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Polarographie techniques are employed in the investigation of Chl a dihyclkate formation aml aggregation in 
binary solvent mixttmes of water/acetone. The variation of the relative intensities of two observed 
lmlarographk peaks, at = - 1100 and - 1200 mV, with the comimsition of the binmy solvent Selgmfts a 
shift in the equih'brium in favor of the formation of chlorophyll a dihyckate, ~ a .  21-120, from the aeeteee 
solvate, Chl a-Ac, as the water eoneentrafion is increased. It is ~ flat the eqmlg~mn ftmher slWls 
towards the dimerization of Chl a-21120 at water eoncentratie~ exeeediag 40~ (veleme). A ttlrd 
l~larographk i~ak at -1434 mV, observed in 50:50 (v/v) water/acetone ~ at Chl a eaaeentra- 
tions greater than 1 • 10 -s  M, is attributed to the oUgomer of Cld a ~by~ale, (Chl a -  211,O),. From the 
amount of electricity cekulated from the poh,rographic peaks, the coverage areas, 2S9 aml 597 ,~z are 
respectively obtained for the adsorbed monomer, Chl a -  Ae, and dimer, (Chl a -  2H20)2, at the electrode 
surface. 

Introduction 

The in vitro oxidation and reduction reactions 
of water photocatalysed by the chlorophyll are of 
great current interest. Several research groups have 
reported the photo-oxidation of water by chloro- 
phyli stabilized on a metal surface [1,2], on a 
bilayer lipid membrane [3,4], on aerosil [5], and at 
the interface between two immiscible liquids [6-8]. 
Chl a multilayers on Pt photocatalyses the split- 
ting of deoxygenated water, leading to the simui- 
taneous evolution of hydrogen and oxygen [9]. In 

Abbreviations: Chl. chlorophyll; PS II, Photosystem II. 
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the presence of CO2, the hydrogen thus produced 
from water splitting reduces the carbon dioxide in 
photosynthesis in vitro of polyatomic organic 
molecules [10]. In oxygen-saturated water-acetone 
solutions, the illumination of the chlorophyll re- 
sults in the formation of the superoxide radical 
anion, 0 2" or its protonated form HO~ [11]. 

An important focus in this research m the char- 
acterization of the photocatalyuc chlorcohyll. The 
action spectra of the chlorophyll water photo- 
oxidation reaction using Chl a on a metal surface 
and at the interface of water and octane were 
found to follow closely [12,13] the absorption 
spectra of oligomeric hydrated chlorophyll [14,15] 
given by the dihydrate stoichiometry, (Cld a- 
2H20)n. The catalytic cycles of the photoreactive 
chlo.~ophyll were examined in the investigation of 
the electron spin resonance (ESR) lifetimes of the 
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dimeric and oligomeric radical cations, (Chl a .  
2H20)~" and (Chi a .  2H20) +', obtained upon 
illumination of water-saturated nonpolar solutions 
of Chl a [16]. The relaxation dynamics of photo- 
excited (Chl a .  2H20)n in water-saturated non- 
polar solutions was recently characterized by pico- 
second absorption [17] and fluorescence [18] mea- 
surements. The decay kinetics of the triplet state 
of hydrated Chl a ware determined by fluoromet- 
ric techniques [19]. The role of sing_let-triplet an- 
nihilation in upconverting the photoexcitation en- 
ergy in (Chl a .  2H20),  was examined by double 
optical-resonance techniques [20]. 

Current work [11,21] on hydrated Chl a aggre- 
gation and photochemistry has turned to Chl a 
solutions in water/acetone mixtures. Although the 
dramatic variations in the absorption and fluores- 
cence properties of Chl a with the composition of 
the binary solvent mixtures were described by 
early workers nearly two decades ago [22,23], it 
was not until recently that attempts were made to 
relate the spectroscopic observations to Chl a 
aggregation as a consequence of its hydration 
behavior [21]. We recently made a quantitative 
correlation of the observed Chl a fluorescence 
quenching to the stoichiometric relationship be- 
tween Chl a solvation by the acetone, Chl a-  Ac, 
and Chl a hydration. It was shown [21] that the 
dihydrate dimer, (Chl a .  2H20)2, exists in com- 
paratively small quantities in the presence of pre- 
dominantly monomeric Chl a in the bulk solution 
up to 40: 60 (v/v) in water/acetone composition. 
This equilibrium is given by: 

