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THERMODYNAMICS OF LIGHT EMISSION AND FREE-ENGR Slﬂ AGE IN PHOTOSYNT STS

ROBERT T, ROSS AND MELVIN CALVIN
From the Laboratory of Chemical Biodynamics, the Departmont of Chemistry

and the Lawrence Radiation Laboratory, University of California, Berkeley

ABSTRACT, A Plénck»law relationship between absorption and emissi
Spectfa is used to comute the fluorescence spectra of some photosyn-
thetic systems from;their abéorption spectra, Calculated luminescoence
spectra of UUTDlL bacteria agree well but not perfectly with pub-
lished experimental spectra, Application of the Planck law relaticn
to published activation spectra for Systems I and IT of spinach chloro-
| plasts permits independent calculation of the lwrinescence spectra
of the two systems; if the luminescence yield of System I is taken
to be one-third the yield of System II, thhn the comblnen luninescence
spectrum closely fits puollshvd OXPCIlmunLdl measurcwcnt.
Consideration of the entropy as ssociated with the excited state
oF the abJorblnp moloculcs is used to compute .the oxidation=-reduction
potentials and maximum frec-enerpy storage resulting from light ab-
so}ption. Spinach chlorbplasts>undor an illumination of 1 kilolux
of white light can Droduce at most a potcntl 11 difference of 1.32 eV
for System I, and 1.36 eV for System II. In the absence of non-
-radiative losses, the maximum amount of free cnergy stored is 1.19 eV

amd 1,23 eV per photon absorbed for Systems I and II, respectively,

0!



Photosynthesis in green plants com ertq radiant energy in the wavclcnvtn ‘egion

-2~ .v‘ L -~ UCRL-17490
The bacterium Chromatium under an illumination of 1 milliﬁatt/cmz
of Na D radiation can pr odurc at most a pot cential dl fcrencc of
'_0.90 eV, the ﬁ axirmm amouAL of free energy stored is O 79 eV per
photon absorbed,
The combined e{fect of p rtlal tHermodynamlc reversibility
and a.flnlue trapplng rate on the amount of luninescence is con-

sidered briefly.

I, INTRODUCTION

from 400 mh to 700 nm into chemical free energy, A photdn having a wavelcngth

- of 700 nm has an energy of 1.8 electron-volts, but measurements of oxygen cvo-

lution from green plants indicate that onlv 350u1 O 6 oV per quantum absorbed

is stored as free energy in the f01m of stablc chemical products. One of the

majoxr purposes of this paper is to Uﬁcezetand the re aqons for which much of
the "mlss1nﬂ" 2/3 of thc pnogon [ cnﬂrvy is "lost'.

A significant amount of free-enexgy is lost in the complex bicchemical
pathW‘VS between the absorptioh of light and the 6utput of ca 1bowvdra ey it
is possibie that these losses maylbe cénsidered in a general thermodynamic
ﬁanner, but in this paper we shall be concerned with two "losses" which are

incurred immediately upon-absorption of the light,

The first of these is simply a consideration of the entropy associated

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

energy. The first worker to consider this 11m1t thﬂ on the encrpy conver-

[e ) e

sion process of photosynthesis was L. N, M, Duyscns (1953), whe did so by a

general and somewhat intuitive thermodynamic approach wihich is styictly appli-

cable only for systcms which absorb only in a narrow f1ﬂouewc, range. Since
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then, Mortimer and Mazo (1961) and Bell (1964) have considered the theymo-
dynamics of monochromatic radiant energy conversicn in a more general con-

bu

cr

H

text; their work has expressed Duysens' insight in more formal temms
it has not altered the basic argument., Application of the narrow-band
theory to photosynthesis requires some extensions in order to make it appli-

cable to photochemical systems absorbing over broad bands; this has been' dona

‘recently (Ross, 1966b; 1967), and we review this theory in the next section,

The second immediate loss is cdue to a degree of irreversibility which

is necessary to -cause a net flow of energy into any radiation absorber, If

an absorber were in equilibrium with a radiation field, then it would re-
radiate at the same rate at which it received photons, meaning that the
quantum yield for energy ‘storage processes would be zero.  In order to get a

net retention of photens, the entropy of the absorber must be greater than the

‘entropy of the radiation field. This and other losses have recently been con-

sidered for the general problem of narrow-band radiant encrgy conversion

(Ross, 1966a), and this loss has more recently been considered in the broad-

¥

band context (Ross, 1966b; 1967), This theory will also be reviewed in the

next section.

