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SOLAR RADIATION AND LIFE
Melvin Calvin
Laboratory ‘of Chemical Biodynamics, Unlver51ty of Callfornla,

Berkeley, California 94720

INTRODUCTION

"What I will discuss today stems from a combination of interests,
two of very long standing and one of more recent vintage. The two of very
longstanding interest are the problem of energy transduction by living
plants - the way in which a plant convertslsolar'energy into chemical
energy (and'we have been concerned with this problem for over 25 years ) --
and the‘other is the question of chemical evolution and the origin of life.
It 1s a combination of those two interests which:has provided. the original
iﬁpetus for putting together the kind of discussion which I'am about to
undertake. ‘In addition to that, a more recent intéfest has ‘been developing,
related, really, to the first prdblem of energy transduction (solar energy
conversion). This has to do with the subjects of energy, population,
resources; and other questions of this sort. It is a combination, then,

- of th05é three kinds of interests (two old ones and_oné rektively new
one) that has given rise to my desire to weave together the various ideas

and themes in a coherent way  today.

* Opening address, VI International Photobiology Congress, Bochum,
Germany, August 21, 1972.

*x The work described in this paper was sponsored, in part, by the

U.S. Atomic Energy Commission.
[



We want to.know, first, sdmetﬁing about the'sun -- its actual sources
of energy, how the earth is related to it, the quality of solar energy and
why we think of "soiar" energy -- or, for that matter, all sorts of energy
which comes‘from a variety of stars -- in connection with the way in which
life evolved 6n the surface of the earth. Following that will be a discussion
of the ways in which solar energy is converted by the green.plant, and model
systems which we have constructed on the basis of.those ideas. The last part
of the discussion will be concerned with comments about the available sources
of energy for practical use in human life today compared'to the input of
solar energy on a daily basis. _ |

Figure 1 showsva generalized.diagrém of the solér System itself, to
give an idea of how it is constructed and where the.éarth is in respect
to the sun. The dimensions shown are, relatively speaking, correct,
regarding both the size of the bodies and the distances between them.
The.earth is relatively close to the sun (90 million miles) compared to
most of the.other planets, and this has, of coursé; been a factor in its
overall development. In Figure 2 the earth is shown fram a satellite about
30,000 miles away. You can see at a g1ance that é very large fraction of
the light which strikes the earth from the sun is immediately reflected from
it, vas visible light; We wiii discuss the percehtages in various wavelength
regiohs later.

What is the actual reaction which gives rise to the sun's energy?
The principai source of solar energy is a sequence of fusion reactions
shown in Figure 3, with the final amount of solar energy emitted as 3 x 1032
Joules/day, which corresponds to a conversion of mass of 1016 kg/day. This

¢ X
is, of course, a tremendous amount of energy which the sun radiates every

3 .
day, but the total solar mass is actually 10 0 kg. Because of the mass of
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Fig. 2. The earth as viewed from a satellite.



PRIME SOURCE OF SUN'S ENERGY

2 ((H' + HY—>2(,D2 + ;% +E|)
- 2(D2 + |H!)—>23He3 + 2E,
2H€3 -+ 2H€3 "—">2He4‘+ 2 |Hl + E3

4 H! —> pHe* + 2,60 + 2E, + 2E, + E3
 2E,+2Ep+E3 = 26.7 MeV per He* formed

Solar Emission Day-! = 3x1032J = 10'6 Kg (Smass=1030)

" Calvin _Figure 3

Nuclear sources of solar
energy
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~ of the sun itself, evén with the tremendous amount of solar energy radiated
‘on a daily basis, it is unlikely that the sun will be exhausted as an_energy
source during the lifetime of the earth.

INTERSTELLAR MOLECULES

The sun has played a rather central role in the origin and cﬁaracter
of living things on the surface of the earth. Many of the experiments, which
have led to the notion that biological molecules (biogenic molecules) can be
derived from the primitive atmosphere which the earth had, have been per-
formed over the past 20-25 years. I had originally intended to review some

' of these experiments in which the various energy inputs on the primitive
earth's atmosphere converted the primeval molecules into more complex
ones of biological interest, eventually leading to the biopolymers which,
in turn, gave rise to the highly organized state of matter which we know
as a living cell. But since these have been reviewed a number of times re-
cently and certain information which might be relevant to this step in
life's origin has come to'lighf, it seemed wofthwhileﬂto devote what time
we had aVailable for this paft of the discussion td fhe_rewer concepts
which might be added to the older ones.

