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SOME PHOTQCHEMICAL AND PHOTOPHYSICAL REACTIONS OF CHLOROPHYLL
*
AND ITS RELATIVES
*
Professor Melvin Calvin
Department of Chemistry and Lawrence Radiation Laboratory
University of California, Berkeley, California

ABSTRACT

LApril 11, 1960

The‘solutién pﬁotqchémistry of chlorophyll and chlorophyll analogs is
described. Mﬁny céées of'electron_t%ansfer to or from.the porphyrin macro-
cycle havevbeén found, but in no’case has any very large degree of energy
storage beeﬁ achleved. Bécaﬁse of the very rapid'béck—reaction for products
wiﬁh a z\i‘of approxiﬁatély -30 kcal, some solid state models in which such
an energy storagevmight be achleved are described gnd tﬁeir possible reletion
to the‘natural photosynthetic apparatus 1s given.

| We can see that while the solid state model (phthalocysnine) allows an
aﬁproach 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
dioxide reducers, followed by the donation of an electron‘ultimately 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 asnd Life, Johns Hop-

kins University, Baltimore, March 28-31, 19603 to be published in the
proceedings of this symposium.

** The preparation of this paper was sponsored by the U.S. Atomic Energy
Commisdon.,
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How much of the solid state picture will be required to fully under-
stand this separation of-oxidantvand reductant, I think is yet to be deter- g”®
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
solld 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 so0lld state experiments is demonstrably\slower
than one can visualize for the-sdlﬁtion e;ectron transfer reaction in which
no provision 1s made for the rapid, relatively tempersature-independent separ-

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

4‘7*".1’\
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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 into chemical

energy as it occurs 1n photosynthetic‘organisms. The history of the photo-
chemical and similar propefties of ‘chlorophyll and 1its related materials is

an o0ld one. From the very beglnning of the recognltion of chlorophyll as a
(26)

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

steady flow of model experiments with chlorophyll, and related materials,
tfying td discover in simplified systems the types of transforﬁatione 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 1ts relatives were known e 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 1s the photo-
sensitizer, that is, the chlorophyll absorbs the light and causes, in some
way, the oxidation of some other substrate wilth molecular oxyzen; 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 McCollum-Pratt Symposium on Light and Life, John Hopkins
University, Baltimore, March 28 to 31, 13960.
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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 meny substrates. Recent examples of this type of reaction

(57)

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

photosensitized oxidation of a whole variety of materials. One_of the

very early and more quantitative studies was that of Gaffron (29) 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 is, 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 known to sensitize is a hydrogen trahsfer from some reducing agent to
.some oxidized substance. The classic example 1s 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 from:the reducing agent to the acceptor.

Both these types of caseé, 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 electromasgnetic 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 is best to/look at the structural formulas
6f the principal energy-capturing molecules in the photosynthesizing organism.
Figure 1 shows the structural formula of chlorophyll as we now believe 1t 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 té each other.(so)

It is intereSting'tovsee the relationship of the chlorophyii moleéule
to two others, one of which is bacteriochlorophyll (the light-~capturing pig-
ment in the photosynthetié bacteria), and that relationship can also be seen
in FPigure i. There are twp more»'extra' hydrogens'in bactericchlorophyll,
presumably on a pyrrolé ring on a diagonal from the hydrogen-bearingione in
éhlorophyll, and on the No. 1 pyrrole ring the vinyl group has been.trans-

formed into gnvacetyl groﬁp. 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
of workers (62) thdt: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 twolhydrogens to the double bond in ring No. 4 to generate chlorophyll.
An ekamination of these phree formulas shows thls relationship of
chlorophyllvto protochlorophyll and bacteriochlorophyll very neatly. It
shows that the macrocycle of chlorophyll lies midway in the oxidation level
between that of protochlorophyll and that of bacteriochiggi}.W1th 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

glve hydrogen and oxygen, or to give a reducing agent and an oxidizing agent,

and that this reducing agent was used to reduce carbon dioxide and the
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oxidizing agent actually generated oxygen, it occurred to me that the func~
tion of the chloropﬁyll might be as a hydrogen cerrier from the water toward
the ultimate reducing azent which is used to reduce carbon dioxide. Today
we believe one of these ultimate reducing égents to be pyridine nucleotide.
It secmed likely thﬁt the chlqrophyll might be functioning between the

stage of chlorophyll and protochlorophyll, that is, between the stage of
dihydropofphyrin and porphyrin, as a‘transferring egent of the hydrogen
from waterkto.somefhing_else.

This was a very early notion, apd the earliest experiments which were
devised to tesﬁyit, such as doing photosynthesis in deuterated water to see
if the two hydrogens that ﬁeré picked up on the chlorophyll macorcycle were
deuterium, failed of positive results. The first experiment of this kind
was doné by Ruben back befére 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 than that of new synthesis of the entire
molecule. | »

These unsucceséful results then led to the next notion, namely, that
the chlorophyll might be functioning not between the level of pfotOChlorophyll
and chlorophyll (between the level of porphyrin and dihydroporphyrin) but
between the level of dihydroporphyrin and.tetrahydroporphyrin, a8 represented
by bacteriochlorophylli. 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 this, then, was trensferring its hydrogen to the acceptor
which ultimately reduced COp, and we analyzed only for the dihydroporphyrin,

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

been passed on to the ultimate reducing ageht.
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This would reqpire 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 doﬁe in photosynthetic bacteria in
which, presumably, the steady state, or equilibrium, smount 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 and 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-
wment which has been successful, and this 1s 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 isocyclle 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 1t 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 Hydroger Transfer -~ Model Systems

