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SYNTHETIC CHLOROPLASTS

Melvin Calvin

Laboratory of Chemical Blodgnamlcs
University of Callfbrnla, Berkeley, California 94720

* pPresented at the International Sympdsium_on Chloroplast
Development, Spetsai, Greece, July 9-15, 1978.

*+ The work described in thls paper was sponsored, in part,

. by the Divisions of Blologlcal and. Environmental Research
-.and Basic Energy Sciences of the Department of Energy.

Abstract

The principal function ef the chloroplast is to captﬁre solar
quanta and to store them in some stable'fbrﬁ. We are in he
process ef trying to construct a.totally-synthetic systeﬁ
that would simulate some of the reactions of the two pbqto—
systems which occur in natural chloreplests, These synthetic

chloroplasts will not resemble the natural entitity in detailed

construction, as they will contain no protein.




Infroduction

The princﬁpal function of the chloroplast is to capture solai gquanta
and to store them in some stablé férm. All the other functions which can be
neﬁtioned are secondary to that one and are bresent.primarily to assist the
chloroplast to capture the quantum and store it in some stable fbrm. At
the moment, we really do not know which proteins‘are associated with
photosystem I dr photosystem II in the quantum converting_apparatus of
the chloroplast, and it would thus appear presumptious fo set about to syn~
thesize all the functions of the chloroplasf. |

What we are pioposing is much more limited: We expect to synthesize
an object which will perform the quantum capturing function and the elec-
tron transférring function of thé natural chloroplast, and that is all,

The "synthetic" chioroplast will not replicaté itself, will not make pro-
tein, will not perform the many other functions which have been atﬁributed

to intact live chloroplasts. All the sgnthetic'chloroplast will be able to do
is transfer electrons from a low enerqy staté to a hiéher energy st;te and,.
in a sense, that is the primary role of chlofoplasté in naturé as weil.

All of our efforts ;eading toward this.end stem from the ability to
understand the funétions of a chloroplast.'It is my hope that the discussion
of synthetic chloroplasts, in terms of physics and chemistry, may provide
some ideas about what to look_fbr in nature as weil. What f ém discussing
' is really not present in nature as a simple pbysical entity., It exists
naturally merely as a collection of functions. The way these functions
are put together in our synthetic system stems from what we think we know

.of the ntural processes.




A natural chloroplast is shown in the electrdn_micrograph in FIGURE 1,
ﬁhich was taken about 1974, This shows well some of the features of the_cbloro—
blast, wﬁth the quantum transforming machine constructéd of lipid légers
which contain pérticles of vamous kinds, styles and distributions. The quantum
converting process takes place somewhere in that natural machinery. Yoﬁ can
‘'see the lipid membrane in the chloroplast, with the protein particles float-
‘ing in it,. Thé primary function of the lamellar appaiatus is to transfer elec-
trons from a lower energy state into a time stable higher énergy staﬁe; The
electrons start in water and eventually en& up reducing carbon dioxide; in
some cases, under certaip'conditions, hydrogen genératipn can occur as
well (FIGURE 2).

The faqt that the machinery of the natural chloroplast consists of
ailipid membrane with particles embedded in it which may or may not
penetrate through that lipid membrane, ahd the fact that we have two gquite
difféient.quantum prpcesées involved in suqcessibn, suggested to us many
' yearé ago that the two quantum procsse#-take place at different siteé,
either on a macro phase boundary or a micro phase'boﬁndary. By macro phasé
boundaiy I mean an extended phospholipid membrane, or lfpid membrane, and
by'a microﬂphase bdundary a lipoproteih complex in which.each molecule may
be'suirounded by an insuIéting lipid layer, Thus, one can think of the elec-
_tron being transferred across a lipid membrane which is macroscopic, as in
a bilipid membrane, or thévmembrane might be considered as a hydrophobic coat
around a protein molecule'consisting, for éxamplé, of the hydroéhobic parts
of the polypeptide chain itself, ‘ |

| I pelieve that the essential feature of natural photosynthesis, i.e.
what makes it different from ordinary photochemistry, is the fact that the

essential photochemical process is a photoelectron transfer across a phase .
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Electron micrograph of chloroplast

Figure 1.



