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FREE RADICALS IN PHOTOSYNTHET)C 5YSTEMS 

Melvin Ca7_vin 

Radiation Laboratory and Lepartment of Chemistry 
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ABSTRACT 

The method of detecting unpaired electrons in liquid and solid tJystems 
by electron spin resonance is discussed, The significance of the hyperfine 
struct'Ulre in electron spin resonance is disc\l.ll,ssed and the p<Ossible use of these 
strt.llctural features of the electron spin resonance spectrtun to ehtcidate the 
nature of the photoproduced tllnpaired electrons in photosynthesizing systems 
is introducedo 
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One bit of evidence introdnced in the previot'1S paper ~Cit-.:apter t 
concerned the possibility that the qv,:~antmn conversion act of photosynthesis 
might be a prodlt,lction of unpaired electrons which were sliccessiveEy trapped 
and then handed down to other acceptors (chemical acceptors)) to do their job 
by tllltimately red,~cing carbon dioxide" 

That particular evidence was not explained" It was simply stated tb,at 
ther·e was evidence of unpaired electrons" The natmre of this evidence may 
now be expliainedo Those c1Uirves previo·'JBly shown are known as e1lect»·on spin 
resonance absorption spectrao What :~ wo1l.!tld Hke to do now is describt~ wbat 
electron spin resonance isv how we may hope to ·r1.se it for the detection of 
unpaired electrons in biological systems. bow it has been 'J.~sed, a!?.d how we 
may hope to tll.se if f~ .. u,ther to identify the nat'll!re of the u..:tnpaired eLectrons that 
might and do occrvu in biological systemso 

ELectron spin resonance is another spectroscopic method" Za.voisky 
was the first to use it to detect ~.llnpaired electrons in physical systems. It is 
based on the principle that an electron has a spin. and that this spin gives it a 
magnetic moment smch that when placed ~n a magnetic fie~d it wiH orientate it­
seH wit_b respect to that magnetic field in certain specific directionso In the 
case of the electron. the spin is said to be one-half of a lllnit. and this leads to 
only two possible orientations of the electron in an external field--witlh the field 
and against ito 

Figure ~ shows the diagramatic representation of iliis sit-r.:·ationo On. the 
!eft we have the case in which the electrons are in between the pole faces of a 
magnet. but the electric cnrrent is not yet flowing and the electron magnetic 
momrmts are randomly arrangedo When we turn on the field «as on the right). 
some of the electrons wiU orientate themselves with the external field" and some 
against ito Now9 these two orientations do not have the same energy< These 
energies are represented here by E} and E 2• and the difference between theae 
two energies is equall to the p1roduct of the magnetic moment «f.!.\ the g:yro~ 
magnetic ratio ig '· and the val<J.e of the external. magnetic Hel~ .\H ~,, Thi\s 
difference in enefgy can be expressed in te1rms of the freq'!ll:ency hv.

0 
and for an 

~-·-·· ----~~-~ 

TranscripHon of speech 1 L53 presented at Str.dy Program on Brophy sics and 
Biophysical Science, University of Colorado, Boulder, July 25, 1.958. The 
work described herein was sponsored by the U .. S, Atomic Energy Commission. 
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e•ecLon L1 a fierd uf about 39 000 C:auss, ~1\·~ wav' ::ngL c-...::-.so:n·.di·:.. :, 
tran.:=' ,:i.::>n is teree .·eh irnetcrs. 

The way in wbk~ thea~~ :.mparred eLectrons may be o:- st~ t"Yed i e s.,:L1.p·. y 
t~ shine ef.ectro~magnetic energy on tbem whh a wave~engtb coxoresp.Jr:td'.r.g to 
fl'ile tran.s?.tion9 and watch fol' absorption of t:h,is d~aracteristic freq·Jenr~ ;·, v and 
vary~ng th.e magnetic field H " One ften determines the maHnetic fie.d at 
which absorption occ~JJ.lrSo TRis ts the reason it is caHed e:t:ctron spin resonance 
absorption= ~the Held at whiclt• resonance absorption with the 3.2 centir.H:ter wave 
occ~1rs. 