With this background it seems worthwhile to examine some model systems

for photochemical hydrogen transfer. The model systems chosen (long before



~T=

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 respec¢t to incidental transformations.
Chlorophyll itself was relatively difficult to obtain in completely pure
form, so we undertook to synthesize a model substance which wcild not be
subject to the above-mentioned difficulties and which would have only the
porphyrin nucleus and the dihydro- and tetrahyiropecrphyrin possibilities.
Such a molecule is the simple tetraphenylporphyrin whose sfructure is shown
in.Figure 2 in which the four phenyl groups are on the bridring carbon atom
and which cohtuins a simple porphyrin nucleus. This material is relatively
easj to synthesize. It is made simply by heating benzaldehyde with pyrrole
in the presence of zinc ion to obtain a 10-15% yield of the zinc porphyrin
with traces of zinc chlorin in which one of the double bonds 1s reduced.
These substasnces can be separated by chromatography and fraccional crystal-
lization, thelr properties determiﬁed 1ndepéndently and unequivocally and
their photochemistry studied. Figure 2 shows aleo the structure 6f the
zince 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 diétinguish between the dihydropofphyrin, 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 transformstion of one 1o
the other.(al)

The first of these transformations (end the esslest to study) was the
- photoinduced conversion of zinc dihydroporphyrin (chlorin) into zinc por-
phyrin using some hydrogen acceptor. A whole series of hydrogen acceptofs
were used, most of them belng quinones or molecular oxygen. (33) It was

easy to demonstrate a very clean photochemical conversion of dihydroporphyrin
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Zn TETRAPHENYLPORPHIN Zn TETRAPHENYLGHLORIN

MU~-19428

Fig. 2. Structural formula of zinc tetraphenylporphin
and zinc tetraphenylchlorin,
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Fig. 3. Absorption spectra of zinc tetraphenylporphin
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into porphyrin and nothing else. Figure b4 shows the relative rates (quantunm
yields) of the transformations, and the relationship is clear between 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 ofvthe quinone, the faster is
the transfer. Two series of experiments were done, on with para~ and one
with ortho-quinone; 6xygen behaves like an ortho-quinone in the fransformation
and there is a very nicevrelatidn between the potential znd the photochemical
yield . | | |

| Unfortunatély, hone of thesé trans%ers'of hydrogen from‘chldrin to these
oxidation agents (hydrogen.acceptors),involved the storage of chemical energy.
In every case, the the;modynamics is such as to favor the system porphyrin +
hydroguinone (over chlorin + quinone) and the light is simply overcoming the

activation energy. The kinet1cs of these reactions were studied in some

_—— ,
detail (Dorough and Calvin, )y L= and it was easy to demonstrate

thét a long-lived excited state of the chlorin was iﬁvolved, 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.was thé triplet state of the chlorin which has been found in é
whole variety of chlorins, including chlorophyll . (7, 21)
Figure 5 shows th¢ kinetlic analysis of this experiment. You can see
that the quantum yield is depepdent upon the ratio of k3 to k3 + k5, and
what we suggest is that the ratio depends upon the gquinone. You will 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 dependént upén which
quinone you use. In this way we have accounted for the kineitic results., In
this case the hy@rogen acceptor is a very good oxidizing agent and the trans-

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

(%

& %
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Fig. 4. Relation of quantum yield in photooxidation of
zinc tetraphenylchlorin to the oxidation potential
of hydrogen acceptor. '
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MU-8410

Fig. 5. Kinetic analysis of photooxidation of zinc
tetraphenylchlorin.
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'be demons;rated from such a dihydrqporphyrin to a more poWerful reducihg
agent, that is, & ﬁolecule.(iue., pyridine,nucleotide) whicﬁ in its reduced
form was more nearly 11ke.molecular hydrogen, perhaps something of more
direct interest to photosynthesis could be,shown.

The next question té be answered involved the ﬁossibility of doing the
reverse reaction, i.e., tﬁentransféf of'ﬁydrdgen from something which clearly
was not as good a reducing agent as the dihydr0porphyrin to the porphyrin to
make the dihydroporphyrin, this actually would involve a storage of enurgy (58)
Figure 6 shows the results of suuh an experiment Here z1pc tetraphenyl -
porphyrin is being-redgced_by benzoln, ‘which is an enehdiql resembling
ascorbic“acid in ‘some respect. bThé éolid line in Figure‘G 18 the spectrum
of the porphyrin, aﬁd dfter57 minutes bf illuminetion the porphyrin is dropping
end the chlorin is cbﬁing in. After one and one-half hours of illuminatlon,
mést of the d&é is in the form of the chlorin and most of the porphyrin is
gone. .Tﬁe quantum yield of fhis reéction was extremely small, much smaller
-than that for the £ransformétion.1n theiother direction, but it iﬁVOIVed, I
believe, a storage of chemiéal energy. -

The reaction does not generally>stop at the dihydro- stage but goes on
into the tetrahydrbé_and hexahydroporphyrin stages. The various relatlionships
of these porphyrins are shown in Figure 7 which illustrateé the hydrogen trans-
~ fer reactions that have been demonstrated for fhis particular porphyrin. The
first of these reactions was the transformation Qf 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 tetrshydroporphyrin, which 1sva very good
reaction compared to the first one. This result wae in keeping with the

notion that perhaps chlorophyll in the green plant wes functioning not between
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Photoreductlion of Zinc Tetraphenylporphin

by Benzoin in Benzene
Run XI of Table VITI

b
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Fig. 6. Spectra showing photoreduction of zinc

tetraphenylporphin by benzoin,

| N

i

&



-14- UCRL-9170 -

benzoin or dihydroxyacetone, base, light:

PORPHIN +» | CHLORIN
1 variable yield

Quinones; light; high yield Oxygen; dark; low yield |

Quinones; light high yield

‘benzoin or dihydroxyacetone

light; high yield

benzoin, no base, light
—> [TETRAHYDROPORPHIN|

fow yield

oxygen: dark; high yield benzoin, benzene plus 1/2% piperidine;

light, variable yield

[HEXAHYDROPORPHIN| <

MU-8411

Fig. 7. Redox relations among the zinc tetraphenylporphyrins.
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chlorophyll and protochlorophyll but between the éhiorophyll and dihydro-

or bacteriochlorophyll. The latter reaétion‘dées not stop at the tetra-~

hydr0porphyrin but under vigorous conditions it can be pushed to the

hexahydroporphyrin. , - : .
The reverse feaction,.namely, tetrahydroporphyrin and quinone, goes |

dlrccetly to porphin.bbThé dihydro-form is not qbserved in between. The

reaction of chlorin is much:faster 80 that the accumulation of chlorin

is pot seen. The_nexahydrq—fofm-will auto-oxidize, even in the dark, with

oxygzen to give.the;tetrahyﬂropprphyrin very readily.