Decreasing reduction potential

+0.8

TRAPII
Q-Css0
Plastoquinone
Pi + ADP
hVn'
Ho0_ OgH*
\X
p4
Chi a
cni b| Peeo

Pi + ADP

\

ATP

Cyt bses
ATP

Cyt f, PCy

TRAP I

X\
Ferredoiin
NADP reductase
NADP\\
hvy ATP [ ©O2
7\ Reduction
P-]oo Chla

XBL7410-5395 B

Figure 2.

Photosynthetic electron

transfer scheme

-qc-=



boundaty from a water to ailipid pbase and/or from a lipid to a water phase.
fhe topfpartﬂof FIGURE 3‘represents.a membrane (which cduld'be a macro membrane
or'a micro mémbrané) in which the two photo acts (photosystem I and photosystem
II) are taking place on either side of the.membrane. There is a donor system
on.the left side an an écceptor system on the right, with corresponding’
catalysts for the generation of oxygen and hydrogen on each side. The con-
ceptual design of that artificial photosynthetic membrane is tbe subject of

this discussion.

Construction of Micelles

Building such a simple, flat bilipid membrane, with a doqor syétém
on one sid¢ and an acceptor systém on.tbe other, is»verg complex, because of
the technologies involved. I originally thought it.uﬁgﬁt_be much easier to
 build it‘in the way that nature does, by building vesicleé (or liposomes as
théy weré ofiginallg called by the'biologists). "VESfcle" is the physical"
chemiété’ ferm to describe a simple bilipid sphére-Which has water on both
‘sides (inside apd butside) with two interfaces o% two phase boundaries. One
.pbése boundarg iS'p;esent on the outside, wgter4£o-1ipid, and another phase
boundary is p:eseht 6n the-insidé, lipid—tq-watér, Eésentiélly, in construct-
‘ing veslcles we have rolled up fhé flatvmembrane into avgphere. We can conF
si&er these spheres as miérosphereé or 1ipoSqmes in which the photosynthetic
quahtuﬁ conversion process takes place.

The actual sphere itself can be‘simplified even fﬁrther‘(FIGURE 4).
The sphere can be bzoken'dbwn ibto two pafts, thebpieces each forming a
separate phase boundary. The liposome is thus separated info two parts: one
udcélle in which one photoact (photosystem I)Iis accomplished and another

micelle in which the other photoact (photosystem II) takes place. The sink
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in one micelk for PS II would in the other micelle be the source for PS I.
Thus we can carry out the two processes in two separate experiments and ulti=-
mately we can couple the two photoprocesses together.

Dyestuff Selection: We have only recently realized that chlorophyll

is esseﬁtiallg a detergent dyestuff with a hydrophilic head énd a hydrophqbic
tail. The important thing about a micelle of this typé is that the hydrophilic . v
’Head of the dyestuff rénains on the water interface, while the hydrophbbic tail
dissolves into the hydrophobic interior of the micelle. We have sought more

stable synthetic systems ;s surfactant dyestuffs, and one relativeiy easily

available chlorophyll analogue which has the capability of being transformed

into a surfactant material is tetrapyridyl porphyrin (Fleischer) shown below:

ON

Tetrapyridyl porphyrin,'mono C16 quaternized derivative

If we quaternize one of the pyridine nitrogens with a C,_ chain, we create a

16



' sdrfactant_porphgrin. There are, of course, mény other possible surfactants

similar to this, but we have the most material of this porphyrin now available
Ifbr exygriments.

