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QUANTUM CONVERSION IN PHOTOSYNTHESIS
Melvin Caivin**

Department of Chemistry and Lawrence Radiation Laboratory

University of Californie, Berkeley, California

_ABSTRACT

A new suggestion is made based on model work assoclated with
similar méasurementa on the biological material itself. The primary
quantum conversion act 1s an ionization occurring in a charge transfer
complex. This is what it emounts to in chemical terms. But this
procesgs cannot occur in isolated charge transfer molecules in solution
because the products cannot escape from each other. The primary
qpantum‘conversion as 1t occurs in mbdern photdsynthesis can only take
place inva laminated structure where the electrons and holes can
escape from each other by electron migration and not by atomic mizra~
tiona. This 18 the essentlal feature introduced hare‘which differs
from all the previous notions of how quantum conversion 6ccurs in

chemlstry or biology.

* The preparation of this paper was sponsored by the U.S. Atomic

Energy Commission.

** Research Professor of Chemistry in the Miller Indtitute for Basic

Resesarch in Science, Universlty of California, Berkeley 1960-61.



INTRODUCTION

One can hardly begin a discussion of the problem of photosynthesis,
or any specific aspect of it, without writing & small equation which will
define and delimit the discussion. The overall reaction of photoaynthesis,
the reaction bvahich green plants convert electromagnetic into chemical

energy, 1s usually written in thies form:

hyv
CO, + Hy0 —=—» (cnao)n + 02

You will recognize that the substances on the left-hand side of the equation
(CO2 and Hy0) are the elements of carbon, oxygen and hydrogen in their
lowest energy form, and the substances on the right—haﬁd sidé of the egua~
tion (carbohydrate and oxygen) represent these same elements at a higher
chemical potential. The carbohydrate and the oxygen normally, in the animal
body and in the plant too, for that metter, can back react, producing car~
bon dioxide and water and, at the same time, liberate energy in one form
6r another -- energy for growth, energy for heat, energy for whatever purpose
the orgénism might want it. 1

Certain aspects of this problem of energy conversion are not going
to ge the subject of this discussion, partly because they have bheen resolved
and partly because we know little about them. These are the two aspects
which I am going to eliminate. First to be restricted is the part that we
know something about and which has been resolved: this 1s the part in
which the carbon passes from carbon dioxide into carbohydrates. By the
ﬁse of tracer carbon, we were able iﬁ the past fourteen years to draw a
rather complete road map from carbon dioxide to the various chemical com-

pounds which go to make up the plant (Bassham and Calvin, 1957; Bassham

and Calvin, 1960; Bassham and Calvin, in press; Bassham, 1959) principally



carbohydrates. The other aspect of the energy storage problem; the
conversion of the oxygen from water to molecular oxygen, is at the
opposite end of the knéwledge level, and we know nothing, really,
about how the single oxygen atom in the water molecule finds another
one and becomes an oxygen molecule -~ in other words, how is the
oxygen~oxygen bond created. We have some ldeas about it, but very '
few in contrast to whaﬁ we know about the construction (the actual
building) of éarbon compounds. But we know very little about how we
put together an oxygen molecule (Dorough end Calvin, 1951; Andefson,
Blass and Calvin, 1959; Sapoznikov, Eidelman, Bazhanova and Popova,
1959 Mason, 1957).

In between these two phases of our knowledge of the process of
photosynthesia and energy conversion lies the area of the present
discussion. It is thg aspect in which the electromagnetic quantum --
the light quantum -« 18 absorbed by the chlorophyll to give an excited
electronic state of chlorophyll, and then something happené to this
excited electronic state, during which time it is converted into
chemical potential -- definite molecular species which, upon back
reaction, could liberate energy. That particular step is the primary
concern of this paper.

To isolate, for consideration, that step from the equation as

1t is written, we may describe the events as follows:



See diagram on following page

The quantum is first absorbed by the chlorophyll molecule; then

(p for primary)
something happens/to the excited chlorophyll to produce two chemical
species ([0) and {R], for example) which later can go on, one of them
[0] to become molecular oxygen in some way, (1) and the other one [R]
leading to the reduction of carbon dioxide to carbohydrate (2). Along
these two routs various other energy-contailning species may be created,
such as phosphoric anhydride (ATP or ~ P). A phosphoric anhydride
species, represented by ATP, would, of course, be an energy storage
product. These may be created on either, or both, sides. Further
* then that there may be even back reaction (3) vpetween these intermediates

-~ oxidants and reductants -- which also could create various products

of higher ehergy. The obvious one to use here is, of course, the



pyrophoephate linkage. The creation of a pyrophosphate linkage of

this sort in a water milieu 1s storing energy.

PHOTOCHEMISTRY OF CHLOROPHYLL

We shall not try to describe the biochemical detail of any of
the steps beyond (p). We shall be limited to ‘the very first thing
that happens to the gquantum after 1t has been absorbed by the chloro»
phyll molecule to producee exclted state of the chlorophyll. What
are the very firstﬂéé;ms in which stable (defineble) chemical species
different from electronically-excited molecules (such as excited
chlorophyll) appear? We will not be concerned with how the intermediate
oxidant [0] becomes oxygen (1) or what other intermediate oxidants
might be, nor will we consider what the hydrogen carriers might be
which eventually reduce carbon dioxide to-carbohydrate (2) or how, aléng
the line (2) as they drop in potentisl, they might produce other high
energy containing materiale such as ATP. The recombination (3) oxidant
and reductant which might also occur as succeeding chemical steps, will
also lieroutaide our present concern. QOur concern ie the immediate
fatersgvthe excited chlorophyll and what could possibly be the very
first of thesé species here called oxldents and reductants.

_ In order to try and get some idea of what could happen to the‘
excited chlofophyll, via 1ntfoduce two additional ideas. First of all,
ve shall examine the biological aﬁﬁgratus which performs this operation
- (insofar as we know what molecules that biological apparatus 1s made of
and how it is constructed), and, secondly, we shaLl explore some model
expériments which are based upon what we belleve is the construction

of this biological apparatus. This latter is almost exclusively



physical chemistry or physical-organic chemistry.: Then I would like
to go back and apply the concepts whgch are devised from the combina-
tion of the structural information and -our model researches, to the
biological materiasl itself -- experimental observations on the
biological material designed to simulate or reproduce the observations
that were made on the model systems.

