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THERMODYNAMICS OF LIGIT EMISSION AND FREG-ENERG ’S'I'OR»'\GE IN PHOTOSYNI i 5TS

ROBERT To ROSS AND MELVIN CALVIN
From the Laboratory of Chemical Biodynamics, the Department of Chemistry

and the Lawrence Radiation Laboratory, University of California, Berkeley

ABSTRACT, A Planck law relationship between absorption and emission
spectfa is used to compute the fluorescence spectra of some photosyi-
thetic systems from:their abéorption spectra, Calculated luminescence
spectra of purnle bacteria agfee well but not perfectly with pub-
lished experimental spectra, Application of the Planck law relation
to published activation spectra for Systems I and IT of spinach chloro-
| plasts permits independent calculation of the luminescence spectra
of the two systems; if the lwninsscence yield of System I is taken
to be one-third the yieldvof System I1, fhcn ;he combined luminescence
spectrum closely fits published expcrimentul mea;ﬁrcmcnt.
Consideration of the entropy associated with the excited state
of the absorbing molecules is used to compute .the oxidation-reduction
_potentials and maximum free-energy storage resulting from light ab-
so%ption. Spinach chloroplasts under an illunination of 1 kilolux
of white light can prodﬁce at most a potentiél difference of 1,32 eV
for System I, and 1,36 eV for System 1I. In the absence of non-
-radiative losses, the maximun amount of free enerpy stored is 1.19 eV

and 1,23 eV per photon absorbed for Systems I and IT, respoctively,

o
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The bacterium Chromatium under an 111uﬁ1ﬂatlon of 1 milliwatt/c “n?
of Na D ra dluthﬂ can nroiurc at most a notc1twa1 dl ference of
0,90 eV; the maximum amount of free encrgy stored is 0,79 eV per
photon absorbed.
The combined effect of partial thermodynamic reversibility
and a finite trapalng rate on the amount of luminescence is cor-

sidered briefly.

I, INTRODUCTION
Photosynthe51s in green plants coqvertq radiant energy in the “avclcnﬂtn region
from 400 nm to 700 nm into chemical free energy. A photon having a ”awclcﬂnth
of 700 nm has an energy of 1.8 electrdn~volts, but measurements of oxygen cvo-
Jution from green plants indicate that onlybabout 0.6 oV per quantum absorbed
is stored as free energy in the form of stable chemical products. Onc of the
- major purposes of this paper is to understand the reasons for which much of
the "missing'" 2/3 of thé photon's energy is ''lost'.

A significant amount of free-energy is lost in the complex biochemical
pathways between the absorntlon of light and the output of cazboavdra te; 1t
is possibie that these losses may be con51dﬂ1ed in a general thermodynamic
manner, but in this paper we shall be concerned with two "losses' which are

incurred immediately upon absorption of the licht.

-4

The first of these is simply a cons 1d01atwon of the cntrowy associnted

with the absorbed radiation; in other words, free-cnergy is not the same as

energy. The first worker to comsider this lihitation on the encrgf conver-

sion process of photosynthesis was L, N. M, Duysens (1958), who did so by a
,

general and somewhat intultive therrodynamic approach wiich 1s strictly apnli-

cable only for systems which absorb only in a narrow frequency renge., Since
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then, Mortimer and Mazo (1961) and Bell (106’) have considered the theimo-
dynamics of Ponocnronatlc radiant energy conversicn in a more general con-
text; their work has exprccsod Duysens' insight in more formal Lefm» but
it has not altered the basic argumenu.- Application of the narrow-band
heory to photoqynth051s requires some extensions in ordcr to make it apbii-
cable to photochemical sys stems. absorbing over broad bands; this has been dona
‘recently (Ross, 1966b; 1967), and we review this theory in the next sectiocn,
The sccond immediate loss is due to a degree of irreversibility which
is necessarf to cause a net flow of energy into any radiation absorber, If
an zbsorber were in equilibrium with a radiation field, then it would re-
radiate at the same ratc at which it received photéns, meaning that the
quantum yield for energy’storage processes woﬁld be zero.  In order to get a
net retention of photons, the entropy of the absorber must be greater than the
entyopy of the radiation field. ThlS and other losses have recently been con-
sidered for the general problem of narrow-band radiant energy conversion
(Ross, 1966a), and this loss has more recently been consideréd in the broad-
band context (Ross, 1906b; 1967). ‘This theory will also be reviewed in the
next section, | V
The evaluation of the thermodynamics of any broad-band-absorbing photo-
chemical system rests largely on the existence of a universal Planck law
relationship between the absorption and emission spectra of any photochemical
system, In Section III we consider some of the available information on the
absorption and fluorescence spectra of photosynthetic systems, and relate
them to the theory developed. In Section IV we use these spectra and the
theory, togethor with a little data on the intensitics of the iight {iclds

(G398

in which photosynthesis operates, in order to calculate the chemical

[ab}
o
w
54

tials which may be developed in different photos »nrh(twc systems,  Those
then related to observed biochemical oxidaticn-reduction potentials, and tho

agrecrent 15 found to be 1gan\_'qood.
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1T, THEORY
The thermodyﬁandc theory which is used in.this paper can be derived in a com-
pletely genéfal manner (Ross, 1967). However, here we shall present a deri-
vation which has less generality, but which-~-hopefully--may assist the reader
in getting a better physical picture,

In this‘pafticular derivation we assume that the thermodynamics and
kinetics of any species considered is identical in behavior to an ideal gas;
in other words, molecules are considered to be non-interacting and to obey
Boltzmann statiétics.