The evaluation of the thermodynamics of any broad-band-absorbing photo-

chentical system rests largely on the existence of a universal Planck law

relationship between the absorption and emission spectra of any photochemical

A

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 developsd., In Section IV we use these spectra end the

theory, together with a little data on the intensitiecs of the light ficlds
in which photosynthesis operates, in oxder to calculate the chemical noten-

tials which may be developad in different photezynthetic systems, These are

-

then related to observed biochemical oxidaticn-raduction potentials, and tho

agrecment 18 found to be rather good,
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I, THEORY B | )
The thermodyy HlC 1'hcory which is used in. thls pcnez.éan be dex:vea in a com-
plétely géneral'manner'(Rst, 1967). However, here'we shall nfescnt a deri-
vation wnlch h s less generality, but wnlcnv-nopefully~~mqy dssist the reader’
in gcttlno a better physical picture. |
In thlS partlculdr dczlvatlon we assume that the thermodynamics ahd
klnetlcs of any %pGCIGS con51dered is’ 1dnnt1ca1 in bnhaV1or to an 1dea] gas
in oihpr words, molecules are consxdered to be non- 1nteract1ng ?nd to obey
Boltzmann st tlSthSe‘ R . |

Light Emission and the Maximm Potential, Consider a dilute solution of

chlorophyll in a biack box which is at 295°K "Thefmal processes cause tran-
sitions from the 0round electronic’ stnte of the chlorophyll Chl, to the first
C\c1tea singlet state, Chl“, and from thc cx01tcd state to the ground state.
Some of these Lran31tlons occur thh the ab<orpt10v or cm‘551on of a paobon,
while others involve only vibrational transitions, |

From the p11nc1plc of detailed bulence, we know that the total n:mber of
raéiatlve tran51tlons“from Chl to Chl* equals the number~o£ ra adiative trﬁusw-
tions from Chl#* to Chl. Wé'kndﬁ.furtﬁnr fhat the huﬁher'oF Chl*-to~Chl
utr3351t10ns ccomoanmcd by the em1351on of 1ad1at10n within a certaiﬁ frequency
interval must be equal to thv number of Chl-to- Chl” transitions hﬂlCh are
'acccmaénicd by absorption of‘radiation?in the same band, o

It is p0951b1e to. calculatc the wavelennua distribufion of these the
‘13d1a11VC transltvons by simply tﬂknnv the product of the elechonlc ﬁoqornblon
spectrum of chlorophyll with the blackbody radiation curve for 295°K, Fxls
is shown'in Fig.'lw |

In general, thisvfétemisv

(1

in units of quanta/cmz.sec sec“l, vhere o(v) is the absorption cross-section

\

S c(v)'(nv/c)z exp:(-hv/kT),'

2

- -

o .
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of the chloroohyll'and n is the refractive index of the mediwn., - This expres-

sion has been 51m011f100 by OML<5101 of a term corresponding to induced emissior

‘Now let us shine an external llQnu source into the soluulon. This addi-
tional light will increase the rate of cxc1tut101s, and thus increase t
number of Chl* molecules.

If, in the presence of the external light, th mal equilibrium is main-
tained among all of the vibrational levels of the Cﬁl*, then the preportion
of Chl®-to-Chl transitions which_dccurs by any particulér mechanism will re-
main the same. One consequence of this is.that the proportion'éf radiation
emitted at any frequency will be the same as that computed for the rate of
Chl*-to-Chl transitions in a thermal enclosure, irregardless of the frequency
dist ixﬁtion 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 a]ways the emission spectrum of chlorophyll at 295°K. This

O
o
o}
¢
~~
(&)

Plancx law relation betwean absorption and emission spectra enable
calculate emission spectra from absorption spectra. We consider its appii-
cation to photosynthetic systems in Section II7,

Let us specify that the inténsity of the external light is such that the

population of Chl* becomss Q times what it was in the absence of “h" external
lamp.
We can express Q as
Q = R'/Ry, | ~ . (2)

where Ry 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 thermal transitions is:
RO = IIBB(\)) O('\‘) dv * pﬁl“l" : - (3)
where Ipp is the blackbody intensity at the amhient tewneratinve and X is
B A

the rate of non-radiative transitions,
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The 'rate 1n the presence of Lﬁc external light»is

R' = [T5(8) o(v) dv + R, W
where Ig is thc.intansitv of the external light. We shall asswae that Ry is
negligible compared to tuc rate of transitions stimulated by the external
llnht,.so that‘_,_‘“_N_A~_;WA_A_M__‘_‘*A_‘

Q= fIg(v) o(v) dv/a IIB,BC\’) o(v) dv, A—H—‘—b*ﬁ—(_s)
where we have expressed the rate of non-radiative thermal transitions (-9
as being (e¢-1) times the rate of radiative thermal transitions.

