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ARTIFICIAL PHOTOSYNTHESIS 

Melvin Calvin 
Department of Chemistry and Lawrence Berkeley Laboratory 

University of California, Berkeley, California 94720 U.S.A. 

ABSTRACT 

1 

The principal factor enabling green plants to convert incoming 
visible quanta into some stable chemical form long enough to do secon
dary chemical reactions for storage involves the separation of charge 
across a phase boundary (e.g., membrane-water). The positive charge, or 
hole, ultimately is used to generate oxygen from water by electron 
withdrawal and the negative charge is ultimately used to reduce carbon 
dioxide. In our synthetic system, at least in its first phase, we are 
concerned with the conversion of the negative charge to hydrogen (later 
to reduce carbon dioxide) and the positive charge to oxygen or possibly 
some oxidized products otherwise difficult to obtain. The first step 
requires not only the stabilization of the excited state to some extent 
but more importantly the stabilization of the produced charge sepa
ration. The final result of this effort will be to produce a device in 
which the reduction and the oxidation steps are contained either in 
separate parts of the device or separated by a membrane which keeps the 
ultimate reduction and oxidation productions from back reacting. 

Presented at the 41st Northwest Regional Meeting of the American 
Chemical Society, Portland, Oregon, June 14, 1986. 
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INTRODUCTION 

In exam~n~ng the natural photosynthetic process it seemed that the 
basic physical phenomenon which allows the green plant to be the best 
converter of solar quanta that exists today is the fact that it has 
evolved a system of photoelectron transfer which involves the transfer 
of an ele'ctron across a phase boundary of some type. When we began this 
work about fifteen years ago all we really knew was that the various 
constituents of the electron transfer system were situated on a membrane 
in such a way that the electron transfer occurred across that membrane 
from one water phase into an oil phase and then again into another water 
phase. That seemed to us to be the essential feature which allowed the 
p~ant tOl_~nvert quanta into stored chemical energy relatively effi
c~ently. 

There are a number of ways in which such a system can be assembled. 
The simplest way is to use the surface potential of a semiconductor 
between

4
the solid and the liquid phase as the device for separating the 

charge. In fact, that was the first way we undertook to solve this 
problem in the laboratory. It seemed, however, that we should be more 
imaginative and try to find at least partially self-organizing systems 
which would provide a phase boundary (oil-water phase boundary) related 
in some way to the natural one. 

Just recently it has been possible to observe enough detail of 
structure of the natural system in which that electron transfer occurs 
in nature to give us information as to how we might construct a syn
thetic system which would do this, in other words'Smimicking more 
closely the natural process of quantum conversion. 

RESULTS AND DISCUSSION 

When we began this investigation all we knew was that the system 
was primarily a membrane, and in and on that membrane were various 
constituents which allowed the electron to be transferred through it. 
The evidence for that was in several forms, including electron micro
graphs of the physical structure of the natural photosynthetic apparatus 
in its various layers, indicating protein components that were extruded 
on two sides of the membrane and having different appearances. This led 
us to the notion that the electron. transfer took place through that 
membrane.. The essential features of the process involve the absorption 
of two quanta, leading to the transfer of an electron from a manganese 
catalyst on one side of the membrane, finally leading through ferredoxin 
on the other side to the reducing power which runs the CO

2 
reduction 

cycle. It was not a very far fetched notion to suppose that we could 
construct a system which would somehow simulate this arrangement, 
particularly in a self-organizing system. In this photosynthetic 
electron transfer scheme there are two sensitizers present, and on one 
end of the system there is a series of catalysts which permit the hole, 
left behind, to take electrons from water and generate oxygen. At the 
other end there is another series of electron transfer catalysts which 
can be intercepted before they reach CO

2
, and hydrogen can be generated 

from the ferredoxin or NADPH. However, it did not seem necessary to try 
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to reproduce synthetically the entire electron transfer scheme, and the 
easiest thing to do would be to find the membrane, the sensitizers and 
the catalysts on each side which would produce oxygen or some inter
mediate oxidant on one side and hydrogen or some intermediate on the 
other side which might eventually be used to reduce CO 2 . That was the 
essential feature that we endeavored to reproduce. 

