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ABSTRACT: We have employed time-resolved spectroscopy on the
picosecond time scale in combination with dynamic Monte Carlo
simulations to investigate the photophysical properties of light-harvest-
ing 2 (LH2) complexes from the purple photosynthetic bacterium
Rhodopseudomonas acidophila. The variations of the fluorescence tran-
sients were studied as a function of the excitation fluence, the repetition time
rate of the excitation and the sample preparation conditions. Here we
present the results obtained on detergent solubilized LH2 complexes,
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i.e,, avoiding intercomplex interactions, and show that a simple four-state model is sufficient to grasp the experimental observations
quantitatively without the need for any free parameters. This approach allows us to obtain a quantitative measure for the
singlet—triplet annihilation rate in isolated, noninteracting LH2 complexes.

B INTRODUCTION

The essential feature of photosynthesis is the conversion of
light energy into chemical (redox) energy that can be used as the
driving force for subsequent metabolic reactions. However,
exploitation of sunlight as a source for energy requires an efficient
light-harvesting apparatus for collecting as many photons as
possible. This is accomplished by a network of pigment—protein
complexes that serve as antennas, i.e., proteins that capture
photons and transfer the excitation energy with high efficiency
to a specialized pigment—protein complex, the photosynthetic
reaction center (RC), that acts as the key transducer."

Purple photosynthetic bacteria have evolved an elegant system
of modular units that make up the light-harvesting apparatus.”’
Most species have two main types of complexes, the core
complex, RC-LH1, and the peripheral complex, LH2. The basic
building block of LH2 is a protein heterodimer, which accom-
modates three BChl a pigments and one carotenoid molecule.
For the species Rhodopseudomonas acidophila, the LH2 complex
consists of nine copies of these heterodimers, which are arranged
in a ring-like structure.* The BChl a molecules are arranged in
two pigment pools, labeled B800 and B850, according to their
room-temperature absorption maxima in the near-infrared. The
B800 assembly comprises nine well-separated BChl a molecules,
which have the planes of their bacteriochlorin rings aligned
nearly perpendicular to the symmetry axis of the LH2 ring,
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whereas the B850 assembly comprises 18 BChl a molecules in
close contact oriented with the plane of their bacteriochlorin
rings parallel to the symmetry axis.

In the photosynthetic membrane, the RC-LH1 complexes are
surrounded by the LH2 complexes and l'sght—energy, absorbed by
LH2, is transferred via LH1 to the RC.” Energy transfer within
the LH2 complex occurs from B800 to the B850 in less than
1 ps.® Once the energy arrives in B850, it equilibrates within the
B850 manifold an order of magnitude faster.””® The transfer of
energy from LH2 to LH1 and subsequently to the reaction center
occurs in vivo within 3 ps® and 25—40 ps,">"" respectively, i.e.
very fast compared to the decay of the B850 excited singlet state
("B850*) within an isolated LH2, which process has a lifetime of
about 1.1 ns.'"* Alternatively, the 'B850* state can decay by
intersystem crossing with a time constant on the order of 10 ns to
a B850 triplet state (*B850*) that is quenched by triplet—triplet
energy transfer to an adjacent carotenoid.'*'® The time constant
for this process is also about 10 ns and the lifetime of the excited
triplet state of the carotenoid (*Car*) is about 7 us.'® These
figures illustrate the well-known fact that under high illumination
conditions the carotenoid acts as photoprotector, preventing the
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formation of highly reactive singlet oxygen from a reaction
between *B850* and *0,."” It appears that, in vivo, the whole
structure is highly optimized for capturing light energy under
various illumination conditions and funnelling it to the RC. The
supramolecular architecture of these complexes in intact photo-
synthetic membranes, which is housed in chromatophores
corresponding to extensions of the cytoplasmic membrane, has
been imaged using atomic force microscopy (AFM).'® !

The character of the electronically excited states of the light-
harvesting complexes from purple bacteria has been explored
by countless groups exploiting time-resolved spectros-
cc}),py,s’7712’16‘227%7 Is)pectr);Il)ly seglective spectroscogy,zgf34
single-molecule spectroscopy,”** or theoretical approaches.*
Together with the high-resolution structural data that became
available for some of the antenna complexes during the last two
decades,**”* this work has led to a deep understanding of the
structure/function relationships in this system.

