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I . INTRODUCTION 

A. FOREWORD 

This investigation is concerned with the detailed study of the p r i 

m a r y p r o c e s s e s in photosynthesis , m par t icu la r that of photosystem II. 

Photosystem II, according to the presen t ly accepted hypothesis , has a bulk 

pigment sys tem consis t ing of chlorophyll a (Chl_a) and a c c e s s o r y pigment 

molecu les which ac t s as a light antenna system and a react ion center which 

t r aps the energy collected by the bulk pigments and uses it to perform a 

chemical react ion which leads to the production of oxygen. The p r i m a r y 

events in photosystem II can be descr ibed as follows. After a photon is 

absorbed by the bulk pigment in photosystem II, the excitation energy 

m i g r a t e s among the pigment molecules until it is finally t rapped in the 

reac t ion center . The excitat ion energy can a lso be lost by radiat ive 

decay, known as f luorescence , o r by non-radia t ive decay. Af te r the 

excitat ion energy is t rapped at the reac t ion center , this energy is used to 

dr ive an oxidat ion-reduct ion react ion o r it m a y be los t by radia t ive o r non-

radia t ive decay. The react ion cen te r can also act as a center for the r e 

combination react ion of the p r i m a r y oxidant and the p r i m a r y reductant . 

These then a r e the p r i m a r y p r o c e s s e s we a r e concerned with. Our goal 

is to understand these p r o c e s s e s in g rea t e r detai l . 

To study the p r i m a r y events in the bulk pigment sys tem, we have 

determined the r a t e s and efficiencies of the th ree possible p r o c e s s e s 

of the excitat ion energy following the absorpt ion of a photon, namely, 

f luorescence , rad ia t ion less loss and trapping, by m e a s u r e m e n t of the 
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f luorescence l ifetime (see Chapter III). We have shown that the mechanism 

oT energy t ransfer between Chi a in vivo is due to the F b r s t e r mechanism 

by the measu remen t of the polar izat ion of f luorescence . The polar izat ion 

of f luorescence m e a s u r e d is assumed not to be due to loose chlorophyll-

protein complexes within the chloroplas ts (see Chapter IV). To study the 

p r i m a r y events in the reac t ion center , we use the information obtained 

from delayed emiss ion m e a s u r e m e n t s . The re la t ionship of the ra te of 

delayed emiss ion to the r a t e of photochemical reac t ion has led us to 

postulate that there ex is t s another p r o c e s s that can occur in the react ion 

cen te r . We postulate that in te r sys tem c ross ing to the excited t r ip le t 

s ta te occurs within the reac t ion center and its ra te competes with the 

r a t e of the oxidat ion-reduct ion reac t ion . Theore t ica l curves based on 

this postulate agree with the exper imenta l decay of delayed emiss ion 

(see Chapter I (E) and Chapter V). By using f luorescence t rans ient , 

thermoluminescence and chemiluminescence m e a s u r e m e n t s , we have 

fur ther exper imenta l proof that chemical recombinat ion react ion does 

occur at the react ion center (see Chapter V). The detai ls of the chemical 

reac t ion , at react ion center II, leading to oxygen evolution a re also 

discussed (Appendix I). 

To put this investigation in its proper f ramework, a brief outline 

of the cur ren t ly accepted model for photosynthesis and then a review 

of the available r e s e a r c h on the p r i m a r y p r o c e s s e s of photosynthesis 

will be presented below. 



3 
t 

B. PHOTOSYNTHESIS - - A BRIEF REVIEW 

1 -4 
The modern dogma of photosynthesis of green plants is based 

mainly on two concepts , the photosynthetic unit and two light r eac t ions . 

A photosynthetic unit is now conceived to be a s t ruc tu ra l unit that will 

per form a one e lec t ron photochemical oxidat ion-reduct ion reac t ion upon 

the absorpt ion of one quantum of light. The unit consis ts of 200 to 300 

molecu les of Chi a_, which absorb the light and act cooperat ively to t r ans fe r 

the absorbed energy to a si te where this energy is converted to chemical 

f ree energy. This s i te is called a reac t ion cen te r . In higher plants , 

other pigments such as Chlorophyll _b (Chi b) and carotenoids a r e also found 

and they act as a c c e s s o r y pigments t r ans fe r r ing thei r absorbed quanta to 

5 

Chl_a. As will be d iscussed l a te r , there a r e two types of units and r e 

action cen te r s - - one responsib le for oxygen evolution and the other for 

the ult imate reduction of nicotinamide adenine dinucleotide phosphate 

+ 
(NADP). The reac t ion center for the oxygen evolving unit has not been 

isolated chemical ly (see Refs. 6 and 7) An as yet unknown molecule 
o 

called Q is postulated to act as the p r i m a r y oxidant, and a hypothetical 

9 
molecule called Z acts as the p r i m a r y reductant . The concept of the 

photosynthetic unit is based on the flashing light exper iments of Emer son 

10 -5 
and Arnold. They found, by using a s e r i e s of shor t (10 sec) intense 

-2 

light f lashes spaced 10 sees apar t , that the maximum yield is one 

molecule of oxygen evolved for approximately two thousand four hundred 

chlorophyll molecu les . Exper iments with different da rk t imes insured 

that the enzymatic da rk reac t ion did not l imit the oxygen evolving p r o c e s s . 

(The light intensity used for the exper iment was not intense enough to 



excite each and every individual molecule of Chi a in the unit, but enough 

to excite each unit .) Emerson and Lewis showed that the quantum r e 

qu i rement was no l e s s than eight quanta for every oxygen molecule 

evolved. These exper iments imply that eight quanta absorbed by any 

eight of the 2400 chlorophyll molecules will evolve one molecule of oxygen. 

Assuming that each quantum absorbed is p rocessed by one react ion center , 

it follows that 300 chlorophyll molecules a r e assoc ia ted with one react ion 

cen te r . This then is the concept of the photosynthetic unit. Numerous other 

expe r imen t s , for example, the study of the Hill reac t ion as a function of 

12 
the size of the par t i c les prepared by fragmentation of the ch loroplas t s , 

the rat io of total number of chlorophyll molecules to enzymes like 

13 cy tochromes which par t ic ipate in dark r eac t ions , and the study of energy 

3, 5 t r ans fe r , ' have supported the exis tence of the photosynthetic unit. 

The second impor t an t concept is that of the two light r eac t ions . 

14 In 1957 Emerson , Cha lmer s and Ceder s t r and discovered that the rate 

of oxygen evolution with a combination of two wavelengths of light, a wave

length sma l l e r than 685 nm and a wavelength longer than 685 nm, is 

g r e a t e r than the sum of the r a t e s of oxygen evolved a s m e a s u r e d separa te ly 

with each wavelength. This "enhancement" in oxygen evolution led to the 

necess i ty of postulating another photochemical reac t ion (cf. E m e r s o n and 

15 
Rabinowitch ) . Detailed action spec t r a for the "enhancement" of oxygen 

1 C 1 £ ft ? 7 1 P. 

evolution (the E m e r s o n effect), ' the decline in f luorescence yield, 

on combining far red light (710 nm) with red light (650 nm), the oxidation of 

19 20 
P700 and cytochromes with far red light and thei r reduct ion with red 

l ight led to the proposal that the two photoreact ions have two different 



21 
pigment sys tems (cf. Duysens and Amesz ) . Pigment system II contains 

a la rge proport ion of the a c c e s s o r y pigment , Chi a 673, some Chi j i 683 and 

the active chlorophyll a (P680), while pigment system I contains some 

a c c e s s o r y pigments , some Chi a 673, and a la rge proport ion of Chi a 683, 

Chi a 693 and the react ion center P700 (see ref. 1). These and numerous 

1 -4 o ther exper iments led to the acceptance of a model for green plant 

22 
photosynthesis , formulated by Hill and Bendall, based on the cooperat ive 

interact ion of two light r eac t ions . One light react ion, known as photoreac-

tion II (because the photoreaction is associated with pigment sys tem II), 

oxidizes an in termedia te Z and reduces a substance called Q. Through 

a dark react ion, oxidized Z r e a c t s with water to evolve oxygen (see Ap

pendix I), the reduced Q, also through dark reac t ions , t r anspo r t s its 

23 
e lec t ron through a s e r i e s of in te rmedia tes to P700, the react ion center 

for the light react ion, known as photoreaction I (because it is assoc ia ted 

with pigment sys tem I). P a r t of the energy of the photoreaction is s tored 

24 
in adenosine t r iphosphate (ATP) which is made by the dark r eac t ions . 

Light react ion I oxidizes P700 and reduces a hypothetical substance called 

25 
X . Again through a s e r i e s of dark react ions, reduced X t r ans fe r s its 

+ 26 
e lec t ron to NADP . A T P and reduced NADP a re then used to fix CO 

27 into simple sugars e i ther by the Calvin Cycle or the C . dicarboxylic 

28 
acid cycle . This then is the general f ramework on which photosynthesis 

is based. 

Although the Hil l-Bendall model for photosynthesis is well e s - • 

29 30 
tablished, a l t e rna te models have been recent ly proposed. ' Also, 
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important ques t ions , such as how does the energy migra te to the react ion 

cen te r , what a r e the p rope r t i e s of the reac t ion cen te r s that t r ap and s tore 

energy so efficiently, how is oxygen evolved, how is A T P made and many 

o t h e r s , r ema in to be answered . Finding the answer s to these quest ions 

is complicated by the fact that the molecu la r a rch i t ec tu re of the photo

synthet ic unit is not fully known and by the fact that the m e a s u r e m e n t s one 

can make on the sys tem a r e r e s t r i c t e d by the l imi ta t ions of the ins t ruments 

used. F o r this thes i s , the p r i m a r y p r o c e s s e s in photosystem II have 

been studied. Information was obtained from m e a s u r e m e n t s of f luorescence 

l i fe t ime, delayed emis s ion , f luorescence t rans ien t and of chemi lumin-

e scence . Information concerning photoreact ion II that was gained from such 

m e a s u r e m e n t s in this thes is and that found by e a r l i e r inves t iga tors will be 

d iscussed in the following sec t ions . 

C. FLUORESCENCE LIFETIME 

-15 
After a photon is absorbed by a Chi a molecule in 10 seconds, 

the energy can r ema in in the excited s t a te , (tTTf*)» for only a l imited t ime 

before it r e l axes back to the ground s ta te . To be useful in photosynthesis , 

the energy mus t m i g r a t e to a react ion center (within the l ifetime of the 

excited s ta te) . One of the methods of deactivation of the excited state is 

by the emiss ion of a photon. This emiss ion is commonly known as 

f luorescence . By m e a s u r i n g the decay r a t e of f luorescence one can 

de te rmine the l ifet ime of the excited s t a t e . 

The r a t e of decay of the excited s ta te of the bulk chlorophyll is 

governed by a , the r a t e of rad ia t ion less t rans i t ion , a , the r a t e of 

) 



f luorescence and at , the r a t e of t rapp ing . The ra t e of change of N (the 
c s 

concentra t ion of the excited singlet state)with t ime (t) i is given by 

d N ! ( t ) * 
" I T - « G(t) - («h + «£ + «t) N8 (t) (1) 

where G(t) is the r a t e of generat ion of the excited singlet s ta te . Assuming 

that 

G(t) = N* (0) fe (t) 
o 

and a , a, and atr a r e independent of time and of N , the solution to 
t h f s 

equation 1 can be wr i t ten as 

N*( t ) = N *(0) e x p ( - t / n x ) (2) 
s s 

where X - r 7 (3) 
a, + at+ a 

h f t 

The excited state is shown to decay exponential ly with an average l ifet ime 

of tr . If all the t r a p s a r e closed, so that the re is no t r ans fe r to the t r ap , 

the excited state will decay exponentially but with a l ifetime % where 

Ti • ^ V ~ (4) 

f h 

Two basic methods have been used to m e a s u r e the f luorescence 

l ifet ime in photosynthesis - - the flash technique and the phase delay 

method. The flash technique employs a flash of light with a cut-off t ime 

s h o r t e r than that of the l ifet ime of f luorescence one wishes to m e a s u r e . 

This flash of light is used to exci te the f luorescent sample and the r e 

sultant f luorescence is detected with a photomult ipl ier . The signal from 
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the photomultiplier is displayed on a fast-time resolution oscilloscope. 

This method has the advantage that one can directly obtain information 

concerning the decay kinetics; one can see whether the decay is exponential 

or non-exponential and whether there is more than one decay component. 

In photosynthetic measurements, however, the fluorescence lifetime is 

so short that the measurements are limited both by the decay time of the 

exciting flash and by the response of the photomultiplier. The true time 

course of the fluorescence decay is modified by both the flash decay and 

the lag in the response of the photomultiplier. To obtain the true lifetime 

31 32 of the fluorescence, one must use the convolution integral. 

t J 

F(t) =J E(t-u)f(u)du (5) 

o 

where F(t) is the experimentally measured fluorescence decay, E(t) is 

the experimentally measured time response of the system (lamp + photo

multiplier) and f(t) is the true time course of fluorescence. A modification 
31 of the convolution integral, "the method of moments," can also be used 

to eliminate the influence of the instrument response time from the observed 

decay time. 

The second method of measuring fluorescence lifetime, the phase 

delay method, is a more sensitive technique in that the phase and hence 

the lifetime can be measured to a greater precision than the direct flash 

technique with present technology. Its drawbacks are that there are 

numerous possibilities of systematic e r ro r s and that it is an indirect 

method. The phase delay technique is based on the fact that if light with 
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amplitude M and modulated with frequency f, such that its intensity I(t) is 

descr ibed by the following equation, 

I(t) = M cos 2ifft (6) 

- t/t? exci tes a spec ies , which decays exponentially as e , the f luorescent 

light (F) is descr ibed by the following equation. 

F(t) = M cos I cos (2irft-<>) (7) 

where tan ^ = 2rrfV 

Hence the f luorescence lifetime can be obtained by measur ing the phase 

lag between the incident light and that of the f luorescence light. 

42 
The f i rs t m e a s u r e m e n t s by Brody, using the flash technique, 

in 1956 c lea r ly showed that the f luorescence l ifet ime of Chi a in vivo 

is in the one nanosecond region. Since then, these m e a s u r e m e n t s have 

been repeated many t imes both by the phase technique and flash technique; 

3 1, 34 "E values ranging from 0.6 to 1. 6 nsec for Chlore l la have been found. 

41 
MUller, Lumry and Walker par t ly resolved these differences by showing, 

with the phase technique, that the f luorescence l ifet ime va r i e s with 

the intensity of the incident light. At low light intensity, when most of the 

react ion cen te rs a r e open, the f luorescence lifetime is short (0 .6 n sec ) . 

At high light intensity, when all the react ion cen te r s a r e closed, the 

f luorescence lifetime inc rea se s to approximate ly 2 n s e c s . 

In green plants , the f luorescence may have m o r e than' one decay 

l i fe t ime. One reason is that the decay constants may depend on t ime or 

the concentrat ion of the excited s ta te . The other reason is that f luorescence 
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can originate from different species. 1$ can come from "dead" Chi a 

molecules which are not related to a reaction center or from Chi j imole-

cules in photosystem II or photosystem I units. Fluorescence from photo

system II units may have two decay lifetimes. If the units are separated 

from each other, the lifetime from units with their reaction centers closed 

may be different from units with their reaction centers open. From experi-

43 

ments with algae, Joliot _et aJL discussed a model in which the photo

synthetic units in photosystem II are separated from each other, each unit 

having a single reaction center with its own harvesting light pigments. If 

the reaction center is open, a quantum absorbed by the unit will be trapped 

with a 100% efficiency at the reaction center. The fluorescence yield will 

be zero if there is no fluorescence from "dead" Chl_amolecules. If the 

reaction center is closed, a quantum absorbed in that unit has a probability 

of 0. 55 to 0. 60 of being transferred to another unit of type II. The quantum 

is believed to move from one unit to another until it is trapped or is dis

sipated. If there is no fluorescence from "dead" Chi a molecules, fluores

cence is believed to come only from units in photosystem II with closed 

reaction centers. However, when all the traps are open, fluorescence 

44 
is still found to be present. This fluorescence is attributed by Lavorel 

to Chi a molecules that are not associated with photosynthetic units con

taining reaction centers and to system I. Joliot1 s model, then, would 

predict two fluorescence lifetimes -- one component associated with Chl_a 

in photosystem Il.with its reaction center closed and one associated with 

"dead" Chi a that is not in a photosynthetic unit and Chi a in photosystem I. 
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45 Clayton, in a more general formulation, found that if one removes the 

assumption that there is no fluorescence when all the traps are open, it is 

possible to interpret Joliot et^aL/s result by another model. This model 

assumes that many reaction centers are embedded in a large pool of light 

harvesting chlorophyll and that the quantum absorbed can wander freely 

46 among the chlorophyll (cf. Lavorel ). All or part of the fluorescence from 

"dead" chlorophyll or from photosystem I in Joliot 's model would be from 

fluorescence of units with open t raps . Theoretical calculations by 

47 Pearlstein indicate that a finite time is needed for the reaction center to 

trap an excitation quantum if it is transferred by the weak resonance inter

action between Chi a molecules. This model then would predict that the 

fluorescence will have predominantly one fluorescence decay lifetime be

cause the model is analogous to the in vitro situation in which a high con

centration of pigment molecules is mixed with a low concentration of quench

er molecules. 

All or part of the fluorescence that is not attributed to chlorophyll 

44 
molecules in photosystem II may be fluorescence from photosystem I. 

5 
From the action spectra of fluorescence of red algae, Duysens and 

48 French and Young found that light absorbed by the phycobilins is more 

efficient in exciting Chi a fluorescence than light absorbed by Chi a itself. 

5 This led Duysens to postulate that there exist two forms of Chi a in vivo 

in red algae, one weakly fluorescent and the other more strongly fluorescent. 

21 
Since the phycobilins are now shown to be in photosystem II, the strongly 

fluorescent Chi a which is associated with the phycobilins must be in 

photosystem II. The weakly fluorescent species is postulated to be in 
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photosystem I. It i s , however, not yet possible to decide whether the weak 

f luorescence postulated to come from photosystem I comes from the photo

synthetic unit itself or from "dead" chlorophyll , with no fluorescence from 

the unit itself. 

It is genera l ly accepted that mos t of the chlorophyll! f luorescence in 

vivo comes predominant ly from photosystem II when all the react ion cen te r s 

a r e closed. In the ca se when all the reac t ion cen t e r s a r e open, there is 

no available exper imenta l data to show the percentage of the f luorescence 

that is contributed by photosystem I, "dead" chlorophyll , or from the bulk 

of photosystem II. 

F luorescence lifetime of Chi a in vivo has been repor ted , by Murty 

33 
and Rabinowitch, to have two components . In Chlorel la , the two values 

they obtain a r e 1.7 and 5.4 n s e c s . These m e a s u r e m e n t s , however, could 

34 35 35 

not be repeated . ' Singhal and Rabinowitch indicate that Mur ty ' s 

m e a s u r e m e n t s may be e r roneous due to the change in the incident pulse 

shape with t ime and the long t ime decay component may be due to the l amp 

decay and not to r e a l f luorescence . Careful exper iments by Nicholson 
34 35 

and Fortoul and by Singhal and Rabonowitch with long t ime averaging 

techniques indicate that f luorescence decays with a single exponential l i fe

time at low light intensi t ies when all the reac t ion cen te r s a r e open. These 

m e a s u r e m e n t s , however, cannot rule out the possibi l i ty that there a r e two 

fluorescing species having exponential decays differing by 0.2 to 0 .3 nsec . 
41 

Mliller _et aL , using the phase technique, justify thei r assumption of one 
exponential decay by showing that the f luorescence l ifetime is independent 

of the wavelength in the emiss ion spect rum and by showing that the 
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f luorescence lifetime does not change when m e a s u r e d with different modulat

ing frequencies . These a r e not good justifications because Krey and 

49 
Govindjee have shown that there is ve ry little difference in the emiss ion 

spec t rum when all the reac t ion cen te r s a r e open as compared with when 

41 they a r e closed. The change in frequency Mliller_et aL used was not 

la rge enough to decide between a one component decay and a two component 

50 v 

decay. Tumerma'n and Sorokin, using the phase technique, found that, 

the f luorescence yield v a r i e s l inear ly with the l i fet ime of the f luorescence 

under the assumption of only one l ifet ime. Br ian ta i s , Govindjee and 
51 

Merkelo have since confirmed these findings. Calculations done by 

T u m e r m a n and Sorokin indicate that the assumpt ion of only one lifetime can 

explain their exper imenta l r e su l t s and that two l i fe t imes cannot. A 

s i m i l a r calculation has been done to confirm this (see ChapterlHI). To t ry 

to show that f luorescence has predominantly one decay, we have viewed 

d i rec t ly the f luorescence decay of Chlorel la when all the reaction cen te r s a re 

closed and the f luorescence decay when some of the react ion cen te r s a r e 

closed. We were , however, unsuccessful due to the slow response of the 

photomult ipl ier . 

When all the t r aps a r e closed, the f luorescence lifetime gives a 

m e a s u r e of the ra te of dissipat ion of the singlet excited state within the 

photosynthetic unit. We will show that the ra te of dissipation is different 

for Chlorel la , Porphyr idium and Anacyst i s . Knowing the ra te of diss ipat ion 

and the ra te of f lubrescence , we have calculated the ra te of trapping for the 

three a lgae . We will a lso show that the f luorescence lifetime for F685 

(f luorescence band with a peak at 685 nm) at 77 K is the same as that at 

t, 
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r o o m t e m p e r a t u r e ( see -Chapte r III , B) . T h i s i n d i c a t e s t h a t t e m p e r a t u r e h a s 

l i t t l e effect on the r a t e of d i s s i p a t i o n up to 77 K. B u t l e r and N o r r i s have 

shown tha t the 720 nm f l u o r e s c e n c e band (F720) in b e a n l e a v e s a t 77 K h a s 

a l i f e t i m e of 3 . 1 n s e c w h i c h i n d i c a t e s tha t F720 i s a Tf -Tf* t r a n s i t i o n . ( T h e y 

did not , h o w e v e r , r e p o r t any l i f e t i m e m e a s u r e m e n t s for the F 6 8 5 f l u o r e s c e n c e 

band a t 7 7 ° K . ) 

D . P O L A R I Z A T I O N O F F L U O R E S C E N C E AND E N E R G Y MIGRATION 

When the r e a c t i o n c e n t e r is c l o s e d , the l i f e t ime of the e x c i t e d s t a t e 

is l o n g e r than when the r e a c t i o n c c e n t e r is o p e n and it w i l l be shown ( C h a p t e r 

III , A) t ha t e n e r g y can m i g r a t e f rom one unit to a n o t h e r . T h e r e f o r e , the 

e x t e n t of e n e r g y m i g r a t i o n is g r e a t e r when the r e a c t i o n c e n t e r i s c l o s e d . 

A l though m e t h o d s have b e e n d e v i s e d to m e a s u r e d i r e c t l y the e x t e n t of e x c i t o n 

52 
m i g r a t i o n in s o l i d s , t h e s e m e t h o d s a r e i n a p p l i c a b l e to b i o l o g i c a l s y s t e m s . 

T h e on ly m e t h o d a v a i l a b l e a t p r e s e n t i s an i n d i r e c t o n e . Th i s m e t h o d is by 

the m e a s u r e m e n t of the p o l a r i z a t i o n of f l u o r e s c e n c e . P o l a r i z a t i o n of 

53 
f l u o r e s c e n c e , p , i s def ined by the fo l lowing f o r m u l a , 

P = z + 1 (8) 

w h e r e I(( , i s t he i n t e n s i t y of t h e f l u o r e s c e n c e that has the s a m e l i n e a r 

p o l a r i z a t i o n a s the i nc iden t l ight and I,_ is the i n t e n s i t y of the f l u o r e s c e n c e 

tha t h a s p o l a r i z a t i o n p e r p e n d i c u l a r to tha t of the inc iden t l igh t . The f l u o r e s 

c e n c e is m e a s u r e d in a d i r e c t i o n 90 to t ha t of the inc iden t l igh t . A s ing le 

m o l e c u l e of Chi a in v i s c o u s m e d i u m , hav ing no B r o w n i a n m o t i o n , h a s a 
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high plolarization of fluorescence if it is excited in the red band. The 

reason for this high value is that the excited oscillator, within the lifetime 

of the excited state, cannot change its polarization either by Brownian motion 

or by transferring its energy to another oscillator. The emitted quantum will 

have the same polarization as the excitation quantum. 

If polarized light were used to excite the Chi a molecules in the 

photosynthetic unit, only those Chi a molecules with absorption dipoles that 

are parallel to the polarization of the incident light will be excited. As 

energy is transferred from one Chi a molecule to another Chi a molecule, 

the "memory" of the initial polarization will be lost if the Chi a molecules 

are arranged in a random fashion within the chloroplast. This loss of 

memory is reflected in the decrease of the measured polarization of 

54 55 fluorescence of Chi a in vivo. ' From the decrease in the polarization 

of fluorescence and the lifetime of the fluorescence, one can calculate the 

56 ' extent of energy migration. In these calculations, however, a specific 

energy transfer mechanism and the random orientation of the Chi a 

molecule must be assumed. 

The first measurement of the polarization of fluorescence of Chlorella 

and the calculation of the extent of energy migration were made by Arnold 

55 and Meek. Using an exciting light of 630 nm, they found that dilute Chi a 

in castor oil has a p value of 0. 24 and a suspension of Chlorella 0. 033. 

From their calculations they estimated a minimum number of 15-20 

57 t ransfers before the energy is used. Weber, using 366 nm Hg light, found 

that p for isolated cabbage chloroplasts has a value of 0.01 - 0.03. He 
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calculated the minimum value for the number of t r a n s f e r s to be 20 to 40. 

58 
Teale measu red a p value of 0»06 in Chlorel la with 660 nm light. His 

calculations show that the re is a minimum of 140 t r a n s f e r s . In his ca l 

culat ions, he multiplied the number of t r ans fe r s that a r e calculated by 

Weber ' s method by 4 / ^ where <j> is the f luorescence yield of unquenched 
i 

system and ^ is the reduced yield by t rans fe r quenching. Hence his value 

is the number of t r a n s f e r s that i s possible if there is no energy quenching. 

If the calculat ions were done using Weber ' s formulation, the number of 
59 minimum t r ans f e r s is only 12. Lavore l m e a s u r e d a p value of 0 .08 in 

Chlorel la for f luorescence at 685 nm and a p value of 0. 14 for 720 nm 

fluorescence (A excitation, 650 nm). Their high values may be an ar t i fact 

because their m e a s u r e m e n t of p for Chi a f luorescence at 720 nm in vivo, 

when excited by 550 nm, shows a value of 0. 30; the int r ins ic polar izat ion 

of the Chi a molecule , in v i t ro , however, has a p value of only 0. 10 at 

550 nm. We speculate that their e r r o r may be due to the failure to co r r ec t 

60 
for the polar izat ion of the emiss ion monochromator . Goedheer attr ibuted 

the high p values to the fact that Lavore l flows his Chlore l la samples 

continuously through a thin tube, Goedheer feels that the flow may orient 

the Chlorel la ce l l s . On measu r ing a random s ta t ionary sample of 

Chlorel la , Goedheer could not detect any noticeable inc rease in the po la r iza

tion of f luorescence at 720 nm. R. A. Olson also measu red p for the 

emiss ion band at 720 nm by using a ruby l a s e r as the excitation source . His 

data indicates a p value of 0 .68 . Since the highest theore t ica l value for 

p is 0. 5, one m u s t conclude that his m e a s u r e m e n t s were in e r r o r and mos t 

probably the sca t te red light from the l a s e r was not taken into account. Using 
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62 
Weber ' s polarizat ion ins t rument , Govindjee m e a s u r e d p at 720 nm for 

a randomly oriented sample of Porphyr id ium. He found that p was 0 .03 

when excited with 540 nm (absorbed preferent ia l ly by phycoerythrin) 

and 0. 06 when excited by ,440 nm (absorbed preferent ia l ly by Chi a). 

