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SYNTHETIC CHLOROPLASTS

Melvin Calvin

Laboratory of Chemical Biodynamics
University of California
Berkeley, California 94720 U.S.A.

ABSTRACT
The principal functien of the chloroplast is to capture solar quanta and
to stors fnem in sore sizble form. We are in the process of trying to con-

struct a totally synthetic system that would simulate some of the reactions
of the two photosysiems which occur in natural chloroplasts.

Toward this end, w2 have demonstrated a number of the reactions re-
guired in separated systemsg We have shown that it is possible to transfer
electrons across an insulating membrane barrier with a surfactant photosensitizer.
Others have shown, and we have confirmed, that it is possible to collect the
two electrons necessary forthe generation of molecular hydrogen on a hetero-
geneous catalyst suspended in water and similarly to collect the four holes
on another heterogeneous catalyst suspended in water for the generation of
molecular oxygen. A synthesis of . some of these molecular catalysts for both
these purposes is underway, with some partial success.

When these partial reactions are assembled in a system; the resulting

“synthetic chloroplasts” will not resemble the natural entity in detailed

construction as they will contain no protein.

To be presented at Faraday Society General Discussion Mo, 70, Photoe?ectrochemistry,
St. Catherine's College, Oxford University, Oxford, England. Sept. 8-10, 1980






INTRODUCTION

I would 1ike to describe to you an artificial photosynthetic system
which we have been trying to construct which will achieve the essential
fuéct§0ﬂ of the chloroplast, that is, the capture of quanta and their con-
version into stable chemical farmhijﬁg) I know that the syntﬁetiﬁ system
will not perform in exactly the same structural fashion as the natural
photosynthatic system of the green plant (the natural chloroplast). All
we wish to reproduce is the function(s) of the natural system, i;ee; the capture
of quanta and thair storzze in a stable chemical form.

Recentiy 1 hed cccesion to encounter a rather inﬁerest?ng quotation
which impinges.on the subject. It was an edit@riai entitled "The Photo-
'chemistry of the Future" written by the Italian photochemist, Giocomo
Ciamician, in October 1912 and published in §§i§gg§,(@} This s one
paragraph Trom that paper:

"Modern civilization is the daughter of coal, ?of-ih%s offers

to mankind the solar encrgy in its most concentrated form; that

fsg’?n a form in which it has been accumulated in a fong series of

centuries. Modern man uses it with increasihg eagerness and

thoughtiess prodiga?ﬁty for the conquest of the world and, like

the mythical gold of the Rhine, coal is today the greatest source

of energy and wea?th;“

I think this statement rep%esents a point of view which was of great impor-
tance then and is perhaps even more valid today. One Tast‘sentence from this
a%ticieg by way of introduction to the subject of the present discussion, is:

"Is jggéii,so?ar energy the only one that may be used in modern

Tife and civilization? That is the question.”
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We are "going back™ to the "green machine" today by converting the carbohydrate

of utilizing solar energy, with the green plant being the most common.

of the plant into a more useful Tiquid fuel by a fermentation process to make

alcohol. The processes and technology for this first step are already available

\(9)

and in use in some areas of the world (specifically Brazil and are currently

under devsiopment here in the United Statese(?e’ii)
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znd Zevelopment of their agronomy) which carry the
reduction of carbon ZicxiZe all the way to hydrocarbons, instead of stopping

at carbohydrates as most plants do@(g) There are some plants already in use
commercially that can go all the way to hydrocarbon, for example the Hevea
rubber tree, and we have found others which will go all the way to hydrocarbons
and which will grow in the semiarid areas which are available in many places

in the world. Examples of plants which produce hydrocarbons are members of

the Eupnorbiaceze family, wnich has over 2000 different species of latex-
producers.,

The third and final method of "going back”-te the "green machine" will
be to reproduce synthetically the quantum capturing and converting function
- of the chloroplast (7,12,12a,12b) so that we will not require either plants
or the land on which to grow the plants.

We are using the green plant chloroplast as a model to guide us in the

construction of efficient and useful ways of capturing and storing the quanta.
In general, while a sensitizer can absorb the quantum and reach an excited

state, we must still find a way for that excited state energy to be stored in a

permanent form. The principal way to do this is by inducing an electron

transfer reaction, i.e., moving the electron from a donor system to some acceptor

(1

3)
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system. Basically the problem is to prevent the back reaction. The system
has to be adjusted in such a way that the excited energetic state that we
start with does not fall back to some ground state without any storage of
chemical energy.

