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QUANTUM CONVERSION nf PHOTOSYNTHESIS* 

** Melvin Calvin 

UCRL-9 533 

Department of Chemistry and Lawrence Radiation Laboratory 

University of California, Berkeley, California 

ABSTRACT 

A new suggestion is made based on model work associated with 

similar measurements on the biological material itself. The primary 

quantum conversion act is an ionization occurring in a charge transfer 

complex. This is what it amounts to in chemical terms. But this 

processcannot occur in isolated charge transfer molecules in solution 

because the products cannot escape from each oth!9r· The primary 

quantum conversion as it occurs in modern photosynthesis can only take 

place in a laminated structure where the electrons and· holes can 

escape from each other by electron migration and not by atomic migr~ 

tiona. Th18 is the essential feature introduced here which differs 

t"rom all the previous notions of how quantum conversion occurs in 

chemistry or biology . 

* The preparation of this paper was sponsored by the u.s. Atomic 

Energy Commission. 

** Research Fl~fessor of Chemistry in the Miller Institute for Basic 

Research in Science, University of California, Berkeley 1960-61. 
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INTRODUCTION 

One can hardly begin a discussion of the problem or photosynthesis, 

or any specific aspect of it, without writing a small equation which will 

define and delimit the discussion. The overall reaction of photosynthesis, 

the reaction by which green plants convert electromagnetic into chemical 

energy, ia usually written in this form: 

hv 

You will recognize that the substances on the left-hand side of the equation 

(co2 and H20) are the elements of carbon, oxygen and hydrogen in their 

lowest energy form, and the substances on the right-hand side of the equa­

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 matter, can back react, producing car­

bon dioxide and water and, at the same time, liberate energy in one form 

or another -- energy for growth, energy for heat, energy for whatever purpose 

the organism might want it. 

Certain aspects of this problem of energy conversion are not going 

to be the subject of this discussion, partly because they have been 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 is the part in 

which the carbon passes from carbon dioxide into carbohydrates. By the 

use of tracer carbon, we were able in 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 
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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 knowledge 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 ideas about it, but very ' 

few in contrast to what we know about the construction (the actual 

building) of carbon compounds. But we know very little about how we 

put together an oxygen molecule (Dorough and Calvin, 1951; Anderson, 

Blass and Calvin, 1959; Sapoznikov, Eidelman, Bazhanova and Popova, 

l959J Mason, 1957). 

In between these two phases of our knowledge of the process of 

photosynthesis and energy conversion lies the area of the present 

discussion. It is the aspect in which the electromagnetic quantum 

the light quantum -- is absorbed by the chlorophyll to give an excited 

electronic state of chlorophyll, and then something happens 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 

it is written, we may describe the events as follows: 

• 
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See diagram on following page 

The quantum is first absorbed by the chlorophyll moleculeJ then 
(p for primary) 

something happens/to the excited chlorophyll to produce two chemical 

species ([O] 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-containin~ 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 

than that there may be even back reaction (3) between these intermediates 

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

of higher energy. The obvious one to use here ia, of course, the 
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pyrophosphate linkage. The creation of a. pyrophosphate linkage of 

this sort in a water milieu is storing energy. 

PHOTOCHEMISTRY OF CHLOROPHYLL 

We shall not try to describe the biochemical detail of any or 

the steps beyond (p). We shall be limited to the very first thing 

that happens to the quantum after it l1as been absorbed by the chloro­

phyll molecule to produce m excited state of the chlorophyll. What 

are the very first .forms in which stable (definable) chemical species 

different from electronically-excited molecules (such a.e excited 

chlorophyll) appear? We will not be concerned with hoitl' 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·c~rbohydra.te (2) or hoitt, along 

the line (2) aa they drop in potential, they might produce other high 

energy containing materials such aa ATP •. The recombination (3) oxidant 

and reductant which might also occur as succeeding chemical steps, will 

also lie outside our present concern. Our concern is the immediate 

fate of the excited chlorophyll and wnat could possibly be the very 

first of these species here called oxidants and reductants. 

In order to try and get some idea of' what could happen to the 

excited chlorophyll, '~ introduce two additional ideas. First of all, 

we shall examine the biological apparatus which performs this operation 

· (insofar as we know what molecules that biological apparatus is made of 

and how it is constructed), and, secondly, we shall explore some model 

experiments which are baaed upon what we believe is the construction 

of this biological apparatus. This latter is almost exclusively 

• 
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physical chemistry or physical-organic chemistry. Then I would like 

to go back and apply the concepts which are devised from the combina­

tion of the structural information and our model researches, to the 

biological material 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, it seems worthwhile to 

introduce the point of view which dominates these discussions. From 

.. 

the very beginning of our knowledge of the structure of chlorophyll, 

beginning in 1911 when Willstatter and Stoll (1939) first had a pretty 

good idea of what the structure was, chemists and biologists and bio­

chemists went to work trying to understand thepnotochemistry of chloro­

phyll itself. As they extracted ehlorophyll from leaves of gl~een plants 

and worked on the structure of it, they studied its photochemical 

behavior ae well. The Fischer fonnu.la has since been confirmed cot;npletely 

(Woodward~~' 1960), and we can now go alon6 with complete confidence 

in it. 

From the very beginning the photochemists went to MOrk to try 

and understand something about the energy conversion by an examination 

of the photochemistry of chlorophyll in solution. Over a period of 

some 40 years they did a wide variety of experiments in an attempt to 

see how the energy of a 40 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 cluorophyll and 

models of it. A great many attempts have been made to find ways in 

which the ener3y of 40 kcal in an excited. electronic state might be 



-7-

used in a single act to create two chemical spe~ies which potentially 

could back-react with about 40 kcal -- in other words, to store almost 

all of that 40 kcal. 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 spite of 40 years work, and the many men's 

lives involved in it. The atte~t 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 40 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 succeed.ed. If this energy conversion process is going to t,ake 

place in chlorophyll molecules which are simply in ordinary solution, 

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 species 

* A and B. Then A + B by definition, in their back reaction have 35 

kcal of energy to set free, and they _have to be created in one act 

right on or near the chlorophyll molecule. You can see, therefore, 

that some rather tricky kinetics must be involved. Most chemical 

reactions do not have activation energies that high -- usually they 

are only around 20 kcal. ~f we have to store 35 kcal from the starting 

point (let us define A·B as the starting point -- and this could .be 

a 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 point so 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 w! th which ·to do H. 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 high 

potential energy for reaction before back reaction can take place. 

