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. PHOTOSYNTIIESIS AS A RESOURCE FOR.ENERGY AND MATERIALS

‘Melvin Calvin

Laboratory of Chemical Biodynamics, University of.California; Bérkeley*
ABSTRACT

Photosynthgsis, both natural and as a model proéess, is examined as

a possible annually rencwable resourcelfof both material‘énd energy.
The conversion of carbohydrate froﬁ cane, beets and other sources
through fermentation alcohol to hydrocérbon may aéain become economic
in the light of increasing costs of recovery of hydroéarbon from fossil
'sourceé'and‘improvcd fermentation technology. It may also be possible
to produce hydrocarbon directly by direct fermentation of relatively
labile carbohydrates in seaweed. Even the direct phétosynthgtic pro-
ducfion of hydrocarbon from known ;ources (ﬂgﬁgg, etc.),_or neWiy bred
ones, seems possible in view of the large number of species. Fiﬁélly,
more distantly, synthetic systems constructed on thé-basis of our growing‘
knowledge of the photosynthetic processes may producé fuel, fertiiizer'

_and power,.

* The work described in this paper was sponsored by the U.S. Atomlc
Energy Commi.ssion. : _



First of all, I want to thank you not only Ifovr th‘e honor you
have done me in inviting me to present the first Arturri I. Virtanen
Memorial Lecture, but also for the opportunity that this gives me to pay
my respects to the memory of one of the great scienfists of the world in
what I hope w111 be an active and creative way, as nearly reminiscent of
Virtanen's o_x_m style as I can be. Because his interests were so w1de and
varied, I }.1ave. felt both the impuke and the freedom to discuss not only
some of the things in which he himslf had a personal interest and to the
knowledge of which he coﬁttibuted SO nmel1, but to othevr activities in
“which 1 know I know a man of his broad scope would have been interested..-
It is in this context that I have undertaken to discuss "Photo'synthes.is:
as a Resour‘ce; for Encrgy and Materials', not only 1n and of itself but
as a model for ~synthetic systems which may one d_a_y' Be_'impor.tant. ‘

INTRODUCTION

In order to gi\}e you some background for the: current concern with
‘the dimensions 'of ‘the energﬁf problem, I have ihtfoduced in Figure 1 a -
~ diagram of the flow of energy in the United States in 1970 only because
I do not have _. such information for Finland.’ ‘However, T will indicate
the major differences (insofar as I know them) as 'we‘ go along. The infer'-'
mation on this figure has three major eemponentS' on theAleft are the
primary encrgy sources, in the center are the ways in which that energy is

used and collected, and on the rlght are the ways in which the energy
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losses accumulate.* As you can see, by far the iargest Source of cnergy,
at least in the United States (and Ivsuspect everywheré.else as well) is
the collected rémains of ancieﬁt photosynthesis in fhe:fbrm of what we -
call fossil fuels; these include natural gas, coal énd petrolecun. Three
additional sourceé of energy supply are being used to a very small ektent
in electric generation. For example, something less than 15% of the electric
energy installed capacity in the United States iS hydro poWer. In’Finland,
however, thisvfigure rises to 40% of the installed élecfric capacity.
As you will see 1at¢r, hydro power isvin effect a uSé of solar energy and
in that sense Finland is already making better use Of'solar ehergy'fe~
sources than is.the United States. A

The right-hand portion of Figure 1 indicates'thét'roughly‘one—half
of the total enérgy used in the United States is actually lost as low tempera-
ture heat. Only the remaining half is eventually converted into somé uSeful
form. This is partly due to the inefficiencies of the thermal engihesv
which convert fhe'potential energy of the fossil fuel ihto some usefhl
form. |

Let me also call your attention to the fact that approximately

15% of the total use of hydrocarbon (fossil fuels) is for non-energy

(that is, chem1ca1 and other material) purposes.2

A number of factors have rerently comblned to fbcus our attention
on thls very h1gh rate of consumption of all of our non~renewab1e fossil
fuel resources, particularly of the petroleum'aﬁdAnatural_gas components.3
The relative ease of recovery of both oil énd natural gas and the‘convenient

ways in which these fucls may be used, compared. to coal,rhaVe in the past.

