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F RONI spectrophotometric (and other) work 
i g z  vivo, and studies on the photochemistry 
of chlorophyll in solutions, this pigment mole- 

cule has long bee11 thought to have a significant role 
in the primary events of photosyntnesisl. Chloro- 

W phyll has been shown to be an efficient photo- 
catalyst, acting as a mediator ill various in vitro 
oxidation-reduction reactions, oiten involving the 
storage of incoming light. In 1952, DuysensQb- 
served a reversible bleaching of the long-wdve 
absorption band of the bacteriochlorophyll fourAd 
in photosynthetic bacteria; only a very small frac- 
tion of the total pigment was involved. Similarly, 
in green plants K0k3 discotered a light-induced 
absorbance decrease centred a t  about 700 nm due 
to a small fraction of a special form of ch1orop;lyll 
a (Chl a) labelled P700; this was later shown to be 
due to the oxidation of P700 (~ef .  4). Recently, 
Doring et al.5 and Govindjee et ~ 1 . ~  have shown a 
second light-induced absorbance change centred 
at  682 nm (P682). These two changes (P700 and 
P682) are suggested to originate in separate energy 
traps (or reactioll centres) of the two pigment sys- 
tems of photosynthesis7. The light ellergy absorbed 
by various pigments in vivo must be transferred 
efficiently to the reaction centre chlorophyll mole- 
cules for photosynthesis to take places. When tne 
photochenlistry of photosynthetic system is blocked 
or poisoned, i t  is noted that the fluorescence of 
chlorophyll increases, suggesting a relationship be- 
tween photochenistry and Chl fluorescenceg~lO. 
This relationship holds good when singlet states 
are lnvolved in p h o t ~ c h e m i s t r y ~ ~ ' ~ ~ .  

Chlorophyll molecules can exist in the excited 
electronic state either in a singlet or triplet configu- 

C 

ration. In 1936, Gaffron and WohlI3 postulated 
that a metastable state of chlorophyll acts in some 
step of photosensitized reactions. The fact that 
many organic molecu!es can indeed be excited to 
a metastable level with a high yield was shown by 
Porter14, using intense flashes of light. The 
absorption spectrum of the lowest triplet state of 
chlorophyll was recorded by Livingston15 and 
Linschitz16 in 0,-free organic solvents. In the pre- 
sent communication, some of the studies of triplet 
states in vitvo and in preparations closer to the living 
state are reviewed. The existence of a triplet state 
in vivo has not yet been convincingly demonstrated. 
(The techniques of difference and flash spectroscopy, 
dek.yed light emission and electron paramagenetic 
resonance have been used for these studies.) 
Beyond being an assemblage of pertinent informa- 
tion, this article attempts to present a picture 
consistent witn the available data. One of the aims 
of this article is to encourage investigators to 
reinvestigate the role of Clil triplets in vivo. 

Characteristics of the Triplet State 
Excited electionic states are due to the promo- 

tion of an electron from tne ground state distribu- 
tion, changlng the electron density configuration 
to one of higher energy. The excited singlet state 
is generally short-lived (10-8-10-9 sec) witn the 
valence electrons having opposite s p i ~ s .  [Lifetimes 
of Chl singlet excited states in vitro aad in vivo, first 
measured by Brody and Rabinowitch17, were 15 
and 1 nsec respectivelyls; and excited sisglet 
(S*) to grouiid state (G) transition leads to fluores- 
cence (S*-+Gf hv').] An excited triplet state 
is longer-lived (milliseconds cr more) wlth the two 
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electrons hav~ng parallel spms. Slnce the singlet 
and triplet states or molecules are of different 
multiplicity (i.e. spin quantum numbers S = 0 and 
1, and therefore 2Sf 1 = 1 and 3 respectively), the 
transitions between then1 are strictly forbidder:. 
But irlteracticns (mixing) of the electro~i spin and 
orbital parts of the total angular monientum allcw 
such transitiol~s [e.g. intersystem crossliig (S*_CST, 
where T = triplet) and phosphorescence (T--+ 
GLhv", where hv" = phosphorescence)]. [We note 
here that the energy gap between S* and G is usually 
nigher than betweerl T and G, and thus phospho- 
rescence is a t  a loriger wavelength than fluorescence 
( E  .= hclh, wkere E is epergy; h, Planck's constant; 
c, velocity of light; and A, the wavelength of light.] 
Triplet states acquire a small compor:ent of singlet 
character and singlets likewise become partially 
triplet in natu~e.  The spin-orbit coupling depends 
inversely on the elleigy gap (AE) between the two 
states (S* and Tj, a11d on the synlmetries of the 
triplet and singlet states with respect to each 
other. Spin-orbit coupling, and hence the prob- 
ability cf populating tile tiiplet state, also increases 
with atomic number; for example, substituting 
heavy atoms into aromacic rn~IecuIes or just into 
the solvent environment can often augment the 
singlet-triplet nixing (internal and external heavy 
atom effect respectivelylg). Heavy atorn impurity 
qbenching, in conjunctioi~ with flasi photolysis, 
has been used to detein~ine tiiplet quantum 
yields20. 

