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e ol to the concept that a most lilfel,y prirury quantum conversion process
'woulo be anl electron tran@r process I‘ollow;mg, molecular eXCltabiCOﬂo

Model systems of the various types of moxm ‘quantum conversion pro- L

e syntnetic apparatus of bacteria. ‘That an electron transfer process

L transfer take.a place rollowing primary quantum absorption seems also

B "’__f'well established. ‘I’he present paper g,ives scme cupporting evioence
: that cnarge migratim ‘.’m the Sense. of semiconductor behavior also’ |

o ‘occurs.
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A OONTRIBU’I'ION TO 'I'HE U\IDERSTAI\DING OF THE PRIMARY QUANTUM
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A gcneral consideration of the efficiency requirements for

| the Quantum cmversion process ‘in photosynthesis is ‘{‘ad" Tnis leads RN

\

(e . \ \_;

- cesses are discusseo, follosxcd by tho pre..entation of evidence concem-—

ing the nature of the primary quantum conversion process in the photo.. A

 1s very early involved seems unambiguously established. Cd That exciton LR
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R. He Ruby, I. D Kantz, 3r¥ and telvin Calvin
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Cnemistry ’ University of Califomia, Berkeley

INTRODUCI‘ION -

One of tne central physical-chemical problems in the energy conversion

process of photosyntnesis is the precise system in and mechanism by

wnicn the conversion of electromagnetic energy into ohemical potential X
The overall efficiency, as defined by the chemical ’ v’

. energy tekes plaoe-.v _
equation, DR “ ,

002+ HO el (CHO), + O ;

| 8F = +110 keal/mole/0,

1

latively high. Numbers varying from as high as 80%1 to as low as 20%2"“

Within this overall efficiency is included a series
For example, the

with which the prOcess ‘can be made to occur for extended periods is e

nave been reported.
oi‘ chemical steps wnose nature is already }mown to us.

tide and adenosine triphosphate and leading; to carbohydrate is’ made up

We have some k:nowledge of the efficiency o _

ot‘ a series of known s‘reactions.
of‘ each of them.S 'E‘he overa.’ll themx)dynamic efficiency for this cnemical

. '*.'_ ‘ Presented at Cinquantenaire de 1a Societe de Chimie Biologique ’
Paris, France, April 6-9, 1564, L TR e

sequence of steps beginning with carbon dioxlde, reouced pyridine nucleo-

oL oy

o - UdS. - Atomlc Energy Commission.
:‘ National Science Foundation Fellow. 1963—64. -

. .; R .

LA Tne worx described in ‘cnis paper was aponsored, in par‘c by the



sequence turns out’ to be not higher than 65%. Another fraction of the -

- chemical chain leading from water to molecular oxygen st exist, al-

though the nature ,of.these steps is not yet established. 6 _ .
: Ir, howev.er', we esswne a similar overall efficiency for that chemical
series, namely, 65%, we must deal_wiﬁh a chemlcal degradation of rot |
less than 45% in the overall orocess. Thus , even if the lowest value |
- {(20%) of the overall efficienoy is ’caken, we are faced with the necessity

B for a minimum of 50% efi‘iciency in the primary Quantum conversion ac‘c

o vinto chemica.l potential have, as yet, not been clearly achieved in any -

during wnich the electranagnetic energy is ‘cransfomed 1nbo some fonn :
of primary chemical potertial. If the overall efficlency turns out to .
~ be as high as Loz, then the ef‘ficiency of the primary quantum conversion

‘ 'v act. mus‘c be over 90%. . L ' : o ;;i;,- SRR

Such high efficiencies for the conversion of electranag;netie energ

. model syst,em whatsoever. The required high efficiency for the conversion
of such a visible quantum is, perhaps, the central pro‘olem with which

e we have to deal. Tne products have a high chemical potential energy

L - '_ m.th respect to each other and are being produced by a package of electtro-' )

‘magnetic enery ‘only slightly larger t;nan t;hat: chemica.l po’cen'cial. Tais =

. ':“_'_'_fact; requires ‘chat there can be only a very small barrier to their back

'_" reaction. This furtner seems to require tha’c they be readily, easily and .

ra.pidly physically separated to prevent the back’ reaction.  ’

A brief examination of the variety of photo proeesses which conceivably , ..

