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Abstract 

Short-circuit photocurrents  produced by a semitransparent  metallic 
electrode covered with multilayers of  chlorophyll  and immersed in an 
electrolyte have been studied. The action spectrum of ma x imum 
photocur ren t  is identical to the absorpt ion spectrum of the film of 
pigment.  The kinetics of  rise of the pho tocur ren t  are pho to independen t  
for thin multilayers but  dependent  on thickness. Comparison of 
efficiency of light energy conversion on the basis of short-circuit 
pho tocur ren t  seems to show that the stack of  ChI a monolayers  is the 
more efficient chlorophyll  solid system. In t roduc t ion  for the same 
number  of Chl a molecules of vitamin K 1 and Phytol  shows that vitamin 
K1 acts probably like an excitat ion quencher  as in monolayers  at the 
water-a i r  interface. 

Introduction 

The first step of energy conversion in the photosynthetic process is a 
redox reaction of a "special" excited chorophyll molecule, exchanging 
an electron with an acceptor or a donor species closely bound with this 
"special" chlorophyll. The energy conversion unit is located in a 
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membrane called thylakoid, composed of proteins, lipids and pigments. 
In a "model  system" approach of this energy conversion problem, two 
ways at least may be chosen: one is to build, taking into account in vivo 
structural data, a model structure system as close as possible to what is 
known, with the compounds extracted from the in vivo apparatus. 
Another one is to build an ordered well-defined system for the study of 
properties correlated with the imposed order. All the recent studies [1] 
on pigmented black lipid membranes belong to the first approach as 
black lipid membrane is now one of the best models for biological 
membranes. This work belongs to the second approach [2-6] : On the 
structural level, the analogy is based only on two aspects, a condensed 
quasi-solid structure for pigment and the existence in the system of two 
interfaces, l iquid-pigment and pigment-meta l ;  these two regions may be 
the site of specific charge separation processes as generally admitted for 
barrier or junction regions. Here we have studied the characteristics of 
short-circuit photocurrent  transients in the e lectrolyte-chlorophyl l -  
platinum system. 

Methods 

Multimolecular chlorophyll films are built up by stacking chlorophyll 
monolayers formed at the water surface in a Langmuir trough 
(conventional procedure [7, 8]: distilled water, phosphate buffer 
p H 7 . 5 - 7 . 8  10-3M). Solution of the pigment is made either in 
benzene-4% ethanol or in water saturated benzene (concentration 
2 x 10-4M, delivered volume 200/21). A main condition for getting a 
great number of monolayers stacked as generally admitted, is to use an 
hydrophobic surface. We have used a semitransparent platinum electrode 
obtained by evaporation of metal  on a microscope slide. In some cases 
metallic electrodes have been first immersed in a "soluble silicon water 
solution" (Siliclad), then hot dried. In the ordinary situation for stacks 
of 3 and 6 monolayers,  the red maximum in the absorption spectrum of 
the film is located between 675 and 677 nm. In the pretreatment case 
the red maximum appears at 670 nm. Gaines [2] has already noticed the 
special nature of the first stacked monolayers depending on the 
physicochemical nature of the solid substrate. We have not been 
successful in building up mixed monolayers stacks for chlorophyll-  
phytol  and chlorophyll-vitamin k l :  in these cases we have used 
evaporated films from organic solutions of these mixtures. When 
evaporating organic solutions of chlorophyll, two kinds of films can be 
obtained using either low concentration solutions in pentane-ether ,  or 
more concentrated solutions in pentane. In the first case, the absorption 
spectrum in the visible range is typical of amorphous forms of pigment. 
In the second case one gets a mixed structure, two absorption bands 
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appear ing at 450 and 740 nm: They  are character is t ic  of  s t rongly 
aggregated forms of  ch lo rophy l l ,  quas i -microcrys ta l l ine  forms [3] .  These 
d i f ferent  forms o f  "sol id  f i lms"  of  ch lo rophy l l  have been  used for a 
compar i son  o f  their  ef f ic iency in l ight  energy convers ion by  means  of  the 
shor t -c i rcui t  p h o t o c u r r e n t  measurements .  

Results  

1. Short-circuit Photocurrents  of Chl a Multilayers 

The measu remen t  m e t h o d  has been descr ibed in previous papers  [9 -11 ]  
concerning  the same kind of  system using ph tha locyan ine  ins tead of  
ch lorophyl l .  

As for t ransients  p r o d u c e d  by  thin films of  ph tha locyan ine  (see paper  
I [II] ) the  shor t -c i rcui t  p h o t o c u r r e n t  t rans ient  on con t inuous  i l lumina- 
t ion may  be descr ibed as 

i t =i M [/3+ (1-/3)(1-cY) e x p ( - k , t )  + (1-/3)~ e x p ( - h 2 t )  e x p ( - h t ) ]  

where  it stands for p h o t o c u r r e n t  at t ime t and iM is the m a x i m u m  
p h o t o c u r r e n t  reached on i l luminat ion .  F o r  this first rise step the 
a p p r o x i m a t i o n  i t= iM [1 - - exp( - -h t ) ]  is valid. The second slower 
decrease step m a y  be  wr i t t en  also as a sum of two exponen t ia l  terms.  

