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Abstract—Spectral and kinetic parameters and quantum yield of IR phosphorescence accompanying radiative deactivation
of the chlorophyll a (Chl a) triplet state were compared in pigment solutions, greening and mature plant leaves, isolated
chloroplasts, and thalluses of macrophytic marine algae. On the early stages of greening just after the Shibata shift, phos-
phorescence is determined by the bulk Chl @ molecules. According to phosphorescence measurement, the quantum yield of
triplet state formation is not less than 25%. Further greening leads to a strong decrease in the phosphorescence yield. In
mature leaves developing under normal irradiation conditions, the phosphorescence yield declined 1000-fold. This param-
eter is stable in leaves of different plant species. Three spectral forms of phosphorescence-emitting chlorophyll were revealed
in the mature photosynthetic apparatus with the main emission maxima at 955, 975, and 995 nm and lifetimes ~1.9, ~1.5,
and 1.1-1.3 ms. In the excitation spectra of chlorophyll phosphorescence measured in thalluses of macrophytic green and
red algae, the absorption bands of Chl a and accessory pigments — carotenoids, Chl b, and phycobilins — were observed.
These data suggest that phosphorescence is emitted by triplet chlorophyll molecules that are not quenched by carotenoids
and correspond to short wavelength forms of Chl a coupled to the normal light harvesting pigment complex. The concen-
tration of the phosphorescence-emitting chlorophyll molecules in chloroplasts and the contribution of these molecules to
chlorophyll fluorescence were estimated. Spectral and kinetic parameters of the phosphorescence corresponding to the long
wavelength fluorescence band at 737 nm were evaluated. The data indicate that phosphorescence provides unique informa-
tion on the photophysics of pigment molecules, molecular organization of the photosynthetic apparatus, and mechanisms

and efficiency of photodynamic stress in plants.
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A concept stating that the metastable state of dyes,
which is responsible for dye phosphorescence, is a triplet
was advanced by A. N. Terenin in 1943 [1] and independ-
ently by G. Lewis and M. Kasha in 1944 [2]. Initially this
concept met strong resistance from the school of J. Frank.
Later it was proved in papers of many authors, and 10
years later it was also accepted by Frank and his followers
[3]. Acceptance of this concept caused reconsideration of
the well-known Jablonski scheme [4], which after these
papers was considered as evidence for the existence of
singlet and triplet excited states of dyes. Direct radiative
deactivation of the singlet state is accompanied by short-
lived fluorescence with a lifetime in the nanosecond time
range. Direct radiative deactivation of the triplet state
causes millisecond phosphorescence (Fig. 1). Another
important consequence of this concept was the accept-

* To whom correspondence should be addressed.

ance of the fact that emission of fluorescence and phos-
phorescence is a basic photophysical property of dye mol-
ecules.

It is natural that soon after these papers the question
arose whether this scheme could be applied to chloro-
phyll, whose phosphorescence had not been discovered at
that time. This question was clearly formulated for the
first time by A. N. Terenin and A. A. Krasnovsky (my
father) at the 1st All-Union Conference on
Photosynthesis in 1946 (Moscow) [5, 6], who claimed
also that knowledge of the roles of the triplet and singlet
states in photosynthesis is one of the major problems of
the mechanism of this process.

As measurement of phosphorescence was at that
time the only way to detect triplet states, attempts to
observe the phosphorescence of chlorophylls (Chl) a and
b were repeatedly made by scientists from recognized
research laboratories during 1948-1969. However, reliable
data were not obtained [7-15]. In particular, the first
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Fig. 1. Simplified Jablonski diagram. 'Dye,, 'Dye*, and *Dye* are
dye molecules in the ground and excited singlet and triplet states.

papers that reported the registration of Chl a phosphores-
cence in frozen (77 K) solutions using a photographic
technique were from Becker’s group [12, 14] (Table 1). In
the nonpolar solvent 3-methylpentane, they observed
luminescence of Chl ¢ with a maximum at 755 nm and
quantum yield of about 10%, which was proposed to be n-
7 phosphorescence of the pigment [12]. In the solvent
mixture EPA (diethyl ether—ethanol—pentane 5 : 3 : 5
v/v), which forms a transparent glass at 77 K, they
observed phosphorescence of Chl ¢ with maxima at 885
and 925 nm. The luminescence lifetime was estimated to
be >0.5 ms, and the quantum yield was about 50 times less
that the quantum yield of fluorescence [14]. In 1969,
Amster repeated these measurements using a mechanical
phosphoroscope and photographic plates of a new gener-
ation [15]. He could not detect chlorophyll afterglow with
the quantum yield indicated in published papers [12, 14].
According to Amster, in both 3-methylpentane and a
mixture of ether and 3-methylpentane, the phosphores-
cence was several orders of magnitude weaker, though an
accurate value of the quantum yield was not reported. In
both solvents, the maximum of phosphorescence of Chl b
was found at 865 nm. The maxima of the Chl a phospho-
rescence were found at 800 and 840 nm. Using a phos-
phoroscope, Amster did not observe afterglow in the
region 730-760 nm. Howeyver, this emission was detected
in 3-methylpentane if measurements were performed
without the phosphoroscope. Therefore, he attributed it
to fluorescence of chlorophyll aggregates of higher order
than chlorophyll dimers [15].

The first reliable measurements of chlorophyll phos-
phorescence in frozen solutions were carried out by our
group in papers of 1971-1975 using setups with mechani-
cal phosphoroscopes [16-20]. In the first paper of this
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series (1971), IR phosphorescence of 4-vinylpro-
tochlorophyll and 4-vinylprotopheophytin was discov-
ered, which had never been studied before [16].
Photomultipliers with S-11 spectral response were used as
detectors, which are sensitive in the infrared up to
900 nm. Ethanol was used as the solvent. In these experi-
ments, phosphorescence was detected that corresponds to
the shortest-wavelength form of protochlorophyll present
in the ethanol solutions. The emission maximum was
observed at 870-880 nm, the lifetime was 4-5 ms, and the
quantum yield was about 107> [16].