Most electrol~ic transitions in the :~,olecules 
involved in photochemistly are eitiler xn* or nx* 
trai~sitions, d ~ ~ e  to the excitation of an electron from 
a x-ring system or a localized non-bo~idi~ig n orbital 
t o  a n* antibonding orbital respectively. The zx* 
promotion gives stlong absorptiorl bands, resulting 
in part from the symmetiical overlap be tween tne 
7c and x* orbitals; triplet zz* excited states have 
lifetimes of about lo-, sec. The nn* is less piobable, 
since t+e  spatial crerlap bctween the localized 12 

orbital (e.g. on an 0 or N atom of chlorophyll) and 
the delocalized n* cibital :s s n ~ ~ l l ;  the triplet nx* 
intrinsic lifetime is 10-l-lO-L sec. The long lifetime 
and high polarization (large elect1011 displaceme~lt) 
of the nn* state makes i t  a l~kely candidate for being 
a reactive partner in electron transfer reactions. 
Intermolecular quenching is also more likely fol this 
transition, however, and will tend to reduce the 
a c t ~ ~ a l  lifetimeL1. 

Chlorophyll Triplet in Solution 
The kinetics of chlorophyll triplet decay in 

solution can be approximated by 

4CT)  
dt - ~ I ( C T ) S ~ ~ ( C T ) V ~ B , ( C T ) ( C ) S ~ , ( C T ) ( Q )  

. . . (1) 

where CT, C and Q are the chlorophyll triplet, 
ground state and external quencher concentrations 
respectively, with their associated rate constants. 
In  benzene or pyridine2" kl N lo3 set-I, k,  =109 L 
mole-l sec-I and k ,  =lo7 L mole-1 sec-l. In the 
rigid, glassy state, k ,  is very small; phcsphorescence 
is observed. With higher concentrations, k, be- 
comes more important. With respect to k,, the 
lifetime of the triplet for aggregates of pigment may 
be much smaller than what is measured in dilute 

solutions. At  concentrations of chlorophyll greater 
than about 0.5 ;*,If, the biniolecular mode of 
quenchilig is observed to dominate. However, a s  
Li~ingston'~ points cut, if low intensity light is used, 
chis decay mechanism will not be significant, due 
to low triplet concentrations; this condition may 
hold good for much or all of in situ photochemistry. 
As the concentration exceeds 500 pM, kg and hence 
self-quenching increases2,$ 24. L 

PorteF5 measured k ,  to he about 1010 L mole-1 
sec-l in fluid solvents. This implies that there is 
a nlechanism for the protection of the excited 
triplet state from oxygen, since i t  is detected in 
solution, although fhe data do not ensure that such 
a process is important for photosynthesis itz vivo. 
An oxygen concentration of only 1 pM will decrease 
the triplet lifetime in benzene by a factor of two. 
Fujimori and LivingstonZ6 recorded the effects of 
various added substances or1 the triplet decay rate 
of chlorophyll in benzene. The oxidizing agents 
9-quinone and oxygen, as well as caroteI~es, some 
carotenoids and m-dinitrobenzene are efficient 
quenchers, with k, = 10gM-l sec-l. Quenching 
by transition group elements was observed by Lin- 
schitz and PekkarinenZ7. But since Mn2+ has little 
quenching action in comparison with the other 
transition metal elements, one would conclude that 
the k, effect is not related to the magnetic moment 
of an ion. On the other hand, if the hydration of 
the io11 was increased, k, decreased without any 
change in the magnetic moment. One might 
suggest that i v ~  viva s~zppression of the chlorophyll 
triplet state is due to some factor other than, the 
environment of the water side of photosystem I1 
(Mn2+-enzyme complex) ; CheniaeZ8 has reviewed 
the role of Mn2+ in 0, evolution by photosynthesis. 
Care must be tzken, however, in applying in vitvo 
results to photosynthesis. 

If the triplet state of chlorophyll is significant in 
the photosynthetic processes of living organisms 
arid is to be well understood, i t  seems important to 
acquire a kr-owledge of the characceristics of the 
chlorophyll triplet in more controlled slid well- 
defined conditions. In 1918, Calvin and D o r o ~ g h ~ ~  
reported phosphorescence at  865 nlil from chloro- 
pllyll b in highly viscous solutions at  low tempera- 
ture; this was later confirmed by Becker and 
Eiasha30. The quantum yield for this luminescence 
was low the half-time of decay was about 
3x sec. Using pheophorbide a (a derivative 
of Chl, without Mg2+ and phytol tail), the ' heavy 
atom eflect ' was observed by replacing the Mg2+ 
with copper; a quenching of the strong fluoiescence 
and an intensification of the phosphorescence band 
at 867 nm was observed31. 

Chlorophyll e5,ciently sensitizes various oxidatioa- 
reduction reactions in many different ~ o l v e n t s ~ ~ 3 ~ ~ .  
Auto-oxidations involving the following components 
are observed (Krasncvsky reaction33) : (hydrazine, 

Chl 
cysteine, glutathione, thiourea, ascorbate, etc.)---t 
(viologens, flavins, NAD, etc.). ~ i v i r t g s t o n ~ ~  notes 
"Comparison of tne quantum yield of chlorophyll- 
sensitized auto-oxidations with the quantum yield 
of fluorescence and its quenching demonstrates un- 
equivocally that a long-lived excited state is an 
important intermediate in these reactions ". Now 
experimental data have accunlulated showir~g that 
the photochemistry of ' morlomeric ' Chl and dyes 

h 
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in solution may be considered mainly as the 
chemistry of triplet excited molecules34. 

