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Abst:eact 

Photoinduced electron spin resonance signals have been obse:rved. 

in. isotated chloroplasts and other g:reen material~ with a growth. time not 

affected by reducing the temperatux-e to -140°. This is interpreted in tel"mi5 

of conduction-band and i:rappedee!ectron theory. 
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PHOTO SPIN RESONANCE AN CHLORO~JiYLL-CONTAIN!NG 
· . PLANT MAofERIAL' -

Powel" ;e.. Sogo, Ning G. Pon~ and Melvin Calvin . 

Radiation Laboratory m.nd Depan·tment of Cb.emiat&-y 
University of California~ Berkeley, California 

intY oducti on 

In & recent papeR'. 
1 

the ~lect~on ... ~apin :resonance mpect:ra ob~ained 
f:irom light-induced par&magnetism in chioroplamt sul!lpensions were deSJc:r;.bed 

.and a di~cusaion of the poasible role of these unpaix-ed electrons in ~he 

proceliHilEl8 of photomyntheeie wa.m given. We have ver.ified ~he eaeentiaJ. featm·es 

of. the reauU:Ii!! reported above and have made new measurements in an &ttempt 

to mmre closely es.tabHsh the OJ.dgh1 of the signaL The chara.ct:ell."istic: leaturea 

of the resonance absorption are: the g value, the g:rowth .and deoeay thness · 

the rotea.dy-~tate concentrration of the abeorbing centers. the quantum efficiency 

for the prod,uc::tion of the a.bsorbing centers. and the shape of the apin resonance 

.epectE'um. The determination of the identity of the absorbing apedes. as weH 

&ii tbe patb. of ittS fozoma.tion.~ would seem to require, firmt: ·a knowi~dge of 

the preCise dependence of the above quantitie~S on tmch variables aa tempel"&'.tuE"e, 

light wavelea'lgth and intensity~ ~ample pF'eparatioil, and sample environment; 

and secon~.l: the c:orrelation of such data with the results of chemica;J. and 

kinetic· ®tudiem of photo~BynthefJiG. It i~ hoped that in this way a fu.udamen.tai 

inmight into the primal'y p:roc!ll!msea of energy conve:rmion in green plant:s wiH be 

gained. This papeif deecribetJi ~ mel'ieag of eltploratory experiments in which the 

p:trimary aim was the determination of the relative in1poirtance of !llleveral 

valdable@ in affecting the bcehavio>l~ of the signal. in pall.·ticular termpetrature. 

Hght inten~ity, and sample preparation. 

"'" .,.The work demc:dhed in thia pape;: waf'1J spoD.filOred by the United States Atomic 

Energy Commi$!l>ion. 
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Methods 

ltn ~he~e experiments a total weight of 250 g of Gpinach leaves waG 

E'equil~ed for the p:&"epara.tion of whole chto~opiasta and smaHe:<: fragments. 

'!'he !eaves wei'e washed with dietiUed water a.ud the excese watex· ·w'as liilha.ken 

off. All 1-!UbBequent ope,rationa wex-e carried out at, or nea!i.", tl°C. 

in a typical expe1!;"iment. 125 g of frel'illh. i!ipi'l.lach Leave~ wats ~Heed 

into thiYA mtr.ipa and ground. fo;: 30 aeconda in a blender contain1.ng l50 mi of. 

0.5 M ~ucx·oae that is at pH 6.8 and is (L03 ~ with :respect to potas::rdum 

phosphate. The h?mngen:s:te- waa .filteTed through aix laye:rs of cheese cloth. 