2Chl a .  Ac(662 rim) + 4H20 ~ (Chl a .  2H20)2(678 nm) + 2Ac 

O) 

In reaction 1, the 662 nm absorbing Chl a .  Ac 
monomer reacts with a stoichiometric amount of 
water to give the dihydrate dimer, which has a 
difference absorbance maximum at 678 um [21]. 
At 5-10 -s  M Chl a concentration and water 
concentrations exceeding 40~, (Chl a-  2H20) 2 was 
found to oligomerize, leading eventually to the 
precipitation of polycrystalline Chl a with the 
stoichiometry (Chl a-2H20)n [14]. The 678 nm 
absorbing Chl a dihydrate dimer has been previ- 
ously proposed [1] as a model for 1)680, the reac- 

tion-center dimer [24] of PSII in green-plant pho- 
tosynthesis. 

In this paper, we wish to describe independent 
experimental methods and measurements for de- 
lineating the equilibrating Chl a species in reac- 
tion 1. A particularly suitable method is polarog- 
raphy, althcugh its applicability to the study of 
Chl a aggregation and related problems has not 
been widely realized. 

In solutions of a strongly adsorbed electrolyte, 
the adsorption process is controlled by transport 
towards the electrode [25]. The hanging mercury 
drop is maintained at a fixed potential for a given 
time in order to accumulate the adsorbed mole- 
cules at the electrode. The accumulation process 
depends on the bulk concentration and the poten- 
tial at which the electrode is maintained. As the 
potential is varied, two different processes can 
possibly take place simultaneously at the electrode 
[26,27]. First, the adsorbed molecules at the elec- 
trode surface could undergo desorption, changing 
the capacity of the electrode, thus causing a 
capacitative current to flow in the external circuit. 
Second, the adsorbed molecules could undergo 
electrochemical reaction, and a corresponding 
Faradaic current is recorded. In the case of physi- 
cal desorption, it is possible to record a tensam- 
metric curve that presents a step maximum corre- 
sponding to the resorption. Generally this process 
occurs when the surface becomes sufficiently 
negative [26]. 

In applying the above considerations to a study 
of reaction 1, the intensifies of any observed 
polarographic peaks would be expected to be de- 
pendent upon the kinetic processes relating the 
Chi a-solvent complexes/aggregates in the solu- 
tion and the adsorbed Chl a at the electrode 
surface. It  should be possible to differentiate the 
polarographic behavior of the equilibrating Chi a 
aggregates, and correlate this behavior with the 
observed spectroscopic changes that attend the 
same equilibrating processes. The purpose of this 
paper is to demonstrate a corroboration of the 
spectroscopic determination [21] of reaction 1 
using polarographic techniques. 

Experimental procedures 

Chl a was extracted from spinach and purified, 
and stock solutions of the purified chlorophyll 



were prepared according to the methods reported 
by Brace et al. [14]. Appropriate amounts of freshly 
prepared stock solution were evaporated to dry- 
ness. Acetone was added to dissolve the chloro- 
phyll. The required amount of water was then 
slowly added to make 0 :100 -50  : 50 (v /v )  wa te r /  
acetone solutions. The absorption spectra of the 
Chl a solutions thus prepared were recorded using 
a Perkin-Elmer Model 555. The sample turbidity 
was monitored by light-scattering experiments 
using H e / h i e  laser (Coherent Research Model 
CR-80) excitation at 632.8 nm, in which the 
scattered light at right angle to the incident laser 
source was detected using a photomultiplier tube 
(RCA 7265). 

