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Abstract

The exciton equilibration in the major chlorophyll a/b light-harvesting complex from spinach thylakoid membranes was analysed by
non-linear transmission spectroscopy and pump-probe spectroscopy under quasi-stationary conditions at room temperature. Investigations
of the non-linear transmission in the Q. transitions of Chl a/b absorption indicate that excited state absorption dominates in the
wavelength regions between 620 nm and 650 nm and between 685 nm and 690 nm, whereas bleaching and stimulated emission is
predominant from 650 nm to 685 nm. The pump-probe transmission spectra suggest that in isolated light-harvesting complexes of
Photosystem II (LHC II) the excitons are thermally equilibrated over all spectral chlorophyll forms nearly independent of the excitation
wavelength. An analogous phenomenon is not observed in Photosystem II (PS II) membrane fragments. Regardless of differences
between isolated LHC II and PS II membrane fragments in both samples, the maximum of the exciton density is located at around 680 nm
independent of excitation intensity and wavelength. The maximum of exciton distribution in the Chl b absorption region is located at the
absorption maximum of Chl b at 650 nm. The room-temperature exciton equilibration in the wavelength region of Chl «a absorption can
be described by a Boltzmann distribution. On the other hand, an inclusion of the Chl b excitons in the same distribution can be achieved

only under the assumption of a strongly increased oscillator strength of Chl b states.
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1. Introduction

The transformation of light into electrochemical free
energy comprises the formation of electronically excited
states and their transfer to the photochemically active
pigment where the separation into an electron-hole pair
takes place which has to be stabilised by subsequent
electron transfer reactions in the dark. In order to assure an
efficient trapping of light and to permit optimal adaptation
to different illumination conditions, photosynthetic organ-
ism have developed suitable antenna systems. These sys-
tems consist of pigment-protein complexes which effi-
ciently funnel the electronic excitation energy into the

Abbreviations: Chl, chlorophyll; FWHM, full width at half maximum;
LHC II, light-harvesting pigment protein complex of Photosystem II;
P680, primary electron donor of reaction centre II; PS II, Photosystem II;
CP, chlorophyll protein complex
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reaction centre, thereby enhancing the apparent optical
cross-section of the photoactive pigment by about two
orders of magnitude. The excitation energy is equilibrated
in few picoseconds among the chemically or environment
induced spectroscopically different pigments within an-
tenna-pigment-protein complex [1,2] .

Different types of antenna have been developed during
the evolution from photosynthetic bacteria up to the level
of higher plants. In the latter species the antenna are
formed by a complex array of different integral Chl a
proteins containing mainly Chl b and carotenoids as acces-
sory pigments (for recent studies see Ref. [3—5]). Pigment
content per polypeptide (3—20 pigments) and abundance of
individual pigment proteins as constituents of the antenna
depend on the type of subunit [6]. The dominant part of the
system II antenna is the light-harvesting complex I1 (LHC
II) which comprises more than half of the total chlorophyll
content. Compared with other subunits the LHC II is
enriched with Chl . LHC II was shown to form trimers of
monomeric subunits each containing at least 12 chloro-
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phylls [7]. It is connected with the reaction centre complex
of PS Il via other pigment proteins of lower chlorophyll
content (referred to as CP 24, CP 26 and CP 29) presum-
ably acting as linkers (for a recent review see Ref. [6]). A
PS II complex functionally competent in ‘stable’ charge
separation (P680° Pheo Q, ) not only contains the poly-
peptides DI and D2 as the matrix of the redox groups
participating in this reaction, but is also intimately coupled
with two Chl a proteins (CP 47 and CP 43) which are
assumed to act as core antenna (for recent review see Ref.
(8D).