. _'could be’ playing a role in the primary quantwn conversion of photosynthesis:’"

- seems worbh making We will not here be concerned witn ’che purel.y prweica.l'

processes which occur prior to. quantum conversion. ) These mclude (1) the o




i O o Lo

conversion. We would consider both of tnese as purely phjsical transe -

S efficiency of the primry quantum converion act itself.

o Uncharbed Particles

T chemically. One of the earliest and most thoroughly studied is the

" trans to cis conversion of an olefin or any other s:l.mple double bond. -

A- - Here the ci s form frequenth’ has a few kcal more energy, stored in it

| _ than the trans, but: always the ught quantwn required to achieve the

o transf'omation 18 many times that enerzetic- The difference 1s “sed
o to overcamne the high energy barrier between the two forms. Such a

| E.  progess of cis—trans photoisomerization is currently considered ‘che g L .

 triggering mechanism in vision.9 =

“excitation process itself leading to electronic excitation in a mole- S
: _cule' or molecular system, followed by (2) the migration of electronic |

- execltation either 'as excit;on or by resonance transfer to the site of

fer acts witn the energ;v stored in the form of electronic excitation. - T

At the conversion site, s by deﬁnition, the electronic excitation s
transfomed into -chemically definable specles which upon reaction

"~ could liberate useful energy in an amount equal to, or.vless;than,v

the initially absorbed quantum. The fraction by which this is less

~ ‘than that of the mitialhr absorbed quantwn would be considered the ; |

In general. the primary products of the quantum conversion may be : 141

considered in two possible classes: ° The class in which the products
S are uncharged and the class in whicn the products are charged. .Many
‘ examples of 'che first type are known, but in none of them 1s the

f‘raction of the quantum stored as chemical potential very large. B i _'

|

A whole series of isamerization reactlons have been achieved pho'co-

ne




Ancther reaction type which has been much investigated photochemi- -
. cally involves the addition of a polar linkage across an olefin ar the
elimination of a polar moleccie from an adjacent paii' of atams to pfo-
duce an olefin. The molecule added, or ellminated, is frequently water, '. -.
vHowever, the analogy for undissoclated phosphoric acid is clear. A spe= | :
cific case in polnt 13 the photoinduced hydration of cystosine, 19511 Here e g
the energy of the absorbcdvquantmn 1s A 90 keal whiie the free energy
: ‘stored in the product cannot be more than a few keal. A hypotheticé.l f; , ‘
case for wnicg;model is Imown would be a dehydration of the- phosphoric T
‘ 'acid addi‘cion product across a carborwl campound, as followw

s a..oman

P I T L,
. '14-.__ T

: | _hv o “ + hZO :
Sl 4“4---'-» . o S

A very common and well-*mown photdchemica.l conversion process in-

* yolves the dissociation of ‘& bond. For example » the dissociation of an

e a.llql iodide into an alkyl radical and an 1odine atom, or the dissocla=

©tion of a carbnnyl campound into a carbonyl radical and con'esponding

T radical ﬁagnen‘c. Here, also, the abscrbed quantum 1is generally larger

"than the energy stored in the reaction produc‘t;s,l2 and even w"xen it is

" not » back reafc‘cion prevents sig:ificant energy storage.
In recent years niany examples of bond for'mation have been investiga—;; '

. teds This bond f'onnation maJ involve t.wo separate molecules, such as

- cyclobutane derivatives or other cyclic products. ‘I‘he bond formation ma.y} :

’:'iinvolve tv.o parts of the same molecule, giving rise to still other

eyelic (or acylie)’ productsea_‘



"7 Charged Particles o

T
i

’ ity of leading to a highly ei‘ficient conversion process » largely be- A

e collection of the charge and its return in an external circuit to do e

B .:"‘condensec, system is also well established, particularly i‘or semi- g

T conducting atomie lattices. In these cases, however, the absorpticm

LA second mador class of transf‘omations involves the formation of

L L";/-"""charged particles , and here the model chemistry 1s not.so well develop-