Since the phosphorescence of chlorophyll is very 
weak, the technique of flash-pbotolysis, especially 
as developed by P0rterl*?~5, has pi-oved to be more 
useful. For example, if a dilute solution (2 pM) 
of chlorophyll in 0,-free pyridine is exposed to an 

-intense 50 joule pulse of white light lasting only 
microseconds, almost 90% of the chlorophyll mole- 
cules are converted to the lowest triplet state. 
The lifetime of the metastable state is about 
s e~~512"~~ .  The difference spectrum of the xz" 
triplet state of chlorophyll has been measured in 
water by Zieger and LVitt3'. 

Miiller et al.38, in'IVitt's laboratory, found further 
evidence for chlorophyll tripleti by changing the 
arrangement of the chlorophylls or inactivation of 
both light reactions by heating at  65°C. Configu- 
rational alteration was achieved by reducing the 
chlorophyll concentrztion to I:/, of normal, using 
mutants, with nitrate deficiency or by the separa- 
tion of n~olecules with the detergent digitonin. 
The spectrum obtained was iderltical to that 
observed in water by Zieger and Witt3I. TWO nega- 
tive bands a t  about 435 and 680 nni and a broad 
positive band a t  470 nrn characterize the difference 
spectrum of this lowest xn* triplet state. The life- 
time was found to be in the range 10-5-10-3 sec, 
proportional to oxygen concentration and viscosity. 
Witt and coworkers suggested that (i) energy 
migration is blocked by changing the chlorophyll 
arrangement ; and (ii) both photosystems are blocked, 
so that no photochemical utilizatiorl of energy 
occ-urs. Thus, nn* triplets are formed from incident 
excitation energy and reniain in the chlorophyll mole- 
cules. Owing to the low chlorophyll concentrations, 
the photoreactions are not significantly stirriulated 
to be detected. 

To an experimental situation closer to 
the i~ sit% case, orie might try mor;omolecular filrrs 
or high concentration solutioils to study the chloro- 
phyll triplet transitions. With this in mind, Porter 
and S t i - a ~ ~ s s ~ ~  prepared both solid solutions of 
chlorophyll and anaerobic preparations of plant 
leaves. The former process involved griliding in 
agate mortar and heating a t  a few degrees above 
the melting point of the solvent for about 10 sec; 
5 pm thick samples were obtained by pressing 
between glass slides. The liquid molar extinction 
coefficient was assumed to be valid for this ' solid 
state '. The latter arrangement was accomplished 
by ' encapsulation ' of plant leaves in various 
glassy or crystalline materials (ckolestei-01, benzhy- 
drol, glucose) to avoid possible oxygen quenching 
of the chlorophyll triplet; this again required 
heating, followed by quick cililling. 

Using an intense photolysis flash (half-width s: 
8 psec for a 50 joule input to the flash tube), chloro- 
phyll a and chlorophyll b in various solid solvents 
produced positive transients at  about 500 nm, with 
a half-time of 0.2-3.0 msec. Although intact plant 
leaves yielded no triplet spectrum, yet if a cationic 
detergent [dodecyl trimethyl ammonium bromide 
(DTAB)] was added, followed by drying and 
encapsulation with glucose,  he triplet transient 
was observed. Almost 15% of the chlorophyll was 
promoted to the triplet state.. With this treatment, 
a blue shift in the red absorption peak occurs, 
indicating a structural disruption. Boiling in water 

gave the same absorpt~on shift as the application 
of DTL4B, but in conjunction with anionic or non- 
ionic detergents (SDS, Triton-X-100) no transient 
results. Boiling 8M urea or concentrated LiC1, 
uhich are known to denature some chlorophyll- 
protein complexes, qave no triplet spectra with 
encapsulation. ~ u r t i e r ,  boillng water yields no 
changes in fluorescence, whereas the application of 
DTXB provides a 2-3 factor increase. In slightly 
different experiments, wheat seedlings grown in 
darkness and subjected to one day of light produced 
a pale green species, but no triplet. If the cationic 
detergent was applied, however, the same results 
as for ' normal ' leaves under the same condition 
were obtained. 

I t  is known that in 10-6M chloropLyl1 solution 
the fluorescence and triplet ylelds are about 25 and 
i O %  respectively, but in vivo the quantum yield 
of fluorescence is about 2%. Thus, if the decay 
processes in operation is s i tu  are the same as those 
observed in vitvo, based oil the ratio of the fluores- 
cence and triplet yields in solution, one would 
expect a triplet yield of 5 6 % .  Slnce th;s is not 
observed with intact chloroplasts and the triplet 
yield is essentially zero, Porter and Strauss39 s~gges t  
that the triplet state is more effectively yuerlched 
than tne singlet state. (The situation foi solid 
chlorophyll solutions was found to be opposite.) 
In supporr of this, it can be noted that triplets do 
have longer lifetines, and that the tiiplet exciton 
migrdtion is 10 times rr~ore efficient than that for 
singlets in some organic crystals. There may be 
a blocking by cationic detergents of triplet evciton 
transfer by "preferential orientation of cationic 
and hydrwarbon groups with the chlorophyll mole- 
cules, weakening bonds betueen chlo! ophylls or be- 
tween chlorophyll and tne structural protein frame- 
workU39. An increase in fluorescence with deter- 
gents is also taken as evidence of the reduced quen- 
ching of the singlet state as a retarding of the 
migration of sillglet excitons occurs. 