Licht Emission and the Maximum Potential. Consider a dilute solution of

chlorophyll in a black box which is at 29$°K. Thermal processes cause tran-
sitions from'the'ground electronic State‘of the chlorophyll, Chl, to the first
excited singlet state, Chl*, and from the excited state to the ground state.
Some of these transitions occur wiﬁh the'ébsorption or emission of a photon,
while others involve only vibrational transitions., | |

From the principle of detailed balance, we know that the total number of
radiative transitions.from Chl to Chl* equals the number of radiative transi-
tions from Chl to Chl. We kno& furtﬁer that the number of Chl*-to-Chl
transitions accdmpanied,byvthe emission of fadi;tion within a certain frequency
interval must be equal tolfhe number of Chl-to-Chl* transitions which are
accompanied by absorption of radiation. in the same band.

It is possiblekto calculate the wavelength distribution of these therimsl
‘radiatiQe transitibns by simply taking the product of the electronic ﬁbsorption
spectrum of chlorophyll with the blackbody radiation curve for 295°K. This
is shown'in Fig. 1, |

In general, this rate is

81 o(v) (nv/c)? exp (-ho/KT), - N N
-

in units of quanta/cmz sec scc‘l, where o(v) is the absorption cross-scction

~
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of the chlorophyll and n is the refractive index of the mediwm. This cxpres-

sion has been simplified by_omiésion of a term corresponding to induced emission,
‘Now let us shine an external light source into the solution, This addi-

tional light will increase the rate of excitations, and thus increase the

number of Chl® molecules,

If, in the presence of the external light, thermal equilibrium is main-
tained among 211 of the vibrational levcls of the Chl then the proportion
of Chl®-to-Chl transitions which occurs by any particulér mechanism will re-
main the same, One consequence of this is that the proportion'of radiation
emitted at any frequency will be the same as that computed for the rate of
Chl#~to- Chl transitions in a thermal encloqure irregardless of the frequency
distrib utloﬂ of the impinging radiation, This means that the wavelength or
frequency distribution of radiative transitions shown in Fig. 1 end given by
equation (1) is always the emission spectrum of chlorophyll at 295°K, This
Planck law relation between absorption and emission spectya enables one to
calculate emission_spectra from absorption spectra, We consider its appii-
cation to phoiosynthetic systems in Section III.

LetNus spe;ify that the intensity of the external light is such that the
population of Chl* becomss Q times what it was in the absence of the external
lamp,.

We can express Q as

Q= R'/R,, ~ | ()
vhere R, is the rate of Chl-Chl* thermal transitions, and R' is the rate of
Chl-Chl*_transitions in the presence of the external light,

The rate of thernal transitions is |

Ry = fIpp(v) o(¥) dv + R __, _ (3

where Ipn is the blackbody intensity at the amhient tewncrature and Ry o is

the rate of non-radiative transitions,
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The rate in the presence of the extemal liﬁht is

R' = [I5(v) o(v) dv + RO, (4)
where Ig is thc.intcnsity of the external light. We shall assoae that R, is
negligible compared to ﬁhc’ratc of transitions stimulated by the external
light, so that

Q = fT5(v) o(v) dv/a ITgy(v) a(v) dv, (5)
where we have expressed the rate of non-radiative thermal transitions (Qn_r)
as being («-1) times the rate of radiative thermal transitions.

If our basic assuiption of vibrational cquilibrium within Chl* is true,
then the proportion of Chl®*-to-Chl transitions which occurs radiatively should
be 1/a, ;o that o is simply the inverse of the quantum'yield of luminescence.

e now have the situation that the povulatlon of the excited state is Q
times the themmal populatlon. Thls means that the partial molar frec cnorey
of the Chl* is incrcased by kT In Q over its thermal value. We are considering
light levels at which the population of the ground state is not seriously de-
pleted by excitations into the Chl® state, so that the partial molar frec-
enérgy of the Chl remains at its thermal value,  This means that the differcnce
in the partial molar free-energies of the Chl.and Chl® is kT In Q, or

