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Abstract

This text gives a short introduction to the spectroscopy of individual light-harvesting complexes. Spectroscopy is
a technique with which it is possible to gain information over the transfer of light into an electrochemical potential
by photosynthetic organisms. A general introduction is followed by a discussion of a recent article on the light-
harvesting complex 2 ofRhodopseudomonas Acidophila, a purple bacterium [1].

1 Photosynthesis

The first life on earth probably gained its energy from
the breaking down of organic molecules produced by
geochemical processes. But soon a much more efficient
method for the production of energy was developed.
Photosynthetic bacteria started to use light to establish
an electrochemical potential across a membrane. This
stored energy can be used to convert ADP into ATP, the
fuel for nearly all processes in living cells.

All photosynthetic organisms contain light-
harvesting antenna systems to utilize solar light.
The electromagnetic radiation creates an excitation of
the pigments of the antenna system. The excitation
is quickly forwarded into the reaction center (RC).
There a charge separation takes place, building up an
electrochemical potential. This form of energy is far
much more stable than the excitation of a pigment,
which can not be coupled so efficiently to other rather
slow endothermic biochemical processes. The time
scale of energy transfer is ranging from fs to ps, for the
electron transfer ps, while the ATP synthase processes
only some100 molecules per second [2].

Classification of Photosynthetic Organisms One
major difference between photosynthetic organisms is,
whether they produce oxygen during the process or not.
Plants, algae and cyanobacteria do, while green bacte-
ria, heliobacteria and purple bacteria execute an anoxy-
genic photosynthesis.

The following text will concentrate on the purple bac-
teriaRhodopseudomonas Acidophila(Rsp. A.). Details
on the biochemistry of plants and cyanobacteria can be

found in [2], while excitons in the corresponding light-
harvesting complexes are described in [3].

1.1 The Photosynthetic Unit of
Rhodopseudomonas Acidophila

The photosynthetic unit (PSU) ofRsp. A. contains
a system of light-harvesting complexes (LH1, LH2)
and a RC. The RC is build up from a primary
chlorophyll, bacteriochlorophyll (BChls), bacterio-
pheophyrin, ubiquinone-10, magnesium atoms and an
iron ion. The light-harvesting system consists of a core
antenna, LH1, which for BChl a containing species ab-
sorbs around870 to 880 nm. The BChl of the LH1 form
a circle around the RC. LH2 complexes surround the
LH1 in the plane of the membrane.

PhotosynthesePics/PSU.eps not found!

Figure 1: Model of the PSU of purple bacteria based on
known structural data, the highlighted ring corresponds
to a diameter of about23 nm, the time constances apply
for a temperature of77 K, Fig. taken from [4].
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2 MOLECULE INTERACTIONS

Structure and Properties of LH2 Recently the three
dimensional structure of the LH2 complex was de-
termined through x-ray crystallography. It consists
of a ring with in crystalline form nine fold symme-
try. LH2 is made up from nineα-β polypeptides het-
erodimers, which in total bind27 BChl a molecules and
18 carotenoids. The LH2 can be grouped into two parts:
On the cytoplasmic side9 BChl absorb around800 nm
(B800). They are about2.1 nm a part and can be there-
for described as monomeric. Energy is transfered at a
sub ps range. The second part is on the periplasmic side,
1.7 nm away from the other ring. It contains18 BChls
which absorb around860 nm (B850). The energy can
be transfered in this ring within less than100 fs. These
molecules are strongly coupled, because their center-
center distance is about0.9 nm. Excitation energy is

PhotosynthesePics/LH2.eps not found!

Figure 2: Geometrical arrangement of the27 BChl
molecules of the LH2 complex as determined by x-ray
crystallography, the phytol chains are omitted for clar-
ity, Fig. taken from [8].

transfered from the B800 to the B850 ring in about1 ps
with a yield of more than95%. The carotenoids are
bound to theα andβ proteins, span the membrane and
contact both B800 and B850 BChls.