For early studies on arrays of antennae, isolated LH2 com-
plexes were not available and the experiments were performed on
chromatophores that were directly extracted from the cells of the
bacteria. Next to a large amount of LH2 these contained also
other pigment—protein complexes, in particular RC-LH]1, that
influenced the kinetics of the electronically excited states. Further
complications arose from the use of excitation pulses longer than
10 ns and/or repetition rates higher than 100 kHz, because this
leads to the accumulation of long-lived triplet states.> As a
consequence of this, the probability increases that a LH2 com-
plex still carries an excited triplet state when the next ‘flash’
excites it again to the 'B850* state. The interaction of these two
electronic excitations on the same LH2 complex leads to
singlet—triplet annihilation.® This results in a radiationless
depletion of the 'B850* state that shows up as a reduction of
the fluorescence yield of this state. The probability for this
process increases in chromatophores because of 'B850* excita-
tion energy transfer between the antenna complexes.”® If the
lifetime of the 'B850* state is about 1 ns and the LH2 — LH2
energy transfer time is about 10 ps, it follows that in an array of
LH2 complexes the excitation can travel within a region of a
radius of about 10 antenna complexes and experiences a finite
probability of encountering an LH2 complex that still carries an
(immobile) *Car* excitation. The phenomenon of fluorescence
quenching due to annihilation has now been known for more
than 3 decades.®® Experiments have mainly been conducted on
chromatophores, containing several different pigment protein
complexes, such as LH2, LH1, and RC. Although the micro-
scopic structure of these complexes was unknown at that time, it
was possible to draw conclusions about the supramolecular
organization within the membrane due to the diffusion behavior
of the B850 excitons. An overview of these findings can be found
in refs 66—69 or ref 70 as a review.

It is still difficult to follow and therefore to understand the
energy transfer reactions within arrays of a single type of antenna
complex.”" Such arrays have now been detected in vivo in
membranes. It is possible to reconstitute LH2 complexes into
phospholipid model membranes, providing a homoarray of
identical antenna complexes. This study presents the first step
toward investigating energy transfer reactions within such arrays
of identical antenna complexes. The aim of the present work is to
find out more about the performance of an array of natural LH2
complexes as a function of the excitation conditions. This study
comprises experiments in combination with dynamic Monte
Carlo (DMC) simulations. Since an isolated LH2 complex is

already a complicated multichromophoric system, the results will
be presented in two consecutive papers in the following referred
to as parts I (this work) and IL*" The current publication (part I)
deals with isolated LH2 complexes in detergent solution. This
allows the investigation of the singlet—triplet annihilation pro-
cess on an isolated LH2 without any influence of LH2 — LH2
energy transfer. From this study, we obtain a simple four-state
model with rate constants for the photophysical processes within
an isolated LH2 ring, which forms the basic building block for the
analysis of the further work. In part IL*" we will present the
results on arrays of reconstituted LH2 complexes. The informa-
tion gained will be useful for understanding how the architecture
of the light-harvesting apparatus in photosynthesis affects light-
harvesting performance as well as for future applications of using
such biological complexes in solar energy applications.

Bl MATERIALS AND METHODS

Sample Preparation. The LH2 complexes from the species R.
acidophila (strain 10050) were isolated and purified as described
previously.”* After purification, the LH2 complexes were trans-
ferred to a buffer containing SO mM Glygly (Glycyl-Glycin, Roth,
Karlsruhe, Germany) at pH 8 and 1% (3-OG (octyl-3-p-gluco-
pyranoside, Fluka, St Gallen, Switzerland) and stored in small
aliquots at —80 °C until used.

Optical Setup. For the time-resolved experiments, the samples
were excited at 800 nm with a pulsed titanium:sapphire laser
(Tsunami, Spectra Physics) that was pumped with a frequency-
doubled Nd:YVO4 laser (Millennia Xs, Spectra Physics). The
pulse duration was about 2 ps, corresponding to a spectral
bandwidth of 0.3 nm (3 cm ™). The repetition rate of the excitation
pulses was 81 MHz and could be decreased with a pulse picker unit
(3980, Spectra Physics) to 8, 2, and 0.05 MHz, respectively.