For further measurements, setups were constructed
whose sensitivity in the infrared was increased by 2-4
orders of magnitude. Cooled photomultipliers FEU-83
(S-1) sensitive in the 400-1300 nm range, powerful
(1 kW) xenon lamps, and high-throughput grating mono-
chromators were used. Technical parameters of the phos-
phoroscopes were greatly changed. Detailed description
of these setups was presented in papers [21-27]. The new
instruments allowed measurement of spectra and life-
times of IR phosphorescence at 700-1300 nm with quan-
tum yield 2107°-107"" and lifetimes 0.5 ms.

The use of these setups allowed us to reliably detect
phosphorescence of Chls a and » and their magnesium-
free analogs. More accurate data on protochlorophyll
phosphorescence were also obtained [16-20]. It was
found that the parameters of phosphorescence of Chl a
are quite different from those described in the papers
cited above (Table 1). In both polar and nonpolar sol-
vents, the maxima of Chl a phosphorescence were
observed at A > 920 nm. The emission at 755 nm in the
nonpolar solvent pentane was shown to be fluorescence of
aggregated chlorophyll, as Amster also claimed [15].
Three spectral forms of chlorophyll phosphorescence —
monomers Mg-monosolvates (Mg-L), monomers Mg-
disolvates (Mg-L,), and aggregates (dimers and
oligomers, Chl,) — were also observed. It was also the first
experimental observation of the triplets of these forms
[18-20].

Apparently, the results of our phosphorescence stud-
ies actually disproved the experiments of well-known
groups. In 1977-1979, our data were confirmed by other
authors (Table 2). As a result of these studies, researchers
obtained a new method of spectral analysis that allows
precise measurement of energy and lifetimes of triplets
and analysis of interaction of the pigments with environ-
ment.

In addition in 1975, phosphorescence of chlorophyll
and protochlorophyll was observed in etiolated plant
leaves. Also, phosphorescence was discovered in solutions
of Chlorobium chlorophylls and their magnesium-free
analogs [19, 20]. The results of these studies were outlined
in papers [33-36].

In 1978-1981, the authors of the present review dis-
covered and investigated phosphorescence of Chl a in
mature leaves and chloroplasts of normal and mutant
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Table 1. Results of the first reported measurement of Chl a phosphorescence

Solvent Phosphorescence spectral maxima, nm | ¢,,/¢, | Lifetime, ms Authors
3-Methylpentane 755 - - Fernandez and Becker, 1959 [12]
EPA 885, 925 0.02 >0.5 Singh and Becker, 1960 [14]
EPA and 3-methylpentane 800, 840 <<0.02 >0.5 Amster, 1969 [15]

Ethanol 980 ~107° ~2 Krasnovsky et al., 1973 [17]
EPA 970 ~107 ~2 Krasnovsky et al., 1974 [18]
Pentane 990 <1073 ~1 Krasnovsky et al., 1974 [18]

Note: ¢,,/¢yis the ratio of the quantum yields of phosphorescence and fluorescence.

Table 2. Parameters of phosphorescence of chlorophylls and pheophytins reported in papers of different groups

Krasnovsky et al., Mau and Puza, Dvornikov et al., Kleibeuker et al.,
Pigment 1973-1974 [17, 18]* 1977 [28]* 1978-1979 [29-31]** 1978 [32]***
Amax> NM Ty MS Aaxs NM Ty, MS Amaxs NM Typ, MS Apmaxs NM T, MS
Chlorophyll a 970 1.6 950 1.7 970 1.2 960 1.6
Pheophytin a 930 1.2 922 1.5 923 1.0 935 0.95
Chlorophyll b 890 2.2 890 2.1 920 3.8 913 3.4
Pheophytin b 890 1.8 888 1.6 890 1.7 900 1.6

* EPA (mixture of diethyl ether, pentane and ethanol) as solvent.

** Mixture of diethyl ether and petroleum ether (1 : 1) as solvent.

*** Methyltetrahydrofuran as solvent.

plants, in cells of green, red and brown algae, and in sus-
pensions of cyanobacteria at 77 K [37-41]. Since that
time many data have been accumulated (see reviews [27,
42-45]). Nonetheless, this information is poorly known.
Moreover, a certain part of experimental materials deal-
ing with mature leaves and chloroplasts was described
only in dissertation works of these authors. Objectives of
this mini review consist in introduction of certain unpub-
lished data of the authors and in reconsideration of exper-
imental information on the spectral and kinetic parame-
ters and quantum yields of chlorophyll phosphorescence
in chloroplasts of green plants and algae.

Chlorophyll a in solutions and model systems. For
analysis of the photosynthetic systems one should shortly
describe modern views on phosphorescence of chloro-
phyll in solutions and model systems. Detailed discussion
is presented in a recent review [27]. Investigation of phos-
phorescence in chlorophyll solutions is complicated by
the fact that upon freezing to 77 K chlorophyll often
forms several spectral species whose concentrations
depend on the concentration of the pigments and also on
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nature and state of solvents. Approximate parameters of
these forms obtained by our group and other researchers
are summarized in Table 3. It is of interest that the spec-
tral properties of phosphorescence are more sensitive to
solvation and aggregation of chlorophyll than the param-
eters of the absorption and fluorescence spectra. For
instance, as Table 3 shows, maxima of the absorption
spectra of Mg-L, and maxima of the excitation spectra of
Mg-L, phosphorescence are shifted by 12-14 nm to
longer wavelengths compared to Mg-L, whereas the
phosphorescence spectra of Mg-L, are shifted by 40-
50 nm compared to Mg-L.