The mode of structural organisation firstly permits an
adaptation of the antenna size to prevailing illumination
conditions (e.g., ‘light’ and ‘shade’ plants). In addition, the
lateral distribution of pigment-protein complexes within
the thylakoid membrane and its modification via protein
phosphorylation regulates the distribution of excitation en-
ergy between Photosystem I and II (for recent review see
Ref. [9] and references cited therein). A thorough mecha-
nistic understanding of the excitation energy transfer pro-
cesses requires detailed information on the structure of the
pigment proteins, especially the distance and mutual orien-
tation of the pigment molecules and their mode of embed-
ding into the protein matrix. Although significant progress
has been achieved due to both the improvement of the
isolation procedures of these proteins and the advancement
of laser spectroscopy with high resolution in the time and
frequency domain (for reviews see [10-12]), some relevant
mechanistic questions are still not satisfactorily answered.
Among them, the fundamental problem of coherent contri-
butions to the overall excitation energy transfer is a matter
of debate [13,14]. The mode of this process strongly
depends on the strength of pigment interaction which can
give rise to exciton coupling. Recent results on the antenna
protein monomer of P. aestuarii [15] and of the PS II
antenna complexes [16] suggest that the pattern of excita-
tion energy transfer within the protein monomers is com-
plex. In both antenna complexes, spectral Chl forms were
found that originate from strongly coupled pigments with
highly delocalised excitons and those that can be ascribed
to ‘isolated’ (in terms of exciton coupling pigments with
more ‘localised’) excited states. The physiological function
of this mixture of different excitation states is not clear.
The excitonic coupling of pigments depends on their dis-
tance and mutual orientation. At present, detailed structural
information on chlorophyll protein complexes of the PS 11
antenna is available only for LHC II. Electron crystallogra-
phy data of two-dimensional crystals at 0.34 nm resolution
reveal that the porphyrin rings of 12 (13?) chlorophyli
molecules in each monomeric subunit are arranged in two
layers with pigment-pigment distances of 0.9-1.4 nm [7].
This indicates that the electronic coupling between chloro-
phyll molecules can attain a considerable strength. There-
fore, LHC 1l preparations provide a suitable material for
the study of their electronic levels and the distribution of
excitation energy.
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Fig. 1. Experimental set-up (BS beamsplitter, M mirror, L lens, VS
optical delay line, Sh shutter, MP photomultiplier; for more details see
text).

In the present study comparative measurements were
performed of the non-linear optical properties of isolated
LHC 1I complexes and PS II membrane fragments. The
results obtained are discussed within the framework of
excitonic coupling between pigments and the distribution
of excitation energy among the different electronic levels
of LHC II. Marked differences in the properties were
found between LHC 1II and PS II membrane fragments.
These findings are analysed and discussed.

2. Materials and methods

PS II membrane fragments were isolated from spinach
by the method of Berthold et al. [18] with slight modifica-
tions as described by Irrgang et al.[19]. LHC IT proteins
have been separated after B-DM solubilisation
(detergent /Chl ratio 10:1 (w/w)) of salt-washed (NaCl
and CaCl,) PS Il membrane fragments by sucrose density
gradient centrifugation in the presence of 0.05% B-DM.

A comparison of 77 K fluorescence spectra (not shown)
with data reported in the literature [20] reveal that the
isolated LHC II complexes used in the study are in the
form of non-aggregated trimers.

The non-linear one- and two-beam absorptions were
measured at a temperature of about 5°C with the experi-
mental set-up shown in Fig. 1. The nanosecond pulses of
the pump and probe beam, variable in wavelength, were
generated by using two dye laser grating resonators (DL)
with grazing incidence (FWHM 10 ns) pumped by the
second harmonic of the output from a Nd’*:YAG-laser
(model 501-D.NS 710, B.M.Industries). Both dye lasers
had spectral half width of about 0.01 nm and an energy of
40 wJ, giving a maximum density of about 1- 10" pho-
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tons per cm? per pulse when focused on a spot of about
0.04 mm in diameter. This corresponds to about 150
photons per Chl and pulse under our experimental condi-
tions. The intensity ratio of the dye lasers was about
3000:1 between the peak and the background at a wave-
length difference of +3 nm. The repetition rate of pulses
was 5 Hz. The polarisation ratio was 10:1. The probe beam
was focused at an angle of 5° into a spot of 0.04 mm in
diameter inside the spot of the pump beam. Under these
conditions the probe beam had about 1-10'° photons per
cm? per pulse. This is sufficient to induce a detectable
non-linear fluorescence (not shown here). The coincidence
of both beams in time and area was ensured with great
care by control experiments where both beams were fo-
cused on a pinhole and adjusted by using a microscope.
The pump beam can be simply separated from the probe
beam by a diaphragm if the sample scattering is suffi-
ciently small. In the case of samples with strong scattering
(PS Il membrane fragments) the pump beam was separated
by a grating spectrometer (PGS2) with a linear dispersion
of 0.36 nm/mm. All signals were detected by integrated
silicon diode /amplifier-receivers (model 712A-2, Analog
Module, INC.;PD) and amplified by boxcar integrators
(model BCI 280, ZWG) at fixed gate position. Reference
beams were obtained by splitting off a fraction of the
probe and pump laser beam before the sample cuvette. In
order to correct for power fluctuations in the probe and
pump beam, the detected transmittance signal at each
wavelength was normalised by using the digitised refer-
ence signals.