I recent years it has become apparent that there were severai
other ways in which the biogenic molecules arose. A number of molecules
have been discovered in interstellar space itself as individual, free
living, moiecules. The number of the molecules is of the order of one per .
cubic meter in interstellar space. If these molecﬁles begin to aggregate
in interstellar space, you can see that many of the reactions which have
been postulated as requiring the input of energy from a star into the

earth's atmosphere (or cosmic rays, meteoritic impact, radioactivity,
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lightning, etc. are not necessarily the only way in which‘these biologically
impértant molecules arose. |
Table 1 shows the list of the various molecules which have been dis-

covered in interstellar space up until the end of last year. You can see
that long ago CH and CN were found in interstellar space aﬁd then there

was an interegnum of same 20 years before hydroxyl (OH) was discovered

in 1963. SubseQuently there was an "information explosion'' after 1968
when many more biologically imporFant molecules were discovered. These
molecules are described by virtue of their absorption in the microwave
region. The whole impétus for this kind of research came when the larger
radiotelescopes were developed. |

The earliest known interstellar molecules (cyanogen, hydroxyl,

ammonia and Water) have been known for quite some time and constituted same
of the basic primitive molecules which were used éarlier to describe the
procesé of chemical evolution on the surface of the earth. However, pre-
viously we thought'it was hecessary to have a solar energy input in order
to create these pfimitive chemicals. It turns out, however, that HCN

itseif has been discovered in interstellar space. _One of the more
interesting'pf the intérstellar molecules which was described recently is
Cyanoacetylene, whiéh has also been created by chemicai,evolutiopary experi-
~ments in the laboratory of thy type I mentioned earlier. Cyanoacetylene,
really, was what was needed.to.génerate most of the compounds of biological
interest if it is condensed in the presence of ammonia, water, eté.; and

a solid cataiyst; there is a great deal of energy stored in the cyanoacety-
lene in the‘four pi-bonds which are preéent; In other words, there is a

lot of chemistry which can be done with cyanoacetylehe.
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Table 1

Molocules Found in the Intersteltar Medium

Year
1937

1940
1941
1963

1968
1968

1969

1970

1970

1970
1970
1970
1970
1970
1970
1971

1971
1971
1971
1971
1971
1971

1971
1971

1971

- Molecule

Cyanogen
Hydroxyl -
Ammonia

Watcr
Formaldchyde

“Carbon monoxide

Cyanogen
Hydrogen
Hydrogen cyanide

X-ogen

Cyano-acetylene
Mcthy! alcohol

. Formic acid

Carbon mono-
sulphide

Formamide
Silicon oxide
Carbonyl sulphide
Acctonitrile.
Isocyanic acid
Hydrogen iso-
cyanide
Methyl-acctylene
Acctaldehyde
Thioformaldchyde

Symbol

CH
CN
CH*
OH

NH,
H,0
H,CO

CoO
CN
H,
HCN

?
HC;N
CH,0H
CHOOH

cs
NH,CHO

Sio
ocs
CH,CN
HNCO
HNC

CH,;C;H
CH,CHO

- H,CS

Wavelength

4300 A
3875 A
3745-4233 A

18, 6.3, 5.0 and
2.2cm : .

1.3 cm
l.4cm

6.2,2.1and 1 cm;
2.1 and 2.0 mm

2.6 mm

2.6 mm

1100 A

3.4 mm

3.4 mm

33cm
J6andlcm;3Imm
18 cm

2.0 mm

6.5cm
2.3 mm

2.7 mm
2.7 mm

3.4 mm; 1.4 cm
3.3 mm

3.5mm
28 ecm
9.5cm




Chemical Evolution. When the presence of cyanoactylene was
discovered in the interstellar medium, I felt the work which we had done
in the laboratory for the previous 20 years, trying to generate these
compounds by e1ectrica1_discharge, or direcf ultravioiet irradiation of
methane-ammonia-water (corresponding, if you like, to the solar energy
inpﬁt) while they were useful énd interesting experiments in and of
themselves, were not necessarily the only way in which.the complex
biolpgically important molecules such as amino acids and heterocyclic
bases were generated. All of the various molecules which have so far
been discovered in interstellar Sﬁace -- even the more recent ones such
as isocyénic acid, hydrogen isocyanidé, methylacetylene, acetaldehydé
and thioformaldehyde -- are important intermediates for the creation of
biogenic molecules.