This ia very hard. to do in ordinary statistical chemical reactions. 

In fact, ft has not yet been done. 

There are a number of cases in which the photochemist has succeeded 

in storing energy in a st.raightforw-ard photochemical reaction in solu­

tion, but, in general, ·those storages a.re very snall -- a few kcal at 

most -- and 40-60 kcal quanta are used to accomplish this. The situa­

tion, therefore, is just the J:·everse of the natural reactions of 

chlorophyll. Instead of the produc~ being 35 kca.l above the starting 

point, it is only 5 kcal, with a 50 kca.l quantum to help, and the 

barrier can be quite high (45 kca.ls by these numbers). You ca.n succeed 

in that kind of a. storage problem . 

The point of view that I am ~oing to take is that this 35 kcal 

ener3y storage is ~ the ree~t of ordinary sta.tistic:a.l ·pho-tochemis-try 

in solution, but rather.is the result of, a photophysica.l process in 

an organized solid, or quasi-solid, matrix. How this is achieved in 

this case, in contrast to solution chemistry, is ~oing to be the sub-· 

stance of this discussion. We did mo..iel woi·k to show that this was 

possible in model ays~ems. We ·then went on to ask if the phenomen(l 

we see in the model systems could be reproduced in the biological material 

itself. 
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PHOTOPHYSICAL EFFECTS IN MODEL ·SYSTEMS 

Energy Transfer in Model Systems 

One of the factors which contributed to the adoption of this 

viewpoint was the examination of the structure of the biological 

apparatus which accomplished the energy conversion (Steinmann and 

Sjostrand, 1953; Frey-Wyssling, ~957). Figure 1 shows the chloroplast 

of a green plant in which this energy transfer oc-curs. The g1·een 

particles, called the chloroplasts, inside the cell contain the chloro• 

phyll, and it is in these (a 1ew microns in size) that the energy ~on-

version process occurs. Figure 2 is an electron micrograph ·of a 

single chloroplast, at much higher magnification, which shows the 

internal structure of one of the chloroplasts shown in Figure 1. You 

can see that this is not juat a 'ba3 of molecules.' There is a very 

high degree of organized structuz·e to be ·seen inside the chloroplasts.· 

The dark areas are the so-called l~ellae which are present in all 

photosynthetic organisms. In this particular one (tobacco) these 

lamellae are arranged in stacks, and the term' granum' ·has been applied 

to a single one of these ellipsoidal packages which can be separated 

fl'Om the chloroplasts. There iB 1 then, a high degree Of order to be 

found inside the chloroplast. In fact, if one takes a smaller section 
' . 

of this granum at still higher magnification, one can see that these 

are made up of what look like little oval sacks pressed together. The 

darkest areas appear to be the contact areas between the two surfaces 

of completely enclosed oval, or ellipsoidal, sacks. 

Figure 3 shows a 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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ZN-2673 

F ig . 1. C e l l s of liverwort showing c hloropl as ts . 
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Fi g . 2 . . Tob acco Chlorop lasts. 24-36 hrs 111 dark before 

fixing wit h p e rmanganate (Weier ) . 

ZN-2672 
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INTERGRANA AREA~ t-- GRANA .AREA 

. Fig. 3. Model for chloroplast lamellar structure 

(Park and Pon, in press). 

UCRL-9533 
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a.bso:rption spectrum of chlorophyll in the plant it,self resembles 

the latter two more than the fi..rst one. 

So you see the plant chlo:.·ophyll is not chlorophyll in sol\.tt.ion; 

it is lipid, protein anu chlorophyll ('With other pi~ents) in a tight 

package; in a semicrystalline form. I am not emphasizin6 the spectrum 

itself as the only bit of evidenc.:t:, but simply as on.:i! piec<! indics.ting 

the ordered array which the chlorophyll in the chloroplast itself is 

likely to turn out to have when we know it. 

Relations between Chlorop~yll, Protochlorophyll and Bacteriochlorophyll 

What is the molecule we are talking about1 Figure 5 shows tt~ee 

of the chlorophylls with which we are normally concerned. rl'he middle 

structure shows chlorophylls ! and ~j chlorophyll ~ nas a methyl group 

in the 3-position and chlorophyll £. has ~ formyl group (formaldehyde) 

in that position. Bacteriochlorophyll is found in all the photosynthetic 

bacteria which do not make oxygen but which do reduce C02 . The essential 

difference between plant chlorophyll and bacteriochlorophyll is the 

fact that the latter has two extra hydrogens on the opposite pyrrole 

ring (at positions 3 and 4) as compared to a double bond for the plant 

chlorophyll; the total redox level remains tha same, since the 2-vtnyl 

group is now oxidized to acetyl. The hydrogen ato~ are just at a 

different place. In both the plant chlorophyll and bacteriochlorophyll, 

the macrocycle remains conjugated, but 1 t is· somewhat more limi tecl in 

. the bacteriochlorophyll. 

Protochlorophyll belongs to the class of compounds known as 

porphyrins; it is dehydrogenated a.t positions 7 and 8 compared to chloro­

phyll and that is the only difference between them. The protochlorophyll 

appears in etiolated plants, that is, plants grown in the dark from 

. -

• 
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PROTOCHLOROPHYLL CHLOROPHYLL a (b) BACTERIOCHLOROPHYLL 

MU-22388 

Fig. 5. Structures of protochlorophyll, chlorophyll a and band 

bacteriochlorophyll. 
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seed and which have never seen the light. Protocblorophyll is converted 

into chlorophyll immediately upon illumination (Smith and Coomber, 1955). 

