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ABSTRACT 

The lrrminercencs of 
has been investigated under iety of cmditfans a  he 
ahown to be consistent with P rneebaniam involving the reembination of 
eieetrono a d  holes trapped in a quasi-csyetaliine lattice. Some details 
such a rnechnism have bean propoasd which 8ugge.t the mode of entry of 
the light energy into the photoaynthstic pathay. 



SCENCE OF CHLOROPHYLL-CONT G 
PLANT MATERIAL * 

Radiation Laboratory and Department of Phyafc 
University of California, Berkeley, California 

July 1957 

The conce t of the chloroplast as a semiconductor-li S envisaged by Kats and by Bradley and Calvin, r recently achieved 
some measure of experimental support. The st  a of &nola and Sbrwo 
on dziad chloroplast films have revealed that ruch r ystsmrs exhibit E C O M ~ ~  of 
the properties of semiconductors. Similarly, tha Fvestigatione af Comma 
Heirs. and  owm mend^ and of Sogo, Pon and Calvin have damon~trated un- 
paired electrons in& ed by red light in both dried and wet cblor opksts  , Lo 
temperature atul tasctrggest  that the spin resorunee ie the result of c 
photophyrim.1 transformation. On the basis d thoe inveetigstione , hswsvarr , 
it has not been possible to decide whether the unpaired spins arc associated 
with a triplet state, with a radical produced by the direct photdissociat io~ 
af o single bond, or with trapped electrana in a quasi-crystalline lattice. 

The3 decry of the eiectron spin resonun e signals in the dark st reom 
temperature in wet chloroplast proparrtion.4*E magpat 
the energy associa%ed wi$h t b r e  unpaired spins might b 
Inasmush er long-lived luminescence in thca room -tern 
already been reported in whole algaeg and in chloroph 
interest to  study the mission properties of chlor 
a wider variety of so B in an effort t o  correlate 
s p l ~  rerronance studi and with the t 

6 W h i l e  the earlier result. with both whole dgae and chloroplrtets? s 
Iuminescenee decry consf nt. ranging from a few oscanda t o  minube, t t suggestion ha8 been mode that time constrats of the or of a tenth af 
second or bss might be observable in systems aueh r e  
apprrratue hse been designed which is capable of deeect 
order of magnitude, 



Am aluminum xod, 43 ern- in diameter), which had s c m -  portion tif 
iter upper end cut away t o  provide a flat surface, was momtad insids of'%TPe 
housing, The sample was painted onto the fiat sufase, 
oriemted so that this aurfaca made r 4S0 angle t o  $he i 
Uner drawn through the centers of 
a 500 watt heater, and a thermo~o in the rod a 
1 mrn from the faat surface, The 
housing so could be. immersed in o c s o h g  bath, 



Sample 

Shutter A 
D.C.  Brass Housing 

Recorder Rod for Sample 

Shutter B 
Lens 
Filter Holder \ ~ u m o n t  K-I292 
Photomultiplier 
In Dewar Housing 

\ Photomultiplier - Anode Output 

Fig.  1. Schematic diagram of apparatus used to  measure 
luminescence decay curves of plant materials.  



luminerrcence deeay curve5 for wet who s spinach ehlorop 
at four tarnperrturee a r e  rho- in Fig. 2,  Lag intensity versus time plots 
of these same data are given in Fig, 3, 

Tbs 23'~ decry curves may be considered lu baing the resultant 
of two emissions having haif lives of approxlmatsly B,t5 aee and 2 see, 
reepectively. Furthermore, wieh the use d a more sensitive detection 
system, it is possible to &monsfzate the presence of a third emission 
at room temperature which h a  r haif life af the order of I5 sec, Approxi - 
mately 6% of the total, integrated light intensity up to about 7 see after the 
flaah is due to the! 035-sex ernirrrion. 