Thermpdynamid Relationships
The questionjariées'as t6 what indeed are the ﬁarious energy levels

of' these,porpﬁyfin§'With respect’ to wbter,‘pyridiné'nucleotidé, oxygzen, etc.,
the various'molecules vhich are invoivgd 1nlthe process of photosynthesis
itself. There is no direct and wiequivocal. information sbout the enerygy of
these various transformations,rprimarily because the enérgy of hydrogenation
of porphyrin to chlorin, or chlorin to d;hydrochlorin, is not known. Only
indirect information is available about this, and one must deduce, by indirec-
tion, what these enerygies 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 hydfo-
genated to give the dihydro compound. In doing so, the conjugated macrocycle -
is not destroyed. One such double bond can be removed without destroying
the conjuguted macrocycle, and in btacteriochlorophyll, two such double bonds .
can be removed and a conjuguted macrocycle still exists. Therefore, as a
first approximation, I would suggest that we use, in gttempting the thermo-

dynamic estimate, a AH for this resction cf about -30 kcal, which is
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approximately that of a substituted olefin.#*

porphin + Hp —> chlorin OH ~ =30 keals (1)

In order to estimate the enerzy for the hydrogenation of the pyridine
nucleotide, one must rgmember that the free energy of this reaction is very
nearly zero, that is, the reduction potential of TPN is very nearly the
pame &8 that of molecular hydrogena If the free energy of this reaction is

near zero; the'heat will be equal- to the entropy loss, which is 9 kecal.
Pyridine nucleotide + Hy—> FNH, JaY: 53‘9 keals (2)

The reason fof'thia figuré,being’SO small 1s that a very large aromatic
resonence 1is destroyed and that is why there is 20 kcal less energy evolved
in the hydrogenation of this material (TPN) than ir the hydrogenation of

en ordinary olefin.
Combining these two reactions, one can write for the hydrogen transfer

from chlorin to pyridine nucieotide to give reduced pyridine nucleotide:

chlorin - + TPN —— Porphin + TPNHp, =~ OH ~ 20 keals

‘ or or (3)
(dehydrochlorin) (chlorin) '

This is an 'uphill'reaction of the order of 20 kcal. To complete the cycle,
the dibydroporphyrin 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 returnéd'to the chlorinfétage in order for the
reaction to continue. The hydrogen for this return must ultimstely come from

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

* The relation of proto~rhlorophyll to chlorophyll might very well be
materially different due to the steric requirements of the isocyclic (Cs)
ring. Here one might expect somewhat less steric interference in the
chlorophyll and thus the AH might be more negative.
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feaction. The energy of getting hydrozen from water is +56 kcal. This

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

dihydroporphyrin:

H0 > Hy +.1/2 0, - AH ~ +57 keals (L)

Porphin + H 0 —>chlorin + 1/2 05 (H .~ +26 keals (5)

The_photolyéis of water has now been divided into two steps, (5) and
(3), one of which 1é,the'transfer'6f hydrogen to the porphyrin, if the
reaction is running bétWeenvporphyrin and ‘chlorin (5). The calculations
for the two feéctions Bétﬁeeq chlorophyll and bacteriochlorophyll would
be exactly tﬁe-same'as far as our precision is concérned. The total energy
required for-the reaction of-twb électrbns -~ the generation of one-half mole
of oxygen -- has now been divided into two approximateiy eqpai_parts, with
one reaction 'uphill' appfoximately 20 keal and the second one approximately
25 kcal.

In actualvfact, this half mole of oxyzen probsbly 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 dihydropofphyfin to an acceptor. Unfortunately, . this particular hydrogen
acceptor -; Quinone - ié a very gopd one (not as poor a hydrogen acceptor as N
pyridine nucleotide), g0 1t does not really correspond tolsuch & transforma-
tion as (3) with a +/H. The fact remeins, however, that iight will produce

an excited state which induces the transfer of these hydrosen atoms 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 alﬁaye been relétively
good reducing agents, such_as ascorbic acid and a variety of other ene-diols
or hydrazipes which are the common materials‘used for this kind of trans-
formation.

In fact, the photoqheﬁistry of chlorophyll models, and chlorophyll
itself for that matter, has not yet produced in solution a model reaction in
which'such reactions as thosé describea above, which involve relatively large

energy storage acts, have been ac¢0mplished,v'

CHLOROPHYLL PHCTOSENSITIZED TRANSFORMATIONS

Hydrogen TransferrRe{actio_r.nws Catalyzed by Chlorophyll

Let us returan to thevsenéitized hydrogen transfer‘reaction’which is what
one of the overall reactioﬂs_of photosynthesis is presumed to be (hydrogen
transfer frém water to pyridine nucleotide) aﬁd determine which ones may be
cafalyzed by chlorophyll. Thevclassic examples are the hydrogen transfers
from materials such as ascorblc acid and hydrazine to dyestuff-acceptors such
a8 azo dyes (methyl red). These reactions have been known fér some time, and
in the last ls‘years they have been studled a great deal, particularl& in the
Soviet Union. One such reaction is called the Krasnovskii reaction after the
maen who has spent a great deal of time studying it.(ha,h3,hh,46,h7)
Krasnovskii used chlorophyll an@ 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 i1s, the transfer of hydrogen
from the hydrogen donor to chlorophyll to give gome 1ntermedidte, followed

by the transfer of hydrogen from this intermediate to the hydrogen aéceptor,
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glving back again the initial chlorophyll:. By cooling the reaction mixture,

and performing the experiment in a basic solvent such as pyridine, Krasnovskii
was sble to show that chlorophyll plus ascorbic acid, without tﬁe addition of

a hydrogen acceptor, would go from a gfeen color to.a pink color. This pink
cclor was presumed to be some intermediaté, not necessarily bacteriochlorophyll,
sinée the spectrum did not correspond. ‘The reactfon reverses in the dark,