The filtFate was centrifu.ged at ZOO x g for 5 minutes to rEn:nove whoh~ cell.s and 

ceU deb:rds. Tb.e aupe:t•natant was carefully decanted and centl'ifuged at 

(~OOxg foll' ll minutes. The super~,atant waa decanted and saved fo-e the 

pl'eparation of the amaH chJ.oropla~t fli'agmen~s, while the pFed.piiate 

W&llll :r:eeusperuied in about 200 ml of fr.eah SUCf.'OSIS solution. A J:Ubber pofdce ~ 

man attached to one end of~. glaaa rod waa used to stir the mixtu!'e so as to 

obtain an even f€luepension. The eu!Zipension was centrifuged again at 600 ~ g 

fo:r 15 minutes. The supernatant w<M3 discarded and. the precipitate wa~ 

collected by ramuepension in a smaH volume oft freah flUCP:oee solution and 

centzoifu.ga.tion at ZO,OOO x g for 5 '!lnP.nutes. The supeF.natant wa~ quidtdy decanted 

and the packed precipitate so obtained wae designated aa "whole chloroplast@. 11 

One half of tb.e whole cb.ioll'oplaats was F.Ju.epended in about 10 rtiL of 

pH 6.8. 0.05 ~ phosphate buffer and the S\Uipension was a.Uowed to stand ovet'~ 

night at 0°C. The, mixtur-e was centrifuged at lOPOOOxg fol!' 10 minute&i>. The 

supernat~.nt was discarded while the precipitate was washed once a.gD'lin with 

phosphate buffer and collected by centll'ifugation at lO,OOOxg fO·I' 10 minutes. 

The supernatant wa.a di!!H::arded and the tightly pa.cked precipita1te was designa.t(~d 

as "large chlo:ropla6t fragments." 

For the preparation of the amaH ch.loropla~t fragmentrw. the 600%: g 

~upe:rrnatant waa centrifuged f.o~ 1 minute at lO~OOO E g to l"en:wve any l'•t'H:rl~.ining 

whole chloroplasts. The !igb.t green supe~natant was decanted a.nd centrifuged 

at 20~000 x g fo:r. 15 mimfutea. The ®uper.natant was quickly decanted. The 

~ooseiy packed g:reen precipitate was designated e-s 11 GJmaH chJoroplaat fll'agm<:nltG:. r~ 

ThiS ~ati\:er' pFob&bly C@nta.in. in addH:ion to S"i."ltUAH :f'r;·a.gm<el"AU of. cihlol:"oplaBtflt 

mitc~<ehond:r:iaJ pa.irtide6.. A How cl.iagFan::~ of the p:rrepa1rations is given h<'l Fig. ! . 
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AH the above preparations w~re kept at 0°C ux~til :r.eady for epin 

resonancca studies .. The Flpin resonan.ce spectra were obtained with a tr«l.ne

misaion~cavity spectx-ometer opel'a.ting at a frequency of about 9.3 klv.tc/eec 

with a bolometer for the detector. 2 Magnetic field moduF.ation a.t a frequency 

of 165 cpm and a conventional lock-in amplifier are employed foi.' the display 

oi the derivative of the absorption on the chart i.'ecorder. Frequency· 

stabilization of the Varian. V -58 klystron on the peak o£ maximum cavity 

h·anamisBion is effected with a frequency .. ,modulation feedback systen"l. 

The variable-temperature probe is shown in Fig. 2. The samples 
-

were painted on the surface of a silver-plated copper rod, 5/3Z-in. o. d .• 

th.at wam i·o~"H!lrted into a deal' quarb dewa:&-. The completed a.$Btembly was 

then placed in tbe cavity reaonatoll' .. Thi!!i change in cavity geometry converts 

the TF. 0 n ::-node :right cylindet> into .a TE011 coaxiaJ. cylinder with a smaH 

decrease in cavity Q. Howeverp the resulting favo?able Bample whape, with 

a large :ratio of surface area to volun1e. together with the smaU value of the 

elect:dc field throughout the sample volume, mo:E."e than compenoates fo:r the 

disadvantage of the di'op in Q. The eample temperatui'e was ch<ll.nged by 

immersing the bottom end of the J.•od in a suitable t~ath. and the ll."esulting 

tempexo~tu:re waa monitored by a thermocouple attached to the rod i.n f>h.e vicinity 

of the sample .. 

The Ught source conaisted of a 200-watt tungsten.-filamEmt p:t>ojection 

lamp. A Corning No. 3480 eha.rp~cut filter in conjunction with a apedal w~ter·· 

cooled Cornir..1g infrared filter se?ved to restrict the band width. of the inddent 

Hght to tb.e w&velengtb.e lying between 5800 i an.d 8000 }t A pair of condensing 

!ens4HI wa.a used to coUect and focus the light on the 1-cm hole at the end. of the 

waveguide tee. After traversing th.e length of the teec the light enter,::d the 

cavity through. a 6 -mrn iris. 