In order to prevent irreversible photo bleaching, the sample was
spun around with a frequency of 50 Hz in a home-built rotation
cell. The fluorescence from the sample was collected at right-angle
with respect to the direction of the excitation. The signal was spectrally
resolved using an imaging spectrograph (250 IS, Bruker),
providing a spectral resolution of 3 nm in the spectral range
from 820 to 980 nm. The detector was a streak camera system
(C5680, Hamamatsu Photonics) in combination with a CCD
camera (Orca-ER C4752, Hamamatsu Photonics). In all these
experiments, the streak camera system was operated in the time
range of S ns, in single-sweep mode, providing an instrument response
time of S0 ps (fwhm). For the fluorescence decays, the photon
fluence per pulse incident onto the samgle was adjusted to 3.3 x 10",
6.5 x 10" 13 x 10" and 26 x 10" photons per pulse per cm”.
Conversions of these photon fluences per pulse to continuous
illumination conditions are given in the Supporting Information.

The integrity of the LH2 samples was checked with an UV—vis
absorption spectrometer (Perkin-Elmer, data not shown) before
and after each streak experiment. No significant bleaching or
irreversible sample damage could be detected under any of the
excitation conditions used.

B RESULTS

In order to study the influence of long-lived states on the decay
kinetics of the LH2 complexes, time-resolved experiments were
carried out as a function of the photon fluence, defined as number
of photons per pulse and per area, and as a function of the laser
repetition rate. The room-temperature emission spectrum of
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LH2 was recorded upon repetitive excitation at 800 nm at rates of
81 MHz, 8 and 2 MHz, respectively. For each repetition rate, four
spectra were registered as a function of the photon fluence, which
was adjusted to 26 x 10'%, 13 x 10'% 6.5 x 10'% and 3.3 x 10"*
photons/(pulse-cm”). At a repetition of 50 kHz, the emission
was only detectable for the two highest fluences. The resulting 14
emission spectra are shown in Figure 1.

Spectra that were recorded with the same repetition rate are
shown as a group of four spectra (two for SO kHz), each
representing a different photon fluence. For better comparison,
the spectra have been normalized and are offset with respect to
each other by 0.1 within each group and 0.3 between the groups
of spectra. All spectra feature a broad emission band centered at
865 nm with a width (fwhm) of 30 nm. A variation of the peak
position and width of the spectra as a function of the excitation
parameters was not observed. Since the streak system allows the
detection of spectrally resolved fluorescence decays, we could
verify that the decay kinetics did not depend on the emission
wavelength. This justifies the assumption of being able to

normalized emission [a.u.]

820 840 860 880 900 920 940
wavelength [nm]

Figure 1. Normalized fluorescence emission spectra as a function of
excitation fluence Jgx and pulse repetition rate. The four groups of
spectra correspond from top to bottom to repetition rates of 50 kHz and
2, 8, and 81 MHz, respectively. Within each group the spectra corre-
spond from top to bottom to fluences of 3.3 x 10** (dash-dotted line),
6.5 x 10" (dotted line), 13 x 10"* (dashed line), and 26 x 10'2 (full
line), given in photons/(pulse-cm®), respectively. For clarity, the
spectra have been offset by 0.1 within each group and by 0.3 between
the groups.

integrate the whole emission band in our further data analysis
presented below.

The fluorescence decay of the LH2 emission is shown in
Figure 2A for a repetition rate of 81 MHz as a function of the
fluence. All transients are compatible with monoexponentials and
the decay time decreases monotonically from 1080 ps for a fluence
of 3.3 x 10" photons/(pulse-cm®) to 940 ps at 26 x 10'?
photons/(pulse - cm®). An example for the influence of the repeti-
tion rate on the fluorescence decay is shown in Figure 2B. For
these experiments, the sample is excited with 26 x 10'* photons/
(pulse -+ cm®). Again all transients are monoexponentials, and only
for the highest repetition rate, i.e. 81 MHz, can a significant
reduction of the fluorescence lifetime from about 1100 to 940 ps
be observed. The findings of similar experiments at the other
fluences and repetition rates are summarized in Figure 3.

