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The study of the mechanism of the revers ib le  oxidation of chlorophyll  a (Chl °) at an electrode and 
the nature of the products  formed in this p rocess  is important  for explaining the mechanism of the sens i -  
t izing action of this pigment in photosynthesis.  Until now, the react ion center  of the chlorophyll  molecule 
has not been known, in spite of the numerous experimental  resul ts  obtained in the investigation of its photo- 
chemical  react ions  in solutions. 

The polarographic  method has come to be used for this study of the revers ib le  oxidation of ch loro-  
phyll comparat ively  recent ly  [1]. Nevertheless ,  important  resul ts  have been obtained: the possibil i t ies 
have been shown of the success ive  double oxidation of chlorophyll  and the redox potentials E 0 of the r e v e r s -  
ible sys tems  Chl+ [Chl ° and Chl+*]Chl + have been determined [2-4]. However, this information was ob- 
tained only for dilute solutions of chlorophyll  (10-6-10 -4 M). Concentrat ion of the chlorophyll  solutions led 
ei ther  to the loss of the revers ib i l i ty  of e lect ron t ransfer  [2] or  to a change in the number and nature of the 
polarographic  waves [3, 4], which was connected, as it was found, with the presence  of the chloride ion in 
the support.  

Nevertheless ,  the e lec t rochemica l  behavior of chlorophyll  in more  concentrated solutions (> 10 -3 M) 
• . ° - - 2  

is of great  interest ,  since its concentrat ion m chloroplasts  is 10 M. The behavior of the additional po la r -  
ographic waves when the solution is concentrated [4] could be connected with the associat ion of the pigments 
that has been detected by spectral  methods. Then to the p rocesses  of the oxidation of the associa tes  should 
cor respond  their  anodic waves,  i.e., in cont ras t  to dilute solutions, where a mechanism of the success ive  
oxidation of the monomer ie  chlorophyll  molecules  (more accurately ,  their  solvates) takes place, in solu-  
tions containing 10 -3 M of the pigment the paral lel  oxidation of different forms (monomers  and associates)  
of chlorophyll  is possible.  However, in the investigations mentioned above there are no direct  proofs of 
the existence of a successive or  a parallel  mechanism of the oxidation of the pigment in concentrated solu- 
tions. 

Consequently, we have studied the mechanism of the e lec t rochemica l  oxidation of chlorophyll  in a 
wide range of concentrat ions of 10 -5 to 10 -3 M taking two factors  into account. In the f i rs t  place, in order  
to exclude the influence of chloride ions a normal me rcu ry  sulfate electrode was used for the compar ison 
electrode instead of a s i lver  chloride electrode; in the second place, to determine the lifetime of the prod-  
ucts  of the oxidation of chlorophyll  and their  possible adsorption on the electrode we used a rotating disc 
e lectrode with a ring in associat ion with osei l lopolarography,  

The chlorophyll was isolated from nettles and was purified by a method adopted in our laboratory 
[5]. The concentrat ion of water  in the acetone solutions of the chlorophyll  var ied  from 0.5 to 5% by volume. 
Smooth platinum was the mater ia l  used for the disc and ring e lec t rodes .  In o rder  to r eco rd  the react ion 
products ,  in addition to the disc electrode with a ring we used the method of t r iangular  voltage pulses.  The 
solutions were polarographed in an a tmosphere  of air ,  since the polar izat ion curves  measured  in an a tmos-  
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Fig.  1. Po la r i za t ion  1D v e r s u s  cu rves  for  the oxida-  
tion of chlorophyll  a. A. 1, 2) at a ro ta t ing  disc e lec t rode  
with speeds of rotation of  69.1 and 79.6 sec -1 and scan  
r a t e s  of 40 m V / s e c ;  1 ' ,2 ' )  at  a s ta t ionary  disc e lec t rode  
at scan  r a t e s  of 40 m V / s e c  and 167 m V / s e c ,  r e spec t ive ly .  
B. T r i a n g u l a r  fo rm of the po la r iz ing  voltage.  

phere  of hel ium did not differ  in any way f rom those obtained in the a i r .  The potent ia ls  given he re  have 
been r eca lcu la t ed  f rom the normal  m e r c u r y  sulfate e lec t rode  to the normal  hydrogen e lec t rode  (NHE). 

