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ABSTRACT o B

Y

A general cqnsldemtion of the efficiency r'equirem?‘nts for _
the quantum conversion proc'ess in photosynthesis 1s‘x\nade. Tpis leads
to the concept that a most likely primary quantum coﬂyersion process
would be an‘xelecﬂron trenser process following molecuiar excitation.
Model systems of the varicus types of mom quantum céhvérsion pro-
cesses are discussed, followed by the presentation of evid{:nce 4concem-
ing the nature of the primary quantum cdrxversion process 1n the photo- :
synthetlc apparatus of bacterla. That an electron transfer process
is very early involved seems unambipuously established, ¢That /exciton
transfer takes placez following primary quantum absorption seéms also
well established. The present paper glves same supﬁorting evidence
that charge migration in the sense of semiconducﬁor behavior also
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INTRODUCTION

Cne of the.central physical-chemical problems in the energy conversion
process of photosynthesié is the precise system in and mechanism by
which the conversion of electramagnetic energy into chemical potential ,
energy takes place. The overall efficiency, as defined by the chemical
equation,

002 + HpO meeimsm (CH0), + Op

[ ‘ AF = +110 kcal/mole/O,
with vhich the process can be made to occur fér extended periods is re-
latively high, Numbers varying fram as high as 80%l to as low as 207’52"u
have been repﬁrted. Within this overall efficlency 1s included a series
of chemical steps whose nature 1s already known to us. For example, the
sequence of steps beginning with'cérbon dioxide, reduéed pyridine nucleo—
tide and adenosing triphosphate and leading to carbohyd}ate is made up
of a series of known freactions. We have some knowledge of the efficiency

of each of them.? The overall thermodynamic efficlency for this chemical
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sequence turns out‘to'be not higher than 65%. Another fraction of the
' qhemical chain leading from water to molecular oxygen must exist, al-
though the nature of these steps 1s not yet established. 6

If, however, we assume a similar overall efficlency for that chemical
serles, namely, 65%, we must deal with a chemical degradation of not
less than 45% in the overall process. Thus, even if the lowest value
(20%) of the overall efficiency is taken, we are faced with the necessity
for a minimm of 50% efficlency in the primary quantum coﬁversion act
during whicp the electromagnetic energy is transformed into some form
of primar&-éhemicél potential, If the overall efficlency turns out to
be as high as 40z, then the'effiéiency of the primary quantum conversion
act must be over 90%. ' ﬁh

Such nigh efficigncies for the conversion of electramagnetic energy
into chemical potential have, as yet, not been clearly achieved,in‘any
model system whatsoever. The required high efficiency for the conversion
of such a visible quantum 1s, perhaps, the central pfoblem with which
we have to deal. The products have a high chemical potential energy
with respect to each othef and are Being produced by a package of electtro-
magnetic energy only slightly larger than that chemlcal potential. Tnis
fact requires fhat there can be only a very small barrier to their back
reaction. This further seems to require that they be reédily, easlly and
rapldly physlcally separated to prevent the back reaction:

A brief examination of the variety of photo processes which concelvably
could be playing a rqle 1n‘the primary guantum conversion of photosynthesis
seems worth making. We will not here be concernea wlth thgvpurely physical

processes which occur prior to quantum conversiocn. These include (l),the



exclitation process itself leading to electronic excitation in a mole-
cule or molecular system, followed by (2) the migration of electronic
excltatlon elther as exciton or by resonance transfer to the site of
conversion, We would consider both of these as purely physical transe
fer acts withvthe energy stored in the form of electronic excitation.
At the conversion slte, by definition, the electronic excitation 1s
transformed into chemically definable specles which upon reaction
could liberate useful energy in ag amount equal to, or less than,

the initially absorbed quahtunh The fraction by which this is less
than that of tﬁe initially absorbed quantum would be consldered the
efficiency of the primary'quantum conversion acﬁ itself.

In general, the primary products of the quantum conversion may be ﬁﬂ
considered in two possible c¢lasses: ° The class in which the products
are uncharged and the class in which the products are charged. Many
examples of the first type are known, but in none‘of the; is the
fraction of the quantum stored as chemlcal potential very large. .

l

Uncharged Particles ' : : ‘ : ‘ !