The suggestion that the room-temperature decay curve conaists of 
more than one component is confirmed by experiment6 in which the 
cbloroplastr a r e  cooled, The slower components diminish in iatensity 
with decreaning temperature rvrd have eaaentirlly vanished at about -35OC. 
At thir temperature, the 0-15-see component i r  all that remains, The 
elope of the decay curve at thh temperature is the same as that obtained 
by drawing a straight line through the last few points af the 23OC curve 
and subtracting thir line from the whole decay curve, 

Upon further cooling the 0.15-erst: component slowly diminis 
intensity, its decry emutaut remaining the same, aad is gone at about - 1 0 0 ~ ~ ~  
At about -90O~ a fourth emisaim begins t o  grow in and gradually increase. 
in intensity down t o  - L96°C, wbich is the Lowest temperature attained in 
them~tudieerr, This btter emission hrcs a half Life of apprrucimrtsly 0,3 see, 

The 0.15-sac and the 0-3-eec (cruve at - 1 4 0 ~ ~  of Fig, 3) emissions 
appear to decay expmeutialiy, W e  have n& found it possible t o  ddinQ~ely 
asses# the kinetics of the slower componerntro 

There cooling effects are! completely reversible both quantitatively 
and qualitatively. 

Both large and small spinach-chloroplast fragments 
temperature decry curves much like thosa of whole chloroplasts, However,, 
&he decay curves of both types of fragment* appear to h a w e  a somewhat 
smaller proportion of ulowar compontntr, as compa~ed with the 0,15-see 
component, than do the whole chloroplaste, 

The absorption spectra of whole epinach chloroplalrte at 2 3 O ~  and 
- 1 8 0 ~ ~  a re  shown in Fig, 4, I% ir appareng that ther re no cbsnges in 

ratwe spectrum which would account for rppsrance of a 
a0 these temperatureso The absorption s tre from 7500 A 

and P 3,000 A wals a1 rum at both temperature No signif leat  absorption 
could be demonstr 



TIME (SECONDS) 

Fig. 2.  Luminescence decay curves of wet, whole, spinach 
chloroplasts at four tempera tures  : intensity versus t ime. 



TI ME (SECONDS) 
MU-13543 

Fig. 3 .  Luminescence decay curves of wet whole spinach 
chloroplasts a t  four tempera tures  : log intensity versus  
t ime.  



Fig.  4. Absorption spec t r a  of f i lms of whole spinach chloroplasts 
a t  23OC and - 1 8 0 ~ ~ .  The relatively highbackground absorption 
in these  spec t r a  i s  due to  the scattering of light by the 
chloroplast  par t ic les .  



NO FILTER 

BETWEEN SAMPLE 

TIME (SECONDS) 
MU-13545 

Fig. 5. Effect of Corning filter No. 5970 on the luminescence 
of wet, whole, spinach chloroplasts, 





o FRESHLY PREPARED 
x 8 HOURS STANDING 

24 HOURS STANDING 

0 48 HOURS STANDING 

TIME (SECONDS) 
MU-13546 

Fig. 6. Effect of standing in the dark at 2 3 ' ~  on the luminescence 
of f reshly  prepared ,  wet, whole, spinach chloroplasts. 



- UNHEATED 
----- ONCE HEATED 
-.-.- TWICE HEATED 

TEMPERATURE ("C) 

MU-13547 

Fig. 7. Thermoluninescence of dried, whole, spinach chloroplasts. 



If the once -bated clgloropla~ts a re  cooBedD reilfumi 
heated, s, glow curve resultrp in which the peakas a re  shifted 
tempaxatuser and the total ernioaion is smallam, The chlsr 
give m y  room-tsmpe~stase emission once ehay have been 
cycle results in sr ctvve to still higher tsmper&w 
a slightly smaller tots1 i Y o  

Room-temperature lu~ltnascence decay curveer for whole ChloreEla 
are shown in Fig, 8, It is seen that there i r  ssren%ially mly one component 
hving s haif life sf about 1 asc {although there is a hint of re smell amount 
of a fantar component), When the algae are cooled to - l o 0 ~ ,  the smissio,n 
disappears entirely. 