Reaulh 

A summa.I"y of the results-is given in Table I. Eucalyptu.$ !eaves 

ahowed a faint H.ght dependent signal when they we:re ah."Qd:ried to a pl'opq~r at.ate 

of moisture content. Tlrie prope:r. !!ltate is quite critical and the results we;:>e 

poody reproducible. 'fhe d:r.ied whole cb!oropla.~h w~re plt'ep&:rred by a.Uowing 

a wet suspensi.on painted on .the sample xod to d:ry at room ternperatuA"e foF 

two day$. The sii.gn.i3.!. growth at>nd decay timea fo1: the wet, lar-ge chlo:~:oplast 

fl'agments we~~e obtained lory aetting the magnetic field on a peak of m~.:idmtJrn 
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Eielt:tli'cn.?. spin :resonance obs~rva.tiona on va:doua gamples hom photosynthetic 
mater.'iaL At :!:'oom temperatur.e, the width between points of mald~:.oum a lope 
is a.pproxim<'ll.tely 10 oell:'steda; at -140°~ the width between points of tnaY.:imum 
slope is ~.pp!l"oximateiy 15 oezostecla. Li.ght quality: 5800 < A. < 8000 }l. 
Resonance g value ie Z.OO. 

!.ight 
Intensity 

Signal Signal 
T~mpera.tu'li."e Growth Time Decay Time 

----------------------------------------------------------------~------
Dried leavee 25° minutes hou.r5 

Dried whole chlol!'oplasts 25° 
6ood 

minu:terB hours 

Wet whole ch.!oroplasta 

Wet emaH chlo~oplaat 
f1ragmente 

Wet lawge chlo:&•oplamt 
fl"agmentG 

a low· 

zs0 

.. 14,0° 

zs 0 

25° 
25° 

-140° 

secortde seconde 

seconds '"'1 minu.te 
secondr; 11-0U.F'S 

seconds minu~er. 

-30 seconds -30 secondra 
'""6 aecOt'Mis -30 secondE~ 
-10 seconds hours c. 

---------,--------------------------~---------- -----· .. ,,__ ~. h . (> • " LOW 11.&g t ~.n~~.en.sl,.,y: 

bHigh Hght intensity: 

approximately 10
15 

quanta/sec into cavity; the num~gr of 
free electrons at equiHbz.-ium waa approximately 10 . 

s.pp:roximately 10
16 

quanta/sec into cavity; the num~gr of 
free elect1eons at equHibFium was appro:%imately 10. . 

cThe signal began to disappear repidJy when th'a tempe?riture waa r.aiaed to a.bot1,t 
>-500~ 

dThis seems to corA·espond to the tempet'aJ.tu.re at which the?.e is a peak in the 
thermoluminescence cux-ve. Observed by G. ToHin in this i.aboratory in a.n 
expelriltrle~lt similar to tbat described by W. Arnold and H. K. Shezwood. 3 
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~Blope and recording the change in thia; peak height aa a function of time .. 

Repreoentative traceo are shown in Fig. 3. The intl'.ltrumental time conmtant 

wae set at 2 mec in theme mea€mrementt3. The growth and decay times fo:t> the 

other eampleli'J were obtained by repeated scanning of the :resonance ~bsot"ption. 

and their ordei' of magnitude im given. 

The filtez-ed light intensity passing through the cavity ii'ia 'l:'lras 

eratima.ted fogo two optical coruiguraHons with a General Electric type DW -60 
'-

radiation meter. and the steady-state number of unpaired electrons was ob-

tained from & comparison of the product of (signal height) x (signal width)2 to 

the corre~Bponding product from a atanda.:rd &ample of DP.PH. The reaults 

indicate that the fastest growth timea obtained are still limited by the in~ensity 

of the incident light. Thus, the time constant of the signal-plroducing process 

is abnost celi"tainly ~Shorter than 6 seconds. The quantum efficiency for the 

pb.otcproductlon of the absorption centers appeartll to be quite high; although 

the ab~o!ute measurements a..Fe crude, .P~obably 1 to 10 quanta are recpJlired 

for each absorption center. 