The carotenoids in photosynthetic pigment protein
complexes have in general two major functions: First
they quench the triplet states of the BChls. These triplet
states not only block the BChl, but may be also trans-
fered to oxygen. The ground state of oxygen is a triplet
state, which will be converted to a highly reactive sin-
glet state, if the energy of a BChl in triplet state is trans-
fered to it. The second function is light-harvesting. Ex-
citation energy of the carotenoids is transfered to the
B800 and B850 pigments and follows than the way to
the RC [4].

2 Molecule Interactions

Molecular interactions are essential for the function of
the PSU. They are governed by coulombic interactions
of electrons and nuclei of different pigments and the
exchange interactions between overlapping molecular
orbitals of pigments. In the later case electrons are ex-
changed between donor (D) and acceptor (A). In gen-
eral the energyV involved can be described as follows:

VDA =
1

4πε0

∑
i∈D, j∈A

qiqj
rij

with ε0 the vacuum permittivity andrij the distance be-
tween the electronic and nuclear chargesqi andqj on
the molecules A and D, respectively.

In the case when there is no significant overlap of
the molecular orbitals, so that the interaction energy is
dominated by the coulombic interactions,V can be ex-
panded into a power series. In the dipole approximation
the interaction is described by:

VDA =
1

4πε0

~µD~µA − 3(~µDR̂)(~µAR̂)
R3

(1)

where~µ is the electric dipole moment of the molecule
D and A,R̂ the unit vector between D and A andR the
distance between the two molecules. See also [5].

2.1 Energy Transfer

If the interaction is compared in magnitude to the
linewidth of the transitions, one can distinguish two
limiting cases of the energy transfer. If the interac-
tion energy is larger than the disorder, it is called strong
coupling or the exciton picture. In the other limit one
talks about weak coupling or incoherent hopping limit.
In both cases the transfer rates can be calculated with
first order perturbation theory, which leads to Fermi’s
Golden Rule. For the hopping description,V acts as a
perturbation, while in contrast for exitons the coupling
between electrons and phonons is the perturbation. In
reality the both processes exist. If the real situation can
not be described as one of these limits the analysis is
challenging.

The disorder has contributions from static (spectral
inhomogeneity) and dynamic (electron-phonon interac-
tion) effects. The dynamic contribution can be ruled out
by using a low temperature experimental setup, while
the static contribution, which is due to small changes in
the protein environment, persists.
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2 MOLECULE INTERACTIONS 2.2 Spectroscopic Properties of Excitons in Aggregates

2.1.1 Weak Coupling

In the limit of weak coupling between A and D the en-
ergy transfer rate is described using the Fermi’s Golden
Rule:

kD→A =
2π
~

|〈D∗A|V |DA∗〉|2 ρ(E)

whereρ(E) is the density of states of the final manifold
of states|DA∗〉 with the same energy as the initial state
〈D∗A|. The total transfer rate is given by the sum over
all initial and final states.

The transfer rate is calculated with the dipole approx-
imation for the interaction energy from Eq. (??). As ad-
ditional assumptions, one has to use that the vibrational
relaxation is much faster and that there is no overlap
between the electronic wave functions. So for a suffi-
ciently large distance between the molecules the energy
transfer rate is:

k ∝ κ2φD
n4R6

DAτD

∫
εA(ν)fD(ν)ν−4dν

whereφD is the quantum yield of the donor,εA the ad-
sorbtion band of A,fD the normalized fluorescence of
the donor,ν the frequency,n the refractive index of the
medium between D and A,RDA the distance between
D and A andτD the live time of the donor without the
acceptor. The integral represent the overlap of the emis-
sion spectrum of the donor and the absorption spectrum
of the acceptor. The orientation of the dipoles with re-
spect to each other finds its expression inκ in the fol-
lowing manner:

κ = cosα− 3 cosβ1 cosβ2

Hereα is the angle between the dipoles of D and A,
β1 andβ2 the angle of the vector connecting D and A
with the transition moment of D and of A, respectively.
Distances, where this model is suitable, are in the range
of some nm.

