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SO:ME PHOTOCHEMICAL AND PHOTOPHYSICAL REACTIONS OF CELOROPHYLL 

* AND rrs RELATIVES 

** Professor Melvin Calvin 

Department of Chemistry and Lawrence Radiation Laboratory 
· · University of California, Berkeley, California 

ABSTRACT· 

.April ll, 1960 

The solution photochemistry of chlorophyll and chlorophyll analogs is 

described. Many cases of electron transfer to or from the porphyrin macro-

cycle have been found, but in no case has any very-large degree ·of energy 

storage been achieved. Because of the very rapid back-reaction for products 

with a AF of approximately -30 kcal, some solid. state_models in which such 

an energy storage might be achieved are described and their possible relation 

to the natural photosynthetic apparatus is given. 

We can see that while the solid state model (phthalocyanine) allows an 

approach from a somewhat different point of view, the net result is the same 

as what was sought, but so far not found, when we looked at the solution chemis

try of chlorophyll (and chlorophyll model substances), namely, the transfer of 

an electron, or hydrogen atom, from the excited porphyrin to an electron accep-

tor at a high reduction level which can be used to reduce the ultimate carbon 

J\'), dioxide reducers, followed by the donation of an electron uJ. timately from water 

to the remaining radical ion, or lattice, which produces the net results of the 

~ transfer of the hydrogen from water to carbon dioxide. ,.. 

* Presented at the McCollum-Pratt Symposium on Light and Life, Johns Hop
kins University, Baltimore, March 28-31, 1960J to be published in the 
proceedings of this symposium. 
The preparation of this paper was sponsored by the U.S. Atomic Energy 
C.orm:nis9_on .. 
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How much of the solid state picture will. be required to fully under-

stand this separation of oxidant and reductant, I think is yet to be deter-

mined. However, I believe it is quite clear that we are coming to the same 

kind of conclusion from both ends, that is, from both the pure solution chem-

istry which involves electron transfer from donor to acceptor and from the 

solid state experiments which involve the same kind of electron transfer from 

donors to acceptors. The difference lies in the types of lattices involved. 

The back-reaction in the solid state experiments is demonstrably slower 

than one can visualize for the solution: electron transfer reaction in which 

no provision is made· for the rapid, relatively .temperature-independent separ-

ation of the products, electron (reducing agent), and hole (oxidizing agent). 

• 

'•. 



SOME PHOTOCHEMICAL AND PHOTOPHYSICAL REACTIONS OF CHLOROPHYLL 

AND ITS RELATIVES 

Professor Melvin Calvin** 

Department of Chemistry and Lawrence Radiation LaboratorY* 
University of California, Berkeley, California 

INTRODUCTION 

This is a discussion of some of the photochemistry and photophysics 

of porphyrins which has accumulated in the course of the last fifteen to 

twenty years and which has some bearing on the problem in which we are pri-

marily engaged, namely, the conversion of electromagnetic int,o chemical 

energy as it occurs 1n photosynthetic organisms. The history of the photo-

chemical and similar properties of'chlorophyll and its related materials is 

an old one. From the very beginning of the recognition of chlorophyll as a 
(26) 

prime light-absorber and converter in green plants , there has been a 

steady flow of model experiments with chlorophyll, and related materials, 

trying to discover in simplified systems the types of transformations which 

conceivably might be taking place in the living organism in its operations 

for the conversion of electromagnetic into chemical energy. 

From very early times, even before the chemical structure of chlorophyll 
(32,76) 

and its relatives were known a number of photochemical properties of 

the chlorophyll molecules in solution had been observed. These can be most 

easily described in two classifications. The first is a photosensitized 

oxidation reaction with molecular oxygen in which the chlorophyll is the photo-

sensitizer, that is, the chlorophyll absorbs the light and causes, in some 

~ way, the oxidation of some other substrate with molecular oxygen; some of the 

·~ pigment may· be destroyed, depending on the conditions of the reaction, but 

* 

** 

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

Presented at the McCallum-Pratt Symposium on Light and Life, John Hopkins 
University, Baltimore, March 28 to 31, 1960. 
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conditions can be found in which the chlorophyll itself is relatively 

stable and acts as a photosensitizing dyestuff which will cause the oxida-

tion of a good many substrates. Recent examples of this type of reaction 

G 
(57) 

are the studies of G. Schenck in ermany in which he has studied the 

photosensitized oxidation of a whole variety of materials. One of the 
(29) 

very early and more quantitative studies was that of Gaffron in which 

he used chlorophyll as a photosensitizer for the oxidation of allylthiourea 

and, in fact, studied it thoroughly enough so that it could be used as an 

actinometer -- that i~, as a means of measuring actual light intensity in a 

beam, particularly in the red. The quantum yield for this reaction, that is, 

the number of allylthiourea molecules oxidized per quantum absorbed by 

chlorophyll, is approximately one. 

The other type of photochemical reaction in solution which chlorophyll 

is k.nmm to sensitize is a hydrogen transfer from some reducing agent to 

some oxidized substance. The classic example is the reduction of an azo dye, 

such as methyl red, by a reducing agent (hydrogen donor) such as ascorbic 

acid, ahd chlorophyll has long been known to sensitize the transfer of 

hydrogen fromthe reducing agent to the acceptor. 

Both these types of cases, for the most part, are photosensitized 

reactions in which the thermodynamics favors the reaction itself, and the 

light largely serves the function of overcoming activation energy for the 

reaction. In general, then, there is not, in any of these reactions, a 

conversion of electromagnetic into chemical energy. 

PHOTOCHEMISTRY OF CHLOROPHYLL MODELS 

Relationships between Chlorophyll, Bacteriochlorophyll and Protochlorophyll 

In 1937, I first became acquainted with the chemistry of porphyrins and 

recognized the relationship of porphin to chlorin. In order to see the type 
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of reasoning involved, I think it ~s best to look at the structural formulas 

of the principal energy-capturing molecules in the photosynthesizing organism. 

Figure 1 shows the structural formula of chlorophyll as we now believe it to 

be, and you will notice that it is a porphyrin with an isocyclic ring and' 

an 'extra' pair of hydrogens on one of the pyrrole rings, making the chlorin 

a dihydroporphyrin. In the last few years, Linstead and his co-workers 

have proved that these two hydrogesn are trans to each other. (50) 

It is interesting to see the relationship of the chlorophyll molecule 

to tw·o others, one of which is bacteriochlorophyll (the light-capturing pig

ment in the photosyrithetic bacteria), and that relationship can also be seen 

in Figure i. There are two more 'extra' hydrogens in bacteriochloropnyll, 

presumably on a pyrrole ring on a diagonal f~om the hydrogen-bearing one in 

chlorophyll, and on the No. 1 pyrrole ring the vinyl group has been trans-

formed into an acetyl group. The protochlorophyll (Figure 1) which is the 
./ 

.material formed in plants when they are grown in the absence of light, can· 

be recognized as the dehydrochlorophyll (a porphin). The No. 4 pyrrole ring 

in protochlorophyll has a double bond in it, and it has been shown by a number 

(62) 
of workers that the first thing that happens in etiolated plants (which 

have no chlorophyll in them) when the light is turned on, is the addition of 

the two hydrogens to the double bond in ring No. 4 to generate chlorophyll. 