The first task was to find sensitizers, either donors or acceptors 
which would automatically find their way into a membrane. Chlorophyll, 
after all, is a surfactant dyestuff, but it is not a very satisfactory 
molecule to work with in this instance. For a device which we wanted to 
be totally synthetic we should u~e a synthetic surfactant sensitizer. 
The basic structures of the compounds we used are shown in Figure 1. The 
ruthenium tris-bipyridyl shown here, for example, does not exhibit 
surfactant properties until one places on one of the positions of one 
bipyridyl (usually the position para to the nitrogen) a carboxyl group 
on each side of a bipyridyl and then treats the carboxyl group in such a 
way as to make a long chain amide from it. By doing this for one of the 
three bipyridyl groups it is possible to obtain a surfactant Ru(bipY)3 
sensitizer/ In the case of the porphyrin, one can get organic-soluble 
sensitizers, or one can get water-soluble cations or water-soluble 
anions. If one of the pyridinium groups of tetrapyridyl porphyrin has a 
long chain attached (CJ6 or CIS)' we would then have a surfactant 
porphyrin as well. We 1d prepare compounds of this type for use in our 
photochemical studies. For electron acceptors we used the general 
structure of bipyridinium compounds, such as propylviologen sulfonate 
(PVS) , a neutral dipolar molecule which becomes negative upon addition 
of an electron to give the free radical of the bis-pyridinium monoanion 
ion. 

Experiments to determine photosensitized electron t1f/~.1fffer across 
a membrane (such as a lipid vesicle wall) were perf~rmed ,and the 
scheme for this process is illustrated in Figure 2.. The ruthenium 
sensitizer with the two tails finds it way to both sides of the mem
brane. Initially, we used purified natural phospholipid to make a 
vesicle. (Thirty years ago when vesicles of this type were first made by 
a British physiologist, A. D. Bangham, they were called liposomes. When 
I first heard of them I tried to call them "bangasomes", after Dr. 
Bangham, but he did not approve of that, so the term liposomes was used 
for many years. Gradually the Fhysical chemists took over this concept 
and these hollow spheres are now called vesicles, for obvious reasons.) 

Originally phospholipid from, for example, egg lecithin dissolved 
in an organic solvent which is miscible with water was used, and then 
this solution was injected into the water. Vesicles can be made from any 
two tailed surfactant lipid, either natural or synthetic. The 
phospholipid, of course, is not water soluble and tends to come out of 
the water as a bilayer. If the mixture is violently shaken, the bilayer 
rolls up into hollow spheres; they are double membranes, which are 
microspheres of the order of 500 A diameter (20-40 A thick). The 
membrane in Figure 2 is made in the fashion I have just described, and 
if this is done in the presence of the surfactant dye, the dye will 
lodge on both sides of the membrane. The details of where it lies have 
not been determined specifically to find the depth at which such a 
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surfactant dye might be found in a membrane. In general, they are on the 
surface with the tails proj ecting into the bilipid membrane and the 
heads near the water surface of the membrane, on both sides of it. 

The electron acceptor (in this case heptylviologen, HV) is on one 
side of the membrane (in this case, outside). If colloidal platinum is 
placed on the outside of the membrane. together with the viologen we 
could get molecular hydrogen generated from the semireduced viologen. 

On the other side of the membrane we needed a donor which would 
ultimately take electrons from water. We have not yet found that donor 
in a homogeneous condition, but in a heterogeneous situation, including 
Ru(bipY)1 2+ plus ruthenium dioxide, the colloidal Ru0 2 micro solid is a 
very gooaYcatalyst foraccmulating four electrons which it can do by 
taking the electrons from water, the electrons being removed by the 
oxidized ruthenium bipyridyl in a wat~,-soluble condition. The colloidal 
ruthenium oxide when reacting with Ru (bipY)3' will produce molecular 
oxygen. We thus have developed the surfactant sensitizer, the acceptor 
catalyst, and the donor catalyst system. As a beginning, we used a 
sacrificial donor--ethylenediaminetetraacetic acid (EDTA)--to demon
strate electron transfer through the membrane. 