15 Btu., Keep in m1nd that one Btu is
252 cal and that 1 kilowatt is 3412 Btu/hr.
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several dccadee_produccd this very high rate of coﬁsumption of these par-
vticplar materialéé'This has_contributed to the reSultant increase in
their.costS; o

To give yod some cOncept of What has happened to the cost of
these fossil fuels, I have'repreduced in Figure 2 a plet.of the price
of the three major fossil fuels over the last fifteen years, and the
evidence of the last.fOUr years clearly shows why our interests are now
turhing-to other Ways of providing for -our needs for energy and materials.
That, takeh tOgether with the recognitiioﬁ that it is necessary for us
to maintain the‘quality of ‘the enviromment in which we live at the same
time as we Supply_the enefgy and material needs of the‘pepulation, has
induced a search for other sources in addition to nuelear. The principal
soﬁrce of energy which has captured our attention (as'scientists, and |
especially as chemists, biochemists and physicists whofhave an interest |
in life processes--particularly photosynthesis) is the sun itself.3
Of course, the sun is also ''nuclear". Hewever, it is such a distance
from us that the enly component of the nuclear reaction which reaches the
surface of the earth in any great amount is .n thy fomm of electromagnetic _
.radiation. .

The amount and distribution of the soiar ehergy which reaches the
surface of the earth is shoWn'in Tigure 3, a'map of the earth upon which
are'given the'incident energy conteur lines in temms 6f kcal/cm?/year.

(The conversion facter tovwatts/‘m2 is 1.33.) As is.clearly indicated,a
the most intense solar radiation, averaged over the entire earth, is not
at the equatdr but at about 30° north and south of the eQuator, largely

‘because of the atmospheric conditions. In the northern hemisphere, there
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are only two regions in which the avorage annual ineolation is over
200 watts/mz;. These are in the North African and Middle Eastorn deserts
and the Southwest desert of the United States. Because of the lack of
water in these regions, they are not very fruitful in terms of total
agriculturai productiVity. HoweVer; if synthetic processes could be
developed, basedupon-upon knowledge we may have (or gaih) of the natural
process of solar conversion which takes place in green plants, it may be_
possible to make use of this high solar 1nflux even in reglons of little
water. It is exactly this situation which is a major component of our
-interest in trying to reproduce some of the processes"Which take.place
in greCﬁ plants without the,neceSSity for agriculturally competent
Venvironments. |
Finland,'ahd most of Northern Europe, do not appear in the_high
color regions_of-the-world‘map in Figure 3 which is average insolation
over the entire earth. Nevertheless, for some periode of the year, cven
in Finlaod, there are soﬁe long days, shown in Figure 4, which is a com-
parison of data from weather stations with the followihg geographical dis-
tributions: One near the equator (Trivandrum), one,__at.336 north of the |
equator (Phoenix;-Arizona)5and'Helsinki at 60°,northrvof course, the most
.northerly location naturally has the largest fluctuation of sunlight and
the lowest overall average insolation. However, for at. least part of the
year sultable dev1ces fbr solar energy collectlon mlght be made to work, prov1ded
storage fac111t1es were also available. | ' o
“The "natural" storage for solar energy takes place in the form of |

‘reduced carbon whlch ultimately becomes the fossil fuel, and we w111 Speak
more of that later. | | d |

~ Let us now look at the quality of the solar radiation which comes

to the earth's surface. The distribution of solar radiation as a function
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of wavelcngth plofted both in_tenms ef photons and in'tefms of cnergy
content is Shoanin»Figure 5. The a) curve is the incident solar radia-
tion at thc top of the atmosphere and the.b) curvevis‘what actually '
impinges on the-surface of the earth. The major abeorption above 9000 A
is due to carbon dioxice and water vapor, which_reduces the energy content
which comes to;ﬁs_at such long wavelengths very materially. .Similarly,
below 3300 A there is very 11tt1e solar radiation 1mp1ng1ng on the earth's
. surface duc to upper atmosphere absorption, partlcularly of ozone. In
fact, our blbgest supply of solar energy lies betwcen-4000_A and 7000 A.
This, oficoﬁrse; is precisely the region of wavelengths for which li?ing
erganisms have been most efficiently evolved. |

Let nc remind you of a fact I mentioned earlier, along with
our first projection, namely, that about one -half of the energy consumption
by man, at 1cast in the United States, was lost as low tanperaturc heat
because most of it is used in some kind of a thenmallenglne whose mechenlcal
efficiency for conversion to useful work is 1imited‘ﬁy the Carnot law.
Thus, because of limitations of our materials the highest temperatures at
which we can work are limited, and because o” the fact that the coolest
temperatures which we have to run the low temperature‘side of avheat engine
.are limited by the cooling agents (mostly water or air), the most effi-
cient engines which we have evolved for large scale generation of elec-
tricity may run only as high as 35-38%. On the other_hand, most of eﬁr
transport engines run at nothing like that efficiency, rather less than

25% efficient.
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METHODS OF CAPTURING SOLARvENERG¥. 

