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Exci ted  C o m p l e x e s  in Photosens i t i z ed  Proces se s .  

Chemica l  r eac t ions  i n d u c e d  b y  l i gh t  in  t h e  p resence  of 
l u m i n e s c e n t  e n e r g y  car r ie rs  (photosens i t izers ) ,  i n  t h e  
v a p o u r  p h a s e  or in  solut ion,  show ce r t a i n  cha rac t e r i s t i c  
fea tures .  The  k ine t ics  of these  s y s t em s  in  p a r t i c u l a r  o f t en  
a p p e a r  to  c o n f o r m  to  r e l a t ions  of t h e  L A ~ M U I R  i s o t h e r m  
type .  Th i s  p a p e r  ou t l ines  a genera l  k ine t ic  t r e a t m e n t  of 
these  cases, wh ich  as sumes  t h e  f o r m a t i o n  of a s t e a d y  s t a t e  
exc i ted  complex  b e t w e e n  pho t o s ens i t i z e r  a n d  r e a c t a n t .  
T h e  c o n c e p t  p r o v i d e s  a usefu l  a p p r o a c h  to  p r o b l e m s  of 
e n e r g y  t r a n s f e r  in  p h o t o e x c i t e d  sys tems .  

Cons ider  t h e  t yp i ca l  s y s t e m :  

kx 
, X B  , c  

k= k= 

where  ~ ~_ exc i ted  pho t o s ens i t i z e r ;  B ~ g r o u n d  s t a t e  

r e a c t a n t ;  .~B = s t e a d y  s t a t e  c o m p l e x  a n d  C = p r o d u c t s  
of r eac t ion .  
I n  t he  s t e a d y  s t a t e  : 

[ 3 ]  - - = o 

W e  m a y  wri te  [A~0] ~ [-~] + [A~B] (for negl igible  p r o d u c t  
fo rma t ion )  

where  [Ao] is t h e  t o t a l  c o n c e n t r a t i o n  of exci ted  species 

whence ,  b y  e l i m i n a t i o n  of [ f f ]  we ge t :  

[A~B] = k t [ B ]  + ( k ~ + k , )  

if v --  m e a s u r e d  r a t e  of r e a c t i o n :  

[B]  + K,  

where  k s -- s t e a d y  s t a t e  d i s soc ia t ion  c o n s t a n t  = (k~ + k~) /kx 

[Ao] is r e l a t ed  to  t h e  l i gh t  a b s o r p t i o n  of t h e  s y s t e m  by :  

[£] = ,oi  

where  x0(sec ) = obse rved  l i fe t ime  of A ~ i n  t h e  absence  of 
B,  I e (e inste ins  1 -x sec -~) =_ l i g h t  a b s o r b e d  b y  [.do]. 

Since v is a f u n c t i o n  of t he  t y p e  y = ax/(bx + c), a p lo t  of 
r a t e  a g a i n s t  r e a c t a n t  c o n c e n t r a t i o n  [B]  will give a h y p e r -  
bol ic  c u r v e  (Figure  la ) .  T h e  l i m i t i n g  r a t e  w h i c h  t h e  
f u n c t i o n  a p p r o a c h e s  as  [B]  increases  is g i v e n  b y  vm~ = k~ 

[AL]. 
T h e  h y p e r b o l i c  d e p e n d e n c e  of r a t e  on  r e a c t a n t  concen-  

