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I. INTRODUCTION

- This investigation is concerned with a systematic study of the
absorption, fluorescence and fluorescence excitation spectra of algae
at differe»nf temperatures (4OK to 2959K). The purpose of this investi-
gation is twofold: firstly, to study the temperature dependence of the
efficiency of ene;'gy_transfer between pigment molecules so as to identify
the preferred mechanism forcenergy transfer in photosynthetic organisms;
secondly, to studyt the fluorescence bands under cc;nditions where internal
conversion is greatly decreased and steady state photosynthesis is stopped
(i.e. at low temperatures). Under such conditions, fluorescence from
the trap levels may increase and become detectable. In the following
paragraphs, the evidence for energy transfer, different possible mechan-

isms of energy transfer and the theory of fluorescence from the trap

will be reviewed briefly.

A. Evidence of Energy Transfer in Photosynthetic Organisms:

The problem of energy transfer in photosynthetic organisms was
first brought to\attention in 1936 when Gaffron and Wohl (1) interpreted
the results of Emerson and Arnoid's (2) flashing.light, experiment.

Gaffron and Wohl -suggested the possibility of energy transfer from the
bulk pigment molecules to particular sites in the cell where photochemical
processes took place. -In 1943, Dutton et al. (3) discovered the evidence"
for energy transfer from the accessory pigment (fucoxanthol) to chloro-

Phyll a (Chl a) in diatoms. They found that when light was absorbed by
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either fucoxanthol {a carotenoid)or Chl a, fluorescence emitted by Chl a_
could be detected. This result suggested that energy is transferred from
the accessory pigments to Chl a. Similar results were reported by Wassink
and Karten (4) in 1946. Based on the same principle of sensitized fluores-
cence, further studies of energy transfer in different algae were carried
out by Duysens (5, 6), French and Young (7), Brody and Brody (8), Ghosh
and Govindjee (9) and others. Duysens showed that the efficiency of energy
transfer from chlorophyll b (Chl b) to Chl a is almost 100% in Chlorella (6).
It will be shown in chapter VI that the transfer efficiency from Chl b to Chl
a is almost 100% even at 4°K.

The transfer of excitation energy among the pigfnent molecules has
been demonstrated by several methodvs other than sensitized fluorescence.
Arnold and Meek (10), Goedheer (11) and Teale (12) showed that when
polarized light was absorbed by photosynthetic organisms, the fluorescence
light was highly depolarized. Since chlorophyll is believed to be imbedded
in the protein and lipid structures in vivo, molecular rotations are be-
lieved to be small. These authors suggested that the concentration de -
polarization phenomenon {(first discussed by Perrin (13)), caused by the
transfer of excitation energy betweeﬁ randomly oriented molecules, may
be responsible for the observed depolarization of the fluorescence.

Another line of evidence for energy transfer is suggested by the
high efficiency of oxidation and reducfion of P700 (a pigment absorbing
near 700 nm which is believed to be the reaction center of pigment system

I) (14). P700 constitutes only about 0.3% of the "bulk" chlorophyll



molecules, but the quantum requirement for photo-oxidation of P700 sensi-
tized by Chl a is estimatedto be one quantum per P700 molecule (15). This
high efficiency of oxidation suggests that energy is transferred from the
bulk Chl a to P700 molecules.

Having presented the evidence for the existence of energy transfer
in photosynthetic organisms, the mechanism of energy transfer can now’

be discussed.

B. The Mechanism of Energy Transfer:

Along with the discovery of the energy transfer phenomenon in photo-
synthetic organisms, several possible mechanisms have been advanced.
Gaffron and Wohl (1) .suggested that energy transfer might be accomplished
either by the migration of energy-rich particles generated by each chloro-
phyll molecule or by the transport of energ{r quanta among chlorophyll
molecules. In the formef model, the particles require time to diffuse
to the reaction center, and the transfer rate would be too slow to explain
the available data on the rate of oxygen production. The latter model,
transport of energy quanta, is generally accepted and has been studied

by many workers.