Photochemistry of Chlorophyll in Solution

Before going into the details of this, 1t seems worthwhile to
introduce the point of view which dominates these dlscussions. From.
the very beginning of our kﬁowledge of the structure of chlorophyll,
beginning in 1911 when Willstatter and Stoll (1939) first had s pretty
good idea of what the structure was, chemists and bioclogists and bio-
chemists went to work trying to understand thethotochemistry of éhloro‘
phyll itself. As they extracted chlorophyll from leaves of gzreen plants
and worked on the structure of it, they studied its photochemical
behavior ap well. The Fischer formule has since been confirmed completely
(Woodward gi‘gl, 1960), and we can now go along with complete chfidence
in it.

From the very beginning the photochemists went to work to try
and understand something about the eneryy conversion by an examination
of the photochemisiry of chnlorophyll in solution. Over a period of
some 40 years they did a wide varlety of experiments in an attempt to
see how the energy of a 4O kcal quantum (which is what is involved
here) could be converted in a single act into chemical potential. An
enormous literature (Gaffron, 1933; Schenck, 1957; Krasnovskii, 1960;
Livingston, 1960) exists on the photochemistry of chlorophyll and
models of it. A great many attempts have been made to find ways in

which the enerzy of 40 kcal in an excited electronic state might be



used in a single act to create two chemical species which potentiamlly
could back-react with about 4O kcal -- in other words, to store almost
all of that 40 keal. Even if only 35 kcal were stored, that would be
a lot to store in particles created at the same point. This search
has not been successful, in epite of 4O years work, and the many men's
lives involved in it. The attempt to find a chemical reaction, either
sensitized by chlorophyll or by any of its analogs or by model sub-
stances representing it, in which the energy of 4O kcal would be con-
verted into a pair of chemical species storing something of the order
of 30-35 kcal (the efficiency of this process must be very high) has
not succeeded.

In retrospect, it is not very surprising that it should have not
yet éucceeded. If this energy conversion proceas'is going to take
plﬁce in chlorophyll molecules which aré simply in ordinary solgtion,
randomly moving about and in contact with a variety of molecules with
" which they could react and to which they could give energy, it is
necessary to create, in one operation, a pair of energy rich'epecies
A and B.* Then A + B by definition, in their back reaction have 35
kcal of enérgy to set free, and they have to be created in one act
right on or near the chlorOphyil molecule. You can see, therefore,
that some rather tricky kinetics must.be involved. Most chemical
reactions do not have activation energles that high -- usually they
are only around 20 kcal. If we have to store 35 kcal from the starting
point (let us define A‘B as the starting point -- and this could be

& molecule or molecular system) the end product, A + B, has to be

¥ These may be in different parts of the same molecule in which case

the photoreaction might be called a rearrangement.
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35 kcal above it. If this product is not to return immediately, there
has to be a barrier between it and the starting roint 80 that the system
won't fall back immediately in the back reaction. This cannot be

done; if we are going to store 35 kcal and we have only 4O kcal in the
quantum wilth which to do it the barrier can't be more than 5 kcal high
and the back reaction would be too fast; This is essentially what

the problem is: To separate the products which are themselves of higﬁ
potential energy for reaction before.back reaction can take place.

Thie is very hard to do in ordinary statistical chemicai reactions.

In fact, it has not yet been done.

There are a number of cases in which thevphotochemiat haé succeeded
in storing energy in a straightforward photochenical reaction in solu-
tion, but, in general; those stofages are very amall -- a few kcal at
most -- and 40-60 kcal quantﬁ are used to accomplish this. The situa-
tion, therefore, 1s Jjust the reveree.of the natural reactions of
chlorOphyil. Instead of the product-being'35 kcal above the starting
point, it is only 5 kecal, with‘a 50 kecal quantum to help, and the
barrier‘can be quité high (45 kcals b& thesé numBers). You can suéceed
in that kind of a.storage problém |

The point of view that I am gbing to take 1s that this 35 kcal

energy storage is not the result of'ordinhry statiatical'phohocheﬁistry

4in solution, but rather is the reéult of a photophysical'précéss ih

an organized solid, or éuasiASOLid, matrix. How this'is'acpieved’ih_
this case, in contrast tO'sdl;tiOn chemistry, is goingvéo be the aﬁb-ﬂ
stance of this discussion. We did model work to show that this was
possible in model systems. We thenvwentvon to ask if‘the phenomena

vwe sce in the model systems could be reb:oduced in the biological material .

itself.



PHOTOPHYSICAL EFFECTS IN MODEL SYSTEMS

Energy‘Transfer in Model Systems -

One of the factors which contributed to the adoption of this
viegpoint was the examination of the structure of the biological
apparatus which accomplished the energy conversion (Steinmann and
SJjostrand, 1953; Frey-Wyssling, 1957). Figure 1 shows the chloroplast
of a green plant in which this energy transfer occurs. The green
particles, called the_chloroplasts, inside the cell contain the chloro~
phyll, and it is in these (a Zew microns_invsize) that the energy con-
version process occurs. Figure 2 1s an electron micrograph-of a |
single EhlorOplast, at much higher magnification, wh;ch ahowavthé ’
internal structure of one of the chloroplasts shown in Figure 1. You
can see that this is not just a 'bag of mo;ecuies.’ There is a very
ﬁigh degfée of organized structure to be seen inside the chloroplasts.
The dgrk areas are the so-called lemellae whigh are present in all
photosynthetic organisms. In this particular oné (tobaccd) these
lamellae are arranged 1p staqks, and the term'granum"has been applied
to a single one of these ellipsoidal packages which can be separated
from the chloroplasta. There is, then, a high degree of order to be
found 1ngiqe the Chlorbplast. in fact, if one takes a smgller section
of this granum at still higher‘magnification, one can see tﬁat these
are mede up 6f.vhat.look 11k§ little oval saéks pressed together. The
darkest areas appear to be the contac£ areas beﬁween the two su}faqes
of completely enclosed ovgl, or ellipsoidal, sacks.