Calcite prism polarisers were used to clean up the
vertical polarisation of the pump and probe beams. The
polarisation plane of the probe beam was adjusted parallel
to that of the pump beam (using a Soleil-Babinet compen-
sator Carl Zeiss Jena; RT).

The relative transmission in two-colour experiments is
calculated by the formula:

Tl\r:(lJ = (1p+pr - Ip)/[pr (1)
where 1, and I, are the intensities of the probe beam

transmitted through the sample, in the presence and ab-
sence of the pump beam, respectively. [, is the intensity of
the amplified spontaneous emission of the pump dye laser
at the wavelength of the probe beam.

In another type of experiment the non-linear absorption
was measured as a function of the excitation density. In
this case, only one laser beam was used and the intensity
of the laser was varied over 7 orders of magnitude by
computer-controlled neutral density filters (NF). The low-
est value / was chosen to be in the linear region of
transmission. The relative transmission in one-colour ex-
periment was calculated by the expression:

Toe = T/T 0o (2)

where T,_,, and T are the transmittance at the range of
linear and non-linear transmission, respectively. In princi-
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Fig. 2. Relative transmission T of LHC II as a function of photon

density at different wavelengths (*, 665 nm; X, 670 nm; B, 675 nm; +,
680 nm; O, 685 nm).

ple, single-beam non-linear absorption experiments are
pump-probe experiments with variable pump beam inten-
sity and same wavelengths of pump and probe beam.

3. Results

In a pump-probe experiment, the following effects can
contribute to a transmission change of the probe beam at a
particular wavelength:

1. absorption due to the population of excited states,
2. stimulated emission and
3. bleaching due to ground state depopulation.

The extent of these contributions depends on the system
of the electronic levels and the excitation intensity. The
same physical processes are responsible for transmission
changes measured in single-beam experiments.

3.1. One-colour measurements

One-colour measurements were performed as a function
of photon density at five different wavelengths (665, 670,
675, 680 and 685 nm) in suspensions of LHC II and PS II
membrane fragments. The results obtained are depicted in
Fig. 2 (LHC II) and Fig. 3 (PS II membrane fragments).
Both sample types exhibited a strong enhancement of the
relative transmission 7,</(I) with increasing photon densi-
ties, 1. Interestingly, in the wavelength region of 665-685
nm neither a decrease nor a saturation of the relative
transmission was observed up to the highest photon densi-
ties available. This indicates that stimulated emission and
bleaching due to ground-state depopulation are the domi-
nating factors. Their relative contribution to the overall
effect cannot be separated. The observed phenomena are
more precisely described as non-linear transmission rather
than as non-linear absorption, because we cannot rule out
small high-intensity-induced reflection and scattering
changes in our experiments.



150

Although in most molecular systems stimulated emis-
sion at the laser wavelength itself is assumed to be not
significant because of the rapid conversion between vibra-
tionally coupled sublevels [21], this is not necessarily the
case in our sample material.

A closer inspection of Fig. 2 and Fig. 3 reveals differ-
ences between both sample types with respect to the
excitation wavelength dependence of the derivations from
linearity (‘onset’ of non-linearity). Therefore, this ‘onset’
was used as a rough phenomenological parameter to de-
scribe the differences between both sample types. In LHC
II the relative transmission 7,°!(1) arises above threshold

one

photon densities between 2 - 10'® and 6 - 10'® photons per
cm? per pulse with a rather weak dependence on the
excitation wavelength. On the other hand in PS II mem-
brane fragments the ‘onset’ of the relative transmission
T\(1) exhibits a marked wavelength dependence. It de-
creases by about two orders of magnitude toward smaller
photon densities of the pump pulse if the wavelength
increase from 665 to 680 nm (data not shown).