An examination of these three formulas shows this relationship of 

chlorophyll to protochlorophyll and bacteriochlorophyll very neatly. It 

shows that the macrocycle of chlorophyll lies midway in the oxidation level 
phyll. 

between that of protochlorophyll and that of bacteriochlbro/ With the dif-

fusion of the idea of Van Niel that the primary photochemical reaction 

of green plants involved the fission, or splitting, of the water molecule to 

give hydrogen and oxygen, or to give a reduGing agent and an oxidizing agent, 

and that this reducing agent was used to reduce carbon dioxide and the 



-4- UCRL-9170 

PROTOCHLOROPHYLL CHLOROPHYLL a (b) BACTERIOCHLOROPHYLL 

Fig. 1. Structural formulas of chlorophyll, 
bacteriochlorophyll and protochlorophyll. 

M U- 1942 7 
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oxidizing agent actually generated oxygen, it occurred to me that the func-

tion of the chlorophyll might be as a hydrogen carrier from the water toward 

the ultimate reducing agent which is used to reduce carbon dioxide. Today 

we believe one of these ~ltimate reducing agents to be pyridine nucleotide. 

It seemed liltely that the chlorophyll might be functioning between the 

stage of chlorophyll and protochlorophyll, that is, between the stage of 

dihyd.roporphyrin and porphyrin, as a transferring agent of the hydrogen 

from water to something else. 

This was a very earlynotion, and the earliest experiments uhich were 

devised to test it, such as doing photosynthesis in deuterated water to see 

if the two hydrogens that were picked up on the chlorophyll macorcycle were 

deuterium, failed of positive results. The first :experiment of this kind 

was done by Ruben back before the war ( 53 ) and a second one was done in our 

own laboratory ( 6 ) , using tritium in the hope we could. detect smaller amounts 

of photosensitized exchange; this also failed to show a tritium incorporation 

into chlorophyll very much greater tha~ that of new synthesis of the entire 

molecule. 

These unsuccessful results then led to the next notion, namely, that 

the chlorophyll might be functioning not between the level of protochlorophyll 

and chlorophyll (between the level of porphyrin and dihydroporphyrin) but 

between the level of dihydroporphyrin and tetrahydroporphyrin, as represented 

by bacteriochlorophyll. In that case, any study of deuterium exchange in 

chlorophyll would fail. If the hydrogen transfer involved first the photo

chemical reduction of the chlorophyll (dihydroporphyrin) to tetrahydro-

porphyrin, and if thiE, then, was transferring its hydrogen to the acceptor 

which ultimately reduced C02, and we analyzed only for the dihydroporphyrin, 

we would not, of course, find any isotope in the dihydroform. It would have 

been passed on to the ultimate reducing agent. 
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This would require that in the green plant there should be traces of 

dihydrochlorophyll (tetrahydroporphyrin), although the steady state, or equilib-

rium, amount of dihydrochlorophyll might be minutely small and hard to 

discover. We have yet to perform an experiment in which we seek to find di-

hydrochlorophyll (or something close to it) in the green plant and to deter-

mine whether or not it undergoes a photosensitized isotope exchange. A 

similar experiment might very well be done in photosynthetic bacteria in 

which, presumably, the steady state, or equilibrium, amount of tetrahydro-

porphyrin (or dihydrochlorin) is large and the dihydroporphyrin (or chlorin) 

is small. This should show, if this type of transformation is the way in which 

the reaction is proceeding, a large ru1d easily detectable photosensitized 

deuterium, or tritium, exchange. As far as I know, this experiment has not 

yet been done. 

There is, however, one type of photosensitized deuterium exchange experi-

ment which has been successful, and this is the experiment of Vishniac 

in which he has shown what appears to be the exchange of a labile proton, 

presumably on chlorophyll, which is photocatalyzed. He believed it to be 

the relatively labile isocycllc hydrogen which is exchangeable, since it is 

enolizable. Vishniac also believes to have shown a photosensitized, or photo-

accelerated,. exchange of some proton, on other compounds not identical with 

chlorophyll. Perhaps some of this could possibly be the dihydrochlorophyll 

mentioned earlier. Some of it might also be in the form of the next hydrogen 

carriers (see later). It remains to be seen what the exact nature of this 

exchange reaction is and whether it has any connection with the photosynthetic 

process. 

Photochemical Hydroge~ Transfer -- Model Systems 

With this background it seems worthwhile to examine some model systems 

for photochemical hydrogen transfer. The model systems chosen (lonJ before . -
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the aforementioned exchange experiments with chlorophyll were done) were 

those which did not have the side chains on them which made the compound 

considerably more labile with respe~t to incidental transformations. 

Chlorophyll itself was relatively difficult to obtain in completely pure 

form, so we undertook to synthesize a model substance which wc·ll.d not be 

subject to the above-mentioned difficulties and which would hc:,ve only the 

porphyrin nucleus and the dihydro- and tetrahy~rop0rphyrin possibilities. 

Such a mo1.ecule is the simple tetraphenylporphyrin whose structure is shown 

in Figure 2 in which the four phenyl groups are on the brid']ing carbon atom 

and which contains ·a simple porphyrin nucleus. This material is relatively 

easy to synthesize. It is made simply by heating benzaldehJue with pyrrole 

in the presence of zinc ion to obtain a 1.0-15% yield of the zinc porphy-rin 

with traces of zinc chlorin in which one of the double bonds is reduced. 

These substances can be separated by chromatography and fractional crystal-

lizat~on, their properties determined independently and unequivocally and 

their photochemistry studied. Figure 2 shows aleo the structure of the 

zinc chlorin in which one of the pyrrole rings is in the dehydro form; and 

Figure 3 shows the absorption spectra of these two forms. It is very easy 

to distinguish between the dihydroporphyrin, that is, the chlorin, and the 

porphyrin and the spectral difference between the two substances has been 

used to study the kinetics of the photochemical transformation of one to 

the other. ( 21 ) 

The first of these transformations (and the easiest to study) was the 

photoinduced conversion of zinc dihydroporphyrin (chlorin) into zinc par-

phyrin using some hydrogen acceptor. A ,.,hole series of hydrogen acceptors 

were used, most of them being quinones or molecular oxygen. (33 ) It was 

easy to demonstrate a. very clean photochemical conversion of dihydroporphyrin 
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Fig. 2. Structural formula of zinc tetraphenylporphin 
and zinc tetraphenylchlorin. 

MU-19428 
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------ Zn COMPLEX: TETRAPHENYL PORPHIN 

IN BENZENE 

Zn COMPLEX: 
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I \ 
I \ 
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\ 

TETRAPHENYL CHLORIN 

IN BENZENE 

0~~-----=~~--~~~--------~--------._ ______ __ 
7000 6500 6000 5500 5000 

A IN A 

MU -20157 

Fig. 3. Absorption spectra of zinc tetraphenylporphin 
and zinc tetraphenylchlorin . 
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into porphyrin and nothing else. Figure 4 shows the relative rates (quantum 

yields) of the transformations, and the relationship is clear betvreen the 

rate of hydrogen transfer from chlorin to quinone and the ability of the 

quinone to hold the hydrogen, that is, the oxidation potential of the 

quinone. The greater the oxidation potential of the quinone, the faster is 

the transfer. 1vo series of ex~eriments were done, on with para- and one 

with ortho-quinone; oxygen behaves like an ortho-quinone in the transformation 

and there is a very nice relation between the potential and the photochemical 

yield • 

Unfortunately, none of these transfers of hydrogen from chlorin to these 

oxidation agents (hydrogen acceptors)involved the storage of chemical energy. 

