
Lawrence Berkeley National Laboratory
LBL Publications

Title
A Contribution to the Understanding of the Primary Quantum Conversion in 
Photosynthesis

Permalink
https://escholarship.org/uc/item/4530x40v

Authors
Ruby, R H
Kuntz, I D, Jr.
Calvin, Melvin

Publication Date
1964

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
available at https://creativecommons.org/licenses/by/4.0/

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4530x40v
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


. r . 

'· 

UCRL-11212 
I/. 

- ,' ~ 1< 

-;/' 

· ·' l:JniYersfty-~ of ·. CCllifOrnia · 
~, "!'(< ,,. ' -" • ' • / ' y 

Ernest 0. ;la~w·rence 
R~diatiofl . Laboratory 

1{%{r 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Dioision, Ext. 5545 

~ I • .. r· ~"' ~ _, ~ ~"" · 
A CONTRIBUTION TO THE UNDERSTANDING OF THE 

. ~Rl~AR Y QUANTUM CO~VERSIONIN PHOTOSYNTHESIS 

-. ~ '" ... 
', ~ - ·' - . 

. Berkeley, _California . 
. ,;... ' ~ ~ ., 

/ 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain conect information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any wananty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



For publication in Proceed~ngs of me~ting of . 
Society of Biological Chem1stry, Pans - Apnl 1964 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W -7405-eng-48 

UCRL-11212 

A CONTRIBUTION TO THE UNDERSTANDING OF THE PRIMARY QUANTUM 
CONVERSION IN PHOTOSYNTHESIS 

R. H. Ruby, I. D. Kuntz, Jr .• and Melvin Calvin 

January 1964 

( 



,_ ;Q 

. -: 

. ' 

. -_ .. : .. 

-,. . ., .. 

. ·, .... 

.· UCRL-11212 

-.. =·:· 

·;. __ : 

+'. · ... -.~ 

'· ' ·' _ . 

. ; . 
• ,\AICOlmuwi'ION TO THEUND~TANOING .•~ THE PRIIvlARY QUANT~Yl . · 

. .. ; .. ~. I i' . • . COlWERSION IN PHOIDSYNTHESIS . . .,. 
• f . -·._ L .. _, 

I 
';I • 

R. H. I\tby 1 I. D. Kuntz. Jr. • and Melvin Calvin ':-i.:· 

.:; .. ·.,. '• 

... '-.<,! 
I.awrence RadiatiOn· laboratory • D~partment. 'of Physics & Dep~nt ··of Chemistry · · · .... · · · . . . . . . ' 

UniversitY·.of' Callfo~a. Berkeley . . ,. ; 

.... --~· .... . .. ' .. 
.• '.,:.._ ··f. t . 

.,.. ··::· 
.. ·, ·-· 

.. · '· 
.•. 

'.'· >: ·::lr/ :_· . . .~ 
.-. ,-· · ABSTRACI' ... 

:: \ .. ~ '• ,·_· .. . . _·=;~ : 
... ·-.·'• "" ... 

' .·· 't,' 

. ' /.·.·1 

·. A general conside~tion of _the efficiency requirements for- . 
. .• . ' . . 

. . I • 

the quantum cbnversion proc~ss in photosynthesis is,made. Thls leads 
'. ' . . ' \ ! . . 

,;.;·• 

. ,-,._. 

to the concept \hat ~ most likely primary quantum co~vemion process 
. I 

,, .· 
. :'-/~ 

would be ani. electron tra.nder process following molecular excitation. 
. I 

'·:·~ ~--~ ¥._.. \ I i . 

Model systems of the various types of knov.n quantum conv~rsion pro-
! : ' :-... ·~ '.. • • . ' \ • : ' 

., " • .C-c-· ,_,........... . cesses are discussed~ followed by the presentation of evid~nce .concern-
• ' ' J 

. i ' : 

ing the nature of the primary quantum conversion process 1n the photo- ,,· '/ ·. 
,'''• 

.· .... synthetic apparatus of bacteria. That an electron transfer process· 
" .. 
\ . 
~ ~-

r . 

· is very early involved seems ·unambiguously established •. • That excitOn -

.· .· .. transfer takes place. followirig prirnary quantum absorption seems ·also· • 
. . . . . . . . . . . .· ' .' ; . ' . . ~ ': . . . . . .: 

(;l • 
. . - ' . . . ' . . ., ·. . . . ·; . . ; ' . ·, ... 

well establiShed~ .·The···present paper: ·giy~s sane. s~pportirig'evidence. : .. , 
'~: -~ . ' 

occurs··· 

that c~ migratlcn ~ the sense of semlconduC:tor. ·behavior also< . 
. ,,.· . ::··· ....... ' . 