Typical X'esonance curves of a sample of wet large chloroplast ix-<i.i.gments 

aX'e ahown in Fig. 4. A chamge in the eha.pe of the light~induced. signal all.l a 

fu:nction of ~he sample temperature ia evident. Th® room-temperature resonance 

ha.B so~e of the characteristics of excbange·narrow·ed linea. white the low~ 

temperature reliionance is conoide:rably broader &nd more aeymmeg;Iric. Thie 

behavior may be the effect of anisotropic crystaUin® or moleculair field.@ tbat 

inter~ct wee.ldy via spin ... o~rbit c;oupii.ng with. the unpa'ired electron in the Xl"02!len 

solid and are parti.aUy avei-aged ov.t by thermal motions at .li."oo~tn temperatu,a-e. 

Tb.e ?eff.lidual Gignal in the dark differ IS in shape from the light-induced signal. 

and it probably ari1111&ffl from a different lilpeciew of unpaired electrorull. It .is 

interesting to note that the relative inten~&ity of ij;be ra~Jidu.3l l.!lignal may be 

conll!liderabiy reduced by beating at 40° ·for a few minutes. No apparent 

dea;'!::i.·uction .of the samples ifil. caused by the E"apid cooAing to -140° .. When 

euch fA"of.len tBamp!efl! are aUowed to wer.rm up to room tempe;:a.tureo tbebr 

behaviol" waa the same as th.mt o£ san:1plea kept conU.nuoucly at a;oom tempera.ture_. 

Discussion 

Some years ago, & pll'opo~ai "vas made conceir'ning the nature of the 

ealdy procci!H~sea-s in the tli'l>l.nS>fo:tmation o! eiectA"omagnetic energy into chemic&l 

potentiaL 4 Tl1.is p1i"opo~a! invobred an ordeifed a.r.ray. on a ;;-:c,icroscopic scale, 
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of d~lo:rophyU an.d coHa~eral molecules. The sequen.ce of events was to be 

an absorption of light leading to the first excited singlet state ox chloroph.yH. 

which then was converted into a triplet excitation, followed by an iolrl.ization 

process that wou.ld lead to a trapped electron and a hole, these two entities 

being the reducing and the mddizing components that must be simultaneously 

generated. ,~ par~ of the process involved the extx-etnely rapid neutralization 

of the hole by the capture of an electron from wate:r. oX' sonne product fo:rmed 

from it. (A very l:llimilar concept of the semicot'1du:ctor qualities of the 

chloroplast wae proposed on the basis of fluorescence studies quite independenH~r 

by Katz. 5 ) The resultant material would then uJ.timately appear aa a molecula;~· 
oxygen. ThE!! ei.ectrone on the other hand. would pass through a ae:ri.e~ of 

carriers (hydrc~en ca:rr:iera) such aa are well known. in biochemical processes 

(thioctic acid, pyridine nucleotide, flavin, etc.). ultimately leading to the 

:a:·®dudicm of carbm.'l dioxide. 

Acco:i.i"ding to this scheme, one should expect at least three seats 

of electl:'onic paramagnetism to occu.l". namely, the t:t:ip!et state of chlorophyH, 

the txapped v..npail"ed electro11.8, and the radicais of the semiquinone type 

among the hydrogen carl'ierfil on the path between the trapped electron and 

carbon dioxide. Within e:z&:pel"imental eJ>::ror. the signal growth time for frc~em 

wet large chloroplast f:~ragments at c 140° appear a to be the sa1rne a.& ~:he growth 

· time for the corresponding fluid eample at 2.5°. Thia fact seems su£ficiel'lt for 

·ruling out the or~inary enzymatic y;_•eactions &$ intermediates in the Sligna~~ 

producing process. Thus, according to the above scheme, we are ieft v11ith 

the chlorophyU triplet, the t:rrapped electron, and. additionally, eome species 
' 

of bee radical resu!tP.ng from the direct dhsociation of a chem~.cal bond in 

the absor-ption act. Although il:: is poasib!e to auppoae that the cooling would 

enhance the lifetime of the chloX'ophyH tl•iplet to the extent of hours. it does 

not aeem Hkeiy. We a:re thus left With the trapped electron and the pos:::;ibiHty 

of a dissociated bond. 