= KT In{¢3m Is(N) o(X) dA//Tpp(X) o(A) dA] (®

Note that for the evaluation of this pofential difference one nceds only
to know a temperature (which will give Ian) » the w&vclcngth distribution of
the incident radiation, aﬁd an absorption spectrum (which does not nced to ba
normalized). Using this formula with a knowledge of the absorption spactrum
and typical illumination intensities, it is possible to evaluate a'typicn] u
for various photosynthetic ofganisns. It should be noted that cquation (0) cun
be derived in a completely general fashion, and is not dependent on any of the

physical assumptions contoined in the derivation presented here (Ross, 1967).
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So long as Chl—to—Chi*‘cxcitations arc caused with a quuntum yicld of
ona or less, this free-encrgy differcnce represents an upper limit on the
amount of free-encrgy which can result from the absorption of a photon. By
our approach of pcrturbing a perfect thermal équilibrium, it should be clear
that p is,nof determined by the energy of the quanta involved, and can be
rmuch less than hv. -

Losses from the Irreversibility of Net Flow. At this point, lect us note

that the free-energy difference which we have been calculating has taken no
note whatsoever of the quantum yield for the energy storing process. As we
turn on an energy utilizing péthway which had not been considered in our pre-
vious discussion, the populafion pf the cxcited state will be decreasad to
some population P* which will be less than the population in the absence of
the energy storage process Pﬁmax‘ The,quantum.yield-for the processes which
lead to encrgy storage is then
ﬁstJ= 1- Pﬁ/P*max" . (7
assuming first-order rate constants for the energy storage process and for
the loss processcs. |
As the popuiation of the excited sfatc is decreased, so is the frcc~cncrgy”'
differcnce between the excited and ground states. One can write this voten-
tial as being
b= gy = KT In (P8/P% ). ' ' (8] .
We are interested in maximizing the product of this potential, and ths
quantum yield for énorgy storage.. It is easy to solve for the condition for
this maximum powcr}étorage, and it is approximately that
| | (9)

This means that the optimum free-cnergy difference between the ground

/D& N KT/
p#/P max '\,-kr/umax-

and cxcited states 1s roughly

BN My " KT In (”max/kT)‘ (10)
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As with the calculation of u this optimal potential and its asso-

max?
ciated quantun yield may be derived without reference to any spacific mecha-
nistic assumptions about the system (Ross, 1967)., We compare thz results of
thermodynamic calculation with the current state of experimental Ynowledse

about photosynthesis in Section IV,

.

Losses from Slow Ixcitation Transfer. At this point we can consider a

kinetic limitation on the amount of power stored which is due to the finite
rate of transfer of the excitation from the absorbing pigment molecules into
species which do not interact significantly with a radiation field.

Consider that we have the situation diagrammed in Fig. 2(a). Hexce the
excited state of the pigment molecules Chl® is in thermal equilibrium with a
trap state, As diagrammed, the trap might be a triplet state of the pigment
molecule, or some isomerization of it, hut actqulv the arguments which we will
make apply equally to chemical'rcactions where the trap is a distinct chemical
species.,

Excitations are transferred from the excited state to the trap with what
we assume to be a firét-order rate constant, K.... Since Fig. 2(a) describes
an equilibrium situation, the return rate must be the sa e, and the chomical
potential of the trap will be the same as the excited state, w__ . The povu-

max

lation of the excited statc is P# and the rate of excitations is cquzl to,

max’

the rate of radiative and non-radiative decay, oK. P ...

Now consider that excitations are tapned from the trap for storaze, so
that the thermodynamic activity (e.g., the concentration) of the trap spzcics
drops to some fraction, &, of the activity which would be in cquilibrium with

an excited state population of P* maxe e resulting situation is diagrammed

in Fig. 2(1).

The rate of the reverse reaction Trap » Chl* is dropned to OX e rne?
causing the population of the excited state to drop to P®. The quantun yield

for storage is, as before,
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Bsr = 1 - Pﬁ/meax’v » L

19

but ocur object in the current situation is to maximize the powsr stoved =s
P

measured at the trap: in other words, to maximize the product ﬁqtp

[a )
ct
ot
¢

By equating the fluxes into and out of the excited state, we fin
relationship
e RE - B 4+ Y Pk - Sy = ' r
oKpqa (PF = Ppand + Kppon (6P% 0 = PF) = 0, (1D
which can be rearranged to give
s/pt = (a4 * 8K, )/(eK. -+ K | (
PE/ max (a rad * ¢ tran)/(“hrad I\’cran)'_ (12)
Substituting equation (12) into cquation (7), we find that the quantum
yield for nowér storage is
- 7 If + ’d - . -~
Bot [ktran/(d\rad htran)](l §). _ (13)
The expression within the brackets is the usual kinetically detemmined
quantu yield in the absence of any reversibility in the Chl®, Trap reaction
(i.e.; § = 0), and the expression (1 - &) is thermodynamically cquivalent to

the (1 - p¥/P* ) of equation (7). This means that the quantum yield for

max
energy storage factors into two independent fractions, one of which is deter-.
mined kinetically and the other of which.is determined thermodynamically,
Derivation of the optimal Rerap and maximal power storage is cquivalent to
the carlier treatment where the excited state itself was considered, The only
difference is that the guantum yield is lowered by the kinetic factér ghom
in equation (13).