..... · .. 
.,• ''•""' ·: :.~ ' 

~ . l 

~. .: .'. : . 
' . '.·-;;· .. 

··:··· ... ·; 
_., . ··: 

... ·. . . ~ ., 
· .... ···-: ... : ... '.·· ... ·:· 

:. 
·- •• f ,_4. 

. ... :. ....... ~...::._ 



i' 
·\ 

'·., ,· 
. .,._:....:_:._·:.,~··" 

',,. 

/' 

A CONTRIBUTION TO 'J;HE UNOERSI'ANDING OF THE PRIMARY QUAN11UM .CONVERSION . ·. 

IN . PHOTOSYNTHESIS 
1 

. . . .;. ** 
R. H• Ruby • I. D~· Kuntz, Jr. and Vtelvin Calvin 

Lawrence Radiation LabOratory, Department of Physics and Department of 
'!'nemistry, ~niversity of california,. Berkeley 

INTRODUGriON .. ··· 

One of the central physical-chemical problems in the energy conversion · 
. .. 

process ·of ·photosynthesis is the precise system in and mechanism by 
i, 

\'Jhich ·the conversion of electromagnetic energy into chendcal potential 
1 
l,; · 

~ .~ ' 

energy takes place.- The overall efficiency, as defined by the chemical 
. ' 

equation,.,·· .. 
h"V .> 

I. 
A F. • + 110 kcal/mole/02 

with ~hlch· the prOcess can be made to occur for extended periods is ,re-

latively high •. ·Number~ varying fran as high as 80%1 to as low as 20%2-4 

have been reported. Within this overall efficiency is included a series 

of chemical steps Whose nature is already known to us. For example,. the 
' ' 

sequence of steps beginning with carbon dioxide,. reduced pyridine nucleo-

tide arid adenosine. triphosphate and leading to carbohydi-ate is made up 

of a series or known ):reactions. We have · some knowledge of the efficiency 
. .' • ' ~ . ' . ' • . J' 

of each of them. 5 · 'l:he overall t~enwc.lynamic efficiency for. this chemical · 

~-! ,; 

. '. . ~ . ~: , .. · .. 

c 

• • ' . ' :, .· ~-'ti. : > ••• 
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sequence turns out; to be not higher than 65%. Another fraction of the 

·. chemical chain leading from ·water to. molecular oxygen nust exist, al

though the nature of these steps is not yet established. 6 

·If, however, \'ie assume a similar overall efficiency for that chemical · . . . . . . . 

series, namely, 65%, we must d~al. with a chemical degradation of l'}Ot 

less than 45% in the · overall process. Thus,· even if the lowest value 
. ' . 

(20%) of the overall efficiency is taken~ we are faced with the necessity 

. for a·~ of 50% efficiency in the primary quantum conversion act 
i 

during whic* the electranagnetio energy is transformed into some fonn 
. '. i . -

of prim.ar'.Y' chemical potential. If the overall efficiency turns out to 
;.- . . . 

be as high as 40%, then the efficiency of the primary quantum conversion . 
,I 
'1. . i 

act must·' be over 90%. . q, 
.. \\ -._ 

Such hig}l efficiencies for the conversi.on of eleotrclna,gnetio enertr:~ 

into chemical potential have, as yet, not been clearly achieved_ in any 

· model system· whatsoover. The required high efficiency for the conversion 

of such a visible qliantum is, perhaps, the central problem with which 

we have to deal;. The products have a high chemical potential energy 
i -· . 

, .. 

with respect to each other and are being produced by ·a package of electtro

magnetic energy :only sllgh.tly larger than that chemical potential. T'n1s 

fact· requires that there can be· only a very small_ barrier . to their back _ .. 

reaction. 1l'his further. seems to requi;"e that they be readily' easily and 
\ 

\ 
rapidly physically separated to prevent the . back reaction. 1 

' ~ . . - . 

A brief examination o£ the variety of photo processes which conceivably 
\ 

'. ' . . ' ' . \ : . 
could be playing a role in the pr1Inary quantum conversion of photosynthesis 

. . . ·. . .. .. . . . . . \.. : . 