Our method of operation is to place;the surfactant dyes on the syn-
thetic vesfcles (or micelles) and t;y to determine whether or not electron
transfer from or two the exciied states of tbeée dyes can occur. This had to

be an indirect measurement (fluorescence quenching) as we really had ho'easy

electrical or chemical way of measuring single photoelectron transfer. The

data for a model system for photoelectron transfer is shown in FIGURE 5 (Frank).
Wé méasured the guenching of fluorescence of the sensitizing dye by anthra-
quinone sulfonate which is a water soluble quinone which has no excited state

able to take energy from the porphyrin. The excited state of the anthraquinone

' is much h{gher than the excited state of the porphyrin, which absorbs at some-

where around 6000 to 8000 A, There is no Way‘in which quinone can gquench

the porphyrin fluorescence by energy transfer, and thé quenching can occur only

by electron transfer. Anthraquinone is a good electron acceptor so we thus

have an indirect means of measuring photoelectron transfer by the quenching
of'tﬁe fluorescence of the porphyrin in the phospholipid vesicles using
aﬁthraquinohé in thé watgr phase.:The quenchiné constant for the porphyrin
in a.homogeneous medium is shown in the bottom curve of Figure 5. By using
as solbent 60% acetonitrile in water, which can dissolve both the porphyrin
and tﬁe anthraquinone, we were able to mea#ure porphyrin quenching by the
anthraquinone as a function of concentraﬁion. We then measured the slope of
the line to determine the quenching constaﬁt for the anthraquinone on the
porphyrin in homogenebus medium. In this case, no phase boundaries are pre-
sent, wifh everything in éolution in a mixea solvent, which resulted in

no micellar formation,
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. If the porphyin is inserted on vesicles so that it is at the face
of a phase boundary, and the gquenching constant then measured, it is possible

to see that the quenéhing constant has risen from 490 to ~104; if the phos-

pholipid to porphyrin ratio is decreased from 100:1 to 1:1 (the porphyrin

concentration is higher),'the quenching constant then rises to 105. I took

this to mean a confirmation of the original idea, that the excited porphyrin

-‘éoﬁld transfer electrons to a quinone best if the porphyrin is at the»phése

boundary'and the quinone in fhé water layer adsorbed to that phase boundary.

Photoelectron Transfér

- It would bgAmuch.better,'bowever, if we had a more direct way of measur-

ing photoelectron transfer. There was a report in the literature (Matsuo)

by some Japanese photochemists who had sensitized the photoxidation of

ethylenediaminetetraacetic acid (EDTA).with methylviologen, that is, photo-

 sensitized an electron transfer from EDTA to methylviologen. The chemistry of

this direct'photoelectron transfer is shown in FIGURE 6. As you can see,
electrons are transferred from EDTA to methylviologen, resulting in the

oxidation bf4péit of'the‘EDTA, from -qJCHZ-CO o,
: N-H

+ . , , , o
2H ~N-H with the two electrons resulting from that oxidation transferred

H and water to C02;1CH

2 2

to methylviologen to give two free radicals with a blue color, which is

very easily detected. This reaction was first done using the tris(bipyridyl)-

, IT ' .. , ,
. ruthenium =~ complex as the sensitizer., In water solution the quantum effi-

ciency of this reaction is very poor. If, however, we make this sensitizer

into a surfactant dye, we could try the same reaction at a phase boundary.
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Surfactant ruthenium complex sensitizer

We constructed vesicles_with-EDTA on one side and methylviologen on
the other, with sensitizers on both vesicle surfaces; see FIGURE 7 (Ford).
We first mixed all the vesicle components in an organic solvent=-the
ruthenium complex together with the EDTA whicﬂ woula-go into the spherical
liposome. Then the mixture was injected into a large volume of agqueous
buffer solution. This produces the vesicle with all its components in
the proper place. The ruthenium complex, being the surfactant is on each
surface of the vesicle; the EDTA , being water-soluble, is in both water
phaSes (Figure 7) and is removed from the external water phase by gel

filtration. At first we thought we would need in the membrane both electron
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and proton carriers, that is, a quinone and decarborane, respectively, but

we gradually reduced the number of membrane components by taking the carriers

out, with the result that the reaction still proceeded (FIGURE 8).