t r a t i o n  is a f ami l i a r  f ea tu re  of h e t e r o g e n e o u s  c a t a l y t i c  
r eac t i ons  w h i c h  fol low t h e  s imple  LA~qGMUIR i so the rm.  
(A s imi la r  k ine t i c  fo rm is, in  f ac t  de r ivab le  f rom LINDE- 
MANN'S t h e o r y  1,~ in  t h e  specia l  case of a u n i m o l e c u l a r  
reac t ion . )  T h e  p r e s e n t  t r e a t m e n t  shows  t h a t  h o m o g e n e o u s  
p h o t o s e n s i t i z e d  r eac t i ons  w h i c h  i nvo l ve  a s t e a d y  s t a t e  
c o m p l e x  m a y  confo rm to  s imi la r  k inet ics .  I n  t h e  s imples t  
case t h e  r e a c t i o n  r a t e  shou ld  rise to  a l im i t i ng  va lue  as 
f h e  r e a c t a n t  c o n c e n t r a t i o n  is increased .  A h y p e r b o l i c  
fo rm of t h e  r a t e  f u n c t i o n  i nd i ca t e s  a n  in i t i a l  f i r s t  o rde r  
process  w h i c h  a p p r o a c h e s  zero o rde r  k ine t i c s  a t  h i g h e r  
r e a c t a n t  c o n c e n t r a t i o n s .  Cer ta in  h o m o g e n e o u s  gas  p h a s e  
r eac t i ons  p h o t o s e n s i t i z e d  b y  m e r c u r y  v a p o u r  b e h a v e  in  
t h i s  w a y  s-~. E x p e r i m e n t a l  ev idence  s u p p o r t s  ou r  t h e o r y  
t h a t ,  in  t he se  cases, exc i ted  p h o t o s e n s i t i z e r  a n d  r e a c t a n t  
species a re  in  e q u i l i b r i u m  w i t h  a s t a t i o n a r y  com pl ex  ~-~. 

Kinetic Character i s t ics  

Simi la r  k ine t i c  cha r ac t e r i s t i c s  h a v e  been  found  in 
c e r t a i n  pho to sens i t i z ed  r eac t i ons  in so lu t ion .  Typ i ca l  of 
these  are  t he  p h o t o c h e m i c a l  d e c o m p o s i t i o n  of iodine  in 
t he  p resence  of d iazoace t ic  es te r  ~°, a n d  t h e  p h o t o -  
sens i t ized  o x i d a t i o n  of a m i n o  acids b y  exc i t ed  f l av ines  n,l~. 
In  t h e  case  ol  exc i ted  I t av ine  sys tems ,  ev idence  i nd i ca t e s  
t h a t  f l av ine  complexes  are p r o b a b l y  i n v o l v e d  13. 

Fluorescence quenching. F o r  f luorescence q u e n c h i n g  of 

f f  b y  t h e  q u e n c h i n g  species B we h a v e :  

kx . 
~ +  B T - ~ A B - - + A  + 

k~ ka 

A ~-- exc i t ed  (singlet) A,  . ~ B  -- exc i t ed  complex ,  /~ = ex- 
c i ted  B.  As before,  for s t e a d y  s t a t e  cond i t i ons :  

[ 2 B ]  = [A'.] EBI 
[B]  + (k~ + ~)/k~ 

T h e  e x p e r i m e n t a l l y  obse rved  overa l l  r a t e  c o n s t a n t  k e in  
t h e  s t e a d y  s t a t e  is 

k e = ks kl/(k2 + k3) 

If  t h e  STERN-VoLMEg e q u a t i o n  is fo l lowed:  

(zo/x) - 1 = K [B]  = k, ~o [B]  

I 0--  f luorescence  i n t e n s i t y  in absence  of quenche r ,  
I = f l u o r e s c e n c e  i n t e n s i t y  in  p resence  of quenche r ,  
/~ ~ STERN-VOLMER c o n s t a n t ,  % ---- m e a n  f luo rescen t  life- 

t i m e  of A,  we m a y  t h e n  wr i t e  

I° 1 = ks kl  
I k - j 4 - ~  "° [B]  

I f  t h e r m a l  e n e r g y  E is n e e d e d  for  d i s soc ia t ion  of t h e  

c o m p l e x  i n to  ~ a n d  B (for e x a m p l e  b y  t r i p l e t  to  s ing le t  
a c t i va t i on )  we ge t  14: 

I°  1 = k,  k t % [B]  
t k z e x p  ( - E / R  T) + k~ 

T h e  q u e n c h i n g  c o n s t a n t  will  t he re fo re  t e n d  to  decrease  
w i t h  rise in  t e m p e r a t u r e ,  in  those  cases whe re  t h e  E of 
k2 is p r e d o m i n a n t  14. 
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W h e n  the  quench ing  process  is diffusion control led  

