  l i g h t  i s  re q u ire d  to  r e le a s e  th e  in te r n a l  e le c t ro n s  In th e  

sem i-conducto r la y e r  which always p roduces a pho to n eg ativ e  

e f f e c t  j u s t  as h e a t I s  re q u ire d  to  d e c o lo r iz e  a lk a l i - h a l id e  

s a l t s  a f t e r  they  are bombarded w ith  e le c t ro n s ;  th e se  wave­

le n g th s  are  lo n g e r th an  th o se  which produce a maximum p o s i t iv e  

p h o to p o te n tia l  on e le c tro d e s  where an ex cess  o f oxygen atoms 

i s  p re s e n t on th e  su rfa ce  due to  th e  h e a tin g  in  a i r .  The red  

c o lo r  o f  th e  ouprous oxide does n o t seem to  determ ine t h i s  

lo n g e r  optimum w ave-leng th  as p o in ted  o u t by Lange (3 0 ), page 

15* l l s o ,  acco rd lag  to  Lange’s th e o ry , cu p ric  hydroxide 

should n o t produce a p h o to -e f fe c t  s in c e  th e  copper I s  a lread y  

In  i t s  h ig h e s t  v a le n t  s t a t e ,  y e t  th e  th eo ry  on page 19 Im plies 

t h a t  a m etal in  th e  h ig h e s t  v a le n t  form could produce a p h o to ­

v o l t a i c  e f f e c t  o r a t  l e a s t  a c t  as a so n !-co n d u c to r. The f a c t
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t h a t  a ouprous oxIda pho to -elem en t d e t e r io r a te s  to  cu p ric  

oxide as th e  pho to -e lem en t i s  i r r a d ia te d  In d ic a te s  th a t  oxygen 

atoms may have he an o r ig in a l ly  p re s e n t to  r e a c t  w ith  th e  

cuprous oxide and th a t  th e  r e  m iltin g  cu p ric  oxide i s  much le s s  

p h o to -a c tiv e  th an  cuprous ox ide. I t  ap p ears , th e r e fo r e ,  th a t  

as  long  as th e re  are  ex cess cuprous io n s  o r even copper atoms 

in  c u p ric  oxide or h y d ro x id e , a good p h o to o o te n tla l  can be 

o b ta in ed  as in d ic a te d  on pages 36 and 47, I t  I s  a lso  p robab le  

t h a t  th e  l i g h t  must p e n e tr a te  th rough  th e  o u te r  la y e r  of cu p rle  

hydrox ide to  reach  cuprous io n s c lo se  to  th e  su p p o rtin g  copper 

b ase ; p h o to -e le c tro n s  g iven  up by th e  cuprous io n s  and i t s  

environm ent re n d e r  th e  mother copper base n e g a tiv e . In  any 

e v e n t, copper atoms o r  cuprous io n s  as d i s t o r t i o n  c e n te r s  do 

seem to  be re q u ire d  fo r  p h o to - a c t iv i ty  in  agreement w ith  Lange’ s 

th e o ry , and th e re fo re  to  produce a p h o to p o te n t ia l ,  an o x id a ­

t io n  of copper or cuprous ion  must occur. With d i f f e r e n t  

m e ta ls  and n o n -m eta ls , p h o to -o x id a tio n  o r even p h o to -re d u c tio n  

may occur depending on t h e i r  d i f f e r e n t  v a len ce  s t a t e s  and 

t h e i r  p o s i t io n  in  th e  e.m. f .  s e r ie s .

Is  f o r  r e c t i f i c a t i o n ,  Telchraann’ s f ie ld - f u n n e l  th e o ry  

(3 0 , 6 0 ) , page °1 , seems s u f f i c ie n t  fo r  i t  appears th a t  a very  

c a r e f u l  o x id a tio n  of th e  copper to  cuprous oxide w ith  th e  aid 

o f a p ro te c t in g  f ilm  o f o u o ric  oxide which can e a s i ly  be r e ­

moved a f t e r  co o lin g  (OuO i s  t r l c l l n l c  u n lik e  Ou and CupO, F ig s .

3 and 3) must be perform ed in  o rd e r th a t  conduction  e le c t ro n s  

can flow  from copper to  ox ide r e g a rd le s s  o f th e  th ic k n e ss  of 

th e  oxide la y e r ;  th e  th ic k e r  th e  la y e r ,  th e  h ig h e r th e  r e e l s -
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Oxygen s to n e  which can to rn  d i s t o r t i o n  c e n te re  in  th e ee  r e c t i ­

fy in g  system s are  p ro b ab ly  n o t me abundant as in  th e  above 

ro u g h ly -h ea te d  p h o to p o s itiv e  e lem en ts; th e se  atoms nay a lso  

be h ig h ly  o r ie n te d  due to  th e  v ery  c a re fu l  manner o f p re p a ra ­

t io n  which i s  re q u ire d  f o r  them.

H etu rn ing  to  f a b le  I I ,  page 37# th e  d ec rease  in  th e  p o s i ­

t i v e  p h o to o o te n tls l  w ith  d ec rease  in  i r r a d ia te d  a rea  fo r  th e  

a i r -h e a te d  cuprous oxide su rfa c e s  which were no t p a ra f f in e d  

in d ic a te s  th a t  p h o to -e le c tro n s  are  a t  th e  l iq u id -o x id e  i n t e r ­

face  and th a t  a s h o r t - c i r c u i t in g  e f f e c t  between th e  i r r a d ia te d  

and d ark  a rea s  o f th e  same e le c tro d e  can e x i s t  w ith in  th e  

oxide la y e r .  By p a r a f f in  c o a tin g , much la rg e r  p h o to p o te n tia ls  

were ob ta in ed  which in c reased  as th e  unwaxed i r r a d ia te d  a re a  

was d ec re ase d . T h is  in c re a se  in  th e  p o s i t iv e  p h o to p o te n tia l  

w ith  d e c re a se  in  unwaxed I r r a d ia te d  a re a  occurred  u n t i l  a 

c r i t i c a l  a re a  was reached  below which th e  p h o to p o te n tia l  began 

to  d e c re a s e , as In d ic a te d  in  f a b le  I I .  T hle e f f e c t  eeeme to  

in d ic a te  th a t  a s  th e  i r r a d ia te d  a re a  i s  deoreased  by p a r a f f in ,  

l e s s  e le c t ro n s  can move randomly w ith in  th e  cup roue oxide 

la y e r  bu t more e le c t ro n s  can  approach th e  l iq u id -o x id e  i n t e r ­

f a c e ,  o r th e  r a t i o  o f th e  number o f in te r n a l  to  su rfa ce  e le c ­

t r o n s  d e c re a se s  w ith  a d e c re a se  in  a re a  to  y ie ld  a la rg e r  

pho topo ten t1m l down to  a c r i t i c a l  a rea . However, w ith  p h o to - 

n e g a tiv e  s u r fa c e s  p rep ared  by immersing c lean  copper s t r i p s  in  

an aqueous s o lu t io n  o f 0 .1  K c u p ric  n i t r a t e ,  th e  n eg a tiv e  

p h o to p o te n t ia l  on ly  decreased  as th e  i r r a d ia t e d  unwaxed a rea
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d ec re ase d  u n i lira th e  above r e s u l t  w ith  th e  p h o to p o s ttiv e  e lse *  

t  r o le .  T his i n i i e s t e s  th a t  f o r  th e  phot ones? a t  iv e  e le c t ro d e , 

th e  p h o to p o te n tia l  I s  be in s  produced a t  th e  oxide-me t a l  I n t e r ­

fa c e  and n o t a t  th e  l iq u id -o x id e  in te r f a c e ,  th e reb y  producing  

th e  n eg a tiv e  o o t s n t ia l .  I t  th e re fo re  appears from Table I I  

t h a t  p h o to -e lem en ts  p repared  by h e a tin g  th e  copper a t r ip  in  a 

bunsen flam e are p h o to p o s i t iv e , c o n tra ry  to  th e  l i t e r a t u r e ,  

because p h o to -e le c tro n s  a re  p re s e n t  a t  o r n ea r th e  l i q u i d - 

ox ide I n te r fa c e  as In d ica ted  in  T ig . 9 , page *3; photo-elem ent®  

p rep ared  chem ically  by immersion are p h o to n eg s tiv e  due to  th e  

p h o to -e le c tro n s  being p re s e n t a t  th e  o x id e -m eta l in te r f a c e .

The number of e le c t ro n s  which become p h o to -e le c tro n s  in  

a sem i-conductor i s  v ery  s n a i l  as compared to  th e  t o t a l  number 

o f e le c t ro n s  which are a v a ila b le  as p h o to -e le c tro n s . As in d i ­

ca ted  on pages 19 and 95 , 3ng lshard  (10, 30} c a lc u la te d  th a t  

th e  number of trapped  copper atoms capab le  of 11 b e ra tin g  an 

e le c t ro n  fo r  a c e r ta in  sample of cuprous oxide heated  in  a 

vacuum was 0 .1  x 10*** p e r  cc. w h ile  fo r  cuprous oxide h ea ted  

in  oxygen, 230 x 10*? p e r  cc . Using th e  r a t i o  o f th e se  in  th e  

eq u a tio n  on page 95* he o b ta in ed  153 m i l l iv o l t s  a t  15°C a® th e  

open c i r c u i t  v o lta g e , S im ila r ly  in  th erm io n ic  em ission  (34 ,

4 ? ) ,  i t  h as  been c a lc u la te d  t h a t  a t  about 3000°C only one 

e le c t ro n  out of every 100,000 has enough energy to  escape fro® 

tu n g s te n  m etal and i t  i s  th e re fo r e  apparen t th a t  p r a c t i c a l ly  

no e f f e c t  i s  made on th e  c o n c e n tra tio n  of e le c t ro n s  in  the  

m e ta l. In  f a c t ,  tu n g s te n  m etal would re q u ire  a th e o r e t i c a l  

te m p era tu re  of about 53,OOO°0 to  remove a l l  o f i t s  e lectron®
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and th e  n a ta l  would ha tr a n s p a re n t  I f  I t  were p o s s ib le  to  

e x i s t  as a n a ta l  w ith o u t i t s  " f re e  e le c tro n  gas" a t th a t  

tem p era tu re  (15)• th u s ,  in  p ho to -sem i-conducting  elem ents a 

s im ila r  phenomenon e x i s t s .  \ cuprous oxide r e c t i f i e r  l a s t s  

I n d e f in i t e ly  due to  e le c t ro n s  alone being a f fe c te d  w hile  a 

copper s u lf id e  r e c t i f i e r  which may c o n ta in  copper Ions in  both  

r e l e n t  forms e v e n tu a lly  d e g e n e ra te s  because o f io n ic  m ig ra tio n . 

A cuprous oxide pho to -e lem en t in  a p h o to v o lta ic  c e l l  e v e n tu a lly  

d e t e r i o r a t e s  on account o f  secondary chem ical e f f e c t s .  Tt may 

be th e o r e t i c a l ly  p o s s ib le  to  c o n s tru c t  a ouprous oxide p h o to ­

elem ent which w i l l  l a s t  ln d e f I n i te ly ,  as some d ry  selen ium -on- 

iro n  p h o to -e .m .f . c e l l s  d o , i f  e le o tro n s  can be m otivated  

w ith o u t secondary chem ical and Io n ic  e f f e c t s .

D uring th e  experim en ta l work, p u re  red  cuprous oxide was 

h ea ted  In  a g la s s  tu b e  which was sea led  to  p re v e n t o x id a tio n  

by oxygen o f th e  a i r .  ’t h i l e  h o t ,  th e  cuprous oxide assumed a 

b lack  c u p ric  oxide c o lo r  b u t when cold  I t s  c o lo r  was again  

red? t h i s  a c tio n  was r e v e r s ib le .  *?hen a copper s t r i p  was 

h ea ted  in  a flam s in  o rd e r  to  form cuprous and cu p ric  oxide 

upon I t ,  and powdered s o f t  g la s s  was sp rin k led  upon th e se  h o t 

o x id e s  a llow ing  th e  m olten g la s s  to  d is s o lv e  some o f th e se  

o x id e s , as th e  r e s u l t in g  fused  th in  g la s s  la y e r  co o led , th e  

ox ide su rfa c e  g ra d u a lly  changed from th e  cu p ric  ox ide b lack  

c o lo r  to  the  red  cuprous ox ide c o lo r . G radual h e a tin g  end 

co o lin g  o f  t h i s  s t r i p  caused th e  slow r e v e r s ib le  changes in  

c o lo r  between b lack  when h o t end red  when co ld . Oxygen o f th e  

a i r  was excluded by th e  g la s s  la y e r .  Red f e r r i c  oxide when 

fu sed  in to  s o f t  g la s s  became r e v e re lb ly  b lack  when h o t and red  

when co ld . These r e s u l t s  in d ic a te  a c o r r e la t io n  In  c r y s t a l l i n e



compounds betwosn photo  and therm al phenomena, which 1© s t r i k ­

in g ly  shown by th e  fo llo w in g  experim ent:

'than th e  above g la ss -c o v e re d  ox ide-copper s t r i p  which 
d isp la y e d  th e  c o lo r  changes w ith  tem p era tu re  v a r ia t io n s  
was p a ra f f in e d  and s tu d ied  as in  r i g .  10 , page ?8 , a 
s u rp r is in g  p o s i t iv e  o h o to p o te n tla l  o f  25 m i l l i v o l t s  was
o b ta in ed  in  d i s t i l l e d  water*

T h is  copper p h o to -e le n e n t d e te r io ra te d  and g ra d u a lly  darkened 

on con tinued  I r r a d ia t io n  In d ic a tin g  i r r e v e r s ib le  chem ical 

changes in  th e  som i-conducting la y e r .  From th e se  o b s e rv a tio n s , 

i t  appears t h a t  a l i g h t - s e n s i t i v e  serai-conductor may p ro d u c t 

i t s  p h o to p o te n tia l  n o t only by i t s  co n ta in ed  d i s t o r t i o n  cen ­

t e r s  h a t a lso  by an e le c t ro n ic  s h i f t  caused by th e  l i g h t  In  

th e  io n ic  u n i t s  of th e  sem i-conductor c r y s t a l  plasm a.