I might say that these 'extra' hydrogens have held a fascination for 

everyone -· the 1 and 8 pair and the 3 and 4 pair. These are the two 

points ot the chiorophyll that people have focussed their attention 

on for the last 20 years in an attempt to try and do solution photo­

chemistry. We did it, too, (Seely and Calvin, 1955). We thought that 

perhaps that one or the other of these pairs of hydrogen atoms were 

being tansterred back and forth by the photochemical reaction, but now 

the evidence seems to indicate that this is not the case and the chloro­

phyll is not functioning in such a way. 

The main feature or the chlorophyll structure is this big conju­

gate macrocycle1 the so-called dihydroporphyrin ring (chlorin ring) 

which is the light-absorbing entity of th~ photosynthetic apparatus. 

This 18 the thing that makes plants green. The phytol side chain would 

seem to be part of the architecture which holds the molecule in place. 

I don't believe the phytol chain plays a part in the energy trans­

mission directly, at least. The 6800 R -40 k:cal quantum is absorbed 

by the electronic system of this conjugated macrocycle with the magnesium 

in the center, and from there on we don't know what happens. This is 

what we are 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 liberated. The primary oxidant is.instead reduced by 

some chemical reducing agent other than water. 

So much, then, for what we know about the biological equipment 

that is going to perform this energy· conversion job ~ich we have 

. -
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described earlier. I havo not mentioned the accessory pigments, of 

which there a~e s~veral and at least one of which is probably GOing 

to turn-out to be as importw1t as chlorophyll. People generally over-

look this, although when you stop t.o think about it, it shouldn't 

~eally be overlooked. The fact is that wherever there is chlorophyll, 

wherev.Jr thero is photosynthesis, thei'e is also carotenoid. In 

general, peoplo have tended to i5nore this, or at least have not given 

enough weight to the fact that the carotenoid is also present inerery 

case where th<Sre iG photosynthesis, anti somehow these two -things muot 

be very closely associated.. The carotenoid i~ tha long conjugated 

carbon chain (polyisoprene w~th 10 to 12 double bonds in it and some 

oxygen at each end) ru1d a variety of functions have been proposed for 

it: oxygen carrier (Dorough and Calvin, 1951) .• electron carrhr ( 
' . 

Calvin, 1958; Platt, 1959), hydro?;en carrier·(celvinJ 1959e.; Shlyk, 

God.nev, Rotfard. and Lyaltilovich, 1957), and probably one of them is 

right., but the trick is to knm-1 "'hich Orie. 

With this a true tura.l background on the photobiological apparatus,. 

let us turn firat to the q,uElstion of generating an iclee. a.s -co how 1 t 

might work (cthe:r than ordinary solution photochemistry) in the solid 

state., i.e. J the_ organ:hed. etat.e which very certainly exists. Then 

we will describe' some of the moclel experiments whi-ch have been done 

in an attempt to ex:pal'ld, or explure, the concepts which werm generated 

by the combination of lmowinc; the fact that there is such a finEt ~tructure; 

that the t'lat chlorophyll molecules tend to lay ona upon the other; and 

that there is something different about the -.;ay the crystal, or pseudo• 

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

About 1950 the developments in solid state. 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 and. ionic 

crystals had reached a etage,both of technical development and understanding, 

which allowed ua to apply same of the notions which were common amongst the 

physicists developing this work to the kinds of molecules and the kinds of 

systems ~ich we had. in this biological apparatus, particularly these big, 

flat aromatie systems such as chlorophyll. 

I had for some years been ¥10rlting with porphyrin E,~.nalogs. The first of 

these,. and the one that is still one of the most popula.r, I encountered in 

19:56, the year it was discovered in Englan~,·and this is the molecule of 

phthalocyanine. It is a synthetic compound which resembles, in some respects, 

the structure of the tetrapyrrole· ,.,hich you saw in chlorophyll. Phthalocyanine 

differs from chlorophyll in certain rather important aspects, but the moat 

imJ;>ortant difference 'tms that it was easily made compared to chlorophyll, 

efil,sily handled and very stable -- and none of these things was true of chloro-

phyll. This is the reason we selected phthalocye.nine as e. model of the por-

phyrin structure found in the chlorophyll in an attempt to find out hovr the 

solid array of molecules might differ in their physical and chemical properties 

and reaction to light from molecules in solution. 
. --

The structure of phtbalocyanine 'n1s determined in 1935-36 by Linstead 

(Linstead 1 Eisner, Ficken and Johns 1 1955) at the .!L'U)erie.l College. It is 

shown in Figure 6. It is made from phthalonitrile and metal; the ring closure 
it 

occurs very readily. It has the elements of the tetrapyrrole in it, but/differs 

, .. 
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Fig. 6. Structural formula of phthalocyanine. 



-21-

from a true tetrapyrrole in that the bridging atom instead of being CH is 

nitrogen, so it is called a tetrazaporpl~in. It also has benzene rings fused 

onto the pyrrole rings. Phthalocyanine is a very stable substance and is widely 

used in various forms as a dyestuff. 

With this as our starting point '"~'e sought to make systems which might 

resemble the laminated system ,.,hich appeared to exist in the chloroplast. The 

ides that organic substances such as ph't;halocyanine might be electronic con­

ductors under certain conditions was actually born, as far as I was concerned, 

in a discussion with Professor Michael Polanyi (University of 1-lanchester) at 

the time we received the phthalocye.n:1ne from Linstead, back in 1936· We didn't 

do anything about it then except insofar as we used it as a catalyst for hy­

drogen activation, much like platinum. That was about the extent of my early 

activity with phthalocyanine as a possible electronic con4uctor. (Calvin, Cock· 

bain and Polanyi 1 1936J Calvin, Eley and Polanyi, 1936). One of my e.s.sociates 

in the laboratory at Manchester, D. D. Eley, also working with phthalocyanine, 

went to work along the electronic 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. (Eley, 1948). 