63 
Ceders t rand and Govindjee found that p at 720 nm was 0.03 in randomly 

or iented chloroplast f ragments from spinach which were enriched in pig

ment system II and 0 .054 in f ragments enriched in pigment system I. It 

has been amply shown then that the measu red value of p of Chi a in vivo 

is definitely lower than that of a single Chi a molecule . 

It has been well es tabl ished that the lower polarizat ion of f luorescence 

55 
of Chi a in vivo is caused by energy migra t ion . Arnold and Meek have 

shown that the dec rea se is not due to sca t te r ing . They il luminated with 

polar ized light a 10 cm suspension of Chlorel la so dense that only multiplied 

sca t te red light was t ransmi t ted ; in this condition, they found that 99% of 

57 
polarizat ion remained . Weber has shown that the polar izat ion in vivo 

is not due to Brownian motion. He m e a s u r e d the polarizat ion of cabbage 

chloroplas ts from 3 to 35 C and found that the polar izat ion was constant 

within the exper imenta l e r r o r s (p = 0.001). However, if the lowering of 

p is due only to energy migra t ion , the calculated value of 20 to 40 t r ans f e r s 

from the m e a s u r e d p value s eems to be too smal l compared with other e x -

58 
p e n m e n t a l and theore t ica l findings. Teale , by adding f luorescence 

quencher m-din i t robenzene to Chlorel la and measur ing its effect on the 

f luorescence excitation spec t ra and yield, calculated the average number 

of energy t r ans fe r s between Chi a molecu les , before the energy is quenched, 

to be 275. This calculation is done without the assumpt ion regard ing the 
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64 
mutual or ientat ion of the pigment molecules . Bay and P e a r l s t e i n , 

o 
using as a model for the photosynthetic unit a sphere of r ad ius 74 A 

with 400 Chi a molecu les a r r anged randomly and a t r ap in the center of 

the sphere , calculated the mean number of jumps in a random walk, before 

it r e a c h e s the t r ap , to be 130. In both calcula t ions , the F b r s t e r m e c h a n -

65 
ism of energy t r ans fe r was a s sumed . If a s t ronger in teract ion between 

the Chi molecu les is a s sumed , then the number of jumps w i l l be much 

l a r g e r . Hence, if the chlorophyll molecules a r e randomly or iented within 

the chloroplas t , the m e a s u r e d polar izat ion of f luorescence should be much 

57 
lower than that obse rved . Weber explains this d i sc repancy by pointing 

out that the chlorophyll in the chloroplas t may be a r r a n g e d in a par t ia l ly 

random fashion and the calculated value for energy mig ra t ion is the m i n i -

59 mum value. Lavore l , however, bel ieves that the d i sc repancy may be 

due to Chi ji molecules in sys tem I being or iented with r e spec t to one 

another so that the f luorescence for sys tem I is not depolar ized . Although 

he repor ted that p at 720 nm is higher than that of p at 685 nm, his m e a s u r e -

60 
m e n t s may not be c o r r e c t a s mentioned before Goedheer, on measu r ing 

a randomly or iented sample of Chlore l la , could not find any increased p at 

63 
720 nm. Cede r s t r and and Govindjee showed that p has a value of 0 .054 

in isolated photosystem I from spinach; this value is c lose to the p value 

found for whole ce l l s . It does not seem that the chlorophyll molecules in 

sys tem I a r e highly or iented with r e spec t to each o the r . However, this 

does not prove that the re a r e no or iented pigment s y s t e m s within the 

ch lorop las t . 
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The mos t widely quoted evidence that there a r e or iented pigments 

within the chloroplast ' a r e the exper iments of Olson, Jennings and 

Butler . Using a polarizing microscope , they found that on viewing 

a single chloroplast on its edge with unpolarized 436 Hg light, the f luores -
i 

cence intensity is g rea t e r in one polarizat ion than in the other. The 

fluorescence emiss ion spec t rum has a peak of 720 nm. These r e su l t s 

do not prove that the pigments a r e or iented with respec t to each other 

within the photosynthetic units but only that the pigments a r e or iented with 

r e s p e c t to the chloroplas t . The edge view but not the face view of the 

chloroplast shows difference in f luorescence intensity in ei ther polar izat ion. 

These exper iments can be in terpre ted to mean that there a re pigments on 

the edge of the chloroplast which can accept energy from other pigments 

and a r e spaced far apar t though oriented paral le l to each other due to some 

70 
s t ruc tu ra l regula r i ty of the chloroplas t . The claim by But le r_e taL that 

the C h l ^ in vivo which absorbs at 680 nm is or iented and is responsible 

for the f luorescence band at F720 nm has three weaknesses . F i r s t , Cho 

71 
and Govindjee have shown that Chi a which absorbs at 680 nm f luoresces 

mainly at 685 nm not at 720 nm. Second, no d ichroism is found when the 

face view of the chloroplast is examined even though Chi a 680 is present . 

Third, Chi a 680 const i tutes about half of the Chi a in the chloroplast ; if 

a high dichroic rat io is observed at 695 nm, one should also see a high 

d ichro ic ra t io at the Soret band but this is not observed . In conclusion, 

the exper iments of Olson, Jennings and Butler show that there a r e pigments 

located at the edge of the chloroplast which a r e oriented in one position 

re la t ive to the chloroplas t s t ruc tu re , but this is not a pro'of that neighboring 
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chlorophyll molecules within the photosynthetic unit are oriented with 

respect to each other. 

Although a partially random orientation of the chlorophyll molecules 

within the chloroplast could explain the discrepancy between the number of 

energy transfers before the energy is trapped calculated from p and that 

calculated from other experimental and theoretical findings, the existence 

of few isolated chlorophyll-protein complexes in the chloroplasts could 

also explain the discrepancy, this possibility has never been considered in 

the past. Let us first assume that for every one hundred chlorophyll 

molecules in the photosynthetic unit, three or four chlorophyll-protein 

molecules are isolated from the photosynthetic unit and they do not do any 

useful photochemistry. If one also assumes that these chlorophyll-protein 

molecules have the same fluorescence yield as the chlorophyll in the 

photosynthetic unit and that each chlorophyll-protein complex contains only 

one or two chlorophyll molecules so that there is very little energy 

migration within the complex, the polarization of fluorescence from these 

complexes will be high. Although their absorption crossection is assumed 

to be only 4% of that of the photosynthetic unit, they will still contribute 

a value of 0. 04po to the overall polarization measurement (p is the in

trinsic polarization of fluorescence of an isolated molecule). For Chi a 

molecules, p is measured to be 0 20 when excited at 630 nm. The p due 

to the assumed 4% loose chlorophyll-protein complexes would be 0 .01. It 

is probable that the polarization of fluorescence of Chi a in vivo is due to 

these isolated chlorophyll-protein complexes if they exist in the chloroplast. 



21 

55 Experiments by Arnold and Meek show that extracted chlorophyll-protein 

complexes have a p value of 0. 16, a value much higher than that measured 

56 in vivo. Weber also showed that micellar extracts of cabbage chloro-

plasts have a tenfold increase in the polarization of fluorescence. However, 

whether there exist isolated chlorophyll-protein complexes in the chloro

plast is an open question. One would expect a plant to maximize its photo

synthetic efficiency, and thata four or greater percent " loss" is unlikely. 

At any rate, there is no experimental evidence that can answer this ques

tion. 

If we assume that there are no isolated chlorophyll-protein complexes 

within the chloroplasts, then the measured p is due to the retention of the 

"memory" of the initial polarization as energy migrates about a partially 

random system of chlorophyll molecules. Since the extent of energy 

migration is greater when all the reaction centers are closed than when 

they are dpen, we ask how is the polarization affected? The polarization of 

fluorescence will or will not be affected depending on the mechanism of 

energy transfer from a chlorophyll molecule to another chlorophyll molecule. 

As yet, the mechanism by which excitation energy is transferred 

within the pigment system to the chemical reaction center is still con

troversial . It is generally agreed, however, that the mechanism of energy 

transfer from accessory pigments like phycocyanin to Chi a_ is that of 

resonance energy migration, a theoretical mechanism of energy transfer 

65 developed by Fbrs te r , this is supported by the temperature dependence of 

72 the energy transfer from phycocyanin to Chi a in vivo (Cho and Govindjee ). 
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The exact mechanism of energy t rans fe r between Chi a molecules in vivo 

is not yet known. Energy migra t ion by means of diffusion of molecules can 

r% 7 ^ 

be ruled out because energy can reach the react ion center even at 1 K. 

Energy migra t ion can occur by means of e lec t rons and holes in conductance 

bands as in photoconducting c r y s t a l s . However, as pointed out by 
74 

Rabinowitch, the absorpt ion spect rum of the chloroplas ts does not show 

an absorpt ion band which supports the existence of a conductance band; the 

absorpt ion band in vivo is c lose r to that of Chl_a in solution than that of 

c rys ta l l ine Chi a. It has been suggested that the e lec t rons and holes could 

mig ra t e by "tunneling" from one chlorophyll molecule to another to the 

75 
react ion cen te r . (Recently Floyd, Chance and DeVault have found evidence 

for the "tunneling" of e lec t rons in the ch lo rop las t s . At 77 K, they found that 

e lec t rons can "tunnel" from a cytochrome to the react ion center of sys tem 

76 
II .) Exper iments by Arnold and Maclay on dried chloroplasts and expe r i -

77 
men t s by McCree on the photoconductivity of chlorophyll on monolayers show 

that the charge t r ans fe r p roces s is not efficient enough to be the main mechan

ism for energy t r ans fe r within the photosynthetic units in the chloroplast . 

The only remaining possibi l i ty is that it is the excitation energy that 

is t r ans f e r r ed . Excitation energy can be t r ans fe r r ed via the t r iple t state 

o r the singlet s t a te . The t r ip le t migra t ion can be ruled out from the flash 

78 photolysis exper iments by P o r t e r and S t rauss They could not find 

absorbance change down to 0. 5% due to t r i p l e t - t r i p l e t absorption in vivo• 

Hence the fraction of chlorophyll molecules in the t r ip le t state is too smal l 

to implicate the excited t r ip le t s tate as the mechan i sm of energy t ransfer 

to the reac t ion center . The m o s t reasonable mechanism for energy t ransfe r 
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within the photosynthetic unit s eems to be the migra t ion of the excited singlet 

74 79 
state (also see Rabinowitch ' ). 

For energy to mig ra t e , some interact ion must occur between the 

excited and unexcited molecules . The interact ion energy a r i s e s from 

80 
coulombic interact ion between e lec t rons and nuclei of one molecule with 

those of another and can be r ep resen ted by a sum of mult iple in terac t ions . 

Because the e l ec t r i c dipole in terac t ion is much s t ronger than the higher 

multipole interact ion, the higher mult ipole contribution to energy t rans fe r 

3 
is general ly ignored. However, Robinson points out that these higher pole 

t rans i t ions may be important in ca ses in which two dipoles a r e mutual ly 

perpendicular to each other . Assuming e lec t r i c dipole in teract ions only', 

81 
th ree cases of energy t r ans fe r , which F b r s t e r has designated as "s t rong 

coupl ing," in te rmedia te coupling" and "weak coupling", can occur . A 

detailed quantum mechanical der ivat ion of the three cases has been done by 

82 
F b r s t e r . A c lass ica l der ivat ion of the "weak coupling" case has been 

83 
done by Hoch and Knox Hence, only the quali tat ive resu l t s will be d i s 

cussed here . The distinction between the three types of energy t r ans fe r is 

the s t rength of the interact ion of neighboring molecules . The t ransfe r is 

designated as '.'strong coupling" if the in teract ion energy between two m o l e 

cules is g rea t e r than that between the e lec t ronic and the nuclear motions 

within the individual molecu les . The t rans fe r of excitation between the two 

molecules is so fast compared to the nuclear vibrat ions that the excitation 

may be regarded as delocalized over the two molecules . In c rys t a l s where 

this type of energy t r a n s f e r is known to occur , the absorption spect rum is 

considerably different from that of an individual molecule . This difference 
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is due to the splitting of the electronic! levels due to the strong interaction 

energy. The absorption spectrum of Chi a in vitro is very similar to the 

absorption spectrum of Chi .a in vivo. This indicates that the energy transfer 

in the chloroplast is not of the "strong coupling" type. Hence the problem 

is to decide whether the transfer is of the "intermediate coupling" or the 

"weak coupling" type. 

In the "intermediate coupling" case, the intermolecular interaction 

is less than the intramolecular interaction between electronic and nuclear 

motion. The interaction energy is not so great as to cause a distortion 

in the absorption spectra but it is great enough so that the excitation is 
1 i 

still delocalized and the system can be described by stationary vibronic 

84 exciton states. Robinson assumed that energy transfer is by delocalized 

excitons and calculated that the excitation energy can spread over a two 

dimensional aggregate the size of the photosynthetic unit in a time that is 

about 1,000 times faster than the lifetime of the singlet state of chlorophyll 

in the photosynthetic unit. To account for the fluorescence yield at low in

tensities when all the reaction centers are open, Robinson calculated that 

the trapping efficiency per encounter with the reaction center is about 1%. 

In this case, the excitation energy will have an equal probability of being 

in each chlorophyll molecule in the photosynthetic unit. This probability 

will be the same independent of whether the reaction center is open or 

closed. It follows that each molecule in the photosynthetic unit will have 

an equal probability of emitting a photon regardless of the state of the 

reaction center. 
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In the "weak coupling" case , the interact ion between two molecules 

is much l e s s than the in t ramolecular interact ion between e lect ronic and 

nuclear motion. Under these conditions, t he rma l equil ibrium is established 

in the excited vibrat ional level before the excitation is t r ans f e r r ed . Here we 

can r ega rd the excitat ion as t empora r i ly localized on a single molecule 

before it is t r a n s f e r r e d . In the photosynthetic unit, if the energy is t r a n s 
it* 

fer red by the "weak coupling" case , the excitation can be visualized as a 

sequence of uncorre la ted individual t r ans fe r p r o c e s s e s ("random walk" or 

"Brownian mot ion") . Because the t ime needed for an excitation to r e a c h the 

t r ap is much longer than that of the " in te rmedia te coupling" case , the r e 

action center is a s sumed to be i r r e v e r s i b l e . In this "weak coupling" case , 

the number of molecules that the localized exciton vis i t s will depend upon 

the l ifet ime of the localized exciton. If the react ion center is open, the 

number of molecules that the localized exciton vis i t s is sma l l e r than if 

the react ion center is closed. 

Polar iza t ion of f luorescence can be used to dist inguish between 

these two possible mechan i sms of energy t r ans fe r among the chlorophyll 

molecules in the photosynthetic unit. As mentioned before, in the mechan

ism in which the Aexcitation is delocalized over the photosynthetic unit, the 

excitation has an equal probabi l i ty of being in each molecule within the 

unit r e g a r d l e s s of whether the react ion center is open or closed. Hence, 

f luorescence will come from the same chlorophyll molecules r e g a r d l e s s of 

the state of the react ion cen te r . The polar izat ion of f luorescence will be 

the same with the react ion center open or closed. In the mechanism in 

which the excitation is localized and energy m i g r a t e s by means of random 
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hopping, the number of molecules that are visited by the excitation when 

the reaction center is closed is greater than when the reaction center is 

open. It follows that more molecules are involved in fluorescence when the 

reaction center is closed. If the molecules are arranged in a random 

fashion, the fluorescence will be more depolarized if more molecules are 

involved. The polarization of fluorescence of units with closed reaction 

centers should be lower than those units with open reaction centers. If the 

polarization of fluorescence changes on changing the state of the reaction 

* 
center, then the excitation could b e said to be transferred by a hopping 

process. If the polarization of fluorescence does not change on changing the 

state of the reaction center, then the excitation is transferred by means of 

a wave packet. To resolve this question, we have very carefully measured 

the polarization of fluorescence when most of the reaction centers a re open 

and when all the reaction centers are closed. Our results (Chap. IV) 

indicate that the excitation energy is transferred by the hopping process. 

E. DELAYED LIGHT EMISSION (DLE) AND THE REACTION CENTER 

The state of the reaction center, whether it is open or closed, 

not only changes the fluorescence yield but also changes the yield of DLE. 

Hence the study of delayed light is important because it is another measur

able parameter one can use to study the nature of the reaction center. 

85 Delayed emission was discovered by Strehler and Arnold in 

1951 when they found that Chlorella gave off a very dim light minutes after 

the incident light was turned off. Further experiments showed that this 
86,87,88 

delayed emission had the same emission spectrum as that of fluorescence. 
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This proves that delayed emission comes from the singlet excited state 

and not the triplet excited state. Subsequent experiments by other workers 

have revealed many other properties of this delayed emission. Delayed 

light originates mainly from photosystem II. Proof of this comes from the 

87 88 action spectra of delayed light ' and from the fact that Scenedemus 

or Chlamydomonas mutants which lack photosystem II have negligible delayed 

emission and those lacking in photosystem I have a delayed emission com-

88 89 
parable to that of normal cells. ' Delayed light may be a two-quanta 

90 

phenomena. Jones has shown that in the time range of 140-2 50 milli

seconds after the excitation flash, the integrated signal is proportional to 

the square of the excitation intensity if the algae are kept in the dark for a 

long" time. Delayed emission persists even at liquid nitrogen tempera-

91 ture. Delayed emission has a very complex time decay and is affected 

92-99 by the addition of chemical poisons which affect the reaction centers. 

The time decay does not follow first order kinetics. Qualitatively, the time 

98 
decay has a fast decaying component in the millisecond region and 

slow components lasting up to minutes. No quantitative explanation has 

been published for time course of this phenomenon. 

Many theories have been evolved to explain the cause of delayed light 

emission. In Arnold and Azzi's solid state model, photosystem II is 

divided into two regions, one containing Chi a only and one containing Chi b 

only. Each region has its own reaction center. Energy absorbed by 

Chi b is transferred to a reaction center where a photochemical reaction 

taken an electron from water and transfers it to the semiconductor band of 

Chi b in the bulk. Energy that is absorbed by Chi a is transferred to another 
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react ion center where a photochemical react ion takes an e lect ron from the 

chlorophyll and t r ans fe r s it to an electron t r anspo r t chain. This react ion 

leaves a hole in the semiconductor band of Chi a which can migra te about 

the Chi a pigment sys tem. There is a smal l probabil i ty that the e lec t ron 

from the Chi b pigment sys tem can recombine with the hole in the Chi a 

pigment sys tem at the interface. The recombinat ion of the e lect ron and 

hole will produce an excited chlorophyll molecule which then gives off 

a photon which is seen as delayed light. There a r e many objections to 

this pa r t i cu la r model of Arnold and Azzi . The b lue -g reen alga Anacys t i s , 

which lacks Chi b whose exis tence is vital to the above model, has m e a s u r 

able delayed emiss ion . This objection can be c i rcumvented by giving 

phycocyanin the role played by Chi b_. The exis tence of two react ion 

cen te rs for system II plus the react ion center for system I in Arnold and 

Azz i ' s model implies that t h r ee quanta a r e needed to t ransfe r an e lec t ron 

from water to NADP ; this impl ies a minimum quantum requi rement of 12 

per oxygen evolved. New m e a s u r e m e n t s have confirmed that young 

102 
Chlore l la cel ls can evolve oxygen with only 8 quanta of light. 

103 In a model s imi l a r to that of Arno ld ' s , Be r t s ch postulates that 

photosystem II cons is ts of a pigment system with no separat ion of Chi a 

and Chi b and of a single react ion centei but one with two dist inct trapping 

s i t e s . The t rapping s i tes a r e s imi l a r to Arno ld ' s two react ion cen te r s in 

that one site oxidizes water leaving an e lec t ron in the react ion center and 

the other site reduces the f i rs t in termedia te in the e lec t ron t r anspor t chain 

leaving a hole in the react ion center . The resu l tan t e lec t ron and hole in the 

react ion center a r e free to m i g r a t e . A coll ision of an e lec t ron and hole 
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which resu l t s in an excited chlorophyll molecule , will give r i s e to delayed 

emiss ion . The same objection applies to this model in that the minimum 

predicted quantum requi rement for a molecule of oxygen in this model is 

102 
twelve while the m e a s u r e d quantum yield is eight. 

45 
Other inves t iga tors , notably Clayton, have postulated that delayed 

light is due to a recombinat ion of the f i rs t oxidized product (Z ) and the f i rs t 

reduced product (Q ) following a photochemical react ion in photosystem II. 

+ 
The energy from the recombinat ion of Z and Q can be used to excite a 

chlorophyll molecu le . The resul tant f luorescence from the excited singlet 

chlorophyll molecule is the detected delayed light. As pointed out by 

88 
Lavore l , this theory has a se r ious weakness in that the excited state of a 

chlorophyll molecule r equ i re s 1. 8 ev. F r o m the m e a s u r e d ox ida t ion- re -

duction potential of Q , Lavorel calculated that only 1.0 ev may be avai l 

able for such a back reac t ion . This model cannot explain why the delayed 

light emiss ion should vary with the square of the incident light as measured 

90 88 
by Jones . Lavorel has proposed a model in which t r iple t state is an 

in termediate s ta te . It can be ei ther formed d i rec t ly from the singlet a t the 

+ 
t r ap , or from the back react ion of Q with Z . The two t r ip le ts can then 

combine to give one singlet . Lavore l did not make quantitative predict ions. 

Independently of Lavorel and in collaborat ion with W. Stacy, C. 

Swenberg and Govindjee, the author has formulated a detailed model 

which also r emoves the difficulties faced by o ther mode l s . We feel the 

overa l l p rocess resul t ing in delayed light emiss ion is as follows. After a 

photon is absorbed by the chlorophyll in photosystem II, the energy can be 

lost by radia t ionless decay or by f luorescence . Most of the energy, however, 
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can migrate to a reaction center. At the reaction center, the excitation 

energy may either be used for an oxidation-reduction reaction or it may be 

lost by fluorescence or internal conversion, or it may undergo intersystem 

crossing and populate a triplet state o'f the trap. This triplet exciton can 

then migrate into the chlorophyll bulk pigment where it can either decay by 

radiationless transition or it can undergo fusion, and produce an excited 

singlet state. The resultant emission from the singlet state is the observed 

delayed light emission. We also assume that the triplets can be produced 

at the reaction center by a chemical back reaction between the primary 

oxidant (Z ) and theprimary reductant (Q ). We feel that although this 

chemical back reaction does not have enough energy to populate the singlet 

state, it does have enough to populate the triplet state. This model does not 

require two trapping centers as do models which involve electron and hole 

recombinations and hence is more consistent with quantum yield measure

ments of oxygen. 

Our model can also explain fhe complex time decay kinetics of the 

delayed light. Schematically, our model can be seen as; 

at 
nr 

Trap 
excitation 

l l 
Chemical 
potential 

where S = the excited singlet state 

T = the excited triplet state 

a = radiative rate constant for the singlet state 
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at = non-radiative rate constant nr 

q = rate of energy stored as chemical potential 

k = rate of intersystem crossing 

q = rate of chemical back reaction multiplied by the concentration 
of the primary oxidized product and the primary reduced 
product 

V = rate of recombination of the triplet 

/3 = rate of radiationless decay of the triplet 

To facilitate the solving of the rate equations, we will first assume 

that q = 0; this assumption is valid at low light intensities and at times 

shortly after the incident light is turned off. The three rate equations for 

our model can be written as : 

dn ? 

j ~ = - (a + a )n + jY n* + G(t) (9) 
dt r nr s 2 T 

Tf = "nv "« " tal + k>X' "nr = C(N"X) ( 1 0 ) 

dt nr s J. nr 

d n T 2 

where G(t) = rate of' populating the singlet 

n = singlet exciton population density s 

n =; triplet exciton population density 

' X = density of excited trap molecules 

N = density of trap molecules 

C = constant 
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The three coupled differential equations cannot be solved in a 

-3 -5 
closed form. At t ime t, approximate ly 10 to 10 s e e s , which is long 

-9 
compared with normal f luorescence decay t ime of about 10 seconds 

(t << at + a ,' .k + q , ) , the fas ter response t i m e s of n and X compared to 
r nr u r s c 

that of n allow us to make the following assumpt ions : 

(12) 

(13) 

(14) 

where t = 0 is se t at the instant when the excitation light is shut off. 

Under conditions which allow us to a s sume q = 0, N >> X 

dn 7 
T =-lrnZ, - fin- (15) 

dn 
s 

dt 

dx 
dt 

G(t) = 

= 0 

~ 0 

= n (0)6 (t) 

dt 

where ' £ = 1 - £•(! - 4) ( 
2 * " ' * k+q2 

at 

4 = a + a 
r nr 

Equation 15 can be solved with the initial condition n (0) = n 

=s constant . The solution is • 

To 

n- (t) ? .' (16) 

( tm T o + 0) exp {fit) - xr.nTo 

The DLE produced by t r ip le t exciton fusion i s : 



F(t) = J V * n£ (t) 

Hence we get: 

F(t) = 
fi2F' 

o 

w»\ exp (fit) -
% Y ] '"I 

where F = F(0). 
o 
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(17) 

(18) 

"# 

Note that the above equation is derived for delta function light excitat ion. 

F o r excitation with rec tangula r pulses of light, we have; 

%(t) = k I 
fi " rn CI" 

To (19) 
-T (5Vn T o + 0) exp (fit - fia) - f c V n ^ 

where t = 0 is the instant that the excitat ion pulse is shut off and t = T 

is the pulse length. Integrat ing equation 19 and using equation 17, we have: 

r / t l ^ P _ Y-BT+*n (\+%xpQt+gT) - * T 
(AT)2 L U-H?)expOt) - X J 

where ^ 
2 IX, VFn 

4 

(20) 

At incident light intensi t ies so low that 

1/2 
2 1 YFo 

4 
*< fi 

is satisfied, fin„ du To 1 o 
n T ( t ) = - / 3 exp (j3t-0u) 

= n_ exp (-t) + constant (21) 
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so that 

F(t) = F exp (-20t) + constant (22) 

At low light in tens i t ies , the DLE is a simple exponential decay with a decay 

l ifet ime of 1/2(3. 