The f i n a l  a ttem pt to  d e te c t  f lu o re s c e n t  l i g h t  by means 

o f th e se  s e n s i t i s e d  p h o to p o s itiv e  and p h o to n eg a tiv e  e le c tro d e s  

d id  n o t prove su c c e s s fu l. The very  l a s t  a ttem p t was made by 

" in v e r t in g *  th e  p h o to v o lta ic  c e l l  of F ig . 10, page 23, in to  

th a t  shown in  F ig . 15, page d l ;  t h i s  change would have e l im i­

n ated  the  p o s s ib le  In te r fe re n c e  o f s a l t s  in  th e  e l e c t r o ly te  

on th e  l i g h t - s e n s i t i v e  e le c tro d e , bu t v ery  l i t t l e  s e n s i t i v i t y  

to  f lu o re s c e n t  l i g h t  was o b ta in ed  by t h i s  d ev ice . T his p a r t  

o f  th e  r e s e a rc h  w ith  m e ta ls  was therefo r©  abandoned and th e  

study  o f th e  f lu o ro -p h o to v o lta lc  e f f e c t  en te red  upon.
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INTRODUCTION

The prim ary  o b je c t  bora  was to  develop  a s e n s i t iv e  method 

o f  d e te c t in g  th e  p resen ce  and e s tim a tin g  th e  c o n c e n tra tio n  of 

a f lu o re s c in g  substance  in  so lu t io n  u t i l i s i n g  th e  " f lu o ro -  

p b o to v o lta lc  e f f e c t " .  T h is o b je c t  was accom plished w ith  more 

c o n c e n tra te d  s o lu t io n s  bu t n o t w ith  th e  " trace*’ c o n c e n tra tio n s  

used  by W hite (69 , 7 0 ). T h is  may In d ic a te  a d isad v an tag e  of 

th e  f lu o ro -p h o to v o lts lc  method b u t f u r th e r  s tu d ie s  and more 

ex p e rien c e  w ith  t h i s  *f lu o ro -p h o to p o te n t 1 al*  method may y ie ld  

a v e ry  p re c is e  and s e n s i t iv e  means o f Q u a n ti ta t iv e ly  d e te rm in ­

in g  th e  c o n c e n tra tio n  o f a f lu o re s c e n t  o r  r e la te d  substance  in  

s o lu t io n ,  p e rh ap s as a supplem ent to  th e  p h o to - e le c t r ic  c e l l  

w hich i s  s u i ta b le  f o r  th e  weaker c o n c e n tra tio n s .

I t  was m entioned In  F a r t  I  t h a t  t h i s  work has produced 

p o o r l i g h t - s e n s i t i v e  sem i-conductor e le c t ro d e s  f o r  d e te c t in g  

weak f lu o re s c e n t  l i g h t  bu t th a t  th e  most p rom ising  r e s u l t s  

have been o b ta in ed  w ith  th e  * f lu o ro  -p h o to v o lt a le  * e f f e c t  o f 

f lu o re s c e n t  s o lu t io n s . Very l i t t l e  h as  been done by o th e rs  

u s in g  t h i s  p r in c ip le  as compared to  th e  use o f l i g h t - s e n s i t i v e  

sem i-conducto rs which have had g r e a t  p o p u la r i ty  e s p e c ia l ly  

among p h y s ic i s t s .  * lso , l i t t l e  th e o r e t i c a l  c o n s id e ra tio n  has 

fo rm erly  been g iven  to  th e  " f lu o ro -p h o to v o lta ic "  c e l l  whose



5?

I n te r n a l  p h o to p o te n tla l  i s  produced s o le ly  lay th e  f lu o re s c e n t  

so lu tio n *  For t h i s  re a s o n , th e  th eo ry  developed in  t h i s  p a r t  

on th e  " f lu o ro -p h o to v o lta io * e f f e c t  h as  been proposed w ith  th e  

hope th a t  i t  *111 be fav o rab ly  accepted  as a new p r in c ip le  of 

m o lecu la r b eh av io r under th e  In flu e n ce  o f  l i g h t .

th e  term s *f lu o ro -p h o to v o lta io *  and * flu o ro -p h o t© p o ten tia l*  

a re  ap p lied  h e re  n o t only  to  f lu o re s c e n t  o rg an ic  su b stan ces  

which produce a p h o to p o te n tia l  in  s o lu t io n  bu t a lso  to  non- 

f lu o re s c e n t  o rg an ic  su b stan ces  in  s o lu t io n . P erhaps a b e t te r  

term  th a t  would embrace th e  p h o to v o lta ic  e f f e c t s  caused by 

f lu o re s c e n t  and n o n - f lu c re s c e n t o rg an ic  su b stan ces  in  s o lu t io n  

would be "o rg an o -p h o to v o lta lo *  o r * o rg an o -p h o to p o ten tla l*  

s in c e  t h i s  p h o to -e f fe c t  i s  caused p r im a r ily  by th e  o rg an ic  

so lu te  and n o t by th e  e le c tro d e  as in  th e  p re v io u s  p a r t .  

N e v e r th e le s s , even though t h i s  r e s e a rc h  in d ic a te s  t h a t  c e r t a in  

n o n - f lu o re s c e n t o rg an ic  compounds can produce a p h o to p o te n tia l  

a s  w e ll as c e r t a in  f lu o re s c e n t  o rg an ic  compounds, th e  p r e f ix  

* f lu o ro -*  has been m ain ta ined . The e f f e c t  in  th e  case  o f  

in o rg a n ic  su b stan ces  would be In d ic a te d  a s  *Inorgam o-photo- 

v o l ta ic * .
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Becquerel (3) In  1839 d isco v e red  th e  p h o to v o lta ic  e f f e c t .  

R lg o l lo t  (48) In  1897 d isco v ered  th e  f lu o ro -p h o to v o lta le  e f f e c t  

in  which pure m etal e le c tro d e s  d ip  in  a f lu o re s c e n t  s o lu t io n  

and only  one of th e  e le c tro d e s  l a  I r r a d ia te d  w ith  l i g h t .

M inchin (39) in  1893 used pure o rgan ic  l iq u id s  in  a p h o to ­

v o l t a i c  c e l l .  H icho ls and H e r r i t t  (43) in  1904 thought th a t  

th e  f lu o ro -p h o to v o lta lc  e f f e c t  was a pho toconductive  one such 

as w ith  selenium  where th e  r e s is ta n c e  changes on exposure to  

l i g h t .  Hodge (9?) Showed th a t  a p o te n t ia l  d if f e re n c e  i s  formed 

between e le c tro d e  and f lu o re s c e n t  s o lu t io n . Soldmann (18) in  

1908 in tro d u ced  se m i- tra n sp a re n t p la tin u m  f ilm s  fused  to  th e  

o p t ic a l  c e l l  w a ll as e le c tro d e s  so th a t  a f r a c t io n  o f th e  

l i g h t  could p e n e tra te  th rough  and cause th e  s o lu t io n  im m ediate­

ly  n ex t to  th e  e le c tro d e  to  f lu o re s c e ;  he s tu d ie d  th e  f lu o ro -  

p h o to v o lta ic  c e l l  w ith  a p o te n i io a e t r ic  c i r c u i t  j u s t  as w ith  

th e  p h o to v o lta ic  c e l l  m entioned on page 7* Thompson (61) in  

1915 u s in g  rhodamine 8 in  e th y l a lco h o l s tu d ied  th e  e f f e c t  of 

d i f f e r e n t  m e ta l l ic  e le c tro d e s  and t h e i r  ox ides and concluded 

t h a t  only  c e r t a in  m e ta ls  could g iv e  good c u r re n t  o u tp u t. 

(Iruahach (20) in  1923 n o tic e d  an e f f e c t  s im ila r  to  th e  t r a n ­

s ie n t  p h o to - in d u c tiv e  e f f e c t  d e sc rib ed  on page 40; Hurdock 

(42) in  1921 s tu d ied  a s im ila r  e f f e c t  w ith  rhodamine B in  

a lco h o l and found th a t  s t i r r i n g  lowered th e  c u r re n t .  Rule 

(51) in  1926 found opposing r e s u l t s  w ith  eo s ln  and f lu o re s c e in .
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Shoeh (16) In 1959 th e o r is e d  t h a t  l i g h t  e x c ite d  th e  f lu o r e s ­

c e n t substance  In so lu t io n  to  an u n s ta b le  m olecule whloh 

r e a c te d  f u r th e r  w ith  ano ther u n s ta b le  m olecule to  form a 

th i r d  m olecule; t h i s  does seem to  be a secondary p ro cess  

s in c e  ^ h l t e v found th a t  in  many c a se s  p r e c ip i t a t io n  e v e n tu a l­

l y  o ccu rs  in  f lu o re s c e n t  s o lu t io n s  on pro longed s tan d in g .

Ih o sh  s ta te d  t h a t  th e  f lu o ro -p h o to p o te n tia l  was produced from 

th e  Maxwell-Boltamarm d i s t r i b u t io n  of s ta b le  and u n s ta b le  

m olecu les s im ila r  to  th e  th eo ry  on page ?5* R u sse ll (52) in  

1955 concluded th a t  th e  f lu o ro -p h o to p o te n tia l  was n o t p ro p o r­

t io n a l  to  th e  l i g h t  in t e n s i t y ,  as Soldmann (18) in  1968 had 

done, and even showed th a t  b lue l i g h t  had a l e s s e r  e f f e c t  

th a n  yellow  l i g h t ;  th e  cause o f t h i s  ap p aren t d isc re p an c y  w il l  

be ex p la in ed  by t h i s  work whloh upholds (Joldmann*s pho to ­

e l e c t r i c  e x p la n a tio n . F in a l ly  in  1930, Lowry (36) showed 

t h a t  th e  p h o to p o te n tla l  o f th e  f lu o ro -p h o to v o lta ic  e f f e c t  i s  

p ro p o r t io n a l  to  th e  c o n c e n tra tio n  of rhodamine B in  e th y l 

a lc o h o l;  h i s  e le c t ro d e s  were a lso  o f se m i- tra n sp a re n t p la tin u m  

th ro u g h  which only p a r t  o f th e  in c id e n t  l i g h t  could p a ss . A 

v e ry  b r ie f  h i s t o r i c a l  summary o f th e  e f f e o t  w ith  Mf lu o re s c e n t  

e l e c t r o ly t e s '1 i s  g iven  by Hughes and DuSTidge (£8).

S ince Lowry’ s work, l i t t l e  more was done on t h i s  f lu o ro -  

p h o to v o lt  a i c e f f e c t .  Zworykin and V llson  (73) summarise th e  

f lu o ro -p h o to v o lta ic  e f f e c t  very  Ib rie fly  in  a sh o r t  parag rap h  

e n t i t l e d  " S e n s itiv e  e le c t r o ly te s "  in  t h e i r  c h a p te r  on pho to ­

v o l t a i c  c e l l s  as fo llo w s:

v P r iv a te  communication
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* I t  had been observed by v a r io u s  in v e s t ig a to r s  t h a t  
o e r ta in  f lu o re s c e n t  a l a o t r o ly te s  a p p a re n tly  changed t h e i r  
c o n d u c tiv i ty  mhen I llu m in a te d , h u t doldmm n  (18) and 
o th e r s  proved l a t e r  t h a t  th e  change In  c u r r e n t  was 
a c tu a l ly  due to  an e x t r a  e le c tro m o tiv e  fo rc e  g en era ted  
in  th e  l iq u id  v ery  c lo s e  to  one o f th e  e le c tro d e s*  The 
e f f e c t  a t  h e a t i s  em ail and a t  p re s e n t  rem ains on ly  o f 
academic in te re s t*  The e f f e c t  i s  d o u b tle s s  due to  th e  
l i t e r  a t  ion  o f e le c t ro n s  from m olecu les o f  th e  f lu o re s c e n t  
compound*411
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Iw orykin  and t i l s o n  (73)# as quoted above, s t a te  th a t  

th e  e le c tro m o tiv e  fo rc e  g en e ra ted  In  a l i g h t - s e n s i t i v e  f lu o r e s ­

c e n t  s o lu t io n  v ery  c lo s e  to  one o f th e  e le c t ro d e s  ( th e  i r r a d i ­

a ted  e le c tro d e )  i s  ^ d o u b tle ss  due to  th e  l i b e r a t i o n  o f e le c t ro n s  

from  m olecu les of th e  f lu o re s c e n t  compound". A lso, pu re  m e ta ls  

d ip p in g  in  o e r ta in  in o rg an ic  e l e c t r o ly t e s  y ie ld  a sm all p h o to ­

p o t e n t i a l  when i r r a d i a t e d ,  as in d ic a te d  in  group f , page 2 , 

p ro b ab ly  due to  a s l i g h t  io n is a t io n  d if f e r e n c e  caused by th e  

l i g h t .  In  o rd e r  f o r  a p o te n t ia l  to  f o r a  on th e  i r r a d ia te d  

e le c t r o d e ,  th e re  must e x i s t  an excess o f a  charge o f one 

p o la r i t y  in  th e  s o lu t io n  n ex t to  t h i s  e le c tro d e . From a  p r io r  

c o n s id e r a t io n ,  i t  mould seem th a t  i f  th e  d is s o lv e d  f lu o re s c e n t  

su b stan ce  does io n is e  by d is s o c ia t io n  o r  e le c t r o n - lo s s  d u rin g  

i r r a d i a t i o n ,  i t  should have no e f f e c t  In  producing  a p o te n t ia l  

on th e  i r r a d ia t e d  e le c tro d e  because th e  number of o p p o site  

ch a rg e s  mould be squad* Horn e v e r , s in ce  a p o te n t i a l  I s  a c tu a l ly  

o b ta in e d , an ex cess  o f charge o f one p o la r i t y  does e x i s t .

v a n ' t  H off (65) shoved t h a t  m olecules o r io n s  in  so lu t io n  

can be t r e a te d  as m olecules o f  a gas whose volume ie  th e  same 

as th e  volume of th a t  s o lu t io n ,  behaving fc in e tio a l ly  l i k e  a 

p e r f e c t  g as . S im ila r ly , s in c e  an excess o f charge does e x i s t  

In  th e  i r r a d ia te d  s o lu t io n  around th e  e le c t ro d e ,  t h i s  excess 

ch a rg e  in  th e  i r r a d ia te d  s o lu t io n  can be co n sid ered  as a  space 

charge  in  a vacuum o r space , o r  as  an " e l e c t r i f i e d  atm osphere” .
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Lemmonier in  1757 d isco v ered  th a t  th e  atm osphere i e  

u s u a l ly  In  an e l e c t r i f i e d  co n d itio n  (67)^ . G ilb e r t  (17) 

d e s e r ib e s  Lord K e lv in ’ s "w ste r-d ro p p e r"  f o r  m easuring th e  

e l e c t r i f i c a t i o n  o f th e  atmosphere and a leo  g iv e s  a th e o r e t i c a l  

e x p la n a tio n  as fo llow s?