- ··-' :_ · . '; :· seems worth making." We will not here be concerned with the: purely physical 
--~ ··- ---·-~···-.. --'-·::..: .. ·· .. ' . '. " . . . . . .• . . ' '. ! : . . ' . 

processes Which occur pr1or·to quantum. conversion~--· These #lclude '(l) the· 
. . . . . ' . • . ·' ... ,.,_. .-·. i.. . : ' . •.. . . ' 

.. ·\ ' .• . 
• ••• < ... 

,_:< 

~ ... 

... ~ ': 

.· i' 

( 
- ... ; 

·' · ... : 

. ~ .. ,., 

': ,-

.,.•;, .. 

. ' > 
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excitation process itself leading to electronic excitation 1n a mole

cule or molecular system, followed by. (2) the migl:'ation of electronic 

excitation either ·as exciton or by resonance 'transfer to the site of 

conversion. We would consider both of these as purely physical trans- · 

fer acts with the energy st~red in the for.m of electronic excitation. 

At the conversion site; by definition, the. electronic excitation is 

transfonned into chemically definable species which up~n reaction 
~ . 

could liberate useful energy 111 an amount equal to, or .less. thari, 

the initially abso:r'bed quantum •. The fracti~ by which this is less 

· than that of the initially absorbed quantum. would be considered the 

efficiency of the primary quantum conversion act itself. 
. . . . . : IJ 

In general, the primary· products of the quantum conversion may be . · \ \ 

considered in two possible classes : " The class in which the products 

are W1Charged and the class in which the products are charged. Many 

examples· of the first- type· are known, but _in none .or them is the 

fraction of the quantum stored as chemical potential very large. 

Uncharged Particles 

A wnole series of isomerization reactions·have been achiev~d ~~oto-

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

trans to cis conversion of an olefin or aey other ~~le double bond,7,a ---- . . 

Here the ~ form frequently has a few kcal more energ;y, stored in it, 

than the trans. but· always the light· quantum required to achieve the 

· ·. transfonnation is many times that energetic. The difference is _used, .. _ .. _ 

to overcome the-high energy barrier between the two_ forms~ Such a : .. · 

process of cis-trans photo1somerizat1on is· currently considered the.,. • 
....- ., ' ' - .. ·. ·,. ·,. .· ..• •· •., ' 't. 

triggering mechanism lll vis1~. 9 •· ( : ' .. . . · · · · -



.- ... ' 

_ .... : 

-4-

Another reaction type which has been much invest~ated photochemi

cally involves the addition of a polar linkage aeross an olefin ar the 

ellmination of a polar molecule from an adjacent pair of atoll1s · to pro-

duce an olefin. The molecule added, or eliminated, is frequently water. 

However, the analogy for und1ssociated phosphoric acid is clear •. 1 A spe

cific case 1n point is .the photoinduced bydra:tion of cystosme.lO,ll Hetoe -

the energy of the absorbed· quantum is N 90 kcal wh1le the free energy 
~ . 

·stored in the product cannot be more than a few kcal. · A hypothe1;ical 
no ' 

case for which/model is known would be· a dehydration of the· phosphoric . 
-.:.·· ·. ,,. ' : 

acid addition product across a carbonyl ccmpound, as follows: 

r:3fP I ,...PO.iH ... ·· .. 
C""V ··.. . i· 

. ,.. .1\; 
hv + H20 ·. \' 

,·,. ··' 

... 

A vecy canmon apd 'well ... kno\'lri photdchemical conversion process in

.. volves the ~sociation of· a bond. ·For example, the ·dissociation of an I. .. . 

·< .. alkyl iodid~ into .an alkyl radical ~d an iodine atom, or the dissocia.:.. 
1 ~ i 

tion or a' .. carbonyl compound into a carbonyl radical and corresponding 
. . . . . 

. I 

radical fragment. Here, also, the absorbed quantum is generally larger 
.·• ;J 

than the~ energy stored in the reaction products,l2 arid even When it 1s 

not, back reaction prevents significant energy ~torage. 
·. 

In recent years many examples of bond formation have been investiga.-:. 

ted. 'r'his bond formation may involve t\'lO separate· molecules, such as 

the dimerizaticn of thymine, l3,l4 or a \'lhol~~·vari~ty of olefins to give . 

· cyclobutane derivatives or other cyclic products .• The bond formation~ 

.·involve two parts of the s~.e molecule, giving rise to stillothe~:·:, 
cyclic (or acyllc) ·products. 6 -.. 

. , 

.- ...... 

. . ~--

.·"' 

·'· ··.:... 

.,• ,._. 