The green plant has Tong since learned how to perform these energy-
efficiant capturing and converting reactions which take place in the lamellae
of the chiorcpissts, An slectron microgra ph of such lamellae is shown in
EiaﬁRE 1 end you can ses fhat the lamellae are constructed of a collection
of membranas with two distinct types of surfaces. One membrane surface is

characterized by & distribution of rather large particles and another surface

is characterizad by a cis%rib;ie@m of much smaller ??Oie?ﬁ particies. The
membrane appzars to have two sides, between which the quantum conversion occurs,

The details of‘wﬁai 13 occurring in the plant chloroplast are not absolutely
known at the present time, but a simplified representation of what is known
about the photosynthetic electron transfer scheme (the so-called Z-scheme)
is shown in FIGURE 2. We see that there are two guanta isvoived which, by
their successive acts, move an electron from a donor water molecule through

two successive quantum acts to reach a Tevel approaching that of molecular

nydrogen. Thus, the electron is moved in two successive 5&»; from a level

i

ol

[

in which it exists in water té a level something above that of molecular
hydrogen. Thegé two guantum acts {(so called I and 11) may take place on

those iwobp?gteén molecuies on each side of the membrane. This is the kind
@f.pﬁysicai and chemical model that has guided us in the design of our artificial

photosyntheti Sygtemﬁ{ 31
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EXPERIMENTAL AND RESULTS

In order to simulate the natural quantum conversion act in the green
plant we constructed an insulating membrane, placed Somewhere between the two
quantum acts, which would allow the two steps to take place on opposite sides'
of such a membrane. This rather ndive concept is a simplified method of
reducing the natural photosynthetic quaﬂfum conversion act to a level where

it might bs synthetically reproduced. The diagrammatic representation of this

photoslaciren transfer scheme is developed in Figures 3 and 4. The bilipid membrane

¥
H
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is represented by ghosoholipid molecules on either side, and on one side is

cn thz other side an acceptor catalyst. There are two

[$]
£
C

a donor system 2
sensitizers, ons on zach side of the membrane (labeled photosystem I and

phétosystem Ii)v ihe electron is taken from a waier molecule on the left-
hand side of ithe membrane by the first quantum act. It falls back part way
and then is taken by the second quantum act up to the Tevel of molecular
hydrogen and injected into the acceptor catalyst. One could try to construct
Such an artificial flat membrane on a solid or liquid surféce; a number of

(14,15)

people are doing this with some degree of success. It seemed to us,

however, that we could achieve this kind of a system by constructing vesicles.

This entity was invented by a biochemist (biologist) named Banghamﬁijs)

who
took phospholipids from ce?!s; cleaned them up, and after having removed most
of the excess protein and other extraneous matter, he achieved a fairly pure
phospholipid sUbstance; By shaking the phospholipid violently in a water
medium, Bangham was able to form a vesicle which he called a "liposome”
because he was using the Tipids of the cells. Theése liposomes were in various
f@%ms; one of which was a simple bilipid membrane sphere; By‘biiipid I mean

two layers of phospholipids, tail to tail, in which the surface tension and

surface properties of the lipids and the water were such that when the monolayer
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on the water system is broken up it tends to form into spheres. This is a
spontaneously formed spherical vesicle (Eiposome} with water on the inside

and water on the outside. When this phenomena occurs in the presence of
whatever substance you wish to place on the inside of the Tiposome, for example,
in the presence of A, then A will be captured on the inside. If the sensitizer

is present, it will be captured, depending on the nature of that sensitizer.

We can then wash away the molecules in the water outside and place B {a separate

e

water solublae corplex) back on the outside, thus obtaining an asymmat%%c system.
If the vesicle were as far as we could go experimentally, we would have

to perform hoth reactions at the same time: build up the system to do two

separate phase boundary electron transfer reactions simultanecusly.