Two different methods of potential scan were 
used in the voltammetric measurements. The first 
method used a triangular sweep, in which the 
potential was linearly changed up to a fixed value 
and then returned to the initial value with the 
same or different potential sweep rates. In the 
second method, a differential pulse was employed, 
in which the potantial was varied linearly, at a rate 
of a few mV/s ,  superimcosed by a 50 ms square 
pulse of 25 or 50 inV. The difference between the 
current sampled during the last 17 ms of the pulse 
and that measured before the pulse was recorded 
!2s]. 

A PAR 174A polarograph, connected with an 
E.G.&G. xy recorder (Model RE0089), was used 
for the differential pulse measurements. Fast tri- 
angular sweeps were carried out using a fnncticn 
generator (Amel 566) and a storage oscilloscope 
(Gould OS 4000). A hanging mercury drop elec- 
trode (Metrohm EA 290/1)  was used as the work- 
ing electrode. The drop surface was 1.39 mm 2. In 
the differential pu!se measurements, a scan rate of 
10 m V / s  was employed. For fast triangular sweep, 
measurements were performed at sweep rates of 5, 
10 and 20 V/s .  The sample temperature was 
maintained at 25 :t: 0.2°C. 

Experimental results 

The laser light-scattering experiments indicate 
that  the turbidity due to Chl a in freshly prepared 
solutions is appro"~imately the same from 0 :100  
to 50 : 50 in water /ace tone  compositions. At  water 
concentrations exceeding 5G~, a dramatic increase 
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Fig. 1. Triangular vol tammograms of 1-10 - s  M Chl a solu* 
fions in (a) 10:90, Co) 20:80, (c) 30:70, (d) 40:60, and (e) 
50:50 water/acetone mixtures. Supporting electrolyte: 0.1 M 
NaCIO 4. Scan rate ffi 5 V/s. Accumulation potential ffi-200 
mY. Accumulation time •l rain. All potentials are vs. S.C.E. 

in the scattered light intensity due to colloid for- 
marion of the chlorophyll was observed. All mea- 
surements reported in the following relate to bi- 
nary solvent mixtures up to 50~ in water 
concentrations. 

The observed currents from a m e r c ~  drop 
upon application of a fast triangular potential 
sweep are shown for 1 .0-10 -6 M Chl a solutions 
in 10: 90, 20:80,  30:70,  40 :60  and 50 :50  wa te r /  
acetone mixtures (figs. l a -e ) .  

Two well-defined peaks at  = - 1 1 0 0  and 
- 1 2 0 0  mV (S.C.E.), shown in Fig. la ,  were re- 
corded after a - 200 mV potential was maintained 
for I rain. In Fig. la ,  the current peak at = - 1100 
mV is significantly greater than that at = - 1200 
inV. An increase in the water content of the Chl a 
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TABLE I 

POTENTIAL MAXIMA OF PEAKS I AND II 
Potential maxima of peak I and II for five compositions (v/v)  of water/acetone measured at three different scan rates (a  = 5 V/s, 
b = 10 V/s  and c = 20 V/s). All potentials are measured vs. S.C.E. 

Composition Potential maxima (mV)  
(v/v)  a b c 

I II I II I II 

10 : 90 -- 1,084 - 1,200 - 1,110 - 1,257 - 1,110 - 1,257 
20 : 80 - 1,110 - 1,187 - 1,142 - 1,226 - 1,163 - 1,252 
30 : 70 - 1,114 - 1,237 - 1,260 - - 2,280 
40 : 60 - - 1,289 - - 1,296 - - 1,306 
50 : 50 - - 1,326 - - 1,339 - - 1,356 

so lu t ion  is a c c o m p a n i e d  b y  a n  i n c r e a s e  in i n t en -  

s i ty  o f  the  p e a k  a t  the  m o r e  n e g a t i v e  p o t e n t i a l  

( p e a k  I I )  r e l a t ive  to  t h a t  a t  t h e  less n e g a t i v e  p o t e n -  

t ia l  ( p e a k  I) ,  as  e v i d e n c e d  b y  t h e  p r o g r e s s i o n  

s h o w n  in Figs.  l a - e .  A n  inc rea se  o f  the  w a t e r  

c o n t e n t  to  40 a n d  50% in  v o l u m e  resu l t s  in  the  

v i r tua l  d i s a p p e a r a n c e  o f  the  f i rs t  p eak .  A s ing le  

p e a k  a t  - 1 2 7 0  m V  p r e d o m i n a t e s  t he  v o l t a m m o -  

g r a m  fo r  t he  5 0 : 5 0  w a t e r / a c e t o n e  so lu t ion .  I n  all 

t a n s ,  a b r o a d ,  less w e l l - d e f i n e d  b a n d  is o b s e r v e d  

o n  t he  r e v e r s e  s c a n  (F igs .  1 a - e ) .  