, "_‘f'_:ed.' That the absorption of a quantum by ‘a molecule in the gas. phase

’. can lead directly to photoionization has long been known.t> In fact

. the long wave limit for the photoproduction of conductivity Ina

gas has been used as a means of directl.y measuring the. ionization . Lo

o potential of-the molecules of that gas, ‘The same procedures nave
been used to measure the direct. photoionization from the surface of =

“ ‘a solid either a metallic surface, in which case the so—called "work N X
. ﬁmction" 1s cbserved,1? or from a molecular crystal, in which case R
| S _, 'Vsomething related to the ionization potential of the molecules of L
. unich the crystal is made, may be observed. 16 In‘all of these . sl
o cases one of the products of the photoreaction is a free electron. O _‘ R

. It is quite clear that such a systen as. this has a. greater possibil- s

SO cause one of the pI'OduCt-a 1s the almost ma.ss-less free electron ‘
. which can more readily escape from its remaining cation before recom—
L bination. In fact » when the electron is pnotoejected fran & solid E

surface into a vacuwn, the geom..try of the system maxces ‘possible the

The possibility that oharge separation may oceur in a solid,




~* from a bound state into a conduction state. Tnis 1s recognized not

process is presumed to lew directly to the excitation of an electron v

| only by the pnotoconduction phenomenon itself but by “the very nature
~ of the a.bsorption spectra of suoh systens. . The possibility that direot -
| photoexcitation into a conduction pand might occur in the condensed sys-'» -“
" . tem of a pnotosynthetic appa.ratus has frequently been considered and |
rejected on the ground., that the aosorption spectra of these systems .' . '
too closely resembles the aosorption spectra of the isolated molecules |
‘to allow the possibility f‘or direct excitation into a condnction band _
to b<. occurring. In these C&SQD » therefore, it oeems\that molecular ex- R

citation is a better description of the phenomenon of light absorption, g g

: ’followed by exciton nug,ration to the site of ionization, if charge _" o L
[ separation 1s to oceurs : S j . T Hea

Quite clearly, ir ph OtOionization i° °°°“1'1‘in8 in the condensed S o

‘,' photosynthetic apparatus, it cannot be pracisely the same process as

pnotoionization of an electrOn into a vacuum., Here-the. electron
" ejected from one molecule must inmediately £ind an orbital in ancther

| molecule, 50 the ionization process is, in effect, an electron trans=

fer process. in whicn an electron is transferred from tre donor system '

_} into the acceptor system. A number of models of suoh electron transfer

o :‘ in condensed systems are known. The most recent examples of them are,

I

\_ pemaps, tne electron transfer reactions presumed, and indirectly demon- :
straolw occurring, as a result of light absorption in the' charge trans-
- fer band of a whole Variety of molecule cornplexes.l7 sucn electron | l '

r

tx ansfer reactions occuxring in isolated cnarge transfer molecule com-

T plexes in general do not lead to efficient ener@ storage, the. reason ;_': :

,fvbeing that the recombination in an isolated molecular complex is too ) o



. rapa and efficlent. This difficulty may pe overcame by inGOrporat.. S
r ing tne molecular ‘camplex lnto an ordered, or partially ordered system ,j_,‘:

1r ln such a way that the charge migratlon leading to cngrge sepa.ration .
l o over more than one molecular diameter may occur by a g'nopping" mecnan-
e ] lsm between molecular orbitals 18"21 Once tne separation of char&,e has e ’
proceeded to the extent. of several molecular diameters we may Speak | | R
“of the quantum as having been canverted 1nt\o chemical potential, since'
_ “the products thus produced now have a small energy barrier for reccxp-
o _bination but ‘may have a smaller one for reaction in other dlrections .