Fig11.1re 2 indicates tk>e manner in which l::t.e experiment is done. Hel\:'e b 
t~he three~centimeter generat~:t:t'. and the external fieRd. In t'!le- presence ~£ tfue 
magnetic field some of these eRectrons wiU be oriented para·~leK with tl e field. 
slt)me antli.paraUeL There will be more in the Lower {paraHe:) state than t.here 
are ir:1 the mppex {antiparaUel}. so there wE! be a net energy absorpthm as 
transitf.ona between states occTJ.~r. 

Most of tllle apparat~.lls in 1mse today does not record direct absoF ption,. 
aahougl'rt some of them do" Instead they record the derivative of this abosrption 
and tlhe two graphs lln the preceding section ~Chapter ) were these derivatives 
of absorption rather than the absot>ption. directly c 

This experiment then provides a method fo;r detectioill unpaired eLectrillns 
specificaHy. {sin<ee paiifed e!ect:a-ons m1illtlilla.Hy q'll1lendu each 1\!ltlli\ex'' fl magnetic 
moment~. It provides a highly sensitive device" more sens!'.tiv~ in gen~ral than 
any mass s't!i!sceptibHity measmrement can providet because tne latter :m~11st 
always correct for the diamagnetic material in which the e1.ect:r·an \s b:-Jried,_ 
lin recent years thlis device lhas been ~'lsed more and more lin dh.emhtry, arnd is 
now being 1l!sed on MoRogical mate:::·iah b'l detect the presence of free ra.dicah 
and to detel"mine whether or net free radicah and tmpaired electrons ar.>e 
paiftidpants in biochemical tra:nsformationso 

The method can not on<ty teH how many eLectrons there are9 b~t also 
may determine something about tlh.e environment in which they are sitUJated by 
tlh.~ natlue of this absorptionrecord. 1t wiU be recaU.ed that tlhe energy of tlil<e 
transiU.on is dependent 1J2.pon t:he fie~d that the electron itseH sees0 tlhlat is to say 
tlh.e externat fieRd dt11e to tlb\e magnetp ph1l.s any magnetic field which tllile moUec~ille 
itseH may ca-use. 

Nf\lw9 the molec~le itseH lis made up of nudei and other E:tectr~ns, M~st. uf 
the othe!r ef.ectrons, of co1.11rse. are paired off. br11t the mll.dei may have magnetic 
moments and some of tfuem do have magnetic moments prodll!l.dng magnetic 
fields with which the tmpaired electrons may interact, 

lf the odd ~lec:trtOn not on~y sees the externa~ magnetic field~ b'Ult alsO: 
a magnetic fieM of tlhte molecule itselfv one me.y observe the spectrum of Fig" 3, 
Iu thh case the mo1Lect'!1le is one which has a nitrc1gen atom in it, and tlh>e nitrogeu. 
atom itself has a n~dear spin of one '.Lmit.. This means that tlf,e nitrog~n n\\:!detli.S 
can take U!p one of three orientations in the exte!"nal H.~dd=-paraUel, antiparaUeil 
or normal to H. So that now the ellectron near the nitrogen atom may actr~aUy 
be S1!:.bjected to three diffe:rent magnetic fieMs in one configuration. tlhe magneUc 
fitsThd of the m.11clle1tts is added tt> t'h~ externar fie:d> ln an.other. it is subtracted from 
the externaL fie1d0 and in t.he t~~ird cz.se tt .. e1·e ia 1.;0 effect ': r~m the external Held" 
So instead of a single pea:c w ~ a;'·t.l .. ~.d ge, t\ne~, ..:.nd FiJ! 3 oii'A:>Ws tJne tlhrce peaks 
du'~ to the interaction Wlt ' L •. :.. sr '1 .); t "· !l ~· ..:gvl ;L r.: 2· s . u.t·· Jn tJ,.Ic Mlddkf'•. a)'!ld 
one ;,n . ..:aL;-. s1dtS· d' ··· f, '·'JB ·, • \. '· ,,. "Ill ciP·:!i. 