It is for this reason that‘I have divided the methods of capturing
solar radiation into general categories, shown in Figufe 6.4 The upper
group represents the conventional ways of using solaf_radiation bf first
degrading it to lower tcmperaturc than would correspond to its'origiﬁ
(about 5000°C), i.e., somewhcre in the region of below SOO°C, and then using
this heat in various ways. The lower grbup of proéesées does not degrade
the solar radiation but uses the incoming quanta in quantum conversion
processes in which the excitation of electrons by the absorption of ‘visible
and ultraviolet quanta is the primary‘process. Following this excitation,
some syétem of trapping and converting that electromagnetic excitation o
into a long-lived form occurs in all three of the quantum collection pro-
césses indicated in Figure 6. In a sense, a quantum‘éollecting device
using the solar énergy at its emitted temperatures (around SOOObC)"
can be theoreticaily, at least, highly efficient. The:trapping pro¢ess,
however, requires a certain loss in efficiency to pfevent'the back reac-
tion by either thermal degradation or emission. “As yet, we do not know
what that limiting loss nust be. There have been caées described in
:'which the conversion efficiency may be as'high as 70%.vHowever, théfé
‘are other probiems,as'yet unsolved, invconnection with thisvtype'of use
of solar energy. | EE

_ Heat Collection

Returning now fo the heat collection devices, listed in Figure 6:

- Two of these have long been in use. The oldest,'of.c§urse, is the windmill.
in which the heat 6f the sun has been used to geﬁefate temperature differ-
ences in the atmospherelﬁhiéh resu1t in the flow of air from one area to

another. This flow can be péssed through a suitable device, known as a



-8

windmill, which converts it into mechanical eﬁeréy..'Another system for
collecting solar heat is water evaporation from the surface of lakes and
oceans into the atmosphere. The water vapor is then condensed at Higher
altitudes into clouds which move from one part of the earth's surface to
another, over.mountainous areas, where the water dfoplcts coﬁdense and fall -
from the clouds. The water is then collected at high péints on the earth's .
surface in reservoirs (usually in dams) of some kind, from which the further
‘fall of the liquid wafer may be used to run turbihes'ahd generate‘mechaniéal
or electrical power.
| The use of focussing devices to generate high pressure vapors which

can then be used to run turbines is a feasible engineering system and
is being‘extensively explored. This may be one of the earliest of the
. New wayS developed for capturing additional solar enefgy.

Another natural heat colleﬁtor, of course, is.the surface of the
sea, and it may Very weli be possible to build hegt engines'based upon
the small temperature difference between the surface of the Sea and
~ the cooler region some distance below it to make uée.of the enormous
amounts of heat“which can flow between these two teﬁperatures.‘

Finally,_building conditioning is‘beiﬁg;used in aﬁémall way in many -
parts of the world, even today. This nethod would be more difficult to use
in the northern latitudes in which the heat df.the suﬁmervmust be stored
for use in the winter. | | | | R

Quantum Collection

I would now like to spend some time in discussion of the quantum

collgction processes for solar energy, not only because these‘have'the
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possibility oftgcncrating both energy and materiel'but.also because of
their intrinsic capebility.of high energy efficiency. .

The natufal process by which solar energy is ‘converted into food,
fuel and materiél is the process of photosynthesis, which takes place in.'
all green plantsts' It is a process in which‘Profcsser.Virtanen himself
was greatly-interested. His contriﬁution to the kneWIedge of the long-
term storage of food and fodder was of extfeme inpoftance to countries.
in the northern latitudes where the long summer day must be used to put
by the needs for the short winter days It was Virtanen's contribution
to this capablllty, stemming from his bas;c sc1ent1f1c‘know1edge‘asvwell as
his great prectical interests, which has remained éuch an important com- |
ponent of agriculture.‘ |

Another quantum coliection process for solar energy‘conversiqn'is
one which I have called photochemistry. By this I mean thevdirect'
sensitized absorption of light used to prodnce a nseful fuel The
third process, photoelectric, is probably better. known to most of you |
in terms of sol1d state devices in whlch the direct excitation of electrons
from valence to conduction band leads to scgaratlon of charge and;creatlon
of an electrical potentiel There ie.also a hybridrdf'these last two
quantum collectlon processes which might be called photoclectrochem1cal
in which the surface properties of the absorber are such as to lead
d1rect1y to the productlon either of oxygen or hydrogen in a suitable

phy51ca1 arrangement 1nc1ud1ng the external flow of electrons.6 '
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- BIOLOGICAL (AGRICULTURAL) PIIOTOSYNTYHETIC :CQ.NVE'RSION OF
| * SOLAR ENERGY S