I will not, therefore, discuss the whole hiStory of the experi-
mental work which was done in the laboratory from "1950-1970 trying to
creaté, by various energy inputs, the important biogeﬁic molecules for
chemical evolution. I think there is no doubt now that there are ways,
in the 1aboratory.§gg.in interstellar space, of synthesizingrall of |
the simple molecules which are needed for the evolutién of a living sys-
fem; At this stage, I Qish merely to des¢ribe in general terms the scheme
of the process leading from element formation to'biological evolution,
which is shown in Figure 4. We have first the organogenic elements
(4,C,N,0,S,P, etc.), which, in turn; under the influence of various tyeps
.of energy, can create tﬁe organogenic biomonomeric molecules (methané,

carbon diokide, water, hydrogen sulfide, etc.). Unfortunately, when this
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ORGANOGENIC MOLECULES
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CHEMICAL . | ‘ BIOMONOMERS
EVOLUTION Amino acids, sugars, NA bases

4

BIOPOLYMERS
Proteins, polysaccharides
, nucleic acids
| _

FIRST LIVING SYSTEM
(-4.0 x 109 years)

4

BIOLOGICAL __| PRECAMBRIAN MICROFOSSILS
EVOLUTION (-3.1x 109 years)

| PRESENT-DAY LIFE |

' . XBL714-5I37
Calvin Figure 4

General scheme for chemical
‘and biological evolution
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drawing was made, I did not have the information about the moré recent
discoveries of such molecules as cyanoacetylene, thioformaldehyde, etc.,
in interstellar space. Therefore, the figure should be modified to in-
clude this information. From the organogenic molecules, the biomonomers
(amino acids, sugars, nucleic acid bases) are formed. Mostvof these
materials were created from methane-ammonia-water-cafbon mbnoxide,vetc.
under the influence of varous kinds of energy; in simulated primitivé
earth atmospheres. In general, electrical discharge was used as the
energy.soufcé,kbut ultraviolet light was also used. Both of these ori-
ginally had their source in solar energy. At the.moment, we are now |
tryihg to find how the biomonomers can be condensed_into the biopolymers
(proteiné, polysaccharidés, nucleic acids) in a spontaneous way. This
has also»been.achieved to a large extent in the laboratory.:

Evolution of Photosynthetic Organisms. Practically all of the

energy which was available for continuing existence.was solar energy.

A question is: Does there exist today a collection.of living organsisms
which makes use of the whole spectrum of solar energy? Figure 5 shows

a colleéfion of what are probably primitive photosynthetic organisms,
showing how they use the entire available_éplaf energy spectrum. The
dark line shows the intensity which is proportional to the intensity 6f
‘the solar spectrum at the earth's surface. The absorption spectrum of
‘various organisms which bave evolved‘on the earthYSISﬁrface are shown,
and there is a rather iarge variety of mostly unicellular organisms which
absorb at various wavelengths. These organisms take up most of the

useful wavelengths of the sun which strike the earth's surface. Any
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thing much longer is not at a high enough energy to get directly into
electronic excitation; it involves vigrational and rotational.excifation.
Anything much shorter than 3000 A is not available. Therefore, the evolu-
tion of living organisms as represented in Figure 5 did indeed encompass
all the wavelength regions which were available on the surface of the

earth from the sun.

PHOTOSYNTHETIC CONVERSION OF SOLAR ENERGY

I would now like to discuss the way in which we now'usé the sun's
énergy which_presently comes to the surface of the earth. We use this
energy in the form of agricultural materials, but actually most of our
energy sources came,ultimately from the sun, now in the form of fossil
fuels which are presently being used up very rapidly. Let us compare
the rate at which we are using up what has been stored over the millenia
from the suh with the rate at which the sun is now irradiating the earth;
this is shown in Table 2. As we mentioned earlier, the sun's daily energy
output is 3 x 1032 Joules, and the earth receives impinging on it 1.5 x 1022

Joules. Of this, only a very small fraction is captured by the green plants

17

of the earth in the process of photoSynthesis (40 x 10" Joules/day).