F igure  1 shows the po la r iza t ion  cu rves  of the oxidation of chlorophyll  in aqueous aeetonic solution 
containing 1 • 10-:  M of the p igment  and 0.5% of wa t e r  (by volume).  S imi la r  cu rves  we re  obtained over  the 
whole range  of concent ra t ions  of 10 -5 to 10-:  M of the pigment .  It  was  es tab l i shed  that  the re la t ionship 

between IID HID lira and l im was  r ec t i l i nea r  ove r  the whole range of concent ra t ions  and, in addition, the l inear  

re la t ionship  I D - ~ w  (Lev ich ' s  re lat ionship)  was sa t is f ied ,  which shows the diffusion nature of the cu r r en t s  
of both po la rograph ic  waves .  The degree  of r eve r s ib i l i t y  of the p r o c e s s e s  was  judged f rom the slope of 
the s t ra igh t  line of a plot  of In i / ( i~  - i )  v e r s u s  ~o and f rom the shape of the osc i l lographic  curve  of I v e r s u s  

obtained with a t r i angu la r  fo rm of the po la r iz ing  voltage (see Fig. 1B). As can  be seen  f rom Fig.  1, the 
anodic b ranch  of the osc i l lopo la rograph ic  curve  l ies  in the same  region of potent ia ls  as  the cathodic branch,  
and the d i f ference  of the co r respond ing  anodic and cathodic peaks  is 60 mV for  the f i r s t  wave and 70 mV 
for  the second.  This resu l t ,  together  with the shape of the osc i l lopo la rographic  cu rve s  - thei r  cu rva tu re ,  
the co r re spondence  of the peaks  (curves  1' and 2' in Fig.  1A) and the exis tence  of p la teaus  of the l imit ing 

c u r r e n t s  of the an_odic waves  (curves  1 and 2 in Fig. 1A) - and a lso  tl~e equali ty ot IIDlim and ~ m ,  shows the 

r e v e r s i b i l i t y  of the e l ec t rode  p r o c e s s e s  under  cons idera t ion  [6]. The slope of the s t ra igh t  line co r r e sponds  
to a value of 58 mV for  the f i r s t  anodic wave.  Consequently,  the oxidation of chlorophyl l  takes place by the 
de tachment  of one e lec t ron .  This  is valid both for  the f i r s t  and for  the second wave,  s ince the cu r r en t s  

lID HID l im and lira a r e  equal and both e lec t rode  p r o c e s s e s  a r e  r e v e r s i b l e .  

To de te rmine  the m e c h a n i s m  of the reac t ion  and the p r o p e r t i e s  of the chlorophyl l  oxidation products  
fo rmed ,  solutions of chlorophyl l  a f t e r  e l ec t ro lys i s  at  the potent ia ls  of the f i r s t  and second oxidation waves  
w e r e  inves t iga ted  in anESR s p e c t r o m e t e r .  I t  was found that the chlorophyll  oxidation products  p o s s e s s e d  
unpai red  e lec t rons ;  i .e . ,  the oxidation of chlorophyll  even at the potent ial  of the f i r s t  wave fo rms  a rad ica l  
cation.  F u r t h e r m o r e ,  the success ive  nature of the oxidation of chlorophyll  was  es tab l i shed  by the record ing  
of the po la r i za t ion  cu rves  at the r ing with a fixed value of the potential  on the disc e l ec t rode .  As shown in 
Fig.  2, at  th ree  fixed values  of the potent ial  on the disc the po la r iza t ion  cu rves  obtained at the r ing  con-  
s i s ted  of two waves  of s i m i l a r  height which shifted with an i nc rea se  in the posi t ive  values  of ~D in the di-  
r ec t ion  of cathodic cu r r en t s  while remain ing  pa ra l l e l  with one another  (curves  1-3,  Fig.  2A). The f i r s t  
waves  in the cu rves  2 and 3 a r e  single a n o d e - c a t h o d e  cu rves ,  the m a x i m u m  values  of the l imit ing cathodic 
c u r r e n t s  in both c a s e s  differ ing by a fac tor  of p r e c i s e l y  two. 

