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ENERGY CONVERSION V I A  PIGMENTED 

BILAYER LIPID MEMBRANES 

H. T i  T ien  
B i o p h y s i c s  Department 

Michigan S t a t e  U n i v e r s i t y  
East Lans ing ,  Michigan 48824 

ABSTRACT 

One approach  t o  t h e  problem o f  u n d e r s t a n d i n g  p h o t o s y n t h e s i s  
quantum c o n v e r s i o n  i s  t o  i n v e s t i g a t e  t h e  manner i n  which t h e  thy-  
l a k o i d  membrane of t h e  c h l o r o p l a s t  a c h i e v e s  many of i t s  physio-  
chemica l  p r o c e s s e s .  I d e a l l y ,  a g r e a t  d e a l  o f  i n f o r m a t i o n  may b e  
o b t a i n e d  from e lec t r ica l  measurements i n  t h e  d a r k  and i n  t h e  
l i g h t .  This p r o c e d u r e  e n t a i l s  t h e  p l a c i n g  o f  e l e c t r o d e s  a c r o s s  
t h e  membrane, much a s  h a s  been done f o r  t h e  n e r v e  membrane of 
axons.  However, such  a n  approach  i s  n o t  y e t  f e a s i b l e  f o r  most 
p h o t o a c t i v e  membranes owing t o  t h e i r  t i n y  s i z e .  An a l t e r n a t i v e  
approach  is t o  i n v e s t i g a t e  e x p e r i m e n t a l  pigmented b i l a y e r  l i p i d  
membranes (BLM), which a r e  v e r y  s u i t e d  f o r  s t u d y i n g  l i g h t  t r a n s -  
d u c t i o n  and l i g h t - i n i t i a t e d  r e d o x  r e a c t i o n s .  

T h i s  p a p e r  w i l l  d i s c u s s  c e r t a i n  p h o t o e f f e c t s  obse rved  i n  
pigmented BLM i n  terms s imilar  t o  t h o s e  t h a t  o c c u r  a t  s emiconduc to r1  
metal i n t e r f a c e s  ( S c h o t t k y  b a r r i e r s ) .  The pigmented BLM s e p a r a t -  
i n g  two aqueous s o l u t i o n s  behaves  as a b i p o l a r  e l e c t r o d e ,  i n t o  and 
from which e l e c t r o n s  and R o l e s  can  b e  t r a n s f e r r e d .  A l s o  owing t o  
i t s  u l t r a - t h i n n e s s  (<lo0 A ) ,  a v e r y  l a r g e  f i e l d  s t r e n g t h  c a n  b e  
deve loped  a c r o s s  t h e  BLM unde r  a small e l e c t r i c a l  b i a s .  Gene ra l  
p r i n c i p l e s  f o r  e l e c t r o n  t r a n s f e r  p r o c e s s e s  a c r o s s  t h e  B W  are 
d i s c u s s e d .  The c o n v e r s i o n  of l i g h t  i n t o  e lec t r ica l  a n d / o r  chemica l  
ene rgy  b y  pigmented BLM i s  demons t r a t ed ,  and p roposed  schemes 
f o r  t h e  u n d e r s t a n d i n g  of g r e e n  p l a n t  p h o t o s y n t h e s i s  v ia  t h e  thy-  
l a k o i d  membrane are d e s c r i b e d .  
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BIOLOGICAL MEMBRANES AND THE LIFE CYCLE 

TIEN 

The b i o e n e r g e t i c s  o f  l i f e  as w e  know i t  can  b e  d e s c r i b e d  i n  

v a r i o u s  ways. One way i s  shown i n  F ig .  1, i n  which t h e  phenomenon 

of l i f e  i s  i n t e r p r e t e d  i n  t e rms  of b i o l o g i c a l  membranes (1). 

F u n c t i o n a l l y ,  b i o l o g i c a l  membranes may be d i v i d e d  i n t o  f i v e  b a s i c  

t y p e s  as also i n d i c a t e d  i n  F ig .  1. The ma jo r  c o n s t i t u e n t s  of 

b i o l o g i c a l  membranes are l i p i d s ,  p r o t e i n s ,  and c a r b o h y d r a t e s .  Pig-  

ments c o n s t i t u t e  a s i g n i f i c a n t  minor  p o r t i o n  i n  c e r t a i n  l i g h t -  

ac t ivemembranes  such  as t h e  t h y l a k o i d  membrane o f  p h o t o s y n t h e s i s  

and t h e  v i s u a l  r e c e p t o r  membrane of v i s i o n .  The l i p i d s  of  b io -  

l o g i c a l  membrane, which compr i se  f rom 20% t o  80% of  t h e  d r y  w e i g h t ,  

a r e  most un ique  and  are  o r g a n i z e d  as a b i m o l e c u l a r  l e a f l e t .  T h i s  

is more commonly c a l l e d  a l i p i d  b i l a y e r .  S e v e r a l  l i n e s  o f  e v i d e n c e  

s u p p o r t  t h e  n o t i o n  t h a t  t h e  l i p i d  b i l a y e r  i s  t h e  key s t r u c t u r a l  

e lement  of a l l  b i o l o g i c a l  membranes, o n t o  which p r o t e i n s ,  carbohy-  

d r a t e s  and o t h e r  minor  c o n s t i t u e n t s  are l o c a t e d .  These a r e  r e -  

s p o n s i b l e  f o r  a h o s t  o f  f u n c t i o n s .  I n  t h e  case o f  t h e  t h y l a k o i d  

membrane t h e  p r i m a r y  f u n c t i o n  i s  t h e  c o n v e r s i o n  of t h e  e l e c t r o -  

magne t i c  r a d i a t i o n  o f  s u n l i g h t ,  as we s h a l l  d e s c r i b e  i n  more 

d e t a i l  i n  t h i s  pape r .  

Most membrane l i p i d s  are a m p h i p a t h i c  and  t h e i r  un ique  p o s i -  

t i o n  i n  chemica l  e v o l u t i o n  h a s  been  r e c o g n i z e d  (2-5).  S e v e r a l  

i n v e s t i g a t o r s  p roposed  ways i n  which b i l a y e r  l i p i d  membranes and 

v e s i c l e s  c o u l d  form i n  n a t u r e  (1, 2 ,  6 ) .  It  h a s  been  s u g g e s t e d  

t h a t ,  by a p r o c e s s  of  s e l e c t i v e  a b s o r p t i o n  of p h o t o a c t i v e  p ig -  

ments such  a s  c h l o r o p h y l l s ,  t h e s e  v e s i c l e s  c o u l d  b e  t r ans fo rmed  

i n t o  p r i m i t i v e  quantum c o n v e r t e r s  (1). Conversion of l i g h t  by 

a r t i f i c i a l  pigmented b i l a y e r  l i p i d  membranes i n t o  e l e c t r i c a l  and /  

o r  chemica l  ene rgy  l e n d s  c r e d e n c e  t o  t h e s e  s p e c u l a t i o n s .  Fur- 

t h e r ,  a r t i f i c i a l  membrane sys t ems  a r e  u s e f u l  i n  c h e c k i n g  proposed 

pho tochemica l  mechanisms i n  b i o l o g i c a l  membranes. T h e r e f o r e ,  t h e  

ma jo r  p a r t  o f  t h i s  p a p e r  i s  devo ted  t o  a d i s c u s s i o n  of ene rgy  con- 

v e r s i o n  by pigmented b i l a y e r  l i p i d  membranes. B e f o r e  g o i n g  i n t o  

t h e  s p e c i f i c s  of pho toene rgy  c o n v e r s i o n  by pigmented membranes, 
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BIOCOMPOUNDS AND THE LIFE CYCLE 
LIPIDS 

(Phospholipids, Sterols, etc) 

i I BIMOLECULAR LIPID LEAFLET 1 
Proteins 
Carbohydrates 

BASIC LIPID BILAYER STRUCTURE 

+-l CHLOROPLAST I M I T O C H O N D R I O N  I 

F i g u r e  1. The l i f e  c y c l e  i n  terms of t h e  t h y l a k o i d  membrane 
o f  t h e  c h l o r o p l a s t  and t h e  c r i s tae  membrane of t h e  mitochondrion.  
The l i f e  c y c l e  c o n s i s t s  of  two coupled r e a c t i o n s  of p h o t o s y n t h e s i s  
and r e s p i r a t i o n ,  i n  which t h e  products  genera ted  by t h e  former i s  
consumed by t h e  l a t t e r ,  r e s p e c t i v e l y .  To s u s t a i n  t h e s e  coupled 
r e a c t i o n s  a high p o t e n t i a l  source  ( s o l a r  energy)  and a low po- 
t e n t i a l  s i n k  ( h e a t )  are necessary .  The energy t ransduced  by t h e  
system r a t h e r  than  t h e  energy i t s e l f  i s  s t r e s s e d .  
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an  ove rv iew o f  t h e  l i f e  c y c l e  is  g i v e n  t o  comple t e  t h i s  i n t r o -  

d u c t i o n .  