We have numer ica l ly fitted these t ime dependence of the DLE p r e 

dicted from our model with the experimental data. The DLE in the green 

alga Chlorel la pyrenoidosa has been m e a s u r e d in the range of 1 to 12 m i l l i -

o 
seconds after excitation with light pulses (A = 6328A) of 100 microsecond and 

4. 5 mil l isecond durat ion. F igure 1 shows the theore t ica l and exper imenta l 

t ime dependence of DLE with 100 microsecond flash excitat ion. Note that 

the addition of chemicals., 3-(3, 4 -d ich lorophenyl ) - l , 1-dimethylurea (DCMU) 

and hydroxylamine which affects in a region close to the react ion center , 

changes the ra te constant 1, F r o m equation 18 it can be seen that an in

c r e a s e in Z, implies an inc rease in q}. Thus the data indicates that since 

cel ls with DCMU d e c r e a s e X over, normal ce l l s , the addition of DCMU 

causes a d e c r e a s e in q , the ra te at which the t r ap molecule is chemically 

deact ivated The addition of hydroxylamine to the cell has the opposite 

effect F igure 2 shows the theore t ica l and exper imenta l t ime dependence 

of DLE with light pulses of 4. 5 mi l l i second durat ion. Only in the cases of 

the normal cell and cel ls with hydroxylamine could the theoret ica l curve 

match with the exper imenta l cu rve . The fai lure to fit the DCMU case is due 

to the p resence of the slow build-up component in the decay cu rves . This 

was explicitly left out of the theore t ica l r a t e equation by sett ing q_ equal 

to z e r o . Methyl viologen is a. s t rong e lec t ron accep tor just above the 
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104 
level of fer redoxin . It does not affect the region close to the reac t ion 

center of photosystem II. Hence the addition of methyl viologen to ce l l s 

with hydroxylamine o r with DCMU should not affect the kinetics of the delayed 

light. 

The p resen t theory also p red ic t s that the DLE should vary with the 

square of the intensityof the excit ing light at low light intensi ty. F igure 3 

shows our m e a s u r e m e n t of the dependence of the delayed light intensity 

on the intensity of the excitation light in the 1. 5 to 5. 0 m s e c range . The 

90 
square law dependence r epor t ed by Jones in the 1140 to 250 m s e c range is 

confirmed in the 1. 5 to 5. 0 m s e c range at ve ry low light l eve l s . 

It s e e m s that the t r ip le t fusion model offers a valid a l te rna te explana

tion to that of the e lec t ron hole recombinat ion for the or igin of DLE. How

ever , the exis tence of the chlorophyll t r ip le t state in vivo has not been found 

78 
exper imenta l ly . F l a s h photolysis m e a s u r e m e n t s have failed to show any 

t r i p l e t - t r i p l e t absorpt ion . Phosphorescence from Chi a in vivo has not 

105 
been repor ted . The l a t t e r is not a valid objection against the exis tence 

of the t r ip le t s ta te because the r a t e of in te rna l convers ion could be g rea t e r 

than the ra te of in t e r sys tem c r o s s i n g inside the cel l . F l a s h photolysis 

78 
m e a s u r e m e n t s , a s used by P o r t e r and S t r auss to detect chlorophyll t r ip le t s 

in the chlbroplas t , a r e only sensi t ive enough to reso lve absorbance changes 

down to 0. 5%. A calculation of the t r ip le t exciton densi ty will show that this 

is not sensi t ive enough to detect the t r ip le t s ta te (see Chapter V). At one 

mi l l i second after the excitation light was turned off a typical emiss ion ra te 

8 2 -4 
(F) for Chlore l la was approximate ly 10 photons /cm sec . With Y" "10 

2 -2 
cm / s e c and 4 ~2 x 10 , the t r ip le t densi ty at one mi l l i s econd is 
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Figure 1. Intensity of flash excited delayed emission (labeled 
fluorescence) Versus time for Chlorella pyrenoidosa 
(normal), for Chlorella with 1 0 ~ 5 M DCMU and for 
Chlorella with 10"^M hydroxylamine. Excitation pulse 
is 100 jjisec wide with 50 ^sec r ise and fall time. 
Solid dots are experimental points. Solid lines are 
theoretical curves calculated from the kinetic model 
of tr iplet-tr iplet fusion (see text). (After Stacy, 
Mar, Swenberg and Govindjee. 1"1) 
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Figure 2A. Intensity of square wave excited delayed light emission 
(labelled fluorescence) versus time for Chlorella 
pyrenoidosa (normal), for Chlorella with 10~^M 
methyl viologen and for Chlorella with 10~5M DCMU. 
Excitation pulse is 4. 5 msec with a rise time of 50 
(j.sec. Repetition rate is 25 hz. Solid dots are ex
perimental points. Solid line is theoretical curve 
calculated from the kinetic model of triplet-triplet 
fusion (see text). (After Stacy, Mar, Swenberg 
and Govindjee. 101) 
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Figure 2B. Intensity of square wave excited delayed light emiss ion 
(labelled f luorescence) intensity ve r sus t ime for 
Chlorel la pyrenoidosa with 10"^M hydroxylamine, for 
Chlorel la with both 10"^M methyl viologen and 10"5M 
DCMU and for Chlorel la with both 10"3M hydroxylamine 
and 10" M methyl viologen. (After Stacy, Mar , Swenberg 
and Govindjee. 1 0 1 ) 
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2F 1/2 7 2 
n = ( ' ' ,- - ) " 1 0 cm . If the l ame l l a r a r e a per chlorophyll molecule 

-14 2 
is 2 x 10 cm , then the proport ion of the t r ip le t s tate is approximately 

-7 
2 x 10 . The expected change in the absorpt ion spec t rum corresponding 

to the above t r ip le t densi ty is l e s s than 10 . Detailed calculat ions a r e 

presen ted in Chapter V. 

We have tr ied - - although unsuccessful ly - - t o d i rec t ly prove 

the exis tence of the t r ip le t s tate by m e a s u r i n g the effect of a magnet ic field 

on delayed light. It has been shown that in c rys ta l l ine anthracene and 

t e t racene , the delayed f luorescence produced by t r ip le t exciton fusion is 

106 
sensi t ive to a magne t ic field. Within the l imi ts of exper imenta l a ccu racy 

(2%), we found no changes in the intensity of DLE with fields as high a s 

107 
18 ki logauss . It has been theore t ica l ly shown by Merr i f ie ld that the 

r e a s o n why the magnet ic field affects the intensity of the DLE in anthracene 

and te t racene c ry s t a l s is that the magnet ic field affects the probabil i ty that 

a pa r t i cu la r coll is ion between two t r ip le t excitons will r e s u l t in a singlet 

exciton. There fo re , the r e a s o n we did not obse rve any magnet ic effect may 

be due to the low annihilation probabil i ty of the t r iple t to singlet within the 

108 
chloroplas t . The d i rec t proof of the t r ip le t s tate would requ i re a m o r e 

sensi t ive s e a r c h for a magnet ic field dependence of the DLE or a m o r e 

sens i t ive flash photolysis m e a s u r e m e n t . 

In this invest igation, we have extended the DLE m e a s u r e m e n t s to a 

red alga, Porphyr idium cruentum (see Chapter V). We have also explored 

m o r e fully the assumpt ion that the long t ime delayed light emis s ion is due to 

a back react ion of the f i rs t oxidized and reduced products to populate a t r ip le t 
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Figure 3. Logarithmic plot of the intensity of delayed emission 
(labelled fluorescence) intensity versus excitation 
light intensity for Chlorella pyrenoidosa. (After 
Stacy, Mar, Swenberg and Govindjee 101). 
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s ta te in the reac t ion cen te r . Confirmation of these ideas was obtained 

b y ' m e a s u r e m e n t s of f luorescence induction and of chemi luminescence 

and the rmoluminescence ( see Chapter V). 

The deta i ls of the chemica l r eac t ions , at the reac t ion cen te r II, 

leading to oxygen evolution a r e d iscussed in Appendix I. Two new models 

109 110 

as a l t e rna t ives of the models of Joliot_etaL. and of Kokjet al_. a r e 

p resen ted . These models explain all the exis t ing data on kinetics of oxygen 

evolution. 



46 

II. MATERIALS AND METHODS 

A. BIOLOGICAL SPECIMENS AND PREPARATION OF SAMPLES 

Unicellular algae were used in all the experiments performed in this 

study. These algae were chosen because they are well characterized and 

are convenient to prepare for experimentation. They can be grown under 

controlled conditions at all t imes. Their population per unit volume is 

large so that the measured value is an average value of thousands of cells. 

Also they do not lose their activity within the time of experimentation as 

chloroplasts extracted from leaves do. 

The three algae used were the green alga Chlorella pyrenoidosa, 

the red alga Porphyridium cruentum, and the blue-green alga Anacystis 

nidulans. Chlorella pyrenoidosa is spherical in shape with a diameter 

of 5 microns. The chloroplast is cup shaped and occupies more than 

half the cell. The pigments Chi a, Chi b and carotenoids are found within 

the chloroplast. Each cell of Porphyridium cruentum is enclosed in a 
c _ ^ ^ 

gelatinous sheath varying in thickness from a thin membrane to an envelope 

half as thick as the diameter of the cell. The cell diameter has been 

.measured to be 9-68 to 12. 6 microns including the outer sheath. Chloro

plasts of Porphyridium cruentum contain phycoerythrin and also phycocyanin 

instead of Chi b as accessory pigments. Anacystis nidulans is different 

from Chlorella and Porphyridium in that it does not have a chloroplast 

membrane. It has phyaocyanin and allophycocyanin instead of Chi b as 
112 accessory pigments Anacystis has been shown to be cylindrical in shape 

with a mean diameter of 0. 92 (+0 . 01)ji and length of 2.6 7 (+0 . 82)ji. 
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All the algae used in this study were cultured by M r . Alan Stemler . 

The growth conditions and the nutrient media used were pat terned after 

113 
those descr ibed by Govindjee and Rabinowitch. A continuous flow of 5% 

CO- mixed with a i r was used for the growth of Chlorel la and Porphyridium 

while only a i r was used for Anacys t i s . The t empera tu re was held at 18 C 

for the growth of Chlorel la and Porphyridium and at 23 C for Anacys t i s . 

Light for the growth of Chlorel la and Anacyst is was obtained from a 60 watt 

tungsten bulb placed 12 inches away from the algae, while light used for 

the growth of Porphyridium was obtained from two 15 watt cool-white 

f luorescent lamps which were placed 12 inches away from the a lgae. 

To p r epa re the algae for exper imenta t ion , they were spun down 

in a centrifuge at 5000 x g for five minutes , the growth medium was d i s 

carded and the cel ls were resuspended in carbonate-b icarbonate buffer. 

The buffer is used to maintain the CO_ concentrat ion above the value which 

would l imit photosynthesis and to stop the growth of the algae since the 

buffer lacks many inorganic nutr ients n e c e s s a r y for growth. F o r Chlorel la 

and Anacystis , an 85 to 15 mix tu re of 0. 1 mola r solution of NaHCO and 

K_CO (pH, 9.2) was used. F o r Porphyr id ium, the buffer consisted of 16 g. 
Li J 

of NaHCO_, 1. 0 g of Na_CO„, and 15. 2 g. of NaCl per l i te r of water 

(pH, 8 .5) . 

B. ABSORPTION MEASUREMENTS 

Absorbance m e a s u r e m e n t s were made on each algae sample used to 

check the pigment composition of the algae and to adjust the concentrat ion of 

the algae to the par t icu la r absorbance needed for the exper iment . Absorbances 
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were measured on a Bausch and Lomb spectrophotometer, Spectronic 505, 

equipped with an integrating sphere to correct for e r ro r s due to scattering. 

The measuring half band width was 5 nm. 

C. FLUORESCENCE MEASUREMENTS 

Fluorescence measurements were carried out with a spectro-

fluorometer designed and built by Govindjee and Spencer (see ref. 114). 

The instrument is shown in Figure 4. The procedure for measuring 

fluorescence at liquid nitrogen temperature was the same as that described 

71 by Cho and Govindjee. The procedure for measuring fluorescence transients 

115 was the same as that outlined in detail by Munday and Govindjee. 

D. FLUORESCENCE LIFETIME MEASUREMENTS 

The instrumentation for the measurement of fluorescence lifetime 

centers around the mode-locked He-Ne laser . The laser was designed 

and built by Dr. H. Merkelo and Mr S. R. Hartmann of the Electrical 

Engineering Department at the U. of I. 

40 ° 

The mode-locked He-Ne laser emits pulses of 6328 A light with a 

half band width of 1.2 nsec, every 10.22 nsec, as measured by a "PIN" 

diode. A picture of the nanosecond pulse is shown in Figure 5. The 
5 2 

average intensity is 10 ergs per cm per second. Measurement of the 

pulse with a photomultiplier shows the pulse as having a wider half band 

width. This is shown in Figure 6. This shows that the limiting factor in 

measuring fluorescence lifetime is not due to the light source but is due 

to the poor time response of the photomultiplier. 
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Figure 4. Block diagram of the spectrofluorometer. The 
oscilloscope picture of the sloping vertical line on 
the bottom left of the diagram shows the phototube 
signal when the shutter is opened. Horizontal scale 
is one msec /cm. 
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Figure 5 . A photograph of a sampling oscil loscope trace 
showing a mode-locked lase r pulse as monitored 
by a "PIN" diode. Horizontal scale i s two 
nsec /d iv i s ion . 

"•'r^r*' 

Figure 6. A photograph of a sampling oscil loscope trace 
showing a mode-locked lase r pulse as monitored 
by a photomult ipl ier (RCA 7102). Horizontal 
scale i s two nsec /d iv i s ion . 
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The photomultiplier used was an RCA 7102. Its photocathode has 

an S-l r e sponse which is ideal for measu r ing f luorescence from photo

synthetic s y s t e m s . The biasing voltage for the photomultiplier was gene ra l 

ly 1500-1600 vol ts . The photomult ipl ier is shielded from s t r ay magnet ic 

fields by a m u - m e t a l cyl inder . To minimize the t r ans i t t ime spread of the 

32 38 
e lec t rons in the photomult ipl ier , ' the photocathode was covered except 

for an ape r tu re of 5 mm in d iameter at the cen te r . 

F o r d i rec t observat ion of the f luorescence decay with t ime, the a r 

rangement of the ins t rument was s imi l a r to the one shown in F igure 7 

(modified after ref. 40). The incident light from the He-Ne l a s e r is 

par t ia l ly reflected by a mic roscope glass slide which acts a s a beam 

spl i t te r This reflected light exci tes a photomultipl ier , and the resu l t ing 

signal from the photomultipJier acts as a t r igger for the sampling osc i l lo 

scope. The light beam passes through a one cm cuvette , the surface of 

the cuvette facing the incident light is kept perpendicular to the di rect ion 

of that beam. The posiUon of the cuvette is adjusted so that the beam is 

about one mm from the side that is para l le l with the beam. The measu r ing 

photomultiplier is placed perpendicular to the exciting beam. It is placed 

as close as possible to the cuvette and is separa ted only by a red cut-off 

light filter (Corning CS 2-64) which is used to block the sca t te red exciting 

light from reaching the photomult ipl ier . The signal from the photomultiplier 

is amplified by a Tektronic 661 Sampling osc i l loscope . The signal displayed 

on the osci l loscope s c r e e n was r eco rded on Polaroid 3000 fi lm. 

The m e a s u r e m e n t is made in the following way. The pic ture for 

the f luorescence decay of the sample is f i rs t taken. Then without dis turbing 
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Figure 7. Block diagram of the apparatus for the measure
ment of fluorescence lifetimes at 77°K ( modified 
after ref. 40). 
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the biasing voltage in the photomult ipl ier , a sca t t e r ing suspension of 

"chalk" is substi tuted for the biological sample , the red cut-off fil ter is 

taken out and the intensity of the sca t te red light is adjusted so that its 

signal detected by the photomult ipl ier is near ly equal to that of the signal 

due to f luorescence . This is done by using a po la r i ze r placed between the 

cuvette and the l a s e r . Since the beam is polar ized, the po la r ize r ac t s as a 

var iab le intensi ty f i l ter . The signal from the sca t t e red sample is r ecorded 

and this is used as the data for the response of the whole ins t rument . 

F o r d i rec t m e a s u r e m e n t of f luorescence lifetime at liquid nitrogen 

t e m p e r a t u r e , the a r r angemen t of Dr . Merke lo ' s appara tus is as shown in 

F igu re 7. The dewar flask and the procedure for f reezing the cell a r e the 

71 , 117 s ame as that of Cho and Govindjee. ' Instead of using a sca t te r ing 

sample of "chalk" to moni tor the photomultiplier r e sponse , the sca t te red 

light from the sample itself was used. The wavelength of excitation was 

o 
6328 A as in other expe r imen t s . 

The optical a r r a n g e m e n t of the ins t rument for the phase shift 

m e a s u r e m e n t s is exactly the s a m e as that for d i rec t decay m e a s u r e m e n t s . 

Since the mode-locked He-Ne l a s e r emi ts pulses of light every 10.22 nsec , 

no ex terna l modulator is needed to modulate the light. The signals from the 

re fe rence and the signal photomultiplier a re passed through a 100 Mhz 

e lec t r i ca l filter into a phasemete r (Hewlett Packard Model 8405A Vector 

Vol tmete r ) . The phasemete r compare s the phase difference between the 

re fe rence signal and the f luorescence signal and produces a voltage output 

that is proport ional to the phase difference. The voltage output is then fed 

into a char t r e c o r d e r and the phase difference is r ecorded . The phasemeter 
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can m e a s u r e voltage of e i ther the re ference signal or the f luorescence 

signal at the same time as it m e a s u r e s the phase difference. F i r s t , the 

sample f luorescence is measured, then the sample and the red cut-off 

fil ter a r e removed. A chalk suspension is then placed in the same position 

as the sample without changing any adjustment of the ins t rument . The 

pola r izer is used to adjust the intensity of the l a s e r so that the sca t te red 

light intensity equals that of the f luorescence light intensity measured 

previously. The phase difference as m e a s u r e d by the phasemeter is set 

near z e r o . The signal recorded on the char t r e c o r d e r will act a s the 

base l ine . The chalk suspension is then removed and the sample suspension 

and the fil ter a r e replaced . The resul t ing phase difference signal is then 

recorded by the char t r e c o r d e r . 

The cal ibrat ion of the phase shift appara tus was checked in two ways. 

The f irst method was by using the appara tus to m e a s u r e the velocity of 

light. F i r s t the phasemete r was set at ze ro by using a sca t te r ing suspension. 

The distance between the sca t te r ing suspension and the l a s e r was marked . 

This distance was then var ied and the resul tant change in the phase was 

recorded . Since the change in phase is re la ted to the change in t ime by 

A 4 = 360°f At (23) 

where f is the pulse frequency 

At is the change in t ime 

A^ is the change in phase in degrees 

A t = ^ - (24) 
c 

where Ad is the change in distance 
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c is the velocity of light 

Combining equations 23 and 24, we get: 

c = 360°f ~- (25) 

A r\ 

where . is the slope calculated from the experimental values plotted 

in Figure 8. Since ~ - is calculated to be . 8210 cm/degree and f is 
A? 

measured to be 102.207 Mhz, the velocity of light is measured to be 

3.02 x 10 cm/sec This value differs from the standard value for the 

velocity of light (2. 997 x 10 cm/sec . ) by less than 1 %. The second method 

of checking the calibration of the phase shift apparatus is by measuring the 

fluorescence of Chi b in ethyl ether with values obtained by flash excitation. 

The lifetime of Chi b measured by the phase method is 3.87 +0.005 nsec. 
42 This is in good agreement with Brody's value of 3.9 + 0.4 nsec. 

One cause of systematic e r ror that we cannot eliminate completely 

is the phase dependence on the wavelength at which the fluorescence emission 

38 is detected. MUller et al. have reported differences of 1. 5 nsec in 

fluorescence lifetimes of Chi a in vitro when measured with 682 nm 

scattered light and 450 nm scattered light as the reference. Their measure

ments show that the e r ro r becomes larger as the spectral difference between 

the wavelengths of the scattering light used as reference and the wavelength 

of fluorescence increases. Since the He-Ne laser emits only one frequency 

of light, we cannot correct exactly for this type of e r ro r by using the same 

wavelength of the scattered light as the fluorescence. Assuming that 

methylene blue has a constant lifetime over its whole fluorescence spectrum, 

the difference in phase when measured at different fluorescent wavelengths 

was used as the instrumental e r ror . 
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[ 

Figure 8. The change in phase versus the change in the distance 
of the scattering sample from the laser . 
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E. POLARIZATION OF FLUORESCENCE MEASUREMENTS 

The appara tus to m e a s u r e the polar izat ion of f luorescence was 

a s sembled by the author ; it was designed to e l iminate sys temat ic e r r o r s in 

the m e a s u r e m e n t . Theore t ica l ly only two m e a s u r e m e n t s a r e needed to ob-

F 
tain the polar iza t ion - - one is the f luorescence (,, ,, ) that is polar ized in the 

same direct ion as the incident light and that is given off in a d i rec t ion p e r 

pendicular to the d i rec t ion of the incident light; the o ther is the f luorescence 

(,, F x ) that is polar ized perpendicular to the polar izat ion of the incident light 

and that is a lso given off perpendicu la r to the d i rec t ion of the incident light. 

As shown in F igure 9, the polar izat ion of the incident light is perpendicular 

both to the d i rec t ion of observa t ion and to the di rect ion in which the beam is 

t r ave l l ing . The polar iza t ion of f luorescence , as mentioned in the i n t r o 

duction, is defined a s : 

11*11 " ll *_L 
P = F + F (8*) 

ii r ii ii r j . 

The sys t ema t i c e r r o r s in m e a s u r i n g p come mainly from in s t ru 

men ta l fac tors which may se lec t ive ly t r a n s m i t one polar iza t ion m o r e than 

another . If the po la r i ze r is not mounted perfect ly, a rotat ion by 90 m a y 

e i the r tilt the po l a r i ze r very sl ightly to one side or m a y offset the po l a r i z e r 

from the center of the light path. These e r r o r s can eas i ly be detected by 

watching the ref lect ion of a l a s e r beam from the face of a po l a r i ze r ro ta te 

in a smal l c i r c l e as one ro ta t e s the po l a r i ze r . This will cause light of one 

polar iza t ion to be t r ansmi t t ed m o r e than another . The cut-off colored 

f i l t e rs t r an smi t the light of one polar izat ion m o r e than the o ther if they 
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a r e not perfectly perpendicular to the incident light. The photomultiplier 

118 
has been found to respond differently to the light of different polar iza t ions . 

Other sys temat ic e r r o r s in measu r ing p have been d i scussed in detail 

by Weber. 

To overcome these sys temat ic e r r o r s , we made two other m e a s u r e 

ments in addition to l l F l l and ,,Fj_. We m e a s u r e d the intensity of the 

f luorescence with polar izat ion pa'rallel (jF,,) and perpendicular ( J F J ) to that 

of the incident light except that the polar izat ion of the incident light was 

now rota ted by 90 so that it was paral le l to the direct ion of observat ion of 

the f luorescence but sti l l perpendicular to its own path. This is shown in 

F igure 9. Geomet r i ca l ly , one can eas i ly see that ^F, , mus t be equal to 

j_Fj_ because the polar izat ion of the incident light is perpendicular to both 

, F n and , F , , and the re is no r ea son why f luorescence polar ized in one 

di rect ion should be different from f luorescence polar ized in another d i r e c 

tion. Any m e a s u r e d differences then mus t be due to ins t rumenta l factors 

The rat io , ? , , / , ? , can be used to c o r r e c t for the e r r o r in measu r ing ,,Fj_. 

Applying this cor rec t ion factor to the definition of p, we have: 

l l F l l X " l l F t ( TT ) F , 

P = Ti^ <25> 
" -L.* J . 

Rear rang ing the equation, we have: 
F F 

II ' i . II 1 -<-=-) (-J-) 
n * i i i * j . 

P = £ = (26) 
II * ! I * II 

1 + < - = - ) ( - ? - ) 
11*11 I * i 
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We designed the instrument so that it could measure iF|,/„F,, 

and tiF{/,F,. To measure j F , , / , ^ , , , we changed the incident light every 

few milliseconds from one with one polarization (I,,) to another with the 

perpendicular polarization (I,). The resultant fluorescence signal nF,, 

and ,FM was measured with its polarizer fixed at one polarization. Since 

both fluorescence signals are measured exactly the same way, systematic 

e r ro r in the measurement will be exactly the same in both cases. By 

measuring ) IFI) and ,FI( within a short time, we eliminated long time e r ro r s 

such as light intensity fluctuations and changes in fluorescence. To reduce 

the random noise of the photomultiplier, the fluorescence signal was stored 

in a computer of average transients (CAT), Model 400 C manufactured by 

Mnemetron Division of Technical Measurements Corp. The CAT was bor

rowed from the laboratory of Prof. C. L. Prosse r . As continually succes

sive signals are added, the CAT averages out the random noise. By 

turning the fluorescence polarizer 90 to that of the above measurements, 

we measured UF, and ,F, exactly as before Again, since both fluorescence 

are measured exactly the same way, the systematic e r ror will be exactly 

the same in both measurements. By taking the ratio of ,,F, and ,F, , 

the systematic e r ror should cancel. Hence, having the ratio ,FM /MF,, 

and n F , / , F , , we can calculate p from a slight rearrangement of equation 

26: , F M „ F , * 
1 - ( =T-)(-=r-) 

11*11 i * j . 

P = (27) 
i F n II F i 

i + ( -T~i ( —p-) 
I I * it J. * i 
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Figure 9. Definition of F . 
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The inst rument assembled to m e a s u r e the polar izat ion of f luorescence 

is shown in F igure 10. P o l a r i z e r A is a nicol p r i s m , 5 mm in c rossec t ion 

obtained from a polar izing m i c r o s c o p e . The p o l a r i z e r s B, C and D a re 

Glan Thompson p r i s m s , 12 mm in c rossec t ion obtained from Karl 

Lambrech t Crys ta l Optics Co. The excitation source is a Coleman Model 

75 He-Ne l a s e r . The l a s e r was placed between a 5000 gauss permanent 

120 
magnet to stabil ize its intensity and polar izat ion di rec t ion. The l a se r 

beam passes through a rota table po la r i ze r A to a beam sp l i t t e r . One 

beam pas se s through polar izer B which is set at a fixed polar izat ion. The 

other b e a m is deflected by two m i r r o r s to po la r ize r C which is set at a 

polar izat ion angle 90 to that of po la r ize r B. The two beams are r e -

combined by another beam spl i t te r and then a r e directed to the sample . 

A mechan ica l chopper is used to a l te rna te the two beams 70 t imes per 

second. The sample sees f i r s t one beam, then a period of da rkness , then 

the other beam, then another period of da rknes s , and then the f i rs t beam 

2 

again and so on. The beam intensity is 550 e r g s / c m sec . This was 

m e a s u r e d with Yellowspring r ad iome te r Model 65. P o l a r i z e r D is used as 

the observat ion po la r i ze r . It is ro ta table and it is m one of two posi t ions. 

Its polar izing angle is e i ther the same as that of po la r i ze r B or it is the 

same as that of polar izer C. A cut-off colored filter (usually Corning 

CS 2-64 unless otherwise specified) is placed in front of the photomultiplier 

to sepa ra t e the f luorescent light from the sca t te red incident light. The 

photomult ipl ier used to detect the f luorescence was an EMI 9558B. It 

is genera l ly biased at 900 volts for low noise opera t ion. The signal 
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Figure 10. Block diagram of the apparatus for the measurement 
of polarization of fluorescence. 
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from the photomultiplier is fed to channel A of a Tektronic 502 oscilloscope 

where it is amplified. The amplified signal is then fed into the CAT. After 

an averaging time of five minutes, the signal is recorded on a printer. 