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

The general result of all of these studies is shown in Figuré 8(27,&2,&3,hh£$?,
in which the whole séries of‘fransformations is systématized. The chlorophyll |
absorbé the light, tﬁe excited chlérophyll (probably in a triplet state, as
the kinetice indicate that such 1s the case) removes either a hydrogen atom,
or an electron from the donor (AHQ) to give what Krasnovskil believes to be
a radical, or a radical lon (Ch), (at low temperatures, he believes he has
‘caught this radicai ion (45) ) ieaving behind a positive radical (AHpY) 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 radicel ion of
chlorophyll (Ch”) can hand én the hydrogen atom, or electron (or both) to.
the'dyestuff (Dy) to give back the chlorophyll starting material and.the partly
reduced semiquinone of the dye. This, then; finishes ite reduction, either
by combination with a radical or by teking a proton directly off the hydroagen
donor itself, to give the colorless dyestuff and the dehydroaséorbic acid or
other dehydro compound. This is 8 generalized scheme which appears to apply
for a whole variety of hydrogeﬁ dondrs,‘hydrogen acceptors and sénsitizing dyes.
The reaction will wérk, for ex;mple;‘with acridine orenge as the sensitizing

dye, for allylthiourea as the hydrogen donor, and for oxygen as the hydrogen

acceptor.
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In general, these reactions do not involve the storage of any energy,
that is, the reaction hydrogen donor + dyestuff .3 reduced dye + dehydro
hydrogen donor (ascorbic acid, ete.) 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 feﬁ kcal) or whether it
represents a trace of oxygen in_the‘reaction mixture which, in general,
will oxidize most of these reducéd-maierials, remains to be demonstrated. 1In
any case, there is no_greaf storégevdf free énerg& in this system; most’
frequently these reactions are 'downhill' thermodynamicelly and will uot go
backwards. When they do.go backwards, it seems as though these dihydro dye-
stuffs are auto-o;idizablevagd traces of oxygen in the reaction mixture may
carry them back. |

Tﬁere are a nﬁmber of photochémical electrpn transfer reactions involving
dyestuffs unrelated to chlorophyll which apparently do constitute some energy

storage. One'of these ig the reaction (l,lO,Bk) Here also the energylstorage

thionine «+ Fet* _h» 5 leucothionine + Fe*++_

dark -

is small (~ 5 keals per quantum) at best.

LA
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PHOTOPHYSICAL EFFECTS IN MODEL SYSTEMS

Energy Transfer in Solid Systems

The failure of all of these various types of solution model reac-
tions to provide & case where energy of the order of 20 to 40 kecal per
quantum is being stared is in itself significent. I think it may be demon-
strating that this is not the direétion in which to look for the energy-
storing reaction in photosynthesis. Some years back as the structure of
the chloroplést became somewhat clexer tO us (primarily through electron
microscopy) (285‘66) end as our knoﬁle@ge of the photochemical or photo-
physical behavior of ordered systems developed in the form of a body of
theory and informetion on'the photoresponse of atomic crystals ( 31, 70 ),
the notion that the photosynthetic apperatus might pot be functioning as -
ordinary molecules‘in solution but rather as someﬁhing approachihg mole-
cular crystal behavior becsme popular. (v 13, 67 )

We undertook to seek possible models for such systemé in the lebora-
tory. 1In addition to the electron.ﬁicroscopy on the chloroplasts, there
was, of course, the very well known fact that the absorption spectrum of
chilorophyll in the living organism is not identical with the absorption
spectrum of chlorophyll in solution. This, together with the ordered

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

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

ent from & 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 6300 A. This longer

wevelength shift from 6600 to 6800 A is exactly the kind of shift observed
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in the spectra of all sorts of pl-molecules when they are packed in cry-
stals. When the pi-clouds of large, conjugated systems are brought close .
together there is an interaction which sﬁifts the energy of the excited
‘state (or the difference between the ground and the excited state). This
is quite common in all pi-molecules and in chlbrophyll it has been examined
by Rebinowitch and by Trurnit. ( 35, 71 ) Figure 9 shows the so-cealled
smorphous solid layers of chlorophyll have absorption in the 6800 A mglon,
and when the chlorophyll layers are allowed to.'crystallize' the absorption
spectrum moves out to almost 7200 A, Intermediate spectra of chlorophyll
can be obkined, depending on. the natﬁre of the'monolayers,'in vhich the
peaks lie between the 6600 -A_bf fhe true chlorophyll soiution pesk and the

'7200 A peek of the crystaili’ne_chlorophyll°

Phthalocyanine as a Model for Chlorophyll Energy Trensfer

The ordered structure'of the chloroplasts, &as observed in the elec-
tron microscope, togethexr with the difference in the chloroppyll spectra in
solution and in the crystalline state, were some of the things which induced
us to think in terms of solid lattices .as & possible way in which the energy,
which is absorbeé?the chlorophyll molecule, might be handled in the chloro;
Plésﬁland in which thé‘oxidizing and redpcing power might be separated. Again,
we sought models of various kinds so we could experimentally develop éome
concepts for such a separation, and here we turned to the experiment:?$§?e

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

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

o s

perties of crystals of g very stable molecule related to chlorophyll nanely,

(3

rhthalocyanine, the structure of which is shown in Figure 10. One can egain

.recognize the tetrapyrrolic structure of the pigment and this'molecule has
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PHTHALOCYANINE

MU-19405

~ Fig. 10. Structural formula of phthalocyanine.
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some resemblance to the porphyrin structure previously discussed. There
are major differgnces, however, which must be kepf in mind: the bridging
atoms in phthalocyanine are nitrogen atoms instead of carbon atoms, and
fused onto each of the pyrrole rings is a benzene ring widch, of coursé,
changes the nature of the compound considersbly. It happens that I

became familisr with this molecula in 1937{ shortly after its discdvery by
Lin‘stéad, and participated'in the demonstret ion of some of its catalytic
abilities at the same time that Eley was working with it. ( 16,17) Eley'
has gone on to examine the electricsel properties of phthalocyanine, and in
recent years we 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. Thg first ex:beriments undertaken were to demon-
strate the effect of ele ctron acceptors, or electrbn donors, added to
. erystelline phthalOcyaniﬁe, on 1ts conductivity end its photoinduced con-
ductivity. These experiments were one step beyond what Vartenyan and Eley
had done. They siudied primarily the behavior of what they believed to be
the pure phthalocyanine.