In the thickness range s tudied  here,  the m a x i m u m  shor t -c i rcui t  
p h o t o c u r r e n t  is p ropo r t i ona l  to l ight in tens i ty  im = eft, and the kinet ic  
cons tan t  h is i n d e p e n d e n t  of  l ight in tens i ty .  This kinet ic  cons tan t  
increases wi th  the  thickness  of  the  film (Table I). 

In darkness  one gets a symmet r i ca l  descr ip t ion  for the t ransient .  In the 
thickness range s tudied  here,  the  m a x i m u m  p h o t o c u r r e n t  iM is 
p ropo r t i ona l  to the  opt ica l  dens i ty  of  the film at 675 nm. 

The  act ion spec t rum drawn for the m a x i m u m  p h o t o c u r r e n t  is 
ident ica l  here wi th  the  abso rp t ion  spec t rum in the  visible range. 

TABLE I. Variation of the rise time constant of the maximum photocurrent with the 
optical density of the chlorophyll film (thickness) and incident light intensity I. 

I 6 x 104 erg cm-2 sec -1 0.56 x 6 x 104 erg cm-2sec -1 

Optical density at 
675 nm 

0.120 k ~ 295 sec -1 
0.120 k ~ 230 sec -t 
0.03 k ~ 30 sec -1 

225 sec -1 
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Figure 1. Action spectrum of the maximum short-circuit photocurrent produced by a 
semitransparent platinum electrode covered with a film of chlorophyll (electrolyte 
96% glycerol 4% saturated KC1 aqueous solution; reference electrode Ag-AgC1; active 
surface of electrodes 6.25 cm2). (A) film =stack of chlorophyll a monolayers; 
absorption spectrum and action spectrum. (B) film =stack of chlorophyll b 
monolayers; absorption spectrum and action spectrum. (C) film= 1: stack of 6 
chlorophyll b monolayers, 6 chlorophyll a monolayers. 2: stack of 6 chlorophyll a 
monolayers, 6 chlorophyll b monolayers. Ordinate: maximum photocurrent. 
Abcissa: wavelength nm: I = 1.4 × 10 is photons cm -~ sec-t. 

These spectra are presented in Fig. 1 for films of Chla ,  Ch lb  and 
C h l a - C h l  b. So one can write the m a x i m u m  photocur ren t  as iM = 
a e ( k ) l I ,  where I stands for l i gh t  in tens i ty  , e(X) stands for an ex t inc t ion  
coefficient,  a is a yield coefficie~ b and l corresponds to the thickness of 
the layer in the range studied here. The phase of appearance of [M then 
is 

i t = a e ( X ) l I [  1 - e x p ( - h t ) ]  

It  is impossible to exclude completely  the presence of defects through 
the film, so we canno t  easily choose be tween an "ionic mechan i sm"  of 
pho tocur ren t  p roduc t ion  or an "electronic  mechanism".  The first one 
would schematically correspond to react ion of excited chlorophyll  
molecules with a redox species in solution,  t h e  product  being later 
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oxidized or reduced at the p la t inum electrode where it is no t  covered by 
the film. Photocur ren t  rise is related to kinetics of format ion of the 
electroactive species or to diffusion processes of this species to the 
metallic electrode. 

The second one is more likely charge separation in a barrier region at 
the e l ec t ro ly te -p igment  interface or at the p i gme n t - me t a l  interface, as 
other authors [ 12, 13] have concluded for thicker films. 

Some experiments  made with l i p id -ch lo rophy l l -me ta l  or chloro- 
p h y l l - l i p i d - m e t a l  show a strong reduct ion  of transients ampl i tude 
correlated with faster kinetics: If one assumes the same presence of 
defects in lipid layers as in chlorophyll  layers, the impor t an t  reduct ion 
factor observed for ampli tude implies that in the p roduc t ion  of 
pho tocur ren t  the two contacts are necessary, i.e., p igment -e lec t ro ly te  
and p igment -me ta l .  

2. Conversion Efficiency 

As indicated before, different  kinds of solid films have been compared 
on the basis of m a x i m u m  pho tocur ren t  magni tude  and act ion spectra. 

For  the first case of evaporated films, the action spectrum of 
m a x i m u m  photocur ren t  is identical to the absorpt ion spectrum. The 
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Figure 2. Action spectrum of the maximum short-circuit photocurrent produced by a 
semitransparent platinum electrode covered with a film of chlorophyll a obtained by 
evaporation of a solution in pentane (electrolyte 96% glycerol 4% saturated aqueous 
solution; reference electrode Ag-AgC1; active surface of electrodes 6.25 cm2). 
Dashed line: action spectrum; full line: absorption spectrum of the film of pigment. 
Abcissa: wavelength nm: I = 1.4 x 10 ts photons cm -2 sec -1 . Ordinate: optical 
density and maximum photocurrent x 0.3 IO-TA. 
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second kind of  evaporated film, part ly quasicrystalline, shows an action 
spectrum somewhat  different:  The blue max imum is located at 430 nm 
as for amorphous  films and no t  at 450 nm, which is the max imum of 
absorpt ion for quasicrystalline forms in this region of  spectrum (Fig. 2). 