Only at the highest repetition rate of 81 MHz, there is a
significant decrease of the fluorescence decay time as the fluence
is increased. For all other repetition rates, 8 MHz, 2 MHz, and
50 kHz, respectively, the fluorescence decay time does not vary
within experimental accuracy as a function of the fluence.

(Monte Carlo) Simulations. The Model. We will start this
discussion by introducing the model on which we based the
DMC simulations to explain our experimental data. Since a LH2
complex is a multichromophoric system consisting of 27 BChl a
molecules and 9 carotenoids, featuring a rich photophysics
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Figure 3. Decay times from monoexponential fits to the data for
repetition rates of S0 kHz (circles), 2 MHz (squares), 8 MHz
(triangles), and 81 MHz (diamonds), respectively, as a function of the
excitation fluence.
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Figure 2. (A) Normalized fluorescence decays of isolated LH2 complexes in detergent solution for a repetition rate of 81 MHz as a function of fluence,
which is given in photons/(pulse - em?): 3.3 x 10" (black dots), 6.5 x 10" (red squares), 13 X 102 (green triangles), and 26 x 10'2 (blue diamonds),
respectively. (B) Normalized fluorescence decays of isolated LH2 complexes in detergent solution for a fluence of 26 x 10** photons/(pulse - cm®) as a
function of the repetition rate: 50 kHz (black dots), 2 MHz (red squares), 8 MHz (green triangles), and 81 MHz (blue diamonds), respectively. The time

resolution was S0 ps for all experiments.
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Figure 4. (A) Simplified energy level scheme for an isolated LH2 complex. (B) Further reduced energy level scheme for an isolated LH2 complex. (C)
Pictorial representation of the transitions between the electronic states of an isolated LH2 complex taking singlet—triplet annihilation into account. (D)
Simplified representation of singlet—triplet annihilation adapted from ref 75. The upper part corresponds to a pictorial representation; the lower part
corresponds to a description in terms of one-electron molecular orbitals. For more details, see text.

including energy transfer processes and excitonic interactions
between the chromophores that give rise to several types of
quenching mechanisms, which cover time scales from some
femtoseconds to microseconds, it is clear that an “exact” descrip-
tion of the full system on all time scales is out of reach. Therefore,
our model carries several approximations and simplifications that
are detailed below.

First, it is important to note that in our samples the 3-OG
concentration of 1% (w/w) corresponds to about 34 mM, which is
well above the critical micellar concentration of 25 mM at 25 °C
for this detergent. Using average LH2 concentrations in the order
of uM, it is known that under these conditions aggregation of
detergent micelles is avoided.”® Therefore, in the following, the
LH2 complexes were treated as isolated, noninteracting antenna
complexes and intercomplex energy transfer was neglected.
Further under high-illumination conditions, it becomes possible
to create two excited 'B850* states in the same LH2 complex,
giving rise to singlet—singlet annihilation.”® In ref 74, this phe-
nomenon has been studied systematically as a function of the
excitation intensity with LH2 complexes from Rb. sphaeroides.
The authors of ref 74 found (i) that singlet—singlet annihilation
occurs on a subpicosecond time scale and (ii) that fluences above
3 x 10" photons/(pulse-cm?) are required to have more than
one singlet state on an individual LH2 complex. In the current
study, the maximum fluence was 2.6 x 10" photons/(pulse - cm?),
ie, one order of magnitude lower than this value. Hence we
exclude singlet—singlet annihilation for the individual, detergent
solubilized samples (this will change in part IL,*' when we will
discuss the presence of intercomplex energy transfer due to
arrays of LH2 complexes®”). Moreover, our time resolution does
not allow the resolution of this process.