NHrogen is" 101! course, not t·~~.e only nut!:l~,::J.s that !:as a rnagneh : .noneni _ 
One ·:e cotnmonest ones in organic snbstances ~-s hydrogl<!n, H~rdl J <1 <)1as a 
spin of a 1-~al£. and it also can inftnence the spin spectr~ of an odd e_•~dron in 
the case of motec':ll.les constrc~cted so that th® e1ectron can intera'ct with ti\ese 
protons" 

F:ig~Jtre 4 slhows a case of tetrachlorclblydroqtcllinone {lower rllgAlt ). Tltve 
resonance Hel:.d wiH not be modified by any of the atoms in the mol.ec1il! e since 
their nt>M:Iei a:re all of spin zero ~no magnetic moment} and so yo1iC' see onty one 
Hne, Ji" however. one removes one of these chlorines and replaces it by a 
proton. and if the er~ectron can interact with that proton at all, the proton. havl\ng 
two possible orientations in the magnetic fielld wiH spllit the resonance into two 
Hneso 

Now, with two protons" how many different arrangements can one get 
to <"hange the externalL magnetic field 1 Remember that each one now can arrange 
itself with or against the magnetic fie~d" One can have both wi.th the Heild,, one 
can have botl11 aga.inst the field. or one can have one with and one against ito So 
there are three different ways in which these two protons can be arranged with 
respect to the external magnetic fiielido The third sih.llat:iion above is twice as 
probable as either of the other two 9 becat:,11se one can have the left~hand proton 
1llip and the right down. or vice versao Therefore 9 the middle peak sho1mlld be 
twice as high as either of the two 01lll,tside ones as indeed is the case" ltn both 
cases they wiU prod1U1ce no net modification of the external fielido Wlith three 
protons there are four possible arrangements. and so one gets fou.r peaks=~ 
with fo~r prot·ons there are five possible arrangements 9 and as seen in the HguJie,, 
the ampHt1mde ratios are the ordinary binomiali coefficients" 

Therefore 9 one may not only determine the nwnber of odd electrons that 
are present in a systemij b1llit abo ascertain something abou1t the kind of an 
environment tlhey are in" Fig111re 5 shows the compo1!.1lfidv clibenzene chromh~ 
cation. which has one \Ulnpaired eliectron[> and the q11.zestion which arose in my 
mind was the location of this unpaired eRectrono We fo1ll!.nd that this ttllnpai!fed 
electron of the chromi'ill!.m can act\li.laUy see the ll 0 protons of the two btmzene rings 
of this compound associated with tlhle chromillllm atomo Ten protons have n ll 
possible arrangements. and so one shoVIld have B Hneso The o~tside ones are 
very weakp beca~se the probability of having aU of the liO protons oriented in 
the same directiol!'il is very smaU compared with the mnxed con.figll·Irations. So one 
can see how in transition e~ements we can determine something abo\\llt the 
environm~nt of the transition eliements by this method as welL 

Nrow. the ll.ast example before going to the biologicalL materiak is a nice 
oneo lt 0s a perinapthall.ene radical- =a beat,:ttifuR symmetricaL radical «Fllgo 6 Jo 
Du!.ring preparation of perinapthalene it became accidentiaUy oxli.dizeds and when 
pUJt in the maclhdl.n<e 9 this ~s what we sawo It llooked very formidablie. br.11t it 
dll.dn 9t h~rn out too badlyo Th® odd eLectron sees two different k~-nds of protons. 
Hit is examined carefnUy. one wiU see that there are seven groMps of Rines-= 
each group a qlilladr\\l!.pliet. This means that there are six electrons of one kind and 
three of anothero The electron inte:r·acts more strongly witlh the 10ne gxo~illp of she 
protons than ilt does with the other group of threeo 