This was enough to trigger us again, and now the basic idea was born 

that t.he energy conversion process in the chloroplast might be a process in 

which the excited chlorophyll molecule had some of the properties of an 

organic semiconductor. The transformation fron1 an excited chlorophyll molecule 

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

separation of atoms. We now had. to devise the phy.sical configuration of these 

molecules lThich might permit the demonstration· that this phenomena could occur. 

The strncture of the actual photosynthetic apparatus is such as to 

suggest a laminated structure in Which there were cluorophyll molecules arranged 
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in some order, perhaps with carotenoids and dher lipi~-type of JUBterials on 

.. • one side. On one side of the chlorophyll layer there could be electron­

accepting species and on the other side of the layer there could be electron­

donating species. In this way one could visualize a laminated system resembling 

the donor-acceptor systems in the atomic and ionic lattices that the physicists 

had been describing, which did succeed in converting electromagnetic energy 

into charge separation in a :fairly well understood manner. 

We proceeded to 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, 've had to show that the material 

vas indeed a semiconductor. We performed the same experiments that Eley had 

done and came out with pretty much the same general results. The next step 

was taken when we started to construct laminated (layered) structure in which 

we added either electron donors or electron acceptors to the phthalocyanine 

(cl1lorophyll analogue) layer. (Kearns and Calvin, 1958J Kearns, 1960; Kearns, 

Toll:J,n and Calvin, 1960). Our first rneasu1~ementa were purely of conduc"l:.ivity: 

Could 'cheae layers carry an electronic current in the dark? What would happen 

to the conduct! vi ty ot: such a· system if one put donor or acceptor layers· to­

gather in such a configuration? 

Figure 7 shows the diagram of the apparatus which was used to perform 

these experiments. The electrode system shown here was actually an inter­

leaving of two aquadag combs, and laying on top of it, by sublimation or eva­

poration, ws the layer of the sample. We have performed the experiment with 

phthalocyanine and with about halt: a dozen other aromatic pi-electron containing 

systems. The lamination was achieved by putting on the back surface of the 

sublimed layer the do~or or acceptor system, \vhichever it might be. Most of 
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Fig. 7. Diagram of sample conductivity cells. 
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the work on the phthalocyanine and on the other aromatic systems (violanthrene 1 

perylene, etc.} was done with electron acceptors as the top layer. (Kearns 

and Calvin, 1961 1 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 electrodes 6aintained at a 50 to 90 

volt differential) as a function of the amount of electron acceptor which was 

put on top of the phthalocyanine layer. This, then, is the current flowing 

between the electrodes, i.e., through the phthe.locyanine, as it is affected 

by the electron acceptor which is placed on top. The conductivity of this 

system rises very steeply as very small amounts of electron acceptor (o-chloranil} 

ere added to the surface lay·er. This is true of the dark current and also of 

the photocurrent, which is the difference between the light currentmd the dark 

current. We are measuring the current th:t flows between tha electrodes in the 

phthalocyanine layer. The o-chloranil (o~tetrachloroquinone} is a very good 

electron acceptor. As e. small amount of the electron acceptor is placed above 

the phthalocyanine 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-cruoranil md leaving behind electronic vacancies 

in the phthalocyanine molecules~ By putting a potent~ between the two elec­

trodes, it becomes possible to move charge much more readily between them 

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

trons from the full orbitals can move. The electronic state in the organic 

solid after any particular move is the ~as it was before, s~ve for the 

passage of electrons from one electrode to the other. Without these vacan- · 

eies for hole motion in the donor layer (electron motion in the acceptor 

layer), the conductivity would be very low. (Keppler, B1ersted and Merri­

field, 1960). A diagram represent:tng this situation is shown in Figure 9. 

(Kearns and Calvin, 1961 in press}. 
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Fig. 9. Charge mi;~ra.tion in a molecular lattice. 

(Sef; nc:xt p;q.!c for descriptive caption.) 

UCRL-9533 



-2.7-

Figure 9 

Schematic representation of donor and acceptor molecules and ions 

imbedded in a donor layer or an acceptor layer, respectively. From this 

diagram it is clear that process (1), the transfer of an electron from an 

acceptor negative ion t~ neutral neighbor, produces a state of the system 

which is energetically identical with the initial otate. Similarly, there 

is no net change in energy as a result of process (2.) which rearranges 

charge in the ~onor layer. In the case of a neutral free radical, however, 

the electron transfer process (') does not result in a state energetically 

equivalent to the initial state. Since processes (1) and (2.) simply change 

the location of negative and positive charges respectively, with no net 

change in energy, we can consider the orbitals involved in the electronic 

rearrangements as forming conduction bands. If, however, the lattice ~ere made 

uP of A- radical ions (no A's) irrespective of the cations, or entirely of 

n+ radical ions (no D's) irrespective of the anions, there would be no 1dim-· 

tical vacant orbitals intowh1ch the charge carriere could move and hence no 

conduction bands (however narrow). This last situation would correspond to 

the o~letely filled free radical system as in process (') above. 

... 

.. 
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The light effect involved in the excitation of phthalocyanine to an 

excited state leads to a higher population of electrons in the acceptor mole-

cules, making a hi~her population of electronic vacancies in the donor matrix 

so that the conductivity increases over that in the ark. 

This is essentially the basic notion which we believe describes the 

model system as we now have it. We have used a wide variety of donor systems 

and a considerable variety of acceptor systems, and the behavior has fulfilled 

all of the expectations of Sttch a description. (Kearns, Tollin and Calvin, 1960; 

Kearns and Calvin, 1961 in press). 

