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ABSTRACT 

The concepts of soHd=state pb.otophysks are applied to bioi.ogica'ii mat~:dala, 
especially particulate matter derived from green plants" Photo indl.1c~d e:ledron~. 
spin resonance signals have been observed iu isolated ch'bo:::oplasts and other 
green pil.ant mateJrials; their growth time is not affected by reducing the 
tempt'lr&ture ro =140°Co The lumineaceru:s of these materiaJs has also been 
investig11ted under a variety of conditions. The results of thea121 studies have beer: 
shown to be consistent with a mechanism involving the recombination of eh>:cf::rorHJ 
aflld holies trapped in a quasi-crystalline latticeo Some detaHs of such a mr:chania:m 
have been proposed that suggE[:et the mode of ent:t·y of the light ene1rgy into theJ 
photc.'lsynthetic pathwayo 
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The chemical pathway by which carbon is transformed :from its tow-en~X"gy 
form. carbon dioxide~ into its high-energy form. principaUy carbohydrate. has 
been fair1ly comp~etely mapped by use of tracer carbon. and our pr~sent knowledgr. 
of it is exhibited in Fig. L The phoi:ocbemica! apparatus that p:rovidee the driving 
foi'ce for running the carbon cycle from Co

2 
toward polysaccharide. designated by 

[E1 in Fig. l. is contained in the chloroplaEts of green plants a11d in the 
chromatophore& of the simpler organisms such ae photosynthetic bacteria and 
blue-green algae, The microstructure of this apparatus has bee;n inv('lstigated 
down to the level that may be reached with an electron microscope. and such an 
electron micrograph is shown in Fig. Z. The universal appearance of th~se 
ordered structures in all photosynthetic equipment suggests that the primary 
quantum conversion occurs in a quasi-crystalline phase. One might be justifiti!~dv 
thereforev in speaking of the primary quantum conversion in photosynthesis as a 
photophysical operation rather than a photochemical one. 

Katz
1 

in 1949. and. independently, Bradtey and Catvin2 in 1955. suggested 
that aggregates of ch1or\"JphyU molecules in the ch1lorop-:iasts might give riec to 
conduction bands in which photoproduced electrons and holes could migrate. Such 
a system would have the advantage of providing for a separation of the oxidizh"Ag 
and reducing entities kn.own to be necessary for photosynthesiso 

This concept bas remained purely specu1lative untilv quite recentLy. a. 
number of researches have been pubHshed which suggest that something of this 
nature may indeed take place within chloroplasts. !In 1956. Ccmmon~r and co
workf'lrs published evidf:nce for the presence of a 1Light-induced electron-spin 
resonance jESR) in spinach chloroplasts due to tb.e photopl"oduction of unpaired 
electrons. Again. in 1957 • these workers have shown the presenc~ of two kinds 
of unpaired spinSp one of which is transform~d into the other. 4 lln 1957. Arno1!.d 
and Sherwood studied dried ch1loroplast films and found them to exhibit semi
conductivity and thermoluminesc<e~nce. 5 lo. addition~ som<e~ studies by Str®hlcr 
and co -workt}rs have demonstrated the existence Qf tem})fl rature -dependent. long
lived luminescence& in a1l.gae and in chloropllasts. b-9 Finally. the photo
conductivity of chlorophyll fiXms has been observed. 10 

Our own experiments in this area began in 1956 with the demonstration by 
Sogo of a light-induced ESR signal in dried eucalyptus l~aves. Inasmuch as 
these results rere rather poorly reproducibll.ep it was decided to study isolated 
chloroplasts 0 .1 Furthermc:H."e• whEln it hecamf!J apparent that the spin=reeonar.u::E:J 
signaits decayed fair1ly rapidly when the ll.ight was turned off. the possibi1l.ity that 
at least part of the enf'Jrgy associated with thes~ unpaired spins might appear as 

1
. 

1l.uminescence led us to a study of the Hght-emiseion pro)X"ri:ies of the ch1orop1la11!1tlllo ·~ 
~~-~~~---~~~· ~ 

The work describ~d in this paPfir wa.s Spt.Jtnsored by theJ U.S. Atomic Energy 
Commission. 
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The chioroplast:s arE~ prepar~d by grinding epii'}'\ch !eav~e in a b:lender and 
carrying out a series of differentiaJ. csntrift'igatione .. - Thes~ enable us ~o obtain 
what we shall caU "intact ch'loroplaste" and 111arge and smaH ch1orop1ast fragm<HlbL ,. 