So this is an argument  in favor of  a lower efficiency of  crystalline 
forms of  Chl a in this kind of  system for the energy conversion process 
giving rise to the short-circuit photocurrent .  

Nevertheless, in our conditions of  measurement ,  the more  efficient 
structure is the film of  stacked Chl a monolayers  (Fig. 3). This structure 
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Figure 3. Variat ion of  m a g n i t u d e  of  the  m a x i m u m  short-ci rcui t  p h o t o c u r r e n t  
p roduced  by a semi t ransparen t  p l a t i num electrode covered with a chlorophyl l  fi lm 
(under  con t i nuous  i l luminat ion) ,  with  increasing film th ickness  (electrolyte 96% 
glycerol 4% sa tu ra ted  KCI aqueous  solut ion;  reference electrode Ag-AgCI;  active 
surface of  e lectrodes 6.25 cm2 ). Wavelength of  i l lumina t ion  440 nm;  I = 2 x 10 Is 
pho tons  cm -z sec -~ . Ordinate :  m a x i m u m  pho t ocu r r en t :  x 10 -7 A. Abcissa:  optical  
dens i ty  at 440  nm.  (1) s tack of ch lorophyl l  a mono laye r s ;  (2) evaporated  film of  
ch lorophyl l  a f rom a solut ion in an organic solvent;  (3) s tack of ch lorophyl l  b 
mono laye r s  (dashed line indicates  variat ions o f  measu red  vaIues). 
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is at first the " m o s t  o rde red"  one, but  different  from the crystall ine solid 
state. I f  a certain order  is mainta ined on the solid substrate, it is 
essentially an order  normal  to the plane o f  the film. In fact, fur ther  
studies are necessary for deciding if the larger eff ic iency of  s tacked 
monolayers  is due ei ther to the absence of  aggregates, at least a short  
t ime after stacking, like crystall ine parts, or to the presence of  some 
aspects of  order  normal  to the plane of  the film due to dissymetry of  the 
chlorophyl l  molecule .  

3. Mixed films 

To get new in format ion  on the mechanism of the p roduc t ion  of  
short-circuit  pho tocur ren t ,  we have used two kinds of  mixed  evaporated 
films; vi tamin K1 and phy to l  have been in t roduced  in organic solutions 
of  chlorophyl l  a of  cons tant  concentra t ions .  For  a valuable comparison,  

i m X 0,2.10-7A 

-2  
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Figure 4. Variation of the maximum short-circuit photocurrent produced by a 
semitransparent platinum electrode covered with a mixed film of (1) chlorophyll 
a-phytol, (2) chlorophyll a-vitamin K1; with increasing phytol or vitamin K1 
concentration (electrolyte 96% glycerol 4% saturated KC1 aqueous solution; 
reference electrode Ag-AgC1; active surface of electrodes 6.25 cm2). Ordinate: 
maximum photocurrent. Abcissa: ratio of the number of phytol or vitamin K1 
molecules to the number of chlorophyll a molecules for a constant number of 

• " " I 1 i s  chlorophyll a molecules. Wavelength of illumination 440 mn; = 2. 0 
photons cm -2. Film of chlorophyll a without phytol or vitamin K x ; optical density 
at440 nm: 0.6. 
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we have used two criteria: (1) an absorption spectrum characteristic of 
"amorphous" forms of chlorophyll to control the absence of strongly 
aggregated forms leading, as seen before, to a reduction of the 
photocurrent magnitude, and (2) a low value of dark short-circuit 
current, corresponding to a good covering of the metallic electrode. In 
that way one excludes a reduction effect by direct contact between 
electrolyte and metallic electrode. 

We conclude that at the same concentration the amplitude of the 
maximum photocurrent is reduced more efficiently by vitamin KI than 
by phytol (Fig. 4). Studies on monolayers in situ [14-17] at the 
water-air interface have shown that vitamin K1 is a quencher of 
chlorophyll excitation, the presence of phytol imposing only an average 
distance between chlorophyll molecules. So it appears that vitamin K 1 
probably reduces the photocurrent amplitude by quenching of chloro- 
phyll excitations. If the effect of phytol is the same as for monolayers in 
situ, the reduction effect could be correlated with a reduction of 
excitation transfer efficiency between chlorophyll molecules, the 
transfer taking a part in the production of photocurrent. 

Conclusion 

We have shown that the study of the photoelectrochemical transients of 
such stacked chlorophyll monolayers can provide useful information for 
elucidating some mechanisms of light energy conversion by solid 
structures of such pigment. However, it is necessary to get more 
information in the case of the "quasicrystalline" layers, which appear 
less efficient: Authors generally seem to consider that strong interactions 
between chlorophyll molecules, as in a crystalline state, is in favor of a 
better yield for light energy conversion [ 18]. 

As a model system for conversion in the primary photosynthetic 
apparatus, evidently we are far from the in vivo structure; but we think 
that this system has to be considered as a complement for other model 
studies using, for instance, black lipid membranes. 
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