* A o o l l t o to r  i s  p laced  a t  th e  p o in t  whose p o te n t ia l  ie  
d e s ire d . The c o l l e c to r  I s  in s u la te d  end connected to  one 
te rm in a l of an e le c tro m e te r . The o th e r  te rm in a l ie  e a r th e d . 
To b r in g  th e  c o l le c to r  to  th e  p o te n t ia l  o f i t e  su rround ings 
d i f f e r e n t  d e v ic e s  a re  used such as a  p o in ted  wire* a flame* 
an io n is in g  ( ra d io a c tiv e )  S a lt*  o r  Lord K e lv in 's  w a te r-  
d ro p p e r . The l a s t  c o n s is t s  o f  an In su la te d  Ja r  o f  w ater 
w ith  a tube  ex ten d in g  to  th e  p o in t  a t  which th e  p o te n t ia l  
i s  d e s ire d . The tube  i s  n e a r ly  c lo se d  so t h a t  th e  w ater 
must f a l l  in  se p a ra te  d ro p s . The w ater i s  connected by a 
w ire  to  one s id e  o f  an e le c tro m e te r . The o th e r  s id e  i s  
e a r th e d . I f  th e  re g io n  around th e  end o f th e  tube  in  F ig . 
16 (page 63) h as  a space charge o f p o s i t iv e  e l e c t r i c i t y  a 
n e g a tiv e  charge i s  Induced on th e  end o f th e  tu b e . T his 
charge i s  c a r r ie d  away by th e  e l e c t r i f i e d  d ro p s  o f  w ater 
u n t i l  th e  tube* and th e  connected appara tus*  comes to  th e  
p o te n t i a l  o f th e  su rround ing  a i r .  Then no f u r th e r  induc­
t io n  w i l l  tak e  p la c e  and th e  e le c tro m e te r  w i l l  r e g i s t e r  th e  
p o te n t i a l  o f th e  a i r  a t  th e  end o f th e  tu b e . ‘*

vI t  i s  I n te r e s t in g  to  quote h ere  fro© $11 venue Thompson*s 
(62) *31am entary L essons in  E l e c t r i c i t y  and Magnetism* (London* 
1333) i "The o ld e r  o b se rv e rs  were c o n te n t to  a f f ix  to  an e l e c t r o ­
scope (w ith  gold le a v e s  o r  p i t h  b a l l s )  an in s u la te d  p o in te d  rod 
s t r e tc h in g  ou t in to  th e  a i r  above th e  ground, o r  to  f ly  a k ite *  
o r  (a s  Bsoquerel d id )  to  Shoot in to  th e  a i r  an arrow communicat­
ing  w ith  an e le c tro sc o p e  by a f in e  wire* which was removed 
b e fo re  i t  f e l l .  4ay-Lussao and B iot low ered a w ire  from a 
b a l lo o n , and found a d i f fe re n c e  o f  p o te n t ia l  between th e  upper 
and low er s t r a t a  o f th e  a i r .  Hone o f th e se  m ethods i s  q u i te  
f la tis fa o to ry *  fo r  th ey  do n o t In d ic a te  th e  p o te n t ia l  a t  any one 
p o in t .  To b rin g  th e  t i p  o f a  rod  to  th e  same p o te n t ia l  a s  th e "  
su rround ing  a i r ,  i t  I s  n ec essa ry  t h a t  m a te r ia l  p a r t i c l e s  should 
be d isc h a rg ed  from t h a t  p o in t  f o r  a s h o r t  tim e* each p a r t i c l e  
as i t  b reaks away c a rry in g  w ith  i t  a p o s i t iv e  o r  n e g a tiv e  charge 
u n t i l  th e  p o te n t i a l s  a re  e q u a lise d  between th e  rod  and a i r  a t  
t h a t  p o in t .  V o lta  d id  t h i s  by means o f a  sm all flam e a t  th e  
end o f an e x p lo rin g  ro d . S ir  H. Thomson (Lord K elv in ) h as  em­
p loyed  a *,w a te r-d ro p p e ri* * an In su la te d  c i s t e r n  p rov ided  w ith  a 
n o sa le  p ro tru d in g  in to  th e  a ir*  from whloh d ro p s  is su e  to  e q u a l­
i s e  th e  p o te n t ia l s !  in  w in te r  he u se s  a  sm all r o l l  o f sm oulder­
in g  to u o h -p sp sr (paper Im pregnated w ith  KHOg as  a f u s e ) .  D e ll -
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I t  i s  of course  obvious t h a t  o f th e  above ' 'c o l l e c t o r s ” , 

th e  only p r a c t i c a l  one fo r  th e se  s tu d ie s  i s  th e  po in ted  wire*

^ o r t h i s  fceason, a p la tinum  w ire , o f % k B. Ho. 54 gauge (0 .5  

mm. d ia m e te r) , so ldered  to  a copper w ire lead  was fused  in  th e  

end of a p ie c e  of 6 mm. s o f t  g la s s  tu b in g  said c u t away so ae 

to  le av e  a sm all exposed le n g th  o f approxim ately  1 .5  mm. T h is 

np o in t” can a lso  be co n sid ered  as an e l e c t r o s t a t i c  probe such 

as used to  p lo t  e q u lp o te n t ia l  l i n e s  in  an a l e o t r o ly t l c  c e l l  

(56 ). The p o in t-p ro b e  was supported in  th e  f lu o ro -p h o to v o lta ic  

c e l l  u s u a lly  a g a in s t th e  c e n te r  o f  th e  i r r a d ia te d  f l a t  s id e  o f 

th e  c u b ic a l g la s s  c e l l  to  g iv e  th e  maximum p h o to p o te n tla l ,  as 

shown in  T ig. 17 , page 63. I t  was connected to  th e  g r id  o f 

th e  e le c tro m e te r  tube a t  p o in t  A In d ic a te d  in  f i g .  11 , page 

31. A ll  f lu o ro -p h o to p o te n tia ls  produced by th e  p ro b e -p o in t 

in  th e se  s tu d ie s  were p o s i t iv e .

A p ie c e  of c lean  p la tin u m  f o i l  5 x 6  cm. and 5 m ile  th ic k  

p a r t l y  Immersed to  5 cm. was used as th e  dark  e le c tro d e  in  

p la c e  of th e  g la s s  e le c tro d e  o f P a r t  I ;  no a r t i f i c i a l  In su la tin g  

la y e r  was re q u ire d  h ere  as w ith  th e  sem i-conducto rs o f P a r t  I .  

The h ig h  in p u t r e s is ta n c e  o f th e  e le c tro m e te r  ie  s u f f i c ie n t  to  

n match” th e  r e s i s ta n c e s  of th e  s o lu t io n s  s tu d ied  in  t h i s  f lu o ro -  

p h o to v o lta ic  c e l l ,  as In d ic a te d  on page 30. The p la tin u m  f o i l  

d a rk  e le c tro d e  was connected to  a 10,000 ohm u n c a lib ra te d

maun adopted an o th er method, exposing a sphere to  In d u c tio n  
by th e  a i r ,  and th en  in s u la t in g  i t ,  and b rin g in g  i t  w ith in  
d o o rs  to  examine i t s  charge . P e l t i e r  adopted th e  k indred  
ex p ed ien t of . . .  charg ing  th e  e le c tro m e te r  by In d u c tio n  w ith  
e l e c t r i c i t y  of o p p o site  s ig n  to  th a t  o f th e  a ir."1.......



65

p o te n tio m e te r  which tool? th e  p la c e  o f th e  c a l ib r a te d  one ae 

shown in  F ig . 11* 31. T h is d ark  e le c tro d e  was mounted

so as to  he out o f th e  l i g h t  p a th  as shown in  F ig . IT.

Ho a c tu a l v o lta g e  re a d in g s  were ta k e n , th e  10,000 ohm 

u n c a lib ra te d  p o te n tio m e te r  being s e t  to  g ive no d e f le c t io n  on 

th e  a leo tro m ete r-g a lv an o m ete r when th e  com plete f lu o ro -p h o to -  

v o l ta lo  c e l l  was in  d a rk n ess . The sm all p o te n t ia l s  o cc u rr in g  

In  th e  d ark  between th e  p o in t  and p lan e  e le c tro d e s  may be due 

to  t h e i r  asymmetry, d if f e r e n c e  In th e  s t r a i n s  in  th e  m etal o f 

th e  two e le c t ro d e s ,  p resen ce  of ir id iu m  in  th e  p la tin u m  w ire , 

e t c .  H eadings o f th e  galvanom eter were th en  taken  in  g a lv an o ­

m eter sc a le  u n i t s  a f t e r  th e  galvanom eter d e f le c t io n  became 

c o n s ta n t d u rin g  I r r a d ia t io n  o f th e  p o in t  e le c tro d e . One g a l ­

vanom eter sc a le  u n i t  i s  1 cm. o r 10 mm. d iv is io n s  o f  d e f le c ­

t io n  on th e  galvanom eter sc a le  which had been marked a t  th e  

f a c to ry  to  read  th u s . The galvanom eter sc a le  u n i t s  may a f t e r ­

w ards be converted  to  m i l l i v o l t s  by m u ltip ly in g  by th e  f a c t e r  

0 .1 1 ,  th e  number of m i l l i v o l t s  p e r  galvanom eter s c a le  u n i t  

d e r iv e d  from th e  s e n s i t i v i t y  o f th e  e le c tro m e te r  as g iven  on 

page 30. The Ayrton shunt was o f course used f o r  th e  la rg e  

v a lu e s  of f lu o ro -p h o to p o te n tia ls  in  o rd e r to  b rin g  th e  g a lv an o ­

m eter in d ic a to r - l in e  w ith in  th e  l i n e a r  range o f i t s  s c a le .

The l i g h t  system and th e  f ix ed  d is ta n c e  of P5 cm. from 

c e l l  to  lamp was th e  same as used in  P a r t  I ,  shown in  F ig s . 10 

and 13. The c u b ic a l c e l l s  were a lso  th e  same as in  P a r t  I ,  

being  cubes o f $ cm. on an edge to  hold 100 ml. o f so lu t io n . 

Rough com parisons were made between th e  a f f ix e d  mercury lamp 

and a 150 w a tt in can d escen t lamp £0 cm. from th e  c e l l ,  w ith



and w ith o u t gla9S  f i l t e r s ;  th e  fo llo w in g  ta b le  i s  a ty p ic a l  

r e s u l t  w ith  a 0*5 mg/ml s o lu t io n  o f f lu o re s c e in  acid in  e th y l 

a lc o h o l ;

TATLH I I I

HHL Otr* ^iRIOUO I  jot??
Tv3TT iTTOKS OK THH n.tTORO-T’KOTOpOTHKTIAt.

L ig h t e x c i ta t io n ftslvanom eier sc a le  
u n i t s

Mercury lamp, no f i l t e r s 710
Mercury lamp w ith  lo rn in g  

!Io. 5340 (u. v . ) f i l t e r 45
130 w att lamp, no f i l t e r s 155

T h is  ta b le  in d ic a te s ,  a s  mentioned above on page 35, th a t  th e  

mercury lamp w ith o u t f i l t e r s  has p r a c t i c a l ly  no quenching wave­

le n g th s ,  a t l e a s t  as f a r  as th e  f lu o ro -p h o to p o te n tla l  i s  con­

ce rn e d , and no f i l t e r s  have th e re fo re  been used in  th ese  

s tu d ie s .

S ev era l advantages of th e  p o in t-p ro b e  nay be b r ie f ly  

g iv en  as fo llow s* (1) p r a c t i c a l l y  a l l  o f  th e  l i g h t  from th e  

lamp can be u t i l i s e d  in  f lu o re sc e n c e  e x c i ta t io n  as compared 

w ith  th e  p rev io u s  earn i« tran sp aren t p la tin u m  f ilm  e le c tro d e e  

which allowed p a r t  of th e  l i g h t  to  p a s s  th ro u g h , (0) th e  d i a ­

m eter o f th e  l i g h t  beam has l i t t l e  e f f e c t  on th e  f lu o ro -p h o to -  

p o t e n t i a l ,  (3) th e  s im p lic i ty  and ruggedness o f th e  p ro b e - 

p o in t  and th e  p o s s i b i l i t y  o f In te rch an g in g  i t  among v a r io u s  

g la s s  c s l l s  f o r  com parative s tu d ie s ,  and (4) sm all volumes of 

s o lu t io n s  can be s tu d ie d . A f u r th e r  d is c u s s io n  on th e  th eo ry  

o f  th e  p robs-po im t and th e  f lu o ro -p h o to -a c tiv e  o rgan ic  m ole­

c u le  w i l l  be made in  O hapter K i l l .  The two c h a p te rs  now 

fo llo w in g  d e s c r ib e  th e  ex p erim en ta l work o f t h i s  p e r t  o f  th e  

r e s e a r c h .
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In  o rd e r to  o b ta in  th e  maximum f lu o ro -p h o to p o te n tla l  f o r  

a g iv en  c o n c e n tra tio n  o f f lu o ro -p h o to -a c tiv e  su b s tan ce , th e  

e f f e c t#  o f v a ry in g  c o n d itio n s  on th e  f lu o ro -p h o to p o te n tla l  

have been s tu d ied  in  o rd e r  to  d e term ine  th e  optimum cond itions*  

These s tu d ie d  a re  d e sc r ib e d  below.

IS® la & S M jtl  2l J&fi In c id e n t iiisU i. The g r e a te r  th e  

i n t e n s i t y  o f  th e  l i g h t  s t r ik in g  th e  f lu o ro -p h o to v o lta ic  c e l l ,  

th e  g r e a te r  i s  th e  produced f lu o ro -p h o to p o te n t la l ,  c o n tra ry  

to  R u s s e ll  (52) mentioned on page 59* T h is was determ ined  by 

moving th e  mercury lazsp tow ards and away from th e  f lu o ro -  

p h o to v o lta ic  c e l l .  The f ix e d  d is ta n c e  o f £5 cm. between lamp 

and c e l l  was used because v e ry  l i t t l e  h e a t  approached th e  

f lu o ro -p h o to v o lta ic  c e l l  by r a d ia t io n  a t  t h i s  d is ta n c e . Lenses 

w ere n o t used  in  th e  o p t ic a l  a x is .

TM a£  i&S In c id e n t M s h t . The e f f e c t  o f

w av e-len g th  o f In c id e n t l i g h t  on th e  f lu o ro -p h o to p o te n tla l  

was in d ic a te d  on page 66  and in  Table I I I .  A lso, i t  was 

m entioned on page 59 th a t  R u s se ll  (52) found th a t  b lue  l i g h t  

had a l e s s e r  e f f e c t  th an  yellow  l i g h t ,  c o n tra ry  to  pho to ­

e l e c t r i c  phenomena. T h is  d isc re p an c y  may be due to  th e  c o lo r  

o r  a b so rp tio n  spectrum  o f th e  f lu o re s c e n t  s o lu t io n  th a t  he 

u s e d , which may absorb  th e  h ig h e r  w ave-leng ths o f  in c id e n t 

l i g h t  th a t  could o th e rw ise  produce f lu o re so e n c e . T h is l i g h t -



ab so rp tio n  e f f e c t  i s  in d ic a te d  more d e f in i t e ly  in  th e  n ex t 

c h a p te r  w ith  f lu o re s c e n t  s o lu t io n s . Actual s p e c tr a l  s tu d ie s  

were n o t made; i t  i s  p ro b ab le  th a t  a c e r t a in  optimum wave­

le n g th  e x i s t s  fo r  each f lu o ro -p h o to -a c tiv e  substance  in  s o lu ­

t io n  to  y ie ld  a maximum f lu o ro -p h o to p o te n tla l .  The f lu o ro -  

p h o to p o te n tla l  has no r e la t io n s h ip  to  f lu o re sc e n c e  as shown 

below.

The P ro 39- S ec tio n  of th e  L lfth t Bean. The l i g h t  beam 

s t r id in g  th e  f lu o ro -p h o to v o lta ic  c e l l  was c o n tro lle d  in  

c i r c u l a r  c ro s s - s e c t io n  by th e  i r i s  diaphragm  d ep ic te d  In  F ig . 

IT , p ass  63. The In c rease  in  o ro se -se o tio n  d id  have a sm all 

bu t d e f i n i t e  e f f e c t  o f In c re a s in g  th e  f lu o ro -p h o to p o te n tla l  

ae shown in  Table IV.