In a case where the overlap of the molecular orbitals
of D and A can not be neglected, the energy transfer
via electron exchange becomes more important. This
interaction is referred to as the Dexter mechanism, see
[5] for more information.

2.1.2 Strong Coupling

In the case of strong coupling between the molecules,
the exciton picture is used. The electronic Hamiltonian

of the complex is given by:

Hel =
∑
n

(E +Dn + ∆En) |n〉 〈n| (2)

+
∑
n,m

Vnm |n〉 〈m|

whereE is the electronic transition energy of the free
monomer,Dn is the shift, caused by dispersive inter-
action of thenth molecule with its specific environ-
ment, leading to spectral heterogeneity,∆En is a ran-
dom shift, caused by stochastic fluctuations in the envi-
ronment of thenth molecule.Dn + ∆En is also called
the diagonal disorder.Vnm describes the dipole-dipole
interaction energy between thenth andmth site. Varia-
tions over the differentVnm of a complex is referred to
as off-diagonal disorder, which can be caused by struc-
tural disorder or deformation of the arrangement.

The Hamiltonian (2) conserves the number of ex-
citons. The eigenstates separate into classes of lin-
ear combinations of site states with a fixed number of
molecules excited. Correspondingly, also the eigenval-
ues of the different manifolds form bands. The sepa-
ration between consecutive bands is of the order ofE,
where as the width of then-exciton band is of the order
of 4n · V . Optical transitions are only allowed between
consecutive bands. The random distribution of∆En
leads to a localization of the wave function to a lim-
ited region of the aggregate. While the Hamiltonian (2)
includes only static disorder, also electron-photon inter-
action can be included into the theory [3, 4], which will
cause further localization over time.

The following text will be only concerned with
molecular aggregates, which expire strong coupling and
can therefore described within the excitonic picture.

2.2 Spectroscopic Properties of Excitons
in Aggregates

The molecular exciton approach describes the coherent
superposition of the exited states of molecules in aggre-
gates by taking into account their translational symme-
try. The spectrum of the complex is calculated by solv-
ing the stationary Schrödinger equation. The interac-
tions between the molecules can be treated as perturba-
tions, because of their low strength. The eigenfunctions
of the aggregate are then given as linear combinations
of the molecular eigenfunctions. In the following para-
graphs the interaction of electrons with vibrations is ne-
glected. The complete treatment can be found in [3].
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2.2 Spectroscopic Properties of Excitons in Aggregates 2 MOLECULE INTERACTIONS

2.2.1 Energy Splitting

With these assumptions the excited stated of a dimer can
be defined as a linear combination of localized states:

Ψf =
∑
n

cfnϕ
f
n

∏
m6=n

ϕ0
m (3)

heref enumerates the electronic molecular excitations
states,cfn indicates the expansion coefficients andϕfn
the molecular eigenfunctions. If one takes translational
symmetry into account,Ψf has to be an eigenfunction
of the translation operatorT~m, where~m is an integral
number of translational vectors and~k is the wave vector
of the translation operator:

T~mΨf~k = e−i
~k~mΨf~k (4)

If we now assign the molecules in the unit cell the index
α, we get from Eq. (4):

cfnα =
1√
N
uαν(~k)ei~k~rnα (5)

whereuαν is a unitary matrix for diagonalization, the
index ν accounts for degenerate states andN is the
number of molecules in the whole aggregate. This can
now be applied to the Schrödinger equation and the cor-
responding characteristic equation will give values for
the energy levels of the excitons. Because the matrix,
which is describing the resonance interaction is hermi-
tian, all values for the energy levels are real. This re-
sults it a splitting into a number of energy levels, which
is equal to the number of molecules within the unit cell.
The phenomenon is called the Davydov splitting.