The l i f e  c y c l e ,  as we know i t ,  i s  d r i v e n  d i r e c t l y  by s o l a r  

ene rgy .  T h i s  i s  r e p r e s e n t e d  by a n  i n f i n i t y  s i g n  shown a t  t h e  

hot tom o f  F i g .  1. The two b a s i c  p r o c e s s e s  of  l i f e  a r e  photo-  

s y n t h e s i s  and r e s p i r a t i o n ,  which are  c a r r i e d  o u t  by t h e  t h y l a k o i d  

membrane i n  t h e  c h l o r o p l a s t  and t h e  c r i s t a e  membrane i n  t h e  mito-  

chondr ion ,  r e s p e c t i v e l y  (1). The two coup led  c y c l e s  d e p i c t  a 

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

f e a t u r e  of t h i s  s y s t e m  i s  t h a t  i t  r e p r e s e n t s  a s t e a d y - s t a t e  

b r o u g h t  a b o u t  by the f l o w  o f  ene rgy  from a h i g h  p o t e n t i a l  s o u r c e  

( s u n l i g h t )  t o  a low p o t e n t i a l  s i n k  ( h e a t ) .  I t  s h o u l d  be n o t e d  

t h a t  it is n o t  t h e  e n e r g y  i t s e l f  t h a t  makes l i f e  p o s s i b l e ,  b u t  

t h e  f l o w  o f  e n e r g y  t h r o u g h  t h e  ene rgy  t r a n s d u c i n g  membranes o f  

t h e  s y s t e m  ( 7 ) .  Thus,  o u r  f i r s t  t a s k  i s  t o  u n d e r s t a n d  how e n e r g y ,  

i n  t h e  form o f  e l e c t r o m a g n e t i c  r a d i a t i o n ,  is t r a n s d u c e d  i n t o  t h e  

e l e c t r i c a l  a n d / o r  c h e m i c a l  e n e r g y  t h a t  fuels t h e  l i f e  c y c l e  a s  we  

know i t .  

PHOTOSYNTHESIS IN V I V O  

The o v e r a l l  p r o c e s s  of p l a n t  and a l g a l  p h o t o s y n t h e s i s  o c c u r s  

2 i n  two s t a g e s  r e q u i r i n g  a t o t a l  o f  e i g h t  pho tons  f o r  e a c h  CO 

molecu le  r educed  and O2 l i b e r a t e d  from two m o l e c u l e s  o f  water .  

accompl i sh  t h i s  t a s k  two pho tosys t ems  (PS-I and PS-11) a p p e a r  t o  

have evo lved  i n  n a t u r e  (8).  PS-I and PS-I1 a re  though t o  b e  

s p a t i a l l y  s e p a r a t e d  i n  t h e  t h y l a k o i d  membrane o f  t h e  c h l o r o p l a s t .  

Pho tons  a b s o r b e d  by  c h l o r o p h y l l s  and a s s e s s o r y  p igmen t s  d r i v e  

e l e c t r o n s  " u p h i l l "  f rom a r e d o x  p o t e n t i a l  o f  t h e  H20/02 c o u p l e  o f  

abou t  0.8 v o l t  t o  t h a t  o f  "X" a t  a b o u t  -0.6 v o l t ,  r e s u l t i n g  u l t i -  

m a t e l y  i n  t h e  r e d u c t i o n  of NADP+ t o  NADPH. 

l u s t r a t e s  s p e c u l a t i v e l y  t h e  s o - c a l l e d  "2" scheme o f  p h o t o s y n t h e s i s ,  

i n  which t h e  d i r e c t i o n  o f  e l e c t r o n  t r a n s p o r t  i s  a l s o  i n d i c a t e d .  

F r e e z e - e t c h i n g  e l e c t r o n  mic roscopy  h a s  p r o v i d e d  much e v i d e n c e  t h a t  

PS-I and PS-I1  are l o c a t e d  on o p p o s i t e  s i d e s  o f  t h e  t h y l a k o i d  mem- 

To 

F i g .  2 ( u p p e r )  il- 
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THYLAKOID MEMBRANE 

‘A+ /A- 

Aqueous 
Solution 

( + )  

PHOTOCATHODE 

EC B 
Aqueous I Solution 

% 
-- _--  E:: E’:-f--- E’C B 

E’g 
‘VB 

- E D + / D  
E’VB 

i P-type) (n-type) 
-PHOTOANODE 

F i g u r e  2.  Upper: Diagrammatic r e p r e s e n t a t i o n  of e l e c t r o n  
t r a n s f e r  and coupled r e a c t i o n s  i n  t h e  t h y l a k o i d  membrane of  t h e  
green  p l a n t .  
o p p o s i t e  s i tes  of membrane/solution i n t e r f a c e s .  
s i m p l i f i e d  e l e c t r o n  t r a n s f e r  pathway, where a n  e l e c t r o n  is donated 
by water t o  D (probably a manganese-containing p r o t e i n ) .  The en- 
t i r e  process  probably s tar ts  upon a b s o r p t i o n  of photons by P S I  and 
PSII ending wi th  t h e  r e d u c t i o n  of PJADJ?+ t o  NADPH ( A H ) .  
are t h e  s t i l l  u n i d e n t i f i e d  e l e c t r o n  a c c e p t o r s  a s s o c i a t e d  w i t h  P S I I  
and P S I ,  r e s p e c t i v e l y .  Note t h e  scheme permi ts  t h e  a b s o r p t i o n  of 
two photons p e r  e l e c t r o n  t r a n s p o r t e d  a c r o s s  t h e  membrane. Lower: 
Semiconductor hypothes is  of energy t r a n s d u c t i o n  by pigmented b i -  
l a y e r  l i p i d  membrane. The two photosystems of t h e  t h y l a k o i d  mem- 
brane a r e  t r a n s l a t e d  i n t o  a p-type and an n-type semiconductor .  
Under i l l u m i n a t i o n ,  r e d u c t i o n  t a k e s  p l a c e  on t h e  le f t -hand  s i d e  
(photocathode)  of t h e  membrane, w i t h  o x i d a t i o n  occur ing  on t h e  
r i g h t  s i d e  (photoanode). This  i s  s i m i l a r  t o  a push-pull d e v i c e  
o p e r a t i n g  i n  c o n c e r t .  

PSI  and P S I I  a r e  t h e  two photosystems l o c a t e d  on 
Also shown is  a 

Q and X 

See Figs .  4-6 and t e x t  for f u r t h e r  d e t a i l s .  
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brane w i t h  t h e  w a t e r - s p l i t t i n g  enzymes on t h e  i n t e r i o r  s u r f a c e  

( 9 ,  10) .  A s  a l r e a d y  mentioned, t h e  t h y l a k o i d  membrane b a s i c a l l y  

c o n s i s t s  of a l i p i d  b i l a y e r  wi th  p r o t e i n s  e i t h e r  embedded i n  

i t  o r  a s s o c i a t e d  w i t h  i ts  s u r f a c e .  A t  t h e  molecular  l e v e l ,  

c h l o r o p h y l l s  can e i t h e r  a s s o c i a t e  with p r o t e i n s  o r  d i s p e r s e  i n  

t h r :  l i p i d  b i l a y e r  w i t h  t h e  porptiyrin r i n g  o r i e n t e d  a t  a c e r t a i n  

angle  a t  the  i n t e r f a c e  (11) .  111 any e v e n t ,  i t  i s  t h i s  u l t r a t h i n  

pigmented l i p i d  h i l a y e r  s e p a r a t i n g  two aqueous s o l u t i o n s  t h a t  i s  

r c s p o n s i h l e  f o r  t h e  i n i t i a l  s t e p  i n  t h e  t r a n s d u c t i o n  of s o l a r  

energy. Iv’e w i l l  now review b r i e f l y  t h e  mechanisms t h a t  have been 

proposed to e x p l a i n  t h e  primary event  of quantum conversi-on i n  

photosynthes is .  