The results of Fig. 2 and Fig. 3 markedly differ from
our previous measurements of the relative transmission at
620 nm and 647 nm, where a decrease is followed by an
increase with increasing photon density [22]. In order to
investigate the exact wavelength region where a transmis-
sion decrease (excited state absorption) might occur, mea-
surements were performed as a function of the photon
density in 2 nm steps in narrow wavelength regions around
650 nm and 686 nm, respectively. Fig. 4A—C shows the
relative transmission at 647 nm, 649 nm and 651 nm,
respectively, in LHC II. Even if one takes into account the
experimental scatter of the data points, the results indicate
that at 647 nm and 649 nm the transmission exhibits a
small, but discernible decrease followed by a pronounced
increase with rising photon densities of the pulse. These
findings are in line with the general feature of our former
studies [17,22,23]. As an extension of these measurements
to the red edge, Fig. 5SA,B shows the relative transmission
effects in LHC II at 686 nm and 690 nm, respectively. At
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Fig. 4. Relative transmission 7%! of LHC II as a function of photon
density at different wavelengths (A: 647 nm; B: 649 nm; C: 651 nm).

both wavelength a dip of the transmission can be resolved
within the rising part of the transmission at a photon
density of about 8- 10" photons per cm” per pulse. As
this phenomenon is comparatively small, several experi-
ments have been performed to show that this effect is real
and reproducible. This feature contrasts with the relative
transmission properties in the wavelength region between
650 nm and 685 nm, where no decrease could be observed
at any photon density within the limits of our resolution of
the measurements (compare Fig. 2 and Fig. 5A,B).

3.2. Two-colour measurements

For further analysis of exciton distribution two-colour
experiments were performed. Fig. 6 shows the spectra of
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the relative probe beam transmission Tjy(A,,) induced in
isolated LHC II preparations by a pump beam of constant
photon density at three different wavelengths of 650, 660
and 680 nm, respectively. The probe beam transmission
were measured in 2 nm steps. The use of a spectral
continuum probe beam is impracticable, because the inte-
gral intensity of this beam would be to high for the region
of linear absorption in molecular systems with highly
efficient energy transfer. The photon densities used were
56-10'8 and 1-10' photons per cm’® and per pulse in
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Fig. 6. Relative probe beam transmission T of LHC II as a function of
the probe beam wavelength at different pump beam wavelengths (-, 650
am; - -, 660 nm; ———, 680 nm) additional to the absorption spectrum
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the pump and probe beam, respectively. A striking feature
of the spectra of Ti(A,) presented in Fig. 6 is the
presence of two peaks at around A, =650 nm and A, =
680 nm. It is important to note that only a weak depen-
dence of the spectra of T,( A,.) exists on the pump pulse
wavelength. Virtually, the same spectra are obtained at
pump beam wavelength of 670 and 673 nm (not shown).
The height and the peak position of T‘{j(l,()\pr = 680 nm)
are nearly independent of the different used pump puise
wavelengths. In the wavelength region where Chl b signif-
icantly contributes to the absorption, i.e., between 640 and
660 nm, the differences appear to be more pronounced. In
this spectral region the extent of T,r,(A,) increases at
shorter wavelength of the pump pulse (at A, = 650 nm the
effect is about 30% higher than at )\p = 680 nm, whereas
in the long wavelength region the effect is of opposite
direction, i.e., slightly smaller at A, =650 nm compared
with A, =680 nm). Similar spectra were found by Le-
upold et al. on chloroplasts [24]. An additional feature is a
small shoulder arising at 665 nm if the pump beam wave-
length is at 660 nm.

A comparison of the spectra of thfé()\pr) with the
ground state absorption of LHC II shows that in the range
of Chl b absorption both spectra are characterised by
similar peak positions while in the case of Chl a absorp-
tion the peak of 7! is shifted to the red by about 5 nm.
Fig. 7 shows the corresponding spectra of Tlf,ff)(/\p,) of PS
II membrane fragments in the same probe beam wave-
length region (640 to 690 nm). An inspection of the
spectra readily shows that the striking red shift of the peak
position of T\ by about 5 nm compared with the Chl a
absorption band is also observed in PS II membrane
fragments (Fig. 7). However, in contrast to the LHC II
complex, the spectra are now strongly dependent on the
pump pulse wavelength. Furthermore, the spectra of
Tel(A,) in Fig. 7 exhibit much smaller contributions in
the 650 nm region (compared with the dominating 680 nm
band) due to the higher Chl a/b ratio in PS Il membrane
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fragments. The results of Fig. 6 and Fig. 7 reveal that the
spectra of T(A,,) exhibit a characteristic peak at about
A, = 680 nm independent of the pump pulse wavelength.
In these experiments the photon density of the pump pulse
was kept constant. Now it remains to shown that this effect
is not simply due to a shift by the high electric field
strength of the pump pulse. Therefore, the spectra of the
relative probe beam transmission were measured in LHC II
suspensions excited with pump pulses of four different
photon densities (1.2 - 10", 7.4- 10", 1.4-10" and 1.4 -
10'7 photons per cm? per pulse) and a wavelength of 650
nm. The results obtained are summarised in Fig. 8. It is
obvious that the positions of the maxima at A, =650 nm
and A, =680 nm in the spectra of T )( )tpr) are virtually
independent of the photon flux density. From this data, the
position of the 680 nm peak in the spectra of T, X( A, is
inferred not to be caused by an electric-field-induced shift
of the red Chl g absorption band.