As mentioned above, we first construct the vesicles with EDTA on

" both the inside and outside. By passing the initial vesicle suspension through

a gel filtration( we removed fhe EDTA and.any other small molecules from the
outside énvironhent, leaving the vesicles in buffer with EDTA on the inside
only (Figure 7). We then added methyl viologen and zinc on the outside of
the vesicle, and then,vas a further coﬁtrol, we destroyed the vesicles
with a zwitterion detergent, which breaks up the vesicle, releasing the
methylviologen, the zinc ion and the EDTA into a homogenebus solution.

The photochemistry‘of the various preparations is shown in Figure 8.
In the lower left you can see the photéchemistry when EDTA is inside and the.
méthylviologen and zinc.are on the outside of the vesicle. The zinc is added
on the outside to complex any of the EDTA that might leak out of the membrane.
INvfhe presence of zinc, the EDTA is not oxidizable,_it is all bound by the
zinc, and there is no reaction at all as shown iIn the upper right portion
of Figure 8, When the detergent has brokén up the vesicle so that the EDTA
and the zinc can cémbine, no reaction at all takes place as shown in the
lower.right. There is very good eleqtron transfer from the EDTA inside
the liposome to methylviologen on the outside as shown in the lower left
of Figure 8.

We have thus demonstrated that it is poséible to transfer an electron
from the inside of the vesicie ﬁo the outside with the surfactant dyestuff
on both sidés of the vesicle surface and without additional carriers in the

body of the membrane,
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Electroh Exchange acrass the Mémbrane. I want to examine in a little
more detail what I think the reaction may.be, keeping in mind that the membrane
contains no election or proton.carrie:s, just the sensitizer and the phospho-~
lipids. The difference between the fast reaction (¥ ) and the slow reaction
( A ) is shown in FIGURE 9. The fast reaction involves a surfactant electron
éccepto? (HV) which is isoelectronic with the bulk.yiologen. Where we have

only the dyestuffs on both sides, with methylviologen on the outside of the

" vesicle and EDTA on the inside, the reaction is relatively slow (A ).

If, instead of placing methylviologen only in the water, we place a sur-

- factang viologen on the liposome as well, the reaction goes much faster.

The sensitized electron transfer goes from excited surfactant sensitizer to

surfactant viologen acceptor and there is a rapid electron exchange between

, . , e
the reduced surface viologen. and the bulk viologen, leaving ruthenium I

‘on the outside surface of the vesicle. Electron exchange across the membrane

with ruthenium I on the inside surface of the vesicle then takes place. This

electron exchange is very‘rapid and the inner RuIII thén oxidizes the dis-
solved EDTA, thus resuiting in a transfer of electrons through the membrane
from EDTA methylviologen. |

I had difficulty iﬁ believﬁng that the ﬁransmembrane e?change,'as
fast as it is, did not have another quantum involved, one to transfer an

electron to the viologen and the other to produce the transmembrane exchange

between ruthenium ions. It seems as though it should be a two quantum pro-

cess; FfGURE 10 shows that the rate is ;inegr with light inteﬁsity and .
therefore the process is not biphotonic. The second electzbn transfer through
fhe mémbrane ié the'simple electron exchange between. the two ruthenium
compiexeé'on eitber side of the membrgne, which is another isoelectronic

exchange reaction. The reaction sequence is as follows:
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%
Ru”N\N)o + hv -ﬂ-)Ru”ANv)o (1)
Ru”N\N): + v/wv):"-a Ru”'NW)o + VANV);' (2)
+ 4 ++ -+ .
Vaw) o+ M-vwo—-» Vaw) "o+ M-vwo (3)

R"”'NW)O + Ru

ww), = Ru'ta) e or T aw, (4)

Ru AN'v)i + (ox-EDTA)w (5)

'Nw)i + (EbTA)w—-) Ru
i i

Reaction (3) proceeds because of the high concentration of the bulk methyl-
viologen (MLVZL in the wafer phase outside of the vesicle., Reaction (5)
prqceeds becéuse of the high concentration éf tbe bulk (EDTA)Wi in the
water phase inside the vesicle. Reactions (3) and (4) are both isoelec-
tronic exchange reactions on or through the vesicle and membrane.

