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The 418eoftZ7 of the ~ l1sht emtssiol1 ot plant materials b7 

Strehle~' 8114 ArDol4 lD 19~ 1 bas stimulated e. pod &ml. of 1Dtere8t Sn 

tbie rather Nll'll&r'kable propel'ta'; ':he emltte4 11&bt bae been ~ to be 

4ue to en electronic Vtm81t1cm between the ttrst excited Edn&\-et state 

O'f chl.oroplvll and the goun4 state~a;3 At room teuweratve; a lu.rdaeecence 

ie obsenable from about O~Ol. aeccm~J.4 to eeveral llliDutea; after excitation~ 

'Jhus; the electroniC trau1t1on cazmot be rate~ 8Dil the proceea. 

represents neitber I101'DIBl. fl.uorescence aor r:aormal pbosphorescace; Ill&!IG4; 
4"6 

there la SCBaa e'V14sce ' that the ~ Curve of the lumiaeaceDCa i.e the 

naultant ot more thea one rate-Uidttng proeesa. 8trehl.er and co~4~1 

*The WOI'k daacri.beclln tbta paper was 8pOJl60Nd 1a part bV the untted ~ 

Atomic Energy Cammisslon and in part 'by the llepart;man't ot ·Cbemd.stl7; Uld.vwsit.Y 
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have been able to demoastl"ate the eziatence at lQ8I'q' ~ betiieeu 

4el.e¥e4 11~ emissicm BD4 photosratheeis aDd thuG have been led to iDWigNt 

the lUBllnescence phenome1:la as ·a ccmsequence of the revca1b1l1ty ot some of 

the eneymattc photoqntbetie reactitlas. Bonver, foll.iu awl CaJ..'fi1.A6 ba'te 

8hovA that the tester de~ ~ of the del.eWe4 Usb:t ere p:eeent 

to as low a ~ as •lotlJc~ suasest1na 1iha't the earl¥ ~-

fol.l.cnd:as JJ.ght-e.bsarpticm are noll~1c 111 nature. These latter obser

vations~ 1n coaauucticm with lleVen1 other twes of uper1.mental ad ~ 

1Dtormatton, 8~15 have SUS&Qte4 an 1Dterpl"etat1Ga of the pl'q&lcal. prOceeaee 

l.ea41Dg to del.eWe4 11Sht em18a.1<m, 9114# by aaalogy 1 to ~ats j 1n 

terms ot eeate<m4u.ctor theory;16•1:r;l8 

The earlier mveat1gaUoas 1D this ~~6 haw been l.1m1te4 to 

the stud¥ of the U&bt emitted ~ O.l second after excitatioD by 

-a f1ash cUachal"ge ~ Tbe recent ngorts of l~neec:encee at sU.ll 8hol'ter timeD 

4 1.9 
after excttaticm ' hun ~ the COD8truction of a 4evice cs.pabJ.e of 

cont1n.uoUsl.y observlll& the .~ emis&ioD of a BaD~Jl.e of plant material from 

0.0015 seeoD4 to eDout 30 secanils af'tel." the onset of flash exeit&Uozb The 

preaeD't work cieacribes a aenea of ~ carried out with thi& eppare.tus. 

NAfDIALS Afi'D Md'BCIDS 

'fhe chl.ozogplast material vas prepare4 u out11ne4 prev1oua1y .10 ~ 

an4 ~ ·were St"GW f.n CODt1rr.uouG culture in our l.Gbore.1;oey ead SSllq)l.es 

were preparea. for tbe l.um1De&cence m&68urements by ~tioD o:t a sus

pens1cm of the aJ.sae to obtaiu a rele.'tivel.¥ thick pane. In geaerel.~ measure-· 

menta were begun w1th1n lO m1nutes of barvesttag. 