A whole series of l1samerization reactions have been achleved photo- ;

chemically. One of the earllest and most thoroughly studied is the

trans to c¢ls conversion of an olefin or any other simple double bond.'-]"8

Here the cis form frequently has a few kcal more energy stored in it
than the trans, but always the light quantum required to achleve the
transformation is many times that energetic. The difference is used
to overcame the high energy barrier between the two forms. Such a

process of ¢ls-trans photoiscmerization is currently considered the.

triggering mechanism in vision.9



Another reaction type which has been much investigated pihotochemi-
cally involves the addition of a polar linkage across an olefin or the
elimlnation of a polar molecule from an adjacent pair of atous to pro-
duce an olefin. The molecule added, or eliminated, is freguently water.
However, the analogy for undissociated phosphoric acid is clear. ,A spe-
cific case in polnt is the photolnduced hydration of cystosine.lo’ll Here
the energy of the absorbed quantum is 90 keal whiie the free energy
stored in the product cannot be more than a few xcal. A hypothetical

no

case for wnich/model is known would be a dehydration of the phosphoric

acid addition product across a carbonyl campound, as follows:

c/O o5 é-oposn |

+ uo-L-oa | _hw ” + H0
: SRR : |

A very caomon and-Wellﬁknowﬁ photochemical conversion process in=—
volves the dissociation of a bond. For example, the dissoclation of an
alkyl 1odide into an alkyl radical and an lodine atom, or the dilssocla-
tion of a carbnnyl canpound into a carbonyl radical and corresponding
radical fragment. Here, also, the absorbed quantum is generally larger
than thefenergy stored in the reaction products,12 and even when it 1s
not, back reaction.prevents significant energy storage. .

In recent years many cxamples of bond farmation have been investiga=-
teda This bond formation may involve two separate molecules, such as

13,14

the dimerization of thymine, or a whols variety of olefins to give

cyclobutane derivatives or other cyclic products. Tne bond formatlon may
involve two parts of the same molecule, glving rise to still other

cyelic {or acylic) products.8



Chargzed Partlecles

A second major class of transformations involves the formation of
charged partlcles, and here the model chemistry 1s not so well develop-
ed. That the absorption of a quantum by a molecule in the gas phase’
can lead directly to photolonization has long been known.'” In fact,
the long wave limit for the photoproduction of conductivity in a
gas has been used as a means of directly measuring the lonization
potential of the molecules of tha’c gas, The same procedures have
been used i;o measure the direct photoionization from the surface of
a solid, eitﬁef a metalliq surface, in which case the so—called‘ "work
function" is observed,lS_or from a molecular crystal, in which‘ case
something related to the ionization potential of the molecules of |
which the crystal is made, may be observed.i® In all of these
cases one of the products of the photoreaction is a free electron.

It 1s quite clear‘ that such a system as this has a greater pos‘ssibil--
ity of leading to-a highly efficlent conversion process, largely be~
cause one of the products 1s the almost mass;-less free electron
which can more readily esdapé fran its remaining catlon before recom=
bination. In‘ facﬁ, when the electron is photoejected fram & solid
surface intoh a vacuum, the gecmetry of the system makes possible the
collection of the charge and its return in an external circult to do
work. ' v ‘ |

The possibility'that charge separation may occur in a solid, or
éondensed, sys’clem is also well establisned, particﬁlarly for _semi-

conducting atomic lattices. In these cases, however, the absorpticm



process is presumed to lead directly to the excitation of an electron
from a bound state into a conduction state., This 1s recognized noct

only by the photoconductlon phenomenon 1tself but by the very nature

of the absorption spectra of such systems. . Tﬁe possibllity that direct
photoexcitation into a’conduction pand might oceur in the condensed sys—
tem of a photosynthetic apparétus has frequently been considered‘and'
rejected on the grounds Ehat the absorption‘spectra of these systems

too closely resembles tha.absorption spectra of the isolated molecules
to allow the possibility for direct excitation into a conduction band

to be occurring. In these cases, therefore, 1t seemgthat molecular ex-

citation is a better description of the phenomenon of light absarption,
followed by éxciton migratibn to the site of ionization, if charge
separation 1s to occur. '

Quite clearly; if photoionization\is occurring in the condensed
photosynthetic apparatus; iﬁ carnot be preclsely the same process as
photoionization of an elect;on into a vacuum. Here the eiectrOn
ejected from one molecule must immediately find an orbital in another
molecule, so the lonization process is, in effect, an electron"trans-‘
fer process in which an electron is trénsferred from fle donor ;ystem
into the acceptor systém.f A number of models of such electron transfer
in condenséd systems are known. The most recent examples of them are,
perhaps,&the electron transfer reactions presumed, and indirectly demon=
strably océurring, as a resﬁlt of light absorption in the'charge trans—
fer band of a whole variety of molecule complexes.l7 Such electron
transfef reactions occurring in isdlated charge transfer molecule comi-