2.2.2 Selection Rules and Transition Dipole
Strength

The frequency dependent transition dipole moments de-
termine the optical transition spectrum of a molecule.
The operator of a aggregate of molecules is represented
by the sum of the dipole moment operators:

P =
∑
n

Pn

With Eq. (3) and (5) the exciton transition dipole mo-
ment can be calculated to:

〈Ψ0|P |Ψf (~k, ν)〉 =
1√
N

∑
m,α

uαν(~k)~µnαei
~k~rnα (6)

In the long wave approximation, the transition dipole
moment of thenαth molecule is:

~µnα = 〈nα, 0|Pnα|nα, f〉

For the case of cyclic molecular aggregates~µnα is ex-
plicitly dependent onn, and the projection of the optical
transition dipole moment on the polarization vector of
the external electromagnetic field has to be taken into
account. Let us now consider an aggregate with only
one molecule per unit cell and an external field with
the polarization in parallel with the plane of the aggre-
gate. Without loss of generality we can assume, that
one of the molecules is parallel with the polarization of
the external field. If the numberingn starts with this
molecule, the projection of the dipole moment is given
by:

µn = µ cos γn

where γ = 2π/N is the rotation angle for thenth
molecule. Now the projection of Eq. (6) can be writ-
ten as:

µ(k) =
1√
N

∑
n

µne
ikn

=
1√
N

∑
n

µ cos(γn)eikn

=
µ

2
(F+(k) + F−(k))

with the definition:

F±(k) =
1√
N

∑
n

ei(k±γ)n

the following selection rule is obtained:

F± =
√
Nδk,±γ

The optically allowed state is that, which is next to the
lowest exciton state. This result hold not for an external
field with the polarization perpendicular to the plane of
the aggregate.

A similar calculation for a cyclic molecular aggre-
gate with two molecules per unit cell has shown, that
the dipole strength for the transition into the statek = 0
vanishes and the transition into statesk = ±γ re-
mains [3].

The interaction of the molecules also determines
the distribution of the transition dipole strength among
the different states. The dipole strength of a transi-
tion is given by the sum over the contributions of all
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3 THE B850 BAND OF LH2 3.1 Application of Theory

molecules:

Df =

∣∣∣∣∣
N∑
n=1

cfn~µn

∣∣∣∣∣
2

It can be shown that in the long-wave approximation
the sum over all transition dipole strengths is conserved
(Thomas-Reiche-Kuhn sum rule):

N∑
f=1

Df = const.

A redistribution can be caused by mixing of states.
The mixing occur for example when any kind of dis-
order, like a random fluctuation or a modulation, is
present.

3 The B850 Band of LH2

Rsp. A.’s LH2 is a good model system to check the the-
ory of the previous chapter, because its three dimen-
sional structure is known, there are only three different
binding sites and excitons effects are pronounced by the
high symmetry.

3.1 Application of Theory

If we apply the specific properties of the B850 complex
as outlined in section 1.1 to the Eq. (2), the Hamiltonian
will be given through:

H =
18∑
n=1

(E0,n + ∆En)|n〈n|

+
18∑
n=1

(V0,n + ∆Vn) [|n〉n+ 1|+H.c.]

+
18∑
n=1

(W0,n + ∆Wn) [|n〉n+ 2|+H.c.]

whereE0,n denotes the site energies of the individual
pigments andV0,n, W0,n are the nearest- and second-
neighbor interactions, respectively. The interaction
with the B800 pigments is ignored, which is justified
by the distance between them. In a description for low
temperatures it is possible to take only the 0-0 transi-
tions into account and to neglect time-dependent exci-
ton localization. It is also assumed that fluorescence
occurs only from the lowest energy state in the exciton
manifold, because the relaxation process happens at sub
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Figure 3: Schematic drawing of the orientation of the
transition dipole moments of the individual BChl a
molecules and their interactions, Fig. taken from [1]

picosecond timescale. If now the dimer structure of the
B850 aggregate is taken into account, see Fig. 3, while
disorder is ignored, the energy levels are given by [6]:

E±k = Ē + W̄ cos(kδ) (7)

±
√
E2
EW + V 2

i + V 2
e + 2ViVe cos(kδ)

with:

Ē = (Eα + Eβ) /2
Eαβ = (Eα − Eβ) /2
W̄ = (Wα +Wβ)

Wαβ = (Wα −Wβ)
EEW = Eαβ +Wαβ cos(kδ)

Because of the the in plane configuration of the pig-
ments in the aggregate the transition dipole moment
has a large in plane component, which is concentrated
nearly only in thek = ±1 degenerate pairs, because
of the essentially anti-parallel orientation of the dipoles
in the dimers. A small out-of-plane component gives
rise to a finite oscillator strength of thek = 0 level,
which is further strengthened by the random diagonal
disorder from stochastic variations in the protein envi-
ronment. Random off-diagonal order originates from
irregularities in the orientations and positions of the in-
dividual transition dipoles. If for both kinds of disorder
the same distribution of perturbations strength is present
(e.g. Gaussian), the effects are indistinguishable.

Experimental data suggest that the LH2 aggregate is
subject to a modulation, which can be described as a
cos(2Θ) factor in the first and second order interaction,
whereΘ corresponds to the angular position in the pig-
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3.2 Experimental Setup and Sample Preparation 3 THE B850 BAND OF LH2

ment ring. The Hamiltonian for this configuration is:

H =
18∑
n=1

(E0,n + ∆En)|n〈n|

+
18∑
n=1

(V0,n + Vmod cos [2φ(n+ 1/2)])

· [|n〉n+ 1|+H.c.]

+
18∑
n=1

(W0,n +Wmod cos [2φ(n+ 1/2])

· [|n〉n+ 2|+H.c.]

hereφ = 2π/18. Vmod andWmod are the amplitudes of
the modulation for the first and second order interaction,
respectively.

The cos(2Θ) perturbation couples only to exciton
states with∆k = ±2. Therefore, the dominant effect
of this C2 perturbation is a coupling between the de-
generatek = ±1 states. Their degeneracy is lifted by a
splitting of 2(Vmod +Wmod). Effects on otherk levels
are relatively small. Further more the oscillator strength
is redistributed among the exciton states.

3.2 Experimental Setup and Sample
Preparation

Hydrolyzed polyvinyl alcohol was purified and added
to a buffer containing LH2 complexes fromRsp. A.The
solution was spin coated on a LiF substrate. The film
had a thickness of less than1µm.

The samples where illuminated for the fluorescence
microscopy and fluorescence excitation spectroscopy
with a tunable CW Ti:Sapphire laser. To obtain the
fluorescence spectrum of a single LH2 complex, first
a wide-field image was taken with a CCD camera.
From this image a well separated complex was selected
and the setup was switched to confocal mode, to over-
come low read-out rate and low background suppres-
sion of the CCD camera. Now the excitation wave-
length was scanned and the fluorescence was detected
by a avalanche photodiode at890 nm with bandwidth
of 20 nm. To reduce the effect of light-induced fluctu-
ations of the fluorescence intensity on a time-scale of
seconds, the spectra were scanned with a speed of3 nm
per second and an integration time of10 ms per data
point. This lead to a spectral resolution which is higher
when that of the laser (1 cm−1). For most spectra about
70 scans where added. See for more experimental de-
tails [7]. Polarization dependence was examined with a

PhotosynthesePics/setupa.eps not found!

Figure 4: Schematic representation of the experimen-
tal arrangement for wide-field experiments, Fig. taken
from [7].

PhotosynthesePics/setupb.eps not found!