For comparison with the photosynthetic apparatus,
it is convenient to use systems in which only one chloro-
phyll species dominates. Such systems are diluted (1-
3 uM) solutions of chlorophyll in pyridine and diethyl
ether frozen as snow, in which monomeric Mg-L, or Mg-
L chlorophyll molecules dominate [27, 46, 47].
Heterogeneous aqueous suspensions containing Chl a
solubilized by micelles of the detergent Triton X-100 and
chlorophyll-containing suspensions of liposomes are dif-
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Table 3. Parameters of phosphorescence of Chl a in different states of solvation and aggregation [22, 27, 33-35, 42-49]

Pigment State Aoy, NM Apy, M Ty, MS
Chlorophyll a Mg-0 (Mg-H,0?), monomer ~658 920-925 ~5

Mg-L monomer 660-663 925-939 2.6-2.7

Mg-L, monomer 672-676 970-985 1.8-2.0

Dimers and oligomers 670-705 960-990 0.8-1.5

Note: A, denotes the main red maximum of the excitation spectrum; A, denotes the maxima of the phosphorescence spectra. (Mg-0) is a chloro-
phyll molecule with nonsolvated magnesium atom; 1, is the lifetime corresponding to the main phosphorescence maximum.

ferent examples of such systems. In these systems, penta-
coordinate (Mg-L) monomeric molecules of chlorophyll
are formed whose phytol tail is located in the hydropho-
bic phase of the micelles and the magnesium atom is con-
nected with the hydrophilic polar groups of detergents or
lipids [27, 46, 47].

Spectra of phosphorescence and fluorescence of Chl
a in pyridine and detergent micelles at 77 K are shown in
Fig. 2. Each spectrum has two bands. The energy gap
between the maxima of these bands is equal to 1250 +
50 cm™! in both systems. Thus, the spectra of radiative
deactivation of both the singlet and triplet states have
similar vibronic structure.

The bandwidth (FWHM) of the main phosphores-
cence bands in both pyridine and detergent micelles was
55 £ 2 nm (~620 cm™). This is much greater than the
bandwidth of the main fluorescence band (19 £ 2 nm,
~450 cm™"). The energy of the chlorophyll triplet state in
pyridine and detergent (calculated from the maxima of
the phosphorescence spectra) corresponds to 1.3 =+

a
673 932
100 4

o
c
=}
>
s
E= 1
€ 501 2
Z 1060
[%2]
S 731
=

0 T ) T T ]

620 720 820 920 1020 1120

0.03 eV. The energy of singlet—triplet splitting is 0.56 eV
in pyridine and 0.51 eV in detergent micelles
(~4500 cm™"). The spectra of chlorophyll phosphores-
cence are rather similar in diethyl ether and detergent
micelles (Table 4). In solvent mixtures forming a glass at
77 K (for instance EPA or a mixture of diethyl and petro-
leum ethers, 1 : 1) the phosphorescence spectra are close
to the phosphorescence spectra of the Mg-L, in pyridine
[18, 27, 29-31, 46, 47].

According to the data of several groups, the quantum
yield of Chl a phosphorescence (¢,;,) is (2 1)-1073 [17-
20, 28, 30]. It should be noted that ¢,, is determined by
the following equation:

(pph = (pst X kr X Tpha (1)

where @, is the quantum yield of the triplet state popula-
tion, k, is the rate constant of radiative deactivation of the
triplet state, and t,, is the phosphorescence lifetime.
Hence:

677 973

1100
739
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Fig. 2. Phosphorescence (/) and fluorescence (2) spectra of Chl a solutions (3-5 uM) at 77 K: a) in aqueous micellar solutions of detergent
Triton X-100; b) in pyridine. Phosphorescence was measured under excitation by red light A > 620 nm; the monochromator slits correspond-
ed to 6 nm. Fluorescence was excited by monochromatic light corresponding to the maximum of the Soret band; the monochromator slits cor-
responded to 2 nm (data of papers [20, 27, 46, 47]). Numbers over the curves show wavelengths of maxima in nanometers.
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Qg X kr = (pph/Tph' (2)

Table 4 summarizes relative quantum yields of
chlorophyll phosphorescence in different media. One can
see that in pyridine and diethyl ether the quantum yields
(@) are rather similar (the difference does not exceed
+10%). The ratio ¢,,/17,, in detergent micelles, pyridine,
and diethyl ether are also almost equal within the preci-
sion of our measurements.

According to flash photolysis data, ¢, ~ 0.6 for
monomeric chlorophyll molecules. The degree of solva-
tion of the central magnesium atom changed ¢,, by not
more than by 10% [50]. A similar result was also obtained
upon measurement of the quantum yields of singlet oxy-
gen generation by Mg-L- and Mg-L,-solvates of chloro-
phyll [51]. Hence using Eq. (2), one can conclude that
the rate constant of radiative deactivation of the triplet
chlorophyll molecules (k,) almost does not depend on the
degree of solvation of the central magnesium atom.

At the same time, as Table 4 shows, solvation of the
magnesium atom does not change also the fluorescence
quantum yield (¢, and the ratio ¢,,/(z,,¢,). Similar values
of these parameters were obtained in other model systems
in which chlorophyll molecules are monomeric, as for
instance, chlorophyll-containing liposomes [27, 46, 47].

Thus, parameters of ¢,,, ¢,,/7,, and @,,/(t,,¢,) have
rather constant values for monomeric chlorophyll mole-
cules solvated only by the central magnesium atom (Mg-
L and Mg-L,). Deviation from these values indicates a
change in a state of pigment molecules in the systems
under investigation.

For instance, these parameters are markedly reduced
in solutions of chlorophyll in ethanol (Table 4), which
were used for a long time as a reference in our measure-
ments of the quantum yields of chlorophyll phosphores-
cence in the photosynthetic systems [38]. It is likely that
the phosphorescence of Chl a in frozen ethanol solutions
mostly correspond to Mg-L, solvates, whose C=0 group
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of the V-ring is simultaneously hydrogen bonded by
ethanol. Detailed discussion of this type of solvation is
given in papers [22, 27]. According to our data, strong
decrease in all parameters — @y, @,/ T, a0d @,/ (T,,07) —
is observed upon aggregation of chlorophyll molecules
[18-20, 27].