A block cU.a.&ram ot the ~ \1Sed in the exper1mente 1e sbowA 1n 
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~ 1. ~; it t.a qu1te eSmUar to the ~ 4eacri.be4 

~6 w1Ul tbe eACQtltm that the meeblmicel ahutter1D8 SJ'8'tem 1e 

~ by ml ~ devtce. !b1s latter involves e. 0 gat11atf of the 

pbatt.IDIIl.ttplJ.er (Duamt K•1292) 4ur1D& the exciting upt t1asb tbrouP 

the epp11cat1oB of a wlta&e plll.ee to the ti:Nt twa ·~ aD4 the sb1el4 

81eh results m a NWeZ'sal of tbe1r polaritr with respect to the photG

cathode. mh18 lel"'V88 to peveut mst of the photoe1ectroDs liberated at 

the cathode tJ:tom u1ag l'lllltipU.ed tD t.be tube. ~ ~ of tb1s ga.ts.Dg 

pulee 1& COli~ varf.able from a tw ml~ to ebo1lt 5 mUlJ.• 

secoa48 u4 thus rDilW be ll&'tched to the durat1en of the tlash. ~ gate 11 

a1.IJo used to start the aveep of a 'letroaix 514-D ca.thods-rq oac1l.loacope~ 

A clela7 at e1xNt 500 mtcreseconds 1s 1Dtroduce4 between tbe 'beg1J'm1q of 

the ~ process end the •trtetaeriDS" of the flash tG al.l.$V · tbe sate to 

'beeOise tu.1.l¥ ~ive Wore the l1Sbt commeacee~. 'lhue, th1a ~

pezmlts ·the ·OD.Bet ot tbe Gb8enat1on of the 1WMecence to begia in e time 

lJ.Id.teci Of&l¥ by the~ of tbe flash exd.taticm. The flaabtube uee4 

lD the ~ 18 the GeDera1. EJ.ectno ft-230 Which bas the ad~ 

of oolibiu1Ds a ftl&t1vel7 8bGrt cbin.tta (&bcmt l., ~ 'llil&lr the 

COD41ticms at l11tdneseell4e meuUNIDI!!Dt) &1'14 a small SCM"Ce size (spherical 

v1th a 41ameter of &beNt 4 •·> with a reascmabl¥ b1gb l1gb't 1DteD81tr 111 

a suitable V&'ftleDgtb nmge. fhe tlaSbtue 1e operated at 2000 volts with 

a 32 ad.czrofand losd. ~tor. '1'he Vi~ 4J18Wm s.a stenCI!Ird.. AU 

electrical. l.ee4s were kept as short as pos81ble to aobieve opUmum pulse-

A pu8h buttcm acts. vatea tbe pbgtonW.tiplier ge.te ead a1multaaeou&l.y triggers 

t.he oscilloacope neep. nve had.re4 mtcrosecowiS later the flash 1s fUed 
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eA4 l·S mUlieecoa4& after tbie occurs the gate tune off and tbe ~ 

11Nlt1pl1er 1s thea JtetJiq to ~ l.1t;trt from tbe ~· 

'1'he exett1D8; 11ibt is foeusecl OlJto the slml9le tbroush a tuter eystem 

~of a Co:nd.Dg No~ ill31 a~ No. 4303 8Dd a Corbi.Da epeclel. 

1J:lf:t-81'e4 tuter ~ This comblcat1cm passes a 'btm4 f4 1i&tlt of wa~ 

between 3100 l &D4 t.700 l h&'ri.Ds amaxtmum at aboUt 4150 l. A~ Do. 

2030 e.ud ~ ~ speoialtnfrm'e4 fUter 1e pl.e.cecl 'be'tveen the S&li'f9le 

m14 the pbotomultipUer; '!his latter _. tUter ~ all.ows cml¥ t.ho8e 

wavelengths bdweeD 6SOO i GDti. ~ 9500 I to reach the photemultiplJ.co. Such 

'tm en-~at of t'Uters tdnlmtzea the 11- from the flaSh cUscharge wb1cb. 

1s ta.aast ugon t11e photemultipl:J.er 4ur11Ja exoit4t£oa, altbouaft 1' ,,. = 
meaus ·~ eJ.tmtnates tbe 6Cstter1Dg problam. However 1 uo tn.las1.ent 

pbenomeua or saturatloD effects 1D. the pboto1ctQl.Uplle1' reSpmae are observed; 

'fhe geometricel. ~of eacit!ag SO\D'ee; &ar~ple aDS pho'tamUl~iplier 1B 

easertt1al.l¥ the same as tba.t ~ ~. 6 

'lbe pbotQmultiplier 80Cle f.e 8\(pglied 1#1-th a 2 lliego1ua load reatatGr and 

the wl'tap develbpe4 across tb1S rerd.staace is fed 4inctl7 :i.ato e. ~ 

stabUizeB. I~C. pnqlifter (p1n ~~~ 1000). The preaq,lifier 1n turn teeds 

tbe o&c1l.loscopej a &anbam ~ 151 1'eCor4er 8114 a Lee4s ad ·~ 

"Spee4omu" ~. The photomul.'Upl.ier 18 ~ operated at 13()0 

volta. 