However, the emphasis placed or1 a triplet exciton 
process in this interpretation is questionable in the 
llgnt of current evidence on energy transfer ir$ 
photosynihetlc units. T ie  effect of treating living 
material with heat, even for modest time intervals, 
would also seem to require attention; the melting 
point of cholesterol is about lsO°C. Thermal re- 
arrangement may contribcte to the expression of 
the triplet, but the detergeld results do indicate 
fairly specific effect as well. Light-harvesting 
chlorophylls of tne ' photosynthetic w i t  ' appeal 
to transfer excitation energy by a singlet 
mechanism, possibly an exciton process, which 
allows the energy to span large areas. But in any 
case, there is a.lways a certain probability of con- 
version to the triplet state in the bulk molecules. 
Evidel:tly, tlLele is also an extiemely rapid tiansfer 
of chlciophyl! triplet energy to the protective 
carotenoid population, ' draining off ' harmful 
phvtooxidative energy. The spatial configuratio~~ 
and molecular relation of the chlorophylls to the 
juxtaposed carotenoids ensures a h i p  rate of 
intersystem crossing. Cationic detergents may 
destroy thls ~on~n~unicat ion,  thus allowing an arti- 
ficially high yield (15%) of chlorophyll triplets. 

Since the triplet yield is 15% in detergent-treated 
samples, Porter indicates thht the origir; lnust be 
in the b d k  chlorophyll, for the concentlation of 
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energy sinks (reaction centres) is onlj- about 0.4% 
of the total cl1lorop5j-11 content. On t'r e otl er Land, 
Miiller et al.38 find yields of 0.1% in chloroplasts 
with othei treatments; this suggests participation 
of the energy sinks. Porter and S t r a u s ~ ~ ~  feel that 
heating, chlorophyll depletion and digitonin treat- 
nlent in the experiments of Witt and coworkers may 
prevent quenching of the triplets by the sinks, i.e. 
energy transfer from the sink to acceptors is 
blocked, but without disrupting er~ergy flow 1r1 the 
bulk chlorophyll. Thus, the data of the research 
groups of Porter and Witt may not be incompatible; 
the difference in triplet yields may be due to the 
state of the framework of the antennae a;,d specia- 
lized chloi ophylls. 
Flash Photolysis in vivo 

All the experiments in the preceding section may 
be criticized, because they significantly alter the 
i n  vivo situation to  enable observation of the 
chlorophyll triplet. In order to unequivocally de- 
monstrate the functional existence of a metastable 
energy level, one would like to hare data for flash- 
illuminated chloroplasts. ~osenberg et al.40, using 
the spectrographic apparatus of Livingston, were 
able to instantaneously record on a spectrographic 
plate the entire absorption spectrum of the chloro- 
phyll triplet in benzene solutions; the yield was 70% 
when the photolytic flash (half-time about 10 [~sec) 
and spectroscopic flashes were separated by only 
about 35 psec. But with well-washed sugar beet 
chloroplasts or chlorella suspensiolls in air, nitrogen 
or water vapour environments at  below 20°C, none 
was observed within the empirical limit of 5% 
absorption. Two explanations were considered: 
(i) ,411 chlorophylls are identical in vivo, but the life- 
time is much shorter than for the in vitl'o situation. 
The half-time of some rehction or process ' draining 
away ' the metastable energy m~ould necessarily 
be less than 10 psec, based on their experiments 
(Indeed Mathls41 found the time of transfer to caro- 
tenoids to be 24 nsec). In fact, Rosenberg et aL40 
had suggested that the chlorophyll metastable state 
may react with a non-diffusable substance closely 
bound to the chlorophyll, such as a protein moiety 
or carote~~oid. (ii) Their secor,d alternative assumes 
that most chlorophylls do not undergo intersystem 
crossing, presumably due to the environmental 
situation of the bulk molecules. Rather, absorbed 
light energy is funnelled by iesonance processes 
to a trapping centre, either a different pigment or 
a specially located chlorophyll. At the trap, the 
moleculai arrangement affords singlet to triplet 
conversion. Low concentrations of such reaction 
centres would explain the negative results of this 
study. Other workers have also obtained the same 
type of results for normal plants38*42143. We see 
no reason why factors involved in both (i) and (ii) 
above are not responsible for the observed effects. 

In Witt's laboratory, chlorella and spinach 
chloroplasts in their normal pnysiological conditio~l 
were examined38. The light-induced absorption 
change obtained includes a decrease at  430 nm and 
an increase at  520 nm. This is also seen in lyophi- 
lized or frozen preparations; the half-time of decay 
is about 20 psec and is independent of temperature. 
Paramagnetic gases such as Oz or NO will com- 
pletely quench the changes, but they are fully re- 
stored by non-paramagnetic gases. This suppres- 

sion in\-01s-es a decrease in amplitude, rather than 
a chalge in the decay half-time. I t  was proposed 
that a metastable state (~zz* triplet ?) is statically 
quenched in this prccess. ITitt distinguishes this 
signal (type 1) flom the triplet chlorophyll (type 0) 
observed in the denatured material I t  is sug- 
gested that type 0 triplet chlorophyll is a direct 
precursor of type 1 substance (possibly chlorophyll -- 
a in a reducea metastable state). 'c. 