We méde layers of ﬁhthalocyanine on a conductivlity cell and then
added electron donors or acceptor to it to see what effect these would have
on the electrical conductilvity in the dark and on the photoinduced conducti-
vity. ( 38,%9,40 ) Figure 11 shows such e conductivity cell with the
electrodes, on top of which 1s placed a layer of phthaslocysnine. On top of
thet is laid the layer of electron acceptor. The results of experiments
using such a'conductivity'cell are shown in Figure 12 vhere the solid line
gives the effect of added elecctron acceptor on the dark current. The dark

current conductivity of such a semple, if electron acceptor is added, goes



=27~

"SURFACE" CELL SHOWING ARRANGEMENT OF ELECTRODES

Electrode spacing Aquadag
20.01 cmy _—~7 electrodes
) e
Negative
@ electrode

Positive
electrode

‘\ Glass slide

CROSS-SECTIONAL VIEW OF B

Sample Electrodes
sublimed\A

on top of
electrodes \

hv

Glass slide

Fig. 11.

UCRL-9170

EXPLODED VIEW OF SANDWICH CELL

Back electrode

/Aquudog coated brass screen

N Sublimed sample
I |/
© /Sample thickness 1074 cm.
t
i

: Transparent aquadag grid

>

L

Front electrode

\Gloss slide

hy

MU~17530

Diagram of sample cells (conductivity).



28— UCRL-9170
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of phthalocyanine with amount of o-chloranil added.
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‘up as much as seven powers of ten. The same type of thing is true of the
photoinduced conductivity which goes up by as much as five powers of ten T
as electron acceptor is added on top of the layer of the phthalocyenine.
I shall not tr& to review ell of the kinepgc end spectrel studies which
have been performed on this phthalocyaﬁine'system, but I shall show only .
a few of the highlights and tlen present %o you what we belleve to be the
" behavior of this molecular crystal in electronic terms.
When these electron acceptors were added to the phthalocyanine

layer, it was found that elecﬁron trensfer took place, from the phthalo-
cyanine to the electron acceptor, evén in the dark, as evidenced by the |
presence of free radical like signels, determined by electron spin resonance,
in such a 'doped' or treated phthalocyanine sample. (kO) This is shown in
Figure 13, and the‘intéresting fact is that by treating (doping) the
phthalocyanine with electron sccpetor {o-chloreanil) we increase the dark>
current and also increase the light—induced conductivity. When the light
is turned on such & sample es this, the number of unpairgd electrons is de-
creased as indicated by the electron spin signal. Figure 1lh shows how this
system behaves. The cbnductivity, of course, goes in the reverse direction;
when the light is turmed on, the conductivity increeses snd vhen 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 esssociated phenomena in the Same lattice, -

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

(L

Phenomena. They are interpreted in terms of electron transfer from phthalo-
cyanine molecules, in the latilce, to the o-chloranil to give positive ion

radicals of phtihalocysnine which are in a crystal lettice, and these are

Vad
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ELECTRON SPIN RESONANCE SPECTRUM OF
O-CHLORANIL "DOPED" METAL FREE PHTHALOCYANINE
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Fig. 13. Electron spin resonance (ESR) spectrum
of o-chloranil-doped phthalocyanine. The
curve represents the first derivative of
the absorption. .
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EFFECT OF ILLUMINATION ON THE ELECTRON SPIN RESONANCE SIGNAL OF
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~responsible for the canductivity (Figure 16-1). The electrons on the o-
¢hloranil negative ion redical are not mobile and presumably they afe the
-things which the ESR équipment sees. When the light is turned on, it is
absérﬁedrby the phthalocysnine, and the exciton can migrate around in the
phfhaloéydnine wntil 1t is ionized (Figﬁre 16-2). This- lonization may také'
placé»either et some unknown.center, or the exciton ﬁaj-come directly in
coqtact,with the o-chloranil negativé.ion, transferring & second eléctrﬁn
‘to‘the o-chlorgnil negative ion, thus reduecing the number of unpaired
spins but increasing the conductivity. In the dark the reverse reaction
occurs. When 1igh£ ét 4000 A is used, the reverse effect is observed,
that 1s, there is & trensfer of the electrons from the o-chloranil negative
1dn‘radical into an unoccupied orbitel of the phthalocyanine crysfal.
| (Figure.16—5) This is also en easily moveble electron rather than a
tfapped one, and it will immedlately and rapidly recombine with‘the con-
" dueting holes (positive ion centers) origiﬁally present in the laﬁtice,
thus resulting}g decrease in conductivity but an Ilncrease in electron spin
signal (Figure 16-4).

Figure 17 shows abrepresentation of the phthalocyanine negative ionm,

phthalocyanine

phthalocyanine itself,/bositive ion radical, o-quinone, o-quinone negative
ioh radical aﬁd o-quinone double negative ion, in molecular orbital terms,
"to call to‘mind the way in wihilch we have been thinking about the pl-energy
levels of these conjugated molecules.