plexes in general do not lead to efficlent energy storage, the reason

belng that the recombination in an isolated molecular complex 1is too
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rapid and efficlent. This difficulty may be overcome by incorporat-
ing the molecular camplex into an ordered, or partially ordered, system
'_in such a way that the charge migration leading to cnarge separation
over more than one molecular diameter may occur by a "hopping" mecnan-
ism between molecular orbitals 18-21 Once thne separation of charbe has
proceeded to the extent‘of geveral molecular diameters we may speak

of the quantum as havingibeen canverted 1n£b chemlcal potential, since
the products thus produced now have a small energy barrier for recap-
bination out may have a smaller one for reaction in othér directions,
thus leéding to a long time chemical potential storage. At this dage
1t may very well be possible not only to demonstrate the long~lived
existedce.of such high energy chemical products but eventually to

actually isolatelthem, and efforts in this direction are well under-

way.
quantum absorbing

Tne model of’exciton migration to the sita of a localized electron
transfer followed by charge migration, at least over several molecules,
seems thus to be one of the most likely system for achleving the high
efficiencylof quantum conversion into chemicalApotentlal whicﬁvis .
required for the photosynthetic system. Evidence that such a pro-
cess 1s indeed.ocourring in the pnhotosynthetic apparatus is accumilate~
1ng,22‘28, and some new contributions to it follow. - |

Light-ﬁnduced'electron paramagnetic resonance (EPR) signals have
been observed in pnotosynthetic systems for mang years, ’These obser-
vations have been discussed in several recent revi;vaapers.6’29 A
positive ldentificaﬁlon of the signal with a definite molocular species

has proVed difficult on the basls of EFR properties alone. Thus,.

‘w



correlations of these properties with other physical measurements
have been sought, Independent studles of absorbance changes in photo=

23,26,30

synthetic bacteria have led to the tentative detection of

bacteriochlorephyll positive ion, thereby leading to the warking hypo-

thesis that the EPR signal mignt be Echit,0

This view was strengthened
by recent work showing that the bacterial spin signal could be pro-
duced by chemical oxidation.3l Tals paper, by means of kinetic

studies of both spectroscopic systems, presents evidence which-is

not conslstent witn the above hypotnesis,

EXPERIMENTAL

The kinetics studied In this paper are the EPR and absorbance
translents induced by a pulse of light. The experimental errange-

is shown
ment used in both experiments/in Fig., 1. The EPR and optical spectro-

meters used have been described in earlier publiéations.zz’zu An
electron;cally modulated neon lamp was used to induce the photo
signals. Its design was kindly‘made available for our use by Dr, L.
Plette of Varlan Assoclates. Most of the detalls of its circultry

are in the literature.32 The spectral output was primarily in the
wavelength region between 580 and 720 mu. Rise and decay times were
of the order of 10 7seconds. The slénal resulting from a single flash
was £o0 noisy to allow the determination of the full éime course of
-its growth and decay. To improve the signal-to-nolse ratio the inte-

gration téchnique of Klein and Barton33 was used. Wetusedithe com-
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Fig. 1. Block diagram for kinetic measurements. Operation
is described in text. The appropriate spectrometer
(optical or EPR) was inserted as desired.
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merciai;; integrator, the Computer of Average Transients iodel 400
(Mnemotron Corp., Pearl River, New York). The overall rise time with
eacn spectrometer was less than 1 msec.

The sequence of events was as follows: The repetition rate was
determined by a pulse generator which initlated a sweep of the Inte-
grator. The integrator triggered the-lamp after a fixed delay period.
The second pulse generatdr determined the duration of the flash. The
observation.time of the integrator could bebset for any fraction of
the repetition time. Typical flash durations were 2 seconds, repetition
time 16 seoondé,vand integrator sweep time ranged fram 1 to 16 seconds.

Suitable signal—to—noise ratios were obtained after 50 to 500 events,

Chromatophores were gprepared from Rhodospirillum rubrum (originally &
supplied by R, Y. Stanier, #l.l.l.); The sarmples were harvested after .
5 days of growth in modifiéd Hutner's medium,Bu using malate as sub-
strate, The chromatophores were prepared as outlined in the paper of
Loacn, 53_95,31 .The sample was buffered at a pH of 7.5 with 0.1 N_
glycylglyeine. ‘

To minimize differences in the experimental cohditions the same1
sample contalned in a 'Varian EPR aqueous sample cell was used In
both spectrémeters. Typical optical densitles at 880 mu were 1.5.