This completes the demonstration that we can transfer photoelectrons
through a lipid membrane. At this point we did not really require a quinone
barrier. However, eventually we will probably réquire a quinoné electron

carrier because a practical device will require a much thicker membrane,

and the same thing may be said of the proton carrier.
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Having‘made this demonstration, how can we use this experimental
fact. to help us'dbsign a practicél, functional "synthetic" chloroplast? We
know that reduced methylviologen in the presence of platinum catalyst will
produce hgdrogen (Lehn), so in effect we have one-half of the required system
separately already. This is not a nétural system to be sure. What we need’
to find is another vesicle to generate oxygen and the hydrogen donor. If
‘we try to encompass two quantum.écts on two different vesicleé, instead of
both quantum acts on dne vesicle, and then couple the two different vesicles
togethér, probably via quinone-hydroguinone System, we will be able to
creéte artificially the equivalent of a natural system. In the laboratory
we are familia;'with the hydrogen evblving system in the natural chloro~
plast which is accqmpliShed by an iron-sulfur protein (hydrogenase). I
think that a syﬁthetic analbgue will be available one day soon. Méanhhile,
-we can fulfill the hydrogen-generating function with a viologen-platinum

system or even a solubie“rhodium bipyridyl complex.

Manganese Requirement for Photosgnthétic Oxygen Production

The other side of the chloroplast requirement is some kind of
nanganesevcompound.aManganesevis essential aé a donor system to move the
eléctrons from water and generate oxygen by photosystem II, What that
" manganese complex is, nobody knows as yet. In fact, for many years we héve
been seeking eﬁidence for tHe nature of the critical manganesé. Since it
is a four eléctron process that we have to achieve fbi-oxygen evolution, it
seems that we should have at least two manganese.atoms_involved. We there-

fore synthesized a binuclear manganese complex bridged by two oxygen étoms.
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Iv IV
Ne thought it might be possible to produce the Mn -Mn = compound by photo-

electron transfer of four electrons, two from one manganese atom and two from

tho other. The IV-1V compound might be expectéd to be unstable and decompose
into molecular oxygen and regenerate the I1-11 éompound, with this sequence of
events ready to repeaf. But the binuclear manganese compound failed to
' generate oxygen. (Cooper). However, the fact that we had this cohpOund
available in the hboratory was a very important bridge on the next step.
As f said earlier, we spent many years looking for the manganese

complex, and the binuclear compound was one of the guesses. The question
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remained, however, khat metho&s can we use to find out what the manganese
coméound is? Every time we tried to extract the manganese from the chloro-
pdasts,'it came out as manganbus ion, which indicated that the manganese
must be a very loose protein-bound material. What is the environment in
the chloroplasts for theiprotein-bound manganese? Since it is not possible
tb extract the méteriél intact, because the nanganese.is so loosely beld,'
how can we explore it? dﬁlg one rethod seemed possible, Which was specfro-
scopyfén the fresh chloroplast material. To look for manganese in natural
material, particularly when there are only a few manganese étbms for each
500atb 1000 chlorophyll moiécules, is not an easy task. However, during the
’past few years a special épectroscopic method has been developed which
made this a possibility., That method is the Extended-x-:éy Absorption Fine
Structure (EXAFS) of manganese étoms, that is, the scatter function of X-ray
fluorescence which results from absorption of a high energy gamma ray which
is created on the SLAC Linear Accelerator at Stanford. Its high energy.
gamma (or élpha) rays beamed into chloroplasts‘excite the manganese. The
manganese then f1uoresces, énd the scattered fluorescence light inter-
feres if. there are neighboring atoms close by, very much like an x—rég
interference pattern (radial distiibution frém a crystal.powder pattern).
In this case only manganese responds when the éroper alpha rays are used
ife;, fhose correspondingvtd k sbell absorption for manganese. Thus,
with the EXAFS spectroscopic technique it is possible to look at the
nanganeée atoms in. the chloroplast eﬁen when only a féwvof them are
present in the complex mixture.