One part in 10,000 of the solar energy which strikes the earth is used
in the procéss of photosynthesis, and is transformed into plant organic
material. The number is somewhat uncertain because of the relationships
of the process of photosynthesis during the illumination period and the
respiration which takes place in'the dark. I did not try to correct for

. the amount which is lost in the dark respirétion segment of the photosyn-
thetic process. The daily consumption of energy, both in the United

State ‘and worldwide, is also pointed out in Table 2. The world's daily
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Calvin Table 2

TERRESTRIAL ENERGY BALANCE

(1970)

Sun's Daily Output (10'® Kq)
Earth’s Daily Receipt
Earth's Daily Photosynthesis
U.S. Daily Consumption
World Daily Consumption

3x10%2 y

1.5 x1022y
40 x10'7 y

2 x 1017y

~8x107y

XBL722-4543
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total energy consumption is about one-fifth of the total photosynthesis

which takes place on the surface of the earth (on land and sea). Agri-

cultural (useful) photosynthesis is actually a very small percentage of
the average daily photosynthetic energy on the surface of the earth,
probably only one part in one thousand. The idea I wanted to promul-
gate here is that the world as a whole is using up energy at a rate
beginning to'gpproach the total rate of its photosynthetic ;apture on

the earth's sﬁrfate, even though much of that is not in a daily useful
form, but is partially used in restoring the fossil fuel level. Obvious-
ly, the fossil fuel level is being restored at a much slower rate than it

is being consumed. The figures which are given in Table 2 are as of 1970,

-and I am sure that you have repeatedly heard that the rates are increas-

ing logarithmically, especially in the United States but worldwide as

. , 17
well. The question of how soon those rates will pass the 40 x 10

Joules/day, which is the amount of energy used daily in the process of
photosynthesis; can be answered by noting it will probably be less than
one decade. At the moment it appears that the it is being used up at
the annual rate of 5% -7%/year. |

| Let us return to the more fundamental question of how the photo-

synthetic conversion of solar energy is achieved. I feel that ultimately

~we will have to use some such method for the capture of energy for

" future use. One of the reasons that we are interested in this problem

is that we will have to devise systems for making use directly of some
of that solar energy, because we are approaching the exhaustion of the
solar energy which has been stored over the millenia in the form of fossil

fuel. Therefore, we are returning to a more serious study of how the:
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plant actually_makes’fhe direct photoconversion into chemical potential.
If we could learn enough of that process, we might be able, perhaps, to
extract some.ideas about how to produée synthetically a converting systeﬁ
which would not be as slow and would not be as'indiréct and involve so
many other ''demands''. I am now thinking of the life of the plant itself
which loses so much of the solar energy, which is devoted to keeping it
alive and‘keeping it ordered. Perhaps we can offefvsome suggestions as
to how this might be done, and the basis of ﬁthat_kﬁqwledge as far as
it has gone.

In order to deyise systems which might be more useful aﬁd efficient
for solar energy conversion, wé have tb know samething of - the wavelength
distribution of the energy which is available. Figure 6 shows the solar
energy balance of the earth. Directly reflected as possibly useful shortf
wave radiation is about 30% of the total and the reflected long-wave
radiation (the energy which is converted from the visible and near infra-
red into heat and reradiated) is 47%; the two togéther constitute 77% of
the fotal energy of the sun impingihg on the earth. Rrughly 23% is
used for evaporation, with precipitation, same is stored in water and
ice and can be used as water power. Same of the solar energy is converted
into winds, waves, convection currents, which is a small fraction, and
photosynthesis is even smaller fraction of the stored solar energy.
Actually only a very small fraction of photosynthesis is stored in terms
of fossil fuels. There is, of course, a certain amount of energy in the
interior of the earth, gravitational-nuclear-thennal,:but this is a :
very small fraction of the total which is reirradiated.