The abtua; processes which were seen in Figure 16 can now be 11lus-
'trateé in terms of molecular energy levels, and Figure 18 shows that inter-
pretatioh. Reaction {L)is a transfer, in the dark; of an electron from the
highest occupied phthalocyanine orbital to the lowest unoccupiéd o-quinone

orbital, leading to the formation of phihalocyanine positive ions. This
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occurs in the crystal lattice so théée are condﬁctivit& holes, énd the
trapped electrons are in the o-quinone negative lon. The ;owest undccupied
quinone level is showmn below the highest phthalbcyanine 0cc;pied'level,
and this reactiqh takes plaée guite spontaneously in the dark. The photo--
chemical‘transformationr(Reactiou 2)) involves, first the excitation of
the phthslocyanine itself, which could be represented by the raising of.
an electron from the highest occupied pi orbital(or from a N-n orbital)
t0 the lowest unoccupied pi orbitsl which must lie very nearly at the
same level as the singly-unoccupied orbital of the 9-quinone'negative
ion. The reason for this shift of relative 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 & negatively-
charged slready singly-oceupied orbital.
The thirad proéess, in Figure 18, the one representéd by the de-~
crease in photoﬁonductivity by illumination at LOOO A, involves the eX-
" citation of the electrons in the b~quinone'hegative ion up to an excited
orbital which can'then be trensferred into the lowest unoccupied orbitel
’of the phﬁhalocyanine crystal .(a conduction orbitel). This, then, is
& relatively mobile electron which can repidly find and neutralize the'
conductivity holes in the phthalocyanine lattice; leading to e decrease
in'cnnductivity. These reprezent the principle processes shown in Figure 16.
Figure 19 shows thé actual separation of éharge that can ﬁe accon-
plished in this model system 1f it is constructed properly. Here is shown a
matrix of phthalocyanine. con the surface of which lies an o-quinone
layer. There will be some negative chafge trapped in the o-quinone
(acceptbr) leyer, and the positive charge-will remain in the phthalocyanine

(donor) layer. This will induce & rolarization in the pair of elecirodes
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between which the double layer ls placed. The polarization will be in-
creased by shining light sbsorbed by phthalocyanine on the double layer,
in which case there will be sn additional accumulsetion of negative charge
in the quinone and en additional accumilation pf positive charge in the
phthalocysnine. This is exactly what happened ( 40 ), and it is

8 photochemically-induced separation of oxidizing power (positive holes)
and reducing power (quinone double negative ions). vPresumbly, this sort
of thing could occur in the individual layers which can actﬁally be seen

in the chloroplasts.
THE RELATION TO THE PHOT'OSYNTHETIC APPARATUS

What bearing does this information have on the photosynthetic
appareatus iteelf? The obvious relationship is that the phihelocyanine
might be considered ag & model for the chlorophyil layer itself. The
electron acceptor, here listed as o-chloranil, might indeed be soume elec-
tron acceptor in the chloroplasts such as Coenzyme Qpgs (Plastoguinone),
(8, 204 L1, 48, 60 . ) which conceivebly could have a function
similar to the function that the o-chloranil has in the model system, but

with certain differences.

Electron Bpin Resonance in Chloroplast Materials

If this 1n & model for the actual chloroplast behavior, then ve
should sgee some of these electronic properties in the chloroplast iteelf.
First of all, the chenge of sbsorption spectrum in the chloroplaste from

~that of a true solution has been mentioned earlier. Unfortunately, we cannot
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placé electrodes oh either side of the lamellar layers of the chloroplasts
a8 we have been ble to do in the phthalocyanine system, ut ihere are a

1 number of properties which can be observed.' One of these 1is the generatibn
end disappearance of the ﬁnshafed electrons which we have seen manipuleted
in'the model system. Figure 20 shows thé phoioproduqtion of ‘unshared elec-
tron ﬁairs in vhole spinach chloroplasts at room température end at h
ul50°C (‘ 64 ). The fact that unshared pairs of electrons can be produced
by red light 1s in itself some indication that rather profound changes are
océurring in the chloroplast. These cannot be due to.triplét states be~
cauée the interaction of the two electrons in a single triplet mblecule in
rahdomly—arrahged chioropiasts would broeden the signal‘so as to meke it
unobservable; (,3u ) : The direct photochemlical fission‘of a chemical bond
(by some sort of predissociation process) seems entirely unlikely by a
quantumvsuPplying no more then 40 kcals of energy at most.
| "As/in the model systems these signéls must be due to the generation
of unpaifed electrons somewhere in the sysfem. The fact that they can be
induced by red 1igﬂt,.and induced Jjust as rapldly at ~15000 as they sre at
+25°C, sugéésts that this is not due to an ordinary chemical reaction which
requires any kind of activation energy. If that were the case, the formatilon
reéctions at —1500 should have very differeht rates than the reactions at

: 4250; and they do notf In Figufe 21 you can see the growth and decay of
these signals, as far as they have been measured. At room temperature the
signal fises Just as fast as the instrument can measure it end part

of the sighal fells very rapidly when the light is turned off, thus indicat-
ing the presence of atvleast two different kinds of unpalred electrons. At

-1500 the rise of the signal is Jjust as fest as the instrument cen follow

5
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it, but in the case of the chloroplasts it does not fall at s8ll at low tem-
back- v -
peratures, indicating that the/reactions in this case do indeed have & ten- -

perature coefficient.

In the case of Rhodosprillum rubrum the reaction is also complex;
some of it has a temperature coefficient and some of 1t does not. Figure 22

shows the Rhodosprillum signal growth and decay (1)). At both +25° and ~l§0°

the growthand decsy were as fast as the instrument could follow. In the inter-
mediate temperature regions, some fraction o f the decay was slow, indicat-

ing that this 1s & complex signal made up of several different kinds of un-
paired electrons, probably formed in sequence. At low temperaures there

are no slowly-formed unpaired electrons; they are formed extreﬁely rapidly

and they decay extremely rapidly.

The Structural Requirement

One could ask the question: Is the chloroplast needed to produce
such unpalred electrons? Could not such unpaired electrons be produced
photochemically, just using the chlorophyll and its assoclated pigments? (12,55)
This expefiment nas been perfofmed by several workers ( g1 ), including
some in ouf own laboratory ( 2). Figure 23 shows the production of such
unpaired electrons by the pigments which are extracted by methanoi from
chiloroplasts. The signels so produced at 2500 are quite differ nt from the
signels produced in the whole chloroplasts, either at room tempersture or
at very low temperatures (Figure 23). The signsls in the chloroplasts were
10 to 20 gauss wide and the signals in the chloroplast extracts asre only 3
gauss wide. Furthermore, their decay at room temperature is slow compared
to the decay of signals in the chloroplasts. It is clearly pessible, there-
fore, to produce such signals in methanolic extracts, and if this methanolic .

extract is thoroughly dried, there is no signai. Furthermore, if the methanolic :
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ESR SIGNALS FROM ARHODOSFPIRILLUM RUBRUM
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extracts are fractionated by petroleum ether so & cleaner ch1orophyll'i3'

obtained, then the signals thet are produced are broader and smaller.’