In every case, the thermodynamics is such as to favor the system porphyrin + 

h~uroquinone (over chlorin + quinone) &~d the light is simply overcoming the 

activation energy. The kinetics of these reactions were studied in some 

( a) detail Dorough and Calvin, and it was easy to demonstrate 

that a long-lived excited state of the chlorin was involved, since the rate 

of the reaction did not depend upon the concentration of the hydrogen acceptor 

at all, down to very low concentrations. This led to the suggestion that the 

excited state vias the triplet state of the chlorin which has been found in a 

whole variety of chlorins, including chlorophyll a. (7, 21) 

Figure 5 sho-vrs the kinetic analysis of this experiment. You can see 

that the quantum y±eld is dependent upon the ratio of k3 to k3 + k5, and 

what we suggest is that the ratio depends upon the quinone. You -vrill notice 

that the rate law does not contain a factor for the concentration of quinone, 

but the quantum yield does contain a factor which is dependent upon lvhich 

quinone you use. In tl_lis -.,ray vle have accounted for the ldnetic results. In 

this case the hydroe;en acceptor is a very good oxidizine; :1gent and the trans--

fer does not entail any- energy storage. If' the transfer of hydrogen could 

" 

.. 
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I. 9,10 PHENANTHRAQUINONE 
15 2. 1,2 NAPTHOQUINONE 

3. OXYGEN 

4. I, 2 BENZOQUINONE 
5. 9, 10 ANTHRAQUINONE 

6. I, 2 BENZANTHRAQUINONE 

7. I, 4 NAPHTHOQUINONE 
8. I, 4 BENZOQUINONE 
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8~--------._, 
5~~6~0L---~~----~ 

7 
PARA 
QUINONES 
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E 0 (VOLTS) 
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1.0 

MU -20156 

Fig. 4. Relation of quantum yield in photooxidation of 
zinc tetraphenylchlorin to the oxidation potential 
of hydrogen acceptor. 
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Excitation: Czn+hv 
kl 

s' 
Czn 

r Czn (hv or k T) 
Deactivation 

Czn k4 
of singlet: S' T 

Czn k2 Czn 

Deactivation tC~n + 
0 

of triplet T 
Czn+ a--k-3-- Czn+ Q+ kT 

Rate law re'sulting from these steps: 

(Czn) + L 1d log (1-10- ~ (Czn) d)= 7' Ka 1
0 

t + 11' 

k3 
Where quantum yield,y, equals: 

k2 + k4 

MU-8410 

Fig. 5. Kinetic analysis of photooxidation of zinc 
tetra ph_eny ].chlorin. 
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be demonstrated from such a dihydroporphyrin to a more powerful reducing 

agent, that is, a molecule (Le., pyridine nucleotide) which in its reduced 

fol~ was more nearly like molecular hydrogen, perhaps something of more 

direct interest to photosynthesis could be shown. 

The neK_t question t.o be answered involved the possibility of doln() the 

reverse reaction, i.e., t.he tr~sfer of h~~rogen from somethin~ which clearly 

was not as good, a ;z:educingagent.as the dihydroporphyrin to the porphyrin to 
(58) 

make the dihydroporj>hyrin; this ·.actually w~uld .involve a storage of energy 

Figure 6 shows·. the results of . such. an e:xperiment. · Here. zinc tetraphenyl

porphyrin is being reduced by benzoln, which is an 'ene .... diol resembling 

ascorbic acid in 'some respect. The solid line in Figure 6 is the spectrum 

of the porphyrin~ an~ after·· 7 minutes of illwnination the porphyrin is dropping 

and the chlorin is coming in. After one and one-half hours of 1llumina'l:;ion, 

most of the dye is in the form of the cblorin and most of the porphyrin is 

gone. The quantwn yield of this reaction was extremely small, much smaller 

·than that for the transformation in the other direction, but it involved, I: 

believe, a storage of chemical enere;y .· · 

The reaction does not generally stop at the dihydro• stage but goes on 

into the tetrahydro- a.nd hexahydroporphyrin stages. The various relationships 

of these porphyrins are shown in Figure 1 which illustrates the hydrogen trans-

fer reactions that have been demonstrated for ·this particular porphyrin. The 

first of' these reactions was the transformation of chlorin by light into 

porphyrin using quinones as the acceptor. The reverse reaction, that is, the 

transformation of porphyrin into chlorin using ene-diols, is a variable one, 

depending on the ene-diol and also on.the conditions of the reaction. The 

chlorin can then go further, into a tetrahydroporph~Tin, which is a very good 

reaction compared to the first one. This result was in keeping with the 

notion that perhaps chlorophyll in the green plant was fWlctioning not between 
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Photoreduction of Zinc Tetraphenylporphin 

by Benzoin in Benzene 

I 
I 

~ 

Run XI of Table VIII 

1. at start 

2. after 7l minutes 
111uminatlon by 
sunlamp 

.1 
"""' __ ..,. ..... ,..... .......... __ ,.. 

450 5 0 650 

Wave length 

I» 
3 • after 17~ minutes lllumlna tlon ..., 
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Fig. 6. Spectra showing photoreduction of zinc 
tetraphenylporphin by benzoin. 
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benzoin or dihydroxyocetone, bose, light: 

PORPHIN I l CHLORIN 
variable yield 

f I 
Quinones; light high yield 

Quinones· light; high yield Oxygen· dark__i low yield 

benzoin, no base; light benzoin or dihydroxyacetone 

low yield 
ITETRAHYDROPORPHINJ 

light; high yield 

oxygen; dark· high yield benzoin benzene plus 112% piperidine; 
lic;~ht; variable yield 

HEXAHYDROPORPHIN 

Mu-8411 

Fig. 7. Redox relations among the zinc tetraphenylporphyrins. 



chlorophyll and protochlorophyll but between the chlorophyll and dihydro-

or bacteriochlorophyll. The latter reaction does not stop at the tetra

hydroporphyrin but under vigorous conditions it can be pushed to the 

hexahydroporphyrin. 

The r·everse reaction,. namely, te.trahydroporphyrin and quinone, goes 

dircc tly to porphin. The d) hydro -for.LD. is not observed in be L.we~n. The 

reaction of chlorin is much faster so that the accumulation of chlorin 

is not seen. The nexahyr.lro-;f'orm·will auto-oxidize, even in the durk, with 

oxysen to give the' tetrahydroporphyrin very readily. 

Thermodynam.i.d Rela·tionships 

'rhe question .arises as ·to what indeed are the various energy levels 

of these. porphyrins wi·th respect to ·water,· pyrldine ·nucleotide, oxyi~en, etc., 

the various molecules which are involved in the process of photosynthesis 

itself. There is no direct and wJequivocal information about the energy of 

these various transfor.LD.ations, primarily because the energy of' hydrogenation 

of porphyrin to chlorin, or chlorin to dihydroch.lorin, is not known. Only 

indirect information is available about this, and one must deduce, by indirec

tion, what these energies might be. It is interesting to note what is 

evolved if one makes the best estimates one can about the energies involved 

in these transformations. 

In the conversion of a porphyrin to a chlorin, a double bond is hydro

genated to give the dihydro compound. In doJng so, the conjuga·ted macrocycle 

is not destroyed. One such double bond can be removed without destroying 

the cOnJugu.ted macrocycle, and in bacteriochlorophyll, two such double bonds 

can be re1noved and a con,jLtguted macrocycle still exists. Therefore, as a 

first approxinw:Gion, I would su_ggest that \ve use, in attempting the thermo

dynamic estimate, a 6II for this reaction cf about -30 kcal, \Ihich is 

.. 
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approximately that of a substituted olefin.* 

porphin + H2 --~) chlorin 6.H "" -30 keels (1) 

In order to estimate the energy for the hydrogenation of the pyridine 

nucleotide, one must remember that the free energy of this reaction is very 

nearly zero, that ,is, the reduction potential of TPN is very nearly the 

same as that of molecular hydrogen• If the free energy of this reaction is 

near zero, ~he heat ~ill be equal· to the entropy loss, which is 9 kcal. 