Figure 5: Schematic representation of the experimen-
tal arrangement for confocal experiments, Fig. taken
from [7].
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3 THE B850 BAND OF LH2 3.4 Discussion

λ
2 plate in the confocal light path. With steps of30◦ six
spectra of each individual complexes where taken.

3.3 Results

In Fig. 6 the upper two spectra show fluorescence-
excitation spectra of an ensemble (dashed line) and the
sum of spectra of several individual complexes (solid
line). These lines match very good. The five lower
spectra are recorded from different individual LH2. An
inner structure, that was hidden by the ensemble av-
erage, becomes visible. Remarkably the B800 band
consists out of several sharp peaks. This is indicates
a strong localization [7]. In the B850 band two broad
maxima at around860 nm are observed, which have
mutually orthogonal polarization (Fig. 7). These are as-
signed to thek = ±1 exciton states. The splitting of the
k = ±1 states is about110 cm−1. Using a different ma-
trix (glycerol) showed that the splitting does not origi-
nate from the polymer matrix.40% of the complexes
showed a third line at a shorter wavelength, which is
attributed to higher exciton states. From the polariza-

PhotosynthesePics/spectros.eps not found!

Figure 6: Fluorescence-excitation spectra of LH2 com-
plexes ofRsp. A., the upper traces show the compari-
son between an ensemble spectrum (dashed line) and
the sum over19 spectra recorded from individual com-
plexes (solid line). For each complex six spectra with
different polarizations where summed. The five lower
spectra are from single LH2. Fig. taken from [8].

tion dependence it could be further concluded that the
LH2 complexes where aligned parallel to the substrate,
which might be caused by the spin coating procedure
and the low thickness of the film.

A good check for the exciton model is the observa-
tion of k = 0 transition. From the lifetime of that state
(1 ns) a relatively sharp absorption line is expected. To
overcome spectral diffusion, the position of the line was
determined through a fit of a Lorentzian and the spectra
where shifted to line-up allk = 0 transitions before ad-

PhotosynthesePics/polspectros.eps not found!

Figure 7: (a) Polarization dependence of the
fluorescence-excitation spectra of the B850 spectral re-
gion of three individual LH2 complexes. (b) Distribu-
tion of the spectral positions for19 complexes of the
three observed bands. Fig. taken from [1].

dition. Note, that through this procedure the rest of the
spectra becomes mixed up. It seems that the splitting of
thek = ±1 state is accompanied by a rise in oscillator
strength of thek = 0 transition. Further conclusions
can not be drawn because of the poor statistics.

PhotosynthesePics/k0line.eps not found!

Figure 8: Fluorescence-excitation of the long wave-
length part of the B850 spectrum of three different com-
plexes, featuring a sharp peak. The spectra have been
aligned for thisk = 0 transition, before summation, to
compensate for spectral diffusion, Fig. taken from [1].

3.4 Discussion

The above mentioned experimental data fully support
the theory outlined in section 3.1. Random diago-
nal disorder will redistribute oscillator strength mainly
from thek = ±1 states to thek = 0 andk = ±2 states.
But if one calculates the interaction strength required
for the explanation of the841 nm peak with Eq. (8), the
values are far too big with respect to theoretical calcu-
lations. Further a large disorder has to be introduced to
explain the110 cm−1 splitting of thek = ±1 states,
which is not seen in the broadening of the spectrum.
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3.5 Conclusion 3 THE B850 BAND OF LH2

To explain these experimental data, aC2-type modu-
lation is introduced. This deformation will couple states
with ∆k = ±2 and oscillator strength from thek = ±1
states is transfered to thek = ±3 states. If now with
a point-dipole approximation the interaction is calcu-
lated, the results are in the range which is currently ac-
cepted. A splitting of thek = ±3 state could not be
observed because of the signal to noise ratio. The mod-
ulation model is further supported by the ratio of the
two other peaks in the B850 band. The ratio is expected
to be one for pure random disorder, but the experimen-
tal data does not contain this value.