The size of the vesicles which we made from phospholipids 
(phosphat idyl choline, for example) is about 500 A in diameter and the 
thickness of the phosp~~tidyl choline bilayer is about 40 A, with the 
subtraction, of the Ru (bipY)3 heads at about 15 A each. It turned 
out that it was not necessary to have present either the quinone or the 
borane cation-carrier in order for the electron to be transferred 
through the membrane. The heptylviologen distributes itself between the 
external surface of the membrane and the water layer. The methylviologen 
does not go at all into the surface. Since electron transfer and ex
change is more rapid to the surface heptylviologen than to the water 
methylviologen, the reaction proceeds most rapidly then (Figure 3). If 
the the heptylviologen is not used and we used only methylviologen which 
does not distribute between the lipid and the water, the reaction goes 
more slowly. 

Here we have the evidence that the electron does indeed get trans
ferred from the inside of the membrane, where the EDTA (which does not 
permeate the membrane) is the electron donor, to the methylviol~en 
on the outside of the membrane which is the electron acceptor. When 
this reaction is done in the absence-of the membrane the only time it 
works is when EDTA is present in the same phase (water) as the electron 
acceptor viologen. Keep in mind that the distance across the membrane 
through which the electrons hop. i.e., between the two rutheniums on the 
opposite sides of the membranes, is something less than 40 A because of 
the penetration of the membrane by the ruthenium heads. 

Recently a very nice experiment was performed which measured the 
rate of electron transfer between two sites sIBarated by fixed and known 
distance of saturated hydrocarbon (Figure 4). This shows a molecule in 
which one can vary the distance between the donor and the acceptor. It 
turns out that when this molecule is flashed with a 5 picosecond pulse 
you get a cation radical at the naphthalene end, an anion radical at the 
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cyanoethylene end, and a huge dipole which is measurable with a quantum 
conversion value of 1 for all the distances shown. The rate at which the 
electron and hole recombine through the saturated rigid system was 
measured. The center-to-center distance is plotted in nanoseconds on the 
abscissa against the lifetime of the charge separated state produced by 
the flash. The logarithm of the lifetime increases linearly with the 
distance, and at 20 A, a little bit shorter than what we believe to be 
the distance between the two ruthenium heads in the viologen layer, the 
lifetime is 500 nanoseconds. This data confirms the fact that it is 
quite easy to to achieve the electron transfer across such a bilipid 
membrane as we did in our experiments. The demonstration of the elec
tron transfer across the bilipid membrane can be taken as an experi
mental fact. 

The problem now is to devise catalysts for both sides. The acceptor 
and the catalyst for the reduction side of the reaction are well esta
blished; the viologen radical with colloidal platf~um as the catalyst 
will produce molecular w~rogen using a Ru(bipy) 3 sensitizer with a 
Ni(II) cyclam catalyst.- On the other side of the membrane, as shown 
in Figure 2, we used a sacrificial donor (EDTA), but we also ~~ow it is 
possible to have the reaction proceed using water-soluble Ru+ 3(bipY)3 
and colloidal ruthenium oxide. When the ruthenium goes to Ru in tne 
water layer it has the potential to make oxygen slowly, and in the 
presence of the solid catalyst ruthenium oxide the oxygen is made very 
efficiently. Putting the entire sequence together, however, is diffi
cult, because one way or the other a colloidal material is required 
inside of the vesicle, which is difficult. Using either the platinum or 
ruthenium oxide it would be necessary to place a colloidal material 
inside the vesicle. 