Figure 3 éhows e diagram of our concept of what the layers of
the chloroplast are composed of (Park and Pon, in press). Each of the

dark areas represents a contact between the surface of two of the
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Cells of liverwort showing chloroplasts.
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Fig. 2. Tobacco Chloroplasts.

24-36 hrs in dark before
fixing with permanganate (Weier)
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MU-20641

i Fig. 3. Model for chloroplast 1amellar structure

(Park and Pon. in press).
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Fig. 4. Absorption spectra of ‘chlorophyll in various states.
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sbsorption spectrum of chlorophyll in the plant itselfl resemblgs
the latter two more than the first one.

S0 you see the plant chlorophyll is not‘chlorophyll in solution;
it is lipid, protein and chlorophyll (with other pizuents) in a tight
package; in & semicrystalline form. I am not emphasizing the spectrum
itself as the only bit of evidence, but simply as one plece indicating
the ordered array which the chlorophyll in the chloroplast itself 1is

likely to turn out to have when we know 1iv.

Relations between Chlorophyll, Protochlorophyll and Bacteriochlorophyll

What is the molecule we are talking aboutt Figure 5 shows turee
of the chlorophylls with which we are normally concerned. The middle
structure shows chlorophylls a and b; chlorophyll a has & methyl group'
in the 3-position and chlorophyll b has a formyl group (formaldehyde)
in that position. Bacteriochlorophyll is fouqd in all the photosynthetic
bacteria which do not make oxysgen but which do reduce CO,. The essential '
difference between plant chloroPhyll and bacteriochlorophyll is the
fact that the latier has two extra hy@rogeﬁs on the opposite pyrroie
ring (at positions 3 and h)’as.compared to a double bond for thevpldnt
chlorophyll; the total redox level remains tha same, since the 2-vinyl
group is now oxidized to ecetyl. The hydrogen atoms are Juét at a
different place. 1In both the plant chlorophyll and bacteriochlorophyll,
the macrocycle remains conjugéted, but it is-somewhat more limited in
.the bacteriochlorophyll.

Protochlorophyll belongs to the class of compounds known as
porphyrins; it is dehydrogenated at positions 7 and 8 compared to chloro-
phyll and that 18 the only difference between them. The protochlorophyll

appears in etiolated plents, that is, plants grownrin the dark from



PROTOCHLOROPHYLL

bacteriochlorophyll.
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Fig. 5. Structures of protochlorophyll, chlorophyll a and b and
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seed and which have never seen the light. Protochlorophyll is converted
into chlorophyll immediately upon illumination (Smith and Coomber, 1955).
' I might say that these 'extra' hydrogens have held a fascination for
éveryone -~ the 7 and 8 pair and the 3 and 4 pair. These are the two
points o6f the chlorophyll that people have focussed their attention

on for the last 20 years in an attempt to try and do solution photo-
chemistry. We did 1t, too, (Seely and Calvin, 1955); We thought that
perhaps that one or the qther of these pairs of hydrogen atoms were
being tunsferred ﬁack and forth by the photochemical reaction, but now
the evidence seems to indicate that this is nqt the case and the chloro-
phyll is not fuﬁctioning in such & way.

The main feature of the chlorophyll strugture is this big conju-
gate macrocycle, the so-called dihydroporphyrin ring (chlorin ring)
which is the light-ebsorbing entity of the photosynthetic apparatus.
Thie is thé thing that makes plants green; The phytol side chain would
seem to be part of the arcﬁitecture which holds the molecule in place.
I don't believe the phytol chain plays a part in the energy trans-
mission directly, aﬁ least. The 6800 ] -4O kecal qpantumkis ebsorbed
by the electronic systém of this éonjugated macrodycle with the magnesium
in the center, and - from there on we don't know what happens. Thia is
what we aré trying to discover and are speculating about.

Presumably, a very similar process goes on in the bacteria with -
the bacteriochlorophyll, the difference being that in the bacteria,
oxygen is not liﬁereted. The primary oxidant is.instead reduced by
gome chemical reducing egent other than vater.

So much, then, for whét we know about the bioldgicai equipmént

that 1s going to perform this energy conversion job which we have



-18-

described earlier. I have not mentioned the accessory.pigmente, of
which there ave several and at least one of which is probably going
to turn-out to be as important as chlorophyll. People generally over=
look this, although when you stop to think abouf it; it shouldn't
really be overlooked. The fact is that wherever there is chlorophyll,
wherevar there is photosynthesis, there ies also carotenoid. In
general,‘peoplo have tended to ignore this, or at 1east have not ziven
enough weight to the fact that the carotenoild ie also present inevery
case where thers ié photosynthesis, snd somehow these two .things must
he Very closely associated} The carotenoid s the long eonjugated
carbon chain (polyisoprene with 10 to 12 doutle boads in 1t and some
oxygen at'each end) and a variety of functiqns have been proposed for
1%: oxygen carrier (Dorcugh and Calvin, 1951), eiectron carf;et (
Calvin, 1958; Platt, 1959), nydrozen carrier (Calvin, 1959a; Shlyk,
Godnev, Rotfard and Lyakhovich, 1957), and prébably one of them 1s
right, but the trick is to know which ona. v

With thls structural background on the photoblological apparatus,.
lgt us turn first to the question of generating an idea as to how 1t
might work (other than ordinary solution photochemistry) in the solid
aéate, il.e., the_ofganized state which vefy certainly exisfs. Then
we wili describé’some of the model eXperimgnts which have been done
in an aﬁtempt to expand, or explore, the concepts which were generated
by the combination of knowing the fact that theré {5 such a fine structure;
that the flat chlorophyll molacules tend to lay ona upon the other, and
that there is somothing different about che way the crystal, or pseudo-

crystal, behaves from the way the molecules in solution behave.
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Phthalocyanine as a Model for Chlorophyll Energy Transfer

About 1950 the developments in solid stéte.physics finally reached the
chemists (at least they reached me then). By this I mean the developments in
our knowledge of the electrical and magnetic properties of atomic end ionic
crystals had reached & stsge,both of technical development and understanding,
which allowed us to epply some of the notions which were common emongst the
physicists developing this work to the kinds of molecules end the kinds of
aysteﬁs vhich we hed in this biological apparatus, particularly these big,
flat aromatic systems such es chlorophyll.