When the kinetic and thermodynamic factors of equation (13) are boih
close to one, then the lost quantum yield is anproximately

The luninescence yield is 3/ of this, or

Y
)_J
(V2

~—

Brum & Kpag/ (Kppq * Ktran) +exp[(umupa, /KT

wher is the maximum potential, corvected for the presence of non-

3
inax

radi- cive losses.
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The first term in.equation (15) is duc to the finite rate of transf{er

out of the excited state, and thé sccond is due to the.rev“rsibility of the
system, The kinetic term is simple fluorescence which is independent of
any chemistry, and this portion of the luminescence should decay rapidly

and cxponentially whcn illumination is terminated. On the other hand, the
themiodynanic tewm is dependent on chemistry, so that the decay of this

Y

light cmission may be expected to be considerably slower and have complex
kinetics. This chemiluminescence was first observed in plants by Strehler
and Arnold (1951) and is currently being studied in several lsboratoriecs

(vis. Clayton, 1966).
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IIY, LUMINGSCENCE SPECTRA

Bacteria, ~Olson and Stanton (1956) have recently publisihed absorption
and fluorcécencc spectra for several species of photosynthetic bacteria, By
multiplying their absorption spactra with the Planck factor for 295°K, we
have calculated the luminescence spectra for these specics. 7The results ofA
this calculntibn are compared with éxperiment in Fig. 3.

The calculated and observed spectra have been normalized so that their
peak heights match. Agreement between prediction and experimeut is reasohzbly
good,’and 1s probably within the accuracy of the experimental data. This
agreement adds confidence to our assumption of reasonably good themmal cquili-
brium in the excited states of - photosynthetic pigment systems,1 and provides
one more evidence that there is only one photosynthetic system in bacteria.

Spinach. TYor the'purpose of making quantum yield measuremonté, Sauer
and Biggins (1965) made careful measurements of the absorption spectiruri of
the photosynthetic‘épparatus of spinach, Using a tabulation of their ahsorp-
tion data, we applied the Planck factor to calculate the lumincscnece snecctrim
whiéh is displayed in Fig, 4. This is the luminescence spectrum which onc
would expect if the excited states of all of the pigment melecules in plant
photosynthesis were in thermal equilibrium. |

However, plant photosynthesis does not appear to be comprised of onc
photochemical system, but rather two., One of these, called System II, can be
driven only with light having a wavelength less than about 680 nm; the other,
called System I, can utilize radiation of longer wavelengths. The manner and
degree of any intcracfion between these two systems at the level of clactronic
excitations is not known; the most popular current hypothesis is that therc is
no significant interaction, and that cach system may be considered s an inde-
pendcﬁt entity with its own independent sbsormtion spectrwn.'ffn shall agunnc

that this "separate box" hypothesis is corrvect (vis. Welss, 196%).
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Mhe way of separating the two photochemical systoms is to take a prenara-

ARAN
tion of the photosynthetic apparatus of a plént, chloroplasts, and add to it
metabolic poisons and spectroscopically obscrvable rcdox apents with apnro-
priate potentials. By usc of the appropriate chemicals, one may observe the
light-driven progress of only one of the two photochemical systems.

Ry using this teclmique,” Sauer and Park (1965) and Kelly and Saver (1065)
have determined quantum yields for each of the twe systems in s»inach over a
wide range of wavclengtﬁs. Their original data were distorted slightly becausc
of the band pass of their instrument, but correction for this indicates that
the quantum yield for System I plus the quantum yield for System II is within
experimental error of 1.0 at all wavelengths (Kelly and.Saucr, 1965).

Using the assumption of separate boxes, we have smoothed their data some-
what to obtain the qﬁantum yield partitioning diagrammed in Fig. 5. These
quantun yiclds may be used'to calculate an activation spectrum for each of
the two systems; this has becn done by Kelly and Sauer, and Fig. 6 shows this
on a logarithmic plot.

Separate activation spectra for the two.Systems permits a decomposition
of the luminescence spectrum shown in Fig. 4 into a component duc to System I
and a component duc to System JI. The result is displayed in Fig, 7. The
curve for System II has bcen.magnificd‘by a factor of 5 in order to make the
area under the two curves approximately equal, If the luminescence yiclds for
Systems I and II were about the same, then the emission spectrum of spinach
should look something like the sunm indicated in the figure.

Comparison 6f the experimental {luorescence spectrun of spinach ciloro-
plasts (Murata, Nishimura, and Takamiya, 1966) with Fig. 7 suggmests that the
fluorescence yield for System I is somewhat less than tﬁc fluorescence vinld

for System I1. By adjusting the relative mannitudes of System 1 lumincsc ace
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and Systom IT luminescence to obtain the best fit with the exparinental
curve of Murata ¢t al., it appears that the fluorescence yield for Syster I
is about 1/3 that of System II, The resulting fit betwecen the theorctically
calculated luminescence spectrum and the cxperimental spectrum is shown in
Fig. 8. Considering all the sources of error, we feel that the agreorent
between the two is quite good.