The basic property of the chloroplast is its abiltity to transfer an

)

electron across a phase boundary, i.e., across a water-oil boundary, and this

p

seems to be one of the essential physical requirements. The two phase
boundaries can be generatedgéepéwate?y by making an 0?1 drép?ei with a mono-
Tipid Jayer which is a micelle and not a vesicle, as shown in FIGURE 4. Thus,
the two phase boundary reactions can be performed separately. One sensitizer
can be placed on one gf‘thgveiT dropiets and a second sensitizer on the other
o1l droplet, so that the reactions could be deve?bped separéte?y& We have,
however, done a photoelectron electron transfer through the wall of an actual
vesicle across both phase b@uﬁd§r€53;€?7339333§b§

~Catalyst Construction:

We need a catalyst (D) to obtain electrons from water, and A is an
acceptor catalyst which can hand on the electrons to protons in order to generate
hydrogen. What do we know about these two entities in the chloroplast? The

sensitizers are clearly the chlorophyll molecules in one form or another, together
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with their associated pigments, but the catalyst that leads to the hydrogen
generation, on one side, and the oxygen generation, on the other side of the
membrane are not so well known, Before we tried to generate the catalyst,

we used a donor system which did not require water and oxygen generation, and
an acceptor system which‘did not immediately require the generation of hydrogen.

In other words, we performed "simpler" chemistry when we began this series of

“experimants, before ftrying to synthesize the hydrogen and oxygen generating
‘ Y yg g
catalyst zz well. The nztural hydrogen generating cata?yst is rather well
known, an iron-suifur oroted (?8) but the oxygen generating catalyst is still
g g y

1§ '[!

L

under investigaticn.'’ }
Instead of using water as a donor and protons as the acceptor we used

a simpler reaction which was easier to accomplish than the generation of

hydrogen and oxygsn from water; which is depicted in FIGURE 5, showing the

oxidation of ethylenediamine tetraacetic acid (EDTA) with methyl viclogen

(MV) sensitized by a suitable sensitizer;'which resulted ih oxidation of one

@? the glycine groups to formaldehyde and carbon di@kide3 with the simultaneous

reduction of the MV to a cation monoradicals(77) This is a rather simple slightly

‘uphill chemical reaction, which prcduces deep b?ue color as one of the

reaction products. This color can be used as an indication of whether or not

the reaction is "going". We used EDTA as a donor and MV as an acceptor, and

instead of using water soluble ruthenium bisdfpyridyi as the sensitizer we

- constructed a surfactant with a Cyp tail which creates a complex which will

- locate at the water%ci] interféceg The surfactant dyestuff will occur at the

water-o0il interface when the vesicles themselves are created (FIGURE 6). AN

the components are dissolved 1in ethanoiédieihy?formamideg together with the

phospholipid, and that solution is injected into 0.5 M EDTA in buffer. This,
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in turn, gives rise to the vesicles which have E&?A sn the outside and EDTA
on the inside, and the ruthenium complex on each surface. With EDTA on both
side the vesicle, we pass this system Lhwgugi a gel, which has pores too
small to accept the vesicle but small enough to aecept the EDTA. During gel
filtration the EDTA molecules diffuse into Lh gel pﬂf€5§ and the resulting
vesicles have EDTA on the inside and buffer on the outside. We now add the
ethylviciccen (MV) to the outside of the vesicle, g?eating an unsymmetrical
vesicle with EDTA (coror) on the inside and the acceptor {MV) on the outside.

Zinc don is zdded to Elock any ?eakdqe of EDTA from the inside of the vesicle.

‘Vesicle Construction:

)

A representation of the method of vesicle structure is shown in FIGURE 76622
At the begznﬁzﬁg of the experiment, the vesicles have a thickenss of about 50
two phospholipid molecules tail to tail with the ratio
of phospholipid to ?Jtﬂ@P?UW of “b@gi 20:1. The ruthenium is on the surface
of the interface in a relatively polar environment. On the inside of the
vesicle, there is the d@ﬁ@rxm@?@cuiﬁ and on the outside, the methylviologen.

Zt seemed to us, when the experiments were in the earlier stage of deve-
}Opmeﬁt; that there should be a car%iew (FIGURE 8) to help the electrons across
‘the membrane. ?ﬁ@*@?@r@a a quinone was placed in the membrane to carry the
-electrons through and also a proton carrier was placed in the membrane to
| transfer the protons. The actua?émembraﬂe structure had plastoquinone and a
dibaran@ added to it; With the quinone present, the back reaction would eventually
take over since the quinone can actually carry the electron back., When the
quiéané and proton carrier were rem@ved; the reaction was slower, but with
very 1ittle induction péri@daizzag§2b>

The reason for iha sTowness turned out to be that neither the donor or
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~ the acceptor were anywhere near the sensitizer during its excited state.