What we are talking about is trying to capture.some of this large

amount of the solar energy before it is degraded into heat and reirradiated
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(eitﬁér as short or Iéﬁgwave radiafion). We would like to "'catch" the
solar energy before it gets into that degraded, or "1owl¢1ass",bcondition.
Figure 7 Shows the wavelength distribution of solar energy, and Figure 8
~shows the fraction of total solar radiation as a function of wavelength.
The energy at 10,000 A or shorter, which is a major fraction of the energy
coming in from the sun, can be used for direct electronic excitation. If
the wavelength is longer than 10,000 A, it is difficult to find electronic
systems which can handle it for direct conversion into useful electronic
energy. You caﬁ'see from these figures that about half of the energy is
able to get through to the eartﬂ's surface, the other half being degraded
as it comes through the atmosphere and reirradiated back to space as heat.
This shows what type of energy is available and what the wavelength dis-
tribution is. |

Path of Carbon in Photosynthesis and Quantum Conversion in Photo-

szgthesis.' I would now like to discuss our investigations which began
25 years'ago on how the green plant actually achieves the conversion

of light into chemical potential. At the end of World War II we began
our investigation by tfying to learn how the chemical enérgvaas created
from the éarbon in its lowest energy source, that is carbon dioxide;
i.e., how cafbon was reduced. We succeeded in this search, and Figure 9
is a sumﬁary of the photosynthetic carbon reduction process. This

shows how the carbon dioxide enters, by reaction with a 5-carbon sugar,
 goes through a complex cycle of carbon compounds, which is driven by
the light. The carbon dioxide and water are transformed to sugar and
oxygen, and the whole cycle is driven by the light in some kind of

_ direct electfon transport reaction system. It is the 'black box"

in the diagram which is the key to the photosynthetic process --
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SOLAR RADIATION

SOLAR CONSTANT

Wavelength distribution of
solar energy
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how does the light produce these reagents, here lébeled_ATP and NADPH,
to drive this cycle ahd store the energy. We have tried to.determine
what takes place between the entry of the photon_ahd the generation and
use of ATP and NADPH, those two molecules which are required for the
storage of chemical eﬁérgy,

There has been a great deal of research done all over the world,
particularly in the last 10-15 years, to elucidate the primary quantum
conversion process of photosynthesis. A scheme has been evolved which gives
us some ideas about how the light actually works in this complex process.
That scheme, a$ it stands rdughiy today, in a generélized form, isvShown'
in Figure 10. At one end of the scheme we have the water, and at the
other end we have the carbon dioxide. In between there are two photo
reactions, one involving chlorophyll which eventuaily oxidizes the water
to give oxygeh; the other photo reaction involves the excitation of chloro-
phyll a , requiring a separate photo reaction. An attempt was made to
trace the path not only of the energy but also the corresponding path
of the electrons in terms of a redox potential chart beginning with
water on the right. On the left, a gecond elgctron excitation occurs,
raising it to a still higher redox potential. The two processes can
then be coupled by having the electron excited by the first process
(system 2) pass down into thé vacancy created by thelsecond process (sys-
tem 1) to generate ATvahich is used in the photosfntheticvcarbon cycle;
The second electronic excitation path (system 1) generates NADPH which,
together with the ATP, is responsible for running the photosynthetic cycle
~ which was shown in Figure 9. This (Figure 10) is, feally, the same chart
és shown in Figure 9, but the cycle has been reduced to a circle (carbon
dioxide reduction) and the black box has been expanded to show the two

photo reactions.
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Eaéh;of these two systems has been worked out in detail to same
extent, but there are still many unknbwn areas to be exploréd; particularly
in the two photo reactions. We know that an electron raised to a redox
potential of -0.1_volt by system 2 will react with,fhe vacancy which is
created at +0.4 volt after excitation: by system 1. The electron drops
down drop enefgy scale through plastoquinone, cytocﬁromevb, etc. and
generates ATP in so doing. (I will not discuss the biochemical parﬁ of
that electron transport process, which is an enzymatic biochemical pro-
cess whiéh_takes place in a similar fashion in mitochondria.)

We are really concerned in trying to learn how the quantum, which is
absorbed by éhiorophyll in each of the two pigment systems and which pro-
duces an electronic excitation, is converted into some useful chemical
form. The.first thiwe know fairly certainly is that the quanta are ab-
sorbed by antenna chlorophyli molecules which then move by resonancé
transfer to special sites. . The next cdncept of which we are confident
is that there must be a separation of charge. The oXidation product
created by removing the electron, must in some way be separated from
the electron. In physical terms we can discuss this separation as a
separation of a hole, or positive charge, from the excited electron, which
is the negatife charge. Between those two steps -- the excitation of the
electron.in the chlorophyll molecule into its excifed state represented |
by the ébsorption peak at about 7000 A and the resﬁltant separation of
charge -- is where I want to focus your attentidn, 1f we could get this
in a separate system such as would dccur in a silicon photoconverter, we
would have some direct method (if the plant uses sﬁch a method) of con-
verting a quantum into not merely chemical potential, which we have

defined in Figure 10, but prior to that into real electrical pétential.
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We might then be able to take this charge out as an'external electronic
current. This is really the status of the notion, a$ of this moment.