Photosynthes is  C ~ I L  be viewed a s  coupled redox r e a c t i o n s ;  

water  is  oxid ized  and c.arbon d i o x i d e  i s  reduced (Fig.  1). The 

d r i v i n g  fo rce  fo r  thci r e a c t i o n  i s ,  of (:r;urse, s o l a r  r a d i a t i o n  

mediated by chloropliy: 1 .  Van N i e l  ( 1 2 )  Firs t  proposed t h i s  

i d e a  i n  ternis of t h e  o x i d a n t  (OH) and reducrant  ( H ) .  In terms 

o f  s o l i d - s t a t e  p h y s i c s ,  t h e s e  e n t i  ties are posi ti.ve hol-es and 

n e g a t i v e  e l e c t r o n s  (1.3). If one assume:; t h a t  c h l o r o p h y l l s  a r e  

i n  an u l t r a t h i n  l i q u i d - c r y s t a l l i n e - l i k e  l i p i d  b i l a y e r  (11, 1 4 ) ,  

absorp t ion  o f  l i g h t  e x c i t e s  an el .ectron t o  tlie conduct ion band 

and l e a v e s  a h o l e  i n  tlie va lence  band. According t o  E. Katz 

(13), e l e c t r o n s  and i ioles  a r e  f r e e  t o  move around t o  e f f e c t  re -  

duc t ion  and o x i d a t i o n ,  r e s p e c t i v e l y .  I n  o t h e r  words, c h l o r o p h y l l  

aggrega te  o r  c h l o r o p h y l l  d i s p e r s e d  i n  a l i p i d  b i l a y e r  a c t s  as 

a semiconductor ,  The photogenerated e l e c t r o n  carr be t r a n s f e r r e d  

t o  nn e l e c t r o n  a c c e p t o r .  S i m i l a r l y ,  t h e  photogenerated h o l e  

can be combined w i t h  an e l e c t r o n  donor. That c h l o r o p h v l l s  and 

and t h e i r  h o s t ,  t h e  c h l o r o p l a s t ,  behave as a semiconductor  has 

Icng been suggested by inany a u t h o r s  includi .ng Arnold and Sher- 

wood (11,  1 3 ,  1 5 ) .  Recent ly ,  owing t o  t h e  i n t e r e s t  i n  semi- 

conductor  e lec t rochemica l .  p h o t o c e l l s  f o r  s o l a r  energy convcr-  

sion (1.6) , p a r a l l e l s  between n a t u r a l  photosynthes is  and semi- 

conductor  p h o t o e l e c t r o l y s i s  have been noted (1, 11, 1 7 ,  18).  
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PIGMENTED BILAYER LIPID MEMBRANES 1041 

It seems t h a t  i n  n a t u r a l  p h o t o s y n t h e s i s  t h e  advan tage  o f  hav ing  

a membrane s e p a r a t i n g  two aqueous s o l u t i o n s  i s  two-fold: ( i )  

t h e  membrane, b e s i d e s  p r o v i d i n g  a p p r o p r i a t e  environment f o r  

t h e  pigments ,  s e r v e s  as a b a r r i e r  t o  p r e v e n t  t h e  o c c u r r e n c e  

of back  r e a c t i o n s  o f  t h e  pho toproduc t s ,  and ( i i )  w i t h  t h e  p ig -  

ments ( o r  photosystems)  l o c a t e d  i n  d i f f e r e n t  p a r t s  of t h e  mem- 

b rane ,  t h e  a b s o r p t i o n  of  two photons f o r  each  e l e c t r o n / h o l e  

p a i r  g e n e r a t e d  i s  p o s s i b l e ,  t h e r e b y  p r o v i d i n g  a mechanism by 

which t h e  energy of  photons can be upgraded. F ig .  2 shows a 

h i g h l y  schemat i c  view of t h e  t h y l a k o i d  membrane i n  terms of  

t h e  two photosystems,  r edox  r e a c t i o n s  and e l e c t r o n  t r a n s f e r .  

ARTIFICIAL PHOTOSYNTHESIS 

I f  t h e  semiconductor  model of p h o t o s y n t h e s i s  o u t l i n e d  i n  

t h e  p reced ing  s e c t i o n  i s  of any r e l e v a n c e  t o  t h e  c o n v e r s i o n  o f  

s u n l i g h t  i n t o  e l e c t r i c a l / c h e m i c a l  energy by g reen  p l a n t s ,  ex- 

p e r i m e n t a l  tests are o b v i o u s l y  i n  o r d e r .  There are a t  l e a s t  

two approaches.  F i r s t ,  t h e  most d i r e c t  k i n d  of  expe r imen t s  

would be  by p l a c i n g  a p a i r  o f  m i c r o e l e c t r o d e s  a c r o s s  t h e  

t h y l a k o i d  membrane and measuring i t s  e l e c t r i c a l  p r o p e r t i e s  b o t h  

i n  t h e  da rk  and unde r  i l l u m i n a t i o n .  Indeed,  t h e  minu teness  

and complex i ty  of t h e  t h y l a k o i d  n o t w i t h s t a n d i n g ,  Bulychev e t  

a l .  (19) have performed j u s t  such  a n  experiment  on g i a n t  ch lo -  

r o p l a s t s  of Peperomia m e t a l l i c a  and d e t e c t e d  a l i g h t - i n d u c e d  

p o t e n t i a l  d i f f e r e n c e .  

t h i s  i n t e r e s t i n g  f i n d i n g  as t o  whether  o r  n o t  a t r a n s t h y l a k o i d  

membrane p o t e n t i a l  w a s  measured, t h e  expe r imen t s  of  Rulychev 

e t  a l .  demons t r a t e  p r o v i s i o n a l l y  a t  l e a s t ,  t h a t  a p h o t o v o l t a i c  

e f f e c t  exis t  i n  t h e  c h l o r o p l a s t ,  as h a s  been obse rved  i n  a 

d i f f e r e n t  sys t em by L u t t a g e  and P a l l a g y  ( 2 0 ) .  

Although q u e s t i o n s  may b e  r a i s e d  abou t  

The second approach t o  s t u d i e s  of c h l o r o p l a s t  p h o t o s y n t h e s i s  

i s  t o  i n v e s t i g a t e  " r e c o n s t i t u t e d "  model sys t ems .  These i n c l u d e  

v a r i o u s  s o l u t i o n s  of c h l o r o p h y l l s  (21 ,  2 2 ) ,  pigment-coated 

e l e c t r o d e s  (23, 2 4 ) ,  c h l o r o p h y l l  monolayers (25 ,  25a ) ,  micelles 
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( 2 6 ,  27), pigmented b i l a y e r  l i p i d  membranes of  b o t h  p l a n a r  and 

s p l i e r i c a l  c o n f i g u a t i o n  (11, 28), and r e l a t e d  membrane s y s t e m s  

( 2 9 ,  30 ) .  

I n  l i g h t  o f  what  w e  know a b o u t  t h e  p h o t o s y n t h e t i c  t h y l a k o i d  

membrane d i s c u s s e d  i n  t h e  I n t r o d u c t i o n ,  i t  i s  e v i d e n t  t h a t  p l a n a r  

b i l a v e r  l i p i d  membranes (BLM) and s p h e r i c a l  b i l a y e r  l i p i d  mem- 

b r a n e s  ( l i p o s o m e s )  are  t h e  n e a r e s t  model s y s t e m s  w i t h  which t o  

i n v e s t i g a t e  e n e r g y  c o n v e r s i o n  p r o c e s s e s  and r e d o x  r e a c t i o n s .  In  

t h e  f o l l o w i n g ,  pigmented l i p o s o m e s  and BLM w i l l  b e  d e s c r i b e d  

under  s e p a r a t e  h e a d i n g s .  In p a r t i c u l a r ,  I s h a l l  d i s c u s s  some 

r c c e n t  r e s u l t s  and i d e a s  from o u r  l a b o r a t o r y  on  t h e  BLM sys t em.  

A. P h o t o a c t i v e  Liposomes 

Liposomes are  l i p i d  m i c r o v e s i c l e s  suspended  i n  a n  aqueous  

medium (31 ,  32 ) .  I n  t h i s  s y s t e m  a b i l a y e r  l i p i d  membrane o f  

s p h e r i c a l  c o n f i g u r a t i o n  e n c l o s e s  a volume of aqueous  s o l u t i o n .  

Thus ,  a l i posome  r e s e m b l e s  a " p r i m i t i v e "  c e l l  ( 1 ) .  S i n c e  t h e  

l i posomes  a r e  q u i t e  s t a b l e  and can  b e  e a s i l y  made i n  q u a n t i t y ,  

t h e y  are  i d e a l l y  s u i t e d  f o r  s t u d i e s  of p e r m e a b i l i t y ,  c o n v e n t i o n a l  

s p e c t r o s c o p y ,  r edox  r e a c t i o n s ,  and e n e r g y  c o n v e r s i o n .  The l i t e r -  

a t u r e  up t o  1978 on p h o t o a c t i v e  l i p o s o m e s  h a s  been  comprehensive-  

l y  summarized (11, 2 8 ) ,  so t h a t  o n l y  r e c e n t  work, d i r e c t l y  re- 

l a t e d  t o  t h e  t o p i c  unde r  c o n s i d e r a t i o n ,  w i l l  b e  d i s c u s s e d  h e r e .  