: tnus leading to a long tlme cnemical potential storace. At this stage

Lk l 1t may very well be pOSSible not only to demonstrate the long;—lived -
".existence of such high enexgy chemical products but eventually to : ill S
| actually lsolate them, and efforts in this dlrection are well undel‘- o .
SR ,._;way. | quantum absorbing : ‘ ‘ e -; :
: S The model of/exciton migration to the sita of a localized electron P
-transfer followed by char&e migr‘ation, at least over several molecules. i |

i seems thus to: be one of the most likely system for achievlng the high
,.efficiency of quantum conversion into chemical potential whlch is SRR

v?;i required for the photosyntnetic system. Evidence that such a pro-

’cess is indeed occurring in the pnotosynthetic appa.ratus is accunulat-

1nb 22"28. and some new contributions to: it follow

m@ht-mduced electron paramagnetic resonance (c.\PR) slgnals have -_

x been ObSGI'V@d in Photosynthetic Systems for mann yearss. Theoe obser- A e

63 .

lvations nave been discussed in several :ecent review pspers

: posltive 1dent1ficatlon of the signal with 2 definite molecular specles "



- 'synthetic bacteria 23’26’30 have led to the tentativ‘e deoection of

correlations of these properties with other plwsical measurements

have been soug’nt, Independent studies of absorbance changes in photo-v o

| ., _bacteriochlorophyll positive ion, thereby leading to ‘the working hypo-'

+ thesis that the EPR signal mignt be Ben1*.® Tnis view vas strengthened | ‘f

_ 'by r'ecent work ::‘mwing that the bacterial’ spin signal could be pro- o g
duced by chemical oxidation.31 Tals paper, by means of kinetis = ‘

' studies of both spectrosoopic systems ’ presents evidence which is

not consistent with the above hypo‘chesis.

EXPERINENTAL .

e - R AN

The kinetics studied in this paper are the EPR and absorbance

. ’transients induced by a pulse of light. The experimental arrange- '
4is shown

o ment used in both experiments/in Fig, l. The EPR and optical Spectro-

| elect:ronically modulated neen lamp was used to induce the phOtO

"V"’meters used have been described in earlier publications 22,24 4y

S ‘il'sigmals Its design was :dndly made available for ow:' use by Dr, L,

R Piet‘ce of Varian Associates. Most of the details of its circuitry

| are in the literature.32 Tne Spectra.l output was primarily n the
v wavelength region between 580 and 720 mu. Rise and decay times vere
_' oi' the omer of 10 7seconds “The signal resulting from a single flash
was too noisy to allow the determination of the full ’cime course of

R i’cs g:'owth and decagv‘ ‘I‘o improve tie signal—tomoise ratio the inte-

T 5 zr'ation tecnmque of Klein and Barton33 was used. Y luseﬂi the °°m" 0

- f.a"



(2) (1)
J’ ' —<— Pulse Generator] [Pulse Generator

—

EEHT Lo->{ specTro- |—{Amplifier  |——{INTEGRATOR

METER
BLOCK DIAGRAM FOR )(.JYL
KINETIC STUDIES Eoﬂer

MU-33079

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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merciafiy integrator, the Computer of Average Transients odel 400
(Mnemotron Corp., Pearl R:wer, New York). The overall rise time with

each spectrometer was less than 1 m.»ec.

' The sequence of even'ca was as follou%* 'ihe repetition rate 'wae

determined by a pu1'8e generator which inivtiated a sweep of the :inte-
The integrator triggered the .lamp\ after a fixed .delay period.

grator.
The second pulse generator detennined the duration of the flash. The

observat;ion time of the integrator could be set for any fraotion of

' the repet;ition time. Typical flash durations were 2 seconds, repetition
' btime 16 seconds » and integrator sweep time ranged f‘rom 1 to 16 seconds. - ., '