If dry nitrogen gar i n  blown over tb Ghlorella for about 15 min, 
the luminescence diaapperrs, Xf the atgaue are than raswet with a drop of 
water, the emission returns immediately . Howaver, this luminescence 
bas a much different decay curve than does the original emission dsee FigO 

Ei: Pr not porsibb at the present time to  quantitatively cornpanre the 
result* reported hers with ths earlier .pin resonance studies, However, 
thro  are a number of qualitative rirnilrcritiss that are s ip i f i c  
iac lude .. 

1) Both the luminescence and the spin resonance signal a m  ezrcite 
by the same band aP wave lengths, 

2 )  The room-temperature decay timer a r e  of the order of seconds 
for both the luxnines~ence an spin reaonanca absorp~ion, The time 
constant af the spin res carometer was 2 ~ e c ,  and thu the 8hor%sr 
decay times reported st have been detected in the earlier work 

3) At -140'~ the ep resonance signals had decay time of the order 
of hours and the 1000 A t o  A lumirmescance 
(a luminescence with a dec ime af the order 
with the apparatus used in theme preeant etudisra), 

decay time of t 
order of hours, Under 

5 )  At 
had e decay t% 
temperatuxre t 
chlaraplasta, 



FRESHLY PREPARED 

TIME (SECONDS) 
MU-13548 

Fig .  8. Effect of drying and rewetting on the luminescence of 
wet whole Chlorella a t  23OC. 



There are four psesible mec 
electron spin resonance or delayed light emission in systems of the type 
we are concerned with heme, Thees are: 

11 T produetion af rsdicais by the direct p is;8locf&5oxa of a 
eingle bond, followed by their recombination in the 

28 The excitation and decay of a triplet atate, 

321 The reversible photereneititatian of chemical or e n e p a t i c  
processer leadiag to  the production of free ~adicala, 

4) The p~odu~t icm of trapped eleCtron8 in a. quasi-crystalline lattice, 
The thermal depopulation of them9 trape, with the stibaequent radiative 
recombination of the sbeeron and hob, would then relrult in light emission, 

ft ia posarible to rule out mechanirm (1) by the following conaideraticm~~, 
No h o w g  naturally occurring stable chemical bond can be dissociated by 
energieo of wavelengths in the range used in thia work 96500 A - 7000 A), 
ha addition, the decay time. (of the order of many mcoads at room ternperaturej 
are not; crf the order odE magnitude to  be expected for radical recombtnst;ioas 
at ~ela t ive ly  high empereturea, Finally, it ia difficult to reconcile mash a 
mechanism with the edstcnec! of four rrepi~rs$e luminescence decay times, 

The fact that chloroplast ltamineocence s h e  r debinit 
dependence and that all of the lmminaecsnc~ excitable by 6500 
light eventually dimsappara at - 1 OO°C, is sufficient to elim 
electronic transitions, euch as that portuktgmd by mecharnis 
more, the excitation of a long-lived triplet state cannot r e  
missions of %he same wavelength, 



H"e are  thus left with only hypothesis [ 
electrons in a quai-crystsllfns? ar a possible mschada 
phenomaara reports8 r e  The P ship of such es sc 
themtollrminercsnce urd to the spin re.onancs4 

. been di8cursed in the earlier papers. W e  sbit now @how Pha@ it is capable 
of accounting for the luminescence observrbiona also, 

In geoerd. at the instant tthe exciting light has ceased, there wiail 
be certain proportions of free electrons , trapped electronsl, free holeis, 
trapped holes in the chloroplast. The luminescence W i n  the first instants 
after cesslLeion of excitation will then Largely arise from the radiative 
recombiaation af nearby free alectrons and h o l ~ ~ .  Subsequent to this, 
emission will be the result of the thermal excitation of ebetron~1 and holes 
from the rhallowest traprp, the decay coastant beina a function of the, trap 
depth and the temperatureo Duping the later stega the decay curve, the 
emitted light will come from electrona and hoten in successively deeper 
trap.. All of theas emission8 should be of the same wavdength, A8 the 
temperature is lowered the factor kT (where k is BoLsmannDs eonstant and 
T is t b  ~ l b s ~ l u t e  temperature) will become nmall relative to the trap depthcjl, 
and light emitted a8 the reeult of thermal dep~pulotion of traps should 
diminish in intensity, 