; ··.: 

_-;;' 

. \ ) . 

.,- .. _. 
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· Charged Particles 
i) 

'! 

. A second major class of transformations involves the formation of 

charged particl~s ~ and here. the ·model chenlistry is not . so well develo~ ··. 

· .. ed. That the absorption of a quantum by a moiecule in the gas. phase·. · · · 

can lead directly to photoionization haS long been known.15 rn fact. 

the long wave limit for the phot~procluction of comuctivity in a 
' . 

gas has been used as a means of directly measuring the . ionizati~ . ' 

' · potential of the molecules of that gas. The same procedures have 
. . 

been used to measure the direct· photoionization from the surface of 

. a solid, either a metallic surface, in Which case the so-called "work ' 

' . ~ . . . ' ..... ~ . ·: 

:,·. '~ ' 

.· funct1on 11 is observed,l5. or from a molecular crystal, in which. case 

something related to~ the ionization potential of the ~lecules of 

whi~ the crystal is nade, may be observed .16 · lif· all of. these · .-.; . , ' 

·,. 

Cause one (?f. the. products is the ~OSt UiasS-J.eSS . tree. electron 
.. ' 

.. 

. ~. 

:.· .. , 

which can more readily escape fran its rema.1iU.ng cation before recom

bination. In fact, Wilen .the electron is photoajected from a solid. 
,',' 

~, . ' surface ~to a vacuum, the geanetry . of' the system makes possible the 

collectio~ of the .charge and its return in an external c1rcu1t to do 
':•.' 

work •. . . r . 
·; •. J · ... ,·· .... 

·,· .. 

· .. The possibility' that charge separation may occur in a solid, ·~ : ;;· · · 

. Condensed• systerid.a aho wellestabllshed, ~~C:.J.ari,y for semi- . ~' : ' ~ 
Ca\ducting ~~~ lll:t~1ci.s: In ~these' CllileB, however, the absorpticn , I. 

't' .~: \,•'' ;• • •j -: ~ ,•' ( \ ·> .. ·(~:,·_::. •.' ', ,•> ,_;,I :,,'' • : ,•.'• ~· ~· 
.. : ·,.· " ... \:. • . ·' . 'l : . :. . " ... ·.· .. ·.' . .. ·. . .; ·. -~ . . ',•. .. . '., ,,,. ' ' ,; .· ·t·: 

' . if. 
'• 

.· ._.,_. 

;.-. 

.. : ~-. - '. ,· 

. ' .. · .. .,_. '• 

j[._ ,. .,· 
I 
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procesfi is presumed to lead directly to the excitation of an electron 

from a bound state into a conduction state. T'nis is recognized not 

only by the photoconduction phenomenon itself but by 'the very nature 

of the absorption spectra of auch systems. . The possibility that direct · ;· 

photoexcitation into a conduction band might occur in the condensed sys-
• • 

· tern of a photosynthetic apparatus has frequently been considered and 
. ; ' .~ ' . . .. . '\ . . 

rejected on the gourds that the absorption spectra of these systems 

too closely resembles the absorption sp'ectra of the isolated molecules · · · · 

to allow the possibility for direct excitation into a conduction band 

. to be occurring. In thes~ cases; ~herefore, it seen4that molecular _ ex• · 

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

followed by exoito~ migratiOn to the site of ionization• if charge ll 
; ' 

·· separation 1s to occur. · 
~ ! 'j .,. 

Qlite clearly • if photoionization is occurring in the condensed 

. _photosynthetic apparatus, it cannot be precisely the same ,process· as 

photoion1zation of an electron into a vacuum. Here· the . electron 

eJ acted from one molecule must :ttmnediately find an orbital in another. 
I . . 

molecule, so the ionization process is, in effect. an electron trans-

fer process 1n which an electron is transferred from tie donor system 

into the acceptOr system. · A nurriber of zpodels of such electron transfer 
! ' 

., · 1n condensed systems are known •. The n1ost recent examples of them are, 
J 

. ..____ perhaps,.' t~e electron transfer reactions· presumed, and indirectly demon-
. ; I i , ' ' , , . , , , 

• I. ~ . . f • . . 

strably occurring, as a result of llght absorption 1n the charge trans-

fer ban4 of a. whole -~ariety of .mole~ule c~lexes .,17 Such electron 
. . ' . . 

tl,ansfer ·reaction~ oecurrjng in isolated charge transfer molecule com- . · 

plexes in general do not lead to e:f'fic~ent energy st~age._ the ;reas~.' 
. • • • • • . ' •• •\ j .··_ ~ • • . ,. • • • '. • • ~' • ·_\: •.• . -

. being that. the recanbina.tion in an isolated. molecUlar aanpl~x is too. 
' I 0 i I • 

0 
, Jj ' ' !" • • • ~" ,. •, ·, ~ ._ 

.· 

:\ •" 

c' 

.. 
. :t 

.'' 
-! ·-'·· 
i 

., 

.. }_ 

. ' . 