If our basic assuimtion of vibratione 1 equilibrium within Chl* is truc,
then the nloportlon of Chl#*-to-Chl transitions which occurs radiatively should
be l/a, so that avls simply the 1n'ersc.of the quantum yleld of luminescence.

We now have the 51tudtlon tnat the povulatlon of the excited state is Q
times the thermal populatlon. Thls means that the partial molar frec cnaygy
of the Chl* is increased,by kT In Q over its thermal value. We are considering
light levels at which the population of the ground state is not sericusly de-
pleted Ly excitations into the Chl® state, so that the partial molar {roc-
enérgy of the Chl rémains_atfits thermal vaiue.- This~hcahs that the difference
in the partial molar frec-energies of the Chl and Chl* is kKT 1n Q, or

= KT In{¢qm fIs(0) o(d) dx/fIBB(A) o)) da] (6)

Note that for the evaluation of this poﬁential difference one nceds only
to know a temperature (which will give Ipp), the wavclcnntl distribution of
the incident radiation, and an absorption spectrum {which does not nccd to be
normalized). Using this formula with a knovlccnc of the absorption spoctran
and typical illumination intensities, it is possible to evaluate aAtypical u
for various photosynthetic ofganisns. It should be noted that equation (6) can
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-Chl* cxcitations are caused with a quumtun yield of
onz or less, this free-energy differcnce represents mn upper limit on the
amount of free-encrgy which can result from the absorption of a photon. By
our approach of perturbing a perfect thermal équilibrium, it should be clear
that y is not determined by the energy of the quanta involved, and can be

much less than hv, -

Losscs fram the Irreversibility of Net Flow, At this point, let us note

that the free-cnergy difference which we have been calculating has taken no
note whatsoever of the quantum yicld for the energy storing process. As we
turn on an energy utilizing pdthway whicﬁ had not been considered in our pre=
vious discussion, the populafion pf the excited state will be decreased to
some population P* which will be less than the‘population in the absence of
thé energy storage process p maxe Ine quantum yield for thn processcs which
lead to encrgy storage is then

éstﬂ= 1- P*/P*mag’ S (7
assuning first-order rate constants for the cﬁergy storage process and for

the loss processes.

As the population of the excited state is decreased, s the free-enerpy
difference between the excited and ground states. One cen write this poten-

tial as being

H

T T kT .In (D /P | ’ ' (3) .

lT"D(

We are interested in maximizing the product of this potential, and the
guantum yield for cnergy storage... It is easy to solve for the condition for
this maximum powcr storage, and it is approximately that

ps/pt N KTy . - (9

max max
This means that the optimum free-energy difference between the ground

and excited states is roughly

WA - KT In (up SR ' . (10)
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As with the calculation of u

l

ciated quantuin YLCIJ nay be dorwved without reference to any specific mecha-

naxe this optimal potential and its asso-
nistic umptions about the system (Ross, 1967), We campare the vesults of
thcrmodynum1c calculation with tie current state of experimental Tnowledge
_abéut_photosynthesisuin Section_ IV,

Losscs 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). Herc the .
excited state of the pigmcnt molecules Chl* is in thermal cquilibrium with a
trap state, As dlanrammcd the t1ap might be a trlplct state of the pigment
molecule, or some isomerization of it, hut actuallv the arguments vhjch we will
make apply equally to chemlcal'rcactlons where thc trap is a distinct chemical
species. | i |

Excitations are transferred from the excited state to the trap with vhat
we assume to be a first—ordcr rate constant, Kepane Since Fig. 2(a) describes

an cquilibrium situation, the return rate must be the same, and the chomical

potential of the trap will be the same as the excited state, Vinax® The novu-

lation of the e\c1ted state is P¥ and the rate of cxcitations is ecqual to

max’
the ratc of radiative and non-radia?ivc decay; “Kradpﬁmax‘

Now consider that excitations are tapped from the trap for storage, so
that the thermodynamic activity (g;a;, the concentration) of the trap species
drops to some fraction, §, of the activity which would be in equilibyinm with
an excited statc populatlon of P mqﬂ The Tesulting situation is diagrammed
in Fig. Z(b).