The recorded signal then was analyzed. Figure 11 shows a typical signal 

recorded by the CAT. Another photomultiplier (RCA 7102) is used to monitor 

the light that is reflected from the front face of polarizer B. This signal 

is passed through a high pass filter into the Channel B of the oscilloscope. 

The high pass filter consists of a 25 mjuf capacitor in series with the photo

multiplier output and a 10 Jl resis tor across the photomultiplier output to 

ground. The amplified signal from the oscilloscope is used as a trigger 

for the CAT. 

F. DELAYED LIGHT EMISSION (DLE) MEASUREMENTS 

The instrument assembled to measure the kinetics of delayed 

emission is shown in Figure 12. (This instrument was assembled by 

W. T. Stacy and the author in the Materials Research Laboratory of the U. 

of I.) A He-Ne gas laser (Spectra Physics Model 115 or Model 130) was 

used as the excitation source. The laser provides a continuous beam of 

° 15 2 

6328 A light with peak intensity of 10 photons/cm sec. A mechanical 

chopper was used to obtain light pulses of 4. 5 msec durations. The algae 

were contained in a thin-wall plastic cuvette to avoid long time decay 

emitted by most glass cuvettes. For the study of decay kinetics it was 

placed between the pole faces of a four inch water cooled electro magnet 

(Varian Model V4004). A four foot quartz light pipe (1/2 inch diameter) 
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Figure 11. Typical fluorescence signals from the output of the 
CAT used to calculate the polarization of fluorescence. 
A, B and C are signals that have been averaged for 
five minutes. D, E and F are another set of signals. 
The fluorescence is measured in a direction perpendicular 
to the direction of the incident light. A is the fluorescence 
intensity of ,F,,. B is the dark baseline. C is the 
fluorescence intensity of ,F , . D is the fluorescence in
tensity of nF,,. E is the dark baseline. F is the 
fluorescence intensity of , ,F,. (See Fig. 9 for definition 
o fF . ) 
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conducts the emitted light from the sample to the photomultiplier. The 

long quartz light pipe was used to place the photomultiplier out of range 

of the stray magnetic fields from the magnet. Magnetic fields greatly 

distort the photomultiplier signal. To further eliminate the stray magnetic 

field, the photomultiplier is covered with many layers of mu-metal. Two 

Corning CS 2-64 filters were placed in front of the photomultiplier to cut 

down stray incident light. Luminescence from the quartz light pipe and 

the cuvette was taken into account by measuring the luminescence without 

any algae in the cuvette and subtracting it from the luminescence measured 

with algae. 

The photomultiplier used was an RCA 7265. The method of gating 

121 
the photomultiplier was that used by De Martini and Wacks. The 

photomultiplier is cut off by holding its first dynode volta>ge negative with 

respect to the cathode. The photomultiplier can be quickly turned on by 

applying a positive square pulse to the first dynode This positive square 

pulse was provided by an externally-triggered pulse generator, General 

Radio Model 1217-C The pulse was amplified and fed into the photomul

tiplier dynode circuit by a low output impedance cathode follower. The 

typical pulse used has a r ise time of 10 microseconds, a pulse height of 

about 200 volts and a pulse length of 15 milliseconds. This allows the 

photomultiplier to turn on in 0. 1 milliseconds. To provide proper syn

chronization, a second He-Ne laser beam passes through the same light 

chopper as that of the excitation beam. The resultant pulses excite a 

photodiode, whose amplified signal, in turn, tr iggers a delay pulse generator 
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Figure 12. Block diagram of the apparatus for the measurement 
of the time dependence and the magnetic field dependence 
of delayed light emission. 
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identical to the gate pulse genera to r . A var iable delay was provided by 

t r igger ing the gate pulse genera tor with the second spike of the differentiated 

output of the delay pulse genera tor The delay was adjusted so that the 

gate pulse genera tor was turned on in 0. 1 mi l l i seconds after the incident 

beam which exci tes the sample was cut off. 

The resul tant photomutliplier signal was amplified by an osci l loscope 

(Tektronic 502). The output was fed into the CAT. Using 400 s torage units 

in 31 .25 mil l isecond sweep, the CAT ave rages out the random noise by s u c 

cess ive signals being continually added. The accumulated contents of the 

m e m o r y units were r ecorded with a p r in te r . 

G. CHEMILUMINESCENCE AND THERMOLUMINESCENCE MEASURE
MENTS 

The method of m e a s u r i n g chemiluminescence was the same as that 

122 f i rs t used by Mayne and Clayton. The ins t rument that was assembled 

by the author to m e a s u r e both chemi luminescence and thermoluminescence 

is shown in F igure 13. The illumination light was provided by a Sylvania 

5 
lamp type DWY. The intensity used for all exper iments was 3. 8 x 10 

2 i l" 

e r g s / c m sec . This was m e a s u r e d by Yellowspring r ad iomete r Model 

65. A one cen t imete r square glass cuvette was used to hold the sample . 

The cuvette was placed in a light tight box in front of the photomultipl ier . 

Two smal l holes were made on top of the box to allow two hypodermic 

needles to extend to the bottom of the cuvette. The photomult ipl ier used 

was an EMI 9558B. The signal from the photomult ipl ier was displayed 

on a Tektronic 502 osci l loscope and was recorded on Polaroid 3000 film. 
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Figure 13. Block diagram of the apparatus for the measurement 
of chemiluminescence and thermoluminescence. 
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The chemiluminescence m e a s u r e m e n t s were made as follows. One 

ml of the sample was placed in the cuvette inside the light tight box. The 

sample was illuminated for ten seconds . Then ten seconds after the i l 

lumination, 0. 5 ml of 0. 2 M succinic acid was injected into the cuvette. 

The shutter between the cuvette and the photomult ipl ier was open. Ten 

seconds after the injection of the acid, one ml of 0. 1 M T r i s (pH, 8. 5) 

was injected. The resul tan t luminescence signal was recorded . 

The thermoluminescence m e a s u r e m e n t s were made in a s imi l a r 

way. One m l of the sample was placed in the cuvette. The sample was 

i l luminated for ten seconds. After a da rk t ime of ten seconds, one ml 

of hot water was injected into the cuvette. The resul tan t luminescence 

signal was then r eco rded . T e m p e r a t u r e was m e a s u r e d with a TRI-R 

e lec t ron ic t h e r m o m e t e r F o r m e a s u r e m e n t s with Chlorel la ce l l s , the 

t e m p e r a t u r e before injection of hot water was 26 C. With c h l o r o p l a s t s , 

the t e m p e r a t u r e was 16 C. The t empera tu re of the hot water injected 

was m e a s u r e d to be 53 C. After 1 ml of the hot water was injected into 

1 ml of Chlore l la ce l l s , the t e m p e r a t u r e was recorded to be 38 C. After 

1 ml of hot water was injected into 1 ml of ch loroplas t s , the t empe ra tu r e 

o 
was r eco rded to be 33 C 
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III. FLUORESCENCE LIFETIME: RESULTS AND DISCUSSION 

A. MEASUREMENTS AT ROOM TEMPERATURE 

The purpose of measuring fluorescence lifetime is to obtain in

formation concerning the fate of the excitation energy after a photon is 

absorbed by the bulk pigment system (also see Chapter I, section C, for 

introduction to this problem). We will show that from the measurements 

of fluorescence lifetime we can calculate the rates and efficiencies of the 

three major ways of deactivation of the excitation energy. Fi rs t we will 

discuss the results obtained by flash excitation.method and then by the 

phase shift method. 

An oscilloscope picture of the excitation pulse from the mode-locked 

He-Ne laser, as monitored by the photomultiplier, is seen in Figure 14. 

This time response curve is used as the time response for the whole instru

ment. Figure 15 shows the fluorescence decay curve of Chlorella with 

-5 10 M DCMU added. The fluorescence decay curve of normal Chlorella 

is shown in Figure 16. The fluorescence decay curve of normal Anacystis 

-5 and Anacystis with 10 M DCMU added were almost identical. Figure 16 

-5 shows the decay curve of Anacystis with 10 M DCMU added. 

Since the decay time of the exciting pulse is close to the fluorescence 

decay time of the algae, it is necessary to take into account the time response 

of the instrument to obtain the true fluorescence lifetime. As mentioned 

32 in the introduction, the convolution integral method can be used to 

deduce the true emission kinetics. Rewriting the convolution integral for 

convenience, we have: 



Figure 14. A photoprapii of a sampling o sc i l l o scope trace 
showing a mode-locked l a s e r pulse as monitored 
by a p h o t o m u l l i p l i e r . h o r i z o n t a l s c a l e i s one 
n s e c / d i v i s i o n . 
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Figure 15. A photograph of a sampling osc i l l o scope trace 
showing the f luorescence decay of Chlorel la 
pyrenoidosa with 10_5M DCMU. Horizontal s c a l e 
i s one n s e c / d i v i s i o n . 



Figure 16. A pnotopraph of a sanplinp, oscilloscope trace 
faliowlnp, the Fluorescence J^cav of nornal 
Clilorelln nyrcnoidoia. Horizontal scale i s 
one nscc/cUvisicin. 

Figure 17. A pnotograph of a sampling oscilloscope trace 
sliowing the fluorescence decay of Anacystis 
nidulans with 10~5M DCMU. Horizontal sca le 
i s one nsec /d iv is ion . 
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F(t) * / G(u) H(t-u) du 
o 

where F(t) is the f luorescence decay curve as viewed by the 

same detecting sys tem as the incident pulse 

G(t) is the t rue t ime course of f luorescence 

H(t) is the exciting light as viewed by the detecting 'system 

The data points for H(t) a r e taken d i rec t ly from the photograph in 

F igure 14. G(t) is a s sumed , as a f irs t possibi l i ty , to be a single exponential 

decay with l i fet ime ranging from 0. 2 nsec to 2 nsec . With these va lues , 

the convolution in tegral is numer ica l ly evaluated to give a s e r i e s of cu rves , 

F(t) , one for each postulated l i fet ime. These calculated decay c u r v e s , 

F(t) , a r e shown in F igu re s 18 and 19-

The exper imenta l f luorescence decay cu rves , shown in F igu re s 

14-16, a r e normal ized at thei r highest intensity of f luorescence and a r e 

plotted in F igu re s 18 and 19 and compared with the calculated F(t) c u r v e s . 

F o r Chlorella with DCMU added, as shown in F igu re 19, the exper imenta l 

decay curve best fits the F(t) decay curve calculated by assuming the 

t rue f luorescence decay has a single exponential l i fe t ime of 1. 8 n sec s . 

The fit is not ve ry good at the r i s ing par t of the curve and at the end of 

the decay. This can be a t t r i bu t ed to the d is tor t ion of the signal by the 

secondary e lec t ron emiss ion at the photomult ipl ier anode. This d is tor t ion 

is c l ea r ly shown in the tail of the decay curve for the flash which showed 

a smal l "second wave" of emiss ion . Because of this d is tor t ion , we cannot 
i 

i 

tell whether or not the re is a longer lived f luorescence component whose 

intensity is about one third that of the main f luorescence component . F o r 
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Figure 18. Time course curves of the scattered laser pulse and 
of the fluorescence of Anacystis nidulans. The dark 
line curves are experimental curves. The light line 
curves are predicted fluorescence curves - - calculated 
numerically by assuming the true fluorescence decay to 
have one exponential lifetime whose values are in
dicated in the figure 
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Figure 19. Time course curves of the scattered laser light and 
of the fluorescence of Chlorella pyrenoidosa. The 
dark lines are experimental curves. The one which 
matches the thoeretical 1.0 nsec curve is the 
fluorescence curve of normal Chlorella. The other 
which matches the theoretical 1. 8 nsec curve is the 
fluorescence curve of Chlorella with 10 M DCMU. 
The light line curves are fluorescence curves cal
culated numerically by assuming the true fluorescence 
decay to have one exponential lifetime whose values are 
indicated on the figure. 
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normal Chlore l la , also shown in F igure 19, the best fit for the exper imenta l 

decay curve is the F(t) decay curve calculated by assuming the t rue f luores 

cence decay to be a single exponential l ifet ime of 1. 0 nsec . As shown in 

F igure 18, the best fit for Anacyst is with DCMU added is the curve ca l 

culated from a single exponential decay with a l ifetime of 1. 0 nsec . These 

r e su l t s show that the main f luorescence band in algae may have a single 

exponential decay. 

Although the exper imenta l f luorescence decay kinetics of Chlorel la 

with DCMU matches the decay curve calculated with the t rue f luorescence 

decay having only one exponential decay component, we want to t es t whether 

it will also match the calculated decay curve if we a s sume that the t rue 

f luorescence decay has two exponential decay components . Let us a s sume 

that when all the reac t ion cen te r s a r e open, the re is no f luorescence from 

the active sys tem II photosynthetic units . In f luorescence t rans ien t s tudies , 

the "0" level of f luorescence co r responds to the condition in which al l the 

reac t ion cen te r s a r e open. This level of f luorescence , if it does not come 

from the photosynthetic unit II, may come from "dead" chlorophyll molecules 

thatare not assoc ia ted with photochemis t ry or from photosystem I. The " 0 " 

level f luorescence yield in Chlorel la has been m e a s u r e d to be about one 

thi rd of the f luorescence yield when all the reac t ion cen te r s a r e closed. The 

f luorescence l ifet ime of " 0 " level has been m e a s u r e d by Br ian ta i s , Govindjee 

51 
and Merkelo , using the phase shift method, to be approximate ly 0 .6 nsec . 

This a g r e e s well with the l i fet ime values at s teady state obtained by 

34 35 
Nicholson and For toul , and Singhal and Rabinowitch using such low light 

in tensi t ies that all the reac t ion cen t e r s r ema in open (the reac t ion cen te r s that 
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a r e closed by a photon of light a r e re -opened by a da rk react ion fas ter than 

another photon can r each the closed react ion cen te r ) . When all the reac t ion 

cen t e r s in photosystem II a r e closed, then there should be two main f luo res 

cence decay t imes - - one due to the photosystem II units when the i r reac t ion 

cen te r s a r e closed and the other due to the composi te lifetime of f luorescence 

from "dead" chlorophyll molecules or photosystem I units. We a s s u m e that 

one decay has an exponential l i fe t ime of 0. 6 nsec which is the composi te 

l i fe t ime of the "dead" chlorophyll molecu le , ' if it ex i s t s , and photosystem I 

units. Its peak intensity is a s sumed to be 33% of the total f luorescence 

intensi ty. We then allow the other f luorescent l ifet ime due to closed photo

sys tem II units to vary from 1.6 nsec to 2 .4 nsecs . Curves calculated with 

two f luorescence l ifet ime components , one with an intensity 33% of the 

f luorescence wLth an exponential decay of 0.6 nsec and the other with an 

intensity 67% of the f luorescence with an exponential decay of 2. 2 nsec , 

2 .4 nsec and 2 6 nsec , a r e shown in F igure 20. The exper imenta l curve 

for Chlore l la with DCMU added does not fit these calculated curves as well 

as the calculated curve with one exponential l i fet ime does . Although this 

r e su l t does not prove that the f luorescence has only one exponential l i fet ime, 

it sugges ts that one exponential l i fet ime at 1. 8 nsec is a bet ter assumpt ion 

than the two exponential l i fet imes at 0.6 nsec and 2 . 4 n s e c s . 

Although the exper imenta l f luorescence decay curve of normal 

Chlorel la matches the calculated decay curve with the assumpt ion of only 

one exponential l i fet ime, we want to fur ther test whether it will also ma tch 

the calculated decay curve with the assumpt ion of two exponential l i fe t imes 

of 0. 6 nsec which cor responds to the l ifet ime when all the react ion c e n t e r s a r e 
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Figure 20. Time course curves of the scattered laser light and 
of the fluorescence of Chlorella pyrenoidosa with 10"5M 
DCMU. The dark line curves are the experimental 
curves. The light line curves are the fluorescence 
curves calculated numerically by assuming the true 
fluorescence decay to have two exponential lifetimes. 
One exponential lifetime is assumed to be 0.6 nsec 
and its fluorescence intensity is one third of the total 
fluorescence intensity. The other fluorescence life
time is assumed for Curve A to be 2. 6 nsec, for B • 
to be 2.4 nsec and for C to be 2.2 nsec. 
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and 1. 8 nsec which cor responds to the l i fet ime when al l the reac t ion cen te r s 

a r e closed. Normal Chlore l la ce l l s , i l luminated by light of intensi ty below 

that of sa tura t ion of photosynthesis , will have some reac t ion cen t e r s open 

and some react ion cen te r s closed. If the units a r e a r ranged so that the 

energy from one unit can m i g r a t e to its neighboring units , then in normal 

ce l ls the f luorescence would have only one exponential decay. If the units 

a r e a r r anged so that energy t r ans fe r from one unit to another is imposs ib le , 

then the f luorescence would have two exponential decays , one cor responding 

to units with open reac t ion cen te r s and one cor responding to units with 

closed reac t ion c e n t e r s . 

F igu re 21 shows the decay curves calculated by assuming the 

f luorescence decay has two exponential l i fe t imes and is equal in intensi ty. 

One l ifet ime is fixed at 0.6 nsec , the other is var ied from 1.4 to 2.0 nsec . 

The m e a s u r e d f luorescence decay curve of normal Chlore l la fits the ca l 

culated curve with two f luorescence l i fe t imes of 0. 6 nsec and 1. 8 nsec. 

Hence from our data it is impossible to decide whether the f luorescence 

has one or two l i fe t imes . 

The above exper imen t s were designed and done before we were 

50 
aware of the r e su l t s of T u m e r m a n and Sorokin. Their r e s u l t s c l ea r ly 

indicate that the f luorescence observed has predominant ly one l i fe t ime. 

They showed that throughout the f luorescence induction curve of Chlorel la , 

the f luorescence yield changes l inear ly with the f luorescence l ifet ime as 

m e a s u r e d by the phase shift method. These r e s u l t s were confirmed by 

51 
m o r e p r e c i s e expe r imen t s of Br ian ta i s , Govindjee and Merke lo . 

50 
T u m e r m a n and Sorokin have concluded that thei r r e s u l t s a r e incompatible 
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Figure 21. Time course curves of the scattered laser light 
and of the fluorescence of normal Chlorella 
pyrenoidosa. The dark line curves are the 
experimental curves. The light line curves are 
the fluorescence curves calculated numerically 
by assuming the true fluorescence decay to have 
two exponential lifetimes. One exponential life
time is assumed to be 0. 6 nsec and its fluorescence 
intensity is one half of the total fluorescence intensity. 
The other fluorescence lifetime is assumed for Curve 
A to be 2. 0 nsec, for B to be 1.8 nsec, for C to be 
1. 6 nsec and for D to be 1.4 nsec. 
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with the assumption of two fluorescence lifetimes, 1. 0 nsec for the open 

reaction center and 5.0 nsec for the closed reaction center. We have 

calculated some predicted results using different assumptions. Since 

the data we wish to compare are made with the phase shift method, we must 

first calculate the fluorescence lifetime that would be obtained from the 

phase shift measurements due to two fluorescence components with dif

ferent lifetimes and intensities. 

123 It has been shown by Bailey and Rollefson that if the fluorescence 

has only one exponential decay component, then the phase shift measured 

(6) is related to the fluorescence lifetime ( r ) by the equation 

tan 6 = u r (28) 

where w is ?,T multiplied by the modulating frequency f. 

Let us assume that the fluorescence has two exponential decay components 

with lifetimes of *£ and t . Each lifetime will have its corresponding 

phase shift 0. and 0„. Since the incident intensity is sinusoidally modulated, 
Jl Cd 

then the fluorescence that is emitted will have the wave form 

A cos 0 sin (u/t- 9 ) + B cos % sin (wt - 8 , ) - 0 (29) 

where A and B are the relative amplitudes of the two fluorescence 

components. 

Let 4 be the phase angle such that this waveform has its peak intensity 

at times t, = (— + -JJ — ), where n = 0, 1 , 2 , 3 , . . . Since the 

incident light has its peak intensity at time t = T~r ~ , then the lag in time 
1 W (L 

between the peak intensity of fluorescence and the peak intensity of the 

Incident light is £j (4)> 4 then is the resultant phase shift one measures 
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when the fluorescence has two lifetime components. By differentiating the 

fluorescence waveform with respect to t, and setting it equal to zero, 

the result we obtain is 

A cos 6 
cos (wt.-e ) + 17 cos e2 cos (wt f-e ) = o (30), 

Substituting for t , 

A cos 6. B cos 0 
cos (4 - 0,) + cos (4 - 0 J = 0 (31) w ^ 1' w ^ V 

If one knows the relative amplitudes of the two fluorescence components, 

and the phase shift 4> o n e c a n calculate the fluorescence lifetime of each of 

the two components. 

We will first consider the case in which the photosynthetic units in 

photosystem II are independent of each other. We will assume that the 

fluorescence lifetime of the unit with open reaction center is 0. 57 nsec 

and that with closed reaction center is 1.67 nsec. The value for these 

51 
two lifetimes is obtained from the experimental results of Briantais et al. 

The lifetime they obtained for the "O" level is 0. 57 nsec and for the "p" 

level is 1. 67 nsec. Using equation 28, and f as 102. 2 Mhz, we can cal

culate the phase shift 0 corresponding to the two fluorescence lifetimes. 

The two 0's are substituted into equation 31. 4 and the corresponding 

fluorescence yield are then calculated for different ratios of the two 

fluorescence amplitudes A and B. A is the fluorescence intensity due to 

units with open reaction centers and B is the fluorescence intensity due to 
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units with closed reac t ion centers . The phase angle 4 is converted to 

f luorescence l ifet ime by equation 28. These calculated l i fe t imes a r e 

plotted with the corresponding f luorescence yields. The resul t is shown 

in curve A of F igure 22. 

We will now cons ider the next possible case in which the photo

synthetic unit in photosystem II does not f luoresce when its react ion center 

is open. The f luorescence l ifet ime of the unit with its reac t ion cen te r 

closed is assumed to be 2 .4 nsec . This value is obtained from the f lash 

decay exper iments d i scussed e a r l i e r (F igure 20). The f luorescence that is 

detected when al l the react ion c e n t e r s a r e open is a s sumed to be due to 

"dead" chlorophyll and photosystem I f luorescence . The l ifet ime of this 

f luorescence component is a s sumed to be 0. 57 nsec . The two l i fe t imes 

a r e converted to 0 by using equation 28 and f as 102.2 Mhz. The two 

calculated 0 's a r e subst i tuted into equation 31 . In this c a se , A is held 

constant and B is var ied . A is the f luorescence intensity that is due to 

"dead" chlorophyll and photosystem I. B is the f luorescence intensi ty 

due to units with closed reac t ion c e n t e r s . The cor responding values of 

4 and f luorescence yield to different values of B a r e calculated. 4 I s 

converted to f luorescence l ifet ime by equation 28. The calculated l i fe 

t imes from the different values of $ a r e plotted with the cor responding 

f luorescence yield. The r e su l t is shown in curve C of F igu re 22. 

The l a s t case we will cons ider is the one in which the photosystem 

II units a r e in terconnected. The f luorescence l ifet ime with all the reac t ion 

cen t e r s open is a s sumed to be 0. 57 nsec and with reac t ion c e n t e r s c losed 



96 

Figure 22. Theoretical curves of fluorescence lifetime versus the 
fluorescence yield. The fluorescence lifetime (%) is 
calculated from the phase angle (0) measured by the 
phase shift method by the formula tan 0 = 2trf X where 
f ~ 102.207 Mhz. Curve A is the predicted curve if there 
exist two fixed fluorescence decays, one at 0. 57 nsec 
and the other at 1.67 nsec, the T and the fluorescence 
yield change on changing the ratio of the two fluorescing 
components. Curve B is the predicted curve if there 
exists only one fluorescence lifetime. Curve C is the 
predicted curve if there exist two fluorescent components, 
one component with a fixed lifetime of 0. 57 nsec and a 
fixed fluorescent yield, the lifetime of the other 
component fixed at 2.4 nsec. The fluorescence yield 
and the phase shift vary with the ratio of the intensity 
of the two components (cf. with ref. 51). 
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to be 1.67 nsec. Since the units are interconnected, there should be only 

one fluorescence lifetime. Assuming there is no static fluorescence 

quenching, the fluorescence lifetime is linearly proportional to the 

fluorescence yield. This is shown in curve B of Figure 22. 

Of the three theoretical curves calculated, only curve B matches 

50, 51 

with the experimental results . ' Hence fluorescence decay has pre

dominantly one lifetime. This implies that the photosystem II units a re 

interconnected and that energy from one unit can migrate to all other units. 

Using the phase shift method, we obtain more precise measurements 

of the fluorescence lifetime. Since the fluorescence has predominantly 

one lifetime, the lifetime is simply related to the phase shift by equation 

28. Table I shows the phase angle measured and the calculated lifetime 

-5 for a number of experiments with three different algae with 10 M DCMU 

added. The cause of the variation in the same species is not due to instru

mental variation but may be due to slight differences in the growth condition 

of the algae. Taking an average of the results of all the experiments with 

DCMU added, Chlorella is shown to have a fluorescence lifetime of 1.74 

41 nsec, Anacystis 0.74 nsec and Porphyridium 1.03 nsec. Mliller et al. , 

using the phase method have found that the fluorescence lifetime of 

-5 Chlorella with 10 M DCMU added is 1.92 nsec. No lifetime measurements 

of Anacystis and Porphyridium with DCMU added had been made before the 

present work. 

The phase angle measured with normal cells and the lifetime cal

culated from the phase in a number of experiments are shown in Table II. 

The average lifetime of Chlorella is 1. 31 nsec, for Anacystis 0.66 nsec 



TABLE I 

FLUORESCENCE LIFETIME OF ALGAE WITH 10~5M DCMU ADDED 

9 is the m e a s u r e d phase shift, t i s the l i fet ime calculated from tan 0/2-irf. Excit ing wavelength is 632. 8 nm. 
F requency of modulat ion, f, is 102.207 Mhz. F i l t e r used for f luorescence m e a s u r e m e n t is Corning CS-2-64. 

Chlore l la Anacys t i s Porphyr id ium 
0 in deg rees t in 10 sec 0 in deg rees "fin 10 sec 0 in deg rees Trin 10 sec 

2^ .6 0.89 37 .6 1.20 

2 3 . 8 0.69 38 .1 1.22 

2 5 . 5 0 .74 31 .3 0 .95 

2 3 . 4 0 .68 31 .1 0 .94 

2 5 . 3 0 .74 34.7 1.08 

2 9 . 4 0 .88 

30 .8 0.93 

51 .3 

4 9 . 4 

48 .6 

4 8 . 2 

50 .4 

4 6 . 7 

4 7 . 0 

4 6 . 5 

4 4 . 6 

4 7 . 7 

ave rage 

1.94 

1. 82 

1.77 

1.74 

1.88 

1.65 

1.67 

1.64 

1. 54 

1.71 

1.74 average 0.74 average 1.03 

vO 



TABLE IL - __ 

FLUORESCENCE L I F E T I M E OF NORMAL ALGAE 

0 is the m e a s u r e d phase shift, t is the l ifet ime calculated from tan 0/2irf. Exci t ing wavelength Ls 632. 8 nm. 
F r e q u e n c y of modulat ion, f, LS 102.207 Mhz . F i l t e r used for f luorescence m e a s u r e m e n t is Corning CS-2-64. 