Therefore, a great deal of time has been spent in searching for 
homogeneous materials which will perform the same functions, 1. e. , 
homogeneous catalysts that will produce hydrogen or homogeneous cata
lysts that will produce oxygen. There is a soluble binuclear platinum 
compound y~ich ~pparently can, when it is reduced, produce molecular 
hydrogen. The homogeneous oxygen catalyst, on the other hand, is less 
easily visualized. While it is true that apparently some of the 
bipyridyl complexes seem to be able to produce molecular oxygen, it is 
not a very clean reaction and not unambigousl:fince the oxygen was 
identified only by means of cyclic voltammetry and the question of the 
homogeneity or heterogeneity of the catalyst remains. More recently a 
trinuclear ruthenium complex has been identified

14
as a homogeneous 

catalyst with direct measurement of oxygen itself. 

We continued to search for additional homogeneous catalysts and our 
choice was guided by the fact that in the case of natural photosynthesis 
the cafslyst for oxygen production is some kind of a manganese com
pound'. We may now have some clue as to how a manganese porphyrin 
might work as a catalyst for this reaction, as shown i~6Figure 5 which 
shows some of the chemistry of a manganese porphyrin. The stable 
oxidation number of the manganese in a porphyrin in air under ordinary 
conditions, whether it is in water or orga~~c solvent, whether it is 
tetramethylpyridyl or tetraphenyl, is Mn • Manganese can be 
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photochemically oxidized with various agents to ~3t an oxidized form 
which has the absorpt~~n peak at 424 nm. The Mn can be reduced by 
borohydride to the Mn state which ~s an absorption spectrum at 440 
nm, as opposed to 476 nm which is Mn+ • We have, therefore, defined the 
three oxidation s1Ftes of manganese, b( their absorption a1aks. We find 
that when the Mn+ is oxidized to Mn+ , or reduced to Mn and oxygen 
added, the Mn

424 
compound re~~lts; this Mn424 is ultimately unstable and 

the compound goes back to Mn • At first we thought it must be generat
ing some kind of an oxidized water, but we have so far been unable to 
find the oxygen. 

T~~ structure of the oxidized ~~nga.nese could be either the 
oxy-Mn or the ~-oxo dimer of the Mn as shown in Figure 5. The iden
tity of the. Mn

424 
compound is determined by the absorption peak and 

seems to be the ~-oxo-dimer on the basis of its molecular weight as 
de$3rmined by gel filtration. The factors determining the return to the 
Mn have not yet been established in all details. Figure 6 shows the 
absorption spectra of the three manganese compounds which are very 
eaiily distinguishable in aqueous solutions. This data indicates that 
the various oxidation states of the manganese are easily distinguishable 
optically and also that they can be dealt with individually. Figure 7 
shows the absorption spectra of several other molecules used together 
with the manganese compounds in a variety of photochemical experiments. 
These spectra are used in the determination of the kinetics of the 
oxidation changes. 

The next question was to determine whether or not 
possible to photooxidize+

3
the manganese. This was done 

photooxidation to the Ru (bipy) 3 which will oxidize the 
The schematic diagram of this system is shown in Figure 

it would be 
thr..ough an 4 

+j + • 
Mn to Mn 
8 where the 

photoinduced oxidation of the manganese porphyrin took place in homo-
ol t· ith h R 2+ (b· ) 3 as the photosensitizer and 

geneou~ s7~ 10n, w t e u 1py 
Co(NH3 5CI (chloropentamminecobalt(II) chloride] as the electron 

acceptor. 17 The reaction oxidizes the manganese photochemically. The 
rates of the oxidation reaction as well as the back reaction are shown 
in Figure 9. The kinetics of oxidation were complex. The oxidized 
manganese t~3raphenylporphyrin formed is unstable and returns to the 
original Mn species almost quantitatively in about 20 hours. The 
spectral changes for the return are shown in Figure 9b. The formation of 
th~3oxidized manganese tetraphenylporphyrin and its reduction to the 
Mn form can be cycled several times, and at least five cycles of the 
oxidation-reduction were monitored. At the end of each cycle about 95% 

+j ~ . z+ 
of the Mn and 100% of the Ru(b1pY)3 were regenerated. 