There is at least one intermediate step. We know something about
the afrangement of the energy-capturing apparafustof‘the plant. It con-
sists mostly of chlorophyll contained in separate entities within the
plant cell, called chloroplasts, and the accessory pigments are also
associated with the chloroplasts, actually with substructures in the
chloroplasf. Some years ago I gave the name 'quantasome’ to a substruc-
ture of the chloroplast lamellae, This is the,siﬁplést energy-converting ._'

.entity inside the chloroplasts. The quaﬁtasomes‘are composed not 6n1y of
chlorophyll a and chlorophyll b but also of cafotendid#,mproteins and
a variety of other materials. |

| " The idea_of electron‘transfer gave rise to several rather ﬁﬁpor-
taﬁt experimeﬁts, one of which was the demonstration that gll of the
‘chlorophyll'is not involved in the direct conversion of the excited
étate into charge separation; only certain centers are involved, the so-
called "traps"; However, all of the chlorophyll is invo.ved in the initial
light absorﬁtion. Otherwise, the plant would be very inefficient beéause
the number of ''traps" is very small compared to the total number of
chlorophyll molecules. Somehow after the abSorption of the light by
thé chlorophyll molecule and the creation of an excited state in the’
‘chlorophyll, that excitation energy must migrate around amongst the éhloro-
phyll molecules until it finds the "'trap" where electron tfansfer can occur.
This‘is called resonance trénsf:ér, and the demonstration of resonance
transfer not only between chlorophyll molecules but fram the carotenoids
to the chlorophyll mblecules is one of some considerable standing now.

The next step, then, after excitation is resonance transfer from chloro-
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phyil to:chlorophyll,.until a particular site is reached. In.Figure 10
that particular site is designated as X or Y . | |

The separation of charge is not really véry clearly defined, and,
in fact, some 10-15 years ago I recognized that this separation did indeed
have to exist in order to give rise to an efficient energy storage appar-
atus. At that time, I suggested there might be some kind of semiconductor
mechanism which would involve athat separation of charge. All of fhe experi-
ments which we have done in the ensuing period, following that éuggestion
in 1958, failed to demonstrate any such phenomenon. Although many experi-
ments were performed, we never did demonstrate with any confidence that
one did generate charge carriers which moved as electrons move in a semi-
conductor, and which could give rise to separatioh of charge. The common
type of experiment was to perform a model experiment, placing same chloro-
phyll,. or ;hlorophyll-protein camplex, between a pair of electrodes, one
of them being transparent, and then shine light on the material to see
if it would be possible}gemonstrate mobile charges by photoconductivity
or other means. Many hundreds of experiments of this *+vpe were done,
but none of them were really'convincing. In other words, we couldn't
really say definitely that thié was the way the plant was doing it.;
It was always ﬁecessary in these experiments to put a potential on
the matérials to separate the charges, and we did not know that the
charges were separable without the externally applied potential. It is
very difficult to place electrodes on individual quantasomes within the
chloroplast; it is not really possible to measure ‘the conductivity across
the chloroplast membrané, or the photoinduced voltaié effect, if there
is one.v.'

Therefore, we had to seek an indirect way of meésuring this effect.