These calculations reinforce the notion that the fluorescence yicld
for System I is less than that for System II, and'that the luminescenée at
740 nm has a relatively greater contribution from System I than does the

luminescence around 685 mm (vis. Butler, 1966).
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IV, POTENTIAL DIFFERENCES AND FREE-ENERGY STORAGE

We saw in Section IT that the first step in evaluating the cnergetics of a

3

photochemical system is to determine the light-driven potential which is deve-

loped when the rate of Juminescent emission is equal to the rate of absorption.
calling the cquation we derived,

p = kT In[d JI () o(v) dv / 87 o(v) (hv/c)z exp(~hv/kT) dv ], (6")

Iun

we remember that only three quantities are necessary to evaluate the maximum

potential: an incident light flux, I_, an absorption spectrum, ¢, and the am-

S’
bient temperature.

In order to be certain that Woax is correctly evaluated, the °bJ0‘DL“on
i

) AN

spectrunm should be takcn on an organism which has been grown at light inten-
O o

sity I.. Otherwise thﬂre is the possibility that an oxganism may vary its

absorption spectrum depending on the light intensity, This has actually boen

FS

observed in several species of bacteria (Fuller, Conti, and Mellin, 1903), and

the change in absorption spectrum is in a direction which would tend to keep

the potential developed independent of light intensity., In the following dis-

-

cussion we will not be too carcful shout this point, partly because the cdata

are not available, but chiefly because an error or a millivolt or so in the

~
3

computed potential is insignificant when compared to other sources of eryov,

Once the maximum potential has been calculated, then the potential for

¥

maximum power storage can be O)taln d in the wanner outlined in Section 17,

Sninach. The range of light intensities for effective plent growth 1s

P

A 2

limited at the lower end by the commensation point, at which the rate of

photosynthesis is just he upser limit is

®

adequate to balance respiration, 1
set by the szturation of the various chemical reactions which make up the

energy storing process. The compensation point genmerally cccurs at a light
inteonsity of betweon 20 and 500 lux®™ of white iight. Photosyathizsis hoouy s

‘half-zaturated somewnere between 1 and 10 kilolux (Rabinowitch, 1951),
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The spinach whose absorption spectrum we used in Secticn 11T was grown
at a light intensity of about 15 kilolux (Park, 1966). lowever, because of
the'high optical density of spinach leaves, a typical photosynthetic unit
might sece a light .intensity of more like 1 kilolux, We shall use this figure
in our calculations,

By‘taking the product of the spectral distribution of the quantum flux
from a tungsten bulb with the absorption spectrum for spinach photosynfheéis,
we find that 1 kilolux of white light produces pigment excitation at the éame
rate as would 0.9 nanocinsteins/cmzsec‘incident at the red absorption maximum
at about 680 nm. This gives us the numerator for equation (6), and we assume
that this is split equally between Systems I and IT. |

The integral in the dénominator of eqﬁation (6) is evaluated by finding

the arca wnder the curves in Fig. 7, with appropriate consideration of how the

vertical scale is defined, Performing the necessary arithmetic, we find that

2]

Yrmax for Systeﬁ I1is 1,32 eV and that Hinax for System 1I is 1.36 cV.

These maximm potentials have been evaluated with the assumption thaﬁ non-
useful non-radiative decay is negligible., This is probably not true, and the
‘potential must be corrected downwards by KT In o, where « is the reciprocel of
the quantum yield of fluorescence in the absence of the energy storage Process.

The fluorescing species in plants is chlorophyll a, dilute solutions of
which have an.a of 3 (vis. Clayton, 1966).' 1f the pigments of System 11 have
an equivalent or greater amount of non-radiative 1osscs,Athen the maiimum
potential for this system is 1.33 eV or less.

Evidence is accumlating that the spccics responsible for the longest
wavelength sbsorption in plants arc one or more agorcgated forms of chloro-
phyll, (Dratz, Schultz, and Saver, 1967). Presumably these aggregated {forms
b

chlorophyll should be greater than from meneners, Systenm I would be most

[$]
b
Q
Q

. hE - - 3 PP -5 oo Laeriory ~epaped b,
largely to System I, so that if non-vadiative Josscs rom aggresaioc

affected.
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Recall from Section IIT that the observed fluorascence yicld of 9) sten 1
of spinach appears to be only 1/3 that of System IT, Onc cause for this
could be a greater rate of non-radiative decay in S&stcm I. 1f this should
be the sole reason, then we can guess that o for System I is 9, which would
give a maximum potential of 1.26 ¢V for this system,

Applying the tﬁeory outlined in Sectioh IT to the assumed maximum poten-
tials of 1.20 and 1.33 eV for Systems I and IT wunder 1 kilolux of illumination,
we find that the optlmal fraction of quanta lost for thermodynamic reasons is
slightly more than 2% for each system, The optimum potentials at.the trap
ar¢ 1.16 eV for-System I and 1,23 eV for System II.

