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When exposed to excess light illumination photosynthetic organisms switch into a photoprotective
quenched state where the excess energy is safely dissipated as heat. When these processes are investi-
gated by means of ultrafast spectroscopy, the experimentalist is faced with the unnatural process of sin-
glet-singlet annihilation which often makes the interpretation of the results very complicated.

It was recently discovered that the main light-harvesting complex of plants, LHCII, plays a key role in
the dissipation of excess energy in the process of non-photochemical quenching. Here we demonstrate
that the excitation kinetics in the quenched state can be described by a simple model, which assumes
specific trapping centers to be present in the system. In order to explain the experimental results a phys-
ical model for exciton-exciton annihilation is applied. Besides providing a more detailed interpretation of
the kinetic data, the model provides a general annihilation scheme which can potentially be applied to a
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number of systems provided the pool of pigments is sufficiently large.
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1. Introduction

In plant photosynthesis a membrane-bound light-harvesting
apparatus efficiently collects solar photons and delivers the excita-
tion energy to the reaction centers [1]. Typically about 200-300
chlorophylls and carotenoids cooperate thereby driving the essen-
tial photochemical reactions at an acceptable rate even at low light
intensities. However at high light intensities the electron transport
chain becomes saturated and in particular the formation of triplet
states by charge recombination in the photosystem II (PSII) reac-
tion center (RC) poses a serious problem. This is because in the PSII
RC triplet transfer to a carotenoid does not occur and consequently
singlet oxygen is produced [2]. To deal with this excess excitation
energy plants have evolved a physiologically vital strategy which
allows them to regulate their light-harvesting capacity [3]. Under
high light conditions a dissipative process in the light-harvesting
antenna of PSII is switched on, and the excess excitation energy
is dissipated as heat, a phenomenon generally known as non-pho-
tochemical quenching (NPQ). Due to this capacity to rapidly adapt
to large variations in the light environment, plant photosynthesis
may function under very different light conditions and this prop-
erty significantly contributes to their fitness [4]. Recent studies
have demonstrated that carotenoids can potentially quench the
chlorophyll (Chl) excited state via charge transfer [5] or energy
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relaxation [6] mechanisms. A key role in this regulatory process
is played by the main light-harvesting complexes of PSII, LHCII,
which under high light conditions is able to switch into a dissipa-
tive mode. It was shown that in quenched LHCII the Chl excited
state decays via energy transfer to one of the luteins (lut1) in the
complex [7], a process very similar to that earlier observed in car-
oteno-phthalocyanine dyads [6].

However, both in quenched thylakoids [5] and in quenched
LHCII complexes [7] very complex excited state kinetics were ob-
served, amongst others depending on the spectral region that is
probed. For instance, in the analysis of the time-resolved spectra
of quenched LHCII a compartmental model was used that
included different populations of Chls to account for the observed
multi-exponential decay (cf. Fig. S3). A specific feature of
quenched thylakoids and LHCII aggregates is that they contain a
substantial amount of connected pigments, and therefore under
the conditions used for these experiments (about 1 excitation
per 100 Chls) nonlinear excitation decay channels caused by sin-
glet-singlet annihilation [8] or singlet-triplet annihilation [9]
should be taken into account when describing the excitation
relaxation. To correctly quantify the yield of all the possible relax-
ation channels a physically relevant model should be used. In this
paper we demonstrate that it is possible to explain the experi-
mentally observed kinetics obtained in LHCII aggregates under
quenched conditions by using a physical model for multi-excita-
tion annihilation that is fully consistent with our previous studies
on LHCII aggregates [8].
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2. Kinetic model

To describe the excited state decay kinetics in quenched LHCII
aggregates on a timescale from picoseconds to hundreds of pico-
seconds we adopt a model where exciton decay can occur by en-
ergy transfer to some specific quenchers responsible for NPQ, by
intersystem crossing to a triplet state, fluorescence and internal
conversion and by singlet-singlet annihilation. Thus, to describe
the exciton evolution in LHCII aggregates on the time scale charac-
teristic for the exciton migration between LHCII monomers the fol-
lowing kinetic equations should be used [8]:

dn_ y ,

dn

dtQ = an - kRnQ7 (2)
dn

Tg = krn — Kny, 3)

where n is the exciton concentration, ngq is the concentration of the
excitons trapped by the quencher, kg is the rate at which the exci-
tons are trapped by the quencher, kg is the relaxation of the trapped
excitons, y defines the rate of exciton-exciton annihilation, nt
determines the triplet concentration, k is the rate of the intersys-
tem crossing, internal conversion and fluorescence (below we will
assume that a fraction 0.5 actually forms triplets) and K is the rate
of triplet decay. The exciton equilibration within an individual LHCII
complex which takes place within 1-2 ps will be incorporated
below.