It should be noted that chlorophyll phosphorescence
is always accompanied by low temperature delayed fluo-
rescence (Fig. 3). Under conditions of the experiments
illustrated by Fig. 3, delayed fluorescence was 300 times
weaker than phosphorescence in detergent solutions and
15 times weaker than phosphorescence in pyridine. In
both cases, the intensity of delayed fluorescence is pro-
portional to the square of the intensity of the exciting
light. The lifetime of phosphorescence was around 2 ms.
Stronger delayed fluorescence was observed in chloro-
phyll-containing liposomes [27, 42, 46, 47]. The data
indicate that low temperature delayed fluorescence
accompanies a recombination process whose efficiency
strongly depends on solvents and chlorophyll concentra-
tion. It seems improbable that triplet—triplet annihilation
might occur in rigid solutions with low, micromolar
chlorophyll concentrations. An assumption was proposed
that afterglow arises as a result of interaction of triplet
chlorophyll molecules with a metastable photoproduct
that appears as a result of reaction of triplets with solvent
molecules [42].

Greening etiolated leaves. The first measurements of
phosphorescence of protochlorophyll and chlorophyllide
in frozen etiolated and greening leaves were reported by
our group in 1975 [19, 20]. To the best of our knowledge,
these data were the first experimental evidence of popula-
tion of pigment triplet states in the developing photosyn-
thetic apparatus of green plants.

It is known that protochlorophyllide is the major
pigment of etiolated leaves ([52, 53] and references there-
in). Spectral and kinetic parameters of protochlorophyl-
lide phosphorescence were many times reported in papers

Table 4. Quantum yields (¢,,) and lifetimes (t,,) of phosphorescence of Chl a in different solvents at 77 K according

to the data our group [22, 27, 38, 42, 46, 47, 57]

Samples ®on Telative units (£15%) | Tpn, MS | @, relative units (£10%) | @,/ 7,4, Telative units | @,,,/(1,,¢), relative units

Pyridine 1.0* 2.0 1.0* 1.0 1.0

Diethyl ether 1.2* 2.7 0.9 0.9 1.0

Micelles, 1.1 2.7 0.8 0.8 1.0

Triton X-100

Ethanol 0.3 1.8 0.6 0.3 0.5

Greening leaves 0.4 1.9 0.7 0.4 0.6

after 1 h of greening

* The absolute quantum yield in pyridine and ether is (2 + 1)-107%; the fluorescence yield at 77 K is 55-60% [30].
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Fig. 3. Low temperature (77 K) phosphorescence spectra (/) and
fluorescence spectra (2) of Chl a in etiolated bean leaves after 1 h
of greening; 3) the absorption spectrum of the leaf at 77 K; 4)
phosphorescence excitation spectrum upon registration of light
emission at A > 900 nm. L/I is the ratio of the phosphorescence
intensity to the intensity of excitation; 1-T is the fractional
absorbance of a leaf [20, 27, 33-35, 57].

of our lab [20, 27, 33-35, 54-56]. Upon illumination of
etiolated leaves, photoreduction of protochlorophyllide
occurred followed by chlorophyll accumulation. After 1 h
of greening (just after the Shibata shift) the major pig-
ment is Chl a ([52, 53] and references therein). In our
experiments, etiolated seedlings of bean, pea, and wheat
were studied. In all these seedlings, after 1 h greening Chl
a was formed with absorption and fluorescence maxima
at 670-672 and 682-684 nm, respectively.
Simultaneously, at 77 K chlorophyll phosphores-
cence was observed with the main maximum at 955 *+
5 nm and the vibrational satellite at 1100 nm (Fig. 3). The
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lifetime in the main maximum was 1.8-2 ms. The band-
width (FWHM) of the major bands of fluorescence and
phosphorescence spectra were about 20 and 55 nm. Thus,
the spectral parameters of chlorophyll phosphorescence
in greening leaves resemble those in micelles of detergent
and pyridine.

On the other hand, the maximum of the phosphores-
cence spectrum in greening leaves is shifted to longer
wavelengths compared to the Mg-L solvates in solutions,
and to shorter wavelengths compared to the Mg-L, sol-
vates (compare the data of Table 3 and Figs. 2 and 3). The
phosphorescence lifetime of chlorophyll in greening
leaves is also markedly less than that of the Mg-L species
in solutions. Thus, we can conclude that according to the
spectral and temporal parameters, phosphorescence of
Chl a in leaves on the early stage of greening does not cor-
respond to phosphorescence Mg-L or Mg-L, species of
monomeric chlorophylls.

Comparison of the data presented in Tables 3 and 4
leads to an assumption that chlorophyll phosphorescence
in greening leaves belongs to short wavelength aggregates
(probably dimers) of chlorophyll. In agreement with this
assumption, ¢,, and the parameters ¢,,/7,, and @,,/(¢s7,;,)
are about two times less in greening leaves than in solu-
tions of monomeric chlorophyll molecules (Table 4). As
mentioned above, the quantum yield of the triplets in
solutions of monomeric chlorophyll is about ~0.6 [30,
50]. If one takes into account Eq. (2) and proposes that
the rate constants of radiative deactivation of chlorophyll
triplets (k,) are equal in greening leaves and solutions, one
can conclude that the quantum yield of the Chl a triplet
state (@) in greening leaves is about 0.25 [22, 27, 42, 54,
57]. This value can be regarded as the lower limit of ¢y,
because it is not excluded that k., might be smaller in
greening leaves than in solutions.