__/o - -  1 "~ k t %  [ B ]  
I 

a n d  the  m a g n i t u d e  of k~ m a y  be ca lcula ted  f rom the  
diffusion equa t ion  ~ - ~ :  

k ~ =  4 ~ D R N P x  10 -~ 

where  R = sum of radi i  of A and  ]3, D _~ the  di f fus ional  
c o n s t a n t  = k T/(6~z ~) (t/y,t + 1/TB), ~ -- viscosi ty ,  P --  
p robab i l i t y  f ac to r  and  ~a Ye are radi i  of A and  B. I f  
h o w e v e r  k ,  ~ k~ 

k~ k x I~° - -  1 . . . . . . . . . .  z0  [ B ]  = h~ K$B z 0 [ B ]  
I k, 

where  K~B = [ .~B] / ( [~]  [B]). 
Inhibi t ion o/photosensitized reaction. Consider  a pho to -  

sensi t ized process  in which  an unreac t ive  t e r n a r y  complex  
A B~ is fo rmed  : 

* . ,  lq 
~ + B - - - >  /i  o - - +  C ~_ ...... + 

B 

AB~  

S t e a d y  s ta te  t r e a t m e n t  gives:  

C* 

[B]~ + K~ [B] + K~ K .  

where  KD, K t  are respec t ive  s t e a d y  s t a t e  dissocia t ion 

c o n s t a n t s  of ~ B  a n d  A B v 
Then  v (measured  r a t e  of react ion)  

= k~ Kz  [A~] [B]/ ([B]  ~ + K I  [B] + K~ KD) 

since th i s  func t ion  has  t he  fo rm y = a x / ( x z +  bx + c) 
a p lo t  of ra te  aga ins t  r e a c t a n t  concen t r a t ion  will pass  
t h r o u g h  a charac te r i s t i c  m a x i m u m  (Figure).  This  is 
analogous  to the HINSHELWOOD-LANGMUIR case in he te ro-  
geneous catalysis .  Homogeneous  pho tosens i t i zed  reac t ions  
in which  t e r n a r y  complexes  are fo rmed should there fore  
conform to s imilar  kinetics,  wi th  inhibi t ion a t  increas ing 
r e a c t a n t  concen t ra t ions .  Several  cases of th i s  h a v e  been  
descr ibed  ~a-a*, b u t  no sa t i s fac to ry  exp l ana t i on  of the  
p h e n o m e n o n  has  been  avai lable  h i the r to .  Pho tosens i t i zed  
reac t ions  of u n s a t u r a t e d  c o m p o u n d s  in par t i cu la r  o f ten  
d i sp lay  th is  behav iour  ~-~-~s. The  fo rma t ion  of d imers  (B2) 
occurs s igni f icant ly  in these  circumstances~7-2o. 

Nature o/the steady state complex. The  express ions  which  
we h a v e  der ived  for pho tosens i t i zed  processes  are based  
on  t h e  hypo thes i s  t h a t  an  ac tua l  comp lex  is fo rmed  be- 

tween  the  species A and  B. We  assume  t h a t  t he  comple x  
arises b y  in te rac t ion  of an  exc i ted  s t a te  of A wi th  t he  
g round  s t a t e  of B, p r o b a b l y  to  give a complex  of  t h e  

exc imer  t y p e  s0-a~. F o r m a t i o n  of t he  exc imer  z~B would  
t a k e  p lace  b y  d i f fus ion-cont ro l led  collision w i t h  pa r t i a t  

charge  t r ans fe r  f rom B to  exc i ted  ~ .  ' S t a t i c  in te rac t ion '  
be tween  g round  s ta tes  of A and  B to  give g round  s t a t e  
complexes  m a y  be neg lec ted  in t he  examples  cons idered  
here,  since t h e  absorp t ion  spec t ra  of A and  B in general  
are unaffec ted ,  and  cha rge - t r ans fe r  b a n d s  are ab sen t  a t  
no rma l  t empe ra tu r e s ,  in the  di lute  sy s t ems  cons idered  a~. 