Since Virténen‘s time we have learned a good‘deal about the way
carbohydrate and protein is made by the green plaht;'A diagrammafic
.represcntatidn of this process is shown‘in Figure 7 where the phbtoelectro-
chemical Cell in the center produces a sepafation.bf:tharge in which the
negative charge may événfually bécomc molecﬁlar hydrogen and the;positive'_
charge - . becomes molecular oxygen; In nofmal phétdsynthesis thejnascent
hydrogen is used to reduce carbon dioxide, through a éomplex cycle

of compbﬁnds (hcre indicated by the circle). - Soﬁe:df the intermediate
separated chargeais used to generate the auxiliarY'compound; adenosine
tfiphosphaté (ATP), which is necessary to assist in that reduction
process‘and various other processes of synthesis in fhé plant. We ha&e
learned a great deal about the way in which the ﬁhemical feduction'
process occufs in the green plant, from carbon dio*ide to fats, proteins,
nucleic acid$»and hydrocatboﬁs. On the other hand, our knowledge_of

the primary quantumvconversion procesé'(represented by_the gray box ih

the tenter of Figure 7) is still rudimentary. I will speak more of what
‘we know of this:pfocess later. |

Carbohydrate Utilization

| AT present, let us explore how the naturalrproceSS ofvphotoéyntheSis
~ might be used in Ways'to increase ‘the supply‘of‘fuei'énd ﬁaterial. |
Most of yduvaré undoubtedly'aware‘of.the faét that the major pfoduct of
. carbon‘dioxide reduction by green plants is“carﬁéhydfate, in one form

or another. Some simple cafbohydrates, such as sucrose, can be stored

in large amounts in certain plants. For example, sugar from cane or beets’
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is created by this natural photosynthetic process and.has'bccome a
direct source of human food. In some plants the principal carbohydrate
storage material may be a more complex polysaccharide, such as starch,
which-is stili directiy‘digestible. In such plants as rice, and other
grains, as well as potatos, this carbohydrate'isdthusﬁa source of human
food. The largest use of cellulose (wood, cotton, etc.) is as a struc-
tural materiai because of its crystal limitations and physical character.
This carbohydrate may be processed by certain animals who harbor within
- them mechanisms ‘capable oflhydrolyzing the cellulose so that the animal
may make use of it. .» . |
. Most carbohydrates when f1na11y hydrolyzed to- their 51mp1e sugars, :
can be converted usually by fermentatim processes, 1nto a varlety of
useful products, not only food but fuel and materlals as well.7The}
chemical reactions by which this occurs are shown in Figure 8, and the .
numbers clearly indicate that the process can be hlghly conservatlvn of
the energy values contained in the carbohydrate .
| There was a time, in the recent past, when our principal source of
industrial alcohol, and all things made from 1t was such pr1mar11y produced
.-photosynthetlc carbohydrate The history of thlS 51tuat10n is given in
-.Flgure 9, show1ng the sources of industrial alcohol 1nvthe United States
over the past thlrty years. During World War I1 practlcally a11 of the
1ndustr1a1 alcohol in the Uniteu States was made from grain. In. recent
times, however W1th the ava11ab111ty of low cost petroleum, other sources
of alcohol have g1ven way to ethylene which, in turn, is derlved from
fossil fuel. The reason for this has been the very low price at which
ethylene.could be obtalned from fossil sources and the ease wlth whlch it
coddd be hydrated to form alcohol. The process of'hydrationtcan, of course,

be reversed, and if the price of the raw material,‘namely, ethylene, rises-
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sufficiently high, it may become ecOnomic once more to éo back, to other
ways, deriving the.ethylene frou‘ethanol rather thau‘deriving the ethanol
from ethylcne. Such ethanol would have to come from renewable carbohydrate
'resources. | | |

There was a time, about a year ago, when I belleved one mlght even
use the very eff1c1ent carbohydrate producer, sugar. cane, as a source
of that carbohydrate which could be used fbr.ethylene. However, the
shortage of sugar'for.human‘food which has come about'dUring the last year :;
makes it unlikelyuthat this very»easy source of ethanol willbbe aVaiiable
.soon for material purposes. |

Rather, we will have to find ways of making use'of the enormous amount
of waste carbthdrate which is now returned.to the air, lakes and oceans
as a result.of human and animal activity. A great'deal of_technological
effort is now going forward in many parts of the worid to find ways to
conVert waste products of human and animal activityvinto useful materials;
either directly by bacterial hydrolysis of the carbohydrate before fermen-
tation or direct conversiOn by fermentation to methane.(not to ethanol).
Some of this 15 already be1ng done today, but it must be expanded many -
fold if it is to have any great impact. o