I hed for some years been working with porxphyrin anslogs. The first of
these, and the one that is still one of the most popular, I encountered in
1936, the year it was discovered in Englapd,‘and this is the molecule of
phthalocyanine. It is & synthetle compound which resémblea, in some respects,
the structure of the tetrapyrrole which you saw in'chlorophyll. Phthalocyanine
differs from chlorophyll in certain rather important aspécts, but the most
1mmortgnt difference wvas that 1t waa'easily made compared to chlorophyll,
easlly handled and very stable -- and none of these things wés true of chloro-
phyll. This is the reason we selected phthaelocyanine as a model of the por-
phyrin structure found in the chlorophyll in an attempt to £ind out how ihe
solid array of molecules might differ in their physical and chemical properties
and reaction to light from molecules in solution.

The structure of phthalocyenine was determined in 19)5—96 by Linstead
(Linstead, Eisner, Ficken and Johns, 1955) at the Imperisl College. It 16 |
shown in Figure 6. It 1s made from phthelonitrile and metal; the ring closure

it
occurs very reedily. It bas the elements of the tetrapyrrole in it, but/differs
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PHTHALOCYANINE

MU-19405

Fig. 6. Structural formula of phthalocyanine.
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from 8 true tetiapyrrole in that the bridging atom instead of being CH is
nitrogen, g0 it is called & tetrazaporphyrin. It also has benzene rings fused
onto the pyrrole rings. Phthalocyanine is a very stable substance and is widely
used in various forms es & dyestuff.

With this &s our starting point we sought t0 make systems which might‘
regemble the laﬁinated system which appeared 0o exist in the chloroplast. The
ides that'organic substances such as phthalocyanine might be electronic con-
ductors under certain conditiong was actually born, as far as I was concerned,
in é discussion with Professor Michael Polanyi (University of Menchester) at
the time we received the phthalocyanine from Linstead, back in 1936. We didn't
do anything ebout iﬁ then except insofar as we used it as & catalyst for hy-
drogen &ctivetion, much like platinum. That was about the extent of my early
activity with phthalocyanine as & possible electronic conductor. (Calvin, Cock-
bain and Polenyi, 1936; Calvin, Eley and Polanyl, 1936). One of my essociates
in the lsboratory et Manchester, D. D. Eley, also workiné with phthalocyanine,
went to work along the electironice lines?and some twelve years later he pub-.
lished the first paper, I think, on this subject, in which he demonstrated
that phthalocyanine behaved as an organic semiconductor. (Erey, 1948),

This was enough to trigger us sgain, end now the basic idea was born
+haet the energy cbnversion process in the chloroplest might be & process in
which the exgited chlorophyll.molecule had some of the properties of an
organic semiconductor. The transformation from an excited Chlofophyll molecule

into chemical potentisl was envisaged as separation of charge rather than a

geparation of atoms. We now had to devise the physical configuratlon of these
molecules which might permit the demonstration that this phenomena could occur.
The structure of the actual photosynthetic apparatus is such as to

suggest & laminated structure in which there were chlorophyll molecules arranged
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in some order, perhaps with carotenoids and dher lipid-type of materials on

one side. On. one side of the chlorophyll layer there could be electron-
'accepting specles and on the other side of the layer tﬁere could be electron-
donating species. In this way one could visuallze & laminated system resembling
the donor-acceptor systems in the atomic end ionic lattices that the physicists
had been deseribing, which did succeed in converting electromagnetic energy
into charge seperation in a feirly well understood manner.

We proceeded t0 explore this idea and develop it to ‘see what the limita-
tions of it were and what the requirements were for producing charge separa-
tion in an organic system using light. First, we had to show that the material
wes indeed s semiconductor. We performed the seme experiments that Eley had
done and came out with pretty much the seme general results. The next step
was teken when we started to comstruct lsminated (layered) structure in which
‘ﬁe added either electron donors or electron aecceptors to the phthalocyanine
‘(chlorophyll enslogue) layer. (Kesrns and Calvin, 1958; Kearns, 1960} Kearns,
Tollin end Calvin, 1960). Our first measurgments wvere purely of conductivity:
Could thése'layers»carry an electronic current in the dark? VWhat wquld happen
to the conductivity of such & system if one put donor or acéeptor layers to-
gether in such a configuration?

', Figure 7 shows the diagram of the apparatus which was uséd to perform
these experiments. The eléctrode system shown here was actually an inter-
leaving of two aquadag cbmbs, and 1éying on top of 1t, by sublimation or eva-
poration, was the layer of the sample. We have performed the experiment with .
phthalocyanine and with ebout half A dozen other aromatic pl-electron containing
systemsf The lamination wes achievéd by putting on the back surface of the

sublimed layer the donor or acceptor system, whichever it might be. Most of
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Fig. 7. Diagram of sample conductivity cells.



2l

the work on the phthalocyenine and on the other aromatic systems (violanthrene,
perylene, etc.) was done with electron acceptors &s the top layer. (Kearns
and Calvin, 1961, in press).

The results of such an experi ment.are shown in Figure 8 in which we plot the
log of the current flowing between the two elect?odes fmintained at a 50 to 90
volt differentisl) as & function of the smount of electron acceptor which was
put on top of the phthalocyenine layer. This, then, is the current flowing
between the electrodes, l.e., through the phihslocyanine, as it 1s affected
by the electron ecceptor which is placed on top. The conductivity of thie
system rises very steeply as very small emounts of electron acceptor (o-chloranil)
are added to the surface layer. This is true of the dark current and also of
the photocurrent, which is the difference between the light  current smd the dark
current. We are memsuring the current thed flows between the electrodes in the
phthalocysnine leyer. The o-chloranil (o-tetrachloroguinone) is a very good
electron acceptor. Ag a suall smount of the electron mcceptor is placed above
the phthslocyanine layer, the conductivity goes up by several powers of ten.