For the ~ of the flU&Dtum field. ot the lumlnesca.ce the photo

mult.Qlter was eaU.brated ualug a Be.t.ional Bureau of s~ lalqp au4 .a 

'bolome_. •. t'he pbGtamul.tipl.ier thea was uec1 to measure bo1ih the l.1ght. 

tnei&mt em the sazqple from the flash ·SDtl tbe l1Sllt emttted tram the a~. 

It was . B$S\JJ!Ie4 that 811 ot tbe lig,ht rea.cb1q the aazzv>le ws absorbed. .Such 
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m ~- 1G :proba.bJ.¥ quite set.iafactor,y hw:rm&eh as the samples uaed 

were al.D:>st black ill ~aACe. J\'pproprlate corrections were e;ppUed tor 

the tUters, fcrr 1ibe ~of' the fiJ7Stem end fM' ·eelt-absorgtion in ·the 

s&Jil)l.e ~ The vaJ.ues olJta:l ned frR the quantum yiel4 of the ltgb.t emitted 

between 0.0015 second 81l4 3G seconds ·after exc1tat1on are probabq o.ecurate 

only~ With1D a. factor of 2 or 3~ ~, the yield is too lm11D 

terms of -tatel. Ugbt emitted taemmlCh as we are \1Dable to detect em1sa1one 

of clurat1on longer than 30 seconds or .sho~ than 0~0015 aecoJJ4. It 1a 

unlike~; however, that incl.usi<m of this GDI!Jrf!3 would raise the qwmtum 

;yield va.l:ue by more thaD an order of magnitude tnasmvcb as ~ sen

s1~1~ quant;wa counttag asrtcea are nee4ecl to observe the loDger term 

em1ss1ons5 and the present resul.'tS 1n41cate a ~ <1ecreaa1.Dg q,waatum 

yield e.s one goes to shorter times after e.xd.tatleA (see bel.ov) • 

Some typical d.eeq curve data obte.illed from Cblorsll.e. at nOc are Shova 

1n Figure e. All of the results presented 1n tbi.s section have been obtained 

from data of this type by tm evaluation ·Of the lut.Dinescence intensity at 

vertous times aftez' excitation. It is ~t tbat tbe sigaal.-to-noiee 

ratio 1s generall,y quite good ana. thus fe.irl;y accurate deeq aurves -be 
The l"eGUlts of the quantum yield me~e for ~ spiDach chloro

plasts, Sceuedesmus ell4 Cb,l.c)reUa are shotm 1n Table 1. ~ total l.1e;h't 

emission from different samples ot the same organism shQws some venatton 

in· 1nteasi ty, prewmabl7 4ue to <U.fferences in the pbysiological state ~ 

the material~ BO'Wa'IW, Ws rarely amouuts 'bo more than. a fe.ctor ot two. 
1 ~ . 

strehler .aDd ArnoW bave reported a fie,m'e .of 10 for the &-stio o'£ the 



qusute. emitted by ~lla napensiona aeeJ' the beglzm1:cg ot the Observed 

deeq eurve to t.be quanta abSorbed. The quantum yiel4s repGrte4 1n the 

present work are consistent vitb tb1s JNmber. 

A compariSGD Gf tbe zoom ~e.ture emtastons ot spSDach cb..llmJp.laats ~ 

Scenedesmus end Chl..orel.la 1s 61 ven 1n 'l'able 2. 'lhe cbo1ee of time nDgeS 1& 

somewhat arb1tr8J7. lt 1e &een 'that the eJ.gee glve a mnch btefmr absolUte 

yield of lumtneeeenee tben do the chl.ozooplasts (see eh1o fable 1) and tbat 

this higher y.t.eld 1e me.1.Aly due to a ~l.Y geater quantity of 

s~ ~light~ fl'Om the former as coq».red With the latter. 

Tbe decq cunes for Cb.lorell.a ana. for~ .IJ.t'e, 1a teet; cptte similar, 

easerrt1ally dU'tertng only by a scale factor. 