Another possible source of carbohydrate which is not today exploited
to the extent it mlght be ;s the seaweed. (algae) whlch grows off most of the
coasts of the coutinents.8 its use today is uery specialized, primarily ‘in
the productiou of certain kinds ofvmaterialsvusedcrn'drugs, coatings
and food additives. But the enormnus productivity of*seaweed is attracting
attention as a resource for large scale productlon of fermentabie carbo-
hydrate which could be used in the ethanol or methane route to produce useful
materials. The giant kelp beds which occur off the coast of California arc

~particularly attractive for this purpose, but related varicties grow even
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in the northern latitodcs-such as the'North Sca.ahd'thc Baltic Sea.
Whether they can be harvested on a sufficient scale to be useful‘for
anything morehthah cattle food sopplements, or £ertilizer,iremains7to
" be seen. o

. Hydrocarbon Production

1 would_like'to remind YOu.of the possibility that some plants'not
only'produee'carbohydrate but can reduce the carbon e&en furtherito make
hydrocarbon ltéclf directly.,Thevbest example, of coﬁrse, is'the latex-_
bearing blant,‘ﬂg!eg,‘ﬁhiCh is today gro&n on_plantations in'Southcast
Asia and some in‘AfriCa; and, of course, gTOoWs wildhin Brazil. There are
some 3000 spec1es of 1atex-bear1ng plants wh1ch have not been explored
as a source of hydrocarbon 51nce thelr latex does not produce ‘rubber.
The. hydrocarbon content and the nature of the hydrocarbon in these |
latex-bearlng plants has yet to be thoroughly explored and exp101ted.

o If_one.accepts.these plants as a source of hydrocarbon rather than as
a sourcevof elastomer (robber); the.fact that the field of plantation
Hevea was raised in the-lastvthirt}_years from 406dlbs/acre/year'to |
' 2400 lbs/aere/year is an indication of the i:oteritial for breeding which
1nherent in the wild species. ? _ | s h |
- Figure 10 shows the annual product1v1ty of these three renewable plant
Tesources for comparlson purposes. Perhaps the most 1mportant of this group.
is the potentlal 40 tons/acre wnich the kelp seems "to be capable of produ61ng,e
almost ten tlmes the dry we1ght product1v1ty of the best carbohydrate producer
'HB Toow today in agriculture. = | | _': _ . '
| If this type of agrzcultural effort - i, e., deveIOpment of plant
breedlng for hydrocarbon productlon -- could be developed (and therc is

no obv1ous reason.why it could not be done) it may constltute a resource,
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not competitivé'with human food production, in addifioﬁ to those which
‘we have alroady'CXplored. | | |

| The mechanism by which the greeh plant producéS»these various materials
(1nc1ud1ng carbohydrate and hydrocarbon) are shown in detail in Flgure 1.
Here the two 51tcs for harvesting the carbon reductlon cycle are clearly
shown: The carbohydrate in the upper left hand corener of the cycle and the
- hydrocarbon group in the lower right. In this dlagram the prlmary quantum
conversionbsct has been reduced to a small 'black box” in the center of
the cycle, io‘whichfthe'light eﬁfers.and from which_reduced pyridine nucleo-
‘tide and adenosine.triphosphate'are’evoivcd to driVe_the carbon reducfion
cycle, expelliﬁg.oxygen to the atmosphere. Knowing.as much as we do about
the way in which the green plant_manipulates_carbon‘it should be possible /
to add:to.the usual .plant breeding efforts'additiohal-chemicol'efforts to
cbntrol the direction in which the synthetic séqbehces oCCbr, thus altering
~ the storage products of the plant. 'Work_toward this ehd has been goihg
forward in odr laboratory forfmany'yeérs,.énd we baye élready found a

number of ways in which the flow of carbon is regulated in this cycle.10 '

| MODEL SYSTEMS OF PHOTOSYNTHETIC SOLAR ENERGY CONVERSION
In addltlon to our efforts to learn more of the intricacies of the

carbon reductlon cycle in photosynthe51s and to p0551b1y deve‘Op some addi-
tional methods of regulatlng the cycle for developmont of certain types of .
products (hydrocarbon, carbohydrate), we are very'ﬁuch.concerneddwith the
nature of the quantum conversion process itself, not'only~in greén plant
systems but in model systems as well. 11-14

In the green plant we know that the quantum conversion process takes

place in the ~chlorophyll- bearlng organelles of the plant (chlorOplasts)
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which themselves have e microstructure, as shown in'Figure'lz. The quantum
conversion process occurs in the lamellar layers, which arevshownlas dark
layers.stained with osmium. (We will'discuss.the detailcdvstrﬁctﬁres.of
these lamcllae'ln more detail later.) | |