There are various other properties of such a system which BlOuld fol-

low, and we h6ve measured them. For example, we have measured the kinetics 

of, the photoconductivity -- how it grows and decays -- at various tempera-
'>. 
'I 

turea. One observation is particularly interesting, and it has to do with 

the fact that in a system of this kind, the electrons in the acceptor layer 

are, in effect, unpaired electrons. They may be considered as in very narrow 

conduction bands, or, if you like to think of them as a chemist would, they 

are in sing~y occupied orbitals ·in the molecules. The same things may be 

said of the unpaired electron which.remains behind. One should see those 

unpaired electrons by virtue of their magnetic spin resonance and indeed 

we have seen them in that way. Figure 10 shows the electron spin resonance 

spectrum of o-chloranil 'doped' phthalocyanine; the g value is very close to 

that of 6 free electron. Figure 11 sh~TS the change of that signal follow-

ing illumination and darkening. When·the light is 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 almost all 

of the o-chloranil molecules ad,jacent to the phthalocyanine are already 

mono-negative ions in the <h'k1 and \-Then the light is turned on 1 a second 
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ELECTRON SPIN RESONANCE SPECTRUM OF 

0-CHLORANIL •ooPEo• 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 

0-CHLORANIL "DOPED" METAL FREE PHTHALOCYANINE 

CURVE REPRESENTS UNPAIRED SPIN CONCENTRATION VS. TIME 
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MU-17529 

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-nege.ti ve ions. Thus 1 therei.o a de-

crease in the total numbe1· of unpaired spins in the light. How;ver, we do have 

systems '\oThich go the other 'rTay, because the equi1ibrium distribution io 

different. This depends on the relative orbital energy levels of the two 

sjetems 1 and "'e cun get effects of this type ranging between photodecrease 

and photo1ncreaae of unpaired spins. 

Figure 12 shows how separation of charge can he accomplished in this 

model system if it is properly constructed. Here ie a matrix of phthalo-

cyanine, the surface of which :l.s an o-chlo1·anil layer. There will be some 

negative charge trapped in the o-chlonmil (acceptor) layer,, and the positive 

charge 1-i'ill remain in the phthalocyanine (donor) layer. This will induce a 

polarization in the pair of electrodes between whicll the double layer is 

placed, e.nd the polarization will be increased by shining light absorbed by 

phthe.locyanine on the double layer 1 resul tine; in an e.ddi tional accumulation 

Of negat1Ye charge in the quinone and positive charge in the phthalocyan:tne. 

This is photochemically-induced separation of oxidizing power (positive holes) 

e.nd reducing power (~-chloranil double negative ions), and presumably this 

kind 01' thing can occur in the individual layers which are seen in the chloro-

plasts. 

We have studied ·the kinetics of varic :J.S effects, the conductivity, 

the polarization, the electron. spin ref:lonance 1 and they are all ap:pa.rEm·illy 

the result of the same process. Figure 1; shows the kinetics of these three 

phenomena. 

The entire system and all of the processes can be described by the series 

of reactions ahcnm in Figure 14. In the daz·k, the o-chloranil and phthe.lo­

cyaninc reect to form a pair of radical ions (Fit,rure 11~-1); in the light 

at 7000 .R there is another transfer to form a double negative ion (Figure 

14-2). In the darlt it goes back (Figure 14-3). At 4000 .R, ¥There the semi-

. . 
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ODECAY OF PHOTOCONDUCTIVITY AT 25° C 
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Fig. 13. Semilog plot of time dependence of photoconductivity, 

light-indue ed electron spin resonance and light-induced 

polarization in doped phthalocv;:ininP 
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quinone anion absorbs, we can excite thia molecule and transfer an electron 

back .into the phthalocyailbe layer, which then leads to recombiuatiDn and we 

get a decrease il1 conductivit.y (li'igure 14-4). 

At this point we come to the end of what I want to say about the model 

experimen·ta. I think 1 t is cletir, from what I have dcsci·iba:d to you in tenns 

of the model systems, that organic substances at least of one type (large, 

aromatic molecules) can be semiconductors and photocond.uctors.; and, what is 

more, by suitably adjua·ting the combination o:f' aonOl' and acceptor systems, 

one can Illti\ke from them a laminated structure in v:hich 1"1;, is :possible to 

demonstrate the separation of charge induced by the abso1~tion of li~•t 1 

the ver.J thing "\othich we were postulating might occur irl the chloroplasts. 



. . 

.. 

'l'HE RELA'l'ION TO TIDj PH01'03YNTHEJl'IC APPARATUS 

The remainder of the discussion is an attempt to ,see how ~v of the 

kinds of measurement!'! wrJich were performed on the model systems ve can per-

fo~ on the biological material, and how truly these measurements tell us 

what goes on in the biological materis.l in the srune manner as t~'.ey tell us 

whe.t goes 011 in the~ model ay1tems. 

The one thing th~t is difftcult to do in the biological material is 
very 

the/first measurement which we made on the model system, namely, the conduct!-

vity. In the model systems we could make the configuration to fit the elec-

t1'0des big e~1ough so that we could hancUe it. In the biological rneterials, 

these lamina (lamella) if you not:tced the dimensions 1 are pretty emal:'. --

of the order of ;o to 60 .R thick. So far, n~ne h&.s eucceecled in making elec­

trode systems which can be placec1 on the individual lamella to measure the 

conductivity, or the photoconductivity, of such small single units and larger 

ones do not seem to be available. 

HmreV'er 1 there have been conduct! vi ty mcaauremr-mts on dried chloro-

plasts 1-Thich shm1 that the dried chlorOillaert preyarations Eu~e indeed pho·to-

conductive, but they a:re subject to questionable intcr;rc'taUon in such a 

complex syste:t. lievertheleos, we nre going to take the meaeurementa at their 

face value, later on. (ArnoJ.d and Clayton) 1960; . Arnold and Maclay 1 1958) . 