A d e p e n d e n c e  o f  t h e  p e a k  p o t e n t i a l  o n  t he  

so lven t  c o m p o s i t i o n  is a l so  n o t e d .  T h e  p o t e n t i a l s  

f o r  t he  c u r r e n t  m a x i m a  a t  d i f f e r e n t  so lven t  

. . . .  t oi 

Fig. 2. Successive scans at the same drop for 1.10 -6 M Chl a 
in 20:80 water/acetone. All experimental conditions are the 
same as those in Fig. 1. Inset: voltammogr~ms from successive 
potential scans of a 0.2-10 -6 M Chl a solution in 20:80 
water/acetone. Bottom to top: 1, 2 and 3 n'fir, of accamu!adon 

at - 200 mV. 

I 0 .2  FA  

O 0 I 

1.1 1.2 1,3 1.1 1.2 1.3 
Potential I v. vs. $.C.E.) 

Fig. 3. Differential pulse measurements of 2.0.10 -7 M Chl a 
in 20:80 water/acetone (a-c) and 40:60 water/acetone 
(a'-c') after (a, a ' )  1, (b, b ' )  2 and (e, c ' )  3 rain of accumula- 

tion at -200 inV. Scan rate = 10 mV/s. 
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Fig. 4. Absorption spectra of 1.10 -4 M Chl a in acetone 
( ), 30:70 water/acetone ( . . . . . .  ) and 50:50 water- 

acetone ( . . . . . .  ). 
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Fig. 5. Absorbanc¢ (11) and current intensity of peak II (A) 
plotted against time for 5.10 -s M Chl a in 50:50 water/ 
acetone. Inset: absorbancc spectral ehenges with time for a 

5.10 -s  M Chl a solution in 50:50 water/acetone. 
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compositions, for three different scan rates, are 
summarized in Table I. 

The intensities of  the two voRammetric peaks 
decrease simultaneously upon  successive potential 
scans at the same mercury drop (Fig. 2). A 
dramatic dependence of  the relative intensities of  
the two peaks on  the accumulation tirac is demon-  
strated for a 2 .0-10 -7 M Chl a solution in 20 : 80 
wa te r / ace tone  (see, inset, Fig. 2). 

The above-described results obtained using the 
fast triangular sweep method are entirely con- 
firmed by the differential pulse measurements,  as 
shown in Fig. 3 for 2 .0-10  -~ M Ctd a solutions 
in 20 : 80 and 40: 60 wa te r / ace tone  mixtures after 
1, 2 and 3 rain accumulation with the electrode 
maintained at - 2 0 0  mV. The presence of  two 
polarographic peaks having different dependence 
on  the accumulation time is found for the 20:  80 
wa te r / ace tone  solution. As in the c a ~  repulsed 
above using a triangular sweep (Fig. 1), an in- 
crease in the water content  to 40% results in the 
virtual disappearance of  peak I. 

The absorpt ion spectra of  1 - 1 0  -6 M Chl a 
solutions in pure  acetone and in 30: 70 and 50: 50 
wa te r / ace tone  mixtures, recorded under  the same 
conditions as those under  which the results shown 
in Fig. 1 were measured, are reproduced in Fig. 4. 

ao 
voLv/uc 

Fig. 6. Current intensity of peak II plotted against scan rate for 
1.10 - 6 M Chl a solutions in 20: 80 (A), 30 : 70 (M), 40 : 60 ('), 
and 50:50 (o) water-acetone mixtures. Accumulation time = 1 
rain. Accumulation potential--200 inV. Inset: Polarographic 
measurement of a 1.10 -5 M Chl a solution in 50:50 water/ 
acetone. Accumulation time = 3 rain. Accumulation potential 

= - 200 InV. 