Table 5. Changes in intensity of Chl a phosphorescence in etiolated wheat leaves during greening*

Samples Maximum of the phosphorescence spectrum, nm Lifetime, ms Quantum yield, relative units
Micelles of Triton X-100 932 2710.1 1
Greening leaves

lh 9533 1.9+0.2 0.4
3h 953+ 3 1.9+0.2 0.2
6h 958 +3 1.9+0.2 0.04

12h 972+ 3 1.8+£0.2 0.008

24 h 975+ 3 1.7+£0.2 0.0008

48 h 980 + 3 1.7+£0.2 0.0006

* Phosphorescence was measured at 77 K under excitation by a xenon lamp through a KS-15 cut-off filter (A > 640 nm). Greening was observed

under white light of 1000 Ix (Kovalev and Krasnovsky, unpublished data).
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In both chlorophyll solutions and greening leaves,
phosphorescence was accompanied by low temperature
delayed fluorescence. The relative intensity of delayed
fluorescence in leaves was greater than in solutions (Fig.
3). The intensity of delayed fluorescence was proportion-
al to the square of the intensity of excitation.

The maximum of the excitation spectrum of chloro-
phyll phosphorescence in greening leaves was observed at
670 nm. Hence, it is located closely to the absorption
maximum of chlorophyll (Fig. 3). As Fig. 3 shows, the
excitation spectrum does not have the bands of
carotenoids at 400-500 nm, though the bands of
carotenoids dominate in the absorption spectra of leaves.

Thus, the data indicate that in agreement with
Butler’s data [58], there is no energy transfer from the
singlet states of carotenoids to chlorophyll at this stage of
development of the photosynthetic apparatus. Also, as
seen from Table 4, the lifetime of phosphorescence is
about 2 ms. Hence, there is no energy transfer from the
triplet state of Chl a to carotenoids [20, 33-35, 54, 57].

Phosphorescence of chlorophyll in mature plant
leaves. Further development of the photosynthetic appa-
ratus led to a sharp decrease of the phosphorescence
yield, though the phosphorescence lifetime was almost
unchanged [20, 22, 24, 42, 54, 57]. Table 5 illustrates the
dependence of the phosphorescence yield on time of
greening of etiolated seedlings of wheat. During greening
the main maximum of the phosphorescence spectrum was
shifted from 953 to 980 nm. After 48 h of greening, the
phosphorescence yield reached the minimum value,
about 2000 times smaller than the quantum yield of phos-
phorescence of monomeric chlorophyll in solutions
(Table 5). Further “greening” did not change the phos-
phorescence yield. Similar data were obtained upon
greening of etiolated leaves of pea, bean, and barley.

Because of the very low yield of chlorophyll phos-
phorescence in mature leaves, reliable detection of this
light emission was a difficult problem whose solution
required from us much effort. The first measurement of
chlorophyll phosphorescence in mature leaves and sus-
pensions of cells of green, brown, and red algae and
cyanobacteria was reported by us in 1978 [37]. Later these
measurements were many times repeated by our group
using different photosynthetic organisms.

Figure 4 shows the spectrum of chlorophyll phos-
phorescence in a mature pea leave. One can see that upon
excitation by red light through the cut-off red filter trans-
mitting light at A > 650 nm, the main phosphorescence
maximum was observed at ~980 nm. The phosphores-
cence spectrum has also a long-wavelength satellite at
~1100 nm, whose intensity was about two times less. The
phosphorescence lifetime was ~1.7 ms. Upon excitation
by dark red light, the main phosphorescence maximum
was shifted to 990 nm, and the lifetime decreased to
~1.3 ms. Thus, phosphorescence is emitted by at least two
spectral forms of chlorophyll. Judging by the fact that the
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Fig. 4. Spectra of delayed luminescence (7, 2) and fluorescence
(3) of chlorophyll in mature pea leaves at 77 K. Spectra 7 and 2
were recorded under excitation by red light A > 640 nm (/) and far
red light A > 680 nm (2). Monochromator slit width was 20 nm.
The spectrum of fluorescence (3) was recorded upon excitation by
440 nm monochromatic light. The width of the monochromator
slit was 2 nm. Absorbance of the leaf in the red absorption maxi-
mum was ~2.

phosphorescence lifetime is millisecond, the triplet states
of these forms are not quenched by carotenoids.

Figure 5 shows the major band of the phosphores-
cence spectrum in a suspension of pea chloroplasts. The
absorbance in the maximum of the absorption band of
this sample was 0.8 at 77 K, being much smaller than in
mature leaves. Under excitation by red light transmitted
by a KS-17 cut-off filter (A > 650 nm), the maximum of
the phosphorescence spectrum was observed at 960 nm.
The lifetime was 2 ms. Under excitation by dark red light
(A = 680 nm), the maximum was shifted to 975 nm. The
lifetime decreased to 1.4 ms [38-41]. The band at 990 nm
was observed only in dense chloroplast suspensions whose
absorbance was close to that of mature leaves.

IR phosphorescence of chlorophyll was always
accompanied by delayed fluorescence whose major spec-
tral maximum coincided with the maximum of the low
temperature chlorophyll fluorescence (735-740 nm) (Fig.
4). In green leaves, the relative intensity of delayed fluo-
rescence was much higher than in chlorophyll solutions
and greening leaves. It was shown that the main maxi-
mum of the excitation spectrum of delayed fluorescence
was observed at 350 nm, i.e. it does not belong to chloro-
phyll [37, 38, 40-42, 59]. The nature of this phenomenon
deserves a special discussion that is out of the scope of this
review.

Millisecond phosphorescence and delayed fluores-
cence of chlorophyll with the same spectral and temporal
parameters was detected in mature leaves of all plants we
investigated (maize, barley, pea, birch, maple, rowan-
tree, and others). The quantum yield of chlorophyll phos-
phorescence in plant leaves grown under natural condi-
tions, which were taken for analysis in daytime, was
always 1000 times less than in greening leaves after 1 h of
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Fig. 5. Spectra of fluorescence (/) and phosphorescence (3, 4) of
chlorophyll in suspensions of pea chloroplasts at 77 K.
Fluorescence was excited by 440 nm blue light, phosphorescence
was excited through cut-off red filters KS-17 (A > 650 nm) (/) and
KS-18 (A > 680 nm) (2). Upon fluorescence measurement, the
absorbance in the red absorption maximum of suspensions was
0.05, and the slit width was 1 nm. Upon measurement of phos-
phorescence the absorbance was 1, and the slit width was 20 nm.
Data of reference [39] and further unpublished experiments of the
authors.

greening and 2000 times less than in solutions of
monomeric chlorophyll. Chlorophyll phosphorescence in
suspensions of the class B chloroplasts was usually three
times stronger than in mature leaves [39].