Now. how :mt1!.ch of t±·is can be ~sed for the investigation of bioliogicaR free 
radicah "\) WeU" fhe answer is that it is only j •xst beginning to be ~,,sed. B~inert 
has been worlcl\ng with a fatty acy~ CoA whi~.a-. be fo-1nd pr\l)d\>1ced a trantJient, 
..:ol1ored intermediate wh«en ro·:x~d witl ,ts substrat;"'. ThJiS 0 he prtr)posed,. was a 
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free ·· ·cat intermediate, and wi;,en ;,t was exa1nin•"d at Sta.lf!>:td anC: a.r uo 
· Assoc~a~.~s. an e1.ectron spin rasonance sltgna: was seen w:.-_:.d: cu.1'd b..; d. o= 
tinguished from the resonanct~ d'-le to the C"J-1-7; in tl-_e enzyme ~F!.g, 7 )0 Conmwne ,· 
and co-workers at Ste Lomis have presented eviden.::.e ·Of free radica{ intermed.i.ates 
in the reactions of alcohol dehydrogenase and cytochrome oxidase wl~ea t1'!;-_cse 
enzymes are bro\llght into contact with their a1!Jlbstrateso 

How does one distingt~isb. this kind of a signal of a free radica! from tl'.te 

one shown in the previot'1S Chapter 1 First of aU, radkais of this kind do not 
fadev of co~r sev at low temperat1l.llreso They are frozen ino That is e,.:actJy 
what happens when one cools the system of chloropiasts. which was described 
previous!yo The fact of the mGLtter is that one can find strlltchll.red systems f,n 
which we can indt'l.ce the signal at Row temperat~are, but in which it wi:J aLso fade 
at low temperahllre at a very liliigh rate" 

The occ'lllrrence of a sli.gnal dmte to an oxidation mechanism alon.t. is 
illustrated by Fig. 8 in which the behavior of a methanolic Hxtract of RhodospirHlnrn 
h shown when exposed al!.ternateUy to oxygen and nitrogeno WJIT.en a similar 
methanolic extract of Chloreli'.a is iUwninated in an oxygen and then in a nitrogen 
atmospherev the increased signal of the former .:Fig. 9) is considered as the S':llrn 

of the contrib'i!!Uon of an oddative 9 a photooxidative" and an odd el,ectrtln produced 
and trapped in a free radicaL The relative contrib~l!tions of these processes is 
apparent from the figmreo Figure liO then shows bow cooling, even in oxygen, 
reduces the signal amplitude so Here one sees that cooling to ~ 145~C bas 
practically eliminated the dark spectrumo 

The spin resonance signal for Rhodospiriihun is shown in Figo :' li after 
five minntes of ilhll.minatiorl9 and then examined a£ the indicated temperatnreso 
At 25°C it is the second from the smallest signal. at - 55°C it is bigger. and at 
- i5° it is bigger stilL When tbe temperattll.re is f'&llrther red-meed t~> -li60°C" the 
intensity falls to the smaUest shown. The time behavior is shown in F~g~re n" 
The spectrometer is set on the peak of the signal. and one may now observe the 
rate of rise and the l~ate of decay of each of these s:D.gnah at each temp•eratr.11re as 
a function of time. The room temperatt:.llre signal is the second srnaUest shown" 
and it rises as fast as the instrument can f-oUowo Thh signal then imnu:diately 
decays after Hh'!l.mination ceases9 to within the time constant of the machineo There 
is 9 however 9 no rapid decay at - n 5°. and at -55° there is a very rapid rise. a 
ftllrther slow r:iseg then foUowed bX a smaU componl3'nt of rapid de·-:ay. and a 
m'llch longer slow decayo At . n60 aU we have left is very rapid :ds~ and very 
rapid fan. Thuse I beHeve WEl have eliminated the possibility that we a.re 
producing free radicals directly by iUmnination" This behavior m1ut be d©e to 
either -.:..mtrapped carriers or trapped carders il1 wen shielded tr·apso 