The analytical solution of Eq. (1) for a certain number of initial
excitations ng (determined by the intensity of the excitation pulse)
is given by:

n(t) _ noe*("ﬁ"a)‘ (4)
TR (e )

Note that the shape of n(t) depends upon yng, which is the product
of the value determining the rate of exciton-exciton annihilation
and the initial exciton concentration, and upon the sum of the decay
rates kq + kr.

Subsequent numerical integration, by substituting Eq. (4) into
Egs. (2) and (3), results in the following solutions:

t
ng(t) = koe ket / n(t"ekd dt’, (5)
0
and
t
np(t) = kre X / n(t"ek dt'. (6)
0

Egs. (1)-(3) have been implemented in a target model similar to
the one used previously but with one major difference: the two
chlorophyll compartments that were necessary in Ruban et al. [7]
to describe the multi-exponential nature of the Chl excited state de-
cay, have been replaced by one compartment that now contains a
physical model for annihilation according to Eq. (1). The compart-
mental model is shown in Fig. 1. The first compartment describes
the excited states of LHCII, with ultrafast equilibration within an
individual (monomeric) complex (rate constant k;). The second
compartment reflects the spectrally equilibrated state of the LHCII
aggregates with excitons hopping around from monomer to mono-
mer until they reach a quenching site, or until they meet a second
exciton and one is annihilated or until they decay by internal con-
version, fluorescence or triplet formation. In Figs. 1-3 the following
colors are used for the four different species: unrelaxed Chl (green),
relaxed Chl (red), quencher Q (blue) and triplet state (cyan). All the
parameters of the model including the species associated difference
spectra (SADS) of the various states are estimated from a global fit
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Fig. 1. Compartmental scheme used with target analysis. Left pointing arrows
represent annihilation, right pointing arrows represent triplet formation (with
quantum yield 0.5), remainder is internal conversion and fluorescence. For clarity
we left out a very small path with rate kq from Chl1 to Q.
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Fig. 2. Target analysis results at 677, 489 and 537 nm. Solid black curve represents

fit to data points. The time axis is linear till 10 ps and logarithmic thereafter. Chl1,
Chl2, Q and T contributions are indicated by green, red, blue and cyan curves.
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Fig. 3. Target analysis results for sample 1. Estimated Chl1, Chl2, Q and T species
associated difference spectra (SADS) are indicated by, respectively, green, red, blue
and cyan curves.
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of the data [10]. This annihilation model not only represents a more
accurate description of the underlying physics but at the same time
reduces the number of free parameters in the estimate. Note that
with an instrument response function (IRF) of finite width no ana-
lytical solution of Eq. (1) is possible, and all differential equations
have to be integrated numerically. This requires the use of numer-
ical methods that can deal with this so-called stiff problem.

3. Results and discussion

The target analysis was applied to two different, strongly
quenched samples. In Fig. 2A-C the fits of kinetic traces at three
informative wavelengths are shown from the first sample, that
were also shown previously [7]. The 677 nm trace (Fig. 2A) displays
pure chlorophyll Q, decay and contains no contribution from the
quenching state. The trace at 489 nm (Fig. 2B) is taken as represen-
tative of the carotenoid ground state bleach superimposed on chlo-
rophyll a (Chla) excited state absorption. The trace at 537 nm
(Fig. 2C) on the other hand represents carotenoid excited state
absorption superimposed on Chla excited state absorption [7]. At
late times a carotenoid triplet state also contributes at 489 and
537 nm. The estimated contributions of each species to the fit are
indicated by the respective colors.