TABL3 IV

stfsot o f  i m m m t  lio tt  m m  oroos- s3Ction
(LTOHT INTSHSITY (IONST JOT) OH 7H3 FLUORO-

? HOTOBOTSHTIAL U3IH0 A H  SBN30IN SOLUTION
m  sthy Ij .alcohol

D iam eter of I r i s  diaphragm  
opening in  cm.

R e la t iv e  f lu o ro -  
p h o to p o te n tla l  in  
galvanom eter u n i t s

0 .5 300
1 320
S 350
3 370

T h is  e f f e c t  h as  some th e o r e t i c a l  s ig n if ic a n c e  e s p e c ia l ly  fo r  

th e  sp ace-charge  concept d esc rib ed  on page 6b .

The 31se of th e  B robe-B oln t. The e f f e c t  o f th e  s iz e  of 

th e  p ro b e -p o in t on th e  f lu o ro -p h o to p o te n tla l  was stu d ied  by 

s t a r t i n g  w ith  a A.5 mm. exposed le n g th  o f th e  B. & S. Ho. 24 

gauge p la tin u m  w ire . The exposed w ire was c u t in to  s h o r te r
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l e n g th s  a f t e r  d e te rm in in g  th e  f lu o ro -p h o to p o te n tla l  fo r  each 

rem ain ing  le n g th . Fig# IS , page TO, shows th e  e f f e c t  o f  th e  

e ls e  o f th e  p o in t  on th e  f lu o ro -p h o to p o te n tla l*  T h is  e f f e c t  

o f  co u rse  h as  much th e o r e t i c a l  s ig n if ic a n c e  f o r  th e  probe and 

I n d ic a te s  th a t  a le n g th  o f about 1 .5  g iv e s  th e  maximum 

f lu o ro -p h o to p o te n tla l-  T h is  can be e a s i ly  seen from th e  f a c t  

t h a t  a la rg e  p o in t  In  a f lu o re s c in g  volume which p o sse sse s  a 

marked f lu o re sc e n c e  g ra d ie n t  can n o t y ie ld  th e  maximum p o ten ­

t i a l  a t  a g iven  p o in t  in  th e  f lu o re s c in g  s o lu t io n ;  a  very  

sm all p o in t ,  on th e  o th e r  hand, b u ild s  up i t s  charge very  

slow ly  and can n o t be in f lu en c e d  by a l l  th e  p h o to -a c tiv e  

m o lecu les around i t ,  as in d ic a te d  by th e  0 -5  am. exposed le n g th  

in  F ig . 13. The 1 -5  mm- p ro b e -p o in t h a s  th e re fo r e  been used 

th ro u g h o u t th e se  s tu d ie s -

o f S M  P ro b e -P o in t 1q S M  S o lu tio n , T h is 

o f f  e a t  l a  p srh ap s  th e  most s t r ik in g  In  I l l u s t r a t i n g  th e  e l e c t r o -  

s t a t i c  n a tu re  o f th e  f lu o re s c in g  so lu t io n . I f  th e  c o n c e n tra ­

t i o n  o f a g iven  f lu o re s c e n t  su b stan ce  in  s o lu t io n  could  be 

made s u f f i c i e n t ly  h ig h , th e  s o lu t io n  d isp la y e d  " su rfa c e  

f lu o re sc e n c e "  (55)# f lu o re sc e n c e  which e x is te d  only  a t  th e  

in te r f a c e  between th e  s o lu t io n  and th e  g la s s  w all where th e  

l i g h t  beam f i r s t  approached th e  s o lu t io n ;  h e re , a t  t h i s  su r­

f a c e ,  th e  f lu o re sc e n c e  could only  be seen w ith  th e  eye In  a 

d i r e c t i o n  p a r a l l e l  w ith  th e  In c id e n t l i g h t  and o f cou rse  p e r ­

p e n d ic u la r ly  to  th a t  su rfa c e , th e n  th e  p ro b e -p o ln t was p laced  

so as to  touch  th e  g la s s  w all as  In Fig- IT , page 6 3 , a d e f in i t e  

and sometimes v ery  la rg e  f lu o ro -p h o to p o te n tla l  f o r  c e r ta in  

f lu o re s c e n t  su b s tan ces  was o b ta in ed ; b u t when th e  p o in t  was
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p la c ed  about 1 ram. away from th e  g la s s  w a ll and f lu o re s c in g  

p la n e , no f lu o ro -p h o to p o te n tla l  was o b ta in ed . A lso, w ith  th e  

p ro b e -p o in t a t  th e  f lu o re s c in g  p la n e , the  f lu o ro -p h o to p o te n tla l  

was found to  be Independent o f  th e  c o n c e n tra tio n  o f th e  f lu o ­

r e s c in g  substance  as long as su rfa ce  f lu o re scen o e  was d is p la y e d , 

to  be f u r th e r  d e sc rib ed  in  th e  n ex t c h a p te r  (see  Fig* 22).

T h is  le  re m in isc e n t o f  th e  c o n ta c t p o te n t ia l  between d is s im i­

l a r  m e ta ls  and t h i s  phenomenon may a lso  have some b ea rin g  on 

th e  th e o ry  of n a ta l s  s in ce  th e  s u r fa c e - f lu o re s c in g  p lan e  may 

d is p la y  ap so u ls r  r e f l e c t i o n  (25) .

On th e  g rad u a l d i lu t io n  of th e  above co n cen tra ted  f lu o r e s ­

c e n t s o lu t io n , th e  f lu o re sc e n c e  spread ou t from th e  s o lu t io n -  

g la s s  in te r f a c e  p lan e  in to  th e  volume o f th e  s o lu t io n ;  d u rin g  

th e  f i r s t  p ro c e s se s  o f  d i l u t i o n ,  th e  f lu o re sc e n c e  g ra d ie n t 

appeared marked but con tinued  d i lu t io n  caused th e  f lu o re sc e n c e  

to  become n o t only  more uniform  th roughou t th e  volume of th e  

c e l l  bu t a lso  weaker in  most c a ses  where th e  f lu o re s c e n t  sub­

s ta n c e  ren d ered  l i t t l e  c o lo r  to  th e  so lu tio n ^ , T h is type  o f 

f lu o re sc e n c e  i s  o a ile d  V olum e flu o re scen ce*  (25) and le  o f 

co u rse  e a s i ly  d is c e r n ib le  by th e  eye p e rp e n d ic u la r ly  to  th e  

l i g h t  beam. The p o s i t io n  o f th e  p ro b e -p o ln t in  th e  f lu o r e s ­

c in g  volume w ith  r e s p e c t  to  th e  I n i t i a l l y  i r r a d ia te d  w a ll o f 

th e  g la s s  c a l l  in flu en ced  th e  f lu o ro -p h o to p o te n tla l ;  t h i s  

r e s u l t  i s  i l l u s t r a t e d  In  F ig . 19 f o r  v a r io u s  c o n c e n tra tio n s  of

v Rhod amine J  which formed an In te n se  red  s o lu t io n  Increased  
I t s  f lu o ro -p h o to p o te n tla l  to  a sm all deg ree when p a ss in g  from 
s u r fa c e  to  volume f lu o re sc e n o e , as  In d ic a te d  In  F ig . 22.
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rhodam ine J  In  ab so lu te  e th y l a lco h o l. However, in  th e  a c tu a l 

f lu o ro -p h o to p o te n tla l  method, th e  p ro b e -p o in t always touched 

th e  g la s s  w all to  g iv e  th e  maximum f lu o ro -p h o to p o te n tla l  f o r  

a g iven  s o lu t io n , as shown In F ig . 1 ? , page 63.

SM Mmt  of S t i r r i n g . As In d ic a te d  on page 58, s t i r r i n g  

th e  f lu o ro -p h o to -a c tiv e  so lu t io n  of the  f lu o ro -p h o to v o lta ic  

c e l l  d im in ished  th e  f lu o ro -p h o to p o te n tla l  due to  " e q u a liz a tio n  

e f f e c t s " .  The mean l i f e  o f a f lu o re s c in g  m olecu le , about 10-^  

seoond {2 5 , 45, 7 2 ) , I s  of course too s n a i l  to  allow  a f lu o r e s ­

c in g  m olecule to  approach th e  dark  e le c tro d e  d u rin g  ra p id  

s t i r r i n g .  I t  i s  p robab ly  th e  o r ie n ta t io n  o f the  m olecules of 

th e  p o la r  so lv e n t which i s  a f fe c te d  by s t i r r i n g .  S t i r r in g  was 

th e r e fo r e  n o t done d u rin g  f lu o ro -p h o to p o te n tia l  measurements,

The E f f e c t  o f T em perature. Using a 100 ml. pyrex beaker 

in s te a d  of th e  c u b ic a l g la s s  c e l l  which was cemented to g e th e r ,  

th e  e f f e c t  of tem pera tu re  v a r ia t io n  on th e  f lu o ro -p h o to p o te n ­

t i a l  was no ted  w ith  a slow ly co o lin g  lf{ benzoin so lu t io n  in  

a b s o lu te  e th y l a lc o h o l. The c y l in d r ic a l  shape of th e  b eak er, 

a s  com pare! w ith  th e  f l a t  i r r a d ia te d  w all o f th e  c u b ic a l g la s s  

c e l l  cube, of course  had l i t t l e  e f f e c t  on th e  f lu o ro -p h o to - 

p o t e n t i a l  because th e  p ro b e -p o in t could e a s i ly  be mounted to  

touch  th e  c y l in d r ic a l  su rface  and face  th e  in c id e n t l i g h t  

d i r e c t l y .  F ig . 20, page 73 , shows th a t  th e  h ig h e r  th e  tem­

p e r a tu r e ,  the sm a lle r th e  f lu o ro -p h o to p o te n t la l ,  a f a c t  e a s i ly  

u n d e rs ta n d ab le  from a k in e t ic  e q u a liz a t io n  s ta n d p o in t as men­

t io n e d  in  th e  above p arag rap h  on s t i r r i n g .  H errin  (45) showed 

t h a t  th e  h ig h e r th e  tem p era tu re , th e  lower th e  degree of
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f lu o re sc e n c e  p o la r i s a t io n  and in te n s i ty .  T h is  same r e l a t i o n  

i s  w e ll hnown in  v is u a l  f lu o re sce n o e  measurem ents.

The Mature o f th e  Pol v e n t. The d i e l e c t r i c  c o n s ta n t o f th e  

so lv e n t f o r  th e  f lu o ro -p h o to -a c tiv e  su b stan ce  la  p robab ly  a very  

im p o rtan t f a c to r  in  d e te rm in in g  th e  m agnitude o f th e  f lu o ro -  

p h o to p o te n t la l .  The v a r ia t io n  in  th e  d i e l e c t r i c  c o n s ta n t on 

th e  f lu o ro -p h o to p o te n tla l  was s tu d ied  w ith  w ater-m ethanol and 

m ethanol-bensene m ix tu res u s in g  eo s in  a t  a c o n c e n tra tio n  o f 1 

mg. p er ml. of so lu t io n  f o r  each t e s t .  Sinoe th e re  i s  no d e f i ­

n i t e  r e la t io n s h ip  between th e  mole f r a c t io n  of two m lsc lb le  

l iq u id s  and th e  r e s u l t in g  d i e l e c t r i c  c o n s ta n t ,  t h i s  method o f 

study  was q u a l i t a t iv e  bu t s u f f i c ie n t ly  in d ic a t iv e  to  show th a t  

w ate r caused a poor o r no f lu o ro -p h o to p o te n tla l  and th a t  m etha­

no l (o r  e th an o l in  o th e r  s tu d ie s )  y ie ld s  good flu o ro -p h o to p o te n -  

t i a l s .  Table 7 summarises th e  r e s u l t s  o f th e  s tu d ie s  on th e  

e f f e c t  of th e  d i e l e c t r i c  c o n s ta n t o f th e  so lv e n t on th e  f lu o ro -  

p h o to p o te n tla l  and a lso  on th e  em itted  f lu o re sc e n c e  as measured 

by a f lu o re sc e n c e  photom eter such as th e  L unetron .

TABLE 7

o ?  t h e  n n L i T mio com yw r on t h e  p u j o r o - p h o t q p o t e k t i  a l
W l  vr jrymRggdWTV  ̂ TtgTrri \  n r  X

o p  -soiiiH  j»3R m l . op  a a u u s io H .........

S olven t 
(o a r ta  by volume)

D ie le o tr lc
c o n s ta n t

F lu o ro -p h o to - 
o o te n t ia l  in  
galvanom eter

u n i t s

R e la tiv e  
f lu o re sc e n c e , 
determ ined by 

tum atron

Water 71 0 1
IHpOjlOHgOH 5
M ethanol 31 15 2 .6
30HgOH :106H6 13
ltagO SjlD tfffi 36 2 .3

129 2 .0
Bensene °*3 oosln  in s o l .
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Tha l a s t  column o f T able 7  p o in ts  o u t th e  e f f e c t  o f  th e  

d i e l e c t r i c  c o n s ta n t on th a  I n te n s i ty  o f f lu o re s c e n t  l i g h t .  

Although th e  in te n s i ty  o f f lu o re sc e n c e  dec reased  s l i g h t ly  from 

m ethanol to  th a  ICH3O H m i x t u r e ,  th e  f lu o ro -p h o to p o te n tla l  

In c reased  to  a much g r e a te r  e x te n t in d ic a t in g  th a t  even i f  the  

f lu o ro -p h o to p o te n tla l  were r e la te d  to  f lu o re s c e n c e , they  would 

n o t  n e c e s s a r i ly  by p ro p o r tio n a l to  each o th e r ,  a f a c t  to  he 

d isc u sse d  f u r th e r  helow. The f a c t  t h a t  th e  f lu o re sc e n ce  

In c re a s e s  from w ater to  m ethanol o r  o th e r  s o lv e n ts  having  a 

low d i e l e c t r i c  c o n s ta n t i e  w ell known f o r  many f lu o re s c e n t  

su b s ta n c e s ; f o r  exam ple, benzoin  I s  n o t f lu o re s c e n t  in  w ater 

h u t i s  f lu o re s c e n t  in  e th y l a lco h o l.

According to  th e  c l a s s i c a l  th e o ry  o f e le c t ro s ta t ic ©  (IT , 

53) * when a charged p o in t  which has a c e r t a in  number o f tu b es 

o f  e l e c t r i c  f lu x  p e r  u n i t  a re a  £  cm. away from th e  p o in t ,  o r 

h a s  a f lu x  d e n s ity  2 , i s  p laced  in  a  d i e l e c t r i c  medium such as 

th e  so lv e n t which has a d i e l e c t r i c  c o n s ta n t o f k ,  an e l e c t r i c  

f i e l d  in te n s i ty  J  w i l l  r e s u l t  £  cm. away, accord ing  to  th e  

fo llo w in g  r e la t io n s h ip s

D =  k*5 , o r H =  B /k 

In  th e  f lu o ro -p h o to p o te n tla l  method, i t  i s  p robab ly  th e  

e l e c t r i c  f i e l d  in te n s i ty  2  a t  th e  p ro b e -p o in t jr cm. away from 

th e  f lu o ro -p h o to -a c t iv e  (a p p a re n tly  charged} m olecule which 

a f f e c t s  th e  p ro b e -p o in t. T h is  I n d ic a te s  th e  seem ingly impor­

ta n t  e f f e c t  o f th e  d i e l e c t r i c  c o n s ta n t o f th e  so lv e n t on th e  

f lu o ro -p h o to p o te n tla l  and a ls o  on th e  f lu o re sc e n c e .