The rate of the reverse reaction Trap » Chl* is dropped to 8K g 2

Cquslnn the populathﬂ of the excited state to drop to P#. The quantum yield

for storage is, as before,
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éqt =1 - P%/p% (7)

max?®
but our object in the cuxrcnt situation is to maximize the power steved a2s -
measured at the trap: in other_words, to maximize the product @, iic......

By equating the fluxes into and out of the excited state, we find the

‘relationship

aKrad(Ph B pxnax) * tvzn(énémax - PR =0, (11

‘which can be rearranged to gl\c

K /DN = N4 344 . "‘ ’ s ¥ - .
PA/P max (afpaq * °“tran)/(°hrad I\tr.an)*_ : - (12)

Substituting equation (12) into ecquation (7), we find that the quantum
fo) 5 X

‘yield for uowér storage 1is

L7 v‘r | . . N
Bat [“tran/(““rad * Kepan) 1 - 5)“ ' - (13)
The expression within the brackets is the usual kineti 311\ determined

uantunm vield in the absence of any reversibilit' in the Chl®, Trap reaction
v 1 &

i

(leeo; 6

the (1 - P#/p:

energy storage factors into two independent fracLlonk, one of which is dzter-

0), and the expression (1 - 6) is thormooynum1c<17y cqu1v11r‘* to
mﬂw) of equation (7). This means that the quantum yield for
Ch o N

4

mined kinetically and the other of which is determined thermodynamically,

I3

Derivation of the optimal Prrap and maximal power storage is cquivalent to
the carlier treatment whére the excited state itself was considered, Thz only
difference is . that the quantum yield is lo”hlc& by tne kinetic fact§r showmn
in'equation (13). |

When the kinetic and thcrmodvnamic factors of equation (13) are boih
closn to cne, then the lost quantum vzcld is approximately

#1055 % Krad/(aKrad * Kepan) * 6 ' (14)

The Juminescence yield is 1/« of ‘this, or

- N~ oK X + K X - KT (15"
Flom ~ “rad/(QSrad “*v"q) +oexp [(umupg ) /KT =)
whors ST is the maximun potential, corvected for the presence of non
Jlicad y ot ) : .

radi~itive losses.
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\ The first term in eqﬁétion (15) is duc to the finite rate of.transfer
out of the excited state, and the sccond is due to tﬁe-reversibility of the
system. The kinetic term is simple fluorescence which is independent of

any chemistry, and this portion of the luminescence should deca

y Tapidly
and exponentially when illumination is terminated; ~Omx-the-other -hand,-the- - . ..,

thermodynamic term is dependent on chemistry, so that the decay of this
light emission 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 laboratories

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

Bacteria, ~Olson and Stanton (1950) have recently published absoiption
and fluorcSCcncc spectra for several species of photosynthetic bacteria, By
multlplylnv their ab901)t10n <p ctra w1tn the Planck factor for 295°K, we
have calculated the lwiinescence spectra for these specics., The results of.
this calculatibn ave compared withvéxperiment in Fig. 3.

The calculated and observed spectra have been normalized so that thcir
peak heights match.,” Agreement between prediction and cxpirimcnt is ree sonabl"'
good,-and is probably within the accuracy of the experimental data, This
agreement adds confidence to our assunption of reasonably good themmal cquili-
brium in the excited states of -photosynthetic pigment systems,l and provides
one more evideﬁce that there is only one photosynthetic system in baotcria.

Spinach. TFor the purpose of making quantum yield measurements, Sauer

s ey D

and Biggins (1965) made careful measuremonts of the absorption spectrum of

the photosynthetic‘épparatus of spinach, Using a tabulation of their abscip-
tion data, we applied the Planck’factor to calculate the lumincscnece spectrum
whiéh is display¢d iﬁ Fig. 4.> This is the luminescence spectrum which onc
would expect if the excited states of all of the pigment molecules in plant
photosynthesis were in thermal equilibrium.

