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We have previously  [1] repor ted  that the oxidation of chlorophyll  a (Chl °) at an electrode in aqueous 
acetonic solution takes place in two success ive  stages.  At the potential of the f i r s t  wave radical cations of 
chlorophyll  (Chl "+) arise.~ and the second anodic wave on the ~o la rogram of chlorophyll  corresponds  to the 
fur ther  oxidation of C h l ' -  to the doubly oxidized form of Chl . There  is no accura te  information in the 
l i te ra ture  on the stability of the radical  cations and of the doubly oxidized form of chlorophyll  formed in 
the dark at an electrode• There is 0nly a paper  by Stanienda [2] in which it was shown by the method of 
t r iangular  voltage pulses  that the par t i c les  considered are  fair ly stable• 

The p resen t  paper  gives the resul ts  of a determinat ion of the true lifetime of radical  cations of ch loro-  
phyll a and its doubly oxidized form under the conditions of their  synthesis at an e lect rode in the dark in 
aqueous acetonic solutions. 

In the previous  investigation [l] we showed that if the potential of the synthesis  of the radical  cat ion 
or  its doubly oxidized form is imposed on the disc e lect rode,  cathodic po la rog rams  of these par t ic les  can 
be obtained at the r ing e lect rode which repeat  the polar izat ion curves  r eco rded  at a rotat ing disc electrode 
(Fig. 1A). Figure  1B shows the dependence of the limiting cur ren ts  of the reduct ion of the radical  cations 
of chlorophyll  (section 0<3 on the curves  1 ' -3 ' )  and of its doubly oxidized form {section KM on the same 
curves)  to chlorophyll  measu red  at q r  = +0.4 V. Similar  resul ts  (I r ve rsus  GoD) were  obtained at different 
ra tes  of rotat ion of the e lect rode over  the whole range of concentrat ions f rom 10 -5 to 10 -s M of pigment 
and with a concentra t ion of water  in the acetone of 0.5-5% by volume. On the basis  of the experimental r e -  
sults, the values of the cu r ren t  yield at the r ing electrode of the radical  cations of chlorophyll  (Chl")  and ,++  
of its doubly oxidized form (Chl ) were calculated f rom the formula  

]~  • n D 
Q , =  ~ .  too%, 

where I r and I D are  the limiting diffusion current  of the i-th wave at the ring electrode and the cur ren t  at 
the disc at a given potential; n r and n D are  the numbers  of e lect rons  cor responding  to the react ions at the 
r ing and disc e lec t rodes ;  and N is the constant  in the L e v i c h - I v a n o v  formula  for  a rotat ing electrode with 
a r ing (see [3]). 

For  the e lect rode that we used, r 1 = 2.5 ram, r2 = 2.75 ram, r 3 = 3•55 ram, N = 0.38, and n r and n D = 
1. It was found that the cur ren t  y~elds Qi% for both react ion products  (Q1 and Q2) were  independent of the 
potential of the disc e lectrode,  ~ "  = 0.75 and 0.83 V and 0.95 and 1.05 V, respect ively ,  independent of the 
rate of rotat ion (w = 35-154 sec-1), and also independent of the amount of chlorophyll  in the solution. In all 
cases ,  the cu r ren t  yield was 100%. 
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Fig. 1. Polar iza t ion  curves  of chlorophyll  a at a rotating disc electrode: 
A. I D versus  ~oD curves  for  the following ra tes  of rotatiom 1) 5.9 sec -l, 
2) 8.9 sec -1, 3) 13.0 see- l ;  B. I r ve r sus  qD curves  at q r  +0.4 V (the 
same ra tes  of rotation as for 1, 2, and 3). 

Fig. 2. Polar iza t ion  curves  I D ve rsus  qD for  the t r iangular  form of the 
polar izat ion voltage with a ra te  of 40 mV/sec :  1) s tat ionary disc e lec-  
trode; 2) rotat ing disc e lectrode.  