. The manganese absorption and scatteriﬁg of photéhs méde on the
linear accelerator as they enter fhe sample are shbwn.in FIGURESilla and

11b (Klein). The edge absorption (Figure lla) is characteristic of
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nanganesg atoms and identifies the atom scattering pattern, the extended
fine structure (Figurelllb) is due to the environment around them. Only
manganese will show absorption at this energy. When you look at this absorp-
tion baﬁd, you azeilooking at manganese absorptiod; The fine structure of
the absorptioﬁ edge (Figure 11b) is the result of interference of the fluores-
cence which is produced by manganese upon the absorption of those high
enefgy photons. By analyzing the interference pattern, we can determine
the environﬁent.around each manganese atoﬁs. The radial distribution for the
manganese binuclear compound mentioned earlier is shown in Figure>llc. Here
afe two nﬁnganese-atoms at ..2.7 A ;ith two oxygen atoms between them and
four nitrogen atoms on the outside. That was our model, or calibration,
compound. The zefq point is phe of the manganese atoms and all the atoms
close t& it are plotted. The closest are the oxygen atoms, then the nitrogen
atoms, and then the other manganese étoms. The important thing to recognize
is that the very large peak in Figure llc, about 2.7-A; is in a positibn
correspondiné to the distance between these two manganese- atoms. |

If we perform the same experiment Qith real live chloroplasts
(oxygen pioducing'chloroplasts) instead of "synthetic" chloroplast materials,
a very similar result occurs. The nearest neighbor mangaﬁesé peak is at
about the séme place, so you know the manganese in fhe chloroplast is a
cluster of at least two atoms and that they are ~2.7 Aapart. This is an
important piece of information as it is the first time we know for sure
that the manganese atoms in the chloroplast exist at‘least in pairs at
.about.r’Z A apart, This experiment gave us the informétion that we could
say for the first time with confidence that the oxygen producing unit of

the chloroplast is at least two manganese atoms. We can now hope with more
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confidence to find a compound that will produce.oxygen. the EXAFS experi-
ments indicate that we should get at least two manganese atoms together.
I now want to tell you about an incomplete but intereting
experiment. If we construct the vesicle that I described a moment ago,
and instead of surfactant ruthenium compound we make it with the manganese
surfactant pyridylporphyrin without anything else in it, the surfactant man
oL . R . . I , . .
"ganese upon mild illumination goes to the Mn I oxidation state almost imme-
P . . . . II1T IT . . .
diately. It is reduced upon illumination from Mn to Mn' ", It is difficult
to understand this result, keeping in mind that the system is open to air
and there is nothing else present but tbe liposome, i.e., the vesicle and
- . ITI II
the manganese porphyrin. How.can we get from Mn to Mn = in such a system
in the absence of reducing agents? The only way I can see is for photo-
S, . . IV Iv
electron transfer to occur, with oxidation to Mn and the Mn can then
take electrons from hydroxyl (which. is equivalent to absorbed water) and
' IIT .
come down to Mn « Two of these manganese oxygen radicals can come

together and presumably liberate oxygen and two MnII as shown.
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Ha  _H,0
Mnme_ ofr{; M
hval e TR -lhua
Mn—— OH~ HO™—Mn
1(!) | 1
H* + MnZE 0" *0—MnTE + H*

/2 H, ‘ 1(2) 1 | 1,
e . ) e’
‘\ MnZE—0 10—MnTE /(

W
hVA *(3) hx/A
e ©
Mn 50— 0 —=Mn™*
y (4)