In Figuree 3, 4 and 5 1\L'Dd Tables 3 en4 4 ere given the results ~ ex

perimEmts in *ich the lumiBe~ of spSnaeb chl.oraplans BD4 of Chlore;l.l.a 

are stud1a4 as a tunattoa of the teitpe:r'ature. It 1B appsrent that the 

t of the Usbt emission 1n both types of matei':t.al 1a 

quite eol%plex. J'urthermore, at no tezlttera.tul'e can the ~ eurve be rep• 

reeented by a s2,.,V ld.net1c elepftselon ( eitber uaf.moleculal" or biDDlecular) ~ 

fte tDJt strtkiDg cbsnge lq)Cm eool..lag 1n both mater1al.a 1s the fairly rap14 

cbaDgeover from a c1eCq curve ln ub.ich mst of the 1J.gbt 18 emtt'ted ill the 

longer times (~thaD 0.1 second) to a 4ecs¥ cvrve in wb1cb esseatiall.7 

ell of tale end saion 4ecap ~ (see Tables 3 and 4, Column 4). Another 

change or f.nterest ts the general (e.lthouf!P. uot Q.Utte mcmotontc) f.nc:rea8e 

s.n the absolute s.utenslty pzoesent 1D the fester co~ts as cme cools to 

lntermedtate teuv>eraturee 1 followed by a aecre.ae 1n this i.nteaa1 v &S one 

eools still. f'Urt.ber (.see Figure 5). ft1B eftect ie pat"UcUlarl.¥ large in 

spina.eh cbJ.oro.plaats end results 111 aD e.)..Dr)st tbreef'old 1ncrea8e 111 the 



- 6 • 

total. ~ intenstt¥ obtained at -~c as ~ 'With tbat obta1Jled 

at _2l°C (see fabl.e 3, Col.\lmn S). In ~, tt ~ that 1lba't wou14 

c:ttberWtse be e. peak 1n total 1ategatecl intensity at f.Dtermedtate ~ 

1s maslte4 by the l'fW14 ~ :1.n the Sateastw of the ~ ~ 

·light (vhieb ~ a lllCh lerger pereente&e O'f the total 1ateaatty 1n 

Cbloi'OUe. than it does 1n cl'll.oNplaate). Th1a reeulta in a mrmoWaic 4ecl'eaae 

1n tbe total integrated iDteUity Vitb the sugeation of e. posetble l!la1dmm 

~ as a lsftl1Dg-off at ~ -~ (eee !able -.i 
Col.uzrm 5). It te of 1n1iezoen that the !Q811dmw ot t11e fest.eat ccmpmeut 

comes st a bieber tentpere.tu:re 1n Chlorella tb8D it &aes in ~~ 

lb:penmenta 1nvolvtrlg the use of val'toue filters 'betweeD the BS~ple 

aD4 the pbotomulttpl.ier cl.emolustrate that the em1&&1on 1a the fll.rat few 

ailUeeooD4s stte:r excitation has t.be same wavelcmgtb dS.stributioa as do 

the Glower eoli(IQnenta3 (i.e., emt&&J.on ts occurr1Dg fltom the t1rat excited. 

a1D@let state of~) at both 21°C 8Dd at •1~. fbis 18 e. further 

.1n4tcation of the fatlure ot the tr1plet ~tate ot ~U to emtt,3 

al~ S:t may be l.n~n4 1D the .sequence of events l.eii41Dg to l..tmd.ne8cence.18 

In .naure 6 the dee&¥ <NrYea tor eplbch ebl.oroplaate GD4 tor CbloNlla 

at 2l.°C and. at -1.6S"e are plo'tted as log Sl:rteuitJ va. time. !'he 1ov tem

perature ourves tor both mater1a1s are quite shJUar 1n ~· It is poseibl.e 

to ~ tbe8e c:urvea as be1Dg the naul.tant ot tw wd.ml.ec"u1ar lumi• 

aescent procesaes havirag bslf•l1ves of aboBt 1-2 mU.UsceoDda aad abGut ,0 

lld.lJJ.seccmda, reapecti~. Whe ftlJ.cUty at &UGh 8Jl ~ 18, of 

cOUl"H, open to IQIDe q,ue.Uon~ However, it ta af ~that aa cme ap

proachea these low t..mqperatures tbe cbangee tn the l.umt.ueecence tor e. g!van 

te!Spenture 1aerement beoar.1e pJtOgreaS1vel.J ""'SJl.- sntt. 1D f~, tbe aecq 
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curve tor ep1aacb ohl.oropl;asts &>ea not U4e.rcet rmy ~le otumses 