Sodium f lu o re s c e in  a t  a c o n c e n tra tio n  o f 0 .1  mg/ml y ie ld e d
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p r a c t i c a l l y  no f lu o ro -p h o to p o te n tla l  r e g a rd le s s  of th e  s o lv e n t, 

I t s  d i e l e c t r i c  c o n s ta n t,  and th e  'b rig h t em itte d  f lu o re sc e n c e . 

A lso , th e  f lu o re sce n o e  in te n s i ty  of sodium f lu o re s c e in  d e t e r ­

mined w ith  th e  Lumetron f lu o re scen o e  photom eter d ec reased  w ith  

a d e c re a se  in  d i e l e c t r i c  c o n s ta n t ,  u n lik e  e o s ln  (as  found by 

H u le , page 5^) end th e  m a jo rity  o f f lu o re s c e n t  su b s tan ce s , as 

th e  d i e l e c t r i c  c o n s ta n t decreased  from th a t  o f  w ater th rough  

m ethanol ami tow ards bemsene. T h is c o n tra ry  e f f e c t  o f sodium 

f lu o re s c e in  when compared w ith  e o s in , bo th  being  sodium s a l t s  

o f ly e  su b s tan ces , i s  p rob ab ly  due to  th e  p e c u l ia r  s t r u c tu r e  of 

th e  f lu o re s c e in  ion  which i s  d isc u sse d  f u r th e r  in  C hapter XXII. 

A fte r  adding a few d ro p s of aqueous s u l f u r ic  ac id  to  form th e  

f lu o re s c e in  acid  m olecule from th e  sodium f lu o re s c e in  in  

m ethano l, la rg e  f lu o ro -p h o to p o te n tia la  r e s u l te d .  A t i t r a t i o n  

p ro ced u re  could  p ro b ab ly  be worked o u t from t h i s  behav ior.

Bowen (5) p o in ts  o u t t h a t  a change in  th e  m olecu lar sp e c ie s  

(m olecule*—*ion) ta k e s  p la c e  w ith  change in  pH. In  s h o r t ,  th e  

f lu o re s c e in  ac id  m olecule being  weakly io n ise d  produced th e  

la rg e  f lu o ro -p h o to p o te n tla l  w h ile  th e  f lu o re s c e in  ion  y ie ld e d  

p r a c t i c a l l y  no f lu o ro -p h o to p o te n tla l .

The r e s i s t i v i t y  o f th e  s o lv e n t ,  s in c e  i t  must u s u a l ly  

c o n ta in  an u n io n ised  f lu o ro -p h o to -a c tiv e  s o lu te ,  can n o t be 

ex trem ely  la r g e  o r i t  w i l l  be u n s u ita b le  as  a l iq u id  medium in  

th e  f lu o ro -p h o to v o lta ic  c e l l ;  th e  vacuum-tube e le c tro m e te r  can 

n o t be balanced p ro p e r ly  to  g iv e  a s tead y  and d e f in i t e  re a d in g . 

T h is  i s  th e  only  d isad v an tag e  o f th e  vacuum -tube type  of e le c ­

tro m e te r  bu t i t  i s  n o t s e r io u s  s in ce  th e  m a jo rity  o f  so lv e n ts
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3r$  s u i ta b le  f o r  t h i s  f  lu o r  o -pho t op o to n  t l  a l ae thod  and have a 

r e s i s t i v i t y  from 10^ to  10*n ohas p e r  c c . , ouch as e th y l a lc o ­

h o l ,  methyl a lc o h o l, w a te r , e t c . ,  a l l  being  p o la r  solvent® . 

U n fo r tu n a te ly , ooaawn n o n -p o la r  so lv e n ts  such as benzene, 

hexane, ami carbon te t r a c h lo r id e ,  have t h e i r  r e s i s t i v i t i e s  a t  

approx im ately  10*** ohas p e r  cc . which I s  to o  la rg e  f o r  th e  

p ro p e r  fu n c tio n in g  o f th e  vacuum-tube e le c tro m e te r  a lthough  

t h e i r  r e s i s t i v i t i e s  can be determ ined by means o f a  vacuum- 

tu b e  b rid g e  (37 ). T h is  f a c t ,  t h a t  th e  common n o n -p o la r s o l ­

v e n ts  have a much h ig h e r  r e s i s t i v i t y  th an  th e  m a jo rity  o f  

so lv e n ts  which are  p o la r ,  p re sen ted  some d i f f i c u l t y  in  th e  

ex p erim en ta l vorlr h e re  bu t r e s u l t s  to  be d e sc rib ed  in  C hapter 

X III allow  a s u i ta b le  th e o r e t i c a l  e x p la n a tio n .

The p resen ce  of io n s  lowered th e  f lu o ro -p h o to p o te n tla l .

F o r example, the  a d d itio n  o f a lc o h o lic  so lution®  o f po tassium  

c h lo r id e ,  aluminum c h lo r id e ,  ammonium io d id e , s in e  c h lo r id e , 

l i th iu m  c h lo r id e ,  sodium h y d ro x id e , and po tassiu m  a c e ta te  to  

a lc o h o lic  s o lu t io n s  o f  V i benzoin  dec reased  th e  f lu o ro -p h o to ­

p o te n t i a l s .  The l a s t  two in o rg an ic  su b stan ce  a produced a 

p e c u l ia r  e f f e c t  p rob ab ly  due to  t h e i r  a lfca lln e  n a tu re ;  t h i s  

e f f e c t ,  c a l le d  th e  *t r a n s i e n t  f lu o ro -p h o to - in d u c tiv e  e f f e c t*  

h e re , i s  d iscu ssed  f u r th e r  in  C hapter X II.

The E f fe c t  of f lu o re sc e n c e  I n te n s i ty . I t  h as  a lre ad y  been 

in d ic a te d  th a t  f o r  a g iven  f lu o re s c e n t  substance  and so lv e n t, 

th e  f lu o ro -p h o to p o te n tla l  was p ro p o r tio n a l to  th e  co n c en tra ­

t i o n  and deg ree  of f lu o re sc e n c e  only  where volume f lu o re sc e n c e  

e x i s t s ,  however, w ith  d i f f e r e n t  s o lv e n ts  th e  f lu o ro -p h o to -



?e

p o te n t i a l  i s  n o t ap p a ren tly  r e la te d  to  th e  degree o f f lu o r e s ­

cence f o r  a g iven  substance  a t  a f ix e d  c o n c e n tra tio n . A lee, 

d i f f e r e n t  f lu o re s c e n t  su b stan ces  a t  s im ila r  c o n c e n tra tio n s  in  

th e  same s o lv e n t, hav ing  d i f f e r e n t  d eg ree s  o f f lu o re sc e n c e , 

do n o t have th e  f lu o ro -p h o to p o te n tla l  p ro p o r tio n a l to  th e  

f lu o re sc e n c e  in te n s i ty .  T h is  p o in ts  to  th e  v ery  im portan t 

f a c t  t h a t  i t  i s  p r im a r ily  th e  m olecu lar s t r u c tu re  o f th e  g iven  

f lu o ro -p h o to -a c t iv e  substance  which d e te rm in es  th e  m agnitude 

o f th e  f lu o ro -p b o to p o te n tia l  t h a t  I t  w i l l  produce In  a c e r t a in  

s o lv e n t;  t h i s  f a c t  w i l l  be u t i l i s e d  in  e x p la in in g  th e  n a tu re  

o f th e  f lu o ro -p h o to -a c tiv e  o rg an ic  m olecule in  so lu t io n  and 

i t s  p ro d u c tio n  o f th e  f lu o ro -p h o to p o te n tia l  In  C hapter XXII.
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CHAPTER XII 
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T his c h a p te r  p r im a r ily  d e s c r ib e s  th e  e f f e c t  o f th e  con­

c e n t r a t io n  of v a r io u s  f lu o re s c e n t  and o th e r  f lu o ro -p h o to -  

a c t iv e  su b stan ces on th e  f lu o ro -p h o to p o te n tla l .  O ther e f f e c t s  

a re  a lso  inc luded  which have th e o r e t i c a l  s ig n if ic a n c e  in  ex­

p la in in g  th e  n a tu re  o f  th e  f lu o re s c in g  m olecule and th e  

m echanise o f th e  p ro d u c tio n  o f th e  f lu o ro -p h o to p o te n t ia l .

The f lu o ro -p h o to v o lta ic  c e l l  in  a l l  o f th e se  s tu d ie s  was 

composed of th e  f lu o re s c e n t  o r  f lu o ro -p h o to -a c t iv e  s o lu t io n ,  

i r r a d ia t e d  p ro b e -p o in t o f  1 .5  mm., and p la tin u m  f o i l  dark  

e le c tro d e  as shown in  T ig . 17 , page 63. Mo f i l t e r s  were used 

and th e  mercury lamp l i g h t  source was f ix e d  a t  £5 on. from th e  

g la s s  c e l l  as mentioned on page 67. Mo f lu o ro -p h o to p o te n tia ls  

were o b ta in a b le  w ith  th e  pure so lv e n ts  used here  r e g a rd le s s  o f 

th e  w ave-leng th  of i r r a d ia t in g  l i g h t .

I b a  O f  H hadaaln . B i n  A bsolute E th y l A loohol.

T h is  was th e  f i r s t  s o lu t io n  to  be s tu d ied  because o f i t s  

a p p a re n tly  g re a t  p o p u la r i ty  among w orkers stu d y in g  th e  f lu o ro -  

p h o to v o lta ic  e f f e c t .  S ince th e  rhodamine J  co n ta in ed  much 

fo re ig n  s a l t  as i n e r t  and in s o lu b le  m a te r ia l ,  th e  c o n c e n tra tio n  

o f th e  rhod amine in  e th an o l was determ ined by ev ap o ra tin g  to  

d ry n ess  a known volume o f th e  su p e rn a ta n t l iq u id  and weighing 

th e  r e s id u e . Table 7 1 , page 00, and F ig . ££ , page 81, In d ic a te  

th e  v a r ia t io n  of f lu o ro -p h o to p o te n tla l  in  galvanom eter u n i t s
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(The pro h e - p o in t  1 mm. aw, 
400 u n i t s ;  0 mm. away, IfT 
volume type o f  f lu o r esce ™  
f a i n t  t o  the eye. See Ta1

5
0 . 5
1 . 0 5

17,11

710
iy from th e  c e l l  w a l l  y i e l d e d  
) u n i t s .  T h is  i n d i c a t e s  a 
3e which a l s o  in  t h i s  c a se  was
ble V i u .  )

5°0
^4o
I 60

Rhodar

14
(The or 0 he -no l o t  1 mm. aw. 
no f l u o r 0 - p h o t o p o t e n t i a l ,  
f l u o r e s c e n c e .  Oee Table ’ 

10 
7i
3.  5 
1 . 7 5

( S l i g h t  volume f luorescen<  
p ate  TO.}

0.375
0 . 4 4  
0 .  p o

nine B

100
ay from th e  c e l l  w a l l  y i e l d e d  

T h is  i n d i c a t e s  su rface
rm . )

100
100
147
140

36 appeared, flee T ig .  1 9 ,

80
° 5  ( s l u t t i s h )

6 ( s l u g g i s h )
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1400

1 2 0 0

1000

600

VOLUME F L U O R E S - —400
CENCE

2 0 0
R H O D A M I N E - B  -  I N T E N S E  R E D

S U R F A C E  F L U O R E S C E N C E

122 4 6 8 10
MI LLI GRAMS  PER M L .  IN A B S .

ETHYL ALCOHOL

- Comparison o f  the f l u o r o - p h o t o p o t e n t l a l  v s .  
co n c e n tr a t  Ion c h a r a c t e r i s t i c s  o f  benzoin ,  
b e n z l l ,  and rhodanine B o l o t t e d  from 
Table VI
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w ith  c o n c e n tra tio n  o f rhodan ine  jg. The maximum *hurap’1 in  th e  

curve i s  due to  th e  in te n se  red  c o lo r  having  a g re a te r  ten d en ­

cy to  absorb  th e  u l t r a - v i o l e t  l i g h t  as th e  c o n c e n tra tio n  i s  

in c re a se d .

’then th e  c o n c e n tra tio n  o f rhodanine Jg was i& f f la te n t ly  

h ig h  to  produce su rface  f lu o re sc e n c e  and th e  p ro b e -p o in t was 

p laced  a t  th e  g la s s  c e l l  w a ll where th e  su rfa ce  f lu o re sc e n c e  

e x i s te d ,  th e  nax inrun f lu o ro -p h o to p o te n tla l  was ob ta in ed  which 

was used to  d e r iv e  Table VI and th e  curve of F ig . 22. How­

e v e r , when th e  p ro b e -p o in t was p laced  about 1 mm. away from 

t h i s  su rfa c e , no f lu o ro -p h o to p o te n tla l  was o b ta in ed  as i n d i ­

ca ted  in  F ig . 1 9 , page 70. T his In d ic a te s  th a t  the  probe 

fo llow ed the  eye somewhat in  d e te c t in g  f lu o re sc e n c e . When 

th e  c o n c e n tra tio n  was s u f f i c i e n t ly  low to  g ive  volume f lu o r e s ­

cen ce , which the  eye could see when an u l t r a - v i o l e t  f i l t e r  

was p laced  in  th e  l i g h t  p a th , th e  probe y ie ld ed  a f lu o ro -  

p h o to p o te n tla l  th roughou t th e  s o lu t io n  bu t of a  magnitude 

depending on how f a r  th e  probe was from th e  c e l l  w all which 

f i r s t  re ce iv ed  th e  l i g h t .

s t i r r i n g  the  f lu o re s c in g  so lu t io n  in  th e  f lu o ro -p h o to -  

v o l t a l c  c e l l  decreased  th e  f lu o ro -p h o to p o te n tla l  as d isc u sse d  

on page j%

in o th e r e f f e c t  n o tic ed  h ere  and th roughou t th e se  a tu d le a  

was th a t  e r r a t i c  d r i f t  of th e  galvanom eter became l e s s  as the  

c o n c e n tra t io n  and f lu o ro -p h o to p o te n tla l  In c reased . T his be­

comes ap p aren t from the  f a c t  th a t  the g r e a te r  number o f charged 

f lu o re s c in g  m olecules around th e  probe causes a g r e a te r
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s t a b i l i t y  o f th a  spaoa oharga vrhlch th ey  fo ra .