To mimic l i g h t - i n d u c e d  r e a c t i o n s  i n  t h e  t h y l a k o i d s  of c h l o -  

r o p l a s t s ,  w e  have formed c h l o r o p h y l l - c o n t a i n i n g  l i posomes  sep -  

a r a t i n g  two aqueous  s o l u t i o n s  i n  t h e  p r e s e n c e  of r e d o x  a g e n t s ,  

as  h a s  been  done w i t h  t h e  BLM. The e x p e r i m e n t s  w e r e  d e s i g n e d  

t o  t es t  t h e  p h o t o a s s i s t e d  decompos i t ion  of water. A Cla rk -  

t y p e  e l e c t r o d e  w a s  u sed  f o r  d e t e c t i n g  oxygen. N o  oxygen evo lu -  

t i o n  was o b s e r v e d  a f t e r  numerous a t t e m p t s  (33) .  However, o t h e r  

i n v e s t i g a t o r s  u s i n g  a s imilar  s y s t e m  have  r e p o r t e d  p h o t o s e n s i t i z e d  

oxygen e v o l u t i o n  ( 3 4 ) .  Toyoshima e t  a l .  p r e p a r e d  t h e i r  p ig -  

mented l i posomes  c o n t a i n i n g  0.1M p o t a s s i u m  f e r r i c y a n i d e  ( a H i l l  

r e a g e n t )  i n  t h e  i n s i d e  and o b s e r v e d  oxygen e v o l u t i o n  as mon i to red  

by a C l a r k  e l e c t r o d e ,  which i s  v e r y  s e n s i t i v e  t o  t e m p e r a t u r e  
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PIGMENTED BILAPER LIPID MEMBRANES 1043 

changes.  S i n c e  t h e  t e m p e r a t u r e  o f  t h e  r e a c t i o n  chamber employed 

by  t h e s e  worke r s  w a s  n o t  c o n t r o l l e d ,  t h e  r e s u l t s  o b t a i n e d  t h e r e -  

f o r e  were s u s p e c t .  The o t h e r  d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  

s y s t e m  i s  the l a b i l i t y  of  c h l o r o p h y l l  m o l e c u l e s ,  which are e a s i l y  

i r r e v e r s i b l y  b l e a c h e d  (35). I n  s p i t e  o f  these c o m p l i c a t i o n s ,  

K u r i h a r a  e t  a l .  (36)  have  r e c e n t l y  r e p o r t e d  photo- induced c h a r g e  

s e p a r a t i o n  i n  c h l o r o p h y l l - l i p o s o m e s  i n  which f e r r i c y a n i d e  i s  re- 

duced.  

In  view o f  t h e  above e x p e r i m e n t s  showing t h a t  s i m p l e  

c h l o r o p h y l l - c o n t a i n i n g  l i p o s o m e s  p r o b a b l y  d i d  n o t  g e n e r a t e  oxy- 

gen i n  t h e  l i g h t ,  w e  t r i e d  a d i f f e r e n t  approach  by i n c o r p o r a t i n g  

oxygen e v o l v i n g  complexes (OEC) i n t o  l i p o s o m e s  (37 ) .  The OEC 

u s e d ,  which a re  assumed t o  h e  p i g m e n t - p r o t e i n  complexes,  were 

o b t a i n e d  from s p i n a n c h  c h l o r o p l a s t s .  Our e x p e r i e n c e  w i t h  p i g -  

mented BLM h a s  shown t h a t  an i n t a c t  membrane s y s t e m  of h i g h  elec- 

t r i c a l  resistance is  a p r e - r e q u i s i t e  f o r  t he  g e n e r a t i o n  and  se- 

p a r a t i o n  o f  c h a r g e s  by l i g h t .  T h e r e f o r e  i t  would a l so  b e  o f  in- 

terest t o  d e m o n s t r a t e  t h a t  a s e a l e d  ( i n t a c t )  t h y l a k o i d  is 

n e c e s s a r y  f o r  oxygen e v o l u t i o n .  Fo r  t h e s e  p u r p o s e s ,  two k i n d s  

o f  e x p e r i m e n t s  w e r e  c a r r i e d  o u t :  ( i )  the  OEC w e r e  i n c o r p o r a t e d  

d i r e c t l y  i n t o  the l i p i d  b i l a y e r  i n  t h e  p r o c e s s  of l i posome  forma- 

t i o n ,  and ( i i )  t h e  OEC w e r e  added t o  pe r fo rmed  l iposomes  ( 3 7 ) .  

I n d e e d ,  w e  have  found t h a t  b r o k e n  t h y l a k o i d s  t h a t  c o n t a i n  OEC, 

when f u s e d  w i t h  p h o s p h a t i d y l  c h o l i n e  l i p o s o m e s ,  e v o l v e d  oxygen 

p r o f u s e l y .  A l so ,  i n c o r p o r a t i o n  of OEC i n t o  l i posomes  a p p a r e n t l y  

s t a b i l i z e d  t h e  OEC and  p r o l o n g e d  t h e  s y s t e m  t o  g e n e r a t e  oxygen. 

The o t h e r  r e c e n t  work o f  i n t e r e s t  r e l a t e d  t o  c h l o r o p h y l l -  

l i p o s o m e s  i s  t h e  e x p e r i m e n t  o f  F r a g a t a  (38),  who r e p o r t e d  t h e  

f l u o r e s c e n c e  of c h l o r o p h y l l  (Ch l )  c o n t a i n i n g  l i p o s o m e s  w i t h  and 

w i t h o u t  a l l - t r a n s - B - c a r o t e n e .  The quenched f l u o r e s c e n c e  of c h l o -  

r o p h y l l ,  o b s e r v e d  i n  t h e  B-carotene-l iposomes,  i s  i n t e r p r e t e d  

as the  consequence  o f  Chl-Chl i n t e r a c t i o n s  brough a b o u t  by B- 

c a r o t e n e .  The r e s u l t  may h e  e x p l a i n e d  by t h e  mechanism of con- 

c e n t r a t i o n  quench ing  ( 3 9 ) ,  i n  which e n e r g y  m i g r a t i o n  between Chl 
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molecu le s  p r o c e e d s  by a F o r s t e r  hopp ing  mechanism and ,  when i n  

c l o s e  p r o x i m i t y  Ch1-Ch1 i n t e r a c t i o n s  o c c u r  t h e r e b y  l e a d i n g  t o  

quench ing .  I f  s o ,  t h e  Chl  m o l e c u l e s  i n  t h e  t h y l a k o i d  membrane 

a r e  p r o b a h l y  n o t  s i m p l y  d i s s o l v e d  i n  t h e  l i p i d  b i l a y e r  b u t  

bound i n  C h l - p r o t e i n  complexes ( 9 )  i n  o r d e r  t o  r e d u c e  u n d e s i r e d  

C h l - C h l  i n t e r a c t i o n s .  

The l a b i l i t y  of Chl  t o  p h o t o o x i d a t i o n  h a s  been  known f o r  

man17 y e a r s ,  t h e  o r d e r  of  which i s  o r g a n i c  s o l v e n t s  < l i p o s o m e s <  

t h v l a k o i d s  (ll), b e i n g  least  s t a b l e  i n  o r g a n i c  s o l v e n t s .  There-  

fore, a number o f  i n v e s t i g a t o r s  (40)  have formed p h o t o a c t i v e  

l i posomes  t h a t  c o n t a i n  a s t a b l e  dye s u c h  as t r i s  ( 2 , Z ' - b i p y r i d i n e )  

ru then ium (11) i n s t e a d ,  and have  r e p o r t e d  l i g h t - i n d u c e d  elec- 

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

m a d e  o f  egg l e c i t h i n ,  vitamin K ,  h e x a d e c y l v i o l o g e n  and  d e c a c h l o r o -  

- m-carborane i n  a d d i t i o n  t o  the r u t h e n i u m  dye ,  w a s  i n t e r p o s e d  b e t -  

ween a s o l u t i o n  of  ethylenediamine-N,N.N',"-tetraacetic a c i d  

(EDTA) and a s o l u t i o n  of m e t h y l  v i o l o g e n  and z i n c  acetate.  Upon 

i l l u m i n a t i o n ,  EDTA w a s  i r r e v e r s i b l y  o x i d i z e d  and me thy l  v i o l o g e n  

r educed ,  which w a s  m o n i t o r e d  s p e c t r o p h o t o m e t r i c a l l y .  Ford e t  a l .  