between -usOc tm4 -~; ~hie voul4 suggest a eo~ng ~lf.ficBtiGn 

Some ~ effeCts ere ol1taine4 u cme allDws the smqplee to ase 

on the 88mj?le hoJ.4er 111 tbe clark at room ~~ A t.Dtcal result is 

show 111 !able 5. A mat"kett decrease iD the toteJ. ~ l1gh't &cteuttJ 

ts observed after 20 bcNr8 of e.stns with the slower ~ ha.vtn& 4ecresaed 

to a rmach wester extent then tbe faster cmee. ~ mater1.a1 is qutte ,ary aa4 

har4 at thiS t1lzle. If one ~ the sampl.e with a. c1Np ot water one ea 

~ GQGle reactivatid. J[Otfti)Nf 1 the paroent Gf tbe ori.giaal lDteDsity 

presmt after wetUDS ta milCh gr.oee.ter tor the faster ~ tbaD tor the 

sJ.owar OMS. Evea e.t"ter as mu.cb ae tea 4qs ot e.t:l1r&el the fost .4ecq9 an 

stf.l.l preaeut all4 some naett~um of the eltm deeap 1e peesible. 

obsened in the pJ'e&el\t ~ for ~ l.ig)Jt emlssloa C8U be a. retl.eetton .. 

Of oa \l!lCle1'1)'1Dg me~ o1Jqpl1c1ty. l'.ndee4, the genenl features of 

the ~s 111 the ~ 4ee8;v curves ~ eooUas me¥ rea4113t be 

~ tw quallta.tiftla br poatulat!Ag a series of e1tber parallel. ar 

sequeDtW rat;e...l.1m1tiag pJ"ocesees as c:oDSt1tut1.Dg the basle kS.ae\lc pattern 

of the 1um1aesoence pheDOmeDDD. 9uch a C0114Pl1ca'Md sequeace of ·event& 1ea4iDs 

to rm eJ.ectcont.call.J' excited ~U mo.leWl.e is CODBieteut V1tb ~ 

ie kaova about the ~ ~ eat about J118tabo.Ue proeesses 1». 

g«menll.~ 
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In terms of the ,sbove p1~tura, one can ~le.in the irlcrease in the in

tf)nt;ity of the faster Ught emissionS at 1atermediate· teq;er!i.tures as being 

due eithelt to the undetected presence of still faster ·deeey processes of 

high yield ~se 'rates are deerea$ed u.pcm cooling OI' to a nt'reet:ing-out" .of 

the slmrer meebanisms with a, c0ft"6SJ.)Olt41ng inereat'&e in the amount c>f ener,g 

being emitted tn the taster procesees. It 1a not possible to ·Ga:J' which of 

these poi.llts of view ls e,}'.PlleaOle to tb.e present .ettvat1on: The rat1®a.l.e 

fG"r the subsequent decrease 1.n intensity upcm fut'tlaer coo11ng 1s oavs.ous: 

. The most aign.tftcant result G'! ~~ent __ stuey 1a the observation ot 

a .substantial lundnescence. deca.J at ~turee e.a low as ·l70°C. !hie 

stnagl.y suggests that the basic mecbaDias of the early ~ee& f'ollo'WS.Ilg 

ligb.t absorption do aot inwlw the migration .of atomic nuclei and thus eN 

pm-el\Y physical. This is, of course, quite ocms1Gtent with the ieD.eral. features 

of the sem1colltll.14tor meohanlsm proposed earUero16,l7,l.S According ~ this 

hypothesis, the patfufau of the Usbt qu.aRtwn mB¥ be i!ep1ctea. in terms of the 

following Bebema (for eU!pllcity, the triplet state of chloropeyU. baa DOt 

been 1rlcl.ude4 in the sequence): 

chlorophy'U* 
· (first excited. 
· singlet Rates 
exciton) 