In the inset of Fig. 8, a double logarithmic plot is shown
of the logarithm of the relative probe beam transmission at
A, =650 nm and A, = 670 nm, respectively, as a func-
tion of the photon density of the pump beam at a wave-
length of 650 nm. The slope in the region of the Chl b
band is about 1, while that in the region of dominating Chl
a absorption is only about 0.5. This finding could be
explained by the assumption that exciton annihilation of
Chl b excitons is considerably smaller than that of Chl a
excitons.

The decrease of T, at probe beam wavelengths longer
than 685 nm at higher pump beam intensities under the
value of T,*! at the lowest used intensity is caused by
dominating excited state absorption. This feature corre-
sponds with those of the ‘one-colour’ measurements in the
same wavelength region (compare Fig. 5A,B with Fig. 8).

For the experimental set-up used in this study, another

iwo

Rel. probe beam transmission rel

640 680 660 8670 680 690
Probe beam wavelength (nm)

Fig. 8. Relative probe beam transmission 7% of LHC 1l as a function of
wavelength at different pump beam photon densities (M, 1.2- 10 +,
7.4-10"; «, 1.4-10'%; O, 1.4-10'7 photons cm™>-pulse™"); pump
beam wavelength 650 nm. Inset: double logarithmic piot of the logarithm
of relative probe beam transmission ln(T“'_ff',) as a function of the pump

beam photon density at different probe beam wavelengths (*, 650 nm,
slope = 0.95; O, 670 nm, slope = 0.52).
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the probe beam wavelength at different delay times between pump and
probe beam (-, O ns; ---, 5 ns; — — —, 13 ns); absorption spectrum (-);
pump beam wavelength, 680 nm.

effect has to be taken into consideration. At a pulse
duration of 10 ns triplet states can be populated to a
considerable extent [25]. In order to analyse the contribu-
tion of ground state depletion due to population of triplet
states as well as transitions between triplet states to the
spectra of T[ff(l,(/\p,), the relative probe beam transmission
was measured in LHC II at different delay times between
pump and probe pulse. Pump beam wavelength A, =680
nm and pump beam intensity of 5.6 - 10'® photons - cm 2
-pulse”! were fixed. The results shown in Fig. 9 reveal
that the maximum of T.5.(A, =680 nm) at delay time
At = 0 is shifted towards shorter wavelengths at increasing
delay times and the feature of the spectrum of 7,)( A, is
drastically changed. The maximum of T‘:f(l,at)\pr = 650 nm
totally disappear. At delay time Ar= 13 ns it is reasonable
to assume that singlet excitons generated by the pump
pulse in the LHC II sample decayed to more than 95% and
the spectrum of T,( )‘pr) is significantly affected by triplet
excitons. This spectrum is therefore a qualitative measure
of the ‘triplet state contamination’ in the spectrum of
Tr( A,) at Ar=0. A comparison of both spectra reveals
that in terms of the general shape the contribution of triplet
excitons to the spectrum at At = 0 can be considered to be
comparatively small.

For the following discussion of the results it appears
reasonable to assume that in the case of PS II membrane
fragments a pulse duration of 10 ns leads to a quasi-steady
state excited singlets. The absence of an asymmetric tem-
poral shaping of the laser pulse transmitted through the
sample (data not shown) confirms that the non-linear
transmission measured by using pulses of about 10 ns
duration is really a quasi-steady-state process. In the case
of LHC II complexes the situation is more complex. The
lifetime of LHC II preparations used in this study is
dominated (about 90% of the total decay) by a 4.3 ns
lifetime [26). This value is of the order of the pulse
duration and therefore the assumption of quasi-steady state
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conditions can be only considered as a very rough approxi-
mation for LHC II. However, in terms of exciton equilibra-
tion among the electronic levels of the pigments within the
LHC 1I the assumption of quasi-steady state conditions is
still justified because the excitation energy transfer pro-
cesses and relaxation take place in the picosecond and
even subpicosecond time domain [27],[28].