This shows that Chl "÷ and Chl "++ behave under the conditions of synthesis at the disc as stable r e a c -  
tion products  with respec t  to the r ing electrode.  Since it is known that the time of passage of the react ion 
product  f rom the disc to the ring electrode is 0.1 sec [4], it may be concluded that the lifetime of the radi -  
cal cations and of the doubly oxidized form of chlorophyll  must  be not less  than 0.1 sec. Since the method 
of a rotating disc electrode with a ring was designed for the investigation of shor te r - l ived  react ion products  
(0.001 see), it did not appear  possible to determine the true lifetime of the par t ic les  under consideration.  
With a sufficiently long lifetime of the radical  cations and of the doubly oxidized form of chlorophyll  the 
possibil i ty has also been shown of the appearance of cathodic reduction peaks of Chl "+ and Chl" + on an 
osc i l logram measured  with a t r iangular  form of the polar iz ing voltage at a stat ionary disc electrode with 
a low rate of scan of the potential (40 mV/sec)  (Fig. 2, curve 1). This is conf i rmed by the fact that with 
the rotat ion of the electrode,  when the react ion products  are  t ranspor ted  by a flow of liquid f rom the su r -  
face of the electrode,  both reduction waves in the cathodic region disappear on the osc i l logram of ch loro-  
phyll (Fig. 2, curve 2). 

To determine the true lifetime of the chlorophyll  oxidation products ,  we used the method of p r e p a r a -  
tive e lec t ro lys is  at a control led potential with the aid of a Bulgarian potentiostat of the IP-410 type. The 
e lec t ro lys is  of the chlorophyll  solutions was pe r fo rmed  in an a tmosphere  of helium in an e lec t rochemical  
cell  with three separate spaces by two methods.  

In the f i rs t  variant ,  the chlorophyll  oxidation products  accumulated in the electrode layer  through 
the e lec t ro lys is  of an aqueous aeetonic solution of chlorophyll  containing 10 -s M of the pigment and 0.5% 
of water  at the potentials of the limiting diffusion cur ren t s  of the f i rs t  and of the second anodic waves at a 
s ta t ionary disc electrode.  Then, after  the switching off of the e lec t ro lys is  current ,  the limiting cathodic 
cur ren ts  of the reduction of the oxidized products  were recorded  at the same electrode by means  of a 
TsLA osci l lopolarograph working under potentiostat  conditions at ~D = +0.4 V. Having determined the 
time at which the limiting reduction cur ren t s  of the reduction of Chl "+ and Chl'++to chlorophyll  amounted 
to half their  initial values,  we obtained the half-decomposi t ion time of+the par t ic les ,  • i n .  However, the 

, , ' t -  7 

values of the half-decomposi t ion t ime of the par t ic les  (Chl and Chl ) found in this way should be low, 
since the decrease  in the cathodic cur ren ts  here is due not only to the destruction of the radical  par t ic les  
in the electrode layer  as the resul t  of a chemical  react ion but also to the increase  in the thickness of the 
diffuse layer  with t ime. 
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In the second var ian t ,  e l e c t ro ly s i s  of the s ame  chlorophyll  solution was p e r f o r m e d  at a plat inum 
gauze e lec t rode  with a vis ible  sur face  of 10 cm 2 (the volume of the solution was 5 cm3). The use for e l e c -  
t r o ly s i s  of an e lec t rode  with a la rge  sur face  in a smal l  volume of solution enabled the t ime of e l ec t ro lys i s  
to be shor tened  with the oxidation of p rac t i ca l ly  all  the chlorophyll  p r e sen t  in the solution; i .e. ,  it enabled 
a concent ra t ion  of oxidized products  c lose  to the initial concentra t ion of the p igment  to be obtained. In this 

. +  . + +  
va r ian t ,  the l i fe t ime of the Chl and Chl fo rmed  was  judged f rom the change in the l imiting cu r r en t s  for  
the reduct ion of the pa r t i c l e s  cons idered  a f t e r  the switching off of e l ec t ro ly s i s ,  but the cathodic cu r r en t s  
we re  r e c o r d e d  not at the Pt  gauze but at the rotat ing disc e lec t rode ,  which s e r v e d  s imul taneously  to s t i r  
the solution. Since a ro ta t ing  disc e lec t rode  was used to r e co rd  the cathodic cu r r en t s ,  the thickness of the 
diffusion l aye r  did not depend on the t ime,  as  is wel l -known [3], and the values  ~'~/2 and ~'~/2 unambiguously 
c h a r a c t e r i z e d  the s tabi l i ty  of the pa r t i c l e s .  The t ime of e l ec t ro lys i s  was se lec ted  so that it was twice the 
t ime of ha l f -decompos i t ion  of the reac t ion  products .  During the expe r imen t  the e l ec t ro lys i s  cu r ren t  va r i ed  
f rom (7-10) • 103 to 20-30 ~A.  