.. 
1 
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rapid and efficient. Th1s difficulty may be overcome by incorporat-

1ng the· molecular. canplex into an ordered • or partially ordered, system 

.1n:such .a way that .the ·Charge rn1gratiC>rllead1~ .to chf'ge _separation. -: 
1.-, 

' ;. ' 

··over more. than one ~ol~cUlar diameter rna:; occur by a .rhopping" 'mechan-· '. : .. 
. . ' . . ·.· ., ~ . .. · . 

ism betwee~ moleoul.Sr orbital.s.l8-21 . Once the separS;tion of charge has .: .. · 

proceeded to the extent of sever~ molecular diamete~ \'le may speak , < 

of the "quantun as .having been converteO; into che.111caJ. potential, since .. 
'• 

. the produqts thus prOduced now have a small e~ergy barrier for rec~ . 
_'f' I . . .~ . ...: .. - . , 

binatiop ~u~ may have a smaller one for reaction 1n other dir~ctions • . , 
I I ! ' 

thus leading to a long time chemical potential. storage.· At this diage · 
' > ' . ' 

it may very· well: be possible riot only to demonstrate the long-lived 
I .. ' ' . 

. J . . 
existence. of such high energy chemical products but eventually to 

: I , . • . 

. . ~ . ··.· .. 

· · · · actually isolate ~hem; and efforts in this direction are· well unde~ 
. . . , . \ ..... · ' . . ' ' ;. 

.. ~ wa;y. 
. quantu.11·.absorblng 

Tne model or/ exciton ro+gration to the site _of· a local:~zed el~ctron 
··,-

transfer. follOwed by charge migi-ation. at. least over -several molecules-
·,. '. -~ 

-·~ _.1 

•······•· seems thus to be one or the most likely system for acllieving the high- · . . I . . . . . 

. efficiency 'or quantum canversion into chemical potential which is . , . .. , . 
'' . ' . . ; .... : .... ·. 

. - . ' . 
required for the photos~thetio system~ . Evidence that such a .pro- . · · · 

.•. ,•' . ' ' 

.. · , .·. ··.: 'cess is indeed occurring in the photosynthetic apparatus _is acaunulat~ ·. ' .. ·: 

;·'·,.-... '<;" ... 

l' ,,·. 
. I ·,·: . ·. 

Lig.~t..:~uced ·electron paramagnetic. resonance (&'R) signal~ have 
' . . . . . . ' \ . f . 

'' '• 
. - . : .. ~- .... :' 

·.· ... .. , 
· · · .: · ;, " : .· been observed 1n photosynthetic systems for l1lailP years... These obser-

. . ' :: . . . . ' . . \ . . ' 

·.. . .'.- · . ·. . . . vat ions have been diScussed 1ri s·everal r acent' review papers • 6 •2_9 . ·A . 
''" -~, ' 1 : ;j~ ·. • :--;': ., . • 1 I :' 

. ' 

. ;I 

· .. :positive ·identification or the ~ignal·.with a· detwte'_mol~C\,llar s_pecies . . . .. . : . . . . , . . . . . . . . .. . ~ . ' . . . . .. : . ·.. . . ,. I . ·_ - . . ·. . ·:', . . 
. ~ p;o~ed difficult . on the basiS of EPR properties alon~ ~ · .. ·' ThUs·,·.·.' ... 

' ~ "', . . , .... ,' , .. -,~7.~~. . r l ', • , ~· '··. .-<·: . .. . . ·'· . ' t.l.'"- ~ , 1 ~::: ~"' ~-- , 

I , ,_; ·• . • . . , ~ • - > '~~- • 

. • . -' -: .• ~ ' ·' . ~·. . '!\·- .- . . '. . ' :,_. f;.:; . 