it appeared desirable to insert something which would trap the‘e?ecirans near
the surface of the membrane which could then hand the electrons over to the
bulk acceptor. Therefore, we used heptylviologen to be distributed between
the surface of the membrane and the bulk of the solution. This provides an

acceptor next to the excited sensitizer which could then transfer to viologen

N . . ,
E I A R
N Lhg DUk o7 Tne s

How did the electren go through the membrane? Once the excited electron

3

. . . + +
is trapped by viologan, the external Ru 2 has become Ru ~. I thought for

2

: . s . : . +
some time thei thare had to be a second quantum absorbed by the internal Ru
“to transfer the eleciron across the membrane. This would make the reaction

dependent upon the sguare of the 1ight intensity; one quantum would move the

2 3
nt X"

then performed a Tight intensity experiment, the results of which are shown

electron from RuZi to viologen and the other quantum from Ru? to Ruz be

in FIGURE 9; and the reaction is Tinear with light intensity, showing that it

is not a bimolecular {two-quantum) process but is a one-quantum process.
,Therefore; the transfer of the electron through the membrane is not light-
dependent. The exchange reaction between Ru+3 on the Outside‘of the membrane
and Ru+2 on the inside of the membrane is very fast, and the kinetics and
~equations for the photoreduction of viologen are shown in Figure 10. The
exchange reaction, as far as the membrane is concerned, is perfectly symmetrical,
and the two rate constants are equal and in opposite directions. All the

other constants can be measured separately, and then the overall reaction can

be measured. From this rate of the exchange reaction can be deduced, and it is

very high;
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The queﬁti@m was then raised as to whether or not this was a mass diffusion
reaction, dependent upon the rate of atoms on the outside exchanging with the
ruthenium atoms on the inside of the mﬂnbrane that s an actual atomic migration
or diffusion reaction. If it were, then the diffusion reaction should be
independent of ruthenium concentration., If it is a diffusion through the
membranes, the reaction should be unimolecutar in ruthenium. However, if the
exchance rzaction is light~-dependent, 1t would depend directly on the ruthenium
concentrziicn.  The zhotoreduction kinetics are shown in F1GURE 11, which
indicates that whan the ruthenium concentration is increased, the rate is
increased. The rsacisn is thus an iscelectronic exchange reaction and not

a diffusion reaction. This is determined by the kinetic experiments as well

as the actual rate itsels,(193:b)
We have thus cemonstrated that is is possible to transfer an electron

across an insulating barrier. The isoelectronic exchange is the mechanism by
which an electron moves from one side of the membrane to the other, an average
distance of ~0A via a tunneling phenomenon.

Next it was necessary to develop the correct catalytic system to capture
the excited electron on the outside of the membraﬁé and eventually donate it

.. I A B
from the inside. When Ru'” is o

amalba

the

o’

ins

\J"J

ide of the vesicle, we have the
oxidation potential to oxidize water to oxygen, provided a sata%ysﬁ is supplied.
It takes four electron transfers to oxidize water to molecular oxygern.

A schematic representation for oxygen evolution from water on a solid
catalyst is shown in FIGURE 12. The catalyst must be capable of accumulating
thé four electrons which are necessary to generate molecular oxygen and allow

+3 . .
Ru to oxidize water and be reduced to Ru ™.

20)

This type of experiment has

been performed by Graize?‘ and others, and we discovered that platinum or
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cobalt oxide could be used for the catalyst as well as ruthenium oxide.

This method accumulates four one-electron oxidation steps on the solid
surface, because the Ru+3 bipyridyj has the potential for this type of reaction.
The other end of the reaction is reduced MV (methyl viclogen radical cation) which
has the potential to generate molecular hydrogen from protons, again only
providad thare i3 an agent present which will allow the two electrons to
mulznz, or to have some other Caté?yst (such as rhodium c?usier) which
will also allow Zre Twe zlactrons to accumulate in the same place.

It is, howsver, ¢ifficult to place a solid catalyst on the inside of
a vesicle becausa the solid particles would have to be extremely small to
be able to resice inside of the vesicle witﬁout dﬁsturbiﬁg its surface. It
would be better, if possible, to Tearn what the natural catalyst might be
for oxygen generation. We now have both catalysts and both systems developed.
The potential exists to create a device which would perform the same functions
as natural photosynthetic quantum conversion.

Mariganese Function:

We know a good bit about the natural catalyst for oxygen generation.