+hv" 1-h• 

ionization 
charge cal'T1ers 

( elect;ron and hole) 

t 
acceptor traps ~ t enzymatic 

re41cal.s ) 

t ) enzymatic 

stable cliemtcal.a 
( noa-ra<Ucale) · 
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If one grants the ve.lidity of separating the -l70°C decay into tvo components, 

one could iclentity the faster of these decays vi th a charge carrier lifetime 

and the slawr decay w1 th the emptying of a sbe.l.low trapping level. Both of 

these processes should. be relatively temperature-indepen4ent over the range 

studied. It is striking the.t tbe time constant of the slow decay (tV 0. 03 

second) is of the same order of magnitude as those observed. for: {a) the 

minimum dark time for photosynthesis by Chlorella in flaehing light by Emerson 

ancl Arnold ,20 (b) the corresponding cie.rk time for the Hill ree.ction tn 

Chlorella by Clendenning and Ehrmantral..'t, 21 (c) the decay time in Cblorelle. 

for absorption spectra obsmges at 5150 X by W1tt22 and (d) the minimum cie.rk 

time for ox.ygen production in the Hill reaction. in Scened.esmus in the presence 

ot thioetic e.eid by Bra4ley and Calv1n. 17 Such a conelation would argue that 

· the ra.te-limi ting step in these processes is physical rather than en£ym&tic. 
. . 

The fact that eJ.sae yield a much greater light intensity in the slew 

decays than do chloroplasts 1e probably a consequence of the partial removal 

of enzymes and smaller molecules in the preparation procedure. This suggests 

chemical transformations a.a the rate-limiting steps of the slower components# 

An expl.a.nation in these terms would also be consistent with the large t.eD:~Par

e.ture coefficient of these components e.s observed in the cOoling experimehts 

(Tables 3 a.nd 4), with the aging experiments (Table 5L and With the results 

of Strehle!' an4 co-workers. 4., 7 

The extremely low quantum yields observed in the present eqeriments 

are in accordance vi th the interpretation of delayed light emission as an 

indication ot the reversibility of at least part of the photosynthetic path

. ve;y. These low values are probably a refleet1on of the high effiaiency V1 th 

which tha absorbed quanta pass over into the chemical processes invol ve4 1n 
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pt»tospthesls. It 18 Uiterestlng to note that the much b1gb.er quantum yield 

of tl.uoreeeaace13 (fll lO-a) INgests a ~l.rlower order of efficiency 

of quentum .conwrsicm for tbe eerllest phyaical. stases. 

A &tvice has been ~ vh1ch 1e cepable of l'eeOZ'4tDg the decq 

curve ot geen plel\1; lumi•sceaee fltom 0.0015 Seoon4 to·~ 30 

aecomia afte1o em:ltstion by a flluiih Uscbarge. Absolute quantum y1el4 

~tG of the em1tte4 lipt stva values -of the orc2er of 1.0·
6 for 

~ 6ll4 ~ aD4 l0•7 frm epinscb chl.oro.pi.este. Suob low y1el4s 
' 

·are in a.ccord vS:tb the mterpretat.ion of ~ l1gbt emieeia u a nveeel. 

of photoaynthea1e. !he luad.nesoence has been toun4 to esblbit an.·-~ 

complex ~endence Which is ~ve of a multlpncees mec'bem:tsm~ 

A 8\lbstauts.al 1~ aeq ta measurable at ~ aa lov ee 

·170°0. 'Ibis te 1.Dtel'tarete4 as -~ that tbe earl¥ proceesee follow• 

lDS llabt ~on are ~cal rathel" tllau ~o. Evidence 1a -pre· 

eented to support the ocmtenuon that the later ste,ses of emt.seton ar"' of 

u enz;vmtic ~. At all of the ~turee tmrestigatea., the l.Umt

neacence or~tes b. the firat excited. 81Dglet state of ~~u. : 

'the tmthoH 't11Sh to empress tb.eir rqmreotatton to Mr. Fred- Vogel.G'Derg 

of the laci1attcm Labor&1'.ol".v tor hie 1Dvaluable assiatence 1n ~iiiq up the 
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Table l. 

AESG!:.'O'l.Bl. QueJ.Imm ·'l'lJW)S aD ~ G1 .wqtt;m! <miUm .PLAW MM!!lBD\tS 

!· 
(Quante. .Smt;t¥/~~ Ab~) 

. 4 X 1:0•7 

3 K l0-6. 

Chlorella - ·-6 4 X lO 

. . . . 

~ ~ er ~.GREll PLA.ft ~ 

Integrated. Ught illt$Uit.1es 1zi "'a.l"ious Mal~ 
t1ma ro.nges ~ excita.t:tcm has ceased ltgbt 1tlted1~ 
(r&Ol"JRallzed to 0.001.-o.ol ace~ l'aDge of (nomal;Jzed to 

Materi.a.l a,pJ.t.a.Mh ~) 91Uac.h al!l.oplle.frts) . 