How can one account for this wholl.e sequoei1Ce of things? Referring back 
to Fig~ B «introdlaced in the previous chapter» one sees that the f:irst act is tlfie 
absorption of light to prod~ce an exd.tonv th~ exdton is then converted into 
condtttctive carriers. the carriers into chemical radicals, and the ehemica~ 
radicals lead to stable chemica~s. AH that lis r~:::qt.ri.red to accovznt for the data of 
Figo 12 is the preHIDlptlton tha.t each one of these sTiccessivt! acts has a :higher 
te·rnperature coefficient, The first step has no tempe1·ature coefficient, thre 
second may have a very slight one, the third a l:.igher on~~,, and Sr::l on " At I'Oorn 
tempe:rat'L'tre the enet·gy was transport~d over into tqe chem.;cat radicals" but 
these were decaying 1tnto stable chemi\caRs very '"ap: d1y by tl.e •'il.sual enzymatic 
processo The possibiHty t~at we are 'too': .. -ng at a tdpi.et s·a.e is eh.m1mated by 
the nahl.re of the signal At- p~·-~ s·'!,'la·, ··,~u:d 1" ~· ._:; .. , -b7c· >a~d v£ry dllaracterisb~.. 
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uf tw_~ ·;>,')aired electrons in the same moA.ect.ll.~e< A similar sequ:nce , 
temperat ;).re effects is seen in the h:minescence intensity (Fig, l~ 1 ancl "s 
similarly accountable presll.\ming the integrated intensity to be a measure of the 
back reaction. 

" Another representation of the same scheme is shown in Fig. \5. Tte 
chlorophyU ground state is represented by a band instead of by a single line. 
becal'lse of the interaction of the chlorp'hyH molec111!les in these arrays previoasly 
shown in electron micrographs. and the excited singlet state wo~JLld act;;:aUy be 
a broader band. The triplet state is shown as a rather narrow band overlapping 
with the excited sequence. We haven«f p~t the triplet directly in line h·ere 
becat.:tse we never observe triplet light emission. 

This gi.ves a working hypothesis to account for at least S«)me of the 
problems 0 outlined at the beginning. that one must accou.mt for- -the reqturements 
to be satisfied. in order to convert this 35 kilocalories formula into useful 
chemicaL potentiaL 



Figure Captions 

Fig. L Energy States of Fr~e Electrons in an External Ma.gr-etic F1c'd 

Fig. 2. Absorption of 3 em Waves Due to Transition of Fr~e Electror:>s Betw;,-;c.:::r .• 
J... Energy States in an External Magnetic Fie!d, 

Fig< 3, ESR Spectra of Nitrosyl Dis!JJ1fonate. 

Fig. 4" ESR Spectra of Ch.loroqt.'l.inones, 

Fig, 5. Paramagnetic Resonance Absorption Spectrum of Bis-Dib*!nzene 
Chromh.11.m Cation" 

Fig. 6. Paramagnetic Resonance Absorption Spectr«\m of Perinaphthen.yl 
RadicaL 

Fig. 1. ESR Spectra from Coenzyme A Dehydrogenase ph:s S-..·,bst:~<ate, 

Fig. 8. Rhodospirillum Methanol Extract Dark Signa! at Room Temperature. 

Fig, 9. Light and Dark Signals from ChloreUa~methanol Extracts in Two 
Atmospheres at Room Temperature. 

Fig. RO. Light and Dark Signals from ChloreUa-methanol Extract at Two 
Temperat~u-es. 

Flig, li L ESR Signals from RhodospiriUwm rubr'iillm 5 mll.m~tes Contin"CJOl'...'lS 
.Uhm1ination. 

F~g. li2. Rise and Decay of ESR signaLs from RhodospirUbm nr.br~m.., 

Fig, R 3. Hypothetical Scheme for Light Energy Utilization on Chloroplasts, 

Fig. li4. integrated Intensity of Spinach CMoropi.ast Luminescence f:rrJm 
0,0015-5.0 Seconds after ExcitaHon as a Functicm of Tempe:ratt"E-re, 

Fig. li 5. Prropo sed Scheme for Va:riqtils Photochemical Pro ce sse s in 
Photosynthesis. 



-9- UCRL-8525 

( ,.;;> 

,;' 

.......... 6 t 
.................. ~ ~ fo 

c::-
(-

::7 

JJo = 0.927·10-20 H0 = 3,300 A,..., 3, 2 em 

MU-15462 

Fig. 1. 