(2) 

The reason for· this figure ~eing so small is that a very large aromatic 

reso1.1ance is destroyed and that is why there is 20 keel less energy evolved 

in the hydrogenation of this material (TPN) than i:n the hydrogenation of 

an ordinary olefin. 

Combining these two reaction. a, one can write for the hydrogen transfer 

from chlorin to pyridine nucleotide to give reduced pyridine nucleotide: 

chlorin + TPN ·---t; Porphin + TPNH2 6H ,...,. 20 keels 
or or 

(dehydrochlorin) (chlorin) 

This is an 'uphill 'reaction of the order of 20 kcal. To complete the cycle,' 

(3) 

the dihydroporphyrin has to be recovered. What is available now is a porphyrin 

(protochlorophyll, if the reaction is running between chlorophyll and proto-

chlorophyll) which has to be returned to the chlorin stage in order for the 

reaction to continue. The hydrogen for this return must ultimately come from 

water, knowing what we do about the stoichiometry of the photosynthetic 

* The relation of proto.::::,phlorophyll to chlorophyll might very well be 
materially different due to the steric requirements of the isocyclic (c5) 
ring. Here one might expect somewhat less steric interference in the 
chlorophyll and thus the 6H might be more negative. 
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reaction. The energy of getting hydrogen from water is +56 kcal. This 

reaction can now be combined with the hydrogenation of the porphyrin to the 

dihydroporphyrin: 

l:.H ,....., +57 ltcals (4) 

Porphin + H2o ~chlorin + 1/2 o2 l:li ,.._ +26 kcals (5) 

The pb.otolysJ.s of water has now beep divided into two steps, (5) and 

(3), one of-which is. the transfer of hydrogen to the porphyrin, if the 

reaction is running between porphyrin and chlorin (5). The calculations 

for the two reactions between chlorophyll and bs.cteriochlorophyll would 

be exactly thesame·as far as.our precision is concerned. The total energy 

required for the reaction of. two electrons -· the generation of one-half mole 

of oxygen -- has now been divided into two approximately equal parts, with 

one reaction 'uphill' approximately 20 kcal .and the second one approximately 

25 kcaL 

In actual fact, this half mole of oxygen probably does not come off 

directly as molecular oxygen but goes through some oxygen acceptor species 

which then goes on to molecular oxygen. Reaction (5) would thus be broken into 

several steps, the size of which would depend on the nature of the unknown 

oxygen carrier. 

Our model reactions have indeed shown that hydrogen can be transferred 

from dihydroporphyrin to an acceptor. Unfortunately, .this particular hydrogen 

acceptor -- quinone -- is a very good one (not as poor a. hydrogen acceptor as 

pyridine nucleotide), so it does not really correspond to such a transforma

tion as ( 3) with a +L\H. The fact renmins, heM ever, tha. t light will produce 

a.11 excited state which induces the transfer of these hyd,ro·sen A. toms to an 
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acceptor. The reduction of the double bond has been achieved only with 

much better hydrogen donors than water. They have always been relatively 

good reducing agents, such as ascorbic acid and a variety of other ene-diols 

or hydrazi~es which are the common materials used for this kind of trans

formation. 

In fact, the photochemistry of chlorophyll models, and chlorophyll 

itself for that matter, has not yet produced ~solution a model reaction in 

which such reactions as those described above, which involve relatively large 

energy storage acts, have been accomplished, 

CHLOROPHYLL PHOTOSENSITIZED TRANSFORMATIONS 

Hydrogen Transfer Reactions Catalyzed by Chlorophyll 

Let us return to the sensitized hydrogen transfer reaction which is what 

one of the overall reactions of photosynthesis is presumed to be (hydrogen 

transfer fro~ water to pyridine nucleotide) and determine which ones may be 

catalyzed by chlorophyll. The classic examples are the hydrogen transfers 

from materials such as ascorbic acid and hydrazine to dyestuff-acceptors such 

as azo dyes (methyl red). These reactions have been known for some time, and 

in the last 15 years they have been studied a great deal, particularly in the 

Soviet Union. ·ene such reaction is called the Krasnovskii reaction after the 

man who has spent a great deal of time studying it.(42,43,44,46,47) 

Krasnovskii used chlorophyll and porphyrin model substances as sensitizers to 

transfer hydrogen from a variety of donors (ascorbic acid, particularly) to 

methyl red and other azo dyes. He did it under such conditions that he was 

able to show two steps as separate events, that is, the transfer of hydrogen 

from the hydrogen donor to chlorophyll to give some intermediate, followed 

by the transfer of hydrogen from this intermediate to the hydrogen acceptor, 



-19-

giving back again the initial chlorophyll. By cooling the reaction mixture, 

and performing the experiment 1a a basic solvent such as pyridine, Krasnovskii 

was able to show that chlorophyll plus ascorbic acid, without the addition of 

a hydrogen acceptor, would go from a green color to a pink color. This pink 

cclor was presumed to be some intermediate, not necessarily bacteriochlorophyll, 

since the spectrum did not correspond. The :react:f.on reverses in the dark, 

and the 'pink' intermediate is not a radical. (49) 

8
(27,42,43,44,46, 

The general result of all of these studies is shown in Figure 4?) 

in which the whole series of.transfo~tions is systematized. The chlorophyll 

absorbs the light, the excited chlorophyll (probably in a triplet state, as 

the kinetics indicate that such is the case) removes either a hydrogen atom, 

or an electron from the donor (AH2) to give what Krasnovskii believes to be 

a radical, or a radical ion (Ch), {at low temperatures, he believes he has 

caught this radical ion (45 ) ) leaving behind a positive radical (AH2t) which 

then dissociates to give a proton. The free radical or ion (AH or AH2+) can 

then go ahead and reduce another chlorophyll, and the free radical ion of 

chlorophyll (Ch-) can hand on the hydrogen atom, or electron (or both) to 

the dyestuff (Dy) to give back the chlorophyll starting material and the patzly 

reduced semiquinone of the dye. This, then, finishes its reduction, either 

by combination with a radical or by taking a proton directly off the hydroge« 

donor itself, to give the colorless dyestuff and the dehydroascorbic acid or 

other dehydro compound. This is a generalized scheme which appears to apply 

for a whole variety of hydrogen donors, hydrogen acceptors and sensitizing dyes. 

The reaction will work, for example, with acridine orange as the sensitizing 

d~e, for allylthiourea as the hydrogen donor, and for oxygen as the hydrogen 

acceptor. 
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CHLOROPHYLL SENSITIZED REDUCTION 

OF DYE BY ASCORBIC ACID ( Krasnovskii, 

Evstigneev) 
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Fig. 8. 
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In general, these reactions do not involve the storage of any energy, 

that is, the reaction hydrogen donor + dyestuff ------~ reduced dye + dehydro 

hydrogen donor {ascorbic acid, etc.) is thermodynamically positive; the energy 

is 'downhill' in that direction. However, there are a few cases in which 

the reaction seems to be reversible, that is, when the light is turned off 

there follows the reappearance of oxidized dyestutf. Whether this indeed 

·represents a small degree of energy storage (a few kcal) or whether it 

represents a trace of oxygen in the· reaction mixture which, in general, 

will oxidize most of these reducedmaterials, remains to be de-monstrated. In 

any case, there is no great storage of free energy in this system; most·· 

frequently these reactions are 'downhill' thermodynamically and will l•ot go 

backwards. When they do go backwards, it seems as though these dihydro dye-

stuffs are auto-oxidizable and traces of oxygen in the reaction mixture may 

carry them back. 