These considerations bring us as a starting Ipoint to the energy
level scheme shown in Figure 4A, where the "B800%, 'B850* etc.
states are approximated as single levels. In our experiments, we

neither resolve the 'B800* — 'B850* energy transfer nor the
equilibration of the excitation within the B850 manifold. Also the
quenching process of the *B850* triplet state by the carotenoid
occurs with a time constant of 10 ns, which is very fast with
respect to the direct decay of the *B850* triplet state to the
ground state for which a time constant of 7 us has been
reported.’® Led by these considerations, we further reduce the
energy level scheme of an individual LH2 complex to an effective
three-level system as shown in Figure 4B. Transitions between
these states occur with rates kij, ij = 1,2, 3. However, we have to
take into account singlet—triplet annihilation processes, which
cannot be illustrated appropriately in this energy level scheme.
Therefore, we have introduced a pictorial representation of the
electronic states of a single LH2 complex in Figure 4C. This
scheme has been proven to be very useful for the simulation of
the excitation annihilation processes in the arrays of LH2
complexes (presented in part II*'). A LH2 ring that is in the
electronic ground state is re}l)resented by a circle. For brevity, we
denote this state by |1) = | B850, 'Car) (Figure 4C, green). A
LH2 ring that carries a "B850* state is visualized as a circle with an
ellipse and will be referred to as |2) = |1B850*, 'Car) (Figure 4C,
red). In the reduced energy level scheme the triplet state is
located on one of the carotenoids. This state is represented by a
circle with a cross and will be referred to as |3>=|1B850, 3Car*)
(Figure 4C, yellow). Singlet—triplet annihilation becomes pos-
sible if a LH2 ring that still carries a triplet state (cross) gets
excited again to the '"B850* state (ellipse), rate k4. This situation
is depicted by a circle with both a cross and an ellipse and will be
referred to as |4)=|"B850%, *Car*) (Figure 4C, blue). In addition
to the radiative decay of the singlet excitation, rate ks, state |4)
can decay back to state |3) with a rate ksra by singlet—triplet
annihilation, as shown in more detail in Figure 4D according to a
model introduced by Hofkens and de Schrijver et al. for multi-
chromophoric systems.”> In terms of one-electron molecular
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orbitals, state |4) corresponds to a configuration as shown at the
bottom on the left-hand side of Figure 4D. By resonance energy
transfer (RET), the electron in the upper orbital on the carote-
noid can be promoted to an even higher lying orbital at the
expense of the electron in the upper orbital on the B850, which is
moved simultaneously to the lower orbital. In terms of electronic
states, this configuration corresponds to a higher excited triplet
state on the carotenoid (*Car**) indicated by the big cross. It is
worth noting that this process can be very fast because the total
spin is conserved. By internal conversion (IC), this state can relax
nonradiatively to the lowest excited triplet state |3) on the
carotenoid, right-hand side of Figure 4D. Hence, singlet—triplet
annihilation corresponds to two consecutive steps, RET and IC,
and the rate constant for this process is given by kg A P =kper T+
ki~ . Finally, since LH2 is a multichromophoric system, it is also
possible that a LH2 ring that is in state |4) decays with a rate k'53
to a state |3') = |’Car*, *Car*) having two triplet states on
different carotenoids and giving rise to triplet—triplet anni-
hilation.'* Since it is known from ESR experiments that the
triplet states on the carotenoids are immobile,'® and because
triplet—triplet energy transfer is mediated by the short-range
exchange interaction, we neglect triplet—triplet annihilation in
our analysis as well as LH2 rings that carry two triplet excitations
prior to the next excitation pulse. However, we do take into
account the additional decay channels of state |4), which we
summarize in the rate kg = K53 + ksra.

This simple four-state model qualitatively explains our experi-
mental observations. For a high repetition rate, the probability of
finding a substantial amount of LH2 complexes in state |3) prior
to the next excitation pulse is high. Hence, singlet—triplet
annihilation processes, contributing to an accelerated depletion
of the "B850* states, are highly probable. Increasing the fluence at
high repetition rate leads to a growth of the population of the
triplet state prior to the next excitation pulse and concomitantly
to alarger relative contribution of the singlet—triplet annihilation
to the decay of the 'B850* state.

The DMC Algorithm. In order to test our model quantitatively,
we performed numerical simulations of the fluorescence response
as a function of the excitation parameters. In principle the kinetics
of the systems could be modeled by solving a master equation.
However, an analytical solution of a set of coupled rate equations
becomes impossible due to the pulsed excitation. Under these
conditions, the excitation rate is a function of time and it is only
possible to estimate the 7populations of the various states by a
separation of time scales.”® Instead we employ a dynamic Monte
Carlo algorithm””~ " that is particularly useful to model repetitive
pulsed excitation, because the serial execution of the Monte Carlo
cycle refers to the successive excitation of the sample and the
statistical average over a sufficient number of excitation cycles
provides a fast numerical solution of the respective kinetic
equations.