The fact that the integrated intensity of the 0,15-sac component 
(which presumably is the result of direct recozmbination) decrease6 with 
decreasing tenaperrture while the decay canstult remains the earne suggeets 
thrt, while ths rate detsrmln3ag atep of this process is temperature independent, 
thnrre d s t 8  8 p~ocua* whore rate i-ncrerses with decreasing temperature 
which h competitive with the recorabinstiaa, Wbather this competitive 
process is the actwal trapping d the electron or hole or is a ride process 
i s  not known, The above scheme predfcts that the time casstants of the 
slower cornponantr rhould increase with decreasing tempera&ure. It has 
not been poasible to ascertain whether or n& the data u s  consistent with 
thi., 

The increase in the intenrrity of the luminecrccsnse after 8 hours of 
standing {Fig. 6 )  smggeets that there are ensyrnirtic processes thrt compete 
with the rscombiaa?ion of ths electran md hole and with the detrapping 
, procsr s, hasmuch am the 8-hour decay curve is parallel to the original 
curve, thclre are apparently no changes taking place in the inkernrl structure 
of the chloroplast up to  that poiat, However, longer periods of standing do 
produce such changer, The appearance of a glow curve after 72 hours of 
staadbing suggests that either a deepening d the traps airslidy present or the 
productSon of new deeper traps is occurring. The fact that ng Qf 
the chioroplasto will alao result in Bherraoluriineocencs indi auch 
deep-trap production is aeeociatxd, with s dehydration o-b: the crystal, 



assignment of the transition involved. 

The fact tM it ir not pos 
emimion d the chloroplaate by 1 
mtate (Su in Fig. 9)nf chbaophyll 
doe. not originate from a state 

ced to eonaider tram 
emtach as S" -9 S9raneitIon face Fig 

with Sf' 9 G and the radiationleas taazisiticm 
have Wetimes of the order of 1 
c Lifatime etnirsi 

B i e  a well known fact t 
syatems, r raiaiatioaleeo trans 
correnpdng triplet &ate m 
wrfll be essentialiy independs 
environmsat, l 3  S, then, o 
the oecoad excited 8iaglat st 

Pa, order to account fur the relativ 

Proceeaas a 



~hotos$nthetic Pathway 

MU-13549 

Fig .  9. Schematic representation of the electronic energy bands 
in spinach chloroplasts.  G-ground s ta te ;  S t - f i r s t  excited 
singlet s ta te ;  Sf '-second excited singlet s tate;  T t - f i r s t  
excited t r iplet  s tate;  TIt-second excited triplet  s tate;  T r l ,  
T r Z ,  T r 3  -electron t r aps  of various depths. Straight lines 
represent  radiative p rocesses ,  zig-zag lines refer  to  
radiationles s ( thermal)  processes ,  and dashed lines symbolize 
chemical o r  enzymatic reactions.  



AB the temperahre is Sowered, the thermal energy become 
sufficient to  excite the s leetro~s and holes out of the traps, Below 
proceam f begins to be inhibited, and process g b c o  
patbay for chlozophyll in the aa To. At these t e m p  
electrons and hole@ dormred sub to procees g are "frozen" into 
the traps and no smisaiorr occur~o from Tg. 

The authors wish to cxpassrs their sppeciatiaan 40  Dr, Po 18, Sogo 
for his inrvaludsle a s o i s t ~ c e  in setting up and maintaining O h  apparatus, 
umd in thir work and for many etimtnhtiag discwdons, 



but this cc~neept doe@ tlot correspond So the pi-electron system we are hers 
discussing. 
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