Electron Spin Reoonance in ChloropJ.Mt Materialo_ 

( 

One of the principal t.ypes of eJ'Pe:r.·iruent that '"e have done ie to look 

for the un,ped.l~ed electrons that mighv be gcnezated b;r the light in the bio-

logical system. In this case, He didn't have to p·.xt electrodes into the 

lamiua; we co·uJ.d put the biologic&l system inside o1' a resonance cavity and 

see ii~ there are unpaired electron.'! geneuted '\oThen 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 reproducible due to the variability of the eucalyptus 

leaves themselves. Tm•ard the end of that year, the same kinds of observa­

tions were made at St. Louis by Townsend, Heise and Commoner. (Commoner, 

Heise and Townsend, 1956;C6mmoner,_E!!. ~· 1 1957). We ourselves made some 

chloroplast preparations and did a serious investigation of the same thing. 

(Calvin and Sogo, 1957; Sogo, Pon and Calvin, 1957). This type of an experi­

ment can be done with whole organisms (whole bacteria, chromatophores which 

are the chloroplasts of bacteria) or with pieces of chloroplasts :from the 

green plant. 

Figure 15 shows the light-produced signals fl .. Om whole spinach chloro­

plasts. We ere shining light )f 40 kcal per quantum on these materials and 

there are not many chemical bonds that can be broken by as little as 40 

kcal. The signal indicates the appearance of unpaired electrons. Any free 

radical will give this kind. of signal. Most biological material that is 

undergoing rapid metabolism vTill shoi, signals of thls ki..1d; it is not :lecess­

are to have light shining on them. The question, therefore, is: What k:tnd 

of unpaired electrons are these? Are these ordinary tree radicals, or are 

these electi'ons producel in p.1otop:rocesGes such as have been: uescrfbed in 

the earlier models'i If these v1ere chemical free radil.:e.lG produced by some 

secondary reactions, one mi0lt expect that if the syst~~ were cooled enouc~, 

the cb.emical reaction might stop and only the physical process of electron 

transport v;ould remain. r1e attempted to do this by cooling the sample to 

-150°C and ve still got lie;l1t.-1ncuced signals. 



. ... 

.. 

-38-
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Fig. 15. Light signals from whole spinach chloroplasts. 
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/ 
Figure 16 shova the kinetic behavior of such a signal for Rhodospirillum 

rubrum which use bacteriochlorophyll. This experiment 'vas done at a series of 

different temperatures, and the signals change in chracter with the variation 

in temperature. There is also a variation in the signal with time. At 25° 

after the light is turned on, the signal rises just as fast as the apparatus 

will follow it and reaches its equilibrium value inimediately, and when the 

li&1t is turned off, the signal drops as rapidly as the equipment will follow 

it. In other words 1 the rise time and decay time that we have so far been 

able to see are not intrinsic to the electrons but rather they .are limited. 
0 0 by the apparatus. As the material is cooled from 25 C to ... 15 C 1 a good 

deal larger· signal appears; but there is a slow rising component in the 
. ' 0 

signal; if the temperature is lowered still further to -55 1 some of the 

'extra' signal which is purely chemical (secondary 1 in other vords) is 

frozen out, but not all of it. There is still a very fast rise and then 

there is a slow rise at -55°, and the decay time shows the same character-

istic -- a fast decay and a slow decay. There are quite clearly several 

different kinds of unpaired electrons produced in this organism wQ.en 

the light is shone on it at -55°C. vlhen the temperature reaches -160°C, 

we have none of the slow signals left at all -- only the fast signals. Both 

the rise and decay are fast. 

This phenomenon is most reSlly interpreted by the obvious notion that 

we are.first making a conducting type of unpaired electron which then is 

undergoing chemistry inside the biological material, also via one-electron· 

reactions. We are seeing at room temperature and intermediate temperatures 

not only the physically-produced charge separation but chemical radicals 

aa well, and aa we cai the solution, we freeze out the chemical reaction 

.. . 
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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 unpaired electrons. 

/The rate of growth and decay, temperature dependence, etc., is not 

enough to identify these electrons as physically-produced instead of 

chemically-produced. So far, the g values, that is, the magnetic character-

istic of the electron, appear to be those of free electrons, that is, elec-

trona which are free to move a:round within the molecule and ,.,i thin the 

lattice. 

We have tried to use one or two other ways of characterizing the 

electron, such as looking tor hyperfine structure, that is, looking for the 

interaction of the unpaired electron with specific nuclei, but so far thi.s 

has not been successful. Either there are so many nuclear hyperfine inter-

actions as to overlap, or the quasi-solid matrix broadens the lines eo that 

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

Apparent Spectral Efficiency 

The next characterization after the kinetics and the g value was 

the efficiency with ·which light produces the spin signals -- the quantum 

efficiency for the production of these electrons. This is, first of all, 

a ve17 difficult measurement to make, and all I can tell you in absolute 

terms is ·!;.hat the quantum e:f':f'i ciency for the production of' these electrons 

is in the same vicinity as the quantum efficiency of photosynthesis, i.e., · 

of the order of one to one-tenth. 

. The quantum efficiency with respect to wavelength is the next question 

How does the quantum efficiency vary with wavelength? This ty:pe of experiment 

is somewhat easier to perform. The values which are here given are not a.l)-

solute, but are merely relative. The relative value for ti1e production of elec-

trons at one wavelength compared to the value for the production at another 

•. 
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1mvelength is compared vTi th the absorption of chlorophyll. Figure 17 sholm 

the action spectrum for the production of free electrons and the absorption 

spec ~ra for the chloroplast.J. It loolts eo thou,£).1 a minimum action occurs at 

a place '1-rhere the absorption is greatest. This ·turns out to be what one "'ould 

e:l-."Pect, judging from the configuration of the eyrtem. i·le used a thick layer 

of chloroplasts so that all the light was absorbed, and :!.n "those regions in 

.rhich the light is most strongly absorbed, the concentration of separated 

charges is ~1e greatest and the recombination occurs at its fastest rate. 