There are a number of photochemical electron transfer reactions involving 

dyestuffs unrelated to chlorophyll which apparently do consti tu·te some energy 

storage., One of these is the reaction (1,10, 54) Here also the energy storage 

tbionine + Fe++ b-v > 
( 

dark 
leucothionine + Fe+++ 

is small (""" 5 kcals per quantum) at best. 
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PHOTOPHYSICAL EFFECTS IN MODEL SYSTEMS 

Enere;y Transfer in Solid Systems 

'!'he failure of all of these various types of solution model reac-

tions to provide a cas.e where energy of the order of 20 to 1~0 kc.al per 

quantum is being stored is in itself significant. I thinl'>. it may be demon-

strating that this is not the direction in 'vhich to look for the energy-

storing rea-ction in photosynthesis. Some years back as the structure of 

the chloroplast became somewhat clarer to us (primarily through electron 

microscopy) (28.:, 66 ): and as our knowledge of the photochemical or photo-

physical behavior of ordered systems developed in the form of a body of 

theory and information on·the photoresponse of atomic crystals ( 3l, 70 ), 

the notion that the photosynthetic appe.ratus might not be functioning as · 

ordinary molecules in solution but rather as something approaching mole-

( 13, 67 ) cular crystal behavior became popular. 

We undertook to seek possible models for such systems in the labora-

tory. In addition to the electron.microscopy on the chloroplasts, there 

was, of course, the very well known fact that the abso1~tion spectrum of 

chlorophyll in the living organism is not identical with the absorption 

spectrum of chlorophyll in solut.ion. This, together with the ordered 

structure that was seen in the electron microscope, suggested that the 

chlorophyll in the living organism might be in a physical form quite differ-

ent from a true solution. The difference in the spectra is quite obvious. 

The solution spectrum of chlorophyll has a peak at about 6600 A and the 

living organism chlorophyll has its peak somewhere near 6800 A. This longer 

vravelength shift from 6600 to 6800 A is exactly the kind of shift observed 
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in the spectra of all sorts of pi-molecules when they are packed in cry-

stale. When the pi-clouds of large, conjugated systems are brought close 

together there is an interaction which shifts the energy of the excited 

state (or the difference between the ground and the excited state). This 

is quite co~non in·all pi-molecules and in chlorophyll it has been examined 

by Rabinowitch and by Trurnit. ( 35, 71 ) Figure 9 shows the so-called 

emorphous solid layers of chlorophyll have absoiJ?tion in the 6800 A llgion, 

and when the chlorophyll layers are allowed to 'crystallize' the absorption 

spectrum moves out to a~ost 7200 A. Intermediate spectra of chlorophyll 

can be obtAined, depending on the nature of the monolayers, in l<hich the 

peaks lie between the 6600 -A.of the true chlorophyll solution peak and the 

7200 A peak of the crystalline chlorophyll. 

Phthalocyanine as a Model for Chlorophyll Energy Transfer 

The ordered structure of the chloroplasts, as observed in the elec.-

tron microscqpe, together with the difference in the chlorophyll spectra in 

solution and in the crystalline state, were some of the things which induc¢d 

us to think in terms of solid lattices as a possible way in which the energy, 
in 

which is absorbed/the chlorophyll molecule, might be handled in the chloro-

plast and in which the oxidizing and reducing power might be separated. Again, 

we sought models of various kinds so we could experimentally develop some 
which 

concepts for such a separation, and here we turned to the experiments/were 

begun in the Soviet Union in 1949 by Vartanyan (73,7~· and which were extended 

by Eley in England ( 22, 23, 24 ). E~ey examined the electronic pro-

perties of crystals of a very stable molecule related to chlorophyll namely, 

phthalocyanine, th~ structure of \vhich is shown in Figure 10. One can again 

recognize the tetrapyrrolic structure of the pigment and this molecule has 
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some reeemblo.nce to the porphyrin structure previously discucsed. There 

are major differences, however, vrhich must be kept in mind: the bridginr; 

atoms in phthalocyanine are nitrogen atoms instead of carb9n atoms, and 

fused onto each of the pyrrole l'ings is a benzene ring 11hi.. ch, of course, 

changes the nature of the compound considerably. It happens that I 

became familiar with this molecule in 1937, shortly after its discovery by 

Lin' stead, and participated in the demonstration of some of its catalytic 

abilities at the same time that Eley 1·ras lvorking with it. ( 16,17) Eley 

has gone on to examine the electrical properties of phthalocynnine, and in 

recent years lve turned to this also. 

Phthalocyanine is a very stable substance, easy to prepare and not 

easy to destroy (compared to chlorophyll) and we used it as a model in our 

photophysical measurements. The first ex ,Periments undertalcen :\vere to demon

strate the effect of eJe ctron acceptors, or electron donors, added to 

crystalline phthalocyanine, on its conductivity and its photoinduced con

ductivity. These experiments were one step beyond what Vartanyan and Eley 

had done. They studied primarily the behavior of what they believed to be 

the pure phthalocyanine. 

We made layers of phthalocyanine on a conductivity cell and then 

added electron donors or acceptor to it to see what effect these would have 

on the electrical conductivity in the dark and on the photoinduced conducti-

vity. ( ;8, '>9;40 ) Figure 11 shOllS such a conductivity cell 1-lith the 

electrodes, on top of vhich is placed a layer of phthalocyaninc. On top of 

that is laid the layer of electron acceptor. 'l'he results of ex:perimen~s 

using such a conductivity cell are shown in Figure J.~ 1-rhere the solid J:lrw 

gives the effect of added electron acceptor on the darl>. current. The dark 

current conductivity of such a smnple, if electron acceptor if; added, goes 
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Fig. 11. Diagram of sample cells (conductivity). 
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up as much as seven powers of ten. The same type of thing is true of the 

photoinduced conductivity uhich goes up by as much as five pov1ers of ten 

as electron acceptor is added on top of_ the layer of the phthalocynnine. 

I shall not tl"Y to review all of the kinet.ic and spectral studies lvhich 

have been performe:d on this phthe.locyanine system, but I shall show only 

a fevr of the highligh·t;s and then p:cesent to you what lre believe to be the 

behavior of this molecular crystal in electronic terms. 

lllien -~hese electron acceptors \vere added to the phthalocyanine 

layer, it was found tl1at electron transfer took place, from the phthalo

cyanine to the electron acceptor, even in the dark, as evidenced by the 

presence of free radical like signals, determined by electron spin resonance, 

in such a 'doped' or treated phthalocyanine sample. (4°) This is shown in 

Figure 13, and the interesting fact is that by treating (doping) the 

phthalocyanine \lith electron accpetor (o-chloranil) we increase the dark 

current and also increase the light-induced conductivity. When the light 

iS turned on such a sample as this, the number of unpaired electrons is ~

creased as indicated by the electron spin signal. Figure 14 shows how this 

system behaves. The conductivity, of course, goes in the reverse direction,; 

when the light is turned on, the canducti vi ty increases and vrhen the light 

is turned. off, the conductivity decreases, with rates corresponding to 

these spin signal changes. 