More recently, hiathis" has done experiments 
with intact chloroplasts. A Q-snitched ruby laser 
could populate the triplet state of carotenoids (half- 
time 6 psec, A,,, 515 nm, E,,, 2 x 1 05). The rapid 
response flash spectrophotometer also recorded aIi 
absorption transient, which was accredited to the 
triplet state of chlorophyll. When the chloroplast 
structure was altered by the action of detergents 
or non-polar solvents, a longer-lived chlorophyll 
a triplet was observed in the anaelobic state. 
Mathis ir~dicates that the light curves he measured 
can be explained on the basis of a scheme where a 
chlorophyll a triplet is depopulated by triplet-triplet 
anr~ihilation and by triplet energy transfer to 
calotenoids (half-time of transfer determined to be 
24 nsec). These two means of deactivation are 
presumed to compete with each other. 

Detection by Electron Paramagnetic 
Resonance (EPR) 

Since its discovery4" irl 1945, EPR spectroscopy 
has enjoyed wide applica~ion to biological research, 
includirig photcsynthesis45. Substances may exhibit 
a net electronic magnetic moment due to a variety 
of ' modes ' of an unpaired electron : (I) coliduction 
electron of a semiconduction process or a metal; 
(ii) physically trapped electron in some lattice 
structure; (iii) fission of a paired electron bond; 
(iv) transition element ions ; (v) triplet electronic states 
of a molecule or atom. I t  is cor~ceivable that any L 
of these processes could contribute to the produc- 
tion of an EPR signal in connection with the 
mechanism of photosynthesis, although closer 
inspection niay easily rule out scme. One hopes 
that the main features of a single EPR line (inten- 
sity, g-value, line shape, nlultiple line structure) 
will provide enough information to distinguish the 
source of a given signal But to gain tile maximux~ 
amount of information from EPR spectra, well- 
defined and well-ordered systems are required; 
photosynthetic preparations may fulfil this to only 
a small degree. One advantage of the EPR method 
is that mic~owave radiation is not known to disturb 
the plant ox living material being studied; also, 
spectra taken with an EPR apparatus do not suffer 
f ~ o m  interference due to overlapping pigments4j. 
In detecting long-lived radicals, the EPR method 
is highly sensitive, with the ability to detect46 
about 1 pM in 0.1 cm3; but a distinct disadvantage 
is the frequently encountered low signal-to-noise 
ratio, since water will absorb microwaves. Nore 
information on EPR spectra and interpretation 
is provided by ,4ndroes47. 

The Russian investigators Rikhireva et al.48 
reported in 1965 the existence of an EPR signa.1 due 
to a c'n~orophyll b triplet in frozen, illuminated 
ethanol solutions. In further experiments, ethanol- 
pyridine soluticns of chlorophyll a, chlorophyll b 
and pheophytin a+b, films of chlorophyll a+b, pea- 
leaf chloroplasts in buffer, and gieenir~g etiolated 

b 
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maize leaves with diffelent preillumination times 
were examiried with an EPR spectrometer. Triplet 
EPR signals were recorded lor t i e  pigment solu- 
tions with the relative intensities 1, 0.5, 6.i for 
chlorophyll b, chlorophyll a and pheophytin a+c, 
respectively; no such signals were seen for films oi 
chlorophyll a +b. Using two dist~nctive buffer 
mixtures (50% glycerol, 0.125M KCI, 0.021M 
Tlis-HCl and 0.35M NaCI, 0-02M EDTA, O4iM 
K phosphate; both buffers p H  7-5 at  77OK), 
no  photo-induced triplet could be observed in the 
chloroplast suspensions, unless there was preincc- 
bation with 50% pyridine. In relieving tile effect 
of pigment aggregation, pyridine seemed to allow 
the expression of the triplet excited state of 
' monomeric chlorophyll'. To pursue the point, 
leaves in the early stages of greeriing (when there 
is mostly n~onomeric chlorophyll) were examined. 
One might suspect that deactivation of the triplet 
state due to energy trailsfer might be minimal, but 
no triplet spectra were obtained. Ethanol solutions 
of these pigments (first extracted with acetorie) aid 
reveal the presence of chlorophyll triplets. The 
conclusion is drawn that ir, vivd preparations lack 
sufficielit steady state concentrations of triplet pig- 
ment n~olecuies to be detected. Processes that 
mignt contri~ute to such deactivetion might include 
trrplet-triplet energy transfer and photochemical 
processes of electrcn transfer. 

In 1972, Leigh arid D u t t o ~ , ~ ~  and Dutton et 
reported on other in situ studies of bacteriochlolo- 
phyll and chlorophyll triplets. If the primary 
electron acceptor in various bacterial chromato- 
phores or sub-chrornatophores is pre-reduced at  
4°K before iil~mination with laser pulses, a g ~ 2  
sigr~al (corresponding to oxidi~ed bacteriochloro- 
phyll) is not seen, but is replaced by a different EPR 
spect~un~.  Based on the observed redox potential 
dependence and kinetics of this new signal, a triplet 
state is implicated. I t  is suggested that this 
represents an early light-activated inteinlediate in 
the primary processes of photosyr~thesis. Thz re- 
sults of a less extensive investigatiorlm by these 
workers on green plant photosynthesis were in agree- 
ment with this proposal, but this work has not 
been published in detail, to  our knowledge. 
Chlorophyll Triplets  and Delayed Light 
Emission 

Delayed light emission (DLE) in photosynthetic 
cells is luminescence having the spectral character- 
istics identical to those of fluorescence, but wfth 
a much longer lifetime (I msec to several seconds). 
While it is beyond the scope of this article to review 
DLE work in detail, it is ~mportant to consider the 
role of luminesccizce in plants as based on measure- 
ments made under various conditions (ternperature, 
inhibitors, other chemicals and mutants). To what- 
ever extent the mechanism of DLE depcnds on a 
triplet molecule, i t  must be consistent with the re- 
maining data presented. 