Apparently the acceptor pulls electrons out of the donor, putting elec-
trons into orbitals of the o-chloranilzﬁd leaving behind electronic vacancies
in the phthelocyanine molecules, By putting & potentid. between the two elec-
trodes, 1t becomes possible to move charge much moreAreadily between them

because there are now low lying, unoccupled orbitals between which the elec-

trons from the full orbitals can move. The electronic stete in the orgenic

solid after any particular move is the same as 1t was before, save for the

passage of electrons from one electrode to the other. Without these vacan-~
cles for hole motion in the donor layer (electron motion in the acceptor
layer), the conductivity would be very low. (Keppler, Biersted and Merri-
field, 1960). A diagram representing this situation is shown in Figure 9.

(Kearns and Calvin, 1961 in press).
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o—DARK CURRENT

3 ®----PHOTOCURRENT .
2P .
ir 4
o N 1 1 1 L 1 [l A 1 1

2 4 13 8 Lo L2 1.4 1.6 1.8 20

APPARENT MOLE RATIO OF ORTHO-CHLORANIL TO PHTHALOCYANINE

MU-17735

Fig. 8 Variation of dark conductivity and photoconductivity

of phthalocyanine with amount of c-chloranil added.
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Figure 9

Schematic representation of donor and acceptor molecules end ions
jmbedded in a donor layer or an acceptor layer, respectively. Frbm this
diagram it is clear that process (l), the transfer.of an electron from an
acceptor negative ion th neutral neighbor, produces a state of the system
which is energetlcally identical with the initisl state. Similerly, there
i8 no net change in energy'as a résult of process (2) which rearranges
charge in the donor layer. In the case of a neutral free radical, however,
the electron transfer pfocess (3) does not result in a state energetically
equivelent to the initisl state. Since processes (1) and (2) simply change
the location of negative end positive charges respectively,'with no net
change in eénergy, we can consider the orbitals involved in the electronic
rearrangements as forming conduction_bands. If, however, the lattice were made
up of A" radical ions (no A's) irrespective of the cations, or entireiy of
D* radical ions (no D's) irrespective of theﬁéniona, there woﬁld be noiidén~
tical vacant orbitals intowhich the charge carriers could move and hence no
conduction bands (however narrow). This last situation would correspond to

the completely filled free radical system as in process (3) sbove.
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The light effect involved in the excitation of phthaloéyanine to an
excited state legds 40 & higher population of electrons in the acceptor molé-
cules, making & higher population of electronic vacancles in the donor matrix
80 that the conductivity increases over that in the d&k.

This is essentlally the basic notion which we believe describes the
model system &8 we now have 1t. We have used & wide varlety of donor systems
end a conslderable variely of acceptor systems, and the behavior has fulfilled
sll of the expectations of such a description. (Kearns, Tollin end Calvin, 1960;
Kearns and Celvin, 1961 in press).

There are various other propertles of such & system which should fol-
low, and we have measured them. For example, we have measured the kinetics
of the photoconductivity -~ how it grows and decays -- at various tempéra—
tu;;s. One observation is particularly interesting, end it haes to do with
the fact that in a system of this kind,.the electrons in the acceptor iayer
are, in effect, unpaired electrons. They may be considered &s in very narrow
conduction bands, or, if you like to think of them as & chemi#t would, they
are in singly occupied orbitals -in the molecules. The same things may be
sald of the unpaired electron which remeins behind. One should see those
unpaired electrons 5y virﬁue of theilr megnetic spin resonénce and indeed
we have seen them in that way. Figure 10 shows the electron spin resonance
spectrum of o-chloranil "doped phthalbcyanine; the g value is very close to
that.of a free electron. Figure 11 shows the chénge of that signal follow-
ing illumination andvdafkening. When the light ls turned on, the spin sig-
nal is decreased and when the light is turned off, the spin signal comes -
back., The reason for that in this particular situation is that slmost sll
of the o-chloranil ﬁolecules adjacent to the phthalocyanine are already

mono-negative ions in the dak, end when the light is turned on, a second
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ELECTRON SPIN RESONANCE SPECTRUM OF
O-CHLORANIL "DOPED" METAL FREE PHTHALOCYANINE

-
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Fig. 10. Electron spin resonance spectrum of o-chloranil
'doped' phthalocyanine. The curve represents the first

derivative of absorption.
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EFFECT OF ILLUMINATION ON THE ELECTRON SPIN RESONANCE SIGNAL OF
O—CHLORANIL "DOPED" METAL FREE PHTHALOCYANINE
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Fig. 11. Effect of illumination on the electron spin resonance
signal of o-chloranil 'doped'metal free phthalocyanine.

Curve represents unpaired spin concentration vs. time.
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electron is transferr>d so they become di-negetive ions..Thus, therels a de-
crease in the total number of unpaired spins in the light. Howver, we do have
systems which go the other way, because the equilibrium distribution is
different. This depends on ihe relative orbital energy levclgvof the two
ss8tens, and ve can get effects of this type rénging between photodecrease
and photoincrease of unpaired spins.

Figure 12 shows how separation of charge can he accomplished in this
model system if 1t is properly constructed. Here is a matrix of phthalo-
cyanine, the surface of which is an o-chloranil layer. There will be some
negative charge trapped in the o-chloranil (acceptor) layer, and the positlve
charge will remain in the phfhaiocyanine (donor) layer. This will induce a
polarization in the palr of elecirodes between which the double layer is
placed, and the polarigation will be increased b; ghining light absorbed by
phthelocyanine on the double layer; resulting in an sdditional accumulation
of negative cherge ia the quinone and positive charge in the phthalocyanine.
This is photochemicelly~induced separation of oxidiziﬁg power (positive holes)
end reducing power (o-chloranil double negetive ions), and presumebly this
kind of thing cen occur in the individual lsyers which are seen in the chloro-
plasts. ‘

We have studied the‘kinetics of vericus effects, the conductivity,
the polarization, the electron spin reeonancé, and they are all apparently
the result of the same process. Figure 13 shows the kinetics of thezse three
phenomexna . o

| The entire system end all of the processes can be described by the series
of reactions shown in Figure 1i. 1In the dark, the o-chloranil and phihalo-
cyenine reect to form a pair of radical ions (Figure 1k-1); in the light
at 7000 R there is another trensfer to form a double negative ion (Figure

14-2). In the dark it goes back (Figure 14-3). At 4000 R, vhere the semi~-
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quinone enion absorbs, we can excite this molecule and {ransfer an electron
back into the phthalocyanhe layer, which then leads {0 recombination and we
get & decrease in conductivity (Figure 1li-k).