At thisApoint we should ask how critically dependent the amount of free
encrgy stored is on fhe,potential at the trap, The dependence of power stored
on the potential is shown in Fig., 9 for a Vinax of 1,30 ¢V, The potentis] for
maxinum power storage is 1,20 ¢V, but the potential can range between 1,12 ¢V
and 1.24 eV with thé amount of power stored remaining greater than 95% of
this maximum,

Over this range of potential for nearly maximum power storacc, the qiumtunm
yield for loss processes caused hy thersadynamic reversibility ranges frem 0,16
to 10%. Because power storage is s0 inscusitive to this paramcter (in the cue-
rent theory at least), and becsuse the klucllcally dctcmmnncd losses may Jdif{.c
between Systems I and II, we hiwe no assuvance that éloss should be the saw
for Systems I and II. For this rcason, although it scems quite plausible,
the assignment of a larger proportion of non~radintivo decay to System I re-
mains speculative with the information accurmulated so far

Recent work by Bertsch, Azzi, and Davidson (]967) indicates that the de-
layed light cmission from System I of plants is several hundred times weaker
than the dcldycd light fxom System II, If this is true, and our estimite of a

System 1/System II luninescence yicld ratio of 1/3 from the data of Murain
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ct al, is accurate, then the proportion of non-radiative decay from System 1

annot bz more than 3 times the proportion from System II, |

Furthermore, such a la1nc ratio of System II to qutcm I dclayed light

would 1mp]y that the potuntlnl of System IT is towards ‘the upper end of the
range which gives nearly maximal power storube, while the potential of Sys-
tem I is tohnrds the lower end of the range uhlch gives near maximal power
storage. This would suggest a themodynamically-determined lost quantum
yield of roughly 10-3 for System I, and 0,1 for System II, It may be that
System II sacrifices quantun yield in order to develop the chemical poten-
tial necessary to oxidize water to molecular oxygeh.

Purple Bacteria. We do not know the light intensities used for growing

the bacteria whosce absorption and fluorescence spectra were discussed in Scc-
tion III. Even if we did, it is unlikely that the figure would be mcaninvful,
as typical bacterial cultures have a high ootxca] density, so that thc me
intensity incident on a bacterium is much lower than the intensity incident

on the culturc as a whole,

Katz, Wa951nk, and Dorrestein (1942) found that the rate of photosyntiwsi
of the purnle bacterium Chromatium, as they cultured it, became half-saturated
at 6 to 10 kiloergs/cmzscc of incident sodium laﬁp radiation when the optical
density of the bacterial suspension was low, Onec kiloerg from such a lamp
represents 0.49 nanoeinsteins of 539 nm.light. |

Bacterial photosynthesis has a-somewﬁat S-shaped dependence on light in-
tensity, so that the efficiency of photosynthesis drops at light intensities
much below the half-saturation point, For this reason we shall calculate the
potential developed for 10 kllO“lgb/Cm sec of sodium radlatJon.

For the present calculation we shall usc the absorption and fluercscence
spectra of Fhlowwtlum obtained by Olson and Stanton which were discussed in

v B

Section 111, The spectrun of the culture used by XKatz ct al. may have boen
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different because of different growth conditions, but this should not intro-
duce a serious error in the potentizl calculated.

The 1nfo;mat101 necessary to evaluate the denominator of equation (6) is
contained in the calculations for Fig, 3(b). Combining all of the appropriate
factoré, we find that Moo is 0.90 eV. The potential for maximun frce storage
is 0.81 eV ;nd the maximum free encrgy sterage per photon is 0,79 eV. - An o of

3 would lower each of these values by 0,03 eV,

i)

Redox Potentials of Ligl enera ?od Bicchemicals, In the previous sectio:

we found that the thermodynamic potential generated by the two systems of plant
photosynthesis is about 1.2 eV, with the potential of System II being slightly.
higher than System I. The thermodynamic potential developed in purple bac-
teria is about 0,8 eV.

When the electronic excitations carrying these potentials are converted
into chémi;al energy, it is thought--at present at least--that the most probable
imrediate chemical consequence is an oxidation-ryeduction reactiox; It is pos-
sible that one might have a conformational change using at least part of the
enevgy relatively carly in the process, but an ionization seems to be the
most rajy OSglblC, and hence preLcraolo first sten. |

If thn primary oxidation and reduction reactions are one electron NTOCCSSOS
then the alffelcnco between the redox potentinls of thése two -half-reactions
sﬁould be equal to the thermodynamic potentials just calculated,
| One can attempt to represent the clectron trensport chains of bacterial
and plant photo yntnesis by the potential diagrams shown in Figs, 10 and 11.°
Here the vertical arrows represent the imnut of free encray in the light-driven
reactions, while downward arrows indicate spontancous, or "dark' reactions,
Points at which this electron t]ﬂn(;o*; Wiob, is thought to be couplad to
cnergy-storing phosphoryla