Parker and Joyce51, in 1966, looked at  the effects 
of light intensity, gaseous atmosphere (02, C02) 
and different wavelengths of excitation on DLE 
transients. The origin of the luminescence is 
suggested to be either: (i) Parker and Hatchard'P 
P or E type DLE due to chlorophyll triplets, or 
(ii) ' chcmiluminescence ' arising from a recombina- 
tion of primary products. P type DLE is ascribed 

to triplet-triplet annihilation, whereas E type in- 
volves thermal activation of molecules from the 
triplet to singlet states. To explain the possible 
oxygen quencliing of the triplet in, situ, they suggest 
tnat the organized ch!orophyll in chloroplasts may 
behave like concer~trated solutions in rigid glass; 
the triplet molecules are then shielded f ~ o m  colli- 
sional quenching. In analogy to phenanthrene in 
low ternperature rigid media53, the non-exponential 
decay of DLE, which they observed in leaves, rnay 
be due to triplet-triplet annihilation, assuming a 
non-random distribution of triplet molecules. The 
' recorded ' lifetime of the triplet was greater than 
100 msec, wllich in turn was very much greater tnan 
that for solutions at low temperatures. On the 
 tih her hand, it was considered that the non-expo- 
nential decay of DLE may just "reflect the pre- 
sence of a variety of reaction ceritres having 
different degrees OL access to substrate ". The 
' substrate ' would quench the triplet. The chloro- 
p ~ y l l  singlet might be repopulated thexmally, so 
that the reaction centre itself would not be a 
chlorophyll triplet. 

Investigating the prolonged lumitescence of plant 
leaves, Shuvalov and Litvinj4 separated DLE into 
five major components, based on duratim 
and differei~tial sensitivity to temperature and 
chemicals Their component I11 (half-time 1.7 sec), 
sensitive to oxygen, quinone aud diuroae, has a 
thermol uniinescence maximum at  -1 j0C, and 
maxlma in the emission spectrum at  685 and 710 nm. 
In the excitation spectrurn there are peaks a t  
650, 660 and 675 nm, with a decline irk yield 
beyond 680 nm. On this basis, i t  is postulated that 
component 111 ~epresents a triplet enelgy trap (0-35 
eV deep) of photosystem 11, involving chlorophyll 
molecules. The energy stored in this trap could 
be used for the piotolysis of water. 

In recent modelsj5-j7, the possibility of a triplet 
state participating in the processes responsible ior 
DLE has been pursued. (It  should be noted that 
other models, e.g. electron-hole recombination, have 
not been eliminatedj8.) A scheme can be outlined 
for photosystenl 11, which is generally held responsible 
for the observed phe~~omena; the steps presented 
below are a composite of the proposals found in the 
earlier models : 

hv 
(i) Bulk Chl --+ Chl S* 

singlet 
(ii) Chl S ----+ 

migration 

chemistry 1 

kc  -+ Z+ Chl Q- -----+ ETC /- Trap Chl - -+ Radiation-less or Int. Conv. 

\L-+ Z(Ch1 T)Q (ISC) I 
k b 

(iii) Z+ Chl Q- -+ Z(Ch1 T)Q 

kf 
(iv) 2Z(Chl T)Q --+ Z(Ch1 S)Q + Z Chl Q 1 
(v) Z(Ch1 S)Q -+ Z Chl Q + hvl(DLE) 

I 
J 

where ISC stands for intersystem crossing; 
ETC, electron transport chain, Chl S*, excited 
singlet chlorophyll; Chl T, triplet chlorophyll; Z 
and Q, primary electron donor and acceptor of 
photosystein 11; and kc, k,, kb and kf  are the rate 
constants for chemical deactivation of the trap, 
intersystein crossing, chemical DLE reaction and 
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bimolecular triplet fusion respectively. If the trap substructure interfaces is significantly more than 
captures only singlet excitons, triplets may escape that expected for a crystalline monolayer of chloro- 
aad either decay or form an excited singlet by an- phyll~. Also, the shift in absorption peaks when 
n i h i l a t i ~ n ~ ~ .  In organic crystals, the DLE produced going from dilute solutions to the in, vivo situation 
by triplet fusion is sensitive to an externally applied (10-15 nni) does ,lot correspond to the shift observed 
niagnetic field. At low light illtensity I ,  where for three-dimensional chlorophyll microcrystals o r  
DLE is proportional to I' (chemical back reactions crystalline monolayers; the chlorophyll is believed 
are minimal), a decline in the lnag~~itude of DLE was to be in a Inore ' amorphous ' state. The chlcro- 
anticipated due to the effect of a magnetic field on phylls in sib, then, do not seem to be packed tighh ' 
chloropl-iyll a i ~ %  v ivo;  none was observed5" But from enough for the above singlet-triplet selection rule 
the expression for the DLE rate; L = 0.5 kf. +.(,T), to he exchanged for the single spin system case. 
where + is the total fluorescence efficiency; the Further indication that a singlet transfer process, 
triplet exciton density (T) was estimated to be 2 rather thar! triplet migration, operates ii- the 
x a t  1 msec after the actinic light was extin- photosynthetic unit comes from chlorophyll fluores- 
guished. Stacy et ~ 1 . ~ ~  point out that this concen- cence data. When the primary photochemical 
tration would not be expected to produce a reaction centre chlorophylls beconie saturated, a 
measureable absorption change39 and probably does doubling of the fluorescence yield is observed*, due 
not produce a s~fficiently large DLE effect to be to radiative decay of the chlorophyll singlet 
detected by the magnetic field measurements. ClaytonGQ notes that " such variations 
Transfer of Triplet Energy in the in the fluorescence should not be expected if the 
Photosynthetic Unit primary singlet energy is converted locally (in the 