Figure 15 shows the relationship between the kinetics of the spin 

signal behavior and the several other associated phenomena in the 6ame lattice, 

such as conductivity, etc. Figure 16 shows the interpretation of these 

phenomena. They are interpreted in terms of electron transfer from phthalo

cyanine molecules, in the lattice, to the o-chloranil to give positive ion· 

radicals of phthalocyanine -.:hich are in a crystal lattice, and these are 

'· 
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ELECTRON SPIN RESONANCE SPECTRUM OF 

0-CHLORANIL "DOPED" METAL FREE PHTHALOCYANINE 

Fig. 13. Electron spin resonance (ESR) spectrum 
of o-chloranil-doped phthalocyanine. The 
curve represents the first derivative of 
the absorption. 

UCRL.,;.9170 
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EFFECT OF ILLUMINATION ON THE ELECTRON SPIN RESONANCE SIGNAL OF 
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ODECAY OF PHOTOCONDUCTIVITY AT 25° C 

1:J. DECAY OF LIGHT INDUCED POLARIZATION 25°C 
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MU-17731 

Fig. 15. Semilog plot of time dependence of photo
conductivity , -ught-induced ESR and light
induced polarization in doped phthalocyanine. 
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·responsible for the conductivity (Figure 16-1). The electrons on the o-

chloranil negative ion radical are not mobile and presumably they are the 

·things which the ESR equipment sees. Wl1en the light is turned on, it is 

absorbed .bY the phtllalocyanine, and the exciton can migrate around in the 

phthalocyanine until it is ionized (Figure 16-2). ~lis ionization may take· 

place either at some unknown center, or the exciton inay come directly in 

contact with the o-chloranil negative ion, transferring a second electron 

to the o-chloranil negative ion, thus reducing the number of unpaired 

spins but increasing the conductivity. In the dark the reverse reaction 

occurs. Whe~ light at 4000 A is used, the reverse effect is observed, 

that is, there is a ·transfer of the electrons from the o-chlorax::&il negative 

ion radical into an unoccupied orbital of the phthalocyanine crystal. 

(Figure 16-3) This is also &1 easily movable electron rather ~han a 

trapped one, a~d it will immediately and rapidly recombine with the con

ducting holes (positive :ion centers) origit~ally present in the lattice 1 
in 

thus resulting/a decrease in conductivity but an increase in electron spin 

signal (Figure 16-4). 

Figure 17 shows a representation of the phthalocyanine negative ion·, 
phthalocyanine · 

phthalocyanine itself,/positive ion radical, a-quinone, o-quinone negative 

ion radical and o-quinone double negative ion, in molecular orbital terms, 

· to call to mind the way in which we have been thinlting about the pi-energy 

levels of these conjugated molecules. 

The actual processes 'ivhich were seen in Figure 16 can now be illus~ 

·trated in terms of molecular energy levels, and Figure 18 shows that inter-

pretation. Heaction (L) is a transfer, in the dark 1 of o.n elect,ron from the 

highest occupied phthalocyauine orbital to the lo"':est unoccupied o-quinone 

orbital, leading to the formation of phtha.locyanine pos'itive i.ons. This 
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occurs in the crystal: lattice so these are coxiducti vi ty holes) and the 

trapped electrons are in the o-quinone negative ion. The lo-vrest unoccupted 

quinone leve1 is shmm bclm . .; the highest phthalocyanine occupied level, 

and this reaction takes place quite spontaneously in the dark. The photo-· 

chemical transformation (Reaction (2)) involves, first the excitation of 

the phthalocye.nine itself, which could be represented by the raising of 

an electron from the highe.st occupied pi orbital(or from a U-n orbital) 

t.o the lmvest unoccupied pi orbital which must lie very nearly at the 

same level as the singly-unoccupied orbital of the a-quinone negative 

ion. The reason for this shift of rela"Gj.ve levels is that,whereas in 

the first instance transfer is occurring from one neutral molecule to 

another, here the transfer is from a neutral molecule to a negatively

charged already singly-occupied orbital. 

The third process, in Figure 18, the one represented by the de

crease in photoconductivity by illumination at 4000 A, invol-ves 'the ex

citation of the electrons in the o-quinone negative ion up to an excited 

orbital 11hich can then be transferred into the lowest unoccupied orbital 

o:f the phthalocyanine crystal. (a conduction orbital). This, then, is 

a relatively mobile electl·on w·hich can rapidly find and neutr·alize the 

conductivity holes in the :phthalocyanine lattice, leading to e. decrease 

in conductivity. These represent the principle processes shown in Figure 16!. 

Figure 19 shows the actual separation o:r charge that can be accom

plished in this mod.el system if it is constructed properly. Here is shown a 

matrix of phthalocyanine. on the surface of which lies an o-quinone 

layer. There will be some negative charge trapped in the o-quinone 

{acceptor) le.yer, and the positive charge will remain in the phtha.locyanine 

(donor) layel·· This will in<J.·uce a r·olerization in the pair of electrodes 
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Fig. 19. Schematic diagram of polarization apparatus. 
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between which the double layer is placed. The polarization ,.,ill be in

creased by shining light absorbed by phthalocya.nine on the double layer, 

in which case there will be an additional accumulation of negative charge 

in the quinone and an additional accumulation pf positive charge in the 

phthalocyanine. This is exactly what happened ( 40 ), and it is 

a photochemically-induced separation of oxidizing power (positive holes) 

and reducing p01Ver (quinone double negative ions). Presumbly, this sort 

of thing could occur in the individual layers which can actually be seen 

in the chloroplasts .• 

THE RELATION TO TI:IE PHQrOOYNTHETIC APPARATUS 

What bearing does this information have on the photosynthetic 

apparatus itself? The obvious relationship is that the phthalocyanine 

might be considered as a model for the chlorophyll layer itself. The 

.electron acceptor, here listed as o-chloranil, might indeed be some elec

tron acceptor in the chloroplasts such as Coenzyme .~55 (Plastoquinone), 

(8, 2o, 41, 48, 6o ) which conceivably could have a function 

similar to the :function that the o-chloranil has in t.lc<.: ;n0del system, but 

with certain differences. 

Electron Spin Resonance in Chloroplast Materials 

If this in a model for the actual chloroplast bebaviorJ then 11e 

shouJ.d see some of' these electronic properties in the chloroiJ1a:::<t 1 tnelf. 

First of all, the change of absorption spectrum in the chloro:plasts fron1 

that of a true solution has been mentioned earl:Ler. Unfortunately, \ve cannot 
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place electrodes on either side of the lamellar layers of the cruoroplasts 

as we have been ble to do in the phthalocyanine system, rut there are o 

number of .:properties which cnn be observed. · One of these in the generation 

and disappearance of the unshared electrons which we have seen manipUlated 

in the model system.· Figure 20 shows the photoproduction of unshared elec-

tron pa:Lrs in l-rhole spinach chloroplasts at room temperature und at 

... 150°C ( 64 ) . The :fact that unshared pairs of electrons can be produced 

by red light is in itself' some indication that rather profound changes ore 

occurring in the chloroplast. These cannot be due to triplet states be-

cause the interaction of the two electrons in a.eingle trip~et molecule in 

randomly-arranged chloroplasts would broaden the signal so as to make it 

unobservable. ( :54 ) The direct photochemical fission of a chemical bond 

(by, some sort of predissociation process) seems entirely unlikely by a 

quantum supplying no more than l~O kcals of energy at most. 