(40)  f u r t h e r  r e p o r t e d  a n e t  g a i n  o f  a b o u t  20 Kcal. p e r  mole EDTA 

consumed f o r  t h e  s y s t e m  and e x p l a i n e d  t h e  r e s u l t  as  a photo-  

s e n s i t i z e d  c o u p l e d  r e d o x  r e a c t i o n .  Thus,  t h e  r u t h e n i u m  dye i n  

t h e i r  membrane must a c t  as an " e l e c t r o n  pump" d r i v e n  by l i g h t .  

I f  s o ,  i t  would b e  of in te res t  t o  examine t h e  s y s t e m  e l e c t r i c a l l y  

and t o  assess more p r e c i s e l y  t h e  ro l e  p l a y e d  by e a c h  of t h e  

numerous c o n s t i t u e n t s  i n  t h e  membrane. P h o t o e l e c t r i c  BLMs de- 

s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n  are e m i n e n t l y  s u i t e d  f o r  s u c h  

pu rposes .  

B. P h o t o e l e c t r i c  B i l a y e r  L i p i d  Membranes 

R i l a y e r  l i p i d  membranes (BLMs) o f  p l a n a r  c o n f i g u r a t i o n  a re  

u l t r a t h i n  s t r u c t u r e s  of m o l e c u l a r  d imens ions  and a re  u s u a l l y  

formed by s p r e a d i n g  a d r o p l e t  of l i p i d  s o l u t i o n  over a s m a l l  h o l e  

i n  t h e  w a l l  o f  a T e f l o n  cup  immersed i n  aqueous  s o l u t i o n  (41 ,  

4 2 ) .  Many i n v e s t i g a t o r s  have  been  a b l e  t o  mod i fy  t h e i r  p a s s i v e  
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c h a r a c t e r i s t i c s  by a d d i n g  s u b s t a n c e s  which endow BLMs w i t h  dynamic 

p r o p e r t i e s .  The mod i f i ed  BLMs e x h i b i t  some f e a t u r e s  r e s e m b l i n g  

c e r t a i n  a s p e c t s  of b i o l o g i c a l  membranes. For  example,  BLMs con- 

t a i n i n g  pigments  a r e  p h o t o s e n s i t i v e  and have been used as models 

f o r  t h e  t h y l a k o i d  membrane o f  t h e  c h l o r o p l a s t  and t h e  v i s u a l  re- 

c e p t o r  membrane of t h e  e y e  (11, 28, 43) .  These pigmented BLMs 

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

i n t o  e l e c t r i c i t y .  Here I s h a l l  d i s c u s s  o n l y  t h e  r e s u l t s  of o u r  

h i t h e r t o  unpub l i shed  e x p e r i m e n t s  on p h o t o e l e c t r i c  BLMs. 

1. Exper imen ta l  Details  and R e s u l t s .  The c h l o r o p h y l l -  

b i l a y e r  l i p i d  membrane (Chl-BLM) forming s o l u t i o n  was p r e p a r e d  

u s i n g  t h e  s t a n d a r d  p rocedure  and t h e  BLM w a s  formed i n  t h e  u s u a l  

manner (42) .  Resistance, v o l t a g e  and c u r r e n t s  w e r e  measured us- 

i n g  a h i g h  impedance e l e c t r o m e t e r  ( K e i t h l e y  Model 610).  A l i g h t  

i n t e n s i t y  of 200mW/cm2 c o u l d  b e  p r o j e c t e d  o n t o  t h e  BLM from a 

t u n g s t e n  h a l o g e n  lamp. A h e a t  f i l t e r  and a 8-cm water b a t h  

were i n s e r t e d  between t h e  l i g h t  s o u r c e  and t h e  BLM, and t h e  ex- 

p e r i m e n t a l  a r e a  w a s  s h i e l d e d  from s p u r i o u s  l i g h t .  Aqueous s o l u -  

t i o n s  c o n t a i n i n g  v a r i o u s  compounds were used  i n  d i f f e r e n t  ex- 

p e r i m e n t s  as g iven  i n  F ig .  3. I n  b r i e f ,  t h e  e l e c t r o n  a c c e p t o r ,  

FeC13, w a s  added t o  one s i d e  w h i l e  t h e  e l e c t r o n  donor ,  c h l o r o -  

p h y l l i n ,  w a s  added t o  t h e  o p p o s i t e  s i d e .  The c h l o r o p h y l l i n ,  

a w a t e r - s o l u b l e  c h l o r o p h y l l ,  enhanced t h e  b l u e  r e s p o n s e  (peak 

a t  395 nm) o f  t h e  Chl-BLM. N o  pho to responses  w e r e  obse rved  how- 

e v e r  from o x i d i z e d  c h o l e s t e r o l - l e c i t h i n  BLM i n  t h e  p r e s e n c e  o f  

c h l o r o p h y l l i n  a l o n e ,  b u t  t h e s e  non-pigmented BLM were q u i t e  

p h o t o a c t i v e  i f  e l e c t r o n  a c c e p t o r s  s u c h  a s  FeCl o r  (NHq)2Ce 

( N 0 3 ) 6  and donors  s u c h  as FeC12 were p r e s e n t .  

ments  r e p o r t e d  h e r e  had a hydrogen i o n  c o n c e n t r a t i o n  g r a d i e n t  

of 4 . 3  pH u n i t s  a c r o s s  t h e  BLM. 

and  c h l o r o p h y l l i n  a r e  on ly  s o l u b l e  a t  a c i d  and a l k a l i n e  pH, 

r e s p e c t i v e l y .  The p h o t o r e s p o n s e s  of Chl-BLM under  v a r i o u s  cond i -  

t i o n s  a r e  shown i n  F i g .  3. F i g .  3A i l l u s t r a t e s  a s m a l l  photo-  

emf o b t a i n e d  from a Chl-RLM under  a pH g r a d i e n t  i n  t h e  a b s e n c e  

3 
A l l  t h e  e x p e r i -  

T h i s  w a s  n e c e s s a r y  s i n c e  Fee13 
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1046 T I E N  

TIME (60 SECONDS PER DIVISION) 

F i g u r e  3. P h o t o r e s p o n s e s  o f  pigmented BLMs u n d e r  v a r i o u s  con- 
d i t i o n s .  The membrane fo rming  s o l u t i o n  c o n s i s t e d  of c h l o r o p l a s t  
e x t r a c t  i n  n -oc tane  and 2 - b u t a n o l  m i x t u r e .  For  a l l  membranes, t h e  
b a t h i n g  s o l u t i o n  a d j a c e n t  t o  l i g h t  c o n t a i n e d  0.1M K acetate  a t  pH 
4 . 3  whereas  t h e  other s o l u t i o n  w a s  0 . 1 M  K C 1  a t  pH 8.6 i n  a d d i t i o n  
t o  t h e  o t h e r  compounds p r e s e n t  as  s p e c i f i e d  i n  t h e  f o l l o w i n g :  

( a )  B a t h i n g  so lu t ion /PBLM/ba th ing  s o l u t i o n  
( b )  B a t h i n g  solut ion/PBLM/5% c h l o r o p h y l l i n  
( c )  10 mM FeC13/PBLM/bathing s o l u t i o n  
(d )  10 mM FeC13/PBLM/5% c h l o r o p h y l l i n  

Upward a r r o w s  - l i g h t  on, downward a r rows  - l i g h t  o f f .  
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PIGMENTED BILAYER L I P I D  MEMBRANES 1047 

of e l e c t r o n  donor and a c c e p t o r .  Twice t h e  photovol tage  w a s  de- 

t e c t e d  when c h l o r o p h y l l i n ,  which acts as a n  e l e c t r o n  donor ,  w a s  

added t o  t h e  h igh  pH s i d e s  as shown i n  Fig.  3B. I n  t h e  absence 

of a c h l o r o p h y l l i n  b u t  wi th  t h e  presence  of FeC13 i n  t h e  low 

pH s i d e ,  a h i g h e r  photo-emf w a s  o b t a i n e d ,  which i s  i l l u s t r a t e d  

i n  F ig .  3C. However, t h e  most dramat ic  photoresponse was observed 

when t h e  two l i g h t  a b s o r b e r s  ( c h l o r o p h y l l  and c h l o r o p h y l l i n )  and 

t h e  e l e c t r o n  a c c e p t o r  (FeC13) were a l l  p r e s e n t ,  a n e a r l y  ten- fo ld  

enhancement of  t h e  photo-emf was e l i c i t e d  from t h e  membrane. 