Thus, the quantum yield of chlorophyll phosphores-
cence in mature leaves and chloroplasts of green plants
grown under normal conditions is ~107® [38-42, 44, 45,
57]. As so strong decrease in the phosphorescence yield is
not accompanied by the decrease in the phosphorescence
lifetime, we conclude that phosphorescence is emitted by
a minor part of the chlorophyll molecules spatially sepa-
rated from carotenoids of the photosynthetic apparatus. In
this case, the quantum yield of chlorophyll phosphores-
cence in leaves can be described by the following equation:

(pph = er Pt X Tph X Oepps (3)

where «,, is a molar fraction of phosphorescence-emit-
ting chlorophyll relative to the entire chlorophyll concen-
tration. It is most likely that the product k, x ¢, x 7,, has
the same value in both etiolated leaves after 1 h of green-
ing and in mature leaves. This leads to the ¢,, ratio for
phosphorescence in mature leaves compared to greening
leaves after 1 h of greening ((©,)manre/(Ppn)eio) €Qual to
0.1%. Hence, only 0.1% of the overall chlorophyll is
involved in phosphorescence emission in leaves. In isolat-
ed chloroplasts this value is about 0.3%, as mentioned
above.
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It was observed that the intensity of chlorophyll
phosphorescence in leaves strongly depended on external
factors. For instance, phosphorescence increased 3-fold
if plants were grown under low illumination (less than
50 Ix). Phosphorescence intensity increased under any
actions that damaged the chloroplast structure. For
instance, after heating, the action of organic solvents,
detergents, and herbicides, and also in mutant plants.
Especially strong increase of phosphorescence intensity
was observed after inhibition of biosynthesis of
carotenoids or change of carotenoid composition [38, 40,
41].

It should be noted that mature leaves and chloro-
plasts cannot be used for reliable measurement of the
excitation spectra of chlorophyll phosphorescence. Such
measurements were hampered by the high absorbance of
leaves and by strong delayed fluorescence, the long wave-
length tail of which overlaps with the phosphorescence
bands of chlorophyll. Such overlapping is especially
strong under excitation by green or blue light. Rough esti-
mate has shown that the red maximum (~670 nm) of the
excitation spectrum of chlorophyll phosphorescence in
leaves and chloroplasts is shifted to shorter wavelengths
compared to the red absorption maximum (676 nm) [39].

Macrophytic algae. Transparent thalluses of macro-
phytic algae are much more convenient for spectral meas-
urements. Absorbance of thalluses did not exceed 0.7.
The spectra of phosphorescence emission are shown in
Fig. 6. Under excitation by red light the emission band at
955 nm dominated, which resembles the band of chloro-
phyll phosphorescence in etiolated leaves after 1 h of
greening. The lifetime corresponding to this band was
2.0 £ 0.2 ms. Under excitation by far red light, the maxi-
ma were shifted to 972 + 4 nm (Fig. 6). The lifetime
decreased to 1.3 £ 0.2 ms [60]. Low temperature delayed
fluorescence of chlorophyll in these algae was much
weaker than in leaves.

The combination of favorable properties, transparent
thalluses with relatively low absorbance of chlorophyll and
relatively low intensity of delayed fluorescence, allowed us
to measure the excitation spectrum of chlorophyll phos-
phorescence in the visible region (Fig. 7). Figure 7 shows
that in green algae the main maxima of excitation spectra
(438 and 674 nm) correspond to Chl a. The excitation
spectrum also has the distinct maxima of Chl 5 (650 and
470 nm) and carotenoids (490-500 nm). In the excitation
spectrum of chlorophyll phosphorescence in red algae, the
maxima of chlorophyll (674 nm) and maxima of phyco-
bilins are clearly seen (Fig. 7). It is noteworthy that the red
(chlorophyll) excitation maximum is slightly shifted to
shorter wavelengths compared to the main absorption
maximum of chlorophyll (678 nm) [60].

These data suggest that phosphorescence is emitted
mostly by the short wavelength chlorophyll forms, which
are connected with the light harvesting complex contain-
ing accessory pigments (Chl b, carotenoids and phyco-
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Fig. 6. Spectra of chlorophyll phosphorescence in thalluses of macro

phytic algae: green Ulva fenestrata (1, 2), brown Sargassum pallidum (3,

4), and red Grateloupia turuturu (5, 6) under excitation via the cut-off light filters KS-15 (A > 640 nm) (1, 3, 5) and KS-18 (A > 680 nm) (2,

4, 6) at 77 K. The width of monochromator slits was 15 nm. Data of
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Fig. 7. Excitation spectrum of chlorophyll phosphorescence in thalluses of green algae Ulva fenestrate (a) and red algae Grateloupia turuturu

(b) at 77 K. Phosphorescence was measured through an IR cut-off fil

ter transmitting light at A > 900 nm. The ratio of the fluorescence inten-

sity and the intensity of exciting light is indicated on the Y axis in relative units. The monochromator slit width was 7 nm. Data of reference

[60].

bilins). Therefore, one can assume that the chlorophyll
molecules responsible for emission of millisecond phos-
phorescence are a part of the natural pigment protein
complex of chloroplasts. As phosphorescence-emitting
chlorophyll molecules can also fluorescence, it was of
interest to estimate a contribution of this fluorescence to
the overall chlorophyll fluorescence in chloroplasts.
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Comparison of phosphorescence and fluorescence of
chlorophyll in chloroplasts. For these studies, suspensions
of isolated chloroplasts were used. It is known that at
77 K the main maximum of chlorophyll fluorescence in
chloroplasts is observed at 737 nm (Fig. 5). At the same
time, the fluorescence spectra have also the short wave-
length maxima at 686 and 695 nm. Deconvolution of the
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low temperature spectra reveals two more minor bands at
680 and 703 nm [61-65].