One of the proposed mechanisms for energy transfer is that the
optically excited electrons and the corresponding positive holes might
migrate among the chlorophyll molecules in the same manner as in the
photoconduction phenomenon observed in semiconductors. This possi-

bility was first suggested by Szent Gyorgyi (16) in 1941. The possibility




of migration and recombination of excited electrons and holes as a

means of energy transfer was elaborated by Katz (17). This idea was
further developed by Arnold (18),-Arnold and Sherwood (19), Arnold and

- Clayton (20), Calvin (21) and Tollin et al. (22). Their results provided
evidence for some semiconductor properties in dried spinach chloroplasts
and dried algae. For instance, Arnold and Sherwood found that the elec-
trical resistance of a film of dried chloroplasts varied with temperature

AE'

like'a semiconductor (log R = C‘l +.C -—T— , where R is the fesistance

2

of the film, Cl and C_ are constants, AE' is the energy gap between the

2
conduction and the valence bands, and T is the absolut e temperature). They
also found that dried chloroplasts exhibit thermoluminescence; that is,
when dried chloroplasts were illuminated and then stored in the dark for
a-few hours, they could still emit-light upon heating. Other effects like
photoconductivity and change of dielectric co;lstants upon illumination
have also been found. Unfortunately, most of these results were ob-
tained in dried chloroplasts and dried algae. There is a lack of evidence
that sﬁch properties operate efficiently enough in vivo to account for the
high quantum yield of photosynthesis. Calvin (21) reviewed the studies
on electron spin resonance measurements in wet chloroplasts and dis-
cussed evidence for the presence of light induced unshared electron
pairs at room temperature.” However, direct measurements of photo-
conductivity effects in wet chloroplasts have not been reported.

Another proposed mechanism. for energy transfer is the migration

of excitons. The possibility of exciton migration in a photosynthetic unit



was first discussed by Frank and Teller (25). They assumed that chloro-
phyll molecules were arranged in a one-dimensional crystal to which C‘O‘2
molecules (or reaction centers) were attached at the ends of the chain.
Light quanta absorbed in any molecule of the crystal must migrate to the
end of the chain before energy can be utilized for chemical reactions. How-
ever, these authors found that the one-dimensionalmodel could not be re-
conciled with the available absorption and fluorescence data due to the
following reason. -For the one-dimensional model, the mean number of
steps, <n) , is proportional to Nz, where N is the number of lattice sites.
In a photosynthetic unit (N=300), the exciton must traverse approximately
104 to 105 molecules before reaching the end of a one-dimensional
molecular chain. In order to accomplish this number of transfers within
3x10° sec {calculated from the fluorescence yield and fluorescence
lifetime), the transfer time must be smallerjthan 3x '10‘15 sec. This

fast transfer rate would require a strong interaction energy between the
molecules and thus one would expect a considerable red-shift in the

in vivo absorption spectrum when compared to that of Chl a in solution

(for example, the absorption band of. Chl.a micro-crystals Qhen compared
to that of Chl a dissolved in ether is shifted by 70 nm (26)). Experim ental
results show that the red-shift is too small to explain the one-dimensional
model (the absorption band shift of Chl a in vivo compared to that of Chl a
dissolved in ether is 25 nm (27)).

‘Calculations for the two- and three-dimensional models of the

photosynthetic units were reported by Pearlstein (28). It turns out



|
|

6
that the number of transfer is much smaller for two- (<n>@ N 1n N) or
three-dimensional {(<n @ N) crystals than that for the one-dimensional
case because the number of nearest neighbors increases for higher
dimensions. Therefore, the slower transfer rate (resonance transfer)
in a two-or three-dimensional crystal can still satisfy the requirements
for low fluorescence yield and high photosynthesis quantum yield.

Pearlstein’s calculations were based on the assumptions that the
dipole-dipole interaction was predominant and that exciton migration
was caused mainly by the slow resonance transfer (transfer time
T, =3 x 1012 - 3,510 8 sec (ret. 15; p. 113)), the transfer rate was
proportional to R-6 (R was the intermolecular distance). Pearlstein's
assumptions were questioned by Robinson (27) who pointed out that the
fast transfer rate (T ~3 x 10-14 sec} and the first order approximation

t

of the interaction energy {proportional to R“-3 when one only considers
dipole-dipole interaction) are more appropriate for a system where
identical molecules are nearest neighbors and the intermolecular coupling
energy is strong (but not necessarily strong enough to cause disagreement
with the absorption spectrum as pointed out by Franck and Teller (25)).
According to Robinson, this model describes a photosynthetic unit when
energy is transferred among the Chl a molecules. R-é dependence (slow,
resonance transfer) is however more applicable to a system where the
interaction energy is weak, and the molecules are not identical because

the transfer rate in this case depends on the overlap between the fluores-

cence band of the donor and the absorption band of the acceptor {30).
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