Some typical ESR curves for wet whol~ spinach chloroplasts are shown in 
Fig. 3. These curves are essentially derivative p1tots of microwave pow~r absorbed 
in i%e sample vs magnetic fieild strength. These eignais represent approximaJ:t>:!y 
10 unpaired spins. The. wave lengths of Hght effective in exciting these signals 
are between 3500 R and 4500 R and between 6000 ~ and 7000 Jil. " indical:irag 
absorption by chlo.rophyll. A rough quantum -yield measurement indicates a _va1u~ 
'l..ying between 0. l and L 

Figure 4 shows some results of growt:'n- and decay-time meaaul'em~nta on the: 
samples. In this case 0 the curves represent power absorption vs time at constant 
magnetic field strengt.-.,. An analysis of the 2.5° decay curve (Fig. 5j pl"oduc~d tht~ 
two decay times of l se-cond and 10 seconds" The room-temperature rise time for 
the light-produced signal is less than the O"l-second YesponsfJ time of the detection 
apparatuso At -1500C essentially the same rise time is obsc.'!lrved. but thel decay tim; 
is on the order of hourso This effect of cooling is completely rev~rsibleu With dried 
chlorop'll.asts at Z5°C, the rise times are sin:1ila.r but the decay times are on the 
order of hours. However. at 60°C the decay time of the dried material ia on the 
order of seconds. Theee figures are summarized in Table L 

Some of the luminescence decay curvea for wet whole spinach chloroplastt; 
are shown in Fig. 6. The apparatus is designed so that we are abR(i'l to obs~rve 
continuously the light emitted fro~~e chlo1·oplasts approximately Ool second 
after excitation by a flash of 1i.ight. An anallysis of these curves and thos~ for 
intermediate temperaw.res demonstrates thnt the room -temp6:1rature emission con~ 
siste of at !Least three components having different temperature dependend~s and 
having haU lives of O.lt5 9 Z9 and 15 secondsD respectively" Approximately 6o/o of 
the total integrated 'Hght intensity up to about 7 seconds after the fEash is dut:~ to the 
0.15-second emission. When the chloroplasts are cooled0 the slower components 
diminish in intensity and vanish at about -40°C. At this temperature" the deca-y· 
curve is the same as that obtained by subtracting the sllower components from 
the re»om-temperatureJ curveo When the ch'TI.~>ropllasts are coo1ed still furthero the 
0. 15-second component diminishes in intensity" its decay constant apparently· re
maining approximately the sam~. and is gons at about -l00°C. At about -90°Co a 
fourth emission begins to grow in an.igradually increases in intensity down to 
liquid nitrogen temperature. This emission has a half life of about 0. 3 secondc 
These coo1l.ing effects are completely reversib1eo Both large and smaU spinach 
ch1l.orop1tast fragments behave sizni'Rarliyo 

The excitation and emission spectra of the Uuminescence were measur~d by 
use of a Bausch and Lomb grating monochromator between the fllash and the samp'il.e; 
and betwe~n the sample and tee detEictoro 13 The curves are shown in Fig. 7. The 
action spectra for ChloreUa and for spinach chloroplasts are quU:e simila:r. to the 
absorption spectra 'Orffies~materialso Thfl action spectrum for Noetocv on th€!' 
other hando shows a re1a.tive1ly 1\.ow activity for chlorophyll and carot~nofds and e. hig1'.: 
activity for phycocyanin" Thus 0 e1~ectronic excitation energy may be transfe1"red" 
with some degFee of efficiem.cyo from carol:emoid to chllorophyl:.l in Gh1orelb. and i?.> 
spinach ch1orop1laste 0 but such tran.af®r occurs only rath~r poort-ym~-1\!~ __ S~oC.< 
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Table I 

Comparison of ESR and luminescence observations on chloroplasts 

-------------------------------------------------------------------------------
Temper
ature 

(oC) 

Relative 
ESR 

light 
signal 
~~-

Wet fresh Chloroplasts 

25 3 

-35 9 

-140 4 

Dried Chloroplasts 

25 

60 

~nstrument limited 

Rise time 

ESR8 

b <0.2 sec 

< 1 sec 

.A,Jmin 

,Jsec 

Luminescence 
at 600 ~800 miJ. 

b <0.1 sec 

no signal 

no signal 

Decay time 

Luminescenct: 
ESRa ~=8_!!,0. mi. 