light-harvesting aggregate) to triplet and then 
The triplet level of chlorophyll may be implicated transferred to reaction centres ", ~~d as 

in a primary reaction iilvolvillg a specialized corn- above, the triplet density ill the bulk is so insub- 
pleX, but the t r a d e r  of er~ergy in the c h l o r o ~ h ~ l l  stantial as to preclude a triplet transfer process. 
aggregate is a question. I t  has been I t  lyds already been noted how the participation 
suggested that the lack of ch10r0~h~711 of the carotenoids in conjunction with triplet events 
absorption may be due to the migration of triplet in photosynthesis is likely. More specific empirical 
excitation". One nlight the same sort of data strengthen this. Using a repetitive ulLrashort 
transfer ability for as a sing1et flash spectrop~iotolneter (resolution of 0.01% absor- 
due to its lol~ger lifetime. Thus, WolfGo considers bance in 10-7 set), it was foundm that air-saturated 
this process tc be good candidate of suspensions of spinach c~loroplasts show light- 
energy and its transfer in photosynthetic systems. indcced absorbance changes with a half-time of 
Excitation energy may be transferred by means less than 500 nsec and with a decay time of about, 
of a singlet dipole exchange interaction, a ' hoppiilg ' psec, depending upon the 0, content. ~ h ~ .  
exciton model. However, if the hopping time, t ~ ,  difference spectrum has negative changes at 430, 
is short enough, an excitOn Inay ' scan ' an 460 an& 490 nm and a positive pealc a t  5120 nm. 
entire crystal, the energy being distributed effec- A, indicated by NIathis Galmiche71 and zieger 
tively to varlous possible traps. In some organic et al.42, a metastable state is involved. since no '. crystals, tH has beell measured to be about 2.5X simultaneous absorption changes are obserTJed in 
10-l2 sec. WolfGo suggests that the diffusion length the region, the nletastable state is concluded 
in naphtha1ene and crysta1s may be to be due to carotenoids. These spectral changes 
100-1000 times greater a as to are excited by red flashes, absorbed oiily ixI the 
singlet migration. The existence of triplet excitons chloropblls, wnlch lmplles that energy Is trans- 
in molecular crystals has been denionstrated by ferred from ch,orophyil to carotenoids; it is. 
~ t h e r s ~ ~ @ ~ .  speculated that triplet-triplet transfer is responsible. 

If chlorophyll a-naphthacene (1 pM) in toluene 
is flashed througn a rrd filter which limits the direct *Franck and R o ~ e n b e r g ~ ~  discuss a theory of photo- 
photooxida~iol~ of naphthacene, the chloroDhy~l synthesis based on such observations. In  low light 

triplet lifetime is io decrease, 1; the intensity, the trvo photo acts of photosynthesis proceed once 
through the reaction centre in singlet state and then 

process, new absorption bands develop, similar to through the triplet state. Both reactions lead to a net 
those seen with the direct photooxidation of naph- electron transfer operating in series. In  the case of the 
thacelle, In this manner, triplet-trlplet energy reaction centre operating through singlet state, all flu0i-es- 

transfer between chlorophyll and mole- cence is quenched because of efficient photochemistry. 
In  the case of the reaction centre operating through triplet 

cules has been implicatedG3. state, fluorescence originates before triplets are formed 
But there is really no clear reason to believe that and so photochemistry does not compete with that fluores- 

the chloroplast sllbstructllre is cofilpact and ordered cence. At high light intensities, when photosynthesis is 

enough to be considered a crystal pW se. Rabino- saturated (low yield) photochemistry no longer quenches 
fluorescence in reaction centres operating through singlets, has done some interesting calculations in and so the fluorescence yield doubles, ingenious 

this regard. Resonance migration in the meta- hypothesis of Franck has not been confirmed. However, if 
stable state necessitates the occurrence of spin for- the reaction centre I of photosynthesis operates via the 
bidden singlet-triplet and triplet-singlet transitions. triplet state, fluorescence of system I will not compete with 

The improbability can, however, be superseded if photochemistry, and no change in yield with increasing light 
intensity will be found, as is perhaps the case'j6. And i f  

the energy-exchanging pair are " close enough for the reaction centre I1 of photosynthesis operates via singlet 
tneir interaction energy to be not small compared states, an increase in the yield will be found upon increas- 
to  the singlet-triplet separation energy, (thus) con- ing the light intensity, as is perhaps the case too66. However, 

sidered as a single as far as conservation if Franck's theory is correct, fluorescence emission spectra 
a t  low light intensities should be that of pigment system I, 

is concerned "64. Kabiilowitch estimates that the but that  does not seem to be the case. Franck's theories 
area wnich a chlorophyll molecule occupies in the and their implications require further studies. 