The concep t  of t he  s t e ady  s t a te  complex  p r e sen t ed  in 
th is  pape r  provides  an  a l t e rna t ive  to  'coll isional encoun te r '  

t r e a t m e n t  ~. I t  enables  us to  regard  f luorescence quench-  

ing as an inc ip ient  e lec t ron t r ans fe r  f rom B to  A* which  
provides  t he  f i rs t  s tep  necessa ry  for pho tochemica l  re- 
ac t ion  b y  a r edox  process  ~,~s. This  would t end  to  be 
faci l i ta ted b y  p e r t u r b e d  t r ans i t ions  to a c o m m o n  t r ip le t  

° tl " x /  

V 
IOOmm 

PrgSSU~ 

(A) Quantum yield of mercury photosensitized hydrogen production 
from n-C~HIo at room temperature as a function of pressure 
(Cw~A~ovm"). (B, C) Quantum yield of mercury photosensitized 
hydrogen production from C2H 4 at 20 °C (B) and 0 °C (C) as a function 
of pressure (DARw~r~T2*). Inset. (a) Characteristic form of the graph 
of the function y = a x/(b x + c) (b) Characteristic form of y = a x/(x ~ 
+ b x + e ) .  
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level  w i t h i n  t h e  complex ,  y ie ld ing  t he  r eac t ive  t r i p l e t  
s t a t e  of B b y  dissocia t ion .  

F r o m  a t h e r m o d y n a m i c  p o i n t  of v iew i t  is c e r t a i n l y  
c o n v e n i e n t  to  e m p l o y  a s t e a d y  s t a t e  c o n s t a n t  r e l a t ed  to  
t he  c o n s t a n t  of q u e n c h i n g ,  as an  a l t e r n a t i v e  to  t he  more  
c o n v e n t i o n a l  use of col l is ional  cross sections3~,3L T h e  
t r a n s f e r  of e x c i t a t i o n  e n e r g y  b e t w e e n  d i f f e ren t  e n e r g y  
levels  of t h e  s y s t e m  is t h e n  c a p a b l e  of c lea re r  de f in i t ion  ss. 
I n  pa r t i cu l a r ,  t h e  p r o b a b i l i t y  t e r m  P in t h e  di f fus ion-  
e n c o u n t e r  t r e a t m e n t  m a y  be  co r r e l a t ed  w i t h  t r a n s i t i o n s  
b e t w e e n  a v a i l a b l e  exc i t ed  levels  in A a n d  B 2~ F ina l ly ,  
t h e  c o n c e p t  p rov ides  a n  i n t e r e s t i n g  a n a l o g y  b e t w e e n  
p h o t o e x c i t e d  s y s t e m s  a n d  e n z y m e  s y s t e m s  where  t h e  
h y p o t h e s i s  of t h e  s t e a d y  s t a t e  'MICHAELIS c o m p l e x '  39 h a s  
p r o v e d  so f ru i t fuD °m.  

Zusammen/assung. Die K i n e t i k  h o m o g e n e r  P h o t o r e a k -  
t ionen ,  we lche  f iber  e inen  E x c i m e r - K o m p l e x  ver laufen ,  
wi rd  u n t e r s u c h t .  E s  e rg ib t  sich, dass  in  I ) b e r e i n s t i m m u n g  

m i t  zah l r e i chen  13eobach tungen  eine K o n z e n t r a t i o n s -  
abh~.ngigkei t  ~hn l ich  de r  v o n  LANGMUIR-HINSHELWOOD 
ffir die h e t e r o g e n e  K a t a l y s e  abge l e i t e t en  zu e r w a r t e n  ist. 

J .  H.  TURNBULL 

Applied Chemistry Branch, Department o[ Chemistry and 
Metallurgy, Royal Military College o/Science, 
Shrivenham (Berks., England), 2 August 1967. 

*~ K. J. LAIDLER, J. chem. Phys. 10, 42 (1942). 
~7 R. G. W. NORRIStl and W. SMITH, Proc. R. Soc. A t76, 295 (1940). 
~s j .  FRANCK and H. LEw, Z. phys. Chem. B 27, 409 (1935). 
39 G. E. BRINGS and J. B, S. HAt.DANE, Biochem J. 19, 383 (1925). 
40 j .  H. TVRNBULL, Experientia 20, 113 (1964). 
41 I am indebted to Dr. E. J. BOWES, and to a referee of Experientia 

for helpful criticism. 