• •• '.: • .. < :'-' •• ".• • ~-

; .. , 
.~ ·• 

' .. 
. • .. i 

,·, 

' .. . . ~ 
. ·-:: 

··r'· 

. . . . _:; --· : .... .:..: .... ·_ - -.. .:... , __ .. :___ . . ..... ·'··-- - :~~: ~· .: . _:_-- ~ ., - - -~ ~--- ..:. ·: 
. . ·: .. ' .. 
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correlations of these properties vd.th other physical measurements 

have been sought~ Independent studies of absorbance changes in photo

.. synthetic bacteria 23•26•3° have led to the .tentatiV,e detection of ... 
. . ·. . ~ l . . . i . • -. 

. bacteriochlorophyll positive ion, thereby leading to the working hypo- · 

thesis that the EPR signal' mif?jlt be BChl +. 6 This view was strerigt;hened . 
. . 

by recent work showing that the bacterial' spin signal could be pro-. 

duced by c~cal oxi~tion. 31 Ti1is paper, ·by means of kinetic . 
,; . ~. : . . 

studies of both speotrosoopic systems • presents evidence WhiCh is . · 
_'--';. 

. \. {"'·' ' .. 

. not consistent with the above 'hypothesis. 

··:'. 

EXPERiiV'ENTAL .·. ' 

I i · .· ·· 
i •1 

The kinetics studied in this paper .are the EPR and absorbance .·· 

·transients induced by a pulse of ·light~ The experimental arrange-
. . . .is shown 

;' 
; 

ment used in both experiments/in Fig. 1. The EPR and "'~ptical spectro-

·meters used have been'des~bed in earlier publ1~~1ons,22.• 24 An . . . 

electronically modulated neon lamp was used to induce the photo 
'· . . - . 

' ·. si~. Its design was kindly. made available for our use by Dr. L. 

Piette of Varian Associates. ·Most of the details of ·its circu1ti7. 

· .. are in th~ literat~.32 The. sp~ctral output was pr:1marily
1

in the 
. . . 

wavelength region between 580 and 720 mu. Rise and . decay times· were 
., ·. 

· of the order of 10 7scconds. The signal resulting fran a s~le flash 
. f 

' . was too noisy to. alloW .the determination of the full time course of 

it~ ~Owth 8nd decay~. To inp~ve the sii?Jl~•te>-noise ratio the illte

'· .. iration. te~~u~ of Klein ~- ~on33 was u~ed.· We l.~s.eh! the ccm-
. ·' ' •. ' i. :: •• <: ' .·.• . ·. ·.·· ' - • .. ' ' ·. :·~I, '•.t."- . ··. 

. ·.· . ; -~ 

- .. : 

: ~ ' 

·-.··. 

. .. : .. 



SPECTRO
METER 

-9-

BLOCK DIAGRAM FOR 

KINETIC STUOI£5 

(2) ( I) 

Pulse Generator 

1------iiiiiiNTEGRATOR 

X-Y 
otter 

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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. 
me:rciaf::.;., integrator, the Computer of Average Trar£1ents r-lodel 400 

(Mnemotron Corp., Pearl River, Ne'il Yorkh The overall rise time wi.th 

each spectro~mter ·~as less than l msec. 

The sequence of events i'la.s as follo'V!'S: 'Ihe repetition rate \'las 

determined by a pulse generator \'k.dch initiated a sweep of the :inte

gr-ator. The integrator triggered the lamp, after a fixed delay period. 

The second pulse .generator determined the duration of the flash. Tne . 
.. 

observation time of the integpator could be set for any fraction of 

the repetit~on time. Typical flash durations _were 2 seconds, repetition· 

time 16 seconds,·· and integrator sweep time ranged from l to 16 seconds. · 

Suitable signal-to-noise ratios were obtained after 50 to 500. events. · 
I 

· ChroiDa:tophores were p-epared from Rhodosp~rill~ rubrum (orig1nally·
1\i. 

supplied by R, Y. Stanier, #l,;l.l.) ~ The samples tv-ere harvested after 

. 5 days of gr-owth 1n modifi~ Hutner' s medium, 34. _using malate as- sub-.. 
strate. 1l"ne chromatophore's were prepared ·as out~ed in ·the paper of 

. . . 

· Loach, ~ ~.31 . The sample was buffered at a ~I of 7.5 with O.ll:L 

glycylgly~ine. 