As the red maximum of the excitation spectra is
shifted by several nanometers to shorter wavelengths
compared to the main absorption maximum of chloro-
plasts (676 nm), it is logical to ascribe fluorescence of the
phosphorescence-emitting chlorophyll to the short wave-
length forms 680, 686, and 695 nm. According to Murata
et al., the contribution of the short wavelength fluores-
cence (600-700 nm) to the overall fluorescence spectrum
of spinach chloroplasts is 25% [62]. A similar value was
obtained by Litvin et al. for bean chloroplasts [64, 65].

The general yield of the low temperature fluores-
cence of chloroplasts obtained by Murata et al. upon
excitation the Chl 5 band (475 nm) was 75% [62]. We
repeated this measurement upon excitation the absorp-
tion band of Chl a (440 nm). As a reference, solutions of
Chl a in ethanol were used. For the first try we used rela-
tively dense chloroplast suspensions with absorbance
equal to 0.4 at 676 nm at 77 K. The yield of overall fluo-
rescence was estimated to be 15% [39]. This value is now
corrected by using for fluorescence measurement dilute
chloroplast suspensions in which reabsorption of fluores-
cence is reduced. As references, chlorophyll solutions in
diethyl ether and pyridine were employed whose fluores-
cence yield was shown to be 55-60% [30]. When the paper
[39] was published, the paper [30] has not appeared yet
and also we did not know that at 77 K the fluorescence
yield in ethanol is two times smaller than in pyridine and
ether. As a result (Table 4), we obtained that the overall
fluorescence yield is ~30%, two times smaller than in
Murata’s measurements. For further analyses, we used
the average value 55% for overall fluorescence yield and
14% for the short wavelength bands.

It is natural to propose that the ratio ¢,,/¢,for mol-
ecules of the phosphorescence-emitting chlorophyll is the
same in mature leaves and etiolated leaves after 1 h of
greening. As shown in Table 4, the yield of chlorophyll
phosphorescence in greening leaves (¢;),,; ~ 40%. Hence
using Eq. (3) one can obtain:

((pf)muture R ey X ((pj)etiol =0.0004-0.0012. (4)

Comparing this value with the quantum yield of the
short wavelength fluorescence of chloroplasts (14%), one
arrives to the conclusion that the phosphorescence-emit-
ting chlorophyll makes up 0.3-1% of the short wavelength
fluorescence of chlorophyll in chloroplasts.

We tried also to reveal the phosphorescence corre-
sponding to the long wavelength fluorescence at 737 nm.
It is likely that energy of the singlet—triplet splitting (AE,,)
for this fluorescence band is equal to AE,, for the main flu-
orescence band of chlorophyll in the greening leaves.
From the maxima of chlorophyll fluorescence and phos-
phorescence spectra indicated in Fig. 3 one can obtain
that AE, = 4100 cm™'. Therefore, the phosphorescence
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maximum of this form should be located at ~1050 nm.
From linear dependence between the energy of triplets
and logarithm of their lifetimes, which was shown to be
valid for chlorophylls [27, 36, 42, 43], one can calculate
that the lifetime of this band should be ~0.5 ms. This
value corresponds to the technical limit for temporal res-
olution of our set-ups. In agreement with this estimate, it
was observed that aggregated molecules of bacterio-
chlorophyll ¢ having the absorption maximum at 725 nm,
emitted phosphorescence with the maximum at 1060 nm
and the lifetime 0.6 ms [19, 20, 27, 33-35].

Comparison of Figs. 3 and 4 supports the assumption
that long wavelength phosphorescence might exist in
mature leaves. One can see that in mature leaves the max-
imum at ~1100 nm was two times smaller than the main
maximum of the phosphorescence spectrum. In etiolated
leaves after 1 h of greening, the phosphorescence maxi-
mum at ~1100 nm is three times weaker than the main
phosphorescence band. Special experiments made to
reveal a long wavelength phosphorescence band showed
that upon shift of excitation to longer wavelengths, the
relative intensity of phosphorescence at 1100 nm
increased compared to the main phosphorescence maxi-
mum. However, insufficient sensitivity of our technique
to luminescence in this spectral and temporal region does
not allow us to get a final solution of this problem.

Thus, this review briefly describes the history of dis-
covery of low temperature (77 K) phosphorescence of
chlorophylls and characterizes parameters of phospho-
rescence of Chl a in solutions, certain model systems,
greening leaves just after the Shibata shift, and in mature
leaves and thalluses of macrophytic algae. It was shown
that the phosphorescence of newly formed chlorophyll in
greening leaves resembles best the phosphorescence of
the short wavelength aggregates (probably dimers) in
chlorophyll solutions. At this stage of development of
leaves, the phosphorescence belongs to the bulk chloro-
phyll of leaves. The quantum vyield of the chlorophyll
triplet state is >25%. Further (after Shibata shift) forma-
tion of the photosynthetic apparatus caused strong
decrease of the phosphorescence yield, which reached a
minimum after 48 h of greening. In mature leaves of nor-
mal plants grown under normal illumination, the phos-
phorescence yield is 1000 less than in etiolated leaves
after the Shibata shift. This value is stable in leaves of dif-
ferent plants. As a result of analysis of spectral and kinet-
ic parameters of chlorophyll phosphorescence in leaves,
isolated chloroplasts, and thalluses of macrophytic algae,
three spectral forms of phosphorescence-emitting
chlorophyll were observed with the main maxima at 955,
975, and 995 nm and the lifetimes ~1.9, ~1.5, and 1.1-
1.3 ms. Excitation spectra of chlorophyll phosphores-
cence measured in the transparent thalluses of macro-
phytic green and red algae showed the maxima of Chl a
and accessory pigments — carotenoids, Chl b, and phyco-
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bilins. The data indicate that phosphorescence is emitted
by the short wavelength forms of Chl a, which are coupled
with the light harvesting complex but their triplets are not
quenched by carotenoids.