2 h i  % hav io r of Benzoin and Peng 11 In  Absolute Htfcyl 

M oohol. P u rin a  th e  study of th e  f lu o ro -p h o to p o te n tla l  

method of d e te c t in g  boron by means o f benzo in , accord ing  to  

th e  p rocedure  of H ii ta  (70) and d isc u sse d  below, I t  was found 

th a t  benzoin alone in  ab so lu te  e th an o l y ie ld e d  very  la rg e  

f lu o ro -p h o to p o te n tia ls  when compared w ith  o th e r  f lu o re s c e n t  

su b s ta n ce s  a t  th e  same c o n c e n tra tio n s . Table VI and F ig . £2 

p re s e n t  th e  c o n c e n tra tio n  v e rsu s  g a lv an o m e te r-u n ite  c h a ra c te r ­

i s t i c .  Benzoin d isp lay e d  no su rfa ce  f lu o re sc e n c e  even up to  

s o lu t io n  s a tu ra t io n  and no maximum appears In  th e  curve, Also, 

benzoin  formed a c o lo r le s s  s o lu t io n , absorb ing  l i t t l e  l i g h t  

f o r  t h i s  reaso n . However, benzo in , even though i t  gave la rg e  

f lu o ro - p h o to p o ts n t la le ,  d id  n o t d is p la y  th e  same in te n s i ty  o f 

f lu o re sc e n c e  as o th e r  f lu o re s c in g  su b s tan ces  which gave much 

low er f lu o ro -p h o to p o te n tia ls  a t  th e  same c o n c e n tra tio n s .

Benz11 d is so lv e d  in  ab so lu te  e th y l a lco h o l has a p a le -  

ye llow  c o lo r . F ig . 20 in d ic a te s  th e  f lu o ro -p h o to p o te n tia l  

c h a r a c te r i s t i c  w ith  th e  v a r ia t io n  in  c o n c e n tra tio n . The 

sm a lle r  f lu o ro -p h o to p o te n tia ls  o f b e n z il  as compared to  those  

o f benzoin are  p a r t ly  due to  th e  yellow  c o lo r  of b e n z ll ab so r­

bing some of the  l i g h t  which would have g iven  a g r e a te r  amount 

o f f lu o re s c e n t  l i g h t  i f  th a  b e n z ll  s o lu t io n  were c o lo r le s s ,  

a s  in  th e  case of benzoin , Also, th e  yellow  c o lo r  o f the  

b e n z ll  so lu t io n  may absorb  b lue l i g h t  bu t allow  yellow  l i g h t  

to  p a ss  th rough  g iv in g  th e  Im pression  th a t  a lo n g e r w ave-length  

o f l i g h t  y ie ld s  a g r e a te r  f lu o ro -p h o to p o te n tia l  than  a s h o r te r
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w av e -le n g th , c o n tra ry  to  th e  lawe o f p h o to - e le c t r i c i ty ;  t h l e

im p ressio n  was 3 Ivan by R u s se ll  (!£*) m entioned on page 59 as

an argument a g a in s t th e  p h o to - e le c t r ic  theory*

The Behavior o f th e  Boron-Benaoin F lu o re sc e n t Complex,

An a ttem p t was made to  o b ta in  a curve o f th e  c o n c e n tra tio n  of

boron v e rsu s  galvanom eter u n i t s  by means o f th e  boron-benzoin

complex which l e  th e  b a s is  o f  a d e l i c a te  f lu o re s c e n t  t e s t  f o r

boron (TO). The fo llo w in g  s o lu t io n s  were p re p a red :

(1 ) s a tu ra te d  b o r ic  ac id  in  e th y l a lco h o l
(3) 0 . 5lt benzoin  in  e th y l  a lco h o l
(3 ) 0*6% sodium hydroxide in  e th y l  a lco h o l

The benzoin s o lu t io n  a lone  d isp lay ed  th e  f lu o ro -p h o to v o lta ic  

e f f e c t  b u t th e  two o th e r  s o lu t io n s  d id  n o t. One ml, o f th e  

h y d ro x id e  s o lu t io n  w ith  9 ml, o f  th e  benzoin  s o lu t io n  d i lu te d  

to  100 ml. w ith  e th an o l r e s u l te d  in  th e  t r a n s i e n t  f lu o ro -p h o to -  

in d u c tiv e  e f f e c t ,  to  be d e sc r ib e d  below* as w ell as in  a  sm all 

f i n a l  p o s i t iv e  f lu o ro -p h o to p o te n tia l .  A ddition o f a  few d ro p s 

o f th e  sa tu ra te d  a lc o h o lic  s o lu t io n  o f b o r ic  ac id  developed a 

b lue  volume f lu o re sce n o e  b u t th e  f lu o ro -p h o to p o te n tia l  was too  

sm all to  allow  a c a l ib r a t io n  curve to  be made.

I f  l a r g e r  c o n c e n tra tio n s  o f benzoin  were u se d , i t  would 

n o t be p o s s ib le  to  d e te c t  th e  p resen ce  o f boron by th e  f lu o ro -

p h o to p o te n t ia l  method because benzoin  alone gave a la rg e  e f f e c t

and sodium hydroxide d ecreased  th e  e f f e c t  o f th e  benzoin to  a 

deg ree  which would s t i l l  be l a r g e r  th an  t h a t  o b ta in ed  w ith  

boron. T h is  i s  th e  main d isad v an tag e  o f th e  f lu o ro -p h o to ­

p o t e n t l a l  method, t h a t  low c o n c e n tra t io n s  o f f lu o re s c e n t  sub­

s ta n c e s  which can be e a s i ly  seen w ith  th e  eye and d e te c te d  by
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e x te r n a l  p h o to -a le c  t r i o  c e l l s  can n o t be d e te c te d  by t h i s  new 

m ethod, as s ta te d  on page 56. The p ro b e , however * can very  

w e ll d e te c t  d i f f e re n c e s  in  h ig h e r  c o n c e n tra tio n s  where th e  

eye and e x te rn a l p h o to - e le c t r ic  c e l l  can n o t be used .

The Behavior o f q u in in e  S u lf a te . One g ran  of q u in in e  

s u l f a t e  d is so lv e d  in  100 ml. o f ab so lu te  e th y l a lcoho l d i s ­

p layed  a s l i g h t  volume f lu o re sc e n c e  end a sm all f lu o ro -p h o to ­

p o te n t l a l .  On adding two d ro p s  o f co n c en tra ted  s u l f u r ic  a c id , 

th e  s l i g h t  volume f lu o re sc e n c e  d isap p ea red  and In ten se  su rfa ce  

f lu o re sc e n c e  of a b lue  c o lo r  appeared. D ilu t io n s  o f  t h i s  

s o lu t io n  were made and f lu o ro -p h o to p o te n tia ls  determ ined to  

o b ta in  Table 711 and F ig . 21.

T his was re p ea ted  w ith  co n cen tra ted  h y d ro ch lo ric  acid  

which gave somewhat s im ila r  r e s u l t s  as shown in  F ig . 21. 

S u lfu r ic  ac id  p roduces a g r e a te r  f lu o re sc e n c e  w ith  q u in in e  

s u l f a te  than  h y d ro ch lo ric  ac id  a t  low c o n c e n tra tio n s  accord ing  

to  the  eysv .

F ig . 21 , page 7 3 # in d ic a te s  t h a t  th e  s u l f u r ic  and hydro­

c h lo r ic  a c id s  produced p r a c t i c a l l y  th e  same f lu o ro -p h o to p o te n ­

t l a l  s a t  th e  low er c o n c e n tra tio n s . However, a t  t r a c e  concen­

t r a t i o n s ,  th e  eye can d e f in i t e ly  see th a t  h y d ro ch lo ric  acid  

p roduces no f lu o re sc e n ce  w ith  q u in in e  s u l f a te  in  e th y l a lco h o l 

w h ile  w ith  s u l f u r ic  ac id  f lu o re sc e n c e  p e r s i s t s .

^ ? r iv a te  communication o f P ro fe ss o r  White
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TABLE VII

I^TO T  0^ 1OW01WTR ATIOW O* QUININE SOL? ACT WITH H&CH8S 
9Jl?m iO  m  HYDROCHLORIC AC ID 8 OK THE FLU0R0-?H0T0?0- 

TEWTI AL IT ROO'I TSNPERtfUR* .T O  WITH 1 .5  W*. PROSR-POIKT
m cmx  wall

C o n cen tra tio n  o f 
q u in in e  s u lf a te  in  

mg. p e r  ml.

Average f lu o ro -p h o to p o te n tia l  
in  galvanom eter u n i t s

Hxoess HOI | Excess H2SO4

( k s l ig h t  f lu o ro -p h o to p  
produced w ith o u t th e  ad 

10 
5
9 .5
1 .9 5

o te n t l a l  o f aboul 
d l t i o n  o f a c id . ) 

27 
99 
19 
10

i 3 u n i t s  was

37
35
19
3

The Behavior o f  th a  Alufllnun-Pontaohrocie F lu o re sc e n t 

22321M* t h i s  complex l e  th e  b a s is  o f a  d e l i c a te  f lu o re s c e n t  

t e e t  f o r  aluminum (69). Fontaohroae (Buperchrome Blue) a t  a 

c o n c e n tra t io n  of 1% In  ab so lu te  e th y l  a lco h o l was used ae the  

stock  s o lu t io n . 9 ml. o f  t h i s  s o lu t io n  were d i lu te d  to  a 

volume of 100 ml. w ith  e th y l  a lco h o l and was found n o t to  be 

f lu o ro -p b o to -a c t iv e  and no f lu o re sc e n c e  was d is c e r n ib le .  A 

1% aqueous so lu t io n  o f po tassium  alum was a ls o  p h o to - in a c tiv e . 

Adding 9 d rops of th e  alum s o lu t io n  to  th e  above d i lu te d  

pon tach roae  s o lu t io n  r e s u l te d  in  a f lu o re s c e n t  s o lu t io n  which 

gave a f lu o ro -p h o to p o te n tia l  o f  2 galvanom eter u n i t s .  M dlng 

1 ml. more of th e  l l  alum s o lu t io n  y ie ld e d  a f t e r  a few m inutes 

a  maximum r e  ad lag  o f 19 galvanom eter u n i t s  which i s  a lso  i n d i ­

c a te d  In  Table V II I . The a d d itio n  o f more alum s o lu t io n  to  

th e  above caused a p r e c i p i t a t e  o f alum to  form.

fh £  T ra n s ie n t F lu o ro -P h o to -In d u o tly e  E f f e c t . When sodium 

f lu o re s c e in ,  ben so in , o r  bens11 In  e th y l a lco h o l were rendered  

a lk a l in e  w ith  sodium h y d ro x id e , a p e c u l ia r  p h o to -e f fe c t  was
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o b ta in ed  s im ila r  to  t h a t  w ith  th e  m e ta ls  o f P a r t  I ,  page 40, 

an* shoim  in  F ig . 1 4 , page 41. When th e  r e s u l t in g  s o lu t io n  

was f i r s t  i r r a d ia t e d ,  th e  f lu o ro -p h o to p o te n t la l ,  which u s u a lly  

assumed a p o s i t iv e  v a lu e , f i r s t  went to  a n e g a tiv e  v a lu e  and 

th en  assumed a p o s i t iv e  v a lu e7 . On removing th e  l i g h t  q u ic k ly , 

th e  f lu o ro -p h o to p o te n tla l  in c re a se d  p o s i t iv e ly  and th en  r e v e r ­

te d  to  ae ro , is  a ty p ic a l  example, 100 ml. o f  i l l  bensoln  

s o lu t io n  in  e th y l a lco h o l y ie ld ed  a f lu o ro -p h o to p o te n tia l  o f 

1070 galvanom eter u n i t s  a t  room tem p era tu re  (F ig . 0? ) .  M ding 

two d ro p s  of a aqueous sodium hydroxide s o lu t io n  d id  n o t 

a f f e c t  th e  volume f lu o re sc e n c e  acco rd ing  to  th e  eye. However, 

Im m ediately on I r r a d ia t in g ,  a  maximum n e g a tiv e  f lu o ro -p h o to ­

p o te n t l a l  o f  about 30 u n i t s  r e s u l te d  and th en  th e  f lu o ro -p h o to ­

p o te n t la l  became p o s i t iv e  to  about 95  u n i t s  which i s  ouch 

low er th an  th e  form er 1070 u n i t s .

10 ml. o f a s a tu ra te d  a lc o h o lic  s o lu t io n  o f po tassium  

a c e ta te  were added to  100 ml. o f a 1$ a lc o h o lic  bensoln  so lu ­

t i o n  in  th e  f lu o ro -p h o to v o lta ic  c e l l ;  a d e f in i t e  t r a n s i e n t  

e f f e c t  was again  o b ta in ed . W ith o th e r  1$ a lc o h o lic  beneoin 

s o lu t io n s ,  th e  a d d itio n  o f a lc o h o lic  s o lu t io n s  o f po tassium  

c h lo r id e ,  aluminum c h lo r id e ,  ammonium io d id e , s in e  c h lo r id e ,  

and l i th iu m  c h lo r id e  d id  n o t produce th e  t r a n s i e n t  f lu o ro -  

p h o to - in d u c tlv e  e f f e c t .  The a lc o h o lic  s o lu t io n s  o f  th e se  

in o rg a n ic  su b stan ces  d id  n o t p o sse ss  any p h o to - a c t iv i ty .  Thus,

7An analogous phenomenon was o b ta in ed  (35) w ith  f lu o r e s ­
c e in  d e f le c t in g  in  a m agnetic f i e l d  on ly  in  th e  p resen ce  o f
oxygen (n o t w ith  neon o r carbon d io x id e )  d u rin g  th e  study of
th e  param agnetism  o f  f lu o re s c e in .
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th e  t r a n s i e n t  f  lu o r  o-pho to  -  indue t  ive  e f f e c t  can be a t t r ib u te d  

to  th e  p resen ce  o f b a s ic  su b stan ces which in  th e ec  s tu d ie s  

were th e  hydroxyl and a c e ta te  r a d ic a l s .

The p resen ce  o f th e  fo re ig n  in o rg an ic  su b stan ces low ered 

th e  f lu o ro -p h o to p o te n tia ls  o f  th e  above If? bensoln  so lu tio n #  

as in d ic a te d  on page 77.

SM 2££22l 2£ MS °£ Mg £lBliS6.IS„tBl
22 M s  n u w a-P h o tO D O te n tla l. On ooaparlng  th e

m o lecu la r s t r u c tu r e  o f  th e  v a r io u s  f lu o re s c e n t  compounds 

used in  t h i s  re sea rch *  i t  was n o tic e d  t h a t  a  carb o n y l group 

was p re s e n t in  th e  f lu o re s c e n t  compounds Which produced 

d e f i n i t e  f lu o ro -p h o to p o te n tla ls ,  Com parative s tu d ie s  were 

th e n  made on o rg an ic  compounds w ith  and w ith o u t a  carbony l 

group bu t f lu o re sc e n c e  was n o t p r im a r ily  co n s id e red . Table 

7X11* page S9, b r i e f ly  summarises th e  ex p e rim en ta l work and 

t h e o r e t i c a l  c o n s id e ra tio n s  a re  made In  th e  fo llo w in g  c h a p te r .
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TAH,H 7111

ETP3CT OF VARIOUS MOLECULAR STRUCTURES 
ON THE 7LU0R0-PHOTOPOTENTIAL

(A ll c o n c e n tra tio n s  a t  V*> In  e th y l a lco h o l 
u n le s s  o therw ise  s ta te d ;  room tem peratu re  

and 1 .5  mm. p ro b e -p o in t a t  c e l l  w a ll .)