To minimize differences in the experimental conditions the same 

. sample contaiped in a Varian EPR aqueous sample cell was us€xi in 

both spectraneters. Typical optical densities at· 880 nu l'lere 1.5~ 

The following factors were found to effect rise and/or decay 

rates: .redox potential, pH, tempe~ture, light-intensi~Y:i and the . ' ·' . 

physiological state of. the organisms and the preparat~on and storage 
. ' 

of the chrcmatophores. Tnese were held ·at the follow.ing values for 
. - . . 

both the EPR and absorbance experiments•. t0.30 volts,. 7 .. 5 pH wrl.ts, 

22 :. 2o, 1016 photons/cm2/sec 1 5 day. ~owth and, v~~le ~torage,· The. 

· light tntensity was measured with a.· photodiOd~ ·which was calibrated 

against a u.s. Bureau of Stanaa.Ns l.amp. · 

1. 

, . 

.-:-

. J ' .... 



. ~·· .. · . 
. . ' 

·. \ .. 't• ;, 

. ·,. · .. ,' .\ .. ·'· ·. 
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' .·~. 
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Tne EPR signal; &!t), wao measured at the point of ma.Xinum slope 

· of the absorption curve, and is proporeional to the ll1JIIlber of obser
/ 

.vable unpaired electrons. The response of this sign~ .to the llgpt 
•f;. • 

.. pul.Seis shown in Fig. 2. Also shown is an example of the growth of 

the signal. when the. light iS turned on ('rihen an exparxied time ~cale 

. is· used). T'ne. growth rruzy, be described by 'the expression 
... 

,,,• ., 
. ' ... 

(l) 

and the decay .curve by the expression 

. ,·: .' . 

I 
II 

Sz. · is proportional to the steady-state of photoproduced spins, sd 
• It . 

. ·- . i ~ .. ' 

·, :-

' . . ' 
. _, .. 

' . ~ 

- . ·... ~ Sd are proportional to the fraction of photoproduced spins decay- ; 

1ng by parallel.paths \'11~11 unimolecular rate constants~ and · 
.. . 

WI d/:\r• kr is approximately the unlmolecular rate constant for 

· •.. · spin production, ·. · 
I . 

A typical absorption spectrum and a llght-minus-dark difference · 

· spectrum for the chromatophores uSed are shown in Fig. 3. \>Je are 
·'· · .. :~· . 
.' ... . :here concemect with the major llght-ffiinus-dark bands at 433 nu-' 

· 792 mu, 810 nu and 865 nu. The responses of thesQX:t}ignal.s to ligpt 
. ' . . 

·, · : are shown in Fig. 4. The shapes 9f these curves can be expressed 

. . · · ) ·.:·: :>by. equations of the· forms of ( l) and ' ( 2 (atove • 2~ Lln';)potht~hc EPR · 
. . ·, .. .; .: . ~:' ·. ~ . · . 

'. ,,_, .. , ..... ana. the optical absorption measurements the decay rates were found · 

: . . ·: 

"j ,·. 

to be approximatel$ independent of the light intensity. This, 'together .. 
. . 

· with· the simple 'exponential .be~vior · (~igs. · .. 2 and ref.· ~~~· indi~tes • ·:. 

. . that these· proce~se~· ;.ob~y· ·,flrst~I'der ldnetics ~.: ·~ .· .. · : . . . . . .. . . . · 
• / . . . . . . ~ • ... ' : 't • •· :. :. ·-~\ .. ~ . . . ·_: . :;: • 

. •, 

. -· --. --- --

.· "\., · .. 

~ . 
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R. rubrum Chromatophores 
Transient EPR Signal 

6 
w 
N 
:J 
<[ 
::!; 
Q: 
0 z -

Light 
on 

TIME __. 

TIME-

~1.6 s-1 

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. Sr is the normalized 
steady- state value of the signal. 
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.7 R 'ub,um 880 

CH ROMATOPHORES 

.6 

.5 

375 

400 500 600 

~ .030 .060 

ci 
d 
<I 

-.020 
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Fig. 

Fig. 

360 433 710 765 792 

385 605 

WAVELENGTH (mJL) 

.040 
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ci 
d 
<I 

MUB-1904 

3A. Absorption spectrum of R. rubrum chromatophores 
suspended in 0. 01 M phosphate buffer, pH 7 .13; 1 em 
cuvette. -

3B. Light-induced absorption changes in R. rubrum 
chromatophores, whose absorbance was-2.2 at 880 mu. 
Excitation wavelengths were 650-900 mu for the blue 
absorption changes; 400-500 mu for the infrared 
absorption changes. Note that the absorbance scale 
below 650 mu is expanded twofold. For further experi
mental details, see Ref. 24. 
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1.0 

R rubrum 

CHROMATOPHORES 

.75 

.50 

.25 

o~~~------~--------~------~------_.--------~ 0 1.0 2.0 3.0 4.0 5.0 

UGH\ 1 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. to-4 M KuFe(CN)6 
present. Eh = + .35 volt; 0.01 M phosphate buffer, 
pH 7 .4; 0. D. at 880 mu, 0. 7 0. Further details are 
given in Ref. 24. 
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~· .• ! . . ~ 

;.. .. 