Chlore l la Anacys t i s 
-9 

0 in d e g r e e s T in 10 sec 8 in deg rees ft in 10 ' sec 

Porphyr id ium 

0 in d e g r e e s 
-9 

t in 10 sec 

46 .9 

4 2 . 8 

4 6 . 3 

35 .0 

35 .2 

34 .7 

36 .1 

32 .0 

4 1 . 3 

41 .6 

4 0 . 6 

4 1 . 3 

4 3 . 1 

ave rage 

1.66 

1.44 

1.63 

1.09 

1. 10 

1.08 

1. 14 

0 .97 

1.37 

1.38 

1.33 

1.37 

1.46 

1.31 

19.2 

. 2 3 . 4 

2 8 . 2 

2 7 . 5 

15.6 

23 . 1 

23 . 1 

24 .9 

2 2 . 3 

22 .2 

0. 54 

0 .67 

0. 83 

0 .81 

- 0 .43 

0 .66 

0 .66 

0 .72 

0 .64 

0 .64 

12.0 

9 . 4 

9 . 4 

11.9 

- 9 .4 

12.0 

17 .8 

14.7 

0 .33 

0.26 

0 .26 

0 .33 

0.26 

0 .33 

0 .50 

0 .41 

ave rage 0.66 ave rage 0.34 
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and for Porphyridium 0. 34 nsec. The l ifet ime for Chlorel la is comparable 

with previous m e a s u r e m e n t s . Our m e a s u r e m e n t s of Anacystis and P o r -

32 42 phyridium a r e lower than those previously repor ted . ' Fo r Anacyst is , 

42 32 
both Brody and Tomita and Rabinowitch repor ted a l ifetime of 1.2 + 0 . 2 

35 
nsec . However, Singhal and Rabinowitch repor ted a value of 0. 5 + 0 . 2 

42 
nsec at low light in tens i t ies . F o r Porphyr id ium, Brody and Tomita 

and Rabinowitch repor ted a value of 1. 5 nsec . Nicholson and Fortoul 

35 
m e a s u r e d 0 .7 + 0.2 nsec and Singhal and Rabinowitch repor ted 0 . 5 + 0 . 2 

nsec at low light in tens i t ies . The reasons for different r e su l t s a r e s eve ra l : 

different intensit ies of excit ing light, different wavelengths of excitation 

and the var ied precis ion of the ins t ruments used. 

F luorescence l ifetime m e a s u r e m e n t s of Anacystis both by the flash 

method and by the phase shift method show that the l ifetime of normal cel ls 

after approximately five minutes of illumination is close to the lifetime of 

cel ls with DCMU added. This resu l t is in agreement with f luorescence 

124 
yield m e a s u r e m e n t s of Anacyst is which show that the addition of DCMU 

does not significantly inc rease the f luorescence yield of normal cel ls after 

a long t ime of i l luminat ion. 

F rom the f luorescence lifetime ( ? . ) m e a s u r e d with cel ls with DCMU 

added, the ra te of radia t ionless loss not due to t rapping at the react ion 

center (a ) can be calculated. F r o m equation 4 in the introduction, one 
n 

can show that 

"h" T ~ ~ ^ " (32) 

where x = — 
at 

f 
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X° is calculated by Brody and Rabinowitch to be 15.2 nsec . The X value 

is obta ined for Chi a in vi t ro and we will a s s u m e that this t value is the 

same for Chi a in vivo. Substituting the m e a s u r e d 2' mto equation 32 for 

Chlorel la , Anacys t i s , and Porphyr id ium, we find that the ra te of rad ia t ion less 

8 - 1 8 
decay for Chlore l la is 5. 09 x 10 sec , for Anacyst is at is 12. 86 x 10 

-1 8 - 1 

sec . and for Porphyr id ium at is 9.09 x 10 sec . These r e su l t s a r e 

tabulated in Table III; they show that of the three a lgae , Anacyst is has the 

highest r a t e of rad ia t ion less decay. 

The ra te of energy t rapping (at ) can also be calculated. F r o m 

equation 3 in the introduction, we have 

X is the l i fet ime when al l the react ion cen te r s a r e open. This co r re sponds 

to the lifetime at the " 0 " level of the f luorescence induction curve . For 

Chlore l la , the l ifet ime of the " 0 " level has been m e a s u r e d by Br ian ta i s , 

51 Govindjee and Merke lo to be 0 .6 nsec . Substituting this value for Y into 

9 
equation 33, we calculate the r a t e of t rapping for Chlore l la to be 1. 19 x 10 

sec . The efficiency of the t rapping p r o c e s s is calculated to be 66%. 

41 Mliller_et a l . , a lso using f luorescence l ifetime m e a s u r e m e n t s , 

calculated the efficiency of t rapping in Chlore l la to be 82%. The main dif

ference with our calculat ions l ies in the fact that they use 0. 35 nsec as the 

f luorescence l ifet ime when all the t r aps a r e open. They obtain this value 

from extrapolat ing the f luorescence l ifet ime to ze ro incident in tensi ty from 

125 
the i r data of f luorescence l i fe t ime at different light in tens i t i es . Weber, 
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based upon fluore scence quantum yield, e s t ima te s the trapping efficiency 

in Chlore l la to be 80%. This es t imate is based upon the exper iments of 

125 
Teale which showed that inhibition of photosynthesis by DCMU re su l t s 

in a fivefold inc rease in f luorescence yield, however, a threefold inc rease 

51 126 127 
of f luorescence has been r e s p o r t e d by many w o r k e r s . ' ' With a 

threefold i nc r ea se , the t rapping efficiency is calculated to be 66%. Hoch 

83 
and Knox have es t ima ted the efficiency of t rapping for photosynthetic 

bac t e r i a to be 66% also from f luorescence y ie ld . The differences in the 

values of the efficiency of t rapping may be due to the different conditions of 

102 
the ce l ls used. For young Chlore l la ce l l s , Govindjee^t aJU have 

repor ted a quantum yield of oxygen evolution (at 680 nm) of 0. 12 and for 

m a t u r e cel ls a quantum yield of 0 . 0 7 . 

Fo r Porphyr id ium, as shown in F igure 28 of Chapter V, f luorescence 

level at " 0 " is about a third of the f luorescence level when DCMU is added. 

Hence its l ifet ime should be one third that of the l ifetime when DCMU is added, 

which has ibeen•measured1 to be-1. '03'r tsec. (see Table I) . The l ifet ime of 

the " 0 " level is then 0. 34 nsec . Substituting this value into equation 33, we 

9 -1 

calculate a t rapping t ime for Porphyr id ium of 1. 97 x 10 sec . The ef

ficiency of the t rapping p r o c e s s is calculated to be 68%. As can be seen in 

Table III, although the r a t e of r ad ia t ion less lo s s for Porphyr id ium is l a r g e r 

than that of Chlore l la , i ts t rapping r a t e is also l a r g e r than that of Chlorel la ; 

hence the efficiency for t rapping for both Chlore l la and Porphyr id ium (as 

grown in our labora tory) a r e about the s ame . In the case of Anacys t i s , the 

" 0 " level f luorescence is about one half the f luorescence level when DCMU 
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TABLE i n 

RATE CONSTANTS FOR THE DECAY OF THE EXCITED FIRST SINGLET 
STATE OF CHL A IN VIVO 

Sample at in sec a, in sec 
h at m sec 

Chlore l la 

Anacyst is 

Porphyridium 

6.57 x 10 

6.57 x 10 

6.57 x 10 

5.09 x 10 

12.86 x 10 

9.09 x 10 

8 

8 

8 

1.19 x 10 

1.98 x 10' 

1.97 x 10' 

Where 

at = r a t e of f luorescence 

at = r a t e of rad ia t ion less loss except trapping 
n . 

at = r a t e of trapping 
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TABLE IV 

THE EFFICIENCY OF EACH DECAY PROCESS OF THE EXCITED FIRST 
SINGLET STATE OF CHL A IN VIVO 

Sample h •. tt 

Chlorel la 

Anacyst is 

Porphyridium 

0 .04 

0.02 

0.02 

0.30 

0.39 

0.30 

0.66 

0.59 

0.68 

Where i f a. + a. + a 
f h 

at. 

a + a, + en 
£ h t 

a 

T t " at + a, + a 
f h t 
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128 
is added. Hence, the l i fe t ime, when all the react ion centers a r e open, 

is about one half that of the measu red lifetime when all the react ion cen te r s 

a r e closed. Using the a s sumed l i fet ime of 0. 3 nsec when all the reac t ion 

cen te r s a r e open, we calculate the trapping ra t e for Anacyst is to be 

9 -1 

1.98 x 10 sec . The efficiency for the t rapping p roces s for Anacyst is is 

calculated to be 59%. The efficiency for the radiationless loss p rocess is c a l 

culated to be 39%. This high rad ia t ion less loss efficiency explains why the 

l i fet ime of the normal cell m e a s u r e d is a lmost the same as that of the poisoned 

ce l l . 

Table III and IV s u m m a r i z e the r e su l t s obtained. Chlore l la and 

Porphyr idium have higher quantum efficiency for t rapping a photon in 

photosystem II than Anacys t i s . The r eason for the lower efficiency in 

Anacyst is is its high rad ia t ion less loss r a t e . The r ea son for the high-radiat ion-

l e s s loss ra te in Anacyst is is open for speculation. It may be due to energy 

t r ans fe r to wea,kly f luorescent photosystem I. 

B. MEASUREMENTS AT LIQUID NITROGEN TEMPERATURE 

Very little is known about the mechanism of the non-radia t ive decay 

p r o c e s s . As d i scussed in the previous section, the ra te of non-radia t ive 

decay is re la ted to the f luorescence lifetime when all the react ion cen te r s 

a r e closed. M e a s u r e m e n t s of f luorescence l ifetime at 77 K would give us 

some information concerning the t empera tu re dependence of the non-

radia t ive decay p r o c e s s . 

The f luorescence l i fet ime of Chlorel la m e a s u r e d at 77 K with 

the flash decay method is shown in F igu re s 23 and 24. F igure 25 shows 
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Figure 23. A photograph of a sampling oscilloscope trace 
showing the mode-locked laser pulse as monitored 
by the measuring photomultiplier (top curve); 
and as monitored by the t r igger photonul t ip l ie r 
(bottom curve). Horizontal scale i s two nsec/ 
d iv is ion . 

Figure 24. A photograph of a sampling oscilloscope trace 
showing the fluorescence decay of Chlorella 
pyrenoidosa a t 77°K (top curve); bottom curve 
i s the same as bottom curve of Figure 23. 
Horizontal scale i s two nsec /d iv is ion . 
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Figure 25. Time course curves of the scattered laser light and 
of the fluorescence of Chlorella pyrenoidosa at 77°K. 
The dark line curves are the experimental curves. 
The light line curves are the fluorescence curves 
calculated numerically by assuming the true fluorescence 
decay to have one lifetime whose values are indicated 
in the figure. 
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Figure 26. Time course curves of the scattered laser light and of 
the fluorescence of Chlorella pyrenoidosa at 77°K. The 
dark line curves are the experimental curves. The 
light line curves are the fluorescence curves calculated 
numerically by assuming the true fluorescence decay 
to have two lifetimes. One lifetime is assumed to be 
1.6 nsec and its fluorescence intensity is one fourth 
that of the total fluorescence intensity. The other life
time is assumed for Curve A to be 2.2 nsec, for B to 
be 2.0 nsec, for C to be 1. 8 nsec and for D to be 1.6 
nsec. 
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that the measured fluorescence decay can be fitted with the calculated decay 

curve with a one exponential lifetime of 1. 8 nsec. The fluorescence decay, 

however, has more than one decay as will be shown later with phase shift 

measurements. The second component could be due to the relatively strong 

emission band near 730 nm at 77 K, which does not exist at room tempera

ture. Analyzing the fluorescence spectra of Chlorella at 77 K, ' we 

obtain approximately one fourth of the fluorescence from the F685 and F698 

bands and three fourths from the F720 band. Assuming that one fourth of 

the fluorescence has a lifetime of 1.6 nsec (the fluorescence lifetime at 

room temperature when all the reaction centers are closed) and varying 

the lifetime of the other three fourths of the fluorescence, we find that 

the experimental fluorescence decay curve can be fitted with the calculated 

decay curve with two exponential lifetimes as shown in Figure 26. The ex

ponential lifetimes that fit best are 1.6 nsec and 1. 8 nsec. These two 

lifetimes, however, are not unique and other pairs of lifetimes can be 

fitted to the experimental decay curve. Furthermore, the noise is too high 

for a precise measurement of the shape of the decay. 

The fluorescence lifetime was measured more precisely with the 

phase shift method. Table V shows the phase shifts obtained from the 

three algae using two different glass cut-off filters. The first filter is 

a Corning CS 2-64, which has zero transmittance up to 640 nm, 50% t rans

mittance at 670 nm and 85% transmittance at 720 nm and longer wavelengths. 

The second filter is a Corning CS 7-59, which has zero transmittance up to 

685 nm, 50% transmittance at 710 nm and 85% transmittance at 750 nm and 
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longer wavelengths. The results for all three algae show that the phase 

shift increases on using the CS 7-59 filter which cuts off most of the F685 

fluorescence band and allows mainly the F730 band to go through. As dis

cussed in the previous chapter (see p. 57), the phase shift is corrected for 

the e r ror due to the differences in the emission wavelength that the photo

multiplier monitors by subtracting the differences in the phase shift as 

measured with methylene blue with the two cut-off filters. The corrected 

phase shifts are also shown in Table V. 

The value of the fluorescence lifetime of the F685 band and the F730 

band cannot be calculated exactly from this data. Detailed analysis was / 

not done for several reasons. Firs t , there may be more than two fluorescing 

components. The F730 band may have two lifetimes due to the fact that 62% 

of its fluorescence may come from photosystem I and 38% from photosystem 

129 
II. Also there may be more fluorescing components in the 740 nm to 

129 800 nm region. Second, as yet, it is impossible to know the exact con

tribution of each band. For example, F680 has a vibrational band at 740 nm 

at room temperature, but at 77 K this vibrational band cannot be distinguished 

from the F730 band. Third, the ratio of the fluorescence intensity of the 

F680 band and the F730 band changes depending on the method of cooling 

118 129 
the sample. ' The fluorescence spectra must be made on the same 

frozen sample as that used on measuring the lifetime. Fourth, the er ror 

introduced in the phase shift measurement by the difference in the wavelength 

of the emitted light and the wavelength of the scattered reference light must 

be corrected for exactly. Hence, a detailed analysis with many assumptions 

and parameters was not done. 



TABLE V 

PHASE SHIFT MEASUREMENT OF ALGAE AT 77 K 

9 is the phase shift in d e g r e e s . 2-64 and 7-59 a r e the Corning cut-off f i l ter used. Exciting wavelength is 632. 8 
nm. The frequency of modulat ion is 102. 207 Mhz. 

Chlore l la 
9 ( 2 - 6 4 ) 9(7-59) 

Anacys t i s 
9(2-64) 3(7-59) 

Porphyr id ium 
« (2-64) 9 (7-59) 

Methylene Blue (23°C) 
9 ( 2 - 6 4 ) 9(7-59) 

54.7 

51. 1 

52.0 . 

52.0 

51.1 

54.8 

51. 1 

49.6 

49. 1 

average 9 
51.7 

corrected 9 
51.7 

60.0 

56.6 

58.0 

56.9 

55.4 

59.5 

58.2 . 

55.2 

54.5 

57.1 

55.0 

33.7 

24.3 

25.6 

24.2 

28.9 

22.4 

average 9 
26.5 

corrected 9 
26.5 

36.1 

26.4 

27.8 

27.7 

30.5 

24.7 

28.8 

26.7 

37.1 

34.5 

33.7 

34.9 

31.5 

average 9 
34.3 

corrected 9 
34.3 

40.9 

39.0 

38 .8 

39.9 

36.4 

14.3 16.4 

39.0 

36.9 
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To find the approximate lifetimes of the excited species that are 

responsible for the F685 and F730 bands, a rough estimate must be made of 

the percentage of the fluorescence intensity that is contributed by each band. 

These estimates are made from fluorescence emission spectra of the algae 

at 77 K. Rough estimates are shown in Table VI. The excited species 

that are responsible for the F695 band are assumed to have the same fluor

escence lifetime as those responsible for the F685 band. Then using equa

tion 31 we can estimate the two lifetimes for Chlorella by solving the 

simultaneous equation 

.25 cos 9 sin (51. 7 - 9 ) + . 75 cos 9 sin (51. 7 - 9 ) = 0 . 

(34) 

. 06 cos 9 sin (55. 0 - 9 ) + . 94 cos 9 sin (55. 0 - 6 ) = 0 

The approximate solution for 9 is 42.0 and for Q is 56.0 . Calculating 

the fluorescence lifetime from the phase shift, we obtain 1.4 nsec for the 

excited species that are responsible for the F680 band and 2. 31 nsec for 

those responsible for the F730 band. Similarly we find that the fluores

cence lifetime for the excited species that are responsible for the F680 

band for Anacystis is 0.77 nsec and the fluorescence lifetime for those 

responsible for the F730 band is 0.79 nsec. For Porphyridium, the excited 

species that are responsible for the F680 band were found to have a fluor

escence lifetime of 0.91 nsec and those responsible for the F730 band a 

lifetime of 1.22 nsec. In each case the lifetime of the excited species that 

are responsible for the F730 band is longer than that of those responsible 

for the F680 band. This result is expected as the fluorescence yield of the 

F730 band increases at 77 K. Our t values are smaller than the 3. 1 nsec 



TABLE VI 

FLUORESCENCE L I F E T I M E OF ALGAE AT 77°K 

F680 and F730 a r e the two predominant f luorescence bands at 77 K. 2-64 and 7-59 a r e the Corning cut-off f i l t e r s 
used to moni to r the f luorescence . The f i r s t two l ines in the table show the percen tage of the total f luorescence 
that is in each band as allowed by the cut- j f f f i l ter . The thi rd line is the phase angle calculated for each band and 
the l a s t l ine shows the l i fet ime calculate-i for each band. 

Chlore l la 
F680 F730 

Anacys t i s 
F680 ,F730 

Porphyr id ium 
F680 F730 

2-64 

7-59 

0 .25 

0.06 

0.75 

0 .94 

0.50 

0.16 

0.50 

0 .84 

0.45 

0. 13 

0.55 

0.87 

9 in d e g r e e s 42 .0 56 .0 26 .2 2 6 . 8 30."2° 38.0 

-9 
T in 10 sec 1.40 2 . 31 0.77 0.79 0 .91 1.22 

O N 
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37 that Butler and Norris found for the lifetime of the excited species that 

are responsible for the F730band in bean leaves at 77 K. This difference 

rnaja be attributed to the different biological specimens used. Note that the 

F730 lifetime of Anacystis is much lower than that of Chlorella. On compar

ing the fluorescence lifetime of the excited species that are responsible for 

the F730 band in the three algae, we found that they vary in the same way as 

the fluorescence lifetime of the chlorophyll molecule with fluorescence band 

at 685 nm. This result implies that the fluorescence lifetime of the chloro

phyll molecule with fluorescence band at 730 nm may be controlled by the 

rate of energy transfer from Chi a with fluorescence at 685 nm to the Chi a 

with fluorescence at 730 nm as well as by the temperature. If the main cause 

for non-radiationless loss in the Chi a molecules with fluorescence at 685 nm 

is due to energy transfer to Chi a molecules which fluoresce at 730 nm, then 

the rate of energy transfer will be proportional to the rate of non-radiationless 

loss. Since Chi a 678 that fluoresces at 685 nm in Chlorella has the lowest 

rate of non-radLationless decay of the three algae used (as it has the longest 

fluorescence lifetime), it will have the lowest rate of energy transfer from 

Chi a 678 to the long wave form of Chlja. that fluoresces at 730 nm. 

> 

In all three algae, the fluorescence lifetime for the excited species 

that are responsible for the F685 band at 77 K has a value similar to the 

fluorescence lifetime with DCMU added at room temperature. If one a s 

sumes that the rate of fluorescence does not change from room temperature 
to 77 K, then a, , the rate of radiationless loss calculated from the 

h 

fluorescence lifetime of algae with reaction centers closed by DCMU, at 

room temperature is equal to the fluorescence lifetime of algae whose 
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reac t ion cen te r s a r e closed by low t empera tu re at 77 K (cf. equation 29). 

at , the rate of rad ia t ion less l o s s , then, is t empe ra tu r e independent. This 

resu l t ag ree s with the fact that at for Chi a in vi t ro is also t empe ra tu r e m d e -

37 -5 

pendent. Butler and N o r r i s found that 10 M Chi a dissolved in ethanol 

has the same lifetime at room t empe ra tu r e and at liquid nitrogen t e m p e r a t u r e . 

Since the mechanism of rad ia t ionless loss is not known, it is difficult to 

speculate on the impor tance of this resu l t . 

The exper imenta l r e su l t s at 77 K did point out two fac ts . F i r s t , the 

f luorescence l ifetime of the F730 band does not have one unique f luorescence 

l i fet ime, but v a r i e s from one species to another . Second, the l i fet ime of 

F685 at 77 K is s imi la r to that of F685 at room t empera tu re with all the r e -

action centers closed. Hence one of the p roper t i es of the mechanism of 
o 

rad ia t ion less loss is that i t s r a t e is temperaturei independent up to 77 K. 
50, 51 

In summary , compar ison of the exist ing exper imenta l r e su l t s 

which show f luorescence yield is l inear ly proport ional to the f luorescence 

l ifet ime with the r e su l t s predicted with the assumpt ion of one and two l i fet imes 

shows that the decay of Chi a in vivo has only one major l i fet ime. This r e 

sult implies that the photosynthetic units a r e all connected and any one of a 

number of react ion cen te r s ac t as a t r a p of excitation energy absorbed by 

any chlorophyll molecule . Direct exper imenta l proof by the flash technique 

of the existence of only one l ifetime failed because of the poor t ime response 

of the photomult ipl ier . 

F r o m the value of the f luorescence l ifet ime when the react ion center 

is closed and when it is open, we have calculated the r a t e s and efficiencies 

of the p r i m a r y p r o c e s s e s of the excitation energy after a photon is absorbed, 
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namely fluorescence, radiationless loss and trapping. The values of the rates 

and efficiencies for the three algae are shown in Tables III and IV. The rate 

7 -1 
of fluorescence is calculated to be approximately 10 sec , the rate of 

8 -1 
radiationless loss to be approximately 10 sec and the rate of energy 

9 -1 trapping to be approximately 10 sec . The lifetime when the reaction 

center is closed is measured precisely in DCMU-treated algae by the phase 

shift technique, and the lifetime when the reaction center is open is calculated 

from the ratio of the fluorescence yield of the "0" level to that of-the DCMU 

level. (This is possible since the yield is linearly proportional to the lifetime.) 

Measurements at 77 K show that the rate of radiationless loss is approxi

mately the same as that at room temperature. 
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IV. POLARIZATION OF FLUORESCENCE: RESULTS 
AND DISCUSSION 

To reso lve the question of whether the excitation energy is t r a n s 

fe r red by means of a random "hopping" p roces s or by means of a "wave 

p a c k e t , " we have m e a s u r e d the polar iza t ion of f luorescence when mos t of 

the react ion cen te r s a r e open and when all the reac t ion cen te r s a r e closed 

(also see Chapter I, section D, for introduction to this problem); the l a t t e r 

is achieved by the addition of DCMU. 

Tab le - VII shows the polar izat ion of f luorescence m e a s u r e d (as d i s 

cussed in Chapter II, sect ion E) for Chlore l la and Porphyr idium with and 

-5 -6 

WLthout the addition of 10 M DCMU. A lower concentrat ion of DCMU (10 M) 

gave s imi l a r r e s u l t s . The exciting wavelength was 632. 8 nm and a Corning 

CS 2-64 fi l ter was used to separa te the f luorescence from the exciting light. 

The polar izat ion of f luorescence of cel ls with DCMU added is sma l l e r than 

the normal ce l ls in both c a s e s . The difference is c l ea r ly seen in the case 

of Porphyr id ium. 

Table VIII shows the polar iza t ion of f luorescence of Chlorel la and 

Porphyr id ium m e a s u r e d with different cut-off f i l t e r s . The t r ansmi t t ance 

p rope r t i e s of CS 2-64 and CS 7-59 f i l ters have been desc r ibed in the 

previous chapter . The CS 7-69 is a fi l ter that has ze ro t r ansmi t t ance up to 

710 nm, 50% t r ansmi t t ance at 740 nm and a peak t r ansmi t t ance of 80% at 

760 nm. The polar iza t ion of f luorescence using these cut-off f i l ters does 

not seem to change. (For a d iscuss ion of r e s u l t s obtained by other in

ves t iga to r s , see Chap te r I, sect ion D). 
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Two explanations can be given for the d e c r e a s e m p when DCMU 

is added to the cel l . F i r s t , a " t r i v i a l " possibi l i ty . The dec rease in p may 

be due to loose (or "dead") chlorophyl l -prote in complexes with high p . We 

define loose as not being at tached to any photosynthetic unit. These ch lo ro 

phyl l -prote in complexes a r e individually isolated due to an imperfection in 

the synthesis of the s t r uc tu r e of the chloroplas t by the cel l . These ch lo ro 

phyl l -protein complexes m a y have a high value of p because the extent 

of energy migra t ion is smal l if the number of chlorophyll molecules in the 

complex is smal l . If the number of chlorophyll molecules is l a rge , then 

they could be aligned with r e spec t to each other . Although thei r p value 

may be l a r g e , thei r contribution to the total f luorescence is smal l compared 

with that coming from the photosynthet ic unit. Assuming that the p from 

the photosynthetic unit due to extensive energy migra t ion is z e r o , then the 

smal l p m e a s u r e d is due en t i re ly to the chlorophyl l -prote in complex. Since 

the f luorescence yield i n c r e a s e s when DCMU is added to the cell , the p e r 

centage of the total f luorescence that is due to the loose chlorophyl l -prote in 

complexes d e c r e a s e s . Hence p will also d e c r e a s e . This can be easi ly 

seen from the definition of p in equation 8. An inc rease in the f luorescence 

yield from the completely depolar ized component will only add to the denom-

I.. " h 
inator I1T + 1 , . Hence the rat io - — — — or p will d e c r e a s e . 

The number of loose chlorophyl l -prote in complexes can be ca l 

culated from the m e a s u r e d value of p. We will a s s u m e that the p for the 

57 complex is 0 .20 . Using Weber ' s Summation Law, 

(± - - f f ^ S f i ( i - h-1 (35) 
p 3 i p^ 3 
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TABLE VII 

POLARIZATION OF FLUORESCENCE 

Excitation wavelength is 632. 8 nm. Corning fi l ter CS-2-64 was used. 

-5 
Sample Normal 10 M DCMU 

Chlorel la 0 .008 0 .005 

0.009 0.006 

0.009 0.006 

0.008 0.006* 

Porphyr id ium 0.021 0.010 

0.021 0.013 

0.021 0.011 

10 M DCMU added 
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TABLE VIII 

POLARIZATION OF FLUORESCENCE 

F luo rescence is moni tored with th ree Corning cut-off f i l t e r s . Excitation 
wavelength is 632. 8 nm. 