As in the model systems these signals must be due to the generation 

of unpaired electrons somellhere in the system. The fact that they can be 

0 
induced by red light, and induced just as ·rapidly at -150 C as they are at 

0 . .. 
+25 c, suggests that this is not due to an ordinary chemical reaction which 

requires any kind of activation energy. If that were the case, the formation 
0 . . 

reactions at -150 should have very different rates than the reactions at 

+25°, and they do not. In Figure 21 you can see the growth and decay of 

these signals, as far as they have been measured. At room temperature the 

signal rises just as fast as the instrument can measure it and part 

of the signal falls very rapidly when the light is turned off, thus indicat-

'* ing the presence of at least two different lt.inds of unpaired electrons. At 

0 
-150 the rise of the signal is just as fast as the instrument can follmr 
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it; but in the case of the chloroplasts it does not fall at all at low tern-
back- -

peratures, indicating that the/reactions in this case do indeed have a tem-

perature coefficient. 

ln. tile case of Rhodosprilltun rubrum the reaction is also complex; 

a~ne of it has a temperature coefficient and some of .it does not. Figure 22 

sh01m the Rhodosprilltun signal grmvth and decay ( 1~. At both -¥2.')
0 

and -150° 

the growthand decay vere as fast as the instrument could follow. In the inter-

mediate temperature regions, some fraction of the decay was slovr, indica t-

ing that this is a complex signal made up of several different kinds of un-

paired electrons, probably fOlimed in sequence. At low temperrtures there 

are ~ slowly-formed tmpaired electrons; they are formed extremely rapidly 

end they decay extremely rapidly. 

The Structural Requirement 

One could ask the question: Is the chloroplast needed to produce 

such unpaired electrons 'i Could not such unpaired electrons be produced 

photochemically, Just using the chlorophyll and its associated pigments? (12,55) 

This experiment has been performed by several worke:t·s ( 61 ), including 

some in our own laboratory ( 2 ). Figure 23 shmrs the production of such 

unpaired electrons by the pigment.s which are extracted by methanol from 

chloroplasts. The signals so produced at 25°C are quite diffe:re nt from the 

signals produced. in the whole chloroplasts, either at room temperature or 

at very low temperatures (Figure 2.3). The signals in the chloroplasts llere 

10 to 20 gauss 'ride and the signals in the chloroplast extracts are only 3 

gauss 11ide. Furthermore, their decay at room temperature is slow c01npared 

to the decay of signals in t.re chloroplasts. It is clearly possible, there-

rore, to produce such signals in methanolic extracts, and if this metlwnolic 

extract is ~1oroughly dried, tl1ere is no signal. Furthermore, if the methanolic 
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extracts are fractionated by petroleum ether so a cleaner chlorophyll is· 

obtained, then the. signals that are produced are broader· and smaller.· 

Carotenoid Requirement 

There ·is. one dher type of experiment 1vhich has been performed in an 

attempt to determine the point at which these signals originate in the 

chloroplast and the factors vrhich determine this point, and that is the ex

periment done 1vith Rhodopseudomonas, of which we have t'loro types: the wild 

type vrhich contains carotenoid and the mutant ( 65 ) which does not con-

tain the conjugated carotenoid. An attei!lJ?t was made to see if the conjugated 

carotenoid ,.as involved in the photoproduction of the spin signal (4,5 ) 0 

Very nearly the same characteristics in the signal are obtained (Figure 24) 

( 5 ) vrhether the 'tdld t:y:pe or the mutant type (which does not contain 

the carotenoid) of Rhodopseudomonas is used. The signal is characterized by 

various physical methods such as the signal growth rate, decay rate, band. 

width; etc. 

Apparent Spectral Efficiency 

Finally, an apparent action spectrum.for the production of these 

signals ( 6) ) both in the green plant material (Chloroplasts) (Figure 25) 

and in the red bacteria (Figure 26) are shown. This apparent action spec

trum is a very curious one and has a peak at about 7200 A, with. a minimum 

approximately i'lhere the peal~ of absorptio~ of the chloroplyll in the 11 ving 

organism· is 1 namely, at 6800 A. ( 59) A similar behavior for the appar

ent action spectrum of the si.;nal production in the Rhodospirillum appears, 

namely, one in which the maximum for the production of -the signal is at 

someul1at longer ~Vavelength (9100 A) than the maximum for.the pigmen~ absorp

tion (38oo A) ( 59). 
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Part of this shift of the -vravelength for most efficient spin signal 

production is certainly due to the 1.:ray in vrhich the experilnent vras perfonnea. 

The samples were totally-absorbing and relatively tl~ick (,.; 0.1 mm). This 

resulted.· in' the total absorption of the maximally-absorbed light (6800 A 

:for the chloroplasts and 8800 A for the Rhodospirillum) in a very thin 

layer near the surface of the sample. This situation resulted in the pro" 

duction of unpaired spins at a very much higher real concen·tration than would 

be the case if the light were absorbed throughout the sample. This latter 

situation would be approached by light of wavelengths not so strongly ab

sorbing, such as wavelengths on either side of the absorption lliaximum in 

both cases (68oo A for the chloroplasts and 8800 A for.the Rhodospirillum). 

Since there is an indication that the decay rate of the spin sig

nals is gi~ea.ter the highe'r their concentration, it is easy to see that any 

atte~t to measure the number of spin si~s produced for a constant 

incident number of quanta will be. in error on the side of too few elec

trons per quantum absorbed, the great..er is the concentration of the un

paired spins produced. This 'lvould depress the apparent number of spin sig

nals produced at the very point of mnximum light absorption, as indeed is 

the case. This, hO'vever 1 is not enough to account for the fact that the 

efficiency of spin signal production is actually higher on tl1e longer side 

of the maximum light absorption than it is on the short side of the maxi

mum. In order to account for this, another process must be invoked. 

Something else besides the simple·absorption of light by the 

chlorophyll into its ordinary excii;ed state at 6800 A is involved in the 

production cxf the spin signal. Presumably there is another state, or 

another substance, '\vhich leads to the maximum at longer '\vavelengths. In 
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the crystal spectra of the monolayers of cluorophyll (Figure 9) there 

was indeed in the crystalline layers a peak at 7180 A. ThE, together 

with the fact that our spin signal occurred at ,v 7200 A, prompted us to 

seek some evidence for another excited state in the living organism1 

somewhere around 1200 A. 

In looking back over our earlier studies on .the luminescence of 

living organisms ( 68, 69 ) we did indeed find emission at 7200 A. 

In Figure 27 is shown the emission spectrum of Chlorella f!S it has been 

observed for long-lived emission, and you will notice that there is a 

peak at 68oo A but there is a very prominent shoulder at 7200 A. This 

was originally interpreted as due to self -abosprtion of the ordinary 

fluorescence. However,·· the :fact that this is such an asyrmnetric curve 

now seems to s-uggest that there me.y be another emission band somewhere 

b~yond. 7000 A~ 

A better experiment was performed by Brody ( ll) in which he found 

exactly that 1 a very pronounced emission with a peak at 718o A shown 

in Figure 28. The ordinary fluorescence spectrum o:f Chlorella has a peak 

0 
at around. 6900 A, but if one cools the Chlorella to -190 C a strong 

emission at 7180 A appears. This cannot be a self-absorption effect, be-

cause if it were, there would not be a minimum between the two absorption 

peru~s. This means that there is a new state emitting, quite a different 

one from the one producing :fluorescence emission at 6900 A. The triplet 

emission is cut still fUrther at around 7600 A and this has been observed 

in pure chlorophyll samples. Brody .has seen the 7180 A peak both in whole 

Cb.lorella as ,.,ell as in concentrated chlorophyll solutions, and he believes 

this to be the emission of a state o:f aggregated chlorophyll and quite differ-

ent from the triplet emission but corresponding to som~thing vrhich exists in 

... 
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the living organism. Another possibility is that it may be the lOi·lest 

niT* state as distinct from the more readily reached 7TII* state. 