~ Suitable sigmal-—to—noise ratios were obtained after 50 to SOO events,

Chromatophores were ;repared from Rhodospirillum rubrum (original]y ‘

| supplied by R, Y. Stanier, #l.l 1), The samples were harvested after '
| 5 days of grow’ch in modified Hutner's medium,Bu using malate as. sub=--
stra’ce. The chromatoohores were prepared as outlined in the paper of

| Loacn, et 21,3 The sample was buffered at a pH of 7.5 with 0.1 N
* glyoylglypine. o ,
| To minimize differences 1n the experimental conditions the same
L l.sample contained in a ‘Varian EPR aqueous sample cell was used in IV
both spectroaneters. ‘Typlcal optical den‘sities at-880 mu were 1.5.
‘i‘he following factore were found to effect ris'e and/or decay
rates: 'redox potential, pH, temperature N uglnt,-intensipy, and the
pk_l,vsioloc,ical state of the orgardsrns and the preparabion and storage
of the chrornaoophore$. 'fneSe were held at the f‘onowing values for

both the EPR and absorb'ancéf experiments.

22 % 2° ].016 photons/cm /sec, 5 da:y m'owtn and variable storage. The‘ v
light intensity was meabured witn a pnotodiode which was caliorated -

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

L

C VI

S

i +o.3o volts, 7.5 pH unitS. ~

Bt

e
TR



o Sp 15 proport;ional to the st:eody—sta‘ce of photoproduced spins, S,

N

‘I’ne EPR signal, Sg(;t), was measured at the point of maxinmum slope S

\ "{v-._‘:of the absorp‘cion curve, and is pr'oporbions.l to the number of obser— :

vable unpa:lred electrons. The response of this sigr;sl to the l;gk;t >

"pulse 1s shom in Fig. 2. ~ Also shown 1s an example of the growth of | '
o the signal when the. light is tumed on (when an exparded time scale
L 1s used). 'I’ne Q;rowbh may ‘be described oy “the expression o

S = S O % T T

ar_x’d' the decay Ac'urve by ;he expréssion

| 5 £ o L
s(t)nsde‘ka *Sé k' withS sd+sc'1. | (2)'._

. .

d

R ‘and St are proportional to the fraction of photoproduced spins deca.y- .
| mg by parallel paths with unmolecular rate constants kd and o
¥ /% Kp 18 approximately the unimolecular rate constant for

a

: "‘!':.-”-fspin',pmduction.- : -
: A-t‘ypical absorption spectrum and a light-mimus-dark difference = -

'spectrum for the chromatophores used are shown in Fig. 3. We are

here concemed with the major light-mirms-dark bands at 1333 mu,

'2_3'792 mu, 810 mu and 865 mu. The responses of these; signals to light ~

::'are shown in I'ig. 4, The shapes of these curves can be expressed

o _;}that these processes obey first-order kinetics. o |

by equations of the forms of (1) and (2) above.zd; A pc‘gn:t}he EFR -
and the opt.ical absorp’cion measurements the decay ra’ces were founa
"v_,_~to be approxmately uzdependant of the ligh’c mtensity. This, togetber‘
o 'wit;h the simple exponential behavior (Figs. 2 and ref. 22;? 1ndicates "'. _- :

ur " . . ) . N . . : . . " - . N L - B - . N
e A N . - N oy o e L AT . - - . .

N T ;
St . i
Lo oTresmead,s e
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W R. rubrum Chromatophores

Transient EPR Signal

INORMALIZED] —

SIGNAL

| Bt
. f
FLight— 165 !
n
° TIME —»
MUB-2312
Fig. 2. 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, is the normalized
steady-state value of the signal. :
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| M | 1 L A D
A
TF - R rubrum 880
CHROMATOPHORES
1 1
.S5r 9
375
|
3 J
485 513 548 588 760 803
2 4
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J N | N N N 1 | N } b
S00 600 700 800 8900
v él L N B D | ol
oz} = ' 4 o060
360 433 ' 710 765 792
.ozoj- | 4 o040
|
oio} : 4 o020
a /\ | a
o 0 — 0] O
) \/ | Ve X
-olo}f ' 4-020
|
o2l | {-040
385 605 | 810
-0%0} : 4-060
M T R T T PR SPEE B I ?ﬁslj
400 500 600 700 800 900
WAVELENGTH (mp)
MUB-1904

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

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.