The concentration of the phosphorescence-emitting
chlorophyll in mature leaves and its contribution to the
overall chlorophyll fluorescence have been estimated. As
a reference, phosphorescence of the newly formed
chlorophyll in greening leaves was employed. It is shown
that in mature leaves and chloroplasts the relative con-
centration of phosphorescence-emitting chlorophyll is
0.1-0.3%. The contribution of these molecules to the
short wavelength (600-700 nm) fluorescence of chloro-
phyll was estimated to be 0.3-1%.

An attempt was made to reveal the phosphorescence
corresponding to the long wavelength fluorescence at
737 nm, which dominates in the fluorescence spectra in
leaves and chloroplasts (Figs. 4 and 5). Analysis showed
that the spectral maximum of this phosphorescence
should be at ~1050 nm. The lifetime should be ~0.5 ms.
The experimental data indicate that this phosphorescence
might exist in mature leaves and chloroplasts. However,
insufficient sensitivity of our technique to luminescence
in this spectral and temporal region does not allow us to a
get final solution of this problem.

The nature of the phosphorescence-emitting chloro-
phyll is presently not quite clear. In previous papers, we
suggested that phosphorescence belongs to newly synthe-
sized chlorophyll in the centers of pigment biosynthesis
[44, 45]. The concentration of the phosphorescence-
emitting chlorophyll is consistent with the concentration
of young chlorophyll estimated by the Shlyk school [66].
Indeed, it was shown in experiments of our laboratory
that phosphorescence of chlorophyll and protochloro-
phyll strongly increased if leaves were kept in darkness for
many hours, especially in the presence of 5-aminole-
vulinic acid and metal chelators [37, 67]. However, this
suggestion is not quite consistent with the fact that sever-
al spectral forms of the phosphorescence-emitting
chlorophyll were observed in chloroplasts developed
under normal illumination conditions. Another assump-
tion states that phosphorescence belongs to chlorophyll
of the reaction centers of PS-2 [44, 45]. It is known that
chlorophyll molecules in these reaction centers are spa-
tially separated from carotenoids. As a result, carotenoids
do not quench chlorophyll triplets, and therefore their
lifetime is long, sufficient for efficient singlet oxygen gen-
eration [68, 69]. Preliminary data of our laboratory
showed that indeed, in isolated reaction centers (D1D2-
cyt bsso complexes) strong millisecond chlorophyll phos-
phorescence appears [70]. However, the samples used for
this experiment contained rather much uncoupled
chlorophyll molecules. Presently, more detailed studies
are in progress. Again, the existence of several spectral
forms of the phosphorescence-emitting chlorophyll in
normal chloroplasts is not quite consistent with this
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assumption. It is not excluded that under normal condi-
tions, when reaction centers are inside native (not dam-
aged) structure of chloroplasts, the reaction center
triplets are not formed or are quenched. According to the
third idea, normal chlorophyll—protein complexes of
chloroplasts generate a certain amount of triplet, which
are not quenched by carotenoids. Probably, this is a con-
sequence of the complex structure of the pigment appara-
tus. In this case, the “constant” (0.1-0.3% concentration
of phosphorescence-emitting chlorophyll) found in our
experiments shows the minimum concentration of
carotenoid-detached chlorophyll molecules, which
plants can stand. It might be that further reduction of the
yield of chlorophyll triplets is not effective. It is simpler to
protect native structures from photodynamic activity of
this small group of chlorophyll molecules. This assump-
tion correlates with the data of Santabarbara et al. [71],
who, using FDMR, also observed triplet states of chloro-
phyll not connected with photosynthesis reaction centers.

Nevertheless, in aerobic conditions triplet molecules
of chlorophyll and its precursors in biosynthesis transfer
their energy to O, with formation of reactive singlet oxy-
gen ('0,), which readily oxidizes biologically important
molecules [21, 22, 44, 45, 51, 72]. It is thought that this
process is responsible for photoinhibition of photosyn-
thesis and photodestruction of the photosynthetic appa-
ratus ([44, 45, 69, 72] and references therein).

Based on these ideas, we expect that the intensity of
the low temperature phosphorescence should correlate
with the rate of photodestructive processes under physio-
logical conditions. The first experiments supporting this
assumption were carried out by the authors of this review
in collaboration with A. Faludi-Daniel (Szeged,
Hungary). It was shown that in lycopene and {-carotene
mutants of maize, in which the rate of photodestruction
of chlorophyll is much stronger than in normal plants, the
phosphorescence yield is also higher, and what is more,
the phosphorescence yield and the photodestruction rate
correlate [38]. Later, this problem was studied in detail
[44, 45, 57]. Apparent correlation between the phospho-
rescence yield at 77 K and chloroplast photodestruction
at room temperature was revealed. This fact allows for the
conclusion that namely the phosphorescence-emitting
fraction of chlorophyll molecules is responsible for pho-
todynamic destruction and photoinhibition of the photo-
synthetic apparatus. Thus, the yield of chlorophyll phos-
phorescence shows the degree of plant protection against
photodynamic action of the native pigment apparatus. In
particular, measurement of phosphorescence allows for
investigation of mechanisms and efficiency of action of
photodynamic herbicides [44, 45, 59, 67].

Thus, the data indicate that phosphorescence pro-
vides unique information on the photophysics of pigment
molecules, molecular organization of the photosynthetic
apparatus, and mechanisms and efficiency of photody-
namic stress in plants.
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