The details of the quantum conver51on process which takes place in
these plant organellcs is shown in Figure 13 Here the empha51s of F1gure
11 is reversed the maJor carbon reduction is placed in a circle to the
. right and the "black box'"' of Flgure 11'15 expanded to be the entire focus
of interest. It is evident that two successive quanta are'required'tp move
electrons from thelﬁater to the highly.reduced acceptor, (trap I) even
more reduced thanhmolecularvhydrogen itself. The beglnning;of the}elec-
tron flow-fromvthe_water is induced by the absorption_ofrlight by;pigment
P680;to an excited state. This excitcd electron_then;flows beck down the
potential gradient through plastpquinone andicytochrome f.:'In the ceurse
of this movement, some high energy phosﬁhate is genereted from ADP and
- ortho-phosphate, returning eventdally to the hole‘leftvby a second exci-
“tation in.pigment P700.-Ekcitation:of this pigmentlbrings the electron
to a very high reduction 1evel which can’give”rise to_molecularhhydrogen
or reduced carbon d10x1de. h | o |

The structure of this plgment system and electron transport system is
not yet known in detail, but the fact that there are two quite dlfferent »
enzymatic processes at either end of the system~hasta1reedy'beeh discovered.

On the oxygen end of the process (on the left 51de of the T1gure)
there is some polynuclear manganese complex 1nvolved in the generatlon of
the molecular oxygeh. The detalls_of the_structure.of that polynuclear'

nﬁnganeSe compound have yet‘tq'be'determined.rlt is rether labile ﬂh
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terms of its complexing propertics since'almost every'effort to.isolate
it as a complex.has so far resulted in the isolation of uncomplexedbman-'
ganesevion.vA'few cases have been reported in Which'some'rather labile
protein'complex‘of manganese has been claimed as'the oxygen‘generating
'cata-yst but its structure has yet to be determlned |

Photochemical Hydrogen Product1on

At the other end of the_photosynthetic system, i,e;,,production of
hydrogen,'a.good deal more is known. Here in some nlants if okygen is
excluded or m1n1m1zed and carbon dlox1de w1thheld the potent1a1 reduc1ng ‘
agent may appear as molecular hydrogen 1tse1f When,1t»does, there is.
present in the plant an enzyme (hydrogenase) which gives rise to the

15

molecular hydrogen The electron passes through'an iron-sulfide

protein known ‘as ferredoxin on the way either to molecular hydrogen or
carbon d10x1de The/ggiugture of th1s group of complexes is now known.
The chemlstry 1nvolyed in photosystem I (known as II only because it
was the second one discovered) shown in Figure 13 involves the absorp-
.tion of light‘and the excitation of an electron, leaving behind a highly
oxidized "hole', presumably in pigmenf‘P680. This may either directly,

or indirectly;-remove‘electrons from a manganese comnound (whose'structure
is'not.yet known) which, in turn, will oxidize water to'produce molecular
oxygen and reduced'manganese for further reaction. 1vA diagrammatic des-'
cription of this process is shown in Figure 14, It 1nv01ves a blnuclear
manganese complex moving from two 2Mn ions up to two 4Mn ions, and
vlreturn1ng,-w1th'the evolution of oxygen. | :
FOIIOW1ng exc1tat1on by photosystem IT the excited electron passes

thrdugh the connectlng cascade to the hole left behlnd in photosystcm I

(p1gment.P700) to return the plgment to its initial condition. The
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electron excited by photosystem I is transferred eVentually to ferredoxin
and hydrogcnasevon its way to molecular bydrbgen."The structure of the
group of iron- sulflde proteins which contain both ferredoxln, hydrogenasc
and even: n1tr0genase, is rapidly be1ng determlned
The crystalllne structure of bacterial ferredox1n (as opposed to plant

ferredox1n) has been rccently eluc1dated 16 The actlve centcr of thls,
material appears to be a 4- 1ron/4 -sulfide dlstorted cube, as shown in
Figure 15. A model compound representlng thlS dlstorted cube has been
synthe51zed ‘using benzylmercaptlde to replace the cystelne groups of
the ferredox1n proteln, and its crystal structure has also been- detenmlned
_shown in the rightéhand side of Figure'ls.17 As ybt, the structure of
- green plant ferredoxin has not been so completely determined. However,
it is known to be a 2-iron/2-sulfide protein whose core-strUCture“is
shown -in Flgure 15 and for which models have 1ndeed been synthetlzed
- In fact, the ‘hydrogenase itself seems to be such a 2 1r0n/ 2 sulflde pro-
tein.of a similar type. | | _ o