O.OOl-O.Ol o.cu-o.l. O •. l•l.oO 1.0-10~0 
eec. eec. sec •. .sec. 

SpiDaeb 
Chloroplasts 1.0 1.5 e.6 4.1 1.0 

CbJ..oNlle. 3·2 6.2 24.1 '3·' 9.4 

ScenedesmUS 2.0 4.1 17~3 36.0 6.4 

.. 
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Table 3 

~.;.tsP:tm:DENC.E 01 SPINACK CJILOltO.i?Wfl ~ 

i'iDle after ID.tegrated 'light ~of total Total ln1iearated 
~· excitation has 1lltGnsit1es (nonalize4 1Dtegated {~z!:~~i'e) oc eeaaed {.aee} to 0.001.0.01 !'!!!P 2100} . lzrtene:tt . . l 

0.001..0.01 1.0 lG .• &j, 
c 0.01..0.1 1:5 16.3 

0.1.-1~0 a.6 28.! 1~0 

1.0..5.0 4.1 "· '" 

o;ool.-o~ol 2.3 53·5 
il O~Ol.<o.O.l 0~84 19·5 0.42 0.1-1.0 0.66 15.3 

l.0-5.0 0.50 11•7 

0.001...0.01 3:1 flo.; 

' 
o.o1-o.1 lol 14 ... o.ao 
0.1-1~0 1~2 '15.7 
l~0-5.0 1.95 25.4-

0.001..0.01 3··5 68.4 
0 0~01..0.1 1.6 31·3 0~56 o;1 .. 1.o o.oa 0.3 

l.0-5.0 0 0 

0.001...0.01 3~8 7!·1 
0~01-Q~l 1.4 e .9 0.55 o.J.-l.G 0 0 
l.0-5.0 0 0 

0.001..0.01 5·9 73.8 
-l.S 0.01..0.1 2~1. !6.2 0.86 0.1•1.0 0 0 

l.0-5.0 0 0 
'.· 

0.001.0~01 l]ol 53-~ 
-36 0~01..0.1 9.1 31· 2.6 

0~1-1.0 2~1 8.7 
l.0-5.0 0 0 

0.001.0.01 7·5 49·3 
-6a 0.01...0.1 5.2 ]4~2 

l~V 0.1-1.0 2~7 16.5 
l~0-5.0 0 0 

0.001~.01 3~7 80.6 
-~5 

o.ol..O~l 0.78 17.0 0.$0 Oel•l.O 0.10 2.2 
1.o-;.o 0 0 

.0.001..0.01 1.7 17o3 
-128 0.01..0;1 o.; 22.7 

0~24 0.1-l..o 0 0 
·'' 

1.o-;.o 0 0 



21.. 

13 

5 

0 

.. ; 

·13 

·UO 

·lTO 

-17-

Table 4 

fEMPEIIA1fUHE·~ .QF CliLOBILLA. ~ 

~after 
exc1 ts.t1em bee 
cea.se4 (sec) 

0.001..0.01 
0.01..0~1 
0.1-1.0 
1~(;):-10.0 

0 ;001...0.01 
0.01..0.1 
0.1-1~0 
1:e~10.0 

0.001-0~01 
0~01-G .. l 
0.1-1~0 
l:o-10:0 

o;oo1.o:01 
o.-o1-o.1 
0~1·1~0 . 
l.o-10~0 

0~001..0~01 
o;q1-o;1 
0~1·1~0 
l.o-1().0 

0~001..0.01 . 
o.01-o.1 · 
o;1-1.o 
1.0-10.0 

o;oo1-o:cu 
0~01.0~1 
. o~1-1~·o 
1~0-10~0 

0.001..0~01 
0.01-o.l 
o~1-1;o 
1.0-10~0 

o:001c0;0l 
·0~01...0~1 
O~J.-loO 
l~G-J.O.O 

0.001~0.01 
o.o1.-o.1 
0.1.1.0 
1;o.w~o 

Integated USht 
intensities (~ted 

to 0 .001..0 .01 rapge 2l oc) 

l~Ol 
1,4 
5~0 

14.3 ·-

1.9 
< 0~6 

1~3 
2.7 

e~o 
0~65 
0.9 
1;7 

0.3 
0.5 

0 
0 

0.23 
0.17 

0 
0 

0~25 
0~17 

() 