For example, we know that it is a manganese compound of some scrte(s’?)
ﬁany years ago, the plant physiologists had determined that when a plant is

starved for maﬂganeée it fails to have the capacity to generate molecular
@xygeﬂ; When manganese ion is added to the plant's environment it recovers
very quickly the capabiiity of generating molecular oxygen. Many experiments
have been done to confirm that idea; i.e., that manganese is somehow involved
in an essential role in the first reaction of taking an electron from water

to whatever it is in the chlorophyll or other substance to which it goese(zj)
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What is the nature of the manganese compound? We know the nature of the
acceptor compound on the reducing side {an E?Gnméuifur p?@iein}g but the
manganese has not been determined. This h has been under investigation for
many‘yeargg in our own laboratory and aisewhere; For example, it has been

unequivocally demonstrated that the compound is not manganese porphyrin,

rather it is & very weakly bound manganese protein of some ki nd.

recantly, we thought about this problem agaiﬂ and realized that we had
been pretiy nafve o fhink 1t was a simple manganese porphyri In order
to simuiate the vezcticns in green plants, it is necessary to accumulate four

electrons. Thsz

[

nly way 2 manganese porphyrin could accumulate these electrons
would be two electrons at one time. Originally, I thought theve would be
two manganese atens in this reaction, somehow, going in oxidation number from

two to three to four, and back again to two, both together in a complex which

would create a control system with four electrons togethe

We synthesized a number of binua?@af manganese compounds containing two
manganese atoms in a combiex; For a while, I thought we had made molecular
oxygen f?@m one of these manganese complexes, but that was an error. As a
consequence, however, we had available the binuclear manganese compounds.
Then, a pﬁy%iﬁai {spectroscopic) method became available to explore the nature
of thé mangaﬁege compound in the plant without taking the plant apart, i.e.,
in Viving, functioning chloroplast material. We found that we could use the
method of extended x-ray fluorescence spectroscopy (EXAFS) to determine the
presence of the manganese without interference from the rest of the plant
maté?iaig |

Using this spectroscopic method itvig possible t@ use a frozen chioroplast

sample, which contains about two manganese atoms per 1000 chlorophyll moTecuies
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and the manganese atoms alone can be examined. The interference pattern

of the scattered x-rays detects only the manganese atoms and its nearest
neiéhbers@(zg) We then used the binuclear manganese compogﬂd previously
synthesized as a calibrating mater?é?; the EXAFS of this compound is shown in
FIGURE 13, From this spectroscopic information it is possible to deduce that
in the chloroplasts there are two manganese atoms with a small distance

between tnam. The origin (Figure 13) represents the position of one of the

m2 sz=cond manganese atom shows an intensity peak somewhat
over 2 A distant. A simiiar picture is observed in the chloroplasts, showing
that there ars at least two manganese atoms within 2.5 A of each other. The
EXAFS method provad that there is at least a biﬂuéiear manganese compound present
in the chloronlast material, We can say, therefore, that there are manganese
atoms acting in pairs (or groups larger than pairs) in the chloroplast which
can perform the same é?ectron transfer reactions which occur in the natural
material.

With that as background, we undertook to use the synthetic vesicles which
we had deve}oped<i2§17) and to replace the ruthenium with a surfactant manganese
compound. A general scheme for the photochemical generation of oxygen sensitized
by manganese compounds is shown in FIGURE 14@. This indicates that there must be
two or more manganese atoms, as shown in the last reaction, a;ting in concert
in the veéic?ese

We then prepared tetrapyridyl porphyrin, the structure of which is shown
in FEGURE 15. This chlorophyll analogue is a surfactant porphyrin which will
lodge at the interface of the vesicle in place of the ruthenium.

In preparation for this part of the experiment, we performed a reaction

in an alcohol solution where there was not an interface, The first experiments
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viere done with a manganese porphyrin in a homogeneous solution in methanol,

a single phase. The manganese in the porphyrin, as Mﬁ%;g and the methyl-
viologen were dissolved in a methanol solution. When the Tight was turned

on, the MV was reduced to the viclogen radical cation which seemed to bhe in
the right direction energeticaliy. = At that point, the reactﬁcn did not
appear to g@ backward. However, when we extracted the manganese, instead of
finding 57 {whzch is what one would expect), the substance turned out to be
Mn ©.  Eviiently we were exciting Mn%g into an excited state, handing an
electron cvar to the viclegen which was then visible {FIGURE 16), but when the
manganese was isolated it turned out to be Mn ©