Chemiczals which nave boen identified as prriicipatine in the oleociron

trapsport pathway are indicated by their initials, and nloced according o
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a

our estimate of their redox potential when the organism is illuminated, I
the primary molecules to be oxidized and reduced nré largely in their "acoep-
tor'" oxidation states, then the actual potential will be shifted from the mid-
point potential, which is indicated in parenthesecs,

Fd stands for ferredoxin; FP- for flavoprotein; PN for pyridine nucleotidey
Cyt. for cytochrome; P for plastoquinone; and Pgao and 200 for as yet un-
characterized mole;ulcs having absorption peaks at $90 and 700 nm which ‘can
be bleached by light, and also Teversibly bleached chemically with the mid-
point potentials indicated, |

In the case of bacterla, the available free energy appears to be adequately
explained by thc difference in redox potentials between the well-characterized
c-type cytochromes: and PSOO’ and bacterial ferredoxin, The thermodynamics is
also in accord with a proposal by Loach (1966j that a two clectron/photon oxi-
dation-reduction occurs with midpoint reduction potentials of -0,02 and +0,41 V,

In System I of plants, shown as the solid vertical arrow of Fig. 11, the
available enc1gy significantly exceeds the potential difference between sninach
ferredoxin, and cytochrome f and Poggr ™M the basis_of the reduction of violo-
gen dyes by illuninated chlordplasts, Kok, Rurainski, and Owens (1965) have
proposed the cxiStéucé:of a System I chemical having a reduction potcntiﬁl in
the vicinity of -0.7 V. The thermodynamic calculations support ‘this hypothesis.

Less is known about System II, which oxidizes water to molecular oxygen in
order to generate a reductant, The usual assumption that the upper-end of Sys-
tem II terminates near plastoquinone is reasonable if one assumes that a nower-
ful oxidant with a potential of greater‘than.+1.0 V. is generated, and some
losses are incurred in the oxidation of water, It is also thermodynamically
possible that electrons removed from water could be bréught to the potential

of ferredoxin with a single quantum of light, as has been sucrested by Arnon
(1966); this is indicated by the dotted line to the far richt of Fig, 11, Tor

a third possibility, Kok and Datko (1965) have rcccntly suggested that the
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reductant produced by System II has a potential of +0,18 V.; a two electron/
photon process between this potential and the water/oxygen potential would be

in accord with the thermodynamics,

The authors are grateful to many colleagues in the Laboratory of Chemicdl
Biodynamics for a number of lively discussions which helped greatly in the
formulation of the theories presented here. We are particularly indebtet to

Kenneth Sauer, E. A, Dratz, D. R, Gentner, and I, D. Kuntz, Jr., in this regard.

This work was sumnorted in part by the U.S. Atomic Energy Commission,
. L) (]

Received for publication, 1967,

FOOTNOTES
1However, the Qariation which Clayton (1965a) has obtained between the prompt
fluorescence and chemiluminescence spectra of green bacteria indicates that
thermal eduilibration is not complete,
2300 1ux = 9,3 foot-candles
3For a review of what is known about the electron~transport’chain of bacterial
photosynthesis, sec Vernon (1964); for plants, sec Clayton (1965b). TFor a

more recent review of both, see Vernon and Xe (19066).
3
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FIGURE CAPTIONS
Fig. 1, Multiplication of the absorption spectrum of chlorophyll by the room

temperature blackbo&y curve to compute the wavelength distribution of spon-
taneous radiative transitions (dotted curve). Arbitrary logarithmic verti-
cal scale: absorption cross-section from the extinction coefficient of
monomeric chlorophyll a in CCl, (Sauer, 1966); blackbody curve for 295°K in
units of quanta/cmzsec per unit wavelength interval; curve for the distri-
bution of radiative transitions in wnits of quanta/sec per unit wavelength

interval,

Fig. 2. Kinetics and thermodynamics of a photochemical system (a) in the ab-
sence of energy storage, and (b) in the presence of energy storage when the

thermodynamic activity of the trap is a fraction § of that in (a).

Fig, 3. Comparison of calculated and experimental luminescence spectra of
purple bacteria, Experimental absorption, o, and luminescence, o, data
were taken at 100 cm”l interVals from the curves of Olson and Stanton,

(luminescence data in (c) from Clayton.) Solid line: experimental

N IV
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luminescence spectrum; dashed line: luminescence spectrum calculated from

the absorption spectrum with the Planck factor for 295°K.

Fig. 4. The luminescence spectrum of. spinach calculated with the assumption
that plénts contain a single photochemical system. The plotted points
were obtained by‘multiplying the tabulated absorption spectrum of Sauer

and Biggins (Sauer, 1966) by the Planck law factor for 295°K,

Fig., 5. Partition of quanta between photosystems I and II in spinach as,é
function of photon energy. Quantum yield of System I as measured by Kélly
.and Saver, o; difference from 1 of the quantum yield for System II as
measured by Sauer and Park, A, Filled symbols indicate corrected quantum
yield obtained by extrapolating instrument band width to zero. The solid

line indicates the partition assumed in subsequent calculations.
Fig, 6. Activation spectra for the two photosystems of spinach.