0 

0.29 
0.24 

0 
0 

'J., of ·toteJ. 
integrated · 
1atensi!z 

:;.~ 
7-l 
27~7 
61~5 

13-5 
1.0 

20.0 
59-5 

28 .. 7 
9 ... 
19~9 
J&B.o 

43~3 
17.3 
10.3 
29-1 

40~1 
59~8 

0 
0 

6;.2 
34·8 

0 
0 

55·1.' 
44.9 

0 
0 

Total 1ntegrate4 
UQbt 1Btens1ty 

( normaJ,1zed . to 210C l 

1~0 

0.80 

0.19 

0~015 
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Wahle 5 

~ .05' MmG Atm ~DiG a· ROOM~ S~ ~ 

f> of or1g1Dal. 
utcmsit;y 
recavered 

Integrated llf.Ft ilrtlensi ties 1n v8r-toua 
ttme reDS8S at1:er exe1tatior& haS ·ceued 
(r:mmaJJ,zed to O~OOl.O~Ol sec. range of 

tzoesb material) . . . 

8.7 l8.o 

o.4l o.la 

o.63 0.95 2.a; 

~ atearated 
u~ 1nteDs1V . 
(notinaUeed to 
t'reBh. -~) 
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LEEDS a NORTHRUP 

"Speedomax" 

1-30 sec 

Sweep 

Trigger 

D. C. 

-19-

500 .)Jsec Clelay 

Photomultiplier 
Gate 

2 msec duration 

Anode Photomultiplier 
Preamplifier I---~----! 

. Output DUMONT K-1292 
Gain=1000 

SANBORN 

RECORDER 

0.1-1.0 sec 

Photomultiplier 

Power Supply 

1300 v 

UCRL-8293 

Flashtube 
Power 

Supply 

2000 v 
32)Jf 

MU-15437 

Fig. 1. Block diagram of luminescence apparatus. 
'i 
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9 

6 

3 

8 0 20 40 60 80 
TIME (MILLISECONDS) 

0.3 

. 0.1 

o~~~~~~,-~~rn~~rrnn~r--
o .2 .4 .6 .a o 2 4 6 a 10 12 14 16 

TIME (SECONDS) 

MU-15,310 

Fig. 2. TraCings of decay curve data obtained from Chlorella 
at 21 °C. The three longer -term curves were obtained with 
a single flash excitation. The fastest curve (0.0015-0.009 
second) was obtained independently. 
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200r-------------------------------~------~----~ 

100-
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1.0 

010 

.. 010 

SPINACH CHLOROPLASTS 

TIME (Seconds) 

6 -18°C 
,. - oG•c 
o- Gz•c 
• - gs•c 
e -128°C ond-168"C 

MU-15,351 

Fig. 3. Temperature -dependence of spinach Chloroplast 
lurnine scence. 
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Fig. 3 continued 

2oor---------------------------------------------------------
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CHLORELLA 

•- I 3° C 
o- 3 e•c 
tJ.- Gs•c 
.-11 o•c 
•-170'C 

UCRL-8293 
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TIME (Seconds) 
MU-15,349 

Fig. 4. Temperature -dependence of Chlorella luminescence. 
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Fig. 4 continued 
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- CHLORELLA 
(f) 
I-z 
::::> 
r 
a::: 
<( 
a::: 
t: 
CD 
a::: 15 
·~ 

OdOOI-0,01 Sec 

(f) /3 .lO.OI- Ql Sec 
l1 0.1·- 1.0 Sec w e1.0 -10.0 Sec 

I-
(f) II 
z 
w 
I- 9 
~ 

a 
7 w 

I-
<( 
a::: 5 (!) 
w 
I-z 3 

-50 -70 -90 -110 -130 -150 . -170 

TEMPERATURE (°C) 
MU-15,348 

Fig. 5. Temperature -dependence of the integrated light 
intensities of Chlorella and spinach chloroplasts in various 
time -ranges. The integrated intensity values have been 
normalized for each organism to the 0.001-0.01 second 

""range at 21 °C. 
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Fig. 5 continued . 
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Fig. 6. Luminescence decay curves of Chlorella and spinach 
chloroplasts at two ternper~tures. 
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