At this point we come to the end of what I want to say about the model
experiments. I think it 1s clear, from what 1 have descrlbed to you in terms
of the model systems, that orgenic substances at lecast of one type (large,
aromatic molecules) cen be semiconductors and phofoeonductors; and, what'is
more, by sultebly adjusting the combinatlon of dounor end acceptor systems,
one can make from them & laminated structure in which 1t is possible to
demonstrate the separation of charge induced by the absorption of light,

the very thing vhich we were postuleting might occur in the chloroplasts.

~



THE RELATION TO THE PHOTCBYNTHETIC APPARATUS

The remasinder of the discussion 1s an attempt to see how many of the
kinds of measurements which were performed on the‘ﬁodel systems we can per-
form on the blological materisl, and how truly these measurements tell us
what goes on in the biological materisl in the same menner as they tell us
what goes on in the nodel syitems. ’ |

The one thing that is difficult'to do in the biological meterial 1s
the}?iﬁst measurement which we made on the model system, namely, the conducti-
vity. In the model systems we could meke the configuration to f£it the elec~
trodes big elough 80 that we could handle it. In the biological neterials,
these lamina (lamella) if you noticed the diménsions, are pretty smal’. -
of the order of 30 to 60 X thick. So far, nodpne has succeeded in making elec-
trode systems which can be placed on the individusl lamella to measure the
conduotivity, or the photoconductivity, of such small aihgle units and larger
ones do not seem to be availeble. ‘

 However, there have been conductivity measurements on dried ¢hloro-
plasts which show thaf the dried chloroplast preperations are indeed photo-
conductive, but they are subjecﬁ to qﬁestﬂ:nable interpretation in such 8
complex syﬂtem.'Nevertheless, we are going to take the measurements at their

face value, later on. {Arnold and Clayton, 1960; Arnold and Maclay, 1958).

Electron 8Spin Resonance in Chloroplast Materials -

C
One of the principel types of experiment that we nave done is to look

for the unpaired electrons that might be generated by the light in the blo-
logical system. In this cesc, we didn't have to put electrodes into the
lamine} we could put the biologicel system inside of a resonance cavity and

see 1f there are unpaired electrons genewmed when the light is turned on to
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it. Very early we found out that there were unpaired electrons of this type.
The first experiments were done with eucalyptus leaves in 1956, but we found
that the results were not repréducible due to the variability of the eucalyptus
leaves themselves. Toward the end of that year, the same kinds of observa-
tions were made at St. Louils by Townsend, Heise and Commoner. (Commoner,
Heise and Townsend, l956;COmmoner,EE“g£., 1957). We ourselves made some
chloroplast preparations and did a serious investigation of the same thing.
(Celvin and Sogo, 1957; Sbgo, ?on and Calvin, 1957). This type of an'experi—
ment can be done with wholé organisms (whole bacterias, chromatophores which
are the chloroplasts of bacteria) or with‘pieces of chloroplasts from the
green plant.

Flgure 15 shows the light-produced signasls from wholé spinach chloro~
plasté. We are shining light >f 40 kcal per quantum on these materials end
there are not many chemical vonds that can Be broken by as little as LO
kcal., The signal indicates the appearance ofvunpaired electrons. Any free
radical will give this kind of signal. Most blological material that is
undergoing rapid metabolisu will show signals of tals kiad; it is not necess-
. are to have light shining on them. The question, therefore, is: What kind
oflunpaired electrons are these? Are these ordinary free radicalé, or are
these electrons prbducel in pJOtoprocesseé such as have veen uescribved in
the earliex modeiﬂ? If these were chemicel free i1adivels produced by soﬁe
secondary reactions, one might expect that if the system were cooled enough,
the chemical reaction might stop and only the physical process of electron
ﬁransport would remaln. We attempted to do thls by cooling the sample to

) - _ n
-150°C and we still got lighi-induced signals.
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- Fig. 15. Light signals from whole spinach chloroplasts.



P Figure 16 shows the kinetic behavior of such & signal for thdospirillum

rubrum which use bacteriochlorophyll. This experiment vas done at a series of
different temperatures, and the signals chenge in clmacter with the variation
in temperature. There is also a varimtion in the signal with time. At 25°
after the light is turned on, the signal rises Jjust as fast as the.appafatus
will follow it and reaches its equilibrium value immedlately, and when the
1ight is turned off, the signsl drops &s rapidly as the equipment will follow
it, In other words,vthé rise time snd decay time that we have so far been
able'té see afe not intrinsic to the electrons but rather they are limifed
by the apparatus. As the material is cooled froﬁ 25°C to ~15°C, &8 good

deal larger signal appeers, but there-is-a slow rising component in the
signal; if the tempefature is 10weredrstill further to -550, some of the
'extra' signel which is purely chemical (secondary, in other words) is
frozen out, but not all of it. There is still a very fast rise and then
there 1s & slow rise at -55°, and the decay time shows the same character-
istle «« & fast decay and a slovw decay. There are quite clearly several
different kinds of unpaired electrons produced in this organism when

the light is shome on it at -55°C. When the temperetire reaches -160°C,
'wevhavé none of the slow signals left'at ail --‘only the fast signals. Both;
the rise and decay are fast.

This phenomenon is most really interpreted by the obvious notion that
ve are;fifst meking & conducting type of unpaired electron which then is
uﬁdergoing chemistry inside the biological materisl, also via one-electron’
reactions. We ere seeing at room temperature and intermediate temperatures
not only the physically-produced charge separation but chemieal radicals

as well, and as we cad the solution, we freeze out the chemical reaction
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ESR SIGNALS FROM RHODOSPIRILLUM RUBRUM
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Fig. 16. Electron spin resonance signals from Rhodosprillum

rubrum; 5 minutes continuous illumination,
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and have left only the physical process itself. (Calvin, 1959b)

We really need something more to characterize the unpalred electrons.

/The rate of growth and decay, tempersature dependence, etc., 1s not

enough to identify these electrons as physically-produced instead of
chenically-produced. So far, the g velues, that is, the magnetié character-
1s£ic of the electron, appear 10 be those of free electrons, that is, elec-
trons whicih are free to move around within the mo;ecule and within the
lattice.