The only wsy we couid understand that result was to assume that two

+4 L A )
Mn " atoms wers acting together, as shown in FIGURE 14. There you can see when
+3

Mn ™ is excited, znd the electron is passed on to methylviologen, it leaves
. +4 L. +4 . .
behind Mn ", Thisz reacts with water to make an intermediate ¥Mn = oxide, which

can be written as an %n+d oxygen radical, two of which could come together

to make a bis-in @ roxi Finally, one electron from each Mﬂ%B oxide bonds

would be extracted by Mn%g to reduce it to Mn+25 Tiberating molecular oxygen. Therefore
we find ﬁn+2 and we should observe molecular oxygen. What appeared to happen

was that a very potent intermediate @x?dizing agent oxidized methanol, and

the resulting reduced product was Mﬂ%za In the absence of any other oxidizable
substrate there is a very slow oxidation of methanol.

'

It occurred to us that we should try and synthesize a dimer, which we

have since done.' 4) Furthermore, we realized that a very potent incipient

oxygen atom bearing only six electrons is present in the oxidized monomer.

If a Lewis base is also present, having an unshared electron pair, it should

be possible to hand an oxygen atom on to the base. We should then get Mn ?6
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Therefore, any compound that has an unshared pair of electrons, or pair of

electrons capable of sccepting an oxygen atom with six electrons, could be

an acceptor. He Tirst used triphenylphosphine (tpp} and the oxygen atom
{on manganese) and a vacant orbital %ﬁi@?@@%§.§§i% the phosphine, Teaving
behind ﬁﬁ%2§ the product formed i1s triphenylphosphine oxide, in effect, an
oxygen-transfer ?@@@i%@n@€g§§ {He -are currently conducting an experiment with
oxygen-18 water to show that the oxygen atom is from the water and not from
some other source). |

It should be possible to generate more phosphine oxide than total
manganese present in this reaction by recycling the Mn compound. If a 1ittle
platinum is inserted with the viologen, it 15 possible to generate any amount
of phosphine oxide. |

He have been able to perform this reaction with other acceptors, using
anything with a pair of electrons that can handle the six-electron oxygen atom.
We have generated the "hot"” exygen atoms with 1ight Trom water, potentially
a much more important reaction than generating molecular oxygen from water.
The by product of the reaction from "hot" oxygen atoms is hydrogen and this
is essentially free, economically.

If we examine the curves of FIGURE 16, we can see that the rate of the
reaction is determined by the rate of the initial transfer of the electron
from the manganese to the methylviologen.

He now have confirmatery chemical evidence that we have converted
the Mn*3 porphyrin to w4 oxide, the crucial intermediate, by simple
chemistry. The abosrption spectre for three different manganese complexes

3

fn different oxidation states are shown fn FIGURE 17: The ﬁﬁ% porphyrin,

4

- e \ 42 N o , &
the inftial product; the Mn z porphyrin, the final product, and the Mn ~ oxide,

the presumed intermediate. All of these three compounds can be

synthesized separately by standard chemical reactions. For

2

PQ%‘J E s 2 .. g . g 8.9 . 8,
example, 1f Mn © tetrapyridyl porphyrin {s oxidized by {odoscbenzene



w16
T s 2% 2 %‘, s o ot - . 5
{an oxygen transferring agent), the Mn ' oxide is the result (FIGURE 18},

. . ‘ . +2 . .
which shows the oxidation product by iodosobenzene on Mn = and its failure on

+3
Mn 7, as well as the product of a one electron oxidant such as sodium hypo-
chlorite, acting on Mn ’3 The chemical relationships are shown in FIGURE 19.

We are able to oxidize the manganese porphyrins by one- and two-electron steps.

: . + +4
Thus, when we oxidize Mn ¢ with iodoscbenzena, we get Mn Q; if we try to

enzene the reaction does not go. The same product

. ' o 3 s .
nd Godosobenzene, or the Mn ~ and sodium hypochlorite.