Fig. 7. Calculated luminescencc snectra of Systems I and II of spinach. Ver-
tical scale is the same as in Fig. 3, but the curve for System II has been

magnified by 5 X in Qrder to make the area under the two curves approxi-

mately equal.

Fig. 8. Comparison of the qalculated and experimentai luminescence spectra of
spinach chloroplasts, Experimental points from Murata, Nishimura, and‘
Takamiya, iCélculated curve obtained by adjusting the amounts of System I
and System II luminescence so as;to match the experimental luminescence

_intensities at 685 and at 730 nm, Hatch marks indicate points at which

the spectrum was calculated.

Fig. 9. Work stored and quantum yield for loss processes as a function of

excited state potential when-umax = 1,30 eV, Losses due to a finite trans-

fer rate are not considered,
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Fig, 10. Suggested electron flow diagram for bacterial photosynthesis,

The potential change indicated for the light-driven step Pegp to X

‘was determined thermodynamically.

Fig, 11, Suggested electron flow diagram for plant photosynthesis. The
potential changes for the light-driven steps were determined thermo-
dynamically. The solid line indicates the light act of System I and

the vertical dashed lines indicate two possible positions for System II,



-25- UCRL-17490

=~ ABSORPTION /;
CROSS -
SECTION

BLRE

= 295°K !
~ BLACKBODY
_ CURVE™/
| 1 ,
600 64.0 680 720
X (nm) |

© MUBA13751



-26- UCRL-17490

"

P max’ Fmax K P'x' ‘
excited fran ma,(> |
\_siate < |

B Fetrap = Frmax
b
aKradPmax
N ,
ground .
state
- (a)
P
7% , : .
M 1 3
T Ptrap=Fmax ™ kTin O
& A OKiranPmax
¢ KyadPrax . - E\’\siorqge
v
(b)

MuB-11266

Fig. 2 -



dQ /dv (arb.)

27 -

UCRL-17490

(a)
r__ R. rubrum —

Chromatium

(c)

| Rps. sp., NHTC 133

V (1000 cm-!)

Fig, 3

MuUB-11285



dQ/dv

-28- UCRL-17490
- , o
| .
SPINACH LUMINESCENCE®
single system assumption
° o
08°D° OO
- o °°°o°°
o
(o]
o
o .
B o
| ©
o'
I | |__%°» .o
13 14 15 16
v (1000 cm-') |
MUB-11261

Fig. 4



-29-

UCRL-17490

1.00=

.80 -
s : Bap
| — -
- PARTITION OF QUANTA
— BETWEEN PHOTOSYSTEMS
6 60 , . _|
A
[} 4)1 X
o _ . ) )8_..
s |-¢g °9° o0 o =X
40 1 ol | !
13.0 3.5 14.0 14.5 15.0 15.5
v (1000 cm-) ‘

Fig. 5

MUB-11285



RELATIVE ABSORBANCE

-30- | UCRL-17490

A (my)
740 T20 600 680 660 640
0 | 1 | ] | -
107 F l ! l . 1 -
- Chloroplast .
- Absorption Spectrum -
I,O_l — —
- F / Action Spectrum ]
X A ) 1
) / System II
T '/ Action Spectrum K
X A i
1072 |- —
i N r— :
- ) .
T SPINAGH CHLOROPLAST |
03 . ACTIVATION SPECTRA _
i ]
i 7
104 1 1 1 i | 1
13 - 14 15 16
: 7 (1000 cm-!)
MuB-9514

Fig. 6



-31-

UCRL-17490

20~

16

dQ /dv

SPINACH LUMINESENCE
Systems ] and IT resolved

13

14
v (1000 cm-1)

Fig. 7

MUB-112560



dQ/dv

-32- UCRL-17490
. A (nm)

76'30 74“0 : 0 700 680 660

T ] T T I — T T T =
L : Fitted -

SPINACH FLUORESCENCE ' | o
o Experimentdl
. ++ Calculated N -
g /
- o .
L h -
'l
o,
» : 77 System I -
Fitted : component
o © ', System 1

| ° : /:omponem : _
°c T \\ o

1 \ 1 | ] 1 1 1 1 )

13 14 7 (1000 cm-!) 15

Fig. 8

MUB-11267



UCRL-17490

~33-

T

4 nrerre |l | { !

1.25

MUB-11263

1.20

p (V)
Fig. 9

115

i | .

e

; 11

m
o-—

—

|

(@ . .
YN
(%) S5O0 Q3940SEY WNLNVND /Q3YOLS YHOM

_ _
S o



2

'REDUCTION POTENTIAL

-34- . - 'UCRL-17490

L

/‘Reductont (e.g. S —>S)

Pgoo .
+.45)

MUB-8518

Fig. 10



(V.)

-35- | UCRL-17490

REDUCTION POTENTIAL

+1.2—

MU B-9520

Fig, 11



This report was prepared as an account of Government
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