However, plant photosynthesis does not appear to be compfiscd of onc
photochemical system, but rather two. One of these, called System II, cun be
driven only with llvht having -a wavelength less than about 680 nm; the other,
called System I, can utilize radiation of longer wavelengths. The manner and
degrec of any intcrqcfion between these two systems at.thc Jevel of clectronic
excitations is not known; thc'most popular current hypothesis is that there is
no significant interaction, and that cach system may be ccnslA-zgd as an inde-

endent entity with its own independent sbsorption spectrim. o shall assuns
P _ nt i

I

that this "separatc box' hypothesis is correct (vis. Weiss, 18064).
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IS

Mne way of separating the two photochemical systeoms is to take a prepara-

1

tion of the photosYnthetic apparatus of a pldnt, chloroplasts, and add to it
metabolic poisons and spectroscopically observable redox agents with appro-
priate potentials. By usec of the appropriate chemicals, one may obscrve the
ilumtAf&&;ﬁi{igggfoMycmco{tm:Um;m'o mméﬂ.ssmmﬁw—~—~—;—A;

By using this technique,” Sauer and Park (1965) and Kelly and Saver (1665)
have determined quantum yields for each of the two Syétems in s»inach over a
wide range of wavelensths, Their original data were distorted slightly because
of the band pass of thﬂlr instrument, but correction for this indicates that
the quantum yleld for System I plus the quantum yield for System II is within
experimental error_of'l.O.at élllwavelengths (Kelly and.Saucr, 1965).

Using the assumption of separate boxes, we have'smoothcd their data some-
what to obtain the qﬁantum yield partitioning diagrammed in Fig, 5. Thesc
quantun yields may be uéed'to calculate an activation spectrum for each of
the fwo‘systems; this has beén done by Kelly and Sauer, and Fig. 6 shows this
on a logarithmic plot.

Separate activation spectré for the two.Systems permits a decomposition
of the luminescence spectrﬁm shown in Fig. 4 into a component dug to System I
and a component duc to System II, The result is displayed in Fiz, 7. The
curve for System II has been mannlflcd by a factor of 5 in order to make the
area wnder the two curves approximately equal. If the luminescence yiclds for
Systems I and JI were about the samz, then the emission spectrum 61 sninach
should look éomcthlno like the sun indicated in the figure.

Comparison oflthe experimental fluorescencc spectrun of ;pinach chloro-
plasts (Murata, Nishimura, and Takamiya, 19606) with Fig. 7 suggests that the
fluorescence yield for Systen I i. S0 “““ldt less than Lhy fluor(~c nee vield

for Systewm II. By adjusting the relative mhgnitudcs of System I lupinesconce
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and System IT luminescence to obtain the best fit with the experinental
curve of Murata et al., it appears that the fluorescence yicld for Systoem I
is about 1/3 that of System II. The resulting fit between the theoretically
calculated luminescence spectrum and the cxperimental spectrum is shown in
Fig, 8., Considering all the sources of error, we feel that the agrecment
between the two is quite good.

These calculations reinfo;ce the notion that the fluorcscence yicld
for'Systcm I is less than ﬁhat for System II, and'that the luminescence at
740 nm has a relatively greatCr contribution from System I than does the

luminescence around 685 nmm (vis. Butler, 1960).
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IV, POTENTIAL DIFFERENCES AND. FREE-EN V“CY STO AGE

,
i

o

photochemical. systen 1@ to determine thc light-driven pote ential which is deve-~

1oped.n} en the rate of luminescent ¢m1351on is equal to the rate of absorption.

R“C\lljng the co ation we “we derived;” '"-—~——=l—-_~“‘_w____;7_;R>_< . S

w = KT n[dy 0 ST (v} o(v) dv / f8ﬂ 0(\)) (ﬁv/c)z exp(-hv/kT) dv\{%h ')

we remember that only three que qtntwcs are necessary to evaluate the maxim

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

bient tenperature. -
In order to be certain that Vo is corxecLTy evalb ate d, the absorption

nax . :
spectrum should be taken on an organlsm-wnlch hqq been grown at light inten-

sity I, Otherwise there is the possibility that an org may va Ty its

absorption spectrum de pendlng on thes light Jntﬂns1Ly, Tth has actually bnon

o)
w
fd
e
(92
n
~—
=
£3
o
[N

observed in vaeral )eClCS of bacteria (Fuller, Conti, and Melli

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

“intensity of between 20 and 500 lwe”

the potential developed independent of light intensity. In the xollowing dis-
cussion we will not be too careful about this point, partly because the data

. i
are not available; but chiefly bCCaU e an errvor or a millivolt or so in the

-

computed noyonulal is insignificant when coma ed to other sources of error.