In order that MnII accumulate, the slowest reaction in the sequence should
be the photoreaction bvB. So far, we have.not found the oxygen, and we may
have to modify thervesicle by putting in a water soluble manganese compound
that is a surfactant as well, and keep the manganese inside the vesicle at
as high a concentrgtion as possible. One might even tie them together in
‘pairs so as to facilitate the dimerization reaction (3) above and accelerate

- reaction (4).
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Structure of Oxygen Generation System

The structure of the still hypothetical oxygen produéing vésicle
is shown on the left side of FIGURE 12, The structure andlcompositioﬁ of
the already completed hydrogen vesicle is shown on the right side of
Figure 12. The coupling agent between them is a suitably chosen water
soluble quinone—hyd:oquinone redox system. Thus we have a schematic repre-
sentationvof_the entire system, Photosystem II is represented by the left
vesicle énd photosystem I by the right. There is a redox couple such as
plastoquinone to connect them. The quinone is the acceptor on the outside
of the manganese vesicle and the hydroquin9ne is thé donor on the outside
bf the viologen-hydrogen vesiclé, so that in this way the electron and
broton will be transferred from one vesicle to the other, from one reaction
site to the other, from photosystem II to photosystem I. Photoelectron
trﬁnsporf across a membrane has been demonstrafed, and thus the operation
of photosystem I with a suitable electron dbnor.can occur.

What remains to be found is the oxygen generating catalyst which

in the live chloroplast 1is at least a dimer of a manganese compound. Just
as Qe have been able to circumvent the need fbr the natural hydrogenase
(an irbn-sulfur protein) so it may be possible to réproduce the oxygen
generating function in some other fashion. We would, however, retain the
ideas of phase boundaries, surfactant sensitizers and electron exchanges
already demonstrated. For exaﬁpie, instead of trying to use the manganese
compound as both_sensitizer'and oxygen catalyst, it should be possible
- to use the ruthenium surfactant system as sensitizer and the water soluble
analogue with a platinum oxide surféce as the device for accumulating the

four electron transfer step intermediates (FIGURE 13).



Schematic for synthetic chloroplasts

Figure 12,
Schematic for synthetic
chloroplasts
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We haveialzeadg arrived at the stage in which the hollow sphéres
postulated earlier have been replaced by hollow tubes or fibers built
on the same mechanical principles as artificial kidneys of desalinization
units. The composition of fhe fiber will be different and its loading
with photosensitizers, electron and proton.carfiers and hydrogen and
oxygen generating catalysts will be similar to the artificial vesicles

 just described.

Conélusion
I believe we can look forward to the creation of an artificial

system for photosgnthesis, using the synthetic‘chloroplast;which have been
described, This system will mimic the way in which the green plant takes
(four) quanta to geﬁerafe oxygen on one side and reducing power (either
hydrogen or reduced carbon dioxide) oh the other side of the membrane.
We have ektended:the ekperinents to demonstrate directly photoinduced
electiOn transfer from a porphyrin in a micelle to a quinéne in aqueous
solution by directly meésuriyg the photoreduction of the quinone.

’Finallg, it is possible to‘imagine a micellar system in which
the photoelectron transfer occurs across the phase boundary, producing the
oxidaﬁt-in one phase and the reductant in the.other. This could be follow-
ed by an actual physical separation of the phases with the concomitant
separation of the potential reactants. These could then be stored
separately and be brought together in a suitably constructed physical
system to recover the energy of the back reaction in some convenient form
and the cycle repeated..

Such syétems as have been discussed thus accomplish both of

the necessary requirements for a useful solar energy device, namely (i) the
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(hv)

Ru™ (bipy ), £;Pt|+ H,0 OH + H* + Ru” ( bipy),

, OH + H" + Ru™ (bipy),

XBL789-4248

Figure 13.
Schematic for oxygen evolution
in photosynthesis
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capture of the quantum and its conversion to some other energy form and
(ii) the storage of that energy for indefinitely long periods with the
possibility of its recovery at will in some convenient form. The green plant

- has always performed these functions in the service of mankind.
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