For a while, I thought we could locate the electrons by using the ordinary
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ESR- techniques, and, indeed, we did find that wheﬁ the light was turned
on the chloropiast (or on the whole plant, for that matter),unpaired
eléctrons.were‘generated which could be recognized by their electron
spin signals; in the same‘way that free radicals can be recognized byb
the unpaired electron spin signals. We found that we could nof unequi-
vocally idéntify the nature of the electrons which gave rise to the un-
paired spin signals; we could‘not find out what environment they were
in, because they were too diffuse in their nature. We could say_there

‘ wére two different kinds of spins, as there were two different lifetimes,
but they actually behaved more like organic radicals‘than electrons in
a:semiconductor system. It was not possible to say that this type of
signal was:any evidence for the original notion.v |

Dielectric Loss Experiments. The next experiment which I wish

to describe is one which wevhave just campleted a few weeks ago; in which
we measured the generation of movable charge in fhe chloroplasts without
electfodes, by puttihg_the chloroplasts in a 2 cm cavity microwave appar-
atus and measuring the photo-induced dielectfic 1oss You can see that
if'thellight,is turned on to sua system to create mobile electrons,: then
the fact that they are mobile will induce a loss of energy fram the
oscillating field which is proportioﬁal to the number of_such mobile
electrons which_are created. This is oné way of measuring the induced
"looseness'' of électrons. The next question was: Coﬁld we see the charge
separation? In order to see separation of charge it is necessary to

ha&y negative charge moving in one direction and positive charge moving
in the other direction. In order to define whe;?erit is negative or
positive charge, it is necessary to dova‘Halljex;ggiment, that is, to

put the semiconductor in a magnetic field.
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- If there is moving charge, then as the charge tries to cross
the magnetic field, if it is negative it will move in one direction and
if it is positive it will move in the other. In this way,'by measuring
the effect ofrthe magnetic field on the photoinduce&'dielectric loss,

following a pulse of light, it should be possible n§t only to determine

whether or not electrons are generated by the pulse of light, or, actually,

a charge generatéd by the pulse of light, but also what the sign of the
chargé is and how long it takes to move from its first generation until
its loss as a mdblle charge 1nto the fixed ions such as the X and
chlorophyll .

We performed that experlment after a couple of years of model
work. Figure 11 shows the result of that experiment. It (Figure 11c)
shows that when the light is turned on there is_lndeed a very large
increase in the d1e1ectr1c loss; the phot01nduced loss increases and
then decays.‘ What- happens 1f we put this in a magnetlc field of 10 ,000
gauss? You will notice that the photoinduced loss increases, at first,
goes dowh Below the base .ine, decreases and.then returns (Figure 11b).
Inverting thé magnetic fields shows that the dielectric losses due to
the initial light flash are deﬁressed and the later losses are incféased
(i.e., the slower decay loss, Figure 1la). The first thing that is shown
‘is‘a rapidly produced electron, at relatively high mobility, which decays
in about 5 milliseconds. Then, the other‘sign of charge takes over, and
the positiﬁe migration takes about 100 miiliseconds. When the field is
reversed, the negative charge loss is depressed and the positive charge
loss is increased. The symmetry of these two curves, with respect to
the bottom one, is the essential experimgntal result. It shows that there
‘are two kinds of mobile charge carfiers present, one positive and one

negative, with different lifetimes.
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We would therefore state that there are two kinds of carriers,

with two different lifetimes, possibly as a result of two different light

acts, which are involved in the quantum conversion process of photosynthe-

sis. One is that which'operates in photo system 1. This can be represented

by having the chlorophyll n.the excited state, and then an electron is
transferred to the lower vacant orbital in the excited chlorophyll from
same source which gives rise to a negative ion. The electron can then
hop from chlorophyll to chlorophyll until the final acceptor is reached,
in the form Qf something just préceding ferredoxin. It then goes on down
to NADP. The fact that the electron migration takes such a long:time

is evidence that it is not really a true semiconduction process, but a
hopping mechanism. At‘this ﬁoint, we do not know how many "hops" there
are from the'first trap to the final trap, where it becames a definite
chemical species. The other sidé of the process is an excited chloro-
phyll which transfers its electron to the trap, instead of getting an
electron fram the_trap. Here the positive chlorophyll is filled by elec-
tron migration,process, ultimately from the water;_inVolving manganese
in some way. The mechanism is a positive charge migration, also an
electron 'hopping'' mechanism. The verticél arrows in Figure 10 repre-
sent absorption and resonance ransfer to the ionization point, followed
by charge migration.in two different directions. This is shown more

explicitly in Figure 12.
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Photoelectrochemical Energy Conversion. The result of a model

experimenf usihg zinc oxide and chlorophyll is shown in Figure 13.
Figure 13a shows the chlorophyll (represented by D) in which the excited
electron is given to some acceptor, leaving behind a ?ositive ion. Figure
13b is the caSe in which the excited chlorophyll reCeives‘an electron
from the valence band of the zinc oxide, or cadmium sulfide, which
corresponds to_photo system 1. We have seen evidence‘for both photo
systems using zinc oxide and cadmium sulfide. We.have.done the reverse
experiment also, by taking one semiconductor and different dyestuffs,
with different energy 1e?els, to show bbth types.. This experiment

shows the résult of successful modeling of what has,turned out to be
possibly the reality in the chloroplast itself.