The excitation pulses are treated as O-pulses, which is justified
because the pulse duration of 2 ps is well below the experimental
time resolution. The transitions between the states |1) to |4) are
considered as incoherent quantum jumps, which allows the
representation of the system by Poissonian statistics. Initially,
the system is in the electronic ground state |1). By comparing a
random number p,, chosen from a uniform distribution between
0 and 1, with the excitation probability p;, (vide infra), it is
decided whether the system is excited by the pulse (o, < p;,) to
state [2) or whether it remains in state |1) (o, > p1,). (This
procedure is applied also for an excitation from state |3) to [4)

with the probability ps4.) In the case of an excitation, the DMC
cycle runs as follows: State |2) acts as initial state |i). Then the
value K; = Z]]-=1k,-]- is calculated, where the sum runs over all ] decay
rates k; that are connected with the initial state |1> Next, two
random numbers, p; and p,, are chosen from a uniform distribu-
tion between O and 1. The first random number determines
the time interval when the next quantum jump occurs from
an exponential distribution according to At = (1)/(K;)
In((1)/(p1)). The second random number determines which
quantum jump occurs by the comparison of (¥ 1k;)/(K;) < p, <
(2] 1k;)/ (K;). Subsequently, state |m) becomes the initial state
for the next cycle. These cycles are repeated until the time 1/kggp
is accumulated, where kggp corresponds to the repetition rate of
the laser. Then the next excitation cycle starts again with the
determination of p,,. Each simulation covers 10° excitation cycles
and runs in parallel on 61 four-level systems in order to speed up
the calculation. The simulations provide the evolution of the
populations of the states |1) to |4). In order to compare the results
of the simulations with the experimentally determined fluores-
cence decays, all quantum jumps that correspond to the emission
of a fluorescence photon, i.e. |2) = |1) and |4) — |3), are counted
and the respective time increment is stored in computer memory.
After finishing the excitation cycles, these increments are fed into
a histogram (binning time 10 ps), which represents the simulated
fluorescence transient. We note that the rates k,; and k,; are
treated as purely radiative rates. This is justified because we
compare only normalized fluorescence decays. Discriminating
between radiative and nonradiative decays in the simulations
would only reduce the emission yield by a constant factor without
affecting the shape of the fluorescence transients.

Application of this algorithm requires the specification of the
excitation probability and the rates kj and kgra as input
parameters. The excitation rate k;, for the |2) < |1) transition
can be obtained from kj, = IgxOggo, with the absorption cross
section at the excitation wavelength 0ggo and the number of
photons per area and time incident onto the sample Igx. The
cross section has been determined to Oggo = 1.0 X 10 '* cm?
from the extinction at 850 nm and correction for the different
absorption strengths in the B800 and B850 bands.*” However,
for pulsed excitation we have to determine the probability p;, of
excitation of one LH2 complex during the excitation pulse.
Under nonsaturating conditions of the optical transition this is
given by p1» = JexOsoo, where Jgx denotes the fluence of photons
per pulse and area. For example, at the highest fluence in our
experiments we obtain a value of p;, = 0.26. The rates ky; = 5 X
107 s7' and ky; = 14 x 10° s~ were taken from the
literature."*'® In order to keep the number of input parameters
as small as possible, we assume that the absorption cross section
at 800 nm of the LH2 complex that still carries a triplet state is
unaltered with respect to an LH2 complex where all BChl and
Car molecules are in the ground state, and vice versa for the decay
of an excitation located on the B850 manifold. In other words, we
set ks, = ki, (or equivalently pss = p1») and ky3 = ky;. Then,
within the framework of the four-state model, the general
fluorescence response of the sample is given by