We evolved a possible rout~ by which the Mn+~ may produce oxygen 
from water (Figure 10), the Mn+ going back to Mn+ and oxygen. However, 
we have never seen the ~~ygen in this particular system. There seems to 
be evidence that the Mn is such a strong oxidant that it might oxidize 
the porphyrin ring itself given enough time. Once the porphyrin ring is 
opened there are a a large number~4at least 18, reducing electJjns which 
can then reduce the remaining Mn porphyrin molecules to Mn , thus 
allowing for the 95% recovery. If an easily oxidizable sub~3rate such 
as maleic acid, or 3-butenol-1 is added, the recovery of Mn is rapid 
and 100%. Therefore, it will be necessary to devise systems to produce 
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the oxygen more rapidly so that there is not enough time to oxidize the 
porphyrin, or else we must stabilize the porphyrin by suitable substi
tution so that even with the l~~ger reaction time the porphyrin ring 
will resist oxidation by the Mn • 

The actual system that we propose to use is shown in Figure 11, a 
unilamellar vesicle, using the surfactant ruthenium with a water-soluble 
manganese inside the vesicle itself and propylviologen sulfonate or 
heptylviologen on the outside, with bis-hexadecylphosphate (or phospho
lipid) for the vesicle material. It appears, however, that the manganese 
is such a strong oxidant that it will destroy an ordinary organic 
vesicle with carbon-hydrogen bonds, and so we must invent a vesicle or 
membrane that cannot be destr~~ed, such as one made of fluorinated 
hydrocarbon (Nafion membrane). We need to construct a membrane from 
fluorinated hydrocarbons which will allow us to separate the reduced 
viologen from the oxidized manganese and perform separate reactions on 
either side of such a fluorinated membrane. 

CONCLUSION 

Considerable efforts have been made toward the goal of artificial 
photosynthesis, to lay the foundation for efficient and economically 
viable conversion of sunlight to storable high energy compounds • In 
order to achieve the goal of water decomposition to hydrogen and oxygen 
by visible light two processes must be achieved: Charge separation by 
electron transfer across a phase boundary followed by two different 
catalytic reactions to transform the separated charged into stable 
separated products. 

A1§evice for the photolysis of water might appear as a hollow fiber 
bundle similar in structure to the artificial kidney. Embedded in the 
hollow fibers would be the redox stations through which the electrons 
can be moved and on the outside are the acceptors/donors and catalysts. 
Having transferred the electron through the membrane it would be pos
sible to produce hydrogen on one side of the membrane and oxygen on the 
other. The device will ultimately have to be constructed from material 
which cannot be destroyed by the chemical constituents of the reaction. 
We are now in the process gf developing membranes whi~ will resist the 
oxidizing power of the Mn+ porphyrin or the Ru{bipY)3 +. 

Acknowledgement: This work was supported by the Office of Energy Re
search, Office of Basic Energy Sciences, Chemical Sciences Division of 
the U.S. Department of Energy under Contract No. DE-AC03-76SF00098. 
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FIGURE CAPTIONS 

Figure 1 Structures of donors/acceptors/sensitizers 

Figure 2 Scheme for photosensitized electron transfer across a 
lipid vesicle wall 

Figure 3 Cofactors in photoelectron transfer reactions across a 
membrane 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Charge recombination time as a function of distance between 
charged centers 

Possible structures for manganese porphyrins 

Absorption of 
n+ 

in aqueous solution spectra MnTMPyP 

Absorption spectra of 
5+ MnTMPyP , ZnTMPyP 

4+ 
and Ru(bipY)32+ 

in aqueous solution 

10 

Figure 8 Schematic diagr~~ of the arrangement used in the photoinduced 
oxidation of Mn porphyrin in homogeneous. Ru(bipY)32+. 

~s 

the photosensitizer and CO(NH
3

)SCI2+ is the electron acceptor. 

Figure 9 Absorption" spectra observed with time
2
0f illuminati~~ in 

aq~30us solution containing Ru(bipY)3 +, Co(NH3)SCl and 
Mn 

+4 
Figure 10 A possible route by which Mn may produce oxygen from water 

Figure 11 Single unilamellar vesicle 
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