It ie perhaps worth no~ing that whatever the natuxoe of the unpai:'l"ed 

electron producilllg this signal, ita coupling with the latUce &J:ound it must be 

:rol!l.the:r poor in orde;;: to pt·odu.ce a aign.al aa t'l.a:rrow as the one we see. suggesting 

its location in a rathel" de~oca.lized p~.A:ype of orbH:aL I~ is to be ejtpected that 

impx·ovemenh in technique wiH 1.ead to a more pred.se idenUHcation of the 

variety of unpair.ed e!ect:r.ons which al.mt:Hlt ceJ>:tcdnly result from the illumination 

~.. of the phutochernic<?J. appa.ratua in p!a.nt!l. 
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Figu?.es 

Fig. l. Flow di&g:!!'a.m fox the preparation of chto:ropiaats ;;md fragments. 

Fi·g. 

Fig. 

Fig. 

AU ope:ratio11a are ca.:rried out at~ or near, 0°C. 

2. 

3. 

4. 

VaX"iable -temperature irradiation apparatus. 

Signal growth and dec~y time curves. 

Spin resonance spectra from "V:et large chloroplast f.Fagmeni:s. 
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Spinach leaves 

I 
0. 5 M sucrose in 0.03 M, pH 6.8 phosphate buffer 

blender-30 sec. 

homogenate 

16 }eyers of cheese cloth 

fibrr6u-s-re_s_1-du-e-:-( gr-e-en-:)-------..l--f1-l-t-ra-t0e1 (green) 

( leaf fragments) I 
I 

discarded 
.-----,----,-----------'.::.200""' x g; 5 min. 

gradular ppt (green) su:p
1
'n (green) 

whole cells, cell debris 1 

some! vhole chloroplasts 

disCarded 

r----------------'-6oo='-'1x g; 12 min." 
sup'n (green) ppt 

whole chloroplasts,· (green) 
some starch granules (white) 

0. 5 M sucrose in 0.03 M, 
pH 6.8 phosphate 

120,000 x g; 1 min •. 

ppt1 (green) 
(whole chloroplasts) 

auk 1n (yellov green) 

.---....1...:6o=O.:;x:..s.._· ..:;15 min. I 
ppt sup'n (light green) di ·d d 

whole chloroplasts (green I ece.r e 
some starch granules (white) discarded 

0. 5 M sucrose in 
0.03 M, pH 6.8 phosphate 

loosely packed 
ppt (green) 

- I "slli8il chloroplast fragments" I 
and 

20 000 X " 5· min. m1 tochondria 

packed ppt. * clear sup' n (colorless) 

j "whole chlOroplasts" I (gr-eenl 
some starCh granules (white 

I 
discarded 

0.05 M, pH 6.8 phosphate 
14 hours 

10 000 x · 10 min. 

ppt (green) sup 'n (pale yellow) 
("chloroplast extract"-soluble pro~eins) 

• 10 min. 

clear sup'n (colorless) 

I "large chlOroplAst I (green) 
. fragments" . 

. I . 
discarded 

•ome starch granules(white) 

20 000 x gj 15 min. 

sup 'n (yellow) 
microsome a 1 
soluble proteins 

I 
discarded 

* Samples .were taken by skimming material trom the top, white starch material was at the 
very bottom of the centrifuge tube. 
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Figure 1 
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Waveguide Tee 

Figure 2 
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Copper-Constantan Thermocouple 

To Bolometer 
Detector 

TEou 
cavity 

Quartz dewar -, 

- Silver..;ploted copper rod 

MU-12792 
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f 
ll~ht on 

f . 
light off ~I min-e 

t 
light off 

Signal Growth and Decay Time curves 
MU-1Z873 

Figure 3 
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Spin Resonance Spectra from Wet, Large Chlorophyll Samples MU-12842 

Figure 4 
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