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

b

maximun power storage can be obtained in the mammer outlined in Section IT.

Sninach, The range of 110nt intcnq1tlcg for cffectlvc nlent orowth is

P Y

limited at the lower end by the compcnsation point, at which the rate of
photosynthesis is just adequate to balance respiration, The upser limit is .

set by the saturation of the various chemical reactions which make up the

Ty 4

cnergy storing nrocess. The compensation peoint genewrally occurs at a light

'\)

of white 1131L,' Photosynthiesis becomes

“half-zaturated somewihere between 1 znd 10 kilolux (Rabingwitch, 1951).
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The spinach whose.absorptioﬁ spectrumvwevuséd in Section III was grb&n,
at a light intensiﬁy of about 15 kilolux (Park, 1966). lowever, bccauée of
tﬁeAhigh bptical density of spinach leaves, a typical photosynthetic unit
:might see a light.iﬁtensity of more like 1 kilolux; We shall use this figure
in our calculétions. |

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 %amc
rate as would 0.9 nanocinsteins/cmzsec_incident 2t the red absorption maximum
at about 680 nm, This_gives'us the numerator for 'cquation‘(6)p 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 area wder the. curves in Fig. 7, with appropriate consideration of how the
vertical scale is defined. Performing the necessary arithmetic, we find that
Umax Lo Systeﬁ I-is 1,32 ¢V and that Hnax for System 1I is 1.36 cV,

These maxirnm potentials haﬁe been evaluated with the assumption thaﬁ non-
useful non-radiative decéy’is negligible, This is probably not true, and the
‘potential must be corrected downwards by kT In a, where « is the reciprocalvof
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.q of 3 (vis. Clayton, 1966). _If the pigments of System 11 have
an equivalent or greater amohnt’of non?radiative losscg,.then the maﬁimum
potential for this'system is 1.33 oV or less. |

Evidence is accumulating that the spécics responsible fof the longest
wa&elcngth ébsorption in plants are one or ﬁoré agoregated forms of chloro-
phyll, (Dratz, Schultz, and Saver, 1967). Presnmably these aggregated forms
‘belong largely>to system I, so that if non-radiative losses from aggregated

chlorophyll should be greater than from moncmers, System I would be most

affected.
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Rcéall from Section IIT that the Bbscrved fluorescence yicld of System I
of Spinéch 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 2 maximum potential of 1.26 eV for this systom: L
Applying the tﬁcory outlined‘in Scctioh II to the assumed maximm poten-

tials of 1.20 andA1.33veV for Systems I and II under 1 kilolux of illumination,

we find that the optiﬁal fraction of quaﬁta lost for thermodynamic rcasons is

sliﬁhtly more than 2%_for each system, The‘optimﬁm potentials at. the trap

are 1,16 eV for-System I and 1.23 eV for Systeh 1T, |
At this-point‘we should ask how critically dependent the amouﬁt_of free

energy stored is on'fhefpotcntial at the trap, The dependence of power stored

on the potential is shown in Fig., 9 for a of 1,30 ¢V, The potentisl for

Yiax
maximum power storage is 1.20 eV, but the potential can range between 1,12 oV
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 storage, the quamtunm
yvield for‘loss processes causad hy thcxmcdyhamié reversibility ranges from 0.1%
to 105, Recause power storage is so inscnsitive to this parameter (dn the cur-
rent theory at least), and because the kinetically dctcrmiﬁed losses may dif
between Systems I and II, we have ne assuvance tHat éloss should be the sanc
for Systems I and II. For this reason, althoﬁgh it seems quite plausible,
the assignment af a largef-proporLion of non-radiativc decay to System I re-
mains speculative with the iﬁformntion accurulated so far,

Recent work by Bertsch, Azzi, and Davidson (1967) indicates that the de-
layed licght cmigéion from System I of biants is sevéral hundred times waaker

than the delayed light from System II, If this is true, and our estimite of a

Systen I/System II luminescence yicld ratio of 1/3 from the data of *urata
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ct al. is accurate, thén the proportion of non-radiative decay from.Systcm 1
cannot bz more than 3 times the proportion from System II, |