P lu o re so en t
substanoe

M olecular
s t r u c tu re

R e la t iv e  
f lu o ro -  
p h o to p o ten ­
t i a l  in  
g a lv . u n i t s

Approximate 
degree and 
type o f 
f lu o re sce n c e  
(v is u a l w ith  
u .v . f i l t e r )

Benzoin
o - r i o

1070 f a in t  b lue 
volume

Benz11

O r  i - o
710 f a in t  blue 

volume

Eenzophenone

0 0

700 f a in t  b lue 
volume

Benz aldehyde

O r
450 q u e s tio n a b le  

b lue volume

Eenzhydrol

a f o

none f a in t  b lue 
volume

Anthraquinone 
( 0 .5% s a t . )

0  l o
350

(high)
blue volume

Acetophenone
/V c - c  H ,

C J 5
POO

( f a i r l y
good)

f a in t  b lue 
volume

Hydroquinone none none

Qu inane

.......
0=0 '°

t r a n s ie n t  
e f f e c t ,  
then  60

f a in t  blue 
volume

-
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TAH.S ,rI I I  (CONTINUE))

f luo rescen t
substance

Molecular
s truc tu re

R elative 
fluo ro - 
photopoten- 
t i a l  in 
galv. u n its

Approximate 
degree and 
type of 
fluorescence 
(v isual with 
u^v. f i l t e r )

Triphenyl- 
methane

C t - c h

none blue volume

n-Hexyl phenyl 
oarblnol Q r ?  hc«h«

10 blue volume

Flavanol 
(0.41 sa t .)

^ C /CvOH
S

10
(sluggish)

yellowish-
green
surface

1-amino-4- 
hydroxy anthra- 
quinons

0 NHa

a.lX)
S OH

2 fa in t  red 
surface

Sodium eosin 
(O .ll) S O-NA

Q-oI0
ex'C-O-NAii0

45 green
volume

Fluorescein 
ac id 

(0.51)

OK OH

«,>110

115 greenish- 
blue volume
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TAOS VIII (C0NTINU3D)

F lu o re sc e n t
substance

M olecular
s t ru c tu re

R e la tiv e  
f lu o ro -  
p h o to p o ten - 
t i a l  in  
g a lv . u n i t s

Approximate 
degree and 
type o f 
flu o rescen o e  
(v is u a l  w ith  
u .v . f i l t e r )

Solium 
f lu o re s o e ln  

(0 .5*)

O O -N A

c c _
M0

9 In ten se
yellow -
orange
volume

Rhodamine B 

R eference (24) F v a ! : Q “ i
i

j ^ j - C O O H

C l "

100 In ten se  red  
su rface

Q uinine
s d l f a te

S O jQ U l

“ E-oO Q )

• 2
1 c h 2 1

H

!H CH

37 blue
su rface

Aluminum- 
pon t aehrome 

complex 
(0 .0*«)

N sssN

O a NA

12 blue
volume
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m&rm xtn  
th s  izm m n o f  t m  f lu o r o -p h o to -a ct i t s

J$!) TH1 THEORY 0? THR OTCR0-PH0T070LT AIC RFWCT

T able 7 I I I  I n d ia a t6s t h a t  c e r t a in  f lu o re s c in g  an i non- 

f lu o re s c in g  su b stan ces  such as bens aldehyde in  s o lu t io n  can 

produce a f lu o ro -p h o to p o te n t1a l .  th e  sane c o n s id e ra tio n s  can 

th e r e fo r e  be made f o r  bo th  ty p e s  in  th e  fo llo w in g  d is c u s s io n .

T hat th e  p ro b e -p o in t i s  d e te c t in g  a  f lu o re sc e n c e  ty p e  o f 

a c t iv a t io n  and n o t a photochem ical a c t iv a t io n  ty p e  seems to  be 

t r u e  because th e  f lu o ro -p h o to p o te n tia ls  a re  s ta b le  and re p ro ­

duo ab le  and r e tu r n  to  ae ro  when th e  l i g h t  i s  removed. The 

f lu o re s c in g  o r  n o n -f lu o re sc in g  f lu o ro  -pho to  - a c t  Ive su bstance  

d o es  n o t s u f f e r  any perm anent change in  i t s  o v e ra l l  e le c t ro n ic  

energy  c o n te n t ,  as p o in te d  o u t by V olfenden (75) as fo llo w s:

"An e l e c t r o n ic a l ly  e x c ite d  m olecule does n o t s u f f e r  d e g ra ­
d a t io n  o f i t s  e le c t ro n ic  energy b e fo re  i t  em its  f lu o re sc e n c e ; 
on th e  o th e r  hand, a m olecule which i s  pho tochem lcally  a c t iv a ­
ted  has in  g e n e ra l undergone d e g ra d a tio n  o f  I t s  e le c t ro n ic  
energy . The l i f e t im e  o f  a f lu o re s c e n t  and o f a pho tochem lcal­
ly  a c tiv a te d  m olecule must n o t be co n fu sed ."

The p robe i s  always rendered  p o s i t iv e  when in  th e  f lu o r e s ­

c in g  re g io n . T h is  p o s i t iv e  p h o to -e f fe c t  on th e  p ro b e -p o in t 

may o ccu r by two m ethods: (1) accord ing  to  Thompson (625, by 

a c tu a l  c o n ta c t w ith  th e  f lu o re s c in g  m olecule which would in d i ­

c a te  th e  charge o f th e  m olecule to  become p o s i t iv e  o r  l e s s  

n e g a tiv e  and (2) accord ing  to  G i lb e r t  (1 7 ) , by in d u c tio n  a t  

th e  p ro b e -p o in t which would a lso  show t h a t  th e  f lu o re s c in g  

m olecule becomes more p o s i t iv e ly  o r  l e s s  n e g a tiv e ly  charged. 

Thompson1 s e x p la n a tio n  ( fo o tn o te  page 62) i s  more a c c e p ta b le ;
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th e r e  a re  two examples t h a t  a p ro b e -p o in t o r  e l t c t r o d t  p laced  

i s  a apace charge assumes th e  p o la r i t y  o f  th e  space ch arg e :

(1) th e  p ro d u c tio n  o f oxid a t  lo n -re d u o t ion  p o te n t i a l s  accord ing  

to  th e  H ern st eq u a tio n  asaA (?) th e  s o -c a lle d  " c o n ta c t p o te n t i a l ” 

in  vacuum tu b e s  c o n ta in in g  an e le c t ro n -e m it t in g  f ila m e n t and 

a p l a t e .  In  any event* th e  e le c tro m e te r  assumee th e  same 

p o la r i t y  as th a t  o f th e  space charge .

The poaitiY S  charge from th e  f lu o ro -p h o to -a c t 1y® m olecule 

may p robab ly  a r i s e  from an u n sa tu ra te d  group* perh ap s chromo- 

p h o r lc  ( 6 ) ,  such as th e  carbonyl* e thy lene*  azo* n i t r o s o ,  asoxy 

a c t in g  as a low e le c t ro n -d e n s i ty  p o in t  o r  a re a  to  which e le c t ro n s  

can  move from th e  so lv e n t o r  from an e le c tro n -d o n a tin g  group 

such as a benzene r in g  whloh become p o e t t lv e ly  charged . Kasha 

(?9 ) In d ic a te d  th a t  ca rbony l compounds have c h a r a c te r i s t i c  

lo n g  w ave-leng th  ab so rp tio n  bands p robab ly  due to  lo o s e ly  

bound e le c t ro n s .  T h is  e x p la n a tio n  i s  s im ila r  to  th e  e l e c t r o -  

m eric s h i f t s  encountered  w ith  a e ta - d i r e o t in g  groups such as 

th e  n l t r o ,  s u lfo n ic ,  and oarboxy llo*  a tta c h e d  to  a benzene 

rlngY Benzoin* ben z il*  benzophenone* benzaldehyde, and se v e ra l 

o th e r  m o lecu lar s t r u c tu r e s  from Table T i l l ,  which c o n ta in  th e  

ca rb o n y l group produced la rg e  p o s i t iv e  f lu o ro -p h o to p o te n t1a ls  

w hereas benzhydrol and hydroquinone which p o sse ss  no e le c t ro n -

^Hamalck and I l l in g w o r th  (?1* 59) form al a r u le  g iven  as 
fo llo w s : ” I f  in  th e  bensene d e r iv a t iv e  XT, T I s  in  a

h ig h e r  group o f th e  p e r io d ic  ta b le  th an  X, o r  I f ,  being  in  
th e  same group* T i s  o f low er atom ic w eight th an  X, th en  th e  
group i s  m e ta -d lre o tln g . In  a l l  o th e r  oases* In c lu d in g  th a t  
In  which th e  group XT I s  a  s in g le  atom, i t  d i r e c t s  in to  th e  
o r th o -  and p a ra -p o s i t lo n s .  ”
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dink  g roups y ie ld e d  no flu o ro -p h o  to p o t e n t1a l . O ther o rg an ic  

compounds p o sse ss in g  e le c tro n -d o n a tin g  groups a ttach ed  to  a 

hens one r in g  so as to  he o rth o  * p a r a - d ir e c t in g  (acco rd in g  to  

Haamick and I l l in g w o r th ’s r u le )  h a re  n o t been s tu d ie d .

H errin  (45) th e o r is e d  th a t  w ith  f lu o re sc e in *  f lu o re scen o e  

I s  due to  a ou t no id  grouping in  th e  m olecu lar s t r u c tu r e  which 

may he in  e q u ilib r iu m  w ith  ano ther co lo red  o r  c o lo r le s s  s t r u c ­

tu re *  th e  e q u ilib r iu m  depending on th e  pH o f  th e  medium* as

According to  T able 7 IX I, f lu o re s c e in  in  an ac id  medium produced 

a f a i r l y  la rg e  f lu o ro -p h o to p o te n tia l  w hile  th e  sodium s a l t  

produced s v ery  sm all e f f e c t ,  n in es th e  b a s ic  Form P produced 

a poor f lu o ro -p h o to p o te n t la l , th e  carbony l group o f  th e  5-mera-

p red u c in g  th e  la rg e  p o s i t iv e  f lu o ro -p h o to p o te n tla l  o f th e  acid  

F ora  1* and th e  carbony l group o f th e  qu in o ld  s t r u c tu re  o f 

Form 2 p ro b ab ly  produced th e  very  sm all f lu o ro -p h o to p o te n tla l  

in  b a s ic  so lu t io n . The oarboxyl group of Form 2 p ro b ab ly  has 

l i t t l e  e f f e c t  in  p roducing  a f lu o ro -p h o to p o te n tla l  because th e  

marked o v e ra l l  n e g a t iv i ty  o f t h i s  carboxy l group may sc reen

fo llo w s :

O o
FORM 1 FOR M 2

bered r in g  o f Form 1 seems to  b e /a c t iv e  e le o tro n -s in k  fo r  
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out th e  e f f e c t  o f th e  l i g h t  on i t s  two re so n a n t carbony l groups* 

The p ro d u c tio n  o f th e  p o s i t iv e  p o la r i ty  may In d ic a te  th a t  

th e  o v e ra l l  charge on th e  o rgan ic  m olecule or so lv e n t where 

i r r a d ia t e d  has decreased  n e g a tiv e ly . The so lv en t may p robab­

ly  e n te r  in to  th e  p ro d u c tio n  of th e  f lu o ro -p h o to p o te n tia l  as 

in d ic a te d  by th e  t r a n s ie n t  f lu o ro -p h o to - in d u c tlv e  e f f e c t .  I t  

was m entioned on page yg t h a t  n o n -p o la r s o lv e n ts  such as 

bensene and carbon te t r a c h lo r id e  have ex trem ely  h igh  e l e c t r i c a l  

r e s i s ta n c e s  and can n o t be ueed f o r  f lu o ro -p h o to p o te n tla l  

m easurem ents w ith  th e  vacuum-tube e le c tro m e te r . However, th e re  

were d e f in i t e  ex p erim en ta l in d ic a t io n s  th a t  th e se  n o n -p o la r  

s o lv e n ts  produced no f lu o ro -p h o to p o te n tla l  a t  a l l  w ith  b en so in , 

even w ith  t h e i r  v ery  low d i e l e c t r i c  c o n s ta n ts . T h is  p o in ts  to  

th e  id e a  t h a t  p o la r  so lv e n ts  may be a t t r a c te d  to  a charged 

a re a  of th e  f lu o ro -p h o to -a c tiv e  m olecu le , o r th a t  a hydrogen 

b rid g e  may be formed between th e  a lco h o l and, f o r  example, th e  

oxygen atoms of th e  carbony l e le c t ro n - s in k s  a f t e r  they  have 

* borrowed* t h e i r  e le c t ro n s  from th e  f lu o ro -p h o to -a c t iv e  mole­

c u le  o r th e  so lv e n t. The l in e -u p  o f th e  p o la r  so lv e n t m olecules 

around th e  la r g e r  f lu o ro -p h o to -a c tiv e  m olecule may be considered  

as i f  th e  so lv e n t m olecules a rra y  them selves on a d i e l e c t r i c  

p la n e  w ith  t h e i r  p o s i t iv e  ends fa c in g  th e  p ro b e -p o in t, th e reb y  

form ing th e  p o s i t iv e  charge on th e  p ro b e -p o in t and e le c tro m e te r .

The p resen ce  of th e  carbony l o r s im ila r  group in  a m ole­

cu le  c o n ta in in g  an arom atic r in g  seems to  determ ine w hether 

i t  i s  f lu o ro -p h o to -a c tiv e  but i t s  p o s i t io n  in  th e  m olecu lar 

s t r u c tu r e  may d eterm ine  th e  degree o r  m agnitude o f th e  f lu o ro -
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p h o to p o te n t ia l .  I t  may appear t h a t  bens 11 should produce a 

much l a r g e r  f lu o ro -p h o to p o te n tla l  th an  benzoin  o r  benzophenone. 

However, resonance may occur between th e  two oxygen atoms o f 

th e  carbony l groups o f b e n s ll  o r  th e  two n itro g e n  atoms o f th e  

aluminum -pont so h r  ome complex to  g ive a l e s s e r  flu o ro -p h o t© - 

v o l t a i c  e f f e c t .

n-Hexyl phenyl o a rb ln o l co n ta in s  no oarbony1 o r s im ila r  

group y e t  I t  produoed a sm all f lu o ro -p h o to v o lta le  e f f e c t  as 

In d ic a te d  in  Table 7111. T h is  may be due to  th e  u n sa tu ra te d  

benzene r in g  a t  th e  end o f th e  m olecule a c tin g  as  an e le c t ro n -  

s ln k . The p o s i t iv e  f lu o ro -p h o to p o te n tla l  would in d ic a te  t h a t  

e le c t ro n s  are  p ro b ab ly  ten d in g  to  move in to  th e  benzene r in g  

from  th e  hydroxyl an d /o r s a tu ra te d  hexyl group o r from th e  

so lv e n t. The p o s i t iv e  p o la r i t y  in  t h i s  case  appears to  be 

formed from th e  p o s i t iv e  charge rem ain ing  on th e  p ro je c t in g  

e le c tro n -s o u rc e  hexy l o r hydroxyl group o r so lv e n t m olecule. 