4. Discussion

Based on the measurements of pump pulse induced
non-linear transmission phenomena presented in this study
and taking into account data from the literature an attempt
will be made to analyze qualitatively properties and inter-
actions of lowest excited singlet states of Chl a and Chl b
in the antenna system of PS II. The ‘one-colour’ and
‘two-colour’ pump-probe experiments in the frequency
domain performed under quasistationary conditions of ex-
cited singlet states (FWHM of pulses 10 ns) in suspensions
of isolated LHC II and PS II membrane fragments led to
several interesting results and implications. Before dis-
cussing these results it seems worth adding some remarks
with respect to the comparability between the non-linear
experiments presented in this study and conventional
(low-power) experiments.

1. In both types of experiment the pump beam intensity
must be high enough to reach a population of the first
excited state. Therefore both types are non-linear opti-
cal experiments in the sense that the absorption coeffi-
cient a will be a function of the pump pulse intensity.

2. The difference between the conventional experiments
and the experiments described in this paper is the much
higher pump pulse intensity in the latter. Under the
latter conditions, excited-state absorption and exciton-
exciton-annihilation of the chlorophyll excitations have
to be taken into account as essential processes, whereas
in conventional pump-probe experiments these phenom-
ena are of minor relevance.

4.1. Non-linear transmission effects in ‘one-colour’ experi-
ments

The results presented in Figs. 2—5 and our previous data
[22,23] reveal that the non-linear optical properties of the
PS II antenna exhibit characteristic spectral features with
marked differences in their dependence on the excitation
intensity:

1. in the wavelength region of significant Chl 5 absorp-
tion (620-650 nm) the laser pulse causes a small
decrease of transmission at photon densities of the order
of 10'® photons per cm? and per pulse. At higher
photon densities a transmission increase is observed,

2. in the wavelength region of 650—685 nm no decrease of
transmission is observed at any photon density applied
in this study.

3. at wavelengths longer than 685 nm the increase is
superimposed by a dip at photon densities of about 103
photons per cm? and per pulse.

Qualitatively similar features were observed in isolated
LHC II preparations by using a pump-probe pulse tech-
nique with high time resolution [28]. It has been found that
the transmission decreases in the range of 645—-655 nm at
delay times between pump and probe pulse of shorter than
5 ps, while under the same conditions the transmission
increases in the wavelength region of 655-675 nm. How-
ever, these data cannot be directly compared with the
present results because of the quite different experimental
conditions (transient effects in the short time domain ver-
sus quasistationarity in 10 ns pulses) and the lack of
information on the non-linear transmission as a function of
the photon density in the short-pulse experiments of Ref.
[28].

The striking phenomenon of different dependencies on
the excitation intensity of the non-linear absorption/
stimulated emission in the short and long wavelength
region versus that in the range of 655-680 nm (decrease
and subsequent increase of the transmission versus exclu-
sive increase with increasing photon densities, respec-
tively) is not a peculiar property of the LHC II complex
because similar features were observed in the antenna
system of the anoxygenic green sulfur bacterium Chlo-
roflexus aurantiacus [29]. In this case, the pump-probe-
pulse experiments were also performed at high time resolu-
tion so that transient nonequilibrium states are monitored.
On the other hand, the experiments of present study were
performed under conditions where the non-linear transmis-
sion is mainly determined by electronic states which are
thermally distributed over the whole pigment ensemble.

A quantitative analyses of the non-linear optical proper-
ties of the electronic structure of the interacting pigments
are beyond the scope of this study (a more thorough
calculation will be presented in a forthcoming paper).
Therefore, the results will be discussed in a more qualita-
tive way.

The phenomenon of a non-linear transmission decrease
induced by a strong laser pulse can be simply explained by
excited state absorption. At high photon densities excited
states become increasingly populated.

Simultaneously the stimulated emission (o,) also in-
creases. In order to observe a net transmission decrease the
condition o, > 0y, + 0, has to be satisfied, where o,
and oy, represent the optical cross-sections for the transi-
tions S, = S, (n>2) and S, — S,, respectively [17]. This
simple relation describes the properties of a system of
isolated pigment molecules with three or more electronic
levels. In the case of chlorophyll in solution (pyridine) the
value of o, exceeds that of g, + o, for A <650 nm
and A > 680 nm [30]. Therefore, under suitable conditions
a laser-pulse-induced transmission decrease can be ob-
served in Chl solutions. In pigment-protein complexes,
however, additional effects have to be taken into account,
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depending on the strength of the electronic interaction
between the pigment molecules. This effect can give rise
to excitonic splitting, i.e., the electronic levels of the
antenna complex cannot be satisfactorily described by the
levels and oscillator strengths of the individual pigments in
the case of significant excitonic coupling. Therefore, at
high photon densities a complex pattern of interacting
excitons gives rise to the overall non-linear transmission.
Therefore we suggest that, in pigment protein complexes,
the transition S, — S, means a l-exciton — 2-exciton tran-
sition and o, is the optical cross-section for this transi-
tion. This type of model has been applied in order to
interpret the non-linear transmission as function of the
photon density of LHC II preparations and PS II mem-
brane fragments in the range of 620—650 nm [17,22,30,31].