Sample CS 2-64 CS 7-59 CS 7-69 

Chlorel la 
+ 1 0 ' 5 M DCMU 0.005 0.004 0.004 

Porphyr idium 
+10" 5 MDCMU 0.011 0.012 0.010 
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where p is the overa l l polar izat ion 

f. is the fraction of the f luorescence intensity con-

f h 
t r ibuted by the i group of osc i l l a to rs 

i t , 

p. is the polar izat ion of the i group of osc i l l a to r s 

and the m e a s u r e d value of p as 0 .01 in Chlorel la , then f, the probabil i ty 

that the f luorescence comes from the loose chlorophyl l -protein complex, 

can be calculated. Substituting known values into equation 35, we have 

(_L_ -JL_}-i = f ( -J_ - i - , -1 + ( 1 . f ) (I - If1 . 
y .01 3 ' v .20 3 ' K ' K 0 3 ' 

Solving the above equation, f for Chlorel la is 5%. Assuming the f luorescence 

yield of the loose chlorophyl l -prote in complex inside the cell is the same as 

the f luorescence yield of photosystem II and hence twice as la rge as the 

m e a s u r e d f luorescence yield, then the absorpt ion c rossec t ion of the com

plex is 2. 5% that of the photosynthetic unit in Chlorel la . In Porphyridium 

a s imi l a r calculation shows that the absorpt ion c rossec t ion of the loose 

chlorophyl l -prote in complex is 5% that of the photosynthetic unit. Since 

the chlorophyl l -protein complex could have very s imi l a r emiss ion spec t r a 

to that of the photosynthetic unit, it is not su rp r i s ing that there is no change 

in p when different bands of the f luorescence spec t r a were m e a s u r e d . How

ever , the exper imental r e su l t does show that any highly oriented chlorophyll 

that f luoresces in the f a r - r e d region does not contribute significantly to the 

m e a s u r e d p. 

The second explanation a s s u m e s that there a r e no loose chlorophyll-

protein complexes . The sma l l value of p m e a s u r e d is due to the par t ia l 
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retention of the initial polar iza t ion as energy m i g r a t e s about a par t ia l ly 

random system of chlorophyll molecu les . To see why p should dec rea se 

on the addition of DCMU to the cell , Weber ' s Summation Law as shown in 

equation 35 will again be used. We will define the var iable h. by the follow

ing equation 

/ 1 1 . -1 .. - 1 1 , -1 . „ . 
( - - J ) *h ( ~ " ?> (36) 
*i r o 

where p is the polarizat ion of the emi t t e r at infinite dilution 

Then combining equations 35 and 36, we have 

<7T " 3 >"'=<7" " 3 ^ ' . " l ( 3 ? ) 

ri co i 

Since p and p a r e much l e s s than 3, we can ignore the 1/3 in the above 

equation. Equation 37 becomes 

p . P Q Z ft hr (38) 

Let p ] be the polar izat ion of f luorescence measu red in the normal 

cell and p be the polar izat ion of f luorescence m e a s u r e d in cells with 
Cd 

added. Then, 

P i v\ 
P2 

N, 

l x 

. - i i = l 

5 
1 
1 = 1 

f. 
i 

, 2 
f 

i 

2 h 
l 

h. 
i 

. 

(39) 

where N, is the total number of chlorophyll molecules visi ted 

by the exciton before it is d iss ipated in the normal cell 

N_ is the total number of chlorophyll molecules visited by 
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the exciton before the energy is diss ipated in the 

DCMU t rea ted cell 

Assuming that the chlorophyll molecules a r e or iented with respec t 

to each other in a par t ia l ly random way such that only the initial molecule 

that absorbed the polar ized photon will emit light of high polar izat ion, then 

h of the initial absorb ing molecule (h ) is l a r g e r than the h of all other 

mo lecu l e s . Hence h. for i > 1 in equation 39 can be neglected. Equation 39 

becomes 

f • 4-
P2 f2 

o 
where f is the fract ion of the total f luorescence that is contr ibuted by 

o ' 
the chlorophyll molecu les that initially absorb the polar ized 

photons in normal cel ls 

2 
f is the fract ion of the total f luorescence that is contr ibuted 
o 

by the chlorophyll molecu les that init ially absorb the polar ized 

photons in ce l ls with DCMU added 

The m e a s u r e d rat io of p . and p_ for Chlore l la is 1.33 and for 

Porphyr id ium is approximate ly 2. 0. F r o m equation 40, this impl ies that 

the fraction of the total f luorescence that is emit ted by the or ig ina l abso rbe r 

when the ce l ls have mos t of their reac t ion cen te r s open is g r e a t e r than when 

the cel ls have al l their reac t ion cen te r s closed, If one a s s u m e s that the 

f luorescence yield of the initial a b s o r b e r is the same in normal ce l ls and in 

ce l l s with DCMU added, then the ra t io of the initial absorbing chlorophyll 
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molecule to the number of excited chlorophyll molecules that can fluoresce 

is sma l l e r in cel ls with DCMU added. This implies that the total number 

of excited chlorophyll molecules that can f luoresce is g rea t e r in cel ls with 

DCMU added than in normal ce l l s . Hence the number of molecules that 

a r e visi ted by the excitation energy when the react ion cen te rs a r e closed 

is g rea t e r than when the react ion cen te r s a r e open. As discussed in the 

introduction (p. 21) , this resu l t impl ies that the energy m i g r a t e s in a hopping 

motion and the pa i rwise t ransfer is due to the FoVster mechan i sm. If the 

energy m i g r a t e s a s a delocalized exciton, then, as mentioned in the in t ro

duction, the excitation has an equal probabil i ty of being in each molecule 

within the unit r e g a r d l e s s of whether the react ion center is open or closed. 

. 1 2 

Hence in this ca se , f will be equal ' to f and the re should be no change 

in the m e a s u r e d p for normal cel ls and for cel ls with DCMU added. Hence 

the measu red change in p, if not due to loose chlorophyl l -protein complexes, 

impl ies that the energy is t r a n s f e r r e d by the "weak coupling" mechanism 

and the overal l energy migra t ion can be visual ized as a random hopping 

motion. 

The reason that Porphyr idium has a higher p than Chlore l la may be 

due to the fact that the ra te of rad ia t ion less loss in Porphyridium is g rea t e r 

than in Chlorel la, as shown in Chapter III. The extent of energy migra t ion 

is l e s s in Porphyr idium than in Chlore l la . 

Both explanations for the m e a s u r e d d e c r e a s e in p a re plausible. 

It is difficult to design an exper iment that can prove o r disprove the 

exis tence of loose chlorophyl l -prote in complexes . Action spec t ra or 

emiss ion spec t ra of the polar izat ion of f luorescence a r e inconclusive 
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because both results can be explained by loose chlorophyll-protein complexes 

or by energy migration. Trying to isolate only the photosynthetic unit and 

measuring i t s polarization of fluorescence would also be inconclusive be

cause the isolation techniques are not good enough to isolate only the pure 

photosynthetic unit without any loose chlorophyll. Using different con

centrations of CTAB (cetyl trimethylammonium bromide) on cabbage 

56 chloroplasts, Weber found that the polarization of fluorescence goes up 

with increasing concentration of CTAB. This result could mean that the 

increasing concentration of detergent makes an increasing number of loose 

chlorophyll molecules. This could also mean that the increasing con

centration of detergent makes smaller particles so that the extent of energy 

migration is less . (The latter could be an explanation for the higher degree 

of polarization in the smaller system I than in the larger system II particles 

63 
measured by Cederstrand and Govindjee. ) If loose chlorophyll-protein 

complexes are assumed to exist, they constitute only three to five percent 

of the total chlorophyll molecules in vivo, quantum yield measurements of 

oxygen are not accurate enough to detect a three to five percent waste of 

energy. Although one would expect no fluorescence transients from these 

loose complexes because they do not perform any photochemistry, measure

ments of fluorescence transients cannot be used to detect these complexes 

because one third of the total fluorescence does not show any transient. 

Experimentally, then, it is very difficult to prove or disprove the existence 

of loose chlorophyll-protein complexes in the cell. 

It is highly unlikely, however, that the cell, having its own machin

ery to control and to direct the synthesis of the photosynthetic unit, 
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would waste energy to make imperfect units which in turn will compete 

with regular units for photons. If we can assume that the polarization of 

fluorescence is not caused by loose chlorophyll-protein complexes, the 

decrease in the polarization of fluorescence, due to the closing of the 

reaction centers, is the first experimental evidence which shows that energy 

transfer between Chi a molecules In vivo is by the Fbrs te r mechanism. 
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V. DELAYED LIGHT EMISSION AND INDUCED LUMINESCENCE: 
RESULTS AND DISCUSSION 

A. DELAYED LIGHT EMISSION 

Delayed light emiss ion from the red alga Porphyr idium cruentum was 

m e a s u r e d . This was an extension of the work done on Chlore l la and 

10] 
Anacyst is by the author in col laborat ion with Stacy, Swenberg and Govindjee. 

The exper iment was done to show that in Porphyridium as well as Chlore l la 

and Anacyst is the delayed emiss ion can be explained by a t r ip le t fusion 

model in which the production of the t r ip le t s is mediated by the photosystem 

II r eac t ion cen t e r . (For a review of our theory and a genera l introduction 

to this problem, see Chapter I, sect ion E. ) The r easons for adding DCMU 

and hydroxylamine to the cell will be d iscussed l a t e r . 

Delayed light emiss ion from Porphyr id ium cruentum excited by a 

rec tangula r pulse of 632. 8 nm light 4. 5 m s e c in width repea ted 25 t imes 

-3 
pe r second is shown in F igure 27. Addition of 10 M hydroxylamine to 

the normal cell causes the delayed emiss ion to have a fast decay. This 

-5 
decay is not exponential . Addition of 10 M DCMU to the normal cel l 

causes the fast decay to d i sappear . In the t ime range measu red , the delayed 

light emiss ion with DCMU added decays slowly and its intensity is higher 

than that given off by normal ce l ls or normal ce l ls with hydroxylamine 

added. The delayed light emiss ion of the normal cell looks like it is i n t e r 

media te between the two DCMU and hydroxylamine c a s e s . Addition of 

-5 -3 
10 M DCMU and 10 M hydroxylamine to the cell causes a d rama t i c 

decl ine in the intensity of the delayed light emiss ion . 
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Figure 27. Intensity of square wave excited delayed light 
emission(Iabelled fluorescence) versus time for 
normal Porphyridium cruentum and for Porphyridium 
with 10"5M DCMU, with 10"3M hydroxylamine and 
with both 10"3M hydroxylamine and 10"5M DCMU. 
The open cirfcles are experimental points. The smooth 
line is the theoretical curve. 
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No effect e i ther on the shape of the decay or on the intensi ty of 

the emiss ion is detected upon applying a magnet ic field as high as 13.2 

kilo gauss . 

The solid curve in F igure 27 is a plot of the theore t ica l curve given 

by equation 20 in the f irs t chapter . Equation 20, as der ived in the i n t ro 

duction, is the predicted kinetic curve for delayed light emiss ion based on 

the model that delayed light emi s s ion is caused by a bimolecular reac t ion 

(u e_., t r i p l e t - t r i p l e t fusion). The method to fit the curve is as follows. 

Using the observed intensity of delayed emiss ion at 1 m s e c , F was ca l -

2 
culated with equation 20 for an a r b i t r a r i l y chosen constant t, Y(the b i -

. 2 
molecu la r fusion ra te constant , Y> multiplied by the constant Z> which is 

defined in equation 15) and fi (the monomolecular decay r a t e of the t r ip le t ) . 

£ V and fi were then var ied over a range of seve ra l o r d e r s of magnitude. 

2 

The F , 1, Y and fi values were then used to genera te a s e r i e s of theore t ica l 

c u r v e s . This was done with the digital computer I . B . M . System 360. The 

theore t i ca l curve that fit the exper imenta l curve bes t was chosen. 

The constant fi has the p roper units of r ec ip roca l t ime . The fi 
2 - 1 2 

used to match the exper imenta l curve is 2 x 10 sec . The constant £, Y 
formed from the theore t ica l curve has no meaning because it has a r b i t r a r y 

2 
units of the computer output. The units of "£, Y a r e r ec ip roca l densi ty 

2 
mult ipl ied by r ec ip roca l t ime . To fit J, Y into its p rope r units, we use 

2 1/2 
the fact that ( £ Y F) has the units of r ec ip roca l seconds F o r the 

hydroxylamine case , two mi l l i seconds after the incident light was turned 

off we have: 

T?YF = (2 .7 x 10"8) (4 .7 x 103) (106) = 127 ( sec" 2 ) 
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These numerical values are from the computer output. F now has to be 

-1 2 - 1 

evaluated into its proper units of (sec) (cm ) . Two milliseconds 

after the incident light was turned off, the signal given off by the photo

multiplier was measured by the oscilloscope to be about two millivolts. 

Since the load resistor of the photomultiplier was 150K, the current given 
_2 

off by the photomultiplier was (2mv/150K) 1. 3 x 10 microamps. The 
-2 

cathode radiant sensitivity of the photomultiplier is 3,2 x 10 microamps 

per microwatt. The gam at the photomultiplier bias voltage of 1300 volts 

4 1.3xl0"^ua 
is 1. 5 x 10 . Hence the light signal is equal to (/: '—rrz? , W1—r 77ut«) = 

s & (3.2x10 d (ia/p.w)(l. 5 x 10*; 
-5 

0.27 x 10 microwatts. The photomultiplier, however, collects only 

about one thiifd of the radiation given off by the algae. The total fluorescence 

-5 
should equal about 0. 81 x 10 microwatts. Since the average energy of 

the emitted photon is 1.7 ev, the total fluorescence is equal to 

-5 
, 0.81 x 10 x 10 ergs/sec , ft „ ._7 , t , _ . , .. 
(-7-7 . . 1 ? : h - z ) = 0 . 3 x 1 0 photons /sec To find the v 1. 6 x lO"1^ ergs/ev x 1. 7 ev ^ 

area which this fluorescence comes from, we assume that the cross-

- 8 2 
sectional area of one alga cell is 12 x 10 cm . At an absorbance of 

0. 5, we estimate that there are 6 x 10 cells/cm . Since the volume excited 

3 
by the laser beam is only 0. 1 cm , we calculate the total excited area to 

be (1.2 x 10"7 cm2/cell) (6 x 108 cells/cm3) (0 . 1 cm3) =7.2 cm2 . F is 

2 
1 

2 

n 
.1 1 , , , . , . 3 x 1 0 photons /sec, . . . . 6 . , , 
then calculated to be ( Z~^T 5 ) = 4. 1 x 10 photons/sec cm 

7. 2 cm'1 _ 
p — 2. o 1 2 * 7 S G C cm 

Since 1 YF is 127 sec , £, y in its proper unit is ( 4 > 2 x 106 ^ s e c 2 ) = 

-4 2 
0.31 x 10 cm /sec. 

2 
Knowing the value of F and % Y one can calculate the triplet state 

density n . From equation 17 
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6 2 
At t = 2 milliseconds F is calculated to be 4. 1 x 10 photons/sec cm 

-4 2 k and Y is 0.31 x 10 cm /sec if one assumes that -—; is small so k +q 

that Jf is approximately one. Assuming 4> th e fluorescence yield,to be 

-2 130 6 -2 
3 x 10 , the triplet density is calculated to be 3 x 10 cm . The 

-14 lamellae area of a Chi a molecule has been calculated to be 2 x 10 

2 131 
cm • The ratio of chlorophyll molecules which are in the triplet 

state to the total number of chlorophyll molecules is calculated to be only 

-8 6 x 10 when the incident light has been turned off for two milliseconds. 

As mentioned in the introduction, the most sensitive flash photolysis 

78 instrument used by Porter and Strauss to detect triplet-triplet absorption 

is only capable of resolving absorbance changes down to 0. 5%. Hence the 

best experimental techniques are not sensitive enough to observe the low 

concentration of triplets that could account for the delayed emission ob

served. 

Although the time course of delayed emission can be explained 

by the triplet-triplet fusion model, it should be pointed out that the present 

results do not exclude the electron-hole model. In an electron hole 

picture, y would ibecome the recombination rate and fi the change in 

reciprocal lifetime. 

Only the time course of delayed light emission for cells with 

the hydroxylamine added can be fitted with the theoretical curve from 

the triplet-triplet fusion model. However, the kinetic curves of the 

delayed emission fornormal cells with DCMU and of cells with hydroxylamine 
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and DCMU together cannot be theoretically fitted by equation 20, no matter 

2 
what the values of constants £ Y and fi a re . This is reasonable if one notes 

that equation 20 is derived with the assumption that q? , the rate of chemical 

back reaction, is zero. Without this assumption one cannot find a close 

form solution to the three different equations. With q9 not equal to zero, 

we can only discuss the kinetic behavior qualitatively. To explain why 

cells with DCMU added have a slower decay, we have to understand the 

function of DCMU in the cell. Assuming that the reaction center II is com-
• 

6 9 8 
prised of an energy trap, an oxidant Z and a reductant Q, then one can 

Q 

represent the reaction center as Z (Chi) Q. DCMU is postulated to inhibit 

the oxidation of Q by the electron transport chain after it has been reduced 

by light. As Q is reduced and Z oxidized by light, the trapping center 

is inoperative to receive any further energy, this is shown by the increase of 

fluorescence yield when DCMU is added. We will discuss this further in 

the following section. Hence, with the reaction center as Z (Chi) Q 

there will be triplets produced by the recombination of Z and Q , with 
+ 

a slow rate constant q ? . The rate of producing Z (Chi) Q obviously is 

proportional to the rate of photons absorbed. Using a rectangular pulse 

of light 25 times per second, the rate of producing Z (Chi) Q is much 

+ 
faster than its decay to Z (Chi) Q. Hence at steady state the number of Z 

(Chi) Q is much greater than Z (Chi) Q. When the incident light is turned 

off, the delayed emission is due predominantly to the triplets which are 

produced by this chemical back reaction. 

No exact theoretical fit of equation 20 to the decay of delayed 

light emission of normal cells is possible. The shape of this decay can 
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quali tat ively be explained as being an in termedia te to the case when 

hydroxylamine is added and the case when DCMU is added. In the case when 

hydroxylamine is added, the t r ip le t excitons a r e produced mainly by in te r -

sys tem c ross ing at the t r a p . In the case where DCMU is added, the t r ip le t 

excitons a r e produced predominant ly by a chemical back react ion. In the 

no rma l case , at s teady s tate conditions a ce r ta in amount of react ion cen te r s 

will r emain in the Z (Chi) Q state for a short t ime due to the fact that at 

steady state some of the e lec t ron t r anspo r t in te rmedia tes a r e reduced so 

they cannot reoxidize Q. Within that t ime Z (Chi) Q could decay by a back 

react ion to form a t r ip le t s ta te . Hence in the normal case , t r ip le t s can 

be produced both by in t e r sys t em c ross ing and by chemical back reac t ion . 

Since the action of hydroxylamine in the cel l is to replace water as 

132 133 
the donor of e l ec t rons , ' which will be d i scussed in the next section , 

we question why then the kinetics of delayed light emiss ion is different for 

the normal and the hydroxylamine ca se . To understand the reason, let us 

look at the new oxygen data of Joliot et a l . and Kok_e£ai. . They 

m e a s u r e d the amount of oxygen evolved per flash with a s e r i e s of short 

high intensity f lashes of light. The resu l t they obtained shows that after 

a long dark period, the f i r s t flash produces ve ry l i t t le oxygen and the third 

flash produces more than twice the amount of oxygen m e a s u r e d at steady 

s ta te . These findings show that cha rges a r e s tored and that the cooperation 

of these s tored charges is neces sa ry to produce oxygen. (The p resen t 

author has evolved two kinetic models of oxygen evolution, they will be 

d iscussed along with the models of Joliot and Kok in Appendix I .) The 
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normal cell after the first flash, then, can have a reaction center with Z 

+ 
partially oxidized and Q oxidized, for example, Z (Chi) Q. We postulate 

that hydroxylamine inhibits the production of oxygen by destroying this 

intermediate by feeding an electron to Z so that the reaction center 

becomes Z (Chi) Q. In cells with hydroxylamine added no Z is stable 

enough to undergo chemical back reaction with Q , and delayed light 

emission is solely caused by intersystem crossing at the trap. 

Adding DCMU and hydroxylamine together should eliminate the 

production of triplet excitons completely. Since DCMU blocks the r e -

oxidation of Q and hydroxylamine keeps the Z reduced, the reaction 

center will remain as Z (Chi) Q . Hence production of triplets by inter

system crossing is not possible due to the closed trap, and the production 

of triplets by chemical back reaction is not possible due to the reduced Z. 

This agrees exactly with experimental results . As shown in Figure 27, 

in cells with DCMU and hydroxylamine added the delayed emission almost 

disappears. 

To further explain the possibility that delayed light emission in the 

seconds region may be due to a chemical back reaction, we follow the 

behavior of Q by means of fluorescence transient measurements. We also 

perform chemiluminescence and thermoluminescence experiments to see 

if, thermal and chemical perturbations will increase the back reaction. 

B. FLUORESCENCE TRANSIENTS 

The study of the fast fluorescence transient and its relation to the 

, , ~ , , ^ * *. 8,1,16,134,135 
oxidation and reduction state of Q has been discussed by many workers. 
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Fluorescence rise Is believed to follow the reduction of the quencher Q to 

QH; the latter being a non-quencher. Hence, Q, one of the substrate believed 

to be involved in the chemical back reaction, can be monitored by fluorescence 

transient measurements. 

The fluorescence transient of Porphyridium cruentum is shown in 

Figure 28. The exciting light was green (A, 540 nm, broad band) with an 

4 , 2 

intensity of 4.4 x 10 ergs/cm sec. The fluorescence was monitored at 

685 nm with a 6.6 nm band width. The sample was kept in the dark for five 

minutes before the fluorescence transient was taken. The normal Porphyridium 

fluorescence transient (Curve B) is similar to that of Chlorella reported by 
1 1 A — ^ 

Munday and Govindjee. As 10 M hydroxylamine is added, the transient 
has the O-I-D phase of the normal cell but the P level completely disappears 

-5 (Curves C, D, E and F). On adding 10 M DCMU to the cell, the fluorescence 

yield increases and after a brief transient (0.01 sec)., it remains steady with 

-5 time (Curve A). On adding 10 M DCMU and hydroxylamine together to 

the cell, the fluorescence yield is the same as that when DCMU alone is 

added to the cell. The delayed emission, as was discussed in the previous 

section, is completely different. On adding DCMU and hydroxylamine to 

the cell, the delayed emission is not the same as that when only DCMU is 

added. 

Although both DCMU and hydroxylamine inhibit the evolution of oxygen, 

it is clear from the fluorescence transient and DLE data that they act 

differently. The similarity in the transient of the normal cell with the cell 

with hydroxylamine added in the O-I-D phase indicates that the hydroxylamine 

does not stop the electron flow in the electron transport chain. Measurements 
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F i g u r e 28. The f luorescence t r ans ien t of Porphyr idium cruentum. 
Curve A is the t r ans i en t of Porphyr id ium with 10"5M 
DCMU and with both 10"5M DCMU and 10"3M hydroxyl
amine ; Curve B, normal Porphyr id ium; Curves C - F , 
Porphyr id ium with 10" 5M, 10"4M, 10"3M and 10"2M 
hydroxylamine respec t ive ly , (/^excitation, 540 nm, 
broad band; intensity, 4. 4 x 10 e r g s / c m sec . ) 
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with ch loroplas ts indeed showed that hydroxylamine ac t s as an e lec t ron donor 

132 
by replac ing water . The cause of the d isappearance of the P ' level in 

the t rans ien t of cel ls with hydroxylamine added is unclear . It is widely a c 

cepted that DCMU inhibits the evolution of oxygen by blocking the e lect ron 

t r anspor t after Q. Q r ema ins in the reduced QH state and the react ion center 

can no longer act as a quencher of f luorescence, hence the f luorescence r i s e s . 

When hydroxylamine is added with DCMU, it does not change the s ta te of QH, 

and hence the f luorescence r e m a i n s the same a s when only DCMU is added. 

The initial t rans ient (O-I) observed in cel ls with DCMU added r e p r e 

sents the ra te at which QH is being formed and also shows that after a long 

da rk period all Q is in the oxidized s ta te . The initial t r ans ien t of ce l ls 

with DCMU added is shown in F igure 29. Chlorel la pyrenoidosa was kept 

in the da rk for five minutes and then i l luminated with 540 nm light with an 

4 2 
intensity of 4 . 4 x 10 e r g s / c m sec . The f luorescence was m e a s u r e d at 

685 nm with a half bandwidth of 6.6 nm. The t rans ien t of Chlore l la cel ls 

-5 
with 10 M DCMU after the sample was kept in the dark for five minutes 

and for one minute were identical (Figure 29) This r esu l t shows that the 

Q produced by the light will all be reoxidized within one minute or l e s s . 

Since Q cannot be reoxidized by the next in te rmedia te in the e lect ron 

t r anspo r t chain because it is blocked by DCMU, a possible reoxidation step 

for Q is the combination with Z to produce delayed light. Since the 

delayed emiss ion has decayed to a very smal l value after the light was 

turned off for one minute, it can be inferred that mos t of the Q has been 

+ 
reoxidized to Q by Z . 
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The bottom curve in Figure 30 shows the initial fluorescence transient 

-2 -5 

upon the addition of 10 M hydroxylamine and 10 M DCMU to cells which 

have been kept in the dark for five minutes. The transient is similar to 

that of cells with only DCMU added. One would expect this result since 

hydroxylamine replaces water as a donor of electrons to reduce Q and would 

not influence the rate at which QH is formed. The top curve in Figure 30 is 

the transient taken after the cells were kept in the dark for one minute 

following the previous measurement. The fluorescence transient is now not 

observed. In another experiment it was found that the top curve remains 

the same even after it was keptun'the dark for one hour following a flash of 

light. This result can be explained by assuming hydroxylamine reduces 

Z as fast as it is formed, as was discussed in the previous section. No 
+ - + 

"stable" Z state is possible. Since Q needs Z for chemical back r e 

action, no chemical back reaction is possible and hence no delayed emission 

is observed. Q will also remain in the Q state and hence fluorescence 

transients are no longer possible. There should be no variation in the 

fluorescence yield with time as it is observed experimentally in Figure 30. 

In a report published during the preparation of this thesis, P. 
136 Bennoun investigated the reoxidation of Q in the presence of DCMU 

and hydroxylamine by following changes in fluorescence yield. His con

clusions agree with those presented above. 

C THERMOLUMINESCENC E 

137 
Arnold and Sherwood found that chloroplasts that had been il

luminated previously will emit light if they are heated at a rate of 14 C per 
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Figure 29. The fluorescence t ransient of Chlorella pyrenoidosa 
with 10"5M DCMU. One curve i s taken af ter a five 
minute dark time. The other curve i s taken af ter 
a one minute dark time. Horizontal scale i s two 
msec/division. (A exci ta t ion , 540 nm; in t ens i ty , 
4. h x 10^ erps/cm"- sec.) 