S im ila r ly ,  w ith  p ro je c t in g  e le c tro n -a in k  g ro u p s, suoh as th e  

c a rb o n y l, n l t r o ,  and s u lfo n ic ,  th e  p o s i t iv e  charge formed on 

th e  benzene r in g  as th e  e le c tro n -s o u rc e  group seems to  cause 

th e  p o s i t iv e  f lu o ro -p h o to p o te n tla l .

The behav io r of q u in in e  s u l f a te  w ith  s u l f u r ic  and hydro ­

c h lo r ic  a c id s ,  shown in  Table 711 and F ig , 21, i s  d i s t i n c t  in  

t h a t  a t  th e  h ig h e r  c o n c e n tra tio n s  a low er f lu o ro -p h o to p o te n tla l  

i s  produced w ith  h y d ro ch lo ric  ac id  th an  w ith  s u l f u r ic .  The 

a d d i t io n  of h y d ro ch lo ric  ac id  nay tend to  a f f e c t  th e  u n sa tu ra te d  

e th y le n e  group by a d d itio n  accord ing  to  n ark o tm lk o ff *s r u le  

more so th an  th e  a d d itio n  o f th e  s u l f u r ic  a c id , o r th e  n eg a tiv e
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c h lo r id e  i  on nay tend  to  b lock any e f f e c t  th a t  th e  so lv e n t 

m olecu le  may have In  d o n a tin g  e le o tro n e  to  th e  u n sa tu ra te d  

e th y le n e  group and becoming l e s s  n e g a tiv e .

P o s i t iv e  c o l lo id a l  f e r r i c  hydroxide o r  n e g a tiv e  c o l lo id a l  

a rs e n lo u s  s u lf id e  produced no p o te n t i a l  when t h e i r  d le p e rs lo n s  

surrounded th e  p ro b e -p o in t. The c o l lo id a l  p a r t i c l e  assumee 

i t s  charge by adsorb ing  lone  from th e  d is p e rs io n  medium, and 

th e  s e t a - p o te n t i a l  i s  co n cen tra ted  on ly  in  th e  R e lab e lt»  

d o u b le - la y e r  so th a t  no e l e c t r i c  f i e l d  from th e  charged p a r ­

t i c l e  can e x i s t  rem ote from i t ;  th u s  no charge was d e te c te d  

by th e  probe in  th e  c o l lo id .  H it on i r r a d i a t i n g  th e  f lu o ro - 

p h o to -a c tiv e  m olecu le , th e  probe was rendered  p o s i t iv e .  I f  

io n s  a re  p re s e n t  in  th e  s o lu t io n ,  ad so rp tio n  o f the® ap p a re n tly  

d o es n o t ta k e  p la c e  by th e  e x c ite d  f lu o ro  -photo  -  a© t  ive  mole­

c u le .  I f  a f lu o ro -p h o to -a c tiv e  m olecule i s  s u f f i c ie n t ly  la rg e  

to  be of c o l lo id a l  e l s e ,  th e  e le c tro n -s o u rc e  s t i l l  seems ab le  

to  in f lu e n c e  th e  p ro b e -p o in t s te a d i ly  r e g a rd le s s  o f th e  

e l e c t r i c a l  d o u b le - la y e r  which m ight e x i s t  around th e  m olecule.

Dimer i s  a t  io n  o r  p o ly m e risa tio n  m ight a ls o  occur between 

two o r  more f lu o ro -p h o to -a c tiv e  m olecu les a t  o p p o s ite ly  charged 

g roups o r between a n e g a tiv e  group o f one m olecule and an 

a c c e p tin g  e l e c t r o p h i l i c  group o f  an o th er o f  th e  same k in d .

T h is  may account f o r  th e  slow p r e c ip i t a t io n  which o ccu rs w ith  

c e r t a in  f lu o re s c e n t  su b stan ces in  s o lu t io n  on s tan d in g  as 

m entioned on page. 59.
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The s tu d ie s  o f th e  p h o to v o lta ic  e f f e c t  w ith  m etale  were 

made w ith  oopper, i r o n ,  s in e ,  t i n ,  and magnesium. Of th e se  

m e ta ls ,  copper produced th e  l a r g e s t  p h o to p o te n tia ls  when 

d i r e c t l y  illu m in a te d  w ith  th e  in c id e n t  l i g h t  which wee In tended 

fo r  f lu o re sc e n c e  e x c i ta t io n .  The mode o f ex p e rim en ta tio n  wee 

to  p a ra f  f in  th e  s e n s i t i s e d  copper e le c tro d e  com pletely  except 

where th e  l i g h t  s tru c k  th e  e le c tro d e  sq u a re ly . A g la s s  mem­

brane was a lso  In troduced  in  th e se  s tu d ie s  as th e  u n ir r a d ia te d  

g la s s  e le c tro d e  to  allow  any e le c tro n  c o n c e n tra tio n  d if fe re n c e  

a c ro s s  i t  to  he measured by a s e n s i t iv e  vacuum-tube e l e c t r o ­

m eter. The g la s s  membrane and p a r a f f in  c o a tin g  aided In  p ro ­

d u c in g  la rg e  p h o to p o te n tia ls  w ith  th e  in c id e n t  l i g h t  bu t v ery  

p oo r p h o to p o te n tia ls  were ob tained  w ith  f lu o re s c e n t  l i g h t  from 

s o lu t io n s  in  which th e  pho to -e lem en t wae immersed.

The l i g h t - s e n s i t i s i n g  o f th e  m etal e le c tro d e  wae attem pted  

by two methods: (1) by h e a tin g  th e  m etal In  a i r  and (?) by 

chem ical tre a tm en t by immersion in  a s u i ta b le  o x id is in g  s o lu ­

t io n .  lo p p e r  produced good p h o to -e lem en ts  by bo th  o f  th e se  

methods w hich, however, gave o p p o s ite  e f f e c t s ;  h e a tin g  in  a i r  

produced a p h o to p o s itiv e  elem ent w hile  immersion o v e rn ig h t in  

a c u p r lc  n itm s te  s o lu t io n  produced a p h o to n eg a tiv e  e le c tro d e . 

The o th e r  m e ta ls  were l ig h t - s e n s i t i z e d  by chem ical means.

11 though th e  e x te rn a l  d ry  pho to-e.m . f .  c e l l  has been shown 

(33) to  be s e n s i t iv e  to  f lu o re s c e n t  l i g h t  down to  5 x 1 0 mg.
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o f  sodium f lu o r 9sc a in  p e r  ml. o f s o lu t io n , th e s e  p h o to v o lta ic  

s tu d ie s  w ith  m e ta ls  d id  n o t produce s u f f i c ie n t ly  l l r ;h t - s e n s i ­

t i v e  e le c tro d e s  which could be in n ersed  d i r e c t l y  in to  th e  

f lu o re s c e n t  so lu tio n . T h is p a r t  o f th e  r e s e a rc h  w ith  m e ta l8 

was th e re fo re  abandoned and f u l l  a t te n t io n  g iven  to  th e  

p h o to v o lta ic  e f f e c t  of f lu o re s c e n t s o lu t io n s .

The s tu d ie s  of th e  f lu o ro -p h o to v o lta lc  e f f e c t  w ith  f lu o ­

r e s c e n t  s o lu t io n s  gave p rom ising  r e s u l t s ,  in  e s p e c ia l ly  

s e n s i t iv e  vacuum-tube e le c tro m e te r  was used and th e  I r r a d ia te d  

e le c tro d e  was m erely an i n e r t  p la tin u m  p o in t which was p laced  

in  th e  f lu o re s c in g  volume. I t  was found th a t  n o n -flu o re sc in g  

su b s tan ces  could a lso  produce a la rg e  f lu o ro -p h o to p o te n tia l  

and t h i s  led  to  th e  co n c lu s io n  th a t  i t  was th e  p e c u l ia r  s t r u c ­

tu r e  of th e  f lu o re s c e n t  m olecule which produced a f lu o ro -  

p h o to p o te n tla l  and n o t th e  f a c t  t h a t  i t  wae m erely f lu o re s c e n t .  

Those o rg an ic  su b s ta n ce s , w hether f lu o re s c e n t  o r n o t ,  which 

produced a f lu o ro -p h o to p o te n tla l  appear to  have an u n ea tu ra te d  

group to  which p h o to -e le c tro n s  can move e i th e r  from th e  o rg an ic  

su b stan ce  or th e  so lv e n t.

The fo llow ing  are co n c lu s io n s  d e r iv e d  from the  experim en ta l 

work on f lu o re s c e n t  s o lu t io n s ;

1 -  T lu o ro -p h o to p o te n tia ls  a re  o b ta in a b le  w ith  o rgan ic  f lu o ­
r e s c in g  end n o n -f lu c re  so ing  su b stan ces  and n o t w ith  
s o lu t io n s  of a c id s , b a se s , s a l t s ,  o th e r  o rg an ic  s o lu te s ,  
e tc .  (any e f f e c t  w ith  in o rg an ic  e l e c t r o ly t e s  as in  group 
3 , page T, i s  too  sm all to  be of any s ig n if ic a n c e  in  
th e s e  s tu d ie s ) .

2 -  f lu o ro -p h o to p o te n t ia ls  are  o b ta in a b le  w ith  o rg an ic  
compounds which c o n ta in  an u n e a tu ra te d  e le c tro n - s ln k  
group and p rob ab ly  an e le c t ro n  source from th e  m olecule
o r  th e  so lv en t. ^ r
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3 -  S u rface  f lu o re s c in g  s o lu t io n s  can y ie ld  no f lu o ro - 
p h o to p o te n tia ls  1 ram. o r  more away from th e  su rfa c e ; 
volume f lu o re s c in g  s o lu t io n s  can y ie ld  f lu o ro -p h o to p o te n -  
t i a l s  th roughou t th e  f lu o re s c in g  volume,

4 -  The pure  so lv e n ts  used in  th e se  s tu d ie s ,  such as w a te r , 
e th y l  a lc o h o l, m ethyl a lc o h o l, benzene, e t c . ,  produoed_noUSED 
f lu o ro -p h o to p o te n tia l  a t  th e  w ave-leng ths o f l i g h i £ T h e  
so lv e n t must be p o la r  to  produce a f lu o ro -p h o to p o te n tla l  
w ith  a f lu o ro -p h o to -a c tiv e  m olecule.

5 -  Removal o f th e  in c id e n t l i g h t  r e s u l t s  in  th e  f lu o ro -
p h o to p o te n tla l  r e tu rn in g  to  ze ro .

6 -  The p o la r i ty  o f th e  f lu o ro -p h o to p o te n tla l  i s  p o s i t iv e  in  
a l l  o f th e  ca se s  s tu d ied  h e re .

7 -  The aluminum-pontachrome f lu o re s c in g  complex p ro v id e s  a 
f lu o ro -p h o to p o te n tla l  w hile  i t s  n o n -f lu o re s c e n t components 
do n o t. The aluminum io n  which can co o rd in a te  w ith  th e  
two ch ronopheric  n itro g e n  atoms may induce p h o to -e le c tro n s  
to  move from th e  arom atic  r in g s  tow ards th e  n itro g e n  atoms.

3 -  S t i r r in g  p re v e n ts  a maximum f lu o ro -p h o to p o te n tla l  from 
being  formed due to  e q u a liz a t io n  e f f e c t s .

9~ The d i e l e c t r i c  c o n s ta n t o f th e  so lv e n t can a f f e c t  the  
f lu o ro -p h o to p o te n tla l  accord ing  to  e l e o t r o s t a t i e  and
e l e c t r o ly t i c  th e o ry .

19- The f lu o ro -p h o to p o te n tia ls  are  rep ro d u eab le  and the  
e f f e c t  i s  s ta b le .

11- The f lu o ro -p h o to p o te n tla l  i s  p ro p o r tio n a l  to  th e  concen­
t r a t i o n  of th e  f lu o re s c in g  m olecule in  volume f lu o r e s ­
cence and n o t in  su rfa c e  f lu o re sc e n c e .

I 1?- The f lu o ro -p h o to p o te n tla l  d e c re a se s  as th e  tem p era tu re  
in c re a s e s ,  as w ith  f lu o re sc e n c e .

13- Using a B. & S. Uo. 24 gauge p la tin u m  w ire , a 1. 5 mm. 
le n g th  i s  th e  optimum e ls e  f o r  th e  p o in t .

1 4 - The g r e a te r  th e  in te n s i t y  o f th e  l i g h t ,  th e  g r e a te r  th e
f lu o ro -p h o to p o te n tla l  f o r  a l l  f lu o ro -p h o to -a c tiv e  sub­
s ta n c e s , in d ic a t in g  th e  p h o to - e le c t r ic  n a tu re  of th e
e f f e c t .

T his f lu o ro -p h o to p o te n tla l  method can be used as a 

q u a n t i ta t iv e  to o l  f o r  th e  d e te rm in a tio n  o f th e  c o n c e n tra tio n  

o f c e r t a in  f lu o re s c e n t  s u b s ta n c e  in  s o lu t io n  which d isp la y  

volume f lu o re sc e n c e . The c o n c e n tra tio n  o f n o n -f lu o re s c e n t
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f lu o ro -p h o to -a c t iv e  substance®  can a leo  be determ ined  by t h i s  

method* O ther u se s  f o r  t h i s  f lu o ro -p h o to v o lta ic  e f fe c t*  which 

can  a t  p re s e n t  m erely be suggested* a re  th e  checking  o f th e  

m o lecu lar s t r u c tu re  o f  o rg an ic  compounds, ra p id  d i e l e c t r i c  

c o n s ta n t d e te rm in a tio n s  o f so lu tio n s*  and s tu d ie s  on th e  

mechanism o f ch e la tio n *

The p ro b e -p o in t assumes a  charge o f th e  same p o la r i t y  as 

t h a t  o f a  ** spaoe c h a rg e 1 in  a s o lu t io n . There may be a 

r e la t io n s h ip  between th e  ex c ess  oxygen atoms o f th e  cuprous 

oxide sem i-conducto rs o f  P a r t  I  and th e  oxygen atoms o f  th e  

carbony l p h o to -a c tiv e  n e g a tiv e  n u c le i  o f th e  f lu o ro -p h o to -  

a c t iv e  m olecules of P a r t  I I .  In  P a r t  I ,  copper when h ea ted  In  

a i r  absorbed excess oxygen atoms in  th e  r e s u l t in g  l i g h t - s e n s i ­

t i v e  cuprous oxide la y e r  and a  p h o to p o s ltlv e  e le c tro d e  re su lte d *  

In  P a r t  I t*  th e  f lu o ro -p h o to p o te n tla l  was found to  be p o s i t iv e  

in  every  ca se . In  bo th  o ases  o f semi -conducto r and f lu o ro -  

p h o to -a o tiv c  molecule* l i g h t  p robab ly  cau ses  e le c t ro n s  around 

th e  oxygen atom to  become m otivated .

T h is r e s e a rc h  in d ic a te s  th a t  t h i s  ‘sm all e f f e c t ” * which 

Zworykin and W ilson (73) claim ed in  1934 to  be ’‘only  of 

academic i n t e r e s t ” (page 60) * may be a u s e fu l  a n a ly t ic a l  to o l  

as  w e ll as a p rom ising  re s e a rc h  phenomenon.

-  o 0 o -  

♦
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