{
< 1 secb(60o/o) 

10 sec 40% 

b < 1 sec (33%} 
10 sec (33%) 

3 min{ 33o/o} 

r'-'hr 

~hr 

..vsec 

0.15 acc:7~,, 
Z sec Z.; "~ 

no sign<.. 

no s ~.g .1::-.1 

b . 
Excited by wave lengths between 350 and '!50 m~, or 600 an.d 700 m~. 
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The room-temp®ratu.re emission spectra of thin films of ChloreUa 
14 

and 
Of chloroplasts demonstrates that the lu.minE~SCence is the resurror· a'f"r-ansition 
between the first excited singlet state and the ground state of chlorophylL The 
somewhat broadened shape of the luminescence spectra in cor.nparison with a 
typical fluorescence spectrum ie the result of the relatively large monochromator 
slit widths necessil.:ated by the low intensHy of the luminescence. Filter ex
periments indicate that the 0.15-, l-and 15-second emissions all have the aame 
spectral distribution. 

In an earlier publication it was tentatively suggested, on the basis of 
measurements with filters on thick films of material~ that the luminescence of 
spinach chloroP.l.asts was the result of a triplet-state -to-ground-sl:ate emission 
of chlorophyll. 12 This is now recognized as having been due largely to the sell
absorption distortion of the emission spectrum. 

Emission spectra for thick films of spinach chlorophasts at three 
temperatures are also plotted in Fig. 7. Thick films were used in orde1· to com
pensate for the tow intensity of the low-temperature emissions (see above}. The 
markedly different shape of these spectra, in comparison wH:h the thin-film 
spectra, is due to self-absorption. Howevez9 it is apparent that the curves at all 
three temperatures are identical in shape. thus suggesting that they are the resul't 
of the same electronic transition. This temperature independence of the apectrun1 
of emission indicates that the triplet state of chlorophyll is not involved at all in the 
delayed light emission of spinach chlo:coplasts. 

The luminescence of Nostoc is very much weaker than that of either 
Chlorella or spinach chloroplasts. therefore necessitating the use of thick filn'ls 
of mateilal. In ~.riew of this. it would be expected tb.at if the emission ~.vere due 
solely to chlorophyll, the spect:l'um would be similar to those obtained with thick 
fUms of chloroplasts. Howeverv it is not Eimilar. This suggests that a 
significant portion of the emitted light c;triginates 1n phycocyanin(which has a 
fluorescence peak at about 660 mlJ.) and is self-absorbed in the thick layer. 

Similar experiments using Corning glass filters in place of the mono
chromator demonstrate that the low-tempe1·a.ture Oo3-second emission of chloro .. 
plasts is excited only by wave lemgths betwet::n 3500 ~ and 4500 R (light between 
6000 II. and 7000 .R has no effect}, and that this emissian. consists of wave lengths 
between 10 0 000 and 12,000 R. 

Figure 8 shows the effects of allowing freshly prepared chloroplasts to 
stand in the dark at Z3°C. Up to 8 hours, the luminescence gradually increases 
in intensity. and reaches a ma:>dmum intem.eity Zo 7 times that of freshly prepared 
material. This larget' aigna.l exhibits the same decay curve9 wave -length 
properties. and temperature behavior as do~s the original signal. Allowing the 
chloroplasts to stand even longer decreases the luminescence intensity and 
causes changes in the decay curveo After about 7?. hours the luminescence has 
disappeared entirely, and the chloroplasts exhibit thermoluminescence similar 
to that. observed by Arnold and Sherwood for quick-dried chlol"oplasts. 5 
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Although it is not possible to quantitatively compare the ESR results with 
the tuminescence results at this time~ there a.re a number of qualitative simila.riti.;. s 
that are significant (these are summarized in Table l): 

(a} Both phenomena 2vre excited by the same bands of wave lengths and both r:':"u 
due to absorption by chlorophylL 

(b) The ZS°C decay times for wet chloroplasts are of the same order of 
magnitude for both phenomena" 

(cj At -l40°C the ESR decay times are of the order of hours and no 
luminescence could be dete<~ted (a luminescence with a decay time of the order of 
hours would be undetecte,ble with the apparatus used in the studies reported here). 

(d) At 25°C the decay time of the ESR for dried chloroplasts is of the 
order of hours and under similar conditions the chloroplasts did not luminesce, 

(e) At 60°(.; the ESR of the. dried chloroplasts had a decay time of the 
order of seconds" At this same temperal"Ure~ we have observed a pe~.k in the 
thermoluminescet1ce of the dried chloroplasts. 