We have tried to use one or two other ways of characterizing the
electron, such &s looking for hyperfine structure, that is, looking for the
interaction of the unpaired electron with specifiec nuclei, but so far thig
has not been successful. Either there are so many nuclear hyperfine inter-

actions a&s to overlsp, or the quasi-sollid matrix broadens the lines so that

no very useful resolution has yet been possible. (Commoner, et al., 1957)

Apparent Spectral Efficlency

The next characterization after the kingtics and the g value was
the efficiency vith‘which light produces the spin signals -- the quantum
efficiéncy for the production of these eléctrons. This 1s, first of all,
B very difficult meassurement to make, and all I can tell you in absoluﬁe
terms is.that the quantum>efficiency for the production of these electréns
is in the same vicinity as the quantum efficiency of photosynthesis, i.e.,
of tﬁe order of 6ne to one-tenth. 4

The éuantum efficiency with respect to wavelength is the next question
How‘does the quentum efficiency vary with wavelength? This type of experiment
is somewhat easier to perform. The values which aré here given are not ab-
solute, but are merely relative. The relative value for the production of elec-

trons at one wavelength compared to the value for the production at another
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wavelength is compared with the absorption of chlorophyll. Figure 17 shows
the ac¢tion spectrum for the production of free_electrons and the absorption
speesra for the chloroplastsy. It looks as though & minimun action occurs at
a place vhere the absorption is greatest. This turns out to be what one would
expect, Jjudging from the configuration of the ggtem. Ve used a thick layer
of chloroplasts so that all the light was sbsorbed, and Iin those reglons in
Jhich the iight is most strongly absorbed, the concentration of separated
charges is the greatest and the recombinstion occurs at its fastest rate.
(Sogo, Carter and Célvin, 1961 in press).. Since we are seeing the 'net!

of production minus recombinetion, we seé é minimum at the highest concen-
tration of production. There is probably another.effect’as well contri-
buting to this shape for the 'action' spect}um. It is possible to show by
éombinaﬁions of different wavelengthe that one can get more than additive
- effects end less £pan édditive effects for the sum of two or more different
wavelength illuminations. | |

You will recognize this‘idea of'additivé éffecta of light of varying

wavelengths as being a constituent part of the development of our knowledge
of the behavior of plents with respect to light as well. It is known es

the Emerson effect. ~In simplest terms it may be defined by the follm*ing
" observations: Measure the number of,molecu;és of oxyéen produced ber quantum‘
of fed light} measure the number of molecules of oxygen produced per quantum
of green lighi;.and then put both the red énd the grzen 1@@ht together on
the samé plent. This can be done under circumstances such that when the twd
vavelengths of light are together on the plent, one gets morer(or less) than
the sum of the two separately. In other words, there ié a colleboration of

the two vavelengths of light. (Emerson, Chalmers and Cederstsnd, 1957). The
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ex@eriment can be done under conditions where there is & negative collabor-
ation of the two wavelengths (they cancel each other) depending 6n the light
intensities and other coﬁditions of the experiment. (Govindjee, Rabinowitceh
end ."homas, 19603 Ichimura and Rabinowitch, 1960). ;

The same type of experiment can be performed with the photo-induced
spin signals, at low temperatures. (Androes, 1960) This is one more reason
+0 suppose that the spin signals that we see are indeed something very close
+t0 the quantwi conversion process itself.

Figure 18 shows the sbsorption end action 'spectrum for the purple
bacteria, and you can see exactly the same re;ationship between the absorp-
tion end the action. (Shibats, Benson and Calvin, 1954 ).

va ve have achieved separation of charge in the molecular lattices and
if the chérge is allowed to recombine, light can be emitted at low tempera-
tures. Figure 19 shows the delayed light emission from Chlorella, spinach
chloroplasts emd Nostoc. The wavelength distribution iz what one might expect,
and also the kinetics of the decay of this light emission sre exactly the
kinetics of the decay of the spin signal. (Tollin and Calvin, 1957; Tollin,
Fujimori end Calvin, 1958a, 1958b).

Two pleces of work which have been done by W. Arnold at the Osk Ridge
Netional Leboratory are importent here. (Armold, 1960, 1953). In this case,
Arnold was measuring the change in the light ebsorption of chromatophores
from thdopseudomonas (purple bacteria) induced by illumination with a
gecond 1ight,.usually of longer wavelength. Figure 20 shows the change in
absorption at 4200 X, and you can see that the change occurs at 300°K jus£

as fast as the instrument can measure it. It decays relatively slowly be-
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ceuse part of the decay is chemical and part is physical. I want to call
your attention to the parf taken at loK (Figure 20). At that low tempefa—
ture, there is vexy 1ittle chemistry going on, and you can still sece that
thevspectral change 1is occurring just as fast as the instrumentvpermits the
measurenent -~ in faey, faster then the instrument will follow. Here is
clear evidénce that the light is ilatroducing a physical change, a change
vhich can only be motion of electrons and not of atoms. Figure 21 shows
Arnold's measurement of the rhotoconductivity of dried chromatophore film,
end you can see agaiﬁ that ﬁhen the light 1s turned on, the.coﬁductivity

: incréases very sbruptly and then there is & slow rate of drift, and when
the lignt 1s turned off there is a very“rapid éropa

| I hope thet sooﬁ we will 5e able to make conductivity meaéurements

in the radiofrequency range vhich do not ‘require direct esectrode connections.

Quantum Conversion in Biological Material

I want to draw & picture of what I think, at the moment, is the primary
Quantum conversion process that goes on in that layer of chlorophyll, and
other pigument, in the lattice. Ve know & bit cbout the chemical composition
of the chloroplast itself. It is a lipoprotein together with pigments. There
are a pumber of speclfic molecules which are present in the chloroplast, and
I have named two of them, chlorophyll and carotenoid. There are two other
rather important molecules which are present in large emounts in the chloro-
plast and whieh have en imporfant bearing on what I have just told you sbart
energy conversion. These systiems requirevnot only the presence of the ab= |

s0rber but the presence of ~n ascceptor molecule for electron transfer to

occur, end to finish this process we must, have something present es & donor
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molecule. The other two species that are well established in the chloroplests
are (1) a very important quinone called plastoquinene (Bishop, 1959; Crane,
1959; Lester and Croane, 1959; Crane, Ehrlich and Kbéel,_l960), end (2) a
veridy of molecules which might be donors. There is one particular type of
the latter vhieh I would like to :elect as & very likely donor molecule,
namely, the iron heme (cytochrome) speciés'which_are alweys present in the
chloroplasts and chromstophores. (Keamen, 1956).