We have been successful with model experiments (zinc oxide and
chlorophyll) with respect to generating a photovoltaic cell (zinc oxide.
is the sémiconductor and chlorophyll: is the light-capturing agent); 'We
can.remove'current from these model systems as long as the light is
turned on; However, this is only the beginning of_this type of experi-
mentation,'as the.chlorphyli is eventually destrbyed; aftef roughly:
10,000 electrons/chlorophyll molecule have been transformed. This merely
shows that we must learn to use other sensitizers which are more stable
and which are not irreversibly destroyed but whigh will keeﬁ'their energy
éystems intact.

We have thus developed a "photoelectrochemical" system which is
capable of making a photovoltaic cell. Thisvis exactly anélogous to
the'solid-State silicon system develoﬁed by the phyéicists, except we
are doihg it by a '"photoelectrochemical' method instééd of photophysical

method. Aithough the experiments were done with single crystals of
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zinc oxide, it is not necessary to have single crystals of semiconductors
for this purpose. It will probably be possible to use microcrystéllihe

material.

- Theref ore, it seems likely that we will be able to create not only

square inches, or square meters, of photvoltaic cells, but square miles of
them. The idea of making square mi1e§ of'silicqn‘converters, of courSe, is
~at least dismaying to the physicists, even though sihgle crystals are not
needed. However, I recently read'that a combination of four serious
companieé-in the Boston area has proposed that silicon converters be

made of roughly 15,000 m2 €ach and seﬁd them up in a space ship, where
they will receive 2 cal/cmz/sec instead of the lbcal/cmz/sec as they
would on the earth surface, convert the enérgy into microwaves, beam it

down to the earth, to be transformed into useful electrical energy.

OONCLUSION

It seems possible, by using the "photoelectrochemical" method,
even with the 1 cal/cmz/sec, which is available on the earth's surface,
to generate-eiectrical energy in quantities sufficient to be useful and
economic. It turns out that even on the Surface of the earth we need
only an area 100 mi.sq.-(l()4 Square miles of Arizona desert, for example)
covered with this type of material which could produce the total energy
needs of the earth today. This is no small job, ¢ven so, although 100
mi.sq. is not much, in Arizona, in terms of desert. The real problem
is an engineering one, because you can see that only about 2 volts
are generated, in a very thin system, and the proBlem of collection.is

very difficult.
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Why do I even discuss this at all? I am sure that maﬁy of you have been
exposed to some of the more recent discussions of the energy problem. The
problem is profound and worldwide. Some months ago, a chart was publishéd
in Chemicalv&'Ehgineering News (Figure 14) which gaVevsdme estimates of-
the world energy needs in relation to sources. At the present time, a96%
of the U.S. energy is caming frdm fossil fuels (o0il, natural gaS, coal). You
| can see that the U.S.damestic.oil supply is already not adequate for the needs
of the population, and natural gas may last another ten years, and then will
start to be inadequate. Figure 14 shows that twenty'years from now nuclear
power wiil be very important as‘an energy source, and even that source will
decline within another hundred years. Solar energy and fusion may be
the methods‘éf the future to ensure the energy supply for the world. I
feel that it Will be~necesséry to develop solar energy sources almost
immediately, and I am not at all certain that we can use nuclear power
(fission or fusion) to the extent that this chart requires, again for
a variety of reasons. |

The only really clean energy and the only really unlimited
~energy within man's lifetime which is available is,solar.energy. Therefore,
I feel that one objective that scientists could keep in mind is the devel-
opment of systems for usefully capturing that solar energy. There are four
quite different ways in which that solar'energy_can be captured. It can
'be captured by an engineering method (a thermal ehgine), or the silicon
converter developed by the physicists, the photoelectrochemical method
being developed by cheﬁists, and the development and evolution of mofeb
efficient and more useful biological energy captu:ing systems and con-

verters .
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