The above similarities strongly suggeet that the 6000~8000-..R light emiseion 
of chloroplasts is at least in part the result of the decay of some of the unpaired 
spins detected by the ESR experiments, That eom® of the radicah decay by 
nonlluminescent processes is indicated by the _fact that the Hght emission at -35°C 
is smaller than at room temperature. A quantitative comparison of the quantum 
yields. action spectra. a.nd kinetic constant of these two phenomena. is now being 
carried out. This should lead to a. more definitive assessment of the relationships 
between them. 

There are four possible mechanisms for the production of either ESR or 
delayed light emission in systems of the type we are concerned with here. These l'l.r-·: • 

(l) The production of radicals by the direct photodissociation of a single 
bond~ involving migration of the fragments. followed by their recombination in the 
dark; 

(Z) the eJccitation and decay of a triplet state; 

(3} the reversible photosensitization of chemica~, or enzymatic processes 
leading to the production of free radicals; 

(4p production of trapped eliectrons in a q,uasi-ordered latticeo 

Mechanism (1) is incompatible with the foUowing considerationso No known 
. stable naturally occurring chemica11 bond can be dissociated by 6000~ 7000 -fl. light.. 
Furthermore 0 decay timlf.s of the order of many seconds are not in the range to br:. 
expected for radical:. recc:1mbinations at relatively high temperatures. Ft."lalliy, it L .. 
difficuH to reconci1.e such a mechanism with the existence of three separate emiseic,t•· .. 
of the same wave liength. 

The e::ccitation and decay of a tong-Hved triplet state 0 as in Mechanism (ZL 
is incompatible with the observed definite temperature dependence of the chlloropiast 
~umineecencev i. eo v ii: is very Utltike 1~y that lowering the; temperature to-l40°C wou~d 
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increase the trip:et lift~time to the· order of hvure~ as 1·equired by the spill
resonance studies as w~U as by the fact that .n.o triplet emission ca.ra. be observed, 
Furthermore, such a mechanism cannot rest1.lt in three separa-te emission acts 
having different times constants but of the same wave length. 

CooHng to -140°C should decrease the rates of any chemical or enzymatic 
processes occurring here~ ae in Mechanism (3). to ees~n.tia.Uy zero. Thuac the 
unpaired spins that are produced at this temperature cannot be considered as 
having arisen in this manner. On the other handv the ESR re:sults at -35°C. that 
is 0 the appearance of a lZ.-second rise time~ suggest that part of the radica.Ts 
formed. at tha.t temperature and at room tem.pera.ture are due to chemica1, trana
formations" The larger epin signal a!: -40°C may be acccn:mted for by aesumption uf 
a greater temperature coefficient for the decay of these chemica~>li.y produced radit?o' 
than for the:ir formation. 

Some insight into which of the decays are associated with the chemical 
reactions and which with the purei.y physical :mechanism :may be gotten from thf:i 
following con side rations. The presence of the 0. 15 -second emission down to as 
low a temperature as -l00°C rules out the participation of enzymatic processes 
in either the forward or reverse transformations in this case. :rr~ then 9 onl}' the 
Z-second emission represents a chemical process 0 one would expect that cooling 
by preventing the reaction leading to radical formation from taking place v would 
result in appearance of a greater amount of energy in the form of the OotS-sE!cond 
decay. 1n fact, the emission at -80°C is hHHJ than it is at room temperature. Such 
a viewpoint is supported by the aging expe ri:ments mentioned eartie r, Thus 9 if ont 
assumes that the aging process involves the inactivation of enzymes, then the 
creation of cente1•s (or radicals} for the Z-second emission process by enzymatk 
means should be reduced. This reduction of competitive processes shou~d then 
lead to an increase in the intensity of the 0.15 -second emission tugether with a 
concomitant decrease in the intensity of the ?.-second emission. lin fact~ for . 
aging periods up to 8 hoursr both emission intensities are increased by the same 
amount. 

We are thus 1Left with Mechanism (4~ as the most Hkely explanation for' the 
primary process of the phenomena we are :reporting here. We shall next see how 
such a scherr!e fit.s the data, 

Figure 9 ia a schematic representation of the electronic energy b~nds in 
chloroplaetao Inasmuch as the band width is proportional to the square of the 
transition probability for the transition from ground state to excited stateo 15 
the excited singlet state is 1nuch broader than the corresponding triplet stateJ. 
Thus 9 there may be a good deal of overlap between the energy levelis of these two 
states. It is necessary to postulate such ove:dap in order to provide a reliativdy 
temperature -independent. pa.thway between the states to account for the inabHity tc 
observe tripllet-etate emission. even at -70°C. 