Figure 22 shows the two boundaries of the pigment layer. Chl ore the
ehlorophyll molecules in some arraj, possibly including carotenolids. The
first act of photosynthesis ia, of course, the’absorption of the quantum
by the chlorophyll molecule to prbduce en excitéd,éhlordﬁbyll molecule.,
If this were a perfect etomic or jomic lattice, this would be an ebsorption
by the entire lattice. But this is not the cese. It is & molecular lattice,
in which interactions between molecules are relatively smell compared with
the interactions hetween atoms in germanium or ions in cadmium sulfide. The
result is that the migration of this exciton occurs by resonance transfer
between neighboring chlorophyll molecul es until it arrives at one which
is bound, or adjecent, to en electron acceptor such as quinone. The quinone
of which I em speaking, i.e., plastoquinone, is one vhich wes found in the
chloroplaste as early as 1955 by Kofler (Kofler, et al., 1959) and it has
since Dbeen shown to be ielatively'uniquebéharacteristic oi the chloroplasts
Iand not of other parts of the plant or dell. The plastoquinone is closely
related tb 8 similar quinone known as ubiquinone which 1s found in the non-
photosynthetic perts of plants end animels (mitochondria). (Moxton, 19%8;
Laidman, Morton, Paterson and Pennocky 1960). '

Let us use the quinone as a likeldy electron acceptor -~ there is one

Plastoquinone molecule present for about 400 chlqrophyll molecules. When the



-51- UCRL-9533

RN

r|Chi_[Q
(E;eyt - Q

@
F
cyt| 2 |Q
Q
/
e 1Q
(3) CyffE|q

Cyt - CYTOGHROME AND/OR OTHER ELEGTRON DONOR SYSTEMS
(AQUEQUS PHASE)

Q - PLASTOQUINONE AND/OR OTHER ELEGTRON ACCEPTOR
SYSTEMS (TPN, LIPOIC ACID,ETC.) LIPID PHASE

Chl ~ GHLOROPHYLL

L Ghl + hy —> ChI*

2. ch*+a—s 9 +Cn*

x +
3 Ghl + Fe — Fé +Chi

SCHEMATIC ARRANGEMENT OF CHLOROPHYLL AND POSSIBLE DONOR
AND ACGEPTOR MOLEGULES IN THE CHLOROPLAST
MU~ 19606

Fig. 22. Schematic arrangement of chlorophyll and possible
donor and acceptor molecules in the chloroplast.

(For descriptive caption, see next page.)
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- Figure 22

The system in the chloroplast might structurally bear some resemblance
to the model shown in Figure 22, the chlorophyll having associated Qith it on
the one side the electron acceptor, plastoquinone, in a lipid environment,
and on the other side electron donor materimls, such as the cytochromes, in
en aqueous environment. Following the sbsorption of & quantum in chlrophyll
(Fig. 22, eq. l)lit will migrate'by'resonance transfer to a sultable site
near the quinone where electron transfer to the quinone will take place
(Fig. 22, eq.2). The resulting vacancy cen migrate by hole diffusion,
that is, electron transfer from normal chlorophyll, into the vacant orbital
of the mneighboring ehlorophyll positive ion. This process is the one which
most nearly resembles the properties of a semiconductor and it permits
the oxidant (chlorophyll positive ion) to separate from the reductént_
(electrons in the quinone orbitals) by & very'neariy temperature~;ndependent
process. The oxidant then captures an electron from & suiteble reducing
agent, such as ferrocytochrome, thus produecing & ferricytochrome and re-

generating normal chlorophyll (Fig. 22, eq. 3).
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exciton reaches the chlorophyll molecule which is bound by & charge trans-

X ]
«

fer complex to the quinone, ionizatlon occurs, the electron is transferred,

leaving behind in this chlorophyll molecule an electronic vecancy, or 'hole'. .

P N

At this point, we must introduce the idea of charge ﬁigration (see caption
of Figure 9). Up until.now, energy migration has been by resonance trans-
fer of an exciton. After lonization occurs, I went to suggest (require, in
fact) that tliere be a migration by an electron going from a neighboring
chlorophyll molecule to the 'hole', so the 'hole' moves down to the next
chlorophyll ﬁolecule, until it comes adjaéeﬁt to a ferro-heme {cytochrome).
When the hole reaches this point, electron transfexr uccufs from the iron
(Chance and Nishimura, 1960), (Arnold and Clayton, 1960) (or other donor)
to neutralize it, and the pigment layer 1s returned to ite originel coﬁdi~
tion.

A separation of charge has been achieved, and oxidized donor becomes
an oxidant end the electron in the quinone is the reductant. The reductant
can go on to reduce carbon dioxide (reaction (2), p. 4) snd the oxidant
can go on to generate oxygen (reaction (1) p. 4). ATP ie required to
help on the reduction of COz end for meny other energy-requiring opersa-~
tions. One possibility is that ATP mey be generated during the passage
of oxidant to oxygen (reaction (1), p. 4). ATP may also be generated on .

the reduction side (reaction (2), p. 4) and by recombination as well (reaction

(3), p. 4) (see the caption to Figure 22).
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CONCLUSION

What 1s the primary quantum conversion act? The primmy guentum coﬁversion
act is en fonizetion occurring in a charge transfer complex. This is what
1t amounts to in chemical terms. But this cannot occur in isolsted charge
transfer nolecules in solution beceuse the products cannot escape from
each ¢ther. The primary quentum converslon ect as it occurs in modern
photosynthesis can only take place in & laminated structure where the

ele ctrons end holes can escepe from each other by electron migratioh and
not by atomic migrations. This is the essential.festure introduced he:e
which differs from all the previous ndtions of how quantam conversion

occurs 1in chemistry or bilology.
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