Furthermorc, such a large r#tio of System II to System I delayed light
would impiy that the potentialﬁof_System IT is towards the upper end of the
range ﬁhich givcs nearly-maximal power storage, while the potential of Sys-
tem I is towards the lower end of the ranée'which gives near maximal power
storage. This would suggest a thermodynamically-detcfmincd lost quantum
yield of roughly'lO"s for System I, and 0.1 for System I1. It may be that
System II sacrifices quantus yield in order to develop the chemical poten-
tial necessary to oxidize water to molccular oxygeﬁ.

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

the bacteria whose absorption and fluorescence spectra were discussed in Sec-
tion III. Even if we did, it is unlikely that the figure would be meaningful,
as typical bacterial cultures have a high opticél density, so that the méan
intensity incident on a bacterium is much lower than the intensity incident
on the cultufc as a whole,

Katz, Wassink, and Dorrestein (1942) found that'tﬁe raté,of photosyntiwsis
of the purple bacterium Chromatium, as they cultured it, became half-saturated
at 6 to 10 kiloeryS/cmzsec of incident sodium 1aﬁp radiation when the optical
density of the bacterial suspension was low, One kiloerg from such a lamp
represents 0,49 nanoeinsteins of 539 nmilight. |

Bacterial photosynthesis has a‘somewﬁat S-shaped dencndence on light in-
tensity, sé that the efficiency of photosynthesis drops at light intensitics
much below the half-é&turﬁtidn point, For this reason we shall calculate the
potential developed for 10 kiloergs/cmzscc of sodiwm radiation,

For the present calculation we shallAusc the absorption and flucrescence

spectra of Chromatium obtained by Olson and Stanton which were discussad in

P L L

e ot

Section IIl. The spectrun of the culture used by Katz ct al. may have been
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different because of different glOvth conditio as, bu this should not i o~
duce a serious ervor in the poLentlhl calcul Lcd

The information necessary to eva IUALC the dencminator of cauation (6) is

contained in the calculations for Fig. S(b). Combining all of the appropriate = -

— .

S ———— al

‘factors;"we-flnd«%ha{nuﬁéi.is&O‘QD_eM._m S potcnilal Lfor maximum- chn storage
is 0.81 eV and the maximum free energy storage per photon is 0,79 eV, An « of
3 would lower each of these values by 0,03 ev.

Redox Potentizls of Llnak Gene rated BﬂocnnmiCals, "In the previous section

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 potéﬁtial-devcloped in purple bac-
teria is about 0.8 eV. | | |

When the electronic excitationé carrying these pbtentials are converted
into cﬁémi;al cnergy, it is Lhouﬁq1~~ at present at least--that the most probable

immediate chemical consequence is an oxidation-reduction reaction. It 35 pos-

sible that one MLont have a conformational change using at Jeast part of the

eneygy relatively carlyvin the process, but an ionization scems to be the
most repid possible, and hence preferable, first sten.
If the primary oxidation and reduction reactions are one electron processes,

" then the difference between the redox potentinls of these two-half-reactions
should be equal to the thewmodyramic potentials. just calculated,

One can attempt to represent the electron transport cha 1ns of bacterial
and plant photosynthesis by the potential diagrams shown in Figs. 10 and 11,

Here the vertical arrows represent the input of free energy in the light-driven

reactions, while downward arrows indicate spontaneous, or "dark' reactions.
Points at which this elnctloq transport process is thought to be coupled to
encrgy-atoring phosphorylationzwe ndicated with the curved dotted lines,

Chemiczls wnichh have been identified

ating in the clectron

transport pathway are 1nd1canﬁﬂ by theilr initials, and placed according to
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a

~

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

Fd stands for ferredoxin; FP- for {lavoprotein; PN for pyridine nucleotide;
Cyt. for cytochrom° P for plastoqu:nonc' and Pgog and 200 for as yet un-
characterized molcculco h1v1no absoyptloﬂ pcaks at §90.and 700 nm wnlch ‘can
be bleached by light, and also rever51b1y bleached chemlcally with the mld-
point potentials indicated, |

In the case of bacterla, the available free energy appears to be adequately
explained by thc difference in 1cdox potentials between the well-characterized
c-type cytoch;omes-and PSQO’ and bacterial ferredoxin. Tho thermodynamics 1is
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 1\

.In System I of plants, shown as the solid vertical arrow of Fie. 11, the
available encrgy 51nnifi¢antly exceeds the potential difference between sninach
ferredoxin, and cytochrome £ and Pugge M the basis.of the reduction of violo-
gen dyes by iliuminatcd chlordplasts, Kok, Rurainski, and Owens (1965) have
proposed the cxiSténcéfof a System I chemical having a reduction potcntiﬁl in
the vicinity of -0.7 V.  The thermodynamic calculations_snpport'this hypothosis.