The following factors were found to effect rise and/or decay
rates: 'redox potential, pH, temperature, llght intensity, and the
physiological state of the organisms and the preparation and storage
of the chromatophores, Tnese were held at the following values for
both the EPR and absorbance experiments: +0.30 volts, 7.5 pH units,

22 & 20, 1016 photons/cm /sec, 5 day growth and variable storage. The |
light intensity was measured with a pnotodiode which was calibrated

against a U.S, Bureau of Standards lamp.,



The EPR signal, Sft)’ was measured at the point of maximum slope
of the absorptlon curve, and 1s proportional to the number of obser—

vable unpaired electrons. The response of this signal to the light

' pulse is shown in Fig. 2. Also shown 1s an example of the growth of

the signal when the light is turned on (vhen an expanded time scale

is used), The growth may be described by the expressicn
S(g) = Sp (1-8"FY) W

and the decay curve by the expression

“'af, with 5, = 5, + 8! (2)

d

€ o (< b [8 |
o(t) Sdej‘d + ..)(!18

Sr is proportional to the steady—étate of photoproduced spins, Sd‘
an@ S& are proportiomal to the fracéion'of photoproduced spins decay-
ing by parallel paths with unimolecular rate constants ky and
k’d/xr. k. 1s aepproximately the unimolecular rate constant for
spin production,

A typical absorption spectrum and a llght-minus-dark difference
- spectrum for the chromatophores used are shown in Fig, 3. We are |
" here concerned with thé major light-minus—dark bands at 433 ma,
792 mu, 810 mu and 865 mu. The responses of these.gignals to light
are shown in Fig. 4. Tne shapes of these curves c¢an be expressed
by'equations of the forms of (1) and:(2):above,2y ~Llﬂubo§n;§he EPR
and the optical absorption measurements the decay rates were found
to be approximately independent of the light inéensity. This, together
with the simple exponential behavior (Figs. 2 and ref, 2%) indicates

that these processes obey first-order kinetics.
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Time response of the electron paramagnetic resonance
(EPR) signal to light. The insert is the growth of the
EPR on an expanded time scale. Also shown are

exponential curves fitting the data. S_
steady-state value of the signal.

is the normalized
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Fig. 3A. Absorption spectrum of R. rubrum chromatophores
suspended in 0.01 M phosphate buffer, pH 7.13; 1 cm
cuvette. o

Fig. 3B. Light-induced absorption changes in R. rubrum
chromatophores, whose absorbance was 2.2 at 880 mu.
Excitation wavelengths were 650-900 mu for the blue
absorption changes; 400-500 mu for the infrared
absorption changes. Note that the absorbance scale
below 650 mu is expanded twofold. For further experi-
mental details, see Ref. 24.
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To demanstrate the relation between the two spectroscoplc ovser—
~vations, the time response (course) of the signals from the same sample
have been plotted together (Fig. 5). The steady-state magnitude of

each signal was normalized to unity.

CONCLUSIONS

The following conclusions may be drawn from this evidence:

1, The rise and decay kinetics of the spin signal are the same as
the kinetics of the 433 mu absorbance changes, within experimental
error. Of the ﬁajor absorbance changes, only the one at 433 mu shows
this close;agreement. We thus assign the observed EPR signal to the
molecular“épecies which produces the N33 optical change.

2. The molecules responsible for the abzorbance change at 433 mu are
not the same as those molecules resporsible for the absorbance change
at 865 mu because of the much slower decay rate of the 433 mu band,
as was earlier reported.éh ) '

That a relationship between optical density changes and EPR signals
existed was apparent from the experinments of Clayton26 and Loagh, gg_g;,3l
In these experiments all the light-induced optical abéorbance changes and i
the EPR signal were removed upon oxidation and wez replaced by a "dark"
signal of the sams magnitude. Howévef, no cholce among the'optiéal sig=- -
nals cculd be made, to 1dent1fy the sources of the EPR signal.

Tne spectral position of the 865 mu band with respect to the in

vivo absorption of BCnl and 1ts 1nteraction wlth redox reagents has
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been used to identify this change with a one-electron photoinduced

oxidation of BCal in the organized environment.26’30'3}

Based on this
identification of the optical density change at 865 mu and the above
kinetic data, oxldized bacteriéchlorophyll in the organized environ-
ment of the chromatophore is not the site of the unpaired electron
producing the observed electron paramagnetic resonance signal. Such
a molecular species (BCh1+) in solution would be expected to show an
EPR slgnal characteristic of a freefradical. That we do not see one
could be explained by an Interaction between this electron and its
envirorment which broadens the resonance line. Such an interactlion
may arise fram delocalization, among, several BChl'molecules, of the
charge associated with the oxidized BChl. A delocalization of thils

sort can be used as the conduction system for separaticn of charge

in the primary quantum conversion act{

A
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