Light is absorbed to produce the transition from the ground-state band of at' 
aggregate of ch'l.orophyU molecu1l.ea to the fh·st excited sing~et-state band. Sing~et· 
state excitons may then undergo one of three: competing processes~ 

(1) They may decay to the ground state via fl.uorescence emission ~ 'if'~ 10-9 9~" c; 
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(Z~ Th~~ may ioniz~ with the forma.tic•n of electrons and ho!e:s i~ conductLL 
bands ('r N 10- secl. Calculations have shown that such a :ifetime wou:d perrnH 
the exciton to migrate over from 100 to 1000 mol~cuies. 16 

(3} They may cr~ss over in a radiaticn:lese ~raneition into the triplet state ir: 
times as shox-t as 10- sec • 

if the trip:et-state conversion is important in chloroplaate 9 ionization into 
the conduction bands may occur from this state. The electrons and ho·~es in the 
conduction band migrate and ultimately are trapped at suitable points in the lattice;. 
Characteristic tifetimes of 0.01 to 0.1 secon.d ~ave been observed in many typeo of 
experiments on photosynthetic materiab. 2, 8D llv lZ According to the present 
hypothesis 9 this would represent the time required for the population of the2 traps. 
If ionization occurs from the singT,et staten this time constant may be identified with 
the Hfetime of one of the charge carriers in the conduction band. Such an hypothes'-.. 
has some support from the fact that 0 for ~en:-manium 0 the intrinsic minority carrier 
lifetime is ca1l.culated to be Oo 75 second. l Experimentally~ lifetimes on inorganh· 
semiconductors may range from lo-18 second to several seconds. 18 No 
corresponding measurements have been made for organic semiconductors. 1£" on 
the other b.andp ionization occurs from the triplet state 0 the 0.01- to 0.1-second th-n' 
constant may represent either the ionization time constant or a carrier lifetime. 

.. It is not possibleo at preaent 0 to decide which of the two Inechanisms, di:re..c 
ionization from the singlet state or ionization from the triplet stai:e 0 is operative iL 
chloroplasts. Indeed0 it may be that . both processes occur simuHaneous'ly. 

The number of traps in the ch1!.orop7,ast is probably very smaUg perhaps of t.h~ 
order of one per several thousand chlorophyU molecules" Thus 9 this scheme lk'a~...: 
directly to the idea of a "photosynthetic unito ul9 The electrons and ho'tes that e.r<: 
trapped give rise to a spin-resonance signaL The traps are therma.Uy depopula.ted 
and the resultant electrons and holes in the conduction band recombine and a 
temperature-dependent luminescence resu'll.ta. Such recombination may occur 
directly into the singlet state or into the singlet state via the triplet state. Th~ Z
and 15-second-Hfetime emissions can be identified with the depopulation of traps 
of different depths. The 0. 15-second decay may represent either the depopulation 
of a shaUow trap or the lifetime of one of the charge carriers in the con~uction band. 
Further experimentation is in progress to d<~termine the nature of the 0.15-second 
decay as wen as the 0.01-second decay :report®d by Arthur a11d Strehler. 8 

At low temperature" the thermal!. energy is insufficient to excite thel e~ectronl:j 
and ho1l.es out of the traps" and. enzymatic production and decay of radicals no longer 
occurs. This results in the disappearance <.)f the luminescence and the appearauct:) 
of a i!.ong-Uved ESR signal. The thermoluminescence referred to earlier may be 
the resu1t of a deepening of the trapping levEb due to drying. 

The electrons and ho~es in the traps may also be used up by enzymatic 
processes. Any reversibility in these enzymatic processes would then 1lead to a 
1long-1lived luminescence which could be classified as a chemiluminescenceo lit is b . . 1 
1like1ly tha.t some of the longer-lived emissions reported b.,;' Strehlle:r and co-workers ·' · 
are of this nature 9 and perhaps also the 15-second emisaion report~d here. If these 
enzymatic processes invo1lve free radicab 9 similar decay times wiU occur in 
the spin-resona.nce analysis. The fact that almost three times ae much energy is 
~mitted as Ught in aged chiorop1J.asts as in fresh chloroplasts suggests that thest.l 
enzymes are easily inactivatedo A similar increase in the number of Hght-induccd 
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radica:Ls in aged chloropH.ast:e is found in spin ~:resonanc:e expex•imentso These: 
observations suggest that enzymatic utilization represtmts the norma~ pathway 
for most: of the electrone a.nd·holee in the ':.iving cello In thia way th<~ Ught f:)nerg:· 
could be made availa.b'l,e to the photosynthetic mechaniErno 
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