While a model substance of the 2-iron/2-sulfide proteinzhas indeed
" been made, using two ortho-xylylene dimercaptidemoiecules, the two halves
of the'molecule‘are not tied together. Upon reduction‘of that model sub-
stance, the molecule is unstable, and it is for thlS reason that we .
are presently maklng an attempt to produce a model substance for the
hydrogenase in which all four mercaptide groups are part of a 51ng1e |
mnlecule. This is most read11y achleved in terms of a dodecapeptlde,
modeled on bacterial ferredox1n in whlch each of the four cysteine groupS'
is separated from its nelghbors by  two 1ntermedlate peptldes.18

| We belleve that if and when such a (hopefully cyc11c) 2-iron/2-sul-.

: fide/4-mercapt1de cmnpound 1s constructed it will be capablo of addlng
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two electrons without fallmg apart and may glve rise to thc cvolutlon

of hydrogcn when' two electrons are added to it in the presence of protons.

If qur knowl_cdg,c of the manganese compound could be developed to the same
extent, it is ’co'nceivable. that such a compound could be placed in .a systemv
so that the two succéssdve quanta involved in the,tran:sfer-of a_mvele(:tron
from water to hydrogen go through At\\'ose'para'te stages, onc throi.xoh_manganesc
and the other stage through the iron. The proposcd Juxtap051tlon of thesc
- two catalysts will be discussed agam later. |

It is worthvhile at this point to Temind you o:f'jP_rofessor Virtanen's -

interest in the eniyme required for the fixation’bf“molecumr nitrogen
~ from the 'atmosj)here which is found in certain piants_. This eﬁzymc is
called nitrogenase.v Nothing was }mc;\m ‘of its struétu'zfeb at the time Virtanen
workéd on it, and he made surmises as to hqw the n_itrOgcﬁ was’ chémically
changed on its way to ammonia. Today a good deal more is_ lmowh about the
sf:_ructure of nitrogenase. e appears to be a combination of an iron-sulfur
protein, such as ferredoxin, and a molybd'einm-iron‘ -.pro'tcin of a similar
sort. The molybdenum- iron compound absorbs the nitrogen ahd the reduced
iron-sulfur protein in con;binétion with magnesium' and ATP reduces the .nih‘qgen_:
SO bound,‘ as shown in‘ Figure 16. | |

Chloroplast Structure .

Let us return to our earlicr discussion of the chloroplasts in ﬁllicll_ _
éil of the hydrogen and oxygen gene_rating conxpleies are locatéd, and
examine in xﬁorev 'detaii an electron micrograph of such a cliloroplast
(Figﬁre 18). This‘ photograph is fhe reéu;l_t of fhe méth_od of _"fréezg-:-etch-l
ing" in.ivhich the sample is frozen, the ice subliméd away :md the resulting

structure shadowed with heavy metal or carbon. Onc can scc a lamcllar
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structure in_grcat dctall, and if the photographlis_mugnified still
further, one can sece the details within these lamellac; this}latter

is shown in‘Figure 19. llere, the lamellae are.sh0wu~to be coated with
partlcles (protein)-of different size. It is not'uurcasonable tolsupposc
(and it is a current hypothesis) that the low éxidation catalysis which
gencrate hydrggCn and the high oxidation cétulysts_which”geuerate oxygen
are on opposite sides of these lamellae, and théy maf.bc contained in the
particles viSiblc in Figure 19. A diagrammatlc réprcsentation'of these

20 Hcre the two dlff01ent kinds of

lamellae is shown in Figure 20.
partlclcs are clearly V1s1b1e._ Whether they do mdeed represent the a
ox1dlz1ng and rcducmg sides of ﬂle photosynthetlc system remains to be

tabhshed Thcy may however, ‘represent two aSpects of the same par t1cle

in which the two catalysts are separately mounted.

Photoelectnc Mnnbranc

The qucstlon of whethcr thc electrons are phy51ca11y ablc to move
from one,51dc to the other of the molecule or membrane while, at the samc'
time, thé two'sidesvare in somc'way prevénted from rcacting with each other
. remains ThlS prcvcntlon of ba:} reaction may be dtheVOd by mountlng the
-electron donors and the electron acceptor molecules on opp051te sides of
a membranc and requiring that only the ¢Ac1ted electrqn can actually
pass the'membraﬁe (perhaps by a‘tunnelliug nmchquisﬁ) while the ground
state electron on the acceptor molccule cannot, thus prOV1d1ng a barrler
to the back react1on. L | |