This  is shown i n  Fig. 3D. It  i s  obvious t h a t  t h e  e x i s t e n c e  of a 

pH g r a d i e n t  a l o n e ,  as w e l l  as i f  one o f  t h e  redox compounds 

( a c c e p t o r s  and donors) i s  p r e s e n t  i s  i n e f f e c t i v e  i n  g e n e r a t i n g  

l a r g e  photo-emfs. It should be  noted t h a t  l i p i d - s o l u b l e  ch loro-  

p h y l l  can be r e p l a c e d  by porphyr ins  such as M g - E - t e t r a p h e n v l  

aorphyr in  and water-soluble  c h l o r o p h v l l i n  can be s u b s t i t u t e d  by 

dyes such as e o s i n  B and t h i o n i n e  (11,30) .  

2 .  T h e o r e t i c a l  Cons idera t ions .  The ELM formed from chloro-  

p l a s t  e x t r a c t s  i s  p i c t u r e d  as s i m i l a r  t o  t h a t  of a l i q u i d  c r y s t a l  

i n  two dimensions ( 1 4 )  and behaves as a n  o r g a n i c  semiconductor 

(1) .  I f  t h e s e  assumptions a r e  gran ted ,  t h e  observed p h o t o e l e c t r i c  

e f f e c t s  of pigmented BLM are most e a s i l y  expla ined  i n  terms of 

t h e  band theory  of semiconductors  ( 4 4 ) ,  with  p a r t i c u l a r  r e f e r e n c e  

t o  t h e  j u n c t i o n s  between metals and semiconductors  (SC). These 

j u n c t i o n s  are known as Schot tky  b a r r i e r s .  Such a Schot tky b a r r i e r  

is i l l u s t r a t e d  i n  Fig.  4 ( l e f t ) .  It w i l l  be d iscussed  p r e s e n t l y  

t h a t  t h e  i n t e r f a c e  between a pigmented BLM and an aqueous s o l u t i o n  

i s  analogous i n  many ways t o  a Schot tky  b a r r i e r .  

S ince  most i n t e r f a c e s  are e l e c t r i f i e d ,  BLM/H20 i n t e r f a c e s  

t h e r e f o r e  are expected t o  possess  similar c h a r a c t e r i s t i c s .  The 

space  charge i n  a Schot tky  b a r r i e r  i s  b u i l t  up only  i n  t h e  semi- 

conductor  (SC) owing t o  t h e  f a c t  t h a t  t h e  m e t a l  h a s  a f a r  g r e a t -  

e r  d e n s i t y  of charge c a r r i e r s .  A l so ,  i n  a Schot tky  b a r r i e r ,  

t h e  conduct ion i s  e l e c t r o n i c  and probably t a k e s  p l a c e  by e l e c -  

t r o n s  and h o l e s  t u n n e l  through t h e  b a r r i e r .  The p o t e n t i a l  of 
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A Schottky Barrier 

(Fermi Level) 

PBLM/H20 Interfaces 

(Redox Potential) 

Figure  4 .  Comparison of t h e  Schot tky b a r r i e r  model w i t h  t h a t  
proposed € o r  pigmented BLM/H*~ i n t e r f a c e s .  Left: A Schottky bar-  
r i e r  i s  a j u n c t i o n  between a semiconductor and a meta l  ( o r  an e l e c -  
t r o l y t e ) ,  where s p a c e  charge  i s  b u i l t  up o n l y  i n  t h e  semiconductor  
and no e l i ic t rochemics l  r e a c t i o n s  t a k e  p l a c e  a c r o s s  t h e  b a r r i e r .  
Right: Pigmented BLN/HzO i n t e r f a c e s  are depic ted .  The components 
i n  t h e  membrane are l i p i d s  ( c i r c l e s  w i t h  z i g  zag l i n e s ) ,  pigments 
( squares  with z i g  zag l i n e )  and 8-carotene ( z i g  zag l i n e s  only) .  
A=electron a c c e p t o r ,  A- = reduced A ,  W e l e c t r o n  donor, D+ = 
oxid ized  D. 

e l e c t r o n s  (holes )  i s  g iven  by t h e  Fermic l e v e l  in t h e  SC. In 
t h e  c a s e  of pigmented BLM/H20 i n t e r f a c e ,  t h e  aqueous s o l u t i o n  

p l a y s  t h e  r o l e  of  t h e  metal, because i t  h a s  a much h i g h e r  d e n s i t y  

o f  charge c a r r i e r s  than  t h e  BLM. The r e s u l t s  i s  a formation 

of a space  charge reg ion  i n  t h e  BLM a t  each i n t e r f a c e  of t h e  mem- 

brane.  S ince  an aqueous s o l u t i o n s  i s  n o t  a n  e l e c t r o n i c  conductor ,  

redox r e a c t i o n s  involv ing  i o n i c  s p e c i e s  must t a k e  p l a c e  a c r o s s  
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PIGMENTED BILAYER LIPID MEMBRANES 1049 

each  BLM/H20 i n t e r f a c e ,  i f  a n  e l e c t r i c  c u r r e n t  i s  t o  f low a c r n s s  

t h e  BLM. However, t h e  c u r r e n t  w i t h i n  t h e  l i p i d  b i l a y e r  may b e  

e l e c t r o n i c .  For  a l l  p r a c t i c a l  p u r p o s e s ,  an  unmodif ied l i p i d  b i -  

l a y e r  bahaves e s s e n t i a l l y  as a n  o r g a n i c  SC. Thus,  w e  can  a l s o  

u s e  t h e  Fermic l e v e l  t o  d e s c r i b e  t h e  e l e c t r o n  p o t e n t i a l  i n  t h e  

BLM. For  aqueous s o l u t i o n s  b a t h i n g  t h e  membrane, t h e  chemica l  

p o t e n t i a l  of e l e c t r o n s  ( h o l e s )  i s  most n a t u r a l l y  d e s c r i b e d  by 

t h e  r edox  p o t e n t i a l s  o f  t h e  e l e c t r o n  a c c e p t o r s  and donors  p r e -  

s e n t  i n  t h e  s o l u t i o n .  Fig.  4 ( r i g h t )  shows a pigmented BLM sep-  

a r a t i n g  two aqueous s o l u t i o n s  modeled on t h e  p h o t o s y n t h e t i c  mem- 

b r a n e  o €  g r e e n  p l a n t s .  The most i m p o r t a n t  f e a t u r e  shown i n  F ig .  

4 ( r i g h t )  is t h a t  a n  u l t r a t h i n  pigmented l i p i d  b i l a y e r  (semi- 

conduc t ing )  s e p a r a t e s  two aqueous s o l u t i o n s  ( h i g h l y  c o n d u c t i n g ) .  

Across  t h e  i n t e r f a c e s  o f  such  a n  u l t r a t h i n  s t r u c t u r e ,  a f i e l d  

of more t h a n  100,000 v o l t s  p e r  c m  can  b e  e a s i l y  developed.  

Be fo re  c o n s i d e r i n g  what happens at  t h e  two i n t e r f a c e s  o f  a 

pigmented BLM under  i l l u m i n a t i o n ,  l e t  us complete  t h e  band 

t h e o r y  o f  semiconduc to r s  as a p p l i e d  t o  t h e  BLPl system. We have 

a l r e a d y  mentioned t h a t  a RLEJ i s  s imilar  t o  a two-dimensional  

l i q u i d  c r y s t a l .  I n t o  t h i s  a r r a y  o f  l i p i d s ,  two d i f f e r e n t  p ig -  

ments  ( o r  dyes )  may b e  i n c o r p o r a t e d  a t  o p p o s i t e  s i d e s  of t h e  mem- 

b r a n e .  I f  t h e s e  pigments  ( a n d / o r  dyes )  w e r e  so chosen ,  one  BLM/ 

H 2 0  i n t e r f a c e  c o u l d  b e  made t o  behave as a p-type SC i n  c o n t a c t  

w i t h  a r edox  c o u p l e  and t h e  o t h e r  i n t e r f a c e  a c t e d  as a n  n- type 

SC i n  c o n t a c t  w i t h  a d i f f e r e n t  r edox  coup le .  Such a sys t em i s  

shown i n  t h e  lower  p o r t i o n  of F i g .  2 ,  i n  which t h e  ene rgy  

l e v e l s  o f  c o n d u c t i o n  band (ECs) and v a l e n c e  band (EVs) as w e l l  

as t h e  Fermic l e v e l  (E f )  f o r  t h e  p-type BLM are i n d i c a t e d  ( t h e  

v a r i o u s  q u a n t i t i e s  f o r  t h e  n- type BLM/H20 i n t e r f a c e  are p r imed) .  

E s t a n d s  f o r  t h e  ene rgy  gap between t h e  t w o  bands ,  It s h o u l d  

b e  n o t e d  E: and E;* shown are t h e  Fermi levels i n  t h e  l i g h t .  