Figure 30. The fluorescence t r rns ient of Chlorella pyrenoidosa 
with 10-JM DCfflJ and 10~2ri hydroxylamine added to 
the ce l l af ter five minutes in the dark. The bottom 
curve i s the i n i t i a l t r ans ien t . The top curve i s 
the t ransient taken one minute af ter the photograph 
of the bottom curve was taken. Horizontal scale i s 
two msec/division. (A exc i ta t ion , 540 nm; Intensity, 
4.4 x 10* ergs/cm2 sec . ) 
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minu te . The r e s u l t s were in terpre ted by Arnbld as the recombinat ion of 

the e lec t rons and holes that were t rapped in the photosynthetic unit (see 

Chapter I, section E, for the d iscuss ion of Arno ld ' s model) . Al ternat ively , 

we may suggest that the i nc rease in t empe ra tu r e enhances the ra te of r e 

combination of Q with Z to populate the t r ip le t state of the reac t ion center 

that leads to light emiss ion . We performed simple t e m p e r a t u r e jump ex

per iments by injecting boiling water into a sample of algae. 

Both Chlore l la and chloroplas ts isolated from spinach give off light 

when 1 ml of wa rm water at 53 C is injected into 1 ml of sample ten seconds 

after a pre i l luminat ing light is shut off. No light is given off unless the 

sample is pre i l luminated . Cold water (16 C) rep lac ing the warm water in

jected after prei l luminat ion did not induce the sample to give off any light. 

Hence the light given off is not due to an osmot ic change but a t empera tu re 

change. F igure 31 shows the light emit ted by no rma l ch loroplas ts , by 

-5 
ch loroplas t s with the addition of 10 M DCMU, by chloroplas ts with the 

-2 -2 
addition of 10 M hydroxylamine and by ch loroplas t s with both 10 M 

-5 hydroxylamine and 10 M DCMU added. Resu l t s with Chlorel la a r e s imi la r 

except that there is a g r ea t e r dec rea se in signal upon the addition of DCMU. 

In both Chlore l la and spinach ch loroplas t s , upon the addition of hydroxylamine 

even with DCMU a l ready added, the rmoluminescence d e c r e a s e s to a low 

value. 

The above exper iment was designed such that the energy s torage p r o 

ces s is allowed to go normal ly at room t e m p e r a t u r e . After the energy is 

s tored, then the t e m p e r a t u r e is suddenly made to jump. This t empera tu re 

jump is used to inc rease the back react ion r a t e , q2» It can be seen from 
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F igure 31 that chloroplas ts give off a fa i r ly l a rge signal on ra i s ing their 

t e m p e r a t u r e suddenly from 16 C to 33 C. DCMU added to the chloroplas ts 

d e c r e a s e s the signal . The reason why this happens is not known. This 

could be explained by the fact that only Q is available for recombinat ion 

react ion while in normal ce l l s both Q and A a r e available for r ecombina -

tion. 

The fact that cel ls with hydroxylamine added o r cel ls with both 

hydroxylamine and DCMU added show very l i t t le the rmoluminescence could 

again be explained by the fact that hydroxylamine reduces Z of the reac t ion 

cen te r so that no stable Z is poss ible . Q therefore has no Z to r e -

c'ombine and hence no emiss ion is observed . This r e su l t is consis tent 

with the r e su l t s obtained from delayed light emiss ion and f luorescence 

t rans ien t m e a s u r e m e n t s d i scussed in the previous chapter . We will show 

that it is a lso consis tent with r e su l t s obtained by chemiluminescence 

expe r imen t s . 

D. CHEMILUMINESCENCE 

138 
Chemiluminescence was d iscovered by Mayne and Clayton; they 

showed that isolated chloroplas ts emit light when subjected to an ac id -base 

139 

pH t rans i t ion . La te r Mayne found that the light emiss ion by the ch lo ro 

plas ts r equ i r e s pre i l luminat ion. This indicates that the ac id -base t rans i t ion 

may be serv ing as a t r igger to r e l e a s e s tored energy as in thermoluminescence . 

Chemi luminescence data for spinach ch loroplas t s a r e shown in F igure 

32. (See Chapter II, Section G for method). The r e su l t s a r e s imi l a r to those 
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Figure 31. Time course of the luminescence induced by a 
temperature jump in spinach chloroplasts. The 
temperature jump is induced by adding water at 
53°C to the suspension at 16°C A: signal induced 
in normal chloroplasts; B: in chloroplasts with 10"*M 
DCMU; C: in chloroplasts with 10"3M hydroxylamine; 
D* in chloroplasts with both 10"^M hydroxylamine and 
10"5M DCMU. Preillumination intensity is 3. 8 x 105 

ergs /cm sec. 
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obtained for the rmoluminescence . Fo r chloroplas ts suspended in buffer 

-5 solution, chemi luminescence is l a rge . For chloroplas ts with 10 M DCMU 

-3 added this emis s ion d e c r e a s e s and for chloroplas ts with 10 M hydroxylamine 

o r with hydroxylamine and DCMU, no emiss ion is detected. 

Adding acid and then base to the chloroplast to induce luminescence 

causes a permanent change in the chloroplas t . This is shown in the change 

of a f luorescence t rans ien t which is permanent ly a l te red on the addition of 

acid and base . Addition of hot water to the chloroplas t to cause t h e r m o 

luminescence, ' however, causes only a t e m p o r a r y change in the f luorescence 

t rans ient and the t r ans ien t r ecove r s to that of the normal chloroplas t after 

th i r ty minu tes . 

Chemi luminescence has been postulated as a chemical back react ion 

139 
of Photosys tem II t r igge red by a rapid pH change. Why the emiss ion is 

higher for normal ch loroplas ts than the emiss ion in ch loroplas ts with DCMU 

added is again open to speculation just as in the case of thermoluminescence 

It could be due to the fact that in normal cel ls the second in te rmedia te in the 

+ 
e lec t ron t r anspor t chain (A ) can a lso recombine with Z to cause the 

emiss ion . The addition of hydroxylamine to normal o r DCMU t rea ted cel ls 

e l iminates light emiss ion d ras t i ca l ly . It may be due to the same cause as 

that in delayed emiss ion and the rmoluminescence in that the hydroxylamine 

+ + 

r eac t s with Z so fast that there is ve ry l i t t le Z for chemical back reac t ions . 

Two chemica l s , DCMU and hydroxylamine, play an important role 

in these s tudies . Both chemica l s , when added to the cell insufficient con

centrat ion, will inhibit oxygen evolution. F luorescen t t rans ien t s tudies 
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Figure 32. Time course of the luminescence induced by an acid 
base transition in spinach chloroplasts. A: signal 
induced in normal chloroplasts, B: in chloroplasts 
with 10"5M DCMU, C: in chloroplasts with 10"3M 
hydroxylamine; D: in chloroplasts with both 10 M 
hydroxylamine and 10"5M DCMLU. Prelllummating 
intensity is 3 8 x 105 e rgs /cm sec. 
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(Figure 28) show, however, that they act differently- DCMU has been shown 

to block Q from being reduced by the next component in the electron t rans

port chain. Hydroxylamine has been shown to replace water as the electron 
+ 

donor to Z , which explains why cells with hydroxylamine added have about 

the same initial transients as the normal cells. From delayed light experi

ments it was believed that DCMU blocks intersystem crossing at the r e 

action center because of the accumulation of Q which blocks the trapping 

capability of the reaction center. The large delayed emission observed is 

believed to be due to the recombination of Q and Z at the reaction center 

to populate the triplet state, which can wander out into the bulk pigment 

and annihilate with another triplet to form an excited singlet state. Hydroxyl

amine, however, is believed to block the chemical back reaction which 

produces the triplet s tate. The reason is that although Z states can exist 

for a long time in the dark when water is used as the electron donor, hydroxyl-

+ + 
amine reacts quickly with the Z so that Z cannot exist as a stable state. 

In cells with hydroxylamine added, intersystem crossing at the reaction 

center is believed to be the main way to populate the triplet state. The 

measured decay curve of the delayed emission of cells with hydroxylamine 

agrees exactly with the theoretical curve calculated with the assumption 

of intersystem crossing with no chemical back reaction. DCMU, then, 

blocks intersystem crossing and hydroxylamine blocks chemical back 

reaction. If both chemicals were added to the same cell, one should expect 

no delayed light emission as both paths to produce the triplets are blocked. 

This is indeed observed experimentally in delayed emission measurements. 
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Since thermoluminescence and chemiluminescence phenomena are explained 

as luminescence given off by chemical back reaction triggered by heat or 

pH change, and since hydroxylamine is postulated to eliminate back reactions, 

one would expect no observable thermoluminescence and chemiluminescence 

when hydroxylamine is added. This is exactly what is found experimentally 

(Figures 31 and 32). On the addition of DCMU with hydroxylamine also no 

luminescence is observed. In cells with DCMU and hydroxylamine, the 

chemical back reaction does not exist, Q is stable since DCMU blocks the 

reoxidation of Q by electron transport intermediates, and hydroxylamine 

+ 
eliminates Z needed for the back reaction. Q is found to be stable from 

fluorescence induction experiments (Figures 29 and 30). 

Studies of delayed light emission, thermoluminescence, chemi

luminescence and fluorescence transients in cells with DCMU and hydroxyl -

+ 
amine indicate the occurrence of the recombination of Q with Z . From 

energetic considerations, the energy from the recombination reaction is 

probably not high enough to populate the excited singlet state of Chi a, but 

high enough to populate the excited triplet state of Chi a in the reaction center. 

The triplet then can migrate into the bulk pigment system and collide with 

another t r iplet to produce an excited singlet state. The resultant light 

emitted is the observed delayed emission or induced luminescence. That 

triplets can also be produced by intersystem crossing mediated by the 

reaction center is based mainly on the analysis of the time dependence of 

the luminescence decay. 

In conclusion, in this chapter indirect evidence was given for two 

other processes which occur at the reaction center besides the oxidation-
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reduction reaction, fluorescence and radiationless loss; these processes 

are intersystem crossing and chemical back reaction. 

» 
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VI. SUMMARY 

The p r i m a r y events in photosystem II, following the absorpt ion of a 

photon by the bulk pigment sys tem, a r e the migra t ion of the excitation energy 

to a react ion cen te r and the loss of the excitation energy by f luorescence 

and by non-radia t ive decay. The p r i m a r y p r o c e s s e s that occur at the r e 

action cen te r , after it has trapped the excitation energy, a r e the utilization 

of the excitation energy for an oxidat ion-reduct ion react ion and the loss of 

the t rapped excitation energy by f luorescence or non-radia t ive decay. Another 

possible p r o c e s s that occurs in the react ion center is the recombinat ion r e 

action of the p r i m a r y oxidant and p r i m a r y reductant To study the p r i m a r y 

p r o c e s s e s in the bulk pigment sys tem, we have calculated the r a t e s and ef

ficiencies of the p r i m a r y p r o c e s s e s of the excitat ion energy in the bulk 

pigment sys tem by using data from the m e a s u r e m e n t of f luorescence l i fe

t ime (Chapter III). We have studied the mechanism of energy t ransfe r by 

means of polar izat ion of f luorescence measurement s (Chapter IV). To study 

the p r i m a r y p r o c e s s e s in the react ion center , we use information obtained 

from delayed light miss ion , f luorescence t r ans i en t s , chemiluminescence 

and thermoluminescence m e a s u r e m e n t s (Chapter V). 

The lifetime of the excited singlet state of Chi a in vivo was m e a s u r e d 

both by the flash decay method and the phase shift method using a mode- locked 

He-Ne l a s e r operat ing at a frequency of 102.207 Mhz. The flash decay 

method cannot reso lve the quest ion of whether the decay of the excited 

singlet s ta te has one or two l i fe t imes due to the poor t ime response of the 
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photomult ipl ier . The re la t ionship between f luorescence yield and l i fet ime, 

as measu red by the phase shift method, was predicted for one l ifetime decay 

and two l ifet ime decays . Compar ison of the predicted r e su l t s with exist ing 

exper imenta l data shows that the decay of C'hl a in vivo has only one major 

l i fet ime. This resu l t implies that the photosynthetic units a r e all connected 

and that energy from one unit can mig ra t e to another . 

P r e c i s e f luorescence l ifet ime of algae with DCMU added was m e a s u r e d 

by the phase shift method. The m e a s u r e d lifetime was used to calculate 

the r a t e s and the efficiencies of the major p r o c e s s e s that follow after a 

photon is absorbed by a chlorophyll molecu le : f luorescence , rad ia t ion less 

l o s s , and trapping of the energy in the react ion center . The r e su l t s show 

o 
that the r a t e of rad ia t ion less loss for the green alga Chlore l la is 5. 09 x 10 

-1 8 -1 8 
sec , 12. 86 x 10 sec for the b lue -g reen a lga Anacys t i s , and 9. 09 x 10 

sec for the red alga Porphyr id ium. The ra te of f luorescence for al l th ree 

7 -1 
algae is calculated to be 6. 57 x 10 sec . The ra t e of trapping for Chlore l la 

9 - 1 9 - 1 
is calculated to be 1. 19 x 10 sec , 1. 98 x 19 sec for Anacys t i s , and 

9 -1 1.97 x 10 sec for Porphyr id ium. The quantum efficiency for t rapping 

of excitation energy in Chlorel la is then calculated to be 66%, in Anacys t i s , 

59% and in Porphyr id ium, 68%. Measu remen t s of the f luorescence l ifetime 

at 77 K show that Jhe ra te of rad ia t ion less loss of Chi a with a f luorescence 

band at 685 nm is independent of t empe ra tu r e up to 77 K. 

P r e c i s e m e a s u r e m e n t s of the polar iza t ion of f luorescence of algae 

showed a d e c r e a s e in polar izat ion when DCMU is added; this chemical " c loses" 

the react ion cen te r II. Assuming that the cause of the smal l polar izat ion of 
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fluorescence measured is not due to loose chlorophyll-protein complexes 

within the chloroplast, this result is interpreted to show that the energy 

transfer between Chi a in vivo is by the Fbrster "weak coupling" mechanism. 

To obtain information concerning the primary events in the reaction 

center, the delayed light emission in Porphyridium cruentum was measured 

in the millisecond region after .excitation with flashes of light from a He-Ne 

laser . It was analyzed in terms of a triplet exciton model as proposed by 

Stacy, Mar, Swenberg and Govindjee based on experiments with Chlorella. 

This model - - a valid alternative to the electron-hole recombination theory - -

can be described as follows. Following light absorption by a bulk pigment 

molecule, the energy can be emitted as normal fluorescence or be lost in non-

radiative decay or be transferred to the reaction center. At the reaction 

center, the excitation energy can be used for an oxidation-reduction reaction, 

can decay by fluorescence or internal conversion or lastly it can populate a 

triplet state by intersystem crossing. The triplet excitons can then either 

decay, probably by a radiationless transition, or undergo fusion and produce 

an excited singlet in the bulk. The light emitted from the excited smglet 

is observed as the delayed light emission. This process occurs in the short 

time region after the incident light is turned off. At the longer times (0. 1 

sec) we assume that the triplets can also be produced at the reaction center 

+ 
by chemical back reaction of the primary reduced (Q ) and oxidized (Z ) 

products of the photoreaction. This model then predicts another primary 

event at the reaction center after the excitation energy is absorbed, namely 

intersystem crossing. 
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The delayed light emiss ion curves measured with Porphyridium with 

-3 
10 M hydroxylamine were shown to fit exactly the theoret ical curve based 

on the model with the contribution of the chemical back react ion ignored. 

Hydroxylamine is a s sumed to stop the chemical back react ion. The re su l t s 

of the delayed light emiss ion of normal Porphyridium and Porphyridium 

-5 
with 10 M DCMU and with both DCMU and hydroxylamine a re quali tat ively 

explained by the t r ip le t fusion model when the contribution of the chemical 

back react ion is not neglected. Thermoluminescence and chemiluminescence 

m e a s u r e m e n t s were used to fur ther show that the chemical back react ion 

+ 

is due to the p r i m a r y reduced (Q ) and oxidized (Z ) products of the photo

react ion. Addition of hydroxylamine to the cell which is assumed to stop 

all back reacfiom completely e l iminates both the thermoluminensce and 

chemiluminescence . F luorescence t rans ien t m e a s u r e m e n t s also show that 

on the addition of both hydroxylamine and DCMU to the cell , the photoreduced 

Q cannot be reoxidized and r e m a i n s s table . These r e su l t s indicate that 

the p r i m a r y products in the reac t ion center a re involved in the chemical 

back react ion, another react ion that can occur at the reac t ion center . 

The details of the chemical react ion, at react ion center II, leading 

to oxygen evolution a r e also d iscussed (Appendix I). Two new al ternate 

models for oxygen evolution a r e proposed. 
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APPENDIX 

TWO NEW MODELS FOR OXYGEN EVOLUTION IN 
PHOTOSYNTHESIS 

A. INTRODUCTION 

140 
F r o m the quantum yield m e a s u r e m e n t s of photosynthesisi, it is 

genera l ly agreed that it takes eight photons to produce a molecule of oxygen 

from wate r and to reduce a molecule of C O . in green plants . The overa l l 
Cd 

p r o c e s s r e q u i r e s the t r ans fe r of four e l ec t rons , in two s teps , from H ? 0 

to CO_. The oxygen evolution step r e q u i r e s the t r ans fe r of four e lec t rons 
Cd 

141 
from wate r to an in te rmedia te (A), and this r e q u i r e s four photons. How 

this is done r e m a i n s a m y s t e r y . (For a r ecen t review, see Cheniae. ) 

There is exper imenta l evidence that indicates that photons act success ive ly 
l 

on the same photochemical center with da rk in te rmedia te s teps to produce 

one molecule of oxygen. This ru les out the possibi l i ty that the p r i m a r y o x i 

dant produced at one reac t ion center can m i g r a t e and reac t with another 
143 

oxidant produced at another reac t ion cen te r . • Allen and F r a n c k showed 

that after a long d a r k period no oxygen was given off if algae were i l lumin

ated by a single shor t br ight f lash of l ight. Oxygen, however, was given off 

on subsequent f lashes of light following the single flash. These observa t ions 

144 
w e r e confirmed by Whittingham and Brown. F r o m m e a s u r e m e n t s of the 

145 
t ime course of oxygen evolution at low in tens i t ies , Joliot found that after 

a long d a r k period the re was a lag in oxygen evolution. If a p re i l lumina tmg 

flash was given, oxygen evolution s tar ted immedia te ly on i l lumination. 

Joliot in te rpre ted these and other r e su l t s (not cited here) to mean that in 
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order to obtain oxygen production two quanta must be absorbed success ively 

in the same photochemical center producing an oxygen atom; oxygen atoms 

146 from neighboring units can combine to give an oxygen molecule . Rosenberg 

has also measured the t ime course of oxygen evolution at low light intensi t ies 

and from these studies has suggested that four photoacts on the same react ion 

center lead to the evolution of one oxygen molecule . F rom measu remen t s 

of the r a t e of oxygen evolution as a function of light intensity at low leve ls , 

Kok_et aL found that the difference in the a r ea bounded by the t ime 

course curve taken right after continuous prei l lumination (no deactivation) 

and that taken after ten minutes in dark was independent of intensity at low 

light l eve ls . With the assumption of constant quantum efficiency, this 

resu l t implies that photons a r e needed to fill a finite pool of in termedia tes 

before oxygen can be evolved. 

109 147 
More recent ly , Joliot_et aL and Forbush_et aL have r e 

investigated the evolution of oxygen by a s e r i e s of short saturat ing flashes 

109 
of l ight. Joliotjet aL found that the amount of oxygen given off per 

f lash of light showed a damped four cycle osci l lat ion in re la t ion to the 

numbers of flashes given. On the b a s i s of these exper iments , they proposed 

a new scheme for the mechanism of oxygen evolution in photosynthesis . The 

main features of this scheme a re 1) the reac t ion center II includes two 

e lec t ron donors (Z) and one e lect ron acceptor (Q), 2) t ransfer of two e l e c 

t rons from the same donor leads to the formation of one oxygen atom and 

3) the react ion center acts as a switch that connects a l ternate ly each donor 

to the acceptor ; this is what we call a "flip-flop" mechan i sm. This switch 
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works with an efficiency of 85% and is induced by each photoact. Kok £t aL 

made s imi lar experiments and suggested that oxygen evolution is a four 

quanta process that occurs in a sequence. To fit the damped four cycle 

147 oscillations, F o r b u s h ^ aL proposed that after a long dark period all 

reaction centers do not deactivate to the ground state and that the damping 

is caused by failure rate of the trapping centers in the photochemical 

conversions ("misses, " at). Damping is also due to reaction centers which 

can receive two photons and perform two photochemical acts within the 

duration of the light flash ("double hits, " j3). In this communication, we 

propose two new alternate models (Figure 33c and 33d) that will fit the 

published data of both Kok_e£aL ' and Joliot et al. 

B. THEORETICAL TREATMENT 

Any model for oxygen evolution must satisfy the following conditions. 

It must explain the fact that the oxygen evolved per flash, when the photo

synthetic units are illuminated by a series of short (~10|j.s) saturating 

flashes of light spaced 300 msec apart, oscillates with a period o£ four 

109, 147 and damps out after four to six periods. ' It must also explain the 

difference in oxygen yield sequences by a series of light flashes after 

various pretreatments with light as observed by Kok_et aL and Forbush 

147 _et aL After 2 5 flashes were used to attain steady state of oxygen evolu

tion, the chloroplasts were left in the dark for five minutes and then were 

given a single flash or a sequence of two or three flashes or no flashes 

at all. After this light pretreatment, the chloroplasts were left in the 
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da rk for 30 minu tes . The oxygen yield per flash produced by a sequence of 

light f lashes was then m e a s u r e d and found to be different with different 

p r e t r e a t m e n t s . Any model of oxygen evolution mus t also be able to predict 

the t ime course of the ra te of oxygen evolution observed in continuous weak 

109 147 
light following da rkness or different numbers of f lashes . ' 

Two genera l a l te rnat ive models a re poss ib le . The f irst is that the 

evolution of an oxygen molecule is due to a two step mechan ism in which 

the react ion cen te r success ive ly accumula tes two posit ive charges to p r o 

duce an atom of oxygen. Two oxygen a toms quickly combine to produce a 

molecule of oxygen. The second is that the evolution of an oxygen molecule 

is due to a four s tep mechan ism in which the reac t ion cen te r s must s u c 

cess ive ly accumulate four posit ive cha rges before a molecule of oxygen is 

evolved. 

1. Two Step Mechanism 

109 

Joliot e t aL ' s model for oxygen evolution is a two step mechan 

i s m . This model is drawn schemat ica l ly in F igu re 33A. Detailed calculat ions 

of this model show that after the f i r s t f lash the sum of the amount of oxygen 

given off by two consecutive f lashes is always equal to twice the amount of 

oxygen given off a t steady s ta te , u e . , the sum of the oxygen given off by the 

second and third f lashes is equal to the sum of the oxygen given off by the 

fourth and fifth f lashes . This predict ion does not ag ree with e i ther thei r 

109 147 

own o r Forbush e t_aL ' s exper imenta l r e s u l t s . A s shown in F i gu re s 

34A and 35A the sum of the oxygen given off by the second and third f lashes 

is g r e a t e r than the sum of the fourth and fifth f l a shes . F u r t h e r m o r e , in 
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F igure 33. Schematic d iagram of four different models of oxygen 
evolution. Q is the p r imary e lec t ron acceptor ; Z is 
the p r i m a r y e lec t ron donor, solid and broken a r rows 
indicate light and dark reac t ions respec t ive ly . 

(A) Model A for oxygen evolution r ed rawn from Joliot 
_et_aL ' p is a probabil i ty constant . 

(B) Model B for oxygen evolution redrawn from Kok 
_ e t a L 1 1 0 j 3 is the probabil i ty of "double hi ts . " + 

Kok's SQ has been replaced by Q-Z and S, by Q-Z etc 
(C) Model C. q is a probabil i ty constant 

(D) Model D. A, B, f> a r e probabil i ty constants . 
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F igu re 34. (A) The amount of oxygen evolved by Illumination 
with a s e r i e s of light f lashes of sa tura t ing 
intensity after the cel ls were kept five minutes 
in the dark. The dark t ime between each flash 
was 300 m s e c . Y is the oxygen emitted by the n t n 

flash of light. Y is the oxygen emit ted after 
s teady state conditions have been reached. The 
solid line is for isolated spinach ch loroplas t s . 
The dotted line is for the green alga Chlorel la . 
(Exper imenta l data of Joliot_et aL 109) 

(B) Pred ic t ions based on Kok's model . S = con
centra t ion of Q-Z spec ies , S = concentrat ion of 
Q - Z + spec ies , a: = " m i s s e s " , fi = "double hi ts . " 

(C) Pred ic t ions based on model C. V* = inefficiency 
index, q = a probabili ty factor . 

(D) P red ic t ions based on model D. A, B, P = probabili ty 
constants , Y = inefficiency index of the t r ap . 
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(A) The amount of oxygen evolved by illumination 
with a series of light flashes of saturating 
intensity after a long period of darkness following 
continuous illumination. The dark time between 
flashes was one sec. Isolated spinach chloroplasts 
were used. 
(Experimental data of Forbush et_aL ) 

(B) Predictions based on Kok's model. ' The 
symbols in this and following figures C and D 
have the same meaning as in Figure 33. 

(C) Predictions based on model C. 

(D) Predictions based on model D 
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Kok_et aL and Forbushjet aL 's exper imenta l r e su l t s the sum of the 

oxygen from the second and third f lashes is l a r g e r than twice the amount 

109 
of oxygen given off at s teady s t a t e . Joliotjet aL ' s model also a s sumes 

that after a long per iod of da rkness all the trapping cen te r s deactivate to 

one ground s ta te . This cannot explain why the oxygen given off per flash 

should be different if th ree f lashes of light were given before the long period 

of da rkness and if no light were given. Joliot et aL ' s model using a two 

step mechan ism, then, cannot explain all the exper imenta l r e s u l t s . This, 

of cour se , does not rule out the possibi l i ty that oxygen is evolved after the 

accumulat ion of two charges only. 

We have evolved a two quanta s tep model (Model C) that will fit the 

exper imenta l r e su l t s The model is shown in F igure 33C. We as sumed 

as in Joliot_et aL 's model that the re a r e two donors (Z) to one acceptor (Q). 