(Sog0 1 Carter and Calvin, 1961 in press). Since we are seeing the •net' 

of production minua recombination, we see a ninimum at the highest concen­

tration of production. There is.probably another effect as well contri­

buting to this shape for ~e 'action' spectrum. It is possible to show by 

combinations of different wavelengths that one can get more than additive 

effects and less than additive effects for the sum of two or more different 

wavelength illuminations. 

You will recognize ~is idea of additive effects of light of varying 

wavelengths as being a constituent part of the de\rele)pme:nt of our knowlede:;e 

of the behavior of plants '1.-rlt,h respect to light as "toTe~ It is knO\m e.a 

the Emerson effect. In simplest terms it may be defined by the follOv.rinc 

· observations: Measure ~e number of. molecules of oxygen produced per quantum 

of red light; measu1·e the number of molecules of oxygen produced per quantum 

of green light; and then put both the red and the green li~1t together on 

the same plant. This can be done under circumstances such that when the two 

wavelengths of light are together on the plant, one gets more (or less) than 

the sum of the t'\olO separately. In other words, there ia a collaboration of 

the tl<O vraveleugths of light. (Emerson, Chalmers and Cederotand, 1957). The 
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experiment can be done under conditions where ther~ is a negative collabor­

ation of the two wavelengths (they cancel each other) depending on the light 

intensities and 0~1er conditions of the experiment. (Govindjee, Rabinowitch 

and ."homaa, 1960J Ichimura and Rabinowitch, 1960). ~ 

The same type of experiment can be perfonned vri th the photo-induced 

spin signals, at low temperatures. (Androes, 1960) ~1is is one more reason 

to suppose tl~t the spin signals tl~t we see are indeed something very close 

to the quantum conversion process itself. 

Figure 18 shOlvs the al,sorption end action ·spectrum for the purple 

bacteria, end you can see exactly the same relationship between the absorp­

tion and the action. (Shibata, Benson and Calvin, 1954). 

If we have Q.chieved separation of charge in the molecular lattices and 

it' the charge is allowed to recombine, light can be emitted at low tempera-

tures. ltic,'Ure 19 shows the delayed light emission from Chlorella, spinach 

chloroplasts and Nostoc. The wavelength distribution is what one might expect, 

and also the kinetics of the decay of this light emission are exact.ly the 

kine·t.ics of the decay of the spin signal. (Tollin and Calvin, 19571 Tollin, 

Fujimor1 and Calvin, 195&, 1958b). 

T\.,o pieces of work which have been done by W. Arnold at the Oak Ric1ge 

National Laboratory are im:portan-~ here. (Arnold, 19601 1958). In this case 1 

Arnold was measuring the change in the light absorption of chromatophores 

from Rhodopseudomonaa (purple bacteria) induced by illumination with a 

second light 1 usually of longer wavelength. Figure 20 shows the change in 

absorption at 4200 i, and you can see that the change occurs at ;oo°K just 

as :fast as the instrument can measure it. It decays relatively slowly be-



-45- UCRL-9533 

20------.....,....------.,..-----~----...,I.O 

w 
0 
:::> 

15 

...... 10 

.....J 
a.. 
~ 
<3: 
.....J 15 
<3: 
z 
(.!) 

(/) 

-LEFT ORDINATE 
---RIGHT ORDINATE 

,, _____ .... , ____________ _ 

600 700 

--

ABSORPTION,. .... , 
I \ 

I \ 

_ .... -_,. 

800 

/ 
/ 

I 
/ 

I / ' 

900 
WAVE LENGTH- mJJ 

0.8 

0.6 

1000 

ABSORPTION SPECTRUM (SHIBATA~ B~ttSON) a ACTION SPECTRUM (SOGO) 
OF RHOOOSPRILLUM RUBRUM. I0 =5xl01 QUANTA/SEC. BANDWIDTH =66 A 

MU-19449 

Fig. 18. 

. . 



.. • 

UJ 
1-z 
:::> 
>­a: 
<( 
a: 
t: 
!Il 

~ 
.w 
~ 10 
w 
(.) 
({) 
w 
z 
~ 
3 
u_ 
0 

~ 2 
(fi 

-46-

SPINACH CHLOROPLASTS 
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Fig. 19. Delayed light emission from a variety of biological 

materials. 



• 

30" 
I• •I 

t 
LIGHT 
ON I" 

30" 
I• •I 

' ON I" 

-47-

1 ~ 
ON OFF 

TIME 

I" 
t• •I 

t + 
ON OFF 

UCRL-9533 

ABSORPTION CHANGES AT 420 1J.. INDUCED BY ILLUMINATION 
(> .. > 6400 lt) 

ARNOLD and CLAYTON 

MU-22414 

Fig. 20. 

, 
- . 



i' .. 

~48-

cause pert of the decay is chemical and part is physical. I want to call 

your attention to the part tal::cn at 1 °K (Figure 20). At that lovT tempera-

ture, there is very little chcmiotrJ going on, and you can still aee that 

tho spectral change is occurring just as fast as the instrument pennits the 

measuret·tent -- in fact, faster then t.he instrument uill follo,.,. IIere is 
' . 

clear evidence that the light is i<ltl·oducing a physical change, s change 

vlhich can only be motion of electronf:l and not of atoms. Figure 21 shows 

Arnold's measurement. of the photoconductivity of dried chromatophore film, 

&nd you can see again t.hat when the light is turned on, the. conduc'dvity 

' increases very abruptly and then there is a slow rate of drift, and when 

the lif';il'ti is tm-ned off there is a ver.f rapid drop. 

I hope tlw.t soon ,.;e 1rill be able to make conduct.! vi ty measurements 

in the rsdiofrequency range vrhich do not require <Urect eJ.ect.rode connections. 