The values  of the t ime of ha l f - conve r s ion  of the rad ica l  cat ions of chlorophyl l  and i ts  doubly oxidized 
fo rm found by the f i r s t  method were  17 and 13 sec at 25°C and of the o r d e r  of 10 min  at -60°C,  and they in-  
c r e a s e d  to a day at -120°C (the aqueous acetonic solution had st i l l  not solidified).  

As was to be expected,  the values  of ~-I/2 and T~/2 de te rmined  by the second method were  cons ide r -  
- . +  - . + +  . 

ably h igher ,  amounting to 45 and 35 sec for ~hl  and Chl , r e spec t ive ly .  A lowering of the t e m p e r a t u r e  
of the solution led to a sharp  r i s e  in the s tabi l i ty  of the pa r t i c l e s .  Thus,  at  -70°C the values  of r~/2 and 
-r ~/2 were  a l r eady  tens of minutes .  

Taking into account the e x t r e m e l y  s table  nature  of the chlorophyll  oxidation products  under the con-  
ditions of the i r  synthes is  at  an e lec t rode ,  pa r t i cu l a r ly  at a reduced t e m p e r a t u r e ,  we p e r f o r m e d  specia l  
expe r imen t s  on the accumula t ion  in solution of these pa r t i c l e s  in o rde r  to detect  the i r  ESR signal and to 
obtain the absorp t ion  spec t r a  of Chl "+ and Chl "++. E lec t ro lys i s  was p e r f o r m e d  in an a tmosphe re  of hel ium 
at -60°C in an e l ec t rochemica l  cel l  with th ree  sepa ra t ed  spaces  and with a cock for  running off the solution. 
The solution was  s t i r r e d  by means  of the rota t ing e lec t rode .  The solutions w e r e  t r a n s f e r r e d  to cap i l l a r i e s  
and ce l l s  for  r ecord ing  the spec t r a  in a i r .  The ESR spec t r a  were  taken on an ESR-2 ins t rument ,  and the 
absorp t ion  spec t r a  on a Unicorn SP-700 record ing  spec t ropho tomete r .  

The ESR signal cons i s ted  of a singlet  at H 3300 Oe. The ha l f -decompos i t ion  pe r iods  of Chl '+ and 
Chl "++ ca lcula ted  f rom the Rinetic indices of the ESR signal and f rom the change in the absorpt ion  spec t rum 
of the oxidized products  c o r r e l a t e d  fa i r ly  well  with the values  of v ~/2 and T ~/~ obtained in the e l ec t ro lys i s  
of a solution of chlorophyl l  at  a Pt  gauze e lec t rode .  

Thus,  the r e su l t s  of the m e a s u r e m e n t s  p e r f o r m e d  at a rota t ing disk e lec t rode  with a r ing in combi -  
nation with the expe r imen ta l  r e su l t s  obtained by the method of p r e p a r a t i v e  e l ec t ro ly s i s  and with s p e c t r o -  
scopy have shown for  the f i r s t  t ime  that the l i fe t imes  of the radica l  cat ion and the doubly oxidized f o r m s  
of chlorophyl l  under  the conditions of the i r  synthes is  at an e lec t rode  in the dark a r e  g r e a t e r  by at l eas t  a 
fac tor  of 103-104 than the l i fe t ime of the rad ica l  cat ion of chlorophyll  f o rmed  in aqueous organic solutions 
in photochemica l  r eac t ions .  This  di f ference in the l i fe t imes  of the rad ica l  cat ions  is due mainly  to the ab-  
sence ,  under  the conditiong of the e l ec t rochemica l  genera t ion  of the ions, of e l ec t ron  donors  and accep to r s ,  
such as  semiquinones ,  which lead to the rapid  deact ivat ion of the rad ica l  cat ions in photochemical  reac t ions .  
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