Another effect that cannot be explained with the
above-mentioned assumption is the dip of the transmission
decrease superimposed on the rising part observed in the
long wavelength region (686 nm and 690 nm, see Fig. 6)
This finding indicates that more a complex pattern of the
electronic levels arises including a mixture of excitonic
and nonexcitonic interactions between Chl-molecules [5]
interfered by on-diagonal and off-diagonal disorder analo-
gously to the BChl a protein trimer in the antenna of
Prosthecochloris aestuarii [15].

An interesting feature emerges from a comparison be-
tween isolated LHC II preparations and PS II membrane
fragments in terms of their wavelength dependence of the
photon densities required for the ‘onset’ of the relative
transmission T<}(I). The value of this threshold photon
density was nearly independent of the wavelength in iso-
lated LHC II, while a remarkable variation over two orders
of magnitude is observed in PS II membrane fragments
(see Fig. 4). The latter phenomenon seems to reflect an
increasing population probability of excited states at long
wavelength absorbing fragments. These species are proba-
bly located in the Chl a containing protein complexes CP
47 and CP 43. This idea is also supported by the two-col-
our experiments.

4.2. Non-linear transmission effects in ‘two-colour’ experi-
ments

The spectra of the probe beam transmission Tysa(A,,)
presented in Figs. 6—8, permit a first attempt to determine
the excited state distribution under quasi-steady state equi-
libration conditions in isolated LHC II complexes and PS
I membrane fragments. The spectra of T,r(A,,) (Fig. 6)
reveal that under these conditions the distribution among
the lowest excited singlet state levels ascribed to Chl g in
LHC 1I are nearly independent of the pump pulse wave-
length. A markedly different behaviour is observed in
pump-probe experiments in the time domain of about 100
ps. In this case a non-Boltzmann distribution among the
Chl a excited singlet states S, arises at pump wavelengths

of 650 and 665 nm [27].

uondiosqy

640 650 660 670 680 690
Probe beam wavelength (nm)

Fig. 10. Absorption spectrum (] measured; — calculated) and spectrum
of logarithm of relative probe beam transmission In(T;55(A,,)) (+ mea-
sured; — — calculated) of LHC II as a function of the probe beam
wavelength; pump beam invelength: 650 nm, pump beam intensity:
5.6- 10" photons-cm~2-pulse™'; conditions for calculations, see text.

In contrast to the behaviour of isolated LHC II com-
plexes, the steady state distribution of lowest excited sin-
glet states in PS II membrane fragments exhibits a rather
strong dependence on the pump pulse wavelength (see Fig.
7). This finding could imply that a Boltzmann type equili-
bration cannot be achieved within PS II even under quasi-
stationary conditions. A support of this idea is the conclu-
sion (derived from a fluorescence study) that the energy
transfer to the PS II reaction centre is a function of the
excitation wavelength (with the longer wavelength being
more efficient [32]).

In the following a semiquantitative analysis will be
presented based on a simplified model. The spectrum of
Toei(A,) is fitted (as shown in Fig. 10) by using the
equation:

l“(Tn::(la(’\pr)) = Zai(Apr) d-fi 8 (3)