RELATIVE SIGNAL

-44-

1.0 y T T T 1 |
,:' R. rubrum
! CHROMATOPHORES
i
I5F
!
'
|
)
50
:
|
!
L}
|
[
25k |
I
!
I
!
!
1
o |
4
LIGHT TIME (SEC.)
ON OFF MU.30805
Fig. 4. Typical time response of light-induced absorbance

changes in R. rubrum chromatophores. For purposes
of comparison, signal heights are normalized and all
signals are shown as positive. 10-4 M KuFe(CN)g
present. E, =+ .35 volt; 0.01 M phosphate buffer,

pH 7.4; O.D. at 880 mu, 0.70. " Further details are

given in Ref. 24.



j " vv To demms‘crate the relation between the two speotroscopic obser-

.................

o have been plotted together (Fig 5)4 The steady-state ;mgnitude of

' ,"vations R 'che t:l.me reSponse (course) of the signals from ’che same sample e

e each 81@131 v.ab nomnlized to unity. ’ S S ,j.: S *

" The 'followihg ‘conoiu_sions may be drawn from ﬁhis 'evidencé': -

: l. The rise and decé;y kinetics of the spin signal are the same as

' the Idnetics of the 433 mu absorbanoe changes , within experimental SRS

| error. Of the ma,jor absorbance changes » oaly the one at 433 mu shows - ‘ .
L this close agreement. Ve thus assign the observed EPR signal to the b
| .3'. :mo]ac;xlax: slgecies which produces the '433 optical change. : :‘ , ,/ .‘

o 2. The molecules responsible for the abgorbance ‘change at,_ 433 T are 3}: '_.‘.' S
Vnot the same as those molecules respormible for the absorbance change

Cat 865 m because of the mach slower deca;y ra’ce of the 433 mu band,

LT a8 was earlier reported.gu

| _ That a relationship between optical density changes and EPR siggna.ls
L existed was apparent: i‘rom ‘the experinent.» oI‘ C:Layt:on;26 dnd Loaeh et al. 31
I In these experimenx:s all the light-induced optica.l absorbaxwe changes and

. the EPR sigmal were removed upon ox.Ldation and wez replaced by a "dark" :

R, signal of the same mgnitude. However, no choice among tne optical sig- k
nals could be made. to identify the source« of the EPR signals. e
‘ . The spectral position of the 865 m band with reSpect to the in

\ ,,,,,,

” .vivo absorption ot‘ BChl and its interaction with redox reagents has " s




NORMALIZED SIGNAL
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! | I | ' | ) |
|0~ R rubrum Chromatophores -
EPR and AOD. Signals
o8- -
0] -
AO.D. 865 mu
AO.D. 433 mp  (dark line)
04} (light line)
021
Wy Light
—o"— | | ] | L
0 2 6 8 0o 12 14
TIME (sec)

MUB-2311 d

Fig. 5. Comparison of EPR and OD signals from the same
sample of R. rubrum chromatophores. Experimental
conditions are given in the text.



ot ia molecular species (BChl ) in Bolution would be expected to show an

1 envirorment whicn broadens the resonance line. Such an interaction

bean used to identify this change with a one-electron photoinduced ' ey

e oxidation or BChl in the organized environment. 25'30'3% Based on this

' identification of the optical density change at 865 mu and the above »

kinetic data, oxidized bacteriochlorophyll in ‘the organized environ- {*:’5}‘:’ ‘

ment of the chromatophore is not the site of the unpaired electron L

producing the observed electron paramagnetic resonance s8ignal. Such
.

v,_x:.PR sigmal characteristic of' a free radical. That we-do not see one

could be explained ‘oy an interaction between this electron and 1t3

may arise from delocalization, among several BChl nolecules, of the

charge asaociated wi’ch the 0xidized BChl. A deloca]ization oi‘ this

sort can be used as the conduction s.;stem for separation of charge R

in the primary quantum conversion act. i
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