C o m b i n e d  A c t i o n  o f  Rous  S a r c o m a  Virus  and C h e m i c a l  C a r c i n o g e n  in Rat s  

T h e  c o m b i n e d  ef fec t  of oncogenic  v i ruses  a n d  chemica l  
ca rc inogens  ha s  been  e x t e n s i v e l y  s tud ied  in r e c e n t  yea r s  
(for rev iew see DURAN-I~EYNALS 1, a n d  SALAMAN a n d  
R o w  2). T h e  poss ib i l i t i es  w i t h  t h e  c o m b i n e d  ac t ion  c a n  be  
s u m m a r i z e d  as :  (1) e n h a n c e m e n t  of t he  oncogen ic  ef fec t  
of t h e  v i r u s ;  (2) e n h a n c e d  oncogenic  effect  of t h e  c h e m i c a l  
c a r c inogen ;  (3) s imple  a d d i t i v e  effect  of t h e  2 agen ts .  

T h e  f i r s t  a l t e r n a t i v e  was  m o s t  o f t en  o b s e r v e d :  v i r a l  
t u m o u r s  a p p e a r e d  ear l ie r  a n d / o r  in  g r ea t e r  n u m b e r ,  grew 
m o r e  r a p i d l y  or  pe rs i s t ed  for  a longer  t i m e  in  ca rc inogen-  
t r e a t e d  a n i m a l s  t h a n  in  t h e  con t ro l s  w h i c h  h a d  o n l y  b e e n  
t r e a t e d  w i t h  virus .  E n h a n c e d  ef fec t  of t h e  chemica l  
ca r c inogen  b y  v i rus  h a s  r a r e ly  b e e n  obse rved .  

F e w  inves t i ga t i ons  h a v e  been  ca r r i ed  o u t  on  t h e  effect  
of IZous s a r c o m a  v i rus  (RSV)  in a n i m a l s  t r e a t e d  w i t h  
chemica l  carc inogens .  CARR a inj ec ted  m e t h y l c h o l a n t h r e n e  
a n d  R S V  in to  ch i ckens  be long ing  t o  a s t r a i n  of low v i r a l  
suscep t ib i l i ty .  Smal l  t u m o u r s  a p p e a r e d  in t h e  b r e a s t  
musc les  a t  t he  si te  of v i rus  inocu la t ion ,  whe reas  a large  
swell ing deve loped  in  t h e  m e t h y l c h o l a n t h r e n e - i n j e c t e d  
leg. T h e  swel l ing s lowly subs ided  a n d  t u m o u r s  subse-  
q u e n t l y  a p p e a r e d  in  va r ious  p a r t s  of t h e  leg, wh ich  were  
h i s to log ica l ly  i nd i s t i ngu i shab l e  f rom those  i nduced  b y  t h e  
RSV.  I n  y o u n g  r a b b i t s  i .v. ~RSV h a s  been  s h o w n  to  
localize to  t h e  s i te  of i .m. i n j ec t ed  h y d r o c a r b o n s ,  p r o d u c i n g  
f i b r o m a t o u s  nodules*.  I n  a d d i t i o n  m a n y  r a b b i t s  showed  
nodu les  in  t h e  lungs  a n d  l iver,  occas iona l ly  also in t he  
sp leen  a n d  k idneys .  T h e  nodu les  were l a rger  a n d  more  
n u m e r o u s  t h a n  in  r a b b i t s  n o t  t r e a t e d  w i t h  h y d r o c a r b o n .  

T h e  p r e s e n t  e x p e r i m e n t s  were  ca r r ied  o u t  to  i n v e s t i g a t e  
t h e  ef fec t  of i .v.  R S V  in ra ts ,  wh ich  h a d  b e e n  i n j ec t ed  
i .m. w i t h  a ca rc inogen ic  h y d r o c a r b o n .  

T h e  R o u s  v i r u s  wa s  of t h e  s t r a i n  S c h m i d t - R u p p i n  
( R S V - S R )  w h i c h  is ab le  to  i n d u c e  t u r n o u t s  in  a w ide  
v a r i e t y  of m a m m a l s  as well  as  in  b i rd s  5. Poo l s  of cell-free 
v i ru s  suspens ion  were  p r e p a r e d  f rom r ap i d l y  g rowing  
t u m o u r s  i nduced  in  t h e  chicken.  To do  t h i s  f ine ly  m i n c e d  
ch i cken  s a r c o m a  was  s u s p e n d e d  1 : 5  in  H a n k ' s  so lu t ion  
w i t h  an t i b io t i c s  a n d  h o m o g e n i z e d  for 5 ra in  in  a n  U l t r a -  
t h u r r a x  h o m o g e n i z e r  (24,000 rpm)  in t h e  cold;  t h e  sus- 
p e n s i o n  was  t h e n  cen t r i f uged  for  30 ra in  a t  3000 g. T h e  
s u p e r n a t a n t  was  p i p e t t e d  off a n d  s to red  a t  -- 70 °C. Two 