where o, is the absorption coefficient, obtained by a
deconvolution of the absorption spectrum into Gaussian
bands (fitted absorption spectrum see Fig. 10). d is the
optical path length, f; the Boltzmann distribution function
and g, a fit parameter. The term X, a,( A, ) - d - f; can be
easily obtained from Eqn. 1. under the assumption of a two
level energy scheme and Boltzmann distributed excited
states. In correspondence with data from literature [5] the
following band maxima are used: 640 nm (g, =5), 650
nm (g, = 11), 657 nm (g, = 1), 662 nm (g, = 1), 669 nm
(g,=0.9), 676 nm (g,=1) and 683 nm (g;=1.5). A
good fit of the spectrum of T,5i(A,) (Fig. 10) can be
achieved with the g.-values given in parentheses. In the
Chl a absorption region the correction factor g, is close to
1, in contrast to the Chl b absorption region, where a
marked increase of g, is required. However, the extend of
g; in the Chl b absorption region is unrealistically high. In
our opinion, the correction factor describes the influence of
additional optical transitions caused by the high pump
intensity for instance excited state absorption or two parti-
cle excitations. A deviation of the distribution of excited
states from a Boltzmann distribution seems improbable.
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Apart from any model-dependent interpretation, how-
ever, another striking feature emerges from the results
presented in this study, i.e., the maximum of excited state
distribution among the Chl a molecules of isolated LHC 11
is virtually independent of the wavelength of the pump
pulse. Furthermore, compared with the red maximum of
the ground-state absorption at around 676 nm, the peak in
the spectrum of (A, is shifted by about 5 nm towards
longer wavelength (see Fig. 6). This finding suggests that
the Chl a excitons relax into an energy level of slightly
lower energy. Interestingly, the spectral maximum of the
relative probe beam transmission corresponds with that of
P680. Therefore, a rather high population of excited states
is created in the antenna at the energy level coinciding
with that of 'P680*. Accordingly, this mode of energy
distribution is in line with the concept of a rather shallow
exciton trap in PS II [33].

In contrast to LHC II, however, the shape of the
spectrum of T,<)( A,.) in PS II membrane fragments now
strongly depends on the wavelength of the pump pulse.
The enhanced excited state population at longer wave-
lengths of the pump pulse (see Fig. 7) is probably due to
the presence of the core antenna (CP 43 and CP 47) in PS
II membrane fragments. The LHC II preparations are
absolutely free of CP43 and CP47 but contain some con-
tamination of minor Chl-binding proteins of the distal
antenna (CP29, CP26, CP24). That do not significantly
affect the optical properties. A closer inspection shows that
the larger optical cross-section of PS II membrane frag-
ments (compared of the data with LHC II) cannot fully
account for the markedly higher excited state population
caused by long wavelength photons (670-680 nm). There-
fore, further investigations are required to clarify this
phenomenon.

In summary, the data of the present study show that
under quasistationary conditions excited states become
preferentially populated which are practically isoenergetic
with P680. The details of the underlying mechanism and
especially the marked deviations in the region of Chl b
absorption remain to be clarified by further experimental
and theoretical investigations.

5. Conclusions

The principal features of the one-colour and two-colour
non-linear transmission experiments on LHC II trimers and
on PS II membrane fragments may be summarised as
follows:

1. The excitons are equilibrated in the antenna of PS II
with a population maximum at 680 nm which is inde-
pendent of the excitation wavelength. This large popu-
lation probability of the excitons in that energetic posi-
tion is very convenient for the trap-limited transfer
process in the RC II promoting the conclusion that the
primary donor of the RC 11 is a very shallow trap [33].

2. The relative probe beam transmission of the Chl b
exciton states in LHC II complexes is much higher
independent of the pump beam wavelength than ex-
pected by fitting the exciton equilibration with a room-
temperature Boltzmann-distribution. That means the
equilibration of excited singlet states (S,) over the
whole ranges of Chl a/b absorption in the red com-
prises a significant contribution of uphill energy trans-
fer. Alternatively, this phenomenon could be also inter-
preted as indicating that the lowest-energy exciton states
have significant admixtures of Chl & excitations.

3. In PS II membrane fragments the exciton distribution
depends strongly on the excitation wavelength with a
higher exciton population for longer wavelengths. This
may reflect either the presence of the core antenna in
PS II membrane fragments or another structural ar-
rangement of the protein-chlorophylls. The higher effi-
ciency of long-wavelength photons (670680 nm) for
the exciton population at 680 nm is much larger than
expected to be by the higher absorption cross-section in
this region as shown by the strong wavelength depen-
dence of the non-linear transmission on PS II mem-
brane fragments.

4. The one-colour intensity-dependent experiments 7,<1(1)
provide different wavelength-dependences of the rela-
tion between ground state and excited state absorption.
A simple description of the cross-section of the excited
state and ground absorption to be caused by the well-
known different absorption cross-sections of individual
chlorophylls in the short and long-wavelength region is
not possible, as shown in our previously paper [22,23].
Proceeding from this, we think that this non-linear
absorption behaviour is governed by the physics of
strong Chi—Chl interactions, at least within a monomeric
protein.
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