' > ; To demonstrate the· relation between the two spectroscopic obaer- · · 

vations, the time response (coUrs~) of the s~ f.raF the same sample .. 
>·, ~ ~ 

. ·. i have been plotted together ·(Fig. 5). The steacy-sta.te ~tude of 
' . 

-_,_ .· 
~ :- . 

t 
··each. &i&nal was normalized to unity. 

.. ·_ ... 
•• ••• 

l ' . -~ ' ',.. .' 

·'· 
CONCWSIOI'iS 

~-- . -

· The following ·conclusions may be drawn from this evidence-: 

1. The rise and decay kinetics of the spin signal are the .same as 

. the ldlletics Of the 433 IIU ~bsorbance changes 1 within experimental .• 

. i . v . . ~ . ' . ' .. · . 

error. or tpe' major absorbance changes, only the one at 433 rnu sho\'lf{ · 
1 

. 
. .I . . . . . . . ' ' II"· .... 

>this close /agreement. _vie thus assign the observed EPR ~ignal to the . ·· · \
1

' , 

,· I I . . . 
. . ', ··. molecular':. species \\'hie~ produces the !J33 optical change •. , .. 

2. The filOlecules responsible for the absorbance change at 433 nu are 
,, . - ' ~ 

~- ' 

•. ,·-·.· not the ' sarne as those molec~les responsible. for the absorbance ch~e 

--i. ·-
;, ~ .. ~ ... ~ . 

•. '' ~ 
. " 

- .. ' ' 

at 865 ru because o-f ~he much slower decay rate· of the 433 mu band, 

.a.s was earlier reported. 2~ 

Tnat a relationship between optical density changes and EPR signals 

... 
I· 

' . . ' . . . 26 . . ' 31 . ( 
. existed was apparent from the experi.rnents of Clayton· and Loo.ch~ ~- ~· .. 

. In these experiments all the light-induced optical absorbance changes and 

.· .. · 
the EPR signal were. removed upo~ oxidati~ and we-e replaced by a "dark" .. 

' ·~ 

signal of the same magnitude. Howe~er, no choice amoz:1g the· optical sig- ', ... 
' ~ "'. . ; ::: ' 

·. ·· nals ceuld be made• to identify the sources of the EPR signal •.. 
! .: • 

., ' 

.. ~ 

t .. ,·· 
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R rubrum Chromatophores 

EPR and ~0.0. Signals 

~0.0. 865 mp. 

~0.0. 433 mp. (dark line) 

EPR (light line) 

TIME (sec) 
MUB-2311 

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

bean us~ to. identify this change \'lith a one-electron photoinduced. · · · 

oxidation of BChl .1n the organized environment. 26 ,30 •3t Based on this: . · 

identification of the optical density change at 865 nu! and the aboVe ,, 
•··· .· 

{.:'. ,···· 
kinetic data, oxidized bacteriochlorophyll 1n ·the o~zed environ- ·;.· 

' . ' . . . : 

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

·. i. producing the observed electron paramagnetic. resonance signal. Such. 
' ' .; ~ 

a molecular species (Bchl+) in solution would be expected to show-1 an 
... 

·' ' _ EPR signal characteristic of a free radical. Tnat we do not ~ee orie 
- ! 

... ,- ,, 

,. ' could be expl.S.ined by· an interaction between tl:is electron and its 
"•":. 

·J. ' envirorment which broadens the resonance line• Such an interacticn 
•·'·" ' ~ ... 

may· arise tram delocalization, a.11ong several BCh1 molecules, of the 
~ . . . . . . 

. ! 

;_,' 

.··. 

. :,._. 

... 

'· 

. --,.-. 

. ... . : .. : --~-.'·..,.. 

~ ... ·· 

charge associated with the· oxidized BChl. A de lOcalization of. this 

sort can b~ used _as the conduction system for separation of charge ' 

· in the primacy _qu~tum conversion act. 
·'- .·. . ._.~· .. : 

" ~ -.. -.. 
' 

-'·-·· ··. ;-· . 
.. : 
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This report was prepared as a~ account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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