Changes in the wavelength positions and intensi- 
ties of the absorption bands as a fur.ztion of 
increasing water concentrations are s,iown. A 
FWHM increase for the red absorption band of 
the Chl a in 50:50 water/acetone from that in 
pure ate:tone is observed. Increasing the Chl a 
concentration up to 5 .10  -5 M, in 40:00 and 
50:50 water/acetone mixtures, triggers the pre- 
cipitation of polycrystalline (Chl a .  2H20)n 
[14,15,29], which, of course, is manifested by a 
corresponding decrease in the absorbance of the 
Chl a solution. The decay in the absorption inten- 
sity is accompanied by the growth of a long-wave- 
length absorption component due to oligomeriza- 
tion of the hydrated Chl a [12-15,29]. The tem- 
poral changes in the absorption spectrum of a 
5 .10  -5 M Chl a solution in 50 : 50 water/acetone 
are ~,~strated in the inset of Fig. 5. Note the 
intensity of the red absorption band of a 5 .10  -s  
M Chl a solution in 50 : 50 water/acetone decays 
concurrently wire that of peak II. Also, the ap- 
pearance of the long-wavelength absorption band 
(inset, Fig. 5) is accompanied by the appearance 
of a new peak at -1434  mY (inset, Fig. 6). No 
e~dence of this peak was found for Chl a con- 
centrations lower than 1 • 10 -s  M. 

D i s c u s s i o n  

The observed polarographic peaks could con- 
ceivably be due to a combination of Faradaic and 
tensammetric currents arising, respectively, from 
electrochemical reaction and physical desorption 
[30]. However, the closeness in value of the peak 
potentials with the reduction potential of Chl a 
[31] is suggestive of an electrochemical, irreversi- 
ble reduction of two distinct adsorbed Chl a 
species, in which the reaction products are also 
adsorbed on the drop surface [32]. This hypothesis 
is supported by the presence of the small reoxida- 
tion peak on the reverse scan and by the value of 
the peak width (=  90 mV) in the differential pulse 
polarographic measurements. 

The different dependence on the accumulation 
time of peaks I and II (see, inset, Fig. 2 and Fig. 
3) is indicative of the presence of at least two Chl 
a solvation complexes with distinctly different 
adsorption/desorption kinetics. The progressive 
disappearance of peak I with increasing water 

content suggests a progressive shift of the solva- 
tion equilibrium from Chl a .  Ae towards the for- 
mation of the hydration complex, Chl a .  2H20: 

Chl a .Ac+2H20 ~ Chl a .2H20+Ac (2) 

At a water content greater than 30~, peak I has 
virtually vanished, which suggests that the Chl a 
exists mostly as the dihydrate. 

A linear dependence of the current intensities 
of peak II on the scan speed for Chl a in 20 : 80, 
30:70 and 40:60 water/acetone is observed (Fig. 
6). This linear dependence clearly indicates that 
the kinetic process is controlled by an adsorption 
mechanism involving predominantly a single 
species, the Chl a dihydrate monomer according 
to reaction 2. The deviation from linearity observed 
in Fig. 6 for Chl a in 50:50 water/acetone can 
be ascribed to a further shift of the Chl a equi- 
librium towards dimerization of the dihydrate: 

2Chl _-, .2H20 ~ (Chl a.2H20)2 (3) 

which controls the adsorption/desorption kinet- 
ics. The increase in the FWHM of the red absorp- 
tion band of the Chl a in 50:50 water/acetone 
(Fig. 4) is due to the appearance of the 678 nm 
band of the (Chl a-  2H20)2 [21]. This conclusion 
is corroborated by the data shown in Fig. 7, in 
which the current intensities of peak II are plotted 
against the water content for three different scan 
rates. The current intensity increases with increas- 
ing water content up to 40~ water. The subse- 
quent decrease in the current intensity as the 
water content increases to 50~ thus supports the 
formation of a new Chl a aggregate, consistent 
with the dimerization conclusion given by reaction 
3. The polarographic peak at -1434  mV observed 
in 50:50 water/acetone solutions at Chl a con- 
centrations greater than 1-10 -5 M (inset, Fig. 6) 
is accordingly attributed to the hydrated Chl a 
oligomer, (Chl a .  2H20), ,  whose appearance is 
also noted as the long-wavelength component in 
the absorption spectra shown in the inset of Fig. 5. 