I l l u m i n a t i o n  o f  such  BLM/H20 i n t e r f a c e s  w i t h  l i g h t  o f  ene rgy  

g r e a t e r  t h a n  E ( o r  E '  f o r  t h e  i n t e r f a c e  a t  r i g h t )  c a n  r e s u l t  

i n  t h e  g e n e r a t i o n  of e l e c t r o n - h o l e  p a i r s  i n  t h e  s p a c e  c h a r g e  

g 
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1050 T I E N  

reg ions  ( d e p l e t i o n  l a y e r s )  where t h e  band bendings have taken  

p l a c e  (Fig.  5 ) .  

reg ion ,  t h e s e  p a i r s  a r e  separated by t h e  e l e c t r i c  f i e l d .  A t  

t h e  l e f t  reg ion  t h e  m i n o r i t y  charge  carr ier  ( i . e .  e l e c t r o n )  

comes t o  t h e  BLM/H 0 i n t e r f a c e  and i s  a v a i l a b l e  f o r  a r e d u c t i o n  

r e a c t i o n ,  €or  example, A + e + A-. 

BLM i n t e r f a c e  a c t s  as a photocathode,  whereas t h e  r i g h t  BLM/ 

H 0 i n t e r f a c e ,  i n  which minor i ty  carriers f o r  n-type BLM a r e  

A t  each BLM/H20 i n t e r f a c e  of t h e  space charge  

2 
Thus, t h e  l e f t  s i d e  of t h e  

2 

B L M/H20 Interfaces, I I I u m ina ted 

Aqueous Solution 

r e d o x  
( A / A - )  

/ 
Photocathode 

WdWNVVVV 
PBLM 

"i 

Aqueous Solution 

Photoanode 
\ 

w 
Figure  5. Schematic of a pigmented BLM under i l l u m i n a t i o n  w i t h  

t h e  p-type BLM/H20 i n t e r f a c e  a c t i n g  as t h e  photoanode and t h e  n-type 
BLM/H20 i n t e r f a c e  f u n c t i o n i n g  as t h e  photocathode. 
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h o l e s ,  i s  t h e  s i t e  f o r  o x i d a t i o n  and t h e r e f o r e  f u n c t i o n s  as a 

photoanode. F ig .  5 shows a n  up-to-date  v e r s i o n  of l i g h t - i n d u c e d  

r edox  r e a c t i o n s  a c r o s s  a pigmented BLM ( 4 5 ) .  It  shou ld  b e  men- 

t i o n e d  t h a t  t h e  scheme i l l u s t r a t e d ,  i n  a s e n s e  i s  ana logous  t o  

t h e  p-n j u n c t i o n  i n  a p h o t o v o l t a i c  c e l l .  One major  d i f f e r e n c e  

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

c a r r i e r s  g e n e r a t e d  i n  t h e  b u l k  of  t h e  SC are invo lved .  

Of impor t ance  t o  n o t e  i n  Fig.  5 a r e  t h e  r e l a t i v e  p o s i t i o n s  

of  t h e  conduc t ion  band (E ) and t h e  v a l e n c e  band (E ) w i t h  res- 

p e c t  t o  t h e  redox l e v e l  (Eredox). 

l a p s  t h e  r edox  l e v e l  of  t h e  s o l u t i o n ,  f a s t  e l e c t r o n i c  t r a n s f e r  

a c r o s s  t h e  i n t e r f a c e  i s  expec ted .  The maximum o u t p u t  photo- 

CB VR 
When t h e  a p p r o p r i a t e  band over-  

* 
v o l t a g e ,  as can be  s e e n  i n  Fig.  5, i s  t h e  sum of  (Ef  - E ) +  * r edox  

('; - Elredox) Y which i s  de te rmined  by t h e  p r o p e r t i e s  of p ig -  

mented ELM and redox coup les  p r e s e n t  i n  t h e  b a t h i n g  s o l u t i o n s .  

For t h e  quantum e f f i c i e n c y  of t h e  sys t em,  one would e x p e c t  t h a t  

t h e  r e l a t i v e  ra tes  of  cha rge  t r a n s f e r  a c r o s s  t h e  two i n t e r f a c e s  

and p h o t o e l e c t r o n  and pho toho le  r ecombina t ion  are t h e  major  

gove rn ing  f a c t o r s .  

I n  p r e v i o u s  pape r s  ( 4 6 )  we have c o n s i d e r e d  two t y p e s  o f  

l i g h t - i n d u c e d  p r o c e s s e s  t h a t  are p o s s i b l e  i n  pigmented BLM: ex- 

othemic and endothermic.  I n  t h e  fo rmer ,  t h e  o v e r a l l  f r e e  ene rgy  

i s  n e g a t i v e  ( A G  < 0)  and i n  the l a t t e r  t h e  f r e e  energy o f  t h e  

o v e r a l l  r e a c t i o n  i s  p o s i t i v e  ( A G  > 0) .  For  e n e r g y - s t o r i n g  pro-  

cesses such as p h o t o s y n t h e s i s  by g reen  p l a n t s ,  w e  a r e  i n t e r e s t e d  

i n  t h e  endo the rmic  r e a c t i o n .  Th i s  means t h a t ,  f o r  a p-n pig-  

mented BLM, conduc t ion  band of t h e  p-type BLM must b e  more nega- 

t i v e  t h e n  t h e  more n e g a t i v e  redox c o u p l e  and c o n d u c t i o n  band o f  

t h e  n-type BLM must be  more p o s i t i v e  t h a n  t h e  more p o s i t i v e  re- 

dox couple .  I n  o t h e r  words,  f o r  an ene rgy  s t o r i n g  pigmented 

BLM, t h e  p o s i t i o n s  of  E and E must b e ,  r e s p e c t i v e l y ,  above 

(A/A-) and below Eiedox 7 3 / D ) .  However, i f  t h e s e  con- Elledox 

CB 

d i t i o n s  are n o t  m e t ,  t h e  sys t em can s t i l l  b e  o p e r a t e d  as a n  

ene rgy  s t o r e r ,  p rov ided  a n  e x t e r n a l  v o l t a g e  i s  a p p l i e d  so t h a t  
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t h e  a p p l i e d  b i a s  i s  e q u a l  t o  o r  g r e a t e r  than  E and E 

(A/A- ) .  Othcrwise t h e  energy of l i g h t  w i l l  n o t  be  s t o r e d ;  

i t  merely a c t s  a s  a " c a t a l y s t "  t o  lower t h e  energy of  a c t i v a -  

t i o n  f o r  t h e  r e a c t i o n  ( 1 7 ,  4 6 ) .  

CB redox 

3. Complete C i r c u i t  f o r  a P h o t o e l e c t r i c  BLM. W e  can now 

r e a d i l y  e x p l a i n  t h e  much enhanced phtoresponse  shown i n  Fig. 

3D.  The essence  of t h e  system i s  an asymmetr ical  pigmented 

BLM i n  which l i p i d - s o l u b l e  c h l o r o p h y l l  i s  p r e s e n t  a t  one i n t e r -  

f a c e  i n  c o n t a c t  wi th  an e l e c t r o n  a c c e p t o r  (Fe ) and water-  

s o l u b l e  c h l o r o p h y l l i n  i s  bound t o  t h e  o t h e r ,  which a t  t h e  same 

time a c t a s  as a n  e l e c t r o n  donor. Upon i l l u m i n a t i o n  w i t h  photons 

o f  energy e q u a l  t o  o r  g r e a t e r  than  t h e  band gaps ( E  - E and 

E i  - E') e x c i t o n s  a r e  genera ted .  These e x c i t o n s  ( say ,  1 . 8  

e V )  may decay by a v a r i e t y  o f  processes ,  one of  which is exc i ton-  

e x c i t o n  fusion g e n e r a t i n g  h i g h e r  e n e r g e t i c  s p e c i e s  than  are 

a v a i l a b l e  i n  t h e  e x c i t i n g  photon. It s e e m s  l i k e l y  t h a t  such a 

process  o f  upgrading l i g h t  energy can t a k e  p l a c e  i n  pigmented 

l i p i d  membranes. R e f e r r i n g  t o  Fig. 6 ,  e x c i t o n s  thus  formed under 

t h e  i n f l u e n c e  of  t h e  e l e c t r i c  f i e l d  can be s e p a r a t e d  i n t o  e l e c -  

t r o n s  and holes .  I f  s o ,  e l e c t r o n s  move t o  t h e  s u r f a c e  ( t h e  l e f t  

BLM/H 0 i n t e r f a c e )  where they are captured  by e l e c t r o n  a c c e p t o r s  

t o  produce a r e d u c t i o n .  On t h e  o t h e r  hand, h o l e s  d r i f t  towards 

t h e  i n t e r i o r  of  t h e  l i p i d  b i l a y e r .  I n  a n  analogous manner, a n  

o x i d a t i o n  r e a c t i o n  t a k e s  p l a c e  a t  t h e  r i g h t - s i d e  membrane/redox 

s o l u t i o n  i n t e r f a c e  where e l e c t r o n  donors  are  l o c a t e d .  I n  t h i s  

c a s e ,  e l e c t r o n s  move t o  t h e  l e f t ;  h o l e s  move t o  t h e  s u r f a c e  of  t h e  

pigmented membrane and a r e  i n j e c t e d  i n t o  t h e  b a t h i n g  s o l u t i o n .  