[3H
¢

is added to this oxidation product, the resulting

.. ( : +2 . ..
- oxide and reduced manganese; the Mn ™ initially formed

22t %2 ’%H‘i ks 2 ES
reacts with Mn ~ to give back Mn 7,

3

. . oL, . \ . \ . +4
We have shown photochemically, and confivmed chemically, that the Mn

oxide intermediate is indeed a "hot" oxygen atom from water. The specific

photochemistry of the manganese-sensitized generation of active oxygen atoms

A
+3

is shown in FIGURE 20, Thus starting with Mn = and with two quanta we go to

+ . . C e , , +7 +3
4 and then to the phosphine oxide, bringing back the Mn'“ and on to Mn 3

Mn
again. We have generated two reduced viologen radicals for each oxide, and
the net reaction is: Phosphine plus water to yield phosphine oxide and molecular

hydrogen, sensitized by manganese. Obviously, it is possible to replace the

W
oy

eful oxygen acceptors, particularily clefines, and the

i

phosphine with other u

i

final product will be more useful than phosphine oxide,

f

It should be emphasized that what has been accomplished here is much

L

more fmportant than getting molecular oxygen, We have generated a "hot"

. . . . {25 .
oxygen atom from water--not from oxygen--with a cyclic reaﬁt?on{ ) by virtue

of the two quanta. The results of these experiments on artificial photosynthetic



systems will be a new chemical industry, with hydrogen generation {as well
as oxygen generation} from water as well. The quantum yield of this reaction
is "highy so far the energy vield itself is ?owgvbacauie the sensitizer has
Tow Tight absorption.

The system we have constructed, which m%m%cs the natural photosynthetic

process of the green plant, is, perhaps, not the system we started out to

construct initially. 1t is, perhaps, something better. The philosophy of

this resu’it nhas hesen sxovressed by Jack Kent (FIGURE 21) which expresses
the unpredictabiiizy and interrelatedness of all of science.
A diagrammatic representation of the entire reaction is shown in FIGURE

22. At the bottom of the diagram is what appears to be a cross section of the

[

vesicle with the manganese dimerin one of them to generate oxygen. This

figure should be viswed as a cross section of a tube, and the tubes are hung
between headers which enclose the space outside the fibers, in this case
containing the quinone-hydroyuinone couple which will transfer both protens

and electrons between the two systems. The couple is similar to the quinone in

the natural photosynthetic system and has the same function. Also shown in

this diagram are variocus hydrogen generators {ruthenium, viologen, platinum}.

[xs
wds

It is possible to perform these artificial photosynthetic reactions either

in hollow fibers (FIGURE 22) or in gels (FIGURE 23). These reactions could be
made to occur by suspending the vesicles in the gel pracu&sa% and then
causing the gel to form, either by polymerization or by temperature change. Thus
the particles (vesicles) each containing the separate systems could be
%mmébii%z&d and coupled together by the quinone redox couple,

It is my feeling that when we finally construct the artificial system,

it will be somewhat different from that depicted in Figures 22 or 23. We will



use an oxygen acceptor, instead of the manganese dimer, to create a useful
oxidized product, with the hydrogen produced in the other vesicle. With ocur
artificial system it will be possible to perform exactly the same chemical

o , . . 26
reactions which occur in the natural maier@asa{ )

CONCLUSTON
As a vesult of our efforts to develop artificial photosynthetic
systems we hzve succeedad in at least designing the oxygen generaling
systeme-cxidation product zs wall--coupled with a hydrogen generating system.
This type of "synthetic chloroplast” will probably be move useful in the

chemical industry than weuld be one which would make ATP and other chemical

components in an atlenpt to more closely veproduce the Tunction of the

We have not only designed, but have succeeded in accomplishing, the two

=

separate reactions--the oxidation {or excitation) of water and the reduction
of protons--in two separate systems. It now remains to couple these two
reactions in a continuing and steble manner so that the products generated
at both ends of the system may be usefully coupled.

A11 of the efforts in this direction--in our laboratory and elsewhere--
are divected to the problem of using water and suniight Tor our fuel and
material source in the future. Even though et the moment it is a philosophical
q&egiien; we are moving in the vight scientific divection in our ability to
mimic the complex natural photosynthetic process by constructing artificial
devices for its essential partg; The progress in recent years 1s encouraging.

Combining the different parts of the artificial system into one comprehensive
system will certainly be accomplished in the near future, ‘?he fact that this
nas been achieved Tong ago in nature gives us encouragement that we will be

able to overcome the problems as well.
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Figure 22  Schematic for Synthetic Chlovoplasts: Hollow Fiber Technique

Figure 23 Schematic for Synthetic Chloroplasts: Microemulsion
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Photo - sensitized reduction of methylviologen
by ethylenediamine tetraacetate
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