The kinetic parameters estimated from this global analysis are
collated in Table 1. In particular we estimate (yng/2)' =
69 + 10 ps, I<5] =270+ 70 ps. Note that the quencher lifetime
was fixed, k,{l = 8 ps (this does not affect the quality of the fit).
The SADS estimated from the fit are shown in Fig. 3. The spectra
are essentially identical to those estimated earlier from the five
compartment model depicted in Fig. S3 [7]. In Fig. S1 the same
analysis was applied to another strongly quenched sample. The re-
sults are completely consistent, the SADS in Fig. S2 are very similar
to those in Fig. 3, and the same kinetic parameters were estimated,
except for a different k; (0.7 vs 1.4/ps). Therefore in Table 1 we re-
port a relatively large error margin of k;. The shape of the Q SADS
(blue in Fig. S2) is slightly different, which is not surprising since
this is only a small contribution to the signal.

Previously, the mean time of exciton-exciton annihilation was
estimated to be y~! = 16 ps when normalizing them per trimer of
the LHCII complexes [8]. Here we estimate (yng/2)”! =69+
10 ps. Thus for these results to be consistent we must have
no ~ 0.46, which means that we excite approximately half of the
trimers. From our estimate k; ~ 270 ps and we conclude that
trapping centers are present in only a small fraction of the trimers.
Thus within the framework of our model, the quenching of Chl ex-
cited state energy reflects an inverted kinetics process, where the
quenching state is slowly populated and quickly depopulated and
thereby attains an intrinsically low transient concentration.

3.1. Role of heterogeneity
In Fig. S3 the compartmental model used in [7] is shown. Note

that five rate constants (k; — ks) are needed to describe the Chl
spectral relaxation (k; + k + k3), annihilation (k4 and ks) and heter-

Table 1

Parameters estimated from target analysis of two strongly quenched samples
Parameter Rate in 1/ps

ky 1.0£0.3

ko 0.0038 +0.0010
kr 0.0002 (fixed)
kr 0.125 (fixed)

K 0.000001 (fixed)
Ynof2 0.014 +0.002
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Fig. 4. Relative contribution of the various decay channels: non-photochemical
quenching via the quenching state (black), decay via singlet-singlet annihilation
(red) and decay via a triplet state (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

ogeneity. In particular k; determines the excitation relaxation
pathway in unquenched conditions, which is the dominant fraction
in less quenched samples. So only with a strongly quenched sam-
ple the homogeneous annihilation model (which has just three
parameters kq, ko and y for Chl) is adequate. To describe less
quenched samples heterogeneity will be needed, and the number
of compartments and parameters increases again: one extra
parameter is needed to account for an unquenched fraction, and
possibly the annihilation rate differs.

3.2. System behaviour with increasing light

Having estimated the system parameters yny and ko that de-
scribe the dynamics we can now calculate how the contributions
of the various decay channels change as a function of the light
intensity. In experiments increasing the excitation power increases
no. Fig. 4 shows the relative contributions of the various decay
channels, i.e. non-photochemical quenching via the quenching
state (black curve), decay via singlet-singlet annihilation (red)
and decay via the triplet formation (blue) as a function of ng
(assuming that y~! = 16 ps [8]). The decay via the quenching state
represents the main decay channel for values of ng smaller than
about 0.3. In natural conditions trapping by open reaction centers
is present, and the excitations are continuous in time, thus Eq. (1)
should be modified accordingly:
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Fig. 5. Contribution of the various decay channels at steady state as a function of
input light intensity. Key: non-photochemical quenching via the quenching state
(black), decay via singlet-singlet annihilation (red), decay via triplet state formation
(blue), photochemical quenching via charge separation (green). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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%: T (ko + kr + krc)n + input, (7)
t 2

where kgc is the rate of trapping by open reaction centers (assumed
to be 1/(500 ps)), and the input is assumed a constant. Fig. 5 depicts
the contribution of the various decay channels at steady state as a
function of the input light intensity. Note that for low light intensity
(below 0.001) the quenching state represents the main decay chan-
nel. Natural light intensities are well below 0.0001.

4. Conclusions

We have shown that the multi-exponential decay of the Chl ex-
cited state in strongly quenched LHCII aggregates can be fully de-
scribed by a physical annihilation model, provided that the
estimated values for ny and kg are realistic. It is noteworthy that in
this kinetic model the rate of exciton-exciton annihilation y was ta-
ken to be identical to that obtained from earlier independent exper-
imental data [8] and consistent with known migration time of about
5 ps between monomers [8]. Besides providing a more detailed
interpretation of the kinetic data, the model provides a general anni-
hilation scheme which can potentially be applied to a number of
systems provided the pool of pigments is sufficiently large.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chemphys.2008.07.025.
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