After a long period in the dark, we a s sumed that the re a r e two stable s ta tes 

Z Z 
(Q^-7 ) and (Q'„_)> On absorbing the f i r s t flash of light, one Z is oxidized 

Z - Z Z 
and the Q is reduced, _i. e_., (Q'' ) becomes (~Q^ + ) and (Q^ ) becomes 

( Q v„ ). After a short period of da rk t ime (10 sec . ), Q becomes r e -

- Z Z 
oxidized to Q (via "A") and ( Q^„+ ) becomes (Qf„ + )• On the second flash 

of light we a s s u m e that (Q^7 + ) has a probabil i ty of q to change into 

- * - . Z + 

( Q ++ ) and a probabil i ty of 1 - q to change into ( Q + ). In the sub-
- Z Z 

sequent da rk period ( Q*„++ ) will t r ans fo rm back to (Q?„ ) by a react ion 
^Z z 

with wate r giving off an atom of oxygen. (Two oxygen a toms from neighbor

ing units would combine to give one oxygen molecu le . ) Hence, in this model, 

the probabil i ty q can be de termined by the amount of oxygen given off after 
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the second flash. On absorbing the third flash of light, (Q~+ . will become 

( Q~+ )• We assume then that this species with three charges cooperates 

in such a way that at each Z two oxygen atoms are evolved within the same 

unit; thus, a molecule of oxygen is produced.* Three of the four resultant 

electrons from water are used to reduce the oxidized Z, the fourth electron 

from water is assumed to be trapped by one of the Z ' s . This trapped elec

tron is assumed to be very stable and can only be deactivated by a quantum 
++ 

of light. Hence (QfZ+ ) becomes a very stable (C/ ). On the fourth flash 
JZi z 

of light as in the first flash (Q ) attains the initial state (Q^ ). On the 

fifth flash of light, this cycle of reactions is repeated. To match the ex

perimental results with this model, we make the last assumption. We 

assume that the photochemical reaction centers are not 100% efficient but 

operate with an efficiency of (1 - y ). This assumption is very similar 

to the assumption of "misses" used by Kok and co-workers ' in their 

model. We do not believe that the reason why a photochemical reaction 

will not occur at a unit is due to a photon "missing" a particular unit. Since 

there is much evidence to support the fact that the units are connected to 

one another, the reason why a photochemical reaction will not occur is 

more probably due to the inefficiency of the trapping center itself (see 

Chapter III). *We note that it is difficult to visualize this step as a two charge 
step. What we wish to emphasize is that if there are two plus charges on a 
reaction center "Z", oxygen atoms can be formed; this does not preclude the 
evolution of a whole molecule of oxygen if the proper state of Z occurs 
within the same reaction center. However, we can look at it as evolution 
of two oxygen atoms at the two Z's and an oxygen molecule being formed 
just as in the case when two atoms are formed in neighboring reaction 
centers. 
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From the model in F igure 33C, one can derive the following recur s ion 

re la t ions . 

£ x i J n + i = ( 1 - Y ) [ X
4 J + Y tx iJ + q l > J 

n n n 
(42a) 

[ X j = (1 - Y ) [ x J +Y[X2] (42b) 
n+1 n n 

£XJn + l ^ - ^ ^ K l + Y f c J (42c> 
n n 

W r t ' i ' ^ i [X3]n
+YK] (42d) 

" n 

where [ x J is the re la t ive concentrat ion of (Cf ) 

[ T Z + 

X?J is the re la t ive concentrat ion of (Q^7 ) 

[X.J i i s the relat ive concentrat ion of (Q^7 + ) 

Ix^J is the re la t ive concentrat ion of ( Q ~ _ ) 

n is the number of f lashes used. 

The amount of oxygen evolved by the n + 1th flash can be calculated from 

the equation* 

2 f ° J ? q W + 2 ( 1 " ^ ) [X
3] <43> 

n+1 n n 

To calculate the amount of oxygen evolved per flash by a s e r i e s of 

f lashes , we mus t f i r s t calculate the initial concentrat ions of the two stable 

s ta tes X. and X after a long period of da rkness and the amount of oxygen 
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evolved after a la rge number of f lashes so that we can use that amount as 

the normalizat ion constant. At s teady state , when the amount of oxygen 

evolved per flash becomes constant, the concentrat ion of X , , X_, X„, X . 
r 1 2 3 4 

also r e m a i n s constant. Hence by simple a lgebra ic manipulation of the r e 

cu r s ion re la t ions , one can show that at s teady s ta te : 

4 

4 

4 

- 4Y + 2q 

1 - Y +Q 
- 4Y + 2q 

1 - Y 
- 4 Y + 2 q 

1 - Y 

W • 4 . iV+aa <44<=> 

fXJ " 4-4Y"I29
 (44d) 

where [ x j + [ x j + (x^) + [ x j = 1 

The amount of oxygen evolved at steady state is then: 

T [0,1 = i'Zfi +2(1 -Y) 
2 L 7 J ss a - AY+ 2a v ' 

1 - Y 
2Jss ~ q . - 4 Y + 2 q K ' 4 - 4Y+2q 

(45) 

To compare with exper imenta l r e s u l t s , I 0 ] will be set to unity, and 
u 2Jss 

for all [ 0 - j calculated, [0 J mus t be divided by [o J . 
n n ss 

After reaching s teady s tate of oxygen yield and turning off the flash

ing light, we assume that X_ and X, deact ivate back to X j . Hence after a 
Cd D i . 

long da rk period, the re la t ive concentrat ion of the X's a r e : 

rx i = 1 . i - Y 
l l J o 4 - 4Y+ 2q 

[ X 2 ] Q = 0 (46) 
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[xj_ = 0 
3Jo 

1 - V W -4\ 4 - 4Y + 2q 
o ^ 

After substi tuting these values into the r ecu r s ion re la t ion, one can 

calculate the re la t ive concentra t ions of X . , X ? , X and X . following each 

succeeding flash. Using these calculated X . , X_, X„, X values , one can 

calculate the amount of oxygen evolved per flash by a s e r i e s of f lashes . 

If after reaching steady state of oxygen yield, the flashing light 

was turned off for five minu tes , then one flash was given and the chloroplas ts 

were allowed to s i t in the dark for 30 minu tes , the. init ial concentrat ions 

of £x.J and [X.J, the two a s sumed stable s ta tes would be changed. Just 

before the single flash was given, the concentrat ion of X. and X is equal 
i. ft 

to [ x j and pC J . On applying the single flash, mos t of the [X J 

will change into [X ] and will not decay back to [ X . / in the dark because 1 l Jo L 4J0 

[X.J is s tab le . The s ta tes that [X J will change into following a single 
1 o 1 o 

flash will deact ivate back to [ X . ] . Hence one can eas i ly show that follow-
* o 

ing a single flash: 

! „ r ( i - r ? 
LXr'o * 4 - 4Y + 2q 

tX2^o = ° 
v (47) 

Wo = ° 

r x i = v ( i - Y ) 
L 4J0 4 - 4Y + 2 q 
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Using the same argument , with two f lashes given, the initial 

conditions would be: 

rx i - ! . r 2 ( * -Y) 
LAlJ o T L 4 . 4Y+ 2q 

fx,] = 0 

*• 2 J o 

t*Jo " ° 
W„ -

(48) 

Y 2 ( l - Y ) 
4Jo 4 - 4Y + 2a 

If t h r ee f lashes were given, the initial conditions would be: 

[ X l ] o = l - ( l - Y ) 2 ( l - Y - q ) 1 - [4 , 4YV2
Y

q J 

[X Jo = ° 

I* Jo = ° 

^ W = ( l - Y ) 2 ( l - Y - q ) ^-[^AY+\a ) 

(49) 

Using these initial conditions to calculate the amount of oxygen evolved 

per flash, one can eas i ly see that the oxygen yield per flash would be 

different for each initial condition. 

2. Four Step Mechanism 

In the four s tep mechan ism, four cha rges mus t be accumulated 

before a molecule of oxygen can be evolved. In the l inear four s tep mechan

ism of Kokand c o - w o r k e r s the re exist four in te rmedia te s ta tes S , S . , S 

and S (Figure 33B). Schematical ly , we have in terpre ted the i r S t o b e 

+ ++ +++ 
(Q-Z) , S to be (Q-Z ), S to be (Q-Z ) and S to be (Q-Z ). On 
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absorbing a quantum of light, S goes to S , S to S , S to S , and S on 
\J 1 J, Cd Cd j 3 

absorbing a photon undergoes a da rk react ion with water molecules which 

t r ans fo rms S, back to S . and an oxygen molecule is evolved. Clear ly , if 

after a long period of da rkness the only exist ing state is S , then the oxygen 

produced by sequential f lashes of light will osci l la te with a period of four 

and will not damp out. As noted in the introduction, the per turba t ions to 

this cyclic reac t ion a r e a s sumed to be due to the possibi l i ty that notevery 

S s tate will move to the next on applying a flash of light ( "misses" ) and also 

that some in te rmedia te s t a tes can have double exci ta t ions ("double h i t s" ) . 

Kokjs£ aL and F o r b u s h ^ a L a s s u m e that within the t ime of a flash 

of light used by thei r exper iments only S and S can use two photons to 

change into S and S respec t ive ly . To explain why oxygen produced on the 
r 

third f lash should be g r e a t e r than oxygen produced on the fourth flash, 

they made the fur ther assumpt ion that the in termedia te s ta tes S and S 

r e l ax back to the S s tate in the dark and that S. is an "infinitely" stable 

s ta te . This assumpt ion also explains the differences in the flash yield 

sequences observed after var ious p r e t r e a t m e n t s with light. 

We have evolved an a l t e rna te four s tep model for oxygen evolution 

(model D) in which two reac t ion c e n t e r s a r e needed to evolve a molecule 

of oxygen instead of one. (There is indirect evidence that two reac t ion cen te r s 
148 

may act together . ) It a lso a s s u m e s that within the t ime of the flash, 

there is no "double excitat ion" within one reac t ion cen te r a s in Kok's 

model . This model is shown in F igu re 33D. We as sume that after a 

long period in the dark, mos t of the "double" reac t ion center is in the state 



176 

Q Z "*" "*Z 
( Z ^ _ ^ Z ) . (This should have been wri t ten as ( ) but we use the 

- Q Z ^ Q ^ Z 
s imple r form. ) On absorbing one quantum of light in each react ion center 

of the twin (Le_. , a total of two quanta), this state has a probabili ty A to 

++ Q" + / v + 
become ( Z ^ _ . ^ Z ) and probabili ty 1 - A to become ( Z Z ). On 

absorbing the next two quanta of light after a period of da rkness (300 msec ) , 
Q Q 

+ y ^ +++ ++ y s 

we a s s u m e that both s ta tes can change into ( Z Z ). State ( Z Z) 
X Q ' S Q ' 

++++ Q 
has also the probabili ty B to change into ( Z - ' . N Z ) which on the sub-
sequent da rk react ion changes back to the initial s ta te (Z Z) after giving 

off a molecule of oxygen from a react ion with two molecules of wate r . State 
Q 

( Z Z ), on absorbing two m o r e quanta, can undergo two a l te rna te 
N Q ' Q 

++ S v ++++ 
light r eac t ions . One react ion changes it to ( Z Z ) which on the 

++ Q S ° ' ' 
subsequent da rk reac t ion changes into ( Z ^ Z ) after giving off a m o l e -

N Q ^ 
cule of oxygen from a reac t ion with water mo lecu l e s . The other react ion 

x Q XXX x x x Q XXX 
changes ( Z Z ) with a probabil i ty of p into ( Z Z ) which 
is then postulated to undergo a da rk react ion with four molecules of water 

yQ 

to evolve two molecules of oxygen and a stable state ( Z Z ). This 

s ta te will not deact ivate in the dark. On absorbing another two quanta of 

• Q 

light in the double react ion center , ( Z S Z ) changes back to the initial 

Q N Q " 
state ( Z " V Z ) . As in Kok's model , we will a s sume that the photochemical 

V Q X 

react ion cen te r s a r e not 100% efficient but ope ra te with an efficiency of 

(1 T Y ). F r o m F igure 33D, the following r e c u r s i o n re la t ions can be 

der ived: 
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Wn+1 = (I "Y) W . + (' "Y-B» fr^n +4X3]„ (50) 

Wn+l-^lln + O-^^Wn^ln 
[ x 5 ] n + 1 = e[x3]n+Y[x5Jn 

where j X.J is the re la t ive concentrat ion of the twin (or double) 

yQ, th 
reac t ion center (Z Z) following the n flash 

S Q ' + / Q + 
Tx^ 1 is the re la t ive concentrat ion of ( Z VZ ) following L 2Jn S Q x 

the n flash 

x Q XX r T + ^ s ++ X„J is the re la t ive concentrat ion of ( Z Z ) following 
S Q ' 

the n flash 
Q 

I X.J is the re la t ive concentrat ion of ( Z Z ) following 
u 4Jn N»o' ' 

the n flash 

\xS\ is the re la t ive concentrat ion of ( Z Z ) following 
L 5Jn s • 

the n flash 

The amount of oxygen evolved by the n + 1 flash can be calculated 

from the equation: 

[ ° z l l = B [ X 4 ] n + ( l - Y + e ) [ X 3 ] n (51) 

As in model C, to calculate the amount of oxygen evolved per flash when 

it becomes constant after a l a rge number of f lashes , one can use the 

recur s ion re la t ions of equation 50 and the fact that [X.J = [X.J 
1 n+1 l n 
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where i = 1, 2, 3, 4 . The calculated concentrat ion of X, and X_ at steady 
4 3 

state can then be substituted into equation 51 to obtain the oxygen evolved 

at steady s tate . 

Again, in a s imi la r calculation as in model C, the initial concent ra 

tions of X. can be calculated after a long dark period following steady state 

oxygen evolution per flash. S imi lar ly as in model C, we can calculate the 

initial concentrat ion of [X.J after a long dark t ime following one, two or 

th ree flashes of light which were given after five minutes of a da rk period 

that, in turn, followed steady state conditions. F r o m these initial con

centra t ions and substituting into the r ecu r s ion re la t ions , one can obtain 

the amount of oxygen evolved per flash by a s e r i e s of flashes following 

different light p re t r ea tmen t . 

C. COMPARISON WITH EXPERIMENTAL RESULTS 

1. Compar i son with Jo l io t ' s Exper imenta l Data 

109 
The exper imenta l r e su l t s of Jo l io t_e taL a r e shown in F igure 

34A. The predicted r e su l t s of the three models (B, C and D) fit fair ly 

well with the exper imenta l data. (Model A was rejected on the grounds d i s 

cussed in section B l . ) Using Kok's model , with the probabili ty of " m i s s e s " 

(a) assumed to be 0. 15 and the probabil i ty of "double h i t s " (fi) assumed to 

be 0 .20, we obtain a good fit to the exper imenta l r e s u l t s . This is shown 

in F igure 34B. Using model C to match Jo l io t ' s data, Y, the probabili ty 

of loss in the reac t ion center , is set equal to 0. 10 and q, the probabil i ty 
Z + Z + + 

that (Q, ) will go to (Q ), is set equal to 0 . 3 5 . The predicted 
V Z V Z 



179 

values a re shown in F igure 3 4 C With model D, the values of the pa ramete r 

used to match Jo l io t ' s data a r e A = 0 .25 , B = 0. 90, Y = 0. 02 and P= 0. 20. 

The predicted oxygen flash yield is shown in F igure 34D. In al l th ree c a s e s , 

the calculated r e su l t s ag ree with the exper imenta l r e su l t s in that they show 

a damped oscil lat ion with a period of four, no oxygen output in the f i rs t flash 

and maximum oxygen output in the third flash. The match with exper imental 

r e su l t s of f lash numbers g r ea t e r than five, however, is not too good for 

Models C and D. The reason for this is assumed to be due to " e r r o r s " 

with each flash which cause slight var ia t ions in the probabil i t ies of Y and q 

in model C and in A, B, Y* and f in Model D. 

2. Compar ison with Kok's Exper imenta l Data 

147 The exper imenta l data of Forbush_et_ aL a r e shown in Figure 

3 5A. Again, the predicted values from the three models (B, C and D) fit 

fairly well with the exper imenta l r e s u l t s . F igu re 35B shows Forbush et a l ' s 

calculation with thei r model . They assumed that at is 0.10 and fi is 0 .05 . 

F igure 35C shows the predicted values as calculated with model C. The 

p a r a m e t e r s a s sumed a r e Y* as equal to 0. 05 and q as equal to 0. 15. The 

predicted values calculated with model D a r e plotted in F igure 35D. In 

this case A is assumed to be 0. 10, B, 0. 90, Y , 0. 02, and P , 0. 40. Again, 

the match with exper imenta l r e su l t s of flash numbers g rea te r than five is not 

very good with model C or D. That the probabil i ty used in Model C or D 

changes slightly with each flash is a s sumed , this explains the d iscrepancy. 

3. Compar ison with F l a sh Yield Sequences After Various Light 
T r e a t m e n t s 

The exper imenta l r e su l t s of KokjJt aL and Forbush et al . 
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Figure 36. (A) F l a sh yield sequences observed after var ious light 
p r e t r e a t m e n t s . 25 f lashes were used to attain 
steady s ta te , followed by five minutes of d a r k n e s s . 
Then e i ther none, one, two o r th ree f lashes of 
light were given in a sequence spaced one sec apar t . 
This was followed by 30 minu tes of da rkness before 
a s e r i e s of f lashes were given. (Experimental data 
of Forbush_et aL 1 47) 

(B) Pred ic t ions based on Kok's model . ' The 
symbols in this and following f igures C and D have 
the same meaning as in F igu re 33. 

(C) Pred ic t ions based on model C. 

(D) Pred ic t ions based on model D. 
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a r e shown in F igure 36A. As noted in section B, the chloroplasts were i l 

luminated with a s e r i e s of f lashes until the oxygen yield came to a steady 

s t a t e . They were left in the dark for five minutes . Then the chloroplas ts 

were e i ther left in the dark or were given one or two or three f lashes . They 

w e r e then left in the da rk for thir ty minutes before being i l luminated with 
147 

a s e r i e s of light f lashes . The predicted r e su l t s calculated by Forbush et a l . 

using the i r model a r e shown in F igure 36B. The p a r a m e t e r at is 0. 12 and 

fi is 0 .05 in this ca se . The predicted r e su l t s calculated from model C 

a r e shown in F i g u r e 36C. The p a r a m e t e r s used a r e Y a s equal to 0. 10 and q 

as equal to 0. 15. Using model D, the predicted r e su l t s a r e plotted in 

F igure 36D with A equal to 0. 10, B equal to 0 .90, Y equal to 0.02 and f 

equal to 0 .40 . All the thoere t ica l curves match qual i ta t ively the expe r i 

menta l c u r v e s . The main d i sc repancy occurs in the oxygen yield of the third 

f lash af ter a two flash p r e t r ea tmen t . In all the theore t ica l cases the oxygen 

yields per flash for one or two flash p r e t r e a t m e n t s a r e v e r y s imi l a r to 

each o the r . (In the exper imenta l case , the oxygen yield of the third flash 

af ter two flash p re t r ea tmen t is lower than that of one flash p r e t r ea tmen t . ) 

4. Compar ison of the Kinetics of Oxygen Product ion with Low Light 

In tens i t ies after Different Numbers of Activating F lashes 

109 147 

Joliot et_aL_ and Forbush jet aL have calculated the kinetics 

of oxygen production with low light intensi t ies after different numbers of 

act ivating flashes from the r ecu r s ion re la t ions based on the i r mode l s . We 

will show that the kinetics of oxygen production with low light intensi t ies 

after different numbers of act ivating f lashes can be theore t ica l ly calculated 

from the exper imenta l f lash yield data. This m e a n s that if one can match 
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the flash yield data from a par t i cu la r model , one can also match the kinetics 

of oxygen production at low light intensi t ies . 

The kinetics of the oxygen production with low light intensi t ies after 

different numbers of activating flashes can be calculated from the oxygen 

yield per sa tura t ing flash of light in a s e r i e s of light f lahses . Let : 

N. = the number of units that have received no photon from 

the weak continuous light (to be abbreviated as WCL) 

N , = the number of units that have received one photon from WCL 
Ct 

N, = the number of units that have received one photon from WCL, 

and in which Q has been reoxidized to Q. 

N , = the number of units that have received the second photon 
4 , 

from WCL 

N_ = the number of units that have received the second photon 
5 

from WCL, and in which Q has been reoxidized to Q. 

Then, 
kl k kl k kl 

N. > N0 -> N , > N. *-> N c > N, > * ' * 
1 2 3 4 5 6 

where , 

I is the intensity of light 

k is the r a t e in which N. is converted into N„ and N . to 
i Cd j 

N . , etc . at unit intensity of light 

i k is the dark r a t e in which Q goes to Q (via A). 

Hence, 
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dN 

dN 

i t " k n ' i - k i « 8 

d N , (52) 

— = k i N 2 - M N 3 

dN 
T— * kIN. . - k .N dt i - l 1 i 

In genera l , the solution for the above set of differential equations can be 

found. The solution for N_ , . , a ssuming k ^ k l is ; 
Ci + 1 1 

o < k l > W ' ' -kit N
2l+.«> • K r—r — * ' <"> 

(k1 - kl) ii 

where i = 0, 1, 2, 3, . . . 

N, = total number of. units 

In weak continuous light, without any pre i l luminating flash, the 

amount of oxygen evolved at a given t ime depends upon the annount of oxygen 

N units will evolve and the number of N units. The amount of oxygen 
l i ' ° 

th ' 

evolved by the N unit is exactly the amount of oxygen that will be evolved 

after the i flash in a s e r i e s of f lashes (Yi). Since the react ion between the 

s tored charges and water is a da rk react ion, we will designate k^ as the 
ra te of this reac t ion . Hence the kinetics of oxygen production at low light 

intensi t ies should follow 
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[0 ] (t) = k I ( I21+1 
i=0 Y ; 2i+l K™' 

ss 

where i = 0, 1, 2, 3, 4, . . . 

and £b-J (t) is the amount of oxygen evolved normalized at steady state 

After n prei l luminat ion flash, the amount of oxygen that the N 

number of units will evolve will be equal to Y (i+n). Hence 

[ 0 2 ] n ( t , = k 2 f < - ^ N 2 i + 1 (55, 
1=0 ss 

These equations were numerica l ly evaluated. The resu l t s a r e shown 

4 
in F igure 37. The value of k used was 10 which was the exper imenta l 

149 
value obtained by Kokje£ aL The value of kl used was 2. 5 chosen for 

the best fit to the exper imenta l data. Since k„ and N. were a r b i t r a r y con

stants that would not change the shape of the induction curve, they were set 

at 1. F igure 37A compares the theore t ica l curves (solid lines) obtained 

from equations 53 and 55 and the exper imenta l flash yield data of Jo l io t ' s 

109 
with the t ime course curves obtained also by Joliot et aL after one, two, 

and three f lashes respec t ive ly . Our calculated curves match very well with 

Jo l io t ' s exper imenta l data. F i g u r e 37B shows the predicted curves for 

oxygen evolution after the fourth, fifth and sixth f lashes respect ively , 

these curves a r e very s imi l a r to the exper imenta l curves obtained by Kok 

, 110 
et a l . 

These r e su l t s show that the kinetics of the oxygen production with 

low light intensi t ies after different numbers of activating flashes can be 
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Figu re 37. (A) The kinetics of oxygen evolution of Chlorel la 
i l luminated by weak modulated light (\= 685 nm, 
intensity - 700 e r g s / c m sec, modulation frequency 
= 25 Hz) The solid dots, exper imental values 
obtained by pre i l luminatmg the algae for 30 
seconds, after which they were allowed to stay 
in t h e dark for 70 seconds before the weak modulat
ing light was turned on; the t r i ang les , exper imental 
values obtained as before but with one flash given 
20 m s e c before the weak modulating light was turned 
on; the open c i r c l e s , exper imenta l values obtained 
as before but with two shor t f lashes. (Experimental 
data of Joliot j e t a L ) The solid l ines (1 - 3) 
a r e the thoeret ica l curves calculated from equations 
53 and 55 in the text using the exper imenta l oxygen 
flash yield data of Joliot et a l . ° " 

(B) Theore t ica l curves predicted from experimental 
oxygen flash yield data. Line 4 is the predicted 
curve after three f lashes of prei l lumination, l ine 
5, after four f lashes , l ine 6, after five f lashes . 
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calculated from the oxygen flash yield data. Hence, any model for oxygen 

evolution that will explain the oxygen flash yield data will explain the kinetics 

of oxygen production with low light in tens i t ies . An exception is the model of 

K o k ^ a L . In thei r model , they postulated that there a re "double 

h i t s" which occur when the cells a r e i l luminated by flashes of light. At 

low light intensi t ies , "double h i t s" should not occur . They have taken this 

into account and have calculated, based on thei r model , the kinetics of oxygen 

147 
production at low in tens i t ies . Thei r theore t ica l kinetic curves ma tch 

with the i r exper imenta l kinetic cu rves . 

D. DISCUSSION 

Models C and D a r e proposed as new explanations for the mechanism 

of oxygen evolution to the model (B) proposed by Kokjej^aL and Forbush 

147 et_aL_ Our ana lyses (see F igu re s 34, 35, 36, 37) of the three models 

(B, C and D) indicate that all a r e valid a l te rna t ives and that none of them can 

be declared as the c o r r e c t one yet. However, it is accepted (see ref. 147) 

109 
that the model of Joliot_et aL (model A) may not be considered, in 

its present form, because it cannot explain the data of Kok and c o - w o r k e r s . 

In Kok's model , the accumulat ion of four positive charges in one 

trapping center leads to the evolution of oxygen. Analysis of model C 

shows that it is possible to explain the exist ing exper imenta l data on oxygen 

evolution by proposing that oxygen can be evolved from the accumulation 

of two positive charges in one react ion cen te r . Analysis of model D shows 

that a four-charge hypothesis that uses two reac t ion cen te rs acting together 

also explains the exist ing exper imenta l data. 



189 

One important difference between the model by Kok and co-worker s 

and the model C or D is the bas i s for oxygen evolution after the second 

flash. Within the t ime of the illuminating pulse of light (<*10jxs), some 

photosynthetic units a re capable of being hit twice by photons and a r e able 

to do two photochemical react ions (Kok). (It is difficult to imagine how 

Q r e t u r n s to Q within this time to do the second photoreaction because 

149 
Kok_et aL have shown that the half t ime of the r ecovery of Q is about 

0. 5msec . ) Also, it follows that if the t ime duration of the pulse of light 

is kept ve ry shor t , no oxygen should evolve after the second flash. Weiss 

150 
and Sauer showed that no oxygen was evolved after the second flash 

when 20 and 40 nanosecond l a s e r f lashes and 28 microsecond Xenon light 

f lashes were used. The minimum dark t ime between flashes that they used, 

however, was 15 seconds , so that they could not obtain osci l lat ions of the 

oxygen yield produced by a sequence of flashes. This may be due to the 

fact that p r e c u r s o r s built up by a flash of light deact ivate before the next 

flash of light is given1 Hence pa r t of the reason why oxygen was not ob

served after the second flash may be due to deactivation of the p r e c u r s o r s 

built up by the f i rs t flash of light. However, if an exper iment can be done 

with flash t ime of 20 nanoseconds spaced approximately 300 m s e c apar t , the 

amount of oxygen evolved after the second flash in a s e r i e s of flashes 

following a long dark period should decide whether the two proposed models 

or Kok's model is the c o r r e c t one. In Kok's model there should be no 

oxygen evolved; in models C or D oxygen evolution should be observed. 

In conclusion, other models bes ides the one proposed by Kok and co

w o r k e r s can also explain exist ing exper imenta l r e s u l t s . An exper iment is 
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proposed that can decide between our models (C and D) and the model B of 

Kok, Forbush and McGloin. 

E. SUMMARY 

Two new alternate models for oxygen evolution are proposed. The 

first one assumes that oxygen can be evolved from an accumulation of two 

charges, this modified two-charge hypothesis explains the existing experi

mental data unlike Joliot and co-workers ' two-charge "flip-flop" model. 

The second one assumes that accumulation of four charges are needed for 

oxygen evolution, this model differs from the four charge model of Kok 

and co-workers because it does not require a "double hit" on the same r e 

action center but in it each oxygen evolving site has two bound reaction 

centers II. The alternate four-charge hypothesis also explains the existing 

experimental data. We conclude that Kok_et_aL 's model is not unique, 

and the two models presented here should be considered as valid alternate 

models for oxygen evolution in green plants. 
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