The dependence of the l imit ing c u r r e n t s  at the r ing  measuxed  at  three  fixed values  of the potent ia ls  
T r _~ 

on the ring q~i on the potential of the disc electrode (I versus ~P ) are shown in Fig. 2B. Curve 4, obtained 
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Fig. 2. Polar iza t ion  curves  of 
chlorophyll  a at a rotat ing disc 
e lec t rode .  A. I r ve r sus  ~ r  
curves  at the following values of 
q~ at the disc: 1) +0.55 V; 2) 
+0.85 V; 3) +1.07 V. B. I r ve r sus  
¢pD curves  at the following values 
of ~ at the ring:. 4) +1.07 V; 5) 
+0.85 V; 6) +0.55 V. 

at ¢~ = 1.07 V, unlike curves  5 and 6, has only one step: a de- 
c r ea se  in the limiting anodic cu r ren t  is found only in the region 

of the potentials  of the I I D .  In the region of the potentials of 

the second waveI~ D, the l imiting cu r ren t  does not depend on the 
potential  of the disc e lec t rode .  The constancy of the l imiting 
cu r r en t  at the ring in this case can be connected only with the 
fact that the radical  cation of chlorophyll  (Chi +) is formed at the 

disc at I D of the f i rs t  wave by the reac t ion  Chl ° - ~ ~Ch~ +, and 
af te r  reaching the r ing will be oxidized to the doubly, oxidized 
fo rm.a t  the r ing at a potential  c r b y  the reac t ion  Chi + - ~  ~-Ch[ ++. 
If  Chl + were  not oxidized at the ring at ~ r b u t  some other  pa r t i -  
cle (dimeric or  t r i m e r i c  form of chlorophyll) were  oxidized, 
curve  4 in Fig. 2B, would also have a two-step nature.  The fact 
that the second limiting anodic cu r r en t  at the r ing is independent 
of the potential  of the disc e lec t rode  in the range of potentials 
f rom +0.52 to +0.85 V unambiguously shows the success ive  mech-  
anism of the oxidation of chlorophyll  by the scheme 

Chl ° e ~ C h l  " + - e ~ c h l  "++. 

Consequently,  the po la rogrum obtained at the r ing e lec-  
t rode in the absence of a cu r ren t  at the disc (curve 1, Fig. 2A) 
is an ord inary  polar iza t ion  curve  of the oxidation of chlorophyll  
analogous to that shown in Fig. 1A. The cathodic cu r ren t s  in 
curves  2 and 3, Fig. 2A, cor respond  to p roce s se s  of the reduc-  
tion of the radical  cation to chlorophyll  and of the doubly oxidized 
form to the radical  cation. Consequently,  in the region of the 
potentials  of the f i r s t  l imiting anodic cur ren t ,  po la rograms  ! 
and 2 cor respond  to the sole p rocess  of the synthesis  of Chl* 

f rom chlorophvlh Chl ° - ~ ~ Chl "+ In  the same region curve 3 cor responds  to two para l le l  p rocesses :  
- -  ~+ ÷ +  • + . . . . . .  

~h~r~°me:il::l!ilph~yii: i.~eh. )1, CcO;i?spoCnd~ch~Th~:Cp:od: i : : t~fgth~no°dl id~Z:f tcf l  +r t : l l t thrd:u~l~a~xZlt::d 

Curve 6 (see Fig. 2B) shows the reduct ion of the oxidized products  of chlorophyll  at the rin~. sec -  
tions a and b re f lec t  the increase  in the cu r ren t  of the reduct ion of the radical  cations of chlorophyll  with 
a r i se  in the cu r ren t  of the synthesis  of these par t i c les  at the disc,  and sect ions c and d the increase  in 
the cathodic reduct ion cu r ren t  connected with an increase  in the surface  concentra t ion of the doubly oxi-  
dized form of chlorophyll  D at the r ing e lec t rode  in connection+with the r i s e  in ~ at the disc. Consequently,  
in essence ,  curve 6 shows the dependence of the yield of Chl" and Chl "++ at the r ing on the potential  of the 
disc e lec t rode .  

Thus,  in the absence of chloride ions under the conditions that we have selected,  it i s  possible to ob-  
se rve  the r eve r s ib l e  nature of the twofold success ive  oxidation of chlorophyll  a over  the whole range of 
concentra t ions  investigated.  Our resu l t s  show the fa i r ly  stable nature of the radical  cations formed,  thei r  
l i fet ime being 10 -I sec.  This c i rcumstance  opens up a route for  thei r  fu r ther  study. 
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