I(t) = A2 exp( — (kn + kzg,)t) +A4 exp( — (k21 + kq)t) (1)

where the A, values denote the amplitudes associated with the
states |2) and |4), respectively. The rate k,; can be determined
from the decay of state |2) as long as singlet—triplet annihilation
processes can be neglected, i.e., A; ~ 0. This limit is reasonably
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well fulfilled for the experiments with a repetition rate of 50 kHz
for which a decay time of 1080 ps was found for state |2). Hence
1/(1080 ps) = ky; + ky3, from which we deduce k,; = 8.8 x 10%s™ .
Finally, we have to specify the rate kq which includes the
singlet—triplet annihilation rate kgra. Even for the highest
fluences at the highest repetition rates, i.e., in the regime where
singlet—triplet annihilation processes are effective, we do not
observe a biexponential decay of the fluorescence. This indicates
that in eq 1 the sum of the rates (k,; + k,3) on the one hand and
(kyy + kq) = (kyy + K33+ kgra) on the other hand are in the same
order of magnitude preventing the resolution of two components
in the transients. However, from that we can obtain a lower
boundary for kgrs. For the extreme situation where all LH2
complexes reside in state |3) prior to the next excitation pulse, i.e.,
A, ~0and A, =~ 1, the fluorescence decays with the rate constant
kyi + K53+ ksra. The closest approximation to this situation
corresponds to the experiments at the highest fluences and the
highest repetition rates for which we found a decay time of 940
ps. From this value, we can deduce k53 + ksra ~ 1.8 X 1085
Approximating k',3= k,3 for the rate of intersystem crossing into
the triplet state of another Car molecule we find kgys = 1.3 X 10551
as an lower boundary for the effective singlet—triplet annihilation
rate. With these considerations, we arrive at a full set of input
parameters for the DMC simulations which is summarized in
Table 1.

Results of the DMC Simulations. Figure 5A shows the
simulated fluorescence decays at a repetition rate of 81 MHz as
a function of the fluence. All transients are in agreement with
monoexponential decays and the simulated decay times 7,
decrease monotonically from 1000 ps at a fluence of 3.3 x 10"

Table 1. Input Parameters for the DMC Simulation

transfer rates values [s '] reference
ki, = p1a JexOs00
ky 8.8 x 10° this work
kps = Ko3 5% 107 14
ka1 14 x 10° 16
K3y = pa4 =p12 = Jex0s00
ka3 =k,, = 8.8 x 10°
kq= Ko + kera 1.8 x 10* this work

photons/(pulse-cm?) to 960 ps at a fluence of 26 x 10"
photons/(pulse - cm?).

Together with the results of the simulations for the other
repetition rates these data are compared in Table 2 with the decay
times T, that have been determined experimentally. The
simulated and experimentally obtained decay times, in the main,
agree with each other within the limits of the experimental
accuracy. Only four parameter combinations, i.e., 2 MHz and 8
MHz at the highest fluence, and 81 MHz at the two lowest
fluences, show discrepancies between 7y, and 7., amounting to
60—80 ps, which is still less than 10% of the absolute value. The
simulations for 81 MHz, however, do reproduce correctly the
decrease of the fluorescence lifetimes with increasing fluence. A
slight decrease of the lifetime for increasing fluence is also
predicted at 2 MHz and at 8 MHz but below the experimental
time resolution. For 50 kHz, 7, shows to within 10 ps no
variation as a function of the fluence, in agreement with the
experimental observations.