-10- UCRL-8525 

Gen. Am pl. 

+-+ 
Half line width 

MU-15460 

Fig. 2. 

·-



-11-
UCRL-8525 

Sample volume: 0:02 mi. 
Microwave power' 8 db 

below 125 mw. 
Audio Gain: xi00-1 
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Rhodospirillum Methanol extract dark signal at room temperature 

MU-15650 

Fig. 8 . 



.. 

- 17-

Dark Signal Dark Signal 

I 
I 
1+-40 Gauss-? 

I 
I 
I 

~Ho~ 
I 

Light Signal 

N2 Atmosphere 

UCRL-8525 

Light and dark signals from Chlorella-methanol extract in two 

atmospheres at room temperature 

MU-15648 

Fig. 9. 



-18- UCRL-8525 

'• 

Dark Signal Dark Signal 

Light Signal Light Signal 

Room temp. in 0 2 atmosphere -145°C in 02 atmosphere 

Light and dark signals from Chlorella-methanol extract at two temps. 

MU-15649 

Fig. 10. 

-·. 



- 19-

\-10-\ 
GAUSS 

ESR SIGNALS FROM RHOOOSPIRILLUM RUBRUM 

5 MINUTES CONTINUOUS ILLUMINATION 
MU-15137 

Fig. ll. 

UCRL-8525 



'• 

~ 30--J\ 
SEC 

I 
ON OFF 

LIGHT 

-20-

RISE AND DECAY OF ESR SIGNALS 

FROM RHOOOSPIRILLUM RUBRUM 

MU-15138 

Fig. 12. 

UCRL-8525 



... 

~· 

, . .. 

-21-

CARRIERS 
/~CONDUCTIO~~ 

/ BAND) ~ 

EXCITON TRAPS 
(CHLOROPHYLL 

SINGLET STATE) 11 

UCRL-8525 

CHEMICAL RADICALS 
+ hv -hv l i 

CHLOROPHYLL STABLE CHEMICALS 
(GROUND STATE) 

MU-15135 

Fig. 13 . 



•• 

.. • 

3 

2.8 

>- 2.6 
1-ii5 2.4 
ffi 2.2 
1-
~ 2 
1.1.1 1.8 u z 1.6 1.1.1 
u 
(/) 1.4 1.1.1 
z 

1.2 :'i 
3 I 

0 .8 1.1.1 
!:( .6 
et: 
(!) .4 1.1.1 
1-z 

-22- UCRL-8525 

10 -10 -30 -50 -70 -90 -110 -130 -150 -170 

roc 

INTEGRATED INTENSITY OF SPINACH CHLOROPLAST LUMINESCENCE 
FROM 0.0015-5.0 SECONOS AFTER EXCITATION AS A FUNCTION OF TEMPERATURE 

MU-15!36 

Fig. 14 . 



,, 
• 

ABSORPTION 

FLUORESCENCE AND 

DELAYED LIGHT 

EMISSION 

-23-

11-f+ 1(1''!.1 
2 2s-s I 

(OR OTHER ELECTRON 
ACCEPTOR) I 

1! I 

~ TPN +t (')R I 
SH SH 1 

1! 
I QUINONE REDUCTION 
LCARBOHYDRATE FORMATION 

I 

I 

I 

UCRL-8525 

TRAPS I'D 
~ ----"&'-- + H20 

j l 
Oz. EVOLUTION 

PROPOSED SCHEME FOR VARIOUS PHOTOCHEMICAL. PROCESSES IN PHOTOSYNTHESIS 

Fig. 15. 



.. 

··' ' 

This report was prepared as an 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, express 
or implied, with respect to the accuracy, com­
pleteness, or usefulness of the information 
contained in this report, or that the use of 
any information, apparatus, method, or process 
disclosed in this report may not infringe pri­
vately owned rights; or 

B. Assumes any liabilities with respect to the use 
of, or for damages resulting from the use of any 
information, apparatus, method, or process dis­
closed in this report. 

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