pools  were used in t h e  e x p e r i m e n t s .  The  t i t e r  of t h e  v i rus  
was  1.5-2.4 × 10 ~ F F U / m l  t e s t ed  on  m o n o l a y e r s  of ch i ck  
f ibroblas t s .  T h e  r a t s  were w h i t e  ones,  k e p t  as  a c losed 
co lony  for  m a n y  yea r s  a t  t he  i n s t i t u t e .  7, 12 -Dime thy l -  
b e n z ( a ) a n t h r a c e n e  (DMBA) d isso lved  in a r a c h i s  oil or  
t r i o c t a n o i n e  was  used  as  a ca rc inogen .  

One  m g  D M B A  was  i n j ec t ed  i .m. i n to  t h e  lef t  t h i g h  of 
41 ra t s ,  2 weeks  of age. 10-12 d a y s  la ter ,  28 of t he  r a t s  
were  g iven  1 m t  of t h e  v i rus  pool  i .v.  v i a  one  of t h e  ta i l  
ve ins .  T h e  s ame  a m o u n t  of v i rus  was  i n j ec t ed  i n to  16 r a t s  
of t h e  s a m e  age w h i c h  h a d  n o t  b e e n  t r e a t e d  w i t h  t h e  
ca rc inogen .  The  r a t s  were  e x a m i n e d  once  a week  for  
4 m o n t h s  a n d  t h e n  killed. 

No t u r n o u t s  were  o b s e r v e d  in a n y  of the  r a t s  w h i c h  h a d  
b e e n  g i v e n  t he  v i rus  alone,  n o r  d id  t h e y  show a n y  
h e m o r r h a g i c  cys ts  in  t he  l y m p h  nodes  wh ich  is a c o m m o n  
f ind ing  w h e n  R S V - S R  is i nocu la t ed  i n to  n e w - b o r n  ra ts .  

Seven  of t h e  13 r a t s  wh ich  h a d  been  in j ec t ed  w i t h  
D M B A  a n d  h a d  no t  h a d  a n y  f u r t h e r  t r e a t m e n t ,  deve loped  
a t u m o u r  a t  fl~e si te  of in jec t ion .  The  f i rs t  t u m o u r  
a p p e a r e d  a p p r o x i m a t e l y  12 weeks  a f t e r  t h e  i n j ec t i on  a n d  
h a d  o f t en  r eached  a cons ide rab le  size b y  t h e  t i m e  t h e  
r a t s  were  sacrif iced.  A few of t he  t u m o u r s  h a d  p r o d u c e d  
u l ce ra t i on  of t h e  ove r ly ing  skin.  T h e y  h a d  t h e  h i s to -  
logical  a p p e a r a n c e  of va r i ous  t y p e s  of s a r c o m a s :  sp ind le  
cell s a rcomas ,  p o l y m o r p h o u s  cell s a rcomas ,  m y o s a r c o m a s  
a n d  a n a p l a s t i c  sa rcomas .  No m e t a s t a s e s  were  seen in a n y  
of t h e  i n t e r n a l  o r g a n s  or  in  t he  l y m p h  nodes.  

F i f t e en  of t h e  28 r a t s  t h a t  h a d  been  exposed  to  t he  
c o m b i n e d  effect  of D M B A  a n d  R S V - S R  deve loped  
t u m o u r s  in  t h e  lef t  t h i g h  a t  t h e  s i te  of t h e  i n j ec t ed  h y d r o -  
ca rbon .  T h e  t u m o u r s  a p p e a r e d  a t  a b o u t  t h e  s a m e  t i m e  
as  in  t h e  r a t s  t r e a t e d  w i t h  D M B A  a lone  a n d  were  of t h e  
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