Quantum Conversion in Biological :Material 

I want t.o draw a picture of ·what I think, at the moment, is the primary 

quanttun conversion pl~ocess that goes on in that layer of chlorophyll, o.nd 

other pigment, in the lattice. vie know a bit ;:,bout the chemical conrposi tion 

of the chloroplast ~L tself. It is a lipoprotein together vi th pigments. There 

are a number of specific molecules \vhich are :present in the chloroplast, and 

I have named t-w·o of them, chlorophyll and carotenoid. There are t't-70 other 

rather important molecules which are present in large amounts in the chloro-

pleat and which have an important beari.ng on what I have just told you abru t 

energy conversion. These systems require not only the presence of the e.b-

sorber but the presence of ".n acceptor molecule for electron transfer to 

occur, and to finish this process ve must. have somcth:ing· present es a donor 
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molecule. The other tvo species that are >rell established in the chloroplasts 

., • are (1) a very important quinone called plastoquinone (Bishop, 1959; Crane, 

1959; r.ester and Crane, 19'59; Crane, Ehrlich and Kegel, 1960), tmd (2) a 

. ' 

vsri<ty of molccuJ.es which might br: donors. There is one p~rticulsr type of 

the latter vrhich I would like ·to . elect as a ve2:7 likely donor molecule, 

namely, the iron heme (cytochrome) species uhich are e.l.1-1e.ys present in the 

chloroplasts and chroroatophores. (Kamen, 1956). 

Figure 22 shows the two boundaries of t,he pigment layer. Cbl ore the 

chloro:Phyll moleculea in some array, possibly including carotenoida. The 

first act of photosynthesis io, of course, the absorption of i:J.1e quantum 

by ~he chlorophyll molecule to produce an excited chlorophyll molecule. 

If this were a perfect atomic or 5.on1c lattice, this vrould be an absorption 

by the entire lattice. But this is not the case. It is a molecular lattice, 

in w'hich interactions between molecules are reJ.atively r;m.all compared with 

the interactions between atoms in Germanium or ions in cadmi~~ sulfide. T11e 

result is that the migration of this exciton occurs by resonance transi'er 

between neighboring chlorophyll molecul ea tmtil it ax·ri ves at one which 

is bound 1 or ad,jacent 1 to an eJ.ectron accept.or ::; uch as quinone. The quinone 

of 't-thich I am speaking, i.e., :plastoquinone 1 is one l-Thich was fmmd in the 

chloroplasts as early as 1955 by Kofler (Kbfler, ~~~·~ 1959) and it hns 

since been shown to be t'elatively uniq,ue.}j;ha:~:·actex·istj.c of the chloroplants 

and not Of other parts of the plant or dell. 'l'he I)lastoc1uinone is closely 

related to a similar q\].inone lmmm as ubiquinone '\oThich is found in the non­

photosynthetic :parts of pJ.ants and animals (mitochondria), (!lorton, 1958; 

Laidman, Morton) Paterson and Pannoclt) 1960). 

Let us use the quinone as a likeJ.y electron acceptor -- there is one 

plastoquinone molecule present for about 400 chlqrophy:).l molecules. \olhcn the 
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.l::''ig. 22. Schematic arrangement of chlorophyll and possible 

donor and ace eptor 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 1 the chlorophyll having associated with it on 

the one side the electron acceptor, plastoquinone, in a lipid environment, 

and on the other side electron donor materials, such as the cytochromes, in 

an aqueous environment. Fallowing the absorption of a quantum in chlrophyll 

(Fig. 22, eq. 1)' it will migrate by resonance transfer to a suitable site 

near the quinone where electron transfer to the quinone llill take place 

(Fig. 22 1 eq.2}. The resulting vacancy can migrate by hole diffusion, 

that is, electron transfer from no:nnnl chlorophyll, into the vacant orbital 

of the neighboring chlorophyll positive ion. This process is the one which 

most nearly resembles the properties of e. semiconductor and it permits 

the oxidant (chlQrophyll positive ion} to separate from the reductant 

(electrons in the quinone orbitals} by a very nearly temperature-independent 

process. The oxidant then captures an electron from a suitable reducing 

agent, such as ferrocytochromc, thus producing a ferricytochrome and re­

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

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

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

At this point, we must introduce the idea of charge migration (see caption 

of Figure 9). up until now, energy migl~tion has been by resonance trans­

fer of an exciton. After ionization occurs, I want to suggest (require, in 

tact) that there be a migration by an electron going from a neighboring 

chlorophyll molecule to the 'hole', so the 'hole' moves dovro. to the next 

chlorophyll molecule, until it comes adjacent to a ferro-heme (cytochrome). 

When the hole. reaches this point 1 electron transfer occurs from ·the 11·on 

(Chance and Nishimura, 1960), (Arnold and Clayton, 1960) (or other donor) 

to neutralize it 1 and the pigment layer is returned to its original condi-

tion. 

A separation of clwrge has been achieved, and oxidized donor becomes 

an oxidant and the electr.on in the quinone is the reductant. 'l'he reductant 

can go on to reduce carbon dioxide (reaction (2), p. 4) and the oxidan·t 

can go on to generate oxygen (reaction (1) p. 4). ATP is required to 

help on the reduction of C02 and for many other energy-requiring opera-

tiona. One possibility is that ATP may be generated during the passage 

of oxidant to oxygen (reaction .(:!.) , p • 4) , ATP may also be genera ted on 

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

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

What is the :primary quantum conversion act! The primary quantum con.version 

act is an ionization occurring in a charge transfer complex. This is uhe.t 

it e.mounts to in chemical terms. But this cannot occu:1.· in isolated cllarsc 

transfer i':!Olc:culeEl in solution because the products cannot escape from 

each other. The primary quantum conversion act as it occurs in modern 

:photosynthesis- can Oxlly tal'>.e place in a laminated structure 'Where the 

electrons and holes can escape from each other by electron migration and 

not by atomic migrations. This is the essential feature introduced he~:e 

which differs from all the prc:vious notions of hmr que.ntum conversion 

occurs in chemist~ or biology. 

,. 
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A . Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 
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