One can presume, no"tv1 that excitation to such a state as this is 

required in order to produce·the unpaired electron, and that. this may 
exciton 

·occur either by resonance transfer of/energy amongst the chlorophyll mole-

cules until it comes to molecules so situated that this state may be excited, 

or by direct excitation of th:Is state by absorption, as presumably -we have 

done Hhen 'We examile d the action spectrum :f'or the production of unpaired 

spins. Failure to observe a distinct absorption peak at this point vrould 

have to be accounted :tor. What the nature of this emitting state is re-

mains to be seen. It could be, of course, that this state is one from 

"f hich an electron transfer to a certain low-lying acceptor occurs. Energy 

absorbed in the 6800 A state might be degraded to this emitting state to 

produce the same electron·transfer, or might be use.d directly from the 

higher energy state to trans:;f'er an electron. to a some'What hl.gher-lying 

acceptor. 

It should be noted that this mmld, in fact, correaJlOJ.1d to two. 

different types of primar.y quantum conversion processes. Such an idea has 

already appeared in the 'WOrk of Emerson ~5 ) which has s1m:e been explored 

further by Frerich and IVers ) ~,57 · ) . Emerson had observed that the 

apparent long wave limit for photosynthesis was shifted to still longer 

wavelengths (some'\vhat beyond 7000 A) i::f' light of shorter wavelength (around 

6500 A) '\res also present. A further examination of this effect by t.zyers and 

French seemed to confirm the suggestion that the quantum yield of an incre

ment of 7000 A light is greater 11hen light of shorter wavelength (around· 

6500 A) is also impinging than when it is not. In addition to this, Myers, 

follmring Blinks ( 9 ), observed a number of transients in changing from 



-55-

one wavelength of light to another which are best interpreted in terms of 

the requirement for the collaboration of two different products resulting 

from two different quantum conversions, one in the region of 6500 A and 

another in the region of 7000 A. 

It is tempting to suggest; following the analogy of the phthalo-

cyanine model experiments described earlier, that coz-responding to the 

two model pi&me.llts 1 we have present in the chloroplast both chlorophyll and 

plastoquinone ( 8120p4~ The plastoquinone in this case would not have a 

sufficiently low-lying orbital to act as acceptor to the chlorophyll in its 

ground state, but could accept an ele;}tron from chlorophyll brought to an 

excited sta-u by illumination, corresponding to the '7200 A emission. The 

transfer of a second electron to the quinone negative ion radical thus 

produced v.uuld require the excitation of the chlorophyll to a somewhat 

higher state vThich could result from absorption at 6800 A or shorter wave-

len€:,rth: T!.,.e quinone double negative ion thus proauced. would then be a 

sufficiently powerful reducing agent in its lipid medium to reduce such 

enzJ~tio cofactors as lipoic acid or pyridine nucleotide ( 1~. 

The remaining positive ion in the chlorophyll matrix 1-muld have to 

find its way to some donor, ultimately accepting electrons from water. 

These donors miglrc very vrell be other metal ions such as iron which is 

very common in the chloroplast and 1-lhich is associated with chlorophyll. 

In fact, a lovt tempenture (70°K) light-induced electron abstraction from 

a ferrocytochrome in a bacterium has been reported ( 19). Room temperature 

phot;o-oxidation of the ferrocytochromes of photosynthetic bacteria has been 

know'1l for some time ( 361 37 ) . ·' 

The system might structurally then bear some resemblance to the ~ 

model (Figure 19) which ue have used, the chlorophyll layer having associated 
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with it on one side the electron acceptor, quinone, in a lipid environ
other 

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

an aqueous environment. Folloving the absorption of' a quantum 1n chlorophyll 

(F1gure ~9 1 equation 1) it 'lrrill migrate by resonance trBnsfcr to E. ouitable 

site near the 'quinone, at which point electron tranafer ·to the quinone will 

take place (Figure 29, equation 2). The resulting vacancy, or chlorophy'll 

positive i>n1 can then migrate by hole diffusion, that is,· electron trans-

·fer from nonnal chlorophyll, 1 nto the vacant orbital of the neighboring 

chlorophyll positive ion. Thio process ;i.s the one in the entire sequence 

which mor-;t nearly resembles the properties of a semiconductor and permits 

the oxidizing point (the chlorophyll positive ion) to separatE:! from the 

reducing point (the electrons in the quinone orbitals) by a process which 

is very nearly temperatur~-independent. The oxidizing point will make 

itself apparent as a chemical change, finally, when it captures an elec-

' tron from a aw.table reducing agent, in this case shown as a ferrocyto-

chrome, thus producing a ferricytochrome and regenerating normal chloro-

phyll (Ji'igure 29, equation 3). 

It is conceivable that in order for the reduction of pyridine nucleo

tide tO' occur, possibly through lipoic acid ( 51 156 ), ti.1e quinone must 

be in the :form o:f' e. di-anion, in which case a second electron transfer 

from an excited chlorophyll to a quinone negative ion radical, produced 

in eq.uation 2 (Figure 29) will take place. This clearly will require some

• what greater energy than the first ·reaction, if only to overcome the 

electrostatic repulsion of t.he pre-existing negative churg€!. It is in-

teresting to view these tvTO steps as a possible means of unclcl'Stend:tng the 

collaborational requirement of light of two wavelengths (7000 A and 6500 A) 

which 1ms mentioned earlier ( 52 ) • 
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Another alternative would involve the transfer of the electron from 

;... the donor (ferrocytochrome) to the excited chlorophyll as the first act. This 

would lead to a chlorophyll negative ion radical in which an electron has 

been placed in the lowest :pi-orbital Of the chlorophyll, The migration 'WOuld 

then have to occur in this form until the acceptor site {quinone} is arrived 

at. 

We prefer the first formulation described above, since every effort 

we have made to find either dark- or photoinduced electron transfer from a 

donor to the neutral phthalocya;nine in our phthalocyanine model has failed. 

Beyond this, :l.n !)ractically ever.y case in -vrhich it hes been determined, the 

charge migration in an organic molecular crystal takes place via hole 

migratlon rather than via electron migration (30). 

CONCLUSION 

In summary, then, we can s.::e that while the solid state model {phthalo

cyanine} allows an approach from a somewhat different point of view, t~e 

net result is· the same as what ivas sought, but so far not found, when we 

looked at. the solution chemistry of chlorophyll (and chlorophyll model aubj 

stances), namely, the transfer of an electron, or hydrogen atom, from the 

excited porpyrin to an electron acceptor at a high reduction level which \!f>.U 

be used to reduce the u~ timate carbon dioxide reducers, follovred by the dena-

tion of an electron, ultimately from water, to the remaining radical ion, or 

lattice, mich produces the net result of the transfer of hydrogen f'rom lrm,ter 

to carbon dioxide. 

Hovr much of the solid state picture will be reg_uired to fuJ.ly under-

stand ti1is separation of oxidant and reductant I t~iru~ is ·yet to be deter-

mined. Hm1ever, I believe it, is quite clear that we ore coming to the same 
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kind of conclusion from both ends, that is, from both the pure solution 

chemistry which involves electron transfer from donor to acceptor and 

from the solid state experiments which involve the SBille kind of electron 

transfer from donors to acceptors. 'rhe dif'terence lies 1n the types of 

lattices involved. The be.ck-rea~~ion' ·~ the solid state experiments is 

. demonstrably slower than-one can visutu.ize for the solution electron trans

fer reaction-in which no provision is made :for the rapid, relatively 

temperature-independent separation. of the products, electron (reducing 

agent) and hole (oxidizing &gent). 

! 
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