'. 
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All the above observations are maintained even 
with the addition of DCMU (whic'l blocks photo- 
system 11) or when done a t  -160°C, ruling out the 
participation of a chemical electron transfer i ~ t e r -  
mediate. -4s photosyilthesis is sbturated with 
higher light intensities, more antennae chlorophyll 
are excited than used for photosynthesis; ' super- 

- H~ous ' excited antennae chloiopl~ylls transfer 
V energy to a carotenoid ' energy trap ', occurring 

in less than 500 nsec. The decay of the changes 
within 3 psec suggested to Wolff and Witt70 that 
it is a reflection oi a ' valve reaction '. 

i\lathisi2 also agrees that the excitation of chloro- 
phyll u in viao produces a triplet state, followed by 
rapid transfer to a carotenoid, where in turn its 
triplet is realized. He suggests that these events' 
may either aid in the protection of chlorophyll a 
against photoo~idation'~ or serve more directly in 
the primary photochenlistry oi photosynthesis. 

For some time, it has been known that the 
bacterioch!orophyll (BChl) of the carotenoid-less 
mztants of the pucple bacterium K.  sPkeroides suffer 
destruction if aerobic samples are ill~minated'~; 
no photochemistry is observed. As seen above, 
carotenes and caroteroids effectively quencli the 
clilorophj-11 triplet state. Crounse et ~ 1 . ' ~  have 
determined that a miilinlunl number (about nine) 
of conjugated double bonds in carote~~oids are 
necessary to give protection against the photooxi- 
dation of BChl. These results suggest that the 
protective action of neighbouring interdigitated 
carotenoids is Inore than a simple screening, since 
a critical ' trapping energy ' level is required. 

Tne curerit state of research does not allow L 
conclusive role in photosjmthesis to be assig~~ed to 
the triplet state of chlo~ophyll a,  b ~ i t  there exist 
boundaries within which rrieaningful future evalua- 
tlon.&an be done. On the absorption of a qclantuin 

u -of l~gh t  in the bulk chlorophyll aggregate, singlet 
excitation energy is transferred by resonalice pro- 
cesses to a specialized trap chlorophyll molecule. 
Forxation of the triplet state has been shown to 
be associated with the environmental configuration 
of a molecule; en route to a reaction centre, rhen, 
theie exists a certain limited probability that a 
chloiophyll singlet will undergo iritersystem crossing 
to the triplet state. To avoid the destructive effects 
of photooxidation, the triplet energy is quickiy 
funnelled to a carotenoid 01 a lower energy band. 
This is presumably by triplet-triplet transfer, as 
the close spatial arlarigen~ent of the interspersed 
carotenoid popiilarion encourages this, while limiting 
the inter-chlorophyll transfer in the bulk to a siaglet 
mechanism. Rapid decay of the antenna ckloro- 
phyll tiiplet is due to a large non-collisional K ,  effect, 
with the primary quencher a caroteniod, rather 
than binlolecular deactivation (k,) or self-quench- 
ing (4. 

Singlet excitation energy arriving a t  and trapped 
by a specialized chlorophyll complex may either 
r e s ~ l t  in a separated oxidized-reduced species 
( ~ ~ t i l i ~ e d  in ordinary photochemical electron trans- 
port), or i,ltzrconvert directly to a chloruphyll 
triplet, A c'lemical bbck rzactioi~ involving this 
oxidized donor-ieduced acceptor pair icay also 
contribute to the chlorophyll triplet population; 
annihilation ot any two of these ' excitoris ' results 

" in the production of a singlet and a quantum of - delayed lignt. The nlolecular configuration and 

chemical situation of the ~eaction centre seerri to 
favou~ not only the capture of singlet energy, but 
the formation and expression of a small population 
of chlorophyll t~iplets. Exsctly what this local 
geometrical situation is and a ,nore complete view 
of the relation of observed triplet pherionleca to 
i.rz vivo photosynthesis remain to be deter~nined on 
the basis of forthcon-ing e~perime~its.  More precise 
instruments. than whac have been used xl-lus !far are 
needed to detect triplets in vivo. 

Summary 
The conversion of light energy into chenliczl 

free enzrgy is the essential consequence of the 
process oi photosynthesis that takes place in gleen 
plants; all life on earth depends directly or indirectly 
on it. I n  photosynthesis, light energy absorbed 
Fy various pigments is transferred to the 

reaction ceiitres ' involving ' singlet ' excitation 
states. The possi~le participation of the metastable 
triplet state in tne events involving the specia- 
lized reaction centre chlolopayll molecules is dis- 
cussed. Tne triplet energy in chlorophylls of the 
light-harvesting pigment bed is l~otentially photo- 
destructive, but could be channelled to s protective 
lower energy carotenoid reservoir by triplet-triplet 
conlmnnication. Efforts to observe a metastable 
state both 29% vitro and in vivo by flash spectrosccpy, 
electron paramagnetic rescnarlce and del3yed light 
e~riissior~ are -eviewed and recent reports on chloro- 
phyll an6 carotencid triplets are discussed. The 
relation of the observed triplet phenomena to  in 
vivo photosynthesis is still questionable. 
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