The i n t e r e s t i n g  r e s u l t  i s  a sum of t h e  two photoevents  o p e r a t i n g  

i n  c o n c e r t .  Moreover, t h e  photo-induced chemical  r e a c t i o n s  are  

c a r r i e d  o u t  by one e l e c t r o n - h o l e  p a i r  f o r  each two photons absorbed.  

I n  t h i s  c a s e  t h e  energy of l i g h t  i s  conver ted  i n t o  chemical  energy 

of t h e  redox compounds s e p a r a t e d  by t h e  membrane, Thereby t h e  back 

r e a c t i o n s  a r e  prevented as shown i n  Fig.  5. I f  one i s  i n t e r e s t e d  

i n  g e n e r a t i n g  e l e c t r i c i t y  by l i g h t ,  each s i d e  of t h e  pigmented BLM 
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Solution 

i'_ 
A- - e +  A 

Reduction 

Load 

J\/\hAhhhr 

Pigmented 
BLM 

J V W  

-< l0Oi 4 
I 

4 '  
-Eredox 

D + 0 - D +  

Oxidation 

Figure  6. Complete c e l l  diagram € o r  t h e  t r a n s d u c t i o n  of l i g h t  
via e x c i t o n  f u s i o n  process ,  e l e c t r o n  (and h o l e )  t r a n s f e r  and redox 
r e a c t i o n s  t a k i n g  p l a c e  i n  a pigmented BLM. 

can be coupled t o  an a p p r o p r i a t e  h a l f - r e a c t i o n  v i a  a n  i n e r t  e l e c -  

t r o d e  (e .g . ,  P t )  and t h e  h a l f - c e l l s  connected through an e x t e r n a l  

load  as shown i n  Fig.  6. Thus, t h e  f low of e l e c t r o n s  from D t o  A 

through t h e  e x t e r n a l  connec t ion  performs u s e f u l  work anti r e s t o r e s  

D t o  D t o  i t s  o r i g i n a l  s ta te .  I n  t h i s  scheme t h e  pigmented BLM + 
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mere ly  a c t s  as a l i g h t - d r i v e n  "pump" moving e l e c t r o n s  from o n e  s i d e  

o f  t h e  membrane t o  t h e  o t h e r .  

Summarizing, t h e  f o l l o w i n g  p o i n t s  may b e  l i s t e d  f o r  t h e  l i g h t  

t r a n s d u c t i o n  by pigmented p h o t o e l e c t r i c  BLM: 

A b s o r p t i o n  of l i g h t  p roduces  e x c i t o n s  ( e l e c t r o n - h o l e  p a i r s ) ,  
E x c i t o n s  may i n t e r a c t  a n d / o r  d i r e c t l y  d i s s o c i a t e  i n t o  e l e c t r o n s  
and h o l e s  i n  t h e  s p a c e  r e g i o n s  o f  t h e  BLM a d j a c e n t  t o  t h e  
aqueous  i n t e r f a c e s ,  
E l e c t r o n  i n j e c t i o n  can  o c c u r  from t h e  p- type BLM ( p h o t o c a t h o d e )  
i n t o  t h e  b a t h i n g  s o l u t i o n  t o  p roduce  a r e d u c t i o n ,  
Hole i n j e c t i o n  can  t a k e  p l a c e  from t h e  n- type BLM ( p h o t o c a t h o d e )  
i n t o  t h e  b a t h i n g  s o l u t i o n  c o n t a i n i n g  donor  t o  e f f e c t  a n  ox ida -  
t i o n ,  
I n  o r d e r  f o r  t h e  r e d o x  r e a c t i o n s  t o  p r o c e e d  i n  t h e  b a t h i n g  
s o l u t i o n s ,  r e d o x  p o t e n t i a l s  of i n v o l v e d  s p e c i e s  must b e a r  a 
s p e c i a l  r e l a t i o n s h i p  t o  t h e  band e n e r g i e s  of  t h e  semiconduct-  
i n g  RLM, and 
For  t h e  p r o c e s s e s  t o  c o n t i n u e  w i t h  f i n i t e  ra te ,  t h e  k i n e t i c s  
of  c h a r g e  t r a n s f e r  must h e  f a v o r a b l e  t o  p r e c l u d e  u n d e s i r e d  
r e a c t i o n s .  

F igs .  5 and 6 i l l u s t r a t e  f u r t h e r  t h e s e  p o i n t s .  The r e s u l t s  

p r e q e n t e d  in Fig.  3 are c o n s i s t e n t  w i t h  t h e  s u g g e s t e d  mechanisms. 

To r e p e a t ,  t h e  u n i q u e n e s s  of  t h e  u l t r a t h i n  l i q u i d - c r y s t a l l i n e  

s t r u c t u r e  of the BLM i n  which t h e  two independen t  i n t e r f a c e s  a r e  

connec ted  e l e c t r o n i c a l l y  t h r o u g h  t h e  l i p i d  b i l a y e r  s h o u l d  b e  

s t r e s s e d .  The s i t u a t i o n  i s  e q u i v a l e n t  t o  a combina t ion  o f  a p- 

t y p e  and an  n - type  semiconduc to r  j o i n e d  t o g e t h e r  by an  ohmic con- 

t a c t  (16 ) .  An ear l ie r  a r t i c l e  by G e r i s c h e r  s h o u l d  b e  c o n s u l t e d  

f o r  f u r t h e r  d e t a i l s  (47). A t  p r e s e n t ,  i t  seems c l ea r  t h a t  an  u l t r a -  

t h i n  s e m i c o n d u c t i n g  membrane i s  advan tageous  i n :  ( i )  p e r m i t t i n g  

t h e  development  of v e r y  l a r g e  e l e c t r i c  f i e l d ,  ( i i )  f a c i l i t a t i n g  

c h a r g e  s e p a r a t i o n  and  c o l l e c t i o n ,  and ( i i i )  s e p a r a t i n g  t h e  photo-  

p r o d u c t s .  F i n a l l y ,  i t  s h o u l d  b e  s t a t e d  t h a t  i t  may b e  n a i v e  t o  be- 

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

t h e  s i m p l e  manner d e s c r i b e d .  N e v e r t h e l e s s ,  t h e  expe r imen t  u s i n g  

Chl-BLM o f f e r s  an a p p r o a c h  which might  p r o v i d e  some i n s i g h t  i n t o  

t h e  n a t u r e  of  e n e r g y  t r a n s d u c t i o n  i n  g r e e n  p l a n t s  ( 9 ,  41, 45). 
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PERSPECTIVE 

The e x p e r i m e n t a l  work d e s c r i b e d  i n  t h i s  p a p e r  h a s  demons t r a t ed  

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

membranes can  b e  a c h i e v e d  u s i n g  s u i t a b l e  pigments  and r edox  a g e n t s  

and t h a t  s u c h  e l e c t r o n  t r a n s p o r t  is d r i v e n  by l i g h t .  Apar t  f rom 

t h e  obv ious  r e l e v a n c e  t o  t h e  p h o t o s y n t h e t i c  t h y l a k o i d  membrane, such  

pigmented membrane sys t ems  p r o v i d e  a n  approach  t o  t h e  c h a r a c t e r i z a -  

t i o n  o f  pigments  and dyes  as w e l l  as r edox  compounds. The sys t ems  

d i s c u s s e d  i n  t h i s  p a p e r  can  b e  made more d u r a b l e  and p r a c t i c a l  

e i t h e r  f o r  t h e  p r o d u c t i o n  o f  a f u e l  (e .g . ,  hydrogen)  o r  € o r  t h e  

g e n e r a t i o n  o f  e l e c t r i c i t y  (30) .  I n  t h i s  a r e a ,  o u r  e f f o r t  is  j u s t  

b e g i n n i n g .  It is  hoped t h a t  t h e  f u s i o n  of i d e a s  from semiconduc to r  

pho tochemica l  c e l l s ,  b i l a y e r  l i p i d  membranes and g r e e n  p l a n t  photo-  

s y n t h e s i s  r e s u l t s  i n  a b e t t e r  u n d e r s t a n d i n g  o f  a l l  t h e s e  sys t ems  

i n  t h e  endeavor  t o  c o n v e r t  and u t i l i z e  s o l a r  ene rgy .  
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