Since the numerical simulations provide a complete solution
of the temporal development of the four-state model, we have
also access to the evolution of the population of the triplet state.
At the highest repetition rate and with the four fluences applied,
we show in Figure SB the remaining relative population in the
triplet state prior to the next excitation pulse as a function of the
number of excitation cycles. For all fluences, the relative number
of LH2 complexes that still carry a triplet state prior to the next
excitation pulse shows a steep increase and asymptotically
approaches a constant value, termed (n3) in the following. The
value of (n3) is larger the larger the fluence applied, and varies
from about 50% for the lowest fluence to 90% for the highest
fluence. For the other repetition rates, the values of (n3) are also
given in Table 2. In agreement with the qualitative considerations
given above, (n3) is negligible for a repetition rate of 50 kHz and a
significant triplet population is accumulated only with the
repetition rates that are significantly larger than the inverse of
the triplet lifetime. For our estimate of the lower boundary of
kgra, we have made the assumption that the triplet population at
the highest fluence and the highest repetition rate is 100%. The
simulations indicate that this assumption is nearly fulfilled, which
allows the conclusion that the lower boundary of ks = 1.3 X
10% s~ " is very close to the actual value of the rate constant for
singlet—triplet annihilation.
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Figure S. (A) Fluorescence decay curves from DMC simulations for the four-state model shown in Figure 4.C for a repetition rate of 81 MHz as a
function of excitation fluence: 3.3 x 10'* (black), 6.5 x 10'* (red), 13 x 10'* (green), and 26 x 10'* (blue), given in photons/(pulse-cm?),
respectively. (B) Development of the population of the triplet state as a function of the number of excitation cycles for a repetition rate of 81 MHz and for
fluences of 3.3 x 10" (black), 6.5 x 10'* (red), 13 x 10" (green), and 26 x 10"* (blue) photons/(pulse - cm?), respectively. The first 2500 excitation
cycles are shown on an expanded scale to better show the transient growth of the population in the triplet state before it levels off to an average value (n3).
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Table 2. Comparison of the Experimental Decay Times Tgxp with the Simulated Decay Times Tgpy for the Various Repetition

Rates and Fluences

kgrep = 81 MHz

krep = 8 MHz

krep = 2 MHz krep = 50 kHz

Jex [photons/ (pulse-cm®)] Texp [ps] Tom [ps] ()" [%] Taxe [ps] Tsma [ps] (n3)* [%] Texp [ps] Tom [ps] (ms)* [%] Texp [ps] Tsmu [ps] (ns)* [%]

33 x 10" 1080 1000 52 1090
6.5 x 10" 1040 980 67 1080
13 x 102 980 970 80 1080
26 x 10" 940 960 90 1100

1070
1060
1040
1020

10 1110 1070 1080 0
16 1110 1070 1070 0
30 1110 1060 8 1080 1070 0
46 1110 1050 16 1080 1080 0

“(ns) is the relative asymptotic triplet population as a function of the excitation parameters.

However, the simulations also reveal a discrepancy between
the simulated and the experimental lifetimes. On the basis of the
line of reasoning given above, one would expect that a relative
triplet population of about 50% (81 MHz, lowest fluence) would
lead to a reduction of the fluorescence lifetime with respect to a
situation of 0% triplet population (50 kHz). While this trend is
clearly reproduced by the simulations, i.e., 1000 vs 1080 ps, the
experimentally observed lifetime is 1080 ps for both situations.
Apparently, the four-state model slightly overestimates the
remaining relative populations in the triplet state, which might
reflect the action of a process that quenches the triplet population
and which has not been considered in the analysis. Since for low
triplet populations, the results of the simulations are in good
agreement with the experiments, this process should be more
effective if the triplet state is already significantly populated.
Hence, a very likely candidate for such a process is triplet—triplet
annihilation. We have neglected this process due to the low
mobility of the triplet states and the short-range interaction
between the triplet states on different carotenoids. However, at
high excitation rates the probability increases that (i) several
carotenoid molecules within one LH2 complex reside in the
triplet state prior to the next excitation pulse or (ii) that the same
carotenoid molecule within one LH2 complex will receive two
excitations to the triplet state. For both situations, the chance for
subsequent triplet—triplet annihilation increases tremendously
leading to a stronger reduction of the triplet population than that
predicted in our model.

B CONCLUSIONS

We have presented a description for the photophysical
processes in the multichromophoric LH2 complex from the
photosynthetic purple bacterium Rps. acidophila in terms of a
four-state model. Short comings of this model concern processes
on time scales faster than ps, which are not covered here, and a
slight overestimation of the population of the triplet state. Yet,
given the remarkably simple four-state model, a good description
of the photophysical processes on the picosecond time scale
within an isolated LH2 complex is achieved, without the need for
any free parameters. We now move on to the more challenging
situations of consideration of LH2 homoarrays in part 1A

B ASSOCIATED CONTENT

© Ssupporting Information. Conversions of the fluence at
different repetition rates to einsteins and to an equivalent
continuous (CW) excitation intensity. This material is available
free of charge via the Internet at http://pubs.acs.org.
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