- Carotenoid Requirement

There is.one dher type of experiment which has been performed in an

attempt to determine the point et which these signals orlglnate in the

chloroplaut and the factors whlch determine this polnt, and that is the ex-

periment done with Rhodopseudomonas, of which we have two typés: the wild

type which containe cerotenoid and the mutent ( 65 ) which does not con-
tain the conjugated carotenoid. An attempt was made to see if the conjugated
carotenoid was involved in the photoproduction of the spin signal (4,5 ).
Very nearly the same characteristics in the signal are obtained (Figure éh)

( » ) vhether the wild type or the mutent type (which does not contain

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

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

width, etec.

Apparent Spectral Efficiency_'

Finally, en epparent actioﬁ spéctrum.for the production of these
signals ( 63 ) both in the green plant material (Chloroplasts) (Figure 25)
end in the red bacteria (Figure 26) are shown. This apparent action spéc~
trum is & very curious one and has‘a peak at about 7200 A, with a minimum

epproximately where the peak of absorptioﬁ of the chloroplyll in the living

orgenism 1s, namely, at G800 A. ( 59) A similar behavior for the appar-

ent action spectrum of the signal production in the Rhodospirillum appears,

namely, one in which the maxirmm for the production of the signal is at
somevhat longer wavelength (9100 A) then the maximum for the pigment absorp-

tion (8800 A) ( 59 ).
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Part of thils shift of the wavelength for most efficient spin signal
ﬁroduction is certainly due to the way in which the experiment wes performed.
The samples were totally-absorbing and relatively thick (~ 0.1 mm). This
resulted in the total absorption of the maximally—dbsorbed‘light (6800 A

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

leyer near the surface of the sample. This situstion resulted in the pro-
duction of unpéired spins et a very much higher real concentration than would.
be the case 1f thé 1igh£ were sbsorbed throughout the sample. This latter
situation would be approached by light of wavelengths not so strongly ab-
sbrﬁing, such as wavelengths on elther side of the ebsorption meximum in

both cases (6800 A for the chloroplasts and 8800 A for the Rhodospirillum).

Since there 1s an indication that the decsy rate of the spin sig-

nals is greater the higher thelr concentration, it is easy to see that any

‘ ettempt to measure the number of spin signals produced for s constant

inéident nmuiber of quants will be in error on the side of too few elec~
trons per quantum sbsorbed, the greater is the concentration of the un-
paired spins produced. This would depress the apparent number of spin sig-
nals produced at the very poiﬁt of maximum light ebsorption, as indeed is
the case. This, however, is not enough to account for the fact that the
efficiency of spin signal productioﬁ is sctuaslly higher on the longer side
of ﬁhe maximm light sbsorption than it is on the short side of the maxi-
mum. In order to account for this, another process must be invoked.
Something else beeides the‘simple'absorption of light by the
chlorophyll into its ordinery excited state at 6800 A is involved in the
production of the spin signal. Presumasbly there is another state, or

another substance, ﬁhich leads to the maximum at longer wavelengths. In
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the erystal speétra of the monolayers of chlorophyll (Figure 9) there
was indeed in the crystalline leyers a peak at 7180 A. Thl, together
with the fact that our spin signal occurred at ~ T200 A, prompted us to
seek some evidence for another egcited state 1n the living organ;sm,
sowewhere arouhd 7200 A. -

| In looking back over our earlier studies on the luminescence of
1iving orgenisms { 68, 69 ) we did indeed find emission at 7200 A.
In Figure 27 is shown the emission spectrum of Chlorella a&s it has been
observed for long-~lived emission, and,you will notice that there is =
pesk at 6800 A but there is a very prominent shoulder at ?200 A. This
was originally interpreted as due to self~aboaprtioh_of the ordinary
fluorescence. However,”tﬁe féct that this 1s such en asymetric curve
now seems 1o suggest that there may be another emission band somewhere
béyond 7000 A. | |

A better experiment was performed by Brody { 211) in which he found |

exactly that: a very pronounced emission with & peak at 7180 A shown
in Figure 28, The ordinary fluorescence spectrum of Chlorelles has a pesk
at around 6900 A, but if one cools the Chlorellas to -19000 a strong
emission at 7180 A appears} This cennot be & self-absorption effect, be-
cause if it were, there would hot be & minimum between the two absorption
peaks. Thils means that there is & new state emitting, quite a different
one from the one producing fluorescence emission at 6900 A. The triplet
emission is at still further at around 7600 A and this haes been observed
~in pure chloroph&il semples. Brody has seen the 7180 A peak both in whole
Chlorella as well as in concentrated chlorophyll solutions, and he believes
this 4o be the emission of a state of aggregated chlorophyll and quite differ-

ent from the triplet emission but corresponding to0 something which exists in
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- the living orgenism. Ahother péssibility is that 1t may be thé lovest

ol * state as distinct from the more readily reached TT* state.

One can presume, now, that excitation to such a state.a; this is
required in order to produce the unpaired electron, and that this may
exclton

‘occur elther by resonance transfer of/anergy emongst the chilorophyll mole-
cuies until it comes to molecules so situated that this staté ﬁay be excilted,
or by direct excitation of this state by sbsorption, as presumsbly we have
done when we examlme d the action épectrum for the production of unpaired
Epins. Failure towobsérve & distinct sbsorption pesk at this point would
have to be accownted for. What the nature of this emitting stete 16 re-
mains to be seen. It could be, of ccurse, that thls state 1s one fiom

which an electron fransfer t0 & certain low-lying‘acéepﬁOr occurs. Energy
ebsorbed in the 6800 A state might be degraded to this emitting state to
-producé the same electron trensfer, or might be used directly from the |
higher energy state to transfer an electron_to a somewhat higher-lying
:acceptof{ |
B shpﬁld be noted th;t this would, in fact, correspond to two
vdifferent types of primary~qhantum conversion processes. Such an idea has
élready apfeareﬁ in the work of Emerson 35 } which has sinebeen explored
further by French and‘NWers j 2,57 ). Emerson had observed that the
apparent long wave limit for photosynthesié was shifted to still longer
wavelengths(somewhat beyond 7000 A) if 1light of shorter wavelength {around
6500 A) was also present. A further exaﬁinationc;f this effect by Myers and
French seemed to confirm the suggestion that the quantum yield of an incre-
ment of 7000 A light 15 greater when light of shortér waveiength (eround
6500 A) is slso impinging than when it 1s not. In é.dditlion to this, Myers,

folloving Blinks ( 9 ), observed a number of transients in changing from
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one wavelength of light to enother which are bgst 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 end
enother in the reglon of TO00 A.