A C2-type modulation can have different arrange-
ments of the pigments in the complex. Calculations
on three models have shown that only the one model
fits the experimental data (model C in [6]), in which
the inter-pigment-distance on the ellipse is modulated in
such a way, that it is the longest at the long axis of the
ellipse. The pigments are reoriented to preserve their
angle with the local tangent of the ellipse.

To explain the splitting of thek = ±1 state a de-
formation of δr/r0 ' 7% is necessary. A ratio of
δr/r0 ' 8% will lead to the observed intensity ratio of
0.7 between the856 nm and864 nm bands, while still
maintaining their mutually orthogonal polarization.

Let us now consider the influence of disorder on the
spectra. Fig. 9 shows (a) the distribution of energy split-
ting, (b) intensity ratios and (c) the angle between the
k = ±1 transitions. This data shows clearly hetero-
geneity among the B850 pigments, which can be caused
by diagonal and off-diagonal disorder. Further more
it can be expected that also the elliptical deformation
is subject to a distribution. To model these different
kind of disorder, first individual complexes with con-
stant amplitude of the deformation were simulated. In a
second step the variations of an ensemble were added.

In Fig. 9 a the solid squares represent the results of a
Monte Carlo simulation with a deformation amplitude
of δr/r0 ' 8.5% and an intracomplex disorder with
a FWHM of 250 cm−1. The disorder causes mixing,
which leads to a shift of thek states compensating the
modulation amplitude slightly. Therefore the amplitude
for the model with disorder is higher than for that with-
out disorder. The value of the disorder is an upper limit,
because the experimental condition may include other
disorder effects. The simulation also predicts a splitting
of the k = ±3 state, but this could not be confirmed
by the experiment. First, the disorder given is the upper
limit. Second, the signal to noise ratio was not sufficient
to fully resolve a small splitting. A disorder value of
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Figure 9: Comparison between histograms from exper-
imental data and numerical simulations (solid squares).
(a) Energy separation of the twok = ±1 transitions, (b)
Intensity ratio864/856 of the twok = ±1 transitions.
(c) Mutual angle between thek = ±1 transition-dipole
moments. (d) The shape of the B850 ring with the ori-
entations of the molecular transition moments, with an
elliptical deformation ofδr/r0 = 8.5%. Fig. taken
from [1].

250 cm−1 FWHM alone can not explain the ensemble
spectrum, because the splitting of thek = ±1 states is
still visible (Fig. 10, solid line). But the difference in the
environment of the individual LH2 complexes have not
considered in the simulation until now. From the B850
band this influence can not be determined, because of
the strong interaction between the pigments. Therefore,
the intercomplex diagonal disorder of the B850 is es-
timated from the data of the B800 band. Monte Carlo
simulations (Fig. 10, dashed line) reproduce now nicely
the experimental data (Fig. 10, dotted line). It is im-
portant to distinguish between inter- and intracomplex
disorder, because only intracomplex disorder will influ-
ence the delocalization length of an exciton.

3.5 Conclusion

It was shown that the spectroscopy of individual light-
harvesting complexes can provide substantial informa-
tion for the understanding of photosynthesis. While x-
ray crystallography provides structural data of a crystal,
spectroscopy allows to investigate the function.

The recorded data allows to verify data from simula-
tions. Through those investigation it was even possible
to find an interesting contradiction between crystallo-
graphic structural data and spectroscopic data. For the
future it would be interesting to investigate parts of the
PSU in its natural environment, the membrane.
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Figure 10: Comparison between the experimental (solid
line) and two simulated ensemble spectra of LH2 with
δr/r0 = 8.5%. Dashed line: Only intracomplex het-
erogeneity is taken into account. Dotted line: Intra- and
intercomplex heterogeneity are included into the simu-
lation. Fig. taken from [1].
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