Less is known_about System II, which oxidizes water to molecular oxygen in
order to generate a reductant, lnc usual aasumotlon that the upper-end of Sys-
tem II terminates near plastoquinone is reasonahle if one assumes that a power-
ful oxidant with a potential of greatervthan.+1.0 V. is generated, and some
losses are incurred in the oxidétibn of Qater. It is also thermodynamically
possible that electrons removed from water could be bréught to the potoﬁtial
of ferredoxin with a single quantum of ligcht, as has been sugpested by Arnon
(1966); this is indicated by the dotted line to the far right of Fig., 11, Tor

a third possibility, Kok and Datko (1965) have rcccntly suggested that the
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reductant ploduced by Systcm IT has a notcntlal of +O 18 V,; a two electron/
photon process between thlS potential and the water/oxygen pdtential would be

in accord with the thcrwodyn.mlcs.

The authors are grateful to many colleagues in the Laboratory of Chemicdl
Biodynamics for a number of li\?ely discussions which helped gl‘catly in the
formulation of the theories presented here. We are particularly 5ndcbteﬂ to

" Xenneth Saver, E, A, Dratz, D. R. Gentner, and I, D. Kuntz, Jr., in this regard.

Thls work was sunnorled.Jn part by the U.S Atomic Fnergy Commission,

Received for publlcatlon, | S 1967,

FOOT\’OT}IK
lHowev01 the vurlatjon which ClayLon (1Q6Ja) has obtalnﬁd between the prompt
fluorescence and chemiluminescence spectra of green deLml a indicates thu‘
thermalleduilibratién is not complete, _ _ L
2500 1ux = 9.3 foot-candles |
3For a review of what is known about the'electron~transportIcﬁain of bécturl al

photosyhthesis,.éee Vernon (1964); for plaﬁts, sec Clayton (1965b). For a

more recent review of botl, see Vernon and Xe (1966).
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FIGURE CAPTIONS
Fig. 1. Multiplication of the absorption spectrum of chiorophyll by the room
temperature blackbo&y curve to compute the wavelength distribution of spon-
taneous radiative transitions (dotted curve). Arbitrary iogarithmic verti-
cal scale: absorption cross-section from the extinction coefficient of
monomeric chlorophyllig in CC14 (Sauer, 1966); blackbody curve for 295°K in
"~ units of quanta/cm?sec per unit wavelength interval; curve for the distri-

bution of radiative transitions in units of quanta/sec per unit wavelength

intervalo

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

the}modynamic éctivity'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 lumineécence, 0, data
were taken at 100 cm™1 interVals from the curves of Olson and Stanton,

(luminescence &ata in (c) from Clayton,) Solid line: experimental

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

the absorption spectrum with the Planck factor for 595°K.

Fig., 4, The luminescence spectrum of spinach calculated with the assumption
that planté contain a single photochemical system. The plotted points
were obtained bylmultiplying 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 asza
function of photon eﬁergy. Quantum yield of System I as measured by.félly
.and Sauver, 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 spectra 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 order to make the area under the two curves approxi-

mately equal.

Fig. 8., Comparison of the qalculated and experimentai luminescence spectra of

| sﬁinach chloroplasts, Experimental points from Murata, Nishimura, and‘
Takamiya, 1Cél§u1ated curve obtained by adjusting the amounts of System I
and System II Juminescence so as;to match the experimental luminescence
_intensities at 685 and at 730 nm, Hatch marks indicate poiﬁts at which

the spectrum was calculated.

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

excited state potential whenﬁmax = 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 Paap to X

~ was determined thermodynamically.

Fig. 11, Suggested electron flow diagram for plant ﬁhotosynthesis. The
‘potential changes for the light-driven stepé 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.
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