An alternatlvc structure would be to su1round cach 1nd1\1dual molccu]e-
_\nth such a nonconductlng hydrocarbon rlch barrier through which the ex-
c;ted_electron mist pass and through.whlch thc‘groundcstatc ucccptor_ |

electron cannot return. ththcr either or both of these ideaSiplays a
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role rcmains t61be established. However, thaf thcré are mobile charges
genefafcd in-such a lamellar System scems to bc.c$tabliShcd. |

We have,réccntly measured a Hall effect dielectric loss in chloroplasts
and Figure 21.shbws the results of such an experiment. Part C shbws the
photoinduccd diélectric 1oss»withoﬁt»any:extcrnal‘magnétic fizld, due.
only to chargebscﬁaration. Part B shows the beha&ior of thc'dieiéctric 
loss when'thg magnetic ficld adds fhc motidh of thc;electron to the zero
field effeqt; Part A shows the situatioﬁ in which the maghetié field is
' revefsed and_the electromagnetic effect is subtracted from the dielectric
loss. It is cléarﬁthai the elcctroh mobility is high and is short-livcd o
whereas the hole mObility,:hhich moves in-thGFOPPOSithdirCCtiOh, is low
and has a ldngef life.21» In both cascs, the evidence i$ good for mobi]e'
chargcs of both 51gns, and this is delCth more clcarly 1n Flgure 22.

U51ng this notion of charncs mobllc through a mumbrune onc can
construct a synthetlc syqtcm in which hydrOgen mJUht be evolvcd on one
side of the mombrane and oxygen on the other. Such a Lcncept shown in
Flgurc 22, 1s 'still hypothetical. 22 However, the 1dca is that the
separatcd electron is taken off thc membrane by means of an iron- sulflde
catalyst which will gencratc hodrogen with pxoLons f1om the medlum._The
hole,.on the other hand, is filled by the ﬁanganésé Céuplex (as yet'unknokn)
which; in turns, removes an elcétron'from hydro;yi to generate molecular
6xygen and a pfoton. Similariy, a proton carricr, sﬁéh as alk/ihitrof"V
phenql,.is built into the membranc to transmit the pfotons through -
the membranc; The basic principle of this system (shown in Figurcv23)
is the tunneling of the electron from the excitcdyétate, represgﬁtcd by

S , through some 20 A to the conducting system represented, in this case,

by the carotenoid.2§ At the other end of thic curotcﬁoid will be an acceptor

molecule, such as quinonc, and the clectvon will then pass out through
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quinone, to thc'iron-sulfide'catalyst. The manganese and iron might very o
‘'well be mounted on thelmcmbranc itself and not be»free to move in the
medium. | l |

Finally, onc can concelvably suggest that each of these catalysts
might be 1nd1v1dually surrounded by the electron. and proton permeablllty
~ barriers so that the back reaction is preyented._It_ls also possible to
remove the excess electrons onlone-side of_the barrier and neutralize
~ the hole on the other slde of the barrier by means ofla redex system
'which, in turn; through a pair of electrodes'could deliver usefulfcurrent

- and voltage in an external c1rcu1t (Flgure 24)

_ Concwsim

As we learn the detailed strUCtures of each ofvtheSe erueial components'
in the photoelectron‘transport system (quantum cenverSiQn process) and how
they are conStrueted it should be possible to recenstruct'the photoéhemical'
system for generating molecular hydrogen from water in a relat1ve1y stable
synthetlc system without the need of an agrlcultural env1romnent The ’
hydrogen so generated could be used d1rect1y as,fuel, or be a component in
the'constrUCtion'of nydrocarbon fuels from hydrogen-poer'sourees
. such as coal and shale lt might even Be pessible'to:reconstruct.the
carbon dloxlde reductlon system of the green plant as well, and thus have
 the capability of generating redaced carbon in a snnllar synthetic systcm
| ThlS kind of a totally synthetlc system whlch anulates and 51mulates
in some ways the chloroplast membrane act1v1ty of the green plant may very
well, in the fhture, be another source of capturlng the energy of the sun

and‘produc1ng electr1c1ty d1rectly from it.
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PHOTOSYNTHESIS AS A RESOURCE FOR LINERGY AND MATERIALS
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i
Schematic representation of. events durlng turnover
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Electron micrograph of chloroplast (Bassham)
Details of chloroplast lamellae

Diagrammatic representation of deep etch surfaces
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Proposed synthetic membrane system for photoelectron .

. transport and direct conversion to'electric power
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Surface A’

Diagrammatic representation of the deep etch surfaces (4’, D) and fracture
faces (B, C) commonly seen in thylakoids.

XBB 7411-7524

Figure 20.
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