It is tempting to suggest, following the anslogy of the phthalo-
cysnine model experiments described earlier, that coriesponding to the
two model pigments, we have present in the chloroplast both chlorophyll and
plastoquinone ( 8,20,43 The plastoquinone in this cese would not have a
sufficlently low-lying orbital to act as acceptor te the chlorophyll in its
ground state, but cduld accept an elestron from chlorophyll brought to en
exclted stuate by i1llumination, corresponding to the T200 A emission. The
transfer of & second electron o the gquinone negative ion radical thus
produced would require thg excitation of the c¢hlorophyll to a somewhat
hiéher state which could result from absorption at 6800 A or shorter wave-
length. Tie quinone double negative ion thus produced would then be a
sufficlently powerful reducing egent in iis lipid medium to reduce such
enzymatic cofactors as lipoic acid or pyridine nucleotide ( 1.

The remsaining positive ‘ion in the chlorophyll matrix would have to
find its way to some donor, ultimately accepting electrons from water.
These donors might very well be other metal lons such as iron which i1s
very comuon In the chloroplast and which is associsted with chlorophyll.

In fact, a low tempergure (YOOK) light-induced electron abstraction from

a ferrocytochrome in & bacterium has been reported { 19). Room temperature
pioto-oxidation 6f the ferrocytochromes of photosynthetic bacterie has been .
known for some time ( 36,37 ).

The system might structurally then bear some resemblance to the

model (Figure 19) which we have used, the chlorophyll layer having a&ssoclated
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with it on one side the electron acceptor, quiﬁone, in a lipid environ-
ment and on th:;2i§e electron donor materiasls, such as the cytochromes, in
an aqueous enviromment. Following the ebsorption of a quaentum in chlorophyll
(Figure 29, equetion 1) 1t will migrate by ?esonance transfer to e culteble
site neasr the quinone, at which point electron transfer to the quinone will
take place (Figure 29, equation 2). The resulting vecency, or chlorophyll
positive:bn; cen then migrate by hole diffusion, that is, electron trans-
‘fexr from normal-chlorophyll, 1nto the vacant orbital of the neighboring
chlorophyll positi&e ion. This process is the one in the entire sequence
vhich most neérly resembles the properties of a semiconductor and permits
the oxidizing point (the ¢hlorophyll positive ion) to separate from the
reducing point (the electrons in thetquinone orbitals) by & process which
'is-verj nearly tempefature—independent. The oxidizing point will make

itself appareat as & chemical change, finally, when 1t captures an elec-

" tron from s sultable reducing agént, in this cese shown &s a ferrocyto-

chrome, thus producing a ferricytochrome and regenerating normel chloro-
phyll (Figure 29, equation 3).

It is conceivable that in 6rder for the reduction of pyridine nucleo-
tide t6 occur, possibly through lipoic acid ( 51,56 ), the quinone must
be-in the form of & dli-anion, in which case & second electron transfer
from an excited chlorophyll to & gquinone negstive ilon radicsl, produced
in equation 2 (Figure 29) will teke place. This cleariy will requlre some-
what greater energy then the.first‘reaction, if only to overcome the
‘electrostatic repulsion of the pregEXisting negative churge. It ié in-
terestiné to view these two steps a8 a possible means of understending the
colleborational requirement of liéht of two wavelengths (7000 A end 6500 A)

which was menticned earlier { 52 ).
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Another elternative 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 ;n which an electron has
been placed in the lowest pi-orbital of the chlorophyll. The migration wouid
then have 4o occur in this form until the acceptor site {quinone) is arrived
at.

We prefer thé first formulation described above, since every effort
we have made to find elther dark- or photoinduced electron transfer from a
donor to the neutral phthalocyanine in our phthalocyanine model has faiied.
Beyoud this, in practically every case in vhich it hes been determined, the
charge migration in an o:ganic molecular crystal takes place via hole

migration rather than vie electron migration (%0).

i

CONCLUS ION

‘In summary, then, we can s2e that while the solid state model (phthalo-
gyanine) sllows an epproach from a somewhat different point of view, tbe
net result is the same as what was sought, but so far not found, when we
looked at the solution chemistry of»chlorophyll {and chlorophyll model sub:
stancés), namely, the tfansfer of an electron, or hydrogen stom, from the
exciﬁed pordyrin to an electron acceptor at a Eigg reduction level which van
be used to reduce the vltimate csrbon dloxide ;educers, followed by the dcona-
tlon of an electrom, ultimately from water, £o the remaining redicael ion, or
lattice, thich produces the net result of the transfer of hydrogen from weter
to carbon dioxide. |

How much of the solid state picture will be reguired +to fully under-
stand this separétiop of oxidant and reductant I think ié~yet 1o be deter-

mined. However, I believe 1t is gquite clear that we are coming to the same
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kind of conclusion from both ends, that 18, from both the pure solution
chemistry which involves electron transfer from donor to acceptor end.

froﬁ the solid state experiments which involve the same kind of electron

" transfer from donors to acceptors. The difference lies in theé types of
lattices involved. The back—reaction in the solid state experiments is
vdemonstrably slower than.one can visualize for the solution electron trans-
fer reaction- 1n which no proviaion is made ﬂor the rapid, relatively
temperature~1ndependent separation bf the producta, electron (reducing

agent) and hole (oxidizing Bgent).
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