The above-described results and interpretations 
are in complete agreement with the conclusions 
drawn from spectroscopic measurements [21]. In 
this earlier investigation, it was reported that the 
concentration of (Chl a-  2H20)2, denoted by CA 



ao  40  so  

WATER % (V /V )  
Fig. 7. Current intensity of peak II plotted against water 
content in volume ¢$ for 1-10 -6 M Chl a in water-acetone. 
Scan rate: (o) 5 V/s, (A) 10 V/s, and (A) 20 V/s. Accumu- 

lation time ffi 1 mill. Accumulation potential = - 200 mV/s. 

as the concentration of the energy acccptor or 
fluorescence quencher, is small relative to that of 
the bulk (monomeric) Chl a up to 40~ water. The 
earlier work further concluded that, at  water con- 
centrations greater than 40~,  extensive dimeriza- 
tion of the Chl a dihydrate results in the forma- 
tion of hydrated Chl a ofigomer in a 5 - 1 0  -5 M 
solution in 50 :50  water /acetone,  leading to the 
precipitation of polycrystalline (Chl a - 2 H 2 0 )  ..  
The Chl a dihydrate stoichiometry assi3nment for 
this polycrystalllne chlorophyll has been based on 
X-ray photoelectron spectroscopic [14] and ther- 
mogravimetric [15] determinations. This assign- 
ment corroborates that given by an X-ray diffrac- 
tion study of single crystalline ethyl chlorophyllide 
dihydrate [331. 

The spectral distributions and lifetimes of Chl 
a .  Ac and Chl a .  2H20 were not resolvable in the 
absorption and fluorescence sp~-.troscopic mea- 
sm'ements [21-23]. The present study provide~ a 
detailed characterization of the Chl a equilibrat- 
ing processes in reactions 2 and 3, the sum of 
which, of course, yields reaction 1, as concluded in 
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the fluorescence quenching study [21]. In reaction 
2 the equilibrating Chl a acetone solvate and 
hydrate, Chl a - A c  and Chl a-21-!20 , have been 
identified as separate entities on the grounds of 
differentiable kinetic processes in polarographic 
measurements. 

From the amount of electricity calculated from 
peaks I and II (Fig. 1), assuming a one-electron 
process [26], the value obtained for the drop 
coverage amounts to a monolayer of the Chl a 
adsorbed at the electrode surface, in the order of 
1013 molecules cm -2. The reciprocal of this value 
gives the covera~,, area per adsorbed Chl a com- 
plex. This area is found to be 259 A 2 for Chl a in 
20 :20  water /acetone,  which is in reasonable 
agreement with that, 270 ,~2, reported for a single 
adsorbed molecule of Chl a [34]. The correspond- 
ing area obtained for a 50: 50 water /ace tone  solu- 
tion of Clfl a at the scan. speed 20 V / s  is 597 .~2, 
which corroborates the conclusion that the ad- 
sorbed Chl a in this case occurs as the dihydra'.e 
dimer, (Chl a -  2H20)2. 

The electrochemical method described above 
has thus proven to be a versatile tool for investi- 
gating the physicochemical properties of chloro- 
phyll aggregation in the appropriate solvent media, 
providing corroboration and extending the scope 
of this investigation beyond that of the spectro- 
scopic studies of in vitro Chl a models for photo- 
synthesis. A polarographic study of the Chl a -H20 
aggregation process occurring at water concentra- 
tions greatly exceeding 50~ in the binary mixtures 
will be described elsewhere. 
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